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Glutaminase is a hematotoxic anti-tumor agent, and
copper-ATP complex (Cu-ATP) Is both anti-neoplastic
and hematostimulatory. Combination chemotherapy with
these two agents has been performed in mice bearing
Ehrlich ascites carcinoma, to elucidate whether this
could result in augmented tumor inhibition with reduced
hematotoxicity. Glutaminase—Cu—ATP combination (glu-
taminase 250 1U/kg per day intraperitoneally for 10 days
and Cu-ATP 2.5 mg/kg per day intraperitoneally for 10
days) was observed to be more effective in inhibiting
tumor growth and in increasing the life span of the tumor
hosts, compared with the Individual efficacies of these
two agents. Moreover, addition of Cu-ATP successtully
prevented the hematotoxic effects of glutaminase in
normal and in tumor-bearing animais. Thus glutaminase
in combination with Cu-ATP holds promise for an effec-
tive cancer chemotherapeutic regimen.
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Introduction

The anti-tumor activity of glutaminase, a glutamin-
olytic enzyme, is well established, However,
glutaminase is also known for its suppressive
effects on normal lymphocyte blastogenesis,*
peripheral blood cell counts and hematocrit.’
These adverse effects on normal cell systems often
limit the optimal use of this enzyme as an anti-
tumor agent.

We have recently demonstrated that a synthetic
copper-ATP compound [Cus(ATP),6H,0)*~ (Cu-
ATP) inhibits tumor growth®’ and concomitantly
stimulates murine hematopoiesis at the pluripotent
stem cell level 2 We were interested to know, there-
fore, whether a combination of glutaminase with
Cu—-ATP could result in augmented anti-tumor effi-
cacy with minimal hematotoxicity. We investigated
the tumor growth and hematological response of
mice bearing transplantable Ehrlich ascites carcino-
ma (EAC) following combination chemotherapy
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with glutaminase and Cu—-ATP. The hematotoxic
effects of this combination were also evaluated in
tumor-free normal mice.

Materials and methods

Animals

Closed-colony-bred male Swiss mice, aged 6-7
weeks and weighing 20-22 g, were used through-
out this study. The animals were obtained from our
Institute’s vivarium, and were maintained in metal
cages (five mice per cage) with alternate 12 h dark/
light cycles. Food (standard mouse pellet; Hind
Lever, Bombay, India) and water were given ad
libitium.

Tumor

EAC was maintained by serial intraperitoneal (i.p.)
transplantation of 1 X 10° viable tumor cells sus-
pended in 0.2 ml of sterile phosphate-buffered
saline (PBS, pH 7.4). Control animals received
0.2 ml of PBS only.

Drug and treatment schedule

Purified glutaminase (grade II from Escherichia
coli) was purchased from Sigma Chemical Co. (St
Louis, MO) Cu-ATP was a gift from Professor R. G.
Bhattacharya and Dr K. K. Nayak, Department of
Chemistry, Jadavpur University, Calcutta, India.

Glutaminase, dissolved in 0.1 M sodium acetate
buffer (pH 6), was injected (0.2 ml volume) intra-
peritoneally at a dose of 250 1U/kg body weight per
day for 10 consecutive days. Control mice received
0.2 ml of buffer only. For combination therapy,
Cu-ATP was dissolved in sterile isotonic saline and
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injected (0.2 ml volume) intraperitoneally 3 h after
glutaminase administration at a dose of 2.5 mg/kg
per day for 10 consective days. Control animals
were injected intraperitoneally with 0.2 ml vol-
umes of buffer followed by normal saline. In the
case of tumor hosts, drug administration started
24 h after tumor transplantation.

Tumor growth response

Tumor growth response to therapy was assessed by
determining the viable tumor cell count and percen-
tage increase in host life span (% ILS) following the
standard procedures.’

