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A B S T R A C T   

Background: Spontaneous respiratory mechanical force interacted with the primary lung injury and aggravated 
the progression of ARDS clinically. But the exact role and involved mechanism of it in the pathogenesis of ARDS 
animal model remained obscure. 
Aim: This study was to investigate the effect of spontaneous respiratory mechanical force on lung injury of ARDS 
in mice. 
Methods: Female C57BL/6 mice were subjected to resistive spontaneous breathing (RSB) by tracheal banding 
after 4–6 h of intranasal inhalation of LPS. Pulmonary function was examined by Buxco system, partial pressures 
of oxygen and carbon dioxide (PO2 and PCO2) were measured by a blood gas analyzer, and lung pathological 
changes were analyzed with hematoxylin and eosin staining. The levels of inflammatory markers were quantified 
by ELISA, total protein assay, and FACS analysis. The expression levels of mechanosensitive ion channels were 
detected by qRT-PCR and immunohistochemistry. 
Results: The airway resistance (Raw) was increased and the tidal volume (TV) was decreased remarkedly in RSB 
group. RSB treatment did not affect PO2, PCO2, pathology and inflammation levels of lung in mice. The Raw 
increased and ventilatory indicators decreased in RSB + ARDS compared to ARDS significantly. Besides, RSB 
treatment deteriorated the changes of PO2, PCO2 and level of lactic acid induced by LPS. Meanwhile, RSB 
significantly promoted LPS-induced pulmonary histopathological injury, and elevated the levels of IL-1β, IL-6, 
TNF-α and total proteins, increased neutrophils infiltration. The expression level of Piezo1 in RSB + ARDS 
group was remarkably reduced compared to ARDS group and consistent with the severity of pulmonary damage. 
Conclusion: RSB exacerbated LPS-induced ARDS hypoxemia and hypercapnia, inflammation and damage. The 
mechanosensitive protein Piezo1 expression decreased and may play an important role in the process.   

1. Introduction 

Acute respiratory distress syndrome (ARDS) is a clinical syndrome 
characterized by diffuse lung inflammation and non-cardiogenic pul-
monary edema. The edema can have either pulmonary or systemic 
origin and commonly causes acute respiratory failure [1]. ARDS was 
identified in 10.4 % of patients admitted to intensive care units, with a 
mortality of as high as 34.9%–46.1 % in 2016 [1,2]. Due to the het-
erogeneity of ARDS, in-depth mechanistic studies and new treatments 
are needed. 

Patients with severe lung injury usually have a high respiratory 
drive, which results in pulmonary regional forces and increased trans-
mural pulmonary vascular pressure [3]. Experts defined lung injury 

caused by spontaneous high respiratory drive in non-intubated patients 
with acute respiratory failure as patient self-inflicted lung injury 
(P-SILI). P-SILI is typical lung injury exacerbated by spontaneous res-
piratory mechanical force. In addition, inspiratory resistive breathing 
leads to large negative swings in intrathoracic pressures and mechanical 
stress of structural cells of the lung [4] in many diseases, such as upper 
airway obstruction, chronic obstructive pulmonary disease (COPD) ex-
acerbations, and asthma attacks [4]. Therefore, vigorous or feeble 
spontaneous breathing may induce lung damage in ARDS by exerting 
mechanical force on regional parenchyma. Theodoros and colleagues 
[5–7] showed that resistive breathing can change ventilation and pres-
sure indices of pulmonary function in animal models. Toumpanakis and 
colleagues confirmed resistive breathing increased inhalational 
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LPS-induced lung injury score [8]. However, the effect of spontaneous 
respiratory mechanical force on ARDS animal model needs more 
comprehensive assessment. 

