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Mechanobiology is a domain of interdisciplinary research that aims to explore the impact of physical
force, applied externally or internally, on cell and tissue function, including development, growth, and
differentiation. Mechanotransduction is a term that describes how cells sense physical forces (such as
compression, stretch, and shear stress), convert them into biochemical signals, and mount adaptive
responses integrated by the nucleus. There is accumulating evidence that mechanical forces extensively
inform the biological behaviour of liver cells in health and disease. Recent research has elucidated many
cellular and molecular mechanisms involved in this process including the pleiotropic control and diverse
effects of the paralogous transcription co-activators YAP/TAZ, which play a prominent role in mechanotransduction. The liver sinusoids represent a unique microenvironment in which cells are exposed to
mechanical cues originating in the cytoskeleton and at interfaces with adjacent cells, the extracellular
matrix, and vascular or interstitial ﬂuids. In non-alcoholic fatty liver disease (NAFLD), hepatocellular lipid
accumulation and ballooning, activation of inﬂammatory responses, dysfunction of liver sinusoidal
endothelial cells, and transdifferentiation of hepatic stellate cells into a pro-contractile and pro-ﬁbrotic
phenotype have been associated with aberrant cycles of mechanosensing and mechanoresponses. The
downstream consequences of disrupted mechanical homeostasis likely contribute to the progression of
NAFLD and promote the development of portal hypertension, cirrhosis, and hepatocellular carcinoma.
Identiﬁcation of molecular targets involved in pathogenic mechanotransduction will allow for the
development of novel strategies to prevent the progression of liver disease in NAFLD.
Published by Elsevier B.V. on behalf of European Association for the Study of the Liver.

Introduction
Mechanobiology is an interdisciplinary ﬁeld that
studies how physical forces are sensed by cells and
transformed into biochemical signals that regulate
diverse biological processes, such as development,
growth, proliferation, motility, and metabolism.1–3
The physical forces sensed by a cell (Fig. 1A) may
originate from inside the cell itself or from interactions between the cell and its physical
microenvironment, including adjacent cells, the
extracellular matrix (ECM), and surrounding
intravascular or other extracellular ﬂuids that
represent the physical microenvironment of the
cell4,5 (Fig. 1B).
Many molecular and cellular mechanisms
observed in the liver are regulated by mechanical
cues.6,7 Liver sinusoids represent a unique
microenvironment in which a number of cell
types are subjected to a variety of physical forces.
Recent studies on liver cells8–12 have provided
new lines of evidence that mechanical cues play a
signiﬁcant role in the pathogenesis of nonalcoholic fatty liver disease (NAFLD), a widespread disorder associated with heterogeneous
outcomes. NAFLD begins with the accumulation
of lipid droplets in hepatocytes; as the disease
progresses, endothelial dysfunction, impaired

vasoregulation, neoangiogenesis, inﬂammation,
ECM expansion, ﬁbrosis, increased portal
pressure, and hepatocarcinogenesis may be
observed.13–15 Abnormal mechanical forces
appear to be both the sources and consequences
of these structural and functional changes.16–18
Mechanobiology is a rapidly growing ﬁeld of
study, and as such, a comprehensive summary of
the principles of mechanobiology and liver homeostasis is beyond the scope of this review.
Rather, we aim to highlight the role of mechanical
forces in the pathobiology of NAFLD. We hope
that wider recognition of how mechanical perturbations in hepatic sinusoids contribute to
the development of NAFLD will lead to the
identiﬁcation of new molecular and cellular
targets for the prevention and treatment of disease progression.

General aspects of mechanotransduction
Cells are constantly exposed to mechanical perturbations, from both their own contractile machinery and the surrounding environment.
Mechanotransduction describes the process in
which cells sense various physical forces (mechanosensing), convert and transmit these stimuli as

Journal of Hepatology 2022 vol. 77 j 1642–1656

biochemical and mechanical signals (mechanosignalling/mechanotransmission), and mount adaptive responses (mechanoresponses)19 (Fig. 1C).
Physical forces may elicit biochemical responses or
mechanical responses. A mechanical response refers to a change in the geometry or function of the
macromolecular structures located in the ECM,
embedded in the plasma membrane, and/or
involved in the composition of the cytoskeleton
(e.g., actin microﬁlaments, microtubules, and intermediate ﬁlaments) and nucleus (e.g., the nuclear
envelope and nucleoskeleton).4,20 Outcomes of
such changes include modulation of the activity of
transmembrane receptors, variation in ion channel
conductivity, intracellular shuttling, and posttranslational changes, among others.5,21,22
Cell-cell interactions ensure the integrity of
epithelial and endothelial surfaces and regulate
transport mechanisms through these barriers. In
addition, cell-cell interactions allow for sensing of
cell population density, which contributes to the
regulation of cell proliferation (in development and
regeneration as well as carcinogenesis).23,24 Adherens junctions, tight junctions, and desmosomes
are the main structures that anchor adjacent cells
to each other and inform this process25,26 (Fig. 1D).
Adherens junctions are large multimolecular
structures that include the transmembrane protein
epithelial cadherin (E-cadherin) or vascular endothelial cadherin (VE-cadherin) with catenins
located on the cytoplasmic surface.26 Forceinduced conformational changes of the adherens
junction complex lead to the recruitment of many
additional components, including actin-binding
proteins (e.g., vinculin and zyxin).26 Actin-binding
proteins establish a physical connection between
the adherens junction complex and the cytoskeleton and promote the formation of stress ﬁbres,
which are contractile bundles of cross-linked actin
and myosin.26
Cells also receive essential mechanical stimuli
from the ECM, which is a 3D network consisting of
more than 300 different proteins and polysaccharides; it accounts for over 20% of human
bodyweight and is the main source of structural
support in multicellular organisms.27 The ECM
contributes to many cellular functions including
cell metabolism, migration, growth, proliferation,
and repair.4 Cells exhibit anchorage dependence
and bind to the ECM via focal adhesions, which are
specialised, mechanosensitive, multiprotein structures with transmembrane and submembrane
components28 (Fig. 1D). Actin microﬁlaments are
linked to the submembrane proteins while the
ECM is linked to the transmembrane proteins; in
this way, focal adhesions physically connect the
ECM and the cytoskeleton.
Integrins, which are heterodimeric proteins
composed of a and b subunits, are the key transmembrane receptor components of focal adhesions.29 Integrins, depending on their speciﬁc a/b

