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Abstract 
Liver sinusoidal endothelial cells (LSECs) are the gatekeeper of liver to maintain hepatic homeostasis. They are formed into 
the highly specialized endothelium between vascular lumen and the space of Disse and are mechanosensitive to respond 
varied microenvironments. Shear stress and mechanical stretch induced by blood perfusion and substrate stiffness enhance-
ment derived from deposition of extracellular matrix (ECM) are major mechanical stimuli that surround LSECs. This review 
introduces how LSECs respond to the external forces in both physiological and pathological cases and what is the interplay 
of LSECs with other hepatic cells. Molecular mechanisms that potentiate LSECs mechanotransduction are also discussed.

Keywords  Liver sinusoidal endothelial cell · Shear stress · Mechanical stretch · Extracellular matrix · Stiffness

Abbreviations
AFM	� Atomic force microscopy
ARFI	� Acoustic radiation force impulse imaging
BMP	� Bone morphogenic protein
BMSC	� Bone marrow stromal cell
CFD	� Computational fluid dynamics
CH	� Congestive hepatopathy
CT	� Computed tomography
Dnmt3b	� DNA methyltransferase 3b
ECM	� Extracellular matrix
eNOS	� Endothelial nitric oxide synthase
EVG	� Elastica van Gieson
F-actin	� Filamentous actin
HCV	� Hepatitis C virus
HGF	� Hepatocyte growth factor

Hh	� Hedgehog
HLH	� Helix–loop–helix
HSC	� Hepatic stellate cell
HUVEC	� Human umbilical vein endothelial cell
IAA	� Iodoacetic acid
Id1	� Inhibitor of DNA binding 1
Ihh	� Indian hedgehog
I/R	� Ischemia-reperfusion
KLF2	� Kruppel-like factor 2
LOX	� Lysyl oxidase
LPA	� Lysophosphatidic acid
LSEC	� Liver sinusoidal endothelial cell
LXRα	� Liver X receptor α
MEC	� Mammary epithelial cell
MMP9	� Matrix metalloproteinase-9
MRE	� Magnetic resonance elastography
MSC	� Mesenchymal stem cell
NAFLD	� Nonalcoholic fatty liver disease
NECD	� Notch extracellular domain
NETs	� Neutrophil extracellular traps
NICD	� Notch intracellular domain
NO	� Nitric oxide
NRP1	� Neuropilin-1
PH	� Partial hepatectomy
pIVCL	� Partial inferior vena cava ligation
PVE	� Portal vein embolization
ROS	� Reactive oxygen species
RPM	� Revolutions per minute

Executive Editor: Xi-Qiao Feng

 *	 Ning Li 
	 lining_1@imech.ac.cn

 *	 Mian Long 
	 mlong@imech.ac.cn

1	 Center for Biomechanics and Bioengineering, Key 
Laboratory of Microgravity (National Microgravity 
Laboratory), and Beijing Key Laboratory of Engineered 
Construction and Mechanobiology, Institute of Mechanics, 
Chinese Academy of Sciences, Beijing 100190, China

2	 School of Engineering Sciences, University of Chinese 
Academy of Sciences, Beijing 100049, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10409-021-01057-3&domain=pdf


202	 X. Shu et al.

1 3

Shh	� Sonic hedgehog
SMC	� Smooth muscle cell
TG	� Transglutaminase
TM	� Thrombomodulin
UTE	� Ultrasound-based technique of transient 

elastography
VEGFR2	� Vascular endothelial cell growth factor recep-

tor 2
VEGFR3	� Vascular endothelial cell growth factor recep-

tor 3
YAP	� Yes-associated protein

1  Introduction

1.1 � Liver sinusoidal endothelial cells

Liver sinusoidal endothelial cells (LSECs) are the maxi-
mized population of non-parenchymal hepatic cells up to 
15% to 20% [1, 2] with a tiny total volume fraction of only 
3% [2]. They are quite thin endothelial cells lining along 
liver sinusoids, making up a complex microvascular bed and 
receiving a dual blood supply of 70% from the portal vein 
and 30% from the hepatic artery [3]. Unlike other endothe-
lial cells, LSECs are highly specialized cells with a unique 
structure called “fenestrae” [4] that are permeable pores 
fused by luminal and abluminal plasma membrane, provid-
ing open channels for mass transfer between the sinusoid 
and the space of Disse [5]. Fenestrae usually range from 50 
to 200 nm in diameter [6] and are grouped into organized 
sieve plates [7] (Fig. 1).

