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Abstract

The objective of this study was to determine the effects of diazepam, L-alanyl-L-glutamine (ala-gln) or diazepam combined with ala-gln
on polymorphonuclear leukocyte (PMN) free amino acid profiles. In a parallel study the effects on PMN immune functions were also
documented for the first time. The incubation of whole blood with diazepam led to significant changes in PMN free glutamine, aspartate,
glutamate, ornithine, arginine, citrulline, taurine and methionine as well as branched chain and neutral amino acid concentrations. Ala-gln
caused significant increases in PMN glutamine and alanine and asparagine, aspartate, glutamate, ornithine, arginine, serine and glycine
profiles. Regarding PMN immune functions, diazepam significantly decreased superoxide anion (O2

2) and hydrogen peroxide production
(H2O2) and myeloperoxidase activity (MPO) while ala-gln significantly increased PMN immune functions. Ala-gln supplemented to
diazepam largely reversed the changes in PMN amino acid profiles and PMN immune functions brought about by diazepam. Overall,
diazepam or ala-gln lead to significant changes in PMN free amino acids. Important PMN immune functions also seem to be affected. In
regards to the results, there is significant relevance to the pharmacological regimens which enhance the supply of diazepam or ala-gln in
whole blood suggesting that considerable changes in PMN “labile free amino acid pool” occur. These regimens often follow beneficial
nutritional therapy or maleficent pharmacological stress and may be one of the determinants in cell nutrition which influence PMN function.
It is partially through its effect on PMN labile free amino acid pool that ala-gln supplemented to diazepam may maintain PMN immune
functions in vitro. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Initial resistance to bacterial infection is mediated pri-
marily by polymorphonuclear leukocytes (PMN). Their im-
portance become particularly apparent when their numbers
are reduced or their functions become impaired. This is
because derangement of any PMN function may allow bac-
terial infection to develop and might contribute to patient’s
morbidity and mortality [1]. Several studies have shown

that diazepam, which plays an important part in modern
neurology and psychiatry in the treatment of epilepsia, tet-
anus or anxiety, can alter immunological defense by mod-
ifying the number and/or functions of immunocompetent
cells, including PMN, with impairment of microbicidal ac-
tivity [2,3]. These effects may do not necessarily lead to
immunosuppression, but they might potentially further
compromise already depressed host defense mechanisms if
used in critically ill patients. Increasing evidence suggest
that especially the “labile free intracellular amino acid pool”
is important to metabolic and physiological state of PMN as
well as to the special functions in the inflammatory response
of these cells [4,5]. Until now, however, only limited
knowledge is available regarding the influences of diazepam
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on PMN free amino acid profiles [6]. Important findings
suggest that glutamine-dipetides especially (L-alanyl-L-glu-
tamine) may have beneficial pharmacological value in mod-
ulating cellular metabolism as well as the immune response
in rapidly proliferating cells such as PMN. L-alanyl-L-
glutamine has been shown to play important roles in cell-
mediated immune functions and received immense interest
in promotion of antimicrobial as well as PMN antitumoral
effector systems. Various studies suggest that L-alanyl-L-
glutamine may be an important substrate especially for
immunocompetent and rapidly proliferating cells, and may
be required in increased amounts when catabolic conditions
prevail [7,8,9]. However, the major biochemical mecha-
nisms by which L-alanyl-L-glutamine modulates major cel-
lular functions, PMN amino acid concentrations and impor-
tant PMN immune functions have not been defined yet.
Moreover, our current understanding of the rate of L-alanyl-
L-glutamine utilization and major pathways of metabolism
raises some intriguing questions concerning possible thera-
peutic manipulation and whether specific important PMN
antibacterial host defense mechanisms can be beneficially
altered or not. Consequently, an important alternative pro-
posal is the consideration of L-alanyl-L-glutamine as a
“tissue-specific” single nutrient.

Summing up: at the present state of knowledge, no in-
formation is available concerning the effects of either dia-
zepam, L-alanyl-L-glutamine or diazepam combined with
L-alanyl-L-glutamine on PMN “labile free intracellular
amino acid pool” as well as on important PMN immune
functions [as obtained by superoxide anion generation, hy-
drogen peroxide formation and myeloperoxidase activity].
If L-alanyl-L-glutamine is protective, and diazepam dam-
aging to immune cell function, it would also be useful to
determine whether L-alanyl-L-glutamine might influence
any potentially effects induced by diazepam.

The goals of this study were therefore:

1. to document the effects of diazepam, L-alanyl-L-glu-
tamine or diazepam combined L-alanyl-L-glutamine
with on free PMN amino acid concentrations. With
regard to clinical relevance we have chosen an exper-
imental design with whole blood, followed by rapid
and highly selective enrichment of PMN, thereby
preserving high cellular viability and integrity.

2. In a parallel study the effects of a diazepam, L-alanyl-
L-glutamine or diazepam combined L-alanyl-L-glu-
tamine incubation of whole blood on released myelo-
peroxidase activity and both superoxide anion and
hydrogen peroxide formation in isolated PMN were
also investigated.

2. Materials and methods

The study was approved by the local ethics committee of
the Justus-Liebig-University, Giessen. Eighteen male vol-

unteers between 24 and 32 years (mean 27 years) with an
average height of 181 cm (range 175–190) and weight of 80
kg (range 70–97) were selected: those volunteers with met-
abolic (diabetes etc.), cardiopulmonary, neurological or al-
lergic diseases, or volunteers taking drugs were not accepted
to the study. Whole blood samples (Lithium-heparinate
plastic tubes) were withdrawn between 08:00 and 09:00 (10
hr of fasting) to exclude potential circadian variations.

