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Various approaches have been tried experimentally and clinically to

improve the therapeutic gain of IUdR radiosensitization in poorly
responsive human tumors. First, since IUdR is rapidly dehalogenated
by hepatic and extrahepatic metabolism, direct intraarterial continuous
infusions have been used to deliver a higher steady-state drug con
centration to the tumor. Both intracarotid and intrahepatic arterial
infusions in humans have been found to increase tumor bed drug
concentrations by up to a factor of 10 (approaching i05 M), and
modest gains in tumor response appear possible with this technically
more difficult continuous drug delivery approach (8â€”10).

A second potential approach to increase IUdR radiosensitization is
to attempt to decrease de novo TdR production in tumor cells using
concomitant administration of TS inhibitors. However, a Phase I
clinical trial of continuous i.v. infusions of IUdR and 5-fluoro-2'-
deoxyuridine (a TS inhibitor) for two 14-day periods during a 6â€”7-
week period of radiation therapy suggested only additive effects of
concomitant IUdR and 5-fluoro-2'-deoxyuridine using the endpoints
of normal tissue toxicities (myelosuppression and diarrhea) and HPLC
analysis of IUdR-DNA incorporation in peripheral granulocytes (1 1).
At present, we have begun a Phase I clinical trial using IUdR with
leucovorin as a potentially less systemically toxic TS inhibitor based
on in vitro data (12).

A third possible approach involves the use of a less systemically
toxic halogenated analogue which is metabolized in vivo to the active
drug by tumor tissue or adjacent normal tissue. The halogenated
deoxycytidines were developed because they had greater solubility
and possibly less susceptibility to dehalogenation than the deoxyuri
dine analogues. However, in early clinical testing, ICdR was found to
be rapidly converted to IUdR via cytidine deaminase in human serum
(13). Experimentally, Cooper and Greer (14) and Perez et a!. (15)
noted enhanced tumor radiosensitization without enhanced normal
tissue toxicities using coadministration of ICdR with tetrahydrouri
dine, an effective deoxycytidine deaminase inhibitor (14, 15). Other
investigators have not found an advantage to ICdR compared to IUdR
as an in vivo tumor radiosensitizer (16). Due to these conflicting
experimental data, the cytidine derivatives have not been tested in
recent clinical trials.

Recently, IPdR has been reported to be converted to IUdR by an
aldehyde oxidase in rat liver (17). This conversion does not require
exogenous cofactors and cannot be catalyzed by mixed function
oxidases, xanthine oxidase, or several other oxido-reductases. Impor
tantly, â€œIPdRoxidaseâ€•activity appears to be most abundant in rat and
human liver with significantly less activity (10â€”100-fold) in rat in
testine, lung, kidney, and spleen (17). These findings suggested that
significant conversion of IPdR to IUdR in normal liver might improve
IUdR-DNA incorporation and radiosensitization in primary or meta
static liver tumors with relative sparing of other rapidly proliferating
normal tissues such as bone marrow and intestine.

This paper reports our in vivo investigations of p.o. administered
WdR with respect to animal toxicity, pharmacokinetics, and IUdR
DNA incorporation in tumor and normal tissues (liver, bone marrow,
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ABSTRACT

5-Iodo-2-pyrimidinone-2'-deoxyribose (ll'dR) was recently reported to

be converted to 5-iodo-2'-deoxyuridine (IUdR) by an nldehyde oxidase,
most concentrated In liver tissue. We questioned whether H'dR could be
used as a p.o. hepatotropic prodrug to increase the percentage of IUdR
DNA incorporationinto liver tumors comparedto normal liver with
acceptable systemic tOxicity.Athymic nude mice with human colon cancer
(Hcr-116) xenograft tumors as liver metastases and s.c. flank tumors
received daily p.o. boluses (via gastric tubes) of IUdR or IPdR for 6 days.
The maximum tolerated dose of IUdR was 250 mglkg/day and was asso
elated with a >10% weight loss and a high percentage of IUdR-DNA
incorporation (>5%) into normal bone marrow and intestine. In contrast,
animals tolerated escalating doses of IPdR to 1 gun/kg/day without weight
loss and with less (13-4%) IUdR-DNA incorporation in normal tissues.
Pharmacokinetic analysis ofp.o. IPdR showed peak plasma levels of IPdR
and IUdR within 15â€”45mm, suggesting efficient conversion of IPdR to
IUdR. Aldehyde oxidase activity was found in normal liver tissue but not
in other normal or tumor tissues. Additionally, we found a 2-3 times
greater percentage of flJdR-DNA incorporation in tumor with IPdR than
HJdR at the highest doses used. However, no differential effect in the
percentage of RJdR-DNA incorporation was noted between liver metas
tases and s.c. twnors with either IPdR or IUdR. We conclude that p.o.
IPdR offers a greater therapeutic index for tumor incorporation (and
presumably radlosensitization) than a similar schedule of lUdit

