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Quercetin ameliorates acute lung injury Rl

in a rat model of hepatopulmonary syndrome
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Abstract

Background: Common bile duct ligation (BDL) is a rat experimental model to induce biliary cirrhosis. Lung fibrosis
and pulmonary vascular angiogenesis and congestion are the most common complications of biliary cirrhosis that
is known as hepatopulmonary syndrome. The aim of the present work is to investigate the acute lung injury in a BDL
model and to investigate the possible protective effect of quercetin on this injury.

Methods: Twenty-four adult male albino rats of the Wister strain (weighing 150-250g). Animals were divided into

3 groups, with 8 rats each: Group I: Sham-operated group (control). Group I: Bile duct ligation group (BDL) sacrificed
after 28 days from the surgery. Group Ill: Quercetin-treated bile duct ligation group (Q-BDL) was given orally by gastric
gavage in a dose of 50 mg/kg/day, starting from the 4th day of the operation until the 28th day. At the end of the
experiment, at day 28, all rats were sacrificed. Lung specimens were processed to measure Endothelin B receptor
gene expression by PCR, lung surfactant by ELISA, “eNO" s by immunohistochemistry. Histological assessment was
done using; H&E, Masson’s trichrome, PAS, toluidine blue-stained semi-thin sections, transmission electron micro-
scope. Histomorphometric and statistical studies were done.

Results: BDL group showed significant increase in lung index together with mononuclear cellular infiltration denot-
ing lung inflammatory state. Also, the significant increase in pulmonary endothelial nitric oxide synthase ("eNO" s)
area percent and endothelin B receptor (ETy) gene expression indicates enhanced angiogenesis. Pulmonary sur-
factant concentration was significantly decreased together with thickening of interalveolar septa denoting lung injury
and fibrosis. Quercetin led to significant decrease in lung index, pulmonary "eNO" s area percent, ET; gene expression
and significant increase in pulmonary surfactant concentration. Quercetin treatment improved histological changes
and morphometric measurements, limited mononuclear cellular infiltration and decreased perivascular and perialveo-
lar collagen deposition.

Conclusion: Quercetin ameliorates the hepatopulmonary syndrome-induced lung injury through its anti-inflamma-
tory, antioxidative and antifibrotic effects.
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Background

Hepatopulmonary syndrome (HPS) is a serious pul-

monary vascular complication of cirrhosis that mark-

edly increases morbidity and mortality [1]. Much of

our knowledge arises from studies on rat experimental
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The primary feature of HPS is the intrapulmonary
vasodilatation and shunting that result in hypoxemia
and worsen the quality of life [3]. These changes may be
induced by increased nitric oxide (NO) production syn-
thesized by endothelial nitric oxide synthase ("eNO" s)
or by inducible nitric oxide synthase ("iNO" S) produced
by the infiltrating monocytes [2]. It was found that NO
inhibition with N-nitroarginine methyl ester (L-NAME)
decreases intrapulmonary shunting and improves gas
exchange [4].

Endothelin-1 (ET-1) plays a significant role in the
pathophysiology of HPS. Although ET-1 is a potent
vasoconstrictor, it may promote vasodilation in the pul-
monary circulation of BDL rats. The differential effect
of ET-1 depends on the expression of and binding to its
receptors. The endothelin A (ET,) or B (ET}y) receptors
expressed by vascular smooth muscle cells mediate vaso-
constriction, while the ET} receptor on endothelial cells
upregulates "eNO" s and NO production and mediate
vasodilation [5]. In BDL rats, ET} receptors are specifi-
cally upregulated, probably driven by increased pulmo-
nary shear stress during the hyper-dynamic condition
of liver disease [6]. Further, endothelin might increase
nuclear factor-kB levels enhancing the expression of
adhesion molecules and inflammatory cytokines [7].
Inflammatory cells such as monocytes may activate the
vascular endothelial growth factor A (VEGF-A) which
enhance angiogenesis that plays a role in the pathophysi-
ology of HPS [8]. Increased plasma endotoxins, pro-
inflammatory and oxidative markers in BDL might be
implicated in pulmonary vascular dilatation and angio-
genesis [6].

Decreased alveolar ventilation was also found to com-
plicate the disease state. In a rat model of experimental
HPS, alveolar type II cells showed apoptosis and decrease
in surfactant production [9].

Despite significant progress in HPS research, liver
transplantation is the only curative treatment, high-
lighting the need for novel effective medical therapies.
Quercetin, a flavonoid that is abundant in human diet
is known for its antioxidant and anti-inflammatory
properties [7]. A previous clinical trial with COPD sub-
jects showed that quercetin consumption was safe and
well tolerated by the subjects [10]. Flavonoid acts to
prevent lipid peroxidation by neutralizing various reac-
tive oxygen species and by activation of the antioxidant
enzymes thus it may prevent redox imbalance and lung
inflammation [11].

However, its effect on pulmonary surfactant and alveo-
lar type II cells in hepatopulmonary syndrome was not
investigated.

Further, Quercetin was also found to inhibit angio-
genesis in a rat model of common bile duct ligation [12].
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Quercetin was able to inhibit macrophage activation and
attenuate liver inflammation and fibrosis in a carbon tet-
rachloride mouse model [13]. The Quercetin ability to
limit liver cirrhotic evolution might decrease the sever-
ity of the subsequent HPS [7]. However, this protective
mechanism of quercetin is still doubtful in the lung tis-
sue. Recently Aragjo et al. [14] suggested that quercetin
protected alveolar structure and halted inflammation and
oxidative stress in a chronic obstructive pulmonary dis-
ease induced by cigarette smoke.

Emerging from the above points, the current work was
aimed to investigate the effect and mechanism of action
of quercetin administration, on lung function and mor-
phology in experimentally induced hepatopulmonary
syndrome, which has been performed by bile duct liga-
tion to develop secondary biliary cirrhosis.

