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Abstract

AIM

To investigate the potential effect of inhibitors of
phosphodiesterase-5 (PDE-5) for therapy of portal
hypertension in liver cirrhosis.

METHODS

In the rat model of thioacetamide-induced liver
fibrosis/cirrhosis the nitric oxide-cyclic guanosine
monophosphate (NO-cGMP) pathway was investigated.
Expression and localization of PDE-5, the enzyme that
converts vasodilating cGMP into inactive 5-GMP, was in
the focus of the study. Hepatic gene expression of key
components of the NO-cGMP pathway was determined
by gRT-PCR: Endothelial NO synthase (eNOS), inducible
NO synthase (iNOS), soluble guanylate cyclase subunits
al and B1 (sGCal, sGCb1), and PDE-5. Hepatic PDE-5
protein expression and localization were detected by
immunohistochemistry. Serum cGMP concentrations
were measured using ELISA. Acute effects of the PDE-5
inhibitor Sildenafil (0.1 mg/kg or 1.0 mg/kg) on portal
and systemic hemodynamics were investigated using
pressure transducers.

RESULTS

Hepatic gene expression of eNOS (2.2-fold; P =
0.003), sGCal (1.7-fold; P = 0.003), sGCb1 (3.0-fold;
P = 0.003), and PDE-5 (11-fold; P = 0.003) was
increased in cirrhotic livers compared to healthy livers.
Overexpression of PDE-5 (7.7-fold; P = 0.006) was
less pronounced in fibrotic livers. iNOS expression was
only detected in fibrotic and cirrhotic livers. In healthy
liver, PDE-5 protein was localized primarily in zone 3
hepatocytes and to a lesser extent in perisinusoidal
cells. This zonation was disturbed in cirrhosis: PDE-5
protein expression in perisinusoidal cells was induced
approximately 8-fold. In addition, PDE-5-expressing
cells were also found in fibrous septa. Serum cGMP
concentrations were reduced in rats with cirrhotic
livers by approximately 40%. Inhibition of PDE-5 by
Sildenafil caused a significant increase in serum cGMP
concentrations [+ 64% in healthy rats (P = 0.024), +
85% in cirrhotic rats (P = 0.018)]. Concomitantly, the
portal venous pressure was reduced by 19% in rats with
liver cirrhosis.

CONCLUSION

Overexpression and abrogated zonation of PDE-5
likely contribute to the pathogenesis of cirrhotic portal
hypertension. PDE-5 inhibition may therefore be a
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reasonable therapeutic approach for portal hypertension.

Key words: Portal hypertension; Thioacetamide; Nitric
oxide; Liver cirrhosis; Cyclic guanosine monophosphate;
Phosphodiesterase-5; Sildenafil; Hepatic stellate cells;
Metabolic zonation

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: A constriction of sinusoids plays an important
role in the pathogenesis of cirrhotic portal hypertension,
wherein the nitric oxide-cyclic guanosine monophosphate
(NO-cGMP) pathway plays a pivotal role. In a rat model of
liver cirrhosis phosphodiesterase-5 (PDE-5) was markedly
overexpressed both on the mRNA and the protein level.
PDE-5 converts the vasodilating cGMP to inactive 5-GMP.
In healthy liver a zonation of PDE-5 was found which
is abrogated in cirrhosis. Serum cGMP was reduced in
cirrhosis. Inhibition of PDE-5 by Sildenafil normalized
serum cGMP levels and lowered portal venous pressure.
Hence, the inhibition of PDE-5 may be a promising adjunct
in portal hypertension therapy.

Schaffner D, Lazaro A, Deibert P, Hasselblatt P, Stoll P, Fauth L,
Baumstark MW, Merfort I, Schmitt-Graeff A, Kreisel W. Analysis
of the nitric oxide-cyclic guanosine monophosphate pathway
in experimental liver cirrhosis suggests phosphodiesterase-5 as
potential target to treat portal hypertension. World J Gastroenterol
2018; 24(38): 4356-4368 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v24/i38/4356.htm DOI: http://dx.doi.
org/10.3748/wjg.v24.i138.4356

INTRODUCTION

Portal hypertension is among the most important compli-
cations of liver cirrhosis!"!. Several factors contribute
to its pathogenesis™?. Disturbed liver architecture
resulting from fibrosis, scarring and nodule formation,
angiogenesis, and vascular occlusion increase intrahepatic
flow resistance. Furthermore, morphological, molecular,
and functional changes within the hepatic sinusoids also
substantially contribute to the increased intrahepatic
flow resistance and consequently to pathogenesis of
portal hypertension®*. Generally, intrahepatic flow
resistance is controlled by sinusoidal tone with liver
sinusoidal endothelial cells (LSECs) and hepatic stellate
cells (HSCs) being the two central cellular elements
within the sinusoids which are involved™. During cirrhosis
development fenestrations of LSECs are lost, which is
associated with an abnormal deposition of a basement
membrane matrix, the so-called capillarization. Moreover,
quiescent HSCs are activated and transformed into
myofibroblasts, which are characterized by contractile
elements, production of extracellular matrix, and loss of
stored vitamin A.

