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Abstract

L-ornithine L-aspartate (LOLA) has been known as an effective ammonia-lowering agent for more than 50 years with good
evidence in hepatic encephalopathy. Administration of LOLA removes ammonia via two distinct mechanisms: by synthesis
of urea and by the synthesis of glutamine via the enzyme glutamine synthetase. While LOLA has been used in cirrhosis
and acute liver injury settings, it is less clear if LOLA could be used in non-alcoholic fatty liver disease (NAFLD). NAFLD
and the progressive form non-alcoholic steatohepatitis (NASH) are currently the leading causes of chronic liver disease
worldwide, with roughly 25% of the world population affected by NAFLD. Consequences of NASH are end-stage liver
disease and cardiovascular morbidity and mortality. As the basis for NAFLD is excess calorie uptake and excess adipose
tissue mass, the conservative therapeutic approach is weight loss by intense lifestyle change. However, no pharmacological
treatment options are currently approved. LOLA is being investigated as a pharmacological tool to ameliorate liver injury
in NAFLD on the basis that it lowers liver ammonia concentrations and supplies anti-oxidative glutamine and glutathione.

Indirect hepatoprotective effects currently under investigation could also be beneficial.

1 NAFLD: Definitions, Causes
and Prevalence

Non-alcoholic fatty liver disease (NAFLD) is a spectrum
of conditions based on steatosis of the liver without sig-
nificant alcohol consumption (>20 g/day women; > 30 g/
day men) [1]. Non-alcoholic fatty liver (NAFL) is the mere
accumulation of fat as lipid droplets in hepatocytes, with
non-alcoholic steatohepatitis (NASH) as progressive form
with lobular inflammation and ballooning degeneration of
hepatocytes. NAFLD and NASH are now recognized as
liver manifestations of the metabolic syndrome and as such
based on excess calorie intake, insufficient activity and exer-
cise, and the resultant excess adipose tissue depots. Risk
factors for NAFLD include obesity, diabetes mellitus type
2 (T2DM), hypertension, and dyslipidemia with or with-
out elevated liver enzymes. There are other possible causes
for liver steatosis, i.e. HCV infection, drugs and genetic
causes (celiac disease, Wilson’s disease, lysosomal acid
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lipase deficiency), which should be excluded upon diagno-
sis. However, as the global prevalence of NAFLD has risen
to approximately 25% following the obesity pandemic [2],
most cases of NAFLD and NASH are due to overweight
and obesity.

2 Pathophysiology of NAFLD and NASH

Despite the simple basis for NAFLD, which is excess adi-
pose tissue mass with subsequently altered release patterns
for fatty acids and adipokines, the actual pathophysiology
of NAFLD is highly complex. Excess supply of triglyc-
eride and glucose leads to increased de novo lipogenesis
and altered formation of lipoprotein particles [3]. Oxida-
tive stress and endoplasmic reticulum stress due to reduced
mitochondrial fatty acid oxidation and increased peroxiso-
mal fatty acid oxidation lead to cellular injury, cell death of
hepatocytes and subsequently inflammation [4]. Liver injury
from this variety of processes is summarized in the “mul-
tiple parallel hits theory”, as it seems that the combination
of many factors promotes the progression from NAFLD to
NASH [5]. It is important to note, that there may be different
types of NAFLD [6]. One type is based solely on the meta-
bolic insult, with significant contribution of hepatic insulin
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resistance to disease progression and mostly cardiovascular
morbidity and mortality. The other type is genetically pre-
determined injury (i.e. PNPLA3 variants), with more promi-
nent injury and inflammation of the liver and higher risk of
progression to cirrhosis or hepatocellular carcinoma (HCC)
[6]. However, this theory needs to be investigated in appro-
priate settings. Accumulating data suggests that NAFLD is
not a bystander of the metabolic syndrome but the cause of
progression of insulin resistance and adverse cardiovascu-
lar outcomes [7, 8]. In particular elevated de novo lipogen-
esis and gluconeogenesis in hepatocytes under surplus of
lipids and glucose indicates deranged hepatic metabolism
as a central component for NAFLD development. Since the
liver is the main metabolic organ responsible for lipid and
glucose metabolism, liver function is essential for all organs,
as it includes allocation of transport proteins, nutrients, and
energy supply to the whole organism. In that sense, NAFLD
comprises a systemic disease with multiple interactions with
other organs.

3 Current Conservative
and Pharmacological Treatments
of NAFLD

The underlying cause for NAFLD is excess lipid accumu-
lation within the hepatocytes. However, the exact mecha-
nisms of NAFLD development and progression to NASH
are incompletely understood and involve complex interact-
ing metabolic pathways and processes (as described above
in 2). The only currently available conservative treatment
option, is to counter the underlying overweight and obe-
sity by weight reduction, which will positively affect all
co-morbidities including insulin resistance [1]. A relevant
effect on NAFLD can only be achieved by weight loss of
approximately 10% of the initial weight, which requires
intense life-style changes. It is needless to say, that many
patients do not reach this target or cannot maintain it perma-
nently. Weight loss can also be achieved by bariatric surgery,
which is generally effective but also comes with risks of
large abdominal surgeries. Up to now, no pharmacological