2.1. Diazepam, L-alanyl-L-glutamine or diazepam1
L-alanyl-L-glutamine

The following concentrations were tested:

1. Diazepam: (Valium MM Roche®, Hoffmann La
Roche, Grenzach-Wyhlen, Germany): 0; 0.4; 4 and 40
mg z mL 21

2. L-Alanyl-L-glutamine (Dipetamin® [200 g L-alanyl-
L-glutamine z L21; (5 82 g L-Alanyl, 5134,5 g
L-glutamine;5 0,92 mol z L21 L-alanine and 0,92
mol z L21 L-glutamine)], Fresenius, Bad Homburg,
Germany): 0 and 5 Mol L-alanyl-L-glutamine

3. Diazepam1 L-alanyl-L-glutamine: 0 and 0.4; 4 or 40
mg z mL21 diazepam1 5 mMol L-alanyl-L-glu-
tamine respectively

The lesser diazepam concentration is that which imme-
diately appears in serum after intravenous injections of
clinically relevant diazepam (10 mg) doses [10]. The higher
diazepam concentrations corresponded to 10 and 100 times
the clinically achieved plasma concentrations. The selected
L-alanyl-L-glutamine concentration corresponded to 10
times physiological plasma concentrations (see [4] for phys-
iological values). With regard to the clinical relevance orig-
inally L-glutamine was omitted from incubation because of
both1) its intravenous application in patients is not licensed
and2) application of L-glutamine is connected with impor-
tant chemical and galenic problems such as chemical insta-
bility (decomposition of glutamine is not controllable and
depends on temperature, the pH value and concentration of
anions in the incubation medium for example), low water
solubility and fears of its rapid breakdown to pyroglutamate
and ammonium which may influence PMN function as well.
L-alanyl-L-glutamine dipeptide is not connected with such
chemical and galenic problems. L-alanyl-glutamine is rap-
idly hydrolyzed by plasma hydrolases, also during in vitro
incubation, and has been found to be a suitable source for
glutamine with comparable biological activity [11,12,13].
Solutions of diazepam, L-alanyl-L-glutamine or diazepam
combined with L-alanyl-L-glutamine were prepared and
diluted in Hank’s balanced salt solution (HBSS; Sigma,
Deisenhofen, Germany) and the pH in the test solution
confirmed to be 7.4. 1 ml of whole blood was incubated
with 25 ml of test solution (the final concentrations were as
described ) for two hours at 37°C (vibrating water bath).
The corresponding volumes of HBSS were added to the
control tubes.
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2.2. Highly selective separation of polymorphonuclear
leukocytes (PMN) from whole blood

Precise details of our PMN-separation technique have been
described previously [14,15]. This method is a further devel-
opment of the methods described by Eggleton et al. [16] which
allows a very rapid and selective enrichment of PMN preserv-
ing high cellular viability and integrity from very small quan-
tities of whole blood. Extraction of PMN was accomplished
using a cooled (4°C) Percoll®-gradient. The cooled and hepa-
rinized whole blood samples were then overlaid into a previ-
ously prepared and precooled (4°C) Percoll®-gradient before
centrifugation. After this cellular separation the PMN were
carefully taken from the sample and suspended in cooled (4°C)
and diluted PBSt stock buffer. After a second centrifugation,
the PBSt stock buffer was discarded and the erythrocytes
remaining in the sample were hypotonically lysed using cooled
(4°C), destilled water. After 20 s the PMN samples were
immediately brought back to isotonicity and resuspended by
adding diluted PBS® stock buffer. After a third centrifugation
the PBS® stock buffer was again discarded and 2 aliquots of
resuspended sample were removed. Immediately after with-
drawal and preparation, the extracted and cooled PMN sam-
ples were deep frozen at280°C before lyophilization (freeze
drying at280°C). In aliquots of the PMN samples both the
purity as well as their viability were subsequently verified by
light microscopy. Samples with a PMN purity, 96% and
those with more than 4% avitality were discarded.

2.3. Chromatographic amino acid analysis

Amino acids in PMN were quantified using previously
described methods which fulfill the strict criteria required
for ultrasensitive, comprehensive amino acid analysis which
was especially developed and precisely validated in our
institute for this purpose (see [15] for details). The lyophi-
lizates were solubilized in 80% methanol/20% H2O so as to
guarantee short term stability before the column derivitiza-
tion procedure (“chemical preservation”). This standard ex-
traction buffer also contained the amino acid l-homoserine
as an internal standard for the HPLC procedure. Standard
samples (including all amino acids which we measured in
PMN) have been prepared in our laboratory and methanolic
extracts of the various lyophilized samples were prepared as
previously described [15]. After a 5 min incubation and 3
min centrifugation (30003 g, Rotixa/KSt, Tuttlingen, Ger-
many), samples were transferred to a special sample tube
(2-CRVt, Chromacoll, Trumbull, U.S.A) where alkaline
0.5 M borate buffer (Merck, Darmstadt, Germany) and
o-phthaldialdehyde-2-mercaptoethanol (OPA; Merck,
Darmstadt, Germany) were automatically added. This base
derivatization was stopped after exactly 120 s by neutral-
ization with 0.75 N HCL (Merck, Darmstadt, Germany).
The mixture was then transferred to a rarefaction vial and
diluted with eluent A, and 25ml of this mixture was injected
into the columns. The program and the automatically de-

gassed (3-channel degasser, Knauer, Berlin) solvents used
were as previously described [15]. The flow rate was main-
tained at 1.0 ml/min throughout by using a hydrostatic
gradient pump. The fluorescence high performance liquid
chromatography system (F-HPLC) consisted of a hydro-
static gradient pump, a controller for gradient programming
(600 Et, Waters, U.S.A.) and a programmable autosampler
for the automated derivatization procedures (Triathlont,
Spark, The Netherlands) within a rheodyne injection valve
and a 100ml filling loop (AS 300t, Sunchrom, Germany).
The following column was used for separation: Nova-Pakt,
300 mm3 3,9 mm I.D.; RP-C-18, 60 Å, 4mm (Waters,
U.S.A.). Column-temperatures were maintained at 35°C us-
ing a column oven (Knauer, Germany). Fluorescence was
routinely monitored using a fluorescence spectromonitor
(RF-530t, Shimadzu, Japan). Measurements were made at
an excitation wavelength of 330 nm and an emission wave-
length of 450 nm. Data recording and evaluation was per-
formed using computer integration software (EuroChrom
2000® Knauer, Germany). The coefficients of variations for
both method reproducibility as well as reproducibilities of
the retention times were as described elsewhere [15].

