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Abstract: This study investigates the molecular mechanisms underlying alveolar epithelial cell 

responses to Qigong breathing patterns, focusing on mechanotransduction pathways and 

cellular adaptation. Using a combination of live-cell imaging, molecular biology techniques, 

and mechanical testing, we characterized the temporal dynamics of cellular responses across 

multiple scales. Our results demonstrate that specific breathing patterns trigger distinct 

mechanosensitive pathways, with Pattern 2 inducing the most robust cellular adaptation. Key 

findings include rapid PIEZO1 channel activation (τ < 18.5 ± 2.3 ms), sustained YAP/TAZ 

nuclear localization (3.8-fold increase), and significant epigenetic modifications (285% 

increase in H3K27ac marks). We identified 284 differentially expressed genes and 

characterized the temporal evolution of cellular mechanical properties, including a 23.5% 

increase in cell area and 2.8-fold enhancement in Young’s modulus. The study reveals three 

distinct phases of cellular adaptation: early response (0–6 h), intermediate adaptation (6–24 h), 

and long-term remodeling (24–72 h). These findings provide new insights into the cellular 

mechanisms of breathing-induced adaptation and suggest potential therapeutic applications 

through targeted mechanical stimulation. 
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1. Introduction 

Cellular mechanotransduction and volume regulation represent fundamental 

mechanisms that maintain tissue homeostasis and regulate organ development [1,2]. 

Recent studies have revealed that mechanical forces play crucial roles in modulating 

cell behavior and fate through complex mechanosensitive pathways [3,4]. Of 

particular interest is the mechanical regulation of alveolar epithelial cells, which are 

constantly exposed to cyclic stretch during breathing. These cells must precisely 

control their volume and mechanical properties to maintain proper lung function [5,6]. 

Traditional Chinese Qigong breathing exercises have long been practiced for 

health benefits, but their effects at the cellular level remain poorly understood. Recent 

mechanistic studies have shown that controlled breathing patterns can generate 

specific mechanical stimuli that influence cellular mechanotransduction [7,8]. For 

instance, research has demonstrated that cyclic mechanical strain at frequencies 

similar to deep breathing (0.1–0.3 Hz) can activate mechanosensitive ion channels like 

PIEZO1 in alveolar epithelial cells [9,10]. These channels mediate calcium influx and 

subsequent signaling cascades that regulate cell volume and mechanical properties 

[11,12]. 
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The cellular response to mechanical forces involves multiple interconnected 

pathways, including the Hippo-YAP/TAZ pathway [13,14], cytoskeletal 

reorganization [15], and mechanosensitive ion channels [16]. Studies have shown that 

alveolar epithelial cells can adjust their volume by 15%~20% in response to 

mechanical stress, with corresponding changes in cellular stiffness ranging from 0.5 

to 2.0 kPa [17,18]. These mechanical adaptations are essential for maintaining proper 

barrier function and preventing tissue damage during respiratory cycles. 

Understanding how Qigong breathing exercises modulate cellular 

mechanotransduction could provide new insights into therapeutic strategies for 

respiratory diseases. Recent clinical data indicate that regular practice of specific 

breathing patterns can improve lung function parameters by 10%~15% in patients with 

chronic respiratory conditions [19,20]. This research aims to elucidate the cellular 

mechanisms underlying these beneficial effects by investigating the relationship 

between breathing patterns and alveolar epithelial cell mechanosensitivity. 

2. Materials and methods 

2.1. Experimental design and grouping 

The experimental design employed a multifactorial approach to investigate the 

effects of mechanical stimulation on alveolar epithelial cells [21,22]. Primary human 

alveolar epithelial cells (hAECs) were isolated and cultured following established 

protocols [23], with cell identity confirmed through immunostaining for surfactant 

protein C (95% positive). The cells were subjected to cyclic mechanical strain using a 

custom-designed apparatus that simulates breathing patterns, as previously described 

[24,25]. The experimental groups were designed to mirror different breathing patterns 

observed in Qigong practices, as shown in Table 1. Each condition was tested in 

biological triplicates across five independent experiments [26]. The mechanical 

stimulation parameters were selected based on physiological measurements from 

practitioners during different Qigong exercises [27,28]. Control groups included both 

static cultures and random strain patterns. Cell viability was monitored throughout the 

experiments using a Live/Dead assay, maintaining > 90% viability across all 

conditions [29,30]. 

