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HIGHLIGHTS

� Autonomic nervous system imbalance is

intricately associated with the severity

and prognosis of PAH.

� CBS is a non-pharmaceutical intervention

for autonomic neuromodulation.

� CBS ameliorated pulmonary arterial

remodeling and RV dysfunction in

MCT-induced PAH rats.

� The protective effects of CBS on PAH may

be mediated through the inhibition of

sympathetic overactivation and

inflammatory immune responses.
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ABBR EV I A T I ON S

AND ACRONYMS

CBS = carotid baroreceptor

stimulation

Ea = arterial elastance

Eed = end-diastolic elastance

Ees = end-systolic elastance

HF = high-frequency

LF = low-frequency

MCT = monocrotaline

PA = pulmonary artery

PAH = pulmonary arterial

hypertension

PAP = pulmonary artery

pressure

RV = right ventricle/ventricular

TH = tyrosine hydroxylase
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Autonomic nervous system imbalance is intricately associated with the severity and prognosis of pulmonary

arterial hypertension (PAH). Carotid baroreceptor stimulation (CBS) is a nonpharmaceutical intervention for

autonomic neuromodulation. The effects of CBS on monocrotaline-induced PAH were investigated in this study,

and its underlying mechanisms were elucidated. The results indicated that CBS improved pulmonary hemo-

dynamic status and alleviated right ventricular dysfunction, improving pulmonary arterial remodeling and right

ventricular remodeling, thus enhancing the survival rate of monocrotaline-induced PAH rats. The beneficial

effects of CBS treatment on PAH might be mediated through the inhibition of sympathetic overactivation and

inflammatory immune signaling pathways. (J Am Coll Cardiol Basic Trans Science 2024;9:475–492)

© 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
P ulmonary arterial hypertension (PAH)
is characterized by endothelial
dysfunction and abnormal vascular

remodeling, leading to right heart failure

and even death.1 PAH is likely to result from multiple
mechanisms, including a cancer-like metabolic
phenotype, mutation of the bone morphogenetic pro-
tein type II receptor, altered immunity, increased
inflammation, and excessive activation of the neuro-
endocrine system. The main pathologic features of
PAH consist of endothelial dysfunction, proliferation
of vascular smooth muscle cells, progressive arterial
wall hypertrophy, and subtotal luminal obliteration.2

In the past 2 decades, various vasodilators have been
developed for the treatment of patients with PAH,
including prostaglandins, phosphodiesterase-5 inhib-
itors, endothelin receptor antagonists, and soluble
guanylate cyclase stimulators. However, the prog-
nosis for patients with PAH remains poor. The results
of the REVEAL (Registry to Evaluate Early and Long-
Term PAH Disease Management) registry showed
that the 1-year survival rate for patients with newly
diagnosed PAH was only 86%, and the 5-year survival
rate was only 61%.3

Increased sympathetic nervous activity,4

decreased parasympathetic nervous activity, and
depressed baroreflex sensitivity5 have been
confirmed in patients with PAH, which were
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associated with the severity and poor prognosis of
patients with PAH. The adventitia of the pulmonary
artery (PA) is innervated by abundant sympathetic
and parasympathetic nerves.6 Neurotransmitters
secreted by adrenergic nerve fibers modulate pul-
monary vascular function.6 Increased pulmonary
vascular resistance is mediated by a-adrenoreceptors
upon sympathetic nerve stimulation.7 Nowadays,
multiple lines of study focused on the role of neuro-
hormonal activation in the pathogenesis of PAH. The
rebalancing of the autonomic nervous system is
considered a potential therapeutic strategy for PAH.8

Previous studies have reported that adrenergic
receptor blockers improved pulmonary arterial
remodeling and right ventricular (RV) dysfunction in
experimental rat models with PAH.9-11 However,
several clinical trials have indicated that b-blockers
have adverse side effects on exercise capacity
and hemodynamic status in patients with PAH.12,13

Hence, the use of b-blockers is greatly limited in
the management of PAH. In recent years, novel
nonpharmacologic strategies of autonomic neuro-
modulation, including transection of the cervical
sympathetic trunk,14 electric vagal nerve stimula-
tion,15 renal denervation,16 and PA denervation,17

have been found to exert potential therapeutic ef-
fects on PAH in animal models. Additionally, several
clinical trials have shown that PA denervation
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significantly improves 6-minute walk distance and
reduces pulmonary vascular resistance in patients
with several types of pulmonary hypertension.18,19

Carotid baroreceptor stimulation (CBS) could
rebalance autonomic nervous system by stabilizing
sympathetic nerve activity and enhancing vagal
nerve activity. Several studies have demonstrated
that CBS protected against refractory hypertension
and heart failure in humans.20,21 Excitingly, our pre-
vious work has shown that CBS reduces blood pres-
sure in rats with obesity-related hypertension.22 We
also found that CBS could improve cardiac dysfunc-
tion and left ventricular remodeling in canines with
chronic heart failure.23 The imbalance of the auto-
nomic nervous system is closely related to the
severity and prognosis of patients with PAH, but its
specific mechanisms involved in the development of
PAH remain unclear. Thus, the aim of this study was
to characterize the role of CBS in PAH. We hypothe-
sized that CBS delays PAH progression, improves
pulmonary arterial remodeling, and alleviates RV
dysfunction by rebalancing autonomic nervous sys-
tem in rats with monocrotaline (MCT)-induced PAH.

METHODS

ANIMALS AND STUDY PROTOCOL. Male Sprague-
Dawley rats (6-8 weeks old, 180-220 g) were ob-
tained from Hunan SJA Laboratory Animal. The
experimental protocol was approved by the institu-
tional animal care and use committee at the Renmin
Hospital of Wuhan University (WDRM 20210810) and
followed the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The rats
were housed at a temperature of 20 to 25 �C and a
humidity level of 70% under a 12-hour light/dark cy-
cle with ad libitum feeding.

In the pathophysiological study, 32 Sprague-
Dawley rats were randomly divided into 4 groups:
con-sham (n ¼ 7), con-CBS (n ¼ 7), PAH-sham (n ¼ 9),
and PAH-CBS (n ¼ 9). After adaptive feeding for
1 week, some rats were implanted with the CBS de-
vice, whereas others were implanted with a CBS
model as controls. One week after surgery, some rats
with the CBS device (PAH-CBS group) and the CBS
model (PAH-sham group) were given a single intra-
peritoneal injection of MCT 60 mg/kg to induce PAH.
The control animals (con-CBS and con-sham group)
were injected with an equal dose of normal saline
instead. Simultaneously, the CBS device was
switched on and stimulus signals were emitted for
4 weeks until the end of the experiment. At the fourth
week, echocardiography, noninvasive blood pressure
measurement, heart rate variability, pulmonary
arterial pressure (PAP), and the RV pressure-volume
loop were measured. Arterial and venous blood
samples were obtained for arterial blood gas analysis
and hepatorenal function detection. Then, the rats
were sacrificed and the tissue samples were collected
for further measurement (Figure 1).