subunit composition, are activated by a multitude
of extracellular mechanical or biochemical cues
and induce speciﬁc cellular responses.30 Key
integrin ligands include ECM components such as
ﬁbronectin, vitronectin, collagen, and laminin.31
Following the clustering and activation of integrins in response to a conformational change, a
dynamic multiprotein structure is formed by
recruiting various cytoskeletal proteins (e.g., talin
and vinculin) and enzymes (e.g., focal adhesion
kinase [FAK] and Src kinases) to the complex.22
Cytoskeletal proteins connect focal adhesions to
the contractile actomyosin network, while enzymes associated with these complexes activate
downstream effectors (e.g., Rho-family GTPases/
Rho-associated kinase or Rho/ROCK), which
mediate cellular contraction, motility and proliferation, among other functions.4,25
In addition to sensing mechanical cues from
adjacent cells and the ECM, cells perceive physical
forces generated by extracellular ﬂuids, including
intravascular (e.g., blood, lymph), transcellular (e.g.,
bile), and interstitial ﬂuids (Fig. 1D). Endothelial
cells of the blood and lymphatic vascular system
sense hydrodynamic forces associated with ﬂowing
ﬂuid and the hydrostatic pressure of surrounding
ﬂuid through a variety of cell surface components.5,32 Examples of these mechanosensors
include the glycocalyx layer, membrane domains
(such as planar lipid rafts and caveolae, ﬂowsensitive ion channels, G protein-coupled receptors), and modiﬁed cell surface structures (such
as microvilli and cilia).5,33 The impact of ﬂuid shear
stress and other ﬂow- and pressure-related physical stimuli on endothelial cell function (and
dysfunction) has been most extensively studied in
the context of cardiovascular disease. Fluid ﬂow is
associated with tangential shear stress and cyclic
circumferential wall stretch, with turbulent ﬂow
having a more detrimental biological impact
compared to linear ﬂow.34 Excess shear and wall
stress provoke a number of pathological responses,
including endothelial inﬂammation, thrombosis,
ﬁbrosis, and atherosclerosis.32 These mechanical
cues mediate their effects, at least in part, by activating MAP kinases (Erk1/2, JNK, p38, Erk5), Rhofamily GTPases, and AKT serine/threonine kinases
in addition to promoting the release of soluble
bioactive mediators, such as intracellular calcium
and nitric oxide (NO).5
The nucleus integrates cellular responses to
physical forces generated and sensed at cell-cell,
cell-ECM, and cell-ﬂuid interfaces.20 Propagation
of mechanical information from cell surface
mechanosensors (e.g., focal adhesions or adherens
junctions) to the nucleus occurs by mechanotransmission (which takes less than 300 milliseconds) and mechanosignalling (which may take
several seconds).20 These processes share many
components and overlap substantially. Mechanotransmission is mediated by the actin cytoskeleton,
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Fig. 1. General aspects of mechanotransduction. (A) Examples of physical forces affecting cell function, including compression, shear, and stretch. (B) Major
components of mechanotransduction include mechanosensing, mechanosignalling/mechanotransmission, and mechanoresponse. Propagation of mechanical
information may occur through the initiation of intracellular biochemical cascades, which involve enzymes and soluble mediators (mechanosignalling), the
modulation of the cytoskeleton, which physically links membrane structures to the nucleus (mechanotransmission), or both. Mechanoresponses are diverse and
involve biochemical or transcriptional regulation of metabolism, motility, growth, and proliferation. (C) Cells collect mechanical information from their own
contractile machinery (cytoskeleton) and from their microenvironment at interfaces with other cells, the extracellular matrix, and intravascular or other
extracellular ﬂuids. (D) Key cellular mechanosensors at various interfaces transmit mechanical information to the nucleus through physical linkage (via LINCs)
and/or through chemical signalling (via the NPC). There is extensive crosstalk between components. (E) The paralogous transcriptional co-activators YAP and TAZ
have a prominent role in mechanotransduction. YAP/TAZ activity is controlled through cytoplasmic phosphorylation and subsequent proteasomal degradation.
This phosphorylation is primarily regulated by the evolutionarily conserved Hippo pathway, which includes MST1/2 and LATS1/2 kinases. These kinases integrate
mechanical cues with a variety of other stimulatory or inhibitory inputs (large unﬁlled arrow) and regulate YAP/TAZ availability for nuclear translocation. In the
case of YAP, nuclear import depends on the size of the NPC, which can be stretched open by the contractile cytoskeleton. GPCR, G protein-coupled receptor;
LATS1/2, large tumour suppressor kinases 1 and 2; LINC, linker of nucleoskeleton and cytoskeleton; MST1/2, mammalian sterile 20-like kinases 1 and 2; NPC,
nuclear pore complex; TEAD, transcriptional enhanced associate domain transcription factor; YAP/TAZ, Yes-associated protein/transcriptional coactivator with
PDZ-binding motif.

which directly links cell surface mechanosensors to
the nucleus via a network of adaptor and connector
proteins.20,35 The physical continuum from the cell
surface to the nucleoskeleton enables extracellular
mechanical forces to quickly inﬂuence cellular
processes such as migration, proliferation, and
differentiation.20 Mechanotransmission through
the double membrane bilayer of the nuclear envelope involves LINC (linker of nucleoskeleton
and cytoskeleton), which is a transmembrane
complex including KASH (Klarsicht/ANC-1/Syne-1
homology)-domain proteins or nesprins in the
outer nuclear membrane and SUN (Sad1p, UNC84)-domain proteins in the inner nuclear membrane. KASH-domain proteins are linked to the
actin cytoskeleton, while SUN-domain proteins are
connected to the nuclear lamina, which is a mesh
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of nuclear intermediate ﬁlaments associated
with chromatin.36,37
Mechanosignalling is mediated by diffusible
signalling intermediates. Nuclear pore complexes
(NPCs), which are circular openings formed by the
fusion of the outer and inner nuclear membranes,
add another layer of complexity to mechanosignalling. NPCs are the main gateway for the trafﬁc of
larger proteins and other macromolecules between
the cytoplasm and the nucleus; in this way, NPCs
provide a mechanism for chemical linkages between these two intracellular spaces.38 NPCs
regulate the nucleo-cytoplasmic shuttle of transcriptional regulator molecules by restricting the
movement of molecules according to their size or
conformation.39 Stretch-mediated deformation of
the nuclear envelope may widen NPCs, thus
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Fig. 2. Mechanotransduction in the liver. (A) The liver sinusoid extends from the portal venule to the central vein, as demonstrated in this schematic view. The
liver sinusoid is a low-ﬂow, low-pressure system that is shielded from the higher pressure of terminal hepatic arterioles by specialised endothelial cells; in this
way, the sinusoid is protected from pathologic hydrostatic pressure and ﬂuid shear stress. While terminal hepatic arterioles typically ﬂow into the proximal
portion of the sinusoid, distally merging (pericentral) arterioles are associated with increased shear stress in the sinusoid and are observed more frequently in
steatohepatitis than in the normal liver. The fenestrae of LSECs allow for bidirectional transport of macromolecules (dashed arrows) across the space of Disse,
which separates the sinusoidal blood from hepatocytes. This transport process is subject to zonation; fenestrae of LSECs decrease in size yet increase in number
from the periportal (zone 1) to the pericentral (zone 3) segments of the sinusoid. (B) The LSEC has multiple types of mechanosensors at its interfaces with the
sinusoidal blood, the ECM, and other cells. The LSEC is disproportionately enlarged in this schematic to highlight key mechanosensors. KLF2 is a major
mechanosensitive transcription factor regulating expression of eNOS and VCAM1 in LSECs; local production of NO is responsible for the tonic control of nearby
HSCs, while VCAM1 promotes the adherence of portal blood cells to LSECs. HSC activation is also promoted by disruption of cell-cell junctions with hepatocytes
(black circle). (C) AMPK is an essential link between metabolism and mechanotransduction in hepatocytes. AMPK is the master regulator of energy metabolism,
and it receives mechanical regulatory signals from adherens junctions via LKB1, from focal adhesions via Rho kinases, and from mechanosensitive calcium inﬂux.
In addition, AMPK directly inhibits nuclear translocation of YAP/TAZ, which highlights the complexity of mechano-metabolic circuitry. (D) Metabolic zonation in
liver sinusoids depends on hepatocellular YAP/TAZ abundance, which diminishes along the porto-central axis. CAPZ, an actin capping protein, helps to maintain
the zonation of YAP along the porto-central axis. In the case of YAP (which is approximately 20 kDa larger than TAZ), this mechanism may involve stretchmediated regulation of NPC selectivity. AMPK, AMP-activated protein kinase; CAPZ, actin capping protein; ECM, extracellular matrix; eNOS, endothelial nitric
oxide synthase; ET-1, endothelin 1; FA, focal adhesion; HSC, hepatic stellate cell; GLUT1, glucose transporter 1; LKB1, liver kinase B1; LSEC, liver sinusoidal
endothelial cell; NAFLD, non-alcoholic fatty liver disease; NO, nitric oxide; NPC, nuclear pore complex; OXPHOS, mitochondrial oxidative phosphorylation;
PIEZO1, Piezo type mechanosensitive ion channel component 1; SREBP1c, steroid regulatory element binding protein 1c; VCAM-1, vascular cell adhesion molecule
1; VEGFR3, vascular endothelial growth factor receptor 3; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-binding motif.