INTRODUCTION

The TdR3 analogue, IUdR, is an effective in vitro and in vivo
radiosensitizing agent (1, 2). The extent of IUdR radiosensitization is
directly related to the percentage of TdR replacement in mammalian
cells. IUdR has also been found to be a promising clinical radiosen
sitizing compound in selected tumor sites (high grade brain tumors
and sarcomas and colorectal liver metastases) when given as a pro
longed continuous infusion prior to and during irradiation (3â€”7).
However, systemic toxicity to rapidly proliferating normal tissues
(principally bone marrow and intestine) limits the duration and dose
rate of the infusion (6, 7). Clinically, these normal tissue toxicities
may reduce significantly the therapeutic gain of IUdR radiosensitiza
tion in human tumors (1, 2).
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and intestine) using an athymic nude mouse model with the human
colon cancer HCT-116 xenograft. Since IPdR can be administered
orally, we compared the host toxicity and IUdR-DNA incorporation of
IPdR versus IUdR given as a daily p.o. bolus for 6 days. We also
compared IUdR-DNA incorporation into HCT-1 16 cells as s.c. tumors
and liver metastases in athymic mice. Additionally, we measured
plasma levels of IPdR or IUdR and their metabolites for up to 3.5 h
following a p.o. IPdR or IUdR bolus of 250 mg/kg, as well as
measuring tissue levels of several nucleoside enzymes possibly in
volved in IPdR metabolism in tumor and mouse normal tissues.

MATERIALS AND METHODS

Drug and Chemicals. IPdR was synthesized and provided by the labora
tories of Drs. T. J. Bardos (State University of New York at Buffalo, Buffalo,
NY) and T. S. Un (Yale University School of Medicine, New Haven, Cl').
IPdR was dissolved in water and sterile filtered. IIJdR (Sigma Chemical Co.,
St. Louis, MO) was dissolved in 0.1 NNaOH atthe appropriate concentrations.
Nucleoside standards (IUdR, TdR), enzymes for DNA digestion, and other
chemicals were obtained from Sigma.

Cell Culture. All cell culture,media,mediasupplements,andcell culture
reagents were purchased from GIBCO-BRL (Grand Island, NY). HCF-116
cells, a human colon carcinoma cell line (18), were obtained from the Amer
ican Type Culture Collection (Rockville, MD). Cells were cultured in
a-MEM+. HCT-116cells were maintainedat 37Â°Cin a humidified5% CO2
atmosphere. Cells were passaged twice a week to maintain exponential growth.
Cultures were routinely tested and found to be free of mycoplasma contami
nation using a biological culture method (MycoTect Kit; GIBCO-BRL). The in
vitro population doubling time of HCT-116 was 18â€”20h.

In Vivo Toxicity Studies and Tissue Sampling. Two to 10-week-old
female athymic nude mice (20â€”25gm; Harlan Sprague Dawley, Madison, WI),
with and without tumor xenografts, were housed under laminar flow ventila
tion with food and water provided ad ithidum. IPdR was administered p.o.
using a gastric tube once daily at doses of 100, 250, 500, 750, and 1000
mg/kg/day for 6 days. IUdR was also administered p.o. using gastric tubes
once daily at doses of 50, 100, and 250 mg/kg/day for 6 days. Weights were
monitored daily along with visual inspection of the mice to assess morbidity
for 4 days before and during the 6-day treatment. Groups of three to six mice,
with and without tumor xenografts, received the various p.o. doses of IPdR or
IUdR as mentioned above. Control mice (minimum three mice/group) received
a similar volume of sterile water or 0.1 N NaOH daily by gastric tube. These
group experiments were repeated at least three times. Additionally, groups of

