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Abstract

This study aimed to investigate the effects of quercetin in the treatment of pulmonary arterial hypertension (PAH) in a murine
model. Thirty-six adult male rats were randomly divided into three groups: the control group (saline), monocrotaline (MCT) -
induced PAH group (MCT group) and quercetin treatment group (prevention group). After modelling, the animals from
prevention group received 100 mg/kg bw/day quercetin by gavage and the gavage for 20 days, while the animals from the
other two groups received the same amount of 0.9% sodium chloride saline solution. The mean pulmonary artery pressure,
right ventricular index and relative expression levels of HIF-1 (hypoxia-inducible factor 1), ET-1(vascular endothelin-1),
TGF-B1 (transforming growth factor-p1), VEGF (vascular endothelial growth factor), IL-1 (interleukin-1), IL-6 (interleukin-6)
and TNF-o (tumour necrosis factor ) in lung tissues significantly increased in MCT group compared with the control group,
21 days after modelling. The levels of HGF (hepatocyte growth factor) and NAC (N-acetyl-L-cysteine) significantly
increased compared with the control group. The treatment with quercetin significantly decreased the level of mean PAH,
right ventricular index and relative expression levels of HIF-1, ET-1, TGF-B1, VEGF, IL-1, IL-6 and TNF-a in lung tissues
compared with MCT group and significantly decreased the levels of HGF and NAC. In vitro experiment with PCEC
(pulmonary capillary endothelial cells) from the three groups showed that in the MCT group the cell proliferation was
significantly decreased and the apoptosis was significantly increased compared with the control group, while the quercetin
treatment inhibited the MCT-induced cell apoptosis and promoted cell proliferation. In conclusion, quercetin can alleviate
PAH by regulating the inflammatory cytokines, promoting cell proliferation and inhibition of cell apoptosis.

Rezumat

Acest studiu a avut ca scop investigarea efectelor quercetinei Tn tratamentul hipertensiunii arteriale pulmonare (HAP) intr-un
model murin. Treizeci si sase de sobolani masculi au fost Impartiti iIn mod aleatoriu in trei grupuri: grupul martor (solutie
salind), grupul MCT (cu HAP indusd de monocrotalind) si grupul de tratament cu quercetind. Animalele din grupul
quercetinei au primit 100 mg/kgc/zi quercetina prin gavaj timp de 20 de zile, in timp ce animalele din celelalte doua grupuri
au primit aceeasi cantitate de solutie salina._Presiunea arteriald pulmonara medie, indicele de hipertrofie ventriculara si
valorile expresiei HIF-1, ET-1, TGF-B1, VEGF, IL-1, IL-6 si TNF-a in tesuturile pulmonare au crescut semnificativ in grupul
MCT comparativ cu grupul martor, dupa 21 de zile. Valorile HGF si NAC au crescut semnificativ in comparatie cu grupul
control. Tratamentul cu quercetina a redus semnificativ nivelul HAP mediu, indicele hiperventricular si valorile expresiei
HIF-1, ET-1, TGF-B1, VEGF, IL-1, IL-6 si TNF-a in tesuturile pulmonare, comparativ cu Grupul MCT. Valorile HGF si
NAC au scazut semnificativ. Experimentul in vitro cu PCEC (celule endoteliale pulmonare capilare) din cele trei grupuri a
aratat ca in grupul MCT proliferarea celulara a fost semnificativ scazuta si apoptoza a crescut semnificativ in comparatie cu
grupul martor, in timp ce tratamentul cu quercetind a inhibat apoptoza celulard indusd de MCT si a favorizat proliferarea
celulard. In concluzie, quercetina poate ameliora HAP prin reglarea citokinelor inflamatorii, promovand proliferarea celulard
si inhibarea apoptozei.
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Introduction pulmonary artery resistance. The common factors of
increased resistance include pulmonary vasoconstriction,
in situ thrombosis and pulmonary vascular reconstruction.
Pulmonary vasoconstriction can lead to alveolar hypoxia
and imbalance of vasoactive mediators such as chlorine
monoxide and serotonin secretion. Long term contraction
can promote in situ thrombosis and lead to vascular
reconstruction. PAH is a key pathological link of
many common diseases, such as chronic obstructive

