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Foreword to the series 

Where do you begin to look for a recent, authoritative article on the 
diagnosis or management of a particular malignancy? The few general onco
logy textbooks are generally out of date. Single papers in specialized journals 
are informative but seldom comprehensive; these are more often prelimi
nary reports on a very limited number of patients. Certain general journals 
frequently publish good in depth reviews of cancer topics, and published 
symposium lectures are often the best overviews available. Unfortunately, 
these reviews and supplements appear sporadically, and the reader can nev
er be sure when a topic of special interest will be covered. 

Cancer Treatment and Research is a series of authoritative volumes 
which aim to meet this need. It is an attempt to establish a critical mass of 
oncology literature covering virtually all oncology topics, revised frequently 
to keep the coverage up to date, easily available on a single library shelf or 
by a single personal subscription. 

We have approached the problem in the following fashion. First, by div
iding the oncology literature into specific subdivisions such as lung cancer, 
genitourinary cancer, pediatric oncology, etc. Second, by asking eminent 
authorities in each of these areas to edit a volume on the specific topic on an 
annual or biannual basis. Each topic and tumor type is covered in a volume 
appearing frequently and predictably, discussing current diagnosis, staging, 
markers, all forms of treatment modalities, basic biology, and more. 

In Cancer Treatment and Research, we have an outstanding group of 
editors, each having made a major commitment to bring to this new series 
the very best literature in his or her field. Martinus Nijhoff Publishers has 
made an equally major commitment to the rapid publication of high quality 
books, and world-wide distribution. 

Where can you go to find quickly a recent authoritative article on any 
major oncology problem? We hope that Cancer Treatment and Research 
provides an answer. 

WILLIAM L. MCGUIRE 

Series Editor 
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Preface 

As in CANCER CHEMOTHERAPY 1, this volume brings to the reader 
highlights in three different areas of cancer therapeutics: new concepts and 
models; drug classes; and clinical settings. Topics were chosen because of 
their timeliness or probable current impact in cancer treatment. Authors 
were selected on the basis of their ability to provide a critical overview of 
specific subjects and their involvement in original work. I shall review the 
aims of this second volume, and then elaborate on the scope of its con
tents. 

The principal aim of the volumes on cancer chemotherapy in the' Cancer 
Treatment and Research' series, as stated in the preface to the first volume, 
is to assemble in a concentrated form selected ingredients of chemothera
peutic progress. These ingredients are to include concepts in therapeutic 
strategy, pre-clinical studies, development of major classes of compounds, 
identificatlon of new directions and of landmarks of clinical progress. Thus 
we do not foresee overlap with series which provide an yearly update of 
chemotherapy in an encyclopedic manner, or reviews of cancer chemother
apy. Unlike those publications, our volumes are not intended to seek a place 
in shelves as a reference manual. It is this Editor's hope that persons repre
senting various biomedical disciplines will seek the' Cancer Treatment and 
Research' chemotherapy volumes to survey advances in the field at regular 
intervals. If this aim is fulfilled, one may expect experimental chemothera
pists, clinical oncologists of various specialties, and even biomedical scien
tists working in other fields to follow developments in cancer chemotherapy 
in these pages. As the series evolves, the Editor's responsibility will be to 
maintain continuity in objectives and display a wide variety of topics to the 
readers. Thus the selection also reflects a wish to fulfill these ongoing objec
tives. 

In CANCER CHEMOTHERAPY 1, we reviewed the Goldie-Coldman 
hypothesis of drug resistance and its impact in treatment strategies, the 
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question of optimal schedule as deducted from animal models, and the rel
evance of animal models and human tumor cloning assay on drug develop
ment. Overview of new drug categories included detailed but concise pre
sentation on the anthracycline antibiotics and the platinum compounds. 
These reviews will be of interest even to those readers not seeking to be 
deeply familiar with experimental aspects of cancer chemotherapy. Amino 
acid depletion as a novel target is presented alongside these successful anti
cancer drugs. Finally, three clinical conditions which are demonstrating a 
substantial impact from the application of recent developments in chemo
therapy were selected for review. Testicular cancer, gastric cancer and acute 
myelogenous leukemia each represented major targets for clinical research 
because of advances in chemotherapy or recent experiences in clinical trials. 
EXPERIMENTAL AND CLINICAL PROGRESS IN CANCER CHEMO
THERAPY parallels its predecessor by directing its view to analogous 
aspects of pre-clinical and clinical investigations. 

A new class of cytotoxic molecules is introduced in the paper by Johnson 
and Grollman. These base propenals, which were discovered while investi
gating the mechanism of action of bleomycin, have interesting structure
activity relationships to be the subject of future investigations. Yesair, on 
the other hand, describes novel intracellular targets, macromolecular lipids, 
and carefully documents its possible role in the selectivity of known cyto
toxic drugs. Biochemical concepts of alkylating toxicity protection by thiols 
are presented by Gurtoo and co-workers. Such concepts are making an 
introduction into the clinical arena, witness symposia which have taken 
place at the UICC International Cancer Congress in Seattle in August 1982, 
and at the International Chemotherapy Congress in Vienna in September 
1983. It is important especially for clinicians to be aware of modifications 
which thiols may bring about in the metabolism of chemotherapeutic 
agents. Finally, Tritton and Hickman describe the cell membrane as a 
neglected target for anticancer drugs. 

Among drug classes we review fluorinated pyrimidines which are in con
siderable greater development in Japan than in the U.S. Ogawa and co
workers review this area extensively following the opportunity of achieving 
a global perspective at a recently held International meeting on these drugs 
in Nagoya, as well as their own substantial experience. Ludlum describes the 
biochemical interactions of nitrosoureas providing an insight which hope
fully will inspire additional work to enhance the selectivity of these com
pounds so effective in murine tumor systems and so far disappointing in 
humans. Bridging biochemistry to the clinical experience is the overview by 
Jackman, Jones, and Calvert on thymidylate synthetase inhibitors. Thera
peutic concepts of autologous bone marrow for solid tumors are presented 
by McVie utilizing the specific example of small cell carcinoma of the lung. 
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The results obtained are particularly instructive in signaling problems which 
one should be mindful of, when embarking in similar clinical ventures. 

Clinical cancer therapeutics, beyond the paper of McVie dealing with a 
specific therapeutic approach to small cell lung cancer, is represented by 
osteosarcoma and by ovarian cancer. Both chapters dissect out the issues in 
the management of these diseases. Controversies have abounded in inter
preting the results achieved with adjuvant chemotherapy of osteosarcoma. 
Similarly, the contribution of more effective chemotherapies in ovarian can
cer have been clouded by many other important prognostic determinants 
often neglected in reporting of results. Jaffe provides his perspective in 
osteosarcoma, whereas Beller and Speyer utilize their own clinical experi
ence, resulting from the close alliance of a gynecologist and medical onco
logist, in discussing important issues in the assessment of chemotherapy in 
ovanan cancer. 

From this preface, the direction of the chemotherapy volumes should be 
obvious. There is no one specialist in cancer chemotherapy. The volumes 
will continue to be targetted to a wide spectrum of biomedical researchers, 
and to provide an overview of conceptual and actual highlights. 

New York FRANCO M. MUGGIA 
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1. Cytotoxic base propenals from DNA 

FRANCIS JOHNSON and ARTHUR P. GROLLMAN 

1. INTRODUCTION 

While investigating the mechanism of action of bleomycin, we discovered 
that the action of this antibiotic on DNA leads to strand-scission and the 
formation of four nucleoside-derived base N-propenals [1]. Production of 
these substances (la-ld) is consistent with a mechanism of strand-scission 
involving radical abstraction of a hydrogen atom from the C-4' position of 
deoxyribose [1, 2]. 

0 .:) NH2 0 

HN~CH3 (i) :J=N 

O~N I O~N I 
HN I '> 

H2N~N N 
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~ li? Ie !s! 
Figure 1a-d 

The base N-propenals proved to be novel compounds whose chemical 
and biological properties had not been reported. Based on their apparent 
structural similarity to acyclovir [3], these compounds were tested for anti
viral activity. Surprisingly, several proved cytotoxic to the host cell used for 
the antiviral assay. We pursued this serendipitous observation and subse
quently showed that the thymine- and adenine-N-propenals were highly 
cytotoxic to a variety of tumor cells in culture [4]. 

These initial observations stimulated a search for related active substan
ces. Accordingly, we synthesized [5] a family of compounds with the deox
ynucleoside/nucleoside structure represented by 2 (Figure 2). This series was 
based on the rationale (a) that a sugar residue would enhance cellular uptake 

F.M. Muggia (ed.), Experimental and Clinical Progress in Cancer Chemotherapy 
© 1985. Martinus Nijhoff Publishers. Boston. ISBN 0-89838-679-9. 
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of the compound and provide better site-direction to the molecule and (b) 
that the position of the reactive and presumably toxiphoric propenal group 
would not be critical for biological activity. Both suppositions proved to be 
correct. 

The cytotoxicity of several of the base propenals derived from DNA was 
comparable to that reported for bleomycin. Since bleomycin reacts with 
DNA to release base propenals [I], these substances may be responsible for 
the cytotoxic properties of the antibiotic. In this respect, an analogy may be 
drawn to the action of cyclophosphamide in which the cytotoxic aldehyde, 
acrolein, is postulated to be responsible, in part, for the cytotoxic actions of 
the drug [6]. In this case, the drug, rather than DNA, is the source of the 
toxic substance. 

The antitumor properties of bleomycin have generally been attributed to 
inhibition of DNA synthesis and/or strand-scission. However, many aspects 
of bleomycin cytotoxicity, including blockage of cells in the G-2 phase of 
the cell cycle [7], bacteriocidal effects at concentrations of bleomycin that 
do not affect DNA synthesis [8] and selective toxicity to the skin and lungs 
in humans [9], are not satisfactorily accounted for by this hypothesis. We 
have, therefore, suggested [4] that that cytotoxic base propenals which can 
inactivate essential macromolecules and are generated in the cell nucleus, 
may be responsible for the therapeutic and toxic properties of bleomycin. In 
support of this proposal, we found that base N-propenals react readily with 
SH and NH2 groups under physiological conditions [l, 5]. For example, 
compund 1 a reacts with p-mercaptoethanol to form the products shown 
below (Figure 3): 

In this chapter, we review the origin of the base propenals and their rela
tionship to our current understanding of the mechanism of action of bleo
mycin. We also discuss the chemical reactivity of these compounds with 
emphasis on their reactions with functional groups found in enzymes and 
other biological molecules. We outline structure activity studies as they 
relate to the design of other base propenals and, finally, review the biolog
ical properties of these cytotoxic compounds with particular reference to the 
mechanism of toxicity of bleomycin. 
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Figure 3 

2. ORIGIN OF BASE N-PROPENALS 

The bleomycins bind to DNA and cause strand-scission in a reaction requir
ing Fe(II) and oxygen [10-12]. Strand-scission is accompaned by the simul
taneous release of free bases [13, 14] and formation of a series of base pro
penals, represented generically by 1 (Scheme 1). The trans-propenal group is 
attached to the heterocyclic base at the position previously occupied by the 
deoxyribose residue [1]. In the presence of thiols, a is degraded to form 
p-thio-substituted propenals. Steam distillation of the (acidified) reaction 
mixture produces malondialdehyde [15], a compound originally considered 
to be a primary product of DNA degradation [16, 17]. 

Bleomycin modifies DNA in several ways. Alkali-labile apurinic and apy
rimidinic sites may arise in the absence of strand-scission [18]. When 
strand-scission occurs, the oligodeoxynucleotides formed are found to con
tain O-phosphoglycolate residues at the 3' termini [1] and phospho-monoes
ters at the 5' termini [18]. 

Previously [1, 2], we outlined a detailed mechanism to explain formation 
of the base-propenals from bleomycin and DNA. Scheme I shows one 
sequence leading to the formation of 1 and a second pathway which 
accounts for the formation offree heterocyclic bases. The initial steps in this 
series of reactions almost certainly involves reduction of molecular oxygen 
by Fe(II)-BLM to form the hydroperoxy derivative of Fe(II)-BLM [19]. If 
DNA is omitted from the reaction and Fe(II)-BLM is present in excess, 
oxygen is reduced at a rate of 5000 atom/min [20]. When excess Fe(II) is 
not present, the initial Fe(II)-BLM complex undergoes transformation in 
situ to form 'activated' bleomycin (BLM*) [21]. BLM* may also be pro
duced by treating Fe(II)-BLM with hydrogen peroxide. 

The life-time of BLM* seems to be very short. The complex undergoes 
self-degradation but is stabilized in the presence of DNA. The structure of 
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BLM* has not been established but it is thought that the iron is bound to 
one or possibly two oxygen atoms [21] . 

In the presence of additional oxygen, BLM* reacts with DNA to produce 
base propenals. In its absence neither base propenals nor malonaldehyde are 
detected [22]. However, the same quantity of free heterocyclic bases is pro
duced whether or not additional oxygen is present. Thus, diminished for
mation of base-pro pena Is is not accompanied by a corresponding increase in 
the amount of free bases released. This important observation renders it 
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unlikely that a common intermediate, such as the C-4' radical, could serve 
as a source both of the free heterocyclic bases and the base propenals, as 
proposed by Wu et al. [23]. Nevertheless, both types of product appear to 
originate from attack at the C-4' position of deoxyribose. Thus, Pathways A 
and B must arise at an earlier point in the reaction sequences. 

The simplest mechanistic explanation of these results is that BLM* 
behaves dichotomously in its reaction at C-4'. The active complex may 
either produce radical 4 at C-4', leading by oxygen capture to the base pro
penals via hydroperoxide 9 (Pathway A) or cause the insertion of a single 
oxygen atom (Pathway B) to form intermediate 6. Available data suggest 
that BLM* is homogeneous [21], but it is possible that BLM* consists of 
two (or more) species, each giving rise to a different product. 

The source of the electron or hydrogen atom necessary to accomplish the 
reduction of 5 in Pathway A is not apparent. It may be derived from bleo
mycin, thereby inactivating the antibiotic and accounting for the failure of 
bleomycin to act as a true catalyst (or enzyme) [20, 24]. Postulation of a 
caged radical at C-4' would explain the failure of radical scavengers to inhi
bit DNA degradation [25, 26]. The possibility that BLM* presents an oxy
gen radical species in close proximity to DNA and reacts in some manner as 
to preclude scavenger intervention, has also been postulated by Rodriguez 
and Hecht [27]. 

The fragmentation reaction whereby 9 leads to 11 is a well-established 
reaction of aliphatic tertiary hydroperoxides [28] and is known to proceed 
by an acid-catalysed mechanism. The proton required for this reaction may 
be derived from the adjacent phosphate residue. Wu et al. [23] reported that 
proton abstraction at C-2' is highly stereospecific. This observation is in 
accord with the mechanism proposed (lO -+ 11) since stereospecificity is a 
necessary requirement for a concerted reaction mechanism [29]. The overall 
scheme shown in Pathway A is supported by our earlier studies [1] on the 
rate of formation of the base propenals and is in agreement with the work of 
Burger et al. [22] who showed kinetically that two equivalents of O2 are 
necessary for the formation of malonaldehyde (base propenal) derived from 
DNA. 

With regard to the release of free bases, Pathway B is essentially identical 
to that recently proposed by Wu et al. [23]. As shown, this mechanism leads 
to the formation of alkali-labile sites, postulated generically as 8 (or its 
double hemi-acetal form). Isotope exchange studies [23] provide convincing 
evidence for the formation of a carbonyl group at C-4'. In contrast to Path
way A, DNA strand-scission does not occur when the bases are released. 

Considered in a catalytic sense [20, 24], the reactions ofBLM* with DNA 
display dual character. Single oxygen insertion (Pathway B) leads to pro
ducts by a mechanism similar to that of the cytochrome oxidases. On the 
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other hand, formation of base propenals, a reaction which involves an inter
mediate hydro peroxide (Pathway A), reflects the character of hydroperoxi
dases. 

3. CHEMICAL REACTIVITY AND STRUCTURE-ACTIVITY RELATIONSHIPS 

Our earlier observation that base propenals react with fJ-mercaptoethanol 
led to the recognition that these compounds are electrophiles which readily 
undergo addition-elimination in the presence of thiol or primary amino 
groups [1, 5]. The heterocyclic bases behave as excellent leaving groups, a 
property that seems not to have been widely recognized. At physiological 
pH, the rates of reaction of base propenals vary considerably, proceeding 
rapidly with fJ-mercaptoethanol or glutathione and slowly with primary 
amines such as fJ-aminoethanol [5]. It is probable that base propenals also 
form Schiff bases or cyclic amino-acetals. 

Many aliphatic and aromatic aldehydes, especially those with a, fJ-unsa
turation or which contain two aldehyde groups, are biologically ac
tive [30,31]. a, fJ-unsaturated aldehydes readily undergo l,4-addition reac
tions with nucleophiles and appear to exert biological activity by reacting 
with sulfhydryl, amino or possibly hydroxyl groups at a critical site. In 
effect, these substances behave as potentially reversible alkylating agents. 
Unsaturated aldehydes also may enter into I,2-addition reactions to form 
diadducts; this mechanism includes crosslinking reactions and condensa
tions with amino groups to yield Schiff bases. 

Base propenals undergo 1,4-addition to form an intermediate anion, 
expelling the fJ substituent X (the heterocyclic base) to yield a more stable, 
a, fJ-unsaturated aldehyde (Pathway 1). This reaction differs from that 
observed with simple unsaturated aldehydes [31] where the intermediate 
anion is protonated (Pathway 2). At a biological site, the product could 
undergo crosslinking reactions by 1,2- (or 1,4-) addition provided that 
another nucleophile (e.g. an amino group) is available. Pathway 1 may not 
be thermodynamically reversible because of increased resonance energy 
effects in the conjugated system of the product (see Figure 4). 

In effect, base propenals are masked forms of malonaldehyde. As such 
they are more reactive than malonaldehyde which tends to exist in aqueous 
solution as the highly stabilized anion [O':':HC':':CH':':CH':':O] -. Thus, 
base propenals will form adducts under physiological conditions with sim
ple nUcleophiles such as glutathione, provided that the nucleophilic group is 
sterically accessible. 

Based on these considerations, we carried out a limited structure-activity 
study of the base propenals by varying the nature of the heterocyclic base, 
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replacing the aldehyde group with other electron-withdrawing groups or 
altering the nuclear position of the three-carbon side chain. A series of 
nucleoside derivatives was prepared, in part, based on the expectation that 
introduction of a ribosyl or deoxyribosyl residue should provide site-direc
tion to the molecule and that either N-1 or N-3 could serve as a point of 
substitution by the propenal moiety. 

A number of compounds were synthesized and tested for their cytotoxic 
properties and ability to inhibit DNA, RNA and protein synthesis in HeLa 
cells. The structure-activity relationships established by these experi
ments [5] may be summarized as follows: 

In the pyrimidine series, transposition of the propenal group from N-1 
to N-3 increases the inhibitory effect, and compounds substituted at C-5 in 
the uracil nucleus exhibit reduced capacity to inhibit DNA synthesis 
(CH3 >H>F>CF3 >CH20H). Changes in the aldehyde group reduce 
(COCH3), or abolish (CN), inhibition of macromolecular synthesis. 

In the nucleoside series, those compounds having a 2' -deoxyribosyl group 
are highly cytotoxic and show markedly increased inhibition of DNA syn
thesis in HeLa cells. Compounds containing ribosyl or arabinosyl groups in 
place of deoxyribose show reduced ability to inhibit DNA synthesis. Re
placement of the aldehyde group with an acetyl group reduces but does not 
abolish inhibitory activity whereas the related nitrile is inactive. The latter 
result emphasizes the need for a carbonyl group in the side chain. 

The rates of reaction of 1 a and 13 with glutathione were similar [5]; and 
identical results were noted with aminoethanol. These data indicate that any 
differences between la and 13 in biological activity are not related to chem
ical reactivity and suggests that the deoxynucleoside structure is responsible 
for the observed site-directive effects (Figure 5). 

In summary, we draw the following tentative conclusions concerning 
structure-activity relationships: The location of the N-propenal group does 
not appear to be a crucial determinant of biological activity but 3-N-pro
penals are better inhibitors than those substituted at N-l. The presence of a 
2' -deoxyribose moiety at N -1 in this series substantially enhances biological 
activity and increases selectivity of the compound, as measured by inhibi-
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OH 
13 

Figure 5 

tion of incorporation of 3H-thymidine into DNA. Biological activity, repre
sented by inhibition of DNA synthesis and cytotoxicity, is optimized in 
compound 13 in which a trans-propenal group is located at N-3 and the 
sugar residue is 2'-deoxyribose. Significant changes in the aldehyde function 
or substitution of cytosine or guanine for thymine or uracil markedly reduce 
or abolish bioilogical activity. The site-directing properties of the deoxynu
cleoside residue suggests the design of new drugs in which toxiphores other 
than propenals are attached to nucleoside or deoxynucleoside moieties. 

4. CYTOTOXIC EFFECTS AND INHIBITION OF MACROMOLECULAR SYNTHESIS 

The cytotoxic effects of the base propenals may be relevant to several 
aspects of cancer chemotherapy. Thymine N-propenal (1a) and adenine N
propenal (1 e), substances derived by degrading DNA with bleomycin, are 
highly cytotoxic, raising questions as to their possible involvement in the 
cellular toxicity of this antibiotic. These compounds inhibited growth of 
HeLa cells by 50% at concentrations of 1-2 )lM while the IC50 for the cyto
sine (1 b) and guanosine (lei) analogs were 15 and 25 )lM, respectively [5]. 
Cytotoxicity was also determined by a procedure in which HeLa cells were 
exposed to the inhibitor then tested for their ability to form colonies. The 
IC50 for Ia in this assay was 10 )lM. Compounds Ia and Ie inhibited macro
molecular synthesis in HeLa cells by 50 % at somewhat higher concentra
tions than those which blocked cell growth. Both compounds showed selec
tive inhibition of DNA synthesis, an effect which preceded inhibition of 
RNA and protein synthesis in HeLa cells [4]. 

Thymidine N-propenal (13), the most active of the deoxynucleoside pro
penals tested, is considered a prototype for this series. This compound inhi
bited cell growth in cultures of L-121O leukemia cells (1.6 )lM), Lewis lung 
carcinoma (5.9 )lM), B-16 melanoma (4.2 )lM) and human colon carcinoma 
(5.0 )lM) [4]. Inhibition of growth ofL-1210 leukemia cells was not reversed 
by the addition of deoxynucleosides. The IC50 for compound 13 in the 
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colony-forming assay was I ~M; the compound was also effective against 
L-1210 leukemia in mice [4]. 

Thymidine N-propenal did not affect uptake of 3H-thymidine into HeLa 
cells but blocked the subsequent conversion of thymidine to TTP at con
centrations of < 1.0 ~M. The reduction product, thymidine N-propenol, was 
inactive, indicating the importance of the aldehyde moiety. Several enzymes 
are involved in converting thymidine to TTP in HeLa cells; one of these, 
thymidine kinase (pyrimidine deoxyribonucleoside kinase), is competitively 
inhibited by compound 13 (K, = 5.1 ~M). The structural specificity ob
served is comparable with that of other inhibitors of this enzyme which, 
through conversion to their phosphorylated derivatives, act as selective 
inhibitors of viral replication [32]. 

5. BASE PROPENALS AND THE TOXICITY OF BLEOMYCIN 

Damage to DNA is frequently implicated in discussions of the cytotoxic 
effects of this antibiotic [9,11,33,34]. Nevertheless, a direct relationship 
between these phenomena has not been established. As noted in the intro
duction to this review, certain biological effects of bleomycin are not satis
factorily accounted for on the basis of DNA damage. For example, most 
drugs that inhibit DNA synthesis exhibit their effects almost exclusively 
during the S phase of the cell cycle [34-36] while bleomycin, inhibits cell 
growth during G 2 phase near the S-G2 boundary [cf. 7, 34]. In synchronized 
cultures, mitotic and G2 phase cells are killed effectively by bleomycin; non
dividing cells are even more sensitive. Cells treated in Gland S phase 
appear to recover fully from bleomycin damage. Selective effects of base 
propenals on proteins involved in mitotic functions could acount for these 
effects, including reports [8, 37] in which cell killing by bleomycin occurs at 
concentrations of drug which do not inhibit DNA synthesis. 

There is general agreement that therapeutic concentrations of bleomycin 
preferentially inhibit DNA synthesis in culture cells. Inhibition of macro
molecular synthesis by bleomycin in HeLa cells [38] is quantitatively and 
qualitatively similar to those observed in cells treated with base propen
als [4]. Based on the reaction mechanism outlined in Scheme 1, stoichiom
etric amounts of base propenals may be formed for each mole of bleomycin 
involved in strand scission. These substances, presumably liberated during 
strand scission of DNA, could react with DNA polymerase, a sulfhydryl
containg nuclear enzyme which is known to be sensitive to the effect of 
reactive aldehydes [31,39] and aldehyde-related substances [40]. 

Pulmonary fibrosis is an important toxic effect of bleomycin in man [9]. 
This pathology has been reported to occur with certain other antitumor 
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drugs [41]. We postulate that liberation of base propenals and their subse
quent reaction with proteins or enzymes initiates this pathological process. 
An enzyme (bleomycin hydrolase) has been described [42] which inactivates 
bleomycin in various organs and is absent from lung and skin, insuring that 
higher concentrations of the antibiotic [42,43] and, therefore, base propen
als, would accumulate in these tissues. 

Although most of the cytotoxic effects of bleomycin can be fully explained 
on the basis of intranuclear generation of cytotoxic base propenals, DNA 
damage may contribute to the cellular toxicity of the drug. Breaks, gaps, 
deletions and other chromosomal abberations have been reported in bleo
mycin-treated cells [34]. It is also known that the oligodeoxynucleotide frag
ments produced by the action of the antibiotic are resistant to the effect of 
certain intracellular phosphatases and are inactive as template for the DNA 
polymerase of E. coli [44]. Bleomycin-induced damage to DNA can appar
ently be repaired [cf. 34] but even under such conditions, cells do not always 
survive [7], suggesting that effects other than strand scission are involved. 
More studies are required to determine if the effects of bleomycin on chro
mosomes are related to cell killing or other cytotoxic properties of the 
drug. 
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2. Lipid Macromolecules as Chemotherapeutic Target 

DAVID W. YESAIR 

SUMMARY 

The macromolecular lipids were discovered in 1962 when they were found 
to complex with the antineoplastic phthalanilide drugs. These lipids are 
distributed ubiquitously in mammalian tissues, principally in the nucleo
plasm of the cell and are found also in E. coli B and a parasite, Anaplasma 
marginale. The extent of the complex formation between the phthalanilides 
and the macromolecular lipids relate to both therapy and toxicity of the 
drugs. At low phthalanilide intracellular concentrations, there was extensive 
inhibition of both DNA and protein but minimal chemotherapeutic re
sponse. Lipid and RNA synthesis was inhibited at therapeutic intracellular 
concentrations of drugs. 

The macromolecular lipids were shown to complex with those antineo
plastic drugs which intercalate with DNA; for example, doxorubicin and the 
amino-anthraquinones. These drugs, which are not cross-resistant to the 
phthalanilides, complex with the macromolecular lipids from phthalanilide 
resistant cells whereas binding of cross-resistant drugs was not possible. In 
addition, the association constants for the chemotherapeutically inactive 
aminoanthraquinones were an order of magnitude less than that found for 
the in vivo active compounds. The macromolecular lipids bind the polyam
ines; spermine, spermidine and the diamines, histones and polyvalent 
cations. The binding characteristics of the macromolecular lipids from mul
tiple sources indicate that the lipids are not all equivalent in binding diverse 
groups of chemotherapeutic agents, polyamines and cations and that multi
ple binding regions can be present on the lipids from a specific source of 
lipid. 

The most striking physical and chemical characteristics of the macromo
lecular lipids are its large molecular weight, > 15,000; ultraviolet and fluo
rescent chromophor; a glycerol phosphonate/phosphate backbone, cytosine 

F.M. Muggia (ed.), Experimental and Clinical Progress in Cancer Chemotherapy 
© 1985, Martinus Nijhoff Publishers, Boston. ISBN 0-89838-679-9. 
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and possibly guanine constituents as well as hexoses and amino acids. These 
components provide a hydrophilic region which complement the fatty acid 
hydrophobic region. 

A unique structure has been proposed for the macromolecular lipids, 
based upon the elemental and component analyses, molecular weight and 
the competitive displacement amoung the polyamines and the chemothera
peutic drugs. An important feature of this proposed structure is the diversity 
that it can have with respect to size, molecular organization of the compo
nents and binding of a variety of compounds. The potential diversity in its 
structure is compatible with the conclusion that the molecular lipids from 
different tissues and organisms are not identical, yet have many similari
ties. 

A functional role for the macromolecular lipids in the expression of gen
etic material has been proposed. Specific macromolecular lipids may be 
synthesized de novo within the nucleoplasm of the nucleus during the tran
sition from the repressed chromatin to active chromatin. These lipids then 
effect a shift in the interactions among DNA, histones, acidic protein and 
polyamines. Eventually the transcribed RNA interacts with the 'coded' 
macromolecular lipid, which is then transported from the nucleus to the 
cytoplasm. 

This proposed role of the' coded' macromolecular lipids in the regulation 
of gene expression, the unique structure of the macromolecular lipids and 
their specificity for binding polyamines and drugs indicate that these lipids 
represent a new mechanism for drug discovery. Several classes of drugs are 
discussed in terms of their potential for binding with the macromolecular 
lipids. 

INTRODUCTION 

Discovery of the Macromolecular Lipids 
The terephthalanilides (Figure 1) were a new class of antineoplastic agents in 
1962 [I] and were highly active against animal leukemias [2-6]. In clinical 
trials early toxic symptoms such as oculomotor paralysis and thrombophle
bitis limited the clinical evaluation of this group of compounds against 
human neoplasms [7, 8]. These early clinical toxic responses were followed 
by delayed and/or chronic renal toxicity in humans [9]. The toxic responses 
that were observed in humans were also demonstrated in animals [9]. 

The initial method of analysis for the terephthalanilides in tissues re
quired extraction of drug with ethanolic levulinic acid and subsequent chro
matographic separation of the drug from biological contaminants on DEAE 
cellulose [10]. When this method was used for analysis of the terephthalan-



C}
-O
-~
-~
-O
-~
-~
~:
) 

H
3

C
N
'I}

-(}
-'\

 H 
9

-0
-'

\ 9
 H

0
'
\
 

;-N
C

H
3 

N
-C

 
C

-N
 

H
2N

 
-

-
-

N
H

2 
H

 
H

 

N
S

C
 5

7
1

5
3

 
N

S
C

 5
3

3
1

3
 

4
',

4
" -

B
is

 (
1

,4
,5

,6
-

te
tr

a
h

y
d

ro
-2

-p
y
ri

m
id

in
y
l)

 T
e

re
p

h
th

a
la

n
ili

d
e

 
4

',
4

"-
B

is
 (

N
'-

m
e

th
yl

a
m

id
in

o
) 

T
e

re
p

h
th

a
la

n
ili

d
e

 

[\
_
~
~
-
~
-
~
~
_
~
-
o
'
\
-
f
N
l
 

N
~
 
~
 

-
N~

 
H

 
H

 

H
3

C
N
'\

;
}
-
(
}
-
\
 H

 
9

-0
-'

\ 9
 
H

0
"
:
.
:
 jjN
C

H
3 

N
-C

 
C

-N
 

/ 
H

3C
-N

 
-

-
-

N
-C

H
 

I 
I 

3 

N
S

C
 3

5
8

4
3

 
CH

3 
N

S
C

 6
4

9
0

2
 

C
H

 3
 

4
',

4
"-

D
i 

(2
-i

m
id

a
z
o

li
n

-2
-y

i)
 T

e
re

p
h

th
a

la
n

ili
d

e
 

4
',

4
" -

B
is

 (
tr

im
e

th
yl

a
m

id
in

o
) 

T
e

re
p

h
th

a
la

n
ili

d
e

 

CI
 

[:
}-

(}
-~

-~
-c

:S
-~

-~
~~

:J
 

H
 

H
 

N
S

C
 3

8
2

8
0

 

0
-
f5

-
C

I
O

 

9-'\ H
 

II 
/ 

'\
 

II 
H-

q'\
 

N
-C

 
/ 

C
-N

 
-

-
-

N
-

-N
 

~
N
H
 

N
S

C
 3

8
2

7
8

 
H

N
J
 

2
-c

h
lo

ro
-4

',
4

"-
D

i(
2

-i
m

id
a

z
o

li
n

-2
-y

l)
 T

e
re

p
h

th
a

la
n

ili
d

e
 

2
-c

h
lo

ro
-3

',
3

"-
D

i 
2

-i
m

id
a

z
o

li
n

-2
-y

i)
 T

e
re

p
h

th
a

la
n

ili
d

e
 

F
ig

ur
e 

I. 
S

tr
uc

tu
re

s 
o

f 
th

e 
su

bs
ti

tu
te

d 
ph

th
al

an
il

id
es

. 

-Vl 



16 

ilides in ocular motor muscle, optic nerve and brain in order to define the 
basis for the ocular motor paralysis, the alcoholic levulinic acid extraction 
of these tissues solubilized considerable quantities of lipid. The extracted 
lipid prevented the subsequent chromatographic separation of drug from 
contaminants. When the lipid-extraction procedure of Folch et al. [11] was 
used, the phthalanilides, which stayed in the aqueous phase in the absence 
of tissues, partitioned to the nonaqueous phase and were associated with 
lipid (see page 1360 of reference 12). These findings were totally unexpected 
and especially noteworthy since muscle, nerve and brain were equivalent in 
binding the drug to lipid and since protein [10] and nucleic acid [13-16] 
were known to bind the terephthalanilides. 

Rirt and Berchtold [1] first described the substituted phthalanilides as 
'phosphatide blockers'. These investigators employed a simple biophysical 
model: lecithin (phosphatidyl choline) dissolved in carbon tetrachloride 
promotes the transport of cationic dyes from an aqueous solution into the 
lipid phase. They showed that the phthalanilides maximally inhibited dye 
transfer when at least two strongly basic groups are connected by several 
coplanar rings and by carbonamide groups. Subsequently, many known 
lipids (Table 1) [17, 1&] were evaluated for their ability to form complexes 
with the substituted phthalanilides NSC 57153, NSC 38280, and 
NSC 35843. Those lipids, which formed complexes with the substituted 

Table 1. Ability of known lipids to form complexes with the substituted ph~halanilides 

Phosphalipids 

Phosphatidic acid 
Phosphatidyl choline 
Phosphatidyl serine 
Phosphatidyl ethanolamine 
Phosphatidyl inositol 
Phsophatidyl glycerol 
Diphosphatidyl glycerol 
Sphingomyelin 

Other Lipids 

Cerebroside 
Ganglioside 
Sulfatide 
Taurocholate 
Palmitic acid 
Retinoic acid 
Tripalmitin 
Cholesterol 

Complex formed 

Yes 
No 
Yes 
No 
Yes 
Yes 
Yes 
No 

No 
No 
Yes 
Yes 
No 
No 
No 
No 
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phthalanilides, required approximately 2 to 3 moles of lipid per mole of 
drug indicating an ionic interaction between the anionic groups of the lipid 
and the cationic groups of the substituted phthalanilides. These complexes 
can be dissociated by cations, protons and by the zwiterionic phosphatidyl 
choline [17]. 

These findings strongly implied that the known lipids may be the com
plexing species when the substituted phthalanilides were extracted from tis
sues into chloroform-methanol solutions. However, later studies which de
fine the physical and chemical characteristics of the complexing lipid from 
tissues and leukemic cells [17-24] proved unequivocally that the binding 
lipid was a new class of macromolecular phospholipid which was ubiquitous 
in all tissues. 

Ubiquitous Distribution and Intracellular Localization of the Macromolecu
lar Lipids 
The substituted phthalanilides were first shown to complex with lipids from 
brain, optic nerve and ocular motor muscle in vitro [12]. Were such com
plexes obtained from tissues and tumors of animals and humans when the 
drug was administered intravenously? As shown in Table 2, all tissues and 
tumors with the exception of red blood cells contained the macromolecular 

Table 2. Extraction of substituted phthalanilide - macromolecular lipid complexes from normal 
tissues, tumors and microorganisms 

Species a 

Human 
Mouse 
Rat 
Dog 
Monkey 
Chick Embryo 

Normal tissues 

Liver 
Kidney 
Heart 
Muscle 

Gastrocnemi us 
Ocular 

Spleen 
Lung 
G.I. Tract 
white blood cells 
Bone Marrow 

Tumors 

Animals b 

Ll210 
Ll210/MTX 
Ll210/araC 
P388 
P81S 
Dunning 
Ll210/NSC 60339 
P388/NSC 60339 
P388/VCR 
P388IVLB 

Humans 

Microorganisms 

Escherichia coli B 
Anaplamsa marginale 

Acute myeloblastic leukemia (AML) 
Acute lymphocytic leukemia (ALL) 
Various solid tumors 

a The drug was administered intravenously to the species except for chick embryo. 
b The tumor cell lines are either resistant or sensitive to the listed agent. 
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lipids [9, 21-26]. In addition, the macromolecular lipids were found in two 
microorganisms and in chick embryos at 3 days of incubation. The lipids of 
chick embryos increased in absolute amount up to 21 days of incubation. 
However, the concentration of extractable drug-lipid complexes in heart, 
liver, kidney and brain decreased with age (12 to 21 days of incubation) 
indicating that the macromolecular lipids are associated with rapid growth 
as well as with adult tissues. The egg prior to incubation does not have any 
drug-binding capacity. These findings indicate a de novo synthesis of the 
macromolecular lipids which would be similar to the de novo synthesis of 
the known phospholipids in the chick embryo [27]. 

Another important feature of the macromolecular lipids may relate to the 
long retention of the terephthalanilides by selected body tissues. Humans, 
who received the last dose of NSC 60339 which is the base of NSC 38280 
(Figure 1) 64 and 164 days prior to death, had considerable quantities of 
drug in heart, pectoral and oculomotor muscles and kidney. The other tis
sues showed little or no drug at these time periods, but drug was extracted 
as a complex from these tissues at shorter times following administration of 
the drug to both humans and animals [21]. These differences among tissues 
in their retention of drug by the macromolecular lipids may indicate differ
ences in these lipids among tissues. In this context differences were especial
ly noteworthy in the macromolecular lipids from terephthalanilide-sensitive 
and -resistant leukemic tumors [20, 23-25]. The drug-lipid complexes from 
the resistant tumors were more hydrophobic than those from sensitive 
tumors [23, 24], effiuxed faster from the cell [23-25] and had a higher mole
cular weight [20]. 

Since the macromolecular lipids were ubiquitous in their distribution 
among tissues and tumors, we evaluated the intracellular distribution of 
these lipids [23]. This aspect was evaluated by several different methods. 
Leukemic cells were first treated with the phthalanilides in vivo and the 
macromolecular lipid and drug complexes were extracted from the cell frac
tions at 0.5 and 24 hours after administration of drug. Bya second method, 
the cells were first fractionated into their cellular fractions, the lipids were 
extracted and the drug-lipid complexes were formed in the organic extract. 
Either method demonstrated that the nuclear and, to a lesser extent, the 
mitochondrial fractions contained the macromolecular lipids. Microsomes, 
which contain the greatest percentage of the cellular lipids, had minimal 
concentrations of the macromolecular lipids. Some unpublished studies 
with my colleague (Dr. Paul Baronowsky) have shown that the macromole
cular lipid was primarily extracted from the extended chromatin rather than 
the condensed chromatin fraction of the nucleus. In a subsequent and pre
liminary report [28], the majority of the binding of drug occurred with the 
lipids which were extracted from the nuclei and, to a lesser extent, from 
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SPERMINE 

SPERMIDINE 

PUTRESCINE 

CADAVERINE 

H 2NcH2CH2CH2CH2CH2NH2 

Figure 3. Natural products which complex with macromolecular lipids isolated from tumor 
cells. 

mitochondria of phthalanilide-sensitive and -resistant LI2lO cells and dox
orubicin (NSC 123127) -sensitive and -resistant P388 cells. Further fraction
ation of the nuclei from both NSC 60339 and NSC 123127 cell-types 
demonstrated that. approximately three times more drug was bound by 
lipids from the nucleoplasm than from the nuclear envelopes. In this case, 
the nuclei and nuclear envelopes were examined by electron microscopy to 
assure their homogeneity. The drugs which were complexed with the ex
tracted lipids from these cellular fractions [28] were NSC 38280 (Figure 1), 
NSC 113089 (Figure 2), NSC 287513 (Figure 2), doxorubicin (NSC 123127, 
Figure 2), and spermine (Figure 3). 

Therapy and Toxicity of Phthalanilides and Their Binding to Macromolecu
lar Lipids 
The ubiquitous distribution of the macromolecular lipids and their primary 
localization in the nucleoplasm and mitrochondria of leukemic cells may 
indicate that these lipids have a role in the therapeutic response of those 
drugs which are extracted as macromolecular lipid complexes. 

The antileukemic phthalanilide, NSC 60339 which is the base of NSC 
38280 (Figure 1) is taken up by P388 lymphocytic leukemic cells growing in 
culture [23-25]. The uptake was related to the extracellular concentration of 
drug and the length of exposure to drug (Table 3) [24]. As shown in Figure 
4, the concentration of the extracted macromolecular lipid-bound phthalan
ilide was correlated significan~ly with the chemotherapeutic response. Furth
er, the retention and effiux of lipid-bound phthalanilide, NSC 60339, was 
correlated with the sensitivity (retention), resistance and cross-resistance (ef
flux) of many animal tumors [23, 25]. In addition, many phthalanilides 
were active against Escherichia coli [16, 29, 30]. Drug-lipid complexes were 
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Figure 4. The relationship of chemotherapy (TIC) and the concentration of total and lipid-bound 
NSC 60339 in P388 leukemic cells. 

extracted from E. coli B after treatment with the phthalanilide, NSC 
60339 [25]. The treatment schedule of 30 ~g NSC 60339 per ml for 90 min
utes caused the cessation of growth. However, when the treated microbial 
cells were diluted and plated onto agar, colonies appeared. This indicates 
that this concentration of NSC 60339 was bacteriostatic and perhaps that 
the phthalanilide-lipid complexes could efflux from the cell. These results 

Table 3. Relationship of uptake and chemotherapeutic effect of NSC 60339 to its extracellular 
concentration and its duration of exposure of P388 cells growing in culture 

I1g NSC 60339/108 Cells Average 
I1g NSC 60339 Time growth 
pr ml medium hr. Total Hound dru& inhibition a T/C b 

18 12 7 21 112 
2 18 25 15 37 117 
5 18 60 25 69 144 
8 18 72 45 70 185 

16 18 107 76 82 191 

40 4 50 29 134 
20 8 61 35 152 
14 12 61 40 168 

a Growth inhibition was obtained by dividing the difference in total cells (control minus 
treated) by the change in the number of control cells during the 18-hr. growth period (control 
cells at 18 hr. minus control cells at 0 hr.) multiplied by 100. 

b Average TIC for inocula of 106 and lOS cells, each into 10 BDF\ female mice. 
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Figure 5. Comparative uptake of' active' and' inactive' terephthalanilide congeners by P388 
leukemic cells treated in vitro for 18 hours. 

were similar to those for the phthalanilide-resistant and -cross resistant 
tumors. 

The terephthalanilides, NSC 38278 and 64902 (Figure 1) that are inactive 
in affecting chemotherapy in vivo do complex with the macromolecular 
lipids and are similar in characteristics to their in vivo active congeners, 
NSC60339 and NSC 53313, respectively. The uptake of these inactive ter
ephthalanilides by P388 cells growing in vitro was comparable to the active 
congeners when the extracellular concentrations of the inactive congeners 
were five to eight times that of the active drugs (Figure 5) [31]. Comparable 
chemotherapy with these' active' and' inactive' terephthalanilides was de
monstrated after first exposing the leukemic cells in vitro and bioassaying 
the treated cells in vivo. Chemotherapy in vivo with the' inactive' tereph
thalanilides was not possible at nontoxic doses, noting that the 'inactive' 
terephthalanilides were at least five times more toxic than the' active' con
geners in vivo. Thus the inactive terephthalanilides do not produce suffi
ciently high drug levels in the tumor cells at doses tolerated by the host. 

Some effort has been made to minimize the toxic effects of the phthalan
ilides without sacrificing chemotherapeutic activity. Burchenal and cowork
ers [32, 33] showed that the acute and chronic activity of several phthalan
ilides can be prevented by com pie xing the phthalanilides with sulfonic and 
phosphoric compounds, but all these agents, except suramin, also blocked 
the antileukemic activity of the phthalanilides in mice. It was subsequently 
demonstrated [34] that the administration of suramin does not affect the 
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uptake of the terephthalanilide, NSC 57153 (Figure 1) in P815 cells but does 
result in lower drug concentrations in the kidney and liver of tumor bearing 
mice. The terephthalanilides are complexed primarily with the macromole
cular lipids in these tissues [21, 22] as in P388 cells. Since suramin is not 
deposited in any particular tissue, it probably enhances the excretion of the 
terephthalanilide as a suramin complex before deposition ofNSC 57153 as 
a lipid complex in tissues. 

The Biochemical Effects of the Phthalanilides Binding to the Macromolecu
lar Lipids 
Biochemical studies have indicated that DNA, RNA, protein and lipid syn
theses were inhibited after phthalanilide treatment of leukemia cells either 
in cell culture or in BDFI mice [12, 14,30,35-37]. In addition, at high con
centrations, NSC 57153 and NSC 60339 (Figure 1) inhibited oxidative phos
phorylation in mitochondria of tissues from animals [38, 39]. 

In studies with P388 cells exposed to NSC 60339 for 18 hours in 
vitro [24], the degree of inhibition of biosynthetic pathways was compared 
with intracellular concentration of drug and with chemotherapy (Figure 6). 
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Figure 6. Inhibition of biosynthetic processes in P388 cells by • active' NSC 60339 and • inac
tive' NSC 38278 as related to chemotherapeutic response. 
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The incorporation of thymidine into DNA and valine into protein was 
strongly inhibited at low intracellular drug concentrations of both 'active' 
and 'inactive' phthalanilides. Further increases in drug concentration did 
not significantly increase the 60 to 70 % inhibition of valine incorporation 
into protein whereas inhibition of thymidine incorporation into DNA 
reached the >95% level at about 80 ~gl108 P388 cells for the 'active' NSC 
60339 and at about 40 ~gl108 P388 cells for the 'inactive' NSC 60339. In 
spite of the extensive inhibition of nucleic acid and protein synthesis at the 
low « 20 ~gl108 cells) intracellular concentrations of phthalanilide, the che
motherapeutic response was minimal. Uridine incorporation into RNA and 
acetate incorporation into lipid were not significantly inhibited at these low 
intracellular drug concentrations but were inhibited at higher drug concen
trations. The inhibition of both RNA and lipid synthesis was greater with 
the 'inactive' phthalanilide, NSC 38278 than with the 'active' NSC 60339. 
The drugs in both cases were extracted primarily as drug-lipid complexes, 
and of the drug taken up by the cells, the percentage of 'inactive' NSC 
38278 as lipid complex (ca 90%) was higher than the 'active' NSC 60339 
(ca 60%) [24, 31]. Since there are multiple binding regions on the macromo
lecular lipids [19], one might anticipate qualitative differences in the bind
ing of the' inactive' NSC 38278 and the' active' NSC 60339 at low intra
cellular drug concentrations, i.e., nonsaturation of the bound macromolecu
lar lipids. Any qualitative differences in binding by these two congeners may 
contribute to the differences that are seen in the biochemical effects. 

The lipid content and composition of cell nuclei and intranuclear frac
tions have been describe!i for a variety of tissues [40-50]. Frenster [44] and 
Rose et al. [49] have shown that the chromatin fraction, active in RNA 
synthesis, is rich in phospholipids. They have suggested that phospholipids 
along with nonhistone protein may function as derepressors by affecting the 
histone-DNA interaction [49]. We have suggested [12, 24, 51] that histones 
may interact with the macromolecular lipids which complex with the 
phthalanilides and may be displaced by phthalanilides. In this regard, the 
chemotherapeutic and biochemical data in Figure 6 may be interpreted with 
reference to the phthalanilides affecting a phospholipid-histone-DNA equi
librium within the nucleoplasm of the nucleus. Substantial inhibition of 
DNA and protein synthesis occurs at drug concentrations which do not 
depress lipid and RNA synthesis or result in cell death (Figure 6). Therefore, 
these inhibitions must be reversible. An explanation of these findings at low 
drug concentrations is that new macromolecular lipid is synthesized to 
effect the histone-DNA equilibrium towards a histone-macromolecular lipid 
complex and the transcription of DNA. At high drug concentrations, the 
synthesis of macromolecular lipids is inhibited, thus maintaining the re
pressed state, i.e., a histone-DNA complex and a macromolecular lipid-drug 
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complex. Gellhom et al. [35] postulated that the depression of lipid biosyn
thesis may be the primary mechanism of antileukemic action of the phthal
anilides. 

BINDING CHARACTERISTICS OF THE MACROMOLECULAR LIPIDS 

Cancer Chemotherapeutic Drugs 
When the terephthalanilides were first demonstrated to complex with lipids, 
a large number of these structurally related compounds were evaluated for 
their potential binding with macromolecular lipids which were isolated from 
tumor cells and normal tissues. Representatives of the phthalanilides, which 
were synthesized by several groups [1, 15, 16,52-55], are shown in Figure 1. 
Phthalanilide congeners, which were active or inactive in vivo, were shown 
to bind with the macromolecular lipids from several sources [17-26, 28, 31, 
34, 51, 56], including leukemic cells which were resistant and cross-resistant 
to the phthalanilides [17, 25] and resistant to many other conventional 
agents [25, 28]. 

When highly purified macromolecular lipids were obtained from both 
phthalanilide sensitive and resistant cell lines, we found substantial differ
ences in the drug-binding characteristics among the lipids from these cell 
lines [20]. Briefly, a type of macromolecular lipid from the resistant line, 
designated An did not bind the phthalanilides (Table 4). Further, this same 
lipid-type did not bind those chemotherapeutic agents which were cross
resistant with the phthalanilides, NSC 38280, for example, a terephthalanil
ide, NSC 35843 (Figure 1), Cain quinoliniums, NSC 114347 and NSC 
113089 [52-55] (Figure 2), and a carbanilide (NSC 109555) (Figure 2). 
Macromolecular lipids which did complex with these drugs noted above 
were also isolated from resistant lines, designated Bn and from sensitive 
lines, designated Bs. The resistant lipid, Bn bound two to three moles of 
these drugs per mole of lipid with a Km of approximately 1 ~M. The lipid Bs 
from the sensitive-tumor line had two binding regions, a high affinity (Km 
of 4 to 6 ~M) region which bound 1 to 2 moles of drug per mole of lipid and 
a low affinity region (Km greater than 10 ~M) which bound 2 to 6 moles of 
drug per mole of lipid. Also shown in Table 4 the anthracycline glycoside, 
doxorubicin, NSC 123127 (Figure 2) and several. aminoanthraqui
nones [57, 58] (Figure 2), which are not cross-resistant with the terephthal
anilides, did bind to the resistant lipid Ar [19]. However, the specificity of 
the binding of Ar with these agents was lacking in comparison to lipids Br 
and Bs. For example, more than 30 moles of doxorubicin, NSC 123127, 
were bound per mole of lipid Ar and the binding of NSC123127 was not 
competitively displaced by spermine as is the case for lipids Br and Bs. 
Another feature of the binding specificity of macromolecular lipids is the 
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differential binding between 'active' and 'inactive' aminoanthraquinones 
(Figure 2 and Table 4). In this instance, the relative Km for the binding 
regions was approximately an order of magnitude greater for the 'inactive' 
series, i.e., less tightly bound in comparison to the 'active' series and in 
many instances saturation of the macromolecular lipids with the 'inactive' 
series was not possible. Such differences in binding among the' active' and 
'inactive' aminoanthraquinones to the macromolecular lipids, if coupled 
with differences in their toxicity in vivo, and in their uptake by tumor cells, 
may be similar to the findings for the 'active' and 'inactive' terephthalan
ilides [31]. 

It was noted earlier that macromolecular lipids were isolated from doxo
rubicin-sensitive and -resistant P388 cells and that these lipids complexed 
with a number of cancer chemotherapeutic drugs and spermine. It would be 
interesting to speculate whether or not a macromolecular lipid, similar to Ar 
from NSC 38280-resistant cells, could be isolated from doxoribicin-resistant 
P388 cells and to evaluate whether or not the isolated lipid would bind 
doxorubicin and those drugs which are cross-resistant with doxorubicin. If 
such lipids were present in doxorubicin resistant P388 cells, would their 
chemical and physical characteristics be similar or different to the charac
teristics of the macromolecular lipid isolated from NSC 38280 sensitive and 
resistant cells? 

The macromolecular lipids, isolated from phthalanilide-sensitive and 
-resistant LI2lO cells, were shown to be similar in their chemical and phy
sical characteristics [20] yet differed in their binding of several types of can
cer chemotherapeutic drugs [20, 25, 28]. The macromolecular lipid that was 
isolated from dog brain bound many of these same agents [17, unpublished 
results], and the chemical and physical characteristics of the lipid from 
brains of dogs [17] were similar to those of LI2lO cells [20]. The binding 
characteristics of the Cain's quinolinium, NSC 113089, to lipid extracts of 
tissues from rats would further indicate that the macromolecular lipids are 
similar but not equivalent from different sources [59]. 

As shown in Table 5, the amount of extractable lipid which bound NSC 
113089 ranged from approximately 300 nmol bound/gram of skeletal mus
cle to 1100 nmol bound for liver. The dissociation constant (KD) of the NSC 
113089-lipid complex, calculated from double reciprocal plots of the satu
ration data, was the same regardless oflipid-tissue source. Increasing acidity 
caused displacement of NSC 113089 from the lipid extract (Table 5). Half 
discplacement of the drug occurred at the same pH regardless of tissue 
source, and near complete drug displacement was achieved with all extracts 
at approximately pH 1. These findings for tissues from rats would be com
parable to that found for the macromolecular lipids from various LI210 
cells and brain of dogs. 
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The displacement of NSC 113089 from these lipids, extracted from sev
eral tissues of rats with polyamines or calcium ions, showed some differen
tial effects (Table 6, Figure 7). For example, spermine caused the maximum 
(100%) displacement of NSC 113089 from lipid extracts from kidney but 
only 48 % displacement from liver. The displacement of NSC 113089 by 
spermine ranged from 70 to 80 % for heart and skeletal muscle. When the 
amount of spermine required for half displacement of total displace able 
drugs is calculated from the displacement plots (Figure 7), it is seen that 
approximately 1 to 2 moles of spermine is required per mole of drug. When 
spermidine and calcium ions were the displacing agent, the amount of NSC 
113089 displaced was either less or equivalent to spermine. However, the 
amount of displacing agent needed was two to three times greater than 
spermine. 

The binding characteristics of the macromolecular lipids from multiple 
sources indicate that the lipids are not all equivalent in binding cancer che
motherapeutic drugs, polyamines and cations and that multiple binding 
regions can be present on lipids from a specific source of lipid. Whether 

Table 5. Binding of NSC 113089 to lipids extracted from tissues of rat 

Drug bound at saturation 
Maximum 

Lipid proton Half drug 
phosphorus Tissue KD displacement displacement 

Tissue (nmol/jlmol) (nmol/gram) jlM % pH 

Liver 33.0 1110 1.4 98 3.7 
Kidney 24.1 780 1.5 90 3.8 
Heart 28.2 610 1.6 100 3.6 
Skeletal muscle 31.9 330 1.4 84 3.5 

Table 6. Displacement of NSC 113089 from lipids extracted from tissues of rat 

Displacing agent Kidney Liver Heart Skeletal muscle 

Maximum amount NSC 113089 displaced (%) 

Spermine 100 48 71 78 
Spermidine 62 49 59 84 
Calcium ions 86 80 82 77 

Agent drug ratio at half of maximum amount NSC 113089 displaced 

Spermine 
Spermidine 
Calcium ions 

1.1 
2.5 
2.9 

1.1 
2.5 
2.5 

1.4 
2.5 
2.4 

1.8 
3.3 
2.7 
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Figure 7. Displacement of NSC 113089 from lipids, extracted from tissues of rat by increasing 
concentrations of spermine. 

such postulated sites are common to a single macromolecular lipid or are on 
different lipids must await further fractionation, purification and character
ization of the lipids from multiple sources. 

Polyamines, Histones and Polyvalent Cations 
It has been shown that the polyamines, spermine and spermidine and sev
eral cations, e.g., calcium and protons can displace part or all of the quinol
inium, NSC 113089, that is bound to lipids which are extracted from several 
sources of tissues from rat [58]. Further, spermine was shown to competi
tively displace several cancer chemotherapeutic drugs from lipids extracted 
from phthalanilide-sensitive LI2lO cells and to both competitively and non
competitively displace the same drugs for the drug-lipid complexes from 
phthalanilide-resistant cells [20] . 

In a paper to be published [56], we have characterized the binding of 
polyamines to lipids from phthalanilide-sensitive and -resistant LI2lO cells. 
There are two saturable polyamine-binding affinities for each lipid type. 
The first has low to moderate capacity with high affinity and the second a 
three to twenty-five fold greater capacity with a lower affinity. The latter has 
been summarized in Table 7 for the various types of macromolecular lipids 
which have been described for the phthalanilide-resistant and -sensitive 
LI2lO cells [20]. In comparing the B lipids from sensitive and resistant 
lipids, approximately 2 moles of the polyaminen, spermidine, putrescine 
and cadaverine are bound per mole of lipid whereas the same lipids bind 
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approximately one mole of spermine. The Michaelis constants, which define 
the association of each polyamine with each lipid, shows that the lipids, Bs 
and Bn have approximately the same affinity (range from 3.7 to 10.7 IlM) 
for the four polyamines and have an order of magnitude greater affinity for 
the polyamines than lipid Ar • 

The specificity of the binding region for spermine on these macromolecu
lar lipids has been further evaluated [56]. As shown in Table 8, spermine 
was competitive with itself on a molar basis which demonstrates the acces
sibility of the binding region of the lipids for displacement of spermine. In 
comparison spermidine, putrescine and cadaverine, which have similar 
binding affinities, were poor displacers of spermine which indicates that the 
singular binding region for spermine differed from the multiple binding 
regions for these three polyamines with one possible exception. For lipid An 

Table 7. Saturation of macromolecular lipids isolated from leukemic cells with poly-
amines [56] 

Macromolecular lipids a 

Polyamine Parameter Bs Br Ar 

[14C] Spermine Bound b l.l 0.6 0.65 
Km (11M) 8.7 3.7 66 

[14C] Spermidine Bound 1.8 1.9 1.0 
Km 4.6 6.9 93 

[14C] Putrescine Bound 2.1 1.7 3.9 
Km 5.4 3.7 526 

e4C] Cadaverine Bound 1.8 1.9 8.5 
Km 7.7 10.7 417 

a There are two binding regions on each macromolecular lipids but only region 2 (higher capac
ity and lower affinity) is described in this review. 

b Mole polyamine bound per mole lipid at saturation. 

Table 8. Displacement of spermine from the macromolecular lipids by polyamines [56] 

Polyamine 

Spermine 
Spermidine 
Putrescine 
Cadaverine 

Molar ratio of polyamine for 50% displacement 
of spermine / Macromolecular lipid 

B, Br Ar 

l.l 0.9 0.9 
18.2 19.6 1.7 
42.5* 49.5* 6.1 * 
50.2* 47.2* 5.0* 

* Determined by extrapolation of the displacement curves. 
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1.7 moles of spermidine were required to displace 1 mole of spermine which 
would be consistent with a similar binding region for these two polyamines. 
Further, the relatively poor displacing ability of the diamines, putrescine 
and cadaverine in comparison to the triamine, spermidine in displacing 
spermine may indicate that the macromolecular lipids have at least three 
binding regions for polyamines. 