Methods

Animals

The research protocol and all experimental procedures
comply with the guidelines of the research Ethical Com-
mittee of Faculty of Medicine, Ain-Shams University and
with the revised Animals (Scientific Procedures) Act
1986 in the UK and Directive 2010/63/EU in Europe [15,
16]. Twenty-four adult male albino rats (weighing 150—
250g) were purchased from the experimental animal
farm (Giza, Egypt) and housed in the Medical Ain-Shams
Research Institute (MASRI), with suitable ventilation,
temperature of 22-25°C, 12hours light dark cycle and
free access to food and water. The animals were accli-
matized to the new environment for one week prior to
experimental procedures. Rats were classified randomly
into the following groups (8 rats each):

1. Group I: Sham-operated group (Sham): rats under-
went all surgical procedures without bile duct liga-
tion, 28 days before sacrifice. Rats were given distilled
water daily by gastric gavage, starting from the 4th
day of the operation until the 28th day.

2. Group II: Bile duct ligation group (BDL): Bile duct
ligation 28 days before sacrifice. Rats were given dis-
tilled water daily by gastric gavage, starting from the
4th day of the operation until the 28th day.

3. Group III: Bile duct ligation + Quercetin group
(Q-BDL): Quercetin (3, 3/, 4/, 5, 6-Pentahydroxyfla-
von, Sigma, St. Louis, Missouri, USA) was prepared
by freshly dissolving the daily dose in distilled water
and then was given orally by gastric gavage in a dose
of 50 mg/kg/day, starting from the 4th day of the bile
duct ligation operation till the 28th day [17]. Rats in
groups I and II were given the same volume of dis-
tilled water daily.



Nassef et al. BMC Complementary Medicine and Therapies

Bile duct ligation and induction of obstructive jaundice

Animals were anesthetized with intraperitoneal keta-
mine (0.1mg/g) and xylazine (0.01mg/g). A midline
abdominal incision was made, and the common bile
duct was identified. The duct was dissected carefully
by the naked eye and a single ligation of the bile duct
just before its entry to the intestine was made, and the
abdominal incision was closed in two layers [18]. In the
sham-operated group, the duct was dissected without
ligation, and all other steps were performed as in BDL

group.

Experimental procedures

On the day of sacrifice, overnight fasted rats, except for
free access to water, were weighed and anaesthetized
with intraperitoneal ketamine (0.1 mg/g) and xylazine
(0.01 mg/g). Lungs were carefully dissected of excess
surrounding tissue and weighed to calculate lung indi-
ces. Lung index=lung weight (mg)/body weight (g)
according to Zhao [19], it was done to examine for the
presence of pulmonary inflammation, congestion or
edema. Hearts were also excised, weighed, and cardiac
indices were calculated by dividing the absolute heart
weight (mg) by the final body weight (g) to exclude
cardiac causes of pulmonary congestion. Lung speci-
mens were taken and divided; some specimens were
fixed for paraffin embedding, and some specimens
were stored at —20°C for biochemical tissue assay of
endothelin B (ETB) receptor expression and surfactant
concentration.

Quantitative real-time PCR for determination of endothelin
B (ETg) receptor gene expression similar to Balyakina et al.,
[20]

Tissue samples of the studied groups were lysed and
total RNA was isolated with RNeasy purification rea-
gent (Qiagen, Valencia, CA). The purity of total RNA
was measured with a spectrophotometer and the wave-
length absorption ratio (260/280nm) was between
1.8 and 2.0 for all preparations. Reverse transcription
of total RNA to cDNA was carried out with a reverse
transcription reaction (Superscript II, Gibco Life Tech-
nologies, Grand Island, NY, USA). Real-time PCR
amplification and analysis were carried out using an
Applied Biosystem with software version 3.1 (Step One,
TM, USA). The reaction contained SYBR Green Mas-
ter Mix (Applied Biosystems). The data were analyzed
with the comparative cycle threshold (CT) method. The
expression of B-actin mRNA was used as an internal
control in all samples. The primers used were shown in
Table 1.
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Table 1 Primer sequences of studied genes

Gene Sequence

Endothelin B receptor Forward primer:
5"-GATACGACA
ACTTCCGCT
CCA-3/

Reverse primer:5’
-GTCCACGATGAG

GACAATGAG - 3

Forward primer:
5'- GACGGCCAG
GTCATCACTAT
_3

Reverse primer:
5" - CTTCTGCAT
CCTGTCAGCAA
— 3’

Beta actin

Determination of pulmonary surfactant in lung tissue
was performed using Rat Pulmonary Surfactant-Asso-
ciated Protein D (SP-D) ELISA Kit, supplied by MyBio-
Source, USA, according to the method provided by the
manufacturer.

Histological study of lung

Light microscopic study Hematoxylin & Eosin (H&E),
Masson'’s trichrome (MTC), and periodic acid shift (PAS
stain)

Lung specimens were fixed in 10% buffered formalin
(pH7.4) fixative solution for 24hours, dehydrated in
ascending grades of ethanol, cleared in xylol, and embed-
ded in paraffin. Tissues were processed for preparation
of paraffin blocks to get paraffin sections (5pum in thick-
ness), which were stained by conventional H&E to assess
the cell nucleus, cytoplasm and organelles [21], Masson’s
Trichrome that allows the differentiation of collagen fib-
ers [22] and periodic acid shift (PAS stain) to assess gly-
cogen presence which reflects the state of energy stores
(23, 24].

Light microscopic study, preparation of specimens

for semi-thin sections and toluidine blue staining

The remaining part of lung tissue was immediately cut
into cubes (1mm in diameter) and fixed overnight in
2.5% phosphate-buffered glutaraldehyde (pH7.3) at 4°C.
Post-fixation in 1% buffered osmium tetroxide for 1-2h
was followed by dehydration in ascending grades of ethyl
alcohol, cleared in propylene oxide, and finally embed-
ded in fresh Epon capsules. Semi-thin sections 1pm in
thickness were cut with a glass knife and stained with
toluidine blue, and then examined by an Olympus light
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microscope. These sections were done to highlight pres-
ence of inflammatory cells [25, 26].

Transmission electron microscopic (TEM) preparation

of specimens for ultra-thin sections

Cubes (I1mm in diameter) of lung tissue were fixed in
0.1 M sodium cacodylate buffer containing 2.5% glutaral-
dehyde and 2% formaldehyde. After 2h of fixation at 4°C
with 2% osmium tetroxide in 50mM sodium cacodylate
(pH7.2), the specimens were stained overnight with 0.5%
aqueous uranyl acetate. Specimens were dehydrated,
embedded in Epon 812, and sectioned into ultrathin
slices with ultra-microtome. The ultrathin sections were
evaluated on a Zeiss Transmission Electron Microscope
EM 900 [27].

