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Abstract Purpose: The antitumor effect and bone mar-
row toxicity of 5-fluorouracil (SFU) in combination with
the hypoxia-selective cytotoxins NLCQ-1 or tirapaz-
amine (TPZ) were investigated in vivo. Methods: Using
appropriate intraperitoneal administration schedules for
optimal synergistic interactions, the antitumor effect and
the bone marrow toxicity of combinations of NLCQ-1
or TPZ and 5FU were determined in EMT6/BALB/c
and SCCVII/C3H models in terms of dose modification
factors (DMF) using the in vivo-in vitro clonogenic
assay as endpoint. Bone marrow toxicity studies were
performed in parallel using a modified CFU-GM assay.
The antitumor efficacies of each combination treatment
under optimal administration conditions were evaluated
in the SCCVII/C3H model using also the tumor
regrowth assay as endpoint. Results: A schedule-
dependent and tumor-specific synergistic interaction was
observed for NLCQ-1 plus SFU and DMFs of 2.0-2.3
and 1.0 were obtained for the antitumor effect and bone
marrow toxicity, respectively, in both tumor models.
The antitumor effect of SFU was slightly potentiated
(DMF 1.2) by TPZ in the EMT6/BALB/c model but not
in the SCCVII/C3H model when the in vivo-in vitro
assay was used as the endpoint. Significant additional
tumor regrowth delays (about 11 and 6 days for NLCQ-
1 and TPZ, respectively) were observed, compared to the
effect of SFU alone, when an equitoxic dose of NLCQ-1
(10 mg/kg) or TPZ (23 mg/kg) was administered 1 h
before SFU (50 mg/kg) twice a day at 4-h intervals on
days 0 and 9. Conclusions: These results corroborate the
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Introduction

An increasing number of reports suggests that hypoxia-
induced proteome and genome changes in tumors can
lead to a more aggressive phenotype, malignant pro-
gression [7, 13, 18] and resistance towards radiation or
chemotherapy [42, 50, 56]. Additional reasons for the
resistance of hypoxic tumor tissues to chemotherapeutic
drugs include their distance from the viable blood vessels
and their slower rate of proliferation [14, 20, 44]. Hyp-
oxia-mediated tumor chemoresistance may be overcome
with the use of hypoxia-activated bioreductive drugs [25,
26, 27, 28, 48, 49]. It has been previously shown that
hypoxia-selective cytotoxins such as alkylaminoanthr-
aquinone di-N-oxide (AQ4N), 3-amino-1,2,4-benzotri-
azine-1,4-dioxide (tirapazamine, SR-4233, TPZ), and 4-
[3-(2-nitro-1-imidazolyl)propylamino]-7-chloroquinoline
hydrochloride (NLCQ-1) can significantly enhance the
antitumor effect but not the systemic toxicity of com-
monly used chemotherapeutic agents, both in vivo and
in vitro [8, 9, 11, 12, 19, 21, 30, 31, 35, 39, 47]. The
results of recent clinical trials of TPZ combined with
cisplatin (cisDDP) confirm that a therapeutic gain in
terms of overall response rates and survival may be
achieved in the clinic as well as in animal models [2, 23,
24, 52, 54]. On the other hand, NLCQ-1 is considered
for phase I clinical trials due to the promising results
obtained by the NCI in studies against human prostate
PC-3 xenografts in athymic nude mice, in combination
with paclitaxel or cyclophosphamide (unpublished
results; [38]).

