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Dynamic mechanical stimulation
of alveolar epithelial-fibroblast
models using the Flexcell tension
system to study of lung disease
mechanisms
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Filsan Ahmed Abokor1, Janaeya Zuri Baher1, Logan Yee1,

Chung Cheung2, Don D. Sin2 and Emmanuel Twumasi Osei1,2*

1Department of Biology, University of British Columbia - Okanagan Campus, Kelowna, BC, Canada,
2Centre for Heart Lung Innovation, St. Paul’s Hospital, Vancouver, BC, Canada

Mechanical strain plays a significant role in lung pathophysiology. Current two-

dimensional (2D) in vitro models fail to capture the lung’s dynamic mechanical

environment. We developedmechanically strained 2D andmore complex three-

dimensional (3D) alveolar epithelial-fibroblast co-cultures and organoids using

the Flexcell cell stretching bioreactor. To do this we used readily available human

A549 epithelial cells and MRC-5 lung fibroblasts to establish 2D and 3D alveolar

co-cultures and collagen-I-gel-embedded organoid models in the Flexcell and

then strained them at 18% amplitude, 0.4Hz for 24h to mimic a pathological

environment. The impact of mechanical strain on cell proliferation, morphology,

cytoskeletal and tight junctional protein expression, interleukin-6 and-8 (IL-6,

IL-8) inflammatory cytokine release, and cell death were assessed. Mechanical

strain significantly increased total cell counts in 3D co-cultures but not in 2D

co-cultures, potentially signifying increased proliferation. Morphological analysis

revealed a marked transition of fibroblasts into broadened shape cells under

strain in the 3D co-cultures. This was in line with increased F-actin in 3D co-

cultures after strain. The tight junctional protein zonula occludens-1 expression

decreased after strain in all 2D and 3D models. Furthermore, exposure to strain

increased the release of IL-6 and IL-8. Strain-induced cell deathwas also elevated

across all models, particularly in 3D cultures. This study presents exploratory

findings suggesting that in vitro mechanical multicellular alveolar models using

the Flexcell systemmay replicate the dynamic environment of in vivo lung tissue.

These multicellular models o�er a valuable platform for investigating strain-

induced cellular responses relevant to inflammatory and fibrotic mechanisms in

lung diseases, particularly in exploring epithelial–mesenchymal interactions that

may underlie disease progression.

KEYWORDS

in vitro models, mechanical model, alveolar 3D epithelial-fibroblast model, Flexcell,

multicellular 3D co-culture and organoid models
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Introduction

During each breathing cycle, the lungs rhythmically expand and

contract, exposing tissues to distinct mechanical forces, including

compression, shear stress, and cyclic uniaxial or equibiaxial strain.

These forces vary by lung region and structure and are essential

for respiration, tissue homeostasis, cellular signaling, and overall

lung function (1–3). In line with this, the lungs experience

∼109 strain cycles due to tidal breathing over a lifetime. Tidal

volumes are ∼5–7 mL/kg of predicted body weight, or 500mL

for a 70-kg adult [(4), p. 05] and functional residual capacity

around 3.5 L (5), which corresponds to a volume strain of

∼14% (6). Assuming isotropic volume expansion, this results

in a uniaxial strain, or the length change of a structure per

unit initial length, of 4%. In contrast, during sighs or deep

inspirations, volume changes are larger, inducing linear strains

of up to ∼25% (1). Measurements near total lung capacity show

epithelial surface area increases of around 27–37%, consistent

with substantial stretching at the alveolar level (1, 7). These

cyclic mechanical forces are critical for maintaining alveolar

function (8).

The alveoli are primarily composed of alveolar type I (ATI)

and type II (ATII) epithelial cells, apposed to underlying fibroblasts

in the alveolar walls (9, 10). These cells form the barrier across

which gas exchange occurs and contributes to, the maintenance

of structural integrity, immune functions, and response to the

lung’s cyclic strain (11–13). ATI cells, which cover the majority

of the alveolar surface, stretch and compress while maintaining

the delicate blood-gas barrier required for gas exchange (14).

ATII cells secrete surfactant to reduce alveolar surface tension

and prevents atelectasis, together with their function as stem cells

during injury (15). Lung fibroblasts on the other hand produce

extracellular matrix (ECM) components such as collagen and

elastin, providing structural support and enabling lung elasticity

(16, 17).

Mechanical forces can directly influence surfactant production

in ATII cells, particularly during deep breathing or strenuous

activity (18). Similarly, fibroblasts respond to mechanical forces by

modulating their activity, including the production and remodeling

of ECM proteins such as collagen and elastin (19). Under

normal conditions, this repair process is crucial for preserving

the lung tissue’s elastic properties, which are essential for normal

lung function (11). The process by which alveolar epithelium

and fibroblasts respond to mechanical changes in their physical

environment via the conversion of mechanical stimuli into

biochemical signals is known as mechanotransduction (20). This

mechanism is critical for maintaining tissue homeostasis and plays

a key role in the pathogenesis of lung diseases such as asthma,

chronic obstructive pulmonary disease, idiopathic pulmonary

fibrosis, and ventilator-induced lung injury (21–24).

Previous studies using the Flexcell system—a computer-

controlled bioreactor designed to apply static or cyclic uni-

or equibiaxial strain to various cell types—have demonstrated,

through monoculture models that pathological mechanical strain

disrupts cytoskeletal reorganization in alveolar epithelial cells,

reduces cell viability via apoptosis and necrosis, and amplifies pro-

inflammatory cytokine production (25–29). In separate studies

with lung fibroblast models, pathological strain also alters

proliferation, apoptosis, ECM remodeling, and production of pro-

inflammatory mediators while driving chronic inflammation and

fibrosis (30–33).

Although traditional two-dimensional (2D) monoculture

(mechanical) models have yielded valuable insights, they fail to

capture themulticellularity and three-dimensional (3D) complexity

of the in vivo lung environment (34). This limitation reduces

their accuracy in modeling disease mechanisms and potentially

investigating epithelial-mesenchymal crosstalk (35). To address

these limitations, the current study presents a brief research report

where three in vitro multicellular alveolar models were established

as a proof-of-concept in the Flexcell including, (i) 2D epithelial-

fibroblast alveolar co-cultures, valued for their simplicity and

ease of manipulation (36); (ii) 3D fibroblast-embedded collagen

gels with an overlying alveolar epithelial layer; and (iii) alveolar

epithelial-fibroblast organoids; both of whichmore closely replicate

native lung tissue architecture and physiological relevance (37).

These in vitro models were subjected to cyclic equibiaxial strain

using the Flexcell system, enabling precise control over strain

amplitude-waveforms and frequencies to simulate pathological

conditions. In line with cellular endpoints determined from

previous mechanical strain data (11), indices such as cellular

proliferation, morphological changes, cell death, and inflammatory

mediator release were then assessed after applying strain to

characterize the multicellular alveolar models. This brief research

report is the first to characterize the physiological responses of

multiple relevant multicellular alveolar models to pathological

strain within a single study. It establishes a foundation for

future research into the mechanisms underlying lung pathologies

associated with impaired mechanical environments.

Methods

Cell culture

A549 (CCL-185) immortalized human alveolar epithelial cells

and MRC-5 (CCL-171) immortalized human lung fibroblasts

were both sourced from the American Type Culture Collection

(ATCC), (Manassas, Virginia, USA). Both cell-lines were grown

in Dulbecco’s Modified Eagle Medium (DMEM), (Thermo Fisher

Scientific, Waltham, Massachusetts, USA) enriched with 1%

penicillin-streptomycin (P/S), (Thermo Fisher Scientific) and 10%

fetal bovine serum (FBS), (Thermo Fisher Scientific) (DMEM

10% FBS), which was replaced every 48 h. All A549 and MRC-

5 cell cultures were maintained under standard conditions in

a humidified incubator at 37◦C with 5% CO2. When the cells

reached 90% confluence, they were subcultured with 0.25%

Trypsin-EDTA (Thermo Fisher Scientific). A549 cells were used

for experiments up to passage 25 while MRC-5 fibroblasts were

used till passage 16 to maintain cellular integrity. Counting

and viability assessment was done using the CountessTM 3

automated cell counter (Thermo Fisher Scientific) according to the

manufacturer’s instructions in combination with the trypan blue

exclusion method.

Frontiers inMedicine 02 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552803
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al Yazeedi et al. 10.3389/fmed.2025.1552803

Establishing 2D alveolar
epithelial-fibroblast monoculture and
co-culture models

Collagen-I-coated BioFlex R© 6-well flexible-bottom culture

plates (Flexcell International Corporation, Burlington, NC) were

used to create 2D alveolar epithelial and lung fibroblast

monoculture as well as co-culture models. For monocultures,

wells in 6-well collagen-I-coated BioFlex R© plates were seeded with

either 100,000 MRC-5 lung fibroblasts or A549 epithelial cells

and allowed to attach on the flexible collagen-I-coated BioFlex

membrane for 24 h under standard conditions (37◦C, 5% CO2

in a humidified incubator). After this initial culture period, the

medium was replaced with fresh DMEM containing 1% FBS and

1% P/S. For the 2D co-cultures, 50,000 A549 epithelial cells and

50,000 MRC-5 fibroblasts were co-seeded in collagen-I-coated 6-

well BioFlex R© plates. Co-cultures were cultured and allowed to

adhere to the flexible collagen-I-coated membrane for 24 h in

DMEM 10% FBS (Thermo Fisher Scientific) before replacing the

medium with DMEM 1% FBS for experiments.

