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Abstract
Background: Cholestasis is a multifaceted disease that influences not only the function of the
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liver but also affects many other organs. In this context, cholestasis-induced lung injury is a
significant clinical complication. Unfortunately, there is no precise therapeutic option against
cholestasis-associated lung injury. It has been revealed that oxidative stress and inflammatory
response play a role in cholestasis-induced pulmonary damage. Sildenafil is a phosphodiesterase

Keywords: enzyme inhibitor used in the management of erectile dysfunction. Meanwhile, several

-Bile acids experiments revealed the effects of sildenafil on oxidative stress and inflammation. This study

-Gt aimed to evaluate the effect of sildenafil on cholestasis-induced oxidative stress and inflammation

“Inflammatory cells in cholestasis-induced lung injury.

-Pharmacotherapy Methods: Rats underwent bile duct ligation (BDL) to induce cholestasis. Bronchoalveolar lavage

-Pulmonary injury fluid (BALF) levels of inflammatory cells, cytokine, and immunoglobulin were monitored at
(3, 7, and 14 days after BDL surgery). Moreover, lung tissue histopathological alterations and
biomarkers of oxidative stress were evaluated.

Results: A significant increase in BALF inflammatory cells, TNF-a, and immunoglobulin G
(IgG) was evident in BDL animals. Moreover, the infiltration of inflammatory cells, vascular
congestion, and hemorrhage were detected in the lung of BDL rats. Increased markers of
oxidative stress were also evident in the lung of BDL animals. Sildenafil (10 and 20 mg/kg)
significantly blunted inflammatory response, oxidative stress, and histopathological alterations
in the lung of cholestatic animals.

Conclusion: The effects of sildenafil on inflammatory response and oxidative stress biomarkers
seems to play a crucial role in its protective properties in the lung of cholestatic animals.

Introduction
Cholestasis, the stoppage of bile flow, is a severe clinical
complication that primarily influences the liver.!?

novel therapeutic options against this complication could
have tremendous clinical value.
The precise mechanism of cholestasis-induced lung

However, it has been found that other organs, rather the
liver, could also be affected by cholestasis.>” Cholestasis-
induced lung injury is a severe complication that could
lead to lung tissue fibrosis, respiratory complications, and
profound hypoxemia.*'® Cholestasis-induced lung injury
and pulmonary complications could also induce severe
damage in newborn infants."! Unfortunately, there is no
specific pharmacological intervention against cholestasis-
induced pulmonary complications so far. Hence, finding

injury is not clear. However, some studies mentioned the
pivotal role of oxidative stress and its linked events in
the pathogenesis of cholestasis-induced lung injury.®*!
Our research team also recently revealed that significant
histopathological changes and oxidative stress occur in
cholestatic/cirrhotic animals.”? It has been mentioned
that the accumulation of cytotoxic molecules such as
hydrophobic bile acids is involved in the mechanism of
oxidative stress and lung injury during cholestasis."! On

*Corresponding Authors: Reza Heidari, E-mail: rezaheidari@hotmail.com & Hossein Niknahad, Email:niknahadh@sums.ac.ir
©2023 The Author(s). This is an open access article and applies the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/4.0/). Non-commercial uses of the work are permitted, provided the original work is properly cited.


https://doi.org/10.34172/PS.2022.38
https://ps.tbzmed.ac.ir/
mailto:rezaheidari@hotmail.com
mailto:niknahadh@sums.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.34172/PS.2022.38&domain=pdf&date_stamp=2023-04-01
https://orcid.org/0000-0003-0514-2414
https://orcid.org/0000-0001-6211-5936
https://orcid.org/0000-0002-7038-9838

Ommati, et al.

the other hand, the inflammatory response also seems to
play a pivotal role in the mechanism of cholestasis-induced
lung injury.'>"**> Accumulation of inflammatory cells and
releasing cytokines could play a pathogenic role in the
mechanism of cholestasis-associated lung damage.">'* It
is also well-known that inflammation and oxidative stress
are two related events.'®"” Inflammatory cells such as
neutrophils are significant reactive oxygen species (ROS)."

Sildenafil is a phosphodiesterase type 5 (PDE-5)
inhibitor administered to manage erectile dysfunction
and pulmonary arterial hypertension.” In addition to its
common pharmacological effects, it has been found that
PDE-5 inhibitors such as sildenafil could affect other organs
such as the liver, kidney, lung, and central nervous system
(CNS)."*20 Several studies indicate that the effects of PDE-5
inhibitors on oxidative stress and its linked adverse events
play a crucial role in their organ protective properties.*"*
PDE-5 inhibitors significantly decreased ROS formation,
lipid peroxidation, and impaired tissue antioxidant
capacity in various experimental models.?"** On the other
hand, it has also been reported that PDE-5 inhibitors
could significantly suppress inflammation and the release
of inflammatory cytokines in different organs.**** The
effects of sildenafil on the respiratory system are one of the
most interesting pharmacological effects of this drug.>*
Clinically, sildenafil is widely used for disorders such as
pulmonary arterial hypertension.”® It has been seen that
sildenafil could blunt oxidative stress and its consequences
in the pulmonary artery hypertension model.” Moreover,
the effects of sildenafil on the immune system and
inflammatory response have been studied in several
experimental models.” Hence, sildenafil was evaluated for
its potential anti-inflammatory and antioxidant properties
in the lung of cholestatic animals in the current study.

As oxidative stress and inflammation play a significant
role in the pathogenesis of cholestasis-induced lung injury,
itis expected that sildenafil could play a positive role against
this complication. The data obtained from this study could
provide new insight into the therapeutic strategies against
cholestasis-induced pulmonary damage.