Additionally, another 20 Sprague-Dawley rats were
used to examine the effects of CBS on survival rate of
rats with PAH. The rats were randomly divided into
PAH-sham (n ¼ 10) and PAH-CBS (n ¼ 10) groups.
After adaptive feeding for 1 week, the rats underwent
implantation with either a CBS device or a CBS model.
One week after surgery, both the rats with the CBS
device (PAH-CBS group) and those with a CBS model
(PAH-sham group) were given a single intraperitoneal
injection of MCT 60 mg/kg to induce PAH. At the
same time, the CBS device was switched on, and
stimulus signals were emitted for 10 weeks until the
end of the experiment. The general condition of the
rats, including body size, breathing rate, food intake,
and voluntary physical activity, was evaluated daily.
The survival status of all rats was observed from week
3 to week 10 after MCT injection.

CBS DEVICE IMPLANTATION. The CBS device was
custom designed by Three-Lion Technologies. It is
composed of a battery-powered impulse generator
and a bipolar platinum electrode with conductive
leads. The method of the electrode tip placement was
described previously.22 Briefly, a bipolar platinum
electrode was implanted circumferentially around the
right common carotid artery adjacent to the carotid
sinus. The pulse generator was placed on the back
subcutaneously. The threshold voltage was set at the
level that could lead to a reduction in systolic blood
pressure by 10%. The working voltage was set at 80%
of the threshold voltage, with the stimulus frequency
10 Hz, pulse duration 1 ms, and a duty cycle of 5 mi-
nutes on and 1 minute off. The CBS model without
any stimulus delivery was implanted in rats using the
same method.

ECHOCARDIOGRAPHIC MEASUREMENT. Pulmonary
acceleration time, RV ejection time, tricuspid annular
plane systolic excursion, RV fractional area change,
RV dimension in diastole, RV wall thickness, and
cardiac output were measured.

NONINVASIVE BLOOD PRESSURE MEASUREMENT

AND HEART RATE VARIABILITY ANALYSIS. Blood
pressure was recorded using noninvasive pressure
monitor on the tail artery. A 5-minute electrocardio-
graphic recording was used for the analysis of total
power, high frequency (HF) power spectrum, and low
frequency (LF) power spectrum. The LF/HF ratio was
also calculated.



FIGURE 1 Study Protocol

Con-sham group, n ¼ 7; con–carotid baroreceptor stimulation (CBS) group, n ¼ 7; pulmonary arterial hypertension (PAH)–sham group, n ¼ 9;

PAH-CBS group, n ¼ 9. At week �1, the CBS device or CBS model was implanted; at week 0, a single intraperitoneal injection of mono-

crotaline (MCT) 60 mg/kg or saline was administered, and the CBS device was switched on. Four weeks after MCT injection, echocardiography

(Echo), electrocardiography (ECG), arterial blood gas (ABG) analysis, and hemodynamic measurements were performed, and samples of

blood and tissue were collected.
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HEMODYNAMIC EVALUATION. Measurement of
mean PAP. A homemade PE-50 catheter filled with
heparin was connected to a pressure transducer.
Then, the catheter was inserted into main PA through
right external jugular vein to detect PAP. Mean PAP
was analyzed using LabChart Pro 7.0 (ADInstru-
ments). Pulmonary vascular resistance was calculated
as mean PAP/cardiac output.
RV pressure-volume loop. The RV was punctured
with a 24-gauge remaining needle. A combined
pressure-volume Millar catheter was inserted into the
RV and positioned. RV systolic pressure was acquired
automatically from steady-state measurements, as
well as arterial elastance (Ea) for the assessment of RV
afterload. During the vena cava occlusion, end-
systolic elastance (Ees) (a measure of RV contrac-
tility) and end-diastolic elastance (Eed) (a measure of
RV filling) were determined. Also, the Ees/Ea ratio
was calculated to evaluate RV-arterial coupling.

ARTERIAL BLOOD GAS AND HEPATORENAL FUNCTION.

Arterial blood samples were taken from abdominal
aorta to measure arterial PaO2, arterial PaCO2, arterial
oxygen saturation, pH, and HCO3

�. Vein blood
samples were obtained from the inferior vena
cava to detect the levels of alanine transaminase,
aspartate aminotransferase, creatinine, and blood
urea nitrogen.

HISTOLOGY. The weight ratio of RV to body weight,
the weight ratio of RV to the left ventricle plus
septum, and RV cardiomyocyte cross-sectional area,
were calculated to evaluate RV hypertrophy. Cross-
sectional area was evaluated using hematoxylin and
eosin staining. RV tissue sections were analyzed us-
ing Masson trichrome staining and the collagen vol-
ume fraction was calculated to evaluate RV fibrosis.
Lung paraffin sections were stained with hematoxylin
and eosin for wall thickness percentage analysis.

IMMUNOHISTOCHEMISTRY AND IMMUNOFLUORESCENCE.

The lung sections were stained with proliferating cell
nuclear antigen and terminal deoxynucleotidyl
transferase–mediated nick-end labeling to evaluate
the proliferation and apoptosis of PA smooth muscle
cells in pulmonary arterioles, respectively. Immuno-
fluorescence double staining for a-smooth muscle
actin and von Willebrand factor was performed to
assess the expression of von Willebrand factor in
endothelial cells and the muscularization of pulmo-
nary arterioles. Immunohistochemical staining for
tyrosine hydroxylase (TH) was used to assess the
sympathetic nerve around the PA trunk
and bifurcations.

WESTERN BLOTTING. Western blotting for matrix
metallopeptidase-2 and -9 was performed in
RV tissue.

QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION

POLYMERASE CHAIN REACTION ANALYSIS. Expression
of messenger RNA for atrial natriuretic peptide and
B-type natriuretic peptide was measured in RV tissue.



FIGURE 2 Effect of CBS on Survival Rate in Rats With MCT-Induced PAH

CBS markedly improved survival rate in rats with MCT-induced PAH (P ¼ 0.046, log-rank

test). PAH-sham group, n ¼ 10; PAH-CBS group, n ¼ 10. Survival was estimated using

the Kaplan-Meier method. Abbreviations as in Figure 1.
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TRANSCRIPTOME ANALYSIS. For RNA sequencing
analysis, intralobar artery explants were excised
quickly and snap frozen at �80 �C for the
further analysis.

