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¢ The transhepatic pressure gradient and thus portal

pressure are increased in severe hepatic steatosis.
Vasoconstrictor antagonists attenuate the trans-
hepatic gradient to near normal in steatosis.
Vasoconstrictor antagonists attenuate the trans-
hepatic gradient in steatosis.

Bosentan and valsartan attenuate increased trans-
aminase levels in severe steatosis.

Bosentan treatment decreases steatosis and re-
stores the microvascular architecture.
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In non-alcoholic fatty liver disease (NAFLD), hepatic
blood flow is impaired and the blood pressure in the
liver blood vessels is increased as a result of an
increased response of the liver vasculature to vaso-
constrictors. Using drugs to block the constriction of
the intrahepatic vasculature, the resistance of the liver
blood vessels decreases and the increased portal
pressure is reduced. Moreover, blocking the vasocon-
strictive endothelin-1 pathway restored parenchymal
architecture and reduced disease severity.
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Background & Aims: Intrahepatic vascular resistance is increased in early non-alcoholic fatty liver disease (NAFLD),
potentially leading to tissue hypoxia and triggering disease progression. Hepatic vascular hyperreactivity to vasoconstrictors
has been identified as an underlying mechanism. This study investigates vasoconstrictive agonism and antagonism in 2
models of early NAFLD and in non-alcoholic steatohepatitis (NASH).

Methods: The effects of endothelin-1 (ET-1), angiotensin II (ATII) and thromboxane A, (TxA,) agonism and antagonism were
studied by in situ ex vivo liver perfusion and preventive/therapeutic treatment experiments in a methionine-choline-deficient
diet model of steatosis. Furthermore, important results were validated in Zucker fatty rats after 4 or 8 weeks of high-fat high-
fructose diet feeding. In vivo systemic and portal pressures, ex vivo transhepatic pressure gradients (THPG) and transaminase
levels were measured. Liver tissue was harvested for structural and mRNA analysis.

Results: The THPG and consequent portal pressure were significantly increased in both models of steatosis and in NASH. ET-1,
ATII and TxA, increased the THPG even further. Bosentan (ET-1 receptor antagonist), valsartan (ATII receptor blocker) and
celecoxib (COX-2 inhibitor) attenuated or even normalised the increased THPG in steatosis. Simultaneously, bosentan and
valsartan treatment improved transaminase levels. Moreover, bosentan was able to mitigate the degree of steatosis and
restored the disrupted microvascular structure. Finally, beneficial vascular effects of bosentan endured in NASH.
Conclusions: Antagonism of vasoconstrictive mediators improves intrahepatic vascular function. Both ET-1 and ATII antag-
onists showed additional benefit and bosentan even mitigated steatosis and structural liver damage. In conclusion, vaso-
constrictive antagonism is a potentially promising therapeutic option for the treatment of early NAFLD.

Lay summary: In non-alcoholic fatty liver disease (NAFLD), hepatic blood flow is impaired and the blood pressure in the liver
blood vessels is increased as a result of an increased response of the liver vasculature to vasoconstrictors. Using drugs to block
the constriction of the intrahepatic vasculature, the resistance of the liver blood vessels decreases and the increased portal
pressure is reduced. Moreover, blocking the vasoconstrictive endothelin-1 pathway restored parenchymal architecture and
reduced disease severity.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) represents a spectrum
of liver disease primarily characterised by macrovesicular fat
accumulation in hepatocytes. Isolated steatosis can progress to
non-alcoholic steatohepatitis (NASH), indicating the presence of
inflammation and hepatocellular damage, with or without con-
current fibrosis and eventually leading to hepatocellular carci-
noma and/or cirrhosis and its complications. Despite the
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hypertension; endothelin-1; thromboxane A2; angiotensin II.
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increasing prevalence and associated morbidity and mortality,
no pharmacological therapy is currently approved for the treat-
ment of NAFLD.! A better understanding of the pathophysiology
of NAFLD is pivotal in the search for therapeutic targets.

The hepatic vasculature might play an important role in the
progression of NAFLD.>? In both humans and animal models,
increased intrahepatic vascular resistance (IHVR) has been
observed in early NAFLD.*~® Via impaired intrahepatic blood flow
and thereby inadequate hepatic blood perfusion, subsequent
relative hypoxia of the liver might trigger disease progression.?

Structurally, architectural disruption of the normal hepatic
vasculature and swelling of hepatocytes due to intracellular fat
accumulation and ballooning (degeneration of the cell-shaping
cytoskeleton) leads to compression of the sinusoids and in-
creases IHVR.%%'° Functionally, disturbances in concentrations of
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and reactivity to vaso-active mediators result in intrahepatic
vascular dysfunction. Hepatic vascular dysfunction means the
inability of the hepatic vasculature to adapt its tone adequately,
in favour of vasoconstriction rather than vasodilation. This might
be a result of disturbances in either the concentrations of vaso-
active substances or the reactivity of the hepatic vascular tone to
these stimuli.®®

So far, and in line with findings in other causes of portal hyper-
tension like cirrhosis, research has mainly focused on impaired
vasodilation as the main mechanism underlying vascular dysfunc-
tion. However, in a previous study, the effects of nitric oxide (NO)
blockage on the transhepatic pressure gradient (THPG) during
perfusion experiments were little and constrained to higher flows.
Stimulation of NO production via acetylcholine or direct adminis-
tration of the NO donor sodium nitroprusside did not affect the
elevated THPG.” Meanwhile, the possible role of vasoconstrictors and
hyperreactivity thereto has only recently gained more attention.’
Therefore, the aim of this study was to elucidate the role of various
endogenous vasoconstrictors in the increased IHVR in early NAFLD.