Materials and Methods
Chemicals and reagents

4,2Hydroxyethyl,1-piperazine ethane sulfonic
acid (HEPES), hexadecyl-trimethyl-ammonium
bromide (HTAB), reduced glutathione (GSH),

2',7'-dichlorofluorescein diacetate, hydrogen peroxide,
2,4,6-tripyridyl-s-triazine, methanol, sildenafil citrate, and
ethylenediaminetetraacetic acid (EDTA) were purchased
from Sigma (St. Louis, MO, USA). Trichloroacetic
acids, m-phosphoric acid, O-dianisidine hydrochloride,
potassium chloride, sodium chloride, hydrochloric
acid, ferric chloride, and hydroxymethyl aminomethane
hydrochloride (Tris-HCl) were purchased from Merck
(Merck KGaA, Darmstadt, Germany). Kits for evaluating
serum biochemistry were obtained from ParsAzmoon®
(Tehran, Iran). Kits for assessing immunoglobulin and

cytokine in BALF were purchased from Shanghai Jianglai
Biology® (China). BALF level of bile acids was analyzed
by an EnzyFluo™ bile acids assay kit (BioAssay® Systems,
USA).

Animals

Male Sprague-Dawley rats (n = 36, 250 + 20 g) were
obtained from Shiraz University of Medical Sciences,
Shiraz, Iran. Animals were maintained in a standard
environment (12 h photo schedule, = 45+5% relative
humidity, and temperature 24+1°C) with free access to tap
water and a regular rat diet (RoyanFeed®, Isfahan, Iran).
The ethics committee of experimental animal care and
use at Shiraz University of Medical Sciences approved the
current study (Approval code: IR SUMS.REC.1399.1344).

Bile duct ligation surgery

Animals were randomly allotted into sham-operated
and bile duct ligated (BDL) groups. Briefly, animals
were anesthetized (8 mg/kg of xylazine and 70 mg/kg
of ketamine, i.p), and a midline incision (= 2 cm) was
made through the linea alba. The common bile duct was
recognized and doubly ligated using a silk suture (# 04).>'>*
The sham operation involved laparotomy without bile duct
ligation.

The validation of lung injury in BDL rats

Sham-operated and BDL rats (n = 6/group) were
monitored at scheduled time intervals (3, 7, and 14 days
after surgery).”>*** The BDL model of cholestasis is an
appropriate experimental tool for assessing the mechanisms
involved in the pathogenesis of cholestasis-induced lung
injury and evaluating pharmacological interventions in
this complication.®" In the current study, we found that all
lung inflammation and fibrosis markers were significantly
increased 14 days after BDL surgery. Therefore, in another
round of experiments the following groups were added:
BDL + Sildenafil (10 mg/kg/day, i.p, 14 consecutive days)
and BDL + Sildenafil (20 mg/kg/day, i.p, 14 consecutive
days). The sildenafil doses applied in the current study were
selected based on the relevant literature in this field.* The
time frame for evaluating tissue injury after BDL surgery
was also selected based on previous studies, including our
research on the BDL model of cholestasis.'>**3>-4042

Broncho-alveolar lavage fluid (BALF) preparation

Animals were anesthetized using thiopental (80 mg/kg,
i.p). Animals were placed in a dorsal position, and the
trachea was exposed and cannulated using a 20 G catheter.
The catheter was stabilized with a cotton thread. Then, 1
ml of ice-cooled saline-EDTA (2.6 mM EDTA in normal
saline; 0.9% w:v NaCl) was injected into the lung, and the
chest was gently massaged (10 sec).” The solution was re-
aspirated and kept on ice. This procedure was repeated
(5 times/animal and 1 ml each time). Then, the pooled
lavage preparations were centrifuged (5 minutes, 300 g, 4
°C) to pellet cells. The supernatant was collected to analyze
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TNF-a, IgG, bilirubin, and bile acids.**** Then, 500 pL
KCl (0.6 M) and 1.5 ml of ultrapure water were added to
the cell pellet for erythrocyte lysis (10 sec). Samples were
homogenized by inverting and centrifuged (5 min, 300 g, 4
°C). Finally, the supernatant was discarded, 1 ml of saline-
EDTA was added to the cell pellet, and homogenized by
inverting. The cell suspension was kept at 4 °C and used for
cellular analysis.*

Serum biochemical measurements and BALF cellular
analysis

Blood samples (5 ml) were obtained from the abdominal
aorta, transported to serum preparation tubes
(Improvacuter®; heparin-coated tubes), and centrifuged
(4000 g, 15 min, 4 °C). Commercial kits (Pars-Azmoon®,
Tehran, Iran) and a Mindray BS-200° autoanalyzer
(Guangzhou, China) were employed to assess serum
gamma-glutamyl transpeptidase (y-GT), total bilirubin,
alkaline phosphatase (ALP) alanine aminotransferase
(ALT), lactate dehydrogenase (LDH), and aspartate
aminotransferase (AST). Kits for assessing IgG and TNF-a
in BALF were purchased from Shanghai Jianglai Biology®
(China). BALF level of bile acids was analyzed by an
EnzyFluo™ Bile Acids Assay Kit (BioAssay” Systems, USA).
BALF total bilirubin was assessed using a Parsazmoon® kit
(Tehran, Iran). A Prokan® automatic blood cell counter was
used for the differential inflammatory cell count of BALF.

Reactive oxygen species in the lung of BDL rats

The level of reactive oxygen species (ROS) formation in the
lung was measured using 2', 7'dichlorofluorescein diacetate
(DCE-DA) as a fluorescent probe.*! For this purpose, 400
mg of the lung tissue was homogenized in 4 mL of ice-
cooled Tris-HCl bufter (40 mM, pH = 7.4). Then, 100 pL of
the resulted tissue homogenate was added to 1 ml of Tris-
HCI buffer (40 mM, pH = 7.4) containing 10 uM of DCF-
DA and incubated in the dark (10 min, 37°C incubator).
Finally, the fluorescence intensity was assessed using a
FLUOstar Omega® multifunctional fluorimeter (A_ = 485
nmand A__ = 525 nm).*

Lung tissue lipid peroxidation

Lipid peroxidation in the lung tissue was assessed using
the thiobarbituric acid reactive substances (TBARS) test.
Briefly, 500 pL of the lung tissue homogenate (10% w:v in
40 mM Tris-HCl buffer, pH = 7.4) was treated with 2 mL of
TBARS assay reagent (a mixture of 1 mL of thiobarbituric
acid 0.375% w:v, 1 mL of 50% w:v of trichloroacetic acid,
pH = 2). Samples were vortexed well (1 min) and heated
(100 °C water bath, 45 min). Afterward, 2 mL of n-butanol
was added, and samples were mixed and centrifuged (10000
& 20 min, 4 °C). Finally, the absorbance of the n-butanol
phase was measured (A = 532 nm, EPOCH?" plate reader,
USA).#