Additional details are presented in the
Supplemental Methods.

STATISTICAL ANALYSIS. All data are presented as
mean � SEM. The Shapiro-Wilk normality test was
used to evaluate data distribution. For normally
distributed data, differences among the 4 groups
were analyzed using 1-way analysis of variance. If
Levene’s test was not significant (P > 0.05), Tukey’s
post hoc test for multiple pairwise comparisons was
used; otherwise, Tamhane’s T2 post hoc test was used
(P # 0.05). For non-normally distributed data, dif-
ferences among the 4 groups were analyzed using the
nonparametric Kruskal-Wallis test, and Dunn’s post
hoc test was performed for multiple pairwise com-
parisons. Survival was estimated using the Kaplan-
Meier method and compared using the log-rank test.
A P value <0.05 was considered to indicate statistical
significance. SPSS version 23.0 (IBM) and R version
4.2.2 (R Foundation for Statistical Computing) were
used for statistical analysis.

RESULTS

EFFECT OF CBS ON SURVIVAL RATE IN

MCT-INDUCED PAH RATS. In the survival study, the
rats with MCT injection exhibited evident clinical
manifestations of PAH, including tachypnea, poor
appetite, weight loss, and reduced physical activity.
Correspondingly, death occurred over time. However,
CBS treatment significantly prolonged survival time
and improved the survival rate of MCT-induced PAH
rats (P ¼ 0.046, log-rank test) (Figure 2).

In the pathophysiological study, 1 rat in the PAH-
sham group died 26 days after MCT injection, and in
some rats it was not possible to obtain ideal echo-
cardiographic images or perform measurements of
pulmonary hemodynamic status, collect arterial or
venous blood samples, or isolate intralobar artery
explants. As a result, data for certain pathophysio-
logical indicators were absent for some rats. Addi-
tionally, because of limited availability of RV tissue, a
portion was used for western blotting detection while
another portion was allocated for quantitative real-
time reverse transcription polymerase chain reaction
analysis. All successfully obtained data for each in-
dicator were used for statistical analysis and are
presented in the figures and table; specific n values
are also indicated in the legends.
EFFECTS OF CBS ON ARTERIAL BLOOD GAS AND

HEPATORENAL FUNCTION IN MCT-INDUCED PAH

RATS. Four weeks after MCT injection, systolic blood
pressure and diastolic blood pressure in the PAH-
sham group were significantly decreased compared
with the con-sham group, with no significant change
in heart rate. PaO2, PaCO2, arterial oxygen saturation,
and HCO3

� were significantly lower in the PAH-sham
group compared with the con-sham group, with no
significant change in pH value. In contrast, CBS
treatment significantly reversed the decreases in
systolic blood pressure, diastolic blood pressure,
PaO2, and arterial oxygen saturation in PAH rats. Rats
with PAH had higher levels of aspartate aminotrans-
ferase, creatinine, and blood urea nitrogen compared
with control animals. CBS significantly inhibited the
increase of blood urea nitrogen, without an influence
on aspartate aminotransferase and creatinine, in PAH
rats. There were no significant differences in the pa-
rameters of arterial blood gas and hepatorenal func-
tion in rats between the con-sham and con-CBS
groups (Table 1).

https://doi.org/10.1016/j.jacbts.2024.01.012


TABLE 1 Effects of CBS on Arterial Blood Gas and Hepatorenal Function in

Monocrotaline-Induced PAH Rats

Con-Sham Con-CBS PAH-Sham PAH-CBS

PaO2, mm Hg 93.00 � 4.56 103.40 � 5.06 61.80 � 5.02a 83.00 � 5.14b,c

PaCO2, mm Hg 45.00 � 2.27 44.20 � 1.16 33.30 � 1.16d 37.25 � 5.43

SaO2, % 97.25 � 0.48 98.00 � 0.32 91.00 � 1.87a 96.00 � 0.71b

pH 7.43 � 0.02 7.42 � 0.00 7.45 � 0.02 7.40 � 0.02

HCO3
�, mmol/L 29.78 � 0.72 28.40 � 0.71 23.12 � 1.03a 22.95 � 2.32

ALT, U/L 54.25 � 3.94 43.20 � 1.95 48.25 � 4.18 49.75 � 5.35

AST, U/L 109.00 � 12.28 108.40 � 11.99 163.25 � 15.12d 138.30 � 20.57

BUN, mmol/L 5.66 � 0.18 5.96 � 0.64 10.20 � 0.47e 8.24 � 0.70b,f

Cr, mmol/L 25.00 � 0.70 27.40 � 1.20 32.00 � 1.78d 35.25 � 1.24f

SBP, mm Hg 137.46 � 6.57 139.34 � 5.25 105.40 � 5.84a 121.80 � 4.92b,c

DBP, mm Hg 98.74 � 3.09 112.58 � 4.40 82.13 � 3.97a 93.81 � 2.52b,f

HR, beats/min 410.73 � 8.91 418.47 � 14.85 372.75 � 9.70 374.74 � 18.03c

Values are mean � SEM. CBS significantly reversed the decreases in PaO2, SaO2, SBP, and DBP in PAH rats and
inhibited the increase of BUN, without an influence on AST and Cr. Analysis of arterial blood gas and hepatorenal
function: n ¼ 4 or 5 for each group; noninvasive blood pressure measurement: n ¼ 5 to 8 for each group; HR:
n ¼ 6 to 9 for each group. aP < 0.01 vs con-sham. bP < 0.05 vs PAH-sham. cP < 0.05 vs con-CBS. dP < 0.05 vs
con-sham. eP < 0.001 vs con-sham. fP < 0.01 vs con-CBS by 1-way analysis of variance followed by Tukey or
Tamhane T2 post hoc test or Kruskal-Wallis test followed by Dunn post hoc test.

