EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 489-498, 2020

B3 adrenergic receptor antagonist SR59230A exerts
beneficial effects on right ventricular performance in
monocrotaline-induced pulmonary arterial hypertension
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Abstract. Pulmonary arterial hypertension (PAH) is a
progressive disease with a high mortality rate. Previous
studies have revealed the important function of the (33
adrenergic receptor (B3-AR) in cardiovascular diseases, and
the potential beneficial effects of numerous $3-AR agonists on
pulmonary vasodilation. Conversely, a number of studies have
proposed that the antagonism of 33-AR may prevent heart
failure. The present study aimed to investigate the functional
involvement of $3-AR and the effects of the 33-AR antagonist,
SR59230A, in PAH and subsequent heart failure. A rat PAH
model was established by the subcutaneous injection of
monocrotaline (MCT), and the rats were randomly assigned
to groups receiving four weeks of SR59230A treatment or the
vehicle control. SR59230A treatment significantly improved
right ventricular function in PAH in vivo compared with
the vehicle control (P<0.001). Additionally, the expression
level of B3-AR was significantly upregulated in the lung and
heart tissues of PAH rats compared with the sham group
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(P<0.01), and SR59230A treatment inhibited this increase in
the lung (P<0.05), but not the heart. Specifically, SR59230A
suppressed the elevated expression of endothelial nitric oxide
and alleviated inflammatory infiltration to the lung under PAH
conditions. These results are, to the best of our knowledge,
the first to reveal that SR59230A exerts beneficial effects on
right ventricular performance in rats with MCT-induced PAH.
Furthermore, blocking $3-AR with SR59230A may alleviate
the structural changes and inflammatory infiltration to the
lung as a result of reduced oxidative stress.

Introduction

Pulmonary arterial hypertension (PAH) is hemodynami-
cally characterized by a progressive elevation in pulmonary
vascular resistance and the loss of pulmonary arterial compli-
ance, giving rise to excessive right ventricular (RV) afterload.
This ultimately results in abnormal vascular remodeling, RV
hypertrophy and heart failure (1). In addition to the abnormal
proliferation of pulmonary artery endothelial and smooth
muscle cells, it has been revealed that factors contributing to
the progressive narrowing of the distal pulmonary arterioles
include inflammation, in situ thrombosis and an imbalance in
the expression of various endothelial vasoactive mediators; this
includes the reduced production of nitric oxide (NO) and pros-
tacyclin, and the increased production of endothelin (ET)-1.
Therapies targeting the prostacyclin, ET-1 or NO pathways
have resulted in substantially improved outcomes in patients
with PAH (2). However, current treatment strategies remain
insufficient, with substantial hemodynamic and functional
impairments that cause considerable morbidity (3). Therefore,
novel therapeutic approaches are urgently required.

The p3-adrenergic receptor (33-AR), first identified in 1989,
has been demonstrated to serve an important function in heart
failure, hypertension, obesity, diabetes and coronary artery
disease, which is independent of the stimulation effects of the
p1- and B2-ARs (4,5). Unlike 1- and f2-AR, which produce
positive chronotropic and inotropic effects upon stimulation,
P3-AR imparts a marked reduction in cardiac contractility
by activating endothelial NO synthase (eNOS), resulting in
the subsequent release of NO from cardiac myocytes (6,7).
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Upregulation of f3-AR has been observed in the myocytes of
animal heart failure models in addition to patients with heart
failure (8,9). Nevertheless, the $3-AR responses have been
revealed to vary considerably between species (10), and the
efficacy of f3-AR pharmacotherapy may depend on a number
of factors, including the severity of heart failure and the thera-
peutic time interval (11,12).

