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ABSTRACT

Glutamine and its derivatives ¢.g., alpha-ketoglutaric acid (AK () or ornithine— alpha-ketogluta-
rate (OKG) are molecules with a central role (via the Krebs cycle) in systemic, intestinal and gut
bacterial metabolism. Studies have shown that AKG is a precursor not only of glutamine and ar-
ginine, but also of some other keto acids e.g., alpha-ketoisocaproate which in turn is a precursor of
hydroxy-methyl-butyrate, which itself is regarded as a protein catabolic protector. Recently it has
been postulated that AKG s not only an important energy donor, but that it also functions as an
ammonium ion scavenger via transformation to glutamate, omithine and puirescine and finally to
GABA or succinate. Several beneficial effects of AKG have been reported in human medicine e.g.,
improved patients’ recovery foilowing gastrointestinal surgery. On the other hand, is was reported
that 100 per cent glutamate metabolism in the first pass in infant pigs’ small intestine. In the current
presentation we discuss the polential benefits of using glutamine derivatives in human clinical nutri-
tion as well as their role as feed additives in the production of farm animals.
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METABOLIC AND PHYSIOLOGICAL EFFECTS OF GLUTAMINE AND ITS
DERIVATIVES

In certain physiological and pathological conditions associated with acute or
chronic malnutrition and/or hormonal stress, the human body shows signs of in-
creased protein degradation or decreased protein synthesis, or both (Ahlman et al.,
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1995; Petersson ct al., 1995). This can result in retarded growth and/or a variety of
complications in different organs. Even a slightly negative energy balance will
lead to an increased excretion of nitrogen in the urine (Stanko et al., 1992), The
increased nitrogen losses are the result of increased protein breakdown and/or de-
creascd synthesis of proteins with associated increase in oxidation of amino acids.
These alterations in protein metabolism can also be observed in association with
even minor surgery (Hammarqvist et al., 1996) and may persist for periods of up
to several weeks (Peterson et al., 1990, 1995). In order to counteract these chan-
ges, patients have been given total parenteral nutrition (TPN) pre- and post-opera-
tively. However, despite administration of sufficient amounts of energy and pro-
tein a negative nitrogen balance has often been found (Essen et al., 1993).

The problem in situations such as illness, surgery, trauma, weight reduction or
intensive exercise is that quantitative changes in nutritional intake may not be
sufficient or in practice impossible to introduce. It is therefore of great importance
to identify substrates with key functions in the regulation of protein metabolism
under different physiological and pathological conditions involving metabolic stress.

Glutamine

The amino acid glutamine is one such substrate, which has attracted conside-
rable interest in recent years (Newsholme et al., 1988). It has been extensively
documented that the glutamine level in muscle is related to the breakdown and/or
synthesis of muscle protein (Jepson et al., 1988; Millward et al., 1989; Vinnars,
1990). Supplementation with glutamine increases the glutamine level in muscle
and thereby also improves the balance between breakdown and synthesis of mus-
cle protein (Hammargvist et al., 1989; Wernerman et al., 1989).

Despite the fact that metabolically stressed patients are a very heterogencous
group, certain commen findings are often reported. Problems of clinical impor-
tance include the facts that these patients ofien have a decreased nutritional uptake
(malabsorption) and frequently show increased levels of bacteria in their blood
(translocation of intestinal flora). 1t is known that the intestinal epithelial cells
(enterocytes) are largely dependent on glutamine for their energy metabolism (New-
sholme and Carrie, 1994) and that sufficient amounts of glutamine are necessary
for their rapid division and proliferation and thereby for the normal absorptive
function and for the integrity (barrier function) of the intestinal wall. Most of the
glutamine required by the enterocytes comes directly from the intestinal lumen
and not via the circulation.

A number of experiments with glutamine supplementation have been conduc-
ted in both animals and humans with disturbed intestinal function. Administration
of extra glutamine to starved rats, and to rats given total parenteral nutrition {TPN)
has been found to have positive effects in several studies, with structural improve-
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ments in the intestinal wall and reduced bacterial translocation {Inoue et al., 1993).
Glutamine has also been shown to counteract damage to the intestinal wall caused
by radiation, cytotoxic treatment (Skubitz and Andersson, 1996) or treatment with
immunosuppressive agents (Ziegler et al., 1992; Zhang et al., 1995). Sepsis origi-
nating from the intestinal tract is a very common clinical problem in severely ill
patients, and in both human and animal studies glutamine has been shown 1o have
a protective cffect (Gianotti et al., 1995). It has been postulated that sepsis stimu-
lates protein synthesis in the enterocyte and that the availability of energy sub-
strates (c.g. glutamine) regulates the activity of this synthesis (Higashiguchi et al.,
1995).

