
Nurrition Research Reviercs (1993), 6 ,  97-1 19 97 

ESSENTIAL A N D  CONDITIONALLY-ESSENTIAL 
NUTRIENTS IN CLINICAL NUTRITION 

G E O R G E  K. G R I M B L E  
Department of Gastroenterology & Nutrition, Central Middlesex Hospital, Acton Lane, 
London NWlO 7NS 

C O N T E N T S  
W H A T  C O N S T I T U T E S  A C O N D I T I O N A L L Y - E S S E N T I A L  N U T R I E N T ?  . 
A M I N O  A C I D S  A N D  R E L A T E D  C O M P O U N D S  . 

G L U T A M I N E  . 
Glutamine and acidosis . . 
Interorgan glutamine flows in response to acidosis inflammatory mediators and 

Glutamine and urea salvage . 
trauma . 

. 
A R G I N I N E  . 
O R N I T H I N E  ~ - K E T O G L U T A R A T E  (OKG) . 

N U C L E I C  A C I D S  . 
P U R I N E  A N D  P Y R I M I D I N E  BIOSYNTHESIS,  S A L V A G E  A N D  C A T A B O L I S M  . 
R E L A T I V E  R A T E S  O F  S A L V A G E  A N D  D E  NOVO S Y N T H E S I S  O F  P U R I N E S  A N D  

P Y R I M I D I N E S  . 
N U C L E O T I D E  R E Q U I R E M E N T S  F O R  C E L L U L A R  G R O W T H .  . 
E X O G E N O U S  N U C L E O T I D E S  I N  G R O W T H  - E S S E N T I A L  O R  N O T ?  . 
E V I D E N C E  F O R  A P O S I T I V E  R O L E  F O R  D I E T A R Y  N U C L E O T I D E S  I N  

C L I N I C A L  N U T R I T I O N  . 
Infection and immune function . 
Liver regeneration. . 
Intestinal repair . 

N O T ?  . 
E X O G E N O U S  N U C L E O T I D E S  I N  C L I N I C A L  S I T U A T I O N S  - E S S E N T I A L  O R  

S H O R T  C H A I N  F A T T Y  A C I D S  . . 
M E T A B O L I C  I M P O R T A N C E  O F  S H O R T  C H A I N  F A T T Y  A C I D S  I N  T H E  C O L O N  . 
T H E  C L I N I C A L  S I G N I F I C A N C E  O F  S C F A  S U P P L E M E N T A T I O N  OF C O L O N I C  

L U M I N A L  C O N T E N T S  . 
C O N C L U S I O N S  . 
R E F E R E N C E S  . . 

97 
98 
99 

101 

102 
103 

103 

104 
106 
106 

107 
107 
108 

108 

109 
109 

109 

109 
110 
110 

1 1 1  
112 
112 

W H A T  CON S T  IT U T E S A CONDITION A LLY-E SSENTI A L 
NUTRIENT? 

An essential nutrient can be defined as one whose absence from the diet will lead to growth 
impairment, organ dysfunction or failure to maintain nitrogen balance on an adequate 
intake of all other nutrients. This simple definition has proved useful in considering vitamin 
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or fatty acid requirements in infants but has led to confusion with regard to 
macronutrients. The basic metabolic difficulty is that for some substrates, although a 
synthetic pathway can be demonstrated, it may be rate limiting for growth conditions 
which lead to a markedly increased demand for synthesis. This has led to the concept of 
‘conditional essentiality’ under clinical conditions of stress due to growth, infection or 
trauma. This new term has been extremely productive in stimulating research, for two 
reasons. Firstly, some animal models will exhibit signs of deficiency following surgical 
trauma (e.g. arginine (Seifter et al. 1978)) identifying avenues of research into human 
trauma. Secondly, it allows definition of animal models in which organ dysfunction can be 
observed, particularly when reduced function (e.g. increased intestinal permeability, 
reduced hepatic capacity to maintain a low arterial NH; concentration) is truly 
pathological, rather than within the normal range of physiological adaptation. 

This review will attempt to define the proper grounds on which a nutrient may be 
considered ‘conditionally-essential ’ in man. This will be applied to the ‘novel substrates’ 
which are currently proposed as clinically useful adjuncts. These include glutamine, 
arginine, ornithine a-ketoglutarate (OKG), nucleotides and the short chain fatty acids 
(SCFA) which have, variously, been described as conditionally-essential nutrients, 
functional nutrients, nutraceutics, pseudonutrients or even as agents ‘supporting’ some 
aspect of body metabolism. 

Table 1 describes one set of criteria for assessing whether a nutrient can be classed as 
conditionally-essential, and provides a starting point for discussion. In general the criteria 
should be observed regardless of the species used as an experimental model, although 
exceptions may occur. Agreement of criteria is important because an inappropriate 
definition of conditional essentiality may affect clinical perceptions and treatment strategy. 
Thus use of the alternative definition of a therapeutically useful molecule (e.g. lactulose or 
lactitol for treatment of hepatic encephalopathy) means that the issue becomes 
pharmacological and not nutritional. This simple set of criteria also avoids teleological 
arguments which have dogged the discussion of infant requirements. The identification of 
minor components in breast milk has resulted in their being considered as conditionally- 
essential nutrients. This has been the case with nucleotides (Jimenez et al. 1992), polyamines 
(Pollack et al. 1992; Romain ef al. 1992) and the casomorphin peptide sequence from 
casein, which stimulates electrolyte uptake in the ileum, slows gastric emptying and has 
immunostimulatory properties (Jaziri et al. 1992). All have been shown to have positive 
biological value for the intestine and could be classed as functional or conditionally- 
essential nutrients in the newborn, but this teleological approach has at least one obvious 
pitfall. Many compounds diffuse from the maternal circulation into milk, an example being 
capsaicin from peppers, which can increase gastric motility (Raybould, 1991), but has never 
been considered as a conditionally-essential nutrient. 

A M I N O  ACIDS A N D  R E L A T E D  C O M P O U N D S  

Rose and colleagues first classified amino acids into essential and non-essential categories, 
on the basis that their carbon skeletons could not be synthesized endogenously (Rose, 
1937). In contrast, those which could be synthesized from other amino acids or metabolites 
were classified as non-essential, or dispensable. This clear division of amino acids has been 
refined over the years (Munro, 1964; Jackson, 1982; Laidlaw & Kopple, 1987; Millward 
et al. 1989). While an adequate growth rate in the young animal is a sensitive indicator of 
nutritional adequacy and allows easy identification of essentiality, dietary amino acid 
adequacy in healthy adults or patients in the clinical setting has proved far less easy to define 
(Millward et al. 1989). 
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Table 1. Criteria for conditionally-essential nutrients 

Deficiency will result in: 
Failure to maintain growth or 

Organ dysfunction 

Delayed recovery 
Metabolic abnormalities 

Clinical abnormalities 

In the young or the malnourished, traumatized 

In healthy subjects or malnourished, 

After trauma or sepsis 
In healthy subjects or malnourished. 

