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Abstract

Mechanobiology is a rapidly emerging field focused on the biological impact of physical forces at the molecular,
cellular, and tissue level. Living cells perceive mechanical cues and transform them into biochemical signals
through mechanotransduction. Mechanotransduction is a complex process that involves mechanosensors (which
are located in the plasma membrane or within the cell) and mechanotransmission to the nucleus (which occurs
either by physical connection between the mechanosensor and the nucleus or by mechanosignaling through
biochemical pathways). Essential biological functions, including development, growth, motility, and metabolism,
depend on the mechanoresponses generated by these events. Multiple lines of evidence indicate that disruption of
mechanical homeostasis may contribute to the pathogenesis of nonalcoholic fatty liver disease (NAFLD), a highly
prevalent metabolic disorder characterized by abnormal accumulation of lipid droplets in hepatocytes (steatosis)
and often associated with inflammation and liver cell injury (steatohepatitis). While predicting individual
predisposition to adverse outcomes in NAFLD remains a challenge, there is increasing evidence that steatosis and
steatohepatitis trigger mechanoresponses that contribute to the early stages of pathogenesis in NAFLD and
critically impact disease progression. Lipid accumulation and lipotoxicity modify liver viscoelasticity, alter the
biomechanics of liver sinusoids, and initiate aberrant pathways of mechanotransduction in hepatocytes and non-
parenchymal liver cells, such as sinusoidal endothelial cells and hepatic stellate cells. Interactions of these cells at
mechanical interfaces with each other, with extracellular matrix, and with sinusoidal blood flow are profoundly
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altered by steatosis and steatohepatitis; such changes may promote a pro-angiogenic and pro-fibrotic milieu. A
better understanding of liver mechanobiology may facilitate the identification of novel molecular and cellular
targets in the management of NAFLD.

Highlights

e Cellular and molecular behavior is regulated by a variety of physical forces;

e Viscoelastic properties of the liver are altered in nonalcoholic fatty liver disease (NAFLD);
e Sinusoidal hemostasis is disrupted by early functional and structural changes in NAFLD;
o Mechanical cues are likely to contribute to all aspects of NAFLD pathogenesis.

Keywords: Steatosis, steatohepatitis, lipid droplets, viscoelasticity, biomechanics, mechanotransduction,
mechanosignaling

INTRODUCTION

The interdisciplinary field of mechanobiology aims to understand how physical forces change the
mechanical properties of living organisms and contribute to the regulation of biological functions including
development, metabolism, growth, and proliferation"’. While the role of mechanical factors in the
pathobiology of hard tissues (such as bone or cartilage) is well established, increasing evidence suggests that
mechanical cues drive many cellular and molecular mechanisms within soft tissues such as the liver>”.,
Indeed, all living cells have the ability to sense and generate physical forces while interacting with their
microenvironment™”. This dialog can be described within the context of mechanical homeostasis, which is
essential for maintaining normal cell functions and regulating cell fate”. The process in which physical
forces arising both inside and outside of the cell evoke biochemical and transcriptional responses is termed
mechanotransduction®”. Mechanotransduction is a complex process that involves mechanosensors (which
are located in the plasma membrane or within the cell) and mechanotransmission to the nucleus (which
may be mediated either by physical linkage between the mechanosensor and the nucleus via the contractile
cytoskeleton or by mechanosignaling through biochemical pathways, including enzymatic cascades and
soluble mediators)™*®,

Nonalcoholic fatty liver disease (NAFLD) is a metabolic disorder rooted in caloric excess and initiated by
steatosis with the potential to culminate in end-stage liver disease or liver cancer"”. From the cellular to the
organ level, the physical properties of the liver are altered in NAFLD™"""*), Accumulation of lipid droplets
disrupts normal biomechanics of the individual hepatocytes, the liver microcirculation, Clearly, liver is an
organ, and the liver at the organ-level."*"?. Moreover, steatosis is often associated with pathologic events
that further perturb the mechanical microenvironment in the liver, including inflammation, endothelial
dysfunction, impaired vasoregulation, neoangiogenesis, and fibrosis"*'”. While mechanotransduction as a
key process associated with liver fibrosis has received increasing attention"**", the contribution of steatosis-
related mechanical changes to the progression of NAFLD remains relatively unexplored. Here, we review
recent advances in our understanding of the interplay between liver biomechanics and the pathobiology of
NAFLD with a focus on the early stages of disease development.

