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EFFECT OF INTRAPERITONEAL ATP ON TUMOR GROWTH AND BONE
MARROW RADIATION TOLERANCE

JoHN Fro10, EDWARD H. ABRAHAM, RAJESH SONI, ALAN EPSTEIN and PAUL OKUNIEFF

Transplants of a spontaneous murine fibrosarcoma (FSall) treated with intraperitoneal ATP were
studied in vitro, and in both C3H and nu/nu mice. Daily ATP treatment prolonged tumor volume
doubling time in vivo and in vitro. Daily ATP treatments at the maximally tolerated dose (2 mmol/kg
i.p.) did not significantly affect the pH or the PCr/P;, or BATP/P; ratios (measured by MRS). In
contrast to the reduced tumor growth rate, there was no change in bone marrow recovery after whole
body irradiation. ATP is minimally toxic to animals at active dose levels. It slows tumor growth rate
without adversely affecting bone marrow radiation tolerance. ATP might therefore be useful as a
biological modifier of chemotherapy or radiation therapy.

Micromolar concentrations of ATP significantly reduce
proliferation of both human and murine tumor cell lines in
vitro (1-3). Similarly, reductions in growth rate have also
been observed in murine tumor models (1). In contrast,
adenosine has little or no effect on proliferation while
AMP and ADP have variable effects on cellular growth (1,
3). The mechanism of the altered growth rate under either
condition is unknown.

The anti-cancer effects of adenine nucleotides measured
in vivo may be the result of direct interactions between
ATP and tumor cells, or may be secondary to modifica-
tions of host physiology. Extracellular adenosine and ATP
can affect cardiovascular (4—6), immune (6-9), neurologic
(10, 11), and muscular functions (4). Recently, we pre-
sented evidence that ATP can slow the growth of a murine
mesenchymal tumor, and that the effect was unlikely to be
due to physiological alterations (12). In the present report
we examined the differential effect of ATP between tumor
and bone marrow.
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Material and Methods

Sodium adenosine 5'-triphosphate (ATP) was diluted in
phosphate buffered saline. Buffered ATP (pH=7.0 to 7.2)
was delivered at doses ranging from 0.5 to 4 mmol/kg
i.p./day in volumes of 0.04 ml/g body weight (BW). For in
vitro studies, culture solutions consisted of Dulbecco’s
modified eagles media (DMEM) alone, or DMEM con-
taining ATP.

Experimental animals were 8—12-week-old female and
male C3H and nu/nu mice. Early generation isotransplants
of a spontaneous murine fibrosarcoma (FSall) were used.

FSall cells were cultured in 175 mm? cell culture flasks
(Falcon, Becton Dickinson, Oxnard, CA) until the cells
reached confluence. This original solution was diluted so
that 5000 Trypan Blue excluding cells were placed into
each well in plastic 24-well trays (Falcon). Cells were
cultured in growth media with 0, 50, 100, or 500 uM ATP.
Every 24 h, 4 wells from each test group were trypsinized
and counted using an electronic cell counter (Electrozone,
Particle Data, Inc., Elmhurst, IL). ATP containing
medium was refreshed daily.

Tumor volumes and mouse weights were determined at
least three times each week. The first dose of ATP was
given 5 h after tumor injection. Subsequent daily saline or
ATP injections were made based on the most recent mouse
weight. Volumes were calculated using an ellipsoid approx-
imation and the three orthogonal diameters measured by
caliper [V =(n/6) x d, x d, x d3]. Tumor growth delay
(TGD) was defined as the time for test group tumors to
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Fig. 1. Cell number per well at various times after inoculation of
5000 cells per well. Each point represents the mean + SE of
counts from 4 measurements. ATP containing media was re-
freshed daily. Values differed significantly from control beginning
on day 3.
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Fig. 2. Tumor growth delay (TGD) were determined as a function
of daily i.p. ATP dose. There was a dose dependent increase in
TGD with increasing ATP dose in nu/nu mice (filled symbols).
Weight loss and mortality were also measured in the same groups
of animals. Daily ATP doses of 2 mmol/kg or less had no greater
weight loss or mortality than daily saline treatments. TGD was
measured with ATP 2 mmol/kg/day i.p. in C3H mice (open
symbols), and were longer than that observed in nu/au mice. ATP
at a daily i.p. dose of 4 mmol/kg (not shown) is toxic. Values are
means + 1 SE.

reach 800 ul volume minus time for control tumors
to reach 800 ul volume. 3'P NMR were performed
using previously described techniques (13). LDsg;, ex-
periments were performed on C3H mice. Whole body
radiation was delivered 4 h after a first 2 mmol/kg i.p.
ATP dose. ATP was then delivered daily. Control
groups recieved daily saline injections. Radiation doses
ranged from 6.5 to 8.5 Gy. Survival at 30 days was used
as the endpoint. Experimental .data was fit to a logit
regression for calculation of LDy ;3 values and lethality
curves. Student’s t-test was used for other statistical
comparisons.
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Fig. 3. In vivo 3P NMR of tumors growing in nu/nu mice
treated with daily ATP (2 mmol/kg i.p.) or saline. There was no

reduction of PCr/Pi or BATP/P; or in tumor pH due to ATP
treatment. Values are means + | SE. @: APT; B: Control.
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Fig. 4. Calculated curves are the composite of three experi-
ments. The SD of the LDy 5, is plotted.

