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Colorectal carcinoma is an important cause of cancer morbidity and mortality.
5-fluorouracil has been the major chemotherapeutic agent for the treatment of
colorectal carcinoma for the past four decades. This regimen is noncurative, and its
impact on survival is unclear. Attempts at identifying more effective chemotherapeutic
agents for colorectal cancer have yielded oral formulations and prodrugs of
5-fluorouracil with apparently equivalent efficacy. Specific thymidylate synthase
inhibitors are now available. Platinum analogues with activity in colorectal carcinoma,
and no cross-resistance to the antimetabolites have also been developed. The
topoisomerase I inhibitors represent a new class of agents with a novel mechanism
of action. These agents are in phase II and Phase III clinical trials, others have been
approved for clinical use within the last 3 years.
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Introduction

Colorectal cancer is the third leading cause of cancer
deaths for men and women in the United States. More
than 130000 new cases will be diagnosed in 1999 with
more than 56 000 fatalities [1]. Approximately 60% of
patients with colorectal cancer will require systemic
therapy for metastatic disease, either at diagnosis or for
disease recurrence. Most patients with metastases die from
their disease, with less than 12% of patients alive at
2 years. Standard therapy remains 5-fluorouracil (5-FU)
modulated with folinic acid. This regimen achieves
response rates in only the 20-30% range, and its impact
on survival is unclear [2, 3]. Infusional 5-FU regimens
have yielded higher responses in patients, and confer a
modest survival advantage over bolus schedules [4]. Until
recently, patients failing optimally modulated 5-FU
therapy had no other therapeutic options. However, new
approaches to 5-FU modulation, and the discovery of
new classes of cytotoxic agents with activity in colorectal
cancer, promise a new era in the systemic treatment of
this fatal disease. This review outlines the pharmacology
and early clinical results of agents in phase II/III trials,
and recently approved agents for the treatment of
colorectal cancer.
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Fluoropyrimidine modulation

Attempts at improving the efficacy of 5-FU have focused
on the enhancement of the intratumoral concentrations
of critical cytotoxic 5-FU anabolites. This has been
achieved through combination with modulatory agents,
usually with minimal intrinsic cytotoxic activity them-
selves. These agents, such as leucovorin, N-(phosphon-
acetyl)-L-aspartate (PALA), and interferon, interact with
enzymes involved in the anabolic pathway [5-7]. In
contrast to these earlier approaches, current modulatory
efforts have focused on the catabolism of 5-FU.
Administered 5-FU is almost entirely eliminated through
catabolism (Figure 1). The initial rate-limiting enzyme in
this pathway is dihydropyrimidine dehydrogenase (DPD),
which 1s abundant in the GI tract, liver and peripheral
blood mononuclear cells [8]. An inherited variability in
the activity of this enzyme has been described, and is
thought to account for the wide interpatient variability
in 5-FU pharmacokinetics and oral bioavailability [9, 10].
Inhibitors of DPD, by blocking the degradation of orally
administered 5-FU in gastrointestinal mucosa and other
tissues will be expected to make the oral formulation
of 5-FU more bioavailable, and increase the systemic
exposure to the drug.

Eniluracil (776C85)

Eniluracil (ethynyluracil, EU) is an analogue of uracil
which is a potent, irreversible inactivator of DPD in vivo
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Figure 1 The metabolic pathway of 5-fluorouracil. DPD,
dihydropyrimidine dehydrogenase; EU, ethynyluracil; FAUMP,
5-fluorodeoxyuridine monophosphate; FUMP, 5-fluorouridine
monophosphate; 5-FUTP, 5-fluorouridine triphosphate; 5-FUR,
5-fluorouridine; 5-dUdR, 5-deoxyuridine; H,5-FU, dihydro-
5-fluorouracil; FBal, fluoro-beta-alanine; PPRT, pyrimidine
phosphoribosyl transferase; TK, thymidine kinase; ThdPh,

thymidine phosphorylase; Urd Ph, uridine phosphorylase. Inactive
metabolites (5-FUR, FBal, Urea, CO,) are in bold italics.