Materials and methods

Animal models

Male Wistar Han rats (Charles River, France; 200-250 g) were fed
a control diet (ICN Biomedicals SA, Asse, Belgium) or a
methionine-choline-deficient diet (MCDD, Envigo RMS B.V,
Indianapolis, Indiana USA) for 4 weeks, which is known to induce
severe steatosis in the absence of NASH in this rat strain.%’

To study the effects of in vivo treatment with vasoconstrictor
antagonists, rats (n = 6-8/group) were gavaged daily during the
complete 4 weeks of diet as a preventive treatment or during the
last 2 out of 4 weeks of diet as a therapeutic treatment (Fig. S1).
The following treatments were studied: 100 mg/kg/d bosentan
(dual endothelin receptor antagonist), 30 mg/kg/d valsartan
(angiotensin receptor blocker [ARB]) or 30 mg/kg/d celecoxib
(cyclooxygenase [COX]-2-inhibitor). Doses were based on liter-
ature."’~ All details on drugs and doses are described in the
supplementary materials and methods.

To exclude model specificity, the most important results were
tested in a second model. Male Zucker fatty rats (ZFR, fa/fa)
(Charles River, Italy; 7 weeks old, n = 5-7/group) were fed a high-
fat high-fructose diet (HFHFD, D16042610, Research Diets, New
Brunswick, NJ, USA) and compared to lean control rats (fa/+) fed
a control diet during 4 weeks. Additionally, ZFR were treated
orally with bosentan (100 mg/kg/d) or placebo preventively
during the complete 4 weeks of HFHFD (Fig. S1).

Additionally, to investigate whether the alterations were also
relevant at the stage of steatohepatitis, ZFR fed 8 weeks of
HFHFD (to establish NASH) were treated orally with bosentan
(100 mg/kg/d) or placebo during the complete 8 weeks of diet
(preventive setting) and compared to lean controls fed a control
diet for 8 weeks.

All animals were kept in a 12 h:12 h light/dark cycle with
controlled temperature and humidity in enriched cages of 2
animals with free access to food and water. All animals were
treated according to the ARRIVE guidelines.' The protocols were
approved by the Antwerp University ethical committee on ani-
mal experiments (ECD 2016-66 and 2020-14).

Ex vivo liver perfusion flow-pressure measurements
The IHVR was studied by measuring the THPG directly by in situ
ex vivo liver perfusion experiments.” Briefly, after anaesthesia
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(see supplementary materials and methods), the abdomen was
opened via median laparotomy, vascular structures were
identified and heparin (1,400 U/kg) was injected intravenously
in the caudal caval vein. Subsequently, the portal vein was
cannulated with a 14 G catheter, the thoracic cavity was opened
and the suprahepatic caval vein was cannulated through the
right atrium with a 16 G catheter. Next, the liver was perfused
in a single-pass way by oxygenated Krebs-Ringer (Krebs) so-
lution (37 C) and the catheters were connected to pressure and
flow monitoring equipment (Powerlab 8/30 and LabChart 7, AD
Instruments, Oxford, UK). In all experiments, the portal
(inflow) and caval (outflow) pressure, that was kept at a con-
stant level of -1 mmHg, were measured continuously and the
THPG was calculated by subtracting the outflow from the
inflow pressure.’

Dose-response experiments

In dose-response experiments, the following vasoconstrictors
and antagonists were tested at a constant flow rate of 30 ml/min:
methoxamine (Mx, ol-adrenergic agonist 1-300 uM); BQ-123
(endothelin [ET]a-receptor antagonist, 1.3-400 nM) and BQ-788
(ETg-receptor antagonist, 0.12-36 nM) in the presence of
endothelin-1 (ET-1, 0.1 nM); angiotensin II (ATII, 0.003-1 pM);
valsartan (ARB, 0.2-60 puM) in the presence of ATII (10 nM);
U46619 (thromboxane A2 [TxA,] agonist, 0.35-105 nM); SC-560
(COX-1 inhibitor, 0.3-1 pM) and SC-236 (COX-2-inhibitor,
0.003-1 uM) in the presence of Mx (10 pM). Antagonists were
always studied in the presence of their vasoconstrictive agonist
because the basal THPG in the absence of a vasoconstrictor is too
low to detect an effect on the THPG. Mx was used with COX-
inhibition instead of the TxA, agonist, because TxA, is only
synthesized downstream of COX.

Flow-pressure experiments after in vivo treatment

After the evaluation of vasoconstrictors and their antagonists
ex vivo, the effects of in vivo oral preventive/therapeutic bosen-
tan, valsartan, celecoxib and placebo treatment were studied in
flow-pressure measurements of the hepatic vasculature, in
which the flow was gradually increased from 10 to 50 ml/min, at
the doses described above (n = 6-8/group).

In vivo pressure measurements

Under anaesthesia, a tracheal tube (PE 240 ID 1.67 mm OD 2.42
mm Intramedic Clay Adams brand non-radiopaque polyethylene
tubing) was inserted by tracheostomy. A 24 G catheter was
inserted into the carotid artery. The abdomen was subsequently
opened by median incision. The portal vein was exposed and
canulated with a 24 G catheter under microscopy. The inferior
caval vein was canulated with a 22 G catheter, which was
advanced with the tip into the retrohepatic part of the inferior
caval vein. The different catheters were connected to an in-house
pressure monitoring equipment. Carotid artery pressure (mean
arterial blood pressure), pulse rate (PR), portal pressure (PP) and
inferior caval vein pressure were measured.

