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CHAPTER 1

INTRODUCTION
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FLUOROPYRIMIDINES

INTRODUCTION

Colorectal cancers account for about 15% of all deaths from malignant diseases in the
Western world (1,2). The primary tumor can usually be adequately removed by surgery when
diagnosed at an early stage. When the tumor has not infiltrated the muscular coats of the large
bowel the 5 years survival rate is the same as that of the control group (3). However, when
the tumor infiltrates the adipose tissue or spreads via lymphatics or the bloodstream to other
sites (mainly the liver), the survival rate decreases sharply. At the time of diagnosis of the
primary tumor, 25-30% of the patients already have hepatic tumor involvement, while in
40-50% of the patients the liver is a common site of recurrence (3-5). The survival is related
to the extent of liver involvement and ranges from 3 months in case of wide spread disease,
to 18 months with minimal disease in the liver (6,7).

Liver metastases arc frequently incurable since resection is only possible in case of a
solitary nodule or nodules confined to one lobe (5,6). Radiation therapy is only palliative and
chemotherapy often fails because of the lack of sensitivity of these metastases to most
antitumor agents (6,8,9). The highest tumor response rates are obtained with the
fluoropyrimidines which therefore are an important group of antitumor drugs used in the
treatment of disseminated colorectal cancer (5,6,8,10).

The fluoropyrimidines S-fluorouracil (SFU) and 5-fluoro-2’-deoxyuridine (FUdR) were
introduced more than 30 years ago by Heidelberger and co-workers as anticancer drugs
(11,12). They are structural analogues of the naturally occurring pyrimidines uracil and
2’-deoxyuridine and are therefore classified as antineoplastic antimetabolites.
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Fig. 1 Structural formulas of fluoropyrimidines and their nawral occurring counterparts
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The fluoropyrimidines were designed on a rational basis when it became known that
certain tumor cells (rat hepatomas (13) and carcinomas (14)) used exogenous uracil more
avidly for their pyrimidine synthesis than did healthy tissue. It was rationalized that
replacement of the hydrogen at the C5 position in the pyrimidine ring by a fluorine atom (fig.
1) would yield a molecule which would be used as a substrate for biochemical reactions in
virtually the same way as the naturally occurring pyrimidine (12). However, because of the
structural modification it was expected to have an altered chemical reactivity, as the F-C bond
is more stable than the H-C bond. This would lead to an interference with cellular processes
required for RNA and DNA synthesis, and thus would lead to inhibition of cell growth.

The fate of SFU and FUdR in vivo is complex and involves catabolic breakdown to
inactive compounds and anabolic conversion to cytotoxic nucleotides which interfere with
DNA and/or RNA synthesis (reviews 12, 15-20). The latter does not only takes place in tumor
cells but also in normal, proliferating cells €.g. of gastro-intestinal tract and bone marrow.
Thus, the balance between catabolism and anabolism on the one hand and the balance
between anabolism in tumor and normal cells on the other hand is very important for the
ultimate efficacy. Furthermore, there are several other factors which determine the extent of
anabolism and the antitumor effect or toxicity, e.g., the presence and concentration of anabolic
enzymes, of naturally occurring nucleosides and nucleotides, of various co-substrates and of
the target enzymes.

ANABOLISM; MECHANISM OF ACTION

The fluoropyrimidines are active only after metabolic conversion to cytotoxic nucleotides
(fig. 2) (15-20). SFU can be metabolized to FUMP (5-fluorouridine-5’-monophosphate) via
two different pathways depending on the cell type and on the concentration of co-substrates:
it can be formed directly when a PRPP (5-phosphoribosyl-1-pyrophosphate) is coupled to N1
in the pyrimidine ring, or it can be formed after attachment of SFU to ribose-1-phosphate,
with the formation of 5-fluorouridine (FUR) and subsequent phosphorylation. FUMP, in turn,
can be phosphorylated to FUDP (5-fluorouridine-5’-diphosphate) and finally to FUTP
(5-fluorouridine-5’-triphosphate). The latter compound functions as a substrate for RNA
polymerase and is incorporated into RNA.

5FU can also be enzymatically converted to 5-fluoro-2-’-deoxyuridine-5’-monophosphate
(FAUMP), a powerful inhibitor of the enzyme thymidylate synthase (TS). Conversion to
FdUMP proceeds cither via FUdR or via reduction of FUDP and subsequent hydrolysis of the
second phosphate bond. The first mechanism is important only when FUdR is given while the
latter mechanism predominates for SFU. Further, FIUMP can be converted to FAUTP which
can then be incorporated into DNA. Also nucleotide sugars can be formed but the effects of
these compounds on cellular functions are not fully understood.
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Fig. 2 Mechanism of activation of fluoropyrimidines

1 uridine (thymidine)phosphorylase; 2 uridine kinase; 3 (deoxy)uridine monophosphate kinase;
4 (deoxy)uridine diphosphate kinase; 5 orotidine monophosphate phosphoribosyltransferase;
6 ribonucleotide reductase; 7 thymidine kinase; 8 thymidylate synthase; 9 deoxyuridine triphosphate
diphosphohydrolase; 10 RNA polymerase; 11 DNA polymerase

Inhibition of TS by FAUMP

The inhibition of TS by FAUMP is considered to be the most important mechanism in the

development of cytotoxicity in several cell lines. The physiological function of TS is to

catalyze the methylation of 2’-deoxyuridine-5’-monophosphate (dUMP) to thymidine-5’-

monophosphate ({TMP) (17,21,22). dTMP is the precursor for dTTP which is incorporated

in DNA. If the formation of this essential nucleotide is blocked, DNA synthesis is inhibited.

FdUMP binds covalently to the active site of TS in the presence of reduced folates

(5,10-methylene tetrahydrofolate) which function as the methyl group donor. The reaction

proceeds in two steps:

1) transfer of the methylene group to the S-position of the pyrimidine ring

2) reduction of the methylene group to a methyl group by removal of the proton from the
S-carbon. Because the FC-bond is stronger than HC-bond, fluorine is not removed and
thus, in the presence of FAUMP, the reaction does not proceed past this point.

The inhibition of TS not only leads to an inhibiton of DNA synthesis but also disturbs the
deoxynucleotide balance, which can have a major impact on cell functions (16). Firstly,
dUMP levels increase and dTTP levels decrease (23). dTTP is an allosteric regulator of
nucleoside-diphosphate reductase and when dTTP levels drop, the reduction of CDP increases
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and reduction of GDP decreases (leading to elevated dCTP and lowered dGTP levels) (24,27).
Thus, the inhibition of DNA synthesis is probably not solely due to depleted dTTP levels. A
disturbed nucleotide balance after SFU treatment is measured in a number of cell lines, e.g.
in human melanoma IGR3 cells (increase in dATP and dCTP, decrease in and dTTP) (25),
in mouse FM3A cells (increase in dATP, decrease in dGTP and dTTP) (26), and in HeLa-
cells (increase in dATP, decrease in dTTP and dGTP) (27).

Incorporation of FAUTP in DNA

It has been recognized only a few years ago that FAUTP can be incorporated into DNA. This
was thought to be unlikely because FAUTP was considered to be a substrate for dUTP-ase,
an enzyme that normally hydrolyzes dUTP and prevents it from being incorporated into DNA.
Furthermore, the enzyme uracil-(DNA)-glycosylase, which is a DNA repair enzyme, removes
uracil-nucleotides from DNA (17). Later it was found that substantial levels of FAUTP were
formed, that it functioned as a substrate for DNA-polymerase and that it could indeed be
incorporated into DNA (28-31). Because of the incorporation of the faulty nucleotide and/or
its subsequent removal, DNA is damaged. This leads to fragmentation (single strand breaks
as well as double strand breaks). An other theory states that the DNA damage is caused by
inefficient DNA repair due to a unbalanced nucleotide pool (dTTP and dGTP are decreased)
(31). The altered nucleotide pool is a signal for endonuclease activity which cleaves DNA
molecules at specific places (26).

Inhibition of RNA synthesis

SFU is incorporated as FUTP in all classes of RNA (17,18). It was shown to be
incorporated in ribosomal RNA (32,33), messenger RNA (32,34), transfer RNA (35,36) as
well as in small molecular weight, nuclear species (17). However, the damaging effect on
RNA-level leading to cell death is thought to be the disruption of pre-rRNA processing in the
nucleoli (32,33). The processing of nRNA into cytoplasmic rRNA is impaired either due to
a block in processing of RNA or to a block in transport of nRNA to the cytoplasm. There is
also a drop in RNA methylation, a step that is essential in RNA maturation. Due to the
impaired maturation, the amount of cytoplasmic 18S and 28S rRNA is lowered and the
amount of higher molecular RNA precursors in the nucleolus is raised. The latter can result
in an increase in the size of nucleoli as found for example in human colonic carcinoma cells
HT 29 (33), in liver parenchymal cells (37), enterocytes (38) and Ehrlich ascites cells (39).
The effect on ribosomal RNA is strictly nuclear and there is no effect on mature cytoplasmic
rRNA (32).

Other effects of fluoropyrimidines
Normally, the uridine metabolites are present in cells as nucleotide sugars (UDP-glucose

and UDP-N-acetyl-hexosamine). These are substrates for glycosyltransferases which catalyze
the glycosylation of proteins and lipids. It has been shown that FUDP-hexoses, hexosamines
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and FdUDP-N-acetyl-hexosamines can be formed in liver cells after administration of SFU
(40,41). The contribution to cytotoxicity of these fluorinated nucleoside sugars is not yet clear
but it is possible that they alter membrane structures by impairing biosynthesis of
glycoprotein (42). Changes in transmembrane potential and in surface charge as well as an
increase in cell volume have been measured. These effects make the cell more susceptible to
lysis.

DNA VERSUS RNA TOXICITY

Due to the complicated metabolic activation and the several potential cellular targets, the

question which mechanism is ultimately responsible for cytotoxicity is still the subject of

many investigations. The mechanism depends on the intracellular as well as the extracellular
environment:

1 the enzymatic machinery within the cell and the presence of cosubstrates (ribose,
deoxyribose or ribose PP) determine the pathway of metabolic activation (25)

2 the turnover rate of the target enzyme and its affinity towards the fluorinated nucleotide
determine the potency (17,18)

3 the concentration of reduced folates determines the potency and the duration of the TS-
FdUMP block (43-46).

