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Chapter 54
Introduction to the Molecular Basis 
of Liver Stiffness and Its Relation 
to Mechano-signaling

Sebastian Mueller

�Introduction

Liver stiffness (LS) appears to be a rather complex parameter that is modulated by 
many factors at the systemic, organ-, cellular, and intracellular level. This is primar-
ily the matrix composition of the liver itself such as collagen deposition. Second, 
pressure-related factors contribute largely to LS and, third, liver perfusion. The 
dynamic component of pressure is associated with blood flow and eventually with 
an intact heart action. However, in combination with blood flow, the hepatic resis-
tance and hemorheology also contribute to LS. Finally, there is also a static pressure 
component mainly derived from the vascular filling, e.g., through water retention 
but also characteristics of the vascular wall including muscle action and elastic 
properties. Figure 54.1 highlights all organ systems that are engaged in the control 
of LS. The following paragraphs are far from being complete but are thought to 
describe important aspects to be considered for a better understanding of LS in 
the future.

�Hepatic Blood Flow, Resistance, and Hemorheology

Many hemodynamic aspects of LS have been already discussed elsewhere in this 
book, e.g., in the chapter introducing the “Sinusoidal Pressure Hypothesis.” Some 
aspects listed in Fig. 54.2, however, are new and deserve some additional discus-
sions. More details are also listed in Table 54.1. Thus, capillary pressure is expected 
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to contribute to LS, similar to its role in lungs. Capillary pressure is the pressure 
between two immiscible fluids in a thin tube, resulting from the interactions of 
forces between the fluids and solid walls of the tube. Capillary pressure can serve as 
both an opposing and driving force for fluid transport. The role of capillary pressure 
in liver sinusoids is still largely unexplored, so its role for LS and molecular factors. 
However, it can be assumed that both blood constituents and wall properties con-
tribute to capillary pressure.

This links to hemorheology or blood rheology which is the study of flow proper-
ties of blood and its elements of plasma and cells. Proper tissue perfusion can occur 
only when blood’s rheological properties are within certain levels and it has been 
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Table 54.1  Major factors that affect liver stiffness and examples

LS factors Examples
Example of LS 
elevation

Examples of LS 
decrease

Tissue matrix Collagen Liver cirrhosis
Amyloid Amyloidosis

Pressure 
hemodynamics

Static Elasticity of 
vascular bed

Vasoconstriction
–  Adrenaline
–  Noradrenaline

Vasodilatation
–  Nitrates
–  β-blockers

Filling status Water retention
–  RAAS
–  Aldosterone
–  Antidiuretic 
hormone

Treatment with 
diuretics
–  Furosemide
–  Spironolactone

Osmotic pressure Hyponatremia
Oncotic pressure Hypalbuminemia

Dynamic Hepatic inflow
Hepatic artery Elevated arterial 

pressure
Increased cardiac 
output
Increased heart rate
Sympathetic action

Hypotonia
Parasympathetic 
action

Portal vein Elevated portal flow Lowered portal 
pressure

Hepatic outflow
Hepatic veins Congestion Blood loss
Common bile 
duct

Cholestasis Choleresis

Hemorheology Hematocrit
Red blood cell 
deformability
Red blood cell 
aggregation
Plasma viscosity

Elevated blood 
viscosity
–  Dehydration

Lowered blood 
viscosity
– � Dilution, platelet 

inhibition, 
heparins

Hepatic 
resistance

Capillary 
pressure

Endothelial 
properties
Membrane 
properties

Hepatocyte 
status

Ballooning Ballooning
Aquaporin action
Metabolism
Steatosis Steatosis?
Inflammation Antiinflammatory 

treatment
Apoptosis Apoptosis Apoptosis inhibition

Cell 
infiltration

Macrophages Inflammation
Neutrophils
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well conceived for a long time that alterations of these properties play a significant 
role in disease processes. Blood viscosity is determined by plasma protein concen-
tration, hematocrit (volume fraction of red blood cells), temperature, and mechani-
cal properties of red blood cells. These mechanic properties include erythrocyte 
deformability and erythrocyte aggregation. Blood can be considered as a non-New-
tonian fluid as the viscosity of blood varies with shear rate. Blood becomes less 
viscous at high shear rates like those experienced with increased flow such as during 
exercise or in peak-systole. Contrarily, blood viscosity increases when shear rate 
goes down with increased vessel diameters or with low flow, such as downstream 
from an obstruction or in diastole. This decrease of blood viscosity in capillaries is 
called Fåhraeus–Lindqvist effect [1].

