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Abstract
Purpose of Review Hyperammonemia have significant morbidity and mortality. In this paper, we reviewed the latest research and
evidence of both conventional and upcoming oral or intravenous treatments.
Recent Findings New updates on the role of oral agents such as rifaximin, PEG, probiotics, glycerol phenylbutyrate, and zinc
supplements in the management of both chronic hyperammonemia and overt hepatic encephalopathy have been discussed in this
review. We discussed the recent findings on the role of branched-chain amino acids in patients with cirrhosis.
Summary Rifaximin role has expanded as mono or combination therapy in patients with hepatic encephalopathy. Probiotics and
zinc might play a role in the prevention of overt hepatic encephalopathy. Newer oral agents such as activated carbon seem to be
promising. Saline or albumin might play a role in diuretic-induced hyperammonemia but their role is yet to be determined. More
research is needed for new interventions and treatment validation.
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Abbreviations
ASL Argininosuccinic acid lyase
ASS Argininosuccinate synthetase
ATP Adenosine 5′-triphosphate
BBB Blood-brain barrier
BCAA Branch chain amino acids
CPS Carbamyl phosphate synthetase
CT Computed tomography
GI Gastrointestinal
ICH Intracranial hemorrhage
IEM Inborn error of metabolism
IV Intravenous
LOLA L-Ornithine-L-aspartate
MRI Magnetic resonance imaging
NAGS N-Acetyl glutamine synthetase
OTC Ornithine transcarbamylase
RRT Renal replacement therapy
TPN Total parenteral nutrition

UCDs Urea cycle disorders
US Ultrasonography

Background

Ammonia is an important source of nitrogen and is required
for the biosynthesis of essential compounds such as amino
acids, the building blocks of protein structure [1]. Ammonia
is produced by the gastrointestinal (GI) track, kidney, liver,
muscle, brain, and is a by-product of protein digestion and
bacterial metabolism [1, 2]. Within the kidney, ammonium is
concentrated in the medullary interstitium, where it is either
returned into the systemic circulation or used to facilitate pro-
tons excretion in the urine; therefore, ammonia is crucial for
acid-base homeostasis [3, 4]. The majority of ammonia is
either reutilized for amino acid synthesis or converted to the
end product, urea. The remaining ammonia is released into the
blood stream [1, 2]. Because unbound ammonia is extremely
toxic, especially to neurons, ammonia is rapidly converted to
nontoxic urea by the urea cycle in the liver and excreted in the
urine [1, 2, 4]. Blood ammonia is maintained at safe concen-
trations below 50 μmol/L, as most ammonia produced in tis-
sue is converted to glutamine [5]. Glutamine is utilized for
energy production by gut cells, which is metabolized to ala-
nine, citrulline, and ammonia; hence, they are transported to
the liver via the bloodstream or excreted by the kidneys [6].
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High ammonia concentrations can be attributed to an increase
in ammonia production via different triggers (e.g., seizures,
gastrointestinal bleed, trauma or burn, infections, chemother-
apy, steroids administration, and increased peripheral catabo-
lism due to deficiency of essential amino acids) [7, 8].
Moreover, hyperammonemia could be secondary to a de-
crease in ammonia elimination (e.g., deficiency in essential
urea cycle enzymes, fatty acid oxidation defects, fulminant
hepatic failure, trans-hepatic intrajugular portosystemic shunt,
and valproate) [7, 8]. In the last few years, there has been a
notable improvement in the recognition and treatment of urea
cycle disorders (UCDs) [8]. Patients with UCDs can have
partial deficiency of any enzyme in the urea cycle and develop
symptoms at any time in their life, usually as a result of in-
creased catabolic stress [8]. Hyperammonemia severity varies
from low-grade encephalopathy to hyperammonemic coma
which requires different pharmacological options with differ-
ent routes of administration [9].