Measurements of DNA, RNA and protein
synthesis

The rates of DNA, RNA and protein synthesis of EAC
tumor cells were measured by [*Hlthymidine,
[*Hluridine and [PHlleucine incorporation studies,
respectively. Mice bearing EAC received a single
i.p. injection of glutaminase (250 IU/kg) followed
by Cu—ATP (2.5 mg/kg). Tumor cells were harves-
ted at different time intervals, up to 96 h after drug
administration, washed and resuspended in RPMI
1640 media (Gibco, Grand Island, NY) supplemen-
ted with 10% fetal calf serum (Gibco). Tumor
cells were incubated either with 5 pCi/ml of
PHlthymidine (specific activity 17000 mCi/mmol),
or [*Hluridine (specific activity 16000 mCi/mmol)
or [PHlleucine (specific activity 7000 mCi/mmol)
(all from BARC, Bombay, India) for 20 min at
37°C, after which the reaction mixture was precipi-
tated by the addition of equal volumes of 10% ice-
cold trichloroacetic acid (TCA). The precipitates
were collected on glass fibre filters (Whatman,
CF/C) on a suction filtration apparatus (Milli-
pore), and washed with TCA, ether and ethanol,
respectively. After drying, the filters were counted
(radioactivity) in LKB 1202, Rackbeta liquid scintil-
lation apparatus. Incorporation of radioactive
isotopes in the tumor cells of treated mice was
expressed as percentage of controls.

Glutaminase enzyme assay

Nine mice from each group were killed by cervical
dislocation on days 0, 5, 10 or 15 following tumor
inoculation. Liver samples of these animals were
collected on ice and placed quickly into chilled
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homogenization medium (5 mM HEPES, 0.33 mM
sucrose, 1 mM EDTA; pH 7.4) which contained
5 mM protease inhibitor phenyl methyl sulfonyl
fluride. The liver was minced and homogenized
in 9 vol of ice-cold medium. Glutaminase amido-
hydrolase (GNase) (EC 3.5.1.2) enzyme assay was
carried out from liver homogenate.

The incubation mixture for the GNase contained
154 mM NaCl, 10 mM Tris—HCI buffer, 5 mM gluta-
mine, 0.1 ml of liver homogenate and 5 mM
NaH,POy4, pH 7.4, in a total volume of 3.0 ml. All
incubations were carried out at 37°C for 30 min and
the amount of ammonia produced was estimated
following the procedure of Braganca et al.'® All
values were corrected for the necessary substrate
and enzyme blanks. Protein estimations were car-
ried out according to the method of Lowry et al.'!

Hematological studies

Routine hematological studies were done from free-
flowing tail vein blood by standard procedures.'?

Bone marrow and splenic cellularity

The animals were killed by cervical dislocation and
the femur and spleen were removed. Marrow cells
were flushed from the femoral shaft into ice-cold
RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum (FCS). A single-cell sus-
pension was prepared by sequentially passing the
cell suspension through 20-, 22- and 26-gauge
needles. Single-cell suspension of the spleen was
prepared in ice-cold RPMI 1640 plus 10% FCS by
using a sterile steel wire mesh. Total nucleated cell
count was done using a Neubaur counting chamber
under light microscope.

CFU-S assay

Pluripotent hematopoietic stem cells (CFU-S) in
control and treated mice were assayed following
the spleen colony technique of Till and McCul-
loch.!? The assay mice were lethally irradiated with
8.1 Gy from a '’Cs source at a dose rate of 0.75 Gy/
min. Within 2 h of irradiation, the animals were
injected intravenously with 1.0 X 10° bone marrow
cells or 5.0 X 10° spleen cells collected from the
donor mice. The spleen of the recipients were dis-
ected out 10 days later and fixed in Bowins fluid.
Macroscopic colonies at the surface of the spleens



were counted as CFU-S. Thereafter, the spleens
were processed for histology. Microscopic colonies
in hematoxilin and eosin stained sections (5 um
thickness) were identified and classified according
to the criteria of Curry and Trentin.'*

Statistical analysis

The results were analyzed by students t-test and
statistical significance was assigned when p < 0.05.

Results
Tumor growth pattern and hosts life span

The combination of glutaminase and Cu-ATP
appeared to be highly effective in inhibiting EAC
tumor growth and in increasing the life span of the
tumor hosts. It is evident from Table 1 that the
combination chemotherapy elicited 80, 94 and
93% reduction in tumor cell count at day 5, 10 and
15 post-transplantation, respectively, which was
followed by about 122% increment in host survival
when compared with that of untreated controls.