The sinusoidal tone is regulated by the nitric oxide-
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cyclic guanosine monophosphate (NO-cGMP) system'™.,

NO is synthesized in LSECs by endothelial NO synthase
(eNQOS), diffuses to HCSs where it activates soluble
guanylate cyclase (sGC) which in turn catalyzes the
formation of cGMP. The latter mediates a signal trans-
duction cascade leading to relaxation of HSCs. The
action of cGMP is terminated by phosphodiesterase-5
(PDE-5) which catalyzes its conversion to inactive
5'-GMP.

In cirrhotic liver, NO formation in liver sinusoids is
reduced, which results in sinusoidal constriction and
increased intrahepatic flow resistance'®. Activated
HSCs exhibit increased contractility and impaired
responsiveness to the vasodilator NO, while responsi-
veness to the vasoconstrictor endothelin (ET-1) is
increased, both resulting in increased intrahepatic flow
resistance'”’. In contrast, NO formation in the splanchnic
system is increased which increases blood flow towards
the liver, a process which further aggravates the increase
of intrahepatic flow resistance!®®.

The current mainstay of medical therapy of portal
hypertension is non-selective beta-blockers (NSBB)®%,
B1 receptor blockade reduces portal flow by decreasing
cardiac output while 2 blockade allows unopposed a1-
adrenergic activity resulting in splanchnic vasoconstriction
and decreased portal inflow. However, their therapeutic
efficacy is limited by frequent side effects such as
circulatory dysregulation, which prevent sufficient
dosing in many cases, particularly in decompensated
cirrhosis™ ™, Therapy of portal hypertension by trans-
jugular portosystemic shunts is effective, but may
cause exacerbations of hepatic encephalopathy, at
least in patients with advanced cirrhosis™. Organic
nitrates deliver NO and reduce portal venous pressure.
However, their action is unspecific and leads to arterial
hypotension. Therefore, there is a need of novel medical
therapies to treat portal hypertension.

Many approaches have been proposed to specifically
target the reduced NO availability in diseased liver.
Endothelial NOS gene transfer****, neuronal NOS gene
transfer*®, Akt (a kinase involved in NOS activation)
gene transfer™”! and administration of tetrahydrobiopterin
(BH4, a cofactor of NOS)!"®, have not gone beyond
preclinical testing. Liver specific NO delivering drugs (e.g.,
NCX-1000) yielded disappointing results!***°!, Statins
lead to enhanced activity of endothelial NO synthase,
mediated by an effect on the Rho/Rho-kinase-/Akt
protein phosphorylation pathway™!. Although statins
reduced portal hypertension in a dlinical setting®®”, the
effects on clinical outcome were modest®®. Preclinical
and clinical studies on inhibitors of PDE-5, restricting
the inactivation of cGMP, yielded promising but variable
results’®*>%,

The aim of the current study was to determine
liver disease-induced alterations in hepatic gene
expression of eNOS, iINOS, sGC, and PDE-5, in hepatic
protein expression of PDE-5, as well as in serum cGMP
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concentrations. Moreover, acute effects of the PDE-5
inhibitor Sildenafil on portal and systemic hemodynamics
were tested. The model of thioacetamide-induced liver
fibrosis/cirrhosis in rats was used.

MATERIALS AND METHODS

Laboratory animals

The animal research protocol was approved by the
local institutional animal care and use committee
(Regierungsprasidium Freiburg, Germany, ref. No.
G-13/89). Animal care was performed in accordance
to the rules of the German animal protection law and
the animal care guidelines of the European community
(2010/63/EU). A total of 141 male rats (Charles River,
Sulzfeld, Germany) were studied. All were clearly
recognizable from their permanent and unique identifiers.
Rats were housed in individually ventilated cages in a
laboratory animal facility and received daily human care.
All had free access to food and water and were exposed
to a 12:12-h light-dark cycle at an ambient temperature
of 22 °C to 25 ‘C. Before starting any experiments,
the rats were allowed to acclimatize to the ambient
conditions for one week.

For the biochemical investigations Wistar rats
were used only. Hemodynamic measurements in
healthy livers were performed in Sprague Dawley rats.
Corresponding experiments in rats with with fibrotic or
cirrhotic livers were performed in Wistar rats since the
presence of cholangiocellular carcinomas in association
with thioacetamide in Wistar rats is much lower than in
Sprague Dawley rats.

Induction of liver disease with TAA

Among the current models of induction of liver disease in
laboratory animals™ the model of thioacetamide (TAA)-
induced liver fibrosis/cirrhosis was chosen. Therefore, the
protocol described previously by Li et a** was used but
TAA exposure time was prolonged to 16 wk.

