
121© Springer Nature Singapore Pte Ltd. 2019 
T. Oohashi et al. (eds.), Human Pathobiochemistry, https://doi.org/10.1007/978-981-13-2977-7_12

Urea Cycle Disorders

Kimitoshi Nakamura, Jun Kido, 
and Shirou Matsumoto

Keywords
Ammonia · Amino acids · Orotic acid · 
Neonatal onset · Late onset

12.1	 �Case Report

A female infant, weighing 2786 g, was born at 
39 weeks gestational age with Apgar scores of 8 
points at 1 min and 9 points at 5 min after birth. 
She had no family history of hereditary disorders. 
Although she had no medical problems at birth 
and consumed her mother’s breast milk, she 
developed fever with increased white blood cell 
counts (WBC: 22,070/μL) and C-reactive protein 
level (CRP: 1.2  mg/dL) at 2  days after birth. 
Bacterial infection was suspected, and she 
received antibiotic therapy. Subsequently, she 
developed jaundice, convulsions, and respiratory 
failure and required respiratory support. As the 
doctors were concerned about a risk of neonatal 
herpes infection, she received γ-globulin and 
acyclovir treatments. In addition, she developed 
mild acidosis and hyperammonemia >400 μg/dL 
(normal range: 30–80 μg/dL). Urea cycle disor-
ders were suspected, and she was treated with 

arginine, sodium benzoate, and high glucose 
infusion. Unfortunately, her plasma ammonia 
level increased to 2000 μg/dL at 3 days after birth 
(Fig. 12.1), and she was transferred to a neonatal 
intensive care unit for treatment with hemodialy-
sis and possible liver transplantation. Her blood 
ammonia levels gradually improved and normal-
ized at 21 days after birth. Her blood glutamine, 
glutamic acid, glycine, aspartic acid, citrulline, 
and arginine levels were 3262 μmol/L (control: 
416–740 μmol/L), 265 μmol/L (12–83 μmol/L), 
705  μmol/L (140–427  μmol/L), 29  μmol/L 
(trace–7.2  μmol/L), trace (18–48  μmol/L), and 
69  μmol/L (32–150  μmol/L), respectively. The 
results of the neonatal tandem mass spectrometry 
screening test for inherited metabolic diseases 
and analysis test for urinary orotic acid were neg-
ative. She was definitively diagnosed with car-
bamoyl phosphate synthetase 1 deficiency 
(CPSD) by identification of a mutation of the car-
bamoyl phosphate synthetase 1 gene (c.2339G>A 
and c.2945G>A). She underwent a living donor 
liver transplantation with her father as the donor 
at the age of 6 months. The subject is presently 
7 years and 5 months old, attends primary school, 
and lives a stable life.
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12.2	 �Diagnosis

A medical doctor should correctly diagnose urea 
cycle disorders (UCDs) in patients developing 
hyperammonemia crises such as for the case 
described in the Case Report. A diagnostic flow-
chart for hyperammonemia is shown in Fig. 12.2. 
Encephalopathy associated with hyperammone-
mia in the neonatal period constitutes the most 
important clinical feature for diagnosis, although 
the late onset type can occur at any age. Other 
important diseases that present with hyperammo-

nemia include mitochondrial disorders, fatty acid 
metabolism disorders, systemic sepsis, liver fail-
ure, and portosystemic shunt. Congenital meta-
bolic disorders should be initially suspected in 
hyperammonemia without liver failure; however, 
cases with liver failure have also been reported, 
indicating the need for caution.