Superoxide anion and hydrogen peroxide production,
and activity of released myelo-peroxidase (MPO), were
photometrically determined using significant modifications
of known methods precisely validated in our institute for
this purpose [17,18]. Superoxide anion production was mea-
sured by reduction of cytochrome C. 100 mg of cytochrome
C (type IV, Sigma, Deisenhofen, Germany) which was
dissolved in 30 ml PBS®-glucose buffer. The solution was
portioned and frozen at220°C. Opsonized zymosan (Sig-
ma, Deisenhofen, Germany) was used to stimulate PMN. It
was produced by incubating 100 mg zymosan with 6 ml
pool serum for 30 min at 37°C. After washing with saline
and centrifuging at 3503 g (10 min) opsonized zymosan
was re-suspended in 10 ml PBS®-glucose buffer, portioned
and frozen at220°C. Whole blood was incubated either
with diazepam, L-alanyl-L-glutamine or diazepam com-
bined with L-alanyl-L-glutamine to be tested for 2 hours at
37°C. The PMN were then isolated using a modification of
our PMN-separation technique (as mentioned above). After
stepwise (15 min and 5 min) centrifugation procedures (350
3 g, 20°C) as well as careful lysis of a few erythrocytes
contaminating the pellet, the PMN-cells were resuspended
by adding diluted PBS® (Gibco, Karlsruhe, Germany) stock
buffer. After 7 ml PBS® stock buffer had been administered,
the tube was centrifuged at 3503 g for 5 min (20°C). The
supernatant was decanted. Samples with a PMN purity
,96% and those with more than 4% dead cells were dis-
carded. The PMN concentration required in each case was
adjusted by adding PBS containing 9.99 g glucose (Merck,
Darmstadt, Germany). After PMN isolation, 500ml zymo-
san, 150ml pool serum, 250ml cytochrom C and 500ml
isolated PMN suspension (0,83 106/ml) and again diaze-
pam, L-alanyl-L-glutamine or diazepam combined with L-
alanyl-L-glutamine to be tested, were poured into a test tube. A
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preparation containing 500ml buffer instead of zymosan was
used as a zero adjustment. After further incubation for 15 min
at 37°C the reaction was stopped by putting the test tube into
ice water. After centrifugation (3503 g; 5 min, 4°C) extinc-
tion of the supernatant was measured photometrically (546 nm;
Digitalphotometer 6114St; Eppendorf, Germany). The
amount of superoxide anion produced resulted from the ex-
tinction coefficient of cytochrome C according to the law of
Lambert & Beer [19]. All control probes obtained for standard
curves have been prepared, incubated and measured identi-
cally. Hydrogen peroxide production was also determined pho-
tometrically. The method based on horse radish peroxidase
catalyzed by oxidation of phenol red by hydrogen peroxide.
Phenol red (Sigma, Deisenhofen, Germany) and horse radish
peroxidase (type II, Sigma, Deisenhofen, Germany) were added to
PMN which had been stimulated by opsonized zymosan. Phe-
nol red was dissolved in double-destilled water (10 g/L). Horse
radish peroxidase was dissolved in PBS®-glucose buffer (5
g/L). After incubation of whole blood with diazepam, L-ala-
nyl-L-glutamine or diazepam combined with L-alanyl-L-glu-
tamine to be tested for 2 hours at 37°C PMN were isolated as
described above. Isolated PMN were stimulated by opsonized
zymosan (Sigma, Deisenhofen, Germany). The final test prep-
aration consisted of 500ml zymosan, 125ml pool serum, 12.5
ml horse radish peroxidase, 12.5ml phenol red, 12.5ml sodium
azide (200 mmol/L/L; Merck, Darmstadt, Germany), 500ml
PMN suspension (23 106 PMN-cells/ml) and again diazepam,
L-alanyl-L-glutamine or diazepam combined with L-alanyl-L-
glutamine. After incubation for 15 min (37°C), the test prep-
aration was centrifuged for 5 min (3503 g; 4°C). Subsequent
to adding 25ml sodium hydroxide solution (1.0 normal,
Merck, Darmstadt, Germany), the extinction was measured
photometrically at 623 nm. All control probes obtained for
standard curves have been prepared, incubated and measured
identically. Activitiy of released myeloperoxidase: 1 mmol/L
2.29-azino-di-(3-ethylbenzthiazoline) sulfonic acid (ABTS,
Sigma, Deisenhofen, Germany) was dissolved in 0.1 Mol/L
citrate buffer (Behring, Marburg, Germany; pH 7,4). After
incubation of whole blood with diazepam, L-alanyl-L-glu-
tamine or diazepam combined with L-alanyl-L-glutamine to be
tested for 2 hours at 37°C, 100ml isolated PMN suspension (2
3 106/ml) was incubated with 0.5mg cytochalasin B (Sigma,
Deisenhofen, Germany) and again with diazepam, L-alanyl-L-
glutamine or diazepam combined with L-alanyl-L-glutamine
(5 min; 37°C). After adding 100ml opsonized zymosan and
supplementing in order to keep the concentration constant, the
preparation was incubated again for 10 min (37°C). Then 1 ml
ATBS solution was added. After centrifuging (7003 g, 5 min,
20°C) 1 ml of supernatant was removed and mixed with 1ml
hydroxide peroxide solution (30%; Merck, Darmstadt, Ger-
many) and extinction was measured photometrically (405 nm).

2.3.1. Statistical analysis
The statistical analysis and interpretations of our study

results were performed in close relationship with our De-
partment of Medical Statistics.

2.3.1.1. PMN amino acid concentrations.All tests were per-
formed in duplicate. Thus, our PMN amino acid results are the
means of two estimations. After the results were demonstrated
to be normally distributed (Pearson Stephens test), statistical
methods were performed including Bartlett test to check ho-
mogeneity of variance (p# 0.1). If the requirements were met,
a two-factor analysis of variance for repeated measures
(ANOVA) was conducted. Probability levels of p# 0.05
versus control were considered significant. The data are given
as means6 standard deviations (mean6 SD).

2.3.1.2. PMN immune functions.All tests were performed in
duplicate. Thus, our results are the means of two estima-
tions. After the results were demonstrated to be normally
distributed (Pearson Stephens test), statistical methods in-
cluded Bartlett test to check homogeneity of variance (p#
0.1). If the requirements were met, an two-factor analysis of
variance for repeated measures (ANOVA) was conducted. If
the requirements were not fulfilled, the Friedmann test was
performed. Probability levels of p# 0.05 versus control were
considered significant. The data are given as mean6 SD.

3. Results

The free intracellular amino acid concentrations, super-
oxide anion formation (O2

2), hydrogen peroxide generation
(H2O2) as well as activity of released myeloperoxidase
(MPO) obtained in the control cells were within normal
physiological ranges (see [14,15] as well as [17,18] for
physiological values); (Tables 1 and 2).

3.1. Diazepam

3.1.1. Effects on amino acids
Incubation with diazepam ($0.4mg z mL–1) caused signif-

icant decreases in PMN glutamine, aspartate, arginine, orni-
thine, citrulline, alanine, taurine anda-aminobutyrate. More-
over, following diazepam significant increases in PMN
serine, glycine, isoleucine, leucine, valine, threonine and
methionine concentrations have been found (Table 1). None
of the other amino acids have been affected significantly.

3.1.2. Effects on superoxide anion (O2
2), hydrogen

peroxide (H2O2) and myeloperoxidase (MPO) activity

In the presence of diazepam ($4 mg z mL21) O2
2 pro-

duction, H2O2 formation and MPO activity significantly
decreased.