Plasma viscosity is determined by water-content and macromolecular compo-
nents. Nevertheless, hematocrit has the strongest impact on whole blood viscosity. 
One unit increase in hematocrit can cause up to a 4% increase in blood viscosity. 
This relationship becomes even stronger with increasing hematocrit. Thus, when the 
hematocrit rises from 40 to 60%, relative viscosity of the blood rises from 4 to 8, 
which is an increase by 100% [2]. In polycythemia, the blood viscosity can become 
as great as 10 times that of water, and its flow through blood vessels is greatly 
retarded because of increased resistance to flow.

�Stiffness at the Cellular Level

As already discussed in book Part IV in the chapter of “Histological Confounders,” 
several cellular conditions are known to be associated with LS. Fibrosis or collagen 
deposition shows the closest association with LS. Fibrosis is followed by features 
of hepatocyte injury including ballooning, lobular and portal inflammation, 
Mallory’s hyaline in the now called Mallory Denk bodies, and apoptosis. 
Inflammation is followed by other histological features that are positively and sig-
nificantly associated with LS: microgranulomas, acidophil bodies, megamitochon-
dria, glycogenated nuclei, and large lipo-granulomas. These mostly intracellular 
histological parameters are all features of apoptotic cell damage or death. Notably, 
steatosis itself such as lipid droplets are not significantly correlated with LS, in 
some cohorts even slightly negatively. The role of hemodynamic pressure is visual-
ized in Fig.  54.3. It demonstrates how vascular pressure or sinusoidal pressure 
causes stretching of peri-vascular or perisinusoidal aligned structures or cells. 
These stretch forces will further elevate stiffness or LS but also engage in biome-
chanical signaling [3–6]. There will be also bidirectional interactions between pres-
sure and peri-vascular structures. For instance, inflammation and ballooned 
hepatocytes will increase vascular resistance, increase pressure, and further stretch 
the surrounding.
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�Intracellular Components and Stiffness