In malnourished, traumatized or septic patients 

nitrogen balance or septic patient 

traumatized or septic patients 

traumatized or septic patients 

Demonstration of semi-essentiality has been observed in neonatal infants receiving 
standard total parenteral nutrition (TPN) regimens, in whom imbalances in the ratio of 
plasma methionine and cysteine have been observed (Helms et al. 1987). This can be related 
to poor conversion of methionine to cysteine, secondary to low tissue levels of the enzyme, 
cystathionase (EC 4.4 .1 .  l), at birth (Gaul1 et af .  1972). There is no evidence of any dietary 
need for cysteine in the healthy adult. In addition, age related changes in amino acid 
requirements are complicated by species differences. Thus growth retardation will occur if 
arginine is omitted from the diet of young cats (MacDonald et af .  1984) and the young of 
a group of other species (see Barbul, 1986) but not man (Nakagawa et al. 1963). Thus, some 
species may not be an ideal model for assessing conditional essentiality as defined in 
Table 1. 

In addition, the classical definition that essentiality is conferred by the carbon skeleton 
(Rose, 1957) has been revised in terms of the need to consider the relative availability and 
dispensability of the amino group (Jackson, 1982; Laidlaw & Kopple, 1987; Millward et 
al. 1989). Thus the capacity of enzymic pathways for transamination of essential amino 
acids or synthesis of non-essential amino acids to meet demand under all dietary or clinical 
circumstances needs to be considered, and this leads to identification of conditional 
essentiality in man (Table 2). 

G L U T A M I N E  
Glutamine has been described as a ‘conditionally-essential amino acid’ (Fiirst et al. 1987; 
Souba, 1993) because of the marked changes which occur in its tissue distribution in 
traumatized patients. During episodes of severe abdominal sepsis, the marked fall in the 
muscle intracellular glutamine concentration correlates with the severity of the patient’s 
condition (Roth et al. 1982). Furthermore, in rats the characteristics of the muscle 
plasma-membrane glutamine transporter are modulated by stress and catabolic hormones 
in such a way that the intracellular glutamine concentration correlates with the rate of 
muscle protein synthesis (Rennie et al. 1986; Jepson et al. 1988). This was an unusual 
finding because of its implication that the intracellular concentration of an amino acid 
previously considered non-essential may control disposal of essential amino acids into 
protein synthesis. In addition, cultured cells will not grow well in glutamine deficient media 
because, as argued by McKeehan, the metabolism of these cells is directed not towards a 
high rate of glycolysis and lactate production but towards the use of glutamine as a primary 
metabolic fuel (McKeehan, 1992). This seems to be the case for other cell lines with a high 
rate of turnover, such as enterocytes (Souba et al. 1985a), or the macrophages and dividing 
lymphocytes found in gut associated lymphatic tissue (Newsholme et al. 1985 ; Newsholme 
& Newsholme, 1989; Szondy & Newsholme, 1990). An adequate supply of glutamine may 
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Table 2. Classification of amino acids according to essentiality 

Carbon skeleton 

Amino group Essential Non-essential 

Essential Lysine Serine 
Threonine Glycine' 

Cysteine* 
Non-essential Branched chain amino Glutamate 

acids 
Tryptophan Alanine 
Phenylalanine Aspartate 
Methionine Glutamine 

Asparagine 
Proline* 
Tyrosine. 
Histidine' 
Arginine* 
k i n e *  
Taurine* 

Adapted from (Jackson, 1983; Millward er al. 1989; Laidlaw & Kopple, 1987). 
* May become conditionally-essential because of limitations in rate of synthesis. 

therefore be necessary for immune responsiveness (Newsholme & Parry-Billings, 1990), or 
for maintenance of the mucosal barrier against ingress of endotoxins or bacteria (Fink, 
1991). 

In the growing rat, replacement of casein in the diet with an amino acid mixture 
simulating it, but lacking glutamine (glutamate and NH,' substitution), had no effect on 
any growth parameters (Itoh et al. 1973). In addition, during TPN of the piglet, addition 
of glutamine or glutamate had no effect on any nutritional parameter or aspect of gut 
morphology (Burrin et al. 1991). This effect is species dependent because marked 
morphological changes can be observed in the rat fed solely by TPN (Tamada et al. 1992) 
and these are reversed by glutamine supplementation. However, in the mouse or man 
(Guedon et al. 1986) fed by TPN, the absence of intestinal luminal nutrients reduced brush 
border hydrolase concentrations and villus height, but without any sign of morphological 
pathology. 

This suggests that in three of these four species in vivo glutamine synthesis is sufficient to 
supply intestinal requirements (Golden et al. 1982) and that it may be produced from a 
variety of metabolic precursors (Grimble et al. 1992). Changes in plasma and muscle 
intracellular glutamine concentrations consequent on injury, sepsis, or acidosis may 
therefore reflect a shift in interorgan flow of glutamine but with no overall change in the 
rate of whole body glutamine synthesis (Squires & Brosnan, 1983). 

Several animal and clinical studies have assessed the ability of glutamine supplementation 
to improve or maintain various aspects of organ function in response to sepsis or trauma, 
and an attempt has been made to integrate the confusing picture presented by recent clinical 
trials of supplemental feeds (Souba et al. 1990). Certainly, where this function has been 
severely impaired by methotrexate, or by radiation, rats receiving a glutamine supplemented 
enteral diet showed significantly reduced mortality (Fox et al. 1988), improved morphology 
(Klimberg et al. 1990a, 6) or reduced translocation of enteral bacteria to the mesenteric 
lymph nodes (Karatzas et al. 1991), compared to unsupplemented control animals. 
Hypovolumic shock induced by partial exsanguination was reversed by luminal glutamine 
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Table 3. Eflect of trauma on ratio of urinary urea nitrogen to rota1 urinary nitrogen 
excretion ( U U N / T U N )  

Patient group 
UUN/TUN (Yo) 

Mean SD (Range) Reference 

Healthy volunteers 
Postoperative 
Multiple trauma 
Pancreatitis 
Critically i l l  
Nitrogen excretion < 5 g/d 
Nitrogen excretion 5- 10 g/d 
Nitrogen excretion 1 G 1 5  g/d 
Nitrogen excretion > I 5  g/d 
All patients 

84.0k 102 (70 100) 

7 9 9 + 6 4  (73 89) 

Grimble er al. 1988 
72.7 15.8 (25-95) 