UCDs constitute diseases presenting with 
severe hyperammonemia, typically in the neona-
tal period, caused by congenital defects in the 
metabolic enzymes that comprise the urea cycle 
(urea synthesis pathway) (Nagata et  al. 1991) 
(Table 12.1). UCDs are classified as rare diseases 

Fig. 12.1  Case report: 
female patient, 2 days 
old, blood ammonia 
concentrations at 
symptom onset and 
subsequent treatment. 
CHD continuous 
hemodialysis, CHDF 
continuous 
hemodiafiltration, PC 
platelet concentrates, 
PD peritoneal dialysis, 
RCC-LR red cell 
concentrates-leukocytes 
reduced

Fig. 12.2  Diagnostic 
flowchart of urea cycle 
disorders. ARGD 
arginase 1 deficiency, 
ASLD argininosuccinate 
lyase deficiency, ASSD 
argininosuccinate 
synthetase deficiency, 
CPSD carbamoyl 
phosphate synthetase 1 
deficiency, NAGSD 
N-acetyl glutamate 
synthetase deficiency, 
OTCD ornithine 
transcarbamylase 
deficiency

K. Nakamura et al.



123

and estimated to have a prevalence of 1/50,000 
births (Nagata et  al. 1991) in Japan and 
1/35,000 in the EU/USA (Batshaw et al. 2014).

The urea cycle is a metabolic pathway that 
converts ammonia to urea in the liver and excretes 
endogenous or exogenous nitrogen sources out of 
the body. The urea cycle comprises five enzymes, 
two of which, carbamoyl phosphate synthetase 1 
(CPS1: EC 6.3.5.5) and ornithine transcarbamy-
lase (OTC: EC 2.1.3.3), are present in the mito-
chondrial matrix, whereas the remaining three 
(argininosuccinate synthetase (ASS: EC 6.3.4.5), 
argininosuccinate lyase (ASL: EC 4.3.2.1), and 
arginase 1 (ARG: EC 3.5.3.1)), are present in the 
cytoplasm. Furthermore, N-acetyl glutamate syn-
thetase (NAGS: EC 2.3.1.1) and at least two other 
transporter proteins are essential to urea cycle 
function (Fig. 12.3).

In UCDs, ammonia cannot be converted to 
urea and excreted from the body because of dys-
function in any of these enzymes; therefore, 
patients with UCDs develop hyperammonemia 
and present with neurological abnormalities 
including vomiting, ataxia, confusion, and irrita-
bility. In the absence of appropriate intervention, 
the patients will develop seizures, become coma-
tose, and die. The various conditions may be clas-
sified according to symptoms and age as 
follows:

•	 Presymptomatic, identified through family 
history analysis and screening tests

•	 Neonatal onset, presenting with severe hyper-
ammonemia during the neonatal period

•	 Late onset, presenting with neurological 
symptoms or hyperammonemia after the neo-
natal period and deterioration of symptoms or 
severe hyperammonemia after a trigger such 
as infection or starvation

UCDs are further classified according to the 
affected enzyme/system as follows:

	1.	 Primary urea cycle disorders
Includes N-acetyl glutamate synthetase defi-
ciency (NAGSD), carbamoyl phosphate syn-
thetase deficiency (CPSD), ornithine 
transcarbamylase deficiency (OTCD), 
argininosuccinate synthetase (ASSD, type 1 
citrullinemia), argininosuccinate lyase defi-
ciency (ASLD), and arginase 1 deficiency 
(ARGD, argininemia)

	2.	 Secondary urea cycle disorders
Includes hyperornithinemia-hyperammonemia-
homocitrullinuria (HHH) syndrome, lysinuric 
protein intolerance, citrin deficiency (type 2 
citrullinemia), and ornithine aminotransferase 
deficiency (gyrate atrophy of choroid and 
retina)

Table 12.1  Characteristics of urea cycle disorders

Disease Symptom
Elevated amino acids Orotic 

acid Inheritance gene EnzymePlasma Urine
CPSD Hyperammonemia Glutamine − AR CPS1 Carbamoyl phosphate 

synthetase 1Glutamate
OTCD Hyperammonemia Glutamine ++ XLR OTC Ornithine 

transcarbamylaseGlutamate
ASSD Hyperammonemia Citrulline ++ AR ASS Argininosuccinate 

synthetase
ASLD Hyperammonemia Arginino- Arginino- 

succinate
+ AR ASL Argininosuccinate lyase

Hepatomegaly Succinate
Hair abnormality Citrulline

ARGD Hyperammonemia Arginine Arginine ++ AR ARG1 Arginine syntase
Spastic paresis Lysine