ALT ¼ alanine transaminase; AST ¼ aspartate aminotransferase; BUN ¼ blood urea nitrogen; CBS ¼ carotid
baroreceptor stimulation; Cr ¼ creatinine; HCO3

� ¼ bicarbonate ion; DBP ¼ diastolic blood pressure; HR ¼ heart
rate; PAH ¼ pulmonary arterial hypertension; SaO2 ¼ blood oxygen saturation; SBP ¼ systolic blood pressure.
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EFFECTS OF CBS ON PAP AND RV

PRESSURE-VOLUME LOOP IN MCT-INDUCED PAH

RATS. Hemodynamic results showed that severe PAH
occurred in the PAH-sham group 4 weeks after MCT
injection, as reflected by significant increases in mean
PAP, pulmonary vascular resistance, and RV systolic
pressure (Figures 3B to 3D), obvious RV dilation
(Figure 3E), and a marked reduction in RV ejection
fraction (Figure 3F) compared with those in the con-
sham group. However, treatment with CBS partly
amended the hemodynamic disturbances (Figures 3B
to 3D) (mean PAP 29.20 � 3.17 mm Hg vs 46.22 �
3.33 mm Hg [P ¼ 0.001]; mean pulmonary vascular
resistance 1.19 � 0.43 mm Hg/L $ min vs 2.49 �
0.51 mm Hg/L $ min [P ¼ 0.17]; mean RV systolic
pressure 56.22 � 2.67 mm Hg vs 80.96 � 4.58 mm Hg
[P < 0.001]), ameliorated RV dilatation, and improved
RV systolic function (Figures 3E and 3F) in PAH rats.

A representative example of an RV pressure-
volume loop is shown in Figure 3A. MCT resulted in
a significant increase in RV afterload (Ea) and RV
filling (Eed) in rats in the PAH-sham group, whereas
augmented RV contractility (Ees) was not commen-
surate with changes in RV afterload, leading to RV-
arterial uncoupling (Ees/Ea) (Figures 3G to 3J). CBS
treatment reduced RV afterload (Figure 3I) (mean Ea
0.58 � 0.03 mm Hg/mL vs 0.93 � 0.07 mm Hg/mL;
P ¼ 0.021) and RV diastolic stiffness (Figure 3H) (mean
Eed 0.016 � 0.002 mm Hg/mL vs 0.031 �
0.004 mm Hg/mL; P ¼ 0.042), improved RV
contractility (Figure 3G) (mean Ees 0.67 �
0.09 mm Hg/mL vs 0.45 � 0.02 mm Hg/mL; P ¼ 0.008),
and partially normalized the RV-arterial uncoupling
(Figure 3J) (mean Ees/Ea ratio 1.15 � 0.13 vs 0.50 �
0.05; P ¼ 0.005) in PAH rats.

EFFECTS OF CBS ON PULMONARY FLOW AND RV

FUNCTION IN MCT-INDUCED PAH RATS. As depicted
in Figure 4A, pulmonary flow was altered in PAH rats,
with faster pulmonary acceleration time and a
marked decrease in pulmonary acceleration time/
ejection time ratio, in line with mean PAP (Figures 3B
and 3D). However, CBS partly normalized the changes
in pulmonary acceleration time and pulmonary ac-
celeration time/ejection time (Figures 4C and 4D)
(mean pulmonary acceleration time 36.20 � 2.92 ms
vs 16.00 � 0.65 ms vs 20.44 � 0.87 ms; mean pul-
monary acceleration time/ejection time ratio 41.24%
� 3.02% vs 17.46% � 0.95% vs 23.55% � 1.15%) in rats
with PAH. As shown in Figure 4B, RV was dramatically
dilated, and the interventricular septum was straight
in PAH rats. The aforementioned morphologic ab-
normalities were alleviated after 4-week CBS treat-
ment. Next, RV wall thickness and RV dimension in
diastole were measured to further evaluate RV
morphology. It was shown that RV wall thickness and
RV dimension in diastole increased significantly,
while CBS caused a marked decrease in RV wall
thickness (Figure 4E) and RV dimension in diastole
(Figure 4F) in PAH rats, indicating that CBS could
partially restore the structural abnormality of the RV.
Additionally, tricuspid annular plane systolic excur-
sion and RV fractional area change were measured to
assess RV systolic function. Tricuspid annular plane
systolic excursion and RV fractional area change were
higher in the PAH-CBS group than in the PAH-sham
group (Figures 4G and 4H) (mean tricuspid annular
plane systolic excursion 2.69 � 0.16 mm vs 2.09 �
0.19 mm [P ¼ 0.021]; mean RV fractional area change
37.12% � 2.53% vs 19.69% � 1.67% [P < 0.001]),
demonstrating that CBS could improve RV systolic
function in rats with PAH. No significant differences
were observed in echocardiographic measurements
between the con-sham group and the con-CBS group
(Figures 4A to 4H).

EFFECTS OF CBS ON PULMONARY ARTERIAL

REMODELING IN MCT-INDUCED PAH RATS. As
shown in Figures 5A to 5D, compared with con-sham
rats, PAH-sham rats had significantly increased wall
thickness percentage (diameter between 20 and
50 mm: 66.56% � 3.02% vs 30.57% � 2.22% [P < 0.001];
diameter between 50 and 150 mm: 56.57% � 3.75% vs
28.41% � 2.26% [P < 0.001]), increased expression of
von Willebrand factor in endothelial cells of



FIGURE 3 Effects of CBS on Pulmonary Arterial Pressure and RV Pressure-Volume Loop in MCT-Induced PAH Rats

Continued on the next page
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pulmonary arterioles, and increased muscularization
degree of pulmonary arterioles, suggesting the dete-
riorative pulmonary arterial remodeling. In detail, the
rate of nonmuscularized and partially muscularized
pulmonary arterioles was decreased, whereas the rate
of fully muscularized pulmonary arterioles was
increased sharply in PAH rats compared with control
animals (Figure 5J). In contrast, CBS partially
improved pulmonary arterial remodeling in PAH-CBS
rats compared with PAH-sham rats, as reflected by a
significant decrease in wall thickness percentage
(Figures 5G and 5H) (56.02% � 3.13% vs 66.56% �
3.02% [P ¼ 0.014]; 43.68% � 2.81% vs 56.57% � 3.75%
[P ¼ 0.004]), reduced von Willebrand factor expres-
sion in endothelial cells (Figure 5I), and a reduction in
the rate of fully muscularized pulmonary arterioles
(Figure 5J). Also, the rate of nonmuscularized and
partially muscularized pulmonary arterioles was
significantly increased in PAH-CBS rats compared
with PAH-sham rats (Figure 5J).

