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ABSTRACT

In non-alcoholic fatty liver disease (NAFLD), fibrosis is the most important factor
contributing to NAFLD-associated morbidity and mortality. Prevention of progression
and reduction in fibrosis is the main aim of treatment. Even in early stages of
NAFLD, hepatic and systemic hyperammonaemia is evident. This is due to reduced
urea synthesis and as ammonia is known to activate hepatic stellate cells, we
hypothesised that ammonia may be involved in the progression of fibrosis in NAFLD.
In a high-fat high-cholesterol diet induced rodent model of NAFLD, we observed a
progressive step-wise reduction in the expression and activity of urea cycle enzymes
resulting in hyperammonaemia, evidence of hepatic stellate cell activation and
progressive fibrosis. In primary, cultured hepatocytes and precision cut liver slices
we demonstrated increased gene expression of pro-fiborogenic markers after lipid
and/or ammonia exposure. Lowering of ammonia with the ammonia scavenger
ornithine phenylacetate (OP) prevented hepatocyte cell death and significantly
reduced the development of fibrosis both in vitro in the liver slices and also in vivo in
the rodent animal model. The prevention of fibrosis in the rodent model was
associated with restoration of urea cycle enzyme activity and function, reduced
hepatic ammonia and markers of inflammation. Conclusion: The results of this study
suggest that hepatic steatosis results in hyperammonaemia, which is associated with
progression of hepatic fibrosis. Reduction of ammonia levels prevented progression

of fibrosis providing a potentially novel treatment for NAFLD.
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Due to alarming increases in obesity in the industrialised countries, non-alcoholic
fatty liver disease (NAFLD) is now the most widely recognized cause of liver
dysfunction, cirrhosis and an indication for liver transplantation (1-3). NAFLD is a
spectrum of liver diseases ranging from steatosis, through non-alcoholic
steatohepatitis (NASH) and cirrhosis. Fibrosis is the key driver of increased morbidity
and mortality of patients with NAFLD (4-6) and, prevention of progression and

reduction of fibrosis is the main aim of treatment.

In experimental models of NAFLD, gene and protein expression of mitochondrial
urea cycle enzymes carbamoyl phosphate synthetase (CPS1) and ornithine
transcarbamylase (OTC) are reduced significantly, resulting in reduced ureagenesis
and hyperammonaemia (7-9). This is reversible upon recovery from NAFLD. Also in
non-cirrhotic patients with NAFLD, a reduction in urea cycle enzymes (UCEs) and, at

the same time, increased plasma and hepatic ammonia levels was observed (8, 9).

Hyperammonaemia produces numerous deleterious effects in liver disease patients,
ranging from hepatic encephalopathy to neutrophil dysfunction and sarcopenia (10-
13). Ammonia has been shown to activate human hepatic stellate cells (HSCs) in
vitro and in vivo (14). HSCs are key cells involved in the progression of hepatic
fibrosis and changes from a quiescent to an activated state in conditions of
hepatocellular injury enabling them to participate in the wound healing process (15).
Reduction of ammonia concentrations with the ammonia scavenger ornithine
phenylacetate (OP) prevented the activation of HSCs and reduced the severity of
portal hypertension in an animal model of advanced liver fibrosis (14). Therefore,

hyperammonaemia-induced activation of HSCs may favour the progression of fibrosis
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in NAFLD and ammonia may represent a novel therapeutic target. The ammonia-
lowering agent OP modulates interorgan metabolism resulting in a reduction in the
severity of hyperammonaemia. OP successfully prevents increases in ammonia in
animal models of acute and acute-on-chronic liver failure (16-19) and is a safe and
effective  ammonia scavenger that is in clinical development to treat

hyperammonaemia in patients with cirrhosis (20, 21).

The aims of this study were to investigate the time course of urea cycle dysfunction
and the consequent hyperammonaemia in a high-fat, high-cholesterol (HFHC) diet-
induced animal model of advanced fibrosis. This study also aimed to determine
whether lipids and increased ammonia in vitro in hepatic cell cultures and precision
cut liver slices promotes fibrogenesis. Finally, this study investigated whether
lowering ammonia levels using OP prevented the progression of hepatic fibrosis in

the in vitro and in vivo models.

MATERIAL AND METHODS

UREA CYCLE DYSFUNCTION IN EXPERIMENTAL NAFLD

Animal studies

Study design

The study was performed to determine the time course of urea cycle dysfunction and
the consequent hyperammonaemia in a HFHC diet-induced NASH rodent model of
advanced fibrosis. The study was conducted in accordance with the UK Animals
(Scientific Procedures) Act (1986, revised 2013), following approval from the local
animal welfare and ethical review board. Forty-five male Sprague Dawley (SD) rats
(body weight 220-250 gr; Charles River, Margate, UK) were divided into nine groups

(n=5) and fed normal chow (NC), a high-calorie HC (D12450J, Research Diets, New
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Brunswick, NJ, USA) or a HFHC diet (D09052204Y, Research Diets) for 4, 10 or 16
weeks. Please refer to the supplemental material section for more detailed

information.

Blood analyses
Plasma ammonia (NH;), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), bilirubin, albumin, total cholesterol and triglycerides were

measured by a COBAS system (Integra I, Roche UK).

Inflammatory markers
Plasma interleukin (IL)-18 and IL-10 levels were measured by Luminex assay (R&D

Systems, Abingdon, UK) as described in the supplemental material section.

HEK-Blue™ hTLR4 reporter cells
In order to determine whether toll-like receptor 4 (TLR4)-ligands were released into
the circulation, plasma was co-incubated with HEK-Blue™-hTLR4 cells (hkb-htlr4,

Invivogen, San Diego, CA, USA) as described in the supplemental material section.