NLCQ-1 is a weakly DNA-intercalating hypoxia-
selective cytotoxin developed in our laboratory [29] which
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demonstrates an increasing hypoxic potency and selec-
tivity with time [32], like the so-called ““bis-bioreductive
agents”, compounds that bear two reducible centers [15].
NLCQ-1 synergistically enhances the effect of radiation
against hypoxic cells in vitro and murine tumors in vivo
[33] and optimizes the effect of radioimmunotherapy in
human xenografts [3]. Importantly, NLCQ-1 substan-
tially enhances, in a schedule-dependent manner, the an-
titumor effect of alkylating agents against murine tumors,
without a concomitant enhancement in bone marrow or
hypoxia-dependent retinal toxicity [30, 34, 37].
Potentiation of chemotherapy by NLCQ-1 and TPZ
seems to be both chemotherapeutic agent- and adminis-
tration schedule-dependent 8,9, 31, 35] even though there
is some evidence that the timing of TPZ administration
may be less important than previously thought [22]. Thus,
NLCQ-1 and TPZ have to be given before an alkylating
agent (e.g. melphalan, cyclophosphamide or cisDDP) or
after the antimitotic Taxol, for example, so that an opti-
mal synergism can occur, and the timing is different for
each of the agents mentioned [35]. Another factor that
may play a significant role in the potentiation of chemo-
therapy by NLCQ-1 and TPZ, a factor that has not been
adequately addressed, is tumor specificity. The present
study was undertaken to further investigate potential
synergistic interactions between NLCQ-1 or TPZ and 5-
fluorouracil (SFU). SFU was chosen because: (a) it has
been the mainstay of treatment in combined-modality
therapy, in particular against colorectal cancer, for nearly
four decades [45], (b) its toxicity remains an obstacle to the
achievement of overall clinical benefit in many patients
[53], and (c) both NLCQ-1 and TPZ yield a similar
and significant potentiation of SFU (55.5% and 53.0%,
respectively) in the EMT6/BALB/c model [35].

Materials and methods

Drugs

NLCQ-1 (provided by the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treat-
ment and Diagnosis, National Cancer Institute) and TPZ (provided
by Sanofi-Winthrop, Malvern, Pa.) were dissolved in saline at 1 and
0.75 mg/ml, respectively, and 5FU was used as the formulated so-
lution (50 mg/ml) provided by the company (Pharmacia, Kalama-
700, Mich.). All drugs were injected intraperitoneally (i.p.) on the
basis of animal body weight and the total injected volume was
< 0.7 ml

Mice and tumors

EMT6 mammary tumor cells (a gift from Dr. B. Teicher, Dana-
Farber Cancer Institute, Boston, Mass.) [43] were inoculated (s.c.)
into both legs (2x0° cells in 0.2 ml per leg) of 18-20 g female BALB/c
mice (Jackson Laboratories, Bar Harbor, Me.). SCCVII tumor-cells
(squamous carcinoma; a gift from Dr. D. Siemann, University of
Florida, Gainesville, F1.) [17] were inoculated (s.c.) into both legs (in
vivo-in vitro assay; 5x10* cells in 0.05 ml per leg) or into one leg
(tumor regrowth assay) of 18-20 g female C3H mice (Jackson Lab-
oratories). Two to three (in vivo-in vitro assay) or eight mice (tumor
regrowth assay) were used per group. Treatment was initiated when

the tumor geometrical mean diameter reached about 0.8 cm (in vivo-
in vitro assay) or about 0.5 cm (tumor regrowth assay). All animals
were housed under germ-free conditions and the studies were con-
ducted in accordance with the guidelines set by the Evanston
Northwestern Healthcare Institutional Animal Care.

In vivo-in vitro clonogenic assay (antitumor effect)

When the EMT6/BALB/c model was used, we only determined the
dose modification factor (DMF) values for the antitumor effect and
bone marrow toxicity, since the optimal administration schedule
for potentiation of SFU by NLCQ-1 and TPZ is known from our
previous work [35]. In the SCCVII/C3H model, the optimal timing
was first determined at 150 mg/kg SFU. Subsequently, dose re-
sponse survival curves were generated at the optimal administra-
tion time for various SFU doses (up to 175 mg/kg) to determine
DMF values for the antitumor effect and bone marrow toxicity.
NLCQ-1 and TPZ were given at equitoxic doses of 10 mg/kg
(0.027 mmol/kg) and 23 mg/kg (0.168 mmol/kg), respectively,
which represent 28% [9, 30] of their single LDsq value.

The in vivo-in vitro assay was used as the endpoint as described
previously [30]. Briefly, tumors were excised 18 h after the last
treatment, minced, dissociated with an enzyme cocktail (0.5 mg/ml
pronase, 0.2 mg/ml collagenase, 0.2 mg/ml DNAase in RPMI-1640
with 10% FBS) added in the proportion of 1 ml per 60 mg of
tumor, mixed together and incubated at 37°C with magnetic stir-
ring for 40 min. The single-cell suspension was washed twice by
centrifugation and the cell density determined with a Coulter
counter. The cells were then plated at various concentrations in
quadruplicate to form colonies. After 2 weeks of incubation at
37°C in a humidified atmosphere containing 5% CO,, tumor cell
colonies were stained with crystal violet and counted. The plating
efficiencies of untreated EMT6 and SCCVII tumor cells were
36.5% (32.5-40.5%) and 29.4% (28.5-30.3%)), respectively.