Determination of "eNO" s by immunohistochemistry
staining of lung tissue

Five-micrometer-thick paraffin sections were mounted
on positively charged slides and subjected to the immu-
nohistochemical procedure using an Avidin-Biotin detec-
tion system (Ventana, Tucson, AZ, USA), following the
manufacturer’s instructions. Sections were incubated
with polyclonal guinea pig anti-"eNQO" s antibody (1:100)
(N1542, Dako, Carpinteria, CA, USA) performed by an
automatic immunostainer (Ventana Bench Mark XT,
Ventana) [28, 29].

Computerized quantitative morphometric analysis (image
analysis)

1. The thickness of interalveolar septa and pulmonary
vessels (indicated by the distance diameter) per-
formed in the H&E stained sections

2. In Masson’s trichrome stained sections, the area per-
cent of collagen fibers was measured using binary
mode

3. The number of pneumocyte type II was counted in
the toluidine blue stained semithin sections

4. Area percentage of "eNO" s relative immunostaining
density was done in "eNO" s immunostained sections

Morphometric measures were carried out using the
Image Pro plus image analyzer computer system Leica
DM2500 microscope with a built-in camera (Wetzlar,
Germany). All images were digitally acquired using an
image analyzer Leica Q win V.3 program (Wetzlar, Ger-
many) installed on a computer in the Histology Depart-
ment, Faculty of Medicine, and Ain Shams University.
Five different nonoverlapping fields from five different
stained sections were examined in each group for meas-
uring each parameter.
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Morphometric parameters that were measured at a
high-power field of magnification are as follows:

Thickness of the inter-alveolar septa (um).

Thickness of the wall of pulmonary vessels.

The area percentage of collagen fibers.

Area % of "eNQO's relative immunostaining density.

The mean number of type II pneumocytes/HPE.

Semiquantitative lung injury score was done to reflect

the severity of lung damage according to Silva et al. [30]
Statistical analysis

Statistical analysis was performed using SPSS statistical
software, version 15.0 (SPSS Inc., Chicago, IL, USA) for
Windows. Data were analyzed and presented as means+
SD. Differences between continuous data were analyzed
using one-way ANOVA. Correlation and lines of regres-
sion were calculated by linear regression analysis, Pear-
son correlation coefficient was calculated, and P<0.05
was considered significant [31].

Results

Lung and cardiac indices

Lung weight

In the present work, there was a significant increase in
the lung weight normalized to body weight (lung index)
in the BDL group compared to the sham group, which
decreased back to the control values in the querce-
tin treated group (P<0.05). The results of cardiac index
showed that there was no statistical difference between
BDL group compared to the sham group (Table 2, Fig. 1).

Biochemical analysis

Endothelin B receptor gene expression was significantly
increased in BDL group compared to the sham group
(P<0.001). However, in the quercetin treated group this
was significantly reduced compared to the untreated
group (P<0.005) (Table 3, Fig. 2).

Pulmonary surfactant concentration in lung tissues
was significantly reduced in BDL group compared to the
sham group (P<0.001). However, in the quercetin treated
group this was significantly increased compared to the
untreated group (P <0.005) (Table 3, Fig. 2).

Table 2 mean +standard deviation values of lung and heart
indices (mg/qg) in lung tissue of sham, bile duct ligation (BDL) and
quercetin-treated bile duct ligation (Q-BDL) groups

Sham BDL Q-BDL
Lung indices 56+ 1.15 734218° 57 +052°
Heart indices 3524051 3.66 + 0.55 328+ 044

a: Significant at P <0.05 when compared to sham-operated group calculated by
ANOVA, least significant difference. b: Significant at P <0.05 when compared to
BDL group calculated by ANOVA, least significant difference
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Fig. 1 Box plot demonstrating lung indices in sham-operated group (sham), Bile duct ligation group (BDL) and Bile duct ligation 4+ Quercetin

Q-BDL

Table 3 mean=standard deviation values of endothelin B
receptors gene expression (%) and pulmonary surfactant (pg/
mg protein) in lung tissue of sham, bile duct ligation (BDL) and
quercetin-treated bile duct ligation (Q-BDL) groups

Sham BDL Q-BDL
Endothelin Breceptors 1 £0.012 6542464 34341.193°
Pulmonary surfactant 1469 +£247 7344223 109.14152°

a: Significant at P < 0.05 when compared to sham-operated group calculated by
ANOVA, least significant difference. b: Significant at P <0.05 when compared to
BDL group calculated by ANOVA, least significant difference

There was a significant negative correlation between
lung index and surfactant concentration in lung tis-
sues (r=— 0.476, P<0.05) in the data pooled from the
three studied groups (Fig. 3). There was a significant
negative correlation between endothelin B receptor gene
expression and surfactant concentration in lung tissues
(r=-—0.701, P<0.001) in the data pooled from the three
studied groups (Fig. 3).

Histological results

The sham-operated group

As shown in (Fig. 4), the H & E-stained sections showed
the normal spongy architecture of the lung. This
appeared in the form of bronchi, bronchioles, alveoli
and alveolar sacs separated by thin inter-alveolar septa
(Fig. 4A). The terminal bronchioles were lined by simple
columnar ciliated epithelium and surrounded by con-
centric layers of smooth muscle fibers. Majority of the
alveoli were lined by thin type I pneumocytes with their
flat nuclei while few alveoli were lined by cubical pneu-
mocytes type II with their large, rounded nuclei that were
located at the angles of the interalveolar septa (Fig. 4B).