4 naturally occurring nucleotides can modulate the cffect of fluoropyrimidines in different
ways. The addition of thymidine to cells can either reverse (by circumventing the TS-
FdUMP block) (17,24) or increase cell growth inhibition (elevated dTTP levels inhibit
pyrimidine ribonucleotide reductase, which causes an increase in FUTP levels and RNA-
directed toxicity). High concentrations of dUMP can replace or prevent TS-FAUMP binding
(24,43,44), and high concentration of UTP can restore RNA synthesis (47-50).

It is thought that in vitro, TS-inhibition is the most important effect when FUdR is used
(18,51). Very low doses of FUdR (sometimes even in the lower nM range) are sufficient to
block TS and cell proliferation effectively (17,53). In vivo, FUdR is rapidly converted to SFU
(sec below) and thus RNA effects might be considered to contribute to its antiproliferative
action.

When 5FU is used, both in vitro and in vivo, TS inhibition and/or RNA-directed toxicity are
important (depending on the cell type) (51,54). The cytotoxicity caused by SFU is said to be
due to TS inhibition when it can be reversed by the addition of thymidine. If the addition of
thymidine leads to the same or even .an increase in cell growth inhibition, RNA-directed
toxicity is thought to be responsible.

For example, the cytotoxicity of FUdR in Sarcoma-180 tumor cells is caused by TS-
inhibition, while part of the cytotoxicity of SFU is due to the inhibition of (ribosomal) RNA
synthesis (43,55). In a human colon adenocarcinoma cell line there is a linear relationship
between TS inhibtion and the percentage cell survival when the 5FU dose is below 100 gM.
At higher doses this linearity is absent, indicating that RNA-directed toxicity contributes to
the overall cytotoxicity (56). In several cell lines TS inhibition becomes more important upon
addition of reduced folates, which strengthen the TS-FAUMP bond (43-46).



chapter 1 15

Usually, higher doses of SFU (more than 2 or 3 orders of magnitude) are necessary than of
FUdR to inhibit cell proliferation in vitro (53). This is on the one hand due to a limited
conversion of SFU to FAUMP while FUdR is a more direct precursor (17,51). On the other
hand, when reversing the TS inhibition caused by 5FU with thymidine, higher doses of SFU
were needed to inhibit RNA synthesis (55). Thus, higher doses of the drug are needed when
the cytotoxicity shifts from inhibition of TS to inhibition of RNA synthesis. A survey of
RNA- versus TS-directed toxicity of SFU and FUdR in different tumor cell-lines is presented
by Heidelberger (17) and Peters (25).

Several authors consider the incorporation of FAUTP in DNA and the resulting DNA
damage to be the main effect leading to cytotoxicity in tumor cells (31,52), as well as in bone
marrow cells (28-30).

CATABOLISM AND PHARMACOKINETICS

Fluoropyrimidines are subject to rapid intracellular catabolism in vivo via the same route
as thymidine or uridine. After uptake into the cells by either facilitated diffusion or by active
Na"-dependent transport processes (57-59) FUdR is converted to SFU. This first step in the
catabolic breakdown of FUdR is mediated by phosphorylases. The process predominantly
takes place in the liver but, because of the widespread presence of the enzyme, also in other
organs (e.g. in intestine, kidney, and lungs) (17). Two types of phosphorylases have been
identified, one of which specifically cleaves deoxyribose pyrimidines (thymidine
phosphorylase) while the other cleaves ribose as well as deoxyribose pyrimidines (uridine
phosphorylase) (60-63). It depends on the cell- or tissuc-type which of the enzymes (or both)
is present. Both enzymes are present in liver parenchymal cells (64), whereas in Kupffer cells
only uridine phosphorylase is found (65).

The liver efficiently extracts FUAR from the circulation. After intraarterial hepatic injection
in humans, 95% of the drug is removed during a single pass (66). The plasma half-life of
FUdR after intravenous injection is therefore short (only a few minutes) and depends on the
injected dose (67,68). Also, the elimination of FUdR by the isolated rat liver or hepatocytes
is saturable and displays typical Michaelis-Menten kinetics (69,70). At concentrations higher
than 250 uM the elimination rate becomes zero order (69-71). At low FUdR concentrations
(20 uM), all FUdR is effectively converted within the cells to the end product c-fluoro-8-
alanine (FBAL) (71). At higher dose, part of the formed SFU is released into the circulation
(about 10-30% of the initial FUdR dose) (69-72) due to saturation of dihydrouracil
dehydrogenase. This enzyme catalyzes the reduction of the double bond in the pyrimidine ring
of SFU to 5-fluoro-dihydrouracil (FUH2). This is the second and rate-limiting step in the
catabolism of FUdR. After a bolus injection of SFU (t2 = 10 - 20 min) in humans, peak
plasma concentrations of FUH2 were found 1 h after SFU administration, slowly declining
thereafter (t%2 = 62 min) (73). Dihydrouracil dehydrogenase is most abundant in liver but is
also found in pancreas, lung, intestinal mucosa and lymphocytes (19). FUH2 has been shown
to induce cytotoxicity in Ehrlich ascites cells (at concentration of 50 uM) through reverse
conversion of the compound to SFU by the same enzyme (74). The measurement of
pharmacokinetic parameters of the fluoropyrimidines in vivo are hampered by the large intra-
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and interindividual variations in the concentration-time product. This is due, amongst others,
to the circadian rhythm displayed by uridine phosphorylase (75) and dihydrouracil-
dehydrogenase (76,77).

FUH2 is catabolized further to fluoro-ureidopropionic acid (FUPA, a transient intracellular
catabolite) and to FBAL (the major catabolite), NH, and CO, (19). FBAL can be detected in
plasma for long periods of time (1% = 32 h) after fluoropyrimidine administration (73).
Elimination of this compound occurs mainly by urinary excretion, while part is conjugated
with bile acids and excreted into the bile. In patients with an external biliary drainage, FBAL-
N-<holic acid and FBAL-N-chenodeoxycholic acid have been detected (78-81). In humans
with an intact entero hepatic circulation, FBAL-N-deoxycholic acid was also present (81).
Furthermore, FBAL-N-muricholic acid was shown to be excreted in the bile of rats (82).

It has been suggested that FBAL can also be converted to the very toxic fluoroacetate (FA)
but this compound has not yet been detected in vivo (83,84).
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Fig. 3 Catabolism of 5-fluorouracil

1, dihydropyrimidine dehydrogenase; 2, dihydropyrimidinase; 3, B-ureidopropionase; 4, n-acyl
CoA transferase (taken from Diasio et al, 1989)
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TOXICITY

The fluoropyrimidines are not only metabolized to cytotoxic nucleotides in tumor cells, but
also in rapidly growing normal tissue. Cell proliferation is inhibited through the resulting
repression of RNA and/or DNA synthesis (as described above). This leads to toxicity towards
bone marrow (leukopenia, thrombocytopenia and anemia) and to the gastro-intestinal tract
(stomatitis, mucositis, diarthea, vomiting) (12,15-19). Also in normal rapidly dividing cells,
the mechanism ultimately responsible for cell death is not fully elucidated. Bone marrow
toxicity is assumed to be due to the incorporation of SFU into RNA because high doses of
uridine were shown to reverse the toxicity by replacement of FUTP from RNA (47-50).
Others consider the contribution to toxicity of fluoropyrimidine incorporation into DNA to
be important (28-30). Gastro-intestinal toxicity may be due to inhibition of RNA synthesis,
because toxicity after administration of FUdR and SFU correlated with FUTP- and not with
FdUMP levels (85). However, in this study only free FAUMP levels were measured which
do not necessarily reflect a true indication of TS inhibition. The latter depends on the level
of unbound versus bound, inactivated, enzyme. Furthermore, the concentration of active
nucleotides was measured only at one time point after drug administration .

The dose-limiting toxicity depends on the route and on the duration of the administration
of 5FU and FUdR. Given as bolus injections, bone marrow toxicity predominates, while given
as an intravenous infusion the toxic effects of the gastro-intestinal tract predominate (86-89).
When FUdR is given by hepatic arterial infusion, neither bone marrow nor gastro-intestinal
toxicity is dose-limiting. However, toxicity to the liver (biliary sclerosis) which develops after
1-2 months after the onset of therapy, necessitates a reduction or even cessation of the drug
treatment (86,87,90,91). This toxicity must not be underestimated because it is held
responsible for several drug-caused deaths (86). The mechanism of this particular toxicity is
ascribed by some authors to FBAL-bile acids, which are thought to damage the canalicular
membranes and induce cholestasis (92). Others consider the toxicity to be caused by an
ischemic reaction to the infused drug (93).

Other toxicities (neurological and cardiological) are described but occur less frequently and
are therefore less troublesome (94-97). Especially the neurological toxicity is sometimes
ascribed to the catabolite fluoroacetic acid (FA) formed from FBAL. FA induces
mitochondrial toxicity by impairing energy metabolism upon entering the citric acid cyclus
as fluorocitrate (83). Although elevated citrate levels (caused by inhibition of the enzyme
aconitase) have been measured in cats and humans, no one has yet been able to detect FA.
It has been suggested that FBAL induces neurologic toxicity by a mechanism alternative to
impairment of energy metabolism via conversion to FA, because FBAL was found to be more
toxic than FA when injected directly into to left ventricle of cats (84). Therefore, the true
mechanism of the neurological toxicity is not clarified.

The difference in dose that can be administered by either a bolus injection or by continuous
infusion of SFU and FUdR is noteworthy. SFU is administered upto 500 mg/m?® as a bolus
injection in humans. Given as an infusion it is less toxic due to an increased catabolic
breakdown (99). FUdR toxicity in contrast, increases considerably when the drug is given as
an infusion: the tolerated dose is upto 1 g/m?® when the drug is given as a bolus injection but
only 0.075-0.2 mg/kg/day when administered as an intravenous infusion (86,87,89). The low
toxicity of bolus injections is caused by the rapid degradation of the drug to SFU and inactive
catabolites.
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POLICY OF 5FU AND FUdR ADMINISTRATION

As described above, the fluoropyrimidines are a very important class of drugs in the
management of disseminated colorectal cancer because they display the highest tumor
response rates of all chemotherapeutic agents tested. However, despite these objective
responses, patient survival is usually not prolonged considerably. Therefore, many strategies
have been tested in order to improve their therapeutic efficacy. These include variations in
drug dose, administration route and time of administration (bolus injections versus infusion).

