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Objective

This overview on glutamine and cancer discusses the importance of glutamine for tumor growth,
summarizes the afterations in interorgan glutamine metabolism that develop in the tumor-bearing
host, and reviews the potential benefits of glutamine nutrition in the patient with cancer.

Summary Background Data

Glutamine is the most abundant amino acid in the blood and tissues. It is essential for tumor
growth and marked changes in organ glutamine metabolism are characteristic of the host with
cancer. Because host glutamine depletion has adverse effects, it is important to study the
regulation of glutamine metabolism in cancer and to evaluate the impact of glutamine nutrition in

the tumor-bearing state.

Methods

Data from a variety of investigations on glutamine metabolism and nutrition related to the host with

cancer were compiled and summarized.

Results

Numerous studies on glutamine metabolism in cancer indicate that many tumors are avid
glutamine consumers in vivo and in vitro. As a consequence of progressive tumor growth, host
glutamine depletion develops and becomes a hallmark. This giutamine depletion occurs in part
because the tumor behaves as a “'glutamine trap™ but also because of cytokine-mediated
alterations in glutamine metabolism in host tissues. Animal and human studies that have
investigated the use of glutamine-supplemented nutrition in the host with cancer suggest that

pharmacologic doses of dietary glutamine may be beneficial.

Conclusions

Understanding the control of glutamine metabolism in the tumor-bearing host not only improves
the knowledge of metabolic regulation in the patient with cancer but also will lead to improved

nutritional support regimens targeted to benefit the host.

Glutamine is the most abundant amino acid in the
body.! It circulates in the mammalian bloodstream at
a concentration of 0.6-0.9 mmol/L, and its concentra-
tion in some tissues may be as high as 20 mmol/L. Glu-
tamine also has two nitrogen side chains (an amino
and an amide group), and therefore, it is the most im-
portant circulating *‘nitrogen shuttle,” accounting for

30% to 35% of all amino acid nitrogen transported in
the blood.? In this capacity, glutamine serves as a vehi-
cle for transporting ammonia in a nontoxic form from
peripheral tissues to visceral organs where the ammo-
nia can be excreted as ammonium (kidneys) or con-
verted to urea (liver).

The circulating concentration of glutamine is main-
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tained at a fairly constant level and is dependent on the
relative rates of net glutamine uptake and release by the
various organs in the body. The small intestine is the
principal organ of glutamine uptake in the postabsorp-
tive state.® The liver can behave as a net glutamine pro-
ducer or consumer, depending on prevailing metabolic
pressures. The kidneys also exhibit net glutamine uptake
in the postabsorptive state, but renal glutamine con-
sumption only becomes appreciable during acidosis,
when additional circulating glutamine is needed to sup-
port renal ammoniagenesis. By contrast, net glutamine

" release occurs from skeletal muscle, which has a consid-

erable capacity to synthesize glutamine de novo from glu-
tamate and ammonia.**

Tumors cells are major glutamine consumers, and
they compete with the host for circulating glutamine.® As
a consequence, marked changes in interorgan glutamine
metabolism resulting in host glutamine depletion de-
velop with progressive tumor growth. Because glutamine
is essential for tumor growth and host glutamine deple-
tion has adverse effects, it is important to study the regu-
lation of glutamine metabolism in cancer. This overview
on glutamine and cancer will (1) discuss the importance
of ghutamine for tumor growth, (2) summarize the alter-
ations In host glutamine metabolism that develop as a
consoquence of progressive tumor growth, and (3) dis-
cuss the potential benefits of glutamine nutrition in the
host with cancer. Understanding the control of gluta-
mine metabolism in the patient with cancer not only im-
proves our knowledge of metabolic regulation but also
will Jead to improved nutritional support regimens
targeted to benefit the host.

GLUTAMINE AND TUMOR METABOLISM

A substantial body of experimental evidence indicates
that glutamine is the major respiratory fuel for tumor
cells.”? Glutamine has been shown to be an unusually
good substrate for oxidation by tumor cell mitochondria;
predictably, tumor glutaminase activity is relatively
high. Phosphate-dependent glutaminase converts gluta-
mine to glutamate and ammonia and is the first stepin a
series of reactions that generate the metabolic intermedi-
ates required for cell growth (Fig. 1). Glutaminase activ-
ity correlates well with tumor glutamine consumption
and growth rates,’®!! and the low intracellular glutamine
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Figure 1. Pathways of glutamine metabolism in tumor celis. High rates
of glutaminolysis explain the hyperammonemia observed with advanced
malignant disease. Glutamine uptake by malignant cells provides sub-
strate for nucleotide and protein biosynthesis, for energy production, and
for the generation of key metabolic intermediates.

concentrations'? have been attributed, in part, to an in-
crease in the activities of glutamine-using nucleotide bio-
synthetic enzymes and glutaminase (Fig. 2). Physiologic
concentrations of circulating glutamine are required for
optimal growth of malignant cells in culture, although
many cancerous cells do not have an absolute require-
ment for glucose.

