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Abstract

Effective lowering of circulating ammonia is the mainstay strategy in the prevention and treatment of hepatic encephalopathy
in cirrhosis and there is increasing interest in agents with the metabolic potential for the active removal of ammonia by the
liver and skeletal muscle by agents including L-ornithine L-aspartate, branched-chain amino acids, as well as the re-purposing
of benzoate and phenylacetate currently employed for the control of hyperammonaemia in congenital urea-cycle enzymo-
pathies. Based upon results of multiple systematic reviews with meta-analyses, L-ornithine L-aspartate demonstrably lowers
circulating ammonia in patients with cirrhosis with concomitantly improved mental status. Distinct mechanisms responsible
include optimisation of hepatic metabolic pathways for ammonia removal as well as direct hepatoprotective effects involving
the release of glutathione and of nitric oxide with beneficial effects on hepatic microcirculation. L-ornithine L-aspartate also
prevents cirrhosis-related sarcopenia, leading to increased capacity for ammonia removal by skeletal muscle. Branched-chain
amino acids continue to be prescribed as nutritional supplements with the potential to result in improvements in liver func-
tion. Sodium benzoate, glycerol phenylbutyrate and an analogous compound L-ornithine phenylacetate were also evaluated.
Glycerol phenylbutyrate was the only agent with a beneficial effect on both hyperammonaemia and hepatic encephalopathy.
None were superior to lactulose for the lowering of blood ammonia.

1 Introduction

Hepatic encephalopathy (HE) in cirrhosis is a severe neu-
ropsychiatric complication characterised clinically by a
spectrum of alterations of personality, motor coordination
and cognitive function with a major impact on health-related
quality of life [1], progressing from an inability to perform
simple tasks to stupor and coma [2]. A consensus of evi-
dence supports the notion that increased concentrations of
circulating and brain ammonia resulting from the cirrhotic
liver’s inability to effectively remove it in the form of urea
or glutamine is the principal cause of HE in cirrhosis [3]. Alternative approaches to the above are provided by the
re-purposing of agents such as benzoate, phenylacetate

and their analogues that are well-established agents for

the treatment of urea cycle enzymopathies

The effective lowering of circulating ammonia remains
the mainstay strategy for the prevention and treatment of
hepatic encephalopathy in liver cirrhosis. Agents used
for this purpose include mixtures of essential (branched
chain) or non-essential (L-ornithine L-aspartate) amino
acids. Efficacy of the latter mixture relies on the stimula-
tion of metabolic ammonia-lowering pathways and on
the reduction of sarcopenia and hepatoprotective actions

2 Hepatic Ammonia Removal
and the Concept of Ammonia Scavenging
Results of systematic reviews and meta-analyses of
Excess ammonia generated principally by protein digestion in controlled clinical trials confirm that only L-ornithine
the gut is carried to the liver by the portal vein. Removal of L-aspartate and glycerol phenylbutyrate are effective
for the lowering of circulating ammonia, leading to an
54 Roger F. Butterworth improved mental state in patients with cirrhosis and
rb@enceph.com hepatic encephalopathy. L-Ornithine L-aspartate is effec-
tive for hepatic encephalopathy prophylaxis in these
patients
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excess ammonia by the liver makes use of two independent
mechanisms involving specific cell types in the liver acinus
characterised by distinct metabolic processes. Incorporation
of ammonia into the urea molecule takes place in periportal
hepatocytes known to express genes associated with the con-
stituent enzymes of the urea cycle, whereas any remaining
ammonia is removed by incorporation into the molecule of
glutamine via the enzyme glutamine synthetase located in
perivenous hepatocytes. This latter step is frequently referred
to as “scavenging” of ammonia by the liver. The location of
these systems in relation to the well-established “inter-organ
transport or “trafficking” of ammonia is depicted in a sim-
plified schematic in Fig. 1a [3]. More recently, the notion
of ammonia scavenging is increasingly being employed to
signify ammonia removal by mechanisms other than urea
synthesis such as glutamine synthesis by perivenous hepato-
cytes but also by other organs such as skeletal muscle.

In cirrhosis, loss of hepatic parenchyma leads to increased
vascular resistance and portal hypertension that, in turn, may
result in portal-systemic shunting of ammonia-rich venous
blood. Concomitantly, significant losses of up to 85% of
functional periportal and perivenous hepatocytes occur,
resulting in severe impairment of removal of ammonia and
sustained hyperammonaemia [3] (Fig. 1b).