77.0 f 9.2 (6 I -90) 
- Konstantanides er al. 1991 

75.0 20 
82.5k 1 0 5  
850k 12.5 
87.5 * 100 
805+13.5 (10 98) 

or glucose infusion (Flynn et al. 1992). In addition, the atrophy of the small intestine which 
occurs in rats maintained on TPN can be reversed by glutamine supplementation in the 
form of the dipeptide alanylglutamine (Tamada et al. 1992). This atrophic effect is species 
dependent since no effect of glutamine supplementation has been observed in piglets 
(Burrin et al. 199 1). Following gastrointestinal surgery, glutamine supplementation of TPN 
solutions has also been shown to moderate postoperative net efflux of glutamine from 
muscle and increased urinary nitrogen excretion, compared to that in patients fed by 
standard regimens (Stehle et al. 1989; Hammarqvist et al. 1 9 8 9 ~ ) .  The most recent 
prospective controlled trial of glutamine supplemented TPN has shown reduced urinary 
lactulose/mannitol ratios as an index of intestinal permeability (cf. unsupplemented 
controls) although this can be partly explained by the marked difference in mannitol 
permeation between groups (van der Hulst et al. 1993). 

These data therefore provide a framework for the suggestion that increased glutamine 
release from skeletal muscle following trauma may serve to supply it as an essential nutrient 
for cells of the immune system or for the gut itself (Wilmore et al. 1988; Newsholme & 
Parry-Billings 1990). Certainly, the rapid fall in muscle intracellular glutamine con- 
centration which follows surgery can be counteracted by glutamine supplementation of 
TPN regimens (Hammarqvist et al. 1988, 1 9 8 9 ~ ;  Stehle e f  al. 1989). However, what is 
missing from this analysis is the nature of the signal which links the two processes, and 
evidence that de novo glutamine synthesis and circulating concentrations can be reduced to 
such an extent that target organ function is severely impaired. A recent study showed that 
partial removal of the intestine did not reduce skeletal muscle glutamine efflux, which casts 
some doubt on a gut-muscle signalling cycle (Deutz et al. 1 9 9 2 ~ ) .  

Gluramine and acidosis 
A powerful signal for changes in glutamine homeostasis is acidosis, consequent on injury, 

surgery or infection. Acidosis is accompanied by increased NH,+ excretion. Each turn of 
the liver urea cycle consumes 2 molecules of both NH,' and HCO,-, derived from 
oxidation of amino acids. Acidosis increases HC0,- consumption, providing an alternative 
route for HC0,- excretion. Thus, increased urinary NH,l+ excretion reflects the base deficit 
of metabolic acidosis. The impact of injury, surgery or infection on acidosis can be 
demonstrated by comparing the effects of surgical injury (Leander et al. 1985) or infusion 
with a triple hormone regimen of glucagon, cortisol and adrenalin (Bessey et al. 1984) or 
experimental acidosis (Fine et al. 1978), or long term starvation (Owen et al. 1969; Giesecke 
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et al. 1989) or in utero nutrient deprivation (Wolfe et al. 1989) on urinary nitrogen and 
NH,' excretion. Because of advances in rapid, automated methods of measuring urinary 
total nitrogen excretion, the effectiveness of urinary urea nitrogen (UUN) as an accurate 
measure of total urinary nitrogen (TUN) excretion has been tested in two large studies 
(Grimble et al. 1988; Konstantanides et al. 1991). UUN is a poor surrogate for nitrogen 
excretion in stressed, septic or traumatized patients. For groups of patients classified by 
disease status, UUN/TUN (YO) may be reduced slightly (Table 3), but within each group 
the variance is very wide. Most of the nitrogen 'gap' between UUN and TUN in patients 
can be accounted for by increased NH,' excretion (Burge et al. 1992) and points to a high 
incidence of subclinical acidosis. The truth of this hypothesis cannot be tested at present, 
because there are few clinical nutrition studies in disease states (other than those affecting 
renal function; Rustom et al. 1992) in which longitudinal evolution of NH,' excretion has 
been measured. 

Interorgan glutamine flows in response to acidosis, inflammatory mediators and trauma 
Under normal physiological circumstances, meal feeding induces net glutamine synthesis 

and efflux by skeletal muscle (Elia & Livesey, 1983). The anatomical hierarchy of the liver 
is adapted to this in that there are two distinct cell populations, clustered at periportal and 
perivenous sites, which serve different purposes. As described by Haussinger and colleagues, 
net glutamine cycling between these two cell populations efficiently amplifies the signal for 
increased urea synthesis, that is portal NH,' concentration (Haussinger et al. 1992). This 
signal appears to be dependent on intestinal consumption of glutamine from arterial or 
luminal sources (Windmueller, 1982; Souba & Wilmore, 1983; Souba et al. 1985b; Jahoor 
et al. 1988). 

Acidosis in the rat is accompanied by a fall in circulating glutamine. Despite this, there 
are increases in the main agents of glutamine consumption (renal phosphate dependent 
glutaminase EC 3.5 .1  .2) and production (muscle glutamine synthetase (EC 6.3.1 .2); 
King et al. 1983). In man, renal glutamine consumption and NH,+ generation are both 
increased by acidosis, which markedly depresses plasma glutamine concentration (Pitts & 
Pilkington, 1966; Welbourne et al. 1982). Normally, in man renal glutamine consumption 
is only a small part of whole body glutamine turnover (- 2 YO ; Golden et al. 1982) but this 
increases threefold in chronic NH,Cl-induced acidosis (Owen & Robinson, 1963 ; Tizianello 
et al. 1978). If sustained, this would lead to excess nitrogen excretion of the order of 
4-5 g/day unless there were a counterbalancing reduction in urea production. 

Following surgery or trauma there is net release of amino acids from muscle, and their 
consumption by the tissues of the hepato-splanchnic region. In addition, in the immediate 
postoperative period, muscle intracellular glutamine concentration falls precipitately, as 
does plasma concentration, and this cannot be reversed by simple feeding (Wernerman et 
al. 1987). 