In a series of elegant in vivo studies, the rate of gluta-
mine uptake was quantified using implanted hepatomas
attached to a surgically prepared vascular pedicle.’>'*
Glutamine was consumed at a rate faster than that of any
other amino acid, and its uptake was proportional to its
supply. Interestingly, tumor glutamine use was more
efficient in tumor-bearing rats that were fasted. Consis-
tent with these studies is another report that demon-
strated that fast-growing fibrosarcomas are also avid glu-
tamine consumers.’’ Glutamine extraction by this tu-
mor has been quantified and may be as high as 45%,
greater than the rate of glutamine extraction for any or-
gan under conditions of health. The tumor thus behaves
a “glutamine trap.” The high rates of intracellular glu-
taminolysis are evident by the enormous release of am-
monia into the venous effluent (Fig. 1).

As a general rule, malignant cells transport glutamine
across their plasma cell membrane at a faster rate than do
their nonmalignant counterparts. For example, human
hepatoma cells consume glutamine at a rate five- to ten-
fold faster than do normal hepatocytes.'® Because solid
tumors are poorly vascularized, it has been suggested
that they are endowed with efficient transport systems
to compete with the host for glutamine.® Glutamine is
transported into cells principally by the sodium ion-de-
pendent systems A and ASC; in liver system N mediates
glutamine uptake from the sinusoidal blood.'”"!® Al-
though system A is normally repressed, malignant cells
exhibit system A derepression,'® an adaptive response
that augments glutamine transport into the cell. After
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Figure 2. Corelation between tumor growth and the rate of intraceflutar
glutamine metabotism. (A) Relationship between phosphate-dependent
glutaminase activity and tumor doubling time in five different hepatomas;
data modified from Linder-Horowitz et al.*° (B) Positive correlation between
phosphate-dependent glutaminase activity and tumor doubling time in
seven sofid malignancies of different tissue origin; data modified from
Knox et al.™ (C) Negative comelation between tumnor glutamine concen-
tration and cell proliferation (growth rate) in hepatomas; data modified from
Sebott et al.”

glutamine gains access 1o the cytoplasm, it must be
transported into the mitochondria before it can be hy-
drolyzed by phosphate-dependent glutaminase. It is
difficult to differentiate between glutamine transport and
metabolism in isolated mitochondria, but it appears that
glutamine transport in mitochondria is a carrier-medi-
ated event.?’ Given the importance of glutamine for the
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survival of cancer cells, the regulation of the altered
membrane glutamine transport that develops with spon-
taneous malignancy or cellular transformation is likely
to be a fruitful area of research.

It is unclear why malignant cells consume such large
amounts of glutamine. Neither energy expenditure nor
biosynthetic requirements can explain the high rates of
glutaminolysis found in rapidly proliferating cells. Si-
multaneously, there is high rate of glycolysis that gener-
ates large amounts of lactate and results in futile cycling.
This apparent wasting has been theoretically justified on
the basis of quantitative principles of metabolic con-
trol.2! It has been suggested that high rates of glycolysis
and glutaminolysis are necessary in malignant cells to
allow sensitive and precise control of the pathways that
generate metabolic intermediates for macromolecular
biosynthesis.

GLUTAMINE METABOLISM IN THE
HOST WITH CANCER

In the majority of patients with cancer, glutamine de-
pletion develops with time, both from the disease process
itself and from the catabolic effects of antineoplastic
therapies. Although it is known that malignant lympho-
cytes from patients with leukemia exhibit extremely high
rates of glutamine consumption,?? organ metabolism has
not been well studied, in part, because of the invasive
nature of such investigations. One group measured
amino acid flux across the extremities of malnourished
patients with cancer but did not report glutamine ex-
change because glutamine and glutamate concentrations
were reported together.?

Studies during the late 1950s in rats with large malig-
nancies demonstrated a reduction in plasma and hepa-
tocyte intracellular glutamine concentrations compared
with nontumor-bearing controls.>*** Studies on skeletal

" muscle glutamine metabolism in rats bearing Walker

carcinosarcomas in the thigh found glutamine uptake by
the leg containing the tumor, although the contralateral
leg demonstrated glutamine release at an accelerated
rate.?* A fall in muscle glutamine concentrations was de-
tected in the tumor-bearing host.2® These observations
are consistent with the presence of a tumor-derived sig-
nal that results in accelerated skeletal muscle glutamine
release, perhaps to maintain the blood glutamine con-
centration to supply the tumor. Some studies have
shown that the circulating glutamine concentration rises
within days after tumor cell inoculation;?’ others indi-
cate a progressive fall in blood glutamine levels later in
the course of the disease. 2%