reducing their ability to physically restrict the
movement of molecules and thereby facilitating
the nuclear import of cytoplasmic proteins regulating gene expression.38 Force-induced opening of
NPCs has been implicated in the nuclear import of
Yes-associated protein (YAP), a key mediator of
mechanotransduction, as discussed below; however, no such facilitation is needed for its paralogue
transcriptional coactivator with PDZ-binding motif
(TAZ), which has a lower molecular weight.40
The paralogous transcriptional co-activators
YAP/TAZ contribute to the control of cell differentiation, growth, motility, metabolism, and survival.41,42 YAP/TAZ respond to mechanical cues
arising from altered cell density, matrix stiffness,
ﬂuid shear stress, or osmotic stress, although YAP/
TAZ are also regulated by chemical or biological

cues, such as metabolic dysfunction, inﬂammation,
hypoxia, hormones, and growth factors43 (Fig. 1E).
YAP/TAZ have a multitude of transcription targets
and their best-known binding partners belong to
the TEAD (transcriptional enhanced associate
domain transcription factor) family. The availability
of YAP/TAZ as transcriptional co-activators is
negatively regulated by cytoplasmic phosphorylation, which leads to their degradation by proteosomes.44 Phosphorylation of YAP/TAZ is largely
mediated by mammalian STE20-like kinase and
large tumour suppressor kinases of the evolutionarily conserved Hippo pathway, which is regulated
by a variety of mechanical and non-mechanical
stimuli.44 In addition to regulation by phosphorylation, nuclear translocation of YAP/TAZ is also
controlled by physical interactions with other
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regulatory molecules.41,42 Recent work has shown
that YAP is able to dominate the use of the
mechanosensitive nuclear transport receptor
importin 7, thereby preventing nuclear translocation of other cargoes, such as Smad3 and Erk2
kinases, and resulting in signalling crosstalk.45
Several feed-forward loops that amplify the consequences of YAP/TAZ activation have been identiﬁed.46 Ampliﬁcation of YAP/TAZ has implications
for cancer development in advanced liver disease,
as excess activity of YAP/TAZ has been associated
with drug-resistant and high-grade malignancies.43,47 Cell-speciﬁc gain-of-function and lossof-function experiments indicate that the contribution of the ubiquitous YAP/TAZ pathway to major
pathophenotypes, such as inﬂammation, ﬁbrosis,
and carcinogenesis, greatly depends on the speciﬁc
cell type and the speciﬁc cellular response modulated by this pathway.48–50 It is important to note
that YAP/TAZ signalling, as a pleiotropically
controlled pathway that integrates cellular
mechanoresponses, is indispensable for many
physiological functions.41,42

Mechanotransduction in the normal liver
Liver cell types and sinusoidal architecture
The four major types of liver cells (parenchymal
liver cells or hepatocytes, liver sinusoidal endothelial cells, hepatic stellate cells, and Kupffer cells
or resident liver macrophages) are located in close
proximity to each other and interact through
complex endocrine, paracrine, and autocrine
mechanisms. Hepatocytes make up 80% of the liver
mass and are organised into interconnected plates,
which form hexagonal lobules around the central
vein. Liver sinusoidal endothelial cells (LSECs) form
the wall of sinusoidal vascular channels and deﬁne
the space of Disse, which separates hepatocytes
from LSECs and sinusoidal blood.51 Hepatic stellate
cells (HSCs) are located within the space of Disse
and, similar to pericytes in the systemic circulation,
encircle one or more sinusoids with their long
cellular projections.52 Kupffer cells reside in the
sinusoidal lumen and are more abundant in the
vicinity of the portal conﬂuence where they
recognise molecular danger signals derived from
the portal circulation.53
The liver receives a dual blood supply from the
hepatic artery and the portal vein, both of which
feed into the sinusoidal microcirculation (Fig. 2A).
Portal venules become sinusoidal vessels and
merge with terminal arterioles.54 Portal vein
endothelial cells function as inlet sphincters at the
point of conﬂuence to reduce hydrostatic pressure
in the hepatic arterioles, which is 20- to 40-fold
higher than the low-pressure, low-ﬂow vascular
channels of sinusoids.55,56 LSECs are the primary
sensors of ﬂow, stretch, and pressure changes in
the sinusoidal microcirculation. LSECs are specialised endothelial cells that are fenestrated and
lack a basal membrane.51 The fenestrae of LSECs