Establishing 3D alveolar
epithelial-fibroblast co-culture and
organoid models

3D co-culture models were created in the 6 well Tissue Train

circular foam culture plates (Flexcell International Corporation)

by resuspending 100,000 MRC-5 lung fibroblasts in 2 mg/mL rat

tail collagen I per well as per the manufacturer’s protocol (Thermo

Fisher Scientific, A10483-01). The collagen I seeded MRC-5 lung

fibroblasts was then allowed to polymerize for 1 h in a humidified

incubator at 37◦C with 5% CO2. After gelation, 200,000 A549 cells

in 2mL DMEM 10% FBS were added on top of MRC-5-embedded

collagen-I gels and incubated for a further 24 h to enable a confluent

layer to form.

To establish 3D alveolar organoid models, a 24-well plate was

first coated withmatrix solutionmade up of 40%Matrigel (Corning

Life Sciences, Corning, NY) and 60% DMEM/10% FBS (Thermo

Fisher Scientific) polymerized at 37◦C for 1 h. A 300,000 A549 and

30,000 MRC-5 cell mixture was prepared in a 5% Matrigel/DMEM

(10% FBS) solution and added onto the solidified Matrigel layer

per well. This enabled the development of alveolar organoids

after culturing in standard conditions for 21 days, with media

replenishment every 2 days. Organoid development was monitored

every day and recorded on days 3, 9, and 21 by imaging three

regions of interest (ROIs) per well for analysis of organoid numbers,

diameter, and area using Fiji (ImageJ, National Institutes of Health,

Bethesda, MD).

On day 21, organoids were harvested whole using the CultrexTM

Organoid Harvesting Solution (Bio-Techne, Minneapolis, MN),

as per the manufacturer’s instructions. Harvested organoids were

then embedded in 2 mg/mL rat tail collagen-I per well as per

the manufacturer’s protocol (Thermo Fisher Scientific), in 6-

well Tissue Train circular foam plates (Flexcell International

Corporation,). After collagen polymerization, organoids were

cultured in DMEM 10% FBS (Thermo Fisher Scientific) for 24 h,

before the media was changed to DMEM 1% FBS (Thermo Fisher

Scientific) for strain experiments. 3D alveolar co-cultures and

organoid non-strained control Tissue Train plates were maintained

under static conditions, while the experimental plates were

subjected to equibiaxial strain in the Flexcell as described below.

Strain application

Figure 1 illustrates the Flexcell system setup (A), membrane

deformation process (B), and detailed descriptions of the models

used in this study (C). 2D and 3D co-cultures as well as organoids

in collagen I-coated 6-well BioFlex and 6-well Tissue Train circular

foam culture plates were exposed to either pathological cyclic strain

in the Flexcell FX-6000 Tension system (Flexcell International

Corporation) or left as static non-strained controls. The regimen

selected to mimic pathological conditions was an equibiaxial strain

of 18% amplitude at a frequency of 0.4Hz for a period of 24 h. Both

BioFlex and Tissue Train plates have a flexible silicone elastomer

membrane that is molded around a circular 25mm static post by

vacuum pressure during the strain regimen. After 24 h of strain

application, the supernatant was collected from both the 2Dmodels

on BioFlex plates and 3D hydrogels on the Tissue Train circular

foam plates for subsequent assays.

Immunofluorescence analysis

After experiments, the 2D and 3D models were washed

with Dulbecco’s phosphate buffered saline (DPBS), fixed with 4%

paraformaldehyde for 1 h at 4◦C, washed again, and permeabilized

with 0.2% Tween 20 at 4◦C. Following another wash, the cultures

were blocked with 5% bovine serum albumin for 1-h at room

temperature. Cultures were incubated overnight at 4◦C with

a staining cocktail containing anti-zonula cccludens-1 (ZO-1)

antibody conjugated with Alexa FluorTM 594 (1:100; 339194,

Invitrogen), Phalloidin Alexa FluorTM 488 (A12379, 1:1,000;

Thermo Fisher Scientific), and DAPI (D1306, 1:4,000; Thermo

Fisher Scientific). Imaging was performed using a Leica DMi8

confocal microscope (Leica Microsystems, Wetzlar, Germany)

for fluorescence intensity analysis (40X objective) and an EVOS

M500 fluorescence microscope (Thermo Fisher Scientific) for

morphology analysis (10X objective). For 2D and 3D hydrogel

models, single images were captured from side and center fields per

well, while for 3D organoidmodels, z-stacks at 5µm thickness were

acquired to capture their full depth, all representative images were

taken at the same Z-plane, and imaging parameters—including

laser power, gain, exposure time, and detector settings—were kept

constant. Fluorescence intensity of the organoids was acquired

using Z-stack imaging and quantified from the merged projection.

Fluorescence intensity was analyzed using Fiji and corrected per

cell for 2D models and per organoid and area for 3D models.

Unstained internal controls were used for every imaging session.

Global cell and organoid numbers were determined by point counts

using two randomly selected fields of view per model, three models

per experiment using automated image analysis. Morphological

analysis also involved manual classification of MRC-5 cells as
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FIGURE 1

Overview of the Flexcell® Tension system, mechanism of cell strain, and models used. (A) Schematic of the Flexcell® FX-6000TM System, with

components including: Surge protected power strip, power outlet, Ethernet cable, reinforced vacuum tubing, compressed air regulator/filter, vent

tubing, system tubing, flex in tubing, flex out tubing, water trap, baseplate. To the right, enlargement of a top view of the baseplate in which the

di�erent culture plates sit for strain experiments showing white loading posts. (B) Schematic of top and side-view of membrane deformation and

subsequent equibiaxial strain onto cells. (C) 2D alveolar epithelial-fibroblast co-cultures were seeded on BioFlex plates, whereas 3D co-cultures and

epithelial-fibroblast organoids were seeded on the Tissue Train plate. Adapted from Flexcell® International Corporation with written permission:

USER MANUAL FLEXCELL® DYNAMIC CULTURE SYSTEM FX-6000
TM

Tension 03-19-18 Rev 1.2, https://cdn.prod.website-files.com/

5b916a469721fd4a8ae38199/5bb51aa931f6192010078b79_FX-6000TensionUsersManual.pdf, COPYRIGHT © 2018 FLEXCELL® INTERNATIONAL

CORPORATION, www.flexcellint.com; FLEXCELL Loading Station Tech Report, Rev 7.0 07-25-17, https://cdn.prod.website-files.com/

5b916a469721fd4a8ae38199/5bb519b8e56d4d5aedf7e3c8_101_LoadingStationsTech.pdf, COPYRIGHT © 2009 FLEXCELL® INTERNATIONAL

CORPORATION, www.flexcellint.com.

spindle or broadened and A549 cells as round or spindle, based on

two fields of view per model, three models per experiment.

Interleukin-6 (IL-6) and interleukin-8 (IL-8)
ELISA and cellular death assay

To evaluate the release of inflammatory mediators in

various experimental conditions, enzyme-linked immunosorbent

assays (ELISA) were performed to measure IL-6 and IL-8

concentrations in the supernatants collected from both co-

culture (and monoculture) models, under strained and non-

strained conditions. IL-6 (D6050) and IL-8 (DY208) ELISA kits

(R&D Systems, Minnesota, Minneapolis) were used following the

manufacturer’s protocols, and results were quantified using the

BioTek Cytation 7 (Agilent, Santa Clara, California).

To assess cell cytotoxicity, the CyQUANTTM lactate

dehydrogenase (LDH) Cytotoxicity Assay (C20300, Thermo

Fisher Scientific) was performed according to the manufacturer’s

instructions. Supernatants from the experimental models were

subjected to the LDH absorbance assay to quantify LDH released

into the medium, as a measure of potential cell lysis and death in

both strained and static models. LDH concentration was quantified

using recombinant human LDH (Abcam, ab93699) by generating

a standard curve at approximately half-log concentrations from 1

pg/mL to 5 ng/mL.

Statistical analysis

Results are shown as the standard error of the mean of four or

more independent experiments. Prism 10 (GraphPad, California,

USA) was used as the statistical analysis software. The differences

between paired observations were assessed with paired t-test while

multiple comparisons are assessed with a 1 way and 2-way ANOVA

with post-hoc Tukey test.
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FIGURE 2

Representative immunofluorescence images of MRC-5 fibroblasts (stained with phalloidin) and A549 epithelial cells (stained with phalloidin and

against ZO-1) showing distinct morphologies. Spindle-shaped cells are elongated, narrow, and fusiform with tapering ends, while broadened cells

appear enlarged and flattened. In A549 cells, cuboidal morphology denotes a height roughly equal to width, whereas elongated cells are thinner and

stretched. Cartoons of these morphologies are provided above each representative image. Scale bars represent 25µm.

