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Abstract

Amino acids are basic materials for the life, playing various important roles in living systems. Free amino acids represent amino acids that are not bonded into the complex molecules, such as proteins or peptide. It has been documented that they are responsible for the
proper metabolism in an organism. The present paper summarizes current opinions about
roles of amino acids in overall metabolism, indicating possibilities to use free amino acid
analysis as metabolic indicators. It is known that free amino acids participate in protein
synthesis, they have regulatory roles of gene expression, proteolysis, hormone secretion,
signal transduction, cell hydration and can be used as energy fuel under certain conditions
(injury, sepsis etc). Recent finding indicate that free amino acids present in biological fluids (plasma, cerebrospinal or tissue fluids) reflect alterations of glutamate-glutamine-citrulline- arginine pathway, glucose-alanine cycle and other pathways. Qualitative and quantitative characteristics of free amino acids present in biological fluids can be used as good
indicators of anabolic/catabolic, energy and nutritional status in an organism both in physiological and pathological conditions. Analysis of individual amino acids are widely used
in defining metabolic status in various conditions, particularly in injury, sepsis, wound
healing, liver failure, renal failure, organ transplantation etc.

INTRODUCTION
Amino acids are one of the basic materials for the life (1)
playing many important roles in living systems. Although
more than two centuries has past since the first amino acid
was discovered (glycine 1806 year), these small molecules
are still in focus of many investigations, continuously bringing new data and never stopping with surprises (2).
It is mainly due to continuous development of methods
for their analysis. Namely, within the last century various
methodological procedures were developed for amino acid
measurement in biological fluids. They usually employ gas,
liquid, or ion exchange chromatography, permitting separation of up to 35-40 different amino acids, while high-pressure liquid chromatography provides identification of even
larger number of these compounds (3-5). Since capillary electrophoresis was introduced as a new technology offering
rapid separation of various ionic and/or ionizable compounds with low sample and solvent consumption, there
were attempts to use it for amino acid studies (6-8).
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DISTRIBUTIONS AND CLASSIFICATION OF
AMINO ACIDS
In an organism amino acids are present as bounded, in
peptide and protein molecules, and as free, i.e. unbounded
ones. Only L-configuration of amino acids is physiologically active, and in this paper only L-configuration of all amino
acids is considered. The greater quantities of amino acids are
bounded, representing approximatively 99% of total nitrogen present in an organism. Free amino acids are constant
constituents of all biological fluids (cells, blood, plasma,
cerebrospinal fluid), but are present at very low concentrations (9-12). Regardless their low quantities, free amino acids
are important both as basic substrates and as regulators in
many metabolic pathways (9, 13-15). Also it has to be considered that their intracellular levels are greater comparing to
the extracellular fluids (16).
According to the transport RNA (tRNA), amino acids
can be classified to proteinogenic and non-proteinogenic
(Figure 1). Proteinogenic amino acids have their own tRNA,
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Figure 1. Proteinogenic and non-proteinogenic amino acids

comprise only 20 constitute monomer units of proteins and
are divided into nutritionally essential (can not be synthesized in adequate quantities in an organism and must be
taken from the exogenous sources) and nutritionally
nonessential (can be synthesized from amphibolic intermediates). For human, phenylalanine, valine, leucine, isoleucine, methionine, threonine, lysine, and triptophane are
essential, while arginine and histidine are semi-essential
amino acids, as they can be synthesized in an organism,
although not always in sufficient quantities. A human organism can synthesize alanine, glutamic and aspartic acid, tyrosine, glutamine and the other nonessential amino acids
(Figure 1).
It has to be pointed out that some of the protein bounded
amino acid can be transformed by posttranslational modifications either in physiological or pathological conditions,
creating new amino acids such are 3-methylhistidine, symmetric and asymmetric-dimethylarginine, hydroxylysine,
hydroxyproline, nitrotyrosine, gamma-carboxyglutamate
etc, known as non-proteinogenic protein amino acids. There
are also amino acids that can not be found in proteins,
known as non-proteinogenic non-protein amino acids. They
represent metabolic intermediates and substrates, comprising taurine, homocysteine, homocystine, citrulline, ornithine, gamma amino butyric acid, for example (Figure 1).
Both proteinogenic and non-proteinogenic amino acids
can be found in free amino acid pools of various biological
fluids. Their quantifications in biological fluids and tissues
provide us important biochemical and nutritional information that enables the diagnosis of various diseases, especially metabolic deficiencies (12-13, 17-20).

ROLES OF FREE AMINO ACIDS

Free amino acids are important substrates for: protein
synthesis; glucose and urea synthesis; energy production;
synthesis of biologically active substances (e.g. nitric oxide,
catecholamines, and thyroid hormones), creatinine and carnitine (21). Transports of amino acids into the cells are of particular importance for their action (22). Also, recent findings
have indicate amino acids as important regulators of metabolism effecting proteolysis (23) enzyme activities (24-25), hormone secretion (26), gene expression (27-28), and cell hydra-