treatment targeting NAFLD has been approved, although
there are some promising candidate substances in clinical
trials (Table 1). In the USA, treatment with combinations
of Vitamin E and pioglitazone or liraglutide is commonly
applied, but this is not approved for Europe. Detailed rec-
ommendations on treatment of NAFLD can be found in the
Clinical Management Guidelines of the European Asso-
ciations for the Study of the Liver (EASL), of Diabetes
(EASD), and of Obesity (EASO) [1]. One of the reasons for
the absence of uncontroversial effective pharmacotherapy
for NAFLD is the high complexity of this disease, caused by
multiple interacting factors. In addition, prior candidate sub-
stances and their targets were initially identified in murine
models of NAFLD or NASH. However, there is only little
overlap of concordantly regulated genes between murine
models of NASH and human transcriptomes in NASH [9].
Limitations of the utilized models for NAFLD or NASH
comprise the mechanisms of disease generation, the differ-
ent genetic background, and anatomical differences in the
digestive system between mouse and human. Thus, it is not
surprising that potential targets for NASH therapy identified
in murine models might not give similar results in clinical
studies.

On an empirical basis, multiple possible targets for phar-
macotherapy are promising: the insulin resistance of the
liver and systemically, and factors affecting the liver itself.
Candidate substances in Phase III clinical trials are obet-
icholic acid (6-ethylchenodeoxycholic acid), elafibranor,
cenicriviroc, and selonsertib (Table 1). For details on the
current situation on pharmacological treatment options for
NASH, please refer to the review by Alkhouri et al. [10].

4 Rationale for LOLA as Possible Treatment
for NAFLD

Among the many functions of the liver amino acid metabo-
lism, aa catabolism and ammonia detoxification are per-
formed in hepatocytes. These have not yet been explored
as potential targets to treat NAFLD or NASH. L-ornithine
L-aspartate (LOLA) is a mixture of endogenous amino acids

Table 1 Pharmacological components for treatment of NAFLD or NASH in phase III clinical trials. Table adapted from [10]

Substance/label ~ Target/mode of action

(Expected) effect

Obeticholic acid  Agonist of farnesoid-X-receptor

Elafibranor Dual agonist for peroxisome proliferator-activated receptor-o
and -9

Cenicriviroc Chemokine (C-C motif) receptor types 2 and 5 antagonist

Selonsertib Apoptosis signal-regulating kinase 1 inhibitor

Improvement of insulin sensitivity and reduced gluconeogen-
esis and serum triglycerides

Improvement of glucose homeostasis and insulin metabolism
and reduction of inflammation.

Reduced inflammatory response to hepatocyte injury by
Kupffer cells, subsequently diminished fibrosis

Reduction of hepatic inflammation, hepatocyte apoptosis and
fibrosis due to oxidative stress
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supposed to facilitate ammonia removal in patients with liver
cirrhosis [11]. In the following section we suggest a hypo-
thetical approach to treat metabolic alterations in NAFLD
with LOLA. Some of the potential effects are currently
under investigation and thus are only speculative.

4.1 Known Hepatoprotective Effects of LOLA

Nitrogen metabolism in muscle and other peripheral tis-
sues leads to formation of ammonia, which is converted via
urea cycle in the liver and excreted as urine [12]. Impaired
liver function results in elevation of ammonia concentra-
tion [13]. In acute, acute-on-chronic and chronic liver fail-
ure, ammonia accumulates through diminished activity of
the urea cycle. High serum concentrations of ammonia are
associated with hepatic encephalopathy (HE), hepatocyte
apoptosis, inflammation, liver function impairment, and high
mortality [13, 14].

LOLA is used in patients with liver cirrhosis to amelio-
rate minimal HE by enhancing ammonia removal in still
functional hepatocytes [15]. It is supposed that LOLA
affects ammonia removal on the one hand by increased syn-
thesis of urea and on the other hand by increased synthesis
of glutamine via the enzyme glutamine synthetase (GS)
[15]. In addition, LOLA-derived glutamate can also be con-
verted to glutathione, which is an important anti-oxidant for
hepatocytes. In addition to direct effects of LOLA on the
liver due to enhanced ammonia removal and improved anti-
oxidative capacity, there might be indirect hepatoprotective
effects due to partial reversal of sarcopenia [16] and due
to nitric oxide (NO) formation from L-arginine, resulting
in improved hepatic microcirculation [17]. These putative
direct and indirect effects of LOLA have been demonstrated
in pre-clinical and small clinical studies, awaiting confirma-
tion in larger trials (Fig. 1).