1. In the Toluidine blue-stained semi-thin sections,
epithelial lining of the terminal bronchiole showed
two types of cells. Ciliated cells and non-ciliated cells
(Clara cells). Clara cells appeared with dome shaped
apex protruding into the lumen and has narrow base.
It had darkly stained oval indented nucleus. Slips of
smooth muscle cells surrounding the bronchioles
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A Endothelial B receptors gene expression % B Pulmonary surfactant Pg/mg protein
Sham BDL Q-BDL Sham BDL Q-BDL

Fig. 2 Box plot demonstrating a) Endothelin B receptor b) surfactant concentration in sham-operated group (sham), Bile duct ligation group (BDL)
and Bile duct ligation + Quercetin group (Q-BDL)
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Fig. 3 Regression lines and coefficients of determination (R?): It shows significant negative correlation between surfactant concentration in lung
tissues and each of lung index and gene expression of endothelin 1-B receptors

was also seen (Fig. 4C). The alveolar epithelium was Strong positive PAS reaction was detected in the
formed of both type I with attenuated cytoplasm and bronchiolar passages, wall of a blood vessel, and walls
type II pneumocytes with vacuolated cytoplasm & of alveoli in the periodic acid- shiff (PAS) stained sec-
projecting above the level of the surrounding epithe- tions (Fig. 4F). In transmission electron microscope
lium (Fig. 4D). patent alveolus showed type-I pneumocyte with its
2. Masson’s trichrome stained sections showed very thin attenuated cytoplasm toward the alveolar space
thin collagen fibers in the interalveolar septa and sur- and flattened nucleus, together with dome shaped

rounding the blood vessels & bronchioles. (Fig. 4E). type-II pneumocyte with its large euchromatic
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nucleus and many full lamellar bodies was also noted
in a form of electron dense granules& normal micro-
villi (Fig. 4G) & (Fig. 4H).

Bile duct ligation group

As shown in (Fig. 5), the H & E-stained sections revealed
diffuse lung tissue affection. The hallmark was the wide-
spread vascular congestion, angiogenesis in the form
of multiple small-dilated congested blood vessels vari-
able in size and shape. Detached bronchiolar epithelium
of the disfigured terminal bronchioles together with
mural smooth muscle hypertrophy observed (Fig. 5A).
Moreover, some of the pulmonary blood vessels that
had thickened media and narrow lumen filled with blu-
ish thrombus and inflammatory exudate that appeared as
acidophilic structureless homogenous material. The lung
demonstrated honeycomb appearance as some of the
alveoli were narrow, while others were dilated showed
compensatory emphysematous dilatations (Fig. 5B). The
inter alveolar septa were thickened and infiltrated by red
blood cells (RBCs) and heavy mononuclear cellular infil-
tration, with apparent detected increase in the number of
pneumocytes II in the distorted alveoli (Fig. 5C). Alveolar
spaces had extravasated RBCs. Many macrophages with
large eccentric nuclei and acidophilic cytoplasm laden
with brownish hemosiderin were observed infiltrating
the thickened inter-alveolar septa (Fig. 5D). Figure 5E
revealed disruption of the endothelial cell lining of the
intima of some pulmonary blood vessels with polymor-
phic mononuclear inflammatory cells adherent to it was
noted. Inter-alveolar septa thickened by proliferating
fibroblast.
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Examination of the toluidine blue stained semi-thin
sections of the BDL group revealed generalized thicken-
ing of the inter-alveolar septa with capillaries and inflam-
matory cells infiltrates. The alveoli are mostly lined by
pneumocytes type II with hardly detected flat pneumo-
cytes type I (Fig. 5F). The epithelial lining of the terminal
bronchioles had sometimes darkly stained nuclei. Most of
bronchiolar lumina appeared full of exfoliated epithelial
cells and pale stained active macrophage cells (Fig. 5G).
Masson’s trichrome stained sections showed apparent
increase in the thick collagen fibers deposition in the
lung interstitium including mainly walls of the blood ves-
sels, alveoli, interalveolar septa, and lamina propria of the
bronchioles (Fig. 5H). Periodic acid- shiff (PAS) stained
sections revealed weak PAS reaction in the bronchi-
olar passages, wall of a blood vessel, and walls of alveoli
(Fig. 5I). Transmission electron microscope of the BDL
group revealed numerus variable sized depleted empty
electron lucent lamellar bodies seen in some of disfig-
ured dome shaped type-II pneumocyte with (peripheral
clumps of heterochromatin of the nucleus) i.e., inactive
nucleus. There were dilated cisternae of rough endoplas-
mic reticulum also ill-defined blunt flattened microvilli of
type-1I pneumocyte (Fig. 5]). Also, Type-II pneumocyte
had signs of nonfunctioning proliferation in the form of
apparent increase in their number, but, with numerus
electron lucent empty lamellar bodies & microvilli
(Fig. 5K).

The quercetin-treated bile duct ligation group

As shown in (Fig. 6), the H & E-stained sections revealed
amelioration of the lung injury compared to group IIL
Most of the lung sections showed restoration of the

(See figure on next page.)

Fig. 4 Histological changes in sham-operated group.The hematoxylin and eosin-stained sections. 4A. Sham group shows normal lung architecture
with thin interalveolar septa (1). Notice patent alveolar sacs (S), alveoli (A), bronchiole, (B) and pulmonary vessels (V). (x 100). 4B. Sham group
shows thin interalveolar septa (1). The bronchiole (B) is lined by simple columnar ciliated epithelium (/) and is surrounded by concentric layers of
smooth muscle fibers (M). The alveoli (A) are mostly lined by thin type | pneumocyte with their flat nuclei () and few cubical pneumocytes type

I with their large, rounded nuclei and vacuolated cytoplasm (1) present at the angles of interalveolar septa and pulmonary vessels (V). (x 400).
Toluidine Blue stained semi thin sections: 4C. Sham group shows a terminal bronchiole, its epithelial lining showed two types of cells; ciliated

cells (arrow) and non-ciliated cells (Clara cells) (arrowhead), with dome shaped apex protruding into the lumen and has narrow base. It had

more darkly stained oval indented nucleus, slips of smooth muscle (M) are seen surrounded the bronchiole also can be seen. (x 1000). 4D. Sham
group shows interalveolar septa containing capillaries and few inflammatory cells separating wide air spaces. The alveoli seen lined by mostly with
flat pneumocyte type | (I) and few cubical pneumocytes type Il with their large, rounded nuclei and vacuolated cytoplasm (Il) present at the angles
of interalveolar septa. (x 1000). 4E. Masson's trichrome stained lung sections: Sham group has few green collagen fibers (1) surrounding mainly the
walls of the blood vessels (V). Notice scanty collagen fibers present in the alveolar septa (1) and around the bronchiole (B). A=alveoli. (x100) 4F. The
sham-operated group shows strong positive PAS reaction. In Photomicrographs of Ultrastructure examination by Transmission electron microscope
(TEM) of lung: G. Transmission electron micrographs of the sham group showing patent alveolus (A) showing type-I of pneumocyte type-I (Pl) with
thin attenuated cytoplasm toward the alveolar space and flattened nucleus (n). dome shaped type-Il pneumocyte (Pll) with large euchromatic
nucleus (N) and many lamellar bodies (blue arrow). (Uranyl acetate and Lead citrate x 8000). 4H. showing type-| of pneumocytetype-I (Pl) with thin
attenuated cytoplasm toward the alveolar space and flattened nucleus (n). Dome shaped type-Il pneumocyte (Pll) with large euchromatic nucleus
(N). (Uranyl acetate and Lead Citrate x 8000)
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Fig. 4 (Seelegend on previous page.)




