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Abstract
Purpose: This study was conducted to analyse the genetic spectrum and clinical characteristics of
infantile hyperammonaemia (HA).

Methods: Between January 2016 and June 2020, we enrolled patients with de�nitive genetic diagnosis of
infantile HA at the Children’s Hospital of Fudan University. Based on the age of HA onset, patients were
grouped into neonatal and post-neonatal subgroups to compare their genetic and clinical features.

Results: Collectively, 136 pathogenic or likely pathogenic variants of the 33 genes were identi�ed.
Fourteen genes were reported with HA (42%, 14/33), with SLC25A13 and MUT being the top two detected
genes. In contrast, 19 genes were not reported with HA (58%, 19/33), in which JAG1 and ABCC8 were the
most frequently mutated genes. Compared with post-neonatal HA, neonatal HA patients presented with
higher rates of organic acidemia (p = 0.001) and fatty acid oxidation disorder (p = 0.006), but a lower rate
of cholestasis (p < 0.001). Neonatal HA patients had a higher ratio of peak plasma ammonia level ≥ 500
μmol/L (p = 0.003) and were more likely to receive precision medicine (p = 0.027); however, they had a
refractory clinical course (p = 0.001) and poorer prognosis than the infantile group.

Conclusions: There were signi�cant differences in the genetic spectrum, clinical features, clinical course,
and outcomes between infants with different HA onset ages.  

What Is Known
•Urea cycle defects, organic acidemia, and fatty acid oxidation disorders are the most common inborn
errors of metabolism associated with hyperammonaemia.

What is New:

•Genetic spectra, clinical features, clinical course, and outcomes vary with age of infantile
hyperammonaemia onset.

•Genetic features underlying cholestasis may be associated with hyperammonaemia.

Introduction
Hyperammonaemia (HA) refers to an increased blood ammonia level, which can cause irreversible
damage to the central nervous system, especially in paediatric patients [1]. Normal plasma ammonia
levels in premature new-borns, full-term new-borns, infants, and children decrease with time, but their
reference values have not been well de�ned so far [2-4]. In this study, we used plasma ammonia ≥ 100
μmol/L as the diagnostic threshold for infantile hyperammonaemia. 

HA is primarily caused by severe liver diseases, infections, and certain drugs. However, in children,
especially infants, inborn errors of metabolism (IEM) play an important role in the development of HA [5-
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8]. IEM is a heterogeneous group of disorders with complex clinical manifestations. Most patients with
inherited HA exhibit non-speci�c symptoms, such as poor feeding, lethargy, dyspnoea, or hypothermia,
which rapidly progress to convulsions or coma; these general symptoms make it di�cult to differentiate
HA from conditions such as sepsis [9, 10]. The time window for clinical diagnosis is very short, and timely
aetiology-based therapy is critical. The diagnostic rate of IEM has improved with the use of mass
spectrometry. However, the spectrum of diseases that can be detected by mass spectrometry is limited,
and the detection results are affected by several factors such as patient condition and the treatment
given, which may cause misdiagnosis and underdiagnosis [11]. 

Next-generation sequencing (NGS) is applicable to a wide spectrum of diseases, and the outcomes are
generally independent of typical clinical manifestations and biochemical characteristics, which are
used for the early diagnosis of disease and indicate possible underlying genetic causes [12]. NGS has
been applied to the early diagnosis and precision therapy of many disorders, such as infantile epilepsy,
neonatal metabolic acidosis, and neonatal hypernatraemia [13-15]. For infantile HA, precision treatment
based on orphan drugs, liver stem cell transplantation, gene therapy, and prenatal treatment has been
increasingly reported [16-20]. All of these previous studies were based on the application of genetic
analysis to diagnosis, and NGS was the key diagnostic method used [21].

The known genetic causes of infantile HA mainly include urea cycle disorder (UCD), organic acidemia
(OA), and fatty acid oxidation disorder (FAOD) [6-8, 22, 23]. A wide range of genes have been identi�ed
and reported in the human phenotype ontology associated with infantile hyperammonaemia [24-
26]. However, in clinical practice, the status of several other genes, such as ABCC8 [27] and GALT [28, 29],
in hyperammonaemia remains unknown. In the present study, we conducted a retrospective analysis
of a cohort with genetically con�rmed diagnosis of infantile HA to expand its genetic background. To the
best of our knowledge, this is the most comprehensive study to determine the genetic background of
infantile HA.

Materials And Methods
Study population 

We enrolled infants diagnosed with HA at the Children’s Hospital of Fudan University from January 2016
to June 2020. The inclusion criteria were as follows: (1) HA onset before 1 year of age, (2) plasma
ammonia level ≥100 μmol/L as indicated by more than two tests during the same hospital stay, and
(3) genetic diagnosis using NGS. The exclusion criteria were as follows: (1) liver failure secondary to
severe infection, respiratory failure or graft-versus-host disease, severe gastrointestinal bleeding, long-
term total parenteral nutrition, and history of valproate use; and (2) failure to obtain informed consent
from the parents. This study was approved by the Ethics Committee of the Children’s Hospital of Fudan
University (2015-130). 