FUdR and 5FU are time-dependent drugs and therefore continuous exposure of tumor cells
to the drug is favored. This will ensure the exposure of all tumor cells to the cytotoxic action
throughout their entire cell cycle including their vulnerable mitotic phase. In vitro, the
antiproliferative effect of FUdR in several cell-lines is reached at concentrations far lower

(upto 2- 3 orders of magnitude) than of SFU (53). In vivo, however, the effects are

comparable due to the rapid conversion of FUdR to SFU (100). If this conversion is reduced

or prevented, prolonging the residence time of the drug in vivo, the higher activity observed
in vitro could be expected to be found in vivo, as well.
There are several ways to prolong the residence time of the fluoropyrimidines in vivo.

1- Infusion: a continuous intravenous infusion of FUdR is relatively toxic and leads to low
tumor response rates (10%). Therefore this treatment is not recommended. Regional
delivery of the drug is favored e.g. in case of hepatic metastasis, ensuring high
concentration to liver tamor cells while systemic concentrations will remain low because
of the high extraction rate of the drug by the liver. Clinically, hepatic arterial infusion of
FUdR leads to the highest tumor response rate (response rates of upto 80% are reported)
(5). Hepatic arterial .infusion is possible through the implantation of a pump device. This,
however, necessitates hospitalization with surgical installment of the device. This can only
be performed in patients who are in relatively good conditions and can tolerate this major
surgery. A second disadvantage of this method is the growth of tumor foci outside the
liver because systemic FUdR concentrations remain very low. Further, liver toxicity
develops in a number of patients which necessitates dose reduction or cessation of the
therapy (90,91).

2- Inhibitors of catabolic enzymes dihydrouracil-dehydrogenase (18) or phosphorylases. To
date, several enzyme inhibitors have been tested in order to reduce the breakdown of the
fluoropyrimidines. However, this approach has not yet been proven to be successful since
the general toxicity increases even more than the antitumor activity.

3- Prodrugs. When FUdR is given as a prodrug it is no substrate for phosphorylases and it
is thus protected from rapid degradation. A scala of different FUdR-prodrugs have been
synthesized and partially tested (see below). The focus of the present research was on
lipophilic FUdR-derivatives because they were expected to be excellent candidates for
liposome incorporation.

4- Liposomes. By liposomal encapsulation, FUdR is protected against rapid degradation.
Furthermore, liposomes can be directed to the liver, the target organ for FUdR therapy.
A further advantage of liposomes is that their characteristics and thereby their behavior
in vivo, and that of the encapsulated drug, can be readily manipulated (see below).

In this thesis the combination of lipophilic FUdR prodrug and liposome formulations has been
tested; both are discussed in more detail below.
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LIPOSOMES

INTRODUCTION

Liposomes are vesicles consisting of one or several concentric lipid bilayers, enclosing as
many aqueous compartments (101, 102). They form spontaneously when suitable amphiphiles,
like phospholipids, are allowed to hydrate in an aqueous medium (102). From the time
Bangham first described the formation of vesicular structures from phospholipids in 1965
(103), research in this field has expanded enormously, especially when the use of liposomes
as a drug carrier system was recognized (104). Liposomes are considered to be good
candidates for drug carriers because they are relatively easy to prepare, exhibit little or no
immunogenicity and toxicity by themselves, are biodegradable and can carry a diversity of
compounds, either encapsulated in the water phase or incorporated in the lipid bilayer.
Furthermore, liposome properties can be easily modified by changing the liposomal lipid
composition, charge or particle size or chemical modification of the liposomal surface
(reviews 105-110).

In many cases, therapeutic applicability was shown to improve, by using liposomes as a
drug carrier system (111). As a matter of fact, liposomal formulations of several experimental
as well as clinically applied drugs are currently being studied or, in some cases, already
marketed e.g. as carrier for Doxorubicin in cancer chemotherapy (reviews 112-114) , for
Amphotericin B in the treatment of fungal infections (115,116), and also as a carrier for
contrast agents in tumor diagnosis (117,118).

When a drug is incorporated in liposomes, its pharmacokinetic behavior in vivo usually
differs considerably from that of the free drug. This may result in several advantages, one of
which is a decreased toxicity, since the drug is prevented to reach organs which are otherwise
affected adversely (e.g. Doxorubicin) (119). Also, it often leads to an increase in the in vivo
residence time of the drug, in particular when this drug is normally subject to rapid
catabolism (cytarabine) (111). In certain cases liposomal formulations of a drug may decreasc
its effective dose (cytarabine, methotrexate) (106, 111). Finally, liposomes are particularly
good vehicles for lipophilic drugs, which would otherwise be difficult to administer.

PREPARATION, CHARACTERIZATION AND STABILITY OF LIPOSOMES

Phospholipids are amphiphiles that consist of a glycerol or a sphingosine backbone,
conjugated with a hydrophobic moiety (one or two fatty acid chains) and a hydrophilic polar
headgroup (a phosphorylated alcohol). They can be electrically neutral or bear a, usually,
negative charge (101). Examples of some phospholipids are given in fig. 4.

Phospholipids can be recovered from biological material (e.g. PC from egg yolk or soy beans;
PS from bovine brain). These natural phospholipids, usually are heterogeneous with respect
to their fatty acid chains and usually have a high degree of polyunsaturation, which can affect
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liposome characteristics. Synthetically prepared phospholipids have well-defined fatty acid
compositions and can be obtained with different or identical saturated or unsaturated chains
(101, 120).

Fig. 4 Structure of phospholipids used in this thesis (120)
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il !
R,-C-0-CH o)
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Phospholipid Abbreviation source R acyl group charge T, °C
Phosphatidylcholine PC egg-yolk choline  mixed 0 -15
Phosphatidy!choline DSPC synthetic choline  stearic acid 0 58
(distearoyl)

Phosphatidylglycerol DPPG synthetic glycerol  palmitic acid -1 41
(dipalmitoyl)

Phosphatidylserine PS bovine brain L-serine mixed -1 6-8

PC is the major component of most biological membranes and is often used as bulk lipid
for the preparation of liposomes. The hydrated phospholipid bilayer is energeticaily very
stable because the water exposed surface area of the lipophilic fatty acyl moieties is
minimized, while Van der Waals forces allow strong interactions between the acyl chains
(102).

Phospholipid bilayers can exist in different thermodynamic phases (fig. 5) whereby
transition from one phase to another may occur upon a change in temperature. When the
temperature is below this phase transition temperature (T,) of the phospholipids they form a
tightly ordered ’gel’ or ’solid’ phase. As the temperature increases the phospholipids pass into
a fluid-crystal phase and finally into a fluid phase with increasing freedom of movement of
the molecules. The T, of phospholipids, which is defined within 0.5 °C for a pure
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phospholipid species but may span a range of more than 10 °C for a mixture, depends on the
length and the degree of saturation of the acyl chains (fig. 4). The thermodynamic phase
condition of the liposomal bilayer is very important because it strongly influences the stability
and behavior of the liposomes in biological systems (101,120).
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Fig. 5 Thermodynamic phases of phospholipid bilayers (New,1990)

Without further processing, a dispersion of phospholipids in aqueous media will consist
of multilamellar vesicles (MLV) with particle sizes ranging from 0.4-3.5 um. When, however,
a liposomal preparation with vesicles of a well defined size and a narrow size distribution is
desired, further processing of the initially obtained liposome suspension is necessary. This can
be achieved amongst others by subjecting the crude liposome preparation to one of the
following protocols:

- extrusion of the liposome suspension, at (high) pressure, through membranes with
well-defined pore sizes. Thus, MLV with the desired vesicle diameter can be obtained
(fig. 6) (102,121,122).

- ultrasonic irradiation of the liposome suspension, resulting in the foration of small
unilamellar vesicles (SUV) (fig. 6) (102,122).

Depending on its physico-chemical properties, a drug can either be incorporated in the
lipid bilayer (for lipophilic drugs) or encapsulated in the water phase of the liposome (for
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hydrophilic drugs) (fig. 6). A lipophilic drug will be accommodated between the lipid
molecules of the bilayer (102,123). The amount of drug that can be incorporated will depend
on how well the drug fits in between the bilayer molecules and on the strength of the drug-
lipid interaction. This will also determine the stability of the drug-liposome complex in vivo.
Hydrophilic drugs, that have no interaction with the lipid bilayer, are encapsulated in the
aqueous compartment of the liposomes. The amount of drug that thus can be encapsulaied is
proportional to the volume of the enclosed water phase (124). Upon liposome preparation, the
drug will also be present in the water phase surrounding the liposomes and can be removed
from the liposome-associated drug by gelfiltration chromatography, dialysis or centrifugation
(102,122).

Upon storage, liposome-encapsulated drugs can cross the bilayer by passive diffusion. The
rate at which a compound will ’leak’ across the membrane, depends on its molecular weight,
charge and hydrophilicity: leakage will be retarded when the molecular weight of the
compound is high, the compound is charged and/or highly water-soluble (101). The
composition of the bilayer also determines how efficiently a drug is retained within the
liposomes. The permeability of the bilayer decreases with increasing saturation of the
phospholipid acyl chains and with increasing acyl chain length. Both factors result in an
increase in the transition temperature of the phospholipids and render the liposome-drug
complex more stable (101,125).

