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Abstract

The pharmacokinetics of 5-FUra were studied in 15 patients with carcinoma,
before and after pretreatment with the imidazole Hz-receptor antagonist cimetidine
(CMT). Whilst single dosage or short term (7 days) pretreatment had no effect upon
5-FUra kinetics, long term (28 days) pretreatment led to increased plasma
concentrations and area under the concentration-time curve (AUC). The elimination
half-life of 5-FUra was not altered.

Studies in the rat and monkey confirmed the above results. In the rat, short
term pretreatment with CMT increased the AUC and elimination half-life (tij2z) of
5-FUra whilst reducing clearance (CL). Long term pretreatment exaggerated these
effects. By contrast, short and long term pretreatment with a non-imidazole
Ha-receptor antagonist, ranitidine (RNT) exerted no significant effect on 5-FUra
kinetics. In the monkey, short term pretreatment with CMT increased the t1/24 leaving
other 5-FUra kinetic parameters unchanged; long-term pretreatment increased both
t1/2,. and AUC, while CL was decreased.

The transport of 5-FUra into human erythrocytes and rat hepatocytes was
rapid and saturable. Whilst the results suggested uracil and 5-FUra were transported
by the same carrier, the study did not provide an explanation for the pharmacokinetic
results.

CMT, but not other Hz-receptor antagonists, inhibited rat and human
dihydropyrimidine dehydrogenase (DPD), the enzyme which is the rate-limiting step in
the catabolism of 5-FUra. All antagonists tested had no -effect on the anabolism of
5-FUra by orotate phosphoribosyltransferase (OPRT) and thymidylate synthetase (TS).

In a study involving chemically-induced colonic tumours in the rat, short term
pretreatment with CMT but not RNT increased tissue levels of 5-fluorodeoxyuridine
monophosphate (FAUMP), the active metabolite of 5-FUra.

Thus CMT may modulate the bioavailability of 5-FUra through inhibition of
the catabolic pathway. This may be of chemotherapeutic value, but the possibility of

increased toxicity should be investigated.



Contents

Abstract

Contents

List of Figures

List of Tables

List of Plates
Acknowledgements
Abbreviations and trivial names
Chapter 1: General introduction

1.1 Cancer therapy
1.1.1 Management
1.1.2 Combination chemotherapy
1.2 5-Fluorouracil
1.2.1 Development
1.2.2 Clinical usage
1.2.3 Colorectal cancer
1.2.4 Metabolism
1.2.5 Biochemical modulation
1.3 Hz-receptor antagonists
1.3.1 Development
1.3.2 Drug interactions
1.4 Aim of the project

Chapter 2. Material and methods

2.1 Materials
2.2 Animal treatments
2.2.1 Animals
2.2.2 Dosage of animals
2.2.3 Preparation of sub-cellular fractions
2.2.4 Cannulation of jugular vein
2.2.5 Laparotomy
2.2.6 Preparation of hepatocytes (SLICE METHOD)
2.2.7 Preparation of hepatocytes (PERFUSION METHOD)
2.3 Human studies
2.3.1 Preparation of erythrocytes
2.3.2 Preparation of sub-cellular fractions
2.3.3 Patient studies
2.4 Uptake of substances
2.4.1 Rapid kinetic procedure (centrifuge and oil system)
2.4.2 Validation of rapid kinetic method
2.5 Assays
2.5.1 Determination of 5-FUra in plasma by GLC
2.5.2 Determination of 5-FUra in rat plasma by HPLC
2.5.3 Determination of 5-FUra in monkey/human
plasma by HPLC
2.5.4 dUMP Assay (protein binding method)

10
12

12
12
13
17
17
19
20
23
26
30
30
31
33

34

34
34
34
34
35
35
38
39
40
41
41
42
42
44
44
45
46
46
47

50
50



2.5.5 FAUMP Assay (protein binding method)
2.5.6 Thymidylate synthetase assay
2.5.7 Extraction of nucleotides from tissue
2.5.8 Separation of dUMP from FAUMP
2.5.9 dUMP/FdUMP assay (spectrophotometric method)
2.5.10 Dihydropyrimidine dehydrogenase assay
2.5.11 Orotate phosphoribosyltransferase assay
2.6 Estimation of intra- and extra-cellular spaces
2.7 Scintillation counting
2.8 Statistics and data handling

Chapter 3 Effects of CMT on 5-FUra pharmacokinetics
in patients

3.1 Introduction
3.2 Procedure
3.2.1 Patients
3.2.2 Assay
3.2.3 Data analysis
3.3 Results
3.3.1 5-FUra assay
3.3.2 Single dose CMT study
3.3.3 Prolonged CMT administration
3.4 Discussion

Chapter 4 The effect of Hz-receptor antagonists on the
pharmacokinetics of 5-FUra in the rat and monkey

4.1 Introduction
4.2 Methodological considerations
4.3 Procedure
4.4 Results
4.4.1 Rat studies
4.4.2 Monkey studies
4.5 Discussion

Chapter 5 Effect of Cellular transport of 5-FUra

5.1 Introduction
5.2 Transport of pyrimidines and their derivatives
5.3 Transport in isolated cell systems
5.3.1 Erythrocytes
5.3.2 Isolated hepatocytes
5.4 Kinetic analysis
5.4.1 Zero-trans influx
5.5 Methodological considerations in the derivation of transport data
5.6 Procedures
5.7 Results
5.7.1 Validation of procedures
5.7.2 Zero-trans influx of 5-FUra in erythrocytes
5.7.3 Zero-trans influx of 5-FUra in rat hepatocytes
5.8 Discussion

Chapter 6 The effect of Hz-receptor antagonists on
enzyme systems

6.1 Introduction
6.2 Methodological considerations

54
58
58
60
61
62
63
63
64
64

65

65
66
66
66
66
67
67
67
69
73

71

77
77
78
79
80
82
85

87

87
91
93
94
95
95
98
100
101
102
102
107
115
120

123

123
125



6.3 Procedure

6.4 Results
6.4.1 Orotate phosphoribosyltransferase (OPRT) assay
6.4.2 Thymidylate synthetase
6.4.3 Dihydropyrimidine dehydrogenase

6.5 Discussion

Chapter 7 The effect of H2-receptor antagonist on
5-FUra metabolite levels in colonic tumours

7.1 Introduction

7.2 Methodological considerations

7.3 Procedures

7.4 Results
7.4.1 Validation of procedures
7.4.2 Animal husbandry and colonic tumours
7.4.3 In vivo Kinetics

7.5 Discussion

Chapter 8. Final discussion

References

Appendix 1
I.I Equipment and miscellaneous
LIl Chemicals
LIII Solutions
Appendix 11
II.I Protein estimation (Lowry)
IL.II Preparation of standard curves for scintillation counting

126
126
126
126
129
133

135

135
137
138
139
139
141
142
151

154

159

174
174
174
175
178
178
179



Chapter 1. Introduction.

achieved for testicular cancer (Fung and Garnick, 1988; Borge et al, 1988) and
Hodgkin’s disease (Donaldson and Link, 1987; Horning et al, 1988) where the majority
(80-90%) of patients are cured. Treatment of other forms of the disease, including the
major cancers of the gastrointestinal tract and breast, have been less successful, the

objective being palliation and increases in both duration and quality of survival.

1.1.2 Combination Chemothera
The range of chemotherapeutic agents available to the oncologist is considerable
(Figure 1.1), extending from natural products [vinca alkaloids] (Horning et al., 1988) to

designer drugs [tamoxifen, (Smith, 1988); razoxane (Gilbeit et dl. 1984)].

FIGURE 1.1 The classification of cytotoxics and the central role of antimetabolites in
chemotherapy

Alkylating Agents

Cyclophosphamide
CCNU, Me-CCNU
Bleomycin

Plant Alkaloids

Vincristine
Vinblasline
Etoposide

Hormones

Tamoxifen
Antimetabolites

Metholrexale
5-Fluorouracil

Immunotherapy

BCG, Interlsukin-2
Coumarin?
Cimelidine?

Miscellaneous

Hydroxyurea
Razoxane

Their modes of action centre upon ability to disrupt the process of cell

reproduction and may be described as cell-cycle specific or non-specific. Cytotoxics
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Chapter 1. Introduction.

that are cell-cycle or phase specific are those that produce a biochemical blockade that
inhibits cell division. For instance, 5-FUra produces a metabolite that inhibits the DNA
synthesis or S-phase of the cell cycle and is therefore most active in tumours with a
large proportion of actively dividing cells.

In contrast, the nitrosourea CCNU, and the antitumour antibiotic adriamycin,
while technically nonspecific, depend on the prospect of cell division when the lethal
effect is expressed. Drugs in this group are dose dependent in that the degree of cell
kill is directly proportional to the absolute dose administered (Dorr and Fritz, 1982a).

Assessment of the relative merits of one drug or regimen over another is
difficult due to the widespread empiricism of cancer chemotherapy. Early workers were
responsible for several generally uncontrolled studies that concluded effectiveness of
adjuvant chemotherapy (Ansfield et al., 1962). The fundamental flaw in their work was
the absence of a control group. The strongest evidence for an effect of chemotherapy
upon the survival of, for instance, patients with colorectal carcinoma, would come from
a study with a control group receiving symptomatic treatment versus a group receiving
a cytotoxic. Because the value of cytotoxic therapy - at least against advanced disease -
seemed established, all patients received chemotherapy.

The problems, even in the study of a single drug are considerable. Whilst all
cytotoxics have been tested experimentally, assessment of their clinical efficacy is at
best difficult. Ideally, subjects should be randomised into appropriate control and test
groups but for ethical reasons clinicians have in the past opted for historical controls
and non-randomised groups. Further considerations are the health and age of the
subjects, their number and assessment of disease stage and, finally, response. Only
death is a well defined end point, hence the use of 5-year survival rates. Studies using
the soft option of recurrence-free survival as the criteria for success have all proved
erroneous.

In an effort to increase clinical efficacy, oncologists have developed regimens
employing a number of cytotoxics with varying dosages. These combinations reflect the

differential biochemical and pharmacological characteristics of the individual cytotoxics
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Chapter 1. Introduction.

but have only been evaluated empirically. For instance, the commonly used CMF
regimen involving cyclophosphamide, methotrexate and 5-FUra relies upon alkylation
of DNA, the depletion of folate pools and the production of an antimetabolite
respectively for the desired antitumourigenic response. No study has been published
that has assessed the combinations of these three drugs against a control group. Such a
study would also have to cater for the side effects of such an aggressive scheme and
the prescription of anti-inflammatories or anti-emetics would complicate the issue
further.

Over the past 10 years a few studies endeavouring to eradicate bias have
employed true control groups but only recently have clinicians considered the role of
therapeutic drug monitoring in cancer chemotherapy (Bertino, 1987). Therapeutic drug
monitoring has been invaluable in the use of digoxin, theophylline and aminoglycoside
antibiotics (Spector et al., 1988). However, there is no record of the use of therapeutic
drug monitoring in clinical cytotoxic therapy. Subjects in these trials are administered
doses of the drug or drugs involved, with no account being made for individual
systemic drug levels, and therefore any toxicity arising cannot be attributed to any one
drug. Plasma concentrations of a drug may vary among subjects receiving the same
schedule. Most importantly, there is no reason to expect plasma concentrations to relate
to tissue activity with the result that treatment outcome may be less than optimal in
patients not receiving the desired blood levels. Without the benefit of these
measurements, the clinician can either treat toxicity by dose adjustment or assume that
the regimen gives effective drug concentrations regardless of .normal tissue toxicity.
The novelty of therapeutic drug monitoring in this field is best exemplified by the
experimental work of Iigo et al., (1989). These authors drew specific attention to their
correlation of antitumour activity to plasma drug levels. In the absence of any form of
therapeutic drug monitoring it is not surprising, therefore, that clinicians have had little
success in showing one drug regimen to be superior to another for the major cancers of

breast and gastrointestinal tract.
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Chapter 1. Introduction.

The lack of truly selective drugs has focussed attention on means of increasing
tumour dosage and response, and decreasing toxicity or the consequences of this.
Targetting of chemotherapeutic agents (Gregoriadis, 1981) involves the attachment of
drugs to antitumour antibodies, oncofoetal antigens and various other glycoproteins,
lipoproteins, lectins or liposomes. A major advance would be the reliable assessment of
tumour sensitivity to individual cytotoxics (Chabner, et al., 1984; Bertelsen, et al.,
1984).

Methods of improving drug delivery to tumour cells have included catheter
placement for infusion of drugs (Kaplan et al., 1980, Appel et al., 1983), infusion of
angiotensin with the drugs (Miyazaki et al., 1981), infusions of oily suspensions of the
drugs (Nakaguma, et al., 1981) and the use of micro-encapsulated mitomycin C
resulting in sustained release (Kato et al., 1981). Pumps have been implanted for
continuous ambulatory infusion chemotherapy (Ausman et al., 1983; Johnson et al.,
1983; Mentzer et al., 1984; Lokich et al., 1989). Hyperthermia has been shown to
enhance the toxicity of some, but not all, chemotherapy agents (Komatsu et al., 1988).
Radiosensitisers such as misonidazole have been shown to increase the efficacy of
radiotherapy (Coleman et al., 1988).

The role of cytotoxics in the management of cancer cannot be overestimated but
assessment of their individual and combined clinical efficacy has in the past been
marred by poorly designed studies and premature optimism. The various methods of
increasing response will continue to be investigated but many studies now reported in
the scientific press concern the reappraisal of regimens first evaluated 10 to 20 years
ago. The studies bear no relation to their early counterparts with respect to study
design. Clinicians, increasingly cynical of premature reports, are channelling patient
resources into randomised clinical trials with control groups in an effort to scientifically
quantitate even slight progress. Central to the majority of these studies is a drug that
was synthesised three decades ago and one that has received considerable attention, not

only for its clinical potential but also its unique biochemistry: 5-FLUOROURACIL.
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Chapter 1. Introduction.

1.2 5-Fluorouracil.
1.2.1 Development.

S-Fluorouracil (5-FUra) is one of only a few clinically effective cytotoxic drugs
to have been designed on the basis of knowledge of tumour biochemistry (Figure 1.2).
The development of 5-FUra, its biochemistry, pharmacology and anti-tumourigenic
activity have been extensively reviewed (Myers, 1981; Diasio and Harris, 1989). 5-FUra
was synthesised by Duschinsky from acyclic precursors (Duschinsky et al., 1957)
following the observation that utilisation of uracil for nucleic acid synthesis was greater

in chemically-induced rat liver tumour than in control rat liver (Rutman et al., 1954).

FIGURE 1.2 Properties of 5-Fluorouracil (5-FUra).

Formula:
O
X
HN
0O N
H
Key: X=F, 5-FUra; X=H, uracil; X=CHs, thymine
Mol Weight: 130.08.
Physical form: Odourless, white crystalline solid.
Solubility: Soluble in water (12.2 mg/ml).
pKa: 8.1 i
Extinction Coefficient: 7.07 x 104 at 266 nm.
(in acetate buffer pH 4.7)
Stability: Slight tendency to be light sensitive and may

precipitate at low temperatures

Uracil is not a component of DNA. Rather, DNA contains thymine, the
methylated analogue of wuracil (Figure 1.2). This final touch in the formation of
thymine occurs at the nucleotide stage when deoxyuridine monophosphate (dUMP,
deoxyuridylate) is methylated by thymidylate synthetase to thymidylic acid (dTMP,

thymidylate), a constituent of DNA.
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Chapter 1. Introduction.

FIGURE 1.3. Conversion of dUMP to TMP by thymidylate synthetase

0)
5,10 methylene *CH
\trahydrofolate / N 3
J\ Thymldylate synthetase J\ l

07 N ?I
O CHzOFI’ —0 O CH,0P—0O’
HoHA O H HA O
H H
H OH H OH
dUMP dTMP

The Heidelberger group reasoned that the substitution of the hydrogen atom in
the 5 position, with a fluorine atom (of similar size) would have negligible effects on
the metabolism of uracil but may disrupt the complicated process of DNA replication.
Early biochemical studies (Bosch et al., 1958) showed 5-FUra to inhibit the
incorporation of formate into DNA thymine in vitro, an effect attributed to inhibition
of thymidylate synthetase (TS). Cohen et al (1958) showed FAUMP, the fluorinated
derivative of" deoxyuridylate, to be the inhibitor of this enzyme. These workers thought
the nature of the inhibition to be uncomplicated, but later work proved this to be far
from the case as will be discussed at later stages. Early clinical trials suggested 5-FUra
to have a use in the management of various cancers (Ansfield et al., 1962, Young et al.,
1960, Zubrod, 1961), although the results of these workers have to be viewed

objectively (1.1.2).

18



Chapter 1. Introduction.

1.2.2 Clinical Usage.

5-FUra has been used for most forms of neoplasia at some .time or another but
it is used today in the routine treatment of carcinoma of the breast and gastrointestinal
tract (Table 1.1). Whilst effective as a single agent for these tumours it is rarely
administered alone in carcinoma of the breast (Table 1.2). The Quad regiﬁlen for breast
cancer employs four drugs with cytotoxic activity with optional therapy for cerebral

oedema, a side effect of chemotherapy.

TABLE 1.1. Major examples of 5-FUra usage.

Tissue Regimen Reference
Breast CM,F Tannock et al., 1988
CFP+T Ingle et al., 1988
F,E,C/F,A,C Multicentre trial, 1988
Stomach F, Mito-C Earl et al., 1984
Pancreas F, MeCCNU Horton et al.,1981
F, Mito-C Carter and Comis
et al., 1975
Colorectal F Wasserman et al., 1975
F, MeCCNU Ramming et al., 1980
F,AM Polychronis et al., 1983
19 Hepatoma F Ramming 1980
F, A Baker et al., 1977
20 Liver F Helsper et al., 1981
Key: F, 5-FUra; Mito-C, mitomycin-C; M, methotrexate

C, cyclophosphamide; A, adriamycin; P, prednisone
T, tamoxifen; E, epirubicin; MeCCNU (see abbreviations).
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Chapter 1. Introduction.

TABLE 1.2 Cytotoxic Regime for Breast Carcinoma (Quad). Protocol as used
by the Oncology Dept, Westminster Hospital, London.

Drug Dose Route Comment
(mg)

1st Day

Cyclophosphamide 500 iv.

Vincristine 1 iv

5-FUra 1000 iv.

Hydrocortisone 100 iv. optional

Dexamethasone 4 iv. optional

7 days later

Cyclophosphamide 500 iv.

Vincristine 1 iv.

MTX 30-50 iv.

Hydrocortisone 100 i.v. optional
Dexamethasone 4 iv. optional

Note. 28 day cycle. Dose of MTX is dependent upon haematological

tolerance. Dosage based upon a body weight of 65 kg.
Hydrocortisone and dexamethasone used as anti-inflammatory
agents.

However, no drug or regimen has been shown to be more efficacious than 5-
FUra alone in the management of carcinoma of the gastrointestinal tract and in

particular, colorectal carcinoma.

1.2.3 Colorectal Cancer.

Colorectal cancer now accounts for 14% of all deaths from malignant disease.
and is the second commonest cancer in the UK (Cancer registration statistics, 1988).
The disease is common in N. America, Western Europe and Australasia and studies
indicate that dietary culture is the most important factor. However, a number of
diseases are thought to predispose cancer, including genetic composition, colorectal

adenomas and chronic inflammatory disease of the colorectum.
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Chapter 1. Introduction.

Effective adjuvant therapy for colorectal carcinoma has eluded the efforts of
surgical, radiation and medical oncologists for over thirty years. Attempts to increase its
efficacy have included variations in dosage and route of the single agent, and its
combination with other drugs.

Two of the more significant developments are the use of portal vein infusion of
5-FUra, which has been claimed to markedly reduce . hepatic metastases and
significantly improve survival (Taylor et al., 1977), and continuous ambulatory
infusion, which, while being no more efficacious than conventional intravenous bolus,
is less toxic to the host (Lokich et al., 1989).

5-FUra is often administered as part of a cytotoxic regimen and/or in adjunct
with radiotherapy or surgery. The value of certain combinations continues to be
questioned. In the early 1970’s, 5-FUra in combination with methyl CCNU was
believed to be effective in advanced colorectal disease and led to several positive results
from poorly designed studies. Three major and more recent studies with variations on
the 5-FUra/methyl CCNU surgical adjuvant theme have failed to show an
improvement for colorectal patients (GITSG, 1984; Higgins et al., 1984; Fisher, et al.,
1988). A later study (Panattiere et al., 1988) is notable for two reasons. Firstly, for the
high standard of scientific expertise in confirming their colleagues’ conclusions and
secondly, for its critical appraisal of their previously published positive results. The
major disadvantage of using methyl-CCNU has come from such mature studies where
any benefit from its use is outweighed by the incidence of methyl-CCNU induced
leukaemia (Boice et al., 1986). This form of side-effect does not exist with the CMF
regimen of cyclophosphamide, methotrexate and 5-FUra which has resulted in its

widespread use (Table 1.3.).
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Chapter 1. Introduction.

TABLE 1.3. Cytotoxic Regime for Colon Carcinoma (CMF). Protocol as used by
the Oncology Dept, Westminster Hospital, London.

Drug Dose Dose Route Comment
(mg) (mg/m?)

1st day

MTX 25 iv.

5-FUra 600 1.v.

7 days later.

MTX 25 iv.

5-FUra 600 iv.

Cyclophosphamide 100 oral  optional
Cyclophosphamide 750 iv. optional

Note. 28 day cycle. Dosage in terms of surface area (mg/m?) is used in

regimens where the levels of dosage of the drugs being administered
approaches the maximum tolerated level. Cyclophosphamide may be
given orally to patients who cannot, for practical or humanitarian
reasons, be dosed intravenously since the drug is well absorbed by this
route.

