
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Meng et al. Respiratory Research          (2024) 25:316 
https://doi.org/10.1186/s12931-024-02945-5

Respiratory Research

*Correspondence:
Gengxu Zhou
zhougengxu0016@163.com
1Department of Pediatric Cardiac Surgery, The Seventh Medical Center of 
the PLA General Hospital, Beijing 10010, P.R. China
2The Second School of Clinical Medicine, Southern Medical University, 
Guangzhou, Guangdong Province 510515, P.R. China

Abstract
Background Pulmonary hypertension (PH) is a long-term disease that impacts approximately 1% of the world’s 
population. Currently, levosimendan (Lev) is proposed for PH treatment. However, the mechanism of Lev in the 
treatment of PH is unknown.

Methods We used hypoxia-induced pulmonary artery smooth muscle cells (PASMCs) to establish a PH cell model. 
A number of cell biology methods were performed to assay alterations in cell proliferation, migration and apoptosis 
after Lev treatment. qRT-PCR and WB were performed to test the levels of circUSP34 and miR-1298, and BMP/Smad 
protein respectively. In addition, the regulatory relationship between circUSP34 or BMPR2 with miR-1298 was verified 
through the use of double luciferase as well as RIP assay. In addition, we explored the regulatory effect of Lev on the 
circUSP34/miR-1298/BMP/Smad axis using a rat PH model.

Results Our results demonstrate that Lev inhibited PASMCs cell proliferation, migration and promoted apoptosis 
exposed to hypoxia. In hypoxia-treated PASMCs, circUSP34 expression got downregulated while miR-1298 
upregulated, whereas the addition with Lev resulted in upregulation of circUSP34 expression and downregulation of 
miR-1298 expression, indicating that circUSP34 can target and regulate miR-1298. In addition, miR-1298 targets and 
regulates the expression of BMPR2. In a rat PH model induced by hypoxia combined with SU5416, Lev upregulated 
circUSP34 targeting miR-1298-mediated BMP/Smad axis to alleviate the PH phenotype.

Conclusion We have shown that Lev can be used as a therapeutic drug for PH patients, which works through the 
circUSP34/miR-1298/BMP/Smad axis to alleviate PH symptoms.
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Introduction
Pulmonary hypertension (PH) is the definition of a mean 
pressure in the pulmonary arteries that exceeds 20  mm 
Hg. PH can lead to poor heart function and may cause 
fatigue, shortness of breath on exertion, swelling in the 
legs or abdomen, chest pain, and dizziness or fainting 
[1, 2]. PH is classified in five main classes: PH caused by 
rupture or stenosis of the pulmonary arteries; PH due to 
heart disease; PH resulting from lung disease; PH result-
ing from blockage of blood vessels; and PH caused by 
other causes [3]. PH is a long-term disease that impacts 
approximately 1% of the world’s population [4]. Studies 
have shown that the pathophysiological changes of PH 
are pulmonary vasoconstriction and pulmonary vascular 
remodeling, among them, the abnormal multiplication of 
pulmonary vascular cells plays pivotal role in the devel-
opment of PH [3]. Currently, drug therapy can provide 
clinical improvement in patients with PH, but it cannot 
reverse the process of pulmonary vascular remodeling 
and prevent of PH progression [4, 5]. Hence, an in-depth 
understanding of the pathogenic mechanisms of PH and 
the development of effective drugs are urgently needed.

Circular RNA (circRNA) is non-coding RNA is gener-
ated from linear pre-mRNAs in a non-classical patchwork 
way, which gives them a distinctive closed sequential 
loop structure that is less susceptible to degradation by 
nucleases [6, 7]. CircRNAs have these characteristics that 
suggest that they have different potential biological func-
tions and are relevant to the occurrence of many human 
diseases [8]. Recently, there is growing evidence that cir-
cRNAs are considered to be essential modulators in the 
developing PH [9]. Aberrant expression in circRNAs with 
their targets has a key function in lung vascular remodel-
ling and PH [10]. As recently shown circSirt1 suppressed 
TGF-β1/Smad3/Smad7-mediated PH by regulating 
SIRT1 mRNA expression [11]. Low expression of circ-
SMOC1 promoted metabolic reprogramming through 
PTBP1 and miR-329-3p in rats with PH [12]. Moreover, 
studies previously conducted have shown that the expres-
sion of the novel circUSP34 is dysregulated in chronic 
thromboembolic PH [13], suggesting that circUSP34 may 
be involved in PH progression. Nevertheless, the regula-
tory mechanism of circUSP34 in PH is unclear.

