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that non-physiological mechanical forces would lead to several pulmonary diseases,
including pulmonary hypertension, fibrosis, and ventilation induced lung injury.
Furthermore, a series of intracellular signaling had been identified to be involved in
mechanotransduction and participated in regulating the physiological homeostasis and
pathophysiological process. Besides, the communications between alveolar epithelium
and vascular endothelium under non-physiological stress contribute to the remodeling
of the pulmonary micro-environment in collaboration, including hypoxia induced injuries,
endothelial permeability impairment, extracellular matrix stiffness elevation, metabolic
alternation, and inflammation activation. In this review, we aim to summarize the current
understandings of mechanotransduction on the relation between mechanical forces
acting on the lung and biological response in mechanical overloading related diseases.
We also would like to emphasize the interplays between alveolar epithelium and
vascular endothelium, providing new insights into pulmonary diseases pathogenesis,
and potential targets for therapy.

Keywords: mechanotransduction, alveolar epithelial cells, vascular endothelial cells, pulmonary diseases,
interplays

INTRODUCTION

As an area of gas exchange, the lung has extensive vascular and bronchial-alveolar networks
and displays tension properties after birth. Accordingly, mechanical stimulation contributes
significantly to maintaining the normal development of pulmonary tissue as well as its functional
homeostasis. The adaptation to mechanical stress is differentially regulated among various parts
of the human body, with surrounding microenvironments providing different physical stimuli that
activate sensory transduction signaling pathways in a tissue-specific manner. The transformation of
external mechanical forces into intracellular signaling is called mechanotransduction. There are two
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common types of mechanosensors—biophysical and
biochemical—located on the cell membrane. Biophysical
sensors help connect the extracellular matrix (ECM) with the
actin cytoskeleton and reshape actin proteins and the nuclear
membrane, ultimately leading to altered chromosomal structure
and patterns of gene expression. Meanwhile, chemical sensors
primarily influence the modification of downstream molecules,
converting external biophysical signals into intracellular
biochemical ones. A stable mechanical environment is required
for development, especially during tissue specialization. Notably,
the pulmonary microenvironment is consisted with airway
structure and vascular vessels. The alveolar epithelium and
vascular endothelium are supposed to subject different injuries
under various pathological mechanical conditions. However,
the stimulation from either epithelial or endothelial cells would
remodel the gas exchange environment in consequence and
affects each other via their communications. Thus, there are
several interplays between alveolar epithelial and endothelial
cells in mechanotransduction manner. Moreover, mesenchymal
transition could both be identified in epithelial (EMT) and
endothelial (EndMT) cells. So that, we would like to summarize
the physiobiological changes under pathological mechanical
stress for lung epithelial and endothelial cells, and also try to
demonstrate how they influence each other.

MECHANICAL STRESS IS CRITICAL
DURING PULMONARY DEVELOPMENT
AND FUNCTIONAL HOMEOSTASIS

The lung is composed of epithelial cells such as the type I and
type II alveolar cells (AT1 and AT?2 cells), endothelial cells of the
arteries, veins, and capillaries, stromal cells, and multiple immune
cell types such as the monocytes and macrophages (Travaglini
etal., 2020). Different cell types in the lungs vary in their ability to
withstand mechanical forces during respiration and pulmonary
blood flow. The alveolar unit is the basic functional unit in the
lung for gas exchange and is mostly composed of AT1, AT2, and
capillary endothelial cells, as well as monocytes and macrophages
(Spieth et al., 2014).

During early pregnancy, the pulmonary luminal volume in
the fetus is significantly low. The pulmonary pressure gradient
of the lung fluid increases the elasticity of the fetal lung tissues
and stimulates the lung epithelial cells to actively secrete chloride
ions. These chloride ions are transported into the stroma and
the lung cavity by blood. The chloride ions move along a
concentration gradient toward the lumen through the chloride
channels to form the lung fluid, which prevents the amniotic
fluid from entering the airways; the lung fluid also removes
mucus and other cell debris from the airway cavity (Cotten,
2017). In the animal models, lung fluid secretion increases when
the pressure in the lumen drops below that of the amniotic
fluid. Reduced amniotic fluid volume increases the gradient
between intraluminal pressure and amniotic fluid pressure. This
increases the lung fluid outflow and reduces the expansion
pressure in the lumen and the concentrations of various growth
and maturation factors (Najrana et al., 2017, 2021). The growth

factors are released when the lung tissues stretch in response to
the fetal breathing movements, and stimulate the proliferation
and differentiation of the epithelial cells and the production
of surfactants. Early mammalian airways exhibit spontaneous
transient airway obstructions due to airway peristalsis. Peristaltic
contractions and airway occlusions induce rhythmic stretching
and relaxation of the growing buds by directing the fluid waves
to the apex of the lung. Therefore, the airway peristalsis and
obstruction generate pressure and extension of the developing
lung tip (Jesudason, 2009).

Alveolar development begins before birth and continues until
adolescence. Postnatal periodic stretching is a key determinant
of lung size and is essential for septum extension. During the
respiratory cycle, the lung matrix experiences cyclic stretching
because of the periodic tension that is applied on the developing
lung tissue. Based on in vitro experimental results, 5-12% cyclic
stretching is considered as physiological stress, whereas > 20%
cyclic stretching is considered as pathological stress (Young
et al., 2015). The synthesis and remodeling of the lung matrix
is required for primary and compensatory lung growth. Lung
elastase activity is dependent on the tensile strength. In the
mice, elastase activity increases by two-fold during the alveolar
stage of postnatal lung morphogenesis (Young et al., 2015). This
demonstrates the effects of postnatal respiratory movement on
alveolar development. Furthermore, periodic alveolar tension
is mediated by the release of growth factors via multiple
intracellular signal transduction pathways.

Endothelial cells, fibroblasts, and smooth muscle cells are
continuously stimulated in the pulmonary arteries by mechanical
forces such as shear stress and pulsatile blood pressure. Both
shear stress and pulsatile blood pressure are altered under
conditions of pulmonary hypertension (PH). In response to
blood pressure, pulmonary arterial endothelial cells (PAECs)
align longitudinally to form the inner tunica of the blood
vessels, whereas the pulmonary arterial smooth muscle cells
(PASMCs) align circumferentially to form the median layer. The
composition of the ECM also contributes to arterial stiffness and
modulates the mechanical forces acting on the vessel wall. ECM
is secreted by the PASMCs and pulmonary artery adventitial
fibroblasts (PAAF). ECM interacts with the cells through the
stretch-activated channels (SAC) and receptors such as the
integrins. Therefore, ECM plays a key role in the stiffness-
dependent activation of vascular endothelial cells.

In general, the fetal lung is subjected to gradient lung fluid
pressure and airway peristalsis. After birth, cyclic stretching
stimulates lung development as a result of breathing movements
and shear stress induced by blood flow, which act on the PAECs
and the alveolar epithelium.

MECHANOTRANSDUCTION IN AVEOLAR
EPITHELIAL CELLS AND VASCULAR
ENDOTHELIAL CELLS

Physical strain is characterized by the relative change in
length in response to applied force. Alveolar epithelial cells
are subjected to mechanical strain during breathing, whereas
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vascular endothelial cells are primarily affected by shear stress,
strain, and hydrostatic pressure. Distinct types of cells in the
lungs experience diverse mechanical forces based on their
location. For example, the apical surface of the epithelium
experiences shear stress from the fluid layer in the airways and
the alveoli, whereas the basolateral surface of the epithelium
experiences stretch or strain due to expansion of the basement
membrane. Therefore, two different types of physical forces
act on the same cell type (alveolar epithelial cells) and
regulate distinct biological functions via signal transduction
pathways (Garcia et al, 2006). Furthermore, contraction of
the actin cytoskeleton induces tension that is transmitted
throughout the cell including the nucleus. The pulmonary
cells also interact with the surrounding environment through
adhesion receptors such as the integrins, which function
as a link between the cytoskeleton and the ECM. The
cytoskeleton is an interconnected biopolymer network within
the plasma membrane that exerts a centripetal force on the
surrounding matrix.

Several studies have investigated the mechanisms that
regulate cellular structure, function, proliferation, differentiation,
secretion, movement, and metabolism in response to mechanical
stimulation by physical forces (Liao et al., 2020; Liu et al,
2021). Aberrant mechanical stretching can result in cellular
barrier dysfunction, metabolic dysfunction, cytotoxicity, and
inflammation (Figure 1).

Jacrophage

ECM Stiffness

FIGURE 1 | The schematic diagram of mechanical stresses loading on
pulmonary alveoli and blood vessels. AT1, alveolar type 1 cells; AT2, alveolar
type 2 cells; ECM, extracellular matrix.

Mechanical Forces Regulate the

Homeostasis of Alveolar Cells

AT1 and AT2 are two different types of alveolar epithelial cells.
AT1 cells do not show any proliferative capacity and are mainly
involved in gas exchange, whereas, the AT2 cells can differentiate
into AT1 cells and are the major source of pulmonary surface-
active material. AT1 cells account for more than 95% of the
alveolar surface area and respond to periodic stretches through
genomic changes to modulate paracellular permeability.

Mechanical stretching promotes proliferation (Han et al,
2005), secretion and metabolism of surface-active substances,
cellular damage or death (Arold et al, 2009), and migration
(Desai et al., 2008) of AT2 cells. The proliferation of alveolar
epithelial cells is essential for maintaining the integrity of the
epithelium, especially during the process of repair after lung
injury. Mechanical forces induce mitotic activity and growth
factor synthesis and secretion by the alveolar epithelial cells
(Noskovicova et al,, 2015). AT2 cells subjected to periodic
mechanical stress in FlexCell units display increased DNA
synthesis after exposure to conditioned medium from lung
fibroblasts compared to those cultured under static conditions.
Mechanical strain also activates the expression of platelet-
derived growth factor receptor beta (PDGFRB) in the lungs
during development. Synthesis and secretion of pulmonary
surfactants is the major biological function of the AT2 cells.
Cyclic stretch stimulates the release of surfactant phospholipids
from the AT2 cells by rapidly increasing the intracellular calcium
ion concentrations.

Integrins, growth factor receptors, G-protein-coupled
receptors, mechanoresponsive ion channels (e.g, Ca’%),
and cytoskeletal strain responses are the main mediators of
signal transduction pathways in response to changes in the
extrinsic biochemical environment (Duscher et al., 2014).
Furthermore, mechanical forces also transduce signals through
several mechanosensitive focal adhesion proteins. The integrins
transmit extracellular signals and induce intracellular cytoskeletal
modifications (Figure 2).

lon Channels

During fetal development, physiological stretching drives lung
growth and maturation. The a-subunit of the alveolar epithelial
sodium channel (ENaC) facilitates the clearance of lung fluid
during the perinatal period. Mustafa et al. (2014) demonstrated
that mechanical stretching induced the expression of ENaC
via p38-mitogen-activated protein kinase (MAPK) and c-Jun
N-terminal kinase (JNK).

Stretching also induces Ca?™ influx by activating the ion
channels. TRPV4 and Piezol serve as the main ion channels
that mediate the influx of Ca?% ions in the alveolar epithelial
cells. Liang et al. (2019) demonstrated that Piezol expression
was significantly increased in the AT2 cells of patients with acute
respiratory distress syndrome (ARDS); moreover, Piezol induced
Bcl-2 dependent apoptosis via Ca?t influx, but these effects
were attenuated by inhibiting Piezol. Mechanical stretching
also induces the protein tyrosine kinases (PTK) to activate
phospholipase C-y (PLC-y) through tyrosine phosphorylation
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FIGURE 2 | The molecular signaling of mechanotransduction in alveolar type 1 and type 2 (AT1 and AT2) cells. EMT, epithelial-mesenchymal transition.
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(Liu et al., 2014). Active PLC-y hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP2) into 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 mobilizes Ca?* from the intracellular
storage sites such as the endoplasmic reticulum (ER), whereas,
DAG activates protein kinase C (PKC) in the presence of
intracellular Ca2* (Hsiao et al., 2016; Lu et al., 2021).

Integrins-FAK-MAPK-NF-kB

Activated integrins regulate several intracellular signaling
molecules and pathways by recruiting focal adhesion proteins
and the focal adhesion kinase (FAK). Besides, integrins
function as a bridge between the F-actin cytoskeleton and
the ECM and transduce signals generated through changes
in mechanical stress. The integrin-Talin-F-actin-Nestin-
SUN-nuclear lamina signaling axis modulates the nuclear
envelope and induces transcriptional changes in response to the
extracellular mechanical stress (Sun et al., 2016). Mechanical
forces promote TRE-mediated gene expression via activation
of RAS, ERK1/2, and JNK signaling pathways by reinforcing
integrin-ECM binding (Parsons et al., 2010; Cho et al., 2017).
Furthermore, p38-MAPK and several transcription factors
downstream of various intrinsic signaling pathways are also
activated, subsequently leading to the activation of NF-«kB
(Liu et al,, 2016). Integrin family members also activate IkB
kinases (IKKs), which induce the release of NF-kB from the
cytoplasm to the nucleus in response to signals for maintaining
lung development and alveolarization. MAPKs and NF-«kB
promote the transcription of several early response genes,
which subsequently induce the transcription of inflammation-
related genes via the cyclooxygenase (COX)-2/prostaglandin
E2/Interleukin (IL)-8 signaling pathway (Dong et al., 2015).

Rho GTPase-YAP/TAZ

Rho-associated protein kinase (ROCK), myocardin-related
transcription factor-A (MRTF-A), yes-associated protein 1

(YAP), and transcriptional coactivator with PDZ-binding
motif (TAZ) are key players in the response of the alveolar
epithelial cells to mechanical stimulation (Deng et al., 2020).
Rho guanosine triphosphatase (GTPase) are a family of small
G-proteins of the Ras superfamily such as Rac, Rho, and
CD(C42 are small GTP-binding signaling proteins that regulate
cytoskeletal dynamics by mediating actin polymerization and
myosin II-mediated contraction through FAK (Jiang et al., 2012;
Maurer and Lammerding, 2019). RAP2a is a novel Rap GTPase
that responds to mechanical stretch, but its actual function in the
pulmonary system has not been established (Meng et al., 2018).
Rho-mediated actin polymerization induces MRTF-A nuclear
translocation, activation of a-smooth muscle actin (a-SMA) gene
expression, and type I collagen synthesis (Ni et al., 2013).

Metabolic Status

Mechanical stress induces oxidative damage and ER stress in the
alveolar epithelial cells, which release injury-related molecules
with damage-associated molecular patterns (DAMPs) that trigger
tissue repair and fibrotic response (Lionetti et al., 2005; Tanaka
et al,, 2017; Valentine et al., 2018). DAMPs and high mobility
group box 1 (HMGB1) released by the injured tissues promote
tissue repair and angiogenesis by inducing the migration and
proliferation of stem cells (Yang et al., 2020). When regeneration
is not successful, HMGBI induces fibrosis by stimulating
fibroblast activation and endothelial cell proliferation. Patel et al.
(2020) demonstrated that hypoxia induced the activation of host
macrophages via HMGBI, but these effects were attenuated by
the dietary antioxidants.

