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SUMMARY

Experimental evidence is presented indicating a very good
correlation between the activity of mitochondrial glutaminase
and the rate of respiration of tumor mitochondria in the
presence of glutamine. Km measurements for glutamine of
glutaminase in intact, coupled mitochondria isolated from
Morris hepatomas showed a correlation between the increase
of the affinity of the enzyme for the substrate and the rate of
growth of the tumors. Comparison of the rate of oxygen
consumption by isolated mitochondria in the presence of
glutamine and two other physiological substrates, glutamate
and pyruvate, and the measurement of CO^ production by
intact tumor cells in the presence of glutamine and glucose
indicated that glutamine is one of the most important
substrates in the oxidative and energy metabolism of rapidly
growing malignant cells in vivo. If the mitochondria are able to
respire in the presence of low concentrations of glutamine
(below 1 mM), they do not swell in the isoosmotic solution of
ammonium glutamate, which indicates the relative
impermeability of the mitochondrial membrane for glutamate.
Measurement of the distribution of glutamate during
glutaminase activity revealed a high accumulation of this
metabolite in the mitochondrial compartment. Because
glutamate is a good reductant for NAD(P)+, it was assumed

that this is one of the factors in the maintenance of a great
difference in the oxidation-reduction state between intra- and
extramitochondrial pyridine nucleotides; this difference is
important for mitochondrial respiration and energy
production.

INTRODUCTION

Experiments with intact Ehrlich ascites tumor cells and
isolated mitochondria from these cells, Morris hepatomas (29),
and MK3 tumor of kidney origin (30) showed that malignant
cells have a high oxidative glutamine metabolism and that
there is direct correlation between the degree of malignant
alteration and this phenomenon (25). Dealing with the
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problem of intensive uptake and utilization of glutamine in
malignant tumors (27, 31, 32), Horowitz et al. (19) and Knox
et al. (23) found a very good correlation between the degree of
malignancy and the activity of glutaminase. The enormous
demand of neoplasms for glutamine was explained mainly in
connection with protein synthesis and the formation of the
precursors of nucleic acids (23, 31). Only a few reports dealt
with the oxidation of amino acids in tumors (34).

For many years, high aerobic and anaerobic glycolysis was
considered the main source of energy in malignant neoplasms
(1), and glucose and fatty acids were regarded as the main fuel
for tumor oxidative metabolism. Little attention was paid to
glutamine oxidation in both malignant and normal cells.
However, glutamate is known to be a good substrate for the
respiration of the mitochondria isolated from different normal
and tumor tissues (5, 13). The location of glutaminase in the
mitochondria (15, 22) and the very high activity of this
enzyme in malignant cells suggest that glutamine may be a
very good substrate for mitochondrial respiration and may
play an important role in tumor oxidative and energy
metabolism. Our previous investigation has confirmed the
above assumption. The present work deals with the problem of
the role of glutamine in the oxidative metabolism of tumors.

MATERIALS AND METHODS

Buffalo rats carrying Morris hepatomas (29) 7316A, 7800,
and 28A (slow-growing), 5123D (medium-growing), 5123tc
and 7777 (fast-growing), and MK3 tumor (30) (slow-growing)
of kidney origin were received after tumor implantation from
Dr. Harold P. Morris, Howard University, Washington, D. C.
Hyperdiploid Erlich ascites tumor cells were maintained by i.p.
transplantation in white Swiss mice. Normal Buffalo rats were
purchased from Simonsen Laboratory, San Francisco, Calif.

The mitochondria were isolated by centrifugation after
homogenization in a medium (pH 7.4) of sucrose (0.25 M),
Tris-Cl (5 mM), and ethanedioxybis(ethylamine)tetraacetate (1
mM) [for details, see Chappell and Hansford (12) and
KovaÃ¶evicet al. (24)]. Isolated mitochondria were kept as a
thick suspension (60 to 100 mg of protein per ml). The
oxygen consumption by isolated mitochondria was determined
with a Clark oxygen electrode (12) and automatically recorded
on a Sargent recorder. The functional integrity of the
mitochondria was assessed before each experiment by
measuring the respiratory control ratio (12), which amounted
to more than 4 in the presence of glutamate plus malate or

326 CANCER RESEARCH VOL. 32

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388551/cr0320020326.pdf by guest on 19 M

ay 2023



Role ofGlutamine Oxidation in Tumors

glutamina plus pyruvate as substrates. The incubation
medium (pH 7.4) for oxygen electrode experiments was KC1
(120 mM), Tris-Cl (10 mM), PÂ¡(K+ salt) (10 mM), and bovine
serum albumin (0.1%). The final volume was 5 ml at 30Â°.

