Therapeutic drug monitoring of antimetabolic cytotoxic drugs
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Therapeutic drug monitoring is not routinely used for cytotoxic agents. There are
several reasons, but one major drawback is the lack of established therapeutic
concentration ranges. Combination chemotherapy makes the establishment of
therapeutic ranges for individual drugs difficult, the concentration-effect relationship
for a single drug may not be the same as that when the drug is used in a drug
combination. Pharmacokinetic optimization protocols for many classes of cytotoxic
compounds exist in specialized centres, and some of these protocols are now part of
large multicentre trials. Nonetheless, methotrexate is the only agent which is
routinely monitored in most treatment centres. An additional factor, especially in
antimetabolite therapy, is the existence of pharmacogenetic enzymes which play a
major role in drug metabolism. Monitoring of therapy could include assay of
phenotypic enzyme activities or genotype in addition to, or instead of, the more
traditional measurement of parent drug or drug metabolites. The cytotoxic activities
of mercaptopurine and fluorouracil are regulated by thiopurine methyltransferase
(TPMT) and dihydropyrimidine dehydrogenase (DPD), respectively. Lack of TPMT
functional activity produces life-threatening mercaptopurine myelotoxicity. Very
low DPD activity reduces fluorouracil breakdown producing severe cytotoxicity.
These pharmacogenetic enzymes can influence the bioavailability, pharmacokinetics,
toxicity and efficacy of their substrate drugs.
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antimetabolites (e.g. methotrexate, 6-mercaptopurine)

Introduction

Drugs used to treat cancer inhibit the mechanisms of cell
proliferation. Alkylating agents (e.g. cyclophosphamide,
busulfan, carboplatin) readily form covalent bonds with
the bases in DNA and so prevent DNA replication by
the introduction of crosslinks in the double helix.
Anticancer antibiotics (e.g. daunorubicin) intercalate
between the DNA base pairs. Intercalation stabilizes the
DNA-topoisomerase II complex and stops the reversible
‘swivelling’ at the DNA replication fork which is required
for effective replication of the DNA template. The
epipodophyllotoxins (e.g. etoposide, teniposide) also act
on DNA, topoisomerase II inducing DNA strand breaks.
The steroid hormones (e.g. prednisolone), via receptor
binding, interfere with DINA synthesis and alter intracellu-
lar metabolism. The vinca alkaloids (e.g. vincristine)
prevent the formation of the mitotic spindle, whilst the
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directly interfere with DNA formation by inhibiting
purine and pyrimidine biosynthesis [1].

Cancer chemotherapy is in the main empirical with the
majority of cytotoxics given at a fixed dosage based either
on body surface area or weight. These compounds have a
narrow therapeutic index, and in general they lack a simple
index of pharmacological effect with which to monitor
treatment. Cytotoxic drugs are therefore ideal candidates
for the development of therapeutic drug monitoring
(TDM) programmes, but many difficulties have hindered
the development of such programmes for anticancer drugs.
These include not only the lack of a clear relationship
between drug dose and therapeutic effect but also extensive
drug metabolism and arduous assay techniques. In addition,
any one centre treats a relatively small number of patients
in what are usually combination chemotherapy regimens.
There are many treatment variables which may confound
the interpretation of data and make it difficult to establish
therapeutic ranges for any individual compound. For an
effective TDM programme an established therapeutic
range is required.
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In cancer chemotherapy there can be a significant time
lag between the measurement of drug in biological tissues
and the ultimate end point of efficacy, whether that be
cure or recurrence of active disease. Several studies have
established a relationship between plasma drug concen-
trations and dose-limiting toxicities for a number of
cytotoxic drugs, e.g. busulfan [2, 3], carboplatin [4, 5]
and etoposide [6, 7]. Although relationships between
systemic exposure and overall therapeutic effect have
been reported [2, 8] there are very few prospective
randomised trials designed to determine whether thera-
peutic intervention based on a derived therapeutic range
results in a better clinical outcome [9].

Maximal efficacy of anticancer treatment is of prime
importance because of the potential repercussions in
cancer patients, particularly those with drug responsive
cancers. With modern treatment 95% of children with
acute lymphoblastic leukaemia (ALL) will achieve disease
remission and more than 70% can look forward to long-
term leukaemia-free survival. The wvast majority of
children who are cured are those in whom a first
remission is achieved and maintained for 6—8 years [10].
If first remission drug treatment fails the chances of long-
term disease-free survival are poor [10, 11].

The importance of antimetabolite therapy to the ALL
chemotherapeutic regimens is illustrated by the results of
the UK nationwide trial ALL VIII [12]. Before 1980 the
4 year disease-free survival for ALL in Britain was less
than 50%. A more detailed and rigid nationwide protocol
was introduced (UKALL VIII) for the existing antimetab-
olite therapy which resulted in an improvement in long-
term survival by 15-20% [12]. The existence of such a
nationwide protocol aided the development of a TDM
programme within these trials [8, 13]. This review will
focus on antimetabolite chemotherapeutic agents, drugs
for which a number of studies have established relation-
ships between the drug, or its active metabolite, and
response to therapy.