Mechanical Forces Regulate Functions

of Vascular Endothelial Cells
The mechanical forces associated with cyclical stretching and
shear stress play a key role in regulating vascular function
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and homeostasis of pulmonary circulation. The pulmonary
microvascular endothelium is exposed to continuous or periodic
stretching during spontaneous breathing and blood flow. Shear
stress, stiffness, and cyclic stretch modulate the function
and metabolic status of the endothelial cells. The lung
microvasculature is subjected to mechanical forces including
shear stress and cyclic stretch, which vary with the cardiac and
breathing cycles. Endothelial cells are continuously subjected to
shear stress that range from 10 to 50 dyne/cm? in the large
arteries, 5 to 20 dyne/cm? in the microvasculature, and 10-
fold lower in the veins compared to the arteries (Paszkowiak
and Dardik, 2003). Physiological circulatory stretching increases
the expression of the tight junction-associated protein, occludin,
which strengthens the endothelial barrier and upregulates
the expression of integrins in the endothelial cells. This
further enhances cell adhesion in the EC monolayer and
increases the resistance to hemodynamic forces or excessive
vasodilation (Figure 3).

Ca?* Signaling

In the pulmonary vascular endothelial cells, Ca** permeable
non-selective cationic stretch-activated ion channels (SACs)
share similar electrophysiological properties such as linear I-
V relationship of the evoked currents with a reverse potential
about 0 mV and unitary conductance around 30 pS (Ducret
et al, 2010). Transient receptor potential (TRP) channels
represent a superfamily of non-selective cationic channels that
play a significant role in the endothelial cells. TRPV channels
such as TRPV1 and TRPV4 are expressed in the PAECs
(Barbeau et al., 2021). TRPV1-activated signaling pathways
in the PAECs provide counterbalancing effects at the site of
the blood vessel. Furthermore, TRPV4 is widely expressed in
every layer of the pulmonary artery (PA) and participates in
maintaining the normal biological functions of the vessels. In
the PAECs, TRPV4 plays a key role in vasodilation via nitric
oxide (NO) signaling and endothelium-derived hyperpolarizing
factor (EDHF) (Sukumaran et al., 2013). Furthermore, TRPV4
interacts with the endothelial nitric oxide synthase (eNOS) in
the PAECs and induces the release of NO by activating unitary
Ca’* influx that stimulates the guanylyl cyclase-protein kinase
G pathway (Ottolini et al., 2020). Furthermore, mitochondrial
impairment in PH causes accumulation of reactive oxygen species
(ROS), which induce TRPV4 mediated Ca?t influx. TRPC1
is expressed in the PASMCs and PAECs of rats, mice, and
humans (Malczyk et al., 2013). TRPC1 is overexpressed in the
PH models. In the pulmonary endothelial cells, TRPC4 regulates
microvascular permeability, agonist-dependent vasorelaxation,
and gene transcription (Firth et al., 2007). TRPP1 and TRPP2
are both expressed in the vascular smooth muscles and ECs of
the cerebral and mesenteric arteries, and regulate blood vessel
functions and myogenic tone. However, the roles of TRPP
channels in the pulmonary vasculature are not known and require
further investigations.

In mammals, two Piezo proteins, namely, Piezol and Piezo2
have been reported. Deletion of the Piezol gene in mice causes
aberrant vascular development resulting in early embryonic
death around day 10 (Li et al., 2014). Endothelial Piezol channels

are necessary for flow-induced vasodilatation through eNOS
activation and release of NO (Wang et al., 2016). Besides, NO
production is also induced by ATP release through the pannexin
channels, which activates the P2Y2 receptors and eNOS (Wang
etal., 2016). By contrast, in the mesenteric vessels, Piezol induces
flow-sensitive cationic ion influx in the ECs of the mesenteric
vessels and depolarizes the membrane. This depolarization
spreads to the adjacent PASMCs and activates the voltage gated
Ca** channels, thereby inducing vasoconstriction (Rode et al.,
2017). Kang et al. (2019) reported that genetic deletion or
pharmacological inhibition of Piezol reduced the endothelial
sprouting and lumen formation when induced by shear stress and
the proangiogenic mediator, sphingosine 1-phosphate. Yodal
enhanced sprouting angiogenesis by activating Piezol. Physical
stimuli triggered Piezol-mediated Ca’*t influx and activated
matrix metalloproteinase (MMP)-2 and membrane type I MMP,
both of which synergistically facilitated sprouting angiogenesis
(Kang et al., 2019). Piezo2 is also present in the human PAECs,
but its function is currently unknown (Lambert et al., 2018).

Kruppel-Like Factor 2 and Krippel-Like Factor 4

The Krippel-like factor (KLF) family of transcription
factors regulate integral EC functions, including growth,
inflammation, migration, proliferation, cell differentiation,
plasticity, and apoptosis (Chang et al., 2017). KLF2 and KLF4
are master transcription factors that regulate vasodilatory, anti-
inflammatory, and antithrombotic properties of the quiescent
endothelial cells (Denis et al, 2019). KLF2 and KLF4 are
upregulated by disturbed flow, and subsequently suppressed
PFKFB3 and PFK1, two critical proteins involved in glycolysis
(Doddaballapur et al., 2015). Decreased expression of KLF2
or KLF4 induces the production of inflammatory cytokines
in the endothelial cells. Stable blood flow reduces glycolysis
in a KLF2-dependent manner, and increases mitochondrial
biogenesis through PPARy/PGC1 signaling (Pollak et al,
2018). Furthermore, unidirectional flow promotes the
degradation of HIF-1a, which inhibites pyruvate dehydrogenase
kinase 1 (PDK1) and increases mitochondrial complex I
activity. Slegtenhorst et al. (2018) reported the endothelial
atheroprotection role of KLF2 and its inducer, Simvastatin.

Integrins-Cytoskeleton-Lamin A

Cells respond to external forces through integrin-mediated
remodeling of the ECM (Sun et al, 2016). Stretch-induced
activation promotes interactions between integrins and focal
adhesion proteins, thereby converting the mechanical signal into
biochemical cascades. In the endothelial cells, integrins a2 and
Bl stimulated the p38-MAPK signaling pathway (Bix et al,
2004). Focal adhesion integrates the actin cytoskeleton with the
ECM interface and helps maintain the endothelial cell barrier
integrity. Increased focal adhesion triggers the activation of small
GTPase and Rho kinase signaling pathways. High magnitude
cyclic stretching (18%) stimulates the formation of focal adhesion
complexes that included paxillin, ERK1/2, MAPK, NF-kB, RhoA,
and GEF-H1. Moreover, focal adhesion is redistributed under
shear stress (15 dyn/cm?). In vascular endothelial cells, VE-
cadherin acts as a link between the cytoskeleton and the adherens
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junctions (Fang et al., 2019). VE-cadherin regulates the cellular
orientation of endothelial cells in response to shear stress through
PECAM-1, VEGFR2, and PI3K signaling (Tzima et al., 2005).
Endothelial cells also sense and transmit the mechanical force-
induced signals via gap junction-mediated propagation of Ca?™
signaling. Connexin-32 responds to mechanical stimulation by
generating intracellular Ca?>* waves through N-cadherin (Ko
et al., 2001). Hence, the interaction between gap and adherens
junctions is critical for establishing cell-cell communications.
The cytoskeleton plays a critical role in transducing mechanical
stress-related signals. Deguchi et al. (2005) demonstrated that
the force should be balanced between the basal actomyosin
stress fibers and focal adhesion complexes in the endothelial
cells. Depolymerization of F-actin, ROCK inhibitor, and PKA
activation results in actin disassembly, attenuation of actomyosin
assembly, and stress fiber formation. Cytoskeletal changes result
in the activation of RhoA and Rac GTPases, which promote
cellular reorientation and transcription responses by altering
lamin A; knock-down of lamin A abolishes the changes of histone
deacetylases (HDAC), thereby demonstrating the role of lamin A
in regulating the chromatin state (Nayebosadri and Ji, 2013).

Rho GTPase-YAP/TAZ

Endothelial barrier regulation is dependent on the cytoskeletal
rearrangements (Vogel and Malik, 2012). The small Rho
GTPases, RhoA, and Racl, are central regulators of vascular
permeability through cytoskeletal reorganization (Asano-
Matsuda et al., 2021). RhoA and Racl exert opposing functional

effects. RhoA activation promotes endothelial contraction
and induces barrier disruption, whereas Racl stabilizes the
endothelial junctions and increases barrier integrity. Ke et al.
(2019) demonstrated a key role for RhoA GTPase in high
cyclic stretch-induced endothelial cell barrier dysfunction.
Besides, Rapl GTPase is also involved in the regulation of
cytoskeleton and cell junctions. Rapl-mediated signaling
induced lung vascular EC barrier restoration; inhibition of
Rapl activity enhanced ventilator-induced lung injury (VILI)
at both low- and high-volume ventilation conditions (Ke et al.,
2019). The Hippo/YAP signaling pathway is also involved in
mechanotransduction. YAP and TAZ are activated by stiff ECM
and serve as a central regulatory hub for cellular proliferation
and survival in multiple organs during tissue growth and
development (Dupont et al., 2011). Furthermore, ECM stiffening
promotes vascular cell growth and migration via YAP/TAZ-
dependent glutaminolysis and anaplerosis, thereby linking
mechanical stimulation to vascular metabolic dysregulation
(Bertero et al., 2016). Therefore, YAP/TAZ pathway is a potential
metabolic drug target in PH therapy. Greater stiffnesses (around
50 kPa) increases the proliferation and migration of endothelial
cells through the YAP/TAZ signaling pathway (Bertero et al,
2016), TGF-B, Toll-like receptors, and NF-kB (Thenappan
et al, 2018). NF-kB functions as a nuclear effector that
integrates signals from multiple signaling pathways. Membrane
receptors such as Toll-like receptors (Davidovich et al., 2013;
Liu et al, 2013) stimulate the expression of MCP-1, a potent
chemoattractant for monocytes, and increase the expression
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of IL-6 and COX-2. The activation of NF-kB is mediated by
the integrins through the PI3K-PLC-PKC signaling cascade
(Mussbacher et al., 2019).

Metabolic Status
Mitochondria anchor to the cytoskeleton and function as
mechanotransducers by releasing ROS in response to the
cytoskeletal strain (Ali et al, 2004). Besides, ROS play a key
role in the activation of NF-kB and VCAM-1. In the ECs,
mitochondria-derived H, O, diffuses into the cytosol in response
to shear stress and initiates oxidative signaling that upregulates
hemeoxygenase(HO)-1 and maintains the atheroprotective
EC status (Han et al, 2009). NADPH oxidases (NOXs),
mitochondria, and xanthine oxidases are the main sources of
superoxide in response to mechanical stress (Ichimura et al,
2003; McNally et al., 2003). Stretch-induced ROS production
in the endothelium upregulates the expression of cell adhesion
molecules and chemokines in collaboration with several ROS-
generating enzymes such as NADPH oxidases and eNOS. In the
pulmonary endothelial cells, NO levels are increased through
PI3K, AKT, and eNOS. Moreover, xanthine oxidoreductase
(XOR) is activated by the p38 and ERK1/2-MAPK signaling
pathways. ROS signaling is regulated by cyclic stretch in an
amplitude-dependent manner and plays a critical role in various
EC responses to cyclic stretch. Long-term cyclic stretching (5-
12%) caused magnitude-dependent downregulation of Nox4,
Cu/Zn superoxidase dismutase (SOD), MnSOD, catalase, and
ROS (Goettsch et al., 2009). Cyclic stretching regulates survival
and angiogenesis of endothelial cells via NOX-induced ROS.
Yamamoto et al. (2020) used real-time imaging technology
to demonstrate the novel role of endothelial mitochondria in
transducing shear stress signals by triggering ATP generation and
release, and purinoceptor-mediated Ca?* signaling. Glycolysis
is a crucial metabolic pathway that converts glucose first
to pyruvate and then to lactate. Endothelial cells are highly
glycolytic (Wu and Birukov, 2019). Furthermore, the glycolytic
index (lactate/glucose ratio) in cultured human umbilical vein
endothelial cells (HUVECs) is around 1.74, which suggests
that the endothelial cells metabolize glucose entirely into
lactate (Kim et al, 2017). Thus, only a small fraction of
the glycolytic intermediate pyruvate is metabolized by the
mitochondrial OXPHOS. Endothelial cells, in contrary to other
cell types, are as glycolytic as the tumor cells (De Bock et al,
2013a), and use very little oxygen to generate ATP (De Bock
et al, 2013b). Therefore, glycolysis plays a critical role in
nucleic acid synthesis and survival, whereas electron transport
chain-dependent mitochondrial metabolism is required for cell
proliferation, angiogenesis, and redox balance.

PATHOLOGICAL MECHANICAL STRESS
INDUCES PULMONARY DISEASES

Ventilation Induced Lung Injuries and

Acute Respiratory Distress Syndrome
Exposure to non-physiological stretch disrupts the normal
mechanical stress response mechanisms and triggers aberrant

repair mechanisms during lung injury. Mechanical ventilation
induces or exacerbates ventilation-induced lung injury (VILI).
Dagenais et al. (2018) showed that scratching the AEC monolayer
generates a TRPV4-dependent Ca®>* wave, which spreds from
the margin of the scratch to the distant cells and induces
abnormal activity of the epithelial sodium channel, ENaC;
moreover, TRPV4 agonist, GSK1016790A, abolishes the Ca?™
wave and other downstream signaling events (Dagenais et al.,
2018). Diem et al. (2020) demonstrated that small plasma
membrane invaginations called caveolae in the AT1 cells play
a key mechanotransductive role in the AT1 cells by responding
to mechanical stress at the plasma membrane; these caveolae
are absent in AT2 cells. Ventilation-induced stretch stimulates
Ca’* entry via caveolae-resident Piezol-activated pannexin-1
hemichannels and results in ATP release from the AT1 cells.
The released ATP triggers Ca®>* influx in the neighboring AT2
cells and induces inflammation by recruiting the monocytes.
Liang et al. (2019) reported increased expression of Piezol
in the AT2 cells mediates Ca’* influx and triggers Bcl-
2 dependent apoptosis during ARDS, but these effects are
abrogated by inhibiting Piezol. Since the vascular endothelial
cells are subjected to cyclic stretch during alveolar movement,
they are prone to damage during VILI. Zhang et al. (2021)
reported higher Piezol expression in the pulmonary endothelial
cells in response to high tidal volume mechanical ventilation
and cyclic stretching. Enhanced expression of RhoA/ROCK1
in the endothelial cells subjected to cyclic stretch or Yodal
treatment is significantly abrogated by Piezol deficiency or
inhibition of Piezol. Furthermore, inhibition of RhoA/ROCK1
signaling does not affect Piezol expression, but the inhibition of
Piezol by GSMTx4 alleviates VILI-induced pathological changes
(Zhang et al., 2021).

