
ORIGINAL RESEARCH COMMUNICATION

TRPC6 Channel Regulates Airway Remodeling in Chronic
Obstructive Pulmonary Disease Causing Right Heart Failure
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Abstract

The role of the canonical transient receptor potential 6 (TRPC6) channel in chronic obstructive pulmonary
disease (COPD) remains poorly understood at the mechanistic level.
Objects: This study aims to investigate the involvement of TRPC6 in COPD and its signaling mechanisms in
human airway smooth muscle cells (HASMCs).
Methods and Results: The study found that mRNA and protein expression of TRPC6 increased in cultured HASMCs
that were incubated with nicotine, as measured by reverse transcription quantitative polymerase chain reaction and
Western blot analysis. Nicotine treatment significantly enhanced TRPC6 transcriptional activity in HASMCs through
nuclear factor (NF)-jB, as demonstrated by co-immunoprecipitation and electrophoretic mobility shift assays.
Furthermore, miR-135a/b-5p was shown to downregulate TRPC6 expression in HASMCs at the mRNA and protein
levels, as confirmed by luciferase reporter assays. Immunohistochemistry assays in a mouse model of cigarette-induced
airway remodeling revealed a significant increase in smoothmuscle (SM) cell proliferation and SM layermass.
Conclusion: These findings suggest that nicotine exposure increases HASMC proliferation and migration through
NF-jB signaling, and that cigarette smoke inhalation causes airway SM layer remodeling via altered TRPC6-induced
Ca2+ influx, which is abolished bymiR-135a/b-5p both in vitro and in vivo.Antioxid. Redox Signal. 00, 000–000.
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Introduction

C hronic obstructive pulmonary disease (COPD) is a pro-
gressive and diverse lung condition characterized by

persistent airway remodeling, airflow limitation, and chronic
pulmonary inflammation. It lacks effective treatments and is
a leading cause of death in the United States and worldwide
(Mannino and Buist, 2007). The primary risk factor for
COPD is exposure to cigarette smoke, which contains harm-
ful inflammatory and oxidant agents (Tannus-Silva and Rabahi,
2017). In COPD, calcium ion (Ca2+) signaling is considered a
crucial feature for the proliferation and migration of airway
smooth muscle cells (ASMCs) (Ten Broeke et al., 2004). The
TRPC channel is a nonselective cation channel that facilitates
the entry of Ca2+ and sodium ions (Na+) and is involved in

multiple intracellular signaling pathways. It regulates various cel-
lular functions dependent on Ca2+, from cell growth to myocyte
contraction. Among the canonical transient receptor channel
(TRPC) family, there are at least seven members (TRPC1–7)
that mediate various signal transduction pathways (Svobodova
and Groschner, 2016; Liao et al., 2009; Xu et al., 2008). A par-
ticularly significant member is the TRPC6 channel, which is
widely expressed in various organs, including the kidney, pla-
centa, lung, heart, brain, skin, and vasculature (Boulay et al.,
1997; Garcia and Schilling, 1997; Riccio et al., 2002; M€uller
et al., 2008). Evidence indicates that TRPC6 plays a crucial role
in normal lung function and disease states of the pulmonary vas-
culature. In pulmonary artery smooth muscle cells, Na+ influx
through TRPC6 channels leads to membrane depolarization and
the activation of voltage-gated L-type Ca2+ channels. This, in
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turn, mediates the bulk of the Ca2+ influx and smooth muscle
cell contraction (Weissmann et al., 2006) (Gudermann et al.,
2004). Therefore, TRPC6 channels may serve as a potential ther-
apeutic target for managing pulmonary hemodynamics and gas
exchange in both physiological and pathological conditions.

The miR-135 family is highly conserved among mammals
and consists of two members, miR-135a and miR-135b, that
have been shown to directly regulate the expression of several
genes, including TRPC1 (He et al., 2014), HOXA10 (Tang et al.,
2014), and c-myc (Yamada et al., 2013). Despite these findings,
the exact functions of the two miR-135 family members, espe-
cially their role in smoking-related lung diseases, remain unclear.
Through microRNA research assays, this study identified that
miR-135a/b-5p post-transcriptionally regulates TRPC6 expres-
sion and plays a crucial role in the proliferation of human airway
smooth muscle cells (HASMCs) following exposure to nicotine.

Results

The proliferation and migration of ASMCs from patients

with COPD are mediated by TRPC6 channels

To investigate the effect of TRPC6 on the proliferation of
HASMCs, normal and COPD HASMCs were isolated and cul-
tured. The cells were plated at a low confluence and monitored
for cell proliferation over several days by measuring absorb-
ance at 490 nm after adding MTS solution. Results showed
that COPD HASMCs were more proliferative than normal
HASMCs (Fig. 1A). Moreover, TRPC6 overexpression facili-
tated the proliferation of normal HASMCs (Fig. 1B). Con-
versely, both TRPC6 knockdown and inhibition using SAR
7334 suppressed COPD HASMCs growth (Fig. 1C). The
expression level of TRPC6 protein was found to be signifi-
cantly higher in COPD HASMCs than in normal HASMCs
(Fig. 1D). In addition, knockdown of the TRPC6 channel pro-
tein showed a notable decrease in transwell migration in COPD
HASMCs (Fig. 1G). Western blot analysis confirmed the effi-
cient upregulation (Fig. 1E) and downregulation (Fig. 1F) of
TRPC6 protein.

Hsa-miR-135a/b-5p plays an essential role in regulating the

expression and activity of TRPC6 in COPD human ASMCs

We aimed to identify specific microRNAs that could modu-
late TRPC6 expression, focusing on the regulatory mechanisms

