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Abstract Purpose: PN401, an oral prodrug of uridine
yields more bioavailable uridine than oral administra-
tion of uridine itself. PN401 may therefore be useful for
permitting dose escalation of 5-fluorouracil (5-FU) with
consequent improvements in antitumor efficacy. Exper-
imental design: Female BALB/c mice (Colon 26 adeno-
carcinoma) were treated with 5-FU with PN401 to
define the MTD, and pharmacokinetic analyses were
done. A comparison of 5-FU/PN401 was made to 5-FU/
eniluracil (EU) and 5-FU/LV. The best timing of the
first dose of PN401 relative to 5-FU was evaluated by
administering groups of mice PN401 beginning 2, 24, or
48 h after 5-FU dose. Results: The MTD of 5-FU was
100 mg/kg/week whereas the MTD of 5-FU + PN401
was 200 mg/kg/week. A complete response (CR) of 80%
and partial response (PR) of 20% was observed with
5-FU (200 mg/kg) + PN401, CR of 40% and PR of
60% with 5-FU (175 mg/kg) + PN401, PR of 10%
with 5-FU (150 mg/kg) + PN401 while no response
with 5-FU (100 mg/kg) + PN401. Analysis of 5-FU
pharmacokinetics displayed nonlinearity as a function of
administered dose in mice. In the comparison study, the
best response was achieved with PN401 when compared
to EU and LV. Mice that did not receive PN401 died by
day 12, while other groups were alive at day 31. The
proportion of mice surviving was highest in the group
which received PN401 at 2 h followed by 24 and 48 h.

Conclusions: There is a threshold 5-FU dose after which
the efficacy is dramatically improved—in mice bearing
Colon 26 adenocarcinoma, that threshold is a dose of
>150 mg/kg/week, and the increased efficacy correlates
with about a fourfold increase in the AUC of 5-FU.
PN401 used to rescue mice from the lethal toxicity of
5-FU entails that PN401 can be used as an antidote even
when used up to 48 h after a 5-FU overdose.
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Introduction

Fluorouracil (5-FU) is one of the most commonly used
chemotherapeutic agents and constitutes the mainstay of
chemotherapy for most gastrointestinal tumors as well
as others [1]. The cytotoxicity of 5-FU involves (1)
inhibition of thymidylate synthase, principally via the
actions of its metabolite, fluorodeoxyuridine mono-
phosphate (FdUMP) and (2) synthesis of defective RNA
as a result of incorporation of a second metabolite,
fluorouridine triphosphate (FUTP), into RNA [2]. The
principal toxicities of 5-FU include neutropenia, muco-
sitis, diarrhea, and hand–foot syndrome, with the latter
two adverse effects predominating when 5-FU is
administered as a continuous intravenous (IV) infusion
[3]. Like other conventional cytotoxic antineoplastic
agents, 5-FU has a relatively narrow therapeutic index,
because toxicity often limits the dose of 5-FU that can
be administered, limiting its overall therapeutic useful-
ness.

Because of the association between the incorporation
of 5-FU into RNA and dose-limiting toxicities, uridine
has previously been examined for potential reduction of
host toxicity. Uridine, a naturally occurring pyrimidine
nucleoside, augments cellular UTP pools and competes
with FUTP for incorporation into the RNA of hema-
topoietic progenitor and gastrointestinal mucosal cells,
thereby attenuating 5-FU toxicity in these normal tissues
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[4–8]. In mouse models, administration of uridine fol-
lowing 5-FU selectively reduces toxicity to normal tis-
sues, permitting substantial 5-FU dose escalation and
increasing the overall efficacy of 5-FU [4–8]. Preclinical
and clinical studies have revealed that sustained uridine
concentrations of at least 50 lmol/l are required to
confer protection to normal tissues from the toxic effects
of 5-FU [6]. Differences in uptake and utilization of
uridine between tumor and normal tissues underlie uri-
dine’s ability to reduce the toxicities of 5-FU without
proportionally reducing antitumor activity [3]. Both
hematopoietic and gastrointestinal mucosal progenitors
efficiently incorporate exogenous uridine (via the ‘‘sal-
vage pathway’’), whereas most other tissues, including
malignant tumors, favor the de novo pathway of uridine
nucleotide biosynthesis, in which free uridine is not an
intermediate [3]. Thus, exogenous uridine is more effec-
tive in competing with FUTP for incorporation into
RNA in normal tissues versus all solid tumors tested to
date in murine systems. Although uridine has also been
demonstrated to protect against 5-FU toxicity in hu-
mans, its low oral bioavailability and the requirement
for central venous access for parenteral administration
impair clinical utility [9–12].

