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Urea cycle disorders (UCDs) are inherited metabolic diseases that lead to hyperammonemia. Severe hyper-
ammonemia adversely affects the brain. Therefore, we conducted a nationwide study between January 2000 and
March 2018 to understand the present status of UCD patients in Japan regarding diagnosis, treatments, and
outcomes. A total of 229 patients with UCDs (126 patients: ornithine transcarbamylase deficiency [OTCD]; 33:
carbamoyl phosphate synthetase 1 deficiency [CPS1D]; 48: argininosuccinate synthetase deficiency [ASSD]; 14:
argininosuccinate lyase deficiency [ASLD]; and 8: arginase 1 deficiency [ARG1D]) were enrolled in the present
study. Although growth impairment is common in patients with UCDs, we discovered that Japanese patients with
UCDs were only slightly shorter than the mean height of the general adult population in Japan. Patients with
neonatal-onset UCDs are more likely to experience difficulty finding employment and a spouse; however, some
patients with late-onset UCDs were employed and married. Additionally, intellectual and developmental dis-
abilities, such as attention deficit hyperactivity disorder (ADHD) and autism, hinder patients with UCDs from
achieving a healthy social life. Moreover, we identified that it is vital for patients with UCDs presenting with mild
to moderate intellectual disabilities to receive social support. Therefore, we believe the more robust social
support system for patients with UCDs may enable them to actively participate in society.

1. Introduction

The urea cycle comprises mitochondrial enzymes, including N-ace-
tylglutamate synthase (NAGS; EC 2.3.1.1), carbamoyl phosphate syn-
thetase 1 (CPS1; EC 6.3.5.5), and ornithine transcarbamylase (OTC; EC
2.1.3.3), as well as cytoplasmic enzymes, including argininosuccinate
synthetase (ASS; EC 6.3.4.5), argininosuccinate lyase (ASL; EC 4.3.2.1),
and arginase 1 (ARG1; EC 3.5.3.1). This cycle contributes to the elimi-
nation of excess endogenous and exogenous nitrogen from the living
body by transforming ammonia into urea. Urea cycle disorders (UCDs),
with an estimated prevalence of 1 per 50,000 live births in Japan, are

inherited metabolic diseases that cause hyperammonemia [1]. The
clinical manifestations of UCDs are variable. The most severe type is
neonatal-onset UCD, which occurs within 28 days after birth [2] and is
characterized by vomiting, food refusal, lethargy, tachypnea, impaired
consciousness, and multiorgan failure [3]. Patients with neonatal-onset
UCD often experience recurrent hyperammonemic attacks and have a
poor neurodevelopmental prognosis [2]. Late-onset UCDs, the milder
type, can develop at any age beyond 28 days old and are characterized
by hyperammonemic attacks triggered by stress, such as infection,
vomiting, and surgery. More insidious symptoms include failure to
thrive, liver disorders, behavioral disorders, psychiatric symptoms, and
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developmental delays [4-6].

A low-protein diet including a special formula and alternative
pathway therapies, such as sodium benzoate and sodium phenyl-
butyrate, are essential in treating patients with UCD [7-9]. Arginine is a
significantly important treatment for patients with UCDs except those
with ARG1 deficiency (ARG1D) because their bodies exhibit a shortage
of arginine [10]. Citrulline is often administered to patients with OTC
deficiency (OTCD) and CPS1 deficiency (CPS1D) because it is lacking in
these patients and is converted to arginine in the urea cycle [11,12].
Additionally, patients with UCDs receiving enhanced protein restriction
therapy may require L-carnitine and essential amino acid supplements
[13,14]. In patients with severe hyperammonemia and hepatic coma,
hemodialysis is an effective treatment for rapidly reducing blood
ammonia levels [15-17]. In severe cases, liver transplantation (LT) is
performed to manage the pathogenesis of UCDs, prevent recurrent
hyperammonemic attacks, and improve the quality of life of patients
[18].

We previously evaluated the long-term outcomes and clinical man-
ifestations of patients with UCD by conducting a nationwide study in
Japan [2,4,19,20]. Almost 10 years have passed since the previous study
was performed, and medical technology and emergency transport
technology in Japan have improved since then. For example, sodium
phenylbutyrate has since been approved as a UCD treatment by health
insurance, and L-citrulline supplements are supplied to UCD patients by
the Japanese Society for Inherited Metabolic Diseases [12]. Moreover,
guidelines for the diagnosis and treatment of UCDs have been created in
Japan; therefore, clinicians now have a deeper understanding of UCDs.
In recent years, conventional assessments of intelligence, developmental
disabilities, psychiatric disorders, including attention deficit hyperac-
tivity disorder (ADHD), and learning disabilities have been conducted in
patients with UCDs from various countries [21-25]. However, a deeper
understanding of environmental factors and the social status, including
social support networks, of patients with UCDs is required. Therefore, in
the present study, we performed a nationwide study in Japan to better
understand the current physical, cognitive, and social status of patients
with UCDs. Herein, we identified novel challenges based on the clinical
outcomes of patients with UCDs and discuss shortfalls to be addressed in
future research studies.