Histological assessment of liver damage

The median lobe of each rat’s liver was excised, fixed
in 10% neutral buffered formalin and embedded in
paraffin. Sections were stained with hematoxylin-
eosin, sirius red, and periodic acid-schiff diastase, and
stained for reticulin and iron. Fibrosis was evaluated
semiquantitatively by a blinded pathologist according to
the Desmet score™,

Immunohistochemistry for PDE-5

In order to detect PDE-5 protein expression and
localization immunohistochemical staining of liver
sections was performed with a rabbit polyclonal anti-
PDE-5A-antibody (ab64179, Abcam, Cambridge,
United Kingdom) at a 1:500 dilution. Antibody binding
was detected by Dako REAL EnVision Detection
System Peroxidase/DAB+, Rabbit/Mouse (K5007).
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Table 1 Nucleotide sequences of forward and reverse primers

Gene Forward primer (5°-3 ") Reverse primer (5°-3 ) Product length (bp)
eNOS 5-AAGTGGGCAGCATCACCTAC-3" 5-GCCTGGGAACCACTCCTTTT-3" 211
iNOS 5-CTCACTGGGACTGCACAGAA-3" 5-TGTTGAAGGGTGTCGTGAAA-3" 128
PDE-5 5-GCGGAGGAAGAAACAAGGGA-3° 5-ATCGGCAAAGAACCTCGTGT-3" 196
sGCal 5-GCCCCACGACATACAGGTTA-3" 5-GCGGCTCACTAATCTACCCC-3" 229
sGCb1 5-AATTACGGTCCCGAGGTGTG-3" 5-ACCAGCATTGAGGTTGAGGAC-3" 147
18sRNA (reference) 5"-GTAACCCGTTGAACCCCATT-3" 5"-CCATCCAATCGGTAGTAGCG-3" 151
srsf4 (reference) 5-GGTTCTGGACGCAGTGGATA-3" 5-CTCCTTCGTTTTTGCGTCCC-3" 193

Quantification of PDE-5 protein along the sinusoids was
performed in sections of respectively 4 healthy and
cirrhotic livers.

Using Zeiss Axioplan microscope the number of
stained perisinusoidal cells was counted in 20 random
high power-fields (HPF) (400 x magnification) for
each sample. PDE-5 staining around the central vein in
healthy livers and in fibrous septa in cirrhotic livers was
not considered.

Quantitative real-time PCR

The left lateral lobe of each rat’s liver was excised, cut
into pieces, snap frozen in liquid nitrogen, and stored at
-80 ‘C until used for gRT-PCR. Hepatic total mRNA was
extracted using the RNeasy® Mini Kit mRNA extraction
kit (Qiagen, Hilden, Germany). Complementary
DNA synthesis was performed using the First Strand
cDNA synthesis kit (Thermo Fisher Scientific, MA,
United States). gqRT-PCR was performed with SYBR
Green (Invitrogen, Karlsruhe, Germany) and 10%
dimethylsulfoxide (Sigma-Aldrich, Schnelldorf, Germany)
on a thermocycler (LightCyler® 480, Roche, Basel,
Switzerland; 40 cycles: 30 s 95C; 30 s 60°7C; 40 s
72 °C). Specificity of the PCR products was assessed
by melting curve analysis. All primers (Table 1) were
designed using Primer-BLAST (http://www.ncbi.nlm.nih.
gov/tools/primer-blast) and synthesized by Microsynth,
Balgach, Switzerland.

Measurement of cyclic guanosine monophosphate

At the end of the invasive hemodynamic measurements
blood samples were taken via the left carotid artery
and stored at -80 'C until used for the quantification
of serum cGMP concentrations by ELISA (ab133052,
Abcam, Cambridge, United Kingdom).

Monitoring of systemic and portal hemodynamics

Before the invasive hemodynamic measurements
were started rats were fasted for 1.5 h to avoid
prandial effects on portal flow parameters. Anesthesia
was initiated in an animal induction chamber using
a mixture of 3% isoflurane and 97% oxygen. It was
maintained by an intraperitoneally injected bolus of
0.3-0.4 mL pentobarbital (125 mg/mL). Rats were
fixed on a homeothermic controlled operating table
which kept body temperature stable at 37 °C + 0.5C.
Vital parameters were monitored. Tracheotomy was

Baishidenge ~ WJG | www.wjgnet.com

performed and a tracheal cannula was inserted. Rats
were mechanically ventilated (50 breaths/min) and
muscle relaxation was induced by intraperitoneal
injection of 0.5 mL pancuronium (0.4 mg/mL).

To monitor the central venous pressure (CVP) the
right external jugular vein was cannulated with PE-10,
which was positioned near the right atrium. A second
PE-10 tubing was inserted and used for continuous
infusion of isotone electrolyte solution (1 mL/h). The
electrolyte solution was enriched with pentobarbital (15
mg/mL) to ensure continuous anesthesia. To monitor
mean arterial pressure (MAP) the left carotid artery was
cannulated with PE-50 tubing.