MicroRNAs (miRNAs) are minor non-coding RNAs 
(21–23 nucleotides) that modulate post-transcriptional 
levels of genes and play key roles in a variety of critical 
biological processes [14]. An increasing body of evidence 
has indicated the involvement of miRNAs in the pro-
gression of PH [15]. For example, miR-21 levels correlate 
with the severe degree of right ventricular dysfunction 
in patients with PH [16]. MiR-150 protects against pul-
monary vascular remodeling and fibrosis during hyper-
oxia-induced PH [17]. A recent study has shown that 
miR-1298 was upregulated in the right ventricle of PH 

rats compared with normal rats [18]. A growing amount 
of evidence indicates that circRNAs are participated in 
the development of many diseases through mechanisms 
related to their role as sponge-adsorbing miRNAs [19, 
20]. The StarBase database predicts a presumptive bind-
ing site as between miR-1298 with circUSP34. However, 
whether miR-1298 is associated with circUSP34 in PH 
remains to be investigated.

Levosimendan (Lev) is a calcium-sensitizing agent with 
positive inotropic effects in acute decompensated chronic 
heart failure [21]. Currently, Lev has been brought into 
the clinical practice for the therapy of right ventricu-
lar failure [22], which displays positive inotropic effects 
by sensitizing cardiac troponin C to calcium [23]. Lev is 
also an effective vasodilator by turning on the action of 
adenosine triphosphate-sensitive potassium channels 
(KATP) [24]. Therefore, it has also been suggested for PH 
treatment [25, 26]. However, the therapeutic effects and 
mechanism of Lev in the treatment of PH remain unclear.

In this study, we have found that Lev inhibits cell pro-
liferation, migration and promotes apoptosis among 
hypoxia-treated pulmonary artery smooth muscle cells 
(PASMCs). CircUSP34 expression was downregulated 
and miR-1298 expression was upregulated in hypoxia-
treated PASMCs. When treated with Lev, circUSP34 
expression was upregulated, whereas miR-1298 expres-
sion was downregulated, indicating that circUSP34 could 
target and regulate miR-1298. In addition, miR-1298 
targeted and regulated BMPR2 expression to affect cell 
proliferation, migration and apoptosis in hypoxia-treated 
PASMCs. In PH rat model using hypoxia combined with 
SU5416-induced, Lev upregulated circUSP34 targeting 
miR-1298-mediated BMP/Smad axis to alleviate the PH 
phenotype.

Methods
Cell culture
Human PASMCs (Catalog No. 3110) that were acquired 
at ScienCell where they were grown in smooth muscle 
cell culture medium (SMCM, ScienCell) at 37  °C in a 
humidified normoxia condition (21% O2, 5% CO2, 74% 
N2) for passaging. Hypoxia (3% O2, 5% CO2, 92% N2) was 
achieved by injecting nitrogen into the incubator, and 
the oxygen concentration in the chamber was continu-
ously monitored with an oxygen sensor. For Lev (Orion 
Pharma, Finland)-treated cell experiments, PASMCs 
were continued for 24 h under hypoxic conditions after 
the addition of Lev (final concentration of 1 µM, 10 µM).

Plasmid construction and cell transfection
Sequences of the shRNA for circUSP34 and BMPR2 
knockdown were cloned into the PLKO vector. Empty 
PLKO vectors were employed as negative control (sh-
NC). PASMCs were transfected by using Lipofectamine™ 
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2000 (Invitrogen, USA) with the corresponding con-
structs according to the manufacturer’s directions. MiR-
1298 mimic or miR-1298 inhibitor had been purchased 
from GenePharma (Shanghai, China). When cells were 
grown to about 80% of confluence, miR-1298 mimic or 
miR-1298 inhibitor had been transfected into PASMCs, 
separately.

Cell counting Kit-8 (CCK-8) assay
CCK-8 was obtained from Abcam. Cell viability measure-
ments have been conducted based on the manufacturer’s 
directions provided. Briefly, PASMCs were cultured in 
96-well plates for 12 h. 10 µL of CCK-8 reagent and 90 µL 
of medium were added in each well and cells were incu-
bated at 37  °C for 30 min. The light density values were 
measured at 450 nm.

Immunofluorescence (IF) assay
PASMCs were seeded onto slides into 6-well plates and 
grown on the slides. Cells then were fixated, permeabi-
lized, and stained with anti-Ki-67 (Abcam, ab15580) 
and DAPI (Cell Signal Technology, 4083). Images were 
obtained with an Olympus confocal microscope FV3000 
(Olympus, Japan).

Scratch assay
PASMCs were grown on 6-well culture plates until they 
reached 80% confluence after 24  h. The layers of cells 
were scratched into a single line with a 1 mL pipette 
tip. After that, the cell monolayer was gently washed to 
remove the detached cells, then supplemented with fresh 
medium and the created wound was imaged with a phase 
contrast microscope (Olympus, Japan). Images were 
captured with phase contrast microscope 24  h later to 
observe cell migration.