Pulmonary arterial hypertension (PAH) is a common
and life-threatening disease. It is characterized by
continuous and significant increase of pulmonary artery
pressure, which eventually leads to right ventricular
failure and death [1, 2]. The pathological mechanism
of PAH development is complex and multifaceted, and
its main feature is the continuous increase of distal
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pulmonary disease, chronic thromboembolism, connective
tissue disease, and also an independent risk factor for
increasing incidence rate and decreasing survival. It
seriously affects the quality of life and prognosis of
patients [3]. In recent years, although the research on
PAH gene and molecular biology has made great
progress, the clinical efficacy has been raised, but
unfortunately did not change the high incidence rate
and mortality [4, 5]. It is of great significance to explore
the pathological mechanism of PAH for finding effective
therapeutic targets.

Quercetin is a natural dietary flavonoid, spread in
nature with low toxicity [6]. In the past 20 years, it
has attracted researchers’ attention due to its wide
range of pharmacological effects, including antioxidant,
anti-inflammatory and anti-cancer [7-10]. For a variety
of 33 tumour cell lines, quercetin can inhibit the
proliferation of various types of tumour cells, induce
their apoptosis, promote their cell cycle arrest, reduce
tumour cell migration, and play an anti-tumour role
[11]. Besides, some recent studies have shown that
quercetin can effectively inhibit coronary and pulmonary
vasoconstriction and reduce blood pressure [12]. It
was also found that in the PAH rat model induced
by MCT, the formation of PAH can be significantly
reversed by quercetin [13], however, the key molecular
regulatory mechanism is still unclear.

In this research, we investigated if quercetin can
effectively reverse PAH using a murine model, the
cytokines’ expression and the stimulation of pulmonary
capillary endothelial cells (PCEC) proliferation.

Materials and Methods

PAH animal model and experimental groups

Thirty-six adult male Sprague Dawley, weighing 250 -
325 g, were provided by Nanjing Junke Bioengineering
Co., Ltd., China, and the center provided breeding and
observation sites. The PAH model used was obtained
by administration of a single dose of 50 mg/kg bw
monocrotaline (Sigma-Aldrich, USA). The rats were
randomly divided into three groups: the normal control
group (control group), the monocrotaline (MCT)-induced
PAH group (MCT group) and quercetin treatment group
(prevention group), 12 animals per group. Rats in the
MCT group and prevention group were injected with
50 mg/kg bw MCT and then observed for 21 days.
Rats in the control group were injected with 0.9%
sodium chloride solution and then observed for 21
days. After modelling, the prevention group received
100 mg/kg bw/day quercetin (GlpBio, China) by gavage
for 20 days, while the animals from MCT and control
groups received the same amount of 0.9% sodium
chloride by gavage for 20 days. The administration and
treatment of rats during this study were in accordance
with the regulations for the protection of experimental
animals and the protocol was approved by the Ethical
Committee of The First People's Hospital of Lin‘an
District, China.

Physiological index detection

The pulmonary artery pressure (PAP) was measured
in the three groups of rats after 20 days of administration
according to Firrest et al. method [14]. After PAP
was measured, the animals were killed by cervical
dislocation and the hearts were collected. The right
and left ventricles were separated and weighed. The
weight ratio was used as the right ventricular hyper-
trophy index (RVHI), was calculated according to the
following formula in order to assess the degree of
right ventricular hypertrophy:

weight of right ventricles

weight ratio =

PCEC (pulmonary capillary endothelial cells) collection
and primary culture

The fresh lung tissue was collected from the rats from
each group, digested in 0.25% pancreatin (ChemeGen,
USA) at 37°C for 5 minutes, and then the tissue was
carefully cut in 2 - 3 mm segments from the edge of
the lung leaf and cut it into 1 mm?3 small pieces. Then
the tissue was dissolved in 20 mL endothelial cell
culture medium (ECM1001, ScienCell, USA), and
6 mL 0.25% collagenase 1V (Roche, Shanghai, China)
was added for digestion in 37°C incubator for 15 min.
Then 6 mL of 1.0% neutral protease solution (Roche,
Shanghai, China) was added and the digestion was
continued for 15 min at 37°C in an incubator for 15
min. The complete digestion of cells was observed
under the microscope. When the digestion was stopped,
another 10 mL ECM medium was added and centrifuged
at 4000 rpm for 2 - 5 minutes. After centrifugation, the
supernatant was discarded and 3 mL serum (Thermo
Fisher, USA) was added to induce cell aggregation and
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Weight of left ventricle and interventricular septum

