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Abstract

The hepatobiliary system is constantly exposed to dynamic mechanical forces, including fluid shear stress, bile canaliculi pres-
sure, and extracellular matrix stiffness. Although traditionally studied for its metabolic and detoxifying functions, it is now increas-
ingly recognized as a mechanosensitive organ. This review focuses on PIEZO1 mechanically gated ion channels that transduce
physical cues into calcium-dependent signaling events. PIEZO2, the only other PIEZO isoform, is not known to be relevant in the
hepatobiliary system. We examine the current knowledge on PIEZO1 in liver physiology, highlighting its roles in liver sinusoidal
endothelial cells, hepatocytes, and macrophages. In health, PIEZO1 regulates key processes such as bile acid synthesis (through
nitric oxide-mediated suppression of CYP7A1), bile flow, antioxidant defense, and iron homeostasis. In disease, PIEZO1 activity is
linked to pathological processes such as inflammation, fibrosis, and angiogenesis in the context of cirrhosis and hepatocellular
carcinoma. We discuss the idea that the liver alternates between two functional states depending on portal vein flow: a high-
flow state favoring detoxification and metabolism, and a low-flow state that prioritizes bile acid production. Understanding how
PIEZO1 contributes to these transitions offers new insights into liver’s ability to adapt its function and metabolism. Further
research on hepatobiliary PIEZO1 will advance the understanding of how physical exercise promotes health and opens new
opportunities for enhancing liver regeneration after surgical resection and liver function in chronic diseases such as fibrosis and
cirrhosis.
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INTRODUCTION

Liver disease poses a significant global health challenge with
its prevalence expected to rise exponentially in the coming
years. Currently, liver disease accounts for up to 4% of all
deaths worldwide, mainly in the form of liver cirrhosis, liver
cancer, and acute hepatitis (1). Moreover, many cancers, partic-
ularly those originating from the gastrointestinal tract, meta-
stasize to the liver, necessitating liver surgery. Many liver
diseases are associated with alterations in the liver blood flow
and tissue stiffness. A prime example is the progression to liver
cirrhosis, which typically begins with parenchymal damage
due to fatty infiltration, infection, or exposure to toxins, such
as alcohol (2). This damage sets off a cascade of mechanical
changes linked to altered extracellularmatrix (ECM) deposition

and turnover: the liver stiffens, the portal vein pressure
increases, and elevated vascular resistance impairs blood flow.
These changes trigger a vicious cycle of inflammation, fibrosis,
and eventually liver failure.

Thus, how cells sense, interact with, and adapt to physical
forces in the liver, a process described by the discipline of
mechanobiology, represents a rapidly evolving area of hepa-
tobiliary disease research. There is increasing interest in the
potential implications of PIEZO1, a mechanosensitive cell
membrane channel, in various aspects such as liver regener-
ation (3) and therapeutic targeting (4, 5). Mechanical force
sensing (mechanosensing) is used in almost every tissue in
the human body. Although this is most evident in tissues
such as the skin or mucosae that come in direct contact with
physical stimuli, it also occurs in other tissues, such as liver
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parenchymal cells sensing the stiffness of the surrounding
supportive matrix or liver endothelial cells sensing the force
of blood flow. In the last decade, there has been a surge of
discoveries in this area of research, particularly due to the
discovery of the cell membrane proteins PIEZO1 and
PIEZO2. Evidence is currently lacking for a role of PIEZO2 in
hepatobiliary biology, therefore in this narrative review we
focus on PIEZO1 (6, 7).

PIEZO1 forms a transmembrane channel that generate
nonselective cation permeability across the cell membrane,
promoting calcium ion (Ca2þ ) and sodium ion (Naþ ) influx.
It was discovered in 2010 by Coste et al. (8) through a small
RNA interference screen aimed at identifying genes involved
in mechanically activated ionic currents in a neuroblastoma
cell line. This large transmembrane protein forms an ion
channel as a trimer of PIEZO1 proteins. It is activated by vari-
ous mechanical forces, such as membrane tension, stiff
extracellular environment, and fluid shear stress (9), and
pharmacological modulators such as the selective PIEZO1
activator Yoda1 (10, 11). PIEZO1 has been found to play cru-
cial roles in various physiological processes such as vascular
development (12, 13), red blood cell (RBC) volume regulation
(14), and epithelial cell homeostasis (15). It links mechanical
stimuli to intracellular signaling cascades, importantly ele-
vating the cytosolic and intracellular store Ca2þ concentra-
tions to activate multiple downstream signaling systems (13)
including Ca2þ -dependent proteases (e.g., calpain, ADAM10,
and ADAM17) and other pathways such as the YAP/TAZ (yes-
associated protein/transcriptional coactivator with PDZ-
bindingmotif) pathway (16–18). Other proteins such as integ-
rins and G protein-coupled receptors contribute to the
mechanobiology of the hepatobiliary system (19, 20), but
here we focus on PIEZO1, the discovery of which was so sig-
nificant, it was recognized by the Nobel Prize in Physiology
or Medicine in 2021.

Despite the wealth of research on mechanotransduction,
the links between the molecular mechanisms of PIEZO1,
interactions with other mechanosensitive pathways, and
liver disease progression remain relatively poorly under-
stood. We first review relevant liver anatomy and cell func-
tion due to their importance in mechanical properties and
responses. We then summarize recent discoveries concern-
ing the role of PIEZO1 in liver biology, with a focus on its
implications in health and disease, and its relevance to surgi-
cal intervention. By highlighting the intersection of mecha-
notransduction and liver pathophysiology, we aim to shed
light on a promising avenue for future research and thera-
peutic strategies, potentially helping to advance themanage-
ment of liver diseases, including liver cancer.

LIVER ANATOMY AND PHYSIOLOGY
RELATED TO MECHANOSENSING

The liver, the largest solid organ in humans, is responsible
for multiple functions essential to body homeostasis. These
include triaging of all substances that have been absorbed
from the intestines, neutralization of toxins, and transforma-
tion of nutrients for either storage or release into the blood
stream for utilization in other organs and tissues. To enable
this function, the venous blood from the entire alimentary

tract first arrives to the liver, through the portal vein, before
entering the systemic circulation. Further blood supply from
the hepatic arteries, branching off the celiac axis, ensures
blood rich in oxygen reaches the liver functional unit, the
liver lobule. Blood arriving from the portal venules and
hepatic arterioles combine to enter the liver sinusoids, where
key functions take place (Fig. 1). The processed blood passes
through the lobule, into the hepatic veins before returning to
the systemic circulation through the inferior vena cava for
drainage into the right atrium of the heart.

The liver lobule comprises four types of cells: 1) the liver
sinusoidal endothelial cells (LSECs), 2) the hepatocytes,
3) the hepatic stellate cells (HSCs), and 4) the Kupffer cells
(resident macrophages). Each of these cell types has specific
functions, but all work in close collaboration while interact-
ing through endocrine, paracrine, and autocrine mecha-
nisms. They use various mechanosensitive mechanisms (2).
In brief, after the blood from the portal vein and hepatic
arteries enters the sinusoids, it flows through canals lined by
LSECs. LSECs derive from common endothelial cell precur-
sors or are recruited directly from the bone marrow in the
context of injury (21). When healthy, they lack a significant
basal membrane and morphologically have fenestrations
organized into sieve plates, which allow macromolecules,
but not blood cells, to travel from the sinusoidal space to the
space of Disse (22). The LSECs, which express PIEZO1 (12),
are exposed to the shear stress of the sinusoidal blood flow
on one side and the stiffness of the extracellular matrix
(ECM) and underlying cells at the space of Disse on the other
(Fig. 1). Physiological liver sinusoidal shear stress is�0.05 Pa
(23), and tissue stiffness is�5 kPa (24). The LSECs andmatrix
protect the hepatocytes lying on the opposite side of the
space of Disse from direct exposure to blood, while allowing
access to the molecules that require processing. The hepato-
cytes excrete the unwanted catabolites in the bile canaliculi
for extraction toward the biliary tree. The hepatocytes are
exposed to both the stiffness of the ECM and the pressure
within the bile canaliculi as they slowly expand through
receiving the bile (Fig. 1).

Understanding of liver anatomy and physiology is essen-
tial in appreciating how the ability of the cells to sense
mechanical stimulation impacts liver function in health and
disease. Suchmechanosensitivemechanisms are involved in
amultitude of functions as discussed further in this review.

MECHANOSENSING IN THE PORTAL VEIN

The blood flow to the liver dynamically adjusts in
response to the physiological conditions experienced by the
body. Portal vein blood supply to the liver decreases during
physical exercise and increases after food consumption. This
phenomenon has been proven using Doppler ultrasonogra-
phy, which combines measurements of portal vein surface
area and velocity to calculate portal vein flow (25–27). In
addition, four-dimensional magnetic resonance imaging
(4-DMRI) has been used to achieve similar insights (28).

Thijssen et al. (29) examined the impact of exercise on por-
tal vein flow in individuals with spinal cord injuries. In their
study, subjects with lower spinal cord injuries and able-bod-
ied participants exhibited reduced portal vein flow during
arm crank exercises. However, no change in portal vein flow
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was observed in individuals with higher spinal cord injuries
involving sympathetic denervation of the splanchnic organs.
These findings indicate that sympathetic innervation likely
plays a key role in regulating portal vein flow during exer-
cise, suggesting that the changes in liver blood flow may
involve more complex mechanisms than simple redistribu-
tion of blood to exercisingmuscles (30–32).

All studies consistently conclude that physical exercise
reduces portal vein flow, with the degree of reduction
being dependent on exercise intensity. In extreme cases,
portal vein flow may decrease to unrecordable levels (33).
Teichgr€aber et al. (34) observed that the hepatic vein flow
(indicating drainage of the liver) remains largely unchanged
despite reductions in portal vein flow, suggesting compensa-
torymechanisms. It was hypothesized that the hepatic artery
flow increases to offset the reduction in portal vein flow,
although arterial flow could not be directly measured using
Doppler ultrasonography (34). The idea was supported by
Jakab et al. (35), who momentarily occluded the portal vein
in anaesthetized patients having pancreatic operations to
demonstrate a sharp increase of the hepatic artery flow
immediately after portal vein occlusion.

The metabolic capacity of the liver is also influenced by
portal vein blood flow. During exercise, participants exhib-
ited reduced clearance of indocyanine green (ICG), a com-
pound used as a marker of liver function, compared with
nonexercising participants. Conversely, maximum ICG clear-
ance was observed in individuals who consumed a meal

following ICG injection (36). This suggested that the liver
adjusts its metabolic capacity based on portal vein flow inde-
pendent of the total blood supply to the liver tissue, which
largely remains unchanged. This prioritization of certain
functions, such as detoxification, during the high portal vein
flow (postprandial state) suggests further specialization dur-
ing the low portal vein flow state.