Median laparotomy was performed and the portal
vein was exposed. To monitor portal venous pressure
(PVP) a peripheral venous catheter was inserted into
the portal vein. After a stabilization period of 10-15 min,
basal values of all parameters were obtained and the
intervention was administered through the second CVP-
tubing. Rats were randomly allocated in one of three
intervention groups: NaCl (0.9%), Sildenafil (Revatio®,
Pfizer, Berlin, Germany) 0.1 mg/kg (Sil 0.1 mg/kg), and
Sildenafil 1.0 mg/kg (Sil 1.0 mg/kg). The intervention
was applied in a standardized volume of 0.6 mL.

Statistical analysis

Results were expressed as median + interquartile
range (IQR). Only results of the gRT-PCR experiments
were expressed as mean + standard deviation (SD) to
enable the quantification of gene expression with the
comparative Ct method™".,

To evaluate the effect of Sildenafil on hemodynamic
parameters, absolute values were normalized (PVProrm,
MAProrm, HRnorm). Hereby time point "10 min” was
taken as baseline value and set to 100% since the
administration of 0.6 mL liquid volume into the right
atrium caused parameter variations for the next few
minutes before they reached a new steady state. For all
9 groups the relative median of differences (RMD) was
calculated to determine the change in parameters at
time point "60 min” to baseline (*10 min”).

To determine differences among groups the non-
parametric Kruskal-Wallis test was used. Post-hoc
pairwise comparisons between groupst® were corrected
for multiple comparisons according to Bonferroni. For
reasons of consistency the non-parametric Kruskal-
Wallis test and post-hoc pairwise comparisons with
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Table 2 Mean + standard deviation of enzyme gene expression

CON (7 = 11) FIB (n = 6) CIR (n = 8)
Mean * SD Mean = SD Mean + SD
eNOS (fold exp.) 1.0+£0.4 15+£0.3 22+1.0
iNOS (fold exp.) nd! 46+3.0 53+23
PDES (fold exp.) 1.0+1.0 7.7+09 11.0+3.1
sGCal (fold exp.) 1.0+£0.3 14+£03 1.7+04
sGCbl (fold exp.) 1.0£05 21403 30+13

Fold expression is referring to CON. qRT-PCRs were performed in duplicates, thus values are based on mean values of duplicates. 'Since iNOS expression
in CON was below detection limit, it was arbitrarily set to “1.0”. iNOS: Inducible NO synthase.

Bonferroni correction were also used for the gRT-
PCR experiments. A two-tailed P-value of < 0.05 was
considered as statistically significant.

For statistical analyses SPSS® software 23.0 (IBM
Corp., Armonk, NY, United States) was used.

RESULTS

Increased hepatic gene expression of key enzymes of
the NO-cGMP pathway and decreased serum cGMP
concentrations in liver fibrosis/cirrhosis. Inhibition of
PDE-5 by Sildenafil leads to renormalization of cGMP
concentrations

In order to determine alterations in the key para-
meters of the NO-cGMP pathway and serum cGMP
concentrations induced by liver fibrosis/cirrhosis
different biochemical analyses were conducted. Fifty-
three rats were included in these studies. However, the
data sets of the 6 rats having no fibrosis after 16 wk of
TAA exposure were excluded. For the statistical analysis
of hepatic gene expression of eNOS, iNOS, PDES5,
sGCal and sGCb1, and serum cGMP concentrations, the
remaining 47 rats were classified depending on their
histologically assessed degree of liver fibrosis: CON
(healthy control, n = 11), FIB (fibrosis, n = 6), and CIR
(cirrhosis, n = 8).

Moreover, to evaluate the effect of Sildenafil on
serum cGMP concentrations two additional groups
were analyzed: rats with healthy livers (CON + Sil, n
= 12) and cirrhotic livers (CIR + Sil, n = 10) which
have undergone the hemodynamic measurement with
Sildenafil (1.0 mg/kg) as intervention.

gRT-PCR results showed that gene expression
became the higher the more the rats became diseased
(CON < FIB < CIR) (Figure 1 and Table 2). iNOS
expression was detected in diseased rats only. In fibrotic
livers gene expression analysis revealed significantly
increased expression of PDE-5 (7.7-fold; P = 0.006),
and sGCb1 (2.1-fold; P = 0.018) compared with healthy
livers, whereas eNOS expression was significantly
increased in non-adjusted pairwise comparisons only
(Table 3).

In contrast, in cirrhotic livers a significantly increased
expression of eNOS (2.2-fold; P = 0.003), PDE-5
(11-fold; P = 0.003), sGCal (1.7-fold; P = 0.003)
and sGCb1 (3-fold; P = 0.003) was measured when
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compared with healthy livers.

