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Abstract

Background & Aims: Phosphodiesterase-5 inhibitors (PDE-5-1) are used for treatment
of erectile dysfunction (ED), which is common in patients with cirrhosis. They may
improve portal hypertension (PH), but contradictory data on efficacy and side-effects
have been reported. Non-selective beta blockers (NSBB) reduce portal pressure, but
might aggravate ED. Thus, we evaluated the combination of PDE-5-1 with NSBB and
its impact on PH and ED in experimental cirrhosis.

Methods: ED was assessed in cirrhotic patients (n = 86) using standardized question-
naire. Experimental cirrhosis was induced by bile-duct-ligation or carbon-tetrachlo-
ride intoxication in rats. Corpus cavernosum pressure - a surrogate of ED -, as well
as systemic and portal haemodynamics, were measured in vivo and in situ after acute
administration of udenafil alone or in combination with propranolol. mRNA and pro-
tein levels of PDE-5 signalling were analysed using PCR and western Blot.

Results: ED in humans was related to severity of liver disease and to NSBB treatment.
PDE-5 was mainly expressed in hepatic stellate cells and upregulated in human and
experimental cirrhosis. Propranolol reduced corpus cavernosum pressure in cirrhotic
rats and it was restored by udenafil. Even though udenafil treatment improved PH, it
led to a reduction of mean arterial pressure. The combination of udenafil and propran-

olol reduced portal pressure and hepatic resistance without systemic side-effects.

Abbreviations: Adrb1, beta-1-adrenoceptor; Adrb2, beta-2-adrenoceptor; BDL, bile duct ligation; BW, body weight; CCl,, carbon tetrachloride; CCP, corpus cavernosum pressure;

CCP 0

maximum of corpus cavernosum pressure; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide synthase; GAPDH, glyceraldehyde- 3-phosphate

dehydrogenase; HSC, hepatic stellate cell; IIEF-5, International Index of Erectile Function-5; L-NAME, N -nitro-L-arginine methyl ester hydrochloride; LSEC, liver sinusoidal endothelial
cells; MELD, Model of End Stage Liver Disease; Nos2, inducible nitric oxide synthase; Nos3, endothelial nitric oxide synthase; NSBB, non-selective beta-blocker; PCR, polymerase chain
reaction; PDE-5/Pde-5, phosphodiesterase-5; peNOS, phosphorylated endothelial nitric oxide synthase; SDS-PAGE, sodium dodecyl sulfate - polyacrylamide gel electrophoresis; SEM,
standard error of the mean; WT, wild type.
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1 | INTRODUCTION

Phosphodiesterase-5 (PDE-5) inhibitors are used for treatment of
erectile dysfunction as they prolong sufficient corpus cavernosum
pressure. This is because of an inhibition of the conversion of cyclic
guanosine monophosphate (cGMP) to biologically inactive 5-GMP,
thereby enhancing nitric oxide bioavailability and causing vasodila-
tion.X In cirrhotic livers, nitric oxide production is reduced and its
vasodilatory response is further impaired by increased expression of
PDE-5.2° Thus, PDE-5 inhibitors have already been proposed as a ther-
apy for cirrhosis with portal hypertension in the past. Nevertheless,
previous studies reported inconsistent results with regard to efficacy
and potential side-effects in experimental and human cirrhosis. In
fact, cirrhotic animal models deliver evidence that PDE-5 inhibitors
sufficiently reduce portal pressure and hepatic resistance, but might
impact systemic circulation and decrease mean arterial pressure.®”
By contrast, conflicting results were reported in patients treated with
PDE-5 inhibitors; either no effect on portal pressure with deleterious
systemic side-effects was reported or a relevant reduction in portal
pressure with minor systemic effects was observed.0*3

Furthermore, little is known about the cell specific biological
role of PDE-5 in cirrhosis. It is unclear which cells express PDE-5.
Moreover the effect of PDE-5 inhibitors on extrahepatic vascular
beds, which contribute to portal hypertension, are poorly under-
stood in patients with cirrhosis.

Non-selective beta-blockers (NSBB) are a cornerstone to pre-
vent bleeding in patients with PH. They decrease the portal-ve-
nous inflow by reducing cardiac output and by causing splanchnic
vasoconstriction.’*1¢ Adequate haemodynamic response to NSBB
also hampers decompensation of cirrhosis and may improve overall
survival.''® NSBB may lead to erectile dysfunction, which impairs
life-quality and may influence drug adherence, but this has not been
investigated in patients with cirrhosis to date.*’

Thus, the aim of our study was (a) to assess the effects of NSBB
on erectile dysfunction in patients with different severity of cirrho-
sis, (b) to investigate the effects of PDE-5 inhibition on portal hy-
pertension and on erectile dysfunction in experimental cirrhosis and
(c) to test the combination of PDE-5 inhibitors with NSBB on portal

hypertension and erectile dysfunction.
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Conclusions: ED is common with advanced cirrhosis and concomitant NSBB treat-

ment. The combination of PDE-5-1 and NSBB improves ED and PH in experimental

erectile dysfunction, non-selective beta-blocker, PDE-5-inhibitor, portal hypertension

Lay Summary

Patients with cirrhosis frequently report erectile dys-
function, which is worsened by beta blocker therapy. The
combination of beta blockers and phosphodiesterase-5-in-
hibitors improves erectile function and portal pressure, in
experimental cirrhosis, without major side-effects.

