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Abstract

The most abundant amino acid in the bloodstream, L-glutamine fulfills a number
of biochemical needs. It operates as a nitrogen shuttle, taking up excess ammonia and
forming urea. It can contribute to the production of other amino acids, glucose,
nucleotides, protein, and glutathione. Glutamine is primarily formed and stored in skeletal
muscle and lungs, and is the principal metabolic fuel for small intestine enterocytes,
lymphocytes, macrophages, and fibroblasts. Supplemental use of glutamine, either in
oral, enteral, or parenteral form, increases intestinal villous height, stimulates gut mucosal
cellular proliferation, and maintains mucosal integrity. It also prevents intestinal
hyperpermeability and bacterial translocation, which may be involved in sepsis and the
development of multiple organ failure. L-glutamine use has been found to be of great
importance in the treatment of trauma and surgery patients, and has been shown to
decrease the incidence of infection in these patients. Cancer patients often develop
muscle glutamine depletion, due to uptake by tumors and chronic protein catabolism.
Glutamine may be helpful in offsetting this depletion; however, it may also stimulate the
growth of some tumors. The use of glutamine with cancer chemotherapy and
radiotherapy seems to prevent gut and oral toxic side-effects, and may even increase
the effectiveness of some chemotherapy drugs.
Altern Med Rev 1999;4:239-248.

Introduction

L-glutamine isthe most prevalent amino acid in the bloodstream, accounting for 30-35
percent of the amino acid nitrogen in the plasma. Because glutamine contains two ammonia
groups, one from its precursor, glutamate, and the other from free ammoniain the bloodstream,
one of glutamine's roles is as a “nitrogen shuttle,” which helps protect the body from high
levels of ammonia. Thus, glutamine can act as a buffer, accepting excess ammonia, then releas-
ing it when needed to form other amino acids, amino sugars, nucleotides, and urea. This capac-
ity to accept and donate nitrogen makes glutamine the major vehicle for nitrogen transfer be-
tween tissues.

Glutamineisconsidered anon-essential amino acid, ashuman cellscan readily synthesize
it via activity of the enzyme glutamine synthetase (see Figure 1), which is found in high
concentration in skeletal muscle, liver, brain, and stomach tissue. Because of the body’ s capacity
to synthesize this amino acid, and because of the relative amount of glutamine in the body
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Figure 1. Glutamate-Glutamine
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Glutamate is converted to L-Glutamine via the
enzyme glutamine synthetase, utilizing ammonia,
magnesium, and ATP. L-Glutamine is hydrolyzed
to glutamate by the enzyme glutaminase.

compared to other amino acids, it has long
been thought that glutamine was not a
necessary component of the diet. In fact,
approximately five to ten grams per day of
glutamine is consumed in the diet, and under
normal circumstances dietary intake and
synthesis of glutamine is adequate and
balanced with demand. In situations where a
particular tissueisin greater need of glutamine,
inter-organ transfer of glutamine usually
makes up for increased site-specific
requirements. However, under certain
pathological circumstances the body’stissues
need more glutamine than the overall amount
supplied by diet and de novo synthesis. During
catabolic stress, for instance, intracellular
glutamine levels can drop more than 50
percent, and plasma concentration falls 30
percent.! It is under these circumstances that
supplemental glutamine becomes necessary.?

Skeletal muscle contains the greatest
intracellular concentration of glutamine,
comprising up to 60 percent of total body
glutamine stores, and isconsidered the primary
storage depot of glutamine, and thus the
primary exporter of glutamineto other tissues.
In times of metabolic stress, glutamine is
released into circulation, whereit istransported
to the tissue in need. Intracellular skeletal
muscle glutamine concentration is affected by
various insults, including injury, sepsis,
prolonged stress, starvation, and the use of
glucocorticoids. Besides skeletal muscle, the
lungs are the next largest producer of
glutamine.

Glutamine can be converted to other
amino acids, to glucose in the liver, and con-
tributes to nucleotide, amino sugar, and pro-
tein biosynthesis. Glutamineisone of thethree
amino acids involved in glutathione synthe-
sis. Glutathione, an important intracellular
antioxidant and hepatic detoxifier, is com-
prised of glutamic acid, cysteine, and glycine.

