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Summary

The goals of this overview on urea cycle disorders are the following:

Goal 1

To define the urea cycle and to describe the clinical characteristics of urea cycle disorders

Goal 2

To review the causes of urea cycle disorders and their prevalence

Goal 3

To provide an evaluation strategy to identify the specific type and genetic cause of a urea cycle defect in a
proband

Goal 4

To review the differential diagnosis of urea cycle disorders

Goal 5

To inform genetic risk assessment in family members of the proband

Goal 6

To provide a brief summary of the acute management of a urea cycle disorder
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Definition of the Urea Cycle and Clinical Characteristics of Urea
Cycle Disorders

Definition
The urea cycle:

o Is the sole source of endogenous production of arginine, ornithine, and citrulline;

o Is the principal mechanism for the clearance of waste nitrogen resulting from protein turnover;

o Is the principal mechanism for the metabolism of other nitrogenous metabolic compounds such as
adenosine monophosphate;

o Includes enzymes that overlap with the nitric oxide production pathway (ASS1 and ASL).

The urea cycle comprises the following (Figure 1) [Krebs & Henseleit 1932]:

o Five catalytic enzymes:
o Carbamoylphosphate synthetase I (CPS1)
o Ornithine transcarbamylase (OTC)
o Argininosuccinic acid synthetase (ASS1)
o Argininosuccinic acid lyase (ASL)
o Arginase (ARG1)
 One cofactor-producing enzyme: N-acetyl glutamate synthetase (NAGS)
« Two amino acid transporters:
o Ornithine translocase (ORNT1; ornithine/citrulline carrier; solute carrier family 25, member 15)
o Citrin (aspartate/glutamate carrier; solute carrier family 25, member 13)

Urea cycle disorders (UCDs) result from inherited deficiencies in any one of the six enzymes or two transporters
of the urea cycle pathway (CPS1, OTC, ASS1, ASL, ARG1, NAGS, ORNT]1, or citrin).

Clinical Characteristics

Severity of the urea cycle defect is influenced by the position of the defective protein in the pathway and the
severity of the defect (see Figure 1).

Severe deficiency or total absence of activity of any of the first four enzymes in the pathway (CPS1, OTC, ASS1,
and ASL) or the cofactor producer (NAGS) results in the accumulation of ammonia and other precursor
metabolites during the first few days of life. Because no effective secondary clearance system for ammonia exists,
complete disruption of this pathway results in the rapid accumulation of ammonia and development of related
symptoms.

Presentation. Individuals with complete defects normally present in the newborn period, when the immaturity
of the neonatal liver accentuates defects in the urea cycle enzymes [Pearson et al 2001, Summar 2001, Summar &
Tuchman 2001].

o Infants with a urea cycle disorder appear normal at birth but rapidly develop cerebral edema and the
related signs of lethargy, anorexia, hyper- or hypoventilation, hypothermia, seizures, neurologic posturing,
and coma.

 Because newborns are usually discharged from the hospital within one to two days after birth, the
symptoms of a urea cycle disorder often develop when the child is at home and may not be recognized in a
timely manner by the family and primary care physician.
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The typical initial symptoms of a child with hyperammonemia are nonspecific [Summar 2001, Kolker et al
2015]:

Figure 1. The urea cycle

« Failure to feed
« Loss of thermoregulation with a low core temperature
« Somnolence

Symptoms progress from somnolence to lethargy and coma.

« Abnormal posturing and encephalopathy are often related to the degree of central nervous system swelling
and pressure on the brain stem [Summar 2001].

« About 50% of neonates with severe hyperammonemia may have seizures, some without overt clinical
manifestations.

o Individuals with closed cranial sutures are at higher risk for rapid neurologic deterioration from the
cerebral edema that results from ammonia elevation.

« Hyperventilation secondary to the effect of hyperammonemia on the brain stem, a common early finding
in hyperammonemic attacks, results in respiratory alkalosis.

« Hypoventilation and respiratory arrest follow as pressure increases on the brain stem.
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In milder (or partial) urea cycle enzyme deficiencies, ammonia accumulation may be triggered at almost any
time of life by illness or stress (e.g., surgery, prolonged fasting, holidays, the peripartum period), resulting in
multiple mild elevations of plasma ammonia concentration.

« Hyperammonemia in the milder defects is typically less severe and the symptoms more subtle than the
neonatal presentation of a UCD.

o In individuals with partial enzyme deficiencies, the first recognized clinical episode may be delayed for
months or years.

o Although the clinical abnormalities vary somewhat with the specific urea cycle disorder, in most the
hyperammonemic episode is marked by loss of appetite, vomiting, lethargy, and behavioral abnormalities
[Gardeitchik et al 2012].

o Sleep disorders, delusions, hallucinations, and psychosis may occur.

« An encephalopathic (slow-wave) EEG pattern may be observed during hyperammonemia and nonspecific
brain atrophy seen subsequently on MRI.

Defects in the final enzyme in the pathway (ARG1) cause hyperargininemia, a more subtle disorder involving
neurologic symptoms; however, neonatal hyperammonemia has been reported (see Arginase Deficiency).

Defects in the two amino acid transporters (ORNT1 and citrin deficiency) may both cause hyperammonemia.
However, ORNT1 deficiency may also present with chronic liver dysfunction. Citrin deficiency typically only
presents with hyperammonemia in adolescence or adulthood, but may present in infants with neonatal
intrahepatic cholestasis, and in older children with failure to thrive.

