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Soluble guanylyl cyclase stimulation and
phosphodiesterase-5 inhibition improve
portal hypertension and reduce liver
fibrosis in bile duct–ligated rats
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Abstract
Background: In cirrhosis, the nitric oxide-soluble guanylyl cyclase (sGC)-cyclic guanosine monophosphate (cGMP)
pathway is impaired, which contributes to increased intrahepatic vascular resistance (IHVR) and fibrogenesis. We
investigated if sGC stimulation (riociguat (RIO)), sGC activation (cinaciguat (CINA)) or phosphodiesterase (PDE)-5
inhibition (tadalafil (TADA)) improves portal hypertension (PHT) and liver fibrosis.
Methods: Fifty male Sprague–Dawley rats underwent bile-duct ligation (BDL) or sham operation. RIO (0.5mg/kg),
CINA (1mg/kg), TADA (1.5mg/kg) or vehicle (VEH) was administered from weeks 2 to 4 after BDL. At week 4, invasive
haemodynamic measurements were performed, and liver fibrosis was assessed by histology (chromotrope-aniline
blue (CAB), Picro-Sirius red (PSR)) and hepatic hydroxyproline content.
Results: Cirrhotic bile duct–ligated rats presented with PHT (13.1� 1.0mmHg) and increased IHVR (4.9�
0.5mmHg�min/mL). Both RIO (10.0� 0.7mmHg, p¼ 0.021) and TADA (10.3� 0.9mmHg, p¼ 0.050) decreased
portal pressure by reducing IHVR (RIO: –41%, p¼ 0.005; TADA: –21%, p¼ 0.199) while not impacting heart rate,
mean arterial pressure and portosystemic shunting. Hepatic cGMP levels increased upon RIO (þ239%, p¼ 0.006)
and TADA (þ32%, p¼ 0.073) therapy. In contrast, CINA dosed at 1mg/kg caused weight loss, arterial hypotension
and hyperlactataemia in bile duct–ligated rats. Liver fibrosis area was significantly decreased by RIO (CAB: –48%,
p¼ 0.011; PSR: –27%, p¼ 0.121) and TADA (CAB: –21%, p¼ 0.342; PSR: –52%, p¼ 0.013) compared to VEH-treated
bile duct–ligated rats. Hepatic hydroxyproline content was reduced by RIO (from 503� 20 to 350� 30 mg/g,
p¼ 0.003) and TADA (282� 50 mg/g, p¼ 0.003), in line with a reduction of the hepatic stellate cell activation markers
smooth-muscle actin and phosphorylated moesin. Liver transaminases decreased under RIO (AST: –36%; ALT:
–32%) and TADA (AST: –24%; ALT: –27%) treatment. Hepatic interleukin 6 gene expression was reduced in the
RIO group (–56%, p¼ 0.053).
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Conclusion: In a rodent model of biliary cirrhosis, the sGC stimulator RIO and the PDE-5 inhibitor TADA improved
PHT. The decrease of sinusoidal vascular resistance was paralleled by a reduction in liver fibrosis and hepatic
inflammation, while systemic haemodynamics were not affected.
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Introduction