Inflammation is one of the major causes of lung injury.
High tidal volume mechanical ventilation induces significant
changes in microvascular permeability, neutrophil infiltration,
levels of malondialdehyde, macrophage inflammatory protein-
2 (MIP)-2, and NF-kB, and the activation status of the NF-
kB repressing factor (NKRF). Yehya et al. (2019) showed that
the human epidermal growth factor receptor 3 (HER3) ligand
neuregulin-1 (NRG1) enhances VILI by activating HER2 and
induces increased permeability and upregulation of claudin-7.
HER?2 activates the IL-6 receptor and the IL-6 inflammatory loop,
which contributes to lung injuries. Ning et al. (2012) shows that
mechanical stretch induces early apoptosis and IL-8 secretion
in the AT2 cells. Furthermore, mechanical stretch upregulates
ER stress and increases the expression levels of monocyte
chemoattractant protein (MCP)-1/C-C motif chemokine ligand
2 (CCL2) and MIP-1B/CCL4 pro-inflammatory chemokines in
the AT2 cells, thereby enabling monocyte recruitment (Valentine
et al., 2018). Furthermore, EC-derived microparticles (EMPs) are
released during significant lung inflammation and injury. Zhang
et al. (2014) demonstrated that during mechanical ventilation-
induced VILL, NLRP3 inflammasomes released by the endothelial
or epithelial cells mediated the recruitment of pulmonary
macrophages and induced autophagy in the lung epithelial cells.
In the in vivo experiments, mechanical ventilation induces lung
leukocyte recruitment as well as accumulation of cells and
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cytokines in the alveolar space. Cyclic stretch-induced endothelial
cells activated gVPLA2, which enhances the expression levels of
intercellular adhesion molecule 1 (ICAM-1) and promotes the
adhesion of polymorphonuclear neutrophils to the EC, thereby
inducing EC injury (Meliton et al., 2013).

Ding et al. (2012) showed that mechanical stretch significantly
enhances MAP2K6 activity and HMGBI protein expression in
alveolar epithelial cells. Wolfson et al. (2014) reported increased
HMGBI expression in the human lung micro-vessel endothelial
cells exposed to excessive mechanical stress via STAT3 and
Rho GTPase signaling. Gao et al. (2014) demonstrated that
pathological cyclic stretching significantly increases lung cell
apoptosis by repressing Rac and increasing Rho expression levels.

Pathological elevation of lung vascular pressure or regional
or generalized overdistension of pulmonary microvascular and
capillary beds caused by mechanical ventilation at high tidal
volumes are two commonly encountered clinical scenarios in
lung diseases. Elevated mechanical strain on the lungs increases
the production of ROS in both endothelial and alveolar epithelial
cells and causes VILI (Poljsak et al., 2013). Cyclic stretching in
AT1 cells increases the ROS levels, which enhances monolayer
permeability via activation of NF-kB and ERK (Davidovich
et al., 2013). These data suggest that antioxidants may prevent
or alleviate VILL Song et al. (2016) shows that rat AT2 cell
monolayers generates increased levels of ROS, including NO
and superoxide under mechanical ventilation stress. Tanaka
et al. (2017) demonstrated that non-physiological cyclic stretch
increased oxidative stress by up regulating NOX and DUOX2.
Mitochondria-targeted antioxidant MitoTempo significantly
reduces oxidative stress and prevents the dissociation of Claudin-
4 and Claudin-7 from ZO-1, thereby alleviating VILI (Song
et al,, 2016). Ge et al. (2019) demonstrates that hydrogen sulfide
(H2S) significantly alleviates VILI by inhibiting inflammation
and oxidative stress through PERK/eIF2a/ATF4/GADD34 and
NE-kB/MAPK pathways. ROS accumulation triggers FasL/Fas
extrinsic death pathway in the AT2 cells of newborn rats under
prolonged mechanical ventilation (Kroon et al, 2013). miR-
135a protects the endothelial cells from pathological mechanical
stretching by binding to PHLPP2 and activating the PI3K/AKT
pathway (Yan et al,, 2018).

Pulmonary Fibrosis

Pulmonary fibrosis is caused by abnormal tissue repair process
driven by the alveolar epithelium, including aberrant fibroblast
and myofibroblast proliferation and excessive deposition of ECM.
AT2 cells play a key role in regeneration and repair after
lung injury because they can differentiate into AT1 cells, the
main epithelial cell type at the alveolar-capillary barrier for
gas exchange. Hence, impaired renewal capacity of AT2 cells
promotes fibrogenesis and the production of profibrotic factors
(Selman and Pardo, 2020).

Yes-associated protein 1 plays a key regulatory role in the
mechanical tension-induced alveolar regeneration in response
to lung injury by activating the CDC42/F-actin/MAPK/YAP
signaling cascade (Liu et al., 2016). Activation of YAP suppresses
inflammation through IkBa-NF-kB signaling and accelerates
alveolar epithelial regeneration and regression of fibrotic lesions.

Furthermore, MAPK-mediated activation of YAP promotes
alveolar regeneration in response to the mechanical tone of
the lung (Liu et al., 2016). YAP also contributes to pulmonary
fibrosis by promoting abnormal cell proliferation, migration,
and polarity of epithelial cells via mTOR/PI3K/AKT signaling
(LaCanna et al., 2019). The profibrotic effects of YAP are exerted
through its interaction with nuclear transcriptional factors and
the activation of genes involved in ECM regulation, such as PAI-
1, connective tissue growth factor (CTGF), TGF-B1, COL1A1 and
COL1A2 in idiopathic pulmonary fibrosis epithelial cells; YAP
also promotes fibroblast growth on stiffness matrix (Giménez
et al., 2017; Lee et al,, 2020). In pulmonary fibrosis, MRTF-A
interacts with the serum response factor (SRF) in the nuclear
matrix and promotes transcription of COL1A2 and TGF-fl,
which increases the stiffness of ECM (Luchsinger et al., 2011).

Mechanical stretch activates TGF-B1 pathway in the AT2
cells, which alters the homeostatic pulmonary microenvironment
leading to aberrant wound healing and tissue fibrosis (Kuhn
et al,, 2019). In an ex vivo model, mechanical tissue stretching
induces the activation of TGF-B1 signaling via the Rho/ROCK
signaling pathway and interactions with av integrins (Froese
etal,, 2016). Wu et al. (2020) suggested that increased mechanical
tension dysregulates the functions of the AT2 cells and decreases
alveolar renewal capacity; tissue stretching during spontaneous
breathing results in aberrant activation of the TGF-f1 signaling
loop and fibrosis progression (Wu et al., 2020). Furthermore,
loss of CDC42 in the AT2 cells promotes periphery-to-center
progressive lung fibrosis (Wu et al.,, 2020). CDC42 maintains
the proliferative potential of AT2 cells. Non-physiological
mechanical tension activates the TGF-B1 signaling loop in
the AT2 cells that drives periphery-to-center progressive lung
fibrosis. Besides, TgfbI shRNA treatment significantly reduces the
expression of Tgfbl in the AT2 cells and the expression levels of
type I collagen in the stromal cells. This demonstrates the key
function of TGF-P1 in the AT2 cells and fibrosis progression.
Moreover, the production of free TGF-f ligands is significantly
reduced in the Cdc42-null AT2 cells (Wu et al., 2020).

Clinically, ARDS patients who receive mechanical ventilation
are prone to lung fibrosis via EMT through the Midkine-Notch2-
ACE signaling pathway (Zhang et al., 2015). Furthermore, miR-
19b overexpression promoted EMT in response to mechanical
stretch by down-regulating PTEN (Mao et al, 2017). These
studies suggested that EMT played a significant role in lung
fibrosis due to mechanical stress. Non-physiological mechanical
stretch stimulated excessive ATP release from the lung alveolar
cells; ATP induced the release of IL-18 via activation of the
NLRP3 inflammasome through P2 x 7R receptor binding
and facilitated the progression of lung fibrosis (Gicquel et al.,
2017). Increased pulmonary vascular pressure induced ROS
accumulation due to mitochondrial dysfunction. Moreover,
reduced caveolin-1 (CAV1) prevents pulmonary endothelial
ROS production with cessation of flow (Milovanova et al,
2008). Mechanical stretching inhibits ERK signaling pathway
by inducing the trafficking of CAV1 from the cell membrane
to the cytoplasm.

EMT is a mechanism for epithelial remodeling and repair,
wherein epithelial cells lose their epithelial characteristics
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and acquire mesenchymal properties (Rout-Pitt et al., 2018).
Therefore, dysregulated EMT promotes pulmonary fibrosis
(Hewlett et al.,, 2018). Mao et al. (2017) shows that miR-19b
participates in the EMT process in response to mechanical stretch
by activating AKT through inhibition of PTEN. Restoration
of PTEN expression or inhibition of AKT phosphorylation
suppresses mechanical stretch induced EMT phenotype.
Impaired lung mechanics after mechanical ventilation is
associated with increased hydroxyproline content of the lung
tissues, and increased expression levels of TGF-f, B-catenin, and
mesenchymal markers, a-SMA and Vimentin.

Vascular endothelial cells also contribute to pulmonary
fibrosis via inflammation, metabolic alterations, and endothelial
to mesenchymal transition (EndMT). EndMT is dependent
on mechanical forces such as shear stress and stiffness. TGF-
B-induced EndMT occurs preferentially on stiffer substrates and
is inhibited by blocking the p-catenin/Wnt signaling pathway
(Zhong et al., 2018). TGF-B-induced EndMT is accompanied
by inhibition of fatty acid oxidation, which is required for
de novo nucleotide synthesis and endothelial cell proliferation
(Schoors et al, 2015). Inhibition of fatty acid oxidation
reduces intracellular levels of acetyl-CoA, which is required
for maintaining the endothelial phenotype of EV cells (Xiong
et al., 2018). NLRP3 inflammasome activation contributes to
mechanical stretch induced EndMT and pulmonary fibrosis (Lv
et al., 2018). Increasing stiffness of lung parenchyma promotes
the expression of PF-related factors such as TGF-p and HIF-1a in
the endothelial cells (Phan et al., 2021).

Pulmonary Hypertension

Shear stress, stiffness, and cyclic stretch influence the functional
and metabolic states of the endothelial cells. The lung
microvasculature is subjected to mechanical forces due to the
cardiac output including shear stress and cyclic stretch, which
vary according to the cardiac and breathing cycle. Endothelial
cells are continuously subjected to shear stress that can range
from 10 to 50 dyne/cm? in the large arteries, 5 to 20 dyne/cm?
in the microvasculature, and 10-fold lower in the veins compared
to the arteries (Paszkowiak and Dardik, 2003). The calculated
pressure on the PAECs in the PAH patients is 20.5 + 4.0 dyne/cm?
compared to 4.3 £ 2.8 dyne/cm? in the healthy individuals.
The mechanical stress on the endothelial cells persists during
disease progression. Clinically, pulmonary arterial hypertension
(PAH) involves elevated mean pulmonary arterial pressure,
pulmonary artery wedge pressure, and pulmonary vascular
resistance (Kovacs et al., 2018). The prevalence of PAH among
the pulmonary fibrosis patients is dependent on the severity
of pulmonary fibrosis. In the early stages or when initially
diagnosed, PAH affects < 10% of patients, but as the disease
progresses, the incidence of PAH increases to 32% (Lettieri
et al., 2006). Thus, PAH promotes the progression of lung
fibrosis by exposing the capillary endothelial cells to higher
mechanical stress.

Lhomme et al. (2019) demonstrated that endothelial Piezol
promotes intrapulmonary vascular relaxation by regulating
endothelial Ca?™ mobilization and NO production. The
inhibition of Piezol attenuates the increased expression of NO

and Ca?" mobilization. Iring et al. (2019) showed that the
endothelial mechanosensitive cation channel Piezol mediates
fluid shear stress-induced release of adrenomedullin and
subsequent Gs-coupled receptor-mediated formation of cAMP
that induced eNOS synthase via PKA activation; deletion of
Piezol or adrenomedullin impaires vasodilation and induces
hypertension (Iring et al., 2019). Kang et al. (2016) demonstrated
that elevated levels of endothelin-1 (ET-1) and increased
proliferation of PAECs in the PAH patients is regulated by
PPARy. YAP/TAZ signaling pathway is involved in the responses
of endothelial cells to mechanical stress. For example, in vitro
experiments showed that cells exposed to higher stiffness (50 kPa)
increased glycolysis via YAP/TAZ/Hippo signaling pathway.
Therefore, activation of YAP/TAZ increases the proliferation
and migration of endothelial cells, ECM stiffness, and metabolic
shift from OXPHOS to glycolysis (Wang and Valdez-Jasso,
2021; Woodcock et al., 2021). NOTCHI1 is downstream of
bone morphogenetic protein receptor type 2 (BMPR2), which
is implicated in PAH through enhanced glycolysis and histone
acetylation; BMPR2 induces mitochondrial dysfunction in the
endothelial cells and is required for NOTCHI activation
(Liu et al., 2017).

Furthermore, several miRNAs regulate the apoptosis of
endothelial cells and play a role in PF. MiR-371b-5p increases
proliferation of pulmonary artery endothelial cells (PAECs) via
PTEN-PI3K-AKT signaling pathway (Zhu et al.,, 2018). MiR-
7 regulates serine and arginine-rich splicing factor 1 (SRSF1),
which promotes PAEC migration and increases the stiffness of
ECM (Wang and Valdez-Jasso, 2021).

THE INTERPLAY BETWEEN ALVEOLAR
EPITHELIAL CELLS AND VASCULAR
ENDOTHELIAL CELLS

Hypoxia Induced Endothelial Dysfunction
In the lungs, oxygen diffuses from the alveoli into blood
circulation and carbon-di-oxide diffuses from the blood into
the alveoli. However, gas exchange is impaired when alveolar
epithelial cells are injured during pathological conditions such
as VILI, ARDS and pulmonary fibrosis resulting in an hypoxic
microenvironment. Furthermore, hypoxia causes injury to the
vascular endothelial cells and activates HIF-1a expression. HIF-
la regulates critical vascular functions such as angiogenesis,
metabolism, cell growth, metastasis, and apoptosis (Semenza,
2017). Increased HIF-1la stabilization reprograms endothelial
metabolism and activates vascular inflammation by promoting
glycolysis and reducing the mitochondrial respiratory capacity,
thereby increasing NOX4-derived ROS levels and activating the
deubiquitinating enzyme, Cezanne (Wu et al., 2017).

