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Abstract

Background: Pulmonary arterial hypertension presents with obliterative remodeling of the
pulmonary arteries and progressive elevation of pulmonary vascular resistance, which
increase the risk of right ventricular failure and death. It has been reported in previous
studies that rutaecarpine plays a crucial role in anti-inflammatory and antioxidant activities,
which may help regulate cell apoptosis and cell proliferation. The purpose of this study was
to determine the effects of rutaecarpine in the rat model of monocrotaline-induced
pulmonary hypertension. Methods: We induced pulmonary arterial hypertension in adult
Sprague-Dawley rats by injecting monocrotaline (60 mg/kg) and then treated with
rutaecarpine (40 mg/kg-d) or sildenafil (30 mg/kg-d) (positive control). Subsequently,
pulmonary function, inflammation, cytokines and pulmonary vascular remodeling or
proliferation were assessed. Results: Rutaecarpine was found to improve
monocrotaline-induced mean pulmonary artery pressure, cardiac index, right heart index,
right ventricular hypertrophy index, pulmonary artery remodeling and pulmonary function.
reverse transcription- quantitative polymerase chain reaction demonstrated a decrease in
tumor necrosis factor-a, interleukin-6 and interleukin-1B, whereas western blots a
significantly decrease in the expression of nuclear factor kappa-B, endothelin-1,
extracellular signal-regulated kinases 1/2, B cell lymphoma-2, Beclinl and microtubule-
associated proteinl light chain 3-I  protein, and increase in the expression of Bax,
caspase-3 and p62 protein. Conclusion: Rutaecarpine attenuated pulmonary arterial
hypertension by inhibiting inflammation, oxidative stress, cell proliferation and autophagy,
while promoting apoptosis.

Keywords: rutaecarpine; pulmonary arterial
oxidative stress; vascular proliferation

hypertension; inflammatory response;

Submit a manuscript: https://www.tmrjournals.com/tmr 1


https://www.tmrjournals.com/topic_list.html?J_num=1&t_id=36
https://doi.org/10.53388/TMR20220608001

ARTICLE

Traditional Medicine Research 2023;8(1):4. https://doi.org/10.53388/TMR20220608001

Highlights
This study was the first to comprehensively explore the
mechanism of rutaecarpine, the main active component of Evodia
rutaecarpa, in pulmonary hypertension induced by
monocrotaline. This study found that rutaecarpine can reverse
monocrotaline-pulmonary arterial hypertension by inhibiting
inflammation, oxidative stress, cell proliferation and autophagy,
while promoting apoptosis. The effect of rutaecarpine on
pulmonary arterial hypertension is similar to that of sildenafil.

Medical history of objective
Evodia rutaecarpa, a traditional Chinese medicine, was first
recorded in Shennong’s Classic of Materia Medica (Unknow
author, 25-220 C.E.). It has been used in clinical settings in Asia
for more than 1,000 years. Its pharmacological effect is extensive
and has broad research value. It has the effect of warming
meridians, dispelling cold, lowering adverse Qi (In traditional
Chinese medicine, it refers to the most fundamental and subtle
substances that constitute the human body and maintain life
activities. At the same time, it also has the meaning of
physiological function. In terms of traditional Chinese medicine,
Qi and different words are used together to express different
meanings), stop vomiting, etc., and widely used to treat
cardiovascular and cerebrovascular diseases, digestive system
diseases, endocrine system diseases, gynecological diseases, skin
diseases and so on. Rutaecarpine is one of Evodia rutaecarpa’s
main active components. Multiple in vitro studies have already
reported that rutaecarpine exerts a positive inotropic effect in the
heart, promotes vasodilation and consequently lowers blood
pressure, exhibits protective effects against gastric mucosal
damage and ulcerative proctitis, as well as anti-inflammatory,
antitumor, antiviral, analgesic effects.

Background

The disease of pulmonary arterial hypertension (PAH) is known for its
progression and poor prognosis and it ultimately leads to right heart
failure and death as a consequence of right heart failure [1]. At
present, the 5-year survival rate of PAH is only 57%, although
targeted therapies are conducted [2]. PAH treatment relies on the
administration of approved drugs focused on the vasoconstrictive
phenotype of the disease and its benefits are restricted [3]. Therefore,
new therapeutic agents should be developed to improve the
pulmonary vascular remodeling process.