Blood analysis

Before liver perfusion, venous blood was drawn from the caval
vein and samples were centrifuged for 15 min at 3,500 revolu-
tion/min. Aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) levels were measured via photometry (Atellica,
Siemens Healthcare Diagnostics, Deerfield, CT, USA).
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Histology

Rats were weighed, anaesthetised and sacrificed. Livers were
weighed, random samples were fixed in 4% formaldehyde and
embedded in paraffin. Subsequently, 5 pm sections were stained
with haematoxylin-eosin, Masson’s trichrome, picrosirius red
and reticulin according to standard laboratory protocols. The
degree of steatosis was morphometrically measured as the per-
centage of fat over total liver surface at 10x magnification images
of haematoxylin-eosin-stained liver samples, using Image] soft-
ware (Bethesda, MD, USA).

Vascular corrosion casting

Rats were sacrificed and vascular corrosion casts were prepared
as previously described® (Fig. S2) and examined systematically
by scanning electron microscopy (SEM) (Jeol JSM 5600 LV, Jeol).

Transmission electron microscopy

Rats were sacrificed and underwent liver perfusion fixation with
glutaraldehyde. Tissues were fixed in 0.1 M sodium cacodylate-
buffered (pH 7.4) 2.5% glutaraldehyde solution at room temper-
ature, and washed 3x in 0.1 M sodium cacodylate-buffered (pH
7.4) 7.5% saccharose solution. Post-fixation was performed by
incubating cells for 2 h with 1% 0sQ, solution. After dehydration
in an ethanol gradient, samples were embedded in EM-bed812.
Ultrathin sections were stained with uranyl acetate and lead
citrate, and examined in a Tecnai G2 Spirit Bio TWIN microscope
(Fei, Europe BV, Zaventem, Belgium) at 120 kV.

mRNA analysis

Random liver samples of rats sacrificed for histology were pro-
cessed as described before.”> Results were normalised in the
nSolver Analysis Software (NanoString Technologies) by the
geometric mean of 5 housekeeping genes (Table S1).

Statistics
All data are presented as the mean * standard error of the mean.
p values <0.05 were considered significantly different.

The THPG data were analysed using a generalised estimating
equation model followed by least significant difference post hoc
testing when appropriate, using SPPS v24.0 (IBM, Armonk, NY,
USA).

Concerning mRNA analysis, heat maps were generated using
the nSolver Analysis Software (NanoString). Normalised gene
counts and all other results were analysed with a two-way
ANOVA (with the diet as the first factor [between], the treat-
ment used as the second factor [within]) and Scheffé post hoc
testing when appropriate, using SPSS.

Results

Early NAFLD

After 4 weeks of MCDD, animals developed marked hepato-
megaly (liver/total body weight (TBW)-ratio: steatosis 5.4+0.2%
vs. controls 3.2+0.1%, p <0.01 [Table S2]). In ZFR after 4 weeks of
HFHFD, body and liver weight increased significantly compared
to controls (ZFR 468.1+10.3 g vs. controls 294.4+8.9 g, p <0.001;
liver/TBW-ratio: ZFR 4.6+0.1% vs. controls 3.9+0.2%, p <0.05
[Table S3]).

The increased liver volume corresponded with histology,
confirming moderate to severe steatosis in all MCDD-fed rats
without microscopic features of inflammation, ballooning (Fig. 1)
or fibrosis (Fig. S3). These results confirm the presence of severe
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Fig. 1. Histological liver sections (H&E stain, original magnification 10x) of
rats fed control or methionine-choline-deficient diet (steatosis) after pre-
ventive placebo, bosentan, valsartan or celecoxib treatment.

steatosis without any histological features of steatohepatitis after
4 weeks of MCDD. Likewise, histology in ZFR demonstrated
moderate hepatic steatosis without features of NASH or fibrosis
after 4 weeks of HFHFD (Fig. S4).

Structural assessment of early NAFLD

In controls, SEM of liver vascular corrosion casts demonstrated a
regular pattern of the sinusoids organised in lobules, with small
sinusoids that have even diameters. In the MCDD-fed group, the
regular sinusoidal pattern was disrupted, resulting in a dis-
organised tangle of vessels. The sinusoids in this irregular
organised pattern have uneven and larger diameters. Further-
more, many vessels appear to branch into dead-ending dilated
vessel stumps, known as blebs (Fig. 2).

Besides our SEM images, additional transmission electron
microscopy (TEM) of liver tissue was performed to evaluate the
morphology of the liver sinusoids and sinusoidal endothelial
cells. In 4-week HFHFD-fed ZFR, it can be observed that the si-
nusoids are compressed, the endothelium is thicker and fenes-
trae appear to be more constricted compared to controls
(Fig. S5). These findings are in in line with observations on his-
tology and SEM.>*
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Fig. 2. Representative scanning electron microscopy images of hepatic
vascular corrosion casts of rats fed control or methionine-choline-
deficient diet (steatosis) after preventive placebo, bosentan, valsartan or
celecoxib treatment (original magnification 300x). In controls, sinusoids are
regular with small and even diameters. In steatosis, the number of sinusoids is
reduced, the vascular pattern is irregular and the remaining sinusoids appear
to have uneven and larger diameters with numerous blebs (dead-ending vessel
stumps). After bosentan treatment, the number of sinusoids remains reduced,
but the diameter is more comparable to control livers and the pattern appears
more regular with less blebs.