Survival of the treated groups is expressed as a fraction in relation
to that of the untreated control group. Additive effects were calcu-
lated as the product of the surviving fractions (SFs) following
treatment with each drug alone [9]. When DMF values were deter-
mined, the survival curves obtained from the NLCQ-1 plus SFU and
TPZ plus SFU treatments were normalized for the hypoxic toxicity of
NLCQ-1 and TPZ alone. The degree of potentiation (P), the per-
centage of tumor cells that were killed due to clear synergism [55], was
calculated by subtracting the SF obtained in the combination treat-
ment (SFc) from the calculated additive effect (SFa) and multiplying
by 100: P=(SFa—SFc)x100.

A therapeutic index (ThI) was also calculated for NLCQ-1 and
TPZ as the ratio between the DMF obtained for the antitumor
effect (DMFr) divided with the DMF obtained for bone marrow

Bone marrow toxicity

Bone marrow toxicity studies were performed in parallel with the
antitumor efficacy studies, when the in vivo-in vitro assay was used,
by flushing marrow from the femurs of treated and untreated mice
and using a modified CFU-GM [46]. A complete methylcellulose-
based medium with growth factors for murine clonogenic hemat-
opoietic progenitor cells (MethoCultGF M3434; StemCell
Technologies, Vancouver, Canada) was used for the formation
of colonies, which were detected and counted using an inverted
microscope.

Tumor regrowth assay

To assess the response of SCCVII tumors to treatment, when the
tumor regrowth assay was used as the endpoint, their size was
measured every day or every other day using a vernier caliper.
Tumor volumes were calculated using the formula V = n(xxyxz)/6,
where x, y and z are orthogonal diameters minus folded skin



thickness (I mm). At the time of treatment, the tumor volumes
ranged from 47 to 82 mm?>. The doubling time of untreated control
tumors (Td) was calculated as the mean time required for a tumor
to double from 200 to 400 mm?>. Tumors were evaluated at a vol-
ume of 600 mm> and the specific growth delay (SGD) for each
treatment group was calculated [4] from the formula:
SGD =(T-C)/Td, where T is the time taken for the treated tumor
to reach a volume of 600 mm® and C is the time taken for the
control tumor to reach a volume of 600 mm?>. Also, the log kill
corresponding to this growth delay was calculated from the for-
mula: log kill=0.301xSGD [41]. Groups were compared using
Student’s z-test.

Results

In vivo-in vitro assay

The chemical structures of NLCQ-1 and TPZ are shown
in Fig. 1B and C, respectively. The antitumor effects and
bone marrow toxicities when NLCQ-1 (10 mg/kg) or an
equitoxic dose of TPZ (23 mg/kg) was administered i.p.
30 min after or 3 h before various doses of SFU to
EMT6 tumor-bearing BALB/c mice are also shown in
Fig. 1. These schedules were suggested by the results of
our previous studies [35] to be the best time intervals for
optimal potentiation [55] in this particular tumor model.
It is clear that neither bioreductive drug modified the
bone marrow toxicity induced by 5FU, thus yielding a
DMEF value of 1 (Fig. 1B, C), whereas NLCQ-1 signifi-
cantly potentiated the antitumor effect (Fig. 1A).