3-AR activation is able to influence the vasodilation of
specific blood vessels in humans and animal models (13-15).
However, conflicting results have proposed the antagonism of
[3-AR as a potential preventative strategy for the development
of heart failure (9,16). Due to the lack of evidence for the exis-
tence of B3-AR in the pulmonary artery (17,18), few studies
have reported a Pf3-adrenergic response in PAH. Indeed,
emerging technologies were at the forefront of this research
area when a rat RNA-Seq transcriptomic BodyMap across
11 organs confirmed the expression of 33-AR in rat adrenal,
thymus, heart and lung tissues (19). An additional study
revealed that B3-AR was expressed in the human pulmonary
artery (20), and that the 33-AR agonist BRL37344 reduced
pulmonary vascular resistance and improved RV performance
in a porcine chronic pulmonary hypertension model. A further
study indicated that nebivolol, a p3-adrenergic agonist, reduced
the overexpression of growth and inflammatory mediators
in pulmonary vascular cells harvested from patients with
PAH (21). However, BRLL37344 and nebivolol are not selective
B3-AR agonists, therefore their effects may result from the
stimulation of alternative $-ARs (22,23). Apart from a limited
number of studies using 3-AR antagonists to block the effect
of B3-AR agonists (24,25), no studies have been reported to
investigate the antagonism of $3-AR alone in PAH.

The present study established a rat PAH model, which was
treated with the selective 3-AR antagonist, SR59230A, to
investigate the functional involvement of f3-AR in hemody-
namic and morphological impairment in PAH, and identify
novel therapeutic targets. The generation of two isoforms of
NOS following $3-AR inhibition were also investigated, inves-
tigating the potential signaling pathways of 33-AR in PAH.

Materials and methods

Animals. In total, 12 male Sprague-Dawley rats (weight,
250-300 g; age, 8 weeks) were purchased from the Second
Affiliated Hospital of Harbin Medical University (Harbin,
China). The present study was ethically approved by the Harbin
Medical University Committee on Animal Care (26) and was
performed in adherence with the National Institutes of Health
Guidelines on the Use of Laboratory Animals (27). The rats
were randomly assigned to three groups receiving: i) An equal
volume of solvent (vehicle, 1 ml/kg body weight); ii) a single
subcutaneous injection of monocrotaline (MCT; 80 mg/kg
body weight; Sigma-Aldrich; Merck KGaA) to induce PAH
within 4 weeks; or iii) a single injection of MCT and injec-
tions of SR59230A (2 mg/kg body weight; Sigma-Aldrich;
Merck KGaA) every other day for 4 weeks. Injections of
SR59230A or an equal volume of solvent were administered
via the tail vein of the rat.

In vivo Doppler echocardiography. Subsequent to 4 weeks
of MCT administration, the rats were anesthetized using
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isoflurane. The isoflurane vaporizer was adjusted to 3-5%
for induction and 1-3% for maintenance. The animals were
stabilized in the supine position, and M mode echo recordings
from the parasternal long-and short axes were collected. All
measurements were subsequently analyzed using Vevo 770
software (Fujifilm VisualSonics Inc.).

Tissue fixation, embedding and sectioning. Following the
in vivo Doppler echocardiograph, the rats were euthanized by
continuous isoflurane exposure (5%). Following dissection, rat
RV and left lung tissues were immediately fixed in 4% form-
aldehyde solution for 24 h at room temperature. The tissues
were dehydrated by immersion in increasing concentrations of
ethanol (from 70 to 90%, and then from 90 to 100% ethanol).
Each dehydration step lasted for 1 h. The dehydrating agent
was subsequently cleared by incubation in xylene for 2 h at
room temperature prior to paraffin embedding. Paraffin was
typically heated to 60°C and then allowed to harden overnight,
and the tissues were sectioned to 8 ym using a microtome.

Histological characterization-hematoxylin and eosin staining.
Tissue sections were deparaffinized through three changes
of xylene and hydrated using distilled water. Subsequent to
rinsing, the slides were stained with hematoxylin for 2 min,
rinsed again, dipped in ammonia hydroxide solution (0.2%)
until a blue color change was observed, and washed once more.
The slides were then counterstained with eosin for 10 min and
dehydrated with 95% ethanol, followed by three changes of
100% ethanol. The dehydrated slides were then cleared with
three changes of xylene and mounted onto a coverslip with
Neutral Canada balsam. All the staining solutions were incu-
bated with the samples at room temperature.