Results

ATP added to the growth media inhibited cellular prolif-
eration; the magnitude of the effect corresponded to the
ATP concentration. As shown in Fig. 1, there was a
dose-dependent decrease in growth rate when ATP concen-
trations of 50, 100, and 500 uM were added to the growth
media. Cell numbers per tray were significantly reduced by
day 3 for all dosages of ATP tested (p < 0.01).

ATP inhibited tumor growth in both C3H and nu/nu
mice. The TGD were significant for nu/nu and C3H mice
treated with daily doses of 2 mmol/kg i.p. (p < 0.05; Fig.
2). Animal weights and mortality were measured as a
means of assessing chronic systemic ATP toxicity. There
was no significant weight loss or increase in mortality with
ATP doses <2 mmol/kg/day i.p. (Fig. 2). Likewise, daily
ATP had no detectable effects on tumor metabolic state as
measured by *'P NMR (Fig. 3).

A dose of 2 mmol/kg i.p. ATP had no radiomodifying
effect on C3H mice when delivered daily at a dose and
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schedule capable of significantly reducing tumor growth
rate. Dose response curves for the combined results of 3
experiments are shown in Fig. 4.

Discussion

In the late 1960°s it was shown that cAMP and other
cyclic nucleotides were inhibitors of tumor cell prolifera-
tion both in vivo and in vitro (14—16). Later NAD and
other adenine nucleotides were found to be among the
most potent purine proliferation inhibitors active at con-
centrations as low as 50 yM in human tumor cell lines
(17). Adenine nucleotides were thought to operate only by
cytostasis since, unlike most chemotherapuetic agents,
there was no giant cell formation, and *H-thymidine incor-
poration and protein synthesis were not impaired. Adenine
nucleotides can induce tumor cell apoptosis, alter mem-
brane permeability, and increase intracellular free Ca®*;
these effects could result in cell death without the histolog-
ical ¢hanges typical of most therapeutic agents. The an-
tiproliferative effect of adenine nucleotides is seen in vitro
(1) and is observed in very low concentrations without
being transported intracellularly; hence it has been con-
cluded by several authors that the P2 class of purino-
receptors are responsible for the effect.

Daily ATP injections increase the blood ATP levels
chronically by augmenting the total body purine pool.
Most intraperitoneally injected ATP is removed during the
first pass through the liver. The liver ATP is packaged into
the RBC which then produce a chronic increase in blood
and presumably tissue ATP levels. Hence, daily ATP ther-
apy acts to chronically increase the level of this nutrient
(18).

Interestingly, ATP given at the time of abdominal radia-
tion prevents late radiation damage of the gut (19). In
these experiments, blood pressure, body temperature and
oxygenation were maintained in a swine model, hence,
physiologic alteration (hypoxia) is an unlikely mechanism
of the radioprotection. In contrast, our studies featuring
radiation tolerance of bone marrow to whole body radia-
tion showed no radioprotection.

In vitro studies of FSall demonstrated a clear dose-
dependent decrease in cell number for exponentially grow-
ing murine fibrosarcoma cells even at the lowest ATP
concentration (50 uM). There was no apparent increase in
floating dead cells for concentrations less than 500 uM.
Likewise, histological analysis of tumors in vivo did not
show grossly increased regions of necrosis, and metabolic
parameters as measured by *'P NMR were not affected.
Hence the evidence favors a cytostatic rather than cyto-
toxic effect in the FSall tumor model. Of note, the re-
sponse of FSall is less dramatic than that of several other
in vitro and in vivo tumor models (2, 17, 18).

Tumors of ATP-treated C3H mice demonstrated a 28%
increase in volume doubling time over the saline controls

(p<0.01), and this corresponded to a modestly longer
TGD. For C3H mice the TGD was =3 days. One can
compare this delay to FSall responses to chemotherapy in
the literature. Response to ATP from day of implantation
produced a growth delay similar to the response at the
maximum tolerated dose of cyclophosphamide (200 to 250
mg/kg; ~3.5 days (20, 21)), and of BCNU (3 to 4 mg/kg;
2 to 4 days (22)), and to 20 Gy radiation in a single
fraction (3.6 days (23)). The growth delay was less than
the most active agent, cis-DDP (13 mg/kg; ~8.5 days
(24)). These comparisons to chronic ATP administration
should be interpreted with care, since the published works
all featured established tumors.

In conclusion, any systemic toxicity of ATP at doses
capable of producing significant growth retardation of
FSall tumors was temporary. Tumor growth rate was
reduced in vitro and in vivo. In contrast, proliferative
response of bone marrow to radiation did not seem to be
affected by ATP. The utility of ATP in an aggressive
murine fibrosarcoma was modest compared to reports in
other tumor models. Since ATP is minimally toxic to
animals at active dose levels it might be useful as a
biological modifier of chemotherapy or radiation therapy.
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