As shown in Figure 5E, the PAH rats had a higher
percentage of proliferating cell nuclear antigen–
positive PA smooth muscle cells compared with con-
trol animals (Figure 5K) (31.42% � 2.18% vs 1.62% �
0.47%; P < 0.001), with commensurate changes in
wall thickness percentage. Excitingly, the percentage
of proliferating cell nuclear antigen–positive PA
smooth muscle cells in pulmonary arterioles was
considerably reduced in PAH rats treated with CBS
compared with PAH-sham rats (Figure 5K) (18.99% �
3.06% vs 31.42% � 2.18%; P ¼ 0.042). The PA smooth
muscle cell apoptosis index of pulmonary arterioles
showed no difference in PAH rats with or without CBS
treatment compared with normal control animals
(Figures 5F and 5L). In addition, there were no sig-
nificant difference in wall thickness percentage, the
muscularization of distal pulmonary arterioles, and
the proliferation and apoptosis of PA smooth muscle
cells between the con-sham group and the con-CBS
group (Figures 5A to 5L).
ed

ples of right ventricular (RV) pressure-volume loop at the fourth week after

tiple end-systolic pressure and volume points were performed, and the RV en

e was a load-independent measurement of RV contractility (end-systolic elas

stolic elastance [Eed]) were obtained after preload reduction. RV afterload (ar

by stroke volume (descending solid red line in A). CBS decreased mean pulmon

ced RV end-diastolic volume (RVEDV) (E) and increased RV ejection fraction (

ractility (Ees) (G), and reduced RV stiffness (Eed) (H), resulting in partial norm

S group, n ¼ 5; PAH-sham group, n ¼ 6; PAH-CBS group, n ¼ 6. Values are m

-sham; *P < 0.05 vs PAH-sham, **P < 0.01 vs PAH-sham, and ***P < 0.001 v
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scular resistance; other abbreviations as in Figure 1.
EFFECTS OF CBS ON RV REMODELING IN RATS WITH

MCT-INDUCED PAH. Representative photomicro-
graphs of RV tissue hematoxylin and eosin staining
are shown in Figure 6A. It was found that the cardiac-
pulmonary weight, the ratio of RV to body weight, the
ratio of RV to left ventricle plus septum, and the
cross-sectional area of RV cardiomyocytes were all
increased significantly in PAH rats compared with
normal control animals (Figures 6C to 6F). Moreover,
the messenger RNA expression of atrial natriuretic
peptide and B-type natriuretic peptide was up-
regulated in the PAH rats (Figures 6K and 6L). How-
ever, with the exception of cardiac-pulmonary weight
and messenger RNA expression of B-type natriuretic
peptide, the other aforementioned parameters were
partially reversed by CBS treatment (Figures 6C to 6F,
6K, and 6L), suggesting that CBS could alleviate RV
hypertrophy in PAH rats.

Representative photomicrographs of RV tissue
Masson trichrome staining are shown in Figure 6B.
The collagen volume fraction and the protein
expression of fibrotic markers (matrix metal-
lopeptidase 2 and matrix metallopeptidase 9) in RV
tissue were higher in PAH rats than that in normal
control animals (Figures 6G to 6J). Conversely, CBS
dramatically reduced the collagen volume fraction
and the protein expression levels of matrix metal-
lopeptidase 2 and matrix metallopeptidase 9 in PAH
rats (Figures 6G to 6J). However, no significant dif-
ferences in the aforementioned parameters associ-
ated with RV hypertrophy and fibrosis were observed
between the con-sham group and the con-CBS group
(Figures 6A to 6L).

EFFECTS OF CBS ON HEART RATE VARIABILITY POWER

SPECTRAL ANALYSIS AND PA SYMPATHETIC INNERVA-

TION IN MCT-INDUCED PAH RATS. Short-term power
spectral analysis of heart rate variability showed the
PAH-sham rats had significant reduction in total po-
wer, LF power, and HF power and a marked increase
MCT injection (A). After preload reduction (temporary inferior vena

d-systolic pressure-volume relationship was identified (solid rising

tance [Ees]). The RV end-diastolic pressure-volume relationship and

terial elastance [Ea]) was measured by RV end-systolic pressure in a

ary artery pressure (mPAP) (B) and RV systolic pressure (RVSP) (D)

RVEF) (F) in PAH rats. CBS significantly decreased RV afterload (Ea)

alization of RV-arterial uncoupling (Ees/Ea) (J) in PAH rats. Con-sham

ean � SEM. #P < 0.05 vs con-sham, ##P < 0.01 vs con-sham, and

s PAH-sham; &P < 0.05 vs. con-CBS, &&P < 0.01 vs con-CBS, and

hoc test or Kruskal-Wallis test followed by Dunn post hoc test.



FIGURE 4 Effects of CBS on Pulmonary Flow and RV Function in MCT-Induced PAH Rats

Representative images of pulmonary blood flow (A) and apical 4-chamber view (B) at the fourth week after MCT injection. CBS increased pulmonary acceleration time

(PAT) (C) and PAT/ejection time (ET) ratio (D) in PAH rats. CBS decreased RV wall thickness (RVWT) (E) and RV dimension in diastole (RVDd) (F) in PAH rats. CBS

increased tricuspid annular plane systolic excursion (TAPSE) (G) and RV fractional area change (RVFAC) (H) in PAH rats. Con-sham group, n ¼ 5; con-CBS group, n ¼ 5;

PAH-sham group, n ¼ 7; PAH-CBS group, n ¼ 9. Values are mean � SEM. ##P < 0.01 vs con-sham and ###P < 0.001 vs con-sham; *P < 0.05 vs PAH-sham, **P < 0.01

vs PAH-sham, and ***P< 0.001 vs PAH-sham; &&P < 0.01 vs con-CBS and &&&P < 0.001 vs con-CBS by 1-way analysis of variance followed by Tukey or Tamhane T2

post hoc test. LV ¼ left ventricle; other abbreviations as in Figures 1 and 3.
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FIGURE 5 Effects of CBS on Pulmonary Arterial Remodeling in Rats With Monocrotaline-Induced PAH

Representative photomicrographs of pulmonary arterioles with hematoxylin and eosin stain (A, diameter between 20 and 50 mm; B, diameter between 50 and 150 mm),

with immunofluorescence staining for von Willebrand factor (vWF) (red), alpha smooth muscle actin (a-SMA) (green), and nuclei (40,6-diamidino-2-phenylindole

[DAPI]) (C, D) and with proliferating cell nuclear antigen (PCNA) immunohistochemical staining (E) and terminal deoxynucleotidyl transferase–mediated nick-end la-

beling (TUNEL) staining (F). CBS caused a marked reduction in the wall thickness percentage (G, H), expression of vWF in endothelial cells (I), and muscularization

degree of pulmonary arterioles (J) in PAH rats. CBS partially reversed the increase in the percentage of PCNA-positive pulmonary artery smooth muscle cells

(PASMCs) of pulmonary arterioles in PAH rats (K). The PASMC apoptosis index of pulmonary arterioles showed no difference in PAH rats with or without CBS treatment

compared with normal control animals (L). No significant differences were observed in the aforementioned parameters between con-sham and con-CBS rats (A to L).