Results

Characterization of 2D co-culture
morphology, tight junction marker,
cytoskeletal changes, inflammatory
markers, and marker of cell death

2D A549 alveolar epithelial cell (AEC) and MRC5 lung

fibroblast co-cultures were generated and exposed to cyclic strain.

The resultant cultures were immunostained with phalloidin for

cytoskeletal F-actin (essential protein for cell shape and motility)

to count cells. After fluorescence imaging and cell counting,

immunostaining for the junctional protein ZO-1 was performed to

assess the effects of strain on cytoskeletal protein and junctional

complex expression in 2D alveolar co-culture models. ZO-1

expression was more prominent in AEC than in fibroblasts

(Figure 2) and was used to distinguish alveolar epithelial cells

from lung fibroblasts, enabling cell morphology assessments.

Based on preliminary experiments and previous literature, lung

fibroblasts were categorized as spindle-shaped or broadened, while

alveolar epithelial cells were classified as cuboidal or elongated

as shown in Figure 2 (38, 39). Representative fluorescence images

of non-strained static controls and strained 2D co-cultures are

shown in Figure 3A. Figure 3B shows representative confocal

images of non-strained static controls and strained AEC and

lung fibroblast co-cultures stained for nuclei, F-actin, and ZO-

1 to differentiate the two cell populations. ZO-1 expression

was analyzed together with cytoskeletal F-actin to assess the

effect of strain on junctional complex and cytoskeletal protein

expression in 2D alveolar co-culture models. Here, we observed

that cell numbers of A549 or MRC-5 were not significantly

different between control and strained models (Figure 3C). F-

actin intensity was however, significantly decreased in AECs and

fibroblasts in the co-cultures after strain compared to static non-

strained controls (Figure 3D). ZO-1 intensity in AECs significantly

decreased with strain in both co-cultures and monocultures

(Figure 3E and Supplementary Figure 2C). However, the reduction

was significantly lower in co-cultures (p = 0.01). As ZO-1

staining enabled the identification of the alveolar epithelium,

F-actin staining could be analyzed for the different cell-types.

In monocultures, F-actin intensity significantly decreased with

strain in both fibroblasts and AECs (Supplementary Figure 1B).

Following strain, F-actin intensity in fibroblasts was comparable

between monocultures and co-cultures. However, in AECs, F-

actin intensity was significantly higher in co-cultures (p = 0.0006)

after strain.
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FIGURE 3

Exposure to pathologic strain regimen on morphology, tight junction marker, cytoskeletal changes, inflammatory markers, and marker of cell death

in MRC-5 and A549 2D co-cultures. Co-cultures were subjected to pathologic strain regimen of equibiaxial strain at 18% amplitude and 0.4Hz for 24

hours. (A) Representative fluorescence microscopy images at 10X objective stained for nuclei (blue) and F-actin (green). Scale bar represents 250µm.

(B) Representative confocal images of control and strained co-cultures stained for nuclei (blue), F-actin (green) and ZO-1 (red). Scale bar represents

75µm. (C) Total number of fibroblasts and epithelial cells per field of view were counted and summarized. Cell counts are representative of each field

of view. (D) Mean F-actin fluorescence intensities of fibroblasts and AEC are summarized. (E) Mean ZO-1 fluorescence intensity of AEC is

summarized. (F) Proportions of cells exhibiting spindle or broadened morphology for fibroblasts and cuboidal or elongated morphology for AEC are

summarized. ‡Control vs. strain, spindle (p = 0.0006) and broadened (p = 0.0005) (G) Interleukin-6 concentrations in the supernatant was assessed

via ELISA. (H) Interleukin-8 concentrations in the supernatant were assessed via ELISA. (I) Lactate dehydrogenase, a marker for cell death, was

quantified in the supernatant in strain and control conditions. Data reported is mean ± SEM indicated for 6 replicates, only pairwise comparisons p <

0.05 are included, *p < 0.05, **p < 0.01, ***p < 0.001.

Next, the morphology of A549 and MRC-5 cells was assessed

using cytoskeletal F-actin and ZO-1 staining. Representative images

showed MRC-5 spindle-shaped cells are elongated, narrow, and

fusiform with tapering ends, while broadened cells appear enlarged

and flattened. In A549 cells, cuboidal morphology denotes a

height roughly equal to width, whereas elongated cells are thinner

and stretched (Figure 3F). When morphology was quantified, a

significantly greater proportion of fibroblasts exhibited spindle

morphology under strain compared to non-strained static controls

(81.0 ± 4.0 % vs. 26.2 ± 2.7%), with the remaining adopting

a broadened shape (Figure 3F). In contrast, AECs maintained

their cuboidal shapes under both strain and control conditions

with no significant differences observed (Figure 3F). Similar trends

were observed in AEC and fibroblast monocultures. Under strain,

85.7 ± 1.4% of fibroblasts displayed spindle morphology, which

was significantly greater than in static controls (18.0 ± 1.8%)

and comparable to fibroblast morphology proportions in 2D

co-cultures (Supplementary Figure 1A). In monocultures, AEC

morphology showed no significant differences between strain and

control (Supplementary Figure 1B).

The effect of mechanical strain on the release of inflammatory

mediators and cell death in 2D alveolar co-cultures were

characterized by measuring the release of IL-6, IL-8 and lactate

dehydrogenase (LDH) in the supernatant of strained and control

2D co-cultures. Here, it was found that 18%, 0.4Hz strain for

24 h caused a significantly increased release of IL-6 and IL-8

in 2D co-cultures compared to control (Figures 3G, H). There

was also a significantly increased release of LDH after strain

of 2D co-cultures compared to controls (Figure 3I). IL-6 release

from fibroblast monocultures increased significantly under strain

(Supplementary Figure 2C), while IL-8 release was significantly

elevated in both fibroblast and AEC monocultures under strain

(Supplementary Figure 2D). LDH was also significantly higher

with strain in both fibroblast and AEC monocultures, but the

LDH release between fibroblasts and AEC with strain was not

significantly different (Supplementary Figure 2E).

Characterization of 3D co-culture
morphology, tight junction marker,
cytoskeletal changes, inflammatory
markers, and marker of cell death

Representative cross-sectional confocal images of the control

and strained 3D alveolar epithelial-fibroblast co-culture hydrogels
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stained for F-actin, ZO-1, and cell nuclei are shown in Figure 4A.

After the application of a 24 h 18%, 0.4Hz strain, a significant

increase in A549 number was observed whereas MRC-5 cell

numbers were not significantly different (Figure 4B). F-actin

intensity was not significantly different compared to static non-

strained controls for both lung fibroblasts and AECs (Figure 4C).

However, 18%, 0.4Hz strain significantly reduced ZO-1 expression

by 45.2% in AECs compared to non-strained static controls

(Figure 4D). A significant decrease in the proportion of fibroblasts

exhibiting spindle morphology compared to control (34.6 ± 2.8%

vs. 61.6 ± 1.8%) was observed (Figure 4C). The proportion of

AECs with cuboidal morphology did not significantly change with

strain (Figure 4C). Strain conditions did not significantly affect

supernatant IL-6 concentrations; however, it significantly increased

IL-8 concentrations (Figures 4F, G) compared to controls. Added

to this, LDH release was significantly increased after strain

application in 3D alveolar co-cultures compared to controls

(Figure 4H).

Characterization of alveolar
epithelial-fibroblast organoid growth and
maturation, model morphology, tight
junction marker, and cytoskeletal changes

Alveolar epithelial-fibroblast organoids were established and

cultured over 21 days, with organoid numbers, area, and diameter

assessed at days 3, 9, and 21 to monitor growth and development.

Representative brightfield microscopy images show organoids

exhibited a circular morphology as expected throughout the

maturation period (Figure 5A). The average number of organoids

per well was significantly lower at days 9 and 21 compared to

day 3 (Figure 5B). Complimentarily, the average organoid area and

diameter was significantly higher at days 9 and 21 compared to

day 3 (Figures 5C, D). The averages of these three measurements

are reported in Supplementary Table 1. From these indices, 24 000

organoids were consistently produced, embedded in collagen-I-

hydrogels and subjected to the 24 h 18%, 0.4 Hz strain.

Figure 4E shows representative confocal images of non-

strained static control and strained alveolar epithelial-fibroblast

organoid models immunostained for F-actin, ZO-1, and cell-

nuclei. After the application of a 24 h 18% 0.4Hz strain the

number of organoids significantly increased by 42%, whereas

organoid area decreased by 43% compared to control (Figures 5F,

G). It was then observed that lung fibroblasts developed F-

actin positive cytoplasmic projections that distorted the spherical

shape of organoids upon strain. In line with this, there was a

significant increase in F-actin fluorescence intensity in organoids

following the application of strain compared to static controls

(Figure 5H). Plotting F-actin intensity as a function of Z-distance in

organoid Z-stacks revealed elevated F-actin levels near the center of

strained organoids, with comparable expression at the peripheries

(Supplementary Figure 3A). Further, ZO-1 fluorescence intensity

was significantly lower in AECs after strain (Figure 5I). Compared

to controls, ZO-1 expression was consistently reduced at all

Z-distances in strained organoids (Supplementary Figure 3B).