[11]. It lacks antitumour activity but improves the
therapeutic activity of 5-FU when compared with 5-FU
alone. In rats with advanced colorectal cancer, eniluracil
increased the therapeutic index of 5-FU six-fold compared
with a two-fold increase with leucovorin and PALA.
Cures were only achieved with the eniluracil/5-FU
combination [12]. In dogs, dose-limiting neurotoxicity
of 5-FU at high doses was abolished with the coadminis-
tration of eniluracil [13]. This observation has been
explained by the prevention of formation of the
potentially neurotoxic metabolite of 5-FU, alpha-fluoro-
beta-alanine, after the inhibition of DPD [14]. In initial
human bioavailability studies, eniluracil made oral 5-FU
completely bioavailable (80—120%), increased its plasma
half-life from 12min to 4h and made chronic oral
dosing, which mimics prolonged infusional schedules,
possible [15]. Phase I studies utilized two schedules of
When 5-FU was
venously (i.v.) on days 1-5 in combination with oral
eniluracil, the recommended phase II dose was 20 mg of
eniluracil and 25 mg m~~ of 5-FU. Therapeutic activity
was noted in 5-FU refractory colon cancer [16], and the
dose-limiting toxicity was neutropaenia. Eniluracil and
5-FU have also been studied on a 28 day chronic oral
dosing schedule. The recommended doses for further
studies on this schedule are 1 mg m 2 5-FU twice a day,
12 h apart, and 10 mg eniluracil twice a day. Dose-

administration. administered intra-
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limiting toxicity was diarrhoea [17]. Phase II trials utilising
this dose and schedule in colorectal cancer have been
completed. The North Central Cancer Treatment Group
is conducting another phase II trial in colorectal cancer
on a 5-day schedule of oral 5-FU 20 mg m~” a day,
and eniluracil 50 mg a day, starting a day before and
ending a day after the administration of 5-FU [18]. A
pivotal phase III trial in advanced colorectal cancer is
currently ongoing. Patients are randomised to receive
either standard 5-FU (425 mg mfz) and leucovorin
(20 mg m~ ) daily for 5 days every 4 weeks; or eniluracil
11.5 mg m~’ plus 5-FU 1.15 mg m~ > (a 10:1 ratio of
eniluracil : 5-FU) twice daily for 28 days, separated by a
7-day rest period.

UFT (Uracil-Ftorafur)

Ftorafur (Ft, 1-(2-tetrahydrofuranyl)-5-fluorouracil), is
an oral pro-drug of 5-FU. It is completely absorbed
through the gastrointestinal mucosa and metabolised
through two major pathways to 5-FU. The first
mechanism involves hydrolysis via the action of thymidine
phosphorylase, and the second mechanism is oxidation
through the action of cytochrome P450 (Figure 2a).
Metabolic conversion occurs mainly in the liver and
tumour tissue [19]. This drug was synthesised and
introduced into clinical practice in Russia and Japan in
1967 [20]. Initial development in North America was
abandoned because of lack of efficacy [21]. Review of
the early Russian experience showed ftorafur to have
only modest clinical activity [22]. In 1978, Fujii and
coworkers demonstrated that 5-FU levels in tumour
tissue were disproportionately increased compared with
plasma levels when wuracil was coadministered with
ftoratur, leading to an increase in antitumour activity
[23]. UFT is a combination of uracil and ftorafur in the
optimal molar ratio of 4:1. Uracil is a natural substrate
for DPD, and in this combination acts as a reversible,
competitive inhibitor of DPD. UFT has been studied
extensively in Japan on a chronic daily oral dosing
schedule. Response rates of approximately 25% have been
documented in stomach, colorectal, breast and pancre-
atico-biliary cancers [24]. In an attempt to improve its
therapeutic activity, UFT has been combined with oral
leucovorin. A phase II study of this combination (UFT
300-350 mg m > with leucovorin 150 mg dayil, orally
for 28 days followed by a 7 day rest period) has been
performed. An objective response rate of 42% (95%
confidence interval 28% to 58%) was found in patients
with metastatic colon cancer. The regimen was well-
tolerated with diarrhoea, abdominal cramping and rash
being the common toxicities. Neutropaenia and mucositis
[25]. Objective response rates of
25—43% in colorectal cancer patients have been reported
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Figure 2 The activation and metabolic pathway of a) S-1 and b) UFT. CDHP, chlorodihydropyrimidine; FT, ftorafur; Oxo, oxonic
acid; PPRT, pyrimidine phosphoribosyl transferase; P-450, cytochrome P450; U, uracil. — — — inhibition, MV activation.

in three other trials which employed different doses and
schedules of oral leucovorin and UFT [26—28]. This
combination is currently undergoing broad worldwide
prospective randomised studies, in comparison with
intravenous 5-FU plus leucovorin evaluating response,
survival, quality of life and pharmacoeconomics.

