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Abstract-DNA-damaging agents, e.g. Adriamycinn (ADR), are reported to cause tumor regression by induc- 
tion of apoptosis. A reduction in the intracellular content of ATP is part of the biochemical cascade of events 
that ultimately results in programmed death of the cell, or apoptosis. A chemotherapeutic three-drug combination 
(PMA) consisting of N-(phosphonacetyl)+aspartate (PALA) + 6-methylmercaptopurine riboside (MMPR) + 
Gaminonicotinamide (6AN) significantly lowers levels of ATP in CDIFl murine breast tumors in vivo and 
produces tumor regression by apoptosis. Addition of the DNA-damaging antitumor agent ADR to PMA was 
found to further significantly deplete ATP in CD8Fl murine breast tumors in vivo with a concomitant significant 
increase in the number of tumor regressions. The correlative biochemical and therapeutic results are consistent 
with, and support, the hypothesis that ATP depletion is a significant factor and, therefore, is a worthy therapeutic 
target in the production of apoptosis. 
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ADR§ is a DNA-damaging agent [l] that has been 
shown to induce death by apoptosis in cancer cells in 
vitro [2]. PMA, a three-drug combination consisting of 
PALA + 6-MMPR + 6AN, has been shown to induce 
tumor regressions in viva, and the combination of PMA 
+ ADR has been shown to enhance markedly tumor 
regressions in vivo due to apoptosis when compared with 
either the three-drug combination without ADR or with 
ADR alone at its maximum tolerated dose [3]. 

A number of investigators [2, 4-121 have presented 
data that are supportive of the hypothesis that anti-cancer 
agent-induced DNA damage activates poly(ADP-ri- 
bose)polymerase, which lowers NAD pools and, in turn, 
leads to ATP depletion sufficient to effect apoptotic cell 
death. Since-PMA has been documented to depress tu- 
moral ATP levels [13], and since ADR should (as a 
DNA-damaging agent) also produce ATP depletion, it 
seemed reasonable to administer the drugs in combina- 
tion, (PMA + ADR), and complementary therapeutic ac- 
tivity was indeed documented [3]. 

The purpose of the present work was to measure the 
effect of the addition of ADR to the three-drug combi- 
nation (PMA) on both intracellular concentrations of 
ATP in tumor, and on tumor regression. The addition of 
ADR to PALA + MMPR + 6AN was found to further 
significantly lower the intracellular concentrations of 
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0 Abbreviations: ADR, Adriamycin”; PALA, N-(phospho- 
nacetyl)-L-aspartate MMPR, 6-methylmercaptopurine rihoside; 
6AN. 6-aminonicotinamide; and PMA, a combination of PALA 
+ MMPR + 6AN. 

ATP in tumor when compared with that produced by the 
three-drug combination without ADR. Moreover, the 
further significant lowering of intracellular concentra- 
tions of ATP in tumor after treatment with the four-drug 
combination was correlated with a concomitant increase 
in the number of tumor regressions. 

MATERIALS AND METHODS 

CDIFl spontaneous murine breast cancer system 

This breast tumor was included in the murine tumor 
testing panel of the National Cancer Drug Screening 
Program [ 141. CD8Fl hybrid mice bearing single spon- 
taneous, autochthonous breast tumors were selected 
from our colony, which has been described previously 
[ 15, 161. A tumor brei was made from 3-4 of these 
spontaneous tumors and employed to produce single 
first-generation subcutaneous transplants to syngeneic 
3-month old Balb/c x DBA/8Fl (hereafter called 
CD8Fl) mice. Six separate first-generation tumor trans- 
plant experiments are reported, each from a different brei 
(i.e. each from a different group of 3-4 spontaneous 
tumors) and, therefore, each transplant group contained a 
different number of chemotherapeutically sensitive and/ 
or resistant tumor cells. 