Nassef et al. BMC Complementary Medicine and Therapies

normal architecture like sham group I in the form of thin
interalveolar septa with patent alveolar spaces. Bronchi-
oles appeared with intact epithelial lining. A relatively
thin walled, less congested and patent pulmonary blood
vessels were noticed (Fig. 6A). Also, apparent increase
in the number of pneumocytes type I was noticed. There
was limitation of mononuclear cellular infiltration within
the relatively thin inter-alveolar septa (Fig. 6B).

The semi thin sections stained by Toluidine blue
showed restoration of the normal architecture like sham
group I in the form of apparent increase in the number
of pneumocytes type I as compared to group II, relatively
thin inter-alveolar septa together with less congested
capillaries (Fig. 6C). Moreover, semi thin sections stained
by Toluidine blue showed many of the terminal bronchi-
oles showed epithelial lining of the two types of cells: cili-
ated cells and non-ciliated cells (Clara cells) (Fig. 6D).

Masson’s trichrome stained sections of the Q-BDL
group presented apparent decrease in the deposition of
collagen fibers in the inter-alveolar septa, peri-bronchial
and peri-vascular areas nearly similar to the sham-oper-
ated group (Fig. 6E). Periodic acid- shiff (PAS) stained
sections of the Q-BDL group presented positive PAS
reaction in the bronchiolar passages, wall of a blood ves-
sel, and walls of alveoli (Fig. 6F). Transmission electron
microscope of the Q-BDL group showed the pneumocyte
type-I with thin attenuated cytoplasm toward the alveolar
space and flattened nucleus noticed. Together with dome
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shaped type-II pneumocyte with numerus electron dense
full lamellar bodies and normal microvilli (Fig. 6G).

Immunohistochemical assessment of "e NO"s

As shown in Fig. 7, immunohistochemically stained sec-
tions of "eNO"s of the sham-operated group I showed
weak immunoexpresion of "e NO"s in pulmonary arte-
rial endothelium (Fig. 7A). In the BDL group positive
immune reactivity was seen as brown granules were
present in the cytoplasm of endothelial cells lining the
lumen of the blood vessels (Fig. 7B). In Q-BDL group
apparent reduction of the cytoplasmic immune reactiv-
ity and number of reactive endothelial cells of pulmonary
blood vessels was observed compared to the BDL group
(Fig. 7C).

Morphometric results (image analysis)

There was a significant increase in thickness of interal-
veolar septa, thickness of the wall of pulmonary vessels
and area percentage for collagen fiber deposition in BDL
group compared to sham group and Q-BDL. Moreover,
there was a significant increase in the number of type II
pneumocytes/HPF and area percentage for “eNO” s in
BDL group compared to sham group and Q-BDL group.
Meanwhile, there was no significance difference between
sham group and in Q-BDL group in all these parameters
(Tables 4 and 5, Fig. 8A-E).

(See figure on next page.)

Fig. 5 Histological changes in BDL group: The hematoxylin and eosin-stained sections: 5A. BDL group shows diffuse lung tissue affection, the
hallmark is the widespread angiogenesis (*) in the form of multiple small-dilated congested blood vessels (V) variable in size and shape. The
detached bronchiolar epithelium (1) of the disfigured terminal bronchioles (B) together with peri bronchial and peri vascular smooth muscle
hypertrophy (A) observed. (A) = emphysematous dilated alveoli(x 100). 5B. BDL group shows some of the pulmonary blood vessels (V) showing
thickened media (1) and narrow lumen congested with bluish thrombus (T) and inflammatory infiltrate & exudate that appear as acidophilic
structure less homogenous material (A). Note the honeycomb appearance of the lung as some of the alveoli are narrow (¥), while others show
emphysematous dilatation (A), disfigured terminal bronchioles = (B) (x 100). 5C. BDL group shows thickened inter alveolar septa (*) that are
infiltrated by RBCs & heavy mononuclear cellular infiltration. Apparent increase in the number of pneumocyte Il (1) in distorted alveoli (A) are
detected(x 400). 5D. BDL group shows the presence of extravasated RBCs in the alveolar spaces, many macrophages (A) with their large eccentric
nuclei and acidophilic cytoplasm laden with brownish hemosiderin granules (1) are also infiltrating the thickened inter alveolar septa. (x 400). 5E.
BDL group shows the air spaces (A) lined with large cell most probably pneumocyte type Il (1). Note the disruption (*) of the endothelial cell lining
of the intima of some pulmonary blood vessel (V) with polymorphic mononuclear inflammatory cells (A) adherent to it. Note the thickened inter
alveolar septa by proliferating fibroblast (red arrow). (x 400). Toluidine Blue stained semi thin sections: 5F. A photomicrograph of a semi thin section
of a rat lung of BDL group showing thick interalveolar septa separating air spaces (A) containing capillaries (C) and inflammatory cells (1). The
alveoli mostly lined by cubical pneumocytes type Il with their large, rounded nuclei and numerus tiny vacuoles in its cytoplasm (Il). They are present
at the angles of interalveolar septa and hardly detected degenerated flat pneumocyte type | (). (x 1000). 5G. BDL group showing a bronchiole
lined by disfigured epithelial cells with deeply stained nuclei (*). The bronchiolar lumen is full of exfoliated epithelial cells and pale stained active
macrophage cells (1). M= smooth muscle, (A) =interstitial foamy macrophage. (x 1000). Masson’s trichrome stained lung sections: 5H. The BDL
group reveals apparent increase in the thick collagen bundles deposition (1) in the lung interstitium including mainly the walls of the blood vessels
(V) that have a narrow-congested Lumina and thickened media with smooth muscle hypertrophy. Moreover, thickened interalveolar septa (1) and
the lamina propria of the bronchioles (B) by apparent increase in the collagen fibers deposition are noticed (denoting lung fibrosis) as compared