Plasma markers of cell death

An in vitro quantitative photometric enzyme immunoassay Cell Death Detection
ELISAP"YS (Roche, Basel, Switzerland) was employed to determine histone (H1,
H2A, H2B, H3, and H4)-associated DNA (single-stranded and double-stranded)
fragments released into the plasma after cell death as described in the supplemental

material section.
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Liver tissue analyses

Protein expression of markers of fibrosis

Proteins from rat liver tissues were homogenized and the protein content was
determined by the microBCA assay kit (Thermo Fisher Scientific, Waltham, MA,
USA) as described in the supplemental material section. All liver tissue samples from

each group (n=5) were pooled at a final concentration of 30ug/lane.

Proteome Profiler™ Antibody Arrays for cytokines and chemokines
Pooled total liver proteins (mentioned above) were incubated with Proteome Profiler
Rat Cytokine Array Kit, Panel A (R&D Systems, Abbingdon, UK) as described in the

supplemental material section.

Markers of hepatic cell death

In order to assess whether hepatic cell death occurred, TUNEL and histone 3 (H3)
staining of the liver tissue was performed. Enzymatic labelling of hepatic cell death
was assessed by In Situ Cell Death Detection Kit, POD (Roche, UK). Please refer to
the supplemental material section for detailed information.

Ammonia staining

Five uM paraffin embedded sections were dewaxed in xylene and hydrated through
graded alcohols. Sections were washed in distilled water and incubated for 5 mins
with Nessler’s reagent (Sigma-Aldrich, Saint Louis, MO, USA) previously filtered with
a 0.45 yM membrane. The sections were then washed briefly twice in distilled water,
counterstained with haematoxylin (Sigma-Aldrich, Saint Louis, MO, USA), washed
with running tap water, dehydrated in graded alcohol and mounted with DPX

permanent mounting medium (22).
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OTC enzyme activity

In brief, liver samples were incubated in the presence of excessive amounts of L-
ornithine and carbamoyl phosphate under optimal enzyme conditions
(triethanolamine solution). Please refer to the supplemental material section for more

detailed information.

Immunohistochemistry imaging quantification

TUNEL and H3 immunohistochemistry (IHC) and ammonia staining were quantified
using the Open Source Plugin for the Quantitative Evaluation optimised by Varghese
et al. (23) as described in the supplemental material section.

Histological analyses and PSR staining

The histology of all the liver specimens was evaluated blindly and scored using the
NAS scoring system (NAFLD activity score) (24) as described in the supplemental
material section. Fibrosis was measured as collagen proportionate area (CPA) using

established techniques (25) on PSR stained sections.

In vitro cell cultures

The study was performed to define the effect of lipid accumulation in hepatocytes on
ammonia metabolism and to determine whether the supernatant from these cultured
steatotic hepatocytes would induce a fibrogenic signal in HSCs and an inflammatory
signal in KCs. All experiments were approved by the Laboratory Animal Care and
Use Committee of the University of Barcelona and were conducted in accordance
with the European Community guidelines for the protection of animals used for
experimental and other scientific purposes (European Economic Community

Directive 86/609).
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Cell isolation

All cell isolations were performed from female SD rats (h=4, 300-350g) (Charles
River, Sant Cugat del Valles, Spain) as previously described (26, 27). Please refer to
the supplemental material section for further information on cell isolation and primary

hepatocyte, Kupffer cell (KC) and HSC cultures and treatments.

Supernatant from primary hepatocytes

Ammonia levels were measured using standard methods at the Hospital Clinic of
Barcelona’s CORE laboratory. Cell Death Detection ELISAPLUS (Sigma-Aldrich)
was used to quantify the histone-associated-DNA-fragments according to the

manufacturer’s protocol.

Real-time gPCR & Western blot analysis

Please refer to the supplemental material section for more detailed information.

EFFECT OF OP IN THE PREVENTION OF PROGRESSION OF HEPATIC
FIBROSIS

The ammonia-lowering agent OP (28) (branded as OCR-002) was produced by
Ocera Therapeutics (Redwood city, CA, USA) and donated by the company for

these experiments.

Precision Cut Liver Slices (PCLS)
This study was conducted in the in vitro PCLS model of hepatic steatosis (29) to
determine whether progression of fibrosis could be prevented with the ammonia

scavenger OP.
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Animals

10-14 week old male SD rats (Charles River, Margate, UK) were used in this study.
Rats were housed in RC2 cages, with cardboard tubes for environmental
enrichment, free access to RM3 diet (DBM diets, Broxburn, UK) and water and

maintained on a 12h light/dark cycle.

Lipid treatments

PCLS were generated as described in the supplemental material section (29). PCLS
were rested for 24hrs after the cutting, then the first lipid treatment was applied. The
free fatty acid (FFA) mix containing oleic, palmitic, linoleic and elaidic acid (final
concentration 2mM, based on lipidomic studies performed on serum in NAFLD
patients) was conjugated to fatty acid-depleted BSA (final concentration 0.2mM,
Sigma). Slices were treated +/- lipid mix for 24hrs before a further 48hr treatment
with one of the following treatments; control media plus vehicle, lipids plus vehicle,
lipids plus NH4CI (100um), lipids plus OP (150ug/ml) or lipids plus NH4CI (100um)
and OP (150ug/ml). The ammonia dose showed good induction of response without
associated toxicity (pilot experiment, not shown). Media was collected and snap
frozen every 24hrs for future analysis. Total treatment time with lipids was 96h and
treatment time with ammonia and/or OP was 48h. Total experiment time was 5 days
(24h initial rest post cutting plus 96h lipid treatment). The groups of lipids plus
vehicle and lipids plus NH4CI as well as the groups of lipids plus OP and lipids plus

NH4Cl and OP were amalgamated for further analyses.
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Albumin, lactate dehydrogenase (LDH) and ammonia quantification in PCLS
supernatant

ELISA quantifications for rat albumin (Bethyl laboratories, Cambridge, UK) and rat
LDH (Pierce LDH cytotoxicity kit, Thermo Fisher) were performed as per
manufacturer’s instructions. Ammonia detection was performed by the indophenol

direct method (30) as described in the supplemental material section.