Mechanosensitive ion channels (MSCs) play a crucial role in 
responding to mechanical forces and mediating the mechanosensation/ 
mechanotransduction process [9]. MSCs, including epithelial sodium 
channel (ENaC), Piezo channels, transient receptor potential channels 
(TRPs), and two-pore domain potassium ion (K2P) channels, are not 
exclusively modulated by mechanical forces but are also affected by pH 
or inflammatory cytokines stimuli that are altered in ALI/ARDS lungs 
[10]. Specially, Piezo1 promoted the development and progression of 
ventilator-induced lung injury (VILI) by RhoA/ROCK1 signaling [11], 
which implied Piezo1 may participate in the spontaneous respiratory 
mechanical force aggravating the progression of ARDS. Here, this study 
investigated the effect of spontaneous respiratory mechanical force on 
hypoxemia, histopathology and inflammation in ARDS mouse model, 
and explored the potential mechanism by analyzing the changes of 
MSCs. 

2. Materials and methods 

2.1. Animals 

Female C57BL/6J mice (8–10 weeks old, 20–25 g) were purchased 
from the Animal Center of Air Force Medical University. Mice were kept 
in air-filtered rooms, and have unrestricted access to semi-purified 
mouse food and pre-prepared water for drinking. Animals were 
housed at a constant temperature (20–24 ◦C) and constant humidity 
(50%–70 %) with a 12/12 h light/dark cycle. Animal experiments were 
conducted following the Guidelines for the Care and Use of Animals 
established by the Chinese government. The study protocol (IACUC- 
2023102) was approved by the Animal Care and Use Committee of Air 
Force Medical University. 

2.2. Experimental models 

2.2.1. RSB model 
The animal model of RSB was induced through tracheal banding, as 

previously described [5,6]. Briefly, mice were anesthetized with an 
intraperitoneal injection of ketamine (90 mg/kg) and xylazine (5 
mg/kg) and placed under a surgical microscope. The trachea was 
exposed, and a nylon band of a pre-specified length was introduced to 
below trachea and sutured around it to reduce its surface area [6]. 
Following recovery from anesthesia, mice were randomly assigned into 
3 RSB groups. RSB was applied for 1 day, 3 days, and 5 days. 
Sham-operated animals were used for comparisons (controls). There 
were 10 mice in each group. 

2.2.2. LPS-induced ARDS model 
Khadangi and coworkers have shown that these two routes of 

administration are equivalent [12]. Mice were anesthetized by inhala-
tion of isoflurane through an animal gas anesthesia machine. Then, mice 
were subjected to intranasal inhalation of LPS (5 mg/kg, in 50 μL saline) 
(Sigma-Aldrich, catalog no. L2880) [13]. 

2.2.3. RSB & ARDS joint model 
The above two models were both used to simulate ARDS and 

concomitant RSB. Mice were subjected to the RSB model after 4–6 h of 
intranasal inhalation of LPS. RSB was applied for 3 days. 

2.3. Pulmonary function test 

Pulmonary function was assessed using the non-invasive Buxco NAM 
system (Connecticut, CT, USA) according to the manufacturer’s in-
structions [14,15]. Briefly, mice were pre-adapted in the detecting 
room. Then mice were inserted within the restrainer and adjusted 

position by moving the locking mechanism to make sure that the mice’s 
nares were protruding outside of the nose-cone with snouts resting 
against the inner walls of the restrainer. The restrainer containing the 
mouse was inserted through the rubber opening in the thoracic chamber 
and the mouse was allowed to relax for 5 min before recording of the 
nasal and thoracic flow signals. Respiratory parameters were monitored 
using the FinePointe software. 

2.4. Arterial blood gas analysis 

Arterial blood samples were collected from the left ventricle of mice 
using a heparinized syringe. Partial oxygen pressure (PaO2), partial 
carbon dioxide pressure (PaCO2), and blood lactic acid (Lac) level were 
analyzed using an ABL80Flex blood gas analyzer (Radiometer, 
Denmark). 

2.5. Preparation of bronchoalveolar lavage fluid (BALF) 

BALF was got in all mice as previous described [16]. In each mouse, 
90 % (2.7 mL) of the total injection volume was continuously recovered. 
Following centrifugation of BALF at a speed of 520 g for a duration of 20 
min at a temperature of 4 ◦C, the resulting liquid was reserved for future 
assessments. 