3.2. L-alanyl-L-glutamine

3.2.1. Effects on amino acids
Incubation with 5mmol/L L-alanyl-L-glutamine caused

significant increases in PMN free intracellular glutamine,
asparagine, glutamate, aspartate ornithine, arginine, citrulline,
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serine, glycine and alanine concentrations (Table 1). PMN free
lysine, citrulline, isoleucine, leucine, valine, methionine,
threonine, a-aminobutyrate, tyrosine, tryptophane, phenyl-
alanine, histidine and taurine profiles remained uneffected.

3.2.2. Effects on oxidative response and myeloperoxidase
activity

Incubation with 5mMol L-alanyl-L-glutamine led to sig-
nificant increases in superoxide anion and hydrogen perox-
ide production as well as myeloperoxidase activity (Table 1).

3.3. Diazepam1 L-alanyl-L-glutamine

3.3.1. Effects on amino acids
Addition of 5 mMol L-alanyl-L-glutamine to 0.4 and 4mg

diazepamz mL–1 neutralized the effects of diazepam alone for

all of the amino acids tested (Table 2). The addition of gluta-
mine to 40mg diazepamz mL–1 failed to have any marked
influence on the effects of diazepam alone for most of the amino
acids tested, although changes in PMN glutamine, aspartate
and alanine following high-dose diazepam alone have been
completely neutralized by exogenous L-alanyl-L-glutamine.
Moreover, changes in glutamate and arginine have partially
been counterbalanced by supplemented arginine, too (Table 2).

3.3.2. Effects on superoxide anion, hydrogen peroxide and
myeloperoxidase activity

Glutamine completely reversed changes in O2
2 and H2O2

formation as well as MPO activity brought about by 0.4 and
4 mg diazepamz mL21 alone. Glutamine supplementation to
40 mg diazepamz mL21 completely counterbalanced the

Table 1
Effects of diazepam (0.4mg, 4 mg, 40 mg z ml21) and 5 mMol L-alanyl-L-glutamine (Ala-Gln) on PMN labile free amino acid pool (pMol per PMN-
cell; Mean6 SD) and PMN superoxide anion generation [nmolz (106 PML z min)21], hydrogen peroxide production [nmolz (106 PML z min)21] and
myeloperoxidase activity [unitsz L supernatant21].

Abb. Control Diazepam Ala-Gln
5 mMol

0,4 mg z ml21 4 mg z ml21 40 mg z ml21

Acid amino acids, acid amides
asn 0.396 0.06 0.386 0.06 0.406 0.07 0.426 0.08 0.486 0.08*
gln 2.636 0.59 2.776 0.59 1.976 0.44* 1.636 0.36* 3.976 0.88*
asp 2.506 0.40 2.036 0.36* 1.916 0.32* 1.646 0.26* 3.536 0.58*
glu 6.016 0.82 5.076 0.76* 4.286 0.60* 3.586 0.56* 8.936 1.28*

Basic amino acids
orn 0.416 0.08 0.326 0.07* 0.286 0.06* 0.246 0.05* 0.536 0.11*
lys 0.586 0.10 0.696 0.13 0.646 0.12 0.606 0.11 0.696 0.14
arg 0.296 0.05 0.286 0.05 0.236 0.05* 0.186 0.03* 0.386 0.06*
cit 0.116 0.02 0.106 0.02 0.086 0.02* 0.066 0.01* 0.146 0.03*

Branched chain amino acids
ile 0.316 0.06 0.366 0.07 0.406 0.08* 0.436 0.09* 0.286 0.05
leu 0.606 0.13 0.706 0.15 0.766 0.16 0.836 0.18* 0.696 0.15
val 0.366 0.06 0.416 0.07 0.466 0.07* 0.506 0.08* 0.386 0.06

Neutral amino acids
ser 1.386 0.20 1.706 0.25* 1.806 0.27* 2.116 0.31* 1.846 0.29*
gly 2.436 0.35 3.016 0.48* 3.296 0.59* 3.626 0.64* 3.256 0.46*
thr 0.606 0.09 0.706 0.11 0.796 0.12* 0.886 0.13* 0.586 0.08
ala 1.716 0.31 1.596 0.26 1.326 0.25* 1.046 0.20* 2.516 0.45*

Aromatic amino acids
tyr 0.296 0.06 0.296 0.06 0.276 0.05 0.286 0.06 0.306 0.06
trp 0.116 0.02 0.126 0.02 0.106 0.02 0.116 0.02 0.116 0.02
phe 0.776 0.11 0.726 0.11 0.706 0.11 0.686 0.10 0.736 0.10
his 0.616 0.20 0.696 0.21 0.556 0.18 0.596 0.19 0.616 0.19

Taurine, methionine,a-aminobutyrate
tau 40.56 7.3 36.86 6.7 32.66 5.9* 29.26 5.4* 39.96 7.1
met 0.156 0.03 0.176 0.04 0.196 0.04* 0.236 0.05* 0.156 0.03
aba 0.216 0.04 0.196 0.04 0.176 0.03 0.146 0.03* 0.226 0.04

Superoxide anion, hydrogen peroxide, myeloperoxidase
O2

2 3.2596 0.558 2.7166 0.535 2.3076 0.458* 1.8216 0.404* 5.9316 1.074*
H2O2 1.0896 0.227 0.9026 0.211 0.6696 0.145* 0.5926 0.131* 1.9166 0.406*
MPO 0.5516 0.135 0.4416 0.116 0.3856 0.103* 0.2866 0.079* 0.9316 0.261*

Abb. 5 Abbreviations (see text).
* 5 p # 0.05 versus control values.
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effects of diazepam on MPO and only partially reversed its
effects on O2

2 production and H2O2 formation (Table 2).

4. Discussion

4.1. Diazepam

Diazepam ($0,4 mg z mL21) significantly decreased in-
tracellular glutamine, aspartate, glutamate, ornithine, argi-
nine, citrulline, alanine, taurine anda-aminobutyrate levels
and increased the profiles of important other amino acids
(i.e. branced chain amino acids, neutral amino acids, me-
thionine). Only aromatic amino acids, asparagine and lysine
have not been influenced. However, especially the fact that
PMN free glutamine, glutamate as well as aspartate were
significantly reduced, points to important mechanisms un-

derlying the diazepam induced changes. At the present state
of knowledge various findings suggest that glutamine, as-
partate as well as glutamate are essential intracellular fuels
for leukocytes even when resting [20]. The role of glutami-
nolysis, in rapidly dividing cells such as PMN in particular,
has been considered to provide both the nitrogen and carbon
physiologically required for precise and sensitive control for
PMN intermediate (i.e.a-keto acids) and macromolecule
synthesis (i.e. DNA, RNA) [21]. Changes in PMN free
glutamate and aspartate concentrations may also have es-
sential consequences for PMN respiratory fuel sources, pro-
ducing energy yielding substrates, because for example both
amino acids in PMN enter the citrate acid cycle [22]. Recent
former findings described that glutamine, glutamate and
aspartate metabolism is closely related to the specific func-
tions in the PMN inflammatory response [23,24]. Conse-
quently, we suggest that changes in PMN labile free intra-

Table 2
Effects of 0.4 (D0.4); 4 (D4) and 40 (D40) mg diazepamz ml21 combined with L-alanyl-L-glutamine (5 mMol; Ala-Gln) on PMN labile free amino acid
pool (pMol per PMN-cell; Mean6 SD) and PMN superoxide anion generation [nmolz (106 PML z min)21], hydrogen peroxide production [nmolz (106

PML z min)21] and myeloperoxidase activity [unitsz L supernatant21].