Determination of Labeled CO2 Production during Incubation
of Ehrlich Ascites Cells in the Presence of
L-Glutamine-U-14 C3 or D-Glucose-U-14 C

Ascites cells (135 mg, wet weight) were incubated in 3 ml
(final volume) of Ca^-free Krebs-Ringer phosphate solution,

pH 7.4, with radioactive glutamine or glucose (2 mM; specific
activity, 0.5 /iCi/4 /uniÃ³les in both cases). Incubation was
carried out in a closed system in an oxygen atmosphere.
Labeled C02 was trapped in scintillation vials with 0.5 ml of
Hyamine during incubation after 1 ml of trichloroacetic acid
(20%, w/v) had been added by syringe to stop the reaction.
The radioactivity of labeled CO2 was measured with the use of
toluene-based counting fluid and a Packard Tri-Carb Model
3375 scintillation counter. Because of the difference in 1
carbon atom between glutamine and glucose, a correction was
made by multiplying cpm/sample for glucose by a factor of
6/5.

Determination of the Activity of Glutaminase in Intact
Isolated Mitochondria

An incubation medium (pH 7.4) of KC1 (120 mM),
Tris-Cl (10 mM), and PÂ¡(10 mM) was used. For inhibition of
glutamate oxidation, rotenone (1 Mg) was added. L-Glu-
tamine-U-14C was present in different concentrations (specific

activity, 2.5 Â¿iCi/2mmoles). The incubation was started by
adding the mitochondrial suspension (7 to 9 mg of protein)
and was carried out in a Dubnoff metabolic shaker at 30Â°.The

final volume of the incubation mixture was 1 ml, the
incubation time being 10 to 20 min. The reaction was stopped
by 0.3 ml trichloroacetic acid (20%, w/v). Trichloroacetic
acid-insoluble material was removed by centrifugation. Radio
active glutamic acid and glutamine were separated on a Dowex
l-X8-acetate column (1x9 cm) using 0.5 N acetic acid as an
eluant (3). Aliquots of 1-ml eluate were mixed with 15 ml of a
dioxane-based counting fluid (Bray's solution), and the

radioactivity was determined on the Packard scintillation
spectrometer.

Determination of Intra- and Extramitochondrial Distribution
of Metabolites

Intramitochondrial Accumulation of Radioactive Glutamate
during Hydrolysis of L-Glutamine-U-14C in the Presence of

Rotenone. An incubation medium (pH 7.4) KC1 (120 mM),
Tris-Cl (10 mM), Pj (10 mM), and rotenone (1 fig) was used.
The reaction was started by the addition of 100 Â¡Aof
mitochondrial suspension (8 to 10 mg of protein). The final
volume was 1 ml. The incubation was carried out in a Dubnoff
metabolic shaker for 3 min in the case of hepatoma 5123tc

3In radioactively labeled compounds, U refers to the uniformly

labeled compound.

and for 45 sec in the case of Erlich ascites cells. After
incubation, the mitochondria were rapidly sedimented in a
Misco microcentrifuge (1.5 min, 120 V). The supernatant was
immediately transferred to the tubes with 0.3 ml of
trichloroacetic acid (20%, w/v), and the pellet was extracted
twice with 0.5 ml of trichloroacetic acid (5%, w/v). Labeled
glutamic acid and glutamine were separated, and the radio
activity was measured as described above. The extramitochon-
drial fluid trapped with the mitochondria was determined
(sucrose-14C space), and the appropriate correction was made.

Intra- and Extramitochondrial Distribution of Glutamate,
NH3, and a-Oxoglutarate during the Incubation of Respiring
Mitochondria in the Presence of Glutamine with and without
Pyruvate. The experimental procedure was the same as that in
the above section but, instead of rotenone, ADP (1 mM) and
bovine serum albumin (0.1%) were present. In this case
perchloric acid (0.6 M) instead of trichloroacetic acid was
used. Glutamate, NH3 and a-oxoglutarate were determined
enzymatically (2,4, 28).

Estimation of Inner Mitochondrial Space

This was done by dual-channel scintillation spectrometry
with the use of 3H2O and sucrose-14 C as markers as described

elsewhere (24). The mitochondria were incubated under
exactly the same conditions as were used when the
distribution of metabolites was estimated.

Mitochondrial swelling was measured with a Beckman-
Gilford recording spectrophotometer, with the use of light at
640 nm, as described by Chappell and Crofts (11).

The reduction of intramitochondrial NAD(P)* by glutamine

was determined with a double-beam spectrophotometer as
described by Chance (8), changes in E340 to E37g being
measured. These experiments were carried out in Professor
Chappell's laboratory, Department of Biochemistry, University

of Bristol, Bristol, England.
Mitochondrial protein was determined by the method of

Cornali et al. (14). The glutamine used was a glutamate-free
solution.