four animals receiving IPdR at 250, 500, 750, and 1000 mgfkg/day were
monitored by daily weights for 3 weeks following drug administration. Fol
lowing the 6-day treatment,the remainderof treatedand control mice were
euthanized by cervical dislocation. Tissue samples of normal liver and intes
tine, as well as s.c. tumor or liver tumor in tumor-implanted animals, were
harvested and frozen in liquid nitrogen. Normal bone marrow was harvested
from the femurs of mice by aspirating with a-MEM+, washing twice with
PBS, and pelleting by centrifugation (1000 X g for 10 min).

s.c. Tumor Implantation. Exponential growing cells were detached from
tissue culture plates using 0.1% trypsin in PBS-EDTA, suspended in
a-MEM+, and then resuspended in ice-cold PBS. The cells were then counted
with an Elzone Particle counter (Particle Data, Inc., Elmhurst, IL). Cells (2 X
10@)in 50 @.dof PBS were injected subcutaneously into the caudal dorsal flank
of 4â€”5-week-oldfemale athymic nude mice. The animals were housed under
laminar flow with water and food available ad libidum. All mice were exam

med daily and s.c. tumor dimensions in implanted mice were measured twice
weekly. Over 90% of s.c. implanted mice developed palpable tumors within 7
days of s.c. injection. Once the tumors reached a cross-sectional area of
0.25â€”0.30 @2the daily p.o. administrations of IPdR or IUdR were begun. At
least two groups of three to four mice with s.c. tumors were used each for
assessment of systemic toxicity as well as measurement of the percentage of
IUdR-DNA incorporation into normal and tumor tissues.

Liver Tumor Implantation. Intrasplenic implantation of HCF-116 cells
was performed according to the method of Giavazzi et al. (19). Briefly,
3â€”4-week-oldfemale athymic nude mice were anesthetized by i.p. injection of
amidate etomidate (Abbott Laboratories, North Chicago, IL) at a dose of 29

mg/kg. A left transverse incision was made through the skin and peritoneum,
exposing the spleen. The tip of the spleen was exposed and 2 X 106HCF-116
cells suspended in 50 @lof PBS were injected through a 27-gauge needle into
the spleen. The spleen was repositioned, and the peritoneum was closed with
one 6-0 silk stitch; the skin was closed with 9-mm wound clips. Numerous
liver metastases were evident 3 weeks postimplantation in a majority (>90%)
of animals by postmortem examination. Oral treatment of groups of three to
four mice with IPdR or IUdR was started at this time as described above. In
some athymic nude mice groups (three to four mice/group), 2â€”3-week-old
mice were given an intrasplenic injection of HCF-116 cells followed by a s.c.
injection of HCT-116 cells into the caudal dorsal flank 2 weeks later. When the
s.c. tumor reached a cross-sectional area of 0.25â€”0.30 cm2, these groups then
received p.o. IPdR or IUdR for 6 days to evaluate any differences in IUdR
DNA incorporation between tumor implants in liver and the flank in the same
animal.

Digestion of DNA from Tissues. Approximately 0.5 g of tumor (s.c.
and/or liver), normal liver, and intestinal tissue were minced separately in a
Petri dish containing 2.0 ml of ice-cold PBS. Bone marrow aspirates were
processed using the same volume of reagents used for the other tissues.

Released cells were pipeted into a culture tube on ice. The Petri dish was
washed with 1 ml of PBS, and the cell suspensions of a particular tissue were
combined. Cells were pelleted by centrifugation for 30 min at 1000 X g at 4Â°C.
The pellet was washed twice with 3 ml of ice-cold PBS, and the cell pellets
were recovered by centrifugation for 10 min at 1000 X g at 4Â°C.The DNA was
extracted and digested by the method of Belanger et ci. (20). Briefly, the cell
pellet was resuspended in 1.0 ml of distilled H2O. Macromolecules were
precipitated by addition of an equal volume of ice-cold 10% TCA with
vigorous mixing. The precipitate was recovered by centrifugation for 10 min
at 1000 X g, and the pellets were washed twice with ice-cold 10% TCA The
pellet was then resuspended in 0.8 ml of 0.25 N NaOH and incubated for 90
min at 37Â°Cto hydrolyze RNA. The samples were then precipitated with 2.5
ml of ice-cold 10% TCA, and the pellets were recovered. The samples were
washed once with ice-cold 10%TCA. The TCA was removed using one 3.0-mI
ice-cold PBS wash. The pellet was digested in 0.75 ml of 25 mM phosphate
buffer (pH 7.45) containing 2 mM MgCI2, 91 units of DNase, 246 units of
alkaline phosphatase, and 1.3 mg of phosphodiesterase. The digestion mixture
was incubated overnight at 37Â°C.Samples (400 pJ) were ultrafiltered using
Millipore Ultrafree-MC units (Millipore, Bedford, MA).

