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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is the
leading chronic hepatic condition worldwide and new ap-
proaches to management and treatment are limited. Sum-
mary: L-ornithine L-aspartate (LOLA) has hepatoprotective
properties in patients with fatty liver of diverse etiology and
results of a multicenter randomized clinical trial reveal that
12 weeks treatment with oral LOLA (6-9 g/d) results in a
dose-related reduction in activities of liver enzymes and tri-
glycerides together with significant improvements of liver/
spleen CT ratios. A preliminary report described improve-
ments of hepatic microcirculation in patients with non-alco-
holic steatohepatitis (NASH) following treatment with LOLA.
Mechanisms responsible for the beneficial effects of LOLA in
NAFLD/NASH involve, in addition to its established ammo-
nia-lowering effect, metabolic transformations of the LOLA-
constituent amino acids L-ornithine and L-aspartate into L-

glutamine, L-arginine, and glutathione. These metabolites
have well-established actions implicated in the prevention
of lipid peroxidation, improvement of hepatic microcircula-
tion in addition to anti-inflammatory, and anti-oxidant prop-
erties. Key Messages: (1) LOLA is effective for the treatment
of key indices in NAFLD/NASH. (2) Mechanisms other than
LOLA’s ammonia-lowering action have been postulated. (3)
Further assessments in the clinical setting are now required.
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Introduction

Non-alcoholic fattyliver disease (NAFLD) has emerged
as the leading chronic liver disease worldwide that is
strongly associated with obesity and the metabolic syn-
drome. The pathological spectrum of NAFLD spans sim-
plehepaticsteatosis, non-alcoholicsteatohepatitis (NASH)
to liver fibrosis with subsequent development of cirrhosis
leading in many cases to hepatocellular carcinoma [1].

Given the key role of the liver in the removal of excess
ammonia, it is not surprising that patients with NASH are
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Table 1. Effect of LOLA (oral formulation) on liver enzymes in 463 patients with fatty liver

ASAT (U/1) ALT (U/) yGT (U/1)
Start of LOLA treatment™® 48.1+53.7 52.6+44.7 155.4+236.7
End of LOLA treatment 25.7+16.1 39.2+36.5 60.9+56.3
Difference, % -46.60 -40.57 -60.82

*9 ¢g/d, 60 days, Hepa-Merz granules (Merz Pharmaceuticals GmbH).

LOLA, L-ornithine L-aspartate.

hyperammonemic [2] and hepatic accumulation of am-
monia has been confirmed in both patients and animal
models of fatty liver disease [3].

L-ornithine L-aspartate (LOLA) is a mixture of en-
dogenous amino acids with the demonstrated capacity to
increase ammonia removal by residual hepatocytes and
skeletal muscle of patients with cirrhosis [4]. Recent re-
ports suggest that LOLA has, in addition to its estab-
lished role as an ammonia scavenger, a direct protective
effect on the liver per se. In a groundbreaking report by
Griingreiff and Lambert-Baumann [5], 463 patients with
fatty liver, 29% of whom were non-alcoholic, were treat-
ed with a range of doses of oral LOLA for periods of 30—
90 days. Increased blood levels of liver enzymes (ASAT,
ALT and y-GT) were significantly attenuated (by up to
70%) by LOLA treatment (Table 1) indicative of improv-
ing hepatic function and the effect was dose-related.
Beneficial treatment outcomes were more pronounced
in patients with fatty liver compared to patients with cir-
rhosis, and subgroup analysis revealed that only patients
with clear abstinence from alcohol achieved optimal out-
comes with respect to liver enzymes.

LOLA in the Treatment of NAFLD/NASH

LOLA manifests hepato-protective properties in pa-
tients with fatty liver of diverse etiology as summarized
above. In order to address this issue directly in relation to
NAFLD/NASH, a multicenter open label, multi-dose,
randomized controlled trial comprising 72 such patients
was undertaken in order to assess the efficacy of LOLA
administered orally for a 12-week period. Patients were
diagnosed with NASH according to the 2010 edition of
“The Guidelines for the treatment of NASH”: liver-spleen
CT ratio of less than 1 through CT scan, ALT 1.3 times
higher than the normal upper limit, aged between 18 and
65 years. After 12 weeks of oral LOLA treatment, a sig-
nificant dose-related reduction in ALT was observed to-
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gether with significant decreases in concentration of tri-
glycerides. Liver/spleen CT ratios also improved signifi-
cantly following LOLA treatment [6].