RESULTS

Glutamine as a Substrate for Malignant Tumor
Mitochondria Respiration. Oxygen electrode experiments with
isolated mitochondria from Morris hepatomas 7777 and
5123tc and the mitochondria from Ehrlich ascites cells showed
that glutamine is a good substrate for their respiration (Chart
1,/landÃŸ).

Hepatoma 7777 mitochondria respired at approximately the
same rate in the presence of an optimal concentration of
glutamine (22.0 nv/atoms oxygen per mg of protein per min)
as in the presence of glutamate (22.5 mÂ¿/atomsoxygen per mg
of protein per min). However, glutamine 1^ for respiration
was several times lower than glutamate K,,, for respiration,
0.22 mM and 1.3 mM for glutamine and glutamate,
respectively. Normal liver mitochondria respired faster in the
presence of glutamate (37.3 m/jatoms oxygen per mg of
protein per min) than in the presence of glutamine (23
m/uatoms oxygen per mg of protein/min). Glutamate Km for
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Chart I. A, oxygen uptake by mitochondria isolated from Morris
hepatoma 7777 and normal liver in the presence of glutamine and
glutamate. Incubation medium as described in "Materials and
Methods." Additions: ADP, 0.8 mM; hepatoma 7777 mitochondria

(HMs), 7 mg of protein; liver mitochondria (LMs), 5 mg of protein. B,
oxygen consumption by the mitochondria from Ehrlich ascites tumor
cells (ETCMs) in the presence of glutamine and glutamate. Experi
mental conditions were as described in A. ADP was present in a
concentration of 1.2 mM, the amount of the mitochondria being 5 mg
of protein. The rate of respiration was 72 and 93 m/jatoms of oxygen
per mg protein per min in the presence of glutamine and glutamate,
respectively. The substrate Km for respiration was 0.2 mM for
glutamine and 1.5 mM for glutamate. C, oxygen uptake by
mitochondria isolated from Morris hepatoma 7777 (HMs) in the
presence of pyruvate and stimulation of the respiration by the addition
of glutamine or glutamate. Experimental conditions were as described
in A.

respiration was much lower (0.5 mM) than glutamine Km
(11.0 mM) (Chart IA). Thus it appears that, during malignant
alteration, Km for glutamine oxidation decreases while Km for
glutamate oxidation increases.

The rate of respiration of malignant tumor mitochondria in
the presence of pyruvate was always low; in the case of

hepatoma 7777 mitochondria, it was 5.1 m/xatoms oxygen per
mg of protein per min compared to the rate of respiration in
the presence of glutamine (Chart 1C). Also, respiration in the
presence of pyruvate had a tendency to decrease after several
minutes, presumably because of oxaloacetate deficiency. The
addition of glutamine after pyruvate greatly stimulated the
oxygen uptake (Chart 1C) and gave the best respiratory
control ratio.

Experiments with intact Ehrlich ascites tumor cells showed
that the presence of pyruvate originating from glycolysis did
not inhibit the production of labeled C02 from
L-glutamine-U-14C (Chart 2A). Inhibition during the first 30
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Chart 2. A, production of labeled CO2 from L-glutamine-U-14C (2

mM) in the presence (o) or absence (â€¢)of glucose (2 mM) during
incubation of Ehrlich ascites cells in Krebs-Ringer phosphate solution.
B, production of labeled CO, by incubation of Ehrlich ascites cells in
the presence of L-glutamine-U-14C (â€¢)or D-glucose-U-14C (o).
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min was probably due to the Crabtree effect, which continued
until all the glucose was used up.

Measurements of labeled CO2 produced by incubating
Ehrlich ascites cells in the presence of L-glutamine-U-14C or
D-glucose-U-I4C (equimolar concentrations and the same

specific activity) showed that the aerobic oxidation of
glutamine is more extensive than the oxidation of glucose
(Chart 2B). Also, about 20% of CO2 produced from glucose is
generated through the hexose monophosphate shunt but not
by aerobic oxidation (1).

Factors Responsible for the High Oxidative Metabolism of
Glutamine. Parallel estimation of the activity of glutaminase in
intact, coupled mitochondria and the rate of respiration of the
mitochondria in the presence of glutamine revealed that the
high activity of the. enzyme and its probable
intramitochondrial location are the main factors enabling the
mitochondria to respire in the presence of glutamine (Table 1).
Table 1 also shows that there is a correlation between the
increase of glutaminase affinity for the substrate and the rate
of growth of the hepatomas studied. The increase in the
affinity of glutaminase for the substrate during malignant
alteration (decrease in K^ for glutamine) is of greater
physiopathological interest than the increase in maximal
activity of the enzyme measured in the presence of very high,
unphysiological concentrations of glutamine and PÂ¡. By
increasing the concentration of glutamine to 80 mM, the
activity of normal liver mitochondrial glutaminase becomes
almost the same as in the case of fast-growing hepatoma 7777
(Table 1). However, while mitochondrial glutaminase from
hepatoma 7777 was highly active in the presence of less than 5
mM glutamine, the liver enzyme hardly affected the substrate
at that concentration. Even mitochondrial glutaminase from a
medium-growing hepatoma 5123D had a higher activity at the

lowest concentration tested than that from a normal liver.
Because of its allosteric nature, liver glutaminase is highly
activated by glutamine (18, 21) but, in the case of hepatoma
7777, this substrate-activating effect was absent.

