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ABSTRACT

5-Fluorouracil (5FU) is an antimetabolite used in cancer chemotherapy,
its mechanism of action related to metabolic activation to FAUMP (blocking the
enzyme TS) and FUTP. The therapeutic use of 5FU is limited by frequent dosing
at toxic levels to achieve therapeutic effectiveness.
1+B-L-Fucosyl)-5-fluorouracil (FUF), has been developed for the treatment of
hepatomas to provide high levels of 5FU in the liver. L-Fucose is known to
concentrate in the liver and it is postulated that it retains this property when
attached to 5FU as FUF. FUF would act as a prodrug of 5FU by concentrating in
the liver.

Two biodistribution studies of FUF in BgD.F, mice bearing implanted
Lewis lung carcinomas were undertaken. The first, using neutron activation
analysis (NAA) measurement of fluorine, (dose limited) fluorine concentrations
were not within the NAA detection range for fluorine. The second dual labelled
study, provided information on the chemical nature of the metabolites, using 6-
*H}-5FU and 1{"‘C]-fucose. Resuits indicated that nucleoside cleavage
occurred, but the limited nature of the study preciuded any statistically significant

conclusions.
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)] INTRODUCTION
1-(B-L-FUCOSYL)-5-FLUOROURACIL (FUF) is studied here as a novel prodrug

of the antitumor agent 5-fluorouracil (5FU). 5FU is an antimetabolite with known
antitumor activity, used clinically in cancer chemotherapy. 5FU’s mechanism of action
is related to it's metabolic activation. Metabolic conversion of 5FU results in activation
to the nucleotides 5-fluoro-2’- deoxyuridine-5’-monophosphate (FAUMP) and 5-
fluorouridine-5'-triphosphate (FUTP). These nucleotides of 5FU are active in DNA and

RNA metabolism.

FAUMP exerts its antimetabolic effect through its ability to act as a substrate for
a vital enzyme. As a metabolic analog for deoxyuridylate (deoxyuridine
monophosphate; dUMP), FAUMP acts as a competitive inhibitor of thymidylase (TS).
Under normal circumstances, TS converts dUMP to thymidylate (TMP). This conversion
is the ultimate source of thymidine (for reasons explained in detail in the literature
review), making this a vitally strategic conversion. TS, being the sole enzyme
responsible for the metabolic conversion of the ultimate source of thymidine, is of key
significance. As an analog of dUMP, FAUMP acts as a competitive inhibitor of TS. By
becoming metabolically invoived in the TS mediated pathway (instead of dUMP),
FAUMP blocks the activity of TS. The ultimate result of blocking the TS mediated
pathway is to starve the cells of TMP. Thymidine is a vital building block in nucleic acid

synthesis, being essential for DNA synthesis.

Another mechanism of action of 5FU is via metabolic conversion of the 5-
fluorouridylate. After incorporation of 5FU as FUTP into RNA, the mechanism is
exerted by affecting RNA synthesis and causing point mutations which interfere with

protein synthesis.



The problems encountered with the therapeutic use of 5FU are related to its
collateral toxicity to healthy cells, its half life or duration of action and its general
distribution or lack of targeting or absence of tumor specificity. These factors are all
interrelated in a way that tends to compound the toxic side effects of SFU. The toxicity
of 5FU increases in cells which reproduce rapidly, such as tumor cells but not

excluding naturally rapidly growing tissues such as epithelial cells and bone marrow.

Since 5FU is rapidly cleared from the body, therapeutic levels of the drug at the
site of the carcinoma are transient. High, frequent doses are therefore required to
maintain therapeutic effectiveness of 5FU at the site of action and this results in a low
margin of safety. This all combines to produce significantly toxic side effects at minimal

antitumor activity.

1-(B-L-Fucosyl)-5-fluorouracil (FUF), has been developed to provide high SFU
concentrations in the liver, specifically, for the treatment of hepatomas. By
concentrating (to a great enough degree) in a hepatoma containing liver, the
antimetabolic containing drug would cause minimal toxic side effects (low extra-hepatic

levels), while providing chemotherapy for the purpose of destroying the hepatoma.

The sugar L-Fucose is known to concentrate in the liver via hepatic
immunorecognition sites. It is postulated that, after conversion to a nucleoside, it may
retain this property. Specifically, when attached to the antimetabolite (uracil analog),
5FU, the resulting 5FU-Fucose nucleoside retains the properties allowing
immunorecognition of the fucose moiety by hepatocytes to act as a mechanism of
prodrug concentration. The purpose of concentrating FUF in the liver, in addition to

delivering 5FU to the hepatoma for destruction, is to reduce the whole-body dose of



S5FU. Dosage reduction would decrease the toxicity to heaithy tissues without

decreasing effective concentration in the hepatoma.

Once at the site of action, the liver, this nucleoside (FUF) would act as a
prodrug by then releasing SFU to exert its antimetabolic effect. Therefore the
subsequent catabolism of the nucleoside bond is necessary to activate FUF to SFU.
Ideally, this FUF catabolism would also serve to prolong the effects of SFU to the
hepatoma while maintaining low whole body dose and therefore minimizing toxic side

effects.

In order for the hypothesis to be true, certain criteria for the biodistribution of
FUF must first be true. In designing the studies, the important factors pertaining to the

postulated FUF properties are that FUF;

e stays intact until reaching the liver in order to act as a prodrug
e is concentrated in the liver via the retained fucose immunorecognition

e is cleaved in the liver to its corresponding S5FU and fucose.



1) LITERATURE REVIEW
A) APPROACHS TO CANCER CHEMOTHERAPY

i) HISTORIC
The advent of the modem era of cancer chemotherapy occurred just before the

Second World War. Reviews by Eikerbout (1971) and Livingston and Carter (1970)
provide a chronology of the discovery of early chemotherapeutic agents, the
subsequent development of additional agents and eventual proliferation leading to
various classes of agents. The era of the 5-fluoropyrimidine antimetabolites started in
the late 1950s (Heidelberger, 1957; Heidelberger, 1965). The following chronoiogical
summary is a comparison of earlier chemotherapy (Eikerbout, 1971; Livingston, 1970)

with a more recent overview (Skeel, 1991; Weckbecker, 1991).

it was discovered that a group of chemical compounds derived from a chemical
weapon, mustard gas, had a strongly cytotoxic effect (Elkerbout, 1971). Among the
cells highly sensitive to these compounds were blood cells, especially the leukocytes,
lymphatic tissue, bone marrow and the mucous membrane of the gastro-intestinal tract
(GIT). Favorable results were obtained with nitrogen mustard on patients with
Hodgkin’s disease and in 1947 S.Farber (Livingston and Carter, 1970), reported the
use of chemo-therapeutics in the treatment of leukemia’s in children. These agents
were antagonists of folic acid, an essential metabolite for the development of red and

white blood cells.

These agents were followed by the development of mercaptopurine and 5-
fluorouracil (5FU) in the 1950’s. Other alkyiating substances such as thio-tepa and
busulfan followed. Agents found to be effective against acute leukemia,
lymphosarcoma and Hodgkin's disease were adrenocorticotropic hormone (ACTH) and

corticosteroids. Inhibitors of the metaphase of cell mitosis were developed, including
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the derivatives of vinca-rosea. Antibiotics, such as dactinomycin (Elkerbout 1971),

could also be used as cytostatics.

The conviction grew, in the 1960’s, that long remissions, if not a cure, could be
effected with the use of chemotherapeutic agents. This was true especially for rapidly
growing malignant processes. In particular, progress was noted with acute lymphatic
leukemia, Hodgkin's disease, Burkitt's tumor, choriocarcinoma, Wilm’s tumor and

testicular carcinoma (Elkerbout, 1971).

Early efforts did not address the fundamental cause of abnormal cell growth or
the possibility of many unique triggers. Due to cancer cells having in common an
unbridled infiltrative growth of cells capable of metastasis, the ability of the cancer
chemotherapeutic agents to inhibit rapid growth appears to account for both the
effectiveness and side effects of many of the early agents. They influence cell
metabolism most by disturbing the biosynthesis of nucleic acids (Elkerbout, 1971).
Their effect on the ordinary dividing cell and the cancer cell, in principal, would be the
same. Any selectivity would be chiefly based on differences in cell activity with respect
to cell division. This would also apply to undesirabie side effects. More actively dividing
normal tissue, such as, bone marrow, lymph, gonad, fetus, gastrointestinal epithelial
cells, etc, are the most profoundly effected by these antimetabolites. Conversely, their
effect on resting cells, malignant or normal, is negligible
if) CURRENT APPROACH TO CANCER CHEMOTHERAPY

Today the objective of treating cancer with chemotherapeutic agents remains
as primarily to prevent cancer cells from muiltiplying, invading, metastasizing and
ultimately killing the host (Skeel, 1991). The agents still in use for this purpose exert

their effect primarily on cell multiplication. Since cell muitiplication is a characteristic of



normal cells, this activity leads directly to toxic side effects, in particular, to cells with

rapid growth rates.

Recent progressive thinking is to develop chemotherapeutic agents with
marked growth inhibitory or controlling effect on the cancer cell, with minimal toxic
effect to the host. By designing an agent, based on knowledge of the molecular
biology of cancer and the host, to capitalize on the differences. This differs from past
reality, where the effectiveness of an agent was discovered by treating a subject, after
which an attempt was made to discover why the agent works. To date, the
mechanisms governing the effectiveness of an agent, and the differences between the
normal and cancerous cells, are poorly understood (Skeel, 1991).

iii) PREVENTION AND ONCOGENES

A brief overview of the concepts of the causes of cancer at the cellular level is
relevant as a starting point for developing an anticancer agent. Results to explain the
nature of the changes in normal cells which lead to uncontrolled growth and spread of
cancer cells have been achieved through gene technology (Freeman, 1989) with a
strong case for the oncogene theory. According to the oncogene theory, a limited
number of normal genes involved in cell division or differentiation, contribute to the
neoplastic phenotype when altered in their function or expression (Freeman, 1989).
The four main types of genetic damage that contribute to the changes in normal cells

leading to uncontrolled cell division and later, malignancy, are;
epoint mutations of DNA,
edeletions of DNA,

eamplifications of DNA and



elarge rearrangements of DNA (Freeman, 1989).

The proto-oncogene, a normal cellular gene, becomes an oncogene (c-onc), a
transforming cellular gene, after some form of genetic alteration in the DNA (Freeman,
1989). Genetic damage to several classes of proto-oncogenes which are involved in

the process of signal transduction for cell division or differentiation result in C-oncs
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Figure 1 Proto-oncogene regulation of proliferation. G= G or N
regulatory proteins; R = receptor; p-ser = phosphoserine; p-tyr =
phosphotyrosine; Ptdl = phosphatidyi1 inositol; PKC = protein kinase C. (Copied
from Figure 1, Freeman, et. al, C., “An Overview of Tumor Biology.”, Cancer Invest.,
7 247 (1989) )

Viral forms of oncogenes are known where mammalian viruses have acquired
aberrant forms of proto-oncogenes because of their ability to insert into the host cell
DNA. Upon excision they take all or parts of the proto-oncogenes with them (Freeman,
1989). Over time this repeated process has lead to the evolution of another form of

oncogene, the v-onc. Although v-oncs are homologous with c-oncs and proto-

oncogenes, they contain specific differences in DNA sequences due to evolution via
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separate genetic pathways. Therefore, v-oncs and c-oncs may transform cells by

different biochemical mechanisms (Duesberg, 1987).

There are six major classes of growth transforming c-oncs (Freeman, 1989)

See figure 1;
i) c-sis act as protein growth factors

i) c-erbA, c-fms & c-neu act as receptors for growth factors and exhibit

cytoplasmic tyrosine kinase activity

iiiy c-abl, c-src & c-tck exhibit tyrosine kinase activity associated with the inner

side of the plasma membrane

iv) c-H-ras, c-N-ras and c-K-ras exhibit guanosine triphosphate and
diphosphate (GTP/GDP) binding and GTPase activities associated with the

inner side of the plasma membrane (c-H-ras , c-N-ras and c-K-ras)

v) c-fos, c-myb and c-myc have DNA binding activity and are located in the

nucleus

vi) c-mos and c-raf located in the cytoplasm and exhibit serine kinase activity

These (=40) proto-oncogenes and oncogenes proteins appear to act by one of

three biochemical mechanisms (Bishop, 1987). They are;
i) protein phosphorylation
i) metabolic regulation via GTP similar to G or N proteins and
iii) participation in the replication or transcription of DNA (Freeman et al, 1989)

The key to the action of transforming oncogene proteins, leading to abnormal

cell proliferation, lies in the process of signal transduction. To illustrate the importance



of the signal transduction process consider the action of transforming oncogene
proteins. Physiological changes are induced and occur within seconds of the binding of
ligands to their cell surface receptors. This is followed within minutes by changes in
gene expression and changes in DNA synthesis within hours (Marshall, 1987).
Understanding how oncogene products biochemically activate the signal transduction
process will provide the information that will help develop the most effective ways of
intervening in the process to inhibit or prevent cancer growth and progression

(Freeman, 1989). .

A key to drug delivery targeted to a particular carcinoma could involve
employing the signal transduction process as a tool. That is, to use a prodrug to target
an anticancer drug that is specific to a c-onc receptor. In dong so the drug would be
preferentiaily taken into the transformed cell to exert its toxicity. For example, a
prodrug designed to possess a protein growth factor recognized by the “ii)” class of c-
onc receptor, could serve several purposes. First, being a substrate for the protein
growth factor receptor, would allow for a targeting mechanism. The receptors of the
protein growth factors, c-erbA, c-fms & c-neu, would act to concentrate the prodrug in
the genetically damaged cell by substrate recognition. Secondly, with a prodrug
designed as relatively stable tyrosine conjugate, a mechanism for activation would also
exist. Since the c-oncs, c-erbA, c-fms & c-neu, also exhibit cytoplasmic tyrosine activity
(Freeman, 1989), the prodrug would be activated at the site of action via tyrosine
cleavage, releasing the drug to exert its cytotoxicity. This illustrates an example of how
the changes to a cell by transforming oncogenes that can lead to abnormal celi
proliferation and malignancy, can be used as a tool to target, deliver and activate an

anti metabolite prodrug.



B) IMPORTANT TUMOR CELL CHARACTERISTICS
Most chemotherapeutic agents act by causing some type of inhibition of cell

multiplication. How effective an agent is can depend on the level at which the inhibition
of cell multiplication takes place and the characteristics of tumor growth, both of which
can be directly related to the cell cycle. A generally accepted method of classifying
chemotherapeutic agents is based on the cell cycle specificity of an agent (e.g. cell
cycle-nonspecific), its chemical source (e.g. natural product, alkylating agent) and
general chemical type (e.g. nitrogen mustard, metal salt, etc). The following is a

summary based on information taken from Skeel (Skeel, 1991).

Inhibition of cell multiplication takes place at several levels within the cell. The

mechanisms responsible act at the following levels of cell development or function:

1. Macromolecular synthesis and function.
2. Cytoplasmic organization.
3. Cell membrane synthesis function.

With the exception of some biologic response modifiers and immunotherapeutic
agents, most agents have their primary effect on either macromolecular synthesis or
function, by interfering with either the synthesis or function of DNA, ribonucieic acid
(RNA) or related proteins of the neoplastic cells cause a proportion of the cells to die.

ideally, a predictable number of repeated doses should kill ali of the cancer cells

This, however, is rarely the case. Since the mechanisms involved are related to
cell growth, variables related to tumor cell growth and kinetics must aiso be
considered. Tumor growth, cell cycle, cell phase and cell cycle specificity are
parameters that can be used to develop a workable classification system for

chemotherapeutic agents.
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i)

TUMOR GROWTH
Since the antitumor effects of the agents of interest are dependant on

metabolic activation, the kinetics of tumor growth are directly interrelated with any

antitumor effect. The relative tumor cell kinetic factors are:

if)

Cell cycle time, the average time for a cell that has just completed mitosis to grow
and again divide and pass through mitosis.

Growth fraction are cells undergoing division and are sensitive to drugs whose
major effect is exerted on actively dividing cells.

Total cell population, determined at some arbitrary time, provides an index of how
advanced the cancer is. This number is clinically significant as the cell growth
dynamics may change as the tumor size increases. As the dynamics change,
factors which affect treatment approach and effectiveness also change. The
number of resistant cells increases with increased total cells. The larger the tumor
becomes, the greater the compromise of blood supply and drug delivery to the
tumor cells resulting in reduced sensitivity to both chemotherapy and radiotherapy.
Intrinsic cell death rate, rate of death of tumor cells relative to growth of new cells.
This rate increases as the tumor grows due to a greater compromise of blood
supply causing an increased cell death rate. As a solid tumor gets larger, the

intrinsic cell death rate increases, slowing the growth of solid tumors.