tion (29-30).
Regardless their small quantities, free
amino acids have important role in overall
metabolism in an organism, not only as substances involved in protein synthesis, but also
as precursor in gluconeogenesis and as intraand inter-cellular regulators and modulators
of metabolic pathways. Free amino acids
have various important metabolic processes
including protein synthesis, regulations of
gene expression and proteolysis, cell hydration, signal transduction, hormone secretion,
too.
Protein synthesis represents the most
important role of amino acids. It is well
known that amino acids serve as precursors
in protein synthesis (31). A multitude of different proteins can be formed from only 20 common amino acids because they can be linked
together in an enormous variety of sequences
determined by the genetic code. However, branched-chain
amino acid leucine may be particularly important as a key
metabolic regulator of protein synthesis (32). Also it has been
shown that ageing muscle is less sensitive to lower doses of
amino acids than the young and may require higher quantities of protein to acutely stimulate equivalent muscle protein
synthesis (33).
Amino acids as regulators of gene expression have been
undoubtedly documented, too. Namely, controls of gene
expression by amino acid availabilities have been well documented in prokaryotes and lower eukaryotes and recently
in human (27). Amino acids act through a number of signaling pathways and mechanisms to mediate control of gene
expression at the level of messenger RNA translation including modulation of eIF2B activity, changes in eIF4F assembly and alterations of phosphorylation of rpS6 (28).
Amino acids as regulators of proteolysis have been also
reported (23). It has been documented that proteolysis and
protein synthesis are major processes contributing to the
body protein turnover. Although there are the huge varieties
of proteases in body, only the authophagic-lysosomal pathways are responsible for bulk proteolysis, while the ubiquitin-proteasome pathway plays a significant role in the fine
control of the degradation of specific proteins. The data
obtained with liver suggest that leucine, phenylalanine and
tyrosine, in combination with a few other amino acids such
as alanine and glutamine, are the most important amino
acids involved in the control of authophagic proteolysis (34).
Amino acids, in combination with hormones, are well known to be primary regulators of body protein turnover (35).
Also, several amino acids have direct regulatory potential
such are: leucine, glutamine, tyrosine, phenylalanine, proline, methionine, tryptophane and histidine in the liver, and
leucine in the skeletal muscle authophagic proteolysis (23).
Cell hydration and changes in cell volume are additional roles of free amino acids. A new avenue of metabolic regulation by amino acids in mammalian cells was opened more
than a decade ago with discovery that an increase in cell volume was associated with glutamine levels (29-30).
Amino acids are involved in signal transduction and
hormone secretion, too. Relationship between free amino
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acid pool alterations, protein synthesis and signal transduction have been documented during the last decades. It has
been shown that leucine (together with phenylalanine and
tyrosine) is most potent in inhibiting autophagy (34), while
leucine is also an inhibitor of the lysosomal proton pump
(36). In addition, branched-chain amino acids, comprising valine, leucine and isoleucine, stimulate
insulin secretion (37), while arginine effects upon
growth hormone secretion (38).
Also it has been documented that aromatic amino
acids, particularly tryptophane and tyrosine have
important roles in brain functions (39). Tryptophan is
an amino acid that brain converts into serotonin, a
neurotransmitter that communicates messages
between nerve cells and affects mood, while tyrosine
is the precursor for synthesis of the catecholamines,
dopamine and norepinephrine. It was confirmed that
tryptophan uses the same transport systems in both
fibroblasts and at the blood brain barrier (22). In addition, disturbed transport of tyrosine, as well as other
amino acids, across the blood-braine barrier has been
found in a number of psychiatric disorders, such as schizophrenia, bipolar disorder and autism as well as in attentiondeficit /hyperactivity disorder (22). In the mammalian central
nervous system, gamma-amino butiryc acid and glutamate
are the major transmitters mediating inhibitory and excitatory synaptic events, respectively (40).
Amino acids modulate lipid and glucose metabolic
pathways, too. Recent studies have shown that increasing
intake of branched-chain amino acids have significant
impact on lipid and glucose metabolism (41-43). However,
some studies have shown that increased branched-chain
amino acids prevent high-fat diet-induced obesity (44-45),
while the other observed that they have no effect or leads to
insulin resistance (46). Experimental studies have shown that
mice fed a leucine-deficient diet for 7 days exhibit significant changes in lipid metabolism as demonstrate by suppressed lipogenesis in the liver associated with increased
lipolysis in white adipose tissue, while isoleucine or valine
deprivation stimulates fat loss via increasing energy expenditure and regulating lipid metabolism in this tissue (47). It
has been also shown that isoleucine supplement could prevent the tissue triglycerides accumulation (45) and balance
blood glucose (48).
Amino acids as immunonutrients have important
impact on immunity and whole body metabolism in various
conditions. Even though immunonutrition has not been
widely assimilated by clinicians other than nutritionists,
immunonutrients including glutamine may exert beneficial
influence on diverse patient populations (49). Some data suggest that giving glutamine and arginine may be beneficial, in
particular on inflammatory response and defense against
pathogens, although future studies are needed in specific
pathophysiological conditions (50). Considering these findings there are more or less successful attempts to use amino
acids in therapy of various diseases. The use of glutamineenriched total parenteral nutrition might significantly
decrease both the unwanted inflammatory reaction and the
infectious morbidity, as well as improved nutritional status
in postoperative gastrointestinal cancer patients (51).
@uni} G. MD-Medical Data 2011;3(4):371-377
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INTERORGAN COOPERATION OF AMINO
ACID METABOLISM

In last instance, all amino acids present in an organism
originate from the food proteins. However, the availability
of amino acids for their specific purposes is determined by