Flow Cytometry
Apoptosis rate of PASMCs was tested by Annexin 
V-FITC/PI Apoptosis Assay Kit (Vazyme, China). Firstly, 
1 × 105 cells were seeded in 6-well plates and incubated 
for 24 h. After treatment and continuous culture for 24 h, 
cells were labeled with 5 mL Annexin V-FITC and PI for 
20 min in the dark at room temperature. Afterwards, cells 
were assayed and examined on a BD LSRFortessa flow 
cytometer (BD, USA). Flowjo (BD, USA) was employed 
to quantitatively determine the percentage of apoptotic 
cells.

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from PASMCs and rat lung tis-
sue with Trizol kit (Thermo Scientific, USA), followed by 
first-strand cDNA synthesis with a high-capacity RNA-
to-cDNA kit (Thermo Scientific, USA). The fluorescence 
intensity of real-time PCR reactions was monitored with 

the Power-SYBR Green PCR Master Mix (Thermo Scien-
tific, USA) by placing ABI QuantStudio 5 (Thermo Sci-
entific, USA) system. Relative expression of genes was 
calculated by the 2−∆∆CT method, using β-actin or U6 as 
reference genes. Corresponding primers are indicated 
as follows: circUSP34, F: 5’-GCC AAA GAA AGA AAA 
ACT AAA GTG G-3’ and R: 5’-AGG TCT CAG CCT 
CTG AAT CAC-3’; BMPR2, F: 5’-GAC AGG AGA CCG 
TAA ACA AGG-3’ and R: 5’-CCA TAT CGA CCT CGG 
CCA ATC-3’; β-actin, F: 5’-TGG CAC CAC ACC TTC 
TAC AA-3’ and R: 5’-CCA GAG GCG TAC AGG GAT 
AG-3’; miR-1298, F: 5’-TCA TTC GGC TGT CCA GA-3’ 
and R: 5’-GAA CAT GTC TGC GTA TCT C-3’; U6, F: 
5’-CTC GCT TCG GCA GCA CA-3’ and R: 5’-AAC 
GCT TCA CGA ATT TGC GT-3’.

Western blot (WB)
PASMCs and lung tissue of rats were lysed using RIPA 
buffer and protein quantification in obtained lysates 
was performed by the BCA method. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed to separate proteins, which then the cut 
gels were transferred to polyvinylidene fluoride (PVDF) 
membranes. After blocking with 5% skim milk for 1  h, 
the membranes were kept at 4  °C and incubated over-
night with the following primary antibodies: BMPR2 
(1:1000, Abcam, ab130206), BMP4 (1:1000, Cell Signaling 
Technology, 4680), Smad1/5/8 (1:1000, Abcam, ab13723), 
p-Smad1/5/8 (1:1000, Sigma-Aldrich, AB3848-I), Id1 
(1:1000, Abcam, ab168256), β-actin (1:2000, Cell Signal-
ing Technology, 4967). After washing with Tris-buffered 
saline containing Tween (TBST), the membranes were 
incubated with the corresponding secondary antibody 
(1:5000, Cell Signaling Technology, 7074) for 2 h at 37 °C. 
Protein signals were detected on a Tanon 5200 series fully 
automated chemiluminescence analysis system (Tanon, 
China) using enhanced chemiluminescence reagents 
(Vazyme, China). The band intensity was quantified with 
the use of ImageJ.

RNA immunoprecipitation (RIP)
PASMCs were lysed with the Magna RIP™ RNA Binding 
Protein Immunoprecipitation Kit (Millipore, USA). The 
magnetic beads were conjugated to anti-AGO2 and anti-
IgG and were incubated at 4  °C overnight with the cell 
lysate. Lastly, the total RNA was separated and purified 
with TRIzol reagent (Thermo Scientific, USA) and con-
trolled by qRT-PCR analysis.

Dual luciferase assay
The luciferase reporter vectors circUSP34-WT (BMPR2-
WT) and circUSP34-MUT (BMPR2-MUT) were synthe-
sized by GenePharma (Shanghai, China). The binding 
site sequences of circUSP34 (circUSP34-WT/MUT) or 
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BMPR2 (BMPR2-WT/MUT) were introduced into pSI-
check2 vectors (Promega, Madison, WI), respectively. 
The miR-1298 mimic and mimic NC were then trans-
fected into PASMCs by Lipofectamine™ 2000. After 48 h 
of transfection, the luciferase activity was assayed with a 
dual luciferase reporter system (Promega, USA) follow-
ing manufacturer’s directions.

