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REVIEW

Inherited hyperammonemias: a Contemporary view on pathogenesis and diagnosis
Evelina Mainesa, Giovanni Piccolib, Antonia Pascarellac, Francesca Coluccic and Alberto B. Burlinac

aPediatric Unit, Provincial Centre for Rare Diseases, Department of Women’s and Children’s Health, Azienda Provinciale per i Servizi Sanitari, Trento,
Italy; bCIBIO - Centre for integrative biology, Università degli Studi di Trento, Italy & Dulbecco Telethon Institute, Trento, Italy; cDivision of Inherited
Metabolic Diseases, Reference Centre Expanded Newborn Screening, Department of Women’s and Children’s Health, University Hospital, Padova,
Italy

ABSTRACT
Introduction: Hyperammonemia is a marker for a disturbance either in the ammonia detoxification or
less likely in the ammonia production. The symptoms are due mainly to ammonia’s effect on the brain.
The prognosis depends on several factors, including the developmental stage, the magnitude and
duration of exposure.
A prompt ascertainment is crucial at any age for a good prognosis.
Areas covered: This review article will briefly summarize the most recent advances in the under-
standing of hyperammonemia due to disorders of the urea cycle and related enzymes. Major focus
will be on the neuropathological mechanisms and new diagnostic approaches.
Evidence shows that ammonium central nervous system exposure alters several amino acid pathways
and neurotransmitter production, nitric oxide synthesis, signal transduction, cerebral energy metabo-
lism, oxidative/nitrosative stress, and channels and transporters activity.
Newborn screening programs for inherited hyperammonemias and next-generation sequencing panels
of genes associated with hyperammonemia are already established diagnostic tools.
Expert opinion: In the light of the recent discovery of the role of the amino acid arginine in ammonia
metabolism, urea cycle disorders may reveal new insights.
In the absence of a method to achieve a genetic correction of the defective metabolic pathways, new
therapeutic strategies for the neurological complications of hyperammonemia are still an urgent need
and deserve further investigation.
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1. Introduction

Ammonia is a molecule with many properties. Depending
upon pH, it is an ion (NH4

+) with an ionic radius and properties
similar to that of K+ or a gas (NH3) with free access across
cellular and subcellular membranes. The ratio of NH3/NH4

+ is a
function of pH as defined by the Henderson-Hasselbach equa-
tion: log10 (NH3/NH4

+) = pH–pKa. At 37°C, the pKa of ammonia
is 9.15. Consequently, under normal physiological conditions
(pH 7.4), more than 98% of ammonia is present as NH4

+.
Ammonia is an important substrate for several enzymatic

reactions and is produced in all tissues via different biochem-
ical pathways [1]. Large quantities of ammonia normally enter
the portal vein circulation from protein digestion in the gas-
trointestinal system. However, plasma ammonia levels are
maintained at low concentrations (<50 µM in healthy children
and adults, and <110 µM in healthy neonates), a finding which
illustrates the efficiency of hepatic clearance of gut-derived
ammonia [2].

Hyperammonemia (>110 µM in healthy neonates, >50–
80 µM after the neonatal period) is usually due to a dis-
turbance in the ammonia detoxification; nevertheless, in
rarer circumstances, it originates from ammonia overproduc-
tion [2].

Increased ammonia concentrations have deleterious effects
on central nervous system (CNS) function. Depending on the
age at the disease onset and the magnitude and duration of
exposure, ammonia toxicity may result in severe neurological
symptoms including seizures, lethargy, coma and in neuronal
cell damage and loss. The most important mechanism for
ammonia-induced neurologic dysfunction is brain edema,
causing increased intracranial pressure. As a consequence,
death by brain herniation is a frequent complication of severe
acute hyperammonemia [3].

Hyperammonemia due to defects in ammonia detoxifica-
tion is usually differentiated in two types. Primary hyperam-
monemia is due to loss-of-function defects of any of the urea
cycle enzymes. These comprise three mitochondrial enzymatic
defects (carbamoylphosphate synthetase 1 deficiency [CPS1D,
OMIM #237300], ornithine transcarbamylase deficiency [OTCD,
OMIM #311250], N-acetylglutamate synthase deficiency
[NAGSD, OMIM #237310]), three cytosolic enzymatic defects
(citrullinemia type 1 or argininosuccinate synthetase deficiency
[ASSD, OMIM #215700], argininosuccinic aciduria or arginino-
succinate lyase deficiency [ASLD, OMIM #207900], arginase 1
deficiency or argininemia [ARG1D, OMIM #207800]), and two
mitochondrial transport defects (hyperornithinemia-hyperam-
monemia-homocitrullinuria syndrome [HHH, OMIM #238970])
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and citrullinemia type 2 or citrin deficiency (Citrin-D, OMIM
#605814 and #603471) [4,5].

Lysinuric protein intolerance (LPI, OMIM #222700) and
ornithine aminotransferase deficiency (OAT, OMIM #258,870)
have a tangential relationship with urea cycle disorders
(UCDs), leading to a secondary low activity of the urea cycle
pathway due to deficiencies of crucial intermediates [4,5].

Recently other two disorders due to defects of ancillary
enzymes of urea cycle have been described: the deficiencies
of pyrroline-5-carboxylate synthase (P5CS) and carbonic anhy-
drase VA (CA-VA).

