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Summary. Citrulline is a non protein amino acid involved in three important 
metabolic pathways, the intrahepatic transformation of ammonia to urea, the 
de novo synthesis of arginine from glutamine in gut and kidney, the nitric 
oxide synthesis. The two first pathways use the same enzyme activities but are 
regulated in different way. This review describe these pathways and their 
regulation in different tissues. In the light of our knowledge we tried to 
explain the physiological and pathological (inherited or acquired) variations 
in man. 

Keywords: Amino acids - Citrulline 

Introduction 

Citrulline is a non protein amino acid formed in the urea cycle pathway by 
condensation of ornithine and carbamoylphosphate (Fig. 1). Its formation is 
catalysed by ornithine transcarbamoylase (OTC, EC 2.1.3.3), which is local- 
ized in mitochondria of hepatocytes and enterocytes (Jones et al., 1961). 
Recently a new enzymatic reaction for biosynthesis of citrulline from arginine 
was described in endothelial cells (Moncada, 1992); this reaction is catalysed 
by a family of enzymes, known as the nitric oxide synthases. Citrulline formed 
by the above reactions is used for arginine synthesis in almost all tissues and 
for urea synthesis in liver tissue only. Citrulline is found as a free-amino acid 
in plasma and it is present in many other physiological fluids such as urine, 
cerebrospinat fluid, amniotic fluid and sweat. Its concentration in plasma 
reflects the activities of the enzymes involved in its synthesis and subsequent 
utilization in different tissues. Citrulline, like other ~-amino acids may be 
measured by ninhydrin coloration after ion-exchange chromatography. 

(H2N--C--NH) 
Citrulline also has an ureido group El and, after urease treat- 

O 
ment of the biological fluids (Kamoun et al., 1983) this chemical group allows 
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Fig. 1. Urea synthesis in liver tissue and its regulation. Ac-CoA acetyl-CoA; Pr-CoA 
propionyl-CoA; Pyr pyruvate, OA oxaloacetate, 2KG 2-ketoglutarate; NAG N- 
acetylglutamate, CP carbamoylphosphate; ASA argininosuccinic acid. Enzymes = @ 
carbamoylphosphate synthetase I; @ ornithine transcarbamoylase; @ argininosuccinate 
synthetase; @ argininosuccinate lyase; @ arginase; @ N-acetylglutamate synthase; @ 

glutaminase; @ pyruvate dehydrogenase; @ pyruvate carboxylase 

direct measurement of citrulline by the diacetylmonoxime method, normally 
used for urea measurement (Ceriotti and Spandrio, 1965). The aim of this 
review is to show the complex metabolism of this amino acid, its physiological 
and pathological variations and to explain the mechanism of these variations. 

Citrulline metabolism 

Figure 2 shows tissular distribution of citrulline metabolism in which 
three organs (liver, small intestine and kidney) play different functions. In 
the liver citrulline is a metabolic intermediate involved in the elimination 
of one toxic compound (ammonia) through another non-toxic one (urea). 
The small intestine uses glutamine to produce almost all the circulating 
citrulline which is then used in kidneys to synthesize arginine. Other tissues 
such as brain, leukocytes and lymphocytes can also produce arginine from 
citrulline. 
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The biosynthesis of citrulline 