to that of sham group, alveoli=(A). (x100) 5I. The BDL group reveals week PAS reaction (x100). Photomicrographs of Ultrastructure examination

by Transmission electron microscope (TEM) of lung: In BDL group. 5J. BDL group showing numerus variable sized depleted empty electron dense
lamellar bodies (red arrow) in some of disfigured dome shaped type-Il pneumocyte (Pll) with peripheral clumps of heterochromatin of the nucleus
i.e. inactive nucleus. Note also ill-defined blunt flattened microvilli of type-Il pneumocyte (blue arrow) and nearby collagen fibrils (CF). (Uranyl
acetate and Lead Citrate x 8000). 5K. BDL group reveals other type-Il pneumocyte (Il) showing signs of proliferation in the form of apparent increase
in number, increase in microvilli (blue arrow) with numerus empty lamellar bodies (red arrow). (Uranyl acetate and Lead Citrate x 10000)
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Semi-quantitative histopathological scoring system

for lung injury

As shown in Table 5, In the current work, the sham oper-
ated group there was minimum or absence of injury.
However, in the BDL group there was extensive damage.
Moreover, in the Q-BDL group there was mild to moder-
ate injury. So, Quercetin has potential protective role in
acute lung injury induced by bile duct ligation.

Discussion

Up to the present knowledge, no clear treatments for
hepatopulmonary syndrome (HPS), proved to be effec-
tive. Providing the safety and ease of quercetin adminis-
tration, the current work aimed to evaluate the effect of
quercetin administration on a rat model of HPS induced
by BDL.

Lung indices were significantly increased in the BDL
group compared to the control group. This agrees with
Bosco et al. [32] who reported increase in pulmonary
weight to body weight ratio after common bile duct liga-
tion. This increase was not related to cardiac problems
evidenced by the normal cardiac indices in our study.

Histological examination of BDL group showed
intrapulmonary angiogenesis, vasodilatation, conges-
tion, thickened interalveolar septa, cellular infiltration
and poor recognition for type I and II pneumocyte,
together with significant increase in collagen fibers
deposition. These findings may explain the elevated lung
indices. Lung weight increased because of the conges-
tion and the cellular infiltrate that associated the inflam-
matory state that developed after bile duct ligation.

In the present work, in BDL group, the inflamma-
tory state, angiogenesis and the intrapulmonary vascu-
lar dilatation were postulated to the increased levels of
nitric oxide (NO) demonstrated in the area percentage of
“eNO” s and ETj receptor expression in lung tissue which
were detected by immunohistochemistry and PCR, in the

(2022) 22:320
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BDL group compared to the sham and Q-BDL groups.
The increase in ET-1 activity induces proinflammatory
mechanisms, increasing superoxide anion production
and cytokine secretion. ET-1 enhances the expression
of adhesion molecules on vascular endothelial cells and
stimulates the aggregation of polymorphonuclear neutro-
phils (PMNSs) contributing to inflammation and endothe-
lial dysfunction [33]. Moreover, ET-1 act as an angiogenic
factor it may upregulate vascular endothelial growth fac-
tor and matrix metalloproteins [34]. Further, BDL can
trigger recruitment and activation of macrophages in the
pulmonary vascular network evidenced by the cellular
infiltrate which may produce proinflammatory cytokines,
like TNFa leading to NO mediated vasodilatation [2, 35].

Ling et al. [5] and Luo et al. [36] found that hepatic
ET-1 derived from proliferating cholangiocytes induces
differential effect in the pulmonary circulation depend-
ing on this type of receptors (ET-B). The increase
detected in endothelin B receptors expression may
upregulate “eNO” s and enhance NO production which
mediates vascular relaxation. Similar studies reported
these effects of BDL in rats, and its ability to produce
specific upregulation of the endothelial ET} receptor.
Nayyar et al. [37] stated that the increase in pulmonary
NO production results from both, increased activity of
endothelial nitric oxide synthase (“eNO” s), and induc-
ible nitric oxide synthase (iNOS).

Also, the hyperdynamic circulatory state developed in
BDL rats may increase pulmonary blood flow, which goes
with Tang et al., [38] and Zopey et al., [39].

Moreover, in agreement with these results Cosarder-
elioglu et al. [40] and Shikata et al. [41], found that HPS
is associated with an increase in the number of pulmo-
nary vessels. The increase in matrix metallopeptidase 9
(MMP-9), TNF-alpha were claimed to cause this angio-
genesis. Additionally, Zhang et al. [42] concluded that
TNF-alpha produced during inflammation has also been

(See figure on next page.)

Fig. 6 Histological changesin Q- BDL group: The hematoxylin and eosin-stained sections: 6A. Q-BDL group shows relatively thin interalveolar
septa (1) with patent alveoli (A). Bronchiole (B) appears with intact epithelial lining (7). Notice a relatively thin walled less congested and less
dilated pulmonary blood vessel (V). (x 100). 6 B. Q-BDL shows apparent increase in number of pneumocyte type | (). Few mononuclear cellular
infiltrations (*) are apparent within some relatively thin interalveolar septa (1), (Il) = pneumocyte type I, (A) = alveoli (x 400). Toluidine Blue
stained semi thin sections: 6C. Q-BDL group shows relatively thin interalveolar septa with less mononuclear cellular infiltration. Notice the mild

congestion of few blood vessels(C) with apparent increase in number of thin type- | pneumocyte with their flat nuclei (1), (Il) = pneumocyte type

