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Abstract
Non-alcoholic fatty liver disease (NAFLD) has become the most prevalent chronic liver disease. The presence of portal
hypertension has been demonstrated in NAFLD prior to development of inflammation or fibrosis, and is a result of
extrahepatic and intrahepatic factors, principally driven by vascular dysfunction. An increased intrahepatic vascular
resistance potentially contributes to progression of NAFLD via intralobular hypoxia. However, the exact mechanisms
underlying vascular dysfunction in NAFLD remain unknown. This study investigates systemic hemodynamics and both
aortic and intrahepatic vascular reactivity in a rat model of severe steatosis. Wistar rats were fed a methionine-choline-
deficient diet, inducing steatosis, or control diet for 4 weeks. In vivo hemodynamic measurements, aortic contractility
studies, and in situ liver perfusion experiments were performed. The mean arterial blood pressure was lower and portal blood
pressure was higher in steatosis compared to controls. The maximal contraction force in aortic rings from steatotic rats was
markedly reduced compared to controls. While blockade of nitric oxide (NO) production did not reveal any differences,
cyclooxygenase (COX) blockade reduced aortic reactivity in both controls and steatosis, whereas effects were more
pronounced in controls. Effects could be attributed to COX-2 iso-enzyme activity. In in situ liver perfusion experiments,
exogenous NO donation or endogenous NO stimulation reduced the transhepatic pressure gradient (THPG), whereas NO
synthase blockade increased the THPG only in steatosis, but not in controls. Alpha-1-adrenergic stimulation and endothelin-
1 induced a significantly more pronounced increase in THPG in steatosis compared to controls. Our results demonstrate that
severe steatosis, without inflammation or fibrosis, induces portal hypertension and signs of a hyperdynamic circulation,
accompanied by extrahepatic arterial hyporeactivity and intrahepatic vascular hyperreactivity. The arterial hyporeactivity
seems to be NO-independent, but appears to be mediated by specific COX-2-related mechanisms. Besides, the increased
intrahepatic vascular resistance in steatosis appears not to be NO-related but rather to vasoconstrictor hyperreactivity.

Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the
most prevalent chronic liver disease in the Western world
[1]. It describes a spectrum of disease, characterized by the
accumulation of fat in hepatocytes (steatosis) in the absence
of secondary causes of steatosis like alcohol, viruses, or
drugs. If more than 5% of the hepatocytes are affected by
steatosis [1] without signs of hepatocellular damage, it is
referred to as non-alcoholic fatty liver (NAFL) or simple
steatosis. In about 20–30% of patients, there is associated
inflammation and degenerative injury of the hepatocytes
(ballooning), defining non-alcoholic steatohepatitis
(NASH). NASH potentially leads to (pericellular) fibrosis
ending in cirrhosis and hepatocellular carcinoma [2], and
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NAFLD is estimated to become the main indication for liver
transplantation within a decade [3]. Moreover, NAFLD is not
only closely associated with the metabolic syndrome
(describing obesity, diabetes mellitus, arterial hypertension,
and dyslipidemia), but adds independently to the already
increased cardiovascular risk in this patient population [4–6].

The pathophysiology of NAFLD is not yet fully eluci-
dated [4], but is believed to be subject to multiple ‘hits’ [7].
Several data suggest an early role for vascular alterations in
this process [8] that may be one of these hits. This is sup-
ported by the fact that steatotic livers appear to be more
vulnerable to ischemia–reperfusion injury [9, 10].

The changes in liver blood flow were documented both
in animals [11] and in patients [12]. Previous research
demonstrated the presence of portal hypertension in patients
with NAFLD prior to the development of inflammation or
fibrosis [13, 14]. An increased portal blood pressure can be
a result of intra- and extrahepatic alterations.

Splanchnic vasodilation was demonstrated, causing an
increased portal blood inflow, contributing to an increase in
portal pressure (PP) [15–17]. Furthermore, intrahepatic
vascular resistance (IHVR) has been shown to be increased,
both by dynamic and structural alterations of the hepatic
vasculature (e.g., as a result of swollen hepatocytes due to
ballooning or fat accumulation) and an increased vascular
tone [18]. In physiological circumstances, the intrahepatic
vascular tone is maintained at a constant level by several
regulatory mechanisms in the hepatic vasculature [19].
These appear to be impaired in chronic liver diseases,
favoring intrahepatic vasoconstriction [20, 21]. Recently,
endothelial dysfunction was reported in animal models of
NAFL as well [18, 22–24]. Via local hypoxia these
mechanisms possibly contribute to and promote the pro-
gression of NAFL to more severe stages of NAFLD [8, 13].
Therefore, the presence of both intra- and extrahepatic
vascular alterations in NAFL, outside the setting of cir-
rhosis, might be important in the pathophysiology of NASH
and the reported link between NAFLD and cardiovascular
disease. At present, little is known about the underlying
mechanisms of these alterations.

The aim of this study was to examine both hepatic and
extrahepatic vascular alterations in severe steatosis, with
emphasis on possible underlying mechanisms of the observed
portal hypertension in NAFL, in an animal model of NAFLD.

Materials and methods

Animal model

Male Wistar rats (Charles River, France) (200–250 g) were
fed a methionine-choline-deficient (MCD) diet or a stan-
dardized control diet (ICN Biomedicals SA, Asse, Belgium)

for 4 weeks. The MCD diet is an established model for
induction of severe steatosis after 3–4 weeks of diet, without,
at this early stage, the histological presence of inflammation
or fibrosis [8, 18, 25]. The animals were allowed unlimited
access to their food and water, were kept in cages of up to two
animals, and were treated according to the Helsinki declara-
tion, the national guidelines for animal protection and the
“Guide for the Care and Use of Laboratory Animals”
(National Institutes of Health, 2011). The protocols were
approved by the Antwerp University Ethical Committee on
Animal Experiments (ECD 2012-40 and 2016-66).