PN401 (2¢,3¢,5¢-tri-O-acetyluridine; Fig. 1; Wellstat
Therapeutics Corporation, Gaithersburg, MD, USA),
an orally active prodrug of uridine, represents a more
effective uridine administration technique. PN401 is
efficiently absorbed from the gastrointestinal tract and
deacetylated by nonspecific esterases, yielding uridine
and acetate. In contrast to oral uridine, PN401 is not a
substrate for the catabolic enzyme uridine phosphory-
lase and does not require the pyrimidine transporter for
absorption. Consequently, administration of PN401 re-
sults in substantially more bioavailable uridine than
does oral administration of uridine itself. Using this
PN401 rescue, it has been possible to increase the ther-
apeutic index of 5-FU in BALB/c mice bearing ad-
vanced transplants of Colon 26 adenocarcinoma.
Further, in the latter tumor system, it has been possible
to increase the dose of 5-FU resulting in a significant
increase in antitumor activity without increased toxicity.

Purpose

The primary objectives of the present study were to
determine antitumor efficacy of 5-FU dose escalation
enabled by delayed administration of PN401, to
compare the efficacy of high-dose 5-FU plus PN401
with other 5-FU modulators or regimens and to
evaluate the role of PN401 as an antidote to 5-FU
overdose.

Experimental design

Murine tumor system

Frozen samples of Colon 26 adenocarcinoma were ob-
tained from the National Cancer Institute (Frederick,
MD, USA) and maintained by s.c. serial transplantation
in BALB/c mice. For experimentation, 0.3 ml of a 5%
tumor brei (in modified Dulbecco’s phosphate-buffered
saline at pH 7.2) prepared from 4–6 tumors was trans-
planted s.c. into 8-week-old BALB/c mice. Approxi-
mately 7–9 days later, when tumors were palpable, they
were measured and the animals were distributed among
the experimental groups of ten mice each so that animals
carrying approximately equal-sized tumors were repre-
sented in each group.

Drug and chemicals

5-FU and leucovorin were obtained from the Sigma
Chemical Co. (St Louis, MO, USA). Triacetyluridine
and eniluracil were synthesized at Wellstat Therapeutics
Corporation. 5-FU was dissolved in 0.85% NaCl solu-
tion immediately prior to use and administered by
intraperitoneal (i.p.) injection such that the desired dose
was contained in 0.1 ml/10 g of mouse weight. PN401
was suspended in 1% aqueous hydroxypropylmethyl-
cellulose at a concentration of 80 mg/ml and adminis-
tered by gavage.

Tumor measurements

Two axes of the tumor (the longest axis L and the
shortest axis W) were measured with the aid of a vernier
caliper. Tumor volume was estimated according to the
formula:

Tumor volume ðmm3Þ ¼ L� W 2 � p
6
:

Statistical evaluation

Student’s t test was used for the statistical evaluation of
difference in mean tumor size between groups of treatedFig. 1 Structure of PN401 showing 2¢,3¢,5¢-tri-O-acetyluridine
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nice. Differences between groups with a statistical
probability of 0.05 or less were considered significant.

Toxicity measurements

Animal body weights were recorded immediately before
and weekly after the initiation of treatment. Weight
change was calculated as a percentage of the initial body
weight of the animals.

Groups of ten female BALB/c 8-week-old mice
bearing subcutaneous Colon 26 adenocarcinoma were
treated with weekly 3· i.p. injections of 5-FU alone at
MTD (100 mg/kg) or at escalated doses of 5-FU (150,
175, and 200 mg/kg) with delayed administration of
PN401. PN401 was administered as 2,000 mg/kg PO
starting 2 h after 5-FU dose, q8h ·5. Tumor volumes
were measured weekly, with final tumor volumes mea-
sured 1 week after the last 5-FU dose. Analysis of 5-FU
pharmacokinetics was performed according to the
methods described elsewhere [13].