S-1 (FT-CDHP-Oxonic acid)

S-1 1s an oral formulation of ftorafur and its modulators
in a molar ratio of 1.0:1.0:0.4. Oxonic acid is a potent
inhibitor of gastrointestinal pyrimidine phosphoribosyl
transferase  (PPRT) and 5-chlorodihydropyrimidine
(CDHP), is a DPD inhibitor (Figure 2b). Diarrhoea is
the commonest dose-limiting toxicity when 5-FU is
administered as a prolonged infusion. This has been
documented in studies with chronic dosing schedules of
5-FU plus eniluracil [17] and UFT plus leucovorin [25].
PPRT activates 5-FU to 5-FU monophosphate and
consequently 5-FU triphosphate which is incorporated
into RNA. This incorporation of 5-FUTP into RNA is
thought to primarily mediate the diarrhoea from 5-FU
[29]. Theoretically, S-1 should have similar antitumour
activity but less gastrointestinal toxicity compared with
5-FU plus eniluracil, or UFT. In rats bearing implanted
Yoshida sarcoma, continuous venous infusion (CVI) of
5-FU was compared with oral S-1. CVI 5-FU produced
a greater than 50% weight loss and severe diarrhoea in
order to achieve a 100% tumour growth inhibition. The
dose of S-1 required for a similar effect led to a 10%
weight loss and no diarrhoea. In Japanese phase II trials,
S-1 (80 mg m~ > da}f1 FT for 28 days followed by a
14-day rest period) yielded a response rate of 17% with
no cases of grade 3 gastrointestinal toxicity [30]. This
drug is now undergoing trials in North America and
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Europe. The structures of 5-FU, eniluracil, ftorafur and
S-1 are depicted in Figure 3.

Capecitabine (Xeloda)

Pyrimidine nucleoside phosphorylase (thymidine phos-
phorylase) catalyses the formation of pyrimidine bases
from nucleosides. Levels of this enzyme have been shown
to be significantly higher in tumour tissue compared to
normal tissue. Recently, pyrimidine nucleoside phos-
phorylase has been shown to be a tumour-associated
angiogenic factor, identified as platelet derived endothelial
cell growth factor (PDEGF), whose expression in tumours
has correlated with promotion of tumour growth [31].
5'-deoxyfluorouridine, which is a substrate for this
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Figure 3 The structures of 5-FU, ethynyluracil, ftorafur and
S-1.

267



A. A Adjei

(0]
o

NH=C'Z:O-O-C5H11 H,Cc._0O 5 -DECR
Nz
| /\ Capecitabine 5-DFCR
L o 2 N > HO OH
s l Carboxyl- ,l Cytidine 0
esterase deaminase E
HO" OH . . Ti%%ﬂ/l
Capecitabine 5-DFCR 5-DFUR o OBN
- . 3 5-DFUR
Cytidine — Thymidine
deaminase phosphorylase
HO OH
5-DFCR 5'-FU o
_/ HNZ~NF
Intestine Liver Tumor J\ |
O“™N
H

Figure 4 Intracellular activation of capecitabine. 5-DFCR, 5-deoxy-5-fluorocytidine: 5-DFUR, 5-deoxy-5-fluorouridine.

enzyme, was synthesised in an attempt to increase the
eficacy of 5-FU by increasing intratumoral delivery of
drug [32]. In subsequent human testing, response rates
similar to those achieved by 5-FU in colorectal carcinoma
(30-35%) could be obtained only after protracted
continuous venous infusion, up to 3 months in one study
[33]. Unfortunately, a trial of oral administration was
limited by diarrhoea, due presumably to the release of
5-FU in the gastrointestinal tract through the activity
of intestinal pyrimidine nucleoside phosphorylase [34].
Capecitabine (N*-pentyloxycarbonyl-5'-deoxy-5-fluoro-
cytidine) has been developed to circumvent the problem
of gastrointestinal toxicity from oral 5'-deoxyfluoro-
uridine. This oral prodrug of 5-FU is absorbed through
the gastrointestinal mucosa as an intact molecule. It is
sequentially activated by carboxylesterase, cytidine deami-
nase and pyrimidine nucleoside phosphorylase (Figure 4).
This cascade results in the formation of 5’-deoxy-
5-fluorocytidine (5-DFCR), 5’-deoxy-5-fluorouridine
(5-DFUR) and finally the intratumoral release of 5-FU
[35]. In human tumour xenograft models, capecitabine
yields substantially higher concentrations of 5-FU within
tumours than in plasma or normal tissue. In addition,
capecitabine yields higher intratumoral concentrations of
5-FU than equitoxic doses of 5-FU. In phase I studies
on a twice daily oral schedule for 6 weeks, the maximal
tolerated dose was 1657 mg m~ > dalyf1 [36]. On a
twice daily dosing schedule for 14 days with 1 week off,
the recommended phase II dose was 2510 mg m™~ . This
latter dose had the best toxicity profile, and has been
selected for subsequent studies. Pharmacokinetic data
revealed a rapid, near complete absorption with rapid
conversion to metabolites and low systemic exposure to
5-FU. Diarrhoea was dose-limiting with other toxicities
such as palmar-plantar erythrodysesthesia (hand—foot
syndrome) and stomatitis being typical of toxicities of
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protracted infusion 5-FU [36]. The antitumour activity
of capecitabine has been demonstrated in metastatic breast
cancer. In a phase II study of patients with metastatic
breast cancer who had previously received paclitaxel and
doxorubicin, an overall response rate of 20% with a
median survival of 384 days was achieved. Toxicities
were mild. Based on these data, this drug has been
approved for use in refractory breast cancer in the United
States. Phase III trials in colorectal cancer have been
completed, and results are awaited with interest.