and biological significance of TRPC6 in HASMCs. miR-135a/
b-5p has been predicted to target on the 3¢-UTR of TRPC6
mRNA. Among the top six microRNAs that were downregu-
lated in lungs from patients with COPD compared with smok-
ers without COPD (Ezzie et al., 2012) and six microRNAs that
were predicted to bind to TRPC6-3¢-UTR based on the “micro-
rna.org” algorithm (http://www.microrna.org/) (Supplementary
Table S1), indeed, miR-135a/b-5p were shown to decrease
TRPC6 expression in 293T cells compared with other micro-
RNAs by Western blot analysis (Fig. 2A). Transfection with
miR-135a/b-5p mimics reduced TRPC6 mRNA and protein
expression, regardless of normal or COPD HASMCs (Fig. 2B
and 2E). Nicotine significantly increased the TRPC6 mRNA
level in TRPC family members in normal HASMCs (Fig. 2F).
To verify the effect of nicotine and miR-135a/b-5p on TRPC6
expression, HASMCs were treated with nicotine and trans-
fected with miR-135a/b-5p mimics. In normal HASMCs, nico-
tine increased TRPC6 channel expression dramatically, and
miR-135a/b-5p overexpression reduced TRPC6 protein expres-
sion faintly (Fig. 2C). In COPD HASMCs, nicotine increased
TRPC6 channel expression faintly, while miR-135a/b-5p over-
expression reduced TRPC6 protein dramatically (Fig. 2D). The
probable explanation is TRPC6 expression was high in COPD
patients than normal. To identify the regulatory sequence in 3¢-
UTR of TRPC6, full-length (FL) and two additional reporters
with a truncated sequence in 3¢-UTR of TRPC6 were estab-
lished. A computational search predicted the site of miR-135a/
b-5p binding to the TRPC6- 3¢-UTR (Fig. 2G). HEK-293T
cells were co-transfected with miR-135a/b-5p mimics and
pmiR-TRPC6-3¢-UTR-FL or TRPC6- 3¢-UTR truncates,
respectively. Luciferase reporter activity of TRPC6- 3¢-UTR-
FL and TRPC6- 3¢-UTR-1–49 were decreased, and the
TRPC6- 3¢-UTR-1–43 did not (Fig. 2H), suggesting the
sequence from 43–49 of 3¢-UTR of TRPC6 was essential to
bind between miR-135a/b-5p and TRPC6 mRNA. In addition,
decreased levels of the miR-135a/b-5p by nicotine (Supplemen-
tary Fig. S1) can further increase TRPC6 expression. Ca2+

release in the cytosol by nicotine treatment was attenuated by
miR-135a/b-5p (Fig. 2I). These lines of evidence collectively
demonstrated that miR-135a/b-5p recognized and regulated
TRPC6 mRNA through binding to its 3¢-UTR.

Nicotine is responsible for increasing the expression
of TRPC6 through nuclear factor-jB

In order to gain a better understanding of how HASMCs
respond to nicotine stimulation at the molecular level, we con-
ducted a genome-wide unbiased approach to analyze gene
expression via RNA sequencing. Our analysis identified a pro-
found impact on gene expression networks, with notable enrich-
ments in gene sets corresponding to “BIOCARTA_NFKB_
PATHWAY” and “BIOCARTA_NFAT_PATHWAY” (Fig.
3A). We observed that an a7 nAChR inhibitor, MG 624, abol-
ished the increase in nuclear factor (NF)-jB activity caused by
nicotine (Fig. 3B). Furthermore, we observed a significant
increase in NF-jB translocation and reduced levels of cytoplas-
mic NF-jB in response to nicotine treatment (Fig. 3C), support-
ing the promotional effects of nicotine on NF-jB translocation.
Nicotine did not significantly change the TRPC6 protein level in
HASMCs infected with lentivirus of p65_sh and p50_sh (NF-
jB_sh) (Fig. 3D). Similarly, treating HASMCs with the NF-jB
inhibitor, BAY 11–7082, also yielded comparable results (Fig.
3E). We also found that nicotine increased TRPC6 mRNA level

Innovation

We found that cigarette smoke inhalation causes airway
SM layer remodeling via altered TRPC6-induced Ca2+

influx. Nicotine triggered the signaling cascades, leading to
the translocation of p65 and p50 through the a7 nAChR
and reactive oxygen and nitrogen species-dependent path-
way in HASMCs. This led to the sustained activation of
transcriptional signaling, increasing TRPC6 expression, and
a decrease in miR-135a/b-5p. The direct influx of Ca2+ was
activated, followed by the induction of downstream gene
activation of NFAT signaling, leading to HASMC prolifer-
ation and migration. These findings provide a new perspec-
tive on the mechanism research of airway remodeling and
offer new targets for the treatment of COPD.
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in HASMCs while silencing NF-jB by knockdown or pharma-
cological inhibition abolished the nicotine-induced TRPC6
mRNA increase (Fig. 3F). To explore the possibility of the NF-
jB binding site for TRPC6 expression, luciferase activity assays
employing a luciferase reporter construct driven by the TRPC6

promoter sequence were performed in normal HASMCs. As
shown in Figure 3G, both nicotine and NF-jB manipulation
positively correlated with cellular TRPC6 transcriptional activity.
Our data confirm that nicotine promotes TRPC6 mRNA and
protein expression in an NF-jB-dependent mechanism. To

FIG. 1. The effect of TRPC6 on the growth and mobility of normal and COPD ASMCs. (A) The proliferation rate of
COPD HASMCs was faster than that of normal HASMCs. HASMCs were obtained from healthy donors and patients with COPD
and cultured for 1–8 days. The MTS assay was performed, and the experiment was repeated three times independently. (B) The
lentiviral infection of TRPC6 promoted normal HASMC proliferation. The cells were infected with lentivirus containing TRPC6
and cultured for 1–8 days. Proliferation was analyzed through the MTS assay, and the experiment was repeated three times inde-
pendently. (C) The knockdown and inhibition of TRPC6 resulted in a decrease in HASMC proliferation. COPD HASMCs were
infected with lentivirus containing TRPC6_Sh, or treated with SAR 7334 (1 lM) for 1–8 days. The MTS assay was performed to
analyze proliferation, and the experiment was repeated three times independently. (D) TRPC6 protein expression was higher in cul-
tured COPD HASMCs than in normal HASMCs. HASMCs were isolated and cultured from the bronchia of control subjects and
patients with COPD. (E) The overexpression and knockdown (F) of TRPC6 were achieved in HASMCs. The cells were infected
with increasing lentiviral particles of Human_TRPC6 or Human_TRPC6_Sh for 5 days. TRPC6 expression was analyzed through
Western blotting. (G) COPD stimulated HASMC migration through TRPC6. Normal and COPD HASMCs were infected sepa-
rately with lentivirus of TRPC6_SH and TRPC6. Cell migration was analyzed through crystal violet dye staining of HASMCs that
migrated into the transwell. The right panel features quantification, with data indicating the number of cells migrated in three experi-
ments. Significance was determined as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001. COPD, chronic obstructive pulmonary
disease; HASMCs, human airway smooth muscle cells; TRPC6, transient receptor potential channel 6.
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verify the putative interaction between NF-jB and the NF-jB
response element (NRE) of the TRPC6 promoter, we carried out
electrophoretic mobility shift assays (EMSAs). As shown in
Figure 3H, increasing exposure hours of nicotine significantly
increased the intensity of the shifted band in the probe-shift
assays. In supershift assays (Fig. 3I), incubation of p65 antibod-
ies with HASMCs nuclear extract pre-incubated with biotin-

labeled wild-type probe resulted in the formation of a super-
shifted band with a larger molecular weight than the shifted
band, indicating the shape of an NRE-WT/p65/anti-p65 antibody
complex. Furthermore, pre-incubation of the nuclear extract with
a 200-fold excess of unlabeled WT probe completely diminished
the shifted band, unlike a 200-fold excess of unlabeled mutant
probes that failed to do so (Supplementary Fig. S3A). In