RNA isolation, cDNA synthesis and PCR

Two PCLS per condition were collected for RNA extraction; total RNA was purified
using the RNeasy Micro Kit (Qiagen, Manchester, UK) following manufacturers
instructions as described in the supplemental material section. Experiment was

carried out on six separate livers.

Histology

5-um-thick PFFE liver sections were processed for PSR staining. Images were
acquired at x100 magnification using a Nikon ECLIPSE Ni-U microscope (NIS-
Elements Br, Nikon, Kingston upon Thames, UK). The average PSR percentage
area was digitally quantified in 10 fields at x100 magnification using Nikon Elements

Imaging Software.

In vivo animal studies

Study Design

The study was performed to investigate whether treatment of HFHC animals with the
ammonia-lowering agent OP prevents the progression and severity of hepatic

fibrosis. 60 male SD rats (body weight 220-250 gr; Charles River, Margate, UK) were
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housed and monitored as described above. The animals were divided into six groups
(n=10) and fed NC +/- OP, HC diet +/- OP, or HFHC diet +/- OP for 16 weeks using
the same diets as described above. OP (Ocera Therapeutics, Redwood city, CA,
USA) was mixed into the diets by the manufacturer aiming for a dose of 0.6 g/kg/day.
During the last week of the study, rats included were moved into metabolic cages to
collect urine over 24 hours. Liver tissue and blood were collected and stored as

described above.

Blood analyses
Plasma NH4", ALT, AST, bilirubin, albumin, total cholesterol and triglycerides as well
as plasma IL-1B and IL-10, HEK-Blue™ hTLRA4 reporter cells and histone-associated

DNA were measured as described above.

Liver tissue analyses

Protein expression of fibrosis markers, cytokines and chemokines and OTC enzyme
activity were measured as described above. TUNEL, histone and ammonia staining
of liver tissue and histological analyses were performed and quantified as described

above.

Urine analyses
The urine concentrations of phenylacetylglycine (PAG) and phenylacetylglutamine
PAGN were measured using liquid chromatography tandem mass spectrometry,

based on a modified method that has been previously described (31).
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Statistical analysis

Statistical analyses were performed using Stata 14 software (Stata Corporation,
College Station, TX). In both in vitro studies and animal studies, continuous variables
were analysed using Kruskal-Wallis rank test and histology scores using Fisher’s
exact test when comparing all groups. When significant, post-hoc tests for
continuous variables were performed among groups by the Mann-Whitney test and
histology scores using Fisher’'s exact test. Data are presented as median (IQR). P-
values <0.05 were considered statistically significant.

RESULTS

Progressive urea cycle dysfunction and hyperammonaemia in a NAFLD animal

model and a cellular model of steatosis

Animal Model

In order to define the time course and the relationship between progression of
NAFLD, dysfunction of UCEs and consequent hyperammonaemia, we studied
rodents fed with NC, HC and HFHC diet. The animals were terminated after 4, 10 and
16 weeks during which they displayed evidence of progressive fibrosis. Body weight
increased in the animals in all groups and no significant differences in body weight
increments were observed between the groups from 4 weeks and onwards, Suppl.
Figure 1A. However, the liver to body weight ratio increased significantly more in the
animals in the HFHC diet group compared with the HC diet and NC groups at all time
points under investigation, Table 1. This was associated with increases in alanine
ALT and AST in the HFHC animals compared with NC animals with the highest levels
observed after 10 weeks. Also, plasma total cholesterol levels were increased in

HFHC animals compared with the HC and NC animals, Table 1.
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Macroscopically, the livers from HC and HFHC diet animals were progressively
enlarged compared to NC animals (21 (19-22), 36 (33-38) g vs. 17(15-18) g at 16
weeks, P=0.003), Suppl. Figure 1B & Table 1. Microscopically, the HC livers showed
moderate macrovesicular steatosis at 16 weeks but the HFHC livers showed severe,
predominantly microvesicular steatosis, inflammatory infiltrates and massive
ballooning of hepatocytes. Also, expanded portal tracts, perisinusoidal fibrosis and
borderline bridging fibrosis were observed, Figure 1A & Table 1. The whole-slide
digital quantification of PSR and polarized light confirmed the increased collagen
deposition in HFHC at 10 and 16 weeks compared with NC and HC diet groups (6.5
(5.5-11.7)% vs. 1.2 (0.6-1.3)% and 2.0 (1.9-2.3)%, respectively at 16 weeks;
p<0.01), Figure 1A & B. The HFHC diet induced an increase in protein levels of
collagen type | alpha 1 (Col1Al) and Myosin lla at all time points and at 16 weeks
also in Myosin llb and alpha smooth muscle actin (a-SMA) levels compared with NC
indicating activation of HSCs, Figure 1C. The HC diet also increased CollAl and
Myosin lla levels at 16 weeks compared to NC, Figure 1C. Furthermore, a proteome
array displayed an increase in metallopeptidase inhibitor 1 (TIMP1) in HFHC-fed
animals in a time-dependent manner and also in the HC animals at 16 weeks

compared with NC, Suppl. Figure 1C.

OTC activity decreased progressively in both HFHC and HC-fed animals compared
with NC animals (0.19 (0.18-0.22) and 0.39 (0.38-0.40), respectively vs. 0.51 (0.49-
0.52) nmol/min/ug protein at 16 weeks; p<0.01, both), Figure 1D. Also, the HFHC
diet, but not the HC diet, increased plasma ammonia levels at 10 and 16 weeks
compared with NC (188 (186-195) vs. 66 (51-77) umol/L at 10 weeks; p<0.01), Figure

1E. Moreover, Nessler's staining confirmed the presence of high levels of ammonia
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(brown precipitates) in the liver of HFHC group compared with NC and HC at 16
weeks, Figure 1F. Taken together, these data provided in vivo evidence of
progressive hyperammonaemia, which correlated with the severity of hepatic fibrosis

during evolution of injury and fibrosis in the HFHC group.