Hemodynamic measurements

After 4 weeks of diet and after an overnight fast, animals
were weighed and anesthetized (see section ‘Drugs’). In
animals dedicated to organ bath experiments (n= 12), a
tracheal tube (PE 240; ID 1.67 mm OD 2.42 mm, Intrame-
dic Clay Adams Brand) was inserted by tracheostomy and a
24G catheter was inserted into the carotid artery. The
abdomen was subsequently opened by median incision. The
portal vein was exposed and cannulated with a 24G catheter
under microscopy. The abdominal caval vein was cannu-
lated with a 22G catheter, which was moved into the ret-
rohepatic part of the vein. The different catheters were
connected to in-house pressure monitoring equipment.
Carotid artery pressure (mean arterial blood pressure,
MABP), pulse rate, PP, and caudal caval vein pressure were
measured, and the transhepatic pressure gradient (THPG)
was calculated after subtracting the caudal caval vein
pressure from the PP.

After hemodynamic measurements, the animals were
sacrificed by cardiac excision. The thoracic and abdominal
aorta were removed and stored in cold Krebs–Ringer
solution for organ bath experiments. The liver was removed
and weighed. Tissue samples of two different liver lobes
were fixed in formalin aldehyde 40% for histology.

Organ bath experiments

In a first series of experiments, referred to as series 1, the
abdominal and thoracic aorta of control rats and steatotic
rats (n= 12 in each group) were cleaned from surrounding
tissue, and 2 mm rings were mounted in an organ bath
chamber and connected to a tension transducer as pre-
viously described [26]. The organ chambers were filled with
Krebs–Ringer solution at a constant temperature of 37 °C
and continuously oxygenated (with a gas mixture 95% O2/
5% CO2). The aortic rings were stabilized under a preload
tension of 2 g, which was established as the optimal preload
in a preliminary set of experiments (data not shown). Once
stabilization was achieved, the basal tension was set as the
zero level.
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The organ chamber was then flushed with 50 mM K+

Krebs–Ringer solution, causing non-receptor-dependent
contraction. The absolute K+-induced contraction forces
were compared between the control animals and the stea-
totic animals. The absolute value of tension was subse-
quently used as the 100% reference contraction value, to
correct for differences in aortic ring length, possible sur-
rounding tissue, and other confounding factors. The 50 mM
K+ solution was subsequently removed by flushing the
organ chambers at least three times with isotonic
Krebs–Ringer solution. After the vessels had returned to the
basal contraction level, a dose–response curve of pheny-
lephrine (PE, an alpha-1 adrenergic receptor agonist, 3× 10
−9 to 3× 10−5 M) was established. Contractions were
expressed as the percentage of the potassium-induced pre-
contraction. The Emax (maximal tension/contraction) and the
pD2 (i.e., the negative logarithm of the concentration cor-
responding with a contraction of 50% of the maximum
contraction) were established. After flushing and a return of
the vessel tension to the basal level, the dose of PE corre-
sponding to the pD2 was added. When a stable contraction
was achieved, a dose–response curve to ACh (causing an
endothelium-dependent smooth muscle cell relaxation, 3×
10−9 to 10−5 M) was established. The ACh-induced
relaxation served as a control for endothelial integrity.
After flushing and returning to baseline, the vessels were
randomly divided into two groups. In one group Nω-nitro-L-
arginin methyl ester (L-NAME, a non-specific NO synthase
[NOS] inhibitor) was added in a final organ bath con-
centration of 3× 10−4 M, while the other group served as a
time control. Afterwards, a new dose–response curve to PE
was established.

To verify the reproducibility of the findings of series 1,
the entire protocol was subsequently repeated in a second
series of experiments referred to as series 2 (n= 12 in each
group). In the last part of the protocol, the vessels were
divided in three groups: a time control, a group with addi-
tion of L-NAME, and a group with addition of indomethacin
(a non-specific cyclooxygenase [COX] inhibitor) in a final
organ bath concentration of 10−5 M.

As indomethacin appeared to have a significant effect
that differed between rats with steatosis and controls (vide
infra), the entire protocol was subsequently repeated in
another series of experiments referred to as series 3 (n= 6
in each group). Since indomethacin not only has COX
inhibitory features, but might exert its action via direct
calcium channel-mediated effects [27], we repeated the
experiments with another non-specific COX inhibitor, pirox-
icam (Px), which lacks these direct effects on calcium chan-
nels. Px was used in an organ bath concentration of 10−5 M.
Furthermore, two groups were added to differentially study
two COX iso-enzymes using SC560, a selective COX-1

inhibitor, and NS398, a selective COX-2 inhibitor, both in a
final organ bath concentration of 10−5 M.

Liver perfusion studies

The THPG was assessed directly by in situ ex vivo liver
perfusion experiments (n= 4–11) as described previously [28,
29] (Fig. 1). Briefly, the abdomen was opened via median
laparotomy and vascular structures were identified. Heparin
(1400U/kg) was injected intravenously in the caudal caval
vein. Subsequently, the portal vein was cannulated with a 14G
catheter. The thorax was opened and the suprahepatic caval
vein was cannulated through the right atrium with a 16G
catheter. The liver was perfused in single-pass mode by oxy-
genated Krebs–Ringer solution (37 °C) and the catheters were
connected to a pressure and flow monitoring equipment. In all
experiments, the portal (inflow) and caval (outflow) pressure
were measured continuously and the THPG was calculated
after subtracting the outflow from the inflow pressure.