PRINCIPLES AND COMPONENTS OF VISCOELASTICITY IN THE LIVER

In general physical terms, objects exposed to physical forces respond with various degrees of deformation.
In solid materials, this phenomenon is described by the stress-strain relationship, in which stress ¢ denotes
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the magnitude of force F per unit area A (o = F/A) and strain ¢ denotes the fraction of change AL per unit
length L as a dimensionless quantity (¢ = AL/L). Elasticity or stiffness is a key attribute of solid materials,
indicating their ability to resist deformation in response to physical forces”. Elasticity also refers to the
ability of an object to return to its original shape and size when the forces causing its deformation are
removed. The stress-strain relationship in solid materials is linear at low stress levels and can be
characterized by the E elastic modulus or Young’s modulus (E = o/¢)". As stress continues to increase, solid
materials may reach their fracture point and break. In contrast, the deformation of fluids is characterized by
viscosity, which is defined as the resistance of liquids or gases to flow or spread. In considering a fluid phase
between two boundary plates (solid phases), the force per unit area required to move one plate over the
other at a velocity u and at a distance y from the stationary plate will depend on the dynamic viscosity p,
defined by the internal shear stress or friction between adjacent fluid layers according to the formula
F/A = (uly)™.

Most living cells and tissues can be described as viscoelastic, indicating that their physical properties are
determined by coexisting solid and fluid components™. Accordingly, soft tissues such as the liver are not
purely elastic or purely viscous and show inherently more complex (non-linear) mechanical and rheological
characteristics””. The complex modulus of viscoelasticity (G*) is defined as a combination of the storage
modulus (G, reflecting stiffness) and the loss modulus (G”, reflecting viscosity)”*. Stress relaxation (viscous
dissipation) is an attribute of viscoelastic materials that describes how stress may gradually decrease with
time due to improved ability of the system to withstand deformation before reaching the fracture point. In
other words, relaxation denotes a time-dependent reduction in stress under a constant level of strain™. As a
counterpart, creep compliance describes the extent of time-dependent deformation (“cold flow”) of

viscoelastic materials as the rate at which strain increases upon the application of constant stress®’.

From a simplified mechanobiological perspective, the liver is a highly vascular organ with three major
compartments: (i) intravascular (blood, lymph) and transcellular (bile) fluids; (ii) liver cells including
hepatocytes and non-parenchymal cells; and (iii) extracellular matrix (ECM) including interstitial fluid.
These components are organized into complex structural and functional units in which various liver cells
receive and process diverse mechanical information. The mechanical properties, relative proportion, and
interactions of these tissue constituents are important determinants of liver structure and function in health
and disease™*"\.

At any given time, the liver contains 10%-15% of the total blood volume; within the liver, 60% of this blood
volume is found in the specialized liver capillaries called sinusoids"””. Liver sinusoids are low-flow, low-
pressure vascular channels surrounded by the cellular and ECM compartments of the liver. The hepatic
artery supplies one-third of hepatic blood flow, while the portal vein, which collects nutrient-rich blood
from the splanchnic vessels of the gastrointestinal tract, supplies the remaining two-thirds. Terminal
branches of the hepatic artery and the portal vein merge into the sinusoids, which extend from the portal
tract to the central vein.

As the main cell type of the liver, hepatocytes make up 80% of the liver mass and are organized into
interconnected plates, which form hexagonal lobules around the central vein. Liver sinusoidal endothelial
cells (LSECs) form the wall of sinusoidal vascular channels. The basement membrane of LSECs is
fenestrated and lacks basal lamina, making these cells highly permeable”. Sinusoidal fenestrae cluster into
sieve plates that are closely associated with the underlying actin cytoskeleton of LSECs™. LSECs define the
space of Disse, which contains ECM and separates hepatocytes from LSECs and sinusoidal blood
[Figure 1]. Hepatic stellate cells (HSCs) are located in the space of Disse and have long cellular projections



Page 4 of 16 Mitten et al. Metab Target Organ Damage 2023;3:2 | https://dx.doi.org/10.20517/mtod.2022.37

Hepatocyte

Space of Disse

Kupffer cell o o o o LSEC
: | Biliary ductule

Figure 1. Structure of the liver sinusoid with key cellular components. ECM: Extracellular matrix; HSC: hepatic stellate cell; LSEC: liver
sinusoidal endothelial cell.

that encircle one or more sinusoids similar to pericytes in the systemic circulation™. Kupffer cells are liver
macrophages that reside in the sinusoidal lumen and are especially prominent in the vicinity of the portal
confluence where they recognize molecular danger signals derived from the portal circulation.

