
HYPOTHESIS

Blood flow-bearing physical forces, endothelial
glycocalyx, and liver enzyme mobilization: A
hypothesis
Lorena Carmina Hernández-Espinosa1 and Rolando Hernández-Muñoz1

Numerous elements involved in shear stress-induced signaling have been identified, recognizing their functions as
mechanotransducing ion channels situated at cellular membranes. This form of mechanical signaling relies on transmembrane
proteins and cytoplasmic proteins that restructure the cytoskeleton, contributing to mechanotransduction cascades.
Notably, blood flow generates mechanical forces that significantly impact the structure and remodeling of blood vessels. The
primary regulation of blood vessel responses occurs through hemodynamic forces acting on the endothelium. These mechanical
events intricately govern endothelial biophysical, biochemical, and genetic responses. Endothelial cells, positioned on the
intimal surface of blood vessels, have the capability to express components of the glycocalyx. This endothelial structure
emerges as a pivotal factor in mechanotransduction and the regulation of vascular tone. The endothelial glycocalyx assumes
diverse roles in both health and disease. Our findings propose a connection between the release of specific enzymes from the
rat liver and variations in the hepatic blood flow/mass ratio. Importantly, this phenomenon is not correlated with liver
necrosis. Consequently, this review serves as an exploration of the potential involvement of membrane proteins in a
hypothetical mechanotransducing phenomenon capable of controlling the release of liver enzymes.

Introduction
Mechanotransduction is a process that initiates biochemical
signaling in response to mechanical events, enabling cells to
interact with and adapt to their physical environment. Mecha-
nosensitive factors play a crucial role in this process. Plasma
membrane stretch-activated ion channels, such as those dis-
cussed by Wang et al. (2009), induce alterations in the cyto-
skeleton. Additionally, nuclear lamins, acting as connectors
between the nucleus and the cytoskeleton, undergo changes
under mechanical stimuli (Zwerger et al., 2013).

Cell signaling induced bymechanical stimuli involves various
mechanisms. Stretch-gated ion channels, as highlighted by
Sukharev and Sachs (2012), can be activated, and other proteins
undergo conformational changes, leading to bond formation,
alterations in phosphorylation states, or changes in protein
stability (Iskratsch et al., 2014). For instance, talin, a focal ad-
hesion protein, unfolds under stress, revealing vinculin-binding
sites (Del Rı́o et al., 2009). Cell junction proteins, like those
described by Borghi et al. (2012), transmit stresses between
adherent cells. At the molecular level, external perturbations
like shear, compressive, or tensile stress modulate contractility

by regulating RhoA activity and its kinase (Watanabe et al., 1999;
Lessey et al., 2012; Fig. 1). Integrins contribute to RhoA activation
by recruiting RhoGEFs GEF-H1 and LARG to focal adhesions
(Guilluy et al., 2011; Fig. 1).

Mechanical forces significantly impact the regulation of cel-
lular functions (Mammoto et al., 2009; Weber et al., 2012).
The cell’s mechanical environment comprises both endogenous
forces, generated by the cell’s tension on the extracellular ma-
trix, and exogenous forces, such as shear stress and hydrostatic
pressure from external sources like blood flow. Coordinating
these events involves the activation of multiple signaling cas-
cades (Matthews et al., 2006; Collins et al., 2012). Moreover,
PECAM-1 initiates various intracellular signaling pathways in
response to hemodynamic forces, and integrin heterodimers
bind to specific extracellular matrix proteins within the endo-
thelium (Tzima et al., 2005; Orr et al., 2006).

The endothelium plays a crucial role in maintaining the
delicate balance between coagulation and fibrinolysis, among other
hematological functions. The primary physiological event facili-
tating endothelial cell regulation of blood flow is the tangential
shear stress generated by the blood flow. Endothelial cells are
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connected toward the vessel lumen for this purpose, and shear
stress is influenced by factors like flow rate, blood viscosity, and
specific tube geometry (Humphrey et al., 2009; Hoefer et al., 2013).

In addition to intravascular flow, interstitial (transvascular)
flow potentially contributes to angiogenesis (Kutys and Chen,
2016). The endothelial glycocalyx plays a crucial role in regu-
lating vascular permeability, transmitting shear stress, and
modulating vascular homeostasis, including nitric oxide (NO)
production and vasodilation (Cao et al., 2019).

Mechanical forces, particularly cyclic stretch, play significant
roles in regulating vascular functions across various organs,
including the maintenance of pulmonary circulation homeo-
stasis (Birukov, 2009; Ando and Yamamoto, 2011). The liver si-
nusoidal endothelium is structurally and functionally unique in
multiple ways (Birukova et al., 2005; Glass and Natoli, 2016).
The multifaceted roles of the endothelial glycocalyx in both
health and disease lead to the hypothesis that the liver endo-
thelial glycocalyx can regulate the release of specific enzymes
from the rat liver, depending on changes in the hepatic blood
flow/mass ratio, without being associated with liver necrosis.