Endesh et al. (37) studied PIEZO1 in the portal vein con-
tractile tone. By experimenting on the portal vein of wild-
type mice and mice with selective deletion of endothelial
PIEZO1, they showed that PIEZO1 activation induces relaxa-
tion of the portal vein via nitric oxide (NO) production
through the activation of (endothelial) NO synthase 3 (NOS3)
(37). Following this, Lichtenstein et al. (38) demonstrated
that reduced portal vein flow in mice increased bile produc-
tion and excretion, a process mediated by endothelial
PIEZO1. They cannulated murine portal vein and perfused
with two different flow rates. Upregulated expression of
Cyp7a1, a pivotal gene in classical bile synthesis, was
observed when the flow rate was lowered, suggesting that
high flow inhibits Cyp7a1 expression. This regulation by flow
was absent in mice lacking endothelial PIEZO1. Further
experiments demonstrated increased bile production in
PIEZO1-deleted mice as well as reduced hepatic cholesterol,
plasma lipids, and hepatic and visceral fat deposition. This
was likely the result of utilization of cholesterol and lipids to
form bile acids. The study proposed that increased portal
vein flow activates PIEZO1 in the liver endothelium leading

Figure 1. Anatomy of mechanohepatobiliary biology. Left: schematic representation of the liver dual blood supply and the physiological changes in
blood flow depending on physical activity and consumption of food. Middle: blood flow in the liver sinusoids, which are composed of liver sinusoidal
endothelial cells (LSECs). PIEZO1 channels are located on the LSEC membranes and can sense the changes blood flow and shear stress applied to the
wall of the sinusoids. Adjacent is the space of Disse, which is filled with extracellular matrix (ECM). Molecules pass through the LSECs into the space of
Disse and enter in contact with the hepatocytes that can metabolize/store/excrete depending on the body’s needs. Stellate cells connect LSECs with
hepatocytes and play a major role in the ECM stiffness by producing collagen. Macrophages are free to move between the spaces helping to remove
cellular debris. All the above cells express PIEZO1, therefore having ability to sense the changes in the ECM stiffness. Right: representation of the bile
canaliculi comprised of hepatocytes, where the canaliculi stretch because of production of bile the PIEZO1 channels are activated, resulting in contrac-
tion and peristalsis. Figure created with a licensed version of BioRender.com.
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to phosphorylation of NOS3. NO is readily diffusible and
results in the inhibition of Cyp7a1 in the hepatocytes (Fig. 2)
(38). An additional link between PIEZO1 and portal vein
mechanosensing is suggested by recent experiments in
mice investigating the role of PIEZO1 in ascites formation
in the context of cirrhosis-induced portal hypertension.
Wei et al. (39) compared mice with endothelial-specific
PIEZO1 deletion with controls for conditional knockout fol-
lowing a combination of induced liver cirrhosis (thioaceta-
mide or carbon tetrachloride treatment) plus partial portal
vein ligation. They demonstrated an overall reduction in
ascitic volume in the PIEZO1 deletion group, whereas the
portal vein pressures remained elevated and comparable to
those in the control group (39).

Therefore, during fasting or exercise, the liver appears to
prioritize bile production and storage. Conversely, post-
prandial conditions prompt a shift in liver function toward
facilitating digestion and detoxification, as demonstrated
by the increased ICG clearance. There is indirect evidence
for the necessity of this functional switch in liver states.
Bile acid synthesis is energy demanding, requiring large
amounts of metabolic resources such as nicotinamide ade-
nine dinucleotide phosphate (NADPH) for the cytochrome
P450-mediated hydroxylation steps, particularly through
CYP7A1 (40). This same pool of NADPH is also essential for
detoxification pathways and intermediary metabolism (41–
43), processes that become increasingly critical in the post-
prandial phase. Furthermore, elevated concentrations of

intracellular bile acids, especially hydrophobic species, have
been shown to induce endoplasmic reticulum stress, activate
the unfolded protein response, and trigger hepatocellular
injury (44, 45). This is particularly evident in conditions like
cholestasis, where impaired bile acid clearance leads to
hepatocyte dysfunction. Suppressing bile acid synthesis dur-
ing periods of high nutrient load may thus serve as a protec-
tive mechanism to conserve metabolic resources, prioritize
detoxification, and prevent intracellular bile acid accumula-
tion (Fig. 2). This aligns with the utilization of the gallbladder
to store the bile produced during the low-flow state for usage
during the high-demand high-flow state.

Modern lifestyle patterns, characterized by frequent snacking
and low physical activity, likely disrupt this natural rhythm,
contributing to the onset of metabolic syndrome, diabetes, and
hepatic steatosis. Prolonged postprandial state of elevated por-
tal vein flow paired with reduced exercise induced low-flow
state, may impair bile synthesis and lipid metabolism. These
insights underscore the potential for lifestyle interventions
such as intermittent fasting and structured exercise regimens to
mitigate hepatocyte stress. PIEZO1 deletion led to a perceived
low portal vein flow state in mice, which appeared beneficial
(38). Research already supports that even brief periods of
exercise can significantly improve liver outcomes in stea-
totic liver disease independent of energy restriction (46,
47), and even have a positive impact in the control of diabe-
tes (48, 49). As our understanding of the liver’s mechano-
sensory functions expands, targeted lifestyle modifications

Figure 2. Hepatocyte function in low (fasting/exercise) and high (postprandial) portal flow. In the low-flow state, PIEZO1 channels on liver sinusoidal
endothelial cells (LSECs) remain closed, resulting in no inhibition of CYP7A1 in adjacent hepatocytes. This promotes bile acid synthesis, with nicotina-
mide adenine dinucleotide phosphate (NADPH) and other metabolic resources directed toward the hydroxylation of cholesterol and bile acid produc-
tion. In contrast, high portal vein flow activates PIEZO1, triggering Ca2þ influx and subsequent activation of eNOS (NOS3), leading to the production of
nitric oxide (NO). NO diffuses across the space of Disse and suppresses CYP7A1 expression in hepatocytes. During this postprandial state, bile acid syn-
thesis is downregulated, and NADPH is redirected toward anabolic and detoxification pathways, including cytochrome P450 activity and antioxidant
defense. MRP2, multidrug resistance-associated protein 2; ROS, reactive oxygen species. Figure created with a licensed version of BioRender.com.
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and pharmacological interventions may emerge as effec-
tive strategies for addressing liver diseases. Progress with
pharmacological modulators of PIEZO1 is discussed in
MODULATION AND PROSPECTS FOR THERAPEUTICS.

Endothelial PIEZO1 has also been suggested to play a role
in the development of the liver through the NOTCH (Notch
homolog) pathway, an extensively researched cell signaling
system that affects cell differentiation and vascular forma-
tion. The NOTCH pathway’s importance in the initial devel-
opment and maintenance of the liver vasculature health is
well established (50, 51). PIEZO1 plays a pivotal role in the
function of this pathway through the activation of ADAM10,
a metalloproteinase that regulates the activation of NOTCH1
(17). Conditional deletion of endothelial PIEZO1 suppressed
the expression of multiple NOTCH1 target genes in the
hepatic vasculature of mice. Experiments using human
microvascular endothelial cells indicated that the NOTCH1
activation through cleavage at the S3 site is PIEZO1 depend-
ent. This work suggested an important link between blood
flow changes acting through shear stress-mediated endothe-
lial PIEZO1 and NOTCH1 target gene activation.

BILE FLOW

Hepatocytes within the liver lobules secrete bile into bile
canaliculi (BC), which are specialized structures formed at the
junctions between adjacent hepatocytes (Fig. 1). The contrac-
tion of the BC facilitates themovement of bile, directing it into
the bile tubules andmajor bile ducts for excretion. Themecha-
nisms underlying BC contraction were advanced by the work
of Gupta et al. (52). This team developed a BCmodel from iso-
lated rat hepatocytes seeded onto a collagen sandwich. Once
the formation of visible BC was achieved, they observed
that Ca2þ influx was responsible for triggering contractions
through actomyosin activation. This process wasmediated by
PIEZO1, demonstrated by using the PIEZO1 activator Yoda1,
which increased the frequency of peristaltic contractions.
Conversely, nonspecific PIEZO1 inhibitor grammostola spatu-
lata mechanotoxin-4 (GsMTx4) reduced this activity. PIEZO1
chemical modulators are discussed in more detail later in this
review. The mechanism appears to have been autonomous,
functioning independently of external signaling pathways
involving hormones or other transmitters. When bile pressure
stretches the canalicular membrane beyond a specific thresh-
old, PIEZO1 channels are activated, initiating the contraction
and peristalsis of the BC (Fig. 1). These findings provide a
deeper understanding of the mechanotransduction processes
governing bile flow, indicating the critical role of PIEZO1 in
maintaining hepatic function and bile secretion dynamics.

Similarly, PIEZO1 involvement is also key to the function
of cholangiocytes, which line the bile ducts. Desplat et al.
(53) performed experiments on murine primary cholangio-
cytes, recovering cells positive for cytokeratin 19 (CK19), a
typical cholangiocyte marker but negative for albumin, a
hepatocyte marker. Exposure of these cells to a hypoosmotic
environment triggered Ca2þ influx through activation of
PIEZO1. Hypoosmotic stress was proposed to lead to swelling
of the cells and stretch of the membrane, activating PIEZO1,
which leads to Ca2þ influx to balance the osmolality,
coupled with ATP release. PIEZO1-mediated endothelium-
dependent relaxation predominates in portal vein when

there is combined mechanical and osmotic stress (37). The
involvement of PIEZO1 was suggested by the effects of Yoda1
(a selective PIEZO1 activator) and genetic disruption of
PIEZO1 in the endothelium.

IRON METABOLISM

PIEZO1 variants such as Met2225Arg in the outer cap struc-
ture of the channel have been identified as an underlying
cause of dehydrated hereditary stomatocytosis (DHS), also
known as xerocytosis, which is a rare form of hemolytic ane-
mia leading to hepatic iron overload (54–56). The pathogenesis
of DHS is characterized by increased Ca2þ influx into RBCs
due to overactivation of PIEZO1 in their cell membranes. This
influx triggers the efflux of potassium ions (Kþ ) through Ca2þ -
activated Kþ channels and water that follows, rendering the
cells dehydrated and susceptible to lysis. Andolfo et al. (57)
established a link between PIEZO1 gain-of-function (GOF) var-
iants and hepatic iron metabolism. They observed that iron
overload in patients with DHS did not correlate with the degree
of hemolysis or their requirements for blood transfusions, rais-
ing the suspicion of an undiscovered mechanism responsible
for the ironmetabolism deficiency. They used HuH7, HepaRG
cells, and HepG2 (hepatocyte cell lines) for their experiments
and transfected them with PIEZO1 mutant constructs. Using
PIEZO1 activators and inhibitors (Yoda1 and GsMTx4), they
suggested that PIEZO1 activation downregulates the hepcidin
antimicrobial peptide (HAMP) gene, which encodes hepcidin,
a key regulator of iron homeostasis. Hepcidin governs iron
entry into the circulation, and its dysregulation due to PIEZO1
mutations is responsible for hepatic siderosis.

Building on these findings, Ma et al. (58) investigated
whether other cell types also contribute to iron metabolism
through PIEZO1 activity, specifically RBCs andmacrophages.
Their experiments, based on engineered PIEZO1 gain-of-
function (GOF) mice, found that mice expressing GOF
PIEZO1 only in RBCs did not show evidence of iron deposi-
tion in the liver. Then after engineering mice expressing
GOF PIEZO1 in macrophages, they found age-onset iron
overload with hepatic siderosis and reduced hepcidin levels,
even in the absence of RBC mutations. Their experiments
demonstrated that PIEZO1 impacts macrophage-mediated
phagocytosis, as suggested also in other studies of phagocy-
tosis (59), and the clearance of damaged RBCs from the cir-
culation. They also discovered a PIEZO1 mutation prevalent
in African Americans leading to age-dependent, often sub-
clinical, siderosis. The mutation was heterozygous in 30.3%
of the self-reported healthy population.

These findings suggest a complex interplay of PIEZO1-
related mechanisms involving various cell types in the reg-
ulation of iron metabolism. This evidence underscores the
significance of PIEZO1 in cellular and systemic iron metab-
olism and highlights its potential as a therapeutic target in
conditions involving iron dysregulation (Fig. 3). In liver
injury, additional mechanisms such as cell swelling could
influence iron metabolism.

DRUG METABOLISM AND REPAIR

Although the role of PIEZO1 in drug metabolism and liver
repair has not been extensively investigated, Wang et al. (60)
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usedmice and cell lines to investigate if PIEZO1 is associated
with acetaminophen (paracetamol) overdose liver necrosis.
They found that PIEZO1 activates nuclear factor erythroid
2-related factor 2 (NRF2), a gene responsible for the expres-
sion of antioxidant genes such as encoding glutathione-S-
transferase (GST) and encoding quinone oxidoreductase 1
(NQO1). In their experiments, the authors demonstrated that
PIEZO1 was activated in the early stages of acetaminophen
overdose, likely secondary to cell swelling and distention of
themembrane. Subsequent treatment with PIEZO1 activator
Yoda1 alleviated the adverse poisoning consequences such
as cell death. However, there is also a duality of function in
acute liver failure. As an example, Zhao et al. (61) demon-
strated that PIEZO1 expression on macrophages is linked to
proinflammatory cytokine release and cell damage in acute
liver failure. Thus, in this context, reduction of macrophage
PIEZO1 was beneficial and Yoda1 amplified the damage
(Fig. 3).