Clinical subgroup classi�cation
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Clinical information was obtained from the medical record system. The clinical course of each case was
classi�ed as follows: (1) refractory, blood ammonia level ≥ 100 μmol/L after treatment; (2) controllable,
blood ammonia level < 100 μmol/L after treatment; and (3) self-limiting, blood ammonia level <100
μmol/L without treatment. Follow-up information was extracted from the outpatient medical record
system, and cases with missing follow-up information were followed up by telephone.

NGS

Genomic DNA was extracted from the blood samples of patients using the QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) and enriched using the Agilent (Santa Clara, CA, USA) ClearSeq Inherited
Disease panel kit for 2742 gene sequencing or the Agilent SureSelect XT Human All Exon V5 for clinical
exome sequencing. NGS was performed using the Illumina HiSeq2000/2500 platform. The identi�ed
variants were classi�ed based on the American College of Medical Genetics (ACMG) guidelines [30]. The
detected causal variants were con�rmed by performing Sanger sequencing on a Biosystems 3500
DNA Analyser and analysed using Mutation Surveyor V4.0.9. More details are available in our previous
studies [15, 31].

Statistical analysis

The data were analysed using SPSS version 22.0 for Windows (SPSS Inc., Chicago, IL, USA). Continuous
variables with non-normal variables are reported as median (interquartile range (IQR)). Categorical
variables are presented as frequencies and percentages. The chi-square test or Fisher’s exact test was
used for comparison. Signi�cance was set at p < 0.05.

Results
Study population

We enrolled 85 infants with de�nitive molecular diagnosis of HA. The median age of onset was 54 days
(IQR 10–114 days). The study included 54 male (64%, 54/85) and 31 female (36%, 31/85) patients who
were divided into two subgroups according to age of onset: neonate group (32 cases, 38%) and infant
group (53 cases, 62%). The dominant phenotypes (a patient may have had more than one clinical
phenotype) were neurological abnormality (31%), glucose metabolism disturbance (26%), metabolic
acidosis (24%), respiratory failure (15%), and electrolyte disturbance (14%) (Table 1).

Genetic spectrum of infantile HA

Collectively, 136 pathogenic or likely pathogenic (P/LP) variants were identi�ed in 33 genes, with 110
reported variants and 26 novel variants (Supplementary Table 1). Fourteen genes were reported with HA
(42%, 14/33), with SLC25A13 and MUT being the top two detected genes (22%, 18/85). Nineteen genes,
which have not been previously reported with HA, were detected in this study (58%, 19/33), of which JAG1
and ABCC8 were the most frequently mutated genes (16%, 14/85). 
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Recurrent genetic disorders included cholestasis (55%, 47/85), OA (14%, 12/85), UCD (7%, 6/85), and
FAOD (6%, 5/85), with SLC25A13, MUT, CPS1, and SLC25A20 being the most frequently detected genes in
each classi�cation, respectively. 

Genetic features of infantile HA depending on onset age 

Subgroups with different age of onset showed different genetic disorders. The proportions of OA (p =
0.001), FAOD (p = 0.006), and cholestasis (p < 0.001) showed signi�cant differences between the two
subgroups (Table 1). MUT (19 %, 6/32) was the most frequently detected gene in the neonatal group,
whereas in the post-neonatal group, the most frequently mutated gene was SLC25A13 (21%, 11/53). 

In cases of refractory HA (21%, 18/85), all mutated genes in the neonatal group were reported with HA,
with MUT being the most frequently identi�ed gene (Figure 1). In the post-neonatal group, mutated
ABCB11, CYP7B1, and MPV17, which have not been previously reported with the HA phenotype, were
associated with refractory HA; interestingly, all these cases presented with liver failure.

In controllable or self-limiting HA cases (79%, 67/85), mutations in SLC25A13, JAG1, and ABCC8 were
detected in more than �ve cases, accounting for 37% (25/67) of all cases. Mutated SLC25A13 and most
mutated JAG1 (7/8) were detected in the infantile group, and all cases presented a cholestatic phenotype.
In the neonatal group, ABCC8 was the most frequently mutated gene, and all cases
presented with hypoglycaemia. Notably, mutated JAG1 and ABCC8 with the hypoglycaemic phenotype
have not been previously reported with HA. 

Clinical characteristics of inherited HA according to the age of onset 

To investigate the characteristics of inherited HA according to the age of onset, we compared the clinical
phenotypes of the neonatal and infantile groups. We found signi�cant differences in the clinical features,
clinical course, and outcomes between the two subgroups. 