The major impetus behind the development of all
these oral formulations of 5-fluorouracil is the realization
that continuous infusion 5-FU may have a better
therapeutic index than bolus schedules. Oral adminis-
tration may simulate continuous infusion schedules
without the cost, inconvenience and morbidity associated
with central venous catheters and infusion pumps. The
major pharmacologic properties of these agents are
outlined in Table 1.

Specific thymidylate synthase inhibitors

Thymidine monophosphate (TMP) is anabolized in cells
to the triphosphate, which is essential for DNA synthesis
and repair. An enzyme critical to the de novo synthesis of
TMP is thymidylate synthase (TS). The substrate for TS
is deoxyuridine monophosphate (dUMP), which is
converted to TMP. The carbon donor for this reaction
is the folate cofactor, 5,10-methylenetetrahydrofolate
(CH,FH,). After intracellular anabolism to FAUMP, the
fluoropyrimidine 5-FU inhibits TS by forming a ternary
complex with TS and CH,FH,. Fluoropyrimidine resist-
ance in several tumours, including colorectal cancer has
been shown to be mediated through increased TS protein
and mRNA levels [37]. In addition, high levels of dUMP

have been found in colorectal tumour samples of patients
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Table 1 Pharmacologic properties of oral fluoropyrimidines.

New agents in colorectal cancer

Intratumoral

DPD 5-FU PPRT release of Stage of

Drug inhibitor/mechanism prodrug inhibition drug development
Eniluracil/5-FU Eniluracil/inactivator No No No Phase III
UFT Uracil/competitive inhibitor Yes No No Phase 111

Clinical use in Japan
S-1 CDHP/competitive Yes Yes No Phase 1/11

inhibitor

Clinical use in Japan

Capecitabine None Yes No Yes Phase III

Clinical Use for
breast cancer in
North America

DPD: dihydropyrimidine dehydrogenase.
PPRT: pyrimidine phosphoribosyl transferase.
CDHP: 5-chlorodihydropyrimidine.

not responding to 5-FU ' leucovorin [38]. Pure, specific
inhibitors of TS may overcome these resistance mechan-
isms and lead to greater therapeutic activity, compared to
the indirect inhibition of modulated 5-FU. Various
heterocyclic folate analogues have been found to be
potent TS inhibitors. The first such inhibitor to be
evaluated clinically was CB3717. This agent was active
in several tumour types in vitro and in vivo but exhibited
life-threatening nephrotoxicity thought to be related to
aqueous insolubility in phase I/II testing [39]. Several
second generation agents are in different stages of clinical
development.

Raltitrexed (Tomudex®)

Raltitrexed  (N-[5-(N-[3, 4-dihydro-2-methyl-4-oxo-
quinazolin-6-ylmethyl]-N-methylamino)-2-th enoyl]-1-
glutamic acid) is the first specific TS inhibitor to be
approved for clinical use. This is a water soluble second-
generation quinazoline analogue of folic acid which is
transported into cells by the reduced folate carrier and is
extensively anabolized to the more active (600-fold more
cytotoxic) polyglutamated forms. Cellular retention is
increased because of the extensive polyglutamation.
Preclinical activity was documented in a wide variety of
human tumour xenografts in nude mice [40]. A 26%
response rate was achieved in a phase II trial of raltitrexed
in colorectal cancer [41]. Based on this study, two
international phase III studies comparing raltitrexed
3 mg m~ > as a single 1.v. infusion every 3 weeks with
5-FU plus low-dose leucovorin (Mayo regimen) or high-
dose leucovorin (Machover regimen) have been com-
pleted [42, 43]. A North American study was set up to
compare two raltitrexed doses (3.0 and 4.0 mg miz)
with 5-FU and low-dose leucovorin, but the 4.0 mg m~ >

