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IN THE past few years the pharmacology of
anticancer drugs has been characterized by
considerable development and evolution. This
field encompasses topics as various as the
mechanism of action, the structure-action rela-
tionship, the pharmacological disposition and
the determination of the toxicity and efficacy of
anticancer drugs. The characterization of the
disposition includes the knowledge of the
optimal route of administration, distribution
patterns, metabolic pathways and routes of
excretion. These parameters can be affected by
physiologic or pathologic conditions of the host,
such as age, organ dysfunction, therapy with
other drugs and other modalities. Ideally, the
clinician uses this information to selecta dose and
schedule of administration associated with the
best efficacy and the lowest toxicity. It must be
recognized, however, that cancer therapy remains
far from that goal and that pharmacological
information foran agent becomes availablealong
time after its empirical use. The purpose of this
review is not to describe the pharmacology of each
antitumor agent but, rather, to emphasize by
selected representative examples the importance
of these pharmacologic considerations. The

Accepted 3 May 1983.

*Send correspondence and requests for reprints to: Dr. P.
Dodion, Laboratory of Medicinal Chemistry and Pharma-
cology, National Cancer Institute, Building 37, Room 6D28,
Bethesda, MD 20205, US.A. Dr. P. Dodion is an
International Visiting Fellow at the National Institutes of
Health, Bethesda, Maryland, MD 20205, US.A. and a
Visiting Fulbright Scholar (Washington, DC 20036, U.S.A.).
This work was partially supported by a grant from the
“Fondation Rose et Jean Hoguet”, Brussels, Belgium and a
Research Fellowship from the NATO Scientific Committee,
Brussels‘ Belgium.

EJC 1Y:11-A

reader is referred to appropriate reviews for
further information [l1, 2].

MECHANISM OF ACTION

Several drugs act through binding or reacting
with DNA. Anthracycline antibiotics [3] and
bleomycin [4] belong to this class of drugs.
Alkylating agents and nitrosoureas have the
ability to form covalent bonds with DNA [5].
Cisplatin generates a bivalent positive cation in
aqueous solutions that can react with the
nucleophilic sites of DNA [6]. Mitomycin C
functions as an alkylating agent after being
activated through quinone reduction [7]. The
quinone ring also participates in the formation of
free radicals, which have been implicated in the
mechanism of action of these drugs [3].

A number of anticancer drugs interfere with the
synthesis of the precursors of DNAand RNA. The
case of cytosine arabinoside (ara-C) illustrates well
how the understanding of the mechanism of
action can lead to new therapeutic schedules. Ara-
C is an analog of deoxycytidine; following
phosphorylation into cytosine arabinoside tri-
phosphate (ara-CTP), it acts as a competitive
inhibitor of deoxycytidine triphosphate at the
level of DNA polymerase [8] (Fig. 1). Ara-CTP is
also incorporated into DNA, leading to the
synthesis of a defective DNA. Two inactivating
deaminases can act on ara-C and ara-C mono-
phosphate respectively [8]. The product of the
deamination of ara-C, uridine arabinoside, is the
predominant species in plasma following the
administration of ara-C. Finally, as an inhibitor
of DN A synthesis, ara-C acts selectively during the
S phase of the cell cycle [8]. Because of the rapid
inactivation of ara-C and its phase-dependent
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killing, the drug is usually given as a continuous
infusion or by frequent bolus doses.

Resistance to ara-C can conceivably be related
to decreased cellular uptake, reduced anabolism
to ara-CTP, decreased intracellular retention of
ara-CTP, increased catabolism, an alteration in
DNA polymerase sensitivity or a modification of
the relative amounts of ara-CTP and deoxycytidine
triphosphate. One way to circumvent these
resistance mechanisms is to increase the dose of
ara-C. Rudnick et al. showed that the administra-
tion of 3-7.5 g/m? of ara-C is possible in man [9].
Toxicity including myelosuppression, gastro-
intestinal distress and central nervousdisturbance
was felt to be acceptable. Similar conclusions have
been reached in a more recent study [10]. Of note,
responses have been observed in patients refractory
to treatment with anthracyclines and conven-
tional doses of ara-C. In addition, responses have
been noted in patients with meningeal leukemia.
Pharmacokinetic data indicate that plasma
concentrations remain higher for 3-12 hr than
those obtained with a continuous infusion of ara-
C at 100 mg/m? over 24 hr. A high degree of
penetration into the central nervous system has
been demonstrated [10].

Another way to increase the effect of ara-C is to
decrease the deamination process by using an
agent such as tetrauridine [8] or to decrease the
competition with deoxycytidine triphosphate.
Thymidine has been shown to induce an
inhibition of the reduction of cytidine diphos-
phate into deoxycytidine diphosphate (Fig. 1)
and in vitro data suggest that the sensitivity of
cultured tumor cells to ara-C is increased by
thymidine [11]. In a trial of a combination of ara-
C and thymidine, a 47% total response rate was
achieved in patients refractory to conventional

doses of ara-C [12]. Thus a thorough evaluation
and manipulation of the mechanism of action of
ara-C has lead to new effective ways of
administering this drug.