The extracellular matrix (ECM) is essential to hepatic architecture and physiology””. ECM is an insoluble,
noncellular complex composed of water, proteoglycans, glycoproteins, and fibrillar proteins that provide a
physical scaffold in multicellular organisms"”. Dynamic components of the viscoelastic matrix interact with
mechanosensitive cell surface receptors (e.g., focal adhesions) and influence cell differentiation,
proliferation, migration, and metabolism'®*”. In a healthy liver, ECM forms the dense connective tissue layer
of Glisson’s capsule surrounding the liver and contributes to the boundary between sinusoidal blood and
hepatocytes in the space of Disse, but is otherwise limited””. With the gradual expansion and fibrotic
transformation of ECM, elasticity, rather than viscosity, increasingly dominates the matrix mechanical

properties, which in turn, affects cell behavior.

The coexistence of viscosity and elasticity in the liver tissue represents a diagnostic challenge to the
evaluation of NAFLD. A variety of ultrasound-based methods, such as vibration-controlled transient
elastography (VCTE) and shear wave elastography (SWE), have been developed to reduce the need for liver
biopsy by non-invasively assessing and monitoring chronic liver disease®™. The primary goal of these
diagnostic tools is to determine the degree of fibrosis, which closely correlates with shear wave velocity and
is a key predictor of progression in NAFLD"”. However, additional shear wave characteristics may provide
useful information about other aspects of NAFLD, including pre-fibrotic NAFLD. It has been shown that
shear wave attenuation (SWA) increases with the degree of steatosis”, while shear wave dispersion (SWD)
predicts the degree of necro-inflammation™. In fact, detection of the controlled attenuation parameter
(CAP) based on these principles has become a standard method for the noninvasive assessment of hepatic
fat content*”. However, separated extraction of the elastic and viscous components of the liver from the

[41]

shear wave analysis remains challenging*’, and improvement of these methods is an active area of
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research™*. A more detailed discussion of this rapidly evolving field is beyond the scope of this review.

MECHANOBIOLOGY OF LIPID DROPLET ACCUMULATION IN LIVER CELLS

Lipid droplets (LDs) are dynamic organelles consisting of an inner core of neutral lipids (predominately
triacylglycerols and esterified cholesterol) surrounded by a phospholipid monolayer and primarily
functioning as energy depots in the cell”. As adipocytes mature, they substantially enlarge in size
(hypertrophy) due to the significant accumulation of LDs, which continue to grow and often merge,
inflating the cell and stretching the plasma membrane*’. These events significantly change the viscoelastic
characteristics of mature adipocytes. Studies using atomic force microscopy (AFM), which is a nanoscale
tool for the analysis of biomechanical characteristics at the single-cell level, have found that LDs are 2.5 to
8.3 folds stiffer than the cytoplasm, indicating that higher proportions of LDs lead to increased cellular
stiffness and distortion of the intracellular environment in adipocytes'.

While accumulation of LDs is a physiological process during the maturation of adipocytes, the presence of
LDs exceeding 5% of the cross-sectional area of the liver is considered pathological. Hepatocellular
enlargement due to lipid accumulation may reduce sinusoidal space by as much as 50% compared to a
healthy liver'”. Indeed, in severe steatosis, lipid-laden and engorged hepatocytes compress on the sinusoidal
space, leading to tortuous and narrowed sinusoids**). Deficiencies of various enzymes and structural
proteins involved in the formation, expansion, and degradation of LDs have been implicated in
hepatocellular fat accumulation, which may manifest as macrovesicular steatosis (characterized by one or
more large LDs displacing the nucleus) or microvesicular steatosis (characterized by the presence of
numerous small LDs that do not displace the nucleus)"”. Genetic variants associated with increased risk of
NAFLD have been identified for perilipin 2 (PLIN2), which helps to stabilize LDs and inhibit autophagy of
growing LDs""; for the patatin-like phospholipase domain-containing protein 3 (PNPLA3), which helps to
remove triacylglycerols from the LD core and facilitate the proteasomal degradation of LDs"*?; and for the
protein product of transmembrane 6 family member 2 (TM6SF2), which is normally involved in the
secretion of triacylglycerol-rich lipoproteins'®’. The biology of LDs and their involvement in the
pathophysiology of NAFLD have been summarized in several recent and excellent reviews"” .. Here we
focus on the biomechanical aspects of LDs relevant to steatosis and steatohepatitis.