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 265-277

arm was discontinued because of excessive toxicity. Total
objective response rates were similar for raltitrexed and
5-FU 4LV, and palliative benefits were similar in extent
in all three studies [44]. After a follow-up of 26, 12, and
17 months, respectively, median survival in months was
statistically identical for the first two studies (10.1/10.2,
10.9/12.3 for raltitrexed and 5-FU, respectively) and
inferior for raltitrexed (9.7 vs 12.7 for 5-FU) in the
North American study. The tolerability profile of
raltitrexed on these studies appeared to be slightly
superior. Severe leucopaenia (WHO grades 3 and 4)
occurred in 6—18% of patients compared with 13—41%
in the 5-FU/LV group. Grade 3 and 4 mucositis
occurred in 2-3% of patients on raltitrexed compared
with 10-22% of patients in the 5-FU/LV group. The
incidence of diarrhoea was equivalent for both agents.
However raltitrexed caused more severe anaemia (5-9%
vs 2—4%) and elevation of hepatic transaminases (9—10%
vs 0—-1%) compared with 5-FU/LV. Based on these data,
raltitrexed was approved in the UK and several European
countries as well as Canada for the treatment of
metastatic colorectal cancer. Results of the North
American phase III study has raised doubts about the
approval of raltitrexed for the treatment of colorectal
cancer in the United States.
analogue, BW1843 U89 is in clinical development.
BW1843 U89 is a 3-methyl-benzoquinazoline analogue
which is a very potent TS inhibitor, with a K; of
0.09 nm. It is an excellent substrate for the
reduced folate carrier and folylpolyglutamate synthase
(FPGS), but polyglutamylation proceeds to the digluta-
mate only. The diglutamate form does not possess any
increased TS inhibitory properties over the parent
compound. Clinical activity in colon carcinoma has been
noted in phase I-testing [45].

Another classical folate

human
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DHEFR, dihydrofolate reductase: GARFT, glycinamide ribonucleotide formyltransferase) by MTA and its polyglutamated metabolites.

LY231514 (MTA)

MTA (LY231514, N-[4-[2-(2-amino-3, 4-dihydro-4-
oxo-7H-pyrrolo[2, 3-d]pyrimidin-5-yl)ethyl]-benzoyl]-
L-glutamic acid), is a novel multitargeted antifolate which
inhibits TS, dihydrofolate reductase (DHFR), and glycina-
mide ribonucleotide formyl transferase (GARFT)
[Figure 5] [46] [47], [48]). GARFT is a folate-dependent
enzyme that is involved in purine synthesis. The K;
values for these enzymes are 1.3, 7.1 and 65 nm,
respectively. The implication of two and possibly all of
these three targets in the cytotoxicity of MTA is supported
since both thymidine and hypoxanthine are required to
circumvent cellular death caused by MTA [49]. This
drug gains entry into cells via the reduced folate carrier,
and has a high affinity for FPGS. The predominant
pentaglutamate form in cells has a greater than 60 fold
potency in its inhibition of TS, compared with the
monoglutamate form [50]. In initial phase I studies, two
partial responses were seen in colorectal cancer patients,
lasting 7 and 11 months, respectively. The recommended
dose for further testing was 600 mg m ™ administered
every 3 weeks. Dose-limiting toxicity on this schedule
was neutropaenia. Other toxicities were rash, mucositis,
nausea, vomiting, fatigue, anorexia and elevation of
hepatic transaminases [51]. Cumulative results from
several clinical trials indicate that the folate status of
patients is a sensitive predictor of toxicity from MTA.
The most sensitive indicator of folate status appears to be
serum homocysteine. Patients with serum homocysteine
levels above a threshold concentration of 10 pm are at
significant risk of developing severe myelosuppression,
mucositis or diarrhoea [52]. The dose of MTA has been
successfully escalated up to 1000 mg m’ every 3 weeks
with folate supplementation, which may not adversely
affect the antitumour activity of MTA [53]. MTA is
undergoing broad phase II studies and has shown activity
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in colon, breast, lung, and bladder cancers, as well as in

mesothelioma [54-56].

Platinum compounds

Cytotoxic platinum compounds are activated by an
aquation reaction in which a leaving group is replaced
by water forming a positively charged species which
cross-links DNA leading to cytotoxicity [57]. The
common platinum agents, cisplatin and carboplatin are
ineffective in colorectal cancer. However,
third generation platinum agents differing in the carrier
ligand have been synthesized in an attempt to improve
the clinical activity and decrease the toxicity of these
compounds.

second and

Oxaliplatin (L -OHP, Eloxatin®)

Oxaliplatin  (oxalato-trans-1-1, 2 diaminocyclohexane
platinum, Figure 6) is a third generation platinum
compound synthesized in Japan in 1969 [58]. This agent
produces inter and intrastrand DNA cross-links which
are qualitatively and quantitatively similar to those
produced by cisplatin [59]. However, the reaction kinetics
are more rapid, and DNA-platinum adducts produced by
oxaliplatin appear to be more resistant to repair by cellular
mechanisms, and more cytotoxic than those produced by
cisplatin [60]. This has been explained by the retention
of the bulky diaminocyclohexane ring by activated
(Figure 6). Oxaliplatin exhibits markedly
diminished cross-resistance with cisplatin both in vitro and
in vivo. Deficiencies in mismatch repair (MMR) and
increases in replicative bypass (the ability of the replication
complex to synthesize DNA past the site of DNA
damage), which contribute to resistance to cisplatin, have
not been shown to induce resistance to oxaliplatin [61].
Deficiency in MMR  occurs in patients with familial

oxaliplatin

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 265-277
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Figure 6 Biotransformation of cisplatin, carboplatin and oxaliplatin.