Abb. Control D0.4 1 Ala-Gln D4 1 Ala-Gln D40 1 Ala-Gln

Acid amino acids, acid amides
asn 0.396 0.06 0.416 0.06 0.426 0.06 0.456 0.07
gln 2.636 0.55 2.966 0.64 2.526 0.52† 2.166 0.48†

asp 2.506 0.40 2.456 0.38† 2.356 0.39† 2.126 0.35†

glu 6.016 0.82 5.916 0.80† 5.286 0.80† 4.636 0.71*†

Basic amino acids
orn 0.416 0.08 0.366 0.07 0.336 0.06 0.276 0.06*
lys 0.606 0.13 0.576 0.12 0.656 0.12 0.626 0.13
arg 0.296 0.05 0.316 0.07 0.276 0.05 0.236 0.04*,†

cit 0.116 0.02 0.126 0.03 0.096 0.02 0.076 0.01*

Branched chain amino acids
ile 0.316 0.06 0.336 0.06 0.356 0.06 0.406 0.08*
leu 0.606 0.13 0.686 0.14 0.706 0.15 0.786 0.17*
val 0.366 0.06 0.356 0.06 0.396 0.07 0.446 0.07*

Neutral amino acids
ser 1.386 0.20 1.526 0.24 1.646 0.26 1.786 0.25*
gly 2.436 0.36 2.646 0.43 2.896 0.50 3.176 0.46*
thr 0.606 0.09 0.666 0.10 0.706 0.11 0.766 0.12*
ala 1.716 0.31 1.766 0.33 1.666 0.36 1.426 0.28†

Aromatic amino acids
tyr 0.296 0.06 0.296 0.06 0.296 0.06 0.286 0.06
trp 0.116 0.02 0.126 0.02 0.106 0.02 0.136 0.02
phe 0.776 0.11 0.726 0.11 0.786 0.11 0.706 0.11
his0.616 0.20 0.616 0.20 0.696 0.22 0.706 0.22 0.556 0.18

Taurine, methionine,a-aminobutyrate
tau 40.56 7.3 37.96 7.6 35.66 6.5 32.96 6.3*
met 0.156 0.03 0.166 0.03 0.176 0.03 0.216 0.04*
aba 0.216 0.04 0.206 0.04 0.176 0.03 0.166 0.03*

Superoxide anion, hydrogen peroxide, myeloperoxidase
O2

2 3.2596 0.558 3.6826 0.659† 2.7836 0.452† 2.4936 0.521*,†

H2O2 1.0896 0.227 1.2736 0.286† 0.9096 0.187† 0.8286 0.189*,†

MPO 0.5516 0.135 0.5986 0.150† 0.5096 0.123† 0.4296 0.107†

Abb. 5 Abbreviations (see text).
* 5 p # 0.05 versus control values;† 5 p # 0.05 versus diazepam alone.
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cellular glutamine, glutamate as well as aspartate pool, for
example induced by diazepam, may be analogous to
changes in PMN glycolysis which causes maleficient intra-
cellular conditions adversely effecting PMN function [25].
Moreover, diazepam decreased intracellular arginine, orni-
thine and citrulline levels. This favors the hypothesis that
decreases in PMN free arginine concentrations have been
followed by decreased arginine conversion into important
arginine dependent amino acid metabolites [26]. This may
also have essential consequences for PMN function because
various findings suggest that changes in arginine turnover
may underlie important cellular immune depression [27,28,
29]. Moreover, it has also been suggested that especially
ornithine, which in undisturbed leukocyte metabolism is
rapidly converted from arginine by argininase [30], shares
the immunostimulatory and secretagogue effects of arginine
[31]. Further important findings of our study show that
diazepam incubation of whole blood significantly decreased
PMN intracellular taurine profiles which may draw attention
to changes in PMN osmoregulation [32,33,34]. Taurine
accounts for approximately 55–60% of all PMN free intra-
cellular amino acids and high intracellular concentrations
are maintained against a high cell-plasma concentration
gradient. Interestingly, decreases in intracellular taurine
concentration has been followed by increases in PMN neu-
tral amino acid levels which are also known to impart
osmoprotection in various cells [35,36,37]. Decreases in
PMN taurine profiles especially may also have important
consequences for PMN function since especially taurine has
been suggested to be involved in important leukocyte im-
mune functions [38,39]. Diazepam also altered the PMN
free branched chain amino acid pool (leucine, isoleucine,
valine) which in leukocytes may play essential roles as
regulators in PMN protein turnover [40]. Former interesting
findings concerning the effects of diazepam on intracellular
amino acid profiles have unfortunately been connected with
essential limitations inherent in the methodology and study
design, because results obtained in rats mainly reflects
changes in amino acid profiles characteristically altered
following prolonged starvation [6]. When sufficient nutri-
tional supply has been changed (“..a total of 3 animals
(25%) became abnormally weak..”), for example following
chronic high dose diazepam treatment (8 mgz kg21 body
weight), the first priority of cellular metabolism is to pro-
vide glucose for the brain. Especially glucogenic amino
acids, incorporated in cellular protein, can be degraded to
pyruvate or to TCA-cycle intermediates to a point where the
carbons could be used for the production of glucose or to
rebuild glycogen. And of major importance, during starva-
tion, only carbon skeletons acquired from amino acids really
provide a net synthesis of glucose in leukocytes [4]. Re-
garding PMN immune functions diazepam significantly de-
creased both superoxide anion and hydrogen peroxide gen-
eration and myeloperoxidase activity suggesting an
undisputed reduction in PMN function. Our findings con-
firm former investigations in which diazepam impaired neu-

trophil reactive oxygen species generation as assessed by
free radical formation chemiluminescence or oxidative ac-
tivity [41,42]. Although this study was not able to confirm
any direct relationship between free amino acids and PMN
immune functions or whether alterations in PMN amino
acid profiles reflects direct changes of specific PMN intra-
cellular pathways, there is significance that pharmacological
regimens which enhance the supply of diazepam to whole
blood considerably influences PMN labile free intracellular
amino acid pool in vitro which may be one of the determi-
nants in cell nutrition positively or adversely (i.e. following
diazepam) affecting important PMN immune functions.