Hemodynamic forces
Hemodynamic forces acting on the vessel wall are ubiquitous
stimuli for vascular cells, and the mechanical signals emitted by
the microenvironment play crucial regulatory roles in control-
ling cell behavior. This occurs under a diverse spectrum of

hemodynamic stresses that exhibit significant variations in
physical properties (Dewey, 1984; Kim et al., 1989). Hemody-
namic forces, particularly fluid shear stress, profoundly impact
the turnover of endothelial cells and the regulation of various
molecular factors. These forces influence the expression and
release of growth factors, cytokines, adhesion molecules,
vasodilators, vasoconstrictors, and reactive oxygen species
(ROS), thereby influencing the immune system’s interaction
with endothelial cells (Cahill and Redmond, 2016). In addition,
the presence of low shear stress plays a significant role in
facilitating interactions between erythrocytes and endothe-
lial von Willebrand factor (VWF), as well as between
erythrocyte–VWF and fibrin. These interactions directly
contribute to the development of venous thrombosis (Smeets
et al., 2017).

The flow of blood in the arterial circulation is pulsatile, ex-
hibiting its effects on the physical features of blood vessels
through perpendicular and parallel vectors (Dewey, 1984;
Nerem, 1992). Although the fibrillar protein framework of the
extracellular matrix is subject to stretching, shear stress has a
predominant impact on endothelial cells. The malleability of
cells in response to flow forces results in an aligned shear stress
(Yoshida et al., 1990). This capability allows endothelial cells to
actively modify their structure and mechanical properties,
leading to the generation of intracellular stress. For instance,
cytoskeletal reorganization can occur as a response to flow.

Figure 1. Mechanotransduction of the vascular response. Blood flow through arteries and shear stress initiate the activation of mechanosensors, such as
the activation of RhoA protein and further activation of Rac1, which controls cytoskeletal reorganization by regulating actin metabolism. RhoA and Rac1 constitute a
subgroup of the Ras superfamily of GTP hydrolases. ROCK, an effector molecule of RhoA, increases the phosphorylation of MLC of myosin II and LIMK among other
pathways. Rac1-GTP activates PAK, resulting in PAK1 autophosphorylation. Other endothelial mechanosensors like TKR and integrins can connect the extracellular
matrix with the actin cytoskeleton, activating the Akt/PKB signaling pathway. The activation of ion channels leads to short-term regulation of eNOS by an increase in
intracellular calcium concentration and/or by activation of protein kinases. Abbreviations: CaM, calmodulin; eNOS, endothelial nitric oxide synthase; PAK, p21-
regulated kinase; ROCK, Rho-kinase; MLC, myosin light chain; LIM-kinase; TKR, tyrosine kinase receptor; and PKB, protein kinase B.
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Shear stress and mechanical stretch
Physiologically, the straight sections of blood vessels are subject
to laminar flux (shear stress), characterized by unidirectional
orientation flow. It plays various roles, including anti-
inflammation, anticoagulation, antioxidant, and antiapoptotic
functions, crucial for maintaining endothelial cells in a quiescent
phenotype. The orientation of endothelial cells and the direction
of blood flow have been documented since early observations
(Flaherty et al., 1972; Davies et al., 1976; Okano and Yoshida,
1993). The cytoskeleton indeed determines cell shape and ori-
entation as it undergoes rearrangements due to the flow.

Furthermore, mechanical stretch acts on vascular develop-
ment, smooth muscle differentiation, aneurysm formation, and
the progression of hypertension (Milewicz et al., 2017). Specif-
ically, physiological mechanical stretch is essential for main-
taining vascular homeostasis by regulating cellular structure,
promoting vascular angiogenesis, and modulating vessel tone
(Ando and Yamamoto, 2011).

Endothelial glycocalyx: Structure and functions
The endothelial glycocalyx contains membrane-binding prote-
oglycans formed by glycosaminoglycan (GAG), and the presence
of hyaluronan and glycoproteins (Van Teeffelen et al., 2007;
Fig. 2). The GAGs are negatively charged polysaccharide chains
(Prydz, 2015), enabling binding to various growth factors and
cytokines (Reitsma et al., 2007). Hyaluronan,mainly located in the
luminal part of the glycocalyx, binds to surface receptors such as
CD44 (Lennon and Singleton, 2011; Liu et al., 2013). Syndecans are
central to maintaining endothelial cell homeostasis (Tkachenko
et al., 2005). Endothelial cells express both E-selectin and
P-selectin through distinct mechanisms (Sperandio, 2006; Fig. 2).
Integrins, transmembrane receptors, facilitate platelet-endothelial
cell interactions within the extracellular matrix (Bombeli
et al.,1998; Rüegg and Mariotti, 2003; Fig. 1).