Secreted IL-6 concentrations were significantly increased with

strain in line with an increased, non-significant release of secreted

IL-8 (Figures 5J, K). As found in the previous models, LDH was

also significantly increased in strained organoids compared to static

controls (Figure 5L).

Discussion

In this brief report, we developed and characterized

mechanically strained 2D and 3D multicellular alveolar epithelial-

fibroblast co-culture and organoid models using the Flexcell

system. After models were characterized, it was determined

that the application of a 24-h pathophysiological equibiaxial

strain of 18% amplitude, 0.4Hz, caused significant changes in

the proliferation, of 3D alveolar epithelial-fibroblast co-culture

and organoid models, but not in 2D co-cultures. There were

also significant reductions in F-actin levels in both AECs and

lung fibroblasts in 2D models, as opposed to increased F-actin

expression in 3D models due to strain. We also observed a

significant increase in A549 cell numbers with strain in 3D

co-cultures. All models showed a decrease in the epithelial tight

junctional protein ZO-1 in response to strain. Furthermore,

there was increased pro-inflammatory cytokine release (IL-6,

IL-8) and decreased viability in all multicellular models due to

pathophysiological strain.

Various biomimetic models have been established ranging

from simple 2D (transwell) co-cultures to conditioned medium

exposure models, to 3D hydrogel embedded cellular models,

organoids, and microfluidic lung-on-chip models to mimic the

lung’s microenvironment (11). Mechanical bioreactors such as the

Flexcell have gained popularity over the years and are able to

introduce the element of the mechanical environment in these

models which was hither-to be understudied (11). In the present

study, we combined 3D multicellular epithelial-fibroblast models

and the Flexcell bioreactor to mimic the effects of strain in

the alveolar in the multicellular lung environment. Lower strain

amplitudes, (5–10%) are used to mimic normal lung expansion

during quiet tidal breathing (3, 7) whereas higher strain amplitudes

(15–20% in 3D models and up to 30% in 2D models) are associated

with pathophysiological conditions such as mechanical injury and

tissue deformation in lung diseases (32, 33, 40–42). In this study,

we observed that an 18%, 0.4Hz equibiaxial strain mimicked

pathophysiological dynamic mechanical conditions to alter the

structure and function of AECs and lung fibroblasts. Future studies

would explore the use of the complex models established here to

assess and compare more physiological strain conditions.

Cellular proliferation, plays a critical role in lung tissue

homeostasis and repair, particularly under mechanical forces

associated with breathing (43). While no significant changes

in proliferation were observed in the 2D alveolar co-culture

model with pathological strain, total cell and organoid numbers

were significantly higher in 3D co-cultures and organoids. This

aligns with literature demonstrating that 3D matrix environments

promote strain-induced proliferation, a response driven in part

by epithelial-mesenchymal crosstalk, whereas 2D monolayers are

often limited in their ability to replicate these interactions (19,

44). Mechanical strain can activate pathways that enhance cell

proliferation; however, when applied cyclically, the repetitive
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FIGURE 4

Exposure to pathologic strain regimen on morphology, tight junction marker, cytoskeletal changes, inflammatory markers, and viability MRC-5 and

A549 3D co-cultures. Co-cultures were subjected to the pathologic strain regimen for 24h. (A) Representative confocal images of control and

strained co-cultures stained for nuclei (blue), F-actin (green) and ZO-1 (red). Scale bar represents 75µm. (B) Total number of fibroblasts and

epithelial cells per field of view were manually counted and summarized. Cell counts are representative of each field of view. (C) Mean F-actin

fluorescence intensities of fibroblasts and AEC are summarized. (D) Mean ZO-1 fluorescence intensity of AEC was summarized. (E) Proportions of

cells exhibiting spindle or broadened morphology for fibroblasts and cuboidal or elongated morphology for AEC are summarized. MRC-5 and A549

cells were distinguished by di�erences in F-actin and ZO-1 expression as well as cellular morphology. ‡Control vs. strain, spindle (p = 0.05) and

broadened (p = 0.05) (F) IL-6 concentrations in the supernatant were assessed via ELISA. (G) IL-8 concentrations in the supernatant were assessed via

ELISA. (H) LDH was quantified in the supernatant in strain and control conditions. Data reported is mean ± SEM indicated for 6 replicates, only

pairwise comparisons p < 0.05 are included, *p < 0.05, **p < 0.01, ***p < 0.001.

deformation may lead to distinct cellular responses, such as

increased expression of mesenchymal markers, particularly in

compliant matrices (45). However, it is important to note that

the proliferative response to cyclic mechanical strain, such as in

fibroblasts, can depend on factors like strain duration and collagen

scaffold stiffness (46, 47), and these context-dependent variables

must be considered when interpreting results across different

culture systems. It is important to note that as this study is a

brief report, amore comprehensive assessment of proliferation with

markers such as Ki67 and incorporation of nucleotide analogs in

replicating cells (48) should be done in the established multicellular

mechanical models for future studies. These results highlight the

ability of the 3D co-cultures and organoids to better mimic the

mechanical in vivo lung environment compared to 2D models.

This study’s 3D alveolar-fibroblast models provide a powerful

platform for investigating how mechanical forces and multicellular

interactions contribute to lung diseases which are characterized

by impaired repair processes, altered epithelial-fibroblast crosstalk,

and excessive ECM deposition (49–51).

To further characterize established mechanical multicellular

models, the effects of pathological strain on cellular morphology,

cytoskeletal structure, and tight junction protein expression were

determined. Changes in the cellular morphology of MRC-5 and

A549 cells were assessed through immunofluorescent staining, with

ZO-1 expression (an epithelial cell-specific marker) and distinct

cell morphology serving as key differentiators between the two

cell types. The shapes adopted by fibroblasts and AECs have

been previously observed and are influenced by factors such as

mechanical strain, extracellular environment changes, and their

lung region of origin (38, 39, 52–54). Here, in either 2D or 3D

models, AECs displayed no significant morphological changes in

response to mechanical strain, suggesting that the specific strain

conditions used may not regulate this aspect of their phenotype.

However, ZO-1 a tight junctional protein important for epithelial

barrier function, was significantly reduced after the application of

pathological strain in all multicellular models suggesting a strong

effect of strain on epithelial barrier dysfunction. ZO-1 expression

was also consistently decreased across all Z-distances in organoids,
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FIGURE 5

Evaluating development before strain and morphology, tight junction marker, cytoskeletal changes, inflammatory markers, and cell death after strain

of alveolar epithelial-fibroblast organoid models. (A) Representative brightfield microscopy image of the organoid development in the hydrogel at 4×

objective in days 3, 9, and 21. Scale bar = 350µm. Parameters of organoids that were measured were (B) Number of organoids per well, (C) Average

organoid area, and (D) Average organoid diameter (only organoids over 50µm diameter were included). Organoid development data reported as

mean ± SEM indicated for 4 technical replicates, n = 4. *p < 0.05, ***p < 0.001 (E) Representative confocal microscopy images at 40× objective

(Continued)

Frontiers inMedicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552803
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al Yazeedi et al. 10.3389/fmed.2025.1552803

FIGURE 5 (Continued)

stained for nuclei (blue), F-actin (green), and ZO-1 (red). Scale bar represents 75µm. (F) Number of organoids were counted per region of interest.

(G) Average area of organoids was assessed and summarized. (H) Mean F-actin fluorescence intensities of the organoids are summarized. (I) Mean

ZO-1 fluorescence intensity of the organoids was summarized. (J) IL-6 concentrations in the supernatant were assessed via ELISA. (K) IL-8

concentrations in the supernatant were assessed via ELISA. (L) LDH was quantified in the supernatant in strain and control conditions.

Characterization after strain data reported is mean ± SEM indicated for 4 replicates, *p < 0.05, **p < 0.01, ***p < 0.001.

suggesting a lack of Z-position-dependent variation. Possible

mechanisms underlying this may include mechanical disruption

of the actin cytoskeleton and decreases in intracellular ATP

levels which are critical for maintaining junctional integrity (55).

Consequences of barrier disruption can include increased alveolar

permeability, inflammation, fibrosis, and increased susceptibility to

infections (56, 57). To further explore these findings, assessments

such as paracellular permeability assays, transepithelial electrical

resistance and electrical cell impedance sensing are necessary to

evaluate functional changes in barrier integrity (57, 58).

The lung fibroblasts used in our multicellular mechanical

models exhibited a notable morphological shift to a spindle

shape in 2D co-cultures after pathophysiological strain, while

in 3D co-cultures, lung fibroblasts maintained a broadened

myofibroblast-like morphology. This broadened shape, has been

linked to fibroblast-to-myofibroblast differentiation, which points

the potential for pathological strain to promote lung fibroblast

activation, shown to drive ECM production and tissue remodeling

and linked in separate studies to lung mechanical activation (11,

38). To further elucidate this activation process, future studies

should assess the development of contractile actin-myosin bundles

and the expression of α-smooth muscle actin, which are hallmark

features of myofibroblast activation (59, 60). Cytoskeletal F-

actin showed a significant reduction in intensity in 2D fibroblast

monocultures under strain while no significant changes were

observed in F-actin of fibroblasts in the 2D alveolar epithelial-

fibroblast co-cultures and 3D co-cultures. However, F-actin

expression was elevated in strained epithelial-fibroblast organoids,

with the highest levels observed near the organoid center. Although

the underlying mechanisms require further investigation, this

suggests that AECs and their associated crosstalk may play a

compensatory role in mitigating cytoskeletal changes in response to

mechanical strain. For instance, mechanical stimulationmay enable

AECs to signal to fibroblasts via the prostaglandin E2 pathway,

potentially counteracting strain-induced alterations (61, 62).