Il. (x 1000). 6D. In Q-BDL many of the terminal bronchiole are similar to the control, with its epithelial lining showed two types of cells: ciliated cells
(arrow) and non-ciliated cells (Clara cells) (arrowhead). Clara cell has dome shaped apex protruding into the lumen and has narrow base. It had
more darkly stained oval indented nucleus, slips of smooth muscle (M) surround the bronchiole also can be seen (x 1000). Photomicrographs of
Masson’s trichrome stained sections of rat lung: 6E. The Q-BDL group presents apparent decrease deposition of collagen fibers nearly similar to the
sham-operated group in the form of thin fine collagen fibers in the interalveolar septa (1), per bronchial (B) and perivascular (V) areas, alveoli= (A).
(Masson’s trichrome x 100). Photomicrographs of PAS-stained sections of rat lung: 6F. Q-BDL group presents positive PAS reaction (Q-BDL) in
bronchiolar passages, wall of a blood vessel, and walls of alveoli. (PAS X 100). 6G. Photomicrographs of Ultrastructure examination by Transmission
electron microscope (TEM) of lung: Q-BDL group showing of pneumocyte type-I (PI) with thin attenuated cytoplasm toward the alveolar space
and flattened nucleus (n). Dome shaped type-Il pneumocyte (Pll) and many dense full lamellar bodies (LB) and normal microvilli (red arrow).

CF =collagen fibrils (Uranyl acetate and Lead Citrate X120000)
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Fig. 6 (Seelegend on previous page.)
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Fig. 7 Photomicrographs of "eNO" s immunohistochemically stained sections of rat lung: 7A. The sham-operated group | showed the week
immunostaining of "eNO" s in pulmonary arterial endothelium. Week immune expression seen in the form of absence of brown granules present in
the cytoplasm of endothelial cells lining the lumen of the blood vessels (BV). 7B. The BDL group Il showed a positive immune reactivity in the form
of apparent increase in number of positive immune expression of "eNO"s seen in the pulmonary endothelium (1), in the form of brown granules
present in the cytoplasm of endothelial cells lining the lumen of the blood vessels. 7C. Q-BDL treated group Ill. There were an apparent reduction
of immune reactivity and number of reactive endothelial cells (BV) observed in Q-BDL treated group Il compared to the BDL group Il. ("eNO" s

Table 4 Mean+standard deviation (SD) of the thickness of alveolar septa, thickness of the wall of pulmonary vessels. The mean
number of type Il pneumocytes /HPF, area percentage of collagen fibers& area % of "eNO" s relative immunostaining density in three

experimental groups

Groups Sham BDL Q-BDL
Thickness of the inter alveolar septa (um) 32.18 £ 0467 19348 4+ 27.73° 33.06+£19°
The area percentage of collagen fibers. 30940524 9.9 £+ 0.803° 38+0.716°
Thickness of the wall of pulmonary vessels 701 £0.170 7714 £5318° 7.73+£0971°
area % of "eNO" s relative immunostaining density 574052 214 +£061° 634091°
The mean number of type Il pneumocytes/HPF 5240103 10.5 £ 0.562° 49+0630°

Data expressed as mean =+ SD. Data are analyzed using one-way ANOVA and LSD post-hoc test. a=Significant at P<0.05 when compared to sham-operated group
calculated by ANOVA, least significant difference. b = Significant at P <0.05 when compared to BDL group calculated by ANOVA, least significant difference

reported to up-regulate vascular endothelial growth fac-
tor (VEGEF-2) expression and promote angiogenesis and
contribute to collateral formation [43].

In the present study, there was statistically significant
increase in the thickness of the wall of pulmonary ves-
sels & the thickness of inter alveolar septa leading to
gas-exchange abnormalities in BDL group compared
to sham and Q-BDL groups. Some of the pulmonary

blood vessels showed narrow lumen with apparent inti-
mal damage in the form of endothelial cell disruption,
media smooth muscle hypertrophy together with micro
thrombi occluding the vessels lumen.

This can be justified by the increased circulating
endothelin-1 as it can trigger smooth muscle prolif-
eration, these effects were clarified by Cosarderelioglu
et al. [38], DeMartino and Krowka [44] and Raevens
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Table 5 Features of acute lung injury to score in H&E stained histological sections of rat lung tissue. The score range is 0 (null) to 8

(severe) for each of the features mentioned

Features Scoring  Features Description Sham BDL Q-BDL
A - Inflammatory cell Visible inflammatory cells in air and interstitial spaces 2 8 4

B - Hyaline membranes Acellular deposit (i.e., devoid of 8 1

hematoxylin staining) in the alveolar region and stained with eosin

C - Proteinaceous debris Acellular debris in airspaces 1 7 3

D - Thickening of alveolar wall Alveolar wall thickening (i.e., at least >1cell layer thick) 1 8 4

E - Enhanced injury Overall impression of tissue level injury 1 8 3

F —Hemorrhage Visible red blood cells in the interstitiumor airspaces 1 8 3

G - Atelectasis complete or partial collapse of distal airspaces 1 6 partial collapse 2
TOTAL SCORE = (sum/56)/ 100 7 53 20

125%  94.6% 35.7%

Score0-1;'Minimum: absence of injury; ‘Score 2/3": mild injury, ‘Score 4": moderate injury, ‘Score 5/6": pronounced injury; and ‘Maximum 8" extensive damage and

highest score given

and Fallon [6]. Also, the increase in ET-1 may initiate
the accumulation of pulmonary intravascular mono-
cytes which produce heme oxygenase (HO-1), that
helps in degradation of heme and production of brown-
ish hemosiderin granules that infiltrate the lung tissues
in the BDL group [2].

This view was supported by the presence of polymor-
phic mononuclear inflammatory cells (PMNI) adherent
to the disrupted the endothelial cell lining, infiltrating
pulmonary blood vessel as well as the interstitium in
BDL group.

In the present study, BDL group revealed honeycomb
appearance of lungs, as some alveoli are narrowed (ate-
lectasis), while others showed emphysematous dilata-
tion. This was in agreement with Melo-Silva et al. [45]
who stated that experimental HPS lead to unequal
distribution of alveolar ventilation between the whole
alveoli, and decreased mean alveolar length of some
alveoli, reflecting alveolar collapse. These functional
and structural alveolar alterations in BDL group were
associated with signs of degeneration of pneumocyte
type I and II, besides the dysfunction in pneumocyte
type II cells of some alveoli. Elevated circulating bile
acid and TNFa levels, found after BDL might contrib-
ute to pneumocyte type II cell dysfunctions [46]. How-
ever, the link between cholestasis, alveolar type II cell
dysfunction, and HPS has not been clarified yet.