In a subsequent trial, 78 patients with NASH all of
whom manifested disorders of hepatic microcirculation
were studied using the technique of polyhepatography,
a modified technique for the noninvasive estimation
of intrahepatic blood flow. Changes produced by
LOLA consisted of increased resistance and abnormali-
ties of waveform and amplitude (sinusoidal level). Im-
provements of hepatic microcirculation were observed
in all patients even in the presence of 0-1 stage fibrosis

[7].

Mechanisms Involved in Hepatoprotection by LOLA
in NAFLD/NASH

The pathogenesis of NAFLD has not been fully eluci-
dated. However, the “two-hit hypothesis” has gained con-
siderable attention where the initial hit relating to altered
lipid metabolism results in fat accumulation. The second
hit relates to a series of factors including oxidative stress
and inflammation.

The principle mechanism of action of LOLA that un-
derpins its ammonia scavenger properties in chronic liv-
er disease involves the removal of ammonia via 2 distinct
mechanisms, namely, the synthesis of urea (L-ornithine
is a metabolic intermediate in the urea cycle) by peripor-
tal hepatocytes and the synthesis of glutamine via the en-
zyme glutamine synthetase (GS), an enzyme located in
both the perivenous hepatocytes and skeletal muscle. It is
well established that flux through the GS pathway is re-
duced by up to 50% in liver biopsy samples from patients
with histologically-proven steatosis and raised serum
transaminases and bilirubin [8]. These findings are con-
sistent with the significant loss of the high-affinity ammo-
nia-removing pathway involving GS located in the peri-
venous hepatocytes.
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Studies in recent years have identified a series of
mechanisms involving LOLA’s effects on sarcopenia as
well as hepatic intermediary metabolism, oxidative
stress, and lipid peroxidation that could play a role in
the hepatoprotective effects of LOLA in NAFLD/
NASH.

Sarcopenia

Defined as a progressive loss of skeletal muscle mass,
strength, and function, sarcopenia is a risk factor for the
development of NAFLD. Mechanisms relating sarcope-
nia to NAFLD include proinflammatory factors with the
potential to result in liver injury [9]. It has been report-
ed that LOLA treatment in patients with cirrhosis [10,
11] or experimental animals with chronic liver failure
[12] results in the restoration of muscle proteostasis and
significant improvements of muscle function. It is pos-
sible that the apparent hepatoprotective properties of
LOLA in patients with NAFLD are mediated, at least in
part, via mechanisms involving improvements of skel-
etal muscle function. Further evaluations of this possi-
bility are ongoing.

Glutamine

Treatment of experimental chronic liver disease with
LOLA results in a significant threefold increase of plasma
glutamine resulting from a 2-step reaction involving the
transamination of L-ornithine to glutamate, the obligate
substrate for GS [13]. Intravenous infusions of LOLA
likewise result in significant increases of plasma gluta-
mate and restoration of glutamine in patients with chron-
ic liver disease [14]. Restoration of the synthesis of gluta-
mine in liver may represent an important step implicated
in the hepatoprotective properties of LOLA in NAFLD/
NASH in view of the observations that administration of
glutamine results in improvement of hepatic injury
caused by a range of insults including ischemia/reperfu-
sion injury and that resulting from chronic alcohol inges-
tion [15, 16]. More recently, reports from 2 studies in ex-
perimental NAFLD/NASH demonstrate significant hep-
atoprotective effects of glutamine [17, 18]. In the first of
these studies, NAFLD was induced by a high fat diet and
oral treatment with glutamine resulted in reduced expres-
sion of hepatic markers of oxidative stress and inhibition
of NFkB p65 accompanied by improvement in hepatic
steatosis. In the second study, the hepato-protective ef-

Hepatoprotection by LOLA in NAFLD

fects of oral glutamine supplements on the development
of Western-style diet-induced NASH were associated
with protection against lipid peroxidation in the liver.
Moreover, glutamine supplements were associated with
significantly less proinflammatory activity (Fig. 1).