No significant differences between fibrotic and
cirrhotic livers were detected (P = 0.05).

Serum cGMP concentrations showed a nonsignificant
decrease of 34% (P = 0.453) in rats with fibrotic livers
and of 40% (P = 0.054) in rats with cirrhotic livers
(Figure 1 and Table 4). Again, no differences between
fibrotic and cirrhotic livers were observed (P = 1.000).
Administration of Sildenafil led to a significant increase
in serum cGMP concentrations of 64% (P = 0.024) in
rats with healthy livers and of 85% (P = 0.018) in rats
with cirrhotic livers.

In addition, the effect of the hemodynamic mea-
surements and particularly the associated operative
procedure on hepatic gene expression and serum cGMP
concentration was analyzed. Only for eNOS a significant
decrease was determined (data not shown).

Increased hepatic PDE-§ protein expression and
disturbed PDE-5 zonation in liver cirrhosis
Immunohistochemistry was performed to analyze
hepatic protein expression of PDE-5 in healthy and
cirrhotic livers (Figure 2). In healthy livers, PDE-5 protein
was predominantly expressed by perivenular hepatocytes
(zone 3) and to a lesser extent by perisinusodial cells.
In contrast, in cirrhotic livers hepatic zoning of PDE-5
was abrogated and bands of fibrous septa were formed.
PDE-5 protein expression by perisinusoidal cells was
increased, but positive cells were also present in fibrous
septa.

Subsequent quantitative analysis of positive peri-
sinusoidal cells revealed 3 stained cells per HPF in
healthy livers and 23 stained cells per HPF in cirrhotic
livers, what corresponds to a 7.7-fold increase.

Inhibition of PDE-5 by Sildenafil lowers portal venous
pressure

To evaluate the effect of Sildenafil on portal and systemic
blood pressure, hemodynamic measurements were
performed. One hundred and ten rats were included in
this study and sorted by their histological degree of liver
fibrosis. However, the data sets of the 2 rats having no
fibrosis after 16 wk of TAA exposure were excluded. For
the statistical analysis of the hemodynamic parameters,
the remaining 108 rats were classified into three groups
depending on their histologically assessed degree of liver
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Table 3 Median * interquartile range of serum cyclic guanosine monophosphate concentrations

CON (7 = 11) FIB (n = 6) CIR (n = 8) CON + Sil # = 12) CIR + Sil (m = 10)
Median = IQR Median = IQR Median = IQR Median = IQR Median = IQR
cGMP (pmol/mL) 152 £ 86 100 + 68 91+22 249 +153 168 + 52

ELISAs were performed in duplicates, thus values are based on mean values of duplicates. IQR:

Interquartile range; cGMP: Cyclic guanosine

monophosphate.
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Figure 1 Dotplots showing hepatic gene expression of endothelial NO synthase (A), inducible NO synthase (B), phosphodiesterase-5 (C), soluble
guanylate cyclase subunits a1 (D) and soluble guanylate cyclase subunits 31 (E), and serum cyclic guanosine monophosphate concentrations (pmol/mL)
(F). Significant differences among groups are corrected for multiple comparisons and denoted by °P < 0.05. Gene expression levels are given as fold expression
compared to CON. Since iNOS expression in CON was below the detection limit, it was arbitrarily set to “1.0”. iNOS: Inducible NO synthase.

fibrosis: CON (healthy control, n = 55), FIB (fibrosis, n
= 29), and CIR (cirrhosis, n = 24). Each of those had 3
subgroups which are categorized based on intervention
in form of NaCl, Sildenafil 0.1 mg/kg (Sil 0.1 mg/kg) or
Sildenafil 1 mg/kg (Sil 1.0 mg/kg), which was applied in
a standardized volume of 0.6 mL. Absolute values of the
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parameters are listed (Table 5).

All parameters of interest were normalized (PVPnorm,
MAProrm, and HRnorm) to compensate differences in
absolute values between rats with healthy and diseased
livers, the time point *10 min” being taken as baseline
and set to 100% (see methods/statistical analysis).
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Table 4 Pairwise comparisons between groups are determined according to Dunn

[351

eNOS iNOS PDE5 sGCat sGCb1 cGMP

CON vs FIB sig. (pairwise) 0.024 - 0.002' 0.065 0.006' 0.151
sig. (adjusted) 0.072 - 0.006' 0.195 0.018' 0.453

CON vs CIR sig. (pairwise) 0.001" - 0.001" 0.001" 0.001" 0.018'
sig. (adjusted) 0.003" - 0.003" 0.003"' 0.003' 0.054

FIB vs CIR sig. (pairwise) 0.280 0.732 0.201 0.194 0.267 0.495
sig. (adjusted) 0.840 1.000 0.603 0.582 0.801 1.000

CON vs CON + Sil sig. (pairwise) nm? nm.” nm.” nm.’ nm.’ 0.012'
sig. (adjusted) nm.? nm.” nm.” nm.’ nm.’ 0.024'

CIR vs CIR + Sil sig. (pairwise) nm? nm.” nm.” nm.’ nm.’ 0.009'
sig. (adjusted) nm? nm.” nm.” nm.’ nm.’ 0.018'

Adjusted comparisons are corrected according to Bonferroni. 'Significant differences (P < 0.05) are marked by an. *Means: Not measured.