According to previous studies, the major mechanism of pulmonary
vascular resistance is pulmonary artery endothelial cell (PAEC)
dysfunction, as well as pulmonary artery smooth muscle cell (PASMC)
proliferation, hypertrophy and collagen accumulation [4]. Hypoxia of
pulmonary artery endothelium results in the production and release of
inflammatory cytokines, which may cause abnormal proliferation of
PASMCs, vasoconstriction and vascular remodeling [5]. Furthermore,
the inflammatory cytokines may affect pulmonary vascular
remodeling and this feature plays a role in the progression of PAH
through modulation of the proliferation and migration of pulmonary
vascular cells [6-8]. Additionally, hyperproliferation and
apoptosis-resistant PASMCs could thicken pulmonary vessel walls and
remodel the vasculature [9]. Therefore, treatment strategies for PAH
should include attenuation of PAEC dysfunction, inhibition of
inflammation and reduction of the abnormal proliferation of PASMCs.

Evodia rutaecarpa is a traditional Chinese medicine. It was the first
recorded in Shennong’s Classic of Materia Medica and has been used to
treat cardiovascular and cerebrovascular diseases, digestive system
diseases, endocrine system diseases, gynecological diseases, skin
diseases and so on for more than 1,000 years. Rutaecarpine, an
indolequinazoline alkaloid, is a major active component in Evodia
rutaecarpa [10]. Its pharmacological effect is extensive and has broad
research value. Studies have already reported that rutaecarpine act as
a protective agent in colitis, atherosclerosis, Alzheimer’s disease,
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cerebral ischemia-reperfusion injury and hypoxia-related right heart
remodeling [11-15].  Rutaecarpine  exerts  anti-oxidative,
anti-inflammatory and pro-apoptotic properties through the nuclear
factor kappa-B (NF-«kB), nuclear factor erythroid-2 related factor
2/heme oxygenase-1 and B cell lymphoma-2 (Bcl-2)/Bcl-2-associated
X (Bax) pathways [16-18]. Therefore, our study investigated the
effects of rutaecarpine in the monocrotaline (MCT) rat model of PAH.

Materials and Methods

Chemicals, reagents and antibodies

Rutaecarpine was purchased from Shanghai Yuanye Biological
Technology Co., Ltd. (C;gH;3N;0; molecular weight, 287.32 Da;
Shanghai, China). MCT was purchased from Sigma (St. Louis, MO,
USA). Sildenafil was purchased from Pfizer Biopharmaceutical Co.,
Ltd. (New York, NY, USA). Total DNA and RNA extraction Kits,
polymerase chain reaction (PCR) Kkit, first-stand cDNA reverse
transcription kits and primers were all from Tiangen Biotechnology
Co., Ltd. (Beijing, China). Bax (14796), caspase-3 (9662),
phospho-extracellular signal-regulated kinases 1/2 (p-ERK1/2)
(4370), t-ERK1/2 (4695), and NF-xB p65 (8242) were purchased from
Cell Signaling Technology, Inc. (Boston, MA, USA); microtubule-
associated protein light chain 3 (LC3) (14600-1-AP), Beclinl
(11306-1-AP), p62 (18420-1-AP) and [-actin (20536-1-AP) were
purchased from Proteintech Group, Inc. (Wuhan, China).
alpha-smooth muscle actin (a-SMA) (ab7817) , Bcl-2 (ab194583) and
endothelin-1 (ET-1) (ab2786) were all from Abcam (Shanghai, China).
Nanjing Jiancheng Biological Engineering Institute (Nanjing, China)
provided superoxide dismutase (SOD), malondialdehyde (MDA) and
glutathione peroxidase (GSH-Px) test kits.

Animal experiments

Beijing Huafukang Biological Technology Co., Ltd. (Beijing, China,
approval number: IRM-DWLL-2020092) provided Sprague-Dawley
male rats (6-8 weeks, 200 *+ 20 g) . Animal experiments were
approved by the Second Hospital of Hebei Medical University’s
Committee on Laboratory Animal Care and Use (ethics number:
2015-R142). All animal care and experiments complied with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines and were performed in accordance with the guidelines
prescribed by the Guide for the Care and Use of Laboratory Animals of
the Second Hospital of Hebei Medical University Animal Experiment
Centre. All rats were housed in the same room with provision of a
standard diet and water ad libitum in an environment of 20 * 2 °C
and a 12-h light/dark cycle. Four groups, each with 12 mice, were
randomly assigned control group, MCT group, rutaecarpine group
(MCT + Rut) and sildenafil group (MCT + Sil). Starting from the day
of MCT injection (60 mg/kg), rats in the rutaecarpine group were
given rutaecarpine intragastric administration (40 mg/kg-d) [19, 20].
The positive control group was treated with sildenafil intragastric
administration (30 mg/kg-d) [21]. Matching placebo (normal saline)
administered in the same manner between the control and the model
group. This study lasted for four weeks.