HPLC Nucleoside Analysis of DNA Incorporation In Tumor and Nor
11121TIssues. HPLC analysis of IUdR replacement of TdR in DNA was
performed as described by Belanger et aL (20) on a 300 x 3.9-mm Waters
g.tBondapak C18 Reverse Phase Column. The mobile phase consisted of 100
mM sodium acetate buffer (pH 5.45), plus 7% (v/v) ACN. UV absorption at
290 nm was used for peak detection. Peak identification and quantification
were performed against curves using authentic nucleoside standards.

Tissue Preparation for Enzyme Assays. Normal liver, normal intestine,
s.c. tumor, and/or liver tumor were harvested from groups of three to four
euthanized athymic nude mice. The tissues were washed in ice-cold 1.15%
KCI,blotteddry, weighed, and immersedin 3 volumes of 1.15%KC1.Bone
marrow was aspirated from the femurs of athymic nude mice with 20 m@i
Tris-HC1(pH 7.6) containing 50 @.tMthymine pushed through a 23-gauge
needle. Bone marrow was pelleted at 4Â°Cfor 10 min at 1000 X g and
resuspended in 3 volumes of the same buffer. These normal and tumor tissues
were homogenized, and cell debris was removed by centrifugation at 4Â°Cfor
15 mm at 10,000 x g. The supernatant was recovered and stored at â€”80Â°C.
Protein concentrations were determined by Coomassie blue staining (21).
Samples were diluted to a protein concentration of 1 mg/mI.

Assay for Thymidine Phosphorylase Activity. The reaction mixture con
sisted of 80 mM potassium phosphate (pH 7.3), containing 800 @aithymidine,
as published (22). The reaction was started by adding 25 pi of the supernatant
(25 @gprotein) and incubated at 37Â°C.The reaction was stopped at 0 and 3 h
of incubation by adding 900 pi of 0.5 N NaOH. The reaction products were
quantified by differential UV absorbence at 0 versus 3 h at 290 nm for thymine.
Phosphorylase activity was defined as the formation of 1 nmol thymine/
mm/mg protein at 37Â°Cfor the stated reaction conditions.

Assay for Aldehyde Oxidase Activity. The reaction mixture contained 50
mM Tris-HCI (pH 7.5) 1 mM EDTA, 0.2 mat IPdR, and 10 @gof protein in a
final volume of 100 @las published (17). The mixture was incubated for 1 h
at 37Â°C.The reaction was stopped by adding 200 pA of ACN. The protein

2696

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/10/2695/2453439/cr0540102695.pdf by guest on 19 M

ay 2023



iN VIVO IPdR INCORPORATION

precipitate was removed by centrifugation. The supernatant was recovered and
lyophiized (17). Analysis of the reaction products was performed by HPLC
using an Ailtech RP-18 reverse phase column (Ailtech Associates, Deerfield,

IL). The mobile phase consisted of 100 mM ammonium acetate (pH 6.8)
containing 7% (v/v) ACN. The flow rate was 2 ml/min. IPdR and IUdR were
detected by UV absorption at 335 nm and 290 nm, respectively.