The drugs

The antimetabolite drugs mercaptopurine (MP), metho-
trexate (MTX) and cytosine arabinoside (Ara-C) play an
important role in all major therapeutic protocols for the
of leukaemia. (FU) is wused
extensively in the treatment of a number of solid tumours
including colorectal, breast and head and neck cancers.
Antimetabolites are structurally similar to endogenous
compounds, MTX is a folate analogue, FU and Ara-C

treatment Fluorouracil

are pyrimidines, and MP a purine. Antimetabolites are
metabolized like their normal analogues [14] and so
interfere with the synthesis of nucleic acids or are
incorporated into DNA as false bases. All antimetabolites
are metabolized to intracellular active metabolites which
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are retained within the cell. MTX is polyglutamated
whilst the purine and pyrimidine analogues are anabolized
to nucleotides (Table 1). MTX is the only antimetabolite
whose dosage is regularly individualized based on TDM,
but pharmacokinetic optimization protocols for the purine
and pyrimidine antimetabolites exist in specialized centres
and such protocols are now part of large muticentre trials.
The identification of slow and fast metabolic phenotypes,
which have been described for MP,FU and Ara-C, has
aided the development of TDM programmes, and these
nucleotide antimetabolites are now potential candidates
for routine TDM.

Mercaptopurine (MP)
What to measure

MP is an extensively metabolized prodrug. There are
three major metabolic routes; oxidation, phosphoribosyl-
ation and S-methylation (Figure 1) [15]. Oxidation of
the thiopurine ring, catalysed by xanthine oxidase, is a
major catabolic route producing the 6-thio analogue of
uric acid [14]. This enzyme activity varies from tissue to
tissue, it is highest in the intestine and liver but absent
from circulating blood cells [16]. Population studies have
shown a four-to 10-fold interindividual variation in
18]. The influence of
interindividual variations in xanthine oxidase activity on
the outcome of thiopurine therapy has yet to be clearly

xanthine oxidase activity [17,

defined, but we do know that decreased amounts of
xanthine oxidase potentiate the cytotoxic effects of MP,
as illustrated by the coadministration of the xanthine
oxidase inhibitor allopurinol [15, 19].

The purine ‘salvage’ enzyme hypoxanthine phospho-
ribosyltransferase (HPRT) catalyses the initial step in the
biological activation of MP. The formation of intracellular
thionucleotide metabolites is essential for thiopurine
cytotoxicity [20].
nucleotides (TGNs), but a variety of intermediary
thionucleotides TGNs
(Figure 1). These fraudulent nucleotides can potentially
produce their cytotoxic and immunosuppressive actions
by many different mechanisms. Cytotoxicity has been
directly linked to the incorporation of drug derived
TGNs into DNA [21, 22], but in addition some
thionucleotide metabolites can inhibit de novo purine
synthesis [13, 23].

S-methylation of the thiopurine is catalysed by
thiopurine methyltransterase (TPMT) an enzyme which

MP eventually forms 6-thioguanine

are formed en-route to the

exhibits a wide interindividual variation. The genetic
polymorphism that controls red blood cell (RBC) TPMT
activity controls the enzyme activity in all other cells and
tissues, including the lymphoblast [24—26]. In a Caucasian
population 89% of individuals inherit high activity (two
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Table 1 Antimetabolite drugs: mode of

Cytotoxic drugs

action. Drug Metabolic pathway Active compounds Polymorphism
Methotrexate Folate metabolism MTX No
MTX polyglutamates
7-OH MTX polyglutamates
Mercaptopurine Purine metabolism Nucleotide metabolites Yes
Fluorouracil Pyrimidine metabolism Nucleotide metabolites Yes
Cytosine arabinoside Pyrimidine metabolism Nucleotide metabolites ox
*Metabolic ratios described, but no enzyme pharmacogenetics.
Methyl- Methylmercaptopurine 30

nucleotides

T TPMT

. 3 Mercaptopurine 3 Thioxanthine
Mercaptopurine nucleotide nucleotide

i X0 HPRT +

Thioguanine
nucleotides

\
\

DNA

mercaptopurine

TPMT

Thiouric acid

Figure 1 The intracellular metabolism of mercaptopurine. The
principle metabolic routes are catalysed by thiopurine
methyltransferase (TPMT), xanthine oxidase (XO) and
hypoxanthine phosphoribosyltransferaase (HPRT).

wild type alleles), 11% ‘intermediate’ (one wild type and
one variant allele) and 1 in 300 have no functional TPMT
activity (two variant alleles) [24, 27]. MP and its initial
nucleotide are both methylated by TPMT and the
resultant methylated compounds are formed at the
expense of TGNs. Because a number of centres have
reported correlations between TPMT activity and the
response to both MP and the immunosuppressive agent
azathioprine (a MP pro-drug) [28-30], and a lack of
functional TPMT activity is associated with profound,
life threatening myelosuppression [28, 30—32], a knowl-
edge of basal TPMT activity has been suggested prior to
drug therapy [33, 34]. Both TPMT phenotypic activity
and TGN metabolite concentrations can be conveniently
measured using the RBC as a surrogate tissue [35-37],
(Figure 2).