NAGSD Hyperammonemia Glutamine − AR NAGS N-acetyl glutamate 
synthetaseGlutamate

AR autosomal recessive, XLR X-linked

Nagata N et al. (1991) Am J Med Genet 39:228-229
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12.3	 �Amino Acid Analysis

Amino acids profiling is useful for the diagnosis 
of UCDs, which allows the detection of an accu-
mulation of precursor amino acids and a reduc-
tion in product amino acids resulting from and 
thereby specifying the defective enzyme. For 
example, in patients with OTCD, plasma gluta-
mine, glutamate, and glycine levels should be 
increased, with a decrease in citrulline and argi-
nine levels in the plasma and urine (Maestri et al. 
1992; Berry and Steiner 2001). ARGD and ASLD 
can be differentiated by the concentrations of 
arginine and argininosuccinic acid, whereas 
hypercitrullinemia without elevated argininosuc-
cinic acid is suggestive of ASSD. Decreased lev-
els of citrulline and arginine with elevated urinary 
orotic acid are suggestive of OTCD, whereas 
reduced urinary orotic acid is suggestive of CPSD 
or NAGSD. HHH syndrome should be suspected 
with hyperammonemia associated with high 
blood ornithine and urinary homocitrulline. 
Accordingly, planning of pilot screening for 
UCDs in Japan using amino acids profiling is 
currently underway.

12.4	 �Urinary Orotic Acid

Orotic acid is effective for distinguishing between 
OTCD and CPSD (Fig.  12.4). Orotic acid is a 
heteroaromatic compound that was initially dis-
covered in whey. Biochemically, orotic acid con-
stitutes a biosynthetic intermediate of pyrimidine 
bases that is produced by dihydroorotate dehy-
drogenase from dihydroorotate and is converted 
to orotidine monophosphate by orotate phospho-
ribosyltransferase. Dihydroorotate is synthesized 
from carbamoyl phosphate and asparagine acid. 
This metabolic system for synthesis of pyrimi-
dine bases is essential in all cells in the human 
body. Because the majority of OTC in human is 
expressed in the cytosol of hepatocytes with little 
in other cell types, orotic acid is considered to be 
synthesized consequent to the accumulation of 
carbamoyl phosphate in hepatocytes and excreted 
into the urine.

In UCDs, when the urinary orotic acid value is 
high, OTCD, ASSD, ASLD, and/or HHH syn-
drome should be suspected. In contrast, orotic 
acid is not elevated in CPSD.  Notably, urinary 
orotic acid correlates with the clinical course and 
metabolic status in the body. In particular, urinary 
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orotic acid excretion increases in allopurinol load-
ing tests, which are performed to detect “non-
symptomatic” female OTCD or select living 
donors for liver transplantation. However, the low 
sensitivity of these tests is a concerning issue of 
which clinicians should be aware.

12.5	 �Enzyme Activity

To directly interrogate enzyme function, 
hepatic tissue pathology is assessed, and the 
activity of urea cycle enzymes in the liver is 
measured. Specifically, the urea cycle is com-
pleted only in the liver with CPS, OTC, and 
NAGS expressed primarily in liver cells. Thus, 
it is essential to measure enzyme activity using 
liver tissue. Furthermore, because OTCD con-
stitutes an X-linked genetic disorder, the 
enzyme activities in female patients with 
OTCD depend upon the location of the mea-
sured site in their liver, in accordance with the 
lyonization principle (i.e., will vary depending 
on the proportion of wild-type to mutant X 
chromosomes having undergone X-inactivation 
in the sample site).

12.6	 �Genetic Analysis

A definitive diagnosis is conducted through gene 
analysis using white blood cells. The sensitivity 
of genetic analysis in each country is approxi-
mately 80%, and genetic diagnosis in conjunc-
tion with prenatal diagnosis or other such means 
is essential. Although UCDs can often be classi-
fied with biochemical diagnostics, genetic analy-
sis may be utilized for definitive diagnosis. For 
example, in the CPSD case discussed above, a 
compound heterozygous mutation in the CPS1 
gene was identified.