The side effects generally encountered in chemotherapy may not be as
irreversible as those seen with MeCCNU but still hold the key to successful therapy.
5-FUra, in common with most cytotoxics, has a narrow therapeutic margin: dosage
levels between antitumour efficacy and host toxicity are very close. The most
pronounced and dose limiting effects of 5-FUra are on. the normal, rapidly
proliferating tissues of the gastrointestinal tract lining and .. bone marrow. Toxicity
manifests as stomatitis (5-8 days) and later myelosuppression (9-14 days). Further signs
of chemotherapy are alopecia and the loss of nails while treatment may also precipitate
neurotoxicity: headache, minor visual disturbances, cerebellar ataxia, or all three.

Unlike the majority of cytotoxics 5-FUra has a unique and quite intriguing
metabolic profile which has led to the considerable attention :.of major research groups
all centred in the USA: notably those of Santi and Heidelberger. These groups
identified the major metabolites of 5-FUra and the nature of the interaction with

thymidylate synthetase. The technical advances that were made, stimulated considerable
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Chapter 1. Introduction.

interest in the manipulation of intracellular biochemical events -after S-FUra exposure
for therapeutic gain. However, prior to any discussion on the means whereby the action

of 5-FUra may be modulated by other drugs, not necessarily possessing cytotoxicity,

the metabolism of 5-FUra must be described.

1.2,4 Metabolism,
The metabolism of 5-FUra is complex involving both catabolism and anabolism.
The overall scheme is shown is Figure 1.4. and the enzyme systems held to be

responsible for each stage are tabulated in Table 1.4.

FIGURE 1.4. The metabolic pathways of 5-FUra.

Catabolism Anabolism

5-F-8-Ureido
Propionate

1
a- F-B-alanlne { Faud [ | Faump | RNA
CO, NH,

The complexity of the pathways shown in Figure 1.4 ‘has received intense
investigation and two innovations: the development of HPLC (Sommadossi et al., 1982)

and ligand binding assays for FAUMP, have been instrumental in their elucidation.
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Chapter 1. Introduction.

TABLE 1.4. The enzymes involved in the metabolic pathways of 5-FUra.

Thymidine phosphorylase:
dTHd + Pi == Thymine +x-D-deoxyribofuranose-1-phosphate
FdUrd + Pi=—FUra +«-D-deoxyribofuranose-1-phosphate

Uridine phosphorylase:
Urd + Pi === Ura +«x-D-deoxyribofuranose-1-phosphate
FUrd + Pi == FUra +<-D-deoxyribofuranose-1-phosphate

Uridine-deoxyuridine phosphorylase:

Urd + Pi === Ura +«-D-ribofuranose-1-phosphate

dThd + Pi === thymine +«-D-deoxyribofuranose-1-phosphate
FUrd + Pi ==FUra +o~D-ribofuranose-1-phosphate

Thymidine kinase:
dThd + ATP —— dTMP + ADP
FdUrd + ATP z— FdUMP + ADP

Orotate phosphoribosyltransferase:
Orotate + PRPP OMP + pyrophosphate
FUra + PRPP FUMP + pyrophosphate

i

Ribonucleotide reductase:
UDP + NADPH =— dUDP
FUDP + NADPH <= FdUDP

Uridylate kinase:
UMP + ATP
FUMP + ATP

UDP + AMP
FUDP + AMP

1t

Dihydrouracil dehydrogenase:
Uracil + NADPH == B -ureidopropionic acid + NADP
FUra + NADPH === 5-f-g-ureidopropionic acid + NADP

The biotransformation of 5-FUra is complex relying on two routes: catabolism,

and anabolism.

Catabolism.

The degradative or catabolism pathway accounts for 80% of the administered

dose (Heggie et al., 1987). The liver is the primary site for elimination but anomalies in

clearance of the drug suggest involvement of extrahepatic tissues and urinary excretion

(Myers, 1981). The accepted route (Figure 1.4) involves an initial rate-limiting

reduction mediated by dihydropyrimidine dehydrogenase (DPD) followed by further

degradation to products excreted in the urine (Figure 1.5)
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Chapter 1. Introduction.

FIGURE 1.5 The catabolic pathway of 5-FUra.

NADPH NADP OH
o) Q l
FN F N¢ i
HN l —= HN H — HZN tﬁ — NH CH CHCOH
| H
J’\ P J\

P

H .

5-FUra . 5- FUHz FUPA FBAL
Anabolism.

The anabolic pathways of 5-FUra are shown in Figure 1.4. and Table 1.4. The
most important appear be those concerned with the formation of FUMP. Less
important is the route involving thymidine phosphorylase and thymidine kinase for the
conversion of 5-FUra to FAUMP. This pathway is more relevant where FdUrd is
administered as a drug.

5-FUra, in following the metabolic route of the endogenous substrate, uracil, is
converted via one of the pathways to FAUMP. This analogue of dUMP irreversibly
inhibits thymidylate synthetase in the form of a ternary complex (Figure 1.6). After a
sulphydryl group of the enzyme adds to C6 of the bound FdUMP,
methylenetetrahydrofolic acid adds to C5 of the bound nucleotide. Since the fluorine
cannot be at;stracted from FAUMP by the enzyme, the ternary complex between
FAUMP, enzyme and cofactor emerges. Considerable work has been performed on the
nature and stability of this complex (Danenberg and Danenberg, 1978; Lockshin and
Danenberg, 1981).

Owing to the central role of 5-FUra in chemotherapy and its unique
biochemistry, the considerable resources applied to research have led ultimately to a
full understanding of its metabolism. As a result the role of drug-drug interactions in

the metabolism of 5-FUra cannot be overestimated.
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Chapter 1. Introduction.

FIGURE 1.6 The inhibition of thymidylate synthetase by FAUMP.

Methylene THF
THF O
S HN F S HN ik
4\ Iy
O N S—Enzyme O S—Enzyme

N
| I
R

where'R = N-glycoside (D-2-deoxyribose). See Figure 1.3

1,2.5 Biochemical Modulation

The use of drugs in combination chemotherapy is a quite different issue to
their use in biochemical modulation. In the first instance, combination chemotherapy
relies upon the intrinsic qualities of individual drugs in arresting tumour progress.
Biochemical modulation describes the ability of one drug to modify the metabolism of
another. Over the years it has been increasingly obvious that 5-FUra metabolism may
be modulated, not only by other cytotoxics, but also drugs having no connection with
the treatment of cancer (Table 1.5). Methotrexate, if administered at the wrong time
inhibits the pr;)duction of FAUMP through depletion of folate pools (Figure 1.7) while
dipyridamole' (German et al., 1989) could inhibit the potential cellular efflux of the
formed active metabolite (FAUMP). Knowledge therefore, of tumour biochemistry is
important in the preparation of an effective chemotherapeutic regimen. The approach
can be used to overcome 5-FUra resistance and various combinations have been
selected on a rational basis (Table 1.5).

The observation that dUMP accumulation may play a role in reversing the
effect of 5-FUra on a cell suggested that sequential blockade might block dUMP

accumulation and enhance the cytotoxicity of 5-FUra.
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FIGURE 1.9 Structures of cimetidine and its competitors. -

CH; CH2$CH20H2NH(“3NHCH3

— NCN
HN\) °"=>Ncﬂz@cuzscuzcmnugnncna
CH, CHNOz
cimetidine ranitidine
(800 - 1200 mg/day) (300 mg/day)

NH, S\ CH, s
- > N
i =N ;>cuzsCH20H2c“:NH2 oH3 NCH:§\N CH,SCH,CH;NHCNHCH,

NSO,NH, CHNO,
famotidine nizatidine
(40 mg/day) o (300 mg/day)
Il
N CH) (0]
,"\ ]
CH; CH,;SCH,CH,NH~~N o —CH:
—— H
HN /N oxmetidine
(800 mg/day)

1.4 Aim of the project.

The fundamental objective of this work was to evaluate the effect, if any, of

CMT on the pharmacokinetics of 5-FUra. As the interaction had clinical relevance,
the project, ideally, had to include patients.

What follows is an examination of this interaction, firstly, in patients and then
in two species of animal. After an attempt to explain the results through experiments
with isolated cells and subcellular fractions, further in vive work concludes this stage of

the research.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials.

A full list of chemical and equipment suppliers is given in Appendix 1

2.2 Animal Treatments.
2.2.1 Animals.

Sprague-Dawley female rats from the in-house breeding- colony (under the
auspices of the Surgical Unit) were used and allowed access to food and water ad
libitum.

Adult female cynomolgus monkeys (3-5 kg) situated .in .the Department of
Clinical Measurement were housed individually and maintained on a suitable diet.

Human liver was supplied by the Toxicology Unit, Robens Institute, University

of Surrey, Guildford, Surrey, GU2 5XH.

2.2.2 Dosage of animals.

Pretreatment with CMT (30 mg/kg) and RNT (5 mg/kg) consisted of daily i.m.
injections of the clinical preparation. CMT was available in ring-break ampoules (2 ml,
200 mg/2 ml). CMT was stable for > one month (room temperature) at this
concentration. RNT as the hydrochlbride, was obtained in similar ampoules (2 ml, 50
mg/2 ml). Dosage was by the i.p. route for the rats with colonic tumours,

The clinical preparation of 5-FUra was obtained in ring-break ampoules (250
mg/10 ml) in the form of the sodium salt dissolved in Water for Injection (BP). The

concentration was confirmed by HPLC analysis (2.5.2).
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Rats were anaesthetised with a single i.p. injection of sodium pentobarbitone
(Sagital, 30 mg/kg). Cynomolgus monkeys were anaesthetised with a single im.
injection of ketamine (Ketalar, 20 mg/kg). This dose gave surgical anaesthesia within
3-5 min following injection and the effect lasted 12-25 min. Anaesthesia was
maintained with further injections of ketamine. Return to consciousness was gradual.

For the production of colonic adenocarcinoma, a group of rats (80) were
injected s.c. with weekly (Wednesdays, am) doses of 1,2-dimethyl hydrazine-HCI
(DMH, 20 mg/kg) for a period of 30 weeks. DMH was freshly dissolved in NaCl (0.9%)
containing EDTA (1.5%) to give a 0.35% solution with respect to the base and the pH
was adjusted to 6.5 with NaOH (1%). The rats were dosed within a Class II cabinet
with all personnel dressed in overgown, mask, plastic glasses and surgical gloves. All

disposables were incinerated. ‘

2.2.3 Preparation of sub-cellular fractions.

All rats (150-200 g) were killed by cervical dislocation between 8.30 and 10.30
am. Livers were excised, weighed and scissor-chopped in 3 volumes of ice-cold
sodium-potassium phosphate buffer (0.1 M; pH 7.6) containing KCl (1.15%). All
subsequent procedures were performed at 49, The liver was homogenised using a
Potter-Elvehjeim h.omogeniser (50 ml, 2 strokes of 9 sec).- The homogenate was
centrifuged (15,000 x g, 20 min), and the supernatant removed and centrifuged again
(104,000 x g, 60 min) to sediment the microsomal fraction. The supernatant was

removed into a series of Eppendorf microcentrifuge tubes (1.5 ml) and frozen (-180).

2.2.4 Cannulation of the jugular vein.
Cannulation of the jugular vein facilitated the withdrawal of blood in
experiments requiring frequent sampling. The system can be used for the infusion of

fluids and/or drugs.
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Procedure.

After pentobarbitone anaesthesia (2.2.2), the animal was shaved using a
commercial hair clipper over the right jugular vein and the area swabbed with
chlorhexidine (0.5% w/v) in spirit. After securing the animal to the operating platform,
an incision was made using a scalpel (No 21) between the two upper limbs, and the
jugular vein exposed by blunt dissection using arterial forceps. Once the vein was
exposed, the vessel wall was cleared of adhering tissue over a distance of 5 mm, so that
an accurate incision could be made. Two lengths of silk suture (Mersilk, 4/0) were
passed under the vein: one piece was used to ligate the vein at the proximal (brain)
end, and the other tied loosely distally. Using a pair of fine pointed forceps, the vein
wall was pulled sideways and cut approximately halfway. through (Plate 2.1) with fine
* pointed scissors (e.g. Castrovego’s). The fine points of the forceps allow the very edge

of the incision to be pulled sideways revealing a sizable (1-2 mm) orifice (Plate 2.2).

PLATE 2.1. The ’tenting’ and partial section of the jugular vein.
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PLATE 2.2, Exposure of the vessel lumen.

PLATE 2.3. Insertion of the cannula into the jugular vein.
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It should be mentioned that the act of cutting the vein caused it to go into
spasm so that loss of blood was negligible, even if the vein was a large one. The
cannula (30 G), the end of which had been cut slightly at an angle (10%) was filled with
heparinised saline (10 IL.U./ml) and placed in the vein (Plate 2.3). Efficient blood
sampling was only possible if the cannula was slid approximately 15-20 mm down the
vein into the superior vena cava. The remaining suture was now used to ligate the vein
with the cannula in situ. The ends of the first suture which had been cut long, could
nowbuged to secure the cannula further. The wound was then closed up with silk suture
(Mersilk 4/0, fitted with a round-bodied needle) and the cannula tested by flushing
with heparinised saline and a trial withdrawal of blood.

N.B. It was essential that the cannula was pre-charged with heparinised saline if the
introduction of air embolii and/or cardiac complications was to be avoided.

It was possible that in animals possessing a large vein, an air embolism could
form due to air being sucked back between the cannula and vein wall. This resulted in
the immediate death of the animal and the embolism was confirmed by the presence of
froth in the heart at post mortem. This only occurred however, in two early trial

experiments.

2.2.5 Laparotomy.

This procedure was used to examine internally the extent of neoplasia in rats
following the induction of colorectal carcinoma with dimethyl hydrazine (2.2.2). In
addition, the initial part of the procedure was used in the preparation of hepatocytes
2.2.7).

Procedure.

The rat was anaesthetised (2.2.2), shaved over the abdomen using a commercial
hair clipper, swabbed over the area with chlorhexidine (0.5% w/v) in spirit, and
secured to the operating platform. A mid-line incision (2 in) was made in the epidermis

using a scalpel (No 21) at a distance (1 in) from the rib-cage. A further incision was
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made in the abdominal wall and using forceps to *tent’ the wall, scissors were then used
to complete the operation.

The abdominal contents were removed from the cavity and laid to one side
exposing the colon. After examination of the abdominal cavity, the contents were
replaced and the wound repaired by mass closure using silk suture (Mersilk, 3/0, 10

mm, cutting). The animal was allowed to recover alone but under constant observation.

2.2.6 Preparation of hepatocytes. (SLICE METHOD

Hepatoctyes were isolated according to the method of FRY et al., (1976).
Reagents.

All solutions may be found in Appendix 1.
Procedure.

Rats were sacrificed by cervical dislocation and the liver removed into PBS °A’
(10 ml). The lobes were briefly dried between filter papers to. remove excess blood and
were then cut with a surgical blade (No 21) to obtain slices (0.5-1.0 mm) in thickness.
To simplify the cutting procedure, the lobes were placed on filter paper before slicing.
The slices were placed in a conical flask (250 ml) containing PBS A’ (10 ml) and the
flask shaken for 10 min in a shaking water bath (379, 90. oscillations/min). The
supernatant was discarded and this washing repeated twice more. After these washes,
the slices underwent two incubations (10 min) with PBS A’ containing EGTA (0.5
mM). After the incubation medium had been removed as completely as possible Hank’s
BSS (10 ml) containing CaCL2 (5 mM) and collagenase (Type II)/ hyaluronidase Type
II) (5 mg/10 mg) was added to the slices in the flask and the pH of the mixture was
brought to pH 7.4 with phenol red solution containing NaHCOs (2.8%). About 200 ul
was needed. The enzyme/liver slice mixture was incubated for 60 min at 370 in the
shaking water bath. At the end of this period, the cloudy supernatant was filtered
through Bolting cloth (125 uM pore size) to remove large clumps of cells and
undigested material. The filtrate was centrifuged (200 x g, 1 min) and the pellet washed

twice in PBS °A’. The cells were finally suspended in L-15 medium (10 ml)
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supplemented with foetal calf serum (FCS, 10%). The viability of the cells was
routinely based on the ability of the cells to exclude the dye trypan blue (0.4%).
Suspended cells (0.25 ml) were added to trypan blue solution (0.1 ml) in an LP3 tube
and mixed by drawing the mixture up in a pasteur pipette. The cells were counted
using a Neubauer improved counting chamber. Cell yield and viability were determined
as follows.

Cell yield = count of viable cells x 7/5 x 104 cells/ml

% Viability = No of viable cells /total No of cells x 100.
Having counted the total number of viable cells the suspension was diluted to give the

required number of cells per ml.

2.2.7 Rat hepatocyte isolation preparation (PERFUSION METHOD).

This perfusion technique was based upon the previously reported perfusion
method of Benford and Hubbard (1987)

Reagents

All solutions may be found in Appendix 1
Procedure.

The animal was placed under pentobarbitone anaesthesia (2.2.2) and the
abdomen shaved and opened (2.2.5) to expose the abdominal viscera. Ligatures were
placed around inferior vena cava (IVC) and hepatic portal vein but not tied off. An
Abbocath cannula (22 G) was placed in the hepatic portal vein and connected to a
perfusion pump. Kreb’s phosphate buffer was infused at a rate of 20-30 ml/min and
the liver allowed to swell slightly. The IVC was cut below ligature and the chest cavity
opened. The vena cava (VC) was cannulated through the heart and tied in place. The
bottom VC was ligated and tied securely so as to allow solution to exit the top VC. The
liver was perfused with Kreb’s phosphate (250 ml) followed by Ca?* -free hydrogen
carbonate buffer (250 ml). Finally, the liver was perfused with collagenase solution (0.5
mg/ml, 150 ml) for 10-15 minutes until the liver was soft and breaking up. The liver

was removed, the capsule cut, and passed through Bolting cloth. The cells were washed
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and centrifuged (200 x g, 1 min) three times with Kreb’s solution, and were finally
suspended in L-15 containing foetal calf serum (FCS, 10%). Cell yield and viability
were assessed as in 2.2.6.

N.B. Later experiments used a perfusion of Ca2* -free hydrogen carbonate buffer (500
ml) with no observable effects on cell yield or viability. Early perfusions used ether as
an anaesthesia which later contravened the local Health and Safety regulations and

consequently pentobarbitone sodium (Sagital, 30 mg/Kg) was used in Ilater

experiments.

2.3 Human studies.
2.3.1 Preparation of erythrocytes.
Reagents.

All solutions may be found in Appendix 1
Procedure.

Fresh blood was drawn from the antecubital vein of healthy volunteers and
removed into lithium heparin tubes. The blood was centrifuged (6000 x g, 10 min). The
plasma was removed and saved as blank plasma for analytical work and the buffy layer
discarded. The packed cells were washed with four volumes of Tris-HCl (10 mM, pH
7.4) buffer containing NaCl (140 mM) and KCl (10 mM). The cells were washed a
further two times. The packed cells were kept on ice and a sample taken for
haemoglobin (Hb) estimation (0.1 ml packed cells into a 10 ml volumetric flask
containing 6 drops conc NH4OH and water to mark). Normally a 1 in 10 dilution was
needed in the UV spectrometer and the absorbance was read at 540 nm. For uptake
experiments a 10% haematocrit was used. That is, 1 ml of packed cells was diluted to
10 ml with Tris buffer and after mixing, aliquots were used for the transport studies.

All cells not used were placed in sample tubes (30 ml) and could be kept for up
to 4 days stored at 4°.

N.B. If used, these cells required at least 4 washes before use even if they appeared

viable as observed by the absence of haemolysis.
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2.3.2 Preparation of sub-cellular fractions.

A human liver was obtained from a 53 year-old man who had died of a
sudden arachnoid haemorrhage. It was HIV and hepatitis B negative. The patient had a
history of hypertension but was not on drug therapy at the time of death. The liver was
stored at -700 prior to use.

Procedure.

The liver was thawed to 49, a piece taken and weighed (26.7 g), before
being chopped finely. After washing twice in buffer, fresh buffer was added (3 x wt
liver weight), the mixture lightly homogenised (Potter-Elvehjeim) and the volume made
up to 4 x weight of liver. The homogenate was centrifuged (460 x g, 10 min) and the
supernatant removed into separate tubes. The pellet (nuclei, rbc’s and cell debris) was
discarded. The supernatant was centrifuged (12,500 x g, 7 min) to give three distinct
layers to the pellet.

a. Lower layer: white and red (cell debris + erythrocytes).
b. Middle layer: medium to dark brown (intact mitochondria).
c. Upper layer: fluffy, light pinkish brown (broken mitochondria and
microsomes).
All but about 5 ml of supernatant was decanted into centrifuge tubes and centrifuged
(104,000 x g, 40,000 rpm x 60 min). Supernatant (cytosol fraction ) was removed into
microcentrifuge tubes (1.5 ml).

Protein was estimated using the method of Lowry et al, (1951), (Appendix II)

2.3.3 Patient studies.

Patients were required for the study of 5-FUra pharmacokinetics and were
identified and selected from the population attending clinic by a consultant physician.
Medical details.

Ten patients with advanced colon carcinoma and five with malignant
mesothelioma receiving 5-FUra as a single agent were used. Two patients participated

in each of two investigations and all patients acted as their own control.
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All patients were assessed in the usual manner using haematology and liver
function tests in order that they be able to tolerate 5-FUra at the dosage levels and for
the time periods set out in the protocol. None had evidence of active infection and
none had been treated with 5-FUra before.

The clinical justification for single agent therapy using 5-FUra was the
observation that combination chemotherapy given sequentially is at least as effective as
concurrent drug administration (Chapter 1). The study received Ethical Committee
approval. No attempt was made to assess the antitumourigenic characteristics of 5-FUra
in terms of response.

Antiemetic therapy was not required and no patient was receiving additional
medication.

Although ambulant, patients remained supine for the duration of blood sampling

in order to eliminate the effects of position on blood flow.

Drug administration.
A SCHEMATIC REPRESENTATION OF DRUG DOSAGE MAY BE FOUND IN CHAPTER 3.

5-FUra was administered at a dose of 15 mg/kg daily for 5 days repeated every
4 weeks. Oral doses were administered in orange juice (20% v/v, 100 ml) at pH 4.5.
Patients were fasted overnight prior to the oral dosing. Intravenous doses were given by
bolus injection.