In dose–response experiments, a syringe pump with
compound was connected to the perfusion model. It was
turned on after a stabilization period of 20 min at a flow of
30 mL/min. The dose was increased by 0.5 log every 5 min
and the THPG was continuously measured while increasing
the dose. The following compounds were tested in
dose–response experiments: 10−7–3× 10−5 M ACh (endo-
thelial-dependent vasodilator), 10−6–3× 10−4 M methox-
amine (Mx, alpha-1-adrenoceptor agonist), 3× 10−7–10−4

M prazosin (alpha-1-adrenoceptor antagonist, 10−5–10−2 M
sodium nitroprusside (SNP, NO donor), and 10−8–3× 10
−10 M endothelin-1 (ET-1). Results are expressed in relative

Fig. 1 Schematic representation of the in situ ex vivo liver perfusion
model. The portal vein and the suprahepatic caval vein are cannulated,
whereas the caudal caval vein, hepatic artery, and bile duct are ligated.
A calibrated flow is applied by a pump and perfuses the liver. An
bubble trap prevents air emboli. Pressure is measured in the inflow and
in the outflow tract
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changes (i.e., increase or decrease in THPG compared to the
starting value before adding the compound).

In flow–pressure experiments, the liver was connected to
the perfusion model. After 10 min of stabilization of the
THPG at a constant flow of 10 mL/min Krebs–Ringer
solution, drugs were added to the perfusate, followed by
another stabilization period of 10 min. Subsequently, flow
was increased by 5 mL/min once every 5 min, up to a flow
of 50 mL/min. The following doses were used in
flow–pressure experiments: 10−6 M ACh, 10−5 MMx, 10−3

M Nω-nitro-L-arginine (L-NNA, non-specific inhibitor of
NOS), 10−3 M SNP, and 10−10 M ET-1.

Histology

After hemodynamic measurements, the liver tissue samples
were fixated, sectioned, and stained with hematoxylin–eosin
and Masson’s trichrome, and scored in a blinded way by one
single experienced pathologist using the NASH Clinical
Research Network Scoring System [26].

Drugs

Animals were anesthetized with Nembutal® (Ceva Sante
Animale, Brussels, Belgium): Natrii Pentobarbitalum 60mg/
1mL, 30mg/kg body weight intraperitoneally. The isotonic
Krebs–Ringer solution had the following composition: KCl
4.75mM, MgSO4·7H2O 1.2mM, KH2PO4 1.2 mM,
CaCl2·2H2O 2.5mM, CaEDTA 0.03mM, NaCl 118.5 mM,
NaHCO3 25mM, glucose 10mM; pH= 7.4. The 50mM K+

Krebs–Ringer solution has the following composition: KCl
48.8 mM, MgSO4·7H2O 1.2mM, KH2PO4 1.2 mM,
CaCl2·2H2O 2.5mM, CaEDTA 0.03mM, NaCl 118.5 mM,
NaHCO3 25mM, glucose 10mM; pH= 7.4. ACh was pur-
chased from Pharmacobel SA, Laboratoires Sterop SA,
Brussels, Belgium. K+, PE hydrochloride, SC560, NS398, L-
NAME, L-NNA, SNP, Px, and ET-1 were purchased from
Sigma-Aldrich Chemie Gmbh (Steinheim, Germany). Indo-
methacin was purchased from Federa SA (Brussels, Bel-
gium). Prazosin was purchased from Alfa Aesar (Karlsruhe,
Germany). Because of fast degradation, SNP was not brought
to body temperature until 10 min before its administration to
the liver and the reservoir was protected against light during
the experiment. All drugs were first dissolved in aqua des-
tillata before diluting them in the Krebs–Ringer solution to
obtain the given concentrations. All solutions were freshly
prepared on the day the experiments were performed.

Statistics

The contractions measured in organ bath experiments were
analyzed with GraphPad Prism© Version 4.00.

Dose–response curves were compared with nonlinear
regression (curve fit). The Emax and pD2 were
subsequently analyzed with a two-way ANOVA (with the
absence or presence of steatosis as first factor [between] and
the drug used as second factor [within]) and Bonferroni
post-hoc testing if appropriate using SPSS v22.0. The other
results were analyzed with Student’s t-test (continuous vari-
ables), Chi-square (categorical variables), and Mann–Whitney
U test (histology scores). Flow–pressure curves were compared
using the generalized estimating equation model followed by
least significant difference post-hoc test when appropriate,
using SPPS. p-Values <0.05 were considered significantly
different.

Results

Establishing NAFL without inflammation or fibrosis

After 4 weeks of diet, all animals receiving the MCD diet
developed signs of severe liver steatosis as further validated
in the rats of series 1 and 2, resulting in marked hepato-
megaly: the liver/body weight ratio was significantly
increased in steatotic compared to control animals (4.93 ±
0.13 vs. 3.23± 0.08, p< 0.001). The increase in liver
volume and liver/body weight ratio corresponded with
histology, confirming severe steatosis (>60% of the hepa-
tocytes affected) in all the treated rats (Table 1 and Fig-
ure S1). Besides discrete lobular inflammation (score 1) in
4/24 (17%) and 3/24 (13%) in series 1 and 2, respectively,
other light microscopic features of NASH were absent in the
steatotic group (Table 1). Fibrosis, as assessed by Masson’s
trichrome staining, was completely absent in all MCD-fed
rats. In all of the control animals, liver histology was strictly
normal (Figure S1).