This multiplicity in binding regions on the macromolecular lipids is also 
indicated from the competitive displacement of these polyamines by several 
cancer chemotherapeutic drugs (Table 9). The terephthalanilide, NSC 
38280, which is bound in excess of 3 moles/mole of lipid, is easily displaced 
in a competitive manner by spermine whereas the reverse, i.e., displacement 
of spermine by NSC 38280 is comparatively difficult but competitive. In 
general NSC 38280, in comparison to the other three cancer drugs, is a poor 
displacing agent for all the polyamines. Doxorubicin, NSC 123127, on the 

Table 9. Displacement of polyamines from the macromolecular lipids by cancer chemothera
peutic drugs [20, 59) 

Displacing agent 

Spermine 

NSC 38280 
NSC 113089 
NSC 287513 
NSC 123127 

NSC 38280 
NSC 113089 
NSC 287513 
NSC 123127 

NSC 38280 
NSC 113089 
NSC 28713 
NSC 123127 

NSC 38280 
NSC 113089 
NSC 287513 
NSC 123127 

Compound 

NSC 38280 
NSC 112089 
NSC 287513 
NSC 123127 

Spermine 

Spermidine 

Putrescine 

Cadaverine 

Ratio of Km * for displacing agent: 
compound / Macromolecular lipids 

B, Br 

6.8 44.4 
6.9 9.2 
2.4 35.5 
1.3 16.5 

1.4 8.5 
1.7 18.3 
5.1 28.8 

26.8 109.3 

1.4 5.3 
4.2 8.4 
7.7 15.2 
7.3 32.7 

2.7 34.2 
13.0 68.9 
13.4 112.9 
20.4 112.5 

3.3 7.4 
4.3 12.3 

10.8 12.8 
23.6 20.2 

* The greater the ratio, the greater the ability of the displacing agent to competitively displace 
the compound. 
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other hand, is an excellent displacer of the polyamines spermine, putrescine 
and cadaverine that are bound to the macromolecular lipids Bs and Br. 
Doxorubicin does not show the same degree of displacement for spermid
ine. Similar comparison for the other drugs provide the same conclusion, 
i.e., there are different binding regions for the antineoplastic drugs and 
polyamines. However, there must be some overlap in their juxtaposition. 

In discussing a potential role for the macromolecular lipids in the dere
pression of nucleic acid transcription [12, 24, 51], we have postulated an 
interaction among these lipids and histones. Some unpublished studies with 
my colleague, Dr. Richard Taylor, have demonstrated that histones are 
some of the best displacers of spermine from the macromolecular lipids. For 
example, Histone III-S, which is rich in lysine, displaced approximately 10 
times its molar ratio of spermine whereas those histones II and VIII-S, 
which are enriched in arginine, displaced less than 2 times their molar ratio 
of spermine. Since spermine binds to these macromolecular lipids on a 1: 1 
molar ratio, and in order to account for the displacement ratios noted 
above, the histones must interact in a concerted manner with multiple 
moles of the macromolecular lipids. 

The relative effectiveness of cations to displace cancer chemotherapeutic 
drugs or spermine from the macromolecular lipids from several sources has 
provided a data base which may be useful in defining the various binding 
regions on the macromolecular lipids. The displacement of drugs from 
macromolecular lipids by protons demonstrated that the pK for the binding 
regions was approximately 3.5 for many sources of the macromolecular 
lipid [17, 59]. These findings indicate that an ionizable group, common to 
all lipids, was responsible for the binding of the drugs. 

Calcium ions were equivalent to protons in the displacement of NSC 
57153 (Figure 1) from a terephthalanilide-lipid complex isolated from 
brain [17]. In comparison much higher concentrations of other cations were 
required to displace equivalent amounts of drug, for example, 5 times great
er concentrations of magnesium ions and 150 to 200 times greater concen
trations of sodium and potassium ions. The wide variations in the effective
ness of cations to displacement drugs from crude drug-lipid complexes [17] 
were also found for purified macromolecular lipids com pie xed with sper
mine (Table 10) [60]. 

In considering the displacement of spermine from the macromolecular 
lipids by cations, there is approximately one mole of spermine bound per 
mole of macromolecular lipids (Table 7) [56]. If the affinity between the 
lipid and spermine requires the four nitrogens of spermine, then approxi
mately 6 to 8 moles of the cations A13+ Fe2+,3+ Rn2+ and Sn2+, 4+ were " , 
required to displace spermine from the phthalanilide sensitive lipid Bs. The 
Km affinity of Br for spermine is greater than lipid Bs and one generally 
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finds that a greater number of moles of these cations are required to displace 
spermine from lipid Br in comparison to lipid Bs. In addition, displacement 
by cations of spermine from lipid Ar requires a smaller mole ratio than for 
lipids Br and Bs, most likely due to the lower affinity of spermine for lipid 
Ar (Table 7) [56] > 

There is a definite difference between the various metals in their ability to 
displace spermine from the lipids. This dispiacing ability is not simply a 
function of charge or atomic size. Many factors may influence the formation 
of complex ions and coordination compounds, for example, the hybridiza
tion of orbitals, the formation of polydentate groups, and the nature of the 
coordinating group. 

Chemotherapeutic Drugs Other Than Antineoplastic Drugs 
The spacial arrangement of the various groupings on the antineoplastic 
drugs (Figure 1 and 2) corresponds to the basic groups of the polyamines 
(Figure 3). The macromolecular lipids have multiple binding regions for 
Table 10. Relative effectiveness of cations to displace spermine from the macromolecular lipids, 
isolated from terephthalanilide sensitive and resistant L 1210 cells 

Mole ratio of displacing cations to spermine 

Cations B, Br Ar 

Li+ > 1000 > 1000 560' 
Na+ >1000 > 1000 820' 
Mg2+ 320' >1000 132 
A1 3+ 6 6 0.5 
K+ >1000 
Ca2+ 162 154 36 
Cr3+ 19 58 8 
Mn2+ 90 280· 38 
Fe2+,3+ 7 7 
Co2+ 210' > 1000 55 
Ni2+ 330' > 1000 103 
Cu2+ 55 86 11 
Zn2+ 117 350· 82 
Sr2+ >1000 > 1000 110 
Ru2+ 7 43 5 
Ag+ >1000 > 1000 103 
Cd2+ 35 420' 92 
Sn2+,4+ 8 15 7 
Hg2+ >1000 >1000 > 1000 
T1 3+ 25 68 0.1 
Pb2+ 17 36 9 
Bi3+ 22 10 0,8 

• Extrapolated for 50% displacement. 
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Figure 8. Chemotherapeutic drugs which complex with the macromolecular lipids. 

both classes of compounds, and the relative juxtaposition of the binding 
regions results in competitive interactions among the compounds. 

Amicarbolide and imidocarb (Figure 8) are also cationic compounds with 
antileukemic, tuberculostatic and antitrypanosomal activities and were de
veloped from the phthalanilides [61, 62]. The spacial arrangement of imido
carb, which is active against Anaplasma marginale [63], compares closely to 
the polyamine spermidine (Figure 3). In collaboration with my colleague, 
Ms. Marianne Callahan, and Dr. C. A. Nichol of Burroughs Well come, we 
showed that imidocarb, amicarbalide and dioxalate will complex with a 
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macromolecular'lipid from Anaplasma marginale. In comparing the relative 
effectiveness of various agents in displacing imidocarb from a partially 
purified macromolecular lipid from Anaplasma marginale (Table 11), sper
midine was the best agent being twice as effective as spermine. Further, 
spermidine displaced 100 % of the lipid-bound imidocarb whereas spermine 
displaced a maximum of 70 to 80 %. These interactions may be important 
since these polyamines can reverse in vivo the trypanocidal activity of both 
amicarbalide and imidocarb [64, 65]. Spermine blocked cures at a dose of 
100 mg/kg, spermidine at 300 mg/kg and putrescine was ineffective at 
500 mg/kg. This disparity in the effectiveness among the polyamines to dis
place imidocarb from the macromolecular lipid and block cures in vivo may 
relate to differences in the macromolecular lipids from Anaplasma margi
nale and from Trypanosoma brucei. For example, in comparing the dis
placement of imidocarb from macromolecular lipids extracted from several 
tissues of rats and beef cattle by these polyamines, spermine, however, was 
the better displacing agent. 

In defining the nature of the imidocarb binding capacity of the extracted 
macromolecular lipids from tissues of both beef cattle and rats, one again 
would conclude that the macromolecular lipids from many sources were not 
all equivalent. In Table 12, it is seen that the binding capacity varies exten
sively among the tissues as well as between the same tissue from different 
animal species. The effectiveness of the displacing agents also varies among 
the tissues and animal species. 

Two trypanocidal agents, amicarbalide and dioxalate (Figure 8), which 
bind to the macromolecular lipid from Anaplasma marginale and to tissue 
lipids, were shown to be relatively ineffective in displacing imidocarb. Their 

Table 11. Characteristics of imidocarb-lipid complexes from Anaplasma Marginale" 

nMole of Imidocarb Bound 

Per flmole of Phospholipid Phosphorus 20 
Per gm of Anaplasma Marginale 420 

Hydrogen ions 
Calcium ions 
Spermine 
Spermidine 

Moles of agent required for displacing one 
mole of bound imidocarb 

34 (=pK 4.5) 
410 

14 

6 

" These studies were sponsored by Dr. c.A. Nichol of Burroughs Wellcome and were carried 
out in collaboration with Ms. Marianne Callahan, presently at Lipid Specialties, Inc., Danvers, 
Massach usetts. 
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structural similarity would have presupposed a greater effectiveness in the 
displacement of imidocarb if a similar binding region on the lipid were 
involved. Therefore, in considering these data and similar data for active 
and inactive phthalanilides, we must anticipate that these compounds are 
binding to different regions of the macromolecular lipids. 

The antiparasitic agents, imidocarb, amicarbalide and dioxalate, bind to 
the macromolecular lipids from many sources and show structural similar
ities to the terephthalanilides and the polyamines. The aminoanthraqui
nones, NSC 287513 and NSC 279836, contain a structural grouping in the 
R J position (Figure 2) which is similar to the antituberculosis agent, etham
butol (Figure 8). Ethambutol was shown to bind with the macromolecular 
lipids isolated from the terephthalanilide sensitive and resistant LI210 leu
kemic cells. The specificity of the binding was not defined but the prelimi
nary binding characteristics would indicate both a low affinity and high 
capacity for the interaction of ethambutol with these macromolecular 
lipids. 

The skeletal muscle relaxant Mytolon, benzoquinonium chloride (Figure 
8), possesses a structure which is similar to the phthalanilide (Figure 1) and 
the Cain's quinoliniums (Figure 2). These drugs have net positive charges at 
both ends of the molecule with a separation of about 20 A, alternating 
hydrophobic-hydrophilic areas, and a planar configuration. Since the benzo
quinonium chloride may be affecting the nerve network either peripherally 
or centrally, we evaluated the potential for Mytolon to complex with the 

Table 12. Characteristics of the imidocarb-macromolecular lipid complexes a 

nmole 
bound per 
I1mole of Binding Molar ratio displacing agent: Imidocarb 
phospho capacity 
lipid nmolel Sper- Sper- Amicar-

Tissues phosphorus gm tissue H+ Ca2+ mine midine balide Dixalate 

Beef 
Kidney 62 1200 32 44 3 9 
Liver 44 1500 36 57 5 7 194 2 
Heart 33 760 74 82 2 23 
Muscle 24 220 16 283 21 24 

Rat 
Kidney 14 430 18 576 63 
Liver 14 520 3 431 1.6 18 
Heart 18 500 8 29 1.4 40 
Muscle 33 300 69 1.1 67 

a See footnote a of Table 11. 
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macromolecular lipids from brains of dogs. Benzoquinonium did form a 
lipid complex comparable to the phthalanilide-lipid complexes from brains 
of dogs. However, the significance of this complex formation may relate 
more to its toxicity rather than its pharmacological properties if the two 
properties can be separated experimentally. 

In summary chemotherapeutic agents that have a planar structure, that 
have alternating hydrophobic-hydrophilic regions and that have electron
deficient regions at the ends of the molecule, have the potential to complex 
with macromolecular lipids. The specificity of the interaction among the 
agents and these lipids will need to be defined in more detail since the 
macromolecular lipids have multiple binding regions and are not equivalent 
among tissues. This multiplicity in binding regions and in the physi
cal/chemical characteristics of the lipids from different sources may be uti
lized not only as an in vitro drug screen for predicting activity in vivo but 
also for the design of new and more efficacious drugs. 

PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE MACROMOLECULAR 
LIPIDS 

Physical Characteristics 
The partitioning characteristics were similar for macromolecular lipids iso
lated from dog brain [17], P388 cells [25] and L1210 cells [20]. The polarity 
of the organic solvent mixture had to accommodate both hydrophobic and 
hydrophilic regions. A biphasic solvent system, composed of chloroform, 
methanol and water, permitted the macromolecular lipid to partition into 
the organic phase. The lipids were not soluble in anyone of these solvents 
alone. If a more nonpolar solvent were substituted for chloroform, such as 
trichlorotrifluoroethane, the macromolecular lipids partitioned into the 
aqueous rich phase. This amphoteric characteristic of the macromolecular 
lipids appears to promote a unilamellar packing of the molecules at the 
surface-air interface, similar to what is observed for phosphatidyl choline. 
Therefore, rather stable foams were formed whenever the lipid containing 
solvents were shaken. 

The infrared spectrum of the lipid from dog brain [17] and L1210 cells is 
consistent with the interpretation that the lipid contains ester groups 
(1740cm-') and primary carbon-hydrogen linkages (-CH2-, 2930cm-', 
CH3-, 2960cm-', -CH=CH-, 3030cm-') as would be found in fatty 
acids. There is a strong absorption at 3400 em -, indicating the presence of 
some OH and/or NH groups and a weak absorption at 1640cm-' indicat
ing an amide functional group. The lipid also contained some functional 
oxygen (1050, 1230 and 1460cm-') probably of phosphorus [17, 66, 67]. 
X-ray fluorescence analyses also demonstrated that the lipids contained a 
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trace of sulfur but were negative for cations such as magnesium, calcium, 
sodium, etc. 

The molar absorptivity of the ultraviolet absorbance (270-275 nm) ranges 
from about 1000 to 7000 depending upon the source of the lipid [17, 20]. 
Similar variations were found in the yield of fluorescence for the various 
sources of lipids [19, 20]. This probably relates to a variable number of 
similar absorbing groups ·per macromolecular lipid molecule. 

In our earliest studies, we proposed that the lipids which associated with 
the terephthalanilides were macromolecular [17]. We based our hypothesis 
on the facts that acid displacement of drug from lipid degrades the lipid and 
yields four subfractions whose molar ratio of glycerol, fatty acids, phospho
rus and nitrogen varied widely [17] and whose aggregate molecular weight 
was greater than 10,000. We have demonstrated the macromolecular char
acteristics of purified lipids using exclusion chromatography on controlled 
pore glass (CPG-lO, 2650 A) Porasil Ax(60x) and Sephadex (LH20). In a 
more recent study [20], the macromolecular lipids from terephthalanilide
sensitive and -resistant LI210 cells had a molecular weight range of 15,800 
for macromolecular weight lipid Bs to 20,600 for lipid Ar as defined by 
polyacrylamide gel electrophoresis (PAGE). Molecular weight determina
tions by high pressure gel permeation chromatography (HPGPC) were con
sistently lower than those found with PAGE, presumably due to the incon
sistencies in comparing a natural macromolecule to rigid and linear polys
tyrene molecular weight standards in HPGPC analysis. Therefore, we have 
chosen the PAGE molecular weight of 15,800 for the macromolecular lipid 
Bs in our subsequent comparisons. 

Chemical Characteristics 
The elemental analyses for the purified macromolecular lipid from phthal
anilide-sensitive LI21 0 cells are seen in Table 13. The lipid contained about 

Table 13. Elemental analyses of macromolecular lipid from phthalanilide-sensitive L 1210 
cells 

Element Weight (%) 

Carbon 56.89 
Hydrogen 8.49 
Nitrogen 1.04 
Oxygen 19.46 a 

Phosphorus 3.25 
Sulfur Trace «0.2%) 

Total 89.03 

a This represents the minimum value, since there was phosphorus in the sample. 



39 

1 % nitrogen which was low for a normal phospholipid such as phosophati
dyl choline or phosophatidyl serine. The phosphorus content of 3.25 % was 
high for a common phospholipid except cardiolipin, but the latter does not 
contain nitrogen. We found a trace of sulfur both by wet chemistry tech
niques and by X-ray fluorescence. The carbon and hydrogen percentages are 
partially represented by fatty acids. The fatty acids were the usual ones 
- 11 % palmitic (16: 0), 56 % stearic (18: 0), 11 % oleic (18: 1), 9 % linoleic 
(18: 2), 2 % linolenic (18: 3) and about 5 % arachidonic (20: 4). The oxygen 
content represents the minimal amount due to the presence of phospho
rus. 

Component analysis of the hydrolyzed macromolecular lipids confirmed 
the presence of glycerol, sugars and nitrogenous material f20]. Amino acid 
analysis demonstrated that the ultraviolet absorbing amino acids were insuf
ficient to account for the ultraviolet absorbing species in the hydrolysate. 
The principal amino acids were serine (57 %), glutamic acid (5 %), glycine 
(7%) and tyrosine (7%). 

In collaboration with Dr. Edgar Lederer [19], several volatile derivatives 
were obtained after acetylation, silylation or methylation of the acid or base 
hydrolyzed macromolecular lipids. Phosphorus containing ions were identi
fied in the high resolution mass spectra of the acetylated hydrophilic frac
tion (Table 14). The predominant species at m/z 95 and 109 had an oxygen 
phosphorus ration of 3: 1 which would indicate a phosphonate rather than a 
phosphate grouping. Other evidence would also suggest a stable carbon 
phosphorus linkage, for example, the ultraviolet absorbing species and phos
phorus were not chemically hydrolyzed by base or acid. It is well known 
that the glycerol ether phospholipids are chemically more stable [68]. Fur
thermore, a carbon phosphorus bond is much more stable than a carbon 
oxygen phosphorus bond [69]. The carbon phosphorus containing phos
pholipids have been termed phosphonolipids [70] and have been widely 

Table 14. Phosphorus containing ions in the high resolution mass spectrum of the acetylated 
hydrophilic fraction 

m/z 
Elemental 

Relative intensity Found Calculated composition 

1.0 80.97399 80.97415 H20 3P 
0.4 81.98253 81.98198 H30 3P 
4.9 94.99016 94.98980 CH40 3P 
6.9 109.00501 109.00545 C2H60 3P 
0.4 138.00753 138.00819 C3H70 4P 
0.3 155.01045 155.01093 C3HsOsP 
3.3 169.02621 169.02658 C4HlOOSP 
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found in nature [71-79] and in mammalian tissues [80, 81]. Thus, we pro
pose that the ultraviolet absorbing components might be covalently bonded 
to glycerol phosphonate via an ether linkage. The high resolution mass 
spectrometry data of the volatile derivatives of the hydrolyzed macromole
cular lipids support this thesis. 

High resolution mass spectrometry studies were performed on both the 
acetylated and methylated hydrophilic fractions that were obtained from 
hydrolyzed macromolecular lipids. The corresponding fatty acids or methy
lated fatty acids represented the major components of the lipophilic frac
tion. The elemental composition - the calculated m/z for the probable ele
mental composition did not differ from the observed m/z by more than 
0.001 - of most fragments in both the acetylated and methylated hydrophilic 
fractions, which were volatile at temperature less than 150°C, contained 
three moles of nitrogen. The probable structures and fragmentation patterns 
of the methylated hydrophilic components are shown in Figure 9. Similar 
interpretations of the high resolution mass spectra of the acetylated hydro
philic components are consistent with the nitrogen containing component 
being cytosine (Figure 10). In addition, one also finds fragments which cor
respond to the phosphonate ions that were noted in Table 14. 

aructure 

+ 

M/l229 

Structure 2 

+ 

(94 + H ~ 95) 

Figure 9. Probable structure and fragmentation pattern of the methylated hydrophilic compo
nents. 
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Figure 11. Proposed structure for the m/z 373 ion found in the high resolution mass spectrum of 
the acetylated hydrophilic fraction. 

Ions at m/z 373 and 331 were observed in the acetylated hydrophilic 
fraction at temperatures greater than 150 °C and may arise from thermal 
decomposition. The 42 atomic mass units difference may represent the 373 
ion minus a ketene radical. An elemental compositoin of C12H16Ns07P 
would approximate the observed 373.09603 mass. Since several ninhydrin 
positive components are present in the hydrophilic fraction that cannot be 
separated from phosphorus, it is tempting to propose a guanine type struc
ture for this fragmentation ion (Figure 11). 

INNOVATIVE CONCEPTS CONCERNING THE MACROMOLECULAR LIPIDS 

In proposing a structure and function for the macromolecular lipids at this 
embryonic state of knowledge, I hope that it will stimulate interest in the 
experimental evaluation of the concepts and in the use of macromolecular 
lipids for the discovery of new drugs. 

Structure 
The elemental and component analyses of the macromolecular lipids (Table 
13) [17, 20] can be interpreted in terms of a structure. The number of mole-

Figure 12. Structural characteristics of the macromolecular lipid Bs. The atoms have the follow
ing colors: phosphorus atom is yellow; carbon atom is black; hydrogen atom is white; oxygen 
atom is red; and nitrogen atom is blue. (a) A top view showing the proposed glycerol-phosphon
ate/phosphate backbone of the macromolecular lipid. (b) A side view showing the esterification 
of fatty acids to the hydroxyl grouping on the glycerol phosphonate/phosphate backbone. The 
fatty acid shown is oleic acid whereas the other straight rods would represent the saturated fatty 
acids. (c) A top view showing the hydrophilic region of the macromolecular lipids which con
tains covalently-bound purine/pyrimidine bases, hexoses and a tetrapeptide. (d) A top view 
showing the binding of polyamines to the macrQIllolecular lipid Bs; namely, one mole of sper
mine and two moles of spermidine and putrescine. (e) A tqp view showing the three binding 
regions for Adriamycin (Doxorubicin, NSC 12.3127). One molecule of Adriamycin is shown 
bound to the lower spermidine binding region. (f) A top view showing the three binding regions 
for the amino-anthraquinone, NSC 287513. One molecule is shown bound to the lower sper
midine binding region. 
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cules of each component that is estimated for the macromolecular lipid Bs is 
shown in Table 15. If we assume a glycerol phosphonate and glycerol phos
phate backbone similar to cardiolipin, then the backbone contains approxi
mately 16 to 18 glycerols connected by phosphonate and phosphate (Figure 
12a). The p-carbon of the connecting glycerol moiety and the a and p car
bons of the terminal glycerols in the backbone contain approximately 19 to 
21 free hydroxyl functional groups. This number of hydroxyl groups is inad
equate to accommodate 15 to 16 molecules of fatty acid, 3 to 4 amino acids, 
several other nitrogenous compounds, e.g., cytosine and guanine that ac
count for the 6 to 9 molecules of nonamino acid nitrogen and 1 or 2 hex
oses. The esterification of the fatty acids to this glycerol phosphonate/phos
phate backbone results in a hydrophobic plane (Figure 12b). The hydro
philic plane (side view and upper region of Figure 12b and top view in 
Figure 12c) is represented by the phosphonate and phosphate groups of the 
backbone and the polar constituents, namely, bases, sugars and amino acids. 
The amino acids are represented by a tetrapeptide in order to accommodate 
a protein positive test and the inadequate number of glycerol hydroxyl 
groups noted earlier. 

This proposed structure for the macromolecular lipid has accounted for 
the components listed in Table 15 with the exception of carbon and hydro
gen and, to a lesser extent, with oxygen. A summation of these elements in 

Table 15. Composition of the macromolecular lipid-B, * isolated from L 1210 cells 

Compo- Range of estimated 
Molecular sition number of atoms or 

Atom or component weight range (%) components per Lipid B2 

Carbon 12 56.1 -56.9 738-749 
Hydrogen 1 8.1 - 8.5 1280-1341 
Oxygen 16 19.5 (Minimum) 183 (Minimum) 
Nitrogen 14 0.83- 1.04 9-12 
Phosphorus 31 0.19- 3.25 1::..17 
Amino Acids 119 a 2.8 3-4 
Hexose 180 1.8 1-2 
Glycerol 92 2.1 3-4 
Fatty Acids 283 b 28.3 15-16 
Glycerol phosphonate e 156 13.1 e 13 -14 

* Estimate of molecular weight by PAGE is 15,800. 
a This molecular weight is an average for those principal amino acids that were obtained from 

acid hydrolysis of the lipids. 
b This molecular weight is the average for those fatty acids which were found in the hydrolysis 

of the macromolecular lipid. 
e Glycerol phosphonate was not identified but is estimated from the total sugar analysis (17.0%) 

minus that found for glycerol (12.1 %) and hex()se (1.8%). 
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the fatty acids, the glycerol phosphonate/phosphate backbone and the hy
drophilic species, namely, the purine/pyrimidine bases, amino acids and 
hexoses, will account for approximately 50% of the 740 carbon atoms per Bs 
macromolecular lipid, 53 % of the 1300 hydrogen atoms and 80% of the 
minimal 183 oxygen atoms. The net difference in these three elements indi
cates that approximately one-third of the molecular weight of the Bs macro
molecular lipid remains an unknown but whose composition is primarily C, 
Hand O. 

The macromolecular lipids, which were isolated from brains of dogs [17] 
and from leukemic cells [20], possessed some ultraviolet-visible absorption 
(Figure 13) and fluorescence (Figure 13). The chromophores have not been 
identified [17, 20]. The tyrosine and the purine/pyrimidine bases of the 
lipid cannot totally account for this absorption. In addition, the chromo
phores may relate to the unaccounted fraction of the Bs macromolecular 
lipid noted previously. 

There are relatively few naturally occurring biological materials which are 
enriched in C, Hand 0 and which are themselves a chromophore. Several 
examples are listed in Table 16. Vitamin D has a UV absorption maximum 
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Figure 13. Ultraviolet absorption and fluorescence-spectra of purified macromolecular lipid B,. 
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approximating that found in the lipids. The fluorescence characteristics of 
vitamin D show excitation and emission maxima that are higher than those 
found for the lipid. However, this may reflect differences in the milieu 
which will greatly effect fluorescence. Further, the extinction coefficient of 
vitamin D ranged from 450 to 490 which indicates that approximately 17 
molecules of vitamin D might be associated with each mole of the macro
molecular lipid. This number correlates with the 14 molecules that would be 
needed to account for the unidentified fraction of the Bs macromolecular 
lipid. 

Vitamin D3 undergoes metabolic alteration to yield 1,25-dihydroxy 
D3[1,25(OHh-D3] which is the biologically active species [82]. Biochemical 
and autoradiographic evidence indicates that like other steroid hormones, 
such as estradiol and testosterone, 1,25(OHh-D3 functions at the molecular 
level within the nucleus by modulating genetic expression [83-87]. If 
1,25(OHh-D3 were associated with the macromolecular lipids, there are 
relatively few sites for reacting a hydroxyl group of the 1,25(OHh-D3 mole
cule to the macromolecular lipid. The only apparent reaction is the forma
tion of a phosphoric ester grouping. The possibility that 1,25(OHh-D3 or 
any of the candidates listed in Table 16 might be covalently linked to the 
macromolecular lipid will help to define the function of these lipids within 
the nucleus. 

Obviously, further studies will be necessary to define the exact chemical 
structure of the macromolecular lipid. Nevertheless, the proposed structure, 
as shown in Figure 12, does provide some insight into the binding charac
teristics of the macromolecular lipids to both polyamines (Figure 12d) and 
to drugs (Figures 12e and 12f). The polyamines, spermine, spermidine and 
putrescine appear to bind to different regions on the macromolecular lipid, 
primarily by ionic and hydrogen bonding interactions. It is proposed that 
the interactions are between the nitrogen of the polyamines and the phos-

Table 16. Potential candidates for the unidentified chromophore(s) in the macromolecular 
lipid Bs 

Fluorescence (nm) 
Elemental Absorption EI% 

Candidate composition maxima (nm) 1 cm Excitation Emission 

Vitamin A C2oH 30O 325 1835 327 510 
Vitamin D C27H44O 265 450-490 390 480 
Vitamin E C29Hso02 294 70 295 340 
Vitamin KI C31H4602 245, 248, 264, 425, 426, 419, None 

271 and 329 420 and 348 
fi-Estradiol CIsH2402 280 2,120 285 330 
Testosterone CI9H2S02 238 16,800 None 
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phonate/phosphate groupings of the macromolecular lipid. It should be 
noted that the spacing of -NHCH2CH2CH2NH2 in spermine and spermid
ine requires a -03PCH2CH2CH2P03- glycerol phosphonate spacing in the 
macromolecular lipid whereas the spacing of - NHCH2CH2CH2CH2NH
requires a - 03POCH2CH2CH20P03 - arrangement of a typical cardiolipin 
type glycerol phosphate group. 

In placing the polyamines on the macromolecular lipids, we took into 
account the relative effectiveness of the polyamines in displacing the cancer 
chemotherapeutic drugs. For example, one mole of spermine will displace 
approximately three moles of Adriamycin (Figure l2e) and aminoanthraqui
none (Figure l2f), and vice versa. Thus, in order to accommodate this 1: 3 
mole ratio for spermine: drug displacement, the binding regions for sper
mine must result in a conformational change in the lipid (Figures l2c and 
l2d) to prevent the interaction of the drugs with the lipids (Figures l2e and 
l2f). This conformational change may be due to spermine bridging the 
luminal space of the two halves of the lipid. Doxorubicin and aminoanthra
Quinones were also excellent displacers of the polyamines, putrescine and 
cadaverine but did not show the same degree of displacement for spermid
ine. In this instance, we have projected the bridging of the diamines across 
the luminal space to be similar to spermine. On the other hand, spermidine 
is viewed to bind to specific regions along the backbone of the macromole
cular lipid. The displacement of spermidine by these drugs (Figures 12e and 
l2f) might, therefore, be more difficult. 

The functional groups of the Adriamycin (doxorubicin, NSC 123127) 
molecule which closely matches the spermidine binding region on the 
macromolecular lipid are the hydroxyl and amino groups of daunosamine 
and the l3-carbonyl and l4-hydroxyl of the aglycone moiety. The quinone 
regions of the aglycone moiety may further enhance the binding by hydro
gen bonding with the purine/pyrimidine bases and tetrapeptide which are 
near the binding regions - compare Figures 12c and l2e. 

In comparing the relative binding of the aminoanthraquinones (Figure 
2) [20], NSC 287513 showed the lowest number of moles bound per mole of 
the macromolecular lipids. The spacial arrangement of the amino and 
hydroxyl groupings on the two side arms ofNSC 287513 appear to interact 
with the phosphoric groupings in the vicinity of the spermidine binding 
regions - compare Figures l2c and l2f. In considering the binding of 7 to 8 
moles of the active aminoanthraquinones, NSC 279836 and NSC 281246, to 
the Bs macromolecular lipid (Figure 2) [20], the backbone phosphoric 
groupings cannot accommodate this number of molecules. Therefore, one 
might anticipate an association between two phosphoric groupings with one 
arm of the aminoanthraquinone and the other arm may interact with the yet 
unidentified chromophoric groups of the macromolecular lipids. The inac-
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tive aminoanthraquinones, NSC 281249, NSC 278467 and NSC 279837, 
whose affinity are an order of magnitude less than the active series, may 
only employ one arm of the compound in its interaction with the macro
molecular lipid. 

In proposing a structure for the macromolecular lipid, we have utilized 
the following information: 

molecular weight estimates 
elemental and component analyses 
hydrophobic/hydrophilic characteristics 
binding of polyamines and drugs 
the competitive displacement among these binding components 

An important feature of this type of structure is the diversity that it can 
have, with respect to its size, molecular organization of the components and 
binding of a diverse array of compounds, e.g., polyamines, drugs and 
cations. The potential diversity in its structure is compatible with the con
clusion that the macromolecular lipids from different tissues and organisms 
are not identical and yet is compatible with the many similarities that were 
found for the macromolecular lipids from diverse sources. If the lipids con
tain different components that are intimately involved in the expression of 
genetic material, then the macromolecular lipid will have an important role 
in the growth and maintenance of the cell. 

Function 
In proposing a functional role for the macromolecular lipids in the expres
sion of genetic material, we have take into account the following consider
ations: 

ubiquitous distribution of the macromolecular lipids 
nucleoplasm localization of the lipids 
binding of drugs to effect biochemical processes 
binding of polyamines and his tones 
the macromolecular lipid may contain compounds; for example, vitam
in D that initiate genetic expression 
chromatin fraction, active in RNA synthesis, is rich in phospholipids 

It is now well established that interphase chromatin in the eukaryotic cell 
nucleus is organized into repeating subunits or nucleosomes [88]. The nu
cleo some is composed of a well protected nucleosome core and a nuclease 
sensitive linker region of variable length. The core fragment of 146 base 
pairs of double stranded DNA is wrapped around a globular histone bead 
containing two each of the histones H2A, H2B, H3 and H4 which are 
known as the histone octamer. The linker region interacts with heterogen-
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eous histone fraction HI which appears to be in close contact with the his
tone octamer. The high mobility group, nonhistone acidic proteins are 
located near the end of the DNA associated with the histone octamer and at 
this location may take the place of H 1. The nucleosome provides only a first 
level of organization of the DNA. Inside the cell the nucleosomes are further 
compacted culminating in a beaded structure having a diameter of 250-
300 A. Most important is the absolute requirement for the presence of his
tone HI for its formation. 

In describing the ultrastructure of actively transcribing chromatin [88], 
there is a general agreement that the beaded nucleosomal structures are 
absent from highly active gene regions. It appears that the reversible tran
sition from the beaded structures to uniform fibers is caused by an unfold
ing of the polysome filament rather than by histone depletion. In this 
regard, chromatin fractions, which are active in RNA synthesis, are rich in 
phospholipids [44, 49] which may playa role in this unfolding and in affect
ing the histone DNA interactions [49]. 

A number of interesting features have been described with respect to the 
active gene regions. DNase I sensitivity, as a property of active gene regions, 
has been correlated with the undermethylation of DNA and, in particular, 
the de methylation of the nucleotide sequence, CCGG [88, 89]. In the euka
ryotic cells, the primary transcript ends as mature messenger RNA (mRNA) 
which is methylated [90]. Once the mature fully processed eukaryotic 
mRNA is formed, selective transport of the mRNA from the nucleus to the 
cytoplasm must take place so as to allow function. 

Many studies have demonstrated the importance of polyamines in 
growth, in stabilizing nucleic acids, and in stimulating protein synthe
sis [91]. The complexity of the effects has made it nearly impossible to 
identify definitively any specific step as the primary site of action of the 
polyamines in vivo. However, it is clear that these compounds are physio
logically important, and in this context we have attempted to integrate the 
polyamines in our proposed function for the macromolecular lipids. 

The proposed functional role for the macromolecular lipids is shown in 
Figure 14. The chromatin contains the repressed methylated DNA, histones 
and acidic proteins. We have chosen to associate polyamines with the acidic 
proteins in order to effect any potential histone-acidic protein interaction. 
The repressed chromatin contains very little lipid material whereas active 
chromatin contains a considerable quantity of phospholipid. Therefore, we 
have proposed that the 'coded' macromolecular lipids ('C'/MML) are syn
thesized de novo within the nucleoplasm of the nucleus during the transition 
from the repressed chromatin to active chromatin. 

Active chromatin contains the same quantities of DNA, histone and non
histone protein as the repressed chromatin. Therefore, in order to transcribe 
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the DNA, we propose a realignment in the interactions among the various 
components. If the' coded' macromolecular lipids (' C' IMML) had a greater 
binding affinity for the polyamines than the acidic proteins, we might anti
cipate a shift in the interactions to affect the histone-acidic protein and 
'C'/MML-polyamine associations. Since a demethylation of the methylated 
DNA has to occur prior to transcription, and yet there has to be conserva
tion of the methyl group, we have proposed a transfer of the methyl group
ing from DNA to 'C'/MML. The methyl group is located primarily on the 
cytosine of DNA and a cytosine moiety has been characterized in the 
macromolecular lipid. Once the DNA has been transcribed, the messenger 
RNA (mRNA) may have the opportunity to interact with the 'C'/MML. 
The methyl group of the 'C'/MML might be transferred back onto the DNA 
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and/or the mRNA and the displaced polyamine can affect the histone-acidic 
protein interactions which will reestablish the initial state of the repressed 
chromatin. The mRNA-'C'/MML species could then be transported from 
the nucleus to the cytoplasm. 

In support of this proposed function for the macromolecular lipids, we 
have demonstrated that these lipids are located within the nucleoplasm of 
the nucleus and specifically were found to the greatest extent in the active 
chromatin fraction. Drugs which tightly bind to the 'C'/MML result in a 
marked inhibition of DNA and protein synthesis. Such drug interactions 
with the 'C'/MML would, in effect, shift the associations to a repressed 
state for chromatin. The synthesis of a coded macromolecular lipid to effect 
an initial shift in the associations among the nucleosome components is a 
reasonable hypothesis, especially since the macromolecular lipid has many 
similar binding characteristics to DNA for histones, polyamines and acidic 
proteins. Further, the' C' /MML has a unique chemical composition which 
might mimic the DNA structure. 

Discovery of New Drugs 
An important feature of the proposed structure for the macromolecular 
lipids is the diversity that it can have with respect to its size and molecular 
organization of the components. The macromolecular lipids are not identi
cal from different tissues and organisms, yet are sufficiently similar to com
plex with a diverse array of compounds, e.g., polyamines, drugs, and 
cations. Most striking is the multiple binding sites on the macromolecular 
lipids. It is this feature which may be exploited in the discovery of new 
drugs as well as in using specific drugs in combination. For example, dox
orubicin (NSC 123127) and the terephthalanilide (NSC 38280) bind to the 
macromolecular lipid of tumor cells with approximately the same affinity, 
and based upon their comparative displacement of the polyamines, these 
compounds would not be expected to bind to the same regions on the 
macromolecular lipid. 

Another example is the binding of imidocarb by the macromolecular 
lipids from Anaplasma and the ineffective displacement of imidocarb by 
comparable structures, specifically amicarbalide and dioxalate. Further, the 
'inactive' phthalanilides, in comparison to their active congeners, bind to 
the macromolecular lipids yet elicit quantitative differences in their inhibi
tion of protein and nucleic acid synthesis. Overall, the specificity of the 
binding and the location of the binding site of the drug on the macromole
cular lipids will elicit different biochemical effects. 

The National Cancer Institute has selected approximately 280 Decision 
Network 2A compounds for further chemotherapeutic evaluation. In re
viewing this list of compounds, I selected approximately twelve on the basis 
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of structure (Table 17) which have the potential for complexing with the 
macromolecular lipids. Several compounds are especially intriguing: NSC 
356894 contains a spermidine moiety which might interact with the sper
midine binding region (see Figure 12) as well as a guanidine group which is 
sufficiently distant from the spermidine moiety to interact with the sper
mine binding regions of the macromolecular lipid; NSC 296961 has some 
antineoplastic activity and has been extensively studied as a radioprotective 
compound, identified as WR2721 or Gammaphos [92-94]. To date the 
mechanism of action of WR2721 has not been defined, but if this com
pound interacts with the macromolecular lipid, one might anticipate the 
inhibition of protein and nucleic acid synthesis like the phthalanilides [24] 
to affect its radioprotective nature. 

Table 17. NCI decision network 2A compounds which have the potential for binding to the 
macromolecular Lipids 

DN 2A 
Compounds 

NSC 143057 

NSC 143969 

NSC 219733 

NSC 238146 

NSC 246112 

NSC 247561 

NSC 296961 

NSC 301739 

NSC 329680 

NSC 337766 

NSC 356894 

NSC 522843 

Chemical name(s) 

4,6-Quinolinediamine, N4,N4' -I ,6-hexanediyl-bis 2-methyl-, dihydrochlo
ride 

9H-Fluoren-9-one, 2, 7-bis[2-(diethylamino )ethoxyl]-, dihydrochloride 
TiJorone hydrochloride 

1,6-Hexanediamine, N,N' -di-9-acridinyl-

4,6-Quinolinediamine, N4N4'-1,6-hexanediyl-bis 2-methyl-, tetraacetate 

Hydrazinecarbothioamide, 2-[( 5-amino-4-methyl-I-isoquinolinyl)methy-
lene ]-, hydrochloride (2: 3) 

I ,3-Propanediamine, N,N-dimethyl-N'-(I-nitro-9-acridinyl)-, dihydrochlo
ride 
Ledacrine 

2-(3-Aminopropylamino )ethyl thiophosphate 
WR-272 1 

9, I O-Anthracenedione, 1, 4-dihydroxy-5, 8-bis«2-«2-hydroxyethyl)ami
no)ethyl)amino)-, dihydrochloride 
Mitoxantrone hydrochloride 

Sulfamic acid, 1,7 -heptanediyl ester 

9, I O-Anthracenedicarboxaldehyde, bis( 4,5-dihydro-1 H-imidazol-2-yl hydra
zone), dihydrochloride 
Bisantrene hydrochloride 

Heptanamide, 7-[ (aminoiminomethyl)amino]-N -[2-[[ 4-[ (3-aminopropyl)am
ino ]butyl]amino ]-I-hydroxy-2-oxoethyl]-
15-Deoxyspergualin 

Phenanthridinium, 3,8-diamino-5-ethyl-6-phenyl-, chloride 
Ethidium chloride 
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In a recent study [95] polyamines were shown to reverse in vivo the anti
tumor activity of bleomycin. The mechanism of this reversal is unknown, 
but the authors pointed out that bleomycin contains a structural region 
which resembles, to some extent, the natural polyamines. In this regard, this 
structural region of bleomycin contained a terminally charged tertiary sulflJX 
group. The substitution of tertiary alkyl sulfur groups in the polyamine type 
drugs noted in this reveiw may lead to useful chemotherapeutic agents. 
Israel, Rosenfield and Modest [96] synthesized a series of linear aliphatic 
tria mines and tetramines as homologs of the naturally occurring polyam
ines. The notable feature of the in vivo active homologs is the number of 
carbon atoms between the nitrogens, e.g., H2NCH2CH2CH2NH(CH2hNH2. 
This compound, may be binding with two polyamine binding regions along 
the backbone of the macromolecular lipid. 

The macromolecular lipids appear to have a binding affinity for polyval
ent cations. The dihydroquinone system of the anthracycline drugs doxoru
bicin (NSC 123127) and daunomycin (NSC 82151) chelates with polyvalent 
cations, e.g., Fe3+, Cu2+ and Mg2+ [97, 99]. These cations will release the 
anthracyclines from a DNA-anthracycline complex [98, 99]; yet metal che
lates of the anthracycline drugs will enhance their chemotherapeutic effec
tiveness [100]. Such metal chelates may enhance the stability of the anthra
cycline-macromolecular lipid complex (see Figure 12e). Cis platinum com
pounds are effective antitumor agents [101]. It has been suggested that their 
primary target is DNA [102-104] to affect an inhibition of DNA [105] and 
RNA [106] synthesis in eukaryotic systems. However, it is equally plausible 
that these compounds may elicit the observed effects by complexing with 
the macromolecular lipids. 

When we reviewed the literature on the mode of action of the 8-amino
quinoline and schizontocide antimalarials, we noted that there were many 
similarities in the biochemical effects among these antimalarials and the 
experimental phthalanilide antineoplastic agents. The antimalarials concen
trate within the parasites [107], inhibit DNA synthesis [108, 109], and most 
interact with DNA [110, 111] while some do not[112]. Chloroquine inhi
bits equally the incorporation of the precursors of DNA, RNA and protein 
into P. knowlesi indicating that its primary action site is not at DNA [113]. 
The postulated binding site is planar and lipophilic having hydrogen bind
ing groups separated by approximately 4 angstroms from a negatively 
charged acidic group [114, 115]. It is interesting to note that spermine and 
several antimalarials enhance the rate of clathrin polymerization [116, 117]. 
A review of the spatial arrangement of the various groups in the clinically 
evaluated and experimental antimalarial drugs shows some relationship to 
the naturally occurring polyamines (Figure 15). The similarities in the bio
chemical effects of antimalarials and the phthalanilides and their resem-
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Figure 15. Structural relationships between antimalarials and polyamines. 

blance to the polyamines indicate that the antimalarials may bind to the 
macromolecular lipids of Plasmodium sp. and compete with normal sub
strates. 

Regulation of gene expression in eukaryotes and prokaryotes is a fascinat
ing topic in molecular biology with interesting implications for differentia
tion and for many areas of biology, for example, oncology, virology and 
parasitology. The proposed role of the 'coded' macromolecular lipid in the 
regulation of gene expression, the unique structure of the macromolecular 
lipid and its specificity for the binding ofpolyamines and drugs indicate that 
these lipids represent a new mechanism for drug discovery. 
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ABSTRACT 

Our investigations spanning over the past six years have implicated cyclo
phosphamide (CP) metabolite acrolein in some specific biochemical and 
systemic toxicities of CPo Acrolein is implicated in the depletion of hepatic 
glutathione, in the depression of hepatic microsomal mixed function oxi
dase system (MFO), and in the induction of urotoxicity either per se or in 
conjunction with other CP metabolites. Acrolein-associated toxicities ap
pear to arise as a consequence of the formation of covalent adducts between 
acrolein and critical sulfhydryl groups in protein-bound thiols. These spe
cific toxicities of CP are blocked by exogenous thiols such as N-acetylcys
teine (NAC) and mesnum (2-mercaptoethanesulfonate). However, combina
tion of CP with the exogenous thiols does not interfere with the immuno
suppressive (i.e. myelosuppressive) and carcinostatic properties of CP, 
which appear to be the consequence of metabolism-dependent formation of 
the alkylating metabolites of CP, presumably phosphoramide mustard. 

INTRODUCTION 

Cyclophosphamide (2- [bis (2-chloroethyl) amino] tetrahydro-2H-1 ,3,2-oxa
zaphosphorine 2-oxide) is an important anticancer drug used in the treat
ment of a variety of cancers in humans and in experimental animals [1, 2]. 
In addition, because of its immunosuppressive activity, CP has found appli
cation in the treatment of some autoimmune diseases and in the preparation 
of patients for tissue and organ transplantation [1, 3, 4]. Inactive pe se, CP is 
activated by the hepatic cytochrome P450-dependent mixed function oxi
dase system. The activated metabolites, believed to be responsible for the 
chemotherapeutic activity and toxic manifestations of CP, could be quanti-
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tatively reduced by the cytosolic oxidase/reductase-mediated detoxification 
of their precursor metabolic intermediates such as 4-hydroxy-CP [5, 6]. The 
major pathway of CP metabolism, illustrated in Figure 1, involves the for
mation of 4-hydroxy-CP which rearranges to its ring-opened isomer aldo
phosphamide; the latter can undergo non-enzymatic p~elimination to rel
ease acrolein and phosphoramide mustard. Alternatively, both 4-hydroxy 
CP and aldophosphamide can be acted upon by cytosolic reductases/oxi
dases and converted to essentially detoxified products 4-keto CP and car
boxyphosphamide, respectively [5,6]. 

Hepatic microsomal mixed function oxidase complex (MFO) - comprised 
of a lipid fraction, NADPH: cytochrome P450 reductase and cytochrome 
P450 - activates and/or detoxifies a host of chemicals including drugs, anti
cancer agents, pesticides, carcinogens, mutagens, teratogens and some endo
genous substrates [7,8]. Molecular oxygen and the cofactor NADPH are 
obligatory requirements for the catalysis of MFO-mediated reactions. MFO 
is an inducible enzyme complex and the diversity of the system is depen
dent on the multiplicity of the terminal oxidase, cytochrome P450. During 
recent years multiple forms of cytochrome P450 have been described, 
depending upon the species, strain and the inducing agent employed. Mul
tiplicity of cytochrome P450 has been established on the basis of differences 
in various characteristics which include: spectral properties; substrate, inhi
bitor and induction specificities; immunological properties; and mobility on 
gel electrophoresis [9-11]. Recently, several cDNA clones and genomic 
clones representing different forms of cytochrome P450 have been isolated 
and their diversity confirmed by DNA sequence analysis [12-14]. 

The toxic and the carcinostatic effects of CP are believed to be a conse
quence of covalent interaction between the active metabolites of CP and the 
target tissue macromolecules. DNA cross-linking by CP metabolite phos
phoramide mustard is believed to represent the ultimate cytotoxic lesion 
that accounts for the carcinostatic effects of CPo Various systemic toxicities 
of CP include hematopoietic depression, alopecia, nausea, vomiting, he
morrhagic cystitis and others [I] . 

During the past six years we have been involved in defining the nature of 
the active metabolites of CP capable of covalent interaction with tissue 
macromolecules and of relating these interactions to various toxic manifes
tations of CPo It is hoped that this approach will allow a better understand
ing at the molecular level of the biological effects of CP and lead to devel
opment of knowledge with clinical applicability for the intervention of at 
least some of the undesirable toxicities of CP, without compromising its 
carcinostatic and immunosuppressive properties. We hope that this report 
will demonstrate the fruitfulness of this approach. 
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METHODS 

Various methodologies, analytical techniques and protocols employed in the 
studies reported in this article have been described in reasonable details 
previously [15, 16]. 
Text 
In 1969 and early 1970's various investigators reported that several anti
cancer drugs, especially alkylating agents such as cyclophosphamide (CP), 
are able to depress the hepatic microsomal mixed function oxidase (MFO) 
system and its various enzymatic activities [17-19]. However, this depres
sion was attributed to the ability of these agents to produce a generalized 
depression of protein synthesis. Our first report in 1976, in which we exam
ined not only hepatic MFO activities but also the activities of some conju
gation and hydrolytic pathways, suggested that CP produced a specific 
depression of hepatic MFO which probably results from the suicidal inacti
vation of cytochrome P450 during the metabolism of CP [15]. In other 
words, the data suggested that a metabolite ofCP is able to destroy/denature 
cytochrome P450. To pursue this line of thought we set out to define the 
nature of various CP metabolites capable of binding covalently to macro
molecules. Both in vitro and in vivo investigations were started. By this time 
the major pathway of the hepatic microsomal metabolism ofCP, outlined in 
Figure 1, was well known. Since this pathway suggested that acrolein and 
phosphoramide mustard, derived from 4-hydroxy-CP, would retain radioac
tive labels in C-4 and chloroethyl groups, respectively, when CP labeled in 
these atoms is metabolized, we decided to investigate metabolism-mediated 
binding of [3H-chloroethyl] CP and [ 14C_4] CP to proteins and nucleic acids 
in an in vitro incubation system employing hepatic microsomes (or a recon
stituted cytochrome P450 system), nucleic acid (calf thymus DNA or E. Coli 
tRNA), specifically labeled CP and various cofactors. While at that time 
[ 14C_4] CP was commercially available, [3H-chloroethyl] CP was procured 
from Amersham/Searle as a custom order preparation. The results of one of 
these experiments are given in Figure 2. 

To our amazement we found that 14C-radiolabel from [ 14C_4] CP essen
tially binds exclusively to proteins in the incubation, whereas 3H-Iabel from 
[3H-chloroethyl]CP binds predominantly to nucleic acid. Our results de
monstrated greater then 80-fold binding of the 14C-Iabel to microsomal pro
teins, relative to the 3H-Iabel, and binding of the 3H-Iabel to nucleic acids 
was favored 10-40 fold over the 14C-Iabel. By reference to Figure 1 it is 
evident that the binding of 14C-Iabel implicates acrolein, whereas that of the 
3H-Iabel implicates phosphoramide mustard. To verify further the involve
ment of acrolein, chemical features of acrolein - i.e., the presence of a free 
aldehyde group and a reactive vinylic double bond - suggested that chemi-
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Figure 2. Metabolism-dependent binding of 14[C-4]cyc1ophosphamide and [3H-chloroethyl]cy
c1ophosphamide to cytochrome P450 and E. coli tRNA, catalyzed by the reconstituted purified 
cytochrome P450 system. 

A reconstituted cytochrome P450-containing system was used in these studies. The system 
contained in a buffered solution the following: cytochrome P450 purified from phenobarbital 
pretreated rats to a specific activity of 15-17 nmoles/mg protein, NADPH: cytochrome P450 
reductase, dilauroyl phosphatidylcholine, 3H_CP or 14C_CP, E. coli tRNA, NADPH. At the end 
of the incubation tRNA and proteins were precipitated and treated to remove any non-coval
ently bound radioactivity. Background values derived from identical incubations lacking 
NADPH only have been subtracted. 

cals with a free amino and/or a free sulfhydryl group should block binding 
of the 14C-label to the protein in the incubation during the metabolism of 
14C_CP. The results of these investigations are given in Table 1. Among the 
chemicals containing a free amino group (e.g. semicarbazide, glycine and 
lysine) semicarbazide and glycine blocked the binding by 80 and 50%, 
respectively, whereas lysine failed to have any effect. Chemicals containing 
an amino and a sulfhydryl groups were most potent: glutathione inhibited 
the binding by 90 % and cysteine by 88 %. N-acetylcysteine, which contains 
only a sulfhydryl group, was able to block the binding by 70 %. These data, 
while implicating acrolein, suggested that both a free amino group and/or a 
free thiol were effective in interacting with acrolein and thereby preventing 
its binding to the proteins. Since acrolein is known to form a thiazolidine 
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type derivative with cysteine, the binding experiments suggested the possi
ble isolation of such a metabolite. Repeated attempts to isolate this conju
gate of acrolein and cysteine failed; however, its formation in the incubation 
was demonstrated by cochromatography of the chloroform-extracted 
aqueous phase of the incubations with a synthetic conjugate of acrolein and 
cysteine [16]. These results established that acrolein is formed during the 
metabolism of 14C_CP and that it binds covalently to proteins, and also 
forms a thiazolidine type of conjugate with free cysteine added to the incu
bation. The observation that lysine, which is the major source of free amino 
groups in proteins (other than the terminal amino group), did not interact 
with acrolein, as indicated by its inability to block the binding of the 14C_ 
label, suggested that acrolein binds to proteins via reaction involving addi
tion of a thiol group to the acrolein double bond and probably not via the 
reaction between the aldehyde group of acrolein and the free amino-group 
of cysteine, which is required in the formation of a thiazolidine conjugate. 
An earlier report from this laboratory [20] and that of Ashoor and Chu [21] 
had demonstrated that the binding of aflatoxin B2a, which cleaves to form 
aldehyde-containing products, depends upon the reaction between free alde
hydes of aflatoxin B2a cleavage products and free protein amino groups of 
lysine, as this reaction was inhibited by about 70% by free lysine. We seized 
upon this experience and compared the effects of various chemicals, includ
ing lysine, on the binding of 3H-aflatoxin B2a and 14C_Cp to hepatic micros
omes, and as expected, found that while lysine inhibits the binding of afla
toxin B2a as reported [21], it does not inhibit the binding of 14C_CP [16]. 

Table 1. Effects of amino acids and other compounds on the binding of 14[C-4J cyclophos
phamide to rat hepatic microsomal proteins in in vitro incubation systems I 

Concentration used [14C] Cyclophosphamide bound to protein 
Chemical mM as % of control activity 

None 100 
Glutathione 4 10 
Cysteine 4 12 
N-Acetylcysteine 4 30 
Semicarbazide 4 20 
Glycine 4 50 
Lysine 4 105 

I Hepatic micro somes from phenobarbital-treated rats were incubated with NADPH and 
14[C_4J cyclophosphamide in the presence or absence of various inhibitors of the binding of 
14C to hepatic microsomes. At the termination of the incubation, the microsomal protein was 
precipitated, treated to remove noncovalently bound radioactivity, digested and counted. 
Incubations lacking NADPH served to obtain a background value which has been subtracted. 
In various experiments, 45-55 nmol of 14[C-4J cyclophosphamide metabolite were bound to 
I mg of microsomal protein, and this value represents 100% of control activity. 
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Taken together these investigations led to the conclusion that acrolein is 
binding to hepatic microsomal proteins via interaction between the double 
bond in acrolein and cysteine thiol groups in proteins. 

Acrolein is known to interact covalently with glutathione [22]. This 
report, in conjunction with our observations showing that acrolein-asso
ciated 14C-Iabel binds to microsomal proteins and that this binding is effec
tively blocked by glutathione and cysteine, posed the following questions: 
(a) what are the biological effects of this binding; (b) does acrolein, formed 
in vivo during CP metabolism, deplete glutathione; (c) can cysteine block the 
in vivo depression of hepatic MFO by CP; (d) what other toxicities ofCP are 
due to acrolein; (e) can N-acetylcysteine or other thiols block any of these 
toxicities and (f) if N-acetylcysteine (or other thiols) is able to block some of 
the undesirable toxicities of CP, will this drug combination compromise the 
carcinostatic activity of CPo 

DEPRESSION OF HEPATIC MFO BY CP AND ITS PROTECTION BY THIOLS 

To determine specificity of binding of the 14C-Iabel with various protein 
components in hepatic microsomes, gel electrophoresis-autoradiography of 
hepatic microsomes or purified cytochrome P450 modified with 14C_CP was 
carried out and the results were compared with those obtained in experi
ments in which hepatic microsomes or purified cytochrome P450 was modi
fied with 14C-acrolein in the absence of NADPH, which is required for the 
metabolism of 14C_CP. In all experiments in which either hepatic micros
omes or purified cytochrome P450 were used to metabolize 14C_CP in the 
presence of NADPH, cytochrome P450, as determined by gel electrophore
sis-autoradiography, was the major protein component to which 14C-Iabel 
became bound. No binding occurred in the absence of NADPH or when 
3H-chloroethyl CP was used (instead of [ 14C_4] CP) either in the presence or 
absence of NADPH. Similarly, 14C-acrolein without any metabolism (in the 
absence of NADPH) produced major binding to cytochrome P450 [23]. 

To determine the biological effects of the binding of CP metabolite(s) to 
microsomal proteins, effects of various CP metabolites on the spectral integ
rity of cytochrome P450 were examined in vitro in the absence of metabol
ism. The results of some of these studies are illustrated in Figure 3. Of the 
various analogs and metabolites tested (e.g. CP, ifosfamide, trofosfamide, 
4-keto-CP, acrolein, phosphoramide mustard, nor-nitrogen mustard, and 4-
hydroxy-CP, which undergoes spontaneous decomposition with the release 
of acrolein) only acrolein and 4-hydroxy-CP produced denaturation of 
cytochrome P450. This denaturation was associated with a decrease in 
absorbance at 450 nm and an increase at 420 nm in the reduced CO-com-
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Figure 3. Effects of cyclophosphamide, its metabolites, and analogs on the spectral integrity of 
cytochrome P450 in rat hepatic microsomes. 

Rat liver micro somes were incubated with acrolein (0.7 or 7 mM final concentration) or other 
cyclophosphamide metabolites or analogs (7 mM final concentration) for 30 mins at 37°C in an 
initial volume of 1.2 ml. At the termination of the incubation, the volume was adjusted to 10 ml 
with 0.1 M phosphate buffer (pH 7.4) and the reduced CO-complexed spectrum of cytochrome 
P450 was recorded as described [16]. The compounds tested included: PM, phosphoramide 
mustard; CP, cyclophosphamide; 4-(HO)CP, 4-hydroxycyclophosphamide; 4-keto CP, 4-ketocy
clophosphamide; acrolein, ifosphamide and others. Details described previously [16]. 

plexed difference spectrum. Nearly identical to the potential of various 
chemicals with a free amino and/or a free sulfhydryl group to block the 
binding of the 14C-Iabel from 14C_CP, these chemicals, especially cysteine, 
glutathione and N-acetylcysteine, effectively blocked acrolein-induced dena
turation of cytochrome P450. As expected, lysine essentially afforded no 
protection against acrolein. In addition to acrolein, which as suggested ear
lier (vide supra) appears to interact with free thiol groups in proteins, thiol 
reagents, such as p-hydroxymercuribenzoate and phenylmercuric acetate, 
produced an identical type of denaturation of cytochrome P450; and this 
denaturation also, as in the case of acrolein, was blocked by cysteine. Fur
thermore, at suboptimal concentrations, the effects of thiol reagents and 
acrolein were additive. Preincubation of hepatic microsomes with aminopy
rine, a substrate of the hepatic mixed function oxidase, provided complete 
protection against acrolein-induced denaturation of cytochrome P450. Ta-
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ken together, these observations lend strong support to the hypothesis that 
CP metabolite acrolein denatures hepatic cytochrome P450 by covalent 
interaction with sulfhydryl group(s) in or near the enzyme active site. 