LSECs play an indispensable role as a gatekeeper to 
retain hepatic homeostasis, especially participating in 
metabolism, inflammation and regeneration [8–10]. They 
are also functional in sinusoidal crosstalk with other liver 
cells to regulate the hepatic microenvironment [9]. The 
preservation of fenestrae structure is necessary for LSECs 
to maintain normal physiological state [1]. Fenestrae are 
able to contract or dilate in response to the alterations of 
sinusoidal blood flow and perfusion pressure [11]. Loss of 
fenestrae, also known as “capillarization”, implies the dis-
appearance of their unique and specialized phenotype [12] 
and the changes in function, which is believed to precede 
the development of abundant chronic liver diseases [13, 14] 
and acute liver injuries [1]. Evidently, LSECs are critical for 
various pathological processes and it is key to understand 
their functions and explore their dedifferentiation. To date, 
researches are mainly focused on those biochemical factors 
that regulate LSECs [15], while mechanical microenviron-
ment is much less discussed but matters a lot.

1.2 � Mechanical microenvironment of LSECs in vivo

LSECs are located in a complicated mechanical micro-
environment due to the intricate microstructures and 
specialized dual blood supply system in liver [16]. Physi-
ologically, the amount of hepatic blood flow ranges from 
800 to 1200 mL·min−1 [17]. When the blood enters liver 
sinusoids, the flow rate is greatly influenced by localized 
biochemical and biomechanical factors. Liver microvas-
culature consists of long, straight sinusoids at a length of 
250 μm with short interconnecting sinusoids, and their 
diameters increase from 7 μm in the periportal to 15 μm 

Fig. 1   Morphology of primary isolated mice liver sinusoidal endothelial cells (LSECs). a Representative fluorescent image of primary C57BL/6 
mice LSECs, recorded at λExc/λEm: 633 nm to 654 nm, labelled by cellmask™ Plasma Membrane Stains (scale bar: 10 μm). b Enlarged view of 
the yellow box area on the left. White cycle indicates the fenestrae lumped into sieve plates (scale bar: 2 μm)
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in the pericentral region [11]. This irregular structure 
complicates the perfusion of blood flow in liver. Moreo-
ver, hepatic macrophages, Kupffer cells, attach onto the 
endothelium and protrude into sinusoids, serving as an 
obstacle to flow [11] that further enhances the complexity. 
Under normal conditions, LSECs can release vasodilators 
to counteract the upregulation of shear stress in order to 
balance blood pressure [1]. LSECs also inhibit the activa-
tion of hepatic stellate cells (HSCs) through a paracrine 
pathway, thus maintaining a relative small quantity of 
ECM [1].

In pathological cases, these mechanical factors in liver 
sinusoids turn to be remarkably different. During liver oper-
ation, the interruption of irrigation is required to prevent 
possible bleeding by suspending blood flow for a period of 
time [18]. A partial hepatectomy (PH) surgery leads to the 
increased blood perfusion, resulting in immediately higher 
portal flow and wider vessel diameters [19, 20]. Chronic 
liver diseases including hepatic fibrosis and cirrhosis bring 
about the capillarization of LSECs [1], reducing the infiltra-
tion from the sinusoids to the space of Disse via the loss of 
fenestrae. And the capillarized LSECs allow the activation 
of HSCs to produce massive collagens [21] and promote the 
vasoconstriction to increase intrahepatic resistance [22] or 
even induce portal hypertension. These processes are always 
accompanied by angiogenesis in liver [23], enabling the 
microvasculature network to be further extended and com-
plicated. On the other hand, the excessive ECM produced by 
activated HSCs are deposited and cross-linked in the space 
of Disse, which hardens the liver organ than the healthy one 
[16]. The shear storage modulus measured by rheometry 
is approximately 400 Pa for a normal rat liver but rises to 
1.2–1.4 kPa for a fibrotic one induced by carbon tetrachlo-
ride [24]. In fact, all kinds of causes that induce liver fibro-
sis could enhance the liver stiffness, including nonalcoholic 
fatty liver disease (NAFLD) [25], autoimmune hepatitis 
[26], and hepatitis virus [27]. For example, a 15% increase 
in liver stiffness of NAFLD patients, measured by MRE, is 
associated with fibrotic progression and implies the trans-
formation from early to advanced fibrosis [25]. And those 
chronic liver diseases, including NAFLD and virus infec-
tion, can also induce the liver fibrosis where the stiffness 
ranges from F0 (< 7.1 kPa) to F4 (> 12.5 kPa) stage [28, 
29]. Thus, the alterations of mechanical microenvironment 
in liver tissue generally appear during different pathological 
and developmental stages of hepatic diseases.