are transcellular pores with a diameter up to
200 nm, which are grouped into sieve plates of 10
to 100 individual pores and normally occupy 6% to
8% of the endothelial surface.57 Fenestrae in the
sieve plates are surrounded by actin ﬁlaments,
suggesting that the cytoskeleton may deﬁne these
structures.58 Fenestration allows for bidirectional
transport of small substrates between the sinusoidal lumen and the space of Disse.51
Mechanosensitivity of liver cells
Multiple studies have shown that mechanical forces
directly affect the behaviour of various liver cells.
LSECs are constantly exposed to ﬂuid shear stress and
mechanical stretch from sinusoidal blood ﬂow, the
underlying ECM, and adjacent cells.59 Key mechanosensors in LSECs include the stretch-sensitive b1integrin, vascular endothelial growth factor (VEGF)
receptor 3, Notch receptors, and the ﬂow-responsive
PIEZO1 (Piezo type mechanosensitive ion channel
component 1) channels59 (Fig. 2B). Similar to other
endothelial cells, LSECs constitutively express endothelial nitric oxide synthase (eNOS) and release NO, a
key vasodilator molecule that regulates sinusoidal
ﬂow in the liver.51 In healthy liver, HSCs remain
quiescent due to the tonic inhibitory effect of NO
secreted by LSECs.52 However, in the setting of
endothelial dysfunction (which may develop as a
result of mechanical, chemical, or biological injury),
the ability of LSECs to secrete NO becomes impaired;
this loss of inhibition allows for the transdifferentiation of HSCs from a quiescent phenotype to
a contractile, migratory, and pro-ﬁbrotic phenotype.
Diminished bioavailability of NO in the setting of
LSEC dysfunction affects other liver cells in addition
to HSCs. For example, in the setting of diminished
bioavailability of NO, the activity of AMP-activated
protein kinase (AMPK) in hepatocytes is decreased,
which leads to increased fatty acid synthesis, thereby
worsening steatosis and lipotoxicity. Furthermore,
diminished bioavailability of NO is associated with
impaired regulation of Kupffer cells, which ampliﬁes
pro-inﬂammatory responses.13,60–62
A major regulator of endothelial NO production
is Kruppel-like factor 2 (KLF2), a mechanosensitive
transcription factor that induces genes with antiinﬂammatory and anti-ﬁbrotic effects and represses genes encoding for adhesion molecules
such as vascular cell adhesion molecule 1
(VCAM1).63 It has been shown that hepatic
expression of KLF2 is increased in experimentally
induced liver ﬁbrosis; furthermore, LSECs isolated
from these ﬁbrotic livers respond to ﬂuid shear
stress more vigorously than those from control
livers, suggesting that KLF2 expression may
represent a compensatory, vasoprotective mechanism.64 Enhanced KLF2 expression has been
implicated as a mechanism through which statins
exert their beneﬁcial effects on the functions and
paracrine interactions of LSECs and HSCs in
advanced liver disease.65,66
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Although shielded from the direct ﬂuid shear
stress of sinusoidal blood ﬂow, hepatocytes are
exposed to mechanical forces at their interfaces
with the ECM and HSCs in the space of Disse. It has
been demonstrated that hepatocyte-speciﬁc functions (such as albumin synthesis and glycogen
storage) are impaired, and cell proliferation
markers are more pronounced, in hepatocytes
cultured on collagen matrices of increasing rigidity,
implying that ECM stiffness has a direct effect on
hepatocyte function and proliferation in vitro.67
Moreover, it has been shown that hepatocellular
FAK and Rho/ROCK activity is increased in association with enhanced focal adhesion assembly near
ﬁbrotic tracts in livers with experimentally induced
ﬁbrosis, providing further evidence for stiffnessinduced mechanoresponses in hepatocytes.67
Recent work using a 3D model of hepatocytes
and LSECs in the liver sinusoid has provided insight
into the response of hepatocytes to multiple mechanical cues.12 In this experimental system, a
porous membrane was used to separate hepatocytes, which were cultured on collagen gels of
variable stiffness, from a monolayer of LSECs,
which were subjected to variable ﬂuid shear stress.
In this way, the direct effects of matrix stiffness and
the paracrine effects from ﬂow-stimulated LSECs
were studied simultaneously in hepatocytes.12 In
this model, hepatocytes seeded in stiffer matrices
produced less albumin and had decreased cytochrome P450 reductase expression; in contrast,
shear stress on LSECs had a bimodal effect on hepatocytes, with lower shear stress levels enhancing
the metabolic functions of hepatocytes and higher
shear stress resulting in loss of the hepatocellular
phenotype.12 These ﬁndings illustrate the role of
cell-cell interplay in the complex mechanoresponsiveness of hepatocytes exposed to combined
mechanical cues in liver sinusoids.
Although HSCs abut LSECs in the space of Disse,
their contact with LSECs is smooth without direct
cell adhesion. In contrast, HSCs extend thorn-like
projections or spines to establish adherens junctions with neighbouring hepatocytes via E-cadherin11 (Fig. 2B). In liver injury, these cell-cell
contacts between HSCs and hepatocytes become
disrupted, which may be a critical event required
for HSC activation through TAZ-mediated mechanotransduction.11 A potential explanation for
these intriguing ﬁndings is found in prior evidence of crosstalk between various types of
mechanosensory units at cell-cell and cell-ECM
interfaces. Speciﬁcally, enhanced engagement of
integrin-based adhesion complexes, due to
increased matrix stiffness, augments actomyosin
traction force and disrupts cadherin-based adherens junctions, highlighting the important role of
the cytoskeletal network in integrating diverse
mechanosensory information and generating
cellular mechanoresponses.68,69