As in all spontaneous tumors, whether human or mu- 
tine, each individual cancer has a heterogenous neoplas- 
tic cell population. For each experiment, the ftrst-gener- 
ation transplants of CDIFI breast tumors were obtained 
from a tumor cell brei made by pooling 3-4 spontane- 
ously arising tumors and, hence, the individual trans- 
plants in each experiment developed from a single brei 
that, although common to all the mice in that experi- 
ment, had a neoplastic cell composition that was likely 
somewhat different from that in another experiment. 
This makes for quantitative differences between exper- 
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iments. For example, a single spontaneous tumor may 
have a large subset of cells resistant to a particular agent, 
and the pooling of this tumor with three more sensitive 
spontaneous tumors to make up a single tumor cell brei 
then results in the spread of these resistant cells through- 
out all the individual tumor transplants of the experi- 
ment. Consequently, the tumor-bearing mice in such an 
experiment are more refractory to tumor-regressing che- 
motherapy than mice in an experiment made from a 
tumor brei coming from 3-4 tumors all of which contain 
a paucity of resistant cells. Indeed, for this reason, an 
experiment comprised only of spontaneous tumors may 
yield therapeutic results that are more impressive than 
those of an experiment with first-passage spontaneous 
tumors. The need to employ first-passage spontaneous 
tumors is conditioned by economics as a tumor brei from 
3-4 spontaneous tumors may yield 100-150 tumor-bear- 
ing animals only one transplant step away from the het- 
erogeneity of spontaneous tumors. Quantitative mea- 
surements of any individual parameter (e.g. magnitude 
of biochemical response and antitumor sensitivity to a 
particular drug treatment) may be somewhat different 
from experiment to experiment with first-passage spon- 
taneous tumors, but the findings will be quantitatively 
relevant within individual experiments, as will similar 
trends among experiments. 

In approximately 3-4 weeks, when transplanted tu- 
mors were well advanced and measurable, all tumor 
transplants were measured, and the tumor-bearing mice 
were distributed among experimental groups (10 tumor- 
bearing mice/group) so that mice carrying tumors of ap- 
proximately equal weight were represented in each treat- 
ment group. The average weight of all tumors used in 
this series of experiments was close to 150 mg at the 
beginning of treatment. 

Tumor measurements 

Two axes of the tumor (the longest axis, L, and the 
shortest axis, W) were measured with the aid of a Ver- 
nier caliper. Tumor weight was estimated according to 
the formula: tumor weight (mg) = L (mm) x W (mm)‘/2. 

Chemotherapeutic agents 

MMPR and 6AN were obtained from the Sigma 
Chemical Co., St. Louis, MO. ADR was obtained from 
Adria Laboratories, Columbus, OH. Each of these agents 
was dissolved in 0.85% NaCl solution immediately be- 
fore use. Drug solutions were made fresh prior to injec- 
tion. PALA, obtained from the Department of Health, 
Education, and Welfare, USPHS of the National Cancer 
Institute, Bethesda, MD, was dissolved in 0.85% NaCl 
solution, and the pH was adjusted to 7.2 to 7.5 with 1 N 
NaOH before adjustment to final volume. All agents 
were administered so that the desired dose was contained 
in 0.1 mLJ 10 g of mouse body weight. ADR was admin- 
istered i.v., and all other agents were administered i.p. 
These drugs were administered in a timed sequence, with 
PALA administered 17 h before MMPR + 6AN, and 
ADR administered 2.5 h after MMPR + 6AN. 

ATP assay 

Intracellular ATP levels were measured in supema- 
tams of individual tumors homogenized in 1.2 N per- 
chloric acid and centrifuged at 10,000 g at 4’, for 10 min. 
ATP content was determined on a Turner model 20e 
luminometer using a 1uciferirJluciferase assay [17] as 

modified for neutralized extracts of solid tumors. The 
ATP assay was validated in each experiment using ex- 
ogenous ATP standards. Background readings were sub- 
tracted from both standards and sample. A 100~pL ali- 
quot of sample was mixed with 100 pL of luciferase, and 
the light output was recorded on the luminometer. All 
samples were run in triplicate; aliquots of diluted lu- 
ciferase were used from the same lot number. Standard 
curves for ATP (0.02 x lo-’ to lo-’ M) were prepared 
for each experiment. The amount of ATP was quanti- 
tated by comparing light output from an unknown sam- 
ple with that from a standard solution of ATP. Within 
this range, standard curves were linear and highly repro- 
ducible. The ATP content of samples was within the 
linear range of the standard curve. Protein content was 
assayed by the method of Lowry method et al. [ 181. In 
all experiments, the intracellular levels for ATP in tu- 
mors from treated animals were compared with the in- 
tracellular levels of ATP in control tumors from saline- 
injected animals measured at the same time point. In 
each of the experiments, levels for intracellular ATP 
content in tumor were measured in saline-injected (un- 
treated) control, PMA-treated and PMA + ADR-treated 
groups of tumor-bearing mice. Variations in intracellular 
ATP concentrations as a result of circadian rhythms 
were not a contributory factor in the experiments re- 
ported, as all of the experiments were performed on the 
same time schedule and animals were killed (by cervical 
dislocation) at the same time of day. Saline-treated con- 
trol mice bearing tumors were killed at the same time as 
tumor-bearing mice that received drug treatment. Single 
agent controls for each of the drugs, as well as the ra- 
tionale for the timing sequence, have been previously 
determined empirically and have been published previ- 
ously [13]. 