ROUTE OF ADMINISTRATION AND
DISTRIBUTION

The route of administration is an important
factor with regard to the access of a drug to
different organs. Obviously, intravenously in-
jected drugs have the easiest access to most tissues.
This is not the case for orally administered drugs,
which must cross both the gastrointestinal
mucosae and the hepatic filter before reaching the
general circulation.

Wide variations of absorption have been
described for a number of drugs. Melphalan is
widely used in the treatment of ovarian cancer and
myeloma and as adjuvant therapy in breast
cancer. Although the absorption of this drug is
uniform in laboratory animals, considerable
variability in absorption by humans has been
reported [13, 14]. Some authors have found that
the fraction of melphalan absorbed is higher after
a meal [13], whereas others recommend adminis-
tration in an empty stomach in order to minimize
the number of substances to which melphalan
might bind [14]. Erratic absorption has also been
shown for thiotepa [15], hexamethylmelamine
[16] and 5-fluorouracil [17]. In the latter case the
bioavailability could be largely influenced by the
first-pass hepatic metabolism of the drug.
Increasing the dose of 5-fluorouracil results in an
increase of bioavailability, probably because of
the saturation of the hepatic metabolism. In
contrast, other drugs exhibit a decrease of their
bioavailability at higher doses. For example,
plasma concentrations and urinary excretion of
methotrexate are similar after oral or iv.
administration of 0.1 mg/kg, whereas after an
oral dose of 10 mg/kg only 10% are absorbed [18].
A similar phenomenon has been described for 6-
mercaptopurine [19]. It is believed that these
drugs, which are analogs of natural substances,
are absorbed at low doses by means of an active
transport mechanism. At higher doses the same
compounds are absorbed more slowly by passive
diffusion [20]. In addition, drug absorption can be
modified by functional and anatomic abnormali-
ties of the gastrointestinal tract, which are
frequent in cancer patients. With the develop-
ment of rapid and sensitive methods of determina-
tion of plasma concentrations for various drugs,
the clinician has an elegant tool to monitor drug
absorption.

A rather new route of administration of
chemotherapeutic agents is the large-volume
intraperitoneal administration. Usually, drugs
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are given in a small volume as a single
intraperitoneal injection. In the approach
developed at the National Cancer Institute
[21-24], peritoneal dialysis catheters are implanted
into the abdominal cavity; drugs are given in a
large amount (21) of fluid, which is either
exchanged several times (8 exchanges over 36 hr)
or instilled daily without drainage for 3-5 days.
The rationale supporting this technique relies on
considerations predicting slow passage of hydro-
philic drugs from the intraperitoneal space to the
systemic circulation, and thus a substantial
difference between intraperitoneal and plasma
concentrations and clearances [21]. The peritoneal
cavity and tumor are exposed to higher drug
concentrations than other tissues, which are
exposed to the drug through the systemic
circulation. Large volumes of fluid ensure
exposure of the entire peritoneal surface. In trials
with intraperitoneal administration of 5-fluoro-
uracil, the maximal intraperitoneal concentration
achieved is about 10 times higher than the highest
plasma concentration obtained after intravenous
administration. Intraperitoneal drug concentra-
tions decline slowly with a half-life time of 1.6 hr,
compared to the intravenous bolus drug half-life
of 10-20 min [23]. Toxicity is acceptable,
although cases of chemical and bacterial peri-
tonitis have been observed. Similar conclusions
have been reached in trials with high-volume
intraperitoneal administration of methotrexate
and adriamycin [23, 24]. The place of this new
treatment modality vs more classical approaches
remains to be evaluated.

Organ distribution is another important
parameter for the disposition of a drug.
Distribution to the central nervous system (CNS)
represents a specific situation. Infiltration of the
meningeal structures is commonly observed in
leukemias, lymphomas and, as shown more
recently, in small cell cancer of the lung [25].
Brain metastases are frequent in melanoma, and
lung and breast cancer. Therapy against
meningeal disease can be administered directly
into the meningeal space. Methotrexate is
commonly used in that situation, but ara-C and
thiotepa can also be administered safely by
intrathecal or intraventricular injection [26, 27].
Most of the time, however, CNS therapy is a part
of systemic treatment and drugs that penetrate the
CNS are needed. This penetration can be obtained
by forcing the blood-brain barrier with high
concentrations of drug. As already mentioned,
this can be done for ara-C. Systemic high doses of
methotrexate also reach significant concentra-
tions in the cerebrospinal fluid {28]. However, at
conventional doses the ability of an agent to cross
the blood-brain barrier is related to its lipid

solubility [29]. Nitrosoureas are lipid-soluble
compounds that have been used in the treatment
of CNS tumors. However, their activity remains
limited and their is a need for new active drugs
against CNS disease. Because of the high
antitumor activity of quinone derivatives such as
anthracyclines and mitomycin C, attempts have
been made to incorporate this structure into
compounds with optimal properties to penetrate
the CNS. Diaziquone (AZQ) presents these
characteristics and has been shown to be active on
intracerebrally implanted murine tumors, to
penetrate into the cerebrospinal fluid in man and
to exhibit significant antitumor activity against
recurrent primary and metastatic tumors of the
brain [30, 31].