Then a comparison was made to several 5-FU dosing
schedules corresponding to common clinical regimens
for 5-FU administration. 5-FU is often administered on
a daily 5· schedule (repeated every 3–4 weeks) with or
without leucovorin (LV). Eniluracil (EU) inhibits 5-FU
degradation and thereby enables oral 5-FU administra-
tion and furthermore provides plasma 5-FU pharma-
cokinetics approximating prolonged intravenous
infusion. In the following comparative regimens, 5-FU
was administered at MTD for BALB/c mice: Regimen
A: 5-FU 200 mg/kg i.p. days 1 and 7, PN401 2,000 mg/
kg PO starting 2 h after 5-FU dose every 8 h for a total
of five doses (following both on 2 and 7 days 5-FU);
Regimen B: 5-FU 35 mg/kg i.p. for 5 days; Regimen C:
5-FU 35 mg/kg i.p. + LV 100 mg/kg i.p. for 5 days;
Regimen D: 5-FU 2 mg/kg + PO EU 2 mg/kg PO days
1–9. Groups each comprised ten female BALB/c 8-week-
old mice bearing subcutaneous Colon 26 adenocarci-
noma. Tumor volume was measured on days 7 and 14.

Finally, to investigate the best timing of the first dose
of PN401 relative to 5-FU administration as an impor-
tant determinant of the effectiveness of PN401 in ame-
liorating the adverse effects of 5-FU, female BALB/c
mice (nontumor bearing) received a lethal dose of 5-FU
(400 mg/kg i.p.). Groups of mice then received oral
PN401 beginning 2, 24, or 48 h after the 5-FU dose.
Survival was monitored for 30 days.

Results

The pretreatment mean tumor volume was approxi-
mately 200 mm3. In untreated animals, the tumors grew
to a mean size of about 3,400 mm3. 5-FU at its normal
MTD (100 mg/kg) partially inhibited tumor growth,
resulting in a final mean tumor volume of about
1,500 mm3, and no regressions were observed. In the

group that received 200 mg/kg/week 5-FU, a dose tol-
erated only due to toxicity reduction by PN401, durable
complete tumor regressions were observed in 8/10 mice
and partial regressions (>50% regression) in the
remaining two mice. At 175 mg/mg dose of 5-FU with
PN401, a CR rate of 40% and a PR rate of 60% was
obtained. 5-FU at 150 mg/kg/week + PN401 yielded
10% PR rate and mean tumor volume of 690 mm3

(Table 1). Significantly, the improved antitumor re-
sponse of high-dose 5-FU enabled by PN401 was
achieved without a toxicity penalty as determined by
body weight changes (Table 1). Analysis of 5-FU
pharmacokinetics displayed nonlinearity as a function of
administered dose in mice. In female CD-1 mice
receiving 5-FU by i.p. injection the ‘‘area under the
curve’’ (AUC) for plasma 5-FU at a dose of 100 mg/kg
is 135 lmol h/ml (mean for five mice). At a dose of
150 mg/kg, the AUC is 197 lmol h/ml and at 200 mg/
kg, the AUC is 485 lmol h/ml. Thus, the twofold in-
crease in 5-FU MTD in mice receiving PN401 corre-
sponds to about a fourfold increase in the plasma AUC
of 5-FU.

In the comparison study, the tumor volumes on days
7 and 14 are indicated in Table. 2 and 3. 5-FU at
200 mg/kg with delayed oral PN401 induced significant
tumor regression (9/10 CR). The other regimens (5-FU
daily · 5 + LV and 5-FU PO daily · 9 + EU resulted
in the inhibition of tumor growth, but no regressions
were observed, even though toxic weight loss was greater
in these groups than in mice treated with high-dose
5-FU plus PN401.

In the timing of administration study, after a single
lethal dose of 5-FU (400 mg/kg i.p.), mice that did not
receive PN401 died by day 12 while most animals in the
other three groups were alive at day 31 (Fig. 2). More-
over, the proportion of mice surviving was highest in the
group that received PN401 at 2 h followed by 24 and
48 h. A significant improvement in survival was seen
even when PN401 was administered 48 h after 5-FU.