The enzymes 

Citrulline is synthesized in the mitochondria of the hepatocytes and the 
enterocytes (Fig. 1). Three enzymes control this synthesis: N-acetylglutamate 
synthase (NAGS, EC 2.3.1.1), carbamoylphosphate synthetase I (CPS-I, EC 
6.3.4.16) and ornithine transcarbamoylase. In mitochondria, one molecule 
of ammonia is condensed to one molecule of bicarbonate to give 
carbamoylphosphate. This first reaction, driven by ATP, is catalysed by 
CPS-I, an enzyme localized in the mitochondrial matrix of hepatocytes 
and enterocytes (Gamble and Lehninger, 1973; Clarke, 1976; Raijman and 
Jones, 1976; Knecht et al., 1979). The nitrogen substrate is restricted to 
NH3. Glutamine is not used as a substrate. CPS-I needs an obligate and 
specific activator, N-acetylglutamate (NAG) (Grisolia and Cohen 1953; 
Hall et al., 1958). This cofactor is synthesized in the mitochondrial matrix by 
the N-acetylglutamate synthase (Shigesada and Tatibana, 1971a, 1971b, 1978; 
Sonoda and Tatibana, 1983), an allosteric enzyme using L-arginine as an 
activator. This enzyme seems to be localized only in hepatocytes and 
enterocytes (Shigesada and Tatibana, 1971b). The second reaction, forming 
citrulline, is catalysed by ornithine transcarbamoylase, an enzyme also present 
in the mitochondrial matrix (Gamble and Lehninger, 1973) of hepatocytes 
(Jones et al., 1961) and enterocytes (Jones et al., 1961; Raijman, 1974; Hall 
et al., 1960; Herzfeld and Raper, 1976). The specific activity of OTC is 
about 40 to 50 times higher than that of CPS-I. Citrulline synthesis is also 
controlled by the mitochondrial transport systems for ornithine (Gamble 
and Lehninger, 1973; Chappel et al., 1972; Bradford and Mc Givan, 1980) 
the second substrate of OTC and those for N A G  (Meijer et al., 1982) and 
arginine (Freedland et al. 1984), the latter being the activator of N A G  
synthase. 

Other pathways of biosynthesis 

Citrulline biosynthesis can be performed directly from arginine. This reaction, 
catalysed by a group of enzymes called NO-synthases, produces nitric oxide 
(NO) (Moncada, 1992): 

L-arginine + 02 ~ L-citrultine + NO 

The NO-synthase isoenzymes are located in the cytosol and need 
two cofactors: N A D P H  and tetrahydrobiopterine. They are specifically 
inhibited by a methylated derivative of arginine, the N-monomethyl- 
L-arginine. First identified in macrophages, (Hibbs et al., 1987; Iyengar R. et 
al., 1987), these NO-synthases were later found in endothelial cells. The nitric 
oxide formed in endothelial cells has relaxing properties on these cells 
and so is called "endothelium-derived relaxing factor" or "EDRF-nitric 
oxide". It has an activating effect on guanylate cyclase of target cells. In 
man, urinary excretion of nitrate may be a good indication of the amount of 



Metabolism of citrulline in man 303 

citrulline synthesized by this pathway. In kidneys, citrulline can also be 
produced from dimethylarginine in another pathway, catalysed by the 
NG,N°-dimethylarginine dimethylaminohydrolase (Ogawa et al., 1989). 

Utilization of  citrulline 

Citrulline leaves the mitochondrial matrix of hepatocytes and enterocytes by 
a transport system which allows its equimolar exchange with ornithine 
(Chappel et al., 1972; Bradford and Mc Givan, 1980). In the cytosol, citrulline 
is condensed to aspartate to give argininosuccinate, a precursor of arginine 
and urea. Three enzymes are involved in the transformation of citrulline into 
urea and ornithine: argininosuccinate synthetase (ASS, EC 6.3.4.5), 
argininosuccinate lyase (ASL, EC 3.5.3.1) and arginase (EC 3.5.3.1). Cytosolic 
concentration of aspartate is regulated by the activity of mitochondrial 
pyruvate carboxylase (PC, EC 6.4.1.1) which synthesizes oxaloacetate, co- 
substrate of the aspartate aminotransferase (EC 2.6.1.1). Pyruvate 
carboxylase is an allosteric enzyme, which uses acetyl-CoA as an activator. As 
NAG synthase activity, pyruvate carboxylase activity is dependent on fatty 
acid fi-oxidation, pyruvate dehydrogenase activity and the presence of acyl- 
CoAs (propionyl-CoA, methylmalonyl-CoA) (Scrutton, 1974) which compete 
with acetyl-CoA. 