Glutamine, as indicated above, has been relatively well examined in relation to
metabolic stress and in many casces it has been shown to have promising cffects on
clinically relevant parameters. However, there are considerable practical difficul-
tics associated with the use of glutamine. It is very unstable in solution, and com-
plicated to handle in the clinical setting. [n order to avoid these problems interest
has been focused on precursors of glutaming, such as glutamic acid and alpha-
ketoglutarate {AKG). Glutamic acid is highly stable but is unfortunately neuroto-
xic, can result in the "Chinese Restaurant Syndrome” and does not easily pass
through cell membranes. AKG, the carbon skelcton of glutamine, is an intermedia-
te in the Krebs cycle. It can be transaminated (by glutamate dehydrogenase) to
glutamic acid, which can be further aminated (by glutamine synthetase) to form
glutamine. This conversion is rapid. AKG is stable and non-toxic and is therefore
a suitable precursor for endogenous glutamine synthesis.

Since AKG can pick up” nitrogen, it is also able to "save” nitrogen while at
the samc time forming glutamine. This may be advantageous in several conditions
of metabolic stress where protein breakdown 1s greater than protein synthesis and
tissue levels of free glutamine are low (Walser, 1983).

Alpha-ketoglutarate

The effect of AKG as a supplement to TPN after surgery has been studied
extensively. The cffects of standard TPN and of TPN supplemented with ci-
ther branched-chain amino acids (BCAA), glutamine or alpha-ketoglutarate
with or without ormithine were examined on markers of muscle protein home-
ostasis (Werncrman ct al., 1990; Hammarqvist ct al., 1991). In this series of
experiments it was demonstrated that the addition of BCAA to TPN had no
beneficial effect whereas glutamine and ornithine alpha-ketoglutarate (OKG)
both increased the glutamine level in muscle and improved the negative nitrogen
balance. It was also shown that AKG given after cholecystectomy (0.194g/keg/d,
parenterally) improved the cumulative negative nitrogen balance over 3
days (from -9.9 to -2.2 g) and that supplementation with AKG increased the
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Figure 1. Metabolic transformation of alpha-keto-glutarate (AKG) to glutamate (Glu) and glutamine
(Gln). BCAA = Branch chain amino acids, BCKA = Branch chain keto-acids

synthesis of muscle protein (polyribosomes). These findings are similar to
earlier observations with glutamine and OKG.

The effect of AKG has also been investigated on energy metabolism in heart
muscle during open heart surgery (extracorporeal circulation) (Kjellman et al.,
1995). In a double-blind study, the effect of adding 28 g AKG to the blood (n=13)
before returning it to the normal circulation, was compared to a control group
without AKG treatment (n=10). Signs of damage to the heart muscle were evalu-
ated 4 h after releasing the clamp. In the AKG-treated group the concentrations of
both creatine kinase (CK) MB (32 vs. 49 pg/L) and troponin T (1.1 vs. 2.0 pg/L)
were lower than those in the control group, indicating that AKG has a protective
effect during ischemia and reperfusion of the heart muscle. In a similar experiment
on rabbits (Bittle, 1983) the AKG-treated hearts were also found to have a better
pump capacity.

High concentrations of ammonia in the blood is a clinical problem in cirrhosis
of the liver. However, pyridoxine-AKG (Glutarase®, 1.8 g/d) given to 15 patients
with liver cirrhosis reduced their ammonia levels (Salerno et al., 1983). In an ani-
mal experiment injection of potassium cyanide in rats resulted in unconsciousness
in 100% of the animals and elevated ammonia levels (2.5 times normal) (Yamato,
1989). The effects of cyanide on ammonia level and consciousness could be aboli-
shed, however, by an injection of AKG (500 mg/kg intraperitoneally). In the same
study it was also found that the LD50 dose of cyanide doubled when the animals
were pre-treated with AKG.