Immunohistochemistry (IHC) and semi-quantitative analysis.
Tissue sections were incubated three times in xylene (5 min
each at room temperature), followed by two washes each
with 100, 95 and 80% ethanol for 10 min, and two washes in
distilled water for 5 min each. Following deparaffinization and
rehydration, antigen retrieval was performed using a pressure
cooker. First, the appropriate antigen retrieval buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6.0) was added to the
pressure cooker. Once the boiling temperature was reached
(95-100°C), the sections were then submerged using forceps
and the pressure cooker lid was secured. The cooker as allowed
to reach maximum pressure prior to depressurization, and was
subsequently filled with cold water for 10 min. The sections
were then transferred to phosphate-buffered saline (PBS) prior
to incubation with a blocking buffer [1X PBS, 5% goat serum
(cat. no. ab7481; Abcam) and 0.3% Triton™ X-100] at room
temperature for 30 min. Subsequently, the sections were incu-
bated with an anti-f3-AR primary antibody (cat. no. ab94506;
Abcam; working concentration, 10 pg/ml) overnight at 4°C.
The sections were washed three times in PBS for 5 min each,
and incubated with a secondary antibody anti rabbit (cat.
no. PV-9001; dilution, 1:2,000; Beijing Zhongshanjinqgiao
Biotechnology Co., Ltd.) in the dark at 37°C for 20 min.
Following three additional washes in PBS, the sections
were incubated in 3,3'-diaminobenzidine (DAB)-peroxidase
substrate solution for 5-10 sec (cat. no. ZLI-9017; Beijing
Zhongshanjingiao Biotechnology Co., Ltd.), and washed
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in PBS once again. The sections were then counterstained
with hematoxylin for 2 min at room temperature, dehydrated
through two changes of 95% ethanol and three changes
of 100% ethanol, cleared with three washes in xylene and
mounted on a coverslip with Neutral Canada balsam.

The THC images were obtained (Olympus, BX51; light
microscope; magnification, x200) and analyzed using the
FIJT analysis software (ImageJ win64; National Institutes of
Health, Bethesda, MD, USA). Run Image > Color > Color
Deconvolution was performed and ‘H DAB’ from the Vectors
pull-down was selected as the stain. The three image windows
(colors 1, 2 and 3) corresponded to hematoxylin, DAB and
residual (which should be close to white if the separation is
optimal), respectively. DAB positivity was quantified in units
of intensity and normalized to the Sham group.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA was
extracted from the frozen lung tissue samples (50-100 mg)
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and isolated using the RNeasy® Plus Mini kit (Qiagen
GmbH). The RNA quality and concentration were measured
using a Nanodrop 2000 (NanoDrop Technologies; Thermo
Fisher Scientific, Inc.). Total RNA (2 ug) was reverse tran-
scribed into cDNA using the High Capacity cDNA Reverse
Transcription kit (Invitrogen; Thermo Fisher Scientific, Inc.).
The RT reaction was incubated at 25°C for 10 min, at 37°C for
2 h and at 85°C for 5 min. The mRNA expression levels of the
B3-AR, eNOS and inducible NOS (iNOS) were determined
by RT-qPCR. The thermocycling conditions were as follows:
Initial denaturation at 95°C for 30 sec, followed by 40 cycles
of 95°C for 5 sec, 55°C for 10 sec and 72°C for 15 sec. qPCR
was performed using a reaction mixture containing SYBR®
Green dye (Invitrogen; Thermo Fisher Scientific, Inc.) on a
StepOnePlus PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Using these systems, relative altera-
tions in mRNA levels were calculated according to the AACq
formula (28). B-actin was used as an internal control. The
primer sequences are listed in Table I.

Western blotting. The lung tissues were homogenized and total
protein was extracted using ice-cold radioimmunoprecipita-
tion assay buffer with protease inhibitor mix (Sigma-Aldrich;
Merck KGaA). Protein was quantified using a bicinchoninic
acid protein assay kit (Thermo Fisher Scientific, Inc.)
Equivalent amounts of protein (50 ug/well) were separated
using SDS-PAGE with a 12% gel, and the proteins were
transferred to polyvinylidene difluoride membranes, which
were blocked using Tris-buffered saline with TBS-Tween
(0.1% Tween-20) with 5% non-fat milk for 1 h. The membranes
were then incubated with primary antibodies against eNOS
(cat. no. ab5589; 1:1,000; Abcam) and iNOS (cat. no. ab15323;
1/250; Abcam) at 4°C overnight and washed 3 times with
TBST prior to incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies (cat. no. ab6721;
1:2,000; Abcam) at room temperature for 1 h. f-actin was
used as an internal control (cat no. abl115777; 1:200; Abcam).
The blots were washed and developed using a HRP substrate
solution (EMD Millipore), and the ChemiDoc XRS+ system
(Bio-Rad Laboratories, Inc.) was used for imaging and
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Table I. Reverse transcription-polymerase chain reaction
primers sequences.

