
(CANCER RESEARCH 53. 3518-3523. August I. 1993)

Potentiation of a Three Drug Chemotherapy Regimen by Radiation1

Jason A. Koutcher,2 Alan A. Alfieri, Robert L. Stolfi, Mary L. Devitt, Joseph R. Colofiore, L. Dee Nord, and

Daniel S. Martin

Departments of Medical Physics Â¡J.A. K.. A. A. A.. M. L D.I. Radiology Â¡J.A. K./, and Medicine [J. A. K.. D. S. M.I Memorial Sloan Kellering Cancer Center. New York 10021,
and Catholic Medical Center. Wimdhaven ÃŒ142IÂ¡R.L S., J. R. C., L D. N.. D. S. MJ, New York

ABSTRACT

The combination of AMphosphonacetyD-i.-aspartate, 6-methylmercap-
topurine, and 6-aminonicotinamide has been shown to be an effective
antineoplastic regimen and also to enhance the effects of other chemother-

apeutic agents. The mechanism of action of this combination of drugs is
not known definitively, but one possible mechanism is biochemical mod
ulation of energy metabolism and inhibition of production of tumor ATP.
Tumor-bearing mice were treated with V-(phosphonacetyl)-i -aspartate.
followed 17 h later by 6-methylmercaptopurine and 6-aminonicotinamide.
"!' nuclear magnetic resonance spectroscopic studies demonstrated a sig

nificant depletion of high energy phosphates at 10 h post-6-methylmer-
captopurine and 6-aminonicotinamide. The addition of radiation at this

time was shown to induce a significantly longer tumor growth delay and
a greater number of regressions (including durable complete regressions)
than either chemotherapy or radiation alone. The combination of chemo
therapy and radiation was found to be supra-additive compared to the

antineoplastic effects of either modality administered separately, without
a measurable increase in host toxicity.

INTRODUCTION

Selectivity of antineoplastic agents is essential for successful anti-

cancer therapy. In the absence of adequate selectivity, chemotherapy
and radiation are dose limited by toxicity to normal organs. Radiation
is nonselective except as focused by the beam of the instrument.
Irradiation of normal tissues adjacent to the tumor is usually dose
limiting and often prevents the optimal dose delivery of radiation to
the target site. Available chemotherapy agents also suffer from limited
selectivity and narrow therapeutic margins. One technique to enhance
antineoplastic efficacy is to biochemically modulate the effects of
chemotherapeutic agents. This entails the use of drugs that are of
themselves relatively weak or ineffective anticancer agents that may
alter tumor metabolism and/or drug biochemistry to permit selective
and greater antineoplastic affects. Similarly, radiation sensitizers can
enhance the antineoplastic effects of radiation despite their inherent
weak or absent cytotoxic effect (1). Concomitant or sequential use of
radiation and chemotherapy can potentially enhance or provide selec
tive cytotoxicity for antineoplastic therapy.

Previous studies have indicated that the use of a triple drug com
bination of PALA,-1 MMPR, and 6AN has antitumor efficacy (2) and

can also be used to enhance the effectiveness of other chemothera
peutic agents such as 5-fluorouracil (3) and Adriamycin (4). The

rationale for the combination of these drugs has been discussed in
detail previously (3). This combination of agents has been shown to
decrease tumor ATP content which is one of a number of possible
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mechanisms associated with its antitumor effect. This combination
induces early biochemical changes similar to apoptosis (4) and may
enhance tumor cell kill by activation of these events (5, 6).

Depletion of tumor energy content, specifically ATP, has been
shown to inhibit tumor repair. Ling et al. (7) have studied Chinese
hamster V-79 cells and noted that in the presence of nutrient and

oxygen deprivation, cellular ATP is depleted. Cells that were depleted
of ATP demonstrated sublethal radiation damage repair inhibition,
resulting in decreased survival. Previous in vivo and in vitro studies
using 2-deoxyglucose have also indicated that inhibition of ATP pro

duction inhibited cellular repair in malignant and nonmalignant cells
(8-12). Based on these previous studies, it appeared that one method

to further enhance the efficacy of the triple drug combination (PALA,
MMPR, and 6AN) would be to administer radiation at a time point
when both sublethal damage and potential lethal damage repair of
radiotherapy would be inhibited by a reduction of ATP.