Hemodynamic measurements

In the steatotic animals of series 1, the THPG was markedly
elevated compared to controls, and the difference was
highly significant: controls 2.3± 0.5 mmHg vs. steatosis
9.5± 0.5 mmHg (p< 0.001) (Table 1). These results, sug-
gestive of an increased IHVR, were reproduced in series 2
where controls had a THPG of 3.0± 0.5 vs. 9.5± 0.8
mmHg in steatotic rats (p< 0.001) (Table 1).

In steatotic animals, MABP was significantly lower
(98.7 ± 5.7 mmHg) compared to the control group (123.8 ±
1.8 mmHg) in series 1 (p< 0.005), which was confirmed in
series 2. The pulse rate, which is already high in small
rodents, did not change significantly throughout both the
series (Table 1).
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Organ bath experiments

Vascular contractility studies (series 1) and the effect of L-
NAME

The potassium-induced contraction of the abdominal aorta
was comparable between controls and animals with stea-
tosis: 1.72± 0.19 vs. 1.43± 0.12 g, respectively (p= 0.213)
(n= 12). The KCl-induced contraction could therefore be
used as a 100% reference. Contractions were subsequently
expressed as relative change of the KCl-induced pre-con-
traction (%).

The Emax to PE was significantly lower in the abdominal
aorta in rats with steatosis: 117.8± 3.8% vs. 150.8± 5.7%
in controls (p< 0.001; Fig. 2a). The dose–response curve
was shifted downwards, however, with no significant
change in the pD2 value: 8.60± 0.79 in animals with stea-
tosis vs. 7.99± 0.59 in controls (p= 0.546; Fig. 2a). No
significant differences were demonstrated in the thoracic
aorta (results not shown). ACh-induced relaxations were
comparable between steatosis and controls, and confirmed
endothelial integrity (results not shown).

Subsequently, the effect of L-NAME on the PE-induced
contraction was examined. The time controls confirmed the
hyporesponsiveness (i.e., a lower Emax) in rats with steatosis
compared to controls (Fig. 2b). L-NAME did not sig-
nificantly alter the response to PE both in animals with
steatosis and in controls, both at the level of Emax or pD2

(Fig. 2b).

Vascular contractility studies (series 2) and the effect of
L-NAME and indomethacin

The difference in Emax between animals with steatosis and
control animals was reconfirmed: 96.4± 2.3% vs. 149.9±

3.6%, respectively, p< 0.001. Again, there was no sig-
nificant difference in pD2 and L-NAME did not alter the
response to PE (data not shown).

Indomethacin shifted the curves significantly downwards
both in controls and in rats with steatosis (Fig. 2c). In the
control group, however, the shift of the curve was more
pronounced as compared to rats with steatosis. This differ-
ential effect of indomethacin between control rats and rats
with steatosis was significant (maximal contraction 84.9±
3.2% in steatosis vs. 61.3± 7.6% in controls, p< 0.001),
meaning that not only steatosis or indomethacin per se were
of influence, but also the effects of indomethacin were
modulated by the presence of steatosis. Two-way ANOVA
for repeated measurements showed highly significant results
for both steatosis (p< 0.001) and the effect of indomethacin
(p< 0.001), with a highly significant interaction between
these factors (p< 0.001). This analysis hence not only con-
firms that the maximum contraction is significantly influenced
by the presence of steatosis and by the addition of indo-
methacin, but, as the interaction is significant, it also shows
that the effect of indomethacin is significantly modulated by
the presence or absence of steatosis.

Vascular contractility studies (series 3) and the effect of Px,
SC560, and NS398

As the results of series 2 showed a significant effect of
indomethacin, the effect of another non-specific COX
inhibitor was studied. Series 3 confirmed the downward
shift of the contraction curve in rats with steatosis compared
to control rats. Emax was significantly lower in steatosis (p
= 0.001), pD2 was not significantly different. The values
were comparable to those of series 2.

The addition of Px significantly reduced Emax both in
controls (from 145.6± 42.7% to 80.6± 29.7%, p< 0.001)

Table 1 Basic characteristics of control rats and steatotic rats for 4 weeks in both series 1 and 2

Series 1 Series 2

Units Controls (n= 12) Steatosis (n= 12) p-Value Controls (n= 12) Steatosis (n= 12) p-Value

Body weight g 336.3± 6.1 186.3± 3.3 <0.001*** 349.8± 10.4 192.6± 2.8 <0.001***

Liver/body weight ratio 2.4± 0.2 4.7± 0.2 0.001** 3.7± 0.1 5.1± 0.4 0.0016**

Pulse rate bpm 207.0± 16.0 202.5± 7.5 0.875 214.6± 9.0 201.0± 10.4 0.353

MABP mmHg 123.8± 1.8 98.7± 5.7 0.002** 123.4± 2.5 101.4± 6.7 0.015*

THPG mmHg 2.3± 0.5 9.5± 0.5 <0.001*** 3.0± 0.5 9.5± 0.8 <0.001***

Steatosis score (0–3) 0.0± 0.0 2.8± 0.4 0.001** 0.0± 0.0 2.7± 0.5 0.002*

Lobular inflammation % 0 17 0 13

Ballooning % 0 0 0 0

Fibrosis % 0 0 0 0

Body weight, liver/body weight ratio, pulse rate (in beats per minute [bpm]), mean arterial blood pressure (MABP, in mmHg), transhepatic
pressure gradient (THPG, in mmHg), and histological scores are shown (results presented as mean± standard error of the mean). The histological
scores were analyzed using the Mann–Whitney U test for non-parametric variables. The other variables were compared using Student’s t-test
(independent samples). p-Values are shown in the table, with p< 0.05 (*) considered statistically significant
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and in steatosis (from 82.1± 33.9% to 51.3± 22.7%,
p< 0.05) and the effect was significantly more pronounced
in controls than in steatosis (mean decrease 44.7± 4.5% in
controls vs. 31.9± 2.9% in steatosis, p< 0.05). Px did not
cause a significant shift of the pD2 (Fig. 2d).