2 | METHODS
2.1 | Patients and data collection

Eighty-six cirrhotic patients were included in this study. The pa-
tients were prospectively enrolled between December 2010 and
December 2012 at the Division of Gastroenterology and Hepatology,
Department for Internal Medicine Ill, Medical University of Vienna,
Austria and between July 2017 and July 2018 at the Department for
Internal Medicine I, University Hospital Bonn, Germany. Inclusion cri-
teria were male sex and proven cirrhosis (either by radiologic/clinical
parameters or by histology). Exclusion criteria were missing informa-
tion on NSBB treatment or indication for NSBB treatment other than
bleeding prophylaxis (treatment other than propranolol and carvedilol
was excluded), age over 80 years, current overt hepatic encephalopa-
thy, previous liver transplantation, extrahepatic malignancies, previ-
ous urologic surgery, diabetes, depression and severe cardiac disease.
Concomitant medication and concomitant diseases, Model of End
Stage Liver Disease (MELD) and Child-Pugh score were recorded.

2.2 | International Index of Erectile Function-5
(IIEF-5)

The 5-item version of the International Index of Erectile Function
(HEF-5) was used to determine the presence and the severity of
erectile dysfunction.?° The score ranges from 5 to 25 points and
classifies the severity of erectile dysfunction in five categories: no

erectile dysfunction (22-25 points), mild erectile dysfunction (17-21
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points), mild to moderate erectile dysfunction (12-16 points), moder-
ate erectile dysfunction (8-11 points) and severe erectile dysfunc-
tion (5-7 points).

Ethics

The human studies were approved by the ethics committee of the
University Hospital Bonn (Study Number 279/14) and Medical
University of Vienna (Study Number 450/2010) and performed in
accordance to the current version of the Declaration of Helsinki. All
patients signed an informed consent prior to study inclusion. The
use of human samples was approved by the ethics committee of the
University of Bonn (029/13). Liver and hepatic artery samples were
obtained at liver transplantation between 1999 and 2005 and non-

cirrhotic donor samples served as controls.

2.2.1 | Reagents

Udenafil (Batch No. AFGH000722) was kindly provided by Dr Falk
Pharma GmbH (Freiburg, Germany). Propranolol was purchased
from Sigma-Aldrich (Batch-No. P8688, Darmstadt, Germany).

2.2.2 | Animals

In total, 136 male wild type (WT) Sprague Dawley rats were used.
The experiments were performed according to the guidelines and
regulations approved by LANUYV, the responsible committee for
animal studies in North Rhine-Westphalia/Germany (permission
number 84-02.04.2014.A030). All rats were placed in a controlled
environment (12 hours light/dark, temperature between 22°C and
24°C), and received water and standard rat feed (Ssniff, Soest,

Germany) ad libitum.

2.3 | Induction of cirrhosis
2.3.1 | Cholestatic model of fibrosis

Bile duct ligation (BDL) was performed in 79 WT rats with an initial
body weight (BW) of 180-200 g as described previously.?"2% After
four weeks, when ascites as a definite sign of portal hypertension

was present, experiments were performed.

2.3.2 | Toxic model of fibrosis

Forty-two rats with an initial BW of 80-100 g were intoxicated
twice weekly by inhalation of 1 I/min carbon tetrachloride (CCI4) for
12-14 weeks. Experiments were performed when ascites was pre-

sent as described previously.?!

2.3.3 | Invasive erectile function measurement

Corpus cavernosum pressure (CCP) was measured invasively in five
sham-operated and six BDL rats. This method is described in detail
in the Data S1.

2.3.4 | Invivo haemodynamic experiments

In vivo systemic and liver haemodynamic studies were performed
in five control, five sham-operated, 43 BDL and 22 CCl, intoxicated
rats as described previously.m*24

To evaluate the effects of udenafil and propranolol, invasive mea-
surements of mean arterial pressure and portal pressure were performed
continuously (for a total of 60 minutes after udenafil and 90 minutes

after propranolol/udenafil) after acute intravenous drug administration.