Inactivation (or destruction) of hepatic cytochrome P450 by various 
chemicals has been reported by a number of investigators. These com
pounds belong to different chemical types and include compounds contain
ing double or triple bonds [24-28], sulfur-containing compounds, e.g. para
thion [29,30] and carbon disulfide [31-33], and carbon tetrachlo
ride [24,34]. In all these cases, cytochrome P450-mediated metabolism is 
an obligatory requirement. 

Various mechanisms have been suggested to explain events leading to the 
destruction of cytochrome P450 [24]. Some of these mechanisms include: 
epoxide formation from double or triple bonds which culminates in the 
alkylation of the heme moiety of the cytochrome P450; generation of free 
radicals, which lead to peroxidative destruction of cytochrome P450, e.g. 
carbon tetrachloride; metabolic desulfuration of sulfur-containing chemicals 
which leads to release of elemental sulfur capable of binding covalently to 
sulfhydryl groups in cytochrome P450 apoprotein. In comparison to these 
potential mechanisms, the mechanism proposed for the metabolism depen
dent destruction of hepatic cytochrome P450 by CP is novel in that it 
implicates the formation of addition products between the acrolein double 
bond and free thiols in or near the enzyme active site. 

Having found earlier that CP causes a specific depression of various 
hepatic MFO activities in vivo [15] and having established in vitro that CP 
metabolite acrolein binds to cytochrome P450 and causes its denatura
tion [16], both of which can be blocked by thiols such as N-acety1cysteine, it 
was of interest to ascertain whether CP-induced in vivo depression of MFO 
could be blocked by N-acety1cysteine. The effects of a single dose of CP 
(180-200 mg/kg) on hepatic cytochrome P450 content, NADPH: cytoch
rome P450 reductase, and on various MFO activities, e.g. aryl hydrocarbon 
hydroxylase, aminopyrine demethylase and metabolism of 14C_CP, were 
investigated (Figure 4). In different experiments, CP produced a 25-50 % 
depression of all these activities including the hepatic cytochrome P450 
content. N-acety1cysteine and another thiol, mesnum (2-mercaptoethane 
sulfonate), given just before CP, almost completely reversed the effects of 
CP [23]. These investigations demonstrated that appropriate thiols, such as 
N-acety1cysteine, were effective in neutralizing the biochemical toxicologic 
effects of the CP metabolite acrolein. However, these investigations did not 
evaluate whether these beneficial effects of thiols were being achieved at the 
expense of the desired properties of CP, i.e. chemotherapeutic and immu
nosuppressive activities. This is addressed later in this article. 
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EFFECTS OF CYCLOPHOSPHAMIDE ON HEPATIC GLUTATHIONE LEVELS 

Since CP metabolism in the liver generates acrolein which is known to 
interact with glutathione [16, 22,35], it was of importance to evaluate the 
role of glutathione in the toxicity of CP and vice versa. Dose-response stu
dies were carried out to determine the effects of CP and several of its meta
bolites on hepatic glutathione levels. The results are shown in Figure 5. CP 
caused a dose-dependent depletion of hepatic glutathione in mice. CP was 
nearly as effective as the well known glutathione depletor diethyl maleate. 
The effects of acrolein paralleled the effects of CP; however, phosphoramide 
mustard, the alkylating metabolite of CP, was an order of magnitude less 
active. Furthermore, when time dependence of hepatic glutathione depletion 
by CP was examined, maximum depletion was produced at 4-hr after CP 
administration, and at suboptimal doses the effects of a combination of CP 
and diethyl maleate were additive [35]. 

As shown in Figure 6 a single dose of CP (200 mg/kg) prevented normal 
weight gains in rats over a period of 8 days. Treatment with diethyl maleate 
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Figure 5. Dose-dependent depletion of hepatic glutathione by diethyl maleate, cyclophospham
ide, phosphoramide mustard and acrolein in mice. 

Six C3Hf/HeHa mice in each group were given LP. Injections of different doses of phospho
ramide mustard (PM), acrolein, diethyl maleate, or cyclophosphamide (CP). Two hr later, the 
mice were killed by cervical dislocation, and the livers were quickly removed, placed on ice, and 
immediately assayed individually for the levels of reduced glutathione. Each point is the mean 
of 6 animals. Individual values in each group varied less than 10% from the mean value. (Per
mission to reproduce the data from Reference 35 obtained from Cancer Research). 



72 

210 

200, 

~ 190 
IIJ 
In 
+1 
Z 180 « 
IIJ 
~ 

In 170 

~ a: 
160 ~ 

~ ---
~ 150 

-.. , 
« a: 
Lo.. 140 0 

l-
X 
~ 

130 i;j 
~ 

~ 120 
~ 

110 

100 

T 
2 

..... ---
_ .... 

SALINE 
DIETHYL MALEATE 

(640 mg/kgl 

CYSTEINE 
(200mg/kgl 

1 CYCLOPHOSPHAMIDE 
'T (200m\lIk\ll 

-,' + 
_-.. ' CYSTEINE (200m\l/k\l) 

,..---/ • ____ +- ____ • ____ lCYCLOPHOSPHAMIDE 
_ ,,'- T (200m\l/k\l) ---=----.._- -.... 

3 4 5 

-----, 

6 

----,J.CYCLDPHOSPHAMIDE 
I (200m\l/k\ll 

+ 

7 

DIETHYL MALEATE 
( 640 m\l/k\ll 

8 

DAYS AFTER TREATMENT 

Figure 6. Effects of CP, Cysteine, diethyl maleate, and combinations of these agents on body 
weight gain of Sprague-Dawley rats. 

Male rats (4 rats!gtoup) received 0.9 % NaCl solution i.p., cycteine, diethyl maleate, or cyclo
phosphamide (CP), or combinations of CP and diethyl maleate or of CP and cysteine. Diethyl
maleate and CP were given as single doses. One-half of the 200-mg/kg dose of cysteine was given 
twice daily for 3 days prior to the administration of CP, whereas diethyl maleate was given in a 
single dose 30 min before CP. Daily weight gain over the next 7 days was recorded for each 
animal. Each point represents the mean of 4 animals. Bars, S.E. (Permission to reproduce the 
data from Reference 35 obtained from Cancer Research). 

and CP produced a weight loss, whereas cysteine alone or diethyl maleate 
alone were unable to block the normal weight gain achieved on day 8. 
However, the rats, while failing to gain weight after CP, showed significant 
weight gain when pretreated with cysteine for up to three days prior to CP 
administration. 
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Taken together these results demonstrate that CP metabolite acrolein, 
which not only denatures cytochrome P450 and binds to proteins, also 
depletes hepatic glutathione and retards normal body weight gain; all these 
nocuous effects of acrolein could be blocked by appropriate thiols. 

EFFECTS OF THIOLS ON THE TOXICITY AND CHEMOTHERAPEUTIC ACTIVITY 
OFCP 

In addition to the biochemical toxicities elucidated in our laboratories over 
the past several years and reported here, CP is known to produce several 
systemic toxicities. Significant among them are urotoxicity and myelosup
pression [1]. Urotoxic effects of CP can be dose-limiting [36, 37] and have 
proven fatal [38]. Extensive hydration of the patient may alleviate CP
induced urotoxicity but this treatment modality has been criticized for being 
difficult to maintain properly and also provides only partial protection 
against urotoxicity. Acrolein, while reported not to participate in the cyto
toxicity of CP [39], has been implicated in the production of hemorrhagic 
cystitis following CP administration [40-42]. Since we had found that the 
biochemical toxic effects of acrolein in vivo could be neutralized by pretreat
ment with thiols, e.g. mesnum and N-acetylcysteine, we expected to be able 
to block the urotoxic effects of CP by thiols. A rat model system was devel
oped to evaluate bladder lesions histologically. Four days following a single 
dose of CP (180-200 mg/kg) to rats, bladders were removed, fixed and 
examined for histology. While the bladders from saline treated, N-acetylcys
teine-treated and mesnum-treated rats looked normal under the microscope, 
the bladders of rats treated with CP showed extensive pathology which 
included: thickened and spongy walls; hemorrhagic lesions; prominent ede
ma in the peri vesicular tissue; necrosis; bloody exudate in the lumen which 
contained fibrin, cellular debris and inflammatory cells; and various focal 
changes in the intact areas of the epithelium which included thinning, atypia 
and karyorrhexis. However, the bladders of rats that received a combination 
of CP and a thiol (N-acetylcysteine or mesnum) showed essentially no 
pathological changes. These results are illustrated in Figure 7. Other inves
tigators have also achieved a diminution of the urotoxic effects of CP in 
man and animals with N-acetylcysteine and mesnum [42-45]. 

The parallelism between the deleterious effects of CP on hepatic MFO 
and the urinary bladder and the fact that both these lesions are reversed by 
thiols strongly implicate a common pathway involved in the induction of 
these lesions. The common pathway appears to be the production of the 
toxic metabolite acrolein during the hepatic MFO-mediated metabolism of 
CPo 
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Figure 7. Histological changes in the bladders of rats treated with cyclophosphamide in the 
absence and the presence of treatment with N-acetylcysteine (NAC). 

Bladders were fixed and sections stained with hematoxylin and eosin stain for examination at 
a magnification of 500. Other details are described elsewhere [42]. (Permission to reproduce 
these results from Ref. 42 obtained from Cancer Research). 
A. A bladder from a control rat 

B. A bladder from NAC-treated rats 
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C. A bladder from cyclophosphamide-treated rats 

D. A bladder from rats treated with a combination of NAC and cyclophosphamide. 
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Immunosuppressive properties of CP have been exploited in the treat
ment of some chronic diseases of autoimmune etiology and in the prepara
tion of patients for tissue and organ transplantation [1,3,4]. The possibility 
that thiols, because of their interaction with acrolein and/or possibly with 
other metabolites of CP, could mitigate the immunosuppressive properties 
of CP was examined in rats. After a single injection of CP (180 mg/kg) alone 
or following pretreatment with N-acetylcysteine or mesnum, rats were 
sacrificed on day 4 and the degree of CP-induced leucopenia was evaluated. 
While N-acetylcysteine had no effect on the WBC count, CP reduced the 
count by greater than 94 % and neither N-acetylcysteine nor mesnum were 
able to block the effects of CP [42]. These results suggest that acrolein is not 
responsible for the leucopenic effects of CP and therefore implicate the 
involvement of other CP metabolites, possibly the alkylating metabolite 
phosphoramide mustard. Several reports have demonstrated that a number 
of alkylating agents are myelosuppressive. 

It is gratifying to speculate that thiols such as N-acetylcysteine and mes
num could be combined with CP to alleviate acrolein-related toxicities. 
However, limitations of such interventions should not be underestimated. 
Since thiols entrap electrophiles, it is conceivable that the use of thiols could 
interfere with the chemotherapeutic activity of CP, which is believed to be 
due to the alkylating metabolite phosphoramide mustard [1]. However, our 
data comparing depletion of hepatic glutathione by acrolein and phospho
ramide mustard suggest that thiols may not interfere with the chemothera
peutic activity of CP, since the affinity of phosphoramide mustard for glu
tathione, a major source of endogenous thiols, was found to be an order of 
magnitude weaker than that of acrolein [35]. This assumption is further 
strengthened by the observation that CP-induced myelosuppression, which 
is believed to be a consequence of the formation of alkylating metabolites of 
CP, was not affected either by N-acetylcysteine or by mesnum [42]. Based 
on these observations it could be predicted that combination of appropriate 
thiols with CP, while protecting against urotoxicity and possibly other acro
lein-related toxicities, should not interfere with the chemotherapeutic activ
ity of CPo Indeed, combinations of N-acetylcysteine (or cysteine) and CP 
were found not to interfere with the cytotoxic effects of CP against Walker 
256 carcinosarcoma [23, 35, 42]. Also, the effects of ifosfamide against 
Li210 leukemia were not compromised by N-acetylcysteine [46]. Using 
mesnum, we have recently reported that combination of this drug with CP, 
while alleviating the urotoxicity, did not produce any interference with the 
carcinostatic activity of CP against Walker 256 carcinosarcoma [23]. 



77 

ACKNOWLEDGEMENT 

The authors would like to thank Miss Karen Marie Schrader for her assis
tance in the preparation of this manuscript. 

Supported by Grants CA-23634 and CA-24538 from the National Cancer 
Institute, Bethesda, MD. 

ABBREYIA nONS 

Abbreviations used are: CP, cyclophosphamide; 14C_Cp, 14[C-4]cyclophos
phamide; 3H_CP, [3H-chloroethyl] cyclophosphamide; MFO, microsomal 
mixed function oxidase system; NAC, N-acetylcysteine. 

REFERENCES 

1. Friedman OM, Myles A, Colvin M: Cyclophosphamide and related phosphoramide 
mustards. In: Rosowsky A (Ed), Advances in Cancer Chemotherapy, pp 143-204, Marcell 
Dekker, Inc. New York, 1979. 

2. Gershwin ME, Goetzl EJ, Steinberg AG: Cyclophosphamide: Use in practice. Ann Int Med 
80: 531-540, 1974. 

3. Santos GW, Sensenbrenner LL, Anderson PN, Burke PJ, Klein DL, Slavin RE, Schacter B, 
Borgaonkar DS: HL-A- Identical marrow transplants in aplastic anemia and acute leukemia 
employing cyclophosphamide. Transpl Proc 8:607-610, 1976. 

4. Zinke H, Woods JE: Donor pretreatment in cadaver renal transplantation. Surg Gyn and 
Obstet 145: 183-188, 1977. 

5. Cox PJ, Phillips BJ, Thomas P: The enzymatic basis of the selective action of cyclophos
phamide. Cancer Res 35:3755-3761, 1975. 

6. Hipkens JH, Struck RF, Gurtoo HL: Role of aldehyde dehydrogenase in the metabolism
dependent biological activity of cyclophosphamide. Cancer Res 41:3571-3583,1981. 

7. Conney AH: Pharmacological implications of microsomal enzyme induction. Pharmacol 
Rev 19:317-366, 1967. 

8. Gelboin HY: Benzo(a)pyrene metabolism, activation and carcinogenesis: Role and regula
tion of mixed function oxidases and related enzymes. Physiol Rev 60:1107-1166,1980. 

9. Guengerich FP: Isolation and purification of cytochrome P450 and the existence of multiple 
forms. Pharmac Therap 6: 99-121, 1979. 

10. Guengerich FP, Dannan GA, Wright ST, Martin MY, Kaminsky LS: Purification and char
acterization of liver microsomal cytochrome P450: Electrophoretic, spectral, catalytic and 
immunochemical properties and inducibility of eight isozymes isolated from rats treated 
with phenobarbital or p-naphthoflavone. Biochemistry 21:6019-6030,1982. 

11. Lu AYH, West SB: Multiplicity of mammalian microsomal cytochrome P450. Pharmac 
Rev 31:277-295,1980. 

12. Fujii-Kuriyama Y, Mizukami Y, Kawajiri K, Sogawa K, Muramatsu M: Primary structure 
of a cytochrome P450: Coding nucleotide sequence of phenobarbital-inducible cytochrome 
P450 cDNA from rat liver. Proc Natl Acad Sci USA 79:2793-2797, 1982. 

13. Mizukami Y, Fujii-Kuriyama Y, Maramatsu M: Multiplicity of deoxyribonucleic acid 
sequences with homology to a cloned complementary deoxyribonucleic acid coding for rat 
phenobarbital-inducible cytochrome P450. Biochemistry 22: 1229-1233, 1983. 



78 

14. Mizukami Y, Sogawa K, Suwa Y, Muramatsu M, Fujii-Kuriyama Y: Gene structure of a 
phenobarbital-inducible cytochrome P450 in rat liver. Proc Natl Acad Sci USA 80: 3958-
3962, 1983. 

15. Gurtoo HL, Gessner T, Culliton P: Studies of the effects of cyclophosphamide, vincristine 
and prednisone on some hepatic oxidations and conjugations. Cancer Treat Rep 60: 1285-
1293, 1976. 

16. Gurtoo HL, Marinello AJ, Struck RF, Paul B, Dahms RP: Studies on the mechanism of 
denaturation of cytochrome P450 by cyclophosphamide and its metabolites. J Bioi Chern 
256: 11691-11701,1981. 

17. Tardiff RG, DuBois KP: Inhibition of hepatic microsomal enzymes by alkylating agents. 
Arch Inti Pharmacol 177: 445-456, 1969. 

18. Donelli MG, Franchi G, Rosso R: The effect of cytotoxic agents on drug metabolism. Eur J 
Cancer 6: 125-126, 1970. 

19. Donelli MG, Garattimi S: Drug metabolism after repeated treatments with cytotoxic agents. 
Eur J Cancer 7:361-364, 1971. 

20. Gurtoo HL, Campbell TC: Metabolism of aflatoxin BI and its metabolism-dependent and 
independent binding to rat hepatic microsomes. Mol Pharmacol 10:776-789, 1974. 

21. Ashoor SH, Chu F-S: Interaction of aflatoxin B2• with amino acids and proteins. Biochem 
Pharmacol 24: 1799-1805, 1975. 

22. Izard C, Libermann C: Acrolein. Mutation Res 47: 115-138, 1978. 
23. Gurtoo HL, Marinello AJ, Berrigan MJ, Bansal SK, Paul B, Pavelic ZP, Struck RF: Effect of 

thiols on toxicity and carcinostatic activity of cyclophosphamide. Seminars in Oncology 
10: 35-45, 1983. 

24. DeMatteis F: Loss of liver cytochrome P450 caused by chemicals. In: DeMatteis F, 
Aldridge WN (eds), 'Handbook of Experimental Pharmacology' Vol. 44:95-127, Springer
Verlag, New York, 1978. 

25. DeMatteis F, Gibbs AH, Unseld A: Loss of haem from cytochrome P450 caused by lipid 
peroxidation and 2-111yl-2-isopropylacetamide. Biochem J 168:417-422, 1977. 

26. Ortiz-de-Montellano PR, Kunze KL: Inactivation of hepatic cytochrome P450 by allenic 
substrates. Biochem Biophys Res Commun 94:443-449, 1980. 

27. Ortiz-de-Montellano PR, Kunze KL: Self-catalyzed inactivation of hepatic cytochrome 
P450 by ethynyl substrates. J Bioi Chern 255: 5578-5585, 1980. 

28. Ortiz-de-Montellano PR, Mico BA: Destruction of cytochrome P450 by ethylene and other 
olefins. Mol Pharmacol 18: 128-135, 1980. 

29. DeMatteis F: Covalent binding of sulfar to microsomes and loss of cytochrome P450 during 
the oxidative desulfuration of several chemicals. Mol Pharmacol 10: 849-854, 1974. 

30. Poore RE, Neal RA: Evidence for extrahepatic metabolism of parathion. Toxicol Appl 
Pharmacol 23: 759-768, 1972. 

31. Bond EJ, DeMatteis F: Biochemical changes in rat liver after administration of carbon 
disulfide, with particular reference to microsomal changes. Biochem Pharmacol 18:2531-
2549, 1969. 

32. DeMatteis F, Seawright AAS: Oxidative metabolism of carbon disulfide by the rat. Effect of 
treatments which modify the liver toxicity of carbon disulfide. Chern-Bioi Interac 7: 375-
388, 1973. 

33. Hunter AL, Roberts RA: Inhibition of hepatic mixed-function oxidase activity in vitro and 
in vivo by various thiono-sulfur-containing compounds. Biochem Pharmacol 24: 2199-2205, 
1975. 

34. Smuckler EA, Arrenius E, Hultin T: Alterations in microsomal electron transport, oxidative 
N-demethylation and azo-dye cleavage in carbon tetrachloride and dimethylnitrosamine
induced liver injury. Biochem J 103:55-64, 1967. 

35. Gurtoo HL, Hipkens J, Sharma SD: Role of glutathione in the metabolism-dependent tox-



79 

icity and chemotherapy of cyclophosphamide. Cancer Res 3584-3591, 1981. 
36. Buckner CD, Rudolph RH, Fefer A, Clift RA, Epstein RB, Funk DD, Neiman PE, Slichter 

SJ, Storb R, Thomas ED: High dose cyclophosphamide therapy for malignant disease. Can
cer (Phila) 29: 357-365, 1972. 

37. Philips FS, Sternberg SS, Cronin AP, Vidal PM: Cyclophosphamide and urinary bladder 
toxicity. Cancer Res 21: 1577-1589, 1961. 

38. Tolley DA, Castro JE: Cyclophosphamide-Induced cystitis of the urinary bladder of the rats 
and the treatment. Proc R Soc Med 68: 169-171, 1975. 

39. Wrabetz E, Peter G, Hohorst HJ: Does acrolein contribute to the cytotoxicity of cyclophos
phamide. J Cancer Res Clin Oncol 98: 119-126, 1980. 

40. Brock N, Stekar J, Pohl J, Niemeyer V, Scheffler G: Acrolein, the causative factor of uro
toxic side-effects of cyclophosphamide, ifosfamide, trofosfamide and sufosfamide. Arzneim 
Forsch 29: 659-661, 1979. 

41. Cox PJ: Cyclophosphamide cystitis-identification of acrolein as the causative agent. Bio
chern Pharmacol 28:2045-2049, 1979. 

42. Berrigan MJ, Marinello AJ, Pavelic Z, Williams CJ, Struck RF, Gurtoo HL: Protective role 
of thiols in cyclophosphamide-induced urotoxicity and depression of hepatic drug metabol
ism. Cancer Res 42: 3688-3695, 1982. 

43. Morgan LR, Donley PJ, Harrison EF: The control of ifosfamide induced hematuria with 
N-acety1cysteine. Proc Amer Assoc Cancer Res 22, 190, 1981. 

44. Scheef W, Klein HO, Brock N, Burkert H, Gunther U, Hoefer-Janker H, Schnitker J, 
Voigtmann R: Controlled clinical studies with an antidote against the urotoxicity of oxaza
phosphorines: Preliminary results. Cancer Treat Rep 63:501-505, 1979. 

45. Kedar A, Simpson CL, Williams P, Moore R, Tritsch G, Murphy GP: The Prevention of 
cyclophosphemide-induced bladder swelling in rat by i.v. administration of sodium -2-
mercaptoethane sulfonate. Res Commun Chern Pathol Pharmacol 29: 339-348, 1980. 

46. Kline L, Gang M, Woodman RJ, Cysyk RL, Venditti JM: Protection with N-acetyl-L
cysteine against isophosphamide toxicity and enhancement of therapeutic effect in early 
murine Ll210 leukemia. Cancer Chemotherapy Rep 57 (part 3):299-304, 1973. 



4. Cell Surface Membranes as a Chemotherapeutic 
Target 

THOMAS R. TRITTON and JOHN A. HICKMAN 

1. INTRODUCTION 

81 

DNA has held the center stage as a target for antineoplastic drugs essentially 
since the beginning of cancer chemotherapy. The DNA as target concept has 
been productive, of course, because it has led to the development of a spec
trum of drugs which are useful for treating human cancer. Moreover, many 
of these drugs have been thought to act at the level of DNA, either by 
binding to the nucleic acid directly or by interference with the enzymes 
participating in its biosynthesis. The insistence on DNA as the receptor for 
anticancer drug action has also served, at least to some extent, to distract 
attention from other potential targets and mechanisms. However, during the 
last decade numerous laboratories have contributed to the idea that the cell 
surface or plasma membrane may represent an attractive target both for 
new classes of drugs and as an alternative explanation for the action of 
certain existing agents. The cell surface offers several advantages as the 
receptor for antineoplastic drug action: (a) the outer surface of a cell is the 
first structure encountered by a drug and thus represents the first level at 
which specificity could operate. In this sense the plasma membrane acts as a 
screen or filter to regulate further access of the cell to agents with which it 
comes in contact; (b) the cell surface is intimately involved in the regulation 
of a host of biological functions. Thus, disruption of these functions could 
be cytotoxic; (c) the past several years of cancer research have led to a very 
detailed understanding of the fact that concrete differences exist between the 
surfaces of cancer and normal cells, including the presence in neoplastic cell 
membranes of substrates for oncogene products (Amini and Kaji, 1983). 
Consequently, one expects that it should be possible to design drugs to spe
cifically exploit the differences between normal and abnormal cells. 

To our knowledge no one has systematically attempted to design anew 
any anticancer drugs which act by attacking membranes. This is probably a 

F.M. Muggia (ed.), Experimental and Clinical Progress in Cancer Chemotherapy 
© 1985, Martinus NijhofJ Publishers, Boston. ISBN 0-89838-679-9. 



82 

result of the fact that while DNA is a well defined target with well under
stood geometries of drug interactions, membranes are not. Thus, a lipid 
bilayer comprising many different types of molecules with undefined spatial 
relationships to each other, and conducting a baffling variety of biochemical 
processes, presents a formidable problem for medicinal chemists attempting 
to construct pharmacologic agents which carry out specific mechanisms. 
Because of this complexity, the approach of cancer chemotherapists inter
ested in this area has been to investigate current or existing drugs by asking 
whether they cause pharmacologic disruption of measurable membrane 
functions. The rationale of this research is that if a drug has the cell surface 
as part or all of its target for action, the drug must be capable of modulating 
the biological properties of the cell surface. The state of the art is principally 

Table 1. Cancer chemotherapeutic agents for which evidence exists suggesting membrane 
actions. The drugs are classified according to a traditional scheme; the membrane action refer
ence refers to the particular section of this review where such work is discussed 

Alkylating agents 

Drug 

Mustards: 
Mechlorethamine (HN2) 

tris(chloroethyl)amine (HN3) 

cyclophosphamide 

chlorambucil 

Aziridinyl compounds: 
Trenimon 

Nitrosoureas: 
BCNU 

Antimetabolites 

Drug 

Folic Acid Analogs: 
Methotrexate 

Pyrimidine Analogs: 
5-fluorouracil 

cytosine arabinoside 

Purine Analogs: 
6-thioguanine 

Membrane actions 

fluidity, ion gradients, cyclic nucleotides, functional 
activities, covalent interaction, ultrastructure 

ion gradients 

cyclic nucleotides 

fluidity, cyclic nucleotides, immobilized drugs 

ion gradients, cyclic nucleotides, functional activi
ties 

lectin interaction, composition 

Membrane actions 

lectin interaction, composition 

composition, ion gradients 

fusion, model membranes 

lectin interaction, composition 
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a cataloging effort, that is, work which observes and reports on various 
membrane effects of selected anticancer drugs, with relatively little attention 
to the detailed mechanisms involved. A diversity of publications exists and 
this review attempts to gather in one place much of the established litera
ture. Because the area is relatively new, and heretofore unreviewed we 
believe it is useful at this stage to follow the cataloging scheme. The infor
mation could have been categorized by drug type, but we choose instead to 
present the record in terms of the properties of membranes in order to 
consciously shift away from the more traditional classification of antineo
plastic drugs. Table I summarizes the results both in terms of drug type and 
reported membrane actions. It will become evident for the reader that a 
large fraction of the published work on membrane effects concerns adria
mycin and the anthracyclines. This is partly a historical accident in that 
adriamycin happened to be the first antineoplastic for which extensive evi
dence concerning membrane action was accumulated. In addition, adriamy
cin also possesses an amphipathic structure that leads one to expect possible 
membrane activities. There is considerable evidence that many of the other 
anticancer drugs may also possess membrane activity as well, however, and 

Natural products 

Drug 

Adriamycin 

VPl6 

vinca alkaloids 

mitomycin C 

bleomycin 

actinomycin D 

Miscellaneous agents 

Drug 

cis-platinum 

m-AMSA 

ellipticine 

neocarzinostatin 

Membrane actions 

lectin interaction, fluidity, fusion, ion gradients, 
functional activities, composition, receptors, ultras
tructure, immobilized drugs, model membranes 

fusion, model membranes 

ion gradients, functional activities, composition, 
model membranes 

ion gradients 

lectin interaction, fluidity, functional activities, 
composition 

lectin interaction, functional activities, composition 

Membrane actions 

lectin interaction, ion gradients, cyclic nucleotides, 
composition, functional activities 

ion gradients, composition, covalent interactions 

model membranes 

functional activities 
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the relative dominance of adriamycin in this area may not persist in the 
future. 

Several areas are not reviewed here. We are concerned principally with 
the plasma membrane or cell surface because it is the most prominent 
membrane studied to date. Thus mitochondrial, nuclear, endoplasmic reti
cular and other intracellular membranes are not discussed here, although 
they may be equally valid as targets for drug action. Likewise, in order to 
limit the discussion, we have tended to concentrate on the relationship of 
anticancer or cytotoxic action to membrane effects, rather than on side 
effects or other toxicities associated with the antineoplastic pharmacopaeia. 
Also neglected are the areas of biological response modifiers, drug transport 
and induction of cellular differentiation, all of which are of increasing 
importance to new thinking in cancer chemotherapy and all of which may 
involve the cell surface. For reviews of these areas the interested reader is 
referred to De Luca and Shapiro (1981), Sirotnak et al. (1979), and Hozumi 
(1983). 

2. INTERACTION OF CELL SURFACES WITH LECTINS 

Lectins are plant proteins with multivalent recognition sites for the various 
carbohydrate groups which are present on cell surface membranes. There 
exists a wide variety of individual lectin types with differing specificity for 
individual carbohydrates. Because they bind with high affinity to cell sur
faces these proteins have been widely used to probe the structural altera
tions which surface membranes may undergo as cells engage in processes 
like adhesion, differentiation and recognition (Sharon and Lis, 1972). Some 
of the original excitement in this area arose when it was discovered that 
tumor cells are more easily agglutinated or cross-linked by multivalent lec
tins than are non-tumor cells (e.g. Burger and Goldberg, 1967). Although the 
reasons for this apparent tumor cell specificity are not entirely clear, this 
type of work laid the foundation for sensitive assays of lectin mediated cell 
agglutination which were later used to determine if anticancer drugs modu
lated surface properties that were reflected by changes in agglutination. The 
original work in this area was done by Hwang and Sartorelli (1975). These 
investigators incubated Sarcoma 180 cells with various anticancer drugs for 
1-7.5 hours and then measured changes in the agglutination rate stimulated 
by concanavalin A (Con A) or wheat germ agglutinin (WGA). 6-Thioguan
ine and bleomycin inhibited the lectin induced agglutination although the 
purine antimetabolite required a much longer exposure time to elicit the 
effect. In contrast, chromomycin A3, adriamycin, BCNU and methotrexate 
all enhanced the rate of agglutination compared to untreated cells. It is sig-
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nificant that not all cytotoxic agents alter lectin-induced agglutination, how
ever, since 5-fluorouracil, ara-C and 5-fluorodeoxyuridine were inactive in 
this assay (Hwang and Sartorelli, 1975; Naiwo and Quan, 1980). Moreover, 
cis-platinum treatment increases the agglutination rate of splenocytes but 
decreases the agglutination rate of Dalton's lymphoma cells with both Con 
A and WGA (Prasad and Sodhi, 1981). Apparently, these lectin effects are 
specific for both the drug under study and the exact array of surface carbo
hydrates presented by the cells. One additional comment may be relevant: 
the kinetics of agglutination involve both a preliminary lag phase followed 
by the actual agglutination. Unless specified control experiments are done, it 
may be difficult to tell if the effect of drug treatment is to lengthen or 
shorten the lag phase or to alter the agglutination rate itself. Most, but not 
all, of the publications in this area address this complication. 

Later work has revealed additional details of the drug-induced alteration 
of cell surfaces detected by lectins. Murphree et al. (1976,1981) showed that 
a correspondence exists between the concentration of adriamycin required 
for cytotoxicity to Sarcoma 180 cells in culture and effects on cell aggluti
nation by Con A. Also, the agglutination changes are not due either to 
alterations in the number of surface carbohydrate receptors or to the rate of 
occupancy of the receptors by the lectin molecule. By contrast, 6-thioguan
ine, which has the opposite effect to adriamycin on the agglutination rate, 
also is different by virtue of the fact that the binding of lectin to the receptor 
is altered by the drug because of a reduction in the number of surface 
receptors. This may account for the observation that the effects on 6-thio
guanine on lectin-induced agglutination require several hours of drug expo
sure, whereas adriamycin causes the effect rapidly. 

Incubation of human red blood cells with adriamycin over the concentra
tion range 10- 7 to 10- 5 M has no effects on morphology of the discocytes 
but, like wheat germ agglutinin (Anderson and Lovrien, 1981), the drug can 
prevent the dramatic morphological transformation to the echinocyte form 
(Mikkelson et aI., 1977). This transformation is brought about by ATP 
depletion or by increasing intracellular calcium concentration. A number of 
hypotheses exist as to how this change in shape is controlled within the 
membrane, although the most prominent explanation is that the lectin bind
ing protein glycophorin modulates these changes. It has been found that 
adriamycin at a concentration of 10-7 molar not only resembles the lectin 
in preventing the morphological transformation, but that N-acetylglucosam
ine, known to reverse the effect of the lectin (Anderson and Lovrien, 1981), 
can also reverse that of adriamycin (Chahwala and Hickman, in prepara
tion). This observation may allow an in-depth dissection of the effects of 
adriamycin not only upon lectin interactions but also on events within the 
cytoskeleton, which are well-understood in the red cell. Adriamycin binding 
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to spectrin is also of probable significance to these events, and such an 
interaction was reported by Mikkelson et al. (1977). 

It is possible that the actions of the anticancer drugs on lectin mediated 
processes are not closely associated with the mechanisms leading to cyto
toxicity. To address this question Siegfried and Tritton (1979) studied both 
adriamycin resistant S 180 sublines and inactive anthracycline analogs in the 
agglutination assay. These workers found that a) adriamycin enhances the 
agglutination of sensitive but not lO-fold resistant cells; and b) the cytotox
ically inactive aglycone moiety of adriamycin was also inactive in the lectin
agglutination tests. These results lend further credence to the idea that mem
brane processes revealed by lectin probes may indeed be related to mem
brane events which mediate the anticancer action of the drug. Additionally, 
Fico et al. (1977) and Cannellakis and Chen (1979) have shown that the in 
vivo antitumor activity of a series of diacridine compounds had a highly 
significant inverse correlation with the ability of the compounds to enhance 
the agglutination rate of P388 cells by Con A or wheat germ agglutinin. 
Moreover, no correlation of antitumor activity with drug effects on DNA or 
RNA synthesis or on cellular uptake of the diacridine could be demon
strated. Consequently these workers have proposed that this class of com
pounds have a site of action at the cell surface. 

Cell agglutination involves not only static cross-linking by multivalent 
lectins, but also dynamic mobility oflectin receptors (Horowitz et al., 1974). 
This receptor mobility has important functional consequences. Wang and 
Edelman (1978) have shown that there is a direct correlation between con
canavalin A receptor mobility and the ability of the lectin to stimualte DNA 
synthesis in lymphocytes. Thus, components of the cell surface which con
trol receptor mobility may be involved in the regulation of cell proliferation. 
Since the anticancer agents influence cellular replication by exerting cytotox
icity, as well as promote changes in lectin interaction at the surface, a poten
tial mechanism of cytotoxic action could involve modulation of surface 
receptors involved in normal growth control. 

3. MEMBRANE FLUIDITY 

The concept of fluidity dominates much of the current thinking about bio
logical membranes. This notion is so central because it embodies the idea 
that membranes are dynamic, that is, a fluid environment allows the rota
tions and translations that membrane molecules need to undergo in order to 
function. Knowing the importance of membrane fluidity and its regulation, 
it is not surprising that many types of pharmacologic agents act by modu
lating fluidity (e.g. local anesthetics and polyene antibiotics; Pang et al., 
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1979; Archer, 1975). Several of the more important anticancer drugs have 
also been shown to alter membrane fluidity. However, since many nonspe
cific small molecules are capable of stimulating fluidity changes simply by 
virtue of binding to membranes, it becomes important to attempt to link 
any observed fluidity alterations with biological functions of the drug. Each 
of the studies discussed here attempts to do this. 

A short discussion of methodology is in order. There are numerous tech
niques for measuring membrane fluidity. Most of the commonly used 
approaches are spectroscopic and rely on the fact that the spectral properties 
of a given probe molecule depend on the amount of motion the probe 
undergoes. Since a highly fluid membrane allows a high degree of motion 
and a more solid membrane allows less motion, it is clear that a spectral 
property which depends on motion can report on membrane fluidity. Two 
different techniques are used in the studies to be described below. One 
approach is fluorescence depolarization measurements. If a fluorescent mo
lecule is excited with polarized light, the emitted light will have a lower 
degree of polarization if the molecule rotates before emission. The amount 
of rotation is governed by how fluid the environment of the probe is; hence 
high polarization is associated with low fluidity and vice versa. The most 
common fluorescence probe is diphenylhexatriene (DPH) which, due to its 
lipid solubility, partitions into membrane when incubated with cells. The 
measured polarization can be used to calculate a 'microviscosity' of the 
membrane, but this extrapolation has been criticised (e.g. Lakowicz et al., 
1979) so most workers simply report relative polarization values in control 
and treated cells, which provides information on relative membrane fluidity 
changes. The other commonly employed fluidity probe is a nitroxide free 
radical attached to a fatty acid. This probe gives an electron paramagnetic 
resonance spectrum whose characteristics depend on the amplitude of mo
tion allowed by a given membrane environment. The results are usually 
expressed as an order parameter with values from 0 for no order (high 
fluidity) to 1 for complete order (rigid). Both the fluorescence and spin label 
spectra are principally sensitive to rotational motion and thus treatments 
which change the fluidity of membranes alter the rotational motion of the 
probe molecule. 

Grunicke et al. (1982) showed that the alkylating agent nitrogen mustard 
increased the fluorescence polarization of DPH in Ehrlich ascites cells. 
Their interpretation was that alkylation of the cell surface is accompanied 
by a decrease in membrane fluidity. Furthermore, the cytotoxic action of 
the drug on cell mUltiplication was directly proportional to the change in 
polarization as well as to changes in the activity of cell surface Na + IK + 
ATPase. Similar results are seen with chlorambucil and it seems reasonable 
to infer that alkylating agents do indeed alter membrane fluidity (and other 
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membrane properties as well) and that such alterations may be associated 
with inhibition of tumor cell growth. 

Although the principal antitumor mechanism of bleomycin is thought to 
be scission of DNA, Lazo et at. (1983) have provided evidence that the 
plasma membrane of endothelial cells may be the target for the notorious 
pulmonary toxicity of this drug. They observed, using spin labeling, that 
treatment of cultured bovine pulmonary artery endothelial cells with bleo
mycin caused an immediate increase in plasma membrane fluidity that per
sisted for at least 24 hours. In association with this fluidity change was a 
decrease in the activity of the cell surface enzyme, angiotensin converting 
enzyme (ACE). An important control experiment in this work was that 
desamido bleomycin A2 (a bleomycin metabolite which is not a pulmonary 
toxin) did not increase fluidity or decrease ACE activity. Apparently, it will 
be important to determine if bleomycin also alters the fluidity characteris
tics of tumor cells, but at present it appears that alteration of endothelial cell 
fluidity may be important in the pathogenesis of drug induced pulmonary 
fibrosis. 

The most comprehensive studies of membrane fluidity effects of an anti
neoplastic agent have been with adriamycin (Murphree et aI., 1981, 1982; 
Wheeler et aI., 1982; Siegfried et at., 1983). It was originally shown that 
adriamycin induces a decrease in membrane fluidity of exposed cells and 
that the effect is dose-dependent and rapid. It is possible that this fluidity 
response may be a primary event in the initiation of cytotoxicity by adria
mycin. However, since many compounds can modulate membrane fluidity 
(Jain et aI., 1975) and most of them are not effective antineoplastic agents, 
one is left with a dilemma of interpretation in determining whether or not 
the effect of a drug on membrane fluidity is a primary event in its biological 
mechanism of action, or is simply a result of the fact that many substances 
will alter fluidity nonspecifically in the course of interaction with cellular 
membranes. To attempt to address this problem, conditions which influence 
the cytotoxic action of adriamycin were analyzed for their ability to 
infl uence in parallel ESR detected changes in the fl uidi ty of S 180 cell mem
branes. 

Sarcoma 180 cells made hypoxic by exposure to 95% N/5% CO2 and 
thereby more sensitive to the cytotoxic action of adriamycin (Kennedy et 
at., 1983) exhibit an increase in membrane fluidity. The enhanced inhibition 
of cell survival exhibited by adriamycin against the hypoxic cells was com
pletely reversible upon reoxygenation and this reversal of the enhanced 
cytotoxicity followed the same time course of reoxygenation as the reversal 
of the order parameter changes. These findings indicate that (a) a change in 
membrane fluidity in the region of the paramagnetic molecule is caused by 
exposure of Sarcoma 180 cells to an atmosphere of low oxygen tension, and 
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(b) this change in the property of the membrane appears to be coupled to 
the enhanced cytotoxicity of the anthracycline in hypoxic cells. 

Further evidence that the physical state of the membrane may be a deter
minant of the cytotoxicity of the anthracylines was found in studies com
paring the order parameter of anthracycline sensitive and resistant Sarcoma 
180 sublines. A progressive increase in membrane fluidity was found as cells 
developed increasing resistance to this antibiotic (Siegfried et at., 1983). 
Likewise, Wheeler et at. (1982) showed that progressively increasing resis
tance to adriamycin in MDAY-K2 cells was associated with decreased 
polarization of DPH i.e. increased fluidity. Complicating the issue, Glaubig
er et al. (1983) recently reported that P388 cells resistant to adriamycin were 
more rigid than sensitive cells. Apparently, the direction of the change in 
membrane fluidity with progressive insensitivity to the drug depends on the 
cell line under study, but these changes in the fluidity properties of mem
branes appear to be coupled to the expression of anthracycline resistance. 

Since it is clear that the fluidity of membranes plays an important role in 
regulating biological function (Melchior and Steim, 1976), the correlations 
found between fluidity, hypoxia, and sensitivity to adriamycin are suggestive 
of a direct relationship between these phenomena. Moreover, the magnitude 
of the fluidity changes observed, although representing a change of only a 
few percent in the spectral order parameter, are of a size known to result in 
the modulation of pharmacologic processes. For example, Pang et at. (1979) 
have shown that small changes in fluidity caused by exposure to anesthetics 
are coupled to large changes in membrane permeability. Likewise, tolerance 
to ethanol is closely associated with a small change in membrane fluidity 
measured in membranes obtained from whole mouse brain using 5-doxyl 
stearic acid as the spin probe (Chin and Goldstein, 1977). Specific mem
brane enzymes can also be regulated by changes in fluidity. Illustrating this 
point, changes in the cholesterol content of membranes caused the activity 
of N a +, K + -ATPase to decrease by 200 to 300 percent when the order 
parameter decreased by only 2 % (Sinensky et aI., 1979). In addition, the cell 
surface enzymes adenylate cyclase, 5' -nucleotidase and cAMP phosphodies
terase are all modulated by small changes in fluidity induced by the local 
anesthetic benzyl alcohol (Gordon et at., 1980). Of course, it is possible that 
fluidity changes can be selective in effecting changes in membrane func
tions, with large effects on one function and little or no modulation of oth
ers. Data discussed elsewhere suggest that this is indeed the case with some 
anticancer drugs. 

The problem at hand is to determine whether the general effect of a per
turbation in lipid fluidity is related to the cytotoxic action of a drug, in 
particular adriamycin. It has been shown that the drug can be actively cyto
toxic under conditions where it only interacts with the cell surface (Tritton 



90 

and Yee, 1982). Thus, it is logical to hypothesize that membrane properties 
would be involved in the action of the drug. The existing data do not allow 
the development of a simple model because cells rendered more sensitive to 
adriamycin by hypoxia and cells selected for decreased sensitivity to this 
antibiotic both show an increase in membrane fluidity compared to appro
priate controls. Since the probe measures bulk fluidity (Bales and Leon, 
1978; Campisi and Scandella, 1980) it is clear that the overall fluidity of the 
membrane may control specific responses in different ways. Separated 
neighborhoods or domains within the membrane regulate different biologic 
processes, and each domain may respond to different stresses or conditions 
to preserve the functioning of the cell in an optimal manner. In fact, the 
results offer positive experimental support for the concept of segregated 
domains within a cell surface membrane. As each membrane neighborhood 
changes, one may observe similar effects on a general property such as 
fluidity but vastly different responses by the cell to the drug. The important 
findings of the fluidity work, however, are that the adaptive response to 
hypoxia and the emergence of drug resistance, both of which result in 
changes in adriamycin cytotoxicity, also lead to a change in membrane flu
diity and that the drug itself causes a dose dependent increase in membrane 
fluidity. Taken together all the results suggest that fluidity effects at the cell 
surface may be important in the mechanisms of action of the anthracyclines 
which have previously been thought to act primarily at intracellular sites. 

4. MEMBRANE FUSION 

The fusion of one membrane with another is a phenomenon which occurs 
constantly in biological systems. Processes ranging from viral infection to 
exocytosis require a membrane fusion event to proceed (Poste and Nicol
son, 1978) and thus it is not surprising to find that pharmacologic disrup
tion of fusion has profound consequences on cellular function (Tritton et al., 
1977). The exact mechanisms governing membrane fusion are under inten
sive study in many laboratories and, although a comprehensive picture is 
not in hand, one expects many of the more salient details to be understood 
in the next few years. 

Evidence exists showing that cytosine arabinoside, VP-16, and adriamy
cin are all capable of modulating membrane fusion. Koehler et al. (1983) 
have discussed the fact that although the principal mechanism of action of 
ara-C is thought to involve DNA synthesis and repair, other mechanisms 
may also be present at high doses of the drug. They discovered several 
membrane lesions by high dose ara-C including an inhibition of phosphol
ipid vesicle fusion. VP-16, on the other hand, is a potent inducer of fusion 
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in this system. The ability to alter lipid vesicle (liposome) fusion has been 
even more thoroughly studied with adriamycin using proton NMR to follow 
the fusion reaction (Murphee et aI., 1982). The basic concept in this 
approach is that fusion of smaller vesicles to form larger ones slows the 
molecular motion of the lipids. This, in tum, causes the proton resonances 
to broaden such that, as larger liposomes are formed, the motion becomes 
slower, and finally in the limit of very large fused vesicles, no resonance is 
observed. That is, the signal intensity decreases with time as fusion occurs. 
In pure phosphatidyl choline vesicles, fusion proceeds very slowly if at all, 
and addition of adriamycin does not cause any change. If, however, the 
bilayer contains small amounts (0.1-10 %) of cardiolipin adriamycin 
markedly enhances the rate of liposome fusion. The ability of adriamycin to 
greatly stimulate the fusion rate of cardiolipin-containing Ii po somes is uni
que, both because Ca2+ (a known fusogen) does not have this ability and 
because the effect is limited only to cardiolipin and not to acidic phosphol
ipids as a class. Thus, adriamycin interacts in a specific manner with car
diolipin containing vesicles to alter their fusion characteristics. 

Liposomal vesicles are a useful model system for studying physicochem
ical aspects of drug-membrane interactions, but this system does not neces
sarily predict events which will occur in real biological membranes. Necco 
and Ferraguti (1979) have performed experiments to test possible mem
brane fusion effects of adriamycin in cultured skeletal muscle cells. Such 
myoblasts can fuse in culture to form myotubes and, indeed, adriamycin 
can inhibit this fusion process. It is interesting that the effect of the drug is 
to inhibit fusion, since the work with liposomes showed a stimulation of 
fusion. The authors of the myoblast study argue that the effect of adriamy
cin is to block a Ca2+ dependent fusion mechanism which may involve 
proteins associated with the cell surface; this would be an inoperable mech
anism in liposomes. It is clear, however, that adriamycin (as well as the 
other antineoplastics mentioned above) can alter the interactions that are 
involved in membrane fusion with potential consequences on biological 
function. 

5. OF IONS, GRADIENTS AND POTENTIALS 

The transport of ions across the cell membrane is important for mainten
ance of internal ion homeostasis, the coupled mechanisms of ion and 
nutrient transport, and the transmission of messages via excitation response 
coupling. Interest in the role that ions may play in the control of normal cell 
proliferation and in neoplasia has been increasing and is the subject of two 
recent and excellent volumes (Boynton et aI., 1982; Leffert, 1980). Much of 
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the work shows that there are differences in internal ion concentration 
found in normal and neoplastic cells and in ion dependency for cell growth. 
Thus, for the chemotherapist these studies provide some interesting obser
vations which are potentially exploitable for the design of novel chemother
apeutic agents and may also relate to the mode of action of some present 
drugs, reviewed below. 

Sodium ion content is increased in a variety of rapidly dividing tumour 
cells when compared with either rapidly dividing normal cells or preneo
plastic cells (Cameron et al., 1980; Smith et al., 1981; Zs-Nagy et al., 1981). 
The reason for this is not clearly established but presumably relates to a 
difference in function of either membrane permeability to sodium or to 
altered ion-exchange processes modulated by membrane proteins, or possi
bly to the fact that the high glycolytic rate of neoplastic cells results in the 
necessity for elevated sodium-proton exchange. A recent study has shown 
that the diuretic drug amiloride, which blocks the sodium-proton antiport 
(Cragoe, 1979), has antineoplastic effects both in vitro and in vivo (Sparks et 
al., 1983). Treatment of murine tumors in vivo with an intensive but non
toxic schedule of amiloride resulted in tumor regression and a parallel loss 
of their intracellular sodium, more particularly of nuclear sodium. Amilo
ride has a number of non-specific effects, for example inhibition of protein 
synthesis (Leffert, 1980), and it remains to be determined whether the anti
neoplastic effects are really causally related to changes in sodium ion con
centration. Notwithstanding such cautions the result represents activity of a 
new class of compound and a totally novel and exciting approach to che
motherapy which should be eagerly followed up. 

Neoplastic cells, derived from a wide variety of sources, show a marked 
decrease in their requirement for external calcium in order to support 
growth in vitro when compared to their normal counterparts (Balk, 1971; 
Boynton & Whitfield, 1976; Parsons et aI., 1983). In avian sarcoma virus 
transformed rat NRK cells this fall in calcium requirement is coincident 
with the expression of the membrane-bound viral oncogene product pp60src 

(Durkin et al., 1981). Again, the basis for this profound change is obscure. It 
may be that calcium homeostasis is altered in neoplasia in terms of the 
content of free and bound calcium in cellular compartments, or that trans
formation bypasses a normally calcium-dependent step of cell growth, or 
that such a step is more sensitive to low concentrations of the ion. 

The coupling of ion fluxes, one to another, is an extremely complex pro
cess mediated by the plasma membrane, and perturbation of such fluxes by 
membrane active drugs may have tremendous consequences on the control 
of cell proliferation. Such perturbations may also influence electrochemical 
gradients which result in the cell membrane potential (Em). Changes in Em 
also play a role in the control of proliferation (Boonstra, 1982; Kieter, 
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1980), although a direct causal role may be unlikely (Deutsch & Price, 
1982). Once again, differences between normal and neoplastic cells exist 
with regard to this membrane-mediated property (Mikkelson & Koch, 1981) 
which may be exploitable by the chemotherapist. 

Although it is attractive to speculate that interference with the intricacies 
of ion-modulated control of proliferation may constitute a facet of the mode 
of action of membrane-active antitumour drugs, less elegant ways of ex
plaining cytotoxicity may also exist at this level. For example, the collapse 
of the one thousand fold gradient of calcium across the cell membrane (from 
extracellular fluid to cytoplasm) may constitute a final common pathway of 
cell death (Schanne et aI., 1979; Farber, 1981). The release of the major 
calcium store in mitochondria to the cytoplasm, where free calcium is nor
mally in the micro- to nanomolar concentration range, by a variety of toxins 
also has a profound effect on membrane structure and cell function (Jewell 
et al., 1982). 

Alteration of ionic homeostasis by subjecting cells to hypotonic shock 
results in the degradation of DNA (Williams et aI., 1974), presumably 
through strand breakage, and it is possible that DNA damage and mem
brane damage may not be mutually exclusive events when the multimodal 
effects of the antineoplastic drugs are considered. For example, in a study of 
the mode of action of the acridine methane sui phonic acid m-AMSA a pos
sible relationship between ionic changes and DNA damage was speculated 
on by Ralph (1980). Incubation of PY815 cell nuclei in a hypotonic salt 
solution in the absence of m-AMSA produced strand breaks in DNA which 
resembled those produced in intact cells by m-AMSA, and the author sug
gested that the drug may affect the compartmentalization of divalent cations 
in the nucleus, changing specific endonuclear activity. While it may be the 
case that drug treatment and hypotonicity both change DNA conformation 
by quite different mechanisms, which results in the nicking of the strained 
double helix, it would be interesting to study in some depth what effects 
changes in ion flux and concentration have on DNA integrity and function. 
For example, the potassium ion ionophore valinomycin is cytotoxic and a 
morphological examination of the nuclei of treated cells suggested parallels 
between its effects and those of radiation (Whitfield and Perris, 1968). 

Even some of the very early studies of the prototypical alkylating agents, 
the mustards, had suggested that their vesicant effect was exerted by reac
tion with the cell surface (Peters, 1947). More recent studies with nitrogen 
mustard (HN2) have shown that at cytotoxic concentrations (10- 5 to 
10 - 6 M) the cellular uptake of 86rubidium, a potassium congener, is pro
foundly inhibited in both mouse PC6A plasmacytoma cells (Baxter et aI., 
1982) and Ehrlich ascites cells (Grunicke et aI., 1982). Baxter et al. (1982) 
suggested that this inhibition might be the result of the covalent cross-link-
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ing of the membrane-bound, sulfhydryl containing enzyme Na + K + -AT
Pase, an enzyme known to be sensitive to other cross-linking agents (Freed
man, 1979; Sweadner, 1977). A monofunctional analogue of nitrogen mus
tard which is devoid of antineoplastic activity and cannot cross-link biolog
ical macromolecules was shown not to affect 86Rb transport, suggesting that 
indeed the target, whatever its nature, has to be cross-linked (Baxter et al., 
1982). This work with HN2 has not yeat progressed to the level which 
unequivocally proves Na + K + -ATPase to be the target for this alkylating 
agent. Grunicke et al. (1982) provide no evidence other than the fact that 
86Rb transport was inhibited while Baxter et al. (1982) used indirect evi
dence by showing that nitrogen mustard inhibits sodium-dependent amino 
acid transport, by the so-called ASC system, but not sodium-independent 
amino acid transport by the L system. This implies some specificity to the 
mustards' action on the membrane and suggests that the sodium gradient 
appeared to be dissipated. It is possible that the inhibition of the rubidium 
transport is indirect, exerted through nitrogen mustard-induced changes in 
membrane fluidity; for example, Grunicke et al. (1982) showed that 10-6 M 
HN2 increased Ehrlich ascites cell membrane viscosity from 1.62 poise to 
2.1 poise, as estimated by dipheny1hexatriene fluorescence polarization. 
Most interestingly, a cell line resistant to HN2 showed comparatively little 
change under similar conditions. As mentioned above, changes in the fluid
ity of a membrane may exert profound effects on protein function, and this 
may contribute to the observed inhibition of ion transport (Pang et al., 
1979). Studies of the effects of nitrogen mustard on sodium dependent ami
noacid transport of a-aminoisobutyric acid into rat L51 78Y cells are some
what at variance with these studies. Anke1 et al. (1982) reported that after 1 
hour treatment at 10 - 3 M, uptake was inhibited by 60 %, yet was increased 
at lower concentrations. Trenimon also had variable effects according to 
concentration and neither agent was claimed to affect the electrophoretic 
mobility of membrane proteins. 

Certainly nitrogen mustards react with cytoskeleta1 components of the 
membrane and studies on alkylating agent interaction with the cytoskeleton 
of erythrocytes, where the components are well defined, have provided spe
cific evidence regarding the interaction. Levi (1965) used nucleated chicken 
erythrocytes and membrane ghosts to study the effects of nitrogen mustard 
on reaction with both nucleoprotein and the membrane. Fixation of the 
ghost membranes by low concentrations of HN2 (10- 6 M), as measured by 
inhibition of swelling under hypertonic conditions, was considered to be due 
to interaction with' stroma' material of the membrane. Later studies, util
izing HN3 [tris(chloroethy1)amine], the trifunctional analogue of HN2, 
identified more precisely that in human erythrocytes spectrin was cross
linked (Wi1denauer & Weger, 1979; Wi1denauer et al., 1980). Interestingly, 
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in the former study a comparison of the distribution of 14C_HN3 between 
membrane and cytoplasmic protein showed that it reacted preferentially 
with the membrane. These are enucleate cells and therefore no comparison 
could be made to levels of chromatin binding. A 'fixation' of the mem
brane, as judged by prevention of the morphologically dramatic discocyte
echinocyte transformations, was produced by HN3 and was attributed 
directly to the cross-linking of spectrin rather than to changes in its phos
phorylation state which may have been induced by HN3. 

Another possible explanation of the observed inhibition of ion transport 
by nitrogen mustard is that it occurs as the result of changes in cyclic 
nucleotide concentrations. It appears that in certain tissues Na + K +
ATPase activity may be modulated via the action of an elevation in the 
intracellular concentration of cyclic adenosine monophosphate (cAMP) 
(Luly et aI., 1972). As reviewed in more detail in the next section, alkylating 
agents elevate cAMP levels in tumour cells apparently through inactivation 
of the membrane bound, low Km form of cAMP phosphodiesterase (Tisdale 
& Phillips, 1975a, b, c). In a study of the inhibition of 86Rb+ transport into 
Ehrlich ascites cells by the alkylating aziridinyl benzoquinone Trenimon, 
Ihlenfield et al. (1981) showed that cAMP levels were elevated without a 
concommitant alteration in activity of either adenylcyclase or phosphodies
terase. No explanation for this was given, but it is possible that adenylcy
clase and Na+ K+-ATPase may be 'linked' enzymes in the membrane, the 
one modulating the effect of the other, and sharing a common pool of A TP 
as substrate (Hadden et aI., 1972; Lelievre, 1977). 

A number of reports of the action of Trenimon on cell membrane func
tion, and particularly ion transport in Ehrlich ascites cells, have appeared 
from Grunicke's laboratory (Ihlenfield et aI., 1981; Grunicke et al., 1980; 
Grunicke et al., 1979). Unlike nitrogen mustard, Trenimon's effects on ami
no acid transport were not restricted to those dependent upon a sodium 
gradient (Baxter et aI., 1982), which may suggest that it is less specific in its 
action on the membrane (Ihlenfield et aI., 1981). The authors suggest that 
Na + K + -ATPase is the target for the drug, but no direct evidence is pre
sented to support this supposition, other than the observations of its effects 
on 86Rb transport. 

In the two review papers Grunicke provocatively reports that the question 
of whether alkylating agent-mediated effects are important to cytotoxicity 
has been tested by utilizing polyethylenimine polymer-bound chlorambucil, 
which is said to interact only with the cell surface. As discussed more fully 
below, this preparation was found to be cytotoxic to Ehrlich ascites cells. 
Details of the study will apparently appear in the near future. 

Strangely perhaps, the alkylating agent cyclophosphamide, labeled in both 
the chloroethyl groups CH) and the ring (14C), failed to significantly alkylate 
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red cell membranes when metabolically activated by rabbit liver micros
omes. Most of the reaction with membrane components was found to be 
associated with acrolein, generated from the breakdown of the ring (Wilden
auer and Oehlmann, 1982). The fate of the alkylating moeity was not pur
sued and it is possible that it reacted with the protein of the activating 
system. A provocative report that phosphoramide mustard, which is rel
eased from the spontaneous breakdown of metabolically generated 4-
hydroxycyclophosphamide, does not enter the cell (Lens sen & Mohorst, 
1979) may also be relevant. 

In a strangely oriented study of the toxic effects of the akylating agent 
mitomycin-C, cell membrane potentials of hepatocytes were measured and 
a fall in both potassium activity and membrane potential was observed 
(Okada et aI., 1980). This was circumvented in part by administration of 
coenzyme QIO and the authors presume that the toxicity of mitomycin-C, 
and 5-fluorouracil used in the same study, relate to their undefined effects 
on cellular energetics. Restoration of ATP levels by administration ofCoQIO 
was claimed to reactivate Na +K + -ATPase activity and thus to reestablish 
the potassium equilibrium potential. 