Permeability of the Mitochondrial Membrane for Glutamine
and Glutamate and the Ability of the Mitochondria to Respire
in the Presence of Low Concentrations of Glutamine. Except
for the high activity of glutaminase and its mitochondrial
location, the permeability of the mitochondrial membrane for
glutamine and glutamate might be important for the ability of
the mitochondria to respire in the presence of glutamine. For a
test of the permeability of the mitochondrial membrane for
glutamine and glutamate, swelling experiments in isoosmotic
solution of glutamine and ammonium glutamate were carried
out. According to the work of Chappell (10), if the
mitochondrial membrane is permeable for an aniÃ³n, the
mitochondria will swell in an isoosmotic solution of
ammonium salt of the aniÃ³nsince NH3 behaves as a penetrant
cation (NH3 + Hf^NH4+). The results show a correlation

between the relative impermeability of the mitochondrial
membrane for ammonium glutamate and the ability of the
mitochondria to respire in the presence of low concentrations
of glutamine (Chart 3,4). While liver mitochondria rapidly
swell in isoosmotic ammonium glutamate, the rate of swelling
of the mitochondria from Morris hepatomas was inversely
proportional to the rate of growth (Table 1; Chart 3A). The
mitochondria from MK3 tumor, which respire in the presence
of very low concentrations of glutamine (10 to 20 MM), did
not swell at all in isoosmotic ammonium glutamate (Chart 3B).
Similar observations were made regarding Ehrlich ascites cell
mitochondria. Since these mitochondria had a good
respiratory control ratio, it is unlikely that they were already
swollen. For a test of this possibility, experiments were carried

Table 1
Activity of mitochondrial glutaminase as a function of glutamine concentration and Km for

glutamine oxidation of the mitochondria from normal liver and Morris hepatomas

Activity of glutaminase (mamÃ³lesGlu/mg protein/min)b
with Morris hepatomas0

Glutamine0
(mM)0.200.501.002.005.0010.0020.0040.0080.00Normalliver0.080.283.308.2011.5021.007316A0.120.221.906.6012.6078000.200.441.555.9510.0015.0028A0.386.4019.5038.0065.505123D0.250.481.334.207.2013.305123tc1.201.702.503.905.608.0077771.304.427.3311.1014.9015.8018.3020.4621.20

mine oxida
tion (mM)d

11.00 9.00 6.70 4.00 6.20 0.30 0.22

a Glutamine concentration in the incubation medium.
b Activity of glutaminase was determined by measuring the production of radioactive

glutamic acid from glutamine-1 *C.
c Growth rate of Morris hepatomas 7316A, 7800, and 28A (slow-growing), 5123D,

(medium-growing), 5123tc, and 7777 (fast-growing). Generations of hepatomas 7316A, 7800,
28A, 5123D, 5123tc, and 7777 were 48, 54, 7, 86, 93, and 68, respectively.

d Oxygen uptake was stimulated by the addition of ADP, while Km for glutamine oxidation
was determined by the Lineweaver-Burk method.
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Chart 3. A, swelling of mitochondria from normal liver (a), Morris
hepatomas 7316A (Â¿>),5123tc (c), 7777 (d), and Ehrlich ascites tumor
cells (e) in isoosmotic ammonium glutamate. Incubation medium (pH
7.4) consisted of ammonium glutamate (100 mM), Tris-Cl (10 mM), PÂ¡
(K* salt) (2 mM), ethanedioxybis(ethylamine)tetraacetate (0.8 mM),

and rotenone (0.5 /jg). The final volume was 2.5 ml. The amount of
mitochondria was 1.4 to 1.6 mg of protein in each case. The
experiments were carried out at room temperature. B, swelling of
mitochondria from MK-3 tumor (1.6 mg of protein) in an isoosmotic
solution of (a) ammonium glutamate (100 mM), (b) KC1(120 mM), (c)
glutamine (225 mM) and effect of valinomycin (1 jug)plus succinate (5
mM). In each case, Tris-Cl (10 mM), PÂ¡ (K+ salt) (2 mM),

ethanedioxybis(ethylamine)tetraacetate (0.8 mM), and rotenone (0.5
jig) were present (pH 7.4). The final volume was 2.5 ml.

out with valinomycin, which makes the mitochondria!
membrane permeable for K*. The results showed that the

addition of the antibiotic in the presence of succinate as an
energy source produced a rapid and large swelling of MK3
mitochondria in isoosmotic KC1 (Chart 3B). Similar findings
were obtained for Ehrlich ascites cell and hepatoma 7777
mitochondria.