2.6. Lung histopathology, inflammation score and immunohistochemistry 
(IHC) 

The left lung was fixed with 5 % paraformaldehyde for 48 h, dehy-
drated by alcohol, embedded with paraffin wax, sliced into 4 μM sec-
tions, and stained with hematoxylin & eosin (H&E). After H&E staining, 
the pathological changes in lung tissue were observed under a conven-
tional optical microscope. Ten nonoverlapping images per mouse were 
photographed and scored by a pulmonary pathologist in a blinded 
manner. The semiquantitative pathological changes of alveolar septal 
thickening, edema, inflammation, and hemorrhage were evaluated on a 
1–4 scale (0, none; 1, mild; 2, moderate; 3, marked; 4, severe) [17,18]. 

Immunohistochemical staining for Piezo1 was performed using 
Piezo1 polyclonal antibody (Proteintech, catalog no. 15939-1-AP). The 
sections were de-paraffinized and sequentially treated for antigen 
epitope retrieval and endogenous peroxidase blocking. The sections 
were incubated with primary antibodies (1:200 dilution) overnight. 
After 5 min of incubation with DAB chromogen solution, the sections 
were counterstained with Mayer hematoxylin and dehydrated. As 
observed under the microscope, the degree of brown stains reflected the 
expression levels of Piezo1 in lung tissues. 

2.7. Total protein assay 

Total protein concentration in bronchoalveolar lavage fluid of mice 
was assessed using a BCA protein assay kit (Proteintech, catalog no. 
PK10026). The assay was conducted following the manufacturer’s 
instructions. 

2.8. Enzyme-linked immunosorbent assay (ELISA) 

The concentrations of inflammatory factors IL-1β, TNF-α, and IL-6 in 
bronchoalveolar lavage fluid of mice were assessed using ELISA kits 
(Proteintech, catalog no. KE10003, KE10002, KE10007). The assay was 
conducted following the manufacturer’s instructions. 

2.9. Quantitative real-time PCR (qRT-PCR) 

The total RNA of lung tissues was extracted using Trizol reagent 
(Thermo Fisher Scientific, catalog no. 15596018) following the manu-
facturer’s protocols. cDNA was synthesized from 1 μg total RNA using 
PrimeScript RT Master Mix (TaKaRa, catalog no. RR036A). qRT-PCR 
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was performed using TB Green Premix Ex Taq II (TaKaRa, catalog no. 
RR820A) and CFX96 Touch Real-Time PCR Detection System (BioRAD). 
The primers used for the qRT-PCR were obtained from the PrimerBank 
website, as follows: 

Piezo1-F 5′-CCTgTTACgCTTCAATgCTCT-3′ 
Piezo1-R 5′-gTgTAggCATATCTgAAAggCAA-3′ 
Aqp1-F 5′-AGGCTTCAATTACCCACTGGA-3′ 
Aqp1-R 5′-GTGAGCACCGCTGATGTGA-3′ 
Trek-1-F 5′-CCGAGGCTCTCATTCTCCTCA-3′ 
Trek-1-R 5′-AGGACGACCACCAGGAAAATC-3′ 
Scnn1a(ENaCα)-F 5′-CTGCTGGCTACTCAAGATGGC-3′ 
Scnn1a(ENaCα)-R 5′-AGGAGGCTGACCATCGTGAC-3′ 
Cdh23-F 5′-GCATCACTCAGAACACACCAG-3′ 
Cdh23-R 5′- CCTGCGTGACCTCATAGTCT-3′ 
Cdh1-F 5′-CTCCAGTCATAGGGAGCTGTC-3′ 

Cdh1-R 5′-TCTTCTGAGACCTGGGTACAC-3′ 
Gapdh-F 5′-TGTGTCCGTCGTGGATCTGA-3′ 
Gapdh-R 5′-TTGCTGTTGAAGTCGCAGGAG-3′ 

2.10. Flow cytometry 

Mice were euthanized, and their lung tissues were collected. Single- 
cell suspensions were collected and stained with antibodies for 
fluorescence-activated cell sorting (FACS). Antibodies used for FACS 
were as follows: CD45-FITC (BioLegend, catalog no. 157214), Siglec F- 
PE (BioLegend, catalog no. 155505), Ly6G-APC (BioLegend, catalog no. 
127614), CD11b-Pacific Blue (BioLegend, catalog no. 101223), and 
CD11c-BV421 (BD Biosciences, catalog no. 565452). The dilution of all 
antibodies was 1:200. Cells were sorted on a spectral cell analyzer (Sony, 
SA3800), and data were analyzed in FlowJo 10.9.0. Gating strategy 