The lowering of circulating ammonia continues to be the
mainstay strategy for the prevention and treatment of HE in
cirrhosis. Agents with demonstrated efficacy for the reduc-
tion of hyperammonaemia in the context of cirrhosis and HE
fall into one of two major categories.

Group [1] agents with the ability to reduce ammonia
absorption from the gut (includes non-absorbable disac-
charides [lactulose, lactitol], antibiotics [aminoglycosides,

Fig. 1 Simplified schematic of A

rifaximin], probiotics, purgatives such as polyethylene gly-
col3350-electrolyte solutions [4] and a carbon microsphere
preparation AST-120) [5].

Group [2] agents have the metabolic potential for the
active removal of ammonia by the liver and other organs
such as skeletal muscle. Such agents comprise mixtures of
essential or non-essential amino acids including L-ornith-
ine L-aspartate (LOLA) and branched-chain amino acids
(BCAAs). In addition, the re-purposing of agents or their
analogues that are currently used for reducing hyperammon-
aemia in patients with congenital urea-cycle enzymopathies
(sodium benzoate, phenylacetate and analogues) is under
investigation.

Both classes of agents have been employed for the low-
ering of circulating ammonia in patients with cirrhosis and
in most (but not all) cases this has resulted in concomitant
improvements in mental state and/or grade of HE. The pre-
sent review focusses on the second group of agents for which
the efficacy for ammonia lowering and mental state improve-
ments are compared with other Group 2 agents and where
results are available, have been compared with the efficacy
of agents from Group 1 such as lactulose.

3 LOLA

L-Ornithine L-aspartate is a 1:1 stable salt of the non-essen-
tial naturally-occurring amino acids L-ornithine and L-aspar-
tate [6]. There are three independent mechanisms whereby
LOLA treatment has the capacity to result in the improve-
ment of mental state as a result of the lowering of circulating
ammonia in patients with cirrhosis [7].
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3.1 Optimisation of Metabolic Pathways
Responsible for Ammonia Removal by Residual
Periportal and Perivenous Hepatocytes

Studies in isolated hepatocytes reveal that urea synthesis
from ammonia is limited by the supply of L-ornithine. Fur-
thermore, the requirements for L-ornithine for urea synthesis
are increased as a function of the supply of ammonia [7].
L-Ornithine, being a urea cycle intermediate and activator of
the urea cycle enzyme carbamoyl phosphate synthetase, has
the capacity to result in increased urea synthesis, a process
that occurs in the residual 15-20% of functional periportal
hepatocytes in the cirrhotic liver [8].

Furthermore, both L-ornithine and L-aspartate are sub-
strates for transamination reactions resulting in the increased
synthesis of glutamate (the obligate substrate for glutamine
synthetase), leading to increased production of glutamine in
perivenous hepatocytes, skeletal muscle and brain. Increased
brain glutamine signals have been reported in magnetic reso-
nance spectroscopic investigations of patients with cirrhosis
and HE where the severity of the HE grade was positively
correlated with glutamine signal strength [9].

3.2 Direct Hepatoprotective Effects of LOLA

Direct evidence of a hepatoprotective effect of treatment of
patients with cirrhosis and HE is provided in reports of sev-
eral randomised controlled trials (RCTs) in which treatment
with LOLA had resulted in lowering of circulating ammonia
together with improvements of mental function. Evidence of
improvements of hepatic function post-LOLA included sig-
nificant attenuation of transaminases and decreases of serum
bilirubin together with improvements of prothrombin times
[10] and improvements in Child-Pugh and MELD scores
[11]. Similar indices of hepatoprotection by LOLA were
also reported in patients with cirrhosis and post-transjugu-
lar intrahepatic portosystemic shunt encephalopathy [12]. A
review of potential mechanisms implicated in these hepato-
protective properties of LOLA suggested that the accumula-
tion of the antioxidant glutathione in addition to the increase
in synthesis of nitric oxide with consequent beneficial effects
on hepatic microcirculation [13]. L-Ornithine L-aspartate
may also exhibit hepatoprotective effects in patients with
non-alcoholic fatty liver disease [14].