Figure 2. Interorgan cooperation of amino acid metabolism

the rate at which they disappear through conversion to other
amino acids, breakdown, excretion and incorporation into
proteins. Thus their plasma levels provide important information about various metabolic processes, although the
actual flux of individual amino acids at the whole body
level, across organs and within cells are much more important, but still needing investigations and resolving.
It has been shown that in metabolism of various amino
acids interorgan cooperation occurs. The liver, skeletal muscles and kidneys have key roles, while vascular endothelium
and enterocytes have been recognized as important sites in
general metabolism of some amino acids, recently (Figure
2). The liver plays a central role in whole body amino acid
metabolism, including protein synthesis and breakdown as
well as several detoxification processes, notably those of
end-products of intestinal metabolism, like ammonia (52).
It is known that free aromatic amino acids, such as
phenylalanine and tyrosine are catabolized in liver as only
this organ possess phenylalanine hydroxylase, an enzyme
that converts phenylalanine to tyrosine (53). On the other
hand, branched-chain amino acids, accounting for approximatively 35% of the essential amino acids in muscle proteins, can be oxidized only in skeletal muscles (54-55).
Recently it has been documented that branched-chain amino
acids represents regulators of insulin signaling (26). Also it
has been shown that exercise greatly increases energy
expenditure and promotes oxidation of these amino acids
and is believed that they contribute to energy metabolism
during exercise as energy sources and substrates to expand
the pool of citric acid-cycle intermediates and for gluconeogenesis. Thus, branched-chain amino acids supplementation
has beneficial effects for decreasing exercise-induced muscle damages and promotes muscle-protein synthesis (55). The
others have shown that only leucine among branched-chain
amino acids promotes muscle-protein syntheses in vivo, particularly when orally administered (56).
On the other hand, glutamine and alanine (Figure 2) are
the main nontoxic transporting forms of ammonia from
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peripheral tissues to liver, representing good indicators of
ammonia metabolism in the peripheral tissues (57) and represent the most abundant amino acids in plasma and skeletal
muscle free amino acid pools under physiological conditions. During metabolic acidosis, liver detoxification of
ammonia is switched from urea synthesis to net production
of glutamine which can be extracted from the circulation by
the kidney to produce ammonium ion which serves to neutralize urinary acids (58).
In addition, glutamine and alanine are starting materials
in various biosynthetic pathways participating as a carbon or
nitrogen sources. Thus, alanine represent an important compound in glucose-alanine cycle (14), while glutamine represents precursors in production of purines and pyrimidines
for synthesis of nucleic acids (59). Also the carbon skeleton
of glutamine may be utilized as a fuel by rapidly dividing
cells such as enterocytes, lymphocytes and fibroblasts (60).
Thus, glutamine may have a vital role in the maintenance of
intestinal integrity and function.
It has been also documented that enterocytes transform
glutamine into citrulline, a non-essential amino acids that
could serve as a substrate for renal arginine production 61).
Recently it has been suggested that glutamine is a low-risk
and low-cost therapeutic intervention that could protect cells
and tissues against injury, attenuate inflammation, preserve
metabolic function and may be an ideal intervention in the
prevention/treatment of multiple organ dysfunction syndrome following sepsis or other injuries 62). Arginine, a
nutritionally semi-essential, that can be synthesized in the
kidney from citrulline, is involved in pathways producing
various compounds having enormous biological importance,
such as nitric oxide, polyamines, proline, glutamate, creatine, and agmatine (63).

tant, particularly in catabolic states, including sepsis, cancer,
burn injury, diabetes and other conditions.
Specific metabolic characteristic of phenylalanine and
tyrosine make them useful as markers of whole body protein
metabolism (53). Thus the levels of phenylalanine and tyrosine, as well as their molar ratio, represent good indicators
of net protein catabolism in peripheral tissues both in physiological and pathological conditions (10, 16). They are also
used as indicators of acute liver failure (66).
On the other hand alterations of 3-methylhistidine, both
in plasma and urine, is an specific indicator of myofibrillar
proteins catabolism as this amino acid is specific constituent
of actine and myosin, which is formed by post-translational
methylation of peptide bounded histidine (4, 67).
Along with 3-methylhistidine as a normal constituent of
myofibrillar proteins, there are amino acids that can be
formed only under pathological conditions. For example,
nitrotyrosine represents a pathological amino acid, formed
by nitration of peptide bounded tyrosine, due to the prolonged presence of high concentrations of nitric oxides in a
region and/or in a whole organism (68). Tyrosine nitration is
usually considered to be an indication of high oxidative and
nitrative stress that results in proteins damage. Nitrotyrosine
adducts are formed in vivo by two reactions including the
reaction of nitric oxide with superoxide leading to peroxynitrite production and the reaction of nitrite and hydrogen peroxide with various heme peroxidases. These reactions lead
to formation of a tyrosyl radical which with nitrogen oxide
yield 3-nitrotyrosine (68). Following breakdown of the proteins in which tyrosine residue is nitrated, nitrotyrosine can
be detected both in tissues, as well as in circulating free
amino acid pool. Thus, nitrotyrosine represent an early indicator of inflammation.