Protein and nucleic acid synthesis

Tumor inhibition by glutaminase—Cu—ATP combina-
tion was observed to be associated with suppres-
sion of DNA, RNA and protein synthesis. Figure 1
shows marked reduction in DNA, RNA and protein
synthesis in EAC tumor cells which is evident from
radioactive thymidine, uridine and leucine incor-
poration studies respectively following in wvivo
administration of a single dose of the drug combi-
nation. A detectable reduction in the extent of in-
corporation of radioactive precursors in EAC tumor
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cells was observed at 6 h after treatment and the
change was more pronounced at 12 h post-treat-
ment. However, an increment in uridine and
thymidine incorporation was found at 30-36 h with-
out any appreciable radioactive leucine incorpora-
tion.

Glutaminase activity in liver

It is evident from Table 2 that growth of EAC tumor
was associated with a progressive increase in liver
GNase activity. The degree of elevation in liver
GNase activity in the treated group, however, was
significantly lower (p < 0.001) than the matched
controls.

Hematological parameters

Glutaminase treatment has a suppressive effect on
Hb, RBC and platelet values of normal mice, but the
addition of Cu—ATP with glutaminase restored the
normal levels of these hematological parameters
(Table 3). Similarly in EAC-bearing mice, combined
action of glutaminase and Cu-ATP resulted in im-
provements in Hb concentration and erythrocyte
count when compared with that of untreated
EAC-bearing mice. The fall in platelet count that
accompanies glutaminase treatment both in normal
and tumor-bearing mice was also prevented sub-
stantially by the addition of Cu-ATP. Glutaminase
in combination with Cu-ATP induced an appreci-
able increase in total leukocyte count in normal
mice. Differential counts of WBC in drug-treated
normal mice show that while glutaminase alone
caused a mild decrease in relative distribution
(%) of neutrophils with an increment in lymphocyte
population, the reverse was documented following
combination therapy. Neutrophilic leukocytosis that
parallels EAC tumor growth in mice was checked to

Table 1. Combination chemotherapy with glutaminase and Cu—ATP compound: effects on tumor growth and survival of

EAC-bearing mice

Group Tumor cell count (x10°), mean +SE Tumor inhibition (%) Hosts’ survival
day 5 day 10 day 15 day5 day 10 day 15 median % ofILS
(days)
EAC, control 55.0 = 4.1 223.0 x 140 322.0 + 22.0 27 —
80 94 93
EAC, treated® 10.25 = 1.3° 142 + 0.9° 193+ 1.3° 60 122

2 Glutaminase and Cu-ATP were injected i.p. at a dose of 250 IU and 2.5 mg/kg body weight/day, respectively, for 10 consecutive days.

A total number of 10 animals were studied in each group.
® p < 0.001 compared with matched control.
ILS = Increased life span.
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Figure 1. Effects of glutaminase—Cu—ATP combination on DNA, RNA and protein synthesis of EAC
tumor cells expressed in terms of [*H]thymidine, [*H]uridine and [*H}leucine incorporation, respec-

tively. 8; thymidine; ¢, uridine;-é, leucine.

some extent in glutaminase treated group and a
combination of glutaminase and Cu-ATP was
found to be more effective in this regard than the
action of glutaminase alone.

Bone marrow and splenic CFU-S

Treatment of normal mice with glutaminase alone
was followed by significant reduction (p < 0.05) in
spleen weight and total number of nucleated cells in
the femoral marrow and spleen. In contrast, com-
bination therapy did not significantly alter the
nucleated cellularity of bone marrow and spleen,
although moderate increase in spleen weight was
observed like neutrophilic leukocytosis, splenome-
galy with increased number of nucleated cells and

CFU-S in the spleen accompanied EAC tumor
growth. Glutaminase treatment in combination
with Cu-ATP brought down these values substan-
tially (Table 4). Glutaminase alone caused about 59
and 25% depletion of CFU-S in the femoral marrow
of normal and EAC-bearing mice respectively,
whereas combination chemotherapy could bring
the number of CFU-S in bone marrow of normal
and tumor bearing mice towards the normal
range.

Histological evaluations of CFU-S colonies (Table
5) revealed that glutaminase treatment of normal
and EAC-bearing mice resulted in inhibition of
differentiation of bone marrow and splenic CFU-
S towards erythroid and megakaryocyte lineage.
Interestingly such inhibition was less apparent
following combination therapy.