Portal hypertension (PHT) is the main driver for com-

plications of liver cirrhosis, such as variceal bleeding or

development of ascites, and consequentially has an

impact on mortality.1,2 Both structural (i.e. hepatic

fibrosis) and functional (i.e. sinusoidal vasoconstriction

due to endothelial dysfunction) changes increase the

intrahepatic vascular resistance (IHVR), which repre-

sents a major determinant of cirrhotic PHT.3 Current

pharmacological strategies are limited to non-selective

b-blockers to prevent variceal bleeding and aetiological

therapies of the underlying liver disease.1 Thus, there is

an urgent need for novel medical treatments for PHT

that ideally target both liver fibrosis and intrahepatic

vasoconstriction.
Soluble guanylyl cyclase (sGC) is the main intracel-

lular receptor of nitric oxide (NO), catalysing the

production of cyclic guanosine monophosphate

(cGMP) and thus mediating vasodilation.4 In liver cir-

rhosis and under oxidative stress conditions, NO signal-

ling and the affinity of NO to sGC are disturbed, leading

to sinusoidal endothelial dysfunction and intrahepatic

vasoconstriction.5 Beside vasodilatory effects, sGC has

also been shown to inhibit hepatic extracellular matrix

production and to support fibrosis regression.6–8

Hence, increasing cGMP availability promises to be

an attractive therapeutic approach. Pharmacologically,

this can be achieved using sGC stimulators (e.g. rioci-

guat (RIO)) or sGC activators (e.g. cinaciguat

(CINA)).9 While stimulators efficiency depends on

functional sGC, activators are also able to increase

enzymatic activity in its oxidised state.10 Moreover,

cGMP levels can be maintained by inhibiting its deg-

radation using phosphodiesterase (PDE) inhibitors

(e.g. tadalafil (TADA) – specific for PDE-5).11

These vasoactive drugs affect haemodynamics and

blood pressure, but also exhibit anti-fibrotic properties,

as seen in several (experimental) diseases of the lung,

heart, kidney, skin and liver.12–15 However, there are

currently no studies comparing the efficacy of sGC

stimulation, sGC activation and PDE-5 inhibition in

cirrhotic PHT. Thus, we aimed to explore the effects

of RIO, CINA and TADA on PHT and fibrosis in a

cholestatic rat model of advanced liver disease.

Methods

Ethical approval

The Animal Ethics Committee of the Medical

University of Vienna and the Austrian Federal

Ministry of Education, Science and Research approved

the research protocol (BMWFW-66.009/0354-WF/V/

3b/2014, BMWFW-66.009/0205-WF/V/3b/2016,

BMWFW-66.009/0335-WF/V/3b/2016). All experi-

ments were performed according to institutional guide-

lines and to the ‘Animal Research: Reporting of In

Vivo Experiments’ (ARRIVE) guidelines. The experi-

ments with human material were approved by the

Ethics Committee of the Medical University of

Vienna (EK-Nr. 1262/2017) and conducted according

to the Declaration of Helsinki. Written informed con-

sent was obtained from each patient.

Animal model

Fifty male Sprague–Dawley rats (6–8 weeks old, weigh-

ing 250–300 g) bred in-house were used. Bile-duct liga-

tion (BDL) was performed, as previously described.6

The healthy control group underwent a sham operation

(SO). All surgical procedures were performed under

MMF-K anaesthesia (0.3mg/kg medetomidine, 1mg/

kg midazolam, 0.015mg/kg fentanyl administered sub-

cutaneously (s.c.); and 10mg/kg ketamine administered

intramuscularly).

Study design and treatment

Animals were assigned to one of five groups according

to SO/BDL status and pharmacological treatment.

Treatments were given twice daily for three weeks by

oral weight-adapted gavage, starting one week after

SO/BDL surgery (Figure 1(a)). Vehicle solution

(VEH; 1mL/kg of 0.5% Natrosol/0.015% Tween-80

solution in water) was given to healthy (SO-VEH)

and cirrhotic (BDL-VEH) controls. BDL rats received
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0.5mg/kg RIO, 1mg/kg CINA or 1.5mg/kg TADA

dissolved in VEH. Animal health status was checked

daily. The treatment dose was halved when body-

weight loss was >10% and paused when body-weight

loss was >15% until the rats regained their body

weight.

Haemodynamic measurements

Haemodynamic measurements were performed16 four

weeks after SO/BDL surgery under ketamine (100mg/

kg administered intraperitoneally) and isoflurane (1%

v/v) inhalation anaesthesia with piritramide analgesia

(2mg/kg, s.c.). Briefly, mean arterial pressure (MAP)

and heart rate (HR) were recorded using a PE-50 cath-

eter (Smiths Medical, Ashford, UK) introduced into

the femoral artery. Similarly, portal pressure (PP) was

measured by the cannulation of the portal vein.

Superior mesenteric artery blood flow (SMABF) and

portal-vein blood flow (PVBF) were measured using

non-constrictive ultrasonic flow probes (MA1-PRB

and MA2-PSB; Transonic Systems, Ithaca, NY). The

IHVR was calculated as PP/PVBF. All haemodynamic

parameters were continuously recorded (ML870-

PowerLab 8/30; ADInstruments, Colorado Springs,

CO) and analysed using the software LabChart7 Pro.

Subsequently, shunting past the liver was assessed

using coloured microspheres (see Supplemental

Methods S1.1), rats were sacrificed and organs

harvested.