NMR spectroscopy provides a noninvasive technique to monitor
tumor metabolism (13-22). Previous studies have suggested that it

may be feasible to relate changes in tumor oxygÃ©nationto changes in
the 3IPNMR spectrum (14-16, 20, 21, 23). Metabolic effects induced

by radiation, hyperthermia, and chemotherapy have been detected by
NMR (13, 16-18, 20, 21). Therefore, it seemed likely that NMR

spectroscopy might be useful for monitoring tumor metabolism and
ATP content after treatment with agents that alter energy metabolism.
This would provide a noninvasive method for selecting an appropriate
time for the administration of additional antineoplastic agents the
efficacy of which is enhanced by tumor energy depletion.

The three drug combination of PALA, MMPR, and 6AN was de
signed to produce a blockade of pyrimidine and purine de novo
biosynthesis as well as decrease the amount of NAD present and
inhibit NAD dependent enzymes involved in ATP synthesis (2, 3). It
has been shown that metabolic depletion of ATP inhibits repair after
irradiation, and therefore it was hypothesized that the addition of
radiation to the combination of PALA, MMPR, and 6AN should
enhance the efficacy of this regimen.

MATERIALS AND METHODS

NMR. "P NMR spectra were obtained on a 4.7T 33-cm-bore General
Electric (Fremont, CA) NMR system operating at 81.033 MHz for "P. Ex

perimental parameters included a spectral width of 20,000 Hz, recycle delay of
2 s, 60-degree flip angle, 1024 data points, and 512-1024 signal averaged free

induction decays. Using these acquisition parameters, the spectra are partially
saturated.

A 3-turn solenoid coil ( 11 mm inner diameter) was used for all NMR

studies. The tumor weight for the animals studied by NMR was 203 Â±46 (SD)
mg (Â«= 8). To avoid detection of signal from other tissues, a Faraday shield

(22) was used with the tumor protruding through an opening in the polystyrene
base plate and the solenoid coil mounted on the opposite side. Control exper
iments verified that no signal was obtained from non-tumor bearing animals

mounted in an identical manner. The Bo field was shimmed prior to spectral
acquisition using the 'H water signal from the tumor. The typical width of the

water resonance ranged from 0.3 to 0.5 ppm. Signal averaged free induction
decays were zero filled to 4096 data points and multiplied by 25 Hz of line
broadening filter prior to Fourier transformation. Peak areas were measured
after fitting the baseline to a third order polynomial using standard General
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Electric software. The ÃŸNTP peak was used to estimate the NTP:PÂ¡ratio as the
a and y peaks overlap other resonances. Tumor pH was estimated from the

chemical shift of PÂ¡relative to that of a NTP since the signalmoise ratio of the
PCr peak was low after the animals were treated. Because the exact concen
tration of substances which could affect the PÂ¡chemical shift are not known,
the derived pH-chemical shift curve has an uncertainty of Â±0.1pH unit (24).

The animals were anesthetized briefly with isoflurane while being mounted in
the NMR probe but were awake during the time of spectral acquisition.

Mice. For each experiment, the spontaneously arising BALB/c x DBA/8
F! (hereafter called COSF^ breast tumors were transplanted s.c. as first gen
eration transplants into one hind limb of syngeneic 3-month-old mice. When
transplanted tumors were palpable, 3-4 weeks after implantation, they were

measured, and the mice were distributed among experimental groups so that
mice carrying tumors of approximately equal size were represented in each
group. Different cohorts of mice were used for NMR and tumor growth delay
experiments.