Emerging evidence suggests that biomechanical stimuli
also regulate HIF-la. In the vascular endothelium, disturbed
blood flow significantly stabilizes HIF-1a even under normoxic
conditions. YAP/TAZ pathway is also involved in the metabolic
homeostasis mechanisms of the PAECs. YAP and HIF-la
promote glycolysis co-operatively because YAP localizes to the
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nucleus and prevents HIF-1a degradation (Zhang et al., 2018).
In ARDS, insufficient oxygen levels promote HIF-1a-dependent
elevation of lactate levels due to increased glycolysis; moreover,
HIF-1a participates in the upregulation of TNF-a, IL-6, and IL-
8. Pathological mechanical stress also activates HIF-1a, which
protects the endothelial barrier by regulating VEGFR2 and the
vascular endothelial protein tyrosine phosphatase (VE-PTP) that
dephosphorylates TIE2 and ANG2. Several IncRNAs (n335470,
n406639, n333984, and n337322) also regulate pulmonary
inflammation and fibrosis induced by cyclic stretch through
hypoxia and NF-kB signaling (Wang D. et al,, 2021).

Long-term exposure to a hypoxic environment alters the
redox balance and increases cellular inflammation via increased
expression of MIP2, IL6, TNF-a and CXCLI, as well as elevated
oxidative stress and apoptosis. Furthermore, ICAM1, vascular
cell adhesion molecule 1 (VCAM1), and selectin mediate the
interactions between the monocytes and endothelial cells via the
NF-kB-ERK signaling pathway (Wohlrab et al., 2018).

Endothelial Permeability Impairment

Causes Fluid Leaking

Endothelial cell injury plays a significant role in the pathology
of VILI and ARDS. Pulmonary edema is caused by impaired
cytoskeleton and permeability of the endothelial cells. Zeinali
etal. (2021) developed an in vitro three-dimensional (3D) micro-
vessel model to investigate the effects of the 3D mechanical
cyclic stretch of different magnitudes and vascular endothelial
growth factor (VEGF) stimulation on a 3D perfusing vasculature;
the results shows that physiological cyclic stretch restored the
vascular barrier tightness and significantly decreases vascular
permeability (Zeinali et al., 2021). Piezo1 activation and calpain-
induced disruption of VE-cadherin adhesion in endothelial
cells subjected to elevated lung micro-vessel pressure resulted
in capillary stress failure and edema (Friedrich et al., 2019).
Dopamine D1 receptor (DRD1) is downregulated in both
surgical patients and mice exposed to mechanical ventilation.
The administration of DRD1 agonist attenuates the mechanical
stretch-induced lung endothelial barrier dysfunction by
inhibiting deacetylation of a-Tubulin via cAMP/EPAC/HDAC6
signaling pathway (Wang Y. et al., 2021). Vascular homeostasis
is regulated by normal shear stress sensing and barrier function,
which are controlled by the adherens junctions (Stanicek
et al, 2020). Endothelial glycocalyx plays a critical role in
maintaining capillary fluidity and perfusion homogeneity in the
microvasculature by interacting with focal adhesion proteins
(Lohser and Slinger, 2015; Knoepp et al., 2020). This suggests
a connection between mechanical sensing, NO production,
and microvascular perfusion. Damage to the glycocalyx layer
causes endothelial dysfunction because of actin cytoskeleton
remodeling. Stanicek et al. (2020) demonstrated that IncRNA-
LASSIE is associated with the platelet endothelial cell adhesion
molecule-1 (PECAM-1) and the intermediate filament protein,
Nestin; IncRNA-LASSIE deletion reduces the interaction between
VE-cadherin and Nestin, thereby destabilizing the cytoskeleton
(Stanicek et al., 2020). Hence, IncRNA-LASSIE is important
for the regulation of barrier function. The pathobiology of

VILI and ARDS involves increased lung vascular permeability
and alveolar flooding because the endothelial cells lose barrier
integrity. MMP-2, MMP-9, RGD-dependent integrins, cell-cell
adhesion proteins, ICAM-1, VCAM-1, and VE-cadherin play
an integral role in maintaining endothelial barrier function
(Wang et al., 2017).

Extracellular Matrix Stiffness Alters Lung

Microenvironment

Substrate stiffness plays an important role in regulating tissue-
specific endothelial response to shear stress. The physiological
stiffness of lung tissue is around 1kPa. Endothelial cells
subjected to higher shear stress exhibit cell quiescence marked
by lower expression of inflammatory markers and higher NO
levels, whereas, ECs subjected to low shear stress demonstrate
activated pro-inflammatory state and low NO levels. Cellular
traction stress should match substrate stiffness through force
sensing at the focal adhesion; therefore, larger tensile stress
is necessary to overcome substrate stiffness (Califano and
Reinhart-King, 2010). Hemodynamic shear sensors are activated
in response to low mechanical force (Fang et al., 2019).
Substrate stiffness promotes EndMT and plays a significant
role in chronic lung fibrosis diseases, which originate from
AEC injury. Elevated ECM stiftness is an independent predictor
of cardiovascular morbidity and mortality (Smulyan et al,
2016). Endothelial cells subjected to shear stress demonstrate
decreased expression of av and B3 integrins, which promote
migration and elongation via EndMT. ECM stiffness in cultured
PAECs increases glycolysis and glutaminolysis while reducing
mitochondrial oxygen consumption. Furthermore, stiff ECM
promotes proliferation and collagen deposition in the PAECs
(Bertero et al., 2016). Stiffness is also linked to metabolic
signaling through HIF-1a in the pulmonary microvasculature.
Hypoxic metabolic modeling of endothelial cells promotes
collagen deposition in a HIF-la-dependent manner (de Jong
et al, 2016). Besides, YAP/TAZ pathway activated by high
stiffiness promotes fibrotic signaling pathways that increase
the synthesis of ECM proteins (Totaro et al., 2018). Besides,
increased levels of miR-143-3p in ECs under shear stress induces
the release of TGF-f in collaboration with SRF and ECM
reorganization by targeting collagen V-a2 biosynthesis (Troidl
et al., 2020). Therefore, increased ECM stiffness is observed in
both epithelium or endothelium injuries, and alters transcription,
metabolism, and inflammation in both alveolar epithelial cells
and endothelial cells.

Metabolic Disorders and Oxidative
Stress

Laminar shear stress generated by the blood flow stimulates
endothelial cells and activates signal transduction pathways that
play a significant role in vascular homeostasis (Hirata et al.,
2021). Pathological mechanical stress alters the metabolic status
of pulmonary endothelial cells. Functional lipidomics of human
PEACs showed that laminar shear stress for 24 h significantly
alters the levels of 198/761 (26%) species of lipids (Hirata et al.,
2021). Lipid changes in pulmonary endothelial cells stimulated
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the pro-inflammatory response by inducing the expression
of VCAM-1. Besides, fragmented phospholipids generates
by phospholipid oxidation and nitroxidative stress induces
endothelial barrier dysfunction via pro-inflammatory cytokines
(Hirata et al., 2021). Shear stress also decreases cholesterol in
the plasma membrane, but these effects are secondary to the
release of ATP. In vitro experiments demonstrates that addition
of cholesterol to pulmonary cells restores mitochondrial function
including ATP production. Furthermore, excessive release of ATP
by the alveolar epithelial cells or the endothelial cells affects
the lung micro-environment and influences the functions of
both pulmonary cell types. Moreover, changes in the levels of
metabolic compounds such as cholesterol within the lung micro-
environment impaired the normal communication between the
epithelium and endothelium (Yamamoto et al., 2020).

Metabolic hemostasis is altered during pathological shear
stress. The abnormal blood flow reduces mitochondrial mass and
function and upregulates glycolysis through HIF-1a activation;
this results in increased accumulation of ROS and defective
synthesis of NO. Elevated levels of ROS prevent the degradation
of HIF-1a through a positive feedback mechanism and promote
the activation of glycolytic genes (Kim et al., 2017; Wu et al,
2017). In mechanically ventilated septic patients, nitroxidative
stress increases NO production, protein nitration, and lipid
peroxidation. Besides, unidirectional flow increases oxidative
phosphorylation (OXPHOS) and mitochondrial biogenesis via
SIRT1, a key regulator of NOS activity (Wu and Birukov,
2019). Mitochondrial dysfunction increases localized oxidative
stress and stimulated hypoxia. Therefore, injury to either
alveolar epithelial cells or PAECs increases ROS levels and
hypoxia in the microenvironment, which negatively impacts
both cell types. Arachidonic acid (AA) significantly increases
cellular stiffness. AA metabolites such as prostacyclins and
epoxyeicosatrienoic acids are involved in vascular dilation;
AA is metabolized to prostacyclin and epoxyeicosatrienoic
acids by COX and cytochrome P450 epoxygenases, respectively
(Merna et al., 2018). Increased vascular oxidative stress induces
non-enzymatic production of isoprostanes from AA. The
vasoconstrictor metabolites of AA and isoprostanes induced
endothelial damage and impair vascular function. Therefore,
oxidative stress alters the balance between vasodilator and
vasoconstrictor metabolites of AA.

Shear stress modulates mitochondrial ATP production in
vascular endothelial cells by triggering ATP release and
Ca?" signaling via purinoceptors (Yamamoto et al., 2020).
However, abnormal Ca’* signaling induces mitochondrial
dysfunction. Lu et al. (2021) demonstrated that inhibition
of TRPV4 disrupts the PAEC barrier via PKC dependent
phosphorylation of Threonine 495 in eNOS. Uncoupling
of eNOS promotes mitochondrial redistribution and impairs
mitochondrial bioenergetics. Furthermore, acetylation is critical
for the stability of the endothelial cytoskeleton. Acetylation of
a-tubulin promotes microtubule stability (Kull and Sloboda,
2014; Szyk et al., 2014). Fatty acid-derived acetyl-CoA is a
major regulator of cellular acetylation. Impaired mitochondrial
function suppresses the acetylation levels in the pulmonary cells.
The levels of HDACS6, which is involved in acetylation via the

canonical Wnt/B-catenin pathway, are elevated in lung injury
caused by disassembling the adherens junctions.

Activation of Inflammation and

Monocyte/Macrophage Recruitment
Mechanical ventilation promotes acute lung injury and
development of multiple organ dysfunction syndrome by
increasing the levels of TNF-a, IL-1p, IL-6, IL-10, MIP-2, and
interferon-vy in the lavage fluid (Belperio et al., 2006). Stretching
induces the production of TNFa, IL-8, and IL-6 by lung-
resident macrophages and AT2 cells; whereas, exposure of lung
endothelium to 20% cyclic stretch upregulates the levels of IL-8,
VCAM-1, ICAM-1, and E-selectin, and mediates the adhesion of
monocytes and macrophages (Iwaki et al., 2009).

Accumulation of monocytes and macrophages in the
perivascular and adventitia space is a notable feature of
remodeling in response to lung injuries (Stenmark et al., 2013).
Monocytes and macrophages play a central role in local lung
inflammation as a result of PH (Chen et al., 2016), and are
associated with disease severity and progression (Willis et al.,
2018). Dysregulation of chemokines such as CCL5, CCL2,
and CXC3CL1, and their homologous receptors are related to
the pathogenesis of PH because the infiltration of monocytes,
macrophage polarization, and vascular remodeling in the
lungs is regulated by these chemokines (Groth et al., 2014).
Hypoxia-induced PH increases the expression levels of CX3CRI,
CCR?2, and their corresponding ligands, CX3CL1 and CCL2, in
the mouse pulmonary vessels; moreover, CX3CR1 deficiency
increases the proportion of monocytes and macrophages in
the lungs and promotes M2 to M1 macrophage polarization, a
classic activating proinflammatory phenotype (Amsellem et al.,
2017). Increased strain and frequency of cyclic stretch promotes
the secretion of pro-inflammatory factors by the lung-resident
macrophages. For example, 12% stretching or elongation of
the membrane increases the production of proinflammatory
cytokines, such as TNF-a, IL-6, IL-8, and MMP9 via NF-kB
activation by the human alveolar macrophages. Furthermore,
murine alveolar macrophages subjected to 20% cyclic stretch
induces the release of IL-1p and IL-18 as well as inflammasome
activation through ROS-mediated caspase 1 and TLR4 signaling
(Wu et al., 2013).

The dysfunction of alveolar epithelium induced
inflammation responses and disturbed the blood flow
leading to the downregulation of KLF2 wvia glycocalyx
sensing mechanotransduction (Huang et al, 2017). Growth
differentiation factor-15 (GDF-15), also known as macrophage
inhibitory cytokine-1 or non-steroidal anti-inflammatory drug-
activated gene has been identified as a biomarker of treatment
response and prognosis in cardiovascular diseases. GDF-15 is
a member of the transforming growth factor-p superfamily
and participates in several pathological conditions such as
inflammation, cancer, as well as cardiovascular, pulmonary, and
renal diseases (Arkoumani et al., 2020). Endothelial cells are the
source of GDF-15, which interacts with the proinflammatory
cytokines and induces localized macrophage accumulation and
fibrosis. The activation of host monocytes and macrophages via

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 818394


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Linet al.

Mechanotransduction in Lung

NEF-kB signaling induces fibrosis and alveolar epithelium injuries
through elevated stiffness of the ECM. Stiffness also increases
endothelial inflammation via NF-kB through a positive feedback
mechanism, thereby enhancing lung fibrosis.