SC560, a selective COX-1 inhibitor, had no effect on
vascular reactivity, both in control and in rats with steatosis
(Fig. 2e). However, NS398, a selective COX-2 inhibitor,
reduced Emax in controls (p< 0.001) and in steatosis (p<
0.05) and the effect was significantly more pronounced in
controls than in steatosis (mean decrease 46.6± 4.4% vs.
19.9± 2.6%, p< 0.001; Fig. 2f).

Liver perfusion experiments

In all experiments, the THPG in steatosis was significantly
increased compared to controls (without the addition of any
compounds at the different flows tested) (Fig. 3).

Dose–response curves to the alpha-1-agonist Mx
demonstrated a significantly increased sensitivity and
responsiveness to Mx in livers of steatotic rats compared to
the control group, with a pD2 of 4.76 in control livers and
5.00 in steatotic livers (p< 0.001) and an Emax of 8.23
mmHg in controls and 9.79 mmHg in steatosis, respectively
(Fig. 4a). The THPG remained significantly elevated when
Mx was added to the perfusate, both in control animals and
steatotic animals at all flows (Fig. 4b). The change in THPG
was, in line with the dose–response experiments,

significantly more pronounced in steatosis compared to
controls (steatosis+ 5.10± 0.57 mmHg vs. controls+ 3.10
± 0.42 mmHg at 30 mL/min, p< 0.001; Fig. 4c).
Dose–response curves to prazosin, used to detect the
potential underlying presence of alpha-1-vasoconstriction,
showed no significant effects on the THPG in both control
and steatotic livers (data not shown). Therefore, consecutive
flow–pressure experiments were not performed with
prazosin.

ET-1 induced a dose-dependent increase of the THPG in
both controls and steatosis, with significantly increased
sensitivity and responsiveness to ET-1 in steatosis (20.26 ±
1.31 mmHg at 3× 10−10 M) compared to controls (14.90 ±
1.35 mmHg at 3× 10−10 M, p< 0.001; Fig. 5a).
Flow–pressure experiments confirmed the hyperreactivity to
ET-1 in steatotic livers with a more rapid and higher
increase in THPG and the maximum THPG was reached at
significantly lower flows compared to controls (controls
15.33± 1.10 mmHg, steatosis 23.83± 0.65 mmHg at 30
mL/min, p< 0.001; Fig. 5b).

Blocking NO production by L-NNA induced a significant
increase of the THPG in steatosis at higher flows (45–50
mL/min) (11.07 ± 0.50 saline to 13.89± 1.20 mmHg
L-NNA at 50 mL/min, p< 0.05), while the THPG remained
unaltered in controls (9.45± 0.55 saline to 9.88± 0.60
mmHg L-NNA at 50 mL/min, p= 0.57; Fig. 6).

To differentiate between a difference in NO production,
or reactivity of the hepatic contractile elements to NO, the

Fig. 2 Dose–response curves of abdominal aortic rings to pheny-
lephrine (PE, dose range 3× 10−9–3× 10−3 M) of control and stea-
totic animals (n= 12 in each group). PE phenylephrine, L-NAME Nω-
nitro-L-arginin methyl ester. a The maximal contraction response Emax

to PE was significantly lower in the abdominal aorta in steatosis
compared to controls (nonlinear regression (curve fit), p< 0.0001).
There was no significant change in the pD2 value. b The time controls
confirmed the hyporesponsiveness (i.e., a lower Emax) in rats with
steatosis compared to controls. L-NAME did not significantly alter the
response to PE both in animals with steatosis and in controls at the
level of Emax or pD2. c Indomethacin shifted the curves significantly
downwards both in controls and in rats with steatosis. In the control
group the shift of the curve was more pronounced compared to stea-
tosis (p< 0.001 for the maximum contraction). Both effects of stea-
tosis as the effect of indomethacin were highly significant (p< 0.001),
as was the interaction (p< 0.001) demonstrating that the effect of
indomethacin is significantly modulated by the presence or absence of
steatosis. d Piroxicam (Px) significantly reduced Emax both in controls
(from 145.6± 42.7% to 80.6± 29.7%, p< 0.001) and in steatosis
(from 82.1± 33.9% to 51.3± 22.7%, p= 0< 0.05) and the effect was
significantly more pronounced in controls than in steatosis (mean
decrease 44.7± 4.5% in controls vs. 31.9± 2.9% in steatosis, p<
0.05). Px did not cause a significant shift of the pD2. e SC560 had no
effect on vascular reactivity, both in control and in rats with steatosis. f
NS398 reduced Emax in controls (p< 0.001) and in steatosis (p< 0.05)
and the effect was significantly more pronounced in controls than in
steatosis (mean decrease 46.6± 4.4% vs. 19.9± 2.6%, p< 0.001)