Tumor Measurements. Two axes of the tumor (the longest axis, L and the
shortest axis, W) were measured using a Vernier caliper. Tumor weight was
estimated as

Tumor wt (mg) =
L (mm) X W(mm)-

Determination of Tumor Regression Rate. The initial size of each tumor
in each treatment group was recorded prior to the initiation of treatment. Tumor
size was recorded weekly. For each experiment, a single observer made all
measurements to avoid subjective variation in caliper measurements from
individual to individual. Complete regression is defined as the total disappear
ance of the initial tumor, and partial regression is defined as a reduction in
tumor weight of 50% or greater compared to the value at the time of initiation
of treatment. The regression rate for a particular treatment is expressed as a
percentage: i.e..

No. of regressions/group

Total no. of animals/group
X 100

Chemotherapeutic Agents. MMPR and 6AN were obtained from Sigma
Chemical Co., St. Louis, MO. Each agent was dissolved in 0.85% NaCI
solution immediately before use. PALA was obtained from the National Cancer
Institute, Bethesda, MD, of the Department of Health, Education and Welfare,
USPHS. PALA was dissolved in 0.85% NaCI solution and the pH was adjusted
to 7.2-7.5 with l N NaOH before adjustment to final volume. All agents were

administered i.p. so that the desired dose was contained in 0.01 ml/g of body
weight.

The drugs were administered in a timed sequence with PALA administered
17 h before the simultaneous administration of MMPR + 6AN. Throughout
this paper, the timing of NMR measurements and radiation administration is
given in relation to the injection of MMPR + 6AN.

Statistical Evaluation. Tumor response was measured by evaluating tumor
growth delay and regression rate. Tumor growth delay was calculated as the
number of days required for the tumor to grow to twice the initial mean volume
of the cohort. In the combined chemotherapy + radiation treatment groups,
some of the tumors did not attain double the pretreatment weight by day 380
since they were in complete regression. The TGD for these animals was
assumed to be 380 days for the purpose of comparing TGD values of different
treatments. Thus the TGDs for the combined chemotherapy and radiation
treatments represent an underestimate of the true TGD value.

To determine if combining chemotherapy and radiation yielded additive
effects, the TGD of combined chemotherapy + radiation therapy was com
pared to the sum of the TGDs measured for each modality administered
separately. The estimate of the variance for adding the effects of radiation
(Rad) and chemotherapy (Chemo) administered separately was calculated as

SEM2 = SEM2Rad+ SEM:chemo

Radiation. Irradiation studies were performed as previously described
(23). Animals were anesthetized with 35 mg/kg pentobarbitol and confined to
a circular polystyrene jig radially divided into 10 compartments, with a re
movable plastic top and 0.5-cm lead cover shield. The top center of this Lucite

jig was 7.5 cm in diameter (the port size for radiation) and was open to allow
the tumor bearing limb to project through for localized irradiation. The legs
were additionally immobilized by a piece of tape fastened at the toe connecting
to the base of the plastic jig.

Irradiation was performed using a Phillips MG 324 irradiation unit
(Mahwah, NJ) operating at 320 kvp and 10 mA with 0.5 mm copper filtration.
The field size was 10 x 10 cm at a distance of 35 cm source to surface distance
for a dose rate of 304 cGy/min. Calibration of the unit was performed using a
Victoreen ionizing chamber at 50 cm source to surface distance and the
exposure rate at the above setting was 0.0405 Coul/kg/min (157 cGy/min).

RESULTS

Fig. 1 shows a series of spectra obtained on a tumor bearing mouse.
The peaks are identified in the legend of Fig. 1 and include resonances
assigned to phosphomonoesters, PÂ¡,phosphodiesters, PCr, and the
nucleotide triphosphates. The initial (untreated) spectrum arising from
the tumor is qualitatively similar to spectra from other tumors and
similar to our previous findings (3, 25).

Subsequent to treatment with PALA (r = -17 h) and MMPR +
6AN (/ = 0 h), serial spectra were obtained as shown in Fig. 1. A

relative decrease in the intensity of the PCr and NTP resonances was
clearly detectable. Concurrently there was an increase in the PÂ¡reso
nance. Subsequent recovery of the PCr and NTP peaks to approxi
mately their pretreatment level was noted.