Suv

e water-soluble drug

lipophilic drug

phospholipid

=D E

Fig. 6 Schematic representation of multilamellar and small unilamellar vesicles and possible
drug-liposome interactions



chapter 1 23

Cholesterol influences the fluidity of the liposomal membrane and thus its permeability.
It tends to rigidify bilayers of phospholipids below their Tt and thus to diminish their
permeability towards solutes. Cholesterol can be incorporated into phospholipid bilayers upto
50 mol% (101).
The final preparation has to be characterized in order to obtain a well defined drug
formulation. Characterization comprises the assessment of (102,124):
- particle size and size distribution
- particle charge
- concentration of drug and lipid, and thus the drug-to-lipid ratio
- stability of the liposome preparation upon storage (retention of contents, fusion,
aggregation, chemical stability of contents and liposomal constituents)

INTERACTION OF LIPOSOMES WITH CELLS

Liposomes can interact with cells in several ways as is shown in fig. 7. These interactions

depend on liposome characteristics (size, charge, lipid composition) as well as on cell

characteristics. Interactions can be classified as (reviews 107-110,126):

- Adsorption:
Liposome adsorption to a cell surface might take place as a result of physical attractive
forces or as a result of binding by specific receptors to ligands on the vesicle membrane.
Adsorption can be the first step to further interaction

- Lipid transfer:
Phospholipid transfer between liposomes and biological membranes can take place when
they are in close contact. It is assumed that a specific cell-surface exchange protein plays
a prominent role because transfer is confined to certain phospholipids (PC and PE) and
is reduced after trypsin treatment (126). Cholesterol, on the other hand, transfers readily,
presumably through the aqueous phase. Lipid transfer does not necessarily lead to a
disruption of the liposomal bilayer as the transfer is reversible. Lipid transfer between
liposomes and lipoproteins is discussed below.

- Contact-release:
Upon interaction of the liposome with the cell surface a partial and transient release of
contents may take place.

- Fusion:
Fusion of liposomes with the plasma membrane leads to the delivery of its aqueous phase
content to the cytoplasm and mixing of the liposomal lipids with the cell membrane lipids.
In vitro situations, fusion can be brought about by the presence of fusogens (detergents,
surfactants or fusogenic proteins). In vivo, fusion is a rare event because liposomes are
generally cleared rapidly from the circulation by phagocytic cells.

- Endocytosis:
This is the main mechanism of interaction between liposomes and cells possessing
endocytic capacity. Liposomes are taken up in endosomes which are formed by
invagination of the plasma membrane. These endosomes then fuse with primary lysosomes
to form secondary lysosomes where lysosomal enzymes digest the liposomes. During this
process a liposome-associated drug may leak out of the lysosomes and gain access to the
cytoplasm, alternatively it is degraded by lysosomal enzymes or it is stored in vacuoles
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Fig. 7 Possible liposome-cell interaction

until exocytosis takes place. The rate of enzymatic degradation of the liposomes depends
strongly on their lipid composition. Liposomes consisting of bilayers with high rigidity
are far more resistant to intralysosomal digestion than more fluid-type liposomes.
Cholesterol greatly contributes to liposomal resistance to lysosomal degradation.

STABILITY OF LIPOSOMES IN BLOOD

When liposomes are injected intravenously they first come into contact with blood. Of the
various blood components especially HDL (high density lipoprotein) can destabilize liposomes
due to transfer of (phospho)lipid components between liposome and HDL (127). This will
result in an increase in liposome permeability and thus in release of an encapsulated solute.
Whether an incorporated lipophilic drug itself can also transfer to blood components depends
on the properties of the drug. Liposomes may also interact with opsonizing serum proteins
that make liposomes attractive to cells of the mononuclear-phagocyte system (107-110,
126,128).

INTERACTION OF LIPOSOMES WITH THE MONONUCLEAR PHAGOCYTE
SYSTEM (MPS) AND OTHER CELLS

Cells of the MPS are specialized in removing foreign particles from the blood stream. They
are prominantly located in the liver (Kupffer cells), in the spleen and in the bone marrow.
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When a compound is injected intravenously it reaches the liver via the portal vein or the
hepatic artery and transverses the liver lobules via the sinusoids from the periportal to the
centrilobular region and eventually may end up in the central vein. Kupffer cells are located
within the sinusoids and thus are in direct contact with the bloodstream (129,130). The lining
of the sinusoids, which is formed by endothelial cells, is fenestrated with pore sizes of about
100 nm (131). Particles (small liposomes) of 100 nm or smaller can cross the endothelial
lining through these pores and end up in the space of Disse where they can interact with
hepatocyies.

The liver anatomy is very important in the intrahepatic distribution of liposomes. Large
liposomes (>200nm) end up in the Kupffer cells whereas smaller liposomes can transverse
the endothelial lining and can be endocytosed by hepatocytes (132-134). Therefore, the size
of the liposome is a major determinant for its intrahepatic distribution. Endothelial cells do
not participate in liposome endocytosis (135).

Liposome elimination from the blood depends on the charge of the particles. Negatively
charged liposomes (containing e.g. PS or PG), are cleared more rapidly than positively
charged liposomes (containing e.g. stearylamine) (110). The rate of elimination also depends
on the liposomal lipid composition and size. Liposomes composed of phospholipids with a
high transition temperature usually exhibit a longer circulation half life than liposomes
containing unsaturated, or short chain phospholipids (136,137). Also cholesterol influences
liposome clearance. A high cholesterol content renders liposomes more resistant to opsonine
proteins and therefore to endocytosis (138,139). Large liposomes are usually cleared more
rapidly from the circulation than small liposomes (126,136). The clearence can be modulated
by modifying the liposome surface with substances such as gangliosides (GM1) (140,141) or
poly ethelyne glycol coupled to phospholipids (142,143). This leads to a reduced recognition
of liposomes by macrophages. For this reason they have been dubbed "stealth" liposomes.

FUdR IN LIPOSOMES

Literature on liposomal FUdR formulations is scarce. Simmons (144) showed that the
encapsulation efficiency of FUdR in liposomes is low, and depends on liposomal lipid
composition. Incorporation efficiency of FUdR in liposomes consisting of SM/CH/DCP
(sphingomyelin, cholesterol, dicetylphosphate) was higher than that of egg PC liposomes.
Also, upon storage the drug was retained better within the SM-liposomes. SFU, which is less
water-soluble than FUdR, could not be adequately incorporated in liposomes and leaked out
considerably faster than FUdR.

Another report on liposomal FUdR stems from Juliano and co-workers (145) who showed
that the distribution of FUdR in rats could be changed after administration of FUdR in
DPPC/DPPG/CHOL liposomes. It was found that liposomes can protect FUdR against rapid
degradation to SFU and that FUdR accumulated in liver and spleen (measured 90 min after
a single injection). As far as we know, the therapeutic efficacy of liposomal FUdR in vivo
has not been investigated.
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Fig. 8 Synthesis of FUdR-dipalmitate

LIPOPHILIC FUdR DERIVATIVES

The synthesis of lipophilic derivatives of FUdR is relatively simple. It can be
accomplished, e.g., by incubating FUdR with a fatty acid anhydride or a fatty acid chloride
in water-free solvent (pyrimidine or dimethyl acetamide) (fig. 8). In this procedure, the free
hydroxyl groups in the deoxyribose moiety of FUdR are esterified. Depending on the molar
ratio of fatty acid to FUdR, a 3’-O- and 5’-O-mono-ester or a 3’-5’-O-diester is obtained.

Nishizawa (146) was the first to synthesize lipophilic esters of FUdR, which appeared to
be insensitive to nucleoside phosphorylases. This was shown for the methyl-esters (147) and
for other esters (148). The lipophilic derivatives had antitumor activity after oral application
in mice bearing adenocarcinoma 755 tumor cells (146). The esters were believed to be
degraded by aspecific esterases which was later confirmed by (149-151). Esterase activity was
demonstrated in several organs but was most abundant in liver, and intestine and was
associated with a particulate fraction (147,148). Its activity appeared to be highest towards
prodrugs of FUdR with aliphatic C8 or C10 chains and decreased steeply with increasing
chain length (149). The prodrugs with longer aliphatic acyl chains, e.g. palmitic acid, were
the FUdR-prodrugs with highest antitumor activity because FUdR plasma concentrations were
elevated up to 48 hours after drug application (151).

The lipophilic prodrug FUdR-dioctanoate has been used in preclinical as well as in clinical
studies for the treatment of liver tumor growth. In these cases the drug was dissolved in the
lymphographic agent Lipiodol® which is selectively retained in the tumor area. This
combination has been shown to display antitumor activity in a rabbit tumor model (150,152)
as well as in humans (153), whereas its toxicity was low. FUIR was shown to be released
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slowly afier prodrug hydrolysis, and due to the selective retention of Lipiodol® in the tumor
area only tumor cells were exposed continuously to the drug.

To our knowledge the only studies of the combination of FUdRdP and liposomes were
reported by Schwendener and Supersaxo (154-156). These authors tested the antitumor
activity of a liposomal formulation in different murine tumor models and found that FUdR
applied in such a way retained its antitumor activity at dosages upto 75 times lower than
those required for unmodified FUdR. In this study only one type of liposome was examined,
small unilamellar vesicles consisting of egg PC/SA/CHOL/a-tocopherol prepared by means
of a controlled dialysis technique.

SCOPE OF THIS THESIS

In this thesis attention is focussed on the use of liposomes to change the pharmacokinetics
of FUdR in order to increase its efficacy. As stated above, FUdR is primarily used as an
anticancer agent in the treatment of liver metastases in disseminated colorectal carcinoma.
One of the reasons why the response rates to this drug are usually low is assumed to be the
rapid degradation of the drug in vivo, which prevents an adequate exposure of tumor cells to
the drug throughout their entire cell cycle including the vulnerable mitotic phase. To prolong
the exposure time of liver tumor cells to the drug, liposomes were expected to be of value,
for they are mainly taken up by Kupffer cells in the liver which can function as a drug-depot.
In these cells, the liposomes are degraded slowly in the lysosomes whereupon the
encapsulated drug is gradually released into the hepatic circulation. Thus, it is expected that
higher concentrations of the drug in the surroundings of the target cells are sustained for
longer periods of time than would be obtained upon administration of the free drug. (fig. 9)

The rate at which the drug is released from the Kupffer cells is believed to be of major
importance to the antitumor activity and is controllable by changing the liposomal lipid
composition. A rapid release of the drug will be attained by using readily degradable
liposomes and a slower release by using liposomes with a higher resistance to lysosomal
degradation. Therefore, two liposome types with quite different biodegradabilities were
evaluated: egg PC/PS/CHOL and DSPC/DPPG/CHOL.