Gene Primers

p3-AR F: AGAACTCACCGCTCAACAGG
R: CAGAAGTCAGGCTCCTTGCTA

eNOS F: GAAGACTGAGACTCTGGCCC
R: CCGTGGGGCTTGTAGTTGAC

iNOS F: GGCTGAGTACCCAAGCTGAG
R: ATTGTGGCTCGGGTGGATTT

[B-Actin F: CACTTTCTACAATGAGCTGCG
R: CTGGATGGCTACGTACATGG

F, forward; R, reverse; p3-AR, p3-adrenergic receptor; eNOS, endo-
thelial nitric oxide synthase; iNOS, inducible nitric oxide synthase.

FIJI analysis software (ImageJ win64; National Institutes of
Health) was used for image processing and analysis. Each
experiment was repeated in triplicate.

Statistical analysis. All data were analyzed using GraphPad
Prism 6 (GraphPad Software, Inc.) and expressed as the
mean + standard error of the mean. One-way analysis of vari-
ance was used to compare the differences between groups, and
P<0.05 was considered to indicate a statistically significant
difference.

Results

B3-AR antagonist SR59230A improves RV performance in
an MCT-induced PAH rat model. Echocardiography was
performed on each rat and the heart function was evaluated in
all groups 4 weeks subsequent to MCT administration; repre-
sentative M-mode echocardiographic images (Fig. 1A) reveal
the RV function and structure in the three groups. Significant
increases in RV basal diameter (P<0.001), RV wall thickness
(RVWT; P<0.001) and E/A ratio [the ratio of peak velocity
flow in early diastole (the E wave) to peak velocity flow in late
diastole caused by atrial contraction (the A wave)] (P<0.01),
and a significant decrease in the RV ejection fraction (EF)
(P<0.01) were observed in MCT-injected rats compared
with the sham group, indicating that the MCT-induced PAH
model had been successfully established. The MCT rats that
had received SR59230A (MCT+SR) exhibited a significant
decrease in RV basal diameter, E/A ratio (P<0.01) and RVWT
(P<0.05), with considerable recovery of the EF (P<0.01)
compared with the MCT-induced PAH rats (Fig. 1B-E). In
addition, SR59230A treatment significantly reduced the left
atrial diameter compared with the MCT group (P<0.001),
which was significantly higher (P<0.001) in the MCT-induced
PAH model compared with the sham group (Fig. 1F).
Furthermore, compared with the sham rats, MCT-induced
PAH rats displayed slight, but significant (P<0.01) decreases
in left ventricular internal diameter (LVID) systole (LVIDs),
LVID diastole (LVIDd), left ventricular posterior wall thick-
ness at end-diastole (LVPWd) and interventricular septal end
diastole (IVSd), all of which were slightly recovered following
SR59230A administration (P<0.05; Fig. 1G-I).
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Figure 1. $3-AR antagonist SR59230A improves right ventricular performance in MCT-induced PAH. (A) Representative M-mode echocardiographic images
were taken at the midventricular level (parasternal long axis). Quantification of (B) basal RV diameter, (C) RVWT, (D) E/A ratio, (E) right ventricular EF,
(F) LA diameter, (G) IVSd, (H) LVIDs, (I) LVIDd and (J) LVPWd from sham, MCT and MCT+SR rats 4 weeks following MCT administration. N=4 per group.
“P<0.05, “P<0.01 and "“P<0.001 vs. Sham. “P<0.05, ”P<0.01 and *P<0.001 vs. the MCT group. 3-AR, p3-adrenergic receptor; PAH, pulmonary artery
hypertension; RV, right ventricular; RVWT, right ventricular wall thickness; EF, ejection fraction; LA, left atrial; IVSd, Interventricular septal end diastole;
LVIDs, left ventricular internal diameter end systole; LVIDd, left ventricular internal diameter end systole; LVPWAd, left ventricular posterior wall thickness at

end-diastole; MCT, monocrotaline; MCT+SR, MCT + SR59230A.