CELL CYCLE
Normal cells and cancer cells qualitatively have the same cell cycle. Growth

begins during a post-mitotic period, called phase G1. During this phase, enzymes

necessary for DNA production, other proteins and RNA are produced.
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Figure 2 Cell Cycle Diagram. Restriction points in the cell proliferation
cycle. G, = resting state (pre-DNA synthesis; Gp = restriction point for
differentiation; Gp' = reversible differentiation state; TD = terminal differentiation
(irreversible); G, = restriction oint for nutrition deficiency; Ggr = restriction point
for growth factor deficiency; S = DNA synthesis; G, = between DNA synthesis
and mitosis; M = mitosis. (Adapted from Freeman, et., al, (1989))

The G1 phase is followed by a period of synthesis (S), the S phase. This is a

period of DNA synthesis in which essentially all DNA synthesis for a given cycle takes

place. The pre-mitotic phase ( Gz) begins when DNA synthesis is complete. During this

G N phase, further protein and RNA synthesis takes place.

Mitosis (M phase) immediately follows Gz. Actual physical division takes place
with two daughter cells formed, both of which again enter G_. The G , Phaseis in
equilibrium with a resting state called G o Due to the inactivity of the cells in G o they
are insensitive to chemotherapeutic agents that affect macromolecular synthesis.

A classification system widely accepted is based on tumor growth and the

phase and cell cycle specificity of the chemotherapeutic agent. Most agents can be
12



grouped according to whether they depend on the cell being in cycle (i.e. not in Go),

(cell cycle specific) and the cell being in a specific phase of the cycle (Phase Specific).

iiii) TUMOR CELL KINETICS
As a tumor grows changes occur in the growth rate due to the size and kinetics

of the tumor itself and due to the tumor burden eventually effecting the nomal
functioning of the host. These changes affect the strategies of chemotherapy from the

standpoint of the following factors;

o Stages of Tumor Growth
The stages of tumor growth have been determined and recognized as the

following (Skeel, 1991) phases of growth.

The lag phase occurs immediately after inoculation. Little growth occurs as the

tumor cells become accustomed to the new environment.

The log phase follows, as a period of rapid growth with repeated doubling of
the cell numbers. The growth fraction approaches 100; with a low cell death rate,

resulting in doubling the cell number over one cell cycle.

The plateau phase follows the log phase as the tumor becomes macroscopic
with the increased cell numbers. The cell death rate increases, causing a decreased
growth fraction and prolonging the doubling time of the cell population. By the time
most human cancers are clinically measurable they are usually in the plateau phase.
The smaller growth fraction is due to increased intrinsic cell death rate due to
decreased nutrients and growth promotion factors, increased inhibitory metabolites and

inhibition of growth by other cell-cell interactions.

¢ Growth Rate and the Effectiveness of Chemotherapy
Antimetabolites are effective during the S-phase or the period of logarithmic

growth. Tumor discovery in the plateau phase precludes the opportunity to treat the
13



tumor with antimetabolites during the S-phase. The effectiveness of the antimetabolite
is limited to the fraction of the cell population in the susceptible S-phase. Concurrent
use of some other means to reduce the ceil population would increase the
antimetabolites effectiveness by causing a shift in the relative fraction of cells in each
phase. By reducing the cell population, a higher fraction of the remaining cells would
be recruited into logarithmic growth, making them susceptible to S-phase-specific
antimetabolites. Possible means for reducing the cell population may be surgery or
radiotherapy. This type of reasoning would support the argument for combined therapy
of chemotherapy plus surgery or radiotherapy. Breast cancer, colon cancer, Wilm’s
tumor, ovarian cancer and small-cell anaplastic cell carcinoma of the lung are

examples of successful combined therapy (Skeel, 1991).

C) CLASSIFICATION OF CHEMOTHERAPEUTIC AGENTS

i) BASED ON CELL GROWTH
Chemotherapeutics can be classified based primarily on the phase in which

they exert their greatest activity, secondarily on their general chemical class (natural
product, hormone, antimetabolite, etc) and finally on the type (enzyme, corticosteroid,
pyrimidine analogue, etc) of agent. Tables 1 and 2 show the classification of some of

the commonly used agents.
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Table 1 Cell cycle phase-specific chemotherapeutic agents (adapted from table
1.1, p.7, Skeel, 1991)

Phase of greatest Class Type Agent
activity
Natural Product Enzyme Asparaginase
G1 Homone Corticosteroid Prednisone
S Phase Antimetaboite Pyrmidine Analog Cytarabine,
DNA Synthesis Antimetaboite Folc Acid Analog 5-fluorouracil
Antimetabolite Purine analog Methotrexate
Miscellaneous Substituted urea Thioguanine
Hydroxyurea
G2 Natural product Antibiotic Bleomycin
Natural product Topoisomerasellinhibitor Etoposide
Natural product Microtubule polymerzation&stabiization Taxol
M Phase Natural product Mitotic Inhibitor Vinblastine, vincristine,
Mitosis vindesine

Table 2 Cell cycle-specific and cell cycle non-specific chemotherapeutic agents

(adapted from table 1.2, p.8 Skeel, 1991)
Class Type Agent
Cell cycle-specific
Alkylating agent Nitrogen mustard Chiorambucil,
cyclophosphamide,
melphalan
Alkl sulfonate Busulfan
. Triazine Dacarbazine
Metal salt Cisplatin, carboplatin
Natural product Antibiotic Dactinomycin,
daunorubicin, doxorubicin,
idarubicin
Cell cycle-non-specific
Alkylating agent Nitrogen mustard Mechlorethamine
Nitrosoureas Carmustine, lomustine,
semustine

The initial major drug classification groupings are:

¢ Cell Cycle Phase specific drugs are most active against cells that are in a specific

phase of the cell cycle. These include pyrimidine, purine and folic acid analogues,

corticosteroids, mitotic inhibitors (see table 1).
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This phase specificity has important implications as related to single exposure
cell kill and the effect of prolonged exposure on cell kill. With phase specific drugs the
proportion of cells killed with a single exposure is limited to only those cells in the
sensitive phase. Prolonging exposure will increase the cell kill over the initial kill, as the
cells that were not in the sensitive phase initially, will enter the sensitive phase and
now be susceptible. This may be either a prolonged exposure (Harris, 1990) or a
repeated dose at a time when initially insensitive cells are known to be in the sensitive
phase (Hrushesky, 1990). This is recruitment, which is defined by the foliowing.
Recruitment takes place when the proportion of cells in the sensitive phase is

increased by some means.

o Cell cycle-specific drugs (phase non-specific) are effective while cells are actively in
cycle but not dependant on the cell being in a particular phase. These agents
(listed in table 2), include drugs such as alkylating agents and some antitumor
antibiotics.

« Cell cycle-nonspecific drugs include agents which are effective whether the cancer
cells are in cycle or not. They include metchlorethamine (nitrogen mustard) and the

nitrosoureas.

if) CLINICAL CHEMOTHERAPEUTIC AGENTS
Since there are no known specific biochemical pathways essential for tumor

cells that are not also essential for normal cells (McKenna, 1991), therapy relies on
subtle differences between tumor and normal cells. The following is a brief outline of
the classes of chemotherapeutic agents based on their mode of action taken from

McKenna et al. 1991.

e Alkylating agents were the original antitumor agents introduced into modem cancer

chemotherapy. They may be cycle specific or cycle non-specific. These agents act
16



by attacking the structure of DNA, causing cross linking and strand breaks. This
impairs the ability of DNA to act as a template for replication and transcription.
Guanine residues of DNA and biological nucleophiles with nitrogen, suifur, or
oxygen groups are susceptible to attack by alkylating agents. included in this group
are agents such as mechlorethamine, chlorambucil, meiphalan, cyclophosphamide,
carmustine, lomustine and semustine.

Intercalating agents are chemical compounds with planar groups in their molecules
that can slide between or intercalate the base pairs of the DNA helix, distorting it.
This interferes with the DNA'’s ability to act as a template for RNA synthesis. Some
intercalating agents, such as anthracyclines, may also produce breaks in the DNA
strands. Some examples of intercalating agents are daunorubicin, doxorubicin,
dacinomycin and mithramycin.

Mitotic inhibitors, rather than interacting with DNA, prevent the assembly of the
mitotic spindle. This prevents the cell from undergoing cell division. Mitotic inhibitors
include vinca alkaloids such as vinblastine, vincristine and vindesine.
Miscellaneous compounds. Among important compounds not included in the
antitumor classification is bleomycin. This is a mixture of antibiotics with littie
myelosuppressive toxicity which interacts with DNA to produce single and doubie
strand breaks.

Hydroxyurea inhibits the reductive step in the synthesis of

deoxyribonucleotides. L-Asparginase is an enzyme that reduces the levels of

circuiating aspargine. Unlike other anticancer drugs, l-asparginase does not need to

gain access to the target cell to be active and its use is confined to the lymphatic

leukemias. The semisynthetic plant products, epipodophyllotoxins, (etoposide and

teniposide) interact with DNA but their mode of cytotoxic action is not known precisely.
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e Antimetabolites
These are compounds that resembie natural cellular constituents closely

enough to become involved in the biochemistry of the cell. Antimetabolites function by
preventing synthesis of DNA or are incorporated into DNA and act as base analogues
causing errors in transcription of the DNA code. They may also affect the synthesis of
RNA or are incorporated into the RNA. Their activity depends on the activity of

enzymes involved in the pathways they are analogues for.

A chemotherapeutic agent of particular importance to this research is
fluorouracil (5-fluorouracil, 5FU). SFU is a pyrimidine analog antimetabolite, falling into
the cell cycle phase-specific group of chemotherapeutic agents. The mechanism of
action of 5FU (Skeel, 1991), use, toxicity and metabolism are discussed in detail in a
separate section. Following initial work with SFU (Heidelberger, 1957), it has been
used against human malignancy since 1957 (Livingston, 1970). Through various
administration regimens, SFU has been used to treat carcinoma of the breast,
carcinoma of the colon and rectum (Livingston, 1970), carcinoma of the pancreas,
cervical and uterine cancer, gastric carcinomas, ovarian tumors, carcinoma of the
prostate, bladder, and hepatoma (Livingston, 1970). SFU is still in common use in the
treatment of a variety of solid tumors, including gastrointestinal (colorectal, stomach),
head/neck, mammary and cervical malignancies, pancreas, esophagus, liver and
bladder carcinomas. Topical application indicated are for basal and squamous cell

carcinomas of skin (Skeel, 1991; Davies, 1982; Grem, 1987).

D) BIOCHEMISTRY OF PYRIMIDINE NUCLEOSIDES

i) INTRODUCTION
Pyrimidine nucleosides play a vital role in the survival, reproduction and

function of all living things and, in conjunction with purine nucleosides, comprise the
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basic units of the nucleic acids RNA and DNA. Genetic information is carried from one
cell generation to another by the nucleic acid making exact copies of itself. The
biological function of nucleosides is not restricted to the biosynthesis of DNA and RNA
as they perform a variety of other functions, including being intermediates for the
formation of glycoproteins, phosphoglycerides, glycogen, constituents of enzymes and

metabolic regulators.

This review focuses on the biological systems involving base and sugar metabolism
and function, focusing, more specifically on base-sugar combinations to form nucleic
acids (NA). The NA’s are composed of a sugar phosphate ester backbone to which the

bases are attached.

O—CH Base
H H
H H
O O H
of ¥
0" “o-o

Figure 3 General NA acid structure showing the phosphate-ester linkage with
the base attached to the sugar back bone(adapted from fig.6-7, p. 77, Frobisher,
1974).

The principal nucleic acids are RNA and DNA, the difference between the two
being the sugar contained in the linkage. A nucleic acid containing D-ribose as the

sugar portion is a ribonucleic acid (RNA), while those containing deoxyribose are

deoxyribonucleic acids (DNA).
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B-D-2-deoxyribofuranose B-D-ribofuranose
Figure 4 Chemical structure of the nucleic acid sugars p-D-ribose and B-

D-2-deoxyribose (adapted from p.74, Frobisher, 1974).

QO

N

PYRIMIDINE PURINE

Figure 5 The general structures for the two bases found in nature (Frobisher,
fig.6-6, 1974)

The base portion are derivatives of pyrimidine and purine. The pyrimidine bases

are, cytosine (both RNA & DNA), uracil (RNA), thymine (DNA) and 5-methylcytosine

(DNA).
o) O
S A
O/LN \
THYMINE URACIL

Figure 6 Pyrimidine bases thymine and uracil (Frobisher, fig. 6-6, 1974)
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Figure 7 Cytosine and 5-methylcytosine pyrimidine bases (Frobisher, fig. 6-6,
1974)

The other class of bases are the purines, adenine and guanine.

NH, O
N X —N HN Ny
L ) PR T
NN HNT N N
Adenine Guanine

Figure 8 Purine bases adenine and guanine (Frobisher, fig.6-6, 1974)

Criteria for developing effective antitumor agents rely on the differences in
transport, enzyme activity or specificity, and chemical environment, between tumor
cells and healthy cells and an understanding of the structure and chemical behavior of
the analog. The cytotoxic behavior of a nucleoside analog may be due to competition
with natural nucleosides for enzymes, feedback inhibition of nucleoside synthesis or
incorporation of the nucieoside analog into RNA or DNA molecules causing a point
mutation. Since their effect is based on interference with constituents required for high
metabolic activity in proliferating neoplasms, there is also risk of toxicity to normal

rapidly reproducing cells such as bone marrow or intestinal mucosa.
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i) NATURALLY OCCURRING PYRIMIDINE NUCLEOSIDES
Naturally occurring nucleosides, their interconversion and incorporation into

DNA and RNA have been studied extensively, and their biochemistry is well defined
(Henderson, 1973). Figure 7 represents an overview of the anabolic pathways of

nucleoside and nucleotide interconversion.

__=URACL  <—— cYTOSINE

DEOXY- ___, DEOXY-

URIDINE «—CYTIDINE CYTIDINE URIDINE THYMIDINE
NV b
cENOVEO—> UIVP C‘:M:’ dC;W —_— dl.;M:’ _— d-rfllp
UDP/ CD:D — dC15P \dUI'DP dTDP
11—
UTlP— CTP —»  dCTP dutP diTP
./ \ J/
RNA DNA

Figure 9 Anabolic interconversions of naturally occurring pyrimidine
nucleosides and nucleotides (adapted from Weckbecker, 1991 and Mercer, 1985)
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Important items of note include:
Uracil(Ur) is the precursor of uridine monophosphate (UMP).

UMP is the progenitor of all the other pyrimidine nucleosides (other than via

salvage routes). From the scheme it can be seen that:

i) Uridine gives rise to cytidine at the triphosphate level

i) The reverse occurs at either the free base level or via the deoxy nucleotide
monophosphate conversion of deoxycytidine monophosphate (dCMP) to
deoxyuridine monophosphate (dUMP), then dephosphorylation to deoxyuridine
(dUrd).

iii) The deoxynucleotides are formed from a uridine nucleotide at the triphosphate
level. Uridine triphosphate (UTP) is converted to deoxyuridine
triphosphate(dUTP).

iv) Formation of thymidine nucleotides is uitimately through conversion of dUMP to

dTMP with subsequent kinase interconversion.

The nucleotide triphosphates are the direct precursors of RNA & DNA

Once converted to the di or tri phosphates, the uridine deoxynucleotides are not
directly incorporated into DNA. The deoxyuridine must first be converted to the
thymidine at the monophosphate (TMP) level via methylation of dUMP by
thymidylase (TS). The dUMP to TMP conversion is the only source for replenishing
thymidine pools. Once TMP is formed it can be reversibly converted to thymidine or
undergo phosphorytations, to eventually form thymidine triphosphate (TTP). Unlike
dUTP, TTP is incorporated into DNA. The critical points of these interconversions
which might be exploited in some way are:

1) UMP is the progenitor of the other pyrimidine nucleosides

23



2) The only source for the thymidine pool is dUMP conversion to TMP

3) Thymidine is eventually incorporated into DNA from the triphosphate

iii) NUCLEOSIDE ANALOGUES AS ANTIMETABOLITES
The cytotoxic effect of nucleoside analogues is related to their ability to mimic

the naturally occurring nucleosides closely enough to be mistaken for them, yet
different enough to malfunction at some point. Pyrimidine nucleoside analogues elicit

cyctotoxicity related to one or a combination of the following effects.

1) The analog may compete with the natural pyrimidine as a substrate for an
enzyme in the system, resulting in competitive inhibition of the enzyme. The
analog having more affinity for the enzyme than the natural substrate, causes
the enzyme to be unavailable for normal function.

Example -Agents which bind to TS

i) fluorodeoxyuridine monophosphate (FAUMP)
2) The analog takes the place of the natural substrate resuiting in a certain
proportion analog containing product.

Example -Agents which compete with thymidine for incorporation
Idoxuridine (IUdR) competes for incorporation with thymidine (analog of the

natural substrate) resulting in less thymidine incorporated.