While immune cells are traditionally seen as primary

contributors to disease through the production of pro-

inflammatory cytokines, it is now known that structural cells,

such as AECs and fibroblasts also play crucial roles in driving lung

inflammation (63). In this study, we explored the strain-induced

release of pro-inflammatory cytokines IL-6 and IL-8 in 2D and

3D alveolar epithelial-fibroblast co-cultures and organoids. IL-6

is pivotal in the acute-phase response, driving the production

of proteins by the liver and promoting the differentiation of B

cells into plasma cells (64, 65). IL-8, a key chemokine, primarily

facilitates the recruitment and activation of neutrophils at sites

of inflammation (66). It was found that exposure to pathological

strain predominantly increased lung fibroblast derived IL-6

release while IL-8 was primarily produced by epithelial cells,

corroborating published literature (67). In 3D co-cultures,

strain-induced IL-8 release was observed, but IL-6 levels remained

unchanged. Conversely, organoids exhibited increased release of

both cytokines under strain. This indicates that the mechanical

lung’s 3D microenvironment potentially alters cytokine responses

compared to monocultures, highlighting the importance of further

investigating epithelial-fibroblast interactions in these more

physiologically relevant models. In previous studies epithelial-

fibroblast crosstalk has been linked to inflammatory release

and potential miRNA regulation (50, 68). Future studies should

investigate the mechanotranstruction pathways involved in driving

IL-6, IL-8 and inflammatory cytokine release in the lung’s complex

mechanical multicellular microenvironment.

Cell death was assessed by measuring the release of LDH, a

widely used marker for damage and membrane integrity (69, 70),

in the strainedmechanical co-culturemodels. Previous studies have

shown that strain can compromise cell viability in AECs and lung

fibroblasts, due tomembrane damage and alterations in cytoskeletal

dynamics (67, 71, 72). In this study, pathological strain increased

LDH release in all models tested, with lung fibroblasts showing

higher LDH sensitivity to strain than AECs. Notably, LDH release

in 3D models was significantly higher—∼50% higher than in 2D

models. These heightened responses could be potentially attributed

to the mechanical properties of the 3D model which mimics the

ECM stiffness and spatial organization contributing to differential

responses of AECs and lung fibroblasts. In addition, we observed

an increase in cell numbers in 3D co-cultures concomitantly with

an increase in LDH release. This could suggest strain induces

sublethal or reversible membrane injury that releases LDH, but

does not lead to apoptosis (73), localized areas of cytotoxicity

which is not reflected with whole-field quantification techniques,

or a possible compensatory proliferation effect in response to

mechanical injury, which has been observed in other strain models

(74). Future work to assess cell viability should use dyes/markers

such as propidium iodide to specifically identify cells, use of

apoptotic markers such as initiator or terminal caspase expression

and mitochondrial integrity (75), together with assessment of

mechanotransduction pathway factors involved in driving cell

death responses in multicellular models.

This study has some limitations. (1) We used morphological

analysis to distinguish between fibroblasts from epithelial cells and

to observe their structural changes in response to strain. However,

further studies are needed to assess corresponding functional

changes, correlate them with structural alterations, and confirm

findings using specific markers. (2) While the Flexcell system is

a widely used platform for applying strain to cells, alternative

systems such as the in-house device developed byMondoñedo et al.

(76) may offer improved performance. Their system demonstrated

lower intra-well variance in area strain compared to the Flexcell

BioFlex culture plates, particularly at higher strains. Thus, we

cannot fully rule out the possibility of nonuniform deformation

in our experiments, even though the Flexcell system is designed to

apply equibiaxial strain. These findings underscore the importance
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of strain uniformity and suggest that exploring alternative

stretching platforms may improve reproducibility across studies.

(3) Our 3D model may introduce differential strain between the

apical and basal regions due to thickness of the hydrogel and

matrix softness. Prior studies have shown that in soft matrices

like collagen-I that are membrane adherent, strain transmission

decreases with depth, particularly near the unanchored apical

surface (77). Although we did not directly measure intra-gel strain,

in situ gel thickness, or characterize changes in the expression of

relevant cell markers such as F-actin or ZO-1 with respect to Z-

distance throughout the gel, we acknowledge this as a limitation of

the study. Future work will aim to address this by using thinner

constructs, modifying matrix stiffness, or incorporating embedded

sensors to map strain distribution. (4) Our organoid model used

A549 and MRC-5 cell lines, selected for their consistency, ease

of use, and extensive characterization in the literature. However,

these cell lines have some limitations. A549 cells are derived from

lung adenocarcinoma and do not fully represent the phenotype of

primary alveolar epithelial cells, especially in short-term culture

(78). Similarly, MRC-5 cells, derived from fetal lung fibroblasts,

may lack the heterogeneity and maturity of fibroblast populations

in adult lung tissue. As a result, their responses to mechanical strain

may not accurately reflect those of primary cells in vivo. (5) Lastly,

the matrix in which the organoids are embedded does not fully

recapitulate the native ECM rich in collagen, laminin, elastin, and

other ECM proteins some of which are required for the specific

function of alveolar epithelial cells and fibroblasts (30, 79, 80).

Other models, such as precision cut lung sections, may also be

explored due to their representation of the multicellular and native

lung ECM (81).

In conclusion, we developed a multicellular alveolar model

to evaluate how the mechanical microenvironment influences

epithelial and fibroblast morphology. This model, combining easy-

to-obtain basal alveolar epithelial and fibroblast immortalized

cell lines with a collagen hydrogel and the Flexcell system, is

easy to establish and adaptable for use in various labs to study

mechanical strain. By assessing the structure and function of

pathologically strained multicellular AEC- lung-fibroblast, 2D

and 3D co-cultures, as well as organoids, we characterized

distinct responses that serve as a basis for future studies in

this brief research report. This study also underscores the utility

of complex bioreactors such as the Flexcell tension system to

mimic pathological breathing dynamics of various lung diseases via

effects on cellular proliferation,morphological cellular, cytoskeletal,

junctional protein, inflammatory and viability changes. These

findings emphasize the impact of 3D co-culture and spatial

organization on structure and function and the physiological

relevance of 3D models in replicating the mechanical in vivo lung

environment. These models therefore serve as a robust platform for

studying mechanobiological responses in lung diseases involving

fibrosis, ECM remodeling, and inflammation.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in

accordance with the local legislation and institutional requirements

because only commercially available established cell lines were

used. Ethical approval was not required for the studies on

animals in accordance with the local legislation and institutional

requirements because only commercially available established cell

lines were used.

Author contributions

SA: Data curation, Formal analysis, Investigation,

Methodology, Validation, Writing – original draft, Writing –

review & editing. TG: Data curation, Formal analysis, Investigation,

Methodology, Validation, Writing – original draft, Writing –

review & editing. JS: Data curation, Formal analysis, Investigation,

Methodology, Validation, Writing – review & editing. FA: Formal

analysis, Investigation, Methodology, Validation, Writing –

review & editing. JB: Writing – review & editing. LY: Writing –

review & editing. CC: Writing – review & editing. DS: Writing –

review & editing. EO: Conceptualization, Data curation, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Supervision, Validation, Writing – original draft,

Writing – review & editing, Visualization.

Funding

The author(s) declare that financial support was received

for the research and/or publication of this article. This work

and the Lung Bioartificial Model Lab of Dr. Emmanuel Osei

at UBC-Okanagan are funded by the Canadian Foundation of

Innovation and BC-Knowledge Development Fund (ID 42539),

as well as MITACS (ID IT27789) in collaboration with the

Providence Airway Center (PAC) at Providence Health Care

(PHC) and the Natural Sciences and Engineering Research

Council of Canada (NSERC) (ID AWD-024378 and AWD-

024440).

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

Frontiers inMedicine 11 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552803
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al Yazeedi et al. 10.3389/fmed.2025.1552803

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.

1552803/full#supplementary-material

References

1. Fredberg JJ, Kamm RD. Stress transmission in the lung:
pathways from organ to molecule. Annu Rev Physiol. (2006) 68:507–
41. doi: 10.1146/annurev.physiol.68.072304.114110

2. Liu M, Tanswell AK, Post M. Mechanical force-induced signal transduction in
lung cells. Am J Physiol. (1999) 277:L667–683. doi: 10.1152/ajplung.1999.277.4.L667

3. Mead J, Loring SH. Analysis of volume displacement and length
changes of the diaphragm during breathing. J Appl Physiol. (1982)
53:750–5. doi: 10.1152/jappl.1982.53.3.750

4. Sparling JL, Melo MFV. Chapter 05—Pulmonary Pathophysiology and Lung
Mechanics in Anesthesiology. In: Cohen, E, editor. Cohen’s Comprehensive Thoracic
Anesthesia. Philadelphia: Elsevier (2022). p. 66–87.