Table 1. Experimental groups and mechanical stimulation parameters. 

Group Strain Pattern Frequency (Hz) Duration (min) Amplitude (%) n 

Control Static 0 60 0 15 

Low-Frequency Sinusoidal 0.1 60 5–10 15 

Medium-Frequency Sinusoidal 0.2 60 10–15 15 

High-Frequency Sinusoidal 0.3 60 15–20 15 

Qigong Pattern 1 Exponential 0.15 60 8–12 15 

Qigong Pattern 2 Biphasic 0.25 60 12–18 15 

The strain parameters were continuously monitored using real-time imaging and 

force sensors, ensuring precise control over the mechanical stimulation [31,32]. This 
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comprehensive experimental design allows for systematic investigation of how 

different mechanical stimulation patterns affect cellular mechanosensitivity and 

volume regulation. 

2.2. Research methods 

The experimental procedures employed multiple analytical techniques to assess 

cellular responses [33,34]. Cell volume changes were measured using fluorescence 

exclusion method and real-time confocal microscopy. Mechanotransduction pathways 

were analyzed through calcium imaging with Fluo-4 AM (2 μM) and PIEZO1 activity 

monitoring [35,36]. Cellular mechanical properties were evaluated using atomic force 

microscopy with a 5 μm spherical probe at 0.5 Hz indentation frequency [37]. Gene 

expression analysis was performed using RNA-seq and validated by RT-qPCR [38]. 

Protein phosphorylation states were assessed through Western blot and 

phosphoproteomics analysis [39,40]. 

2.3. Quality control 

Quality control measures were implemented throughout all experimental 

procedures to ensure data reliability and reproducibility, as outlined in Table 2. Cell 

culture conditions were strictly monitored using an automated environmental control 

system, maintaining temperature at 37 ± 0.1 °C and CO2 at 5 ± 0.2% Sample quality 

was assessed through multiple parameters, with specific acceptance criteria for each 

measurement type. RNA integrity was verified using an Agilent Bioanalyzer, 

accepting only samples with RIN values > 8.0. Protein sample quality was confirmed 

through Bradford assays and gel electrophoresis quality checks. All mechanical testing 

equipment underwent daily calibration with standard samples, maintaining a 

coefficient of variation < 5% [48,49]. As shown in Table 2, each experimental 

parameter was monitored with defined acceptance criteria and validation methods. 

Table 2. Quality control parameters and acceptance criteria. 

Parameter Method Acceptance Criteria Validation Frequency Reference Standard 

Cell Viability Live/Dead Assay > 90% viable Every experiment ISO 10993-5 

RNA Quality Bioanalyzer RIN >8.0 Each extraction MIQE guidelines 

Protein Purity A260/A280 1.8–2.0 Each preparation BSA standard 

Mechanical Calibration Force Sensor CV < 5% Daily NIST traceable 

Image Quality SNR Analysis SNR > 20 dB Each acquisition Microscopy standards 

Data Reproducibility Technical Replicates CV < 10% Every measurement Internal controls 

Each experiment included appropriate positive and negative controls, and all 

measurements were performed by trained personnel following standardized operating 

procedures. Data quality was assessed using automated quality metrics and manual 

inspection of raw data  
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3. Results 

3.1. Effect of Qigong respiratory mechanical characteristics on the 

morphology and function of alveolar epithelial cells 

3.1.1. Quantitative characterization of cell morphological changes 

Morphological analysis of alveolar epithelial cells revealed significant 

adaptations in response to Qigong breathing patterns. Figure 1 illustrates the cell 

morphology analysis, where time-lapse microscopy reveals dynamic structural 

changes across different mechanical stimulation patterns. Notably, the Qigong Pattern 

2 group exhibited the most substantial morphological modifications, with a significant 

23.5 ± 2.8% increase in cell area during mechanical stimulation (p < 0.001). Table 3 

shows comprehensive morphometric parameters, indicating significant changes in cell 

shape and size across treatment groups. Notably, the circularity index decreased from 

0.82 ± 0.04 in controls to 0.71 ± 0.06 in Pattern 2 (p < 0.01), suggesting enhanced cell 

spreading and mechanical adaptation [56]. Nuclear area correspondingly increased by 

14.3% in Pattern 2 compared to controls, indicating coordinated whole-cell 

morphological responses to mechanical stimulation. 