4.2. L-alanyl-L-glutamine

L-alanyl-L-glutamine supplementation to whole blood
(5mmol/L) significantly increased free intracellular glu-
tamine as well as alanine profiles in PMN indicating in-
creased uptake of alanine and glutamine by PMN from
plasma and/or increased uptake of L-alanyl-L-glutamine
dipeptide followed by intracellular hydrolysis [43,44]. In-
deed, high plasma L-alanyl-L-glutamine hydrolase activi-
ties, followed by consecutive uptake of the liberated amino
acid residues, have been previously described. Moreover,
various tissue and blood cells contain sufficient membrane
bound as well as intracellular hydrolasis activity [45,46,47,
48,49]. Therefore, L-alanyl-L-glutamine dipeptides espe-
cially have been found to be a suitable source for glutamine
and alanine with comparable biological activity [11,12,13].
Connected with these findings, we observed significant in-
creases in further important PMN free intracellular amino
acids (i.e. glutamate, aspartate, asparagine, ornithine, argi-
nine, citrulline, serine and glycine) as well. Again, this may
indicate both increased uptake of L-alanyl-L-glutamine me-
tabolites from whole blood and/or high glutamine and ala-
nine utilization by PMN [43,50]. In the author’s opinion our
findings would favor the latter hypothesis because high rates
of glutamine but also alanine uptake and utilization, espe-
cially by rapidly dividing cells such as PMN, have previ-
ously been described [51,52]. Increasing evidence suggest
that not only glucose but also glutamine in PMN provides
and maintains both nitrogen and carbon for the synthesis of
macromolecules and act as an oxidative fuel for energy
production when required [20,21]. Not only glutamine but
glutamate as well may have been a substratum for further
metabolical processes producing neutral amino acids such
as serine and glycine as well as aspartate which in PMN,
just as glutamate, enters the citrate acid cycle [22]. More-
over, Metcoff et al. [53] described that a combination of
PMN free aspartate, glycine, ornithine, arginine, glutamate
and glutamine profiles were especially highly predictive
regarding the levels of PMN energy charge. Interestingly,
exogenous L-alanyl-L-glutamine supplementation also in-
creased PMN intracellular arginine and ornithine concen-
trations. Regarding the pattern of PMN amino acid changes,
we hypothesize that PMN, similar to macrophages or mono-
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cytes, may contain sufficient activity of the enzyme systems
required to convert glutamine to arginine and ornithine [54].
Moreover, L-alanyl-L-glutamine supplementation signifi-
cantly increased antimicrobicidal functions of human PMN
in vitro, suggesting an anabolic role of L-alanyl-L-glu-
tamine for PMN. Until now, little information is available
concerning the fuel that PMN-cells use for important im-
mune functions, but various investigators described that
essential immune functions of human leukocytes strongly
depend on intracellular glutamine concentrations [55,56,
57]. Consequently, with regard to former findings we sug-
gest that nutritional or pharmacological regimens which
enhance the supply of L-alanyl-L-glutamine to PMN may
have considerable pharmacological value in modulating es-
sential PMN functions.

4.3. Diazepam1 L-alanyl-L-glutamine

An important aspect of this study was to determine
whether L-alanyl-L-glutamine could reverse any changes
induced by diazepam. L-alanyl-L-glutamine, however,
largely neutralized the changes in PMN labile free amino
acid concentrations as well as essential PMN immune func-
tions brought about by diazepam. For example, decreases in
glutamine, glutamate, ornithine, arginine or citrulline and
increases in branched chain amino acids have been reversed.
Also of major importance was the fact that L-alanyl-L-
glutamine largely reversed the changes in taurine and neu-
tral amino acids brought about by diazepam. Only following
a high dose diazepam treatment did glutamine fail to reverse
the metabolic and immunologic effects sufficiently. Conse-
quently, we belief that any large or prolonged effect on
PMN labile free amino acid pool and/or any decrease in the
flux through important PMN amino acid pathways
(“branched point sensitivity”) could affect the functioning
of important PMN immune responsibilities [58]. With re-
gards to our results we suggest that L-alanyl-L-glutamine
which has maintained the concentration and composition of
PMN “labile free amino acid pool” may therefore provide
important “antidote” or “remedy” activity against for exam-
ple maleficient pharmacological stress (i.e. diazepam) in-
duced changes [23,24,44,53]. Summing up, our results con-
firm the beneficial effects of L-alanyl-L-glutamine in at
least some important aspects of PMN labile free intracellu-
lar amino acid pool as well as on PMN immune function
and may add further in vitro evidence for the possible
advantage of including this amino acid in the advanced
therapeutical standards (i.e. intensive care unit, etc.).

References

[1] Heller, A., Heller, S., Blecken, S., Urbaschek, R., Koch, T. (1998).
Effects of intravenous anesthetics on bacterial elimination in human
blood in vitro. Acta Anaesthesiol. Scand. 42, 518–526

[2] Covelli, V., Decandia, P., Altamura, M., Jirillo, E. (1989). Diazepam
inhibits phagocytosis and killing exerted by polymorphonuclear cells

and monocytes from healthy donors. In vitro studies. Immunophar-
macol. Immunotoxicol. 11, 701–714

[3] Galdiero, F., Bentivoglio, C., Nuzzo, I., Ianniello, R., Capasso, C.,
Mattera, S., Nazarro, C., Galdiero, M., Romano-Carratelli, C. (1995).
Effects of benzodiazepines on immunodificiency and resistance in
mice. Life Sci. 57, 2413–2423

[4] Bender, D.A. (1985), Amino acid metabolism. Wiley & Sons Ltd.,
Chichester, Great Britain.