Plasma IL-13 and IL-10 were increased in HFHC animals compared with HC and NC
animals from 10 weeks onwards providing evidence of systemic inflammation Suppl.
Figure 1D. In the liver tissue, an increase in protein levels of CINC-1, fractalkine and
sICAM in HFHC animals indicated simultaneous hepatic inflammation, Suppl. Figure
1C. Plasma histone (H)-associated DNA fragments increased in HFHC animals at 10
and 16 weeks compared with NC, Figure 1G. Moreover, the vast majority of
hepatocyte nuclei showed positive H3 staining (>95%) in the HFHC livers providing
evidence of hepatocyte cell death, whereas NC-fed animals only demonstrated slight
H3 staining lining the hepatocytes, Suppl. Figure 1E. TUNEL staining of the liver
tissue showed nuclear positivity of hepatocytes (>50%) both in HC and HFHC
animals compared with only a few positively stained hepatocyte nuclei in NC. The
staining in the HFHC-fed animals was more frequent in the cytoplasm (<10%)
compared to HC-fed animals (<1%) (p<0.01), Figure 1H. This was associated with
increased presence of TLR4-ligands in plasma of HFHC animals compared with NC

and HC at 16 weeks (p<0.01, both), Suppl. Figure 1F.

Cellular Model
In order to define the effect of lipid accumulation in hepatocytes on UCE function and
ammonia metabolism, an in vitro model of hepatocyte steatosis was developed by

incubating primary hepatocytes with FFAs for 48h and 72h (9). Figure 2A shows
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accumulation of lipid droplets intracellularly. An increase in ammonia, Figure 2B, and
cell death components in the medium and a decrease in DNA vyields after lysis, Suppl.
Figure 2A, were observed. The mean ammonia concentration in the supernatant after
incubation with 200 uM FFAs for 48h was 212+16 pM. Therefore, an ammonia dose
of 200 uM was used for the subsequent treatment of HSCs and KCs. As steatotic
hepatocytes are in close proximity to the HSCs and KCs, further studies were
performed to determine whether the supernatant from the cultured steatotic
hepatocytes (48h) would induce a fibrogenic signal in HSCs and an inflammatory
signal in KCs. The HSCs were treated with serum free medium (SFM), FFAs (200
MM), ammonia (200 uM) or the supernatant from FFA-treated hepatocytes for 72h
and left to recover for another 72h. Increased proliferation and metabolic activity of
HSCs treated with ammonia and the hepatocyte supernatant was observed, Figure
2C, Suppl. Figure 2B compared with SFM- and FFA-treated cells, showing rapid
intracellular accumulation of lipids in the latter, Suppl Figure 2C. The hepatocyte
supernatant induced the formation of HSC clusters, Figure 2C. Furthermore,
ammonia and hepatocyte supernatant treatment increased the a-SMA and CollAl
HSC mRNA levels compared with the control SFM- and FFA-treated cells, Figure 2D.
In addition, a-SMA and CollAl protein levels were increased by ammonia and
hepatocyte supernatant treatment as demonstrated by western blots (WB) (Figure
2E), and by a-SMA fluorescence staining (Figure 2F). Replacing the FFA-, ammonia-
or supernatant-containing medium with SFM for another 72h led to an amelioration in
HSCs phenotype (Figure 2C-F). Freshly isolated KCs were incubated for 24h with
SFM, FFAs (200 pM), ammonia (200 uM) or hepatocyte supernatant. KCs treated
with ammonia and supernatant exhibited flat amoeboid morphology with extended

filopodia and lamellipodia, Figure 2G. Interestingly, FFAs, ammonia and hepatocyte
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supernatant induced an increase in mMRNA level of IL1b and chemokine (C-C motif)
ligand 2 (CCI2), whereas ammonia and the hepatocyte supernatant increased also IL-
6 levels (p=0.06, all) Figure 2H. These in vitro studies in isolated cells provided direct
evidence that steatotic hepatocytes have higher ammonia in the culture supernatants

that is able to induce the activation of HSCs and KCs.

Prevention of progression of hepatic fibrosis in PCLS and a NAFLD animal
model after treatment with the ammonia scavenger, OP

PCLS model

We then determined whether progression of fibrosis could be prevented with an
ammonia scavenger in a validated in vitro model of hepatic steatosis (32). Media
albumin and LDH concentrations were measured during the time course of the
experiments to validate the functional status and viability of the PCLS, Figure 3A. The
ammonia levels in the culture medium increased with lipid and ammonia treatment
(p=0.0001), Figure 3B. Adding OP to the culture medium decreased the ammonia
levels in the medium of the lipid- and/or ammonia-treated liver slices both after 24h
(p=0.002) and also 48 h (p<0.001), Figure 3B. Lipid and/or ammonia treatment of the
liver slices increased the gene expression of a-SMA (p=0.04) and Col1lAl (p=0.05)
compared with untreated control liver slices, Figure 3C. Adding OP to the lipid- and/or
ammonia-treated liver slices for 48 hours reduced the gene expression of CollAl
(p=0.03) and tended to reduce the gene expression of a-SMA (p=0.13), Figure 3C.
Treatment with lipids and/or ammonia increased the collagen deposition in the liver
slices, defined by PSR staining, which was reduced in the liver slices that were
treated with OP (p=0.04), Figure 3D, providing proof of concept that reducing

ammonia reduced the severity of fibrosis in this in vitro model.
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Animal model

In order to validate the effect of targeting ammonia on the progression of fibrosis, we
administered OP to the HC and HFHC animals. No differences in body weight were
observed in the groups treated with OP compared with the respective untreated
groups, Table 2. However, OP decreased the liver to body weight ratio in all groups,
Table 2. OP treatment had no effect on liver biochemistry or lipids in any of the

groups, Table 2.