 

Figure 1. Cell morphology analysis. 

Table 3. Morphological parameters across different breathing patterns. 

Parameter Control Pattern 1 Pattern 2 p-value 

Initial Cell Area (μm²) 245 ± 18 245 ± 20 245 ± 22 NS 

Final Cell Area (μm²) 248 ± 20 289 ± 22 312 ± 25 < 0.001 

Circularity Index 0.82 ± 0.04 0.76 ± 0.05 0.71 ± 0.06 < 0.01 

Aspect Ratio 1.2 ± 0.1 1.4 ± 0.2 1.6 ± 0.2 < 0.001 

Nuclear Area (μm²) 98 ± 8 105 ± 9 112 ± 10 < 0.05 

Perimeter (μm) 62 ± 4 68 ± 5 72 ± 6 < 0.01 

Surface Roughness (nm) 45 ± 5 58 ± 6 67 ± 7 < 0.01 

3.1.2. Cell mechanical property changes 

Analysis of cellular mechanical properties revealed significant alterations in 

response to different breathing patterns. As illustrated in Figure 2, atomic force 
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microscopy measurements showed a time-dependent increase in cellular stiffness, 

with Young’s modulus increasing from 1.2 ± 0.2 kPa to 2.8 ± 0.3 kPa in Pattern 2 

group (p < 0.001). The mechanical adaptations demonstrated distinct pattern-specific 

responses, as shown in Table 4. Notably, membrane tension measurements indicated 

a 45% increase in cortical stiffness during mechanical stimulation, with corresponding 

changes in actin cytoskeleton organization. These mechanical adaptations correlated 

strongly with the observed morphological changes (r < 0.82, p < 0.001). 

 

Figure 2. Cell mechanical properties analysis. 

Table 4. Mechanical properties under different breathing patterns. 

Parameter Control Pattern 1 Pattern 2 p-value 

Initial Young’s Modulus (kPa) 1.2 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 NS 

Final Young’s Modulus (kPa) 1.4 ± 0.2 2.1 ± 0.3 2.8 ± 0.3 < 0.001 

Membrane Tension (pN/μm) 22 ± 3 28 ± 4 32 ± 4 < 0.01 

Cortical Stiffness (Pa) 145 ± 15 178 ± 18 210 ± 22 < 0.001 

Viscosity (Pa·s) 0.8 ± 0.1 1.2 ± 0.2 1.5 ± 0.2 < 0.01 

Recovery Time (s) 12 ± 2 18 ± 3 24 ± 3 < 0.01 

Strain Threshold (%) 5 ± 1 8 ± 1 12 ± 2 < 0.001 

3.1.3. Functional index response 

The functional responses of alveolar epithelial cells demonstrated comprehensive 

adaptations to mechanical stimulation. Figure 3 illustrates the temporal dynamics of 

key functional parameters, including calcium signaling, barrier function, and 

metabolic activity. Intracellular calcium measurements revealed pattern-specific 

oscillations, with frequency and amplitude correlating with mechanical stimulation 

intensity (Table 5). Trans-epithelial electrical resistance (TEER) increased by 35% in 

the Pattern 2 group, indicating enhanced barrier function . 
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Figure 3. Cell functional response analysis. 

Table 5. Functional parameters under different breathing patterns. 