SR59230A reduces MCT-induced RV hypotrophy. Histological
examination of hematoxylin and eosin-stained RV sections
revealed that MCT administration resulted in considerable
alterations to the myocardial structure in rats (Fig. 2). RV
samples from healthy control rats exhibited the cardiac
syncytia of myocardial fibers with central nuclei, while RV
from the MCT-treated rats exhibited contracture cardiomyo-
cyte damage, hypereosinophilia, wavy arrangement of the
myofibers and cardiomyocyte apoptosis. Moderate macro-
scopic hypertrophy and reduced inflammatory cell infiltration
were observed in sections from the MCT+SR59230A treat-
ment group compared with the MCT-induced PAH group.

SR59230A reduces MCT-induced alveolar expansion and
inflammatory infiltration. Severe pulmonary vascular remod-
eling was observed in the lung sections of the MCT-induced
PAH rats. Compared with the control group, samples from
the MCT group exhibited emphysematous expansion of the
alveoli, discontinuous endothelium in the pulmonary arte-
rioles, smooth muscle cell hypotrophy and disarrangement,
thickening of the vessel wall, a narrowed vascular lumen and
dense inflammatory infiltration in a perivascular and peri-
bronchial distribution. Following SR59230A administration,

reduced emphysematous expansion of the alveoli and inflam-
matory infiltration were observed in a perivascular and
peribronchial distribution compared with the MCT group.
However, MCT-induced pulmonary artery smooth muscle
cell hypotrophy and disarrangement did not exhibit obvious
improvement following SR59230A treatment (Fig. 3).

SR59230A suppresses the increase of $3-AR in the lung tissue,
but not the RV. To investigate the expression level of f3-AR
in the lung and heart tissues, IHC staining of B3-AR was
conducted in samples from all three groups. In MCT-induced
PAH rats, a significant elevation in 33-AR expression levels
was revealed in the RV and lung tissues compared with the
sham group (P<0.01). Following 4 weeks of SR59230A treat-
ment, no significant change in $3-AR was observed in the RV
(Fig. 4A and C), but a significant reduction was observed in the
left lung (P<0.05; Fig. 4B and D).

SR59230A inhibits eNOS induction in the lung. To determine
whether $3-AR is involved in regulating the NO signaling
pathway in MCT-induced PAH, the expression levels of f3-AR,
eNOS and iNOS in the lung were determined. RT-qPCR
revealed a significant increase in the expression level of eNOS
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Figure 2. Histological evaluation of right ventricular sections of the PAH rats. Representative images of the right ventricle stained with hematoxylin and eosin.
Left, original magnification, x200; right, original magnification, x400, magnified images of the boxed areas; bar, 20 ym. Contracture of cardiomyocytes,
hypereosinophilia, wavy arrangement of myofibers and cardiomyocyte apoptosis were observed in MCT-induced PAH samples. MCT+SR samples exhibited
reduced myocardial disarray. PAH, pulmonary artery hypertension; MCT, monocrotaline; MCT+SR, MCT + SR59230A.

Figure 3. Histological evaluation of lung sections from PAH rats. Representative images of the left lung stained with hematoxylin and eosin. Left, original
magnification, x200; right, original magnification, x400, magnified images of the boxed areas; bar, 20 ym. The diameters of the pulmonary alveoli were
increased upon MCT administration, with remodeled bronchioles and vessels surrounded by a dense infiltration of inflammatory cells, which were alleviated
in the MCT+SR group. PAH, pulmonary artery hypertension; MCT, monocrotaline; MCT+SR, monocrotaline + SR59230A.
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Figure 4. Immunohistochemical staining of $3-AR visualized by diaminobenzidine (brown) and hematoxylin. Representative images of (A) the right ventricle
and (B) the left lung; original magnification, x200, bar, 20 zm. Staining intensities in (C) the right ventricle and (D) left lung were quantified using FIJI
biological-image analysis software. $3-AR, 3-adrenergic receptor; MCT, monocrotaline; MCT+SR, monocrotaline + SR59230A.