Pathophysiology

Main sources of ammonia are the colon and small intestine
(through bacterial metabolism of proteins and urea, and deg-
radation of glutamine) [10, 11]. In healthy human, the liver is
primarily responsible for ammonia metabolism [12]. Five con-
secutive enzymatic reactions are essential to convert nitrogen
waste from protein intake and endogenous proteins catabolism
into urea; this process is known as “the urea cycle” [13]. The
purpose of this cycle is to convert ammonia to more water-
soluble molecule, urea, which could be excreted easily
through the kidney [13]. For the urea cycle to be effective,
the following enzymes are required: carbamyl phosphate syn-
thetase (CPS), ornithine transcarbamylase (OTC),
argininosuccinate synthetase (ASS), argininosuccinic acid ly-
ase (ASL), and arginase (Fig. 1) [13, 14]. Urea cycle disorders
are inherited deficiencies of enzymes or transporters that are
essential for Krebs-Henseleit cycle [13, 14]. Therefore, the
deficiency of these enzymes will result in high ammonia con-
centrations [14–16]. The prevalence of these disorders is esti-
mated to be 1:8000–1:44,000 births for all UCDs collectively
[14]. Deficiency of N-acetyl glutamine synthetase (NAGS),
which is usually present in children, mimics CPS deficiency
and is present in children and adults. However, N-acetyl glu-
tamine synthetase, and ASS deficiency, type II citrullinemia,
also can be present only in adulthood [15, 16].

In the setting of hyperammonemia, the kidney regulates
ammonia levels by decreasing ammonia production and in-
creasing its excretion the urine [3, 4]. Additionally, blood am-
monia is transported to the muscle and cross the blood-brain
barrier (BBB) through either passive diffusion or mediated
transport, thus the muscle and brain metabolize excess ammo-
nia to glutamine [17, 18]. Physiologically, neuron cells

metabolize glutamine to glutamate, also astrocytes support
contiguous neurons with adenosine 5′-triphosphate (ATP),
glutamine, and cholesterol [19]. Glutamate, a neurotransmitter
that activates N-methyl D-aspartic acid (NMDA) receptors, is
recycled by astrocytes back to glutamine in the synapse [20]
(Fig. 2). The acute rise in ammonia level within the brain
affects the reciprocal relationship between neurons and astro-
cytes negatively via excess glutamine production and hinder-
ing ATP production; thus, an increase in the anaerobic metab-
olism of pyruvate conversion to lactate is prominent [1, 19,
20]. Astrocytes rapidly metabolize ammonia to glutamine;
however, the acute rise in intracellular osmolarity causes as-
trocyte swelling and loss [19, 20]. Subsequently, inflammato-
ry cytokines, including tumor necrosis factor-α, interleukin-1,
interleukin-6, and interferon, are released from the astrocytes
[8, 19]. Ammonia, also, compromises astrocyte potassium
buffering; hence increases the extracellular potassium concen-
tration and induce neuronal overactivationwhich could lead to
neurological dysfunction and seizures [21].

Astrocyte swelling prompts apoptosis, inflammatory cas-
cades, and metabolic pathways that lead to cerebral edema,
and loss of cerebral autoregulation [22]. Arterial ammonia
levels in patients with hepatic failure correlate with glutamine
levels, which is a prognostic factor for the development of
intracranial hemorrhage (ICH) [23].

Toxic ammonia levels can be a serious complication
resulting from an acute liver failure secondary to acetamino-
phen or valproic acid toxicities or other drug-induced
hyperammonemia (Table 1) [24, 28]. Moreover, chronic liver
diseases such as chronic hepatitis or most commonly liver
cirrhosis could lead to high ammonia concentrations and he-
patic encephalopathy as well [29]. When patients with acute
liver failure develop hepatic encephalopathy, they are at
higher risk of developing symptomatic cerebral edema with
progression into cerebral herniation. In contrary, symptomatic
cerebral edema rarely occurs in patients with chronic liver
diseases who develop hepatic encephalopathy [29].