3) Feedback inhibition caused by analog product. The metabolic analog product
may be similar enough to the natural product to cause an inhibition of the
production of the natural product resulting in sub-normal levels of the natural

metabolic product of the pathway.
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4) Point mutation. The pyrimidine analog incorporation could cause a point
mutation or misreading of genetic material, resulting in the production of
defective enzymes that don't function optimally or are totally nonfunctional.
Example IUdR after competitive inhibition with thymidine, IUdR can then

be incorporated into the DNA resulting in a defective sequence in the DNA (point

mutation), resulting in a misread and ultimately, defective enzymes.

Damage or destruction of the biological system incorporating the pyrimidine
analog could occur if the analog-containing product has little or no biological activity. In
the case of pyrimidine nucleosides, this could result in an underproduction of genetic
material (DNA or RNA) or a reduction other vital biological products where nucleosides
are biosynthetic intermediates.

iv) 5S-FLUOROURACIL
¢ Initial Development

The era of the 5-fluoropyrimidine antimetabolites started in the late 1950’s
(Heidelberger, 1957; Heidelberger, 1965). The concept of SFU was based on the
observation that the incorporation of Ur into nucleic acids was increased in hepatomas
and other tumors as compared to normal tissues (Rutman, 1954; Heidelberger, 1975).

With this, Ur metabolism a potential target for cancer chemotherapy, the fluorine

SHBRY Ak @R daed Aredion: anBias RidAnuasSEarizes Uik 8sY)- This

unchanged and was expected to undergo the same metabolic conversions as Ur.

The uracil conversion of dUMP to TMP (figure 7) is the target of the 5FU analog
since it involves a methylation at the 5 position of the base, catalyzed by thymidylase
(TS). it was reasoned that the 5 substituted (FdUMP) substrate interference with the

conversion (figure 7) of dUMP to TMP is significant, since this conversion is the only
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source for thymidine pools, essential for normal DNA synthesis. It was confirmed that
S5FU exhibited antitumor activity by binding to TS, blocking TMP formation and DNA
synthesis (Danneberg, 1958), explaining the antitumor effects seen with SFU in

preclinical (Rich, 1958) and clinical investigations (Curreri, 1958).

The anabolic conversions of 5FU in mammalian systems are shown in figure 8.
In addition to the interference with TS as a mechanism for SFU’s antitumor activity,
studies have since indicated, interference with RNA synthesis (Wilkinson and Pitot,
1973) and the interference with DNA functions (Kufe, 1981) are also important
mechanisms of action. The elucidation and understanding of these metabolic pathways
involves a study of fluoropyrimidine metabolism, including; transport across the cell

membrane, anabolism and catabolism.

e Transport Across The Cell Membrane
Transport is defined as carrier-mediated substance transfer across the cell

membrane (Weckbecker, 1991). Ur and SFU were shown to be transported by
facilitated diffusion into Novikoff hepatoma cells (Wohlhueter, 1980; Plagemann and
Wohihueter, 1980), Ehrlich ascites cells (Yamamoto and Kawasaki, 1981) and human

erythrocytes (Domin and Mahony, 1990).

A competition between 5FU, adenine and hypoxanthine was demonstrated,
pointing to a common carrier for purine and pyrimidine bases (Domin and Mahony,
1990). In human erythrocytes, non-facilitated, as well as facilitated, diffusion of 5FU

was observed (Domin and Mahony, 1990).

Comparative studies to determine which carmrier systems are involved in
transporting nucleobase and nucleoside forms of pyrimidines have been undertaken

(Uchida, 1989).
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e Anabolism
To summarize mechanisms pointed out for pyrimidine analog antimetabolites,

as applied to S5FU, The thymidylase mediated conversion of dUMP to dTMP (figure 4)
is a strategically important pathway. The interference by FAUMP with TS, see figure 8

for anabolic interconversions of 5FU, results in a disruption of DNA synthesis for the

cell.
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Figure 10 Anabolic conversions of SFU (Adapted from Weckbecker, 1991,
Fig.2, p.370 and Mercer, 1985)

ENZYMES COORESPONDING TO METABOLISM IN FIGURE 9

1. Pyrimidine phosphoribosyl transferase (PRPP)
2. Uridine phosphoryiase

3. Uridine kinase (UK)

4. Uridylate kinase

5. Ribonucleotide reductase (RR)
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6. Thymidine phosphorylase (TP)
7. Thymidine kinase (TK)
8. Phosphatase
9. Thymidylate synthetase (thymidylase) (TS)
10. Uracil reductase
11. Dihydropyrimidinase (DHPS)
12. B-ureidopropionase
Important metabolites from anabolism of SFU are FAUMP, FUTP and FAUTP.

FAUMP inhibits TS. FUTP is a direct precursor of F-RNA, while FAUTP is a direct

precursor of F-DNA (Weckbecker, 1991).

5FU ACTIVATION

¢ 5FU conversion to FUMP. Since 5FU toxicity is due to the formation of toxic
metabolites, a correlation would be expected between SFU toxicity and the activity
of the enzyme involved in the prevalent activation step. It was found that the
phosphoribosylation of 5FU to FUMP by pyrimidine phosphoribosyltransferase
requiring 5-phosphoribosyl 1-pyrophosphate or 5-phosphoribose 1-
diphosphate(PRPP) as a co-substrate (Reyes, 1969, Heidelberger, 1983) are
crucial for 5FU activation. Their levels enable predictions for tissue sensitivity to
5FU (Reyes and Hall, 1969; Laskin, 1979).

e SFU conversion to FUR. Attachment of ribose 1-phosphate to 5FU to yield FUR is
another important activation reaction (Skold, 1958), catalyzed by uridine
phosphorylase (UrP). Proliferating tissues have been shown to have elevated
activity of UrP (Koklitis, 1985; Peters, 1991). A contributing factor to the selectivity
of 5FU to tumor tissue may be the absence of this activation route in normal
mucosal tissue (Peters, 1991).

The analogous reaction for activating 5FU, forming FUdR from 5FU, is a minor

route of SFU activation. The cellular levels of deoxyribose 1-phosphate were found to

be very low in certain types of cancer such as colorectal tumors (Peters, 1987). This
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deoxyribosylation reaction is catalyzed by thymidine phosphorylase (TP). The
relationship between 5FU sensitivity and TP activity were evaluated to find greater 5FU

sensitivity in tissues with higher levels of TP (El-Assouli, 1985).

In the presence of adenosine triphosphate (ATP), FUR is phosphorylated to
toxic metabolites (via conversion to FUMP) by uridine kinase (UK) (Cihak and Rada,
1976). In the corresponding deoxy reaction, involving the nucleoside FUdR, the
subsequent phosphorylations (via conversion to FdUMP) are catalyzed by thymidine
kinase (TK) (Harbers, 1959). The first reaction is controlled by feedback inhibitors
uridine triphosphate (UTP) and cytidine triphosphate (CTP) (Anderson and Brockman,
1964). The activity of thymidine kinase, in the second reaction, is increased in
proliferating tissues (Weber, 1978) and is regulated by the feedback inhibitor TTP

(Maley and Maley, 1962).

The next anabolic step is the further phosphorylation of these 5'-
monophosphates, FUMP and FAUMP, to FUDP and FAUDP, respectively. This
conversion of the monophosphate to the diphosphate takes place in the presence of
pyrimidine nucleoside monophosphate kinase (PNMK) (Hande and Chabner, 1978).
The respective 5’-triphosphates are generated in the nucleoside diphosphate kinase
reaction (Agarwal and Parks, 1971). ATP acts as a cosubstrate in these reactions

which lack specificity for the pyrimidine substrates.

Of the 5FU metabolites, FUTP constitutes the major fraction, with FQUTP
generally very low (Weckbecker and Keppler, 1984). The low FAUTP levels are due to
catabolic cleavage by deoxyuridine triphosphate diphosphohydrolase (DTD) to FdUMP

(Weckbecker, 1991).
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Figure 11 Fate of F-nucleotide triphosphates

Deoxyuridine triphosphate diphosphohydrolase (DTD) along with uracil-DNA-
glycosylase (U-DNA-G), physiologically serve to prevent Ur incorporation into DNA, as
well as to remove Ur and S5FU residues accidentally incorporated into DNA (Ingram,
1981). F-DNA would not appear to be a significant contributor to SFU activity since
these enzymes are so efficient that it was not possible to detect any F-DNA without the

use of extremely sensitive methodologies (Kufe, 1981).

In contrast to the catabolic fate of FAUTP, FUTP is readily accepted as an
alterative substrate by RNA polymerase and incorporated into RNA (Chaudhuri, 1958;
Kahan and Hurwitz, 1962; Wilkinson and Pitot, 1973). Since it was found that FAUTP is
also a substrate for DNA-polymerase, with affinity similar to that of TTP (Tanaka,

1981), it was conciuded that the actions of DTD and U-DNA-G are of importance in the

prevention of F-DNA formation.

Considering figures 8 and 9, the FAUMP formation should be significant. In
addition, there is an alternative pathway for the formation of FAUMP, in which FUDP is
reduced by ribonucleotide reductase (RR) to form FAUDP, a precursor of FAUMP (Kent
and Heidelberger, 1972). The cellular levels of RR are drastically increased in
proliferating normal and neoplastic tissue (Weber, 1980). The combination of these

factors would further point to the importance of the actions of DTD and U-DNA-G.
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e FUDP-SUGARS
In addition to its interconversion in nucleic acid synthesis, SFU may become

involved in related metabolic pathways. A class of filuoropyrimidine metabolites, FUDP-
sugars serve as alternative substrates for enzymes of UDP-sugar metabolism
(Weckbecker, 1991). Conversion of SFU to an FUDP-sugar could be viewed as
conversion to an intracellular pro-drug. The contribution to pyrimidine cytotoxicity may
result from an increased intracellular half-life of fluorinated nucleotides due to the
transient trapping of FUTP and its sustained release as FUDP or FUMP in the course

of further FUDP-sugar conversions (Weckbecker, 1991).

e 5FU Catabolism
Studies of 5FU catabolism were carried out by Chaudhuri, Mukherjee and

Heidelberger in the late 1950s-early 1960s (Weckbecker, 1991), with clarification not

19
achieved until more sensitive methodologies were available. In the 1980s, HPLC, F-
NMR, and combined gas chromatography/mass spectroscopy became available and

contributed to elucidation of the reactions that lead to the cleavage of the 5FU ring and
subsequent formation of COz, NH;, F., and propionic acid (Malet-Martino, 1988;

Sommadossi, 1982, 1985a, b; Hull, 1988) as shown in figure 10.
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Figure 12 Catabolic pathways of SFU (adapted from Malet-Martino, 1988;
Malet-Martino, 1986; Weckbecker, 1991 and Mercer, 1985)

5FU is a substrate for the same catabolic pathway as Ur and thymine, with
initial reduction taking place to form dihydro-5-fluorouracit (DHFU) in the presence of
NAD(P)H, catalyzed by dihydrouracil dehydrogenase (DD) (Malet-Martino, 1989;
Shiotani and Weber, 1981; Sommadossi, 1982). Theoretically, this step couid be more
significant if an inhibition of DD would resulit in potentiation of the antitumor effects of
5FU due to slowed degradation. In fact, 2,4 and 2,6-dihydroxy-pyrimidine derivatives
were demonstrated to exhibit affinity for DD (Tatsumi, 1987), with (E)-5-(2-
bromovinyl)uracil showing irreversible inhibition of the reductive degradation of SFU

(Desgranges, 1986).

The next step is hydrolytic cleavage of the pyrimidine ring. The reaction is
catalyzed by dihydropyrimidinase (DHPS) to form a-fluoro-B-ureidopropanoic acid

(FUPA) (Malet-Martino, 1988). Dihydropyrimidinase seems to be the rate limiting
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enzyme of S5FU catabolism in the liver since DHFU was accumulated in 5FU treated

hepatocytes (Sommadossi, 1982). Further catabolism involves the loss the loss of CO2
and NH4+ from the ureido group of FUPA. The reaction is catalyzed by B-
ureidopropionase (BUPS) to form a-fluoro--alanine (FBAL) which has been detected
by F' -NMR (Prior, 1990; Malet-Martino, 1988).

FBAL has been found to be further metabolized by at least 3 different
reactions. N-Carboxylation to form N-carboxy-a-fluoro-g-alanine (Malet-Martino, 1986;
Hull, 1988), C-F bond cleavage (Hull, 1986), or conjugation with bile acids (Sweeny,
1988). As with the degradation of physiological pyrimidines (Keppler and Holstege,
1982), the main site of elimination of fluoropyrimidines appears to be the liver (Sweeny,

1988).

v) MECHANISM OF ACTION AS A FUNCTION OF TOXIC METABOLITES
The toxicity of 5FU, is a function of its metabolism to toxic intermediates that

interfere at various key steps with cell replication and viability. The three key

intermediates responsible for 5SFU’s toxic effects are FAUMP, FUTP and FAUTP.

a) 5-Fluoro-2’-deoxyuridine-5’-monophosphate (FAUMP)
The action of FAUMP is related to the inhibition of TS, reaction mechanism and

formation of the temary complex.

e Thymidylase Inhibition

FAUMP is involved in the conversion illustrated in figure 11.

33



dUMP + _— dTMP +
5,10, tetrahydrofolate dihydrofolate

- TS
Faump —nymidviasel J g £qump Comple:

Figure 13 Conversion of deoxypyrimidine nucleotide monophosphate (FAUMP)
dUMP is the direct precursor in the TS catalyzed synthesis of thymidylate, with

the C and H contributed by 5,10—CHz-tetrahydrofolate (Friedkin, 1973). With FAUMP

competing with the dUMP substrate, TS inhibition triggers the depletion of thymine
nucleosides, leading to a shortage of TTP DNA precursor and subsequent cessation of
DNA synthesis. Combined with ongoing RNA and protein synthesis this causes
unbalanced growth to form the basis for cell kill (thymineless death) (Cohen, 1958;
Rueckert and Mueller, 1960; Heidelberger, 1975). The significance is relative to TS
activity, which is dependant on cell proliferation, as reflected when TS activity surges in
cells entering the S-phase of the cell cycle. Correspondingly, tumor cells have TS
activity much above the level found in normal cells (Keppler and Holstege, 1982;

Weber, 1983).

e Reaction Mechanism
For the binding of FAUMP (or dUMP) to occur via the donation of the carbon by

5,10-tetrahydrofolate to occur, the acceptor must first be activated at the C-5 position.
A model was formulated involving the “Friedkin intermediate” (Friedkin, 1973), which

suggested a binary complex with a methylene bridge between dUMP and 5,10—CH2-

tetrahydrofolate and activation of C-5 via keto-enol tautomerism (Heidelberger, 1983).
The modified Friedkin model is a covalent ternary complex that consists of TS, dUMP
and 5,10-CH2-tetrahydrofolate (Santi, 1974), with bridges between the three parts of

the complex. A thioether bridge between a cysteine in the active site of the enzyme
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and the C-6 position of the dUMP and a methylene bridge between dUMP and 5,10-

CHz-tetrahydrofolate. Activation of the C-5 is achieved by adding the nucleophile SH-

group of thymidylase to the C-6 position of the uracil ring leading to an increased
electron density at C-5 and weakening of the C-H bond (Santi and Brewer, 1968; Santi

and McHenry, 1972). The one-carbon unit transfer from 5,10-CH2-tetrahydrofolate to

dUMP is concluded by reduction of the methylene group to methyl. This involves
elimination of the folate cofactor, hydrogen transfer to the nucleotide and finally
cleavage of the thioether bridge so that the complex disintegrates into thymidylate and
free enzyme (Pogolotti and Santi, 1974). With the FAUMP as the substrate (F at the C-
5 position), the tendency of the temary complex to disintegrate is strongly diminished
(Santi and McHenry, 1972) and consequently, active TS is lost due to the generation of
a stable temary complex (Dannenberg, 1986). Free TS combines with FAUMP first,

before 5,10—CH2-THF binds to form the temary complex and correspondingly,

dihydrofolate is very slowly released before FAUMP is set free (Lockshin and

Dannenberg, 1981; Heidelberger, 1983).

¢ Temary Complex Determinants
The formation of the temary complex is dependant on a number of parameters

such as the cellular content of FdUMP, dUMP, 5,10—CH2-tetrahydrofolate and TS.

