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Summary: In man the major pathway for the disposal of waste nitrogen is the
urea cycle; in inborn errors of this pathway, nitrogen flux is reduced. As a
result there is accumulation of ammonia and glutamine with disordered metab-
olism of other amino acids. Nitrogen homcostasis can be restored in thesc
patients with a low-protein diet combined with compounds that create alterna-
tive pathways for nitrogen excretion. The introduction of these compounds has
been a major advance in the management of these inborn errors and as a result
the outcome, particularly for those treated early, has improved.

THE UREA CYCLE

Surplus nitrogen cannot be stored and has to be excreted. In mammals the major
pathway for the metabolism of waste nitrogen is the urea cycle. In children on a
protein intake of 1.25 g/kg, about 50% of the urinary nitrogen is cxcreted as urea
(Brusilow and Maestri 1996). Quantitatively, 1 g of protein contains approximately
0.16 g of nitrogen which, if catabolized completely, will be converted to 5.7 mmol of
urea.

The net effect of the urea cycle is to convert two nitrogen atoms derived from
ammonia and aspartate to urea. The biochemical steps in the cycle are shown in
Figure 1. Ammeonia is probably derived [rom several sources (Brusilow and Horwich
1995} and is converted to carbamoyl phosphate by carbamoyl-phosphate synthase.
This enzyme requires an allosteric activator N-acetylglutamate for full activity. The
carbamoyl phosphate condenses with ornithine to form citrulline which then reacts
with aspartate to form argininosuccinate. This compound is then hydrolysed to
arginine and fumarate. The arginine is cleaved by arginase, releasing urea with orni-
thine being reformed. Within the urea cycle, ornithine acts as a carrier, being neither
formed nor lost.

INBORN ERRORS OF THE UREA CYCLE

Defects of each step have now been described and are listed in Figure 1. The presen-
tation is highly variable: those presenting in the newborn period usually have an
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overwhelming illness but it may be subtle in those who present later in childhood or
adult life (Brusilow and Horwich 1995; Leonard 1995). As a result of the inborn
error, the flux in the pathway is reduced and all the defects are associated with
hyperammonaemia and increased concentrations of glutamine in plasma (Brusilow
and Horwich 1995). The metabolism of other amino acids is disordered depending
on the site of the metabolic block. The concentrations of amino acids in the
pathway immediately proximal to the enzyme defect will be increased and of those
beyond the block decreased (Figure 1). For many vears the mainstay of treatment
was a low-protein diet but the metabolic contro! was frequently not satisfactory.
The development of compounds that increase the excretion of nitrogen by alterna-
tive pathways has been an important breakthrough in the management of these
disorders (Brusilow et al 1979).

NEUROTOXICITY OF UREA CYCLE INTERMEDIATES

Ammonia increases the transport of tryptophan across the blood-brain barrier with
consequent increase in the production and release of serotonin (Bachmann and
Colombo 1983). Some of the symptoms of hyperammonaemia can be explained on
this basis and restriction of dietary tryptophan reverses some symptoms, particu-
larly anorexia, in patients with these disorders (Hyman et al 1987). Ammonia
induces many other electrophysiological, vascular and biochemical changes in
experimental models, but it is not known to what extent these are relevant to the
problems of hyperammonaemia in man (Surtees and Leonard 1989).

Glutamine can also be shown to accumulate at high concentrations both in
experimental models (Brusilow and Horwich 1993) and also in man in vive using
proton nuclear magnetic resonance spectroscopy (Conuelly et al 1993). The concen-
trations are such that the increase in osmolality could be responsible for changes in
the intracetlular water content and cerebral oedema.

Figure 1 (opposite) Pathways for the disposal of waste nitrogen: The urea cycle and alterna-
tive pathways of nitrogen excretion

Enzymas Inborn error of metabolism
1. Carbamoyl-phosphate synthase  Carbamoyl-phosphate synthase
deficiency
2. Ormnithine transcarbamoylase Ornithine transcarbamoylase deficiency
3. Argininosuccinate synthetase Citrullinaemia
4. Argininosuccinate lyase Argininosuccinic aciduria
5. Arginase Arginase deficiency
6. N-Acetylglutamate synthase N-Acetylglutamate synthase deficiency

Benzoate and pheaylbutyrate are activated, conjugated to glycine and glutamine respectively
and excreted, thcreby creating an alternative pathway for nitrogen excretion
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_“The-clinical problems of arginase deficiency-are distinct from:other.urea cyele
dlsorders and’ it seems’ probable that' the high' arginine: concentrations are
neurotoxic, although the mechanism is unknown. Arginine deficiency may also con-
tribute to the same symptoms in other disorders (Kline et al 1981)..