Liver perfusion experiments
In all experiments, the baseline THPG in rats with steatosis was
significantly increased compared to controls independent of
flow, both in MCDD-fed rats (steatosis 8.4+0.3 mmHg vs. controls
6.6 + 0.5 mmHg at 30 ml/min, p <0.01 [Fig. S6]) and ZFR (ZFR
7.4+0.5 mmHg vs. controls 5.1#0.6 mmHg at 30 ml/min, p <0.01
[Fig. S7A]).

There was non-significant hyperreactivity to Mx in ZFR
compared to controls (AEn..: ZFR +8.841.0 mmHg vs.
controls +6.3+0.9 mmHg, p = 0.092 [Fig. S7B+C]).

Haemodynamic measurements

Although statistical significance was not reached (which could be
related to the small numbers), the in vivo THPG was numerically
higher in steatotic compared to control livers in vivo (steatosis
5.0+0.6 mmHg vs. controls 3.7+0.3 mmHg, p = 0.062) and again
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lower in bosentan-treated livers, with values close to those in
controls (4.140.2 mmHg, p = 0.610 compared to controls)(Table S4).

Endothelin-1-mediated mechanisms

Liver perfusion experiments: dose-response curves

We previously demonstrated hyperreactivity of the hepatic
vasculature to ET-1 in MCDD-fed rats.”

Blocking the ETa-receptor by the addition of BQ-123 in
increasing doses to the perfusion fluid (which contains 0.1 nM
ET-1) at a constant flow of 30 ml/min, induced a significant
decline in THPG compared to perfusion by Krebs (containing 0.1
nM ET-1 alone) without BQ-123. The decrease of the THPG by
BQ-123 was more pronounced in MCDD-fed rat livers compared
to controls and was most obvious at a dose of 400 nM BQ-123
(steatosis + placebo 24.9+4.5 mmHg vs. steatosis + BQ-
12316.1£1.1 mmHg, p <0.05). BQ-123 even restored the THPG of
MCDD-fed rats to the level of controls from a dose of 13 nM BQ-
123 onwards (steatosis with 13 nM BQ-132 and 0.1 nM ET-1
14.2£0.7 mmHg vs. controls with 0.1 nM ET-1 13.3%1.2 mmHg,
p = 0.307 [Fig. 3A]). Blocking the ETg-receptor by BQ-788 did not
change the THPG (Fig. 3B). Because the effects of ET-1 have some
delay, an upward slope of the placebo-treated groups is observed
in the dose-response curves of these figures.

Liver perfusion experiments: flow-pressure curves

In line with the decreased THPG after ET, antagonism, preven-
tive oral treatment of MCDD-fed rats with bosentan significantly
decreased and normalised the THPG to the level of control livers
(controls + bosentan 12.620.3 mmHg vs. controls + placebo
12.620.5 mmHg, p = 0.547; steatosis + bosentan 13.4+0.4 mmHg
vs. steatosis + placebo 15.4+0.5 mmHg at 50 ml/min, p <0.01
[Fig. 3C]). In therapeutically bosentan-treated rats, we observed a
similar decline of the THPG. The difference between control and
MCDD-fed rat livers became non-significant, meaning that
bosentan normalised the THPG in MCDD-fed rat livers (controls +
placebo 13.6+0.6 mmHg vs. steatosis + bosentan 14.6£0.3 mmHg
at 50 ml/min, p = 0.085 [Fig. 3D]).

After preventive bosentan treatment, the THPG in 4-week
HFHFD-fed ZFR showed lower values at higher flows compared
to placebo-treated ZFR, most prominent at 45 ml/min, but
without reaching statistical significance (bosentan-treated
9.9+0.6 mmHg vs. placebo-treated 11.4+1.0 mmHg at 45 ml/min,
p = 0.162 [Fig. S7A]).

Finally, preventive bosentan treatment could also attenuate
the increased PP in vivo in rats with MCDD-induced steatosis
(bosentan-treated 4.8+0.2 mmHg vs. placebo-treated 5.7+0.7
mmHg, p = 0.209 [Table S4]).

Weight

Liver/TBW-ratio were lower in bosentan-treated (4.6+0.1%)
compared to placebo-treated MCDD-fed rats (5.4+0.2% p <0.05
[Table S2]). Bosentan treatment did not decrease liver weight in
ZFR (Table S3).

Blood analysis

ALT levels were significantly increased in MCDD-fed rats
(94.9414.0 U/L) compared to controls (43.6+3.1 U/L), whereas
preventive bosentan-treated rats with steatosis showed ALT levels
comparable to control rats (48.4+3.0 U/L, p <0.05 compared to
placebo-treated steatosis and p = 0.292 compared to controls
[Fig. 4A]). A non-significant reduction in AST was observed after
preventive bosentan treatment in steatosis (Fig. 4B). In
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Fig. 3. Transhepatic pressure gradient with modulation of endothelin-1 pathways. (A) Dose-response curves of the transhepatic pressure gradient to ETx-
receptor blocker BQ-123 with endothelin-1. (B) Dose-response curves of the transhepatic pressure gradient to ETg-receptor blocker BQ-788 with endothelin-1. (C)
Flow-pressure curves of control and steatotic rat hepatic vasculature after preventive bosentan. (D) Flow-pressure curves of control and steatotic rat hepatic
vasculature after therapeutic bosentan. All data were analysed using the generalised estimating equation model. Significances between controls with or without
compound/treatment are indicated by black signs. Significances between steatosis with or without compound/treatment are indicated by red signs. *p <0.05;

**p <0.01; n.s., not significant.

therapeutically bosentan-treated rats with steatosis, we observed
a trend towards decreased transaminase levels (Fig. 4C,D).
Likewise, ALT and AST levels were significantly increased in
ZFR compared to controls (ALT: ZFR 119.2+12.1 vs. controls
31.0£7.0, p <0.05; AST: ZFR 257.0+40.1 vs. controls 70.5+5.1, p
<0.001 [Fig. S8]). Preventive bosentan treatment significantly
decreased AST levels to the level of controls (bosentan-treated
ZFR 69.0+9.0 U/L, p <0.001 compared to placebo-treated ZFR and
p = 1.00 compared to controls) and induced non-significantly
decreased ALT levels (Fig. S8). It should be noted that blood
samples of the ZFR were more difficult to analyse due to a high
lipid content in the blood, resulting in a small sample size.