The regulation of vascular tone and the facilitation of
endothelial–blood cell interactions, in response to shear stress,
are the main roles of the glycocalyx (Fig. 2). When the flow
becomes multidirectional, the GAG’s structure undergoes
modifications, all connected to the cytoskeleton through linker
molecules (Tarbell et al., 2014). Moreover, NO is produced,
promoting the relaxation of smooth muscle cells and inducing
vasodilation (Rubanyi et al., 1986).

The negatively charged endothelial glycocalyx acts as an
electrostatic barrier regulating the permeability of water, small
molecules, and oxygen, while also facilitating selective sodium ion
buffering (Chappell et al., 2009; Fig. 2). In cases of inflammation,
various cytokines activate the expression of tissue factors on endo-
thelial cells, leading to the conversion of fibrinogen to fibrin (Prior
et al., 2017; Fig. 2). Importantly, the glycocalyx plays an essential
physiological role in recruiting leukocytes to sites of infection, where
cell adhesion molecules such as integrins and immunoglobulin re-
main concealed within the glycocalyx (Iba and Levy, 2019).

The endothelial caveolae and mechanotransduction events
The endothelial caveolae serve as functional units responsible
for sensing and transducing blood flow-induced changes into
biochemical signals. Caveolin-1, a protein constituting caveolae,

shows significant expression after an increase in shear stress,
and its absence leads to the remodeling of vascular abnormalities
(Yu et al., 2006). Interruption of blood flow results in a marked
decrease in mechanosignaling within endothelial cells, as ob-
served in genetically engineered caveolae-depleted intact lungs
(Noel et al., 2013). The exact mechanism by which caveolae
function as mechanosensors remains unclear, but it is believed
to be functionally linked to other mechanosensing molecules
such as platelet endothelial cell adhesion molecule-1 (PECAM-1;
Noel et al., 2013; Chatterjee and Fisher, 2014).

Hence, through these mechanotransducing events, endothe-
lial cells transform diverse hemodynamic stimuli into bio-
chemical or electrical signals, ultimately triggering cellular
physiological or pathological responses. The endothelial cell
surface is equipped with a range of specialized mechanosensors,
including integrins, stretch-activated channels, PECAM-1, the
membrane lipid bilayer, junctional proteins, tyrosine kinase
receptors, caveolins, and the glycocalyx (Zhou et al., 2014).

Through adaptor molecules such as Shc (adaptor protein
p66), Grb2 (growth factor receptor-bound protein 2), and Sos
(son of sevenless), mechanical stimulation triggers a cascade of
signaling pathways. Consequently, this modulation of signaling
pathways leads to a differential expression of genes related to
endothelial cell morphology and functions (Chiu and Chien,
2011).

Endothelial cell proteins and their influence
on mechanotransduction
A cascade of signaling, responsible for various changes in cell
behavior, is triggered during the process of mechanotransduction.
The concentration of cytoskeletal elements at adhesion and in-
tercellular contact sites generates stress forces, serving as the
major inducer of mechanical signaling. Mechanotransduction in
endothelial cells is mediated by complex protein elements such as
PECAM1, VE-cadherin, and VEGFR2, inducing changes in the en-
dothelial phenotype in response to mechanical stimuli (Shihata
et al., 2016).

Blood flow activates PECAM1-associated mechanotransduction
through the GTP1 exchange factor known as TIAM1, leading to the
activation of Rac1 GTPase in endothelial cells (Collins and Tzima,
2014). The activation of Rac1 triggers the NF-κB signaling pathway
and the generation of ROS, whereas the membrane sphingosine-1-
phosphate receptor 1 also can influence the cellular response to the
direction of flow (Jung et al., 2012; Fig. 1).

Mechanosensitive ion channels
Endothelial cells possess membrane-associated ion channels
responsive to mechanical forces, sharing similarities with those
observed in simpler life forms (Martinac et al., 1987; Sachs,
1988). Cultured endothelial cells have specific and nonspecific
cation channels, and interactions among these channels are
mediated through the consequences of their opening (Adams
et al., 1989). For instance, the activation of potassium channels
typically leads to cellular hyperpolarization, resulting in in-
creased calcium influx via an activated calcium channel
(Lückhoff and Clapham, 1992). Conversely, depolarization
diminishes calcium influx, affecting NO release and vasodilation
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(Lückhoff and Busse, 1990). Endothelial cells exhibit common
stretch-activated nonspecific cation channels (Lansman et al.,
1987), contrasting with shear stress-activated potassium chan-
nel activity (Olesen et al., 1988).