3.3 Prevention of Cirrhosis-Related Sarcopenia
(Muscle Wasting), Resulting in Optimisation
of Ammonia Removal by Skeletal Muscle

Arterio-venous difference studies together with studies of
the dynamics of ammonia metabolism using 13-NH3 posi-
tron emission tomography in patients with cirrhosis reveal
that skeletal muscle plays an important role in the process

of ammonia removal in patients with cirrhosis, a process
that appears to be catalysed by a post-translational induc-
tion of the glutamine synthetase gene [15]. Severe muscle
wasting (sarcopenia) is a common complication of cirrhosis
that is associated with poor prognosis, poor post-transplant
outcomes and increased mortality. Moreover, the fractional
extraction of ammonia is significantly decreased in cirrhotic
patients with sarcopenia and, to make matters worse, there
is convincing new evidence to suggest that ammonia per
se causes damage to myotubes resulting in reduced muscle
strength [16]. Based upon these reports, it was suggested
that a “vicious cycle” exists in cirrhosis whereby hyper-
ammonaemia resulting from impaired hepatic ammonia
removal has the potential to result in muscle dysmetabo-
lism, autophagy and sarcopenia, resulting in the inability of
muscle to effectively fulfil its role as alternate pathway for
ammonia removal [17]. This, in turn, leads to the worsening
of hyperammonaemia and the cycle continues as shown in
Fig. 2a, b.

Studies in an experimental animal model of chronic
liver failure demonstrate that treatment with LOLA and an
antibiotic is effective for the reduction of circulating and
muscle ammonia, resulting in improved muscle function
and fracture of the vicious cycle. These findings provide a
third mechanism whereby LOLA has the potential to reduce
hyperammonaemia and HE severity in cirrhosis [7].

3.4 Evidence Base for the Efficacy of LOLA
for the Lowering of Blood Ammonia
and Treatment of HE in Cirrhosis

Results of three independent systematic reviews with a meta-
analysis addressing the issue of the efficacy of LOLA for
the treatment of HE in cirrhosis confirm that the intrave-
nous and oral formulations of LOLA are equally effective
for the lowering of blood ammonia in patients with cirrhosis
with concomitant improvements of mental state (Table 1).
In the first review, the results of eight RCTs in 709 patients
with cirrhosis and HE revealed significant lowering of blood
ammonia [mean difference (MD) —17.50, 95% confidence
interval (CI) —27.73, =7.26, Z = 3.35, p < 0.0008] (Fig. 2a)
with concomitant significant improvements in mental state
(relative risk (RR) 1.36, 95% CI 1.10, 1.69, Z = 2.82, p
< 0.005) (Fig. 2b) [18, 19]. Both the oral and intravenous
formulations of LOLA were effective for ammonia lowering
and for the improvement of mental state in patients with cir-
rhosis and minimal HE (MHE) or overt HE (OHE) (Table 1).

Results of a subsequent Cochrane review and meta-analy-
sis of 22 RCTs for a total of 1375 patients largely confirmed
the efficacy of LOLA for the improvement of hyperammo-
naemia and mental state grade [20]. However, the quality
of the evidence in this analysis was brought into question
because the study had included data from a large number of
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abandoned and incomplete trials for which it was not pos-
sible to assess the risk of bias using conventional tools. This
led the authors to assign scores of very low quality despite
highly significant indications of efficacy of LOLA (RR 0.70,
95% CI 0.59, 0.83, Z = 4.01, p < 0.000061). The conclu-
sions based on the results of the analysis of the trials taken
together were judged to be “uncertain”. However, when a
sub-group analysis was performed either for completed tri-
als or published trials in this series, significant improve-
ments became apparent both for ammonia lowering and for
improvement of mental state as summarised in Table 1. The
magnitude and direction of change were largely confirma-
tory of the changes reported in previous reports [18, 19] as
summarised in Table 1.

A third systematic review of the efficacy of LOLA vs
placebo/no treatment involved the extraction of data from
five RCTs and 233 patients with cirrhosis and MHE. Again,
significant improvements of hyperammonaemia and mental
state were noted with OR 3.19;95% CI 1.44,7.11,Z=2.85,
p < 0.004 and quality of evidence scored as moderate. Fur-
thermore, the development of OHE in 104 of these patients
with MHE in two RCTs in this analysis was reduced by
LOLA compared to placebo/no intervention with OR 0.11:
95% C10.02, 0.59, Z=2.56, p < 0.01 [21].