2. Materials and methods
2.1. Study participants

In 2018, we invited 1009 medical institutions, including the
respective departments of pediatrics, endocrinology and metabolism,
neonatology, genetics, and transplant surgery, to participate in a ques-
tionnaire survey regarding patients with UCDs (Supplemental data 1).
Each institution was a medical center that serviced a local area in Japan
and had approximately 300 beds, based on previous survey reports [4].
The questionnaire aimed to establish whether doctors had diagnosed or
provided medical treatment to patients with UCDs, including OTCD,
CPS1D, NAGS deficiency (NAGSD), ASS deficiency (ASSD), ASL defi-
ciency (ASLD), and ARGID. Of the 1009 institutions, 731 (72%)
responded, and 148 confirmed that patients with UCDs had been diag-
nosed and/or treated at their facility. Thereafter, in 2019, we delivered a
second questionnaire survey to these 148 institutions, and 110 (74%)
responded. As of 2020, we acquired the clinical data of 229 patients with
UCDs from clinicians working at these institutions who had diagnosed
and/or treated patients with UCDs between January 2000 and March
2018.

The clinical data of the 229 patients with UCDs were then analyzed.
A patient who visited several institutions was regarded as a single pa-
tient. The 229 patients with UCDs (CPS1D, OTCD, ASSD, ASLD, and
ARG1D) were diagnosed based on clinical manifestations, family his-
tory, enzyme activity, metabolite analysis (blood amino acid levels and
urinary levels of orotic acid), and/or DNA analysis.
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Physical manifestations of UCDs were assessed and recorded by the
clinicians who had diagnosed and/or treated patients. Visual impair-
ment was defined as visual acuity of 20/200 or less in the naked-eye
visual acuity test. Auditory impairment was regarded as hearing loss
of 60 or more decibels in the unilateral ear. Intellectual assessments
were performed by clinical psychologists, pediatricians, and/or child
psychiatrists using standardized tests, such as the Wechsler Preschool
and Primary Scale of Intelligence (WPPSI), Wechsler Intelligence Scale
for Children (WISC), Wechsler Adult Intelligence Scale (WAIS), Kaufman
Assessment Battery for Children, Illinois Test of Psycholinguistic Abili-
ties, and/or Enjoji Scale of Infant Analytical Development. Develop-
mental assessments were performed according to diagnostic criteria of
the International Statistical Classification of Diseases and Related Health
Problems (ICD)-10 or Diagnostic and Statistical Manual of Mental
Disorders-V (DSM-V), as well as the Modified Checklist for Autism in
Toddlers, Social Responsiveness Scale, Autism Diagnostic Interview-
Revised, Childhood Autistic Rating Scale-Second Edition, ADHD Rat-
ing Scale-IV, Conners’ Adult ADHD Diagnostic Interview for DSM-IV,
Conners’ Adult ADHD Rating Scales, and Learning Disabilities In-
ventory-Revised.

This study was approved by the ethics committee of the Faculty of
Life Science, Kumamoto University, Japan. Informed consent was ob-
tained from the patients or their parents.

2.2. Statistical analysis

One-way analysis of variance (ANOVA) was performed using
GraphPad Prism 8.0 (GraphPad Software, San Diego, California, United
States of America) to compare plasma amino acid levels between groups.
Moreover, the association between height and plasma levels of valine
(Val), leucine (Leu), and isoleucine (Ile) were investigated using multi-
variable analysis, including multiple linear regression and logistic
regression analysis. P values of <0.05 were considered statistically
significant.

3. Results

A total of 229 patients with UCDs (73 male patients with OTCD,
median age 16 years 2 months (interquartile range [IQR]: 10 years 3
months-28 years 10 months); 53 female patients with OTCD, median
age 11 years 4 months (IQR: 6 years 4 months-19 years 1 month); 33
CPS1D patients (male: 11, female: 22), median age 9 years 4 months
(IQR: 5 years-15 years 7 months); 48 ASSD patients (male: 22, female:
26), median age 11 years 4 months (IQR: 5 years 5 months-17 years 3
months); 14 ASLD patients (male: 9, female: 5), median age 23 years 4
months (IQR: 13 years 10 months-30 years 3 months); and 8 ARG1D
patients (male: 4, female: 4), median age 21 years 8 months (IQR: 13
years 5 months-37 years 6 months)) were enrolled in the present study
(Supplemental data 1). No patients in the present study had NAGSD. Of
the 229 patients, 76 patients (OTCD: 30 males and 14 females; CPS1D:
21; ASSD: 10; and ARG1D: 1) had undergone living donor LT, including
carrier donors. Thirty-eight patients (50%) underwent LT within 1 year
of age. Fifty-two patients were neonatal-onset UCDs (OTCD: 23 males;
CPS1D: 19; and ASSD: 10), and 38 patients with neonatal-onset UCDs
(OTCD: 19 males; CPS1D: 16; and ASSD: 3) received LT by 1 year of age;
3 male patients with OTCD underwent LT within 3 months of age. Most
patients with neonatal-onset UCDs had undergone LT to prevent hos-
pitalization and ameliorate their quality of life because of frequent and
recurrent hyperammonemic attacks after onset. Most patients with
UCDs undergoing LT had not experienced recurrent hyperammonemic
attack.