Determination of chemotherapy-induced 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 during treatment and again at 
7 days after the last (third) weekly course of treatment. 
For each experiment, a single observer made all mea- 
surements in order to avoid variation in caliper measure- 
ments from individual to individual. By convention, par- 
tial tumor regression is defined as a reduction in tumor 
volume of 50% or greater compared with the tumor vol- 
ume at the time of initiation of treatment. The partial 
regression rate obtained from a particular treatment is 
expressed as a percentage, i.e. the number of partial 
regressions per group/total number of animals per group 
x 100. 

Statistical evaluation 

A paired Student’s t-test was used for statistical eval- 
uation. For all evaluations, differences between groups 
with P values GO.05 were considered to be significant. 
For each experiment, the mean (N = 8 tumors/group) f 
SEM of values for intracellular ATP concentrations was 
calculated at each time point. 

RESULTS 

Tables 1 and 2 report intracellular ATP levels in tu- 
mors from two representative experiments. The effects 
on intracellular concentrations of ATP in tumors of the 
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Table 1. Effect of PALA,, + MMPR,,, + 6AN,, f AD% on 
the intracellular concentration of ATP in tumors of CDSFl 

mice: Significant depletion of ATP at 24 h 

Group/Treatment 

(1) Saline control 

ATP 
(Wmg protein) 

1.85 k0.18 
(100) 

(2) PALA - (17 hr) + MMPR + 6AN 0.93 f 0.1t 
(50) 

(3) PALA - (17 hr) + MMPR + 6AN 0.63 + 0.06t$ 
- (2.5 hr) + ADR (34) 

Intracellular concentration of ATP was measured 24 hr after 
the administration of MMPR + 6AN following one course of 
treatment. PALA [N-(phosphonacetyl)~L-aspartate] was admin- 
istered 17 hr phior to MMPR + 6AN; MMPR = 6-methylmer- 
captopurine riboside; 6AN = 6-aminonicotinamide. Subscripts 
in the title = mgikg body weight. All agents were administered 
i.p. except for ADR (Adriamycin), which was administered i.v., 
2.5 hr after MMPR + 6AN. Values are means f SEM, N = 8; 
numbers in parentheses represent percent of the 24hr saline 
control (Group 1). 

* Experiment 131; male mice. 
t Statistically significant from the saline control (Group 1). P 

I 0.05. 
$ Statistically significant from Group 2, P I 0.05. 

three-drug regimen, PALA + MMPR + 6AN (PMA), and 
the four-drug regimen, PMA + ADR, are compared with 
each other as well as with the ATF content in the ap- 
propriate saline-injected control tumors measured at the 
same time point. 

In Table 1, at 24 h, the intracellular concentration of 
ATP in tumors from animals treated with PMA, or with 
PMA + ADR, were both reduced significantly compared 
with the saline-treated control tumors, and the ATP con- 
centration in tumors from animals receiving the four- 
drug regimen (group 3) was significantly lower than that 
in tumors from animals which receiving the three-drug 
regimen (group 2). 

In the experiment in Table 2, at the 24,48-, and 72-hr 
time points the intracellular concentrations of ATP in 
tumors of group 2 (PMA), and of group 3 (PMA + 
ADR), were reduced significantly compared with the 
saline-treated control tumors. However, at 48 h the ATP 
concentrations in tumors treated with the four-drug reg- 
imen (group 3) were significantly lower than those in 
tumors from animals that received the three-drug regi- 
men (group 2). At 72 h, the ATP concentration in ani- 
mals receiving the three-drug regimen and the four-drug 
regimen were, respectively, further lowered significantly 
to 19% and 15% of saline control levels, but were not 
significantly different from each other. 