About 12 separate variations on the Colon 26
experiments (slightly different dosing regimens, different
comparison arms) were done, all corroborating the re-
ported results. Such variations included individual dose
as well as the cumulative dose of PN401 administered
following 5-FU, timing between 5-FU and the first dose
of PN401 ranging from 2 to 24 h, and the number of
doses of PN401 required following 5-FU.

Discussion

This study has shown that there is a threshold 5-FU dose
after which the efficacy is dramatically improved—in
mice, that threshold is a dose of >150 mg/kg/week (i.e.
175 and 200 mg/kg/week), and the increased efficacy
correlates with about a fourfold increase in the AUC of
5-FU. This finding is consistent with previous studies
including the use of injected uridine [4], uridine
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diphosphoglucose (UDPG) [14] and PN401 in combi-
nation with 5-(benzyloxybenzyl)barbituric acid acyclo-
nucleoside (BBBA), an inhibitor of uridine
phosphorylase (UrdPase) [15], indicating that these
agents can allow the escalation of 5-FU doses for better
chemotherapeutic efficacy. This is the first report that
delayed administration of PN401 alone is sufficient for
enabling dose escalation of 5-FU to a degree sufficient to
induce regressions of the Colon 26 adenocarcinoma.

5-FU is administered in a broad range of dosing
regimens and no single dose schedule has ever emerged
as clearly superior at maximum tolerated doses [1–3],
and the trend towards superiority of one regimen over
another may depend on the tumor type. At standard

doses, inhibition of thymidylate synthase (TS) appar-
ently predominates as a mechanism of antitumor cyto-
toxicity, and this inhibition is perhaps best exploited by
continuous infusion of 5-FU, although resistance
through compensatory overexpression of TS almost
inevitably occurs. Acute TS inhibition is maximal at
relatively low doses of 5-FU; the problem is to maintain
durable inhibition. Unlike TS inhibition, RNA-directed
cytotoxicity of 5-FU cannot be saturated at clinically
achievable 5-FU concentrations, presenting, in principle,
an opportunity for increased activity with dose escala-
tion. However, this mechanism is operative only when
concentrations of the 5-FU anabolite FUTP are suffi-
cient to compete with endogenous UTP for incorpora-

Table 1 Results of the study to determine MTD of 5-FU given alone versus with PN401 and responses (tumor volume)

Treatment (mg/kg) Tumor vol. (mm3) Control (%) No. dead/no. treated Regressions

PR CR Total

Control (no 5-FU) 3,406±263 – 3/10 0/10 0/10 0/10
5-FU 100 1,503±267 44.1 0/10 0/10 0/10 0/10
5-FU 200 + PN401 12±10 0.3 0/10 2/10 8/10 10/10

Table 2 Results of comparative regimen study: evaluating responses of 5-FU given alone, with LV, EU, and PN401

Group Day 7 tumor vol. (mm3) Day 14 tumor vol. (mm3)

Control 1,191±215 1,230±154
5-FU 200+PN401 13±2 0.5±0.4
5-FU 35·5 d 266±71 633±144
5-FU 35·5 d+LV 159±51 515±122
5-FU 2·9 d+EU 225±47 924±98

Initial tumor size 82±9 mm3. In the regimen comparison study, tumor volume measured on day 7 and day 14 showed that the best
response was achieved with PN401 when compared to EU and LV
LV leucovorin, EU ethynyluracil (DPD inhibitor that permits oral 5-FU administration)

Table 3 Comparative 5-FU pharmacokinetics after various clinical dosing regimens

5-FU regimen 5-FU dose
(mg/m2/day)

Dose
rate

No. of
doses/month

Total dose
(mg/m2/month)

Cl (l/h/m2) AUC0–24 h

(lmol h)
AUC0–30 days

(lmol h)

Daily · 5 375 1–2 min 5 1,875 42.2 73.5 368
Weekly bolus 500 20 min 4 2,000 65.3 55.9 224
Weekly bolus 500 2 min 4 2,000 42.5 103 412
PN401 weekly bolus 1,400 30 min 3 4,200 24.1 466 1,398
Continuous infusion 146 Continuous 30 4,380 183 7.2 216
120 h infusion 1,000 120 h 5 5,000 156 50.4 252
Weekly 24 h infusion 1,500 24 h 4 6,000 127 96 384
72 h infusion 2,000 72 h 3 6,000 159 156 468