2.3.5 | Microsphere technique

To investigate portal and systemic haemodynamics, the colored micro-
sphere technique was carried out before and 60 minutes after acute
administration of udenafil and 90 minutes after propranolol/udenafil
as described previously.24’26 300.000 systemic (red/before; yellow/
after udenafil or udenafil/propranol) microspheres (15 um diameter,
Triton-Technologies, San Diego, USA) were injected in the left ventri-
cle. In parallel, peripheral blood was removed from the femoral artery
and cardiac output was calculated as microspheres per pre-defined
amount of blood (0.65 mL/min femoral artery blood). Mesenteric
portal-systemic shunt volume was estimated by injection of 150.000
microspheres (white/before; blue/after) in the ileocecal vein and calcu-

lated as microspheres liver/microspheres lung ratio.?>242

2.3.6 | Insituisolated liver perfusion

In situ isolated liver perfusion was performed in 30 BDL and 20 CCl,
intoxicated rats. Experiments were performed in a recirculating system
as previously described.?>?” The criteria for liver viability were gross
appearance of the liver, stable perfusion, bile production >0.4 uL/min
x g in CCl, rats and stable buffer pH (7.4 + 0.1) during the initial sta-
bilization period. Livers were incubated with methoxamine (Batch-No.
Mé6524, Sigma-Aldrich, Darmstadt, Germany) for initial pre-contraction
and N_-Nitro-L-arginine methyl ester hydrochloride (L-NAME Batch-No.
5751, Sigma-Aldrich, Darmstadt, Germany) for inhibition of nitric oxide-

dependent signalling.
2.3.7 | Quantitative real-time polymerase
chain reaction

RNA from human and rodent liver tissue and RNA from samples

of rodent hepatic stellate cells (HSC), liver sinusoidal endothelial
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TABLE 1 General characteristics of
patients
Variables
Etiology (alcoholic/viral/
others)
Age
Child-Pugh class (A/B/C)
Child-Pugh score
MELD score
NSBB (yes/no)

Grade IIEF-5 (mild/mild-
moderate/moderate/
severe)

i 2231
|NTIEXIEC!NAL Wl L EY

All no ED ED
86 (100%) 28 (33%) 58 (67%) P
43/22/21 11/10/7 32/12/14
54.5 (19-76) 49 (19-68) 57.5 (39-76) <.001
29/40/17 15/11/2 14/29/15
8(5-13) 6(5-11) 8(5-13) .0069
12 (6-22) 11 (6-18) 14 (7-22) .0103
49/37 11 (39%)/ 17 38 (65%)/ 20 .0212

(61%) (35%)

26/18/7/7

Note: General characteristics of the patient cohort.

Abbreviations: ED, erectile dysfunction; IIEF, international index of erectile function; MELD, model

for end-stage liver disease;

cells (LSEC), aorta and penis were isolated. Reverse transcription
and detection by real-time polymerase chain reaction (PCR) were
performed as described previously.?2?® Assays were provided by
Applied Biosystems (Foster City, USA). 18S rRNA served as endog-
enous control. Results were expressed as 27227, which corresponds

to the x-fold increase of gene expression of the reference group.

2.3.8 | Hepatic cell isolation

The subsets of liver cells (hepatic stellate cells, liver sinusoidal en-
dothelial cells) were isolated from healthy and BDL rats, as described
previously.?>27-3 Briefly, primary liver cells were isolated in a two-
step pronase-collagenase perfusion fractionated by density gradient
centrifugation. Afterwards, the purified cells were subjected to PCR

analysis.

2.3.9 | Western blotting

Liver samples were processed using sodium dodecyl sulphate - po-
lyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE gels and
nitrocellulose membranes were used as described previously.?®%°
Ponceau staining and glyceraldehyde- 3-phosphate dehydroge-
nase (GAPDH) as endogenous control confirmed equal protein
loading. Membranes were incubated with the respective primary
antibodies: eNOS (BD Bioscience, San Jose, CA, USA; Cat.610296,
Lot41425), peNOS (Cell Signalling, Boston, MA, USA; #9571, Lot
14), PDES5 (sigma HPA004729, Lot A91778) or GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; sc-25778, Lot # K1511). A
corresponding secondary peroxidase-coupled antibody was added
(Santa-Cruz-Biotechnology, Santa Cruz, USA). After enhanced
chemiluminescence (ECL, Amersham, UK) digital detection was
evaluated using Chemi-Smart (PeglLab Biotechnologies, Erlangen,

Germany).

NSBB, non-selective beta-blocker; P, P-value.

2.3.10 | cGMP determination

cGMP levels were measured by EIA (Cayman Chemical) following the

manufacturer's instructions.