nonpolyposis colon cancer. Oxaliplatin may be a good
therapeutic choice in these patients. This drug has a
different toxicity profile from cisplatin [62, 63]. Its
dose-limiting toxicity is peripheral neuropathy. It is non-
nephrotoxic, and has minimal haematological, auditory,
or cardiac toxicity. Oxaliplatin has exhibited in vitro and
in vivo activity in 5-FU sensitive and 5-FU resistant colon
cancer cells. In phase I studies, a dose of 130 mg m ’
given as a 2 h infusion every 3 weeks was identified for
phase II evaluation. This schedule has been tested in 63
previously untreated and 101 patients with disease
refractory to 5-FU in phase II trials. In first-line therapy,
the response rate was 18%, while the response was 10%
in patients previously treated with 5-FU, illustrating the
modest activity of single-agent oxaliplatin in colorectal
cancer. However, oxaliplatin has a greater than additive
effect with 5-FU/leucovorin in vitro, and its activity
in vivo 1s significantly enhanced by combination with
5-FU. Unfortunately, the development of oxaliplatin in
combination with 5-FU/leucovorin has been compli-
cated by the utilisation of a variety of doses and schedules.

The concept of adapting the delivery of chemothera-
peutic agents to circadian rhythms, chronotherapy, has
been utilised in the European development of this drug.

In one phase II study of a combination of oxaliplatin and
5-FU/leucovorin in colorectal cancer, a 5-day infusion
of chronomodulated drugs were administered with a
maximum rate of drug delivery at 16.00 h and a minimum
at 04.00 h [64, 65]. A 58% response rate was seen in 93
patients, 47 of whom had received prior therapy. To
dispel the notion that the promising results observed with
oxaliplatin/5-FU 4LV combinations were due to the
chronomodulated regimen used, oxaliplatin has been
tested in constant-rate infusion schedules and in regimens
using bolus administration followed by 5-FU/LV infusion.
Current data comparing chronomodulated and constant-
rate infusions demonstrate a lower response rate for
the latter regimen, but comparable progression-free and
median survival, respectively.

Tables 2—4 summarize certain key studies testing
oxaliplatin as a single agent and in combination with
5-FU4LV in the first-line and second-line setting. A
broad multicentre trial of oxaliplatin and 5-FU in patients
with 5-FU refractory colon cancer is near completion in
North America. In an elegant French study, 53 patients
out of a total of 330 with unresectable hepatic metastases
from colorectal carcinoma had their liver lesions resected
after down-staging following systemic chemotherapy with

Table 2 Clinical activity of single-agent
oxaliplatin in colorectal cancer.

Evaluable Overall Median progression Median overall
patients response (%) free-survival (months) survival (months)
First line therapy 37 [89] 24.3 7 13
25 [90] 12 6 14.5
Second-line therapy 55 [91] 11 NA 8.2
51 [91] 10 NA NA
29% [92] 10 5 10

*Oxaliplatin was administered by a chromo-modulated schedule. In the other studies,

oxaliplatin was administered at a dose of 130 mg m™ infused over 2 h every 3 weeks.

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 265-277
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Table 3 Phase III trials of oxaliplatin plus 5-fluorouracil and folini

¢ acid in previously untreated metastatic colorectal cancer.

Evaluable Drug doses (mg m_2) OR PFS (0N
patients Oxaliplatin 5-FU LV (%) (months) (months)
47 193] 20 x 5 days every 600 x 5 days 300 x 5 days 32 8 14.9
3 weeks (constant)
45 Same doses chronomodulated 53 11 19
93 [94] 25 x 5 days every 600 x 5 days 300 x 5 days 29 7.9 16.9
3 weeks (constant
infusion)
93 Same doses chronomodulated 51 9.8 15.9
100 [95] 125 x 1 day every 700 x 5 days 300 x 5 days 34 7.7 NA
3 weeks (constant)
100 None Same doses chronomodulated 12 4.6 NA
OR =objective response rate; PFS =median progression-free survival; OS =median overall survival; NA =not reached in 12 months.
Table 4 Selected studies of Oxaliplatin plus 5-fluorouracil and folinic acid in previously treated metastatic colorectal cancer.
Evaluable Drug doses (mg m_2) OR PFS (0N
patients Oxaliplatin 5-FU LV (%) (months) (months)
Constant infusion
46 [96] 100 x 1 day every 2 weeks 1500-2000 x 2 days (CVI) 500 x 2 days 46 7 17
48 [97] 85 x 1 day every 2 weeks 1500 x 2 days (CVI) 500 x 2 days 25 - -
Chronomodulated
42 (98] 25 x 5 days every 3 weeks 700 x 5 days 300 x 5 days 55 10 13
57 [99] 25 x 1 day every 2 weeks 700 x 4 days 300 x 4 days 38 10 13