More specific studies on interaction between membranes and the platin
um compounds, especially cis-dichlorodiaminoplatinum (cisplatin) provide 
another twist to the idea of membrane mediated cytotoxicity (Scanlon et al., 
1983). The hydrated derivative of cisplatin, monoaquoplatin, was found to 
inhibit sodium-dependent amino acid uptake into murine L1210 cells. This 
included the uptake of methionine for which these cells are auxotrophic, an 
auxotrophy common to many neoplastic cells. Scanlon et al. (1983) argue 
that this inhibition of methionine uptake will ultimately inhibit cell growth 
and may be an important facet of cisplatin's cytotoxic action. In L1210 cells 
with a 180-fold resistance to cisplatin, the degree of methionine auxotrophy 
was found to be reduced in that the cells were less sensitive to methionine 
deprivation, and a relationship between this change and their sensitivity to 
cisplatin was implied (Gross et aI., 1983). In these studies no attempt was 
made to define or determine the mechanism of inhibition of the sodium
dependent transport system. It may be that, like HN2, inhibition could be 
via the sodium pump. Unpublished studies, from the laboratory of one of 
the present authors, have shown that cisplatin inhibited 86Rb uptake into 
mouse plasmacytoma cells, possibly by cross-linking sodium potassium 
ATPase while the trans isomer, which has no antineoplastic activity, did not 
(Hickman & Spurgin, unpublished). On the other hand, the ASC system of 
amino acid transport is itself composed of a sulfhydryl containing protein 
(Kwock, 1981) and it is also possible that direct inhibition of this system 
may occur. A paper by Van den Berg et al. (1981) on cisplatin toxicity is of 
relevance here. Frog skin epithelial ion fluxes were studied as a model for 
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those events in the kidney which lead to cisplatin-induced nephrotoxicity. 
Permeability to sodium was increased in this model by a high concentration 
of cisplatin (10- 3 M), the effects of which were, however, studied imme
diately after its addition at 22°. Of particular interest was the finding that 
trans-platin, platinum chloride or sulphate had no effects on the same con
centration, implying both that heavy metal toxicity per se was not respon
sible for the changes in ion flux and that the cis geometry of the coordinate 
was important for membrane changes. These authors raise the question of 
selective toxicity, relevant to all of the antitumor studies reported here, in 
that they wished to address the striking absence of cisplatin-induced hepa
totoxicity, despite its high accumulation in this tissue, whilst transporting 
epithelia showed special vulnerability. Such questions may provide clues as 
to how inhibition of a ubiquitous enzyme such as Na + K + -ATPase may yet 
produce selective tumor cell cytotoxicity, when changes in ion flux are a 
process associated not only with transporting tissue but also proliferating 
cells. This question is addressed further below. 

Many studies of the effects of adriamycin on membrane structure and 
certain aspects of function have ,been reviewed here. The changes in fluidity 
of the plasma membrane ofS180 sarcoma cells observed by Murphree et al. 
(1981) altered the plasma membrane order pararrieter to a degree which 
suggested that the function of integral membrane proteins such as Na + K + -
ATPase may be affected. These changes in order parameter were seen at 
concentrations of adriamycin in the range of 10 - 7 to 10 - 4 M, and occurred 
within 30 minutes of exposure to the drug. Most published studies on the in 
vitro cytotoxicity of adriamycin show that a five log cell kill can be achieved 
by exposure to less than 10 11M for 1 hour, so that Murphree et al. were 
observing effects well within the cytotoxic concentration range of the drug. 
It might be hypothesized, as indeed implied by Murphree et al. (1982), that 
such profound and rapidly induced changes may affect the permeability of 
the plasma membrane to ions. The effects of adriamycin on ion flux have 
been the subject of a number of studies. The majority of these have used 
relatively high concentrations of the drug (10 11M and above) for the reason 
that the objectives of the studies have been related to the mechanism of the 
cumulative cardiotoxicity induced by the drug (Olsen et a!., 1974; Necco et 
aI., 1976; Solie & Yuncker, 1978; Revis & Marasic, 1979; Gosalvez et a!., 
1979; Villani et a!., 1980; Caroni et a!., 1981; Azuma et a!., 1981) rather 
than to its mechanism of cytotoxicity to tumour cells. It is possible, 
although not proven, that these are related. At concentrations greater than 
10 11M the effects of adriamycin on ion flux are complex. Villani and 
coworkers (Villani, 1978; Caroni et a!., 1981) suggest that the fast exchange
able pool of calcium is decreased by adriamycin treatment of the intact 
heart or heart muscle preparations. This fast exchangeable fraction is often 
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considered not to involve transmembrane flux but instead to be that asso
ciated with exchange within the glycocalyx (Borle, 1975). However, some 
evidence was provided that sodium-calcium exchange across the sarcoplas
mic reticulum membrane may be inhibited, a result which would be com
patible with the increase in calcium concentration observed in the hearts of 
rabbits (Jaenke, 1976; Olson, 1974) or rats (Arena et aI., 1975) chronically 
treated with adriamycin. In studies of the effects of adriamycin on ion flux 
in other cell types the picture is even less clear, but generally does not sup
port the hypothesis that the drug alters either the permeability to ions or 
protein associated transport of ions at concentrations within the range of 
standard cytotoxicity tests. Lando1ph et al. asked the question whether or 
not the so-called ouabain-like effects of adriamycin (Olsen et at., 1974) 
mimicked the effects of the cardiac glycoside on mouse fibroblasts. At con
centrations which were cytotoxic to C3HI lOT 112 cells in the range 10 - 8 to 
10- 6 M no alteration in rubidium transport was observed, unlike the effects 
of ouabain, and inhibition was observed only at supralethal concentrations 
which were 104 fold greater than those for cytotoxicity (lC50 for Rb+ uptake 
of 2 x 10 - 3 M). This raises doubts regarding the report of Gosalvez et al. 
(1979) that adriamycin was a potent inhibitor of Na + K + -ATPase activity 
with an IC50 on rabbit heart microsomes of 10- 13 M, and indeed two other 
reports have failed to substantiate these claims (Kim et aI., 1980; Solomon
son & Halabrin, 1981). 

Dasdia et at. (1979) studied the effects of 10 - 7 M adriamycin on both 
calcium flux and the sodium and potassium content of HeLa cells. Although 
the authors discuss the implications of their results to the cytotoxic action of 
adriamycin, they surprisingly chose a concentration which they claim to be 
nontoxic to HeLa cells. Analysis of 45Ca flux data suggests that the fast 
exchangeable pool was influenced by adriamycin, but the change was not 
statistically significant. Effiux kinetics were also unchanged. Despite this, 
the authors claim that a mobilisable pool of intracellular calcium is in
creased and they relate this to the now doubtful claim of Gosalvez et al. 
(1979) that adriamycin inhibits Na + K + -ATPase. A fall in the KINa ratio of 
HeLa cells after 10- 7 M adriamycin is reported, although the precise mech
anism whereby this would induce a rise in intracellular calcium is not 
stated. 

Anghileri (1977) has reported that adriamycin, at an unstated concentra
tion, inhibits calcium uptake into Ehrlich ascites cell mitochondria. The 
study attempts to relate this inhibition to an interaction of adriamycin with 
mitochondrial membrane phospholipids. This is contrary to the findings 
that cardiac mitochondria accumulate calcium during an adriamycin in
duced toxicity, but the result may relate to whatever concentration was used 
in the study. 
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We have recently measured both 45Ca flux and intracellular calcium pools 
in L1210 cells treated with concentrations of adriamycin which produce a 3 
log cell kill (2 to 5 ~M) and find no difference in the treated cells after 4 
hours of exposure to adriamycin (Hickman et aI., in preparation). Contin
uous exposure to 10 ~M of adriamycin, with regular assessment of intracel
lular calcium pools by the use of arsenazo III (Bellomo et aI., 1982) showed 
a moderate increase in both cytoplasmic and mitochondrial calcium con
centration but only after 4 hours of treatment. Our findings raise some 
questions not only regarding the functional changes that adriamycin induces 
in membranes, but also with respect to hypotheses that adriamycin-asso
cia ted free radical formation may contribute to cell death. Free radical for
mation from the quinone menadione reduces hepatocyte mitochondrial cal
cium (Jewell et al., 1982). We find adriamycin to produce no reduction in 
L1210 cell mitochondrial calcium pools (Hickman et aI., in preparation). 
Further evidence which suggests that adriamycin, at least in the cytotoxic 
concentration range, does not alter ion permeability or transport, comes 
from studies of the effect of the drug on the cell membrane potential (Em) of 
both human red blood cells and LI210 leukemia cells. Changes in Em may 
reflect complex coupled changes in transmembrane ion concentration, and 
such changes have also been suggested to be involved in the control of cell 
proliferation (Boonstra, 1983; Kiefer, 1980). In human red blood cells 
10- 7 M adriamycin has profound effects on the cytoskeleton, as assessed by 
inhibition of the morphological changes from discocyte to echinocyte forms 
(Mikkelson et aI., 1977), but had no effect on Em as measured by the accu
mulation of the radiolabeled lipophilic cation triphenylmethylphosphonium 
(TPM+) (Chahwala et aI., 1982). At 10-4 M adriamycin a hyperpolarization 
was observed which was not due to calcium influx and stimulation of potas
sium effiux (Chahwala et aI., in preparation). This hyperpolarization is 
somewhat difficult to explain. Harper et al. (1979) showed that 20 ~M and 
above of adriamycin inhibited calcium activated effiux of potassium which 
normallly leads to hyperpolarization, so that changes involving other than 
calcium and sodium levels may be involved, possibly protein conformation
al rearrangements. 

With respect to adriamycin-induced changes in the permeability of ions, 
the picture is at present incomplete and it would be difficult at present to 
support any hypothesis that adriamycin actions at the cell surface may 
interfere with either the control of proliferation mediated by ion flux or with 
ionic homeostasis, for example, by inducing a dramatic change in intracel
lular calcium which would be potentially lethal. The work discussed here 
lays a useful foundation however, because it demonstrates that there are 
indeed drug effects on cell surface mediated ion permeability. The task for 
future efforts is to sort the disparate observations into a cohesive explana-
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tion and to exploit this property of the cell surface for pharmacologic man
ipulation. 

6. CYCLIC NUCLEOTIDES 

The role of cyclic nucleotides in the control of cell proliferation and differ
entiation is clearly a complex one, and evidence is accumulating to suggest 
that temporal changes in their intracellular concentrations are more impor
tant than absolute concentrations (Whitfield et ai., 1980). It was earlier con
sidered that transformation was related to low intracellular concentrations 
of cAMP (cyclic-3',5' -adenosine monophosphate) (Otten et at., 1971) and a 
number of studies, related below, used this as their basis in order to inves
tigate whether cytotoxic agents could be effective in altering the course of 
cell growth through changes in cAMP concentrations via action at cell mem
branes. 

A fascinating series of papers from Tisdale (1974) and Tisdale and Phil
lips (1975a, b, 1976a-c) strongly implicate the inactivation of the low Km 
form of cAMP phosphodiesterase, which is considered to be membrane 
bound (Russell and Pastan, 1973), in the mechanism of action of the 2-
chloroethylamine alkylating agents and cis-platin. Tisdale (1974) first de
monstrated that the bifunctional alkylating agent chlorambucil, but not a 
monofunctional analogue incapable of performing crosslinking reactions, 
inactivated the low Km form of beef heart phosphodiesterase. Chlorambucil 
inactivated this form with a velocity constant which was three times that of 
the soluble high Km form. Treatment of rat Walker carcinoma cells in vitro 
with 2 x 10- 5 M chlorambucil brought about a doubling of their intracellu
lar cAMP concentration within one hour (Tisdale and Phillips, 1975c), and 
a similar change was obtained with the phosphodiesterase inhibitor amino
phylline at a concentration producing a similar amount of toxicity as chlo
rambucil. That the changes in cAMP concentrations were not a reflection of 
cell death alone was suggested by the lack of effect of cytotoxic concentra
tions of the anti folate drug methotrexate (Tisdale and Phillips 1975b). In the 
treated Walker cells the low Km form of phosphodiesterase was inhibited by 
chlorambucil, but direct proof of its alkylation and presumably its cross
linking (since monofunctional analogues were inactive) is still lacking. 

The alkylating agent-induced elevation of cAMP concentration activated 
cAMP protein kinase activity in Walker cells; this was mimicked in vitro by 
addition of dibutyryl cAMP. When dbcAMP activated the kinase to the 
same degree as chlorambucil it was almost equally toxic, strongly supporting 
the hypothesis that cell death is related to the change in cAMP levels. 
Unfortunately, the targets for phosphorylation were not identified (Tisdale 
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and Phillips, 1976b). Perhaps the most convincing data for the relationship 
between drug-induced elevation of cAMP and cytoxoxicty came from the 
finding that as Walker cells were made progressively more resistant to chlo
rambucil, parallel falls in the amount of the low Km form of membrane
bound phosphodiesterase were observed (Tisdale and Phillips, 1976a). 
When a 20-fold resistance had been induced the apparent V max of this low 
Km form fell from 40 % to 15 % of the total phosphodiesterase activity and 
this continued to fall as further resistance was induced. 

Elevation of intracellular cAMP levels was shown after treatment of 
Walker cells with nitrogen mustard, merophan, 4-ethoxy cyclophosphamide 
(an activated form of cyclophosphamide) and cis platin. Interestingly, the 
nitrosourea BeNU did not elevate cAMP concentrations in Walker carcino
ma cells. This may be a reflection of the different geometry of the crosslink
ing reactions which the fi-chloroethylamine alkylating agents, such as the 
mustards, can perform via a five atom bridge versus a two atom bridge 
formed after nitrosourea decomposition to a chloroethyldiazo species. 

As mentioned elsewhere, the aziridinylbenzoquine Trenimon elevated 
cAMP levels in Ehrlich ascites cells which had been treated in vivo with a 
tumor-curative dose, but this change was brought about by an indirect 
mechanism, not involving phosphodiesterase inhibition or activation of 
adenyl cyclase (lhlenfield et aI., 1981). 

Howard et al. (1980) reported that vinca alkaloids alter cAMP metabol
ism in LI210 cells by a mechanism which may involve the microtubular 
system of the cytoskeleton acting as a regulator of plasma membrane 
enzyme activity. Both the synthesis of cAMP by adenylcyclase and its 
breakdown by phosphodiesterase appear to be regulated at the level of the 
cytoskeleton (Margolis and Wilson, 1979). It was shown that vinca alkaloids 
prolonged the elevation of cAMP concentration induced by hormonal sti
muli, which may be caused by either a failure of the mechanism of coupling 
between the hormone receptor and adenylcyclase in such a way as to pre
vent auto-regulation, or to increase the efficiency of such coupling. Clearly 
such effects may unbalance the cells' response to hormonal factors regulat
ing proliferation. 

Several workers have noted changes in the concentration of cGMP levels 
both in vivo and in vitro in response to anthracyclines (e.g. Lehotay et aI., 
1982). Although cGMP levels have been implicated in the control of proli
feration and as such could be a target for drug action, the work performed 
with the anthracyclines is not directed at understanding the mechanisms of 
anticancer activity, but with the side effect of cardiac toxicity, so we will not 
discuss it further here. 
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7. ALTERATION OF INTRINSIC MEMBRANE FUNCTIONAL ACTIVITIES 

In addition to carrying out the permeability, fusion and fluidity tasks dis
cussed above, biological membranes also perform a wide variety of catalytic 
and receptor mediated functions. It is reasonable to suppose that certain of 
these functions would be vital to cellular replication and that inhibition by 
toxic agents would prevent cell growth. There is ample evidence that certain 
anticancer agents, particularly adriamycin, do in fact alter essential cell 
membrane functional activities. Since there is no systematic way to classify 
these kinds of membrane activities, we present a representative list bel
ow: 

(1) Zuckier and Tritton (1983) have shown that adriamycin can stimulate 
an up regulation or increase in the number of cell surface receptors for 
epidermal growth factor (EGF). Their results show that this anticancer agent 
has the property of altering the normally active regulatory mechanisms that 
the cell surface has over growth control. Thus, a potential cell surface 
mediated mechanism of action of this agent is that alterations in membrane 
receptor levels by the drug lead to altered cellular responses to physiological 
regulators. 
(2) Many kinds of cell surface receptors undergo capping and patching phe
nomena, both spontaneous and ligand-induced, and these processes may be 
important steps in transducing the biological effects of certain receptors 
(Pastan and Willingham, 1981). Gosalvez et al. (1978) showed that adria
mycin inhibits the capping of lymphocyte surface immunoglobulins at the 
extremely low concentration of 10 - 15 M. Likewise, Yahara et al. (1979) 
showed that neocarzinostatin, but not bleomycin, mitomycin C or Ara-C, 
inhibited ligand-independent cap formation of lymphocytes. Both groups 
speculate that the drug effects may be due to modification of cytoskeletal 
components like microtubules and microfilaments, but other explanations, 
including alteration of membrane fluidity, are possible. Since the surface 
dyanamics of various receptors are intimately involved in biological func
tion, however, alterations by pharmacologic agents may be a significant 
effect and we expect further research in this area may be enlightening. 

(3) Transglutaminase is an enzyme involved in the regulation of receptor 
endocytosis and hormone induced cell surface down-regulation. Several 
important amine containing antineoplastic agents are substrates for trans
glutaminase including actinomycin D, adriamycin, mithramycin and bleo
mycin (Russell and Womble, 1982). Although the exact mechanism is 
unclear, transglutaminase may function by mediating the coupling of recep
tor occupancy to biological function through conjugation of endogenous 
polyamines to regulatory sites in the cell. In this scheme, then, the role of 
cytotoxic anticancer drugs may be to compete as substrates for transglutam-
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inase and thus alter the ability of the cell to correctly regulate membrane 
processes. 

(4) One of the principal functions of the plasma membrane is to act as a 
permeability barrier and to transport important molecules to the cell inter
ior. If pharmacologic agents were to interfere with the cells' usual ability to 
concentrate required nutrients, this could upset growth patterns and lead to 
cytotoxicity. In another section we discuss the evidence that this may 
indeed be the case for ions like K + and Ca2 +. It has also been shown that 
transport of molecules like uridine and 2-deoxyglucose are inhibited by 
adriamycin (Choudhury et aI., 1982). Alkylating agents produce more com
plex effects on transport: tris (2-chloroethyl)amine inhibits aminoisobutyric 
acid uptake but Trenimon can either inhibit or increase the uptake of this 
amino acid, depending on the length of drug exposure (Anhel et al., 1982). 
These kinds of studies are still in their early stages, but it is clear that cel
lular toxicity of these classes of anticancer agents may result, at least in part, 
from alteration of transport properties of the plasma membrane. 

(5) Crane et al. (1980) have demonstrated that adriamycin affects several 
enzymes in liver plasma membrane that oxidize NADH, xanthine, NADPH 
and ascorbic acid. These authors have discussed the idea that since these 
redox functions are implicated in the ability of the cells to respond to cyclic 
nucleotide mediated growth control, then alteration by adriamycin could be 
involved in either the therapeutic or toxic side effects of drug administra
tion. 

(6) Tokes et al. (1981) found that adriamycin treatment of mouse Sarco
ma 180 cells, human BT -20 adeocarcinoma cells and primary cultures of 
mouse heart muscle cells caused an elevation in the expression of cell sur
face proteases. The meaning of these observations will not be clear until 
further work is done, but it is provocative to note that the pattern distribu
tion of surface proteases has been implicated in normal growth control as 
well as its loss in neoplasia (Reich et aI., 1975). 

(7) Membranes play an important role in electrophysiological events. 
Rabkin and Bose (1981) showed that adriamycin prolongs the action poten
tial duration and refractory period without altering resting membrane po
tential in canine Purkinje fibers. This effect was not reversed when the drug 
was washed out and thus may contribute to the cardiac electrophysiological 
malfunctions which occur during adriamycin treatment. In a different ex
perimental system, vincristine and vinblastin altered spontaneous end plate 
potential in synaptic membranes (Hort-Legrand and Metral, 1976). The lat
ter drug has a much more pronounced effect which may be related to its 
greater ability to disrupt bilayer structure, as demonstrated by the differen
tial scanning calorimetric results of Ter-Minassian-Saraga et al. (1981). 

(8) Although it is a cytoplasmic enzyme, the calcium phospholipid de-
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pendent protein kinase (or c-kinase), can be induced both to phosphorylate 
membrane proteins and to bind to cell membranes by phorbol tumor pro
moters. Furthermore, the enzyme is regulated by a variety of agents includ
ing the anticancer drugs adriamycin (Katoh et aI., 1981) and alkyl lysophos
pholipid (Helfman et aI., 1983). By contrast, the cyclic nucleotide dependent 
protein phosphorylation systems do not seem to be sites of action of these 
drugs. The exact roles played by c-kinase are unclear, but the enzyme is 
involved in controlling cell growth and differentiation and is activated by 
membrane active compounds. Thus the cytotoxicity of some anticancer 
drugs may be related to disrupting the normal phosphorylation pattern of 
this enzyme. To establish this, one would have to identify phosphorylated 
substrates which playa role in growth control and demonstrate linkage of 
disrupted phosphorylation with drug action. To date, this has not been 
accomplished. 

(9) Aggarwal and Niroomand-Rad (1983) showed that cisplatinum inhi
bited three plasma membrane enzymes (Ca2 + -ATPase, Na + K + -ATPase 
and 5' -nucleotidase) both in vitro and in vivo using a Sarcoma 180 cell line. 
The mechanism of inactivation has not been elucidated, but the authors 
speculate that inhibition of plasma membrane enzymes may be responsible, 
at least in some part, for cell death. 

8. MEMBRANE COMPOSITION 

It is clear that the protein and lipid composition of cellular membranes will 
determine their ability to function normally. A great deal of effort has been 
expended in showing that the composition varies among many individual 
membrane species when comparing normal versus tumor cells (Wallach, 
1975). These differences, especially at the cell surface membrane, raise the 
intriguing possibility that antineoplastic drugs can be selective for tumor 
cells by virtue of the fact that the cancer cell presents a different surface to 
the drug than does its normal counterpart. This selectivity could be mani
fested regardless of the ultimate target for drug action, whether it be on the 
cell surface or at some intracellular site such as DNA. Unfortunately, little 
progress has been made in exploiting membrane differences for the design 
or use of anticancer drugs but this remains a promising area for future 
research efforts. There is published information, however, on the change 
induced in surface composition by anticancer drug action and on the 
changes in cell surfaces accompanying the acquisition of drug resistance. 
These two topics will be taken up now. 
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a. Effects of drugs on surface proteins and glycoproteins 
It is not unreasonable to expect that treatment of susceptible cells with a 
cytotoxic agent would alter the spectrum of proteins expressed by the trans
lation process. Furthermore, if one could identify specific changes induced 
by drug action, this might offer clues on the mechanism of drug induced cell 
kill. Surprisingly, however, little work has been done in this area. In one 
study, Adler and Tritton (1984) using a double labeling technique and one 
dimensional gel electrophoresis, found that adriamycin treatment of Sarco
ma 180 cells caused no detectable changes in the pattern of overall cellular 
protein synthesis. The level of detectable resolution in these experiments 
was about 0.5 % so the authors concluded that drug treatment did not alter 
the overall phenotypic expression of protein synthesis but that subtle 
changes would not be detected by their technique. It is likely that sensitive 
two dimensional gel electrophoresis techniques could uncover the changes 
in protein synthesis patterns elicited by antineoplastic drugs, so this seems 
the most suitable approach for future work in this largely unexplored 
area. 

In a different approach using mastocytoma P815 cells labeled on the cell 
surface with a protein specific paramagnetic spin label, Sinha and Chignel 
(1979) showed that treatment with adriamycin, acridines and diacridines, 
actinomycin D, AMSA and cis-platinum all induced subtle changes in 
membrane protein conformation as detected by EPR spectra. These workers 
concluded that such changes in protein structure alter significant membrane 
functions such as glucose or ion transport which could be important in 
controlling the action of the drugs on cell proliferation. 

Rather than looking at total cellular or membrane proteins, several groups 
have studied drug induced changes in glycoprotein expression. Since most 
glycoproteins are ultimately found on the cell surface, this approach is rela
tively specific for this target site in the cells under study. Kessel (1979) for 
example found that adriamycin markedly enhanced the incorporation of 
radioactive fucose into membrane glycoproteins of P388 cells without 
affecting the overall uptake of leucine into the protein fraction. The conse
quence of the so altered glycoprotein was an overall increase in the net 
negative charge of the cell surface. These changes were not observed in 
similarly treated adriamycin resistant cells. 5-Fluorouracil has somewhat 
different effects on glycoprotein expression since, unlike adriamycin, this 
drug alters somewhat the incorporation of leucine into glycoproteins, while 
simultaneously decreasing the uptake of fucose (Kessel, 1980). Glucosamine 
incorporation, on the other hand, was increased by 5-FU. 

Other studies in this area also have been published. For example Marks et 
al. (1983) showed that N,N-dimethyl formamide altered glycoprotein bio
synthesis in colon carcinoma cells. Lazo et al. (1979) found that 6-thioguan-
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ine reduced the incorporation of man nose into surface glycoproteins, and 
that this in turn reduced the ability of S 180 cells to specifically interact with 
ConA by reducing the number of available glycoprotein receptors for the 
lectin. The changes in mannose incorporation were also associated with an 
alteration of cellular ultrastructure. It is clear from these various studies that 
many of the existing anticancer agents can modulate the pattern of glyco
protein expression. In general though, the mechanisms whereby these alter
ations in glycoprotein composition occur are not known. Nonetheless, a 
great deal of effort has been expended in the design and testing of sugar 
analogs which could be selectively cytotoxic by virtue of incorporation into 
glycoproteins or modulation of glycoprotein synthesis. The rationale in this 
work is two-fold: (1) cancer cells contain membrane glycoprotein changes 
which may be in part responsible for loss of growth control so it may be 
therapeutically useful to alter or inhibit the biosynthesis of variant tumor 
cell surfaces and (2) by analogy with existing antineoplastics, new agents 
which alter glycoproteins may also be useful anticancer agents. A detailed 
review of this type of work is beyond the scope of this paper so the inter
ested reader is referred to Bernacki et al. (1979). 

b. Effects of drugs on cell surface lipid composition 
Although the technology for doing so exists, the effect of drugs on phosphol
ipid composition of cell surface membranes has not been comprehensively 
researched. The reasons for this are probably two: (1) because there are 
literally hundreds of identifiably different lipid components in the mem
branes of mammalian cells, identifying the complex interrelationships be
tween the levels of the various components is a formidably tedious task and 
(2) it has not been clear that such knowledge would aid in the design or use 
of anticancer agents. Recent work has been published, however, showing 
that antineoplastics do indeed alter the lipid composition of the plasma 
membrane of exposed cells and that these alterations may be linked to the 
pharmacologic action of the drugs. Thus, we believe that this newly devel
oping area holds some promise for uncovering new leads in cancer thera
py. 

Schroeder et al. (1981) showed that the spindle inhibitors colchicine and 
vinblastine altered the plasma membrane content of phospatidyl serine and 
phosphatidyl glycerol in mouse LM fibroblasts, but did not change the assy
metry or distribution of phosphatidyl ethanolamine. The authors discuss the 
evidence for the likelihood that small alterations in lipid composition can 
considerably alter the activity of membrane bound proteins and suggest this 
as a potential contribution to the mechanism of action of these drugs. Inter
feron, too, alters the phospholipid composition of S 180 cells by modulating 
the fatty-acyl chains (Chandrabose and Cuatrecasas 1981). It has also been 
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shown that adriamycin (Schlager and Ohanian, 1979, 1980) enhances the 
sensitivity of hepatoma cells to antibody-complement killing and that the 
effect is correlated with drug-induced changes in cellular lipid and fatty acid 
composition. Adriamycin also stimulates MDCK cells to deacylate cellular 
lipids and produce prostaglandins (Ohuchi and Levine, 1978). Taken to
gether these types of studies suggest that (1) the cytotoxic action of certain 
antineoplastic agents is associated with changes in lipid composition; (2) 
modifications of cellular lipid composition by drugs can affect the outcome 
of humoral immune attack at the cell surface and (3) drug treatment can 
induce the surface cyclooxygenase pathways which lead to prostaglandin 
mobilization. 

The possibility has been widely discussed that membrane lipid peroxida
tion is involved in the mechanism of cardiac toxicity invoked by adriamy
cin (Mimnaugh et at., 1981, 1982; Kharasch et at., 1982; Patterson et at., 
1983; Jensen, 1983). Since the drug molecule contains a quinone function
ality, it can be enzymatically reduced to a semiquinone which can in turn 
activate molecular oxygen. This process stimulates lipid peroxidation, par
ticularly in mitochondrial and microsomal preparations. We are not aware 
of any published reports demonstrating lipid peroxidation at the cell surface 
so, although it is a postulated mechanism for a deleterious side effect of 
adriamycin action, lipid peroxidation has not yet been implicated as directly 
involved in the therapeutic anticancer action of this agent. 

c. Membrane protein changes associated with anticancer drug resistance 
Several cell lines have been shown to have acquired altered surface glyco
proteins when selected for resistance to antiproliferative agents (reviewed in 
Ling, 1983). The best characterized of these are CRO cells, originally 
selected for resistance to colchicine, but shown to be cross-resistant to many 
drugs including actinomycin D, adriamycin and melphalan. Examination of 
the plasma membrane of these cell lines by surface-labeling techniques has 
revealed the presence of a 170,000 dalton glycoprotein which is apparently 
unique to the resistant mutants. The protein has been isolated and charac
terized (Riordan and Ling, 1979) and termed the' P-glycoprotein' because 
of its presumed functional role in regulating membrane permeability to the 
drugs. Beck et al. (1979) have characterized a very similar protein in human 
leukemic lymphoblasts (CCRF-CEM). More recently, Peterson et al. (1983) 
observed a similar glycoprotein in vincristine/daunomycin resistant Chinese 
hamster lung cells (DC-3F), which proved to be a family of glycoproteins 
when resolved by two dimensional gels. The relationship between the var
ious subtypes of modified glycoproteins and the patterns of drug resistance 
and cross-resistance are not established. It is also not firmly established that 
permeability is the controlling factor in drug resistance, so it is not yet clear 
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what mechanistic role the P-glycoprotein plays. Because the protein is close
ly associated with resistance however, two interesting possibilities emerge: 
(1) since the cell surface seems to have some involvement in the acquisition 
of resistance, it may be possible to alter the cell surface to overcome resis
tance, and (2) if surface glycoproteins are a general marker for multiple drug 
resistance, this fact could serve as the basis for a clinically useful assay of 
potential sensitivity of a patient to a drug treatment regimen. 

Other workers have shown that drug resistant cells have an altered ability 
to incorporate sugars into surface glycoproteins (as opposed to increased 
content of an existing glycoprotein as described in the previously discussed 
work). Wheeler et al. (1982) found that adriamycin resistant MDA Y -K2 
cells had increased content of cell surface sialic acid and Garman and Cen
ter (1982) showed that resistant Chinese hamster lung cells had increased 
glucosamine incorporation, as well as a 100,000 dalton surface membrane 
protein altered in its ability to be iodinated. Salles et al. (1982) have 
reported that Chinese hamster lung cells resistant to ellipticine have altered 
surface morphology; this probably results from altered composition. It is 
too early to be certain whether these types of observations will enhance our 
understanding of drug resistance, but it is evident from the available work 
that changes in the cell surface proteins may play an important role in the 
resistant phenotype. 

d. Membrane lipid changes associated with anticancer drug resistance 
Since the lipid milieu of a membrane controls the ability to carry out func
tional processes, it would not be surprising to find altered lipid composition 
in drug resistant cells if the membranes were indeed involved in the resis
tance mechanism. Ling (1975) found little difference in the phospholi
pid/cholesterol ratio between his sensitive and resistant CRO cell lines sug
gesting that this parameter was not an important one. In a more compre
hensive study, however, Adler and Tritton (1984) investigated the compo
sition of 10 lipid species in 5 sublines of S 180 of progressively increasing 
resistance to adriamycin. There are dramatic differences among the various 
lipid classes in the resistant lines but none of the changes vary systemati
cally with the degree of resistance. Glaubiger et al. (1983) also have results 
showing phospholipid changes in adriamycin resistant P388 cells. Thus, 
although single lipid types do not correlate directly with drug sensitivity, the 
results from several laboratories suggest that the overall pattern of lipid 
content may regulate the ability of a cell to react to the presence of a cyto
toxic anticancer drug. 
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9. MODIFICATION OF MEMBRANE COMPOSITION OR STRUCTURE TO AFFECT 
DRUG ACTION 

It has been implicit throughout this review that the structure and composi
tion of a membrane dictate the functional interactions which are possible 
for that given membrane. In turn, alteration of membrane structure or com
position could lead to altered biological activity, so it should be feasible to 
modulate access or mechanism of action of any drug which passes through 
or acts on a biological membrane, by lipid substitution. The viability of this 
idea has been demonstrated recently. For example, Schiffman and Klein 
(1979) showed that amphotericin B sensitivity could be induced in cells in 
culture by fusing the growing cells with ergosterol-containing liposomes. 
Amphotericin B is an antifungal agent whose mechanism of action is 
thought to involve disruption of cell membranes containing certain sterols 
(like ergosterol). Moreover, insertion of amphotericin B into tumor cell 
membranes can augment the antitumor activity of mainline agents includ
ing adriamycin, BCNU, actinomycin D and melphalan (Medoff et aI., 1981; 
Ozols et aI., 1983). In attempting to modify the fluidity of Ll210 cells, 
Burns et al. (1979) found that' fatty acid supplementation of the growth 
medium resulted in cell surface membranes that were altered both in their 
fluidity characteristics and the ability to transport methotrexate. For adria
mycin, which unlike methotrexate may act directly on the cell surface rather 
than requiring transport, two groups have shown that cytotoxicity of the 
drug can be enhanced by altering the fatty acid, phospholipid or cholesterol 
composition of Ll210 cell membranes (Spiegel et aI., 1983; Tritton, 1983). 
Other workers have shown that membrane active local anesthetics (dibu
caine, tetracaine, butacaine, lidocaine and procaine) can potentiate the cyto
toxic activity of both bleomycin (Mizuno and Ishida, 1982) and adriamycin 
(Chlebowski et at., 1982). The mechanism of this effect has not been eluci
dated but it seems reasonable that it is a result of the ability of the local 
anaesthetics to disrupt the fluidity of the lipid bilayer. It has also been 
demonstrated that alteration of surface proteins by trypsin treatment of cells 
changes drug sensitivity (Barranco et aI., 1980). Viewed as a whole, these 
kinds of approaches to membrane modification are only now in their infan
cy, but it is evident from the results obtained to date that alteration of cell 
surface composition, with associated changes in the structure and activity of 
the membrane, can have profound consequences on drug action. 

10. COY ALENT INTERACTION OF ANTICANCER DRUGS WITH MEMBRANES 

The inhibition of cell growth by alkylating agents is usually attributed to 
alkylation of DNA (Ludlum, 1975). It is also possible that quinone contain-
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ing molecules like the anthracyclines can, via reduction, form reactive alky
lating species and there is evidence for covalent DNA modification (Moore, 
1977; Sinha and Gregory, 1981). There is, however, no direct proof that 
DNA alkylation leads to cytotoxicity and it is not unreasonable to propose 
that chemically reactive drug species could also covalently modify the com
ponents of membranes, and that this mechanism could be the primary one 
leading to pharmacologic action. Some evidence supporting this idea exists. 
Ihlenfeldt et al. (1981) Baxter et al. (1982) and Grunicke et al. (1979, 1982) 
have published a series of papers showing that the alkylating agents modify 
the plasma membrane of cells in culture, presumably by covalent interac
tion. Moreover, these effects are correlated with inhibition of the membrane 
transport of thymidine, amino acids and glucose, as well as with the inhi
bition of cell surface Na + K + -ATPase and with decreases in membrane 
fluidity. The authors conclude that alkylation of membrane targets are 
responsible for this alteration in cellular function, and suggest that, since the 
plasma membrane plays such an important role in the regulation of cell 
division, that alkylating agents bring about their primary cytotoxic lesion by 
alkylation of the plasma membrane. This idea is by no means proven, but is 
attractive and under intense study in these laboratories. Further discussion 
of this topic appears elsewhere in this review. 

There have been findings reported that certain other antineoplastics may 
covalently cross-link to membrane proteins. The purported DNA intercala
tor m-AMSA, for example, rapidly reacts with membrane proteins of red 
blood cell ghosts by covalently attaching to exposed sulfhydryl groups 
(Wong et al., 1983). Adriamycin can be activated by microsomes and 
NADPH to form a semiquinone species which covalently labels microsomal 
membrane proteins (Ghezzi et al., 1981). Again, these reactions have not 
been linked in any way to the biological function of the drugs, but they are 
observations which must be contended with when considering possible 
mechanisms of pharmacologic action. 

11. MEMBRANE RECEPTORS FOR ANTICANCER AGENTS 

The idea that there may exist formal membrane receptors for anticancer 
drugs is relatively unexplored for two reasons: (1) most of the existing drugs 
have been thought to have well-defined intracellular receptors such as 
enzymes (e.g. ribonucleotide reductase for hydroxyurea) or DNA (e.g. for 
actionomycin D); and (2) it has been considered unlikely that cells would 
synthesize a receptor whose sole purpose is to mediate cell death. Elsewhere 
in this paper we have discussed the evidence that anticancer drugs alter 
pre-existing receptors with defined functions, but there is only one major 
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publication suggesting the existence of a drug-binding receptor whose major 
function is to mediate anticancer drug action (Taylor et al., 1981). These 
workers identified and isolated two distinct macromolecular lipid com
plexes from L1210 tumors either sensitive or resistant to an anticancer ter
ephthalanilide. This drug, as well as Cain quinoliniums, a carbanilide, 
anthraquinones and adriamycin, all bind to one of the macromolecular 
lipids. Equilibrium binding studies showed a correlation with drug efficacy, 
in that specific site concentration and orientation appear to be required in 
order for a particular drug to have in vivo activity. A number of questions 
remain unanswered about this system, including the cellular distribution of 
the lipids, the exact chemical makeup and possible subunit structure, and 
the mechanism whereby binding of a macromolecular lipid with a drug 
participates in pharmacologic activity. Nonetheless this is an intriguing lead 
because it suggests the existence of a primary drug-binding site, consisting of 
membrane components and possibly membrane associated, which must be 
occupied in order for drug action to occur. 

There is some indirect evidence against the idea of a formal drug receptor 
for anthracyclines on the cell surface. Vee et al. (1983) have shown that 
daunomycin can be photochemically incorporated into the plasma mem
brane of S 180 cells in culture. If a formal drug receptor existed on the sur
face, its occupation by drug should lead to the eventual endpoint of duano
mycin action, namely cell death. This was not found to be the case since up 
to 200,000 daunomycin molecules could be photochemically incorporated 
into the S 180 cell surface without affecting cell viability. Thus, either a 
receptor exists which has only very low affinity for the drug, or there is not a 
major class of receptors on the cell surface whose occupancy by photoincor
po rated drug is directly coupled to cell death. 

Wingard et al. (1983) have also obtained circumstantial evidence against a 
formal anthracycline membrane receptor using immobilized drugs (see ad
ditional discussion below). On the other hand, preliminary results from 
Hickman's laboratory (unpublished) showing that N-acetyl glucosamine can 
apparently prevent adriamycin from freezing discocyte human red cells in 
that morphology may contradict this (see action on lectins). 

12. ALTERATION OF CELL SURFACE ULTRASTRUCTURE 

Observation, usually by electron microscopy, of the morphology of cell sur
faces can give indication of whether drug treatment has altered the gross 
structure and organization of the plasma membrane. Several antineoplastic 
agents have been documented to cause such changes. Erythrocytes in partic
ular are a favorite cell type for morphologic investigation, and adriamycin, 
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daunomycin and tris (2-chloroethyl)-amine all alter red blood cell morpho
logy and increase susceptibility to lysis (Schioppocassi and Schwartz, 1977; 
Mikkelson et ai., 1977; Wildenauer et al., 1980). It has been suggested that 
these changes are due to specific binding of the drugs to the cell surface 
protein spectrin, which is known to be involved in maintaining red cell 
surface morphology, but this proposition has not been rigorously tested. 
Myers et al. (1982) showed that an adriamycin-iron complex caused de
struction of erythrocyte ghost membranes. These workers have proposed a 
model in which the drug-iron complex acts by first binding to the mem
brane, followed by generation of high local concentrations of reactive oxy
gen species which catalyze destruction of membrane structure. Adriamycin 
also induces changes in the surface structure of liver cells (Rogers et al., 
1983), eRO cells (Walling and Ord, 1982) and neuroblastoma cells (Schen
grund and Sheffier, 1982). One is tempted to speculate that the severe drug
induced changes in surface ultrastructure that can be observed by electron 
microscopy must be linked to disruption of cellular function, but there are 
no investigations which sort out the complex cause and effect relationships 
which may exist. 

13. THE USE OF IMMOBILIZED DRUGS TO SEPARATE CELL SURFACE FROM 
INTRACELLULAR MECHANISMS 

Almost all of the work described in this review is of the cataloging variety, 
that is, experiments which show that various anticancer drugs have effects 
on measurable functions of membranes. These kinds of experiments can not 
be offered as proof that the pharmacologic mechanism of the drug in ques
tion is related to the effect being measured. Perhaps the most direct exper
imental way to separate cell surface from intracellular effects of a pharma
cologic agent is by attachment to insoluble supports. One can then ask the 
question, Does the drug have biological activity under conditions where its 
access to the interior of the cell is prevented? This approach is conceptually 
straightforward and, at least on paper, simple because the drug can be per
manently attached to a support larger than cells and thus cannot penetrate 
past the cell surface by diffusion, transport, or endocytosis. This approach, 
of course, is based on the assumption that drug activity is not lost because 
of coupling to another material. The validity of this assumption will vary 
with the drug and the specific functional groups of the drug molecule used 
for the coupling; however, the fact that immobilized drugs can retain their 
activity has been substantiated and summarized elsewhere (Venter, 1982). 
This approach has been taken by previous investigators to elucidate the 
mechanism of certain agents. For example, Laporte et al. (1977) showed that 
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agarose-immobilized polymyxin B was as effective at inhibiting bacterial 
growth as free drug. These workers used careful controls to demonstrate that 
the bound drug was not released from the complex and made a convincing 
argument that the effects of polymyxin B on gram-negative bacteria were 
due to a specific outer membrane lesion. 

In studies with immobilized drugs it is especially pertinent to demon
strate rigorously that sufficient drug is not being released to account for the 
results attributed to the immobilized material. This problem is especially 
noticeable with drugs bound to agarose preparations, where for certain lin
kages the leakage rate may be as high as 1 % of the bound drug per hour 
(Vaugelin et at., 1975). Thus, each study must be carried out with suitable 
controls to document the absence of appreciable leakage rates. 

Many anticancer drugs have been attached to high molecular weight sup
ports in attempts to increase the specificity of the drug for a specific target 
(e.g. immobilization to antibodies), or to create sustained release drug pre
parations, or for use in affinity chromatography (see Venter (1982), for a 
review of these areas) but most of these kinds of studies have not been 
designed to separate cell surface from intracellular effects, since most kinds 
of drug-carrier molecules can be internalized by cells. However, two anti
neoplastics (chlorambucil and adriamycin) have been immobilized for this 
latter purpose and these studies will be discussed now. 

Chlorambucil is a classical alkylating agent which is presumed to act by 
covalent interaction with DNA. Grunicke et al. (1979) have attached chlo
rambucil to polyethyleneimines of various chain lengths by chemistry which 
has not been disclosed. They showed that pure polyethyleneimine polymers 
did not affect the multiplication of Ehrlich ascites cells in culture, but that 
chlorambucil-polyethyleneimine conjugates were cytotoxic. Unfortunately, 
no studies were undertaken to show if either (1) the free drugs leaked off the 
polymer, or (2) the polymer (MW - 30,000 daltons) was taken into the cell 
interior by endocytosis. Thus, although these results are intriguing and offer 
some indication that cell surface alkylation may be important in chloram
bucil action, further work is necessary before one can feel confident about 
this interpretation. 

Better evidence for a cell surface mediated cytotoxicity exists for adria
mycin, since two independent research groups have done extensive work on 
immobilizing this drug and its congeneric relatives, although the exact 
approach taken has been different in each laboratory. Tritton's group (Trit
ton and Yee, 1982; Tritton et aI., 1983; Wingard and Tritton, 1983) have 
approached the problem by attaching anthracycline molecules to cross
linked polymers which are very much larger in diameter (50-200 )1) than 
cells (- 10 )1). These investigators have attached both adriamycin and car
minomycin by several chemistries involving different orientations of the 
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drug molecule and different key linkages (see refs. cited above for details). 
Results have been obtained by measuring cytotoxicity by both cloning and 
growth inhibition and by assay for free drug inside cells by HPLC. The 
principal findings may be summarized as follows: 

(1) Immobilized adriamycin and carminomycin can kill cells under con
ditions where no demonstrable free drug has been accumulated in the cells. 
The limit of detectable drug inside the cells (both LI210 and S 180) is lower 
than that which can be measured at non-cytotoxic concentrations of free, 
native anthracycline. Thus, these drugs can be actively cytotoxic without 
entering the cells. 

(2) The cytotoxic action does not depend on a specific type of support 
since agarose, beaded dextran and polyvinyl alcohol are all effective. 

(3) Adriamycin can be attached to the polymer by either alkylation or 
acylation reactions of the amino sugar moiety of the molecule and either 
preparation is cytotoxically active. 

(4) The reverse orientation of the anthracycline on the polymer, i.e. 
through the aglycone ring, also yields an active species. These results (3) and 
(4) suggest that a precise orientation of the drug on the cell surface is not 
required for biological activity, but rather the mere presence of the drug is 
sufficient to cause derangement of growth. The implication of this conclu
sion is that a formal drug receptor for anthracyclines, which could ordinarily 
require the ligand to bind in a specific geometry, is not present on the cell 
surface. 

(5) Fluorescence microscopy of the adriamycin-agarose beads showed a 
uniform distribution of drug fluorescence. Thus the surface, and hence cell
available, concentration of drug can be calculated. When this is done it is 
found that immobilized adriamycin is 2 to 3 orders of magnitude more 
potent than free adriamycin when comparing the total available concentra
tion. 

(6) Because the amount of cytotoxicity that can be achieved by immobil
ized preparations is limited to one or two logs of cell kill (albeit with a very 
low concentration of drug), and because increasing the time of exposure of 
cells to bead/drug conjugates does not greatly increase the cytotoxicity, it 
appears that the ability to kill cells by surface attack undergoes a type of 
down regulation. Put differently, the presence of immobilized adriamycin 
stimulated cells to reduce their susceptibility to further membrane-mediated 
kill by removing the structures which mediate this type of toxicity. 

The Tokes' group approach to this problem has differed in three regards: 
(l) the attachment matrix is polyglutaraldehyde; (2) the linkage of drug to 
polymer is a Schiff base; and (3) the microspheres formed are many diam
eters smaller than typical cultured cells (about 0.4 m compared to 10-20 J.1 
cell size). These workers find, however, that adriamycin attached covalently 
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to polyglutaraldehyde microspheres is cytotoxic ally active (Tokes et aI., 
1982; Rogers et aI., 1983). Using scanning electron microscopy these work
ers observed interaction of the drug-polymer conjugates with the cell surface 
and striking alterations in membrane morphology similar to those produced 
by toxins like menadione which act through intracellular mechanisms (Je
well et al., 1982). However, the Tokes group claims to find little polymer or 
free drug inside the cells (LI21O and rat liver cells). Consequently, it is 
concluded that adriamycin retains its cytocidal activity and ability to alter 
surface ultrastructure even when it is restricted to interaction solely at the 
cell surface. Tokes et al. (1982) and Rogers et al. (1983) also report that 
polyglutaraldehyde c;oupled adriamycin is capable of overcoming drug resis
tance, possibly due to 'multiple interactions' at the cell surface, i.e. the 
continued presence of the drug at the plasma membrane at high concentra
tion may overcome the resistance mechanism. 

These kinds of studies using immobilized preparations of anticancer drugs 
to force action at the cell surface are extremely provocative, although in a 
sense more questions are raised than answered. For example, what is the 
mechanism by which cell surface interaction leads to cell death? Possibly, 
one or more of the many membrane activities of anticancer drugs discussed 
in this review is the primary lesion. This remains an open question. Another 
problem is how to apply the knowledge obtained about membrane mecha
nisms of antineoplastics to practical clinical application. It seems unlikely 
that large polymers will prove generally useful as therapeutic agents, al
though certain types of tumors could be susceptible. Rather, we think that it 
will be necessary to design a new generation of non-penetrating low mole
cular weight drugs which take advantage of surface mediated cytotoxicity 
but which do not enter cells. Such drugs would offer several advantages: 

(1) They would not undergo intracellular degradation, sequestration or 
distribution. . 

(2) They might be used at low concentrations, since the results obtained 
to date suggest that surface attack is much more potent than attack at intra
cellular targets. The ability to use smaller doses might obviate some of the 
obnoxious side effects of treatment using cytotoxic agents. 

(3) The undesirable toxicities of anticancer drugs (e.g. cardiotoxicity with 
adriamycin) are probably mediated at intracellular sites and thus non-pen
etrating congeners could avoid such deleterious side effects. 

It is evident that the concept of membrane mediated cancer cell kill is 
new and rather underdeveloped. However, it is also evident that great 
potential exists for improving the therapeutic usefulness of pharmacological 
agents by exploring this approach, and we believe that research efforts in 
this direction will provide fruitful results over the next several years. 
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14. INTERACTION OF ANTICANCER DRUGS WITH MODEL MEMBRANES 

There are at least two major reasons for studying the interaction of drugs 
with model membranes: (1) One of the criteria for establishing a membrane 
target for an agent is that the drug must have the ability to interact with 
membrane components; and (2) once a membrane target is established as a 
binding site, the model membrane can be used to establish the chemical 
details of drug-membrane interaction. The most widely employed model 
membrane system for studying drug interactions is the phospholipid vesicle, 
or liposome (Tritton et al., 1977). 

The liposome system has several advantages over natural cell membranes 
for defining the physicochemistry of drug action. Liposomes are exceedingly 
simple; sonicated dispersions of phospholipids produce small vesicles of 
fairly uniform size (on the order of 300 A), consisting of a single bilayer 
surrounding an aqueous space (Huang, 1969). The membrane composition 
both in terms of the polar head group and the fatty acid side chains is 
accurately known, since pure phospholipids can be employed as starting 
materials. In this way, both the surface charge density and interior hydro
carbon fluidity can be controlled. Furthermore, membranes of practically 
any lipid composition can be prepared, and purified proteins or other mole
cules can be incorporated into either the aqueous or hydrocarbon phases. 
Such vesicles can be prepared on the large scale necessary for certain types 
of physical measurements without the complex manipulations required to 
purify cellular membranes. Most importantly, liposomes would appear to be 
relevant models of biological membranes, as they have the basic phosphol
ipid bilayer structural element of the membrane. 

Several anticancer drugs have been shown to interact with and modify the 
properties of model membranes. Koehler et al. (1983) used calorimetric 
techniques to show that cytosine arabinoside increased the solid <¢> fluid 
transition temperature of phospholipid vesicles, and suggested that the 
results indicated an effect of the drug on the relative populations of cooper
atively melting phases in a mixed lipid system. The more lipid soluble VP-
16 had the effect of broadening the transition curve and decreasing the 
enthalpy of the phase transition, i.e. the solid <¢> fluid transition was forced 
to become less cooperative in the presence of the drug. Likewise, Ter
Minassian-Saraga et al. (1981) found that vincristine and vinblastine low
ered the T m of dipalmityl phosphatidy1choline liposomes, but these drugs 
had the unusual property of increasing the transition enthalpy, possibly 
because they cause formation of coexisting drug-contaminated domains 
within the membrane which melt with high enthalpy. The amphipathic 
molecule, ellipticine, also has strong interactions with model membranes. 
Terce et al. (1982) and El Mashak and Tocanne (1980) have used mono-
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layers of acidic phospholipids to characterize this drug's interaction with 
membranes. Using surface oressure and surface potential measurements, 
these investigators found that ellipiticine interacts strongly with phospholi
pids, regardless of the membrane surface pressure or the nature and physical 
state of the lipid acyl chains. The interaction is stabilized by both electro
static and hydrophobic forces and caused a large film expansion and mod
ification of the phase properties of the membrane in a manner similar to 
cholesterol. It is apparent that ellipticine inserts between the lipid molecules 
to cause these rather large alterations in membrane structure. Although 
DNA has been considered as a target for ellipticine binding and action, it is 
evident from these results that biological membranes, because they can be 
extensively modulated by the drug, could also be a potential target for the 
pharmacologic action. 

Adriamycin has been studied more comprehensively than any other anti
cancer drug with respect to its ability to interact with model membranes and 
membrane lipid components. The overall aim of this work has been to learn 
both about the drug molecule and how it interacts with membranes, and 
also to draw inferences about membrane structure and organization in gen
eral. Through such experiments, the various investigators involved have 
derived some important clues about how the structure of the anthracyclines, 
as well as of the membrane components, contribute to the specificity of 
interaction. This work will be summarized next. 

One of the original questions asked was - Does adriamycin alter liposome 
membrane fluidity? Using light scattering as a means of detection, Tritton 
et al. (1978) found that adriamycin decreases the solid ¢> fluid transition 
temperature (T m) of membranes of varying composition. Thus the drug in 
general increases membrane fluidity. However, when a low level of cardiol
ipin (0.1-10%) is inserted into a lecithin membrane matrix, drug interaction 
causes the opposite effect on the thermal transition, i.e. adriamycin makes 
these membranes less fluid. This differential effect of adriamycin on the 
fluidity of membranes containing cardiolipin is quite remarkable and could 
provide an explanation for the specificity of the cytotoxic action of the drug 
on tumors, because evidence exists (Wallach, 1975; Bergelson et at., 1970, 
1974) indicating that certain neoplastic cells, unlike their normal counter
parts, contain cardiolipin in their plasma membranes, and thus present a 
different surface to the drug than non-malignant cells. Moreover, this con
cept may explain, at least in part, the notorious cardiac toxicity of this 
agent, in that heart muscle, which is rich in respiring mitochondria, might 
be a sensitive target because membranes of mitochondria are the major 
repository for cardiolipin in normal cells. Thus it is suggested that the phos
pholipid composition and distribution in cellular membranes may play an 
important role in determining the susceptibility of neoplastic cells to the 
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anthracycline antibiotics, as well as the toxic side effects of these agents on 
heart tissue. 

Other investigators have shown that in organic solvents. cardiolipin and 
adriamycin molecules form a specific complex of reasonably high affinity 
(Duarte-Karim et al., 1976; Schwartz and Kanter. 1979). This complex is 
stabilized by ionic interactions between the negatively charged phospholipid 
and the positively charged aminosugar of the anthracyclines, as well as n 
electron overlap. The next question thus becomes, does the interaction 
between drug and isolated cardiolipin molecules also pertain when the car
diolipin is an integral part of a phospholipid bilayer? Goormaghtigh et al. 
(l980a, b; 1982) have studied this problem thoroughly using both lipid 
monolayers and sonicated liposomes as model membranes. By using a com
bination of surface potential and equilibrium binding techniques as well as 
absorption spectroscopy and 31 P NMR spectroscopy, these workers showed 
that adriamycin forms a specific complex with cardiolipin membranes but 
not with neutral phospholipids. The association constant is as high as for 
DNA (- 2 x 106 M -I) and the limiting stoichiometry is 2 adriamycin moles 
per mole of cardiolipin. An important property of cardiolipin containing 
bilayers is the ability of this phospholipid to provoke structural polymor
phism (Goormaghtigh et al., 1982). Normal bilayer structure predominates 
in pure cardiolipin membranes in the absence of divalent cations, but addi
tion of Ca2+, for example, causes formation of intrabilayer inverted micelles 
and hexagonal phases which may be functionally important in biological 
membranes containing cardiolipin. Mitochondria in particular are the prin
cipal cellular location of cardiolipin and correctly structured mitochondrial 
membranes are undoubtedly required in respiration. Goormaghtigh et al. 
(1982) showed by elegant microscopic and 31 P NMR work that adriamycin 
inhibited the formation of non-bilayer structures in model membrane sys
tems and proposed that this may provide a structural explanation for the 
damage caused by adriamycin to cardiac muscle, i.e. direct mitochondrial 
alteration. Recent work from this laboratory has provided additional verif
ication of these concepts by demonstrating that adriamycin can transfer 
electrons from NADH to cytochrome C and coenzyme Q in cardiac mito
chondrial membranes (Goormaghtigh et al., 1983). The authors proposed, 
although no direct proof is shown, that a specific adriamycin-cardiolipin 
complex is an intermediary in this redox process. 

Further understanding of the structural basis for this cardiolipin effect has 
come from studies taking advantage of the intrinsic fluorescence emission of 
adriamycin (Karczmar and Tritton, 1979). In these studies only small mole 
fractions (0.01-0.03) of cardiolipin are present in a phosphat idyl choline 
matrix to more closely approximate the surface of a tumor cell. Fluores
cence titration studies of equilibrium binding showed that the differences in 
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the interactions of adriamycin with cardiolipin containing membranes, as 
compared to those of other phospholipid compositions, are not due to an 
increased binding but rather to an altered membrane structure when this 
lipid is present. Thus, unlike the pure cardiolipin membranes, low amounts 
of this phospholipid in a bilayer do not create a unique binding site for 
adriamycin. It was also demonstrated that I - ions, which quench adriamy
cin fluorescence by collision with the excited state, can serve as a molecular 
dipstick on the location of the drug within the bilayer. These quenching 
studies show that adriamycin is partially, but not completely, buried in the 
liposomal membrane. Goldman et al. (1978) also concluded that daunomy
cin and adriamycin are localized at the polar/apolar interface in phospholi
pid bilayers, based on measurements of the rotational rate from fluorescence 
depolarization data. Karczmar and Tritton (1979) further demonstrated 
that, both in the presence and absence of cardiolipin, the bulk of adriamycin 
is more accessible below the T ffi then above it; that is, a solid membrane 
tends to exclude the drug from deep penetration. Above the T ffi' where the 
membrane is in the fluid state, the presenct; of cardiolipin alters the nature 
of the liposome-adriamycin interaction. In this case, the fluorescence 
quenching data suggests that the presence of small amounts of cardiolipin 
(3 %) in a lecithin matrix creates two types of binding environments for the 
drug, one relatively exposed and the other more deeply buried in the mem
brane. The temperature dependence of the adriamycin fluorescence and the 
liposome light scattering reveal that cardiolipin also alters the thermal prop
erties of the bilayer, as well as its interaction with adriamycin. At low ionic 
strength lateral phase separations occur with liposomes of both pure phos
phatidyl choline and phosphatidyl choline containing 3 % cardiolipin; under 
these conditions the bound adriamycin exists in two kinds of environment. 
It is notable that only adriamycin fluorescence reveals this phenomenon; 
the bulk property of liposome light scattering reports only on the overall 
membrane phase change. These data suggest that under certain conditions 
the drug binding sites in the membrane are decoupled from the bulk of the 
lipid bilayer. 

