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OBIJECTIVE: We investigated the effect of glutamine supplementation on plasma glutamine (Gln), gluta-
mate (Glu), and whole-blood glutathione (GSH) concentrations in human volunteers.

METHODS: Subjects first adapted to a standard diet with known intakes of protein, total GSH, cysteine,
methionine, and total Glu (Glu values include Glu and Gln) for 3 d. Plasma GIn, Glu, and whole-blood
GSH levels were then measured at 4-h intervals over 24 h. Supplemental oral GIn (0.3 g- kg~ *-d™*) was
ingested for 10 d and then 24-h plasma levels of Gin, Glu, and whole-blood GSH were measured.
RESULTS: The plasma concentrations of Glu (116%; P = 0.006) and GIn (20%; P = 0.046) were
significantly higher, whereas concentrations of GSH were significantly lower (37%; P = 0.00091) after
oral GIn supplementation.

CONCLUSION: Ora GIn increases Glu and GIn levels in plasma of healthy subjects but does not increase
GSH red cell (whole-blood) levels. Thus, GSH biosynthesis and preservation of GHS stores in red blood
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cells may involve rate-limiting substrates other than Gin.
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INTRODUCTION

Glutamine (GIn) is the most abundant free amino acid in the
human body. It plays an important role in interorgan amino acid
metabolism by shuttling nitrogen from skeletal muscle to the
intestines (serving as energy substrate), to the liver (in case of
starvation and injury), to the kidney (for aminogenesis and acid—
base balance), and to proliferating cells of the immune system.
Clinical interest in GIn metabolism is prompted by the fact that
Gln deficiency occurs in various states of critical illness and that
this deficiency might be a major determinant of outcome in these
circumstances.’3 GIn is synthesized in skeleta muscle, from
where it is released into the bloodstream and transported to a
variety of tissues.*-7 A high rate of GIn uptake, but only partial
oxidation, is characteristic of rapidly dividing cells such as entero-
cytes, immunocytes, macrophages, and fibroblasts. This situation
provides ideal conditions for the synthesis of key molecules, such
as glutathione (GSH) and nucleotides.2 Thus, GIn should be a GSH
precursor and an important nutritional supplement to increase
antioxidant stores in the body.

GSH (L-y-glutamyl-L-cysteinyl-glycine) is the most abundant
antioxidant inside cells. GSH performs a variety of physiologic
and metabolic functions. These include thiol transfer reactions,
which seem to protect cell membranes and proteins, metabolism of
endogenous compounds, and transport of amino acids.® Lipid
peroxidation is an oxidative process leading to the denaturation of
biological membranes and it has been implicated in diverse patho-
physiologic conditions including aging, atherosclerosis, rheumatic
diseases, cancer, cardiac and cerebral ischemias, respiratory dis-
tress syndrome, various liver disorders, sepsis, trauma, and burns.
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It may aso be involved in detoxification of certain metals, sol-
vents, pesticides, and drugs.10-2t

Whole-blood GSH metabolism has not been studied thor-
oughly. We hypothesized that red cells might, at least in part, use
GlIn for GSH production. To test this hypothesis, we measured
plasma GlIn, glutamate (Glu), and whole-blood GSH at 4-h inter-
vals over a 24-h period in three healthy subjects eating a standard
diet. We then examined the influence of supplemental oral Gin (0.3
g- kg™t d* taken with meals over 10 d) by repeating the assays
at 4-h intervals over another 24-h period.

MATERIALS AND METHODS
Subjects

Three volunteers (two men and one woman) were classified as
clinically healthy on the basis of complete medical check-ups.
Mean age was 40 y, mean body weight was 64.6 kg, mean height
was 166 cm, and mean body mass index was 23.2 kg/m?. The
purpose of the study was fully explained to each subject, and
informed written consent was obtained from all subjects. All
individuals had followed aregular diurnal rhythm for 3 wk before
the experiments. During the 2-d study sampling began at 1 pm, and
subjects continued their usual activities throughout the day, apart
from the sampling periods. They went to sleep before 12 am but
were awakened for taking samples at 1 and 5 am.