Regulation of  citrulline metabolism - The role of  different tissues 

Citrulline is an intermediate formed during urea synthesis in the liver 

Liver is the only tissue containing the six enzymes which allow urea synthesis 
from ammonia. In these conditions citrulline produced in liver mitochondria 
is immediately transformed into arginine and urea. Liver is not able to export 
citrulline. Short-term regulation of liver citrulline synthesis depends on two 
factors: CPS-I activity and availability of ornithine (Meijer, 1979; Meijer and 
Hensgens, 1982; Mc Givan et al., 1976). Intramitochondrial activity of CPS-I 
seems to be regulated by the concentration of two of its substrates, ATP and 
ammonia (as NH3) and its allosteric activator (NAG) and by the presence of 
some acyl-CoAs (propionyl-CoA, methylmalonyl-CoA). ATP is a key factor 
in the short-term regulation of this step because: (a) its concentration is 
controlled by the activity of the respiratory chain, (b) it is the substrate of 
other reactions (pyruvate carboxylase, argininosuccinate synthetase) in com- 
petition with CPS-I, (c) its hydrolysis gives ADP and inorganic phosphate, 
two inhibitors of CPS-I (Elliot and Tipton, 1974b), (d) N-acetylglutamate 
binding on CPS-I is dependent on ATP concentration (Elliot and Tipton, 
1974a). The mitochondrial concentration of ammonia, the only nitrogen 
substrate of CPS-I, is limiting in physiological conditions. In normal physi- 
ological conditions ammmonia concentration is of the same order (0.3 - 
0.7raM) in portal blood (Mc Dermot, 1957; Warren, 1959; Brosnan, 1976) and 
in liver cells (Brosnan, 1976). However a large part of the intracellular amino- 
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nia seems metabolically inert (Sainsbury, 1980; Wanders et al., 1980) and 
efficient NH3 intramitochondrial concentration is lower than the Km value for 
CPS-I. For this reason, the reaction catalysed by CPS-I, should be the limiting 
step of citrulline synthesis. N-acetylglutamate, the allosteric activator of CPS- 
I, is also a key factor in the regulation of citrulline synthesis (Elliot and 
Tipton, 1974a; Grisolia and Cohen, 1953). For a given ammonia concentration 
the synthesis rate of carbamoylphosphate depends on N A G  concentration. 
Several studies on whole animal (Tatibana and Shigesada, 1976; Saheki et al., 
1977; Shigesada et al., 1978; Saheki et al., 1978; Stewart and Walser, 1980) or 
on isolated hepatocytes (Zollner, 1981; Hensgens et al., 1980; Aoyagi et al., 
1979; Martin-Requero et al., 1983) have showed that citrulline (and urea) 
synthesis is correlated to the intracellular amount of NAG. Under these 
experimental conditions it is not possible to define exactly the role of NAG in 
the regulation of citrulline (or urea) synthesis. Indeed the concentration of 
some other metabolites such as ornithine, aspartate or arginine (Saheki et al., 
1977; Stewart and Walser, 1980; Saheki et al., 1978) changes in the same way 
and may also influence the synthesis of citrulline (and urea). When isolated 
mitochondria were incubated with high concentration (10mM) of NH4C1 and 
ornithine, citrulline synthesis was tightly correlated to mitochondrial NAG 
content (Hensgens et al., 1980; Rabier et al., 1982). N A G  synthesis is control- 
led at two levels: through the intramitochondrial concentration of the 
substrates (L-glutamate and acetyl-CoA), (Martin-Requero, 1983; Rabier et 
al., 1986) of activator (L-arginine) or of inhibitors (acyl-CoAs) of the N A G  
synthase or through the amount of the enzyme itself. Several workers (Krebs 
et al., 1973; Raijman and Jones 1976; Cohen et al., 1980) have suggested that 
ornithine has a direct effect on the regulation of CPS-I. In fact ornithine 
regulates citrulline synthesis via the modulation of intramitochondrial OTC 
activity. Ornithine supply to liver mitochondria is realized by cytosolic 
arginase which transforms arginine, produced either by metabolic pathways 
(urea cycle, proteolysis) or by diet, into ornithine which is then transported to 
the matrix by membrane transport systems (Gamble and Lehninger, 1973; 
Chappel et al., 1972; Bradford and Mc Givan 1980). De novo synthesis of 
ornithine does not seem to exist in liver mitochondria although a synthesis 
was reported in isolated hepatocytes (Lund and Wiggins, 1986). In some 
conditions, such as starvation, it is likely that ornithine is required for 
citrulline synthesis or for urea cycle activity and is supplied by the de novo 
synthesis from glutamine, located in the intestine (Windmueller, 1982). 
Citrulline produced in liver mitochondria is immediately exported to the 
cytosol where it reacts with aspartate to give argininosuccinate. Utilization of 
citrulline in liver is regulated at the level of the reaction catalysed by 
argininosuccinate synthetase. The main regulating factor of this reaction is 
aspartate which is synthesized in the mitochondria from pyruvate and 
glutamate via the two following reactions: 