OP treatment significantly increased the OTC activity in HFHC animals (0.32 (0.29-
0.36) vs. 0.22 (0.19-0.28) nmol/min/ug protein, p=0.01), but had no such effect in HC
animals, Figure 4A. OP tended to decrease plasma ammonia levels in the HFHC
group compared with non-treated animals (76 (67-96) vs. 119 (80-169) umol/L,
p=0.07), Figure 4B, and a significant decrease was observed in the liver tissue using
Nessler’'s staining (2173 (1785-2635) vs. 3185 (2985-3266), p=0.004), Figure 4C.
This was associated with a significant increase in urinary PAG and PAGN
concentrations in the OP-treated animals demonstrating the delivery of effective
concentrations of OP to the treated groups, Figure 4D. A minor increase in PAG and
PAGN was also observed in the non-treated HFHC animals, which is likely due to the

presence of phenylbutyric acid in the HFHC diet.

In the plasma, OP reduced IL-18 (30 (18-46) vs. 341 (300-420) pg/mL, p=0.0002) and
IL-10 (79 (65-89) vs. 115 (100-131) pg/mL, p=0.007) levels in the HFHC animals
compared with the untreated animals, Figure 4E. Furthermore, a significant decrease
in plasma TLR4-ligands was observed in the OP-treated HFHC group compared with

the untreated group (0.51 (0.43-0.67) vs. 0.96 (0.73-1.07), p=0.005), Figure 4F. In the
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liver tissue, OP treatment led to a reduction in the protein levels of SICAM in the HC
and HFHC animals compared with the untreated groups, Suppl. Figure 3A. OP
treatment tended to decrease the levels of cell death components in plasma in HFHC
animals compared with untreated animals (p=0.14), Figure 4G. Also in liver tissue, a
tendency to a reduction in H3 staining was observed after OP treatment in HFHC
animals (p=0.13), Suppl. Figure 3B and TUNEL staining was significantly decreased
by OP with less nuclear positivity of hepatocytes (<25%) in HFHC animals compared

with the untreated group (<50%) (p=0.007), Figure 4H.

Macroscopically, the liver from the HFHC animals after 16-weeks of OP treatment
was less steatotic compared with the untreated HFHC animals. Microscopically, the
OP-treated HFHC animals showed less necrotic foci and fibrosis, Figure 41, Suppl.
Figure 3C & Table 2. Fibrosis quantification was performed by whole liver histologic
slide analysis showing decreased fibrosis in OP-treated HFHC animals (p=0.007),
Figure 41. This was associated with reduced hepatic expression of CollAl, Myosin
lla, Myosin Ilb and a-SMA and TIMP1 levels in HFHC animals indicating less
activation of HSCs, Figure 4J & Suppl. Figure 3A. These data confirmed that OP
significantly reduced the progression of fibrosis in the HFHC animals.

DISCUSSION

The main results of this study show for the first time evidence of progressive
hyperammonaemia in an animal and cellular model of NAFLD, which was associated
with progressive reduction in the expression and function of the mitochondrial urea
cycle enzyme, OTC. The pathophysiological significance of the steatosis-associated
hyperammonaemia was defined using supernatants of isolated primary steatotic

hepatocytes and their ability to induce cytokine gene expression in KCs and activate
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fibrogenic pathways in HSCs. This effect of steatosis-induced hyperammonaemia
and associated fibrosis was reproduced in the PCLS model. Most importantly, the
results provide evidence that reducing ammonia may be a novel approach to the
prevention of progression of NAFLD by demonstrating that an ammonia scavenger,
OP, was able to prevent the progression of fibrosis in the PCLS model and the

animal model, Figure 5.

Initially, we investigated the urea cycle enzyme function longitudinally at different
time points in NC animals and during progression of NAFLD in the rodent model to
determine the time course of changes in the severity of fibrosis and ammonia
metabolism. In control animals, we observed a slight decrease in OTC enzyme
activity over time. This phenomenon has been previously described with increasing
age (33). Although both HC and HFHC-fed animals demonstrated reduced OTC
enzyme activity even in early disease, this was substantially more marked in the
HFHC animals and ammonia levels were increased only in HFHC animals and not in
the HC diet animals. This observation of reduced OTC activity and
hyperammonaemia is in accordance with a recent study from our group in
experimental and human NAFLD (9), where we confirmed that the underlying
mechanism was the methylation of the OTC gene. This was associated with
increased expression of pro-fibrogenic proteins and progressive fibrosis was only
observed in the HFHC-fed animals. These findings support our previous observation
of hyperammonaemia promoting activation of HSCs and fibrosis (14). However,
markers of hepatocyte cell death were observed both in the hepatic extracellular
space and also in the systemic circulation in both HC and HFHC-fed animals. Cell

death components such as damage-associated molecular patterns (DAMPS) can
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initiate and perpetuate an inflammatory response (34, 35). However, despite high
levels of cell death components in HC animals, they did not induce an increase in
inflammatory markers or fibrosis compared with the HFHC animals. This observation
supports our hypotheses that steatosis-induced hyperammonaemia may be an

important driver of the pro-fibrogenic response.

We used two different in vitro models of steatosis to confirm the potential role of
ammonia in inducing fibrosis. In primary rat hepatocytes, induction of hepatocyte
steatosis increased ammonia concentration in the supernatant fluid indicating
dysfunctional urea synthesis as previously described (9). In the HSC and KC
cultures, both ammonia and the supernatant from the primary steatotic hepatocytes
were able to activate the respective cells as was demonstrated by increased pro-
fibrogenic gene expression in HSCs and markers of inflammation in KCs. However,
the supernatant most likely also contained other pro-fibrotic substances released
from the hepatocytes such as DAMPSs, reactive oxygen species (ROS) and pro-
fibrotic cytokines, which could activate the cells. It is important to note that treatment
of neither KCs nor HSCs with lipids produced this effect. Replacing the media with
fresh serum free media restored the observed changes in the HSCs demonstrating
reversibility. Similar reversibility has been shown in our previous studies where
restoring the diet of HFHC animals after 10 months to normal chow for 2 months was
associated with partial restoration in the activity of the UCEs. These data were
confirmed in the PCLS model, which has the advantage of having all the
parenchymal and non-parenchymal cells intact. Induction of steatosis and addition of
ammonia to the medium increased the gene expression of pro-fibrogenic markers