Lung function test,

morphological investigation
Lung function was measured using a Buxco small animal lung function
detection system (America) according to manufacturer’s instructions.
To measure the mean pulmonary artery pressure (mPAP), we inserted
a polyethene catheter (PE-50 Intramedic PE tubing; Becton Dickinson,
Franklin Lakes, NJ, USA) from the right external jugular vein and
advanced into the pulmonary artery of the anesthetized rats [22].
Then used the PowerLab system connected to a pressure transducer
(AD Instruments, Colorado Springs, CO, USA) to record the data. After
the conduction of hemodynamic measurements, we anesthetized rats
with intraperitoneal injections of 3% sodium pentobarbital (45
mg/kg), then killed by bloodletting after carotid blood sampling, and
the lung and heart specimens were collected for histological
evaluation. Wet weights of the right ventricle (RV) and left ventricle
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(LV) + interventricular septum (S) were used to estimate the RV
hypertrophy index, calculated by using (RV/(LV + S)). The cardiac
weight (CW) and body weight (BW, measured before dissection) were
used to evaluate the cardiac index, calculated by using (CW/BW). RV
index obtained using wet RV weight (RVW)/wet BW.

Immunohistochemical staining

A hematoxylin and eosin (H&E) stain stain was used to demonstrate
pulmonary vascular remodeling. We fixes the right lung lobe and RV
tissues in 10% formaldehyde for 48 h and then washed with distilled
water for 10 min. Ethanol was then used to dehydrate the samples in a
stepwise manner, embedded in wax and sectioned. In the following
steps, we used H&E or Masson’s trichrome to stain the sections.
Additionally, calculating percentage of medial wall thickness
(%MWT) as ((external diameter — internal diameter)/external
diameter) X 100% to estimate pulmonary vascular remodeling [23].
The level of pulmonary arterial modification was evaluated by
performing a-SMA immunohistochemical staining [24]. The
paraffin-embedded blocks were sectioned into continuous sections (4
um) and mounted onto silane-coated slides. We rehydrated the
dewaxed lung tissue sections, then washed them with phosphate
buffer saline (pH 7.2-7.4). After conducting blocking with 5% bovine
serum albumin, the sections were incubated overnight at 4 °C with
a-SMA monoclonal antibodies (1:500), followed by incubation with
the horseradish peroxidase-conjugated secondary antibodies (1:200).
Light microscopy was used to evaluate all the stained sections (400 x
magnification; Nikon, Japan). In each group, five fields from six
sections were randomly selected for representation.

Western blot analysis

The levels of ERK1/2, p-ERK1/2, NF-xkB p65, ET-1, Bcl-2, Bax,
pro-caspase-3, cleaved caspase-3, p62, Beclinl, LC3 were detected by
Western blot analysis. We extracted proteins from lung tissue
following standard protocols and we measure protein levels using
bicinchoninic acid assay. After electrophoresis, the protein was
transferred to polyvinylidene fluoride membrane, sealed with 5% dry
skim milk at room temperature for 1 h and then incubated at 4 °C
overnight in the primary antibody solution. The following day, the
membrane was then incubated for 2 hour with horseradish
peroxidase-conjugated second antibody at room temperature. After
washing three times with washing buffer, reactivity was detected and
visualized using the enhanced chemiluminescence Bio-Spectrum gel
imaging system (UVP, Upland, CA, USA). mRNA expression was
measured against 3-actin.

Reverse transcription-quantitative PCR (RT-qPCR)
We used RT-qPCR to measure mRNA levels of tumor necrosis factor-a
(TNF-a), interleukin-6 (IL-6) and interleukin-13 (IL-1B) [25].

According to the instructions, total RNA was extracted using plant
RNA extraction kit (TransGen Biotech, Beijing, China). The
PrimerScript RT reagent kit (Takara, Shiga, Japan) was used to reverse
transcript the RNA. We used the SYBR Green RT-qPCR SuperMix kit
(Thermo Fisher Scientific, Waltham, MA, USA) with customized
primers (Table 1) wusing the AB7300 thermo-cycler (Applied
Biosystems, Foster, CA, USA) to perform real-time PCR analysis on
quantify relative RNA levels. Internal controls were performed using
B-actin. We calculated relative expression level using 2 — AACt
method.

Oxidative stress

The SOD level was measured using a superoxide assay kit (Beyotime
Biotech Inc., Shanghai, China), whereas MDA level was measured
using a lipid peroxidation MDA assay kit (Beyotime Biotech Inc.,
Shanghai, China). GSH-Px was measured using a GSH-Px assay kit
(Beyotime Biotech Inc., Shanghai, China) [26]. All operations were
conducted in accordance with the manufacturer’s instructions.