Table 2. Glutaminase activity in the liver of EAC-bearing mice following glutaminase—Cu-ATP (mean + SE)

Group Glutaminase activity (wmol ammonia produced/min/mg of protein
days after tumor transplantation
0 5 10 15
EAC, control 0.04 = 0.001 0.046 = 0.002 0.082 * 0.003 0.091 * 0.002
EAC + glutaminase + Cu—-ATP 0.043 = 0.001 0.039 + 0.001® 0.048 = 0.001* 0.051 + 0.002°

® p < 0.001, when compared with respective control.
A total number of nine animals were studied for each experiment.
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Table 3. Hematological changes (mean * SE) in normal and EAC-bearing mice following treatment with glutaminase alone

and in combination with Cu—ATP

Group Hemoglobin RBC Platelets wBC gtotal) Neutrophil Lymphocyte
(o/dl) (X108 (x105/ul) (X10%/) (%) (%)
Normal, control 15.9 = 0.1 56 0.3 74 1.7 6.7x13 41020 56.0 + 1.6
Normal + glutaminase 13.8 +02° 46+0.2* 4.1=+12°% 74 241 34012 650=x12°
Normal + glutaminase + 16.1 = 0.3 54 + 0.1 62+13 102+ 16 57.0+12% 410+13°
Cu-ATP
EAC, control 142 0.2 4.7 = 01 10204 21316 68.0 = 3.0 290 +13
EAC + glutaminase 14.0 * 0.3 45 * 0.2 6.1+02° 186 x 1.1 52019 440 +21%
EAC + glutaminase + Cu-ATP  15.8 = 0.1 55+ 0.1 96*+02 16.6 0.3 50.0 + 0.3* 48.0 + 0.3?

2 p < 0.05, when compared with respective controls.
A total number of 12 animals were studied for each experiment.

Discussion

The use of glutaminase as an antitumor agent is
limited by its immunosuppressive and hematotoxic
effects.>* When glutaminase is used in combination
with either azaserine or azaguanine significant tu-
mor-inhibition resulted in mice bearing transplant-
able tumors.’> Unfortunately, these combinations
have failed to prolong the host life span significant-
ly.’> In this perspective the tumor inhibitory and
hematostimulatory effects of Cu—ATP provided the
rationale for combining it with glutaminase in an
attempt to reduce the tumor burden successfully
and to diminish the adverse hematologic effect of
glutaminase. As expected, the present study has
demonstrated that a combination of glutaminase
with Cu-ATP is highly effective in inhibiting EAC
tumor growth and increasing the host life span.
Glutaminase and Cu—-ATP alone are known to in-
crease the hosts life span by 46% and 73% respec-
tively.>” Thus the observed 122% increase in hosts
life span following combination therapy suggests

that glutaminase and Cu—ATP have additive effects
on tumor inhibition and hosts’ survival. Glutami-
nase is thought to act primarily by inhibiting pro-
tein synthesis with consequent effects on DNA and
RNA synthesis.'® But the mechanism of Cu-ATP-
induced tumor inhibition is yet to be elucidated,
although interaction of this compound with DNA
has been reported.® We made an attempt to under-
stand the mechanism of tumor inhibition by a com-
bination of these two drugs by evaluating the DNA,
RNA and protein synthesis of the tumor cells follow-
ing treatment. Our data clearly demonstrated inhi-
bition of synthesis of all these three macromolecules
by EAC cells of the treated animals. It is apparent
therefore that tumor inhibition by glutaminase-Cu—
ATP combination is mediated by inhibition of both
nucleic acid and protein synthesis.
Tumor-associated alterations of glutaminase en-
zyme in the host tissues are well established.'”"'® We
have recently reported that apart from the enzymo-
logical significance, this enzyme assay could also
provide a method for monitoring host response to

Table 4. Nucleated cellularity and total CFU-S of femoral marrow and spleen of normal and EAC-bearing mice following
treatment with glutaminase alone or in combination with Cu-ATP (mean * SE)

Group Femoral Marrow Spleen

nucleated cell  total CFU-S nucleated cell total CFU-S spleen

count (x10°%) (x10%) count (x107) (x10% weight

{mg)