12.7	 �Biochemical and Molecular 
Perspectives

In 1932, Krebs et al. reported that ornithine acti-
vates urea synthesis and described the urea (orni-
thine) cycle. Specifically, the urea cycle removes 
ammonia generated via proteolysis. Previously, it 
was considered that the urea cycle was restricted 
to animals. However, it has been reported that in 
some diatoms, the urea cycle is used to generate 
ammonia from fixed nitrogen, a phenomenon that 
is attracting considerable attention. This metabo-
lism state does not exist in the human body; 
instead, ammonia in the body is thought to be 
generated by the following four routes:

	1.	 Ammonia production in the intestinal tract
Ammonia is produced through catabolism of 
glutamine by glutaminase (mucosal epithelial 
cells), glutamate dehydrogenase (GDH; small 
intestine), and bacterial deaminase (large 
intestine). Urea is also broken down by bacte-
rial urease (large intestine), generating 
ammonia.

	2.	 Nitrogen metabolism associated with amino 
acid catabolism (deamination reactions)

	3.	 Ammonia production by GDH
In normal conditions, GDH functions to bio-
synthesize glutamate; however, the GDH reac-
tion is reversible in catabolic states, such as 
during excessive exercise. In such states GDH 
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instead catabolizes glutamate to ammonia and 
α-ketoglutarate (brain, intestine, renal tubules).

	4.	 Ammonia production by glutaminase
The ammonia nitrogen produced in various 
tissues of the body is transported as blood glu-
tamine or alanine into the liver, wherein these 
amino acids are converted into glutamate via 
transamination and ammonia is released 
through oxidative deamination. Glutamine is 
broken down into ammonia and glutamate by 
glutaminase.
The increase in ammonia with conditions such 

as a portosystemic shunt is thought to be due to 
the processes described in (1); moreover, if 
catabolism is accelerated, the reactions described 
in (2–4) increase, which leads to convulsions. 
The biosynthesis conducted in the urea cycle is 
shown in the following equation:

	

2 3 2
2 2

3 2 2

2 2

NH CO ATP H O
NH CONH ADP Pi AMP PPi

+ + +
® + + + + 	

Thus, the conversion of two molecules of ammo-
nia to urea requires 3ATP, which indicates that 
approximately 10% of the ATP produced in the 
mitochondria is consumed by the urea cycle. In 
this manner, our bodies actively excrete ammonia 
as fixed nitrogen in the form of urea.

Notably, the process of maturation in the human 
urea cycle is similar to that of urea cycle matura-
tion during amphibian metamorphosis, consistent 
with the classic phrase that ontogeny recapitulates 
phylogeny. Among amphibians, aquatic larval tad-
poles discharge ammonia into the water as nitro-
gen sources, similar to fish, but perform little urea 
synthesis (Fig. 12.5) (Mori 1991). However, dur-
ing the transformation from tadpoles to frogs, the 
urea cycle enzymes are induced, allowing nitrogen 
to be excreted into urine as urea.

As also demonstrated in experiments in rat 
(Fig. 12.6), the expression of enzymes comprising 
the human urea cycle increases during the process 
of development from the fetal stage to infancy and 
then through childhood and adulthood.

12.8	 �Primary Urea Cycle Disorders

12.8.1	 �Ornithine Transcarbamylase 
Deficiency (OTCD)