Pyrroline-5-carboxylate synthase deficiency (P5CSD, OMIM
#610652) is a disorder caused by a defect in the first two
steps of ornithine/proline biosynthesis, leading to a lack of
urea cycle substrates and thus functional urea cycle insuffi-
ciency. In P5CSD patients, hyperammonemia is more promi-
nent during fasting, consequently to a more pronounced
deficiency of urea cycle intermediates [6].

CA-VA deficiency (OMIM #615751) results in dysfunction of
all four mitochondrial enzymes to which CA-VA provides bicar-
bonate as substrate (carbamoylphosphate synthetase 1 [CPS1]
and three biotin-dependent carboxylases). It leads to hyper-
ammonemia combined with hyperlactatemia and metabolites
suggestive of multiple carboxylase deficiency [7].

On the other hand, secondary impairment of NH3 detoxifica-
tion results from conditions where glutamate (Glu) or acetyl-CoA
are decreased such as in fatty acid oxidation defects (FAODs),
mitochondrial diseases, and valproate therapy, or where toxic
acyl-CoAs are increased such as in organic acidurias (OAs).

Glutamine deficiency due to glutamine synthetase (GS) defi-
ciency (OMIM #610015) also highlights the role of glutamine
(Gln) synthesis in regulating the ammonia concentration [8].

Decreased ammonia detoxification may also result from
acquired deficiency of key enzymes and transporters of urea
cycle, such as in liver injury, or from bypasses of the liver.

This review article will briefly summarize the most recent
advances in the understanding of hyperammonemia due to

disorders of the urea cycle and related enzymes. Major focus
will be on the neuropathological mechanisms and new diag-
nostic approaches.

2. Mechanisms of hyperammonemia

2.1. Main sources of ammonia production

2.1.1. The role of the skeletal muscle
Ammonia production by the skeletal muscle depends on phy-
siological conditions. During the fed state, corresponding to
an anabolic condition, amino acids are mainly used for protein
synthesis. On the contrary, during catabolic conditions such as
prolonged starvation, stress, accident or surgery, muscular
proteins undergo breakdown and release high levels of
amino acids and, eventually, ammonia [2,9].

Amino acids catabolism requires the removal of the amino
group through two processes: transamination or deamination
[10]. Amino acids are transaminated by specific aminotrans-
ferases or transaminases into corresponding 2-ketoacids and
Glu using α-ketoglutarate (αKG) as a nitrogen acceptor
(Figure 1). In this pathway, the amino groups are funneled to
Glu and there is no formation or consumption of ammonia,
thusly no net change in the nitrogen amount of the body [2].

Glu produced by amino acid transamination enters mito-
chondria and gives up its amino group for Gln production by
the enzyme GS. Glu may also be a substrate for the transami-
nation of pyruvate, derived from muscle glycolysis, giving
alanine (Ala) and αKG to be further recycled in transamination
reactions (Figure 1). Ala leaves the skeletal muscle and reaches
the liver, where it mainly serves as substrate for gluconeogen-
esis. Gln is transported in the blood to the intestine, liver, and
kidneys and represents the most important source of nitrogen
to be disposed via the urea cycle [9,10].

Some amino acids and other nitrogen-containing com-
pounds do not undergo transamination reactions, being
directly deaminated to generate free ammonium ions. In par-
ticular, Glu is deaminated at a relatively high rate by the
enzyme glutamate dehydrogenase (GDH). The coupling of
Glu/αKG-utilizing aminotransferases with the GDH reaction
channels the excess of amino acid derived nitrogen toward
ammonia and, eventually glutamine synthesis [11].

Aspartate (Asp) deamination through the purine nucleotide
cycle may also play a role during starvation and exercise [12].

2.1.2. The role of the intestine
Ammonia is produced in the gut by three sources: urease-posi-
tive bacteria in the large bowel that hydrolyze urea into CO2 and
NH3, bacterial oxidation of amino acids in the fed state, and
intestinal epithelial glutaminase (GA), that converts Gln to Glu
and ammonia. Approximately, 75% of this ammonia returns to
the urea pool through the hepatic urea synthesis [9].

The direct elimination of ammonia from the gut via purga-
tory treatments and the reduction of bacterial flora represent
the mainstay of hepatic encephalopathy (HE) therapy [13] and
have also an important role in the treatment of some inherited
metabolic disorders (IMDs).

Article highlights

Hyperammonemia is a marker for a disturbance either in the
ammonia detoxification or less likely in the ammonia production.
The extent of brain damage depends on several factors, including
the developmental stage, the magnitude and duration of expo-
sure. The underlying mechanisms of hyperammonemic encephalo-
pathy are not completely understood. Evidence shows that
ammonium central nervous system exposure alters several amino
acid pathways and neurotransmitter production, nitric oxide synth-
esis, signal transduction, cerebral energy metabolism, oxidative/
nitrosative stress, and channels and transporters activity.
Understanding the mechanisms of ammonia neurotoxicity is
important for optimizing the treatment of hyperammonemic crisis
and for unrevealing new therapeutic strategies. Because of the
unspecific clinical presentation of hyperammonemia, alternative
measures to clinical diagnosis are needed. Newborn screening
programs for inherited hyperammonemias and next-generation
sequencing panels of genes associated with hyperammonemia
are already established diagnostic tools.