*Individual studies enrolling more than 40 patients are reported here.

chronomodulated oxaliplatin and 5-FU/LV. In this group
of 53 patients, cumulative 3-and 5-year survival rates
were 54 and 40%, respectively [66]. A similar trial
utilizing bolus regimens of oxaliplatin and 5-FU/LV will
be started by the North Central Cancer Treatment Group
in the United States. Oxaliplatin was approved in the
spring of 1996 in France for use as a single agent or in
combination with 5-FU, in patients with colorectal
cancer which is refractory to fluoropyrimidine-based
therapy.

Topoisomerase I inhibitors

Topoisomerase I is a 100-kDa nuclear enzyme which is
critical for DNA replication and transcription. It causes
transient breaks in a single strand of DNA, by forming a
transient DNA-enzyme ‘cleavable complex’. These breaks
release the torsional strain caused by synthesis of a new
strand of DNA or RNA around a double helix, thus
relaxing supercoiled DNA [67]. The camptothecins target
the DNA-topoisomerase 1 complex, preventing the
reannealing of the nicked DNA strand. This inhibition
results in intracellular accumulation of drug-stabilized
topo I-DNA cleavable complexes, arrest of DNA
replication and subsequent cell death [68]. Camptothecin
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is a plant alkaloid obtained from the Camptotheca acuminata
tree. This drug was tested for antitumour activity and
abandoned in the 1960s because of severe and unpredict-
able haemorrhagic cystitis, myelosuppression, nausea and
vomiting. Three derivatives of camptothecin, have been
introduced into clinical trials in recent years. Topotecan
has been approved for the treatment of refractory ovarian
cancer, and in the United States approval has been
recommended for extensive-stage small cell lung cancer.
This agent is however, inactive in colorectal cancer.
9-aminocamptothecin has been evaluated on different
schedules for the treatment of colorectal cancer but does
not appear to have significant enough activity in this
disease to warrant further development.

Irinotecan (CPT-11, Camptosar®)

Irinotecan  (7-ethyl-10-[4-(1-piperidino)-1-piperidino]
carbonyloxycamptothecin) is a semisynthetic, water-
soluble analogue of camptothecin, with greater in vivo
and in vitro activity and less severe and more predictable
toxicity (Figure 7a). It is the most active agent in this
class in the therapy of colorectal cancer, and is approved
for the treatment of 5-FU refractory colon cancer.

Irinotecan is a pro-drug which is converted in vivo

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 265-277
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Figure 7 a) Structure of camptothecin and its analogues (left panel). b

) Metabolism of irinotecan (right panel). APC,

aminopentanecarboxylic acid; UGT1A1, uridine diphosphate glucuronosyltransferase (isozyme 1A1).

primarily by hepatic microsomal carboxylesterases to an
active metabolite, SN-38. The topoisomerase 1 inhibition
of irinotecan 1is accounted for by the intracellular
concentrations of SN-38, which is about 250—1000 times
more potent than the parent drug. Two human carboxyl-
esterase isoforms responsible for SN-38 formation; a
high-affinity, low K,, and a low-affinity, high-K,, isoform,
have been described [69]. Intestinal carboxylesterases can
also generate SN-38, followed by subsequent absorption.
SN-38 is mainly eliminated through conjugation by the
1 A1l isoform of uridine diphosphate glucuronosyltranster-
ase (UGT1 Al), the same isoenzyme responsible for
glucuronidation of bilirubin [70]. Patients with Gilbert’s
syndrome are deficient in UGT1 Al activity. Severe
irinotecan-related toxicity (neutropaenia and diarrhoea)
has been described in these patients. Patients with elevated
bilirubin or partial UGT1 A1 deficiency (Crigler—Najjar
syndrome type II), as well as patients receiving valproic

© 1999 Blackwell Science Ltd Br | Clin Pharmacol, 48, 265-277

acid (an inhibitor of UGT1 A1) may also be at risk
for increased irinotecan toxicity [71]. A second major
metabolite of irinotecan, aminopentanecarboxylic acid
(APC), 1s a product of CYP3 A4-mediated oxidation
(Figure 7b). APC is a relatively weak inhibitor of
acetylcholinesterase and two orders of magnitude less
potent than SN-38 as a topoisomerase 1 inhibitor.