Neurologic aspects of UCDs. Ammonia can cause brain damage through a variety of proposed mechanisms, a
major component of which is cerebral edema through increased glutamine. The specific roles of ammonia,
glutamate, and glutamine in cerebral edema are still under investigation [Gropman et al 2007, Lichter-Konecki
2008, Lichter-Konecki et al 2008, Albrecht et al 2010, Braissant et al 2013].

Damage resulting from acute hyperammonemia in infancy resembles that seen in hypoxic-ischemic events or
stroke. The most vulnerable areas are the insular cortex, which represents deep white matter. With prolonged
hyperammonemia, the parietal, occipital, and frontal regions are affected. This is best appreciated on T-
weighted MRI sequences or on diffusion tensor imaging.

Neuroimaging may be helpful in identifying affected areas of the brain. However, MRI findings may lag behind
clinical changes. In fact, early imaging may be normal as some degree of injury must occur before macroscopic
changes are seen on MRI.

Chronic hyperammonemia may disrupt ion-gradients and neurotransmitters, transport of metabolites,
mitochondrial function, and the alpha-ketoglutarate/ glutamate/glutamine ratio.

Seizures are common in acute hyperammonemia and may result from cerebral damage. Recent findings suggest
that subclinical seizures are common in acute hyperammonemic episodes, especially in neonates, and their
effects on cerebral metabolism in an otherwise compromised state should be addressed (see Management,
Treatment of Acute Manifestations). These seizures may be seen during the rise of glutamine even before
ammonia levels are maximal [Wiwattanadittakul et al 2018].

Survival and intellectual outcome. Historically the outcome of newborns with hyperammonemia was
considered poor [Brusilow 1995]. With rapid identification and current treatment strategies, survival of
neonates with hyperammonemia has improved dramatically in the last few decades. See Summar [2001],
Summar & Tuchman [2001], Enns et al [2007], Summar et al [2008], Tuchman et al [2008], and Krivitzky et al
[2009].


https://www.ncbi.nlm.nih.gov/books/n/gene/arg1/
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More recent data from the NIH-sponsored longitudinal study on patients treated with the more recent protocols
show IQ measures within a less severe range as summarized in Table 1.

Table 1. Cognitive and Adaptive Outcome in Children with UCD Age 3-16 Years

Age Group Age 3-5 Years Age 6-16 Years
Ace at Onset Neonatal ! Late 2 Neonatal ! Late 2
8 (n=5) (n=7) (n=8) (n=39)
Verbal IQ 81.3(16.6) 101.7 (24.4) 72.9 (14.3) 94.3(21.7)

WASI/WPPSI-III 3

Asscssment | COMposite scores 4 (SD) Performance IQ 77.7 (15.0) 95.6(17.4) 74.4(11.7) 89.5(20.4)

Full scale IQ 77.7 (16.3) 99.6 (22.6) 71.4(12.8) 94.1(22.0)
ABAS-II 5 general adaptive composite 4 (SD) 73.2(31.2) 91.4(23.6) 66.0 (17.9) 84.4(21.6)

Adapted from Krivitzky et al [2009]

SD = standard deviation

1. Clinical presentation in 1st month

2. Clinical onset after 1st month or diagnosis based on family history

3. Wechsler Abbreviated Scales of Intelligence / Wechsler Preschool and Primary Scale of Intelligence, 3rd Edition
4. Clinically significant difference between groups for cognitive and adaptive outcome

5. Adaptive Behavior Assessment System, 2nd Edition

While hyperammonemia is thought to be the main contributor to brain damage in UCDs, other factors, such as
adverse effects on the nitric oxide production system [Nagamani et al 2012], may also contribute. For instance,
neonates with CPS1 deficiency or OTC deficiency have more severe hyperammonemia than those with ASS1
deficiency or ASL deficiency; however, their intellectual outcomes appear similar [Ah Mew et al 2013].

In a recent study, asymptomatic female carriers of OTC deficiency demonstrated no significant differences in
cognitive function compared to control participants until they were cognitively challenged with fine motor tasks,
measures of executive function, and measures of cognitive flexibility [Sprouse et al 2014].

Causes of Urea Cycle Disorders (UCDs) and Prevalence

Specific Urea Cycle Disorders

N-acetylglutamate synthase deficiency (NAGS deficiency) has been described in a number of affected
individuals. Symptoms mimic those of CPS1 deficiency, as CPS1 is rendered inactive in the absence of N-
acetylglutamate [Caldovic et al 2003].

Carbamoylphosphate synthetase I deficiency (CPS1 deficiency) is the most severe of the urea cycle disorders.
Individuals with complete CPS1 deficiency rapidly develop hyperammonemia in the newborn period. Children
who are successfully rescued from crisis are chronically at risk for repeated bouts of hyperammonemia.

Ornithine transcarbamylase deficiency (OTC deficiency). Absence of OTC activity in males is as severe as
CPS1 deficiency. Approximately 15% of carrier females develop hyperammonemia during their lifetime and
many require chronic medical management for hyperammonemia. More recently it has been recognized that
carrier females who have never had symptoms of overt hyperammonemia have deficiencies in executive
function.