Proteus mirabilis, Klebsiella species, Escherichia coli,
Providencia rettgeri, Morganella morganii, and diphtheroids
are urea-producing bacteria [30–32]. Infection can lead to
noncirrhotic hyperammonemic encephalopathy [32].
Systemic mycobacterium or mycoplasma infection as well
as herpes simplex virus infections in organ recipients and ne-
onates have been described to increase ammonia concentra-
tions in the blood [33–35]. The exact mechanism is assumed
to be related to ammonium bypassing liver metabolism and
minimal ammonium renal excretion [34, 35]. Physiologic
stressors including upper respiratory tract illnesses, pneumo-
nia, dietary changes, fever, and pregnancy can provoke
hyperammonemia in patients with UCDs [28, 36–39].
Similarly, protein-rich total parenteral nutrition (TPN) has
been reported to unmask long-term asymptomatic UCDs
[40]. High ammonia levels can occur with TPN containing
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only essential amino acids with impaired ammonia detoxifi-
cation due to absence of ornithine [8, 40].

The incidence of hyperammonemia in hemato-oncological
disorders is unknown, but in previous retrospective reviews
was estimated to range from 0.5 to 2.4% [41, 42]. Although
the pathophysiology of hyperammonemia in these disease states
is still mysterious, it is thought to be caused by excess ammonia
production due to increased amino acid metabolism, and plasma
cell infiltration in patients with multiple myeloma [43–45]. In
patients with leukemia, idiopathic hyperammonemia has been
described hours to days after initiation of intensive regimen of
chemotherapy with higher risk of coma and death [46–48]. Few
case reports also of severe hyperammonemia in bone marrow
transplant as well as heart-lung transplant patients and the mor-
tality rate exceeds 75% in the reported cases [48, 49]. The com-
plexity of etiology andmanagement of these disease statesmakes
it difficult to assume that hyperammonemia is induced by a sin-
gle mechanism; rather it is presumed to be multifactorial

including TPN, GI hemorrhage, sepsis, mucositis, and
chemotherapy-induced hyperammonemia [50].

Ammonia metabolism is affected by body thermoregula-
tion; particularly, hypothermia has been shown to decrease
free radicals production, astrocyte swelling and inflammation
as well as improving cerebral blood flow and autoregulation
[19, 20, 51]. In addition, hypothermia slows protein catabo-
lism and ammonia production [19, 20].

Diagnostic Criteria

Typically, patients with hyperammonemia present with non-
specific symptoms, for instance: loss of appetite, vomiting,
lethargy, sleep disorders, ataxia, and seizures [52, 53].
Psychiatric manifestations such as behavior abnormalities

Fig. 1 The urea cycle

Table 1 Drug-induced hyperammonemia [8, 24–27]

Cause Mechanism of inducing hyperammonemia

Glycine Stimulates ammonia production

Salicylates Reduce mitochondrial function in the hepatocytes

Valproate Increases propionic acid levels, which inhibit CPS

An overdose of valproate may cause significant hyperammonemia in
healthy patients, while therapeutic doses in patients with UCDs may
cause hyperammonemic coma Abdulrahman. Case reports have also de-
scribed hyperammonemia secondary to the use of carbamazepine, ribavi-
rin, and sulfadiazine with pyrimethamine. Drugs associated with acute
liver failure such as acetaminophen, statins, and anti-tuberculous medica-
tions might induce hyperammonemia

Fig. 2 Neuron-astrocyte glutamine: glutamate cycle
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associated with hallucinations can also be seen in these pa-
tients; manic episodes or psychosis usually presents in patients
with chronic hyperammonemia [53, 54].

Laboratory testing plays a major role in hyperammonemia
diagnosis [55, 56]. Venous and arterial blood samples are equally
accepted for the measurement of ammonia levels [55, 56].
Hyperammonemia is defined as plasma ammonia levels of >
50 μmol/L in adults and > 100 μmol/L in newborns; however,
a value of more than 100 μmol/L should prompt further investi-
gation, especially in setting of normal liver function [57, 58].
Levels between 250 and 500 μmol/L may necessitate on renal
replacement therapy (RRT), if no rapid drop of ammonia within
3–6 h [59, 60]. Nonetheless, ammonia level value of >
500 μmol/L would require an immediate intervention with
RRT, if medical therapy did not result in proper response [59].
In acute hyperammonemia, unlike chronic hyperammonemia,
venous, arterial, and brain ammonia levels usually correlate ap-
propriately. Seizures, cerebral edema, and herniation are unique
to acute hyperammonemia and usually occur only when arterial
ammonia levels are > 200 μmol/L [20, 23].