centrifuged at 100 rpm for 6 minutes. The supernatant
was discarded and the precipitation was collected and
mixed with 20 mL ECM and inoculate into culture
bottle. After incubation at 37°C in a 5% CO- incubator
for 2 - 4 hours, the cells and fragments that were not
attached to the wall were removed, and the new ECM
was added to continue the cell culture.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide)) assay

The PCECs were collected, adjusted to the cell
concentration of 3 x 10* cells/mL, inoculated in a
96-well plate at a concentration of 100 puL/well and
cultured at 37°C in a 5% CO incubator for 24 hours.
Then the original culture medium was discard and
100 uL ECM was added in each well. Each group of
cells were worked in triplicate. After 24 hours, 48
hours and 72 hours of continuous culture the original
culture medium was discarded and 100 pL. ECM
containing 5 mg/mL MTT (Sigma-Aldrich, USA) was
added into each well. After 4 hours of continuous
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culture, the liquid from each well was discarded added and samples were assessed at 750 nm.
and 100 uL DMSO (Aladdin, Shanghai, China) was

. — experimental group
cell inhibition rate (%) =

control group

Hoechst staining VEGF, anti-IL-1, anti-IL-6, anti-TNF-a, anti-HGF and
The PCECs were collected, adjusted to the cell anti-NAC antibody (Abcam, China), was added at
concentration of 1 x 10° cells/mL, inoculated in a 6- 1:500 concentration. The membrane was incubated at
well plate at a concentration of 2 mL/well, covered room temperature for 45 minutes. Then the nitro-
with a glass, and cultured at 37°C in a 5% COz cellulose membrane was washed with PBS buffer,
incubator for 24 hours. Then the medium from the and the incubation with the second antibody (Anti-
plate was discarded and a new ECM medium was mouse IgG for IP (HRP), ab131368, Abcam, China)
added and further cultured at 37°C in a 5% CO; was started. The second antibody labelled with horse-
incubator for 48 hours. Afterwards culture, the medium radish peroxidase was added at 1:1000 and incubated
from each well was discarded and 0.5 mL fixing at room temperature for 30 minutes. Then, the PBS
solution (4% paraformaldehyde, Sigma-Aldrich, USA) buffer was used to wash the nitrocellulose membrane
was added and kept for 10 - 20 min. The wells were and the ECL chemiluminescence agent (Proandybio,
washed with PBS and 1 mL Hoechst33342 staining Xi’an, China) was used for chemiluminescence. Kodak
solution was added to each well. The cell morphology X (Coolfilm, China) was used to expose the nitro-
was observed and photographed under an inverted cellulose membrane for about three minutes. The
fluorescence microscope (IXplore SpinSR Super Resolution X-ray film was scanned and the gray analysis of the
Microscope System, Plympus, Beijing, China). strip was processed by Gel-Pro Analyzer software
Western blot assay and cytokine detection (Software, Germany). The gray value of each band
The lung tissues were collected, rinsed with PBS, added was measured in three independent replicates.

with the corresponding volume of lysate was added, Statistical analysis

and left on ice for 5 minutes. The lysates were mixed SPSS 21.0 software (IBM, USA) was employed. One
and the samples were centrifuged at 12000 rpm, 4°C, way ANOVA was used for comparing the groups,
for 10 minutes. The supernatant obtained represent the Lenvene method was used for homogeneity of variance,
total protein extract of the cell. The protein concentration Student-Newman-Keuls (SNK) method was used for
was determined by bicinchoninic acid assay (BCA comparison between two groups of data on the basis
Protein Assay Kit, ab102536, Abcam, China). The of homogeneity of variance. A value of p < 0.05
protein concentration in each group was equalized by indicates significant differences.