Multiple efforts have been made to better understand the effects of microvesicular and macrovesicular
steatosis on viscoelasticity at the single-cell level. As in the adipocyte studies referenced above, AFM has
been used to characterize the mechanical properties of single liver cells (human hepatoma cell line HepG2)
containing different amounts of fat. In one study, liver cells were exposed to increasing concentrations of
oleic acid to produce dose-dependent changes in intracellular lipid deposition™. In cells exposed to higher
oleic acid concentrations, LDs were noted to fuse into larger LDs and distort the nucleus. The single-cell
stress-strain relationship was defined through creep compliance, which positively correlated with increasing
lipid concentrations and yielded predictable changes in viscoelasticity of the single cell, even when lipid
content was low!™. Interestingly, staining of F-actin in fat-loaded HepG2 cells indicated no discernible
changes in relation to lipid deposition, suggesting that the observed viscoelastic changes were not due to
cytoskeletal remodeling®™. The authors concluded that liver cells tend to be fluid-like when their lipid
content increases, with less stiffness and more viscosity. While these findings are at odds with earlier studies
on adipocyte stiffness™”, it is unclear whether the differences relate to cell type, experimental methodology,
or detection differences. Given that the single-cell AFM method removes the complexity of the cell’s
mechanical microenvironment, using single-cell level changes to make predictions about the mechanical
properties of the organ as a whole is challenging.
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AFM and single-cell force spectroscopy has also been used to investigate how steatosis of different types and
severity affects cellular biomechanics™”. In one study, rat FaO hepatoma cells were exposed to different
steatosis-triggering agents, including fatty acids, fructose, a combination of fatty acids and fructose, or a
combination of fatty acids and tumor necrosis factor-alpha (TNFa). The largest increase in the size of LDs
(334% as compared to controls) was seen with exposure to the combination of fructose and fatty acids, while
the largest increase in the number of LDs per cell (9-fold as compared to controls), along with the largest
increase in markers of ER stress and hepatocyte damage, was seen with exposure to the combination of fatty
acids and TNFa. The relative elasticity (E,) of single cells, as assessed by single-cell force spectroscopy, was
significantly increased in all exposure groups compared to controls; E, correlated positively with levels of
lipid accumulation and LD size and correlated negatively with cell viability*”. These findings appear to
indicate that single liver cell stiffness mainly depends on the size of LDs, while single liver cell morphology
depends on the number of LDs.

SINUSOIDAL BIOMECHANICS IN STEATOSIS AND STEATOHEPATITIS

Dynamic mechanical analysis, which is a standard method for the mechanical characterization of biological
specimens, has been used to study liver viscosity and elasticity simultaneously in experimental models of
diet-induced fatty liver. Using this method, it was shown that the loss modulus G” is significantly higher in
mild steatosis (S1) compared to no steatosis (So), providing evidence that even modest fat accumulation
increases viscosity of the liver tissue®. At the same time, however, the mathematically derived
microchannel flow model predicts that changes in viscoelasticity of fatty liver at the organ level will directly
impact sinusoidal flow and pressure as microcirculatory fluid channels of the liver sinusoids embedded in a
viscoelastic matrix become increasingly compressed due to steatosis”™” [Figure 2].

The development of steatohepatitis represents an additional mechanical perturbation that further
complicates biomechanical and rheological modeling in NAFLD®". Increasingly inefficient incorporation of
fatty acids and glycerolipid derivatives into LDs results in their retention in the ER, promoting ER stress and
“overflow” into other lipid pathways, which contributes to steatohepatitis via increased production of
ceramides, eicosanoids, and other lipid compounds with toxic effects on the liver™. A key morphological
manifestation of steatohepatitis, which has a significant impact on sinusoidal biomechanics, is
hepatocellular ballooning. Hepatocellular ballooning indicates disruption of the cytoskeleton. Ballooned
hepatocytes may double their diameter over their original size and compress the space of Disse,
contributing to sinusoidal narrowing and distortion™. Hepatocyte enlargement and inflammatory
expansion of interstitial fluids exacerbate the volumetric squeeze of the sinusoids within the liver capsule,
leading to increased stiffness by the stress-strain response and further reducing sinusoidal space’®.
Calculations from liver elastography in an experimental model of diet-induced fatty liver have
demonstrated that hepatocellular ballooning and inflammation are associated with an approximately 20%
reduction of the sinusoidal diameter, representing a significant loss of vascular space**®.. As such, these
viscoelasticity assessments appear consistent with earlier architectural and hemodynamic observations
about the effect of steatosis on liver microcirculation, describing tortuous and narrowed channels and
impaired sinusoidal flow in experimentally induced fatty liver and human fatty liver'****"**). Despite major
methodical advances, significant challenges remain in characterizing physiological and pathological changes