and hepatic fibrosis.
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Having shown the potential role of ammonia in the pathogenesis of NAFLD
progression, we explored whether ammonia may indeed be a therapeutic target for
treatment of patients with NAFLD. We chose to use a novel ammonia scavenger that
is currently in clinical trials for the treatment of hepatic encephalopathy, OP, which
has been shown to use redundant pathways involved in ammonia metabolism to
reduce ammonia in patients with cirrhosis and acute liver failure. The efficacy of OP
is based on the capacity of ornithine to increase the formation of glutamine. The
newly formed glutamine combines with phenylacetate, allowing the removal of
ammonia by its conversion into PAGN (16, 36). In the PCLS model of hepatic
steatosis described above, the addition of OP to the supernatant reduced ammonia
concentrations and normalized the genetic markers of fibrogenesis and tended to
reduce the severity of fibrosis. We confirmed these results obtained in the in vitro
model in the HFHC animals and treated them with OP from the time of onset of the
HFHC diet. Ammonia levels were significantly reduced in the liver in the HFHC
animals and a tendency to reduction in plasma ammonia was observed in the HFHC
animals treated with OP with a concomitant increase in urinary metabolites. This
reduction of ammonia in HFHC animals was associated with a significant reduction
in cell-death markers in both plasma and liver tissue and reduction in the
concentration of TLR4-ligands and cytokines in plasma. Most importantly, we
observed a significant reduction in the markers of HSC activation and hepatic fibrosis
demonstrating that the ammonia-lowering agent OP effectively prevents progression

of fibrosis.
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It is possible that a part of this OP effect may be due to its effects on reduction of cell
death through reduction of ammonia. Many studies support the notion that ammonia
is more than a neurotoxin as it has been shown to exert direct hepatoxicity, produce
deleterious effect on neutrophil function and is important in the pathogenesis of
sarcopenia observed in liver failure (13). Although the HC and HFHC animals were
both fed diets with high calorie content, total body weight was similar in all three
groups after 4 weeks and up to 16 weeks when the study was terminated. Moreover,
the livers of the HC and HFHC animals were significantly enlarged. Therefore, it
seems reasonable to think, that the HC and HFHC-fed rats probably suffered from
sarcopenia in line with previous findings in human NASH (37), which was probably
ameliorated by OP treatment manifested as a reduction in the liver to body weight
ratio while the liver weight remained unchanged. This hypothesis will need to be

confirmed in future studies.

In conclusion, steatosis in rats and in in vitro models was associated with
progressive urea cycle dysfunction resulting in hyperammonaemia and progressive
hepatic fibrosis. The ammonia scavenger, OP prevented the development of
hyperammonaemia and progression of fibrosis both in vitro and in vivo models of
NAFLD. Taken together, these data suggest that ammonia may be a target for the
prevention of progression of fibrosis and provides the rationale for clinical

application.
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TABLES

Table 1. Clinical and biochemical characteristics of the animal models

4 weeks 10 weeks 16 weeks
Normal chow HC diet HFHC diet Normal chow HC diet HFHC diet Normal chow HC diet HFHC diet
p p

n=5 n=5 n=5 p value n=5 n=5 n=5 value n=5 n=5 n=5 value
Whole BW, start (g) 228 (225-229) 230 (228-238) 220 (212-233) 0.32 230 (221-240) 212 (209-221) 234 (220-235) 0.26 233(227-233)  222(211-226) 236 (222-255) 0.16
Whole BW, end (g) 336 (320-338) 358 (355-410)* 387 (387-406)* | 0.009 | 446 (438-475) 492 (486-521) 470 (464-483) 0.20 | 533(529-578) 498 (488-512) 513 (499-513) 0.29
Weight gain (g) 109 (100-111) 136 (127-166)* 173 (167-177)* | 0.006 | 212 (208-225) 265 (252-309) 245 (230-252) 0.10 313 (296-345) 290 (262-295) 277 (264-291) 0.47
Liver weight (g) 7(7-7) 13 (12-16)* 21 (20-21)* 0.002 15 (15-16) 18 (17-19)* 20 (20-20)*## 0.002 17 (15-18) 21 (19-22)** 36 (33-38)*# 0.003
Liver/body weight 2.1(1.9-2.2) 3.6(3.2-3.7)*  5.2(5.1-5.4)* | 0.002 | 3.4(3.3-3.6) 3.5(3.3-3.9) 4.4 (4.0-4.7)*4# | 0.02 | 29(2.8-3.2) 3.8(3.7-4.6)* 6.7 (6.5-7.4)# | 0.002
ALT (U/L) 33 (31-35) 23 (22-24)* 76 (66-159)**# | 0.003 34 (34-38) 31(30-34) 310 (275-340)*# 0.008 57 (53-59) 31 (27-43)** 136 (127-153)**# 0.004
AST (U/L) 66 (62-66) 63 (58-76) 126 (109-214)*# | 0.009 66 (63-74) 97 (86-123)** 597 (486-600)*## | 0.005 | 120 (103-218) 93 (76-111) 219 (178-227)# 0.03
Bilirubin (umol/L) 0.6 (0.3-0.7) 0.9 (0.6-1.0) 0.7 (0.4-0.7) 0.22 1.3 (1.3-1.4) 0.9 (0.6-1.0) 1.6 (0.8-1.7) 034 | 1.2(1.1-1.2) 0.8 (0.8-1.4) 0.9 (0.8-1.3) 0.54
Albumin (g/L) 35 (33-37) 35 (35-36) 35 (34-36) 0.99 35 (34-35) 36 (35-37) 34 (34-34) 0.37 33 (33-35) 35 (33-36) 36 (36-37)# 0.04
Total cholesterol (mmol/L) 0.4(0.4-0.5)  1.3(1.2-1.3)* 2.6 (2.5-2.7)*## | 0.003 | 1.0(0.8-1.1) 1.2 (1.1-1.6) 2.0(1.8-2.1)*## | 0.008 | 1.9(1.8-3.1) 1.7 (1.4-1.9) 3.4(3.3-4.8)**¢ | 002
Triglyceride (mmol/L) 0.2 (0.1-0.2) 0.3 (0.3-0.3)** 0.4 (0.3-0.4)* 0.009 0.3(0.2-0.3) / / 0.2 (0.2-0.3) 0.3 (0.2-0.4) 0.3(0.2-0.3) 0.55
Steatosis (0/1/2/3) n 5/0/0/0 5/0/0/0 0/4/1/0*# 0.005 4/1/0/0 1/3/1/0 1/1/3/0 0.09 5/0/0/0 1/4/0/0** 0/0/4/1*## 0.001
Ballooning (0/1/2) n 5/0/0 3/2/0 0/1/4*## 0.005 5/0/0 3/2/0 1/2/2 0.07 3/2/0 0/3/2 0/0/5*## 0.007
Inflammation (0/1/2/3) n 1/4/0/0 3/2/0/0 0/0/1/4**## 0.008 5/0/0/0 4/1/0/0 1/0/4/0**## 0.01 2/3/0/0 3/2/0/0 0/1/3/1 0.07
Fibrosis (0/1/2/3) n 5/0/0/0 5/0/0/0 5/0/0/0 1.00 5/0/0/0 5/0/0/0 2/3/0/0* *#i# 0.02 5/0/0/0 5/0/0/0 0/1/1/3**## 0.02

