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Mechanical stress facilitates calcium et

influx and growth of alveolar epithelial cells
via activation of the BDKRB1/Ca**/CaMKIl/
MEK1/ERK axis
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Shi-xin Xu' and Yang Luo'

Abstract

Background Mechanical stress and calcium metabolism are associated with lung development and various
pulmonary diseases. Our previous research demonstrated that BDKRB1/Ca?* signal transduction may be involved
in lung dysplasia resulting from scoliosis and thoracic insufficiency. Therefore, the present study aims to investigate
the effects of mechanical stress on the growth and calcium influx in alveolar epithelial cells, as well as the role

of BDKRB1/Ca”" signaling in these processes.

Methods Flow cytometry, CCK-8, and EDU staining assay were employed to assess the cycle, calcium influx, activity,
and proliferation in RLE-6TN cells subjected to mechanical stresses of varying amplitudes (5%, 10% and 15%). RT-gPCR
and western blotting assay were performed to evaluate the effects of mechanical stress on BDKRB1/Ca?*/CaMKIl/
MEK1/ERK signaling in RLE-6TN cells.

Results Mechanical stress at 10% amplitudes effectively enhanced the viability, EDU positive ratio, S-phase
percentage, and Ca>* concentration of RLE-6TN cells, while reducing the G1-phase percentage. Conversely, 15%
mechanical stress exerted an inhibitory effect on RLE-6TN cell proliferation. Additionally, 10% mechanical stress
significantly upregulated the expression of BDKRB1, CaMKlla/6, p-MEK1 and p-ERK1/2 in RLE-6TN cells. Notably,
BDKRB1 knockdown attenuated the 10% mechanical stress-induced increase in both growth and calcium influx
in RLE-6TN cells. Moreover, BDKRB1 knockdown blocked the activation of the Ca?*/CaMKII/MEK1/ERK pathway
induced by 10% mechanical stress.

Conclusion Appropriate levels of mechanical stress contribute to the growth and calcium influx of alveolar epithelial
cells by modulating BDKRB1/Ca”*/CaMKII/MEK1/ERK signaling.
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Introduction

The lungs are continuously subjected to mechanical
forces throughout the respiratory cycle due to the repeti-
tive expansion and contraction occurring during inhala-
tion and exhalation. Mechanical stress modulates cellular
behavior and function during development, injury, and
repair of lung tissues, particularly in vascular endothe-
lial cells and alveolar epithelial cells, which constitute
the vascular and broncho-alveolar networks [1-3]. The
extracellular matrix (ECM) serves a critical role in trans-
mitting external physical forces to cells, while also pro-
viding structural support and facilitating respiratory
function. The influence of mechanical stress on cell-ECM
interactions, especially between alveolar epithelial cells
and vascular endothelial cells, is pivotal for the establish-
ment and maintenance of mechanical homeostasis. How-
ever, non-physiologic mechanical loading can contribute
to various pulmonary diseases, including pulmonary
fibrosis, acute respiratory distress syndrome (ARDS),
ventilation-induced lung injury, and pulmonary hyper-
tension [3-6]. Notably, a variety of intracellular signal-
ing pathways involved in mechanotransduction regulate
physiological homeostasis in these lung-associated con-
ditions, including the integrins-FAK-MAPK-NF-kB, Rho
GTPase-YAP/TAZ, and Hippo pathways [7-9]. There-
fore, elucidating the molecular mechanisms driven by
mechanical stress is essential for improving lung function
and promoting vascular and broncho-alveolar network
remodeling.