Glutamine, Wound Healing, and

Immune Célls

Fibroblasts, lymphocytes, and mac-
rophages use glutamine as a metabolic fuel,
as well as using it for nucleotide synthesis,
which regulates cellular proliferation.
Glutamine depletion can slow fibroblast
growth, while adequate glutamine can stimu-
late growth and cellular proliferation in vitro.
The dependence on glutamine in fibroblasts
makes this nutrient a vital component of the
healing response in wounds.?

In vitro lymphocyte research reveals
these cells do not demonstrate any glutamine
synthetase activity and are dependent on pre-
formed glutamine. Lymphocytes respond to
glutamine supplementation by proliferating, as
well as producing more lymphocyte-derived
cytokinesin vitro.>4 The gastrointestinal tract
is continuously exposed to the exterior
environment of the body viafood, liquid, and
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swallowed salivary and
mucus secretions, and
therefore contains a large
number of immune cells
along its length.
Glutamine’s positive
effects on the GI tract
appear to stem from its
ability to “feed” immune
cells as well as mucosal
cells.

Commercial total
parenteral nutrition (TPN)
solutions, commonly used
in trauma and surgical pa-
tients, do not contain
glutamine. This can result
in atrophy of the gut mu-
C0sa, decreased gut-associ-
ated lymphoid tissue
(GALT), and increased in-
testinal permeability. A
study investigating the ef-
fects of glutamine-en-
richned TPN versus stan-
dard TPN in mice showed
normalization of GALT ac-
tivity, compared with
GALT atrophy in standard

Figure 2. L-Glutamine
Catabolism.
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experience slower wound
healing. They also havereduced
markers of immune function
compared to athletes not
overtraining. It has been
suggested that decreased
plasma glutamine probably
stems from aloss of glutamine
stores from skeletal muscle
while exercising, which are not
given the chance to rebuild
before the next workout. This
may reduce the long-term
availability of glutamine for
immune cells and fibroblasts.
Low-intensity exercise does not
seem to be associated with
glutamine depletion from
skeletal muscle or adeleterious
effect on the immune system.®*2
Athletes undergoing astrenuous
workout schedule may be able
to reduce the risk of infections
by supplementing with
glutamine. The percentage of
athletes free of infection one
week after a strenuous event
was significantly larger (81%)
in a group who supplemented

TPN.® Other studies also

point toward enhancement | YC!e:

with glutamine, compared to a
placebo group (49%).

of gut immune activity

with glutamine supplementation, but adefined
mechanism has yet to be elucidated.®® En-
hancement of GALT activity could have pro-
found effects on systemic immunity by
strengthening gut immunity and reducing gut
permeability.

Plasma glutamine levels have been
found to be decreased in endurance athletes
who overtrain. Thisis defined as training too
often and at such high intensity that muscles
do not fully recover between workouts. These
athletes tend to have a higher incidence of
infectious diseasesand alergies, and have been
noted to have swollen lymph nodes and

Glutamine and the Gastrointestinal

Tract

The gastrointestinal tract is by far the
greatest user of glutamine in the body. The
small intestine accounts for the largest uptake
of glutamine of any organ, absorbing this
amino acid from the lumen of the gut as well
asfrom the bloodstream. Epithelial cellslining
the small intestine (enterocytes) use glutamine
astheir principal metabolic fuel. Glutamineis
converted in the mitochondria of intestinal
cells to glutamate, then alpha ketoglutarate,
which is utilized in the tricarboxylic acid
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Figure 3. Inter-Organ Glutamine Flow

Following Gut Insult.
From Souba WW.? Used with permission.
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After a gut insult, increased permeability causes bacterial translocation.
Leukocyte migration and cytokine release cause a further increased
permeability, which triggers the hypothalmic-pituitary-adrenal (HPA) axis to
induce a release of glutamine from skeletal muscle and lungs into the
circulating glutamine pool. It is subsequently taken up by the gut to be utilized
for repair of the damaged intestinal barrier.