In a novel extension of the notion of a protective effect of
LOLA against the progression to OHE in patients with cir-
rhosis, a subsequent systematic review with a meta-analysis
demonstrated for the first time that LOLA is effective for the
prevention of OHE across a wide range of clinical presenta-
tions. To be precise, LOLA was shown to be effective both
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Fig.2 a Schematic of the vicious cycle whereby hyperammonae-
mia resulting from decreased ammonia removal by the liver leads to
muscle damage/autophagy and sarcopenia. Sarcopenia results in a
serious diminution of the capacity of muscle to remove blood-borne
ammonia leading to worsening of hyperammonaemia and the vicious
cycle continues. b Schematic of the vicious cycle whereby treatment
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for primary or secondary OHE prophylaxis and also for the
slowing of the progression from MHE to OHE in cirrhosis
and for the prevention of OHE occurring post-transjugular
intrahepatic portosystemic shunt [22]. These findings are
summarised collectively in Fig. 3c.

4 BCAAs

During the late 1970s and 1980s, a great deal of emphasis
was placed upon studies of the possible beneficial effects of
the treatment of patients with cirrhosis and HE with mix-
tures of BCAAs. The rationale for their use was initially
based upon the hypothesis that BCAA treatment would nor-
malise disordered patterns of distribution of aromatic/BCAA
ratios and that, in so doing, would prevent the accumulation
of a series of trace amines, which were thought to act as
“false neurotransmitters” that contribute to the pathogenesis
of HE in cirrhosis [26, 27]. Early controlled clinical trials
revealed a benefit of BCAAs in patients with MHE [28] but
not in OHE [29]. This difference of opinion has continued
to the present time with reports of efficacy of BCAAs for
the lowering of blood ammonia and improvement of mental
state [30] vs little by way of change [31]. The “false neuro-
transmitter hypothesis” for the pathogenesis of HE in cir-
rhosis is no longer tenable. However, BCAAs continue to
be prescribed as nutritional supplements with the potential
to result in improvements in liver function, health-related
quality of life and reduced hospitalisation rates in patients
with advanced cirrhosis [32].
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Table 1 Evidence for the efficacy of LOLA for HE in cirrhosis: results of three systematic reviews/meta-analyses

Butterworth et al. [18]

10 RCTs published, 848 patients

MHE or OHE

LOLA iv or oral formulation vs placebo/no intervention, high quality

Results for all types of HE: RR 1.36, 95% CI 1.10, 1.69, Z = 2.82 (p = 0.005)
Results: effective for MHE: RR 2.15, 95% CI 1.48, 3.14, Z = 3.98 (p < 0.0001)
Results: effective for OHE: RR 1.19,95% CI 1.01, 1.39, Z=2.14 (p = 0.03)

Goh et al. [20]
29 RCTs some published, some completed, 1891 patients
LOLA iv or oral formulation vs placebo/no intervention, low quality

Results of all trials effective for HE: RR 0.70, 95% CI1 0.59, 0.83, Z = 4.01 (p = 0.000061)
Results of completed trials, effective for all types of HE (12 RCTs, 994 patients): RR 0.53, 95% CI 0.48, 0.83, Z = 3.26 (p = 0.0011)
Results of published trials, effective for all types of HE (12 RCTs, 1032 patients): RR 0.65, 95% CI 0.50, 0.85, Z=3.13 (p = 0.0017)

Dhiman et al. [21]
5 RCTs published, 233 patients

LOLA iv or oral formulation vs placebo/no intervention, moderate quality

Results: LOLA is effective for lowering of hyperammonaemia and for reversal of MHE: OR 3.19, 95% Cl1 1.44, 7.11, Z = 2.85 (p < 0.004)
Results: LOLA slows rate of development of OHE [2 trials, 104 patients] with OR 0.11, 95% C10.02, 0.59, Z=2.56 (p < 0.01)

CI confidence interval, iv intravenous, LOLA L-ornithine L-aspartate, MHE minimal hepatic encephalopathy, OHE overt hepatic encephalopathy,
OR odds ratio, Prl prediction interval, RCT randomised controlled trial, RR relative risk

5 Repurposing of Ammonia-Lowering
Agents Used to Treat UCDs
for the Treatment of HE in Cirrhosis

The treatment of inborn errors of urea synthesis relies on
the activation of alternative metabolic pathways for waste
nitrogen synthesis and excretion [33]. In this regard, a group
of substances including sodium benzoate, sodium pheny-
lacetate and a range of their analogues is currently used
for the effective lowering of blood ammonia in urea cycle
enzymopathies, a group of disorders principally of children
characterised by severe neurological impairment that may
progress to include seizures and mental retardation. Despite
the high sodium load associated with some of these prep-
arations [34], recent years have seen increased interest in
repurposing of these agents for the management of HE in
cirrhosis as follows.