Since the mitochondria swell in isoosmotic glutamine, this
substance probably penetrates the mitochondria! membrane
and the transport of the substrate is not a rate-limiting step in
glutaminase activity. This was revealed by measuring K^ for
glutamine, which was the same for the activity of glutaminase
in intact and broken Ehrlich ascites cell mitochondrial
preparations. We also estimated the Km of liver glutaminase
for glutamine in intact mitochondria and found it to be almost
the same (about 40 mM) as the K^ observed by Katunuma et
al. (21) for the purified enzyme.

Formation of an Intramitochondrial Pool of Glutamate by
Hydrolysis of Glutamine, and the Oxidation-Reduction State
of the Intramitochondrial NAD(P/ System. Experiments with
isolated mitochondria from hepatoma 5123tc and Ehrlich
ascites cells showed a high mitochondrial accumulation of
glutamate during the activity of glutaminase in the presence of
rotenone (Table 2). Enzymatic determination of glutamate
and NH3 in the experiments with Ehrlich ascites cell
mitochondria respiring on glutamine also revealed a high
accumulation of glutamate in the mitochondrial compartment,
while NH3 which penetrates the mitochondrial membrane
rapidly (30) accumulated in a negligible quantity (Table 3). If
the mitochondria respired in the presence of glutamine, no
accumulation of a-oxoglutarate was observed. The opposite
was the case after the addition of pyruvate.

Double-beam spectrophotometry with Ehrlich ascites cell
mitochondria showed rapid reduction of intramitochondrial
NAD(P/ by glutamine (Chart 4).

DISCUSSION

Taking into account the rapid and extensive uptake and
utilization of glutamine by malignant neoplasms (32) and
comparing the rate of respiration of isolated tumor
mitochondria in the presence of different substrates, we think
that it is reasonable to assume that glutamine is one of the
most important physiological substrates for aerobic oxidation
in rapidly growing malignant cells in vivo. Glutamate, which is
a good substrate for the respiration of isolated mitochondria,
cannot replace glutamine under physiological conditions since
its concentration in the blood is much lower than the
glutamine concentration. Furthermore, the cellular membrane
is known to be poorly permeable for glutamate (16, 17).
Pyruvate originating from glycolysis is another important
substrate for respiration; however, the respiration of the
mitochondria isolated from different tumors in the presence of
pyruvate was relatively low compared to respiration in the
presence of glutamine. The same was found by measuring the
production of labeled C02 by intact Ehrlich ascites cell
incubated in the presence of radioactive glutamine or glucose.

The mitochondrial location of a highly active glutaminase is
probably the primary factor in the rapid oxidation of
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Table 2
Intramitochondrial accumulation of glutamate-" C during hydrolysis of glutamine-1 *C by activity of

mitochondrial glutaminase in the presence ofrotenone

Hepatoma 5123tc mitochondria Ehrlich tumor cell mitochondria

Glutamate (cpm/Ml)b Glutamate (cpm/Ml)

Glutamine0(mM)1251020Innermitochondrialspace2033804708501570Outermitochondrialspace10.615.520.037.064.0Ratio19.724.723.523.023.5Glutamine(mM)0.51.02.04.08.0Innermitochondrialspace55.5120.0248.0363.0450.0Outermitochondrialspace2.44.56.59.414.4Ratio23.026.638.038.731.2

0 L-Glutamine-U-1 "C concentration in the incubation medium.
b Mitochondrial spaces were determined as described in "Materials and Methods."

Table 3
Distribution of glutamate, NH3, and a-oxoglutarate between mitochondrial and

extramitochondrial spaces during oxidation of glutamine in the presence and
absence of pyruvate by Ehrlich tumor cell mitochondria

Distribution of metabolites in mitochondrial spaces
(m/imoles/Ml)0

time (min)224466Substrates0Glutamine+

pyruvateGlutamine+

pyruvateGlutamine+

pyruvateGlutamateInner

Outer382938323932.03.08.48.35.66.77NH3Inner10.011.310.39.712.413.7Outer3.03.64.45.15.76.4a-OxoglutaratecInner2.31.21.0Outer0.0140.2600.0170.2650.0180.267

" Concentrations of the substrates present in the incubation medium were glutamine (5 mM)

and pyruvate (2.5 mM).
b Metabolites were measured enzymatically. Mitochondrial spaces were determined as

described in "Materials and Methods."
c In the case in which glutamine only was present, the amount of a-oxoglutarate in the

mitochondrial pellet was below capacity of the method.