In Table 3 the ATP depletion measured in tumors 
from six separate experiments (using different spontane- 
ous tumors as the source for the six different first-gen- 
eration transplants; see Materials and Methods) was 
compared between groups treated by the three-drug reg- 
imen (PMA), and those treated with the four-drug regi- 
men (PMA + ADR). In addition, the percent of tumor 
regressions, after three weekly courses of PMA with or 
without the addition of ADR, are presented for each of 
the six separate experiments. Five of the six experiments 
evidenced greater and statistically significant ATP de- 
pletion in mice treated with the quadruple drug regimen, 
PMA + ADR, when compared with the respective three- 

drug control (PMA), in at least one of the time points 
measured (24, 48, or 72 h). Moreover, in all six exper- 
iments greater therapeutic activity was measured (as per- 
cent of tumor regressions) in mice treated with the qua- 
druple drug combination, (PMA + ADR) over that found 
in the respective three-drug PMA-treated control group. 
Thus, although six somewhat quantitatively different 
anti-tumor responses (i.e. percent tumor regressions) 
were obtained (as would be expected in first-generation 
tumors from a spontaneous murine model system that 
exhibits marked tumor heterogeneity), a correlation of 
chemotherapeutically augmented tumor cell deaths (re- 
gressions) with greater depletion of tumoral ATP levels 
was demonstrated. 

DISCUSSION 

When viewed as a panel of responses in a heteroge- 
nous tumor model, these data exhibit the variation ex- 
pected in such a system, but the correlation between 
enhanced therapeutic findings and greater depletion of 
ATP levels is clear. In in v&ro studies with long-carried 
cell cultures, the homogeneity of the cells may be so 
great that there is “no quantitative variability among 
different experiments” [19]. Likewise, in common 
transplantable tumor models (such as Sarcoma 180), 
which tend to lose their heterogeneity due to repeated 
transplantation, the tumors may behave similarly in one 
individual syngeneic host compared with another, and 
therefore the results in one experiment compared with 
another may be very similar. By contrast, spontaneous 
tumors in CD8Fl mice, as in humans, have heteroge- 
neous neoplastic cell populations and, therefore, differ in 
drug sensitivity and quantitative biochemical findings 
from one individual to another. Thus, quantitative mea- 
surements of any individual parameter (e.g. the control 
ATP level in Table 1 is 1.85 f 0.18 pg ATP/mg protein, 
and in Table 2, it is 2.5 It 0.24) may be somewhat dif- 
ferent from experiment to experiment with first-passage 
spontaneous tumors (see Materials and Methods), but the 
findings will be quantitatively relevant within individual 
experiments (i.e. each experiment has its own control) as 
will similar trends among experiments. These findings 
and relevant conclusions were determined by the NC1 
prior to inclusion of the CD8Fl breast tumor model in 
the NCI’s screening program [ 141. 

Following chemotherapeutically induced damage to 
DNA, a biochemical cascade may ensue that results in 
programmed cell death, apoptosis [20]. This biochemical 
cascade may include the following: activation of chro- 
matin-bound poly(ADP-ribose)polymerase, which re- 
sults in a lowering in intracellular concentration of NAD, 
which, in turn, prevents the regeneration of ATP. The 
depletion of ATP, in turn, may disrupt many energy- 
dependent mechanisms, e.g. the functioning of ATP-de- 
pendent, membrane-bound pumps. The failure of the 
pumps may result in a rise in intracellular calcium levels 
and a fall in pH, which can activate intracellular endo- 
nucleases resulting in cleavage of DNA in specific pat- 
terns of nucleosome-length fragments, and apoptotic 
death of the cell. ATP depletion may be a significant 
factor in the production of chemotherapeutically induced 
cell death, a view previously expressed by many [2, 
4-121. The fact that the latter publications have stressed 
ATP is not the only reason ATP is singled out as a likely 
major contributor to the anti-tumor effects. PMA has a 



1946 J. R. COLOFJORE et al. 

Table 2. Effect of PALA,, + MMPR,,, + 6AN,, ?I AD& on the intracellular concentration of ATP in tumors 
of CD8Fl mice: Significant depletion of ATP at 48 hr* 