Table 1 indicates the frequency of physiognomy and physical man-
ifestations in 215 patients with UCDs. Short stature was present in 33%
(70/215) of the patients, low weight gain in 23% (50/215), hepato-
megaly in 12% (26/215), spleen enlargement in 1% (2/215), pili torti
(twisted hair) in 4% (9/215), spasticity in 8% (17/215), and athetosis in
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Table 1
Physiognomy and physical manifestations in patients with urea cycle disorders (UCDs)".
Short Poor Hepatomegaly Spleen Pili torti Spasticity Athetosis
stature weight gain enlargement (Twisted hair)
Neonatal-onset 41% 41% 12% 0% 0% 18% 3%
OTCD (N = 34) (14/34) (14/34) (4/34) (0/34) (0/34) (6/34) (1/34)
Late-onset 18% 8% 8% 0% 1% 4% 2%
OTCD (N = 83) (15/83) (7/83) (7/83) (0/83) (1/83) (3/83) (2/83)
CPS1D 52% 39% 12% 0% 0% 9% 6%
(N =33) (17/33) (13/33) (4/33) (0/33) (0/33) (3/33) (2/33)
ASSD 35% 21% 7% 0% 7% 2% 2%
(N =43) (15/43) (9/43) (3/43) (0/43) (3/43) (1/43) (1/43)
ASLD 21% 21% 50% 14% 36% 7% 0%
(N =14) (3/14) (3/14) (7/14) (2/14) (5/14) (1/14) (0/14)
ARG1D 75% 50% 13% 0% 0% 38% 0%
(N=28) (6/8) (4/8) (1/8) (0/8) 0/8) (3/8) (0/8)
Total 33% 23% 12% 1% 4% 8% 3%
(N = 215) (70/215) (50/215) (26/215) (2/215) (9/215) (17/215) (6/215)

2 Abbreviations: OTCD, ornithine transcarbamylase deficiency; CPS1D, carbamoyl phosphate synthetase 1 deficiency; ASSD, argininosuccinate synthetase defi-

ciency; ASLD, argininosuccinate lyase deficiency; ARG1D, arginase 1 deficiency.

3% (6/215) of the patients. In neonatal-onset OTCD, short stature was
present in 41% (14/34) of the patients, low weight gain in 41% (14/34),
hepatomegaly in 12% (4/34), spasticity in 18% (6/34), and athetosis in
3% (1/34) of the patients. We identified that short stature was a com-
mon manifestation in patients with UCDs. Conversely, hepatomegaly
and pili torti (twisted hair) were manifestations more specific to patients
with ASLD.

Fig. 1 presents the height of male and female patients with UCDs. In
male OTCD patients, the height of 33% (15/45) of patients aged <17
years and 12% (2/17) of patients aged >17 years was below the third
percentile (Fig. 1A). In female OTCD patients, the height of 27% (6/22)
of patients aged <17 years and 32% (9/28) of patients aged >17 years
was below the third percentile (Fig. 1B). Moreover, the height of 33%
(3/9) of male CPS1D patients (Fig. 1C), 19% (4/21) of male ASSD pa-
tients (Fig. 1E), and 38% (3/8) of male ASLD patients (Fig. 1G) was
below the third percentile. Whereas the height of 43% (9/21) of female
CPS1D patients (Fig. 1D), 27% (6/22) of female ASSD patients (Fig. 1F),
and 20% (1/5) of female ASLD patients (Fig. 1H) was below the third
percentile.

In patients aged >17 years, the median height of male OTCD (n =
17), male ASSD (n = 6), male ASLD (n = 4), and male ARG1D patients (n
= 3) was 168.3 (IQR: 165.2-170.2), 159.1 (157.8-159.8), 163.2
(154.2-170.6), and 146.4 cm (145.2-148.4), respectively. The median
height of female OTCD (n = 26), female CPS1D (n = 7), female ASSD (n
= 6), and female ASLD (n = 3) patients aged >17 years was 153.5 (IQR:
147.5-156.3), 147.0 (144.6-150.8), 149.5 (146.0-155.0), and 150.0 cm
(149.6-151.0), respectively. In 2018, the median height of 17-year-old
Japanese males and females was 170 cm (IQR: 166-174) and 157 cm
(IQR: 154-161), respectively (https://www.mext.go.jp/component/b
_menu/other/_icsFiles/afieldfile/2019/03/25/1411703_03.pdf).

Table 2indicates the frequency of psychoneurotic and psychological
manifestations in patients with UCDs. We identified that hypoglycemia
(< 60 mg/dL) was present in 8% (18/215) of the patients, hyper-
ammonemia (> 60 pmol/L) in 92% (198/215), hyperammonemic coma
in 66% (141/215), convulsion in 41% (88/215), impaired intelligence
in 48% (103/215), cerebral palsy in 22% (48/215), hypertonia in 12%
(26/215), hypotonia in 10% (22/215), muscle weakness in 14% (31/
215), skeletal muscle atrophy in 9% (19/215), a visual impairment in
5% (10/215), auditory impairment in 2% (5/215), abnormal magnetic
resonance imaging (MRI) or computerized tomography (CT) findings in
35% (76/215), and abnormal brain waves in 26% (56/215) of the pa-
tients. Moreover, autism was diagnosed in 5% (11/215) of UCD patients,
ADHD in 5% (10/215), an adjustment disorder in 5% (10/215), a
learning disorder in 11% (24/215), communication disorder in 7% (16/
215), and mood disorder in 2% (4/215) (Table 2B). Supplemental data 2
showed the rate of developmental disabilities in patients with UCDs who

received a developmental assessment. The adaptive and behavioral
profiles of patients with UCDs were not as impaired as their intellectual
abilities.