5.1 Sodium Benzoate

Results of an RCT demonstrated that sodium benzoate was
equivalent in efficacy to lactulose for both the lowering of
arterial ammonia and for improvement of mental state in
patients with cirrhosis and acute HE [35]. A subsequent
analysis of the same data as part of a Cochrane systematic
review however revealed no beneficial or harmful effects of
sodium benzoate compared to non-absorbable disaccharides
with respect to mortality, grade of HE or lowering of blood
ammonia [36].

5.2 SPA, SPB

Sodium phenylacetate (SPA) has been successfully
employed for the treatment of hyperammonaemia related
to an inborn error of the urea cycle [37] and sodium phe-
nylbutyrate (SPB) has been approved in the USA and in
Europe for the treatment of a range of chronic urea cycle
disorders where its mechanism of action is predicated on its
ability, following oxidation to SPA, to lower ammonia by the
enhancement of the excretion of waste nitrogen primarily in
the liver and kidney in the form of phenylacetylglutamine
[38]. Given the prime importance of hepatic and renal sys-
tems for their mechanisms of anti-hyperammonemic actions,
it is not clear whether chronic liver disease often associated
with renal impairments impacts the efficacy of conversion
of SPA or SPB to phenylacetylglutamine. This issue needs
to be carefully addressed. Neither SPA nor SPB has been
widely used for the prevention or treatment of HE in cirrho-
sis. A range of common adverse effects affecting the respira-
tory, lymphatic and nervous systems by some preparations
containing phenylacetate/phenylbutyrate has been described
[34].

5.3 Glycerol Phenylbutyrate
A more recent addition to the available agents for the treat-
ment of hyperammonaemia resulting from urea cycle dis-

orders (UCDs) is glycerol phenylbutyrate (GPB). Like
SPA, it contains phenylbutyrate, a pro-drug that is readily
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A — Efficacy of LOLA versus placebo/no intervention: NH; lowering (all HE trials)

LOLA Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Kircheis et al -17.3 372 57 -64 325 60 16.1% -10.90[-23.58, 1.78] 1997 —
Stauch et al 27 56 33 24 73 30 68% -3.00(-35.36,29.36] 1998 —
Chen etal 132 60 45 695 58 40 9.3% -62.50(-87.61,-37.39] 2005 —————
Schmid et al 15 401 20 111 366 20 9.9% -26.10[-49.89,-2.31] 2010 —_—
Abid et al 96 93 32 05 7.8 31 206% -9.10[-13.33,-4.87] 2011 -
Mittal et al 188 533 60 -87 85 60 9.2% -10.10[-35.49, 15.29] 2011 —_—
Alvares de Silva et al 5 24 28 85 267 35 16.1%  -3.50[-16.04,9.04] 2014 —
Sidhu et al -69.8 655 80 -384 604 78 11.9% -31.40[-51.04,-11.76] 2018 ——
Total (95% Cl) 355 354 100.0% -17.50 [-27.73, -7.26) -
Heterogeneily: Tau? = 128.00; Chi? = 24.24, df = 7 (P = 0.001); P = 71% ! t t d
T _ -100 -50 0 50 100
Test for overall effect: Z = 3.35 (P = 0.0008) Favours LOLA Favours Control
Forest plot indicating the pooled effect of LOLA versus placebo/no intervention for the lowering of blood ammonia
[19]. Abbreviations: RR: Risk Ratio, Cl: Confidence interval, SD: standard deviation.
B — Efficacy of LOLA versus placebo/no intervention: Mental State (all HE trials)
LOLA Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Kircheis et al 37 63 20 63 11.2% 1.85(1.22, 2.81) 1997 -
Stauch et al 17 34 8 32 65% 2.00 [1.01,3.98] 1998 =
Chenetal 43 45 33 40 174% 1.16 (0.99, 1.35] 2005 ol
Ahmad el al 37 40 31 40 16.7% 1.19(0.99, 1.44] 2008 ul
Abid et al 56 60 47 60 17.5% 1.17 [1.00, 1.36] 2011 il
Mittal et al 14 40 4 40  36% 3.50 [1.26,9.72] 2011 —
Alvares de Silva et al 2 28 135 08% 2.50 (0.24, 26.17) 2014 R
Sharma et al 21 31 9 30 77% 2.26 [1.24,4.11] 2016 —_—
Sidhu et al 76 83 73 79 186% 0.99(0.90, 1.09] 2018 "
Total (95% Cl) 424 419 100.0% 1.36 [1.10, 1.69] *
Total events 302 226
Heterogeneity: Tau? = 0.06; Chi? = 48.38, df = 8 (P < 0.00001); I* = 83% ' t + i
Testf Il effect: Z = 2.82 (P = 0.005 001 ! L I
est for overall effect: Z = 2.82 (P = 0.005) Favours Placebo Favours LOLA