FIG. 2. Hsa-miR-135a/b-5p inhibits the migration of ASMCs by degrading TRPC6 expression. (A) Hsa-miR-
135a/b-5p downregulated TRPC6 protein level in 293T cells. 293T cells were transfected with 12 microRNA mimics
predicted to bind TRPC6 mRNA 3¢-UTR. Western blotting was performed to analyze the TRPC6 expression, with
GAPDH as the internal control. (B) MiR-135a/b-5p mimics reduced the protein expression and mRNA (E) levels of
TRPC6 in normal, and COPD HASMCs. (C) Nicotine treatment (1 mM) increases the protein levels of TRPC6 in nor-
mal and COPD (D) HASMCs. The mixture of hsa-miR-135a-5p and hsa-miR-135b-5p mimics (the ratio at 1:1) were
transfected into the normal and COPD HASMCs from different donors for 24 h. Western blotting was performed to
analyze the TRPC6 expression, with GAPDH as the internal control. (F) The mRNA expression of TRPC3 and TRPC6
was significantly higher in normal HASMCs treated with nicotine. Real-time qPCR and Western blotting were used to
determine mRNA and protein expression, respectively, with 18S and GAPDH as the internal control. These experi-
ments were repeated three times independently, with * indicating p < 0.05 and *** indicating p < 0.005. G. The target-
ing site for hsa-miR-135a/b-5p was identified in the TRPC6 3¢-UTR. H. The TRPC6_3¢-UTR_576-589 site is crucial
for the binding between hsa-miR-135a/b-5p and TRPC6 mRNA. The pmiR-target vector was cloned with two truncated
and one full-length TRPC6_3¢-UTR, which were co-transfected with miR-135a/b-5p mimics into HEK-293T cells.
Firefly luciferase expression was normalized to that of renilla luciferase. The experiments were repeated three times
independently, and the results indicate that the TRPC6_3¢-UTR_576-589 site is indispensable for the binding between
hsa-miR-135a/b-5p and TRPC6 mRNA. I. Intracellular Ca2+ levels were detected in HASMCs treated with nicotine
(1 nM) for 30 min after the transfection of miR-135a/b-5p mimics for 24 h. ASMCs, airway smooth muscle cells;
qPCR, quantitative polymerase chain reaction.
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addition, incubation of the nuclear extract with a biotin-labeled
mutant probe (NRE-MUT) did not result in any shifted band
(Supplementary Fig. S3B). Moreover, pre-incubation of the
nuclear extract with a biotin-labeled MUT probe did not prevent

the formation of the shifted band after subsequent incubation
with a biotin-labeled WT probe. Together, these data demon-
strate the interaction of NF-jB with NRE-WT in the TRPC6
promoter in HASMCs.

FIG. 3. Nicotine regulates TRPC6 expression through NF-jB. (A) Using the GSEA BIOCARTA biological pro-
cess, the nicotine treatment group (n = 3) showed significant enrichment in the “BIOCARTA_NFKB_PATHWAY” and
“BIOCARTA_NFAT_PATHWAY” signatures. (B) The HASMCs transfected with NF-jB luciferase reporter plasmid
were treated with a specific a7 nAChR inhibitor, MG 624 (1 lM), and firefly luciferase activity was measured and nor-
malized to renilla luciferase. (C) Nicotine administration at various concentrations (0, 1, 10, and 100 nM) promoted the
translocation of p50 and p65 into the nucleus. Cytoplasmic and nuclear fractions were separated by SDS-PAGE and
immunoblotted with specific antibodies. GAPDH and Lamin A antibodies were used to control for cytoplasmic and
nuclear proteins, respectively. Each experiment was repeated three times. (D) NF-jB knockdown attenuates nicotine-
induced TRPC6 protein increase in HASMCs. Normal HASMCs were infected with lentivirus of p65_Sh and p50_Sh
and stimulated with nicotine (100 nM) as indicated hours. (E) Inhibition of NF-jB abolishes nicotine-induced TRPC6
protein increase in HASMCs. Normal HASMCs were pre-treated with the NF-jB inhibitor BAY 11–7082 (1 lM) and
stimulated with nicotine (100 nM) as indicated hours. Protein expression was determined by immunoblotting.
(F) TRPC6 mRNA level is upregulated by nicotine treatment in HASMCs, and this increase is dependent on NF-jB.
HASMCs were infected with lentivirus of p65_Sh and p50_Sh or treated with BAY 11-7082 (1 lM) and stimulated
with nicotine (100 nM). Real-time qPCR analysis was performed with 18S as the internal control. (G) Nicotine pro-
motes NF-jB binding to the TRPC6 promoter. TRPC6 promoter-reporter gene plasmids and NF-jB overexpression
plasmids were transfected into HASMCs. After treatment with nicotine (100 nM) and the NF-jB inhibitor BAY 11-
7082 (1 lM), TRPC6 promoter reporter luciferase activity was measured. Firefly luciferase activity was normalized to
renilla luciferase. (H) Electrophoretic mobility shift assays demonstrate an interaction between NF-jB and the NF-jB
binding site of the TRPC6 promoter in HASMCs. HASMCs were stimulated with nicotine (100 nM) for 0, 4, and 8 h,
and cells were harvested for gel-shift and supershift assay analysis (I), showing a significant binding of NF-jB to the
TRPC6 promoter. ***p < 0.001, compared with the control group; ##p < 0.01 compared with the nicotine group. NF-
jB, nuclear factor-jB; GSEA, Gene Set Enrichment Analysis.
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Nicotine activates NF-jB transcriptional activity and TRPC6

activity through a reactive oxygen and nitrogen

species-dependent manner

We investigated the effects of NADPH oxidase using inhibi-
tor apocynin (Stolk et al., 1994) as well as the potential role of
mitochondrial complex (I inhibitor: rotenone; and III preubise-
miquinone site inhibitor: myxothiazol) on the nicotine stimulus
in reactive oxygen species (ROS) levels in HASMCs. Using a
specific cell-permeable red fluorescence dye (Fig. 4A and Sup-
plementary Fig. S2B) and H2DCFDA green fluorescence dye
(Supplementary Fig. S2A), we observed, pretreatment with
apocynin, myxothiazol, or rotenone significantly blocked the
nicotine-induced ROS levels increase in HASMCs (Fig. 4A
and Supplementary Fig. S2A and S2B). Inhibition of ROS by
using a hydroxyl radical (HO�) scavenger, mannitol, or the
superoxide dismutase, attenuated nicotine-induced Ca2+ influx
(Fig. 4B). Although the NO-sGC-cGMP pathway is a central
signaling in cardiopulmonary regulation (Benza et al., 2024),
the autonomous role of nicotine in the NO-mediated sGC/
cGMP pathway in HASMCs remains unclear. The nicotine
treatment in HASMCs augmented the NO2