Murphree et al. (1982) obtained further evidence that cardiolipin stimu
lates a membrane to interact uniquely with adriamycin by studying lipo
some fusion. Using 'H-NMR spectroscopy these workers studied the fusion 
rates of phosphatidyl choline vesicles both with and without small amounts 
of various other lipid classes. The most pertinent result of this work is that, 
although adriamycin can stimulate membrane fusion under certain condi
tions, the effect is most pronounced only when cardiolipin is present in the 
membranes. Thus, it is again clear that adriamycin induced effects on a 
membrane process (in this case fusion) are dependent on the phospholipid 
composition, and are particularly sensitive to the presence of cardiolipin. 
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Two other kinds of magnetic resonance experiments add to our under
standing of this cardiolipin effect. Since one of the central functions of a 
membrane is to serve as a permeability barrier, Murphree et al. (1982) used 
both NMR and EPR spectroscopy to determine if adriamycin altered per
meability. Using the spectral splitting caused in the proton NMR spectrum 
by paramagnetic Pr3+ ions, they showed that pure phosphatidyl choline 
liposomes are unaffected in their ionic permeability by drug treatment. 
However, when cardiolipin (0.25 %) is present in the liposomal membranes, 
then adriamycin stimulates permeation of Pr3 + cations across the bilayer. 
ESR studies were employed to see if adriamycin is capable of altering anion 
(ascorbate) permeability. In these experiments advantage was taken of the 
ability of ascorbate to reduce the paramagnetic signal of spin labeled lipos
omes (labeled with 5 doxyl stearic acid) at a rate which is determined by the 
ability of ascorbate to penetrate into the membrane. Murphree et al. (1982) 
found that adriamycin decreased ascorbate permeat.ion into pure phospha
tidyl choline liposomes, but, conversely, when cardiolipin was present (1 %) 
adriamycin stimulated the rate of ascorbate permeation. Thus, adriamycin 
can alter the permeability rate of both anions and cations across the lipid 
bilayer depending on the lipid composition. Perhaps the most striking 
aspect of this work is that binding of a single adriamycin molecule to a 
liposome (- 2500 lipid molecules) affects the structure of the entire lipo
some (Murphree et aI., 1982). Thus, adriamycin can cause propagation of 
long-range effects on membrane structure and organization; this observa
tion may provide some explanation for the extraordinary range of cell mem
brane actions of this agent. 

In addition to these studies on the role of membrane composition, Burke 
et al. (1983) have reported the use of fluorescence spectroscopy to investi
gate the effect of drug structure on the membrane interaction. They studied 
the liposomal interaction of a series of anthracyclines and their respective 
aglycones by fluorescence quenching and fluorescence polarization. The 
agents examined include adriamycin, daunomycin, carminomycin, AD-32, 
pyrromycin, marcellomycin, aclacinomycin and N,N-dimethyl adriamycin. 
The most intriguing result from this work is that both the binding affinity 
and the location within the membrane are similar for any parent/aglycone 
pair, but vary drastically for different chromophore structures. Thus the 
presence of the sugar portion of the molecule does not appear to be an 
important factor in determining the nature of the drug-membrane interac
tion, at least in an equilibrium thermodynamic sense. We expect that furth
er studies of this type will lead to a detailed understanding of the structural 
facets of the anthracycline molecule which lead to effective membrane inter
action. 
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15. CONCLUSION 

Most membrane specialists and pharmacologists will not find it surprising 
that anticancer drugs produce a rich variety of effects on the structure and 
function of biological membranes. This is because membranes are inherent
ly responsive to the action of external ligands and because many established 
classes of drugs are known to bring about their pharmacologic response by 
interaction with membranes. Classical cancer chemotherapists, however, 
may be somewhat startled to discover that practically every major type of 
antineoplastic agent, no matter what its accepted principal mechanism, has 
been surveyed for membrane action and found operative (Table 1). It is 
clear that there now exists a rather large mass of facts and observations 
showing that even for drugs having well-established intracellular targets, for 
example methotrexate and 5-fluorouracil, there is evidence for cell surface 
activity as well. We believe that there is little to be gained from simply 
collecting more observations and extending the list of membrane actions of 
anticancer drugs. It should be considered established that antineoplastics 
can be membrane active agents". The more important, and more difficult, 
question remaining for future work is - are these membrane effects func
tionally linked to pharmacologic action? 

The cell surface membrane conducts a wide variety of cellular business 
and a variety of types of control and regulatory mechanisms have been 
identified. These mechanisms include receptor coupled synthesis of cyclic 
nucleotides, protein phosphorylation, lipid methylation, phosphatidyl inosi
tol turnover, regulation of permeability and membrane potential and con
trol of membrane fluidity. Disruption of these mechanisms by drugs can 
irreversibly alter the ability of a cell to control metabolism and prolifera
tion, and in turn provide attractive possibilities for explaining the cytotoxic 
actions of antineoplastic agents. Indeed, this review shows that many of 
these mechanisms can be modulated by one or more anticancer drugs; the 
future awaits demonstration of how the membrane events are coupled to the 
ability of the drugs to be clinically effective. The major advantage of surface 
attack is that it offers the possibility of specificity of drug action since tumor 
cells are known to have altered plasma membranes and deranged abilities to 
carry out the aforementioned kinds of control mechanisms, when compared 
to their normal counterparts. Thus one hopes that drugs could be targeted to 
recognize and exploit such differences. Additionally, the use of drugs to alter 
specific membrane control mechanisms may represent a more sophisticated 
mode of cellular disruption than attempting to kill the cell by non-specific 
annihilation of DNA synthesis. The result of such drug action will be more 
selectivity for tumor cells and fewer toxic repercussions on normal cells, a 
result of clear significance to the advancement of cancer chemotherapy. 
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Eight fluoropyrimidines including 6 analogs of 5-fluorouracil (5FU) and 2 
analogs of 2' -deoxy-5-fluorouridine (FUDR) have been tested clinically in 
Japan since 1970. Characteristically, all drugs are masked compounds of 
either 5FU or FUDR and the administrative method used for clinical trials 
has been by the oral route. This trend has been influenced by the success of 
oral ftotafur at a commercial level and also by the fact that oral adminis
tration is a convenient method for an outpatient clinic. In order to enter 
clinical trials, several experimental evidences have been required for a new 
compound. 

Firstly, superior antitumor activity over 5FU and/or ftorafur in various 
animal tumors and secondly, less toxicity than either drug has been judged 
to be essential. 

More recently, higher concentration and longer retention of 5FU in both 
blood and tumor tissue were judged to be a favorable factor to predict an 
enhanced antitumor activity in human tumors. Among 8 compounds en
tered in clinical trials, further clinical investigations of 1,3-Bis (tetrahydro-
2-furanyl)-5-fluoro-2,4-pyrimidinedione [1] (FD 1) and ethyl(± )-t-6-butox
yl-5-fluorohexahydro-2,4-dioxypyrimidine-y-5-carboxylate [2] (TAC-278) 
were discontinued due to central nervous toxicity and inferior activity to 
5FU and ftorafur. 5' -Deoxy-5-fluorouridine [3] (5' -DFUR), a masked com
pound of 5FU, has almost completed phase II study by oral administra
tion. 

Two masked compounds of FUdR; 2' -deoxy-3', 5' -di-o-acetyl-5-fluoro-
3-(3-methyl henzoyl)uridine [4] (FF-705) and 5-fluoro-3-(3,4-methylene
dioxybenzoyl)-2' -deoxy-fJ-uridine [5](TK-117) are in phase I-II studies. 
Thus, this review describes three compounds: ftorafur, HCFU and UFT 
which are commercially available at present time. 

F.M. Muggia (ed.), Experimental and Clinical Progress in Cancer Chemotherapy 
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1 Ftorafur 
Ftorafur was synthesized by Hiller, et al. [6] in 1966 and the first clinical 
result was published by Blokhina et al. [7], Considerable clinical efficacy 
was reported in gastric, colorectal, and breast cancer with less toxicity than 
SFU. The clinical study of ftorafur in Japan was initiated by intravenous 
administration in 1970 but it was discontinued because of intolerable cen
tral nervous toxicities including dizziness, hypotension, vomiting and others 
occurring in the majority of patients. 

Thereafter, Kimura, Fujita et al. [8] at National Cancer Center found that 
upon oral administration ftorafur was absorbed promptly and concentra
tions of SFU in the human plasma were sustained longer compared to 
intravenous administration. Thus clinical study of ftorafur was restarted by 
the oral route in 1972. 

A. Clinical Efficacy 
Doses used in Phase II study ranged from 600 mg to 1,200 mg by daily 
chronic administration and clinical efficacies seen in various tumors are 
summarized in Table 1. Furue et al. [9], reported a 22.2 % response rate in 
163 patients with advanced gastric cancer but the responses included Kar
nofsky's [10] I-A response because at that time most investigators used 
these criteria. 

Summarizing three papers [11-13], an overall response rate of 33% was 
obtained in 76 patients with advanced breast cancer. In colorectal cancer, 
Konda [12] reported 2 responders (13%) out of 16 patients and Wata
nabe [11] reported one responder (7 %) out of 14 patients. Bedikian et 
al. [14], conducted a randomized trial comparing oral ftorafur and intra
venous SFU in advanced colorectal cancer. There were 6 partial responses 
(19 %) in 32 patients in SFU arm, while 7 partial responses (20 %) in 3S 
patients in ftorafur arm. They concluded that oral ftorafur is equally effec
tive against colorectal cancer with minimal hematologic toxicity. 

B. Toxicity 
Non-hematologic toxicities observed at a dose of 800 mg daily in Japanese 
study [11] are summarized comparing with those seen at a dose of 1 g/m2 
daily in the USA study [14] (Table 2). Gastrointestinal toxicities appear to 
be dose-related because significantly higher incidence was observed at a 
dose of 1 g/m2. Bedikian et al. [IS], conducted a phase I study escalating 
doses from o.s g/m2 to I.S g/m2 for 21 days repeated at 3-week intervals. 

They reported that diarrhea was the dose limiting factor and central ner
vous toxicity which was the dose limiting toxicity by intravenous adminis
tration was minimal at the dosages administered. However, the CNS toxic
ity [16] appears to be associated with peak plasma levels according to the 
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analysis of available literature on oral administration. Hematologic toxicity 
seen in Japanese and the US studies has been extremely mild. 

2 I-Hexylcarbamoyl-5-fluorouracil (HCFU) 
HCFU was synthesized by Ozaki, et al. [17] in 1977 as one of several car
bamoyl derivatives of SFU. 

In various animal tumors [18], HCFU was the most active among var
ious compounds in the same group and HCFU therefore was selected for 
further evaluation. HCFU is a masked compound converting to SFU by 
either non-enzymatic pathway or hepatic enzymes through intermediates of 
l-w-carboxypenylcarbamoyl-S-fluorouracil (CPEFU) and l-w-carboxypro
pylcarbamoyl-S-fluorouracil (CRPFU) [19]. HCFU [18, 20] demonstrated 
superior antitumor activity over SFU and ftorafur in LI21O, colon 28, colon 
38 and others. The distribution [21] studied in mice revealed that high con
centrations were observed in liver, kidney and lung but distribution to brain 
was limited. 

In preclinical toxicology [2,2, 23], HCFU demonstrated nearly identical 
gastrointestinal disturbances and bone marrow suppression as SFU and fto
rafur. 

Phase I Study. Koyama et al. [24], conducted a phase I study with escalating 
doses from 1 mg/kg upto 21 mg/kg orally for 2 weeks. 

The maximum tolerated dose was decided to be 20 mg/kg and optimal 
doses were judged to be 9-18 mg/kg in divided doses 2 to 3 times in a day. 
The dose limiting factor appeared to be central nervous toxicity including 
hot sensation, pollakiuria and sometimes urgency to defecate which occur
red lS-120 minutes after oral administration, lasting for 30 minutes to sev
eral hours and subsided spontaneously. 

Phase II Study. Koyama [2S] summarized the results obtained in a multi
institutional cooperative study group as shown in Table 1. 

Table 1. Clinical efficacy of Japanese fluoropyrimidines: percent responses (number/total) 

Tumors Oral ftorafur HCFU UFf 5FU** 

Gastric cancer 22 (36/163) 20 (16/80) 27 (33/121) 23 (1011448) 
Colorectal cancer 10 (3/30) 43 (13/30) 27 (12/45) 21 (45412107) 

20 (7/35)* 
Breast cancer 33 (25/76) 33 (14/42) 32 (18/57) 26 (324/1263) 

* Bedikian, A.Y., et al. CCT 6: 181, 1983. 
** Wasserman, T.H., et al. Cancer Treat Rep. Part 3 6(2):399, 1975. 
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There were 16 partial responses (20 %) out of 80 patients with advanced 
gastric cancer and responding sites were primary tumor, metastatic lymph
node, metastatic liver and lesion in abdominal wall. Among 30 patients 
with advanced colorectal cancer, there were one complete and 12 partial 
responses with a high response rate of 43 %. Complete disappearance of 
metastatic inguinal lymph nodes after resection of a primary tumor was 
evaluated as a complete response. 

With HCFU the studies obtained 3 complete and 11 partial responses 
(33 %) out of 42 patients with advanced breast cancer including responding 
sites in soft tissues and bone lesions. Time to response in these tumors was 
approximately 5 weeks and the mean duration was 11.5 weeks. 

Toxicity. Non-hematologic toxicities seen at doses ranging from 900 mg to 
1,500 mg per day are described in Table 2. 

Gastrointestinal toxicity was much milder than with oral ftorafur; in 
addition, hematologic toxicity was negligible. However, central nervous tox
icity was observed in about one-third of patients; furthermore, this toxicity 
was unpredictable even though these symptoms subsided spontaneously 
during the first week in 20-30 % of patients. 

The exact mechanism to develop this toxicity has not been clarified but 
the experimental result [26] in rats has suggested that HCFU itself and one 
of its metabolites CPEFU is responsible. 

3 UFT 
UFT is a unique combination consIstmg of uracil and ftofafur. Fujii et 
al. [27,28], found that coadministration of uracil and ftorafur enhances 
antitumor activity of ftorafur on sarcoma-I80 and AH-130, because uracil 
inhibits degradation of 5FU which has been released from ftorafur; conse-

Table 2. Toxicity of Japanese fluoropyrimidines 

Incidence (%) 

Oral Ftorafur HCFU UFT 

Toxicity 800mgld Iglm2/d 900-1500 mgl d 600mgld 

Anorexia 32 43 16 29 
Nausea & Vomiting 23 54 & 32 11 15 
Diarrhea 16 27 7 6 
Mucositis 4 26 0 3 
Malaise 17 57 12 6 
Dizziness 0 6 0.5 0 
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quently, 5FU levels in tumor tissues were much higher comparing to those 
measured after administration of ftorafur alone. 

A molar ratio of ftorafur to uracil of 1 to 4 was determined to be optimal 
in accordance with balance of antitumor efficacy and toxicity. 

Phase I Study. Taguchi et al. [29], reported the results obtained in phase I 
study. They escalated doses from 100 mg/body to 1,200 mg/body by a single 
oral administration but no serious toxicity was seen in this schedule. There
after, they administered the drug by daily chronic administration escalating 
doses up to 750 mg/day and found that dose limiting factor was gastrointes
tinal toxicity including nausea, vomiting and diarrhea which occurred in the 
majority of patients who received doses exceeding 750 mg/day. They, there
fore, determined an optimal dose for daily chronic administration to be 
600 mg/day. 

During phase I study, several investigators [30-32] measured 5FU levels 
in human tumor tissues and found that UFT produced higher 5FU levels in 
human tumor tissues compared to normal tissues and these levels lasted for 
longer periods than levels achieved when ftorafur was administered alone. 

Phase II Study. Among 121 patients with advanced gastric cancer summar
izing from 8 studies in the literature [33-40], there were one complete and 
32 partial responses for an overall response rate of 27.2 % ranging from 
12.5% to 44.4 %. Durations of responses were reported to range from 5 to 47 
weeks. There were scattered results reporting about clinical efficacy on 
colorectal cancer and 12 partial responders (26.7 %) out of 45 patients were 
reported among studies of8 investigators [33-37, 41-43]; in addition, dura
tions of responses ranged from 6 to 42 weeks. Among 57 patients with 
advanced breast cancer [33-3537,38,41,44], there were 2 complete and 16 
partial responses (31. 6 %) lasting for 4 to 16 weeks. 

UFT produced 6 complete and 9 partial responses (34.9%) lasting from 4 
to 24 weeks in 43 patients with head and neck tumors [45, 46]. A few 
objective responsers [33-38] were observed in hepatoma and pancreatic 
cancer but UFT does not appear to be as active against non-small cell car
cinoma of the lung. 

C. Toxicity 
Watanabe et al. [33] compared toxicities seen in phase II study of UFT and 
ftorafur because they conducted the studies in the same group. The dose of 
ftorafur containing in UFT was 600 mg and that of ftorafur alone was 
800 mg. They concluded that toxicities of UFT were milder than those of 
ftorafur. 

Takino et al. [36] also compared toxicities of both drugs observed in their 



138 

sequential studies. The doses they used were 600 mg of UFT and 800 to 
1,200 mg of ftorafur. They reported that the overall incidence of gastroin
testinal toxicity was slightly higher in patients treated by UFT. 

COMMENT 

Response rates for 3 major tumors obtained by 3 drugs are summarized and 
compared to these of 5FU reported by Wasserman et al. [47]. In gastric 
cancer, 4 drugs demonstrated nearly identical response rates, while in color
ectal cancer HCFU showed a surprisingly high response rate although num
bers of patients were relatively small. Thus further studies are necessary to 
confirm this result, because colorectal cancer is an unresponsive tumor to 
chemotherapy. Other 3 drugs indicate nearly identical activity. It was judged 
that all 4 drugs have a similar activity for breast cancer. 

Concerning the toxicities, both hematologic and gastrointestinal toxicities 
of the 3 Japanese compounds are milder than 5FU. 

The central nervous toxicity was infrequent at the relatively low dosage 
used in oral ftorafur and UFT; however it has been an obstacle for clinical 
use of HCFU. Specific advantages of anyone of these in combinations 
awaits further study. 
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6. DNA Modification by the Nitrosoureas: Chemical 
Nature and Cellular Repair 

DA VID B. LUDLUM and WILLIAM P. TONG 

1. INTRODUCTION 

Compounds which react with DNA, and there are many, rank with our 
most effective antitumor agents. In fact, the use of nitrogen mustard and its 
derivatives introduced the era of effective cancer chemotherapy. Since that 
time, a wealth of information has accumulated about the interaction of 
antineoplastic agents with DNA, and certain basic hypotheses have been 
developed about their mechanism of action. 

A major hypothesis relates the cytotoxicity of bifunctional alkylating 
agents to the formation of interstrand crosslinks in DNA. Evidence for 
crosslinking was obtained early in the investigation of alkylating agents and 
details of the crosslinking mechanism are now becoming available. It seems 
probable that differences in the nature of the crosslinks produced by differ
ent classes of DNA-modifying agents may underlie differences in the thera
peutic activity of these compounds. 

Following the discovery that methylnitronitrosoguanidine had activity 
against LI210 cells [I], other related compounds were synthesized and 
tested as antitumor agents at the Southern Research Institute [2]. It was 
noted that substitution of the methyl group by a halo ethyl moiety greatly 
increases cytotoxicity and that haloethylnitrosoureas give a positive test for 
alkylating activity and react with DNA [3, 4]. 

We became interested in these reactions since it seemed likely that DNA 
modification by the haloethylnitrosoureas might be similar to modification 
by N-methyl-N-nitrosourea [5, 6] and different from modification by classi
cal alkylating agents. It is now apparent that this supposition is correct and 
that, although haloethylnitrosoureas and nitrogen mustards both crosslink 
DNA, different mechanisms are involved. 

In what follows, we will review the chemistry of DNA modification by 
the nitrosoureas and consider the role of cellular enzymes in either magnify-
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ing or repairing this damage. Since the presence or absence of cellular repair 
processes may playa role in determining the sensitivity of a particular cell 
line to cytotoxicity by the nitrosoureas, a deeper understanding of this pro
cess may ultimately contribute to the more effective use of this important 
class of compounds. 

2. MODIFICATION OF DNA BY THE NITROSOUREAS 

The DNA bases are readily modified by the haloethylnitrosoureas at the 
nucleoside, polynucleotide, and DNA level. However, the ready availability 
of polyribonucleotides led us to investigate the modification of these poly
mers first, thus identifying the most readily substituted bases. Substitution 
of the deoxyribonucleosides is similar, although the secondary structure of 
DNA and its organization into chromatin probably determine the extent of 
substitution at a particular base site in cellular DNA. 

The first haloethylnitrosourea-modified nucleosides which were identified 
were 3-hydroxyethylcytidine and 3,N4-ethanocytidine [7]. Their structure 
clearly illustrates the transfer of a two-carbon fragment from BeNU to the 
base, and led to our suggestion that the initial step in DNA modification 
was substitution by a haloethyl group. This substituent could then react a 
second time to produce an intra- or interstrand crosslink [7, 8]. The halo
ethyl group would arise from the nitroso-bearing nitrogen in the haloethyl
nitrosourea structure so that a chloroethyl group would be transferred from 
BeNU (N,N' -bis[2-chloroethyl] -N-nitrosourea) and a fluoroethyl group 
from FeNU (N-[2-fluoroethyl] -N' -cyclohexyl-N-nitrosourea). 

Most of the chloroethyl-substituted bases are evidently quite reactive and 
the only one which has actually been recovered from BeNU-treated DNA is 
7-chloroethylguanine. The fluoroethyl derivatives are more stable and ad
vantage of this fact has been taken to isolate and characterize several such 
nucleosides [9-12]. It was originally thought that hydroxyethyl nucleosides 
arose from the haloethyl nucleosides by simple hydrolysis, but the haloethyl 
nucleosides which have been isolated are relatively stable in aqueous solu
tion. Thus, it appears that hydroxyethyl nucleosides arise from the interac
tion of a different reactive species with the nucleoside as described be
low. 

As shown in Figure 1, derivatives of all the major DNA/RNA bases 
except thymine and uracil have been identified [13-15]. Mono-substituted 
bases bear haloethyl, hydroxyethyl, or aminoethyl groups, the latter arising 
from the chloroethylisocyanate generated from agents like BeNU which 
carry a chloroethyl group on their non-nitroso-bearing nitrogen [13]. 
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Figure 1. Structures of modified nucleosides and bases isolated from reactions of haloethylni-
trosoureas with nucleic acids and nucleosides. 

Of the modified bases shown in Figure 1, 7-hydroxyethylguanine has been 
found in the largest amounts. This and the other 7 -substituted guanines 
represent modifications in the major groove of the DNA helix; the other 
monoadducts all represent substitution in base-pairing positions. Thus, the 
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local structure of DNA is probably of great importance in determining the 
amount of DNA modification and may underlie differences in the sensitiv
ity of cells at different stages in the cell cycle. 

In line with the more extensive studies of nucleic acid modification by 
methy1nitrosourea, it is to be anticipated that other derivatives will be iden
tified which involve substitution at the other base nitrogens and oxygens. 
Furthermore, phosphate alkylation evidently occurs as shown by physical 
studies [16, 17] which are described in further detail below. Thus, additional 
studies are needed to complete the characterization of the DNA lesions 
produced by the nitrosoureas. 

Although this review is concerned primarily with the biological signifi
cance of the nucleic acid derivatives, it is important to consider their origin 
since different nitrosoureas produce different distributions of products [18]. 
A general scheme for the generation of reactive intermediates is shown in 
Figure 2 [19-22]. Three chemically distinct routes labelled A, B, and C by 
Lown and Chauhan [19] seem to be involved. Decomposition through route 
B results in the formation of haloethyl nucleosides which probably cause 
interstrand crosslink formation [7, 8, 23, 24]. Hydroxyethyl derivatives evi
dently arise from decomposition via routes A and C, but both modes of 
decomposition could also lead to crosslink formation if the cyclic interme
diates reacted in the correct sequence with neighboring nucleosides [25, 26]. 
As the significance of particular DNA modifications becomes more appar
ent, and as the distribution of lesions produced by the different nitrosoureas 
is elucidated, it may become possible to choose among the various nitro
soureas on this basis as well as on more classical grounds. 

Most of the derivatives shown in Figure 1 are not yet available from 
commercial sources, but can be identified with moderate certainty in DNA 
hydrolysates from their chromatographic properties and ultraviolet spectra. 
Their structures were established originally on the basis of ultraviolet and 
mass spectrometry and, in most cases, by an unambiguous synthesis as 
described in the original papers cited above and in two previous re
views [25, 26]. 

Separation of the modified nucleosides and bases is readily achieved by 
high pressure liquid chromatography on CIS reverse phase columns using 
either acetonitrile-phosphate buffers or paired ion chromatography. The 
retention times of the modified nucleosides and bases actually isolated from 
BCNU-treated DNA are shown in Table 1. Further characterization of these 
derivatives is possible using the spectroscopic data contained in Table 2. 

The most interesting structures isolated from BCNU-treated DNA are, of 
course, the crosslinked nucleosides shown at the bottom of Figure 1. We will 
consider the formation of the dCydCH 2CH2dGuo crosslink (1-[N3-deoxycy
tidyl] ,2-[NI-deoxyguanosinyl]-ethane) in further detail below, but it is im-
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Figure 2. Proposed decomposition of BCNU and the formation of intermediates involved in the 
modification of nucleic acids. 

portant to emphasize that it is an excellent candidate for an interstrand 
crosslink. It would involve the basepairing partners, cytosine and guanine, 
and once formed would be vefY, difficult to repair. Thus, even if ont: of the 
altered bases were recognized and removed from a DNA strand, the other 
strand would still contain an altered base in the position across from it. 
Excision of that base would automatically result in a double-strand break. 

Crosslinking cannot be the only factor involved in explaining the cytotox
icity of the nitrosoureas, however. The methylating nitrosoureas, methylni
trosourea and streptozotocin, are both effective in the treatment of certain 
solid tumors. The cytotoxicity of these agents is probably attributable to 

Table 1. High pressure liquid chromatographic retention times for modified bases and nucleo
sides isolated from BCNU-treated DNA. 

Compound 

7-(2-hydroxyethyl)guanine 
7-(2-chloroethyl)guanine 
7-(2-aminoethyl)guanine 
0 6 -(2-hydroxyethyl)guanine 
3-(2-hydroxyethyl)deoxycytidine 
3,N4-ethanodeoxycytidine 
1-(2-hydroxyethyl)deoxyadenosine 
1 ,N6 -ethanodeoxyadenosine 
1-(N3 -deoxycytidyl),2-(N l-deoxyguanosinyl)-ethane 
1,2-di(7-guanyl)ethane 

Retention time 
(min) * 

9.1 
35.7 

5.9 
22.3 

7.1 
8.3 
8.1 

12.8 
46.6 
29.5 

* Separations on a Spherisorb ODS 5 ~m (4.6 x 250 mm) column eluted isocratically with 
50 mM KH 2P04 , pH 4.5, containing 3% acetonitrile at a flow rate of 1 ml/min. 
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Table 2. Ultraviolet spectra of modified bases and nuc1eosides isolated from BCNU-treated 
DNA 

Acid pH 7 Base 

Compound max mm max min max min 

7 -(2-hydroxyethyl)guanine 250 228 284 260 280 257 
245 235 

7-(2-chloroethyl)guanine 250 230 284 260 280 257 
245 235 

7-(2-aminoethyl)guanine 250 230 284 260 280 257 
243 234 

0 6 -(2-hydroxyethyl)guanine 288 257 282 258 284 260 
240 228 

3-(2-hydroxyethyl)deoxycytidine 280 249 274 245 266 245 

3,N4-ethanodeoxycytidine 285 243 284 250 279 254 

1-(2-hydroxyethyl)deoxyadenosine 260 235 260 235 260 235 

I,N6-ethanodeoxyadenosine 261 239 267 240 267 219 

1-(N3-deoxycytidyl),2-(N'-deoxygua- 278 237 275 234 259 237 
nosinyl)-ethane 265 (s) 260 (s) 

1,2-di(7-guanyl)ethane 250 230 284 260 280 257 
245 235 

either depurination and strand SCiSSlOn, or to phosphate alkylation as 
described below. 

Two extremely important features of DNA modification, crosslinking and 
strand scission, have been established by physical measurements on DNA 
exposed to the nitrosoureas. Kohn and his collaborators [23, 27-29] demon
strated that both fluoroethyl- and chloroethylnitrosoureas can produce in
terstrand crosslinks in DNA. Their studies utilized alkaline elution and gra
dient centrifugation techniques to show the existence of these crosslinks. 
These studies went further, however, and demonstrated that crosslink for
mation did indeed occur as a two-step reaction. Nucleic acids were exposed 
to haloethylnitrosoureas for a period of time which was presumably suffi
cient to allow the formation of reactive haloethyl nucleosides within one 
DNA strand. The DNA was then precipitated, washed free of unreacted 
nitrosoureas, and incubated a second time. The amount of interstrand cross
linking increased significantly over a matter of hours during the second 
incubation period with a half-life which seemed to be shorter for the chlo
roethyl- than for the fluoroethylnitrosoureas. 

Lown and his co-workers [24, 30] obtained similar data with a somewhat 
different technique which also provided evidence for a two-step crosslinking 
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reaction. DNA was incubated with the nitrosoureas, washed free of un
reacted material, and reincubated as described above, but the amount of 
crosslinking was calculated from the amount of DNA renaturation which 
could be achieved after heat denaturation. Renaturation was determined in 
these experiments by measuring the fluorescence of intercalated ethidium 
bromide in the helical regions which reappeared in the renatured DNA. 

DNA interstrand crosslink formation achieved biological significance 
when Kohn and his co-workers showed that the amount of interstrand 
crosslinking correlated with the sensitivity of a particular cell to the cyto
toxic action of the nitrosoureas [31]. At the present time, it seems most 
likely that the interstrand crosslinks which are measured by these physical 
techniques are actually the dCydCH2CH2dGuo lesions described above. 

Double-strand scission is another potentially important DNA lesion 
which has been demonstrated by physical methods [16, 17]. Since it is dif
ficult to imagine a biological process which would lead to the repair of such 
a lesion, chain scission could also be responsible for cytotoxicity. Lown [17] 
has pointed out that phosphate esterification by the haloethylnitrosoureas 
would probably result in the formation of hydroxyethyl phosphates. These 
linkages would presumably constitute weak spots in the sugar phosphate 
backbone of DNA and could easily result in chain scission. 

Of course, monoadduct formation could also be lethal. Not only do cer
tain base modifications result in the transfer of incorrect genetic informa
tion, but many of the mono-substituted bases described above may be sub
ject to chemical or enzymatic depurination which could lead to further ge
netic damage. 

Thus, there are several possibilities for explaining the cytotoxicity of the 
nitrosoureas at a biochemical level. The problem is a challenging and fasci
nating one which is moving at a gratifying pace towards that goal of mole
cular pharmacologists - explaining the therapeutic action of a drug at a 
molecular level. If this goal can be reached, practical applications should 
follow quickly in determining and, perhaps, controlling the sensitivity of 
tumor cells to this group of antitumor agents. 

3. CELLULAR REPAIR OF NITROSOUREA-MODIFIED DNA 

The biological consequences of DNA damage depend not only on the nature 
of the original lesion, but also on cellular processes which repair or modify 
this damage further. Although it seems likely that repair would lead to 
resistance in most cases, error-prone repair could conceivably increase the 
cytotoxic action of the nitrosoureas. 

Although relatively little is known about the repair of the specific lesions 
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mentioned above, many of the mono-substituted bases are rather similar to 
the corresponding methyl and ethyl derivatives which have been studied in 
considerable detail. Accordingly, we can be guided by a knowledge of the 
repair of these lesions, and the reader is referred to the many excellent 
reviews in this area [32-39]. 

Table 3 lists some of the repair processes which are almost certainly 
involved in protecting cells from the cytotoxic action of the nitrosoureas. 
The first process, postreplication repair, is potentially error-prone, but can 
protect the cells from a wide variety of lesions by using genetic information 
from an undamaged stretch of DNA. Evidence for its involvement in 
protecting bacteria from the lethal action of the nitrosoureas is mentioned 
below. 

Based on what is known about the repair of DNA damage induced by 
other chemical agents, several enzymes involved in excision repair are prob
ably also active in the repair of nitrosourea-damaged DNA. The uvr endo
nuclease system apparently recognizes distortions in the DNA structure, and 
we have obtained some preliminary data which suggest that it provides 
protection against the lethal action of the nitrosoureas, perhaps by excising 
crosslinks [40]. DNA glycosylases have been described which remove 7-
substituted guanines and the ring-opened products which can be generated 
from them. Such enzymes might recognize 7-hydroxyethylguanine, 7-halo
ethylguanine, or 7 -aminoethylguanine. Similarly, glycosylases which recog
nize 3-methyladenine or related enzymes might release 3-hydroxyethylade
nine from nitrosourea-damaged DNA. 

All of these glycosylases as well as chemical depurinations would leave 
apurinic sites in DNA. AP endonucleases would be important in repairing 
these lesions, and their absence would confer special sensitivity on a cell line 
which failed to contain them. Finally, and of great current interest, a corre
lation has been established between sensitivity to the nitrosoureas and the 

Table 3. Cellular repair processes for nitrosourea-induced DNA lesions 

Repair process 

Postreplication repair 

Excision repair 
uvr+ endonucIeases 
DNA glycosylases 

AP endonucIeases 

Transferase repair 

DNA lesion recognized 

Probably diverse 

Crosslinks and! or helical distortions 
7-Substituted guanines; ring-opened 7-substituted guanines; 

3-substituted adenines 
Depurinated sites 

06-alkylguanines 
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presence or absence of enzymes capable of removing methyl groups from 
the 6 position of guanine [41]. 

The relationship between cytotoxicity and repair can be studied with pre
cision in bacterial systems because mutants are available which are deficient 
in specific repair processes. Tashima et al. [42] investigated the cytotoxicity 
of BCNU to four strains of Escherichia coli with normal or defective exci
sion or recombination repair. Strains lacking recombination repair were 
particularly sensitive to the nitrosoureas while a double JIlutant which 
lacked both the uvr-A and rec-A genes seemed to be even more sensitive 
than the corresponding uvr-A + rec-A - strain. As mentioned above, the 
importance of the uvr-A gene has been confirmed by Kacinski et al. [40]. 

lust as previous work with methylnitrosourea has contributed to the 
understanding of the biochemistry of DNA modification by the haloethyl
nitrosoureas, studies of methylnitrosourea-induced mutagenesis and carci
nogenesis have contributed to our knowledge of relevant repair processes. 
Ever since Loveless suggested that alkylation of guanine in the 6 position 
contributes to mutagenesis and carcinogenesis by methylnitrosourea [43], 
data have accumulated which ~upport this proposal. Repair of this lesion 
has been described in both bacterial and eucaryotic cells [44-47]. Those 
cells which are capable of removing the methyl group from the 0 6 position 
of guanine are described as MER + and are, in general, more resistant to 
mutation. 

Possession of this trait in human tumor cell lines has been shown to 
correlate with resistance to the in vitro cytotoxicity of the haloethylnitro
soureas [29, 41]. Such MER + cells also show a decrease in DNA interstrand 
crosslink formation. These correlations have been attributed to the ability of 
a MER + strain to remove a haloethyl group from the 6 position of guanine 
before it could react a second time to form an interstrand cross
link [29, 41]. 

Although methyl- and ethylnitrosourea cause substitution in the 6 posi
tion of guanine, formation of 06-haloethylguanine by the haloethylnitro
soureas has not been described until very recently [12] and a crosslink 
involving this position has not yet been detected at all. Thus, it has not been 
clear at a biochemical level what crosslink formation could be prevented in 
MER + cells. However, it has recently been shown that 06-fluoroethylgua
no sine hydrolyzes to NI-hydroxyethylguanosine [16], and this observation 
supports the proposal that the dCydCH 2CH2dGuo crosslink results from an 
initial attack on the 6 position of guanine [15]. 

This route to crosslink formation is shown in Figure 3 which, at the same 
time, illustrates the role that 06-alkylguanine transferase might play in pre
venting crosslink formation. The left-hand side of the figure shows the pro
posed route to BCNU crosslinking in cells which are repair-deficient, i.e., 
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Figure 3. Proposed mechanism leading to the formation of the DNA crosslink, 1-(N3-deoxycy
tidyl),2-(N1-deoxyguanosinyl)-ethane, and the role of 06-alkylguanine transferase in preventing 
crosslink formation. 

lack the MER + trait. Initial attack of a chloroethy1 carbonium ion on the 6 
position of deoxyguanosine would lead to 06-chloroethyldeoxyguanosine as 
shown in the upper left corner of this figure. An internal rearrangement 
would then lead to the reactive intermediate, N 1 ,06 -ethanodeoxyguanosine 
which would then react with its base-pairing partner, deoxycytidine, to form 
dCydCH2CH2dGuo. As mentioned above, this route to crosslink formation 
is supported by evidence which shows that 06-fluoroethylguanine is formed 
in DNA and that 06-fluoroethylguanosine rearranges and hydrolyzes to N I -

hydroxyethylguanosine [12]. 
This proposal would also explain the role of 06-alkyl transferase in pre-
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venting crosslink formation. Since the 06-alkylguanine transferase system in 
MER + strains has been shown to transfer methyl [48, 49] or ethyl [50,51] 
groups from DNA to a cysteine moiety, this same or a related transferase 
activity could probably transfer the 06-chloroethylguanine group to the 
repair protein. This would lead to the formation of chloroethylcysteine and 
the restoration of deoxyguanosine to its original unmodified condition. 
Assuming that the dCydCH2CH2dGuo crosslink is responsible for at least 
some of the cytotoxic action of the haloethylnitrosoureas, this would explain 
the resistance of cell lines which possess the MER + trait. 

4. SUMMARY 

In summary, then, the haloethylnitrosoureas modify DNA extensively, 
attaching haloethyl, hydroxyethyl, and in the case of BCNU, aminoethyl 
groups to the nitrogens and oxygens of the DNA bases. Phosphate alkyla
tion and interstrand crosslink formation have also been demonstrated by 
physical chemical techniques. These studies have shown that interstrand 
crosslink formation correlates with cytotoxicity. 

Interstrand crosslink formation evidently occurs as a two-step reaction in 
which a haloethyl group is transferred to a base in one strand of DNA and 
then reacts a second time with the opposite strand of DNA. The interstrand 
crosslink itself probably has the structure, 1-(N3-deoxycytidyl),2-(N I-deoxy
guanosinyl)-ethane, or dCydCH2CH2dGuo. This structure consists of a two
carbon bridge between the N 1 position of deoxycytidine and the N 3 position 
of its base-pairing partner, deoxyguanosine. Formation of this crosslink 
probably involves, as a first step, alkylation of the 6 position of deoxygua
nosine by a haloethyl group. Removal of this group by 06-alkylguanine 
transferase could then prevent the secondary reactions which lead to cross
link formation, explaining the increased resistance of cell lines which con
tain the MER + trait. Other repair mechanisms are probably also important 
in affecting the resistance of cells to the cytotoxic action of the haloethylni
trosoureas by modifying or repairing other DNA lesions. 
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The enzyme thymidylate synthetase (TS) which accomplishes the methyla
tion of deoxyuridine monophosphate to thymidine monophosphate has 
been of interest ever since its discovery in 1957 [1]. Its crucial role in the 
synthesis of the only nucleotide required exclusively for DNA synthesis 
makes it an obvious target for antimetabolite attack. The discovery by Coh
en [2] that 5-fluorodeoxyuridine monophosphate (FdUMP), a metabolite of 
the antipyrimidines 5-fluorouracil and 5-fluorodeoxyuridine, was a potent 
inhibitor of TS, coupled with the documentation of clinical antitumour 
activity for this drug ensured the continuing studies both of TS and antipy
rimidines. The detailed and painstaking studies of the nature of the tight 
binding of FdUMP to TS in the presence of the cofactor 5,10-CH2FH4, to 
produce a stable ternary complex have given us enormous insights into the 
mechanism of TS catalysis and have allowed the rational design of further 
TS-inhibitory uracil derivatives. The inhibition of TS by FdUMP was 
accepted for many years as the main basis for the cytotoxicity of the fluo
rinated pyrimidines, and only recently have the incorporations of these 
molecules into nucleic acids been fully considered as alternative or contri
butory cytotoxic events. The knowledge that FU has cytotoxic actions unre
lated to TS inhibition implies that an inhibition of TS uncomplicated by 
other actions has not been evaluated as an antitumour event. Both this 
observation and a critical appraisal of anti folate design have led to increas
ing interest in TS as a locus for folate analogues. The present range of anti
folate drugs are, for historical reasons, all DHFR inhibitors. Although the 
prototype antifolate, aminopterin, entered the clinic [3] nine years before 
DHFR was even discovered [4], at the time it was synthesised it was ration
ally designed, stemming from an application of the Fildes-Woods theory of 
anti metabolites [5]. Apart from their usage as drugs, aminopterin and the 
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closely related methotrexate have helped in elucidating folate biochemistry. 
Some sixteen folate enzymes have since been discovered and their interlock
ing metabolic functions described [6]. This knowledge highlights TS as a 
locus for a new antifolate. Thus investigations of and attempts to improve 
upon the long established drugs FU and methotrexate started separately but 
in recent years have converged to bring TS firmly into focus. In this review 
we concentrate upon the efforts made in recent years to inhibit TS by a 
folate analogue, and attempt to discover whether such an analogue will 
indeed offer therapeutic advantages over methotrexate or FU. 

ABBREVIATIONS AND CONVENTIONS 

TS Thymidylate synthetase (EC 2.1.1045) 
DHFR Dihydrofolate reductase (EC 1.5.104) 
FPGS Folyl polyglutamate synthetase 
FH2 7,8-dihydrofolate 
FH4 5,6,7,8-tetrahydrofolate 
5,10-CH2FH4 5,1 O-methylenetetrahydrofolate 
dUMP Deoxyuridylic acid 
TMP Thymidylic acid 
TdR Thymidine 
FU 5-Fluorouracil 
FUR 5-Fluorouridine 
FUTP 5-Fluorouridinetriphosphate 
FUdR 5-Fluorodeoxyuridine 
FdUMP 5-Fluorodeoxyuridylic acid 
FdUTP 5-Fluorodeoxyuridine triphosphate 
PRPP 5-phosphoribosyl pyrophosphate 
dRP 5-phosphodeoxyribosyl 
Glu L-glutamic acid 
Tosyl p-toluenesulphonyl 

When refering to polyglutamates, the number given signifies the total 
number of glutamic acid residues present in the molecule. 

For the convenience of keeping the number of formulae within limits, 
certain of the folate analogues are shown to have a 4-hydroxy group. It must 
be understood that such molecules normally exist as the lactam tautomer in 
which the oxygen is a doubly-bonded carbonyl oxygen. Other of the formu
lae make this clear. 
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2. CAT AL YTIC MECHANISM 

2.1 Molecular 
The elegant and painstaking studies which have led to our present under
standing of the mechanism of TS catalysis have been well reviewed [7-13] 
and these articles should provide the reader with the historical development 
of this subject. The currently accepted theory of the mechanism is therefore 
reviewed here only in outline. 

It has been established that dUMP (I) binds first to the enzyme and that a 
dissociated cysteine sulphydryl group of the enzyme then adds covalently to 
position 6 of the pyrimidine ring to produce a binary complex (II) (Scheme). 
This complex is an enolate anion intermediate with charge delocalised 
between the 4-oxo and 5-methine groups (scheme 1). The carbon atom at 5 
is thus made highly nucleophilic and primed for alkylation by the electro
philic methylene group of the cosubstrate, 5,1O-methylenetetrahydrofolate 
(III). The alkylating species is probably not the 5,1 O-methylene compound 
per se with its unreactive sp3-hybridised carbon atom but a derived imin
ium ion at N 5 or N 10 with a, more reactive Sp2 carbon [14]. What evidence 
there is (15) supports the idea that protonation occurs at N to with opening 
of the imidazolinone ring to give the 5-iminium ion (IV) and not vice versa. 
Alkylation produces the ternary complex (V) and completes the first stage of 
events within the active site. The second stage of catalysis is the reduction 
of the attached methylene group to form the thymine methyl group. In this 
process the hydrogen at C5 of the pyrimidine ring is cleaved and lost (loss as 
tritium forms the basis of several TS radioassays) and the hydrogen at C6 of 
the pteridine is transferred in its entirety [16, 17] and stereospecifical
ly [18, 19] to give dihydrofolate (VI) and thymidylate (VII) with regenera
tion of the cysteine sulphydryl group. The mechanism of this reduction and 
concomitant fragmentation to products is unknown. Product release is 
ordered with FH2 released before thymidylate. 

As earlier alluded to, FdUMP is so close an analogue of dUMP that it can 
undergo the enzymic reactions leading to its incorporation into a FdUMP-
5,10-CH2FH4-TS ternary complex analogous to (V). This complex is stable 
and can be considered as an analogue of the intermediate which occurs in 
the natural reaction. For FdUMP to progress further along the catalytic 
pathway would require the cleavage of the C5 - F bond, a process which does 
not occur, probably because the fluorine atom cannot depart carrying a 
positive charge in the presumed manner that the hydrogen atom departs in 
the natural reaction. Since FdUMP inactivates TS by taking part in the 
catalytic sequence it qualifies for description as a suicide or Kcat inhibitor. 
FdUMP has proved a useful tool in elucidating the first stage of TS catalysis 
leading up to the formation of the ternary complex (V). Since the complex 
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incorporating FdUMP does not breakdown to give products little is known 
of the late stages of TS catalysis and this presents a major research challenge 
still. 

2.2 Kinetic 
In most cases the Km value for the co substrate 5,1O-CH2FH4 (III) has been 
determined using a mixture of diastereoisomers about the C6 chiral centre: 
(d,I)- or (±)-L-5,1O-CH2FH4' Such Km values fell in the range 14-45 J.lM 
(D. pneumoniae excepted) usually settling around 30 J.lM (Table 1). Only 
one component of this mixture is functional in the assay, this being the 
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Table 1. Sources and properties of bacterial, avian, viral and mammalian thymidylate synthetase 
ranging in purity 

Km (11M) Dimer 
Affinity Ligand, M. Wt. 

Source if so purified dUMP 5,IO-CH2-FH4 a (Daltons) Ref. 

Calf thymus 20 38-45 83 

Calf thymus 9.0 77,500 84 

Calf thymus Na-[pteroyltetra(y-gluta- 70,000b 85 
myl)]lysine-sepharose 

Chick embryo 7.5 14 58,000 28 

L. Casei resistant 5.2 45 67,000c 21 
to dichlorome-
thotrexate 

L. Casei resistant 5.1 d 32 70,000e 29 
to MTX 

L. Casei resistant 5-fluoro-2' -deoxyuridine 17 f 86 g 

to MTX 5'-( 4-aminophenylphosphate) 

L. Casei resistant deoxyuridylic acid 87 h 

to MTX 

L. Casei 88; 

L. Casei resistant 0.7 14.0i 34 
to MTX 

L. Casei resistant Na-[pteroyltetra(y-glutamyl)]- 89 
to MTX lysine sepharose 

L. Casei Na-[pteroyltetra(y-glutamyl)] 90 
lysine & N-[5,8-dideaza 
pteroyl)lysine 

Ehrlich ascites 6.3 43 67,000b 91 

Ehrlich ascites IO-formyl-5,8-dideazafolic 1.3 32.2 78,500 92 
acid 

Ehrlich ascites k IO-formyl-5,8-dideazafolic 1.6 39.3 68,300 1 93 
resistant to FUdR acid 

Pig thymus 
form I 1.0 l7 i 30 
form II 7.4 l7 i 

T4-phage 58,000 94 
T5-phage 55,000 

T2-phage 6 20 64,400 95 

D. Pneumoniae 30.8 266 36,000m 73 

E. Coli and tetrahydromethotrexate 96 
Bombyx mori 

Human Leukemic methotrexate 1.8 31 76,000 35 
cells 
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Table 1. (Continued) 

Km (IlM) 
Affinity Ligand, 

Source if so purified dUMP 

B. Subtilis 
- Thy A gene 4 
- Thy B gene 20 

E. Coli KI2 10 

E. Coli KI2 IO-formyl-5,8-dideazafolic 
acid 

LI210 mouse IO-formyl-5,8-dideazafolic 
leukaemia acid 

LI210 mouse IO-formylfolic acid 
leukaemia 

LI210 mouse I O-ethyl-5, 8-dideazafolic 0.77 
leukaemia acid 

CCRFCEM tetrahydromethotrexate 2.P 
human Iympho-
blastoid leukaemia 

.. .lresistant to methotrexate 0.90 
FUdR 

HeLa cells IO-formyl-5,8-dideazafolic 2.0 
acid 

Mouse Liver IO-methyl-5,8-didezazafolic 
acid 

T4-phage IO-formyl-5,8-dideazofolic 
acid 

S. Faecium Na-[pteroyltetra(y-g1utamyl)]- 8.2 
resistant to MTX lysine sepharose 

a For(±) or (d,I)-(L) 5,IO-CH2FH4 unless otherwise stated. 
b Attempts to dissociate the protein into monomers failed. 
C Later obtained crystalline (107). 
d In the presence of Mg+ +; 0.68 uM in its absence. 
e Obtained crystalline. See also refs 108 and 109. 
f Determined in phosphate buffer pH 7.2. 
g See also ref. I 10. 
b See also ref. 111. 
i Crystalline. 
i (IHL)-5,IO-CH2FH4 was used. 
k Binds FdUMP with tenfold lower affinity. 
I 58,300 given in paper-seemingly a printer's error. 
m The catalytically active monomer. 

Dimer 
M.Wt. 

5,IO-CH2-FH4 a (DaItons) 

14 i 64,000 

59,000' 

75,000 

76,000 

17 0 

66,000 

31 73,000 

64,000q 

30 72,OOOr 

• Obtained by genetic manipulation; the gene and its product were later sequenced (112). 
o Obtained by halving the observed Km, found using (±HL)-5,IO-CH2FH4' 
P Datum from the following entry in the table. 
q Obtained by genetic manipulation. 
r Has RNA associated which copurifies. 

Ref. 

97 

32 

98 

99 

100 

81 

101 

102 

103 

104 

105 

106 
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natural diastereoisomer designated (1)- or (+ )-L-5, 10-CH2FH4. The unna
tural diastereoisomer should not be assumed to be an inert ingredient. For 
example although not a co-substrate for L. casei enzyme it is an inhibitor 
(Ki 50 )lM) binding nearly as strongly as the natural co-substrate (Km 
15 )lM) [20]. In a few cases the Km was determined using the pure natural 
diastereoisomer obtained by enzymatic reduction of dihydrofolate. The val
ues ranged from 14 to 17 )lM. 

Few alternative cosubstrates are known, one being 5,II-methylenetetrahy
drohomofolate (IX), the presumed reaction product of tetrahydrohomofo-

¢-o. 
o HyHN 

HN I H'N~ 
HCHO 

H 

VIII IX 

late (VIII) with formaldehyde (see below). This, having an extra methylene 
group in the bridge, incorporates a six-membered cyclic aminal. With vary
ing lower efficacy it serves as co substrate for TS from L. Casei [21], mouse 
erythrocyte [22], LI210 leukaemia cells [23], Chinese hamster ovary 
cells [24], and HeLa cells [24]. However, this molecule functions to inhibit 
TS from other sources as is noted below. Other co substrates for TS (E. Cob) 
are some analogues of 5,10-CHr FH4 bearing amino acids other than L
glutamate. The dicarboxylic aspartate, alpha-aminoadipate and alpha-ami
nopimelate analogues showed activity approaching that of the natural co
substrate [25]. So too did the lysine analogue [25] - this was as much a sur
prise as the later discovery [26] that tetrahydropteroyl-polylysines contain
ing up to five residues and carrying net positive charges were also good 
substrates for this particular synthetase. It might here be mentioned that the 
separated diastereoisomers of 5,10-CHr pteroyl-D-glutamate were found 
inactive for L. Casei TS either as substrates or inhibitors [27]. 

The Km values for dUMP are reported to fall within the range 1-IO)lM 
(Table 1). Thymidylate synthetase is highly specific for the pyrimidine sub
strate dUMP, few others are known: (1) The methylation of uridine-5'
phosphate (UMP) has been the subject of three reports. Enzyme from chick 
embryo accomplished this reaction though the Km was 100-1000 fold high
er than that for dUMP [28]. Similar results were found with L. Casei 
enzyme [29], and with pig thymus enzyme, the latter the less efficient [30]. 
(2) 4-thio-dUMP weakly competed (Ki 70 )lM) with dUMP (Km 5 )lM) for 
methylation by L. Casei TS [31]. (3) 2' -fluoro-dUMP was methylated by the 
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E. Coli KI2 enzyme. The Km for this analogue was 110 MM while that for 
dUMP was 10 MM [32]. 

The kinetics and mechanism of the interaction of 5FdUMP with TS has 
been an area of much confusion and debate. The observation that FdUMP 
was a weak inhibitor, competitive with dUMP, when both nucleotides were 
added simultaneously but a tight binding non-competitive inhibitor when 
FdUMP and the co-substrate were pre incubated with the enzyme before the 
addition of dUMP is no longer a puzzle. Four papers in a short space of 
time were instrumental in clarifying matters. Galivan, Maley and Mal
ey [33] used equilibrium dialysis to show that dUMP, dTMP and FdUMP 
competed for the same binding site and that the deoxynucleotide bound first 
which then allowed subsequent binding of the cosubstrate. The enzyme 
bound dUMP (Kd = 1.80 MM) some twentyfold more strongly than 
FdUMP (Kd = 37.2 MM) and these bindings were reversible in the absence 
of folate. Two careful kinetic studies with bacterial [34] and human en
zyme [35] next showed that the mechanism was ordered sequential with 
dUMP binding before the cosubstrate and FH2 being released before TMP. 
Danenberg and Danenberg [36] used competitive ligand binding techniques 
allied with classical enzyme kinetics to elucidate the order and the extent of 
ligand binding to bacterial TS. An important first observation was that 
although the TS-FdUMP-5, 10-CH2FH4 ternary complex formed rapidly 
with concomitant enzyme inactivation, a slow enzyme-catalysed reversal of 
the complex occurred. (Denaturation of the complex removes this capability 
for reverse catalysis and allows the isolation of a protein with the two 
ligands covalently bound [37]). The first observation explained the second -
that incubation of the inhibitory ternary complex with an excess of dUMP 
enabled recovery of the enzyme activity. However, the rate of recovery was 
independent of dUMP concentration, implying a first-order dissociation of 
FdUMP from the complex. FdUMP dissociation was suppressed by increas
ing concentration of the cosubstrate in a linear relationship (t1/2 ca. I hr at a 
cosubstrate concentration of 100 MM). Conversely, the dissocation of the 
labelled cofactor was entirely unaffected by increased FdUMP concentra
tions. These data unequivocally demonstrated a sequential ordered mecha
nism for the formation of the TS-FdUMP-5,1O-CH2FH4 ternary complex in 
which binding of the nucleotide is a prerequisite to binding of the co sub
strate (Fig. I (a)). The use of 5-BromodUMP (a dead-end inhibitor of TS 
competitive with dUMP) to demonstrate substrate inhibition by the co sub
strate allowed the above conclusions to be extended to the normal enzymat
ic reaction in agreement with the above kinetic studies (Fig. I(b)). A second 
paper from this school [38] detailed similar results for human enzyme - re
sults which bear fundamentally upon TS inhibitor design as will be ampli
fied later in this chapter (Section 4.4.1 a). 
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TS inhibition by pyrimidine analogues of. dUMP has been the subject of 
several recent reviews [10, 12, 39, 40]. This section, concentrating on the 
most recent research, will therefore be brief in preference of dealing more 
extensively with folate analogues in the next. 

As Santi has summarised [12] a 5'-phospho-2'-deoxy-beta-D-ribosyl unit 
in dUMP (X, R = H) is essential if TS binding is to be preserved. In the 
pyrimidine unit the most potent inhibitors all have an electron-withdrawing 
substituent at the 5-position and this property has been recognised in a 
quantitative structure activity relationship (QSAR) [41]. The QSAR also 
showed that size was the next most important factor with smaller 5-substi
tuents being favoured - a result which is inconsistent with the potent inhi
bition shown by certain 5-styryl- [42, 43] and 5-benzoquinonyl [44] deriva
tives of dUMP (see below). Nonetheless, a new generation of analogues (X) 
of 5FU has emerged with substituents such as -CHO, -CN and N02 in place 
of fluorine. Since the appearance of the reviews cited the analogue bearing 
the 5-ethynyl substituent (-C == CH) has been more extensively investi
gated [45-47]. However, thus far these analogues have hardly progressed 
beyond testing as enzyme inhibitors and as inhibitors of the growth of cells 
in culture; none has come anywhere near a clinical trial. 5-Nitrodeoxyuri
dylic acid (X R = N02) is a potent TS inhibitor [48] but its prodrug form, 
5-nitrodeoxyuridine, was ineffective against the LI2l0 leukaemia in vivo. 
This result was attributed to rapid catabolism of the drug by thymidine 
phosphorylase to the non-toxic 5-nitrouracil [49]. The interactions, some 
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desirable, others not, of pyrimidine analogues with metabolising enzymes 
are discussed further in section 4.4.2a. 

Three new and distinct substrate-based TS inhibitors have recently ap
peared. Kalman and Goldman have imaginatively devised a purine analo
gue which acts as a mechanism-based inhibitor. 1-(beta-D-2'-Deoxyribofu
ranosyl)-8-aza-purin-2-one 5' -monophosphate (XI) incorporates a triazole 
ring which is thought to give enhanced resonance stabilisation (structure 
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XII) of the negative charge resulting from addition of the thiol group from 
the enzyme to the 6-position [50]. De Clercq and colleagues designed 5(E)
(3-azidostyryl)-2' -deoxyuridine-5' -monophosphate (XIII) as a photoacti
vated inhibitor of TS. According to expectation, irradiation provided the 

XIII XIV 

nitrene (XIV) which functioned as a photoaffinity label [43]. Moreover the 
azide (XIII) was a light-dependent (A = 366 nm) inhibitor of the growth of 
LI21O, human lymphoblastoid and vaccinia cells in culture. The authors 
had in mind its use as an organ-specific treatment for certain dermatological 
disorders such as psoriasis [42]. Mertes' school has recently synthesized 
another new TS inhibitor, one possibly mechanism-based. 5-(p-benzoquino
nyl)-2' -deoxyuridine 5' -phosphate (XV) shows time-dependent irreversible 
inactivation of thymidylate synthetase. The electron-withdrawing quinone 
substituent may promote enzymic thiol addition to the pyrimidine 6-posi
tion with the species thus resulting (XVI) then rearranging to form the more 
stable reduced quinone (XVII) [44] . 



xv 

3.2 Folate Analogues 
3.2.1 Pteridines 
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Folate molecules containing a fully aromatic, oxidised pteridine ring are 
weak inhibitors of thymidylate synthetase. 2-Amino-4-hydroxypteridines 
usually bind more strongly than their 2,4-diamino counterparts. However, 
in the 2,4-diamino series the corresponding 7,8-dihydro and 5,6,7,8-tetrahy
dro analogues and derivatives thereof inhibit more strongly. The first syste
matic investigations of 2,4-diaminopteridines were made by Kisliuk. With 
Levine [51] he showed that aminopterin (XVIIIa) weakly inhibited TS from 
E. coli (IC5o = 100 llM in the presence of 300 llM (±) co substrate) and that 
dihydro- and tetrahydroaminopterin were respectively 20-fo1d and lO-fold 
better inhibitors. Referring to the last-named compound the authors pointed 

R 
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XVIII a, R=H, Aminopterin 

b, R=CH 3 , Methotrexate 

out that insofar as the cosubstrate for the enzyme assay is formed in situ 
from FH4 and an excess of formaldehyde - a reaction which tetrahydroam
inopterin is equally capable of - it is difficult to determine whether the inhi
bitory species is tetrahydroaminopterin or its 5,1O-methylene derivative. 
Horwitz and Kisliuk [52] next showed that against the same enzyme system 
methotrexate (XVIIIb) and its reduction products gave results in parallel to 
those of aminopterin. Now since methotrexate is the la-methyl derivative 
of aminopterin, formation of a tricyclic 5,1 a-methylene derivative from 
tetrahydromethotrexate is not possible, suggesting that the corresponding 
inhibitor in the aminopterin series is not 5,1O-methylenetetrahydroaminop
terin. In a third paper [53] Kisliuk's school examined the interaction of for
maldehyde with two (±) tetrahydropteridines in detail. The results were 
complicated. With tetrahydrofolate it was shown that two pairs of diaster
eoisomers were formed, not one pair as expected. Of these four products 
only one was fully enzymatically active, but it contained only 0.75 molecu
lar equivalent of formaldehyde not 1.0. This suggested that it actually con-
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tained 5,1 O-methylenetetrahydrofolate compiexed with half its amount of a 
molecule containing two tetrahydropteridines linked intermolecularly by a 
formaldehyde residue. Reaction of formaldehyde with tetrahydroaminopter
in produced a corresponding set of four paired diastereoisomers. But none 
of these preformed adducts were inhibitory when added to the TS assay. 
Which molecular species it is that actually inhibits TS when tetrahydroam
inopterin is added to the assay is still an unanswered question. 