Additionally, acid-base balance provides additional insight
as metabolic acidosis increases the possibility of organic
acidemia [61]. In contrast, respiratory alkalosis may be an
indication of a urea cycle disorder [61]. Amino acid profile
triggers the evaluation for urine orotic acid, as orotic aciduria
is suggestive to diagnose patients with OTC deficiency [59,
62]. Negative results for amino acid profile and orotic acid
could indicate CPS or NAGS deficiencies [59, 63].

In terms of imaging, ultrasonography (US), abdominal
computed tomography (CT), and neuroimaging via magnetic
resonance imaging (MRI) can all demonstrate portohepatic
shunts [64]. Liver biopsy should be performed if an inborn
error of metabolism (IEM) is suspected [65]. Likewise, liver
biopsy is vital in excluding other reasons for hepatic cirrhosis
[66]. Differential diagnosis includes seizure activity, metabol-
ic and hepatic encephalopathy, diffuse hypoxic-ischemic inju-
ry, and posterior reversible encephalopathy syndrome [67].

Treatment Options

The current pharmacological options to treat hyperammonemia
target either the reduction of ammonia production or its absorp-
tion in the GI, or the activation of ammonia elimination by up-
regulating ureagenesis [8]. These pharmacological agents are
available in different routes of administration such as oral and
intravenous routes, which helps in the management of acute and
chronic hyperammonemia [68].

(a) Oral Options

The first-line therapy for patients with hyperammonemia
secondary to hepatic encephalopathy is non-absorbable

disaccharides (e.g., lactulose which consists of the monosac-
charides fructose and galactose) [68, 69]. Lactulose is metab-
olized solely by β-galactosidase in the colon into lactic acid,
formic acid, and acetic acid, causing acidification in the colon,
thus inhibits the growth of urease-active bacteria [11]
(Table 2). Additionally, lactulose increases the osmotic pres-
sure therefore accelerates the excretion of ammonia [11].
Initially, lactulose syrup 25 mL every 1–2 h is recommended
with titrated goal to a minimum of two bowel movements per
day [68]. The downside for lactulose includes the challenge to
customize the dosage to a certain clinical goal [68, 70]. In
addition, lactulose has been reported to be associated with
GI symptoms (e.g., abdominal cramping, bloating, and flatu-
lence) and electrolyte imbalances [70, 71••]. Lactitol was non-
inferior to lactulose in efficacy with less incidence of flatu-
lence in a meta-analysis of several small studies [71••].
Another meta-analysis questioned the clinical benefit of
lactulose despite the widespread use of non-absorbable disac-
charides in the current practice [72]. Moreover, the findings of
Rahimi and colleagues in a randomized clinical trial demon-
strated the superior effect of a polyethylene glycol 3350-
electrolyte over lactulose on clinical and neuropsychological
hepatic encephalopathy symptoms [73]. It is important to no-
tice the therapeutic benefit in the outpatient setting may not be
comparable to that in a clinical trial because of low adherence
in lactulose therapy [74, 75].

Several antibiotics have been studied in the management of
hyperammonemia including neomycin, metronidazole, and
rifaximin [68, 70, 76]. Urease-producing bacteria in the GI
have early been identified as an important source of ammonia
production in the body, thus using empiric antibacterial ther-
apy to manage hyperammonemia seems intuitive [30–32].
The aminoglycoside neomycin was used in the treatment of
acute hepatic encephalopathy episodes; however, its clinical
use has diminished because of its unfavorable adverse reaction
profile including ototoxicity, neurotoxicity, and nephrotoxici-
ty [70]. Despite its low oral bioavailability (3%), significant
systemic exposure and toxicities have been observed in cir-
rhotic patients [77]. Doses of 6 g per day compared to placebo
in a double blinded randomized trial found no significant dif-
ference in treatment failures time or to resolution of hepatic
encephalopathy [77]. Additionally, small trials have evaluated
metronidazole and suggested minimal benefit but the risk of
neurotoxicity discouraged its use as mainstay therapy [78, 79].
Oral vancomycin may be used as alternative treatments for
patients with chronic liver disease; however, limited safety
and efficacy data preclude the routine use of vancomycin for
this indication [80].