Fig. 3 Flow–pressure curve of liver perfusion in control (n= 11) and
steatotic (n= 8) animals without the addition of compounds. The
transhepatic pressure gradient (THPG) in steatosis (5.41± 0.26 mmHg
at 30 mL/min) was significantly increased compared to controls (4.36
± 0.23 mmHg at 30 ml/min, p< 0.01). Data were analyzed using the
generalized estimating equation model; significances between control
and steatotic livers are demonstrated
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THPG was also analyzed using, respectively, ACh and
SNP. ACh decreased the THPG dose-dependently in both
groups, but this decrease was more pronounced in steatosis
(controls from 4.87± 0.29 in saline to 4.51± 0.29 mmHg in
10−6 M ACh, p< 0.001; steatosis from 6.51± 0.54 in saline
to 6.01± 0.54 mmHg in 10−6 M ACh, p< 0.001; Fig. 7a).
Flow–pressure curves did not show significant shifts fol-
lowing the addition of ACh (Fig. 7b).

Constructing dose–response curves with SNP, a decrease
in the THPG in both groups was observed. When compared
to saline, this decrease was significantly more pronounced
in controls compared to steatosis (controls from 6.66± 0.53

in saline to 5.21± 0.32 mmHg in 10−3 M SNP vs. steatosis
from 7.18± 0.64 in saline to 6.40± 0.48 mmHg in 10−3 M
SNP, p< 0.05 (Fig. 8a). Flow–pressure curves did not show
significant shifts on addition of this NO donor in both
groups (Fig. 8b).

Discussion

In this study we investigated both systemic and hepatic
hemodynamics in severe steatosis and showed that the PP
and THPG are significantly elevated. This confirms pre-
vious data demonstrating the presence of portal hyperten-
sion in NAFL, both in animal models [15, 22, 30] and in
patients [13, 14], making it a relevant finding as this might
lead to a therapeutic target in early NAFLD. In our rats fed
the MCD diet for 4 weeks, microscopy confirmed severe
steatosis after 4 weeks of MCD diet, without the histolo-
gical presence of inflammation or fibrosis. These data
therefore imply that the presence of portal hypertension is
induced by a steatosis-related mechanism and is an early
event in NAFLD pathogenesis. Even though the MCD diet
does not resemble the typical systemic metabolic alterations
that are seen in patients with NAFLD, this model can be
considered valid for intrahepatic alterations and extrahepatic
vascular alterations [31].

Hemodynamic assessment showed signs of a hyperdy-
namic systemic circulation in our animal model as classi-
cally seen in portal hypertension: a decrease in MABP, due
to decreased vascular resistance, and a compensatory
increase in cardiac pulse rate [32]. The latter, however, was
not demonstrated in our animal model, though might partly
be due to the already high baseline pulse rate in rodents. In a
former set of experiments, the splanchnic blood flow itself

Fig. 4 Dose–response and flow–pressure curve to methoxamine (Mx)
in liver perfusion experiments. a Dose–response curve of the trans-
hepatic pressure gradient (THPG) to Mx in control (n= 7) and stea-
totic (n= 8) animals. There is a significantly increased sensitivity and
responsiveness to Mx in steatotic livers compared to the control group,
with a pD2 of 4.76 in control livers and 5.00 in steatotic livers (p<
0.001). Data were analyzed using the generalized estimating equation
model; significances between control and steatotic livers are demon-
strated. b Flow–pressure curve of the THPG in control (n= 8) and
steatotic (n= 6) animals with the addition of Mx, causing a highly
significant increased THPG, both in control animals and steatotic
animals at all flows. Data were analyzed using the generalized esti-
mating equation model; significances between THPG with or without
Mx are demonstrated. c Flow–pressure curve of the relative change in
THPG (b) in control (n= 8) and steatotic (n= 6) animals after the
addition of Mx. The change in THPG was significantly more pro-
nounced in steatosis compared to controls (steatosis+ 5.10± 0.57
mmHg vs. controls+ 3.10± 0.42 mmHg at 30 mL/min, p< 0.001).
Data were analyzed using the generalized estimating equation model;
significances between THPG with or without Mx are demonstrated
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was measured and shown to be increased [18]. We therefore
conclude that steatosis per se induces changes in systemic
hemodynamics resembling those seen in cirrhosis [16].

In organ bath experiments, we found a reduced response
to PE in the abdominal aorta of rats with severe steatosis.
This hyporesponsiveness was not related to altered con-
tractile capabilities or structural changes of the vascular
smooth muscle layer, demonstrated by unaltered potassium-
induced vasoconstriction, nor to confounding factors,
demonstrated by the use of potassium-induced contraction
as a 100% reference value. A test for relaxation on

administration of ACh confirmed endothelial integrity in
steatosis, as endothelial damage might also contribute to
differences in vasopressor response. Hence the altered
response to PE depends on other vasoactive modifiers.

Most published papers favor a crucial role for NO in
portal hypertension-associated vascular hyporeactivity of
the splanchnic inflow [33, 34], but this has not always been
confirmed [35]. In our experiments, non-specific NOS
inhibition did not significantly alter the vascular response,
suggesting that NO does not play a major role in vascular
hyporeactivity in our steatosis model. Therefore the
mechanism of arterial vasodilation in steatosis-induced
portal hypertension might differ from the mechanism in
liver cirrhosis.