(TCA, Krebs) cycle for ATP production (see
Figure 2). Colonocytes aso utilize glutamine;
however, they prefer short-chain fatty acidsas
their primary fuel. Since enterocytes havelittle
glutamine synthetase activity (see Figure 1)
and a great amount of glutaminase, which

Intestinal M or phology
The small intestine mucosais
comprised of asingle cell thick-
ness of mostly columnar epithe-
lial cells, with endocrine cells,
mucin cells, and Paneth cellsin-
terspersed between them. The ab-
sorptive capacity of the small in-
testineisgreatly increased by the
presence of villi, with corre-
sponding crypts between them.
Themost mature cellsoccupy the
tip of the villi, while immature
cellsareat thebase of thevilli, in
the crypts. The immature cells
proliferate and migrateto thetip,
where they mature, then are re-
absorbed or sloughed off into the
lumen. The entire process takes
only three to six days. This high
rate of proliferation and turnover
is usually well-regulated by nu-
trient availability, gastrin, growth
hormone, bacterial flora, and
neuro-regulatory activity. How-
ever, the presence of food pass-
ing through the gastrointestinal
tract seems to be the primary
stimulus for regulation of this
proliferative response, as it can
affect all of the aforementioned
regulatory systems.®® After seven
daysof fasting, even with the use

of TPN, gut mass can be reduced by as much
as 50 percent.*4

Glutamine and Intestinal
Permeability

metabolizes glutamine, they are also
dependent on a supply of pre-formed
glutamine.

Most of the research on glutamine and
its connection to intestinal permeability has
been conducted in conjunction with the use of
TPN. Commercialy-available TPN solutions
do not contain glutamine, which can result in
small intestine mucosal villous atrophy. In an
animal study, glutaminase infusion
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significantly = decreased glutamine
concentration in the bloodstream,
accompanied by diarrhea, villous atrophy,
mucosal ulceration, and intestinal necrosis.*®
This study emphasizes the importance of
glutamineto theintegrity of thesmall intestine,
and specifically the need for glutamine uptake
from the bloodstream as well asthe intestinal
lumen. Mucosal atrophy also occurred in
animals fasted while on TPN. Addition of
glutamine to the TPN solution reversed the
mucosal atrophy.t” Others have noted similar
results of decreased villous atrophy, increased
jejunal weight, and decreased intestinal
permeability with the use of glutamine-
enriched TPN solutions.'®22

One potential consequence of in-
creased intestinal permeability is microbial
translocation. Trauma, infection, starvation,
chemotherapy, and other stressors are al as-
sociated with a derangement of normal intes-
tinal permeability. Bacteria, fungi, and their
toxins can subsequently transl ocate acrossthe
mucosal barrier into the bloodstream and re-
act with the reticuloendothelial system.
Cytokines produced from this reaction stimu-
late the hypothalamic-pituitary-adrenal axis,
resulting in cortisol release from the
adrenals.>?®* Cortisol increases glutaminase
activity in intestinal enterocytes, stimulating
increased breakdown and utilization of
glutamine in the small intestine. Cortisol also
causes increased proteolysis in other tissues,
and a release of glutamine from skeletal
muscle (see Figure 3). Although this adapta-
tion response provides metabolic assistance to
help heal hyperpermeable gut tissue, severe
damage to the mucosaor other tissue utilizing
glutamine for healing, or prolonged stress can
deplete skeletal muscle glutamine and conse-
quently deprive enterocytes (which are using
more glutaminein their stressed state) of their
vital supply of glutamine.?? In numerous ani-
mal studies, the addition of glutamine or
glutamine dipeptides (stable dipeptides of

glutamine with alanine or glycine) in experi-
mentally-induced intestinal hyperpermeability
improves gut barrier function, as well asim-
mune activity in the gut.2+%

Another consequence of skeletal
muscle glutamine depletion is the subsequent
depletion of the glutamine-containing tri-pep-
tide antioxidant glutathione, which may lead
to oxidative damage of the muscle.® It is
known that glutathione production occurs in
theliver; however, supplementa glutamine has
been shown to increase gut glutathione pro-
duction threefold.® Although no studies have
proven it, oral glutamine supplementation
might increase intestinal glutathione syn-
thetase activity, which can improve antioxi-
dant activity in the gut, as well as augment
NK cdll activity.