LIVER CIRRHOSIS AND REGENERATION

Liver cirrhosis is a serious and poorly understood condi-
tion with limited treatment options beyond liver trans-
plantation (62, 63). Comprehensive extracellular matrix
deposition and crosslinking leads to increased resistance
and stiffness of liver tissue. At early stages of cirrhosis,
there is dysfunction of LSECs, which lose their characteris-
tic fenestrations and transform into a capillary endothelial

cell phenotype. Concurrently, the transition of HSCs from a
quiescent to an activated state leads to increased collagen
deposition in the extracellular matrix (64–66). Although the
impact of increased tissue stiffness has been known for deca-
des, the role of mechanosensing has gained attention only in
the past few years.

Wang et al. (67) investigated the changes caused by
increased ECM stiffness in the liver. Their experiments,
based on engineered mice with deletion of PIEZO1 from the
bone marrow-derived monocytes (BMDMs), revealed that
PIEZO1 is crucial in BMDM ability to repair early fibrotic
damage in the liver tissue. More specifically, when macro-
phages were exposed to stiffer environment, they showed
improved efferocytotic function (i.e., ability to phagocytose
dead and damaged cells). Pharmacological activation of
PIEZO1 increased the efferocytotic capability and acceler-
ated the resolution of inflammation and fibrosis. In con-
trast, when BMDMs with selective deletion of PIEZO1 were
tested, they showed impaired function. These findings sug-
gest that BMDMs sense the stiffness of the matrix through
PIEZO1 and thereby adjust their activity to overcome the
fibrotic damage.

On the contrary, Luo et al. (68) showed that in human and
murine fibrotic liver, there was an overexpression of PIEZO1.
Focusing on BMDMs, they suggested that PIEZO1 activation
of this subcategory of macrophages might be associated
with advancement of liver fibrosis. By experimenting in
mice with PIEZO1-deleted BMDMs, they demonstrated that

Figure 3. PIEZO1-dependent signaling in liver function. Roles of PIEZO1 in three liver cell types: 1) liver sinusoidal endothelial cells (LSECs), 2) hepato-
cytes, and 3) liver macrophages. In LSECs (left), PIEZO1 is activated by shear stress from portal vein blood flow, leading to calcium ion (Ca2þ ) influx and
activation of ADAM10, which promotes NOTCH1 signaling and maintains endothelial identity and vascular homeostasis. Concurrently, PIEZO1 triggers
eNOS (NOS3) activation and nitric oxide (NO) production, which diffuses to hepatocytes and suppresses CYP7A1 expression, thereby reducing bile acid
synthesis. In hepatocytes (middle), PIEZO1 responds to local membrane tension (e.g., bile canaliculi stretch), promoting actomyosin contraction and bile
flow. It may also activate nuclear factor erythroid 2-related factor 2 (NRF2), enhancing antioxidant defenses. In macrophages (right), PIEZO1 promotes
iron export, indirectly suppressing hepcidin (HAMP) expression in hepatocytes. In addition, PIEZO1 enhances phagocytic clearance of damaged cells,
supporting tissue homeostasis. HAMP, hepcidin antimicrobial peptide. Figure created with a licensed version of BioRender.com.
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PIEZO1 activation was associated with increased inflamma-
tory response through interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF-a), and interleukin-1 beta (IL-1b) produc-
tion. Furthermore, BMDMs activated HSCs, resulting in dep-
osition of collagen in the ECM and increased tissue stiffness.
A further study using similar techniques demonstrated that
lithospermic acid can attenuate liver fibrosis through
PIEZO1 deactivation (69). The conflicting results of these
studies highlight the complexity of the underlying mecha-
nisms of fibrogenesis and fibroresolution and the need for
further investigation of the role of PIEZO1 in this context.

Hilscher et al. (70) investigated the effect of blood flow
and pressure changes on the liver. They experimented with
mouse LSECs and performed a partial ligation of the inferior
vena cava. They found that increased mechanical forces
were applied to LSECs, leading to PIEZO1 activation, upregu-
lation of the NOTCH1 pathway, and production of C-X-C
motif chemokine ligand 1 (CXCL1) and other neutrophil che-
motactic agents. The activated neutrophils interacted with
platelets to promote formation of neutrophil extracellular
traps (NETs), which are composed of extracellular DNA
fibers bound to histones and granular proteins such as neu-
trophil elastase. They propagate microthrombus formation
in the sinusoids and aggravate portal hypertension. PIEZO1-
expressing neutrophils promote NET formation in influenza
virus infection (71) and the relevance of this to the liver
would be interesting to investigate. Thus, PIEZO1 activation,
either on the LSECs or directly on neutrophils, contributed
toward inflammatory damage and NET release in the con-
text of impaired outflow.

The importance of NETs is also evident in liver damage
after transplantation. Yu et al. (72) investigated rats sub-
jected to liver transplantation. The rats were divided into
two groups receiving either liver subjected to increased
warm ischemia time or not (72). As expected, the increased
warm ischemia time grafts had lower hepatic artery blood
flow and overexpression of proteins related with formation
of NETs. Immunohistochemistry confirmed the increased
presence of NETs around injured bile ducts, and this was
associated with upregulation of PIEZO1 and NOTCH1 path-
way proteins. It was previously reported that mechanical
stress and integrin b-2-intercellular adhesion molecule-1
(ICAM-1) clustering synergistically activate PIEZO1 and its
downstream proto-oncogene tyrosine kinase Src (SRC)/pro-
line-rich tyrosine kinase 2 (PYK2) signaling to promote cellu-
lar extravasation (73). Thus, the researchers performed a
proteomic quantification of warm ischemic liver transplant
samples and showed increases in PIEZO1, SRC, and protein-
tyrosine kinase 2-b (Ptk2b) (72). They concluded that activa-
tion of PIEZO1 secondary to the warm ischemic injury and
reduced hepatic artery flow results in bile duct damage
through extravasated NETs.

Increased portal vein flow promotes liver regeneration
after resection (74, 75) and recently was found to activate
PIEZO1 in the endothelial cells (30, 38). A potential pathway
involves one of the best-characterized downstream effects of
PIEZO1 activation, the production of NO through NOS3 (30,
37, 38). Notably, NO has been shown to promote hepatocyte
proliferation and liver regrowth in multiple models mainly
through epidermal growth factor (EGF) activation (76, 77).
This hypothesis is further supported by earlier work

demonstrating impaired regeneration in NOS3-deficient
mice (78). Supporting this theory, Hu et al. (79) investigated
the role of PIEZO1 in liver regeneration using a partial portal
vein ligation model in rats, and observed increased portal
blood flow to the nonligated lobes that stimulated liver
regeneration. Microscopic ultrasound imaging confirmed
hyperperfusion of the remnant lobes, which demonstrated
enhanced hepatocyte proliferation, particularly in zones 1
and 2 of the lobule as shown by Ki-67 (proliferation marker
antigen Ki-67) staining. In vitro, human umbilical vein endo-
thelial cells (HUVECs) and hepatocyte-like SK-Hep1 cells
were treated with the PIEZO1 agonist Yoda1, which triggered
upregulation of EGF receptor ligands, including heparin-
binding EGF-like growth factor (HBEGF), amphiregulin
(AREG), and epiregulin (EREG). These secreted factors pro-
moted proliferation and partial epithelial-mesenchymal
transition in mouse primary hepatocytes, demonstrated by
Ki-67 expression and changes in epithelial markers. To fur-
ther investigate the role of portal vein flow in regeneration
through PIEZO1, fasting was used to reduce total portal flow
during the regeneration phase. A reduction of regeneration
was indeed observed while administration of Yoda1 (PIEZO1
agonist) partially restored the hepatocyte proliferation. The
findings support a model in which PIEZO1 acts as a critical
mechanosensor in endothelial cells, linking portal flow
dynamics to regenerative paracrine signaling in the liver.

The above findings collectively suggest that PIEZO1 plays a
dual role in liver disease and regeneration, with effects that
depend on the cellular context andmechanical environment.
When PIEZO1 is optimally stimulated (e.g., by increased lami-
nar flow in portal vein), it is associated with positive feedback
mechanisms, whereas abnormal stimulation (venous obstruc-
tion/tissue swelling) has the opposite effects. Dual roles of
this typemay be explained by amechanical set point (80).

PIEZO1 activation has been suggested in livers with
reduced arterial pressure and venous outflow obstruction
(70, 72), which contradicts the canonical view of PIEZO1 as a
flow-activated sensor. One possible explanation is that hepa-
tocyte membrane swelling (commonly observed in outflow
obstruction) could directly activate PIEZO1. Alternatively,
PIEZO1 might be activated by increased pressures in the
sinusoidal space, resulting in increasedmechanical stress on
LSECs. Future studies are warranted to define these mechan-
ical contexts in vivo. Exploration of the effects of increased
portal vein flow in human liver regeneration under physio-
logical conditions would aid in delineating the specific path-
ways andmechanical set points involved in the process.

LIVER CANCER

Given that PIEZO1 is associated with regenerative and
angiogenetic pathways (12), it is expected that various tumor
types will use PIEZO1 as they progress and become more
malignant. PIEZO1 can be activated by both the increased
blood flow and the increased stiffness of ECM that often
takes place in the background of cancer (81). Examples of
cancers involving PIEZO1 activity in their development
include pancreatic, gastric, ovarian, squamous cell cancers,
and melanoma (82–86). PIEZO1 activation is associated
with well-known pathways promoting cancer development
including transforming growth factor-beta (TGF-b) (85),
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phosphoinositide 3-kinase-Akt signaling pathway (PI3K-
Akt) (84), and Hippo/YAP (87, 88).

Research on hepatocellular carcinoma (HCC) has found
correlations between increased ECM stiffness, activation of
PIEZO1, and enhanced cancer progression. In four studies,
researchers investigated the expression of PIEZO1 in HCC
samples acquired from cohorts of 372, 372, 374, and 280
patients (89–92). They all suggested a correlation between
expression of PIEZO1 and poor outcomes, including reduced
overall survival and disease-free survival after surgical resec-
tion. In two of the studies, the upregulation of PIEZO1 was
correlated positively with increased deposition of collagen
and increased stiffness (89, 91). Furthermore, research on
HCC cell lines and orthotopic development of HCC in mice
showed a strong correlation between PIEZO1 activation and
upregulation of several mitotic and regenerative pathways
that play roles in cancer advancement. Those include activa-
tion of TGF-b, hypoxia-inducible factor 1-alpha (HIF-1a), and
eventually VEGF (a target of anticancer treatment) as well as
activation of mitogen-activated protein kinase (MAPK)
through c-JunN-terminal kinase (JNK), p38, and extracellu-
lar signal-regulated kinase (ERK) activation of YAP (89–91,
93, 94). Similar findings were acquired by experiments on
hepatoblastoma tissue and by using hepatoblastoma cell
lines (HepG2 and Huh6) (95). In addition, PIEZO1 was posi-
tively related to the development of invadopodia, a charac-
teristic of higher malignant potential, and cancer cell
migration (91) (Table 1). Improved outcomes were achieved
at the cellular level by negating the PIEZO1 activity, either

using a chemical inhibitor or by genetically modifying the
cells to silence PIEZO1 (94). A study by Huo et al. (92) both
supported previous findings and identified a link between
PIEZO1 activation and resistance to sorafenib, a multikinase
inhibitor used as first-line treatment in advanced HCC. As a
result of these findings, PIEZO1 is proposed as an oncogene,
and there are ongoing efforts to identify ways to use the new
knowledge into developing medication to manipulate func-
tion in vivo.