[5] Fürst, P., Stehle, P., Graser. T.A. (1987), Progress in the analysis of
amino acids with special reference to the determination of the intra-
cellular amino acid pattern, Infusionsther Klin Ernahr, 1987 14,
137–146

[6] Al-Sawaf, H.A., Al-Ghamdi, M.A., Al-Bekairi, A.M., Tafwik, A.F.,
Abu-Jayyab, A.R. (1993), Changes in free amino acids in peripheral
blood (PB) lymphocytes and polymorphonuclear (PMN) leukocytes
after treatment with diazepam. Int. J. Immuno-pharmac. 15, 455–462

[7] Jacobi, C.A., Ordeman, J., Zuckermann, H., Do¨cke, W., Volk, H.D.,
Müller, J.M. (1998), The influence of L-alanyl-L-glutamine in post-
operative total parenteral nutrition on immune functions and morbid-
ity: Preliminary results of a prospective randomized trial, Langen-
becks Arch Chir Suppl II, 115, 605–611

[8] Morlion, B.J., Stehle, P., Wachtler, P. Siedhoff, H.P., Koller, M.,
König, W., Fürst, P., Puchstein, C. (1998) Total parenteral nutrition
with glutamine dipeptide after major abdominal surgery- a random-
ized, double-blind, controlled study. Ann. Surg. 227, 302–308

[9] De Beaux, A.C., O’Riordain, M.G., Ross, J.A., Jodozi, L., Carter,
D.C., Fearon, K.C. (1998), Glutamine supplemented total parenteral
total parenteral nutrition reduces blood mononuclear cell interleukin-
8-release in severe acute pancreatitis. Nutrition 14, 261–265

[10] Lauven, P.M., Stoeckel, H., Schwilden, H., Schu¨ttler, J. (1981),
Clinical pharmaco-kinetics of midazolam, flunitrazepam and diaze-
pam, Anaesth Intensivmed Notfallmed, 16, 135–142

[11] Brand, K., von Hintzenstern, J., Langer, K., Fekl, W. (1987), Path-
ways of glutamine and glutamate metabolism in resting and prolif-
erating rat thymocytes: comparison between free and peptide-bond
glutamine, J Cell Physiol, 132, 559–564

[12] Roth, E., Ollenschlager, G., Hamilton, G., Simmel, A., Langer, K.,
Fekl, K., Jakesz, R. (1988), Influence of glutamine-containing dipep-
tides on growth of mammalian cells, In Vitro Ce Dev Biol, 24,
696–698

[13] Hubl, W., Druml, W., Langer, K., Lochs, H. (1989), Influence of
moleculare structure and plasma hydrolasis on the metabolism of
glutamine-containing dipeptides in humans, Metabolism, 38, 59–62

[14] Mühling, J., Weiss, S., Knu¨lle, V., Sablotzki, A., Dehne, M.G.,
Hempelmann, G. (2000), Effects of etomidate on free intracellular
amino acid concentrations in polymorphonuclear leucocytes in vitro,
Acta Anaesthesiol Scand, 44, 429–435

[15] Mühling, J., Fuchs, M., Dehne, M.G., Sablotzki, A., Menges, T.,
Weber, B., Hempelmann, G. (1999), Quantitative determination of
free intracellular amino acids in single human polymorphonuclear
leucocytes. Recent developments in sample prepara-tion and high-
performance liquid chromatography. J. Chromatogr. B. 728, 157–166

[16] Eggleton P., Gargan R., Fisher D. (1989), Rapid method for the
isolation of neutrophils in high yield without the use of dextran or
density gradient polymers. J. Immunol. Methods 121, 105–113

[17] Krumholz W., Demel C., Jung S., Meuthen G., Hempelmann G.
(1993), The influence of intravenous anaesthetics on polymorphonu-
clear leukocyte function, Can J Anaesth, 40, 70–74

[18] Krumholz W., Demel C., Jung S., Meuthen G., Hempelmann G.
(1993), The influence of fentanyl and alfentanil on functions of
polymorhonuclear leukocytes in vitro, Acta Anaesthesiol Scand, 37,
386–389

[19] Rick, W. (1977), Klinische Chemie und Mikroskopie. Springer, Ber-
lin, Heidelberg, New York.

[20] Roth, E., Spittler, A., Oehler, R. (1996). Glutamine effects on the
immune system, protein balance and intestinal functions, Wien Klin
Wochenschr, 108, 669–676

53J. Mühling et al. / Journal of Nutritional Biochemistry 12 (2001) 46–54



[21] Castell, L.M., Bevan, S.J., Calder, P.C., Newsholme, E.A. (1994),
The role of glutamine in the immune system and in intestinal function
in catabolic states. Amino Acids, 7, 231–239

[22] Fauth, U., Heinrichs, W., Puente-Gonzalez, I., Halmagyi, M. (1990)
Maximal turnover rates of glycolysis enzymes and of the citrate cycle
of separated granulocytes in the postoperative period. Infusionsthera-
pie, 17, 178–183

[23] Ogle, C.K., Ogle, J.D., Mao, J.X., Simon, J., Noel, J.G., Li, B.G.,
Alexander, J.W. (1998), Effect of glutamine on phagocytosis and
bacterial killing by normal and pediatric burn patient neutrophils, J
Parenter Enteral Nutr, 18, 128–135

[24] Furukawa, S., Saito, H., Fukatsu, K., Hshiguchi, Y., Inaba, T., Lin,
M., Inoue, T., Matsuda, T., Muto, T. (1997). Glutamine enhanced
bacerial killing by neutrophils from post-operative patients. Nutrition,
13, 863–869

[25] Castell, L.M., Bevan, S.J., Calder, P.C., Newsholme, E.A. (1994),
The role of glutamine in the immune system and in intestinal function
in catabolic states. Amino acids, 7, 231–243

[26] Evoy, D., Liebermann, M.-D., Fahey, T.-J. 3rd Daly, J.-M. (1998).
Immuno-nutrition: The role of arginine. Nutrition, 14, 611–617

[27] Seth, P., Kumari, R., Dikshit, M., Srimal, R.C. (1994). Modulation of
rat peripheral polymorphonuclear leukocyte response by nitric oxide
and arginine, Blood, 84, 2741–2748

[28] Brittenden, J., Heys, S.-D., Ross, J., Park, K.-G., Eremin, O. (1994).
Nutritional pharmacology: Effects of L-arginine on host defense,
response to trauma and tumour growth. Clin Sci Colch, 86, 123–132

[29] Angele, M.K., Smail, N., Ayala, A., Cioffi, W.-G., Bland, K.-L.,
Chaudry, I.-H. (1999). L-arginine: a unique amino acid for restoring
depressed macrophage functions after trauma-hemorrhage. J. Trauma,
46, 34–41

[30] Reyero, C., Dorner, F. (1975). Purification of arginases from human
leukemic lymphocytes and granulocytes: study of their physiochemi-
cal and kinetic properties. Eur. J. Biochem, 56, 137–147

[31] Kriegbaum, H., Benninghoff, B., Hacker-Shahin, B., Droge,W.
(1987). Correlation of immunogenicity and production of ornithine by
peritoneal macrophages. J. Immunol, 139, 899–904