Rifaximin is a semi-synthetic derivative of rifampicin [81].
It has become a very attractive choice of antibiotic in the
treatment of hyperammonemia because of its safety, efficacy,
and tolerability [82–88]. It works locally in the GI track as a
result of the addition of a non-absorbable pyridoimidazole
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ring [82]. However, generic rifaximin formulations exhibited
different crystal polymorphs than the alpha form which have
resulted in altered bioavailability [89]. It was designed to have
negligible bioavailability while retaining its activity to cross
the cell wall of Gram-negative bacteria [90]. Rifaximin is a
broad-spectrum antibiotic that has wide coverage against

Gram-positive and Gram-negative aerobic and anaerobic bac-
teria [90, 91]. It inhibits RNA synthesis by binding to the β
subunit of the bacterial DNA-dependent RNA polymerase
enzyme [91]. In 2010, the food and drug administration
(FDA) in the USA approved rifaximin for the secondary pre-
vention of overt hepatic encephalopathy in adult patients. The
current practice now is to add it to lactulose in refractory
hepatic encephalopathy [68, 70, 92]. Doses of 1200 mg/day
were studied as both monotherapy and combination therapy
and compared to non-absorbable disaccharides, and none of
these studies showed rifaximin superiority in patients with
overt hepatic encephalopathy grade I-III [87, 92–94]. One
randomized clinical trial was conducted by Sharma et al. com-
paring combination of rifaximin with lactulose to lactulose
with placebo in patients with severe hepatic encephalopathy
(80% were grade III-IVand 70% were Child Class C) [87]. In
Sharma’s study, the combination of rifaximin and lactulose
group had higher proportion of complete reversal of hepatic
encephalopathy, shorter hospital length of stay, and better sur-
vival outcomes [87]. The finding of this study needs to be
evaluated in a larger scale to validate their results. Two
meta-analyses supported the use of rifaximin and further ob-
served favorable effects on mortality and full recovery from
hepatic encephalopathy [75, 95].

In patients with UCDs, sodium benzoate and sodium
phenylacetate are the backbone drugs in treatment plan [96].
Sodium benzoate reduces glycine metabolism in the liver, kid-
ney, and brain. Benzoate integrates with coenzyme A (CoA) to
form benzoyl-CoA in hepatic mitochondria [96–98]. Then,
benzoyl-CoA transfers the benzoyl moiety of the CoA ester to
glycine and yields hippurate [96, 97]. This process hampers the
degradation of glycine in the liver, kidney, and brain [96–98].
Sodium phenylacetate and sodium phenylbutyrate are oxidized
to phenylacetate, which conjugates with glutamine in the liver
and then is excreted renally as a phenylacetylglutamine [99,
100•]. In addition, it prevents glutamine-stimulated ammonia
production [100•]. A combination of sodium benzoate and sodi-
um phenylacetate decreases plasma ammonia levels and contrib-
utes in lowering the percentage of mortality in acute
hyperammonemic UCD patients with an acceptable adverse ef-
fects profile consisting of headache, nausea, and impairedmental
status [101]. The oral administration of sodium phenylacetate
might cause complications to patients with history of hyperten-
sion derived from exceeding daily sodium uptake [100•, 101,
102•]. In addition, oral treatment with sodium phenylbutyrate
(Buphenyl®) can be challenging as the salty (sodium) and bitter
(phenylbutyrate) taste could lead to aversive reactions [103]. A
taste-masked granulate, Pheburane®, has been developed to
overcome this problem and shown to be bioequivalent to the
comparator compound Buphenyl® [104].