This box summarizes key points contained in the article.
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2.1.3. The role of other organs
GDH is expressed in other tissues (pancreas, heart, intestine,
spleen, brain, skin, leukocytes, fibroblasts, lymph nodes, testi-
cular tissue). Since Glu deamination via GDH results in a free
ammonium ion production, these organs may contribute to
ammonia production [2].

2.2. Main sources of ammonia detoxification

2.2.1. The role of the liver
In humans, there are two main ways to neutralize ammonia:
urea synthesis and Gln synthesis. Their efficacy is different:
renal excretion of urea allows the clearance of waste nitrogen
whereas synthesis of Gln only sequesters it.

The urea cycle represents the major pathway of nitrogen
disposal from the body and is the unique pathway able to
transform ammonia into a nontoxic product, the urea. Hosting
both the mechanisms, the liver is the main player in ammonia
detoxification. The urea cycle takes place exclusively in the
liver, in particular in the periportal hepatocytes, and therefore
is tightly related to the integrity and functionality of this organ
[9]. It converts ammonia and carbon dioxide (under the form
of bicarbonate) into urea and water through a five-enzymatic-
step process (Figure 2). One activating enzyme (N-acetylgluta-
mate synthase, NAGS) and two transport proteins on the
mitochondrial membrane are also required: ornithine carrier
(ORNT) allows ornithine (Orn) import and citrulline (Cit) export,
and citrin allows export of Asp and Glu import. The urea cycle

is mostly regulated by N-acetylglutamate (NAG) controlling
the CPS1 activity and by the availability of Orn [5].

Gln synthesis by the cytosolic enzyme GS plays a secondary
role in ammonia detoxification in healthy humans. Its rele-
vance changes under specific metabolic conditions (e.g.
UCDs) and depends on the acid-base status [14].

Häussinger et al. in 1983 provided the first evidence sup-
porting the perivenous localization of GS and the predomi-
nantly periportal localization of GA and urea synthesis. Their
study on substrate and enzyme activity gradients along the
liver lobule, provided the basis for an intercellular Gln
cycling [15].

GS detoxifies approximately one-third of the total portal
blood ammonia, although this percentage can vary depending
on the acid-base status.

Due to this hepatic Gln synthesis, plasma Gln is usually high
in primary UCDs, though there is a large variability. On the
acid-base status contrary, low or normal Gln levels are typically
found in hyperammonemia due to OAs. This is related to the
inability to maintain adequate levels of Gln precursors, in
particular αKG, through a dysfunctional Krebs cycle [16].

2.2.2. The role of the kidney
Hepatic urea travels to the kidneys and it is removed in the
urine.

Locally, ammonia is produced upon Gln hydrolysis by GA. This
ammonium may be released into the systemic circulation (renal
vein) or excreted into the urine depending predominantly on
acid-base balance and potassium (K+) concentration. In healthy
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Figure 1. Schematic representation of the role of the skeletal muscle in ammonia homeostasis. During catabolic conditions, muscular proteins undergo breakdown
releasing high levels of amino acids and, eventually, ammonia. Amino acids are transaminated by specific aminotransferases or transaminases into corresponding 2-
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glutamate dehydrogenase (GDH) (5). Aspartate deamination through the purine nucleotide cycle is a source of ammonia during starvation and exercise (6).

EXPERT OPINION ON ORPHAN DRUGS 107



individuals under normal acid-base balance conditions, total
kidney ammonium production is approximately half-divided
between urine and venous blood [2]. On the contrary, metabolic
acidosis increases urinary NH4

+ excretion while metabolic alka-
losis induces the opposite effect. K+ depletion enhances urinary
NH4

+ excretion by the kidney. Conversely, the administration of
K+ supplements decreases urinary NH4

+ excretion [2,17].

2.2.3. The role of other organs
GS is also expressed in brain (astrocytes), keratinocytes, gas-
trointestinal cells, lymphocytes [2] and skeletal muscles [18]. In
patients with severe liver disease and portalsystemic shunting,
ammonia-laden portal blood bypasses the liver and is diverted
into the systemic circulation. Under these circumstances, ske-
letal muscles may become the most important organ in
ammonia homeostasis [18].

Ammonia in gas phase has also been detected in human
skin [19] and exhaled air [20,21], denoting that both the skin
and the lungs may participate in nitrogen elimination.

3. Pathogenesis of brain ammonia toxicity

Notwithstanding increased systemic concentration, the symp-
toms of hyperammonemia are due mainly to ammonia’s effect
on the brain. Anyway, deleterious effects of ammonia have
been observed in several cell types [22].

The extent of brain damage due to hyperammonemia
depends on several factors, including the developmental
stage, the concentration of ammonia that is reached, the
rate of ammonia increase, the duration of hyperammonemia,
and the co-presence of other pathological conditions (e.g.
inflammation) [3,23,24].

In children with symptomatic hyperammonemia, the pat-
tern and extent of brain magnetic resonance imaging (MRI)
abnormalities correlate with clinical neurological outcome.
Bireley et al. observed a trend in distribution of brain MRI
abnormalities related to the severity of neurological seque-
lae. The peri-insular region is the first involved, extending
into the frontal, parietal, temporal and, finally, the occipital
lobes [25].

Biochemical changes in brain chemistry may be observed
even before the development of clinical symptoms [26,27].
Proton magnetic resonance spectroscopy (1H MRS) studies in
symptomatic and severely affected OTCD patients have
demonstrated that some metabolites are altered specifically:
Gln is elevated, while myoinositol and choline are decreased.
Interestingly, the myoinositol concentration has been linked to
the development of ammonia-induced injury [26].