The so-called Piezo1 is another mechanoreceptor and a me-
diator of shear stress associated with calcium mobilization. De-
pending on the intensity of shear stress, it enhances calcium
flux, initiating protease activities and partial remodeling of en-
dothelial cell polarity. Notably, in cultured endothelial cells from
mice lacking Piezo1, there is a failure to align, respecting the
flow in response to the impacting blood flow (Ranade et al.,
2014a; Fig. 2).

In this context, Piezo channels have been identified as
stretch-sensitive, directly activated by applying negative pres-
sure to the membrane (Coste et al., 2012). Additionally, Piezo has
been shown to be activated by touch, such as poking the cells
with a blunt probe (Ranade et al., 2014b; Fig. 3). The first evi-
dence suggesting that Piezo channels are sensitive to shear
stress emerged from experiments using a perfusion tube posi-
tioned in close proximity to the cell to record shear-induced
currents (Ranade et al., 2014b). Increasing wall shear stress
induced an elevated whole-cell Piezo current. Indeed, cell

deformation induced by fluid shear stress appears to be suffi-
cient to activate Piezo. The flow sensitivity of Piezo1 was dem-
onstrated by a significant increase in current in response to an
increased perfusion rate. However, it is not clear from these
experimental approaches whether this mechanical stimulus re-
liably activates the channels (Li et al., 2014).

In response to shear stress, endothelial cells undergo a pro-
cess involving the separation of β-catenin of TRPV4 channels,
leading to TRPV4 channels being relocated at the focal adhesions
in the basal membrane. This relocation subsequently increases
endothelial permeability and induces calcium-mediated cyto-
skeletal remodeling (Baratchi et al., 2017a).

Vascular ion channel activated by stretch
In many cells from a great variety of organisms, this type of
mechanotransducing ion channels has been identified (Sachs,
1988; Fig. 3). Among these cell types, stretch-activated ion chan-
nels are present in skeletal muscle (Guharay and Sachs, 1984),
renal tubular epithelium (Sackin, 1987), as well as in vascular
endothelial cells (Lansman et al., 1987). These stretch-sensitive
channels specifically respond to cations and exhibit a conduc-
tance of ∼40 pS, characterized by two components controlling

Figure 2. Shear stress mechanotransduction in endothelial cells and the structure and function of the glycocalyx. (A) The endothelial cell layer covers
the internal surface of the arteries and releases substances to the artery wall that control vascular relaxation and contraction. (B) Blood flow and schematic
representation of the mechanical forces inside the artery. (C) Structure and the main components of the endothelial glycocalyx. The glycocalyx is composed of
proteoglycans, with long glycosaminoglycan side-chains and glycoproteins (with short-branched carbohydrate side chains). The syndecan family and glypican
family are transmembrane HS proteoglycans and are believed to govern the transvascular distribution of fluid and protein. It is also known that cellular
endothelial stimulation by cytokines such as IL-1R express selectins. The activity of integrins is influenced by glycans through glycosylation events and co-
ordinates ECM interactions. Abbreviations: HS, heparan sulfate; CS, chondroitin sulfate; ECM, extracellular matrix; IL-1R, interleukin-1.
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the aperture of the channel. An important consequence of
channel activation is the influx of calcium, leading to cell
depolarization (Fig. 3). Consequently, this influx of calcium
can have profound effects on multiple biological responses to
hemodynamic forces.

Variations of stretch-sensitive channels are activated by
calcium, as seen in mechanosensitive potassium ion channels,
playing a role in osmotic swelling and volume regulation
(Davies, 1995). In nonvascular cells, other variations consist of
the side-by-side presence of stretch-inactivated potassium-
selective channels, which seem to play a role in functional
neurons. The physiological property of endothelial cells to re-
spond to stretch and shear stress–activated channels may be
associated with significant fluctuations in hemodynamic forces
(Fig. 3). During disturbed laminar flow, as in the cardiac cycle
(Davies, 1989), the shear stretch generated by hemodynamic
changes activates synergistic or antagonistic effects capable of
modifying cell polarity and, therefore, the local tone at such
endothelial sites (Davies, 1993).

Focal adhesions as mechanotransducers
The role of focal adhesions has been extensively studied at sites
of cytoskeletal-linked mechanotransduction where cell tension
is transmitted through flow. Despite these sites being considered
relatively inert (Geiger et al., 1984), it is now known that these
sites may exhibit protein kinase activity quite similar to that

expressed in viral oncogenes (Horvath et al., 1990; Turner and
Miller, 1994) and protein kinase C (Turner and Burridge, 1991),
implicating them in cell signaling.