2.4 | Statistical analysis

Results are presented as mean and standard error of the mean (SEM)
unless otherwise indicated. Statistical analysis of two groups was
either performed with Mann-Whitney-U test or Wilcoxon-signed-
rank test for animal experiments. Only groups with more than
three animals were tested statistically. Correlations were analysed
by calculating Spearman's Rank Correlation Coefficient. A binary
multivariate logistic regression model was fitted using MELD score
(MELD was chosen over Child-Score to avoid multicollinearity) and
NSBB intake as covariates and statistical significance for the subse-
quent steps. Statistical analyses and graphing were performed using
GraphPad Prism 5.0 (Graph-Pad, San Diego, USA) or SPSS 22 (SPSS
Inc Chicago, IL, USA). P < .05 was considered statistically significant.

3 | RESULTS
3.1 | Erectile dysfunction in patients with cirrhosis

Eighty-six patients were prospectively included for erectile dysfunc-
tion using standard erectile function questionnaire (International
Index of Erectile Function-5/ IIEF-5). Fifty percent of the patients
suffered from alcoholic cirrhosis, 26% from chronic viral hepatitis
and 24% from other aetiologies. The median age was 54.5 years, the
median Child-Pugh Score was eight points and the median MELD
score was twelve (Table S1).

Overall, 58 out of 86 patients (67%) reported erectile dysfunc-

tion with an IIEF-5 score < 22 (out of a maximum of 25 points). Out of
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these, 28% reported mild, 31% mild to moderate, 12% moderate and
12% severe erectile dysfunction (Table 1). Patients with erectile dys-
function were significantly older (48 + 10.7 years vs 57 + 8.5 years;
P < .001) and had a significant higher Child-Pugh score (7 + 2 vs
8 + 2 P =.007), as well as MELD score (11 + 4 vs 14 + 4; P = .01)
compared to patients without erectile dysfunction.

Age (r, —.482, P < .001), Child-Pugh score (r, -.357, P = .001), as
well as MELD score (r, -.301, P = .01) significantly correlated with
the IIEF-5 score. Thereby, IIEF-5 score decreased with the severity
of disease, assessed by Child-Pugh score (Figure 1A).

Overall, patients with NSBB treatment had significantly lower
IIEF-5 scores than patients without NSBB treatment (Figure 1B).
Importantly, this association was only present in Child A and B, but
not in Child C patients (Figure 1C).

Of note, 65% of patients reporting erectile dysfunction were
under NSBB treatment, while only 39% of patients without erectile

dysfunction received NSBB treatment (P = .02). Logistic regression

analysis, using MELD score and NSBB intake as covariates, showed
that NSBB intake increases by the factor 3.54 with reported erectile
dysfunction (Odds Ratio 3.54, P < .05; 1.07-11.69 95% confidence
interval) (Figure 1D).

Because of the significant association of erectile dysfunction and
NSBB treatment, the effects of NSBB and PDE-5 inhibitors on erec-

tile function were analysed in experimental cirrhosis.

3.2 | Erectile dysfunction in experimental cirrhosis

Erectile dysfunction was evaluated in vivo in rats after cavernous
nerve stimulation by measuring invasive corpus cavernosum pres-
sure (CCP) and the effects of propranolol (1 mg/kg BW, single
dose, CCP measured after 30 minutes) and udenafil (1 mg/kg BW,
single dose, CCP measured after 30 minutes) alone or as add-on to

propranolol were analysed (Figure 2A). Erection dependent CCP

(A) p =0.012 vs. Child A
=0.003 vs. Child A
25 1 pp =0.03 \;/ss Chilld B
20 A S

o

08) %7 Rg-.357 p=

s s —.357 p = 0.001

w10

w

5 -
0
Child-Pugh Child-Pugh Child-Pugh
A B C
(®) ** ©) . .
25 1 sssecee uns 254, [ A M ] .
204 .EE:.. 204 T ans E E .
2 == 2 : :
3 151 o 3 1% 0 :
b ais O HE ! [ no NsBB
Lu_j 10 - . E 10 E E [ SEE
" A (] s
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0 0 L. & 1.t B
no NSBB NSBB Chlld/:\Pugh ChlldéPugh Chlldc-:Pugh FIGURE 1 Erectile dysfunction in
(D) patients with cirrhosis. (A) Differences in
| IIEF-5 score between Child-Pugh A, B and
C patients with a statistically significant
ED no ED negative correlation between categorical

NSBB (%)

OR (Exp(b)): 3.54 (1.07-11.69) p<0.05

Child-Pugh score and IIEF-5 score; R,
-0.357, P =.001). (B) Differences in IIEF-5
score according to NSBB treatment in

all patients and (C) stratified by Child-
Pugh A, B and C. (D) Logistic regression
analysis (Exp(B)/OR NSBB: 3.54, P < .05;
1.07-11.69 95% Cl) on the probability

for NSBB treatment in patients with

and without ED. Abbreviations: 95%Cl,
95% confidence interval; ED, erectile

R L B S S S S B |

5 10 15 20

IIEF-5-Score

dysfunction; IIEF-5, International Index of
Erectile Function 5; NSBB, non-selective
beta-blocker; OR, odds ratio