Glutathione

Another important product of LOLA-derived gluta-
mate, namely, glutathione (GSH), is a potent antioxidant
that has the requisite properties for the control of oxida-
tive damage and treatment with LOLA has been shown to
correct the loss of GSH in the serum of animals with liver
failure resulting from toxic liver injury [19]. Taken to-
gether, these findings offer a cogent explanation for the
findings of a hepatoprotective effect of LOLA, namely,
the antioxidant properties of 2 of its metabolic products
(glutamine and the antioxidant GSH).

The use of antioxidants for the treatment of NAFLD/
NASH has been proposed and assessed on several occa-
sions so far with somewhat mixed results. Initial trials
with vitamin E in patients with NAFLD resulted in im-
provements in transaminase levels. However, the effects
on histological improvement remain equivocal. Initial
clinical trials with the lipid-lowering antioxidant probu-
col have so far yielded disappointing results [20]. Further
studies are clearly required.

Nitric Oxide

It has been suggested that sinusoidal perfusion altera-
tions in steatosis lead to compression of the sinusoidal
spaces and consequent disturbances of the hepatic micro-
circulation [21]. Accordingly, increased production or re-
lease of the vasoactive modulator nitric oxide (NO) could
provide an effective novel strategy for the prevention and
treatment of NAFLD [22]. Indeed, results of 2 studies have
provided evidence consistent with this possibility. In the
first study, the administration of the hepato-selective NO
donor compound [O(2)-vinyl-1(pyrrolidine-1-yl) diazen-
1-ium-1,2-diolate], V_PYRRO/NO was shown to be pro-
tective against high fat-induced liver steatosis. It was sug-
gested that such liver-targeted NO donors that are free of
systemic hypotensive effects represent a promising thera-
peutic strategy for NAFLD [22].

In the second study that is also directly related to NO,
the administration of L-arginine, the substrate for nitric
oxide synthase, was found to improve microvascular
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Fig. 1. Effects of Gln on liver histology,
NAFLD scores, and proinflammatory ac-
tivity associated with a WSD. Indices of liv-
er damage in female mice fed a control diet
or a WSD with or without supplemental
Gln for 6 weeks. a Representative photomi-
crographs of liver sections (hematoxylin
and eosin staining; original magnifications:
200x and 400x). b Evaluation of liver his-
tology using the NAS. ¢ Number of neutro-
phils in the liver tissue. Values are means +
SEMs, n = 7-8. Means without a common
letter differ, p < 0.05. Gln, glutamine; WSD,
Western-style diet; C, control; DE, diet ef-
fect; GE, glutamine effect; DEXGE, interac-
tion between diet and glutamine; NAS,
non-alcoholic fatty liver disease activity
score. From Sellmann et al. [18] with per-
mission.
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perfusion in fatty liver [23]. These findings of a benefi-
cial effect of L-arginine are of particular interest in view
of the results of studies in experimental chronic liver
disease that clearly demonstrated that treatment with
LOLA led to a significant 2.5-fold increase of plasma L-
arginine [13]. Increases of circulating L-arginine have
also been reported in patients with cirrhosis following
treatment with LOLA [14]. These findings suggest a
mechanism whereby LOLA has the potential to improve
the microcirculatory disturbances in NAFLD/NASH,
namely, by supplying increased concentrations of LO-
LA-derived L-arginine that is available for NO synthesis

(Fig. 2).
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Summary

Evidence from clinical trials supports the thesis that
LOLA has hepatoprotective properties in patients with
NAFLD/NASH. Such evidence includes the ability of
LOLA to attenuate raised levels of liver enzymes includ-
ing ALT and to reduce serum triglycerides. In addition,
LOLA treatment results in significant improvements of
liver/spleen CT ratios. Possible mechanisms responsible
for the beneficial effects of LOLA include increased
conversion of the constituent enzymes of LOLA to glu-
tamine, L-arginine, and GSH. Both glutamine and GSH
have hepatoprotective properties against the effects of
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Fig. 2. Mechanisms proposed to account for the hepatoprotective
effects of LOLA in NAFLD. LOLA, L-ornithine L-aspartate; NO,
nitric oxide; GS, glutamine synthetase; NOS, nitric oxide synthase;
TA, transaminase.

oxidative stress and lipid peroxidation in experimental
NAFLD/NASH. L-arginine is known to improve the as-
sociated microcirculatory disturbances associated with
these disorders via increased synthesis of NO.

It has been proposed that the application of a novel
morphological method for the detection of increased he-
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