Fig. 1A-C. Antitumor effect (A) and bone marrow toxicity (B, C)
of 10 mg/kg NLCQ-1 (A, B) or 23 mg/kg TPZ (A, C) given i.p.
30 min after and 3 h before 5FU, respectively, in BALB/c mice
bearing EMT6 tumors (closed circles SFU alone, triangles NLCQ-1
plus SFU, open circles TPZ + SFU). Assays were carried out 18 h
after the last drug administration. Bone marrow toxicity was
assayed by CFU-GM. Three mice per point were used (six tumors).
Single-cell suspensions of tumor obtained after each tumor
dissociation or of bone marrow cells retrieved from the three mice
were combined and plated in quadruplicate to form colonies (bars
SD of quadruplicate measurements)
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When schedule-dependent potentiation was investi-
gated in the SCCVII/C3H model, the results were quite
different from those obtained in the EMT6/BALB/c
model [35]. Thus, NLCQ-1 optimally potentiated SFU
when administered 1 h before rather than after SFU,
whereas no indication of potentiation was observed with
TPZ for any of the time intervals studied (Fig. 2A, B).
Almost identical results were obtained from two differ-
ent experiments with three mice per group (six tumors).
Again, equitoxic doses of NLCQ-1 and TPZ (10 mg/kg,
0.027 mmol/kg, and 23 mg/kg, 0.168 mmol/kg, respec-
tively) representing 28% of their single LD s values were
administered [9, 30]. In the plots, for clarity only the
effect of the combination treatment is depicted as well as
the calculated additive effect. The mean SFs following
treatment with NLCQ-1, TPZ and 5FU alone were
0.924+0.023, 0.715+£0.023 and 0.478 £0.018, respec-
tively. The degrees of potentiation were 21.54+1.9 and
2.9 £2.2 for NLCQ-1 and TPZ, respectively (Table 1). It
is apparent that less potentiation was seen for NLCQ-1
in the less-hypoxic SCCVII tumors than in the EMT6
tumors [1]. On the other hand, no potentiation of SFU
was seen with TPZ in this tumor.

Dose-response curves were generated for NLCQ-1
with or without SFU, but not for TPZ with or without
S5FU, in terms of the antitumor effect and bone marrow
toxicity in the SCCVII/C3H model (Fig. 3). The antitu-
mor effect and the bone marrow toxicity were modified by
NLCQ-1 by a factor of 2.3 and 1, respectively. Therefore,
a therapeutic index (ThI) of 2.3 was obtained, identical
with that for the more hypoxic EMT6 tumors (Table 1).
The SF following treatment with SFU at 150 mg/kg in this
experiment was greater than the corresponding SF in the
timing experiment (0.685+0.077 vs 0.478 £0.018).

Tumor regrowth assay

Figure 4 shows the mean tumor responses of groups of
SCCVII tumor-bearing mice untreated or treated with
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Fig. 2A, B. Schedule-dependent modification of the antitumor
effect of 150 mg/kg SFU by (A) NLCQ-1 (10 mg/kg; 0.027 mmol/kg)
and (B) TPZ (23 mg/kg; 0.129 mmol/kg) in C3H mice bearing
SCCVII tumors. Only the effects of combined drugs are shown
from two independent experiments (open circles, closed circles);
dashed and solid lines represent the additive effects (calculated as the
product of the surviving fractions obtained with the two indepen-
dent agents) corresponding to the open and solid symbols,
respectively. Six tumors per point were used. Single-cell suspen-
sions obtained after each tumor dissociation were combined and
plated in quadruplicate to form colonies (bars SD of quadruplicate
measurements)

NLCQ-1 or TPZ with or without 5FU. NLCQ-1
(10 mg/kg) or TPZ (23 mg/kg) was administered i.p. 1 h
before SFU (50 mg/kg) twice a day at 4-h intervals on
days 0 and 9. Tumors in mice treated with NLCQ-1,
TPZ or 5FU alone grew essentially at the same rate and
at a slightly slower rate than the control group (saline-
treated). Tumors treated with TPZ plus SFU showed a
decrease in size to 72% of their original mean volume on
day 3, whereas tumors treated with NLCQ-1 plus SFU
showed a decrease in size to 68% of their original mean
volume on day 5. Similarly, tumors showed a decrease in
size after the second treatment to 85% of their volume
on day 9 following treatment with TPZ plus SFU and to

48% following treatment with NLCQ-1 plus 5FU on
days 11 and 12, respectively.

The doubling time of untreated SCCVII tumors was
2 days. Tumor growth delays relative to the control
group were compared at a mean volume of 600 mm?® for
all treated groups and the results are shown in Table 2.
The differences in the mean time delay for the tumors to
reach 600 mm® between each treated group and the
control group were greater than would be expected by
chance (P <0.001, and in one case P <0.02). Similarly,
the P value was <0.001 for the comparison between the
groups treated with NLCQ-1 plus 5SFU and TPZ plus
S5FU. On the other hand, there was no significant dif-
ference between the groups treated with SFU, TPZ or
NLCQ-1 alone. From the data in Table 2, it is apparent
that synergistic interaction occurred between NLCQ-1
and 5FU (7.3 days extra delay beyond additivity),
whereas in the case of TPZ plus SFU combination
treatment, the extra delay was only 1 day.