MODULATION AND PROSPECTS FOR
THERAPEUTICS

From a translational perspective, both pharmacological
andmechanicalmodulation of PIEZO1 offers promising ther-
apeutic avenues. The most widely used agonist experimen-
tally is Yoda1, a synthetic small molecule that activates
PIEZO1 by stabilizing its open conformation (96). Yoda2, a
more potent and water-soluble analog, has since been devel-
oped to enhance the agonist pharmacological capability (97).
Specific PIEZO1 antagonists are not yet properly established
although Dooku1, a chemical related to the PIEZO1-specific
agonists Yoda1 and Yoda2 (98), has PIEZO1 antagonist prop-
erties in some conditions and may be suitable as a specific
antagonist or partial agonist. The spider venom peptide
GsMTx4 is not only an inhibitor of PIEZO1 channels but also
PIEZO2 and other ion channels (10, 99). Benzbromarone
(100) and other broader cation channel blockers, such as
ruthenium red, gadolinium, and escin (8, 101), inhibit

Table 1. PIEZO1-dependent signaling pathways in HCC

Proposed PIEZO1-Dependent Pathway Associated Effect in HCC References

PIEZO1 ! YAP/TAZ activation Increased proliferation and tumor growth Zhang et al. 2024 (91);
Liu et al. 2021 (93)

PIEZO1 ! MAPK pathway (JNK, ERK, p38) Enhanced mitotic activity and cell survival Liu et al. 2021 (93)
PIEZO1 ! TGF-b signaling through Rab5c
recruitment

Promotion of EMT and metastasis Li et al. 2022 (90)

PIEZO1 ! HIF-1a and VEGF induction Angiogenesis, vascular remodeling Li et al. 2022 (89);
Ye et al. 2022 (95)

PIEZO1 ! Invadopodia formation under matrix
stiffness

Increased invasive and metastatic potential Zhang et al. 2024 (91)

PIEZO1 overexpression in tumor tissue (clinical
correlation)

Associated with collagen deposition and poor prognosis Li et al. 2022 (89);
Zhang et al. 2024 (91);
Ye et al. 2022 (95)

Summary of proposed molecular pathways downstream of PIEZO1 that contribute to HCC progression, based on in vitro studies, ani-
mal models, and clinical correlations. These include activation of proliferative, angiogenic, and invasive mechanisms, as well as associa-
tions with poor patient outcomes. EMT, endothelial-to-mesenchymal transition; ERK, extracellular signal-regulated kinase; HCC,
hepatocellular carcinoma; HIF-1a, hypoxia-inducible factor 1-alpha; JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein
kinase; TAZ, transcriptional coactivator with PDZ-binding motif; TGF-b, transforming growth factor-beta; VEGF, vascular endothelial
growth factor; YAP, yes-associated protein.

Table 2. PIEZO1 modulators and their mechanism of action

Compound Effect on PIEZO1 Mechanism of Action

Yoda1 Agonist Stabilizes the open conformation of PIEZO1
Yoda2 Agonist More potent and water-soluble analogue of Yoda1
Dooku1 Antagonist (Yoda1-specific) Competitively inhibits Yoda1-induced activation without affecting mechanosensitivity
Benzbromarone Inhibitor Blocks PIEZO1-dependent Ca2þ influx
GsMTx4 Inhibitor (nonselective) Alters membrane tension, inhibiting mechanosensitive ion channels including PIEZO1
Escin Inhibitor Reduces PIEZO1-mediated calcium influx in endothelial cells
Ruthenium Red Inhibitor (nonspecific) Blocks a range of cation channels, including PIEZO1
Gadolinium Inhibitor (nonspecific) Blocks stretch-activated channels by obstructing ion conduction

GsMTx4, grammostola spatulata mechanotoxin-4.
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PIEZO1 but lack specificity (Table 2). Recent reviews summa-
rize the pharmacological landscape of PIEZO modulators
(10, 11). In addition to chemical tools, PIEZO1 can be acti-
vated mechanically by low-intensity focused ultrasound,
which induces membrane stress and has been shown to trig-
ger PIEZO1-dependent Ca2þ influx in various cell types (102,
103). Whether ultrasound can be applied to liver tissue to
elicit PIEZO1-specific effects remains to be investigated.

Although PIEZO1 modulators have been widely used in
vitro, only a few studies have evaluated their systemic appli-
cation in vivo (10, 100, 104). In the context of the liver, Hu
et al. (79) administered Yoda1 intraperitoneally and observed
enhanced hepatocyte proliferation under fasting conditions,
supporting a role for PIEZO1 in promoting liver regenera-
tion. In vitro, several studies have demonstrated that
Yoda1, GsMTx4, and other compounds modulate PIEZO1
function in liver-specific cells, including hepatocytes,
LSECs, and liver-derived cancer cell lines. These findings

are summarized in Table 3, which outlines the cell types,
species, modulators used, and functional outcomes.
Together, these studies support the feasibility of targeting
PIEZO1 pharmacologically in liver models and suggest
that both agonists and antagonists may be beneficial
depending on the context.

CONCLUSIONS

Advancements in our understanding of liver mechano-
sensing through the discovery of PIEZO1 have transformed
our knowledge of liver physiology and disease. PIEZO1 has
emerged as a central theme in liver functionality, with broad
implications across bile secretion, fibrosis, oncogenesis, and
regeneration. It seems to importantly integrate the diverse
physical forces acting upon the hepatobiliary system
and translates them into coordinated cellular responses.
Across liver sinusoidal endothelial cells, hepatocytes,

Table 3. PIEZO1 modulators used in liver derived cells and their actions

Paper Title Cell Type/Species Modulator Action

Shear stress activates ADAM10 shed-
dase to regulate Notch1 through the
Piezo1 force sensor in endothelial
cells (17)

Primary LSECs/human Yoda1 PIEZO1 activation promoted Notch1
cleavage; no inhibitor used

Bile canaliculi contract autonomously
by releasing calcium into hepato-
cytes through mechanosensitive
calcium channels (52)

Primary hepatocytes/rat Yoda1, GsMTx-4 PIEZO1 activation induced calcium sig-
naling; GsMTx-4 blocked canalicular
contraction

Piezo1-Pannexin1 complex couples
force detection to ATP secretion in
cholangiocytes (53)

Cholangiocytes/mouse Yoda1 PIEZO1 activation induced ATP release;
no inhibitor used

Endothelial force sensing signals to
parenchymal cells to regulate bile
and plasma lipids (38)

Primary LSECs/mouse Yoda1 PIEZO1 activation promoted NOS3 phos-
phorylation and suppressed Cyp7a1
expression; no inhibitor used

Gain-of-function mutations in PIEZO1
directly impair hepatic iron metabo-
lism through the inhibition of the
BMP/SMADs pathway (57)

HepG2, HuH7 (HCC cell lines)/human Yoda1, GsMTx-4 PIEZO1 activation altered iron metabo-
lism; GsMTx-4 blocked the effect

EGFR-mediated crosstalk between vas-
cular endothelial cells and hepato-
cytes promotes Piezo1-dependent
liver regeneration (79)

Systemic mouse treatment, SK-Hep1,
primary mouse hepatocytes/human-
mouse

Yoda1 PIEZO1 activation promoted EGFR ligand
secretion and hepatocyte proliferation
in cells; no inhibitor used

Piezo1 alleviates acetaminophen-
induced acute liver injury by activat-
ing Nrf2 and reducing mitochondrial
ROS (60)

AML12 cells, primary mouse hepato-
cytes/mouse

Yoda1 PIEZO1 activation protected hepatocytes
through Nrf2 activation; no inhibitor
used

Activation of Piezo1 contributes to
matrix stiffness-induced angiogene-
sis in hepatocellular carcinoma (89)

MHCC97H and Hep3B (HCC cell
lines)/human

Yoda1, GsMTx-4 PIEZO1 activation enhanced angiogene-
sis through HIF-1a stabilization;
GsMTx-4 inhibited effect

The function of Piezo1 in hepatoblas-
toma metastasis and its potential
transduction mechanism (95)

HepG2, Huh6 (HB cell lines)/human Yoda1 PIEZO1 activation enhanced HIF-1a/
VEGF-mediated metastasis; no
inhibitor used

Piezo1 promoted hepatocellular carci-
noma progression and EMT through
activating TGF-b signaling by recruit-
ing Rab5c (90)

HCCLM3, Hep3B (HCC cell lines)/
human

Yoda1, GsMTx-4 PIEZO1 activation promoted TGF-
b/Smad2/3 signaling; GsMTx-4
partially blocked Ca2þ influx

A synergistic regulation works in matrix
stiffness-driven invadopodia forma-
tion in HCC (91)

MHCC97H and Hep3B (HCC cell
lines)/human

Yoda1, GsMTx-4 PIEZO1 activation promoted migration
and invadopodia formation; GsMTx-4
blocked the effect

Escin ameliorates inflammation through
inhibiting mechanical stretch and
chemically induced Piezo1 activation
in vascular endothelial cells (101)

Primary liver endothelial cells (MLECs)/
mouse

Yoda1, Escin Yoda1 activated PIEZO1; Escin inhibited
Ca2þ influx and inflammatory
signaling

ATP, adenosine triphosphate; EMT, endothelial-to-mesenchymal transition; HCC, hepatocellular carcinoma; HIF-1a, hypoxia-induci-
ble factor 1-alpha; LSECs, liver sinusoidal endothelial cells; MAPK, mitogen-activated protein kinase; NO, nitric oxide; NOS3, nitric oxide
synthase 3; NRF2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; TGF-b, transforming growth factor-beta;
VEGF, vascular endothelial growth factor.
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cholangiocytes, and macrophages, PIEZO1 contributes to
the regulation of bile acid synthesis, bile flow, antioxidant
defense, iron metabolism, inflammation, and vascular
behavior. Its sensitivity to portal vein flow provides a
framework for understanding how the liver shifts between
functional states that prioritize either metabolism and
detoxification or bile acid production. In pathological set-
tings, PIEZO1 is increasingly associated with the mechanical
alterations that characterize fibrosis, portal hypertension,
drug-induced injury, and liver cancer.

FUTURE RESEARCH DIRECTIONS

PIEZO1’s associations with harmful outcomes do not neces-
sarily imply its causal role in pathology. Further work is
needed to determine whether PIEZO1 initiates or simply par-
ticipates in hepatobiliary disease processes. An area for future
research is PIEZO1 contributions to liver regeneration under
physiological and pathological conditions. Understanding
how endothelial and parenchymal cells sense increases in
portal flow and other changes inmechanical forces after liver
injury or surgical resection will potentially clarify the early
events that trigger hepatocyte proliferation. Defining how
PIEZO1 activation interacts with NO signaling and partici-
pates in endothelial to hepatocyte communication and zone-
specific regenerative responses could help explain how the
liver mounts an effective regenerative program. A future area
for research is the altered mechanobiological context of
hyperperfusion, as occurs in remnant liver and is implicated
in small-for-size syndrome (105). Such work has the potential
to identify whether modulation of PIEZO1 could support
regeneration or protect vulnerable remnant tissue aftermajor
hepatectomy or living donor transplantation.

Beyond regeneration, a broader research agenda is needed
to define how PIEZO1 signaling shapes hepatic physiology
and disease across multiple contexts. Clarifying themechani-
cal thresholds that separate adaptive frompathological activa-
tion will be vital for interpreting the diverse PIEZO1 findings
across fibrosis, iron metabolism, cholangiocyte biology, and
cancer progression. Progress may depend on mapping cell-
specific downstream signaling networks, including interac-
tions with ADAM proteases, NO pathways, inflammatory cir-
cuits, and oncogenic programs. Advances in biophysical
stimulation methods including ultrasound-based mechano-
modulation offer opportunities to study PIEZO1 function in
more controlled settings. Integration of these approaches
with human models such as primary cells, explants, organo-
ids, and high-resolution flow imaging could be crucial for
translating mechanobiology into interventions that enhance
regeneration, reduce fibrosis progression, and improve out-
comes in chronic liver disease and liver surgery.