[63]

in blood flow and pressure at the sinusoidal scale

In addition to the impact of external compression, liver sinusoids undergo a number of structural and
functional changes in NAFLD, which further disrupt mechanical homeostasis and contribute to disease
progression. Sinusoidal endothelial dysfunction develops rapidly in experimentally induced NAFLD"***,
LSECs lose their fenestration and build a basal lamina in a process called capillarization"”*”\. The activity of
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Figure 2. Organ-level biomechanics of the liver in steatosis and steatohepatitis. Schematic illustration of sinusoidal compression from
fat accumulation, hepatocellular ballooning and increased interstitial fluid within the confines of the liver capsule, resulting in altered
viscoelasticity and increased stress-strain response in the hepatic vascular space.

eNOS and the generation of NO is diminished in capillarized LSECs; in the absence of NO, previously
quiescent HSCs are activated to a pro-contractile state, leading to sinusoidal vasoconstriction'®. A major
regulator of NO production by LSECs is Kruppel-like factor 2 (KLF2), a mechanosensitive transcription
factor that induces genes with anti-inflammatory and anti-fibrotic effects and represses genes encoding for
adhesion molecules™. Vessel architecture also becomes abnormal in NAFLD. Histologic studies have
demonstrated highly disorganized sinusoids with irregular blood vessels and multiple “blebs”, which are
thought to represent obstructed sinusoids or leakage from disruption of the normal sinusoidal wall'.

Capillarized LSECs secrete cytokines and other bioactive substances that recruit inflammatory cells and
induce adhesion of portal blood cells to the sinusoidal endothelium, promoting the development of
microthrombi and further impeding sinusoidal flow!*'***. LSECs subjected to stretch via chronic sinusoidal
congestion activate mechanosensitive pathways (mediated by mechanosensors such as integrins, Notch
receptors and PIEZO channels) and release the neutrophil chemotactic chemokine CXCL1, promoting the
formation of neutrophil extracellular traps (NETs) and furthering the process of thrombosis””, which is
pivotal for the development of increased intrahepatic vascular resistance as discussed later. Recently,
evaluation of human steatotic livers with electron microscopy identified another potential source of
sinusoidal obstruction in NAFLD: single-cell steatonecrosis, which refers to a process in which fat extruded
from a dying hepatocyte becomes a lipid embolus within the sinusoid channel”. In sum, there are a
number of cellular and molecular mechanisms that affect sinusoidal biomechanics from the inside and
outside, resulting in progressive impairment of hepatic microcirculation from the very early phases of
NAFLD onward [Figure 3].

KEY COMPONENTS OF CELLULAR MECHANORESPONSES

Mechanical cues are detected by molecular sensors on both the cell surface and intracellularly
(mechanosensing) and transmitted through physical continuum between the contractile cytoskeleton
(including actin microfilaments, microtubules, and intermediate filaments) and the nucleoskeleton
(mechanotransmission) or via biochemical cascades involving diffusible intermediates (mechanosignaling)
to generate a variety of adaptive mechanoresponses””. Cellular mechanosensors allow the cell to detect
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Figure 3. Structural and functional changes in steatosis and steatohepatitis disrupt the mechanical homeostasis of the liver sinusoids;
examples of these intravascular and extravascular perturbations are listed on the right. BD: Biliary ductule; ECM: extracellular matrix;
HSC: hepatic stellate cell; KC: Kupffer cells; LSEC: liver sinusoidal endothelial cell; NET: neutrophil extracellular trap.

physical forces generated within the cell and at interfaces with adjacent cells, ECM, and extracellular
fluids" [Figure 4]. Deformation of mechanosensors in the plasma membrane and the nuclear membrane,
caused by these intracellular and extracellular mechanical forces, may expose new protein binding sites,
modulate the activity of transmembrane receptors and associated adhesion molecules, or increase channel/

[7,75,76]

pore conductivity, among other mechanisms

Flow-related physical forces, such as shear stress and hydrostatic pressure, are sensed by various membrane
domains (e.g., planar lipid rafts and caveolae, G-protein-coupled receptors, and flow-sensitive ion channels)
or specialized cell surface structures (e.g., microvilli and cilia) at the cell-fluid interface, primarily by cells
exposed to intravascular fluids (e.g., blood or lymph) or transcellular fluids (e.g., bile)””. Downstream
effectors of these flow-responsive mechanosensors include biochemical signaling cascades such as MAP
kinases, Rho family GTPases, c-Jun amino-terminal kinases, and AKT serine/threonine kinases in addition
to soluble bioactive mediators such as NO and intracellular calcium"’. Major flow-responsive transcription
factors, including members of the KLF family (KLF2 and KLF4), Yes-associated protein (YAP), and nuclear
factor kB (NFxB), transmit mechanical information to the nucleus as discussed below”. Due to their
anatomical position, LSECs are the primary sensors of flow and pressure changes in the sinusoidal
microcirculation, as these cells are prominently exposed to fluid shear stress and hydrostatic pressure™.