The total antioxidant capacity of the lung tissue
The pulmonary tissue’s ferric reducing antioxidant power

(FRAP) was measured based on a previously reported
procedure. Briefly, a working FRAP mixture was freshly
prepared by mixing 10 mL of 300 mmol/L acetate buffer
(pH = 3.6) with 1 mL of 10 mmol/L of 2, 4, 6-tripyridyl-s-
triazine (dissolved in 40 mmol/L hydrochloric acids), and
1 mL of 20 mmol/L ferric chlorides. Then, 100 pL of tissue
homogenate was added to 1.5 mL of FRAP reagent and
incubated in a shaker incubator (37 °C, 5 min, protected
from light). Finally, the absorbance was measured (A = 593
nm, EPOCH plate reader, USA).*

Lung tissue gluthatione (GSH) content in cholestatic rats
The Ellman’s (5, 5-dithio-bis-2-nitrobenzoic acid; DTNB)
was used for assessing lung GSH content based on a
previously reported protocol. Briefly, 1 mL of the lung
tissue homogenate (10% w:v in 40 mM Tris-HCI buffer,
4°C) was added to 1 mL of deionized water (4°C) and
100 pL of trichloroacetic acid (50% w:v). The mixture
was vortexed and centrifuged (10000 g, 4°C, 20 minutes).
Then, the supernatant was mixed with 1 mL of Tris-HCI
buffer and 100 uL of 10 mM DTNB solution (dissolved in
methanol).* The absorbance was measured at A = 412 nm
(EPOCH? plate reader, BioTek®, USA).

Myeloperoxidase (MPO) activity in the lung tissue

The MPO activity was evaluated as an index of inflammatory
cell infiltration in the lung tissue of cholestatic animals.
Briefly, 100 mg of lung tissue was homogenized in 1 mL
of hexadecyl-trimethyl-ammonium bromide (HTAB)
solution (0.5% w:v; dissolved in 50 mM KH,PO,; pH= 6;
4°C) and centrifuged (4000 g, 15 minutes, 4 °C).* Then,
100 pL of the supernatant was added to 2.9 mL of 50
mM KH,PO, buffer (pH = 6) containing O-dianisidine
hydrochloride (16.7 mg/100 ml) and hydrogen peroxide
(0.0005% v:v). After the incubation period (5 minutes,
25°C), the reaction was stopped by adding 100 ul of
hydrochloric acid (1.2 M), and the absorbance was
measured at A = 400 nm (EPOCH? plate reader, USA).*

Lung tissue histopathology

Lung tissue samples were fixed in 10% v:v buffered
formalin solution. Then, samples were fixed in paraffin
blocks, and a 5-pm-thick slice of each sample was prepared
by a microtome and stained with hematoxylin and eosin
(H&E). A pathologist blindly analyzed tissue slides.

Statistical analysis

Dataarerepresented as mean + SD. Data sets were compared
by the one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison test as the post hoc. The analysis of
pulmonary histopathological changes was performed by
the Kruskal-Wallis, followed by the Mann-Whitney U test.
Values of P < 0.05 were considered statistically significant.

Results
Monitoring serum levels of liver injury markers, including
ALT, AST, LDH, bilirubin, bile acids, ALP, and y-GT,
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Figure 1. Serum biochemistry and broncho-alveolar fluid (BALF) level of bilirubin and bile acids in bile duct ligated (BDL) rats. Sildenafil
treatment significantly decreased serum ALT, AST, and LDH levels in BDL animals (Supplementary file). Sildenafil had no significant effect
on serum bile acids, bilirubin, ALP, and y-GT in the current study (Supplementary file). Data are represented as meantSD (n = 6). Data
sets with different alphabetical superscripts are statistically different (P < 0.05).

indicated the proper induction of cholestasis in BDL
animals (Figure 1, P < 0.001). On the other hand, a
significant rise in BALF level of bilirubin and bile acids was
also detected in cholestatic rats (P < 0.001, 7 and 14 days
after BDL surgery) (Figure 1). It should be mentioned that
sildenafil (10 and 20 mg/kg) significantly decreased serum
ALT, AST, and LDH (Supplementary file). Meanwhile,
sildenafil had no significant effect on serum ALP, y-GT,
bilirubin, and bile acids in BDL rats (Supplementary file).

BALF levels of IgG and TNF-a significantly increased in
BDL rats (Figure 2). It was found that sildenafil (10 and
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Figure 2. The level of IgG and TNF-a in the broncho-alveolar
lavage fluid (BALF) of bile duct ligated (BDL) rats. Sildenafil (10
and 20 mg/kg) significantly decreased BALF levels of IgG and
TNF-a. Data are represented as meanSD (n = 6). Data sets with
different alphabetical superscripts are statistically different (P <
0.05).

20 mg/kg, i.p, 14 consecutive days) significantly decreased
IgG and TNF-a in the BALF of BDL animals (Figure 2, P
< 0.05). The effect of sildenafil on TNF- o and IgG was not
dose-dependent in the current study (Figure 2).

The level of inflammatory cells was monitored in the
BALF of BDL rats (Figure 3). BALF level of lymphocytes,
neutrophils, and monocytes was significantly increased on
day 14 after BDL surgery (Figure 3, P < 0.01). No significant
changes in the BALF level of eosinophils were detected in
the current study (Figure 3). BALF level of inflammatory
cells also showed no substantial changes on days 3 and 7

BALF Lymphocytes (103/ul)
BALF Neutrophils (10"3/u)

Days after
BDL Surgery

Days after
BDL Surgery

BALF Monocytes (10*3/ul)

T T T

A wD
Days after

BDL Surgery

Days after
BDL Surgery

Figure 3. Monitoring the bronchoalveolar lavage fluid (BALF) of
bile duct ligated (BDL) rats. Data are represented as mean+SD
(n = 6). Data sets with different alphabetical superscripts are
statistically different (P < 0.05).
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Figure 4. The level of inflammatory cells in the broncho-alveolar
lavage fluid (BALF) of bile duct ligated (BDL) rats. Sildenafil
significantly decreased inflammatory cells in the BALF of BDL
animals. Data are represented as meantSD (n = 6). Data sets
with different alphabetical superscripts are statistically different (P
< 0.05).

post-BDL operations (Figure 3). The effect of sildenafil
(10 and 20 mg/kg) on BALF content of inflammatory cells
revealed a significant decrease in these markers in drug-
treated cholestatic animals (Figure 4, P < 0.05).