Hepatic metabolism and mechanotransduction
Accumulating evidence indicates that the role of
the liver in energy metabolism, biotransformation,
and detoxiﬁcation is regulated by mechanosensitive pathways, although many details of this relationship remain incompletely understood.70,71 It is
clear, however, that mechanoresponses, such as
actin polymerisation and actomyosin-mediated
contractility (which allow the cell to retain its
structural integrity or to change its volume, geometry, or location), are energetically costly and
must be coordinated with biochemical responses.
Accordingly, the actin cytoskeleton may act as a
sensor of metabolic activities through its physical
interactions with intracellular enzymes and signalling molecules.72
The cytoskeleton is linked to AMPK, a key
regulator of energy metabolism that favours catabolic activity at the expense of biosynthetic pathways.71 Application of tensile force to E-cadherin
stimulates liver kinase B1 to recruit AMPK to the
adherens junction.73 AMPK is also activated by
mechanosensitive calcium inﬂux at focal adhesions and Rho kinases associated with focal adhesions.74 Activated AMPK stimulates glucose uptake
and ATP production while inhibiting SREBP1 (sterol regulatory element binding protein 1), a key
promoter of lipid biosynthesis75 (Fig. 2C). Several
studies using various cell culture systems have
identiﬁed YAP/TAZ as key metabolic regulators. In
pulmonary arterial endothelial cells and HEK293
human embryonic kidney cells, YAP/TAZ are
powerful inhibitors of gluconeogenesis and stimulators of glycolysis and glutaminolysis, which are
required for nucleotide biosynthesis and cell proliferation.76,77 In HEK293 cells and MCF10 human
breast epithelial cells, the activity of mechanosensitive YAP/TAZ is blocked by AMPK during
cellular energy stress, indicating an important
connection between mechanotransduction and
metabolism.78,79 In rat myoﬁbroblastic HSCs, HSC
activation and liver ﬁbrogenesis are disrupted by
suppression of glutaminolysis via YAP inhibition or
knockdown, thus illustrating the complex relationship between mechanosensitive pathways and
metabolic regulation.80
Metabolic functions are zonated in the liver,
meaning hepatocytes perform different functions
depending on their location across the periportal to
pericentral axis of the sinusoid.81 Periportal hepatocytes in zone 1 (which is rich in oxygen and
nutrients) are responsible for b-oxidation, gluconeogenesis, urea and protein synthesis, and lipid
metabolism, while pericentral hepatocytes in zone
3 (which has less oxygen and fewer nutrients) are
mostly engaged in glycolysis, xenobiotic biotransformation, and glutamine synthesis.81 Nuclear
expression of YAP gradually diminishes along the
porto-central sinusoidal axis and becomes essentially absent in pericentral hepatocytes82 (Fig. 2D).
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Fig. 3. Mechanotransduction in NAFLD. (A) Steatosis and steatohepatitis disrupt the mechanical homeostasis of the liver sinusoids. Examples of impediments to
sinusoidal ﬂow include external compression of the sinusoids by ballooned hepatocytes, vasoconstriction of the sinusoids by activated HSCs, and intravascular
microthrombi. Squiggled arrow represents turbulent ﬂow in the sinusoid channel. (B) Aberrant physical forces, detected by mechanosensors on LSECs, provoke
mechanoresponses that perpetuate LSEC dysfunction. (C) Stretch and compression are detected by the liver sinusoidal cells (including LSECs, HSCs, and hepatocytes) and trigger responses that promote ﬁbrosis in the sinusoids. For example, excessive shear stress leads to diminished activity of eNOS in LSECs. Previously
quiescent HSCs, now uninhibited by lack of NO, are activated and transform into myoﬁbroblasts. Myoﬁbroblasts, in turn, greatly expand the ECM by producing
collagen and other ﬁbrillar proteins. Production of ﬁbronectin promotes ﬁbril assembly while cross-linking via LOX/LOXL enzymes results in dense, increasingly
irreversible ﬁbrosis. Matrix stiffness induces the formation of the perinuclear actin cap, which is a dome-like structure that is assembled on the apical surface of
the nucleus and composed of contractile actin ﬁlament bundles containing phosphorylated myosin. The perinuclear actin cap regulates the shape of the nucleus,
which may facilitate the nuclear import of YAP (which is approx. 20 kDa larger than TAZ) and affect chromatin regulation. YAP/TAZ activity contributes to the
maintenance of this altered microenvironment; for example, TAZ expression induces Ihh signalling, which activates HSCs and thereby propagates ﬁbrosis. (D)
Mechanoresponses likely contribute to NAFLD-associated hepatocarcinogenesis. Many pro-oncogenic events are linked to hepatocellular YAP/TAZ activity, which
is promoted by increased matrix stiffness but may also result from nuclear deformation due to macrovesicular steatosis (as depicted in panel 3A). Additional
paracrine mechanisms such as agrin-mediated VEGF production may also contribute to the development of HCC. See the main text for further details. For
simplicity, several liver cell components (e.g., bile duct cells, recruited immune cells) are not shown. CXCL1, chemokine (C-X-C motif) ligand 1; ECM, extracellular
matrix; eNOS, endothelial nitric oxide synthase; ET-1, endothelin 1; GLUT3, glucose transporter 3; HCC, hepatocellular carcinoma; HSC, hepatic stellate cell; Ihh,
Indian hedgehog; IL-6, interleukin 6; IRS2, insulin receptor substrate 2; KC, Kupffer cells; LSEC, liver sinusoidal endothelial cell; LOX, lysyl oxidase; LOXL, LOX-like;
NAFLD, non-alcoholic fatty liver disease; NET, neutrophil extracellular trap; NO, nitric oxide; NOX2, NADPH oxidase 2; NPC, nuclear pore complex; PDGF, plateletderived growth factor; PD-L1, programmed cell death receptor ligand 1; TGF, transforming growth factor; TNFa, tumour necrosis factor alpha; VCAM-1, vascular
cell adhesion molecule 1; VEGF, vascular endothelial growth factor; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-binding motif.