Adherens junctions anchor adjacent cells to each other and serve as key mechanosensors of crowding and
compression at the cell-cell interface in monolayers of epithelial cells (e.g., hepatocytes) and endothelial cells
(e.g., LSECs)™. Adherens junctions, which are multimolecular structures involving cadherins in the
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Figure 4. Schematic illustration of mechanical interfaces and components of mechanotransduction. Cells perceive mechanical cues at
their interfaces with other cells, ECM, and intravascular (or transcellular) fluids and covert these signals into biochemical and
transcriptional information. Mechanosensors (green) at the cell surface (e.g., AJ at the cell-cell interface or FA at the cell-ECM
interface) and nuclear membrane (e.g., LINC and NPC) either convey information through the physical connection between the
cytoskeleton and nucleoskeleton (mechanotransmission) or convey information through biochemical signaling pathways utilizing
enzyme cascades and soluble signaling intermediates (yellow). AJ: Adherens junction; ECM: extracellular matrix; FA: focal adhesion;
LINC: linker of nucleoskeleton and cytoskeleton; NPC: nuclear pore complex.

transmembrane portion and multiple adaptor proteins (e.g., catenins) on the cytoplasmic side, establish a
physical connection with the cytoskeleton and promote stress fiber formation from actin and myosin"”.

On the other hand, mechanosensing of stiffness and stretching at the interface of cells with ECM involves
recognition of matrix proteins (e.g., fibronectin, laminin, and collagen) by specific combinations of integrin
heterodimers, which are the key transmembrane receptors of focal adhesions”>*!. Focal adhesions recruit
enzymes (e.g., focal adhesion kinase and Src kinases) to activate downstream effectors, such as the Rho-
family GTPases/Rho-associated kinase pathway>. Similar to adherens junctions, focal adhesions are
physically linked to the contractile cytoskeleton by various submembrane protein components, some of
which are shared with adherens junctions (e.g., vinculin and talin). The interplay between integrin-based
adhesion complexes and cadherin-based adherens junctions is regulated by the contractile cytoskeleton
network, which is essential in developing a balanced cellular response to different mechanical cues® .

Integration of cellular mechanoresponses occurs in the nucleus, which receives information from various
mechanical interfaces by mechanotransmission and mechanosignaling. Mechanotransmission through the
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double membrane bilayer of the nuclear envelope occurs through LINC (linker of nucleoskeleton and
cytoskeleton), which is a transmembrane complex linked to the actin cytoskeleton on one side and to the
nuclear lamina and nuclear matrix on the other side™®*!. Mechanosignaling to the nucleus involves the
import of transcription factors and other macromolecules through the nuclear pore complexes (NPCs),
which are formed by the fusion of outer and inner nuclear membranes®. There is extensive crosstalk
between mechanotransmission and mechanosignaling. For example, stretch-mediated deformation of the
nuclear envelope by the contractile cytoskeleton changes the diameter of NPCs'”, which provides a
regulatory mechanism for the shuttle of transcriptional regulator molecules between the nucleus and the
cytoplasm'™.

YAP and its paralog transcriptional coactivator with PDZ-binding motif (TAZ) have a prominent role in
cellular mechanobiology®*). The YAP/TAZ pathway responds to various mechanical cues and to chemical
or biological changes, such as hypoxia, inflammation, and energy deprivation”*. Cellular abundance of
YAP/TAZ is primarily controlled by proteasomal degradation following phosphorylation by the
evolutionarily conserved Hippo kinases mammalian STE20-like (MST) and large tumor suppressor kinase
(LATS), while the shuttle of YAP/TAZ between the cytoplasm and nucleus is subject to additional physical
and biochemical regulation. Once in the nucleus, binding of YAP/TAZ to the TEAD family of
transcription factors regulates the expression of genes with diverse biological effects””. While excessive
activation of YAP/TAZ has been associated with carcinogenesis”*”, YAP/TAZ signaling is an essential

87,88]

component of mechanical homeostasis in the liver and other organs"**.