Figure 2 Immunohistochemical localization of phosphodiesterase-5. A-C: Healthy liver; D-F: Cirrhotic liver. Red arrows: Localization in zone 3 hepatocytes; Blue

arrows: Localization in perisinusoidal cells; Green Arrow: Fibrous septa.

Regarding the course of hemodynamic parameters,
a decrease in parameter values was observed for all
groups regardless of intervention (Figure 3). In rats
with diseased livers the decrease in PVPnom (%) (blue
curve) compared to the decrease in MAProm (%) (red
curve) became more pronounced with Sildenafil and
increasing dosage. CVPnom, respiration ratenom, OXxygen
saturationnorm and body temperaturenom, remained
unchanged in all groups (data not shown).

The effect of Sildenafil was evaluated by comparing
the change in parameter values at time point “"60 min”
to baseline (*10 min”) (Table 6). All parameters were
normalized (PVPnorm, MAPnorm, HRnorm,) before
differences were calculated for the interval 10 min to 60
min post-intervention with time point “10 min” being
set to 100%. Significant differences (P < 0.05) between
Sil 0.1 mg/kg and CON or Sil 1.0 mg/kg and CON are
marked by an “'”. No significant differences between Sil
0.1 mg/kg and Sil 1.0 mg/kg were observed.
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In rats with healthy livers intragroup comparisons
showed nonsignificant effects of Sildenafil on PVProm (P
= 0.399), MAPnom (P = 0.867), and HRnom (P = 0.664).
Also in rats with fibrotic livers intragroup comparisons
revealed nonsignificant effects of Sildenafil on PVPnom
(P = 0.320), MAPnorm (P = 0.272), and HRmorm (P =
0.311). In contrast, the administration of Sildenafil
caused a trend towards a lower PVProm (P = 0.088) in
rats with cirrhotic livers. Moreover, Sildenafil showed
nonsignificant effects on MAPnom (P = 0.915) but for
HRnorm a significant decrease of 8% (RMD) in Sil 1.0
mg/kg was found compared to NaCl (P = 0.024).

DISCUSSION

This study aimed to determine the alterations of key
components in NO-cGMP pathway in the rat model
of TAA-induced liver fibrosis/cirrhosis. Hemodynamic
measurements were performed to further elucidate
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Figure 3 Relative median (%) of mean arterial pressure and portal venous pressure over 60 min with error bars representing 95% confidence intervals. The

time point “10 min” was set to 100%.

or viruses are accompanied by overexpression of
iINOSP*1, NO derived from iNOS activity may have
pathogenic effect (probably mediated by peroxynitrite).
It is assumed that iINOS competes with eNOS for
the cofactor BH4, so that the effect of eNOS-derived
NO, which maintains HSCs in the quiescent state, is
abrogated™ ), Thus, the present results suggest that
in the TAA model HSCs were activated and transformed
into myofibroblasts.

A previous study from Theilig et al***! showed that
in healthy livers nearly all HSCs were immunostained
for sGC in the periphery of the hepatic lobule, while
the intensity decreased in the direction of the central
vein. Around the central vein there was nearly no sGC
detectable. A further preclinical study from Davies
et a*? in the model of bile duct ligation-induced cirrhosis
demonstrated decreased hepatic sGC activity but the
addition of NO donors increased its activity. These authors
did not consider a zonation of sGC. Therefore, the lower
sGC activity may indicate the loss of zonation in cirrhosis.
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cGMP concentrations were not measured in the study
but the authors speculate that addition of substrates for
eNOS and application of an phosphodiesterase inhibitor
could be beneficial on vascular dysfunction in cirrhosis.
Loureiro-Silva et a***! used Western blotting and found
1.6-fold overexpression of the bl-subunit of sGC in the
model of CCl4-induced cirrhosis. This corresponds to the
present data of increased mRNA expression of both sGC
subunits [al (1.7-fold) and b1 (3-fold)] in TAA-induced
cirrhosis. A possible zonation of sGC was not investigated
in the present study.