Most of the studies in this thesis were performed with lipophilic derivatives of FUdR
because these were envisioned to display a higher incorporation efficiency and a better
retention within the liposomes than the water-soluble FUdR. To investigate the contribution
of the type of prodrug, two types of lipophilic FUdR-diesters were synthesized which are
known to be catabolized at different rates in vivo: i.e. FUdR-dioctanoate and FUdR-
dipalmitate.

A liposomal FUdR-prodrug can be considered as an entirely different administration form
of FUdR and thus has to be regarded essentially as a new drug. Therefore, several questions
had to be answered in order to assess the value of such liposomal lipophilic FUdR-prodrugs
and to conclude which prodrug-liposome complex is to be used to obtain optimal efficacy.
In this thesis, studies are described on different aspects of the application of FUdR-prodrugs
in order to resolve some of the questions concerning the use of a this new drug formulation:
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In vitro characteristics of the liposome-drug complexes including stability in serum, and
antiproliferative activity (chapter 2).

Processing of FUdR-dipalmitate by Kupffer cells and the influence of liposome
composition. Is the active compound FUdR released from the Kupffer cells? (chapters 3
and 4).

Comparison of the in vivo distribution, catabolism and excretion of both liposomal FUdR-
dipalmitate and free FUdR (chapter 5 and 6).

Comparison of the antitumor activity of liposomal FUdR prodrugs and of free FUdR in
different murine tumor models (chapter 7).

Comparison of the toxicity of liposomal FUdR prodrugs and FUdR in vivo (chapter 8).

FUdR FUdR (-DIPALMITATE)
IN LIPOSOMES

FUdR

S.FU A

{(+ CATABOLITES)

Fig 9. Interaction of FUAR and liposomal FUAR-dipalmitate with liver cells

Given as a bolus injection, FUdR is rapidly catabolized (in hepatocytes) to SFU and inactive
catabolites. This results in a short exposure time of liver tumor cells to the drug. In contrast, liposomal
FUdR or FUdR-dipalmitate will accumulate in liver Kupffer cells, where the liposomes and prodrug
are degraded intralysosomally. It is expected that this will result in a slow release of the active drug
FUdR from the Kupffer cells, and thus in a prolonged exposure of tumor cells to this drug.



chapter 1 29

10
11

12

14

15

16
17

18

19

21

REFERENCES

Ruddon, R.W. The epidemiology of human cancer. In: Cancer Biology. (Oxford University
Press), New York, pp 25-67, 1987.

Fraser, P., and Adelstein, A M. Recent Trends. In: Recent results in cancer research; colorectal
cancer. (Ed. Duncan, W). Springer-Verlag, Berlin Heidelberg, Germany, pp 1-10, 1982.
Talbot, I1.C. Pathology and natural history. In: Recent results in cancer research; colorectal
cancer. (Ed. Duncan, W). Springer-Verlag, Berlin Heidelberg, Germany, pp 59-66, 1982.
Metzger, U. Intraportal chemotherapy for colorectal hepatic metastases. Antibiot. Chemother. 40:
1-10, 1987.

Koks, C.H.W., Brouwers, J.R.B.J. and Sleijfer, D.Th. Regional infusion of fluoropyrimidines for
hepatic metastases of colorectal cancer. Pharm. Weekblad Scientific Edition 10: 69-75, 1988.
Foster, J.H. and Ensminger, W.F. Treatment of metastatic cancer to the liver. In: Cancer.
Principles and practice of oncology. (Eds. DeVita, V.T., Hellman, S., and Rosenberg, S.A)), 1.B.
Lippincott Co., Philadelphia, pp. 2117-2132, 1985.

Sugarbaker, P.H., Macdonald, J.S., and Gunderson, L.L. Colorectal cancer. In: Cancer. Principals
and practice of oncology (Eds. DeVita, V.T., Hellman, S., Rosenberg, S.A.), 1.B. Lippincott
Company, USA, pp 643-723, 1982.

Schein, P.S. Treatment of liver metastases. In: Liver metastases, basic aspects, detection and
management. (Eds. Van de Velde, C.J.H., and Sugarbaker P.H.), Martinus Nijhoff Publishers, pp
169-177, 1984.

Mayer, R.J., O’Connell, M.1,, Tepper, J.E., and Wolmark, N. Status of adjuvant therapy for
colorectal cancer. J. Nat. Cancer Inst. 81: 1989,

Bleiberg, H. Treatment of advanced colorectal cancer. Anticancer Res. 9: 1013-1016, 1989.
Heidelberger, C., Chaudhuri, N.K., Danneberg, P.B., Mooren, D., Griesbach, L., Duschinsky, R.,
Schnitzer, R.J., Pleven, E., and Scheiner, J. Fluorinated pyrimidines, a new class of tumor-
inhibitory compounds. Nature 179: 663-666, 1957.

Heidelberger, C. Fluorinated Pyrimidines. Prog. Nucleic. Acid Res. Mol. Biol. 4: 1-50, 1965.
Rutman, R.J., Cantarow, A., and Paschkis, K.E. Studies in 2-acetylaminofluorene carcinogenesis
III. The utilization of Uracil-2-C* by preneoplastic rat liver and rat hepatoma. Cancer Res. 14:
119-123, 1954.

Heidelberger, C., Leibman, K.C., Harbers, E., and Bhargava, P.M., The comparative utilization
of uracil-2-C" by liver, intestinal mucosa, and Flexner-Jobling carcinoma in the rat. Cancer Res.
17: 399-404, 1957.

Pratt, W.B., and Ruddon, R.W. The antimetabolites. In: The anticancer drugs. (Eds. Pratt, W.B.
and Ruddon, R.W.), Oxford University press, New York, pp 98-147, 1979.

Meyers, C.E. The pharmacology of the fluoropyrimidines. Pharmacol. Rev. 33: 1-15, 1981.
Heidelberger, C., Danenberg, P.V., and Moran, R.G.. Fluorinated pyrimidines and their
nucleosides. Adv. Enzymol. 54: 57-119, 1983.

Pinedo, H.M., and Peters, G.J. Fluorouracil: biochemistry and pharmacology. J. Clin. Oncol. 6:
1653-1664, 1988.

Diasio, R.B., and Harris, B.E. Clinical pharmacology of S-fluorouracil. Clin. Pharmacokin. 16:
215-237, 1989.

Daher, G.C., Harris, B.E,, and Diasio, R.B.. Metabolism of pyrimidine analogues and their
nucleosides. Pharmaco. Ther. 48: 189-222, 1990.

Douglas, K.T. The thymidylate synthesis cycle and anticancer drugs. Medicinal Res. Rev. T:
441-475, 1987.



chapter 1

(M

30

31

32

33

34

35

37

38

39

41

Danenberg, P.V. Thymidylate synthethase- a target enzyme in cancer chemotherapy. Bicchim.
Biophys. Acta 473: 73-92, 1977.

Maybaum, J., Ullman, B., Mandel, H.G., Day, 1.L., and Sadee, W. Regulation of RNA- and
DNA-directed actions of 5-fluoropyrimidines in mouse T-lymphoma (S-49) cells. Cancer Res.
40: 4209-4215, 1980.

O’Dwyer, P.J., King, S.A,, Hoth, D.F., and Leyland-Jones, B. Role of thymidine in biochemical
modulation: a review. Canc. Res. 47: 3911-3919, 1987.

Peters, G.J., Laurensse, E., Leyva, A., Lankelma, J., and Pinedo, H.M. Sensitivity of human,
murine, and rat cells to 5-fluorouracil and 5’-deoxy-5-fluorouridine in relation to drug-
metabolizing enzymes. Cancer Res. 46: 20-28, 1986. ‘

Yoshioka, A., Tanaka, S., et. al. Deoxyribonucleoside triphosphate imbalance. J. Biol. Chem.
262: 8235-8241, 1987.

Bestwick, R.K., Moffett, G.L., and Mathews, C.K. Selective expansion of mitochondrial
nucleoside triphosphate pools in antimetabolite-treated Hela cells. J. Biol. Chem. 257T:
9300-9304, 1982.

Sawyer, R.C,, Stolfi, R.L., Martin, D.S., and Spiegelman, S. Incorporation of 5-fluorouracil into
murine bone marrow DNA in vivo. Cancer Res. 44; 1847-1851, 1984.

Schuetz, J.D., Wallace, HJ,, and Diasio, R.B. 5-Fluorouaracil incorporation into DNA of CF-1
mouse bone marrow cells as a possible mechanism of toxicity. Cancer Res. 44: 1358-1363, 1984.
Schuetz, J.D., Wallace, HJ.,, and Diasio, R.B. DNA repair following incorporation of 5-
fluorouracil into DNA of mouse bone marrow cells. Cancer Chemother. Pharmacol. 21: 208-210,
1988.

Lonn, U, and Lonn, S. DNA lesions in human neoplastic cells and cytotoxicity of
S-fluoropyrimidines. Cancer Res. 46: 3866-3870, 1986.

Greenhalgh, D.A. and Parish, J.H. Effects of 5-fluorouracil on cytotoxicity and RNA metabolism
in human colonic carcinoma cells. Cancer Chemother. Pharmacol. 25: 37-44, 1989.
Greenhalgh, D.A., and Parish, J.H.. Effect of S-fluorouracil combination therapy on RNA
processing in human colonic carcinoma cells. Br. J. Cancer 61: 415-419, 1990.

Doong, S.IL., and Dolnick, B.J.. 5-Fluorouracil substitution alters Pre-mRNA splicing in vitro.
J. Biol. Chem. 263: 4467-4473, 1988.

Frendewey, D.A., Kladianos, D.M., Moore, V.G., and Kaiser, LI. Loss of tRNA S-methyluridine
methyltransferase and pseudouridine synthethase activities in 5-fluorouracil and 1-(tetrahydro-2-
furanyl)-S-fluorouracil (ftorafur)-treated Escherichia coli. Biochim. Biophys. Acta 697: 31-40,
1982.