Rotenone

<r
t

<

Cccp ETCMs

Chart 4. Reduction of intramitochondrial NAD(P)* by the addition

of glutamine to the suspension of Ehrlich ascites cell mitochondria
(ETCMs) (8 mg of protein). Incubation medium (pH 7.4) consisted of
choline chloride (100 mM), Tris-Cl (10 mM) PÂ¡(1C salt) (20 mM),

ethanedioxybis(ethylamine)tetraacetate (1 mM), bovine serum albumin
(0.1%), and arsenite (0.8 mM). Additions: carbonyl cyanide
m-chlorphenylhydrazone(CCC/)) (0.5 jiM), rotenone (2 Mg),glutamine
(5 mM). Final volume was 2.5 ml at a temperature of 25Â°.

glutamine. Evidence of this is the excellent correlation found
between the activity of glutaminase in intact mitochondria and
the rate of the respiration in the presence of glutamine.
Glutamine transaminases cannot play the same role as
glutaminase, since these enzymes are less active and have
mainly an extramitochondrial location. There is a correlation
between the increase of glutaminase affinity for the substrate
and the rate of growth of the hepatoma studied. The
appearance of a new glutaminase isozyme, strange to normal
adult liver with a low 1^ for glutamine, in rapidly growing
hepatomas is of particular physiopathological interest. It is
possible that the isozyme is similar to the isozymes found in
adult kidney and fetal liver by Horowitz and Knox (18) and
Katunuma et al. (21). The increase in the affinity of
glutaminase for the substrate makes possible a high activity of
the enzyme and a rapid oxidation of glutamine in the presence
of low concentrations of this metabolite. A similar difference
in K^ for glutamine of normal kidney and MK3 tumor
mitochondrial glutaminase was found (25). The increase in the
affinity of glutaminase for the substrate and the low
permeability of the mitochondrial membrane for glutamate
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were the main differences which we found between normal
liver and fast-growing hepatomas. However, in the case of
kidney tumor mitochondria, we did not find any difference in
swelling in an isoosmotic solution of ammonium glutamate
compared to normal kidney mitochondria (24). MK3 tumor
mitochondria needed a several times lower concentration of
glutamine for the maximal rate of respiration than kidney
mitochondria. Rapid oxidation of glutamine in malignant
tumors may bring about a critically low level of this
metabolite in the blood (32). The same phenomenon was
observed with hexokinase in some tumors (7); this may be one
of the explanations for cancer in terms of the tumor-host

relation (38).
Apart from the activity and location of glutaminase, the

relative impermeability of the mitochondrial membrane for
glutamate may also play an important role in glutamine
oxidation. In no case in which glutamine in low concentrations
was a good substrate for mitochondrial respiration did we
observe any swelling of the mitochondria in isoosmotic
solution of ammonium glutamate. It was shown by Williamson
et al. (37) that there is a great difference in
oxidation-reduction state between intra- and
extramitochondrial pyridine nucleotides, intramitochondrial
being in a much less oxidized state than extramitochondrial. A
satisfactory explanation for this difference is still lacking.
Weber et al. (33) reported a correlation between the degree of
malignancy of Morris hepatomas 9618A, 5123D, and 3924A
and the increase in the [lÃ¡clate]/[pyruvate] and
[glutamate] /[oxoglutarate] [NH4 +] ratio, which are indicators

of the oxidation-reduction state of pyridine nucleotides in
cytoplasic and mitochondrial compartments, respectively (37).
Because of the mitochondrial location of glutaminase and low
permeability of the mitochondrial membrane for glutamate, it
is reasonable to assume that a high activity of the enzyme and
rapid formation of the mitochondrial pool of glutamate may
be one of the main factors in the maintenance of the great
difference between the oxidation-reduction state of intra-and
extramitochondrial pyridine nucleotides. There are several
kinds of evidence supporting this assumption. Thus, for
example, the fact alone that the mitochondria are able to
respire in the presence of glutamine suggests the rapid
formation of a rich mitochondrial pool of glutamate.
Experiments with isolated mitochondria from hepatoma
5123tc and Ehrlich ascites cells showed that there is a high
mitochondrial accumulation of glutamate during the activity
of glutaminase. Double-beam spectrophotometry revealed
rapid reduction of intramitochondrial NAD(P)+ by glutamine.