Acidosis can be invoked as the underlying mechanism for most of these changes during 
surgery or trauma for three reasons. Firstly it has been observed to occur with even the 
mildest forms of surgery, such as laparoendoscopic cholecystectomy (Liu et al. 1991) and 
can be detected as a local event signalling ischaemia of the gastric mucosa in critically ill 
patients (Fiddian Green et al. 1991). Secondly, the septic rat displays one hallmark of 
acidosis, i.e. increased renal glutaminase concentration (Ardawi et al. 1991) which is not 
related to endotoxaemia (Austgen et al. 1991). Unfortunately, the most complete study to 
date, on postoperative changes in organ flows of amino acids in pigs, omitted any 
measurement of renal glutamine balance but gave evidence of increased arterial NH,' 
concentration. There was marked efflux of glutamine from skeletal muscle, increased liver 
uptake and marked spleen uptake with reduced intestinal glutamine consumption (Deutz 
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et al. 1992b). Finally, the mechanisms by which tubular cells secrete NH,', Ca2+ and 
inorganic phosphorus into the lumen are stimulated both by prior induction of acidosis and 
by cortisol (Boross et al. 1986). The original demonstration that a triple infusion of cortisol, 
glucagon and adrenalin could mimic the pattern of post-traumatic urinary nitrogen 
excretion (Bessey et al. 1984) has been confirmed and extended to demonstrate that 
peripheral amino acid release is increased (Wernerman et al. 1985). Furthermore, 
administration of the triple hormone mixture to healthy volunteers fed by TPN elicited 
increased lactate efflux from peripheral tissues and lactic acidosis (Fong et al. 1991). That 
this may be sufficient to cause net amino acid release from muscle is suggested by three 
studies. Metabolic acidosis in the rat was accompanied by increased muscle protein 
degradation in vitro, which was mediated by cortisol or by simple reduction in the pH of 
the incubation medium (May et al. 1986). In vivo, the rate of muscle protein synthesis is 
acutely depressed by respiratory acidosis (Preedy et al. 1988). This phenomenon applies to 
protein degradation as well, since an increase in pH will depress it whilst increasing protein 
synthesis in the working, perfused rat heart (Fuller et al. 1989). In man, dogs and rats, 
acidosis increases the rate of whole body protein breakdown (e.g. Reaich et al. 1992). 
similar to the effects of acidosis secondary to chronic renal failure (Garibotto et al. 1992). 

The consequence of this analysis is that glutamine status, per se, reflects not signs of a 
nutritional deficiency or the conditionally-essential nature of the amino acid, but merely a 
new set point in response to the underlying metabolic disturbance of injury. 

Glutamine and urea salvage 
Urea can diffuse into the colon to be hydrolysed by bacterial urease to NH,', and since 

little is lost as faecal N, i t  provides a source of nitrogen for resynthesis of the a-NH, group 
of amino acids. This is a considerable source of portal NH,+, estimated at 2.6 g N/d in 
comparison to a daily urea production rate of 8.5 g N from an intake of 14 g protein N 
(Jackson et al. 1984; Moran & Jackson, 1990; Danielsen & Jackson, 1992). The exact 
metabolic fate of this salvaged nitrogen has yet to be quantified but it can be assumed to 
be returned to the amino acid pool via the glutamate dehydrogenase (EC 1 .4 .1 .2)  reaction 
and subsequent transamination. Infants and adults, receiving low dietary nitrogen intakes 
which will not support growth or nitrogen balance, can be maintained in positive nitrogen 
balance by urea supplementation (Snyderman et al. 1962; Kies, 1972). This is clearly a 
significant contribution to blood NH,' flux, in addition to that derived from intestinal 
consumption of glutamine. 

In the fasted, intravenously fed patient, receiving concurrent antibiotic therapy, this 
route of nitrogen recycling will be markedly reduced (van Berlo et al. 1988). It would be 
tempting to speculate that glutamine supplementation may partly replace this, since 
intestinal consumption is proportional to arterial load (Windmueller, 1982) and part of the 
NH,+ produced will diffuse freely into the lumen and back into the portal circulation 
(Soeters & van Leeuwen, 1986). 

A R G I N I N E  
The essentiality of arginine for growth is species dependent (see Visek, 1986; Barbul, 1986) 
but has not been demonstrated in man. Its essentiality is most obvious in the cat 
(MacDonald et al. 1984), presumably because of its poor capacity for renal arginine 
synthesis from citrulline and ornithine of intestinal origin (Lund, 1980; Brosnan, 1987). In 
adult man, this situation does not pertain because, as suggested by Lund, 'synthesis of 
citrulline from glutamine is interesting from the nutritional point of view, because it 
provides an explanation as to why arginine is not an essential amino acid in the adult' 
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(Lund, 1980). The suggestion that arginine might be conditionally essential arose from the 
observations that in mice and rats supplementation markedly improved immune 
responsiveness (Barbul, 1986; Barbul et al. 1990). A prospective controlled clinical trial of 
enteral supplementation (25 g/d) showed increased lymphocyte response to phyto- 
haemagglutinin and patients were maintained in better nitrogen balance than their glycine 
supplemented controls (Daly et al. 1988). Healing of a standard wound inflicted on healthy 
volunteers was more rapid (in a dose response fashion) after arginine supplementation 
(Barbul et al. 1990). Similarly, diets supplemented with arginine, RNA and fish oil reduced 
the incidence of postoperative septic complications and increased lymphocyte phyto- 
haemagglutinin responsiveness in surgical patients (Daly et al. 1992). 

These data suggest a role for arginine in traumatized patients but its mechanism of action 
is probably multifactorial (Kirk & Barbul, 1990). It seems likely that an important action 
of arginine is through its metabolite, nitric oxide. This gas is a potent, short-lived mediator 
which controls endothelial tone (Palmer et al. 1987; Vallance et al. 1989). Its pathway of 
synthesis comprises inducible and non-inducible elements, the former being related directly 
to arginine supply (Aisaki et al. 1989; Moritoki et al. 1992). Local effects of nitric oxide 
generation on gastrointestinal barrier function are marked : in several animal models of 
mucosal injury induced by ischaemia reperfusion or chemical agents it has been consistently 
shown that permeability is increased, or mucosal injury is further potentiated if the 
nitric oxide synthase (EC 1 .14.13.39) inhibitor N”-nitro-L-arginine-methyl ester was 
administered (Boughton Smith et al. 1992; Kubes, 1992, 1993; Miller et al. 1993). In 
addition, nitric oxide stimulates small bowel motility, an important stripping mechanism 
for preventing bacterial enteroadherence (Calignano et al. 1992). These data may explain 
the old observation that L-arginine (but not D-arginine) markedly stimulates net water 
secretion in the perfused jejunum in man (Hegarty et al. 1981), since nitric oxide cannot be 
synthesized from D-arginine (Vallance et al. 1989). It is possible that part of the clinical 
effects of arginine in the studies described above was related to its ability to maintain gut 
barrier function against ingress of bacteria or endotoxins. 

A second aspect of the action of arginine in patients receiving nutrition support is its 
ability to potentiate growth hormone secretion (Merimee et al. 1969). Certainly, growth 
hormone therapy has been shown to reverse negative nitrogen balance, and loss of muscle 
glutamine and functioning ribosomes, in burned and postoperative patients (Wilmore et al. 
1974; Ziegler et al. 1988; Ponting et al. 1990; Hammarqvist et al. 1992). 