Increased cellular levels of FAUMP favor TS inhibition (Washtein, 1984), while high
levels of dUMP, both basal and induced, have been shown to counteract SFU
cytotoxicity in relation to TS (Heidelberger, 1983). FAUMP competes with dUMP for
free enzyme to form the initial binary complex, with many examples of the antagonistic
effect of dUMP on the inhibition of DNA synthesis by 5FU (Lockshin and Dannenberg,

1981, Bosch, 1958; Myers, 1975; Mabuchi, 1986). The FAUMP/dUMP ratio is an



important factor regarding favorable responsiveness of human tumors treated with 5FU

(Spears, 1988).
The other factor involved the temary complex, 5,10-CH z-tetrahydrofolate. if

absent, results in very weak binding of FAUMP and TS (Lockshin and Dannenberg,
1981; Dannenberg and Lockshin, 1981). Increasing amounts of the cofactor induced a
sharp rise in FAUMP-TS binding (Danneberg, 1986). Conditions to maximize FAUMP
activity, wouid favor high levels of TS, FAUMP, and cofactor, with negligible levels of
dUMP and have been found to prolong TS inhibition (Cadman, 1984; Dannenberg,
1986). An influence of the availability of TS for terary complex formation has been
found. Cells with higher TS levels required higher intracellular FQUMP levels to achieve
maximat inhibition of TS (Washtein, 1984), while cells with low levels of TS are highly
sensitive to SFU (Peters, 1986a). In summary, to achieve complete inhibition of TS,
formation of the ternary-FdUMP-complex is essential. This complex involves TS,

FAUMP and the cofactor 5,10-CH 2-tetrahydrofolate.

b) 5-Fluorouridine 5’-Triphosphate (FUTP)

o FUTP Effects On RNA Synthesis
The significance of SFU incorporation into RNA, due to the low levels, was

difficult to assess (Gleason and Fraenkel-Conrat, 1976). The mechanisms of
fluoropyrimidine-mediated cytotoxicity are that FU-RNA serve as an intraceliular depot
for release of toxic FU-nucleotides, corresponding to the role of FUDP-SUGARS as a
storage form of fluorinated nucleotides (Weckbecker and Keppler, 1984). Interference
with mammalian ribosomal RNA maturation has also been demonstrated (Wilkinson

and Pitot, 1973). The antitumor activity of 5FU was also correlated with the

incorporation of 5FU into tumor RNA (Spiegelman, 1980). FUTP is the metabolite



responsible for these mechanisms and can serve as a substrate for the synthesis of all

classes of RNA (Carrico and Glazer, 1979a; Heidelberger, 1983).

¢ 5FU Ribosomal RNA
Foliowing treatment with 5FU, inhibition of ribosomal RNA synthesis was

detected (Hahn and Mandel, 1971; Willen and Stenram, 1970; Wilkinson and Pitot,
1973), indicating FUTP-induced base pair transformations as a mechanism of

cytotoxicity (Glazer and Legraverend, 1980).

e 5-FU Messenger RNA
The effects of 5SFU on messenger RNA may impact on RNA synthesis

(transcription), RNA processing (splicing), or protein synthesis (translation). The impact
is variable and is also difficult to differentiate. In agreement with Heidelberger
speculating that splicing was impaired (Heidelberger, 1983), results of studies where
cells have been treated with SFU suggest that splicing is impaired and that various

mechanisms may be invaived (Doong and Dolnick, 1988).

e 5-FU Transfer RNA
The effects of 5FU are difficult to assess because of different extents of SFU

substitution. A 5FU induced decrease in the content of minor bases of transfer RNA
appears to be restricted to Ur derived base moieties and is the consequence of both
their perturbed post transcriptional synthesis and their replacement by 5FU residues
(Le, 1976; Frendewey and Kaiser, 1979).

c) 5-Fluorodeoxyuridine-5’-triphosphate (FAUTP)

DNA is protected from the incorporation of Ur (or 5SFU) by the actions of dUTP
diphosphohydrolase and uracil-DNA glycolase. Knowledge of these protection
mechanisms and lack of sensitive assays contributed to the assumption that DNA was
unaffected by and not a factor in the mechanism of action of 5FU. Eventually 5FU

containing DNA was detected in tissue cells (Kufe, 1981; Major, 1982), with its
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formation dependent on the concentration of 5FU (Schuetz, 1984) and TTP. The
antitumor activity and side effects of 5FU have been shown to involve (at least in part)
FU-DNA (Kufe, 1983; Schuetz, 1984; Sawyer, 1984a).

Misincorporation of SFU into DNA causes the strand to become fragmented by
leading to DNA lesions or strand breaks or gaps (Collins, 1978; Lonn and Lonn,
1988a). Since DNA lesions are repairable, the importance of S5FU-DNA induced lesions

are a function of the efficiency of repair processes.

E) APPROACHES TO INCREASE THERAPEUTIC EFFECTIVENESS OF 5FU

i) TOXICITY AND EFFECTIVENESS
Factors contributing to the toxic side effects of 5FU inciude, the metabolism and

pharmacokinetics of 5FU and the metabolic activity of the cells involved. Since SFU.
exerts its cytotoxic effects via its metabolites, toxic side effects are expected and
related to a healthy cell’s ability to metabolize 5FU. The degree of toxicity is relative to
the rate of cell metabolism, with rapidly reproducing cells being the most susceptible.
Those tissues most affected by SFU cytotoxicity are gastrointestinal, bone marrow and

mucous membrane (Robben, 1992).

Cases of unexpected, relative to this model, toxicity to mature celis have
occurred. A syndrome of cardiotoxicity (Robben, 1992) during SFU therapy have
occurred where cardiac cells are more susceptible to SFU toxicity than less mature,
reproducing tissues. This is contrary to a cell metabolism mechanism of toxicity due to
cardiac muscle tissue, being mature cells, would be expected to be unaffected by SFU
toxicity.

Even with its toxicity to healthy cells, since its introduction, SFU has been used
extensively. Anticancer therapies include solid tumors of the head and neck, skin or

basal cell carcinomas and advanced colorectal and gastrointestinal malignancies.
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Despite being considered a mainstay of cancer therapy by many because of this
extensive list of treatments, SFU also suffers from poor response rates. Response
rates when used as a single agent are as low as 10 to 20% (Sotos, 1994), with little
improvement by the addition of other cytotoxic agents for combination use (Sotos,

1994).

The limitations associated with 5FU, such as low response rates and significant
toxic side effects, are due, in part to it's widespread distribution and lack of specificity.
Investigations to improve the efficacy of SFU employ strategies that improve SFU
delivery and response rate. Strategies in use or showing promise include; adjunctive
radiation therapy, infusional 5FU administration, and biomodulation of 5SFU.

ii) ADJUNCTIVE RADIATION THERAPY

Adjunctive chemotherapy plus radiation therapy is standard treatment in high
risk rectal cancer. However, the use of radiation in colon cancer remains investigational
(Minsky, 1995). The standard adjunctive therapy for node positive or high risk colon
cancer is post operative 5FU and livamisole (Moertel, 1990). The use of adjunctive
radiation therapy, based on the patterns of failure, would be a “last resort™ option for
high risk patients where conventional methods have failed rather than a progressive
method for improving 5FU efficacy. Significant toxicity varied from 5 to 38% (Minsky,
1995), with a case where unacceptable toxicity necessitated a modification of the
protocol (Fabien; Minsky, 1995). Current literature indicates the combination of
chemotherapy and radiation as a failure recovery treatment used in advanced Gl
carcinomas where other treatments have failed. The toxic effects with little targeting of

malignant tissue renders this method a poor solution to achieve the stated strategy.
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iii) INFUSIONAL 5FU ADMINISTRATION
The distribution, effects and toxicity of SFU may be influenced by the method of

administration such as controlled infusion of SFU for breast cancer (Ng, 1994) and Gl
malignancies (Leichman, 1994), rather than a simple bolus injection. The rationale to

determine the use of infusional therapy considers several factors.

e The short half-life of 5FU, approximately 11 minutes in vivo.
e Tumor celt utilization of 5FU is maximized when in the S-phase.

Over a short time (1 1minutes) only a small number of tumor cells will be
susceptible. By increasing the exposure time to 5FU, potential tumor cell kill may be
enhanced. Continuous infusion of SFU increases antitumor activity and lowers toxicity

(Ng, 1994) for treatment of relapse breast cancer.

iv) BIOMODULATION OF 5FU

Knowledge of the metabolic pathways of 5FU that have been elucidated
presents a tool to allow the manipulation of biochemical processes to find new ways to
improve SFU. Biomodulation is a manipulation of the metabolism of SFU and its
interaction with target end-points to increase its effectiveness and/or reduce toxic side

effects (Allegra, 1991; Rustum and Campbeli, 1988).

Some of the agents used to biomodulate 5FU inciude; interferon, leucovorin,
dihydropyrimidine dehydrogenase (DPD), folinic acid, thymidine, N-(phosphonacetyi)-L-

asparate, and dipyridamole.

e Leucovorin and interferon
The most extensively studied biomodulator is leucovorin (Sotos, 1994). 5-

Formyitetrahydrofolate (citrovorum factor; leucovorin) is a reduced folate which is
metabolized in the cell to various forms of tetrahydrofolate including 5,10-

methylenetetrahydrofolate (Sotos, 1994). Investigators found that inhibition of TS by
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FAUMP could be enhanced by high intracellular folate levels (Santi, 1974;
Dannenberg, 1978). In studying leucovorin’'s effects, relative to elevated folate levels,
one group found they could enhance the growth inhibition of SFU by five-fold (Ullman,

1978).

Combining chemotherapy with interferons has been of interest in the treatment
of various malignancies (Hoffman and Wadler, 1993). interferons consist of three
different classes of glycoprotein molecules: alpha (a), beta (B) and gamma (3) . o
Interferon production is induced in leukocytes by virus-infected celis, tumor cells and
bacterial products. B Interferon production is stimulated in fibroblasts, epithelial cells
and macrophages by viral and other foreign nuclear acids. & Interferons are
synthesized by sensitized T cells exposed to foreign antigens (Baron, 1991).
Interferons exhibit antiviral effects and inhibit the proliferation of both normal and
transformed cells (Hoffman and Wadler, 1993) by a mechanism of interference with

cell cycle by interferons biocking the traverse of cells from GOIG ,to S phase (Lin, 1986;

Einat, 1985). Interferon induced structural alterations in the plasma membrane and
cytoskeleton also play a role in the antiproliferative effect (Tamm, 1987). Interferons
may augment immunity against tumors via modulation of specific effector celis (Neefe,
1985). The mechanism for the potentiation of 5FU by interferons include (Hoffman and

Wadler, 1993) two altemative methods of interaction:

1) Directly modulating the activity of a given chemotherapy drug by affecting drug
disposition within the tumor cell, or

2) Act via pertubation of host drug metabolizing systems, immunoaugumentative
antitumor effects, or through protection of normal host tissues, to increase

cytotoxicity (Wadler and Schwartz, 1990).
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Utilization of all three agents (leucovorin, interferon and 5FU) was investigated
with the intention of increasing the toxic effects of SFU to tumor cells while minimizing
toxic side effects. Studies suggest that leucovorin and interferon represent two
complementary biochemical modulators of 5FU that enhance inhibition of thymidylase

(Grem, 1992).

e Dihydropyrimidine Dehydrogenase (DPD)

DPD is an enzyme involved in the catabolic pathway of SFU conversion from
the dihydro 5-fluorouracil metabolite to a-flucro-B-ureidopropanoic acid and eventual
elimination of 5-FU (Milano, 1994). DPD is aiso present in various other normal, as well
as in tumor tissues (Milano, 1994). DPDs presence and activity is variable in the
population. This is a factor in explaining the pharmacokinetics of anticancer drugs that
are characterized by interpatient variability (Evans, 1989). The significance of DPD
variability undergoing 5FU therapy are apparent in patients with DPD deficiency, who
exhibit severe SFU-related toxicities (Milano, 1994). Aiso, DPD activity in tumor cells (in
vitro and clinical studies) is related to 5FU sensitivity (Milano, 1994), the lower the DPD

activity, the greater the FU efficacy (Newell, 1989).

¢ Thymidine
Thymidine is a naturally occurring nucleoside directly involved in the metabolic

pathways affected by 5FU. Thymidine lacks antitumor activity in its own right (O'Dwyer,
1987), although, has been used to synchronize cells growing in vitro in S-phase
(Xeros, 1962). Thymidine's potential lies in modulation of the activity of active cytotoxic
drugs in a synergistic fashion in vitro and in vivo (Martin, 1980; Ellims, 1982). For the

thymidine-SFU combination, synergistic antitumor activity in animal models was found



to be critically dependent upon the dose and schedule of the two agents (O'Dwyer,
1987).

o N-(Phosphonacetyl)-L-Asparate (PALA)
PALA is a potent inhibitor of de novo pyrimidine synthesis and demonstrated to

enhance the therapeutic activity of SFU (Martin, 1992). PALA was added to the therapy
to enhance 5FU effectiveness by biochemically forcing metabolism to maximize the
known mechanism of reaction and to be effective against that portion of the cancer celi
population that is less sensitive to 5FU. The use of biochemical modulation is
employed in the quasi-drug-resistant (but actually drug sensitive) cells to permit the
cel’'s destruction by doses of the effector agent tolerated in vivo (Martin and Kemeny,

1992).

v) PRODRUG DELIVERY TO TARGET 5FU
a) Considerations For 5FU Prodrug Development

The development of a method to target and concentrate the delivery of SFU
directly to tumor celis would overcome the limitations of toxicity to healthy cells and
lack of specificity. Prodrugs are derivatives that deliver SFU to the site of action where
metabolic activation of SFU then takes place (Weckbecker, 1991). The ideal SFU-

prodrug exhibits the following properties:

e non-toxic after administration, while being transported to the site of action
s delivered to the target site of action by some means

¢ biologically transformed to cytotoxic 5FU at the site of action

e cytatoxic to 100% of the tumor cell population

¢ Dbiologically transformed te nontoxic metabolite

o excrated without hagm tq hast



Researchers have investigated various 5FU prodrugs for possible antitumor
and antiviral use as illustrated by the following;
b) 5-Fluorouracil Prodrugs
e Tegafur (ftorafur: 5-fluoro-1-(tetrahydro-2-furvijuracil))
Tegafur was developed as an orally active SFU prodrug with an extended half-

life from 0.5 hours (S5FU) to a median of 18.6 hours (tegafur) (Myers, 1976).

(@) O
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HN | activation HN |
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H | H
H H

tegafur

Figure 14 Activation of tegafur to 5-fluorouracil via liver microsomes

Once administered, tegafur undergoes oxidative activation in the liver to 5FU,
resulting in a longer duration of action than (Benvenuto, 1978) direct 5FU
administration. Two important disadvantages of tegafur are that the activation takes
place in the liver rather than being tumor mediated (Benvenuto, 1978) and the doses of
tegafur required to achieve antineoplastic effects comparable to those of 5FU are 3 to
7 fold higher. Although neurotoxic side effects can be severe, tegafur appears to be

better tolerated than SFU (Hadfield and Sartorelli, 1984).

¢ Doxifluridine (5’-deoxy-5-fluorouridine)
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Figure 15 Possible activation routes for doxifluridine

Doxifluridine (dFUR) was synthesized by Cook et al. in 1979 as an
antineoplastic agent and appears to have advantages over SFU (Weckbecker, 1991).
dFUR exerts its antimetabolic effect, either by direct cleavage to 5FU, thereby acting
as a 5FU prodrug, or by becoming directly invoived as a substrate in the nucleoside /
nucleotide interconversions. The toxicity of 5FU is related to its interconversions to its
nucleoside or deoxynucleoside with subsequent phosphorylations to nucleotides. The
kinases that carry out these conversions require the presence of an hydroxyl group at
the 5’ position of the ribose (or deoxyribose) moiety of its substrates. Doxifluridine
(dFUR) differs from the SFU toxic metabolites by lacking the hydroxyl group at the 5’
position. Due to this subtle difference, dFUR is not a substrate to become
phosphorylated by kinases and needs to be activated via cleavage to 5FU by
pyrimidine nucleoside phosphorylases (Weckbecker, 1991). The predominant
activating enzymes are uridine phosphorylase and thymidine phosphorylase
(Amstrong and Cadman, 1983; Kono, 1983).
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F) RATIONALE FOR THE DEVELOPMENT OF FUF
Many of the prodrug agents developed are nucleosides of 5FU employing

metabolically strategic variations on the 5FU structure. Another possible approach
could be a targeting, carrier molecule of 5FU. In this S5FU-carrier form, the inactive
carrier molecule, would function to target a specific tissue by some mechanism. Once
at the site of action the SFU would be cleaved, releasing it to exert its cytotoxic activity
to the target tissue. Various 5FU-sugar combinations have been investigated as
possible antimetabolic agents, as illustrated by the two previous examples, tegafur and
doxifluridine. it is through this prodrug approach that the rationale for the development

of fucosyl-S-fluorouracil (FUF) lies.

The fucosyl nucleoside of 5FU was selected as a potential antimetabolite
warranting investigation for reasons pertaining to the pharmacokinetic properties of the

fucose moiety, as follows:

e Intact FUF would not be toxic to normal healthy cells prior to conversion, thereby
act to decrease toxic SFU side effects.
e The fucosyl sugar portion of the nucleoside will act to target FUF to the liver.
e Once at the site of action the fucose would be cleaved, releasing SFU to exert its
toxic effects on the target celis.
The rationale for these expected properties lies in the characteristics of the
fucose sugar. Specifically, fucose is known to concentrate in the liver via
immunorecognition sites. How this fact relates to the expected results is the focus of

the rationale for FUF and the subject of this investigation.