Mechanotransduction and NO regulation
Endothelial mechanotransduction produces NO since the me-
chanical stimulus exerted on endothelial cells by the flowing
blood serves as a potent signal to activate endothelial-derived
NO synthase (eNOS), leading to NO production (Hill and
Meininger, 2012). Increased shear stress on the endothelial
cells correlates with enhanced eNOS activity, resulting in the
release of NO. NO then stimulates receptors in arterial smooth
muscle cells through a G-protein coupled cascade, ultimately
causing receptor desensitization as part of the cascade initiation.
Moreover, the effect of this process is the endocytosis of NO
receptors. As the concentration of NO increases, the rate of en-
docytosis exceeds the rate of receptor reappearance on the cell
surface, further contributing to the reduction in the content of
membrane receptors (Bellamy et al., 2000). As the receptors
become saturated, the concentration of NO in the vessel lumen
increases. This excess NO is then scavenged by hemoglobin,
ultimately leading to vasoconstriction (Olson et al., 2004).

Liver and endothelial cells
Endothelial cells constitute a significant subset of non-parenchymal
cells, with the majority of them being non-continuous endothelial

Figure 3. Mechanosensitive calcium channels. (A) Inactive mechanosensitive channels, without mechanical stimuli. (B) The active mechanosensitive
channels that respond to membrane tension by altering their conformation between an open state and a closed state. eNOS increases NO expression following
calcium increase through the CaM and PKA pathway. NO can freely diffuse. Furthermore, the increase in intracellular calcium concentration enhances en-
doplasmic reticulum calcium signaling. Abbreviations: CaM, calmodulin; PKA, protein kinase A; eNOS, endothelial nitric oxide synthase; NO, nitric oxide.
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cells known as liver sinusoidal endothelial cells (LSECs; Fig. 4). The
hepatic endothelium exhibits distinctive structural and functional
characteristics (Poisson et al., 2017). Firstly, it is discontinuous and
features open pores, accompanied by the absence of a basement
membrane and tight junctions. Secondly, the liver sinusoid dem-
onstrates a high capacity for endocytosis, frequently exposed to
elevated levels of macromolecules, toxins, and waste products.
Lastly, LSECs possess immunological functions (Fig. 4).

Under pathological conditions, LSECs undergo phenotypic
changes at the molecular and cellular levels. These phenotypic
alterations in LSECs participate in the progression of nonalco-
holic fatty liver disease (NAFLD; Hammoutene and Rautou,
2019). Moreover, apart from LSECs, other types of hepatic en-
dothelial cells exist, such as periportal and pericentral cells in
mice (Xiong et al., 2019).

The synergistic effects of mechanotransduction and other bi-
ochemical signaling on LSEC function are still under investigation,
with the aim of developing integrated strategies and agents that
can enhance the clinical outcomes of chronic liver disease.

Liver enzyme release, endothelium, and mechanotransduction
To investigate inter-organ communication and the potential
signals involved, we utilized a rat model of partial hepatectomy.
Our findings revealed that following a 70% partial hepatectomy
in healthy rats, there is a significant and temporary increase in
serum activities of certain liver enzymes known as “escape”
enzymes, without any evidence of liver damage (Dı́az-Juárez
et al., 2006). Interestingly, we demonstrated that this increase
in serum enzyme activities after partial hepatectomy is linked to
liver hemodynamic changes in the blood flow to liver mass ratio
(Fig. 4). We observed that the release of enzymes from perfused
rat liver was reversible and not associated with the production
of extrahepatic factors (Dı́az-Juárez et al., 2006).

Roles of calcium, NO, and stretch-sensitive calcium channels on
liver enzyme release
We made additional discoveries regarding the release of liver
enzymes, highlighting their dependence on mobilizing calcium,
probably by stretch-sensitive calcium channels, and increasing

Figure 4. Proposed mechanisms involved in shear stress (mechanotransduction)-mediated control of liver enzyme release.We find that liver enzyme
release is primarily controlled by extracellular calcium entry, mainly mediated by stretch-sensitive calcium channels. Endothelial-mediated mechano-
transduction in liver enzyme release is significantly altered by modifying the glycocalyx carbohydrate components, the directionality of perfusing flow rate, and
the participation of NO and malondialdehyde. These modifications lead to changes in the intracellular distribution of these enzymes. Therefore, flow-induced
shear stress may offer finely tuned control of released hepatic enzymes through mediation by the endothelial glycocalyx. This provides evidence for a putative
biological role of enzyme release, which appears to occur through exocytosis (output of exosome vesicles) from the hepatocytes. In this process, a pool of
enzymes, independent of their metabolic functions, is destined to be released into the extracellular medium.
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NO production (Figs. 3 and 4; Dı́az-Juárez and Hernández-
Muñoz, 2011). Furthermore, the putative role of mechano-
transducing events in liver enzyme release was also suggested
by the impact of increased shear stress (by augmenting the
viscosity of the perfusionmedium), which selectively influenced
the release of the tested enzymes (Dı́az-Juárez and Hernández-
Muñoz, 2011; Fig. 4).