Glycerol phenylbutyrate is a prodrug that converts to
phenylbutyrate (PBA) via pancreatic lipase. PBA is metabolized
through β-oxidation to phenylacetate (PAA), which is

Table 2 Oral treatment options [11, 68–70, 71••, 72, 73–99, 100•, 101,
102•, 103 –107, 108–132]

Drug Mechanism of
action

Adverse
events

Special
consideration

Lactulose Intestinal
acidificati-
on,
catharsis,
and
suppression
of intestinal
bacteria

Abdominal
cramping,
bloating,
flatulence,
electrolyte
imbalances

Taper dose per
response

Polyethylene glycol Osmotic
laxative

Bloating,
flatulence,
and
diarrhea

Taper dose per
response

Rifaximin Suppression
of intestinal
bacteria

Nausea,
bloating,
diarrhea

Antibiotic
resistance,
high cost

Metronidazole Suppression
of intestinal
bacteria

Ototoxicity,
neurotoxic-
ity

None

Neomycin Suppression
of intestinal
bacteria

Ototoxicity,
neurotoxic-
ity
nephrotoxi-
city

None

Sodium phenylbutyrate Glutamine
elimination

Complication
for patients
with
hyperten-
sion

Buphenyl® is
available in
tablet,
powder and
Pheburan-
e® is
granulate

L-Ornithine-L-aspartate Urea cycle
and
glutamine
synthase
activation

Severe
stomach
cramping
and
diarrhea

None

Carglumic acid Restoration of
NAGS
function

Chills, body
aches, flu
symptoms,
sores in the
mouth and
throat

Can be given
through
nasogastric
tube

Zinc salts Restoration of
OTC
function

Nausea,
vomiting,
and
diarrhea

None

L-Carnitine Activate urea
cycle
enzymes

Nausea,
vomiting,
and
diarrhea

Urine, breath,
and sweat
may have a
fishy odor
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conjugated with glutamine in the liver and the kidney to form
phenylacetylglutamine (PAGN), which is easily excreted renally
[105]. Glycerol phenylbutyrate might be an attractive option for
patients with hyperammonemia secondary to hepatic encepha-
lopathy with history of hypertension [105–107]. A recent study
showed promising results for glycerol phenylbutyrate in hepatic
cirrhotic patients admitted to the ICU for overt hepatic encepha-
lopathy [106].

L-ornithine-L-aspartate (LOLA) is available in oral and
intravenous (IV) dosage forms [107]. It stimulates OTC and
CPS, and is a substrate for the formation of urea [108]. In
addition, LOLA stimulates glutamine synthesis in the skeletal
muscle which lowers ammonia level consequently [108].
LOLA (doses 9–18 g per day split into several doses) was
shown to be beneficial in improving the quality of life and
reducing ammonia levels in patients with chronic
hyperammonemic hepatic encephalopathy; however, it is still
yet to prove its role in acute settings [109–112]. LOLA is
available in an intravenous form as an IV infusion (over 4 h,
20–30 g per day) for 5 to 7 days [109–112]. Moreover, intra-
venous LOLA is recommended as an alternative or add-on
therapy for patients who do not respond to the conventional
therapy [111]. On a meta-analysis that was published in 2008,
LOLAwas shown to be effective in patients with grade I and II
overt hepatic encephalopathy [113].

Carglumic acid or (N-carbamoyl-L-glutamic acid) is a syn-
thetic analogue that replaces N-acetylglutamate [114]. It acts
as an allosteric activator of CPS, reactivates the genetically
impaired urea cycle, and lowers systemic ammonia [107,
114]. Carbaglu® is an FDA-approved orphan drug for the
adjunctive therapy of acute and maintenance treatment of
chronic hyperammonemia due to NAGS deficiency [57].
Nevertheless, carglumic acid seems to be effective against
hyperammonemia induced by valproic acid, which inhibits
N-acetylglutamate synthetase [115]. A recent case reported a
successful treatment with carglumic acid for the management
of ASS in a patient with citrullinemia type 1 [116].