FUF is investigated as a prodrug specifically for use in hepatic carcinomas.
Since fucose concentrates in the liver, it is postulated that FUF would retain that

property. In addition, once in the liver, FUF would then be cleaved to release 5FU. 5FU
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would then be available to exert its antimetabolic effect on hepatic tumor celis. As the

focus of this investigation, the significant factors to determine are:

1) Does fucose retain its ability to concentrate in the liver when coupled with SFU?
2) Upon administration, to what degree does FUF remain intact?

3) Once in the liver is FUF cleaved to release SFU?

G) DETECTION AND ANALYSIS OF FLUOROPYRIMIDINES
Fluorides are widely distributed in nature. In regard to natural sources, man

obtains the fluorides from the ingestion of water, with plant or food sources being a
rare occurrence. It is commonly known that most major centers in the developed world

add fluoride to drinking water supplies as a measure to prevent dental carries.

Establishing fluorine’s natural occurrence and distribution is of importance, in
relation to this study, because the study involves compounds containing fluorine. Two

important considerations in this study of fluorine substituted compounds are:

1) The natural absorption, distribution, excretion and occurrence(or lack) of fluorine
as a possible source of interference, contamination or background.
2) The method, efficiency, accuracy, precision and specificity of fluorine analysis.
By considering these two factors, the degree of confidence can be established
for the method of fluorine analysis of the compound under investigation. Fluorine is not
a naturat constituent of living plant or animal tissue, with absorption by living organisms
usually in its ionic form as a constituent of water. After absorption fluorine is not
incorporated into soft tissue, but in its anionic form localizes in bones and teeth. Here
fluorine substitutes for hydroxyl and bicarbonate at the surface of the apatite crystals
(Nusynowitzl, 1965; Blau, 1962). Therefore, when investigating a fluorine containing

compound, a method of fluorine analysis is useful to distinguish the compound of
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interest. Since the investigation concems cytotoxic effects on soft tissue systems such
as tumors, gastrointestinal tract, basal cells, etc., fluorine incorporation into tooth and

bone structure is not of concem.

Detection and analysis of new intracellular metabolites and elucidation of drug
mechanisms, pertaining to fluoropyrimidine pharmacology, has been dependant on the
sensitivity and specificity of the analytical methods used (Weckbecker, 1991). Various
methods have been employed for the detection and analysis of flugropyrimidines.
These inciude; column chromatography, paper chromatography, thin layer
chromatography, efectrophoresis, high-performance liquid chromatography (HPLC),
spectrophotometry, nuclear magnetic resonance (NMR) spectroscopy and ligand

binding and enzymatic techniques (Weckbecker, 1991).

The focus of analysis for this study is the detection, isolation and quantification
of 5FU and FUF. A combination of methods traditionally used for analysis of
fluoropyrimidine in general, with methods specific to the characterization of fluorine
were employed. The results of the methods of analysis of the biological samples were
correlated in attempts to determine the metabolic fate of FUF. The traditional methods
were, HPLC, NMR (proton), and radiolabelled tracers *“C and *H. Methods more
specific to fluorine detection, characterization and quantification were NMR (fluorine
nuclear magnetic resonance) and NAA. Each method contributed information to

identify, detect and quantify the test pharmaceuticals.



i) EXPERIMENTAL
A) SYNTHESIS OF FUCOSYL 5-FLUOROURACIL
14
Both the cold and radiotabelled FUF, L-{1’- CJfucose-5-fluorouracil and L-(+)-

mcose-[e-sHl—S-ﬂuorouracﬂ, molecules used in the biodistribution studies were
synthesized by V.J. Somayaiji via coupling peracetylated fucose with 2,4-
bis(trimethylsilyloxy)-5-fluorouracil in the presence of stannic chloride, followed by
deblocking. All reagents used were reagent grade chemicals. Solvents were distilled
before use. Where anhydrous solvents were required, they were dried by standard
methods. The SFU and L-(+)-fucose were purchased from Aldrich Chemical Co. Inc.
For the dual label studies the [6-*H]-5fluorouracil and L-{1-'*C}-fucose were purchased

from Aldrich Chemical Co. Inc.

For synthesis procedures of FUF, including labelled products, see appendix 2.
The "C labelled product was characterized and radiochemical purity of the sample
determined by TLC analysis and LSC. After developing the TLC plate, it was divided
into 14 equal parts and the silica gel sections scraped directly into individual

scintillation vials for radioactivity measurements.

The activity of the tritium labelled product was determined to be 425 mCi. The
product was characterized and radiochemicat purity determined by TLC analysis and
LSC in the same manner as for the '*C samples. After developing, the TLC plate

showed a single spot with TLC RF=0.22.

B) ANIMAL STUDIES

i) ANIMAL AND TUMOR MODEL
The test subjects, BoozF . mice, were obtained from the Health Sciences Small

Animal Program, University of Alberta. Lewis Lung Tumor cell suspensions were

obtained from Mr. Bert Meeker, Cross Cancer Institute, Edmonton, as a suspension in
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7
a frozen state in waymouth’s + 10% DMSO with a labelled cell count of 4 x 10 celis/mi.
Other supplies required to carry out the experimental animal procedures were obtained

from commercial supply houses.

Approximately 2 million cells in 0.1 mL were injected subcutaneously (SC) into
the left flank of the recipient mouse (weighing 20 to 25 g). These mice were left for 10
to 14 days to aliow the subcutaneous tumors to develop to the appropriate size. The
initial group acted as donor mice with a harvest of tumor cells was used to propagate
and continue the tumor cell line. The candidates for tumor harvesting were selected

and processed as follows.

Mice possessing subcutaneous lumps on their left flank (tumor size 1 to 2 cm
diameter) were selected and sacrificed by asphyxiation with carbon dioxide. The
asphyxiation was carried out by placing the mice in a large beaker, prepared by placing
dry ice in the bottom as a CO; source and covering the top, after placing the mouse in,
to prevent oxygen from entering the beaker. The CO, was allowed to accumulate,
asphyxiating the mouse. The mice were removed from the beaker and the tumors were
surgically removed and placed in a petri dish containing invert sugar solution and sliced
into fragments of approximately 2-3 mm. The fragments were drawn into a trochar (14
gauge, Custom Spinal, Popper and Sons Inc.) and inserted SC into the host mouse

which was under light metofane anesthesia.

The recipient mice were left to allow the tumors to mature to 1 to 2 cm in
diameter. At 10 to 14 days the tumor growth, according to the raw data, ranged from
700 mg to 1.2 g. The mice were maintained in standard plastic cages with 4 to 6 mice

per cage. Nourishment was ad lib with food peliets and tap water.
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i) ADMINISTRATION OF 5FU & FUF
The mature tumor bearing mice were selected for injection with either FUF or

S5FU. The compounds, reconstituted just prior to use, in a multidose vial with sterile
saline for injection, to a concentration to allow dosing of 0.05 to 0.25 mL per injection

for each animal.

The dose administered was determined by considering the actual therapeutic
dose of 5FU (12 mg/kg)(for the NAA study) and the required concentration of
radioactivity needed for detection(for the dual labelled study). The FUF dose was
equimolar to the 5FU dose used. The radiolabelled compounds, quantified by LSC,

were reconstituted to appropriate dilutions to give the required activity to volume. To

determine activity of 3H and 14C labelled compounds a partial dilution in safine was
made. From this, an aliquot was counted by LSC and further dilution was made to give
the required concentration of radioactivity. As with the cold compound for NAA, the
activity was adjusted to allow a dose volume for injection of 0.05 to 0.25 mL per

animal.

Once reconstituted and adjusted for proper dose and activity, the test
compounds were injected to the restrained test animal via tail vein injection with a
preloaded 1/3cc (30 unit) insulin syringe.

iii) BIOLOGICAL SAMPLE COLLECTION

Following injection, the subjects were sacrificed at predetermined time intervals,
by the same method as was used with the tumor donor mice. In this case, the mouse
was placed in the beaker on a mesh covered watch glass, to allow for coliection of
urine excreted during asphyxiation. To ensure collection of all samples, including
blood, the mice were removed from the beaker as soon as breathing had ceased. The
chest cavity was immediately opened and blood sample removed from the heart by
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cardiac puncture. The remaining urine sampile was then taken by bladder puncture via
syringe and combined with urine collected in the watch glass. The mice were then
dissected for recovery of the remaining tissue samples. These were liver, kidney,
tumor, gastro-intestinal tract (GIT) and tail. From this point the treatment of the tissue
samples differed, depending on the method of analysis being employed.
C) NAA

The biodistribution studies of FUF were carried out in Bs D, F1 mice, bearing
implanted Lewis lung carcinomas. The concentrations of FUF in hepatic tissue were
determined by measuring fluorine using nuclear activation analysis (INAA). This
approach allows for the measurement of FUF and ali of its fluorine containing
metabolites. it does not provide information on the chemical nature of the metabolites

being detected.

Materials required to prepare samples for NAA were provided through the
courtesy and generosity of Gordon Haverland and Peter Ford. The samples were
activated in the University of Alberta’s SLOWPOKE nuclear reactor and analyzed by y

ray-spectrometry.

The samples intended for neutron activation analysis (NAA) were placed in
specially prepared plastic sample containers that were cleaned prior to use to ensure

contaminant free samples. The washing procedure is as follows.

Latex sterile gloves were wom at all times to prevent Na contamination from
body fluids or skin. All lab bench surfaces were washed down with an ethanol solution.
The sample vials were cleaned thoroughly with a Na free soap solution, twice, to

ensure contaminant free samples. They were then rinsed with ethanol and feft to dry.
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The dissected mouse samples were placed in the prepared sample vials under
by the sample in the vial. Samples occupying the full volume of the vial were
considerad “Full Geometry Samples”. Smaller samples, occupying one-half of less of
the sample vial volume were considered * Half Geometry Samples”.

PUSH-ON CAP
/WJNCAPS
S’ACERMAL\_ I /
™~
y
i
SANMPLE VIAL

Figure 16 Method of sample vial arrangement for immobilizing samples for
NAA

The smaller samples were immobilized within larger sample containers as
shown in figure 16. This ensures consistent geometry for bombardment of large and
small samples. Each mouse’s weight was recorded before dissection, with the organ
samples weighed directly into the small NAA sample vials. The axcess plastic was
trimmed off the vials, then they were sealed by pushing and tuming the vials in the
heat sealer for approximately 7 to 10 seconds. Once sealed, the small vials were
placed inside medium sample vials. A second small empty sample vial was also placed
in the medium vial to act as a spacer, then the medium vial capped and heat sealed.
Any vials not immediately undergoing NAA were frozen until it was convenient for
analysis.

Each sample was then checked in a "GO JIG" to ensure ease of passage into
the reactor sample chamber. The samples then underwent neutron iradiation using

the SLOWPOKE facility in the Facuity of Pharmacy at the University of Alberta.
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Following the irradiation, a gamma spectrum was obtained for each sample to permit
identification and quantification of radionuclides produced. The first set of samples
analyzed were for establishing detection limits. Prior to analysis, these mice were

administered a variable dosage range (12 to 100 mg/kg) of SFU.

Standard curves were prepared for fluorine and sodium. The data obtained for
the construction of standard curves allowed for correlation of the of the decay data with
fluorine present and sodium contamination. Standard curves were prepared for both

full and half geometry samples.

The final set of samples analyzed by NAA were the biological samples from

mice dosed with SFU or FUF at various predetermined times.

D) DUAL LABEL STUDY USING °H AND “C LABELLED FUF
14
in this study, the injected material was dual labelled FUF, with C in the fucose

portion and °H in the pyrimidine base. Since both radionuclides decay 100% via beta

emissions, the samples were analyzed by LSC. This required combustion of the
14 3
samples with quantitative recovery of C-CO A and H-H 2O. The sample size upper limit

of approximately 200 mg is necessary in order to achieve reproducible, efficient
trapping of the labelled combustion products. Therefore, in the case of larger tissue
samples, aliquots of the tissues were combusted. The wet tissue samples were
weighed into paper combustion cups (Packard instrument Company inc.) and dried

under a heat lamp prior to combustion.

0
The samples were combusted at 800 C in an oxygen atmosphere in an H. J.
1
Harvey Instrument Corporation Biological Oxidizer. In this instrument the [ ‘C]-Coz

produced by combustion is bubbled through and trapped in Harvey “C Cocktail. The
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3
*H is separated by condensing the [ H]-Hzo from combustion and fiushing it into

Harvey Tritium Cocktail. These combustion products are collected in separate standard
liquid scintillation vials. A Beckman LS 9000 or Searle Mark il liquid scintillation
counter was used for radiometric counting of these vials.

The combustion and collection efficiency for of the Harvey Instrument
Corporation Biological Oxidizer for 1‘C and 3H was determined by combusting and
counting 1“C and 3H standards. The LSC efficiency alone for 14C was determined by
adding standard [“C]-n-hexadecane to the compound samples and recounting them.
This was aiso done for *H counting, using a [’H}-n-hexadecane standard. In this way,

the combustion, recovery and counting efficiencies, inciuding quenching effects, are

accounted for.



IV) RESULTS AND DISCUSSION

A) SYNTHESIS OF 1-(f-L-FUCOSYL)-5-FLUOROURACIL (FUF)
Synthesis of FUF carried out by V.J. Somayaji afforded FUF in an overall yield

of 78% (m.p. = 239-241°C, TLC RF=0.22, HRMS = 276.0754 for C1oH13N2OsF,

calculated 276.0757) (appendix 2).

i) RADIOLABELLED FUF ( 1‘C LABELLED) FUCOSYL-5-FLUOROURACIL
TLC analysis showed a single spot with TLC RF=0.22, the same as for the

authentic FUF with the same solvent system. The starting materials for L-{1-
“Clfucosyt-5-fluorouracil included a ' C at the 1’ position, L{ Clfucose (0.149mg, 50
mCi, 55 mCi/mmol), obtained from Amersham Canada Limited, Oakville, Ontario. This
was mixed with 0.6 mg of cold L-fucose as part of the regular starting materials. The

specific activity was decreased to 10.94 mCi/mmol.

The radioactive purity was determined by LSC of the TLC sections, (see table
3) with sections 4 through 10 corresponding to compound (3) in figure 55 (see
appendix 2). These sections account for 99.9% of the activity of the TLC plate.
Therefore, compound (3) in figure 43 represents radiolabelled 1(B-L-{1 -“C]fucosyl)-s-

fluorouracil with a radiochemical purity of 99.9%.
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i) SYNTHESIS OF [6- H] LABELLED FUF
TLC analysis showed a single spot (RF=0.22) using the same solvent system.

The compound (4) (2.45 mg), figure 56, had an activity of 425 uCi. The radiochemical
putity of the was determined by the same method as with the final “CpmducLThe

resuits are given in table 3.



Table 4 LSC of plate scrapings from TLC analysis of H labelied FUF used to
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The area of the piate comesponding to 1~(B-L-fucosyh-5-fuoro-{6- H])-uracil
(RF=0.22) are fractions 5 through 7. These fractions represent 73,274 counts out of
the total 74,681 counts for the total plate. The radiochemical purity of compound (4)
represented by thess fractions is 98.1%.

B) NEUTRON ACTIVATION ANALYSIS (NAA) STUDY

i) STANDARD CURVES o
The NAA study involved neutron activation of F using the F (1,7) F reaction.

ThemFdecaysenmi\gaqualMabbyphotonnsaAkeV)withahal-lfe(Tm)oiﬂ
seconds. Standards, containing incrementat amounts of F, were iradiated and counted
at 1634 keV to construct a calibration curve (figure 17).
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Figure 17 F standard curve, a linear regression plot of mean counts at 1634
keV with efror bars representing standard deviation from the mean vs ug F for Half
Geometry samples ( represents the 95% confidence limits). Derived from this plot;
Coefficients are: b[0] = 28.23, b[1]=4.64 andr? = 0.93.

it was also possible that the target size (volume occupied) in the sample vial
might affect the resulfs. Therefore, two sets of calibration curves were constructed
representing each of two sample geometries, one set for full sample vials (full
geometry, figure 18) and the second set for samples occupying 50% or less of the vial
volume (half geometry, figure 17). From these calibration curves, the ug of F in a

sample is correlated with activity at 1634 keV.
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Figure 18 F standard curve, a linear regression plot of counts at 1634 keV vs
ug F for Full Geometry samples (r* = 0.94 — represents the 95% confidence limits).
Derived from this plot; Coefficients: b[0]=36.20, b[1]=5.68 and r 2 =0.94.

The most significant interference in this method is not from contamination by
20
extraneous F, but from a nuclear side reaction. NA of Na aiso produces F via the

20
®Na (n,a) ~ F reaction. Calibration curves were constructed relating activity at 1634
keV with incremental mass standards of Na. for full (figure 21) and half geometry

(figure 19) samples.
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Figure 19 Na standard curve, a finear regression plot of counts at 1634 keV vs

ug Na for Half Geometry ( — represents 95% confidence limits). Derived from this
plot; Coefficients: b[0]=23.83, b{1]=0.02, r 2=0.77.