Citrullinemia type I (ASS1 deficiency). The hyperammonemia in this disorder can also be quite severe.
Affected individuals are able to incorporate some waste nitrogen into urea cycle intermediates, which makes
treatment slightly easier than in the other UCDs.


https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
https://www.ncbi.nlm.nih.gov/books/n/gene/ctlm/

6 GeneReviews®

Argininosuccinic aciduria (ASL deficiency) can also present with rapid-onset hyperammonemia in the
newborn period. This enzyme defect is past the point in the metabolic pathway at which all the waste nitrogen
has been incorporated into the cycle. Some affected individuals develop chronic hepatic enlargement and
elevation of transaminases. Liver biopsy shows enlarged hepatocytes, which may over time progress to fibrosis,
the etiology of which is unclear. Affected individuals can also develop trichorrhexis nodosa, a node-like
appearance of fragile hair that usually responds to arginine supplementation. Affected individuals who have
never had prolonged coma nevertheless have been reported to have significant developmental disabilities
[Summar 2001, Summar & Tuchman 2001, Nagamani et al 2012].

Arginase deficiency (hyperargininemia, ARG1 deficiency) is not typically characterized by rapid-onset
hyperammonemia, however, some individuals present earlier with more severe symptoms [Jain-Ghai et al 2011].
Affected individuals develop progressive spasticity and can also develop tremor, ataxia, and choreoathetosis.
Growth is also affected [Cederbaum et al 2004].

Ornithine translocase deficiency (ORNT1 deficiency, hyperornithinemia-hyperammonemia-
homocitrullinuria syndrome) has a variable age of onset ranging from infancy to adulthood. Clinical
presentation can be with chronic neurocognitive deficits, hyperammonemic crisis, or chronic liver dysfunction.

Citrin deficiency can manifest in newborns as neonatal intrahepatic cholestasis caused by citrin deficiency
(NICCD), in older children as failure to thrive and dyslipidemia caused by citrin deficiency (FTTDCD), and in
adults as recurrent hyperammonemia with neuropsychiatric symptoms in citrullinemia type II (CTLN2).

Prevalence of Urea Cycle Disorders

The incidence of UCDs is estimated to be at least 1:35,000 births; partial defects may make the number much
higher.

Table 2. Estimated Incidence of Individual Urea Cycle Disorders

Urea Cycle Disorder Estimated Incidence

NAGS deficiency <1:2,000,000

CPSl1 deficiency 1:1,300,000

OTC deficiency 1:56,500

ASS1 deficiency 1:250,000

ASL deficiency 1:218,750

ARGI deficiency 1:950,000

Ornithine translocase deficiency Unknown

Citrin deficiency 1:100,000-1:230,000 in Japan 1

Lu et al [2005], Kobayashi et al [2006], Tabata et al [2008], Lee et al [2011], Summar et al [2013]
1. Incidence elsewhere is unknown. However, published carrier frequency in East Asia ranges from 1:48 to 1:112, higher than expected
given incidence data.

Evaluation Strategy to Identify the Specific Type and Genetic
Cause of a Urea Cycle Disorder in a Proband

The diagnosis of a urea cycle disorder (UCD) in a symptomatic individual is based on clinical, biochemical, and
molecular genetic data.


https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://www.ncbi.nlm.nih.gov/books/n/gene/arg1/
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/
https://www.ncbi.nlm.nih.gov/books/n/gene/citrin/
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Family history. A three-generation family history with attention to other relatives (particularly children) with
neurologic signs and symptoms suggestive of UCD should be obtained. Documentation of relevant findings in
relatives can be accomplished either through direct examination of those individuals or review of their medical
records including the results of biochemical testing, molecular genetic testing, and autopsy examination. A
family history consistent with X-linked inheritance suggests OTC deficiency.

Physical examination. No findings on physical examination distinguish among the eight types of urea cycle
defect; however, trichorrhexis nodosa can be suggestive of ASL deficiency and progressive spasticity of the lower
extremities suggestive of arginase deficiency.

Biochemical Testing
The algorithm in Figure 2 may assist with the evaluation of a newborn with hyperammonemia.

Plasma ammonia concentration elevation is usually the first identified laboratory abnormality in most of the
urea cycle disorders. A plasma ammonia concentration of 150 pmol/L or higher associated with a normal anion
gap and a normal plasma glucose concentration is a strong indication of a UCD [Summar & Tuchman 2001].

Figure 3 highlights the use of the following recommended diagnostic tests to identify the specific urea cycle
disorder.

Quantitative plasma amino acid analysis can be used to arrive at a tentative diagnosis. (As the liver is not fully
mature at birth, affected newborns often have plasma amino acid concentrations that are quite different from
those in older children and adults.)

» Plasma concentration of citrulline helps discriminate between the proximal and distal urea cycle defects,
as citrulline is the product of the proximal enzymes (CPS1, OTC, and NAGS) and a substrate for the distal
enzymes (ASS1, ASL, ARG1).

o Plasma citrulline is either absent or present only in trace amounts in neonatal-onset CPS1
deficiency, NAGS deficiency and OTC deficiency and present in low to low-normal concentrations
in late-onset disease. Plasma citrulline is also reduced in ORNT1 deficiency.

o Marked elevation in plasma citrulline concentration is seen in ASS1 deficiency.

o Moderate elevation in plasma citrulline may be observed in citrin deficiency, along with an elevated
threonine/serine ratio.

o A more moderate (~2- to 5-fold) increase in plasma citrulline concentration is seen in ASL
deficiency, which is also associated with high levels of argininosuccinic acid (ASA) in plasma and
urine. Note: ASA is absent in unaffected individuals [Summar 2001, Summar & Tuchman 2001].

o Plasma citrulline concentration is usually normal in ARG1 deficiency.