In the neonatal subgroup, 25% cases (8/32) presented with a peak plasma ammonia level ≥ 500 μmol/L,
compared to 2% cases in the infantile group (1/53, p = 0.003). Neonatal patients with HA showed higher
rates of neurological abnormalities (p < 0.001), respiratory failure (p < 0.001), metabolic acidosis (p =
0.001), glucose metabolism disturbance (p = 0.016), and electrolyte disturbances (p = 0.010) than
infantile patients (Table 1). Infants with HA were more likely to present with hepatic failure than neonates
(p = 0.042). 

Among the neonatal subgroup, 41% patients (13/32) presented with a refractory clinical course,
compared to just 9% patients in the infant group (5/53, p = 0.001). Clinical outcomes in the infant group
were generally better than those in the neonatal group, with 83% patients showing improvement
(44/53) and only 13% patients (7/53) withdrawing the treatment in consideration of the poor prognosis.
In contrast, in the neonatal group, only 38% (12/32) patients had good prognoses (p < 0.001), and 47%
(15/32) patients withdrew from the treatment (p = 0.001) given the poor prognosis.
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Discussion
We observed a signi�cantly different genetic spectrum between patients with neonatal and post-neonatal
HA. In our cohort, the genetic spectrum of neonatal HA mainly included OA, FAOD, and UCD, while the
proportion of these disorders was lower in the post-natal subgroup, which is consistent with the
etiological pro�le reported previously [6-8, 22, 23]. Defects in the function of any enzyme or carrier
involved in the urea cycle can cause primary HA. HA caused by OA and FAOD is secondary to the
functional inhibition of enzymes involved in the urea cycle by their metabolites and the reduction in
substrates required for urea synthesis [5]. We speculate that this difference in the genetic spectrum
between subgroups based on the age of onset is because the severity of UCD, OA, and FAOD is related to
the degree of enzyme-related defects in the corresponding metabolic pathways [32]. Patients with
reduced enzyme activity may have an earlier onset of the disease, exhibit more severe clinical
presentations (higher plasma ammonia level), and may not survive the neonatal period. In other words,
patients with UCD, OA, or FAOD onset after one month of age may exhibit lower ammonia levels, and
therefore, were not included in our cohort. This also explains why patients in the neonatal subgroup
showed higher rates of a refractory clinical course and poor prognosis. 

In this study, hereditary liver disease was the main genetic cause of HA onset before one year of age.
Neonatal-onset type II citrullinemia (MIM 605814, SLC25A13) (neonatal intrahepatic cholestasis caused
by citrin de�ciency, NICCD) is the most common hereditary liver disease. NICCD is known to cause mild,
self-limiting HA. NICCD pathogenesis involves citrin de�ciency caused by the pathogenic variants of
SLC25A13, which leads to the insu�cient transfer of aspartic acid into the cytoplasm and affects its
utilisation for urea cycle substrate synthesis [10]. Other cholestasis-related genes, such as JAG1,
ABCC2, and ABCB11, have not been reported to cause HA phenotype. In our study, most patients with
cholestasis did not show signi�cantly elevated transaminase levels, suggesting that in patients
presenting with HA along with cholestasis, the phenotype may be related to cholestasis itself. 

Pathogenic variants of ABCC8 were frequently observed in our cohort (7%, 6/85). Neonatal diabetes
caused by ABCC8 defects may be associated with HA phenotype [27]. The authors speculated that
elevated serum leucine and glutamic acid levels during ketoacidosis promote the oxidative deamination
of glutamic acid to increase blood ammonia levels. However, in our study, the six patients with ABCC8
defects presented with hyperinsulinaemia rather than diabetes. Therefore, ABCC8-speci�c pathogenesis
needs to be clari�ed further. HA can present with hyperinsulinism/hyperammonaemia syndrome (MIM
606762, GLUD1), wherein an excessive increase in the activity of GLUD1-encoded glutamate
dehydrogenase (GDH) increases glutamate oxidative deamination and glutamate consumption, which
leads to a reduction in N-acetylglutamate (NAG), the activator of the urea cycle rate-limiting enzyme, thus
indirectly affecting urea synthesis [33]. GDH overactivity can increase the ATP/ADP ratio in islet cells,
thereby closing the K+-ATP channel, depolarising the cell membrane, and opening the calcium channel,
leading to insulin release. Variants of ABCC8 cause abnormalities in the K+-ATP channel in islet cells [34],
which may be associated with GDH activity to some extent.
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Two patients in our cohort had galactosaemia (MIM 230400, GALT). Although one patient had liver
failure, the HA was controllable. In a previous case report of galactosemia, a neonatal patient with mildly
elevated transaminase levels developed transient HA. The authors speculated that this may be due to the
toxic effects of galactose on hepatocytes [28]. In a phenotype-genotype analysis of �ve patients with
galactosemia, one patient with HA carried the C. 687 g >A variant as one of the patients in the cohort of
our present study [29]. This suggests a correlation between the GALT genotype and HA; however, this
needs to be con�rmed in the future studies.