Normal tissue toxicity

At the given dose and schedule, there was no weight loss
or lethality observed in the C3H mice treated with
NLCQ-1 alone or NLCQ-1 plus SFU. Mice treated with
TPZ alone or TPZ plus 5FU had 94% and 100%, re-
spectively, of the corresponding mean body weight of
the control group on day 9. Two animals died on
days 13 and 14, respectively, in the group treated with
TPZ alone, presumably due to the large size of the tu-
mors. However, these two mice were sick already on
day 11, even though mice with larger tumors in the
control group did not develop signs of illness. Mice
treated with SFU alone (50 mg/kg x2) had 85.2% of the
corresponding mean body weight of the control group
on day 9. After the second treatment with SFU alone
(another 50 mg/kg x2), five mice became ill and even-
tually 50% of the animals in this group had died by
day 13, presumably due to drug-related toxicity. Unex-
pectedly, mice treated with NLCQ-1 or TPZ plus 5SFU

Table 1. Potentiation data of

5-FU by NLCQ-1/TPZ in Parameter NLCQ-1 TPZ
murine tumors. The data were EMT6/BALB/c SCCVII/C3H EMT6/BALB/c SCCVII/C3H
obtained using the optimal
administration schedules from ——gpyq 0.755:+0.022" 0.442:+0.028 0.600+0.043" 0.342:+0.023
Wt" ef/pfl’“me“ § 10 qua ;S“]g " SFc* 0.200 +0.032° 0.227+0.008 0.070 £ 0.006° 0.313£0.001
Ej‘vg N (f‘t L:ieest;fnrri%ns Potentiation’ 55.541.5° 21.5+1.9 53.01.1° 29+£22
DMF+¢ 23 23 1.2 ND
DMFpn® 1 1 1 ND
Thi" 23 23 1.2 ND

“Surviving fraction calculated for the additive effect

®Data taken from reference 35

“Actual surviving fraction obtained in the combination treatment
Ypercentage of cells killed due to pure potentiation by the bioreductive compound (see Materials and

methods)

‘DMFt and DMFpy, are the dose modification factors (ratio between two doses of the chemothera-
peutic agent in the presence and absence of NLCQ-1/TPZ for the same effect) for the antitumor effect
(T) and the bone marrow toxicity (BM), respectively

"Therapeutic index (DMF1/DMFpgy,)
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Fig. 3A, B. Antitumor effect (A) and bone marrow toxicity (B) of
10 mg/kg NLCQ-1 given i.p. 1 h before SFU in C3H mice bearing
SCCVII tumors (closed circles SFU alone, open circles NLCQ-1
plus SFU). Assays were carried out 18 h after the last drug
administration. Bone marrow toxicity was assayed by CFU-GM.
Three mice per point were used (six tumors). Single cell suspensions
from tumor obtained after each tumor dissociation or of bone
marrow cells retrieved from the three mice were combined and
plated in quadruplicate to form colonies (bars SD of quadruplicate
measurements)
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Fig. 4. Response of SCCVII tumors to NLCQ-1 or TPZ treatment
combined with SFU. Relative mean tumor volume is plotted as a
function of time after treatment. NLCQ-1 (10 mg/kg) or TPZ
(23 mg/kg) was given 1 h before SFU (50 mg/kg) twice a day 4 h
apart on days 0 and 9. Eight mice per point were used (bars SD).
Tumor growth delay was evaluated at tumor volume of 600 mm
(closed diamonds saline, open circles NLCQ-1 alone, open triangles
TPZ alone, closed triangles SFU alone, open diamonds TPZ plus
SFU, closed circles NLCQ-1 plus 5FU)

did not develop any sign of sickness, and SFU-related
cachexia was not seen.