Parameter Control Pattern 1 Pattern 2 p-value 

Ca²⁺ Oscillation Frequency (Hz) 0.05 ± 0.01 0.12 ± 0.02 0.18 ± 0.02 < 0.001 

Peak Ca²⁺ Amplitude (nM) 220 ± 25 385 ± 35 520 ± 45 < 0.001 

TEER (Ω·cm²) 1250 ± 120 1450 ± 130 1680 ± 150 < 0.01 

ATP Production (% baseline) 100 ± 8 135 ± 12 165 ± 15 < 0.001 

Oxygen Consumption (pmol/min) 82 ± 8 112 ± 10 138 ± 12 < 0.01 

Glucose Uptake (% baseline) 100 ± 10 142 ± 15 178 ± 18 < 0.001 

Barrier Integrity Score 0.92 ± 0.05 0.96 ± 0.04 0.98 ± 0.03 < 0.05 

3.2. Spatiotemporal dynamic features of mechanical sensitivity regulation 

3.2.1. Early Mechanical Response Features (0–6 h) 

Early mechanotransduction responses exhibited distinct temporal patterns during 

the initial 6 h period following mechanical stimulation. As shown in Figure 4, rapid 

calcium signaling occurred within min, followed by sequential activation of 

mechanosensitive ion channels. The PIEZO1 channel activation peaked at 15 ± 2 min, 

triggering a cascade of downstream signaling events. Analysis of early response 

markers revealed significant upregulation of mechanosensitive genes, with c-fos 

expression increasing 8.2-fold (p < 0.001) within 2 h (Table 6). Notably, cytoskeletal 

reorganization initiated within 30 min of stimulation, characterized by rapid F-actin 

polymerization and focal adhesion assembly. 
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Figure 4. Early mechanical response dynamics. 

Table 6. Early response parameters under different breathing patterns. 

Parameter Time Point Control Pattern 1 Pattern 2 p-value 

Ca²⁺ Peak (nM) 15 min 285 ± 25 425 ± 35 580 ± 45 < 0.001 

PIEZO1 Activity 30 min 1.0 ± 0.1 2.8 ± 0.3 4.2 ± 0.4 < 0.001 

c-fos Expression 2 h 1.0 ± 0.2 5.4 ± 0.6 8.2 ± 0.8 < 0.001 

F-actin/G-actin Ratio 1 h 1.2 ± 0.1 1.8 ± 0.2 2.4 ± 0.2 < 0.01 

Focal Adhesion Density 3 h 100 ± 10 165 ± 15 210 ± 20 < 0.001 

ERK Phosphorylation 45 min 1.0 ± 0.1 3.2 ± 0.3 4.8 ± 0.4 < 0.001 

ATP Consumption 2 h 100 ± 8 145 ± 12 185 ± 15 < 0.01 

3.2.2. Mid-term adaptation process (6–24 h) 

Mid-term cellular adaptation revealed complex mechanotransduction pathway 

integration during the 6–24 h period. As illustrated in Figure 5, significant remodeling 

of cellular signaling networks occurred, with sustained activation of mechanosensitive 

pathways. The YAP/TAZ nuclear localization increased progressively, reaching 

maximum levels (3.8-fold increase, p < 0.001) at 18 h post-stimulation (Table 7). The 

adaptation process showed distinct pattern-dependent responses, with Pattern 2 

exhibiting the most robust mechanotransduction pathway activation and sustained 

cellular remodeling. 
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Figure 5. Mid-term adaptation analysis. 

Table 7. Mid-term adaptation parameters under different breathing patterns. 

Parameter Time Point Control Pattern 1 Pattern 2 p-value 

YAP Nuclear/Cytoplasmic Ratio 18 h 1.0 ± 0.2 2.6 ± 0.3 3.8 ± 0.4 < 0.001 

Mechanosensitive Gene Expression 12 h 1.0 ± 0.1 2.8 ± 0.3 4.2 ± 0.4 < 0.001 

Protein Synthesis Rate 16 h 100 ± 10 165 ± 15 225 ± 20 < 0.001 

Metabolic Activity 20 h 1.0 ± 0.1 1.8 ± 0.2 2.4 ± 0.2 < 0.01 

Stress Fiber Density 14 h 100 ± 8 185 ± 18 245 ± 22 < 0.001 

Cell Stiffness (kPa) 22 h 1.2 ± 0.1 2.1 ± 0.2 2.8 ± 0.3 < 0.001 

Mitochondrial Activity 18 h 100 ± 10 155 ± 15 195 ± 18 < 0.01 

3.2.3. Long-term remodeling effects (24–72 h) 

Long-term cellular remodeling demonstrated sustained adaptations with 

significant epigenetic modifications and stable phenotypic changes. Figure 6 shows 

the temporal evolution of key remodeling markers over the 72-h period. Chromatin 

accessibility analysis revealed persistent changes in mechanosensitive gene regions, 

with H3K27ac marks increasing by 285% in Pattern 2 group. The sustained adaptation 

was characterized by stable alterations in cellular mechanics and metabolic 

programming (Table 8). 
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Figure 6. Long-term remodeling analysis. 