It would appear then that whatever the therapeutic mode of action of arginine in trauma 
patients (Barbul et al. 1990), it does not relate to any question of essentiality, since similar 
positive effects of arginine supplementation have been observed in healthy adult volunteers 
(Barbul, 1986). 

O R N I T H I N E  a - K E T O G L U T A R A T E  (OKG) 
OKG comprises two molecules of the dibasic amino acid, ornithine (a urea cycle 
intermediate), and one molecule of a-ketoglutarate (a Krebs cycle intermediate). It has 
been observed to improve nutritional status of selected groups of patients (TrCmolieres et 
al. 1972; Brocker et al. 1985). In two prospective controlled trials, supplementation of TPN 
regimens with OKG improved nitrogen balance and reversed the effects of surgical trauma 
on skeletal muscle (Leander et al. 1985; Hammarqvist et al. 19896). Its mode of action 
(Cynober, 1991) can be described in terms of ‘push-pull’ mechanisms. The ‘push’ 
mechanisms would be the generation of intermediary metabolites with stimulatory or 
permissive effects on macromolecular biosynthesis. These include proline, arginine, 
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Fig. I .  Effect of supplementation of postoperative total parenteral nutrition (TPN) with ornithine a- 
ketoglutarate (OKG) on nitrogen excretion in patients undergoing colectomy. TPN regimens were 
isonitrogenous and contained supplements of either 2.5 g nitrogen as OKG or mixed L-amino acids. 

Upper panel: Cumulative nitrogen balance. Lower panel: Urinary urea and NH,’ excretion. Data 
taken from Leander er al. 1985. 

glutamine, ketoacids and, in addition, polyamines. The ‘pull’ mechanism is represented by 
the stimulation of anabolic hormone secretion, that is insulin and growth hormone 
(Krassowski er a/. 1981; Jeevanandam et a/. 1991). In clinical studies of patients suffering 
from trauma (Jeevanandam et al. 1992), cirrhosis (Lambert, 1982) or in children with 
growth defects (Lecointre & Dailly, 1981), OKG increased average plasma growth 
hormone concentrations (Jeevanandam er al. 1992). 

It is possible that OKG may also exert an influence on nitrogen balance in postoperative 
patients through its influence on acid-base balance. The data shown in Fig. 1 are from a 
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study in which postoperative patients received either standard TPN solutions or TPN in 
which part of the amino acids had been replaced with OKG (Leander et al. 1985). The 
treatment moderated the normal catabolic response to this type of surgery, as it did 
following cholecystectomy (Wernerman et al. 1987). Glutamine or arginine supplemen- 
tation was equally effective (Elsair et al. 1978; Daly et al. 1988; Hammarqvist et al. 19890). 
Excess excretion of urinary nitrogen after injury was inhibited by OKG supplementation, 
which maintained patients in slight positive nitrogen balance (upper panel). Other 
indicators of trauma, such as depletion of intracellular muscle glutamine concentration and 
a reduced number of muscle ribosomes engaged in protein synthesis, were also partly 
reversed (Wernerman et al. 1987, 1990). What is especially intriguing is that OKG reversed 
the mild metabolic acidosis (increased NH,’ excretion) which is a consequence of injury. 

The effect of supplemental a-ketoglutarate on NH, + excretion is most understandable 
because of the reciprocal relationship between NH,’ excretion and renal intramitochondrial 
a-ketoglutarate concentration in acidosis (Lowry & Ross, 1980; Vinay et al. 1980) and 
through its inhibitory effects on renal mitochondria1 glutamine uptake (Goldstein et al. 
1977). The importance of a-ketoglutardte in maintaining NH, + homeostasis is also 
suggested by the relationship between a low plasma concentration and the onset of 
hyperammonaemia in infants with defects in urea cycle enzymes (Batshaw et al. 1980). It 
should also be noted that only OKG, not glutamine or protein, has been shown to 
normalize acid-base balance in starved rats (Ziegler et al. 1992). 

NUCLEIC ACIDS 

Nucleic acids are not thought to be essential nutrients, since pathways exist for synthesis 
of purines and pyrimidines de now. Nevertheless, there is persuasive experimental evidence 
that nucleotide supplementation of enteral (Kulkarni et al. 1986; Uauy et al. 1990) and 
parenteral (Ogoshi et al. 1985; Iijima et af. 1992) nutrients, which are commonly nucleotide 
free, has positive effects on organ growth and the ability of animals to resist infection or 
recover from major surgery. The relevant questions which should therefore be addressed 
relate to the nature of purine and pyrimidine requirements and whether endogenous purine 
and pyrimidine supply can ever be exceeded by demand in the acutely ill patient. 

P U R I N E  A N D  P Y R I M I D I N E  BIOSYNTHESIS ,  S A L V A G E  A N D  
C A T A B O L I S M  

Endogenous purines and pyrimidines are synthesized de n o w  from amino acids and other 
small molecules (D’Mello, 1982 ; Giesecke & Tiemeyer, 1982 ; Zollner, 1982). Pyrimidines 
are synthesized from NH,, CO, and aspartate (the latter being synthesized from glutamine 
in lymphocytes; Wu & Greene, 1992), while purines utilize two amide N of glutamine, 
nitrogen from glycine and aspartate and carbon from CO,, formate, glycine and aspartate. 

Degradation of the 5’-mOnO-, di- and triphosphates occurs through the stepwise removal 
of phosphate and ribose (or 2’-deoxyribose) to form the nucleobases, uracil, cytosine 
(pyrimidines) or hypoxanthine (purines). Salvage of the nucleobases occurs by a single step 
addition of 5-phosphoribosyl-1-pyrophosphate to form the 5’-monophosphate (hypo- 
xanthine-guanosine phosphoribosyl transferase (EC 2.4.2.8). Purine catabolism appears 
to be controlled by intracellular 5-phosphoribosyl- 1-pyrophosphate levels, the activity of 
the phosphoribosylamidotransferase (EC 2.4.2.14) and the intracellular concentrations 
of IMP, AMP and GMP (Zollner, 1982). An adequate intracellular concentration of 
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nucleotide monophosphates will inhibit the first step in purine synthesis, an adequate 
supply of the 5-phosphoribosyl- l-pyrophosphate will activate it. 