» Plasma concentration of arginine is markedly elevated in ARG1 deficiency. It may be reduced in all other
urea cycle disorders; however, in partial UCD enzyme defects, it may be normal.

» Plasma concentration of ornithine is elevated in ORNT1 deficiency, in which urine homocitrulline is
also elevated. Ornithine is not elevated in OTC deficiency.

Note: Plasma concentrations of glutamine, alanine, and asparagine, which serve as storage forms of waste
nitrogen, are frequently elevated.

Urinary orotic acid is measured to distinguish CPS1 deficiency or NAGS deficiency from OTC deficiency. It is
normal or low in CPS1 deficiency and NAGS deficiency and significantly elevated in OTC deficiency. Note:
Urinary orotic acid excretion can also be increased in argininemia (ARG1 deficiency) and citrullinemia type I
(ASS1 deficiency).

Urine amino acid analysis may be used to identify the presence of urine homocitrulline, observed in ORNT1
deficiency. Additionally, ASA concentrations are higher in urine than in plasma, and therefore urine amino acid


https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://www.ncbi.nlm.nih.gov/books/n/gene/arg1/
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profile may be helpful when small peaks of ASA or its anhydrides are difficult to resolve on plasma amino acid
analysis.

Molecular Genetic Testing

Molecular genetic testing is the primary method of diagnostic confirmation for all eight UCDs (see Table 3).
Molecular testing has supplanted measurement of enzyme activity as the definitive diagnostic test. However,
enzymatic testing remains available for most disorders (see Enzyme Activity), and may be helpful if DNA-based
investigations are not informative.

« Serial single-gene testing can be considered if the biochemical findings indicate that mutation of a
particular gene is most likely.

Sequence analysis of the gene of interest is performed first, followed by gene-targeted deletion/duplication
analysis if a hemizygous pathogenic variant in the case of OTC deficiency or only one or no pathogenic
variant is found in the case of deficiencies of NAGS, CPS1, ASS1, ASL, ARG1, ORNT]1, or citrin.

« A multigene panel that includes the eight genes discussed in this GeneReview may be considered. Note:
(1) The genes included in the panel and the diagnostic sensitivity of the testing used for each gene varies
by laboratory and are likely to change over time. (2) Some multigene panels may include genes not
associated with the condition discussed in this GeneReview; thus, clinicians need to determine which
multigene panel is most likely to identify the genetic cause of the condition while limiting identification of
variants of uncertain significance and pathogenic variants in genes that do not explain the underlying
phenotype. (3) In some laboratories, panel options may include a custom laboratory-designed panel
and/or custom phenotype-focused exome analysis that includes genes specified by the clinician. (4)
Methods used in a panel may include sequence analysis, deletion/duplication analysis, and/or other non-
sequencing-based tests.

For an introduction to multigene panels click here. More detailed information for clinicians ordering
genetic tests can be found here.

« More comprehensive genomic testing (when available) including exome sequencing and genome
sequencing may be considered. Such testing may provide or suggest a diagnosis not previously considered
(e.g., mutation of a different gene or genes that results in a similar clinical presentation).

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.


https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels_FAQs
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing_1
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Symptomatic newborn

Obtain: Flasma ammonia concentration

Plasma ammonia concentration
=150 uMoliL

concentration

Obtain: Anion gap, plasma glucose

Urea Cycle Disorder
Anion gap <20 (normal),
plasma glucose
concentration normal

See Figure 3

Other Metabolic Disorders
Anion gap >20 {abnormal)
or hypoglycemia

Figure 2. Steps in the evaluation of a newborn with hyperammonemia

Obtain: Urine arganic acids,
plasma amino acids,
acylcarnitine profile
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Primary Urea Cycle Problem

Obtain: Plasma Amino Acids

GeneReviews

ornithina: s and Citrulline: ¥

Citrulling: ¥ and Arginine: ¥

Citrulline: Avp
ASA: Absent
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Citrulline: N to A4

ASL Deficiency

Arginine: 4s 4

ARG Deficiency

Urine Homocitrulline /4 Urine orotic acid: ¥ or N Urine orotic acid: 4 Arginine: N to A Arginine: ¥ Consider: ASL Consider: ARG1
& Thr, Met, Tyr: 4+ DNA testing* DNA testing*
ORNT1 Deficiency Likely CP51 or NAGS Deficiency OTC Deficiency Likely Citrin Deficiency || ASS Deficiency
I I I I I
Consider: SLC25A15 Obtain: NAGS, CP51 DNA testing® Consider: OTC DNA Consider: SLC25A13 Consider: ASS1
DNA testing® testing® DNA testing DMA testing®
If uninformative, consider:

- OTC DNA testing
- Allopurinol challenge

Figure 3. Testing used in the diagnosis of urea cycle disorders

* If DNA testing is not informative, enzymatic testing is available for these disorders (see Evaluation Strategy).