Probiotics are mono or mixed cultures of live microbial
organisms in a defined number [117]. They work via promot-
ing the growth of non-urease-producing bacteria in cirrhotic
patients [118]. Furthermore, they restore the large-intestinal
microbial balance in liver cirrhosis patients [117, 118].
Probiotics have shown to decrease plasma levels of ammonia
(on average by 7 μmol/L after 3 months) in patients with
chronic hepatic encephalopathy [119]. However, a recent
meta-analysis of studies with high risk of systematic errors
found an improved recovery, which may decrease the risk of
developing high plasma ammonia concentration, overt hepatic
encephalopathy, and quality of life but no clear benefit on
survival rates [120]. VSL#3 is an oral probiotic that is formu-
lated as capsules without enteric coating [107, 121]. Each
capsule contains ca. 110 billion live freeze-dried bacteria that
are constituents of the normal GI flora (Lactobacillus and

Bifidobacterium strains, and Streptococcus thermophiles) in
healthy humans [107, 121]. In two-phase II/III randomized
controlled trials, VSL#3 was shown to decrease arterial am-
monia levels, improve symptoms, and lower the risk of hepat-
ic encephalopathy in patients with low and high grade hepatic
encephalopathy episodes compared to placebo [121, 122].

Zinc plays a major role in ammonia reduction in two path-
ways in the liver and the skeletal muscles [123]. Ammonia is
converted to urea by OTC in the liver and glutamine synthesis
in the skeletal muscle; both pathways are affected by zinc
deficiency [124]. Five randomized clinical trials with hetero-
geneous findings in the effect of zinc supplementation on
chronic hyperammonemia [124–128]. The most recent one
by Katayama and colleagues looked in zinc supplementation
for 3 months in patients with hyperammonemia secondary to
liver cirrhosis [128]. Doses of 50–150 mg/day of elemental
zinc was shown to be safe and effective for the management of
hyperammonemia in liver cirrhosis [124–128]. However, the
outcome of Katayama and colleague’s study should be
interpreted carefully as they included small number of patients
[128].

L-Carnitine has been reported to lower hyperammonemia
via the activation of urea cycle enzymes and interaction with
glutamate receptors, and scavenging of free radicals [129,
130]. It was shown to be beneficial in reducing ammonia
levels in valproate-induced hyperammonemia [131]. In pa-
tients with mild and severe hepatic encephalopathy, acetyl-
L-carnitine was observed to lower ammonia levels and im-
prove hepatic encephalopathy symptoms [132]. In acute cases
of hyperammonemia with unknown reasons, the administra-
tion of L-carnitine, biotin, and hydroxycobalamin intrave-
nously should be considered, because deficiencies in these
essential micronutrients of the vitamin B family may increase
blood ammonia levels [59].

(b) Intravenous Options:

A combination of sodium benzoate/sodium phenylacetate
(Ammunol®) may be used in an acute hyperammonemia; this
combination act as a nitrogen scavenger to provide an alter-
native method of nitrogen metabolism [133] (Table 3).
Ammonul®, contains 10% sodium benzoate and 10% sodium
phenylacetate, is currently approved as adjuvant therapy for
the management of hyperammonemia and associated enceph-
alopathy in patients with UCDs [101]. It should be adminis-
tered only through a central venous catheter and must be di-
luted in 10% dextrose before infusion to prevent protein
breakdown [101, 133]. Data for this combination in improv-
ing survival and ammonia levels are driven from pediatric
population, with few case reports of successful treatment in
adults [101, 134, 135].

L-Ornithine phenylacetate is a combination that activates
the urea cycle and glutamine synthetase (through L-Ornithine)
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and lowers ammoniagenic amino acids such as glutamine and
glycine via conjugation (through phenyacetate) [136, 137]. In
a phase I study in cirrhotic patients with an episode of upper
GI bleeding in the preceding 24 h L-Ornithine phenylacetate
was administered intravenously as a continuous infusion
(maximum daily dose of 10 g) [137]. Average plasma ammo-
nia decreased by 50% from the initial levels after the first 36 h,
and it remained in that range during the infusion [137].

L-Arginine is a product of the urea cycle and an essential amino
acid in all UCDs, except ARG deficiency [59]. L-Arginine admin-
istration leads to the excretion of nitrogen as L-citrulline, an inter-
mediate product of the urea cycle [57, 59]. Moreover, L-arginine
lowers ammonia levels through excreting nitrogen as
argininosuccinate in ASS and ASL deficiency [57, 59, 138•,
139]. In NAGS, CPS, ornithine, andOTCdeficiencies, the admin-
istration of L-citrulline restores L-arginine levels [57, 59, 60].