Diets

Subjects first adapted to a standard diet with known intakes of
protein, total GSH, cysteine, methionine, and total Glu (Glu values
included Glu and GIn) for 3 d. The meals were prepared individ-
ually to provide 25 kcal - kg~* - d~*, with 16.3% of the energy as
protein (1 g-kg~*- d™%), 60% as carbohydrate, and 23.7% as fat
(polyunsaturated:saturated fatty acid ratio = 1). The calculated
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GSH content of each meal was 5.2 g for breakfast, 4.6 g for lunch
and dinner, and 0.6 g for snacks; and the cysteine plus methionine
content was 0.04 g for breakfast and snacks and 0.75 g for lunch
and dinner. The Gln and Glu contents of each meal were 6.9 g for
breakfast and midmorning and afternoon snacks and 4.98 g for
lunch and dinner. Main meals were eaten at 8 am, 12:30 pv, and 7
PM, and snacks were eaten at 10 am and at 3 and 9:30 Pwm.

Subjects were then asked to adhere to the nutritional criteria of
this diet by following a diet plan prepared by the dietitian (A.M.)
with recommended food and drink for another 10 d, when they also
ingested the Gln supplement (5- or 10-g sachets of GlutaminOx;
Oxford Nutrition) as a slurry in water, after each meal.

Blood and Plasma Sample Collection for GIn, Glu, and GSH
Assays

Plasma Gln, Glu, and whole-blood GSH were measured on two
occasions, before and after ingestion of an oral Gln supplement.
Glutaminase, Glu dihydrogenase, nicotinamide-adenine dinucle-
otide, adenosine 5’-diphosphate, N-ethylmaleimide, reduced GSH,
glyoxalase-l, and methylglyoxa were purchased from Sigma
Chemical Company (Poole, Dorset, UK). Approximately 5 mL of
whole blood was taken from the forearm vein at 1, 5, and 9 am and
at 1, 5, and 9 pv. Blood samples were obtained by venipuncture
and placed into a tube containing (25 mg) ethylene diaminetet-
raacetic acid for anticoagulation. All preparations were performed
at room temperature.

GLN AND GLu SAMPLE PREPARATIONS. Within 30 min, the
tube was centrifuged at 15 000 rpm for 2 min. The plasma sample
(0.5 mL) was treated immediately with 0.2 mL of perchloric acid
(2%) and centrifuged again at 15 000 rpm for 5 min. The acidic
supernatant was stored at —20°C for 24 to 48 h before analysis.
GIn and Glu determinations in plasma samples were performed
with the glutaminase-Glu dehydrogenase assay.22

GSH SAMPLE PREPARATION. Whole blood (0.5 mL) was
treated immediately with 0.5 mL of trichloroacetic acid (25%)
containing 40 mM of N-ethylmaleimide. Within 30 min, the tube
was centrifuged at 15 000 rpm for 10 min; the acid supernatant was
then stored at —20°C for 24 to 48 h before analysis. GSH deter-
mination in whole-blood samples was performed according to the
glyoxalase-l assay described by Akerboom et al.,23 with minor
modifications. Briefly, the reaction between methylglyoxal and
GSH in 0.1 M of sodium phosphate buffer, pH 7.0, catalyzed by
glyoxalase-l, was followed spectrophotometrically at 240 nm. This
method is specific for GSH due to the specificity of glyoxalase-l
measurement for GSH.

Statistical Analysis

Data were analyzed with Student’ st test (paired, two-tailed) or the
Wilcoxon test depending on how parametric the results were.
Correlation coefficients were computed, and Pearson’s or Spear-
man’s test was done to determine whether ther value differed from
zero. In addition, rhythmometric data were summarized by means.
For all analytic procedures, P < 0.05 was considered statistically
significant. All statistics were computed with SPSS 9 for
Windows.

RESULTS

We found no correlation in any subject between content of Gln and
Glu in plasma and the diet (r = —0.27, P = 0.59 and r = 0.37,
P = 0.47, respectively) or protein in the diet (r = 0.41, P = 0.41
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FIG. 1. Whole-blood GSH circadian variations changes before and after
glutamine supplementation. GSH, glutathione.

and r = 0.23, P = 0.65, respectively) before oral Gln supplemen-
tation. Further, we found no correlation between content of Gin
and Glu in plasmaand thediet (r = 0.37,P = 0.47andr = —0.24,
P = 0.63, respectively) or proteinin diet (r = 0.11, P = 0.82 and
r = 0.63, P = 0.17, respectively) after ora GIn ingestion (0.3
g-kg t-d7?).