To elaborate the mechanical microenvironment LSECs 
reside, here we mainly focus on the effects of blood flow 
and ECM-dependent stiffness. We attempt to introduce 
the physical principles of shear stress, mechanical stretch 
and substrate stiffness on LSECs, and also summarize 
the related biomechanical measurement and biochemical 
functions. In addition, several potential mechanosensitive 

molecules are discussed to understand the underlying 
mechanotransduction.

2 � Shear stress on LSECs

2.1 � Physical principles

Forces produced by blood flow on vessels can be divided 
into two vectors: one is perpendicular to the wall to cre-
ate blood pressure, and the other is parallel to the vessel to 
induce shear stress (Fig. 2). Shear stress is a kind of fric-
tional force acting on the apical surface of endothelial cells 
by blood flow. It is determined by the fluid viscosity, mean 
fluid flow rate, and the physical radius of blood vessels [30, 
31]. For a flow of Newtonian fluid in a long, straight tube, 
the shear stress τ is given by Poiseuille’s law,

where Q is the flow rate, μ is the fluid viscosity, and r is the 
tube radius. It is noticed that blood flow dynamics in liver 
sinusoids is much complicated mainly due to vascular per-
meability induced by LSEC fenestrae.

2.2 � Shear stress measurements

To date, the accurate values of shear stresses in liver sinu-
soids have not been directly measured in either human spe-
cies or animal models. Since the dimension of liver sinu-
soids is very small even in large-sized animals like swine 
[32] and also varies from one to another sinusoid in the liver, 
it is difficult to determine the exact values. In addition, fluid 
viscosity inside sinusoids can hardly be evaluated accurately 
since it changes with hemodilution [1, 16].

Historically, an electromagnetic flowmeter was used to 
determine portal hemodynamics in liver as early as 1956 
[33]. The electromagnetic flowmeter is a flow sensor with 
a tube made by non-magnetizable metal and inner lining of 
electrical-insulating material. Voltage is induced by the flow 
of the conductive liquid and the output voltage signals are 
collected to estimate the flow rate. This flowmeter is used 
in rat liver to measure portal vein flow in cirrhosis and the 
shear stress is calculated by Eq. (1) on portal flow rate, blood 
viscosity, and portal vein radius. Data indicate that the shear 
stress of the portal vein is decreased with the development of 
hepatic fibrosis, especially during venous remodeling [34]. 
Nevertheless, it is still difficult to estimate the shear stress 
in a liver sinusoid either.

Computational fluid dynamics (CFD) is one of theoretical 
approaches to predict the flow features based on conserva-
tion laws [35, 36]. With the techniques of vascular corrosion 

(1)� =
4∋℩Q

πr3
,
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casting and micro-computed tomography (CT) imaging, 
the perfusion characteristics in liver can be simulated using 
CFD. These simulations predict that the wall shear stress of 
hepatic sinusoids yields below 1 Pa and rises up when the 
sinusoidal lumen is narrowed down, presenting very low 
shear onto most surfaces of LSECs [37]. CFD is also used 
in liver cirrhosis models to deduce lower shear stress and 
higher probability of disturbed flow compared with normal 
liver, suggesting the appearance of portal vein thrombosis 
[38] and also quantifying the perfusion characteristics of the 
cirrhotic microcirculation [39]. Besides, three-dimensional 
(3D) CFD models are developed to compare flow dynamics 
of hepatic lobules among normal, fibrotic and cirrhotic livers 
[40]. Evidently, applying the CFD approach alone is insuf-
ficient to determine actual shear stresses of sinusoids in vivo.