- level, as deter-
mined by quantification of NO2

- production using the Griess
reaction (Fig. 4C). Nitric oxide (NO) released from endothelial
cells promotes smooth muscle relaxation through the cGMP
pathway (Benza et al., 2024). Unlike in vascular smooth mus-
cle cells, we found that NO level increases caused by nicotine
did not change cGMP production in HASMCs (Supplementary
Fig. S2C). However, inhibition of NO2

- by using a reactive
nitrogen species (RNS) scavenger, carboxy-PTIO, and an
iNOS inhibitor N(6)-(1-iminoethyl)-L-lysine, L-NIL, attenu-
ated nicotine-induced Ca2+ influx (Fig. 4D). Moreover, NO
donors also partly replicate the effects of nicotine stimulation.
Constant NO delivery of NO by (–)-S-nitroso-N-acetylpenicill-
amine (Wu et al., 2002) and slow release of NO by NOC-18
(Kano et al., 2000) provide a continuous flux of NO to
HASMCs, then increase the level of calcium ions (Fig. 4E).
We also observed that partial clearance of reactive oxygen and
nitrogen species (RONS) by a hydroxyl radical (HO�) scav-
enger, mannitol or RNS scavenger, carboxy-PTIO, abolished
the increase in nicotine-caused NF-jB activity increase (Fig.
4F). In conclusion, our data support the idea that nicotine pro-
motes NF-jB transcriptional activity and TRPC6 activity
through an RONS-dependent manner in HASMCs.

TRPC6 channel activity was activated by NO, which may
also be through cysteine S-nitrosylation on the N-terminal
side of the pore region (Yoshida et al., 2006).

Cigarette smoke activates nuclear factor of activated T-cell

signaling in MASMCs, causing ASM hyperresponsiveness

and remodeling in a mouse model

Furthermore, the inhalation of cigarette smoke has been
found to enhance the methacholine-induced increase in airway
resistance and contraction. However, the tail vein injection of
lentivirus of SMC-specific TRPC6_shRNAs effectively abol-
ished this enhancement in mice with cigarette-evoked airway
disease, as evident from Figure 5A and 5B. Moreover, cigarette
smoke was observed to result in a significant increase in
nuclear factor of activated T-cells (NFAT) and its target gene
expression, but the silencing of TRPC6 specifically abrogated
this gene expression increase caused by cigarettes, as shown in

Figure 5C (RT-qPCR primers see Supplementary Table S2). In
addition, cigarette-inhaled mice demonstrated a significant
increase in ASM mass and cell proliferation, as determined by
a-SMC actin and Ki67 immunohistochemistry staining. This
well-characterized airway remodeling, which manifests in
increased thickness of ASM layer and the number of Ki67-
positive cells, was eliminated by tail vein injection of lentivirus
of SMC-specific TRPC6_shRNAs, as depicted in Figure 5D.
Overall, these results establish that the lentivirus of SMC-
specific TRPC6_shRNAs can specifically knockdown the
TRPC6 protein in ASMCs, thereby blocking cigarette-induced
airway hyper-responsiveness and remodeling.

miR-135a/b-5p has a mitigating effect on airway
hyperresponsiveness and remodeling in a distinct

murine model of asthma-COPD overlap syndrome

Notably, certain patients with COPD display clinical and path-
ological overlap with those having asthma, suggesting underlying
similarities between the two conditions (Christenson et al., 2015).
The presence of methacholine can induce airway resistance and
contraction. Tail vein injection of the lentivirus of miR-135a/b-5p
effectively abolished ovalbumin and cigarette-evoked airway
hyperresponsiveness in mice, consistent with TRPC6 knockdown
(Fig. 6A and 6B). Moreover, ovalbumin-treated mice inhaling
cigarettes exhibited a significant increase in ASM mass and
HASMC proliferation, as determined by a-SMC actin and Ki67
immunohistochemistry staining. However, this well-characterized
airway remodeling was effectively eliminated by tail vein injec-
tion of lentivirus of miR-135a/b-5p, as shown in Figure 6C.

The TRPC6 channel protein expression and airway

thickness increase in ASM tissues from patients
with COPD simultaneously

To investigate the TRPC6 protein expression in normal and
COPD bronchial smooth muscle tissues, a Western blot assay
was performed to show that the protein was significantly
upregulated in the COPD group by *two-fold compared with
the normal group (Fig. 7A). In addition, immunohistochemical
staining analysis with a-SMC actin and TRPC6 antibodies
revealed a higher percentage of TRPC6 protein-positive cells
in COPD tissue samples (Fig. 7B). A correlation study also
demonstrated that TRPC6 protein expression was proportional
to the thickness of the bronchial smooth muscle layer (pink)
(Supplementary Fig. S4).

miR-135a/b-5p improves pulmonary vascular remodeling
induced by cigarette smoke and ovalbumin

The effects of miR-135a/b-5p on cigarette and ovalbumin-
induced pulmonary vascular remodeling were assessed. Patho-
logical evaluations of small pulmonary arteries (50–150 lm)
indicated increased wall thickness and luminal stenosis in the
cigarette and ovalbumin group compared to controls. However,
miR-135a/b-5p significantly alleviated these effects, as evi-
denced by a reduction in the thickening of the pulmonary
artery wall (Fig. 8A). These findings suggest that miR-135a/b-
5p significantly improved the pulmonary vascular remodeling
induced by cigarette and ovalbumin. Further evaluations were
performed using ultrasound to examine the right ventricular
dimensions and systolic function in mice. The results showed a
significant increase in the RVEDD of the Cig+Ova group and
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a reduction in TAPSE and RVEF compared with the PBS
group. Furthermore, RV systolic blood pressure (RVSP) and
RV/(LV+S) were significantly higher in the Cig+Ova group.
However, miR-135a/b-5p effectively counteracted cigarette
and ovalbumin-induced right ventricular hypertrophy, as indi-
cated in Table 1.