MECHANORESPONSES IN LIVER CELLS

As discussed above, the mechanical properties of steatotic and ballooned hepatocytes in NAFLD externally
compress the sinusoids”**). Moreover, inflammation is associated with expansion of the interstitial fluid
and increased stiffness of ECM before significant fibrosis becomes the dominating factor of matrix
rigidity"™. These physical cues trigger mechanoresponses that may contribute to the early stages of NAFLD
pathogenesis in many different ways. Even a small increase in ECM rigidity may be perceived by the cell as
abnormal biomechanical information, thus stimulating integrin clustering and assembly of focal adhesions
to transmit this information to the nucleus via the contractile cytoskeleton and various biochemical
signaling cascades'***”. The importance of cell-ECM interactions in hepatocyte function has been
demonstrated in vitro. Culture of hepatocytes on collagen matrix of increasing rigidity leads to progressively
impaired metabolic functions (e.g., albumin and glycogen synthesis) and inhibition of the hepatocyte
nuclear factor 4o (HNF4a) transcriptional network while strengthening markers of cell proliferation®".
Notably, HNF4a expression in hepatocytes cultured on stiff matrix was rescued by blocking the Rho/Rho-
associated protein kinase pathway, confirming the role of adhesion-associated mechanisms in hepatocellular

mechanosensitivity*.

Similar to hepatocytes, LSECs respond to mechanical cues received from the ECM. Gene ontology analysis
of the proteins associated with focal adhesions in primary human LSECs cultured on soft (0.2 kPa) and stiff
(32 kPa) collagen-coated gels demonstrated recruitment of phosphofructokinase, one of the rate-limiting
glycolytic enzymes, to focal adhesions in LSECs cultured on stiff matrix*. In a stiff milieu, researchers
found that glycolytic enzymes bind to the cytoskeleton and promote stress fiber formation, changing the
conformation of NPCs and thereby allowing NF-«B to access the nuclear chromatin, leading to increased
CXCL1 expression and ultimately causing increased sinusoidal pressure and liver fibrosis*. Inhibition of
glycolysis prevented stiffness-induced angiogenesis in these experiments, corroborating the role of
mechanosensitivity in liver disease progression.
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Recent research has provided insight into the interplay between hepatocytes and HSCs in regulating the
mechanical homeostasis of the liver sinusoids. In the space of Disse, thorn-like projections or spines of
HSCs appear to be physically connected to neighboring hepatocytes via adherens junctions”. However, as
demonstrated in a carbon tetrachloride (CCl,)-induced model of liver injury, adherens junctions between
HSCs and hepatocytes vanish in the setting of hepatocellular ballooning, suggesting that an intact
cytoskeleton is important in maintaining this connection. Moreover, in this model, HSCs that lost their
adherens junctions increasingly displayed a pro-fibrogenic phenotype. These observations suggest that
cell-cell contact between HSCs and hepatocytes may be required to keep HSCs quiescent. However, given
evidence of crosstalk between cadherin-based adherens junctions and integrin-based focal adhesions*"*/, it
is also possible that imbalances at cell-cell and cell-ECM interfaces in this experimental model of NAFLD
contribute to the activation of HSCs.

In addition to receiving mechanical cues at the cell-ECM interface, LSECs are continuously exposed to wall
stretch and fluid shear stress from sinusoidal blood flow””. LSECs and hepatocytes communicate through
paracrine interactions across the space of Disse, and these interactions are mechanosensitive, as exposure of
LSECs to increasing matrix stiffness and shear stress modulates the phenotype of hepatocytes'””. It is
increasingly recognized that mechanical signals, including changes in sinusoidal blood flow, play a key role
in the initiation and termination of liver regeneration. Recent work utilizing a 3-D structural analysis of
the liver sinusoidal network following partial hepatectomy found that increased portal blood flow induces
acute liver growth; this effect involves mechanosensing of hemodynamic changes by LSECs via G-protein-
coupled receptors, intracellular calcium release, and MAPK signaling"™.

Additional aspects of mechanosignaling in the pathogenesis of NAFLD have been recently discussed
elsewhere!”. In the following section, we focus in more detail on an intriguing area of liver
mechanobiology: the potential role of mechanical signals related to steatosis and steatohepatitis as
contributors to the development of portal hypertension in the pre-cirrhotic liver.