Microscopy and SEM

The degree of steatosis (% fat of total liver surface) was signifi-
cantly lower in preventively bosentan-treated rats compared to
placebo after 4 weeks of MCDD (bosentan-treated 55.2+1.8% vs.
placebo-treated 61.1£1.2%, p <0.05). A trend towards a lower
degree of steatosis was also observed with therapeutic bosentan
treatment after 4 weeks of MCDD (bosentan-treated 60.0+1.9%
vs. placebo-treated 64.0+2.7%, p = 0.25). Results were repeated in
ZFR after 4 weeks of HFHFD (Fig. S4).

SEM of vascular corrosion casts of MCDD-fed rat livers after
bosentan treatment demonstrated a remarkable improvement of
the sinusoidal organisation compared to placebo-treated MCDD-
fed rat livers, with a more regular and untangled pattern,

reminiscent to that of controls, and a decrease in the number of
blebs (Fig. 2).

Transcriptomics

Hepatic mRNA expression of Ednl (encoding preproendothelin-
1) was upregulated in MCDD-fed rats, while Ecel gene expres-
sion was downregulated. Preventive bosentan treatment nor-
malised Ednl expression (Fig. 5).

Angiotensin II-mediated mechanisms

Liver perfusion experiments: dose-response curves

ATII induced an initial increase of the THPG with a maximum
effect at 0.01 uM, and subsequently a gradual decrease of the
THPG at increasing doses both in control and in MCDD-fed rats
(controls: 12.6+1.7 with 0.01 pM ATII, 187.4% maximal increase
from baseline; steatosis: 16.6+2.0 mmHg with 0.01 pM ATII,
199.6% maximal increase from baseline [Fig. 6A]).

The response of the THPG to a constant dose of ATII in MCDD-
fed rat livers was shifted downwards and the downward slope
was increased by increasing doses of valsartan (controls:
15.0£0.4 mmHg with 10 nM ATII to 12.84+0.6 mmHg with 10 nM
ATII and 0.2 puM valsartan, p <0.001; steatosis: 18.6+0.6 mmHg
with 10 nM ATII to 16.9+0.8 mmHg with 10 nM ATII and 0.2 pM
valsartan, p = 0.064). The THPG curve of ATII and valsartan-
perfused MCD-fed rat livers diverged from the THPG curve in
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MCD-fed rat livers that were perfused with ATII alone and
decreased to the level of (and below) the THPG of control livers
perfused with ATII alone (controls with 10 nM ATIl 10.1+0.7
mmHg vs. steatosis with 10 nM ATII and 6 pM valsartan 9.6+0.4
mmHg, p = 0.536 [Fig. 6B]).

Liver perfusion experiments: flow-pressure curves

In all rats, preventive valsartan treatment resulted in a significant
decrease of the THPG compared to placebo, most pronounced at
50 ml/min (valsartan-treated steatosis 13.5+0.6 mmHg vs.
placebo-treated steatosis 15.6+0.6 mmHg, p <0.01; valsartan-
treated controls 11.4+0.6 mmHg vs. placebo-treated controls
13.4£0.4 mmHg, p <0.001). Moreover, the THPG in MCD-fed rats
treated with valsartan was normalised to the level of control
livers treated with placebo (Fig. 6C). Likewise, therapeutic val-
sartan treatment induced a significant decrease of the THPG in
control livers, but not in the livers of MCD-fed rats (Fig. 6D).

Weight

Liver weight and liver/TBW-ratio were lower in valsartan-treated
compared to placebo-treated MCD-fed rats (liver/TBW:
valsartan-treated 4.6+0.2% vs. placebo-treated 5.4+0.2%, p <0.05
[Table S2]).
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Blood analysis

In valsartan-treated MCD-fed rats, ALT and AST levels were
significantly reduced and normalised (preventively valsartan-
treated 80.8430.4 U/L ALT and 63.0+15.0 U/L AST vs. placebo-
treated 142.3+16.4 U/L ALT [p <0.05] and 144.2+22.2 U/L AST [p
<0.01][Fig. 4E-H]).

Microscopy and SEM

Despite lower liver weight and transaminase levels, valsartan
treatment did not affect liver histology or the hepatic microvas-
culature as observed by SEM in MCD-fed rats (Figs. 1,2 and Fig. S3).

Transcriptomics

Hepatic mRNA expression of Agt and Agtria were downregulated
while Ace expression was upregulated in MCD-fed rats (Fig. 5).
Preventive valsartan treatment increased the transcription of Agtria.

Cyclooxygenase-related mechanisms

Liver perfusion experiments: dose-response curves

The TXA, agonist U46619 significantly increased the THPG dose-
dependently compared to Krebs (controls 6.620.8 with Krebs to
14.8+1.5 mmHg with 10.5 nM U46619, p <0.001; steatosis 8.6+0.7
with Krebs to 17.2+1.9 mmHg with 10.5 nM U46619, p <0.001
[Fig. 7A]).