Fig. 1. RSB showed no significant lung injury in normal mice. 1d, 3d, and 5d after tracheal banding, (A) timeline of animal experimental protocol, (B) airway 
resistance (Raw), tidal volume (TV), the frequency (f), (C) partial pressure of oxygen (PO2), partial pressure of carbon dioxide (PCO2), blood level of lactic acid (Lac), 
(D) lung histopathological changes (200x magnification), (E) levels of IL-1β, IL-6, TNF-α and total proteins in bronchoalveolar lavage fluid (BALF) were analyzed. The 
values are indicated as mean ± SD (n = 8~10). ###P < 0.001, ####P < 0.0001, compared with the control group. 
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information can be found in Fig. s3. 

2.11. Statistical analysis 

All analyses were conducted using SPSS 23 for Windows (SPSS Inc, 
IBM). All data are presented as mean ± standard deviation. Differences 
between the control group and experimental groups were assessed using 
the one-way ANOVA method. P-values less than 0.05 were considered 
statistically significant. 

3. Results 

3.1. RSB in normal mice did not significantly cause lung injury 

Pulmonary function, indices of arterial blood, and lung histopa-
thology were measured to assess the effect of RSB on normal mice. 
Enhanced airway resistance and low tidal volume are the typical fea-
tures of resistive breathing [4–7]. Compared with the control group, a 
reduction in tracheal surface area markedly increased airway resistance 
(Raw) (P < 0.05) and decreased tidal volume (TV), peak expiratory flow 
(PEF), and peak inspiratory flow (PIF) (P < 0.05), but did not signifi-
cantly change respiratory rate (f), at least until day 3 (Fig. 1B and 
Fig. s1A). These findings indicate that spontaneous respiratory restric-
tion was successfully induced. However, arterial blood gas analysis 
demonstrated that PO2, PCO2, and Lac did not significantly change after 
1, 3, and 5 days of RSB, except for a significant increase in Lac on day 3 
(P < 0.05). The results suggested no obvious acidosis or alkalosis, except 
for the indicative of mild acidosis on day 3. (Fig. 1C and Fig. s1B). 
Meanwhile, the integrity of pulmonary alveoli and capillaries was 

maintained and similar to that of the control group after RSB (Fig. 1D). 
IL-1β, IL-6, TNF-α, and total protein levels in the BALF of RSB were 
similar to those of the control group (Fig. 1E), except for TNF-α that was 
upregulated after 5 days of RSB (P < 0.05). The results of arterial blood 
gas analysis and lung histopathology suggested that RSB did not cause 
lung injury in normal mice. 

3.2. RSB worsened LPS-induced respiratory dysfunction 

The pulmonary function was the primary indicator of the effect of 
RSB on ARDS. The Raw of ARDS mice did not significantly change 
compared with control mice (Fig. 2B) [19]. However, a reduction in 
tracheal surface markedly increased the airway resistance of ARDS mice 
(P < 0.05). It revealed Raw may be a critical point of RSB’s impact on 
ARDS. Furthermore, compared with the control group, the ARDS group 
exhibited a significant decrease in TV, minute volume (MV), PEF, PIF, 
and expiratory flow at 50 % of TV (EF50) (P < 0.05), and a significant 
increase in f (P < 0.05), but there was no significant difference in delta 
time (dT) (Fig. 2C–I). After adding RSB to LPS inhalation, all the 
above-mentioned indicators were significantly decreased (P < 0.05), 
except for a significant increase in dT (P < 0.05). These results suggested 
that spontaneous respiratory restriction intensified the respiratory 
dysfunction of ARDS mice. 