Data are presented as median (IQR)

*p<0.01 compared with NC

#p<0.01 compared with HC diet
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**p<0.05 compared with NC

##p<0.05 compared with HC diet




Body and liver weight, plasma concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin, albumin, total cholesterol and triglycerides in normal chow fed

animals, high-calorie HC fed animals and high-fat high-cholesterol (HFHC) fed animals after 4, 10 and 16 weeks, respectively.

Table 2. The effect of ornithine phenylacetate on clinical, biochemical and histologic characteristics

Normal chow HC diet HFHC diet P values
No tretament ~ OP treatment No tretament OP treatment No tretament ~ OP treatment comparing all groups
n=10 n=10 p value n=10 n=10 p value n=10 n=10 p value

Whole BW, start (g) 233 (222-235) 230(219-232) / 231(220-233) 226 (215-228) / 223 (220-235) 222 (211-224) / P=0.18
Whole BW, end (g) 548 (525-578) 573 (541-577) / 588 (545-632) 593 (546-610) / 548 (513-579) 592 (531-611) / P=0.37
Weight gain (g) 327 (296-345) 335(311-359) / 362 (302-401) 371 (321-386) / 325(282-344) 372 (322-395) / P=0.22
Liver weight (g) 17 (16-19) 16 (13-17) 0.17 19 (16-22) 16 (14-18) 0.05 33(31-34) 33(31-35) 0.94 P=0.0001
Liver/body weight 3.2(2.8-3.2) 2.8(2.7-3.0) 0.02 3.1(3.1-3.5) 2.8(2.4-3.0) 0.003 6.2 (5.9-6.2) 5.5(5.4-5.8) 0.04 P=0.0001
ALT (U/L) 54 (51-58) 40 (35-53) 0.08 106 (32-128) 52 (28-66) 0.11 135 (79-190) 113 (82-171) 0.94 P=0.002
AST (U/L) 95 (80-160) 65 (58-73) 0.01 74 (57-186) 93 (81-168) 0.55 189 (130-381) 218 (170-267) 0.76 P=0.001
Bilirubin (umol/L) 1.0(0.7-1.2)  1.1(0.7-1.4) / 0.9(0.6-1.0) 1.3(0.9-1.7) / 1.1(0.8-1.4) 1.0 (0.7-1.1) / P=0.30
Albumin (g/L) 33(31-34) 32 (30-34) / 33(31-34) 33(31-35) / 32(31-33) 32(31-33) / P=0.89
Total cholesterol (mmol/L) 1.4(1.0-1.9) 1.2(1.1-1.4) 0.55 1.6 (1.4-2.3) 1.5(1.3-1.7) 0.33 3.3(1.5-4.9) 2.8(1.4-3.1) 0.11 P=0.005
Triglyceride (mmol/L) 0.2 (0.2-0.3) 0.3 (0.2-0.4) 0.54 0.3(0.1-0.4)  0.2(0.2-0.4) 0.62 0.1(0.1-0.2) 0.1(0.0-0.2) 0.10 P=0.002
Steatosis (0/1/2) n 9/1/0 9/1/0 1.00 5/5/0 8/2/0 0.16 0/5/5 0/3/7 0.36 P<0.001
Ballooning (0/1/2) n 4/5/1 8/2/0 0.16 3/6/1 8/1/1 0.05 0/2/8 0/1/9 0.53 P<0.001
Inflammation (0/1/2/3) n 7/3/0/0 6/4/0/0 0.64 8/2/0/0 9/1/0/0 0.53 0/0/7/3 0/0/5/5 0.36 P<0.001
Fibrosis (0/1/2/3) n 10/0/0/0 10/0/0/0 1.00 10/0/0/0 10/0/0/0 1.00 0/0/5/5 0/5/2/3 0.03 P<0.001

Data are presented as median (IQR)
/ indicates that statistical analyses were not performed as no significant difference was found comparing all groups using Kruskal-Wallis rank test

Body and liver weight, plasma concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin, albumin, total cholesterol and triglycerides and histology scores in normal chow fed

animals, high-calorie HC fed animals and high-fat high-cholesterol (HFHC) fed animals with and without ornithine phenylacetate (OP) treatment.
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FIGURE LEGENDS

Figure 1. Progressive urea cycle enzyme dysfunction, hyperammonaemia and
fibrosis in the NAFLD animal model