A significant increase in lung tissue level of reactive
oxygen species (ROS) and lipid peroxidation was
detected in the BDL rats (Figure 5, P < 0.01). Moreover,
the current study showed a significant decrease in lung
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Figure 5. Biomarkers of oxidative stress markers in the lung
tissue of bile duct ligated rats (14 days after bile duct ligation;
BDL; operation). ROS: Reactive oxygen species; DCF: Di-chloro
fluorescein; TBARS: Thiobarbituric acid reactive substances;
FRAP: Ferric reducing antioxidant power; GSH: reduced
glutathione. Data are represented as mean+SD (n = 6). Data sets
with different alphabetical superscripts are statistically different (P
<0.05).

tissue glutathione (GSH) content and total antioxidant
capacity (Figure 5, P < 0.01). It was found that sildenafil
significantly blunted oxidative stress markers in the lung
of BDL rats (Figure 5, P < 0.05). A significant increase in
myeloperoxidase (MPO) activity was also detected in the
lung of BDL rats (Figure 5, P < 0.01). Meanwhile, it was
found that sildenafil decreased MPO activity in the lung
tissue of BDL animals (Figure 5, P < 0.05).

BDL. + Sildenafil 20 m:;
——

B

Figure 6. Lung histopathological alterations in cholestatic animals (14 days after bile duct ligation; BDL; surgery). Significant inflammatory
cell infiltration (yellow arrow), vascular congestion (green arrow), and hemorrhage (blue arrow) were evident in the lung of BDL rats.
Scores of lung histopathological changes and their statistical analysis are represented in Table 1. Scale bar = 100 pym.
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Table 1. Pulmonary histopathological changes in bile duct ligated rats.

Treatments Inflammation Hemorrhage Congestion
Control 0 (0, 0) 0 (0, 0) 0 (0, 0)
BDL 2(2,2) 2(1,2)* 2(1,2)*
BDL + Sildenafil 10 mg/kg 1(1,1)2 1(1,1)2 1(1,1)°
BDL + Sildenafil 20 mg/kg 1(1,1)2 0(0,0)® 0(0,0)2

0 = absent; 1 = mild; and 2 = moderate histopathological alterations.

Data are represented as median and quartiles for six random pictures per group (14 days after bile duct ligation; BDL; surgery).
# Indicates significantly different compared to the control group (P < 0.05).

2 Indicates significantly different from the BDL group (P < 0.05).

Significant  histopathological ~ changes, including
hemorrhage, vascular congestion, and the infiltration of
inflammatory cells, were detected in the lung of BDL rats
(Figure 6 and Table 1). It was found that sildenafil (10 and
20 mg/kg/day, i.p, for 14 consecutive days) significantly
mitigated cholestasis-induced lung tissue histopathological
alterations (Figure 6 and Table 1).

Discussion

Cholestasis is a multifaceted clinical complication affecting
liver function and other organs such as the kidney,
brain, heart, skeletal muscle, and lung.'’**® Cholestasis-
induced lung injury is a serious disorder that could lead
to tissue fibrosis and respiratory complications.®'° Several
studies mentioned the crucial role of oxidative stress,
inflammatory response, and their linked adverse events in
the pathogenesis of cholestasis-induced lung injury.®***
The current study found that sildenafil significantly
mitigated cholestasis-induced lung injury. The effects of
sildenafil on oxidative stress biomarkers and inflammation
play a major role in its protective mechanisms.

Although the precise mechanisms of lung injury
induced by cholestasis are not fully understood, some
investigations revealed the pivotal role of inflammatory
response and oxidative stress in the pathogenesis of this
complication.**"1* Therefore, the effects of sildenafil as the
protective agent administered against cholestasis-induced
lung injury are reviewed on these markers in the following
parts.

Several investigations indicate that the effects of PDE-
5 inhibitors such as sildenafil and vardenafil on oxidative
stress markers play a crucial role in their cytoprotective
mechanisms.?? The activation of signaling pathways such
as the nuclear factor-erythroid 2 related factor 2 (Nrf2)
plays a fundamental role in the antioxidant effect of PDE-5
inhibitors.?>** The activation of Nrf2 is a basic mechanism
in expressing the cellular antioxidant defense system.?"*!
It has been well-documented that cellular antioxidant
systems are impaired in various tissues of cholestatic
animals, namely in the liver.*"***% In a recent study, we
found that the Nrf2 signaling is significantly impaired in
the liver and kidney of cholestatic animals.*® It was found
that the pharmacological intervention for activating Nrf2
signaling significantly blunted hepatic and renal injury in

cholestasis.*® As mentioned, oxidative stress plays a crucial
role in bile acid-induced lung injury.®*'? Significant ROS
formation, lipid peroxidation, glutathione depletion, and
decreased tissue antioxidants have been documented in
the lung of cholestatic animals."? The accumulation of
cytoprotective molecules, such as hydrophobic bile acids,
seems to play a fundamental role in the occurrence of
oxidative stress in the lung tissue during cholestasis.'’ In
the current study, we found that sildenafil significantly
decreased oxidative stress biomarkers in the lung of
cholestatic animals (Figure 5). These data indicate that
a significant part of the protective effects of sildenafil is
mediated through its impact on blunting oxidative stress.
The effects of sildenafil on oxidative stress in the lung of
cholestatic animals could be mediated through its direct
impact on signaling pathways such as Nrf2. On the other
hand, it is well-known that inflammation and oxidative
stress are two mechanisticallyinterrelated events.®" Hence,
the indirect effect of sildenafil on the accumulation of
inflammatory cells in the lung could also be involved in its
effects on oxidative stress markers.