5. Levitzky MG. Alveolar ventilation. In: Pulmonary Physiology. McGraw-Hill
Education, New York, NY (2017).

6. Chiumello D, Carlesso E, Cadringher P, Caironi P, Valenza F, Polli F, et al. Lung
stress and strain during mechanical ventilation for acute respiratory distress syndrome.
Am J Respir Crit Care Med. (2008) 178:346–55. doi: 10.1164/rccm.200710-1589OC

7. Tschumperlin DJ, Margulies SS. Equibiaxial deformation-induced
injury of alveolar epithelial cells in vitro. Am J Physiol. (1998) 275:L1173–
1183. doi: 10.1152/ajplung.1998.275.6.L1173

8. Knudsen L, Ochs M. The micromechanics of lung alveoli: structure and
function of surfactant and tissue components. Histochem Cell Biol. (2018) 150:661–
76. doi: 10.1007/s00418-018-1747-9

9. Guillot L, NathanN, Tabary O, Thouvenin G, Le Rouzic P, Corvol H, et al. Alveolar
epithelial cells: master regulators of lung homeostasis. Int J Biochem Cell Biol. (2013)
45:2568–73. doi: 10.1016/j.biocel.2013.08.009

10. Ushakumary, MG, Riccetti M, Perl A-KT. Resident interstitial lung fibroblasts
and their role in alveolar stem cell niche development, homeostasis, injury, and
regeneration. Stem Cells Transl. Med. (2021) 10:1021–32. doi: 10.1002/sctm.20-0526

11. Al Yazeedi S, Abokor AF, Brussow J, Thiam F, Phogat S, Osei ET, et al. The effect
of the mechanodynamic lung environment on fibroblast phenotype via the Flexcell.
BMC Pulm Med. (2024) 24:362. doi: 10.1186/s12890-024-03167-7

12. Aspal M, Zemans RL. Mechanisms of ATII-to-ATI cell differentiation
during lung regeneration. Int J Mol Sci. (2020) 21:3188. doi: 10.3390/ijms210
93188

13. Guo TJF, Singhera GK, Leung JM, Dorscheid DR. Airway epithelial-derived
immune mediators in COVID-19. Viruses. (2023) 15:1655. doi: 10.3390/v15081655

14. Wirtz HRW, Dobbs LG. Calcium mobilization and exocytosis
after one mechanical stretch of lung epithelial cells. Science. (1990)
250:1266–9. doi: 10.1126/science.2173861

15. Lin C, Zheng X, Lin S, Zhang Y, Wu J, Li Y, et al. Mechanotransduction regulates
the interplays between alveolar epithelial and vascular endothelial cells in lung. Front
Physiol. (2022) 13:818394. doi: 10.3389/fphys.2022.818394

16. Burgess JK, Mauad T, Tjin G, Karlsson JC, Westergren-Thorsson G. The
extracellular matrix—the under-recognized element in lung disease? J Pathol. (2016)
240:397–409. doi: 10.1002/path.4808

17. White ES. Lung extracellular matrix and fibroblast function.Ann AmThorac Soc.
(2015) 12:S30–33. doi: 10.1513/AnnalsATS.201406-240MG

18. Fehrenbach H. Alveolar epithelial type II cell: defender of the alveolus revisited.
Respir Res. (2001) 2:33–46. doi: 10.1186/rr36

19. Jacho D, Rabino A, Garcia-Mata R, Yildirim-Ayan E. Mechanoresponsive
regulation of fibroblast-to-myofibroblast transition in three-dimensional tissue
analogues: mechanical strain amplitude dependency of fibrosis. Sci Rep. (2022)
12:16832. doi: 10.1038/s41598-022-20383-5

20. Spieth PM, Bluth T, Gama De Abreu M, Bacelis A, Goetz AE, Kiefmann R, et al.
Mechanotransduction in the lungs.Minerva Anestesiol. (2014) 80:933–41.

21. Araujo BB, Dolhnikoff M, Silva LFF, Elliot J, Lindeman JHN, Ferreira DS,
et al. Extracellular matrix components and regulators in the airway smooth muscle in
asthma. Eur Respir J. (2008) 32:61–9. doi: 10.1183/09031936.00147807

22. Barnes PJ. The cytokine network in asthma and chronic obstructive pulmonary
disease. J Clin Invest. (2008) 118:3546–56. doi: 10.1172/JCI36130

23. Deng Z, Fear MW, Suk Choi Y, Wood FM, Allahham A, Mutsaers SE, et al. The
extracellularmatrix andmechanotransduction in pulmonary fibrosis. Int J BiochemCell
Biol. (2020) 126:105802. doi: 10.1016/j.biocel.2020.105802

24. Novak C, Ballinger MN, Ghadiali S. Mechanobiology of pulmonary diseases: a
review of engineering tools to understand lung mechanotransduction. J Biomech Eng.
(2021) 143:110801. doi: 10.1115/1.4051118

25. Colombo A, Cahill PA, Lally C. An analysis of the strain field in biaxial Flexcell
membranes for different waveforms and frequencies. Proc Inst Mech Eng. (2008)
222:1235–45. doi: 10.1243/09544119JEIM428

26. Geiger RC, Taylor W, Glucksberg MR, Dean DA. Cyclic stretch-induced
reorganization of the cytoskeleton and its role in enhanced gene transfer. Gene Ther.
(2006) 13:725–31. doi: 10.1038/sj.gt.3302693

27. Hammerschmidt S, Kuhn H, Gessner C, Seyfarth H-J, Wirtz H. Stretch-induced
alveolar type II cell apoptosis: role of endogenous bradykinin and PI3K-Akt signaling.
Am J Respir Cell Mol Biol. (2007) 37:699–705. doi: 10.1165/rcmb.2006-0429OC

28. Ning Q, Wang X. Response of alveolar type II epithelial cells to mechanical
stretch and lipopolysaccharide. Respir Int Rev Thorac Dis. (2007) 74:579–
85. doi: 10.1159/000101724

29. Nossa R, Costa J, Cacopardo L, Ahluwalia A. Breathing in vitro:
designs and applications of engineered lung models. J Tissue Eng. (2021)
12:20417314211008696. doi: 10.1177/20417314211008696

30. Blaauboer ME, Smit TH, Hanemaaijer R, Stoop R, Everts V. Cyclic mechanical
stretch reduces myofibroblast differentiation of primary lung fibroblasts. Biochem
Biophys Res Commun. (2011) 404:23–7. doi: 10.1016/j.bbrc.2010.11.033

31. HawwaRL,HokensonMA,Wang Y,Huang Z, Sharma S, Sanchez-Esteban J, et al.
IL-10 inhibits inflammatory cytokines released by fetal mouse lung fibroblasts exposed
to mechanical stretch. Pediatr Pulmonol. (2011) 46:640–9. doi: 10.1002/ppul.21433

32. Sanchez-Esteban J, Wang Y, Cicchiello LA, Rubin LP. Cyclic mechanical stretch
inhibits cell proliferation and induces apoptosis in fetal rat lung fibroblasts. Am J
Physiol Lung Cell Mol Physiol. (2002) 282:L448–456. doi: 10.1152/ajplung.00399.2000

33. Xie Y, Qian Y, Wang Y, Liu K, Li X. Mechanical stretch and LPS affect the
proliferation, extracellular matrix remodeling and viscoelasticity of lung fibroblasts.
Exp Ther Med. (2020) 20:5. doi: 10.3892/etm.2020.9133

34. Sen C, Freund D, Gomperts BN. Three-dimensional models of the lung:
past, present and future: a mini review. Biochem Soc Trans. (2022) 50:1045–
56. doi: 10.1042/BST20190569

35. Lewis KJR, Hall JK, Kiyotake EA, Christensen T, Balasubramaniam
V, Anseth KS, et al. Epithelial-mesenchymal crosstalk influences cellular
behavior in a 3D alveolus-fibroblast model system. Biomaterials. (2018)
155:124–34. doi: 10.1016/j.biomaterials.2017.11.008

36. Thiam F, Yazeedi SA, Feng K, Phogat S, Demirsoy E, Brussow J, et al.
Understanding fibroblast-immune cell interactions via co-culturemodels and their role
in asthma pathogenesis. Front Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1128023

37. Kolanko E, Cargnoni A, Papait A, Silini AR, Czekaj P, Parolini O, et al. The
evolution of in vitro models of lung fibrosis: promising prospects for drug discovery.
Eur Respir Rev. (2024) 33:230127. doi: 10.1183/16000617.0127-2023

38. Hackett T-L, Vriesde NRTF, Al-Fouadi M, Mostaco-Guidolin L,
Maftoun D, Hsieh A, et al. The role of the dynamic lung extracellular
matrix environment on fibroblast morphology and inflammation. Cells. (2022)
11:185. doi: 10.3390/cells11020185