Neuropathological evaluation reveals an alteration of astro-
cyte morphology including cell swelling in acute hyperammo-
nemia and Alzheimer type II astrocytosis in chronic
hyperammonemia [23,28]. The rise of Gln in astrocytes that
overcomes osmoregulation capacity plays an important role in
both mechanisms [29].
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Ammonia toxicity is also associated in childhood with neu-
ronal loss, defects in neuritic growth, nerve cell migration
abnormalities, and hypomyelination. These alterations are
usually not observed in adult patients exposed to ammonia.
For this reason, neurological symptoms are largely reversible
in adults when NH4

+ returns to normal levels [3,23].
The pathogenetic mechanisms underlying the brain ammo-

nia toxicity are not still fully understood. Recent evidence
shows that CNS exposure to ammonium alters several amino
acid pathways and neurotransmitter production, nitric oxide
(NO) synthesis, signal transduction, cerebral energy metabo-
lism, oxidative/nitrosative stress (ONS), and channels and
transporters activity [3].

3.1. Glutamine-induced toxicity

Ammonia toxicity in the brain is tightly connected to Gln
metabolism in astrocytes [28].

Since the brain lacks the urea cycle, ammonia detoxification
relies only on Gln synthesis by the astrocytic enzyme GS. In
response to elevated serum NH4

+ levels, GS activity increases
and, consequently, also the Gln content in astrocytes rises. High
intracellular Gln concentrations, may overcome astrocyte
osmoregulatory mechanisms, leading to astrocyte swelling
and, consequently, to brain edema [3,28] (Figure 3). According

to the ‘Trojan horse’ hypothesis, astrocyte swelling under NH4
+

exposure may be caused by Gln transport into mitochondria. In
this scenario, Gln (the Trojan horse) is transported from the
cytoplasm to mitochondria where is cleaved by GA in Glu and
NH4

+ [30].
The glutamine-derived ammonia could interfere with mito-

chondrial function, give rise to the excessive production of reactive
oxygen species (ROS) and induce the mitochondrial permeability
transition (MPT) [3]. MPT increases the permeability across the
inner mitochondrial membrane, leading to a collapse of the mito-
chondrial innermembrane potential, osmotic swelling of themito-
chondrial matrix, movement of metabolites across the inner
membrane, defective oxidative phosphorylation and ATP synth-
esis, and finally oxidative stress [31].

The ‘Trojan horse’ hypothesis is supported by the observa-
tion that L-histidine, which inhibits mitochondrial Gln uptake,
prevents swelling in ammonia-exposed astrocytes [32].
Nevertheless, this observation must be interpreted with cau-
tion because L-histidine also protects from oxidative stress
[33]. Moreover, other authors have strongly criticized the
‘Trojan horse’ theory, because CNS GA activity in acutely
hyperammonemic rats is low [29].

Interestingly, Gln deficiency upon astrocytes death has
been linked to a relevant endogenous brain production of
NH4

+, as observed in some OAs [34,35].

Glutamine

Glutamate

GA

GS

Glutamate

Astrocyte

NH4
+

Glutamine

Glutamate

Glu-Gln astrocyte/neuron shuttle

NMDA receptors

NOS

NOCitric acid 

cycle

Respiratory

chain

NO

Oxidative stress

Glutamine

GA
NH4

+

Glutamate

Citric acid 

cycle

Respiratory

chain

-

+

Osmoregulation failure Astrocyte swelling

NO

NOS

Mitochondrion

Cytosol

NOS

Synapsis

1

2

3

4

5

7

7

6

Pre-synaptic neuron

ROS

NH4
+

Post-synaptic neuron

Ca++

ROS

 ATP
MPT

ROS
MPT

 ATP

ROS

MPT

Figure 3. Schematic representation of the main mechanisms of ammonia neurotoxicity. Since the brain lacks the urea cycle, ammonia detoxification relies only on
glutamine synthesis by the astrocytic enzyme GS (1). High intracellular glutamine concentration may overcome astrocyte osmoregulatory mechanisms, leading to
astrocyte swelling (2). The glutamine transport into mitochondria and its cleavage by glutaminase (GA) in glutamate and NH4

+ (the ‘Trojan horse’ hypothesis) seem
to play the most important role (3). Ammonia exposure may also induce alterations in the astrocyte-neuron Glu-Gln shuttle (4) and, consequently, in the glutamate
extracellular levels (5). Increased glutamate levels lead to neurons hyper-stimulation essentially through the N-methyl-D-aspartate (NMDA) receptors activation (5).
That leads to increase in intracellular calcium, which initiates several calcium-dependent processes including NO formation. The excessive formation of NO is the
main cause of mitochondrial dysfunction, free radical accumulation and impaired energy metabolism both in neurons (6) and in astrocytes (7).

EXPERT OPINION ON ORPHAN DRUGS 109



3.2. Glutamate-induced toxicity

Glu is the major excitatory neurotransmitter in the CNS. Glu
has also a vital role in brain ammonia homeostasis, being
strictly involved in Gln metabolism and to the astrocyte-neu-
ron Glu-Gln shuttle (Figure 3).