The methylcholanthrene-induced sarcoma (MCA tu-
mor) model has been used by several investigators to
study the influence of cancer on interorgan glutamine
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metabolism.>?*32 The tumor was first induced in rats by
subcutaneous injection of the carcinogen MCA and sub-
sequently was successfully transplanted in Fischer 344
rats.” The clinical relevance of this rat tumor model can
be questioned because, like many animal tumor models,
the MCA tumor grows to a size not observed clinically.
Nonetheless, important information regarding host-tu-
mor glutamine interactions has been acquired. This tu-
mor is locally aggressive but rarely metastasizes, causing
death (from inanition) 5 to 6 weeks after tumor implan-
tation, at which time the size of the tumor may account
for nearly one half of the animal’s total body weight. The
tumor grows most effectively in the Fisher 344 rat and
has several advantages over murine models. The larger
size of the rat makes the technical skills involved in re-
gional flux measurements easier to acquire. Moreover,
the larger organs in the rat often do not require pooling
of tissues from several animals to do metabolic studies,
and the volume of blood that can be sampled for re-
peated analysis is greater. Because a portion of the tu-
mor-induced cachexia in this model is the result of a fall
in voluntary food intake (tumor-induced anorexia), this
must be taken into account when trying to differentiate
between derangements in interorgan glutamine metabo-
lism as a consequence of simple starvation as opposed to
abnormalities that are secondary to the growing tumor.
Therefore, control nontumor-bearing rats should be pair
fed to carcass weight to control for simple starvation
effects.

Predictably, both the magnitude and direction of glu-
tamine flow in tumor-bearing rats changes during the
course of the disease process. The changes that occur ap-
pear to be designed, in part, to maintain the blood gluta-
mine concentration as the tumor grows and uses more
glutamine. In rats bearing the MCA tumor, there is a
progressive fall in circulating glutamine concentrations
as the tumor grows (Fig. 3).?**' This reduction in blood
glutamine level occurs despite an accelerated muscle glu-
tamine release® and is consistent with marked glutamine
use by the tumor.

A cardinal feature of the host response to the growing
cancer is the development of muscle glutamine deple-
tion.* This depletion becomes detectable early in the
course of the disease process when the animal appears
healthy and has a normal appetite. When the tumor
comprises approximately 10% of total body weight, there
1s a 20% fall in the muscle glutamine concentration,
which is associated with an accelerated glutamine efflux
from the hindquarter (Fig. 4). This increase in muscle
glutamine release is not secondary to an increase in re-
gional blood flow but, instead, is the result of a twofold
increase in the fractional release rate of glutamine. Si-
multaneously, the specific activity of the glutamine syn-
thetase (GS) enzyme increases as does the quantity of GS
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Figure 3. Changes in the circulating glutamine concentration as a func-
tion of progressive growth of the MCA tumor in the rat. A reduction in
circulating glutamine is apparent when tumors are relatively small and be-
fore the host becomes clinically il. The control animals are pair fed to
similar carcass weights. *p < 0.05, **p < 0.01 vs. controls. Data compiled
from Souba et al.,” Chen et al.,*#® Dudrick et al.,* and from unpublished
observations.

messenger RNA in the muscle.® This may be viewed as
an adaptive response whereby muscle is attempting to
maintain its own glutamine stores by increasing intracel-
lular glutamine biosynthesis. With time, the glutamine
depletion becomes severe. and late in the course of the
disease, muscle may become *‘exhausted.” Based on the
relationship between muscle glutamine concentrations
and muscle protein synthesis,* a hypothesis could be put
forth proposing that the progressive glutamine depletion
that develops in the tumor-bearing host plays an etio-
logic role in the pathogenesis of tumor-induced cachexia.

At the same time that alterations in muscle glutamine
metabolism are occurring, there are changes in gluta-
mine use taking place in the small intestine.? Intestinal
glutamine extraction falls as the tumor grows, an alter-
ation that is not solely related to the reduction in circu-
lating glutamine. With time, the tumor becomes the ma-
jor organ of glutamine uptake in the body, “stealing” as
much as 50% of glutamine from the circulating pool.'**?
This fall in gut glutamine extraction is associated with a
marked fall in mucosal glutaminase activity (Fig. 5), the
major enzyme of glutamine hydrolysis in the gut.?>3 As
the tumor grows, the incidence of bacterial translocation
increases, > suggesting a defect in the gut mucosal bar-
rier or in gut immune function.

In response to the diminished extraction of circulating
glutamine, there is an increase in the uptake of glutamine
from the lumen. One group studied the effects of pro-
gressive malignant growth on the activities of several
amino acid transport systems in the small intestinal
brush border at various stages of tumor growth.?® The