3.3. RSB deteriorated LPS-induced hypoxemia and hypercapnia 

Intractable hypoxemia is a characteristic feature of ARDS. Arterial 
blood gas analysis showed that PO2 was significantly decreased in the 
ARDS group compared with the control group (Fig. 3A, P < 0.05). RSB 

Fig. 2. Effect of RSB on the pulmonary function of mice with ARDS. (A) Timeline of animal experimental protocol. Changes in (B) Raw, (C) TV, (D) minute volume 
(MV), (E) peak expiratory flow (PEF), (F) peak inspiratory flow (PIF), (G) expiratory flow at the 50 % point of TV (EF50), (H) f, and (I) delta time (dT) measured by 
non-invasive double-chamber plethysmography (DCP). The values are indicated as mean ± SD (n = 8~10). ###P < 0.001, compared with the control group; *P <
0.05, **P < 0.01, ***P < 0.001, compared with the ARDS group. 
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treatment more effectively decreased PO2 compared with ARDS alone 
(Fig. 3A, P < 0.05). The blood levels of lactic acid markedly increased in 
the ARDS and RSB + ARDS groups (Fig. 3B, P < 0.05). These results 
illuminated that RSB exacerbated ARDS-mediated hypoxemia. More-
over, PCO2 significantly increased in the ARDS group compared with the 
control group (Fig. 3C, P < 0.05). PCO2 was higher in the RSB + ARDS 
group compared with other groups (Fig. 3C, P < 0.05). Although there 
was no significant difference in base excess (Fig. s2A), it can be observed 
that the BE overall showed an increasing trend, displaying a similar 
change as PCO2, indicating that RSB exacerbated hypercapnia. To 
summarize, RSB deteriorated LPS-induced hypoxemia and hypercapnia. 

3.4. RSB accelerated LPS-induced pulmonary inflammation and damage 

Pathological assessment of the lung is the “gold standard” to evaluate 
the severity of ARDS. The integrity of pulmonary alveoli and capillaries 
was maintained in the lung tissues of the control group with no 
enlargement or inflammatory infiltration. Segmental bronchial epithe-
lial denudation with sloughed cells was observed after LPS. Moreover, 
distal alterations of alveolar ducts were noted, including hypercellular 
thickening of the alveolar septae, immune cell infiltration, and pneu-
mocyte necrosis. Following RSB and LPS treatment, the capillaries and 
alveoli were congested, the number of neutrophils and extravasated 
monocytes was increased, and perivascular edema was observed. The 
results of H&E staining indicated that RSB promoted LPS-induced pul-
monary pathological injury (Fig. 4A). The levels of IL-1β, IL-6, TNF-α, 
and total protein were significantly elevated in the BALF of the RSB +
ARDS group compared with the ARDS group (Fig. 4B, P < 0.05), 
revealing that RSB significantly aggravated LPS-induced inflammation 
and cytokine release. In addition, FACS analysis was employed to 
measure the proportion of inflammatory cells in the lung and BALF. RSB 
markedly increased the proportion of Ly6G+CD11b+ neutrophils and 
decreased the proportion of SiglecF+CD11c+ alveolar macrophages in 
both BALF and lung (P < 0.05) (Fig. 4C–D). The number of inflammatory 
cells and cytokine levels were consistent with the severity of patholog-
ical damage. In summary, RSB significantly exacerbated LPS-induced 
pulmonary injury and inflammation. 

3.5. Piezo1 was downregulated in ARDS with RSB 

RSB induced mechanical stress on the lung by increasing airway 
pressure and reducing tidal volume. Mechanosensitive ion channels are 
the sensors and transducers of mechanical stimuli and confer mechani-
cal stimuli into cellular response [20–22]. The expression levels of a 
large number of mechanosensitive ion channels were measured through 
qRT-PCR in this study. The mRNA expression level of Piezo1 was 
decreased in the ARDS group compared with the control group (Fig. 5A, 
P < 0.05). RSB further reduced Piezo1 expression compared with the 
ARDS group (Fig. 5A, P < 0.05). Immunohistochemical staining for 