The red arrows represent PCNA-positive nuclei (E) and TUNEL-positive nuclei (F). Scale bar, 20 mm (A to F). In G, H, and K, n ¼ 5 to 7 for each group; in I and J, n ¼ 3 to

7 for each group; in L, n ¼ 6 to 8 for each group. Values are mean � SEM. ##P < 0.01 vs con-sham and ###P < 0.001 vs con-sham; *P < 0.05 vs PAH-sham, **P <

0.01 vs PAH-sham, and ***P < 0.001 vs PAH-sham; &&P < 0.01 vs con-CBS and &&&P < 0.001 vs con-CBS by 1-way analysis of variance followed by Tukey or

Tamhane T2 post hoc test. F ¼ full muscularization; N ¼ no muscularization; P ¼ partial muscularization; other abbreviations as in Figure 1.
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in the LF/HF ratio compared with normal control
animals. However, the decreases in total power and
HF power and the increase in the LF/HF ratio
observed in the PAH-sham rats were partially
reversed by CBS treatment (Figure 7C). Additionally,
CBS did not cause any significant change in short-
term power spectrum of heart rate variability in the
rats without PAH (Figure 7C).

As shown in Figures 7A and 7B, TH-positive nerve
fibers innervated in the connective and adipose tis-
sue around the PA trunk and bifurcations. TH-
positive innervation was significantly increased in
PAH rats and was partially reversed after a 4-week
CBS treatment. TH-positive innervation in rats in
the con-CBS group was similar to that in the con-
sham group. Additionally, the quantification of
TH-positive innervation, expressed as the area of
TH-positive nerves, revealed a significant reduction
in TH-positive innervation around the PA trunk and
bifurcations after CBS treatment in PAH-CBS rats
compared with PAH-sham rats (Figure 7E) (12,475.18
� 1,591.59 mm2 vs 20,168.93 � 2,494.94 mm2;
P ¼ 0.006).
THE UNDERLYING MECHANISMS INVOLVED IN THE

PROTECTIVE EFFECTS OF CBS AGAINST

MCT-INDUCED PAH. At the end of the experiment,
intralobar artery explants were excised for RNA
sequencing analysis. As shown in the heat map



FIGURE 6 Effects of CBS on RV Remodeling in Monocrotaline-Induced PAH Rats

Continued on the next page
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FIGURE 6 Continu
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(Figure 8A), it was found that 1,722 genes were up-
regulated and 1,218 genes were down-regulated in
the PAH-sham group compared with the con-sham
group (Supplemental Table 1). A total of 79 differen-
tial genes were amended by CBS intervention, with 32
down-regulated genes and 47 up-regulated genes
(Figures 8C and 8D, Supplemental Tables 2 and 3).
Gene Ontology enrichment revealed that these dif-
ferential genes were involved in inflammatory im-
mune responses, regulating the production of type I
interferon, tumor necrosis factor, interleukin-6,
interleukin-8, and activating a-b T cells. In addition,
CBS also played a key role in the regulation of axo-
nogenesis (Figure 8E). The protein-protein interaction
network construction of these 79 differential
genes indicated that the top 10 hub genes were
closely related to inflammatory immune re-
sponses (Figure 8F).

DISCUSSION

The main findings of this study were as follows: 1)
CBS improved the survival rate of rats with MCT-
induced PAH; 2) CBS partially reversed the increases
in mean PAP and RV systolic pressure, improved RV
afterload (Ea), RV contractility (Ees), and filling (Eed),
and normalized RV-arterial coupling (Ees/Ea) in PAH
rats; 3) CBS caused an inhibition of pulmonary arterial
remodeling and the proliferation of PA smooth mus-
cle cells, improved RV performance, and delayed RV
hypertrophy and fibrosis in PAH rats; and 4) CBS
alleviated sympathovagal imbalance and decreased
the sympathetic nerve density around the PA trunk
and bifurcations in PAH rats. The results of RNA
sequencing analysis indicated that the suppression of
inflammatory immune responses might be the
mechanisms by which CBS treatment alleviated pul-
monary arterial remodeling in PAH rats.

CBS SUPPRESSED INFLAMMATION AND IMMUNE

RESPONSES IN PAH RATS. Dysregulation of inflam-
mation is a hallmark of PAH. Increased levels of
serum proinflammatory markers have been reported
in patients with various types of PAH, which are
ed

micrographs of RV cardiomyocyte cross-sectional area (CSA) (A; hematoxylin

brotic markers (J). CBS significantly reduced RV/body weight (BW) (D), RV/LV

fibrosis (G) and down-regulated the protein expression of matrix metallopepti

NA) expression of atrial natriuretic peptide (ANP) (K) in PAH rats. No signific

m and con-CBS groups (A to L). Scale bar, 20 mm (A, B). In C to F, n ¼ 5 to 7 f

re mean � SEM. ##P < 0.01 vs con-sham and ###P < 0.001 vs con-sham; *P

0.01 vs con-CBS by 1-way analysis of variance followed by Tukey or Tamhane

DH ¼ glyceraldehyde 3-phosphate dehydrogenase; other abbreviations as in
closely related to the prognosis and can be used for
risk stratification of PAH.24 Pulmonary vascular
plexiform lesions are characterized by varying de-
grees of perivascular immune cell accumulation and
intravascular infiltration.25 Mean pulmonary peri-
vascular inflammation score positively correlated
with pulmonary vascular thickness and mean PAP.25

Several animal experiments have shown that inflam-
matory cytokines play an important role in the initi-
ation and development of PAH.26-28 For example,
interleukin-6 promoted pulmonary vascular remod-
eling via pro-proliferative and antiapoptotic mecha-
nisms in lung-specific overexpressed interleukin-6
transgenic mice.26 In contrast, interleukin-6-deficient
reduced inflammatory cell recruitment and protected
against hypoxia-induced PAH.27 Tumor necrosis fac-
tor–a suppressed vascular bone morphogenetic pro-
tein signaling and promoted the proliferation of PA
smooth muscle cells, but anti–tumor necrosis factor–a
immunotherapy reversed the progression of PAH and
restored normal bone morphogenetic protein/
NOTCH signaling.28

In our present study, the inflammatory-related
pathways and inflammation-associated key genes
were activated in an MCT-induced PAH rat model.
CBS amended 79 differential genes in PAH rats, which
were involved in inflammation and immune re-
sponses, regulating the production of type I inter-
feron, tumor necrosis factor, interleukin-6,
interleukin-8, and activating a-b T cells. The top 10
hub genes were all closely related to inflammatory
immune responses. Specifically, the hub gene toll-
like receptor 7 was involved in almost all of
the aforementioned inflammatory immune pathways.
A recent bioinformatics analysis suggested that
toll-like receptor 7 might serve as a circulating
biomarker and a possible therapeutic target for idio-
pathic patients with PAH.29 In addition, our study
revealed that CBS also modulated the nerve devel-
opment signaling pathways involved in the regula-
tion of axonogenesis, resulting in a reduction of
sympathetic density around the PA trunk and bi-
furcations in PAH rats.
and eosin stain) and RV fibrosis (B; Masson staining). Representative

plus septum (LVþS) (E), and RV cardiomyocyte CSA (F) in PAH rats.