BDKRBI is located on chromosome 14q32.1-q32.2 and
encodes a protein that belongs to the small-molecule G
protein-coupled receptor (GPCR) family. These recep-
tors are rapidly upregulated following various types of
tissue injury and/or inflammation and are involved in
immune responses, neuropathic pain, vasodilation, and
tissue repair [10-12]. Our previous study demonstrated
that BDKRB1 expression was reduced in lung tissues
from a piglet model of scoliosis combined with thoracic
dysplasia-induced pulmonary hypoplasia [13]. Nota-
bly, BDKRB1 expression significantly increased follow-
ing treatment with a growth-friendly system designed
to improve lung tissue development in piglets. Previous
research has demonstrated that BDKRB1 is implicated
in the pathogenesis of lung cancer and idiopathic pul-
monary fibrosis [14, 15] and also serves as a therapeu-
tic target of sivelestat in the treatment of ARDS [16].
These findings suggest that BDKRB1 may be responsive
to mechanical stress during lung development. Fur-
thermore, BDKRBI is recognized as a calcium chan-
nel regulator and has been shown to modulate calcium
metabolism in glioblastoma cells, osteoblasts, and alveo-
lar macrophages [17-19]. Calcium metabolism itself
plays a critical role in the mechanical stress-induced
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remodeling of vascular and broncho-alveolar networks
[20-22]. Therefore, we hypothesized that mechani-
cal stress may regulate calcium metabolism during lung
development through BDKRB1-mediated signaling.

In summary, this study employed the FX-5000T Ten-
sion System to apply mechanical stress to alveolar epi-
thelial cells, with the aim of investigating its impact
on BDKRBI1 expression and elucidating the roles of
mechanical stress and BDKRB1 in regulating calcium
metabolism. The goal is to provide new insights into the
mechanobiological regulation of vascular and broncho-
alveolar network remodeling in lung-related diseases.

Materials and methods

Alveolar epithelial cell culture

RLE-6TN rat alveolar epithelial cells (Catalog No.
BNCC337708) were obtained from BNCC (China). Cells
were cultured in complete RPMI-1640 medium (Gibco,
USA), comprising 89% RPMI-1640, 1% p/s, and 10% FBS.
The cells were divided into Con, 10% MS, Lv-NC and
Lv-BDKRBI1 groups. Following trypsinization, RLE-6TN
cells (2x10* cells/well) in the Lv-NC and Lv-BDKRB1
groups were seeded into 12-well plates. When RLE-
6TN cells reached 40%-50% confluency, the medium
was replaced with complete medium containing 5 pg/
mL polybrene, excluding penicillin—streptomycin. Cells
were transduced with 5 pL of either control lentivirus
or BDKRBI1-targeting lentivirus (Genomeditech, China)
in the Lv-NC and Lv-BDKRBI groups, respectively. At
approximately 70% cell confluency, cells were subjected
to puromycin selection using 5 pg/ml puromycin (MCE,
USA). Knockdown efficiency of BDKRB1 in RLE-6TN
cells was validated using RT-qPCR assay. The short hair-
pin RNA (shRNA) sequences targeting BDKRB1 were
as follows: TGCTTGAACCCACTGATTTAT (#1),
ATTCCTTCTACGCTCTGTTAA (#2), and GCGCTT
AACCATAGCGGAAAT (#3). The corresponding titers
of the lentiviral constructs were 5x108 TU/mL (#1),
1x108 TU/mL (#2), and 1x108 TU/mL (#3). RLE-6TN
cells from the Con, 10% MS, Lv-NC, and Lv-BDKRB1
groups were subsequently collected for mechanical stress
treatment.

Mechanical stress treatment

Mechanical stress was applied to RLE-6TN cells using the
FX-5000T Tension System (Flexcell International, USA),
a vacuum-driven apparatus designed to deliver biax-
ial strain to cultured cells. Briefly, RLE-6TN cells were
seeded into Flexcell culture plates (6-well plates) and
subjected to mechanical stresses with varying amplitudes
(5%, 10%, and 15%) for different durations (6, 12, and
24 h). The frequency and waveform of the mechanical
stretch were set to 0.3 Hz and a sine wave, respectively.
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RLE-6TN cells from 10% MS, Lv-NC and Lv-BDKRB1
groups were treated with 10% mechanical stress for 12 h.