Assay for Thymkline Kinase Activity. TK activity was measured using
the methodof Lee andCheng(23). Briefly,the reactionmixturecontained112
mM Tris-HCI (pH 7.5), 1.7 mM Al?, 1.7 mM MgCl@, 0.8 pCi [14C]-TdR, 97

@LMTdR, 0.1% bovine serum albumin, 10 mM NaP, 10 mM dithiotreitol, 3 mM
phosphocreatine, 0.54 unit creatine phosphokinase, and 10 @agprotein. Mixture
was incubated for 1 h at 37Â°C.Samples were spotted on Whatman DE-81 ion
exchangepaperandwashedthreetimeswith 95%EtOH.The filterdiscs were
dried, and radioactivity was determined by scintillation spectrophotometry.
One unit of TK activity was defined as the conversion of 1 nmol of TdR to
nucleotide/min at 37Â°Cfor the stated reaction conditions.

Plasma Levels of IPdR, IUdR, and Their MetabOliteS Femaleathymic
nudemice (20 g) were given IPdRor IUdRas a single p.o. bolus at a dose of
250 mg/kg. Groups of three mice were anesthetized using diethyl ether at 2,5,
15, 45, 60, 75, 120, 150, and 210 min posttreatment. The mice were then
euthanized by exsanguination by cardiac puncture through a 23-gauge needle
into a heparinized 1-mI syringe. Typically, 0.6â€”0.8ml of blood was recovered
using this method. Plasma was separated by centrifugation at 650 X g for 5
zisinin silanized 1.5-mi micmcentriftge tubes.

Extraction of the nucleoside analogues from the plasma was performed as
follows. Thirtyg.&1of SOp.M5-chloro-2'-deoxywidine(internalstandard)was
added to 150 p.1 of the plasma, followed by the addition of 360 @l(two
volumes) of ACN with vigorous mixing. The mixture was then placed on ice
for 30 mm. Centrifugationfor 5 mm at 1000 X g removedthe precipitateand
separated the ACN and plasma into two layers. The ACN (upper) layer was
recovered,driedin vacuo, and storedat â€”80Â°Cuntil analysis. Sampleswere
redissolved in 150 p1 of deionized water for HPLC analysis. Plasma IPdR, IP,
IUdR, and LU were analyzed using a Spectra-PhysicsP2000 pump and
UV2000 detector (Spectra-Physics Analytical, Fremont, CA) on a 3.9 x
300-mm @BondapakC18 reverse phase column (Waters Associates, Milford,
MA). The mobile phase for IPdR and IP analysis consisted of 100 mMsodium
acetate buffer (pH 5.45) running a 15-min linear 1â€”8%ACN at a flow rate of

Fig. 1. Comparison of animal toxicity as as
sessed by the percentage of weight change in athy
nile nude mice with and without xenografts follow
ing daily p.o. administration of IPdR (A) or IUdR
(B)for 6consecutivedays.Thedrugdosesusedare
illustrated on the figure. Data are presented as the
average percentage ofbody weight from day 0(start
of treatment)Â±SE (bars). Sincethe presenceof
xenograft tumor in liver or flank did not alter body
weigh@these animalswere includedwith non
tumor-bearing mice in these analyses. At least 12
animals are evaluated in each group.

1.0 mI/min. The mobile phase for IUdR and LUanalysis consisted of a 20 mM
sodium acetate buffer (jH 4.0) running a 15-mm linear 2â€”8%ACN gradient
at a flow rate of 1.0 mI/mm. Peaks were detected at 335 nm (IPdR and IP) and
290 nm (LUdR and LU) versus authentic standards. Typical retention times for

IP, IPdR,LUdR,andIU were 14.0, 21.9, 14.4, and8.3 mm, respectively.Data
were analyzed using a Shimadzu CR501 integrator (Shimadzu Scientific
Instruments, Inc., Columbia, MD). Seventy % recovery of nucleoside ana
logues was achieved using this method.