A similar story can be told for tetrahydrohomofolate (VIII). As earlier 
mentioned, for certain types of TS this can substitute for tetrahydrofolate in 
the reaction mixture which produces thymidylate from deoxyuridylate. That 
is a true statement, but what is only probably true is that 5,1 l-methylene
tetrahydrohomofolate (IX) can substitute for 5, 10-methylenetetrahydrofo
late as cosubstrate. Considering its inhibitory action, it was originally 
implied that the inhibition of E. Coli TS was accomplished by tetrahydro
homofolate itself[54] but a subsequent paper [25] brought evidence that a 
reaction, presumably (VIII) to (IX), had occurred in the assay, and went on 
to discuss the geometry of the presumed inhibitory species (IX). A datum 
consistent with the 5, II-methylene compound being the inhibitor proper is 
that (l)-5-methyltetrahydrohomofolate (XIX) inhibits E. coli TS with Ki 

o CH, ~ 
HN~~yCH,-CH,-NH~ CO-Glu 

H2N~NJ(N) 
H 

XIX 

56 J.lM in an assay where (l)-tetrahydrohomofolate had Ki 56 nM [24]. Here 
again a methyl group prohibits the formation of a tricyclic species; it could 
of course weaken the inhibition by some other effect so the evidence is 
circumstantial. In the case of tetrahydrohomofolate, as with tetrahydroami
nopterin, the nature of the inhibitory species is not proven. This review will 
dwell no more upon the uncertainty of events within the TS assay except to 
caution that it contains highly reactive formaldehyde in excess and that one 
should keep a broad imagination when assessing the inhibition seen with 
any molecule loaded with amino groups. Before leaving homofolates it 
should be remembered that although tetrahydrohomofolate causes strong 
inhibition of bacterial TS with a Ki of 0.28 J.lM [25] this is not true for 
mammalian enzyme. Thus thymidylate synthetase from FR8 mouse leu
kaemia was inhibited by 20 to 30-fold less [55] and secondly the Ki for 
LI210 TS was measured as high as 42 J.lM [23]. Tetrahydrobishomofolate 
(XX) with two extra methylenes in the bridge region did not inhibit TS or 
serve as cosubstrate [25]. This inactivity may be attributable to the mole
cule (XX) per se since there was no spectroscopic shift observed when it was 
put with formaldehyde. 
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In an examination of their TS-binding properties, the tetrahydrofolic acid 
series and the tetrahydroaminopterin series were comprehensively explored 
by Slavik and Zakrzewski [56]. The best inhibitor found in the former series 
was C9, N 1o-dimethyl-FH4 (Ki 22 }1M, competitive with the co substrate) 
and in the latter series tetrahydromethotrexate (Ki 1.97 }1M, noncompeti
tive) - neither particularly potent. Reaction oftetrahydrofolate with reagents 
other than formaldehyde produced tricyclic structures in which the N S and 
N 10 atoms were linked by -CO-, -CS-, -C( = NH)- and -CH 2-CHr groups 
but all showed insignificant activity against mammalian TS [57]. 

In designing potential new antifolates, the medicinal chemists have turned 
a great deal of attention to the bridge region of the molecule (Z in XXII). 
DeGraw and colleagues made lO-deazaaminopterin (XXla) which by itself 
was a very poor TS inhibitor but activity was improved in the dihydro and 
tetrahydro derivatives (ICso's 10}1M and 5.7}1M respectively) [58]. Homo
logues (XXlb-d) of this molecule carrying one or more 10-alkyl groups and 
aromatic in the pyrazine 

Rl R2 IC50 for L. Casei TS (11m) 

XXla H H 230 
b CH3 H 280 
C C2H 5 H 330 
d CH3 CH3 390 

ring inhibited no better [59]. Much work has gone into the synthesis of 
pteridine analogues (XXII) of folic acid and aminopterin in which the 
bridge region is altered to contain heteroatoms other than nitrogen. Substi
tution by sulphur and retaining the length gave lO-thiafolic acid (XXIIa) 
and lO-thiaaminopterin (XXIIb) but neither was a good TS inhibitor [60]. 
Homologation of the bridge in (XXIIa) gave II-thiohomofolic acid (XXIIc) 
which did not significantly inhibit TS; its tetrahydro analogue inhibited not 
at all [61]. Homologation of the bridge in (XXIIb) gave 11-thiohomoami
nopterin (XXIId) which inhibited TS with ICso 60 }1M - roughly the same as 
that of methotrexate (40 }1M) thus gaining but slight improvement [62]. 11-
oxahomofolic acid (XXIIe) was also synthesised but neither it nor any of its 
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R Z ICso for L. Casei TS (11M) 

XXIIa OH CH2-S >30 
b NH2 CHrS >30 
c OH CHr CH2-S * 
d NH2 CH2-CH2-S 60 
e OH CHrCHrO >40 
f NH2 CH2-CH2-O >50 
g OH CHrN(tosyl)-CH2 * 
h NH2 CH2-N(tosyl)-CH2 * 

NH2 CH2 >300 

* Described in the paper as virtually inactive. 

two reduction products inhibited TS at concentrations lower than 
40 ~M [63]. 11-0xahomoaminopterin (XXIIi) did not significantly inhibit 
L. Casei TS at 50 ~M [64]. NJO-tosylisohomofolic acid (XXIIg) and N 10_ 

tosylisohomoaminopterin (XXIIh), radically altered in the bridge, were poor 
inhibitors of L. Casei TS [65]. Discouraged by these results with antifolates 
having longer chains in the bridge, Nair's group turned to produce an ana
logue with a shortened bridge, 1O-deaza-9-noraminopterin (XXIIi), but 
again the TS inhibition, by the fully aromatic molecule at least, was disap
pointing [66]. 

3.2.2 Pyridopyrimidines and Other Heterocyles 
Work in this area has been less than in the pteridine or quinazoline series. 
DeGraw et al. synthesised and tested 8-deazafolic acid (XXIII) and its reduc
tion products against L. Casei TS. The IC50 values for the parent, the 

o --0-HN~NyCH,-NH 0- /, CO-Glu 

H,N~V 
XXIII 

(presumed 5,6-)dihydro- and the 5,6,7,8-tetrahydro- derivative were 14,30 
and 75 ~M respectively - none very potent [67]. Broom and Srinivasan, in 
designing bisubstrate TS inhibitors modelled upon the proposed interme
diate (V) occurring during enzymic catalysis, worked in the tetrahydro-8-
deazapteridine series (presumably) to avoid any problem of regioselectivity, 
inherent in the tetrahydrofolate series, when introducing the thyminyl resi
due by alkylation. The nucleoside (XXIV, R = H) was a weak inhibitor of 
human thymidylate synthetase, a result attributable to the fact that TS does 
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H,Nr[(l 
HN!r''''-CH,-NH-Q-CO-GIU 

YCH, HN I 
O.lN 

--OJ 
HO XXIV 

not bind deoxyuridine. However, the nucleotide (XXIV, R = P03 =) was a 
potent inhibitor with Ki 70 nM [68]. This hard-won result confirms many 
of our ideas about TS catalysis but it is doubtful if the bisubstrate approach 
will give rise to a useful drug not only because of the difficult chemistry 
involved but also because the negatively charged phosphate group disadvan
tages the molecule for transport across the cell membrane. This section 
closes with two 7,8-dihydro-8-oxapterin analogues (XXV) shortened in the 
bridge. Neither inhibited· L. Casei. TS at concentrations up to 
100 flM [69]. 

xxv, Z == nothing or CH 2 

3.2.3 Quinazolines 
The quinazoline nucleus has been a useful building stone in many biologi
cally active molecules as 10hne [70] has summarised. Most derivatives of 
this nucleus are 2,4-diaminoquinazolines synthesised by Elslager and Wer
bel and their colleagues at Warner-Lambert/Parke-Davis with antimalarial 
and antibacterial action in view and by Hynes' group in South Carolina with 
anti tumour and antibacterial action in view. These compounds were 
screened enzymatically only against DHFR but not against TS and are thus 
excluded from this review. 

TS-inhibiting quinazoline antifolates were first described by Bird, Vaitkus 
and Clarke in 1970 [71]. The results of these workers established that the 
quinazoline ring in (XXVIa) in the 2,4-diamino-1O-methyl series (ICso for 
E. Coli TS = 2.1 flM) improved Jhe inhibition relative to the pteridine 
(XXVIb, ICso 70 flM) by over thirtyfold. But more important was that in 
the 2-amino-4-hydroxyquinazoline series (XXVII) placement of a lO-me
thyl substituent reduced the ICso from 0.75 flM (XXVIIa) to 0.098 flM 
(XXVIIb) - a nearly tenfold increase in inhibition. The compound 
(XXVIIb), also known as 1O-methyl-5,8-dideazafolic acid, thus became the 
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CH3 

CH2-CH3 
CHr-CH2-CH3 
CH2-CH2-CH2-CH3 
CH2-CH=CH2 
CH2-C=CH (CB3717) 
CHO 

a Data from ref. 79 
b Data from ref. 80. 

ICso for purified L 1210 TS (nM) 

27-
170-
3200-
69 b 

5 b 

most potent TS-inhibiting folate known - much more potent than tetrahy
drohomofolate (VII) which had IC50 = 2llM in a similar assay [54]. More
over, in contrast to tetrahydrohomofolate, the inhibition by this methylated 
quinazoline was maintained when tested against mammalian enzyme since 
Carlin and coworkers [72] subsequently observed an IC50 of 0.14llM for TS 
from mouse neuroblastoma. These authors implied that 1O-methyl-5,8-
dideazafolic acid (XXVIIb) was a more potent inhibitor of mammalian than 
of bacterial TS thinking that they had used a tenfold higher 5,1O-CH2FH4 

concentration. However, close inspection reveals that a decimal place was 
lost in their interpretation of Bird's data [71] and that the assay conditions 
were in fact virtually identical. McCuen and Sirotnak [73] examined the 
inhibition of TS from Diplococcus pneumoniae by several quinazoline ana
logues and confirmed that this nucleus confers good inhibitory properties. 

The interesting lead of Bird and colleagues was not immediately devel
oped by the medicinal chemists. The lO-formyl analogue (XXVIIh) seemed 
equipotent with (XXVII b) but this compound was developed more as a 
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biochemical tool [74]. The quinazoline analogues synthesised over the years 
in Hynes' group were eventually tested as inhibitors of bacterial (L. easel) 
and mammalian (LI2l0) TS by Scanlon et al. [75]. Once more the general 
potency of this class of compound was confirmed. The finding of Bird and 
colleagues relating to the la-methyl group was confirmed for the bacterial 
enzyme but not (in this study) for the mammalian enzyme. The introduc
tion of a 5-methyl group in the 2-amino-4-hydroxy series 
(XXVIIIa --> XXVIIIb) was reported to cause a slight reduction in the inhi
bition of the bacterial enzyme but to leave the inhibition of the mammalian 
enzyme unchanged. The same manoeuvre applied in the 2,4-diamino series 
(XXVIIIc --> XXVIIId) brought about a tenfold increase in binding. The 
effect of inverting the bridge in 5,8-dideazafolic acid (XXVIIa or AHQ) to 

XXVIIIa 
b 
c 
d 

R Y 

.~CH'-NH---O-CO-GIU 
H,Nl:::)l) 

R Y 

OH H 
OH CH3 

NH2 H 
NH2 CH3 

produce the compound known as IAHQ (XXIX) was to reduce the TS 
inhibition by twofold for the bacterial enzyme and by fivefold for the mam-

HN~NH-CH,--O-CO-GIU 
H,N~JlvJ 

XXIX (IAHQ) 

mali an enzyme. Further biological properties of IAHQ are discussed bel
ow. 

Jones, meanwhile, taking note of the result of Bird and colleagues [71] and 
the structure of the 5,1 O-methylene FH4 co substrate speculated that the 
methyl group might enhance the inhibition more were it located at carbon 5. 
The compounds (XXVIIIa) and (XXVIIIb) were made [76] and tested [77] 
against TS from Yoshida ascites sarcoma cells. However, the methyl group 
was found to reduce the inhibition by 75-fold. This result for this pair of 
compounds contrasted strongly with that found by Scanlon et al. [75] for the 
LI210 enzyme. Contrast was again seen with the 2,4-diamino pair (XXVII
Ic) and (XXVIIId) where Scanlon and colleagues reported a tenfold im
provement upon methylation [75] while Calvert and colleagues reported a 
400-fold improvement [77]. Both used mammalian enzyme. Molecular 
models show that the 5-methyl group effectively transmits the steric bulk of 
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the 4-substituent, be this carbonyl oxygen or amino, onto the bridge methy
lene group forbidding completely free rotation about the C6_C9 bond. This 
explanation may account for the different effects seen in the 2-amino-4-
hydroxy series and in the 2,4-diamino series but it requires that the binding 
conformations differ between the series - a reasonable proposition given the 
recent discoveries of how methotrexate binds to DHFR. 

The lead of Bird and his colleagues (compound XXVIIb) was eventually 
exploited by the present reviewers [78, 79]. The ethyl, propyl and butyl 
homologues were synthesised and tested against mammalian (LI210) and 
bacterial (L. Casei) TS. For the mammalian enzyme the ICso values for the 
compounds XXVII a, b, c, d and e were 570, 42, 27, 170 and 3200 nM 
respectively, the activity peaking with the ethyl substituent (XXVIIc). 
Further development illustrating the importance of the N 10 substituent 
came upon introducing the unsaturated substituents allyl and propargyl into 
that position giving compounds (XXVIIf) and (XXVIIg) respectively [80]. 
The latter compound, CB3717, had an ICso of 5 nM for LI210 TS and a Ki 
value of 4.2 nM, competitive with the cosubstrate [81]. Preliminary data 
from another laboratory suggest that the interaction of CB3717 with L. 
Casei TS occurs in two stages, the first of which is competitive with 5,10-
CH2FH4. Following this initial binding, a unimolecular change takes place 
with a tl/2 of about 50 min in which dUMP becomes covalently bound to 
the enzyme to produce a relatively stable ternary complex with tl/2 for dis
sociation of about 27 hr. By contrast, the t l12'S for the association and the 
dissociation of un substituted compound, AHQ, are about 1 min and 25 min 
respectively. The tl/2 for the dissociation of the FdUMP-5, 1O-CH2FH4- TS 
complex under the same conditions is about 7 hr (DV Santi, personal com
munication). CB3717 is the tightest binding folate inhibitor of TS yet 
known; its biological and clinical properties are dealt with more fully in the 
subsequent pages. Piper and colleagues, taking note, synthesised 10-propar
gylaminopterin (XXVlc) but found that although it inhibited L. Casei TS 
(ICso 20 11M) better than did methotrexate (ICsO 75 11M) the enhancement 
was less than that observed in the 2-amino-4-hydroxyquinazoline ser
ies [82]. 

4. BIOCHEMICAL EFFECTS OF TS INHIBITORS 

4.1 Introduction 
We have restricted ourselves in this chapter to discussing TS inhibitors in 
the purest sense, that is, compounds that interact directly with the enzyme. 
Methotrexate is not usually included in this category since its primary site of 
action is on dihydrofolate reductase and it is only the consequent depletion 
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of 5,1 O-methylenetetrahydrofolate (the cosubstrate for TS) which leads to a 
reduction in the rate of synthesis of thymidylate [176, 193]. Functionally, 
methotrexate is not a pure TS inhibitor since it also affects de novo purine 
synthesis and various amino acid interconversions (reviewed by 176). Nev
ertheless methotrexate is capable of inhibiting TS directly, albeit at high 
concentrations (ki ca 10 - 5 M [114]) and in some circumstances this effect 
may be significant. Clinically, high dose methotrexate followed by folinic 
acid rescue results in plasma levels theoretically high enough to cause TS 
inhibition [244]. Experimental evidence suggests that the effective locus of 
action of methotrexate may change in methotrexate-resistant cell lines with 
elevated DHFR levels. It is possible that in these lines the direct effect of 
free intracellular methotrexate on TS may become rate limiting for TMP 
synthesis before saturation of DHFR has occurred [115]. It is also clear that 
methotrexate may be converted to polyglutamate forms [116-122 and rev. 
by 123] which are better inhibitors ofTS than is the parent compound [124-
126] . 

Inhibition of TS whether achieved directly or indirectly has similar bio
chemical consequences, namely a reduction in the pool of TMP (and con
sequently in those of TDP and TTP) and an increase in the pool of 
dUMP [127-133, 153]. Direct inhibition of TS may be achieved by analo
gues of either the pyrimidine or the folate substrate. However, pyrimidine 
analogues have other biochemical effects which complicate the interpreta
tion of results obtained in isolated cells or in vivo systems. 

4.2 Fluorinated Pyrimidines 
The most widely studied are the 5-fluorinated analogues of uracil and of 
2' -deoxyuridine (5-fluorouracil (FU) and 5-fluorodeoxyuridine (FUdR) re
spectively). These compounds require metabolic activation by enzymes of 
normal pyrimidine metabolism in order to exert their cytotoxic effects. The 
pathways involved are illustrated by Fig. 2. Both compounds can be meta
bolised to FdUMP, a tight-binding inhibitor of TS (see section 2). 

FU may also be metabolised via several other pathways, forming not only 
FdUMP, but other fluorinated ribo- or deoxyribonucleotides which may 
also interfere with cellular metabolism [reviewed by 113, 134-136]. The 
intrinsic differences in pyrimidine, and consequently FU metabolism, in 
various cell types probably account for the conflicting reports on the mode 
of action of FU. Incorporation of FU into RNA (via FUTP) may occur and 
interfere with the synthesis and function of all classes of RNA [137-141]. 
More recently incorporation of FU (or FUdR) into DNA has been demon
strated [142-145, 201-203]. This occurs via metabolism to FdUTP which 
can replace TTP as a substrate for DNA synthesis [144, 146]. 

These disturbances in nucleic acid metabolism may contribute to the 
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Figure 2. R-I-P Ribose-I-phosphate / dR-I-P Deoxyribose-I-phosphate / PRPP 5-Phosphoribo
syl-I-pyrophosphate / RR Ribonucleotide reductase / PMK Pyrimidine monophosphate ki
nase / UK Uridine kinase / UP Uridine phosphorylase / TK Thymidine kinase / dCD Deoxyxy
tidylate deaminase / OPT Oro tate phosphoribosyl transferase / TS Thymidylate synthetase / TP 
Thymidine phosphorylase. 

cytotoxicity of the compounds. Historically the cytotoxicity of fluorinated 
pyrimidines has been attributed to the inhibition of TS but a more rigorous 
evaluation of their loci of action has led to the realisation that different cell 
lines probably succumb by different mechanisms. There is now substantial 
evidence that FU cytotoxicity primarily or partially results from incorpora
tion into RNA in many cells/tumours [136, 147-149, 151-153 and reviewed 
by 134, 135, 154]. The consequences of incorporation into RNA may 
extend further than effects purely on RNA function since this could, in turn, 
lead to inhibition of DNA synthesis either by inhibition of the synthesis of 
key enzymes or by the production of a non-functional form of the primer 
RNA required for the initiation of DNA synthesis. This has been suggested 
by Sawyer et al. [136]. 

In vivo metabolism of FUdR to FU occurs in plasma and in the liv
er [236] and consequently the effects of this drug may be expected to be 
similar to those of FU. However, the extent to which FUdR owes its cyto
toxicity in vitro to incorporation into RNA is unclear. It is largely assumed 
that the one-stage activation to FdUMP by thymidine kinase generates suf
ficiently high concentrations of the TS inhibitor for this enzyme to be the 
cytotoxic locus. 
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4.3 Folate Analogues 
Since the original 2-amino-4-hydroxy' quinazoline analogue (AHQ) (Fig. 
XXVIIa) of folic acid was shown by Bird et al. [71] to inhibit TS, a large 
number of similar structures have been synthesised and tested. However, 
very few have progressed past an initial enzyme and cell culture screen. One 
of the most widely studied quinazoline TS inhibitors is CB3717 (Fig. 
XXVIIg) whose biochemical and pharmacological evaluation has led to a 
clinical study [127, 81, 80, 155-161, 212]. Bird's original unsubstituted qui
nazoline analogue of folic acid has been modified by reversing the 9-10 
bridge [162,75]. Although this analogue, IAHQ, (XXIX) seems to be a 
much poorer inhibitor of TS when compared with CB3717 it has some 
interesting properties that will be discussed in relation to its potential as an 
anti-tumour agent. Thus the data on three 2-amino-4-hydroxy quinazolines 
are available for a discussion of their biochemical properties. These are the 
direct quinazoline analogue of folic acid AHQ, which may be regarded as 
the 'parent', the corresponding compound with an iso-bridge (IAHQ) and 
lO-propargyl AHQ (CB3717). 

4.3.1 AHQ 
This compound is a better inhibitor of DHFR than of TS, the Ki values for 
the mammalian enzymes being 0.35 nM and 67 nM respectively [77], but 
the effective cytotoxic locus of action is nevertheless probably TS. The 
almost complete protection from its cytotoxicity in culture by TdR is sug
gestive of this, but is not conclusive [77]. Jackson et al. have pointed out 
that delayed TdR rescue is a more sensitive indicator of the cytotoxic locus 
than is the concurrent addition of TdR (protection) [127]. For example the 
cytotoxicity of methotrexate may be partially prevented by co-administra
tion of TdR, particularly when trace amounts of reduced folates are pre
sent [127]. Delayed thymidine, however, seems not to reverse, even partial
ly, the effects of methotrexate. These authors using a mathematical model of 
folate metabolism [163] also attempted to predict which enzyme became 
rate-limiting in the presence of antifolates that inhibited both DHFR and 
TS competitively. The model predicted that even if the inhibition of TS by 
a compound was up to 3.5 orders of magnitude weaker than its inhibition of 
DHFR, TS would still be rate-limiting in the dihydrofolate reduction-oxi
dation cycle. Although the model used enzyme levels and kinetic data from 
WIL2 lymphoblastoid cells there is no reason to believe that other mam
malian tumour cells would differ significantly in this respect. 

A mutant Ll210 cell line that overproduces DHFR 160-fold (L121O/R71) 
and is consequently resistant to methotrexate (630-fold) is only partially 
cross-resistant to AHQ (75-fold) suggesting that the primary locus of this 
compound is not DHFR [79]. 



176 

Thus it would appear that AHQ has TS as a cytotoxic locus. Bird et al. 
also tested the 10-methyl analogue of AHQ (Fig. XXVIIb) and showed that 
this substituent enhanced the inhibition ofTS by about 10-fold [71]. These 
observations led to a series of TS inhibitors being synthesised and tested at 
The Institute of Cancer Research [79, 80], the most potent being CB37l7, a 
compound that undoubtedly owes its anti-tumour activity to inhibition of 
TS and consequently is active against cells resistant to methotrexate by vir
tue of DHFR overproduction [80, 167]. 

4.3.2 CB3717 
This compound was first described by Jones et al. in 1981 [80] and has since 
been the subject of extensive biochemical and pharmacological examina
tion [80,81, 127, 155-157, 161]. Its entry into phase I study in 1981 has, for 
the first time, allowed the clinical evaluation [158-160, 212] of an antifolate 
that has TS as its exclusive cytotoxic locus. No other loci are implicated in 
its cytotoxic action in experimental systems so that the concept of cancer 
cell death mediated by the induction of a thymineless state may now be 
tested clinically. 

INHIBITION KINETICS OF CB3717 FOR TS 

Initial studies of the inhibition kinetics of this compound were done using 
the Michaelis-Menten assumptions for the kinetic analysis. The inhibition 
appeared to be competitive but the data were inadequate to exclude a non
competitive element with a mixed type of inhibition. Although an increase 
in the Km was observed when 5,IO-CH2FH4 was used as the variable sub
strate a small decrease in the V max was also apparent. However, an estima
tion of the Ki, assuming competitive inhibition, revealed the very low figure 
for this constant (-1 nM). It was therefore obvious that the tight-binding 
nature of the inhibition made this type of kinetic analysis inappropriate and 
possibly misleading. Zone B analysis for tight-binding inhibition was ap
plied to CB3717 using highly purified enzyme from both LI210 cells and 
WIL2 human lymphoblastoid cells. CB3717 was found to be a competitive 
inhibitor with respect to the folate co-substrate 5,1 O-CH2FH4' the Ki values 
being 4.2 nM and 4.9 nM for the two enzymes respectively [127, 81]. How
ever, new evidence now suggests that a more stable, non-competitive com
plex may be formed slowly by CB37l7, dUMP and TS (see section 
3.2.3). 
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EVIDENCE FOR THE INTRACELLULAR LOCUS OF ACTION OF CB3717 

1. Theoretical Considerations 
We have already alluded to the fact (section 4.3.1) that 2-amino-4-hydroxy 
quinazolines are also DHFR inhibitors but kinetic simulation using a ma
thematical model suggests that although TS inhibition may be very much 
weaker than that of DHFR (up to 3.5 orders of magnitude) the effective 
cytotoxic locus is still TS. Tight-binding kinetic analysis of CB3717 inhibi
tion of DHFR reveals a relatively weak inhibition when compared with the 
more potent diamino compounds that inhibit this enzyme. The Ki for the 
LI210 enzyme was found to be 14 nM [80] while that for human enzyme 
was 23 nM [127]. Thus the mathematical model predicted unequivocally 
that the TS inhibition would be the rate-limiting event in the inhibited 
steady state when cells were exposed to CB3717 [127]. There is now a sub
stantial amount of experimental data to support this prediction. 

2. Thymidine Reversal Experiments 
Thymidine alone prevented 'the cytotoxic effects of CB3 717 against both the 
LI210 [80] and WIL2 [127] cells grown in culture while it only partially 
prevented methotrexate cytotoxicity in these cell lines [127,164]. Even 
when given as a delayed rescue (8 hours) TdR reversed the effects of the 
drug [127]. These observations supported the hypothesis that TS was the 
sole locus of action. The cytotoxicity of methotrexate was not even partially 
reversed by delayed TdR administration as expected (see section 4.3.1). 

3. Intracellular Dihydrofolate Pools 
FH2 did not accumulate in WIL2 lymphoblastoid cells treated with CB3717 
while those treated with an equally toxic dose of methotrexate showed 
marked elevation (normal <0.2 IlM, treated 6.8 IlM) [127]. This is probably 
the strongest evidence to suggest that DHFR is not the cytotoxic locus of 
action in cells treated with CB3717. 

4. Intracellular Pyrimidine Deoxynucleotide pools 
Measurement of the pyrimidine deoxynucleotide pools has substantiated the 
thesis that the de novo synthesis of thymine nucleotides is inhibited in cells 
treated with CB3717. WIL2 cells exposed to an IDso dose of either CB3717 
or methotrexate showed a marked decrease in the mono, di and triphos
phates of thymidine when compared with controls after 16 hours of treat
ment [127]. As predicted the level of the TSsubstrate, dUMP, rose drama
tically, giving levels 2936 % and 4455 % of control for methotrexate and 
CB3717 respectively [127]. Elevation of the dUMP pool has been demon
strated several times previously when either methotrexate or FU (see sec-
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tion 4.1.1 a) has been used to inhibit the de novo synthesis of thymidylate 
and does not itself establish whether the inhibition of the TS is direct or 
indirect. 

5. Purine Nucleotide Pools 
Measurement of the purine nucleotide pools is more informative in estab
lishing the effective locus of CB37l7. If inhibition of DHFR were rate
limiting or if CB3 717 inhibited one of the two folate dependent enzymes in 
the de novo purine pathway, then a fall in the purine nucleotide pools would 
be expected. Jackson et al. compared the effects of equally toxic doses of 
methotrexate and CB3717 on the purine nucleotide pools in WIL2 cells 
grown in culture [127]. As expected, a reduction in the ATP and GTP pools 
was apparent following exposure to methotrexate, but this effect was not 
seen with CB37l7. However, a decrease of the dGTP pool was observed in 
cells treated with either drug. This may be explained as a secondary effect of 
the decreased TTP pool since TTP is known to be an obligatory activator 
for the GDP reductase activity of ribonucleotide reductase [165, 166]. 

6. Resistance Studies 
Methotrexate resistant cell lines that over produce DHFR are virtually not 
cross-resistant to CB3717 [80, 167], again suggesting that DHFR is not the 
cytotoxic locus for this compound. 

A cell line with acquired resistance to CB3717 [182,168] overproduces TS 
- 30 fold. This cell line is not significantly cross-resistant to methotrexate 
(see section 4.7). 

We may conclude therefore that CB3 717 has its cytotoxic effects, at least 
in cells grown in vitro, solely associated with inhibition of TS. 

4.3.3IAHQ 
a) Kinetic 
This TS inhibitor was first described by Scanlon et al. in 1979 [75] as an 
analogue of isofolic acid. The reversed configuration of the 9-10 bridge 
actually worsened the ICso against TS when compared with its 'parent' 
compound (AHQ). However, recent work has established that the mode of 
inhibition of TS is non-competitive with respect to 5,1 O-CH2FH4 [162], 
unlike the other 2-amino-4-hydroxy quinazolines so far reported which are 
all competitive [75,77,81,127]. The Ki reported was -811M when 5,10-
CH2FH4 was used as the variable substrate and 5 11M when dUMP was 
varied [162]. The documented uncompetitive nature of the inhibition with 
dUMP as the variable substrate is expected when binding of this substrate is 
a prerequisite for inhibitor binding and indeed the level of dUMP was sug
gested to be important in the promotion of such binding. The way in which 
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the intracellular substrate levels modulate the inhibition by quinazoline 
antifolates is discussed in section 4.4.1. An important advance in the qui
nazoline antifolate field has been the synthesis of the triglutamate derivative 
of IAHQ. Kinetic analysis demonstrated a lO-fold improvement in the Ki 
when 5,1O-CH2FH4 was the variable substrate and a 50-fold improvement 
when dUMP was varied, suggesting that the ternary complex formed with 
the triglutamate is more stable than that found with the parent com
pound [162]. It would be expected (by analogy with IAHQ, methotrexate 
and 5,10-CH2FH4) that polyglutamation of any folate-based TS inhibitor 
would decrease the Ki for TS. The authors point out that the cytotoxicity of 
IAHQ may be determined by the extent of intracellular polyglutamation. 

b) Intracellular Locus 
If we apply the mathematical rationale of Jackson et al. (see section 4.3.1) 
then IAHQ undoubtedly acts as a TS inhibitor (Kis for DHFR = O. 7 ~M). 
This is supported by the fact that TdR almost completely prevented the 
cytotoxicity of IAHQ in HCT -8 cells [162]. In addition the reported mea
surements of intracellular ribonucleotide and deoxyribonucleotide pools 
were consistent with TS being rate-limiting for growth in LI210 cells 
exposed to IAHQ [162]. Studies where 3H UdR incorporation (in drug-free 
medium) were used as a measure of TS activity in human colonic cells 
(HCT -8) after a short exposure to IAHQ suggested that the drug was in a 
non-effiuxable form. This fact together with the knowledge that IAHQ was a 
substrate for folylpolyglutamate synthetase (FPGS) at ~M drug concentra
tions was the basis for the authors' thesis that IAHQ is a 'prodrug' for the 
more active polyglutamated form that is the proposed active agent. It has 
been reported that CB3717 (personal communications, R. Moran and J. 
McGuire) is also a substrate for FPGS at low concentrations although sub
strate inhibition was noted at high concentrations. It will be interesting to 
establish whether this phenomenon is general for the quinazoline TS inhi
bitors. 

4.4 Factors Affecting TS Inhibition 
Cells lacking sensitivity to an enzyme inhibitor are frequently said to be 
, resistant'. Acquired resistance is the term used to describe a reduction in 
the sensitivity of cell lines following prolonged exposure to the drug. Intrin
sic resistance is simply a function of the normal cellular biochemistry where 
conditions may be unfavourable for effective inhibition. Studies of the 
mechanisms of intrinsic and acquired resistance of various cell lines to fluo
rinated pyrimidines has helped considerably in the design of folate-based 
inhibitors of TS. Fortuitously, some factors associated with resistance to the 
pyrimidine analogues may actually increase the sensitivity to the folate ana-
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10gues. It is now clear that the concentrations of substrates in relation to the 
kinetics of the reaction play an important role in determining sensitivity to 
TS inhibitors. 

4.4.1 Inhibition Kinetics in Relation to The Natural Substrate 
Concentrations 

a) dUMP Levels 
Christopherson and Duggleby [170] have recently used a theoretical model 
to describe the protection of enzymes from tight binding inhibitors by accu
mulation of substrate. This capacity to generate, what they describe as 'me
tabolic resistance', applies to the TS reaction when inhibited by FdUMP. 
Until recently FdUMP was thought to bind to TS competitively in the first 
instance followed by an irreversible covalent binding as it becomes coval
ently linked to the enzyme (see section 2.4.2). However, Lockshin and 
Danenberg have demonstrated, using enzyme purified from CCRF-CEM 
human leukemic cells, that although FdUMP binds covalently this is not 
irreversible [38]. When the synthesis of thymidylate is inhibited, the sub
strate, dUMP, accumulates [130-133,153,171] and may effectively com
pete with FdUMP for enzyme binding [38, 130]. 

The accumulation of dUMP has been documented to occur in many cell 
lines and is unrelated to the mechanism by which TS is inhibited. Thus, the 
indirect inhibition of TS by methotrexate also results in accumulation of 
dUMP [127-129, 171]. The limit of this substrate build up appears to be in 
the mM range as levels in excess of 2 mM have been measured. Although 
the initial cause of the expansion of the dUMP pool is clearly an accumu
lation of dUMP behind the block, several secondary factors probably serve 
to augment this effect - including derepression of feedback inhibition of 
ribonucleotide reductase and derepression of deoxycytidylate deaminase 
activities due to a fall in the TTP level. Myers et at. [130] measured intra
cellular FdUMP levels in some tissues after FU administration to P1534 
ascites tumour-bearing mice. Although TS activity was initially inhibited, 
recovery occurred as intracellular FdUMP levels fell and dUMP levels rose. 
Differential tissue recovery was related to the rate of dUMP accumulation. 
These authors applied a model used for the inhibition of acetylcholinester
ase by diisopropylfluorophosphate to demonstrate that when the substrate 
concentration exceeded the Km the rate of inactivation of the enzyme 
should decrease rapidly. Their experimental data was consistent with this 
model. As the initial intracellular dUMP concentration and Km are more or 
less equivalent this effect might be expected to occur readily. In more recent 
work, Lockshin and Danenberg [38] have extended the theoretical modell
ing of TS inhibition by using data from ligand binding studies of TS isolated 
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from CCRF-CEM human lymphoblastic leukemia cells. They demonstrated 
that both dUMP and inorganic phosphate (Pi) decreased the rate of associa
tion of FdUMP with TS and that the effect of dUMP and Pi together was 
additive. The stabilisation of FdUMP binding by 5,1O-CH2FH4 was also 
studied. At low 5,10-CH2FH4 concentrations the rate of FdUMP association 
was slow while that of dissociation was increased. Lockshin and Danenberg 
were able to demonstrate that at very low 5,1O-CH2FH4 concentrations 
FdUMP dissociated more rapidly from the human than from the bacterial 
enzyme. The effects of increased dUMP together with low 5,1O-CH2FH4 on 
decreasing the affinity of FdUMP binding to TS was more than additive. 

Accumulation of the substrate dUMP is obviously a serious problem in 
relation to the cytotoxicity of pyrimidine~based TS inhibitors. For this rea
son Moran et al. [172] have proposed that FU could be used in combination 
with inhibitors of ribonuceotide reductase and deoxycytidylate deaminase 
thereby preventing the build up of dUMP. 

b) Folate Cofactor Levels 
Intracellular CH2FH4 levels are low « 1 ~M) [173, 174] and well below the 
Km for this co-substrate (-17 ~M) (table 1). 5,10-CH2FH4 can not build up 
significantly in the cell as a result of the inhibition of TS since the total 
concentration of intracellular folates is only - 3-6 ~M [174, 175] and these 
compounds are not synthesised de novo in mammalian systems. In addition, 
5,10-CH2FH4 is at a metabolic branch point and equilibration between the 
reduced folates would be expected. Lockshin and Danenberg [38] used the 
intracellular levels of dUMP, Pi and 5,1 O-CH2FH4 present in some tissues 
(after TS inhibition) in their mathematical model and demonstrated that the 
Ko for FdUMP increased by several orders of magnitude to> 10- 6 M. This 
was 5 orders greater than the lowest Ko achieved when dUMP and Pi were 
absent and 5,10-CH2FH4 was high (75 ~M). This excellent work thus 
described in mathematical terms how TS inhibition by FdUMP could be 
severely retarded by the intracellular milieu. It not only explains recovery of 
TS activity in the presence of free FdUMP because of the accumulation of 
dUMP but also supports the data of Houghton et at. [177] who correlated a 
lack of sufficient 5,1O-CH2FH4 with non-responsiveness in human colorec
tal adenocarcinoma xenografts. Washtein [178] however, was unable to 
increase the amount of 3H-FdUMP binding to TS in the cell sonicates of 
five human G.!. gastrointestinal tumour cell lines by the addition of 5,10-
CH2FH4, although she did not measure the naturally occurring 5,10-
CH2FH4 levels. 

The proportion of various polyglutamate forms of CH2FH4 may well be 
important and is not considered in the previously described mathematical 
model. The Km for the pentaglutamate form of this co-substrate is consid-
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erably reduced (~2 J.lM) [179] and the degree of polyglutamation of folates 
within a given cell type may help to determine sensitivity to the fluorinated 
pyrimidines. 

c) Conclusions 
We may conclude therefore from kinetic and biochemical studies that 
pyrimidine-based inhibitors of TS may not achieve the degree of inhibition 
suggested by the tight-binding nature of their active metabolite. FdUMP. 
The same factors may however promote more efficient inhibition by a 
folate-based inhibitor of TS. Elevation of the dUMP pools has been found 
in WIL2 human lymphoblastoid cells exposed to the TS inhibitor, 
CB3 717 [127]. Because this antifolate interacts directly with the enzyme, 
and the presence of the pyrimidine substrate is a prerequisite for ternary 
complex formation it should follow that high dUMP levels enhance the 
initial binding of CB3717 to the enzyme (the kinetics of inhibitor competing 
with the 2nd substrate of an ordered mechanism are dealt with by Spector et 
at. [169]. A similar phenomenon has been proposed by Fernandes et al. in 
relation to the quinazoline anti folate IAHQ (see section 4.3.3). The very 
slow dissociation of CB3717 from the complex (see action 3.2.3) should 
therefore allow TS to remain inhibited for some time. If we examine the 
levels of the competing substrate i.e. 5,lO-CH2FH4 it is clear that these can 
never accumulate significantly. We have already established that the con
centration of 5, 10-CH2FH4 is unlikely to exceed the Km even in a polyglu
tamate form. 

Thus a comparison of the kinetics of the inhibition of TS by the two 
tight-binding inhibitors FdUMP and CB3717 shows that the concentration 
of CB3 717 required to achieve complete TS inhibition should be lower than 
that of FdUMP. Inhibitor levels are the next variable to be discussed in 
relation to tissue sensitivity to TS inhibitors. 

4.4.2 Intracellular Inhibitor Levels 
These levels are determined by a) the pharmacodynamics and pharmacoki
netics of the drug in vivo, b) transport into the cell, c) metabolic activation, 
if this is necessary, d) catabolism of either the precursor or the active spe
cies, e) efflux. 

a) Fluorinated pyrimidines 
As a fluorinated pyrimidine has to be administered in a nonphosphory
lated form the routes for metabolic activation will therefore determine what 
proportion will become FdUMP. There is no evidence that the facilitated 
transport of these compounds is rate-limiting [113]. FU may be activated 
by a variety of routes, including pyrimidine phosphoribosyl transferase 
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enzymes which form FUMP, and thymine phosphorylase which forms 
FUdR (see Fig. 2). The activity of the activating enzymes and levels of the 
various ribose, deoxyribose and phosphate donors may all determine the 
route by which FU is activated in a particular cell type. Although FUdR has 
an apparently one-step activation to FdUMP via thymidine kinase a pro
portion may be channelled through FU by the action of thymidine phos
phorylase. In this manner FUdR may exert the additional RNA effects 
associated with FU. In vivo, as will be discussed in section 5.1. the activity 
of this enzyme is responsible for almost complete conversion of FUdR to 
FU. 

Measurement of FdUMP levels in various tumours reveals wide varia
tions and it appears that the persistence of FdUMP within the cell may be a 
more important determinant of sensitivity than peak levels [131, 132]. On 
the other hand neither may relate to response [148] as the presence of free 
FdUMP does not necessarily imply good ternary complex formation with 
TS for reasons already discussed. 

FdUMP persists in some cells for longer than may be expected for a 
pyrimidine. As would be surmised, FdUMP is readily dephosphorylated by 
phosphatases and a 5' -nucleotidase. It has been shown by Ardalan [135] 
that the action of these enzymes on free FdUMP ultimately relieves TS of 
its inhibition as more and more free FdUMP dissociates from the enzyme. 
The low capacity of human colonic tumours to de phosphorylate FdUMP 
compared with that of normal intestinal mucosa has been proposed as an 
explanation for the efficacy of FU in some of these tumours [135]. 
Myers [130] proposes that the expansion of the dUMP pool as a result ofTS 
inhibiiton may actually protect FdUMP from degradation by competing 
with the dephosphorylating enzymes. Myers also speculates that the incor
poration of FU into RNA may form a depot form for FdUMP, allowing for 
prolonged TS inhibition. 

b) Antifolates 
Certain 2,4-diamino quinazoline analogues of folic acid (which are primarily 
DHFR inhibitors) appear to be transported across the cell membrane by the 
same system that transports methotrexate and folates, but reach higher 
intracellular levels than methotrexate [77]. For the 2-amino-4-hydroxy 
compounds no information is currently available on intracellular levels or 
how this correlates with sensitivity. However, certain other biochemical fea
tures of these compounds contrast sharply with those of the pyrimidine 
analogues and are intrinsic to their design rationale. 

The lack of requirement for metabolic activation ensures that the inhibi
tor is not dependent on intracellular metabolism to provide the active spe
cies. This has three advantages. Firstly metabolites active at another locus 
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are unlikely to be produced unless the inhibitory specificity of the polyglu
tamate forms (which are usually produced) differs widely from that of the 
parent. Secondly, tissues lacking activating enzymes will not be intrinsically 
resistant. The third advantage relates to the impossibility of the develop
ment of acquired resistance through deletion of activating enzymes, a 
known, and common cause of resistance to the fluorinated pyrimidines (sec
tion 4.7). Of course what is not built in to this arguement is the possibility 
of tumour selectivity based on differential activation. 

Although folate-based inhibitors of TS do not require activation, the for
mation of polyglutamate forms may lead to enhanced inhibitory activity. 
We have already discussed how Fernandes et al. [162] describe the new TS 
inhibitor IAHQ as a prodrug that after polyglutamation (at least to the tri
glutamate) becomes an improved TS inhibitor. If polyglutamation of folate
based TS inhibitors improves their efficacy then the activity of FPGS and 
the proportion and inhibitory activity of each polyglutamate formed may be 
determinants of tissue response. As both CB3717 and IAHQ behave as TS 
inhibitors in culture systems we must assume that the addition of extra 
glutamate residues does not alter their cytotoxic locus. However, caution 
may be necessary when testing similar structures to ensure that the polyglu
tamated compound is not a more potent inhibitor of another folate enzyme. 
For example, the methotrexate pentaglutamate has a greatly increased affin
ity for MCF-7 human breast cell TS (Ki ca 2.0 x 10 - 8 M) when compared 
with methotrexate (Ki ca 1 x 10- 5 M) [126] but DHFR inhibition is not 
apparently affected [180]. 

Interpretation of the effects of polyglutamation of antifolates is further 
complicated by the existence of polyglutamated forms of the natural folate 
substrates. These polyglutamated forms generally have lower Km's for the 
relevant enzymes [179, and reviewed by 123] and the degree of polygluta
mation may itself be affected by the presence of an antifolate [reviewed by 
123] . 

Unlike pyrimidine inhibitors of TS, folate analogues are unlikely to be 
catabolised extensively. Natural folates are not synthesised de novo in mam
malian systems and as may be expected with a vitamin, are not easily cata
bolised. For example, in vitro, no catabolic products of methotrexate are 
described. Even in vivo only a small proportion of this drug is converted to 
metabolites. So, providing folate analogues do not have reactive substi
tuents they may be expected to be relatively stable to catabolism. 

Of course lack of catabolism of free drug may result in persistence of the 
mono or polyglutamated forms intracellularly, the levels ultimately depend
ing on their efflux kinetics. The line dividing the advantages of drug persis
tence in the tumour cells with the disadvantages of prolonged toxicity to 
normal tissues may be a thin one. Extensive polyglutamation to a form 
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unable to be effiuxed mayor may not be advantageous. There is conflicting 
evidence but generally it is accepted that the polyglutamates of methotrexate 
are less readily effiuxed [116, and reviewed by 123]. 

It has been suggested in recent years that folic acid, reduced folates and 
methotrexate all share the same transport system [181] although the Km for 
folic acid is markedly higher than those for the reduced folates or metho
trexate. The mechanism is active so that folates are concentrated within the 
cell. Thus methotrexate and other non-lipid soluble antifolates may achieve 
the intracellular concentrations necessary to inhibit DHFR. Very little infor
mation is currently available on the transport of the 2-amino-4-hydroxy 
quinazoline antifolates designed as TS inhibitors. We have recently tried to 
measure the transport of 14C CB3717 into LI210 cells. Initial results sug
gested that accumulation of the drug was slow but until the higher specific 
activity 3H label is available we are unable to examine the kinetics more 
thoroughly. However, the transport process appeared to be temperature 
dependent suggesting an active process. 

Other unpublished observations suggest that in Ll210 cells grown in cul
ture, at a toxic concentration of CB3717 (50 J,lM), the drug may only reach 
1-2 J,lM within 6 hours despite the fact that 3H deoxyuridine incorporation 
is markedly reduced within 1 hour. This would suggest that the inhibition 
reaches a sufficiently high concentration within the cell at this time to affect 
TS despite the fact that equilibrium has not been reached. In this respect the 
apparently poor transport of the drug may be compensated for by its high 
affinity for TS. These results need to be substantiated but it would seem that 
the high dose requirement for CB3717 relates to poor transport. However, 
mutant cell lines which transport methotrexate poorly and consequently are 
resistant to this drug are not significantly cross-resistant to CB3717 [167]. 
This suggests that CB3717 has transport characteristics different from those 
of methotrexate which may bestow an advantage upon this drug. 

4.4.3 Enzyme Levels 
The level of TS in a particular tumour or normal tissue may reasonably be 
expected to be a determinant of the cytotoxicity of a TS inhibitor. Washtein 
et al. studied 5 gastrointestinal carcinoma lines in culture and found that 
those with the lower levels were more sensitive to FUdR[ 178]. However, in 
vivo, Houghton using colonic xenografts found that no correlation existed 
between sensitivity and enzyme levels, but that the factor limiting sensitiv
ity to fluorinated pyrimidines was not enzyme levels, but rather the availa
bility of the cosubstrate 5,1 0-CH2FH4 [177]. 

4.4.4 Discussion 
In the preceeding section we have discussed the various biochemical factors 
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which may modulate the inhibition of TS in tumour cells. Generally, these 
considerations would favour an anti folate rather than a pyrimidine analogue 
as a general method for inducing this inhibition. It is, however, possible that 
such an inhibition could be non-toxic if a sufficient source of exogenous 
thymidine were present to supply the substrate requirement for DNA syn
thesis. This possibility is the subject of the next section. 

4.5 The Significance of the TdR Salvage Pathway 
The presence of an active TdR salvage pathway confers upon the cell the 
capability to by-pass any inhibition of thymidylate synthetase. Generally 
cells grown in culture have virtually no TdR available to them from the 
medium and serum supplement. The addition of exogenous TdR to the cell 
suspension is therefore a valuable way to investigate the locus of action of 
putative TS inhibitors. TdR prevents the cytotoxicity of both CB3717 and 
IAHQ in culture [127, 162, 80]. 

It would be rather naive to consider TdR protection or reversal experi
ments as simply a method of by-passing the effects on TS. For example, 
whereas the combination ofTdR and FU will indeed have this effect, there
by isolating the effects of FU on RNA metabolism, this should not be 
regarded as evidence that the RNA effects are or are not the cytotoxic 
events in cells exposed to FU alone. Indeed FU incorporation into RNA 
may be augmented by TdR resulting in enhanced anti-tumour activi
ty[151]. 

When TdR is used to protect from FUdR toxicity in culture not only will 
TdR by-pass any TS inhibitor, but also it may compete with FUdR for both 
transport [183] and thymidine kinase [135]. The concentrations of TdR 
used has often exceeded that of FUdR by several orders of magnitude mak
ing the interpretation of the results inconclusive. 

When reversing the effect of an antimetabolite by providing the depleted 
metabolite exogenously, it will clearly be necessary to provide sufficient to 
allow for its utilization by the cell for DNA synthesis. It can be calculated 
that 1 )lmole of TdR is necessary to provide the thymine residues in the 
DNA of 105 murine cells. It is therefore not surprising that a high dose of 
thymidine is necessary for reversal of TS inhibitors in culture. As thymidine 
is utilised for DNA synthesis there is a progressive fall in the extracellular 
thymidine level [184, 185]. This, coupled with the fact that TdR is catabol
ised to thymine in the medium, complicates the estimation of the minimal 
steady state extracellular TdR concentration from which cells can salvage 
thymidine effectively in the presence of a block on de novo synthesis of 
thymidylate. By reducing the initial cell inoculum and monitoring the 14C 
thymidine in the culture medium throughout the experiments Jackman et 
al. {185] have established that the critical concentration of TdR in the 
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medium, below which LI2lO cells will salvage inadequately, is approxi
mately 0.1 }!M. The implications of these results in relation to plasma TdR 
levels are discussed in section 5.3. 

With the recent interest in human tumour cloning techniques it may be 
pertinent here to point out one particular problem associated with such 
techniques. Human tumours may be exposed to the drug under investiga
tion in tissue culture medium containing a significant quantity of thymid
ine. For example CMRL 1066 has as much as -1 x 0- 5 M TdR, a quantity 
sufficient to protect a number of cell lines from the toxicity of TS inhibitors. 
Even pre-incubation in a thymidineless medium will probably not over
come this problem. For instance we know that TdR will reverse the toxicity 
of CB3717 to WIL2 cells in suspension culture even if it is added to the 
medium after many hours of exposure [127]. Unless human tumour cloning 
assays employ media devoid of such high quantities of salvageable precur
sors, it is difficult to imagine how anti metabolites such as CB3717 or IAHQ 
can be evaluated in these systems. 

4.6 Secondary Effects Associated With TS Inhibition 
4.6.1 Misincorporation of Uracil into DNA 
We have already discussed how the decreased TTP pool that occurs as a 
result of TS inhibition may derepress feedback inhibition on other enzymes 
in pyrimidine metabolism (section 4.4.1a). The normal function of this reg
ulatory role of TTP is to control its own synthesis via both de novo and 
salvage pathways. However when the de novo pathway is inhibited (in the 
absence of sufficient salvageable TdR) the effects of decreased TTP become 
evident. In recent years it has been proposed that the cytotoxicity of inhi
bitors of thymidylate synthesis may not ;be· entirely due to a decreased TTP 
pool but additionally due to an increase in the dUTP: TTP ra
tio [186, 187, 127, 188]. Uracil is not a normal component of DNA even 
though dUTP may replace TTP as a substrate for DNA polymerase [189]. 
The reason for failure to detect uracil in DNA is twofold, first the presence 
of the enzyme UTPase that hydrolyses any dUTP formed back to dUMP 
and PPi. Second, any uracil that may be incorporated is removed by uracil -
DNA glycosylase and the excision subsequently repaired by the insertion of 
a thymidine residue. Where TS is inhibited either directly by FUdR or 
CB3717 or indirectly by MTX the resultant accumulation of dUMP leads to 
a smaller but significant increase in dUTP levels despite the action of dUT
Pase [186,190,127]. Goulian et al. showed the presence of uracil in mam
malian DNA after exposure to methotrexate, presumably as a consequence 
of a raised dUTP pool [188]. The levels of dUTP in WIL2 human lympho
blastoid cells treated with an ID50 dose of CB3717 or methotrexate have 
also been reported and were only slightly lower than the TTP levels [127]. A 
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similar increase in the dUTP:TTP ratio has been shown previously in 
methotrexate treated cells [186]. A cyclic process of futile excision and 
repair has been proposed to be a possible mechanism by which such drugs 
exert their cytotoxic effects [186]. However, Jackson et al. failed to demon
strate potentiation of CB3717 by the addition of deoxyuridine. Further, the 
inhibition of dUMP accumulation by pyrazofurin or PALA did not anta
gonise the cytotoxicity ofCB3717 [127]. These results do not therefore sup
port the hypothesis that uracil misincorporation into DNA contributes to 
the cytotoxicity of TS inhibitors. However, this subject is still under inten
sive investigation and recently dUDP-GLc-NAc has been identified in 
human lymphoid cells treated with methotrexate [191]. It is assumed that 
this is formed from dUTP and offers an alternative pathway for limiting the 
accumulation of dUTP (the other being dUTPase). Whether cells deficient 
in one or both of these enzymes may more readily succumb to the proposed 
cytotoxic effects of misincorporation of uracil into DNA is as yet un
known. 

4.6.2 Modulation of The TdR Salvage Pathway 
It has been suggested that the high levels of dUMP found in cells where TS 
is inhibited may compete with thymidylate for thymidylate kinase [186]. 
Similarly the documented increase in intracellular levels of the correspon
ding nucleoside, deoxyuridine, after methotrexate or FUdR treatment [171] 
may compete with TdR for thymidine kinase. The net effect of these two 
changes could be inhibit TdR salvage although preliminary evidence sug
gests that the addition of a high concentration (lOa IlM) of extracellular 
deoxyuridine does not interfere with the salvage of 1 IlM thymidine in the 
presence of a cytotoxic dose of CB3717 (unpublished observation, A.L. 
Jackman and G.A. Taylor). 

In conclusion, inhibition of TS results not only in a fall in the TTP pool, 
but a general disturbance in deoxypyrimidine metabolism. Whether these 
disturbances participate in the efficacy of the TS inhibitors in vitro or in vivo 
is not clear. 

4.7 Resistance 
The development of resistance to anti metabolites is a common problem in 
patients receiving treatment. Although the causes of acquired resistance to 
agents such as methotrexate or FU are well defined experimentally, they are 
not so well studied in man. Perhaps the most intensively investigated mech
anism of resistance is the overproduction of DHFR in cells exposed to 
methotrexate [reviewed by 192, 193]. This has been shown to be associated 
with amplification of the DHFR gene in cells grown in vitro [reviewed by 
193]. An increase in DHFR has been measured in the cells of patients 
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receiving methotrexate and recently amplification of the DHFR gene has 
been documented in one patient who exhibited this type of resis
tance [194]. 

Resistance to methotrexate in experimental tumours may also be the 
result of reduced membrane transport, or the production of an altered 
enzyme with a decreased affinity for methotrexate [reviewed by 192]. 

Experimental resistance to FU has been associated with the deletion of 
the activating enzymes uridine kinase [195], nucleoside phosphory
lase [196], uracil phosphoribosyl transferase [197] and pyrimidine mono
phosphate kinase [135]. An altered TS enzyme with lower affinity for 
FdUMP has also been reported [231]. 

Resistance to FUdR is normally associated with deletion of thymidine 
kinase [198] so that the active metabolite FdUMP is not formed. A small 
overproduction of TS by a cultured hepatoma cell line has been reported by 
Priest et al. [199]. Overproduction of TS has also been documented by Bas
kin et al. [200] although the authors point out that the relatively small 
increase in enzyme (8-fold) does not correlate with the very high degree of 
resistance observed suggestihg that another unidentified mechanism is also 
present. As FUdR administered in vivo is converted to FU by the action of 
thymidine phosphorylase, acquired clinical resistance to the fluorinated 
pyrimidines is likely to occur by the same mechanisms as those described 
for FU resistance in experimental systems. Thus there are a number of 
diverse mechanisms by which cells may develop resistance to the fluori
nated pyrimidines. 

Most antifolates are active inhibitors in the absence of metabolic activa
tion, although increased inhibitory activity may be expected as the result of 
the formation of polyglutamates. Deletion of FPGS has not been docu
mented as a cause of resistance (indeed it seems to be a lethal lesion to the 
cell) [reviewed by 123] therefore we may expect resistance to folate-based 
TS inhibitors to be mediated either by a defect in cell membrane transport 
or by a change in the quantity or kinetics of the target enzyme, TS. Several 
L1210 monoclonal sub-lines with acquired resistance to CB3717 have been 
developed [168]. These lines overproduce TS by about 30-fold and purifi
cation and kinetic analysis of the enzyme indicated that the form of the 
enzyme was identical to that of the parent line [168, 182]. The cells main
tain their resistant properties in the absence of CB3717 (> 300 cell doub
lings). 

We therefore have examples of several types of acquired resistance to 
anti metabolites that have their cytotoxic loci associated completely or in 
part to inhibition of the de novo synthesis of thymidylate. The study of the 
mechanisms of resistance and studies of cross-resistance with other drugs 
have been useful in elucidating the loci of action of compounds designed as 
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TS inhibitors. A number of cell lines with acquired resistance to methotrex
ate, by virtue of overproduction of DHFR demonstrated practically no 
cross-resistance to CB3717 although they did to other DHFR inhibi
tors [167,80]. These observations are consistent with the concept that 
DHFR is not the locus for CB3717. Further, two cell lines resistant to 
methotrexate by virtue of a transport defect have been reported not to be 
significantly cross-resistant with CB3717[167], suggesting that it may be 
transported by a different route from methotrexate. 

The LI210 cell lines with acquired resistance to CB3717 due to a 30fold 
overproduction of TS are not significantly cross-resistant to methotrexate. 
The small overproduction of DHFR (- 5fold) probably accounts for the 
minimal amount of cross-resistance observed (Table 2). These cell lines 
were also not cross-resistant to either FU or FUdR suggesting that TS was 
not a locus of action of either of these latter compounds in these cells. This 
observation is particularly hard to reconcile with the literature on FUdR 
cytotoxicity to other cell lines. The authors are currently examining various 
biochemical parameters in these cells in order to establish the mechanism 
by which the fluorinated pyrimidines act in both the parent and resistant 
L 121 0 cell lines. 

5. IN VIVO STUDIES OF THYMIDYLATE SYNTHETASE INHIBITORS 

5.1 Pharmacokinetics and Metabolism of 5-Flourouracil and 
5-Fluorodeoxyuridine 

5.5.1 5-Fluorouracil 
Following an intravenous bolus some clinical studies have demonstrated a 
monophasic decay of the plasma levels with a half life of 10-20 min [204-

Table 2. Cross-resistance studies with an Ll210 cell line with acquired resistance to CB3717 

IDso in culture (at 48 hrs) (11M) 

Compound Ll210 (S) Ll210 (R)l Ll210 RiLl 2 10 S 

CB3717 5 > 1000 >200 
AHQ 5 500 100 
Methotrexate 0.011 0.070 6.4 
FU 0.84 1.3 1.5 
FUdR 0.0026 0.0025 1.0 

1 Ll210 (R) - overproduces TS - 30 fold and DFHR - 5 fold. Thymidine kinase activity is 
unchanged. 

Data of D.L. Alison and A.L. Jackman 
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206] while in others it was biphasic with half lives of approximately 8 and 
40 minutes [207, 208]. It is possible that the plasma half life may be pro
longed slightly at the end of a 5-day course. It is notable that little variation 
between patients [204-206] was apparent, and that evidence that retention 
was associated with toxicity was scant. It appears that the pharmacokinetics 
of FU are dose dependent [207-209] due to saturation of the enzyme dihy
drouracil dehydrogenase which is responsible for the initial degradation of 
FU to 5,6-dihydro-5-fluorouracil [210]. This catabolism is the major route 
of elimination of FU and largely takes place in the liver. Plasma levels of 
FU have been reported to be raised in patients with hepatic metas
tases [204]. Clearly the important determinant of FU toxicity and thera
peutic effect will relate to the levels of phosphorylated species retained with
in the cell. Evidence exists to suggest that these may form a depot, from 
which FU may be slowly released causing a third plasma half life [211]. 