Although a good correlation is found between
chemical structure, pharmacokinetic data and
clinical activity in the case of AZQ, this is not
always the case. Cerebrospinal fluid levels of VM-
26 are negligible; however, a 51% objective
response rate against brain tumors has been
reported with this compound [32]. For cisplatin
the ratio of cerebrospinal fluid over plasma
concentrations never exceeds 0.04 [33]; in contrast
to these findings, 4 complete and 5 partial
responses have been seen among 22 patients with
brain tumors [34]. These discrepancies are
possibly clarified by the observations reported by
Stewart et al. [35]. While the low passage of
cisplatin to the cerebrospinal fluid is confirmed,
these authors have detected potentially cytotoxic
concentrations in tumor samples obtained at
autopsy or surgery. Thus the ability to enter the
cerebrospinal fluid is not always correlated with
the ability to enter the tumor tissue. Such a
phenomenon might be related to the local
disruption of the blood-brain barrier and might
implicate that classical conceptions in brain
pharmacology must be reviewed.

METABOLISM AND EXCRETION

Metabolic conversion of anticancer drugs can
be a part of an inactivation process, but is
sometimes a requirement for activity. As explained
previously, ara-C must be phosphorylated to exert
its cytotoxic activity; cyclophosphamide is
inactive by itself and is first hydroxylated by the
microsomal mixed-function oxygenase system
[28] (Fig. 2); the resulting product, 4-hydroxy-
cyclophosphamide, suffers spontaneous opening
of its ring structure to generate aldophosphamide.
This compound is split into phosphoramide
mustard and acroleine. It is generally accepted
that phosphoramide mustard exerts the cytotoxic
action of cyclophosphamide, whereas acroleine is
responsible for the hemorrhagic cystitis associated
with the drug [28]. The knowledge of the
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Fig. 2. Metabolism of cyclophosphamide. 4HC: 4-hydroxy-
cyclophosphamide; MO: mixed function oxidase enzymes;
HT: hyperthermia. —--- Inhibition.

metabolism of cyclophosphamide has lead to
attempts to prevent the urotoxicity of this
compound. Sulfthydril-containing agents, such as
N-acetyl-cysteine, have the property of inactivat-
ing acroleine following direct combination; N-
acetyl-cysteine has indeed been shown to reduce
urotoxicity but also the antitumor activity of
cyclophosphamide [28]. Another sulfhydril com-
pound, sodium-2-mercaptoethane sulfonate
(mesnum), can decrease the urotoxicity of
cyclophosphamide in animals without affecting
the antitumor activity, possibly because mesnum
is not taken up by tissues, but quickly and
completely eliminated via the kidney [36]. The
clinical utility of mesnum has been suggested by
Scheef et al. [36]. Since the formation of acrolein
from 4-hydroxycyclophosphamide occurs in the
urines themselves and is eased by an increased pH,
diuretics acidifying the urines such as furosemide
might be more protective than alkalinizing
diuretics [37]. However, these measures have
not gained wide acceptance, probably because
urotoxicity can be prevented in most patients by
maintaining an adequate hydration and urinary
flow [28].

The liver is the major site of drug detoxification
and a major site of drug excretion. Hepatic
metabolic transformations usually result in the
production of more polar compounds that are not
reabsorbed through the renal tubular and
intestinal epithelium [38]. These transformations
are usually carried out by non-specific enzymes
and involve two steps: first, a reactive group is
added to the molecule through oxidation,
reduction or hydrolytic processes; these active
groups can then be conjugated to radicals such as

glucuronic acid or sulfate [38]. The metabolism of
adriamycin has been well investigated [3] (Fig. 3)
and provides a good example of these various
metabolic steps. Reduction of the side-chain into
an alcohol derivative is carried out by the cytosolic
aldoketoreductase; hydrolysis can consist of
demethylation of the methyl group in the C4
position and cleavage of the sugar moiety. This
cleavage follows spontaneous rearrangements of
the semiquinone free radicals resulting from the
reductive action of the microsomal NADPH
cytochrome P450 reductase. Finally, glucurono-
and sulfo-conjugation can occur at the C4
position of the demethoxy derivatives. Adriamycin
and daunorubicin represent classical examples of
the various metabolic pathways that can occur for
a given class of drug.