Other potentially interesting mediators of vascular tone
are eicosanoids, which are vasoactive products formed by
COX. The COX enzyme catalyzes the formation of, among
others, prostacyclin (PGI2) and TXA2 out of arachidonic
acid. PGI2 acts as a vasodilator, while TXA2 acts as a
vasoconstrictor via its receptors on vascular smooth muscle
cells. PGI2 has been implicated in the pathogenesis of the
hyperdynamic systemic circulation, vascular hyporespon-
siveness, and the rise in PP seen in portal hypertension [36].
Therefore, we studied the effect of COX inhibition on the
abdominal aorta. Non-selective COX inhibition diminished
the vascular response, more pronounced in controls than in
steatosis. Furthermore, selective inhibition of COX-1

Fig. 5 Dose–response and flow–pressure curve to endotheline-1 (ET-
1) in liver perfusion experiments. a Dose–response curve of the
transhepatic pressure gradient (THPG) to ET-1 in control (n= 7) and
steatotic (n= 8) animals. There is a significantly increased sensitivity
and responsiveness to ET-1 in steatotic livers compared to the control
group, with respectively an increase in THPG of 13.03± 1.43 mmHg
compared to 6.59± 1.67 mmHg at 3× 10−10 M ET-1, p< 0.001. Data
were analyzed using the generalized estimating equation model; sig-
nificances between control and steatotic livers are demonstrated. b
Flow–pressure curve of the THPG in control (n= 8) and steatotic (n=
7) animals with the addition of ET-1. Steatotic livers demonstrate a
more rapid and a higher increase in THPG compared to controls, while
the maximum THPG was reached a significantly lower flows (controls
15.3± 1.1 mmHg at 30 mL/min, steatosis 23.8± 0.6 mmHg at 30 mL/
min, p< 0.001). Data were analyzed using the generalized estimating
equation model; significances between THPG with or without ET-1
are demonstrated

Fig. 6 Flow–pressure curve of the transhepatic pressure gradient
(THPG) in control (n= 8) and steatotic (n= 7) animals with the
addition of Nω-nitro-L-arginine (L-NNA), inducing a significant
increase of the THPG in steatosis at higher flows (45–50 mL/min)
(11.07± 0.50 saline to 13.89± 1.20 mmHg L-NNA at 50 mL/min, p<
0.05). The THPG remained unaltered in controls (9.45± 0.55 saline to
9.88± 0.60 mmHg L-NNA at 50 mL/min, p= 0.57). Data were ana-
lyzed using the generalized estimating equation model; significances
between THPG with or without L-NNA are demonstrated
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(constitutional) showed no effects, while COX-2 (inducible)
inhibition completely mimicked the results of indomethacin
and Px. We therefore conclude that the observed COX-
mediated effects are entirely COX-2-related. Hence, we
hypothesize that COX-2 mediated vasoconstrictive eicosa-
noids, potentially TxA2, play an important role in the

regulation of the normal vascular tone. In severe steatosis,
however, TxA2 availability might be reduced, explaining
the vascular hyporesponsiveness that we observed and the
relative larger decrease in controls compared to steatosis.
This reduced COX-mediated vasoconstriction in steatosis is
different from other models of portal hypertension where

Fig. 7 Dose–response and flow–pressure curve to acetylcholine (ACh)
in liver perfusion experiments. a Dose–response curve of the trans-
hepatic pressure gradient to ACh in control (n= 8) and steatotic (n=
7) animals. The transhepatic pressure gradient (THPG) was decreased
dose-dependently in both groups (controls 4.87± 0.29 in saline to
4.51± 0.29 mmHg in 10−6 M ACh, p< 0.001; steatosis 6.51± 0.54 in
saline to 6.01± 0.54 mmHg in 10−6 M ACh, p< 0.001), but this
decrease was more pronounced in steatosis. Data were analyzed with
using the generalized estimating equation model; significances
between control and steatotic THPG are demonstrated. b
Flow–pressure curve of the THPG in control and steatotic animals (n
= 8 per group) with the addition of acetylcholine. There was no sig-
nificant shift of the curves on the addition of acetylcholine. Data were
analyzed using the generalized estimating equation model

Fig. 8 Dose–response and flow–pressure curve to sodium nitroprus-
side (SNP) in liver perfusion experiments. a Dose–response curve of
the transhepatic pressure gradient (THPG) to SNP in control (n= 6)
and steatotic (n= 5) animals. SNP decreased the THPG in both
groups, but this decrease was significantly more pronounced in con-
trols compared to steatosis (in steatosis a decrease of 0.78± 0.33
mmHg in 10−3 M SNP compared to saline vs. a decrease of 3.00±
1.44 mmHg in 10−3 M SNP compared to saline in controls, p< 0.05).
Data were analyzed using the generalized estimating equation model;
significances between control and steatotic THPG are demonstrated. b
Flow–pressure curve of the THPG in control and steatotic animals (n
= 8 per group) with the addition of SNP. There are no significant shifts
in both groups. Data were analyzed using the generalized estimating
equation model
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NO plays the major role to regulate the inflow [36]. An
upregulation of COX enzymes, inducing vasodilation via
PGI2, was seen in cirrhosis [37]. The observations in our
steatosis model might be due to a reduced expression and/or
activity of COX-2, or a change in the balance between
COX-dependent vasoconstrictor and vasodilator eicosa-
noids. Now that the importance of a COX-2-related
mechanism has been demonstrated, further study is war-
ranted to elucidate the exact mechanisms of these changes.

The THPG measured either in vivo in the hemodynamic
studies as well as in the in situ ex vivo liver perfusion
experiments was significantly higher at baseline in steatotic
livers compared to controls, reproducing previous findings
[18, 23]. This implies an imbalance in the regulation of the
intrahepatic vascular tone, similar to what is seen at the
extrahepatic level and as is known in cirrhosis [16]. Hence,
the intrahepatic vasculature was further studied.