Discussion

The central role of Ca2+ signaling in agonist-elicited
intrinsic contraction force generation in airway smooth

muscle has been established (Wylam et al., 2012). Further-
more, it is a well-known pathway in mediating airway SM
cell proliferation. However, the precise signaling and trans-
duction events that link the regulation of [Ca2+]i and
cigarette-induced airway response are not fully established.
Therefore, identifying the molecular mechanisms for
nicotine-induced alterations in bronchial smooth muscle
cells could offer insights into COPD pathogenesis and treat-
ment. We found an *two-fold increase in TRPC6 protein
expression in COPD samples compared with healthy sam-
ples (Fig. 7A). IHC results further confirm the high

FIG. 4. Nicotine activates NF-jB signaling and TRPC6 activity through RONS. (A) HASMCs were treated with increasing
concentrations of nicotine (0, 1, 10, and 100 nM) alone, nicotine combination of NADPH oxidase, apocynin (1 mM), or mitochon-
drial electron transport chain complex I inhibitor rotenone (1 mM) for 24 h. Intracellular ROS was quantified using a specific cell-
permeable red fluorescence dye, and the assay was performed by microplate fluorometry (Ex/Em = 520/605 nm). (B) Intracellular
Ca2+ levels were detected in HASMCs treated with nicotine (100 nM) alone, nicotine combination of hydroxyl radical (HO�) scav-
enger, mannitol (1 mM), or SOD1 transfection for 24 h. (C) The NO2

- levels upon nicotine increase (0, 1, 10, and 100 nM) were
determined in HASMCs culture supernatants by the Griess reaction. (D) Intracellular Ca2+ levels were detected in HASMCs treated
with nicotine (100 nM) alone, nicotine combination of a NO scavenger, carboxy-PTIO (1 mM), or a specific iNOS inhibitor, N(6)-
(1-iminoethyl)-L-lysine (L-NIL, 1 mM) for 24 h. (E) Intracellular Ca2+ levels were detected in HASMCs treated with nicotine
(100 nM), NO donor, (–)-S-nitroso-N-acetylpenicillamine (SNAP, 1 mM), or NOC18 (1 mM) for 24 h. (F) HASMCs were treated
with nicotine (100 nM), nicotine combination of ROS scavenger, mannitol (1 mM) or NO scavenger, carboxy-PTIO (1 mM) for 24
h, NF-jB luciferase activity was measured and normalized to renilla luciferase in HASMCs. Data were replicated in six independ-
ent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group; #p < 0.05, ##p < 0.01 compared
with the nicotine group. ROS, reactive oxygen species; RONS, reactive oxygen and nitrogen species.
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expression of TRPC6 in COPD samples (Fig. 7B). Our study
is the first to demonstrate that miR-135a/b-5p expression is
downregulated in a panel of bronchial smooth muscle tissue
from patients with COPD compared with normal donors.
Although several targets of miR-135a/b-5p have been bio-
logically verified, none have been proven in HASMCs (Goto
et al., 2014; Qin et al., 2010). Despite inter-individual varia-
tion in miR-135a/b-5p and TRPC6 expression across our
sample set, a significant inverse correlation was observed
between normal and COPD bronchial smooth muscle tissue,
suggesting that TRPC6 channel expression was downregu-
lated by miR-135a/b-5p in vivo as well. However, the effect
of miR-135a/b-5p on TRPC6 alone is not sufficient to fully

explain the observed phenotypic effects. It is important to
note that miR-135a/b-5p will undoubtedly have an impact on
several other targets that control the cell growth. The precise
balance of the interactions discussed here will determine the
overall functionality of miR-135a/b-5p in the cell and
explain its apparent ability to act in contrasting fashions in
different diseases.

The extract of cigarette smoking contains complex com-
ponents. Numerous studies have already confirmed that
long-term exposure to cigarette extract can cause oxidative
damage to lung epithelial cells (Cipollina et al., 2022). How-
ever, one of the main components of cigarette extract is nico-
tine. Our focus is on how low-dose, long-term nicotine

FIG. 5. TRPC6 knockdown alleviates cigarette smoke-induced ASM hyperresponsiveness and remodeling in
mice. (A) inhalation of cigarette smoke exacerbated the methacholine-induced increase in airway hyperresponsiveness
as measured by Penh using a noninvasive unrestricted whole-body plethysmography system. Mice exposed to cigarette
smoke showed a significant increase in Penh. Knockdown of TRPC6 ameliorates cigarette smoke, causing a significant
increase in Penh in mice. (B) Inhalation of cigarette smoke also intensified the methacholine-induced increase in airway
contraction, as determined by in vitro airway muscle contractile responses to mAch in isolated tracheal rings. Mice
exposed to cigarette smoke showed a significant increase in contraction compared with mice administered with PBS.
Knockdown of TRPC6 in mice exposed to cigarette smoke resulted in a significant decrease in contraction.
(C) Cigarette smoke exposure and TRPC6 influenced the expression of NFAT and its target genes in airway smooth
muscle. mRNA levels of NFAT and its target genes were measured using real-time qPCR in airway smooth muscle col-
lected from the mice mentioned above. (D) Immunohistochemistry co-staining of a-smooth muscle actin (pink) and
Ki67 (brown) were conducted in airways from the mice model mentioned above. The arrows indicate the co-localiza-
tion of a-smooth muscle actin and Ki67. The lower panel normalizes the smooth muscle layer area to the basement
membrane length (SMLA/BML) and Ki67 positive cells to total cells from the upper panel. *p < 0.05, **p < 0.01, ***
p < 0.001, compared with the PBS group; #p < 0.05, ##p < 0.01 compared with the cigarettes group. NFAT, nuclear fac-
tor of activated T-cells.
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exposure affects airway smooth muscle and exploring the
underlying molecular mechanisms. Our results show that
low-dose, long-term treatment can induce a phenotypic
transformation of airway smooth muscle cells from a con-
tractile/quiescent to a synthetic/proliferative type by increas-
ing general ROS levels. In addition, the Trpc6 level in mice
heart samples was significantly lower than lung samples in
pulmonary vascular remodeling models (Supplementary Fig.
S5A). Moreover, the Gene Expression Database, collecting
and integrating the gene expression information in Mouse
Genome Informatics built by The Jackson Laboratory, has
shown that endogenous Trpc6 expression in the heart ventri-
cle was absent, whereas it was present in lung and respira-
tory tract during mouse development (Supplementary Fig.
S5B). We believe that the low expression of TRPC6 in the
ventricles results in it being poorly regulated by miR-135a/b-
5p in cardiac muscle cells. We conclude that miR-135a/b-5p
effectively counteracted cigarette and ovalbumin-induced

right ventricular hypertrophy by improving pulmonary vascu-
lar remodeling. Taken together, our results describe a novel
pathway in which HASMCs exposed to nicotine promote
proliferation through nicotine?a7 nAChR?RONS?NF-
jB?TRPC6?NFAT signaling, which has not been reported
previously (Fig. 7C). We propose a model in which nicotine,
via NF-jB and miR-135a/b-5p, enhances TRPC6 expression
and activation in ASM, leading to a phenotype switch from a
contractile/quiescent to a synthetic/proliferative type.