Tseng, W.C., Medina, D., and Randerath, K. Specific inhibition of transfer RNA methylation and
modification in tissues of mice treated with 5-fluorouracil. Cancer Res. 38: 1250-1257, 1978.
Stenram, U. Cytological, radioautographic and ultrastructural studies on the effect of 5-
fluorouracil on rat liver. Zeitschrift Zellforschung 71: 207-216, 1966.

Milles, S.S., Muggia, AL., and Spiro, HM. Colonic histologic changes induced by 5-
fluorouracil. Gasteroenterology 43: 391-399, 1962.

Lindner, A.,, Kutkam, T., Sankaranarayanan, K., Rucker, R., and Arradondo, J. Inhibition of
Ehrlich ascites tumor with S-fluorouracil and other agents. Exp. Cell. Res, Supp! 9: 485-508,
1963

Sommadossi, J.P., Gewirtz, D.A., Cross, D.S., Goldman, [.D., Cano, J.P., and Diasio, R.B.
Modulation of S-fluorouracil catabolism in isolated rat hepatocytes with enhancement of 5-
fluorouracil glucuronide formation. Cancer Res. 45: 116-221, 1985.

Sommadossi, J.P., Cross, D.S., Gewirtz, D.A. Goldman, 1.D., Cano, J.P., and Diasio, R.B.
Evidence from rat hepatocytes of an unrecognized pathway of 5-fluorouracil metabolism with
the formation of a glucuronide derivative. Cancer Res. 45: 2450-2455, 1985.



chapter 1 31

42

43

4

45

46

47

48

49

50

51

52

53

54

55

57

58

59

Kessel, D. Cell surface alterations associated with exposure of leukemia L1210 cells to
fluorouracil. Cancer Res. 40: 322-324, 1980.

Berger, S.H., and Hakala, M.T. Relationship of dUMP and free FAUMP pools to inhibition of
thymidylate synthase by 5-fluorouracil. Mol. Pharmacol. 25: 303-309, 1983.

Keyomarsi, K., and Moran, R.G. Folinic acid augmentation of the effects of fluoropyrimidines
on murine and human leukemic cells. Cancer Res. 46: 5229-5235, 1986.

Grem, J.L., Hoth, D.F., Hamilton, J.M,, King, S.A., and Leyland-Jones, B. Overview of current
status and future direction of clinical trials with S-fluorouracil in combination with folinic acid.
Cancer Treatment Rep. T1: 1249-1264, 1987.

Mini, E., Trave, F., Rustum, Y.M., and Bertino, J.R., Enhancement of the antitumor effects of
5-fluorouracil by folinic acid. Pharmac. Ther. 47: 1-19, 1990.

Klubes, P., Cerna, I., and Meldon, M.A,, Uridine rescue from the lethal toxicity of 5-fluorouracil
in mice. Canc. Chemother. Pharmacol. 8: 17-21, 1982.

Sawyer, R.C,, Stolfi, R.L., Spiegelman, S., and Martin, D.S., Effect of uridine on the metabolism
of S-fluorouracil in the CDgF, murine mammary carcinoma system. Pharmaceut. Res.: 69-75,
1984.

Peters, G.J., Van Dijk, 1., Laurensse, E., Van Groeningen, C.J., Lankelma, J., Leyva, A., Nadal,
J.C., and Pinedo, H.M. In vitro biochemical and in vivo biological studies of the uridine rescue
of 5-fluorouracil. Br. J. Cancer 57: 259-265, 1988.

Groeningen, C.J. van, Peters, G.J.,, Leyva, A., Laurensse, E., and Pinedo, HM. Reversal of
S-fluorouracil-induced myelosuppression by prolonged administration of high-dose uridine. J.
Nat. Cancer Inst. 81: 157-162, 1989.

Link, K.H., Aigner, K.R., Peschau, K., Warthona, M., Schwemmle, K., and Danenberg, P.V.
Concentration and time dependence of the toxicity of fluorinated pyrimidines to HT 29 colorectal
carcinoma cells. Cancer Chemother. Pharmacol. 22: 58-62, 1988.

Lewin, F., Skog, S., Tribukait, B., and Ringborg, U. Effect of 5-fluorouracil on the cell growth
and cell cycle kinetics of a mouse ascites tumor growing in vivo. Acta Oncol. 26: 125-131, 1987.
Hartmann, H.R., and Matter, A. Antiproliferative action of a novel fluorinated uridine analog,
5’-Deoxy-5-fluorouridine, measured in vitro and in vivo on four different murine tumor lines.
Cancer Res. 42: 2412-2415, 1982.

Spiegelman, S., Nayak, R., Sawyer, R,, Stolfi, R., and Martin, D. Potentiation of the antitumor
activity of SFU by thymidine and its correlation with the formation of (SFU)RNA. Cancer 45:
1129-1134, 1980.

Takimoto, C.H., Tan, Y.Y., Cadman, E.C. and Armstrong, R.D. Correlation between ribosomal
RNA production and RNA-directed fluoropyrimidine cytotoxicity. Biochem. Pharmacol. 36:
3243-3248, 1987.

Radparvar, S., Houghton, P.J., Germain, G., Pennington, J., Rahman, A., and Houghton, J.A.
Cellular pharmacology of 5-fluorouracil in a human colon adenocarcinoma cell line selected for
thymidine kinase deficiency. Biochem. Pharmacol. 39: 1759-1765, 1990.

Paterson, A.R.P., Kolassa, N., and Cass, C.E. Transport of nucleoside drugs in animal cells.
Pharmac. Ther. 12: 515-536, 1981.

Sirotnak, F.M., and Barrueco, JR. Membrane transport and the antineoplastic action of
nucleoside analogues. Cancer Metas. Rev. 6: 459-480, 1987.

Plagemann, P.G.W., Wohlheuter, R.M., and Woffendin, C. Nucleoside and nucleobase transport
in animal cells. Biochim. Biophys. Acta 947: 405-443, 1988.

Miwa, M., Cook, A. and Ishitsuka, H. Enzymatic cleavage of various fluorinated pyrimidine
nucleosides to 5-fluorouracil and their antiproliferative activities in human and murine tumor
cells. Chem. Pharm. Bull. 34: 4225-4232, 1986.



32

chapter 1

61

62

(A

67

69

70

71

72

73

74

75

76

78

Krenitsky, T.A., Mellors, J.W.,, and Barclay, R.K. Pyrimidine nucleosidases. Their classification
and relationship to uric acid ribonucleoside phosphorylase. J. Biol. Chem. 240: 1281-1286, 1965.
Yamada, E.-W. Pyrimidine nucleoside phosphorylases of rat liver. J. Biol. Chem. 243: 1649-1655,
1568.

Woodman, P.W., Sarrif, AM,, and Heidelberger, C. Specificity of pyrimidine nucleoside
phosphorylases and the phosphorolysis of 5-fluoro-2’-deoxyuridine. Cancer Res. 40: 507-511,
1980

Rubio, R, and Beme, R.M. Localization of purine and pyrimidine nucleoside phosphorylases in
heart, kidney, and liver. Am. J. Physiol. 239: H721-H730, 1980.

Holstege, A., Leser, H.G., Pausch, J., and Gerok, W. Uridine catabolism in Kupffer cells,
endothelial cells, and hepatocytes. Ewr. J. Biochem. 149 169-173, 198S.

Ensminger, W.D., Rosowski, A., Raso, V., Levin, D.C., Glode, M., Come, S., Stecle, G., and
Frei, E. A clinical-pharmacological evaluation of hepatic arterial infusions of S5-fluoro-2’-
deoxyuridine and 5-fluorouracil. Cancer Res. 38, 3784-3792, 1978,

Williams, WM., Huang, K.C., Chen, T.S,, and Warren, B.S. Dose-dependent elimination of 5-
fluoro-2’-deoxyuridine in the monkey. Proc. Soc. Exp. Biol. Med. 184: 326-336, 1987.
Mukherjee, K.L., Boohar, J., Wentland, D., Ansfield, F.J., and Heidelberger, C. Studies on
fluorinated pyrimidines XVI. Metabolism of 5-fluorouracil-2-C** and 5-fluoro-2’-deoxyuridine-2-
C" in cancer patients. Cancer Res. 23: 49-66, 1963.

LaCreta, F.P., Warren, B.S., and Williams, W.M. Effects of pyrimidine nucleoside phosphorylase
inhibitors on hepatic fluoropyrimidine elimination in the rat. Cancer Res. 49: 2567-2573, 1989.
Csaky, K.G., LaCreta, F.P,, Warren, B.S., and Williams W.M. S-Fluoro-2’-deoxyuridine
elimination by the isolated perfused rat liver. Cancer Res. 48: 3561-3565, 1988.

Foth, H., Kunellis, E.M., Miiseler, T., and Kahl, G.F. Nonlinear elimination kinetics of
5-fluoro-2’-deoxyuridine in isolated perfused rat liver and isolated hepatocytes. J. Pharmacol.
Exper. Therap. 254: 427-432, 1990.

LaCreta, F.P., and Williams, W.M. High-performance liquid chromatographic analysis of
fluoropyrimidine nucleosides and fluorouracil in plasma. J. Chromatography 414: 197-201, 1987.
Heggie, G.D., Sommadossi, J.P., Cross, D.S., Huster, W.J., and Diasio, R.B. Clinical
pharmacokinetics of 5-fluorouracil and its metabolites in plasma, urine, and bile. Cancer Res. 47:
2203-2206, 1987.

Diasio, R.B., Schuetz, 1.D., Wallace, H.J., and Sommadossi, J.P. Dihydrofluorouracil, a
fluorouracil catabolite with antitumor activity in murine and human cells. Cancer Res. 45: 4900-
4903, 198S5.

El Kouni, M.H., Naguib, F.N.M,, Patk, K.S., Cha, S., Darnowski, J.W., and Soong, S. Circadian
thythm of hepatic uridine phosphorylase activity and plasma concentration of uridine in mice.
Biochem. pharmacol. 40: 2479-248S5, 1990.

Harris, B.E., Song, R., Soong, S., and Diasio R.B. Relationship between dihydropyrimidine
dehydrogenase activity and plasma 5-fluorouracil levels with evidence for circadian variation of
enzyme activity and plasma drug levels in cancer patients receiving S-fluorouracil by protracted
continuous infusion. Cancer Res. 50: 197-201, 1990.