Upon NH4
+ exposure, the Glu intracellular pool drops in

astrocytes and extracellular Glu level rises. The first phenomenon
is mainly due to the conversion of Glu and NH4

+ to Gln by GS [3].
High extracellular Glu level leads to neurons hyper-stimula-

tion and eventually to neurotoxicity, essentially through the
N-methyl-D-aspartate (NMDA) receptors activation [36,37]
(Figure 3).

NMDA receptors activation increases intracellular calcium
levels, which finally affect the activity of different enzymes
both in neuronal mitochondria and cytosol. This leads to a
wide array of metabolic alterations affecting NO metabolism
and sodium-potassium pump (Na+-K+-ATPase). Increased NO
formation, ATP shortage, mitochondrial dysfunctions, free radi-
cal accumulation and oxidative stress lead definitely to cell
death (Figure 3) [38].

Involvement of NMDA receptors in ammonia neurotoxicity
is confirmed by the observation that acute ammonia brain
damage is reduced by NMDA receptor blockade both in vitro
and in vivo [39,40].

In chronic hyperammonemia, the impaired function of the
glutamate-nitric oxide-cGMP pathway associated to NMDA
receptors, could be responsible for cognitive impairment
[41]. In fact, both NMDA and gamma-aminobutyric acid
(GABA) receptors are involved in the electrophysiological
mechanisms for cognition, memory and learning [42].

Finally, NH4
+ can also impact other neurotransmission sys-

tems such cholinergic and serotoninergic neurotransmis-
sions [43].

3.3. Arginine and alteration of nitric oxide synthesis

In the CNS, NO is involved in crucial functions such as neuro-
transmission [44], differentiation of neuronal cells [45], epige-
netic mechanisms in developing neurons and migration [46].

NO is produced from arginine (Arg) by NOS, which consti-
tutes together with argininosuccinate synthetase (ASS) and
argininosuccinate lyase (ASL) the citrulline-NO cycle. The
citrulline-NO cycle together with cationic amino acid transpor-
ters (CATs, y+LAT) are well expressed in CNS, and allow a
steady supply of Arg to brain cells [47].

The role of Arg is confirmed by multiple observations.
The activation of NMDA receptors by ammonia activates

NOS-mediated NO synthesis only in the presence of normal
Arg supply [48]. Moreover, astrocytes exposed to NH4

+

increase their Arg content by the expression of the gluta-
mine/arginine transporter y+ LAT2, thereby stimulating the
citrulline-NO cycle [49].

Excessive NO can impair brain function via multiple
mechanisms. The most important are the mitochondrial
respiration impairment, leading to ATP depletion and oxida-
tive stress [3], and the alteration of blood-brain-barrier (BBB)
permeability, thus contributing to vasogenic edema [50].

Suboptimal concentration of Arg, as observed in UCDs
except ARG1D, promotes the uncoupling of NOS and even-
tually the production of superoxide rather than NO.
Superoxide is strictly involved in oxidative stress and second-
ary mitochondrial dysfunction [42]. On the contrary, decreased
NO production might affect the regulation of microcirculation
[51], protein S-nitrosylation [52], histone methylation and gene
expression [53], neurotransmission [44], differentiation of neu-
ronal cells [45], and neuronal migration during develop-
ment [46].

ASLD is the only inherited condition proven to cause sys-
temic NO deficiency [53,54]. Nevertheless, plasma and urinary
NO metabolites (as markers of NO synthesis) have also been
detected below the normal range in OTCD [55]. Patients with
ASLD experienced a mild neurological improvement after NO
therapy [56]. This evidence supports the role of NO deficiency
in the pathophysiology of the brain disease in ASLD patients.

Arg is also the precursor for creatine (Cr) synthesis.
Consequently, decompensated UCDs can be associated with dis-
turbances in the Cr metabolism both in brain and periphery [57].

3.4. Calcium-induced toxicity

Many studies have shown that one of the earliest events in
astrocytes exposed to ammonia is a rise in Ca2+ levels [58,59].
Moreover, it correlates with ammonia concentration [59].

The increase in mitochondrial Ca2+ levels has been linked
to MPT, defective oxidative phosphorylation, oxidative stress,
and eventually to cell swelling. Calcium release may also
underlie NH4

+-induced neuronal apoptosis through activation
of caspases and calpain (Ca2+-dependent proteases) [60], and
eventually bring to alterations in brain microcirculation [61].

3.5. Alterations in the energy metabolism

Ammonia affects several pathways involving energy metabo-
lism, including the tricarboxylic acid cycle (TCA), lactate-malate
shuttle, αKG dehydrogenase (αKGDH), and mitochondrial
respiratory chain complexes [62,63]. Brain cells exposed to
NH4

+ also show a reduction in the creatine/phosphocreatine/
creatine kinase system, due to altered Cr transport and synth-
esis [57].

The impairment of oxidative metabolism determines a
compensatory increase of glycolysis (mainly in astrocytes),
which induces an increase in brain lactate production [22].
Nevertheless, nuclear magnetic resonance studies have pro-
vided in vivo evidence for the absence of a sustained altera-
tion in the concentration of high-energy phosphate
compounds during a period of acute hyperammonemia [64].

Several observations argue against the hypothesis that
energy failure results primarily by αKG depletion of TCA
cycle (related to the conversion of αKG to Glu by GDH). αKG
levels are not decreased and Glu levels are not increased in
acutely hyperammonemic rat brain [65]. Moreover, [13N]
labeling experiment showed that only a small amount of
ammonia is incorporated into Glu in rat brain [11].