Likewise, Loureiro-Silva et al** demonstrated an
overexpression of PDE-5. Using immunofluorescence a
cellular mapping of the enzyme was not possible in this
study. Moreover, Lee et al* found a markedly increased
protein expression of PDE-5 and a slight overexpression
of sGC. One week administration of Sildenafil induced
a further overexpression of sGC and a reduction of
PDE-5. This effect was accompanied by a reduction of
portal venous pressure and portal perfusion pressure.
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Finally, Angeli et a/™ found lowered cGMP content and
increased PDE-5 activity in the cirrhotic liver but also
in the kidney. The present study showed an 11-fold
overexpression of PDE-5 on the mRNA level and an
approximately 8-fold overexpression on the protein level
in perisinusoidal cells (most probably HSCs) in cirrhosis.
In healthy livers, a marked zonation was observed, low
frequency of positive cells in perisinusoidal cells (most
probably HCSs) and a marked expression of PDE-5
in perivenular hepatocytes (zone 3). In cirrhosis, the
zonation was lost and a markedly increased staining
was observed in perisinusoidal cells. The fibrous septa
in cirrhosis also exhibited high staining, but a clear
attribution to distinct cell types was not yet possible.

Regarding cGMP, Lee et af*® found that in patients
with liver cirrhosis after administration of Sildenafil
cGMP in liver veins increases and intrahepatic flow
resistance decreases. Levels of cGMP in humans with
healthy liver were not determined. Other groups found
elevated serum cGMP levels in animals and humans with
advanced cirrhosis™ .. The increase of serum cGMP
levels after administration of Sildenafil as demonstrated
in the present study reflects the anticipated effect that
Sildenafil reduces the PDE-5-induced inactivation of
cGMP.

The opposing zonation of sGC and PDE-5 in the
liver lobule of healthy rats suggests a physiological
role in maintaining cGMP in the sinusoids at the
appropriate level: Near the portal triad high sGC activity
catalyzes the formation of high levels of cGMP which
is not inactivated by the low activity of PDE-5. Near
the terminal venule cGMP production is low and high
PDE-5 activity inactivates cGMP before entering the
systemic circulation. For many important metabolic
processes in the liver lobule a zonation has been
already found™®*®!, Generally, in cirrhosis the zonation
of enzymes and metabolic functions is lost along with
disturbed architecture of residual liver lobules. Using
immunohistochemistry the present study showed
that in cirrhosis the zonation of PDE-5 was lost and
the number of PDE-5 positive perisinusoidal cells was
largely increased. These data suggest that not only an
altered expression but also a disturbed zonation of key
components of the NO-cGMP system in cirrhosis may
play an important role in the pathophysiology of portal
hypertension.

To investigate whether pharmaceutical inhibition
of PDE-5 might be a favorable measure in order to
at least partly correct the dysregulation of the NO-
cGMP pathway, hemodynamic measurements were
performed in the next step to evaluate the acute effects
of administration of either NaCl or Sildenafil (Sil 0.1
mg/kg or Sil 1.0 mg/kg). The parameters portal venous
pressure (PVP), mean arterial pressure (MAP), and
heart rate (HR) were monitored over 60 min in the
same rat pool than before, i.e., in rats with healthy,
fibrotic and cirrhotic livers.

At the start of the measurements MAP was relatively
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low in diseased rats compared to healthy rats. However,
it is known that advanced human liver cirrhosis is accom-
panied by a low MAP in the hyperdynamic circulatory
state®” and the patients are highly vulnerable to fluid
loss and anesthesia, what might also explain the different
baseline values in the present study. Consequently, PVP
in diseased rats was relatively low in the present study.
The most noticeable change was observed after high-
dose Sildenafil (1.0 mg/kg) in rats with cirrhosis. This
led to a trend towards decreased PVP by 19% and a
nonsignificant lowering of MAP. Interestingly, Sildenafil
showed no effect on PVP in rats with healthy livers and a
physiological PDE-5 expression, supporting the hypothesis
that the presence of high PDE-5 expression in a particular
tissue reflects the effect of a PDE-5 inhibitor™. No
statistical significance was observed in the present study,
what might be attributed to the high variation of the
decrease of PVP. Nevertheless, the present preclinical
results support previous clinical findings™” and provide
additional arguments about the benefits of PDE-5
inhibitors in therapy of portal hypertension.

Limitations of the study

gRT-PCR data did not reflect the enzymatic activity.
cGMP concentrations were measured from the carotid
arterial instead of the portal venous serum.

The administration of 0.6 mL liquid into the right
atrium caused parameter variations for some minutes
due to volume overload. During the course of 60 min, a
decrease in parameter values (i.e., PVP, MAP, and HR)
even in the NaCl groups could be observed, indicating
that the anesthesia, as well as the operative conditions,
could have added more variability and uncertainty
to the measurements. The procedure itself - the
operative procedure of the rats and the hemodynamic
measurement - lasted about 2.5 to 3 h per rat. The use
of different rat strains (Sprague Dawley for healthy liver,
Wistar for diseased liver), as well as the fact that some
of the diseased rats had CCCs could have influenced the
results of the hemodynamic measurements.