5.1.2 5-Fluorodeoxyuridine 
The pharmacokinetics of this compound are less studied than those of FU. 
There is no doubt that FUdR is converted rapidly to FU in cancer patients, 
primarily by hepatic metabolism although thymidine phosphorylase activity 
has also been detected in human plasma [236]. 

5.2 Pharmacokinetics and Metabolism of CB37I7 
The clinical and experimental pharmacology of the quinazoline CB3717 
have been reported in abstract form. Following a one hour intravenous 
infusion in man, plasma decay was biphasic with mean half lives of 70 min 
and 9 hours. Metabolites were not detected in urine or plasma, but the 
desglutamyl derivative was found in faeces [212]. A similar pattern was 
seen in rats. In this species it was possible to demonstrate that the des
glutamyl metabolite was not formed in the faeces of rats following gut ster
ilisation with neomycin, suggesting that this metabolite is formed by bacter
ia [161]. In many ways the reported pharmacokinetics and metabolism of 
CB3 717 are similar to those of methotrexate [154] with the chief differences 
being: (1) the beta half life of CB3717 is somewhat longer, (2) CB3717 is 
cleared less in the urine (ca 25%) and more in the bile (ca 75%) [212] and 
(3) the protein binding of CB3717 is higher than that of methotrexate. It 
may be speculated that a drug with a relatively long persistence in the plas
ma is more likely to be distributed to poorly vascularised areas than is one 
which is rapidly degraded. 

5.3 Plasma Nucleosides 
The plasma levels of thymidine have been reported to fall in patients fol
lowing the administration of methotrexate [213]. It is clearly important to 
document the changes in plasma nucleoside levels following the administra-
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tion of antimetabolites since they affect the availability of' salvage' precur
sors. Jackman and Taylor measured the levels of thymidine and deoxyurid
ine in mice treated with CB3717. Following a single dose ofCB3717 plasma 
deoxyuridine levels rose ca. 6-fold peaking after 4 hours, but declined to 
normal within 24 hours [155, 156]. This is most probably the result of an 
increase in intracellular dUMP such as is observed following TS inhibition 
in vitro [127]. Plasma thymidine levels also rose slightly initially but rapidly 
returned to normal. When CB3717 was administered for 5 consecutive days 
the plasma thymidine level measured 24 hours after each dose fell progres
sively and reached a nadir 24 hours after the final injection recovering by 
three days thereafter. The level at the nadir was dose dependent and at the 
highest dose used (200 mg/kg) was approximately one third of the pre-treat
ment level [185]. Even at the nadir, the plasma thymidine level (- 0.4 7 ~M) 
in mice still exceeded the normal levels reported for man (- 0.1 ~M). 

In view of the large differences observed in normal plasma TdR levels 
between mice (> 1 ~M) [156, 239, 185] and man (0.1 ~M) [156,240-242] it 
seems that the results of experimentation on rodents should be extrapolated 
to man only with great caution. If the experiments concern fluorinated 
pyrimidines the possible interactions of plasma nucleosides with FU and its 
metabolites are many and vary in different test systems (see 6.1). In the case 
of folate-based TS inhibitors man may be intrinsically more sensitive, par
ticularly if TdR levels fall during treatment. This is concluded from in vitro 
TdR salvage experiments briefly described in section 4.5. These experi
ments also predicted that TS inhibitors should be inactive in mice because 
of the high TdR levels circulating in these animals. CB3717 is not toxic to 
the normal proliferating tissues of mice (gut and bone marrow) when given 
at maximally tolerated doses. In general, the antitumour effect of this com
pound against murine tumours is modest or absent (see section 5.4). The 
one exception is the LI210 tumour used at the Institute of Cancer Research. 
This tumour is exceptionally responsive to CB3717 but the antitumour 
activity of the drug can be completely prevented by co-administration of 
TdR, an observation consistent with the locus of action of the drug. The 
antitumour activity of TS inhibitors is the subject of the next section. 

5.4 Antitumour Studies 
5.4.1 CB3717 
CB3717 (-100 mg/kg) was used in a daily x 5 schedule (starting three days 
after i.p. tumour innoculation) and was curative to the LI210 tumour car
ried at the Institute of Cancer Research [80]. These results were subsequent
ly confirmed [185, and unpublished communications]. The 80-100% cure 
rate obtained was significantly better than the 0-20 % rate obtained when 
methotrexate was administered at the optimal dose (4 mg/kg daily x 5). 
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Even when the tumour was innoculated i.v. and CB3717 injected i.p. a very 
substantial antitumour response was obtained at 240 mg/kg (- 40 % 
cures) [155]. Other tumours reported were either partially responsive (eg 
PC6 plasmacytoma [155], or the LI2l0 tumour carried at the NCI) or non
responsive (eg TLX/5 lymphoma) [155]. The antitumour results are sum
marised in Table 3. All in vitro tumours (animal and human) so far tested 
have been similarly sensitive to CB3717, the 1Dso values ranging between 1 
and 5 JlM [80,127,167,243]. 

We have already suggested in the previous section that caution must be 
used in interpreting data obtained in rodents. Not only may the activity 
against tumours (rodent or human xenografts) be prevented by circulating 
TdR, but also the toxicity to normal tissues. 

5.4.2 IAHQ 
This compound is reported to be active against the colon tumour 38. At 
85 mg/kg injected on days 2 and 10 after subcutaneous tumour innoculation 
6 out of 10 mice were tumour free at day 90. 

Table 3. Antitumour activity of CB3717 in murine systems 

Tumour Result Activity relative 
innocula- Drug Drug (at optimal to methotrexate 

Tumour tion route schedule dose) Ref. (at optimal dose) 

Ll210-ICR IP IP daily x 5 80-90% cures 80,185 better 
subline 

Ll210-ICR IV IP daily x 5 40% cures 155 better 
subline 

Ll210-NCI IP IP daily x 5 <10% ILS 1* 
subline 

Ll210-NCI IP IP daily x 9 -40% ILS 2*,3* worse 
subline 

TLX-5 SC IP daily x 5 <22% ILS 155 worse 
lymphoma 

TLX-5 IP IP daily x 5 <25% ILS 1 * worse 
lymphoma 

ADJ/PC6 SC IP daily x 5 80% inhibit. 155 better 
plasmacytoma of tumour 

growth 

P388 IP IP daily x 5 minimal ILS 3* worse 

Colon 38 SC IP days 1,9 40% inhibit. 3* 

* Refs.: 1 Unpublished observation AL Jackman 
2 Personal communication M. Wolpert, NCI 
3 Personal communication Dr. Atassi, Inst. Jules Bordet, Brussels 
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The ID50 concentration of IAHQ against several cell lines grown in cul
ture was similar to that of CB3717 or AHQ i.e. - 5 11M [162]. However 
IAHQ was more toxic to HCT -8 cells (a human colon adenocarcinoma cell 
line), the ID50 being 0.5 11M. 

6. CLINICAL PROPERTIES OF TS INHIBITORS 

6.1 Pyrimidine Analogues 
6.1.1 5-Flurouracil 
5-Fluorouracil (FU) was introduced into clinical practice shortly after its 
discovery by Heidelberger and his co-workers in 1957 and has remained a 
widely used drug since that time. It is now extensively used as a single agent 
for the palliative treatment of metastatic gastro-intestinal tumours, particu
larly those of the colon and rectum. It is also used in combination therapy 
for the treatment of carcinoma of the breast, pancreas and head and neck . .I t 
is perhaps surprising that FU, unlike other antimetabolites, has never found 
a place in the treatment of leukaemias or in any other' curative' schedule. 
However, the clinical role of FU, whether alone or in combination, may not 
have been fully evaluated. For example, recent reports [214] show that a 
50 % complete response rate may be achieved in head and neck tumours by 
the combination of fluorouracil and cisplatinum. If these results are repro
ducible they may well represent a significant advance not only in the treat
ment of head and neck tumours, but also in our utilisation of FU in com
bination therapy in general. 

FU was designed, in part, to interfere with the methylation of the uracil 
moiety to form the thymine moiety (later defined as the reaction catabolised 
by TS) and until recently was indeed thought to act as such. Newer exper
imental evidence (see section 4.2) suggests that its cytotoxicity is frequently 
not due to TS inhibition, but rather due to its incorporation into nucleic 
acids. Clinically, studies of the co-administration of thymidine have demon
strated that the maximal tolerated dose of FU is decreased rather than 
increased by thymidine, again arguing against TS being the only locus 
responsible for producing the cytotoxic effects of the drug in man [215-
217]. For these reasons, only the clinical applications of FU in which an 
attempt has been made to exploit the interaction of the drug with TS will be 
considered in more detail. The sequenced combination of methotrexate and 
FU and the use of FU in combination with folinic acid are examples of such 
applications. 

a) Methotrexate - 5-Fluorouracil Combinations 
A number of pieces of evidence exist to suggest that if methotrexate and FU 
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are used in combination, synergistic cytotoxicity may be achieved if expo
sure to methotrexate preceeds that to FU. Tattersall et al. argued that prior 
exposure to FU would prevent the depletion of tetrahydrofolate pools (me
ditated by TS catalysis) by the subsequent administration of methotrexate 
and that consequently the combination would be antagonistic [128]. They 
therefore advocated the reverse sequence and also showed an enhanced 
antitumour effect for the simultaneous combination against the LI210 
tumour in vivo. More recently the concept has been explored in some detail 
by the group at Yale University. They were able to show that the metho
trexate, particularly in its polyglutamate forms, was able to enhance the 
binding of FU to TS in the same manner as the normal cofactor 5,10-
CH2FH4 [218]. Further, methotrexate treatment, due to its inhibition of de 
novo purine synthesis, led to an increase in the intracellular phosphoribo
sylpyrophosphate pool and consequently an increase in the activation of FU 
to the nucleotide form [219]. Increased levels of FUTP and dUMP were 
noted. Incorporation of FU into RNA was also increased. It was suggested 
that synergistic toxicity to the bone marrow would not occur owing to the 
reliance of this tissue on salvage pathways for purine synthesis [220]. 

The clinical efficacy of sequential methotrexate and FU has been eva
luated in a number of studies of breast cancer, head and neck cancer and 
gastrointestinal cancer [221-227]. A wide range of methotrexate doses (40-
1500 mg/m2) FU doses (300-1500 mg/m2) and time intervals (1-24 hours) 
have been employed. The reported response rates are 14-53% (breast can
cer), 64 and 71 % (head and neck cancer) and 0-80% (gastrointestinal can
cer). The results of the two head and neck studies were particularly prom
ising because a large number of complete responses (54% and 31 %) were 
reported. Unfortunately these latter results have not been confirmed by two 
prospective randomised studies. Browman et al. randomised 79 patients to 
receive sequential or simultaneous treatment and documented a higher 
response rate in the simultaneous group, although this difference was not 
significant [228]. Coates et al. made a three way comparison of methotrex
ate - FU simultaneously or in either sequence and were unable to show any 
advantage for sequential ther~py [229]. A number of explanations are avail
able to explain this failure. Certain of the metabolic disturbances induced by 
methotrexate, notably the increase in the dUMP pool and the decrease of 
the tetrahydrofolate pools are inimical to the binding of 5-fluorouracil. One 
could also argue that an exposure to methotrexate sufficient to lead to the 
formation of amounts of methotrexate polyglutamates large enough to sub
stitute for the 5,10-CH2FH4 would already have led to a virtual cessation of 
TS catalysis due to cofactor depletion, so that the subsequent binding of 
FdUMP had no additional function. The clinical protocols used in the 
sequential combinations have all employed folinic acid rescue, albeit given 
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some hours after the FU. However, the possibility that the high response 
rates observed were not due to the proposed synergistic interaction of FU 
with folinic acid and (see below) cannot be completely excluded. Finally 
Tattersall has suggested that plasma purine levels in the region of the 
tumour may be higher than was thought and that the preservation of de 
novo purine synthesis via the salvage pathways prevents the depletion of 
PRPP [230]. The difficulty in making accurate ad hoc prediction of synergy 
or antagonism for drug combinations even in an area where an enormous 
amount of background knowledge is available, emphasizes the need for the 
further development of mathematical models. 

b) 5-Fluorouracil- Folinic Acid Combinations 
Ample biochemical evidence exists to suggest that the binding of FdUMP, 
the metabolite of FU, to TS may frequently be inadequate to achieve a 
rate-limiting inhibition of this step. One of the factors prejudicing the bind
ing in vivo may be the low levels of the cofactor 5,1O-CH2FH4 necessary for 
binding (see 4.4.1). This suggests that the increase of folate cofactors may 
enhance the binding of FdUMP to such an extent that TS becomes the 
primary locus. A number of clinical studies have attempted to exploit this 
phenomenon by administering folinic acid concurrently with FU. Machover 
et al. [232] studied thirty patients with advanced colorectal and gastric 
tumours. FU was given at a dose of 400 mg/m2/day for 5 days and folinic 
acid at 200 mg/m2/day. Nine of 16 patients who had received no previous 
chemotherapy responded to treatment, and, remarkably 3/14 patients who 
were resistant to FU given as a single agent responded. Toxicity was pri
marily haemotological and mucosal. 

6.1.2 5-Fluorodeoxyuridine (FUdR) 
This drug, the deoxynucleoside of 5-fluorouracil, has received less clinical 
attention, probably because its rapid conversion to FU in plasma [236] has 
meant that its clinical effects are similar to those of FU [233], even though 
its cytotoxicity in vitro is considerably greater than that of FU (see table 2). 
A number of groups have used FUdR by intrahepatic arterial perfusion in 
an attempt to subject hepatic metastases to its toxic effects directly [234-
237]. Consistently high response rates (> 50 %) for metastases from gastroin
testinal tumours have been noted following either FU or FUdR administra
tion. It is of interest to note that the degree of toxicity to the normal hepatic 
tissue as evidenced by a rise in the peripheral aspartate aminotransferase 
activities is greater following FUdR administration than following FU (52 % 
and 10% of patients respectively). The chief side effect seen clinically with a 
folate TS inhibitor has been elevated transaminase levels. 
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6.2 Folate Analogue - CB3717 
Only one folate analogue designed as an inhibitor of thymidylate synthetase 
has, to the knowledge of the authors, been evaluated clinically. This is the 
N 1o-propargyl-5,8-dideaza analogue of folic acid, CB3717. Clinical results to 
date are reported only in preliminary abstract form [238]. A phase I clinical 
trial was commenced in September 1981 and 88 patients received 225 treat
ments. Doses were dissolved in 250 ml of 0.15 M NaHC03 (pH 9.0) and 
infused over 1 hour every 3 weeks. The starting dose of 140 mg/m2 was 
escalated to 550 mg/m2. Reversible hepatic toxicity associated with malaise 
occurred in 66/80 assessable patients of whom 29 had normal liver function 
tests prior to treatment. Thirty eight experienced rises in alanine transami
nase levels to > 2 times the normal laboratory range and 15 had elevations 
to 1-2 times normal values. Rises in alkaline phosphatase levels also occur
red. A self-limiting rash appeared in 10 patients and radiation recall was 
seen in 2. Leukopaenia developed in 11 patients (WBC < 3 x 109 /L). The 
nadir was 9-12 days followed by recovery at 14-16 days. Neither the inci
dence nor the severity of any of these toxicities was dose-related. Renal 
toxicity, detected by a fall in SICr EDT A clearance values was observed in 3 
patients at doses ~400 ~g/m2. It was anticipated that the maximum toler
ated dose would be in the region of 600 mg/m2 with renal toxicity being 
dose-limiting. Responses to treatment occurred at doses ~200 mg/m2 in 55 
evaluable patients and were: ovary I CR, 1 PR, 3 MR/ 12; breast 2 PR, 
1 MR/8; adenocarcinoma lung 1 PR, 4 MRI7; mesothelioma 1 PR/5; bowel 
2 MR/4 (CR = complete response, PR = partial response, MR = minor re
sponse). A dose of 400 mg/m2 caused only mild toxicity and it was antici
pated that the recommended phase II dose using that particular schedule of 
administration would be in this range. 

In this clinical study definite signs of antitumour activity have been seen 
in patients resistant to methotrexate and 5-fluorouracil in the doses used in 
the 'CMF' protocol thus demonstrating that the approach of designing a 
folate inhibitor aimed at a different locus can, by whatever mechanism, 
overcome clinical resistance. The presence of dose-limiting nephrotoxicity, 
probably related to the deposition of the drug in the tubules demonstrates 
the need for more potent analogues with a lower dose requirement. 

7. FINAL COMMENTS 

The idea of utilising TS as a cytotoxic locus was conceived many years ago. 
However, this enzyme has proved more difficult both to study and to inhi
bit than DHFR. The technology necessary to purify and study homogenous 
human TS has only been developed during the past few years. During the 
same space of time specific inhibitors of the enzyme have been character-
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ised. The compounds developed appear to have different toxicities and anti
tumour effects compared to either methotrexate or FU. In particular it is 
notable that mucosal toxicity has not been reported for the 2-amino-4-
hydroxyquinazolines. The experimental antitumour spectrum of these qui
nazolines at first sight appears to be more limited, although different, from 
that of methotrexate. However, recent advances in our understanding of the 
interaction of the inhibitors and the intracellular and extracellular pools of 
nucleotides and nucleosides suggest that placing too much reliance upon 
murine screens may be unwise. 

Clinically, the one compound evaluated which may reasonably be ex
pected to act as a pure TS inhibitor in vivo does indeed seem to be showing 
antitumour activity. This activity has been seen both in patients whose 
tumours had previously been resistant to methotrexate or FU and in 
patients with tumours not normally sensitive to either of these drugs. Only 
time and further effort will tell whether compounds of this class form a 
useful addition to the pharmacopoeia. 
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8. Autologous Bone Marrow Transplantation (ABMT) 
and High-Dose Chemotherapy in Small Cell Lung 
Cancer 

J. GORDON McVIE 

INTRODUCTION 

Chemotherapy is accepted as the logical therapy for small cell lung cancer. 
The heterogeneity of this tumor combined with a fast doubling time and 
propensity to early metastatic spread make it a formidable opponent. 
Whereas combinations of cytostatic drugs have achieved impressive re
sponse rates in the last 10 ,years, when these response rates are dissected 
down into complete and less than complete only the former have been 
shown to benefit the patient [1]. Results have been reported in an incorrect 
and confusing manner in the majority of trials leading to overoptimism 
based on an overall response and' median survival' times. As is too often 
the case with early reporting of results, the final results reveal the stark 
reality of long term survival statistics. Only a small number of patients 
treated with combination chemotherapy plus or minus local radiotherapy 
will achieve meaningful long term survival which mayor may not be 
termed as cure. Those patients almost always have limited disease (that is 
limited to the thorax) and achieve complete remission rather quickly after 
chemotherapy. The converse is true that few patients with extensive disease 
have rarely achieved long term survival and no patient who only achieved 
partial remission survived 5 years. It seems an appropriate aim therefore to 
improve the complete remission rate and thereby long term survival; the 
usual mechanism has been to increase the dose or dose rate of chemother
apeutic agents or else give them with another modality viz radiotherapy. 

The dose limiting toxicity of many cytotoxic drugs is myelosuppression. 
Early attempts to increase the dose of drugs used in an induction scheme for 
small cell lung cancer resulted in an increased early mortality due to sepsis 
and intercurrent bleeding. The long term results of this aggressive therapy 
have been encouraging [2]. The best long term results to date were achieved 
in a study reported by Johnson who employed radiotherapy combined with 
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the first course of chemotherapy [3]. Again the price paid for long term 
survival was heavy early mortality. It must be said of the last study how
ever, that the cause of death is not clearly documented and therefore it 
cannot be said that myelosuppression was the only element involved. 

The ability to aspirate large volumes of bone marrow from patients, to 
suitably prepare it and freeze it in liquid nitrogen so that on thawing it 
remains viable and indeed can repopulate an aplastic bone marrow has been 
learned by the experiments of allogeneic bone marrow transplantation in 
acute leukemia [4]. The application of this technology to rescue a patient 
from high doses of myelosuppressive therapy by reinfusing his own stored 
bone marrow was initially greeted with a wave of enthusiasm. This overop
timism has given way to a more moderate realism as is typical of the evo
lution of a new methodology in clinical practice. 

The first experience showed that a limited number of drugs are appro
priate for the technique, that a limited number of patients are fit for high
dose therapy and even given the best possible conditions that the procedure 
is not without risk. Its worth can only be evaluated with the emergence of 
comparative clinical trials. 

Problems related to the choice of drugs were the emergence of organ tox
icity other than bone marrow at high dose. The problems related to patient 
selection were that they were treated frequently at the end of the therapeutic 
line, in other words in poor general condition with previous exposure to 
multiple forms of therapy and on the whole drug-resistant disease. There 
does seem to be an argument for further evaluation of carefully selected high 
dose chemotherapy in equally well selected subgroups of patients with small 
cell lung cancer. The current methodology (summarized in table 1) and the 
preliminary results will be sketched in this article. 

SCHEDULING OF THERAPY 

There have been two ways of regarding the optimal timing of high dose 
therapy. The first school claims that the best chance of success is to present 

Table 1. Procedures 

1. Patient selection 
2. Marrow aspiration 
3. Marrow storage ± clean-up 
4. Treatment 
5. Reinfusion 
6. Supportive care 
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the highest possible dose of chemotherapy in first line in order to prevent 
the emergence of resistant clones, by exposure to sub optimal drug doses. 
The argument against this technique is that this involves aspiration of bone 
marrow from untreated patients in whom the likelihood despite vigorous 
staging and current immunohistological advances may very well have can
cer cells in the bone marrow, which then survive freezing and thawing and 
then will replicate on reinfusion. Improvements in the evolution of specific 
monoclonal antibodies which may attack single cells in a bone marrow 
aspirate may further narrow selection of patients for such a technique. These 
antibodies may also be used as described later to 'clean up' the bone mar
row after aspiration before reinfusion. Souhami and his colleagues treated a 
number of patients with high dose cyclophosphamide supported by ABMT 
in newly presenting limited disease patients [5]. Although they noted a satis
factory number of complete and partial responses indicating that even with 
one drug given in an appropriate dosage a predictable cell kill would result, 
the eventual relapse pattern was not affected by this therapeutic modality 
and the long term results are disappointing. However, the importance of this 
study was the demonstration of feasibility of the technique and the group 
have now gone on to underline this by repeating the technique twice several 
weeks apart in an attempt to reproduce the same cell kill twice in succession 
and thereby perhaps cure some patients. The results of the second study are 
not yet mature. 

The more conventional application of ABMT and high dose chemother
apy has been as a so called' late intensification' manreuvre. Norton and 
Simon proposed a mathematical model based on failure of current conven
tional chemotherapy to achieve elimination of minimal residual disease [6]. 
Their supposition was that minimal residual disease, contrary to the dogma 
of the cell kineticist was more resistant to chemotherapy than large volume 
disease. They argued therefore that minimal residual disease when achieved 
by conventional means should be treated by megadose chemotherapy. They 
pointed out that in reality this was frequently not possible because of the 
gradual deterioration in bone marrow reserve leading to ever decreasing 
doses of drugs. A variety of groups have therefore chosen patients with 
small cell lung cancer who have achieved either complete remissions with 
conventional chemotherapy or else partial responses of around 90 % tumor 
shrinkage. The lessons of the first years of ABMT have been learned by 
most investigators and further patient selection is based on performance 
status and vitality and reserve of organs at risk (e.g. liver and lung). It was to 
be expected that bone marrow aspirated after 3 or 4 courses of chemother
apy would contain less granulocyte and erythrocyte precursor cells than 
prior to this therapy and that has proved to be the case. This however has 
not been a limitation on the ability of bone marrow to repopulate at this late 
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stage in treatment. There remains also the risk of residual bone marrow 
metastatic cells and it is to be hoped that monoclonals may be of benefit in 
this situation. 

METHODOLOGY OF ABMT 

Marrow is usually aspirated under general anaesthetic due to the time 
required to receive around a liter of bone marrow. The precise volume 
required needs to be controlled during the operation by concomitant cell 
counts. Most centers aim to aspirate around 2 x 108 nucleated cells/kg body 
weight. Lately this has been achieved under local anaesthetic, accompanied 
by heavy sedation; the mean duration of the procedure described is one 
hour and 40 minutes; the mean number of bone marrow punctures was 50, 
facilitated by the use of a newly developed pistol (Carmitto) which gave 
considerably more efficient bone marrow suction and avoided operator fati
gue [7]. The patient usually requires in addition blood transfusion, although 
some groups process the bone marrow through a continuous flow centrifuge 
and reinfuse the harvested red cells within a couple of hours of bone mar
row aspiration. The aspirated marrow can then be cryopreserved or if it is to 
be used within two or three days it can be stored at 4°C. Although there is 
some dispute over the length of time that marrow can be maintained at this 
temperature - claims for percentage viability of progenitor cells range from 
40 % after 24 hours [8] to 97 % after 4 days [9] the clinical evidence supports 
the feasibility of the technique after 72 hours [10]. This means in practice 
that drug clearance should have been effected within 72 hours to avoid late 
cytotoxic damage to the reinfused bone marrow. Whereas cryopreservation 
techniques allow marrow to be stored for a year or more the technique is 
not devoid of problems. Care has to be taken to eliminate granulocytes 
which otherwise on thawing will clump or form DNA gels. Further it is 
necessary to use a protective agent such as dimethyl sulphoxide prior to 
freezing and this substance has then to be administered to the patient. Side 
effects have been reported from this compound although on the whole it has 
been surprising well tolerated. 

Mention was made above of the possibility of detecting small numbers of 
tumor cells in bone marrow aspirates. Preliminary communications have 
emerged relating to the detection of small numbers of positively staining 
cells in 'early' breast cancer patients using monoclonal antibodies derived 
against milk fat globule [11]. Although a variety of groups claim to have 
produced monoclonal antibodies for small cell lung cancer these claims 
remain to be tested and therefore their application remains at the present 
time hypothetical. Using the model developed in studies of leukaemia it 
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seems more than probable that a tumor specific antibody could be used not 
only to detect metastatic cells but also if appropriately armed to kill cells in 
vitro. Many of the derived antibodies are not cytotoxic per se however, and 
therefore require to be linked to toxins such as ricin or abrin or else to a 
cytotoxic drug. It is highly likely, in order to expect an efficient marrow 
'clean-up' in a small cell lung specimen that again, akin to the acute leu
kaemia situation, a cocktail of monoclonal antibodies will be required tailor 
made to the variety of heterogeneous clones typical of these diseases. 

A novel method of presenting a mixture of antibodies to cells in vitrovitro 
might be the use of carriers such as microspheres. 

Kemshead at al have described interesting micro spheres which contain 
magnetite and are coated with goat anti-mouse immunoglobulin [12]. These 
complexes are mixed with bone marrow which has been incubated with a 
panel of monoclonal antibodies (mouse antihuman). Tumor cells which 
have interacted with one of the monoclonal antibodies will then be attached 
to the microsphere via the goat anti-mouse immunoglobulin. The mixture 
of bone marrow, antibodies and microspheres is then passed through a 
magnetic field which separates out the micro spheres due to the core of 
magnetite, allowing purified bone marrow to pass unhindered. There are 
now several instances of applications of this technique in patients, and 
reconstitution of bone marrow has been achieved in neuroblastoma pa
tients, indicating survival of sufficient marrow stem cells. 

In the absence of specific monoclonal antibodies against small cell lung 
cancer it is possible to apply cytostatic drugs in vitro in order to achieve 
pure bone marrow (see Table 2). Most experience to date has been achieved 
with active metabolites of cyclophoshamide such has 4-hydroxycyclophos
phamide and 4-hydroxyperoxycyclophosphamide [13]. There is as yet no 
data on the application of these two drugs in vitro to small cell lung cancer 
bone marrow but the experience gained from leukemia (both animal models 
and clinical practice) is that the technique is feasible and that short incuba
tion with these drugs in vitro leads to depletion of tumor cells and relative 
preservation of normal myeloid and erythroid precursors. 

Table 2. Marrow clean-up 

1. Physical-elutriation 
2. Cytotoxic antibodies - single or cocktails 
3. Antibody - toxin complexes 
4. Antibody - microsphere - metal complexes 
5. Cytotoxic drugs 
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CLINICAL RESULTS 

The drugs which have received most attention are cyclophosphamide and 
etoposide (VPI6-213). The ideal drug should show a steep dose response 
curve in small cell lung cancer. The dominant toxicity of the drug should of 
course be bone marrow. Problems with cyclophosphamide have included 
cardiotoxicity, probably minimized by dividing the dose of the drug over a 
24-hour period, and urotoxicity which can be prevented successfully now by 
the co-administration of 2-mercaptoethane sulphonate [14]. Etoposide has 
been associated with stomatitis and gastrointestinal toxicity, occasional hy
potension, fever, neuropathy and skin rashes. The other drugs used are 
BCNU/(carmustine) noted above to produce both lung and hepatotoxicity in 
high dose and melphalan extensively used following the pilot studies by 
McElwain [15]. The principal toxicity of high dose melphalan is to the gas
trointestinal and mucous membranes. Whereas all of these drugs are quickly 
cleared or metabolized from plasma it is possible that significant levels of 
active drug or metabolite remain in target organs explaining the later 
appearance of non-myeloid toxicity. Melphalan for instance has been shown 
in dog studies to remain circulating in the enterohepatic circulation several 
days after clearance from plasma. Whereas this is irrelevant from the point 
of view of causing further toxicity to reinfused bone marrow, it may well be 
the explanation for the marked dose limiting gastrointestinal toxicity asso
ciated with high doses of this drug. 

Each of these drugs as a single agent may be effective without resort to 
bone marrow transplantation. Phase I studies of etoposide have reached a 
dose of higher than 2 grams/m2 and anti-tumor activity has been seen in 
patients resistant to conventional doses [16]. Of particular interest is the 
report from Postmus et al. (personal communication) of two partial re
sponses in brain metastases from primary small cell lung cancer appearing 
in previously radiated brain tissue. High dose cyclophosphamide has also 
been given without autologous bone marrow by Smith who demonstrated 
almost identical recovery kinetics of white cells and platelets after a dose of 
7 glm 2 administered over 12 hours; it was accompanied by 2-mercaptoe
thane sulphonate in a group of small cell lung patients not rescued with 
bone marrow as a group of controls when bone marrow was given back at 
day 3 [17]. Combination chemotherapy using conventional doses is also not 
ameliorated by the use of autologous bone marrow transplantation. Glode, 
et al. studied 10 patients with small cell lung cancer treated with 3 courses of 
cyclophosphamide, vincristine, doxorubicin and BeNU [18]. The toxicity 
measured after the first two courses of chemotherapy was compared with 
that following on the third course chemotherapy when the same doses of 
drugs were given but followed by autologous bone marrow infusion 40 
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hours after drug delivery. This group could detect no difference between the 
degree of myelosuppression or the time to blood count nadirs or the time to 
recovery. They warned that serial examination of bone marrow indicated 
gradual decline in granulocyte-macrophage precursors and that this would 
limit the use of the technique later than 3 or so courses of therapy. Con
ventional doses of chemotherapy were used and it is not surprising that 
conventional anti-tumor effect was noted. 

Combination high-dose chemotherapy leads to marked toxicity and de
layed recovery of bone marrow in the absence of bone marrow support [19] . 
Full supportive care is required including attention to nutritional intake, 
blood product requirements and bacterial profiles to assist appropriate anti
biotic choice when necessary. Prophylaxis against infection ranges from 
simple hygiene applied to patients nursed in an open ward to the other 
extreme of reversed barrier nursing, sterile food and total gut sterilization. 
There is an expert group who have in the past advocated selective gut con
tamination with non-absorbable antibiotics but recently failure of this tech
nique (51 % infections) in patients undergoing autologous bone marrow 
transplantation for small cell lung cancer has been reported [20]. There is 
also evidence which suggests that cotrimoxazole alone or with non-absorb
able antibiotics may be the optimal prophylaxis in this group of immuno
and myelosuppressed patients. 

The anti-tumor results achieved by the few pilot studies reported to date 
are summarized in Table 3. The study referred to above in which cyclophos-

Table 3. Preliminary results of ABMT in small cell lung cancer 

Number Median Treated 
of Marrow survival % Longterm related 

Ref. patients Regime Timing storage (wks) survival deaths 

5 25 C,R.T. Ind cryo 69 TE 
18 10 BCDV Con cryo _lOoC 48 0 2 
21 23 C Con 4°C 44 0 1 

22 CE Con 4°C 48 TE 0 
22 8 CE,R.T. Con cryo 0 2 
23 5 BMP ReI cryo 0 1 
24 13 BCE Con cryo TE TE 0 
25 5 E Con cryo 0 0 

3 CE Con cryo 0 0 
26 14 CDEV, R.T. Ind cryo 47 0 0 

B = BCNU; C = Cyclophosphamide; D = Doxorubicin; E = Etoposide; M = melphalan; 
P = Procarbazine; V = Vincristine; R.T. = Radiotherapy; cryo = cryopreserved; TE = too 
early. 
Ind = induction; Con = consolidation; ReI = relapse. 
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phamide was used as initial treatment achieved 12 complete remissions in 
21 patients (18 limited disease, and 3 extensive). The median duration of 
response was 39 weeks despite routine radiotherapy to the primary tumor 
after assessment of response to the single agent therapy. Few groups have 
achieved conversion of patients in partial remission after conventional che
motherapy into complete remission. This may of course reflect the aggres
siveness of the induction therapy. Soukop et al. used a non-aggressive 
induction regimen and in 23 patients treated with high-dose cyclophos
phamide and autologous bone marrow rescue achieved a median survival of 
2.3 months at a cost of 3 drug related deaths [21]. Then they treated 23 
patients with high-dose cyclophosphamide and etoposide and radiotherapy 
following a more aggressive drug induction regimen, but despite this a high 
relapse rate was once again seen. Only two patients were disease-free 12 
months after the manoeuvre. The group in the NCI combined high-dose 
cyclophosphamide with 2000 rads in 5 fractions over 5 days to the primary 
tumor and cranial radiation. 8 Patients were treated all of whom had exten
sive disease and none survived longer than 15 months [22]. This was a bad 
prognosis group including 5 partial remissions, one of whom went into 
complete remission with high-dose therapy but this lasted only 3 months. 
Three patients achieved complete remission but relapsed 8-15 months later. 
A French study was reported earlier in which the high-dose chemotherapy 
used was BeNU, procarbazine and melphalan, followed on day 6 with auto
logous bone marrow. Haematological recovery was acceptable in all patients 
and 3 partial remissions and 2 complete remissions were noted in 10 
patients. There was one toxic death due to cardiorespiratory failure 15 days 
following high-dose chemotherapy. One of the few interesting trials which is 
testing the value of high-dose chemotherapy and ABMT as consolidation 
therapy is being conducted in the Ludwig Institute in Brussels. This group 
randomizes patients who have achieved complete or partial response after 3 
courses of vincristine, cyclophosphamide, doxorubicin and methotrexate 
and 2 courses of cisplatin-etoposide to receive high-dose cyclophosphamide, 
etoposide and BCNU or conventional maintenance chemotherapy. In an 
interim report they showed that the technique was feasible, that a large 
number of patients would be required to evaluate the contribution of high
dose chemotherapy and ABMT and that the results in treating extensive 
disease patients were sombre. 

Toxicity consisted mainly of gastritis and colitis associated with myelo
suppression and they confirmed that bone marrow repopulation was possi
ble despite a 50 % drop in hemopoietic cells/ml of bone marrow aspirate 
due to the induction therapy. This group have reported conversion of sev
eral partial remissions in patients (all limited disease) into complete remis
sion by this technique and have already reported a few relapses in the lim-
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ited group and very many in the extensive disease group. It is to be hoped 
that at least one other similar study will be carried out in order to fully 
assess the cost benefit of this experimental technique. Mention has been 
made above of the cost to the patient in toxicity, but what has not been 
alluded to is the financial cost of high-doses of expensive chemotherapeutic 
agents, general anaesthetic for bone marrow aspiration, preservation and the 
cost of supportive care hospitalisation due to bone marrow aplasia. If prom
ising results are achieved with trials such as described above then there 
remain a backlog of questions relevant to refinement of the technique. 
These relate to optimalisation of the drug dosage and delivery system, 
improvement of bone marrow clean-up, and evolution of more effective 
pharmacological rescue techniques to ensure inactivation of residual cytos
tatic drug. Examples of the last might be extra~corporeal circulation, admin
istration of sulf-hydryl groups or enzymes such as carboxypeptidase which 
quickly and efficiently emasculate methotrexate. All such refinements re
quire to be tested eventually in randomized trials and it cannot be too fre
quently stressed that reporting of such trials should focus on the assessment 
of long term survival rather than response rate and median survivals. 

CONCLUSION 

The application of ABMT as a salvage system after megadose chemotherapy 
has proved feasible in small cell lung cancer. No long term patient benefit 
has yet been demonstrated in any of the preliminary studies reported uptill 
now. Toxicity in organs other than bone marrow proves the limiting factor 
in escalation of drug doses. The best short term results (temporary remis
sions with minimal toxicity) have been seen in patients treated for limited 
disease (or already in complete remission) who have a good performance 
status. Many ways of improving effectiveness of the technique and lowering 
the morbidity exist at least in theory, and therefore the final assessment of 
its relevance to lung cancer must be postponed. 
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During the past decade, major advances have been reported in the treat
ment of osteosarcoma [1-9]. These derive principally from the application 
of chemotherapy in the management of the primary tumor, as an adjuvant 
to prevent pulmonary metastases, and in multidisciplinary strategies to era
dicate established disease. These developments, however, have not been 
without controversy [10-13]. The latter emerged principally from a compar
ison of the results of the new investigations with historical controls. This 
communication will outline the impact of chemotherapy in osteosarcoma 
and examine the controversial issues. 

Until the beginning of the past decade, osteosarcoma was considered a 
chemo-resistant tumor [14]. The primary tumor was generally treated by 
amputation and the cure rate rarely exceeded 20 % [15]. The mortality was 
due to pulmonary metastases. These were not demonstrable on convention
al radiographs at diagnosis but usually appeared 6 to 9 months after surgery. 
This suggested that pulmonary micrometastases were present in at least 
80 % of such patients. The consistency of this experience prompted the use 
of these reports as historical controls as a basis of comparison with new 
therapies. The historical control series included a report from the Mayo 
Clinic in which diagnosis and treatment were accomplished with frozen 
section biopsy, ablative surgery and a two tourniquet technique [16]. 

In the 1970s, three major chemotherapeutic agents were shown to be 
effective in metastatic osteosarcoma. These comprised high dose methotrex
ate with citrovorum factor 'rescue' [1], Adriamycin [6], and Cisdiammine
dichloroplatinum II [7]. This provided the impetus to administer chemo
therapy as adjuvant treatment after surgical ablation of the primary tumor. 
The intent was to destroy the pulmonary micrometastases. This strategy 
produced a 3-year disease-free survival of 50-80% [1-9] (Figure 1). This 
appears statistically significant when compared to historical controls. Only a 
small number of investigators suggested that adjuvant chemotherapy had 
not produced any major impact [10-13]. 

F.M. Muggia (ed.). Experimental and Clinical Progress in Cancer Chemotherapy 
© 1985. Martinus NijhojJ Publishers. Boston. ISBN 0-89838-679-9. 
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Figure 1. Disease free survival in patients treated with adjuvant chemotherapy. Life table anal
ysis abstracted and constructed from references 1-9 and 18. 

The historical control series is abstracted and constructed from references 15, 16, and 26-
28. 

The improvement in survival with adjuvant chemotherapy was instru
mental in devising new approaches to the treatment of the primary tumor. 
Principally these comprised transmedullary amputation, limb salvage, (sur
gical resection and endoprosthetic replacement) and rotationplasty [17-19]. 
Concurrently, new investigative approaches were adopted: thus, in contrast 
to historical controls, the absence of pulmonary metastases was now con
firmed by pulmonary tomography and occasionally computerized axial 
tomography. In some centers more intensive investigations, comprising 
radionuclide bone scanning and computerized axial tomography of the pri
mary lesion were also employed. 

Limb salvage was considered to be a seminal advance. To enhance the 
safety of the surgical procedure Rosen advocated the use of preoperative 
chemotherapy [18]. Subsequently, it was administered preoperatively to all 
patients. The intent was to identify a potentially effective postoperative 
chemotherapeutic agent for adjuvant treatment. Thus, the agent found to be 
effective preoperatively was retained postoperatively as adjuvant treatment 
and bolstered with additional agents. Alternatively, if ineffective, it was dis
carded and replaced by other therapy. Utilizing this approach, the improved 
survival initially reported with chemotherapy was augmented and sus
tained [3, 18]. 

However, the contention that improved survival could be attributed to 
chemotherapy, did not go unchallenged. A randomized study by the Mayo 
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Clinic revealed a disease-free survival of approximately 40% in patients 
treated by amputation and prophylactic whole lung radiotherapy [21]. This 
report was later supported by claims of a 'natural' improvement in survival 
over the ensuing five years and that it was not necessary to assume that 
chemotherapy was responsible for this improvement [22]. These authors 
reported that prior to 1969, survival had remained constant, around 20 % (cf 
historical controls); however, between 1969 and 1972, a trend toward 
improved survival occurred, and between 1972 and 1974, survival with 
amputation only was 50 %. 

A number of factors were considered to have contributed to the foregoing 
result although none, either singularly or in concert, could account for the 
dramatic change. These impressions eventually prompted the Mayo Clinic 
to launch a randomized study to confirm the published efficacy of high dose 
methotrexate. This study failed to demonstrate an advantage with metho
trexate and a 'no treatment' control arm. Survival in each was approxi
mately 50% [11]. 

The study by the Mayo Clinic prompted additional attempts to refute the 
advances achieved with cheniotherapy and invalidate the use of historical 
controls. Thus, it was claimed that pulmonary tomography could identify 
(and exclude) more patients with metastases at diagnosis. This could unin
tentionally bias the selection of patients treated with adjuvant chemothera
py. Further it was considered that osteosarcoma was now possibly being 
diagnosed earlier in its course as opposed to the several previous decades. 
This was based on the supposition to that medical attendants in the 1930s-
1950s, were reluctant to refer patients to major medical centers for imme
diate treatment once osteosarcoma had been diagnosed or suspected. This 
implied an earlier referral pattern, and treatment of less advanced disease. 
In this context, earlier diagnosis and treatment are usually associated with a 
more favorable outcome and could thus account for the altered survival 
reported by the Mayo Clinic. Finally, it was stated that improvements in 
surgical technique could possibly also be invoked in attaining more favora
ble results [12]. 

The foregoing dispute lead to the contention that clinical trials with con
current controls would probably be necessary to demonstrate the stated effi
cacy of adjuvant chemotherapy. In the absence of such trials, many patients 
could be subjected to unnecessary, costly and often dangerous treatment. 
These concepts culminated in a publication 'Is It Ethical Not to Conduct a 
Prospectively Controlled Randomized Trial in Osteosarcoma?' in which a 
randomized controlled (surgery only) clinical trial was proposed [12]. 

In contrast to the above, it was maintained that historical controls should 
still receive appropriate recognition [23, 24]. This was based upon the fact 
that the outcome for patients with osteosarcoma treated with amputation 
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Figure 2. Left femural anteriogram in a patient with osteosarcoma of the left distal femur. There 
is a large hypervascular lytic area with early venous shunting. 

alone prior to the 1970s, had been constant: survival, derived from publish
ed reports exceeding a patient population of over 1000, was approximately 
20 %. Further, statistical computations were available to compensate and 
adjust for differences when comparing historical control patients with cur
rent studies [23]. Thus, while it was possible that histology, tumor size, 
location, age, and other factors could influence the outcome of individual 
patients with osteosarcoma [25], such biological variables assumed less sig
nificance when similar or identical results in large numbers were reported by 
investigators throughout the world. 

The possibility of a 'spontaneous' change in the disease free survival as 
reported by the Mayo Clinic was also challenged. Thus, disease free survival 
over several consecutive years was evaluated by the M.D. Anderson Hospi
tal and Tumor Institute, Sidney Farber Cancer Institute, Memorial Sloan-
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Figure 3. Following four courses of intra-arterial Cis-diamminedichloroplatinum II, the left 
femural arteriogram reveals decreased tumor neovascularity and almost a complete absence of 
tumor stain. 

Kettering Cancer Center and the Instituto Orthopedico Rizzoli in Bologna. 
These' changes' could not be substantiated [9, 26-28]. Further, examination 
of the' improved survival' reported by the Mayo Clinic reveals that several 
groups of patients received a variety of adjuvant regimens in addition to 
surgery [22]. 

The contention that full lung tomography could invalidate historical con
trols can also be refuted. The detection of metastases at diagnosis by this 
means has varied from 1.9 to 9.3 % [28-30]. One series reported that the 
incidence of unsuspected metastases on conventional radiographs was only 
escalated by 2.4% with pulmonary tomography [31]. Viewed from a differ
ent perspective only 2.7% of tomographic studies were helpful in identifying 
additional pulmonary metastases in childhood cancer [32]. Similar low 
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diagnostic yields were reported in other malignancies [32,33]. Thus, an 
unintentional case selection bias because of the absence of lung tomography 
in historical controls appears unlikely. These remarks also pertain to the 
detection of metastases by bone scanning: the incidence at presentation has 
varied from 1.8 to 7.7%[34-37]. 

There is, unfortunately, little information relating the use of computerized 
axial tomography in osteosarcoma. It is possible that it may improve the 
identification of pulmonary metastases in patients· considered to be free of 
disease by conventional radiographs or pulmonary tomography. However, it 
remains to be reported that this instrument will indeed change the staging 
categories of patients, and to what degree if any, it will render the use of 
historical controls invalid. Preliminary data do not support this contention 
in osteosarcoma or Wilms' tumor [29, 38]. Computerized axial tomography 
was apparently not adopted as a standard investigative procedure in the 
improved survival reported by the Mayo Clinic over the past de
cade [22]. 

There is also no evidence that surgical treatment of the primary tumor 
has been responsible for the altered survival. On the contrary, chemothera
py has had a major impact in modifying surgical techniques. Thus, there has 
been an accelerating tendency to employ less radical ablative procedures. 
These comprise transmedullary amputation, rotationplasty and resection for 
limb salvage [17-19]. Pre-operative chemotherapy, by inducing tumor de
struction, enhances the safety of these surgical procedures and reduces the 
incidence of local recurrence. The latter is also reduced by the continued 
application of postoperative treatment. The utility of pre-operative chemo
therapy in preparation for rotation pia sty for an osteosarcoma of the distal 
femur is illustrated in Figures 2 and 3 and the post-operative result in Fig
ures 4 and 5. 

Improvements in survival due to chemotherapy have also been observed 
in patients with metastatic disease. Thus, most patients who relapse while 
receiving adjuvant chemotherapy have a reduced number of pulmonary 
metastases and/or a delay in their appearance [9, 39-43]. This has been a 
major element in facilitating retrieval of the relapsed patient by thoracoto
my and other measures. This is clearly illustrated in Table 1 generated from 
the M.D. Anderson Hospital and Tumor Institute [41]. During this period, 
the medical attendants responsible for the treatment of osteosarcoma were 
relatively stable and the conceptual development and enthusiasm for treat
ment of patients only accelerated after the 1970s when the new pattern of 
pulmonary metastases induced by chemotherapy emerged. 

There is additional evidence to indicate changes in the natural history of 
osteosarcoma induced by chemotherapy. An increasing number of patients 
on adjuvant chemotherapy have developed extra pulmonary metastases to 
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Figure 4. Post operative appearance of ' the patient following a successful rotationplasty. The 
operation involved amputation of the femur several centimeters above the known upper extent 
of tumor. The tibia was then excised distal to the proximal physis. The intervening skin and soft 
tissue were also excised and the tibia rotated through 1800 prior to fixation to the proximal 
femoral stump. Pathological examination of the resected specimen revealed over 90 % tumor 
destruction. 

Figure 5. Prosthesis applied to rotationplasty. A functional new' knee' has been created. 
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Table 1. Impact of year of diagnosis and time to metastases in post metastatic survival 

Year of diagnosis Patients Survival 

A. 1970 or earlier 62 4 
B. 1971 or later 44 27 

p = 0.002 (A vs. B) 

Time of metastases Patients Survival 

A.O 19 
B. 1-12 mos. 73 13 
C. 13+mos. 14 7 

p = 0.002 (A vs. C) 
p = 0.005 (B vs C) 
p = 0.45 (A vs B) 

Modified from Sutow, W.W., Herson, J. and Perez, c., Ref. 41. 

bone, spine, brain, heart and other unusual sites [44-48]. Unfortunately, at 
times this has not been entirely in the patients' best interests. This phenom
enon can be attributed to the heterogenous nature of the tumor, partially 
effective chemotherapy, and prolongation of survival. 

The foregoing clearly indicates that chemotherapy has had a major impact 
in osteosarcoma. In essence, it has improved the cure rate, altered the pat
tern of pulmonary metastases, facilitated multidisciplinary intervention, and 
enhanced the opportunity for local resection and functional restoration. 
There does not appear to have been any spontaneous change in the natural 
history of the disease (as claimed by the Mayo Clinic). Any improvement in 
survival must therefore be attributed principally to the use of effective che
motherapy. 
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10. Current Issues in the Evaluation and Treatment 
of Epithelial Carcinoma of the Ovary 

UZIEL BELLER and JAMES SPEYER 

1. INTRODUCTION 

Epithelial ovarian carcinoma is one of the most lethal malignancies of the 
female genital organs. Significant advances in our understanding of the nat
ural history of this disease, careful initial staging and aggressive surgical and 
chemotherapeutic management, have improved the short term course for 
many of these patients. However, a number of major questions remain for 
the medical team involved in the management of these patients (gyneco
logic, medical and radiation oncologists), in order to improve the overall 
cure rate. 

This chapter will attempt to address some of these issues and questions 
encountered in the evaluation and treatment of the patient with advanced 
epithelial ovarian carcinoma. 

2. ARE CURRENT STAGING METHODS OPTIMAL? 

Staging of ovarian carcinoma is conventionally done surgically and deter
mined by thorough evaluation of intraabdominal organs followed by patho
logic and cytologic study of removed tissues and fluids. The FIGO staging 
system, revised in 1979 [1] (Table 1), is now the accepted system for defin
ing the stage of disease. 

Non-invasive pre-operative staging has now been evaluated in several 
clinical studies. The use of Radiography, Ultrasonography, Lymphangiogra
phy and CAT scanning has been reviewed [1-6]. Whereas bone and liver
spleen scans were shown to make little contribution to preoperative evalua
tion of the extent of involvement, CAT scanning and lymphangiography can 
reveal important selective information regarding the presence of subclinical 
metastatic disease [7-9]. Clearly, a grossly positive scan or evidence of 
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Table 1. FlGO (International Federation Gynecology and Obstetrics staging classification of 
ovarian cancer of epithelial type) 

Stage 

I. 
a. 

b. 

c. 

II. 
a. 
b. 
c. 

III. 

IV. 

Special 
category 

Definition 

Growth limited to ovaries 
Growth limited to one ovary; no ascites. 
(i) No tumor on external surface; capsule intact. 
(ii) Tumor on external surface or capsule ruptured or both. 
Growth limited to both ovaries; no ascites. 
(i) No tumor on external surface; capsule intact. 
(ii) Tumor on external surface or capsule(s) ruptured or both. 
Tumor stage is IA or IB, plus ascites * or malignant cells in peritoneal washings. 

Growth involving one or both ovaries, with pelvic extension. 
Extension or metastases or both to uterus or tubes or both. 
Extension to other pelvic tissues. 
Tumor stage IIA or lIB, plus ascites * or malignant cells in peritoneal washings. 

Growth involving one or both ovaries, with intraperitoneal metastases outside the 
pelvis or positive retroperitoneal nodes or both. 
Tumor limited to true pelvis, with histologically proven malignant extension to 
small bowel or omentum. 

Growth involving one or both ovaries, with distant metastases. 
Pleural effusion must contain malignant cells to indicate stage IV disease. 
Parenchymal liver metastases indicate stage IV disease. 

Unexplored cases thought to be of ovarian carcinoma. 

* Peritoneal effusion that, in the opinion of the surgeon, is pathologic or clearly exceeds normal 
amounts or both. 

extraabdominal disease, indicate stage III or IV disease. Our own experience 
with restaging patients shows that an abdominal pelvic CAT scan can reveal 
significant information as to the status of the liver surface and parenchyma, 
ascites, the retroperitoneal lymphatics, metastatic peritoneal nodules and 
the character of a pelvic mass. In addition, the use of contrast material 
enables one to obtain a visualization of kidneys and ureters, an important 
consideration for the surgeon. Thus, if CAT scan of the abdomen and pelvis 
is done, little additional information will be gained by the often routine 
preoperative IVP and Barium Enema. In fact the use of air insuflation of the 
rectogismoid during CAT scanning further renders Barium Enema unneces
sary. On the other hand a negative CAT scan does not exclude even exten
sive intraperitoneal dissemination. Recently a series by Brenner et al. [10] 
was reported in which 49 patients underwent computerized tomography 
prior to second look surgery. Twenty four of 39 patients (61 %) reported to 
have normal CAT scan, were found to have residual tumor at laparotomy. 
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There were no false positive examinations. Of the 24 patients, microscopic 
(positive washings or random biopsy), minimal « 2 cm) or gross (> 2 cm) 
disease was found in 8, 7, and 9 patients respectively. The role of non 
invasive staging is certainly increased in the setting of restaging and follow 
up during the course of treatment. It will be addressed later in this chapt
er. 

Therefore, non-invasive evaluation should not replace initial exploration 
for the purpose of accurate staging and surgical treatment. Only a surgical 
exploration can obtain the necessary information for staging. Since initia
tion of therapy is based on findings at surgery, and therapy preferably begun 
as soon as possible [11, 12], preoperative work up should not delay explo
ration for too long. 

Though the current FIGO staging system correlates well with prognosis, 
there are problems with its use. The first is understaging in early disease. In 
Stages I, II the disease is limited to the ovaries or pelvic organs respectively, 
without extra pelvic involvement. However, several clinical studies have 
shown that in approximately 25 % of the cases the disease may be up staged 
to III or IV. Studies by. Fuks (13], Piver [14], Rubin [15], Day [16] and 
others [17-19] have all stressed and confirmed the existing problem of 
understaging. This is probably the main cause for the observed 60 % five 
years survival in Stage I disease. This also accounts for the recurrence out
side the pelvic port when these patients are treated with pelvic irradia
tion. 

In order to decrease the rate of understaging, one must meticulously fol
low the recommended steps for surgical exploration as suggested by Whar
ton and Herson [20] and others [16, 18,21-23]. Using clinical and surgical 
judgement the entire potential area of spread of ovarian carcinoma should 
be explored. This includes, in addition to hysterectomy and bilateral oo
phorectomy, a partial omentectomy, biopsies of peritoneal surfaces (suspi
cious & normal), paraortic lymph node biopsies and washings of the qua
drants of the posterior parietal peritoneum. These procedures make laparos
copy (peritoneoscopy) an insufficient tool for staging purposes. However, for 
restaging following chemotherapy the procedure can be helpful as we shall 
discuss further. 

It should be noted that more accurate staging should improve the statis
tical estimate of prognosis of all groups. Stage I and II prognosis will 
improve because the previously missed cases with disease outside the pelvis 
will be excluded. In addition, upstaging of patients with small occult extra
pelvic disease, with a generally favorable prognosis, should improve the 
overall outcome of the Stage III and IV patients. These changes in stage 
distribution should be considered when evaluating the results of more recent 
non-randomized therapeutic trials with modestly improved survival. 

It is expected that in the near future our evaluation modalities will 
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include tumor specific antibodies based on differentiation antigens and pro
duced by monoclonal cell lines. Identification of tumor markers with this 
technique will enable us to better detect the presence of tumor before or 
after surgery and thus improve our staging accuracy [24-26, 108]. 

A second area of concern is Stage III patients. The anatomic and prog
nostic rationale on which the staging system is designed leaves us with a 
rather large category. While Stages I and II are subdivided into eight groups 
but comprise a quarter of the patient population, Stage III is not divided but 
includes close to two thirds of the patients with varying amounts of tumor 
burden, subtypes and degree of differentiation [27]. Should these prognostic 
factors be added to the staging system? 

One includes in Stage III both a patient with tumor limited to one ovary 
and microscopic metastasis to the omentum, and a patient suffering from 
diffuse peritoneal involvement, including large tumor masses and ascites. 
These two patients may well have a different prognosis, prior to and after 
surgery. 

The relationship between tumor mass and prognosis is well known [11] 
and will be dealt with also in the following sections. Some clinical investi
gators have suggested that the adverse effect of tumor mass on the prognosis 
should be expressed in the staging system. Dembo and Bush [28] have 
recently published a multivariant analysis of 430 patients by prognostic 
categories including stage, age, tumor type, tumor grade and residual tumor 
after surgery. Factors that have been evaluated by others [27, 29-33]. In 
general, they have suggested two main groups, Good Prognosis and Poor 
Prognosis, as shown in Table 2. 

Group B comprises patients in Stage IV and those in Stage II, III with 
large residual tumor masses, and therefore bearing Poor Prognosis. The low 
risk in Group A includes Stages la, and Ib disease with well differentiated 
tumors. Stages Ie, II, III are located into Group A, Intermediate or High 
risk, based on integration of factors such as extent of surgical debulking, 

Table 2. Classification by prognostic category 

Percent 5 year 
FIGO stage Percent of total survival rate 

A. Good prognosis I & II, III Debulked 55 61 
a. Low-risk 6 96 
b. Intermediate 37 67 
c. High risk 12 25 

B. Poor prognosis IV & II, III Bulky 45 8 

(After Dembo and Bush [28]). 
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tumor type, cell differentiation and age. Such analysis would indicate that 
more accurate prognostication and decision making concerning treatment 
can be achieved than by using only FIGO stage. Investigators have sepa
rated Stage III patients by residual tumor after surgery as in the trial by 
Fuks, in which cases are separated to IlIA and IlIB [34]. For these reasons 
Homsley [35] suggested a substaging of Stage III patients according to tumor 
mass, grade and ascites. 

Though in most trials patients are stratified by tumor burden after initial 
surgery it might be informative to document tumor volume prior to cytor
eductive surgery as well. We believe that better prognostication of the ovar
ian cancer patient should include substaging of Stage III by the volume and 
spread of tumor at the time of initial exploration as well as after debulking 
surgery. Even though this is not part of the FIGO system, the data should 
presently be collected and evaluated in order to properly determine its effi
cacy as a predictor of response to chemotherapy and survival, as done by 
Dembo and Bush. 

The role of tumor differentiation as expressed by tumor grade was eva
luated in the past especially at the Mayo Clinic and the NCI. Malkasian et 
al. [36], Smith et al. [27], both showed that there is a correlation between 
tumor grade and prognosis. Recently Ozols et al. [30, 31] evaluated the 
importance of tumor differentiation in advanced ovarian cancer treated 
with Hexa-CAF or L-PAM. Using the modified Broder's criteria it was 
revealed that Grades 2 and 3 tumors respond and survive longer than Grade 
4. It is their conclusion that tumor grade should be evaluated in further 
studies as a separate prognostic stratification. Hernandez et al. [37] from the 
Johns Hopkins Hospital evaluated tumor cell heterogeneity in ovarian can
cer following multiagent chemotherapy. Biopsies of 34 patients were re
viewed by light microscopy after treatment. Progression of grade was seen in 
four cases and a change in composition developed in five instances. Since 
these changes occurred during treatment and no patient had improvement 
of histology, it appears that this is further evidence for the role of tumor 
grade in predicting response to chemotherapy. 