Pyruvate + HCO~ --~ Oxaloacetate + ATP (pyruvate carboxylase) 
Oxaloacetate + glutamate > Aspartate + c~ - ketoglutarate < 

(glutamate : oxaloacetate transaminase) 
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The regulating reaction in the aspartate biosynthesis is catalysed by 
pyruvate carboxylase, an allosteric enzyme, whose activator is acetyl-CoA. 

Citrulline is an intermediate of the de novo biosynthesis of arginine. 
Role of the small intestine and the kidneys 

Small intestine and kidneys are the only organs able to perform the synthesis 
of arginine from glutamine. They are complementary in this synthesis: the 
small intestine converts glutamine into citrulline which is transported to the 
kidneys to be transformed into arginine (Windmueller and Spaeth, 1981). In 
intestinal mucosa citrulline is one of the final products of glutamine metabo- 
lism. Citrulline is synthesized from ammonia produced by the deamidation of 
glutamine catalysed by the phosphate-dependent glutaminase (EC 3.5.1.2) 
(Windmueller, 1982; Pinkus and Windmueller, 1977) and from ornithine syn- 
thesized in situ from glutamine. As in liver mitochondria intestinal synthesis 
of citrulline is performed via the three steps catalysed by NAG synthase, CPS- 
I and OTC. In the intestine citrulline synthesis is not dependent on ornithine 
transport through the mitochondrial membrane as in liver since this amino 
acid is synthesized in the mitochondrial matrix from glutamine. Glutamine is 
either extracted from the bloodstream (Marliss et al., 1971; Felig, 1975) or 
supplied by protein hydrolysis in the intestinal lumen. About 10% of the 
carbon backbone of extracted glutamine is transformed to citrulline and 
ornithine and 30% of the x-amino nitrogen is in citrulline (Windmueller and 
Spaeth, 1974, 1975, 1978, 1980). Ornithine used for citrulline synthesis is 
formed from glutamine via glutaminase, Al-pyrroline-5-carboxylate (P5C) 
synthase and ornithine aminotranferase (EC 2.6.1.13) (Fig. 2). P5C synthase 
activity is significantly expressed in only two tissues, intestinal mucosa and 
thymus (Jones, 1985; Wakabayashi, 1991). Since ASS and ASL activities are 
very low in enterocytes of adult rats (Ratner et Murakami, 1980; Ratner, 
1983), citrulline produced by these cells can not be used in situ and is exported 
to be transformed to arginine. However in very young animals ASS and ASL 
have high specific activities up to weaning (Hurwitz and Kretchner, 1986) 
allowing the intestine to transform a large part of citrulline to arginine. 
Citrulline released by the small intestine in portal blood is not taken up by the 
liver but quantitatively removed by the kidneys (Windmueller and Spaeth, 
1981; Dhanakoti et al., 1990; Tizianello et al., 1980) where citrulline is then 
transformed into arginine through the two reactions catalysed by ASS and 
ASL (Ratner and Murakami, 1980; Ratner, 1983). This transformation is 
regulated at two levels: (a) as in liver by ASS activity via aspartate availability, 
(b) by citrulline uptake in kidneys (Dhanakoti et al., 1990). Kidney seems 
to be the only organ able in physiological conditions to transform 
quantitatively citrulline to arginine (Windmueller and Spaeth, 1981). Other 
tissues, such as brain, lymphocytes, macrophages, (with ASS and ASL activi- 
ties), do not seem to be able to significantly take up the citrulline released by 
the intestine. In these organs ASS and ASL activities seem to be used to 
regenerate in situ arginine transformed in nitric oxide and citrulline by 
NO-synthase activities. 
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Physiological and pathological variations of citrulline metabolism in man 