Statistical analysis

We present all our data as mean = standard deviation. Group
comparisons were performed using one-way analysis of variance
followed by Tukey’s post hoc test. P-values reported in this study are
two-sided and P < 0.05 is considered statistically significant. We used
solutions statistical package for the social sciences statistical software
(version 22. 0, SPSS Inc., Chicago, IL, USA) for statistical analysis.

Results

General rat characteristics

When compared with the normal control group, BW growth was
significantly retarded in the three MCT groups (P < 0.01). Moreover,
significant changes in pulmonary function were observed in MCT rats,
and such changes mainly manifested as decreased lung compliance
and increased inspiratory resistance; these aspects were significantly
improved following rutaecarpine and sildenafil treatment (P < 0.05)
(Table 2).

Rutaecarpine attenuates hemodynamics, right ventricular
hypertrophy and vascular remodeling

The hemodynamic changes were monitored and results revealed that
MCT-treated rats displayed significantly higher mPAP than the control
group (P < 0.01), whereas this effect was diminished by rutaecarpine
1A), right heart index (Figure 1B) and right heart hypertrophy index
and sildenafil (P < 0.01) (Table 2). Compared to the control group,
MCT-treated rats showed a significantly increased heart index (Figure
1A), right heart index (Figure 1B), and right heart hypertrophy index
(Figure 1C) 4 weeks after subjection to a single intraperitoneal

Table 1 Experimental design

Number (n) Treatment
Received saline injection intraperitoneally (i.p.) on day 1 and then with an equal volume of
Group 1 (Control group) 12 vehicle (0.9% NaCl) alone for 28 days
Group 2 (MCT group) 12 Received a single intraperitoneally injection of MCT (60 mg/kg) at day 1, pulmonary

Group 3 (MCT + Rut group) 12
Group 4 (MCT + Sil group) 12

hypertension model was established for 28 days [23]
Received rutaecarpine (40 mg/kg) by daily gavage tube for 28 days after MCT injection [24]
Received sildenafil (25 mg/kg) by daily gavage tube for 28 days after MCT injection [25]

MCT, monocrotaline.

Table 2 Primary antibody for western blot

Primary antibody Concentration Primary antibody Concentration
Bcl-2 1:1,000 p65 1:1,000

Bax 1:2,000 LC3 1:1,000
Caspase-3 1:1,000 Beclinl 1:2,000
p-ERK1/2 1:2,000 p62 1:2,000
t-ERK1/2 1:1,000 B-Actin 1:10,000
ET-1 1:500

Bcl-2, B cell lymphoma-2; Bax, Bcl-2-associated X; p-ERK1/2, phospho-extracellular signal-regulated kinases 1/2; t-ERK1/2, total-extracellular
signal-regulated kinases 1/2; ET-1, endothelin-1; LC3, microtubule- associated protein light chain 3.
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injection. However, following intragastric ~administration of
rutaecarpine, the heart index, right heart index and right heart
hypertrophy index significantly decreased. Similarly, the MCT + Sil
group showed a significantly improved right heart hypertrophy index,
but without exhibition of significant improvements in heart index and
right heart index.

Pathological changes of small and medium pulmonary arteries
(50-200 um) were observed via H&E (Figure 2A) and Masson’s
trichrome staining (Figure 2B) procedures. In the control group, the
pulmonary artery wall was observed to be thin, with a normal lumen
and without inflammatory cell infiltration. In contrast, in MCT-treated
rats, the wall of the pulmonary arterioles was significantly thickened,
additionally, we observed a large number of inflammatory cells
around the blood vessels and surrounding tissues. Smooth muscle cells
indicated significant proliferation and were arranged in a disorderly
manner with a narrow lumen. The vascular morphology of rats in the
MCT + Rut group was significantly improved, similar to that observed
in the MCT + Sil group. A quantitative analysis showed that the
%MWT (Figure 2D) of pulmonary arterioles in rats treated with MCT
increased 3.42-fold, compared to the control group (P < 0.01). In
contrast, sildenafil and rutaecarpine treatment successfully reversed
the %MWT of MCT-induced pulmonary arterioles (P < 0.01).

The Masson’s trichrome staining results demonstrated that there
were few collagen fibers and inflammatory cells present in untreated
control rats. In the MCT group, a considerable number of disordered
and proliferated collagen fibers were present, along with numerous
inflammatory cells in the vascular wall and surrounding tissues.
Collagen fiber proliferation and inflammatory cell infiltration in the
MCT + Rut group were significantly improved, similar to those
observed in the MCT + Sil group. These histological results indicated
that rutaecarpine could inhibit fibrosis in MCT-induced PAH rats and
confer protection to the pulmonary arteries.