25
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increase was significantly lower in cirrhotic BDL rats compared to
sham-operated animals (-46%, P = .03). Furthermore, the maximum
CCP (CCP,,,)
ated rats (31 vs 56 mmHg, Figure 2B).

in BDL and sham-operated rats and

during erection was lower in BDL than in sham-oper-

Propranolol reduced CCP___
udenafil improved erectile function both in sham and BDL animals
either pretreated or not pretreated with propranolol (Figure 2C).

In the corpus cavernosum of BDL rats, treatment with propran-
olol and udenafil was associated with an increase of endothelial
nitric oxide synthase (Nos3) (P < .005 vs untreated) and inducible
nitric oxide synthase (Nos2) mRNA, as well as decreased levels of
Pde-5 compared to vehicle-treated animals (P < .001 vs untreated,
Figure 2D). Combined administration of propranolol and udena-
fil significantly increased mRNA expression of beta-1- and be-
ta-2-adrenoceptor (Adrb1 and Adrb2) in corpus cavernosum of BDL
rats compared to vehicle-treated animals (P < .001 vs untreated,
Figure 2E).

Since udenafil showed beneficial effects on erectile dysfunction
in experimental cirrhosis, we also studied the effects of PDE-5 inhi-
bition on portal and systemic haemodynamics in vivo under the hy-
pothesis that udenafil might have further beneficial effects on portal

hypertension.

(A)
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3.3 | Effect of PDE-5 inhibitors and NSBB on portal
hypertension in experimental cirrhosis

Haemodynamic changes were investigated in BDL and CCl, rats
after acute administration of different doses of udenafil (1 mg/
kg BW and 5 mg/kg BW for 60 minutes). Treatment with 1 mg/kg
and 5 mg/kg BW udenafil significantly decreased portal pressure
in BDL rats (-30% 1 mg/kg; Figure 3A; -23% 5 mg/kg udenafil;
Table 2).

As expected, portal pressure was unchanged after vehicle ad-
ministration (Table 2). Similarly, application of 1 mg/kg udenafil
led to a significantly decreased portal pressure in CCl, rats (-30%;
Figure 3A). No change in portal pressure was observed after ad-
ministration of 5 mg/kg udenafil, probably because of a decrease in
mean arterial pressure (Tables 2 and 3).

A dose of 1 mg/kg but not a dose of 5 mg/kg udenafil signifi-
cantly reduced hepatic vascular resistance in BDL and CCl, rats
(Tables 2 and 3). Moreover mesenteric shunt flow was reduced in
all treated animals (Tables 2 and 3). Nevertheless, acute adminis-
tration of udenafil significantly decreased mean arterial pressure
(Figure 3B) and splanchnic vascular resistance (Tables 2 and 3) in

both models of experimental cirrhosis. But cardiac output was

(B) 100 - (C) 4009 sham
.
c_ﬂn' Sham,i| %
2 &
. L = g 3007
FIGURE 2 Erectile dysfunction in E $ 52
experimental cirrhosis. (A) Experimental 5 % 9 g
setup, preparation and stimulation of § @ & %’&\i 200 4
cavernous nerve induces erection in BDL 5 3 5
rats. (B) CCP in BDL and sham-operated § < s
rats at baseline and during erection. (C) °
Changes in CCP during erection after e srestion 0 recton  propranciol _udenafl
acute add-on treatment with propranolol
and udenafil in BDL and sham-operated
rats. (D) mRNA expression levels of Nos-3, (D) 6 - (E) 4 - o
Nos-2 and Pde-5 as well as (E) Adrb1 and g £ #'f# " £ ##
Adrb2 in corpus cavernosum of BDL and a 8 . S8 31
sham-operated rats after treatment with £5% # a 5% ,
udenafil and propranolol compared to g § X i E X *
vehicle treatment. Abbreviations: Adrb1, <3 21 L — 23 1
beta-1-adrenoceptor; Adrb2, beta-2- z § I-i‘l |*| F:I ,,' - ﬂri—l . E § I-j |$-|
adrenoceptor; BDL, bile duct ligation; £ 0 (%] oo 0
CCP, corpus cavernosum pressure; Sham BDL Sham BDL Sham BDL Sham
mRNA, messenger ribonucleic acid; Nos-2, Nos3 Nos2 PdeS Adrb1 Adrb2
inducible nitric oxide synthase; Nos-3, udenafil - - *+ - -+ - - ¥ udenafili - -+ - -
propranolol - - + - - + - - + propranolol - + - - +