PH rat model construction
Twenty-four male SD (Sprague-Dawley) rats (weighing 
180–220  g) were brought from Nantong Trophic Feed 
Technology Co. All rats were reared under pathogen-
free conditions and divided randomly into four groups: 
Control group, PH model group, PH + 3  mg/kg Lev and 
PH + 30 mg/kg Lev (n = 6). Lev was given at 3 mg/kg/d or 
30 mg/kg/d in drinking water to maintain the target dose 
of oral Lev, which was adjusted twice a week according 
to the amount of water consumed. A rat model of PH 
was established by using hypoxia combined with SU5416 
treatment. In the SU5416/hypoxia model, rats were sub-
cutaneously injected with SU5416 (20  mg/kg), the vas-
cular endothelial growth factor KDR receptor inhibitor, 
once a week and placed in hypoxia (10% O2) for 3 weeks. 
Control rats were given the equivalent volume of drug 
alone and kept at 21% O2 in the same room adjacent to 
the hypoxic chamber. Following 3 weeks of hypoxia and 
a series of weekly administrations of Lev, the rats have 
been administered anesthesia with ethyl carbamate (1 g/
kg) and sacrificed with cervical dislocation. Then, pulmo-
nary artery tissue was collected. All animal study proto-
cols were authorized by the Animal Ethics Committee of 
the Seventh Medical Center of the PLA General Hospital.

Hemodynamic and ventricular hypertrophy analysis
The rats were evaluated for mean pulmonary artery 
pressure (mPAP) after the experiment. Rats were anes-
thetized with urethane. A heparinized pressure volume 
(PV)-1 catheter was brought in to the pulmonary artery 
through the extra-jugular vein, right atrium as well as 
the right ventricle, and mPAP was tested. The hearts 
were harvested from the PH rat and weighed. The ratio 
of right ventricular (RV) to left ventricular (LV) plus the 
interventricular septum (IVS) (RV/[LV + IVS]), which is 
the right heart hypertrophy index (RVI), was then calcu-
lated. Following anesthesia, the rats were connected to a 
topical ventilator for mechanical ventilation, after which 
the mean RV systolic pressure (RVSP) and LV systolic 
pressure (LVSP) (in mmHg) were recorded over 10 sta-
ble heartbeats using PowerLab monitoring hardware and 
software (ADInstruments).

Hematoxylin-eosin (HE) and masson staining
PH rat pulmonary tissue samples were formalin-fixed, 
paraffin-embedded and sectioned, followed by HE and 

Masson staining. All images were taken with an Olympus 
microscope (Olympus, Japan).

Immunohistochemical (IHC) assay
Sections of PH rat pulmonary artery tissue samples were 
formalin-fixed, paraffin-embedded, and pathologically 
confirmed. The tissue sections were stained immunohis-
tochemically with anti-Ki-67 antibodies and avidin-bio-
tin peroxide with 3,3′-diaminobenzidine. All images were 
acquired by an Olympus microscope (Olympus, Japan).

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining
PH rat pulmonary artery tissue samples were formalin-
fixed, paraffin-embedded and sectioned, labelling was 
then performed following the protocol of the TUNEL 
BrightRed Apoptosis Detection Kit (Vazyme). Character-
ization of apoptotic cells by TUNEL assay. Images were 
acquired via an Olympus microscope (Olympus, Japan) 
and the TUNEL positive cell ratio was then calculated.

Statistical analysis
Data are reported as mean ± SD for at least three distinct 
studies. Student’s t-test was employed to identify any dif-
ferences between the two groups. One-way ANOVA was 
used to compare differences between various groups. 
P < 0.05 was considered statistically significant.

Results
Lev suppresses cell proliferation, migration and promotes 
apoptosis in hypoxia-treated PASMCs
To study the role of Lev in PH, we treated PASMCs with 
hypoxia to develop a cellular model of PH. The cell pro-
liferation ability of PASMCs was assayed by CCK-8, and 
the results showed that hypoxia significantly promoted 
cell proliferation compared with normoxia treatment 
(Fig.  1A). The expression of Ki-67 was measured by IF, 
and it was revealed that hypoxia treatment dramatically 
increased the Ki-67 protein expression level (Fig.  1B). 
Scratch assay examined the cell migration ability of 
PASMCs and revealed that hypoxia significantly pro-
moted cell migration compared with normoxia treatment 
(Fig.  1C). Flow cytometry was performed to investigate 
the effect of hypoxia on PASMCs apoptosis and showed 
that hypoxia markedly reduced apoptosis compared with 
normoxia treatment (Fig.  1D). In addition, we treated 
the hypoxia-induced PASMCs with 1 µM and 10 µM 
Lev to assess the proliferation, migration and apoptosis 
of PASMCs. The results indicated that the higher Lev 
concentration applied treatment markedly inhibited cell 
proliferation and decreased Ki-67 protein expression 
(Fig. 1A and B). Apart from that, high Lev treatment also 
greatly reduced cell migration and facilitated cell apopto-
sis (Fig. 1C and D). Previous studies have identified that 
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circUSP34 expression is dysregulated in patients with 
PH [13]. In our study, we examined the expression levels 
of circUSP34 in hypoxia-induced as well as Lev-treated 
PASMCs by qRT-PCR and demonstrated that hypoxia 
treatment significantly decreased circUSP34 expression 
compared with normoxia treatment, while high concen-
tration of Lev markedly increased expression level of cir-
cUSP34 (Fig.  1E). To summarize, the results confirmed 
that Lev inhibited cell proliferation, migration and pro-
moted apoptosis in hypoxia-treated PASMCs.