OTCD is an X chromosome-linked, recessive 
genetic disease (Nagata et al. 1991). The condi-
tion is more severe in hemizygotic males than in 
heterozygotic females; thus, it was thought that 
heterozygote females either have a mild version 
of OTCD or are asymptomatic. However, Uchino 
et al. reported that female patients with late-onset 
OTCD in Japan did not necessarily represent mild 
cases (Uchino et al. 1998). The clinical symptoms 
observed in male neonates comprise severe hyper-
ammonemia that typically manifests a few days 
after birth. Conversely, late-onset OTCD gener-
ally occurs in heterozygotic female patients and in 
some male patients. Late-onset OTCD is charac-
terized by the episodic appearance of symptoms 
with acute hyperammonemia, interspersed with 
healthy periods, and it may occur at any age. 
These attacks often occur after consumption of a 
high-protein meal or after the individual has been 
in a catabolic state, such as during infection. 
Falling into a coma or death is possible during 
hyperammonemia, and mental developmental 
delays are highly possible after exposure to severe 
hyperammonemia. Laboratory findings during an 
episode of hyperammonemia include elevated 
plasma glutamine and alanine concentrations, as 
well as elevated urinary orotic acid. Definitive 
diagnosis can be achieved with genetic analysis or 
measurement of OTC enzyme activity in the liver. 
Prenatal diagnosis is performed via fetal liver 
biopsy or chorionic villi genetic analysis. 
Asymptomatic, heterozygote female carriers can 
sometimes be identified using an oral protein 
challenge (allopurinol loading test) that elevates 
plasma ammonia and urinary orotic acid concen-
trations. Notably, however, such “asymptomatic” 
carriers usually exhibit mild brain dysfunction 
compared to unaffected siblings.

K. Nakamura et al.
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12.8.2	 �Carbamoyl Phosphate 
Synthetase 1 Deficiency 
(CPSD)

The carbamoyl phosphate precursor, 
N-acetylglutamate (NAG), is synthesized by the 
enzyme NAG synthetase. NAG synthetase defi-

ciency (NAGSD) and CPSD present with the 
same clinical and biochemical symptoms. CPSD 
exhibits more severe and varied symptoms, along 
with a broader range of onset age. Generally, this 
condition develops during the neonatal period a 
few days after birth, with the onset of hyperam-
monemia signs and symptoms, with cases often 
being severe and resulting in death or mental 
retardation. Laboratory findings show elevated 
plasma glutamine and alanine concentrations, 
whereas there is no increase in urinary orotic 
acid. Definitive diagnosis is achieved with genetic 
analysis or by measuring CPS1 enzyme activity 
in the liver; however, sophisticated technology is 
needed to differentiate this condition from 
NAGSD using enzyme activity measurements.

12.8.3	 �Argininosuccinate Synthetase 
Deficiency (ASSD)

ASSD presents with a considerable diversity of 
clinical and biochemical findings, with clinical 
symptoms ranging from severe to asymptomatic. 
The signs and symptoms during neonatal onset 
are identical with those observed in neonatal 
onset of CPSD and OTCD. The symptoms in late 
onset comprise either phased onset of stunted 
growth, frequent vomiting, developmental delay, 
and dry brittle hair or appear as acute episodes, as 
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Fig. 12.5  Change of urea cycle enzymes activities under 
the growth process of the amphibian. (Citation from 
“Journey of nitrogen in the living body (Seitai no tisso no 
tabi)” by Mori 1991). The enzyme activities in the urea 

cycle are enhanced in the process through which tadpoles 
transform into a frog. ARG arginase 1, CPS carbamoyl 
phosphate synthetase 1, OTC ornithine transcarbamylase. 
Dashed line: Urea excreting ability

Fig. 12.6  Change of urea cycle enzymes activities under 
the growth process of the rat. (Modified for N.C.R. Räihä, 
in “The Urea Cycle” Grisolia S, et al. (ed.), 1976). The 
enzyme activities in the urea cycle are enhanced in the 
process through which the rat develops from a fetus to an 
infant. ARG arginase 1, ASL argininosuccinate lyase, ASS 
argininosuccinate synthetase, CPS carbamoyl phosphate 
synthetase 1, OTC ornithine transcarbamylase. Dashed 
line: Urea synthetic ability
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observed in OTCD. In some patients, the symp-
toms may not appear until the third decade of life. 
Laboratory findings include marked elevation of 
plasma citrulline concentration, elevation of 
plasma glutamine and alanine concentrations, 
and mild elevation of urinary orotic acid. 
Diagnosis is confirmed by genetic analysis and 
fibroblast enzyme activity measurement. Prenatal 
diagnosis is confirmed by amniotic cell enzyme 
activity measurement. Most patients carry two 
different recessive alleles and are therefore com-
pound heterozygotes. The prognosis is extremely 
poor if the condition develops during the neona-
tal period, whereas a good prognosis is obtained 
for patients with mild disorders on a protein-
restricted diet.