endothelial nitric oxide synthase; Pde-5,
Phosphodiesterase-5

*/ *** p<0.05/ p<0.001 vs. control; ##/ ### p<0.005/p<0.001 vs. cirrhosis
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FIGURE 3 Effect of PDE-5 inhibitors and NSBB on portal hypertension in experimental cirrhosis. (A) PP and (B) MAP in BDL and CCl,, rats
before and after monotherapy with udenafil. (C) PP, (D) HpVR and SpVR in BDL rats after combined treatment with propranolol and udenafil.
(E) Changes in SVR, CO and (F) MAP after treatment with propranolol and udenafil in BDL rats. Abbreviations: BDL, bile duct ligation; CCl,,
carbon tetrachloride; CO, cardiac output; HpVR, hepatic portal vascular resistance; MAP, mean arterial pressure; NSBB, non-selective beta-
blocker; PDE-5, phosphodiesterase-5; PP, portal pressure; SpVR, splanchnic vascular resistance; SVR, systemic vascular resistance
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FIGURE 4 Role of PDE-5in human
and experimental cirrhosis. (A) mRNA
expression levels of Nos-3, Nos-2 and
Pde-5 in liver tissue of humans and
(B-C) of BDL and CCl, intoxicated rats
compared to healthy controls. (D) Nos-
3 and Nos-2 mRNA levels in primary
isolated LSEC from BDL rats compared
to healthy controls and Pde-5 mRNA
expression in LSEC and HSC from healthy
and cirrhotic BDL rats. Abbreviations:

*kk BDL, bile duct ligation; CCl,, carbon
e ; tetrachloride; HSC, hepatic stellate cells.
" ) LSEC, liver sinusoidal endothelial cells;
v mRNA, messenger ribonucleic acid; Nos-2,

inducible nitric oxide synthase; Nos-3,
endothelial nitric oxide synthase; Pde-5,
Phosphodiesterase-5
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***1*** p<0.05/ p<0.005/ p<0.001 vs. control; ##/### p<0.005/p<0.001 vs. LSEC

not influenced either by the administration of udenafil or vehicle
(Tables 2 and 3).

Interestingly, the combination of the NSBB propranolol and ude-
nafil further reduced portal pressure compared to udenafil or pro-
pranolol alone (-25% propranolol; 60 minutes after administration vs
-30% udenafil; 60 minutes after administration vs ~40% combined
treatment; after 30 minutes of propranolol and additional 60 min-
utes of udenafil) (Figure 3C). Additionally, hepatic vascular resistance
as well as cardiac output were decreased after combined treatment
compared to placebo (Figure 3D-E). Importantly, when proprano-
lol was combined with udenafil, no systemic side-effects were ob-
served, as shown by unchanged mean arterial pressure, splanchnic
and systemic vascular resistance. That is in contrast to Figure 3B,
where injection of udenafil alone significantly reduced mean arterial
pressure (Figure 3E-F).

While PDE-5 inhibition reduced portal hypertension and was
associated with systemic side-effects, combination with NSBB im-
proved portal hypertension without negative impact on splanchnic
and systemic circulation. Thus, we followed two questions: what is
the role of PDE-5 in-, respectively outside the liver and how is it
influenced by PDE-5 inhibitor and NSBB treatment.

3.4 | Role of PDE-5 in human and
experimental cirrhosis

Liver and vessel samples from healthy liver transplant donors and
cirrhotic recipients were used to analyse changes in nitric oxide sig-
nalling in human cirrhosis.

Nos3, Nos2 and Pde-5 were significantly upregulated in liver samples
from liver transplant recipients compared to samples from transplant
donors (P < .05 vs healthy control. Figure 4A). By contrast, Pde-5 mRNA
levels were reduced and Nos3 and Nos2 mRNA levels were increased
in human hepatic artery samples from liver transplant recipients com-
pared to transplant donors (P < .05 vs healthy control, Figure S1A).

In experimental cirrhosis, induced either by four weeks of BDL or
14 weeks of CCl, intoxication, hepatic levels of Pde-5, Nos3 and Nos2
mRNA were significantly upregulated compared to healthy controls
(P < .001 vs control, Figure 4B-C). In line with human data, Nos2
mRNA levels were upregulated (P < .05) and Pde-5 mRNA levels
were reduced (P < .001) in aorta samples from cirrhotic rats, while
Nos3 mRNA levels remained unchanged (Figure S1B-C).