Fig. 2A summarizes the results obtained on 8 tumor bearing animals
treated with this regimen. It can be observed that for the time points

TIME

72 HOURS

| I I I I | I I I I | I I M | I I I I | I I I I | I I I I | M I I | I

30 20 10 0 -10 .20 -30 ~*Â°

ppm
Fig. 1. "P NMR spectra of CD8F, tumor obtained prior to treatment and 10, 24, 48,

and 72 h posttreatment with PALA. MMPR, and 6AN. The times noted are relative to the
administration of MMPR and 6AN (see Table 1). The peaks assignments include: A,
phosphomonoester; B, PÂ¡;C. phosphodiester; D, PCr; Â£,y NTP; F, a NTP; G, NAD(H);
H, ÃŸNTP. Note the dramatic decrease in the NTP and PCr peaks relative to PÂ¡10 h after
administration of MMPR and 6AN.
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Fig. 2. A, changes in PCr/P, and NTP/PÂ¡after treatment with PALA. MMPR, and 6AN.
Both ratios are noted to drop after treatment and recover at 48-72 h. B. changes in pH after

treatment with PALA. MMPR, and 6AN. Bars, SEM.

Table I Treatment regimen, tumor weight, and response to therapy

Treatment1.

Saline17h2.

PALA -â€¢MMPR +6ANÂ°3.

Radiation, 15 Gy for 3courses(10-11
daysapart)17h

10h4.PALA -â€¢MMPR + 6AN -Â»15Gy"5.

Saline17
h6. PALA -â€¢MMPR +6AN"7.

Radiation, 15 Gy for 3 coursesGroup1111222Initial

tumor wt (mg)
N (mean Â±SEM)10101010101010150

Â±63150

Â±57152
Â±60150

Â±5872

Â±4270

Â±3268
Â±32TOD

(mean Â±SEM)9.4

Â±1.622.7

Â±1.650.9
Â±7.0103.2

Â±17.27.4

Â±0.727.7

Â±2.369.6
Â±2.7

(10-11 days apart)

17h 10h
8. PALA -â€¢MMPR + 6AN -Â» 15

Gy"
10 66 Â±26 >259Â±48.4"

"Three treatments separated by 10-11-day interval.
* TGD is an underestimate since not all tumors had regrown to twice their original

weight.

tested, PCr/Pj and NTP/PÂ¡reach their nadir values at 10 h. A decrease
in PCr/PÂ¡and NTP/PÂ¡was measured at 10 and 24 h. This is similar to
our previous results with this regimen (3) which showed a decrease in
NTP/PÂ¡at 2, 10, and 24 h. Recovery of the NTP/P, value was noted by
72 h post MMPR + 6AN. In contrast, the change in pH (Fig. 2B) was
small and the pH measured at 10 and 72 h was not significantly
different from the pH prior to treatment.

On the basis of the 50% reduction in tumor energy profile, tumor
bearing animals were treated with radiation at 10 h after chemother
apy. The treatment schedules, number of animals in each cohort, and

initial tumor weights for the various treatment groups are summarized
in Table 1. Stolfi et al. (3) have previously shown that tumor bearing
mice respond to 3 courses of PALA, MMPR, and 6AN separated by
10-11 days without significant morbidity and mortality. Utilizing the

same schedule, a dose of 15 Gy was administered 10 h after MMPR
and 6AN. For the time intervals selected in this and previous exper
iments (3), the NTP/Pj value was consistently and significantly de
pressed at 10 h after administration of MMPR + 6AN (Fig. 1 and 2).
Therefore this interval was selected for the time between MMPR +
6AN administration and radiation. Control arms of tumor bearing
mice treated with saline, PALA + MMPR + 6AN alone, or radiation
alone were also studied and each experiment was done in two different
cohorts of mice.

The results of treating 10 tumor bearing mice/group (tumor weight,
â€”¿�150 mg; see Table 1) can be seen in Table 1 and Fig. 3A. This size

tumor was relatively advanced for this tumor model and was not
curable by chemotherapy alone. The tumors in the saline control arm
continued to grow unimpeded as expected. The cohorts treated with
chemotherapy alone or radiation alone showed modest tumor regres
sion with subsequent regrowth. The combined chemotherapy + radi
ation treated group showed tumor regression followed by a prolonged
TGD in the absence of further therapy. The calculated mean tumor
weight in Fig. 3 is dominated by some tumors that relapsed early and
grew quickly. Thus the average growth obscures the fact that some
tumors were still in remission despite the very high mean weight of
the group.