ATP (pg/mg protein) 

Group/Treatment 

(4 0% (Cl 
24 hr after 48 hr after 72 hr after 

MMPR + 6AN MMPR + 6AN MMPR + 6AN 

(1) Saline control 

(2) PALA - (17 hr) + 
MMPR + 6AN 

(3) PALA - (17 hr) + 
MMPR + 6AN - (2.5 hr) 
+ ADR 

2.50 f 0.24 2.51 +0.21 2.42f0.17 
(100) (100) (1fW 

1.42*0.12t 1.17 f 0.08t 0.46 + 0.07t 
(57) (47) (19) 

1.09+0.17t 0.86 f 0.08j.S 0.37 f 0.05t 
(44) (34) (15) 

Intracellular concentration of ATP was measured at indicated times (24.48 and 72 hr) after the administration 
of MMPR + 6AN following one course of treatment. PALA [N-(phosphonacetyl)-L-aspartate] was administered 
17 hr prior to MMPR + 6AN; MMPR = 6-methylmercaptopurine t&side; 6AN = 6aminonicotinamide. 
Subscripts in the title = mg/kg body weight. All agents were administered i.p. except for ADR (Adriamycin), 
which was administered i.v., 2.5 hr after MMPR + 6AN. Values are means f SEM, N = 8; numbers in 
parentheses represent percent of the appropriately timed (24, 48 or 72 hr) saline control (Group 1). 

* Experiment 148; male mice. 
t Statistically significant from the appropriate saline control (Group l), P I 0.05. 
$ Statistically significant from Group 2, 48 hr. P 5 0.05. 

major effect on intracellular ATP pools (e.g. MMPR, as well as the reduction of the other high-energy rNTPs are 
an analog of adenosine, would be expected to exert its actually overestinkztes in measurements of total tumor 
major effect on ATP levels; and, further, ATP as the rNTPs since we record only partial (not complete) tumor 
most abundant of all the nucleoside triphosphates might regressions. The biochemical changes thus measured 
be expected to be the most affected by a regimen con- represent the sum of the biochemical changes in chemo- 
taining MMPR). We have previously published data fol- therapeutically induced cell death as well as normal bio- 
lowing treatment with PMA, indicating reductions in all chemical events in chemotherapeutically refractory via- 
four ribonucleoside triphosphates [21]. At 48 h follow- ble tumor cells. Moreover, as just discussed, although 
ing treatment with PMA, ATP levels reached a nadir of there is reason for PMA to affect intracellular ATP con- 
15% of saline control ATP level and thus was the most centrations, there is no reason a priori to expect ADR to 
severely depleted of all the ribonucleoside triphosphates induce ATP depletion except for the depletion induced 
(rNTPs). Following treatment with PMA, levels of UTP, by poly(ADP-ribose)polymerase activation due to the 
GTP and CTP were lowered to 50, 48 and 46%, respec- ADR-induced DNA damage. Thus, if there is a possible 
tively, of saline control levels at either 24 or 48 h after relationship between ATP depletion and cell death (i.e. 
MMPR + 6AN. The measurements for ATP depletion as tumor regression), then the combination of these agents 

Table 3. ATP-depleting and anti-tumor effects of the triple-drug combination, PALA + MMPR + 6AN (PMA), 
versus the quadruple-drug combination, PMA + Adriamycin (ADR)* 

Expt. No. 

Depletion of ATP by PMA + ADR 
compared with PMA after the first 

course 

% Tumor regressions after three 
weekly coursest 

PMA PMA + ADR 

129 Significantly greater* 
131 Significantly greater$ 
132 Significantly greater* 
147 Significantly greater+ 
148 Significantly greater$ 

152 Not significantly greater 

0 60 
0 80 
0 10 

10 50 

(10&R) (40&R) 
10 80 

* ATP was measured at each of three time points (24.48, and 72 hr) after the initial administration of MMPR 
+ 6AN. First generation transplants of CD8Fl spontaneous breast cancers were approximately 100 mg when 
treatment was initiated. PALA,, was administered 17 hr prior to MMPR,,, + 6AN,,. Subscripts = mg/kg body 
weight. All agents were administered i.p., except for ADR,, which was given i.v., 2.5 hr after MMPR + 6AN. 

t Partial tumor regressions = a reduction in tumor volume of 50% or greater compared with the tumor volume 
at initiation of treatment unless otherwise noted; CR = complete tumor regressions. Tumors were measured 1 
week after the third course. 