Piezo1 also validated the results of q-PCR (Fig. 5G). The stains were dark 
in the parenchyma of the control group, decreased in the ARDS group, 
and was much lighter in the RSB + ARDS group (P < 0.05). Based on the 
above-mentioned results, it can be observed that the expression level of 
Piezo1 continuously declines with the aggravation of lung injury, 
consistent with the changes in the severity of the injury. The expression 
level of Trek1 did not show a significant difference between the exper-
imental group and the control group (Fig. 5B). The expression levels of 
Aqp1, ENaC, and Cdh1 decreased in both the ARDS group and the RSB 
ARDS group (P < 0.05), but there was no significant difference between 
the two groups (Fig. 5C–E). Although the expression level of Cdh23 also 
decreased (P < 0.05) and there was a significant difference between the 
ARDS group and the RSB ARDS group (P < 0.05), its overall trend of 
change was not consistent with the severity of lung injury (Fig. 5F). 
Thus, we hypothesized that Piezo1 may be a key molecule involved in 
the exacerbation of LPS-induced lung injury by RSB. 

4. Discussion 

Mechanical stress-induced damage of the lung is involved in the 
pathogenesis of ARDS [23], especially VILI [24]. The role of mechanical 
stress has been widely recognized in ARDS, but it was limited to 
ventilator-induced mechanical forces. Since the concept of P-SILI was 
proposed in 2017 [3], the role of spontaneous breathing in ARDS has 
received much attention, but the exact mechanism has not been fully 
uncovered. The absence of a suitable animal model to investigate the 
mechanical consequences of spontaneous breathing in ARDS hindered 
the advancement of the field. Retamal and colleagues [25] showed that 
spontaneous breathing is associated with marked esophageal pressure 
swings, progressive hypoxemia, and lung injury compared with me-
chanical ventilation in the porcine model of lung collapse. 

However, mechanical ventilation might improve esophageal pres-
sure swings and alleviate lung damage. In this study, RSB was combined 
with LPS inhalation to measure the role of spontaneous respiratory 
mechanical forces in ARDS. RSB resulted in a significant airway resis-
tance increase accompanied by tidal volume decrease in ARDS mice, 
suggesting that spontaneous respiratory restriction reduced ventilation. 
Besides, RSB aggravated carbon dioxide retention, indicating more se-
vere type II respiratory failure. Importantly, the distinctive pulmonary 
pathological changes, more severe inflammatory cell infiltration, and 
increased IL-1β, IL-6, TNF-α, and total protein levels in BALF indicated 
that RSB exacerbated lung injury in mice with ARDS. 

Tracheal banding increased airway resistance and decreased tidal 
volume, which resulted in a reactive increase in transmural pulmonary 
pressure swings, exacerbated mechanical stress of the lungs [4–7], and 
induced lung inflammation [4]. However, in this study, RSB did not 
induce obvious pulmonary inflammation or injury in normal animals. 
No significant inflammatory cell infiltration was observed in patholog-
ical assessment although there was a slight increase in inflammatory 

Fig. 3. Effect of RSB on arterial blood gas indices. Changes in (A) PO2, (B) Lac, and (C) PCO2 detected by a blood gas analyzer. The values are indicated as mean ± SD 
(n = 8~10). ###P < 0.001, compared with the control group; *P < 0.05, **P < 0.01, compared with the ARDS group. 
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Fig. 4. Effect of RSB on the pulmonary inflammation of ARDS mice. (A) Pathological changes in pulmonary tissues were analyzed by hematoxylin and eosin staining 
(H&E, 200 × magnification). (B) Levels of IL-1β, IL-6, TNF-α, and total proteins in BALF were detected by ELISA and BCA. (C) The flow cytometry analysis of alveolar 
macrophages (AM) (SiglecF+CD11c+CD11b− ) and neutrophils (Neut) (Ly6G+CD11b+). (D)The proportion of alveolar macrophages and neutrophils in BALF and lung 
were analyzed by flow cytometry. The values are indicated as mean ± SD (n = 8~10). ###P < 0.001, ####P < 0.0001, compared with the control group; *P < 0.05, 
**P < 0.01, compared with the ARDS group. 
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factor and total protein levels after 5 days. The differences in the results 
compared to published articles may be related to the different airway 
obstruction in the absence of respiratory monitoring during the 
modeling process. However, the RSB model only changed airway resis-
tance and ventilation, indicating that this model is more suitable for 
exploring the role of spontaneous respiratory mechanical forces in 
ARDS. 