This competing activation (n,a) reaction occurs in a fixed ratio, as a function of

23 24

the irradiating neutron spectrum, to a parallel Na (n,y) Na reaction. Fortunately, as

24
well, the Na decays emitting a quantifiable y photon at 1368 keV. Calibration curves
were constructed relating the activity at 1368 keV to the incremental mass Na

standards for half (figure 20) and full (figure 22) geometry samples.
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Figure 20 Na standard curve, a linear regression plot of counts at 1368 keV vs
ug Na for Half Geometry (— represents 95% confidence limits). Derived from this
plot; Coefficients: b{0] = 60.15, b{1] = 0.111, r2=0.989.

The occurrence of these reactions in a fixed ratio provides a tooi for

determining Na produced F in a given sample. The calibration curves were used to

establish the ratio of the competing Na activation reactions.
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Figure 21 Na standard curve, a linear regression plot of counts at 1634 keV vs
ug Na for Full Geometry ( — represents 95% confidence limits). Derived from this plot;
Coefficients: b[0] = 6.384, b[1] = 0.033, r 2= 0.95.

First, the mass of Na present in a sample is determined using the calibration
curves for half (figure 20) and full (figure 22) geometry samples. Then the

contamination to be expected from the Na is determined using the calibration curves in

figures 17 (half geometry) and 19 (fult geometry).
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Figure 22 Na standard curve, a linear regression piot of counts at 1368 keV vs
ug Na for Full Geometry ( — represents 95% confidence limits). Derived from this plot;
Coefficients: b[0] = 58.26, b[1] = 0.096, r 2 = 0.9904.

The calibration curves in figures 20 (half) and 22 (full geometry) are used to

correlate the counts, due to the nNa(n,y)z‘Na reaction, at 1368 keV with the ug of Na.
For a given sample, a method of correlation of the Na calibration curve information,
allows for the determination of activity at 1634 keV due to Na interference (see
Appendix 3). The specific calculations are outlined in the appendix as determined by
the following procedure. After neutron activation of a sample, the activity at 1634 and
1368 keV are measured. The mass of Na was determined by using the calibration
curve The activity at 1368 keV was used to determine interference via the figure 20
(full geometry-figure 22) calibration curve (with the corresponding derived equation,
Appendix 3). This Na mass represents activity at 1634 keV as correlated with the figure

19 (full geometry-figure 21) calibration curve (via equation Appendix 3). The equations
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derived from all of the standard curves are summarized in Appendix 1. Preceding the
equations, are the mathematical details correlating the standard curves with the
sample results to determine Na interference. As a double check of the data
mnterpretation, the fixed ratio relationship of the 1634 and 1368 keV reaction activities

were plotted directly (figures 23 and 24).

800

600 - ® -

COUNTS -
1634 keV 400 -
Half Geometry

200

0 500 1000 1500 2800 2500

COUNTS 1368 keV
Half Geometry

Figure 23 Na standard curve half geometry linear regression piot relating the
activity detected at the two y energies for incremental standards of Na via counts 1634
keV vs 1368keV. ( — represents 95% confidence limits). Derived from this plot;
Coefficients: b[0] = 9.065, b[1] =0.2157, r 2= 0.80918.

For a given sample, the activities at 1368 keV and 1634 keV were measured
and their correlation determined. Figure 23 and figure 24 represent this correlation for

“Half* and “Full” geometries, respectively.
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Figure 24 Na standard curve full geometry linear regression plot relating the
activity detected at the two y energies for incremental standards of Na via counts 1634
keV vs 1368keV. ( — represents 95% confidence limits). Derived from this plot;
Coefficients:

The measured activity at 1368 keV represents Na, with the mass determined
from figures 22 & 24 for half & full geometries respectively. The measured activity at
1634 keV represents the total °F decay, produced from conversion of both *°F and
#Na. From this total 1634 keV activity, the Na source activity, as determined from
figure 21 & 23 was subtracted, leaving the remaining activity of F source. To determine
the mass of F represented by this activity, the fluorine standard curves were used.

Activity was attributed to ug F as correlated with the F calibration curves in figure 17

(half geometry) & 18 (full geometry)
i) FLUORINE ANALYSIS AFTER DOSING WITH 5FU OR FUF

After determining the amount of F in each sample as described, following
correlation with corresponding data (the recorded mouse and tissue sample mass), the
concentration or amount of fluorine in each sample was mathematically derived as the
percent injected dose per organ sample. The resuits were obtained for both 5FU and
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FUF for predetermined intervals after administration. The data for 5FU and its
interpretation to % injected dose for each organ are shown in tables 8 to 12. Final
summary of the SFU data is shown in table 13 and represented graphically expressed
as % injected dose per organ Vs time (minutes).

The initial discussion pertains to examining the data and results from the
calibration curves relative to the mass of F within detection limits. This initial discussion
is intended as a general overview of the results with attention to the optimum detection
range expected, the normal drug dosage range and the expected drug distribution. Of
particular interest is the interrelationship of these factors to one another and how the
optimum detection range compares with the normal dosage range and subsequent
distribution. The discussion will then focus on the data obtained from 5FU and FUF

distribution studies in animals.
a) Dosage & Detection of 5FU & FUF by NAA Relative to Calibration Results

The preliminary detection limit dosages of 5FU was high (100 mg/kg), relative
to the recommended dose of 12 mg/kg, to achieve detectable levels in test tissues.
The method would not be suitable for human studies. In addition, the resuits of the
calibration curves data can be used as a consideration for detection limits relative to
dose administered. The F calibration data (figure 17 & 18) show the least variation
(most accurate data) from 150 to 250 ug F per sample. The translation represented by
this mass of F; assuming uniform distribution in all tissues, the liver as the
representative organ, a mass of 2 g in a 20 g mouse, calculates back to an initial dose
of more than 600 mg/kg (see Appendix 1, item 2). With an initial dose of 100 mg/kg
(684/100 = 6.84), the drug would need to be concentrated in the target tissue 6 to 7
fold to be in the optimum detectable range. These considerations lead to the following
conclusions concerning NAA as a method of analysis for F in a 5FU biodistribution

study;
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1) The NAA is not a sufficiently sensitive method of analysis for FUF & 5FU due
to the high doses of SFU and FUF required to achieve results within the detectable
limits.

2) The delivery system of the 5FU prodrug would need to be effective enough to
deliver a 7 fold enhancement of SFU in the target tissue.

in conclusion, since the detection limits of NAA for 5FU at a 100 mg/kg dose,
would be satisfactory only in the case of a 7 fold enhancement of detivery to the test
tissue, this is not a satisfactory method of analysis.

b) NAA Resuits for 5FU Animai Studies

The results for 5FU are shown in Appendix 3 with the only discemnable feature
being the tail. Despite the variability of the results for the distribution of 5FU over time,
the study does provide some information about 5FU’s biodistribution and, at the very

least, further insight into the methodology and technique employed.

The 5FU concentration in the tail is significantly higher than in other organs,
ranging from 18% to 55%. This indicates poor tail vein injection technique rather than
some distribution mechanism. This results in concentrations in the tail with an ultimate
reduction of the administered dose by 18 to 55%. Nonetheless, of interest is the
distribution of SFU after entering the circulation. The following discussion focuses on
the results of the data of the remaining test tissues, fiver, kidney, tumor and GIT,
recalculated after adjusting the administered dose(for loss in tail). The data are
corrected for loss of dose in the tail to provide a clearer representation of 5FU

distribution.
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Figure 25 SFU distribution to the liver expressed as mean of % injected
dose(solid line, vertical bars representing the standard deviation from the mean)
vs time (minutes).

The liver results (figure 25), are consistent with results for drugs that undergo
metabolic conversion in the liver. During the first 30 to 60 minutes the levels of SFU are
a littie higher than in the other tissues tested, reflecting initial distribution and liver
uptake of SFU. Metabolic conversion of 5FU is reflected by continuing higher levels in
the liver relative to the other tissues, with subsequent redistribution of the metabolite

(figure 26).
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Figure 26 SFU distribution to the liver (black line with standard deviation (stdv)
positive) and kidney (dashed line with stdv negative) tissue expressed as the mean of
% injected dose vs time

After two to four hours, the SFU levels in the liver drop off rapidly to levels of a
similar range to that of the other test organs. This decrease of distribution to the liver to
levels relatively lower than to other tissues continues from 4 hours on. The profile of
the detected F levels in the remaining test organs relative to the liver reflect the
subsequent redistribution of this metabolite. The last results show a drop of 5FU
detected in the liver to nearty below levels detected in the kidney for the 1440 minute

time interval.

Overall high levels of SFU reflect the initial distribution of the administered dose.
Confirmation of the subsequent metabolism, redistribution and elimination of SFU is
revealed by examination of the small differences in 5FU distribution between tissues.
5FU is involved in metabaolism in many tissues as part of the anabolic pyrimidine
pathways. Ultimately, a proportion undergoes catabolism in the liver, with eliminated

via excretion in the urine and/or feces.
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Examination of the resutt for kidney and liver analysis over time are consistent
with this pattem of metabolism. The kidney shows some initial distribution with gradual
decline over the first few hours, reflecting the initial distribution of the drug and some
excretion of 5FU. The distribution of SFU to the kidney, relative to the liver, from 2 to
24 hours (120 minutes on), the kidney levels are initially lower, after 2 hours the levels
increase relative to the liver. After the initial liver uptake and metabolism, SFU shows
steadily increasing levels in the kidney as the metabolic products are redistributed to

the kidney and excreted in the urine.
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Figure 27 Distribution of 5FU to GIT over time expressed as mean (solid fine)
of % injected dose (vertical bars representing stdv) vs. time.

The SFU distribution to the GIT are shown in figure 27. The pattem of
distribution, relative to the other tissues, reflect some initial GIT distribution with high
levels to start, then dropping from 30 to 240 minutes. However, from 240 to 1440
minutes a very gradual rise in SFU detected refiects a small proportion of GIT

excretion.
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Figure 28 Tumor distribution for 5FU expressed as mean (vertical bar) of %
injected dose (with vertical lines representing stdv) vs time.

The tumor tissue results, like other tissues, show some initial 5FU distribution
that slightly increases over the first two hours (see figure 28). After the initial detectable
levels, SFU tumor levels show a steady decrease in concentration over time. Overall,
the removal of SFU from the subject is supported by initial concentration in the liver
while undergoing metabolic conversion, then excretion via the urine with a small
proportion of GIT excretion.

¢) Biodistribution of FUF in Mice

Graphic interpretation of the data, expressed as % injected dose Vs time, like
the SFU complete plot, was difficult to interpret, but did reveal a feature also common
to the 5FU animal data. The high tail activity which was also attributed to poor FUF
administration technique resuiting in extravasation at the site of injection. Therefore,
the dose administered was comected for FUF in the tail.
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The following is a summary of FUF distribution results followed by a comparison
of this data with the results for the 5FU data. The liver FUF (figure 29) data show

initially high levels with a steady decrease over time.
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Figure 29 Distribution of FUF to fiver expressed as mean of % injected
dose (vertical bar with vertical line representing stdv) vs time.

FUF distribution in the GIT (figure 30) shows some initial uptake followed by a

small decrease and then gradually increasing overtime.
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Figure 30 Distribution of FUF to GIT expressed as mean of % injected dose
(vertical bars with vertical lines representing stdv) vs. time.
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Figure 31 FUF distribution to kidney expressed as mean of % injected dose
(vertical bars with vertical lines representing stdv) vs time.
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The kidney levels show the highest initial resuits relative to the other test
tissues. After the initially high levels there is a steady decrease in kidney levels over

time.
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Figure 32 FUF distribution to the tumor expressed as mean % injected dose
(vertical bars with vertical lines representing stdv) vs time.

Initially the concentration of FUF in tumor are relatively low. From 2 hours to 24
hours the tumor levels gradually increase, especially in comparison to the pattem in
other tissues. Due to the loss of a proportion of the dose in the tail and for purpose of
consistent results for comparison, a correction factor was aiso applied to the FUF data.
The % injected dose of each organ is recalculated after first subtracting the portion of
the dose deposited in the tail from the initial dose. This reduced dose was then taken

as the initial dose and the % injected dose in each organ recalculated.
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d) Relative Comparison of 5FU and FUF Animal Data

The following is a table presented to allow a rough comparison of the
distribution data of SFU and FUF over time to organs tested (see table 5).
Table 5 Comparison of 5FU and FUF animal data corrected for tail

loss, expressed as mean of % injected dose per organ, + /- standard
deviation

MIN LIVER LIVER KIDNEY KIDNEY TUMOR TUMOR GIT GIT
SFU FUF 5FU FUF 5FU FUF 5FU FUF
30 3440 030 10.53 1.47 1.07 0.20 953 543
12,59 0.52 4.04 2.54 1.29 0.35 2.01 0.47
60 11.80 6.83 8.77 2.95 4.17 0.47 0.27 0.33
6.05 6.95 1.97 1.71 2.42 0.57 025 0.57
120 7.37 0.90 5.07 1.27 2.60 2.37 0.77 293
0.32 1.56 2.40 1.21 4.50 4.10 .32 3.00
240 6.67 3.17 1.77 7.90 4.97 0.53 0.70 0.70
5.13 4.03 1.42 13.52 491 0.92 1.21 1.2t
1440 |5.70 4.40 2.33 4.87
1.25 2.66 2.35 3.40
2880 0.0 1.23 5.77 3.70
0 143 6.13 0.50

76



if FUF liver levels were initially high with steady decrease over time, as with

SFU, this woulid be consistent with drugs which undergo metabolic conversion in the

liver.
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Figure 33 Comparison of 5FU (dashed line with open circle and negative
vertical line representing stdv ) and FUF (solid line with filled circle and positive vertical

line representing stdv) distribution to the liver using the mean of the % injected dose vs
time.

For 5FU, even with very large variability, there is an initial distribution to
the liver (34%) with steady decrease over time(to 5%). FUF distribution to the
liver, however, is negligible to start but actually increases over time (table 5,
figure 33, almost 10 fold). On the surface, this would indicate the FUF molecule
is initially distributed elsewhere, gradually finding its way to the liver as a

secondary distribution
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Figure 34 Comparison of SFU (dashed line with open circle and negative
vertical line representing stdv ) and FUF (solid line with filled circle and positive vertical
line representing stdv) distribution to the GIT using the mean of the % injected dose vs
time.

The GIT FUF results start off similarly to 5FU. There is some initial distribution
to the GIT with, some increase from 2 to 24 hours. This would be consistent with a
proportion of fecal excretion, reflecting distribution to GIT tissues then excretion into
GIT contents followed by slow movement of the contents out of the system from there.

The slow GIT process may result in some accumulation which would explain the slight

increase from 2 to 24 hours.

Although the precision of the analysis was unsatisfactory, it can be considered
that the data profile for FUF distribution in mice differs from 5FU distribution. Especially
in the kidney and liver. Distribution of both 5FU and FUF to tumor tissue doesn’t seem

to follow a discemable pattern (see table 5).
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Figure 35 Comparison of 5FU (dashed line with open circle and negative
vertical line representing stdv ) and FUF (solid line with filled circle and positive vertical
line representing stdv) distribution to the kidney using the mean of the % injected dose
vs time.

Distribution to the kidney differs from SFU & FUF over time. Similar to the
liver distribution, 5FU ta the kidney is, initially, relatively high, with a steady
decrease over time. The FUF kidney distribution is initially low, steadily rising
over time. FUF may be trapped elsewhere initially, with subsequent cleavage,

resulting, ultimately in excretion in the urine,
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Figure 36 Comparison of SFU (dashed line with open circie and negative
vertical fine representing stdv ) and FUF (solid line with filled circle and positive vertical
line representing stdv) distribution to the tumor using the mean of the % injected dose
vs time.

After initially low levels, FUF tumor levels show steady increase from 2 to 24
hours. This may reflect a slow trapping and accumulation of FUF by

immunorecognition sites, with subsequent redistribution to the kidney.

Due to the variability of results and the discussed inherent problems with using
neutron activation analysis as the detection tool in this particular study, more

information was needed. Subsequent work was done using a dual label technique.

C) DUAL LABELLED FUF BIODISTRIBUTION STUDY
A biodistribution study using dual labelled, *H and *“C, FUF has also been

undertaken to determine the distribution of FUF and to determine the extent of base /
sugar cleavage. This is important to determine if FUF is acting as a prodrug to deliver
S5FU to the liver. This study will provide evidence as to where and when the FUF is
cleaved to release 5FU.



The radionuciides used for this study were ' C and 'H labelled compounds. The
test pharmaceuticals studied were 3H labelled fucosyl-5-fluorouracil, labelled with 3H at
the “6” position of the 5FU portion of FUF, fucosyl-5-fluoro-{6- H-uracil ( HFUF) and
the “C labelied compound with a 1‘(: label at the “1” position of the sugar (fucose)
moiety, [1-" Clfucosyl-5-flucrouracil ( CFUF). ' C and 'H are both radionuclides that
decay exclusively via B emission of different but overlapping characteristic energies.