Flow cytometry

A cell cycle detection kit (7sea Biotech, China) and Fluo-3
AM probe (Beyotime, China), in combination with flow
cytometry, were employed to assess the cell cycle dis-
tribution and calcium influx in RLE-6TN cells. For the
cell cycle assays, RLE-6TN were incubated with 0.5 mL
of propylene iodide (PI) staining solution for 30 min. For
the calcium influx assay, RLE-6TN were incubated with 5
uM Fluo-3 AM for 45 min. After washing, RLE-6TN cells
were further incubated for an additional 30 min to ensure
the complete hydrolysis of Fluo-3 AM into Fluo-3. The
proportion of PI* and Fluo-3* cells were analyzed using
a flow cytometer (Novocyte advanteon; Agilent, USA) to
evaluate cell cycle distribution and calcium influx.

EDU staining

BeyoClick™ EdU-594 kit (Beyotime) was used to detect
RLE-6TN cell proliferation. RLE-6TN cells were cultured
in 24-well plates and subsequently incubated for 2 h with
20 uM 2 x EDU working solution. EDU-labeled RLE-6TN
cells were fixed using 4% paraformaldehyde for 15 min.
Cells were washed and permeabilized sequentially with
3% BSA and 0.3% Triton X-100. Cells were incubated for
30 min with 0.5 mL of Click reaction solution and sub-
sequently blocked using antifade mountant with DAPL
A fluorescence microscope (BX53; Olympus, Japan) was
used to collect cell images.

Western blotting assay

Total protein was extracted from RLE-6TN cells
using RIPA lysis buffer (Sangon, China), and protein
concentrations were measured using a BCA assay kit
(Thermo Scientific, USA). Equal amounts of protein
from each group were mixed with 5Xloading buffer and
denatured in a metal bath (Thermo Scientific) for 10 min.
Denatured protein samples were separated by SDS-PAGE
and transferred onto PVDF membranes using a vertical
Trans-Blot. Membranes were blocked in 5% skimmed
milk powder (Beyotime) for 1 h and then incubated in
hybridization bags with primary antibodies: rabbit PcAb
anti-BDKRB1 (1:2000; Novus Biologicals, USA), rabbit
PcAb anti-THBS1 (1:2000; Bioss, China), rabbit PcAb
anti- MEK1 (1:2000; Affinity Biosciences, USA), rabbit
mcAb anti-p-MEK1 (1:5000; Abcam, USA), rabbit PcAb
anti-ERK1/2 (1:5000; Affinity Biosciences), rabbit mcAb
anti-p-ERK1/2 (1:1000; Invitrogen, USA), rabbit PcAb
anti-CaMKIla/6 (1:2000; Invitrogen), mouse mcAb anti-
[B-actin (1:4000; ZSGB-BIO, China), goat anti-mouse IgG
HRP (1:4000; Abmart, USA), and goat anti-rabbit IgG
HRP (1:4000; Abmart). Protein signals were visualized
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using an ECL kit (Invitrogen) and captured with a
5200Multi chemiluminescence instrument (Tanon,
China).

RNA extraction and RT-qPCR assay

Total RNA was extracted from RLE-6TN cells using
the TRIzol™" Plus Kit (Invitrogen), and RNA concentra-
tions were determined using a UV spectrophotometer
(EzDrop1000; BLUE-RAY, China). Reverse transcription
was performed using the FastKing cDNA Kit (Tiangen,
Germany) to synthesize cDNA from the extracted RNA.
PCR amplification of target genes was conducted using a
7500 Fluorescent Quantitative PCR System (ABI, USA)
and the SYBR qPCR Master Mix Kit (Vazyme, China).
B-actin was used as the internal control. The primer
sequences used are as follows: CTGGAGAAGAGCTAT
GAG (B-actin-F), GATGGAATTGAATGTAGTTTC
(B-actin-R), AAGGATGGTGGAGTTGAA (BDKRBI-
F), CAGGATGTGATAGTTGAAGAA (BDKRBI-R),
TGGATTACATCGTCAATGAG (MEK1-F), AGGGTT
CTTTATTAAGCACTT (MEK1-R), CCCAAATCT
GACTCCAAA  (ERK1-F), TGCTTCCTCTACTGT
GAT (ERK1-R), TTGTTCTGCTTATGATAATCTC
(ERK2-F), ATTGATGCCGATGATGTT  (ERK2-R),
GCACCACTACCTTATCTT (CaMKlla-F), AGCCTC
ACTGTAATACTC (CaMKIla-R), CGTCATCCTCTA
CATCTT (CaMKIIS-F), ATCTGCTGATACAGTCTAT
(CaMKIIS-R), CAGGAAGACTATGACAAG (THBS1-F),
and TAATGGAATGGACAGTTG (THBS1-R).