Tumor: subcutaneous Colon 26 adenocarcinoma, initial size 198±14 mm3; 5-FU: i.p. injection, weekly 3·; PN401: five oral doses at 8 h
intervals, beginning 2 h after 5-FU; evaluation: 7 days after the last of three weekly 5-FU doses. The MTD of 5-FU alone was 100 mg/kg/
week whereas the MTD of 5-FU when given with PN401 was 200 mg/kg/week. A complete response (CR) of 80% and partial response
(PR) of 20% was observed with 5-FU (200 mg/kg) + PN401 compared to CR of 40% and PR of 60% with 5-FU (175 mg/kg) + PN401,
no CR and PR of 10% with 5-FU (150 mg/kg) + PN401 while no responses were seen with 5-FU (100 mg/kg) + PN401PR partial
response, >50% decrease in tumor size; CR complete response, no tumor detectable

The comparison of Phase I studies [13, 20] studies and various other intravenous schedules of 5-FU [3] have showed disproportionate
increases in AUC and corresponding decreases in clearance with increasing 5-FU dose (range 1,200–1,950 mg/m2). While the dose
increases over a standard dose ranged from 2.4 to 3.9-fold, average 5-FU exposures, as measured by AUC, ranged from 5.6 to 18.6-fold
[21, 22]. The intrapatient variability in exposure decreased with increased 5-FU dose. With high-dose 5-FU enabled by PN401, clearance is
reduced to approximately threefold than that observed with the maximum inhibition of DPD with EU [23]
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tion into nuclear RNA, which requires high extracellular
concentrations of 5-FU. Thus, bolus administration of
5-FU may be necessary for exploitation of RNA-direc-
ted 5-FU toxicity, but dose-limiting 5-FU toxicities
intervene. The fact that uridine is an effective antidote
for both gastrointestinal and hematologic toxicities due
to bolus 5-FU implies that RNA-directed effects account
for dose-limiting toxicities in this situation, since delayed
uridine does not reverse inhibition of TS by FdUMP
[16].

RNA-related toxicities of 5-FU are largely a function
of the concentration · time product, equivalent to the
AUC for plasma pharmacokinetics [17]. It is noteworthy
that although different total amounts of 5-FU are
administered in various clinical regimens, the AUC for
intact 5-FU (versus total 5-FU plus inactive 5-FU ca-
tabolites) during the course of periods of therapy of
equivalent duration (i.e., 30 days, to account for differ-
ent dosing schedules), is quite similar, whether 5-FU is
administered by weekly bolus, daily · 5 bolus, 24 or
48 h infusion, or continuous 28 day infusion [3]. This
suggests that 5-FU therapy is limited by an ‘‘AUC
ceiling’’, integrated over a cycle of treatment. An
important feature of 5-FU pharmacokinetics is that the
clearance rate varies inversely with plasma concentra-
tion, due to saturable degradation processes, e.g., by the
enzyme dihydropyrimidine dehydrogenase (DPD) [18].
A large fraction of an administered dose of 5-FU is
degraded rather than anabolized to cytotoxic fluoro-
pyrimidine nucleotides, especially during prolonged
infusion, so that the AUC achieved is perhaps a more
meaningful measure of 5-FU exposure than the admin-
istered dose. Thus, despite different total doses of 5-FU
administered in various regimens, the systemic exposure
to intact 5-FU per treatment cycle of equivalent dura-
tion is similar, and this may account for the therapeutic
equivalence of the various regimens. However, it is
tantalizing that the dose response for clinical activity of

bolus 5-FU has a very steep slope [19], i.e., a relatively
small increase in tumor exposure to intact 5-FU could in
principle lead to a substantial increase in clinical efficacy.