In normal  physiological conditions, liver does not take up or release citrulline. 
Therefore ,  the measuremen t  of plasma concentrat ion of this amino acid 
should represent  the difference be tween the product ion by the intestine and 
the t ransformation into arginine by the kidneys. 

Physiological variations 

Citrulline is found in blood, urine, cerebrospinal fluid and amniotic fluid. In 
blood (drawn after one night starvation) plasma concentration is 26 _+ 
7 ~tmoles/1 whatever the age of subjects (Kamoun et al., 1991). However this 
concentration is significantly lower during the first days of life (Kamoun et al., 
1991; Bremer et al., 1981). It is likely that this observation is related to the 
presence of ASS and ASL activities in enterocytes as reported for newborns 
rats (Hurwitz and Kretchner, 1986). Plasma citrulline is poorly modified by 
meals. After a high-protein meal (1 g/kg body weight) its concentration 
slightly decreases and returns to normal value four hours later (Fig. 3). Uri- 
nary citrulline excretion is very low and shows very little variations with age 
(Kamoun et al., 1991; Bremer et al., 1981). The citrulline excretion is between 
0 to 5 and 0 to 10 ~tmoles/mmole creatinine for subjects aged more or less than 
one year respectively. Citrulline is also found in amniotic fluid from the 8th 
week of gestation. Its concentration, almost constant up to the 30th week, 
progressively decreases until birth (O'Neill et al., 1971; Reid et al., 1971; Kang 
and Scanlon, 1974). Early presence of citrulline in amniotic fluid is related to 
the early appearance (9th week) of the urea cycle enzymes in fetal liver 
(R~iihfi and Suihkonen, 1968; Guha and Mukherjee, 1974). In contrast the 

100 - 

80  

60  

40  

20  

amo l / L  

01 I I I I I I 
0 1 2 3 4 5 6 7 

Time (hours) 

Fig. 3. Citrulline variation during protein loading test (lg.kg -~ body weight) in 
heterozygotes for citrullinemia ([] controls: ×, + , . ,  x, ~ heterozygotes) 
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decrease observed at the end of pregnancy may reflect an increased need of 
arginine for protein synthesis by fetal tissues. 