Statistical analysis

All experiments were performed with a minimum of
three biological replicates, and the data were conformed
to follow a normal distribution. Statistical analysis and
data visualization were conducted using GraphPad
Prism software (GraphPad, USA). Error bars in all graphs
represent the mean+SD. Comparisons between two
groups were assessed using Student’s t test, while com-
parisons among multiple groups were conducted using
one-way ANOVA. A p<0.05 was considered statistically
significant.

Results

Effects of mechanical stress on the viability, cycle,

and calcium influx of RLE-6TN cells

This study investigated the effects of mechanical
stresses at varying amplitudes (5%, 10%, and 15%) on
alveolar epithelial cell growth and calcium homeostasis.
CCK-8 assay revealed that a 5% mechanical stress
applied for 6, 12, and 24 h did not significantly affect
the viability of RLE-6TN cells (Fig. 1A, P>0.05). In
contrast, a 10% mechanical stress treatment for 12
and 24 h significantly enhanced cell viability, whereas
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Fig. 1 Effects of mechanical stress on the viability and cycle of RLE-6TN cells. A CCK-8 experiments were performed to detect the viability

of RLE-6TN cells after different amplitudes (5%, 10% and 15%) of mechanical stress treatment for different times (6 h, 12 h and 24 h). BThe
effects of mechanical stress with different magnitudes (5%, 10% and 15%) on the cycle of RLE-6TN cells were identified using flow cytometry
in combination with Pl staining. N=3, one-way ANOVA with Tukey's multiple comparisons test

a 15% stress amplitude significantly reduced viability
(Fig. 1A, P <0.05). Flow cytometry analysis showed
that mechanical stress at various amplitudes did
not significantly impact the proportion of RLE-6TN
cells in the G2 phase (Fig. 1B, P >0.05). Furthermore,
treatment with 5% amplitudes for 6, 12, and 24 h did
not significantly alter the distribution of cells in the
G1, S, and G2 phases (Fig. 1B, P>0.05). However,
a 10% amplitude for 6 and 12 h led to a reduced
proportion of cells in G1 and an increased proportion
in the S phase (Fig. 1B, P <0.05). Conversely, treatment
with a 15% amplitude for 12 and 24 h resulted in an
increase proportion in the G1 phase and a decrease
in proportion in the S phase (Fig. 1B, P <0.05).
Additionally, the effects of mechanical stress on cell
proliferation were evaluated using EdU staining. The
10% mechanical stress significantly increased the
EdU-positive ratio at all time points, while the 15%
stress significantly decreased it (Fig. 2, P<0.05). These
findings suggest that 10% mechanical stress promotes
RLE-6TN cell growth, whereas 15% stress inhibits cell
proliferation. Notably, mechanical stress treatment
for 6 h at any amplitude did not significantly alter the
proportion of Fluo-3* cells (Fig. 3, P>0.05). In contrast,
treatments at 12 and 24 h significantly increased the
proportion of Fluo-3* cells (Fig. 3, P<0.05), indicating

enhanced calcium influx in response to mechanical str
ess.