In the acute phase of ARDS, resident alveolar macrophages release 

various proinflammatory mediators [26]. Meanwhile, neutrophils are 
the first immune cells recruited to the site of inflammation following 
stimulation by chemokines. They produce various proinflammatory 
cytokines, including IL-1β, IL-6 and TNF-α [27,28], damaging sur-
rounding tissues and compromising gas exchange. High TNF-α expres-
sion has been previously reported in regions of high deformation 
induced by respiratory effort [29]. This was similar to the level of TNF-α 
in the BALF of RSB treatment for 5 days or RSB + ARDS for 3 days. 

Fig. 5. Effect of RSB on the expression levels of mechanosensitive ion channels in lung tissues. The mRNA expression levels of (A) Piezo1, (B) Trek1, (C) Aqp1, (D) 
Scnn1α (ENaC), (E) Cdh1 and (F) Cdh23 were analyzed by quantitative real-time PCR. (G) The protein levels of Piezo1 in lung tissues were detected by immu-
nohistochemistry (600x magnification). The values are indicated as mean ± SD (n = 8~10). #P < 0.05, ##P < 0.01, ###P < 0.001, compared with the control group; 
**P < 0.01, compared with the ARDS group. 
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Besides, Toumpanakis and colleagues showed LPS inhalation did not 
affect respiratory system mechanics, but resistive breathing increased 
total resistance and augmenting lung inflammatory in combination with 
inhalational LPS exposure [8]. In this study, the combination of LPS and 
RSB not only aggravated lung pathological injury and inflammatory 
infiltration, but also deteriorated LPS-induced hypoxemia and hyper-
capnia. The results were concordant with characterization of P-SILI, 
being associated with markers of injury on the vascular side of the 
blood-gas barrier, such as hyperemia, edema, alveolar hemorrhage [30, 
31]. All results revealed that spontaneous respiratory mechanical force 
played an important role in the pathogenesis of ARDS. 

Although the direct adverse effect of the increased mechanical forces 
cannot be excluded [32]. “Mechanosensitive” pathways play an 
important role in mechanical forces and mediate lung injury including 
resistive breathing and VILI [6,33–35]. MSCs could sense and transduce 
mechanical inputs into biochemical signals [9]. Therefore, MSCs were 
the focus on the effect of spontaneous respiration mechanical forces on 
lung injury. Here, Piezo1 (Piezo channel), ENaC (epithelial sodium 
channel), Aqp1 (associated with osmotic pressure and pH), Trek1 
(two-pore domain potassium ion (K2P) channel), and Cdh23 (Mecha-
no-electrical transduction channel) were measured. The mRNA expres-
sion levels of MSCs decreased significantly in ARDS induced by LPS 
inhalation except Trek1. Only Piezo1 were remarkably reduced in RSB 
+ ARDS mice compared to ARDS, which was consistent with the severity 
of pulmonary damage. It has been reported that Piezo1 is involved in 
MV-mediated exacerbation of ARDS-associated pulmonary fibrosis [36]. 
The role of Piezo1 in spontaneous respiratory mechanical 
force-exacerbated ARDS need further validation. 

There are also several limitations to our study. First, the RSB model 
was not assessed comprehensively, as only enhanced airway resistance 
and low tidal volume were identified in this study. Ventilatory param-
eters, such as pulmonary ventilation distribution and esophageal pres-
sure swings, were not assessed because of small animal testing 
conditions. Second, only female mice were used to evaluate the effect of 
spontaneous respiratory mechanical force on ARDS. Although it has 
been reported there was no difference in the results between the genders 
in LPS-induced lung injury, male mice also need to be further studied to 
rule out hormonal regulation. Third, the expression level of Piezo1may 
be significantly negative in inflammatory marker levels and lung dam-
age, that needs to be further studied by reverse validation. 

5. Conclusion 

RSB treatment deteriorated LPS-induced hypoxemia and exacer-
bated lung inflammation and damage in mice, and that was negative in 
expression level of Piezo1. 
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