To determine the mechanism of rutaecarpine in MCT-induced PAH,
a-SMA-positive PASMCs were detected via immunohistochemical
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Figure 1 Effects of Rutaecarpine on CI, RVI and RVHI in PAH rats.
(A) CI as the CW/BW ratio; (B) RVI as the RVW/BW ratio; (C) RVHI as
the RV/LV + interventricular septum (S) ratio, four weeks after MCT
injection. A mean + SEM is used to present the result values. P <
0.01 versus the control group, P < 0.05 versus the MCT group, P <
0.01 versus the MCT group. CI, cardiac index; CW, cardiac weight;
BW, body weight; RV, right ventricle; RVI, right ventricle index; RVW,
right ventricle weight; RVHI, right ventricle hypertrophy index; LV,
left ventricle; MCT, monocrotaline; SEM, standard error of the mean.
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Figure 2 Rutaecarpine partially reverses the pathological remodeling of pulmonary artery hypertrophy. (A) Hematoxylin and eosin
staining, 200 X ; (B) Masson staining, 200 X ; (C) immunohistochemical staining, 200 X ; (D) represents the percentage of medial wall thickness in
pulmonary arteries; (E) represents the expression of a-SMA in pulmonary arteries. A mean *+ SEM is used to present the result values. P < 0.01
versus the control group, P < 0.05 versus the MCT group, P < 0.01 versus the MCT group. a-SMA, alpha-smooth muscle actin; SEM, standard
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staining. After administering MCT, the abundance of a-SMA-positive
PASMCs increased (Figure 2C) and a-SMA expression increased
2.68-fold, compared to those in the control group (P < 0.01, Figure
2E). Quantitative analysis of a-SMA expression levels in the MCT +
Rut and MCT + Sil groups showed significant improvements
compared to that in the MCT group (P < 0.01).

H&E staining results of the right ventricular tissue showed that
cardiomyocytes in the control group had appreciable continuity and
regular arrangement with small gaps (Figure 3). Concurrently, the
cardiomyocytes of rats injected with MCT showed marked
proliferation and hypertrophy, disordered arrangement, sparseness
and swelling cytoplasm. Additionally, rats treated with rutaecarpine
and sildenafil exhibited significant histological improvement.

Rutaecarpine alleviates oxidative stress and inflammatory
response

The effect of oxidative stress on pulmonary hypertension was
investigated by monitoring changes in antioxidant and lipid
peroxidation levels. MCT exposure resulted in increased lipid
peroxidation MDA levels (Figure 4A-Figure 4C). Contrastingly, SOD
and GSH-Px levels, generally associated with anti-oxidative stress
responses, decreased 0.59- and 0.78-fold, compared to those in the
control group (P < 0.01). Rats in the MCT + Rut group significantly
showed improvement in these oxidative stress responses and the MCT
+ Sil group exhibited similar results, indicating that rutaecarpine
antioxidant activity was involved in the reversal of PAH.

Inflammation in the pulmonary arteries was then evaluated to
assess the anti-inflammatory effect of rutaecarpine. MCT treatment
significantly upregulated proinflammatory cytokine levels, such as
TNF-a, IL-1B and IL-6, compared to the control group (Figure 4D).
Contrastingly, rats in the MCT + Rut and MCT + Sil groups showed
effective reversal of the TNF-a (P < 0.01), IL-1B (P < 0.05) and IL-6
(P < 0.01) levels, demonstrating that anti-inflammatory activity
contributed to the reversal of MCT-induced PAH.

Rutaecarpine alleviates PAH, inhibits proliferation and promotes
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The levels of p-ERK1/2, NF-kB p65 and ET-1 in the lungs of MCT-PAH
rats were significantly increased by 1.43-, 2.10- and 1.95-fold,
comparing the control and experimental groups. Meanwhile, the levels
of p-ERK1/2, NF-kB p65 and ET-1 were significantly decreased in the
MCT + Rut and MCT + Sil groups (P < 0.05, Figure 5),
demonstrating that rutaecarpine exerted an anti-proliferative effect in
MCT-PAH rats, which alleviated PAH.

Additionally, Bax, Bcl-2 and caspase-3 expression levels were
detected by Western blot analysis to assess the impact of rutaecarpine
on apoptosis. As shown in Figure 6, Bax expression was significantly
reduced to 0.48 times that of the control group (P < 0.05), whereas
Bcl-2 was significantly overexpressed (2.14 times; P < 0.01).