Fibrosis assessment and biochemical analysis of
markers of hepatic stellate cell dynamics and
liver inflammation

Detailed information about histological staining, image

analysis, hydroxyproline quantification, Western blot-

ting and assessment of gene expression are included in

Supplemental Methods S1.2–S1.5.

sGC target engagement

To elucidate activity of the sGC downstream pathway,

we quantified vasodilator-stimulated phosphoprotein

(VASP) phosphorylation in platelet-rich plasma and

measured intrahepatic cGMP levels (Supplemental

Methods S1.6–S1.7).
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Figure 1. Study design and body weight monitoring. (a) Study flow chart. SO-VEH and BDL-VEH served as healthy and cirrhotic
control groups, respectively. The other BDL rats were gavaged with RIO, CINA or TADA for three weeks. Haemodynamic measure-
ments were performed four weeks after BDL/SO surgery. In the BDL-CINA group n=2 rats dropped out due to drug toxicity and in
the BDL-TADA group n=1 rat dropped out due to surgical complications. (b) The changes in body weight were monitored daily.
The BDL animals presented with the lower body weight compared to those in the SO-VEH group. However, RIO and TADA groups
gained weight during the treatment period. Cinaciguat was associated with significant decreases in body weight during the
treatment period. **p<0.01 vs. BDL-VEH. SO: sham operation; VEH: vehicle; BDL: bile-duct ligation; RIO: riociguat; CINA: cina-
ciguat; TADA: tadafil.
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Statistical analysis

Results are presented as the mean� standard error of
the mean. Values were compared using a two-sided
Student’s t-test or the Mann–Whitney U-test, as appro-
priate. GraphPad Prism v8 (GraphPad Software, Inc.,
La Jolla, CA) was used for statistical analyses. Two-
sided p-values of <0.05 denoted statistical significance.

Results

Animal model and drug treatments

The surgical procedures were well tolerated, except for
one animal in the BDL-TADA group, which died
shortly after BDL. At surgery, the body weights were
similar across all groups. SO rats gained weight signif-
icantly during the 28-day study period (þ15%), and
animals in the BDL-VEH, BDL-RIO and BDL-
TADA groups also showed a non-significant increase
in body weight. In contrast, BDL-CINA rats showed a
significant body-weight loss, starting with the adminis-
tration of CINA. In CINA-BDL animals, 29% of all
scheduled CINA doses had to be halved, and 26% of
doses were omitted. Only three animals completed
CINA treatment without changes in therapy, while
two animals had to be sacrificed due to poor health
conditions (Figure 1 and Supplemental Figure S1). In
all other groups, animal health status was stable, and
no dose reductions due to body weight decreases were
necessary.

Hepatic and systemic haemodynamics

BDL-VEH rats presented with PHT (PP: 13.1� 1.0 vs.
5.8� 0.6mmHg, p<0.001), markedly increased IHVR
(4.9� 0.5 vs. 2.0� 0.4mmHg�min/mL, p¼ 0.001),
increased shunting (21� 8 vs. 0.8� 0.1%, p¼ 0.044)
and a reduced HR (297� 16 vs. 356� 16 beats/min,
p¼ 0.025). Further, BDL-VEH animals had a slightly
lower MAP (102.4� 5 vs. 119.8� 9mmHg, p¼ 0.084)
and higher SMABF (3.5� 0.4 vs. 2.3� 0.2 mL/min/100
g, p¼ 0.064).

PP was reduced by >20% in BDL-RIO (10.0�
0.7mmHg, p¼ 0.021) and BDL-TADA (10.3�
0.9mmHg, p¼ 0.050) animals compared to the BDL-
VEH group. In line, RIO also reduced the IHVR by
41% (2.9� 0.3mmHg�min/mL, p¼ 0.005), while the
decrease in IHVR with TADA was less pronounced
(�21%; 3.9� 0.3mmHg�min/mL, p¼ 0.199; Figure 2
(a) and (b)). Notably, neither RIO nor TADA caused
an increase in portosystemic and splenorenal shunting
(Figure 2(c)). Moreover, both drugs did not significant-
ly alter systemic haemodynamics. Yet, we noted that
RIO and TADA slightly counter-steered against the
relative bradycardia in BDL rats, while they

concomitantly tended to accentuate arterial hypoten-
sion (Figure 2(d) and (e)). Despite these discrete signs
of hyperdynamic circulation, none of the vasodilating
agents significantly affected SMABF in BDL animals
(Figure 2(f)). RIO and TADA rather caused a slight
reduction in SMABF compared to BDL-VEH controls.