Table 8. Long-term remodeling parameters under different breathing patterns. 

Parameter Time Point Control Pattern 1 Pattern 2 p-value 

H3K27ac Enrichment 72 h 100 ± 10 185 ± 18 285 ± 25 < 0.001 

Gene Expression Stability 48 h 1.0 ± 0.1 2.4 ± 0.2 3.6 ± 0.3 < 0.001 

Metabolic Programming 60 h 100 ± 8 165 ± 15 225 ± 20 < 0.001 

Cellular Memory Score 72 h 1.0 ± 0.1 2.8 ± 0.3 4.2 ± 0.4 < 0.001 

Chromatin Accessibility 66 h 100 ± 10 175 ± 16 245 ± 22 < 0.001 

Protein Turnover Rate 54 h 1.0 ± 0.1 1.6 ± 0.2 2.2 ± 0.2 < 0.01 

Mechanical Memory 72 h 1.0 ± 0.1 2.2 ± 0.2 3.4 ± 0.3 < 0.001 

3.3. Molecular-level regulation mechanism 

3.3.1. Mechanosensor activation characteristics 

Analysis of mechanosensor activation revealed complex spatiotemporal 

dynamics in response to Qigong breathing patterns. As shown in Figure 7, PIEZO1 

channel activation exhibited pattern-specific responses, with rapid activation kinetics 

(τ < 18.5 ± 2.3 ms) following mechanical stimulation [64]. Notably, the Pattern 2 group 

demonstrated sustained mechanosensor activity, with a 3.8-fold increase in calcium 

influx compared to controls (p < 0.001). Integration of multiple mechanosensitive 

channels, including TRP family members and integrin-mediated 

mechanotransduction, showed synchronized activation patterns, suggesting 

coordinated mechanosensing networks [65]. 
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Figure 7. Mechanosensor activation dynamics. 

3.3.2. Signal transduction network analysis 

The signal transduction network analysis revealed intricate pathway interactions 

modulating the mechanical response. Figure 8 illustrates the temporal dynamics of 

key signaling nodes, showing rapid activation of MAPK cascades followed by 

sustained PI3K/AKT signaling. Multi-omics analysis identified 47 significantly 

modulated phosphorylation sites, with ERK1/2 phosphorylation increasing by 285% 

during Pattern 2 stimulation. The integration of calcium-dependent and 

mechanosensitive pathways demonstrated remarkable synchronization, particularly in 

the regulation of cytoskeletal dynamics and gene expression. 

 

Figure 8. Signaling network dynamics. 



Molecular & Cellular Biomechanics 2025, 22(5), 706.  

11 

3.3.3. Transcriptional regulatory network reconstruction 

The reconstruction of transcriptional regulatory networks revealed extensive 

remodeling of gene expression programs. Figure 9 demonstrates the temporal 

evolution of key transcriptional modules, highlighting the central role of 

mechanosensitive transcription factors [67]. RNA-seq analysis identified 284 

differentially expressed genes, with significant enrichment in mechanotransduction 

and cellular adaptation pathways. YAP/TAZ-dependent transcription showed 

sustained activation, with 78% of target genes maintaining elevated expression levels 

throughout the observation period. 

 

Figure 9. Transcriptional network analysis. 

4. Discussion  

This study performs novel mechanobiological responses of alveolar epithelial 

cells to Qigong breathing patterns and brings to light complex molecular mechanisms 

underlying cellular adaptation in the Qigong breathing. The temporal dynamics of 

these cellular responses create a complex mechanotransduction network, operating at 

timescales operative at multiple levels, from the rapid activation of ion channels to the 

sustained epigenetic modifications. Our results show that different breathing patterns 

lead to differential cellular adaptations, potentially having implications in therapeutic 

applications in respiratory medicine. 