Figure 54.4 now briefly highlights cellular and intracellular structures that can affect 
cellular stiffness and organ stiffness such as LS. It should be noted, however, that 
our knowledge about these intracellular constiutents are still largely unexplored and 
poorly validated. Apart from cellular “matrix constituents,” intracellular pressure 
will control wall tension and tension of intermediate filaments such as cytokeratin 
18 (CK18). Many other cellular proteins are involved in anchoring cells to ECM or 
between cells. Thus, adherens junctions (AJ) are not only involved in anchoring the 
cell to the ECM but are also actively involved in transducing mechanical forces. AJ 
contain cadherins (such as E-Cadherin and N-Cadherin) that are linked to the cyto-
skeleton (F-actin) via linker proteins β-catenin and α-catenin [7]. Cadherin-based 
cellular adhesions signal by a broad range of extra-, inter-, and intracellular mecha-
nisms, which involve several kinases and phosphatases [8]. Tight junctions (TJ) are 
found at the apical membrane of all epithelia, thereby acting as barriers for lipids 
and proteins by preventing diffusion between apical and basolateral intramembrane 
domains (Fig. 54.5). TJ consist of transmembrane proteins including occludin, clau-
dins, tricellulin, and junctional adhesion molecules (JAMs) as well as cytosolic pro-
teins acting as scaffolding proteins that anchor membrane components to the actin 
cytoskeleton, e.g., ZO-1 to -3 or include signaling molecules and transcription fac-
tors (e.g., ZONAB) [9]. Their elevated expression, namely, occludin, claudin 1, 2, 4 
and 7, has been observed in liver cirrhosis and HCC [10, 11]. Desmosomes are 
adhesive junctions consisting of transmembrane proteins (desmoglein and desmo-
collin) that interact with linker molecules of the armadillo family (plakoglobin, pla-
kophilins, and desmoplakin) [12], thereby providing resistance to mechanical forces 
through direct interactions with cytokeratins, major proteins of the keratin-contain-
ing intermediate filaments (IF) [13, 14]. A recent study investigating mechanical 
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pressure (BDL rat model) and IF changes in liver demonstrated a disappearance of 
pericanalicular sheath and rearrangement of IF at the hepatocyte periphery [15]. IF 
in hepatocytes are mainly composed of CK18 and form a meshwork extending from 
desmosomes at the lateral cell membrane throughout the cytoplasm (Fig.  54.5). 
Desmosomal cadherins interact with each other and facilitate IF attachment. 
Furthermore, desmosomes are extremely stable and may play a role in reorganiza-
tion of gap junctions (GJ) [16] that are important for intercellular communication. 
GJ are formed by hemichannels (connexons) of adjacent cells and are built up by six 
connexin proteins (Cx), which allow passive diffusion of small and hydrophilic 
molecules (<1 kDa) into neighboring cells. The most abundant connexins found in 
the liver are Cx 26, 32, 36, 40, and 43 [17]. GJ may contribute to modulation of 
portal pressure and intrahepatic vascular relaxation [17].

In summary, intracellular pressure in association with intercellular junctions, 
anchoring proteins, and intermediary filaments seem to play an important role in 
defining cellular stiffness and all these conditions are still largely unexplored.
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Fig. 54.4  Stiffness and intracellular components. Stiffness is also affected by intracellular pres-
sure (P) and stretch forces (red arrows) on the cellular membranes and intermediary filaments. 
Several intercellular junctions are schematically shown such as tight junctions (TJ), gap junctions 
(GJ), and adherence junctions (AJ). Intermediary filaments such as CK18 play an important role in 
liver disease. CK18 is interacting with intercellular junctions such as AJ. Finally, the intracellular 
pressure (P) is likewise controlled by many conditions including transport proteins (T) to control 
osmotic pressure, protein shuttles, or water influx, e.g., by aquaporins. Below, the blood flow direc-
tion and sinusoidal pressure are shown. We are only at the beginning to understand the role of all 
these cellular factors in defining stiffness and biomechanic signaling. Further abbreviations: ECM 
extracellular matrix, SP sinusoidal pressure
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�How Do Cells Respond to Mechanical Stress?

Mechano-sensing has been studied for many decades and various underlying mech-
anisms seem to be involved. Cells must adhere to a solid. However, an understand-
ing of how tissue cells—including fibroblasts, myocytes, neurons, and other cell 
types—sense matrix stiffness is just emerging with quantitative studies of cells 
adhering to gels (or to other cells) with which elasticity can be tuned to approximate 
that of tissues.