In BDL-CINA rats, we also measured a trend
towards a decrease in PP (10.4� 0.7mmHg,
p¼ 0.070), albeit accompanied by a significant drop
in MAP (–30%, 72� 9mmHg, p¼ 0.005) and without
marked improvements of IHVR. Moreover, some
CINA-treated rats presented with increased shunting
and no improvements in SMABF.

In line with the observed reduction in PP and IHVR,
we noted that RIO tended to increase the hepatic con-
tent of phosphorylated endothelial NO synthetase
(eNOS) by 46% (relative to total eNOS), which, how-
ever, was not observed in CINA- or TADA-treated rats
(Supplemental Figure S2).

Liver fibrosis and expression of fibrosis markers

Four weeks after BDL, pronounced hepatic fibrosis
was detectable in liver slices stained with Picro-Sirius
red (PSR: 13.4� 1.5% vs. 2.3� 0.4%, p¼ 0.001) and
chromotrope-aniline blue (CAB: 4.2� 0.5% vs. 1.0�
0.2%, p¼ 0.001). Also hepatic hydroxyproline (HP)
content was significantly increased (503� 20 vs.
156� 8mg/g liver, p<0.001) compared to SO animals.

BDL-RIO rats had significantly less liver fibrosis
according to CAB staining (–48%, 2.1� 0.3%,
p¼ 0.011), which was mirrored by a non-significant
trend of PSR area reduction (–27%, 9.8� 1.4%,
p¼ 0.121). BDL-TADA animals also presented less
fibrosis. However, in CAB staining, the reduction
(–21%, 3.3� 0.7%, p¼ 0.342) was not significant,
while the PSR readout yielded a decrease of –52%
(6.4� 1.2%, p¼ 0.013; Figure 3(a)–(c)). Consistently,
both RIO (350� 30 mg/g, p¼ 0.003) and TADA
(282� 50 mg/g, p¼ 0.003) reduced hepatic HP content
in the BDL model compared to VEH-treated controls
(503� 20 mg/g; Figure 3(d)). In contrast, CINA treat-
ment affected neither the fibrosis area nor the HP
content.

The BDL model led to a significant increase in
hepatic collagen 1 alpha 1 (Col1a1), transforming
growth factor beta 1 (Tgfb) and tissue inhibitor of
metalloproteinases-1 (Timp1) expression. However,
none of the studied treatments significantly changed
these expression patterns. We only noted a non-
significant decrease in Col1a1 (–26%) and Tgfb
(–19%) in the BDL-TADA group (Supplemental
Figure S3).

Additionally, we assessed the expression of cytoker-
atin 19, representing the degree of bile-duct
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proliferation. In BDL-RIO rats, we noted a reduction

in cytokeratin 19 by 26% compared to cirrhotic con-

trols, while this change was less pronounced in the

CINA and TADA groups (Supplemental Figure S4).

Assessment of hepatic stellate cell dynamics

Hepatic stellate cells (HSCs) are a key driver of liver

fibrosis and are known to be affected by sGC agonism.

We thus analysed the hepatic expression of smooth-

muscle actin alpha (aSma/aSMA). In liver staining,

the aSMA proportionate area tended to decrease with

RIO (–16%) and TADA (–38%). In line with this, the

hepatic protein content of aSMA strongly decreased

with RIO (–49%) and TADA (–86%), while no

changes were observed in the CINA group. The expres-

sion of aSma was significantly upregulated in the BDL

model and remained unchanged among the three
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Figure 2. Systemic and hepatic haemodynamics. (a) Portal pressure was significantly higher in BDL-VEH animals (vs. SO-VEH).
RIO and TADA treatment reduced PP significantly by 24% and 21%, respectively. CINA tended to decrease PP (–20%, p¼ 0.070).
(b) Intrahepatic vascular resistance was significantly decreased only by RIO (–41%) and non-significantly by TADA treatment
(–21%). CINA did not affect IHVR. (c) BDL animals presented with significant portosystemic and splenorenal shunting. No
significant changes were observed between the treatment groups. (d) Heart rate was decreased in BDL-VEH rats (vs. SO-VEH)
but slightly increased in RIO and TADA animals. (e) The mean arterial pressure in cirrhotic BDL-VEH animals tended to decrease
further by sGC simulation and PDE-5 inhibition. CINA rats showed a significant reduction of mean arterial pressure by 30%
compared to BDL-VEH. (f) Superior mesenteric blood flow tended to increase in BDL-VEH rats and was discretely lowered by RIO
and TADA treatment. *p<0.05; **p<0.01; ***p<0.001 vs. BDL-VEH. PP: portal pressure; IHVR: intrahepatic vascular resistance;
sGC: soluble guanylyl cyclase; PDE: phosphodiesterase.
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treatment groups (Figure 4(a)–(d)). Additionally, we