Excretion of anticancer drugs and their
metabolites occur primarily in urine and bile.
The routes of excretion of the major antineo-
plastic drugs are summarized in Table 1
[7,19, 32, 39-43]. Drugs like methotrexate and
cisplatin are directly excreted into the urines;
others are metabolized and subsequently excreted
by the kidneys. Cyclophosphamide and ara-C
belong to this class of drugs. The anthracyclines
and vinca alkaloids are excreted primarily by the
liver. Asparaginase is an example of drug of
which negligible amounts are found in bile and
urines; it is probably cleared by the reticuloendo-
thelial system. Substantial amounts of actino-
mycin D are encountered in bile and urines. 5-
Fluorouracil is metabolized to various products
including CO,, which is eliminated by the lung. It
must be mentioned that whereas urine is directly
available for analysis, the study of the biliary
excretion is more difficult and relies on animal
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Table 1. Major route of elimination of some antineoplastic drugs

Renal Metabolic* Biliaryt Mixed}
Methotrexate 6-thioguanine anthracyclines actinomycin D
Nitrosourea cyclophosphamide mitomycin C VP-16
Cisplatin 6-mercaptopurine vincristine VM-26
Bleomycin DTIC vinblastine

procarbazine vindesine

5-fluorouracil
cytosine arabinoside

*Metabolites are excreted subsequently through various routes.
tBiliary excretion may be preceded by hepatic metabolism.
}Combination of renal, metabolic and/or biliary elimination.

data or relatively exceptional patients such as
those with external biliary drainage. In these
patients, however, liver function abnormalities
frequently exist and the validity of the informa-
tion may be questioned.

Renal or hepatic dysfunction are common in
cancer patients and may be related to several
mechanisms [42]. The tumor may directly
infiltrate or compress the biliary or urinary tract;
amyloidosis, hypercalcemia and paraproteinemic
nephropathy are examples of indirect effects.
Treatment itself may induce renal or hepatic
abnormalities. Various drugs are direct nephro-or
hepatotoxins (Table 2). Treatment can induce
indirect complications, such as uric acid nephro-
pathy. Other treatment modalities such as
radiation therapy and especially other drugs (e.g.
aminoglycosides, amphotericin B) are other
causes of renal or hepatic impairment. Guidelines
are available for dose reduction in case of renal or
hepatic failure [39,42], but in many cases the
choice of dose remains a matter of clinical
experience. In addition, when organ failure is due
to the tumor itself, regular doses may be indicated,
provided that adequate supportive care is
available during the toxic period.

Table 2. Nephro- and hepatotoxicity of
some anticancer drugs

Nephrotoxic drugs  Hepatotoxic drugs

Methotrexate methotrexate
Cisplatin cytosine arabinoside
Nitrosoureas 6-mercaptopurine
Streptozotocin 6-thioguanine
Mithramycin mithramycin
streptozotocin
asparaginase

PLASMA LEVELS AND PHARMACOKINETIC
MODELS

Plasma levels are more and more frequently

determined in conjunction to phase I and II trials.

Since these studies are very demanding in terms of

professional and technical resources, it is
important to question their interest. Blood level
monitoring has an established value in the
treatment of epilepsy and infectious diseases, and
can be correlated with efficacy and toxicity. This
stage has not yet been reached in oncology [44].
Variations in tumor sensitivity are probably more
important than variations in blood levels in
explaining the success or failure of a given
treatment. One might expect a better correlation
between blood levels and toxicity. For example,
clinical data indicate that the cardiotoxicity of
adriamycin is reduced by decreasing peak plasma
levels. This was first suggested by Weiss et al.,
who used a weekly regimen at a dose of 20 mg/m?
[45]. More recently, in a trial where adriamycin
was administered as a continuous infusion of
60 mg/m? over 24-96 hr, cardiotoxicity, assessed
by several parameters including endomyocardial
biopsy, was significantly less severe than that
observed in patients receiving the drug by i.v.
bolus. Antitumor activity appeared to be
maintained. The peak plasma levels were
significantly decreased by increasing the infusion
time. In contrast to a decreased cardiotoxicity,
myelosuppression was similar with both regimens
[46]. The lack of relationship between blood levels
and myelosuppression has also been noted in the
case of marcellomycin, a new anthracycline
recently investigated in our laboratory. This drug
has been introduced into clinical trials on the
basis of reduced hematological toxicity in animal
and in vitro models [47]. In contrast, phase 1
clinical trials have revealed that myelosuppres-
sion is the dose-limiting toxicity in man [47, 48].
In addition, myelosuppression appears to be
erratic. These inter- and intraspecific differences
in toxicity could conceivably be related to
pharmacological  differences. Qualitatively,
murine and human metabolisms appear to be
similar; however, lower peak levels and areas
under the plasma curve for the parent drug were
found in humans, where myelosuppression is
more marked [49,50]. On the contrary, higher
values were observed for a polar metabolite, but
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the relative toxicity of this metabolite is
unknown. Among humans wide variations in
plasma peaks and areas under the curve have been
found for the parent drug and various metabolites,
but without correlation with toxicity [50). The
failure to find such correlations in this study and
others might be related to the small number of
patients, the unknown effect of the parent drug vs
metabolites, the fact that local drug distribution,
uptake and metabolism are not measured and
variations of sensitivity of the different target
tissues.