Forest plots indicating the pooled effect of LOLA versus placebo/ no intervention for improvement of mental state
in all HE patients [19]. Abbreviations: RR: Risk Ratio, Cl: Confidence Interval

C - Efficacy of LOLA versus placebo/no intervention: Prevention of OHE

Mittal et al

Abid et al

Alvares de Silva et al
Bai et al

Higuera et al
Varakanahalli et al

Total (95% CI)
Total events

Heterogeneity: Tau? = 0.00; Chi*=2.92, df =5 (P=0.71): P = 0%
Test for overall effect: Z = 3.92 (P < 0.0001)

LOLA Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
2 40 4 40 8.7% 0.50 [0.10, 2.58] 2011 D
1] 6 3 6 3.0% 0.14 [0.01, 2.28) 2011 +
1 28 13 35 6.0% 0.10 [0.01, 0.69] 2014
1 21 3 19 4.9% 0.30 [0.03, 2.66]) 2014 -1
5 22 12 22 3.7% 0.42[0.18, 0.98] 2018 -
9 73 20 72 456% 0.44[0.22,0.91] 2018 ——
190 194 100.0% 0.38 [0.23, 0.62] <
18 55 . ) ) )
I t t J
0.01 o1 10 100

Favours LOLA  Favours Placebo
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«Fig.3 a Forest plot indicating the pooled effect of L-ornithine
L-aspartate (LOLA) vs placebo/no intervention for the lowering of
blood ammonia [19]. Efficacy of LOLA vs placebo/no intervention:
NH; lowering (all hepatic encephalopathy [HE] trials). b Forest plot
indicating the pooled effect of LOLA vs placebo/no intervention for
improvement of mental state in all patients with HE [19]. Efficacy
of LOLA vs placebo/no intervention: mental state (all HE trials). ¢
Forest plot for the efficacy of LOLA vs placebo/no intervention for
the prevention of progression of minimal HE to overt HE (OHE) [10,
11, 23], secondary OHE prophylaxis [24], primary OHE prophy-
laxis [25], or post-transjugular intrahepatic portosystemic shunt
OHE prophylaxis [12] from results of the appropriate published ran-
domised controlled trials [22]. Efficacy of LOLA vs placebo/no inter-
vention: prevention of OHE. CI confidence interval, M-H Mantel-
Haenszel test, RR risk ratio, SD standard deviation

converted via beta-oxidation to phenylacetate but, unlike
SPA, GPB contains no sodium or adverse effects associated
with SPA or SPB [38]. Rather it comprises three molecules
of phenylbutyrate bonded to the molecule of glycerol in an
esterified manner. Glycerol phenylbutyrate then becomes
available for hydrolysis by pancreatic lipases, leading to the
release of phenylbutyrate and glycerol. In a phase II trial
in children with UCDs in which the efficacy of GPB was
compared to SPB, the two agents were found to be at least
equivalent in terms of ammonia control. Moreover, urinary
phenylacetylglutamine levels were found to provide a clini-
cally useful biomarker for dose selection and monitoring in
patients with UCD [38]. Two years following this study in
UCD:s, results of a phase II RCT of GPB were described in
patients with cirrhosis who had experienced two or more
episodes of HE. Glycerol phenylbutyrate (6 mL twice daily)
resulted in reductions of plasma ammonia and correlations
with the number of HE events, time to first HE event and
number of hospitalisations. Safety profiles were similar to
placebo [39]. These findings were broadly confirmed in a
subsequent Cochrane systematic review but the certainty
(GRADE) of the evidence was judged to be “very low” [36].