Manipulation of this gradient of YAP expression
results in a striking loss of metabolic zonation,
meaning YAP is a rheostat that determines the
‘zonal identity’ of hepatocytes.82 Recent research
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has shown that CAPZ, an actin capping protein
blocking actin polymerisation, maintains the pericentral zonation of YAP independently from the
Hippo pathway, thus demonstrating that the
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rheostat function of YAP is closely linked to acto- sinusoidal endothelium and facilitates the formamyosin contractility.83
tion of microvascular thrombi.51 In addition, sinusoidal congestion increases stretch on LSECs,
Mechanical cues and responses in NAFLD
which induces Notch-dependent release of
Altered liver cell morphology and spatial
neutrophil chemotactic chemokine CXCL1.94 The
constraints
release of CXCL1 further hinders sinusoidal ﬂow
Liver sinusoids in NAFLD undergo a number of by promoting the formation of neutrophil extrastructural changes that involve pathways of cellular traps.94 In summary, altered vasomechanotransduction (Fig. 3A). There is evidence regulation, inﬂammatory and ﬁbrotic expansion of
that mechanical homeostasis is disrupted from the interstitial space, and obstruction of the
the earliest stages of NAFLD. In severe steatosis, microvasculature disrupt the mechanical homeolipid-laden hepatocytes encroach upon the sinu- stasis of the liver sinusoids in NAFLD.
soidal space, leading to tortuous and narrowed
sinusoids.84,85 Sustained steatosis induces lip- Fibrosis
otoxicity in hepatocytes, which is associated with Fibrosis (collagen deposition) is characterised by
endoplasmic reticulum stress, mitochondrial mesenchymal cell inﬁltration and proliferation in
dysfunction, and cell death (lipoapoptosis).86,87 the interstitial space.95 In acute liver injury, ﬁbrosis
Hepatocellular ballooning, which is a key is a self-limited multicellular repair response
morphological manifestation of lipotoxicity seen controlled by negative feedback; it is reversible and
in non-alcoholic steatohepatitis (NASH), reﬂects serves a beneﬁcial role by providing mechanical
cytoskeletal disruption in liver cells.88 Ballooned stability and scaffolding to guide reparative prohepatocytes may double their diameter compared cesses.96 In contrast, ﬁbrosis becomes a pathologto their original size, augmenting the effect of ical response in chronic liver injury, wherein
steatosis on the sinusoidal space.89 Recent elec- functional regeneration is sacriﬁced as the liver
tron microscopy studies on human steatotic livers parenchyma becomes progressively replaced by
have identiﬁed another mechanism of sinusoidal ﬁbrous tissue4 (Fig. 3C).
obstruction in NAFLD, termed single-cell steatoThe activation and transdifferentiation of
necrosis; in this process, fat is extruded from HSCs into myoﬁbroblasts is essential to the develdying hepatocytes, resulting in the formation of opment of liver ﬁbrosis.52 HSC activation in NAFLD
lipid emboli within the sinusoidal channels.90
occurs through several mechanisms, many of
In response to physical, chemical, and biolog- which involve mechanical cues and positive feedical injury, LSECs exhibit progressive loss of their back. Paracrine signalling in liver sinusoids confenestrated endothelium and form a basement tributes to HSC activation; some of this signalling
membrane in a process termed capillarisation.91 involves mechanosensitive components such as
These structural changes initiate additional ﬁbronectins, which are among the ﬁrst matrix
cellular responses that affect various aspects of proteins upregulated after liver injury.6 The relasinusoidal microcirculation (Fig. 3B). As discussed, tionship between diminished NO bioavailability in
the activity of eNOS decreases in dysfunctional the setting of LSEC dysfunction and loss of tonic
LSECs. Decreased bioavailability of NO leads to inhibition of HSCs has already been discussed.
disruption of NO-mediated vasoregulatory re- However, dysfunction in other cell types also consponses, including loss of inhibitory control over tributes to the activation and transdifferentiation
HSCs.63 Uninhibited HSCs contract around the si- of HSCs in NAFLD. Steatotic and injured hepatonusoids (via upregulation of smooth muscle pro- cytes release mediators (through VEGF and
teins actin and myosin) and begin to produce ECM hedgehog signalling pathways, among others) that
components, which accumulate in the space of stimulate nearby HSCs. Similarly, activated Kupffer
Disse; in this way, activated HSCs increase intra- cells release pro-inﬂammatory chemokines and
hepatic vascular resistance through both func- cytokines that activate nearby HSCs.97 Stretch
tional and structural mechanisms.13,92 Activated forces stimulate release of ﬁbronectin from HSCs
HSCs also release VEGF and chemokines such as and promote ﬁbril assembly through the involvemacrophage colony-stimulating factor and mono- ment of b1-integrin and the actin cytoskeleton.98
cyte chemoattractant protein-1, which promote ECM cross-linking and stabilisation by lysyl
inﬂammation and lead to disorganised angiogen- oxidase (LOX) and LOX-like (LOXL) enzymes,
esis. Capillarised LSECs secrete proﬁbrogenic cy- which are primarily produced by activated HSCs,
tokines such as transforming growth factor b1, result in a dense matrix that is resistant to proplatelet-derived growth factor, interleukins, teolytic degradation by enzymes such as matumour necrosis factor a (TNFa), and VEGF; these trix metalloproteinases.99,100
cytokines promote HSC transdifferentiation into
Small increases in ECM rigidity have been
myoﬁbroblasts, induce neoangiogenesis, and re- shown to promote the clustering of integrins and
cruit inﬂammatory cells.14,93 Moreover, capil- the assembly of focal adhesions as well as the
larised LSECs overexpress VCAM-1, which formation of a perinuclear actin cap (in which
promotes adherence of blood cells to the stress ﬁbres are wrapped around the nucleus,
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Cells in liver sinusoids
receive mechanical cues
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from interfaces with adjacent cells, the extracellular
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interstitial ﬂuids.
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Steatosis, hepatocyte
ballooning, inﬂammation,
endothelial dysfunction,
vascular changes, and
ﬁbrosis generate abnormal
mechanoresponses that
contribute to the progression of NAFLD.
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thereby forcing nuclear compression).101 In addition, changes in ECM rigidity have been shown to
affect the behaviour of multiple types of liver
cells, as illustrated in a recent elegant work in
which different types of liver cells obtained from
normal and cirrhotic rat livers were cultured on
matrices of variable stiffness.8 In this model, culture of liver cells derived from normal rat livers on
stiff matrix (30 kPa) resulted in nuclear deformation and unfavourable modulation of cell
functions in hepatocytes (e.g., reduced albumin
synthesis and reduced expression of hepatocyte
nuclear factor 4a), HSCs (e.g., increased formation
of stress ﬁbres), and LSECs (e.g., capillarisation
and reduced NO generation); no such mechanoresponses were seen when the same cells were
cultured on soft matrix representing physiological
stiffness (0.5 kPa).8 Furthermore, culture of liver
cells obtained from cirrhotic rat livers on soft
surfaces (mimicking healthy conditions) resulted
in improvements in the abnormal nuclear geometry and phenotypic markers initially observed in
these cells.8 Lastly, interruption of mechanotransmission (via application of cytoskeletal disruptors or transfection of nesprin1 with a
dominant-negative KASH domain) was shown to
prevent nuclear deformation and improve the
function of healthy liver cells cultured on stiff
matrix, indicating that the nucleus-cytoskeleton
connection is critical in mediating stiffnessinduced changes.8
Multiple lines of evidence have demonstrated
that the mechanosensitive YAP/TAZ pathway is an
important component of the liver ﬁbrosis
response. Increased TAZ expression has been
found in the livers of humans with NASH-related
ﬁbrosis and in the livers of several murine
models of NASH.102 TAZ expression has been
shown to promote ﬁbrosis by inducing Indian
hedgehog signalling, which activates HSCs.102 In
an experimental model of NASH, silencing of the
Taz gene in hepatocytes prevented and even
reversed the development of liver inﬂammation
and ﬁbrosis without affecting steatosis; in
contrast, forced expression of TAZ in hepatocytes
promoted the progression from steatosis to steatohepatitis.102 Increased YAP expression has been
found in the livers of patients with NAFLD-related
ﬁbrosis and in the livers of mice with cholinedeﬁcient diet-induced NAFLD.9 In an experimental model of NAFLD, YAP deletion was shown
to prevent liver ﬁbrosis. Interestingly, in the same
work, in vitro application of free fatty acids to
human-derived hepatocytes appeared to promote
activation of p38 kinase and increase expression
of YAP target genes, thereby highlighting the
complex interplay between lipid metabolism,
mechanotransduction,
and
ﬁbrogenesis
in
the liver.9