FREE AMINO ACIDS POOL CHARACTERISTICS AS METABOLIC INDICATORS

Sulfur-containing amino acids as indicators
of protein and amino acid metabolism

Free amino acid pool qualitatively and quantitatively
represents free amino acids present in a biofluids (blood,
plasma, tissue, cerebrospinal fluid), considering existence of
dynamic balance caused by their metabolic alterations. It
has been documented that characteristics of free amino acids
pool are good indicator of anabolic / catabolic, energy or
nutritional status of an organism, both in physiological and
pathophysiological conditions such as exercises, injury, sepsis, wound healing, transplantation etc (10-13, 6-17. 19-20).
Specific abnormalities in amino acid concentrations, associated with physiological conditions, have been reported in the
context of various diseases, including liver failure, renal failure, diabetes, cancer, and other diseases (13, 17-18, 64-65). On
the other hand, some characteristics of free amino acids pool
can be used as metabolic indicators, too.

Amino acids as indicators of protein
metabolism

Proteolysis along with protein synthesis is a major
process that contributes to body protein turnover and tissue
development, and a slight decrease in synthesis or slight
increase in degradation rates, if sustained, can result in a
marked loss of mass in the organism as a whole. Thus, evaluation of protein catabolism in an organism is very impor-

Sulfur-containing free amino acids, such as cysteine or
homocysteine, have important roles in various metabolic
conditions (69-70). Homocysteine is a sulfur-containing
amino acid formed from methionine during transmethylation
reactions (70) which is either salvage to methionine by
remethylation or is condensed with serine to form cystathionine, which is further catabolized to cysteine. Intracellular
homocysteine is a product of S-adenosylmethioninedependent transmetylation reactions, and it is either degraded or remethylated to methionine, while plasma homocysteine reflects the balance between the intracellular formation
and utilization of this sulfur compound (69). Also, their oxidation and/or interactions produce amino acids with disulfide bonds, such as homocystine, cystine or miffed disulfides homocysteine-cysteine. Recent findings indicate
increased plasma homocysteine level as a good indicator of
atherosclerotic risk (71), which also appears to be an independent predictor of heart failure (72). Thus, the levels of
thiol containing amino acids present in the physiological fluids could be important in defining metabolic status of an
organism and there are increasing interests for their measurements (8).
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Branched-chain amino acids as metabolic
indicators

Circulating levels of valine, leucine and isoleucine,
known as branched-chain amino acids, are catabolized in the
peripheral tissues and represent regulators of insulin signaling, while their plasma levels reflects alterations in protein
metabolism dependent on insulin action (26). Also it has been
documented that branched-chain amino acids are good
markers of nutritional and energy status of an organism (73).
Namely, it has documented that plasma molar ratio between
glycine and branched-chain amino acids consistently reflect
protein intake, while plasma molar ratio between alanine
and branched-chain amino acids reflects calorie intake (73).
Thus, plasma molar ratios between glycine to branchedchain amino acids and alanine to branched-chain amino
acids reflect nutritional status of an organism (73). From
experimental and clinical data from the literature and their
own investigations they tentatively assigned areas of nutritional significance to the ratiogram. However, future search
for biomarkers of branched-chain amino acids status, utilizing proteomics and metabolomics, is needed (74).
On the other hand, it was observed that during renal failure, abnormalities of these amino acids are due to both the
lack of renal contribution to amino acid metabolism and the
impact of renal failure and acidosis on whole nitrogen
metabolism (75). Low circulating levels of branched-chain
amino acids and elevated of aromatic amino acids and
methionine are hallmark of liver disease (76). Supplementation of branched-chain amino acids appeared to be associated with decreased frequency of complications of cirrhosis and improved nutritional status in patients with liver failure (76).

Apstrakt.
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Amino acids as indicators of nitric oxide
metabolism

Nitric oxide (NO) is a ubiquitous intercellular messenger
enzymatically synthesized from arginine by different isoforms of NO synthases. It is short lived molecule with half
life of approximatively 5 seconds, which is metabolized to
nitrites and nitrates, anion usually used as a measure of NO
formation (77). In low, a physiological concentration, NO is
an important physiological messenger that modulates blood
flow and neural activity, permitting both cell-cell communications and cytotoxicity. It is involved in various processes
both in physiological and pathophysiological conditions (1112, 78-79). Importance of well coordinated arginine metabolism for proper NO formations have been recognized, too
(11-12,79-80). In addition, glutamate-glutamine-citrullinearginine pathway and importance of inter-organ cooperation
in regulation of arginine metabolism have been proposed,
recently (81-82).
Also, it has to be pointed out that asymmetric dimethylarginine (ADMA) is the potent inhibitor of NO synthase
and represents silent "uraemic toxin" as well as a global cardiovascular risk molecule (83). It has been documented that
ADMA represent a potent and long-lasting endogenous
inhibitor of NO formation and is though to be a key player
in the process of chronic vascular disease (83), while recently it has been proposed that ADMA might be a candidate of
therapeutic target in gastric mucosa damage (84). Thus,
measurement of amino acids directly or indirectly involved
in arginine metabolism, such as ADMA, citrulline, ornithine
and glutamine are useful markers in various diseases.
In summary, qualitative and quantitative characteristics
of free amino acids pool present in biological fluids are good
indicator of anabolic/catabolic, energy and nutritional status
of an organism both in physiological and pathological conditions. It reflects alterations of glutamate-glutamine-citrulline- arginine pathway and metabolism of individual
amino acids and is widely used in various conditions, particularly in injury, sepsis, wound healing, liver failure, renal
failure, and renal transplantation.