FUTURE ASPECTS AND CONCLUSION

In summary, mechanical stress and its related transduction
pathways demonstrates a critical molecular biological function in
development, functional maturation and pathogenesis. Typically,
lung serves as the places for gas exchange, alveoli and blood
vessels are essential for such biological process. The epithelial
cells and endothelial cells would both undergo mesenchymal
transition under various injuries. Besides, the two types of
cell are all sensitive to mechanical stress. Cyclic stretch
is the major source of mechanical stimulation on alveolar
epithelial cells, while cyclic stretch and shear stress are loaded
on vascular endothelial cells in general. In addition, the
stiffness of the epithelium and endothelium is also essential
to maintain the microenvironment for gas exchange. In this
review, we summarized the kinds of mechanical stresses that
are applied to alveolar epithelial cells and endothelial cells.
We demonstrated pulmonary inflammation activation, metabolic
alternation, ECM and cytoskeleton remodeling during non-
physiological mechanical stress. However, the communications
between the microenvironment, the alveolar epithelial cells and
the vascular endothelial cells are rarely analyzed. Therefore,
we propose a mechanistic picture in which several links
are orchestrated for the interplays between epithelium and
endothelium, and to emphasize the possibility of targeting the
communications in dealing with lung injuries. In the future,

REFERENCES

Ali, M. H. Pearlstein, D. P, Mathieu, C. E, and Schumacker, P. T.
(2004). Mitochondrial requirement for endothelial responses to cyclic strain:
implications for mechanotransduction. Am. J. Physiol. Lung Cell Mol. Physiol.
287, L486-L496. doi: 10.1152/ajplung.00389.2003

Amsellem, V., Abid, S., Poupel, L., Parpaleix, A., Rodero, M., Gary-Bobo, G.,
et al. (2017). Roles for the CX3CL1/CX3CR1 and CCL2/CCR2 Chemokine
Systems in Hypoxic Pulmonary Hypertension. Am. J. Respirat. Cell Mole. Biol.
56, 597-608. doi: 10.1165/rcmb.2016-02010C

Arkoumani, M., Papadopoulou-Marketou, N., Nicolaides, N. C., Kanaka-
Gantenbein, C., Tentolouris, N., and Papassotiriou, 1. (2020). The clinical
impact of growth differentiation factor-15 in heart disease: a 2019 update. Crit.
Rev. Clin. Lab. Sci. 57, 114-125. doi: 10.1080/10408363.2019.1678565

Arold, S. P., Bartoldk-Suki, E., and Suki, B. (2009). Variable stretch pattern
enhances surfactant secretion in alveolar type II cells in culture. Am. J. Physiol.
Lung Cell Mol. Physiol. 296, L574-L581. doi: 10.1152/ajplung.90454.2008

Asano-Matsuda, K., Ibrahim, S., Takano, T., and Matsuda, J. (2021). Role of Rho
GTPase Interacting Proteins in Subcellular Compartments of Podocytes. Int. J.
Mol. Sci. 22:7. doi: 10.3390/ijms22073656

Barbeau, S., Gilbert, G., Cardouat, G., Baudrimont, I, Freund-Michel, V.,
Guibert, C., et al. (2021). Mechanosensitivity in Pulmonary Circulation:
Pathophysiological Relevance of Stretch-Activated Channels in Pulmonary
Hypertension. Biomolecules 11:9. doi: 10.3390/biom11091389

Belperio, J. A., Keane, M. P., Lynch, J. P. III, and Strieter, R. M. (2006). The role
of cytokines during the pathogenesis of ventilator-associated and ventilator-
induced lung injury. Semin Respir. Crit. Care Med. 27, 350-364. doi: 10.1055/s-
2006-948289

more efforts should be directed toward further elucidation
of the regulatory mechanisms of these communications, and
corresponding research and discovery of novel targets on
mechanotransduction signaling as medication therapeutics.
With the newly invented methods to deliver nucleotides
into lung tissues, it is believed that eventually mechanical
pathways under pathological circumstances may be rectified
by genetic editing and gene therapy, which seems to be
a promising strategy for exploring new cures for lung
injury and disease.

AUTHOR CONTRIBUTIONS

JW and YL conceived of the presented idea. CL, XZ, and
SL summarized the reference and drafted the manuscript.
YZ organized the figures. YZ, JW, and YL supervised the
project and contributed equally to the final version of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

All phase of this study was supported by Key R&D
Program of Sichuan Province of China (2020YFS0101 and
2020YFS0102), Central Government Funds of Guiding Local
Scientific and Technological Development for Sichuan Province
(2021Z2YDO0105), and Natural Science Foundation of China
(81700360 and 82070324). The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Bertero, T., Oldham, W. M., Cottrill, K. A., Pisano, S., Vanderpool, R. R, Yu,
Q., et al. (2016). Vascular stiffness mechanoactivates YAP/TAZ-dependent
glutaminolysis to drive pulmonary hypertension. J. Clin. Invest. 126,3313-3335.
doi: 10.1172/jci86387

Bix, G., Fu, J., Gonzalez, E. M., Macro, L., Barker, A., Campbell, S., et al. (2004).
Endorepellin causes endothelial cell disassembly of actin cytoskeleton and focal
adhesions through alpha2betal integrin. J. Cell Biol. 166, 97-109. doi: 10.1083/
jcb.200401150

Califano, J. P., and Reinhart-King, C. A. (2010). Substrate Stiffness and Cell Area
Predict Cellular Traction Stresses in Single Cells and Cells in Contact. Cell Mol.
Bioeng. 3, 68-75. doi: 10.1007/s12195-010-0102-6

Chang, E., Nayak, L., and Jain, M. K. (2017). Kriippel-like factors in endothelial cell
biology. Curr. Opin. Hemat. 24, 224-229. doi: 10.1097/moh.0000000000000337

Chen, T., Yang, C, Li, M., and Tan, X. (2016). Alveolar Hypoxia-Induced
Pulmonary Inflammation: from Local Initiation to Secondary Promotion by
Activated Systemic Inflammation. J. Vasc. Res. 53, 317-329. doi: 10.1159/
000452800

Cho, S., Irianto, J., and Discher, D. E. (2017). Mechanosensing by the nucleus: From
pathways to scaling relationships. J. Cell Biol. 216, 305-315. doi: 10.1083/jcb.
201610042

Cotten, C. M. (2017). Pulmonary hypoplasia. Semin. Fetal. Neonatal. Med. 22,
250-255. doi: 10.1016/j.siny.2017.06.004

Dagenais, A., Desjardins, J., Shabbir, W., Roy, A., Filion, D., Sauvé, R, et al.
(2018). Loss of barrier integrity in alveolar epithelial cells downregulates ENaC
expression and activity via Ca(2+) and TRPV4 activation. Pflugers Arch. 470,
1615-1631. doi: 10.1007/s00424-018-2182-4

Davidovich, N., DiPaolo, B. C., Lawrence, G. G., Chhour, P., Yehya, N., and
Margulies, S. S. (2013). Cyclic stretch-induced oxidative stress increases

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 818394


https://doi.org/10.1152/ajplung.00389.2003
https://doi.org/10.1165/rcmb.2016-0201OC
https://doi.org/10.1080/10408363.2019.1678565
https://doi.org/10.1152/ajplung.90454.2008
https://doi.org/10.3390/ijms22073656
https://doi.org/10.3390/biom11091389
https://doi.org/10.1055/s-2006-948289
https://doi.org/10.1055/s-2006-948289
https://doi.org/10.1172/jci86387
https://doi.org/10.1083/jcb.200401150
https://doi.org/10.1083/jcb.200401150
https://doi.org/10.1007/s12195-010-0102-6
https://doi.org/10.1097/moh.0000000000000337
https://doi.org/10.1159/000452800
https://doi.org/10.1159/000452800
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1016/j.siny.2017.06.004
https://doi.org/10.1007/s00424-018-2182-4
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Linet al.

Mechanotransduction in Lung

pulmonary alveolar epithelial permeability. Am. J. Respir. Cell Mol. Biol. 49,
156-164. doi: 10.1165/rcmb.2012-02520C

De Bock, K., Georgiadou, M., and Carmeliet, P. (2013a). Role of endothelial cell
metabolism in vessel sprouting. Cell Metab. 18, 634-647. doi: 10.1016/j.cmet.
2013.08.001

De Bock, K., Georgiadou, M., Schoors, S., Kuchnio, A., Wong, B. W., Cantelmo,
A. R, etal. (2013b). Role of PFKFB3-driven glycolysis in vessel sprouting. Cell
154, 651-663. doi: 10.1016/j.cell.2013.06.037

de Jong, S., Itinteang, T., Withers, A. H., Davis, P. F., and Tan, S. T. (2016). Does
hypoxia play a role in infantile hemangioma? Arch. Dermatol. Res. 308,219-227.
doi: 10.1007/s00403-016- 1635-x

Deguchi, S., Ohashi, T., and Sato, M. (2005). Intracellular stress transmission
through actin stress fiber network in adherent vascular cells. Mol. Cell. Biomech.
2,205-216.

Deng, Z., Fear, M. W, Suk Choi, Y., Wood, F. M., Allahham, A., Mutsaers, S. E.,
et al. (2020). The extracellular matrix and mechanotransduction in pulmonary
fibrosis. Int. J. Biochem. Cell Biol. 126:105802. doi: 10.1016/j.biocel.2020.105802

Denis, J. F., Diagbouga, M. R., Molica, F., Hautefort, A., Linnerz, T., Watanabe,
M., etal. (2019). KLF4-Induced Connexin40 Expression Contributes to Arterial
Endothelial Quiescence. Front. Physiol. 10:80. doi: 10.3389/fphys.2019.00080

Desai, L. P., Chapman, K. E., and Waters, C. M. (2008). Mechanical stretch
decreases migration of alveolar epithelial cells through mechanisms involving
Racl and Tiaml. Am. J. Physiol. Lung. Cell Mol. Physiol. 295, L958-L965.
doi: 10.1152/ajplung.90218.2008

Diem, K., Fauler, M., Fois, G., Hellmann, A., Winokurow, N., Schumacher, S., et al.
(2020). Mechanical stretch activates piezol in caveolae of alveolar type I cells
to trigger ATP release and paracrine stimulation of surfactant secretion from
alveolar type II cells. Faseb J. 34, 12785-12804. doi: 10.1096/£j.202000613RRR

Ding, N., Wang, F., Han, Y., Xiao, H., Xu, L., and She, S. (2012). Mitogen-activated
protein kinase kinase 6 mediates mechanical stretch-induced high-mobility
group box 1 protein expression in pulmonary alveolar epithelial cells. J. Trauma
Acute Care Surg. 72, 162-168. doi: 10.1097/TA.0b013e318216f480

Doddaballapur, A., Michalik, K. M., Manavski, Y., Lucas, T., Houtkooper, R. H.,
You, X,, et al. (2015). Laminar shear stress inhibits endothelial cell metabolism
via KLF2-mediated repression of PFKFB3. Arterioscler. Thromb. Vasc. Biol. 35,
137-145. doi: 10.1161/atvbaha.114.304277

Dong, Z. W., Chen, J., Ruan, Y. C., Zhou, T., Chen, Y., Chen, Y., etal. (2015). CFTR-
regulated MAPK/NF-kB signaling in pulmonary inflammation in thermal
inhalation injury. Sci. Rep. 5:15946. doi: 10.1038/srep15946

Ducret, T., El Arrouchi, J., Courtois, A., Quignard, J. F., Marthan, R., and Savineau,
J. P. (2010). Stretch-activated channels in pulmonary arterial smooth muscle
cells from normoxic and chronically hypoxic rats. Cell Calcium. 48, 251-259.
doi: 10.1016/j.ceca.2010.09.011

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., et al.
(2011). Role of YAP/TAZ in mechanotransduction. Nature 474, 179-183. doi:
10.1038/nature10137

Duscher, D., Maan, Z. N., Wong, V. W, Rennert, R. C,, Januszyk, M., Rodrigues,
M., et al. (2014). Mechanotransduction and fibrosis. J. Biomech. 47, 1997-2005.
doi: 10.1016/j.jbiomech.2014.03.031

Fang, Y., Wu, D., and Birukov, K. G. (2019). Mechanosensing and
Mechanoregulation of Endothelial Cell Functions. Compr. Physiol. 9, 873-904.
doi: 10.1002/cphy.c180020

Firth, A. L., Remillard, C. V., and Yuan, J. X. (2007). TRP channels in hypertension.
Biochim. Biophys. Acta. 1772, 895-906. doi: 10.1016/j.bbadis.2007.02.009

Friedrich, E. E., Hong, Z., Xiong, S., Zhong, M., Di, A., Rehman, J., et al
(2019). Endothelial cell Piezol mediates pressure-induced lung vascular
hyperpermeability via disruption of adherens junctions. Proc. Natl. Acad. Sci.
USA. 116, 12980-12985. doi: 10.1073/pnas.1902165116

Froese, A. R., Shimbori, C., Bellaye, P. S., Inman, M., Obex, S., Fatima, S,
et al. (2016). Stretch-induced Activation of Transforming Growth Factor-f1 in
Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 194, 84-96. doi: 10.1164/
rcem.201508-16380C

Gao, J., Huang, T., Zhou, L. ], Ge, Y. L, Lin, S. Y., and Dai, Y. (2014).
Preconditioning effects of physiological cyclic stretch on pathologically
mechanical stretch-induced alveolar epithelial cell apoptosis and barrier
dysfunction. Biochem. Biophys. Res. Commun. 448, 342-348. doi: 10.1016/j.
bbrc.2014.03.063

Garcia, C. S., Prota, L. F.,, Morales, M. M., Romero, P. V., Zin, W. A., and Rocco,
P.R. (2006). Understanding the mechanisms of lung mechanical stress. Braz. J.
Med. Biol. Res. 39, 697-706. doi: 10.1590/s0100-879x2006000600001

Ge, X,, Sun, J., Fei, A., Gao, C,, Pan, S., and Wu, Z. (2019). Hydrogen sulfide
treatment alleviated ventilator-induced lung injury through regulation of
autophagy and endoplasmic reticulum stress. Int. J. Biol. Sci. 15, 2872-2884.
doi: 10.7150/ijbs.38315

Gicquel, T., Le Daré¢, B., Boichot, E., and Lagente, V. (2017). Purinergic receptors:
new targets for the treatment of gout and fibrosis. Fundam. Clin. Pharmacol. 31,
136-146. doi: 10.1111/fcp.12256

Giménez, A., Duch, P., Puig, M., Gabasa, M., Xaubet, A., and Alcaraz, J. (2017).
Dysregulated Collagen Homeostasis by Matrix Stiffening and TGF-p1 in
Fibroblasts from Idiopathic Pulmonary Fibrosis Patients: Role of FAK/Akt. Int.
J. Mol. Sci. 18:11. doi: 10.3390/ijms18112431

Goettsch, C., Goettsch, W., Arsov, A., Hofbauer, L. C., Bornstein, S. R., and
Morawietz, H. (2009). Long-term cyclic strain downregulates endothelial Nox4.
Antioxid. Redox Signal. 11, 2385-2397. doi: 10.1089/ars.2009.2561

Groth, A., Vrugt, B., Brock, M., Speich, R., Ulrich, S., and Huber, L. C. (2014).
Inflammatory cytokines in pulmonary hypertension. Respirat. Res. 15:47. doi:
10.1186/1465-9921-15-47

Han, B., Lodyga, M., and Liu, M. (2005). Ventilator-induced lung injury: role
of protein-protein interaction in mechanosensation. Proc. Am. Thorac. Soc. 2,
181-187. doi: 10.1513/pats.200501-008AC

Han, Z., Varadharaj, S., Giedt, R. J., Zweier, J. L., Szeto, H. H., and Alevriadou,
B. R. (2009). Mitochondria-derived reactive oxygen species mediate heme
oxygenase-1 expression in sheared endothelial cells. . Pharmacol. Exp. Ther.
329, 94-101. doi: 10.1124/jpet.108.145557

Hewlett, J. C., Kropski, J. A., and Blackwell, T. S. (2018). Idiopathic pulmonary
fibrosis: Epithelial-mesenchymal interactions and emerging therapeutic targets.
Matrix Biol. 71-72, 112-127. doi: 10.1016/j.matbio.2018.03.021

Hirata, T., Yamamoto, K., Ikeda, K., and Arita, M. (2021). Functional lipidomics of
vascular endothelial cells in response to laminar shear stress. Faseb J. 35:e21301.
doi: 10.1096/1j.202002144R