dase 2 (MMP2) (H) and MMP9 (I) in PAH rats. CBS also decreased the

ant differences in the parameters aforementioned were observed

or each group; in G, n ¼ 5 to 8 for each group; in H to L, n ¼ 3 for

< 0.05 vs PAH-sham and **P < 0.05 vs PAH-sham; &P < 0.05 vs

T2 post hoc test. BNP ¼ B-type natriuretic peptide; CVF ¼ collagen

Figures 1, 3, and 4.
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FIGURE 7 Effects of CBS on HRV Power Spectral Analysis and PA Sympathetic Tone in Monocrotaline-Induced PAH Rats

As shown by the representative immunohistochemistry photomicrographs, tyrosine hydroxylase (TH)–positive nerve bundles were localized mainly in adipose and

connective tissue around the pulmonary artery (PA) trunk and adjacent right PA (RPA) and left PA (LPA) (A, B). The black arrow indicates the TH-positive nerve bundle,

and the blue arrow indicates the PA (A). The bottom row image (B) is an enlarged version of the black dotted box in the top-row image (A). Scale bars,100 mm (A) and

20 mm (B). Representative anatomical image of the PA trunk and its bifurcations in rats (D). Short-term power spectral analysis of heart rate variability (HRV) showed

that PAH rats had a significant reduction in total power (TP) and low-frequency (LF) and high-frequency (HF) power and an increase in LF/HF ratio compared with

control animals, but the decreases of TP and HF power, as well as the increase in LF/HF ratio in PAH rats, were partially reversed by a 4-week CBS intervention (C). CBS

reduced the area of TH-positive nerve bundles around the PA trunk and bifurcations in PAH rats (E). In C, n ¼ 6 to 9 for each group; in E, n ¼ 3 to 6 for each group.

Values are mean � SEM. #P < 0.05 vs con-sham, ##P < 0.01 vs con-sham, and ###P < 0.001 vs con-sham; *P < 0.05 vs PAH-sham and **P < 0.01 vs PAH-sham;

&P < 0.05 vs con-CBS by 1-way analysis of variance followed by Tukey or Tamhane T2 post hoc test or Kruskal-Wallis test followed by Dunn post hoc test.

MPA ¼ main pulmonary artery; other abbreviations as in Figure 1.
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FIGURE 8 The Underlying Mechanisms Involved in the Protective Effects of CBS Against MCT-Induced PAH Rats

Continued on the next page
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CBS INHIBITED SYMPATHETIC OVERACTIVATION IN

PAH RATS. It has been demonstrated that patients
with PAH had impaired heart rate variability,30

blunted baroreflex sensitivity,31 and lower HF
component on spectral analysis,5 which were associ-
ated with disease severity and prognosis. In agree-
ment with others,32,33 we found that total power and
HF power were reduced after MCT injection, which
indicated impaired heart rate variability and a
decrease in parasympathetic activity tone, respec-
tively. Interestingly, we found that LF power was
decreased in the PAH rats, suggesting that chronic
sympathetic activation led to a reduced responsive-
ness to changes in sympathetic tension. In addition,
we found a significant increase in the LF/HF ratio in
PAH rats, indicating sympathovagal imbalance.
However, CBS alleviated autonomic nervous system
imbalance in PAH, as evidenced by an increase in HF
power and a decrease in the LF/HF ratio.

Similar to the arteries of other organs, the PA is
innervated by abundant sympathetic fibers at its
trunk and bifurcations.6 Sympathetic overactivity
was closely related to the prognosis and severity of
PAH in patients.30 Stimulation of pulmonary sympa-
thetic nerve caused a frequency-dependent increase
in pulmonary vascular resistance.7 Moreover, smooth
muscle cells of pulmonary precapillary increased
sensitivity to catecholamines in hypoxia-induced
PAH rats.31 Excessive norepinephrine or neuropep-
tide Y released by the sympathetic nerve played a key
role in the vasoconstriction of pulmonary vessels and
proliferation of PA smooth muscle cells.14,32 Both
transection of the cervical sympathetic trunk14 and
PA denervation17 caused marked improvements in
hemodynamic status and pulmonary arterial remod-
eling in experimental models of PAH. PA denervation
also reduced pulmonary vascular resistance,
improved cardiac function, and increased 6-minute
walk distance in patients with PAH.18,19

The crosstalk between the autonomic nervous
system and the immune system exerted a powerful
FIGURE 8 Continued

(A) Heat map showing up-regulated or down-regulated differentially exp

con-sham and PAH-sham groups and the PAH-sham and PAH-CBS groups

up-regulated DEGs by CBS in PAH rats. (E) Functional classifications on th

regulated by CBS. (F) The top 10 hub genes of the protein-protein interac

CBS; the more reddish and darker the color of the gene, the higher the pro

sham and PAH-CBS groups. BP ¼ biological process; CC ¼ cellular comp

lfih1 ¼ interferon induced with helicase C domain 1; lgsf6, immunoglobu

Ms4a7 ¼ membrane spanning 4-domains A7; PTPRC ¼ protein tyrosine p

like receptor 7; Traf3ip3 ¼ TRAF3 interacting protein 3; other abbreviati
influence on the homeostasis of the cardiovascular
system by modulating the release of neurohormones,
inflammatory mediators, and chemokines.34,35 The
central autonomic nervous system can sense periph-
eral immune status through neural and non-neural
communication pathways and maintains neural-
immune communication mediated by neurotrans-
mitters and neuromodulators.36 Importantly, many
types of immune cells express adrenergic and nico-
tinic receptors, which bind neurotransmitters to
initiate immunomodulatory responses.36,37 Mean-
while, cytokines and other immune mediators
modulated the activity and responsivity of discharges
in sympathetic and parasympathetic nerves inner-
vating diverse targets.36 Dysregulated inflammatory
immune responses and neuroactive ligand-receptor
signaling pathways were involved in the onset and
development of PAH.38 Donepezil, a cholinesterase
inhibitor, effectively inhibited the differentiation and
infiltration of inflammatory cells in lung tissue
through cholinergic receptor pathway.39

In our present study, 4-week CBS intervention
attenuated autonomic imbalance and reduced sym-
pathetic innervation around the PA trunk and bi-
furcations in PAH rats, accompanied by the
suppression of inflammatory immune responses. The
inhibition of the sympathetic overactivation might be
the potential mechanism involved in the suppression
of inflammation by CBS treatment in MCT-induced
PAH rats.