Methods of analysis

The available assays for the quantification of parent drug
or intracellular thionucleotide metabolites are based on
h.pl.c. technology, and the biological tissues sampled
include plasma [38, 39], urine [40], red blood cells [35],
neutrophil granulocytes and lymphocytes [41]. The lower
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Figure 2 Thiopurine methyltransterase (TPMT) genetic
polymorphism. Frequency distribution histogram of TPMT
activity in 130 unrelated control children. Presumed genotypes at
the locus TPMT are shown. Leukaemic children who lack
functional TPMT activity (extreme left of histogram) are acutely
sensitive to MP [30, 31], whilst children with very high TPMT
activities (extreme right of histogram) do not respond to standard

dosages of MP [28, 54|. Redrawn from [28].

limits of detection are 30 pmol ml " biological fluid
(30 nm), and 5-30 pmol 8x 10 °cells. The major
intracellular metabolites monitored by reverse-phase
h.p.J.c. with u.v. detection and isocratic gradient elution
are the TGNs and methyl-MP nucleotides [35, 41]. A
common feature of many published methods is the
hydrolysis of the thionucleotide back to the parent
thiopurine prior to h.p.l.c. quantification. The specific
thionucleotide metabolites can be measured with gradient
elution from an anion-exchange column [42]. Simple
reverse-phase h.p.L.c. methodology is used for the
measurement of plasma MP concentrations and these
assays have been used in routine analysis [43, 44]. The
major catabolite 6-thiouric acid can also be measured in
plasma [45], but the lack of commercially available
6-thiouric acid has perhaps hindered the development of
routine assays. The clinical use of 6-thiouric acid
monitoring remains unproven, but in theory urine
concentrations could be used as a compliance indicator.
TPMT phenotype is measured in the RBC using
radiochemical [37, 46] or h.p.lc. assays [36, 47],
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Measurement of TPMT activity has become a standard
clinical test in some centres [48]. The assay for drug
metabolites or enzyme activities requires 100 pl packed
RBCs or RBC lysate, respectively. TPMT genotype can
also be defined for some individuals, and a number of
variant alleles for low TPMT activity have been defined
[33, 49, 50]. But the most common variant allele in 283
clinical laboratory specimens from the USA (TPMT3 A,
55% of wvariant alleles) was absent in a Korean popu-
lation [33].

Therapeutic drug monitoring

In the continuing chemotherapy of childhood ALL MP
plasma concentrations have been suggested as a method
of monitoring systemic exposure to MP [43, 44]. MP
urine concentrations have been correlated with MP
plasma AUC, and have been suggested as a possible
alternative to repeat blood sampling [40]. The MP plasma
profile differs in the same child when studied on repeated
occasions with the same dose of drug (75 mg mfz),
nonetheless MP plasma concentrations show a relationship
to the response to treatment [38, 43]. In children sampled
on repeated occasions throughout continuing chemo-
therapy, disease relapse was associated with mean peak
plasma levels below 135 ng ml~ ' and a mean AUC value
below 251 ng ml ™' h, whilst myelotoxicity was associated
with mean AUC values above 363 ng ml ™' h and mean
peak plasma levels above 166 ng ml~ "' [43]. There was
no overlap in mean MP pharmacokinetic parameters
between those children who suffered disease relapse and
those who experienced severe myelotoxicity.
Pharmacokinetic-pharmacodynamic correlations have
been made measuring RBC TGNs [8], and RBC drug
metabolites can be used to monitor the efficacy of therapy
and compliance with oral chemotherapy in childhood
ALL [51]. RBC TGNs can be used as a measure of the
systemic exposure to MP derived active metabolites, and
the degree of drug induced myelosuppression can be
related to TGN concentrations [28, 41, 52]. In continuing
chemotherapy protocols for childhood ALL, which consist
of prolonged periods of oral antimetabolite therapy,
leukaemia-free survival is significantly associated with
RBC TGN concentrations independently of other prog-
nostic factors [8]. In a group of children with ALL taking
the protocol standard dose of MP (75 mg m~ ), the
population median TGN concentration was 275 pmol
8x 10" RBGCs. The recurrence of active disease was
associated with the formation of TGN concentrations
below 275 pmol, and this subgroup of children had
significantly higher activities of the pharmacogenetic
enzyme TPMT [28]. In such antimetabolite based
protocols the product of RBC TGNs and MTX
polyglutamate concentrations has also been linked to
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treatment failure [53]. Those children who accumulated
mean RBC MTX. TGN concentrations <813
(nmol/mmol haemoglobin)2 had a significantly poorer
event-free survival [53]. Unfortunately, TGN concen-
trations per number of RBCs [8, 28] and the product of
TGN and MTX concentrations per mmol of haemoglobin
[53] cannot be directly compared.