observed reduced hepatic expression of phosphorylated

moesin (relative to total moesin content) in BDL-RIO

(–21%, p¼ 0.001) and BDL-TADA rats (–33%,

p¼ 0.058), indicating less hepatic stellate cell activa-

tion, while again no changes were observed in the

CINA group (Figure 4(e)).

Hepatic inflammation and inflammatory
cytokines

The BDL model caused a strong increase in liver

aspartate (AST) and alanine (ALT) transaminases

(AST: 564� 30U/L, p<0.001; ALT: 112� 12U/L,

p¼ 0.020) but did not affect serum lactate levels.

After three weeks of RIO treatment, BDL rats had

significantly lower AST (362� 35U/L, p<0.001) and

ALT (76� 9U/L, p¼ 0.034) levels. TADA also

reduced AST (431� 30U/L, p¼ 0.006) and ALT devi-

ations (82� 5U/L, p¼ 0.053), respectively. In contrast,

CINA did not ameliorate transaminases but caused

significant hyperlactataemia (7.9� 1.3 vs. 3.6�
0.5mmol/L, p¼ 0.004; Figure 5).

Next, we investigated the hepatic expression of key

inflammatory markers. Compared to healthy controls,

livers from BDL animals presented with significantly

increased interleukin 6 (Il6: 50.8� 10.2-fold, p¼
0.011), monocyte chemoattractant protein 1 (Ccl2/

Mcp1: 12.3� 2.2-fold, p¼ 0.009), tumour necrosis

factor alpha (Tnfa: 3.5� 0.4-fold, p<0.001), vascular

cell adhesion protein 1 (Vcam: 3.2� 0.5-fold,

p¼ 0.004) and chemokine (C-X-C motif) ligand 1

(Cxcl1: 3.0� 0.4-fold, p¼ 0.009; Figure 6). RIO treat-

ment tended to decrease Il6 and halved its expression

compared to BDL-VEH animals (–56%, p¼ 0.053;

Figure 6(a)). However, no other inflammatory markers

were ameliorated upon sGC agonist or PDE-5 inhibitor

treatment. Of note, CINA treatment rather increased

Tnfa expression compared to BDL-VEH (þ63%;

Figure 6(c)).
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Figure 3. Assessment of liver fibrosis. (a) Representative slides stained with Picro-Sirius red (PSR) and chromotrope-aniline blue
(CAB). (b) PSR stained histological sections showed a significantly higher collagen proportionate area in BDL-VEH animals (vs.
SO-VEH). A significantly reduced PSR area was observed in the TADA group (–52%), while a non-significant decrease was noted in
RIO-treated animals (–27%) compared to cirrhotic controls. (c) The RIO treatment group presented with a reduced CAB area by
48%, while a trend to reduce the fibrotic area was only observed in the TADA group (–21%). (d) Hepatic hydroxyproline (HP)
content increased after BDL and was notably reduced in RIO and TADA groups. There were no changes in collagen proportion
areas or HP content observed in CINA-treated animals. *p<0.05; **p<0.01; ***p<0.001 vs. BDL-VEH.
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Downstream the NO-sGC pathway

Both sGC agonists and PDE-5 inhibitors are known

to increase cGMP availability. Interestingly, BDL

did not affect the phospho-VASP/total-VASP ratio in

rat platelet-rich plasma and also did not significantly

change intrahepatic cGMP levels. All three treatments

elevated the phospho-VASP/total-VASP ratio in BDL

rats, with CINA showing the strongest increase

(þ256%, p¼ 0.056; Figure 7(a)). Intrahepatic cGMP

production was significantly boosted by RIO

(þ239%, p¼ 0.006), and also TADA treatment

(þ32%; p¼ 0.073 vs. BDL-VEH; Figure 7(b)).

Hepatic gene expression of the cGMP dependent
protein kinase 1 (Prkg1) remained unchanged between
all treatment groups. However, the protein expression
of PRKG1 was lower in BDL-TADA animals
compared to BDL-VEH controls (Supplemental
Figure S5).