The mean time for each tumor to regrow to double its initial weight
(from 150 mgâ€”>300mg) after chemotherapy, was 22.7 Â±1.7 (SEM)

days. Animals bearing tumors treated with radiation alone had a TGD

800

E

Â§

tu

400

200

20 40 60 80 100

DAYS

B
400

300

50 100 150

DAYS

Fig. 3. A, changes in tumor weight after treatment with saline, chemotherapy (PALA,
MMPR, and 6AN), radiation (15 Gy for 3 courses), or chemotherapy (CHEMO) +
radiation (XRT). The initial tumor weight of each group was approximately 150 mg. B.
same as in A but initial tumor weight was approximately 71 mg.
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of 50.9 Â±7.0 days. Tumors treated with combined chemotherapy and
radiation had a TGD of 103.2 Â±17.1 days. The TGD for the combined
radiation and chemotherapy arm was significantly greater (t = 2.09;

P < 0.05) than the sum of the TGD values achieved for chemotherapy

and radiation administered separately (Table 1), indicating that the
effects of combining the triple drug regimen with radiation were
greater than additive.

Fig. 3ÃŸshows a similar result on a second cohort of animals that
were treated at an initial size of approximately 70 mg (see Table 1)
with similar results, although a longer tumor growth delay was ob
served. The TGD was 27.7 Â±2.3 days for the triple drug chemother
apy alone and 69.6 Â±2.7 days for radiation alone. The combination
of the triple drug regimen + radiation resulted in a TGD of 259 Â±
48.4 days. The calculated TGD of 259 days is an absolute underesti
mate of the TGD since 5 of 10 animals (Table 1, Group 8) remain in
complete remission (380 days) but were scored as having a TGD (i.e.,
attaining a tumor volume of twice the original mean weight) of 380
days. Nevertheless, this TGD is significantly greater (t = 5.0; P <

0.001) than the sum of the TGDs achieved for chemotherapy and
radiation administered separately, indicating that in both cohorts, the
effects of combining the triple drug chemotherapy regimen with ra
diation are greater than additive.

The combined CR + partial remission rate achieved by this regi
men in the two cohorts presented was greater than 90% (data not
shown). This was in contrast to the result for the chemotherapy or
radiation only arms, which showed regression rates of about 30-40%.

The responses to the combined chemotherapy and radiation treatment
were long lasting despite the fact that no further treatment was ad
ministered beyond day 21. The data from experiments 1 and 2 (Table
1) were combined to calculate the CR rate. Fig. 4 shows the CR rate
for the combined radiation and chemotherapy treatment is 60%, with
25% of the mice [5 of 20 mice (Table 1, groups 4 and 8)] remaining
in CR at 380 days after starting treatment, despite receiving no further
therapy after day 21. In contrast, no CRs were obtained with chemo
therapy alone and only one short lived CR was obtained in the group
treated with only radiation.

The toxicity of this regimen was evaluated on day 28 based on
animal weight loss and mortality. This time point was selected since
weight loss is usually maximum approximately 1 week after complet
ing therapy (treatment was completed by day 21). Table 2 indicates
that mortality and weight loss in the cohorts treated with chemother
apy + radiation were not different than in the cohorts receiving
chemotherapy alone.

Table 2 Morbidity and mortality due to treatment

CR-CHEMO

CR-XRT

CR-CHEMO->XRT

g

100
OD-â€”D-i

300 400

DAYS

Treatment arm"
Morbidity''

(% wt loss) Mortality*

1. Saline
17h2. PALA -Â»MMPR + 6AN'

3. Radiation, 15 Gy for 3 (10-11 days apart)

17h 10h4. PALA -â€¢MMPR + 6AN -Â» 15 Gy'

-7

-20
-3

-20

0/20

1/20
0/20

1/20

Fig. 4. Duration and percentage of complete remissions obtained after treatment with
chemotherapy (CHEMO), radiation (XRT), or chemotherapy + radiation.