Materials and Methods

Cell culture and transient transfection

HASMCs obtained from normal participants and patients
with COPD were cultured in SmBM medium (Lonza, cat#:
CC-3181) and SmGM-2 Bullet Kit (Lonza, cat#: CC-3182),
respectively. The cells were maintained at 37�C in a humidi-
fied atmosphere containing 5% CO2. HEK-293T cells

FIG. 6. The impact of miR-135a/b-5p in a murine model of asthma-COPD overlap syndrome. (A) Treatment
with ovalbumin and inhalation of cigarette smoke resulted in increased methacholine-induced airway resistance. Mice
that received a tail-vein injection of lentivirus particles containing miR-135a/b-5p exhibited significantly reduced oval-
bumin, and cigarette smoke caused airway resistance. (B) In vitro airway muscle contractile responses to mAch were
greatly reduced in the isolated airway (tracheal) rings from mice injected with miR-135a/b-5p lentivirus particles.
(C) Immunohistochemistry co-stains of a-smooth muscle actin (pink) and Ki67 (brown) in the airways. The right panel
normalizes the smooth muscle layer area to the basement membrane length (SMLA/BML) from the left panel. The
results suggest that miR-135a/b-5p treatment significantly decreased airway smooth muscle proliferation. **p < 0.01,
***p < 0.001, compared with the PBS group; ##p < 0.01 compared with the Ova + Cig group.
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obtained from the American Type Culture Collection were
grown in DMEM (Life Technologies, cat#: 10-013-cv) sup-
plemented with 10% fetal bovine serum (Hyclone, cat#:
SH30071.03) and 10 mg/mL penicillin and streptomycin.
Transfection of 293T cells was performed using Lipofect-
amine 2000 (Invitrogen, cat#: 11668-027). Transient trans-
fections of HASMCs were performed by electroporation
using the Nucleofector Primary Smooth Muscle Cells Kits

and Instrument (Lonza, amaxa). Specifically, 1 · 106

HAMSCs were mixed with 100 mL of the nucleofector solu-
tion containing 1–10 mg DNA and transferred to a cuvette.
Program U-25 was applied, and after treatment, the cells
were immediately plated out in pre-warmed medium into
six-well plates and the medium was changed 24 h later.

Production of lentivirus

The following lentiviral products were utilized: GIPZ
Lentiviral Human TRPC6 shRNAs (V2LHS_171560) from
Dharmacon, Human TRPC6 lentiviral overexpression plas-
mid (VB151104-10021) from Vectorbuilder, smooth muscle
cell-specific mouse TRPC6 shRNA from Biosettia, mouse
miR-135a/b-5p lentiviral overexpression plasmid (mm10720)
from Applied Biological Materials, and GIPZ Lentiviral
Human p65/50 shRNA (V2LHS_98065/V2LHS_201509)
targeting human NF-jB from Dharmacon. Lentivirus packag-
ing was performed using the standard procedure, with oligo-
nucleotide sequences for shRNA provided in Supplementary
Table S2. Briefly, 293FT cells were cultured in DMEM and
incubated with the recombinant lentiviral plasmid, pCMV-
dR8.2 dvpr, and pCMV-VSV-G in CaCl2 and HEPES-
buffered medium. The medium was collected and replenished
at 48 and 72 h after transfection, and the lentivirus was con-
centrated using an Amicon Ultra centrifugal filter (Millipore,
cat#: UFC903024) before being stored at -80�C. Lentivirus
titration was 108 transforming units/mL.

FIG. 7. TRPC6 channel protein expression in human samples. (A) Western blot analysis revealed a significant
increase in TRPC6 protein expression in bronchial tissue isolated from patients with COPD compared with normal donors.
The densitometric analysis confirmed a statistically significant difference (right panel).(B) Immunohistochemistry co-stains of
a-smooth muscle actin and TRPC6 in bronchial tissue isolated from normal donors and patients with COPD illustrated co-
localization of TRPC6 with a-smooth muscle actin. The right panels normalize the smooth muscle layer area to the basement
membrane length (SMLA/BML) and TRPC6-positive cells to total cells from the left panels. **p < 0.01, ***, p < 0.005.
(C) A schematic model depicted the critical role of miR-135a/b-5p- and NF-jB-dependent TRPC6 channels in COPD. In
HASMCs, nicotine triggered the indicated signaling cascades, leading to the translocation of p65 and p50 through the a7
nAChR ROS-dependent pathway. This led to the sustained activation of transcriptional signaling, increasing TRPC6 expres-
sion, and a decrease in miR-135a/b-5p. The direct influx of Ca2+ was activated, followed by the induction of downstream gene
activation of NFAT signaling, leading to HASMCs proliferation and migration. CALN, calcineurin; MRC, mitochondrial respi-
ratory chain; Nox, NADPH oxidase; NO, nitric oxide; NOS, nitric oxide synthase; RNS, reactive nitrogen species; SOD,
superoxide dismutase.

FIG. 8. miR-135a/b-5p attenuates cigarette and ovalbu-
min-induced pulmonary vascular remodeling in mice.
(A) Hematoxylin and eosin staining of pulmonary arterioles
of mice illustrated the effect of miR-135a/b-5p on pulmo-
nary vessel wall thickness. (B) miR-135a/b-5p significantly
reduced pulmonary vessel wall thickness in mice exposed to
cigarette smoke and ovalbumin by normalizing the wall
thickness to the vessel area. Data are presented as mean –
SD, **p < 0.01 compared with the PBS group, ##, p < 0.01
compared with the Cig + Ova group.
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Label-free image-based 2D cell proliferation assay

Normal or COPD HASMCs were seeded into 96-well
plates and cultured for indicated days. The 96-well plate was
placed in the BIOSPA j8 automated incubator, previously
set to 37�C and 5% CO2. Time-lapse imaging of the cell
areas was performed every 24 h over 8 days using phase
contrast and a 4· objective. The CYTATION j1 imaging
reader, Gen5� 3.0 Microplate Reader and Imager Software
were used for the automated image capturing and analysis
system. Image acquisition is completely automated from
sample translation, focusing, and exposure control. The
included cell analysis tool calculates precise values in vari-
able parameters, e.g., object area and size, as well as the
object intensity. The customized transformation tool can
convert the calculated values into the preferred presentation
method. Six independent experiments were conducted.