Toxicity of treatment was assessed by patient symptoms and haematological
profile prior to each treatment course.
1) Single dose cimetidine study.

Five patients (four with colonic cancer and one with malignant mesothelioma)

were studied and administration was as follows:

Day 1 5-FUra orally
Day 2 Cimetidine 400 mg orally, 90 min prior to 5-FUra orally.
Day 3 5-FUra by i.v. administration.
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2) Prolonged cimetidine administration.

Twelve patients (seven with colonic cancer and five with malignant
mesothelioma) were studied during the first 2 days of two. consecutive cycles of
therapy. 5-FUra was administered orally on Day 1 and intravenously on Day 2 of each
cycle of therapy. The second cycle was preceded by cimetidine (200 mg thrice daily
and 400 mg at night) for 1 week in six patients and for 4 weeks in a further six
patients.

Sampling.

Blood samples (10 ml) were collected into lithium heparin tubes at the following

times after 5-FUra administration:-
0, 2.5, 5, 7.5, 10, 15, 20, 30, 45, and 1, 1.3 hr
The plasma samples were then separated and stored frozen at -189 prior to assay

(2.5.1).

2.4 Uptake of Substrates.
2.4.1 Rapid kinetic procedure (centrifuge and oil system).

This procedure was essential for the accurate measurement of substrate into
intact cells. The centrifuge used was an Eppendorf 3200 with a 12-place fixed head
rotor. It was capable of reaching a maximum speed of 1500 rpm (12,000 x g) in 5
seconds. Now out of production, its successor is less convenient to use and other models
must be viewed with suspicion.

Where the time intervals were very short, as in the case of transport of 5-FUra
into erythrocytes, the mixing of substrate and cells was performed in the
microcentrifuge tubes. Hence the caps of the standard 1.5 ml polyethylene centrifuge
tubes were removed before use; there being no time for capping prior to centrifugation.
If left attached, the caps were ripped off during this procedure.

Procedure
A mixture of two silicone oils was prepared. Dow Corning 550 (84%) and Dow

Corning 200 (16%) silicones were thoroughly mixed together to give a whitish fluid.
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Aliquots (0.5 ml) were placed in a series of Eppendorf microcentrifuge tubes (1.5 ml)
shortly before they were due to be used. The mixture separated into two layers after 2-
3 hours.

For short uptake time periods (<15 sec), substrate was layered on top of the oil
layer, and erythrocytes or hepatocytes added gently but swiftly to the substrate. For
time periods in excess of 15 sec, erythrocytes or hepatocytes were added to substrate
placed in conical flasks (10 ml) which were continually shaken (90 oscillations/min).

a) Erythrocytes.

Following separation of the cells, the supernatant was aspirated and buffer (1
ml, Tris-HCI (10 mM, pH 7.4,), containing NaCl (140 mM) and KCI (10 mM)) added.
After inverting the tubes once, and further centrifugation, the supernatant was
removed together with the oil layer. The erythrocyte pellet was disrupted with PCA
(7%, 0.5 ml) by vortexing during the addition of the acid. The tubes were centrifuged,
aliquots (0.4 ml) removed into mini-scintillation vials, and scintillant (Picofluor 30, 2.5
ml) added prior to counting (2.7)

b) Hepatocytes.

Following separation of the cells, the supernatant was aspirated and PBS *A’ (1
ml) added. After a single inversion of the tubes and centrifugation, the supernatant and
oil layers were aspirated. Tissue solubiliser (Soluene 350, 200 ul) was added and the
tubes left overnight at 20°. Methanol (0.5 ml) was added to each tube vortexed and
removed to a scintillation mini vial. Further methanol (0.5 ml) was added and the
washings added to the mini vial. Scintillation fluid (Picofluor 30, 2.5 ml) was added

prior to counting (2.7).

2.4.2 Validation of rapid kinetic method

The system was validated in the following way. A series of 6 conical flasks
were set up containing Tris-HCI buffer (1 ml, Appendix I). 5-FUra (0.1 mM, 1 u«Ci)
was added to each flask and after mixing, 2 aliquots (0.4 ml) were removed into a

series of microcentrifuge tubes containing the above mixture of silicone oils (0.5 ml).
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ul) was added and the incubation continued for 2 hr. Unlabelled HCHO (0.15 M, 1 ml)
was added and the 4CH,FHy allowed to dissociate to H4CHO during an additional 45
min at 300 [methyl-4CITMP was separated from labelled HCHO using column
chromatography as follows. Aliquots (1 ml) of the reaction mixture were allowed to
drain onto DEAE-cellulose columns (Biorad, 3 x 0.5 cm) packed and equilibrated with
ammonium formate (50 mM, pH 4.5). The columns were washed with water (15 ml)
and the washes discarded. [14CJTMP was quantitatively eluted with ammonium formate
(50 mM, pH 4.5, 6 ml), collected in scintillation vials and freeze-dried overnight. This
reduction in volume was not only more cost effective in terms of amount of scintillant
required but reduced background activity to normally 2,000 + 100 dpm. A typical value

was 2057 £ 9 The standard curve may be found in Figure 2.3.

FIGURE 2.3 Standard curve for dUMP.
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Standard curve for dUMP., The amount of 1¥C-TMP synthesised from pure dUMP is
plotted against the amount of dUMP added per assay. The dpm found in the absence
of added dUMP (2,057 dpm) has been subtracted from each value. All points represent
the mean * SEM of triplicate samples from one experiment.
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2.5.5 FAUMP assay (protein binding method).
Purification of [SH]FdUMP.
+rom

[BHJFAUMP (22 Ci/mmol, 0.5 mCi) as receivedAMoravek Biochemicals was
approximately 98% pure but degraded at a rate of about 5% per month. In addition it
was dissolved in 50% ethanol. Whilst DEAE column chromatography was used by
Moran et al., (1979) to purify [*BH]JFAUMP it was discovered that HPLC was a far more
reliable and efficient method.
Equipment

The Kratos pump was fitted with a 3-way gradient system, attached to a

variable wavelength detector and the parameters were

Column ODS, 15 cm

Mobile phase Solvent A (phosphate (5 mM) + TBAS (5 mM))
Solvent B (methanol)

Elution Isocratic, 60/40% solvent A/B

Flow rate 1 ml/min.

Detector wavelength 266 nm

The [SHJFAUMP was purified by injecting a quantity onto the column and
fraction-collecting the eluent. This was done manually. Figure 2.4 shows the level of
impurities in an aliquot of [BHJFAUMP as determined by HPLC using UV detection.
The poorly detected peak at 12 min contained up to 50% of the radioactive impurities

when the fractions were assayed for 3H. The large peak corresponded to [3SH]JFdUMP.
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FIGURE 2.4 Purification of [SH]JFAUMP by HPLC.

.2'}
)

15+
~
£
c
[(s]
(s}
8
Q 01"'
Q
c
@)
€
Q
(7]
2

005.‘

c
; \\. AN
0 /\/\_,. ; . )
0 5 10 15 20
Time (mins)

Elution profile of [SH]FdUMP from an ODS HPLC column. Peaks Aic C are -
A = Solvent iv‘onr peaks, B= FAUMP , C= Impurilry

FAdUMP assay

Reagents
1). Buffer A as in 2.5.4
2). FAUMP (1 pmol/50 ul).

FdUMP (0.4 uM) ’ 50 ul.
Phosphate (5 mM, pH 7.4) 950 ul.

3). TS (0.3 pmol/50 ul).

TS (0.96 pmol/ul) 31.25 ul.
Buffer A 497 ml.

4). [BH]FdUMP (1 x).

[BHJFdUMP (stock 22 Ci/mmol) 20 ul.
Phosphate (5 mM, pH 7.4) 10 ml.

5). [SH]FAUMP (10 x).

[BH]JFdUMP (1 x) 0.5 ml.
Phosphate (5 mM, pH 7.4) 4.5 ml.
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6). Cofactor.

FH4 2 umol.
Ascorbic acid (1 M, pH 6.5) 25 ul.
HCHO (37%) 1.1 ul.
Buffer A 0.47 ml.

7). [SH]FAUMP + cofactor.

[BH]JFdUMP (10 x) 5 ml.
Cofactor 2.5 ml.

8). Charcoal suspension.

Acid washed activated charcoal 10 g.
BSA 25 g.
Dextran (av. MW. 70,000) 0.25 g.
Water (39) 100 ml.

DILUTED l:5 BEFORE USE.

9). Standards.

FAUMP Amount of FAUMP Amount of Phosphate
pmol/50 ul (1 pmol/50 ul) (5 mM, pH 7.4)
0.8 160 40 ul
0.6 120 80 ul
0.5 100 100 ul
0.4 80 120 ul
0.3 60 140 ul.
0.2 40 160 ul.
0.1 20 180 wul.
0.05 20 380 ul.
Procedure.

To tubes containing either standard or sample (50 ul), cofactor and [3H]JFAUMP
(75 ul) and TS (0.3 pmol/50 ul) were added. TS (0.15 pmol) should bind to 0.3 pmol of
FAUMP binding sites. The mixture was mixed and incubated for 2 hr. Charcoal
suspension (1 ml) was added to the tubes before centrifugation (4,400 x g, 20 min).
Aliquots (0.9 ml) of the supernatant were placed in scintillation mini-vials for
radioactive counting. The experiment also contained a set of tubes containing
[BH]JFAUMP (6 pmol) and a set without enzyme as controls to determine the maximal

amount of binding, or the efficacy of charcoal absorption of free [3H]JFdUMP
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respectively. Supernatant from a centrifuged charcoal suspension was added to other
tubes as a control to determine total [SHJFAUMP added.
The standard curve was obtained from:
supernatant dom in absence of added FAUMP
supernatant dpm in presence of FAUMP
This ratio is plotted against the amount of FAUMP added (Figure 2.5).
The typical calculation for tissue levels of FAUMP was:
Tumour (1 g0 —= 5 ml (Final volume of sonicate)
0.1 m! for FAUMP éxtraction — 0.5 ml
Volume for FAUMP assay (t.OS ml

supernatant dpm in absence of added FAUMP|- 1 x 0.91{0.6 x _5§
supernatant dpm in presence of FAUMP 0.05 0.1 /pmol FAUMP/g of tumour

FIGURE 2.5 Standard curve for FAUMP
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The ratio of tritium remaining in the supernatant after removal of free [SHIJFAUMP
with charcoal in tubes to which unlabelled FAUMP was not added to that remaining in
the supernatant in the presence of unlabelled FAUMP is plotted vs FAUMP added. All
points represent the mean of duplicate samples from one experiment.
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2.5.6 Thymidylate synthetase assay.

TStot was assayed by allowing TS bound in the ternary complex (TSp) to
dissociate to the TS; state during a preincubation pefiod (3 hr, 309). An aliquot of
cytosol (50 ul) was diluted with an equal volume of ammonium bicarbonate buffer (0.3
M, pH 8.0, containing NaF (100 mM) and cytidylate (15 mM)) and the mixture
incubated for 3 hr. TStot was then determined by adding [SH]JFAUMP (6 pmol) and
cofactor (2.5.5). The tubes were incubated at 302 for 30 min prior to charcoal slurry (1
ml) being added (2.5.5). Supernatant (0.9 ml) was removed and counted (2.7). The
concentration of TS¢?PP was determined from results of cytosols diluted with ammonium
bicarbonate buffer but not subjected to the 3 hr preincubation period. TS¢ was
calculated from TSt and TS?PP on the assumption that 13% of any TSp present
becomes labelled with [3BHJFAUMP during the 30 min assay due to dissociation of
endogenous unlabelled FAUMP. TSt was calculated thus:

TSt = TStot - TSp = (TSAPP - 0.13 TStot)/0.87
The results reported in the study (Chapter 7) are expressed as percentage inhibition of

TS, using the relationship (1 - TSg/TS¢ot) x 100).

2.5.7 Extraction of nucleotides from tissue

The method was based on that of Nazar et al., (1970). Tumours and tissues were
thawed at 4% and placed in a 5 fold excess of Tris-HCl buffer (0.2 M, pH 7.4)
containing 2-mercaptoethanol (20 mM) and the phosphatase inhibitors cytidylate (15
mM) and sodium fluoride (100 mM). Tissues were disrupted using a ground-glass
pestle and mortar, followed by sonication (100 MHz, 20 sec x 3-5 repetitions) with
ice-salt cooling. Aliquots of the crude sonicates were removed for centrifugation
(104,000 x g, 60 min) and TS assay (200 ul), and acetic acid (1 M) extraction of the
nucleotides (300 ul). A schematic representation is shown in Figure 2.6. After this
procedure the tissue extracts were subjected to DEAE-cellulose chromatography for

separation of dUMP and FAUMP.
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FIGURE 2.6 Schematic diagram showing the extraction of nucleotides from tissue
prior to analysis.

Tissue — 1 in 5 dilution (0.2 M Tris pH 7.4, containing
NaF (100 mM)

SHETOH (20 mM)

CMP (15 mM)

\
sonicate (3 x 20 sec in ice/salt, 50-100 MHz)

[300 ul sonicate]

Add acetic acid (1 M, 5 ml)
Yortex, freeze thaw (3 x 2 min)
Centrifuge

l —» Save supernatant

Add acetic acid (1 M, 5 ml)
Vortex, freeze thaw (3 x 2 min)
Centrifuge

l _» Save  supernatant

Add acetic acid (1 M, 5 ml)
Yortex, freeze thaw (3 x 2 min)

Centrifuge
‘ Save supernatant
Discard pellet Combine supernatants
Freeze dry
Add phosphate (5 mM, 2 ml)
Centrifuge

Discard pellet

Apply supernatant to
DEAE-cellulose column
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The effect of the extraction stage on TS was assessed. A sample of TS
(Lactobacillus casei, 10 1.U.) was added to liver homogenate (S9, 1 ml), diluted with
Tris-HC1 buffer and subjected to sonication as above. After centrifugation (104,000 x

g, 60 min) the TS content was tested for loss of specific activity (2.5.9).

2.5.8. Separation of dUMP from FAUMP.

Samples were analysed in batches. DEAE-cellulose (4 g) was converted to the
-OH form by washing with NaOH (0.1 M, 500 ml, x 3). and after washing with water
(x 8) to pH 6, aliquots were placed in columns 1 x 3 cm). A series of columns (3 x
0.5 cm) were equilibrated with 3 column volumes of ammonium bicarbonate (10 mM,
pH 8). The pH of the eluent was monitored throughout this procedure so as to ensué
efficient and reproducible ion exchange. The system was tested with a mixture of
[3H]JdUMP (10.6 Ci/mmol, 1 uCi/ul) and [BH]JFAUMP (22 Ci/mmol, 0.5 mCi).

A mixture of [3HJdUMP and [3H]JFdUMP was allowed to run onto the column

and was eluted as follows:

Water 5 ml.
NH4HCOs (10 mM, pH 8) 5 ml,
NH4HCOs (25 mM, pH 8) 5 ml.
NH4HCOg3 (100 mM, pH 8) 5 ml.
NH4HCOs (300 mM, pH 8) 5 ml

Eluent from the test standard was collected into a series of tubes and aliquots
(100 ul) taken for assay by scintillation counting. This confirmed that dUMP was eluted
with NH4HCO3 (10 mM) and FAUMP with NH4HCOj3 (100 mM) (Figure 2.7).

Once the efficiency of separation was assured, tissue samples were run onto the
remainder of the columns. The dUMP and FAUMP fractions (5 ml) were collected into
glass scintillation vials (20 ml) and freeze-dried overnight. The freeze-dried residue

was then ready for dUMP and FAUMP assay.
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FIGURE 2.7 Separation of dUMP and FAUMP
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Elution profile of [SH|dUMP and [SH|FAUMP from a DEAE-cellulose
mini-chromatography column.

2, MP/FdUMP rophotometric meth

This _assay involved the determination of both dUMP and FdUMP by
spectrophotor;letric means (Myers et al., 1974). As published, the method was flawed
and was therefore not used to analyse nucleotides in colonic tumours, It was used to
determine any effect of Hs-receptor antagonists on TS.
Reagents.

1). Cofactor

FHy 13.2 umol.
HCHO 0.9 mmol.
MgClI 2 1.5 mmol.
2-Mercaptoethanol (0.4 M) 15 ml.

Adjusted to pH 7.4 with KOH.
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2). Buffer.

Tris-HCI (0.05 M, pH 7.4) containing 2-mercaptoethanol (0.01 M)
and EDTA (1 mM).

Procedure.

The following were placed in a cuvette (3 ml). Buffer (1.5 ml), cofactor (0.5 ml
and TS (100 ul). The reaction was started by the addition of dUMP (1 x 10-3 M, 100
ul). Using a blank sample (no dUMP) in the reference cell, the conversion of CHsFH4
to FH2 was followed at 400 and wavelength of 340 nm in a Shimadzu multi sampler UV

spectrophotometer.

2.5.10 Dihydropyrimidine dehydrogenase assay

Dihydrouracil dehydrogenase (4,5-dihydrouracitNADP* oxoreductase, EC
1.3.1.2) is the enzyme thought to be responsible for the degradation of uracil. The
methods used were essentially those of Fritson (1960), and Smith and Yamada (1971).
NADPH is the essential cofactor for the reduction of uracil to. dihydrouracil. The
activity of the enzyme was determined spectrophotometrically by following the rate of
oxidation of NADPH (E = 6.2 x 10 cm~! mM-1) at 340 nm in 1 cm cells. The rate of
NADPH oxidation was followed by measuring the relative increase in optical density of
the blank cell using the test system as the zero extinction cell. The 104,000 x g
supernatant from both rat (2.2.3) and human (2.3.2) liver was used throughout.
Procedure.

The test cuvette contained phosphate buffer (200 umol), liver cytosol (100 ul)
and NADPH (0.3 umol in a total volume of 2 ml. The reaction was started with the
addition of substrate (uracil or 5-FUra). The blank cell contained all components
except substrate and the reaction was followed as a decrease in optical density (OD).

the initial velocity was recorded.
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2.5.11 Or Phosphori Itransferase (OPRT) Assa
This assay (Yoshimoto et al., 1978) is based upon the conversion of orotate to
orotidylate in the presence of OPRT (EC 2.4.2.10) and upon the conversion of

orotidylic acid (OMP) to uridylic acid (UMP) by orotidylate decarboxylase (OMP-
decase)(EC 4.1.1.23).

Orotate + PRPP OPRT Orotidylate + PP;

Orotidylate OMP decase UMP + CO3 - -

The assay followed the conversion of orotidylate to UMP (or FUMP) at 295 nm.
Procedure.

Into a quartz cuvette were placed Tris.HCl buffer (pH 8, 130 mmol), MgClz (4
umol), PRPP (100 nmol), 2-mercaptoethanol (2 umol), orotidylate decarboxylase (0.4
1.U.) and OPRT (0.04 U). The temperature was 25%. The reaction was started with the

addition of orotate or 5-FUra and the total volume was 2 ml.

2.6. Estimation of intra- and extra- cellular spaces,

A solution (1 ml) of [C]-inulin (5 uCi) and 3H-water (10 u4Ci) was made up
with either Tris-HCI (10 mM) buffer containing NaCl (140 mM) and KClI (10 mM) pH
7.4. or PBS °’A’. The buffers were used for erythrocyte and hepatocyte work
respectively. To aliquots (1 ml) of cell suspensions, portions (100.ul) of this mixture
were added "and incubated (1 min). Samples (0.4 ml x 2) were removed to
microcentrifuge tubes (1.5 ml) and after centrifugation through oil, the procedure
continued as for either erythrocytes or hepatocytes (2.4.1).

A dual channel scintillation counter with external standard ratio (ESR) was then

used to quantify the 3H and 4C content of the samples.
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2.7. Scintillation Counting

Levels of 3H and 4C were analysed in standards and samples using a Packard
model 3255 set up in external standard ratio (ESR) mode. - Both isotopes could be
quantified simultaneously. The analogue output of the counter was connected to an
Apple Ile computer which, using specialised software, was capable of converting cpm
to dpm using quench curves set up previously by the user (Appendix II) and stored on
disk.

The standard counting time was 10,000 counts or 10 min.

All work with 3H radioisotopes had to take into account the half-life of the
tritium (12.26 years). The following relationship was used to determine the true activity
of tritium labelled chemicals.

-0.693 x age of chemical/12.26
This procedure was unnecessary for 14C radiolabelled chemicals since the half-

life of 14C was 5570 yr

2.8. Statistics and data handling

Mean, standard error of the mean (SEM) and correlation coefficient have been
stated where applicable. In general it was felt that the expression of the results in terms
of their SEM was more appropriate since the majority of the data was derived, often
using complex procedures.

Statistical differences were determined by the paired or unpaired ’t’ test.

The pharmacokinetics program used for the clinical study was that of Johnston
and Woollard (1983). It was subsequently modified for the animal work and is available
(MAGIC) through the NHS Register of Computer Applications, Cambridge (Dilloway
and M¢<Kenzie, 1985).

The transport of 5-FUra was determined using a non-linear regression program

(Enzfitter) available from Biosoft, Cambridge.
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CHAPTER 3

EFFECTS OF CMT ON 5-FUra PHARMACOKINETICS

IN PATIENTS

3.1 Introduction.

5-FUra may be administered orally or parenterally but the bioavailability of the
drug varies considerally between patients (28-100%) (Cohen et al., 1974; Finn and
Sadee 1975; Murinson and Myers, 1978; Phillips et al., 1980). Several factors may
contribute to poor bioavailability. As a basic drug (pKa 8.1) (Dorr and Fritz, 1982b),
5-FUra is predominantly ionised, not only at gastric pH but also at normal duodenal
pH which would tend to decrease its absorption (Murinson and Myers, 1978). Cohen et
al., (1974) showed greater absorption occurred using water or bicarbonate buffer (pH 9)
as the diluent rather than orange juice (pH 4) as recommended by the manufacturer. A
further consideration is that a high hepatic extraction ratio or first pass effect may be
responsible for poor bioavailability (Cohen et al., 1974; Finn and Sadee, 1975; Murinson
and Myers, 1978), although theoretical considerations have suggested that this may not
be as high as previously thought (Collins, et al., 1980).