There are, however, examples where drug
blood level monitoring is useful. Its use in
evaluating the bioavailability of orally adminis-
tered drugs has already been mentioned. Modi-
fication of pharmacokinetic parameters in case of
renal or hepatic dysfunction can give information
about the route of elimination of a drug and can
provide a basis for dose adjustment. A classical
application of blood level monitoring is the
administration of high-dose methotrexate. In the
study reported by Stoller et al. methotrexate was
given at doses ranging from 50 to 250 mg/kg over
a 6-hr period. All patients received intravenous
hydration, bicarbonate and rescue with leuco-
vorin, Toxicity was observed only in patients with
48-hr methotrexate levels higher than 9 X 107 M.
Blood levels were much more reliable than
changes in serum creatinine [51]. It has been
subsequently shown that an earlier determination
of methotrexate levels is as effective in calculating
the leucovorin dose and avoiding excessive
toxicity [52].

Another area where the knowledge of plasma
levels is important is the tumor stem cell assay.
Potentials and limitations of this test have been
recently reviewed [53]. The in wvitro drug
concentration must be related to achievable levels
in plasma; otherwise the test may be insensitive or
non-specific. Usually, tumor cells are exposed to
one-tenth of peak plasma levels for 1 hr; the
importance of the metabolites must not be
neglected either, since it has been shown, for
example in the case of adriamycin and chlor-
ambucil, that metabolites can be active species
[564, 55]. The knowledge that a drug such as
cyclophosphamide requires activation to be active
is of obvious importance for the use of this drug in
vitro. Thus extensive pharmacological informa-
tion is required for the interpretation of the tumor
stem cell assay.

Models are important tools in pharmacology
[56]. A model is basically a set of equations
describing the concentration of a drug as a
function of time. Usually the behavior of adrug is
described separately in different fractions of the
body, or compartments. These do not necessarily

correspond to anatomic regions. Drug adminis-
tration and elimination occur most of the time in
a central compartment; the drug distributes itself
among this central and one or several peripheral
compartments. For each compartment a basic
differential equation that describes the injection,
elimination and transfer processes can be written
and subsequently solved by integration. The
equation must satisfy the rule that the net change
for a compartment equals the sum of all inputs
minus the sum of all outputs. The most
important parameters that can be derived from a
model are the volume of distribution, half-life
times, clearance rate and area under the curve.
The apparent volume of distribution indicates the
extent of distribution of a drug. Since a drug can
be stored or bound on different structures of the
body, it is not unusual that the volume of
distribution is larger than the plasmatic volume
or even than the total body volume. The half-life
times and clearance rates describe the rate of
elimination at which the drug is cleared from a
given compartment. The area under the plasma
curve is a composite parameter that takes into
account peak concentrations and half-life times; it
represents the total exposure of the compartment
to the drug. In addition to their descriptive value,
models can be used to test a theoretical hypothesis
prior to clinical application. This approach has
been used for the development of the large-
volume intraperitoneal therapy [21].

PHARMACOLOGICAL INTERACTIONS

Interactions are conceivable between 2 drugs or
1 drug and another treatment modality. A
classical example of drug-drug interaction is the
increased toxicity of 6-mercaptopurine in patients
receiving concomitant allopurinol [1]. Swepto-
zotocin has been shown to modify the pharma-
cokinetics and to increase the toxicity of
adriamycin [67]. The interaction between
adriamycin, cyclophosphamide and hyperthermia
has been studied in our laboratory. In a clinical
trial of this combined therapy in soft tissue
sarcomas it has been found that the amount of
adriamycin aglycones was lower in euthermic
patients whereas hyperthermic patients had
values closer to those encountered in patients
treated with adriamycin alone [58)]. This pheno-
menon could reflect an effect of hyperthermia on
the disposition of adriamycin. Our investigations
have not shown any effect of hyperthermia on the
uptake and metabolism by rat liver preparations
[569], but Skibba et al. have demonstrated that,
again in rats, hyperthermia decreases the bile flow
and the excretion of adriamycin and its
metabolites when heat is applied for a sufficient
period of time [60].
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On the other side, hyperthermia reduces the
activation of cyclophosphamide [58,61]. Since
cyclophosphamide can inhibit the NADPH
cytochrome P450 reductase, probably through
acrolein [62], the inhibition of the activation of
cyclophosphamide by hyperthermia could result
in an increased production of adriamycin
aglycones. We have indeed shown that cyclo-
phosphamide pretreatment in rats reduces the
conversion of adriamycin to 7-deoxyadriamycinol
aglycone by liver microsomes [63] (Fig. 3). All
these data suggest a complex interaction between
hyperthermia, cyclophosphamide and adriamycin.