39. Kotaru C, Schoonover KJ, Trudeau JB, Huynh M-L, Zhou X, Hu H, et al.
Regional fibroblast heterogeneity in the lung. Am J Respir Crit Care Med. (2006)
173:1208–15. doi: 10.1164/rccm.200508-1218OC

40. Bishop JE, Mitchell JJ, Absher PM, Baldor L, Geller HA, Woodcock-Mitchell J,
et al. Cyclic mechanical deformation stimulates human lung fibroblast proliferation
and autocrine growth factor activity. Am J Respir Cell Mol Biol. (1993) 9:126–
33. doi: 10.1165/ajrcmb/9.2.126

41. Giordani VM, DeBenedictus CM, Wang Y, Sanchez-Esteban J. Epidermal
growth factor receptor (EGFR) contributes to fetal lung fibroblast injury
induced by mechanical stretch. J Recept Signal Transduct Res. (2014)
34:58–63. doi: 10.3109/10799893.2013.862270

Frontiers inMedicine 12 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552803
https://www.frontiersin.org/articles/10.3389/fmed.2025.1552803/full#supplementary-material
https://doi.org/10.1146/annurev.physiol.68.072304.114110
https://doi.org/10.1152/ajplung.1999.277.4.L667
https://doi.org/10.1152/jappl.1982.53.3.750
https://doi.org/10.1164/rccm.200710-1589OC
https://doi.org/10.1152/ajplung.1998.275.6.L1173
https://doi.org/10.1007/s00418-018-1747-9
https://doi.org/10.1016/j.biocel.2013.08.009
https://doi.org/10.1002/sctm.20-0526
https://doi.org/10.1186/s12890-024-03167-7
https://doi.org/10.3390/ijms21093188
https://doi.org/10.3390/v15081655
https://doi.org/10.1126/science.2173861
https://doi.org/10.3389/fphys.2022.818394
https://doi.org/10.1002/path.4808
https://doi.org/10.1513/AnnalsATS.201406-240MG
https://doi.org/10.1186/rr36
https://doi.org/10.1038/s41598-022-20383-5
https://doi.org/10.1183/09031936.00147807
https://doi.org/10.1172/JCI36130
https://doi.org/10.1016/j.biocel.2020.105802
https://doi.org/10.1115/1.4051118
https://doi.org/10.1243/09544119JEIM428
https://doi.org/10.1038/sj.gt.3302693
https://doi.org/10.1165/rcmb.2006-0429OC
https://doi.org/10.1159/000101724
https://doi.org/10.1177/20417314211008696
https://doi.org/10.1016/j.bbrc.2010.11.033
https://doi.org/10.1002/ppul.21433
https://doi.org/10.1152/ajplung.00399.2000
https://doi.org/10.3892/etm.2020.9133
https://doi.org/10.1042/BST20190569
https://doi.org/10.1016/j.biomaterials.2017.11.008
https://doi.org/10.3389/fimmu.2023.1128023
https://doi.org/10.1183/16000617.0127-2023
https://doi.org/10.3390/cells11020185
https://doi.org/10.1164/rccm.200508-1218OC
https://doi.org/10.1165/ajrcmb/9.2.126
https://doi.org/10.3109/10799893.2013.862270
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al Yazeedi et al. 10.3389/fmed.2025.1552803

42. Han O, Li GD, Sumpio BE, Basson MD. Strain induces Caco-2 intestinal
epithelial proliferation and differentiation via PKC and tyrosine kinase signals. Am J
Physiol. (1998) 275:G534–541. doi: 10.1152/ajpgi.1998.275.3.G534

43. Ancer-Rodríguez J, Gopar-Cuevas Y, García-Aguilar K, Chávez-Briones
M-L, Miranda-Maldonado I, Ancer-Arellano A, et al. Cell proliferation and
apoptosis—key players in the lung aging process. Int J Mol Sci. (2024)
25:7867. doi: 10.3390/ijms25147867

44. Liu M, Xu J, Souza P, Tanswell B, Tanswell AK, Post M, et al. The effect
of mechanical strain on fetal rat lung cell proliferation: comparison of two- and
three-dimensional culture systems. In Vitro Cell Dev Biol Anim. (1995) 31:858–
66. doi: 10.1007/BF02634570

45. Joshi R, Batie MR, Fan Q, Varisco BM. Mouse lung organoid responses to
reduced, increased, and cyclic stretch. Am J Physiol Lung Cell Mol Physiol. (2022)
322:L162–73. doi: 10.1152/ajplung.00310.2020

46. Hadjipanayi E, Mudera V, Brown RA. Close dependence of fibroblast
proliferation on collagen scaffold matrix stiffness. J Tissue Eng Regen Med. (2009)
3:77–84. doi: 10.1002/term.136

47. Zeichen J, van Griensven M, Bosch U. The proliferative response of isolated
human tendon fibroblasts to cyclic biaxial mechanical strain. Am J Sports Med. (2000)
28:888–92. doi: 10.1177/03635465000280061901

48. Vaughan MB, Odejimi TD, Morris TL, Sawalha D, Spencer CL. A new bioassay
identifies proliferation ratios of fibroblasts and myofibroblasts. Cell Biol Int. (2014)
38:981–6. doi: 10.1002/cbin.10289

49. Ito S. Stretch-activated calcium mobilization in airway smooth
muscle and pathophysiology of asthma. Curr Opin Physiol. (2021)
21:65–70. doi: 10.1016/j.cophys.2021.04.004

50. Osei ET, Noordhoek JA, Hackett TL, Spanjer AIR, Postma DS,
Timens W, et al. Interleukin-1α drives the dysfunctional cross-talk of the
airway epithelium and lung fibroblasts in COPD. Eur Respir J. (2016)
48:359–69. doi: 10.1183/13993003.01911-2015

51. Raby KL, Michaeloudes C, Tonkin J, Chung KF, Bhavsar PK. Mechanisms of
airway epithelial injury and abnormal repair in asthma and COPD. Front Immunol.
(2023) 14:1201658. doi: 10.3389/fimmu.2023.1201658

52. Choi D, Gonzalez Z, Ho SY, Bermudez A, Lin NYC. Cell-cell adhesion impacts
epithelia response to substrate stiffness: morphology and gene expression. Biophys J.
(2022) 121:336–46. doi: 10.1016/j.bpj.2021.11.2887

53. Felder E, Siebenbrunner M, Busch T, Fois G, Miklavc P, Walther P, et al.
Mechanical strain of alveolar type II cells in culture: changes in the transcellular
cytokeratin network and adaptations. Am J Physiol—Lung Cell Mol Physiol. (2008)
295:L849–57. doi: 10.1152/ajplung.00503.2007

54. Roshanzadeh A, Nguyen TT, Nguyen KD, Kim D-S, Lee B-K, Lee D-W, et al.
Mechanoadaptive organization of stress fiber subtypes in epithelial cells under cyclic
stretches and stretch release. Sci Rep. 10:18684. doi: 10.1038/s41598-020-75791-2

55. Cavanaugh KJ, Oswari J, Margulies SS. Role of stretch on tight junction
structure in alveolar epithelial cells. Am J Respir Cell Mol Biol. (2001) 25:584–
91. doi: 10.1165/ajrcmb.25.5.4486

56. Short KR, Kasper J, van der Aa S, Andeweg AC, Zaaraoui-
Boutahar F, Goeijenbier M, et al. Influenza virus damages the alveolar
barrier by disrupting epithelial cell tight junctions. Eur Respir J. (2016)
47:954–66. doi: 10.1183/13993003.01282-2015

57. Yanagi S, Tsubouchi H, Miura A, Matsumoto N, Nakazato M. Breakdown of
epithelial barrier integrity and overdrive activation of alveolar epithelial cells in the
pathogenesis of acute respiratory distress syndrome and lung fibrosis. BioMed Res Int.
(2015) 2015:573210. doi: 10.1155/2015/573210

58. Hsieh A, Yang CX, Al-Fouadi M, Nwozor KO, Osei ET, Hackett T-L, et al.
The contribution of reticular basement membrane proteins to basal airway epithelial
attachment, spreading and barrier formation: implications for airway remodeling in
asthma. Front Med. (2023) 10:1214130. doi: 10.3389/fmed.2023.1214130

59. D’Urso M, Kurniawan NA. Mechanical and physical regulation of fibroblast-
myofibroblast transition: from cellular mechanoresponse to tissue pathology. Front
Bioeng Biotechnol. (2020) 8:609653. doi: 10.3389/fbioe.2020.609653

60. Woodley JP, Lambert DW, Asencio IO. Understanding fibroblast behavior in
3D biomaterials. Tissue Eng Part B Rev. (2022) 28:569–78. doi: 10.1089/ten.teb.20
21.0010

61. Gerarduzzi C, He Q, Antoniou J, Di Battista JA. Prostaglandin E(2)-
dependent blockade of actomyosin and stress fibre formation is mediated
through S1379 phosphorylation of ROCK2. J Cell Biochem. (2014) 115:1516–
27. doi: 10.1002/jcb.24806