R E L A T I V E  R A T E S  OF S A L V A G E  A N D  D E  N O V O  S Y N T H E S I S  OF 
P U R I N E S  A N D  P Y R I M I D I N E S  

Whole animal isotopic studies provide some information. Uptake of dietary purines and 
pyrimidines and their incorporation into tissues is surprisingly modest (D’Mello, 1982). 
Even though there are intestinal transport mechanisms for all four purine/pyrimidine bases 
and nucleosides, their capacity is limited and excess of oral intake is malabsorbed and 
metabolized by colonic luminal microflora (Schanker, et al. 1963; Greife & Molnar, 1983; 
Scharrer et al. 1984; Roden et al. 1991). In contrast, intravenously infused 14C-labelled 
purines are efficiently assimilated into tissue nucleic acids, especially those organs with high 
cell turnover (e.g. salivary, adrenal, thyroid, thymus and pituitary glands and lymph tissue) 
(Savaiano et al. 1980; Ogoshi et al. 1988). The intestine is thus capable of specifically 
modifying dietary nucleotide intake, as has been shown by active incorporation of 
[I4C]adenine into intestinal nucleic acids, whereas guanine, hypoxanthine and xanthine 
were extensively catabolized during transmucosal passage (Sonoda & Tatibana, 1978 ; 
Savaiano & Clifford, 198 1). Furthermore, there is a reciprocal relationship between purine 
intake and de novo synthesis in the gut (LeLeiko et a/. 1979, 1983) which only holds when 
there is an adequate dietary protein intake to supply substrate for de novo synthesis (Gross 
et al. 1988; Ghiggeri et al. 1990). 

Studies of turnover of cellular RNA also provide some information in that attempts to 
measure precursor enrichments in incorporation studies have shown precursor pool 
compartmentation with different precursor pools for mRNA and rRNA synthesis 
(small/non-expandable and large/expandable) in Ehrlich ascites cells (Genchev et al. 1980), 
HeLa S3 cells (Wiegers et a/. 1976), regenerating rat liver (Ove et al. 1966) and rat 
hepatoma cells (Losman & Harley, 1978). The small pool is nucleolar (rRNA synthesis) 
and supplied mainly by de novo synthesis (Wiegers et al. 1976) while the large pool can be 
supplied by either de novo synthesis or by salvage of exogenous supply (Goody & Ellem, 
1975). 

Extensive salvage of nucleotides would mean that RNA turnover studies involving 
isotopic decay would result in isotope reutilization and underestimation of turnover 
compared with incorporation methods. In fact, incorporation studies by this author and 
others (Grimble & Millward, 1977; Grimble, 1981 ; Morgan et al. 1985), using [14C]methyl- 
methionine as the methylation precursor for rRNA in liver, skeletal muscle and heart in an 
attempt to circumvent the problem of compartmentation, indicate calculated rates of 
turnover which are surprisingly independent of the isotope or method of administration, 
suggesting that de novo synthesis of purines and pyrimidines in vivo makes a small 
contribution to the supply of RNA precursors. 

N U C L E O T I D E  R E Q U I R E M E N T S  F O R  C E L L U L A R  G R O W T H  
Circumstances associated with marked increases in cellular growth such as the 

regenerating liver (Loeb & Yeung, 1975), regrowth of the contralateral kidney following 
unilateral nephrectomy (Hill et al. 1974), ‘catch-up’ growth of muscle in protein depleted 
animals (Millward et al. 1975) or work induced skeletal muscle hypertrophy (Laurent et al. 
1978) all have the common feature of early and extensive changes in cellular ribosome 
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content or ribosome synthesis which usually precede those of protein, often by a 
considerable margin (Grimble, 1981 ; Bates er al. 1983 Ashford & Pain, 1986). Ribosomal 
RNA is the most abundant species and accounts for the largest requirement for de now 
synthesis and salvage of purines and pyrimidines. In these circumstances in which many- 
fold increases in ribosome synthesis occur there are obvious demands for nucleotide 
precursors, although reduction in nucleolar wastage of 45s precursor rRNA (pre-rRNA) 
may limit the requirements for de novo synthesis of purines and pyrimidines (e.g. Hill, 
1975). Similar considerations apply to cells of the immune system, which must also increase 
ribosome synthesis before cell division and immunoglobulin synthesis can occur. In vitro 
stimulation of cultured lymphocytes with phytohaemagglutin, a widely used assay for 
immune competence in postoperative patients (Daly et ul. 1992), represents an extreme 
anabolic stimulus since the rate of ribosome synthesis increases rapidly, 1G50 times that 
seen in resting lymphocytes (Cooper, 1972). De n o w  synthesis provides most of the 
nucleotide flux for increased RNA and DNA synthesis in the phytohaemagglutinin 
stimulated lymphocyte as suggested by the limited ability of exogenous nucleobases and 
nucleosides (i.e. the salvage pathway) to relieve inhibition of growth by limiting amounts 
of glutamine in the culture medium (de novo pathway; Szondy & Newsholme, 1990). 

E X O G E N O U S  N U C L E O T I D E S  I N  GROWTH-ESSENTIAL O R  N O T ?  
In all of these growth or inflammatory circumstances, whilst the requirements for nucleic 
acid synthesis may be a small component of overall cellular needs for substrate, because 
RNA synthesis precedes any changes in protein synthesis it is of paramount importance. 
Where protein intake is adequate, de n o w  synthesis may well provide the main source of 
nucleotides for nucleic acid synthesis. Although it can be suppressed by dietary purine and 
pyrimidine supply, the degree to which this occurs depends on the tissue type. Liver and gut 
behave differently. In liver dietary purines increase the activities of salvage and catabolism 
pathways simultaneously. Also when protein intake is reduced, salvage is increased. 
Ribosomal RNA production appears to rely more heavily on de n o w  synthesis than does 
mRNA or tRNA synthesis, indicating that this major component of RNA turnover is, like 
protein turnover, controlled by the dietary amino acid supply. In contrast the gut, which 
has only a low capacity for de now synthesis, is dependent on the liver for its supply of 
nucleotides. Thus lack of dietary purines and pyrimidines will only switch on de now 
synthesis in this tissue to a limited extent, and the salvage pathway assumes a greater 
importance as a means of recycling purines and pyrimidines released by nucleic acid 
catabolism. Indeed, it could be argued that because of the reliance of rRNA synthesis on 
de n o w  pathways, and the low levels of these pathways in the enterocyte, cell turnover 
should be particularly sensitive to any limitation of purine and pyrimidine supply. 

E V I D E N C E  F O R  A P O S I T I V E  R O L E  FOR D I E T A R Y  N U C L E O T I D E S  
I N  C L I N I C A L  N U T R I T I O N  

Most enteral and all parenteral regimens have lacked nucleotides. Furthermore, few 
patients acutely admitted to hospital are adapted to such a diet and are presumably more 
reliant on exogenous (salvage) pathways due to a pre-existing intake of purine- and 
pyrimidine-rich foods. Does nucleotide supplementation have any clinical significance in 
allowing such patients to mount an appropriate inflammatory response to trauma or 
sepsis? Dietary supplementation with nucleotides, nucleosides or nucleobases can improve 
growth rate and nitrogen retention in young animals (Gyorgy, 1971 ; Greife et al. 1984). 
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Furthermore, four lines of evidence suggest that supplementation with dietary or parenteral 
nucleotides/nucleosides may be of clinical significance. 