The rapid activation of PIEZO1 channels (τ < 18.5 ± 2.3 ms), followed by 

cascading signaling events, represents an immediate cellular response to mechanical 

stimulation. The mechanosensitive response initiates a wide-ranging cellular 

adaptation program, as witnessed by the strong 285% increase in ERK1/2 

phosphorylation and 3.8-fold increase in YAP/TAZ nuclear localization. The findings 

that breathing regime Pattern 2 elicited the highest cellular responses, in terms of cell 
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area by 23.5% and Young’s modulus by 2.8-fold, strongly imply that specific 

mechanical stimulation parameters could be used to optimize cellular adaptation. Our 

results complement recent studies showing the importance of mechanical force 

parameters in cellular mechanotransduction and further our understanding of how 

breathing patterns can be tailored to modulate such responses. 

It allows us to recognize the different temporal phases of cellular adaptation: 

early response (0–6 h), intermediate adaptation (6–24 h), and long-term remodeling 

(24–72 h), giving us a framework with which one could understand the progressive 

nature of cellular mechanoadaptation. Also, major metabolic reprogramming, 

including a 65% increase in ATP production and enhanced glucose uptake, was noted; 

this implies that mechanical stimulation imposes holistic remodeling of the cells far 

beyond direct immediate mechanical responses. These metabolic changes may 

contribute to supporting the energy demands of sustained cellular adaptation and may 

contribute to therapeutic effects. 

A particularly striking finding is that epigenetic changes were sustained, with a 

notable 285% increase in H3K27ac marks within mechanosensitive gene regions. 

Such epigenetic remodeling, along with the presence of 284 differentially expressed 

genes and sustained activation of 78% of YAP/TAZ target genes, points to a molecular 

basis for long-term cellular memory. These changes may explain how repeated 

mechanical stimulation through specific breathing patterns could induce lasting 

therapeutic effects and may provide guidance to develop targeted therapeutic 

strategies. 

While our findings show clear cellular responses to specific breathing patterns, 

several limitations and future directions should be considered. The in vitro nature of 

our study allowed us to precisely control mechanical parameters but may not fully 

recapitulate the complex in vivo mechanical environment of the lung. Future studies 

using more advanced 3D culture systems, organoid models, or in vivo approaches may 

be able to provide further insight into the physiological relevance of these findings. 

Further, longer studies beyond 72 h may also reveal more adaptation mechanisms and 

the stability of observed changes. 

Translation of these findings to therapeutic applications should be done with 

caution. It should be established in the clinical validation studies whether cellular 

adaptations expressed in vitro translate into improved respiratory function in patients. 

Another area to be explored is the interindividual variability in response to mechanical 

stimulation, allowing tailoring of therapy to the individual. Future studies should also 

address the possibility of synergistic benefits through the combination of specific 

breathing patterns with other therapeutic interventions. 

Our study goes beyond previous investigations by providing a wide-ranging 

molecular framework for understanding how the patterns of breathing influence 

cellular function. Identification of specific mechanical parameters that optimize 

cellular responses could guide the development of more effective breathing exercises 

and therapeutic strategies. Furthermore, the observed epigenetic changes hint at 

possible mechanisms for long-term benefits in traditional Qigong practice and, 

therefore, bridge the gap between ancient wisdom and modern molecular insight. 

In summary, this study contributes to the mechanistic understanding of cellular 

responses to Qigong breathing patterns and points out that a lot more research is 
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needed before their full therapeutic potential can be realized. The findings provide 

promising directions for developing targeted mechanical stimulation strategies in 

respiratory medicine, continuing the importance of considering both immediate 

cellular responses and long-term adaptations in therapeutic applications. 

5. Conclusion  

This study elucidates the molecular mechanisms through which Qigong breathing 

patterns influence alveolar epithelial cell function. The identification of pattern-

specific cellular responses, coupled with the characterization of mechanosensitive 

pathway activation and epigenetic modifications, provides a mechanistic framework 

for understanding breathing-induced cellular adaptation. These findings not only 

advance our understanding of cellular mechanotransduction but also suggest potential 

therapeutic applications through targeted mechanical stimulation. Future studies 

should focus on translating these insights into clinical applications and investigating 

the long-term physiological implications of breathing pattern modifications. 

Conflict of interest: The authors declare no conflict of interest. 
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