Fujii, S., Shimamoto, Y., Ohshimo, H., Imaoka, T., Motoyama, M., Fukushima, M., and
Shirasaka, T. Effects of the plasma concentration of S-fluorouracil and the duration of continuous
venous infusion of 5-fluorouracil with an inhibitor of 5-fluorouracil degradation on Yoshida
sarcomas in rats. Jpn. J. Cancer Res. 80: 167-172, 1989.

Sweeny, D.J., Barnes, S., Heggie, G.D., and Diasio, R.B. Metabolism of 5-fluorouracil to an N-
cholyl-2-fluoro-B-alanine conjugate: previously unrecognized role for bile acids in drug
conjugation. Proc. Natl. Acad. Sci. 84: 5439-5443, 1987.



chapter 1 33

79

80

81

91

95

Sweeny, D.1., Martin, M., and Diasio, R.B., N-Chenodeoxycholyl-2-fluoro-B-alanine: a biliary
metabolite of 5-fluorouracil in humans. Drug Metab. Disp. 16: 892-894, 1988.

Malet-Martino, M.C., Bernadou, J., Martino, R., and Armand, J.P. YF NMR spectrometry
evidence for bile acid conjugates of o-fluoro-B-alanine as the main biliary metabolites of
antineoplastic fluoropyrimidines in humans. Drug. Metab. Disp. 16 78-84, 1988.
Malet-Martino, M.C., Martino, R., Bernadou, J. and Chevreau, P. Identification of new
metabolites of antineoplastic fluoropyrimidines in human bile using fluorine-19 NMR. In: Liver
cells and drugs (Ed. Guillouzo A), 164: pp. 113-116. Colloque INSERM/John Libbey Eurotext
L, 1988.

Sweeny, D.J., Barnes, S., and Diasio, R.B. Formation of conjugates of 2-fluoro-8-alanine and bile
acids during the metabolism of 5-fluorouracil and 5-fluoro-2-deoxyuridine in the isolated
perfused rat liver. Cancer Res 48: 2010-2014, 1988.

Koenig, H., and Patel, A. Biochemical basis for fluorouracil neurotoxicity. Arch. Neurol. 23: 155-
160, 1970.

Okeda, R., Shibutani, M., Matsuo, T., Kuroiwa, T., Shimokawa, R., and Tajima, T. Experimental
neurotoxicity of 5-fluorouracil and its derivatives is due to poisoning by monofluorinated organic
metabolites, monofluoroacetic acid and a-fluoro-B-alanine. Acta Neuropathol 81: 66-73, 1990.
Houghton, J.A,, Houghton, P.J., and Wooten, R.S. Mechanism of induction of gastrointestinal
toxicity in the mouse by 5-fluorouracil, 5-fluorouridine and 5-fluoro-2’-deoxyuridine. Cancer
Res. 39, 2406-2413, 1979.

Hohn, D.C,, Stagg, R.J., Friedman, M.A., Hannigan, J.F., Rayner, A., Ignoffo, R.J., Acord, P.,
and Lewis, B.J. A randomized trial of continuous intravenous versus hepatic intraarterial
floxuridine in patients with colorectal cancer metastatic to liver. J. Clin. Oncol. T: 1646-1654,
1989.

Chang, A.E., Schneider, P.D., Sugarbaker, P.H. A prospective randomized trial of regional versus
systemic continuous S-fluorodeoxyuridine chemotherapy in the treatment of colorectal liver
metastases. Ann. Surgery 206: 685-693, 1987.

Byfield, J.E., Frankel, S.S., Hombeck, C.L., Sharp, T.R., Callipari, F.B., and Floyd, R.A. . Phase
I and pharmacologic study of 72-hour infused 5-fluorouracil in man. Am. J. Clin. Oncol. 8;
429-440, 1985.

Moertel, C.G., Reitemeier, R.J., and Hahn, R.G. A controlled comparison of 5-fluoro-2’-
deoxyuridine therapy administered by rapid intravenous injection and by continuous intravenous
infusion. Cancer Res. 27: 549-552, 1967.

Doria, M.I,, Shepard, K.V., Levin, B, and Riddell, R.H., Liver pathology following hepatic
arterial infusion chemotherapy. Cancer 58: 855-861, 1986.

Kemeny, N., Daly, J., Reichman, B., Geller, N., Botet, J. and Oderman, P. Intrahepatic or
systemic infusion of fluorodeoxyuridine in patients with liver metastases from colorectal
carcinoma. Annals Internal Med 107: 459-465, 1987.

Sweeny, D.J., Daher, G., Barnes, S., and Diasio, R.B. Biological propetties of the 2-fluoro-3-
alanine conjugates of cholic acid and chenodeoxycholic acid in the isolated perfused rat liver.
Biochim. Biophys. Acta. 1054: 21-25, 1990.

Ludwig, J., Kim, C.H., Wiesner, RH,, and Krom, R.AF. Floxuridine-induced sclerosing
cholangitis: an ischemic cholangiopathy? Hepatology 9: 215-218, 1989.

Taylor, H.G., Wolf, C.R., and Maitland, C.G. Neurologic toxicity associated with hepatic artery
infusion HAI of FUdR. Cancer Chemother. Pharmacol. 17: 292-293, 1986.

Bixenman, W.W., Nicholls, J.V.V,, and Warwick, D.H. Oculomotor disturbances associated with
5-fluorouracil chemotherapy. Am. J. Opthal. 83: 789-793, 1977

Weiss, H.D., Walker, M.D., and Wiernik, P.H. Neurotoxicity of commonly used antineoplastic
agents. New Engl. J. Med. 291: 75-81, 1974.




34

chapter 1

)

100

101
102
103
104
i05
106

107

108

109
110

111

112
113
114
115
116
117
118

119

Collins, C., and Weldon, P.L. Cardiotoxicity of 5-fluorouracil. Cancer Treatment Rep. 71:, 733-
736, 1987.

Freeman, N.J,, and Costanza, M.E. 5-Fluorouracil-associated cardiotoxicity. Cancer 61: 36-45,
1988.

Lemon, H.M., Modzen, P.J., Mirchandani, R., Farmer, D.A., and Athans, J. Decreased
intoxication by fluorouracil when slowly administered in glucose. J. Amer. Med. Assoc.185:
1012-1016, 1963.

Heidelberger, C., Griesbach, L., Cruz, O., Schnitzer, R.J., and Grunberg, E. Fluorinated
pyrimidines V1. Effects of S-fluorouridine and S-fluoro-2’-deoxyuridine on transplanted tumors.
Proc. Soc. Exp. Biol. Med. 97: 470-475, 1958.

New, RR.C. Introduction. In: Liposomes, a practical approach. Ed. New, R.R.C., Oxford
University Press, UK. pp 1-32, 1990.

‘Weiner, N., Martin, F., and Riaz, M. Liposomes as a drug delivery system. Drug Development
Industrial Pharmacy 15: 1523-1554, 1989.

Bangham, A.D., Standish, M.M., and Watkins, J.C. Diffusion of univalent ions across the
lamellac of swollen phospholipids. J. Mol. Biol. 13: 238-252, 1965.

Gregoriadis, G. The carrier potential of liposomes in biology and medicine. N. Engl. J. Med. 295:
704-707, 1976.

Poste, G. Lipsome targeting in vivo: problems and opportunities. Biol. Cell 47: 19-38, 1983.
Zee-Cheng, R.K.Y., and Cheng, C.C. Delivery of anticancer drugs. Methods Findings Exp. Clin.
Pharmacol. 11: 439-529, 1989.

Scherphof, G.L. Liposomes in biology and medicine (a biased review). In: Lipids and
membranes: past, present and future. (Eds. Op den Kamp, J.AF., Roelofsen, B., and Wirtz,
K.W.A), Elsevier Science Publishers B.V., Amsterdam, The Netherlands. pp 113-136, 1986.
Ostro, M.J., and Cullis, P.R. Use of liposomes as injectable-drug delivery systems. Am. J. Hosp.
Pharm. 46: 1576-1587, 1989.

Gregoriadis, G. Liposomes for drugs and vaccines. Trends Biotechnol. 3: 235-241, 1985.
Poznansky, M.J., and Juliano, R.L. Biological approaches to the controlled delivery of drugs: a
critical review. Pharmacol. Rev. 36: 277-336, 1984.

Armndt, D., and Fichtner, I. Anwendung von Liposomen. In: Liposomen. Darstellung-
Eigenschaften-Anwendung, (Eds. Eckardt, S., Magdon, E., Tanneberger, S.), Akademie-verlag,
Berlin, Germany, pp 54-75, 1986.

Perez-Soler, R. Liposomes as carrier of antitumor agents: toward a clinical reality. Cancer
Traetment Rev. 16: 67-82, 1989.

Fichiner, 1., and Amdt, D. Stand und Perspektiven der Liposomenforschung. Pharmazie 44:
752-757, 1989.

Szoka, F.C. The future of liposomal drug delivery. Biotech. Applied Biochem. 12: 496-500, 1990.
Sculier, J.P., Coune, A., Meunier, F., Brassinne, C., Laduron, C., Hollaert, C., Collette, N.,
Heymans, C. an Klastersky, J. Pilot study of amphotericin B entrapped in sonicated liposomes
in cancer patients with fungal infections. Eur. J. Cancer Clin. Oncol. 24: 527-538, 1988.
Wiebe, V.J. and DeGregorio, M.W. Liposome-encapsulated amphotericin B: a promising new
treatment for disseminated fungal infections. Rev. Infect. Dis. 10: 1097-1101, 1988.

Seltzer, S.E. Contrast-carrying liposomes. Current status. Jnvest. Radiol. 23 (suppl. 1):
$122-8125, 1988.