The presence of an intact lactone ring in camptothecin
and related compounds, including irinotecan, enhances
antineoplastic activity. The lactone functional group
undergoes a pH-dependent hydrolytic ring opening to
the relatively inactive hydroxyacid form, with the closed
ring form predominating at low pH [72]. In earlier
Japanese and US phase 1 studies of irinotecan, the
maximum tolerated dose was defined as 240-250 mg m~°
using a once every 3 week schedule, and 100 and
150 mg m > using a weekly schedule, respectively [73].
In these studies, the weekly intermittent schedule was
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associated with greater dose intensity and was therefore
chosen for further studies.

The dose-limiting toxiciiesy in all these studies were
diarrhoea and neutropaenia. European studies with a
single infusion every 3 weeks showed diarrhoea to be
dose-limiting at 350 mg m~” but with concomitant
administration of high dose loperamide, CPT-11 doses
of up to 600 mg m ™~ were administered [73]. This once
every 3 week schedule was felt to be better tolerated
with superior dose intensity compared to the weekly
schedule, and was chosen for further studies in Europe.
In a confirmatory phase I trial at Mayo Clinic [74], the
recommended phase II dose of CPT-11 on a 3-weekly
schedule was found to be 320 mg m™ >, Alternate dosage
schedules studied are continuous infusion for 5 days and
daily for 3 days [75]. These studies have demonstrated
that the dose-limiting toxicities of CPT-11 are similar
regardless of the administration schedule. Early onset
diarrhoea, emesis, diaphoresis, abdominal cramping and
less commonly, hyperlacrimation and rhinorrhoea occur-
ring during or within 24 h of CPT-11 infusion has been
identified [76]. These symptoms are consistent with
cholinergic hyperstimulation and are easily controlled
with anticholinergic therapy such as atropine 0.5-1.0 mg
intravenously. Irinotecan has been shown to inhibit
acetylcholinesterase, and also binds to and stimulates
muscarinic receptors [77]. Late-onset diarrhoea appearing
5-10 days after drug administration, is difficult to treat
and appears to be related to SN-38-induced GI mucosal
toxicity. Early recognition and prolonged administration
of loperamide is effective for the late-onset diarrhoea and
has decreased the incidence of grade 4 diarrhoea from 20
to 30% to 5—10% in different studies [78]. Leucopaenia,
primarily neutropaenia was the other dose-limiting
toxicity in several phase I trials. The incidence of grade
4 neutropaenia is approximately 6% and reversible, lasts
mostly for less than 5 days and is usually asymptomatic.
The appearance of concomitant severe neutropenia and
diarrhoea has been fatal in a few cases [79]. Other
toxicities have included nausea, vomiting, malaise and
alopecia [80—82]. Two recently reported European trials
have provided some insight into the benefit of irinotecan
in 5-FU refractory colorectal cancer. In a randomised
trial comparing irinotecan with best supportive care, the
group receiving irinotecan had a survival rate of
9.2 months compared to 6.5 months for best supportive
care (P=0.0001, log-rank test), after a median follow-
up of 13 months. The irinotecan group also had an
improved quality of life and better control of disease-
related symptoms [83]. The second trial compared
irinotecan in second-line therapy with one of three
infusional 5-FU schedules. With a median follow-up of
15 months, the overall survival of irinotecan-treated
patients was 10.8 months as compared with 8.5 months
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for the 5-FU-treated patients (P=0.04) [84].
Combinations of CPT-11 and 5-FU/LV have been tested
on different schedules in phase I trials [85—87]. Future
development of CPT-11 involves studies in untreated
metastatic colorectal cancer, and in the adjuvant setting.
An oral formulation of CPT-11 is undergoing phase I-
testing. This route is pharmacologically suited to the
highly schedule-dependent activity of irinotecan [88].
The high concentration of tissue carboxylesterases in the
GI tract could promote the presystemic conversion of
irinotecan to SN-38. In addition the low gastric and
upper jejunal pH would favour the retention of irinotecan
and SN-38 in the active lactone ring form.

Conclusions

For the first time since 5-FU was discovered four decades
ago, there are new antimetabolites and promising modu-
latory approaches to therapy with 5-FU. There are also
new classes of agents which are noncross resistant with
5-FU. These agents achieve response rates similar to
5-FU but hold the promise of more convenient dosing
and some may possess milder toxicity profiles. Appropriate
combinations of these agents and selection of therapy
based on disease characteristics may improve the thera-
peutic outcome of colorectal cancer. For example, one
may avoid the fluoropyrimidines and TS inhibitors in
patients with tumours expressing high levels of TS;
capecitabine could be used in tumours with high levels
of thymidine phosphorylase; and eniluracil/5-FU could
be used in tumours with high levels of DPD.
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