CMT has three characteristics that may improve the bioavailability of a drug
(Schwinghammer, 1981). Firstly, inhibition of gastric acid secretion by CMT has been
shown to increase the pH of both gastric and duodenal contents (Freston, 1982), which
may lead to increased drug absorption. Secondly, the effect of CMT on microsomal
oxidation is well documented and has been discussed previously (1.3.2). However, this
characteristic is unlikely to affect 5-FUra, which is cleared by intermediary (rather
than xenobiotic) metabolism. Finally, CMT has been reported to inhibit hepatic blood

flow which would affect any drug administered orally (Feely et al., 1981, 1982).
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Chapter 3. 5-FUra kinetics

The following studies were performed to determine the influence of cimetidine
on the pharmacokinetics of 5-FUra and in particular whether the oral bioavailability of

5-FUra could be improved by the use of cimetidine.

3.2 Procedure.
3.2.1 Patients.

The study was approved by the local ethical committee prior to patient selection
(2.3.3). Details of the drug administration and sampling protocols may also be found in
Chapter 2 (2.3.3) Essentially, patients were pretreated with a single dose or prolonged
dosage (one week or one month) of cimetidine before challenge with 5-FUra (Figure

3.1). All patients acted as their own controls and none received additional medication.
3.2.2 Assa
Plasma levels of 5-FUra were determined using a capillary modification (2.5.1)

of the GLC method of Finch et al., (1978).

3.2.3 Data Analysis

Pharmacokinetic analysis was performed using an interactive computer program
(Johnston and Woollard, 1983) which calculated area under the time-concentration
curve (AUC) to infinity by the trapezoidal method. The elimination half-life (t1/2,z) of
5-FUra in plasma was derived from the equation 0.693/K ., (K 1= elimination rate
constant); the apparent volume of distribution (V4) from the relationship, Dose/AUC x
Ko and the total body clearance (CL) from the relationship, Dose/AUC. Apparent
bioavailability is defined as the ratio AUCoral/AUCntravenous €Xpressed as a percentage.
The bioavailability for oral 5-FUra following pretreatment with continuous CMT for
one or four weeks was calculated using the intravenous AUC also after pretreatment
with CMT.

Student’s ¢-test was used for statistical analysis.
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Chapter 3. 5-FUra kinetics

FIGURE 3.1 Dosing regimen for patients receiving CMT and 5-FUra.
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Treatment plan for patients receiving prolonged pretreatment with cimetidine a)
pretreatment for 1 week and b) pretreatment for 4 weeks.

3.3 Results
1 5-FUra as
The capillary modification of the 5-FUra assay "(Finch et al, 1978) was a
considerable —improvement of the method, resulting in baseline separation of the drug
and internal standard, thymine, and increased detection limits. A further improvement
was the siliconizing of all glassware prior to the assay, which eliminated the surface

adsorption of 5-FUra and so increased the reliability of this method.

2 Singl MT
The absorption of oral 5-FUra was not improved by a single dose of CMT. The
plasma concentration profiles of 5-FUra following i.v. and oral administration with and

without the preceding dose of CMT are shown in Figure 3.2. The pharmacokinetic data
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are shown in Table 3.1. CMT given as a single dose 90 min before oral 5-FUra did not

alter the peak plasma concentrations, elimination half life, AUC (Figure 3.3a) or

bioavailability of 5-FUra.

FIGURE 3.2 Pharmacokinetic profile of 5-FUra following CMT (single dose).
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Mean plasma concentrations of 5-FUra (15 mg/kg) following i.v (M——N) and oral
administration with (O 0O) and without ( @~———@ ) preceding CMT, as a
single dose (400mg).
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TABLE 3.1 Effect of CMT (single dose) on 5-FUra kinetic parameters.

Kinetic parameter iv. oral P Oral after
value CMT

Cmax (ug/ml) 25.1 +6.1 NS 28.6 + 8.3
Absorption t1/2 (min) 5.1 +1.0 NS 58+1.0
Elimination t3/2,, (min) 127+ 1.5 10.6 + 0.9 NS 108 + 1.3
AUCq-eo(ug/ml/min) 1569 + 305 698 + 137 NS 802 + 203
Clearance (ml/min) 712 + 144

Vol of distribution (L) 119+ 14

Bioavailability (%) 45 + 3 NS 53+12

Kinetic data (mean * SEM) following administration of 5-FUra (15 mg/kg)
intravenously, orally, or orally after a single dose of CMT (400 mg)
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FIGURE 3.3 Individual AUC data for patients receiving oral 5-FUra.
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3.3.3 Prolonged CMT administration,
1 Week pretreatment with CMT.

Administration of CMT for one week did not affect the plasma concentration of
5-FUra follewing i.v. or oral administration. The plasma concentrations of 5-FUra are
shown following i.v. and oral treatment in Figure 3.4 and the pharmacokinetic data in

Table 3.2. None of this data was influenced by CMT (Figure 3.3b and 3.5a).

4 Week pretreatment with CMT.

In a further study, pretreatment with CMT for 4 weeks . produced significant
alterations to the 5-FUra concentrations achieved (Figures 3.6, 3.7, and Table 3.3).
After oral 5-FUra, the mean increase in peak plasma concentrations was 74% and of

AUC was 72% (Figure 3.3¢). The change in bioavailability was not significant. After
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i.v. 5-FUra a mean increase in AUC of 27% was produced by CMT (Figure 3.5b) and

the mean reduction in total body clearance was 28%. The elimination half life was not

altered.

There was no apparent increase in the toxicity of treatment subsequent to these

increased concentrations of 5-FUra.

FIGURE 3.4 Pharmacokinetic profile of 5-FUra following CMT (1 week)..
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Mean plasma concentrations of 5-FUra before (closed symbols) and after (open
symbols) pretreatment with CMT for 1 week following oral (@—e, 0—O0) and
intravenous ( ®——m ) administration.
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TABLE 3.2 Effect of CMT (1 week) on 5-FUra Kkinetic parameters.

Kinetic parameter Control 7 days pretreatment
(before CMT) with CMT

Intravenous data

Elimination tj/2,; (min) 10.2 + 0.7 99 + 1.1
AUCy-(ug/ml/min) 1213 + 217 1172 + 156
Clearance (ml/min) 892 + 154 849 + 78
Vol of distribution (L) 134 +26 12.1 + 1.8
Oral data

Cmax (ug/ml) 225+ 44 20.0 + 6.9
Absorption t1/2 (min) 4.1 +0.7 4.7 + 0.6
Elimination t1/2; (min) 8.2 +0.7 9.6 +1.1
AUCo-o(ug/ml/min) 561 + 100 517 + 174
Bioavailability (%) 48 + 4 40 +7

Kinetic data (mean £ SEM) following administration of 5-FUra (15 mg/kg) i.v., or
orally before and after 1 week’s pretreatment with CMT (1000 mg daily)

TABLE 3.3 Effect of CMT (4 weeks) on 5-FUra kinetic parameters.

Kinetic parameter Control 28 days pretreatment
(before CMT) with CMT

Intravenous data

Elimination tj/2,, (min) 10.6 + 0.8 11.8 + 1.2
AUCq-(ug/ml/min) 977 + 96 1353 + 124™
Clearance (ml/min) 987 + 116 711 + 87
Vol of distribution (L) 156 + 2.1 12.5 + 0.9
Oral data

Crmax (ug/ml) 18.7 + 4.5 32.6 £ 44"
Absorption t1/2 (min) 42 + 0.6 45+ 04
Elimination t1/2; (min) 10.5 + 0.8 10.7 + 1.3 .
AUC-00(ug/ml/min) 528 + 133 911 + 152
Bioavailability (%) 55+ 12 66 + 7

Kinetic data (mean * SEM) following administration of 5-FUra (15 mg/kg) i.v. and
orally before or after 4 weeks CMT therapy (1000 mg daily). * and ** refer to
significance at P <0.05 and P <0.01 respectively.
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FIGURE 3.5 Individual data for patients receiving intravenous 5-FUra.
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FIGURE 3.6 Pharmacokinetic profile of oral 5-FUra following CMT (4 weeks).
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Mean plasma concentrations of 5-FUra (15 mg/kg) following oral administration
before ( e——e ) and after ( 0——0 ) CMT (1000 mg daily) for 4 weeks.
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FIGURE 3.7 Pharmacokinetic profile of intravenous 5-FUra following CMT (4 weeks)
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Mean plasma concentrations of 5-FUra (15 mg/kg) following i.v. administration
before ( @ ® ) and after (O O ) CMT (1000 mg daily) for 4 weeks.

3.4. Discussion.

The GLC assay of 5-FUra developed by Finch et al (1978) is a reasonably
reliable and convenient method in its published form. By replacing the packed column
(2 m, 0.75% -Carbowax 20M-5% KOH on Chromosorb G) with a capillary column (15
m, OV 101), the assay was considerably improved. In addition, the siliconisation of the
glassware increased the reliability of the assay.

Oral 5-FUra has been widely wused, particularly in the treatment of
gastrointestinal cancer, but has generally been considered less effective than 5-FUra
administered intravenously (Stolinsky et al., 1975; Ansfield et al., 1977, Murinson and
Myers, 1978.). This could be accounted for, at least in part, by poor bioavailability

following oral administration (Murinson and Myers, 1978; Phillips et al., 1980). The
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possibility that CMT could improve bioavailability by several differing actions ( Feely
et al., 1981; Somogyi and Gugler, 1982) prompted the studies presented here.
Observations showed that whilst pretreatment with CMT for 4 weeks altered 5-FUra
pharmacokinetics, pretreatment with a single dose or for 1 week was without effect.

The single oral dosage of CMT (400 mg) used in this study was the dosage
commonly used clinically and twice the amount (200 mg) that has been shown to
inhibit both basal (57%) and stimulated (67%) gastric acid secretion (Pounder et al.,
1977; Freston, 1982). Pounder et al. (1977) showed that gastric pH was increased and
that the effect was maximal at 90 min. Furthermore, prolonged administration of CMT
has shown increases in both gastric and duodenal pH (Freston, 1982). Thus, despite the
fact that gastric and duodenal pH were not measured in this .study, it can be reasonably
assumed that the pH was increased, probably with the single dose, but certainly
following continuous treatment with CMT for 1 week. This might have been expected
to improve absorption of 5-FUra by decreasing the degree: of ionisation of this basic
drug (pKa 8.1) (Dorr and Fritz, 1982b). The failure of CMT to enhance the absorption
of 5-FUra is in contrast to the data from Cohen et al., (1974) who showed a significant
increase in bioavailability when 5-FUra was administered in a bicarbonate vehicle (pH
9) and in water compared with the administration in orange juice (pH 4 )in two out of
three patients. However, in the third patient bioavailability was lowest with the
bicarbonate buffer. The small number of patients studied and the inherent interpatient
variability may have accounted for the differences between these two studies. It seems
unlikely from this data that low gastric or duodenal pH is responsible for poor
absorption of 5-FUra.

CMT has a profound effect on the hepatic metabolism of many drugs
(Puurunen et al., 1980; Feely et al., 1981; Somogyi and Gugler, 1982). Increased plasma
concentrations of drugs given with CMT have been attributed to both inhibition of
hepatic microsomal oxidation (Henry et al., 1980; Puurunen et al., 1980; Knodell et al.,
1982) and to reduced hepatic blood flow (Feely et al., 1981, 1982). The imidazole ring

of CMT is thought to be responsible for the interaction with one or more forms of
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cytochrome P450, thus modifying metabolism of other drugs by the mixed function
oxidase system (Somogyi and Gugler, 1982). The metabolism of 5-FUra by
dihydropyrimidine dehydrogenase, a cytoplasmic enzyme (Chabner, 1982), should not
be affected by inhibition of microsomal oxidation. Despite this Messiha and Hughes
(1979) have shown that the cytoplasmic enzymes, alcohol and aldehyde dehydrogenase,
may be affected by Hz-receptor antagonists, and that the effects are complex. In
concert with this, Feely and Wood (1982) have shown increased plasma concentrations
of ethanol in patients pretreated with CMT for 1 week. Additional evidence of an
effect of other drugs on the metabolism of 5-FUra is provided by the observation that
concomitant mizonidazole leads to increased 5-FUra plasma concentrations (McDermott
et al., 1983). Although the mechanism of this interaction is -unclear, it is of interest
that CMT shares the same imidazole ring structure.

CMT may also influence the metabolism of drugs via reduction in hepatic blood
flow (Feely et al., 1981, 1982; Somogyi and Gugler,' 1982). Hepatic blood flow is
considered a major determinant of hepatic clearance for highly extracted drugs after
i.v. administration, while metabolising activity of the liver is the major determinant
after oral administration (Wilkinson and Shand, 1975). In addition to its effect on
hepatic blood flow, CMT influences the blood flow of other gastrointestinal organs
(Schwinghammer, 1981). It is possible that this action may be as important as that on
hepatic blood flow, in view of the presence of dihydropyrimidine dehydrogenase in the
gastrointestinal mucosa and the suggestions that hepatic clearance may contribute less to
5-FUra elimination than was previously thought (Collins et al., 1980; Chabner, 1982).
The enhancement of 5-FUra levels after both i.v. and oral administration suggests a
combination of factors may be responsible. Following oral 5-FUra the increase in peak
plasma concentrations and AUC without a change in the elimination half-life can be
explained by reduced first-pass extraction. After intravenous 5-FUra, the elimination
half-life showed a tendency to increase (increased in four patients, unchanged in one

patient and decreased in one patient) but this did not achieve statistical significance.
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The studies reported here suggést that the duration of pretreatment with CMT
may be critical. Several workers have shown that microsomal enzyme inhibition or
alteration in hepatic blood flow can be rapid (Puurunen et al.,1980; Feely et al.,1982;
Speeg et al., 1982). Thus, for example, a single dose of CMT resulted in increased
propranolol plasma concentrations, though this effect was intensified after a week
(Reimann et al., 1981). Speeg et al. (1982) have shown a rapid onset of effect, but no
intensification over the following 4 weeks. Feely et al., 1981) showed reduction in liver
blood flow of almost 25% after a single dose and of 33% after a week. More prolonged
observations have not been reported. In this study the effect on 5-FUra
pharmacokinetics of 4 weeks pretreatment with CMT, but lack of effect after only 1
week pretreatment remains unexplained.

In conclusion, pretreatment of patients with CMT for 4 weeks (but not for 1
week or less) led to improved plasma concentrations and AUC following both i.v. and
oral 5-FUra. It seems probable that these alterations to the pharmacokinetics of 5-FUra
were due to a combination of hepatic cytoplasmic enzyme inhibition and reduced blood
flow. Improved absorption following increased gastric and duodenal pH seemed
unlikely

These results indicated that a comparative study between cimetidine and
ranitidine (RNT) would be useful. RNT, a more potent Hz-receptor antagonist has an
unknown effect on cytoplasmic enzymes, but binds less avidly to microsomal enzymes,

while the effect on hepatic blood flow is similar to CMT (Spahn et al., 1983).
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CHAPTER 4

THE EFFECT OF H;-RECEPTOR ANTAGONISTS ON
THE PHARMACOKINETICS OF 5-FLUOROURACIL

IN THE RAT AND MONKEY.

4.1 Introduction.

In Chapter 3 the effect of CMT on the pharmacokinetics of 5-FUra was
reported. The bioavailability of 5-FUra in patients was increased following a period of
4 weeks pretreatment with CMT (Harvey et al., 1984). This raised many queries, not
least of which was the possible non-effect of CMT’s major competitor, ranitidine
(RNT). It was considered that a study in one or two animal species could be designed
so as to provide evidence of any interaction between RNT and 5-FUra and confirm the

clinical work with CMT.

4.2 Methodological considerations.

There are several problems to be overcome in the use of small animals in
pharmacokinetic studies. Blood sampling inevitably reduces blood volume and therefore
the volume withdrawn has to be be kept at a minimum. However, the amount of blood
sample taken, must be compatible with the sensitivity of the drug assay. In the rat,
small samples of blood may be removed, with some difficulty, from the tail vein, but
the technique is unsuitable for repetitive sampling. Drugs may: also be administered by
this route but it is customary in pharmacokinetic studies to sample the blood at a
distant site. The most appropriate procedure for the rat was considered to be
administration of the drug via the tail vein, and withdrawal of blood from an
indwelling jugular vein cannula.

The use of cynomolgus monkeys for pharmacokinetic- studies has a number of

advantages. The amount of blood and the frequency of sampling is not such a problem
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as with the rat. Blood sampling may be performed in the same way as for the human
with administration of the blood in one limb and withdrawal from the opposite limb
using superficial veins. However, whilst the primate is an.excellent model for the

clinical situation, these animals demand a great deal of respect when handled.

4.3. Procedure,

Female Sprague-Dawley rats (170-220 g) were anaethetised (2.2.2) and their
jugular veins cannulated (2.2.4). Cynomolgus monkeys were anaesthetised (2.2.2) and
the femoral veins of both legs fitted with indwelling teflon i.v. cannulae (22 G).
Pretreatment with CMT (30 mg/kg) or RNT (5 mg/kg) consisted of daily im.
injections of the clinical preparations (2.2.2). Rat studies -were conducted by dividing
animals into a control group of twelve animals, and test groups with six animals in
each. In the monkey studies, each animal served as its own control. Both species were
placed on heating blankets for the duration of the experiments. Bolus injections were
made over a 30 sec period. Blood samples were collected into Eppendorf tubes
containing heparin (10 1.U.) at the following times after 5-FUra administration: 0, 2.5,
5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, and 90 min. All plasma samples were frozen at -
189 prior to assay.

Plasma levels of 5-FUra were measured in the rat (2.5.2) and primate (2.5.3)
using modifications of the HPLC method of Hsu and Marrs, (1980). This method was
also used to check the concentration of the clinical preparation of 5-FUra.

Pharmacokinetic analysis was performed using MAGIC (Dilloway and
McKenzie, 1985) a modification of the interactive computer program of Johnston and
Woollard, (1983), which calculated area under the time-concentration curve (AUC) to
infinity by the trapezoidal method. The elimination half-life (t 1/2,) of 5-FUra in
plasma was derived from the equation 0.693/K., (K¢ = elimination rate constant); the
apparent volume of distribution (V4q) from the relationship, Dose/AUC x K¢ and the

total body clearance (CL) from the relationship, Dose/AUC.
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Means + SEM were calculated for all data. Paired or unpaired t-tests were used

for statistical analyses where appropriate.

4.4 Results.

Cannulation of the jugular vein of the rat was a simple manoeuvre with
practice. The success of the operation rested entirely on the exposure of the vessel
lumen so that the cannula could be slid into the vein (Plates 2.2, 2.3.). Withdrawal of
blood with the cannula placed in the superior vena cava was straightforward and rarely
did the cannula become blocked up.

Preliminary studies investigated the use of a swivel attachment, enabling
repeated blood sampling over a period of time in the conscious. rat. Unfortunately,
withdrawal of blood was unreliable after three days. Had the method been successful,
the rats could have been used as their own controls.

In all experiments involving cytotoxic challenge in both rat and monkey, no
signs of neurotoxicity or mucositis were observed either during the short- or long-term
exposures to 5-FUra.

In all experiments great care was taken in the use of both ketamine and
pentobarbitone so as to eliminate any CNS depressive effects.

The HPLC assay for 5-FUra was superior to the GLC method of Finch et al.,
(1978) in terms of ease of use. Recovery of 5-FUra was 92 %+ 3%, a significant
improvement on the published method (77.8 + 3%). This was almost certainly due to the
inclusion of a second extraction step. The extraction solvent of ethyl acetate and 2-
propyl alcohol was used since CPI was 16% extracted with this solvent mixture
compared with 2% with diethyl ether and n-propyl alcohol (Finch et al., 1978).

Plasma samples from both animal species gave “"cleaner" chromatographic charts
in comparison with that of human plasma. Hsu and Marrs (1980) reported several
interfering peaks in human plasma which were absent in plasma from both rat and

monkey.
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4.4.1 Rat studies.
7 Day pretreatment with cimetidine.

Figure 4.1. illustrates the plasma concentration-time profile of 5-FUra in
control and CMT pretreated rats given a rapid i.v. bolus dose of 5-FUra (25 mg/kg).
The plot of log drug concentration/time was biphasic, showing a rapid alpha phase
(control ty/2,a value of 1.7 + 0.1 min) and a linear beta phase; all pharmacokinetic
parameters were calculated on this basis and are displayed in Table 4.1. The t1/2,, of
5-FUra in control rats was 156 + 1.1 min (mean + SEM). Following 7 days’
pretreatment with CMT, ti/2, increased by 29% to 20.2 + 0.9 min (P < 0.05). In the
same group of animals, the AUC was significantly increased by 39% from a control
value of 351 + 16 to 490 + 37 ug/ml/min, whilst CL was reduced by 30% from 0.23 +

0.0I to 0.16 + 0.01 ml/min.

28 Day Pretreatment with CMT.

Prolonged treatment with CMT led to increases in the tij2, and AUC over
control values, of 35% and 69% respectively (Table 4.1.). Vq was decreased by 22%,
while CL was reduced 39% from a control of 0.23 + 0.01 to 0.14 = 0.01 ml/min (P <

0.01).

Pretreatment with RNT.
Pretreatment with RNT for 7 (Figure 4.1) and 28 days (Table 4.1) produced
no significant changes in drug disposition (Figure 4.1) or in the pharmacokinetic

parameters of 5-FUra (Table 4.1).
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FIGURE 4.1. Pharmacokinetic profile of 5-FUra in control and Hz-receptor
antagonist pretreated rats
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Semi-logarithmic plot of plasma concentrations of 5-FUra (25 mg/kg) in rats. The
schedules of treatment were @ control, A CMT pretreated (7 days),
A CMT pretreated (28 days), and O RNT pretreated (7 days).
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TABLE 4.1. Pharmacokinetic parameters for 5-FUra in control and Hz-receptor
antagonist pretreated rats.