Monitoring benefits

In MP chemotherapy efficacy and toxicity are interrelated,;
myelosuppression is required for a successtul anticancer
effect [28]. The aim of treatment with thiopurine drugs
in the UK ALL protocols is controlled myelosuppression,
and during continuing chemotherapy myelosuppression
is used as a surrogate measure of response to thiopurine
therapy. TPMT activities measured at disease diagnosis
show a significant negative relationship to the duration
of cytopenia driven MP withdrawal during continuing
therapy [54]. Those children with very high TPMT
activities fail to respond to standard MP dosages, and do
not experience cytotoxicity [28, 54]. The TPMT deficient
individual produces grossly elevated RBC TGN concen-
trations and experiences profound myelosuppression at
standard MP dosages (Figure 2) [29-32]. Enzyme
deficiency can be detected by phenotypic TPMT activity
[36, 37] or genotype [33, 50]. Alternatively, the continued
accumulation of elevated TGNs could be detected after
a test dose of MP [55].

Approximately 400 children per year enter UK ALL
protocols which contain 2 years continuing therapy, one
or two will be TPMT deficient. Such children can be
managed on MP by the use of attenuated dosage
regimens, e.g. 7.5 mg m~’ daily or on alternate days [30,
31, 55]. If thiopurine therapy is to be individualized then
routine measurement of TPMT activity must be added
to the list of agents that show a concentration-effect
relationship. A knowledge of pretreatment TPMT pheno-
type would identify both those individuals who would
be unduly sensitive and those ‘resistant’ to thiopurine
standard dosages. For the latter group, awareness of drug
tolerance would encourage titration to toxicity, and for
the former the use of attenuated dosages.

Drug interactions

Inhibition of MP oxidation or S-methylation by concur-
rent drug therapy will potentiate thiopurine cytotoxicity.
Allopurinol is a well documented inhibitor of xanthine
oxidase catalysed MP oxidation [19]. With the 6MP pro-
drug azathioprine it is recommended that, during concur-
rent allopurinol therapy the azathioprine dose is reduced
by two-thirds. This decreases, but does not abolish, the
risk of myelotoxicity [56]. However, no reduction in the
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dosage of the MP sister compound thioguanine (2-amino
MP) is required with allopurinol coadministration [19].
Thioguanine is not a direct substrate for xanthine oxidase;
it requires an intermediate metabolic step (guanase
catalysed 2-deamination).

A number of compounds which could be coadminis-
tered with thiopurine drugs can potentially influence
TPMT activity. After a therapeutic dose of aspirin the
plasma concentrations of salicylic acid are within the
range for TPMT inhibition [57]. Sulphasalazine and its
metabolite 5-aminosalicylic acid inhibit TPMT. In a large
long-term clinical study of inflammatory bowel disease
MP was withdrawn in 10% of patients because of the
occurrence of adverse reactions. Over half the patients in
that study were treated simultaneously with MP and
sulphasalazine [58]. A possible drug—drug interaction was
reported in a patient with refractory Crohn’s disease who
developed bone marrow suppression whilst receiving
daily MP and olsalazine (two molecules of 5-amino-
salicylic acid) [59]. Concurrent frusemide therapy could
influence the S-methylation of thiopurines as frusemide
inhibits TPMT with an ICs, of 170 um [60], a
concentration within the therapeutic range for frusemide.
In addition, TPMT could interfere with disulfiram
treatment in alcoholism [61]. TPMT S-methylates the
diethyldithiocarbamate metabolite involved in disulfiram
activation.

The MP prodrug azathioprine induces warfarin resist-
ance, and impairs the anticoagulant effect of other
vitamin-K antagonists [62, 63]. The discontinuation of
azathioprine in patients concomitantly treated with oral
anticoagulants may increase the risk of severe bleeding.
The mechanism behind this interaction has not been
established, but it could be due to a MP mediated
increase in prothrombin, although MP effects on warfarin
absorption and metabolism cannot be ruled out [63].

Methotrexate (MTX)
What to measure

MTX exerts its cytotoxic effects by competitively
inhibiting dihydrofolate reductase (DHFR), the enzyme
responsible for converting folates to tetrahydrofolate, the
reduced folate carriers which function in the transfer of
carbon units. These carbon units are required for de novo
purine synthesis and the methylation of uracil to thymine
in DNA synthesis. To avoid excessive destruction of host
cells, leucovorin (a folate analogue) is used to rescue cells
from MTX inhibition. Leucovorin is a synthetic substrate
tor DHFR and allows the resumption of thymine
formation and the reinitiation of DNA synthesis.