CT + Rut group
AN 5

Figure 3 Rutaecarpine partially reverses the pathological
remodeling of the right ventricle. hematoxylin and eosin, x200.
RV, right ventricle; MCT, monocrotaline.
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Figure 4 Rutaecarpine partially improves the changes in oxidative stress and inflammation in MCT-induced PAH rats. (A-C) SOD, MDA
and GSH-Px were tested with their corresponding kits; (D) RT-qPCR analysis of relative TNF-a, IL-13 and IL-6 mRNA levels in peritoneal resident
macrophages. A mean = SEM is used to present the result values. “*P < 0.01 versus the control group, P < 0.05 versus the MCT group, P < 0.01
versus the MCT group. MCT, monocrotaline; PAH, pulmonary arterial hypertension; SOD, superoxide dismutase; MDA, malondialdehyde; GSH-Px,
glutathione peroxidase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; TNF-a, tumor necrosis factor-o; IL-1(3,

interleukin-1(; IL-6, interleukin-6.

Submit a manuscript: https://www.tmrjournals.com/tmr


https://doi.org/10.53388/TMR20220608001

ARTICLE

X NS
R & 2
N
§ & & O
¢ & & N
. S | B
A griin | T ”‘Q"_:‘z‘ 'l:g:

p-ERK1/2

m—n KkDa

Traditional Medicine Research 2023;8(1):4. https://doi.org/10.53388/TMR20220608001
- .|~ 65 kDa

154 >
ok
14
051
ET-1 ... . — 24 kDa I
0

B-Actin ” L 42 kDa Control MCT MCT+Rut MCT+Sil

it
HH 1.5
&%
sk
ok
¥k
. ‘ . Z 0.5
0 0

Control MCT MCT+Rut MCT+Sil Control MCT MCT+Rut MCT+Sil

NFkBp65 | #

Relative level of p-ERK/ERK

e
L wn (8]
1 1 )
()
J

=
n
1

Relative level of ET-1/p-actin

Relative level of NFkBp65/B-actin ()

Figure 5 Effect of rutaecarpine on the protein expression of ERK1/2, p-ERK1/2, NK-kB p65, ET-1 shown by western blot. Normalization of
expression levels was performed using B-actin. A mean + SEM is used to present the result values. “*P < 0.01 versus the control group, P < 0.05
versus the MCT group, P < 0.01 versus the MCT group. MCT, monocrotaline; ERK1/2, extracellular signal-regulated kinases 1/2; p-ERK1/2,
phospho-extracellular signal-regulated kinases 1/2; NF-kB, nuclear factor kappa-B; ET-1, endothelin-1; SEM, standard error of the mean.
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Figure 6 Effect of rutaecarpine on the protein expression of Bcl-2, Bax and pro-caspase-3 as determined by western blot analysis.
Normalization of expression levels was performed using B-actin. A mean + SEM is used to present the result values. “*P < 0.01 versus the control
group, P < 0.05 versus the MCT group, ~P < 0.01 versus the MCT group. Bcl-2, B cell lymphoma-2; SEM, standard error of the mean; MCT,
monocrotaline.
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(Figure 6A-Figure 6C; P < 0.05), similar to that in the MCT + Sil
group. Therefore, MCT downregulated the relative levels of Bax/Bcl-2,
whereas rutaecarpine treatment increased the Bax/Bcl-2 expression
ratio. Finally, we detected the expression of cleaved caspase-3. As
shown in Figure 6A and Figure 6D, cleaved caspase-3 level decreased
to 0.64 times, compared with the control group (P < 0.05) and
increased again under rutaecarpine and sildenafil treatments (P <
0.05).

Rutaecarpine inhibits autophagy

The impact of rutaecarpine therapy in autophagy was assessed via the
expression of Beclinl, LC3-I, LC3-II and p62. As shown in Figure 7,
MCT-PAH rats exhibited higher Beclinl expression levels (2.26 times
higher; P < 0.01) than the control group rats. Following treatment
with rutaecarpine or sildenafil, the expression of Beclinl reduced to
1.48 or 1.94 times that in the control group (P < 0.01 for MCT + Rut
and P < 0.05 for MCT + Sil compared to the MCT group). Similarly,
the LC3-II/B-actin ratio of MCT-PAH rats was increased by 3.36 times
that in the control group (P < 0.01). After administration of
rutaecarpine or sildenafil, the LC3-II/B-actin ratio significantly
decreased compared to that in MCT-treated rats (by 1.18 and 1.48
times that of the control group respectively; P < 0.01). p62 is a
central regulator of the autophagy process. The expression of p62 was
reduced to 0.58 times in MCT-PAH rats when compared to control
group (P < 0.01). Following treatment with rutaecarpine and
sildenafil, the expression of p62 increased by 0.85-fold (P < 0.05).