(A) Representative H&E, picro-sirius red (PSR) stain and polarized light (PL) imaging
(magnification x10) of liver from controls (NC) and from animals fed a high-calorie
HC and a high-fat high-cholesterol (HFHC) diet for 4, 10 and 16 weeks. (B) Collagen
deposition in NC, HC and HFHC diet groups. (C) Liver protein expression of collagen
type | alpha 1 (Col1A1), Myosin lla, Myosin llb and alpha smooth muscle actin (a-
SMA) in NC, HC and HFHC animals. The samples from each group were pooled
(n=5 livers per group) and presented as columns representing the mean. (D) Hepatic
ornithine transcarbamylase (OTC) activity in NC, HC and HFHC animals. (E) Plasma
ammonia levels in NC, HC and HFHC animals. (F) Nessler’'s staining (magnification
x10 and x100) confirmed the presence of high levels of ammonia (brown
precipitates) in the liver of HFHC group compared with NC and HC at 16 weeks. (G)
Plasma histone-associated DNA fragments in NC, HC and HFHC animals. (H)
TUNEL staining of the liver tissue (magnification x10 and x100) in NC, HC and

HFHC animals. The columns indicate the mean values and the error bars SD.

Figure 2. Progressive hyperammonaemia and activation of hepatic stellate cells
(HSCs) in an in vitro model of steatosis

(A) Primary hepatocytes (magnification x10) incubated with free fatty acids (FFAS)
showed accumulation of lipid droplets intracellularly by Oil-red-O staining compared
with controls (NT) and (B) increased ammonia levels in the medium in a FFAs dose-
dependent manner. (C) Increased proliferation was observed in HSCs (magnification

x10) treated with ammonia and supernatant from FFA-treated hepatocytes (Hep
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Sup) for 72h. (D) HSC alpha smooth muscle actin (a-SMA) and collagen type | alpha
1 (Col1Al) expression at the mRNA level and (E) at the protein level demonstrated
by western blots (WB) (pooled samples, n=4 per group) and (F) for a-SMA also by
fluorescence staining (magnification x10) in NT-, FFA-, ammonia- and Hep Sup-
treated cells. Replacing the FFA, ammonia or Hep Sup medium with serum free
medium for another 72h led to amelioration in HSCs phenotype (C-F). (G) Activation
of Kupffer cells (KCs) (magnification x10 and x40) was observed after treatment with
ammonia or supernatant for 24h. (H) mRNA level of interleukin (IL)-18, IL-6, IL-10
and chemokine (C-C motif) ligand 2 (CCI2). The columns indicate the mean values

and the error bars SD.

Figure 3. Prevention of progression of hepatic fibrosis in precision cut liver
slices (PCLS) after treatment with the ammonia scavenger ornithine
phenylacetate (OP)

(A) Albumin and lactate dehydrogenase (LDH) in the culture medium of the liver
slices after treatment with free fatty acid (FFA) (2 mM) and/or ammonia (100 um)
and adding OP (150ug/ml) to the culture medium for the last 48 hours. (B) Ammonia
levels in the culture medium after 72h and 96 h. (C) Gene expression of alpha
smooth muscle actin (a-SMA) and collagen type | alpha 1 (CollAl) after treatment
with free fatty acid (FFA) and/or ammonia and OP at the end of the study. (D)
Collagen accumulation in the liver slices defined by picro-sirius red staining after
treatment with FFAs and/or ammonia and OP compared to control slices (NT). The
columns indicate the mean values and the error bars SD. - indicates no treatment, +
indicates treatment with the respective compounds and +/- indicates that half of the

slices were treated and the other half was not.
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Figure 4. Prevention of progression of hepatic fibrosis in NAFLD animals after
treatment with the ammonia scavenger, ornithine phenylacetate (OP)

(A) Ornithine transcarbamylase (OTC) activity in controls (NC), high-calorie HC diet
fed and high-fat high-cholesterol (HFHC) diet fed animals +/- OP treatment. (B)
Plasma ammonia levels in NC, HC and HFHC-fed animals +/- OP treatment. (C)
Ammonia levels in the liver tissue of NC, HC and HFHC-fed animals +/- OP
treatment (magnification x10 and x100). (D) Urinary phenylacetylglycine (PAG) and
phenylacetylglutamine PAGN concentrations in controls (NC) and in OP-treated
high-calorie HC and high-fat high-cholesterol (HFHC) diet fed animals. (E) Plasma
interleukin (IL)-18 and IL-10 levels in NC, HC and HFHC-fed animals +/- OP
treatment. (F) Plasma TLR4-ligand levels in NC, HC and HFHC-fed animals +/- OP
treatment. (G) Cell death components in plasma in NC, HC and HFHC-fed animals
+/- OP treatment. (H) TUNEL staining of liver tissue (magnification x10 and x100) in
NC, HC and HFHC-fed animals +/- OP treatment. (I) Representative H&E, picro-
sirius red (PSR) stain and polarized light (PL) imaging of liver (magnification x10)
from HFHC animals +/- OP treatment and fibrosis quantification of all groups. (J)
Hepatic protein expression of collagen type | alpha 1 (CollAl), Myosin lla, Myosin
llb and alpha smooth muscle actin (a-SMA) in NC, HC and HFHC-fed animals +/-
OP treatment. The samples from each group were pooled (n=10 livers per group)
and presented as columns representing the mean. For all other figures, the columns

indicate the mean values and the error bars SD.
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Figure 5. Prevention of progression of fibrosis in NAFLD after treatment with
ornithine phenylacetate (OP)

In NAFLD, hepatic and systemic hyperammonaemia is evident due to reduced urea
synthesis. Hyperammonaemia activates hepatic stellate cells and Kupffer cells which
is associated with progressive hepatic fibrosis. Lowering of ammonia with the
ammonia scavenger ornithine phenylacetate (OP) significantly reduced the
development of fibrosis and may be a novel approach for the prevention of

progression of NAFLD.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 4
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