There are two major routes of MTX metabolism,
7-hydroxylation and polyglutamation, (Figure 3) [64, 65].
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Figure 3 Methotrexate (MTX) metabolism. Oxidation to
7-hydroxy MTX (7-OH MTX) is catalysed by aldehyde oxidase
(AO). MTX, MTX polyglutamates (MTXPGs), and 7-OH MTX
polyglutamates (7-OH MTXPGs) inhibit dihydrofolate reductase
(DHFR).

Aldehyde oxidase catalysed 7-hydroxylation produces
7-hydroxy MTX, a less effective inhibitor of DHFR but
the metabolite responsible for the nephrotoxicity which
occurs during high dose MTX therapy [66]. Both MTX
and 7-hydroxy MTX undergo intracellular polyglutamate
formation, a metabolic route which allows selective
retention of the antifolate within the cell [65].
Polyglutamation is an important determinant of toxicity
[67], and these metabolites are as potent as MTX as
DHEFR inhibitors [64]. The accumulation of high levels
of MTX polyglutamates in malignant hyperdiploid cells
vs diploid cells may be related to the more favourable
prognosis that hyperdiploidy confers in B-lineage ALL
[67].

Evidence also suggests that it is the differential
accumulation of MTX polyglutamates in malignant cells
vs the rapidly dividing normal cell which makes MTX
an effective anticancer agent, and partially accounts for
the selectivity of leucovorin rescue for normal cells [68].
For example, normal rapidly dividing epithelial tissue
does not accumulate intracellular MTX polyglutamates.
The epithelial cell possesses a hydrolyase which swiftly
degrades these polyglutamates and the MTX produced is
extruded from the cell by carrier mediated transport [68].

Methods of analysis

MTX can be measured in biological fluids by a variety
of techniques [68]. A number of commercial kits are
available for MTX quantification and they can all measure
MTX in plasma, serum, urine and CSF. These kits are
based on radioimmune, radioenzymic, enzyme immuno-
[69] and fluorescence polarization immuno-[70] assay.
Both the fluorescence polarization (TDx) and enzyme
immunoassays (EMIT) have the advantage of using similar
technology to other assays in routine clinical use. They
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are fully automated, use small sample volumes (50 pl
serum), and have lower limits of 0.05 um and 0.1 um
plasma, respectively. Time, a consequence of the more
manual technology, and larger sample volumes (300 pl
plasma) are drawbacks for both the radioenzymic and
radioimmune assays, but they both have a lower limit of
detection (0.01 pm plasma). The lowest sensitivity (1 nm)
is offered by a labour intensive radio-ligand binding assay
[71]. To quantify MTX metabolites or to achieve the
specificity coupled with sensitivity required for TDM in
low dose oral therapy, high performance liquid chroma-
tography (h.p.l.c.) is the preferred assay technique. Many
methods have been published [72-76] with lower limits
of ~0.02-0.03 pm, but none offers the one step, fully
automated advantages of EMIT. H.p.l.c. has been coupled
with a radioenzymic assay [77] to quantify intracellular
MTX polyglutamate metabolites in target tissues, this
combination of techniques couples the selectivity of
h.pl.c. with the speed of quantitating the separated
polyglutamates by radio assay.

Therapeutic drug monitoring

MTX is a nonspecific cytotoxic and prolongation of
blood levels appropriate to killing tumour cells may lead
to severe unwanted side-effects such as myelosuppression,
gastrointestinal mucositosis and hepatic cirrhosis. The aim
of high dose MTX therapy is to keep plasma MTX levels
high (107*-107° m) for prolonged periods (12—36 h)
[65]. TDM forms the basis for decisions for the timing
of initiation and continuation of leucovorin rescue in
high-dose MTX schedules, and a wide variety of dosage
schedules exist [65]. The optimum period for measuring
plasma MTX concentrations and determining the risk of
toxicity is between 24 and 48 h after the initiation of
MTX [68]. Over the 24-48 h interval MTX plasma
levels are generally comparable for patients receiving
different MTX dosage protocols at = 10" °mand 1% M
at 24 and 48 h, respectively [68]. MTX levels above
5x10°7 m at 48h require additional rescue, e.g.
1x10~° M MTX requires 15 mg m ™~ leucovorin every
6 h x 8 doses [65]. MTX concentrations are measured at
48 h intervals thereafter with the leucovorin dose adjusted
until MTX falls below 5% 10~ ° M [65]. Guidelines for
adjusting leucovorin rescue are discussed in Evans et al.
1992 [68]. In the treatment of childhood ALL adjusting
the MTX dose to account for the child’s ability to clear
the drug improves outcome without increasing toxicity
[9]. Five cycles of high dose MTX (initially 1500 mg m~ >
over 24 h), with leucovorin rescue at 48 h after the start
of the infusion, are given over the first year of therapy.
In the first cycle MTX clearance is estimated on the basis
of MTX plasma concentrations at 1 and 6 h from the
start of the infusion, with dose adjustment at 8h to
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achieve the target range of exposure (580-950 um MTX).
This is repeated for each MTX cycle [9].