Aminokiseline predstavljaju osnovu `ivota i imaju mnoge va`ne uloge u
`ivim sistemima. Slobodne aminokiseline predstavljaju aminokiseline nevezane
u kompleksne molekule kao što su proteini i peptidi. Pokazano je da su one
odgovorne za pravilno odvijanje metaboli~kih procesa u jednom organizmu. U
ovom radu su sumirana savremena shvatanja o ulogama aminokiselina u celokupnom metabolizma i ukazuje se na mogu}nosti koriš}enja analize slobodnih
aminokiselina kao metaboli~kih indikatora. Poznato je da slobodne aminokiseline u~estvuju u sintezi proteina, ispoljavaju regulatorne uloge u ekspresiji gena,
proteolizi, sekreciji hormona, prenosu signala, hidrataciji }elija, a u posebnim
uslovima organizma (povreda, sepsa i drugo) u nedostatku drugih substrata mogu
da se koriste za dobijanje energije. Najnoviji nalazi pokazuju da slobodne
aminokiseline prisutne u fiziološkim te~nostima (plazma, cerebrospinalna ili
tkivne te~nosti) odra`avaju promene glutamat-glutamin-citrulin- arginin,
glukoza-alaninskog i drugih metaboli~kih puteva. Kvalitativne i kvantitativne
karakteristike pula slobodnih aminokiselina prisutnih u biološkim te~nostima
mogu da se koriste kao dobri indikatori anaboli~kog/ kataboli~kog, energetskog
ili nutricionog statusa organizma i u fiziološkim i u patološkim uslovima organizma. Analiziranja individualnih aminokiselina se koriste za definisanje
metaboli~kog statusa u raznim uslovima organizma kao što su povreda, sepsa,
zarastanje rane poreme}aj funkcije jetre i bubrega, transplatacija bubrega itd.
@uni} G. MD-Medical Data 2011;3(4):371-377

376

REFERENCES
1. Meng WJ, Li Y, Zhou YG. Anaphylactic
shock and lethal anaphylaxis caused by compound amino acid solution, a nutritional treatment widely used in China. Amino Acids 2011;
doi 10.1007/s00726-011-0935-x
2. Barett GS, Lubec G. Amino acids: holding centre stage more strongly than ever, and
continuing to spring surprises. Amino acids.
1991; 1,1, 1-6.
3. Cynober L, Coudray-Lucas, C., Ziegler,
F., Giboudeau, J. High performance ion-exchange chromatography of amino acids in biological fluids using Chromakon 500-performance of
the apparatus. J Automat Chem. 1985; 7, 201203.
4. @uni} G, Stanimirovi} S, Savi} J. Rapid
ion-exchanged method for the determination of
3-methylhistidine in rat urine and skeletal muscle. J Chromatogr B, 1984; 311: 69-77.
5. Ziegler, F., Le Boucher, J., CoudrayLucas, C., Cynober, L. Plasma amino acid
determinations by reversed-phase HPLC:
improvement of the orthophthalaldehyde
method and comparison with ion-exchange
chromatography. J Automat Chem 1992; 14,
145-149.
6. Altria KD. Additional application areas
of capillary electrophoresis. In: Methods in
Molecular Biology, vol 52: Capillary Electrophoresis Guide Book - Principles, Operations
and Applications. Altria KD (Ed) Humana Press
Inc, Totowa, New Jersey, 1996; pp 309-344.
7. @uni} G, Jeli}-Ivanovi} Z, Spasi} S,
^oli} M. Optimization of a free separation of 30
free amino acids and peptides by capillary electrophoresis with indirect absorbance detection: a
potential for quantification in physiological fluids. J Chromatogr B. 2002; 772: 19-33.
8. @uni} G, Spasi} S. Capillary electrophoresis method optimized with a factorial
design for the determination of glutathione and
amino acid status using human capillary blood.
J Chromatog B, 2008; 873: 70-76.
9. Brosnan J. Interorgan amino acid transport and its regulation. J Nutr. 2003; 133:
2068S-72S.
10. @uni} G, Savic J, Ignjatovic D,
Tasevski J. Early plasma amino acid pool alterations in patients with military gunshot/missile
wound. J Trauma 1996: 40: S152-S156.
11. uni? G, Pavlovic R, Malicevic Z,
Savic V, Cernak I. Pulmonary blast injury
increases nitric oxide production, disturbs arginine metabolism, and alters the plasma free
amino acid pool in rabbits during the early posttraumatic period. Nitric Oxide. 2000; 4: 123128.
12. @uni} G, Šupi} G, Magi} Z, Draškovi}
B, Vasiljevska M. Increased nitric oxide formation followed by increased arginase activity
induces relative lack of arginine at the wound
site and alters whole nutritional status in rats
almost within the early healing period. Nitric
Oxide. 2009a; 20: 253-258.
13. Noguchi Y, Zhang QW, Sugimoto T,
Furuhata Y, Sakai R, Mori M, Takahachi M,
Kimura T. Network analysis of plasma and tissue amino acids in the generation of an amino
index for potential diagnostic use. Am J Clin
Nutr 2006; 83: 513S-519S.
14. Felig P. Amino acid metabolism in man.
Ann Rev Biochem 1975; 44: 933-955.
15. Brosnan JT, Brosnan ME. Branchedchain amino acids: enzyme and substrate regulation. J Nutr. 2006; 136: 207S-211S.