Table 3. Urea Cycle Disorders: Molecular Genetics

Disease Name Gene Protein Select OMIM Links
. 608307
Carbamoylphosphate synthetase I deficiency CPS! Carbamoyl-phosphate synthase 237300
1 . L1 300461
Ornithine transcarbamylase deficiency OTC Ornithine carbamoyltransferase 311250
. . . . - . 603470
ASS1 deficiency (citrullinemia type I) ASS1 Argininosuccinate synthase 215700
. . iy . . 608310
ASL deficiency (argininosuccinic aciduria)  ASL Argininosuccinate lyase 207900
. . . 608313
Arginase deficiency ARGI Arginase-1 207800
NAGS deficiency NAGS N-acetylglutamate synthase gg?i?g
s . L1 603861
Ornithine translocase (ORNT1) deficiency  SLC25A15 Ornithine Transporter (ORNT1) 138970
603859
Citrin deficiency SLC25A13 Citrin 605814
603471

Enzyme Activity

If molecular testing is uninformative, the following disorders can be diagnosed by assay of enzyme activity:

« CPSI1 deficiency, NAGS deficiency, or OTC deficiency: hepatocytes
o ASL deficiency, ASS1 deficiency or ORNT1 deficiency: fibroblasts
« ARGI deficiency: erythrocytes


https://omim.org/entry/608307
https://omim.org/entry/237300
https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
https://omim.org/entry/300461
https://omim.org/entry/311250
https://www.ncbi.nlm.nih.gov/books/n/gene/ctlm/
https://omim.org/entry/603470
https://omim.org/entry/215700
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://omim.org/entry/608310
https://omim.org/entry/207900
https://www.ncbi.nlm.nih.gov/books/n/gene/arg1/
https://omim.org/entry/608313
https://omim.org/entry/207800
https://omim.org/entry/608300
https://omim.org/entry/237310
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/
https://www.omim.org/entry/603861
https://www.omim.org/entry/238970
https://www.ncbi.nlm.nih.gov/books/n/gene/citrin/
https://www.omim.org/entry/603859
https://www.omim.org/entry/605814
https://www.omim.org/entry/603471
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Newborn Screening

Current newborn screening panels in the United States using tandem mass spectrometry detect abnormal
concentrations of analytes associated with ASS1 deficiency, and ASL deficiency in all states; however, the
sensitivity and specificity of screening for these disorders varies by state.

Other disorders are screened for in some states only (see www.newsteps.org for information on disorders
screened for by state). For example:

« CPSI1 deficiency is screened for in Florida, Maine, Massachusetts, Mississippi, New Hampshire,
Pennsylvania, Rhode Island, and Vermont.

» OTC deficiency is screened for in Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and
Vermont, and is likely to be detected in Kentucky and Utah.

 Arginase deficiency is screened for in 35 states and likely to be detected in four more.

« Citrin deficiency is screened for in 36 states and likely to be detected in 13 more.

IMPORTANT NOTE: The sensitivity and specificity of screening for these disorders varies by state, and current
newborn metabolic screen cannot reliably identify all cases of these disorders. Additionally, even for UCDs
detectable by newborn screening, neonates are often symptomatic prior to availability of the screening results;
thus, a high level of clinical suspicion on the part of health care providers is necessary.

Differential Diagnosis of Urea Cycle Disorders

A number of other disorders that perturb the liver can result in hyperammonemia and mimic the effects of a
urea cycle disorder. These include diseases of the liver and biliary tract, use of certain medications, and a number
of other genetic disorders (see Table 4).

Diseases of the liver and biliary tract

o Herpes simplex virus infection
« Vascular bypass of the liver

« Biliary atresia

o Acute liver failure

Medications

 Valproic acid
+ Cyclophosphamide
« 5-pentanoic acid

Table 4. Genetic Disorders to Consider in the Differential Diagnosis of a Urea Cycle Disorder

Clinical Features of This Disorder

Disorder Gene(s) MOI
Overlapping w/UCD Distinguishing from UCD
Metabolic acidosis, hyperglycinemia,
Propionic acidemia PCCA, PCCB AR Hyperammonemia diagnostic organic acids, cylcarnitine
profile
MUT, MMAA,

Metabolic acidosis, diagnostic organic
acids, acylcarnitine profile

Isolated methylmalonic

. . MMAB, and AR Hyperammonemia
acidemia

others

Metabolic acidosis (possibly),
Isovaleric acidemia IVD AR Hyperammonemia diagnostic organic acids, acylcarnitine
profile


https://www.newsteps.org/data-resources/state-profiles
https://www.ncbi.nlm.nih.gov/books/n/gene/propionic-a/
https://www.ncbi.nlm.nih.gov/books/n/gene/mma/
https://www.ncbi.nlm.nih.gov/books/n/gene/mma/
https://www.ncbi.nlm.nih.gov/books/n/gene/isovaleric-a/
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Table 4. continued from previous page.

Clinical Features of This Disorder

Disorder Gene(s) MOI

Overlapping w/UCD Distinguishing from UCD
Carbpmc anhydrase VA CA5A AR Hyperammonemia 1 l.actate or abnormal urine organic
deficiency acids

- L . 1 lysine, ornithine, arginine in the

Lysinuric protein intolerance  SLC7A7 AR Hyperammonemia urine
Fatty acid oxidation disorders . . . . .
(See SCAD, MCAD, VLCAD)) Many AR Liver dysfunction 1 diagnostic acylcarnitines
Hyperinsulinism-
hyperammonemia syndrome GLUDI AD Hyperammonemia Hypoglycemia, hyperinsulinism

(See Familial
Hyperinsulinism.)