Table 3 demonstrates the frequency of gastrointestinal and hema-
tological manifestations in patients with UCDs. Aversion to protein was
present in 17% (36/215) of UCD patients, poor appetite in 22% (47/
215), nausea or vomiting in 45% (97/215), diarrhea in 3% (7/215),
elevated transaminase levels (aspartate transaminase [AST] and alanine
transaminase [ALT] > 100 IU/L) in 41% (88/215), leukopenia (< 4000/
pL) in 7% (16/215), anemia (< 10 g/dL) in 16% (35/215), thrombo-
cytopenia (< 10 x 10%/ pL) in 11% (24/215), and bleeding or thrombotic
events, such as stroke, gastrointestinal bleeding, and vascular throm-
bosis, in 7% (15/215) of the patients.

Moreover, we evaluated the employment, marital, and parturition
status of UCD patients >18 years of age. Of the 6 patients with neonatal-
onset OTCD (male: 4; female: 2) > 18 years of age, none had been
employed, married, or given birth. Regarding the 45 patients with late-
onset OTCD (male: 19; female: 26) > 18 years old, 31 patients had been
employed, 11 were married, and 7 had experienced childbirth. Addi-
tionally, 2 male patients and 1 female patient had received LT.

Of the 6 patients with CPS1D (male: 1; female: 5), 3 patients who
underwent LT had been employed, and 1 female patient who also
received LT was married and experienced childbirth. The latter patient
experienced hyperammonemia at the age of 58. Regarding the 11 pa-
tients with ASSD (male: 5; female: 6) > 18 years of age, 8 patients had
been employed, but none were married or had given birth. Moreover,
only 1 male patient had undergone LT. Of the 9 patients with ASLD
(male: 6; female: 3) > 18 years old, 4 patients with mental retardation
had been employed, but none were married or experienced childbirth.
Furthermore, none of the 4 patients with ASLD (male: 3; female: 1) > 18
years of age had been employed or married.

Table 4A presents the plasma amino acid levels of patients with UCDs
at disease onset or time of diagnosis. The median plasma citrulline (Cit)
levels at the time of onset or diagnosis was 3.9 pmol/L (IQR: 1.2-5.5) in
neonatal-onset OTCD patients (n = 28), 13.9 pmol/L (IQR: 8.1--19.2) in
late-onset OTCD patients (n = 65), not detectable (ND) (IQR: ND-4.3
pmol/L) in CPS1D patients (n = 24), 2120 pmol/L (IQR: 1075-2856) in
ASSD patients (n = 41), 230.7 pmol/L (IQR: 188.1-397.2) in ASLD pa-
tients (n = 12), and 30.0 pmol/L (IQR: 21.5-46.6) in ARG1D patients (n
= 8). We observed that plasma Cit levels were considerably lower in
patients with neonatal-onset OTCD and CPS1D, reduced in late-onset
OTCD patients, and elevated in patients with ASSD and ASLD
compared to reference levels. Moreover, we identified that plasma
arginine (Arg) levels were elevated in patients with ARG1D. Thereafter,
we evaluated the plasma levels of branched-chain amino acids (BCAAs)
in patients with UCDs receiving treatment, such as protein restriction
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Fig. 1. The height of patients with urea cycle disorders
(UCDs).

A. Male patients with ornithine transcarbamylase deficiency
(OTCD; n = 62).

B. Female patients with OTCN (n = 50).

C. Male patients with carbamoyl phosphate synthetase 1
deficiency (CPS1D; n = 9).

D. Female patients with CPS1D (n = 21).

E. Male patients with argininosuccinate synthetase deficiency
(ASSD; n = 20).

F. Female patients with ASSD (n = 22).

G. Male patients with argininosuccinate lyase deficiency
(ASLD; n = 8).

H. Female patients with ASLD (n = 5).

[J: Late-onset in male patients without liver transplantation
LT).

I Late-onset in male patients with LT.

o: Late-onset in female patients without LT.

@®: Late-onset in female patients with LT.

['I::I: Neonatal-onset without LT.
': Neonatal-onset with LT.
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and medications (Table 4B). Plasma Val and Leu levels were lower in
patients with CPS1D, ASLD, and ARG1D compared to reference levels.
Additionally, plasma Ile levels were reduced in patients with all types of
UCDs. However, one-way ANOVA detected no significant differences
between patients with different UCDs relative to plasma levels of Val,
Leu, and Ile (P > 0.05). We analyzed the association between height and
plasma BCAA levels in UCD patients aged >17 years using multivariable
analysis, including multiple linear regression and logistic regression
analysis. However, none of the plasma amino acids were associated with
height when evaluating all UCDs collectively as well as each UCD
separately (neonatal-onset OTCD [n = 1], late-onset OTCD [n = 41],
CPS1D [n = 5], ASSD [n = 10], ASLD [n = 8], and ARG1D [n =4]) (P >
0.05).

4. Discussion

In the present study, we evaluated the clinical manifestations in
Japanese patients with UCDs. Clinical manifestations of UCDs have been
reported by clinicians, including members of the European registry and
network for Intoxication type Metabolic Disease (E-IMD) and the UCD
consortium in the USA [5-7,23-25].