AKG in combination with ornithine
In several experiments AKG has been administered as a salt in combination

with the amino acid ornithine. Several of the publications on ornithine alpha-ke-
toglutarate (OKG) originate from France, where this is a commercially available
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Figure 2. Common metabolic pathway for AKG, ornithine and glutamine

compound (Ornecitil®), and some of the experiments have only been reported in
French. However, many of them are well covered in a review by Cynober (1991),
who himself is responsible for a large part of the work done on OKG. It is not
clear, however, to what extent the outcome of these experiments can be attributed
to ornithine and to what extent to AKG. According to Cynober (1991), the salt
OKG (Ornecitil®) contains one molecule of AKG and two molecules of ornithine.
Cynober states that the mechanisms/effects of AKG and ornithine are integrated,
leading to results that are not seen with either AKG or ornithine alone (Cynober,
1991). However, Vinnars (1990) believes that it is the common carbon skeleton in
AKG and glutamine that is metabolically important for protein metabolism, and in
his own experiments he found no additional effect of ornithine, when given to-
gether with AKG, over and above that of AKG alone.

Glutamine can be formed from AKG, but it is also known that AKG will lead to
the formation of o-ketoisocaproate (0-KIC), which itself can stimulate protein syn-
thesis in the liver and reduce muscle protein catabolism (Walser, 1983). Ornithine,
on the other hand, has a central role in urea metabolism and is metabolized to
arginine. Arginine is needed for synthesis of nitric oxide (NO) and will have an
effect on the microcirculation. Both ornithine and arginine also stimulate the re-
lease of growth hormone (GH), and ornithine is believed to stimulate the forma-
tion of aliphatic polyamines such as spermine and spermidine. Finally, both orni-
thine and AKG may increase the formation of glutamine (Cynober, 1991).

Malnourished elderly patients were given either 0, 5, 10 or 20 g of OKG per
day orally as a supplement to their ordinary food. Serum ferritin and albumin were
found to increase in the subjects receiving 10 or 20 g/d, while no effects were
observed in those who were given 5 g/d or placebo (Brocker et al., 1985). In ano-
ther study, 10 g/d of OKG was given in addition to the normal food, as an oral
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supplement, to cancer patients suffering from malnutrition: this led to an improved
nitrogen balance (Le Peticorps and Bernard, 1985). Furthermore, OKG has been
found to stimulate the appetite both in elderly people (Mettelal et al., 1990) and in
mice, where it has also been shown to stimulate growth (Ali et al., 1990).

Starvation in rats rapidly leads to alterations in the concentrations of amino
acids, predominantly glutamine. However, when starved rats were fed OKG these
concentrations were normalised in the intestines and liver, whereas glutamine sup-
plementation mostly affected the levels in muscle (Ziegler et al., 1992).

Prepubertal children, who because of intestinal diseases had received TPN for
5to 10 years, and consequently had retarded growth (1-4 S.DD. below the expected
height for age). received 15 g of OKG parenteraily in addition to their normal TPN
for 5 months and were then studied for an additional 5 months without OKG supple-
mentation (Moukarzel et al., 1994). During the period of OKG supplementation the
growth rate increased from 3.8 cm/year to 6.4 cm/year, but during the following con-
tral period it was again reduced to 3.6 cm/year, The OKG supplementation concorni-
tantly increased the plasma levels of glutamine, glutamic acid and insulin like growth
factor 1 (IGF-1). It was also found that the individual increases in growth rate correla-
ted well with the increases in 1GF-1 (r=0.82, P<0.005).

OKG was also given to rats with large tumours without any effect on the nutri-
tional status. However, when the tumour mass was reduced, OKG treatment re-
sulted in an improved nitrogen balance, increased levels of BCAA and glutamine
in skeletal muscle, and increased protein deposition in the intestines (Le Bricon et
al., 1995). In another study on rats, by the same group, it was shown that compared
to healthy control rats, animals bearing Yoshida ascitcs hepatoma showed a de-
creased food intake. Their body weight and protein synthesis were reduced and
protein breakdown was increased (Le Bricon et al., 1994). In the tumour bearing
rats that received 3.4-4.0 g OKG per kg body weight and day, protein breakdown
decreased by one third, but OKG had no effect on tumour growth. In a control
group receiving isenitrogenous amounts of glycine, no effects on protein metabo-
lism were observed.