Presant, C.A,, Proffitt, R.T., et. al. Successful imaging of human cancer with indium-111-labeled
Phospholipid vesicles. Cancer 62: 905-911, 1988

Rahman, A, Kessler, A., More, N,, Sikic, B, Rowden, G., Woolley, P., and Schein, P.S.
Liposomal protection of adriamycin-induced cardiotoxicity in mice. Cancer Res. 40: 1532-1537,
1980.



chapter 1 35

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Amdt, D. and Fichtner, 1. Priparation, Eigenschaften und analytische Kontrolle von
Phospholipiden und anderen amphiphilen Verbindungen. In: Liposomen. Darstellung-
Eigenschaften-Anwendung, Eds. Eckardt, S,, Magdon, E., Tanneberger, S., Akademie-verlag,
Berlin, Germany, pp 9-16, 1986.

Mayer, L.D., Hope, M.J,, and Cullis, P.R. Vesicles of variable sizes produced by a rapid
extrusion procedure. Biochim. Biophys. Acta 858: 161-168, 1986.

New, R.R.C. Preparation of liposomes. In: Liposomes, a practical approach. Ed. New, RR.C.,
Oxford University Press, U.K. pp 33-104, 1990.

Scherphof, G.L., Kuipers, F., Derksen, J.T.P., Spanjer, H.H., and Vonk, R.J. Liposomes in vivo;
conversion of liposomal cholesterol to bile salts. Biochem. Soc. Trans. 15: 62S-68S, 1987.
Cullis, P.R,, Hope, M.J,, Bally, M.B.,, Madden, T.D., and Mayer, LD. Liposomes as
pharmaceuticals. In: Liposomes. From biophysics to therapeutics. Ed. Ostro, M.J. Marcel Dekker,
Inc, New York Basel, 39-108, 1987.

Cohen, B.E. The permeability of liposomes to nonelectrolytes. J. Membrane. Biol. 20: 235-268,
1975.

New, R.R.C,, Black, C.D.V., Parker, R.J., Puri, A,, and Scherphof, G.L. Liposomes in biological
systems. In: Liposomes, a practical approach. Ed. New, R.R.C., Oxford University Press, U.K.
pp 221-252, 1990.

Scherphof, G.L., Roerdink, F., Waite, M., and Parks, I. Disintegration of phosphatidylcholine
liposomes in plasma as a result of interaction with high-density lipoproteins. Biochim. Biophys.
Acta 542: 296-307, 1978.

Moghimi S.M., and Patel H.M. Serum opsonins and phagocytosis of saturated and unsaturated
phospholipid liposomes. Biochim. Biophys. Acta 984: 384-387, 1989.

Gendrault, J.L., Steffan AM., Bingen A., and Kirn A. Kupffer and endothelial cells. In:
Sinusoids in human liver, health and disease. (Eds. Bioulac-Sage, P., and Balaboud, C.), Kupffer
Cell Foundation pp 17-38, 1988.

Ballet, F. Hepatic circulation: potential for therapeutic intervention. Pharmac. Ther. 47: 281-328,
1990.

Wisse, E. An electron microscopic study of the fenestrated endothelial lining of rat liver
sinusoids. J. Ultrastruct. Res. 31: 125-150, 1970.

Scherphof, G L., Roerdink, F., Dijkstra, J., Ellens, H., De Zanger, R., and Wisse, E. Uptake of
liposomes by rat and mouse hepatocytes and Kupffer cells. Biol. Cell 47: 47-58, 1983.
Spanjer, H.H., and Scherphof, G.L. Targeting of lactosylceramide-containing liposomes to
hepatocytes in vivo. Biochim. Biophys. Acta 734: 40-47, 1983.

Hwang, K.J. Kinetic evidences of enhancing interaction of small liposomes with hepatic
parenchymal cells mediated by large liposomes blockade. Res. Comm. Chem. Pathol. Pharmacol.
54: 417-420, 1986.

Roerdink, F.H., Regts, J., Van Leeuwen, B., and Scherphof, G.L. Intrahepatic uptake and
processing of intravenously injected small unilamellar phospholipid vesicles in rats. Biochim.
Biophys. Acta 770: 195-202, 1984.

Derksen, J.T.P., Baldeschwieler, J.D., and Scherphof, G.L. In vivo stability of ester- and
ether-linked phospholipid-containing liposomes as measured by perturbed angular correlation
spectroscopy. Proc. Natl. Acad. Sci. 85: 9768-9772, 1988.

Senior, J., and Gregoriadis, G. Is the half-life of circulating liposomes determined by changes
in their permeability? FEBS Lett 145: 109-114, 1982.

Roerdink, F.H., Regts, J., Handel, T., Sullivan, S.M., Baldeschwieler, I.D., and Scherphof, G.L.
Effect of cholesterol on the uptake and intracellular degradation of liposomes by liver and spleen;
a combined biochemical and gamma-perturbed angular correlation study. Biochim. Biophys. Acta
980: 234-240, 1989.



chapter 1

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

Patel, HM,, Tuzel, N.S,, and Ryman, B.E. Inhibitory effect of cholesterol on the uptake of
liposomes by liver and spleen. Biochim. Biophys. Acta 761: 142-151, 1983.

Allen, T.M.,, Austin, G.A., Chonn, A, Lin, L., and Lee, K.C. Uptake of liposomes by cultured
mouse bone marrow macrophages: influence of liposome composition and size. Biochim.
Biophys. Acta 1061: 56-64, 1991.

Liu, D., Mori, A., and Huang, L. Large liposomes containing ganglioside GM1 accumulate
cffectively in spleen. Biochim. Biophys. Acta 1066: 159-165, 1991.

Klibanov, A.L., Maruyama, K., Beckerleg, A M., Torchilin, V.P., and Huang, L. Activity of
amphipatic poly(ethylene glycol) S000 to prolong the circulation time of liposomes depends on
the liposome size and is unfavorable for immunoliposome binding to target. Biochim. Biophys.
Acta 1062: 142-148, 1991.

Senior, J., Delgado, C., Fisher, D., Tilcock, C., and Gregoriadis, G. Influence of surface
hydrophilicity of liposomes on their interaction with plasma protein and clearance from the
circulation: studies with poly(ethylene glycol)-coated vesicles. Biochim. Biophys. Acta 1062: 77-
82, 1991

Simmons, S.P., and Kramer, P.A. Liposomal entrapment of Floxuridine. J. Pharm Sci. 66:, 984-
986, 1977.

Juliano, R., Lopez-Berenstein, G., Mehta, R., Hopfer, R, Mehta, K, and Kasi, L.
Pharmacokinetic and therapeutic consequences of liposomal drug delivery: fluorodeoxyuridine
and Amphotericin B as examples. Biol. Cell 47: 39-46, 1983.

Nishizawa, Y., Casida, J.E., Anderson, S.W., and Heidelberger, C. 3°,5’-diesters of 5-fluoro-2’-
deoxyuridine: synthesis and biological activity. Biochem. Pharmacol. 14: 1605-1619, 1965.
Bimie, G.D., Kroeger, H., and Heidelberger, C. Studies on fluorinated pyrimidines. XVIII. The
degradation of 5-fluoro-2’-deoxyuridine and related compounds by nucleoside phosphorylase.
Biochem. 2:, 566-572, 1963.

Casida, J.E., Engel, J.L., and Nishizawa, Y. 3’,5’-diesters of 5-fluoro-2’-deoxyuridine and
thymine: hydrolysis by esterases in human, mouse, and insect tissue. Biochem. Pharmacol. 15:
627-644, 1966.

Kawaguchi, T., Suzuki, Y., Nakahara, Y., Nambu, N., and Nagai, T. Activity of esterase in the
hydrolysis of 3’-5’-diesters of 5-fluoro-2’-deoxyuridine in the relation to the structure of the
diester prodrugs. Chem. Pharm. Bull. 33: 301-307, 1985.

Kawaguchi, T., Fukushima, S., Hayashi, Y., Kaneko, M., and Nakano, M. Selective accumulation
of 3’-5’-dioctanoyl-5-fluoro-2’-deoxyuridine (FdUrd-C8) and sustained release of its active
metabolites in VX-2 rabbit hepatoma following intraarterial administration of FdUrd-C8 solution
in Lipiodol. Cancer Res. 48: 4179-4183, 1988.

Kanzawa, F., Hoshi, A., Kuretani, K., Saneyoshi, M., and Kawaguchi, T. Antitumor activity of
3’-5’-diesters of S5-fluoro-2’-deoxyuridine against murine leukemia 11210 cells. Cancer
Chemother. Pharmacol. 6. 19-23, 1981.

Fukushima, S., Kawaguchi, T., Nishida, M., Juni, K., Yamashita, Y., Takahashi, M., and Nakano,
M. Selective anticancer effects of 3°-5’-dioctanoyl-5-fluoro-2’-deoxyuridine, a lipophilic prodrug
of 5-fluoro-2’-deoxyuridine, dissolved in an oily lymphographic agent on hepatic cancer of
rabbits bearing VX-2 tumor. Cancer Res. 47: 1930-1934, 1987.

Yamashita, Y., Takahashi, M., Bussaka, H., Fukushima, S., Kawaguchi, T., and Nakano, M.
Intraarterial infusion of S-fluoro-2’-deoxyuridine-C8 dissolved in a lymphographic agent in
malignant liver tumors. Cancer 64: 2437-2444, 1989.

Schwendener, R.A., Supersaxo, A., Rubas, W., Weder, H.G., Hartmann, H.R., Schott, H., Ziegler,
A., and Hengartner, H. 5’-O-palmitoyl- and 3°,5°-O-dipaimitoyl-5-fluoro-2’-deoxyuridine- novel
lipophilic analogues of 5-fluoro-2’-deoxyuridine: synthesis, incorporation into liposomes and
preliminary biological results. Biochem. Biophys. Res. Comm. 126: 660-666, 1985.



chapter 1 37

155 Schwendener, R.A,, Schott, H., Hartmann, H.R., Supersaxo, A., Rubas, W., and Hengartner, H.
Liposomen als Triger von lipophilen Cytosinarabinosid- und Fluorodeoxyuridin- Derivaten.
Onkologie 10: 232-239, 1987.

156 Supersaxo, A., Rubas, W., Hartmann, HR., Schott, H., Hengartner, H., and Schwendener, R.A.
The antitumor effect of lipophilic derivatives of 5-fluoro-2’-deoxyuridine incorporated into
liposomes. J. Microencapsulation 5: 1-11, 1988.