Lev suppresses cell proliferation, migration and facilitates 
apoptosis in hypoxia-treated PASMCs via upregulation of 
circUSP34
The results of the foregoing research found that the 
expression of circUSP34 was significantly decreased in 
hypoxia-induced PASMCs, whereas high concentration 
of Lev treatment substantially increased the expression 
level of circUSP34. To further explore whether Lev inhib-
its hypoxia-induced phenotype of PASMCs by modulat-
ing circUSP34, we used shRNA to knock down circUSP34 
(Fig. 2A). qRT-PCR assay showed that the knockdown of 
circUSP34 greatly reduced the expression of circUSP34 
under hypoxic conditions with Lev (Fig. 2B). CCK-8 and 
IF experiments show that knockdown of circUSP34 could 

Fig. 1 Lev inhibits cell proliferation, migration and promotes apoptosis in PASMCs induced by hypoxia. (A) Cell proliferation was detected by CCK-8. (B) 
The expression of Ki-67 in PASMCs was examined by IF. (C) Cell migration ability of PASMCs was measured by cell scratch assay. (D) Detection of apoptosis 
in PASMCs by flow cytometry. (E) The expression of circUSP34 in PASMCs under different treatment conditions was probed by qRT-PCR assay. Data are 
displayed for three individual experiments with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 Lev inhibits cell proliferation, migration and promotes apoptosis in hypoxia-treated PASMCs through upregulation of circUSP34. (A) qRT-PCR 
assay was employed to examine circUSP34 expression. (B) The expression of circUSP34 in PASMCs under different treatment conditions was detected 
by qRT-PCR assay. (C) Cell proliferation ability was examined by CCK-8. (D) Ki-67 expression in PASMCs was measured by IF. (E) Cell migration ability of 
PASMCs was assayed by cell scratch assay. (F) Apoptosis of PASMCs was tested by flow cytometry. Data are displayed for three individual experiments 
with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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notably reduce the inhibitory effect of Lev on cell prolifer-
ation of PASMCs and the expression level of Ki-67 under 
hypoxic conditions (Fig. 2C and D). Next, we investigated 
the impact of circUSP34 knockdown on cell migration 
capacity by performing the scratch wound assay. We dis-
covered that the reduction of circUSP34 expression dra-
matically suppressed the inhibitory effect of Lev on cell 
migration under hypoxia conditions (Fig. 2E). Finally, the 
flow cytometric analysis also revealed that knockdown 
of circUSP34 resulted in substantial abrogation of Lev 
pro-apoptotic effect under hypoxic conditions (Fig.  2F). 
Taken together, we found that Lev inhibited cell prolif-
eration, migration and promoted apoptosis in hypoxia-
treated PASMCs via upregulation of circUSP34.

CircUSP34 regulates miR-1298 in Lev-treated and hypoxia-
induced PASMCs
To study the mechanism of circUSP34 in PH regula-
tion, we hypothesized the existence of a mutual interac-
tion between circUSP34 and miR-1298, and predicted 
potential binding sites via the circular RNA interactome 
website [27] (Fig. 3A). Then, by a dual luciferase reporter 
system assay, we found that the relative luciferase activ-
ity of the experimental groups co-transfected with miR-
1298 mimic and circUSP34-WT was significantly lower 

compared with the control group, while the relative lucif-
erase activity of the experimental groups co-transfected 
with miR-1298 mimic and circUSP34-MUT had no obvi-
ous difference (Fig. 3B). The results of RIP assay indicated 
that circUSP34 and miR-1298 were significantly enriched 
in the Ago2-pulled RNA complex (Fig.  3C). Moreover, 
knockdown of circUSP34 with shRNA revealed a sig-
nificant increase in miR-1298 expression level, while 
overexpression of circUSP34 resulted in a considerable 
suppression of miR-1298 expression level (Fig. 3D). The 
qRT-PCR analysis also revealed a remarkable increase in 
miR-1298 expression in hypoxia-treated PASMCs com-
pared with normoxia, whilst miR-1298 expression was 
dramatically reduced after Lev treatment. Further knock-
down of circUSP34 resulted in a significant upregula-
tion of miR-1298 expression (Fig.  3E). To conclude, the 
obtained results demonstrated that circUSP34 regulates 
miR-1298 expression in PASMCs exposed to hypoxia and 
upon levosimendan treatment.