This study suggested that many patients with neonatal-onset OTCD,
CPS1D, and ARG1D suffered from growth impairment, including short
stature and poor weight gain. Additionally, numerous patients with
ASLD presented with hepatomegaly and pili torti (abnormal twisted
hair). Trichorrhexis nodosa is characterized by nodular swelling of the
hair shaft accompanied by frayed fibers and cuticle loss. Approximately
50% of patients with ASLD develop hair abnormalities that manifest as
dull, brittle hair surrounded by partial alopecia areas [26]. Moreover,
liver lesions and elevated liver enzyme levels were detected in almost
50% of patients with ASLD [6,27-29]. Similarly, many Japanese pa-
tients with ASLD presented with liver complications. The mechanisms
underlying liver involvement in ASLD are not clearly understood,
although argininosuccinic acid and ammonia are toxic to hepatocytes.
Moreover, imbalanced levels of arginine in the body may have adverse
effects on hepatocytes. A lack of arginine leads to decreased nitric oxide
(NO) synthesis [30], potentially resulting in excessive oxidative stress
and liver cirrhosis. Persico et al. [31] suggested that endothelial NO
synthase dysfunction may be crucial in the pathogenesis of non-
alcoholic steatohepatitis and liver disease progression, increase in
vascular resistance linked to portal hypertension and fibrosis. Excess
arginine results in increased levels of argininosuccinic acid. Taken
together, arginine, leucine, and glutamine may affect cell growth,
autophagy, and protein synthesis via rapamycin complex 1 (mTORC1)
[32].

Symptomatic UCD patients, particularly those with early-onset
UCDs, present progressive growth impairment over time [19,33]. Of
note, the restriction of protein intake was related to growth impairment
in UCD patients because treatment intensification is required in
neonatal-onset patients with severe types of UCDs, such as neonatal-
onset OTCD and CPS1D [34]. Posset et al. [35] suggested that growth
impairment was determined by disease severity and associated with
diminished or borderline plasma BCAA concentrations, regardless of the
degree of natural protein intake. Moreover, patients with neonatal-onset
UCDs exhibited severe growth impairment over time. Even patients with
late-onset UCDs are likely to present growth impairment over time.
However, LT could contribute to catch-up growth [35]. Unfortunately,
our study did not demonstrate an association between the height and
plasma BCAA levels of patients with UCDs. Plasma BCAA levels are
likely to be lower in patients with CPS1D and ASLD than in patients with
other UCDs; however, no significant differences were observed in this
regard. Because we could only acquire information regarding plasma
BCAA levels measured at a single time point during treatment, the
relationship between the height and plasma BCAA levels of patients with
UCDs is unclear in the present study. Future research should investigate
factors related to the height of patients with UCDs.
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Our research group previously reported that the mean height of male
OTCD patients aged >17 years was 166.2 + 5.5 cm, while the mean
height of female OTCD patients aged >15 years was 150.3 &+ 7.2 cm
[19]. Therefore, our results demonstrate that the male and female adults
with OTCD included in the present study were taller than those enrolled
in our previous study. This may be due to the subsequent development of
new medications used to treat UCDs, including sodium phenylbutyrate
and citrulline.

Intellectual disorders must be considered when evaluating the long-
term prognosis of patients with UCDs. Therefore, intellectual assess-
ments are often performed in patients with UCDs. Numerous reports
describe the impact of blood ammonia levels on the brain. In the present
study, the intelligence level of 9 patients with neonatal-onset OTCD, 7
patients with late-onset OTCD, 5 patients with CPS1D, 4 patients with
ASSD, and 2 patients with ASLD was not assessed. The actual frequency
of UCD patients with impaired intelligence may be higher than that
indicated in Table 2A. Moreover, visual and auditory impairments may
be important clinical manifestations of UCDs, even though they occur
less frequently [17,21,36].

Assessment of developmental disabilities, such as ADHD and autism,
is important in patients with UCDs. Seminara et al. [23] reported that
47% (118/177) of patients enrolled in the UCD consortium in the USA
presented with an intellectual disability, 38% (95/177) developed a
learning disability, 20% (36/177) had ADHD, and 3% (5/177) devel-
oped autism. Therefore, the frequency of developmental disabilities in
UCD patients enrolled in the present study was lower than that reported
by Seminara et al. [23]. In general, little attention is paid to develop-
mental disabilities when patients have been diagnosed with an intel-
lectual disability. However, in UCD patients without any or with only
mild intellectual impairment, clinicians should focus on and assess
developmental disabilities. We therefore propose that more emphasis
should be placed on the assessment of developmental disabilities and
behavioral disorders in patients with UCDs in the future.

Abnormal brain MRI or CT findings were detected in 35% of patients
with UCDs (Table 2). Brain disorders related to UCDs may be evidenced
by neuroimaging with manifestations ranging from normal to abnormal
with or without a signature appearance. In recent years, it has been
demonstrated that multimodal brain MRI using T1 weighted image, T2
weighted image, T2 fluid-attenuated inversion recovery, diffusion-
weighted image, functional MRI, or/and 'H/*®C magnetic resonance
spectroscopy (MRS) is effective for the identification and evaluation of
pathogenic neurologic conditions in patients with UCDs [37]. In patients
with OTCD, even a partial or asymptomatic OTCD, 'H MRS could detect
increased glutamine levels, reduced myoinositol and choline levels in
the brain, including frontal and parietal white matter, frontal gray
matter, posterior cingulate gray matter, and thalamus [38]. Moreover,
Gyao et al. [39] reported that specific neurocognitive deficits in patients
with partial OTCD were characterized by a nonverbal learning disability
typically associated with white matter or subcortical dysfunction. Even
if patients have average IQ scores, they manifested specific neuro-
behavioral phenotypes. Weaknesses were identified in nonverbal intel-
ligence, fine motor/dexterity/speed, visual memory, attention and
executive skills, and mathematics.