Our investigation into in vivo protein synthesis inhibition
revealed that the release of liver enzymes is indeed influenced
by the de novo synthesis of endothelial glycocalyx protein
components. Additionally, the released enzymes are confined to
a liver “pool” (Dı́az-Juárez and Hernández-Muñoz, 2017; Fig. 4).
Moreover, the dependency of liver enzyme release on extra-
cellular calcium entry seems to be mediated by stretch-sensitive
calcium channels (Fig. 3). The involvement of endothelial-
mediated mechanotransduction in liver enzyme release was
further supported by modifying the glycocalyx carbohydrate
components, the directionality of perfusing flow rate, and the
participation of NO and malondialdehyde, resulting in alter-
ations in the intracellular distribution of these enzymes (Dı́az-
Juárez and Hernández-Muñoz, 2017).

The enzymatic removal of carbohydrate residues would have
differential effects on the release of cytoplasmic enzymes and
mitochondrial enzymes, specifically OCT and GDH activities.
Interestingly, pretreatment with heparanase, an enzyme that
removes heparan sulfates, demonstrated that heparan sulfates
actively participate in mechanotransduction, leading to the
production of NO/ROS and increased permeability (Dull et al.,
2007). Furthermore, the integrity of the vascular endothelial
cell glycocalyx plays a crucial role in regulating the mediation
of coronary flow on heart glycolytic flux (Suárez and Rubio,
1991).

The increased intracellular calcium concentration is in-
hibited by gadolinium, indicating the participation of extracel-
lular calcium through stretch-sensitive channels (Munevar
et al., 2004; Fig. 3). Through our experimental approaches, we
have demonstrated that the release of liver enzymes is associ-
ated with extracellular calcium dynamics, primarily influenced
by shear stress since therewas no enhancement of calcium entry
in liver preparations not subjected to physical forces (Dı́az-
Juárez and Hernández-Muñoz, 2017). The calcium release
channels within the intracellular space are targeted by mecha-
nisms of metabolic control during the proliferative response
following 70% partial hepatectomy and may contribute to
modified intracellular calcium dynamics (Dı́az-Muñoz et al.,
1998; Fig. 4).

In many biological models, it has been established that cell
stretch induces ongoing physical events in cell signaling in the
process of mechanotransduction (Trepat et al., 2007). In addi-
tion, the cytoskeleton organization and stabilization of focal
adhesions are influenced by the interaction of cells with their
substrate (Discher et al., 2005). Therefore, the available data
indicate that mechanotransduction-linked effects impact hep-
atocytes, which respond with a controlled release of hepatic
enzymes into the bloodstream not associated with liver oxida-
tive stress (Contreras-Zentella and Hernández-Muñoz, 2016;
Fig. 4).

Roles of mechanotransduction, exosome formation, and liver
enzyme release
Recently, there has been growing evidence highlighting the
participation of mechanical stress in the exocytosis of mem-
brane proteins, as well as in the generation of “exosomes” that
carry regulatory molecules (Baratchi et al., 2017b). These eu-
karyotic cell–produced exosomes can transport proteins and
RNA molecules from the original cell depending on the cellular
stress conditions. They have the potential to regulate endothelial
responses to these stress conditions (de Jong et al., 2012). Fur-
thermore, in vitro experiments have shown that shear stress–
mediated exocytosis of membrane molecules sensitizes endothelial
cells, as observed in the case of P2X receptors responding to ATP
and TRPV4 to pharmacological agonists (Baratchi et al., 2016).

In our in vitro model using liver preparations, we have dis-
covered that soluble enzymes are released from hepatic tissue at
a constant rate. A significant portion of this enzyme output oc-
curs through an exocytosis mechanism in the form of vesicles
that we were able to isolate using ultracentrifugation. The
amount of released enzymes in exosomes varies depending on
their intracellular location and is influenced by the metabolic
energy and cytoskeleton integrity of the hepatocyte (unpub-
lished data), as depicted in Fig. 4. We believe that the main
function of maintaining a constant efflux of enzymatic proteins
into the bloodstream (Fig. 4) is to establish a signaling system
between organs, capable of influencing the metabolism of the
target organ. Apart from their catalytic function, liver enzymes
may possess additional properties, constituting a part of a
complex signaling system that is evident in the metabolic ad-
justments required to compensate for the sudden surgical loss of
functional hepatic mass. Actually, the intravenous administra-
tion of soluble liver enzymes, such as OCT, produces pharma-
cological effects in rats subjected to 30% partial hepatectomy
(Dı́az-Muñoz and Hernández-Muñoz, 2010).