There have been important pharmacological discoveries
for PIEZO1, but further progress is needed and pharmaco-
logical results need to be considered with caution. PIEZO1
contributions have, in some instances, been suggested only
based on the results with activators such as Yoda1 or Yoda2
and nonspecific inhibitors such as GsMTx4. Activator
effects may be unphysiological, not accurately resembling
the actions of mechanical forces. As with most pharmacol-
ogy, the concentration of each agent needs to be carefully
chosen, with the lowest effective dose used where possible.

Research for the discovery of new, more potent, activators
with favorable pharmacological profiles is under way.
There are efforts to find PIEZO1-specific inhibitors, and
here progress with biologically active antibodies and nano-
bodies can be hoped for. Organ-targeted delivery systems
may enable localized pharmacological modulation of
PIEZO1 while minimizing effects on other systems that
often also express PIEZO1. The liver presents an opportu-
nity for targeted delivery since selective catheterization of
segmental arteries for delivery of therapeutic agents and
embolization of the portal vein for regeneration purposes
are already routine in surgical practice.

GRANTS

This work is supported by Leeds Hospitals Charity Grants
A2003260 and A2002397/D7601 (to C.K. and S.K.P.), respectively;
Royal Society research Grant RG/R1/251375 (to L.L.); D.J.B. is sup-
ported in part by the National Institute for Health and Care
Research (NIHR) Leeds Biomedical Research Center (BRC) Grant
NIHR203331. Research on PIEZO1 by D.J.B. is also supported in
part by UKRI BBSRC research Grant APP22657. P.L. is part of the
National Institute for Health and Care Research (NIHR) Birmingham
Biomedical Research Centre.

DISCLAIMERS

The views expressed are those of D.J.B. and the other authors,
not necessarily those of the NHS, the NIHR, or the Department of
Health and Social Care.

DISCLOSURES

D.J.B. is a partner of CalTIC GmbH, a pharmaceutical start-up
company with a mission to develop TRPC antagonists as a new
class of medicines for the treatment of metabolic disease/obesity
and pathological cardiac remodeling. P.L. is part of the National
Institute for Health and Care Research (NIHR) Birmingham
Biomedical Research Centre. None of the other authors has any
conflicts of interest, financial or otherwise, to disclose.

AUTHOR CONTRIBUTIONS

C.K. prepared figures; C.K. drafted manuscript; C.K., S.K.P., P.L.,
J.B.M., L.D.R., N.E., T.M.W., A.S., A.R.H., K.R.P., D.J.B., and L.L.
edited and revised manuscript; C.K., S.K.P., P.L., J.B.M., L.D.R.,
N.E., T.M.W., A.S., A.R.H., K.R.P., D.J.B., and L.L. approved final ver-
sion of manuscript.

REFERENCES

1. Devarbhavi H, Asrani SK, Arab JP, Nartey YA, Pose E, Kamath PS.
Global burden of liver disease: 2023 update. J Hepatol 79: 516–537,
2023. doi:10.1016/j.jhep.2023.03.017.

2. Mitten EK, Baffy G. Mechanotransduction in the pathogenesis of
non-alcoholic fatty liver disease. J Hepatol 77: 1642–1656, 2022.
doi:10.1016/j.jhep.2022.08.028.

3. Korchilava B, Khachidze T, Megrelishvili N, Svanadze L,
Kakabadze M, Tsomaia K, JintcharadzeM, Kordzaia D. Liver regen-
eration after partial hepatectomy: triggers and mechanisms.World J
Hepatol 17: 107378, 2025. doi:10.4254/wjh.v17.i7.107378.

4. Liu J, Wang X, He F, Chen X, Yi X. Mechanosensitive calcium ion
channels Piezo1: a therapeutic target in liver disease. Mol Ther
Nucleic Acids 36: 102695, 2025. doi:10.1016/j.omtn.2025.102695.

5. Liu W, Zou H,Wei J, Dong L, HouW. Piezo1: the potential novel tar-
get for radiation-induced liver fibrosis by regulating FAP þ

HEPATOBILIARY PIEZO1

C430 AJP-Cell Physiol � doi:10.1152/ajpcell.00782.2025

Downloaded from journals.physiology.org/journal/ajpcell (2A0A:EF40:0C20:C001:42F2:8B44:452F:D8BD) on February 3, 2026.

https://doi.org/10.1016/j.jhep.2023.03.017
https://doi.org/10.1016/j.jhep.2022.08.028
https://doi.org/10.4254/wjh.v17.i7.107378
https://doi.org/10.1016/j.omtn.2025.102695
https://doi.org/10.1152/ajpcell.00782.2025


fibroblasts. Mol Cell Biochem 480: 5297–5308, 2025. doi:10.1007/
s11010-025-05327-7.

6. Szczot M, Nickolls AR, Lam RM, Chesler AT. The form and function
of PIEZO2. Annu Rev Biochem 90: 507–534, 2021. doi:10.1146/
annurev-biochem-081720-023244.

7. Woo SH, Lukacs V, de Nooij JC, Zaytseva D, Criddle CR, Francisco
A, Jessell TM,Wilkinson KA, Patapoutian A. Piezo2 is the principal
mechanotransduction channel for proprioception. Nat Neurosci 18:
1756–1762, 2015. doi:10.1038/nn.4162.

8. Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, Petrus MJ,
Dubin AE, Patapoutian A. Piezo1 and Piezo2 are essential compo-
nents of distinct mechanically activated cation channels. Science
330: 55–60, 2010. doi:10.1126/science.1193270.

9. Wu J, Lewis AH, Grandl J. Touch, tension, and transduction – the
function and regulation of piezo ion channels. Trends Biochem Sci
42: 57–71, 2017. doi:10.1016/j.tibs.2016.09.004.

10. Kinsella JA, Debant M, Parsonage G, Morley LC, Bajarwan M,
Revill C, Foster R, Beech DJ. Pharmacology of PIEZO1 channels. Br
J Pharmacol 181: 4714–4732, 2024. doi:10.1111/bph.17351.

11. Beech DJ. Piezo channels in GtoPdb (Online). IUPHAR/BPS Guide
to PHARMACOLOGY. http://www.guidetopharmacology.org/GRAC/
FamilyDisplayForward?familyId=967 [2025 Jan 1].

12. Li J, Hou B, Tumova S, Muraki K, Bruns A, Ludlow MJ, Sedo A,
Hyman AJ, McKeown L, Young RS, Yuldasheva NY, Majeed Y,
Wilson LA, Rode B, Bailey MA, Kim HR, Fu Z, Carter DA, Bilton J,
Imrie H, Ajuh P, Dear TN, Cubbon RM, Kearney MT, Prasad RK,
Evans PC, Ainscough JF, Beech DJ. Piezo1 integration of vascular
architecture with physiological force. Nature 515: 279–282, 2014.
doi:10.1038/nature13701.

13. Beech DJ. PIEZO force sensing in vascular biology: an explosion of
new knowledge, concepts and opportunity. Adv Sci (Weinh) 12:
e11774, 2025. doi:10.1002/advs.202511774.

14. Andolfo I, Monaco V, Cozzolino F, Rosato BE, Marra R,
Cerbone V, Pinto VM, Forni GL, Unal S, Iolascon A, Monti M,
Russo R. Proteome alterations in erythrocytes with PIEZO1 gain-
of-function mutations. Blood Adv 7: 2681–2693, 2023. doi:10.
1182/bloodadvances.2022008673.

15. Fang F, Li G, Li X,Wu J, Liu Y, Xin H,Wang Z, Fang J, Jiang Y,Qian
W, Hou X, Song J. Piezo1 regulates colon stem cells to maintain epi-
thelial homeostasis through SCD1-Wnt-b-catenin and programming
fatty acid metabolism. Cell Rep 44: 115400, 2025. doi:10.1016/j.
celrep.2025.115400.

16. Hasegawa K, Fujii S, Matsumoto S, Tajiri Y, Kikuchi A, Kiyoshima
T. YAP signaling induces PIEZO1 to promote oral squamous cell car-
cinoma cell proliferation. J Pathol 253: 80–93, 2021. doi:10.1002/
path.5553.

17. Caolo V, Debant M, Endesh N, Futers TS, Lichtenstein L, Bartoli F,
Parsonage G, Jones EA, Beech DJ. Shear stress activates ADAM10
sheddase to regulate Notch1 via the Piezo1 force sensor in endothe-
lial cells. eLife 9: e50684, 2020. doi:10.7554/eLife.50684.

18. Grannemann C, Pabst A, Honert A, Schieren J, Martin C, Hank S,
B€oll S, Bl€asius K, D€usterh€oft S, Jahr H, Merkel R, Leube R,
Babendreyer A, Ludwig A. Mechanical activation of lung epithelial
cells through the ion channel Piezo1 activates the metalloprotei-
nases ADAM10 and ADAM17 and promotes growth factor and adhe-
sion molecule release. Biomater Adv 152: 213516, 2023. doi:10.1016/
j.bioadv.2023.213516.

19. Sharip A, Kunz J.Mechanosignaling via integrins: pivotal players in
liver fibrosis progression and therapy. Cells 14: 266, 2025. doi:10.
3390/cells14040266.

20. Long Y, Liang K, Niu Y,Wang R, Liu R, Zhang Y, Ao Y, Jin Y,Wu Z,
WuB, Liu Z, Zhang X, Liu X,Qi X, Liu B, Du Y. Hepatic hypertension
on-a-chip identifies GPR116 as a hydrostatic pressure mechanosen-
sor to regulate vascular injury in cirrhosis. Sci Adv 11: eadu7596,
2025. doi:10.1126/sciadv.adu7596.

21. DeLeve LD. Liver sinusoidal endothelial cells and liver regeneration.
J Clin Invest 123: 1861–1866, 2013. doi:10.1172/JCI66025.

22. Elvevold K, Smedsrød B,Martinez I. The liver sinusoidal endothelial
cell: a cell type of controversial and confusing identity. Am J Physiol
Gastrointest Liver Physiol 294: G391–G400, 2008. doi:10.1152/ajpgi.
00167.2007.

23. Kennedy JI, Davies SP, Hewett PW, Wilkinson AL, Oo YH, Lu WY,
El Haj AJ, Shetty S.Organ-on-a-chip for studying immune cell adhe-
sion to liver sinusoidal endothelial cells: the potential for testing

immunotherapies and cell therapy trafficking. Front Cell Dev Biol 12:
1359451, 2024. doi:10.3389/fcell.2024.1359451.

24. Bazerbachi F, Haffar S, Wang Z, Cabezas J, Arias-Loste MT,
Crespo J, et al. Range of normal liver stiffness and factors associ-
ated with increased stiffness measurements in apparently healthy
individuals. Clin Gastroenterol Hepatol 17: 54–64.e1, 2019. doi:10.
1016/j.cgh.2018.08.069.

25. Ersoz G, Ersoz S. Changes in portal blood flow following acute exer-
cise in liver transplant recipients. Transplant Proc 35: 1456–1457,
2003. doi:10.1016/s0041-1345(03)00467-6.

26. Ozban M, Genc V, Karaca S, Cetinkaya OA, Oztuna D. The effects
of exercise on portal venous system in splenectomized adults.
Bratisl Lek Listy 113: 376–378, 2012. doi:10.4149/bll_2012_085.

27. Rehrer NJ, Goes E, DuGardeyn C, Reynaert H, DeMeirleir K. Effect
of carbohydrate on portal vein blood flow during exercise. Int J
Sports Med 26: 171–176, 2005. doi:10.1055/s-2004-820957.

28. Roldan-Alzate A, Frydrychowicz A, Said A, Johnson KM, Francois
CJ,Wieben O, Reeder SB. Impaired regulation of portal venous flow
in response to a meal challenge as quantified by 4D flow MRI. J
Magn Reson Imaging 42: 1009–1017, 2015. doi:10.1002/jmri.24886.