Delayed uridine administration after high-dose 5-FU
has been demonstrated to improve antitumor efficacy
versus 5-FU at MTD in a variety of tumor models, and
clinical implementation of this strategy has been at-
tempted. Uridine itself is poorly absorbed, resulting in
osmotic diarrhea at doses required to elevate plasma
uridine into the therapeutic range, and intravenous
administration of uridine is cumbersome due to the large
amounts of uridine required, resulting in hyperthermia
or phlebitis if the infusion rate and route are not care-
fully controlled [9–12]. In contrast, PN401 (triacetylu-
ridine) acts as a lipophilic prodrug of uridine that is
efficiently absorbed and rapidly deacetylated, yielding
more bioavailable circulating uridine than the oral
administration of uridine itself. The strong antitumor
efficacy of high-dose 5-FU with delayed PN401, with less
toxicity (weight loss) than was observed with lower do-
ses of 5-FU without PN401, which only attenuated tu-
mor growth without inducing regressions, indicates that
PN401 rescue was relatively selective for normal tissues
versus the tumors.

The clinical feasibility of 5-FU dose escalation with
PN401 has been demonstrated in phase I studies [13, 20].
These studies have showed disproportionate increases in
AUC and corresponding decreases in clearance with
increasing 5-FU dose (range 1,200–1,950 mg/m2)
(Table 3; Fig. 3). While the dose increases over a stan-
dard dose ranged from 2.4 to 3.9-fold, average 5-FU
exposures, as measured by AUC, ranged from 5.6 to
18.6-fold [21, 22]. The intrapatient variability in expo-
sure decreased with increased 5-FU dose. With high-
dose 5-FU enabled by PN401, clearance is reduced to
approximately threefold than that observed with the
maximum inhibition of DPD with EU [23]. In an
ongoing phase III clinical study of high-dose 5-FU in

Fig. 2 Survival in mice treated
with 400 mg/m2 5-FU and
PN401 and relation to time of
dosing. Mice that did not
receive PN401 died by day 12,
while the other three groups
were alive at day 31. Moreover,
the proportion of mice
surviving was highest in the
group which received PN401 at
2 h followed by 24 and 48 h
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pancreatic cancer, patients receive 1,400 mg/m2

5-FU per week 3· with 1 week rest, with PN401 6 g
administered q8h for eight doses, beginning 8 h after a
rapid (30 min) 5-FU infusion. In a phase II clinical
study in gastric cancer conducted by SWOG, patients
received 5-FU at 1,200 mg/m2 per week 6· with leu-
covorin, followed 8 h after 5-FU with PN401 6 g q8h for
eight doses. High-dose 5-FU enabled with PN401 is also
in principle compatible with combination chemotherapy
involving the same spectrum of agents used with stan-
dard doses of 5-FU, e.g., oxaliplatin, irinotecan, cis-
platin, epirubicin, taxotere.

These experiments also indicated that the timing of
the first dose of PN401 may be an important determi-
nant of 5-FU toxicity reduction and the degree of safe 5-
FU dose escalation as mice can tolerate higher 5-FU
doses if PN401 rescue starts earlier than later. PN401
used to rescue mice from the lethal toxicity of 5-FU not
only allows administration of high 5-FU doses to tu-
mors unresponsive to conventional doses of 5-FU but
also entails that PN401 can be used as a antidote even
when used after 48 h in patients who have received an
accidental overdose or severe untoward toxicity of 5-
FU, in particular RNA-medicated host toxic effects.
This issue is particularly important in situations
including pump malfunction or ingestion of excessive
quantities of 5-FU prodrugs like capecitabine. More-
over, the potential of PN401 in DPD-deficient patients
to allow 5-FU treatment also warrants investigation, in
particular when they have 5-FU sensitive tumors, which
may affect up to about 3% of the population [24].

In summary, the results of this study demonstrate
that uridine exposure resulting from PN401 not only
allows administration of high 5-FU doses to tumors
unresponsive to conventional doses of 5-FU but also

entails that PN401 can be used as an antidote even when
used up to 48 h after a 5-FU overdose. Because of the
nonlinearity of 5-FU pharmacokinetics, the two times
increase in the MTD of 5-FU was associated with a
fourfold increase in 5-FU exposure (i.e., AUC). Future
exploratory studies aiming at evaluating the role of
PN401 in DPD-deficient patients as well as clinical trials
to further confirm this biochemical modulation with
PN401 is warranted.
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