Discussion

Our investigation in this study focused on the role and mechanism of
rutaecarpine for PAH in a rat model. MCT-induced PAH in
Sprague-Dawley rats was selected to test the efficacy of rutaecarpine
in disease recovery. The effect was similar to that on human PAH in
terms of hemodynamic and histopathological severity degree,
including the upregulated expression of inflammatory cytokines,
vascular remodeling, smooth muscle cell proliferation, endothelial
dysfunction, and RV failure [27-29]. Moreover, sildenafil was selected
as a positive control to comparatively validate the therapeutic effect of
rutaecarpine, as it is considered an effective treatment for PAH [30].
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This study demonstrated that rutaecarpine exhibited appreciable
therapeutic effects in the MCT-induced PAH rat model, significantly
reducing mPAP, RV index and RV hypertrophy index, and improving
right ventricular hypertrophy. These results are similar with prior
study, while the design in prior study absent positive control and the
study focused on the dose of rutaecarpine (20 mg/kg versus 40
mg/kg) [31]. Additionally, in our study, the histological assessment of
pathological sections showed that rutaecarpine treatment effectively
counteracted pulmonary vascular wall thickening and restored lumen
patency. The above-mentioned phenomena indicated that
rutaecarpine played an important role in reversing pulmonary
vascular and right ventricular remodeling in PAH.

The changes in pulmonary vascular wall thickening and expansion
could affect the function of adjacent airways and lung parenchyma in
PAH, causing abnormal changes in pulmonary function. Studies have
reported that the vital capacity, Tiffeneau-Pinelli index, and
maximum expiratory flow at 50% of forced vital capacity in PAH
patients are significantly reduced, along with a decrease in the carbon
monoxide diffusing capacity [32, 33]. 20-40% of patients with
idiopathic pulmonary arterial hypertension have a significant decrease
in forced expiratory volume in one second and forced expiratory
volume in one second/forced vital capacity ratios (< 70%), indicating
obstruction of the airways. Three quarters of idiopathic pulmonary
arterial hypertension patients will have gas exchange impairment with
a mean value of 59-71% of predicted values across earlier studies
[34]. Our study reported similar results and indicated that the use of
rutaecarpine could improve pulmonary function, including increased
airway resistance and decreased lung compliance caused by PAH, but
only pulmonary ventilation function was tested, but gas exchange
function was not tested. Relevant studies on ventilation function will
be carried out in future experiments.

IL-1, IL-6 and TNF-a, stimulate the expression of a variety of
inflammatory factors, were frequently elevated in serum of patients
and experimental PAH models and promote vascular remodeling [6].
In addition, TNF-a, IL-13 and IL-6 were associated with fibroblast
proliferation and myofibroblast activation and that may improve with
subjection to steroids or immunosuppressive therapy [6, 35-42]. We
also observed an increase in TNF-a, IL-1f and IL-6 in the lungs of PAH
rats. Compared with MCT group, collagen fiber proliferation and
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Figure 7 Effect of rutaecarpine on the protein expression of p62, Beclinl, LC3-I and LC3-II were determined using western blots.
Normalization of expression levels was performed using B-actin. A mean + SEM is used to present the result values. “*P < 0.01 versus the control
group, P < 0.05 versus the MCT group, P < 0.01 versus the MCT group. LC3, microtubule- associated protein light chain 3; SEM, standard error

of the mean; MCT, monocrotaline.
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inflammatory cell infiltration were significantly reduced in MCT +
Rut group, similar to MCT + Sil group. Meanwhile, TNF-a, IL-6 and
IL-1B levels were significantly downregulated in the MCT + Rut
group, suggesting that rutaecarpine could alleviate PAH by inhibiting
inflammatory responses.

There is a strong correlation between inflammation and oxidative
stress. Studies have already reported that endothelial cell dysfunction
and oxidative stress are involved in pulmonary vascular remodeling,
and that the endogenous antioxidant defense system (including SOD
and GSH) showed altered activity [43-45]. As the first line of defense
against free radicals, oxidative enzyme systems such as SOD and
GSH-Px play a crucial role, while MDA is generally believed to
indicate oxidative damage. Oxidative stress leads to lipid peroxidation
and leads to the production of substantial amounts of MDA, resulting
in oxidative damage to PAECs. Evidence has increasingly
demonstrated that oxidative stress contributes to PAH, thereby serving
as a prognostic indicator[9, 46-49]. The results of our study suggested
that rutaecarpine could be considered as a potential antioxidant
therapeutic agent for PAH.