CONCLUSIONS AND FUTURE PROSPECTS

The ultimate goal of pharmacology is to
provide safe and active drugs. Antineoplastic
agents usually have a narrow therapeutic index,
and therefore the level of understanding of their
behavior must be high to exploit even minimal
differences of action between normal and tumor
cells. This explains the difficulty and length of
these studies, and the delay before clinical
applications. Although not directly related to
clinical practice, it is important to study the
mechanism of anticancer drugs since, in some

cases, like ara-C, this approach can provide ways
to circumvent resistance to a drug or to reach more
easily specific regions of the body, such as the
brain and meningeal space. Drug plasma
concentration monitoring is already useful in
evaluating drug absorption and interpreting the
tumor stem cell assay. In specific situations, such
as treatment with high-dose methotrexate, these
data help in designing therapy and rescue with an
antidote. Blood drug levels and pharmacokinetic
models will probably be increasingly used to
understand drug toxicity and efficacy, but this
will need better information on drug metabolism,
local distribution, uptake by tumor and normal
cells and the concentration—-effect relationship.
All these parameters will have to be investigated
for single drugs but also for multidrug combina-
tions, combined treatment modalities and high-
dose therapy. Clearly, the field of clinical
pharmacology provides the oncologist with
ample room for fruitful investigations.

Acknowledgements—The author wishes to thank Dr. N. R.
Bachur for reviewing this text. The excellent secretarial
assistance of Ms H. Chlewicki and S. Fulton is gratefully
acknowledged.

REFERENCES

HoLLAND JF, FREI E IIl. Cancer Medicine. Philadelphia, Lea and Febiger, 1982.
CHABNER B. Pharmacologic Principles of Cancer Treatment. Philadelphia, Saunders,

BACHUR NR. Anthracycline antibiotic pharmacology and metabolism. Cancer Treat

BENNETT JM, REICH SD. Bleomycin. Ann Intern Med 1979, 90, 945-948.

LupLuM DB. Alkylating agents and the nitrosoureas. In: BECKER FF, ed. Cancer, a
Comprehensive Treatise. New York, Plenum Press, 1977, 285-307.

ZWELLING LA, KOHN KW. Mechanism of action of cis-dichlorodiammineplatinum (II).

CARTER SK, CROOKE ST. Mitomycin C: Current Status and New Developments. New
COHEN SS. The lethality of aranucleotides. Med Biol 1976, 54, 299-326.
RUDNICK SA, CADMAN EC, Carizzi RL, SKEEL RT, BERTINO JR, MCINTOSH S. High

dose cytosine arabinoside (HDARAC) in refractory acute leukemia. Cancer 1979, 44,

EARLY AP, PREISLER HD, SLocuM H, RUSTUM YM. A pilot study of high-dose 1-8-D-
arabinofuranosylcytosine for acute leukemia and refractory lymphoma: clinical

HARRIS AW, REYNOLDS EC, FINCH LR. Effect of thymidine on the sensitivity of
cultured mouse tumor cells to 1-B-D-arabinofuranosylcytosine. Cancer Res 1979, 39,

VAN ECHO DA, MARKUS S, WIERNIK PH. A phase III trial of arabinosylcytosine and
thymidine (ara-C + TdR) in adult relapsed acute leukemia (AL). Proc Am Soc Clin

BOSANQUET AG, GILBY ED. Pharmacokinetics of oral and intravenous melphalan
during routine treatment of multiple myeloma. Eur | Cancer Clin Oncol 1982, 18,

2.
1982.
3.
Rep 1979, 63, 817-820.
4.
5.
6.
Cancer Treat Rep 1979, 63, 1439-1444.
7.
York, Academic Press, 1979.
8.
9.
1189-1198.
10.
response and pharmacology. Cancer Res 1982, 42, 1587-1594.
11.
538-541.
12.
Oncol 1981, 22, 483.
13.
355-362.
14.

FURNER RL, BROWN RK. L-Phenylalanine mustard (L-PAM): the first 25 years. Cancer
Treat Rep 1980, 64, 559-574.



1506

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Perspectives in Cancer Research

OLIVIERO VT, ZUBROD CG. Clinical pharmacology of the effective antitumor drugs.
Annu Rev Pharmacol 1965, 5, 335-356.

D’'INCALCI M, BoLIS G, MANGIONI C, MORASCA L, GARATTINI S. Variable oral
absorption of hexamethylmelamine in man. Cancer Treat Rep 1978, 62, 2117-2119.

CHrisTOPHIDIS N, VAjpA FJE, Lucas I, DRUMMER O, MooN W], Louls WJ.
Fluorouracil therapy in patients with carcinoma of the large bowel: a pharmacokinetic
comparison of various rates and routes of administration. Clin Pharmacokinet 1978, 3,
330-336.

HENDERSON ES, ADAMSON RH, OLIVIERO VT. The metabolic fate of tritiated
methotrexate. II. Absorption and excretion in man. Cancer Res 1965, 25, 1018-1024.
Loo TL, Luck JK, SULLIVAN MP, FrEl E III. Clinical pharmacologic observations on
6-mercaptopurine and 6-methylthiopurine ribonucleoside. Clin Pharmacol Ther 1968,
9, 180-194.