Haemodynamic changes and neoangiogenesis
Physical forces related to early structural and
functional changes in NAFLD (e.g., steatosis, hepatocellular ballooning, inﬂammatory expansion of
interstitial ﬂuids, increased vasoreactivity) alter
sinusoidal blood ﬂow and may have a major impact
on disease progression. In addition, perisinusoidal
ﬁbrosis (which refers to collagen deposition in the
space of Disse) is an early feature seen in NAFLD
and has been associated with increased sinusoidal
pressure.103 Because LSECs reside in a low-pressure
zone, a small absolute change in sinusoidal pressure is not negligible; indeed, a mere 5 mmHg increase from the normal portal pressure gradient
deﬁnes clinically signiﬁcant portal hypertension.104
Clinical observations have indicated that even
mildly or moderately increased portal pressure is
associated with increased risk of adverse outcomes
in NAFLD.105 In addition, accumulating evidence
suggests that sinusoidal pressure may already be
increased in early NAFLD (even when steatosis is
the only histological feature of disease).106
As discussed earlier, the liver sinusoid is shielded from the higher pressure of terminal hepatic
arterioles by specialised portal vein endothelial
cells. Most often, terminal hepatic arterioles merge
into the proximal portion of the sinusoid. Occasionally, terminal hepatic arterioles drain into more
distal sinusoidal segments, which results in higher
pressure and shear stress in the distal sinusoid.107,108 These ‘pericentral’ arterioles are common in steatohepatitis with advanced ﬁbrosis,
suggesting an association between increased
ﬂuid shear stress, neoangiogenesis, and disease progression.109
Neoangiogenesis is a complex process that
contributes to the progression of chronic liver disease.110 Ex vivo perfusion of mouse livers and
in vitro mechanical stretching of primary cultured
human LSECs have been shown to activate b1
integrins and VEGF receptor 3, indicating that
mechanotransduction alone is sufﬁcient to turn on
angiocrine signals, including hepatocyte growth
factor and pro-inﬂammatory cytokines such as
interleukin-6 and TNFa.111 Pro-angiogenic pathways may be activated early in the course of
NAFLD.112 Recent work has demonstrated that
serum VEGF concentrations are elevated in patients
with steatosis and steatohepatitis compared to
healthy individuals.113 Furthermore, in experimentally induced steatosis, serum VEGF has been
shown to rise within 3 days, indicating that
angiogenic factors are activated before any signiﬁcant ﬁbrosis develops.114
While increased ECM stiffness and ﬁbrosis
generate pro-angiogenic mediators and provide a
scaffold for endothelial cell anchorage and migration during angiogenesis,29 mechanical forces from
haemodynamic changes and vascular remodelling
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↓ Shear (↓ sinusoidal flow/pressure)
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↓ transcriptional co-activation)
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Fig. 4. Mechanotransduction as a therapeutic target in NAFLD. The schematic illustrates multiple mechanics-based strategies to be further explored in the
management of NAFLD. Potential targets include reduction of mechanostress by mitigating physical forces or intervening at various stages of mechanotransduction to alter mechanosensing, mechanosignalling/mechanotransmission, and/or mechanoresponses of key cellular components of liver sinusoids. See the
main text for further details. eNOS, endothelial FAK, focal adhesion kinase; HSC, hepatic stellate cell; LSEC, liver sinusoidal endothelial cell; VEGF, vascular
endothelial growth factor; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-binding motif.

of liver sinusoids perpetuate ﬁbrosis, suggesting a
bidirectional relationship. In a study using 3D
ﬁbrotic microniches of LSECs and HSCs, mechanical
forces related to the migration and capillarisation
of LSECs were shown to induce HSC activation and
ﬁbrosis.115 Moreover, application of agents with
anti-angiogenic effects (including sorafenib,
captopril, and a neutralising antibody against VEGF
receptor 2) prevented early-stage ﬁbrosis in these
microniches, further supporting the notion that the
mechanical tension generated during angiogenesis
contributes to the progression of ﬁbrosis.115 In
summary, ﬁbrosis is not a prerequisite for the
initiation of portal hypertension in NAFLD. Rather,
sinusoidal pressure in NAFLD may increase
response to steatosis, inﬂammation, and angiogenesis in the absence of ﬁbrosis. This concept
supports the new paradigm of a bidirectional
pathogenetic relationship between sinusoidal
pressure and ﬁbrosis, which is in part mediated
through mechanosignalling.116,117

increased ECM stiffness has been associated with
higher levels of agrin, which is a proteoglycan with
pro-angiogenic and oncogenic properties that is
secreted by activated HSCs.120,121 Agrin facilitates
sustained FAK activity and VEGF signalling, leading
to cytoskeletal rearrangements and activation of
YAP/TAZ, and ultimately appears to promote the
development of HCC.122 Indeed, persistent activation of mechanosignalling pathways involving YAP/
TAZ has been linked to the development of many
cancers, including HCC, through a variety of molecular mechanisms47 (Fig. 3D). Recent work has
demonstrated crosstalk between the Hippo
pathway and the tumour suppressor phosphatase
and tensin homolog (PTEN); speciﬁcally, this work
has shown that YAP/TAZ upregulates insulin receptor substrate 2 and mediates the tumorigenic
effects of excessive AKT signalling in PTENdeﬁcient mice, thereby contributing to the development of both steatohepatitis and HCC.123 Other
studies have found that YAP activation diverts
substrates away from the energy-consuming proHepatocarcinogenesis
cess of gluconeogenesis and toward glycolysis and
Hepatocellular carcinoma (HCC), which is the most the anabolic process of cell growth, providing evifrequent form of primary liver cancer, usually de- dence that YAP/TAZ supports metabolic reprogvelops in severely diseased livers, such as those ramming in cancer cells.77,79 Hepatocyte-speciﬁc
with excessive ﬁbrosis or cirrhosis, which are deletion of TAZ has been shown to suppress HCC
characterised by dramatically increased liver stiff- development in a diet-induced mouse model of
ness.118 Although there is currently no evidence NASH by preventing increased expression of the
that liver ﬁbrosis plays a direct role in HCC initia- NADPH oxidase 2-encoding gene Cybb and subsetion, multiple cellular and molecular mechanisms quent oxidative DNA damage.124 TAZ has also been
link ﬁbrosis to the emergence, survival, and shown to facilitate immune evasion by upregulatexpansion of malignant cells.19,119 For example, ing the immune checkpoint inhibitor molecule
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Mechanics-based strategies
to reduce the disruption of
sinusoidal homeostasis
represent potential new
approaches to the treatment of NAFLD.

programmed death ligand 1 in human cancer cells.125
Several studies have indicated that up to onethird of HCC associated with NAFLD develops on
non-cirrhotic livers.126,127 However, the pathogenesis and molecular characteristics of NAFLDassociated HCC in the absence of cirrhosis remain
incompletely understood.128,129 Interestingly, recent
work has demonstrated that excessive accumulation
of lipid droplets in hepatocytes disrupts nuclear
mechanosensing and promotes YAP/TAZ activation.10 In this study, YAP localised to the nucleus only
in cells in which large lipid droplets deformed the
nucleus; YAP/TAZ did not localise to the nucleus in
cells with small lipid droplets in which nuclear
sphericity was unaffected. These ﬁndings were
replicated in cultured hepatocytes exposed to
various fatty acids along with the addition of insulin
(to induce the formation of large lipid droplets),10
suggesting that nuclear deformation promotes YAP
translocation. These recent results are consistent
with earlier ﬁndings in which stretching of the nuclear envelope was shown to decrease the ability of
the NPC to mechanically restrict molecular movements, thus allowing for the nuclear import of YAP.40
These provocative observations offer a novel mechanistic link between space-occupying lipid accumulation and the nucleo-cytoplasmic shuttling of
YAP, raising speculations that such mechanisms may
contribute to the early development of HCC in noncirrhotic fatty liver.130