Mechanical stress activates the BDKRB1/Ca?*/CaMKII/
MEK1/ERK axis in RLE-6TN cells

Notably, previous studies have demonstrated that
BDKRB1 and CaMKIla/$ are associated with calcium
metabolism [19, 23, 24]. Therefore, this study further
explored the effects of mechanical stresses at varying
amplitudes (5%, 10%, and 15%) on the expression of
BDKRB1 and CaMKIIa/d in alveolar epithelial cells.
RT-qPCR analysis showed that 5% mechanical stress
had no significant effect on the mRNA levels of BDKRB1
and CaMKIla/8 (Fig. 4A, P >0.05). In contrast, 10% and
15% mechanical stress treatments for 6, 12, and 24 h
significantly increased the mRNA levels of these genes
in RLE-6TN (Fig. 4A, P <0.05). These findings suggest
that mechanical stress may induce calcium influx in
alveolar epithelial cells by upregulating BDKRB1 and
CaMKIla/8. Notably, calcium metabolism regulates
cell growth, which is associated with the MEK1/ERK
pathway [25, 26]. Therefore, the present study further
observed changes in the activity of MEK1/ERK pathway
in RLE-6TN cells. A 15% mechanical stress applied for
12 and 24 h significantly decreased the mRNA levels
of MEK1, ERK1, and ERK2 (Fig. 4B, P <0.05), while
other amplitudes showed no significant effect (Fig. 4B,
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concentration in RLE-6TN cells after mechanical stress treatments
10% and 15%) for different times (6 h, 12 h and 24 h) was detected using Fluo-3 AM probe combined with flow
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Fig. 4 Effect of mechanical stress on BDKRB1/Ca”*/CaMKII/MEK1/ERK axis in RLE-6TN cells. A, B RT-qPCR experiments were performed to detect
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P >0.05). Given that 10% mechanical stress for 12 h
promoted both cell growth and calcium influx, its effect
on the BDKRB1/Ca?"/CaMKII/MEKI1/ERK axis was
subsequently investigated at the protein level. Western
blotting analysis revealed that this condition upregulated
the protein levels of BDKRB1, CaMKIlIa/3, p-MEK1, and
p-ERK1/2 (Fig. 4C, D, P <0.05). These findings indicate
that 10% mechanical stress activates the BDKRB1/Ca*/
CaMKII/MEK1/ERK axis, potentially contributing to
enhanced growth and calcium influx in RLE-6TN cells.

BDKRB1 knockdown restricts the growth and calcium
influx by mechanical stress in RLE-6TN cells

To verify whether the effects of 10% mechanical stress
are mediated through the BDKRB1/Ca*t/CaMKII/
MEK1/ERK axis, this study utilized lentiviral-mediated
RNA interference to knock down BDKRBI expression
in RLE-6TN cells. Among the three interfering

lentiviral constructs (#1, #2, and #3), constructs #1 and
#3 achieved the most substantial knockdown, reducing
BDKRB1 mRNA levels by 80% and 81%, respectively,
while construct #2 achieved a 39% reduction (Fig. 5A,
P <0.05). Lv-BDKRB1 #3 demonstrated the highest
knockdown efficiency and was therefore selected
for subsequent experiments. As expected, treatment
with 10% mechanical stress effectively enhanced
cell viability, the S-phase proportion, EDU positive
ratio, and Ca’" concentration compared to the Con
group (Fig. 5B-E, P<0.05). Compared with the 10%
MS group, the Lv-NC group showed no significant
differences in these parameters (Fig. 5B—E, P<0.05).
Notably, knockdown of BDKRBI1 resulted in 10%,
30%, 30%, and 70% reductions in viability, S-phase
proportion, EdU-positive ratio, and Ca*" concentration,
respectively, alongside a 22% increase in the G1-phase
cell population compared to the Lv-NC group (Fig. 5B—
E, P<0.05). These findings indicate that the inhibition
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Fig. 5 Effects of BDKRB1 knockdown on mechanical stress-mediated growth and calcium influx in RLE-6TN cells. A The effect of BDKRB1 interfering
lentivirus and its negative control on BDKRB1 levels in RLE-6TN cells. B The effect of BDKRB1 and 10% mechanical stress on the viability of RLE-6TN

cells was examined by CCK-8 assay. C Flow cytometry combined with Pl staining identified the effects of BDKRB1 and 10% mechanical stress

on the RLE-6TN cell cycle. D Representative picture of EDU staining for RLE-6TN cells. Scale: 100pm. E Fluo-3 AM probe combined with flow
cytometry was used to detect Ca?* concentration in RLE-6TN cells after treatment with 10% mechanical stress and BDKRB1 interfering lentivirus.
RLE-6TN cells in the Con group were subjected to normal culture. RLE-6TN cells in 10% MS group were subjected to 10% mechanical stress
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in Lv-BDKRB1 group were subjected to 10% mechanical stress and BDKRB1 interfering lentivirus. N =3, one-way ANOVA with Tukey's multiple
comparisons test

of BDKRBI attenuates the stimulatory effects of 10%
mechanical stress on growth and calcium influx in
RLE-6TN cells.