MiR-1298 regulates the expression of BMPR2
To determine the target gene of miR-1298, we used the 
StarBase database [28] to predict the underlying con-
jugation sites of miR-1298 to BMPR2 (Fig.  4A). Subse-
quently, we detected a significant decrease in relative 

Fig. 3 CircUSP34 regulates miR-1298. (A) Circular RNA interactome predicted the potential binding site of circUSP34 and miR-1298. (B) Dual luciferase 
assay detected the interaction between miR-1298 and circUSP34. (C) RIP assay was used to test the ability of Ago2 to enrich for circUSP34 and miR-1298. 
(D) qRT-PCR assay was employed to examine miR-1298 expression in PASMCs under knockdown circUSP34 or overexpression of circUSP34. (E) qRT-PCR 
assay was applied to check miR-1298 expression in PASMCs under different treatment conditions. Data are displayed for three individual experiments 
with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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luciferase activity in the co-transfected miR-1298 mimic 
and BMPR2-WT groups compared to the control group, 
while the relative luciferase activity in the co-transfected 
miR-1298 mimic and BMPR2-MUT groups had no sig-
nificant difference (Fig.  4B). Furthermore, miR-1298 
expression was significantly increased and BMPR2 
expression was dramatically decreased after overex-
pression of miR-1298, while miR-1298 expression was 
remarkably decreased and BMPR2 expression was mark-
edly increased after inhibition of miR-1298 (Fig.  4C). 
WB analysis confirmed a remarkable decrease in BMPR2 
protein expression after overexpression of miR-1298, 
while inhibition of miR-1298 resulted in a considerable 
increase in BMPR2 protein expression (Fig.  4D). Under 
hypoxia conditions, we found a significant decrease in 
BMPR2 protein level in PASMCs compared to normoxia, 
and treatment of hypoxic PASMCs with 10 µM levosi-
mendan led to a remarkable increase in BMPR2 protein 
expression. Further knockdown of circUSP34 was fol-
lowed by a dramatic decrease in BMPR2 protein expres-
sion in PASMCs treated in combination with hypoxia 
and drug (Fig. 4E). Consequently, the results confirm that 
miR-1298 inhibits BMPR2 expression in Lev-treated and 
hypoxia-induced PASMCs.

Lev upregulates circUSP34-targeted miR-1298-mediated 
BMP/Smad axis to inhibit cell proliferation, migration and 
promote apoptosis in hypoxia-treated PASMCs
To further confirm the effect of Lev on PH progression 
through regulation of circUSP34/miR-1298/BMP, rescue 
experiments were conducted. WB results showed a sig-
nificant reduction in protein expression after knockdown 
of BPMR2 (Fig. 5A). Moreover, the results of WB showed 
that circUSP34 knockdown could inhibit the promot-
ing effect of Lev on BMPR2 expression under hypoxia 
condition. In addition, inhibition of miR-1298 partially 
reversed the expression trend of BMPR2. And addi-
tional shRNA-mediated knockdown of BMPR2 reduced 
the effect of miR-1298 inhibitor (Fig. 5B). The analysis of 
PASMCs proliferation rate revealed that knockdown of 
circUSP34 significantly abolished the inhibitory effect of 
Lev on cell proliferation under hypoxia. Furthermore, the 
cell proliferation ability was partially reversed by inhib-
iting miR-1298. Besides, the knockdown of BMPR2 fur-
ther blocked the proliferative effect of miR-1298 inhibitor 
(Fig. 5C). The trend of Ki-67 protein expression levels as 
determined by IF was consistent with the results of the 
determination of the proliferative capacity of PASMCs 
cells (Fig. 5D). Moreover, knockdown of circUSP34 mark-
edly promoted cell migration, and inhibition of miR-1298 
partially reversed this trend, while knockdown of BMPR2 