12.8.4	 �Argininosuccinate Lyase 
Deficiency (ASLD)

There is a substantively wide range in the sever-
ity of ASLD clinical and biochemical findings. In 
neonatal onset, severe hyperammonemia appears 
from a few days after birth, and the mortality rate 
is extremely high. Late onset is associated with 
mental retardation, stunted growth, and hepato-
megaly. Hair abnormalities have diagnostic value 
specific to this disease. Furthermore, sequelae 
frequently observed in ASLD include continuous 
hepatomegaly associated with a bleeding ten-
dency caused by mild elevation of deviant hepatic 
enzymes and coagulation factor abnormalities. 
Acute episodes of severe hyperammonemia 
occur when the patient is in a catabolic state, such 
as during infection. Laboratory findings include 
hyperammonemia, mild elevation of hepatic 
deviation enzymes, non-specific elevated plasma 
glutamine and alanine concentrations, moderate 
elevation of plasma citrulline concentration, and 
marked elevation of plasma argininosuccinate. 
Argininosuccinate can also be found in the urine 
and cerebrospinal fluid, with the concentrations 
being higher in the cerebrospinal fluid than in the 
plasma. ASL is present in red blood cells, the 
liver, and fibroblasts. Prenatal diagnosis is con-
firmed with amniotic cell enzyme activity mea-
surements; specifically, there is an increased level 

of argininosuccinate in the amniotic fluid of 
affected fetuses.

12.8.5	 �Arginase 1 Deficiency (ARGD)

Humans carry two genetically different types of 
arginase, one of which is present in the cytoplasm 
and is expressed in the liver and red blood cells, 
whereas the other is found in kidney mitochon-
dria. In ARGD, the cytoplasmic ARG enzyme is 
deficient. The clinical symptoms are completely 
different to those of other UCDs. At a few months 
after birth, infants are normally asymptomatic 
continuing for the first few years. Then, previ-
ously normal infants present with progressive 
spastic diplegia with scissors gait or choreiform 
movement and loss of developmental indices. 
Seizures occur frequently in this disease, and 
mental retardation is progressive. Hepatomegaly 
may also occur although severe hyperammone-
mia is infrequent. Laboratory findings include 
marked elevation of arginine in the plasma and 
cerebrospinal fluid and moderate elevation of uri-
nary orotic acid. Plasma ammonia concentration 
is either normal or very slightly elevated. 
Excretion of arginine, lysine, cysteine, and orni-
thine in the urine may be elevated but is also 
sometimes normal. Urinary guanidino com-
pounds (α-keto guanidino valerate and alginate) 
are significantly elevated. Plasma amino acid 
quantitative determination is extremely impor-
tant. Diagnosis is determined based on red blood 
cell arginase measurement. Treatment includes a 
low-protein diet with absolutely no arginine 
along with frequent quantitative determination of 
plasma amino acid concentrations. The composi-
tion of the therapeutic diet and the daily con-
sumption of protein must be carefully measured 
and controlled.

12.8.6	 �NAG Synthetase Deficiency 
(NAGSD)

NAGSD presents with hyperammonemia, similar 
to CPS1 deficiency, owing to deficiency in 
N-acetyl glutamate synthetase, which is essential 
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for CPS activation. Administration of carbamyl-
glutamate serves as an effective treatment.

12.9	 �Secondary Urea Cycle 
Disorders

In addition to the six aforementioned UCDs, urea 
cycle-related diseases include ornithine transami-
nase enzyme deficiency, citrin deficiensy, lysinuric 
protein intolerance, and hyperornithinemia-
hyperammonemia-homocitrullinuria syndrome.