BDKRB1 knockdown constrains the activation of the Ca?*/
CaMKII/MEK1/ERK axis by mechanical stress in RLE-6TN
cells

Further, this study investigated the effect of BDKRB1
inhibition on the 10% mechanical stress-mediated
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Fig. 6 Effect of BDKRB1 knockdown on mechanical stress-mediated Ca’*/CaMKII/MEK1/ERK axis in RLE-6TN cells. A, B The effects of BDKRB1

and 10% mechanical stress on the mRNA levels of BDKRB1/CaMKlla/ (A) and MEKT/ERK (B) in RLE-6TN cells were examined by RT-qPCR assay. C, D
Representative images of gel blot for BDKRB1/CaMKlla/6 (C) and MEK1/ERK (D), and statistical analysis of the corresponding gray values. Complete
and uncropped gel imprints are available in the supplementary file. N=3, one-way ANOVA with Tukey’s multiple comparisons test

the BDKRB1/Ca*"/CaMKII/MEK1/ERK axis.
Consistent with previous results, 10% mechanical
stress significantly increased the levels of BDKRBI,
CaMKIIa/8, p-MEK]1, and p-ERK1/2 in RLE-6TN cells
(P<0.05), without affecting the expression of MEK1
and ERK1/2 mRNA or protein (Fig. 6A-D, P >0.05).
Additionally, the negative control (Lv-NC) had no
observable effect on the action of 10% mechanical
stress (Fig. 6A-D, P >0.05). Notably, BDKRBI1
knockdown resulted in 55%, 22%, and 52% reductions
in BDKRB1, CaMKIla, and CaMKII§ mRNA levels,
respectively, compared to the Lv-NC group (Fig. 6A).
Similarly, BDKRB1 and CaMKIIa/§ protein levels
were reduced by 33% and 25%, respectively (Fig. 6C, P
<0.05). Moreover, knockdown of BDKRB1 significantly
reduced the levels of p-MEK1 and p-ERK1/2 (P <0.05),
while having no significant effect on total MEK1
and ERK1/2 mRNA or protein expression (Fig. 6B

and Fig. 6D, P >0.05). These findings indicate that
BDKRBI inhibition impairs the stimulatory effect of
10% mechanical stress on the Ca*"/CaMKII/MEK1/
ERK axis in RLE-6TN cells.