Diagnosis of UCD for patients with atypical or partial UCD without
hyperammonemia attack, particularly diagnosis for heterozygous fe-
male OTCD, is significantly difficult. This study included a female pa-
tient with CPS1D who experienced the first hyperammonemia attack at
the age of 58 years. She had experienced two childbirths more than 30
years ago. Kim et al. reported a female patient with heterozygous OTCD
who was diagnosed with ADHD and received medicine such as meth-
ylphenidate and risperidone before the diagnosis of OTCD [40]. Het-
erozygous carriers for OTCD presented elevated plasma glutamine and
alanine levels, lowered plasma citrulline levels, and increased urinary
orotate excretion compared to those in non-carriers [41]. Although
extensively studied, the screening for UCDs remains challenging
[42,43]. Moreover, DNA analysis and enzyme assay are insufficient to



Table 2
Neurological manifestations and developmental disabilities in patients with urea cycle disorders (UCDs)".
A. Neurological manifestations

Hypoglycemia  Hyperammonemia  Hyperammonemic  Convulsion Impaired Cerebral Hypertonia  Hypotonia Muscle Skeletal Visual Auditory Abnormal  Abnormal
coma intelligence palsy weakness muscle impairment  impairment brain brain
atrophy MRI or waves
CT
Neonatal-onset 18% 100% 68% 71% 59% 59% 38% 24% 32% 18% 6% 3% 59% 32%
OTCD (N = (6/34) (34/34) (23/34) (24/34) (20/34) (20/34) (13/34) (8/34) (11/34) (6/34) (2/34) (1/34) (20/34) (11/34)
34)
Late-onset 4% 94% 69% 25% 29% 7% 5% 4% 6% 2% 1% 4% 23% 20%
OTCD (N = (3/83) (78/83) (57/83) (21/83) (24/83) (6/83) (4/83) (3/83) (5/83) (2/83) (1/83) (3/83) (19/83) (17/83)
83)
CPS1D 12% 91% 82% 58% 73% 39% 15% 21% 21% 21% 0% 0% 48% 30%
(N=33) (4/33) (30/33) (27/33) (19/33) (24/33) (13/33) (5/33) (7/33) (7/33) (7/33) (0/33) (0/33) (16/33) (10/33)
ASSD 9% 81% 51% 26% 44% 5% 5% 2% 5% 2% 9% 0% 35% 16%
(N=43) (4/43) (35/43) (22/43) (11/43) (19/43) (2/43) (2/43) (1/43) (2/43) (1/43) (4/43) (0/43) (15/43) (7/43)
ASLD 0% 93% 71% 64% 86% 14% 0% 21% 29% 0% 14% 0% 21% 57%
(N =14) 0/14) (13/14) (10/14) (9/14) (12/14) (2/14) (0/14) (3/14) (4/14) 0/14) (2/14) (0/14) (3/14) (8/14)
ARG1D 13% 100% 25% 50% 50% 63% 25% 0% 25% 38% 13% 13% 38% 38%
(N=18) (1/8) (8/8) (2/8) (4/8) (4/8) (5/8) (2/8) (0/8) (2/8) (3/8) 1/8) 178 3/8) 3/8)
Total 8% 92% 66% 41% 48% 22% 12% 10% 14% 9% 5% 2% 35% 26%
(N = 215) (18/215) (198/215) (141/215) (88/215) (103/215) 48/ (26/215) (22/215) (31/215) a9/ (10/215) (5/215) (76/215) (56/215)
215) 215)

B. Developmental disabilities

Autism ADHD Adjustment Learning Communication Mood
disorder disorder disorder disorder
Neonatal-onset 3% 0% 0% 3% 0% 0%
OTCD (N = 34) 1/34) (0/34) (0/34) (1/34) (0/34) 0/34)
Late-onset 5% 5% 5% 7% 7% 1%
OTCD (N = 83) (4/83) (4/83) (4/83) (6/83) (6/83) (1/83)
CPS1D 3% 3% 3% 12% 3% 3%
(N =33) (1/33) (1/33) (1/33) (4/33) (1/33) (1/33)
ASSD 7% 12% 7% 21% 12% 0%
(N =43) (3/43) (5/43) (3/43) (9/43) (5/43) (0/43)
ASLD 14% 0% 14% 21% 14% 14%
N=14) (2/14) (0/14) (2/14) (3/14) (2/14) (2/14)
ARG1D 0% 0% 0% 13% 25% 0%
(N=28) (0/8) 0/8) 0/8) (1/8) (2/8) (0/8)
Total 5% 5% 5% 11% 7% 2%
(N = 215) (11/215) (10/215) (10/215) (24/215) (16/215) (4/215)