Ammonia-induced depletion of ATP seems to be prevented
by NMDA receptor antagonists [39]. Moreover, acetyl-L-carni-
tine has been reported to enhance the recovery of cerebral
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energy deficits caused by hyperammonemia, through the
restoration of cytochrome c Oxidase (or complex IV) activity
and free-radical scavenging [66].

3.6. Oxidative/nitrosative stress

ONS, i.e. the excessive and ubiquitous accumulation of ROS
and reactive nitrogen species (RNS), is the major outcome of
mitochondrial dysfunction and impaired energy metabolism
due to hyperammonemia [67].

In the brain, ONS alters astrocytes function and morphol-
ogy, perturbs astrocyte-neuron cross talk and affects synaptic
plasticity, leading to encephalopathy. Moreover, it is a major
determinant in the development of brain edema.

How ONS may cause astrocyte swelling is not fully under-
stood, but an involvement of MPT has been confirmed. MPT
seems not to be a consequence of the opening of a pre-
formed pore, but the consequence of oxidative damage to
pre-existing membrane proteins [67,68].

Several antioxidants are capable of diminishing the ammo-
nia-induced MPT [3].

3.7. The role of channels and transporters

NH4
+ is a water-soluble weak acid that crosses cell membranes

through various transport systems. Because of the physico-
chemical similarity between NH4

+and K+, NH4
+ can move

along K+ channels and transporters (Na+-K+-ATPase, K+ chan-
nels, Na+-K+-Cl− cotransporters), altering the uptake of ions
and water [69].

Na+-K+-Cl− cotransporter-1 (NKCC1), shuffles Na+, K+, 2 Cl−,
and water. NKCC1 activation upon NH4

+ exposure increases
the entry of water in astrocytes [69] and may contribute to
brain edema.

Ammonia can also interfere with aquaporin channels, which
might link cerebral metabolism to kidney physiology [70].

3.8. Blood–brain barrier and cerebral blood flow

Apart from a direct cytotoxic effect in the CNS, ammonia may
also affect BBB functionality and, consequently, the passage of
different molecules across its structures [71].

BBB permeability is strongly influenced by the state of the
capillary endothelial cells, which are the first cells in contact
with blood ammonia during hyperammonemia. Ammonia
affects capillary endothelial cells functionality via a mechanism
encompassing ONS and activation of matrix metalloprotei-
nases [50].

Change in the cerebral blood flow, resulting in altered
intracranial blood volume, has also been suggested to con-
tribute to the development of brain edema [72].

4. Diagnosis of inherited hyperammonemias today

After a short asymptomatic interval, neonatal inherited hyper-
ammonemias give symptoms which cannot be distinguished
clinically from sepsis. Late-onset manifestations may also not
be straightforward [4,73], thus making the diagnosis of inher-
ited hyperammonemias a challenge for the clinicians.

Due to the resulting brain edema, a late diagnosis and
treatment are important negative prognostic factors.
Consequently, a prompt ascertainment of hyperammonemia
is crucial at any age for a good prognosis.

Because of the unspecific clinical presentation of hyperam-
monemia, alternative measures to clinical diagnosis are
needed. In recent years, newborn screening programs using
tandem mass spectrometry (MS/MS) have extended the num-
ber of inherited disorders leading to hyperammonemia identi-
fiable in the first days of life.

Next-generation sequencing (NGS) panels of genes asso-
ciated with hyperammonemia are also a promising diagnostic
tool, because they can improve the timing and the accuracy of
the diagnosis.

4.1. Expanded newborn screening (NBS)

Screening programs measuring acylcarnitine and amino acid
profiles in newborns through MS/MS can detect more than 40
IMDs. The goal of NBS is the early identification of babies with
a high risk for inborn errors of metabolism that may not be
clinically evident at birth, but that could have severe conse-
quences if not promptly diagnosed and treated.

Among the IMDs causing hyperammonemia, NBS may
potentially recognize OAs, FAODs, and UCDs.

The majority of OAs causing hyperammonemia results from a
defect in the branched-chain amino acids (BCAAs) catabolism. The
most important are propionic acidemia (PA, OMIM #606054),
methylmalonic acidemia (MMA, OMIM #251000), and isovaleric
acidemia (IVA, OMIM #243500). Hyperammonemia may be also a
feature of severe forms of maple syrup urine disease (MSUD,
OMIM #248600) [74]. The diagnosis of these disorders is based
on acylcarnitines profiles identified by primary biomarkers [75–78]
and in some cases by second-tier testing to improve the positive
predictive value of NBS [78,79].

The most common FAODs presenting with hyperammo-
nemia are carnitine uptake deficiency (CUD, OMIM #212140),
carnitine acylcarnitine translocase deficiency (CACTD, OMIM
#212138), the neonatal and infantile forms of carnitine pal-
mitoyltransferase II deficiency (CPT II deficiency, OMIM
#608836, #600649), medium-chain acyl-CoA dehydrogenase
deficiency (MCADD, OMIM #201450) and multiple acyl-CoA
dehydrogenase deficiency (MADD, OMIM #231680) [80].
While there is the possibility that many patients died with-
out being diagnosed or are symptomatic but undiagnosed,
it is also very likely that many undiagnosed individuals with
these disorders are asymptomatic. There is considerable
evidence that many infants identified by NBS with MCADD
remain asymptomatic. Early infancy treatment is not likely
the reason. It is therefore probable that many, perhaps most,
of the infants identified with MCADD by NBS have a mild
and perhaps asymptomatic form of the disorder [81].