It has been found that the PDE-5 inhibitors significantly
suppress the activation of NFkB signaling.?*** These drugs
have been widely used against inflammatory responses in
various experimental models.”*** The activation of NFkB
induces the expression of multiple genes involved in
synthesizing pro-inflammatory cytokines.**** The current
study found that the BALF level of cytokines such as
TNF-a was significantly decreased by sildenafil (Figure 2).
Moreover, sildenafil significantly decreased the infiltration
of inflammatory cells into the lung of cholestatic rats
(Figure 3). These data align with previous studies indicating
the anti-inflammatory role of PDE-5 inhibitors.?>* These
data prove that a significant part of the protective effects
of sildenafil against cholestasis-induced lung injury is
mediated through its anti-inflammatory properties. The
release of cytokines and inflammation is essential in lung
injury pathogenesis in experimental cholestasis models.'>*
Therefore, further evaluation of the inhibitory effects of
sildenafil on various components of the NFkB signaling
pathway in the lung of cholestatic animals could enhance
our understanding of its precise mechanism of protective
action.

The hepatoprotective properties of sildenafil in
experimental cholestasis models is an important subject

170 | Pharmaceutical Sciences, 2023, 29(2), 165-174



Sildenafil Mitigates Lung Injury

that should be mentioned here. It has been noted that
sildenafil could significantly improve liver function
and blunt hepatic histopathological alterations in
cholestasis.?*"*¢ The effects of sildenafil on oxidative stress
and its associated complications in the liver seem to play
a key role in its hepatoprotective properties.”’ Moreover,
it has been found that sildenafil significantly suppressed
inflammatory response in cholestasis models.?"*"*® Based
on these data, it may be emphasized that the positive
effects of sildenafil on other organs (e.g., the lung) could
be linked, at least in part, with the role of this drug in
improving liver function (Supplementary Data). However,
as the bile duct is constantly obstructed in the BDL model,
the main route for the excretion of cytotoxic molecules
(e.g., bile acids) is blocked. Hence, the tissue level of these
molecules is significantly high (Figure 1). As shown in the
supplementary file, sildenafil could not decrease the BALF
level of bile acids (supplementary file). Hence, a significant
part of the protective effects of sildenafil reported in the
current model could be related to its direct impact on the
lung tissue.

Based on previous studies, the BDL model is an
appropriate model to evaluate the adverse effects of
cholestasis on various organs.'>*>¢”% The direct cytotoxic
effects of compounds such as hydrophobic bile acids and
bilirubin could be readily investigated in the BDL model
of cholestasis.'>* On the other hand, this model closely
resembles cholestatic liver disease in humans.* However,
the severity of inflammation in various organs, the type of
cytokines and growth factors released, and the mechanisms
of tissue injury (e.g., the mechanisms of tissue fibrosis)
might be different in animal models compared with human
subjects. On the other hand, a successful BDL operation
and induction of cholestasis with minimal trauma and
animals’ mortality depends on the technical skills, surgeon
expertise, post-operation cares, and available instrumental
facilities.*

Conclusion

Sildenafil provides significant protective properties against
cholestasis-induced lung injury. The role of sildenafil in
mitigating oxidative stress and inflammation biomarkers
plays a pivotal role in its protective mechanisms. These
data provide new insight into the protective properties
of sildenafil in the lung tissue of cholestatic animals.
Therefore, repurposing sildenafil could offer a novel
therapeutic option for cholestasis-induced lung injury in
clinical settings.

Ethical Issues

The ethics committee of experimental animal care and
use at Shiraz University of Medical Sciences approved the
current study (Approval code: IR.SUMS.REC.1399.1344).

Acknowledgments
The current study was financially supported by the Natural
Science Foundation of Shanxi (Grant No. 20210302124411)

and the Vice-Chancellor of Research Affairs, Shiraz
University of Medical Sciences, Shiraz, Iran (Grants:
23028/23031/23040/ 23701).

Author Contributions

MMO, RH, and HN were involved in subject
conceptualization, funding acquisition, methodology, data
analysis, validation, project administration, resources,
supervision, writing the original draft and review & editing
the final version of the manuscript. NA was involved in
data visualization, literature review, data analysis, and
writing the original manuscript draft. ME, AM, and KM
were involved in data collection, literature review, and
preparing manuscript draft. All authors read and approved
the final version of the manuscript.

Conlflict of Interest
Non to be declared.

Supplementary Data
Supplementary data is available on the journal’s web site
along with the published article.

References

1. Jingst C, Lammert E Cholestatic liver disease. Dig Dis.
2013;31:152-54. d0i:10.1159/000347210

2. Li T, Chiang JYL. Bile acid-induced liver injury in
cholestasis. In: Ding W-X, Yin X-M, eds. Cellular
Injury in Liver Diseases. Cham: Springer International
Publishing;  2017:143-72.  d0i:10.1007/978-3-319-
53774-0_7

3. Rodriguez-Garay EA. Cholestasis: human disease and
experimental animal models. Ann Hepatol. 2003;2:150-
58. doi:10.1016/S1665-2681(19)32126-X

4. Patil A, Mayo MJ. Complications of cholestasis. In: Md
KDL, Md JAT, eds. Cholestatic Liver Disease: Humana
Press; 2008:155-69. doi:10.1007/978-1-59745-118-5_9

5. Shafaroodi H, Ebrahimi F Moezi L, Hashemi M,
Doostar Y, Ghasemi M, et al. Cholestasis induces
apoptosis in mice cardiac cells: the possible role of
nitric oxide and oxidative stress. Liver Int. 2010;30:898-
905. doi:10.1111/j.1478-3231.2010.02249.x

6. Ommati MM, Farshad O, Niknahad H, Arabnezhad
MR, Azarpira N, Mohammadi HR, et al. Cholestasis-
associated reproductive toxicity in male and female rats:
The fundamental role of mitochondrial impairment
and oxidative stress. Toxicol Lett. 2019;316:60-72.
doi:10.1016/j.toxlet.2019.09.009

7. Fickert P, Rosenkranz AR. Cholemic nephropathy
reloaded. Semin Liver Dis.  2020;40:91-100.
do0i:10.1055/5-0039-1698826

8. Hu Z-H, Kong Y-Y, Ren J-J, Huang T-J, Wang Y-Q,
Liu L-X. Kidney and lung tissue modifications after
BDL-induced liver injury in mice are associated with
increased expression of IGFBPrP1 and activation of the
NF-«B inflammation pathway. Int J Clin Exp Pathol.
2020;13:192-202

Pharmaceutical Sciences, 2023, 29(2), 165-174 | 171



Ommati, et al.