The clinical pharmacological studies of MTX have
been expanded to include the formation of MTX active
metabolites in target tissues. Blast cell concentrations of
long-chain MTX polyglutamates (MTXPGs) were studied
during single agent ‘window’ therapy immediately prior
to conventional remission induction. Higher MTXPGs
within leukaemic blasts (> 500 pmol 10~ blasts) equated
with a greater antileukaemic response and these high
metabolite concentrations were formed more readily from
HDMTX [77]. There is no practical method by which
intracellular MTX concentrations can be routinely meas-
ured in target cells in clinical specimens [68].

Drug interactions

The purine catabolic enzyme xanthine oxidase can also
be inhibited by folate compounds, including methotrex-
ate. Both MP and MTX are used together in the
prolonged continuing chemotherapy phase of treatment
for childhood ALL. Concurrent MTX results in a
significant 26% increase in MP plasma levels. In light of
the wide intrapatient variability in MP plasma levels at
constant dosages this statistically significant interaction
was thought not to be of clinical importance at low oral
MTX dosages [78]. In addition, MTX inhibits folate
dependent enzymes involved in de novo purine synthesis.
The reduction in supply of endogenous substrates
promotes the use of the competing thiopurine MP in
many biochemical reactions, and increases the formation
of intracellular thionucleotide metabolites [79]. Thus, low
dose MTX may promote the formation of TGNs
from MP.

Fluorouracil (FU)
What to measure

FU is metabolized intracellularly to a nucleotide metab-
olite (Huorodeoxyuridine monophosphate, FdUMP)
which inhibits thymidylate synthesis. FU undergoes rapid
hepatic metabolism principally via dihydropyridine
dehydrogenase (DPD). DPD is the first, and rate limiting
enzyme in pyrimidine catabolism and is responsible for
the degradation of >80% of administered FU [80]. DPD
activities and plasma FU concentrations have been
investigated as TDM tools [81, 82]. FU metabolism 1is
summarized in Figure 4.

Methods of analysis

Plasma concentrations of FU, quantified by h.p.l.c., have
been used to predict FU toxicity [82]. FU plasma
concentrations after continuous i.v. infusion are in the
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dihydropyrimidine
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Figure 4 The intracellular metabolism of fluorouracil (FU). FU
can either be catabolized by dihydropyrimidine dehydrogenase
(DPD) to form dihydro FU or phosphoribosylated to form active
nucleotide metabolites. The nucleotide metabolites depicted
above are fluorouridine monophosphate and diphosphate, and
fluoro-deoxyuridine diphosphate and monophosphate (FUMP,
FUDP, FAUDP, FAUMP, respectively). Intracellular metabolism
of FU and its nucleotides is analogous to uracil metabolism [14].
FU is converted to FUMP via 5'-fluorouridine in a two step
reaction catalysed by nucleoside phosphorylase and uridine kinase.
It is possible that FUMP could be formed directly from the FU
base via pyrimidine phosphoribosyltransferase. Phosphorylation of
FUMP proceeds by nucleoside monophosphate kinase (1).
Nucleoside 5'-diphosphate reductase (ribonucleotide reductase)
catalyses the production of 2'-deoxribonucleotide (FAUDP) from
the ribonucleotide (FUMP). Phosphate is removed from
nucleotides by 5"-nucleotidases (2).

ug 1! range in patient plasma. This is easily measured
by reverse-phase h.p.l.c. with u.v. detection [83], the
initial published assay having a lower limit of 23 \ugl*1
plasma. H.p.l.c. technology offers lower limits of detection
of 1 ng using precolumn fluorescence derivatization [84].
This methodology has been used for the measurement of
FU in scalp hair as an index of patient compliance with
oral adjuvant therapy (200 mg FU dayfl). The lower
limits of detection are 0.006 ng FU per patient hair strand
or 0.01 p.p.m. [85]. In vivo fluorine-19 nuclear magnetic
resonance Spectroscopy (""F NMRS) has been used to
estimate FU localization and metabolism inside human
tumours after i.v. bolus doses of 600 mg m’ [86]. FU
‘trapping’ inside tumours can be related to clinical
response [86], and ""F NMRS offers a noninvasive
investigational route albeit one confined to a number of
specialist centres.

Tissue FU concentrations are regulated by DPD
catalysed breakdown. DPD activity is measured in

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 47, 131-143
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peripheral blood mononuclear cells [80], and this has
been developed into a sensitive, accurate and precise assay
for large scale screening in cancer patients. The mono-
nuclear cells are isolated by standard techniques, if not
used immediately for the assay of DPD activity they can
be stored at —70° C in foetal calf serum [80]. Enzyme
activity is determined by the use of tritiated FU in a
radioassay, and the FU catabolites formed are quantified
by reverse-phase h.p.l.c. [87]. Plasma uracil concen-
trations, which are markedly elevated in DPD deficiency,
have been used as a clinical marker for the deficiency
syndrome [88].