Treatment n t1/2,2 AUC Va4 CL

(min) (ug/ml/min) (L) (ml/min)
Control 12 15.6 + 1.1 351 + 16 0.32 +0.02 0.23 + 0.01

12.8 - 194) (305 - 422) (0.25 - 0.39) (0.19 - 0.27)
CMT 6 20.2 + 0.9 490 + 372 0.29 + 0.02 0.16 + 0.01®
(7 days)

(16.7 - 23.2) (359 - 613) (0.25 - 0.40) (0.13 - 0.2)
CMT 6 21.1 +0.8® 595 +20° 0.25 + 0.012  0.14 + 0.01P
(28 days)

(19.1 - 22.7) (557 - 694) (0.21 - 0.28) (0.12 - 0.15)
RNT 6 15.6 + 0.6 355 + 12 0.31 £+ 0.02  0.23 + 0.01
(7 days)

(13.3 - 17.4) (306 - 396) (0.26 - 0.37) (0.21 - 0.27)
RNT 6 158 + 1.0 365 + 18 0.33 £ 0.02- 0.23 + 0.01
(28 days)

(12.7 - 18.4) (303 - 415) (0.26 - 0.41) (0.18 - 0.26)

Effects of pretreatment with CMT (30 mg/kg) or RNT (5 mg/kg) on the

pharmacokinetics of 5-FUra (25 mg/kg) in rats. Results expressed as mean * SEM

with the range in parentheses.

a Significantly different from control by unpaired t-test (P < 0.05).

b

n number of animals.

Significantly different from control by unpaired t-test (P < 0.01).

4.4.2 Monkey Studies.

7 Day pretreatment with CMT,

Figure 4.2 displays the plasma concentration-time profiles of 5-FUra in

monkeys before and after CMT pretreatment for 7 days. These data also displayed a

biphasic profile and were treated in the same manner as for those of the rat.
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The derived pharmacokinetic parameters are shown in Table 4.2 The mean tj/2, of
5-FUra was increased by 32% from 18.7 + 0.3 to 24.7 + 2.7 min following CMT
pretreatment whilst the AUC and CL were left unaltered. V4 was increased 30% from

1.47 £ 0.07 to 1.91 £ 0.13 L.

28 Day pretreatment with CMT.

Prolonged pretreatment with CMT for 28 days resulted in a mean increase in
40% in ti/2, over control values, from 18.7 + 0.3 to 26.3 + 1.1 min (Table 4.2). The
mean AUC was increased by 100% from 1900 + 44 to 3807 + 386 ug/ml/min whilst the

cdlaed,
CL and V4 were signif icantlylloy 48% and 28% respectively.

*kkkE

TABLE 4.2. Pharmacokinetic parameters for 5-FUra in control and CMT pretreated

monkeys
Treatment n t1/2,2 AUC V4 CL
(min) (ug/ml/min) (L) (ml/min)
Control 4 18.7 + 0.3 1900 + 44 1.47 + 0.07 091 + 0.05

(18.1 - 19.61) (1792 - 2010) (1.39 - 1.69) (0.82 - 1.08)

CMT 3 24.7 +2.72 2048 + 81 1.91 + 0.132  0.91 + 0.1
(7 days)
(19.97 - 29.4) (1926 - 2203) (1.75 - 2.18 (0.71 - 1.01)

CMT 4 26.3 + 1.1> 3807 + 386> 1.06 + 0.092 0.47 + 0.06P
(28days)
(24.1 - 29.2) (3072 - 4640) (0.87 - 1.32  (0.37 - 0.63)

Effects of pretreatment with CMT (30 mg/kg) on the pharmacokinetics of 5-FUra
(25 mg/kg) in monkeys. Results are expressed as mean + SEM with the range in
parentheses.

a Significantly different from control by unpaired t-test (P < 0.05).
b Significantly different from control by paired t-test (P < 0.05).
n Number of animals.
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FIGURE 4.2 Pharmacokinetic profile of 5-FUra in control and CMT pretreated
monkeys
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Semi-logarithmic plot of plasma concentrations of 5-FUra (25 mg/kg) in cynomolgus
monkeys. The schedules of treatment were @ control, A CMT pretreated (7 days),
A CMT pretreated (28 days).
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4.5 Discussion.

This study extended the earlier work in patients with cancer (Chapter 3), which
showed a pharmacokinetic interaction between CMT and 5-FUra (Harvey et al., 1984).

In order to investigate the mechanism involved in this interaction, studies were
undertaken on two other species. The inherent limitations of attempting to relate drug
behaviour in animal species, to that in man, are well recognised (Smith, 1987). In order
to minimise any interspecies differences, a primate was included, although there is no
evidence that either catabolic or anabolic metabolism of 5-FUra differs between rat
and man (Pinedo and Peters, 1988). A major problem in the use of animals for
pharmacokinetic studies is that the blood sampling period is comparatively limited. In
these studies the decay curve extended over a period of 90 minutes with the majority
of samples drawn within 60 minutes. Consequently, in the calculation of ti/2, and
AUC, the values obtained at the 90 min time points played a critical role.

The control pharmacokinetic data for 5-FUra in the rat reported here are
similar to those reported for that species by other workers (Lai-Sim Au et al., 1983).
Both these studies have used female animals and there are no reports to suggest that 5-
FUra displays any sex variation. Previous studies of 5-FUra in the monkey have been
primarily concerned with entry of the drug into the cerebrospinal fluid (Kerr et al.,
1984; Bourke et al., 1973). The animal results presented here parallel the previous
experience with CMT in patients with cancer, where significant changes in 5-FUra
kinetics only became apparent after long term CMT treatment (Harvey et al., 1984).
Total body clearance in that study was reduced by 28% with a corresponding increase
in AUC. The t1/2 ¢ failed to reach significance through intersubject variation.

It would appear that not only is the duration of CMT pretreatment important in
the mechanism of this drug-drug interaction but also the level of dosage. The dosages
of both Ha-receptor antagonists used in the present study were equivalent to the higher
range of dosage used clinically, and in the case of CMT twice that used in the clinical
study (30mg/kg daily) (Harvey et al., 1984). At this higher dosage level changes in the

pharmacokinetic parameters of 5-FUra following only 7 days’ pretreatment with CMT
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were observed in both rat and monkey. The effects were enhanced after 28 days’
pretreatment. It seems likely that the pronounced kinetic interaction between CMT and
5-FUra after only 1 weeks’ pretreatment seen in both the. rat and monkey, but absent
in man, may well reflect the increased dosage of CMT used in'the animal studies.
Conversely, the lack of alteration to 5-FUra pharmacokinetic parameters observed in
rats following short- and long-term pretreatment with RNT indicates a fundamental
difference between these two Hz-receptor antagonists.

The results obtained in this study suggested that an investigation into the effects
of CMT on the transport and metabolic processes of 5-FUra could provide

information on the nature of the interaction.
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CHAPTER 5

CELLULAR TRANSPORT OF 5-FUra.

5.1. Introduction.

A possible explanation for the in vivo results was that-CMT interacted with the
cellular transport of 5-FUra. Little is known of the cellular uptake of 5-FUra and
there is no information on the effects of Hz-receptor antagonists on the transport of
drugs. Before considering the experiments, it is necessary to review the basic concepts
of membrane transport.

*kkkk

Transport of antineoplastic agents into cells is a critical element in drug action
since the interactions between drugs and their targets requires that the agents first
penetrate the cell membrane. Despite the obvious importance of transport, little is
known of the mechanisms by which cytotoxics traverse cell membranes, how transport
systems determine drug cytotoxicity and selectivity, and the role that alterations in
transport play in drug resistance.

The membrane transport of most drugs generally conforms to that of
physiological substances where the cell membrane allows the passage of nutrients into
the cell and waste products out of the cell. The cell membrane of certain cells has been
characterised in recent years using advanced techniques (Shen, 1989) but all cell
membranes appear similar, in that they all incorporate a lipid bilayer as the primary
feature of their structure. The fluid mosaic model (Singer and Nicolson, 1972) with its
mobile integral proteins within the plane of the lipid bilayer is derived from the
original proposal of Davson and Danielli (1943) and has been widely accepted.

Chemotherapeutic agents traverse cell membranes either by passive diffusion, or

by interaction with specific transport systems which mediate the translocation of
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naturally occurring substrates. These processes have been reviewed in detail (Schafer
and Barfuss, 1986).

The term transport refers to the transporter-mediated passage of permeant
molecules across the plasma membrane. Uptake describes the cellular accumulation of a
permeant and its metabolic products, some of which, in the context of this work, may
ultimately be incorporated into RNA or DNA.

The fundamental mechanism by which a solute may cross a cell membrane is
that of passive diffusion, where a concentration differential results in a net movement
of solute from higher to lower concentration areas. The lipophilicity of the solute, as
determined by its oil-water partition coefficient, is the dominant factor. The more
lipophilic the solute, the more rapidly it will permeate -a-cell membrane, but in
addition, smaller solutes will cross cell membranes more rapidly than larger ones.
Further considerations are water-solute interactions, and the role of unstirred layers
within the cytoplasm (Schafer and Barfuss, 1986). An .unstirred layer is a region
adjacent to the cell membrane where no mixing between solvent and solute occurs
leading to significant underestimates of diffusional permeabilities. Unstirred layers may
be internal or external to the cell membrane. The movement of small solute molecules
and water through biological membranes has been explained using the concept of pores
where the term pore is taken to mean a non-specific water-filled pathway. In some
texts the terms pore and channel are used, in error, synonomously. The term channel
describes a pathway specific to the molecules that pass through it and therefore is not
pertinent to simple diffusion.

The transport of most solutes across membranes involves processes other than
simple diffusion and may have the characteristics of facilitated diffusion (Table 5.1),
where the movement of molecules across cell membranes is mediated by specific
interaction of the transported solute with some component, i.e. a transport site, of the
membrane. Transport continues only so long as a concentration gradient of permeant is
maintained. Present models of facilitated diffusion include channel and carrier

mechanisms. Certain compounds, known as ionophores, increase the transmembrane
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movement of specific ions by serving either as channels or carriers. Two naturally
occurring antibiotics act as ionophores. Gramicidin is thought to provide a water-filled
channel across the lipid layers, whilst valinomycin behaves as a mobile carrier ferrying

K* ions across the membrane.

TABLE 5.1. Characteristics of facilitated diffusion.

Rapid entry rates.
Specificity.

Saturation kinetics.
Competition.
Exchange phenomena.
Co-transport.

mo a0 o

The third and final class of transport mechanism is active transport (Table 5.2.)
and can be defined as the net transport of a solute against its electrochemical potential
gradient (Conway, 1954; Rosenberg, 1954). Such an ‘uphill’ process requires energy. In
some respects active transport processes resemble facilitated diffusion systems - both
exhibit saturation kinetics and specificity between substrate and membrane proteins.

Active transport mechanisms may be differentiated into primary and secondary
mechanisms. Sodium transport mediated by Na*/K+-ATPase is the most well-
documented example of a primary active transport mechanism. Secondary active

transport is the process where a solute is transported in addition to the cation.

TABLE 5.2. Characteristics of active transport.

Specificity.

Saturation kinetics.

Na* Co-transport mechanisms.
Flow driven by counterflow.
Effects of inhibitors.

eacop

There is considerable evidence of Na‘t co-transport in energising active
transport systems. The active absorption of sugars and amino acids in the intestine and

renal proximal tubule, and the active transport of amino acids by Ehrlich ascites cells
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and avian erythrocytes have been well-investigated (Schultz and Curran, 1970). Cell
types differ in the extent to which they accumulate amino acids and sugars (Wise,
1976), indicating the presence of an additional energy source. This would permit
rapidly metabolising cells such as embryonic and neoplastic cells to maintain high
intracellular levels of nutrients.

Just as the flow of Na* down its electrochemical gradient can drive an *uphill’
co-transport of another solute, active transport can also be driven by a counterflow.
The classical example of this phenomenon is sugar counter-transport between D-glucose
and D-galactose in human erythrocytes. (Rosenberg and Wilbrandt, 1957).

Traditional inhibitors of transport processes have been simplistically
characterised as competitive or non-competitive. The classical inhibitor of an active
transport mechanism is ouabain which inhibits the efflux of Na* and the accumulation
of K% through binding to the K* site on the ATPase molecule at the membrane
surface. Other inhibitors include the metabolic inhibitor, 2,4-dinitrophenol (DNP); and
enzyme inhibitor, phloretin.

kkkkk

Few attempts have been made in the past to use specific knowledge of
membrane transport processes in order to increase the therapeutic index of a cytotoxic
by selectively increasing antitumour activity. The drugs atropine, morphine and cocaine
have been shown to stimulate the influx of both hydrolysed nitrogen mustard and the
preferred (and natural) substrate choline (Goldenberg, 1971) through a carrier
mechanism. These findings have potential importance at a .clinical level in that
simultaneous administration of the analgesic, morphine, and the alkylating agent,
nitrogen mustard, to patients with malignant disease, either inadvertently or as part of
a treatment protocol, might produce stimulation of nitrogen mustard transport. No

equivalent example is known concerning pyrimidines, and in particular, 5-FUra.
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5.2. Transport of purines, pyrimidines and their derivatives.

The ready availability of radio-labelled substrates and .numerous cell lines, the
basic simplicity of the experiments and the almost limitless combination of substrates
has led to an enormous number of publications on membrane transport.

Purine and pyrimidine bases (Figure 5.1) were the first nucleic acid precursors
whose uptake was studied in mammalian cells. Human red cells were found to be freely
permeable to adenine and hypoxanthine (Whittam, 1960), while the uptake of urate into
erythrocytes was found to be temperature-dependent and saturable (Lassen, 1962). The
work which found hypoxanthine to competitively inhibit the flux of uric acid was the
first indication that a carrier system obeying Michaelis-Menten kinetics was responsible
for purine uptake. Reporting the permeability of Ehrlich cells to uracil, thymine and 5-
FUra, Jacquez (1962) noted the rapiditity of uptake of 5-FUra into the cells and the
methodological problems this imposed (5.5).

These early practical problems almost certainly governed the course of future
research into membrane transport. Rapid rates of transport mean that intracellular
concentrations of free substrate are attained within seconds and the instantaneous
separation of cells from the incubation medium is a prerequisite for success in this
area. Filter techniques may only be used for efflux experiments where time is not at a
premium and larger volumes are employed (Lassen, 1967) while potent inhibitors, such
as phloretin (in stop solutions), may only be used in sugar transport (Hankin and Stein,
1972). The only fast, efficient and reliable method for separating cells from medium is
that of centrifugation through oil; a technique initially developed for sub-cellular
fractions (Werkheiser and Bartley, 1957) and subsequently applied, with improvements,
to nucleoside transport (Wohlheuter et al., 1978). This method is extremely versatile
since it also overcomes the problems of intracellular metabolism. All cell types have a
complement of enzymes for intermediary metabolism, some having the facility to
metabolise xenobiotics. These reactions complicate studies of nucleosides. Adenosine
and cytidine are deaminated, and uridine and thymidine are subject to phosphorolysis.

In contrast, hypoxanthine and guanine are converted to nucleosides by purine
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nucleoside phosphorylase. With animal cells these reactions occur intracellularly and the
- products if not phosphorylated are subject to exit transport. Nucleotides are largely
retained by the cells as the plasma membrane is impermeable to most phosphorylated

compounds.

FIGURE 5.1 Some examples of purines and pyrimidines.
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Structure of purines and pyrimidines, and their analogues.
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Nucleoside transport has received the most attention, primarily through the
availability of specific inhibitors such as dipyridamole and nitrobenzylthioinosine
(NBTI). Mammalian cells almost universally possess a single non-concentrative
nucleoside transport system that exhibits very broad nucleoside specificity and similar
kinetic properties (Paterson et al., 1983) but which may differ in sensitivity to
inhibition by transport inhibitors in different types. of cells (Plagemann and
Wohlheuter, 1985). Nucleoside transport is well described by the simple carrier model
(Stein, 1986; Plagemann and Wohlheuter, 1980) and exhibits directional symmetry. The
nucleoside transporter does not transport nucleobases although it has been suggested
that hypoxanthine may be transported by the same carrier as nucleosides in some, but
not other cell lines (Plagemann and Wohlheuter, 1980, 1984; Marz et al., 1979).

In contrast, little is known of nucleobase transport. Most cultured cell lines
investigated express non-concentrative, low-affinity transport systems that are specific
for hypoxanthine, uracil and adenine, but lack a transporter for cytosine (Marz et al.,
1979; Plagemann and Wohlheuter, 1984). High affinity uptake systems have been
identified for adenine and hypoxanthine but the observed saturation seems likely to
have occurred at the phosphorylation rather than the transport stage (Plagemann and
Wohlheuter, 1980). Transport of hypoxanthine, uracil and adenine has been described
by the simple carrier model in cell cultures. Since nucleobases are not transported by
nucleoside carriers, it is probable that transport of the bases is mediated by distinct

carriers. Their number and relationship to each other have not been elucidated.

5.3 Transport in isolated cell systems.

Since there was little information on nucleobase and, in particular, pyrimidine
base transport, investigation of this area was essential in order to characterise the
system. The issue of possible Hz-receptor antagonist interaction .could not be addressed
until this had been completed. It was considered that two types of cell, the erythrocyte

and hepatocyte, could serve as ideal models for transport studies.

93



Chapter 5. Transport studies

5.3.1 Erythrocytes,

The erythrocyte came to be used in biological research, not because it was the
most relevant model, but because for many years, it was the only one. The details of
such vital processes as glucose and electrolyte transport were elucidated in the human
erythrocyte some time ago (Whittam, 1964). As a result of this pioneering work, the
role of the pump in almost all eukaryotic cells is universally appreciated. Cells of the
CNS rely on the pump for maintenance of conductive properties and in cells of the
kidney and GIT, and in some (nucleated) erythrocytes the sodium pump is required to
maintain an inwardly directed Na* gradient, the energy of which is used to accumulate
solutes (Glynn and Karlish, 1975; Jorgensen, 1980; Cavieres, 1977; Glynn, 1985). In
many cells the pump is involved in the regulation and control of cell volume.

The availability of perhaps more relevant models of cell transport has led to
decreased use of the erythrocyte in recent years despite several advantages (Table 5.3.).
For instance, Plagemann’s group published the transport of uracil and 5-FUra in
cultured mammalian cancer cells (Wohlheuter et al., 1980), before similar work in the

erythrocyte (Plagemann et al., 1987).

TABLE 5.3 Experimental advantages of the erythrocyte.

Readily available in convenient quantities.

No internal compartments.

The ATP energy source is derived only from glycolysis.

Intra- and extra-cellular compartments are independently accessible
for alteration of cation or substrate concentrations.

ppoe

Unlike hepatocytes (5.3.2), the assessment of erythrocyte viability is both
straightforward and accurate since damage to the cell is indicated by haemolysis. The
ability of erythrocytes to lose their haemoglobin has been used in the preparation of
ghosts and inside-out vesicles (Whittam, 1964).

Besides the human, erythrocytes from a number of species have been used for

transport studies, including pigs (Buckley, 1974), dogs (Parker, 1979), cats (Sha’afi and
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Hajjar, 1971), turkeys (Gardner et al., 1975), ducks (Riddick et al., 1971) and chickens

(Maizels, 1954).

5.3.2 Isolated hepatocytes.

Hepatocytes are often associated with drug metabolism studies, where their
intact enzyme and cofactor systems provide a valuable model that has been widely
accepted for both financial and scientific reasons. Consequently, hepatocytes have been
used to elucidate the metabolic pathways of many xenobiotics, including 5-FUra
(Sommadossi et al., 1982). However, the methods of their preparation and their limited
lifespan in suspension, have probably contributed to their limited use in transport
studies.

All cells prior to use must be assessed for viability. The removal of calcium
ions, the action of lytic enzymes and mechanical stress during the isolation procedure
can damage hepatocytes (Howard et al., 1973). Suitable criteria for estimating viability
are therefore essential. Morphological features (Wiegand et al., 1971), permeability of
the plasma membrane (Howard and Pesch, 1968), mitochondrial state (Ontko et al.,
1975) and metabolic functions (Schreiber et al., 1974) have been used in studies of cell
viability. Trypan blue exclusion and lactate dehydrogenase (LDH) leakage (Benford and
Hubbard, 1987) are the most common used tests of viability but they are relatively
insensitive measures of damage. Despite this, the trypan blue exclusion test is

convenient and remains widely used and was used in these experiments.

5.4 Kinetic analysis.

It is generally agreed that transport of nucleosides ~and their bases occurs
through facilitated diffusion and considerable attention has been paid to the analysis of
data from membrane transport Kinetic studies. It has been appreciated for some time
that trans-membrane fluxes, when expressed mathematically, are formally similar to the
Michaelis-Menten equation of enzyme kinetics (Glynn, 1956; Jacquez, 1964). Efforts to

define more accurately the nature of transport processes have necessarily led to the
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development of models, the most comprehensive of these being the simple carrier
model (Figure 5.2) of Eilam and Stein (1974). These authors developed the concepts of
unidirectional flux and initial velocity, and derived integrated rate equations
corresponding to these experimental protocols. It is their terminology that is used here.
The protocols relating to this model have been thoroughly evaluated (Plagemann and
Wohlheuter, 1980). It is important to note that these experimental designs are strictly
applicable to cells which fail to metabolise the substrate, or in which metabolism is
blocked in some manner.

A short account of the derivation of the mathematical rate equations commonly
used in transport studies follows: the experimental procedures and nomenclature

developed by Eilam and Stein were adopted.

The zero-trans (zt) procedure concerns the transport of substrate from one side
of the membrane (the cis side), where its concentration is varied, to the other side (the
trans side), where its concentration is initially zero.

In the equilibrium exchange procedure, the substrate concentration at the two
faces of the membrane is held equal and the movement of radioactively labelled
substrate from one face to the other (1 to 2 or vice versa) is followed as a function of
time and substrate concentration.

In the infinite-trans procedure, the movement of a known concentration of
radiolabelled substrate is measured from the cis to the trans side where unlabelled
substrate is present at a concentration >> K of the transport system (S2-00).