29. Thijssen DHJ, Steendijk S, Hopman MT. Blood redistribution
during exercise in subjects with spinal cord injury and controls.
Med Sci Sports Exerc 41: 1249–1254, 2009. doi:10.1249/MSS.
0b013e318196c902.

30. Bartoli F, Debant M, Chuntharpursat-Bon E, Evans EL,Musialowski
KE, Parsonage G, Morley LC, Futers TS, Sukumar P, Bowen TS,
Kearney MT, Lichtenstein L, Roberts LD, Beech DJ. Endothelial
Piezo1 sustains muscle capillary density and contributes to physi-
cal activity. J Clin Invest 132: e141775, 2022. doi:10.1172/JCI141775.

31. Rode B, Shi J, Endesh N, Drinkhill MJ, Webster PJ, Lotteau SJ,
Bailey MA, Yuldasheva NY, LudlowMJ, Cubbon RM, Li J, Futers TS,
Morley L, Gaunt HJ,Marszalek K, Viswambharan H, Cuthbertson K,
Baxter PD, Foster R, Sukumar P, Weightman A, Calaghan SC,
Wheatcroft SB, KearneyMT,Beech DJ. Piezo1 channels sense whole
body physical activity to reset cardiovascular homeostasis and
enhance performance. Nat Commun 8: 350, 2017. doi:10.1038/
s41467-017-00429-3.

32. Amir M, Yu M, He P, Srinivasan S. Hepatic autonomic nervous sys-
tem and neurotrophic factors regulate the pathogenesis and pro-
gression of non-alcoholic fatty liver disease. Front Med (Lausanne)
7: 62, 2020. doi:10.3389/fmed.2020.00062.

33. Rehrer NJ, Smets A, Reynaert H, Goes E, De Meirleir K. Effect of
exercise on portal vein blood flow in man.Med Sci Sports Exerc 33:
1533–1537, 2001. doi:10.1097/00005768-200109000-00017.

34. Teichgr€aber UK, Gebel M, Benter T, Manns MP. Effect of respira-
tion, exercise, and food intake on hepatic vein circulation. J
Ultrasound Med 16: 549–554, 1997. doi:10.7863/jum.1997.16.8.549.

35. Jakab F, Rath Z, Schmal F, Nagy P, Faller J. The interaction
between hepatic arterial and portal venous blood flows; simultane-
ous measurement by transit time ultrasonic volume flowmetry.
Hepatogastroenterology 42: 18–21, 1995.

36. Rowell LB, Blackmon JR, Bruce RA. Indocyanine green clearance
and estimated hepatic blood flow during mild to maximal exercise in
upright man. J Clin Invest 43: 1677–1690, 1964. doi:10.1172/JCI105043.

37. Endesh N, Chuntharpursat-Bon E, Revill C, Yuldasheva NY, Futers
TS, Parsonage G, Humphreys N, Adamson A,Morley LC, Cubbon
RM, Prasad KR, Foster R, Lichtenstein L, Beech DJ. Independent
endothelial functions of PIEZO1 and TRPV4 in hepatic portal vein
and predominance of PIEZO1 in mechanical and osmotic stress.
Liver Int 43: 2026–2038, 2023. doi:10.1111/liv.15646.

38. Lichtenstein L, Cheng CW, Bajarwan M, Evans EL, Gaunt HJ,
Bartoli F, Chuntharpursat-Bon E, Patel S, Konstantinou C, Futers
TS, Reay M, Parsonage G,Moore JB, Bertrand-Michel J, Sukumar
P, Roberts LD, Beech DJ. Endothelial force sensing signals to paren-
chymal cells to regulate bile and plasma lipids. Sci Adv 10:
eadq3075, 2024. doi:10.1126/sciadv.adq3075.

39. Wei N, Du L, Xiao Z, Zhang L, Zhou Y, Gao H, Liu M,Wang C, Hou
X, Li Y, Song Y. Portal hypertension contributes to ascites formation
via the Piezo1-nuclear factor kappa-B-aquaporin1 pathway in liver cir-
rhosis. Exp Mol Med 57: 2305–2316, 2025. doi:10.1038/s12276-025-
01554-6.

40. Chiang JYL, Ferrell JM. Up to date on cholesterol 7 alpha-hydroxy-
lase (CYP7A1) in bile acid synthesis. Liver Res 4: 47–63, 2020.
doi:10.1016/j.livres.2020.05.001.

HEPATOBILIARY PIEZO1

AJP-Cell Physiol � doi:10.1152/ajpcell.00782.2025 C431

Downloaded from journals.physiology.org/journal/ajpcell (2A0A:EF40:0C20:C001:42F2:8B44:452F:D8BD) on February 3, 2026.

https://doi.org/10.1007/s11010-025-05327-7
https://doi.org/10.1007/s11010-025-05327-7
https://doi.org/10.1146/annurev-biochem-081720-023244
https://doi.org/10.1146/annurev-biochem-081720-023244
https://doi.org/10.1038/nn.4162
https://doi.org/10.1126/science.1193270
https://doi.org/10.1016/j.tibs.2016.09.004
https://doi.org/10.1111/bph.17351
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=967
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=967
https://doi.org/10.1038/nature13701
https://doi.org/10.1002/advs.202511774
https://doi.org/10.1182/bloodadvances.2022008673
https://doi.org/10.1182/bloodadvances.2022008673
https://doi.org/10.1016/j.celrep.2025.115400
https://doi.org/10.1016/j.celrep.2025.115400
https://doi.org/10.1002/path.5553
https://doi.org/10.1002/path.5553
https://doi.org/10.7554/eLife.50684
https://doi.org/10.1016/j.bioadv.2023.213516
https://doi.org/10.1016/j.bioadv.2023.213516
https://doi.org/10.3390/cells14040266
https://doi.org/10.3390/cells14040266
https://doi.org/10.1126/sciadv.adu7596
https://doi.org/10.1172/JCI66025
https://doi.org/10.1152/ajpgi.00167.2007
https://doi.org/10.1152/ajpgi.00167.2007
https://doi.org/10.3389/fcell.2024.1359451
https://doi.org/10.1016/j.cgh.2018.08.069
https://doi.org/10.1016/j.cgh.2018.08.069
https://doi.org/10.1016/s0041-1345(03)00467-6
https://doi.org/10.4149/bll_2012_085
https://doi.org/10.1055/s-2004-820957
https://doi.org/10.1002/jmri.24886
https://doi.org/10.1249/MSS.0b013e318196c902
https://doi.org/10.1249/MSS.0b013e318196c902
https://doi.org/10.1172/JCI141775
https://doi.org/10.1038/s41467-017-00429-3
https://doi.org/10.1038/s41467-017-00429-3
https://doi.org/10.3389/fmed.2020.00062
https://doi.org/10.1097/00005768-200109000-00017
https://doi.org/10.7863/jum.1997.16.8.549
https://doi.org/10.1172/JCI105043
https://doi.org/10.1111/liv.15646
https://doi.org/10.1126/sciadv.adq3075
https://doi.org/10.1038/s12276-025-01554-6
https://doi.org/10.1038/s12276-025-01554-6
https://doi.org/10.1016/j.livres.2020.05.001
https://doi.org/10.1152/ajpcell.00782.2025


41. Goodman RP, Calvo SE,Mootha VK. Spatiotemporal compartmen-
talization of hepatic NADH and NADPH metabolism. J Biol Chem
293: 7508–7516, 2018. doi:10.1074/jbc.TM117.000258.

42. Jamerson LE, Bradshaw PC. The roles of white adipose tissue and
liver NADPH in dietary restriction-induced longevity. Antioxidants
(Basel) 13: 820, 2024. doi:10.3390/antiox13070820.

43. Zhang Z, TeSlaa T, Xu X, Zeng X, Yang L, Xing G, Tesz GJ,
Clasquin MF, Rabinowitz JD. Serine catabolism generates liver
NADPH and supports hepatic lipogenesis. Nat Metab 3: 1608–1620,
2021. doi:10.1038/s42255-021-00487-4.

44. Adachi T, Kaminaga T, Yasuda H, Kamiya T, Hara H. The involve-
ment of endoplasmic reticulum stress in bile acid-induced hepato-
cellular injury. J Clin Biochem Nutr 54: 129–135, 2014. doi:10.3164/
jcbn.13-46.

45. Li T, Hasan MN, Gu L. Bile acids regulation of cellular stress
responses in liver physiology and diseases. eGastroenterology 2:
e100074, 2024. doi:10.1136/egastro-2024-100074.

46. Naimimohasses S, O’Gorman P,Wright C, Ni Fhloinn D, Holden D,
Conlon N,Monaghan A, Kennedy M, Gormley J, Beddy P, Finn SP,
Lysaght J, O’Sullivan J, Dunne MR, Norris S,Moore JB. Differential
effects of dietary versus exercise intervention on intrahepatic MAIT
cells and histological features of NAFLD. Nutrients 14: 2198, 2022.
doi:10.3390/nu14112198.

47. Stine JG, DiJoseph K, Pattison Z, Harrington A, Chinchilli VM,
Schmitz KH, Loomba R. Exercise training is associated with treat-
ment response in liver fat content by magnetic resonance imaging
independent of clinically significant body weight loss in patients with
nonalcoholic fatty liver disease: a systematic review and meta-analy-
sis. Am J Gastroenterol 118: 1204–1213, 2023. doi:10.14309/ajg.
0000000000002098.

48. Chomiuk T,Niezgoda N,Mamcarz A, Śli _z D. Physical activity in met-
abolic syndrome. Front Physiol 15: 1365761, 2024. doi:10.3389/
fphys.2024.1365761.

49. Myers J, Kokkinos P, Nyelin E. Physical activity, cardiorespiratory fit-
ness, and the metabolic syndrome. Nutrients 11: 1652, 2019. doi:10.
3390/nu11071652.

50. Alabi RO, Farber G, Blobel CP. Intriguing roles for endothelial
ADAM10/notch signaling in the development of organ-specific vas-
cular beds. Physiol Rev 98: 2025–2061, 2018. doi:10.1152/physrev.
00029.2017.

51. Cuervo H, Nielsen CM, Simonetto DA, Ferrell L, Shah VH, Wang
RA. Endothelial notch signaling is essential to prevent hepatic vas-
cular malformations in mice. Hepatology 64: 1302–1316, 2016.
doi:10.1002/hep.28713.

52. Gupta K, Ng IC, Balachander GM, Nguyen BP, Tucker-Kellogg L,
Low BC, Yu H. Bile canaliculi contract autonomously by releasing
calcium into hepatocytes via mechanosensitive calcium channel.
Biomaterials 259: 120283, 2020. doi:10.1016/j.biomaterials.2020.
120283.

53. Desplat A, Penalba V, Gros E, Parpaite T, Coste B, Delmas P.
Piezo1-Pannexin1 complex couples force detection to ATP secretion
in cholangiocytes. J Gen Physiol 153: e202112871, 2021. doi:10.1085/
jgp.202112871.

54. Picard V, Guitton C, Thuret I, Rose C, Bendelac L, Ghazal K,
Aguilar-Martinez P, Badens C, Barro C, B�en�eteau C, Berger C,
Cath�ebras P, Deconinck E, Delaunay J, Durand J-M, Firah N,
Galact�eros F, Godeau B, Jaïs X, de Jaureguiberry JP, Le Stradic C,
Lifermann F, Maffre R, Morin G, Perrin J, Proulle V, Ruivard M,
Toutain F, Lahary A, Garçon L. Clinical and biological features in
PIEZO1-hereditary xerocytosis and Gardos channelopathy: a retro-
spective series of 126 patients. Haematologica 104: 1554–1564,
2019. doi:10.3324/haematol.2018.205328.