TREATMENT

The 'aim"of trejamiém is 1o ‘correct the biochemical abnormalities and yet at the
same time ‘ensure that-all the mitritional needs are met. The strate‘gies used are to
reduce protein intake to réduce the mtmgen flux through the urea cycle; secondly to

utilize alternative pathways of nitrogen excretion; and thirdly to replace nutrients
that are deficient.

Low-protein diet ;

Most paﬁents with urea cycie disorders reqmre a low-pmtem diet. The exact quan-
tity of protein ‘will dcpend on the inborn error, the age of the patwmt and the'sever-
ity of the ‘disorder. For some panents, partxcﬁlarly ﬂwse with severe dxscarders and
those with markcd protem aversmn, the. diet’ may need to be- suppiemented with
eswnﬂal amma acids (Brusilow and Horwich 1995; Leonard 1995); -

Alternative paih‘wafé‘ féi* nitfiagén‘ eﬁcretian

In many patients diet akme is not sufficient to’ c(mtml the metabolic derangement,
so that additional therapy is necessary. A major advance in this field has bean the
development of compmmds that increase the removal of waste nitrogen (Bmsxlaw at
al 1979). By giving these substances, nitrogen is converted to compounds other than
urea and is excreted. Hence the load on the urea cycle is reduced (Figure 1). The first
compounds’ introduced” were arginine and sodium benzoate..Later ‘phenylacetate
was used but this has now been superseded by phenylbutyrate.

Sodium benzoate:** Benzoate  is” c{)njugated -with * glycine " to* form hlppuratc
(Tremblay and Qureshi 1993) which is rapidly ‘excreted in the urine (Figure 1). The
possibility that sodium-benzoate could be used to increase waste nifrogen excretion
was first recognized by Lewis early this century (Lewis 1914) and it is well snited for
this because its renal clearance is five times the glomerular filtration rate (Bmmlew
et al 1979). For each mole of bmmate given, 1 mole of nitro gen is rem(}ved In practi-
cal terms 1g of benzoate would, if completely converted to hippurate and excreteti,
E result in the removal of the eqmvalent of 0.6 g protein. Sntor A

Sodium benzoate is usually given in doses up to 250 mg/kg per day;- hut in acute
emergencies: this can be.increased to 500mg/kg per day. Following a-dose of
250 mg/kg, the nitrogen removed by sodium benzoate, if conjugation is complete,
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will be equivalent 0.15 g/kg of protein. Plasma ammonia and glutamine concentra-
tions decrease (Brusilow and Maestri 1996). This, combined with a low-protein diet,
may be sufficient in those with mild defects and it has been used widely with henefi-
cial effects (Batshaw 1983; Letarte et al 1985; Takeda et al 1983).

Pharmacokinetics: Studies of the pharmacokinetics have shown that benzoate is
rapidly converted to hippurate which is then cleared more slowly (Kubota and Ishi-
zaki 1991). In this study, the mean maximum rate of clearance was 23mg/h per kg,
which is close to the maximum dose used clinically. However, there is wide variation
in the recovery of the benzoate reported, which may be as low as 41% (Barshop et
al 1989). The reasons for this have not been investigated, although a small quantity
may be excreted as the glucuronide, which will reduce its efficacy. Studies of patients
on their regular medication confirm that sodium benzoate is rapidly converted to
hippurate but cleared more slowly (Figure 2). It has been recommended that plasma
concentrations should not exceed 4.5mmol/L. (Simell et al 1986). In the neonatal
period, induction of hippurate synthesis may be delayed, so that plasma benzoate
concentrations may reach potentially toxic concentrations and should therefore be
monitored (C. Bachmann, personal communication).

Adverse effects: In animal studies sodium benzoate induces a rise in plasma
ammonia concentrations coupled to a decrease in ATP and acetyl-CoA (Palekar
and Kalbag 1991). This was thought to be caused by competition for free CoA (Griffith
et al 1989) and the effect could be reversed with N-carbamoyl glutamate or carnitine
(O’Connor ¢t al 1987, 1989). In sparse-fur mouse benzoate impairs several mito-
chondrial pathways including the urea cycle, fatty acid oxidation and the citric acid
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Figure 2 Late-onset ornithine transcarbamylase deficiency in a bay (S.H.} treated with
sodium benzoate (375mg/kg per day). Profile of plasma benroate and hippurate during
routine therapy. Arrows indicate each dose of 125mg/kg
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