Key roles in molecular pathways are played by adhesion complexes and the 
actin-myosin cytoskeleton, whose contractile forces are transmitted through trans-
cellular structures [18]. Potential sensing mechanisms include cation channels of 
the transient receptor potential (TRP) family, the actin-interacting protein zyxin and 
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G protein-coupled receptors that are activated in response to stretch [19, 20] while 
ion channel activation and alterations in cytoskeletal stability are part of the response 
to hydrostatic pressure [21]. Members of TRP family of cation channels are emerg-
ing as important players in mechanotransduction pathways. Localized within mech-
anosensory structures, they are activated by mechanical deformations/stretching 
and trigger fast as well as sustained cytoskeletal remodeling responses [20]. In 
HSCs, these channels have been shown to be upregulated during fibrosis develop-
ment and if blocked, myofibroblast differentiation was attenuated, thus suggesting 
an important role in HSC activation [22]. Likewise, the stress fiber network within 
these cells structurally reinforces and provides tension to tissues such as those found 
in healing wounds. Stress fibers have been observed to polymerize in response to 
mechanical forces which involves calcium-signaling [23]. Furthermore, liver sinus 
endothelial cells (LSECs) are highly specialized endothelial cells, which line liver 
sinusoids and are likely to be the first to sense shear stress due to changes in sinu-
soidal pressure or elevated blood flow. Moreover, the cells contain fenestrae allow-
ing passage of soluble factors smaller than 100–150  nm between the sinusoidal 
blood and parenchymal cells. A contractile cytoskeleton ring composed of actin and 
myosin supports the fenestrae. The size and density of fenestrae is affected by portal 
pressure and shear stress, as well as soluble factors [24–26]. A recent study suggests 
that the lack of fenestration plays an important role in fibrosis development and a 
restoration of LSEC differentiation was shown to promote HSC quiescence, 
enhances regression of fibrosis and prevents progression of cirrhosis in vivo [27]. 
Therefore, the role of LSECs in mechano-sensing and fibrosis development requires 
further investigation.

�Role of Myofibroblasts and ECM in Mechano-signaling

Myofibroblasts are regarded as major matrix generating cells in the liver but also in 
other tissues. In fact, besides HSCs, a large panel of cells can develop this pheno-
type upon activation including chondrocytes, osteoblasts, smooth muscle cells, peri-
cytes, fibrocytes, or epithelial cells undergoing epithelial-to-mesenchymal transition. 
Neo-expression of the alpha isoform of smooth muscle actin (α-SMA) is used as 
marker for activated myofibroblasts [28]. Fibroblasts without a contractile appara-
tus form only very small and immature adhesions with the ECM [29, 30]. During 
mechanic stress, these focal complexes mature into focal adhesions (FA) [4]. HSCs 
undergo myofibroblast transformation if coated on stiff matrices even in the absence 
of the pro-fibrogenic cytokine TGF-β [31]. Most importantly, however, it was also 
shown that an increase in LS precedes histological matrix deposition in a rodent 
model [32]. In these concepts, the HSCs are described as sensing cells that respond 
to a stiff matrix by producing more matrix proteins. Indeed, HSCs have been known 
for a long time to be contractile and respond to changes in their environment [33]. 
In myofibroblasts, activated TGF-β results in increased α-SMA, which interacts 
with cellular myosin to contract and produce increased tension. TGF-β is a common 
factor downstream of many mechanical forces; in addition to tension, other forces 
including shear forces mediated by interstitial fluid flow and stretch have been 
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implicated in TGF-β activation and release [34, 35]. It is quite striking to see that 
comparable stiffness values have been observed in patients with various liver dis-
eases and confounders (inflammation, cholestasis, congestion) obtained by transient 
elastography in humans and in cellular studies analyzing the pro-fibrogenic response 
of HSC and fibroblasts (α-SMA activation and TGF-β release) under culturing con-
ditions with exactly defined stiffness as assessed by atomic force microscopy (for 
details, see Fig. 54.5a–c). The identical levels of stiffness and pro-fibrogenic condi-
tions both in clinical and cellular studies are a strong argument for the role of sinu-
soidal pressure and pressure-mediated stiffness elevation in fibrosis progression [5]. 
Thus, pressure could be one of the long seeked physiological correlates that modu-
late tissue stiffness (see Fig. 54.3 and Appendix Fig. A.14).