" Animals from Groups 1 and 2 (Table 1) combined.
fr Weight loss and mortality measured on day 28.
'Three treatments separated by 10-11-day interval.

Normal tissue damage in the locally irradiated area consisted of
alopecia and mild moist desquamation at 40 days posttreatment. The
skin damage ultimately recovered (including hair regrowth) in the
combined modality cohort, but an adequate comparison to the radia
tion only or chemotherapy only treatment groups could not be made
because of tumor recurrence. The single modality groups typically had
tumor regrowth by 40 days; thus evidence of fibrosis and ischemia
were compromised by the presence of recurrent tumor. Similarly, long
term (90 days) normal tissue responses to the combined chemotherapy
+ radiation treatment could not be compared to the single modality
treatment arms because of the noncurative doses of radiation alone
and chemotherapy alone groups, which prevented intergroup compar
isons. Studies with 45 Gy (single dose) versus concomitant chemo
therapy + radiation demonstrated some permanent atrophy in the
complete responders. The function of the appendage was preserved,
however, and the effects observed were not disproportionate between
treatment groups.

DISCUSSION

This study was undertaken to determine if the addition of radiation
to the combination of PALA, MMPR, and 6AN could provide a more
effective antineoplastic regimen. NMR spectroscopic studies were
undertaken to determine the time when the combination of PALA,
MMPR, and 6AN induced a depletion of tumor NTP. In a previous
study of the metabolic effects of PALA, MMPR, 6AN, a decrease in
NTP/Pj was noted between 2 and 24 h post-MMPR + 6AN (3). The

maximum effect was noted at 10 h, although the differences in NTP/PÂ¡
between 2, 10, and 24 h were not significant. These experiments
confirm our previous results, in addition to extending the study to 72
h to determine the kinetics of recovery of tumor bioenergetics. If
energy depletion is the cause of the synergistic effects, it is conceiv
able that administration of radiation at other time points could be
equally efficacious, since reduction in NTP/PÂ¡was noted to occur
at 2 (3), 10, and 24 h post-MMPR + 6AN. Further studies, with dif

ferent time intervals between chemotherapy and radiation, would be
necessary to prove that this interval is optimal and that energy deple
tion is the mechanism of the synergistic interaction. However, the
increased efficacy of the combined modality treatment, without an
increase in morbidity and mortality, demonstrates the potential of
combining radiation with the drug combination of PALA, MMPR, and
6AN.

It is important to note that the combination of chemotherapy agents
used has multiple biochemical effects and that the mechanism of
action has not been definitively determined. While sustained loss of
ATP is incompatible with survival, temporary depression of cellular
high energy phosphates (Figs. 1 and 2) do not necessarily induce
death. Further investigation into the mechanism of action of these
agents (with and without radiation) is necessary.

The three drug combination of PALA, MMPR, and 6AN was de
signed to produce a blockade of pyrimidine and purine de novo
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biosynthesis us well as inhibit production of ATP via NAD dependent
biochemical reactions. It is stressed, however, that the induced deple
tion of NTP is not the sole biochemical lesion. It is likely that other
induced perturbations to cellular biochemistry (e.g., DNA fragmenta
tion and other biochemical damages induced by PALA, MMPR, and
6AN and/or radiation) would act in concert with ATP loss to cause cell
death. Also, the depletion of NAD (3) could result in inability to
utilize oxygen, thereby increasing the partial pressure of oxygen in the
tumor, leading to an enhanced radiosensitivity. Thus, several potential
mechanisms could result in enhanced efficacy by combining radiation
with PALA. MMPR, and 6AN.

It has been suggested that the molecular mechanism of cell death
following DNA damage after anticancer agents is apoptosis or pro
grammed cell death (5. 6). Although initially energy dependent, the
process results in loss of ATP and NAD culminating in cell death. The
triple drug combination of PALA, MMPR, and 6AN induces a bio
chemical cascade that results in the morphological findings of apop
tosis as shown previously (4). Therefore, the addition of radiation,
which has also been shown to induce apoptosis (26), might be ex
pected to result in additive or greater biochemical changes and this
could explain the increased therapeutic effects observed with this
combination.