A different view was presented lately by Cohen et al. and Bruckner et 
al. [38,39] from Mt. Sinai Hospital in New York. When cis-Platinum con
taining regimens were studied, the rate of negative second look operation 
was not dependent upon the cell characteristics. Poorly differentiated tumor 
had 42 % negative second look, moderately differentiated 35 % and well dif
ferentiated 46 %. The durability of these regressions however are not as
sessed by these data. 

With regard to tumor type, within each stage, the histologic type (serous, 
mucinous, endometrioid or clear cell) may also playa role in response to 
therapy and prognosis. Dembo et al. [28] showed that well differentiated 
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serous tumors, mucinous, endometroid and clear cell tumors should be sep
arated from undifferentiated serous tumors. Goldhirsch et al. [40] recently 
evaluated Stage III, IV patients treated by cis-Platinum, Melphalan (LV.) 
and Hexamethylmelamine. They observed reduced response to chemother
apy in the clear-cell histological type compared to the other types, and con
cluded that stage for stage histology should be considered a prognostic fac
tor. 

Bulk disease, cell type and grade are all important factors in defining the 
prognosis of this patient population. Most current data do not yet support 
the notion that advances in chemotherapy have rendered these factors negli
gible. Consideration should therefore begin to address the incorporation of 
residual bulk and tumor grade into the FIGO system. At a minimum, clin
ical trials should be stratified for these factors, and a breakdown by catego
ries should be included in the reporting of data. Finally, analysis of the data 
as performed by Dembo and Bush should be repeated and rendered possi
ble. 

3. HOW SIGNIFICANT IS INITIAL 'DEBULKING'? 

In recent publications doubts have been raised concerning the importance of 
this now established procedure. The cytoreductive operation, aimed at 
decreasing tumor burden prior to initiation of chemotherapy has been stu
died for many years apparently confirming the original studies of Griffiths 
et al. [32,41,42]. In a recent review of the literature Young et al. [43], have 
demonstrated, by combining five clinical trials (233 patients) in which 
pathologic response was reported, that residual disease after initial laparo
tomy had a significant influence on response to combination chemotherapy. 
When residual disease measured < 3 cm, pathologic complete response rate 
was 69% (range 30-100%) compared to 11 % (4-16%) when the residual 
was> 3 cm. On the other hand Cohen et al. [38] reported on the findings at 
'second look' in 73 patients treated with 6 different protocols. When ana
lyzed in relation to residual tumor at initial surgery, the latter seemed to 
have no influence. When residual disease measured < 2 cm, 2-6 cm or 
> 6 cm, negative second look rate was 35, 30, 40 % respectively. Initial 
reports from the GICOG of Milan [44] appears to confirm this. In 129 eva
luable patients treated with either cis-Platinum alone, cis-Platinum with 
Cytoxan or Cytoxan, cis-Platinum and Adriamycin, the response rate was 
87.5 % for residual tumors < 2 cm and 78 % for tumors residual> 2 cm. The 
latter group included 60/81 patients with residuals > 5 cm and 40 of them 
had masses> 10 cm. Although the response rate to platinum containing 
regimens in all groups is indeed encouraging, analysis of survival in these 
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patients confirmed a negative effect of tumor burden at initiation of thera
py. When the residual was microscopic or none, 75 % of patients, are alive 
at 2 years. When bulk was surgically reduced to the size of 1-2 cm, only 
32 % of patients are alive at 18 months. Survival further decreases with 
increased residual. An ECOG study analyzing CHAD chemotherapy has 
also provided interesting data [45]. Whereas they reported an overall 92 % 
response rate in advanced ovarian cancer, survival and time to progression 
of disease were significantly dependent on bulk of residual tumor after ini
tial surgery. At 2 years follow-up 70 % of patients were alive if their residual 
measured <2 cm. Between 3-10 cm residual, only 50% survived 2 years, 
and> 10 cm, less than 20 % achieved a 2-year survival. 

Evidence from several clinical trials shows that only 30-50 % of patients 
with advanced ovarian cancer are truely 'debulkable' to tumor size of 2 cm 
or less, the range is doubtless the result of variable aggressiveness of surgery 
practiced on a number of centers [20, 35, 41, 42, 46]. Advanced ovarian 
cancer which cannot be debulked generally appears to be a more aggressive 
tumor diagnosed at a more advanced stage with further invasion of tissues 
and thus carries a grave' prognosis. In most recently reported studies 
attempts at debulking were performed and therefore Stage III and IV 
patients are divided into two groups by the operability per se. One must 
continue to question whether debulking these patients alters survival. 

Interesting information regarding this subject can be obtained from the 
results of Parker et al. [47] from Harvard, using CACP combination chemo
therapy (Cyclophosphamide, Adriamycin, cis-Platinum). They introduced a 
'midtreatment' second debulking surgery after 2-3 cycles of chemotherapy, 
based on the finding that inoperable cases can result in significant chemical 
debulking after 1-2 cycles, and when reoperated on, can sometimes be sur
gically debulked. Of 29 patients who had disease residual <2 cm after initial 
surgery, followed by chemotherapy, 50% had a negative laparoscopic restag
ing at completion of therapy. On the other hand, those who were debulked 
on a second attempt did poorly, only 1 of 9 had a subsequent negative 
laparoscopy. 

This supports the theory that massive tumor at diagnosis carries a grave 
prognosis, and reducing the tumor size by technical means is not, in itself, a 
cause for improved survival in these patients. 

A thorough review of the impact of tumor mass on drug resistance and 
survival has been presented by DeVita at the meeting of the Society of 
Surgical Oncology [11]. With regard to 'de bulking' operations as means of 
improving survival rate, the success is probably limited. Following the Gol
die-Coldman hypothesis [12], mutation rate is mass related and therefore 
when large tumor masses are present upon diagnosis, resistant cell lines are 
already in existence throughout the tumor when debulking surgery is per-
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formed. Therefore the operation may not alter the basic disease biology. 
However, it is possible that with improved and aggressive therapy, the 

response to chemotherapy is enhanced by debulking surgery. While this 
effect was demonstrated for single agent treatment [42], its contribution 
may be questioned again when multi agent chemotherapy is used with its 
presumably greater cell kill. 

The final answer to the question of de bulking can be obtained from a 
prospective study in which' debulkable patients' will be randomized to che
motherapy only vs. surgery followed by chemotherapy. Such a study is 
probably not feasible. Less satisfactory may be to compare two groups of 
Stage III patients treated by combination chemotherapy. Those who are 
diagnosed with disease measuring < 2 cm and require only T AH, BSO, to 
patients who have large tumor masses but are reduced to < 2 cm residual, by 
debulking surgery. These two groups have different tumor burdens at diag
nosis but the same amount of tumor at the initiation of therapy. Such an 
evaluation was performed for single alkylating agent by Griffiths and shown 
identical survival curves for the two groups [41]. 

It is our opinion that based on multiple clinical trials showing the effect of 
debulking surgery on response to chemotherapy and, more importantly, on 
survival, this procedure is justified especially if tumor size can actually be 
reduced to < 2 cm. Cytoreductive surgery should then be performed as long 
as it will not delay initiation of chemotherapy. Regrowth of tumor and 
resistant cell lines can presumably develop in weeks and one has to judge 
the contribution of the operative procedure in view of this light. 

There is still an open question whether with current combinations of 
greater efficacy, the response to chemotherapy is dependent on residual bulk 
disease. 

4. WHAT IS THE PREFERRED CHEMOTHERAPEUTIC REGIMEN FOR STAGE 
III, IV OVARIAN CANCER? 

The data from clinical trials that has accumulated over the last decade, 
makes the answer to the above question quite complicated. 

Combination chemotherapy appears superior to single agent therapy. His
torically, the treatment for this relatively sensitive solid tumor began by 
studying single alkylating agents as reported by Smith in 1972 [48]. Most 
commonly studied was Melphalan (L-PAM), and response rates varied at 
approximately 50 %. Other alkylating agents such as cyclophosphamide, 
chlorambucil, thiotepa or nitrosoureas produced similar response rates 
when given as initial therapy [33]. 

Non-alkylating agents have been used, and significant response rates 
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observed, though initially given to alkylating agent failures where results are 
generally less impressive. Among these are, Hexamethylmelamine, Adria
mycin, Methotrexate, 5FU and cis-Platinum. The response to these drugs 
ranged between 20-30 % [49]. Promising results with single agents and the 
introduction of combination chemotherapy to cancer treatment [50] pro
moted the use of the latter in ovarian carcinoma. 

At the M.D. Anderson Hospital in Houston, the combination of Actino
mycin-D, 5 Fluorouracil and cyclophosphamide was compared to melphal
an [27]. Although response to combination chemotherapy was better, the 
overall survival did not improve among the two arms. 

An important prospective randomized trial performed at the NCI [51] 
evaluated the combination of hexamethylmelamine, cyclophosphamide, 5 
Fluorouracil and methotrexate (Hexa-CAF) to single agent Melphalan. 
Eighty patients were randomized and the results showed significant im
provement in response (75 vs 54%), complete remission (33 vs 16%) and 
median survival (29 vs 17 months) for the combination. A similar study by 
Carmo Pereira et al. [52] was reported showing no difference between the 
two arms. The Hexa-CAF arm of the latter study utilized lower doses which 
may have contributed to the different outcome (Abbr: Table 3). 

Two drugs were than introduced into the combination trials, - Adriamy
cin and cis-Platinum. Both agents showing some activity as first and second 
line treatments [1, 32, 33]. Beginning in the mid-seventies, several clinical 
trials demonstrated significant improvement in response and survival using 
platinum containing regimens compared to single alkylating agents or other 
non-platinum containing regimens. Studies by Decker et al. [53], Stur
geon [54], Vogi [55], and Neijt et al. [56] have all confirmed the advantage 
of platinum containing combination chemotherapy versus single agent in 
inducing remissions. Several studies also confirmed prolonged survival and 
disease free interval when such combinations are used. Others have further 
shown the improved response to cis-Platinum containing regimens. Stur
geon et al. [54] report a complete response of 30 % for PAC vs 19 % for 
HexaCAF. Neijt et al. [56] have shown superiority of CHAP-5 regimen over 
Hexa-CAF. Omura [57] compared PAC to AC and showed 71 % response 
rate and 46 % respectively (p < 0.001). Thus, data is accumulating suggesting 
the superiority of cis-Platinum containing regimens as first line treatment. 

There are however two main difficulties encountered when one attempts 
to compare the many 'pilot' studies published in the literature. The first is 
the mode of evaluating response. Intraperitoneal disease is often hard to 
clinically estimate and follow, and therefore only surgically confirmed 
responses are of interpretable significance. It has been unusual to find more 
than 50 % of patients to be negative for tumor when undergoing second look 
operation, after being considered clinically free of disease. The second prob-
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lem is the design and selection of patients. Randomized trials in which 
stratification by patients age, performance status, tumor type or grade and 
bulk disease post operatively, are seldom reported. 

We therefore agree with the statement made by Decker [53] who sug
gested two parameters for the evaluation of chemotherapy in ovarian can
cer. 

a) Time to progression of disease. 
b) Duration of response and overall survival. 
The two parameters can be further stratified by the prognostic factors 

mentioned. In Table 3 we present selected recent studies in which platinum 
containing protocols were used and sufficient restaging and follow up data is 
available for evaluation of results. The overall median survival using these 
combinations is well over 2 years, whereas with alkylating agents alone it 
was only 10-14 months in unselected series. There are now three principal 
groups of protocols with either four, three or two drugs, which are common
ly used and still evaluated using cis-Platinum as a base [39, 45, 47, 53, 57, 
60-66]. Selected regimens are presented in Table 3, with treatment sche-

Table 3. Overall survival and progression free interval (PFI) for Stage III IV treated by platinum 
containing regimens. 

Median Median 
# Pts Regimen survival PFI Abbr. 

1. Decker, et al. 21 CycIophosph. 40 mos 28 mos. CP 
1983 [53] Cis-Platin. (projected) 

2. Vogl, et al. 26 CycIophosph. 25 mos. 13 mos. CHAD 
1983 [45] Hexamethyl 

Adriamycin 
Cis-Platin. 

3. Ehrlich, et al. 56 CycIophosph. N.A. 33 mos. CR CAP 
1979, 1983 [58, 59] Adriamycin 12.7 mos PR 

Cis-Platin. 

4. Parker, et al. 72 CycIophosph. 36 mos. N.A. CAP 
1983 [47] Adriamycin 

CycIophosph. 
Cis-Platin. 

5. Bruckner et al. 20 Adriamycin 25 mos. 21 mos. AC 
1983 [39] Cisplatin 

37 CycIophosph. 27 mos. 25 mos. CHAP 
Hexamethyl 
Adriamycin 
Cis-Platin. 

6. Wernz et al. 31 CycIophosph. 37 mos. 23 mos. CP 
1983 [60] Cis-Platin. 
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dules separately presented in Table 4. Although some uncertainty remains 
concerning a clear advantage in survival of cis-Platinum containing combi
nations over single alkylating agents, the recent randomized study by Deck
er et al. [53], and the trend in most other studies should put this issue to 
rest. However, it may be still arguable whether cis-Platinum alone performs 
equally well. Such a question is quite academic since the toxicity of cis
Platin alone is probably quite equivalent to the combinations. Such a situ
ation may not pertain to the platinum analogues, which we shall discuss 
further. 

The decision as to which combination is preferred is based on common 
factors: 

A. Activity in ovarian carcinoma with high response rate. 
B. Reasonable and tolerable toxicity. 
C. Simple and safe mode of administration. 
D. Reduced treatment time. 
The two most active drugs in our opinion are the alkylating agent and 

cis-Platinum. Based on the observation that there is a dose response curve 
for cis-Platinum as shown in clonogenic assays as well as in humans [43], 

Table 4. Selected platinum containing combination chemotherapy 

I. CHAD 
Cyclophosphamide (cytoxan) 600 mg/m2 i.v. day I ISO mg/m2 p.o. day 2-8 
Hexamethylmelamine A ISO mg/m2 p.o. days 8-22 B ISO mg/m2 p.o. day 2-8 
Adriamycin (45) 25 mg/m2 Lv. day I (38) 50 mg/m2 Lv. day I 
Cis-Platinum 50 mg/m2 i.v. day I 50 mg/m2 i.v. day I 

2. PAC 
Cyclophosphamide 750 mg/m2 Lv. day I 750 mg/m2 day 1 
Adriamycin A 50 mg/m2 Lv. day 1 B 50 mg/m2 day 1 
Cis-Platinum (58) 50 mg/m2 Lv. day 1 (50) 20 mg/m2 Lv. day 1-5 

Cyclophosphamide C 400 mg/m2 i.v. day 1 D 500 mg/m2 i.v. d 1& 
(39) (47) 650 mg/m2 d 22 

Adriamycin 40 mg/m2 i.v. day 1 45 mg/m2 Lv. d 1 
Cis-Platinum 50 mg/m2 Lv. day 1 20 mg/m2 i.v. d 22-28 

3. CP 
Cyclophosphamide A 600 mg/m2 i.v. day 4 B 1000 mg/m2 Lv. day 1 
Cis-Platinum (67) 20 mg/m2 i.v. day 1-5 (53) 50 mg/m2 i.v. day 1 

AP 
Adriamycin 50 mg/m2 i.v. d 1 
Cis-Platinum (64) 50 mg/m2 i.v. d 1 

MP 
Melphalan 0.66 mg/kg p.o. d 1-5 
Cis-Platinum (46) 50 mg/m2 i.v. d 1 
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we have eliminated other drugs from the regimens and tried to maximize 
the doses of cis-Platinum with Cytoxan. Results of the studies from the 
Mayo Clinic, our institution as well as preliminary reports from Milan and 
the Netherlands confirm the efficacy of the two drug combination in induc
ing remission. At NYU the regimen using cis-Platinum 20 mg/m2 x 5 for 8 
cycles produced 71 % per cent response and 68 %, 2 year survival. At the 
Mayo Clinic a similar combination with platinum administered at 
50mg/m2 x 1 for 12 cycles produced 61.9% 2 year survival. 

The results of these trials suggest that a regimen with Cytoxan and cis
Platinum is as good as others which include Adriamycin or Hexamethylme
lamine. The toxicity of the latter two drugs can be eliminated, especially in a 
patient population where advanced age and cardiac disease is so com
mon. 

At the present time two drug regimen using cis-Platinum and an alkylat
ing agent has been recommended as initial therapy at the Mayo Clinic, M.D. 
Anderson, Milan Institute, the Netherlands and others [44, 46, 53, 66]. A 
different opinion was recently expressed by Bruckner et al. [63] who consid
er Adriamycin and cis-Platinum combination sufficient for induction. Cy
clophosphamide in their opinion was a cause for increased toxicity and 
reduction in the dose of the two former and active drugs. 

While most current regimens include cis-Platinum, the best combination 
has clearly not been established by randomized trials. Although it appears 
that combination chemotherapy has increased the rate of complete remis
sion from disease, it is unlikely that further juggling of the known active 
agents in equivalent dosages will lead to appreciable increase in the survival 
rate. A search for more active drugs and new approaches for administering 
the combinations should be sought. 

5. WHAT IS THE ROLE OF SECOND LOOK OPERATIONS? 

Since the introduction of second-look surgery by Wangen steen in 1949 for 
intrabdominal malignancy [68], the indications for the operation have var
ied. Whereas the rationale in the past was part of an aggressive surgical 
management, our approach today is an integral part of multimodal treat
ment of ovarian carcinoma. Yet, in both periods the need for second look 
surgery stems from the inability of physical examination and non-invasive 
evaluations to determine the extent of disease in the peritoneal cavity. Con
siderable expectations towards improved evaluation have developed since 
the introduction of CAT scanning of the abdomen and pelvis, but the results 
are not promising as discussed in a previous section [9, 10]. A study by 
Cohen et al. [38] reported of 73 patients undergoing second look after com-
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pleting various chemotherapeutic regimens, and a negative non-invasive 
restaging. Only 30 patients (41 %) were found to have no evidence of disease 
upon exploration. Other studies further confirm that only a surgical explo
ration can establish accurately the response to chemotherapy [43, 69-71]. 

Laparoscopy can replace a complete reexploration only when the findings 
are clearly positive. In that situation one can obtain fluid for cytology and 
inspect as much peritoneal surface as possible by this technique. However, a 
negative laparoscopic second look does not exclude residual disease in areas 
not visualized by laparoscopy. In that situation a formal second look lapa
rotomy is required to confirm the complete response to chemotherapy. 

The next question is, what is the correlation between findings at second 
look and the prognosis? Cohen et al. [38] found that 3 years survival 
decreased from 78 % to 47.3 % when the disease on second look was none, 
microscopic or macroscopic respectively. A study from the M.D. Ander
son [72] evaluated 83 patients from 1971-1982 in Stage III and IV ovarian 
carcinoma who had negative second look laparotomies. The 2 and 5 year 
survival rates are 100% and 85 % respectively. When 44 patients with per
sistent microscopic or cytologic disease at second-look were evaluated [73], 
the uncorrected 2 and 5-year survival rates were 98 % and 78 %, respective
ly. Despite differences in these series it appears that findings at second look 
surgery are useful in predicting the prognosis. Comparison of response rates 
in clinical trials using the variety of regimens cannot be properly done with
out surgical restaging, and therefore survival data has been suggested as sole 
criteria if second looks are not performed. 

Since the newer chemotherapeutic regimens are toxic and hard to toler
ate [74, 75] second look surgery is currently the only reliable means of 
obtaining an indication to stop treatment. However, no matter how much 
useful information this procedure provides, it may not alter the outcome. 
The study by Cohen et al. [38] presented data concerning the survival of 
patients eligible for second look operation. The survival curve for patients 
who eventually had the operation was identical to that of patients who, by 
chance, did not undergo second look. Second look surgery can also be part 
of a multi modal protocol. Such an approach has been reflected in the series 
of Fuks et al. [34] and Malcolm et al. [76] in which patients receive a full 
course of chemotherapy prior to second look exploration. According to the 
findings at the operation, residual tumor is removed, and patients are then 
treated with total abdominal irradiation according to their protocol. Anoth
er multimodal approach has been the use of intraperitoneal instillation of 
radioisotopes, chemotherapy or immunotherapy, based upon the findings at 
second look [77] . 

Finally, recurrence rate after negative second look has been reported to 
range between 20-50 percent, depending upon the length of follow up [71]. 
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Even when the platinum containing regimens are used, more evidence accu
mulates that the recurrence rate is significant [59]. 

We therefore believe that justification for performing second look opera
tions on patients with negative non-invasive evaluation is either in relation 
to the availability of other treatment modalities or in the context of a clin
ical investigation. If the patient has reached maximal tolerable doses of 
chemotherapy, and no other treatment modality is available, the role of 
second look is of questionable value. 

6. CAN WE INCREASE CIS-PLATINUM DOSAGE? 

There has been an extensive search in the past years for means to reduce the 
toxicity of platinum containing combination chemotherapy. Nephrotoxocity 
has been the major limiting factor in multiple Phase II trials, requiring dose 
modification. Recording the number of cycles which were delayed or 
reduced, in our cis-Platinum Cytoxan protocol reveals that in approximate
ly 50 % of cycles alteration in the basic schema takes place. At the same time 
there appears to be a dose response relationship between cis-Platinum and 
epithelial ovarian cancer [48]. Therefore, a hypothesis to improve results 
includes attempts to administer higher possible doses of cis-Platinum, with
out an increase in toxicity. 

In order to achieve the goal of high dose and safe administration, several 
paths have been pursued and are currently being studied. Pre and post 
treatment hydration with diuresis have been used for some time, and have 
shown to partially diminish the nephrotoxicity [78, 79]. The use of Furo
semide or Mannitol has been common practice in clinical trials [80]. 

The intraperitoneal administration of chemotherapy in general and cis
Platinum in particular has the advantage of providing higher drug doses to 
the tumor. Further discussion of this approach is presented further in this 
chapter. 

Sodium thiosulphate has been studied by Howell et al. both in animals 
and in humans [81, 82]. The sulfur containing compound was chosen since 
previous experiments have shown that the toxic effects of cis-Platinum on 
the renal tubular epithelium can be rescued by administering the compound 
concommitantly with cis-Platinum. Binding of cis-Platinum to Sulfur-con
taining compounds is capable of blocking the formation of cis-Platinum
DNA complexes, and reducing the resulting cytotoxicity and antitumor 
activity [81]. Animal studies established a significant protection of renal 
function, but at the same time revealed profound reduction in anti-tumor 
activity. The latter finding has led to the human trial in which cis-Platinum 
was administered IP and the thiosulfate systemically [82]. It was shown that 
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IP administration of cis-Platinum provides high drug concentration in 
tumor nodules while the systemic thiosulfate provided renal protection. The 
dose of cis-Platinum was increased to 270 mg/m2 body surface without any 
change in serum creatinine. Preliminary reports on 9 patients [83] treated 
ith combination IP therapy (cis-Platinum, Adriamycin, ARA-C) have 
shown no nephrotoxicity when thiosulfate was given simultaneously 
(12 gr/m2 LV. over 6 hours). 

Litterst [84] and Earhart [85] have studied hypertonic saline as means of 
reducing nephrotoxicity in animals. Using 4.5% NaCl as vehicle for cis
Platinum administration lethality of the drug to mice was greatly reduced 
when compared to preparation of the drug in D5W. Antitumor effect was 
preserved in this setting. The explanation for the role of hypertonic saline is 
a shift in the cis-Platinum aquation reaction, as a result of high chloride 
concentration in the renal tubule. The diamminedichloro form is favored, 
and this compound is less toxic than the aquated species. Earhart [85] in 
fact demonstrated that low chloride concentrations in the urine result in the 
re-excretion of this aquated species, and this correlates with nephrotoxici
ty. 

This principale was used by Ozols et at. [86] and others [87, 88] when a 
high dose cis-Platinum protocol was tested in patients with testicular and 
ovarian carcinomas who had previously progressed on conventional doses 
of platinum. A dose of 200 mg/m2 (40 mg/m2/d x 5) was given each cycle, 
LV., to six patients with ovarian carcinoma who failed previous platinum 
containing combinations. Only 2 patients had transient renal insufficiency 
which did not recur with subsequent cycles of high dose - cis-Platinum. 
Schmoll et at. [90] also report a significant reduction in nephrotoxicity when 
cis-Platinum was used with hypertonic saline. It is of importance to remind 
the reader that other toxic effects of the treatment are not significantly 
altered. Such effects include - nausea and vomiting, diarrhea, ototoxicity, 
myelosuppression or peripheral neuropathy. Nevertheless, this approach has 
important clinical applications which should be further studied. 

Several analogues of cis-Platinum have been introduced in the attempt to 
decrease the nephrotoxicity. The drugs which are currently evaluated are 
JMB and JM9 (CHIP). Preliminary results with JM8 (carboplatin, CBDCA) 
from England presented by Wiltshaw [91] and Calvert [92] have shown sim
ilar response rates to cis-Platinum, with decreased toxicity when the former 
is used. When five months of 100 mg/m2 cis-Platinum followed by five 
months of 20 mg/m2 were compared with 10 cycles of 400 mg/m2 of JM8, 
the incidence of nephrotoxicity was 74 % and 12 % respectively. It was also 
the impression that the JM8 treatment was easier for patients to tolerate. 
Response rate for both single agent regimens was about 50 %. Further infor
mation from Phase II, III trials of platinum analogues in advanced ovarian 
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cancer are expected in the next few years and include combination regimens 
compared with cis-Platinum combinations. 

7. IS THERE A ROLE FOR RADIATION THERAPY AFTER INITIAL SURGERY 
AND CHEMOTHERAPY? 

Radiotherapy in ovarian carcinoma has been considered and tried mainly 
for early Stage I and II disease [1,33]. In addition minimal residual Stage 
III patients have also been successfully treated by several centers [93, 94]. 
These groups will not be discussed in this chapter. 

Our discussion concerns patients with poor prognosis, those with ad
vanced ovarian carcinoma which cannot be optimally debulked at initial 
surgery. Since 75 % of patients present in Stage III-IV, and only a quarter of 
them can be successfully de bulked, we are actually dealing with fifty percent 
of the entire patient population. The prognosis of this group is grave; under 
8 % survive five years [28, 94]. Most often these tumors have the aggressive 
characteristics in terms of poor differentiation of type and grade. In addi
tion, the patients are of advanced age and suffer from nutritional and meta
bolic problems which accompany situations with diffuse peritoneal involve
ment by large tumors [33]. As mentioned by Smith [27] and Dembo [28], 
radiotherapy is oflittle value in this group and has been palliative in a small 
number of cases. 

Since the introduction of highly effective combination chemotherapy with 
response rates up to 90 %, the role of Radiation Therapy is reconsidered. It 
is now evaluated for two purposes, i.e., consolidation of chemotherapy 
induced remission, and treatment of small but resistant residual tumor. The 
logistics of such approaches are to initiate treatment with aggressive chemo
therapy. Using available active combinations, effective reduction of tumor 
mass is commonly observed. Second look surgery is then performed and 
further debulking is attempted when necessary. Patients with residual dis
ease < 2 cm are then treated by total abdominal radiation for consolidation 
of response and eradication of microscopic residual tumor. It is of major 
importance in this treatment to direct the radiation ports to the entire abdo
men with specific doses to the para-aortic and diaphragmatic lympha
tics[13,95]. 

A major problem in this approach stems from the use of radiation ther
apy of high dose and extended fields, following several courses of combina
tion chemotherapy. The toxicity of these treatments is a significant obstacle 
in completing the desired scheduled doses. A recent study by Schary et 
al. [96] reports that in 68.5 % of patients treated by total abdominal radia
tion following chemotherapy, treatment was altered as a result of toxicity 
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mainly thrombocytopenia. In contrast, such side effects occured in 17.6 % of 
patients receiving RT without prior chemotherapy. Rose et al. [97] report 
that of 10 patients who received Total Abdominal Radiation following che
motherapy, seven are NED. However, Radiation Therapy following 8 cycles 
of chemotherapy was associated with high toxicity, mainly hematologic. 

Fuks and Rizel [34] report on their protocol in which patients are initially 
treated with CHAD combination chemotherapy. Following 6-14 cycles, 
second look surgery is performed, with cytoreduction attempted. Abdomi
nal radiation is then given to a total dose of 5100 rads to the pelvis, 3000 
rads to upper abdomen and 1200 rads to a T shaped field including the 
para-aortic area and the diaphragms [95]. Actuarial 3 years survival is 40% 
in this poor prognostic group. Toxicity is high but tolerable in their report. 
Malcolm et al. [76] reported recently on 17 patients treated by consolidation 
with Total Abdominal Radiation following CHAP chemotherapy for 6 
cycles. Residual disease was < 2 cm at second look, with eleven patients 
having only microscopic residuals. Planned R T included 3000 rads to the 
whole abdomen and a pelvic boost of 1400-2000 rads. Toxicity was severe 
with myelosuppression altering treatment in 10/17 patients. Six of seven 
patients who completed treatment with RT, relapsed at a median of 14 
months from completion of consolidation. Though they concluded that 
abdominopelvic radiation is poorly tolerated, those patients who completed 
treatment had longer disease free intervals. Vogi et al. [98] reported on the 
first 25 patients who entered a protocol of remission induction with CHAD 
(4-7 cycles) followed by consolidation combining radiation therapy with 
chemotherapy. After second look surgery, patients were given cis-Platinum 
(50 mg/m 2 i.v. d 1,) 150 rads whole abdomen x 7 (d 3-11), and HMM 
(150 mg/m 2 p.o. d 15-28) repeated at 35 days. Of 11 patients with no resi
dual gross tumor at second look, who received this treatment, 5 are free of 
disease between 13-37 months from consolidation. These numbers are too 
small to make conclusions about the value of this regimen. However, it is 
the investigator's impression that radiation and chemotherapy consolidation 
is less effective when palpable tumor is present at second look. 

As has been documented, even cases with completely negative second 
look operations have recurrence rates of 40-50% [33, 99], and therefore 
some form of consolidation therapy would be desirable. This preliminary 
data on radiation therapy as means of consolidation suggests that it is very 
toxic, but a worthwhile lead. A related lead is combining radiation with a 
'sensitizer', although hypoxic sensitizers have been disappointing to date. 

Encouraging reports by Dembo et al. [100] and Schary [96] provide data 
on the safety of open field Total Abdominal Radiation. Further clinical 
experience with longer follow up is required in order to evaluate the role of 
this modality as adjuvant to chemotherapy in advanced disease. 
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8. IS THERE A ROLE FOR IMMUNOTHERAPY? 

Amplification of response to chemotherapy by immunotherapy has been an 
approach studied in a small number of trials, and definite answers are not 
available at this point. Review of the immunobiology of ovarian cancer has 
recently been published in this series [10 1]. 

The theoretical basis for immunotherapy may be directly derived from 
animal model of murine ovarian cancer. (Though this tumor may actually 
be a reticulum cell sarcoma of the hystiocytic origin, it is sensitive to active 
drugs in ovarian carcinoma). Intraperitoneal administration of Corynebac
terium Parvum can cure mice that have been inoculated with 105 tumor 
cells. The addition of rabbit heteroantiserum further enhanced antitumor 
activity [77,102]. A GOG study reported by Creasman et al. [103] com
pared Melphalan + C. Parvum, as a non specific immunomodulating agent 
to a historical control of melphalan alone. Response rate was 29 % to Mel
phalan alone compared to 53 % for combined modality treatment. An ongo
ing GOG prospective study compares the two arms, Melphalan (7 mg/m2 

days 1-5) and Melphalan + C. Parvum (4 mg/m 2 day 7). Patients in both 
arms are of optimal stage III, and both arms, though not identified, show no 
difference in survival with projected median of 23 months. 

Alberts et al. [104] reported results of the SWOG trial in which Adriamy
cin, cyclophosphamide with BCG in one arm, were compared to the same 
chemotherapy without BCG. Response rate was 53 % vs 36 % respectively. 
Survival was 23.5 months (median) for chemoimmunotherapy compared to 
13.1 months for chemotherapy alone (p<0.004). 

Bast and Knapp [72, 102] report on intraperitoneal administration of C. 
Parvum following initial surgery and full course of chemotherapy with CAP 
(6-13 months). Of 11 evaluable patients 5 (45 %) had an objective response 
confirmed by surgery. Complete response in two patients lasted five and 
twelve months. Evaluation oftumoricidal activity of peritoneal cells showed 
significant increase in activity during treatment with C. Parvum. Intraperi
toneal injection of C. Parvum is accompanied by peritonitis, fever and 
abdominal pain. As a result of these complications the team is now using 
recombinant leukocyte A Interferon for immunostimulation, following ini
tial reports on interferon by Gutterman et al. [105] and Einhorn et al. [106] 
but data has not been published yet. 

The group from Johns Hopkins is currently investigating the combination 
of chemotherapy and Human-Ovarian-Anti-Tumor-Serum (HOATS) der
ived from immunized New Zealand white rabbits [107]. In fourteen pa
tients, treated by this modality, no significant toxicity was noticed, and 
chemotherapy was not altered. The role of immunotherapy as an enhancing 
factor in patients who respond to chemotherapy is not defined as yet. More 
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randomized studies with non-specific immunotherapy with longer follow-up 
are required in order to assess that modality. 

New therapeutic possibilities are currently being investigated using spe
cific monoclonal antibodies. The possibility of attaching radionuclides, cy
totoxic drugs or toxins directly to tumor specific antibody and thus directing 
the drug only to tumor cells, is the goal of the research [26, 27,101]. A 
recent in vitro study of monoclonal antibodies, raised against ovarian carci
noma cell line, had shown reactivity of the antibody with six of six serous 
ovarian tumors, five of five non ovarian tumors and with normal endome
trial and endocervical tissue [108, 109]. Although the technique may be of 
value in the near future for diagnostic purposes and non invasive follow up, 
as a treatment modality, it is still at the basic research phase. 

9. IS THERE ADVANTAGE TO INTRAPERITONEAL CHEMOTHERAPY? 

An effort to improve the initial response to chemotherapy, which is a docu
mented way to prolong survival [43], has led to the investigation of intra
peritoneal administration of chemotherapy. To date, no randomized pros
pective trial evaluating this mode of therapy has been reported. Neverthe
less, the approach has biologic and pharmacokinetic basis to rationalize its 
use in treatment investigation. 1) Ovarian carcinoma has a prolonged phase 
of intraperitoneal disease without dissemination outside the peritoneal cav
ity. Even in the most terminal phases of disease, tumor burden is often 
solely intra-peritoneal with resultant anatomic and metabolic complications. 
2) In vitro and in vivo studies indicate that there is a dose response relation 
between cytotoxic agents and malignant ovarian cells. Systemic drug admin
istration is however limited by bone marrow, gastrointestinal and renal tox
icity. Therefore attempts should be made to reduce the toxicity in order to 
administer high doses of drugs. 3) The peritoneal cavity has a specific phar
macokinetic advantage since the clearance of many molecules from that 
space is slower than that from the systemic circulation. By direct intraperi
toneal instillation higher concentrations of drugs can be obtained in the 
peritoneal cavity, delivered directly to tumor nodules, without significantly 
increasing the systemic toxicity. The clearance of drugs from the peritoneal 
cavity mainly depends upon molecular weight and lipid solubility of the 
various compounds. In addition, these drugs have different direct effect on 
the peritoneal surfaces. These variables individually alter the clinical phar
macologic characteristics of each compound. 

Although the peritoneal cavity has been used for the treatment of malig
nant disease over twenty years ago, recently published studies, have careful
ly evaluated the dynamics of intraperitoneal administration of cytotoxic 
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agents in animals and humans. Several important studies have been per
formed at the NCI [110-112]. Two technical principles have been used in 
these investigations. The first was the use of semi-permanent Tenckhoff 
dialysis catheter as means. for repeated cycle treatment administration and 
evaluation of peritoneal cytology [113]. The second was the administration 
of large volume (2 liters) of fluid with the cytotoxic drugs [114]. These 
modifications are based on studies by Dedrick et al. [115] in which the 
pharmacologic advantage for intraperitoneal chemotherapy was predicted to 
depend upon repetitive administration of a drug in a large volume of fluid. 
The latter provides for uniform distribution of drug throughout the periton
eal cavity. 

Studies conducted by Ozols et al. [112], Speyer et al. [111], Pfeifle et 
al. [116], Howell et al. [82, 83], Pretorius et al. [117] and Casper et al. [118] 
have all shown that with the evaluated compounds, concentrations in the 
peritoneal cavity were markedly larger than that in the systemic circulation, 
ranging up to 3 log concentration gradient, as shown in Table 5. 

Administration of drugs into the peritoneal cavity is limited by two side 
effects which are added to those encountered when systemic therapy is uti
lized. These problems are chemical peritonitis resulting from irritation of 
peritoneal surfaces by the drug, and bacterial peritonitis for which there is 
increased risk when chronic indwelling foreign body is present in the peri
toneal cavity. Whereas the latter is usually not common when proper tech-

Table 5. Results of intraperitoneal chemotherapy, (Phase I, II) given to previously treated ovar
ian cancer patients 

Mean concen-
Objec- Chemical tration 
tive perito- peritoneal 

# Pts Dose response nitis fluid/plasma 

Methotrexate (Ill) (MTX) 5 7.5-50 liM 0 Common 23* 

5-FU (111) (5Fu) 5 1-8 liM 2 None 298** 

Adriamycin (112) (ADR) 10 9-55 liM 3 Common 343*** 

Cis-Platinum (80) 7 90-270 mg/m2 None 10-1000 
(117) 4 4 None 

Ara-C (116) 10 1000 liM 2 None 450-1250 

Ara-C+ 100":100 liM Minimal 
Cis-Platinum + (83) 4 100-200 mg/m2 3 
Adriamycin 18 liM 

* 50 liM MTX 
** 4mM 5FU 
*** 55 liM ADR 
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nique is used, and commonly controlled with antibiotics [113, 119], the 
former can cause severe symptomatology and limit the use of these 
drugs [110]. Peritoneal dialysis has been well tolerated in the reported stu
dies, and has produced minimal complications that did not require cessa
tion of therapy, even for bacterial peritonitis. With Adriamycin and possibly 
with Methotrexate, chemical peritonitis was dose limiting. 

Evaluation of the response to therapy and effect on survival is hard to 
appreciate at the present time. The group of treated patients, in these stu
dies, has a notably poor response rate to any form of therapy since they 
have all failed previous therapy with single or combination chemotherapy. 
Preliminary results are shown in Table 5. It should be emphasized that these 
Phase I and some Phase II studies were aimed at clinical pharmacological 
evaluation of the modality itself and the resultant toxicity. 

Observations in ovarian carcinoma have shown that half the patients who 
obtain clinical complete response with systemic chemotherapy, are found to 
have residual microscopic or minimal disease at second-look surgery. In 
addition, salvage treatment for recurrent previously treated, disease has 
shown very limited success in the multiple small clinical trials [43]. Prelim
inary data from these intraperitoneal trials is encouraging. The approach 
appears to be safe and tolerable while the pharmacologic advantage is 
obtained. Even combination chemotherapy [83] has been tried and toler
ated. However, intraperitoneal chemotherapy is still clearly in the domain 
of clinical investigation and is not recommended outside of clinical trials. 

Prospective clinical trials using the intraperitoneal approach for initial 
therapy should be able to provide data and answers to the above presented 
quetion. Such a trial is being conducted at the National Tumor Institute in 
Milan, Italy, in which patients are randomized after initial surgery to one of 
two arms: intraperitoneal cis-Platinum and systemic Cyclophosphamide or 
both drugs given systemically. Other centers including our own are now 
evaluating the advantage of intraperitoneal administration of first line ther
apy, and within 2-3 years more conclusive information should be avail
able. 

SUMMARY 

1. The staging system for ovarian epithelial cancer is useful but has limita
tions. Further division of patients by grade/and bulk (prior to and post 
debulking surgery) should provide better prognostic information and 
improved comparability for clinical trials. 

2. With the limited effectiveness of chemotherapeutic regimens in ad
vanced disease - maximal debulking at the time of primary surgery still 
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appears to be a worthwhile goal. Further information from trials with 
better prognostic information or better therapy could alter this. 

3. The preferred chemotherapy or duration of therapy for advanced disease 
is not certain. Whenever possible chemotherapy should include cis-Pla
tinum and an alkylating agent. Other drugs mayor may not add to the 
efficacy and/or toxicity of these regimens. Further 'juggling' of currently 
available drugs and regimens is unlikely to result in significant survival 
benefit. 

4. The survival and time to progression are the best determinants of the 
efficacy of a regimen in this disease. Restaging laporotomy is by far the 
most accurate way to measure response and check for residual disease. 
The 'second look laporotomy' is appropriate in clinical trials where 
determination of response must be made or when the outcome will have 
meaningful impact on subsequent therapeutic decisions. 

5. Total abdominal radiation as part of aggressive combined modality ther
apy with surgery and chemotherapy may provide additional benefit. The 
approach is still investigational and has considerable morbidity. 

6. Meaningful progress in ovarian cancer must now come from new ave
nues of research. There are interesting leads from immunotherapy with 
IP C. parvum and an antiserum directed at ovarian cancer cells. Mono
clonal antibody technology may provide a whole family of new agents or 
radiocolloids with increased specificity. 

7. New agents are eagerly awaited. There is great interest in the new pla
tinum analogue in term of efficacy and possible decreased toxicity. 

8. Finally there are ongoing efforts to improve the delivery of currently 
available agents. The results of further clinical trial with chloride loading 
or blocking agents to decrease platinum toxicity and improve the thera
peutic index are eagerly awaited. Intraperitoneal chemotherapy has been 
established as a safe workable system for delivery of high concentrations 
of drug to the abdominal cavity with much lower systemic exposure. 
Controlled clinical trials using this therapy early in the course of patients 
with small bulk disease are now being conducted to determine if the 
route of delivery will alter the survival of these patients. 
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nosis in, 238, 239 
second-look surgery in, 246-248 

stage III, IV chemotherapeutic regimen for, 
242-246 

staging methods in, 235-240 
tumor differentiation as expressed by tumor 

grade in, 239 
Erythrocytes, and cell surface membrane ac

tion, Ill-l12 
Ethambutol, with lipid macromolecules bind

ing, 36 
3,N4-ethanocytidine, 142 
4-ethoxy cyclophosphamide, with cell surface 

membrane action, 101 
Ethyl (±)-t-6-butoxyl-5-fluorohexahydro-2,4-

dioxypyrimidine-y-5-carboxylate (TAC 
278), 133 

Ethylnitrosourea, 149 
Etoposide, in autologous bone marrow trans

plantation (ABMT), 216, 218 

FF-705, 133 
FIGO staging of epithelial ovarian carcinoma, 

235-237 
5-fluorodeoxyuridine (FUdR), 155 

cell surface membrane action with, 85 
clinical properties of, 196 
cytotoxicity of, 174 
gastrointestinal carcinoma and levels of, 

185, 196 
intracellular inhibitor levels of, 182-183 
pharmacokinetics and metabolism of, 191 
resistance to, 189 
thymidine (TdR) pathways and, 186, 188 
thymidylate synthetase (TS) inhibition and, 

173-174 
5-fluorodeoxyuridine monophosphate 

(FdUMP), 155 
catalytic mechanism of, 157-158 
folate cofactors and, 196 
inhibition kinetics of, 180-181 
intracellular inhibitor levels of, 182-183 
Km values for, 161-162 

Fluoroethylnitrosoureas, 146 
5-fluoro-3-(3,4-methylene-dioxybenozoyl)-2' -

deoxy-~-uridine (TK-1l7), 133 
Fluoropyrimidines 

development of, 133-138 
see also specific agents 

5-fluorouracil (5FU), 155 
cell surface membrane action with, 82, 85, 

96, 105 



clinical properties of, 194-196 
cytotoxicity of, 174 
epithelial ovarian carcinoma with, 243, 

254 
fluoropyrimidines compared with, 133, 134, 

135, 136, 137 
folinic acid combined with, 196 
methotrexate combined with, 194-196 
pharmacokinetics and metabolism of, 190-

191 
resistance to, 189 
thymidine (TdR) pathways and, 186 
thymidy1ate synthetase (TS) inhibition and, 

173-174 
Folate analogues 

cofactor levels and inhibition kinetics of, 
181-182 

5-fluorouracil (FU) and, 196 
thymidylate synthetase (TS) inhibition and, 

165-172,175-190 
Folic acid analogs, with cell surface membrane 

action, 82 
Folylpolyglutamate synthetase (FPGS), 179 
Formaldehyde, and thymidylate synthetase 

(TS) inhibition, 165-166 
Ftorafur, 134-135 

clinical efficacy of, 134 
fluoropyrimidines compared with, 133, 135 
toxicity of, 134-135 
uracil combined with, 136-138 

FUDR, see 2' -deoxy-5-fluorouridine (FUDR) 
Furosemide, in epithelial ovarian carcinoma, 

248 

Gammaphos, 52 
Gastrointestinal cancer 

5-fluorodeoxyuridine (FUdR) levels and, 
185, 196 

5-fluorouracil (FU) for, 194 
ftorafur in, 134 
methotrexate-5-fluorouracil (FU) combina

tion in, 195 
1-hexylcarbamoyl-5-fluorouracil (HCFU) 

in, 136 
uracil combined with ftorafur (3 UFT) in, 

137 
Glucose, and cell surface membrane action, 

110 
Glutathione 

base propenal reactivity and, 6, 7 
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cyclophosphamide (CP) activity and, 65, 67, 
71-73 

G1ycoproteins, and cell surface membrane ac
tion, 105-106, 107-108 

Haloyethylguanine, 148 
Haloethylnitrosoureas, 141, 149 
Head and neck cancer 

5-fluorouracil (FU) and, 194 
methotrexate-5-fluorouracil (FU) combina

tion in, 195 
uracil combined with ftorafur (3 UFT) in, 

137 
Hepatoma, and uracil combined with ftorafur 

(3 UFT), 137 
Hexamethylmelamine, in epithelial ovarian 

carcinoma, 240, 243, 246 
I-hexylcarbamoyl-5-fluorouracil (HCFU), 

135-136 
clinical trials with, 135-136 
toxicity of, 136 

Histones, in lipid macromolecules binding, 
29-33, 48-49 

Human-ovarian-anti-tumor-serum (HOATS), 
with epithelial ovarian carcinoma, 252 

4-hydroxycyc1ophosphamide, in autologous 
bone marrow transplantation (ABMT), 
215 

3-hydroxyethylcytidine, 142 
4-hydroxyperoxycyclophosphamide, in auto

logous bone marrow transplantation 
(ABMT),215 

Hydroxyethylguanine, 145, 146, 148 

IAHQ 
antitumour studies of, 193-194 
inhibition kinetics of, 178-179 
intracellular inhibitor levels of, 184 
intracellular locus of, 179 
thymidine (TdR) pathways and, 186 
thymidylate synthetase (TS) inhibition and, 

171,175,178-179,182 
Imidocarb, with lipid macromolecules bind

ing, 34-36, 51 
Immunoglobulin, in autologous bone marrow 

transplantation (ABMT), 215 
Immunotherapy, in epithelial ovarian carcino

ma,252-253 
Intraperitoneal chemotherapy, with epithelial 

ovarian carcinoma, 253-255 
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Ion transport, and cell surface membrane ac
tion, 91-100 

JM8, in epithelial ovarian carcinoma, 249 

Laparoscopy, in epithelial ovarian carcinoma, 
247 

Lectins, with cell surface membrane action, 
84-86, 106 

Leukemia 
autologous bone marrow transplantation 

(ABMT) in, 211, 214 
base propenal cytotoxicity with, 8, 9 
cyclophosphamide (CP) activity and, 76 
phthalanilides therapy and toxicity and 

binding to, 20-23, 45 
thymidylate synthetase (TS) inhibition and, 

163 
Lidocaine, and cell surface membrane action, 

109 
Lipid macromolecules 

binding characteristics of, 25-37 
biochemical effects of phthalanilides bind

ing to, 23-25 
cancer chemotherapeutic drugs binding to, 

25-29 
cell surface membrane action with, 106-

107 
characteristics of, 13-14 
chemical characteristics of, 38-42 
as chemotherapeutic targets, 13-54 
discovery of, 14-17 
function of, 48-51 
imidocarb-lipid complexes binding to, 34-

36 
new drug discovery and, 51-54 
other than antineoplastic drugs binding to, 

33-37 
phthalanilides therapy and toxicity and 

binding to, 20-23 
physical characteristics of, 37-38 
polyamines, histones and polyvalent cations 

binding to, 29-33 
structure of, 42-48 
substituted phthalanilide complexes with, 

16-17 
ubiquitous distributions and intracellular lo

calization of, 17-20 
ultraviolet-visible absorption and fluores

cence of, 45 

Lipisome system, and cell surface membrane 
action, 116 

Liver cells, and adriamycin action, 112 
Local anesthetics, and cell surface membrane 

action, 109 
Lung carcinoma 

autologous bone marrow transplantation 
(ABMT) and high-dose chemotherapy 
in, 211-219 

base propenal cytotoxicity with, 8 
CB3717 for, 197 
radiotherapy for, 211-212, 218 
scheduling of therapy in, 212-214 
uracil combined with ftorafur (3 UFf) in, 

137 
Lymphoblastoid cells and thymidylate synthe

tase (TS) inhibition, 164, 175, 176, 187 
Lymphoma, and thymidylate synthetase (TS) 

inhibition, 193 

m-AMSA, and cell surface membrane action, 
83, 93, 105 

Mannitol, in epithelial ovarian carcinoma, 
248 

Marcellomycin, and cell surface membrane 
action, 120 

Mechlorethamine (HN2), and cell surface 
membrane action, 82 

Melanoma, and base propenal cytotoxicity, 8 
Melphalan 

autologous bone marrow transplantation 
(ABMT) with, 216, 218 

cell surface membrane action with, 107, 109 
epithelial ovarian carcinoma with, 240, 242, 

243,252 
J3-mercaptoethanol, and base propenal reactiv

ity, 6 
Menadione, and cell surface membrane ac

tion, III 
2-mercaptoethane sulphonate, with autolo

gous bone marrow transplantation 
(ABMT),216 

Merophan, with cell surface membrane action, 
101 

Mesnum (2-mercaptoethanesulfonate), and cy-
clophosphamide (CP) activity, 61, 73, 76 

Mesothelioma, and CB3717, 197 
Metastatic disease, in osteosarcoma, 228-230 
Methionine, with cell surface membrane ac-

tion, 96 



Methotrexate 
autologous bone marrow transplantation 

(ABMT) and, 218, 219 
cell surface membrane action with, 82, 84, 

100, 109 
citrovorum factor rescue with, 223 
clinical properties of, 194-196 
cytotoxicity of, 177 
epithelial ovarian carcinoma with, 243, 

254-255 
5-fluorouracil (FU) combined with, 194-

196 
folate enzymes and, 156 
osteosarcoma chemotherapy with, 223 
pharmacokinetics and metabolism of, 191-

192 
resistance to, 175, 178, 189, 190 
thymidine (TdR) pathways and, 188 
thymidylate synthetase (TS) inhibition and, 

165, 172-173, 175, 177, 178, 180, 185, 
187-188 

lO-methyl-5,8-dideazafolic acid, 169-170 
5,10-methylenetetrahydrofolate, 173 
Methylnitronitrosoguanidine, 141 
Methylnitrosoureas, 141, 144, 149 

cytotoxicity of, 145-146 
Microspheres, in autologous bone marrow 

transplantation (ABMT), 215 
Mitomycin C, with cell surface membrane ac

tion, 83, 96, 102 
Mixed function oxidase (MFO) system, and 

cyclophosphamide (CP) activity, 61, 62, 
67-69 

Monoaquoplatin, with cell surface membrane 
action, 96 

Mytolon, with lipid macromolecules binding, 
36-37 

Neck cancer, see Head and neck cancer 
Neocarzinostatin, with cell surface membrane 

action, 83, 102 
Neomycin, and CB3717, 191 
Neuroblastoma 

adriamycin action and, 112 
thymidylate synthetase (TS) inhibition and, 

170 
5-nitrodeoxyuridine, with thymidylate synthe

tase (TS) inhibition, 163 
5-nitrodeoxyuridylic acid, with thymidylate 

synthetase (TS) inhibition, 163 
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Nitrogen mustard, 141 
cell surface membrane action with, 87, 93-

95, 101 
Nitrosoureas 

cellular repair of DNA modified by, 147-
151 

crosslinking and strand scission with, 146-
147 

DNA modification by, 142-147 
epithelial ovarian carcinoma and, 242 

Nitrouracil, with thymidylate synthetase (TS) 
inhibition, 163 

NSC 38278, 15 
biochemical effects of, 24 
lipid macromolecule binding and toxicity 

of, 22 
NSC 35843, 15 

cancer chemotherapeutic drug binding to, 
25 

lipid macromolecule complexes with, 16 
NSC 38280, 15 

lipid macromolecule complexes with, 16, 
20 

new drug discovery and, 51 
polyamines and cations binding to, 31 

NSC 53313, 15 
NSC 57153, 15 

biochemical effects of, 23 
chemotherapeutic binding and toxicity of, 

23 
lipid macromolecule complexes with, 16 
polyamines and cations binding to, 32 

NSC 60339 
biochemical effects of, 23-24 
lipid macromolecule binding and toxicity 

of, 20-22 
NSC 64902, 15 

lipid macromolecule binding and toxicity 
of, 22 

NSC 82151, see Daunomycin (NSC 82151) 
NSC 109555, cancer chemotherapeutic drug 

binding to, 19, 25 
NSC 113089 

cancer chemotherapeutic drug binding to, 
25,27,28 

lipid macromolecule complexes with, 20 
polyamines and cations binding to, 29 

NSC 114347, cancer chemotherapeutic drug 
binding to, 19, 25 

NSC 123127, see Doxorubicin (NSC 123127) 
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NSC 278468, 48 
NSC 279836, 47 
NSC 279837, 48 
NSC 281246, 47 
NSC 281249, 48 
NSC 287513,47 
5' -nucleotidase, with cell surface membrane 

action, 89 

Osteosarcoma 
chemotherapy in, 223-230 
computerized axial tomography in, 228 
full-lung tomography in, 224, 225, 227-228 
metastatic disease in, 228-230 
surgical technique in, 224, 228 

Ovarian cancer 
CB3717 for, 197 
epithelial cancer of, see Epithelial ovarian 

carcinoma 

Pancreatic cancer, and uracil combined with 
ftorafur (3 UFf), 137 

Phosphoramide mustard, and cyclophos
phamide (CP) activity, 67, 71, 76 

Phthalanilides 
biochemical effects of, 23-25 
lipid macromolecule complexes with, 15-

17 
therapy and toxicity of, 20-22 

Polyamines 
bleomycin activity and, 53 
lipid macromolecules binding to, 13,29-33, 

46 
Polymyxin B, and cell surface membrane ac

tion, 113 
Procaine, and cell surface membrane action, 

109 
Procarbazine, in autologous bone marrow 

transplantation (ABMT), 218 
Propenals, base, see Base propenals 
Proteins, and cell surface membrane action, 

105-106 
Pteridines, with thymidylate synthetase (TS) 

inhibition, 165-168 
Pyridopyrimidines, with thymidylate synthe

tase (TS) inhibition, 168-169 
Pyrimidine analogues 

intracellular inhibitor levels of, 182-183 
thymidylate synthetase (TS) inhibition with, 

163-164, 173-174 

Pyrromycin, and cell surface membrane ac
tion, 120 

Quinazolines, and thymidylate synthetase (TS) 
inhibition, 169-172 

Quinone, and cell surface membrane action, 
109-110 

Radiotherapy 
epithelial ovarian carcinoma with, 250-251 
small cell lung cancer with, 211-212, 218 

Rectal cancer, see Colorectal cancer 
Resistance to drugs, and cell surface action, 

107-108 

Sarcoma cells 
cell surface membrane action in, 88, 103 
thymidylate synthetase (TS) inhibition and, 

171 
uracil combined with ftorafur (3 UFf) in, 

136 
Second-look surgery, in epithelial ovarian car

cinoma, 246-248 
Small cell lung cancer 

autologous bone marrow transplantation 
(ABMT) and high-dose chemotherapy 
in, 211-219 

radiotherapy for, 211-212, 218 
scheduling of therapy in, 212-214 

Sodium ion transport, and cell surface mem
brane action, 92 

Sodium thiosulphate, in epithelial ovarian 
carcinoma, 248-249 

Spectrin, and cell surface membrane action, 
112 

Spermine, and lipid macromolecule binding, 
20, 29-33, 46, 47, 53-54 

Staging methods, in epithelial ovarian carci
noma, 235-240 

Streptozotocin, cytotoxicity of, 145-146 
Suramin, lipid macromolecule binding and 

toxicity of, 22-23 
Surface membranes, see Cell surface mem

branes 
Surface proteins, and cell surface membrane 

action, 105-106 

TAC 278, 133 
Terephthalanilides 

discovery of, 14-16 



lipid macromolecules and long retention of, 
18 

Testicular carcinoma, and cis-platinum, 249 
Tetracaine, and cell surface membrane action, 

109 
Tetrahydrofolic acid, and thymidylate synthe

tase (TS) inhibition, 167 
Tetrahydroaminopterin, and thymidylate syn

thetase (TS) inhibition, 165-166, 167 
Tetrahydrohomofolate, and thymidylate syn

thetase (TS) inhibition, 166, 170 
6-thioguanine, with cell surface membrane ac

tion, 82, 84, 85, 105-106 
Thiols, and cyclophosphamide (CP) activity, 

61, 67-69, 73-76 
Thiotepa, in epithelial ovarian carcinoma, 

242 
Thymidine 

cell surface membrane action and, 110 
thymidylate synthetase (TS) inhibition and, 

186-187 
Thymidine N-propenal, cytotoxic effects of, 

8-9 
Thymidylate synthetase (TS), 155-198 

biochemical effects of inhibitors of, 172-
190 

catalytic mechanism of, 157-162 
clinical properties of inhibitors of, 194-197 
factors affecting inhibition of, 179-182 
fluorinated pyrimidines and, 173-174 
folate analogues and, 165-172, 175-190 
inhibitors of, 163-172 
in vivo studies of inhibitofs of, 190-194 
pteridines and, 165-168 
pyridopyrimidines and, 168-169 
pyrimidine analogues of, 163-164 
quinazolines and, 169-172 
resistance to antimetabolites and, 188-190 
secondary effects associated with inhibition 

of, 187-188 
thymidine pathways and, 186-187 

TK-117, 133 
Tomography, full-lung, in osteosarcoma, 224, 

225, 227-228 
Transglutaminase, with cell surface membrane 

action, 102-103 

Transplantation, 
gous bone 
(ABMT) 
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bone marrow, see Autolo
marrow transplantation 

Trenimon, with cell surface membrane action, 
82, 95, 101 

Tris(chloroethyl)amine (HN3), with cell sur
face membrane action, 82, 103, 112 

Trypsin, and cell surface membrane action, 
109 

TS, see Thymidylate synthetase (TS) 
Tumor markers, in epithelial ovarian carcino

rna, 238 

Uracil 
5-fluorouracil (FU) and, 194 
thymidylate synthetase (TS) inhibition and, 

187-188 
Uracil combined with ftorafur (3 UFT), 136-138 

clinical trials with, 136-137 
toxicity of, 137-138 

Vaccinia cells, with thymidylate synthetase 
(TS) inhibition, 164 

Valinomycin, with cell surface membrane ac
tion, 93 

Vinblastine, with cell surface membrane ac
tion, 103, 106, 116 

Vinca alkaloids, with cell surface membrane 
action, 83, 101 

Vincristine 
autologous bone marrow transplantation 

(ABMT) with, 216, 218 
cell surface membrane action with, 103, 

107, 116 
Vitamin D, and lipid macromolecule binding, 

46 
VP-16 

autologous bone marrow transplantation 
(ABMT) with, 216, 218 

cell surface membrane action with, 83, 90 

Walker 256 carcinoma, and cyclophospham
ide (CP) activity, 76 

Wheat germ agglutinin (WGA), and cell sur
face membrane action, 84, 86 

Wilms' tumor, 228 
WR2721. 52 
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