9.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gill SS, Suri SS, Janardhan KS, Caldwell S, Duke T,
Singh B. Role of pulmonary intravascular macrophages
in endotoxin-induced lung inflammation and mortality
in a rat model. Respir Res. 2008;9:69. doi:10.1186/1465-
9921-9-69

Yu L, Ding Y, Huang T, Huang X. Effect of bile acid
on fetal lung in rat model of intrahepatic cholestasis
of pregnancy. Int ] Endocrinol. 2014;2014:e308274.
doi:10.1155/2014/308274

Zecca E, De Luca D, Baroni S, Vento G, Tiberi E,
Romagnoli C. Bile acid-induced lung injury in newborn
infants: a bronchoalveolar lavage fluid study. Pediatrics.
2008;121:e146-49. doi:10.1542/peds.2007-1220

. Ommati MM, Amjadinia A, Mousavi K, Azarpira N,

Jamshidzadeh A, Heidari R. N-acetyl cysteine treatment
mitigates biomarkers of oxidative stress in different
tissues of bile duct ligated rats. Stress. 2021;24:213-28.
doi:10.1080/10253890.2020.1777970

Herraez E, Lozano E, Poli E, Keitel V, De Luca D,
Williamson C, et al. Role of macrophages in bile acid-
induced inflammatory response of fetal lung during
maternal cholestasis. J Mol Med. 2014;92:359-72.
doi:10.1007/s00109-013-1106-1

De Luca D, Minucci A, Zecca E, Piastra M, Pietrini
D, Carnielli VP, et al. Bile acids cause secretory
phospholipase A2 activity enhancement, revertible by
exogenous surfactant administration. Intensive Care
Med. 2009;35:321-26. doi:10.1007/s00134-008-1321-3
Shikata F, Sakaue T, Nakashiro K-i, Okazaki M, Kurata
M, Okamura T, et al. Pathophysiology of lung injury
induced by common bile duct ligation in mice. PLoS
One. 2014;9:€94550. doi:10.1371/journal.pone.0094550
Chow C-W, Herrera Abreu MT, Suzuki T, Downey GP.
Oxidative stress and acute lung injury. Am J Resp Cell
Mol Biol. 2003;29:427-31. d0i:10.1165/rcmb.F278
Motoyama T, Okamoto K, Kukita I, Hamaguchi
M, Kinoshita Y, Ogawa H. Possible role of
increased oxidant stress in multiple organ failure
after systemic inflammatory response syndrome.
Crit Care Med. 2003;31:1048-52. doi:10.1097/01.
CCM.0000055371.27268.36

Jaeschke H, Hasegawa T. Role of neutrophils in acute
inflammatory liver injury. Liver Int. 2006;26:912-19.
doi:10.1111/j.1478-3231.2006.01327.x

Andersson KE. PDES5 inhibitors — pharmacology and
clinical applications 20 years after sildenafil discovery.
Br J Pharmacol. 2018;175:2554-65. doi:10.1111/
bph.14205

Ala M, Mohammad Jafari R, Dehpour AR. Sildenafil
beyond erectile dysfunction and pulmonary arterial
hypertension: Thinking about new indications.
Fundament Clin  Pharmacol.  2021;35:235-59.
doi:10.1111/fcp.12633

Ali FEM, Azouz AA, Bakr AG, Abo-youssef AM,
Hemeida RAM. Hepatoprotective effects of diosmin
and/or sildenafil against cholestatic liver cirrhosis: The
role of Keap-1/Nrf-2 and P38-MAPK/NF-kB/iNOS

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

signaling pathway. Food Chem Toxicol. 2018;120:294-
304. doi:10.1016/j.£ct.2018.07.027

Ahmed N, Bakhashwain NF, Alsehemi AE El-Agamy
DS. Hepatoprotective role of vardenafil against
experimentally induced hepatitis in mice. ] Biochem
Mol Toxicol. 2017;31(3):e21867. doi:10.1002/jbt.21867
Kniotek M, Boguska A. Sildenafil can affect innate and
adaptive immune system in both experimental animals
and patients. ] Immunol Res. 2017;2017:4541958.
doi:10.1155/2017/4541958

Clayton RA, Dick CAJ, Mackenzie A, Nagasawa
M, Galbraith D, Hastings SE et al. The effect of
selective phosphodiesterase inhibitors, alone and in
combination, on a murine model of allergic asthma.
Respir Res. 2004;5:4. doi:10.1186/1465-9921-5-4
Simgek T, Ersoy OF, Ozsoy Z, Yenidogan E, Kayaoglu
HA, Ozkan N, et al. Effect of sildenafil citrate on the
liver structure and function in obstructive jaundice:
An experimental study. Turk J Surg. 2018;34:111-16.
doi:10.5152/turkjsurg.2018.3771
Blancol,SantosS,GeaJ,GliellR, Torres F, Gimeno-Santos
E, et al. Sildenafil to improve respiratory rehabilitation
outcomes in COPD: a controlled trial. Eur Respir J.
2013;42:982-92. doi:10.1183/09031936.00176312
Vonk-Noordegraaf A, Boerrigter BG. Sildenafil: a
definitive NO in COPD. Eur Respir J. 2013;42:893-94.
doi:10.1183/09031936.00108313

Lederer DJ, Bartels MN, Schluger NW, Brogan F,
Jellen P, Thomashow BM, et al. Sildenafil for chronic
obstructive pulmonary disease: A randomized
crossover trial. COPD. 2012;9:268-75. doi:10.3109/154
12555.2011.651180

Semen K, Yelisyeyeva O, Jarocka-Karpowicz I,
Kaminskyy D, Solovey L, Skrzydlewska E, et
al. Sildenafil reduces signs of oxidative stress in
pulmonary arterial hypertension: Evaluation by fatty
acid composition, level of hydroxynonenal and heart
rate variability. Redox Biol. 2015;7:48-57. doi:10.1016/j.
redox.2015.11.009

Kniotek M, Boguska A. Sildenafil can affect innate
and adaptive immune system in both experimental
animals and patients. ] Immunol Res. 2017; 4541958.
doi:10.1155/2017/4541958