Two different infinite-cis protocols have been used to study transport in animal
cells. In the first case it can be used to measure the net movement of substrate from
one side of the membrane, where it is present at a concentration >> K, to the trans face

where the substrate concentration is varied.
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FIGURE 5.2 The simple carrier model in various experimental configurations.
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. =
It 12 S3* varied w S2>> K
= (cells preloaded)
e 12(net) S1* >> K Sz* varied 0—S;
(cells preloaded)
21(net) S;* varied 0 -»Sz* S2* >> K
(cells preloaded)
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The above nomenclature is that of Eilam and Stein (1974) and pertains to the
conditions at the start of the experiment:

S1 extracellular substrate concentration.
Sy intracellular substrate concentration.
S* radiolabelled substrate.

K substrate-carrier affinity constant.
C carrier.

st Zero-trans.

ee equilibrium exchange.

it infinite-trans.

ic infinite-cis.

ki, kz and gy and gz refer to rate constants for unloaded and loaded carrier
respectively. The numbers
the membrane respectively.

1 and 2 refer to the external and internal faces of
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In the second protocol, also referred to as "accelerated exchange diffusion” the
unidirectional flux of substrate is measured. One measures the movement of
radioactivity from the cis side, where labelled substrate is present at a concentration >>
K of the transport system, to the trans side where the concentration of unlabelled.
substrate is varied.

For the situation where a cell is in contact with a xenobiotic for the first time,

the most appropriate procedure is zero-trans influx.

5.4.1 Zero-trans influx

This procedure provides basic information on the influx of a substrate such as
5-FUra into cells. Its design, where the substrate concentration at one face is kept at
zero while that at the other face of the membrane is varied, is entirely in keeping with
the in vivo situation. The presentation of results is also simple in that the rate of net
transport is measured as a function of substrate concentration.

The derivation of the equations used in these procedures may be found in detail
elsewhere (Eilam and Stein, 1974) but essentially for the direction 1 to 2 (dxtra— to

intracellular), the velocity for transport may be written:

KS, (1/R12) X $1
"y1z = = (1)
K2Rgo + KR1251 K(Roo/R12) + S1

Equation 1 is of the typical Michaelis-Menten form familiar. in enzyme kinetics.
As S7 increases, the velocity of transport reaches the limiting value (//Ri12), which can
be defined as V2, the maximum velocity of the zero trans flux. One-half of this
velocity is reached at a substrate concentration of S1 = K(Rgo/Ri12), which can be
defined as Kjz , the half-saturation concentration or Michaelis coefficient for this

procedure.
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Thus:

®Y12 = 1/R12 )

and

®K12 = K(Roo/R12) 3)

where Rjz is the rate constant when substrate is on side 1 of the membrane only;
Roo relates to the maximum velocity when there is substrate at neither side;

Ree relates to the maximum velocity when there is substrate on both sides of the
membrane;

K is equivalent to Ky, and is considered as the "half-saturation concentration"
Substituting #*V12 and **Kj3 in equation (1) the following is obtained:

S1/R
ty)g = —— 4)
K+ 81

Since the influx of nucleobases is so rapid it is technically extremely difficult to
obtain accurate direct estimates of initial velocities. Eilam and Stein (1974) developed
integrated rate equations to overcome this problem but their- graphical calculation of
results is prone to considerable error. The Plagemann group (University of Minnesota)
developed a more simplified integrated rate equation

t/R + (1 +S1/K) S2z

Sep=81 | l-exp (5)
S12/K + 281 + K : '

where S24 = concentration of substrate inside the cell at time t, (S2,0 = 0 for a
zero-trans experiment),

S1 = exogenous substrate concentration, and is taken as constant,
R = reciprocal of maximum velocity,
K = Michaelis-Menten constant Kp,.

This equation, conveniently solved by iterative techniques, is fitted to the entire
time course of transmembrane equilibrium and the slope of the curve at zero-time
gives the initial velocity, tv1s, for a single substrate concentration.

In the present work an alternative method has been-used in the absence of

sophisticated computer analytical techniques. Where the time courses at a series of
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substrate concentrations are available the Michaelis-Menten parameters for transport
may be computed directly, by treating both time and substrate concentration as
independent variables. The use of standard non-linear regression analysis may be used
to calculate R, K and their associated errors of estimate and substitution of these values
in equation (4) gives the initial velocity of transport at that concentration, v;s.

Reasonable estimates of initial velocities and/or kinetic parameters of transport
of metabolisable substrates have been obtained using these methods, provided that the
estimates are based only on early time points, before accumulation of metabolites
becomes significant (Plagemann and Wohlheuter, 1980). This proviso is readily met with
uracil and 5-FUra, since the rates of metabolism of these substrates are considerably
less than those of transport. Therefore, in the estimation of initial velocities, up to 14
time points at each of 10 substrate concentrations were used.

Estimates of initial velocity of uptake at a single substrate concentration were
obtained by experimentally determining K and R and substituting the values into

equation (4).

5.5. Methodological considerations in the derivation of transport data.

The erythrocyte and hepatocyte are entirely different forms of cell and their
preparation had to be evaluated prior to use.

The most important technique in transport studies is the efficient separation of
cells from their incubation medium. This method and that of the retrieval of
radioactivity from the cells were evaluated for their applicability to the types of cell
being used.

The intra- and extracellular spaces for both types of cell were quantified using
radiolabelling techniques.

Kinetic studies increasingly use computer techniques.to aid the processing of
raw data. The use of linear regression for linear equations is expected in any statistical
analysis. However, methods used to extract values of parameters from raw data by

rearrangement of the original non-linear equation into a linear form have to be used
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with care. The Michaelis-Menten equation is no exception: in its original form it is
hyperbolic making the determination of Ky and Viax difficult. Its linear transformation
is the Lineweaver-Burk plot which has a number of limitations: high 1/[S] values (low
[S]) are potentially subject to large error which linear regression analysis cannot cope
with because of the assumption that errors are equally distributed throughout the data.
Indeed, computer programs have been written specifically to achieve robustness against
outliers in Lineweaver-Burk plots (Cornish-Bowden and Endrenyl, 1981). Regression
analysis on the original non-linear equation with simple weighting is far more
appropriate with the added advantage that the standard error of each parameter may be
obtained as a by-product.

Data reproduced here have been calculated using non-linear regression analysis
and graphical representation of the results is in the non-linear form. The derived
values for Kp, and Vmax were obtained from the non-linear regression analyses and

confirmed using traditional methods.

5.6 Procedures.

Erythrocytes and hepatocytes were prepared (2.3.1, 2.2.6, 2.2.7) and the rapid
kinetic procedure (2.4.1) developed and validated (2.4.2). The purity of [3H]5-FUra and
5-FUra standard was determined by HPLC (2.5.2). Uptake of 5-FUra into these cells
followed the described methods (2.4.1) and the levels of radioactivity analysed using
scintillation counting (2.7). The results were calculated taking into account intra- and

extracellular spaces (2.6) and the data used to derive the kinetic parameters (2.9).
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5.7 Results.
5.7.1 Validation of procedures.

The preparation of erythrocytes (2.3.1) from freshly. drawn blood of healthy
volunteers was straightforward. When fresh, the cells only needed three washes prior to
use but care was taken if any spare cells were stored for.re-use (maximum of four
days). On the second day of storage four washes were required (as indicated by
haemolysis in the supernatant). After three days, although the supernatant was clear
after four washes, the cells could not be used unless they were washed a further two
times. If an experiment was performed using cells that had not been washed further,
the results were completely erratic. The reason for this remains unclear.

Hepatocytes were isolated using two well established .methods. Early transport
studies had used the method (2.2.6) of Fry et al. (1976) which provided 25-35 x 108
cells/gm liver of liver with high (90%) viability. The perfusion method (2.2.7) was far
superior and typical values obtained for the rats used were a yield of 6-8 x107 cells/gm
liver with viability indices >90% (Benford and Hubbard, 1987). .

Prior to their use, the effects of the substrate and inhibitors over a range of
concentrations were investigated for their effect upon cell viability in both cell types.
Neither the viability of erythrocytes, as indicated by the extent of haemolysis, or that
of hepatocytes (as assessed by trypan blue exclusion) was affected by any of the
chemicals at the concentrations used over a time course of fifteen minutes.

Evaluation of the rapid kinetic procedure (2.4.1) was essential. The Eppendorf
centrifuge used in the work was identical to that used by Plagemann’s group in
Minnisota, USA. and was ideally suited for use in transport studies having a very quick
start-up time (15,000 rpm in 5 sec) and no lid-locking device to.delay the handling of
samples. The manufacture of this model has, unfortunately, been discontinued and its
replacement is quite inferior for studies such as these. No other centrifuge has the
specification required.

The composition of the oil (as a ratio of two oils) was found to be sufficiently

viscous for the separation of both erythrocytes and hepatocytes. Residual cell debris
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from the hepatocyte preparation was left on top of the oil layer following
centrifugation. This may have been advantageous since the presence of the debris in the
cell pellet might have influenced extracellular space measurement.

The efficacy of the washing procedure was evaluated and the results are shown
in Table 5.4.

¥k

TABLE 5.4. The effect of washing microcentrifuge tubes on reducing
background radioactivity prior to cell disruption

Sample No - Wash stage + Wash stage
(dpm) (dpm)
1 314 92
2 504 61
3 988 63
4 500 60
5 240 62
6 967 75

The rapid kinetic method was validated (2.4.2) using [3H]5-FUra. [3H]5-FUra
(1 uCi) was added to a series of tubes containing oil. Following centrifugation,
the [3H]5-FUra was aspirated and the residual radioactivity determined, before
and after a washing stage.

Whilst aspiration of the supernatant accounted for 99.9% of the added
radioactivity, the remaining radioactivity was an unacceptable proportion of the total
amount in the cell pellet. The incorporation of a washing .stage lowered the residual
activity to background level. It should be noted that the top of the oil and not the cells
themselves was washed. Any attempt to wash the cells was inadvisable on two accounts;
firstly, the cells were packed in a tight plug and could only be disaggregated by vortex
mixing which would have led to cell damage, and secondly, the loss of intracellular
substrate by efflux could have occurred.

For erythrocyte transport studies Tris-HCI (10 mM) containing NaCl (140 mM)
and KCI (10 mM) was used throughout. It was also the buffer used to validate the

rapid kinetic procedure (2.4.1). PBS A’ buffer was used for the washing procedure in
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the hepatocyte experiments. Initial experiments using L-15/FCS incubation medium,
with and without phenol red showed that transport of 5-FUra was unaffected by the
presence of this indicator of pH. As a result phenol red was present in both incubation
medium and PBS ’A’ where it served as a visual aid in the aspiration stages.

Intra- and extracellular spaces were determined in both the erythrocyte (Figure
5.3) and hepatocyte (Figure 5.4) over a range of cell density. The intra- and
extracellular volumes for the erythrocyte were 23.2 ul + 1.8 ul and 1.8 ul £ 0.1 ul for
3.68 x 108 cells. For the hepatocyte these spaces were 1.3 ul and 0.15 ul for 1 x 108
cells respectively.

The optimum temperature for these experiments was explored. Initial work with
erythrocytes at 370 and time intervals of 15 sec showed that uptake of 5-FUra (100
uM) was maximal at under 5 sec. This range of time was impracticably short for initial
transport rates to be assessed. The temperature was reduced to 25° and the time
intervals reduced to 2 sec. A further reduction in temperature to 4% produced lower
transport rates but the data were not used for the measurement of zero-trans transport
(Ztvu). For hepatocytes the ideal temperature was found to be 379, Initial rates could be
calculated easily at this temperature with the added advantage that time intervals of 5
sec could be used.

The issue of effective zero time was considered and found to be significant in
erythrocyte transport studies. Early analysis of the data indicated that effective zero
time was in the region of -2 sec. This error was considered to be caused entirely by the
centrifugation stage. Investigations showed that although the centrifuge reached
maximum speed at 5 sec, the erythrocytes had already passed through the oil at 2 sec.
Therefore, this centrifugation period was taken into account and the sampling times

incremented by 2 seconds for the purpose of calculating kinetic data.
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FIGURE 5.3 Extra- and intracellular water spaces in erythrocyte studies.
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Samples of human erythrocytes expressed as percentage haematocrit (2-12%) were
analysed using the rapid kinetic method in order to determine the extent of intra- and
extracellular spaces in the resultant pellet. [Carboxyl-14C] carboxylinulin (O) and 3H20
(@) spaces were measured using dual channel scintillation counting according to the

method described in 2.6. Data shown represent a series of duplicate samples repeated
for six experiments.
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FIGURE 5.4. Extra- and intracellular water spaces in hepatocyte studies.
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Samples of rat hepatocytes (2-40 x 10%) were analysed using the rapid kinetic method
in order to determine the extent of intra- and extracellular spaces in the resultant
pellet. [Carboxyl-14C] carboxylinulin (O) and 3H;0 (@) spaces were measured using
dual channel scintillation counting according to the method described in 2.6. Data
shown represent a series of duplicate samples repeated for six experiments.
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5.7.2 Zero-trans influx of 5-FUra in erythrocytes

Preliminary experiments (5.7.1) showed that the optimum temperature for the
uptake of 5-FUra into rat erythrocytes was 259, The initial uptake velocity of 5-FUra
was determined over a range of substrate concentrations. Figure 5.5 shows the uptake
of 5-FUra (100 uM) into erythrocytes at 259, Accumulation of substrate was rapid with
a linear phase during the initial 10 sec of uptake. Data corrected for intra- and
extracellular spaces over this period were obtained for a range of substrate
concentrations and were used for the determination of the kinetic parameters, K, and
Vmax (Figure 5.6). Lowering the experimental temperature to 49 caused a further
decrease in the rate of 5-FUra (100 ¥M) accumulation but this temperature was not

used (Figure 5.7).

Effect of nucleobases and nucleosides.

The entry of 5-FUra into erythrocytes was found to be saturable with a
Michaelis-Menten constant, Ky, of 6.4 + 0.5 mM. The corresponding Vmax was 265 %
21 pmol/ul cell He0.sec (Figure 5.6). The value of Kp, could only be an estimate since it
was derived from initial velocities obtained over a substrate range of 0.1 to 10 mM.
Higher concentrations were prohibited due to solubility limitations. The effects of
various nucleobases and nucleosides on the zero-trans influx of 5-FUra are shown in
Table 5.5. The initial transport velocity (Ztvlz) for 5-FUra (100 uM) was calculated as
4.07 £ 0.35 pmol/ul cell Hz0.sec. Transport of 5-FUra in the presence of uracil (1.0
mM) and thymine (1.0 mM) was 68% and 92% of control, whilst cytosine had no effect.
The purine, adenine, inhibited 5-FUra transport to 74% of control but at a relatively
high concentration (2.0 mM). Xanthine (1.0 mM) and hypoxanthine (1.0 mM),
analogues of adenine inhibited the zero-trans influx of 5-FUra by 13 and 20%
respectively.

Uridine, a substrate for the nucleoside transporter, had an inhibitory effect on
5-FUra influx (58% control), but the level of inhibition was low considering the high

level (2.0 mM) used.
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The purine allopurinol, and its analogue oxypurinol, inhibited 5-FUra transport

to 79 and 86% of control.

Effect of inhibitors

The effects of various inhibitors on the zero-trans influx of 5-FUra are given
in Table 5.6. Inhibition by the oxidative-phosphorylation inhibitor, dinitrophenol, was
78% of control. The inhibitors of nucleoside transport,: CMPS, phloretin and
dipyridamole, inhibited 5-FUra zero-trans influx to 75%, 84% and 97% of control
values respectively. Inhibition by CMPS, while significant, occurred at a relatively high
concentration (1.0 mM).

Sodium azide caused a 4% inhibition but sodium fluoride, hydroxylamine and

arsenic had no effect on 5-FUra transport.

Effect of Ha-receptor antagonists.

Table 5.7 shows the kinetic data for CMT, RNT and the recently introduced
Hz-receptor antagonist, famotidine FMT.

At the concentrations used (100 mM), all three drugs had minimal effects on

the 5-FUra zero-trans influx.
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FIGURE 5.5 Zero-trans influx of 5-FUra into human erythrocytes (259).
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Zero-trans influx of 5-FUra into human erythrocytes at 25° (pH 7.4). The
accumulation of [3H]5-FUra (100 uM) was determined using the rapid kinetic
technique as previously described (2.4.1). Radioactivity in the pellet was corrected for
substrate trapped in the extracellular space (1.8 ul) and converted to pmol/ul H20 on
the basis of an intracellular space of 23.2 ul. Using the computed values of Ky, and
Vmax obtained in separate work (Figure 5.6) the initial zero-trans velocities ( Ztvlz) in

pmol/ul cell Hz0.sec) were calculated by substituting the experimentally determined
values of K and R into equation (4).

Each point on the graph represents the mean of a quadruplicate set of data (n = 1)
and the curve is the result of non-linear regression analysis of that raw data.
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FIGURE 5.6 Uptake of 5-FUra into human erythrocytes.
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Uptake of 5-FUra into human erythrocytes at 259 (pH 7.4). The accumulation of
[H]5-FUra at a range of concentrations was determined using the rapid kinetic
technique as previously described (2.4.1). Radioactivity in the cell pellet was corrected
for substrate trapped in the extracellular space (1.8 ul) and converted to pmol/ul cell
H20 on the basis of an intracellular H;0 space of 23.2 ul. The best fitting parameters
for Km and Vijax were 6.4 £ 0.5 mM and 265 * 21 pmol/ul cell H20.sec respectively.
These values were calculated using a non-linear regression program and were used for
the determindtion of Z

Each point on the graph represents the mean of a quadruplicate set of data (n = 1).
For the calculation of Kp, and Viax, six experiments were completed and the data
analysed by non-linear regression (n = 6). The kinetic parameters reflect therefore the
mean * SEM of six individual experiments.
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FIGURE 5.7 Zero-trans influx of 5-FUra into human erythrocytes (49).
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Zero-trans influx of [3H]|5-FUra in human erythrocytes at 4° (pH 7.4). The
accumulation of [3H]5-FUra (100 uM) was determined using the rapid kinetic

technique as previously described (2.4.1). Radioactivity in the cell pellet was corrected
for substrate trapped in the extracellular space (1.8 ul) and converted to pmol/ul cell

H320 on the basis of an intracellular H20 space of 23.2 ul.

Each point on the graph represents the mean of a quadruplicate set of data (n =
and the curve is the result of non-linear regression analysis of that raw data.
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TABLE 5.5. Effect of nucleobases and their derivatives on the transport of 5-FUra in
human erythrocytes.

Inhibitor Concentration Zvia % K; (comp)
(mM) (pmol/ul cell Hz0.sec) control (mM)

None - 4.07 £ 0.35 100 -

Pyrimidine.

Uracil 1.0 2.76 £ 0.15 68" 2.09

Thymine 1.0 3.74 + 0.34 92ns 11.32

Cytosine 1.0 4.11 £ 0.5 10]1ms -

Purine.

Adenine 2.0 3.01 £ 0.29 74" 5.60

Purine analogues.

Allopurinol 1.0 3.22 + 0.28 79" 3.70

Oxypurinol 0.5 3.51 £ 0.27 86ms 6.05

Hypoxanthine 1.0 3.25 + 0.26 80" 3.03

Xanthine 1.0 3.54 £ 0.21 87ns 6.59

Nucleoside.

Uridine 2.0 2.36 + 0.21 58* 2.72

Samples of human erythrocytes (3.68 x 108 cells) were analysed by the rapid Kkinetic
technique for the zero-trans influx of [3H]5-FUra (100 AM). Unlabelled nucleobases
and their derivatives were added simultaneously with the labelled 5-FUra as indicated.
Radioactivity was corrected for substrate trapped in the extracellular space (1.8 ul)
and converted to pmol/ul cell H20.sec on the basis of an intracellular H20 space of
23.2 ul. Initial transport velocities Ztvn were calculated by substituting the computed
values for K and V into equation (4). Kj (comp) Was calculated on the assumption of
competitive inhibition according to the equation
[1](1-i)

K= —m—m o
i(l1 +[S]/K)
where i = fraction inhibition by 7 and K is the Michaelis-Menten constant for the
substrate S.

Each recorded value is the mean * SEM of 6 experiments.
* represents data significantly different from control (P < 0.05)

ns not significant as determined using the paired ’t’ test.
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TABLE 5.6. Effect of various inhibitors on the transport of 5-FUra in
human erythrocytes.

Inhibitor Concentration Zyie % K; (comp)
(mM) (pmol/ul cell H0.sec) control (mM)

None - 4.07 £ 0.35 100 -

Metabolic inhibitor.

Dinitrophenol 1.0 3.17 £ 0.28 78" 3.49

Nucleoside inhibitors.

CMPS 1.0 3.05 + 0.25 75* . . 2.95

Phloretin 0.1 3.42 £ 0.31 84ns 0.52

Dipyridamole 0.1 3.95 £ 0.35 9Q7ns 3.18

Enzyme inhibitors.

Sodium azide 1.0 39 £0.18 96ns 23.6

Na fluoride 1.0 4.1 £ 0.21 100ms -

Hydroxylamine 1.0 402 £ 0.2 9gns 97.5

Arsenic 1.0 4.15 £ 0.2 102ns -

Samples of human erythrocytes (3.68 x 108 cells) were analysed by the rapid kinetic
technique for the zero-trans influx of [H]5-FUra (100 uM). Unlabelled nucleobases
and their derivatives were added simultaneously with the labelled 5-FUra as indicated.
Radioactivity was corrected for substrate trapped in the extracellular space (1.8 ul)
and converted to pmol/ul cell H20.sec on the basis of an intracellular H20 space of
23.2 ul. Initial transport velocities Ztvlz were calculated by substituting the computed
values for K and V into equation (4). K; (comp) Was calculated on the assumption of
competitive inhibition according to the equation

[1j(1-1)
i(1+[S]/K)

where i = fraction inhibition by / and K is the Michaelis-Menten constant for the
substrate S.