Patients with UCDs can be detected by neonatal screening
measuring amino acids profile in dried blood spot (DBS).

Increased level of Cit may be suggestive for ASSD, ASLD
and citrin-D. In ASLD, argininosuccinic acid (ASA) will also be
present. An increased Arg is suggestive for ARG1D [82], while a
low Cit concentration can be detected in patients with CPS1D,
NAGSD and OTCD.
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However, mitochondrial enzymatic defects of the urea cycle
have frequently been reported even in cases with normal NBS
Cit concentration [83] and the specificity and sensitivity of the
test currently remain low for these disorders. Screening kits for
metabolites including glutamine and some amino acid ratios
(e.g. glutamine/citrulline) have been proposed for the diagno-
sis of OTCD [84].

Since the time window to identify newborns before the
onset of first symptoms is often narrow, the impact of NBS
on UCDs is highly controversial. In Europe, UCDs are rarely
included into national NBS programs, with the exception of
ASS and ASL. Instead it is a common practice in the USA.

The clinical benefit of UCD diagnosis by neonatal screening
is still unclear. However, NBS has been recently associated to a
trend toward neurological long-term improvement in patients
with ASSD, ASLD, and ARG1D [85,86]. Moreover, a recent
cross-border surveillance in Germany, Austria, and
Switzerland revealed a positive impact of NBS on patients
with UCDs, in particular cytosolic enzymatic defects. Ten out
of eleven patients promptly identified by NBS (1 OTCD, 4
ASSD, 3 ASLD, 1 ARG1D, 1 citrinD) remained asymptomatic
during a short observation [87]. Nevertheless, NBS may also
identify benign phenotypes such as untreated ASL individuals
with normal intellectual and psychomotor development with-
out any intervention [88].

Due to a significant disparity among NBS programs in many
countries [88], the pediatricians should become familiar with
the capabilities and limitations of MS/MS testing performed in
their pediatric population.

A false negative result is always possible due to the nature
of newborn screening as a large-scale screening test. As pre-
viously pointed up, Cit as a primary marker may not be able to
detect all the UCD cases. A missed case of ASLD has been
recently reported because subtle elevation of this marker may
overlap with the normal range [89].

In the case of UCD, clinicians should maintain a high
degree of clinical suspicion when a dietary history and other
clinical features may suggest a hyperammonemic disorder.

4.2. Diagnosis of late-onset inherited
hyperammonemias in adults

Late-onset forms of inherited hyperammonemias have increas-
ingly been reported in adults. They can present with acute
hyperammonemic coma or milder chronic or recurrent hyper-
ammonemic episodes [90].

OTCD, which is inherited as an X-linked disorder, is the
most well-described UCD in adulthood.

The acute manifestations are usually precipitated by ammo-
nia overproduction, that overcomes liver clearance capacity.
The most common triggers are exogenous protein load, hyper-
catabolic states such as infections, fever, fasting, steroid ther-
apy, trauma, pregnancy, surgery, gastrointestinal or internal
bleeding [4], infections by urea-splitting bacteria [91], and phar-
macological treatments, in particular chemotherapy protocols
with L-asparaginase/pegaspargase [92] and sodium valproate
administration [93].

Most symptoms of inherited hyperammonemias in adults
are neurological but nonspecific (Box 1). Hepatic-gastrointest-
inal and psychiatric manifestations are second in fre-
quency [4,90].

Variability in disease severity is characteristic for OTCD
heterozygous females (due to lyonization), but is also found
in all UCDs, being mainly attributable to differences in the
type and in the severity of the genetic change [4].

Recognizing UCDs in adults can be challenging due to
milder or atypical symptoms compared to classic UCD presen-
tations. Often the diagnosis in adulthood is delayed by comor-
bid conditions and ammonia levels are performed too late for
starting the emergency therapy. The crucial first step is to
consider ammonia at presentation of all encephalopathy or
when recurrent symptoms are present.

Selective investigations should be performed in any
patients who present hyperammonemia (Box 1). In particular,
plasma and urine should be collected for measuring plasma
amino acids and urinary orotic acid. Plasma Gln, Cit and ASA
levels, and urinary orotic acid are easily detectable during
acute phase and may suggest the diagnosis.

Nevertheless, in some cases, establishing the specific
enzyme defect may be challenging. Females with OTCD may
only have slight elevations in orotic acid. Moreover, patients
suspected of having NAGSD and CPS1D have similar plasma
amino acid profiles.

For these reasons, molecular genetic testing is now a useful
diagnostic tool.

NGS panels of genes associated with UCDs/hyperammone-
mia are now available and are becoming increasingly inexpen-
sive and faster [94,95]. They may change the diagnostic
paradigm for inherited hyperammonemias improving the
accuracy of the diagnosis and potentially avoiding the need
of invasive or expensive functional tests [94].

Box 1. Drugs summary.