Heidari R, Mandegani L, Ghanbarinejad V,
Siavashpour A, Ommati MM, Azarpira N, et al
Mitochondrial dysfunction as a mechanism involved
in the pathogenesis of cirrhosis-associated cholemic
nephropathy. Biomed Pharmacother. 2019;109:271-80.
doi:10.1016/j.biopha.2018.10.104

Heidari R, Jamshidzadeh A, Ghanbarinejad V, Ommati
MM, Niknahad H. Taurine supplementation abates
cirrhosis-associated locomotor dysfunction. Clin Exp
Hepatol. 2018;4:72-82. doi:10.5114/ceh.2018.75956
Mousavi K, Niknahad H, Li H, Jia Z, Manthari RK,
Zhao Y, et al. The activation of nuclear factor-E2-
related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)
signaling blunts cholestasis-induced liver and kidney

172 | Pharmaceutical Sciences, 2023, 29(2), 165-174



Sildenafil Mitigates Lung Injury

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

injury. Toxicol Res. 2021;10:911-27. doi:10.1093/
toxres/tfab073

Farshad O, Ommati MM, Yiiziigiilen ], Jamshidzadeh
A, Mousavi K, Ahmadi Z, et al. Carnosine mitigates
biomarkers of oxidative stress, improves mitochondrial
function, and alleviates histopathological alterations
in the renal tissue of cholestatic rats. Pharm Sci.
2020;27:32-45. d0i:10.34172/PS.2020.60

Heidari R, Mohammadi H, Ghanbarinejad V,
Ahmadi A, Ommati MM, Niknahad H, et al. Proline
supplementation mitigates the early stage of liver injury
in bile duct ligated rats. ] Basic Clin Physiol Pharmacol.
2019;30:91-101. doi:10.1515/jbcpp-2017-0221
Ommati MM, Farshad O, Niknahad H, Mousavi K,
Moein M, Azarpira N, et al. Oral administration of
thiol-reducing agents mitigates gut barrier disintegrity
and bacterial lipopolysaccharide translocation in a rat
model of biliary obstruction. Curr Res Pharmacol Drug
Discov. 2020;1:10-18. d0i:10.1016/j.crphar.2020.06.001
Jamshidzadeh A, Heidari R, Latifpour Z, Ommati MM,
Abdoli N, Mousavi S, et al. Carnosine ameliorates
liver fibrosis and hyperammonemia in cirrhotic rats.
Clin Res Hepatol Gastroenterol. 2017;41:424-34.
doi:10.1016/j.clinre.2016.12.010

Ahmadi A, Niknahad H, Li H, Mobasheri A, Manthari
RK, Azarpira N, et al. The inhibition of NFxB signaling
and inflammatory response as a strategy for blunting
bile acid-induced hepatic and renal toxicity. Toxicol
Lett. 2021;349:12-29. doi:10.1016/j.toxlet.2021.05.012
Ghanbarinejad V, Jamshidzadeh A, Khalvati B, Farshad
O, Li H, Shi X, et al. Apoptosis-inducing factor plays
a role in the pathogenesis of hepatic and renal injury
during cholestasis. Naunyn-Schmiedebergs Arch
Pharmacol. 2021;394:1191-203. doi:10.1007/s00210-
020-02041-7

Ghanbarinejad V, Ommati MM, Jia Z, Farshad O,
Jamshidzadeh A, Heidari R. Disturbed mitochondrial
redox state and tissue energy charge in cholestasis. J
Biochem Mol Toxicol. 2021;35:e22846. doi:10.1002/
jbt.22846

Abd El Motteleb DM, Ibrahim IAAEH, Elshazly
SM. Sildenafil protects against bile duct ligation
induced hepatic fibrosis in rats: Potential role for
silent information regulator 1 (SIRT1). Toxicol
Appl Pharmacol. 2017;335:64-71. doi:10.1016/j.
taap.2017.09.021

. Moezi L, Heidari R, Amirghofran Z, Nekooeian AA,

Monabati A, Dehpour AR. Enhanced anti-ulcer effect
of pioglitazone on gastric ulcers in cirrhotic rats:
The role of nitric oxide and IL-1PB. Pharmacol Rep.
2013;65:134-43. d0i:10.1016/S1734-1140(13)70971-X

Daubeuf F, Frossard N. Eosinophils and the ovalbumin
mouse model of asthma. Methods Mol Biol
2014;1178:283-93. doi:10.1007/978-1-4939-1016-8_24
Okada S, Hasegawa S, Hasegawa H, Ainai A, Atsuta
R, Tkemoto K, et al. Analysis of bronchoalveolar
lavage fluid in a mouse model of bronchial asthma

and HIN1 2009 infection. Cytokine. 2013;63:194-200.
doi:10.1016/j.cyt0.2013.04.035

45. Heidari R, Niknahad H. The role and study of

mitochondrial impairment and oxidative stress in
cholestasis. In: Vinken M, ed. Experimental Cholestasis
Research. New York, NY: Springer; 2019:117-32.
doi:10.1007/978-1-4939-9420-5_8

46. Liu SE Ye X, Malik AB. Pyrrolidine dithiocarbamate

prevents I-kB degradation and reduces microvascular
injury induced by lipopolysaccharide in multiple
organs. Mol Pharmacol. 1999;55:658-67.