The THPG in the presence of Mx was not significantly affected
by SC-560 (Fig. 7B). However, SC-236 significantly attenuated the
raised THPG in MCD-fed rats while it had no significant effect in
controls (steatosis: 15.9+1.3 with Krebs+Mx to 12.4+0.5 mmHg
with 0.3 uM SC-236+Mx, p <0.01[Fig. 7C]). It should be noted that
the slight decrease of the THPG over time is caused by the time-
dependent attenuation of vasoconstriction by Mx.

Liver perfusion experiments: flow-pressure curves

Preventive celecoxib treatment attenuated the THPG in MCD-fed
rats (celecoxib-treated 13.7+0.6 vs. placebo-treated 15.0+0.5
mmHg at 50 ml/min, p <0.01). On the contrary, in controls, an
increased THPG was observed with celecoxib (celecoxib-treated
14.441.1 vs. placebo-treated 11.9t0.4 mmHg at 50 ml/min, p
<0.001 [Fig. 7D]). In therapeutically celecoxib-treated rats, the
THPG in MCD-fed rats was slightly but not significantly
decreased compared to placebo-treated animals. After thera-
peutic treatment, the THPG in celecoxib-treated control rats
reduced compared to placebo-treated control rats (Fig. 7E).

Weight
Liver weight and liver/TBW-ratio did not change with celecoxib
treatment (Table S2).

Blood analysis
ALT and AST levels were not changed by celecoxib treatment
(Fig. 4I-L).

Microscopy and SEM

Microscopically, celecoxib treatment did not affect the histology
or microstructure on SEM in MCD-fed rat livers (Figs. 1 and 2 and
Fig. S3).

Transcriptomics

Hepatic mRNA expression of genes related to COX-pathways
were not significantly altered in MCD-fed rats, besides the
downregulation of Ptgir (encoding the vasodilatory prostacyclin
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receptor) which was not improved by celecoxib treatment
(Fig. 5).

NASH

Establishing NASH

Both TBW and liver weight were significantly increased in 8-
week HFHFD-fed ZFR compared to lean controls, with the
latter even more pronounced (liver/TBW-ratio: ZFR 4.4+0.3% vs.
controls 3.0+0.2%, p <0.05 [Table S3]).

Blood analysis demonstrated non-significantly increased
transaminase levels in HFHFD-fed rats compared to controls
(ALT: NASH 201.7+77.7 vs. controls 88.3£5.4 U/L, p = 0.713; AST:
NASH 174.5+100.5 vs. controls 94.0+7.3 U/L, p = 0.822), although
we must remark that blood samples of the former were more
difficult to analyse due to a high lipid content in the blood, which
makes the group smaller and probably leaves out the samples
with the highest transaminase levels (Fig. 8A).

In HFHFD-fed ZFR, histology demonstrated the presence of
NASH with significant microvesicular steatosis and prominent
ballooning, without the development of fibrosis. Lean Zucker rats
on a control diet had normal liver histology without any stea-
tosis, inflammation or fibrosis (Fig. 8B).

Liver perfusion in NASH
In line with our findings in different models of steatosis, in ZFR
after 8 weeks of HFHFD, the THPG was significantly increased

compared to controls at all flows (NASH 7.620.3 mmHg vs. con-
trols 5.7+0.2 mmHg at 30 ml/min, p <0.001 [Fig. 8C]).

Effects of bosentan in NASH

ZFR treated with bosentan during 8 weeks of HFHFD demon-
strated attenuation of the increased THPG, which was signifi-
cantly different from placebo-treated ZFR from a flow of 30 ml/
min onwards (bosentan-treated 6.3+0.4 mmHg vs. placebo-
treated 7.6+0.3 mmHg at 30 ml/min, p <0.001 [Fig. 8C]). Bosen-
tan treatment did not reduce transaminase levels. Histologically,
treatment with bosentan reduced the degree of steatosis and
resulted in less ballooning (Fig. 8B).

Discussion
In this study we investigated the role of vasoconstrictors on the
increased IHVR in severe steatosis. Our current data repetitively
demonstrate a significant increase of the THPG in early NAFLD,
when steatohepatitis or fibrosis have not yet developed. We
were also able to demonstrate a consequent increase in PP. This
confirms previous data demonstrating the presence of some
degree of portal hypertension in early NAFLD, both in animal
models and in patients,*® and implies that the presence of an
increased THVR is a relevant early event in NAFLD pathogenesis.
Although no animal model recapitulates human NAFLD
completely and every model has its advantages and limitations,
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the MCD in male Wistar rats is an adequate model to study the
intrahepatic features and mechanisms of NAFLD,'® but without
any other traits of the metabolic syndrome as can be observed in
human NAFLD. Therefore, some experiments were repeated in
ZFR after 4 weeks of HFHFD, a model that resembles the human
phenotype of NAFLD more completely with the presence of
obesity and systemic insulin resistance. These rats had a signif-
icantly increased THPG compared to controls and manifested
vasoconstrictor hyperreactivity as repeatedly observed in MCD-
fed rats,%”! supporting the concept that these are disease-
related phenomena rather than model-specific. The confirma-
tion of an increased PP in steatosis in vivo showed that the
increased IHVR indeed results in an increased PP, hence the re-
sults of the ex vivo liver perfusion experiments are clinically
relevant and not limited to this experimental setting. Having
confirmed the increased IHVR in 2 different models of early
NAFLD, we subsequently studied the role of different endoge-
nous vasoconstrictive mechanisms.