Fig. 4 BMPR2 is a target of miR-1298. (A) Starbase predicted the potential binding sites of miR-1298 and BMPR2. (B) Dual luciferase assay of miR-1298 
and BMPR2 interaction. (C) Detection of BMPR2 expression in PASMCs after overexpression of miR-1298 or inhibition of miR-1298 by qRT-PCR assay. (D) 
WB assays were used to measure the protein expression levels of BMPR2 in PASMCs after overexpression of miR-1298 or inhibition of miR-1298. (E) WB 
assay of protein expression levels of BMPR2 in PASMCs under different treatment conditions. Data are displayed for three individual experiments with 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 Lev upregulates circUSP34-targeted miR-1298-mediated BMP/Smad axis to inhibit cell proliferation, migration and promote apoptosis in hypoxia-
treated PASMCs. (A) The expression of BMPR2 in PASMCs was measured by WB. (B) The protein expression levels of BMPR2 in PASMCs under different 
treatment conditions were detected by WB. (C) The cell proliferation ability of PASMCs under different treatment conditions was examined by CCK-8. (D) 
The expression of Ki-67 in PASMCs was measured by IF. (E) Cell migration ability of PASMCs was tested by cell scratch assay. (F) Apoptosis of PASMCs was 
determined by flow cytometry. (G) WB was performed to test the protein expression levels of BMP4, p-Smad1/5/8, Id1 in PASMCs under different treat-
ment conditions. Data are displayed for three individual experiments with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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blocked the effect of miR-1298 inhibitor on cell migration 
(Fig. 5E). We next examined hypoxic PASMCs apoptosis 
and showed that knockdown of circUSP34 significantly 
inhibited the promotion of apoptosis by Lev, and inhi-
bition of miR-1298 partially reversed its trend. While 
further knockdown of BMPR2 reverse the effect of miR-
1298 inhibitor (Fig. 5F). To further investigate the expres-
sion of BMP signaling pathways in the PH model, we 
examined the expression levels of BMP4, p-Smad1/5/8 
and Id1, and found that BMP4, p-Smad1/5/8, and Id1 
protein expression were significantly reduced after 
hypoxia treatment of PASMCs compared with normoxia, 
and when treated with Lev revealed that the expres-
sion of these proteins were restored. Hereafter, BMP4, 
p-Smad1/5/8, and Id1 protein expression levels were sig-
nificantly reduced after knockdown of circUSP34, and 
inhibition of miR-1298 partially reverse their expression; 
while knockdown of BMPR2 was able to resist the effect 
of miR-1298 inhibitor (Fig.  5G). Taken together, these 
results suggested that Lev activates BMP/Smad signaling 
pathway through circUSP34-mediated miR-1298 down-
regulation to inhibit cell proliferation, migration and pro-
mote apoptosis in hypoxia-treated PASMCs.

Lev upregulated circUSP34-targeted miR-1298-mediated 
BMP/Smad axis to alleviate hypoxia combined with 
SU5416-induced PH
To understand the molecular mechanism of Lev treat-
ment of PH, we induced PH in rats by hypoxia in com-
bination with SU5416, and the RVSP, mPAP and RVI 
measurements showed that was successfully established 
a rat PH model (Fig. 6A and C). However, LVSP has not 
changed (Fig. 6D). In addition, HE and Masson staining 
results also showed significant vessel wall thickening, 
increased vessel wall area/total vessel area ratio in the 
pulmonary artery tissue and marked collagen deposition 
in the lung interstitial tissue in the PH group rats (Fig. 6E 
and F). Lev treatment was administered to the rats with 
PH and we found that the high dose of Lev could signifi-
cantly reduce the RVSP, mPAP and RVI in the PH group 
rats (Fig. 6A and C), without affecting the LVSP (Fig. 6D). 
Besides, a high dose of Lev also reduced the ratio of ves-
sel wall area to total vessel area in the pulmonary artery 
of rats (Fig.  6E) and decreased collagen deposition in 
the lung interstitial tissue of rats (Fig. 6F). This suggests 
that Lev attenuates pulmonary artery remodeling in PH 
rats. Similar to the cellular results, there was an increase 
in cell proliferation and a decrease in apoptosis in the 
lung tissue of PH rats. In contrast, Lev treatment clearly 
decreased Ki-67 expression and increased the number 
of TUNEL-positive cells in rat pulmonary artery tissues 
(Fig.  6G and H). Next, the expression of circUSP34 in 
pulmonary artery tissues in the rat model of PH group 
decreased and that of miR-1298 was increased in the 

model group as compared to the control group, whereas 
the expression of circUSP34 was increased and that of 
miR-1298 was decreased in the PH rats after Lev treat-
ment. (Fig.  6I). Furthermore, the protein expression of 
BMPR2, BMP4, p-Smad1/5/8, Id1 was reduced in the PH 
rat, while the expression of BMPR2, BMP4, p-Smad1/5/8, 
Id1 in the PH rat after Lev treatment was obviously 
restored (Fig.  6J). Overall, Lev upregulated circUSP34-
targeted miR-1298-mediated BMP/Smad axis to alleviate 
hypoxia combined with SU5416-induced PH.

Discussion
PH as a chronic disease can lead to right heart failure 
and death. In this regard, abnormal proliferation of pul-
monary vascular cells plays a central role in PH. Previous 
studies have found that Lev attenuated hypoxia-induced 
PH [29]. High levels of Lev inhibited PDGF-induced 
PASMCs growth [30]. In an experimental model of PH, 
Lev attenuated pulmonary vascular remodeling and 
prevented and reversed the onset of RV failure [24]. In 
this study, we demonstrated that Lev not only inhibited 
cell proliferation, migration and promoted apoptosis in 
hypoxia-treated PASMCs, but also alleviated the PH phe-
notype induced by hypoxia combined with SU5416. The 
mechanism of effect was that Lev upregulated circUSP34 
targeting miR-1298-mediated BMP/Smad axis to allevi-
ate PH.