Infection and immune function 
Overall, experimental studies of the effects of nucleotide supplementation on immune cell 

responsiveness have been difficult to relate to the clinical setting. On the one hand the whole 
animal studies which show reduced mortality after nucleotide supplementation are highly 
suggestive. Thus mean survival time after i.v. injection of Candida albicans in mice receiving 
a nucleotide free diet was significantly increased with additions of yeast RNA or individual 
nucleobases (Fanslow et al. 1988). In contrast nucleotide free diets were immunosuppressive 
in irradiated mice studied in terms of the degree of fatal graft v. host reactions (Kulkarni 
et al. 1986), since mortality from reactions was significantly reduced and the nucleotide free 
diets reduced the responsiveness of lymphocytes to phytohaemagglutinins to a very marked 
extent. 

Liver regeneration 
It would appear that repair and growth in the liver, a major organ of purine and 

pyrimidine biosynthesis, can be improved by providing an external supply of preformed 
nucleotides and nucleosides. Thus, supplementation of TPN regimens with nucleotides and 
nucleosides (as 10% of amino acid nitrogen), given after 70% hepatectomy in rats, 
significantly improved postoperative nitrogen balance and whole body protein turnover 
and synthesis (Ogoshi et al. 1990). Supplementation also reduced the extent of 
galactosamine induced liver injury (Ogoshi et al. 1988). 

Intestinal repair 
Nucleotide supplementation has been shown to improve parameters of intestinal 

maturation in weaning rats (Uauy et al. 1990) and can partly reverse the mucosal damage 
secondary to chronic lactose administration to rats, at least in terms of a partial restoration 
of the atrophy of the small intestine at  both proximal and distal ends (Nunez et al. 1990). 
The intestinal atrophy which results from TPN (Richter et al. 1983) can be partly reversed 
by nucleotide supplementation of the intravenous regimen in rats (Iijima et al. 1993). 

E X O G E N O U S  N U C L E O T I D E S  I N  C L I N I C A L  

It is evident from the above that no clear conclusion can be reached as to whether dietary 
nucleotide supplementation is likely to be of benefit in the clinical setting. This has not 
prevented the formulation and use of specific ‘stress diets’ which include nucleotide 
supplementation (with arginine and fish oil), with promising results in postoperative 
patients (Daly et al. 1992). Indeed, the teleological argument has been advanced to explain 
reciprocal increases and decreases in liver and gut consumption, respectively, on the 
grounds that increased liver uptake reflects the need to supply nucleotide precursors and 
glutathione for cell repair in the gut and liver (Austgen et al. 1991). Normal diets probably 
provide sufficient purines and pyrimidines to allow for any such limitation ; indeed, 
‘requirements’ are probably quite modest given the tight metabolic control of purine 
synthesis and degradation and low utilization of dietary sources. TPN or enteral nutrition 
is unusual in that no purines or pyrimidines are given even though the patient’s pre-existing 
diet would have conditioned purine and pyrimidine metabolism to ‘salvage’ rather than de 
now synthesis. 

S I T U  A T  I ONS-ESS EN T I A L 0 R NOT?  
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The few relevant studies cited above are quite persuasive and can only serve to promote 
further studies, especially those with involvement of the gut (barrier function) or immune 
system. 

SHORT C H A I N  FATTY A C I D S  

M E T A B O L I C  I M P O R T A N C E  O F  S H O R T  C H A I N  F A T T Y  A C I D S  I N  
T H E  C O L O N  

Production of SCFA in the colon occurs during fermentation by colonic microorganisms. 
The colonic luminal bacteria, described as an ‘organ-within-an-organ’, and the associated 
luminal SCFA develop slowly during the first two years of life in human infants (Midtvedt 
& Midtvedt, 1992), at  a rate which depends on the diet with marked differences between 
breast fed and formula fed infants. Thus the process is complete by 1 month in formula fed 
infants and by 9 months in the breast fed infant in whom there is better absorption of 
macronutrients from breast milk and a relative lack of colonic luminal nutrients. Indicators 
of fermentation of malabsorbed protein (iso- and n-valeric acids) are not fully adapted until 
16 months of life (Midtvedt & Midtvedt, 1992). 

It is important to recognize that SCFA may not necessarily be the major organic anion 
group generated within the colonic lumen. Analysis of luminal organic acids is usually by 
gas chromatography which will only detect the volatile SCFA, not lactate and the 
dicarboxylic acids. Although SCFA make a substantial contribution to the tonicity of 
luminal contents (260 mOsm/l and 180 mOsm/l in the caecum and rectum respectively 
(Cummings et al. 1987)), and faeces (Hammer et al. 1989), in inflammatory bowel disease 
colonic fermentation and absorption patterns may be so disrupted that SCFA become a 
minor component of the faecal stream with lactate, fumarate, succinate and malate making 
the major contribution to osmolarity (Vernia et al. 1988). 

It is also important to recognize that substrate for colonic fermentation includes a 
considerable endogenous component (mucins and urea nitrogen) as well as exogenous fibre 
and poorly digested protein (Chacko & Cummings, 1988). This may explain the discrepancy 
between estimated dietary ‘fibre’ intakes and the amount of fermentable substrate which 
needs to be consumed by luminal bacteria (- 70 g/d) to produce the bacterial mass in 
normal human faeces (Smith & Bryant, 1979). 