ET-1 is produced by the endothelium and induces vasocon-
striction by acting on the ET, and ETg, receptors while pro-
moting vasodilation by acting on the ETp; receptor. As
demonstrated previously by our research group, the reactivity to
ET-1 is significantly increased in MCD-fed rat livers compared to
controls.” In this study, we demonstrated that this vascular hy-
perreactivity appears to be ET,-receptor mediated. Moreover,
hepatic Edn1 mRNA expression, the rate-limiting step in ET-1
production, was upregulated in MCD-fed rats, suggesting

JHEP Reports 2022 vol. 4 | 100412

increased ET-1 production. Likewise, serum levels of ET-1 were
previously found to be increased in steatosis.° Preventive
bosentan treatment not only normalised intrahepatic vascular
function, it also normalised Ednl mRNA expression. All these
data point towards a pivotal role of ET-1 via its ETy-receptor in
the increased IHVR in early NAFLD.

Two other vasoconstrictors, ATII and thromboxane agonist
U46619, increased the THPG in control and MCD-fed rat livers
but, unlike ET-1, there was no hepatic vascular hyperreactivity to
these mediators in steatosis. Of note, upon continuous but
increasing administration of ATII, a gradual decrease of the THPG
was observed in both groups, likely reflecting the known
desensitisation of ATII receptors.'®

Even without vascular hyperreactivity, blocking the ATII re-
ceptor by valsartan administration during ex vivo liver perfusion
normalised the increased THPG in severe steatosis. COX-2-, but
not COX-1-inhibition was able to restore the increased IHVR in
steatosis to normal values in ex vivo experiments, in line with our
previous findings that COX-2 is more important in the systemic
haemodynamics in early NAFLD.”

In our study, mRNA expression of Ace (encoding angiotensin I
converting enzyme) was upregulated, implying increased for-
mation of active ATII, contributing to an increased IHVR.
Increased serum ATII levels have been reported in patients with
NAFLD.!® Expression of Agt (encoding angiotensinogen) and
Atgrl4a (encoding angiotensin II receptor) were downregulated,
suggesting the presence of a compensatory mechanism to
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decrease the production of endogenous ATII in the case of vasodilatory prostanoids, an increased production of TxA, as a
increased THPG in steatosis. COX converts arachidonic acid to cause of the increased IHVR in early NAFLD was not excluded in
prostanoids and, with the help of thromboxane synthase (TXAS), this study, although Thxas1 expression (encoding TXAS) was not
to the vasoconstrictor TxA,. Since COX also produces some altered. Nevertheless, previous results demonstrated increased
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levels of circulating TxA,, elevated TXA, receptor expression and
significantly higher TXAS expression in steatosis.® Therefore,
TxA, might still be a mediator of the increased IHVR.

Taken together, all 3 vasoconstrictive pathways investigated
could be involved in the increased IHVR in early NAFLD since
antagonism decreased THPG. The effects of ET-1, due to concur-
rent intrahepatic vascular hyperreactivity in steatosis, seem to be
most important.

In 2 animal models of severe steatosis, we demonstrated that
preventive and therapeutic administration of ET-1 antagonist
bosentan normalised THPG and PP in vivo, implying normal-
isation of the IHVR. Likewise, even without the presence of
vascular hyperreactivity to ATII, blocking the ATII receptor by
preventive, but not therapeutic oral valsartan treatment in vivo
decreased the elevated THPG in steatosis significantly. Appar-
ently, valsartan is not potent enough to have an effect on the
IHVR when steatosis has already been established by a strong
driver like the MCD. Finally, oral celecoxib treatment could also
decrease the THPG in MCD-fed rats. In controls, therapeutic
celecoxib treatment decreased the THPG as well. Paradoxically,
preventive celecoxib treatment increased the THPG in controls.
To explain these results, we hypothesise that there might be a
predominant COX-mediated vasodilatory mechanism in healthy
livers to maintain the physiological perfusion of the liver. COX is
not only involved in TXA, production, but is responsible for the
production of other vasoactive prostanoids like vasodilatory
prostacyclin. Therefore, COX-2-inhibition illustrates that timing
of a certain intervention in the disease course is of importance
since it can affect the outcome substantially. Comparable to our
data, indomethacin (a non-selective COX-inhibitor) improved
vascular dysfunction, but TXA, antagonism had no effect in rats
with HFD-induced steatosis."”

Besides the beneficial effects on the increased THPG in stea-
tosis, additional observations underline the importance of
intrahepatic vascular function in the pathophysiology of NAFLD.
In parallel with the haemodynamic improvements, both bosen-
tan and valsartan treatment caused a normalisation of serum
transaminases in MCD-induced steatosis. Moreover, improve-
ment of transaminase levels with bosentan treatment was
confirmed in the ZFR model. By contrast, COX-2 inhibition could
not improve transaminase levels, suggesting that the beneficial
effect of celecoxib on the IHVR is overruled by other mechanisms
in vivo.

Bosentan treatment in steatosis caused lower liver weight, as
well as a significant decline in the histological degree of steatosis.
Above all, bosentan was able to reverse the substantial alter-
ations that occur in the hepatic microvasculature in early NAFLD,
normalising the sinusoidal diameter and making the microvas-
cular pattern more regular with a reduced number of blebs. A
decrease of the histological degree of steatosis after bosentan
treatment was also demonstrated in ZFR, proving again that
these findings are not model-specific.