@ Abbreviations: OTCD, ornithine transcarbamylase deficiency; CPS1D, carbamoyl phosphate synthetase 1 deficiency; ASSD, argininosuccinate synthetase deficiency; ASLD, argininosuccinate lyase deficiency; ARG1D,
arginase 1 deficiency; ADHD, attention deficit hyperactivity disorder; MRI, magnetic resonance imaging; CT, computerized tomography.
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Table 3
Other clinical manifestations in patients with urea cycle disorders (UCDs)".
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Aversion to Poor appetite Nausea or Diarrhea Elevated Leukopenia Anemia Thrombocytopenia Bleeding or
protein Vomiting transaminase thrombotic
levels events
Neonatal-onset 6% 24% 47% 0% 56% 9% 29% 15% 9%
OTCD (N = 34) (2/34) (8/34) (16/34) (0/34) (19/34) (3/34) (10/34) (5/34) (3/34)
Late-onset 23% 24% 51% 2% 45% 5% 7% 7% 8%
OTCD (N = 83) (19/83) (20/83) (42/83) (2/83) (37/83) (4/83) (6/83) (6/83) (7/83)
CPS1D 0% 15% 36% 6% 48% 9% 30% 21% 6%
(N =33) (0/33) (5/33) (12/33) (2/33) (16/33) (3/33) (10/33) (7/33) (2/33)
ASSD 16% 19% 35% 5% 14% 5% 16% 9% 5%
(N =43) (7/43) (8/43) (15/43) (2/43) (6/43) (2/43) (7/43) (4/43) (2/43)
ASLD 36% 36% 64% 0% 36% 21% 7% 14% 0%
(N=14) (5/14) (5/14) (9/14) 0/14) (5/14) (3/14) 1/14) (2/14) 0/14)
ARG1D 38% 13% 38% 13% 63% 13% 13% 0% 13%
N=28) (3/8) (1/8) 3/8) 1/8) (5/8) 1/8) 1/8) 0/8) 1/8)
Total 17% 22% 45% 3% 41% 7% 16% 11% 7%
(N = 215) (36/215) (47/215) (97/215) (7/215) (88/215) (16/215) (35/215) (24/215) (15/215)

@ Abbreviations: OTCD, ornithine transcarbamylase deficiency; CPS1D, carbamoyl phosphate synthetase 1 deficiency; ASSD, argininosuccinate synthetase defi-

ciency; ASLD, argininosuccinate lyase deficiency; ARG1D, arginase 1 deficiency.

Table 4
Plasma amino acid levels in patients with urea cycle disorders (UCDs)".

A. Plasma amino acid levels of patients with UCDs at onset of disorder or time of diagnosis

Plasma amino Neonatal-onset Late-onset CPS1D ASSD ASLD ARG1D Reference

acid OTCD (N = 28) OTCD (N = 65) (N =24) (N =41) (N=12) (N=28) (pmol/L)

levels (pmol/L)

Cit 3.9 (1.2-5.5) 13.9 (8.1-19.2) ND (ND-4.3) 2120 (1075-2856) 230.7 30.0 (21.5-46.6) 17.1-42.6

(188.1-397.2)
Arg 56.1 (37.6-89.3) 47.6 (32.8-74.8) 56.7 (44.2-89.2) 181.7 55.4 (35.9-144.6) 527.8 53.6-133.6
(100.5-267.4) (499.5-635.6)

Orn 152.0 (65.0-325.6) 52.5 (31.5-67.4) 75.5 (46.9-237.2) 62.8 (44.1-106.1) 83.2 (56.0-117.4) 48.1 (39.3-61.7) 31.3-104.7

Lys 212.4 (122.6-429.5) 191.9 (135.0-270.3) 238.9 162.4 118.9 104.9 (73.6-136.5) 108.7-242.2
(170.7-403.8) (130.0-210.7) (107.0-324.1)

Glu 71.1 (53.9-188.0) 64.9 (42.8-85.5) 63.0 (52.5-188.1) 57.9 (42.3-91.3) 106.1 (89.2-129.4) 46.2 (39.9-61.7) 12.6-62.5
Gln 1028.0 936.9 790.8 (509.9-2245) 579.1 628.3 614.4 422.1-703.8
(762.4-3398) (688.2-1077.4) (440.2-877.0) (424.0-734.4) (533.5-686.0)

Val 183.0 (125.7-214.8)  146.3 (117.1-196.8) 170.9 (98.2-201.1) 140.0 (99.8-177.6) 164.3 133.2 147.8-307.0

(106.1-183.9) (115.8-144.8)

Leu 106.3 (78.5-145.6) 82.7 (58.8-112.6) 91.7 (65.5-113.4) 76.8 (57.6-104.9) 119.3 (77.9-159.4) 66.0 (54.0-77.6) 76.6-171.3

Ile 55.2 (34.5-75.3) 43.4 (33.1-57.2) 47.8 (23.7-58.1) 36.5 (23.3-51.9) 69.1 (34.3-100.2) 38.7 (30.9-50.9) 43.0-112.8

Gly 342.5(274.7-637.7)  245.1 (185.9-330.5) 240.5 207.0 402.9 198.1 151.0-351.0
(189.1-546.5) (175.3-228.2) (279.6-526.3) (152.3-242.4)

Ala 571.3 (440.2-1130) 433.3 (322.9-607.0) 450.5 402.3 376.2 253.9 208.7-522.7
(357.5-809.6) (290.7-536.9) (345.0-853.5) (228.8-299.4)