WAGNER ]JG. Pharmacokinetics. Annu Rev Pharmacol 1968, 8, 67-94.

DEDRICK RL, MYERS CE, BUNGAY PM, DEVITA VT JR. Pharmacokinetic rationale for
peritoneal drug administration in the treatment of ovarian cancer. Cancer Treat Rep
1978, 62, 1-11.

SPEYER JL, COLLINS JM, DEDRICK FL et al. Phase I and pharmacological studies of 5-
fluorouracil administered intraperitoneally. Cancer Res 1980, 40, 567-572.

JoNES RB, CoLLINS JM, MYERS CE et al. High-volume intraperitoneal chemotherapy
with methotrexate in patients with cancer. Cancer Res 1981, 41, 55-59.

OzoLs RF, YOUNG RC, SPEYER JL et al. Phase I and pharmacological studies of
adriamycin administered intraperitoneally to patients with ovarian cancer. Cancer Res
1982, 42, 4265-4269.

ROSEN ST, AISNER J, MAKUCH RW et al. Carcinomatous leptomeningitis in small cell
lung cancer: a clinicopathologic review of the National Cancer Institute experience.
Medicine 1982, 61, 45-53.

FULTON DS, LEVIN VA, GUTIN PH et al. Intrathecal cytosine arabinoside for the
treatment of meningeal metastases form malignant brain tumors and systemic tumors.
Cancer Chemother Pharmacol 1982, 8, 285-291.

TRUMP DL, GROSSMAN SA, THOMPSON G, MURRAY K, WHARAM M. Treatment of
neoplastic meningitis with intraventricular thiotepa and methotrexate. Cancer Treat
Rep 1982, 66, 1549-1551.

PINEDO HM. Clinical Pharmacology of Antineoplastic Drugs. Amsterdam, Elsevier,
1978.

RALL DP. Experimental studies of the blood-brain barrier. Cancer Res 1965, 25,
1572-1577.

BACHUR NR, CoLLINS JM, KELLEY JA, VAN ECHO DA, KAPLAN RS, WHITACRE M.
Diaziquone, 2,5-diaziridinyl-3,6-biscarboethoxyamino-1,4-benzoquinone, plasma and
cerebrospinal fluid kinetics. Clin Pharmacol Ther 1982, 31, 650-655.

BENDER JF, GRILLO-LOPEZ AJ, POsADA JG JR. Diaziquone (AZQ): a new anticancer
drug. Proc Eur Soc Med Oncol 1982, 3,

RADICE PA, BUNN PA, THDE DC. Therapeutic trial with VP-16-213 and VM-26: active
agents in small cell lung cancer, non-Hodgkin’s lymphomas, and other malignancies.
Cancer Treat Rep 1979, 63, 1231-1239.

GORMLEY P, POPLACK D, P1zzo P. The cerebrospinal fluid (CSF) pharmacokinetics of
cts-diamminedichloroplatinum (II) (DDP) and several platinum analogues. Proc Ann
Assoc Cancer Res 1979, 20, 279.

KHAN AB, D’SouzA BJ, WHARAM MD et al. Cisplatin therapy in recurrent childhood
brain tumors. Cancer Treat Rep 1982, 66, 2013-2020.

STEWART D], LEAVENS M, MAOR M et al. Human central nervous system distribution of
cis-diamminedichloroplatinum and use as a radiosensitizer in malignant brain tumors.
Cancer Res 1982, 42, 2474-2479.

SCHEEF W, KLEIN HO, BROCK N et al. Controlled clinical studies with an antidote
against the urotoxicity of oxazaphosphorines: preliminary results. Cancer Treat Rep
1979, 63, 501-505.

SLADEK NE, SMITH PC, BRATT PM et al. Influence of diuretics on urine general base
catalytic activity and cyclophosphamide-induced bladder toxicity. Cancer Treat Rep
1982, 66, 1889-1900.

GOLDSTEIN A, ARONOW L, KALMAN SM. Principles of Drug Action: The Basis of
Pharmacology. New York, Wiley & Sons, 1974.

BENNETT WM, MUTHER RS, PARKER RA et al. Drug therapy in renal failure: dosing
guidelines for adults. Ann Intern Med 1980, 93, 286-325.



40.

41.

42.
43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.
57.

58.

59.

60.

61.

62.

63.

Perspectives in Cancer Research

Lu K, BENVENUTO JA, BODEY GP, GOTTLIEB JA, ROSENBLUM MG, Loo TL.
Pharmacokinetics and metabolism of -2'-deoxythioguanosine and 6-thioguanine in
man. Cancer Chemother Pharmacol 1982, 8, 119-123.

BREIHAUPT H, DAMMANN A, AIGNER K. Pharmacokinetics of dacarbazine (DTIC) and
its metabolite 5-aminoimidazole-4-carboxamide (AIC) following different dose
schedules. Cancer Chemother Pharmacol 1982, 9, 103-109.