This dysfunction in pneumocyte type II cells was fur-
ther confirmed by the resultant significant decrease in
their surfactant production in BDL group compared to
sham and Q -BDL groups. Likewise, Kumer et al. [47]
attributed low surfactant production to type II alveolar
cells dysfunction. They added that in some types of pul-
monary injury, the lung surfactant levels are reduced, and
vacuoles are observed in type II cells.

Besides the damage of type II pneumocytes, correla-
tion study in the present work indicates an negative asso-
ciation between endothelin B expression and surfactant
concentration in lung tissue as the increase in endothe-
lin B expression in the BDL group was associated with
a decrease in the surfactant concentration in lung tis-
sue, giving another explanation for the decrease in sur-
factant denoting that endothelin may play a role in lung
injury. This goes with Comellas and Briva [48] who stated
that activation of endothelin B receptors have a role in
lung injury, as it recruits inflammatory cells and disrupt
endothelial lining.

The significant negative correlation between lung index
and surfactant concentration in lung tissues indicates
an association between pathological changes in the lung
and surfactant concentration in lung tissue. This could be
attributed to the loss of the anti-inflammatory effects of
surfactant. Surfactant not only prevents collapse, but it
also regulates lung injury and inflammation [9]. Jin et al.
[49] stated that surfactant protein C dampens inflamma-
tion by decreasing JAK/STAT activation.

In this work, Masson’s trichrome stained sections of
the BDL group revealed increased collagen fibers deposi-
tion in the interalveolar septum, around the bronchioles
and perivascular space as described by the morphomet-
ric studies Verma [50]. This may be attributed to the up
regulation of pro-fibrotic factors from the injured alveo-
lar epithelial cells [51]. Regarding the role of pneumo-
cyte type-II alveolar epithelial cells in lung fibrosis, it
was reported that they promote pulmonary fibrosis after
acquiring the fibroblast phenotype through epithelial
mesenchymal transition [52—54].

Pneumocytes type II appear to be much more respon-
sive to pulmonary irritants than type I cells as it acts as
stem cells for regeneration to compensate for the BDL
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Fig. 8 Photomicrographs of morphometric results of lung showing changes per high power field in the three study groups: A. thickness of
interalveolar septa. B. thickness of the wall of pulmonary vessels. C. area % for collagen fiber deposition. D. area % for "eNO" s. E. The number of type
Il pneumocytes/HPF. Data expressed as mean £ SD, and were analysed using one-way ANOVA test. a = Significant at < 0.05 when compared to
sham-operated group and calculated by ANOVA, least significant difference. b =Significant at P < 0.05 when compared to BDL group and calculated

induced alveolar damage and degeneration. Others
reported that pneumocytes type II cells are progeni-
tor cells for type I alveolar cells, and after lung injury,
they proliferate and restore both types of alveolar cells.
Hyperplasia of type II alveolar cells is an important
marker of alveolar injury and repair of alveoli [55, 56].
The presence of apparent increase in number, increase in
microvilli (blue arrow) reflects signs of proliferation with
numerus empty electron lucent lamellar bodies type-II
pneumocyte which was similar to what was described
by [57] that most type-II pneumocytes were seen with
irregular small electron-dense nuclei and contained

variable sized empty lamellar bodies in carbon tetrachlo-
ride treated rats.

In the present study, the weak expression of PAS stain-
ing in the BDL group indicated decreased glycogen con-
tent. Reduction in glycogen content may contribute
to the clinical manifestations found in HPS as lack of
energy, a sensation of exhaustion, fatigue and shortness
of breath [58].

In this work, quercetin treated BDL group revealed
normal morphology and number of pneumocytes type-
II when compared to the BDL group being similar to
the sham group. This was associated with restoration of
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surfactant level to values near sham levels. The results of
this work were in agreement with those of Zhang et al.
[59] & Li et al. [13].

Also, lung indices decreased being non-significant
from the control group. This may be attributed to the
ability of quercetin to attenuate inflammation and fibro-
sis. This partial improvement was evident in the histo-
logical picture being similar to the control. As there was
statistically significant decrease in the thickness of the
inter alveolar septa, thickness of the pulmonary vessels
wall and collagen deposition. The morphological and
structural improvement were also manifested in the form
of apparent fewer pulmonary vascular angiogenesis and
less dilated congested pulmonary blood vessels.

Both endothelin 1 beta receptor gene expression and
“eNO” s are specific markers for endothelial cells. They
were quantitated by PCR and IHC staining analysis
respectively. The decrease in both parameters’ levels sug-
gest that quercetin treatment attenuates pulmonary angi-
ogenesis in BDL rats.

Quercetin ability to decrease the inflammation was
evidenced by the decrease in inflammatory cell infiltrate,
lung indices, endothelin B receptor expression and “eNO”
s percentage which will consequently decrease oxidative
stress, NF-kappa B activation, and the expression of dif-
ferent pulmonary mediators involved in HPS.

This goes with Tieppo et al. [7] who demonstrated
that Quercetin ameliorated liver injury and reduced the
expression of hepatic endothelin-1 and HO-1 in cirrhotic
rats. These findings suggest that quercetin administered
after the onset of hepatic injury significantly may simi-
larly ameliorate pulmonary complications in BDL rats
and that also, limitation of cirrhotic evolution may con-
tribute to this effect and improve hypoxemia [60, 61].
Also, different studies stated similar results to this work.
Quercetin inhibited the excessive accumulation of extra-
cellular matrix and interstitial fibrosis by antagonizing of
NF-kappa B activation [62, 63]. Quercetin administration
attenuated lung injury and fibrosis via inhibition of pro-
fibrotic cytokines TNF-a and IL-1 [6, 63] denoting its
potential anti-fibrotic properties [14, 64]. Aso, Quercetin
may inactivate lung macrophage efficiently, decrease the
mRNA expression of M1 macrophage markers such as
TNEF-a, IL-1b, IL-6 and nitric oxide synthase [14, 65, 66].

Conclusion

Administration of quercetin mitigated lung involvement
in experimentally induced hepatopulmonary syndrome
by exerting anti-fibrotic, anti-inflammatory, antioxidant,
anti-angiogenic effects.
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