Reduced GSH was measured in whole blood. The critical step
in the determination of GSH is the time between blood sampling
and analysis or freezing at —20°C or in liquid nitrogen. Analysis
of whole blood instantly deproteinized and stored at —207°C for
48 h yields practically the same value as an immediate analysis of
a fresh sample. We found no close correlation between plasma
GSH content and GSH (r = 0.61, P = 0.19), methionine plus
cysteine (r = 0.09, P = 0.86), or protein (r = 0.50, P = 0.30) in
the diet before oral Gln ingestion. Further, we found no correlation
between GSH content in whole blood and GSH (r = —0.35, P =
0.49), methionine plus cysteine (r = 0.41, P = 0.41), and protein
(r = 0.19, P = 0.70) in the diet after oral GIn ingestion (Fig. 3).

Without correlations between dietary components and mea-
sured values of GIn, Glu and GSH, we were confident that any
results obtained after GIn supplementation would be a direct effect
of the substance under study.

Concentrations of GIn, Glu, and GSH from six consecutive
blood aspirations sampled at 4-h intervals from the same individ-
ual during a 24-h period varied from 465 to 575 uM for GIn, from
47 t0 93 uM for Glu, and from 803 to 929 uM for GSH before GIn
supplementation. The levels after Gln supplementation ranged
from 562 to 670 uM for Glu, from 109 to 229 uM for Glu, and
from 483 to 632 uM for GSH. The mean = standard deviation
levels of GIn, Glu, and GSH before GIn supplementation for the
three subjects were 521 = 44.8 uM, 72.32 = 16 uM, and
869.56 + 54.5 uM, respectively. After GIn supplementation, mean
levels were 629 = 49.6 uM for Gln, 156.7 + 44 uM for Glu, and
542.8 + 56 uM for GSH. All assessments represented 4-h mea-
surements over 24 h (Figs. 1 to 3).

When the data from all subjects were pooled and Gin and Glu
concentrations before and after GIn supplementation were com-
pared, we found a significant trend toward increasing GIn (20%;
P = 0.046) and a significant rise in Glu concentration (116%; P =
0.006). However, when GSH concentrations were compared be-
fore and after GIn supplementation, there was a significant de-
crease by 37% (P = 0.00091).

DISCUSSION
Cellular Response to Oxidative I njury

The production of reactive oxygen intermediates (e.g., peroxini-
trite, O, , and OH") during acute and chronic diseases results in
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FIG. 2. Plasma GIn circadian variations changes before and after GIn
supplementation. GLN, glutamine.

cell injury.24-31 The reactive oxygen intermediates generated react
with polyunsaturated fatty acids of the cell membrane, leading to
cell membrane lipid peroxidation24.2532.33 and cell death.34-37

Enterocytes, endothelial cells, inmmunologic cells, and red
blood cells have multiple mechanisms for limiting oxidative dam-
age. The first phase is the reduction of O, to H,O, and catalysis
of O, by superoxide dismutase. The H,O, formed is then reduced
to H,O and O, by intracellular catalase.34 Lastly, GSH peroxidase
uses GSH to reduce H,0,, lipid hydroperoxides, peroxinitrate
(ONOOQ), and a variety of other free radicals.3438-40 Here, GSH
peroxidase reduces the various peroxides by catalyzing their reac-
tion with reduced GSH to form oxidized GSH disulfide and H,0.
These three antioxidant defenses prevent the various reactive ox-
ygen intermediates from participating in further oxidative reac-
tions, which could generate even more volatile oxidants. However,
if the oxidant stress overwhelms the GSH defense network, severe
cell injury can occur because there are no intrinsic enzymes to
reduce the extremely reactive radicals (OH" and ONOO) formed
during oxidation.4t