Discussion

The results of the present study showed that TPZ failed
to significantly potentiate the antitumor effect of SFU in
the EMT6/Balb/c model (clonogenic assay), in contrast
to our previous results in the same model [35]. Thus, a
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DMF value of only 1.2 was obtained (Table 1). It is not
certain if this failure reflects lack of hypoxia, since a
DMF+ of 2.3 was obtained with an equitoxic dose of
NLCQ-1 (Table 1), or if the administration schedule
should be reconsidered in the case of TPZ. In our pre-
vious study [35], TPZ potentiated SFU when adminis-
tered 3 h before or 1 h after SFU. In the present study
only the 3 h before schedule was used. Similarly, in the
EMT6/BALB/c model, TPZ potentiated Taxol when
administered before or after Taxol [35]. However, in
DMPF-determining experiments in the same model, TPZ
potentiated Taxol only when it followed Taxol (unpub-
lished results).

The results in the SCCVII/C3H model, when the
clonogenic assay was used as the endpoint, again
showed that TPZ failed to potentiate SFU regardless of
the administration schedule, yielding a degree of pot-
entiation value only 2.9+2.2 (Table 1). Even though
oxygen was not measured in this study, we assumed that
the tumors in the clonogenic experiments were large
enough to ensure significant hypoxia. The degree of
potentiation obtained following treatment with NLCQ-1
in SCCVII tumors was less than half the corresponding
degree of potentiation obtained in EMT6 tumors
(Table 1), consistent with the report that SCCVII
tumors are more oxygenated than EMT6 tumors [1].
However, it should be emphasized that the Thl values
obtained following treatment with NLCQ-1 in both
tumor models were identical (Table 1), which implies
that therapeutic benefits can be achieved with NLCQ-1
plus 5FU in tumors with different degrees of hypoxia.
On the other hand, potentiation of SFU by NLCQ-1
seemed to be not only administration schedule-depen-
dent but also tumor model-specific.

In the tumor regrowth studies NLCQ-1 and TPZ
were given at the non-toxic total doses of 4x10 mg/kg
and 4x23 mg/kg, respectively [6, 33]. Pilot toxicity
studies in non-tumor-bearing mice were not conducted
for SFU, but the total SFU dose given was much less
than the reported LDsy value (437 mg/kg; 95% confi-
dence limits) for SFU (given as a single i.p. dose) in C3H
mice [9]. However, in our experiments, SFU alone given
at 2x50 mg/kg on day 0 and day 9 to a final dose of
200 mg/kg was quite toxic in SCCVII tumor-bearing
C3H mice, resulting in 50% deaths by day 13. Despite
this lethality, no biologically significant tumor growth
delay was observed following treatment with SFU alone.
Thus, the corresponding log kill was <1 (Table 2). On
the other hand, at the given schedule, treatment with
5FU in combination with either bioreductive compound
NLCQ-1 or TPZ did not result in any lethality or SFU-
associated cachexia, suggesting that each bioreductive
drug played a protective role against systemic toxicity.
With regard to TPZ, this is contrary to previous reports,
in which the combination of TPZ and 5FU always in-
creased lethality, even at a final dose of 4x40 mg/kg SFU
[9, 22]. However, in the first reference, TPZ plus SFU
was given as a single dose whereas in the latter, both the
schedule (administration for four consecutive days) and
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Table 2. Time for tumors

to grow to 600 mm>, tumor Treatment group Time to grow Tumor growth SGD Log kill

growth delay and specific t3'600inslln)1‘ delay (days)

growth delay (SGD) relative to (days )

saline-treated control, and .

: - Control (saline) 6.4+0.7 - - -

corresponding log kill SFU 11.142.4% 47 2.35 0.71
NLCQ-1 9.7+2.7* 33 1.65 0.50
TPZ 11.1£2.0* 4.7 2.35 0.71
TPZ+5FU 16.8 £1.4%* 10.4 5.20 1.56
NLCQ-1+5FU 21.7+£1.8%** 15.3 7.65 2.30

*P<0.001 vs control
**P<0.001 vs SFU alone
***P<0.001 vs TPZ+ 5FU

the model (human xenografts in nude mice) were
different than the ones we used.