Therapeutic drug monitoring

For the same FU dosage plasma drug concentrations
show a large interpatient variability [82]. Response rate
and patient survival are correlated with FU plasma
concentrations but not FU dose [89]. FU area under the
plasma concentration curve (AUC) for a whole 5 day
cycle or for half a cycle can be used to predict drug
cytotoxicity, and nomograms have been developed to
adjust FU dosage based on its plasma concentration [82].
Comparing a standard dosage group (1000 mg m~ >
24h~" continuous i.v. infusion) against a treatment
monitored group in which the FU dosage for the second
part of the cycle (3—5 days) was adjusted in the light of
the AUC (0, 3 days), the incidence of moderate to severe
toxicity (e.g. FU induced stomatitis) was significantly
reduced in the monitored group. Clinical response
(complete remission) was significantly higher in the
treatment monitored group [82].

DPD activity can regulate the amount of FU available
for active metabolite formation and is correlated with FU
pharmacokinetics [81, 82]. PBMC-DPD deficiency is
associated with minimal FU catabolism and severe FU
cytotoxicity [80]. In subjects with normal PBMC-DPD
activity the #;,, of FU is 6—13 min and & 10% of the
dose is excreted in the urine. In subjects with DPD
deficiency the #;,, increases to 159 min and up to 90%
of the dose is excreted unchanged [88]. In deficient
patients low PBMC-DPD activity correlates with liver
DPD activity [80]. In patients with head and neck cancer
those showing a complete response to FU therapy had
lower tumour DPD activities as compared with partial or
nonresponding patients, thus tumour DPD activity is a
determining factor for FU responsiveness in cancer
patients [90]. Clinical studies have shown a significant
relationship between peripheral blood mononuclear cell
(PBMC) DPD activity and FU clearance, but this weak
correlation 1s not sufficiently accurate to predict FU
toxicity in head and neck cancer patients [90]. A
pharmacologically based FU dose adaptation is therefore
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recommended rather than dose adjustment based on at
diagnosis PBMC-DPD activity [90].

Interpretive problems

There is a circadian rhythm in PBMC-DPD activity.
Initial studies indicated that there is a 24 h periodicity
with peak activities occurring, on average, at 1.00 h [81].
Further studies have indicated that the time of day that
peak PBMC-DPD activity occurs varies between subjects
and is essentially randomly distributed over 24 h [91],
with a five-fold difference between peak and trough
enzyme activities (21 ws 4 pmol min ' per 10° cells,
respectively). Such wvariations in DPD activity could
influence FU tolerance over time [91].

Drug interactions

Inhibition of DPD may enhance the therapeutic effect of
FU [92], and one potent DPD inhibitor, 5-ethynyluracil,
is currently in clinical trials in combination with low
dose FU [93, 94]. In Japanese patients fatal potentiation
of FU toxicity occurred after a few days of dosing with
the antiviral agent sorivudine. Bromovinyluracil, a major
sorivudine metabolite, inhibits DPD [92]. This drug—drug
interaction emphasizes the influence of DPD on the
therapeutic effect of FU and it has recently been
extensively reviewed [95].

Cytosine arabinoside (Ara-C)
What to measure

Ara-C cytotoxicity is dependent upon intracellular phos-
phorylation, via cytidine kinase, to its active metabolite
cytosine arabinoside triphosphate (Ara-CTP), the nucleo-
tide responsible for the inhibition of DNA polymerase
(Figure 5). Intracellular Ara-CTP retention time correlates
with the likelihood of achieving complete remission after
high dose Ara-C therapy [96]. Ara-C is inactivated to
uridine arabinoside (Ara-U) by cytidine deaminase. The
plasma ratio of Ara-U/Ara-C has been used to analyse
the phenotype for Ara-C deamination [97].

Methods of analysis

Assays have been published for the measurement of
Ara-C and Ara-CTP concentrations in both leukaemic
blasts and normal mononuclear blood cells [98]. H.p.l.c.
techniques are used to measure Ara-C and Ara-U plasma
concentrations,
10 ngml~ " Ara-C and leukaemic blast/mononuclear cell
Ara-CTP levels with a lower limit of 5 pmol on the
column [98, 99]. lon-pair h.p.lc., coupled with solid
phase scintillation detection, has been used as a rapid

with a lower limit of detection of
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Figure 5 Cytosine arabinoside (Ara-C) metabolism. Deamination
to uracil arabinoside (Ara-U) and the formation of the
intracellular nucleotides cytosine arabinoside mono-, di-and
tri-phosphates and arabinofuranosyl-uridine monophosphate
(Ara-CMP, Ara-CDP, Ara-CTP and Ara-UMP, respectively),
analogues of the endogenous deoxynucleotides. The deamination
of Ara-C is catalysed by (deoxy)cytidine deaminase and Ara-CMP
by dCMP deaminase. The formation of Ara-CMP is catalysed by
(deoxy)cytidine kinase. Subsequent phosphorylation of the
monophosphate proceeds by nucleoside monophosphate kinase
(1) and nucleoside diphosphate kinase (2).