RESULTS

A comparison of the animal toxicity, as assessed by change in the
percentage of body weight during treatment, is presented in Fig. 1.
IPdR has no significant toxicity when administered as a single p.o.
bolus daily for 6 days over the range of 100â€”1000mgfkg/day (Fig.
IA). Separategroupsof fourmicereceivingIPdRat 250, 500, 750,
and 1000 mg/kg/day for 6 days were also monitored for an additional
3 weeks following drug without any weight loss (data not shown). In
contrast, athymic nude mice appeared to tolerate IUdR at 50 and 100
mg/kg/day according to the same schedule as IPdR, but most mice
experienced significant weight loss (>10% body weight) with IUdR at
250 mg/kg/day (Fig. 1B). In one set of toxicity experiments, four of
nine athymic nude mice receiving 250 mg/kg/day of IUdR did not
complete the treatment schedule (three on day 5; one on day 6) due to
severe weight loss (>20%). Overall, mice receiving 250 mg/kg/day of
IUdR developed 10% body weight loss by day 4 of the planned 6-day
treatment (Fig. 1B). This weight loss was significant (P = 0.02;
Student's t test) compared to untreated controls. There were no
differences in the percentage of body weight change in mice with or
without the tumor xenografts following either drug treatment.

IUdR-DNA incorporation into three normal tissues (bone marrow,
intestine, and liver) of athymic nude mice following the 6-day course
of IPdR or IUdR are presented in Fig. 2. There appears to be a
dose-dependent increase in IUdR-DNA incorporation into normal
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Table1 Enzymeactivityin tissuesand humancolonxenograftsin athymicnudemiceSpecific
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intestine, approaching 4% at the highest IPdR dose used (1000 mg/
kg/day) (Fig. 2A). Incorporation into normal bone marrow appeared to
plateau at 1â€”1.5%over the range of 250â€”1000mg/kg/day of IPdR.
Normal liver hepatocytes incorporated <1% over the entire dose range
of IPdR asanticipated,sincethis cell populationis mostly quiescent.

The overall systemic toxicity of IUdR at 250 mg/kg/day (Fig. 1B)
is associated with a greater percentage of IUdR-DNA incorporation
into the two rapidly proliferating normal tissues (intestine and bone
marrow; Fig. 28). IUdR-DNA incorporation increased 6â€”10-foldinto
normal intestine (1â€”6%)and normal bone marrow (0.5â€”5%),respec
tively, as the daily p.o. dose of IUdR increased from 50â€”250mg/kg/
day for 6 days. However, similar to IPdR, normal hepatocyte DNA
incorporation was <1% over the range of IUdR doses. No differences
between normal tissue IUdR-DNA incorporation in athymic mice
with and without the tumor xenografts were found following either
IPdR or IUdR.

Athymic nude mice bearing the HCT-116 xenografts, either as liver
metastases, s.c. flank tumors, or both, showed a dose-dependent
increase in IUdR-DNA incorporation to both IPdR and IUdR (Fig. 2).
At the highest IPdR dose (1000 mg/kg/day for 6 days), a comparable
level of the percentage of IUdR-DNA incorporation in tumor
cells was found with a mean of 4.79 Â±0.57% in liver metastases and
3.65 Â±0.31% in s.c. implants (Fig. 2A). This result was not antici
pated since our hypothesis was that regional conversion of IPdR to
IUdR by hepatic aldehyde oxidase would result in significantly higher
IUdR-DNA incorporation in liver metastases than in s.c. flank tumors.
Tumor cell incorporation was lower in IUdR-treated mice with a mean
incorporation of 2.1 1 Â±0.20% for s.c. xenografts and 1.56 Â±0.09%
for liver metastases following the highest (but systemically toxic)
dose used (250 mg/kg/day of IUdR; Fig. 2B).

An analysis of enzyme levels possibly involved in IPdR metabo
lism is detailed in Table 1. Aldehyde oxidase levels were found to be
significantly elevated in normal liver compared to two proliferating
normal tissues (intestine and bone marrow). Aldehyde oxidase activity
was also not detected in HCT-1 16 tumor tissue. Thymidine kinase
activity was elevated only in tumor tissue. Thymidine phosphorylase

Fig. 2. IUdR-DNA cellular incorporation into
mouse normal tissues (liver, bone marrow, and in
testine) and HCF-116 colon cancer xenografts [liver
(metastatic) tumor and s.c. tumor] following various
daily p.o. doses of IPdR (A)or IUdR(B) for 6 days.
Tissues from at least nine animals are averaged for
each determination Â±SE (bars).

4 4

3 3

2 2

I 1

100 200 300 400

activity was also elevated in tumor tissue with comparable activity in
normal intestine and lower (5-fold) activity in normal liver.