B. Plasma branched chain amino acid (BCAA) levels in patients with urea cycle disorders (UCDs) receiving treatment

Plasma amino acid ~ Neonatal-onset Late-onset CPS1D ASSD ASLD ARG1D Reference

levels (pmol/L) OTCD (N = 29) OTCD (N = 68) (N =25) (N =41) (N=11) (N=28) (pmol/L)

Val 147.4(89.0-207.2)  161.6(117.5-215.8) 114.9(61.2-165.9)  150.0 (108.7-214.0)  124.4(113.7-160.8)  137.5(111.9-179.7)  147.8-307.0

Leu 73.4 (49.4-119) 79.2 (56.4-109.3) 65.0 (33.2-83.0) 70.5 (52.7-105.3) 57.8 (44.3-77.6) 61.5 (46.3-76.1) 76.6-171.3

Ile 42.8 (33.2-63.3) 43.5 (29.5-62.2) 39.6 (20.1-50.4) 36.5 (26.4-61.4) 33.2 (27.5-50.2) 42.8 (38.6-44.2) 43.0-112.8

Plasma amino acid levels are expressed as the median (interquartile range).

@ Abbreviations: OTCD, ornithine transcarbamylase deficiency; CPS1D, carbamoyl phosphate synthetase 1 deficiency; ASSD, argininosuccinate synthetase defi-
ciency; ASLD, argininosuccinate lyase deficiency; ARG1D, arginase 1 deficiency; Cit, citrulline; Arg, arginine; Orn, ornithine; Lys, lysine; Glu, glutamic acid; Gln,
glutamine; Val, valine; Leu, leucine; Ile, isoleucine; Gly, glycine; Ala, alanine; ND, not detectable.

assess whether heterozygous carriers in OTCD develop symptoms of
OTCD because of skewed X chromosomes inactivation. Elevated urinary
orotic acid and orotidine concentrations after allopurinol loading test
may aid the diagnosis of atypical or partial OTCD but remain chal-
lenging in terms of safety [17]. Therefore, considering family history,
dietary preferences, medical history, and sex, we should carefully di-
agnose patients using biochemical tests and DNA analysis. Moreover,
living-donor LT is performed for patients with UCDs in Japan. However,
living-donor LT from heterozygous OTCD carrier donors from the pa-
tient’s family is a matter of concern in the medical field [44,45]. Re-
cipients with OTCD had developed hyperammonemia after undergoing

living-donor LT from heterozygous OTCD carrier donors. Therefore,
LT from asymptomatic OTCD heterozygous donors should be avoided or
performed after careful examination in the absence of a suitable donor
candidate [45].

The present study evidenced that some patients with UCDs presented
with complications such as bleeding or thrombosis tendency. Ihara et al.
[46] reported cases of coagulopathy resulting from PIVKA-II accumu-
lation in patients with late-onset OTCD. Moreover, Venkateswaran et al.
[47] suggested that low plasma arginine levels are a possible risk for
thrombosis in patients with neonatal-onset OTCD. Venous thrombosis
was evidenced in a female OTCD patient who developed a
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hyperammonemic crisis after childbirth [48]. Because bleeding or
thrombosis events have been observed in several types of UCDs, the
mechanism underlying this complication should be comprehensively
investigated.

Reports regarding parturition in female patients with UCDs are
available [48-52]; however, the employment and marital status of UCD
patients is not well documented. The present study demonstrated that
patients with late-onset UCDs were more likely to be employed and get
married. Conversely, patients with neonatal-onset UCDs are likely to be
intellectually impaired and have difficulty in finding employment as
well as a spouse/partner. Formal social support systems in Japan pro-
vide employment support services to people with impaired intelligence.
Therefore, it is expected that more UCD patients will be more involved
in society in the future.

Some reports demonstrate plasma amino acid levels in different
types of UCDs [5,22,29,53]. In the present study, we expected that
plasma amino acid levels of patients with UCDs would be similar to
those of other reports. However, plasma ornithine (Orn) and Arg levels
of patients with neonatal-onset OTCD, late-onset OTCD, CPS1D, ASSD,
and ASLD enrolled in the present study were higher than those reported
by Kolker et al. [S5]. In these UCDs, plasma Orn and Arg levels may
change depending on the metabolic state of patients, even during the
onset of such disorders and/or manifestations. To ensure amino acid
levels can be measured and compared, blood sampling procedures need
to have a certain uniformity regarding the time of retrieval, blood
preservation, and the metabolic state of patients.

5. Conclusions

In the present study, we evaluated the clinical manifestations of
patients with UCDs in Japan. Growth impairment is common in patients
with UCDs; however, we discovered that Japanese patients with late-
onset OTCD were only slightly shorter than the mean height of the
general adult population in Japan. Patients with neonatal-onset UCDs
may have difficulty finding employment as well as a spouse/partner;
however, some patients with late-onset UCDs are employed and mar-
ried. We evidenced the importance of social support in patients with
UCDs presenting mild to moderate intellectual disability. In the future,
the social status of patients with UCDs should be further investigated in-
depth, and we advocate for social support for patients with UCDs. With
the increase in social support systems in Japan, it is expected that more
patients with UCDs will have the opportunity to play a more significant
role in society.
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