Here, our study also shown that circUSP34 is down-
regulated in hypoxia-induced PASMCs. When treated 
with Lev, circUSP34 expression was upregulated, sug-
gesting that circUSP34 may be involved in PH progres-
sion. Recently, there is growing evidence that circRNAs 
are considered to be important regulators in the devel-
opment of PH [9]. For example, cyclic RNA Calm4 
modulates apoptosis in hypoxia-induced PASMCs via 
the miR-124-3p/PDCD6 axis [19]. It was shown that the 
circHIPK3-miR-328-3p-STAT3 axis was engaged in PAH 
pathogenesis through stimulation of PAEC proliferation, 
migration and vasculogenesis [31]. Hsa_circ_0016070 
promoted proliferation and cell cycle progression of pri-
mary cultured PASMCs and regulated vascular remod-
eling in PH by competitively targeting miR-942-5p and 
increasing the expression of the downstream cell cycle 
protein D1 (CCND1) gene [32]. A new study was con-
ducted to investigate a classic circRNA, CDR1, medi-
ates the progression of vascular calcification in PH via 
targeted miR-7-5p [33]. Previous studies have suggested 
that the basic roles of circRNAs potentially consist of 
competing with endogenous RNAs (ceRNAs) as miRNA 
sponges, regulatory of gene transcription and binding of 
proteins, and coding for proteins [34]. Thus, we found 
that circUSP34 can be able to target binding and regulate 
miR-1298. We validated the interaction of circUSP34 and 
miR-1298 by dual luciferase reporter system assay and 



Page 11 of 13Meng et al. Respiratory Research          (2024) 25:316 

Fig. 6 Lev upregulates circUSP34-targeted miR-1298-mediated BMP/Smad axis to alleviate hypoxia combined with SU5416-induced PH. (A) Detection 
of RVSP in PH rat. (B) The mPAP levels were measured in PH rat. (C) Detection of RVI in PH rat. (D) Detection of LVSP in PH rat. (E) Examination of vascular 
wall changes in PH rat by HE staining. (F) The collagen deposition phenomenon in the lung interstitial tissue in PH rat was detected by Masson staining. 
(G) Detection of Ki-67 expression in pulmonary artery tissues in PH rat by IHC. (H) Apoptosis in the pulmonary artery tissue in PH rat was measured by 
TUNEL. (I) Levels of circUSP34 and miR-1298 were probed by qRT-PCR in PH rat. (J) WB was performed to measure the expression levels of BMPR2, BMP4, 
p-Smad1/5/8, and Id1 proteins in PH rat under different treatment conditions. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001
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RIP assay. Further knockdown of circUSP34 resulted in 
significant upregulation of miR-1298 expression, which 
also had a negative effect on dramatically suppressing the 
inhibitory effects of Lev on cell proliferation, migration 
and promotion of apoptosis under hypoxic treatment 
conditions.

Furthermore, we identified that miR-1298 expres-
sion was upregulated in hypoxia-treated PASMCs. 
When treated with Lev, the expression of circUSP34 
was upregulated, whereas the expression of miR-1298 
was downregulated, indicating that circUSP34 can tar-
get and regulate miR-1298. In addition, miR-1298 targets 
and regulates the expression of BMPR2, which affects 
cell proliferation, migration and apoptosis in hypoxia-
treated PASMCs. Recently, a number of miRNAs have 
been identified as critical regulators in the progression 
of PH [15]. In PASMCs, the miR-130/301 family plays 
an invaluable function. In particular, it is involved in 
regulating the expression of miR-204-5p and miR-21-5p 
in the POU5F1/miR-130/301 family/PPARγ regulatory 
axis. Moreover, miR-130/301’s target genes which are 
known in PASMCs are FOXM1, BRD4, PTEN, PSCD4, 
SHP2 and RUNX2, which control cell proliferation, 
apoptosis and differentiation [9]. Recent studies have 
identified miR-27a/b-3p targeting to regulate NF-κB 
expression involved in the upstream regulation of PPARγ 
in PASMCs [35]. miR-150 defended the pulmonary vas-
culature against pulmonary vascular remodeling and 
fibrosis in hypoxia-induced PH [17]. A recent study has 
shown that miR-1298 was upregulated in the right ven-
tricles of PH rat compared with normal rats [18]. Thus, 
targeting downregulation of miR-1298 expression could 
assist in alleviating hypoxia-induced PH.

In summary, we demonstrated that Lev upregulated 
circUSP34 targeting miR-1298-mediated BMP/Smad axis 
to alleviate PH phenotype. Thus, the results of our study 
suggest that Lev can be used as a therapeutic drug for PH 
patients, which works through the circUSP34/miR-1298/
BMP/Smad axis to alleviate PH symptoms.
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