Plasma levels of IPdR and IUdR were measurable within 5 mm
following the p.o. administration of IPdR at 250 mg/kg (Fig. 3A).
Plasma levels of IUdR and IPdR appeared to peak within 15â€”45min
at approximately 45 and 22 ELM,respectively. Measurable levels of
both nucleoside analogues persisted out to 3.5 h. Plasma levels of IP
followed a similar time course but at lower levels. In contrast, a p.o.
dose of IUdR of 250 mg/kg resulted in IUdR peak plasma levels
approaching 150 @.tMwithin 5 mm, followed by a significant decrease
within 20â€”45mm (Fig. 3B). IU, the principal metabolite, showed a
steady increase in plasma levels over the first 2.5 h.

DISCUSSION

The original strategy of development of the pyrimidinone nucleo
sides was based on the hypothesis that nucleosides without an amino
group or oxygen at position 4 could be utilized as substrates by viral
TK but not by mammalian cellular nucleoside kinases (24). While
screening several 5-substituted 2-pyrimidinone-2'-deoxyribonucleo
side analogues for anti-herpes simplex virus activity in HeLa cell
cultures, Lewandowski et a!. (25) and Lewandowski and Cheng (26)
found IPdR to be most effective. Importantly, LPdRwas not toxic in

(pmol/mg/min)

Thymidine
-- phosphorylase

21.0 Â±3.6
5.0 Â±0.3

<1.0â€•
27.0 Â±1.0
27.0 Â±1.5

Thymidine
kinase

<0.11@

1.2 Â±0.2
2.0 Â±0.2

Normal intestine
Normalliver 6.2 Â±0.8
Normalbonemarrow <0.02â€•
Liver tumor <0.02â€•
s.c. tumor

a Specific activity Â± SD; n 3.

b Activity not detected.
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period was tolerable at 50â€”100mg/kg/day, but resulted in 10%
A weightlossif usedat 250mgfkg/day.We andothershaveshown

previously that IUdR given by continuous i.v. infusion in athymic
nude mice results in significant weight loss at doses greater than 100
mg/kg/day for 6 days (27, 28).

We also measured IUdR-DNA incorporation into potentially dose
limiting normal tissues including intestine, liver, and bone marrow
following IPdR or IUdR for 6 days (Fig. 2). Greater DNA incorpo
ration (3-5-fold) was found in cells from the two rapidly proliferating
normal tissues (intestine and bone marrow) with IUdR compared to
IPdR at 250 mg/kg/day for 6 days. The increased intestine and bone

-..---. marrow incorporation using IUdR is probably associated with the

@4 observedweightlossseenatthesamedoseschedule(Fig.1B).Even
/1 I at the highest IPdR dose used (1000 mg/kg/day for 6 days), the

200 220 IUdR-DNA incorporation in bone marrow was only 1.5%, whereas
the intestine incorporation approached 4%. Normal liver incorporation
remained at <1% for both IUdR and IPdR, reflecting the significantly
lower proliferative state of liver compared to intestine and bone
marrow. No differences in normal tissue incorporation were found in
athymic mice with or without the s.c. and hepatic tumor xenografts.

Adapting the technique of Giavazzi et a!. (19), we used a â€œliver
B metastasesâ€•modeltotestourhypothesisthatconversionofIPdRto

IUdR by hepatic aldehyde oxidase could result in significantly greater
IUdR-DNA incorporation in the regional liver tumor compared to a
s.c. xenograft in the hind flank. However, we found comparable tumor
cell incorporation in liver and s.c. xenografts of HCT-1 16 human
colon cancer cells with levels of IUdR-DNA tumor incorporation
approaching 4â€”5%following p.o. IPdR at 1000 mg/kg/day for 6 days

\ (Fig.2).Tumorcellincorporationwasapproximately1.6â€”2%follow
\@ ingthehighestdoseofp.o.IUdR(250mg/kg/dayfor6days)withno

significant difference between liver and s.c. xenografts, as expected.
This percentage of IUdR-DNA incorporation in s.c. tumor is similar to
results using a continuous i.v. infusion of IUdR at the maximum

@ I tolerated dose (100 mg/kg/day for 6 days) in this same xenograft
200 220 model (28).