Weinhouse (36) and Boxer and Devlin (6) suggested that the
main reason for the high aerobic production of lÃ¡clate in
tumors is the inefficiency of the mechanisms for the transfer
of reducing equivalents from cytosol to the mitochondrial
compartmenl where aerobic oxidalion lakes place.
Experimenlal evidence for Ihis proposilion is still lacking.
However, it may be assumed on the basis of rapid
mitochondrial hydrolysis of glutamine that the accumulation
of glutamale as a reductant tends to compensate for the
decrease in the difference between the oxidation-reduction
state of cytoplasmic and mitochondrial pyridine nucleotides.
This may be the crilical momenl in Ihe regulalion of Ihe

melabolism of cells with intensive aerobic glycolysis. If this is
true, it should not be difficult to understand why an intensive
glucose metabolism is usually followed by a high activity of
glutaminase.

Experimental evidence for the intensive oxidation of
glutamine provides a deeper biological explanation for the
rapid uptake and utilization of this substance when found in
fast-growing malignant tumors. Since slow-growing, highly
differentiated Morris hepatomas 7787 and 9618A did not
respire in the presence of low concentrations of glutamine, the
intensive oxidation of this substance found in some lumors is
probably a consequence of Ihe malignant process rather than
one of the primary events. However, the correlalion of this
phenomenon with the process of malignant alteration suggests
the need for further investigation in order to demonstrate and
explain fully the specific enzymatic and metabolic pattern of
tumors.

ACKNOWLEDGMENTS

One of the authors (Z. K.) is grateful to Dr. E. Roberts for providing
facilities and his interest in this investigation and to Dr. J. T. Holden for
providing a place in his laboratory.

REFERENCES

1. Aisenberg, A. C. The Glycolysis and Respiration of Tumors. New
York: Academic Press, Inc., 1961.

2. Bergmeyer, H. U., and Bernt, E. a-Oxoglutarate. In: H. U.
Bergmeyer (ed.), Methods of Enzymatic Analysis, pp. 324-327.
New York: Academic Press, Inc., 1963.

3. Beri, S., Lajtha, A., and Waelsch, H. Amino Acid and Protein
Metabolism. J. Neurochem. 7: 186-197, 1961.

4. Bernt, E., and Bergmeyer, H. U. L-Glutamate-Determination with
Glutamic Dehydrogenase. In: H. U. Bergmeyer (ed.), Methods of
Enzymatic Analysis, pp. 384-388. New York: Academic Press,
Inc., 1963.

5. Borst, P. The Pathway of Glutamate Oxidation by Mitochondria
Isolated from Different Tissues. Biochim. Biophys. Acta, 57:
256-269, 1962.

6. Boxer, G. E., and Devlin, T. M. Pathways of Intracellular Hydrogen
Transport. Science, Â¡34:1495-1501, 1961.

7. Burk, D., Woods, M., and Hunter, J. On Significance of Glucolysis
for Cancer Growth, with Special Reference to Morris Rat
Hepatomas. J. Nati. Cancer Inst., 38: 839-863, 1967.

8. Chance, B. Rapid and Sensitive Spectrophotometry. IH. A Double
Beam Apparatus. Rev. Scient. Instr., 22: 634-638, 1951.

9. Chappell, J. B. The Oxidation of Citrate, Isocitrate and
c/s-Aconitate by Isolated Mitochondria. Biochem. J., 90: 225-237,
1964.

10. Chappell, J. B. Systems Used for the Transport of Substrates into
Mitochondria. Brit. Med. Bull., 24: 150-157, 1968.

11. Chappell, J. B., and Crofts, A. R. Ion Transport and Reversible
Volume Changes of Isolated Mitochondria. In: J. M. Tager, S. Papa,
E. Quagliariello, and E. Slater (eds.), Regulation of Metabolic
Processes in Mitochondria, pp. 293-316. Amsterdam: Elsevier
Publishing Co., 1966.

12. Chappell, J. B., and Hansford, R. G. Preparation of Mitochondria
from Animal Tissues and Yeasts. In: G. D. Birnie and S. M. Fox
(eds.), Subcellular Components, pp. 43-56. London: Butterworth
and Co., Ltd., 1969.

13. De Haan, E. J., Tager, J. M., and Slater, E. C. Pathway of

332 CANCER RESEARCH VOL. 32

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388551/cr0320020326.pdf by guest on 19 M

ay 2023



Role ofGlutamine Oxidation in Tumors

Glutamate Oxidation in Rat Liver Mitochondria. Biochim.
Biophys. Acta,(S9: 375-377, 1964.

14. Cornali, A. G., Bardawill, C. J., and David, M. M. Determination of
Serum Protein by Means of the Biuret Reaction. J. Biol. Chem.,
177:751-166, 1949.

15. Guha, S. R. Intracellular Localization of Glutaminase I in Rat
Liver. Enzymologia, 23: 94-100, 1961.

16. Heinz, E., Loewe, U., Despopoulos, A., and Pfeiffer, B. Transport
and Metabolism of Glutamate in Ehrlich Ascites Carcinoma Cells.
Biochem. Z.,340: 487-502, 1964.