�Principles of Mechano-sensing: Lessons 
from Pressure-Sensing in Vessels and Cells

Physical forces of gravity, hemodynamic stresses, and movement play a critical role 
in tissue development and have been studied for a long time [36]. Yet, little is known 
about how cells convert these mechanical signals into a chemical response. In a 
model presented by Ingber in 1997, it was postulated that cells are hard-wired to 
respond immediately to mechanical stresses transmitted over cell surface receptors 
that physically couple the cytoskeleton to extracellular matrix (e.g., integrins) or to 
other cells (cadherins, selectins, CAMs). Many signal transducing molecules that 
are activated by cell binding to growth factors and extracellular matrix associate 
with cytoskeletal scaffolds within focal adhesion complexes. Mechanical signals, 
therefore, may be integrated with other environmental signals and transduced into a 
biochemical response through force-dependent changes in scaffold geometry or 
molecular mechanics. Myofibroblasts are regarded as major matrix generating cells 
in the liver but also in other tissues. In fact, besides HSCs, a large panel of cells can 
develop this phenotype upon activation including chondrocytes, osteoblasts, smooth 
muscle cells, pericytes, fibrocytes, or epithelial cells undergoing epithelial-to-
mesenchymal transition. As already discussed above, neo-expression of the alpha 
isoform of smooth muscle actin (α-SMA) is used as marker for activated 
myofibroblasts.

An important concept includes cell–matrix interactions such as focal adhesions 
(FAs). The cellular actin-myosin cytoskeleton exerts tension on ECM proteins via 
integrin attachments located within FAs that link the cell’s actin cytoskeleton and 
plasma membrane to the underlying ECM (Fig. 54.6a). FAs change protein composi-
tion and dynamics and grow in size in response to tension [37, 38]. Mechano-sensing 
by focal adhesions during cell adhesion to the ECM can be, for instance, mediated 
by talin (Fig. 54.6a), a connecting protein between ECM-binding integrin receptors 
and the actin cytoskeleton. In response to this increased tension, vinculin can bind to 
talin resulting in a force- and direction-dependent focal adhesion reinforcement [39]. 
Another example is mechano-sensing through the Latency Associated Peptide 
(LAP) complex. Thus, TGF-β that is stored in the LAP complex of the ECM can 
undergo activation as a direct result of mechanical tension. Through integrin 
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Fig. 54.6  Molecular examples of mechano-sensing. These already established mechanisms could 
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talin resulting in a force- and direction-dependent focal adhesion reinforcement. (b) Stretch-
sensing and pro-fibrogenic response by latent TGF-β activation. Integrin binding to a specific RGD 
site in LAP transmits intracellular force to the latent TGF-β complex consisting of LTBP1, TGF-β, 
and LAP. In case of, e.g., pressure-induced stretch forces, RGD-linked ECM will pull LAP away 
and this conformation change will release TGF-β. (c) Stretch-sensing by mechanosensitive ion 
channels (MIC). MIC perceive changes in plasma membrane tension, which can be modulated by 
the actin network. Mechanical forces are thought to gate ion channels by inducing a conforma-
tional switch resulting in pore opening and ion flux. Abbreviations: ECM extracellular matrix, LAP 
latency associated protein, LTBP1 latent transforming growth factor β binding protein 1, TGF-β 
transforming growth factor β
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attachments, cells are able to exert tension on the LAP.  In a soft environment, it 
deforms in response to tension and the complex remains intact. If the matrix is stiff, 
however, resistance to cell-generated tension results in deformation of the LAP and 
the concomitant release of active TGF-β [40, 41]. A third example is mechanosensi-
tive ion channels that perceive changes in plasma membrane tension, which can be 
modulated by the actin network [39]. Mechanical forces are thought to gate ion 
channels by inducing a conformational switch resulting in pore opening and ion flux.

Many lessons on mechano- and pressure-mediated signaling pathways and sens-
ing have been learnt from vascular biology [3, 6, 42–44]. It is also interesting to note 
that mechano-induced gene expression profiles include hypoxia-regulated genes 
such as HIF1alpha [6]. This could be a further hint that pressure changes are 
always associated with oxygen changes. For example, elevation of vascular pres-
sure in response to vascular resistance will be followed by a decrease in oxygen. 
Under extreme conditions of a complete blockage of blood flow, pressure will be 
maximized while oxygen rapidly decreases. Figure  54.7 schematically depicts 
potentially involved pathways in sinusoidal pressure and LS induced mechano-
sensing in the liver. These should be addressed in future studies.
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