The lack of a differential effect of IUdR-DNA incorporation be

Fig. 3 Plasma levels oflPdR(A)or IUdR(B)and their principal metabolites following tween liver and s.c. tumor was not anticipated. This finding was
a singlep.o. administrationof 250 mg/kg.An averageof plasmasamplesfromthree similar using groups of athymic nude mice with either liver or s.c.
animals at each time point Â±SE (bars) are illustrated. xenografts, as well as in groups of athymic nude mice with both liver

and s.c. xenografts. Since we found neither significant weight loss nor
high levels IUdR-DNA incorporation into two rapidly proliferating

vitro to uninfected HeLa cells and in vivo to mice. These studies also normal tissues (intestine and liver) following the highest p.o. dose
found in vivo antiviral activity of IPdR with p.o. administration. schedule ofIPdR (1000 mg/kg/day for 6 days), it seemed unlikely that
Finally, their initial studies suggested that IPdR was not converted to high steady state plasma levels of IUdR resulting from hepatic con
IUdR by xanthine oxidase. version of IPdR to IUdR could explain our results.

Recently, however, these same investigators found an aldehyde Indeed, analysis ofplasma levels ofIPdR and IUdR following a p.o.
oxidase present in rat and human liver which converts IPdR to IUdR bolus of IPdR (250 mg/kg) showed peak plasma levels at 15â€”45min
(17). Cell extracts from other normal tissues in the rat, including lung, and significantly lower levels after 2 h (Fig. 3A). Additionally, mea
intestine, spleen, and kidney showed 10â€”100-fold less activity of surements of activity of possible metabolic enzymes for IPdR in
IPdR oxidase. These recent data raise the possibility that hepatic normal tissue and tumor showed measurable aldehyde oxidase activity
aldehyde oxidase may be used for prodrug activation of IPdR to IUdR in normal liver but not in two other normal tissues or tumor (Table 1).
as a strategy to enhance IUdR-DNA incorporation and subsequent In contrast, peak plasma levels of IUdR approached 150 @aMwithin 5
radiosensitivity of liver tumors, particularly in rapidly proliferative mm of a p.o. dose of IUdR of 250 mg/kg (Fig. 3B). Thymidine kinase
tumors such as metastatic colon cancer cells surrounded by normally activity was elevated in tumor, whereas high thymidine phosphorylase
nonproliferating hepatocytes. levels were found in normal intestine, tumor, and to a lesser extent,

This in vivo study reports the host toxicity, pharmacokinetics, and normal liver (Table 1). These plasma and enzyme measurements
IUdR-DNA incorporation of orally administered IPdR versus IUdR to suggest that the major metabolic path probably involves rapid direct
athymic nude mice with and without HCT-116 human colon cancer conversion to IUdR via hepatic aldehyde oxidase (Fig. 4).
xenografts. We found that daily p.o. administration of WdR for 6 days From a clinical perspective, IPdR offers several potential advan
had no significant effect on body weight over time range of 100â€”1000 tages. First, since it can be given orally with favorable pharmaco
mg/kg/day (Fig. 1). Additionally, no effect on body weight was kinetics, it would significantly reduce the cost and complexity of
evident for 3 weeks following the 6-day IPdR treatment (data not administration compared to a continuous i.v. or intraarterial infusion
shown). In contrast, p.o. administration of IUdR over a similar time as is currently used for IUdR (3â€”10).Second, it appears to have little
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Fig. 4. Possible metabolic routes for the conversion of IPdR to IUdR and the subse
quent conversion to IdUTP for DNA incorporation.

bone marrow toxicity (based on the percentage of IUdR-DNA incor
poration), which is the major dose-limiting toxicity in the clinical
trials of IUdR (6, 7, 9). Third, a 2â€”3-foldor greater increase in the
percentage of IUdR-DNA incorporation in tumor should result in a
clinically significant (1.5â€”2-fold)enhancement of tumor radiosensiti
zation based on extrapolation from our in vitro data (29). We plan to
evaluate host toxicity and IUdR-DNA incorporation in our in vivo
model using higher p.o. doses of IPdR to establish a maximum
tolerable dose, as well as quantitating its radiosensitizing potential in
this xenograft. The planned studies of higher (>1000 mg/kg/day)
doses of IPdR will necessitate multiple daily administrations to mm
imize acute toxicity from gastric aspiration.
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