Concluding remarks
A new kind of cell signaling emerges as a result of the me-
chanical activation of stretch-gated ion channels. At the molec-
ular level, external perturbations such as shear, compressive, or
tensile stress exert mechanical forces that modulate contractility
by regulating RhoA activity in conjunction with Rho-associated
serine/threonine kinase (ROCK) and integrins (Fig. 1). The
mechanism of mechanotransduction in endothelial cells also in-
volves complex protein elements, such as PECAM1, VE-cadherin,
and VEGFR2, which induce changes in the endothelial phenotype in
response to mechanical stimuli. The endothelial glycocalyx, pri-
marily composed of membrane-binding proteoglycans and glyco-
saminoglycans, plays a crucial role in NO production as a biological
response to mechanotransduction (Fig. 2). Moreover, liver sinus-
oidal endothelial cells (LSECs) constitute a major subpopulation of
non-parenchymal cells that line the hepatic sinusoids.

We have demonstrated that hemodynamic changes, likely
acting on the endothelium aswell as the extracellularmatrix and
hepatocytes, play a crucial role in stimulating the release of
enzymes from the intact liver, which relies heavily on extra-
cellular calcium influx (Fig. 3), representing a primary response
to hemodynamic changes and may play an important role in
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participation. This response is potentially mediated through the
modulation of various biochemical pathways, including shear
stress-induced exocytosis, cellular energy availability, and in-
tracellular trafficking (Fig. 4). The release of liver enzymes, thus,
emerges as a novel phenomenon controlled by hemodynamic
changes and could be implicated in several human pathologies.
These findings also raise the possibility of evaluating the clinical
implications for patients receiving medication that affects he-
modynamics and/or systemic blood pressure.

Data availability
No new data were generated in support of this study.

Acknowledgments
Jeanne M. Nerbonne served as editor.

Both authors thank the valuable advice from Dr. Martha L.
Contreras-Zentella for the organization of this review article.
They also acknowledge the expert assistance of Eng. Juan
Manuel Barbosa and Ivette Rosas in designing figures.

Author contributions: Both authors prepared the manuscript
and figures, equally contributing to the concepts and ideas and
editing of the manuscript. Both authors supervised the manu-
script preparation.

Disclosures: The authors declare no competing interests exist.

Submitted: 2 August 2023
Revised: 13 October 2023
Revised: 22 November 2023
Accepted: 18 December 2023

References
Adams, D.J., J. Barakeh, R. Laskey, and C. Van Breemen. 1989. Ion channels

and regulation of intracellular calcium in vascular endothelial cells.
FASEB J. 3:2389–2400. https://doi.org/10.1096/fasebj.3.12.2477294

Ando, J., and K. Yamamoto. 2011. Effects of shear stress and stretch on en-
dothelial function. Antioxid. Redox Signal. 15:1389–1403. https://doi.org/
10.1089/ars.2010.3361

Baratchi, S., J.G. Almazi, W. Darby, F.J. Tovar-Lopez, A. Mitchell, and P.
McIntyre. 2016. Shear stress mediates exocytosis of functional TRPV4
channels in endothelial cells. Cell. Mol. Life Sci. 73:649–666. https://doi
.org/10.1007/s00018-015-2018-8

Baratchi, S., M. Knoerzer, K. Khoshmanesh, A. Mitchell, and P. McIntyre.
2017a. Shear stress regulates TRPV4 channel clustering and transloca-
tion from adherens junctions to the basal membrane. Sci. Rep. 7:15942.
https://doi.org/10.1038/s41598-017-16276-7

Baratchi, S., K. Khoshmanesh, O.L. Woodman, S. Potocnik, K. Peter, and P.
McIntyre. 2017b.Molecular sensors of blood flow in endothelial cells.Trends
Mol. Med. 23:850–868. https://doi.org/10.1016/j.molmed.2017.07.007

Bellamy, T.C., J. Wood, D.A. Goodwin, and J. Garthwaite. 2000. Rapid de-
sensitization of the nitric oxide receptor, soluble guanylyl cyclase,
underlies diversity of cellular cGMP responses. Proc. Natl. Acad. Sci.
USA. 97:2928–2933. https://doi.org/10.1073/pnas.97.6.2928

Birukov, K.G. 2009. Cyclic stretch, reactive oxygen species, and vascular
remodeling. Antioxid. Redox Signal. 11:1651–1667. https://doi.org/10
.1089/ars.2008.2390

Birukova, A.A., K.G. Birukov, D. Adyshev, P. Usatyuk, V. Natarajan, J.G.
Garcia, and A.D. Verin. 2005. Involvement of microtubules and Rho
pathway in TGF-beta1-induced lung vascular barrier dysfunction. J. Cell.
Physiol. 204:934–947. https://doi.org/10.1002/jcp.20359

Bombeli, T., B.R. Schwartz, and J.M. Harlan. 1998. Adhesion of activated
platelets to endothelial cells: Evidence for a GPIIbIIIa-dependent

bridging mechanism and novel roles for endothelial intercellular ad-
hesion molecule 1 (ICAM-1), alphavbeta3 integrin, and GPIbalpha.
J. Exp. Med. 187:329–339. https://doi.org/10.1084/jem.187.3.329