47. Ommati MM, Farshad O, Mousavi K, Taghavi R,

Farajvajari S, Azarpira N, et al. Agmatine alleviates
hepatic and renal injury in a rat model of obstructive
jaundice. PharmaNutrition. 2020;13:100212.
do0i:10.1016/j.phanu.2020.100212

48. Ommati MM, Farshad O, Azarpira N, Shafaghat M,

Niknahad H, Heidari R. Betaine alleviates cholestasis-
associated renal injury by mitigating oxidative stress
and enhancing mitochondrial function. Biologia.
2021;76:351-65. d0i:10.2478/s11756-020-00576-x

49. Ommati MM, Farshad O, Mousavi K, Jamshidzadeh A,

Azmoon M, Heidari S, et al. Betaine supplementation
mitigates intestinal damage and decreases serum
bacterial endotoxin in cirrhotic rats. PharmaNutrition.
2020;12:100179. d0i:10.1016/j.phanu.2020.100179

50. Heidari R, Niknahad H, Sadeghi A, Mohammadi H,

Ghanbarinejad V, Ommati MM, et al. Betaine treatment
protects liver through regulating mitochondrial
function and counteracting oxidative stress in acute
and chronic animal models of hepatic injury. Biomed
Pharmacother. 2018;103:75-86. doi:10.1016/j.
biopha.2018.04.010

51. Heidari R, Ghanbarinejad V, Mohammadi H, Ahmadi

A, Esfandiari A, Azarpira N, et al. Dithiothreitol
supplementation mitigates hepatic and renal injury
in bile duct ligated mice: Potential application in the
treatment of cholestasis-associated complications.
Biomed Pharmacother. 2018;99:1022-32. doi:10.1016/].
biopha.2018.01.018

52. Ommati MM, Mohammadi H, Mousavi K, Azarpira

N, Farshad O, Dehghani R, et al. Metformin alleviates
cholestasis-associated nephropathy through regulating
oxidative stress and mitochondrial function. Liver Res.
2021;5:171-80. doi:10.1016/j.livres.2020.12.001

53. Heidari R, Ahmadi A, Ommati MM, Niknahad H.

Methylene blue improves mitochondrial function in
the liver of cholestatic rats. Trend Pharm Sci. 2020;6:73-
86. doi:10.30476/tips.2020.85961.1043

54. Ommati MM, Attari H, Siavashpour A, Shafaghat M,

Azarpira N, Ghaffari H, et al. Mitigation of cholestasis-
associated hepatic and renal injury by edaravone
treatment: Evaluation of its effects on oxidative stress
and mitochondrial function. Liver Res. 2021;5:181-93.
do0i:10.1016/j.livres.2020.10.003

55. Heidari R, Ghanbarinejad V, MohammadiH, Ahmadi A,

Ommati MM, Abdoli N, et al. Mitochondria protection

Pharmaceutical Sciences, 2023, 29(2), 165-174 | 173



Ommati, et al.

56.

57.

58.

59.

60.

61.

as a mechanism underlying the hepatoprotective effects
of glycine in cholestatic mice. Biomed Pharmacother.
2018;97:1086-95. doi:10.1016/j.biopha.2017.10.166
Ommati MM, Hojatnezhad S, Abdoli N, Manthari
RK, Jia Z, Najibi A, et al. Pentoxifylline mitigates
cholestasis-related cholemic nephropathy. Clin Exp
Hepatol. 2021;7:377-89. doi:10.5114/ceh.2021.111014
Siavashpour A, Khalvati B, Azarpira N, Mohammadi
H, Niknahad H, Heidari R. Poly (ADP-Ribose)
polymerase-1 (PARP-1) overactivity plays a pathogenic
role in bile acids-induced nephrotoxicity in cholestatic
rats. Toxicol Lett. 2020;330:144-58. doi:10.1016/j.
toxlet.2020.05.012

Ommati MM, Farshad O, Azarpira N, Ghazanfari E,
Niknahad H, Heidari R. Silymarin mitigates bile duct
obstruction-induced cholemic nephropathy. Naunyn-
Schmiedeberg’s Arch Pharmacol. 2021;394:1301-14.
doi:10.1007/s00210-020-02040-8

Abdoli N, Sadeghian I, Mousavi K, Azarpira N,
Ommati MM, Heidari R. Suppression of cirrhosis-
related renal injury by N-acetyl cysteine. Curr Res
Pharmacol Drug Discov. 2020;1:30-38. doi:10.1016/j.
crphar.2020.100006

Abdoli N, Sadeghian I, Azarpira N, Ommati MM,
Heidari R. Taurine mitigates bile duct obstruction-
associated cholemic nephropathy: effect on oxidative
stress and mitochondrial parameters. Clin Exp Hepatol.
2021;7:30-40. doi:10.5114/ceh.2021.104675

Lugrin ], Rosenblatt-Velin N, Parapanov R, Liaudet
L. The role of oxidative stress during inflammatory
processes. Biol Chem. 2014;395:203-30. doi:10.1515/
hsz-2013-0241

62.

63.

64.

65.

66.

67.

68.

El-Agamy DS, Almaramhy HH, Ahmed N, Bojan
B, Alrohily WD, Elkablawy MA. Anti-inflammatory
effects of vardenafil against cholestatic liver damage
in mice: a mechanistic study. Cell Physiol Biochem.
2018;47:523-34. d0i:10.1159/000489986

Noel S, Panin N, Beka M, Dhooghe B, Huaux E Leal
T. Vardenafil reduces macrophage pro-inflammatory
overresponses in cystic fibrosis through PDE5-
and CFTR-dependent mechanisms. Clin Sci.
2017;131:1107-21. doi:10.1042/CS20160749

Pires BRB, Silva RCMC, Ferreira GM, Abdelhay E. NF-
kappaB: Two sides of the same coin. Genes. 2018;9:24.
do0i:10.3390/genes9010024

LiuL, Liu N, Zhao Z, Liu ], Feng Y, Jiang H, et al. TNF-a
neutralizationimprovesexperimentalhepatopulmonary
syndrome in rats. Liver Int. 2012;32:1018-26.
doi:10.1111/j.1478-3231.2012.02821.x

Simgek T, Ersoy OF, Ozsoy Z, Yenidogan E, Kayaoglu
HA, Ozkan N, et al. Effect of sildenafil citrate on the
liver structure and function in obstructive jaundice:
An experimental study. Turk J Surg. 2018;34:111-16.
doi:10.5152/turkjsurg.2018.3771

Mariotti V, Cadamuro M, Spirli C, Fiorotto R,
Strazzabosco M, Fabris L. Animal models of cholestasis:
An update on inflammatory cholangiopathies.
Biochimica et Biophysica Acta. 2019;1865:954-64.
doi:10.1016/j.bbadis.2018.07.025

Tag CG, Weiskirchen S, Hittatiya K, Tacke F, Tolba RH,
Weiskirchen R. Induction of experimental obstructive
cholestasis in mice. Lab Anim. 2015;49:70-80.
doi:10.1177/0023677214567748

174 | Pharmaceutical Sciences, 2023, 29(2), 165-174