adding 1xSDS gel buffer and then the protein samples

were diluted with 5 x loading buffer (ThermoFisher, Results and Discussion

USA) and PBS, boiled for 5 min and denatured. The
protein liquid after denaturation was added to 12%
SDS-PAGE gel (SDS-PAGE Gel kit, Elabscience, Wuhan,
China) and underwent 80 V constant pressure electro-
phoresis for 60 - 120 min. The SDS-PAGE glue was
placed on the nitrocellulose membrane to carry out
constant current transfer. 3% BSA (bovine serum albumin,
ThermoFisher, USA) was used in the final step. The
nitrocellulose membrane was washed with PBS and
monoclonal anti-HIF-1, anti-ET-1, anti-TGF-B1, anti-

Pulmonary artery pressure and right ventricular
hypertrophy index

The PAP and RVHI significantly increased in the MCT
group compared with the control group (Table I). The
treatment with quercetin significantly decreased the
level of PAP and RVHI compare with the MCT group,
but without reaching the levels of the control group
(Table I).

Table |
Comparison of PAP and RVHI in rats of each group
Control group MCT group Prevention group
PAP (mmHG) 1578 +2.59  4413+538" 2252+6.21"*

RVHI 0.231+£0.040 0.578+0.120" 0.289 +0.042™#
*p < 0.05 vs. the control group; * p < 0.05 vs. MCT the group

The relative expression levels of cytokine (Figure 1). The relative level of HGF and NAC were
According to the results of Western blot assay, the significantly decreased in the MCT group compared
relative expression levels of HIF-1, ET-1, TGF-B1, with the control group. The quercetin treatment reverses
VEGF, IL-1, IL-6 and TNF-a in lung tissues were the MCT effect on HGF and NAC (Figure 1).
significantly increased in the MCT group compared Proliferation and apoptosis of PCEC

with the control group. The treatment with quercetin PCEC in three groups of rats were cultured in the
significantly increased the HIF-1, ET-1, TGF-$1, VEGF, primary culture, and the proliferation and apoptosis of
IL-1, IL-6 and TNF-a. levels compared with MCT group cells in different groups were compared. The MTT
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and Hoechst staining assay showed that compared PCEC in the MCT group was significantly decreased
with the control group, the proliferation ability of and apoptosis was significantly increased (Figure 2).
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Figure 1.

Western blot analysis of the expression of cytokines in lung rat tissues in each group
™ p <0.01 vs. the control group; # p < 0.01 vs. the MCT group

Figure 2.
Detection of cell proliferation and apoptosis. A: Detection of cell proliferation using MTT assay. B: Quantitative
results of Hoechst staining. C: Qualitative result of Hoechst staining
" p < 0.05 vs. the control group; # p < 0.05 vs. the MCT group

As a part of the human normal diet, quercetin has a Recently, it has been reported that quercetin can
long history. With the development of research on the significantly alleviate pulmonary hypertension induced
biological and pharmacological activities of quercetin, by MCT [18], but its potential molecular mechanism
more and more studies have shown that quercetin is is still poorly understood. In this study, we found that
beneficial to human health, including anti-cancer, quercetin can reverse pulmonary hypertension induced
anti-allergy, anti-inflammatory, anti-atherosclerosis by MCT, which is consistent with previous results.

and other effects [15-17]. Quercetin is a flavonoid The main pathological changes observed in PAH are
with many bioactivities, high medicinal value and pulmonary vasoconstriction, in situ thrombosis and
is widely distributed in vegetal products. In recent pulmonary vascular remodelling [19]. The results of
years, researchers focused on its properties and this study showed that the injury of endothelial cells
confirmed that it has a variety of biological effects. is the starting point in PAH, and the enhancement of
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pulmonary vasoconstriction and the reconstruction
of pulmonary vascular structure can be considered
as the main characteristics of vascular changes after
the injury of endothelial cells. The dysfunction of
endothelial cells leads to the abnormal proliferation
of intima and smooth muscle cells, the decrease of
apoptosis, and finally the reconstruction of pulmonary
vessels. Pulmonary vascular endothelial cells are
considered to be the early mechanism of idiopathic
PAH, which is accompanied by endothelial cell
proliferation and apoptosis resistance.