In patients with liver cirrhosis, we noted a decrease
of systemic VASP and an even stronger reduction of
VASP phosphorylation by >90% compared to healthy
controls (p¼ 0.056). PRKG1 protein expression also
declined in cirrhotic patients (–24%; Supplemental
Figure S6).
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Figure 4. Assessment of HSCs activation. (a) Representative slides stained with aSMA. (b) aSMA proportionate area tended to
decrease by RIO (–16%) and TADA (–38%), while (c) no changes in hepatic gene expression were observed. (d) Yet, hepatic
protein expression of aSMA assessed by Western blotting showed a strong decrease by RIO (–49%) and by TADA (–86%). (e) The
protein ratio of phosphorylated moesin relative to total moesin content was reduced in BDL-RIO (–21%) and BDL-TADA (–33%),
while no changes were observed in the CINA group. *p<0.05; **p<0.01 vs. BDL-VEH.
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Discussion

The NO/sGC/cGMP pathway is a central regulator of

vascular stress and organ damage.5,17 Lack of NO leads

to impairment of sGC function and reduced cGMP

levels.5 Therefore, drugs targeting this pathway are

studied for amelioration of arterial hypertension and

organ fibrosis.9,10

Next to PDE-5 inhibitors, sGC agonists represent an

emerging drug class, supporting this pathway.

However, no comparative data exist on different phar-

macological approaches to promote sGC/cGMP sig-

nalling in experimental cirrhosis and PHT.
In our study, a rat BDL model of cholestatic cirrho-

sis, the sGC stimulator RIO and the PDE-5 inhibitor

TADA improved PHT by decreasing intrahepatic sinu-

soidal resistance and reducing hepatic fibrogenesis.

Importantly, the vasodilatory action was predominant-

ly intrahepatic, as (in the given doses) neither RIO nor

TADA showed side effects on systemic haemodynam-

ics, which is of utmost clinical importance for cirrhotic

patients with pronounced systemic vasodilation.

Moreover, neither RIO nor TADA increased

SMABF or shunting. The increased phosphorylation

of hepatic eNOS in BDL-RIO rats supports the hepa-

totropic effect of sGC stimulation, leading to sinusoi-

dal vasodilation, as previously reported.6 Yet, for

potential clinical applications, doses will need to be

carefully titrated in order to avoid systemic

vasodilation.

Our study shows that both RIO and TADA reduce
liver fibrosis, as evidenced by decreased hepatic colla-
gen staining and hydroxyproline content. However, in
contrast to previous studies,6,18 no significant changes
of Col1a1 or Tgfb levels were detected. Since the most
pronounced effects of RIO were observed during the
early stages of liver cirrhosis,6 we speculate that RIO
and TADA protect the liver by avoiding vasoconstric-
tion/endothelial activation, thus likely delaying (but
not inhibiting) the expression of profibrotic markers.
Moreover, the antifibrotic properties of cGMP do not
relate to expressional changes of Tgfb but rather to its
downstream signalling.19,20 Previous studies suggest
that sGC agonism suppresses HSC activation,8,13

which is in line with our observation of decreased
hepatic aSMA in RIO and TADA rats. Additionally,
RIO and TADA groups presented less moesin phos-
phorylation, which regulates the assembly of stress
fibres and cell contraction in HSCs.21,22

Interestingly, both RIO and TADA significantly
ameliorated levels of liver transaminases, while the
expression of hepatic inflammatory markers (e.g.
Tnfa, Mcp1 and Il6) was not significantly changed in
any of the therapeutic groups. Thus, the anti-
inflammatory properties of sGC agonists and PDE-5
inhibitors that have been reported in previous stud-
ies6,18 remain to be investigated in more detail in
other models/aetiologies of liver damage.