4.2 Ammonia as Possible Contributor to Liver Injury
in NAFLD

Apart from the known elevations of circulating ammonia
in cirrhosis and acute liver failure, one study investigated
ammonia content of the liver and HE in chronic liver dis-
eases, including NAFLD [15]. Given the key role of the liver
for the removal of excess ammonia, it is not surprising that
patients with chronic liver diseases are hyperammonemic
[18] and that hepatic accumulation of ammonia has been
found in both patients and animal models of NAFLD or
NASH [12]. Histological staining of liver tissue for ammo-
nia content seems to correlate well with disease severity of
NAFLD with higher concentrations in NASH [12]. These
data imply that in NAFLD and in particular in progressive
NASH, ammonia accumulates in the liver. The functional
background of this might be reduced expression of urea

cycle enzymes by fatty acid accumulation [19]. Another
possible mechanism might be reduced flux through the GS
pathway by up to 50%, as demonstrated in liver biopsy sam-
ples from patients with histologically proven steatosis and
raised serum transaminases [20]. Ammonia has thus been
suggested as possible target for NAFLD treatment [14]. In
a recent study, hypermethylation of urea cycle gene as well
as reduced expression and activity of urea a cycle enzymes
have been demonstrated in human NASH and a rat model
of NASH [21]. This was associated with elevated plasma
ammonia concentrations and ammonia accumulation in liver
tissue of patients with NASH.

4.3 Efficacy of LOLA in Pre-clinical Models
and Studies of NAFLD

Until now, most studies on the efficacy of LOLA have been
performed in cirrhosis or models thereof. However, there
are a few preclinical studies which could indicate a possible
effect of LOLA on NAFLD. Two studies in experimental
cirrhosis and HE described that ammonia lowering improved
sarcopenia in cirrhotic Sprague—Dawley rats by stabilizing
amino acid metabolism [22], and that LOLA treatment
resulted in a significant increase of plasma glutamine, which
probably derived from L-ornithine via GS [23]. Glutamine
has been shown to be protective in preclinical models of
NAFLD and NASH, possibly by reducing oxidative stress
[24, 25]. Indirect evidence suggests that LOLA could dimin-
ish liver injury in NAFLD by reducing ammonia and oxida-
tive stress.

More direct evidence for a possible use of LOLA as a
treatment for NAFLD comes from early clinical studies.
Almost two decades ago, it was shown that LOLA could
attenuate serum AST, ALT and y-GT levels by up to 70%
in chronic liver diseases. This effect was not only dose
related but was more pronounced in patients with fatty
liver compared to patients with cirrhosis [26]. In a more
recent study, a Chinese group performed a multicenter open-
label, multidose, randomized controlled trial comprising 72
patients to assess the efficacy of orally administered LOLA
for 12 weeks. The treatment resulted in a significant dose-
related reduction in ALT and triglycerides. Liver/spleen
ratios in computed tomography examination improved
significantly after LOLA treatment [27]. However, serum
transaminase levels are strongly limited to assess liver injury
specifically for NAFLD. Further studies with more reliable
outcome markers are needed to verify possible effects of
LOLA for NAFLD treatment. In a very recent trial with 78
patients with NASH, administration of LOLA seemed to
improve hepatic microcirculation in the presence of mild
fibrosis, determined by transient elastography [28]. In these
clinical studies LOLA appears to reduce liver injury in
NAFLD patients. These findings are limited by the use of
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serum transaminases as main outcome measure, which are
not reliable markers to asses NAFLD or NASH. Larger stud-
ies in more diverse populations are required, employing liver
fat content and liver inflammation as indicators for efficacy,
to substantiate these initial findings.
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5 Summary and Conclusions

Current data support the crucial role of ammonia in
advanced liver diseases. Data from preclinical models and
from a small number of clinical trials support the thesis
that LOLA has hepatoprotective properties in cirrhosis. In
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«Fig.1 Ammonia generation and detoxification and putative mecha-
nistic targets of LOLA for treatment of NAFLD. a Ammonia detoxi-
fication under healthy conditions: ammonia (NH;) is generated as
byproduct from protein and branched chain amino acid (BCAA)
catabolism and transported systemically as ammonium (NH,").
Detoxification of NH,* in the liver is performed either via the urea
cycle, part of which is located within mitochondria, or by the enzyme
glutamine synthetase (GS). For these reactions, glutamine and
a-ketoglutarate (a-KG; derived from BCAA or malate) are required.
b Supposed effects of steatosis or cirrhosis on ammonia detoxifica-
tion (red) and putative mechanism of L-ornithine L-aspartate (LOLA;
green). In cirrhosis, performance of urea cycle is diminished and glu-
tamine as well as a-KG reserves are depleted, leading to NH,* accu-
mulation and toxic effects, i.e. hepatic encephalopathy. LOLA is sup-
posed to enhance urea cycle via L-ornithine and r-ornithine-derived
glutamate. Both L-ornithine and L-aspartate can replenish o-KG
reserves. In addition, L-ornithine might be able to supply anti-oxida-
tive capacity by restoring glutathione and L-aspartate-derived nitric
oxide might improve hepatic microcirculation (both not shown)

patients with NAFLD or NASH, LOLA appears to reduce
serum concentrations of liver enzymes and triglycerides.
Putative mechanisms for the effect of LOLA in NAFLD
are enhanced ammonia removal, increased anti-oxidative
capacity, and attenuated lipid peroxidation by glutamine
and glutathione, improved hepatic microcirculation due to
L-arginine-derived NO. These effects should be investigated
in well-controlled clinical settings to demonstrate if LOLA
could be a feasible treatment for NAFLD or NASH.
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