Discussion

This study explored the effects of mechanical stress on
the growth and calcium metabolism of alveolar epithelial
cells, as well as the underlying molecular mechanisms.
Previous studies have shown that mechanical stress in the
range of 1%—5% reflects the magnitude of forces experi-
enced by alveolar epithelial cells during normal respira-
tion, whereas 15% mechanical stress simulates the forces
generated during moderate tidal volume mechanical
ventilation [27]. Therefore, stress amplitudes of 5%, 10%,
and 15% were selected to investigate their effects on the
growth and calcium influx of RLE-6TN cells. The results
showed that 10% mechanical stress facilitated the growth
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of RLE-6TN cells, 15% mechanical stress inhibited it, and
5% mechanical stress exerted no significant effect. Pre-
vious research has mainly focused on the pro-apoptotic
effects of mechanical stress, rather than its influence
on cellular proliferation. For example, Ning et al. [28]
reported that 5% mechanical stress did not affect apop-
tosis of A549 cells, whereas 15% induced apoptosis. The
current findings are consistent, as 5% mechanical stress
did no effect the proliferation of RLE-6TN cells, while
15% mechanical stress reduced proliferation of RLE-
6TN cells. Notably, A549 cells share many characteristics
with alveolar type II epithelial cells, similar to RLE-6TN
cells. Although mechanical stress of 15% or greater has
commonly been used to model ventilation-induced lung
injury or pulmonary hypertension [29-32], these stud-
ies have largely overlooked the effects of sub-threshold
stresses. To our knowledge, this is the first study to dem-
onstrate that 10% mechanical stress supports the growth
of alveolar epithelial cells. Furthermore, we found that
5%, 10%, and 15% mechanical stresses all facilitated cal-
cium influx in RLE-6TN cells, consistent with previ-
ous reports [33, 34]. Interestingly, while both 10% and
15% mechanical stress increased BDKRB1 and CaMKII
expression, only 15% stress reduced MEK1 and ERK1/2
expression. This may be due to 15% mechanical stress
impairing ERK activity via activation of the p38 MAPK
pathway, leading to phosphorylation of MEKI inhibi-
tory sites or induction of ERK phosphatases (DUSPs)
[35, 36]. Additionally, calcium overload induced by 15%
stress may activate calcium-dependent apoptotic path-
ways or mitochondrial dysfunction [37, 38], which may
antagonize ERK-mediated signaling. Elevated ROS levels
under 15% stress may also contribute to ERK dephospho-
rylation through oxidation of MEK/ERK or activation of
MAPK phosphatases [39]. In conclusion, 15% mechani-
cal stress appears to inhibit MEK/ERK signaling via
antagonistic pathway activation, calcium overload, and
oxidative stress, ultimately leading to reduced cell viabil-
ity. In contrast, 10% mechanical stress supports the bal-
ance between cell proliferation and calcium homeostasis
through activation of the BDKRB1/CaMKII/MEK/ERK
axis. These findings highlight the presence of a threshold
effect in the biological response to mechanical stress.

The present study further revealed that the effect
of 10% mechanical stress on the growth and calcium
influx of alveolar epithelial cells is closely associated
with BDKRB1. To date, no studies have reported a
relationship between BDKRB1 and cell growth, including
alveolar epithelial cell. However, BDKRB1 has been
linked to calcium metabolism and is known to facilitates
Ca?" transport into cell [19, 23, 24]. In this study, 10%
mechanical stress increased BDKRB1 expression in RLE-
6TN cells, and knockdown of BDKRBI1 limited calcium
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influx. Thus, BDKRBI is a cause of calcium influx in
RLE-6TN cells induced by 10% mechanical stress.
These findings suggest that BDKRB1 mediates calcium
influx induced by 10% mechanical stress in RLE-6TN
cells. CaMKII is a ubiquitous serine-threonine kinase
composed of a monomeric structure that includes an
N-terminal catalytic region, a regulatory segment,
and a C-terminal association domain [23, 40, 41]. As
a key intracellular Ca®* sensor, CaMKII plays a crucial
role in Ca®* signaling and can directly transduce the
biological effects of elevated Ca®*. Its high affinity for
Ca®*/CaM complexes allows it to detect subtle changes
in intracellular Ca®* concentration. Under low Ca**
concentrations, CaMKII remains inactive. When
intracellular Ca®" levels rise, the Ca’>*/CaM complex
binds to the regulatory domain of CaMKII, promoting
its autophosphorylation and activation. In this study,
10% mechanical stress increased CaMKIIa/8 expression
in RLE-6TN cells, consistent with the observed calcium
influx under the same conditions. Importantly, Ca?t/
CaMKII signal can activates the MEK1/ERK pathway,
thereby inducing cell growth [42-44]. Our results
showed that 10% mechanical stress elevated levels of
MEK1 and ERK1/2 phosphorylation, indicating pathway
activation. Furthermore, knockdown of BDKRBI limited
activation of the Ca**/CaMKII/MEKI/ERK signaling
pathway by 10% mechanical stress and inhibited RLE-
6TN cell growth. This could explain why BDKRBI1 can
affect the growth of RLE-6TN cells. Notably, excessive
ERK1/2 activation and calcium overload may contribute
to pulmonary edema by inhibiting the Na*/K*-ATPase
[45, 46]. However, the present study found that 10%
mechanical stress induced ERK1/2 phosphorylation
and calcium influx in a manner that supported cell
proliferation, indicating a dose-dependent response.
This suggests that moderate mechanical stress may play
a critical role in maintaining physiological signaling
balance. Specifically, mechanical stress at a physiologic
level (e.g., 10%) may promote alveolar repair through
activation of the BDKRB1/Ca*/CaMKII/MEK1/ERK
axis, whereas pathologically high stress (e.g., 15%) may
dysregulate this pathway through mechanisms such as
oxidative stress or inflammation.