To determine the source of disturbed nitric oxide signalling in

cirrhotic livers, liver sinusoidal endothelial cells (LSEC) and hepatic
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FIGURE 5 Molecular mechanisms of PDE-5 effect with and without NSBB in experimental cirrhosis. (A-B) Changes in perfusion
pressure in response to udenafil and L-NAME in BDL and CCl, rats. (C) Hepatic protein expression of eNOS, p-eNOS, PDE5 and GAPDH
in BDL rats after udenafil treatment compared to vehicle control. (D-E) Changes in hepatic and aorta cGMP levels after treatment with
udenafil and propranolol. (F) Aorta mRNA expression of Nos-3, Nos-2 and Pde-5 in BDL rats after udenafil monotherapy or in combination
with propranolol. Abbreviations: BDL, bile duct ligation; cGMP, cyclic guanosine monophosphate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; L-NAME, N-Nitroarginine methyl ester; mMRNA, messenger ribonucleic acid; NO, nitric oxide; Nos-2/iNOS, inducible nitric
oxide synthase; Nos-3/eNOS, endothelial nitric oxide synthase; NSBB, non-selective beta-blocker; PDE-5, phosphodiesterase-5; p-eNOS

phosphorylated eNOS

stellate cells (HSC) were isolated from healthy and BDL rats and fur-
ther analysed in vitro.

In LSEC isolated from BDL rats, mRNA levels of Nos3 and Nos2
were significantly increased compared to healthy controls (P < .001
vs control, Figure 4D). Moreover Pde-5 mRNA levels were signifi-
cantly upregulated in LSEC (P < .005 vs control) as well as primary
isolated rat HSCs compared to their respective controls (P < .001 vs
control). This effect was even more pronounced in HSC compared to
LSEC (Figure 4D).

3.5 | Molecular mechanisms of PDE-5 effect
with and without NSBB in experimental cirrhosis

In situ isolated liver perfusion was performed in BDL and CCl,
rats after initial pre-contraction with methoxamine. To determine
NO-dependent effects of the PDE-5 inhibitor udenafil, a subset
of livers was perfused with the NO-synthase inhibitor L-NAME.
Administration of increasing doses of udenafil (0.1 mg/mL, 0.5 mg/
mL, 1.0 mg/mL perfusate) significantly reduced perfusion pressure
in BDL rats compared to vehicle (P < .05, Figure 5A). This effect was
completely blunted by L-NAME in BDL rats (Figure 5A). Similarly,
perfusion pressure in isolated liver of CCl, rats was reduced after
udenafil treatment in a dose-dependent manner, while it remained
unchanged after incubation with L-NAME (P < .05, Figure 5B).

Udenafil administration led to slightly increased protein expression
of endothelial nitric oxide synthase (eNOS) and significantly promoted
its phosphorylation (peNOS) in BDL liver samples (P < .05 vs untreated,
Figure 5C). Consequently, udenafil treatment increased cGMP levels
in liver and aorta samples from cirrhotic animals (Figure 5D). By con-
trast, the combination of propranolol and udenafil particularly blunted
cGMP in aorta samples, while it was increased in cirrhotic liver samples
(Figure 5D-E). Furthermore, combined acute administration of pro-
pranolol and udenafil reduced Nos3, Nos2 and Pde-5 mRNA expression
in aorta samples (P < .05 vs untreated, Figure 5F).

These results suggest that PDE-5 inhibition enhances hepatic
cGMP levels and induces intrahepatic vasodilation, which is further

increased by the combined NSBB treatment in experimental cirrhosis.

4 | DISCUSSION

PDE-5 inhibitors restore erectile function in experimental cirrho-

sis and prevent NSBB-induced erectile dysfunction. Moreover the

combination of PDE-5 inhibitors with NSBB decreases portal pres-
sure without extrahepatic systemic effects.

Erectile dysfunction is a common complication in cirrhotic
patients and its presence increases with the severity of liver dis-
ease.’?3% NSBB are used as standard medical therapy for the
prevention of portal hypertension-related bleeding and erectile
dysfunction is known as a side-effect of NSBB in general popu-
lation.®>3¢ Nevertheless, recent studies could not identify a clear
association of NSBB with the presence of erectile dysfunction in
cirrhosis. 334

This is the first study delivering evidence that NSBB treatment
is indeed associated with erectile dysfunction in cirrhotic patients,
especially in less-severe (Child-A and -B) disease-stages. The major
difference to previous studies is the exclusion of patients with ex-
trahepatic diseases that might interfere with erectile function and
exclusion of patients with indication for NSBB other than bleeding
prophylaxis (eg arterial hypertension). This potentially leads to a
more refined population with regard to the relation of NSBB and
erectile dysfunction in cirrhosis. Nevertheless, we could further
confirm that NSBB induce erectile dysfunction in a rodent model
of cirrhosis. This was the case despite the downregulation of PDE-
5, which is known to be an important enzyme in the regulation of
erectile function.