2.3 � Responses to shear stress

LSECs act as a regulator of vascular tone in liver. Under 
physiological conditions, they sense the changes in blood 
flow and release vasoactive substances [11]. These vasocon-
strictive or vasodilative factors mediate HSCs constriction 
or quiescence, altering the diameter of sinusoids to mediate 
the changes in hemodynamics [1]. For example, nitric oxide 

(NO) is assumed as a major vasodilative factor in liver to 
induce HSC quiescence [41]. LSECs yield high content of 
endothelial nitric oxide synthase (eNOS) and serve as the 
main source of NO [42]. Indeed, NO release is enhanced 
when LSECs are exposed to flow, implying that eNOS in 
LSECs is mechanosensitive to shear stress. Furthermore, 
a transcription factor Kruppel-like factor 2 (KLF2) is able 
to upregulate multiple vasoprotective genes including 
eNOS and NO in LSECs, which is also flow-dependent 
[43]. Another vasoprotective gene targeting KLF2 by shear 
stress is thrombomodulin (TM), a molecule that activates 
protein C via interacting with thrombin to prevent thrombo-
sis [44]. Flow-induced increase of KLF2 in LSECs upregu-
lates TM expression by binding to its promoter, suggesting 
an antithrombotic pathway in liver [45] (Fig. 3). In chronic 
liver diseases such as hepatic fibrosis and cirrhosis, however, 
LSECs no longer maintain HSC quiescence via NO-depend-
ent pathway and lose their modulation of liver hemodynam-
ics [1]. In these cases, LSECs yield a capillarized instead of 
differentiated phenotype, losing their fenestrae and growing 
basement membranes. In capillarized LSECs, the increase 
of shear stress fails to enhance NO expression but leads to 
vasoconstriction, so-called LSEC dysfunction [9, 21]. Col-
lectively, LSECs regulate HSCs to control vascular tone 

Fig. 2   Mechanical microenvironment of LSECs. LSECs, lining along the hepatic capillaries, separate the sinusoids and the space of Disse. 
Blood perfusion and extracellular matrix (ECM) stiffness are two main sources of mechanical stimuli for LSECs. The parallel vector of blood 
flow induces shear stress while the perpendicular one creates pressure on LSECs. And ECM derived from hepatic stellate cells (HSCs) serves as 
the major source of substrate stiffness that LSECs can sense
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in a KLF2-NO dependent pathway while de-differentiated 
LSECs lose this ability.

Partial hepatectomy is considered to be the gold stand-
ard operation to treat liver tumor, always followed by an 
increase in portal flow per gram in tissue [46]. The increased 
flow enhances the shear stress exerted on LSECs [47]. Vas-
cular endothelial cell growth factor receptor 2 (VEGFR2) 
and neuropilin-1 (NRP1) in LSECs are translocated from 
perinuclear or faint cytoplasmic distribution to plasma mem-
brane or cytoskeleton localization, with increased expression 
under physiological flow [48] (Fig. 3). In addition, inhibi-
tor of DNA binding 1 (Id1), a member of helix–loop–helix 
(HLH) transcriptional factors which participates in cellu-
lar differentiation, proliferation and migration [49, 50], is 
demonstrated to be essential for VEGFR2 pathway and the 
Id1-VEGFR2 axis in LSECs leads to a rise in Wnt2 and 
HGF, contributing to liver regeneration after hepatectomy 
[51]. Notably, excessive hepatectomy induces undue shear 
stress and causes injury to LSECs. In a rat model of 90% 
hepatectomy, LSECs are disrupted with the disappearance of 
sieve plates and the space of Disse collapses one hour after 
surgery. These events lead to chaos in hepatic microcircula-
tion [52]. Besides, portal hypertension induced by PH is also 
observed with the enlarged fenestrae on LSECs and the dis-
turbed arrangement of sieve plates, presumably resulting in 
lipid accumulation in hepatocytes [53]. When liver samples 
are cultured on a rotational radial flow bioreactor at 0 revolu-
tions per minute (RPM) (no shear stress), 30 RPM (moderate 
shear stress), and 120 RPM (high shear stress), respectively, 

large pores are presented on LSECs at 0 and 120 RPM, but 
not 30 RPM, implying that severe destruction of sinusoidal 
structures happens under improper shear stress and the liver 
may benefit from a proper moderate shear stress applica-
tion [54]. Meanwhile, applying portal vein embolization 
(PVE) to swine before 90% hepatectomy protects the liver 
by maintaining stable hepatic hemodynamics with a much 
lower portal pressure and also improves liver functions [55]. 
A porto-caval shunt after transplantation of a swine model 
also decreases portal hypertension and protects the primary 
structures of sinusoids [56]. These results also suggest that 
physiological flow may benefit LSECs while excessive shear 
stress will damage them.