MD MEDICAL DATA Vol.3 NO 4 / Dec 2011.
16. Ševaljevi} Lj, @uni} G. Acute-phase
protein synthesis in rats is influenced by alterations in plasma and muscle free amino acid
pools related to lower plasma volume following
trauma. J Nutr. 1996; 126: 3136-3142.
17. Malgorzewicz S, Debska-Slizien A,
Rutkowski B, Lysiak-Szydlowska W. Serum
concentrations of amino acids versus nutritional
status in hemodialysis patients. J Ren Nutr.
2008; 28, 2: 239-247.
18. Cernak I, Savic J, Zunic G, Pejnovic N,
Jovanikic O, Stepic V. Recognizing, scoring,
and predicting blast injuries. World J Surg.
1999; 23: 44-53.
19. @uni} G. Free amino acids in the evaluation of protein metabolism. Vojnosanit Pregl
1997; 54: 615-620 (In Serbian)
20. @uni} G. Plasma free amino acids in
evaluation of liver functional status following
transplantation. In: Liver transplantation,
Bo`ina Radevi} Ed, Zavet, Beograd 1996, pp
201-211 (in Serbian).
21. Wu G. Amino acids: metabolism, functions, and nutrition. Amino Acids 2009; 37: 117.
22. Johansson J, Landgren M, Fernell E,
Vumma R, Ahlin A, Bjerkenstedt, Venizelos J.
Altered tryptophan and alanine transport in
fibroblasts from boys with attention-deficit /
hyperactivity disorder (ADHD): an in vitro
study. Behavioral and Brain Functions 2011; 7:
40 (1-7).
23. Kadowaki M, Kanazawa T. Amino
acids as regulators of proteolysis. J Nutr. 2003;
133: 2052S-2056S
24. Xu G, Kwon G, Cruz WS, Marshall
CA, McDaniel ML. Metabolic regulation by
leucine of translation initiation through the
mTOR-signaling pathway by pancreatic betacells. Diabetes 2001; 50: 353-360.
25. Xu G, Kwon G, Marshall CA, Lin TA,
Lawrence JC, McDaniel ML. Branched-chain
amino acids are essential in the regulation of
PHAS-I and p70S6 kinase by pancreatic betacells. A possible role in protein translation and
mitogenic signaling. J Biol Chem, 1998; 273:
28178-28184.
26. Kawaguchi T, Tanaguchi E, Itoi M,
Sumie S, Orirshi T, Matsuoka H, Nagao J, Sato
M. Branched-chain amino acids improve insulin
resistance in patients with hepatitis C virusrelated liver disease: report of two cases. Liver
Int 2007; 27: 1287-1292
27. Averous J, Bruhat A, Mordier S,
Fafournoux. Recent advances in the understanding of amino acid regulation of gene expression.
J Nutr. 2003; 133: 2040S-2045S.
28. Jefferson LS & Kimball SR. Amino
acids as regulators of gene expression at the
level of mRNA translation. J Nutr. 2003; 133:
2046S-2051S
29. Haussinger D, Graf D, Weiergraber OH.
Glutamine and cell signaling in liver. J Nutr
2001; 131: 2509S-2514S.
30. Haussinger D, Roth E, Lang F, Gerok
W. Cellular hydration state: an important determinant of protein catabolism in health and disease. Lancet. 1993; 341: 1330-1332.
31. Loftfield RB, Harris A. Participation of
free amino acids in protein synthesis. J Biol
Chem 1956; 219(1): 151-159.
32. Atherton P, Smith K, Etheridge T,
Rankin D, Rennie MJ. Distinct anabolic signalling responses to amino acids in C2 C12
skeletal muscle cells. Amino Acids 2010; 38:
1533-1539.
33. Breen L, Phillips SM. Skeletal muscle