Pathological conditions with increased citrullinernia 

Citrulline levels increase in all situations where its transformation to urea or 
arginine is impaired. These modifications are caused either by enzymatic 
deficiency (ASS, ASL, arginase or pyruvate carboxylase) or by chronic renal 
failure since the kidney is the main tissue using citrulline. Table i summarizes 
the causes of hypercitrullinemia and shows in each case the variations of the 
other amino acid concentrations in plasma and urine. 

a) ASS deficiency (citrullinemia) 

Citrullinemia results from the deficiency of ASS, the enzyme in the urea 
cycle which catalyses the first reaction for transformation of citrulline into 
arginine or urea. Three variants of citrullinemia exist, all exhibiting a 
hyperammonemia, and an important increase of citrulline. In types I (ASS 
with kinetics abnormalities) and III (no detectable ASS activity) abnormali- 
ties are expressed in all the tissues (liver, kidneys, fibroblasts) while in type II, 
where the deficiency is caused by a decreased amount of enzyme protein 
abnormalities are expressed in the liver but not in the kidneys and fibroblasts 
(Saheki et al., 1985, 1987). In neonatal patients, where residual activity is 
either very low or null (type I and III), plasma concentration of citrulline is 
very high (>l,500/~moles/1) whereas it is lower (<l,000~tmotes/1) in patients 
with high residual activity in liver and normal activity in kidneys (Saheki et al., 
1985, 1987). In Type I heterozygotes, with 50% of the normal ASS activity 
(Kenaway et al., 1975), plasma citrulline is more elevated than in controls: 
49 _+ 13gmoles/1, in 10 obligate heterozygotes (unpublished results) (Clemens 
and Plettner, 1989). In these heterozygotes plasma citrulline concentration 
significantly increases after an acute protein load (1 g/kg body weight), what- 
ever the initial concentration (Fig. 3). 

Liver transplantation proposed as a therapeutic means to correct the 
deleterious effects of hyperammonemia allows the restoration of normal am- 
monia detoxication but it has no effect on arginine synthesis because of the 
persistence of the enzymatic deficiency in kidneys. The elevated citrullinemia 
(200-600~tmoles/1) observed after liver transplantation, whatever the protein 
intake (Rabier et al., 1991), is exclusively from intestinal origin. 

b) ASL deficiency (argininosuccinic aciduria) 

ASL is the second cytosotic enzyme of the urea cycle and allows the transfor- 
mation of citrulline into arginine. ASL deficiency results in an increase of 
citrulline in plasma (100-300/~moles/1) and urine, but to a lesser extent than 
for ASS deficiency. The enzymatic defect also induces an accumulation of an 



308 D. Rabier and P. Kamoun 

unusual amino acid, argininosuccinic acid, produced from the condensation of 
citrulline and aspartate. The plasma concentration of ammonia-dependent 
amino acids (glutamic acid, glutamine and alanine) and lysine are also in- 
creased. Liver and kidneys are the main organs responsible for citrulline 
accumulation. 

c) Arginase deficiency (hyperargininemia) 

In hyperargininemia, the hepatic isoform of arginase is deficient and 
citrullinemia is normal or slightly increased (Walser, 1983; Marescau et al., 
1979). This may be explained by the lack of ornithine synthesis due to the 
arginase deficiency and the normal utilization of citrulline for arginine synthe- 
sis in kidneys. 

d) Pyruvate carboxylase deficiency 

Pyruvate carboxylase catalyses the carboxylation of pyruvate to oxaloacetate 
which is then transaminated to aspartate, a substrate of ASS. Pyruvate 
carboxylase deficiency causes a decrease of aspartate biosynthesis and in 
this way it induces an inhibiting effect on the ASS activity. Citrulline, the 
other substrate of ASS, therefore accumulates. The two variants (A and B) 
of pyruvate carboxylase deficiency are both characterized by a 
hyperlactacidemia (Robinson, 1989): only Type B, the neonatal onset form, 
discloses hyperammonemia and increased plasma citrulline concentration (50 
to 300~mol/1) associated with a peculiar chromatographic profile of plasma 
amino acids (Charpentier et al., 1982): glutamic acid and glutamine concentra- 
tions are decreased despite hyperammonemia whereas proline and lysine 
concentrations always increase (Table 1). 

e) Lysinuric protein intolerance (LPI) 