MECHANOBIOLOGY OF EARLY PORTAL HYPERTENSION IN FATTY LIVER

How increased sinusoidal pressure (due to early impediments to hepatic microcirculation as discussed
above) may contribute to the complex pathogenesis of NAFLD is not entirely clear, but accumulating
evidence suggests that it is an important mechanical cue that contributes to disease progression in the
nonfibrotic stage of liver disease!®'**'"”!. It is well established that sinusoidal portal hypertension is the cause
of major complications in advanced liver disease. Portal hypertension, which is characterized by increased
intrahepatic vascular resistance followed by the development of splanchnic dysregulation and porto-
systemic collaterals, is defined as a hepatic venous pressure gradient (HVPG) of > 5 mmHg (measured as
the difference between wedged and free hepatic venous pressure)'”. Clinically significant portal
hypertension (CSPH), at which point complications such as ascites and varices may develop, is defined as a
HVPG of 2 10 mmHg"*”. While the significance of subclinical portal hypertension (meaning a HVPG
greater than 5 mmHg but smaller than 10 mmHg) in the pathogenesis of NAFLD remains incompletely

104]

understood™, it has been speculated that mild elevations in sinusoidal pressure contribute to the

progression of fibrosis in NAFLD, suggesting a bidirectional cause-and-effect relationship between portal

hypertension and liver fibrosis"*>"*".

Enlarged spleen size appears to be common in NAFLD, even in the absence of cirrhosis"”'*. It is tempting
to speculate that this finding is a manifestation of non-cirrhotic portal hypertension in NAFLD, and indeed,
increased spleen stiffness on shear wave elastography has been shown to predict liver fibrosis and portal
hypertension"*. However, given the fact that the spleen is an immune organ, its enlargement in NAFLD
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may also reflect chronic inflammation and immune activation, although there has been no correlation
between spleen size and the severity of NAFLD"**. Further studies will be required to clarify this matter.

Early studies in diet-induced animal models of fatty liver described decreased portal blood flow, increased
sinusoidal narrowing, and increased portal pressure in the setting of simple steatosis as compared to
controls'*¥. These findings have been corroborated by subsequent work, indicating that portal hypertension
occurs in experimental NAFLD without significant inflammation or fibrosis'**'*”. It has also been
established that increased portal pressure is associated with vascular hyperreactivity of the sinusoidal vessels
and increased intrahepatic vascular resistance'™'*', Consistent with these experimental data, portal
hypertension and even CSPH have been reported in cases of NAFLD in which fibrosis is mild or even
absent*"'*.. The severity of steatosis may be the only predictor of elevated portal pressure in these clinical

scenarios®**%,

There is also evidence that increased sinusoidal pressure promotes neoangiogenesis in the liver, which is a
characteristic feature of portal hypertension and has been implicated in the progression of NAFLD!"".

Elevated serum VEGF concentrations have been found in patients with steatosis and steatohepatitis
compared to healthy individuals"'”. In experimentally induced steatosis, VEGF levels are increased within 3
days, indicating that angiogenic factors are activated before any significant fibrosis develops"'”. Vessel
perfusion of LSECs in mouse livers perfused ex vivo and mechanical stretching of primary cultured human
LSECs in vitro has been shown to activate p1 integrins and VEGF receptor 3, indicating that
mechanotransduction alone is sufficient to turn on angiocrine signals, including hepatocyte growth factor
(HGF) and pro-inflammatory cytokines, such as interleukin-6 and TNFa!"*. These findings corroborate the
notion that increased sinusoidal pressure represents an essential mechanical cue in the early phases of
NAFLD and may serve as the impetus for pro-angiogenic and pro-fibrotic mechanisms in the pathogenesis.
Further research is needed to identify the precise mechanobiological drivers of the sinusoidal pressure-
fibrosis relationship.

CONCLUSION

Steatosis and steatohepatitis are seen in the early stages of NAFLD, at which point fibrosis, the hallmark
histological feature associated with increased risk of major liver-related complications such as CSPH, is
typically absent. However, it is increasingly recognized that steatosis and steatohepatitis are associated with
molecular and cellular changes that promote the development of fibrosis and contribute to disease
progression. Accumulating evidence indicates that changes in the biomechanics of liver and disruption of
mechanical homeostasis in liver sinusoids during steatosis and steatohepatitis facilitate a pro-angiogenic
and pro-fibrotic milieu. Mechanoresponses in hepatocytes and non-parenchymal liver cells, such as LSECs
and HSCs, to abnormal or excessive mechanical cues have been observed in a variety of clinical settings and
experimental models with implications for adverse outcomes in NAFLD. It is therefore essential to improve
our understanding of liver mechanobiology from the earliest stages of NAFLD to help identify novel targets
in disease prevention and management.
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