Gln and Glu Augmentation

Nutritional supplementation can assist in protecting enterocytes,
hepatocytes, red blood cells, and immune system cellsin a variety
of pathologic states. GIn is a major energy source for the gastro-
intestinal tract and other cells providing nitrogen and carbon for
nucleotide synthesis.42 Newsholme et al.#3 also found that in
lymphocytes the rate of GIn use is significantly in excess of
biosynthetic requirements, and Boza et a.** reported that plasma
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FIG. 3. Plasma Glu circadian variations changes before and after glutamine
supplementation. GLU, glutamate.
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Gln increases up to 40% after a single dose of free L-GIn added to
caseinate. Clinical interest in GIn metabolism was prompted by the
fact that Gln deficiency occurs in various states of critical illness
and that this deficiency might be a major determinant of clinical
outcome in these circumstances.#54¢ Several studies have demon-
strated the upregulation of GSH in various host tissues by oral or
intravenous Gln47-48 and have hypothesized that excess GIn use
may provide intracellular Glu to synthesize GSH.#° Even though
enteral Gln has benefits in the criticaly ill, we wondered whether
Gln also functions as a precursor to increasing antioxidant defense
and investigated the role of Gln in GSH synthesis and the ability
of oral GIn to enhance plasma Gln and GSH in red blood cells
(whole blood). Our experiments were performed on healthy sub-
jects who were not depleted and showed no evidence of a defi-
ciency in the potential GSH precursor amino acids, i.e., plasma
GIn and Glu levels were within normal ranges before Gln inges-
tion. However, plasma levels of Gln and Glu were significantly
elevated within the first hour and during the 10 d of oral GIn
ingestion. This finding is consistent with that of a previous volun-
teer study.5° Human red blood cells transport Glu poorly, so arise
in plasma Glu would result only in a minimal rise of intracellular
Gluin erythrocytes. The increase in plasma Glu concentration thus
may be the result of splanchnic bed (enterocytes) uptake of GInto
produce Glu during the 10-d period. Splanchnic conversion of GIn
to Glu can be up to 53%.51.52

GSH as an Antioxidant

GSH is atripeptide consisting of Glu, cysteine, and glycine. Glu is
transported poorly across cell membranes, but GIn, which is easily
transported across cell membranes, is assumed to serve as the
intracellular source of Glu.5® However, the conversion of GIn to
Glu depends on sufficient glutaminase, a mitochondrial enzyme.
Because mature erythrocytes do not contain mitochondria, intra-
cellular Glu and thus GSH might not rise, despite Gln supplemen-
tation. Nevertheless, GIn depletion led directly to adecreasein cell
GSH content, suggesting that an adequate supply of Gln isimpor-
tant for the synthesis of GSH.54-56 Our findings did not appear to
support this concept for healthy subjects. Gln should be a precursor
of GSH, according to basic biochemistry, but our data indicated
that GSH red blood cell levels actually decrease after L-GIn sup-
plementation. Under normal resting conditions, the bonding of Glu
with cysteineis the rate-limiting step in the synthesis of GSH. This
decrease in whole-blood GSH therefore may be as a result of two
factors. First, high Glu concentrations might inhibit cysteine syn-
thesis (another GSH precursor) in red blood cells.5” The enzyme
v-glutamyl cysteine synthase, which catalyzes the first step of GSH
biosynthesis, is regulated by a negative feedback from GSH. Asa
consequence, neither Gln nor Glu may be able to significantly
increase intracellular GSH. Second, red blood cells have limited
GIn (20%) and Glu (4%) exchange.5® Therefore, we suggest that
Glnisnot the only precursor required to raise GSH concentrations
within red blood cells, at least in heathy individuals, and that
different cells may have different precursor reguirements for in-
tracellular GSH.

In conclusion, we accept that there are limitations in a study
with such asmall number of subjects. Nevertheless, even with this
small sample size, there were significant differences between as-
sessments before and after treatment that are interesting and could
be useful to compare with data from more extensive future re-
search, which certainly is warranted. The results of this pilot study
suggest that whole-blood GSH levels are not maintained in healthy
subjects receiving oral Gln. However, our findings indicated that
oral Gln is a safe, easy, and inexpensive method to increase GIn
(and Glu) levels in normal plasma and possibly tissue stores.
Although we could not demonstrate that whole-blood GSH in-
creases over time with this oral Gln dose, we cannot rule out the
possibility that Gln increases GSH in other tissues in healthy
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subjects or patients with Gln and/or GSH depletion. Therefore, the
question of whether this approach to cellular protection will pre-
vent cell oxidation in different organs and promote increased
survival remains unanswered, and we still do not know whether
these variations are likely to have any clinical repercussions.
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