55. Rosato BE, D’Onofrio V,Marra R, Nostroso A, Esposito FM, Iscaro
A, Lasorsa VA, Capasso M, Iolascon A, Russo R, Andolfo I. RAS sig-
naling pathway is essential in regulating PIEZO1-mediated hepatic
iron overload in dehydrated hereditary stomatocytosis. Am J
Hematol 100: 52–65, 2025. doi:10.1002/ajh.27523.

56. Cheng CW, Earle SL, Povstyan OV, Randall C, Smith KA, Debant
M, Macrae FL, Beech DG, McGrane A, Bartoli F, Chuntharpursat-
Bon E, Cubbon RM, Griffin KJ, Bailey MA, Kalli AC, Morley LC,
Witte KK, Beech DJ. PIEZO1 variant implications for biological
understanding and human health. Open Biol 15: 240345, 2025.
doi:10.1098/rsob.240345.

57. Andolfo I, Rosato BE, Manna F, De Rosa G, Marra R, Gambale A,
Girelli D, Russo R, Iolascon A. Gain-of-function mutations in PIEZO1
directly impair hepatic iron metabolism via the inhibition of the BMP/
SMADs pathway. Am J Hematol 95: 188–197, 2020. doi:10.1002/ajh.
25683.

58. Ma S, Dubin AE, Zhang Y, Mousavi SAR, Wang Y, Coombs AM,
Loud M, Andolfo I, Patapoutian A. A role of PIEZO1 in iron metabo-
lism in mice and humans. Cell 184: 969–982.e13, 2021. doi:10.1016/j.
cell.2021.01.024.

59. Pourteymour S, Fan J, Majhi RK, Guo S, Sun X, Huang Z, Liu Y,
Winter H, B€acklund A, Skenteris NT, Chernogubova E,Werngren
O, Li Z, Skogsberg J, Li Y, Matic L, Hedin U, Maegdefessel L,
Ehrenborg E, Tian Y, Jin H. PIEZO1 targeting in macrophages
boosts phagocytic activity and foam cell apoptosis in atherosclero-
sis. Cell Mol Life Sci 81: 331, 2024. doi:10.1007/s00018-024-05372-3.

60. Wang Q, Peng X, Chen Y, Tang X, Qin Y, He M, Chen W, Chen H.
Piezo1 alleviates acetaminophen-induced acute liver injury by acti-
vating Nrf2 and reducing mitochondrial reactive oxygen species.
Biochem Biophys Res Commun 652: 88–94, 2023. doi:10.1016/j.
bbrc.2023.02.043.

61. Zhao R, Zhang X, Liu X,Wang S, Leng S, Peng J, Hu X. Piezo1 defi-
ciency alleviates acute liver failure by inhibiting CpG-ODN induced
inflammatory responses. Int Immunopharmacol 159: 114879, 2025.
doi:10.1016/j.intimp.2025.114879.

62. Samuel D, De Martin E, Berg T, Berenguer M, Burra P, Fondevila
C, Heimbach JK, Pageaux G-P, Sanchez-Fueyo A, Toso C;
European Association for the Study of the Liver. EASL clinical prac-
tice guidelines on liver transplantation. J Hepatol 81: 1040–1086,
2024. doi:10.1016/j.jhep.2024.07.032.

63. Tapper EB,Ufere NN,Huang DQ, Loomba R. Review article: current
and emerging therapies for the management of cirrhosis and its
complications. Aliment Pharmacol Ther 55: 1099–1115, 2022. doi:10.
1111/apt.16831.

64. Liu L, You Z, Yu H, Zhou L, Zhao H, Yan X, Li D,Wang B, Zhu L, Xu
Y, Xia T, Shi Y, Huang C, Hou W, Du Y. Mechanotransduction-
modulated fibrotic microniches reveal the contribution of angiogen-
esis in liver fibrosis. Nat Mater 16: 1252–1261, 2017. doi:10.1038/
nmat5024.

65. Marrone G, Shah VH, Gracia-Sancho J. Sinusoidal communication
in liver fibrosis and regeneration. J Hepatol 65: 608–617, 2016.
doi:10.1016/j.jhep.2016.04.018.

66. Poisson J, Lemoinne S, Boulanger C, Durand F,Moreau R, Valla D,
Rautou PE. Liver sinusoidal endothelial cells: physiology and role in
liver diseases. J Hepatol 66: 212–227, 2017. doi:10.1016/j.jhep.2016.
07.009.

67. Wang Y,Wang J, Zhang J,Wang Y,Wang Y, Kang H, Zhao W, Bai
W, Miao N, Wang J. Stiffness sensing via Piezo1 enhances macro-
phage efferocytosis and promotes the resolution of liver fibrosis. Sci
Adv 10: eadj3289, 2024. doi:10.1126/sciadv.adj3289.

68. Luo S, Zhao X, Jiang J, Deng B, Liu S, Xu H, Tan Q, Chen Y, Zhang
Z, Pan X, Wan R, Chen X, Yao Y, Li J. Piezo1 specific deletion in
macrophage protects the progression of liver fibrosis in mice.
Theranostics 13: 5418–5434, 2023 [Erratum in Theranostics 15:
1156–1157, 2025]. doi:10.7150/thno.86103.

69. Luo S, Yang B, Xu H, Pan X, Chen X, Jue X, Liu S, Wan R, Tan Q,
Yao Y, Chen X, Jiang J, Deng B, Li J. Lithospermic acid improves
liver fibrosis through Piezo1-mediated oxidative stress and inflamma-
tion. Phytomedicine 134: 155974, 2024. doi:10.1016/j.phymed.2024.
155974.

70. Hilscher MB, Sehrawat T, Arab JP, Zeng Z, Gao J, Liu M, Kostallari
E, Gao Y, Simonetto DA, Yaqoob U, Cao S, Revzin A, Beyder A,
Wang RA, Kamath PS, Kubes P, Shah VH. Mechanical stretch
increases expression of CXCL1 in liver sinusoidal endothelial cells
to recruit neutrophils, generate sinusoidal microthrombi, and pro-
mote portal hypertension. Gastroenterology 157: 193–209.e9,
2019. doi:10.1053/j.gastro.2019.03.013.

71. Wang Y, Yang Q, Dong Y, Wang L, Zhang Z, Niu R, Wang Y, Bi Y,
Liu G. Piezo1-directed neutrophil extracellular traps regulate macro-
phage differentiation during influenza virus infection. Cell Death Dis
16: 60, 2025. doi:10.1038/s41419-025-07395-5.

72. Yu H, Zhang Y, Shuai L, Peng C, Zhao C, Jiang Y, Yao L, Lai J,
Chen Z, Zhang L, Xiong X, Wang X. Low hepatic artery blood flow
mediates NET extravasation through the regulation of PIEZO1/SRC

HEPATOBILIARY PIEZO1

C432 AJP-Cell Physiol � doi:10.1152/ajpcell.00782.2025

Downloaded from journals.physiology.org/journal/ajpcell (2A0A:EF40:0C20:C001:42F2:8B44:452F:D8BD) on February 3, 2026.

https://doi.org/10.1074/jbc.TM117.000258
https://doi.org/10.3390/antiox13070820
https://doi.org/10.1038/s42255-021-00487-4
https://doi.org/10.3164/jcbn.13-46
https://doi.org/10.3164/jcbn.13-46
https://doi.org/10.1136/egastro-2024-100074
https://doi.org/10.3390/nu14112198
https://doi.org/10.14309/ajg.0000000000002098
https://doi.org/10.14309/ajg.0000000000002098
https://doi.org/10.3389/fphys.2024.1365761
https://doi.org/10.3389/fphys.2024.1365761
https://doi.org/10.3390/nu11071652
https://doi.org/10.3390/nu11071652
https://doi.org/10.1152/physrev.00029.2017
https://doi.org/10.1152/physrev.00029.2017
https://doi.org/10.1002/hep.28713
https://doi.org/10.1016/j.biomaterials.2020.120283
https://doi.org/10.1016/j.biomaterials.2020.120283
https://doi.org/10.1085/jgp.202112871
https://doi.org/10.1085/jgp.202112871
https://doi.org/10.3324/haematol.2018.205328
https://doi.org/10.1002/ajh.27523
https://doi.org/10.1098/rsob.240345
https://doi.org/10.1002/ajh.25683
https://doi.org/10.1002/ajh.25683
https://doi.org/10.1016/j.cell.2021.01.024
https://doi.org/10.1016/j.cell.2021.01.024
https://doi.org/10.1007/s00018-024-05372-3
https://doi.org/10.1016/j.bbrc.2023.02.043
https://doi.org/10.1016/j.bbrc.2023.02.043
https://doi.org/10.1016/j.intimp.2025.114879
https://doi.org/10.1016/j.jhep.2024.07.032
https://doi.org/10.1111/apt.16831
https://doi.org/10.1111/apt.16831
https://doi.org/10.1038/nmat5024
https://doi.org/10.1038/nmat5024
https://doi.org/10.1016/j.jhep.2016.04.018
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1126/sciadv.adj3289
https://doi.org/10.7150/thno.86103
https://doi.org/10.1016/j.phymed.2024.155974
https://doi.org/10.1016/j.phymed.2024.155974
https://doi.org/10.1053/j.gastro.2019.03.013
https://doi.org/10.1038/s41419-025-07395-5
https://doi.org/10.1152/ajpcell.00782.2025


signaling to induce biliary complications after liver transplantation.
Theranostics 14: 6783–6797, 2024. doi:10.7150/thno.99514.

73. Wang SP, Wang B, Shi Y, M€oller T, Stegmeyer RI, Strilic B, Li T,
Yuan Z, Wang C, Wettschureck N, Vestweber D, Offermanns S.
Mechanosensation by endothelial PIEZO1 is required for leukocyte
diapedesis. Blood 140: 171–183, 2022. doi:10.1182/blood.2021014614.

74. Francavilla A, Starzl TE, Porter K, Foglieni CS,Michalopoulos GK,
Carrieri G, Trejo J, Azzarone A, Barone M, Zeng QH. Screening for
candidate hepatic growth factors by selective portal infusion after
canine Eck’s fistula. Hepatology 14: 665–670, 1991. doi:10.1016/
0270-9139(91)90055-z.

75. Marubashi S, Sakon M, Nagano H, Gotoh K, Hashimoto K, Kubota
M, Kobayashi S, Yamamoto S, Miyamoto A, Dono K, Nakamori S,
Umeshita K, Monden M. Effect of portal hemodynamics on liver
regeneration studied in a novel portohepatic shunt rat model.
Surgery 136: 1028–1037, 2004. doi:10.1016/j.surg.2004.03.012.

76. Schoen JM,Wang HH,Minuk GY, Lautt WW. Shear stress-induced
nitric oxide release triggers the liver regeneration cascade. Nitric
Oxide 5: 453–464, 2001. doi:10.1006/niox.2001.0373.

77. Mei Y, Thevananther S. Endothelial nitric oxide synthase is a key
mediator of hepatocyte proliferation in response to partial hepatec-
tomy in mice. Hepatology 54: 1777–1789, 2011. doi:10.1002/hep.
24560.

78. Rai RM, Lee FY, Rosen A, Yang SQ, Lin HZ, Koteish A, Liew FY,
Zaragoza C, Lowenstein C, Diehl AM. Impaired liver regeneration in
inducible nitric oxide synthase deficient mice. Proc Natl Acad Sci
USA 95: 13829–13834, 1998. doi:10.1073/pnas.95.23.13829.

79. Hu Y, Du G, Li C, Wang R, Liu J, Wang Y, Dong J. EGFR-mediated
crosstalk between vascular endothelial cells and hepatocytes pro-
motes Piezo1-dependent liver regeneration. Genes Dis 12: 101321,
2025. doi:10.1016/j.gendis.2024.101321.

80. Gaub BM, M€uller DJ. Mechanical stimulation of piezo1 receptors
depends on extracellular matrix proteins and directionality of force.
Nano Lett 17: 2064–2072, 2017. doi:10.1021/acs.nanolett.7b00177.