Glutamine and Trauma

Increased intestinal permeability has
been associated with traumafrom burns,® sur-
gery,®3* hemorrhagic shock,* and other physi-
cal trauma.® Injury of any tissue besides the
intestines shunts glutamine away from the
blood and into the tissues, making less
glutamineavailablefor the gut. Glucocorticoid
release in acute stress, including surgery, in-
fection, trauma, burns, sepsis, or other severe
ilIness, causes accel erated protein breakdown.
These patients can quickly lose significant
amounts of protein, much of it from skeletal
muscle, in an attempt to provide adequate
amounts of glutamine for tissue healing and
maintenance of gut integrity. As glutamineis
depleted, wound healing is impaired, intesti-
nal permeability increases, and therisk of mi-
crobial tranglocation, sepsis, and multiple or-
gan failure increases significantly.3’=8

Theloss of skeletal muscle glutamine
after surgery was illustrated in a group of 19
patients undergoing total hip replacement sur-
gery. Skeletal muscle and plasma glutamine
concentration was significantly decreased af -
ter surgery, compared to control groups (no
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surgery) on either bedrest or fasting for four
days.* Glutamine supplementation can attenu-
ate this surgery-induced glutamine depletion.
In astudy of glutamine and elective abdomi-
nal surgery, a glutamine-containing TPN so-
[ution (0.285 g glutamine/kg/24 hrs) wasgiven
to patients for three days following surgery.
Skeletal muscle glutamine levels declined 25
percent, compared to a 40-percent loss in the
control TPN group.®

A glutamine dipeptide (alanyl-
glutamine) was utilized in a study of nitrogen
economy inmajor abdominal surgery patients.
Control patients (on standard TPN) lost ap-
proximately 36 grams of protein daily, com-
pared to aloss of 14 gramsdaily in the dipep-
tide-supplemented TPN group. Thisamounted
to asavings of over 600 grams of protein over
the four-day post-operative period. The circu-
lating lymphocyte count remained stablein the
supplemented group, versus a 20-percent loss
in the control group. Supplemented patients
also had improved markers of glutathionelev-
els, and were in the hospital 6.2 days fewer
after surgery. The authors estimate the daily
requirement of exogenous glutaminein surgi-
cal patients to be 12 grams per day, with 25
grams per day needed in severe traumaor in-
fection.

Maintenance of immune function and
gut barrier function following traumaisvitaly
important, as infection is a major cause of
morbidity and mortality in severe trauma
cases. It isthought that these infections often
are a result of gut hyperpermeability and
bacterial translocation to systemic circulation.
A recent study illustrates the need for
glutamine supplementation in these patients.
Sixty patientswith multipletraumawere given
glutamine-containing enteral nutrition for at
least five days following their injuries, with
dramatic results. Incidence of pneumoniawas
17 percent in the glutamine group, compared
to 45 percent in the control group (p<0.02).
Bacteremia occurred in seven percent of the
glutamine group and 42 percent of the control

group, and only one patient (3%) in the
glutamine group had sepsis, compared to eight
of the controls (26%). The researchers noted
the majority of bacteremiaand sepsis casesin
the control group involved gram-negative
bacteria, while none of the bacteremia and
Sepsis cases in the glutamine group involved
these organisms, which lead them to believe
glutamine may have prevented bacterial
translocation from the gut.* It was also
suggested enteral glutamine dosing provided
better protection than TPN in trauma patients,
with alower incidence of infections. This has
been confirmed by other studies.*>*

Glutamine and Cancer

One area of glutamine research which
has recently garnered much attention is the
effect of glutamine on cancer therapy regi-
mens. Numerous clinical studies have been
conducted utilizing glutamine in conjunction
with radiation and chemotherapy, with prom-
ising results.