Migration assays

Briefly, HASMCs were seeded on an 8 lm pore size trans-
well filter insert (FALCON, REF 353182) coated with 40
lg/mL collagen type 1 (CORNING, REF 354236). After
incubating the cells for 3–4 h at 37�C, those adhering to the
upper surface of the filter were removed using a cotton appli-
cator. Subsequently, the cells were fixed with 3.7% formal-
dehyde, and stained with crystal violet, and the number of
cells on the bottom was counted. The data presented herein
are collected from at least three experiments conducted in
triplicate.

Immunoprecipitation andWestern blot

HASMCs were collected and lysed using immunoprecipi-
tation (IP) lysis buffer, which included 20 mM HEPES, pH
8.0, 0.2 mM EDTA, 5% glycerol, 150 mM NaCl, and 1%
NP40. After clarification, 0.5 mg of lysate was subjected to
IP with 2 lg of anti-IjBa antibody (Santa Cruz, cat#: sc-
371) at 4�C overnight, with a control group using 20 ll of
rabbit or mouse IgG. Protein A or G magnetic beads were
added to capture the immune complex for 3 h at 4�C. The
immune complexes were washed three times with IP lysis
buffer, subjected to 10% SDS-PAGE, and then transferred
onto a PVDF membrane (GE Healthcare). Subsequently,
Western blotting was conducted using various primary anti-
bodies, including rabbit anti-TRPC6 (1:1000 dilution; Alo-
mone Laboratories, #ACC-016), anti-p65 (1:1000 dilution,
Santa Cruz, cat#: sc-372), anti-p50 (1:1000 dilution, Santa
Cruz, cat#: sc-7178), anti-lamin A (1:1000 dilution; Abcam),
anti-GAPDH (1:1000 dilution; Santa Cruz), and GAPDH

(1:1000 dilution; Santa Cruz Biotechnology). The secondary
antibody used was horseradish peroxidase (HRP)-conjugated
goat-anti-rabbit IgG antibody or goat-anti-mouse IgG anti-
body (NA934V, GE Healthcare), followed by the visualiza-
tion of protein bands using an enhanced chemiluminescence
reagent (Santa Cruz, cat#: sc-2048) and the LAS-3000 image
system (Fujifilm, Tokyo, Japan).

EMSA

Unlabeled single-stranded wild-type NF-jB probe (NF-
jB-WT) and mutant NF-jB probe (NF-jB-MT) were pro-
cured from IDT (refer to Supplementary Table S3). Biotiny-
lation was performed on the 3¢ terminus of the probe using
the Biotin 3¢ End DNA Labeling kit (Thermo Scientific,
No.89818). For probe mobility shift assays, 8 lg of nuclear
extract protein was incubated with 1 lg of poly(dI�dC) and
2 nM of biotin-labeled NF-jB-WT probe in the binding
buffer at room temperature for 20 min. For antibody super-
shift assays, 8 lg of nuclear protein was initially mixed with
2 nM biotin-labeled NF-jB WT probe for 20 min, followed
by incubation with 2 lg of either anti-p65 antibody or nor-
mal rabbit IgG (Santa Cruz, CA, USA) at room temperature
for 1 h. To assess probe competition, a 200-fold excess of
unlabeled competitor probes was added and allowed to incu-
bate with 8 lg of nuclear proteins for 20 min. Subsequently,
2 nM of biotin-labeled NF-jB-WT probe was added and
incubated for an additional 20 min at room temperature. To
demonstrate the inability of specific nuclear protein binding
by NF-jB-MT probe, 8 lg of nuclear protein was incubated
with 2 nM biotin-labeled NF-jB-MT probe for 20 min, fol-
lowed by the addition of 2 nM biotin-labeled NF-jB probe
and incubated for an additional 20 min at room temperature.
The reactions were electrophoresed on a 6% non-denaturing
polyacrylamide gel at 100 V for 1 h and transferred to a
nylon membrane (Thermo Scientific, cat#: 77016). Detection
of the biotin-labeled DNA was performed using the Light-
Shift chemiluminescent electrophoretic mobility shift assay
kit (Thermo Scientific, cat#: 20148) and chemiluminescent
nucleic acid detection module (Thermo Scientific, cat#:
89880).

Luciferase reporter gene assays

Hek-293T cells were transfected with a luciferase con-
struct driven by either NF-jB or TRPC6 promoter and a
control renilla luciferase construct at a ratio of 20:1. The
luciferase activity was measured using the Dual-Luciferase
System (Promega, E1910) according to the manufacturer’s
instructions. To create TRPC6-3¢-UTR luciferase reporters,

Table 1. Cardiac Hemodynamics, Echocardiography, and Right Ventricular Hypertrophy Index of Mice

in Each Group

Group PBS Ova Cig + Ova Cig + Ova + miR-135a/b-5p

RVEDD (mm) 2.39 – 0.891 3. 27 – 1. 025 5. 67 – 1. 63*** 3. 83 – 0. 031##

TAPSE (mm) 0.265 – 0.052 0.275 – 0.015 0.131 – 0.073** 0.182 – 0.026#

RVEF (%) 44.51 – 3.73 46.724 – 3.72 36.27 – 1.251** 44.73 – 3.73##

RVSP (mmHg) 16.47 – 1.62 16.906 – 2.542 35.524 – 3.56*** 24. 733 – 2.547###

RV/(LV+S) 0.142 – 0. 167 0.154 – 0.054 0.306 – 0.014*** 0.265 – 0.692#

*p < 0.05, **p < 0.01, ***p < 0.001, compared with the PBS group.
#p < 0.05, ##p < 0.01, ###p < 0.001, compared with the Cig + Ova group.
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TRPC6-3¢-UTR FL and truncated TRPC6-3¢-UTR were
amplified from TRPC6 overexpression plasmid (3¢-UTR
included) using PCR amplification with the Phusion DNA
Polymerase (Thermo Scientific, F530S) and appropriate
primers (see list of primers used for the construction of
luciferase reporters). The resultant PCR fragments were
subcloned into the pmiR-target vector, generating TRPC6-
3¢-UTR-FL-luc, TRPC6-3¢-UTR-1-576-luc, and TRPC6-
3¢-UTR-1-598-luc.