Hsiao, S. T., Spencer, T., Boldock, L., Prosseda, S. D., Xanthis, L., Tovar-Lopez, F.J.,
etal. (2016). Endothelial repair in stented arteries is accelerated by inhibition of
Rho-associated protein kinase. Cardiovasc. Res. 112, 689-701. doi: 10.1093/cvr/
cvw210

Huang, R. T., Wu, D., Meliton, A., Oh, M. J., Krause, M., Lloyd, J. A,, et al.
(2017). Experimental Lung Injury Reduces Kriippel-like Factor 2 to Increase
Endothelial Permeability via Regulation of RAPGEF3-Racl Signaling. Am. J.
Respir. Crit. Care Med. 195, 639-651. doi: 10.1164/rccm.201604-06680C

Ichimura, H., Parthasarathi, K., Quadri, S., Issekutz, A. C., and Bhattacharya,
J. (2003). coupling by mitochondria
proinflammatory responses in lung venular capillaries. J. Clin. Invest. 111,
691-699. doi: 10.1172/jcil7271

Iring, A., Jin, Y. J., Albarran-Judarez, J., Siragusa, M., Wang, S., Dancs, P. T., et al.
(2019). Shear stress-induced endothelial adrenomedullin signaling regulates
vascular tone and blood pressure. J. Clin. Invest. 129, 2775-2791. doi: 10.1172/
jci123825

Iwaki, M., Ito, S., Morioka, M., Iwata, S., Numaguchi, Y., Ishii, M., et al. (2009).
Mechanical stretch enhances IL-8 production in pulmonary microvascular
endothelial cells. Biochem. Biophys. Res. Commun. 389, 531-536. doi: 10.1016/j.
bbrc.2009.09.020

Jesudason, E. C. (2009). Airway smooth muscle: an architect of the lung? Thorax
64, 541-545. doi: 10.1136/thx.2008.107094

Jiang, C., Huang, H,, Liu, J., Wang, Y., Lu, Z., and Xu, Z. (2012). Fasudil, a Rho-
kinase inhibitor, attenuates bleomycin-induced pulmonary fibrosis in mice. Int.
J. Mol. Sci. 13, 8293-8307. doi: 10.3390/ijms13078293

Kang, B. Y., Park, K. K., Kleinhenz, J]. M., Murphy, T. C., Green, D. E,, Bijli, K. M.,
et al. (2016). Peroxisome Proliferator-Activated Receptor y and microRNA 98
in Hypoxia-Induced Endothelin-1 Signaling. Am. J. Respir. Cell Mol. Biol. 54,
136-146. doi: 10.1165/rcmb.2014-03370C

Kang, H., Hong, Z., Zhong, M., Klomp, J., Bayless, K. J., Mehta, D., et al. (2019).
Piezol mediates angiogenesis through activation of MT1-MMP signaling. Am.
J. Physiol. Cell Physiol. 316, C92-C103. doi: 10.1152/ajpcell.00346.2018

Ke, Y., Karki, P., Zhang, C., Li, Y., Nguyen, T., Birukov, K. G., et al. (2019).
Mechanosensitive Rap1 activation promotes barrier function of lung vascular

Mechano-oxidative induces

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 818394


https://doi.org/10.1165/rcmb.2012-0252OC
https://doi.org/10.1016/j.cmet.2013.08.001
https://doi.org/10.1016/j.cmet.2013.08.001
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1007/s00403-016-1635-x
https://doi.org/10.1016/j.biocel.2020.105802
https://doi.org/10.3389/fphys.2019.00080
https://doi.org/10.1152/ajplung.90218.2008
https://doi.org/10.1096/fj.202000613RRR
https://doi.org/10.1097/TA.0b013e318216f480
https://doi.org/10.1161/atvbaha.114.304277
https://doi.org/10.1038/srep15946
https://doi.org/10.1016/j.ceca.2010.09.011
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/nature10137
https://doi.org/10.1016/j.jbiomech.2014.03.031
https://doi.org/10.1002/cphy.c180020
https://doi.org/10.1016/j.bbadis.2007.02.009
https://doi.org/10.1073/pnas.1902165116
https://doi.org/10.1164/rccm.201508-1638OC
https://doi.org/10.1164/rccm.201508-1638OC
https://doi.org/10.1016/j.bbrc.2014.03.063
https://doi.org/10.1016/j.bbrc.2014.03.063
https://doi.org/10.1590/s0100-879x2006000600001
https://doi.org/10.7150/ijbs.38315
https://doi.org/10.1111/fcp.12256
https://doi.org/10.3390/ijms18112431
https://doi.org/10.1089/ars.2009.2561
https://doi.org/10.1186/1465-9921-15-47
https://doi.org/10.1186/1465-9921-15-47
https://doi.org/10.1513/pats.200501-008AC
https://doi.org/10.1124/jpet.108.145557
https://doi.org/10.1016/j.matbio.2018.03.021
https://doi.org/10.1096/fj.202002144R
https://doi.org/10.1093/cvr/cvw210
https://doi.org/10.1093/cvr/cvw210
https://doi.org/10.1164/rccm.201604-0668OC
https://doi.org/10.1172/jci17271
https://doi.org/10.1172/jci123825
https://doi.org/10.1172/jci123825
https://doi.org/10.1016/j.bbrc.2009.09.020
https://doi.org/10.1016/j.bbrc.2009.09.020
https://doi.org/10.1136/thx.2008.107094
https://doi.org/10.3390/ijms13078293
https://doi.org/10.1165/rcmb.2014-0337OC
https://doi.org/10.1152/ajpcell.00346.2018
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Linet al.

Mechanotransduction in Lung

endothelium under cyclic stretch. Mol. Biol. Cell 30, 959-974. doi: 10.1091/mbc.
E18-07-0422

Kim, B, Li, ], Jang, C., and Arany, Z. (2017). Glutamine fuels proliferation but
not migration of endothelial cells. Embo J. 36, 2321-2333. doi: 10.15252/emb;.
201796436

Knoepp, F., Ashley, Z., Barth, D., Baldin, J. P, Jennings, M., Kazantseva, M.,
et al. (2020). Shear force sensing of epithelial Na(+) channel (ENaC) relies on
N-glycosylated asparagines in the palm and knuckle domains of aENaC. Proc.
Natl. Acad. Sci. US A. 117, 717-726. doi: 10.1073/pnas.1911243117

Ko, K. S., Arora, P. D., and McCulloch, C. A. (2001). Cadherins mediate
intercellular mechanical signaling in fibroblasts by activation of stretch-
sensitive calcium-permeable channels. J. Biol. Chem. 276, 35967-35977. doi:
10.1074/jbc.M104106200

Kovacs, G., Dumitrescu, D., Barner, A., Greiner, S., Griinig, E., Hager, A., et al.
(2018). Definition, clinical classification and initial diagnosis of pulmonary
hypertension: Updated recommendations from the Cologne Consensus
Conference 2018. Int. J. Cardiol. 272s, 11-19. doi: 10.1016/j.ijcard.2018.08.083

Kroon, A. A., Delriccio, V., Tseu, I, Kavanagh, B. P., and Post, M. (2013).
Mechanical ventilation-induced apoptosis in newborn rat lung is mediated
via FasL/Fas pathway. Am. J. Physiol. Lung Cell Mol. Physiol. 305, L795-L804.
doi: 10.1152/ajplung.00048.2013

Kuhn, H., Zobel, C., Vollert, G., Gurcke, M., Jenszéwski, C., Barina, C., et al. (2019).
High amplitude stretching of ATII cells and fibroblasts results in profibrotic
effects. Exp. Lung Res. 45, 167-174. doi: 10.1080/01902148.2019.1636424

Kull, F.]., and Sloboda, R. D. (2014). A slow dance for microtubule acetylation. Cell
157, 1255-1256. doi: 10.1016/j.cell.2014.05.021

LaCanna, R., Liccardo, D., Zhang, P., Tragesser, L., Wang, Y., Cao, T., et al. (2019).
Yap/Taz regulate alveolar regeneration and resolution of lung inflammation.
J. Clin. Invest. 129, 2107-2122. doi: 10.1172/jci125014

Lambert, M., Capuano, V., Olschewski, A., Sabourin, J., Nagaraj, C., Girerd, B.,
etal. (2018). Ion Channels in Pulmonary Hypertension: a Therapeutic Interest?
Int. ]. Mol. Sci. 19, 10. doi: 10.3390/ijms19103162

Lee, T. H., Yeh, C. F, Lee, Y. T, Shih, Y. C, Chen, Y. T. Hung,
C. T, et al. (2020). Fibroblast-enriched endoplasmic reticulum protein
TXNDCS5 promotes pulmonary fibrosis by augmenting TGFp signaling through
TGFBRI stabilization. Nat. Commun. 11:4254. doi: 10.1038/s41467-020-18
047-x

Lettieri, C. J., Nathan, S. D., Barnett, S. D., Ahmad, S., and Shorr, A. F. (2006).
Prevalence and outcomes of pulmonary arterial hypertension in advanced
idiopathic pulmonary fibrosis. Chest. 129, 746-752. doi: 10.1378/chest.129.3.
746

Lhomme, A., Gilbert, G., Pele, T., Deweirdt, J., Henrion, D., Baudrimont, I.,
et al. (2019). Stretch-activated Piezol Channel in Endothelial Cells Relaxes
Mouse Intrapulmonary Arteries. Am. J. Respir. Cell Mol. Biol. 60, 650-658.
doi: 10.1165/rcmb.2018-01970C

Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M. J., et al. (2014).
Piezol integration of vascular architecture with physiological force. Nature 515,
279-282. doi: 10.1038/nature13701

Liang, G. P., Xu, ], Cao, L. L., Zeng, Y. H., Chen, B. X,, Yang, J., et al. (2019). Piezol
induced apoptosis of type II pneumocytes during ARDS. Respir. Res. 20:118.
doi: 10.1186/s12931-019-1083- 1

Liao, H., Qi, Y., Ye, Y., Yue, P, Zhang, D., and Li, Y. (2020). Mechanotranduction
Pathways in the Regulation of Mitochondrial Homeostasis in Cardiomyocytes.
Front. Cell Dev. Biol. 8:625089. doi: 10.3389/fcell.2020.625089

Lionetti, V., Recchia, F. A., and Ranieri, V. M. (2005). Overview of ventilator-
induced lung injury mechanisms. Curr. Opin. Crit. Care 11, 82-86. doi: 10.1097/
00075198-200502000-00013

Liu, D, Yan, Y., Chen, J. W,, Yuan, P, Wang, X. J,, Jiang, R, et al. (2017).
Hypermethylation of BMPR2 Promoter Occurs in Patients with Heritable
Pulmonary Arterial Hypertension and Inhibits BMPR2 Expression. Am. J.
Respir. Crit. Care Med. 196, 925-928. doi: 10.1164/rccm.201611-2273LE

Liu, W., Sun, Q., Zheng, Z. L., Gao, Y. T., Zhu, G. Y., Wei, Q., et al
(2021). Topographic Cues Guiding Cell Polarization via Distinct Cellular
Mechanosensing Pathways. Small 5, €2104328. doi: 10.1002/sml1.202104328

Liu, Y. Y., Li, L. F,, Fu, J. Y., Kao, K. C,, Huang, C. C,, Chien, Y., et al. (2014).
Induced pluripotent stem cell therapy ameliorates hyperoxia-augmented
ventilator-induced lung injury through suppressing the Src pathway. PLoS One
9:¢109953. doi: 10.1371/journal.pone.0109953

Liu, Y. Y., Li, L. F, Yang, C. T., Lu, K. H,, Huang, C. C,, Kao, K. C,, et al. (2013).
Suppressing NF-kB and NKRF Pathways by Induced Pluripotent Stem Cell
Therapy in Mice with Ventilator-Induced Lung Injury. PLoS One 8:¢66760.
doi: 10.1371/journal.pone.0066760

Liu, Z., Wu, H,, Jiang, K., Wang, Y., Zhang, W., Chu, Q,, et al. (2016). MAPK-
Mediated YAP Activation Controls Mechanical-Tension-Induced Pulmonary
Alveolar Regeneration. Cell Rep. 16, 1810-1819. doi: 10.1016/j.celrep.2016.07.
020

Lohser, J., and Slinger, P. (2015). Lung Injury After One-Lung Ventilation:
A Review of the Pathophysiologic Mechanisms Affecting the Ventilated
and the Collapsed Lung. Anesth Analg. 121, 302-318. doi: 10.1213/ane.
0000000000000808

Lu, Q., Zemskov, E. A,, Sun, X., Wang, H., Yegambaram, M., Wu, X,, et al. (2021).
Activation of the mechanosensitive Ca(2+) channel TRPV4 induces endothelial
barrier permeability via the disruption of mitochondrial bioenergetics. Redox
Biol. 38:101785. doi: 10.1016/j.redox.2020.101785

Luchsinger, L. L., Patenaude, C. A., Smith, B. D., and Layne, M. D. (2011).
Myocardin-related transcription factor-A complexes activate type I collagen
expression in lung fibroblasts. J. Biol. Chem. 286, 44116-44125. doi: 10.1074/
jbc.M111.276931

Lv, Z., Wang, Y., Liu, Y. ], Mao, Y. F,, Dong, W. W,, Ding, Z. N,, et al. (2018).
NLRP3 Inflammasome Activation Contributes to Mechanical Stretch-Induced
Endothelial-Mesenchymal Transition and Pulmonary Fibrosis. Crit. Care Med.
46, e49-e58. doi: 10.1097/ccm.0000000000002799

Malczyk, M., Veith, C., Fuchs, B., Hofmann, K., Storch, U., Schermuly, R. T,
etal. (2013). Classical transient receptor potential channel 1 in hypoxia-induced
pulmonary hypertension. Am. J. Respir. Crit. Care Med. 188, 1451-1459. doi:
10.1164/rccm.201307-12520C

Mao, P, Li, J., Huang, Y., Wu, S., Pang, X., He, W., et al. (2017). MicroRNA-19b
Mediates Lung Epithelial-Mesenchymal Transition via Phosphatidylinositol-
3,4,5-Trisphosphate 3-Phosphatase in Response to Mechanical Stretch. Am. J.
Respir. Cell Mol. Biol. 56, 11-19. doi: 10.1165/rcmb.2015-03770C

Maurer, M., and Lammerding, J. (2019). The Driving Force: Nuclear
Mechanotransduction in Cellular Function, Fate, and Disease. Annu Rev.
Biomed. Eng. 21, 443-468. doi: 10.1146/annurev-bioeng-060418-052139

McNally, J. S., Davis, M. E., Giddens, D. P., Saha, A., Hwang, J., Dikalov, S., et al.
(2003). Role of xanthine oxidoreductase and NAD(P)H oxidase in endothelial
superoxide production in response to oscillatory shear stress. Am ] Physiol
Heart Circ Physiol. 285, H2290-H2297. doi: 10.1152/ajpheart.00515.2003