We also observed HA in two patients with glycogen storage disease II (MIM 232300, GAA) in which
transaminase levels are slightly elevated. This may be related to the upregulated purine nucleotide cycle
for supplying energy when glycogen storage is impaired; however, this can produce ammonia. A previous
study proposed elevated blood ammonia levels as a screening index for metabolic myopathy [35], and
our results support that HA may be a metabolic myopathy. We also observed HA in three children with
haemolytic anaemia and G6PD de�ciency (favism) (MIM 300908, G6PD), including one with cholestasis,
one with severe infection, and another with bilirubin encephalopathy. Since patients exhibiting severe
haemolysis (such as severe fracture and trauma) may present with HA [10], HA in patients with G6PD
de�ciency may be related to severe haemolysis. 

This study expanded the spectrum of pathogenic variants associated with infantile HA and enriched its
possible genetic background. However, this study has some limitations. First, NGS cannot detect all
pathogenic variants, and so, its use in clinical setting may lead to underdiagnosis. Second, we did not
elucidate the mechanism underlying the correlation between the variants detected in this study and HA,
so further research is needed to fully understand this relationship. Finally, this was a retrospective single-
centre study with few participants and limited phenotypic data, which may result in bias. Therefore, a
prospective multi-centre study including more participants should be carried out in the future.

Conclusion
In this study, we performed NGS to expand the genetic background and clinical characteristics of infantile
HA. In clinical practice, when IEM is considered, blood ammonia should be routinely tested. We
recommend early NGS analysis if HA is suspected. Based on the toxic effects of various metabolic
products on hepatocytes and the extensive linkages between various metabolic pathways, the genetic
pro�le and related metabolic pathways of HA deserve further study.

Abbreviations
FAOD    Fatty acid oxidation disorder

HA       Hyperammonaemia 

IEM      Inborn errors of metabolism
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NGS      Next-generation sequencing
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Table 1 Comparison of genetic spectrum and clinical features of infantile hyperammonaemia with
different ages of onset (n (%))
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Clinical features Total

N=85

Neonatal

N=32

<1 year

N=53

p value

Genetic spectrum  

   OA 12 (14) 10 (31) 2 (4)  0.001

   FAOD 5 (6) 5 (16) 0 (0) 0.006

   UCD 6 (7) 4 (13) 2 (4) 0.416

   Cholestasis 47 (55) 6 (19) 41 (77)  < 0.001

Clinical features    

Peak NH3 ≥ 500μmol/L 9 (11) 8 (25) 1 (2) 0.003

neurologic abnormality 26 (31) 21 (66) 5 (9) 0.001

respiratory failure 13 (15) 11 (34) 2 (4) 0.001

circulatory failure 6 (7) 4 (13) 2 (4) 0.192

hepatic failure 7 (8) 0 (0) 7 (13) 0.042

severe infection 8 (9) 5 (16) 3 (6) 0.146

malformation  9 (11) 4 (13) 5 (9) 0.935

metabolic acidosis 20 (24) 14 (44) 6 (11) 0.001

Hyperlactacidemia 6 (7) 3 (9) 3 (6) 0.668

Glucose metabolic disturbance 22 (26) 13 (41) 9 (17) 0.016

electrolyte disturbance 12 (14) 9 (28) 3 (6) 0.010 

Treatment    

      Arginine 31 (36) 16 (50)  15 (28)  0.051

   CRRT 2 (2) 2 (6)  0 (0)  0.133

   Precision medicine 30 (35) 16 (50)  14 (26)  0.027

Clinical course of HA    

   Self-limited 23 (27) 5 (16)  18 (34)  0.065

   Controllable 44 (52) 14 (44) 30 (57) 0.251

   Refractory  18 (21) 13 (41) 5 (9)  0.001

Clinical outcomes     

      Improved 56 (66) 12 (38) 44 (83) < 0.001
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      Withdrew treatment 22 (26) 15 (47) 7 (13) 0.001

   Died 7 (8) 5 (16) 2 (4)  0.098

CRRT, continuous renal replacement therapy

Figures

Figure 1

Genetic background and distribution of peak plasma ammonia level in subgroups with different onset
age; neonatal hyperammonaemia (denoted by blue) and patients with hyperammonaemia onset before
one year old (denoted by yellow). Circles, triangles, and squares represent controllable, refractory, and
self-limiting clinical courses respectively (R software 4.0.1 was used to create the artwork)

Supplementary Files



Page 14/14

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryTable1.xlsx

https://assets.researchsquare.com/files/rs-1527973/v1/cffb397a2609647911e4bd6c.xlsx