Therapeutic targets in
NAFLD mechanobiology
A wealth of data indicates that disruption of mechanical homeostasis in liver sinusoids has a
profound impact on the development and progression of NAFLD. Identifying therapeutic targets
to prevent or mitigate the impact of physical
forces on liver cells may be an efﬁcient way to
modify biological behaviours such as cell adhesion, differentiation, and proliferation. Potential
strategies focused on mechanical ‘off-loading’
include: preventing the build-up of ECM and
ﬁbrosis; facilitating the regression of tissue stiffness; and decreasing ﬂuid shear stress by normalising sinusoidal ﬂow and pressure.18,131
Alternatively, modulation of mechanosensing
and/or mechanotransmission/mechanosignalling
to reduce the responsiveness of liver cells to
the aberrant physical forces in NAFLD may be
beneﬁcial.18,132,133 The distinction between
these approaches is not necessarily clear-cut, as
mechanoresponses may beget new mechanical
forces in a vicious cycle of disrupted sinusoidal
homeostasis (Fig. 4). For instance, activation of
HSCs by dysfunctional LSECs worsens ﬂuid shear
stress (by increasing sinusoidal vasoconstriction)
and augments matrix stiffness (by promoting ﬁbrosis).
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Interruption of collagen synthesis by inhibiting
the cross-linking activity of LOX and LOXL enzymes or transglutaminases may reduce liver tissue stiffness and break ampliﬁcation loops of
mechanotransduction.18 Local activation of matrix
metalloproteinases that can degrade established
matrix components including collagen may be a
potential strategy.18 Based on earlier ﬁndings that
blockade of Rho/ROCK improves the functional
responses of hepatocytes cultured on stiff matrix,67 use of small molecular Rho/ROCK inhibitors
to modulate aberrant hepatocellular mechanotransduction pathways (including hepatocarcinogenesis) elicited by physical forces stemming from
inﬂammation or ﬁbrosis may prove to be a useful strategy.
Fluid shear stress related to increased sinusoidal
pressure can be reduced by correcting local NO
deﬁciencies associated with LSEC dysfunction.
Statins have been shown to improve eNOS
expression in LSECs and re-establish the tonic
control of HSCs, thereby restoring sinusoid vascular
regulation; this effect appears to be mediated, at
least in part, by inducing expression of KLF2, which
has antiﬁbrotic and vasoprotective effects in the
liver.65,66,134 In addition, statins inhibit 3-hydroxy3-methylglutaryl coenzyme A reductase, which
reduces the amount of geranylgeranyl pyrophosphate required for activation of Rho GTPases,135
thus preventing downregulation of eNOS in the
liver. A similar effect may be achieved with the use
of the AMPK agonist AICAR (5-aminoimidazole-4carboxyamide ribonucleoside), which is known to
enhance hepatic eNOS activity and NO synthesis.136
The feasibility of targeting focal adhesion components to prevent stiffness-induced HSC activation has been demonstrated in vitro by using
various compounds that interfere with mechanotransduction at the cell-ECM interface, such as the
integrin antagonist BS-1417, the FAK inhibitor
defactinib, the cyclin-dependent kinase inhibitor
roscovitine, and two microtubule modulators,
paclitaxel and colchicine.137 Laniﬁbranor, a peroxisome proliferator-activated receptor (PPAR) agonist
that targets all three PPAR isoforms and therefore
has the potential to modulate various mechanoresponses, was shown to normalise LSEC and HSC
phenotypes, improve hepatic microvascular function, and decrease liver inﬂammation, sinusoidal
pressure, and ﬁbrosis in experimental cirrhosis
induced by thioacetamide or common bile duct
ligation.138 Since ﬁbrosis and angiogenesis have a
mutually reinforcing relationship, it is no surprise
that drugs targeting angiogenesis have been shown
to improve liver ﬁbrosis. In a carbon tetrachloride
(CCl4)-induced model of liver injury, vatalanib, a
small molecule VEGF inhibitor, was shown to
reduce LSEC capillarisation and attenuate ﬁbrosis
and angiogenesis.139 In primary cultured HSCs and
LSECs, the mTOR signalling inhibitor and
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rapamycin analogue everolimus was shown
to have similar beneﬁcial effects on ﬁbrosis
and angiogenesis.140
YAP/TAZ is an essential effector of mechanotransduction, making it an appealing therapeutic
target for controlling the effects of physical forces
on liver cells. YAP/TAZ activation has been
strongly linked to oncogenesis, and as such, efforts to identify inhibitors have been a focus in
oncology. Indeed, small-interfering RNA-mediated
silencing of YAP or pharmacological inhibition of
YAP blocks induction of its target genes and HSC
activation in vitro.141 Verteporﬁn, which interrupts
the interaction between YAP and TEAD and is
therefore a potent suppressor of YAP-induced
transcription, was initially designed to be used
as a photosensitiser to treat ophthalmologic conditions associated with neovascularisation; more
recently, it has been studied as a chemotherapeutic in experimental models of several types of
cancers.142 In vivo treatment of ﬁbrotic mice with
verteporﬁn reduces ﬁbrogenesis.141 Curbing YAP
activity via inhibition of its nuclear import may
represent another therapeutic opportunity. However, recent ﬁndings45 indicate that such an
approach may have inadvertent impacts on other
signalling pathways competing for nuclear access.
Moreover, pleiotropic YAP/TAZ is indispensable
for tissue homeostasis and systematic inhibition
remains a logistical challenge in cancer therapy
and for other indications.143 Tissue-speciﬁc and
reversible targeting of YAP/TAZ would thus be
preferable.144 Importantly, the polymorphic effects of statins include diminishment of YAP/TAZ
activity due to their interference with mevalonate
synthesis and with Rho/ROCK signalling.135 In a
recent work, ceramide was found to negatively
regulate YAP/TAZ activity and pharmacologic
blockade or HSC-speciﬁc knockout of acid
ceramidase inhibited YAP/TAZ activity and
reduced matrix stiffness and ﬁbrosis in CCl4induced liver injury.145 In another work, CCl4induced liver ﬁbrosis was attenuated by administration of ﬁsh oil; x-3 polyunsaturated fatty
acids, such as docosahexaenoic acid and eicosapentaenoic acid, were found to mediate these
beneﬁcial effects by targeting YAP/TAZ for proteasomal degradation.146 Further research is
needed to extrapolate these promising early observations and evaluate the safety of inhibiting
YAP/TAZ with the intent to re-regulate mechanotransduction in the diseased liver.

forces due to disrupted sinusoidal ﬂow, increased
ECM stiffness, and dysfunction of the contractile
cytoskeleton profoundly affect the regulation of
cell metabolism, motility, growth, and proliferation, which in turn affect mechanical forces. In this
exceedingly complex process, YAP/TAZ transcriptional co-activators have emerged as key effectors
of mechanotransduction; YAP/TAZ integrate a variety of physical and biochemical signals to regulate cellular behaviour in response to physical
forces. Ongoing exploration of the cellular and
molecular mechanisms linking mechanical forces
in the liver sinusoids to biological function, and
application of this knowledge to the unique pathophysiology of NAFLD, could lead to the identiﬁcation of novel therapeutic targets and the
development of mechanics-based disease management strategies.
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