Striking differences could be observed in reaction to
alpha-1-adrenergic stimulation. Mx, an alpha-1 agonist like
PE, induced vasoconstriction in both control and steatotic
livers, with a significant hypersensitivity (pD2) and hyper-
responsiveness (Emax) to Mx in steatosis compared to con-
trols. Intrahepatic hyperresponsiveness to vasoconstrictors
is in line with observations in other models of chronic liver
disease. Graupera et al. [38] demonstrated COX-1-mediated
hyperreactivity to Mx in cirrhotic livers and Laleman et al.
[39] demonstrated hyperreactivity in cirrhotic livers that
could be reversed by an NO-releasing COX inhibitor. In
previous perfusion experiments with Mx, we demonstrated
a dose-dependent increase of the THPG after the adminis-
tration of Mx in control livers whereas this was barely the
case in steatotic livers [18]. We presently hypothesize that
this is the result of an initially present vasoconstriction in
steatotic livers in the previous experiments, where we
reported higher differences in basal conditions, disguising
any response to the administration of vasoconstrictors.
Alpha-1-adrenergic antagonism, to detect the potential
underlying presence of alpha-1-vasoconstriction, did not
alter the THPG in both control and steatotic livers.

Since potassium-induced receptor-independent vasocon-
striction remained unaltered between experimental groups
(data not shown) while vasoactive compounds caused dif-
ferent reactions, contractile elements of the intrahepatic
vasculature appear to be intact in NAFL, pointing towards a
difference in sensitivity or number of receptors that influ-
ence the vascular tone. As the endothelium has been
implied to play the most important role in the regulation of
vascular tone, NO-related mechanisms, which are a hall-
mark of endothelial function, were further investigated.

NO decreased the THPG in control and steatotic livers.
On the one hand, after direct administration of NO, the
decrease of THPG was less pronounced in steatotic animals
as compared to controls. This suggests hyporeactivity to NO

in steatosis. On the other hand, when NO production was
stimulated by ACh, the THPG was lowered more in stea-
totic than in control animals, suggesting a potential adap-
tation mechanism with a more pronounced response to Ach
receptors in steatosis as a (though insufficient) compensa-
tion for an increased vasoconstrictor mechanisms or the
hyposensitivity to NO. Both the significant increase of the
THPG after NOS inhibition (at higher flows) and the less
pronounced effect of exogenous NO administration in
steatosis compared to controls point towards an already
more pronounced underlying NO-mediated vasodilation in
steatosis, potentially masking any change in the THPG
caused by the addition of NO in our model, and implying
that other than the NO-mediated pathways are more likely
involved in the observed increased IHVR.

These results are conflicting with observations in other
studies in NAFL or with what is known in cirrhosis. We
previously reported that the response to ACh in normal
livers was impaired in severe steatosis, while the levels of
endothelial NOS remained unaltered [18]. In an in situ
ex vivo liver perfusion study of steatotic rat livers,
decreased NOS activity was demonstrated [22] with sub-
sequently decreased vasodilation in response to ACh, before
the development of inflammation or fibrosis [16]. More-
over, Gonzalez-Paredes et al. [23] recently demonstrated
decreased levels of NO in steatotic livers compared to
controls. Besides, vasodilation was reduced after blockade
of NOS, but was unaltered in steatosis.

Statins, frequently used in patients with NAFLD patients,
have been shown to have beneficial effects on the PP in
cirrhosis [40, 41] that are potentially explained by NO sti-
mulation and reduced fibrogenesis and angiogenesis [42–
44]. Furthermore, oral administration of liver-specific NO-
donor NCX-1000 to biliary cirrhotic rats has been demon-
strated to decrease the PP, with no effects on the systemic
blood pressure due to a high first-pass effects [45]. Even
better results were achieved by oral administration of AVE
9488 in billiary cirrhotic rats, which enhances transcription
of NOS, in which not only PP was lowered but also
splanchnic vascular resistance was increased [46]. How-
ever, so far statins, CCX-1000 nor AVE 9488 have been
tested in early NAFLD.

ET-1 can act as both a vasodilator and vasoconstrictor. In
the liver, its effects are mainly vasoconstrictive, mediated
by the ETA receptor on hepatic stellate cells [16]. An
increased response to ET-1 was already demonstrated in
cirrhosis [47, 48]. Overexpression of endothelins has been
suggested to be the cause, as the hepatic concentration of
ET-1 and the ET receptor expression appear to be increased
both in human and experimental cirrhosis [20]. The
increased expression of ET-1 was also demonstrated in
NAFLD-related fibrosis [49], as well as in NAFL [18],
while the level of ETA and ETB receptors seems to remain
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unaltered [18]. Thus, the sensitivity of ET-1 receptors and
the concentration of ET-1 itself are most likely increased,
explaining the hyperreactivity of the hepatic vasculature to
ET-1, as observed in our study, and highlighing its potential
role in the increased THPG in NAFLD.

In conclusion, our study reconfirms the presence of
portal hypertension in NAFL(D), which can be seen as an
early pathophysiologically meaningful event. In contrast to
cirrhosis, NO-mediated mechanisms seem to be less rele-
vant, both extra- and intrahepatically. The arterial hypor-
eactivity appears to be related to a specific COX-2-related
mechanism, while the increased IHVR appears to be related
to hyperreactivity to vasoconstrictive mediators.
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