[32] Fugelli, K., Kanli, H., Terreros, D.A. (1995), Taurine efflux is a cell
volume regulatory process in proximal renal tubules from the teleost
Carassius auratus. Acta Physiol. Scand, 155, 223–232

[33] Olson, J.E., Putnam, R.W., Ewers, J.A., Munoz, N. (1998), Taurine
efflux and intracellular pH during astrocyte volume regulation, Adv
Exp Med Biol, 442, 229–235

[34] Law R.O. (1998), The role of taurine in the regulation of brain cell
volume in chronically hyponatriaemic rats, Neurochem Int, 33, 467–
472

[35] Chen, J.G., Kempson, S.A. (1995), Osmoregulation of neutral amino
acid transport, Proc Soc Exp Biol Med, 210, 1–6

[36] Bussolati, O., Uggeri, J., Belletti, S., Dall Asta, V., Gazzola, G.C.
(1996), The stimulation of Na, K, Cl cotransport and of system A for
neutral amino acid transport is a mechanism for cell volume increase
during the cell cycle, FASEB J, 10, 920–926

[37] Trachtman, H., Del Pizzo, R., Sturman, J.A., Huxtable, R.J., Finberg,
L. (1998), Taurine and osmoregulation. II. Administration of taurine
analogues affords cerebral osmoprotection during chronic hypernatre-
mic dehydration, Am J Dis Child, 142, 1194–1198

[38] Stapleton, P.P., OFlaherty, L., Redmond, H.P., Bouchier-Hayes, D.J.
(1998), Host defense -a role for the amino acid taurine? J Parent Ent
Nutr, 22 42–48

[39] Schuller-Levis, G., Mehta, P.D., Rudelli, R., Sturman, J. (1990),
Immunologic consequence of taurine deficiency in cats, J Leukocyte
Biol, 47, 321–331

[40] Metcoff, J. (1986), Intracellular amino acids as predictors of protein
synthesis, Am J Coll Nutr, 5, 107–20

[41] Laghi-Passini, F., Ceccatelli, L., Capecchi, P.L., Orrico, A., Pasqui,
A.L., Di-Perri, T. (1987). Benzodiazepines inhibit in vitro free radical
formation from human neutro-phils induced by FMLP and A 23187.
Immunopharmacol. Immunotoxicol, 9, 101–114

[42] Goldfarb, G., Belghiti, J., Gautero, H. Boivin, P. (1984). In vitro
effect of benzodia-zepines on polymorphonuclear leukocyte oxidative
activity. Anesthesiology, 60, 57–60

[43] Stehle, P., Ratz, I., Fu¨rst P. (1989), In vivo utilization of intrave-
nously supplied L-alanyl-L-glutamine in various tissues of the rat.
Nutrition, 5, 411–415

[44] Lochs, H., Williams, P.E., Morse, E.L., Abumrad, N.N., Adibi, S.A.
(1988), Metabolism of dipeptides and their constituent amino acids by
liver, gut, kidney muscle. Am. J. Physiol, 254, E588–E594

[45] Albers, S., Wernermann, J., Stehle, P., Vinnars, E., Fu¨rst, P. (1988),
Availability of amino acids supplied intravenously in healthy man as
synthetic dipeptides: kinetic evaluation of L-alanyl-L-glutamine and
glycyl-L-tyrosine, Clin Sci, 75, 463–468

[46] Stehle, P., Fu¨rst, P. (1990), In vitro hydrolysis of glutamine- tyrosine-
and cystine-containing short chain peptides, Clin Nutr, 9, 37–38

[47] Herzog, B., Frey, B., Pogan, K., Stehle, P., Fu¨rst, P. (1996), In vitro
peptidase activity of rat mucosa cell fractions against glutamine-
containing dipeptides. J. Nutr. Biochem, 7, 135–141

[48] Hundal, H.S., Rennie, M.J. (1988), Skeletal muscle tissue contains
extracellular aminopeptidase activity against Ala-Gln but no peptide
transporter, Eur J Clin Invest, 18, 163–166

[49] Coudray-Lucas, C., Lasnier, E., Renaud, F., Ziegler, F., Settembre, P.,
Cynober, L.A., Ekindjian, O.G. (1999), Is alpha-ketoisocaproyl-glu-
tamine suitable precursor to sustain fibroblast growth? Clin Nutr, 18,
29–33

[50] Jiang, Z.M., Wang, L.J., Qi, Y., Qiu, M.R., Yang, N.F., Wilmore
D.W. (1993) Comparison of parenteral nutrition supplemented with
L-glutamine or glutamine dipeptides. J.P.E.N. 17, 134–141

[51] Curi, R., Newsholme, P., Pithon-Curi, T.C., Pires de Melo, M.,
Garcia, C., Homem de Bittencourt, P.I., Guimaraes, A.R.P. (1999).
Metabolic fate of glutamine in lympho-cytes, macrophages and neu-
trophils. Braz. J. Med. Biol. Res, 32, 15–21

[52] Newsholme, F., Curi R., Curi T. C.P., Murphy C.J., Garcia C., de
Melo M.P. (1999), Glutamine metabolism by lymphocytes, macro-
phages and neutrophils: its importance in health and disease, J Nutri
Biochem, 10, 316–322

[53] Metcoff, J. (1986), Intracellular amino acids as predictors of protein
synthesis, Am J Coll Nutr, 5: 107–120

[54] Murphy, C., Newsholme, P. (1998), Importance of glutamine in
murine macrophage and human monocytes to L-arginine biosynthesis
and rates of nitrite or urea production. Clin. Sci, 95, 397–407

[55] Ruggeberg, J., Stalmach, E., Zubrod-Eichert, C., Wahn, V., Schroten
H. (1997). Antimicrobial functions of human monocytes depend on
concentration of glutamine in vitro. Ann. Nutr. Metab, 41, 371–375

[56] Chang, W.K., Yang K.D., Shaio M.F. (1999), Lymphocyte prolifer-
ation modulated by glutamine: involved in the endogenous redox
reaction. Clin. Exp. Immunol, 117, 482–490

[57] Amores-Sanchez, M.I., Medina, M.A. (1999), Glutamine is a precur-
sor of glutathione, and oxidative stress, Mol Genet Metab, 67, 100–105

[58] Newsholme, E.A., Calder, P.C. (1997). The proposed role of glu-
tamine in some cells of the immune system and speculative conse-
quences for the whole animal. Nutrition, 13, 728–30

54 J. Mühling et al. / Journal of Nutritional Biochemistry 12 (2001) 46–54