	1.	 Lysinuric protein intolerance
This is a functional abnormality of the dibasic 
amino acid transporter protein y  +  L.  The 
amino acid transporter y  +  LAT-1 is mainly 
present in the epithelial basement membrane 
of the kidneys and small intestine. 
Hyperammonemia is caused by a secondary 
urea cycle disorder as a result of an absorption 
disorder of dibasic amino acids (lysine, argi-
nine, and ornithine) in the small intestine epi-
thelium owing to y  +  LAT-1 deficiency. 
Administration of citrulline is an effective 
therapy.

	2.	 Hyperornithinemia-hyperammonemia-
homocitrullinuria syndrome
This disease constitutes an abnormality of the 
system for ornithine transport from the cyto-
plasm to the mitochondria, causing an accu-
mulation of ornithine in the cytoplasm and 
deficiency of ornithine in the mitochondria. 
This in turn results in hyperornithinemia, 
homocitrullinuria, and hyperammonemia. 
Protein restriction and administration of orni-
thine are effective treatments.

12.10	 �Therapy

Following a definitive diagnosis, the treatment is 
implemented in accordance with the treatment 
guidelines for UCDs in each country. Each trea-
tise or guideline (in the EU and USA) is available 
online. Collaboration with specialist doctors is 
essential; however, as transport is often difficult 
during acute attacks, it is preferable to receive 

treatment in a base hospital until the patient dis-
ease condition stabilizes while communicating 
with the specialist, rather than transferring the 
affected infant or child while they are in an unsta-
ble condition.

	1.	 The main treatments in the acute phase are 
indicated as follows. Dialysis therapy is first 
instigated to rapidly reduce the plasma ammo-
nia concentration.
	(a)	 Plasma ammonia reduction.

Hemodialysis is one of the best treatments 
to immediately reduce the plasma ammo-
nia concentration, as the faster the blood 
flow, the more rapidly the clearance will 
occur and symptoms improve. The dialy-
sis method depends on the condition of 
the affected patient and the available 
equipment. Specific methods include 
blood filtration (either artery-vein, or 
vein-vein), hemodialysis, peritoneal dial-
ysis, and continuous drainage peritoneal 
dialysis. Continuous hemodiafiltration is 
often used with neonates.

	(b)	 Pharmacotherapy to excrete surplus nitro-
gen via an alternative metabolic pathway.
Inhibiting ammonia production can be 
achieved with intravenous administration 
of l-arginine hydrochloride and nitrogen-
removing agents (e.g., sodium phenylbu-
tyrate or/and sodium benzoate) (Brusilow 
1991; Brusilow and Horwich 2001; 
Brusilow et  al. 1979). After a loading 
dose, the patient receives a maintenance 
dose, which is initially performed using 
intravenous administration and then 
switched to oral administration once 
symptoms have stabilized. Moreover, oral 
lactulose contributes to decreasing blood 
ammonia by means of increasing the 
degree of acidity and lowering the pro-
duction and absorption of ammonia in the 
intestinal tract.

	(c)	 Removal of surplus nitrogen in the diet.
Excess dietary nitrogen can be eliminated 
through use of a protein-restricted diet or 
protein-free formula (Leonard 2001).
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In addition, carbohydrates and fats can 
be used as calories during the acute 
phase, such as through intravenous 
administration of >10% glucose and fat 
emulsion or administration of protein-
free milk via a gastric tube. It is consid-
ered best practice to transition from 
non-oral administration to enteral admin-
istration as early as possible. However, 
complete protein removal for more than 
24 h to 48 h is not recommended because 
this induces catabolism owing to non-
availability of essential amino acids. It is 
thus important to administer small 
amounts of protein (0.1–0.3  g/kg/day) 
from an early stage under the acute 
hyperammonemia state.

	(d)	 Reduce the risk of neurological 
disorders.
It is vital to maintain the circulating 
plasma volume and blood pressure. 
However, excess fluid administration can 
promote cerebral edema; thus, vasopres-
sors should be used appropriately, and the 
total body water and circulating volume 
must be controlled.