and an upregulation in 33-AR in the MCT-induced PAH
group compared with the sham group (P<0.05), which was
consistent with the IHC data. Four weeks of SR59230A treat-
ment significantly reversed the increase in eNOS expression
level (P<0.05); though iNOS expression was not significantly
altered in the MCT-induced PAH model compared with the
sham, there was a significant induction following SR59230A
administration (P<0.05; Fig. 5A). At the protein level, western
blotting revealed that the eNOS expression level was similarly
increased (P<0.05), but to a lesser degree than the change in
gene expression (P<0.05). However, no significant change in
iNOS expression levels were observed in the SR59230A-treated
group (Fig. 5B and C).

Discussion

The present study initially investigated the cardio-protective
effects of a B3-AR antagonist in PAH. Treatment with the

B3-AR antagonist SR59230A improved RV performance
in MCT-induced PAH rats, and alleviated the structural
impairment and inflammatory cell infiltration to the RV and
lung. Furthermore, the presence of f3-AR in rat lung tissues
was confirmed, in addition to the observed overexpression
of B3-AR in the RV and lung in PAH. Long-term admin-
istration of SR59230A significantly reduced the expression
level of f3-AR in the lung compared with the group without
SR59230 treatment, but not the RV. Furthermore, the produc-
tion of eNOS in the PAH lung was associated with changes
in the expression level of $3-AR, which was inhibited by
SR59230A.

MCT is a pyrrolizidine alkaloid. Its bioactive metabolite
causes selective damage to the vascular endothelium of the
lung vessels, resulting in an increase in vascular resistance
and consequently resulting in high pulmonary arterial pres-
sure (29). The increase in RV-afterload not only induced right
ventricular dilation and failure (as indicated by a marked
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Figure 5. 33-AR, eNOS and iNOS expression levels in the lung tissue. (A) Reverse transcription-quantitative polymerase chain reaction results are presented as
log, fold change values and normalized using 3-actin. (B) Representative western blotting images. (C) Western blotting quantification results are presented as the
mean * standard error of the mean for each experimental group (N=4). ‘P<0.05 and “P<0.01 vs. MCT and Sham. “P<0.05 vs. MCT group. 33-AR, 3-adrenergic
receptor; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; MCT, monocrotaline; MCT+SR, monocrotaline + SR59230A.

elevation in RV basal diameter, RVWT, E/A ratio and a
marked decrease in EF), but also affected the structure and
function of the left heart, characterized by reduced LVIDs,
LVIDd and LVPWd. In the present study, it was demon-
strated that long-term treatment with SR59230A significantly
suppressed the MCT-induced increase in RV basal diameter
and RVWT. Also, right ventricular EF was recovered and
the E/A ratio, a recommended parameter to evaluate RV
diastolic function (30), was revealed to approach the normal
level following SR59230A therapy. These results contradict
previous reports, which revealed the beneficial effects of
the $3-AR agonist in a number of pulmonary hypertension
models (20,21). These controversies may be partly due to the
differences between experimental models; one study used
pigs with chronic PH established by the surgical banding of
the main pulmonary vein (20), whilst another established a
rat PAH model using a lower dose of MCT (60 mg/kg) (21).
In addition, it should be noted that the majority of previous
studies used non-selective $3-AR agonists; therefore the
possibility that the observed beneficial effects may be caused
by other B-adrenergic functions (including (2-AR stimula-
tion) should not be excluded (20,22). Conversely, one other
study identified the involvement of 1/32-AR in the develop-
ment of PAH, and that the al/B1/f2-AR blocker carvedilol
improved RV function and prevented maladaptive myocardial
remodeling in rats with severe experimentally-induced PAH.
However, concerning side effects, including a large decrease
in heart rate, remained (31). Considering that, to the best of our
knowledge, no 33-AR antagonist had ever been studied alone
in PAH, the present study utilized SR59230A treatment and
was the first to reveal the cardio-protective effect of a f3-AR
antagonist on an MCT-induced PAH model in vivo.