Valsartan treatment resulted in an improvement of liver
weight, which did, however, not translate into an improvement
of the histological degree of steatosis. In previous research, ARBs
improved the degree of steatosis in different mouse models of
NAFLD,?° but this finding was not supported by all studies.’’
ARBs are believed to exert their beneficial effects mainly
through inflammation- and fibrosis-related pathways,?> which
might in part explain why we did not observe any histological
improvement in early NAFLD. Likewise, no effect on liver his-
tology could be observed after treatment with celecoxib. In
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previous research, nimesulide (COX-2-inhibitor) attenuated the
increased hepatic triglyceride content?®> and celecoxib attenu-
ated the degree of steatosis and inflammation in different pre-
clinical NAFLD models.>* While we did not demonstrate
histological improvement in our model, it should be noted that
our treatments are shorter than those in the aforementioned
studies.?>?* Furthermore, MCD is a powerful driver of steatosis
and steatohepatitis, so it can also be hypothesised that the effects
of celecoxib are too weak to counteract its effects.

As in steatosis, an increased transhepatic pressure gradient
could also be observed in a model of NASH. As the increase in
THPG was similar to early NAFLD, it is implied that the described
phenomena are indeed early events. Moreover, the beneficial
effects of bosentan were not limited to both models of severe
steatosis, but could be repeated in a model of NASH, both in
reducing the histological severity of disease and attenuating the
THPG. This demonstrates the clinical relevance of the findings as
they are not limited to isolated steatosis but remain present
further along the spectrum of NAFLD. In previous research,
bosentan treatment improved the severity of liver disease in
patients with cirrhosis,> implying it might even be safe and
useful in later stages of NAFLD.

In conclusion, vasoconstrictive mechanisms appear to domi-
nate intrahepatic vascular dysfunction in early NAFLD and their
modulation can reduce disease severity, with therapeutic im-
pacts beyond reducing IHVR and portal hypertension. Impor-
tantly, whilst MCD feeding, a strong driver of NAFLD, persisted
during treatment, bosentan still had significant effects both
functionally as well as structurally. This implies that it is a potent
pathway that deserves to be further explored clinically for its
therapeutic potential. To the best of our knowledge, bosentan has
so far not been clinically evaluated for the treatment of NAFLD/
NASH. Preclinical data suggest that bosentan can also improve
several components of the metabolic syndrome, e.g. insulin
resistance, dyslipidaemia and adipose tissue inflammation.?® It
has already been successfully introduced into clinics for pul-
monary hypertension, making it an attractive molecule to be
studied and potentially repurposed in NAFLD, although several
case studies have reported potential hepatotoxicity.?’ Fortu-
nately, severe hepatotoxicity is rare. Adverse events related to
bosentan are usually mild and self-limiting and can be detected
early by regular serum transaminase testing.”® In this study,
histological liver cell damage or increased serum transaminase
levels, as expected with bosentan hepatotoxicity, were not
observed in any rat after 4 or 8 weeks of bosentan treatment.
Furthermore, macitentan, another endothelin receptor antago-
nist, has been used safely in advanced cirrhosis.>*

The role of the renin-angiotensin system on hepatic fibrogenesis,
which subsequently increases portal hypertension, is already
known. Furthermore, components of the renin-angiotensin system
also directly influence both liver as well as splanchnic vasculature,
contributing to portal hypertension.>® Moreover, in patients with
cirrhosis, angiotensin 1-7 and ACE2 activity were shown to be
increased and correlated with disease severity.>! This observation
could be the result of the angiotensin-induced alterations of the
hepatic transcription of the Janus-kinase-2 (Jak2) pathway, which
were demonstrated both in a mouse model of cirrhosis and in hu-
man cirrhosis.>? Deletion of Jak2 in a mouse model of cirrhosis could
attenuate fibrosis and decrease portal pressure.>> These observa-
tions might in part explain the functional component of the
increased THPG and demonstrate the clinical relevance of
angiotensin-mediated mechanisms.
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In line with what we observed with valsartan in our rat stea-
tosis model, olmesartan (an ARB) could significantly decrease the
hepatic venous pressure gradient in patients with cirrhotic portal
hypertension.>* Besides, candesartan (another ARB) decreased
levels of hyaluronic acid in patients with cirrhotic portal hyper-
tension, suggesting reduced fibrogenesis.>> Despite their reported
anti-fibrotic effects, ARBs are not routinely used in clinical practice
in patients without coexisting systemic arterial hypertension
because of conflicting data concerning histological improvement
of NAFLD in humans.>® Adding to the described anti-inflammatory
and anti-fibrotic effects, our data show that its effects on the
increased THPG in very early NAFLD might play an additional role
in the beneficial effects of ARBs. Because of the absence of effects
on liver damage in our model, time-dependent divergent effects in
controls and well-known cardiovascular side-effects, celecoxib
might be a less suitable therapeutic agent.

Research article

Conclusions

Our study explored the role of vasoconstriction in the increased
THPG in NAFLD. We confirmed the presence of an increased IHVR
and vasoconstrictor hyperreactivity in 2 rat models of early
NAFLD with severe steatosis and in a model of NASH. This is
accompanied by a marked disruption of normal sinusoidal ar-
chitecture. While celecoxib treatment decreased the THPG in
steatosis slightly, it failed to demonstrate any other beneficial
effects on the liver. Bosentan and valsartan treatment caused a
reduction of the THPG, attenuated transaminase levels and
improved liver weight. Moreover, bosentan treatment improved
hepatic steatosis, largely restored the disrupted microvasculature
and demonstrated beneficial vascular and histological effects in a
model of NASH. Therefore, inhibiting vasoconstrictive pathways
in early NAFLD, particularly with bosentan, seems a promising
therapeutic approach.
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