CBS IMPROVED PULMONARY ARTERIAL REMODELING

AND RV DYSFUNCTION IN PAH RATS. The increased
muscularization degree of pulmonary arterioles, the
progressive arterial wall hypertrophy, and the prolif-
eration of PA smooth muscle cells are the major fea-
tures of pulmonary arterial remodeling in patients
with PAH, which were associated with poor prog-
nosis.40 This plexogenic arteriopathy increases pul-
monary vascular resistance and imposes a pressure
overload on the RV, subsequently resulting in RV
maladaptive remodeling and dysfunction. In our
ressed genes (DEGs) in PAH rats induced with MCT. (B) Venn diagrams of DEGs between the

. (C) Cluster analysis of 32 down-regulated DEGs by CBS in PAH rats. (D) Cluster analysis of 47

e basis of Gene Ontology enrichment analysis of 79 genes with MCT-induced DGEs alterations

tion network diagram of 79 differential genes with MCT-induced DEG alterations regulated by

tein-protein network score. n ¼ 3 for the con-sham and con-CBS groups, n ¼ 4 for the PAH-

onents; Cd163 ¼ cluster of differentiation; Cd244, cluster of differentiation 244;

lin superfamily member 6; IL-21r, interleukin 21 receptor; MF ¼ molecular function;

hosphatase, receptor type, C, CD45; Siglec1 ¼ sialic acid binding Ig like lectin 1; TLR7 ¼ toll-

ons as in Figure 1.
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present study, PAH rats showed subtotal occlusion of
pulmonary arterioles, an increased degree of pulmo-
nary arteriolar muscularization, and abnormal pro-
liferation of PA smooth muscle cells. Remarkably, CBS
significantly inhibited pulmonary arterial remodeling
and the proliferation of PA smooth muscle cells in
PAH rats.

Elevated RV afterload leads to RV dysfunction,
which is one of the main prognostic determinants of
PAH.41 RV-arterial uncoupling mainly contributes to
death in PAH.42 To determine the effects of CBS on
load-independent parameters of RV function, RV
pressure volumes (the gold standard to evaluate RV
function) were performed at the end of the present
study. Our data showed that mean PAP was markedly
attenuated after CBS intervention, which in turn led to
reductions in RV afterload (Ea) and RV systolic pres-
sure. As a result, RV hypertrophy and RV dysfunction
were improved in PAH rats. A growing body of evi-
dence5,10,42 has shown that RV afterload (Ea) increases
coupled with the disease severity of PAH, whereas Ees
(RV contractility) cannot increase in parallel, leading
to RV-arterial uncoupling (Ees/Ea). Interestingly, we
found that CBS significantly reduced the increases in
RV afterload (Ea) and RV diastolic stiffness (Eed) and
improved RV contractility (Ees), resulting in a partial
normalization of RV-arterial coupling (Ees/Ea) in
MCT-induced PAH rats. The improvement of renal
function by CBS in MCT-induced PAH rats might be
attributed to the enhancement of RV and pulmonary
hemodynamic status.

RV hypertrophy is an adaptive response to me-
chanical and hormonal stimuli, which eventually
progresses into RV failure. Up-regulation of natri-
uretic peptides has been considered a hallmark of
heart failure or myocardial hypertrophy. Levels of
natriuretic peptides decrease with the improvement
of cardiac function.9 Sympathetic overactivation also
triggered interstitial matrix remodeling and fibrosis
by activating matrix metalloproteinases during the
transition from hypertrophy to ventricular dilata-
tion.43 In the present study, CBS treatment improved
cardiac hypertrophy in MCT-induced PAH rats, as
evidenced by the reduction of RV wall thickness, RV/
body weight ratio, RV/left ventricle plus septum
weight ratio, RV cardiomyocyte cross-sectional area,
and gene expression of atrial natriuretic peptide.
Additionally, our data suggest that CBS attenuated RV
fibrosis and RV dilation in PAH rats.

The suppression of sympathetic overactivation and
inflammatory immune responses might be involved
in the potential mechanism by which CBS improved
PA remodeling in MCT-induced PAH rats. The
protective action of CBS on RV function and remod-
eling might be due to the improvements in pulmo-
nary hemodynamic status and PA remodeling.
Additionally, it could be speculated that CBS directly
improves RV structure and function by alleviating
autonomic nervous system imbalance in PAH rats.

STUDY LIMITATIONS. In our present study, we
implemented CBS intervention at the onset of PAH,
with the aim of mitigating PAH progression; however,
we did not explore its impact on established PAH.
Additionally, the PAH model exclusively focused on
MCT-induced PAH. Future investigation should strive
to: 1) ascertain whether CBS can impede the pro-
gression of established PAH; 2) validate the safety and
long-term efficacy of CBS in a secondary PAH model,
particularly in left heart disease–related PAH; and 3)
substantiate the clinical implications of CBS in treat-
ing patients with PAH.

CONCLUSIONS

Our findings suggest that CBS suppressed sympa-
thetic overactivation, mitigated inflammatory im-
mune responses, inhibited pulmonary arterial
remodeling, and ameliorated RV dysfunction, thereby
improving the survival rate of MCT-induced PAH rats.
Our findings contribute to a deeper understanding of
the underlying mechanism of autonomic nervous
system imbalance in the pathogenesis and progres-
sion of PAH. CBS might serve as a promising inter-
vention for clinical therapy for PAH by autonomic
neuromodulation.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Auto-

nomic nervous system imbalance is intricately associated

with the severity and prognosis of PAH, but its specific

mechanism in PAH development remains unclear. CBS is

an innovative intervention for autonomic neuromodula-

tion that has undergone extensive investigation as a po-

tential treatment option for refractory hypertension,

chronic heart failure, and arrhythmias. We investigate, for

the first time, the effects of CBS on MCT-induced PAH

and elucidate its underlying mechanisms. CBS reduces

sympathetic tone and inflammatory immune response of

PAs and ameliorates pulmonary arterial remodeling and

RV dysfunction, exerting protective effects on the pro-

gression of PAH.

TRANSLATIONAL OUTLOOK: The present study en-

hances understanding of the mechanisms underlying

autonomic nervous system imbalance in the pathogenesis

and progression of PAH, broadening therapeutic options

for PAH. CBS appears to be a promising strategy for the

clinical treatment of patients with PAH in addition to

established medical treatment.
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