This disease results from an abnormality of the cellular efflux of dibasic amino 
acids (lysine, ornithine and arginine) (Simell, 1989). In epithelial cells of gut 
and kidney a specific transport system has been well characterized and local- 
ized on the basolateral membrane (Desjeux et al., 1980). In the other cells 
(fibroblasts, hepatocytes) such a system exists, but it exact localization is 
undefined, although it is suspectd to be in either plasma membrane or mem- 
brane of subcellular organelles. Patients with LPI have a hyperammonemia, 
an increased urinary excretion of orotic acid and a peculiar chromatographic 
profile of amino acids: in plasma there is an increase of glutamine and 
citrulline, together with a huge decrease of lysine, ornithine and arginine 
while in urine, citrulline, lysine, ornithine and arginine are highly increased 
and cystine moderately increased. The most likely explanation for the in- 
crease of citrulline in plasma and urine is the stimulated synthesis of citrulline 
in enterocytes by the increase of intracellular ornithine and arginine associ- 
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ated with the inhibiting effect of the increased intracellular dibasic amino 
acids concentrations on the renal ASS and ASL resulting in the decrease of 
renal utilization of citrulline for the arginine synthesis. 

f) Renal failure 

Kidney is the main organ synthesizing arginine from citrulline, since ASS and 
ASL are located along its tubules (Dhanakoti et al., 1990; Levillain et al., 
1990). Any destruction of the renal tissue will induce an impairment in the 
citrulline metabolism. In chronic renal failure, plasma citrulline concentration 
increases as well as cystine and 3-methylhistidine. Plasma citrulline concentra- 
tions increase very early and rise according to the progression of renal failure 
and are always well-correlated to the plasma creatinine (Ceballos et al., 1990). 
In experimental renal failure it was shown that the increase of plasma 
citrulline represented a compensating mechanism allowing the leaving 
nephrons to take up more citrulline per unit length in order to maintain a 
constant synthesis of arginine (Bouby et al., 1993). 

g) Hepatocellular failure 

In hepatic failure, intracellular amino acids flow into the bloodstream 
and contribute to a significant increase in amino acidemia. Plasma citrul- 
line concentration is increased as well as other amino acids but its con- 
centration is normal when expressed as a percentage of the total amino 
acidemia. 

Pathological conditions with decreased citrullinemia 

Plasma citrulline concentration is a result of the difference between intestinal 
synthesis and renal utilization. Any decrease of citrulline concentration 
will be related to a defect of intestinal synthesis. Impairment of synthesis 
results from either a molecular abnormality of one of the mitochondrial 
enzymes which control the intestinal synthesis of citrulline from glutamine 
(Fig. 2) or a destruction of intestinal mucosa, the main tissue which exports 
citrulline. 

a) Deficiency of a mitochondrial urea cycle enzyme: 
NAG synthase, CPS-I or OTC 

Because these three enzymes control the biosynthesis of carbamoylphosphate 
from ammonia and bicarbonate and its condensation with ornithine to give 
citrulline, the total or partial deficiency of one of these enzymes induces an 
impairment of the intestinal synthesis of citrulline. The same enzymes are also 
present in liver mitochondria, and a deficiency in the liver is essentially 
expressed by hyperammonemia. Impairment of intestinal biosynthesis of 
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citrulline will result in a lower supply of citrulline to the kidneys and a 
decrease of arginine biosynthesis. 

Two types of clinical onsets should be distinguished: the neonatal onset (1 
to 7 days of life) and the late onset (few weeks to adult). In the former patients 
residual enzyrne activities are very low (<2%) or null (Walser, 1983; Briand 
et al., 1982). In these conditions citrulline synthesis is near zero and its plasma 
concentration is between 0 and 5#moles/1. In the latter patients, residual 
enzyme activities can be quite elevated (Walser, 1983; Briand et al., 1982), and 
plasma citrulline concentration is almost normal (Table 1). Sometimes a 
decrease can only be shown by using its relative concentration (expressed as 
a percentage of total amino acidemia). The plasma citrulline concentration is 
not specific enough to distinguish NAG synthase, CPS-I and OTC deficien- 
cies. Urinary orotate excretion (basal or after protein or/and allopurinol 
loading tests) allows the diagnosis of OTC deficiency. 