K; =

Each recorded value is the mean = SEM of 6 experiments
* represents data significantly different from control (P < 0.05).

ns not significant as determined using the paired ’t’ test.
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Effect of Ha-receptor antagonists on the transport of 5-FUra in

human erythrocytes.

Inhibitor Concentration Zlyia % Ki (comp)
(mM) (pmol/ul cell Hz0.sec) control (mM)
None - 4.07 + 0.35 100 -
Cimetidine 1.0 3.82 + 0.2 94ns 15.4
Ranitidine 1.0 3.89 £ 0.2 96ne 23.6
Famotidine 1.0 3.86 £ 0.2 95ns 18.7

Samples of human erythrocytes (3.68 x 108 cells) were analysed by the rapid kinetic
technique for the zero-trans influx of [3H]5-FUra (100 uM). Unlabelled nucleobases
and their derivatives were added simultaneously with the labelled 5-FUra as indicated.
Radioactivity was corrected for substrate trapped in the extracellular space (1.8 ul)
and converted to pmol/ul cell Hz0.sec on the basis of an intracellular H20 space of
23.2 ul. Initial transport velocities zth were calculated by substituting the computed
values for K and V into equation (4). Ki (comp) Was calculated on the assumption of
competitive inhibition according to the equation

[1](1-i)

K; =

i(1+[S]/K)

where i = fraction inhibition by I and K is the Michaelis-Menten constant for the

substrate S.

Each recorded value is the mean * SEM of 6 experiments.

* represents data significantly different from control (P < 0.05).

ns not significant as determined using the paired ’t’ test
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5.7.3 Zero-trans influx of 5-FUra in rat hepatocytes

Using the same rapid kinetic techniques as used in the characterisation of
5-FUra zero-trans influx in human erythrocytes, kinetic data - were extracted from a
series of experiments in rat hepatocytes. The rate of uptake of 5-FUra into these cells
was considerably slower than that found inerfhocsisand the use of a temperature of 370
was perfectly acceptable for the determination of kinetic data. Figure 5.8 shows the
curve derived from taking the initial velocities of a series of 5-FUra concentrations,
and after accounting for intra- and extracellular spaces, plotting uptake vs substrate
concentration. From this curve, the calculated values for the kinetic constants K, and
Vmax were 26 = 1.7 mM and 198 + 14 pmol/ul cell Ho0.sec respectively. The entry of
5-FUra into hepatocytes was found to be saturable but the true Michaelis-Menten
constant could not be determined since solubility limitations prevented the use of

substrate concentrations greater than 10 mM.

Effect of nucleosides and nucleobases.

The kinetic data concerning inhibition of 5-FUra transport by nucleobases and
nucleosides may be found in Table 5.8. As in the case with the erythrocyte data the
values for Kj given in the table are only approximations since. they were computed on
the untested assumption of competitive inhibition, and because the error associated with
Ztvlz is amplified considerably in the determination of Kj.

The pyrimidines, uracil and thymine, inhibited the zero-trans influx of 5-FUra
to 60% and 87% of control values, whilst the analogue cytosine caused only a slight
reduction from control values (7%). Transport of 5-FUra in the presence of adenine at
the relatively high concentration of 2 mM was 96% of control.

Purine analogues xanthine and hypoxanthine, reduced the zero-trans influx of
5-FUra to 93% and 83% of control respectively.

The nucleoside uridine, caused a 20% inhibition of transport but at a high

concentration (2 mM).
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Effect of inhibitors.

The derived kinetic data describing the effect of a series of inhibitors on the
zero-trans influx of 5-FUra is shown in Table 5.9. Dinitrophenol had a significant
effect reducing transport to 75% of control. The nucleoside inhibitors, dipyridamole
and phloretin, at the lower concentration of 0.1 mM caused 13% and 12% inhibition
respectively. Ouabain reduced transport to 91% of control. The remaining inhibitors,
sodium azide, sodium fluoride and arsenic produced no effect (1%, 0% and 5%

inhibition respectively.

Effect of Ha-receptor antagonists.

The effect of three Hz-receptor antagonists on 5-FUra zero-trans influx was
investigated and Table 5. 7 shows the derived kinetic data. The effects of CMT, RNT
and FMT were negligible: the maximum inhibition was shown by CMT (5%) followed

by RNT (3%) and FMT (0%).
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FIGURE 5.8 Uptake of 5-FUra into rat hepatocytes.
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Uptake of 5-FUra into rat hepatocytes at 370 (pH 7.4). The accumulation of [SH]5-
FUra at a range of concentrations was determined using the rapid kinetic technique as
described in Materials and Methods (2.4.1) Radioactivity in the cell pellet was
corrected for substrate trapped in the extracellular space (0.15 ul/10% cells) and
converted to pmol/ul cell H20. sec on the basis of an intracellular space of 1.3 ul1/108
cells. The best fitting parameters for K, and V' hax were found to be 26 * 1.7 mM
and 198 + 14.1 pmol/ul cell Hz0.sec after a series of six experiments comprising of all
concentrations shown. These values for Ky, and V nax were calculated using a
non-linear regression computer program and were used for the determination of z, 13

Each point represents the mean + SEM of six experiments (n = 6). In each experiment
determinations were performed in duplicate and the mean taken (n = 1)
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TABLE 5.8. Effect of nucleobases and their derivatives on the transport of 5-FUra in
rat hepatocytes

Inhibitor Concentration Zly g % Ki (comp)
(mM) (pmol/ul cell Ha0.sec) control (%) (mM)

None - 0.75 £ 0.07 100 -

Pyrimidines.

Uracil 1.0 0.45 + 0.04 60" 1.49

Thymine 1.0 0.65 £ 0.06 87 201

Cytosine 1.0 0.70 £ 0.05 93ns 12.23

Purines.

Adenine 2.0 0.72 £ 0.07 96ne . . 47.82

Purine analogues.

Allopurinol 1.0 0.56 + 0.05 75" 2.98

Hypoxanthine 1.0 0.62 + 0.05 83" 4.86

Xanthine 1.0 0.70 = 0.06 93ns 13.23

Nucleoside.

Uridine 2.0 0.6 £ 0.05 80* 7.96

Samples of rat hepatocytes (2.0 x 10% cells) were analysed by the rapid kinetic
technique for the zero-trans influx of [3H]5-FUra (100 xM). Unlabelled nucleobases
and their derivatives were added simultaneously with the labelled 5-FUra as indicated.
Radioactivity was corrected for substrate trapped in the extracellular space (0.15
ul/108 cells) and converted to pmol/ul cell Hz0.sec on the basis of an intracellular H0
space of 1.3 ul/10% cells. Initial transport velocities (ZtV1z) were calculated by
substituting the computed values for K and V' into equation (4). Ki (comp) Wwas
calculated on the assumption of competitive inhibition according to the equation

[1j(1-i)
i(1 +[S]/K)

where i = fraction inhibition by I and K is the Michaelis-Menten constant for the
substrate S.

Each recorded value is the mean * SEM of 6 experiments.
* represents data significantly different from control (P < 0.05).

ns pot significant as determined using the paired °t’ test.
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TABLE 5.9. Effect of a) classical inhibitors and b) Hz-receptor antagonists on the
transport of 5-FUra in rat hepatocytes

Inhibitor Concentration Zyie % Ki (comp)
(mM) (pmol/ul cell Hz0.sec) control (mM)

a) Inhibitors

None - 0.75 % 0.07 100 -
Dinitrophenol 1.0 0.56 + 0.05 75" 2.98
Dipyridamole 0.1 0.65 £ 0.06 87ns 0.66
Phloretin 0.1 0.66 % 0.06 ggns 0.73
Ouabain 1.0 0.68  0.06 9Ime - 10.07
Sodium azide 1.0 0.74 + 0.07 9gns 98.62
Na fluoride 1.0 0.75 = 0.07 100ns -
Arsenic 1.0 0.71 £ 0.07 95ns 18.92

b) Haz-receptor antagonists

Cimetidine 1.0 0.71 £ 0.07 95ns 18.92
Ranitidine 1.0 0.73 £ 0.07 97ns 32.21
Famotidine 1.0 0.75 £ 0.08 100ns -

Samples of rat hepatocytes (2.0 x 10 cells) were analysed by the rapid kinetic
technique for the zero-trans influx of [(H]S-FUra (100 uM). Unlabelled nucleobases
and their derivatives were added simultaneously with the labelled 5-FUra as indicated.
Radioactivity was corrected for substrate trapped in the extracellular space (0.15
ul/108 cells) and converted to pmol/ul cell Hz20.sec on the basis of an intracellular H20
space of 1.3 ul/10% cells. Initial transport velocities ~(Ztv12) were calculated by
substituting the computed values for K and V into equation (4). Kj (comp) Wwas
calculated on the assumption of competitive inhibition according to the equation

[1](1-i)
Ki = —
i(1+[S]/K)
where i = fraction inhibition by / and K is the Michaelis-Menten constant for the
substrate S.
Each recorded value is the mean £ SEM of 6 experiments.

* represents data significantly different from control (P < 0.05).

8 not significant as determined using the paired ’t’ test.
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5.8. Discussion.

The object of these studies was to investigate whether the results obtained from
the pharmacokinetic work could, in some part be due to the.influence of CMT on
transport processes. An increase in the permeability of the cell membrane would allow
greater cellular concentrations of 5-FUra. Furthermore, the possibility that 5-FUra
could enter the cell by a CMT mediated transport process could not be ruled out in the
absence of any published work to the contrary.

Human erythrocytes and animal hepatocytes were chosen for a number of
reasons. Having no intracellular organelles and limited metabolic processes, the
erythrocyte may be considered as a cell membrane model. The hepatocyte differs in
that it is a nucleated cell with extensive metabolic properties. The role of the
hepatocytes in this work was fundamental since it is the liver that is responsible for the
greater part of 5-FUra metabolism in the whole animal. Results presented here confirm
that these cells may be easily obtained and used in transport studies.

Central to these studies was the rapid kinetic procedure developed by
Plagemann and Wohlheuter (1978), which was essential for the accumulation of accurate
raw data from both experiments with both types of cell. As in enzyme kinetic studies
the precise measurement of initial velocity is of most importance and the ability
afforded by the technique to work at time intervals as short as 2 sec was appreciated.

The computation of the kinetic parameters K;m and Vmax from these data was
not as accurate as one would have wished since the solubility of 5-FUra was too close
to its Km. Ideally, the range of substrate concentrations should extend from one fifth to
five times the value for K, which was not possible here.

The kinetic analyses have clearly shown that both erythrocytes and hepatocytes
possess efficient transport systems for 5-FUra that are both rapid and saturable. This is
in agreement with the work of Wohlheuter et al. (1980) who.studied the transport of 5-
FUra in hepatoma cells. The kinetic data suggest that uracil .and 5-FUra were probably
transported by the same carrier in both hepatocytes and erythrocyte. The lack of effect

of cytosine is consistent with the findings of Plagemann et al. (1987), who concluded
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that cytosine transport was not carrier mediated since its uptake could be measured
over a time course of 100 minutes, in contrast to that of uracil which took 100 seconds.
In addition Plagemann et al., (1987) has also suggested that adenine is transported by a
specific carrier, in erythrocytes, with properties similar to that of the uracil transporter.
Results presented here would appear to confirm this phenomenon which is also
apparent in hepatocytes. Hypoxanthine, in common with adenine, and unlike 5-FUra
would also appear, from these studies, to have its own . transporter. Uridine is
commonly used as a substrate for the nucleoside transporter and in not inhibiting 5-
FUra transport it is likely that the two chemicals are transported by entirely different
carrier systems.

The values for Kj given in the tables can only be. estimates since they were
calculated on the untested assumption of competitive inhibition and because the error
associated with z’vlg is amplified in the calculation of K;. The assumption has validity
for two reasons. Firstly, the mechanism of other forms of inhibition differs from that
in enzyme Kkinetics. In the case of non-competitive enzyme inhibition, the inhibitor
forms a complex with sites and in which a constant Kj, can be derived in a manner
similar to that of competitive inhibition, with a value equal to that concentration of
inhibitor which reduces Vmax by half. Since the mechanism of action in carrier
transport is probably different from that in enzyme kinetics it .would be unreasonable
to derive a constant of this sort. Secondly, it is not unlikely that two substrates, such as
5-FUra and uracil should compete on a competitive basis for the same carrier.

During the course of this work the opportunity arose to test the hypothesis that
allopurinol, a purine, was an inhibitor of 5-FUra transport. Allopurinol had been
thought to be a useful addition to 5-FUra chemotherapy since it decreased systemic
toxicity. Schwartz et al., (1979, 1980) showed that allopurinol pretreatment caused
increased metabolism of 5-FUra via the orotate phosphoribosyltransferase pathway but
the issue of whether allopurinol inhibited cell uptake had not appeared to have been
considered. Results reported here indicate that allopurinol does inhibit transport of 5-

FUra, and that this action may contribute to the clinical findings. In addition, a series
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of in vivo experiments where erythrocytes from allopurinol treated subjects were tested
for their ability to take up 5-FUra showed zero-trans influx to be inhibited by the
normal clinical dosage of allopurinol thereby substantiating the hypothesis (Dilloway
and Lant, 1990 in press).

The primary role of these transport studies was to determine whether or not
Hz-receptor antagonists had a positive effect upon the zero-trans influx of 5-FUra.

The results clearly show that this group of drugs do not affect the influx of 5-FUra.
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CHAPTER 6

EFFECT OF Hz-RECEPTOR ANTAGONISTS

ON ENZYME SYSTEMS.

6.1 Introduction.

CMT has been shown to alter the pharmacokinetics of 5-FUra in patients with
cancer. Further work in two animal species, the rat and cynomolgus monkey, confirmed
this and also the absence of effect with RNT. Uptake studies failed to show that this
phenomenon was in any way connected with membrane transport. It was considered
that the metabolic processes of 5-FUra should be investigated

*kkkE
The metabolic profile is complex and the pathways have been previously

described (Chapter 1). For convenience they may be viewed again here (Figure 6.1).

FIGURE 6.1 The metabolic pathways of 5-FUra.
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Chapter 6. Enzymes.

The metabolism of 5-FUra is balanced between the two processes of anabolism
and catabolism. The catabolic route has been well investigated and a close similarity
exists between results using animal tissue (Sommadossi et al., 1982) and patients
(Malet-Martino et al., 1986). The anabolic route is more complex and whilst in murine
tumour cell lines the data are almost complete, there is little information of the relative
role of these pathways in human tissue.

Manipulation of both anabolic and catabolic routes -has been attempted in order
to increase cytotoxic efficacy and decrease systemic toxicity. . There are notable
examples. Following reports that the purine analogue allopurinol, reduced bone marrow
and gastrointestinal toxicity in mice (Schwartz et al., 1980), considerable excitement
ensued when clinical studies showed that concomitant allopurinol increased the half-life
of 5-FUra and permitted double the maximum tolerated dose to be administered to
patients without dose-limiting toxicity (Howell et al., 1981). The rationale behind its
use was that allopurinol inhibits orotidylate decarboxylase. (OMPdecarboxylase), an
enzyme capable of anabolising 5-FUra, which many host tissues possess unlike many
tumours. Unfortunately, the inhibition results in increased orotic acid levels which
compete with 5-FUra for orotate phosphoribosyltransferase (OPRT) and thus lessens
the conversion of 5-FUra to FUMP. This enzyme. may .be called pyrimidine
phosphoribosyltransferase since it has broad specificity preferring: orotic acid and 5-
FUra to uracil (Myers, 1981). The therapeutic advantage of this combination remains to
be demonstrated.

The catabolism of 5-FUra centres on one enzyme which has a broad specificity
and is responsible for the reduction of pyrimidines. It has. a reversible component and
is known as dihydrouracil dehydrogenase or more correctly dihydropyrimidine
dehydrogenase (DPD) (Diasio and Harris, 1989). Early workers soon discovered that
DPD had a specificity for monosubstituted pyrimidines according to the order F > CI
> Br >I (Newmark et al., 1962). DPD has been shown to be irreversibly inhibited by 5-
diazouracil in a crude enzyme preparation from rat liver (Cooper and Greer, 1970).

Further in vivo work revealed that the toxic and anti-tumour activities of 5-FUra were
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potentiated equally by diazouracil administration (Cooper et al., 1972). Inhibition of rat
liver DPD by 5-cyanouracil has also been reported (Dorsett et al., 1969).

In order to evaluate any effect Ha-receptor antagonists might have on the
balance of 5-FUra metabolism, two enzymes were chosen for iinvestigation: OPRT and

DPD. In addition, it was felt pertinent to include thymidylate synthetase.

6.2 Methodological considerations.

Although OPRT has been isolated from various animal sources including rat
liver where it copurifies with OMP-decarboxylase (Brown et al., 1972) preliminary
work revealed that impure subcellular fractions of liver could not be relied upon in the
investigation of OPRT activity. The OPRT reaction may be. assayed by coupling with
OMP-decarboxylase and following the conversion of orotidylate formed to UMP at 295
nm. However, using crude liver preparations (9,000 x g supernatant and cytosol) the
activity was not reproducible and an alternative was sought.

The two enzymes mentioned above may be isolated from baker’s yeast and a
commercially available combination of the two was used.

The activity of DPD in rat liver cytosol has been investigated by several authors
(Fritson, 1960; Smith and Yamada, 1971). Preliminary work for the studies presented
here evaluated the useEVS,OOO X g supernatant of rat liver but the presence of
NADPH-oxidising enzymes resulted in an unacceptable "blank" reaction, a
characteristic also noted by Shiotani and Weber, (1981). The cytosolic fraction was
therefore used for the spectrophotometric determination of DPD activity.

There are no published data on the correlation of - hepatic intracellular CMT
levels with CMT pharmacokinetics making the choice of inhibitor concentrations in
these in vitro studies difficult. The concentrations of RNT, FMT and NZT used, were
higher than those achieved clinically (Martin et al., 1982; Campoli-Richards and
Clissold, 1986; Callaghan et al., 1987). In contrast, CMT was tested at three
concentrations, the lower of which is attainable clinically while the higher levels would

have been encountered in the animal pharmacokinetic studies (Griffiths et al., 1977).
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6.3 Procedure.

Female Sprague-Dawley rats from the in-house breeding colony (2.2.1) were
used to obtain subcellular fractions of liver (2.2.3).

The activities of TS (2.5.9), DPD (2.5.10) and OPRT (2.5.11) were followed
spectrophotometrically using a double beam, recording UV spectrophotometer in which

the sample and reference cells were temperature controlled.

6.4 Results.
6.4.1 Orotate phosphoribosyltransferase (OPRT) assay.

Kinetic data for this enzyme are shown in Table 6.1. The K, for orotate as
determined from a double-reciprocal (1/v vs 1/[S], Lineweaver-Burk) plot was 40 +
3.6 uM (Figure 6.2). The published value for orotate in this system is 33 uM
(Yoshimoto et al., 1978). The assay has an absolute requirement for Mg2+. Absence of
the ion or addition of EDTA to the assay mixture resulted in complete inhibition of
activity (Table 6.1).

The Michaelis-Menten constants for uracil and 5-FUra were 130 + 11 and 104
+ 15 uM respectively and activity of the enzyme using these substrates was similarly
inhibited in the absence of Mg2+.

The effects of RNT, CMT and FMT on OPRT activity using three substrates
are shown in Table 6.1. CMT (500 uM) had a significant uncompetitive inhibitive
effect on OPRT with orotate as the substrate (Figure 6.2). This effect was not seen

with either uracil or 5-FUra as the substrate.

6.4.2 Thvmidylate synthetase,

Figure 6.3 shows the effect of FAUMP at two concentrations on TS activity,
The Km;m for dUMP was found to be 4.76 + 0.46 uM. FAUMP was a competitive
inhibitor of TS activity. The Kj for FAUMP derived graphically by plotting 1/v vs [I]

(Dixon, 1953) was found to be approximately 2 x 108 M. (Fig 6.4)
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None of the Hz-receptor antagonists at the concentrations shown in Table 6.1

had any effect on this enzyme system.

TABLE 6.1. Enzyme kinetic data for OPRT.

Substrate Inhibitor Kn V max
(M) umol/min/mg
Orotate None 40 + 3.6 0.19
_M82+ - 0
EDTA (5 mM) - 0
F- (1 mM) 38 £ 3.5 0.18
CMT (0.5mM) 13+ 1.5 0.06
RNT (0.15 mM) 3325 0.13
FMT (0.15 mM) 38 + 1.7 0.16
Uracil None 130 £ 11 0.22
-Mg2+ - 0
EDTA (5 mM) - 0
CMT (0.5 mM) 119 £ 13 0.20
RNT (0.15 mM) 132 £ 12 0.21
FMT (0.15 mM) 125 £ 15 0.21
5-FUra None 104 + 15 0.32
_Mg2+ - 0
EDTA (5 mM) - 0
CMT (0.5 mM) 91 + 10 0.25
RNT (0.15 mM) 1039 0.27
FMT (0.15 mM) 116 = 16 0.25

Effect of Hoz-receptor antagonists on kinetic data for orotate
phosphoribosyltransferase using three substrates. All data represents the mean
SEM of 6 experiments.
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FIGURE 6.2 Effect of CMT on OPRT.
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Lineweaver-Burk plot of the inhibition of the orotate phosphoribosyltransferase
enzyme system by CMT. Orotate was the substrate in the presence (v) and absence (@)
of CMT (500 uM)

FIGURE 6.3 Effect of FAUMP on TS.
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Lineweaver-Burk plot of the inhibition of TS by FAUMP. The substrate is dUMP. The
points are represented by [ control, ® FAUMP (1 x 108 M) and A FdUMP (3 x
10-8). All points represent the mean of 6 experiments.
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FIGURE 6.4 TS inhibition by FAUMP
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Dixon plot of the inhibition of TS using 2 concentrations of FAUMP (1 x 108 M and
3 x 10-3 M) and a range of substrate concentrations.

6.4.3 Dihvdropyrimidine dehydrogenase,
Rat liver cytosol.

Table 6.2 shows the kinetic data for DPD using two Substrates, uracil and 5-
FUra. The Michaelis-Menten constants for uracil and 5-FUra were 8.5 £ 0.7 and 6.2 &
0.5 uM respectively.