$ Statistically significant (Student,‘s r-test; P < 0.05) depletion of ATP in at least one of the three time points 
during the 72-hr period after the administration of MMPR + 6AN in the fast course. 
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(PMA + ADR) might be expected to enhance both ATP 
depletion and the rate of tumor regressions; those indeed 
are the findings and support, but do not necessarily con- 
stitute, a cause-and-effect relationship. Relative to the 
relationship between the time (e.g. 24, 48 or 72 h after 
chemotherapy) of significant ATP depletion and the on- 
set of apoptosis, the question may be asked, when does 
apoptosis set in? The activation of poly(ADP-ribose) 
synthesis [which is the initiating step for the depletion of 
ATP by poly(ADP-ribose)polymerase] following che- 
motherapy appears to be a cell-type specific phenome- 
non; also, there are variations in response among sus- 
ceptible but different cell lines of the same histiotype 
[22]. These may be some of the reasons for the hetero- 
geneity of the timing of therapeutic response. We have 
observed that different first-generation CD8Fl tumor 
transplants may undergo 50% or greater partial tumor 
regressions beginning 24, 48 or 72 h after effective tu- 
mor-regressing chemotherapy (data not shown). Conse- 
quently, we have made ATP measurements 24, 48, and 
72 h after chemotherapy. 

The finding of lowered intracellular concentrations of 
ATP is not an artifact due to necrosis, since microscopic 
analysis of the tumors after treatment by the quadruple 
combination has revealed extensive apoptotic (not ne- 
crotic) cell death [3 1. Chemotherapeutically induced ne- 
crosis invariably presents as sheets of dead cells, and if 
ATP depletion is found in the presence of extensive 
numbers of dead cells, it is not clear whether the de- 
crease in ATP is a cause for the dead cells or a result of 
biochemical analysis of mostly dead cells. Apoptosis is 
a discrete phenomenon that often is not conspicuous his- 
tologically. It is estimated that apoptotic bodies remain 
visible by light microscopy for only a few hours before 
disappearing by engulfment into, and digestion by, ad- 
joining cancer cells [23]. However, as a continuously 
ongoing process for several days after each treatment, 
chemotherapeutically induced apoptosis can effect pro- 
found tumor shrinkage (i.e. tumor regression). 

In conclusion, PMA + ADR produced a significantly 
greater depletion of intracellular concentrations of ATP 
compared with the triple drug combination (PMA). Fur- 
ther, the addition of ADR to PMA effected a significant 
increase in apoptotic antitumor activity as measured by 
both microscopic analysis and an increase in the rate of 
partial tumor regressions [3]. The correlative biochemi- 
cal (i.e. ATP depletion) and therapeutic results are con- 
sistent with and support the hypothesis that ATP deple- 
tion appears to be a significant factor, and, therefore, a 
worthy therapeutic target in the enhancement of chemo- 
therapeutically induced apoptosis in tumor cells. 

However, although many investigators have demon- 
strated that high levels of DNA damage in tumor cells by 
chemotherapeutic agents effect cell death, which is pre- 
ceded by activation of poly(ADP-ribose)polymerase, 
consumption of NAD+ pools, and consequent ATP de- 
pletion, it is not proven that the latter two effects- 
NAD+ and ATP depletion-are the cause of the cell 
deaths. Reports that chemotherapeutically induced cell 
death can ensue in the absence of NAD’ depletion and/ 
or ATP depletion [24-271 suggest that they may be 
epiphenomena. Whether or not these reports adequately 
refute the hypothesis that NAD+ depletion can lead to 
ATP depletion and result in cell death requires further 
investigation, and indeed is being pursued in a number of 
laboratories as well as our own. Our newer findings 

demonstrate that ATP depletion occurred prior to the 
onset of apoptosis.* Thus, it is more likely that ATP 
depletion is causal to the apoptotic cascade. However, 
we do not believe that this finding conclusively demon- 
strates this point, as a still more direct causative rela- 
tionship to apoptosis needs to be documented. It should 
be noted that Corcoran ef al., in their recent review of 
apoptosis [28], found that “the mechanisms involved in 
apoptosis differ in various cell types so that a single 
scheme cannot describe all the processes known to in- 
volve apoptotic morphology and death . . . as a basic 
biologic phenomena that fulfills diverse needs for con- 
trolled cell death, apoptosis is undoubtedly subject to 
variation in mechanism.” 