In contrast to a number of other classical -AR antagonists,
SR59230A has a higher affinity for $3-AR, while it has also
been identified to have a similar affinity for other $-ARs (32).
By contrast to B1/2AR, f3-AR was revealed to be activated
at higher concentrations of catecholamines, and preferentially

activated in situations of high adrenergic tone, including
chronic heart failure, sepsis and diabetes (33,34). The results
revealed an increase in $3-AR expression level in the heart
in MCT-induced PAH, though this elevation did not change
substantially upon SR59230A treatment. Various reports have
indicated that $3-AR antagonists blocked $3-AR activation,
therefore preventing the suppression of cardiac contraction
and reversing the progression of cardiac dysfunction (35,36).
However, only one previous study evaluated the 3-AR
expression levels in f3-AR antagonist application (37). In a
rat model of isoproterenol-induced heart failure, SR59230A
ameliorated cardiac function resulting in reduced 3-AR
expression levels. Combined with these results, the results of
the present study suggest that the cardio-protective effects
of SR59230A in PAH may not be due to its direct effect in
controlling the induction of $3-AR in the heart. Alternatively,
a higher level of f3-AR expression in PAH may increase the
binding affinity of SR59230A, therefore failing to activate
the B3-AR response in the heart (38,39). Considering the
differences between experimental models, it is necessary to
further investigate the association between p3-AR expression
levels and f3-adrenergic effects in the heart under PAH condi-
tions. On the other hand, numerous studies have revealed that
SR59230A possesses partial or full 3-AR-agonist proper-
ties (40,41), but in the present study, no evidence was identified
to suggest that SR59230A exhibited 3-AR agonistic, as
opposed to antagonistic, properties.

In the present study, SR59230A administration significantly
downregulated 33-AR expression levels in the lung compared
with the group without SR59230 treatment, but not the heart;
this is consistent with the belief that the factors regulating
B3-AR vary between species, tissues and diseases stages (4). In
addition, the results also revealed that in MCT-induced PAH,
alveolar and vascular endothelial damage were accompanied
by the overexpression of B3-AR, and that SR59230A treatment
inhibited $3-AR expression in the lung, alleviating the expan-
sion of the alveoli and inhibiting inflammatory infiltration to
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the perivascular and peribronchial area. These results suggest that
the increase in $3-AR expression levels in PAH may be respon-
sible for the progressive impairment of alveolar structure and
chronic inflammation. Inflammatory infiltration has frequently
been observed surrounding remodeled vessels, including plexi-
form lesions in human PAH (42,43), with an elevated level of
pro-inflammatory cytokines including interleukin-6 (IL-6) in
circulation and in the lung tissue; specifically, 33-AR stimula-
tion induced IL-6 release from adipocytes (44.45), and 32/3-AR
may be responsible for the increase in plasma IL-6 observed
during sympathetic activation and in obesity, as opposed to
macrophages (46). However, there is currently no evidence to
confirm the association between the elevation of IL-6 and the
3 adrenergic responses in experimental models or patients with
PAH. Notably, the alleviation of lung remodeling and the reduc-
tion of inflammatory infiltration to the pulmonary vasculature
following SR59230A therapy may influence RV chronic pres-
sure overload and improve RV function (4748).