In addition to glutamine being the
principal metabolic fuel for the rapidly
proliferating cellsof theintestinesand immune
system, glutamine is also the main fuel for
most rapidly growing tumors, which have high
glutaminase activity, similar to small intestine
enterocytes. Tumor growth can deplete skel etal
muscle glutamine and glutathione, providing
less fuel for enterocytes and creating a
catabolic, cachectic state. It is suggested the
tumor can become a*“ glutaminetrap,” further
enhancing systemic glutamine loss.*
Researchers investigated the consumption of
glutamine by colonic tumors and noted these
tumors did not extract glutamine at a greater
rate than normal intestinal tissue, regardless
of the tumor size, type, differentiation,
classification, or vascul arization.* Regardless
of the speed of uptake, the mass of the tumor
could potentially rob glutamine from all
healthy tissue.
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There has been some concern about
supplementing cancer patientswith glutamine,
as it was hypothesized that supplementation
may increase tumor growth. In vitro cell cul-
ture studies do, in fact, show adependence on
glutamine and increased cellular growth with
the addition of glutamine.*** Thishasnot been
proven to be the case in vivo.>>*? In fact, an
animal study demonstrated the opposite find-
ing — glutamine supplementation reduced
tumor growth. In thisstudy, tumor growth was
reduced by 40 percent, and a 30-percent in-
crease in NK activity was noted as well. The
authors stated, “ These data indicate that oral
glutamine supplementation, through support
of host glutamine stores and glutathione pro-
duction, may decrease tumor growth by en-
hancing NK cell activity.”> In a study of fib-
rosarcoma in rats, Klimberg et al found
glutamine supplementation of an enteral diet
increased muscle glutamine by 60 percent
without stimulating tumor growth or tumor
glutamine utilization.®? A cell culture study
using stimulated neutrophils and tumor cells
which wereincubated with glutamine demon-
strated inhibition of glutamine uptake by ma-
lignant cells due to the anti-tumor activity of
the stimulated neutrophils.® These findings
suggest glutamine might stimulate some tu-
mor cell types but not others, or it may stimu-
late cell growth, while at the same time in-
creasing cellular anti-tumor immune function
via increased NK cell activity or neutrophil
activation.

Therapidly growing cellsof theintes-
tinal tract are easily killed by radiation and che-
motherapy. Glutamine supplementationinrats
subjected to abdominal radiation prevented the
expected gut mucosal ulceration and increased
permeability. A significant decrease in mor-
tality (zero versus 45% in controls) was also
noted after eight days.> In a study of patients
undergoing radiation and chemotherapy (cis-
platinum and 5-fluorouracil) for esophageal
cancer, glutamine supplementation (30 g/day)
prevented theincreasein gut permeability seen

with controls. Glutamine supplementation also
prevented the significant reductionin lympho-
cyte count seen in the control group.®

Severe oral mucositis is common in
bone marrow transplantation, a severe yet po-
tentially lifesaving treatment which includes
whole body irradiation and chemotherapy.
Oral glutamine (one gram four times per day)
was administered to patients having bone mar-
row transplantation, and a significant reduc-
tion in oral pain and mucosal inflammation
was observed.*

Animal studieswith methotrexate che-
motherapy have demonstrated that glutathione
given with methotrexate increased tumor
methotrexate concentration and tumoricidal
activity. This combination also reduced the
incidence of methotrexate-induced side-effects
of gut toxicity and sepsis, and improved sur-
vival rates.%* The mechanism is unclear, but
may involve methotrexate conjugation by
glutamine, reducing the metabolism of meth-
otrexate, or possibly increased glutathione syn-
thesis and subsequent cellular protection pro-
moted by glutamine supplementation.5

Discussion

Although glutamine is formed in the
body from de novo synthesis, and is part of an
everyday diet, bodily stores can be
overwhelmed by injury, burns, surgery,
overtraining, or cancer. Enterocytes,
fibroblasts, lymphocytes, and macrophages
use glutamine as a metabolic fuel, and the
functioning of these cells can be significantly
affected with glutamine depletion. Glutamine
supplementation viaoral, enteral, or parenteral
routes increases skeletal muscle glutamine
stores and has been shown to improve gut
permeability and mucosal morphology, aswell
as markers of immune function.

Glutamine supplementation is neces-
sary intraumaand surgical patients, and inthe
critically ill to prevent gut mucosal atrophy,
infection, and to reduce gut permeability, sep-
sis, and possibly multiple organ failure. More
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intense study still needs to be conducted to
confirm the latter.

Cancer can cause a great loss of
glutamine from skeletal muscle, reducing the
amount available for normal metabolism by
enterocytes. It appears glutamine supplemen-
tation can ameliorate loss of glutamine stores
and improve gut and immunefunction, but this
information should be balanced with the pos-
sibility it might also increase the growth of
some tumors.

Standard cancer chemotherapy and ra-
diotherapy regimens can be very damaging to
normal tissue. It now appears the use of
glutamine in these patients can prevent many
toxic side-effects, increase tumor concentra-
tion of methotrexate, and increase tumoricidal
action. Moreresearchisrequired to determine
the mechanismsof the protective and cytotoxic
actions of glutamine.
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