In another study, OK.G (25 g/d parcnterally) or an isonitrogenous placcbo were
given to 36 muitiple trauma patients for 6 days. In the OKG-treated cases the
nitrogen balance improved (Mertes et al., 1988). In a controlled prospective study
of patients with burns it was shown that the plasma and urinary concentrations of
phenylalanine (a marker of protein catabolism in burns and sepsis) were restored
to normal more quickly in a group receiving OKG (10 g/d enterally). In a similar
study it was also found that in patients receiving OKG nitrogen balance was
attained sooner, the phenylalanine levels were lower and the levels of retinol
binding protein (a marker of protein status) were higher compared with controls.
In a study in rats that had received a standardised bumn injury and in addition were
kept on a dict resulting in negative cnergy balance, it was concluded that OKG
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limited the decrease in the glutamine level in muscle and the increase in protein
catabolism, and reduced muscle wasting (for review see; Cynober, 1991).

The effects of parenterally given OKG have been examined in three different,
controlled studies — in patients undergoing colorectal surgery (first study) or chole-
cystectomy (second and third studies). In the first study 25 g of OKG was substi-
tuted for 2.7 g nitrogen in the TPN for 3 days (Leander et al., 1985). In this group
there was a decrease in urinary excretion of 3-methylhistidine (a marker of muscle
protein degradation), and the creatinine and ammonia levels in the plasma were
also reduced. In the sccond study, with a similar protocol, lower levels of glutamine
m the muscle and a reduction of polyribosomes (markers of protein synthesis)
were scen in the control group but not in the OKG-treated patients (Wernerman et
al., 1987). In the final study it was shown that an amino acid supplement with
additional OKG reduced the decreases in intramuscular glutamine 3 days after the
operation, while supplementation with amino acids in general or with BCAA did
not have this protective effect (Hammarqvist et al., 1990).

Lastly, OKG has been given to rats which underwent intestinal surgery and in
addition received standardised radiation to their intestines (Kalefarenzos et al.,
1996). In the supplemented group the intestinal integrity was shown to be better
preserved (increased protein content, villi density, villi height and proliferative
activity of the enterocytes) than in the control group, leading to fewer bacterial
complications.

GLUTAMINE AND ITS DERIVATIVES AS FEED ADDITIVES

Modern nutntion tends to distingwish three target compartments of nutrient
utilisation: 1. the peripheral tissues, 2. the gastrointestinal tract (GIT) mucosa, and
3. the GIT microflora. Glutamine and its derivatives seem to play an important
role in all of them

Peripheral tissues

Before the food s utilised by the peripheral tissues it needs to be processed in
the GIT; following digestion the elementary nutrients arc absorbed and transpor-
ted to the target peripheral tissues. The nutritional requirements are tissue-specific
and changc as well with the age of animal. In the peripheral tissues AKG/OKG,
are active molecules in nitrogen metabolism, and when converted to glutamine
they act as scavengers of ammonium ions thereby diminishing the concentration
of ammonia in the blood and reducing nitrogen emission. By this mechanism AKG
as a feed additive would be expected to diminish the metabolic stress in animal
production by improving the efficiency of nitrogen metabolism (Olin et al., 1990).
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AKG and related compounds (glutamine, glutamate, AKG) are indeed already recom-
mended for use in geriatric medicine, postsurgical recovery strategies and sport nutri-
tion because of their anabolic and protein preserving effects (Neu et al., 1996),

It has been postulated that the maximal body metabolism cannot exceed
a 7-fold increasc over the resting metabolic rate (Hammond and Diamond, 1997).
Such a high acceleration of the biclogical machinery 1s rarely achieved. Therc are
however some examples e.g., the high lactating dairy cow, the milking sow, quick
growing nconatcs and also elite sportsmen (e.g., cyclist, athlete). Several limiting
factors that cause farm animals not to achieve a harmonic high performance can be
postulated: GIT limited performance including liver metabolism, insufficient blood
circulation and lung function, inefficient metabolism because of non-balanced
hormonal production, and immunological barriers.

Gastrointestinal tract

The metabolism of the gastrointestinal mucosa 1s particularly intensive, and it
depends mostly on the luminal nutrient supply. The intestinal mucosa seems to
utilise the products of dietary protein degradation {amino acids) as a major energy
source. Thus, glutamine was demonstrated to be a major energy for the portal
drained viscera in weaned piglets (Stoll et al., 1997). As well as an important role
in the energetics of the GIT, AKG, OKG and glutamine improve the integrity of
the gastreintestinal tract (GIT) barriers. Consequently, there are a number of prin-
cipal approaches that could be further investigated in relation to glutamine and its
derivatives for usage as feed additives.

Firstly, glutamine effects on the intestinal absorption of nutrients, circulation of
nutrients and macromolecules between blood and the intestinal lumen, function of
immunological barrier and intestinal bacteria translocation need to be further evalu-
ated.