Patients with cirrhosis have altered amino acid profile with a
decrease in branch chain amino acids (BCAA) [140]. TheBCAAs
(valine, leucine, and isoleucine) are a source of glutamate, which
helps to metabolize ammonia via glutamine synthesis in skeletal
muscle [140, 141]. BCAAs catalyze the transfer of the amine
group of a BCAA to alpha-ketoglutarate to form a branched-

chain alpha-keto acid and a glutamate [141]. Hence, glutamine
synthetase transforms glutamate to glutamine [142]. The current
recommendation by the American Society for Parenteral and
Enteral Nutrition (ASPN) for protein intake is 0.6–0.8 g/kg/day
in patients with liver cirrhosis patients with acute encephalopathy
[143]. Furthermore, BCAAs stimulate hepatic protein synthesis,
inhibit protein degradation, and fuel oxidative energy production
in skeletal muscles [144, 145]. Split doses BCAA lowered plasma
ammonia in hepatic encephalopathy patients, which had a benefi-
cial effect on clinical hepatic encephalopathymanifestations but no
impact on survival [144]. A meta-analysis discussed the capacity
of BCAA to improve the mental state of hepatic encephalopathy
patients significantly [95]. In addition, a recent Cochrane review
reinforced the beneficial effect of BCAA administration on the
prognosis of patients with liver cirrhosis [147].

Dehydration reduces ammonia excretion renally, especially
in hyperammonemia precipitated by overuse of diuretics [107,
148]. Intravenous volume expansion using albumin or normal
saline decreased blood ammonia levels in diuretic-induced
hepatic encephalopathy, possibly via enhanced urinary ammo-
nia excretion [148–150].

Activated carbon microparticles and glutaminase inhibitors
might be promising pharmacological treatment approaches for
the management of hyperammonemia [151, 152]. Activated car-
bon microparticles have been studied in patients with low-grade
hepatic encephalopathy; however, no clinical endpoints benefits
were not met despite a reduction in plasma ammonia [151].
Metformin, antidiabetic biguanide agent, has glutaminase-
inhibiting activity and protects against hepatic encephalopathy
in diabetic patients with cirrhosis; however, it has not been in-
vestigated in hyperammonemia management [152]. Promising
non-pharmacological interventions such as dialysis, gene thera-
py, cell therapy, and bioartificial liver support systems have been
studied. [107, 141, 153–156].

Conclusion

Patients with toxic ammonia levels have significant morbidity
and mortality, and can be caused by multiple mechanisms such
as UCDs, liver failure, physiological stressors, and drug-
induced hyperammonemia. Identifying the most likely reasons
of hyperammonemia is essential to tailor a patient-specific reg-
imen and to optimize medical management. A challenging as-
pect of acute and chronic UCD treatments is the paucity of these
disorders, which complicates having strong evidence-based as-
sessment for thei r safe ty and eff icacy. Chronic
hyperammonemia may be managed via oral route by non-
absorbable disaccharides such as lactulose, polyethylene gly-
col, antibiotics, or other available options. Finally, acute man-
agement of hyperammonemia is still challenging regardless of
the pathophysiology, and an effective medical pharmacothera-
py consensus is yet to be determined clinically.

Table 3 Intravenous treatment options [101, 133–137, 138•, 139,
140–145, 146•, 147, 148–150]

Mechanism of
action

Adverse events Special
consideration

Sodium
benzoate and
sodium
phenylacetate
(Ammonul®)

Glycine and
glutamine
elimination

Abdominal
cramping,
bloating,
flatulence,
electrolyte
imbalances

Should be given
through central
line

Must be diluted
with sterile
dextrose
injection, 10%
at > 25 mL/kg
before
administration

Dose is different
based on the
specific UCD
type

Arginine Partial
restoration of
UC activity

Hyperchloremic
metabolic
alkalosis,
hypokalemia,
elevated BUN
flatulence,
and diarrhea

Dose is different
based on the
specific UCD
type

Branched-chain
amino acids

Decrease
glutamine
degradation,
increase
glutamine
elimination

Fatigue and loss
of
coordination

Increase of blood
ammonia if not
used
appropriately

Albumin normal
saline

Volume
expansion

Hypernatremia,
volume
overload

None
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