The fact that TPZ causes blood flow alterations [10]
may explain the observed protection, especially when
S5FU is given at relatively small doses. Protection in
cisplatin-induced renal toxicity has also been reported
when TPZ is combined with cisplatin, but the mecha-
nism of such protection is unclear [47]. However, in
another experiment in which the same regimen was kept
for all drugs except that SFU was given at 75 mg/kg
instead of 50 mg/kg, lethality was observed not only in
the group treated with SFU alone (33% by day 14) but
also in the groups receiving combination treatment.
Thus, 16% of the mice treated with NLCQ-1 plus SFU
or TPZ plus 5FU had died by days 15 and 7, respectively
(the results of this experiment are not shown).

Concerning tumor growth delay, a marked effect was
noted only in the group treated with NLCQ-1 plus 5FU.
Thus, the tumor growth delay compared to the saline-
treated control group was 15.3 days, of which 7.3 days
were due to potentiation. This tumor growth delay
corresponds to 2.3 log kill and thus it can be considered
biologically significant. Furthermore, this biologically
significant effect was obtained by combining marginally
active doses of NLCQ-1 and 5FU with log kill values of
0.50 and 0.71, respectively. In contrast, TPZ enhances
the activity of chemotherapeutic agents such as bleo-
mycin when the latter is given at an already active dose
[22]. It should be mentioned that the NLCQ-1 plus SFU
combination treatment appeared more efficacious in
terms of log kill in the tumor regrowth assay experi-
ments than in the in vivo-in vitro assay experiments.
This discrepancy could be attributed to the slightly
higher SFU dose used, but mainly to the different ad-
ministration schedule followed in the tumor regrowth
assay experiments, which could lead to improved phar-
macokinetics. It is known that SFU has a short plasma
half-life and that increased response rates are seen with
infusional protocols [51]. Also, it is known that thy-
midylate synthase inhibition by 5FU is limited to the
S-phase of the cell cycle [51] and thus the probability of
tumor cells being in this phase could be increased in a
fractionated administration protocol.

Significant tumor growth delay was also observed in
the group treated with TPZ plus SFU compared to those
treated with TPZ or 5FU alone. However, the delay was

very close to that expected from the mere additive effect
of the two drugs alone, consistent with the results ob-
tained in the clonogenic assay. Thus, the extra delay
beyond additivity was only 1 day. However, the TPZ
plus SFU combination treatment led to a log kill of 1.56,
which is biologically significant, once again indicating
the advantage of combining inactive modalities to pro-
duce active treatments.

With regard to mechanism(s), preliminary in vitro
results showed that enhancement of apoptosis (i.e. in-
creased caspase 3 activation and nucleosome formation),
unrepairable DNA damage and persistent inhibition of
DNA, RNA and protein synthesis are some of the
mechanisms involved in the potentiation of SFU by
NLCQ-1 [36]. TPZ alone is known to produce DNA
single and double strand breaks, and chromosome ab-
errations [5], and to also dramatically inhibit DNA
replication [40] in vitro. Therefore, TPZ could theoreti-
cally potentiate the antitumor effect of SFU by similar
mechanisms. However, tumor penetration by TPZ might
be compromised by its high metabolic rate [16]. Alter-
natively, blood flow alterations caused by TPZ [10]
might have a negative impact on SFU pharmacokinetics
and efficacy, especially when TPZ is given before SFU.

Our present findings also suggest that potentiation of
chemotherapy by NLCQ-1 or TPZ might be both tu-
mor- and administration schedule-dependent. This
makes sense if we take into account the variability in
tumor-related hypoxia and enzymatic profile which af-
fect bioreductive drug metabolism, as well as possible
alterations that one combined agent might cause in the
pharmacokinetics of the other. Thus, NLCQ-1 potenti-
ates Taxol in PC-3 xenograft-bearing athymic mice and
in FSallC-bearing C3H mice when given 90 min before
or 90 min after Taxol, respectively (unpublished results).
Similarly, it has been suggested that sequencing of TPZ
with other agents requires careful consideration in the
clinic [10].

In summary, the present investigation demonstrated
that an appropriately scheduled NLCQ-1 plus SFU
combined treatment regimen could effectively increase
the antitumor efficacy of this chemotherapeutic agent
without concurrent enhancement in systemic toxicity, at
least in murine tumor models. Moreover, a therapeutic
advantage was obtained even with combinations of
NLCQ-1 and 5FU at marginally active doses. Therefore,



experiments with even lower and thus less-toxic SFU
multiple doses combined with this bioreductive agent
should be considered for future investigation.
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