assay technique for the determination of [SH]—Ara—C and
its major metabolites including Ara-U, Ara-UTP and
Ara-CTP. The absolute, on column, limit of detection
ranges from 40 to 200 pg [100]. Quantification of Ara-C
incorporation into leukaemic cell DNA [101] has been
described, the assay involves breakdown of DNA by
enzymatic digestion and radioimmunoassay of Ara-C.
The DNA (25-100 pg) is dissolved in tris buffer to give
a sensitivity of 2 pmolml*1 Ara-C (~0.03 pmol Ara-
C/ug DNA). Ara-CTP is the only intracellular active
metabolite that can be measured in vivo after Ara-C
administration, and intracellular Ara-CTP pharmaco-
kinetics have been used to optimize Ara-C therapy. The
clinical use of Ara-C/DNA levels remains to be evalu-

ated [101].

Therapeutic drug monitoring

Ara-C is given parenterally not orally because on
absorption it would be rapidly deaminated to its inactive
metabolite Ara-U by the intestinal mucosa [102]. The
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plasma ratio of Ara-U/Ara-C has been used to analyse
the phenotype for Ara-C deamination, slow (ratio <14)
and fast (ratio > 14) deaminators exist [97]. In 56 subjects
the ratio of slow : fast deaminators of Ara-C was 70 : 30%.
In a study of leukaemia patients those showing complete
or partial remission were slow deaminators [97].

Plasma Ara-C pharmacokinetics are unable to predict
the cellular behaviour of Ara-CTP [98, 103], but there
is a strong correlation between the ability to accumulate
and retain Ara-CTP by leukaemic blast cells and response
to therapy [98]. Marked interpatient variation in Ara-
CTP concentrations [98] have lead to the concept of
individualized treatment strategies by directing the admin-
istered dose of Ara-C to achieve Ara-CTP concentrations
in leukaemic blasts of >100-150 ‘umolli1 (~185—
275ng per 10" blasts) over a prolonged period of
time [104].

Non-leukaemic mononuclear cells eliminate Ara-C
more rapidly than do leukaemic blast cells, and so
accumulate less Ara-CTP over a period of time. In
leukaemic children receiving Ara-C normal mononuclear
cells showed little interpatient variation in Ara-CTP
accumulation. This was not the case for leukaemic blast
cells [98]. In addition, the blast cells continued to
accumulate Ara-CTP after the Ara-C infusion, whereas
in normal cells Ara-CTP levels declined rapidly at the
end of Ara-C therapy. These pharmacokinetic differences
between normal and leukaemic cells provided the basis
for optimized scheduling of Ara-C therapy, maintaining
cytotoxic Ara-CTP levels in leukaemic cells whilst
allowing an intermittent drop of Ara-CTP in normal
cells. The modified schedule consists of eight intermittent
45 min infusions separated by a 135 min treatment free
interval rather than a prolonged twice daily infusion [98].

Investigations of optimal Ara-C schedules in leukaemic
patients have shown that the ability of circulating blasts
to accumulate Ara-CTP in vivo during a continuous
Ara-C infusion was similar to the Ara-CTP accumulation
rate measured in an in vitro assay, thus the latter can be
used to reflect the former [105]. Ara-CTP accumulation
differs amongst patient groups as defined by the immuno-
phenotype at the time of disease diagnosis. Non-T ALL
blasts accumulate significantly more Ara-CTP than
T-ALL or AML blasts. This could have implications for
dosage strategies [105].

Interpretive problems

In the paediatric population the rate of conversion of
Ara-C to Ara-U increases with patient age and this will
influence the interpretation of deamination phenotype.
Infants have a lower Ara-C clearance, hence a lower
Ara-U to Ara-C ratio, than older children [106].
Resistance to Ara-C is an important cause of treatment

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 47, 131-143
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failure in childhood acute leukaemias, and resistance
mechanisms have been found in leukaemic blasts covering
all aspects of Ara-C metabolism [107]. In vitro sensitivity
tests correlate well with clinical responses and a number
of treatment strategies have been developed, but have
not been evaluated in a prospective clinical study [107].

Conclusion

Effective TDM of cytotoxic agents could prevent the
consequences of treatment failure in drug sensitive
cancers. Treatment failure reduces the chances of long-
term disease-free survival for the cancer patient. Successtul
first time chemotherapy is of particular importance in
childhood ALL, a disease for which a significant cure rate
is seen. Treatment failure and subsequent intensive second
remission therapy carries the risk of the secondary
malignancies associated with alkylating agents and epipo-
dophylotoxins, coupled with the potential of late cardiac
toxicity endowed by the anthracyclines [108, 109]. In
addition to the TDM of the cytotoxic drug or active
metabolite per se, routine measurement and TDM of
polymorphic enzyme activities must be seriously con-
sidered. At least one enzyme (TPMT) must be added to
the list of agents which show a concentration effect
relationship.
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