Secondly, it is postulated that alimentary glutamine, AKG, OKG and proper
protein digestion improve the overall gut barrier function and thus minimise sus-
ceptibility to bacterial translocation. Emphasis on GIT physiology and a better
understanding of the relation between AKG, nitrogen metabolism and a more pro-
environmental animal production is necessary. The beneficial effect on the mor-
phological structure of the GIT following total parenteral nutrition and anti-tu-
mour radio- and chemotherapy has also been discussed (Kalefarenzos et al., 1996).
AKG can protect the dietary amino acids from being utilised as energy by the gut.
Gut and lung epithelium integrity can be maintained (Neu et al., 1996) by the help
of new strategic feeding supplements (AKG).

Thirdly, studies are still needed to further explore the metabolic pathways and
metabolic benefits of glutamine OKG, AKG and its derivatives in the gastrointes-
tinal tract (including gut microflora}, liver and muscles,
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Fourthly, investigations need to be made of the function of AKG as a scavenger
of ammonium ions in the blood, as a way to improve animal well-being and to
reduce nitrogen excretion.

Gastrointestinal microflora

In an ideal situation, the gastrointestinal microflora would not compete with
the host for nutritional requirements. In practice, however, a certain amount of the
dict (especially proteins) is utilised by the GIT microflora. To control bacterial
growth the usage of antibiotics is very common. The primary role of feed antibio-
tics is to protect against bacterial overgrowth in the GIT in production animals fed
with high protein diets. Today there is an increasing discussion concerning the use
of antibiotics as feed additives (WHO, 1996; Best, 1997). On the one hand, medi-
cal expeits stress the increased risk of generating resistant bacteria that might be
transferred to man (Davies, 1996; Salyers, 1996). On the other hand, animal
producers claim that animal performance and health will be diminished if an-
tibiotics are banned in animal production (Viaene, 1997). One of the issues in
modern nutrition of young animals — mainly pigs — is to find out to what cx-
tent non-antibiotic growth promoters and feed additives e.g., glutamine, OKG
and AKG can reduce the need for antibiotic supplementation of antmal feed.
The research hypothesis and some preliminary data allow us to believe that
AKG, by increasing the integrity of the intestinal mucosal barrier, can in part
reduce the nisk of sepsis , and thereby the need for feed antibiotics. A reduced
feed protein content, because of a better nitrogen utilisation from feed formu-
las supplemented with AKG, would reduce not only nitrogen emission but
also feed antibiotics.

AKG as an alternative to feed antibiotics could reduce the risk of increased
bacterial resistance and as a result improve the effectiveness of antibiotics in both
human and vcterinary medicine (Salyers, 1996; Morell, 1997). Furthermore, by
optimisation of ammal feeds, using AKG/OKG as a feed additive, 1t rmght also be
possible to reduce the nitrogen emissions in farm animals.

IMPLICATIONS

The bencficial effects of physiological functional food (PFF) on human health
are unquestionable. In Japan and in several other countries PFF food is a multi-
billion ECU market, being a product area which improves human health and the
quality of life. So far the term PFF food does not exist in animal nutrition.

The main approaches of physiologically active feed additives — especially those
for young animals, used directly after birth and around weaning are to improve so
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call "health” and growth. Trcated with feed additives animals are very often “black
boxes”, and studies show the economical benefits and short term production con-
sequences rather than the physiological or clinical relevance of the feed additives.
Profound basic studies highlighting the effects of feed additives on metabolism,
absorption cte. (quality of the product and long term cffects on population per-
formance), and on the environment are usually done post-factum when population
or environmental consequences of feed additives are negative and very serious
e.g., avaporcine (vancomycin) resistant Fnterococcea. Usage of some other feed
additives also need to be revised. Firstly, some of the feed additives provide doubt-
ful benefits to the animal production if the right principles for feed optimisation
are used in feed technology practice. Secondly, some of the feed additives contami-
nate the natural environment or can negatively act on long-term animal (popula-
tion) health. Some other feed additives are crucially important, e.g., vitamins, mine-
rals, immunoglobulins and amino acids with their derivatives.

The most important role for feed additives is to ensure the optimal utilisation of
feed components, providing at the same time maximum security for animal short-
term (individual) and long-term {population) health and environment, but at the
same time ensuring safety for consumers of the animal products. AKG is a very
promising additive, which can solve that postulate in a complex manner, further-
more, it may become recognised as important for classifying feed as a PFF feed in
future animal nutrition.
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