81. Peng H, Chao Z,Wang Z, Hao X, Xi Z,Ma S, Guo X, Zhang J, Zhou
Q, Qu G, Gao Y, Luo J, Wang Z, Wang J, Li L. Biomechanics in the
tumor microenvironment: from biological functions to potential clini-
cal applications. Exp Hematol Oncol 14: 4, 2025. doi:10.1186/s40164-
024-00591-7.

82. Sheth M, Sharma M, Lehn M, Reza H, Takebe T, Takiar V, Wise-
Draper T, Esfandiari L. Three-dimensional matrix stiffness modu-
lates mechanosensitive and phenotypic alterations in oral squamous
cell carcinoma spheroids. APL Bioeng 8: 036106, 2024. doi:10.1063/
5.0210134.

83. Zhang J, Zhou Y, Huang T,Wu F, Liu L, Kwan JSH, Cheng ASL, Yu
J, To KF, Kang W. PIEZO1 functions as a potential oncogene by pro-
moting cell proliferation and migration in gastric carcinogenesis.Mol
Carcinog 57: 1144–1155, 2018. doi:10.1002/mc.22831.

84. Zhang S, Cao S, Gong M, Zhang W, Zhang W, Zhu Z,Wu S, Yue Y,
QianW,MaQ,Wang S,Wang Z.Mechanically activated ion channel
Piezo1 contributes to melanoma malignant progression through
AKT/mTOR signaling. Cancer Biol Ther 23: 336–347, 2022. doi:10.
1080/15384047.2022.2060015.

85. Zhang X, Han L, Zhang H, Niu Y, Liang R. Identification of potential
key genes of TGF-beta signaling associated with the immune
response and prognosis of ovarian cancer based on bioinformatics
analysis.Heliyon 9: e19208, 2023. doi:10.1016/j.heliyon.2023.e19208.

86. Zhu Z, Li W, Gong M, Wang L, Yue Y, Qian W, Zhou C, Duan W,
Han L, Li L, Wu Z, Ma Q, Lin M, Wang S, Wang Z. Piezo1 act as a
potential oncogene in pancreatic cancer progression. Life Sci 310:
121035, 2022. doi:10.1016/j.lfs.2022.121035.

87. Xiong Y, Dong L, Bai Y, Tang H, Li S, Luo D, Liu F, Bai J, Yang S,
Song X. Piezo1 activation facilitates ovarian cancer metastasis via
Hippo/YAP signaling axis. Channels (Austin) 16: 159–166, 2022.
doi:10.1080/19336950.2022.2099381.

88. Zhu B, Qian W, Han C, Bai T, Hou X. Piezo 1 activation facilitates
cholangiocarcinoma metastasis via Hippo/YAP signaling axis. Mol
Ther Nucleic Acids 24: 241–252, 2021. doi:10.1016/j.omtn.2021.02.
026.

89. Li M, Zhang X, Wang M, Wang Y, Qian J, Xing X, Wang Z, You Y,
Guo K, Chen J, Gao D, Zhao Y, Zhang L, Chen R, Cui J, Ren Z.
Activation of Piezo1 contributes to matrix stiffness-induced angio-
genesis in hepatocellular carcinoma. Cancer Commun (Lond) 42:
1162–1184, 2022. doi:10.1002/cac2.12364.

90. Li YM, Xu C, Sun B, Zhong FJ, Cao M, Yang LY. Piezo1 promoted
hepatocellular carcinoma progression and EMT through activating
TGF-b signaling by recruiting Rab5c. Cancer Cell Int 22: 162, 2022.
doi:10.1186/s12935-022-02574-2.

91. Zhang X, Zhao Y, Li M,WangM, Qian J,Wang Z,Wang Y,Wang F,
Guo K, Gao D, Zhao Y, Chen R, Ren Z, Song H, Cui J. A synergistic
regulation works in matrix stiffness-driven invadopodia formation in
HCC. Cancer Lett 582: 216597, 2024. doi:10.1016/j.canlet.2023.
216597.

92. Huo X, Jiang S,Wu S, Lian Q, Chen H.Mechanosensitive ion chan-
nel-related genes in hepatocellular carcinoma: unraveling prognos-
tic genes and their roles in drug resistance and immune modulation.
Liver Res 9: 36–48, 2025. doi:10.1016/j.livres.2025.01.002.

93. Liu S, Xu X, Fang Z, Ning Y, Deng B, Pan X, He Y, Yang Z, Huang
K, Li J. Piezo1 impairs hepatocellular tumor growth via deregulation
of the MAPK-mediated YAP signaling pathway. Cell Calcium 95:
102367, 2021. doi:10.1016/j.ceca.2021.102367.

94. Mo J, Zhang Y, Cao C, Zheng W, Zheng L,Wang X,Wang S,Wu J,
Bao Y. Activation of mechanosensitive ion channel Piezo1 linking
metabolic reprogramming and pro-inflammatory responses in hepa-
tocellular carcinoma. Cell Commun Signal 23: 280, 2025. doi:10.
1186/s12964-025-02289-7.

95. Ye X, Xia Y, Zheng Y, ChenW, Chen Z, Cheng Z,Wang B. The func-
tion of Piezo1 in hepatoblastoma metastasis and its potential trans-
duction mechanism. Heliyon 8: e10301, 2022. doi:10.1016/j.heliyon.
2022.e10301.

96. Syeda R, Xu J, Dubin AE, Coste B, Mathur J, Huynh T, Matzen J,
Lao J, Tully DC, Engels IH, Petrassi HM, Schumacher AM, Montal
M, Bandell M, Patapoutian A. Chemical activation of the mechano-
transduction channel Piezo1. eLife 4: e07369, 2015. doi:10.7554/
eLife.07369.

97. Parsonage G, Cuthbertson K, Endesh N, Murciano N, Hyman AJ,
Revill CH, Povstyan OV, Chuntharpursat-Bon E, Debant M, Ludlow
MJ, Futers TS, Lichtenstein L, Kinsella JA, Bartoli F, RotordamMG,
Becker N, Br€uggemann A, Foster R, Beech DJ. Improved PIEZO1
agonism through 4-benzoic acid modification of Yoda1. Br J
Pharmacol 180: 2039–2063, 2023. doi:10.1111/bph.15996.

98. Evans EL, Cuthbertson K, Endesh N, Rode B, Blythe NM, Hyman
AJ, Hall SJ, Gaunt HJ, Ludlow MJ, Foster R, Beech DJ. Yoda1 ana-
logue (Dooku1) which antagonizes Yoda1-evoked activation of
Piezo1 and aortic relaxation. Br J Pharmacol 175: 1744–1759, 2018.
doi:10.1111/bph.14188.

99. Bae C, Sachs F, Gottlieb PA. The mechanosensitive ion channel
Piezo1 is inhibited by the peptide GsMTx4. Biochemistry 50: 6295–
6300, 2011. doi:10.1021/bi200770q.

100. Liang P, Zhang Y, Wan YCS, Ma S, Dong P, Lowry AJ, Francis SJ,
Khandelwal S, Delahunty M, Telen MJ, Strouse JJ, Arepally GM,
Yang H. Deciphering and disrupting PIEZO1-TMEM16F interplay in
hereditary xerocytosis. Blood 143: 357–369, 2024. doi:10.1182/
blood.2023021465.

101. Wang Y, Chu T, Pan X, Bian Y, Li J. Escin ameliorates inflammation
via inhibiting mechanical stretch and chemically induced Piezo1 acti-
vation in vascular endothelial cells. Eur J Pharmacol 956: 175951,
2023. doi:10.1016/j.ejphar.2023.175951.

102. Qiu Z, Guo J, Kala S, Zhu J, Xian Q, Qiu W, Li G, Zhu T, Meng L,
Zhang R, Chan HC, Zheng H, Sun L. The mechanosensitive ion
channel piezo1 significantly mediates in vitro ultrasonic stimulation
of neurons. iScience 21: 448–457, 2019. doi:10.1016/j.isci.2019.10.
037.

103. Zhang L, Liu X, Gao L, Ji Y, Wang L, Zhang C, Dai L, Liu J, Ji Z.
Activation of Piezo1 by ultrasonic stimulation and its effect on the
permeability of human umbilical vein endothelial cells. Biomed
Pharmacother 131: 110796, 2020. doi:10.1016/j.biopha.2020.110796.

104. Matrongolo MJ, Ang PS,Wu J, Jain A, Thackray JK, Reddy A, Sung
CC, Barbet G, Hong YK, Tischfield MA. Piezo1 agonist restores
meningeal lymphatic vessels, drainage, and brain-CSF perfusion in
craniosynostosis and aged mice (Preprint). bioRxiv 2023. doi:10.1101/
2023.09.27.559761.

105. Patel SK, Konstantinou C, Hakeem AR, Wah TM, Karakantza M,
Bell R, Ng KC, Beech DJ, Lichtenstein L, Prasad KR. Ex vivo human
liver hyperperfusion model: study protocol to understand the patho-
physiology and identify strategies for reduction of small-for-size syn-
drome (Preprint).medRxiv 2025. doi:10.1101/2025.10.02.25337152.

HEPATOBILIARY PIEZO1

AJP-Cell Physiol � doi:10.1152/ajpcell.00782.2025 C433

Downloaded from journals.physiology.org/journal/ajpcell (2A0A:EF40:0C20:C001:42F2:8B44:452F:D8BD) on February 3, 2026.

https://doi.org/10.7150/thno.99514
https://doi.org/10.1182/blood.2021014614
https://doi.org/10.1016/0270-9139(91)90055-z
https://doi.org/10.1016/0270-9139(91)90055-z
https://doi.org/10.1016/j.surg.2004.03.012
https://doi.org/10.1006/niox.2001.0373
https://doi.org/10.1002/hep.24560
https://doi.org/10.1002/hep.24560
https://doi.org/10.1073/pnas.95.23.13829
https://doi.org/10.1016/j.gendis.2024.101321
https://doi.org/10.1021/acs.nanolett.7b00177
https://doi.org/10.1186/s40164-024-00591-7
https://doi.org/10.1186/s40164-024-00591-7
https://doi.org/10.1063/5.0210134
https://doi.org/10.1063/5.0210134
https://doi.org/10.1002/mc.22831
https://doi.org/10.1080/15384047.2022.2060015
https://doi.org/10.1080/15384047.2022.2060015
https://doi.org/10.1016/j.heliyon.2023.e19208
https://doi.org/10.1016/j.lfs.2022.121035
https://doi.org/10.1080/19336950.2022.2099381
https://doi.org/10.1016/j.omtn.2021.02.026
https://doi.org/10.1016/j.omtn.2021.02.026
https://doi.org/10.1002/cac2.12364
https://doi.org/10.1186/s12935-022-02574-2
https://doi.org/10.1016/j.canlet.2023.216597
https://doi.org/10.1016/j.canlet.2023.216597
https://doi.org/10.1016/j.livres.2025.01.002
https://doi.org/10.1016/j.ceca.2021.102367
https://doi.org/10.1186/s12964-025-02289-7
https://doi.org/10.1186/s12964-025-02289-7
https://doi.org/10.1016/j.heliyon.2022.e10301
https://doi.org/10.1016/j.heliyon.2022.e10301
https://doi.org/10.7554/eLife.07369
https://doi.org/10.7554/eLife.07369
https://doi.org/10.1111/bph.15996
https://doi.org/10.1111/bph.14188
https://doi.org/10.1021/bi200770q
https://doi.org/10.1182/blood.2023021465
https://doi.org/10.1182/blood.2023021465
https://doi.org/10.1016/j.ejphar.2023.175951
https://doi.org/10.1016/j.isci.2019.10.037
https://doi.org/10.1016/j.isci.2019.10.037
https://doi.org/10.1016/j.biopha.2020.110796
https://doi.org/10.1101/2023.09.27.559761
https://doi.org/10.1101/2023.09.27.559761
https://doi.org/10.1101/2025.10.02.25337152
https://doi.org/10.1152/ajpcell.00782.2025

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16
	bkmk_bookmark_17