Borghi, N., M. Sorokina, O.G. Shcherbakova, W.I. Weis, B.L. Pruitt, W.J.
Nelson, and A.R. Dunn. 2012. E-cadherin is under constitutive
actomyosin-generated tension that is increased at cell-cell contacts
upon externally applied stretch. Proc. Natl. Acad. Sci. USA. 109:
12568–12573. https://doi.org/10.1073/pnas.1204390109

Cahill, P.A., and E.M. Redmond. 2016. Vascular endothelium—gatekeeper
of vessel health. Atherosclerosis. 248:97–109. https://doi.org/10.1016/j
.atherosclerosis.2016.03.007

Cao, R.N., L. Tang, Z.Y. Xia, and R. Xia. 2019. Endothelial glycocalyx as a
potential theriapeutic target in organ injuries. Chin. Med. J. 132:963–975.
https://doi.org/10.1097/CM9.0000000000000177

Chappell, D., M. Westphal, and M. Jacob. 2009. The impact of the glycocalyx on
microcirculatory oxygen distribution in critical illness. Curr. Opin. Anaes-
thesiol. 22:155–162. https://doi.org/10.1097/ACO.0b013e328328d1b6

Chatterjee, S., and A.B. Fisher. 2014. Mechanotransduction in the endothe-
lium: Role of membrane proteins and reactive oxygen species in sens-
ing, transduction, and transmission of the signal with altered blood
flow. Antioxid. Redox Signal. 20:899–913. https://doi.org/10.1089/ars
.2013.5624

Chiu, J.J., and S. Chien. 2011. Effects of disturbed flow on vascular endothe-
lium: Pathophysiological basis and clinical perspectives. Physiol. Rev. 91:
327–387. https://doi.org/10.1152/physrev.00047.2009

Collins, C., C. Guilluy, C. Welch, E.T. O’Brien, K. Hahn, R. Superfine, K.
Burridge, and E. Tzima. 2012. Localized tensional forces on PECAM-
1 elicit a global mechanotransduction response via the integrin-RhoA
pathway. Curr. Biol. 22:2087–2094. https://doi.org/10.1016/j.cub.2012
.08.051

Collins, C., and E. Tzima. 2014. Rac[e] to the pole: Setting up polarity in en-
dothelial cells. Small GTPases. 5:e28650. https://doi.org/10.4161/sgtp
.28650

Contreras-Zentella, M.L., and R. Hernández-Muñoz. 2016. Is liver enzyme
release really associated with cell necrosis induced by oxidant stress?
Oxid. Med. Cell. Longev. 2016:3529149. https://doi.org/10.1155/2016/
3529149

Coste, B., B. Xiao, J.S. Santos, R. Syeda, J. Grandl, K.S. Spencer, S.E. Kim, M.
Schmidt, J. Mathur, A.E. Dubin, et al. 2012. Piezo proteins are pore-
forming subunits of mechanically activated channels. Nature. 483:
176–181. https://doi.org/10.1038/nature10812

Davies, P.F., M.A. Reidy, T.B. Goode, and D.E. Bowyer. 1976. Scanning elec-
tron microscopy in the evaluation of endothelial integrity of the fatty
lesion in atherosclerosis. Atherosclerosis. 25:125–130. https://doi.org/10
.1016/0021-9150(76)90054-x

Davies, P.F. 1995. Flow-mediated endothelial mechanotransduction. Physiol.
Rev. 75:519–560. https://doi.org/10.1152/physrev.1995.75.3.519

Davies, P.F. 1989. How do vascular endothelial cells respond to flow? News
Physiol. Sci. 4:22–26. https://doi.org/10.1152/physiologyonline.1989.4.1
.22

Davies, P.F. 1993. Endothelium as a signal transduction interface for flow
forces: Cell surface dynamics. Thromb. Haemost. 70:124–128. https://doi
.org/10.1055/s-0038-1646172

de Jong, O.G., M.C. Verhaar, Y. Chen, P. Vader, H. Gremmels, G. Posthuma,
R.M. Schiffelers, M. Gucek, and B.W. van Balkom. 2012. Cellular stress
conditions are reflected in the protein and RNA content of endothelial
cell-derived exosomes. J. Extracell. Vesicles. 1:18396. https://doi.org/10
.3402/jev.v1i0.18396

del Rio, A., R. Perez-Jimenez, R. Liu, P. Roca-Cusachs, J.M. Fernandez, and
M.P. Sheetz. 2009. Stretching single talin rod molecules activates vin-
culin binding. Science. 323:638–641. https://doi.org/10.1126/science
.1162912

Dewey, C.F. Jr. 1984. Effects of fluid flow on living vascular cells. J. Biomech.
Eng. 106:31–35. https://doi.org/10.1115/1.3138453
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