Normal, control 25.6 = 0.8 78 09 175 0.9 465 + 0.8 109 = 25
Normal + glutaminase 20.2 = 0.6° 32 =+05 9.5 + 0.6* 3.21 = 0.6* 60 = 112
Normal + glutaminase + Cu—ATP 249 + 21 6.7 x21 19323 52x22 138 = 14
EAC, control 202 £ 0.7 3906 25.9 + 0.5 123+ 1.6 270 + 31
EAC + glutaminase 14.4 + 0.6° 2809 20.6 =+ 0.3* 6.7 x 2.1 172 + 122
EAC + glutaminase + Cu-ATP 183 =+ 04 3.7+ 21 172 +1.7* 8.3 +23% 150 + 162

* P < 0.05, when compared with matched control.
A total number of 12 animals were studied in each group.
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Table 5. Histological evaluation of spleen colonies formed by marrow and splenic CFU-S of drug-treated mice

(mean * SE)

Source of CFU-S

Colony type (%)

erythroid granulocyte megakaryocyte mixed/
undifferentiated
Femoral Marrow
Normal, control 59.4 + 23 217 £ 17 5709 13.2 + 0.8
Normal + glutaminase 46.1 = 1.6 309 = 212 23 +0.6* 21.7 + 0.6*
Normal + glutaminase + Cu-ATP 51.3 22 30.0 = 1.9% 6.3 0.3 127 = 0.3
EAC, control 202 + 0.8 556 09 122+ 1.2 12.0 = 0.1
EAC + glutaminase 21.6 £ 0.6 56.3 £ 0.7 48 x 212 17.3 = 1.3°
EAC + glutaminase + Cu-ATP 17.0 = 21 59.6 = 2.12 5.3 £ 0.92 28.1 = 0.6
Spleen
Normal, control 26.5 + 2.2 50.2+138 10.3 1.2 13.0 £ 0.7
Normal + glutaminase 234 +0.32 45.3 + 0.6* 53 +0.6% 26.0 = 0.32
Normal + glutaminase + Cu—-ATP 25016 491+ 23 82+13 16.7 = 1.3
EAC, control 25.5 + 3.3 444 + 26 154 = 2.6 14.7 £ 11
EAC + glutaminase 223 +1.22 511 178 9.5+ 16% 18.1 = 2,12
EAC + glutaminase + Cu-ATP 242 *+16 54.3 + 1.22 121 122 9.4 + 0.4°

2 p < 0.05, when compared with respective control.
A total number of six animals were studied in each experiment.

therapy.?'® Results of this study also clearly indicate
that glutaminase-Cu—-ATP combination successfully
kept the glutaminase activity in the hosts’ liver with-
in the normal range.

In addition to antitumor activity, the effect of this
drug combination on hematopoietic system was
evaluated as a great majority of antineoplastic
agents suppress erythropoiesis leading to the devel-
opment of severe anemia.?’ It is particularly en-
couraging in this context that glutaminase with
Cu-ATP inhibits tumor growth and at the same time
attenuates the degree of anemia in the host animals.
Myelosuppression resulting in leukopenia and
thrombocytopenia is another frequent and major
complication of cancer chemotherapy?' but this
drug combination did not show any adverse effect
on circulating leukocytes. On the contrary, the sup-
pressive effect of glutaminase on circulating plate-
lates was prevented to a great extent by combining
it with Cu—ATP. Blood cells of all the lineages ori-
ginate ultimately from pluripotent stem cells (CFU-
S). Drug induced changes in peripheral blood cell
counts may therefore be attributed to the action of
any of these antineoplastic agents on CFU-S. The
hematoxic activity of glutaminase is further evident
from its suppressive effects on nucleated cellularity,
absolute number of CFU-S and differentiation to-
wards erythroid and megakaryocyte lineages. As
expected, addition of Cu—ATP with glutaminase
substantially prevented these adverse hematologi-
cal effects at the level of pluripotent stem cells and
their progenitors.
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Conclusions

The central objective of this study was to ascertain
whether glutaminase—Cu—ATP combination could
result in augmented tumor inhibition with reduced
hematotoxicity when compared to their individual
efficacies. The results are quite encouraging in this
experimental tumor model. However, since the
majority of human cancers are slow growing and
solid in nature, this study needs to be extended to
primary tumors which are better representatives of
human malignancies. In addition, systemic effect of
this drug combination on hematopoietic tissues also
needs careful evaluations for future trials. Neverthe-
less, results of the present study suggest that glu-
taminase—~Cu~-ATP combination shows encouraging
results as a possible cancer chemotherapeutic regi-
men.
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