Liver transplantation is currently the only available form of enzyme - 
replacement therapy for patients with CPS-I and OTC deficiency offering 
protection from the deleterious effects of hyperammonemia - However 
hypocitrullinemia and hypoargininemia are always observed after liver trans- 
plantation (Tuchman, 1989; Largilli~re et al., 1989; Rabier et al., 1991) be- 
cause the intestinal defect is unmodified. This observation confirms the special 
function of the small intestine and kidneys in the biosynthesis of arginine and 
the minor role of the liver in this metabolic pathway. 

b) A ~ pyrroline 5-carboxylate synthase deficiency 

Two children, brother and sister, both with cataract, joint hyperlaxity 
and severe mental retardation, were hospitalized in the metabolic unit of 
Necker - Enfants Malades Hospital because hyperammonemia was observed 
in the girl. This hyperammonemia was observed mainly after fasting and was 
paradoxically corrected by meals. Urinary orotic acid excretion was normal. 
However, we observed an abnormally low concentrations of proline, 
citrulline, ornithine and arginine. The persistence of these biochemical abnor- 
malities leads us to suspect a deficiency of the A 1 pyrroline-5- carboxylate 
synthase (Fig. 2) that was confirmed by the measurement of the transforma- 
tion of (U-14C) glutamate in (U-~4C) proline in intact fibroblasts (unpublished 
results). On the other hand an oral load of ornithine to both patients induced 
a significant increase in plasma concentration of citrulline, arginine and 
proline while a glutamine load had no effect on the plasma concentration 
of these amino acids in contrast to the opposite observation made in 
normal subjects (Dechelotte et al., 1991). The deficiency of this intestinal 
enzyme activity will lead to the defect of ornithine synthesis. The first conse- 
quence is a decrease of the synthesis of citrultine in the intestine and of the 
synthesis of arginine in the kidneys. The second effect is a defective supply 
of ornithine to the liver during the fasting periods causing subsequent 
hyperammonemia (during feeding periods ornithine supply is sustained by 
dietary arginine). 
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c) Coeliac disease 

Coeliac disease is characterized by a destruction of intestinal villosities. This 
atrophy is accompained by a decrease in the three mitochondrial enzymes of 
the urea cycle. For this reason the degree of hypocitrullinemia observed 
(Hernanz and Polanco, 1991) will be related to the degree of the intestinal 
atrophy. After treatment citrullinemia returns to normal values. 

d) Miscellaneous 

Plasma citrulline is decreased along with other amino acids in patients with 
glucagonome or by perfusion of glucose solute. However, when expressed as 
a percentage of total amino acidemia, plasma citrulline concentrations appear 
normal. We also observed a significant and specific decrease of plasma 
citrulline in some patients with a defect in one of the respiratory chain com- 
plexes. This abnormality was already reported for a patient with Pearson's 
syndrome (Ribes et al., 1993). This hypocitrullinemia can be explained either 
by an atrophy of intestinal villosities or by an energy defect which depletes the 
reactions catalysed either by P5C synthase or by CPS-I in their energetic 
substrate, ATP. 

Conclusion 

Citrulline is a non-protein amino acid involved in three different metabolic 
pathways: hepatic detoxication of ammonia into urea, de novo synthesis of 
arginine from glutamine and synthesis of nitric oxide. The interpretation of its 
physiopathological variations in plasma is tightly linked to the knowledge of 
these metabolic processes and their tissular location. The recent discovery of 
a new pathway for the synthesis of citrulline (by NO-synthases) gives a new 
interest in the study of citrulline metabolism. 
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