The mice were administered labelled FUF material containing predetermined

3 14
amounts of fucosyl-5-fluoro-{6- H}-uracil and [ C-1'}ucosyi-5-fluoro-uracil in order to

provide the appropriate overall dosage (mg/kg) while maintaining each radionuclide
14
within optimum detection limits. The C activity was taken to represent the distribution

of the fucose portion of the FUF molecule, while the 3H activity was taken to represent
the SFU portion of the FUF molecule. With their overlapping B spectra, it was
necessary to separate and determine the activity of each B emitting radionuclide. Two
significant resolution problems occur when attempting the direct analysis of biological

samples containing both of these radionuclides:

1) Overiap of the puise height spectra of “C and 3H necessitate resolving one
from the other. Any such resolution would be at the expense of counting efficiency.
2) Variable quench due to the physicat and chemical properties of the
biological samples themselves has a further negative impact on the separation and

counting efficiencies of the radionuclides.

Both of these problems are usually accounted, but not compensated for, by the

use of a method of "Dual Label” counting in a liquid scintillation (DLLSC) system. The
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“Dual Label” method of resolving the radionuclides is a complicated, time consuming
method involving several procedures subject to loss of efficiency and therefore
increasingly inaccurate.

To overcome the primary concems of energy spectrum overlap and
interference from quench, a different method of sample treatment was selected. The
biological samples were first processed in a biological oxidizer. This combustion
method allows for the separation of the radionuclides and results in samples in which
quench correction is not a concem. Consequently, this technique allows for the
separation of the two 3 emitters without complicated window setting and efficiency

calculations.

Figure 37 shows the distribution of *H and '*C to the liver as the mean of the %

injected dose per organ.
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Figure 37 Distribution of labelled FUF to the liver (dashed line with open
circle represents 5FU with negative vertical line representing stdv and sofid line with
filled circles representing fucose with positive vertical line representing stdv) expressed
as the mean and stdv of the % injected dose vs time.

82



It is possible to discem a pattern of distribution to the liver, from 15 to 30
minutes, in figure 35, of the *H and '“C labelled components of FUF. These data
indicate that at least a proportion of the FUF dose, has been cleaved and that the base
portion of the molecule accumuliates in the liver. The cleavage appears to represent a
significant proportion of the FUF dose within 15 to 30 minutes, even when considering
the large deviation of the data.

The 5FU component in the liver declines more rapidly between 15 and 30
minutes than in any other tissue. in sharp contrast, , the fucose liver distribution is the
only tissue result showing an increase from 15 to 30 minutes. This definitely supports a

conclusion of FUF cleavage prior to, or at least during the 15 to 30 minute period.

Figure 38 shows the *H and C distribution data for the tumor.
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Figure 38 Distribution of iabelled FUF to the tumor (dashed fine with open
circle represents 5FU with negative vertical line representing stdv and solid line with
filled circles representing fucose with positive vertical line representing stdv) expressed
as the mean and stdv of the % injected dose vs time.
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3
In tumor tissue there are initially higher levels of both the base ( H) and the

sugar ( C), with tritium leveis being comparatively higher. The base levels foliow a
downward trend from 9 to 13 % after 15 minutes to 2 to 10 % after 30 minutes. The
fucose levels do not follow the same pattemn. Initial levels don’'t change much from 15
to 30 minutes at about 3 to 4 %. A model which may represent this type of outcome

would be the following.

During initial distribution FUF is metabolized to its component base and sugar.
This initial cleavage of the base-sugar complex is followed by metabolism and
elimination of the base that is more rapid than the sugar elimination. A tissue of

interest which is involved in the elimination of most foreign substances is the kidney.

4 3
Figure 39 shows the kidney results with a comparison of the ! C and H vs time.
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Figure 39 Distribution of labelled FUF to the kidney (dashed line with open
circle represents SFU with negative vertical line representing stdv and solid line with
filled circles representing fucose with positive vertical line representing stdv) expressed
as the mean and stdv of the % injected dose vs time.



There were relatively high levels of both ' C and H (30 to 34%) at 15 minutes.
The tritium levels, representing the labeiled base, remain fairly high after 30 minutes (
1510 40% ). The ' C levels, representing the labelled fucose, are low to start, with a
slight increase after 30 minutes.

The differential pattem of distribution between the base and the sugar would
tend to support the idea that the FUF molecule is broken down to its components
rapidly after its administration. The remaining biological sample tested was the blood,
with the results shown in figure 38 as a comparison of the % injected dose of 3H and

14
C Vs time.
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Figure 40 Distribution of labelled FUF to the blood (dashed line with open
circle represents SFU (*H) with negative vertical line representing stdv and solid fine
with filled circles representing fucose (**C) with positive vertical line representing stdv)
expressed as the mean and stdv of the % injected dose vs time.

3 1
Relative to the other test tissues, the blood levels are low for both Hand ' C,
with levels at anytime below 3% of injected dose. The fucose portion of the molecule

shows slight steady decline in blood levels from 15 to 30 to 60 minutes of 2% to 1% to

3
.5%. The 5FU ( H) levels show a fairly constant concentration from 15 minutes (0.4-

0.8%) to 30 minutes (0.4 to 0.8%) to 60 minutes (0.5%).
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Based on analysis of the pattemn of radionuclide distribution, FUF is cleaved to
its component base and sugar rapidly upon entering the system. This conclusion is

based on the pattemn of results obtained for tumor, kidney, and blood samples. in each

14
of these tissues, the pattern of distribution of 3H differed from that of C. The only

tissue samples analyzed that resulted in a similar pattern was for the liver.

V) SUMMARY & CONCLUSIONS

A) ANALYSIS OF FUF BY INAA

The detection limits for neutron activation analysis of samples for fluorine
content are too high to be useful for this study. The results in [V. B. ii. a.) (p. 62)
illustrate a comparison of the optimum detection limits for analysis of fluorine
containing samples by this method with optimum detection limits. The sensitivity
of this method would require a 70 fold concentration of the test drug to acquire
the optimum detectable range.

in addition, the fluorine content of the samples is outside detection limits
enough to be reflect by the variability of the results. The variability of the results

in the detectable range, indicate they are not reliable.



B) DUAL LABEL FUF RESULTS RELATIVE TO METABOLISM

Analysis of the *H/'C ratio would tend to support evidence of cleavage of
the FUF molecule soon after administration. If the FUF molecule were intact
until reaching the liver, where it is released as 5FU to exert its cytotoxicity, a
certain pattern would be expected. That is, each component should show
identical initial distribution, with concentration in the liver. Here cleavage would
occur, releasing the components for redistribution. At this point the relative
concentrations of the components would become disparate. The results indicate
a diversity of distribution right from the beginning. This would be consistent only

with initial cleavage of the FUF molecule.
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A) APPENDIX 1: DATA INTERPRETATION CALCULATIONS

i) DUAL LABEL COUNTING TECHNIQUE
The following outlines a technique used to determine the activity of two different

B emitting radionuclides contained in the same sample by the method of dual label

liquid scintillation counting (DLLSC).

3 14
The overlapping energy spectra of H and C are shown in figure 41.

A B

COUNTS

PULSE HEIGHT

3 14
Figure 41 Unquenched puise height spectra of H and C indicating
possible window settings for dual label counting

This technique strategically employs window settings of differing energies to

discern and quantify these mixtures of § emissions. in figure 41, “A” and “B” represent

window settings. Window “B” can be set to record counts due to only 14C. Although this
window setting results in a decreased overall counting efficiency for 14C than a window
encompassing “A” and “B”, it would allow for determination of the activity of 14C alone

3 14
in a sample containing both Hand C.

3
In such a mixture, no window setting can be chosen to count H that would not

14 3
also include C. The dual label technique allows for the activity of H to be determined
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14 14
by first determining the C activity in that window, then subtracting the C activity from

3
the total activity with the remaining activity being attributed to H (Horrocks, 1974). This

is achieved by the following steps:

e Use window B to count a known *“C standard.
o After determining the counts per minute (cpm) in window B for the '*C standard, the
counting efficiency (CE) for *C in window B can be calculated.

i.,e) CE = cpm(-background)/dpm X100

o The total counts in window A are then determined

« The CE of “C in window A is determined by added a standard of **C (known dpm).
The counting efficiency of *C in window A is calculated after determining the change
in cpm after addition of the '“C standard.

o The total cpm in window A are determined

e With the CE of 'C in window A, that was calculated, the portion of activity due to
C in window A is calculated.

o The activity of *H is then determined by subtracting the contribution in window A
from “C (as calculated) followed by a calculation of the dpm for *H from the remaining
cpm value and the CE of *H in window A.

it) OPTIMUM DOSE FOR DETECTION USING NAA
The following is a calculation of the theoretical detectabie dose of 5FU needed

when using NAA as the method of sample analysis. Using the results of the calibration
curves data, in combination with the relative detection limits, the dose needed to

produce samples within the optimum detectable dosage range can be calculated back

as follows:

e 200 ug of fluorine detected represents x g of 5FU

e mwtF=19

e mwt5FU =130

e 13019 = (x) ng SFU/200 ng F

e x=1368 pg 5FU or 1.37 mg of 5FU in a 2 g liver

e 1.37 mg/2g x 1000 g/kg = 1368 mg of 5FU/2kg = 684 mg/kg of SFU as optimum

detectabie in the liver
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ili) NAA DATA CALCULATIONS
a) Standard Curve Equation For ug F

1) Half Geometry
From figure 17;

Y axis = counts (peak area) @ 1634 keV

X axis = ug fluorine

using first order regression statistics the resulting equation is

counts @ 1634 keV = 28.23 + (4.64 x ug F)

o] (0 ] U RSSO 28.229002201

o [ 1 TR RTOTTRRR 48443878578

T 2 ettt et e e eeeneete e et e e tee e e e eaeae e e e areeeeeeeeeanntee e onomneeeean 0.9308422535
The first order linear regression equation for the variables involved in this

standard curve is:

counts = b[0] + (b{1] x ug F)

rearranged:

ug F = counts(1643) - b[0]
b[1]

substituting:
= counts - 28.23
464
Equation 1 pug F = 0.22(counts at 1634 keV) - 6.08

2) ugF FULL GEOMETRY
From figure 18, the first order regression statistics result in the following
equation:

e Y axis = counts (peak area) @ 1634 keV

o X axis = pug fluorine Coefficients:

O [0 e 36.2019485135
O Dl e 5.688227152
T e e, 0.7982998791

e using first order regression statistics, the resulting equation is
counts @ 1634 keV =36.2 + (5.69 x ug F)

rearranged: ug F = counts(1643) - b[0]
b{1]
substituting:
= counts - 36.2/5.69
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Equation 2 Full Geometry ug F = 0.18(counts 1634 keV) - 6.36

b) STANDARD CURVE EQUATION FOR SODIUM INTERFERENCE

1) Half Geometry
a) Counts at 1634 keV

From figure 19,
Y axis = counts (peak area) @ 1634 keV
X axis = ug Na

Coefficients:
B0 e 23.827176436
o 1 (S TSRO 0.0234302278
T 2 ettt e e e et e ettt e e —aeea e e e e e et e e et e e et e aeeeaeee e e e e e eereeeeeeeeannnns 0.77
The first order linear regression equation for ug Na standard curve
ug Na = counts(1643) - 23.83
0.0234

Equation 3 ug Na = 42.74 (counts1634) - 1018.38

b) Counts at 1368 keV

From figure 20,

Y axis = counts (peak area) @ 1368 keV
X axis = ug Na Coefficients:

DL O] e 60.1534094674
B e 0.1109137971
L 2 et oottt e et et e et et e e eae st e e e e e eaneeenaeeens 0.989

The first order linear regression equation for ug Na standard curve:

ug Na = counts(1368) - 60.15
0.111

Equation 4 ug Na = 9.01 (counts1368) - 541.89

To solve for the counts at 1634 keV (Equation 3) relative to the counts at
1368 keV (Equation 4), for a given sample with a known pg of Na, the common

factor j§ ass of Na. Therefore, for a given mass of Na;
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Equation 3 pg Na = 42.74 (counts1634) - 1018.38
Equation 4 ung Na = 9.01 (counts1368) - 541.89

then

42.74 (counts1634) - 1018.38 = 9.01 (counts1368) - 541.89

42 .74(counts1634 keV) = 9.01 (counts 1368 keV) + 476.49

Equation 5 counts1634 = 0.21(counts 1368 keV) + 11.15

The above equation 5 is calculated by a correlation of the regression lines

of figures 21 & 22. To double check, another was employed. Figure 23 is a direct

regression plot of half geometry counts at 1388 keV Vs counts at 1634 keV. The

equation derived directly from this plotis :

counts1634 = 0.216(counts 1368 keV) + 9.07

2) FULL GEOMETRY
The full geometry equations were derived in the same manner as with the half

geometry equations using information derived from figures 21, 22 & 24. The resulting

equations, for a given mass of Na, are:

Equation 6 pg Na = 30.30 (counts1634) + 193.33 (figure 21)
Equation 7 ug Na = 10.42 (counts1368) - 606.88 (figure 22), then

30.30 (counts1634) + 193.33 = 10.42 (counts1368) - 606.88, which simplifies to,

Equation 8 counts 1634 keV = 0.34 (counts 1368 keV) - 26.41

To verify this calculation, figure 24 is a direct regression piot of full geometry

counts at 1368 keV Vs counts at 1634 keV. The equation derived from figure 24 is;

counts 1634 keV = 0.346 (counts 1368 keV) - 27.6

~¢) NAA SUMMARY OF EQUATIONS DERIVED FROM STANDARD CURVE DATA
Equation 1 Half Geometry ug F = 0.22(counts at 1634 keV) - 6.08

Fquation 2 Full Geometry pg F = 0.18(counts 1634 keV) - 6.36
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Equation 3 Half Geometry ug Na = 42.74 (counts 1634) - 1018.38
Equation 4 Half Geometry ug Na = 9.01 (counts 1368) - 541.89
Equation § Half Geometry counts1634 = 0.21(counts 1368 keV) + 11.15
Equation 6 Full Geometry ug Na = 30.30 (counts 1634) + 193.33
Equation 7 Full Geometry ug Na = 10.42 (counts 1368) - 606.88
Equation 8 Full Geometry counts 1634 keV = 0.34 (counts 1368) - 26.41

d) NAA ANIMAL DATA CONVERSION

1) Determination of ¥ in animal samples
The kidney, GIT and tail samples were treated as Half Geometry samples and

the liver and tumor samples as Full Geometry samples. The following is a sample

calculation of a kidney sample taken 30 minutes post SFU administration.

Mouse mass =220 g
kidney mass = 0.405 g
mwt F = 19

mwt 5FU = 130

counts at 1634 keV = 163
counts at 1368 keV = 215

The total F, from all sources, in the sample is calculated with equation 1, since
a Half Geometry sample is involved.

Equation 1 Half Geometry ug F = 0.22(counts at 1634 keV) - 6.08

The counts at 1634 keV from Na interference is calculated with equation 5 and
to save time is incorporated into equation 1 so that its solution would then be the net
mass of F.

Equation 1 Haif Geometry png F = 0.22(counts 1634 total - 1634 Na) - 6.08

Equation 5 Half Geometry counts1634 = 0.21(counts 1368 keV) + 11.15
=0.21(215) + 11.15
=56.3
ug F =0.22(163 - 56) -6.08
= 17.46
1 ug F represents 130/19 = 6.842 ug of SFU
17.46 (6.842) = 119.46 ug of SFU The initial dose administered was 0.2 mL of
a 10 mg/mL solution.
=2 mg SFU = 2000 ug of SFU
% injected dose per organ = 119.46 x 100/2000 = 5.97 %

The FUF samples were treated similarly, substituting the mwt of FUF for that of

fru.
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e) NAA CORRECTION FOR TAIL LOSS
To account for tail loss, the results were adjusted to account for a reduced

administered dose. For the above sample 30.14% of the dose was detected in the tail.

This was applied as the reduced initial dose:

5.9 (111-.3014) = 8.2%

B) APPENDIX 2. SYNTHESIS

i) SYNTHESIS OF FUCOSYL-S-FLUOROURACIL (V.J. Somayaji)
Synthesis of FUF was carried out by V.J. Somayaji and obtained very good

yield by coupling the peracetylated fucose with 2,4-bis(trimethylsilyloxy)-5-fluorouracil
in the presence of stannic chloride. The coupling reaction was carried out by standard
procedure using Hilbert Johnson reaction to obtain pure compound (3), 1-(2°,3',4’-tri-O-

acetyl-p-L-fucopyranosyl)-5-fluorouracil (figure 40) with 83% yield. This was verified by

13
TLC, melting point, C and proton NMR. The deblocking of compound (3) produced a

94% yield of compound (4), 1-(B-L-fucose)-5-fluorouracil (FUF), 645 mg.

0
This was characterized and verified with a melting point of 239-241 C, TLC

RF=0.22. Additional characterization included mass spectrum analysis{nrass =
19 1
276.0754 for C1oH13N2O6F, with a calculated value of 276.0757), F-NMR, H-NMR,
13
and C-NMR (Somayaji, 1989).