Measurement of intercellular ROS

Intracellular ROS was measured using a specific cell-
permeable red fluorescence dye (Abcam#: ab186027) and
green fluorescent dye chloromethyl dihydrodichlorofluores-
cein diacetate (CM-H2DCF-DA) (Molecular Probes�, cat#:
C6827). Briefly, freshly isolated cells were loaded with cell-
permeable red fluorescence dye or CM-H2DCF-DA (5 lM)
at 37�C for 30 min according to the manufacturer’s proce-
dure. Subsequently, the cells were rinsed with a prewarmed,
dye-free bath solution for 15 min, allowing the conversion of
intracellular dye into its nonester form while washing out the
extracellular dye. The assays were performed by microplate
fluorometry (Ex/Em = 520/605 nm for red fluorescence and
Ex/Em = 488/510 nm for green fluorescence), and fluores-
cence intensity was reported in arbitrary units (a.u.).

Nitrite level determination by colorimetric assays

NO is a gaseous free radical with a short life, and no avail-
able methods to measure NO levels directly exist. Therefore,
the levels of more stable NO metabolites (nitrite, NO2

-) were
measured in cell culture supernatants using the NO colori-
metric assay (R&D Systems, Catalog #: KGE001). In brief,
NO production was determined by estimating the concentra-
tion of nitrite (NO2

-) in the cell media using Griess reagent
(R&D Systems Inc.). The supernatant was stored in an incu-
bator for 15 min at room temperature. The activities were
assessed on a spectrometer (k = 540 nm). All evaluation was
conducted with three trials.

Intracellular calcium ([Ca2+]i) detection

According to the manufacturer’s protocol, intracellular
calcium was measured using Calcium Quantification Kit-
Red Fluorescence (Abcam, cat#: ab112115). Briefly, prepare
a calcium standard by diluting the appropriate amount of the
300 mM calcium standard into H2O to produce a calcium
concentration ranging from 0 to 3 mM (12 mg/dL). Add 50
lL of serially diluted calcium standard into each well. Add
50 lL of the assay reaction mixture to each well of calcium
standard, blank control, and test samples to make the total
calcium assay volume of 100 lL/well. Incubate the reaction
for 5–30 min at room temperature, protected from light.
Monitor the fluorescence intensity with a fluorescence plate
reader at Ex/Em = 540/590 nm.

Preparation of the mouse model for cigarette smoke
challenge and ovalbumin sensitization

The study involving animals was reviewed and approved
by the Committee of Care and Use of Animals of the First
People’s Hospital of Lianyungang. To prepare the mouse

model, conscious C57BL/6 mice were exposed to cigarette
smoke through inhalation for 60 consecutive days, where
they were placed in an exposure chamber for 1 h per day. In
addition, mice aged 6–7 weeks were sensitized by intraperi-
toneal injection of a mixture of aluminum hydroxide, 0.6 mg
of ovalbumin, and 0.9% saline solution. From days 15 to 19,
the mice were challenged with intranasal instillation of oval-
bumin (0.3 mg/mL, 50 mL). Control mice were treated with
0.9% saline solution only. After the final intranasal exposure
to ovalbumin or saline, airway muscle contractile responses
to the muscarinic agonist methacholine were determined by
measuring enhanced pause (Penh) using an unrestricted
whole-body plethysmograph system.

Measurement of muscle contraction

To examine airway muscle contractile responses to metha-
choline, isolated tracheal rings were prepared using the tis-
sue bath technique. The trachea was removed from the
connective and epithelial tissue, and four cartilage tracheal
rings were obtained from the distal tracheae. The tracheal
rings were then placed in 2-ml tissue bath chambers, held in
aerated PSS containing 21% O2, 5% CO2, and 74% N2, and
warmed to 37�C. The resting tone was set at 250 mg, and the
contractile force was recorded using a PowerLab/4SP
recording system with a highly sensitive force transducer.

Immunohistochemistry

For the examination of isolated mouse lung lobes, antigen–
antibody complexes were labeled using an avidin-biotinylated
enzyme complex (VECTASTAIN® ABC AP Kits, cat#: AK-
5200) and 3,3-diaminobenzidine substrate kit (VECTAS-
TAIN® Original ABC-HRP Kits, cat#: SK-4001). Sections of
4 mm thickness were sliced and immunostained with an anti-
a-SM actin antibody (Abcam, cat#: ab5694) combined with
anti-Ki67 (Abcam, cat#: ab833) or TRPC6 antibody (Abcam,
cat#: ab62461) at concentrations of either 1:400 or 1:600. The
sections were visualized using an Olympus microscope, and
the area of the smooth muscle layer was calculated using
ImageJ software and expressed as the area (in pink) per square
millimeter of bronchiole ring. A percentage of Ki67 or
TRPC6-positive cells was calculated by dividing the number of
cells with Ki67 or TRPC6-positive nuclei by the total number
of cells with a hematoxylin-positive nucleus.

Hemodynamics and ventricular weight measurements

After echocardiography, a transthoracic RV puncture was
conducted to measure RVSP. This was done by inserting a
needle through the intercostal space of the chest wall and
connecting it to a micro pressure sensor (ALCB10 cardiac
function analysis system, Shanghai Alcott Biotechnology
Co. ltd.). The pressure in the right ventricle was recorded for
10 consecutive beats to estimate pulmonary artery pressure.
The heart was then rapidly dissected, and the LV wall, inter-
ventricular septum (S), and RV wall were weighed sepa-
rately. The right ventricular hypertrophy index (RVHI), i.e.,
the RV to (LV+S) wet weight ratio, was utilized to assess
right ventricular hypertrophy.

12 LIU ET AL.

D
ow

nl
oa

de
d 

by
 1

80
.1

27
.1

31
.1

69
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
10

/2
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Ethics statement

The research on human tissue samples was conducted
with the consent of the participants and approved by a
Research Ethics Committee (REC) of the First People’s Hos-
pital of Lianyungang.

Specification of electronic laboratory notebook

Electronic laboratory notebook was not used in this study.

Statistical analysis

All data are expressed as mean – SEM. Statistical analysis
was conducted using GraphPad Prism software. Paired Stu-
dent’s t-test was used to compare data before and after treat-
ment in the same sample, unpaired (independent) Student’s
t-test for two-sample comparisons, one-way ANOVA with
an appropriate post hoc test for multiple-sample compari-
sons, and two-way ANOVA for comparisons of the means
of populations classified in two different ways or the mean
responses in an experiment with two factors. Results with a
p value of < 0.05 were considered statistically significant.
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