PERRY MC. Toxicity of chemotherapy. Semin Oncol 1982, 9.

TATTERSALL MHN, SODERGREN JE, SENGUPTA SK, TRITES DH, MODEST E]J, FREI E
I11. Pharmacokinetics of actinomycin D in patients with malignant melanoma. Clin
Pharmacol Ther 1975, 17, 701-708.

CREAVEN PJ. Pharmacokinetic parameter: potential for and problems with their use as
predictors of response to cancer chemotherapeutic agents. Bull Cancer 1979, 66, 85-88.
WEISS AJ, MANTHEL RW. Experience with the use of adriamycin in combination with
other anticancer agents using a weekly schedule with particular reference to lack of
cardiac toxicity. Cancer 1977, 40, 2046-2052.

LEGHA SS, BENJAMIN RS, MACKAY B et al. Reduction of doxorubicin cardiotoxicity by
prolonged continuous intravenous infusion. Ann Intern Med 1982, 96, 133-139.
ROZENCWEIG M, NiICAISE C, DODION P et al. Preliminary experience with
marcellomycin: preclinical and clinical aspects. In: MUGGIA FM, YOUNG CW, CARTER
SK, eds. Anthracycline Antibiotics in Cancer Therapy. The Hague, Martinus Nijhoff,
1981, 549-561.

VARINI M, KAPLAN S, Joss R, CavaLLl F. Phase I wial of marcellomycin i.v. weekly
(MCM, NSC 265111). Proc Am Soc Clin Oncol 1982, 1, 28.

DopION P, EGORIN M]J, TAMBURINI JM, RiGGS CE Jr, BACHUR NR. The murine
pharmacology and disposition of marcellomycin. Proc Am Assoc Cancer Res 1983, 24,
253.

DoDION P, ROZENCWEIG M, NICAISE C et al. Clinical pharmacology of marcellomycin.
Proc Am Soc Clin Oncol 1983, 2, 32.

STOLLER RG, HANDE KR, JACOBS SA, ROSENBERG SA, CHABNER BA. Use of plasma
pharmacokinetics to predict and prevent methotrexate toxicity. N Engl ] Med 1977,297,
630-634.

SToLLER RG, KaPLAN HG, CUMMINGS FJ, CALABRESI P. A clinical and
pharmacological study of high-dose methotrexate with minimal leucovorin rescue.
Cancer Res 1979, 39, 908-912.

SELBY P, BUICK RN, TANNOCK I. A critical appraisal of the ““human tumor stem-cell
assay”’. N Engl J] Med 1983, 308, 129-134.

OzoLs RF, WILSON JKV, WELTZ MD, GROTZINGER KR, MYERS CE, YOUNG RC.
Inhibition of human ovarian cancer colony formation by adriamycin and its major
metabolites. Cancer Res 1980, 40, 4109-4112.

GOODMAN GE, MCLEAN A, ALBERTS DS, CHANG SY. Inhibition of human tumor
clonogenicity by chlorambucil and its metabolites. Br J Cancer 1982, 45, 621-623.
GIBALDI M, PERRIER D. Pharmacokinetics. New York, Marcel Dekker, 1982.

CHANG P, RiGGs CE JrR, SCHEERER MT, WIERNIK PH, BACHUR NR. Combination
chemotherapy with adriamycin and streptozotocin. II. Clinicopharmacologic
correlation of augmented adriamycin toxicity caused by streptozotocin. Clin
Pharmacol Ther 1976, 20, 611-616.

RiGGS CE JR, EGORIN M], AKMAN SR et al. Doxorubicin (DOX) metabolism is altered
by combination therapy with cyclophosphamide (CYC) and whole-body hyperthermia
(WBH). Proc Am Soc Clin Oncol 1982, 22, 26.

DobION P, RIGGS CE JR, AKMAN SR, BACHUR NR. The effect of hyperthermia on the in
vitro metabolism of adriamycin. In preparation.

SkiBpA JL, JONES FE, CONDON RE. Altered hepatic disposition of doxorubicin in the
perfused rat liver at hyperthermic temperatures. Cancer Treat Rep 1982, 66, 1357-1363.
CLAWSON RE, EGORIN M], Fox BM, Ross LA, BACHUR NR. Hyperthermic
modification of cyclophosphamide metabolism in rat hepatic microsomes and liver
slices. Life Sci 1981, 28, 1133-1137.

MARINELLO AJ, BERRIGAN M]J, STRUCK RF, GUENGERICH FP, GURTOO HL.
Inhibition of NADPH-cytochrome P450 reductase by cyclophosphamide and its
metabolites. Biochem Biophys Res Commun 1981, 99, 399-406.

DobION P, AKMAN SR, TAMBURINI JM, RIGGS CE JR, BACHUR NR. The interaction
between cyclophosphamide and adriamycin metabolism in rats. Proc Am Assoc Cancer
Res 1983, 24, 253.

1507