In the case of both uracil and 5-FUra, CMT inhibited DPD by noncompetitive
inhibition at 50, 250 and 500 uM. With uracil as the substrate, CMT (500 uM) reduced
the Vmax from a control value of 0.18 umol/min/mg to 0.11 umol/min/mg. The K;
determined graphically from a Dixon plot (not shown) was 800 uM.

CMT had a similar but more marked effect on DPD with 5-FUra as the
substrate (Figure 6.5). In the presence of CMT (500 uM), the Vax was reduced from a
control value of 0.79 to 0.23 umol/min/mg (Table 6.2). The K; as determined from a
Dixon plot was 200 uM (Figure 6.6). Ranitidine (150 uM), FMT (150 uM) and NZT

(500 uM) had no significant effect on DPD.,
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Human liver cytosol.

The K, of DPD with uracil as the substrate was 4.8 + 0.11 uM (Table 6.2).
CMT noncompetitively inhibited DPD exhibiting a K; of 1.5 mM as determined from a
Dixon plot (not shown). RNT, FMT and NZT had no effect on either Vipax or Km.

The K, of human DPD with 5-FUra, was 3.3 + 0.3 uM (Figure 6.7). The
noncompetitive inhibition of DPD by CMT was pronounced. Vmax was decreased from
0.30 umol/min/mg to 0.17 umol/min/mg while the K;, remained unchanged. The Kj
determined from a Dixon plot was 750 uM (not shown). RNT FMT and NZT had no

significant effect on either Vmax and Kn.
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TABLE 6.2 Kinetic data for DPD in rat and human liver cytosol.

URACIL 5-FURA
Inhibitor Km Vmax Km Vmax
(uM) umol/min/mg (uM) umol/min/mg
Rat liver cytosol
None 8.5+0.7 0.18 6.2 £0.5 0.79
CMT (50 uM) 83+0.8 0.17 6.1 £0.6 0.63
CMT (250 uM) 8.4 % 0.7 0.15 6.1 £0.6 0.41
CMT (500 uM) 8.2+ 0.7 0.11 59 0.5 0.23
RNT (150 uM) 8.5+0.7 0.17 50+£0.2 0.68
FMT (150 uM) 8.6 £ 0.75 0.17 6.2 0.6 0.72
NZT (500 uM) 8.6 £ 0.47 0.16 59 % 0.6 0.75
K; (CMT) 800 uM 200 uM
Human liver cytosol
None 4.8 £ 0.3 0.11 33+%0.3 0.30
CMT (50 uM) 50+04 0.10 3203 0.28
CMT (250 uM) 52+04 0.09 3.6 03 0.24
CMT (500 uM) 57+04 0.06 3403 0.17
RNT (150 uM) 4.7 £ 0.3 0.11 33203 0.29
FMT (150 uM) 48 £ 0.4 0.10 33203 0.31
NZT (500 uM) 5105 0.09 2.8 £0.3 0.29
K; (CMT) 1.5 mM 750 uM

Effect of four Ha-receptor antagonists on the activity of NADPH-dependent DPD
activity in rat and human liver cytosol. Values for Ky, and Vax were determined from
double-reciprocal (Lineweaver-Burk) plots. All data represent the mean * SEM of six
experiments.
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FIGURE 6.5 Effect of Hz-receptor antagonists on DPD in rat liver cytosol.
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Lineweaver-Burk plot of control and altered DPD activity in rat liver cytosol. The
points are represented by @ control, ORNT (150 uM), ACMT (50 «uM), O CMT (250
uM), VCMT (500 uM). Each point represents the mean of six experiments. The slopes

for the CMT data at all three concentrations were significantly different from control
(P < 0.05).

FIGURE 6.6 Determination of Xj (CMT) in rat liver cytosol.
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Dixon plot of the inhibition of DPD activity using three concentrations of CMT (250
and 500 M) and a range of substrate concentrations.
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FIGURE 6.7 Effect of CMT on DPD in human liver cytosol.
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Lineweaver-Burk plot of control and altered DPD activity in human liver cytosol. 5-
FUra was the substrate. The points are represented by e-<control,- OCMT (250 uM),
and VCMT (500 uM). Each point represents the mean of six experiments.

6.5 Discussion

The conversion of 5-FUra to nucleotides is essential for its action and it is
generally considered that OPRT plays a major role in the initial anabolism of 5-FUra
(Pinedo and ‘Peters, 1988). Data reported here showed that although CMT inhibited
OPRT with orotate as the substrate, the effect was not seen with either uracil or 5-
FUra. It can therefore be concluded that this anabolic pathway, in addition to that
involving TS, is unaffected by Ha-receptor antagonist treatment.

The degradation or catabolism of 5-FUra accounts for 60-80% of an
administered intravenous dose (Dorr and Fritz, 1982b) and the enzyme responsible for
this rate-limiting step, is DPD. In the studies presented here using rat liver cytosol, the

K, for uracil was 8.5 £ 0.7 uM compared with a published value of 3.6 uM (Smith and
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Yamada, 1971). The latter workers used a partially purified enzyme preparation which
may account for the difference between the two values. The Kp, for 5-FUra was 6.2 £
0.5 uM suggesting that 5-FUra exhibits a higher affinity for the enzyme than uracil.

The difference in substrate binding capability between uracil and 5-FUra was
also noted in studies with DPD activity in human liver cytosol. There are no published
data on the human enzyme.

The K; values for CMT provide valuable information.. .CMT inhibition in rat
liver cytosol was 4-fold greater with 5-FUra as the substrate than with uracil. The
same trend was seen in human liver cytosol where inhibition was approximately two-
fold greater with 5-FUra as the substrate.

The question arises of whether or not the results presented here provide an
explanation for the pharmacokinetic observations. Inhibition of DPD by CMT appears
to be a likely cause for the changes in pharmacokinetic parameters seen in the rat,
primate and patient but the role of the pretreatment period requires attention. CMT but
not RNT increased the ti/2; and AUC of 5-FUra in rats and primates but not patients
following 7 days’ pretreatment. There are two points to be made. Firstly, since the
dosage of CMT was higher in the animal pharmacokinetic studies, inhibitory

~ concentrations of CMT would have been attained more quickly and so account for the
prompt changes in pharmacokinetic data observed. The enzyme kinetic data provide a
second reason in that the inhibition by CMT (as noted from the K; values) was greater
in rat liver cytosol than in human liver cytosol.

These results have indicated that a clear difference of effect exists between
CMT and the other commercially available Hgz-receptor antagonists. Such interactions
may increase the anti-tumour properties of 5-FUra but at the risk of enhanced toxicity

and further studies were necessary in order to assess the phenomenon.
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CHAPTER 7.

EFFECT OF H2-RECEPTOR ANTAGONISTS ON 5-FUra

METABOLITE LEVELS IN COLONIC TUMOURS.

7.1. Introduction.

Pharmacokinetic studies have shown that CMT increases the bioavailability of
5-FUra in the rat, primate and human, a characteristic not shared with RNT. An
explanation for these observations has been that CMT inhibits DPD with the result that
the catabolism of 5-FUra is impaired. This interaction would ‘be likely to increase the
proportion of 5-FUra available for anabolism, the metabolic route responsible for the
production of FAUMP, the active metabolite. To test this hypothesis, a study was
undertaken to assess the effects of CMT and RNT on FAUMP levels in chemically-
induced colonic tumours of the rat.

kkkkk
The metabolism and cytotoxic efficacy of a drug may be studied in a number of

ways (Table 7.1)

TABLE 7.1. Methods for studying the biotransformation of antimetabolites.

1. Commercial tumour cell lines.

2. Normal cells in isolation or culture (animal or human) .: .

3. Cultured cells from chemically induced tumours. increasing relevance
4. Cultured cells from clinical samples. decreasing ease.

5. In vivo xenografts.

6. In vivo experiments in animals.

7. In vivo experiments in patients.

It is well established that 5-FUra is converted to.FAUMP, and measurement of
this active metabolite in tissue is a reliable guide of the antitumourigenicity of the drug

(Myers, 1981). Using the bacterial (Lactobacillus casei) form of TS, it was shown (Santi
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et al. 1974a) that FAUMP inhibition involved the formation of a ternary covalent
compiex between enzyme, folate cofactor and FAUMP (Figure 7.1). This enzyme
binding characteristic between TS and FAUMP was exploited by the groups of Santi
and Heidelberger as a means of detecting FAUMP in tissue (Santi et al., 1974b;
Washtein and Santi, 1979; Moran et al., 1979). The assay of Moran et al. has the
advantage that the investigator is also provided with an assay for TS levels, allowing

the true relationship between TS and FAUMP to be examined.

FIGURE 7.1. Inhibition of TS by FdUMP.
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The inhibition of thymidylate synthetase by 5-FUra due to the formation of a ternary
complex and the role of two inhibitors

The majority of publications reporting aspects of FAUMP interaction with TS
have involved the extensive use of animal (Ardalan et al., 1978) or human (Radparvar
et al., 1989) cell lines which are readily available in the USA. The use of 5-FUra

sensitive and resistant cell lines has provided information on the biochemical and
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kinetic aspects of FAUMP and TS interaction (Spears et al., 1982). Little has been
reported on the clinical application of this knowledge (Spears et al., 1974).

It was considered that a study investigating the.levels of FAUMP and TS in
experimentally induced colonic tumours from control and. Hz-receptor antagonist
pretreated rats would supply valuable information.

Cancer of the large bowel may be consistently induced in experimental animals
by dimethyl hydrazine (DMH) (Druckrey, 1970). The resultant adenocarcinomas exhibit
the same histological profile as human tumours ranging from poorly to well
differentiated and have been thoroughly characterised (Filipe, 1975). Following
administration of DMH benign tumours appear first, followed by malignant tumours
which develop to resemble that of colorectal carcinoma. Problems that may be expected
are bleeding, causing anaemia and intestinal obstruction. Death ensues fairly quickly
after metastasis to the lymph nodes and viscera.

Chemically induced colorectal tumours have been used by other workers to
evaluate the effect of chemotherapeutic drugs. Sych et al (1978) reported the effect of
cyclophosphamide, methotrexate and 5-FUra (CMF regimen) on the size of tumours
induced by DMH, and survival rate. This animal model has been used to evaluate single
agent 5-FUra (Gilbert et al., 1983), 5-FUra and BCNU (Danzi et al., 1982), and

razoxane, (Gilbert et al., 1984).

7.2 Methodological considerations.

DMH is a potent carcinogen and has been used in a number of surgical studies
at Westminster Hospital (Gilbert et al., 1983, 1984). The major consideration was the
timing of the experimental work since animals had to carry tumours and be relatively
healthy. A previous study observing the effects of allopurinol on 5-FUra metabolism
(unpublished results) had shown that once malignant tumours became apparent, there
was no reliable time scale on which to plan experiments. It was decided that laparotomy
should be performed on all animals at the end of the dosage period (week 30) or before

if neoplastic disease was suspected. This procedure would give information on the
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extent of disease. Suitable animals could then be randomly assigned to control and test
groups for drug treatment, after which the animals would be killed and suitable tissues
taken for analysis.

Finally, the previous study had given valuable information on the types and
sites of tumour that could be expected. In addition to colon tumours, all animals would
in the later stages of the disease, carry liver metastases and other gastrointestinal
tumours. The study presented here was therefore set up to anticipate three tissues:
normal liver, colon tumour and hepatic metastases.

The assays for dUMP and FAUMP have been described in detail in Chapter 2
(2.5.4, 2.5.5). Although the spectrophotometric method of Myers (1974) had been used
to assess effects of CMT and RNT on TS (2.5.9), it was considered unsuitable for this
project for the following reasons. Most importantly, the method does not separate
dUMP and FAUMP before analysis. Separate aliquots of tumour cytosol are used for
the assays[fc'lUMP and FAUMP. Bearing in mind that FAUMP a potent inhibitor (Kj = 2
x 10-8 M) of TS and the assay is a spectrophotometric one, the practical shortcomings
are not to be ignored. Despite preliminary work which established ‘that the nucleotides
could be reliably assayed spectrophotometrically if separated beforehand using DEAE-
cellulose chromatography (2.5.8) the method was not used since it measured only
unbound FAUMP. The ligand binding assay of Moran et::al. (1979), whilst more
expensive and extremely time consuming, is far more comprehensive and specific and

was therefore, used for this work.

7.3. Procedures.

All animals were dosed with DMH (2.2.2) and underwent laparotomy (2.2.5) at
the end of the dosage period (30 weeks). Animals carrying tumours were randomly
sorted into 5-FUra alone, and RNT and CMT test groups, each consisting of 18
animals. 5-FUra alone animals received a daily dose of saline for a period of 7 days
while the test groups received either CMT (2.2.2) or RNT (2.2.2) over the same period.

At the end of this time groups of animals received 5-FUra (25 mg/kg) administered via
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the tail vein before being killed at either 30, 60 or 120 min intervals. Tissues were
excised, weighed and analysed for nucleotide and enzyme content (2.5.4, 2.5.5, 2.5.6,
2.5.7, 2.5.8). Histological examination using standard H and E staining was performed

on all tissues excised and analysed under light microscopy.

7.4. Results.
7.4.1 Validation of procedures.
Prior to analysis of the tissues the assays and separation techniques had to be

evaluated.

dUMP assay.

The success of the dUMP assay was dependent on two. factors: firstly the purity
of the high specific activity HI4CHO, and secondly, the efficiency of the DEAE-
cellulose column chromatography in separating H!4CHO from [14C]JTMP. Initially
separation was not achieved but this was overcome by thorough preparation of the
DEAE-cellulose starting from the -OH form of the material and converting it as
required. Throughout all stages of the preparation the pH of the column washings was

monitored, thereby ensuring the material was in the correct chemical form.

FAdUMP assay.

The FAUMP assay was reliant upon both the purity of substrate and the
enzyme. Moran et al., (1979) used DEAE-cellulose chromatography to purify the
[BH]JFAUMP received from Moravek Biochemicals. This. method was found to be
variable, often giving unacceptable results. Since [SHJFAUMP degraded relatively
quickly (approx 10% per month) and it was also needed to assess the efficiency of
separation of dUMP and FAUMP, another method of purification was sought. Using
HPLC and unlabelled FAUMP as the standard, a simple :alternative method was
developed (2.5.5) which was able to separate [3H]JFAUMP -from its impurities. By

collecting fractions of the eluent from the HPLC column and measuring their level of
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radioactivity, a profile could be constructed, assessed and matched with that based
upon the UV absorption (266 nm) of the chemicals. As expected, the level of impurities
observed by their radioactivity did not match their UV absorbance. This method was

then used to purify [BH]JFAUMP in batches.

TS assay.

TS as received from the New England Enzyme Centre was not in an acceptable
state for the ligand binding assays for whilst it had sufficient; if low, specific activity
it appeared to exhibit significant non-specific binding. Following dialysis and DEAE-
cellulose column chromatography the purified enzyme achieved the published binding

data (0.15 pmol = 0.3 pmol FAUMP binding sites).

Extraction of dUMP and FAUMP.

dUMP and FAUMP were extracted from selected tissues before separation by
DEAE-cellulose chromatography. The extraction process (2.5.8) was based on the work
of Nazar, (1970) who used acetic acid as the solvent. Following ‘initial scissor chopping
and homogenisation using a ground-glass pestle and mortar the tissue was disrupted
further by sonication. The operating frequency of the sonicator was an extremely
important factor in the assay of TS, since it was discovered in preliminary work that

frequencies above 100 MHz denatured the enzyme.

Separation of dUMP and FAUMP.,

The separation of dUMP from FAUMP was performed using DEAE-cellulose
chromatography. It was imperative that [SH]JFAUMP was purified before use for two
reasons: firstly, it was the substrate in the TS binding assay (see above), and secondly,
it was used to test the efficiency of dUMP/FAUMP separation.prior to the batch
analysis of tissue samples. Once a series of DEAE chromatography columns had been
equilibrated for use, a mixture of [SHJdUMP and [H]JFAUMP was added to one

column. The radioactivity eluted from the column was measured to establish that
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[3H]dUMP and [3H]JFAUMP eluted in the NH4HCOs (10 mM) and NH4HCOs (100 mM)
fractions respectively. If the [BH]JFAUMP was impure, two extra peaks were observed
corresponding to the NH4HCOg3 (25 mM) and NH4HCOg (300 mM) fractions.

[3BH]JdUMP when analysed by HPLC was found to be 97% pure (in accordance
with its data sheet) and did not degrade to the same extent as [SHJFAUMP. When
analysed by both HPLC and DEAE-cellulose chromatography, only one peak was
observed as detected by UV absorption or radioactivity up to 6 months after receipt
from Amersham.

Finally, the columns were assessed for their -ability. to separate the two
nucleotides from tissue material. Using liver homogenate (9,000 x g supernatant) and
amounts of [SH]JdUMP and [SH]JFdUMP, it was shown that the columns were not

overloaded by either tissue or nucleotides at the levels shown here.

7.4.2 Animal husbandry and colonic tumours.

Of the eighty animals treated with DMH, twenty-one died during the tumour
induction period. Eight succumbed to tumour of the middle ear preventing them
feeding and were therefore sacrificed, a further eight had aggressive carcinoma, four
died following laparotomy (eating their stitches) and one died iinder anaesthesia.

Tumours of the middle ear appeared as large masses protruding from the side of
the head. In these cases considerable green pus could often be seen within the ear and
the rat would often disrupt the external growth through scratching releasing further
exudate.

The animals with aggressive intestinal carcinoma all died overnight and on post-
mortem were found to have extensive adhesions and hepatic metastases. Four of the
eight animals had severe ascites and all moribund animals were killed in compliance
with Home Office regulations.

Incidents where the animals ate their stitches were unfortunate. While only four
died, seven animals had to have stitching replaced. This phenomenon was noted in

previous work where it had occurred to a greater extent. In that work, both silk and
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the less "user friendly" nylon were used but the animals appeared to have equal
preference for the two. In the present work, silk was used throughout and no post-
operative infection was detected.

Performing laparotomy on all animals, although -time-consuming, was
instrumental to the general success of the methodology. Since each animal was
identifiable, a full record was available on the type and number of tumours, their
site(s), presence of metastases and/or ascites, and the general health of the animal (e.g.
diarrhoea, weight loss). All animals had scarring or slight ulcerations on the
flank/abdomen where they had been injected with DMH.

Each of the animals entered into the 5-FUra studies carried a range of tumours
from benign polyps to large obstructing malignant adenocarcinomas sited in the colon
and/or rectum. All had hepatic metastases of varying severity and were not expected to
survived a further 2-8 weeks. In addition, the majority of animals at death, had
metastatic involvement of the lungs, pancreas, spleen and Kkidney as determined
macroscopically. Plates 7.1 and 7.2 show examples of colon adenocarcinoma and hepatic

metastases respectively.

7.4.3 In vivo kinetics.

Experiments carried out to determine the recovery of dUMP and FdUMP,
whilst not entirely equable to the in vivo situation, were valuable in that they showed
that the DEAE cellulose was not overloaded by either tissue impurities or the levels of
nucleotide examined. For the whole procedure of sonication, sequential freeze-thawing,
acetic acid extraction and DEAE-cellulose chromatography, recovery was an average of
90% for both dUMP and FAUMP. For the chromatography step alone, recovery was
>98%

Biochemical data for 5-FUra alone and H zreceptor antagonist pretreated
animals are summarised in Tables 7.2, 7.3 and 7.4. Data are presented on a wet weight

basis for easier conversion to intracellular concentration. Representation in terms of
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protein content was considered inappropriate due to the error amounts of mucous

would cause.

Inhibition of TS by FAUMP.

The determination of TSiot was valuable, allowing for increased accuracy in the
assay of TSt and the level of inhibition of FAUMP. The assay of TStot relied upon the
complete dissociation of the ternary complex during a three-hour preincubation period,
in order to give the true complement of FAUMP-binding sites. During this period, no
extra cofactor was added to the preincubation mixtures. In preliminary work, this
preincubation period was extended to four and six hours but no.significant increase
(3%) in TSiot was observed. No significant differences were observed between TS and
TSiot analysed in the cytosols of tumours from untreated (no :5-FUra) rats. Using four
of the fifty-nine animals that survived the DMH treatment, TSi,t was calculated to be
15.2 + 2.3 pmol/g (liver), 26.6 + 4.5 pmol/g (colon adenocarcinoma) and 22.5 % 4.5
pmol/g (hepatic metastases). Tissues from these rats were also analysed for dUMP
content.

Values for TSiot varied between the tissues studied.. TSiot was significantly
lower in normal liver (Table 7.2) than in either colonic tumour (Table 7.3) or in hepatic
metastases (Table 7.4). Levels of TS;ot in hepatic metastases were slightly lower than
that in colonic tumours (Table 7.2).

In contrast, 5-FUra administration had a profound effect upon TSg levels in
normal liver, colon tumours and hepatic metastases in both control and Ha-receptor
antagonist pretreated animals. TS¢ was inhibited in normal liver (Table 7.2) to 51% of
control within 30 min of 5-FUra administration but at 120 min inhibition had only
increased by a further 3%. Similarly, in colon (Table 7.3) and liver metastases (Table
7.4), inhibition of TS¢ was rapid but not total. In colon tumour[(\:!n%?lﬁz)e:r metastases TSg
was inhibited to 25% and 38% of control respectively at 120 min.

Pretreatment with Hz-receptor antagonists had little effect on either TSio or

TSt. In normal liver, CMT pretreatment had no effect at any of the time points on
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either TSiot or TSg (Table 7.2). In colonic tumours CMT pretreatment had no effect on
the initial depletion (within 30 min) of TSiot, or the percentage inhibition at 120 min.
In hepatic metastases, the increase in inhibition of TSiot:by FAUMP from 62% to 81%
at 120 min was not significant through experimental error. The value of 62% is not
consistent with either CMT (81%) or RNT pretreatment (80%) values suggesting
sampling error in the excision of malignant tissue. RNT appeared to have no effects on

either TSiot or TSr in the tissues analysed over the time scale chosen.
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