Liver ischemia-reperfusion (I/R) lesion contains hepatic 
interruption of blood flow (ischemia) and subsequent rep-
erfusion, a common procedure in clinical operations like 
PH, liver transplantation and others, which results in liver 
damage and failure [57]. Effects of I/R are believed to be 
biphasic, that is, both hypoxia and lack of biomechanical 
stimuli contribute to liver injury after regaining oxygen 
and shear stress [58]. LSECs are considered the first to be 
injured [59] and existing evidence mostly focuses on I/R-
induced LSECs damage due to hypoxia-reoxygenation and 
cold storage, but not flow cessation-restoration [18]. Over 
the past decade, machine-based perfusion in donor livers 
helps to maintain LSECs function and provide possibility 
of high-quality grafts [60, 61], implying that the shear stress 
probably plays a role in liver I/R. Interestingly, pulmonary 
endothelial cells can also sense the cessation of blood flow 
and activate downstream mechanotransduction during lung 
ischemia, which leads to production of reactive oxygen spe-
cies (ROS) [62]. These observations give a hint that it might 
be LESCs that transduce shear stress during hepatic I/R and 
effects of shear stress on LSECs could play an important 
role in I/R injury.

Autophagy is an intracellular recycling system by degrad-
ing or reusing organelles and proteins and remaining hemo-
stasis especially under harmful stimulations. In liver, lami-
nar shear stress can activate autophagy of LSECs in vitro 
[63], supporting that normothermic machine perfusion pre-
vents the liver from damage by stimulating the autophagy 
in LSECs [64]. These observations suggest that the flow-
dependent autophagy helps to revert I/R liver injury (Fig. 3).

Shear stress also regulates cell adhesion to LSECs inside 
liver sinusoids. For example, engrafting cells like hepato-
cytes and other stem cells is a potential therapy for hepatic 
injury. Since LSECs are the gatekeeper in liver, these trans-
planted cells need to adhere to LSECs and then transmigrate 
across the endothelium. With shear stress increase from 0.03 
dyne/cm2 to 0.3 dyne/cm2, the attaching number of perfused 
human liver stem cells decreases for about 80% [65]. By 
contrast, stimulating LSECs with TNF-α/IFN-γ demon-
strates that the number of adherent lymphocytes goes up 

Fig. 3   Shear stress on LSECs. Blood flow initiates a series of 
mechanical signaling beneficial to LSECs. Shear stress upregulates 
Kruppel-like factor 2 (KLF2) and its downstream vasoprotective 
genes including nitric oxide (NO) [1] and thrombomodulin (TM). NO 
released by LSECs keeps HSCs quiescent and TM inhibits thrombo-
sis formation. Under shear stress, autophagy in LSECs is activated. 
Besides, vascular endothelial cell growth factor receptor 2 (VEGFR2) 
and neuropilin-1 (NRP1) are translocated to plasma membrane and 
might be functional in liver regeneration after hepatectomy
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with increased shear stress [66]. Thus, elucidating the roles 
of LSECs in cell adhesion under shear flow is also helpful 
to develop novel therapies.

3 � Mechanical stretch on LSECs

3.1 � Physical principles

The blood pressure exerts on sinusoids which are compliant 
and anisotropic, eliciting the pulsatile deformation including 
stretch and compression [67]. Because of the radial disten-
sion by diastolic and systolic pressures, this cyclic stretch 
on LSECs mediates various functions such as cell prolifera-
tion and differentiation or production of paracrine factors 
[68]. It is originated from cardiac cycle and usually coupled 
with blood perfusion inside the sinusoid in both directions 
parallel to and perpendicular to blood flow (Fig. 2). This 
mechanical stretch is usually defined by its strain and cyclic 
period when applied to LSECs in vitro. As the cyclic stretch 
is proved to be crucial in endothelium by participating in the 
release of vasoactive endothelial autacoids and other factors 
[67], it is likely that mechanical stretch may also play a role 
in LSECs functions.