protein metabolism in the elderly: Intervantions
to counteract the `anabolic resistance` of ageing. Nutrition & Metabolism. 2011; 8: 68-78.
34. Blommaart EFC, Luiken JJFP, Meijer
AJ. Autophagic proteolysis: control and specificity. Histochemical Journal 1997; 29: 365-385.
35. Waterlow JC. Whole-body protein
turnover in humans- past, present, and future.
Annu Rev Nutr 1995; 15: 57-92.
36. Luiken JJFP, Aerts JMFG, Meijer AJ.
The role of the intralysosomal pH in the control
of autophagic proteolytic flux in rat hepatocytes. Eur J Biochem 1996; 235: 564-573
37. Milner RDG. The stimulation of insulin
release by essential amino acids from rabbit
pancreas in vitro. J Endocrinol. 1970; 47: 347356.
38. Barbul A. Arginine: biochemistry, physiology and therapeutic implications. I.P.E.N.
1986; 10:227-238.
39. Leonard BE. The concept of depression
as a dysfunction of the immune system. Curr
Immunol Rev. 2010; 6, 3: 205-212.
40. Bernasconi R, Leonhardt T, Martin P,
Steulet AF, Porter C, Stoclin K, Fagg G,
Schmutz . Differential effects of competitive
and noncompetitive NMDA receptor antagonists
on GABA turnover in the ouse brain. In: Lubec
G, Rosenthal, GA (eds) Amino Acids,
Chemistry, Biology and Medicine, Escom
Science Publishers, Leiden, 1990; pp 233-243.
41. Layman DK, Walker DA. Potential
importance of leucine in treatment of obesity
and the metabolic syndrome. J Nutr 2006; 136(1
Suppl): 319S-323S.
42. Doi M, Yamaoka I, Nakayama M,
Mochizuki S, Sugahara K, Yoshizawa F.
Isoleucine, a blood glucose-lowering amino
acid, increases glucose uptake in rat skeletal
muscle in the absence of increases in AMP-activated protein kinase activity. J Nutr 2005;
135(9): 2103-2108.
43. Doi M, Yamaoka I, Nakayama M,
Sugahara K, Yoshizawa F. Hypoglycemic effect
of isoleucine involves increased muscle glucose
uptake and whole body glucose oxidation and
decreased hepatic gluconeogenesis. Am J
Physiol 2007; 292(6): E1683-E1693.
44. Zhang Y, Gio K, LeBlanc Rem Loh D,
Schwartz GJ, Yu YH. Increasing dietary leucine
reduces diet-induced obesity and imporves glucose and cholesterol metabolism in mice via
multimechanisms. Diabetes 2007; 56(6): 16471654.
45. Nishimura J, Masaki T, Arakawa M,
Seike M, Yoshimatsu H. Isoleucine prevents the
accumulation of tissue triglycerides and upregulates the expression of PPARalpha and uncoupling protein in diet-induced obese mice. J Nutr
2010; 140(3): 496-500.
46. Nairizi A, She P, Vary TC, Lynch CJ.
Leucine supplementation of drinking water does
not alter susceptibility to diet-induced obesity in
mice. 2009; 139(4): 715-719.
47. Du Y, Meng Q, Zhang Q, Gio F. Isoleucine or valine deprivation stimulates fat loss
via increasing energy expenditure and regulating lipid metabolism in WAT. Amino Acids
2011; doi 10.1007/s00726-011-123-8.
48. Ikehara O, Kawasaki N, Maezono K,
Komatsu M, Konishi A. Acute and chronic
treatment of L-isoleucine ameliorates glucose
metabolism in glucose-intolerant and diabetic
mice. Biol Pharm Bull 2008; 31(3): 469-472.
49. Kim H. Glutamine as an immunonutrient. Yonsei Med J. 2011; 52, 6: 892-897.

Op{ti pregledi/General reviews

Medicinska revija
50. Coeffier M, Dechelotte P. Combined
infusion of glutamine and arginine: does it
make sense? Curr Opin Clin Nutr Met Care.
2010; 13: 70-74.
51. Lu CY, Shin YL, Sun LC, Chuang JF,
Ma CJ, Chen FM, Wu DC, Hsieh JS, Wang JY.
The inflammatory modulation effect of glutamine-enriched total parenteral nutrition in postoperative gastrointestinal cancer patients. Am
Surgeon 2011; 77: 59-64.
52. Dejong CHC, van de Poll MCG,
Soeters PB, Jalan R, Olde Damink SWM.
Aromatic amino acid metabolism during liver
failure. J Nutr 2007; 137: 1579S-1585S.
53. Matthews DE. An overview of phenylalanine and tyrosine kinetics in humans. J Nutr
2007; 137 (6 suppl 1): 1549S-1575S.
54. Harper AE, Miller RH, Block KP.
Branched-chain amino acid metabolism. Annu
Rev Nutr 1984; 4: 409-454.
55. Shimomura Y, Murakami T, Nakai N,
Nagasaki M, Harris RA: Exercise promotes
BCAA catabolism: effects of BCAA supplementation on skeletal muscle during exercise. J
Nutr. 2004; 134: 1583S-1587S.
56. Kimball SR, Ffarrell PA & Jefferson
LS. Exercise effects on insulin signaling and
action. Invited Review: role o insulin in translational control o protein synthesis in skeletal
muscle by amino acids or exercise. J Appl
Physiol 2002, 93: 1168-1180.
57. Ruderman NB, Berger M. The formation of glutamine and alanine in skeletal muscle. J Biol Chem 1974; 249:5500-5506
58. Schrock H, Goldstein L. Interorgan
relationship for glutamine metabolism in normal
and acidotic rats. Am J Physiol 1981; 240:
E519-E525.
59. Goldberg AL, Chang TW. Regulation
and significance of amino acid metabolism in
skeletal muscle. Fed Proc 1978; 37: 2301-2307.
60. Newsholme EA, Crabtree B, Ardawi
MSM. Glutamine metabolism in lymphocytes:
its biochemical, physiological and clinical
importance. Quarterly Journal of Experimental
Physiology 1985; 70: 473-489.
61. Boelens PG, Melis GC, van Leeuwen
PA, ten Have GA, Deutz NE. Route of administration (enteral or parenteral) affects the contribution of L-glutamine to de novo L-arginine
synthesis in mice: a stable-isotope study. Am J
Physiol Endocrinol Metabol 2006; 291: E683E690.
62. Wischemeyer PE. Glutamine: role in
critical illness and ongoing clinical trails. Curr
Opin Gastroenterol. 2008; 24 (2): 190-197.