5.4 OP

Ornithine phenylacetate (OP) has not been assessed for
safety or efficacy in the treatment of UCDs. In the case of
HE in cirrhosis, reports of the results of two RCTs have
appeared. In the first trial, published in 2016, the efficacy
of OP vs placebo was assessed in 38 consecutive patients
within 24 h of an upper gastrointestinal bleed; the trial
failed to demonstrate significant ammonia-lowering effects
and there was no benefit for the incidence or severity of HE
[40]. Some years later, a report on the efficacy and safety of
OP administered in addition to standard of care according
to current guidelines (which included the use of lactulose
and/or rifaximin) for the treatment of OHE was published.
No significant differences with regard to time to clinical
improvement of HE based on ammonia measurements were

observed between patients treated with OP compared to
placebo [41]. A subsequent Cochrane review essentially
confirming these findings reported evidence of OP-induced
reduction of hyperammonaemia [36] in a single trial but
again no improvements in mental state were observed and
the trial was judged to have been of very low quality. The
review compared a somewhat motley selection of agents for
their safety and efficacy for the lowering of blood ammonia
and improvement of HE status in patients with cirrhosis.
The list included sodium benzoate, glycerol phenylbutyrate
and OP as well as polyethylene glycol and AST-120. None
of these agents was superior to lactulose for the lowering of
blood ammonia and glycerol phenylbutyrate was the only
agent to have a beneficial effect compared to placebo on
both hyperammonaemia and HE. The quality of the evidence
was judged to be uncertain with no confidence that any of
the drugs were useful for the prevention or treatment of HE
in people with cirrhosis, as the trials evaluated were very
few in number and many did not provide sufficient data for
inclusion in the analysis [36].

6 Summary and Conclusions

The lowering of circulating ammonia is pivotal for the pre-
vention and treatment of HE in cirrhosis. Agents with the
capacity to reduce ammonia absorption from the gut include
non-absorbable disaccharides, antibiotics, probiotics, purga-
tives such as polyethylene glycol electrolyte solutions and
a carbon microsphere preparation. Other agents have the
metabolic capacity for the enhancement of active removal
of ammonia by the liver in addition to the stimulation of
ammonia removal by skeletal muscle.

L-Ornithine L-aspartate, a 1:1 mixture of the non-essential
amino acids L-ornithine and L-aspartate, is effective for the
lowering of circulating ammonia via multiple well-estab-
lished mechanisms that include the optimisation of meta-
bolic pathways (urea and glutamine synthesis) responsible
for hepatic ammonia removal by residual periportal and
perivenous hepatocytes in cirrhosis. L-Ornithine L-aspartate
also has potential hepato-protective properties involving the
production of the anti-oxidant glutathione and nitric oxide
with the capacity to result in improved hepatic microcir-
culation. In addition, LOLA prevents cirrhosis-related sar-
copenia, leading to improvements in ammonia removal by
skeletal muscle.

Results of several independent systematic reviews each
with a meta-analysis confirm that both the intravenous and
oral formulations of LOLA are effective for the lowering
of blood ammonia in patients with cirrhosis with concomi-
tant improvements of mental state together with significant
beneficial effects of LOLA for the prevention of OHE in the
context of primary prophylaxis, secondary prophylaxis, for
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the reduction of the progression of MHE to OHE and for
OHE occurring post-transjugular intrahepatic portosystemic
shunt. L-Ornithine L-aspartate is reported to manifest a very
good-to-excellent safety profile and its efficacy for ammonia
lowering and improvement of mental state has been assessed
as comparable or superior to alternative currently available
agents such as non-absorbable disaccharides, antibiotics
or probiotics as demonstrated in reports of the findings of
recent network meta-analyses.

Reviews of the efficacy and safety of sodium benzoate,
glycerol phenylbutyrate and ornithine phenylacetate con-
cluded that none of these agents was superior to lactulose
and neither were AST-120 or polyethylene glycol. Glycerol
phenylbutyrate with its superior safety profile was the only
agent shown to have a beneficial effect compared with pla-
cebo on hyperammonaemia and HE. The quality of the evi-
dence in these trials was judged to be uncertain.
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