In his recent review of apoptosis, Stewart [29] also 
noted that “findings may be specific to the cell line 
and/or the toxic agent.” At this writing, it can only be 
said that the findings in this report support the initial 
hypothesis, but do not constitute proof. However, the 
therapeutic results (and biochemical correlation) ob- 
tained by pursuing this hypothesis-driven research re- 
main valid and, since the majority of the employed 
agents (PMA) are not directly genotoxic, striking. 

Acknowledgement-This work was supported by Public Health 
Service Grant CA25842 from the National Cancer Institute. 

1. 

2. 

3. 

4. 

5. 

6. 

REFERENCES 

Cummings J, Anderson L, Willmott N and Smyth JF, The 
molecular pharmacology of doxorubicin in viva Eur J 
Cancer 27: 532-535, 1991. 
Marks DI and Fox RM, DNA damage, poly(ADP-ribosyl)- 
ation and apoptotic cell death as a potential common path- 
way of cytotoxic drug action. Biochem Pharmacol 42: 
1859-1867, 1991. 
Martin DS, Stolfi RL, Colofiore JR, Notd LD and Stem- 
berg S, Biochemical modulation of tumor cell energy in 
viva: II. A lower dose of Adriamycin is required and a 
greater antitumor activity is induced when cellular energy 
is depressed. Cancer Invest 12: 296-307, 1994. 
Berger NA, Symposium: Cellular response to DNA dam- 
age. Radiat Res 101: 4-15, 1985. 
Berger NA, Berger SJ and Gerson SL, DNA repair, ADP 
ribosylation and pyridine nucleotide metabolism as targets 
for cancer chemotherapy. Anticancer Drug Des 2: 203- 
210, 1987. 
Berger SJ, Sudar DC and Berger NA, Metabolic conse- 
quences of DNA damage: DNA damage induces alterations 
in glucose metabolism by activation of poly(ADP-ribose)- 
polymerase. Biochem Biophys Res Commun 134: 227-232, 
1986. 
Carson DA, Seto S, Wasson DB and Camera CJ, DNA 
strand breaks, NAD metabolism, and programmed cell 
death. Exp Cell Res 164: 273-281, 1986. 
Hyslop PA, Hinshaw DB, Halsey WA Jr, Schraufst;itter IU, 
Sauerheber RD. Spragg RG, Jackson JH and Cocbrane CG, 
Mechanisms of oxidant-mediated cell injury. The glyco- 
lytic and mitochondrial pathways of ADP phosphorylation 
are major intracellular targets inactivated by hydrogen per- 
oxide. J Biol Chem 263: 1665-1675, 1988. 
Gaal JC, Smith KR and Pearson CK, Cellular euthanasia 
mediated by a nuclear enzyme: A central role for nuclear 
ADP-ribosylation in cellular metabolism. Trends Biochem 
Sci 12: 129-132, 1987. 

* Nord LD, Stolfi RL, Alfieri AA, Netto G, Reuter V, Stem- 
berg SS, Colofiore JR, Koutcher JA and Martin DS, Manuscript 
submitted for publication. 



1948 J. R. COLOFIORE et al. 

10. Martin DS, Stolfi RL. Colotiore JR, Koutcher JA. Alfieri 
A, Stemberg S and Nord LD. Apoptosis resulting from 
anti-cancer agent activity in vivo is enhanced by biochem- 
ical modulation of tumor cell energy. In: Programmed Cell 
Death. The Cellular and Molecular Biology of Apoptosis 
(Eds. Lavin M and Watters D), pp. 279-2%. Harwood 
Academic Publishers GmbH, Switzerland, 1993. 

11. Schraufstatter IU, Hinshaw DB. Hyslop PA, Spragg RG 
and Cochrane CG, Oxidant injury of cells. DNA stand- 
breaks activate polyadenosine diphosphate-ribose polymer- 
ase and lead to depletion of nicotinamide adenine dinucle- 
otide. J Clin Invest 77: 1312-1320, 1986. 