3.2 � Mechanical stretch measurements

To date there are no accurate standards to directly measure 
the mechanical stretch on LSECs in vivo. Since the stretch 
is derived from the pulsatile blood flow and the tensile strain 
denotes the increment in length per unit length, it could be 
inferred that the alteration of sinusoidal diameter may reflect 
the change of LSEC stretch [30]. During PH, the vessel 
diameter raises with the increased blood perfusion, imply-
ing the enhancement of cyclic stretch [20]. Besides, along 
with the development of fibrosis, activated HSCs contracts 
hepatic blood vessels and decreases sinusoidal diameter 
when angiogenesis happens, fueling the speculation that the 
circumferential tension on LSECs is altered in liver fibrosis 
and portal hypertension [23]. Unfortunately, no direct meas-
urements are available in dealing with stretching LSECs at 
this stage.

3.3 � Responses to mechanical stretch

Compared to shear stress, little has been known for the 
effects of mechanical stretch on hepatic sinusoids in vivo. 
Only a few works are attempted to understand the stretch-
induced responses for isolated LSECs in vitro. To explore 
the roles of stretch on liver endothelium in portal hyperten-
sion, primary LSECs isolated from mice are subjected to 
cyclic biaxial stretch for 4 h at a strain of 20% and a fre-
quency of 1 Hz. Microarray screening indicates that multiple 

cytokines are upregulated, among which CXCL1 is proved 
to induce neutrophil chemotaxis in vitro and LSECs could 
serve as the major source of CXCL1 in liver under physi-
ological condition [69]. To examine the effect of upregu-
lated CXCL1 by stretching LSECs in vivo, a mouse model 
of partial inferior vena cava ligation (pIVCL) is established 
to mimic a congestive hepatopathy (CH). It turns out that the 
progress of CH initiates the recruitment of neutrophils and 
accumulation of platelets through CXCL1 secretion, leading 
to formation of neutrophil extracellular traps (NETs) and 
thrombosis and promoting portal hypertension and fibro-
sis [69, 70]. Besides, gene network analysis from stretched 
LSECs uncovers the upregulation related to integrin sign-
aling, calcium metabolism as well as Notch pathway [69]. 
Together with the data of human umbilical vein endothelial 
cells (HUVECs) on Notch pathway, conclusion is drawn 
that, under mechanical stretch, integrins on LSECs interact 
with Piezo channels and activate Notch pathway, thus raise 
sinusoidal CXCL1 to induce portal hypertension in CH [69] 
(Fig. 4). Therefore, mechanical stretch on LSECs stimulates 
secretion of CXCL1 to promote NETs formation in vivo.

Besides, mechanical stretch acting on LSECs participates 
in the regulation of liver regeneration in vitro. When LSECs 
derived from normal human liver tissue are loaded with uni-
axial cyclic stretch at 50% strain, 1 Hz for 6-48 h, majority of 
the cells are elongated for about 150% along stretch direction 
and IL-6 expression in supernatants is improved [72]. This 
is meaningful for liver regeneration since IL-6 is known to 
be essential in proliferation [73] and recruit hepatocytes into 
cell cycling to quickly restore liver mass [74]. Besides, when 
PVE is applied to patients to embolize their right portal vein 
with fibrin glue, the diameters of the portal branches are 
increased immediately after PVE, as expected, suggesting 
that these hepatic vasculatures are exposed to circumferen-
tial stress. This process is followed by an increase of IL-6 
in serum, consistent with those in vitro [72]. On the other 
hand, mechanical stretch on LSECs is able to induce angi-
ocrine signals to support liver survival and growth in devel-
opment, perfusion and PH. When human LSECs are loaded 
on a stretch chamber up to 20% strain for 1.5 h to mimic the 
vascular lumen widening, the cells are again elongated and 
both β1 integrin and vascular endothelial cell growth fac-
tor receptor 3 (VEGFR3) are activated with the enhanced 
interplay between the two proteins. Meanwhile, hepatocyte 
growth factor (HGF), IL-6, TNF-α and activated matrix met-
alloproteinase-9 (MMP9), which are assumed to participate 
liver regeneration [74–76], are all significantly upregulated 
(Fig. 4). These observations are further confirmed by ex vivo 
or in vivo tests. The embryos isolated from Itgb1-deficient 
mice are lack of β1 integrin and fail to activate VEGFR3 
with increased blood flow when the embryos are treated 
with epinephrine for accelerating heart rate and enhancing 
blood perfusion in liver. Besides, after applying an open, 
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non-recirculating perfusion to mouse liver by cannulating 
catheters in portal vein and inferior vena cava, much wider 
sinusoids are observed with enhanced activated endothe-
lial β1 integrins [20]. These results imply that appropriate 
stretch on LSECs participates in liver regeneration.