Ornithine may be V in affected
neonates who present w/

OAT deficiency (in neonates) hyperammonemia. However, older

(OMIM 258870) OAT AR Hyperammonemia patients w/OAT deficiency have
markedly 1 levels of ornithine & do
not present w/hyperammonemia.

Tyrosinemia type I FAH AR Liver dysfunction Diagnostic amino acids,

succinylacetone

1 galactose-1-phosphate,
Classic galactosemia GALT AR Liver dysfunction galactose-1-phosphate
uridyltransferase enzyme activity

Liver dysfunction, ¥ Plasma amino acids w/% alanine,

Mitochondrial disorders Many AR,mt, XL " . .
citrulline (occasionally) plasma lactate elevation

AD = autosomal dominant; AR = autosomal recessive; MCAD = medium-chain acyl-coenzyme A dehydrogenase deficiency; MOI =
mode of inheritance; mt = mitochondrial; OAT = ornithine aminotransferase; SCAD = short-chain acyl-coenzyme A dehydrogenase
deficiency; VLCAD = very long-chain acyl-coenzyme A dehydrogenase deficiency; XL = X-linked

Genetic Risk Assessment in Family Members

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance

OTC deficiency is inherited in an X-linked manner.

The rest of the urea cycle disorders (deficiencies of NAGS, CPS1, ASS1, ASL, ARG1, ORNT1, and citrin) are
inherited in an autosomal recessive manner.

X-Linked Inheritance - Risk to Family Members
Parents of a male proband

« The father of an affected male will not have the disorder nor will he be hemizygous for the OTC
pathogenic variant; therefore, he does not require further evaluation/testing.


https://www.ncbi.nlm.nih.gov/books/n/gene/ca5a-def/
https://www.ncbi.nlm.nih.gov/books/n/gene/ca5a-def/
https://www.ncbi.nlm.nih.gov/books/n/gene/lpi/
https://www.ncbi.nlm.nih.gov/books/n/gene/scad/
https://www.ncbi.nlm.nih.gov/books/n/gene/mcad/
https://www.ncbi.nlm.nih.gov/books/n/gene/vlcad/
https://www.ncbi.nlm.nih.gov/books/n/gene/hi/
https://www.ncbi.nlm.nih.gov/books/n/gene/hi/
https://omim.org/entry/258870
https://www.ncbi.nlm.nih.gov/books/n/gene/tyrosinemia/
https://www.ncbi.nlm.nih.gov/books/n/gene/galactosemia/
https://www.ncbi.nlm.nih.gov/books/n/gene/mt-overview/
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o In afamily with more than one affected individual, the mother of an affected male is an obligate
heterozygote (carrier). Note: If a woman has more than one affected child and no other affected relatives
and if the OTC pathogenic variant cannot be detected in her leukocyte DNA, she most likely has germline
mosaicism. Germline mosaicism has been reported in OTC deficiency [Bowling et al 1999]; however,
because the frequency is not known the general background risk for germline mosaicism - 3%-4% -
should be used.

o Ifamale is the only affected family member (i.e., a simplex case), the mother may be a heterozygote
(carrier) or the affected male may have a de novo pathogenic variant, in which case the mother is not a
carrier. About 26% of affected males had a de novo pathogenic variant in one study [Riiegger et al 2014].

Parents of a female proband

« A female proband may have inherited the OTC pathogenic variant from either her mother or her father, or
the pathogenic variant may be de novo.

o Detailed evaluation of the parents and review of the extended family history may help distinguish
probands with a de novo pathogenic variant from those with an inherited pathogenic variant. Molecular
genetic testing of the mother (and possibly the father) can determine if the pathogenic variant was
inherited.

Sibs of a proband. The risk to sibs depends on the genetic status of the parents:

o If the mother of the proband has an OTC pathogenic variant, the chance of transmitting it in each
pregnancy is 50%.
o Males who inherit the pathogenic variant will be affected.
o Females who inherit the pathogenic variant may or may not develop clinical findings related to the
disorder.
o If the father of a female proband has the OTC pathogenic variant, all of the proband's female sibs and none
of the male sibs will inherit the pathogenic variant.
o If the proband represents a simplex case (i.e., a single occurrence in a family) and if the OT'C pathogenic
variant cannot be detected in the leukocyte DNA of the mother, the risk to sibs is low, but greater than that
of the general population because of the possibility of maternal germline mosaicism.

For additional specific genetic counseling considerations see OTC Deficiency: Heterozygous Females,
Evaluation of Relatives at Risk, and Risk to Family Members.

Autosomal Recessive Inheritance - Risk to Family Members
Parents of a proband

o The parents of an affected child are obligate heterozygotes (i.e., carriers of one pathogenic variant).
 Heterozygotes (carriers) are asymptomatic and are not at risk of developing the disorder.

Sibs of a proband

« At conception, each sib of an affected individual has a 25% chance of being affected, a 50% chance of being
an asymptomatic carrier, and a 25% chance of being unaffected and not a carrier.
» Heterozygotes (carriers) are asymptomatic and are not at risk of developing the disorder.