PDE-5 inhibitors, originally developed as a therapy for angina
pectoris and arterial hypertension, are licensed for the treatment
of erectile dysfunction.»®?%” Our data show that PDE-5 inhibition
restores erectile function, especially after treatment with NSBB, in
experimental cirrhosis.

At molecular level, PDE-5 inhibitors block the degradation of
cGMP, thereby enhancing nitric oxide and inducing vasodilation.3®
In cirrhosis, an intrahepatic lack of nitric oxide effects aggravates
vasoconstriction, while splanchnic overproduction of nitric oxide
contributes to extrahepatic vasodilation.3%4° Thereby, the re-
duced intrahepatic nitric oxide availability is caused by a disturbed
balance of production and degradation through PDE-5.>*! In the
liver, nitric oxide mainly derives from LSEC, which thereby regu-
late HSC contraction and vascular tone.384%4243 yet our study
delivers evidence that decreased nitric oxide effects are at least
partially because of PDE-5 upregulation in cirrhosis and that the
main hepatic source of PDE-5 are HSC's, and not due to decreased
expression of NOS which are clearly uprgulated in liver cirrhosis as
demonstrated in this study and confirming previous studies. This
confirms recent reports describing hepatic upregulation of PDE-5

in experimental cirrhosis shown by immunohistochemistry.>¢ Our
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results attribute this effect to HSCs and suggest a specific role of
PDE-5 and nitric oxide in the interaction between LSEC and HSC.
In several lines of evidence, we could demonstrate in vitro, in situ
and in vivo that PDE-5 inhibition decreases intrahepatic resistance
and portal pressure.

The potential role of PDE-5 in cirrhosis has been investigated
before.1%124446 \While some studies report improved portal hae-
modynamics, reduced hepatic resistance and reduced fibrosis
after PDE-5 inhibitor treatment in rodents and human cirrhosis,
others could not confirm these effects in human disease, espe-
cially because of severe systemic side-effects.’®*347 |n our hands,
acute PDE-5 inhibition with udenafil decreased portal pressure
in different models of cirrhosis. We could demonstrate that the
PDE-5 inhibition was nitric oxide-dependent, as shown by our in
situ experiments and underlined by our expression data of NOS
and PDE-5 in total liver tissue and isolated LSEC and HSC from
cirrhotic and healthy animals. Importantly, we demonstrated that
PDE-5 inhibition promotes these effects by regulating hepatic
cGMP levels in HSC.

Similar to sildenafil, *>%

udenafil also had significant systemic
side-effect because of its lack of liver selectivity. These effects might
be especially deleterious in human portal hypertension since Nos3
and Nos2 are upregulated in vessel samples from cirrhotic patients,
despite the decreased PDE-5 expression. There, further PDE-5 inhi-
bition would aggravate extrahepatic vasodilation. This was clearly
demonstrated in our in vivo studies showing a dose-dependent ef-
fect of udenafil on systemic circulation and increased cGMP levels in
the analysed human hepatic artery samples.

Notably, previous clinical trials, exploring the efficacy of PDE-5
inhibitors in cirrhosis, excluded all patients with previous NSBB
treatment or stopped it for at least a few days before intervention.

Thus, our study provides a possible explanation for the observed
limited effects of PDE-5 inhibitors. An ideal therapy for PH should in-
duce intrahepatic vasodilation and systemic vasoconstriction. NSBB
exert its effects through unselective blocking of beta-1 and beta-2
adrenoceptors, leading to reduced cardiac output and increased
systemic vasoconstriction.'**>*® Importantly, conventional NSBB
have little to no influence on hepatic vascular resistance which is the
major cause of portal hypertension.'®

We demonstrate that combination of NSBB with udenafil has
several benefits in cirrhotic portal hypertension. First, it acts syn-
ergistic on decreasing portal pressure, since udenafil reduces he-
patic vascular resistance and NSBB decrease portal venous inflow
by ameliorating splanchnic vasodilation. Second, the systemic effect
of PDE-5 inhibition is abolished under NSBB therapy, what means
that the mean arterial pressure is maintained. Third, udenafil co-ad-
ministration with NSBB improves erectile dysfunction and thus may
improve patient quality of life, which may eventually have an effect
on the adherence to NSBB therapy.

A limitation of this work is that the combination of PDE-5 inhibi-
tors and NSBB was not tested in patients with erectile dysfunction.
However, our rodent data provides clear evidence for beneficial

effects of combination therapy, and thus, future studies should be
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performed to investigate its effect on hepatic and systemic haemo-
dynamics, as well as on erectile dysfunction in men.

In conclusion, this study shows for the first time that combining
NSBB and PDE-5 inhibitors might be a good strategy to treat portal
hypertension without aggravating arterial hypotension or erectile

dysfunction.
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