	2.	 Management of the chronic phase.
	(a)	 Prevention of initial symptoms.

Prevention of the recurrence of hyperam-
monemia is important. Treatment should 
include protein-restricted diet and 
formula.

	(b)	 Prevention of secondary infections.
Every effort should be made to minimize 
the risk of respiratory infections and gas-
trointestinal infections in the household.

	(c)	 Prevent exposure to excessive stress.
There are reports of hyperammonemia 
cases being induced by excessive internal 
bleeding after a major fracture or trauma 
as well as by steroid administration; 
therefore, considerable caution with 
regard to patients with UCDs under an 
enhanced state of metabolic stress is 
essential. Taking valproic acid, long-term 

hunger or starvation, intravenous steroids, 
and high intake of protein or amino acids 
can induce hyperammonemia and must be 
avoided.

	(d)	 Liver transplants have been performed in 
a large number of patients with UCDs, 
which has contributed to an improved 
prognosis (Morioka et al. 2005; Kasahara 
et al. 2010; Wakiya et al. 2011).

	(e)	 Treatments currently being researched are 
as follows:
•	 Clinical trials of liver cell transplanta-
tion therapy are currently in progress in 
the USA and EU.
•	 Clinical trials of liver stem cell trans-
plantation therapy are currently in prog-
ress in Belgium and the USA.

As a result of the development of hemodialy-
sis treatment and liver transplantation, patients 
with UCDs have a higher chance of survival 
compared to that before the turn of the century. 
The prognosis for neurological development has 
also improved (Uchino et  al. 1998; Kido et  al. 
2012). Control of blood ammonia has become 
easier with the use of arginine, citrulline, benzo-
ate, and sodium phenylbutyrate. However, with-
out liver transplantation there is always the risk 
of developing hyperammonemia owing to meta-
bolic stress, including the common cold or 
trauma. Recently, more facilities have begun to 
gain experience regarding the patients with UCDs 
being pregnant and giving birth. Meticulous care 
is essential for the delivery of patients with 
UCDs, and it is necessary to frequently check 
patient blood ammonia levels for approximately 
2  weeks after the delivery (Langendonk et  al. 
2012; Kido et al. 2012). However, in relation to 
mental development, it is impossible to prevent 
an effect of raised glutamine and ammonia  in the 
central nervous system even if the individual 
does not develop an intellectual disability. 
Therefore, it cannot accurately be stated that the 
long-term prognosis for patients with UCDs is 
favorable.
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Questions

	1.	 What should be considered when differ-
entially diagnosing hyperammonemia? 
For UCDs, what tests should be per-
formed subsequently?

	2.	 What treatments are recommended for 
UCDs? Why is it essential to reduce 
elevated blood ammonia 
concentrations?

	3.	 What are the most important develop-
mental outcomes in the management of 
UCDs?

	4.	 What kinds of treatments are expected 
in the future?

ment. The aim of treatment is to avoid 
brain and neuron disorders caused by 
hyperammonemia and to achieve com-
paratively normal neurodevelopment.

	3.	 The most important outcomes are 
increasing normal height and weight 
and achieving normal neurodevelop-
ment while avoiding hyperammonemia.

	4.	 Prospective future treatments include 
hepatocyte stem cell transplantation and 
gene therapy.

Answers

	1.	 Important diseases that present with 
hyperammonemia include UCDs as 
well as mitochondrial disorders, fatty 
acid metabolism disorders, systemic 
sepsis, liver failure, and portosystemic 
shunt. Diagnostically, it is first impor-
tant to measure blood ammonia. Specific 
diagnosis is possible with special tests 
including blood and urine amino acid 
analysis, orotic acid measurement, and 
genetic analysis.

	2.	 Treatment includes hemodialysis and 
pharmacotherapy such as l-arginine 
hydrochloride, sodium phenylbutyrate, 
and sodium benzoate, in combination 
with a protein-restricted diet and 
protein-free milk. Furthermore, in the 
chronic stage, it is important to prevent 
secondary infection and exposure to 
excessive stress. Liver transplantation is 
sometimes performed as a radical treat-

(continued)
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