Offspring of a proband. The offspring of an affected individual are obligate heterozygotes (carriers) for one
pathogenic variant.

Carrier detection. Carrier testing for at-risk relatives requires prior identification of the urea cycle disorder-
related pathogenic variants in the family.


https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
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GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the

information provided by other organizations. For information on selection criteria, click here.

Connecting Families - Urea Cycle Disorders (UCD) Foundation

Phone: 918-490-3055
ucdfamily.org

MedlinePlus
Citrullinemia

MedlinePlus
Arginase deficiency

MedlinePlus
N-acetylglutamate synthase deficiency

MedlinePlus
Argininosuccinic aciduria

MedlinePlus
Ornithine transcarbamylase deficiency

MedlinePlus
Carbamoyl phosphate synthetase I deficiency

National Urea Cycle Disorders Foundation
Phone: 626-578-0833
nucdf.org

Urea Cycle Disorders Consortium
Phone: 202-306-6489

Email: jseminar@childrensnational.org
ucdc.rarediseasesnetwork.org

Metabolic Support UK
United Kingdom
Phone: 0845 241 2173
metabolicsupportuk.org

Newborn Screening in Your State
Health Resources & Services Administration
newbornscreening.hrsa.gov/your-state

European Registry and Network for Intoxication Type Metabolic Diseases (E-IMD)
e-imd.org/event/european-registry-and-network-intoxication-type-metabolic-diseases

National Urea Cycle Disorders Foundation International Patient Registry

Email: coordinator@ucdparegistry.org
ucdparegistry.org

Urea Cycle Disorders Consortium Registry


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
https://ucdfamily.org/
https://medlineplus.gov/genetics/condition/citrullinemia/
https://medlineplus.gov/genetics/condition/arginase-deficiency/
https://medlineplus.gov/genetics/condition/n-acetylglutamate-synthase-deficiency/
https://medlineplus.gov/genetics/condition/argininosuccinic-aciduria/
https://medlineplus.gov/genetics/condition/ornithine-transcarbamylase-deficiency/
https://medlineplus.gov/genetics/condition/carbamoyl-phosphate-synthetase-i-deficiency/
http://www.nucdf.org
https://ucdc.rarediseasesnetwork.org/
https://metabolicsupportuk.org/
https://newbornscreening.hrsa.gov/your-state
https://www.e-imd.org/event/european-registry-and-network-intoxication-type-metabolic-diseases
https://www.ucdparegistry.org/
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Children's National Medical Center
RDCRN Contact Registry

Acute Management of a Urea Cycle Disorder

The extent of disease in an individual diagnosed with a urea cycle disorder can be estimated by the rapidity of
onset of neurologic symptoms, the degree to which the brain is involved, and to a lesser extent the plasma
ammonia concentration.

The NIH-funded Urea Cycle Disorders Consortium provides expert diagnosis and treatment of urea cycle
disorders as well as clinical and therapeutic studies.

Once a diagnosis of a UCD is made, treatment of acute manifestations can be started.
Subsequent treatment should be tailored to the specific urea cycle disorder. See:

o Ornithine Transcarbamylase Deficiency (OTC deficiency);

o Citrullinemia Type I (ASS1 deficiency);

 Argininosuccinic Aciduria (ASL deficiency);

 Arginase Deficiency (hyperargininemia, ARG1 deficiency);

o Ornithine Translocase Deficiency (ORNT1 deficiency, hyperornithinemia-hyperammonemia-
homocitrullinuria syndrome);

o Citrin Deficiency.

For NAGS deficiency see Ah Mew & Caldovic [2011].

Chronic management of CPS1 deficiency is similar to that of OTC deficiency; however, some patients with CPS1
deficiency may also benefit from therapy with oral N-carbamylglutamate [Diez-Fernandez et al 2013, Ah Mew et
al 2014].

Treatment of Acute Manifestations

Care of an individual with a urea cycle disorder should be provided by a team coordinated by a metabolic
specialist in a tertiary care center.

In the acute phase, the mainstays of treatment are the following:

Rapidly return plasma ammonia concentrations to normal physiologic levels. This is necessary even without
a definitive diagnosis, given the toxic effect of elevated plasma ammonia concentration. The best way to reduce
plasma ammonia concentration quickly is by dialysis. The faster the flow rate, the faster the clearance. The
method employed depends on the affected individual's circumstances and available resources. In general, the
best choice for an individual patient is whatever method the local treating team is most comfortable with and
can implement most quickly. The various renal replacement modalities are reviewed by Gupta et al [2016].

o The fastest method is use of pump-driven dialysis, in which an extra corporeal membrane oxygenation
(ECMO) pump is used to drive a hemodialysis machine.

« Intermittent hemofiltration (both arteriovenous and venovenous) and hemodialysis are more likely to be
available than ECMO-driven dialysis.

« Continuous renal replacement therapies have lower clearance than intermittent dialysis, but are less prone
to interruption and may be better tolerated in sick neonates.

« Clearance with peritoneal dialysis is substantially lower than with hemodialysis; therefore, hemodialysis (if
available) is typically preferred. However, published outcome data are limited.