12. Wang JR and Chen LB, Novel anticaminoma activities of 
lipophilic cations. In: Radiation Oncology: Technology and 
Biology (Eds. Mauch PM and Loeffler JS), pp. 300-315. 
W.B. Saunders, Philadelphia, 1994. 

13. Stolfi RL, Colofiore JR, Nord LD, Koutcher JA and Martin 
DS, Biochemical modulation of tumor cell energy: Regres- 
sion of advanced spontaneous murine breast tumors with a 
5-fluorouracil-containing drug combination. Cancer Res 
52: 4074-4081, 1992. 

14. Goldin A, Vend&i JM, Macdonald JS, Muggia FM, Hen- 
ney JE and DeVita VT Jr, Current results of the screening 
program at the Division of Cancer Treatment, National 
Cancer Institute. Eur J Cancer 17: 129-142, 1981. 

15. Martin DS, Fugmann RA. Stolfi RL and Hayworth PE, 
Solid tumor animal model therapeutically predictive for 
human breast cancer. Cancer Chenrother Rep (Part 2) 5: 
89-109, 1975. 

16. Stolfi RL, Martin DS and Fugmann RA, Spontaneous mu- 
tine mammary adenocarcinoma: Model system for evaiua- 
tion of combined methods of therapy. Cancer Chemother 
Rep (Part 1) 55: 239-251, 1971. 

17. Garewal HS, Ahmann FR, Shifman RB and Celniker A, 
ATP assay: Ability to distinguish cytostatic from cytocidal 
anticancer drug effects. J Nat1 Cancer Inst 77: 1039-1045, 
1986. 

18. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ. Pro- 
tein measurement with the Folin phenol reagent. ./ Biol 
Chem 193: 265-275, 1951. 

19. Huet J and Laval F, Potentiation of cell killing by inhibitors 
of poly(adenosine diphosphate-ribose) synthesis in bleo- 
mycin-treated Chinese hamster ovary cells. Cancer Res 45: 
987-991, 1985. 

20. Wyllie AH, Kerr JFR and Currie AR, Cell death. The sig- 
nificance of apoptosis. Int Rev Cytol68: 251-306, 1980. 

21. Martin DS, Purine and pyrimidine biochemistry and some 
relevant clinical and preclinical cancer chemotherapy re- 
search. In: Metabolism and Action of Anti-cancer Drugs 
(Eds. Powis G and Prough RA), pp. 91-140. Taylor & 
Francis, London, 1987. 

22. Kubota M, Tanixawa A, Hashimoto H, Shimixu T. Taki- 
moto T, Kitoh T, Akiyama Y and Mikawa H, Cell type 
dependent activation of poly(ADP-ribose) synthesis fol- 
lowing treatment with etoposide. Leuk Res 14: 371-375, 
1990. 

23. Bursch W, Paffe B, Putx G and Schulte-Hermann R, De- 
termination of the length of the histological stages of ap- 
optosis in normal liver and in altered hepatic foci of rats. 
Carcinogenesis 11: 847-856, 1990. 

24. Andreoli SP, Mechanisms of endothelial cell ATP deple- 
tion after oxidant injury. Pediatr Res 25: 97-101, 1989. 

25. Hoyt DG and Laxo JS, NAD depletion after in vitro expo- 
sure of murine lung slices to bleomycin. Biochem Pharma- 
co1 46: 1818-1824. 1993. 

26. Carerra CJ, Terai C, I&z M, Curd J, Piro L, Beutler E and 
Carson DA, Potent toxicity of 2-chlorodeoxyadenosine to- 
ward human monocytes in vitro and in vivo. J Clin Invest 
86: 148&1488,1990. 

27. Matsumoto SS, Yu A and Yu J, Morphologic changes in 
leukemic lymophoblasts and normal lymphocytes treated 
with deoxyadenosine plus deoxycoformycin. Cancer Invest 
3: 225-233, 1985. 

28. Corcoran GB, Fix L, Jones DP, Moslen MT, Nicotera P, 
Oberhammer FA and Buttyan R, Apoptosis: Molecular 
control point in toxicity. Toxic01 Appl Pharmacol 128: 
169-181, 1994. 

29. Stewart BW. Mechanisms of apoptosis: Integration of ge- 
netic, biochemical, and cellular indicators. J Nat1 Cancer 
Inst 86: 1286-1296, 1994. 