17. Hems, R., Stubbs, M., and Krebs, H. A. Restricted Permeability of
Rat Liver for Glutamate and Succinate. Biochem. J., 707:
807-815, 1968.

18. Horowitz, M. L., and Knox, W. E. A Phosphate Activated
Glutaminase in Rat Liver Different from That in Kidney and Other
Tissues. Enzymol. Biol. Clin., 9: 241-255, 1968.

19. Horowitz, M. L., Knox, W. E., and Morris, H. P. Glutaminase
Activities and Growth Rates of Rat Hepatomas. Cancer Res., 29:
1195-1199, 1969.

20. Katunuma, N., Kuroda, Y., Sanada, Y., Towatari, T., Tornino, L,
and Morris, H. P. Anomalous Distribution of Glutaminase Isozyme
in Various Hepatomas. Advan. Enzyme Regulation, 8: 281-287,
1970.

21. Katunuma, T., Temma, M., and Katunuma, N. Allosteric Nature of
a Glutaminase Isozyme in Rat Liver. Biochem. Biophys. Res.
Commun., 32: 433-437, 1968.

22. Knox, W. E., Horowitz, M. L., and Friedell, G. H. The
Proportionality of Glutaminase Content to Growth Rate and
Morphology of Rat Neoplasms. Cancer. Res., 29: 669-680, 1969.

23. Knox, W. E., Tremblay, G. C., Spanier, B. B., and Friedell, G. H.
Glutaminase Activities in Normal and Neoplastic Tissues of the
Rat. Cancer Res., 27: 1456-1458, 1967.

24. KovaceviÃ©,Z., McGivan, J. D., and Chappell, J. B. Conditions for
Activity of Glutaminase in Kidney Mitochondria. Biochem. J.,
118: 265-274, 1970.

25. Kovaoevie, Z., and Morris, H. P. Oxidation of Glutamine and
Malignancy. In press.

26. Krebs, H. A., and Veech, R. L. Equilibrium Relations between
Pyridine Nucleotides and Adenine Nucleotides and Their Role in
the Regulation of Metabolic Processes. Advan. Enzyme Regulation,
8: 397-413, 1970.

27. Kvamme, E., and Svenneby, G. The Effect of Glucose on
Glutamine Utilization by Ehrlich Ascites Tumor Cells. Cancer Res.,
27:92-97,1961.

28. Levitzki, A. Determination of Submicro Quantities of Ammonia.
Anal. Biochem.,.?.?: 335-371, 1970.

29. Morris, H. P. Studies on the Development, Biochemistry and
Biology of Experimental Hepatomas. Advan. Cancer Res., 9:
227-302, 1965.

30. Morris, H. P., Wagner, B. P., and Meranze, D. R. Transplantable
Adenocarcinomas of the Rat Kidney Possessing Different Growth
Rates. Cancer Res., JO: 1362-1369, 1970.

31. Rabinovitz, M., Olson, M. E., and Greenberg, D. M. Role of
Glutamine in Protein Synthesis by the Erlich Ascites Cells. J. Biol.
Chem., 222: 879-893, 1956.

32. Roberts, E., and Simonsen, D. G. Free Amino Acids and Similar
Substances in Normal and Neoplastic Tissue. In: i. T. Edsall (ed.),
Amino Acids, Proteins and Cancer Biochemistry, pp. 127-145.
New York: Academic Press, Inc., 1960.

33. Weber, G., Krebs, H. A., Williamson, D. H., and Morris, H. P.
Energy and Redox State of Hepatomas of Different Growth Rates.
Proc. Am. Assoc. Cancer Res., 11: 82, 1970.

34. Weber, G., and Lea, M. A. The Molecular Correlation Concept of
Neoplasia. Advan. Enzyme Regulation,4: 115-146, 1966.

35. Weinhouse, S. Oxidative Metabolism of Neoplastic Tissue. Advan.
Cancer. Res., J: 269-325, 1955.

36. Weinhouse, S. On Respiratory Impairment in Cancer Cells. Science,
123: 267-268, 1956.

37. Williamson, D. H., Lund, P., and Krebs, H. A. The Redox State of
Free Nicotinamide-Adenine Dinucleotide in the Cytoplasm and
Mitochondria of Rat Liver. Biochem. J., 103: 514-527,1967.

38. Wiseman, G., and Ghadially, F. N. A Biochemical Concept of
Tumour Growth, Infiltration and Cachexia. Brit. Med. J., 2:
18-23,1958.

FEBRUARY 1972 333

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388551/cr0320020326.pdf by guest on 19 M

ay 2023