L-fucose-5-fluorouracii nucleoside was obtained in good yield by coupling the
peracetylatad fucose with 2,4-bis(trimethylsilyloxy) 5-flucropyrimidine in the presence
of stannic chloride. The solvents were distilled before use. These were dried by
standard methods. TLC analysis was carried out on silica gel Whatman MK6F
microplates using 4:6 ethyl acetate-toluene (solvent A) or 1:4:2 n-propanol-ethyl

acetate-water (solvent B). Column chromatography was performed on silica gel powder
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(60-200 mesh). All melting points are uncorrected. Proton, ‘3C. and 19F NMR spectra
were recorded on a Brucker AM-300 spectrometer. Chemical shift (5) values are given
in ppm and coupling constant, J, in Hz. Low resolution mass spectra were measured
on a Hewlet Pacl-<ard 5995 mass spectrometer and exact mass spectra were measured
on an AEl MS-50 mass spectrometer. Peracetylated fucose was prepared by adopting
the standard procedure (Leaback , 1969). 5-FU was silylated using hexamethyl
disilazane in the presence of small amount of ammonium sulfate (Beranek, 1978).
Coupling reactions were carried out by standard procedures using Hilbert Johnson

reaction.
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Figure 42 Synthesis of fucosyl-5-fluorouracil

1) 14(2’,3',4'-tri-O-acetyi-p-L-fucopyranosyl)-5-fluorouracil (3)
A solution of 2,4-bis(irimethylsilyloxy)-5-fluoropyrimidine (1.9 g, 7 mmol) was

added to a stirred solution of peracetylated L-fucose (2.0 g, 6 mmol) in dry 1,2-

dichlorostane (100 mL) and the mixture was cooled to OOC. Stannic chioride (0.82 mL,
7 mmol) in 1,2-dichioroethane (50 mL) was added to the reaction mixture with vigorous
stiring, and the mixture allowed to come to room temperature. Stirring was continued
for 12 hours. After this period, the reaction mixture was shaken with saturated sodium

hydrogen carbonate solution and then with water. The organic layer was dried over
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anhydrous sodium sulfate and solvent was evaporated. The residue obtained was

purified on silica gel column using solvent A as an eluent and obtained pure compound

13
(3) (2.0 g) in 83% yield. This was also verified by TCL, MS, and proton and C NMR.
2) 1{p-L-fucopyranosyi)-5-fluorouracil (4)
A solution of (3) (1 g, 2.5 mmol) in methanolic sodium methoxide (10 mL,
0.05M) was stored at room temperature for 2 days leading to direct crystallization of
compound (4) (654 mg) in 94% yield. Chemical synthesis, characterization and

analysis were done by V.J.Somayaji (Somayaji, 1989).

ii) RADIOLABELLED FUF SYNTHESIS
Radiolabelled FUF was also synthesized with the products possessing a

different radiolabel on a major component of the molecule. One product possessing a

3 14
H radiolabel located on the base portion of FUF and the other having a C radiolabel

on the sugar portion. The synthesis procedures for the radiolabelled compound was

the same as the procedure for the cold synthesis. The only variation was in that of the

corresponding starting materials.

14
1) C Labelled FUF 14 -
The starting materials for L-{1- Clfucosyl-5-fluorouracil included a C atthe 1’

14
position, L-[ CJfucose (0.149mg, 50 mCi, 55 mCi/mmol), obtained from Amersham

Canada Limited, Oakville, Ontario.
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Figure 43 Synthesis of radiolabelied L-[1- C]fucosyl-5-fluorouracil
This was mixed with 0.6 mg of cold L-fucose as part of the regular starting

materials. The specific activity was decreased to 10.94 mCi/mmol. After the acetylation

14
step 25 mCi of peracetylated L-[1’- C]fucose (1) was obtained.

Using the labelled material, following the FUF synthesis procedure (figure 43), a

14
C labelled product was obtained. The total activity of the product was determined to

be 15.8 mCi with a specific activity of 10.38 mCi/mmol.
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2) Tritium Labelled FUF
The same synthesis procedure as for cold FUF synthesis was followed with the

exception of the 5FU starting material. In this case, 5FU (2.63 mg) is mixed with

3
radiolabelled 5FU (1 mCi, 0.0066 mg, of 5-fluoro-[6- H}-uracil) for a specific activity of
20 Ci/mmol, resulting in a starting material mixture of SFU with a specific activity of 50

mCi/mmol.
OSiMej3
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)\ (NH4)280,4 MesSio ﬁ "
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(1) (2)
5-FLUORO-6-3 H-URACIL
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0oC
v
1 o)
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! - N
o H o 3h
Me Me Q
OH OA
OH OAc

4) (3)

Figure 44 Synthesis of tritium labelled FUF
After drying the sample it was mixed with hexamethyldisilazane (1 mL) and 0.1

mg of ammonium sulfate and refluxed for 2 hours under nitrogen atmosphere. This
produced the desired radiolabelled substrate, 2,4—-bis(trimethylsiloxy)-5—ﬂuoro-{6~3H]-
uracil (2), that was then used in the same procedure as in the cold synthesis (see
figure 44).
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After reacting with the tetrahydrofucose, the mixture was washed and the
organic phase was dried over anhydrous sodium sulfate and solvent evaporated under
vacuum. The activity of the organic layer was 500 mCi, with the aqueous phase having
an activity of 450 mCi. After purifying via TLC the pure product obtained (3) had an
activity of 450 mCi. This product had an RF value of 0.19, under the same TLC

conditions to that of the cold compound.

Product 3 was then deblocked via the same procedure as in the cold synthesis

to obtain compound (4). After filtration and concentration, 2.45 mg of product 4 were

obtained.
C) APPENDIX 3 DISTRIBUTION RESULTS
i) NAA STANDARD DATA RESULTS

a) Fluorine

Table 6 Fluorine Standard Curve Data. Relating activity observed over time
at 1634 keV for half and full geometry samples of incremental fluorine ( u F) mass
samples.

u g Fluorine Counts HALF Geometry Counts FULL Geometry
2 0 2%
2 o p<)
2 0 0
4 47 0
4 K 1) 0
4 38 0
8 ]
8 62 87
8 -] 54
16 15 27
16 172 136
16 143 ]
2 am 20
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x 314 246
R 311 313
114 a7
124 727
128 426 581

128 35 720
128 415 1095
197 1384
197 2036
197 1710
200 1821
%56 1361 1367
256 1415 1080
256 1136 1306

b) Sodium

Table 7 Sodium Standard Curve Data. Relating activity observed at 1634 keV
and 1368 keV for half and full geometry samples of incremental p g of sodium over
time.

pg Na HALF Counts 1634  Counts 1368 g Na FULL Counts 1634 Counts
1368

180 2t ] 180 ] 28
360 0 n 180 ] K <]
360 20 64 360 0 3
360 57 S <]

720 ¥ 105 720 0 94
720 o 114

720 0 12

1440 ) 340 1400 0 213
1440 s8 191 1400 0 172
1440 81 184 1400 0 196
2000 114 3 2000 9% 83
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<4000 184 6% 4000 5 606
16000 o8 1833 16000 o6 1616
20000 32 2170 20000 S73 1911

ii) SFU ANIMAL DATA RESULTS
a) Liver
Table 8 Liver Results For §FU. Counts at 1634 & 1368 keV, along with the

liver mass, combined with known parameters is used to determine 5FU distribution to
the liver expressed as % injected dose over time.

Minutes Mouse g Liver mg Counts 1634 Counts 1368 % Injected
Dose
0 2 1037 270 o t49
20 24 1049 40 163 21.1
20 P 1127 07 0 2.1
60 3 1002 2065 153 78
€0 P2 1250 242 96 1.2
&0 24 764 197 283 47
120 p.<) 1142 215 36 46
120 24 1002 s 0 46
120 b5 954 192 266 47
240 24 1270 0 240 32
240 27 1258 214 181 76
240 26 1185 148 286 1.6
1440 27 1102 168 281 29
1440 27 1041 @ 0 46
1440 27 1125 151 217 33

Table 9 Kidney Resuits For 5FU. Counts at 1634 & 1368 keV, along with the
kidney mass, combined with known parameters is used to determine SFU distribution
to the kidney expressed as % injected dose over time.

Minutes Mouse g Kidneymg Counts 1634 Counts 1368 % Inj.

Dose
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Table 10 Tumor Results For 5FU. Counts at 1634 & 1368 keV, along with the
tumor mass, when combined with known parameters is used to determine 5FU

distribution to the tumor expressed as % injected dose over time.

Minutes Tumor mg Counts 1634 Counts 11368 % Injected
Dose
0 187 61 88 05
20 Q3 134 15
373 80 217 0
60 pz<] 7 96 09
631 154 22 a3
191 142 112 49
120 84 54 96 o]
825 205 28 48
130 7 170 o]
240 986 282 a2 63
633 174 433 02
04 147 219 29
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1440 210 4]

5 8

Table 11 GIT Results For SFU. Counts at 1634 & 1268 keV, along with the GIT
mass, combined with known parameters is used to determine SFU distribution to the
GIT expressed as % injected dose over time.

Minutes GIT mg Counts 1634 Counts 1368 % Injected
Dose
0 440 119 37 52
73 13 281 59
573 117 .231 72
60 6682 0 o 0.2
60 148 200 0
233 67 127 0.4
120 327 57 100 0
275 & 135 1.4
517 80 275 o
240 600 112 241 13
727 170 04 0
620 0 254 0
1440 668 31
815 0 an 12
620 124 324 39

Table 12 TAIL Results For 5FU Counts at 1634 & 1368 keV, along with the tail
mass, combined with known parameters, is used to determine SFU deposition to the
tail expressed as % injected dose over time.

Minutes Tail mg Counts 1643 Counts 1368 % Injected

117



Dose
K o) 572 456 o 0.1
as 660 280 405
612 644 41S 373
&0 S04 588 <] 345
668 613 2/ 372
576 314 209 169
120 630 566 82 338
Se2 642 319 386
615 648 K -3 381
290 614 617 o 375
676 615 N7 37.1
677 519 328 348
1440 623
679 X6 pr.o] 17.2
654 832 275 528

Table 13 % Injected Dose Of SFU Per Organ Counts at 1634 & 1368 keV,
along with the organ mass involved, combined with known parameters, used to
determine S5FU distribution expressed as % injected dose over time.

Minutes LIVER KIDNEY TUMOR GIT TAIL
0 149 5.9 05 52
211 49 15 59
291 95 o 72
60 78 66 09 02
12 6.1 33 0
47 5.4 49 0.4
120 46 42 0 o
46 41 48 14
47 14 o 0
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240 32 21 63 13
78 as Q2 0
16 0.7 29 o

1490 29 45 o} 31
46 13 39 12
33 22 1.1 39

Table 14 5FU data corrected for tail, % injected dose per organ Counts at
1634 & 1368 keV, along with the organ mass invoived, shown here, when combined
with known parameters can be used to determine 5FU distribution expressed as %
injected dose over time.

MINUTES LIVER KIDNEY TUMOR GIT
K] 213 82 07 74
Ko} *s 8.2 25 98
2 464 152 0 14
€ 119 10.1 1.4 03
60 178 97 52 0
€ 57 6S 59 05
120 7 63 ] 0
120 75 86 78 23
120 76 23 0 0
240 5.1 34 101 21
220 124 08 03 0
2490 25 1.1 45 0
1440 45 69 ] 48
1440 56 16 47 15
14490 7 47 23 83
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Figure 45 5-FU animal results expressed as % injected dose Vs time

iti) FUF NAA animal data results

Table 15 FUF NAA Animal Resuilts For Tail Counts at 1634 & 1368 keV, along
with the tail mass involved, shown here, when combined with known parameters can
be used to determine FUF distribution to the tail expressed as % injected dose over
time.

Minutes Mouse g Tait mg Counts 1634 Counts 1368 % Injected Dose

0 2 640 346 283 18.1
<74 637 640 387 6.1
28 608 320 277 163
60 0 614 97 B2 349
0 632 658 247 40.1
28 651 826 329 S1.6
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Table 16 FUF NAA Results For Liver Counts at 1634 & 1368 keV, along with
the liver mass involved, shown here, when combined with known parameters can be
used to determine FUF distribution to the liver exprassed as % injected dose over time.

Minutes Liver mg Counts 1634 Counts 1368 % Injected Dose

) 12t4 o 212 o
1188 156 <= 08

87 0 3n 0

80 110 187 270 43
1020 210 151 82

980 0 245 0

120 B3 0 183 0
1224 0 3ts 0

1130 131 260 12

240 1106 125 239 12
1380 0 8 o]

1327 150 129 55

2880 1205 0 296 0
1195 0 207 o]

1228 0 o 0
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Table 17 NAA FUF GIT Data Counts at 1634 & 1368 keV, along with the GIT
mass involved, shown here, when combined with known parameters can be used to
determine FUF distribution to the GIT expressed as % injected dose over time.

Minutes GIT mg Counts 1634 Counts 1368 % Injected Dose
9] 67 156 238 46
317 84 262 36
574 135 0 4.1
60 276 85 231 o
258 86 172 0
320 a7 273 05
120 208 58 187 o]
N 40 115 20 14
237 = 189 27
240 541 100 274 14
543 61 183 o}
684 0 311 0
2880 679 134 272 29
568 120 332 18
673 135 216 a2

Table 18 FUF NAA Tumor Data, Counts at 1634 & 1368 keV, aiong with the
tumor mass involved, shown here, when combined with known parameters is used to
determine FUF distribution to the tumor expressed as % injected dose over time.

Minutes Tumor mg Counts 1634 Counts 1368 % Injected Dose
0 428 a3 152 05
211 0 160 0
383 118 286 0
60 375 148 333 07
345 13 22 02
313 108 284 0
120 477 108 36 o
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601 189 02 0o
788 3 455 32
240 S0 0 Q4 o
177 134 a5 o
746 13 326 1.1
2880 606358 198 0 105
82 64 272 o
o2 0 42

Table 19 FUF NAA Kidney Data. Counts at 1634 & 1368 keV, along with the
kidney mass involved, shown here, when combined with known parameters used to
determine FUF distribution to the kidney expressed as % injected dose over time.

Minutes Kidney mg Counts 1634 Counts 1368 % Injected Dose

0 474 143 277 36
416
ar 0 214 0

60 313 121 28 18
30 551 206 8
3r7 110 265 15

120 xs1 as 190 69
368 1 280 12
438

240 407 83 262 )
507 o7 268 05
519 35 05 169

2880 04 127 284 24
461 0 293 o
528 101 267 o8
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Table 20 FUF NAA Data Corrected For Tail Loss, % Injected Dose Per
Organ Vs Time

Minutes Liver Kidney Tumor GIT
0 0 44 06 56
09 0 o} 58
o] 0 o} 49
& 6.6 28 1.1 0
139 573 03 0
0 a1 ) 1
120 o 14 ] 0
o 24 0 28
27 ] 71 6
240 18 ] 0 21
0 06 0 0
77 238 1.6 o}
2880 0 28 122 33
0 0 o 29
] 09 5.1 39

iv) DUAL LABELLED ANIMAL STUDY RESULTS

Table 21 Dual Label leer results. With % injected dose of *H representing
fucosylé-ﬂuoro—[S- H]-uracil ( HFUF) distribution to the liver over time. In addition, %

injected dose '“C representing [1'- C}fucosyl-S-ﬂuorourac:I( CFUF) or the fucose
portion of the molecule, to the liver over time.

Minutes % injected Dose °H % Injected Dose ''C
15 16.7 25
358 o1
742 S4
0 34 1.7
60S 63
156 4
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Table 22 Dual Label FUF Tumor resulls With % injected dose of *H
representing fucosylé-ﬂuoro-[s- Hl-uracil ( HFUF) distribution to the tumor over time.

In addition, % injected dose C representing [1'- C]fucosy(-S—ﬂuorouracul ( CFUF) or
the fucose portion of the moiecule, to the tumor over time.

Minutes % Injected Dose “H % Injected Dose 'C
15 13.7 a4
86 44
74 37
<o 29 25
109 43
49 24

Table 23 Dual Label FUF kidney results With % injected dose of *H
representing fucosyl—5-ﬂuoro-{6— H]-uracil ( HFUF) dlstnbutlon to the kidney over time.

In addition, % injected dose *C representing [1’- C]fucosyl-s-ﬂuorouracﬂ ( CFUF) or
the fucose portion of the molecule, to the kidney over time.

Minutes % Injected Dose “H % Injected Dose ''C
15 347 341
S o]
208 01
0 148 6.1
2.7 63
421 9.2

Table 24 Dual Label Blood resuits. With % injected dose of *H representing
fucosyl-5-ﬂuoro—[6- HJ-uracil ( HFUF) distribution in blood hver over time. In addition, %

injected dose '“C representing [1'- C]fucosyl-s-ﬂuorouracﬂ( CFUF) or the fuccse
portion of the molecule, in blood over time

Minutes % Injected Dose “H % Injected Dose “C
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