« Intermittent dialysis can usually be discontinued when plasma ammonia concentration falls below 150
pmol/L, but may vary based on clinical evaluation by a clinician experienced in the treatment of metabolic


https://www.rarediseasesnetwork.org/registry
https://www.rarediseasesnetwork.org/cms/UCDC
https://www.ncbi.nlm.nih.gov/books/n/gene/otc-def/
https://www.ncbi.nlm.nih.gov/books/n/gene/ctlm/
https://www.ncbi.nlm.nih.gov/books/n/gene/args-aciduria/
https://www.ncbi.nlm.nih.gov/books/n/gene/arg1/
https://www.ncbi.nlm.nih.gov/books/n/gene/hhhs/
https://www.ncbi.nlm.nih.gov/books/n/gene/citrin/
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disease. Affected individuals often experience a "rebound" hyperammonemia that may require further
dialysis. This may be attenuated with the use of continuous renal replacement therapies following
intermittent HD [Gupta et al 2016].

Perform pharmacologic interventions to allow alternative pathway excretion of excessive nitrogen (see Table

5).

Nitrogen scavenger therapy (sodium phenylacetate and sodium benzoate) is available as an intravenous
infusion for acute management and an oral preparation for long-term maintenance.

Deficient urea cycle intermediates need to be replaced depending on the diagnosis; these can include
arginine (IV infusion) and/or citrulline (oral preparation).

Note: Continuous arginine hydrochloride (HCI) infusion requires central access, as extravasion from a
peripheral IV has on multiple occasions resulted in severe cutaneous necrosis.

Sodium phenylacetate and sodium benzoate can be infused through a peripheral IV; however, central
access is preferred.

In persons with NAGS deficiency and in some with CPS1 deficiency, replacement of n-acetylglutamate
with the analog molecule carbamyl glutamate (Carbaglu®) can improve the clinical symptoms or in NAGS
deficiency can be almost curative. This compound is available in the US and should be added to the
treatment regimen in a patient without a clear diagnosis at initial presentation. Dosing in adults and
children is 100 mg/kg/day to 250 mg/kg/day divided into two to four doses. The only form currently
available is an oral preparation; thus, administration of the medication by nasogastric/jejunal tube is

necessary in the treatment of acute manifestations.

Table 5. IV Ammonia Scavenger Therapy Protocol

Components of Infusion Solution Dosage Provided
Deficiency Patient Sodium Arginine HCI Sodium Sechmm Administration
Weight phenylacetate& o 5 Phenyl- Arginine HCI
. 1.2 injection, 10% benzoate
sodium benzoate > acetate
CPS & OTC y 2.5 mL/kg 2.0 mL/kg 250 mg/kg 250 mg/kg 200 mg/kg
0-20 kg
ASS1 & ASL 2.5mL/kg 6.0 mL/kg 250 mg/kg 250 mg/kg 600 mg/kg Loading 3
CPS & OTC . 55 mL/m?2 2.0 mL/kg 5.5 g/m? 5.5 g/m? 4000 mg/m2 Maintenance *
>20 kg
ASS1 & ASL 55 mL/m? 6.0 mL/kg 5.5 g/m? 5.5 g/m? 12000 mg/m?

1. Sodium phenylacetate/sodium benzoate must be diluted with sterile dextrose injection 10% before administration.
2. Before dilution

3. >90-120 minutes

4. >24 hours; arginine infusion not to exceed 150 mg/kg/h

Treat catabolic state with calories from glucose, fats, and essential amino acids. The introduction of nutrition
support in the following manner is necessary for patients on dialysis or hemofiltration in order to resolve the
catabolic state while avoiding overuse of enteral feeds.

« Complete restriction of protein should not exceed 12-24 hours because depletion of essential amino acids

results in protein catabolism and nitrogen release. Frequent (often daily) quantitative assessments of
plasma amino acid concentrations can help optimize nutritional management by allowing the clinician to
maintain adequate levels of essential amino acids without having to provide excess nitrogen. Maintenance
of appropriate levels of essential amino acids is necessary to reverse the typical catabolic state because
most acutely ill patients either present with essential amino acid deficiency or become deficient quickly.
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Enteral nutrition is preferred; however, intravenous (total parenteral nutrition) is an option if the patient is
so clinically unstable that adequate enteral intake is impossible. Intolerance of enteral feeding should not
lead to further depletion of essential amino acids.

The placement of a nasogastric/jejunal tube at admission is warranted for slow drip administration of
solutions of essential amino acids and infant formulas and administration of cofactors like carbamyl
glutamate (analog of n-acetylglutamate).

Multiple other strategies to combat catabolism can be used, including low-dose continuous infusion of
insulin with maintenance of adequate glucose delivery by high continuous delivery of carbohydrate-
containing fluids; however, caution is advised since patients are often exquisitely sensitive to either the
glucose or insulin.

Reduce the risk for neurologic damage

Use intravenous fluids (=10% dextrose with appropriate electrolytes) for physiologic stabilization.

Use cardiac pressors as necessary while avoiding overhydration.

Consider the use of continuous bedside EEG to detect subclinical seizures. Patients in deep coma may
have subclinical seizures that are non-convulsive and therefore not apparent.

Note: In patients with prolonged hyperammonemic coma and evidence of severe neurologic damage, the relative
risks versus benefits of all the treatments discussed above should be considered on an individual basis.
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