The results of this study are striking, in that the addition of radiation
to the triple combination resulted in an increase in tumor response
rates and. very importantly, generated durable complete regressions in
25% of mice treated. At 380 days after starting treatment (with only
3 courses of treatment which ended at day 21), 5 tumor bearing
animals show evidence of complete regressions.

The data shown in Table 1 are indicative of a supraadditive effect
obtained by combining this chemotherapy regimen with radiation. The
TGD obtained by combined modality (radiation + chemotherapy) is
significantly greater than the sum of the TGD values for each modality
separately. A rigorous proof of synergy would require measurement of
isoeffect or isobologram curves as suggested by Steel (27). This
requires the assumption of a linear dose-response curve for both

modalities. The chemotherapy regimen used in these experiments is a
complex interacting combination of drugs, and it is unlikely that
changes in dose of one of these agents will lead to a linear dose-

response curve for the combination. However, the lack of a complete
response to either chemotherapy or radiation alone, compared to the
durable 25% complete response rate obtained by combining these
modalities (Fig. 4), in addition to the enhanced partial response rate
and increased tumor growth delay obtained with the combination of
chemotherapy and radiation are indicative of the increased efficacy of
combining chemotherapy and radiation.

The objective of multidrug or multimodality treatment is an im
proved response rate in the context of minimal or acceptable host
toxicity. Thus it is important to compare the results of different treat
ment arms at comparable levels of toxicity. Of critical importance
in the current experiments is that despite the observed supraad
ditive antitumor effects, the toxicity of combined localized radiation
and systemic chemotherapy (based on weight loss and animal mor
tality) was not greater than the toxicity induced by chemotherapy
alone.

The importance of obtaining a complete remission has been em
phasized both in the context of chemotherapy and radiation therapy. It
has been shown in numerous disease sites that while a partial response
might be palliative and yield important therapeutic benefit, the inabil
ity to obtain a complete response is incompatible with extended sur
vival. Previous studies with this tumor model have demonstrated that
it has a high correlation with chemotherapy activity against human

breast cancers (28, 29) and that extended unmaintained complete
responses (as obtained in this study) are rare.4

Ling et al. (7) have shown /';; vitm that in the presence of hypoxia,

nutrient deprivation leads to loss of ATP and significant inhibition of
sublethal damage repair. This is compatible with previous studies
which have suggested that cellular bioenergetics may influence sub-

lethal damage repair. Dwarkanath and Jain (12) have shown that
changes in energy metabolism are linked to alterations in the repair
and fixation processes of DNA lesions after irradiation. The possibility
of combining the agents used in the current study, i.e.. PALA, MMPR,
and 6AN, with other metabolic inhibitors of glycolysis and oxidative
phosphorylation might potentially alter metabolism further which in
turn might improve response further. Jain et al. (9) have shown that
2-deoxyglucose inhibits repair of yeast cells after UV radiation. In

their studies, it was found that a continuous source of energy (via
oxidative phosphorylation or glycolysis) was necessary for repair of
potential lethal damage in irradiated cells and that the magnitude of
repair correlated with ATP production. The use of 2-deoxyglucose as

a radiation sensitizer has been demonstrated in the studies of Jain et al.
(10, 11).

The addition of radiation to a chemotherapy regimen of PALA,
MMPR, and 6AN, which is designed to biochemically modulate en
ergy, NAD, pyrimidine, and purine metabolism, has been shown to
significantly increase the tumor response rate and induce durable
complete regressions. The latter was not achieved by either chemo
therapy or radiation alone. These results were obtained without an
increase in animal morbidity or mortality. It is hypothesized that the
mechanism of interaction between the chemotherapy and radiation is
due to energy depletion induced by chemotherapy leading to de
creased repair of radiation induced damage, but other mechanisms
cannot be ruled out.
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