Meliton, A. Y., Mufioz, N. M., Meliton, L. N., Birukova, A. A, Leff, A. R, and
Birukov, K. G. (2013). Mechanical induction of group V phospholipase A(2)
causes lung inflammation and acute lung injury. Am. J. Physiol. Lung Cell Mol.
Physiol. 304, L689-L700. doi: 10.1152/ajplung.00047.2013

Meng, Z., Qiu, Y., Lin, K. C., Kumar, A., Placone, J. K., Fang, C., et al. (2018).
RAP2 mediates mechanoresponses of the Hippo pathway. Nature 560, 655-660.
doi: 10.1038/s41586-018-0444-0

Merna, N., Wong, A. K., Barahona, V., Llanos, P., Kunar, B., Palikuqi, B., et al.
(2018). Laminar shear stress modulates endothelial luminal surface stiffness in
a tissue-specific manner. Microcirculation 25:¢12455. doi: 10.1111/micc.12455

Milovanova, T., Chatterjee, S., Hawkins, B. J., Hong, N., Sorokina, E. M., Debolt, K.,
etal. (2008). Caveolae are an essential component of the pathway for endothelial
cell signaling associated with abrupt reduction of shear stress. Biochim. Biophys.
Acta 1783, 1866-1875. doi: 10.1016/j.bbamcr.2008.05.010

Mussbacher, M., Salzmann, M., Brostjan, C., Hoesel, B., Schoergenhofer, C., Datler,
H., et al. (2019). Cell Type-Specific Roles of NF-kB Linking Inflammation and
Thrombosis. Front. Immunol. 10:85. doi: 10.3389/fimmu.2019.00085

Mustafa, S. B., Isaac, J., Seidner, S. R., Dixon, P. S., Henson, B. M., and DiGeronimo,
R. J. (2014). Mechanical stretch induces lung a-epithelial Na(+) channel
expression. Exp. Lung Res. 40, 380-391. doi: 10.3109/01902148.2014.934410

Najrana, T., Ahsan, N., Abu-Eid, R., Uzun, A., Noble, L., Tollefson, G., et al.
(2021). Proteomic analysis of a murine model of lung hypoplasia induced by
oligohydramnios. Pediatr. Pulmonol. 56, 2740-2750. doi: 10.1002/ppul.25525

Najrana, T., Ramos, L. M., Abu Eid, R., and Sanchez-Esteban, J. (2017).
Oligohydramnios compromises lung cells size and interferes with epithelial-
endothelial development. Pediatr. Pulmonol. 52, 746-756. doi: 10.1002/ppul.
23662

Nayebosadri, A., and Ji, J. Y. (2013). Endothelial nuclear lamina is not required
for glucocorticoid receptor nuclear import but does affect receptor-mediated

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 818394


https://doi.org/10.1091/mbc.E18-07-0422
https://doi.org/10.1091/mbc.E18-07-0422
https://doi.org/10.15252/embj.201796436
https://doi.org/10.15252/embj.201796436
https://doi.org/10.1073/pnas.1911243117
https://doi.org/10.1074/jbc.M104106200
https://doi.org/10.1074/jbc.M104106200
https://doi.org/10.1016/j.ijcard.2018.08.083
https://doi.org/10.1152/ajplung.00048.2013
https://doi.org/10.1080/01902148.2019.1636424
https://doi.org/10.1016/j.cell.2014.05.021
https://doi.org/10.1172/jci125014
https://doi.org/10.3390/ijms19103162
https://doi.org/10.1038/s41467-020-18047-x
https://doi.org/10.1038/s41467-020-18047-x
https://doi.org/10.1378/chest.129.3.746
https://doi.org/10.1378/chest.129.3.746
https://doi.org/10.1165/rcmb.2018-0197OC
https://doi.org/10.1038/nature13701
https://doi.org/10.1186/s12931-019-1083-1
https://doi.org/10.3389/fcell.2020.625089
https://doi.org/10.1097/00075198-200502000-00013
https://doi.org/10.1097/00075198-200502000-00013
https://doi.org/10.1164/rccm.201611-2273LE
https://doi.org/10.1002/smll.202104328
https://doi.org/10.1371/journal.pone.0109953
https://doi.org/10.1371/journal.pone.0066760
https://doi.org/10.1016/j.celrep.2016.07.020
https://doi.org/10.1016/j.celrep.2016.07.020
https://doi.org/10.1213/ane.0000000000000808
https://doi.org/10.1213/ane.0000000000000808
https://doi.org/10.1016/j.redox.2020.101785
https://doi.org/10.1074/jbc.M111.276931
https://doi.org/10.1074/jbc.M111.276931
https://doi.org/10.1097/ccm.0000000000002799
https://doi.org/10.1164/rccm.201307-1252OC
https://doi.org/10.1164/rccm.201307-1252OC
https://doi.org/10.1165/rcmb.2015-0377OC
https://doi.org/10.1146/annurev-bioeng-060418-052139
https://doi.org/10.1152/ajpheart.00515.2003
https://doi.org/10.1152/ajplung.00047.2013
https://doi.org/10.1038/s41586-018-0444-0
https://doi.org/10.1111/micc.12455
https://doi.org/10.1016/j.bbamcr.2008.05.010
https://doi.org/10.3389/fimmu.2019.00085
https://doi.org/10.3109/01902148.2014.934410
https://doi.org/10.1002/ppul.25525
https://doi.org/10.1002/ppul.23662
https://doi.org/10.1002/ppul.23662
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Linet al.

Mechanotransduction in Lung

transcription activation. Am. J. Physiol. Cell Physiol. 305, C309-C322. doi: 10.
1152/ajpcell.00293.2012

Ni, J., Dong, Z., Han, W., Kondrikov, D., and Su, Y. (2013). The role of RhoA and
cytoskeleton in myofibroblast transformation in hyperoxic lung fibrosis. Free
Radic. Biol. Med. 61, 26-39. doi: 10.1016/j.freeradbiomed.2013.03.012

Ning, Q. M., Sun, X. N,, and Zhao, X. K. (2012). Role of mechanical stretching
and lipopolysaccharide in early apoptosis and IL-8 of alveolar epithelial type II
cells A549. Asian Pac. J. Trop. Med. 5, 638-644. doi: 10.1016/51995-7645(12)60
131-x

Noskovitovd, N., Pettek, M., Eickelberg, O., and Heinzelmann, K. (2015). Platelet-
derived growth factor signaling in the lung. From lung development and disease
to clinical studies. Am. J. Respir. Cell Mol. Biol. 52, 263-284. doi: 10.1165/rcmb.
2014-0294TR

Ottolini, M., Daneva, Z., Chen, Y. L., Cope, E. L., Kasetti, R. B., Zode, G. S., et al.
(2020). Mechanisms underlying selective coupling of endothelial Ca(2+) signals
with eNOS vs. IK/SK channels in systemic and pulmonary arteries. J. Physiol.
598, 3577-3596. doi: 10.1113/jp279570

Parsons, J. T., Horwitz, A. R., and Schwartz, M. A. (2010). Cell adhesion: integrating
cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. Cell Biol. 11, 633-643.
doi: 10.1038/nrm2957

Paszkowiak, J. J., and Dardik, A. (2003). Arterial wall shear stress: observations
from the bench to the bedside. Vasc. Endovascular. Surg. 37, 47-57. doi: 10.
1177/153857440303700107

Patel, V., Dial, K., Wu, J., Gauthier, A. G, Wu, W, Lin, M., et al
(2020). Dietary Antioxidants Significantly Attenuate Hyperoxia-Induced Acute
Inflammatory Lung Injury by Enhancing Macrophage Function via Reducing
the Accumulation of Airway HMGBI. Int. J. Mol. Sci. 21:3. doi: 10.3390/
ijms21030977

Phan, T. H. G., Paliogiannis, P., Nasrallah, G. K., Giordo, R., Eid, A. H., Fois,
A. G, etal. (2021). Emerging cellular and molecular determinants of idiopathic
pulmonary fibrosis. Cell Mol. Life Sci. 78, 2031-2057. doi: 10.1007/s00018-020-
03693-7

Poljsak, B., Suput, D., and Milisav, L. (2013). Achieving the balance between ROS
and antioxidants: when to use the synthetic antioxidants. Oxid. Med. Cell
Longev. 2013:956792. doi: 10.1155/2013/956792

Pollak, N. M., Hoffman, M., Goldberg, I. J., and Drosatos, K. (2018). Kriippel-like
factors: Crippling and un-crippling metabolic pathways. JACC Basic Transl. Sci.
3, 132-156. doi: 10.1016/j.jacbts.2017.09.001

Rode, B., Shi, J., Endesh, N., Drinkhill, M. J., Webster, P. J., Lotteau, S. J.,
et al. (2017). Piezol channels sense whole body physical activity to reset
cardiovascular homeostasis and enhance performance. Nat. Commun. 8:350.
doi: 10.1038/s41467-017-00429-3

Rout-Pitt, N., Farrow, N., Parsons, D., and Donnelley, M. (2018). Epithelial
mesenchymal transition (EMT): a universal process in lung diseases with
implications for cystic fibrosis pathophysiology. Respir. Res. 19:136. doi: 10.
1186/512931-018-0834-8

Schoors, S., Bruning, U., Missiaen, R., Queiroz, K. C., Borgers, G., Elia, I, et al.
(2015). Fatty acid carbon is essential for ANTP synthesis in endothelial cells.
Nature 520, 192-197. doi: 10.1038/nature14362

Selman, M., and Pardo, A. (2020). The leading role of epithelial cells in the
pathogenesis of idiopathic pulmonary fibrosis. Cell Signal. 66:109482. doi: 10.
1016/j.cellsig.2019.109482

Semenza, G. L. (2017). Hypoxia-inducible factors: coupling glucose metabolism
and redox regulation with induction of the breast cancer stem cell phenotype.
Embo J. 36, 252-259. doi: 10.15252/embj.201695204

Slegtenhorst, B. R., Fajardo Ramirez, O. R., Zhang, Y., Dhanerawala, Z., Tullius,
S. G., and Garcia-Cardefia, G. A. (2018). Mechano-Activated Cell Reporter
System as a Proxy for Flow-Dependent Endothelial Atheroprotection. SLAS
Discov. 23, 869-876. doi: 10.1177/2472555218761101

Smulyan, H., Mookherjee, S., and Safar, M. E. (2016). The two faces of
hypertension: role of aortic stiffness. J. Am. Soc. Hypertens. 10, 175-183. doi:
10.1016/j.jash.2015.11.012

Song, M. J., Davidovich, N., Lawrence, G. G., and Margulies, S. S. (2016).
Superoxide mediates tight junction complex dissociation in cyclically stretched
lung slices. J. Biomech. 49, 1330-1335. doi: 10.1016/j.jbiomech.2015.10.032

Spieth, P. M., Bluth, T., Gama De Abreu, M., Bacelis, A., Goetz, A. E., and
Kiefmann, R. (2014). Mechanotransduction in the lungs. Minerva Anestesiol.
80, 933-941.

Stanicek, L., Lozano-Vidal, N., Bink, D. I, Hooglugt, A., Yao, W., Wittig, I.,
et al. (2020). Long non-coding RNA LASSIE regulates shear stress sensing and
endothelial barrier function. Commun. Biol. 3:265. doi: 10.1038/542003-020-
0987-0

Stenmark, K. R., Yeager, M. E., El Kasmi, K. C., Nozik-Grayck, E., Gerasimovskaya,
E. V., Li, M,, et al. (2013). The adventitia: essential regulator of vascular wall
structure and function. Ann. Rev. Physiol. 75, 23-47. doi: 10.1146/annurev-
physiol-030212-183802

Sukumaran, S. V., Singh, T. U, Parida, S., Narasimha Reddy Ch, E., Thangamalai,
R, Kandasamy, K., et al. (2013). TRPV4 channel activation leads to
endothelium-dependent relaxation mediated by nitric oxide and endothelium-
derived hyperpolarizing factor in rat pulmonary artery. Pharmacol. Res. 78,
18-27. doi: 10.1016/j.phrs.2013.09.005

Sun, Z., Guo, S. S., and Fssler, R. (2016). Integrin-mediated mechanotransduction.
J. Cell Biol. 215, 445-456. doi: 10.1083/jcb.201609037

Szyk, A., Deaconescu, A. M., Spector, J., Goodman, B., Valenstein, M. L.,
Ziolkowska, N. E., et al. (2014). Molecular basis for age-dependent microtubule
acetylation by tubulin acetyltransferase. Cell 157, 1405-1415. doi: 10.1016/j.cell.
2014.03.061

Tanaka, T., Saito, Y., Matsuda, K., Kamio, K., Abe, S., Kubota, K., et al.
(2017). Cyclic mechanical stretch-induced oxidative stress occurs via a NOX-
dependent mechanism in type II alveolar epithelial cells. Respir. Physiol.
Neurobiol. 242, 108-116. doi: 10.1016/j.resp.2017.04.007

Thenappan, T., Chan, S. Y., and Weir, E. K. (2018). Role of extracellular
matrix in the pathogenesis of pulmonary arterial hypertension. Am. J.
Physiol. Heart Circul. Physiol. 315, H1322-H1331. doi: 10.1152/ajpheart.00136.
2018

Totaro, A., Panciera, T., and Piccolo, S. (2018). YAP/TAZ upstream signals and
downstream responses. Nat. Cell Biol. 20, 888-899. doi: 10.1038/s41556-018-
0142-z

Travaglini, K. J., Nabhan, A. N, Penland, L., Sinha, R,, Gillich, A, Sit, R. V.,
et al. (2020). A molecular cell atlas of the human lung from single-cell RNA
sequencing. Nature 587, 619-625. doi: 10.1038/s41586-020-2922-4

Troidl, K., Hammerschick, T., Albarran-Juarez, J., Jung, G., Schierling, W.,
Tonack, S., et al. (2020). Shear Stress-Induced miR-143-3p in Collateral
Arteries Contributes to Outward Vessel Growth by Targeting Collagen V-
a2. Arterioscler. Thromb. Vasc. Biol. 40, e126-e137. doi: 10.1161/atvbaha.120.
313316

Tzima, E., Irani-Tehrani, M., Kiosses, W. B., Dejana, E., Schultz, D. A., Engelhardt,
B., et al. (2005). A mechanosensory complex that mediates the endothelial cell
response to fluid shear stress. Nature 437, 426-431. doi: 10.1038/nature03952

Valentine, M. S., Link, P. A., Herbert, J. A., Kamga Gninzeko, F. J., Schneck,
M. B., Shankar, K., et al. (2018). Inflammation and Monocyte Recruitment
due to Aging and Mechanical Stretch in Alveolar Epithelium are Inhibited
by the Molecular Chaperone 4-phenylbutyrate. Cell Mol. Bioeng. 11, 495-508.
doi: 10.1007/s12195-018-0537-8