Endothelial-derived NO is a recognized mediator of
angiogenesis in pulmonary circulatory vessels. However, the
function of NO in regulating pulmonary vascular tone remains
unclear (49). Studies have reported that disruption of the eNOS
gene and NO administration were associated with altered pulmo-
nary arterial pressure in chronically hypoxic conditions (50,51).
Additionally, iNOS deficiency contributed to increased basal
pulmonary vascular tone, whereas deficiency of neuronal NOS
(nNOS) had no such effect (52). In particular, 3-AR was demon-
strated to modulate NO signaling via eNOS, nNOS and iNOS in
the heart and vasculature under either pathological conditions
or pharmacological stimulation (5,53,54). Furthermore, another
study demonstrated that SR59230A inhibited nebivolol-induced
NO in isolated heart tissues, suggesting a potential function for
B3-AR in regulating iNOS-dependent NO production (54). The
dysfunction of eNOS in endothelial cells may indicate an impor-
tant source for the production of reactive oxygen species (ROS)
in pulmonary hypertension, so-called eNOS uncoupling, which
has been observed between (33-AR and eNOS in the failing
human myocardium (55,56). In order to investigate the effects of
[3-AR antagonism in PAH (via NOS regulation), the expression
levels of eNOS and iNOS in the lung were determined in the
present study. The results illustrated a marked increase in the
eNOS expression level at the transcriptional and translational
level in an MCT-induced PAH model compared with the sham
group, and a significant decrease in eNOS following SR59230A
administration compared with no administration group. The
change in eNOS expression level in PAH was consistent with a
previous study reporting an increase in eNOS-encoding mRNA
in the MCT rat artery (57), but inconsistent with another study
reporting no change in MCT-induced PAH (58). These results
questioned whether elevated eNOS expression was a compensa-
tory response to satisfy the requirement of NO during PAH, or a
sign of oxidative stress (59).

Dissociation between the expression of eNOS and NO
was reported in MCT-induced PAH rats (57). Increased ROS,
an altered redox state and elevated oxidant stress have been
indicated in the lung and RV of various PAH animal models,
in addition to MCT toxicity (60). Furthermore, a more recent
study revealed that a deficiency in tetrahydrobiopterin, an
essential cofactor for eNOS coupling, may be associated with
MCT-induced PAH rats (61). In addition, SR59230A may
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inhibit inflammatory infiltration in the perivascular and peri-
bronchial regions, whereas inflammatory cell recruitment has
been known to accelerate the accumulation of ROS and lung
functional impairment (62). Therefore, the results of the present
study suggested that eNOS induction in PAH may result in the
generation of superoxides as opposed to NO. $3-AR antagonists
may alleviate progressive lung injury by inhibiting inflamma-
tory infiltration and preventing oxidative stress by regulating the
generation of uncoupled eNOS (55).

In addition, no significant change in iNOS was demonstrated
in PAH rats compared with the sham control in the present
study, which is inconsistent with a previous study in a chronic
hypoxia-induced PAH model; this identified a transient induc-
tion of iNOS in the pulmonary vascular wall at the initial stages
of hypoxia, which returned to more characteristically low levels
20 days later (63). As anticipated, the present study indicated
that SR59230A induced a marked increase in the expression
level of iNOS mRNA, but not protein. Since changes in gene
expression cannot be accounted for by transcription alone,
this highlighted that SR59230A itself may be involved in the
post-transcriptional or translational regulation of iNOS, which
requires further investigation. Additional limitations include
the fact that MCT-induced PAH rats may not represent the
entire spectrum of PAH models, as only a single time point was
observed. However, the present study aimed to evaluate the effect
of a B3-AR antagonist on RV function, as the cardio-protective
effect of B3-AR agonists and other drug have previously been
studied (21,64). RV basal diameter, RVWT, E/A ratio and EF
were selected to evaluate RV structure and function under PAH
conditions, but due to technical limitations, the pulmonary artery
pressure value, Tricuspid Annular Plane Systolic Excursion and
fractional area change values (65) were not obtained. Therefore,
it is necessary in future studies to include these parameters.
Furthermore, phospho-eNOS and phospho-iNOS antibodies
were not included in the western blotting. This may have indi-
cated whether the translocation or phosphorylation of eNOS
was involved in the different mechanisms of $3-AR-stimulated
eNOS activation, according to the associated anatomical
region (66,67). Therefore, further studies evaluating the eNOS
activation pathway in the lung are warranted. Last but not least,
since only MCT induced PAH models were studied in this
manuscript, the effects of B3-AR blockage in other PAH models,
for example, in hypoxia rats, remain unknown. Future studies on
different PAH models are required to understand the involve-
ment of the B3-AR response in the initiation and development
of PAH.

In conclusion, SR59230A, a selective $3-AR antagonist,
exerted beneficial effects on RV performance in a rat model of
MCT-induced PAH. Also, inhibiting f3-AR with SR59230A
may alleviate structural changes and inflammatory infiltration
by reducing oxidative stress in the lung.
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