62. Han X, Xu L, Dou T, Du R, Deng L, Wang X, et al. Inhibitory effects
of epithelial cells on fibrosis mechanics of microtissue and their spatiotemporal
dependence on the epithelial-fibroblast interaction. ACS Biomater Sci Eng. (2023)
9:4846–54. doi: 10.1021/acsbiomaterials.2c01502

63. Osei ET, Hackett T-L. Epithelial-mesenchymal crosstalk in COPD:
An update from in vitro model studies. Int J Biochem Cell Biol. (2020)
125:105775. doi: 10.1016/j.biocel.2020.105775

64. Rose-John S. Interleukin-6 signalling in health and disease. (2020) F1000Res
9:F1000 Faculty Rev-1013. doi: 10.12688/f1000research.26058.1

65. Uciechowski P, Dempke WCM. Interleukin-6: a masterplayer in the cytokine
network. Oncology. (2020) 98:131–7. doi: 10.1159/000505099

66. Matsushima K, Yang D, Oppenheim JJ. Interleukin-8: An evolving chemokine.
Cytokine. (2022) 153:155828. doi: 10.1016/j.cyto.2022.155828

67. Manuyakorn W, Smart DE, Noto A, Bucchieri F, Haitchi HM, Holgate
ST, et al. Mechanical strain causes adaptive change in bronchial fibroblasts
enhancing profibrotic and inflammatory responses. PLoS ONE. (2016)
11:e0153926. doi: 10.1371/journal.pone.0153926

68. Osei ET, Florez-Sampedro L, Tasena H, Faiz A, Noordhoek JA, Timens W, et al.
miR-146a-5p plays an essential role in the aberrant epithelial-fibroblast cross-talk in
COPD. Eur Respir J. (2017) 49:1602538. doi: 10.1183/13993003.02538-2016

69. Chan FK-M, Moriwaki K, De Rosa MJ. Detection of necrosis by release
of lactate dehydrogenase activity. Methods Mol Biol Clifton NJ. (2013) 979:65–
70. doi: 10.1007/978-1-62703-290-2_7

70. Méry, B, Guy, J-. B, Vallard, A, Espenel, S, Ardail, D, Rodriguez-Lafrasse, C, et al.
(2017). In Vitro Cell Death Determination for Drug Discovery: A Landscape Review of
Real Issues. J Cell Death 10:1179670717691251. doi: 10.1177/1179670717691251

71. Gao J, Huang T, Zhou L-J, Ge Y-L, Lin S-Y, Dai Y, et al. Preconditioning effects
of physiological cyclic stretch on pathologically mechanical stretch-induced alveolar
epithelial cell apoptosis and barrier dysfunction. Biochem. Biophys Res Commun.
(2014) 448:342–8. doi: 10.1016/j.bbrc.2014.03.063

72. Heise RL, Stober V, Cheluvaraju C, Hollingsworth JW, Garantziotis S.
Mechanical stretch induces epithelial-mesenchymal transition in alveolar epithelia
via hyaluronan activation of innate immunity. J Biol Chem. (2011) 286:17435–
44. doi: 10.1074/jbc.M110.137273

73. Limonciel A, Aschauer L, Wilmes A, Prajczer S, Leonard MO, Pfaller W, et al.
Lactate is an ideal non-invasive marker for evaluating temporal alterations in cell stress
and toxicity in repeat dose testing regimes. Toxicol Vitro Int J Publ Assoc BIBRA. (2011)
25:1855–62. doi: 10.1016/j.tiv.2011.05.018

74. Liu SQ, Ruan YY, Tang D, Li YC, Goldman J, Zhong L, et al. A possible
role of initial cell death due to mechanical stretch in the regulation of subsequent
cell proliferation in experimental vein grafts. Biomech Model Mechanobiol. (2002)
1:17–27. doi: 10.1007/s10237-002-0003-2

75. Wlodkowic D, Telford W, Skommer J, Darzynkiewicz Z. Apoptosis and beyond:
cytometry in studies of programmed cell death. Methods Cell Biol. (2011) 103:55–
98. doi: 10.1016/B978-0-12-385493-3.00004-8

76. Mondoñedo JR, Bartolák-Suki E, Bou Jawde S, Nelson K, Cao K, Sonnenberg
A, et al. A high-throughput system for cyclic stretching of precision-cut lung
slices during acute cigarette smoke extract exposure. Front Physiol. (2020)
11:566. doi: 10.3389/fphys.2020.00566

77. Tusan CG, Man Y-H, Zarkoob H, Johnston DA, Andriotis OG, Thurner PJ, et al.
Collective cell behavior in mechanosensing of substrate thickness. Biophys J. (2018)
114:2743–55. doi: 10.1016/j.bpj.2018.03.037

78. Cooper JR, Abdullatif MB, Burnett EC, Kempsell KE, Conforti F, Tolley H, et al.
Long term culture of the a549 cancer cell line promotes multilamellar body formation
and differentiation towards an alveolar type II pneumocyte phenotype. PLoS ONE.
(2016) 11:e0164438. doi: 10.1371/journal.pone.0164438

79. DeMaio L, Buckley ST, Krishnaveni MS, Flodby P, Dubourd M, Banfalvi A,
et al. Ligand-independent transforming growth factor-β type I receptor signalling
mediates type I collagen-induced epithelial-mesenchymal transition. J Pathol. (2012)
226:633–44. doi: 10.1002/path.3016

80. Mereness JA, Bhattacharya S, Wang Q, Ren Y, Pryhuber GS, Mariani TJ, et al.
Type VI collagen promotes lung epithelial cell spreading and wound-closure. PLoS
ONE. (2018) 13:e0209095. doi: 10.1371/journal.pone.0209095

81. Alsafadi HN, Uhl FE, Pineda RH, Bailey KE, Rojas M, Wagner DE,
et al. Applications and approaches for three-dimensional precision-cut lung slices.
Disease modeling and drug discovery. Am J Respir Cell Mol Biol. (2020) 62:681–
91. doi: 10.1165/rcmb.2019-0276TR

Frontiers inMedicine 13 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552803
https://doi.org/10.1152/ajpgi.1998.275.3.G534
https://doi.org/10.3390/ijms25147867
https://doi.org/10.1007/BF02634570
https://doi.org/10.1152/ajplung.00310.2020
https://doi.org/10.1002/term.136
https://doi.org/10.1177/03635465000280061901
https://doi.org/10.1002/cbin.10289
https://doi.org/10.1016/j.cophys.2021.04.004
https://doi.org/10.1183/13993003.01911-2015
https://doi.org/10.3389/fimmu.2023.1201658
https://doi.org/10.1016/j.bpj.2021.11.2887
https://doi.org/10.1152/ajplung.00503.2007
https://doi.org/10.1038/s41598-020-75791-2
https://doi.org/10.1165/ajrcmb.25.5.4486
https://doi.org/10.1183/13993003.01282-2015
https://doi.org/10.1155/2015/573210
https://doi.org/10.3389/fmed.2023.1214130
https://doi.org/10.3389/fbioe.2020.609653
https://doi.org/10.1089/ten.teb.2021.0010
https://doi.org/10.1002/jcb.24806
https://doi.org/10.1021/acsbiomaterials.2c01502
https://doi.org/10.1016/j.biocel.2020.105775
https://doi.org/10.12688/f1000research.26058.1
https://doi.org/10.1159/000505099
https://doi.org/10.1016/j.cyto.2022.155828
https://doi.org/10.1371/journal.pone.0153926
https://doi.org/10.1183/13993003.02538-2016
https://doi.org/10.1007/978-1-62703-290-2_7
https://doi.org/10.1177/1179670717691251
https://doi.org/10.1016/j.bbrc.2014.03.063
https://doi.org/10.1074/jbc.M110.137273
https://doi.org/10.1016/j.tiv.2011.05.018
https://doi.org/10.1007/s10237-002-0003-2
https://doi.org/10.1016/B978-0-12-385493-3.00004-8
https://doi.org/10.3389/fphys.2020.00566
https://doi.org/10.1016/j.bpj.2018.03.037
https://doi.org/10.1371/journal.pone.0164438
https://doi.org/10.1002/path.3016
https://doi.org/10.1371/journal.pone.0209095
https://doi.org/10.1165/rcmb.2019-0276TR
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Dynamic mechanical stimulation of alveolar epithelial-fibroblast models using the Flexcell tension system to study of lung disease mechanisms
	Introduction
	Methods
	Cell culture
	Establishing 2D alveolar epithelial-fibroblast monoculture and co-culture models
	Establishing 3D alveolar epithelial-fibroblast co-culture and organoid models
	Strain application
	Immunofluorescence analysis
	Interleukin-6 (IL-6) and interleukin-8 (IL-8) ELISA and cellular death assay
	Statistical analysis

	Results
	Characterization of 2D co-culture morphology, tight junction marker, cytoskeletal changes, inflammatory markers, and marker of cell death
	Characterization of 3D co-culture morphology, tight junction marker, cytoskeletal changes, inflammatory markers, and marker of cell death
	Characterization of alveolar epithelial-fibroblast organoid growth and maturation, model morphology, tight junction marker, and cytoskeletal changes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


	Button1: 
	Button2: 
	Button3: 
	Button4: 
	Button5: 