SCFA play an important role in colonic water and electrolyte (mainly Na’) uptake which 
accompanies SCFA transport across jejunal and colonic mucosa. This transport involves 
both active transport of unprotonated SCFA (Na+ exchanged for H’ and C1- exchanged 
with butyrate) and passive diffusion of protonated SCFA down a concentration gradient 
(Ruppin et al. 1980; Binder & Mehta, 1989; Watson et al. 1990). The existence of passive 
diffusion of SCFA may explain why inflammatory bowel disease (which reduces colonic 
uptake of organic anions) markedly depresses absorption of lactate, fumarate, malate and 
succinate which are predominantly absorbed by active transport processes, but has a lesser 
impact on SCFA uptake (Vernia et al. 1988). The capacity of the colonic luminal bacteria 
to ferment non-absorbed disaccharides such as lactulose (Hammer et al. 1989) and lactitol 
(Patil et al. 1987) and for the colon to absorb SCFA is limited ( -  80 g/day) and above this 
level of intake osmotic diarrhoea will ensue. Thus, at lower levels of intake of fermentable 
carbohydrate, SCFA generated by luminal bacteria aid the process of dehydrating the 
faecal stream and salvage 90% of the water and electrolytes which enter the colon from the 
small intestine (- 1350 ml/day). Interference of this process by some antibiotics (most 
notably ampicillin, erythromycin, clindamycin and metronidazole) may explain the 
association of their use with diarrhoea in enterally fed patients (Keohane et al. 1983; Rees 
et al. 1985; Guenter et al. 1991). 
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SCFA, notably butyrate, are also important for the epithelial cells of the caecum and 
colon. As a precursor for ketone production, not shared with acetate and propionate 
(Henning & Hird, 1970; Windmueller & Spaeth, 1978) butyrate appears to be preferentially 
used by colonocytes (Roediger, 1980) compared with other metabolic fuels (e.g. glucose 
and glutamine). I t  specifically promotes proliferation and differentiation of colonic 
epithelial crypt cells (Young & Gibson, 1991 ; Scheppach et al. 1992), modulates the cell 
cycle by down-regulating N-ras oncogene expression and the proliferative potential of 
cultured human colon tumour cell lines (Niles et al. 1988; Tanaka et al. 1989; Kruh et al. 
199 l), and induces cellular differentiation in terms of expression of surface hydrolases and 
glycosylated cell surface components (Siddiqui & Kim, 1984), whilst reducing expression of 
surface tumour specific antigens (Niles et al. 1988). 

It would be expected therefore that an intraluminal supply of butyrate is important for 
colonic repair and this has been demonstrated by Rombeau and colleagues (Kripke et al. 
1989) in relation to the promotion of healing of the rat colon after surgical resection and 
re-anastomosis. Chronic intraluminal delivery of butyrate increased the cellularity of the 
colonic epithelium and improved burst strength of the anastomotic wound (Rolandelli et 
al. 1986; Kripke et al. 1989). Intravenous SCFA, however, were trophic to the small 
intestinal but not the colonic mucosa (Koruda et al. 1988). Thus this is a unique aspect of 
luminal butyrate and contrasts with the role of other luminal nutrients such as glucose 
(Fernandez Lopez ef al. 1992), amino acids (Egan & Rennie, 1986) and glutamine 
(Windmueller, 1982) which appear to be supplied for metabolism by absorptive cells from 
arterial blood, rather than from the intestinal lumen. 

The third important role of SCFA is in the regulation of colonic blood flow. Acetate, the 
major SCFA produced by fermentation, has the most marked stimulatory effect (Mortensen 
et al. 1990), although absorption of several other luminal nutrients, including glucose and 
glutamine, is accompanied by increased regional blood flow to the intestine (Qamar rf al. 
1986; Crissinger & Burney, 1992; Flynn et al. 1992). It is therefore difficult to disentangle 
the contribution of direct metabolic trophism of the SCFA and the consequences of 
regional stimulation of the intestine through increased blood flow. 

T H E  C L I N I C A L  S I G N I F I C A N C E  O F  S C F A  S U P P L E M E N T A T I O N  
OF C O L O N I C  L U M I N A L  C O N T E N T S  

Given the importance of SCFA for water and electrolyte transport, increased colonic 
supply might be thought to reduce diarrhoea. However, recent prospective trials have 
shown that supplementation of enteral formulae with fermentable fibre has little effect on 
the incidence of diarrhoea (Guenter et al. 1991). Benefits from the presence of luminal 
SCFA have been reported, however, and may relate to the maintenance of normal mucosal 
cellularity. The concept o f ‘  bowel rest’ following surgery or during inflammatory episodes 
of Crohn’s disease was developed to suppress the activity of luminal aggressive factors such 
as bile and pancreatic secretions on inflamed or healing tissue. However, where part of the 
large intestine is surgically diverted from the intestinal luminal stream, even though these 
aggressive factors are absent from the lumen, diversion colitis can occur. Restoration of the 
continuity of the faecal stream by re-anastomosis has been shown to reduce colitis in the 
affected segment (Korelitz et al. 1984). This has led to the suggestion that the key luminal 
factor, whose absence may lead to colonic ‘starvation’, is butyrate, since its instillation into 
the diverted loop of intestine has been shown to reduce inflammation (Roediger, 1990). In 
the intact gut, Kasper and colleagues have demonstrated that 2 weeks of treatment with 
rectal enemas of 100 mmol/l sodium butyrate normalized the histological appearance of 
the distal colon in patients with steroid resistant ulcerative colitis and halved the frequency 
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of defecation, presumably because the water absorbing function of the mucosa was restored 
(Scheppach et al. 1992). There is a clear need for studies of this type, in patients undergoing 
large bowel surgery, to determine if luminal irrigation at the time of surgery and 
postoperatively will influence outcome. 

CONCLUSIONS 

According to the criteria defined in Table 1, glutamine, arginine and related metabolites can 
only be defined as 'conditionally-essential' if they correct clinical abnormalities. The major 
conceptual dilemma in their definition as conditionally essential nutrients is that the human 
frame is capable of producing them in abundance. It can be argued that trauma causes the 
reductions in plasma and intracellular glutamine concentrations and in muscle protein 
synthesis, and that the flow of glutamine merely follows the direction of metabolic acidosis 
and associated cellular/plasma Naf and K' distribution. In other words, glutamine flows 
reflect a new metabolic set point, not that the set point results from glutamine deficiency. 
This point is important because supplements of compounds related to glutamine (ornithine 
and a-ketoglutarate) have been shown to normalise post-surgical metabolism as effectively 
as supplements of glutamine itself, even though these compounds are not nutrients. I t  may 
therefore be safer to define these compounds as pharmaceutical agents, not as essential 
nutrients. For arginine, until the mechanisms of its effects are better understood, its 
definition as a conditionally essential nutrient remains problematic. 

Purine and pyrimidine requirements are also difficult to define as there is little evidence 
to suggest essentiality, especially since the capacity for de now synthesis is high. However, 
it is conceivable that in the period after injury it would be prudent to continue providing 
purines and pyrimidines as nutrients on the grounds that prior nutrient intake has 
suppressed the enzymes of the de now pathway. Several studies have suggested beneficial 
effects of nucleotide supplementation on tissues which are undergoing rapid cell division or 
repair. 

Short-chain fatty acids are the only nutrients which can be classed as essential on the 
grounds that organ function is impaired by their absence. This relates to the fact that no 
alternative pathway for butyrate synthesis exists apart from that provided by colonic 
luminal bacteria. The use of antibiotics and parenteral or low residue enteral nutrition in 
hospitalized patients will all lead to reduced SCFA production, compared to pre- 
admission levels. As has been described, this can impair one aspect of organ function (water 
and electrolyte handling) and SCFA deficiency may be implicated in the aetiology of 
inflammatory bowel disease. 
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