In conclusion

This study provided further evidence that liver cirrhosis
is associated with dysregulations in the NO - cGMP
pathway. The most remarkable findings in the context
of liver cirrhosis were hepatic overexpression and
abrogated zonation of PDE-5 which might contribute to
sinusoidal constriction and portal hypertension. Hence,
the inhibition of PDE-5 may be a promising adjunct in
portal hypertension therapy.

ARTICLE HIGHLIGHTS

Research background

Cirrhotic portal hypertension is partly caused by sinusoidal constriction,
wherein the nitric oxide-cyclic guanosine monophosphate (NO-cGMP)
pathway plays a pivotal role. Whereas in systemic circulation there is excess
NO formation, NO availability is reduced inside the liver (“NO-paradox”).
Currently non-selective beta-blockers (NSBB) are mainly used as medical
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therapy for portal hypertension. 31 receptor blockade reduces portal flow by
decreasing cardiac output while 2 blockade allows unopposed a.1-adrenergic
activity resulting in splanchnic vasoconstriction and decreased portal inflow.
However, their therapeutic efficacy is limited by frequent side effects such as
circulatory dysregulation, which often prevent sufficient dosing, particularly in
decompensated cirrhosis.

Many approaches have been proposed to specifically target the reduced
NO availability in diseased liver. Liver specific NO delivering drugs (e.g.,
NCX-1000) yielded disappointing results. Statins lead to enhanced activity of
endothelial NO synthase. Although statins reduced portal hypertension in a
clinical setting, the effects on clinical outcome were modest. As vasodilating
cGMP is converted to inactive 5-GMP by phosphodiesterase-5 (PDE-5),
PDE-5 inhibitors could exert a beneficial effect in portal hypertension therapy.
However, preclinical and clinical studies on PDE-5 inhibition yielded promising
but variable results.

Research motivation

Novel medical therapies of cirrhotic portal hypertension are clearly needed,
because NSBB have only limited efficacy. Targeting the altered NO-cGMP
pathway in liver cirrhosis may be an intriguing approach to solve this problem.
The imbalance between vasodilating (cGMP) and vasoconstricting (e.g.,
endothelins) compounds may be positively influenced by inhibiting the
conversion of cGMP to inactive 5-GMP by PDE-5 inhibitors. In this preclinical
study, liver disease-induced alterations of biochemical components of the
NO-cGMP pathway, in which cGMP represents the most potent vasodilating
compound, were investigated. The current study aimed to demonstrate a
potential rationale for therapy of cirrhotic portal hypertension using PDE-5
inhibitors.

Research objectives

The study investigated alterations of the NO-cGMP in an animal model of
liver fibrosis/cirrhosis. The aim was to show whether or not the data yielded a
rationale for therapy of cirrhotic portal hypertension using inhibitors of PDE-5.

Research methods

Gene expression of key components of the NO-cGMP pathway was
investigated using PCR. Expression and localization of PDE-5 in healthy and
cirrhotic livers was demonstrated by immunohistochemistry. The vasodilating
compound cGMP was measured by ELISA. Systemic and portal hemodynamic
parameters were monitored after application of NaCl, low-dose Sildenafil, and
high-dose Sildenafil.

Research results

Key enzymes of the NO-cGMP system were overexpressed in cirrhosis:
endothelial NO synthase (2.2-fold), soluble guanylate cyclase subunit a1
(1.7-fold) and soluble guanylate cyclase subunit 1 (3.0-fold), and PDE-5
(11-fold). Inducible NO synthase was expressed only in diseased livers.
Immunohistochemistry showed a zonation of PDE-5 protein in healthy livers:
Pronounced expression in zone 3 hepatocytes and slight expression in
perisinusoidal cells (probably hepatic stellate cells). This zonation of PDE-5 was
abrogated in cirrhotic livers. The enzyme was overexpressed in perisinusoidal
cells. The vasodilating compound cGMP was reduced in liver cirrhosis.
Inhibition of PDE-5 by Sildenafil could at least partly correct these disturbances:
It led to a significant increase of cGMP and a reduction of portal venous
pressure.

Research conclusions

The present study provided evidence that alterations of the NO-cGMP pathway
may play an important role in the pathogenesis of cirrhotic portal hypertension.
In healthy liver a zonation of PDE-5 was found, which may have a significant
function in maintaining an appropriate level of the vasodilating compound
¢GMP in the sinusoids. This zonation was lost in cirrhosis and PDE-5 was
overexpressed in perisinusoidal cells resulting in decreased cGMP serum
levels. This disturbance was at least partly counteracted by inhibition of PDE-5.
Sildenafil induced a normalization of cGMP levels and a reduction of portal
Venous pressure.
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Research perspectives

The present study provides the rationale for the use of inhibitors of PDE-5 in
the therapy of cirrhotic portal hypertension. Clinical studies are needed to test
whether patients with portal hypertension in liver cirrhosis will benefit from
application of PDE-5 inhibitors in terms of clinical endpoints such as prevention
of (re)-bleeding from esophageal varices or prolonged survival.
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