The experimental design of this study focused exclu-
sively on alveolar epithelial cells (RLE-6TN cell line).
However, mechanical stress responses may vary signifi-
cantly among different cell types within lung tissue, such
as airway epithelial cells, endothelial cells, and mesen-
chymal cells. Moreover, this study did not incorporate
three-dimensional culture models or in vivo animal mod-
els, which could provide additional insights into the role
of cell-substrate interactions in modulating mechani-
cal stress responses. Therefore, the current conclusions
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should be interpreted with caution when extrapolating
to other lung cell types or physiological contexts. Future
studies should aim to validate the scalability of these find-
ings by integrating primary lung cells, organoid systems,
or animal models.

Previous research has demonstrated that mechano-
sensitive channels such as TRPV4 and Piezol contrib-
ute to calcium responses in alveolar epithelial cells [29,
47]. While this study focused on the role of BDKRBI, the
involvement of other calcium channels under specific
mechanical stress conditions warrants further investiga-
tion. It is plausible that 10% and 15% mechanical stress
modulate calcium homeostasis via distinct combinations
of calcium channels. Specifically, BDKRB1 may be the
predominant regulator under 10% stress, whereas 15%
mechanical stress may induce apoptosis through hyper-
activation of TRPV4 and Piezol or mitochondrial cal-
cium overload, ultimately reducing cell viability [29, 37,
38, 47]. This hypothesis should be examined in future
studies by assessing the expression and activity of TRPV4
and Piezol under different mechanical stress amplitudes.
Additionally, the use of calcium channel inhibitors will
help delineate the contribution of various calcium influx
pathways.

iR
NG,

OO
TR
IRIRIRIRIBIRIRIRIRIRIRIRIRIBIRIRIRIRIRIRIN

SELL 000 0EE 0000000006
(

QQJ;)Q
@ D9 D Ca
\ ,/\ 29%0
\\ g Sé \) //
\\ (¢} k “t? //
N . ,

o &

Page 10 of 12

Growth

BDKRB1

{ DOOOOOOOOOOOOOODOO
SIRIRIBIRIRIRINIRIRIRIRIRIRINIBIRIRIRID
|J||‘||J
0000000000000 )00

Transcription
7

CaMKII is known to promote cell proliferation
by directly activating the MEK/ERK pathway and
upregulating downstream transcription factors [42—
44]. Although the present study did not directly assess
ERK1/2 downstream targets, changes in cell viability, cell
cycle progression, and proliferation collectively reflect
the functional relevance of this pathway. Furthermore,
the reduction in MEK1 and ERK1/2 phosphorylation
following BDKRB1 knockdown reinforces the
dependence of this signaling axis. Future investigations
should aim to elucidate downstream effector molecules
by selectively inhibiting CaMKII or ERK1/2 and
examining the expression profiles of related target genes.

In conclusion, this study identified specific mechanical
stress conditions and their associated molecular
mechanisms that facilitate the growth of RLE-6TN cells.
Mechanical stress with 10% amplitude contributes to
calcium influx by upregulating BDKRB1 expression,
thereby enhancing the growth of RLE-6TN cells through
activation of the CaMKII/MEK1/ERK signaling pathway
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(Fig. 7). These findings highlight a calcium metabolism-
related mechanotransduction mechanism and provide
a valuable theoretical framework for understanding
and potentially treating mechanical stress-related lung
diseases.
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