The relative expression levels of HIF-1, ET-1, TGF-
B1, VEGF, IL-1, IL-6 and TNF-a in lung tissues were
significantly higher in the MCT group than in the
control group, however, after the administration of
quercetin the upregulation of inflammatory cytokines
is reversed. The levels of HGF and NAC were decreased
in the MCT group and significantly increased in the
quercetin prevention group. Transcription factor NAC is
an anti-apoptotic factor that modulates the expression of
TNF-a and ICAM-1 (intercellular adhesion molecule 1).
HGF regulates cell growth, cell motility, and morpho-
genesis by activating a tyrosine kinase signalling
cascade after binding to the proto-oncogenic c-Met
receptor, and acts as a multi-functional cytokine on
cells of mainly epithelial origin [20]. Its ability to
stimulate mitogenesis, cell motility and matrix invasion
gives it a central role in angiogenesis, tumorigenesis,
and tissue regeneration. HGF is a potent mitogen for
mature parenchymal hepatocyte cells, it seems to be
a hepatotropic factor, and acts as a growth factor
for a broad spectrum of tissues and cell types [20].
Previous studies have been shown that quercetin has
directly reverses vasoconstriction caused by various
endogenous factors (norepinephrine, ET-1, TXA2),
protein kinase (PKC) activator and depolarizing factor
(such as KCI) [21]. The molecular mechanism of this
effect is not completely clear. It may be related to the
multiple effects of PKC and myosin light chain kinase.
The effect of PKC on resistance vessels is higher
than on volume vessels. Quercetin at low concentration
can inhibit the release of ET-1 and the transcription
of its precursor by inhibiting tyrosine kinase in
bovine aortic endothelial cells. Quercetin can inhibit
the migration and proliferation of endothelial cells,
mainly by blocking DNA synthesis to make it stagnate
in cell cycle GO/G1, and can reduce the level of
vascular endothelial growth factor by expressing cyclin
inhibitory kinase p27 [21]. According to Hsieh et al.
quercetin can inhibit the proliferation of pulmonary
artery endothelial cells and induce apoptosis [22]. It
acts by inhibition of cell proliferation through
blocking the S-phase and G2-phase of cell cycle
and upregulating p53 and p21 expression and the
apoptotic Bax gen that induce apoptosis [22]. Toll-
like receptor (TLR) plays an important role in the
process of inflammation [23]. As an important trans-
membrane protein in the immune system, TLR can
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recognize various pathogenic related molecules and is
an important barrier for the body to resist infectious
diseases [24]. Among them, TLR4 is the earliest TLR
that can mediate the body's response to pathogens.
When the body is stimulated by relevant pathogenic
molecules, TLR4 can induce the release of inflammatory
cytokines such as IL-1 B, IL-6, TNF by activating
nuclear factor-xB (NF-«xB) [25-27].

Our in vitro experiments showed that compared with
the control group, the proliferation ability of PCEC in
MCT group was significantly decreased and apoptosis
was significantly increased, while quercetin could
inhibit the apoptosis of PCEC and promote cell
proliferation. The results suggest that quercetin may
also inhibit the expression of related cytokines and
regulate cells through TLR4 mediated inflammatory
signalling pathway.

Conclusions

Our study showed that quercetin had a therapeutic
effect on PAH. It is suggested that the therapeutic effect
of quercetin on PAH may be related to the regulation
of cytokines, the promotion of cell proliferation and
the inhibition of apoptosis. In addition, quercetin may
also play a role in the treatment of PAH by inhibiting
platelet aggregation and improving the function of
vascular endothelial cells.

This study suggests that quercetin has a therapeutic
effect on MCT induced PAH in rats and further clinical
studies should investigate these findings also in humans
in order to provide a new therapeutic alternative for
PAH.
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