While both TADA and RIO resulted in beneficial
effects on PHT and liver fibrosis, the two drugs still
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Figure 5. Serum markers of hepatitis and tissue hypoxia. (a) Aspartate transaminase (AST) and (b) alanine transaminase (ALT).
RIO had a significant influence on both AST (–36%) and ALT (–32%), while TADA treatment resulted in a significant decrease of
AST (–24%) and a trend towards lower ALT levels (–27%, p¼ 0.053). No effects on liver transaminases were observed in BDL-CINA
rats. (c) Lactate plasma levels were significantly increased in the CINA group, while no changes were observed among other BDL
groups. *p<0.05; **p<0.01; ***p<0.001 vs. BDL-VEH.
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likely have distinct modes of action, and we speculate
that targeting the upstream components of the sGC-
cGMP pathway may be more helpful in a cirrhotic set-
ting.15 On the one hand, cirrhotic livers severely lack
cGMP production.15 So, the boost in cGMP content is
likely higher via sGC stimulation than via PDE-5 inhi-
bition. Moreover, hepatic PDE-5 expression is lower
compared to sGC, which might limit the efficacy of
PDE-5 inhibition in liver tissue to some degree.23

This is also mirrored by the readouts of hepatic
cGMP content clearly favouring RIO over TADA,
while both drugs increased phosphorylated VASP in

platelet lysates, indicating their target engagement in
the systemic circulation.

VASP is phosphorylated by Prkg1, which is an
essential mediator of the antifibrotic effects of sGC.24

In the liver, Prkg1 is mainly expressed in HSC, where it
seems to inhibit HSC activation or promote their deac-
tivation.25 In BDL rats, hepatic expression of Prkg1
remained unchanged across all treatment groups,
despite the marked elevation of cGMP by RIO treat-
ment. Similar results were previously observed using
another sGC stimulator in a NASH model.7 This indi-
cates that no negative feedback mechanism hampers
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Figure 6. Hepatic expression of inflammatory cytokines. The expression of inflammatory markers was assessed using quanti-
tative reverse transcription polymerase chain reaction. Expression of Il6 (51-fold, p¼ 0.011), Mcp1 (12-fold, p¼ 0.009), Tnfa (3.5-
fold, p<0.001), Vcam (3.2 fold, p¼ 0.004) and Cxcl1 (3-fold, p¼ 0.009) was significantly upregulated in cirrhotic BDL-VEH animals
compared to SO-VEH. (a) RIO resulted in a non-significant decrease of Il6 (–56%, p¼ 0.053) and nearly halved its expression
compared to BDL-VEH animals. (b) CINA and TADA non-significantly increased Mcp1. (c) CINA also upregulated Tnfa markedly
(þ63%). (d)–(f) Neither sGC agonism nor PDE-5 inhibition significantly changed expression of Vcam, Cxcl1 or Il1b in cirrhotic BDL
livers. *p<0.05; **p<0.01; ***p<0.001 vs. BDL-VEH.
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the expression of this key regulator when using sGC
agonists. However, TADA treatment slightly decreased
PRKG1 protein content, which might relate to an
oxidation-dependent interaction between PRKG1 and
PDE-5 inhibition that is not observed with sGC
stimulation.26

In our study, CINA treatment led to significant
weight loss, hypotension and hyperlactataemia without
beneficial effects on hepatic haemodynamics or fibrosis.
This was mirrored by a missing increase of hepatic
cGMP yet strong phosphorylation of VASP, indicating
systemic drug activity and vasodilation, subsequently
causing arterial hypotension. While hypotensive effects
were also observed in clinical studies,27 the toxic effects
of CINA observed in our BDL model likely were pro-
voked by the setting of complete cholestasis and thus
hampered elimination.28

The reduction of VASP phosphorylation and
PRKG1 expression observed in patients with liver cir-
rhosis indicate systemic impairment of sGC/cGMP
downstream signalling and call for further investiga-
tions of this pathway in cirrhotic PHT.

The translation of PDE-5 inhibitors from bench23 to
bedside29 is ongoing and supports the hypothesis that
PDE-5 inhibitors are promising drug candidates for the
treatment of PHT.30,31 In cirrhotic patients, the efficacy
of sGC agonists has not yet been tested, even though
RIO has a safety label for Child class A and class B

cirrhosis.32 Yet, in patients with pulmonary hypertension,

RIO treatment also led to an improvement of liver trans-

aminase levels.6 Further experimental studies in other

chronic liver disease settings (i.e. NASH) are warranted,

especially when using combinations of sGC agonists

and PDE-5 inhibitors33 or promising second-generation

sGC activators with an improved pharmacokinetic

profile.34

In conclusion, our study supports the therapeutic

potential of the sGC stimulator RIO and the PDE-5

inhibitor TADA for cirrhotic PHT. Both drugs decreased

PP by reducing IHVR via the promotion of sinusoidal

vasodilation and a reduction of liver fibrogenesis.
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