When ammonia should be measured
In patients at any age presenting:
(1) an unexplained change in consciousness
(2) unusual or unexplained neurological illness
(3) cerebral edema
(4) acute liver failure
(5) suspected intoxication
(6) recurrent vomiting and protein aversion or self-selected low-protein
diet

In newborns with:
(1) respiratory alkalosis (when metabolic alkalosis or metabolic acidosis are

suspected)
In adolescents and adults with:
(1) psychiatric symptoms
(2) acute loss of vision
(3) recurrent migraine-like headaches
(4) stroke-like episodes

Selective investigations to perform in case of hyperammonemia
(1) Plasma and urine amino acids
(2) Blood or plasma acylcarnitines
(3) Urinary organic acids
(4) Urinary orotic acid
(5) Perimortem: DNA to store, storage of frozen aliquots of all samples obtained

of plasma and urine, consider liver biopsy for enzymatic studies and skin
biopsy for fibroblast culture.
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NGS technology seems to be particularly promising in
patients with both consistent clinical and biochemical suspi-
cion of an inherited cause of hyperammonemia [95].

5. Conclusions

Understanding the mechanisms of ammonia neurotoxicity is
important for optimizing the treatment of hyperammonemic
crisis and for identifying new therapeutic strategies. The num-
ber of hypotheses indicates that a major cause has not been
identified and that several mechanisms may contribute.

Due to the deleterious effects on CNS of increased ammo-
nia concentrations, a prompt ascertainment of hyperammone-
mia is crucial at any age for a good prognosis.

Because of the unspecific clinical presentation of hyperam-
monemia, alternative measures to clinical diagnosis are
needed. Some IMDs presenting with hyperammonemia are
now part of the recommended uniform screening panel for
NBS in many countries. Nevertheless, some inherited hyper-
ammonemias do not have reliable markers for NBS or present
before the NBS results are available, making still the diagnosis
a challenge for the clinicians.

Moreover, diagnosis of late-onset forms of hyperammone-
mia in adults can be challenging due to milder or atypical
symptoms compared to classic UCD presentations. In these
cases, NGS panels of genes associated with UCDs/hyperam-
monemia are a promising diagnostic tool.

6. Expert opinion

Inherited hyperammonemias include primary hyperammone-
mias due to loss-of-function defects of any of the urea cycle
enzymes and secondary hyperammonemias due to a second-
ary low activity of the urea cycle pathway. All these disorders
are characterized by elevated concentrations of ammonia that
are toxic to both neuronal and astrocytic elements in the CNS
by several pathogenetic mechanisms.

In the light of the recent discovery of the role of the amino
acid arginine, UCDs may reveal new insights [96].

L-arginine is the substrate for four enzymes, some of which
exist as multiple isoforms: the arginase, converting L-arginine
in L-ornithine in the urea cycle; the nitric oxide synthase (NOS),
producing NO; the arginine:glycine amidinotransferase (AGAT),
forming guanidinoacetate (GAA), which is then converted to
creatine; and the arginine decarboxylase, producing agma-
tine [97].

Intriguingly, some of these enzymes have a unique and not
overlapping distribution in the different brain areas, as pre-
viously demonstrated in the rat [98]. A similar area-specific
distribution in the rat brain is also observed for ASS and ASL,
which in concert with L-arginine constitute the citrulline-NO
cycle [48].

It is known that NH4
+ exposure of brain cells leads to very

different outcomes on NO synthesis, depending on whether
brain cells are or are not in shortage of Arg [3]. Arg deficiency
promotes the uncoupling of NOS and eventually the produc-
tion of superoxide rather than NO. Moreover, it compromises
the synthesis of Cit, Orn, creatine and agmatine [97].

Patients with UCDs (except ARG1D) are usually treated with
a supplement of L-arginine, because in these disorders Arg
becomes an essential amino acid. Nevertheless, concern has
been recently raised about the safety of high L-arginine doses
in UCD patients [97,99], in particular in those affected by
ASLD. In theory, L-arginine supplementation increases not
only NO production and Cit, Orn, creatine and agmatine levels,
but also those of ASA. The trapping of ASA in the brain could
be the pathological mechanism responsible for the poor cog-
nitive outcome of patients with ASLD, either directly or via the
formation of guanidino compounds [52].

The detrimental effect of high levels of L-arginine has also
been postulated in LPI. In that disorder, NO overproduction
secondary to Arg intracellular trapping due to a defective
efflux from the cell may explain some long-term complica-
tions, such as immune dysfunction [100].

A natural model of the possible toxic effects of high Arg
concentrations is ARG1D. Individuals with ARG1D typically
present with highly elevated Arg levels and mildly or moder-
ately increased ammonia in plasma, a biochemical pattern
strikingly different from those of other UCDs. In particular,
plasma Arg concentrations often remain significantly elevated
even in patients strictly adhering to dietary protein restriction.

High Arg levels may be responsible of the peculiar clinical
phenotype of ARG1D patients characterized by variable
degrees of cognitive impairment, epilepsy, and progressive
spastic diplegia or paraparesis [82].

In the absence of a method to achieve the genetic correction
of the defective metabolic pathways, new therapeutic strategies
for the neurological complications of hyperammonemia are an
interesting area of research and deserve further investigation.

Several potential therapeutic agents, such as NMDA recep-
tor antagonists, nitric oxide inhibitors, and creatine and acetyl-
L-carnitine supplementation, have been recently proposed as
possible neuroprotective treatments. Clinical trials to evaluate
their safety and efficacy are necessary for extensive application
to UCDs patients.
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