Vogel, S. M., and Malik, A. B. (2012). Cytoskeletal dynamics and lung fluid balance.
Compr. Physiol. 2, 449-478. doi: 10.1002/cphy.c100006

Wang, A., and Valdez-Jasso, D. (2021). Cellular mechanosignaling in pulmonary
arterial hypertension. Biophys. Rev. 13, 747-756. doi: 10.1007/s12551-021-
00828-3

Wang, D., Dai, C., Zhang, X., Gu, C,, Liu, M,, Liu, H,, et al. (2021). Identification
and Functional Analysis of Long Non-coding RNAs in Human Pulmonary
Microvascular Endothelial Cells Subjected to Cyclic Stretch. Front. Physiol.
12:655971. doi: 10.3389/fphys.2021.655971

Wang, S., Chennupati, R., Kaur, H., Iring, A., Wettschureck, N., and Offermanns,
S. (2016). Endothelial cation channel PIEZOL controls blood pressure by
mediating flow-induced ATP release. J. Clin. Invest. 126, 4527-4536. doi: 10.
1172/jci87343

Wang, T., Gross, C., Desai, A. A., Zemskov, E., Wu, X., Garcia, A. N, et al.
(2017). Endothelial cell signaling and ventilator-induced lung injury: molecular
mechanisms, genomic analyses, and therapeutic targets. Am. J. Physiol. Lung
Cell Mol. Physiol. 312, L.452-1476. doi: 10.1152/ajplung.00231.2016

Wang, Y., Liu, Y. J., Xu, D. F,, Zhang, H., Xu, C. F., Mao, Y. F,, et al. (2021). DRD1
downregulation contributes to mechanical stretch-induced lung endothelial
barrier dysfunction. Theranostics 11, 2505-2521. doi: 10.7150/thno.46192

Willis, G. R., Fernandez-Gonzalez, A., Reis, M., Mitsialis, S. A., and Kourembanas,
S. (2018). Macrophage Immunomodulation: the Gatekeeper for Mesenchymal

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 818394


https://doi.org/10.1152/ajpcell.00293.2012
https://doi.org/10.1152/ajpcell.00293.2012
https://doi.org/10.1016/j.freeradbiomed.2013.03.012
https://doi.org/10.1016/s1995-7645(12)60131-x
https://doi.org/10.1016/s1995-7645(12)60131-x
https://doi.org/10.1165/rcmb.2014-0294TR
https://doi.org/10.1165/rcmb.2014-0294TR
https://doi.org/10.1113/jp279570
https://doi.org/10.1038/nrm2957
https://doi.org/10.1177/153857440303700107
https://doi.org/10.1177/153857440303700107
https://doi.org/10.3390/ijms21030977
https://doi.org/10.3390/ijms21030977
https://doi.org/10.1007/s00018-020-03693-7
https://doi.org/10.1007/s00018-020-03693-7
https://doi.org/10.1155/2013/956792
https://doi.org/10.1016/j.jacbts.2017.09.001
https://doi.org/10.1038/s41467-017-00429-3
https://doi.org/10.1186/s12931-018-0834-8
https://doi.org/10.1186/s12931-018-0834-8
https://doi.org/10.1038/nature14362
https://doi.org/10.1016/j.cellsig.2019.109482
https://doi.org/10.1016/j.cellsig.2019.109482
https://doi.org/10.15252/embj.201695204
https://doi.org/10.1177/2472555218761101
https://doi.org/10.1016/j.jash.2015.11.012
https://doi.org/10.1016/j.jash.2015.11.012
https://doi.org/10.1016/j.jbiomech.2015.10.032
https://doi.org/10.1038/s42003-020-0987-0
https://doi.org/10.1038/s42003-020-0987-0
https://doi.org/10.1146/annurev-physiol-030212-183802
https://doi.org/10.1146/annurev-physiol-030212-183802
https://doi.org/10.1016/j.phrs.2013.09.005
https://doi.org/10.1083/jcb.201609037
https://doi.org/10.1016/j.cell.2014.03.061
https://doi.org/10.1016/j.cell.2014.03.061
https://doi.org/10.1016/j.resp.2017.04.007
https://doi.org/10.1152/ajpheart.00136.2018
https://doi.org/10.1152/ajpheart.00136.2018
https://doi.org/10.1038/s41556-018-0142-z
https://doi.org/10.1038/s41556-018-0142-z
https://doi.org/10.1038/s41586-020-2922-4
https://doi.org/10.1161/atvbaha.120.313316
https://doi.org/10.1161/atvbaha.120.313316
https://doi.org/10.1038/nature03952
https://doi.org/10.1007/s12195-018-0537-8
https://doi.org/10.1002/cphy.c100006
https://doi.org/10.1007/s12551-021-00828-3
https://doi.org/10.1007/s12551-021-00828-3
https://doi.org/10.3389/fphys.2021.655971
https://doi.org/10.1172/jci87343
https://doi.org/10.1172/jci87343
https://doi.org/10.1152/ajplung.00231.2016
https://doi.org/10.7150/thno.46192
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Linet al.

Mechanotransduction in Lung

Stem Cell Derived-Exosomes in Pulmonary Arterial Hypertension? Int. J. Mol.
Sci. 19:9. doi: 10.3390/ijms19092534

Wobhlrab, P., Soto-Gonzales, L., Benesch, T., Winter, M. P., Lang, 1. M,
Markstaller, K., et al. (2018). Intermittent Hypoxia Activates Duration-
Dependent Protective and Injurious Mechanisms in Mouse Lung Endothelial
Cells. Front. Physiol. 9:1754. doi: 10.3389/fphys.2018.01754

Wolfson, R. K., Mapes, B., and Garcia, J. G. N. (2014). Excessive mechanical stress
increases HMGBI expression in human lung microvascular endothelial cells via
STAT3. Microvasc. Res. 92, 50-55. doi: 10.1016/j.mvr.2013.12.005

Woodcock, C. C., Hafeez, N., Handen, A., Tang, Y., Harvey, L. D., Estephan,
L. E,, et al. (2021). Matrix stiffening induces a pathogenic QKI-miR-7-SRSF1
signaling axis in pulmonary arterial endothelial cells. Am. J. Physiol. Lung Cell
Mol. Physiol. 320, L726-L738. doi: 10.1152/ajplung.00407.2020

Wu, D., and Birukov, K. (2019). Endothelial Cell Mechano-Metabolomic Coupling
to Disease States in the Lung Microvasculature. Front. Bioeng. Biotechnol. 7:172.
doi: 10.3389/fbioe.2019.00172

Wu, D., Huang, R. T., Hamanaka, R. B., Krause, M., Oh, M. J., Kuo, C. H,,
et al. (2017). HIF-la is required for disturbed flow-induced metabolic
reprogramming in human and porcine vascular endothelium. Elife 30:6. doi:
10.7554/eLife.25217

Wu, H.,, Yu, Y., Huang, H., Hu, Y., Fu, S., Wang, Z., et al. (2020). Progressive
Pulmonary Fibrosis Is Caused by Elevated Mechanical Tension on Alveolar
Stem Cells. Cell 180, 107.e~121.e. doi: 10.1016/j.cell.2019.11.027

Wu, |, Yan, Z., Schwartz, D. E., Yu, J., Malik, A. B., and Hu, G. (2013). Activation
of NLRP3 inflammasome in alveolar macrophages contributes to mechanical
stretch-induced lung inflammation and injury. J. Immunol. 190, 3590-3599.
doi: 10.4049/jimmunol.1200860

Xiong, J., Kawagishi, H., Yan, Y., Liu, J., Wells, Q. S., Edmunds, L. R,, et al. (2018).
A Metabolic Basis for Endothelial-to-Mesenchymal Transition. Mol. Cell. 69,
689.e-698.e. doi: 10.1016/j.molcel.2018.01.010

Yamamoto, K., Nogimori, Y., Imamura, H. and Ando, J. (2020). Shear
stress activates mitochondrial oxidative phosphorylation by reducing plasma
membrane cholesterol in vascular endothelial cells. Proc. Natl. Acad. Sci. U S A.
117, 33660-33667. doi: 10.1073/pnas.2014029117

Yan, X., Li, W., Yang, L., Dong, W., Chen, W., Mao, Y., et al. (2018). MiR-135a
Protects Vascular Endothelial Cells Against Ventilator-Induced Lung Injury by
Inhibiting PHLPP2 to Activate PI3K/Akt Pathway. Cell Physiol. Biochem. 48,
1245-1258. doi: 10.1159/000492010

Yang, J., Pan, X., Wang, L., and Yu, G. (2020). Alveolar cells under mechanical
stressed niche: critical contributors to pulmonary fibrosis. Mol. Med. 26:95.
doi: 10.1186/510020-020-00223-w

Yehya, N, Song, M. J., Lawrence, G. G., and Margulies, S. S. (2019). HER2 Signaling
Implicated in Regulating Alveolar Epithelial Permeability with Cyclic Stretch.
Int. J. Mol. Sci. 20:4. doi: 10.3390/ijms20040948

Young, S. M., Liu, S., Joshi, R, Batie, M. R, Kofron, M., Guo, J., et al. (2015).
Localization and stretch-dependence of lung elastase activity in development

and compensatory growth. J. Appl Physiol. 118, 921-931. doi: 10.1152/
japplphysiol.00954.2014

Zeinali, S., Thompson, E. K., Gerhardt, H., Geiser, T., and Guenat, O. T. (2021).
Remodeling of an in vitro microvessel exposed to cyclic mechanical stretch. APL
Bioeng. 5:026102. doi: 10.1063/5.0010159

Zhang, R., Pan, Y., Fanelli, V., Wu, S., Luo, A. A,, Islam, D., et al. (2015). Mechanical
Stress and the Induction of Lung Fibrosis via the Midkine Signaling Pathway.
Am. ]. Respir. Crit. Care Med. 192, 315-323. doi: 10.1164/rccm.201412-2
3260C

Zhang, X, Li, Y., Ma, Y., Yang, L., Wang, T., Meng, X., et al. (2018). Yes-associated
protein (YAP) binds to HIF-1a and sustains HIF-1a protein stability to promote
hepatocellular carcinoma cell glycolysis under hypoxic stress. J. Exp. Clin.
Cancer Res. 37, 216. doi: 10.1186/s13046-018-0892-2

Zhang, Y., Jiang, L., Huang, T., Lu, D., Song, Y., Wang, L., et al. (2021).
Mechanosensitive cation channel Piezol contributes to ventilator-induced lung
injury by activating RhoA/ROCKI in rats. Respir. Res. 22:250. doi: 10.1186/
$12931-021-01844-3

Zhang, Y., Liu, G., Dull, R. O., Schwartz, D. E,, and Hu, G. (2014). Autophagy
in pulmonary macrophages mediates lung inflammatory injury via NLRP3
inflammasome activation during mechanical ventilation. Am. J. Physiol. Lung.
Cell Mol. Physiol. 307, L173-L185. doi: 10.1152/ajplung.00083.2014

Zhong, A., Mirzaei, Z., and Simmons, C. A. (2018). The Roles of Matrix Stiffness
and f3-Catenin Signaling in Endothelial-to-Mesenchymal Transition of Aortic
Valve Endothelial Cells. Cardiovasc. Eng. Technol. 9, 158-167. doi: 10.1007/
§13239-018-0363-0

Zhu, G., Zhang, W,, Liu, Y., and Wang, S. (2018). miR-371b-5p inhibits endothelial
cell apoptosis in monocrotaline-induced pulmonary arterial hypertension via
PTEN/PI3K/Akt signaling pathways. Mol. Med. Rep. 18, 5489-5501. doi: 10.
3892/mmr.2018.9614

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of 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.

Copyright © 2022 Lin, Zheng, Lin, Zhang, Wu and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

16

February 2022 | Volume 13 | Article 818394


https://doi.org/10.3390/ijms19092534
https://doi.org/10.3389/fphys.2018.01754
https://doi.org/10.1016/j.mvr.2013.12.005
https://doi.org/10.1152/ajplung.00407.2020
https://doi.org/10.3389/fbioe.2019.00172
https://doi.org/10.7554/eLife.25217
https://doi.org/10.7554/eLife.25217
https://doi.org/10.1016/j.cell.2019.11.027
https://doi.org/10.4049/jimmunol.1200860
https://doi.org/10.1016/j.molcel.2018.01.010
https://doi.org/10.1073/pnas.2014029117
https://doi.org/10.1159/000492010
https://doi.org/10.1186/s10020-020-00223-w
https://doi.org/10.3390/ijms20040948
https://doi.org/10.1152/japplphysiol.00954.2014
https://doi.org/10.1152/japplphysiol.00954.2014
https://doi.org/10.1063/5.0010159
https://doi.org/10.1164/rccm.201412-2326OC
https://doi.org/10.1164/rccm.201412-2326OC
https://doi.org/10.1186/s13046-018-0892-2
https://doi.org/10.1186/s12931-021-01844-3
https://doi.org/10.1186/s12931-021-01844-3
https://doi.org/10.1152/ajplung.00083.2014
https://doi.org/10.1007/s13239-018-0363-0
https://doi.org/10.1007/s13239-018-0363-0
https://doi.org/10.3892/mmr.2018.9614
https://doi.org/10.3892/mmr.2018.9614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Mechanotransduction Regulates the Interplays Between Alveolar Epithelial and Vascular Endothelial Cells in Lung
	Introduction
	Mechanical Stress Is Critical During Pulmonary Development and Functional Homeostasis
	Mechanotransduction in Aveolar Epithelial Cells and Vascular Endothelial Cells
	Mechanical Forces Regulate the Homeostasis of Alveolar Cells
	Ion Channels
	Integrins-FAK-MAPK-NF-κB

	Rho GTPase-YAP/TAZ
	Metabolic Status

	Mechanical Forces Regulate Functions of Vascular Endothelial Cells
	Ca2+ Signaling
	Krüppel-Like Factor 2 and Krüppel-Like Factor 4
	Integrins-Cytoskeleton-Lamin A
	Rho GTPase-YAP/TAZ
	Metabolic Status


	Pathological Mechanical Stress Induces Pulmonary Diseases
	Ventilation Induced Lung Injuries and Acute Respiratory Distress Syndrome
	Pulmonary Fibrosis
	Pulmonary Hypertension

	The Interplay Between Alveolar Epithelial Cells and Vascular Endothelial Cells
	Hypoxia Induced Endothelial Dysfunction
	Endothelial Permeability Impairment Causes Fluid Leaking
	Extracellular Matrix Stiffness Alters Lung Microenvironment
	Metabolic Disorders and Oxidative Stress
	Activation of Inflammation and Monocyte/Macrophage Recruitment

	Future Aspects and Conclusion
	Author Contributions
	Funding
	References