The activation of ERK1/2 and NF-kB promote the expression of
ET-1, thereby promoting the proliferation of pulmonary smooth
muscle cells and accelerating the development of pulmonary
hypertension. ERK1/2 is a major member of the intracellular
mitogen-activated protein kinase (MAPK) signaling pathway, which
plays an important role in angiogenesis [50, 51]. The activation of
ERK1/2 can enhance the expression of ET-1. Besides, when NF-kB is
inactivated, it forms a complex with IkB, which is then distributed in
the cytoplasm. IkB kinase is activated by the MAPK signaling pathway.
After IxB kinase activation, IkB is phosphorylated, leading to IxB
depolymerization and degradation through the
ubiquitination-proteasome pathway. The p65 subunit of NF-xB is
present in its free form in the cytoplasm following depolymerization
and separation from IkB. Free NF-kB p65 is translocated to the
nucleus, where it regulates the expression of target genes [52].
Independent in vivo and in vitro studies showed that smoking,
low-density lipoprotein and hypertension could upregulate the
expression of endothelin receptors in vascular smooth muscle cells
through activation of the MAPK/NF-kB signaling pathway [53-55].
ET-1 is the strongest known endogenous angiotensin, causing marked
pulmonary artery contraction and promoting the proliferation of
vascular smooth muscle and fibrous tissue, which ultimately leads to
increased pulmonary vascular resistance and pulmonary vascular
remodeling [56-58]. This study demonstrated that rutaecarpine could
inhibit proliferation and alleviate MCT-induced PAH by
downregulating the expression of ERK1/2, nuclear NF-kB p65 and
ET-1. Therefore, the current results suggest that rutaecarpine may
improve pulmonary vascular remodeling.

Apoptosis resistance is also important for pulmonary smooth muscle
cell proliferation [59]. In regulating apoptosis, the Bcl-2 protein
family plays a key role. Apoptosis is controlled by both Bcl-2 and Bax;
Bcl-2 inhibits it, whereas Bax promotes it [60]. Bcl-2, a pro-apoptotic
protein, with exogenous or endogenous stimulating factors, can open
the mitochondrial permeability transition pore; Apaf-1 and
pro-caspase-9 form the apoptosome when cytochrome c interacts with
them, which activates the caspase cascade to induce cell death [60]. In
the present study, we noted that expression of the anti-apoptotic gene
Bcl-2 was significantly upregulated in rats injected with MCT, whereas
inhibited Bax and caspase-3. Rutaecarpine treatment decreased Bcl-2
expression levels and increased cleaved caspase-3 and Bax levels.
These observations were in agreement with the previously reported
findings on the changes in Bcl-2 levels and the anti-apoptotic effect of
rutaecarpine in the treatment of cerebral ischemia-reperfusion injury,
psoriasis, shock and other diseases [14, 17, 18, 58, 61]. Apoptotic
resistance was significantly associated with the progression of PAH
and rutaecarpine could treat PAH by regulating cell proliferation and
apoptosis.

Autophagy is generally initiated in response to various stimuli, such
as starvation, oxidative damage and chemical damage. Nonetheless,
autophagy occurs at the basal level in most tissues to control the
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quality of organelles, but excessive activation is deleterious [62].
Recent studies have reported that autophagy is an important regulator
of PAH pathogenesis [63-65]. Guo et al. demonstrated that Western
blot analysis showed LC3B conversion increased and p62 expression
decreased in in rats exposed to MCT [19]. Additionally, the activation
of autophagy is associated with right ventricular failure in PAH mice
[66]. In this study, autophagy was activated in PAH rats induced with
MCT; the rats exhibited a significant increase in Beclinl protein levels
and LC3-II/LC3-I ratio, as well as a decrease in p62 protein levels.
Meanwhile, rutaecarpine effectively inhibited autophagy, thereby
reversing pulmonary hypertension.

Although the SOD activity assessed by reactive oxygen species and
the drug works assessed by nitric oxide-cyclic guanosine phosphate
were not assessed. The results of this study showed that rutaecarpine
attenuated MCT-induced PAH by inhibiting inflammation, oxidative
stress, proliferation and autophagy, as well as by promoting apoptosis.
Therefore, rutaecarpine could be considered a novel therapeutic agent
for PAH and further investigations should be performed to assess the
potential connections among oxidative stress and the ERK1/2, nuclear
NF-kB p65 and ET-1 pathways.

There are some limitations in this study. First of all, pulmonary
hypertension patients are often accompanied by diffusion dysfunction.
Pulmonary function test in this study did not detect diffusion function,
which should be supplemented in future work. Second, the current
study is limited to animal models and has not been validated at the
cellular level, nor has it been applied to patients with pulmonary
hypertension.
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