Medical review

63. Wu G, Bazer FW, Davis TA, Kim SW,
Rhoads JM,Satterfield, Smith SB, Spencer TE,
Yin Y. Arginine metabolism and nutrition in
growth, health and disease. Amino Acids. 2009;
37, 1: 153-168.
64. Shimmura C, Suda S, Tsuchiyya KJ,
Hashimoto K, Ohno K, Matsuzaki H, Iwata K,
Matsumoto K, Wakuda T, Kameno Y, Suzuki K,
Tsujii M, Nakamura K, Takei N, Mori N.
Alteration of plasma glutamate and glutamine
levels in children with high-functioning autism.
PloS ONE, 2011, 6, 10: e25340. doi: 10.1371/
journal.pone.0025340.
65. Girish BN, Rajesh G, Vaidyanathan K,
Balakrishnan V. Alterations in plasma amino
acid levels in chronic pancreatitis. JOP. J
Pancreas (Online) 2011; 12, 1: 11-18.
66. Dabos K, Whalen HR, Newsome PN,
Parkinson J, Henderson NC, Sadler IH, Hayes
PC, Plevris JN. Impaired gluconeogenesis in a
porcine model of paracetamol induced acute
liver failure. World J Gastroenterol 2011; 17
(11): 1457-1461.
67. Sakawara T, Ito Y, Nichizawa N,
Nagasawa T. Supplementation with dietary
leucine to a protein-deficient diet suppresses
myiofibrillar protein degradation in rats. J Nutr
Sci Vitaminol 2007; 53: 552-555.
68. Bailey CE, Hammers DW, DeFord JH,
Dimayuga VL, Amaning JK, Farrar R, Papaconstantinou J. Ischemia-reperfusion enhances
GAPDH nitration in aging skeletal muscle.
Aging, 2011; 3, 10: 1-16.
69. Refsum H, Wesenberg F, Ueland PM.
Plasma homocysteine in children with acute
lymphoblastic leukemia: changes during
chemotherapeutic regimen including methotrexate. Cancer Res 1991; 51: 828-835.
70. Mansoor MA, Svardal AM, Schneede J,
Ueland PM. Dynamic relation between reduced,
oxidized, and protein-bound homocysteine and
other thiol components in plasma durign
methionine loading in healthy men. Clin Chem.
1992; 38, 7: 1316-1321.
71. Tehlivets O. Homocysteine as a risk
factor for atherosclerosis: is its conversion to
S/adenosyl-L-homocysteine the key to deregulated lipid metabolism? J Lipids. 2011; 11
pages, doi: 10.1155/2011/702853.
72. Washio T, Nomoto K, Watanabe J,
Nago K, Hirayama A. Relationship between
plasma homocysteine levels and congestive
heart failure in patients with acute myocardial
infarction - homocysteina and congestive heart
failure. Int Heart J. 2011; 52: 224-228.

377
73. Oberholzer VG, Briddon A. A novel
use of amino acid ratios as an indicator of nutritional status. In: Lubec G, Rosenthal, GA (eds)
Amino Acids, Chemistry, Biology and
Medicine, Escom Science Publishers, Leiden,
1990; pp 1079-1083.
74. Tom A, Nair KS. Assessment of
branched-chain amino acid status and potential
for biomarkers. J Nutr. 2006; 136: 324S-330S.
75. Cano NJM, Fouque D, Leverve XM.
Application of branched-chain amino acids in
human pathological states: renal Failure. J Nutr
2006; 136: 299S-307S.
76. Charlton M. Brancher-chain amino acid
enriched supplements as therapy for liver disease. J Nutr 2006; 136: 295S-298S.
77. @uni} G, Spasi} S, Jeli}-Ivanovi} Z.
Simple and rapid method for the measurement
of nitrite and nitrate in puman plasma and cerebrospinal fluid by capillary electrophoresis. J
Chromatog B. 1999; 727: 73-79.
78. @uni} G, ^oli} M, Vu~elji} M. Nitrite
to nitrate molar ratio is inversely proportional to
oxidative cell damages and granulocytic apoptosis at the wound site following cutaneous injury
in rats. Nitric Oxide. 2009; 20: 264-269.
79. @uni} G, Tomic A, Jevtic M,
Draskovic-Pavlovic B, Stamenkovic D. Nitric
oxide formation and acid-base balance alterations early following kidney transplantation:
recipients vs. living donors (abstract 0759) Clin
Chem Lab Med 2011, 0759.
80. @uni} G, Tomic A, Jevtic M,
Majstorovic I, Vucevic D. Early time-course
alterations of arginine metabolism in patients
following kidney transplantation (abstract
0760). Clin Chem Lab Med 2011: 0760
81. Peranzoni E, Marigo I, Dolceti I, Ugel
S, Sonda N, Taschin E, Manetelli B, Bronte V,
Zanovello P. Role of arginine in the metabolism
in immunity and immunopathology. Immunobiology 2008; 212: 795-812.
82. Deutz N. The glutamate-glutamine-citrulline-arginine pathway. Clin Nutr 2008; 27:
321-327.
83. Fliser D. Assymetric dimethylarginine
(ADMA): the silent transition from an 'uraemic
toxin' to a global cardiovascular risk molecule.
Eur J Clin Invest. 2005; 35, 2: 71-79.
84. Zhang Z, Zou YY, Li FJ, Hu CP.
Asymmetric dimethylarginine: a novel biomarker of gastric mucosal injury. World J Gastroenterol. 2011; 17, 7: 2178-2080.

The Invited paper was received and accepted on 03.11.2011.
@uni} G. MD-Medical Data 2011;3(4):371-377