Since shear stress and mechanical stretch are both induced 
by blood flow in vasculature, it is difficult to decouple the 
effects of the two in vivo. For a two-thirds PH, sinusoidal 
dilation appears, suggesting a change in stretch stress, and 
flow velocity is increased, implying a change in shear stress 
[20]. Thus, either the loss or the gain of blood perfusion in 
liver is more likely to be a superposed effect of both shear 
stress and mechanical stretch.

4 � Substrate Stiffness on LSECs

4.1 � Physical principles

The stiffness, also known as rigidity, is defined mechani-
cally to describe the extent to which a substratum can 
resist deformation in response to applied forces. It is 
related to substratum modulus, loading condition and 
specimen geometry in concern. When it comes to biology, 

the stiffness is usually simplified as the modulus and refers 
to the collective biomechanical features of a specific tis-
sue or ECM (Fig. 2) [16, 77]. This simplification that the 
stiffness could be presented by the modules only stands at 
the given loading condition and specimen geometry. For 
linear elastic materials within the elastic limit, Young’s 
modulus is defined in units of pascals (Pa), by

in which σ stands for stress and ε for strain. The higher E 
value is, the stiffer subject will be. Additionally, there are 
other parameters to characterize the stiffness, such as shear 
modulus (G) and bulk modulus (K), which are defined as

where the τ stands for shear stress, γ for shear strain, dp for 
the change of pressure and dV for the change of volume. 
Here the shear modulus defines the ability of a material 

(2)E =
�

�

,

(3)G =
�

�

,

(4)K =
−dp

dV∕V
,

Fig. 4   Mechanical stretch on LSECs. Under mechanical stretch, integrin on LSECs interacts with Piezo 1 and activates Notch pathway to pro-
duce large amount of CXCL1, which promotes the formation of neutrophil extracellular traps (NETs) with neutrophils [69, 71]. The stretch also 
activates β1 integrin and vascular endothelial cell growth factor receptor 3 (VEGFR3) on LSECs and secrete angiocrine molecules to stimulate 
proliferation of HCs
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to resist transverse deformations while the bulk modulus 
deciphers the ability of a material to withstand changes in 
volume when placed under compression on all sides. Moreo-
ver, the two parameters of storage modulus (G′) and loss 
modulus (G″) are also applied to describe the responses of 
a viscoelasticity material to stress or strain. Storage modulus 
is defined by the slope of the loading curve which is analo-
gous to Young’s modulus in a tensile test. It is a measure of 
how much energy must be input into the sample in order to 
distort it. Accordingly, the difference between the loading 
and unloading curves is called the loss modulus. It measures 
the energy lost during cyclic strain. Thus, stiffness is a key 
mechanical cue when dealing with LESCs functions in liver 
fibrosis or cirrhosis with highly enhanced stiffness of liver 
tissues.

4.2 � Substrate stiffness measurements

The stiffness of the liver, as a viscoelastic tissue, varies sig-
nificantly when suffering from distinct fibrotic stages and 
has gradually been accepted as a potential biomarker to 
characterize and evaluate the degree of liver fibrosis [16]. 
It is initiated with estimating the elastic features of the liver 
and promoted to determine its viscoelastic characteristics in 
recent years, by applying various techniques.

Ultrasound-based technique of transient elastography 
(UTE) is firstly introduced into liver in 2003 [78] and serves 
as a noninvasive approach to quantify the soft biological 
tissue stiffness in vivo [79]. This assay contains a probe of a 
low-frequency vibrator, a dedicated electronic system and a 
control unit. It works by a manageable transient shear wave 
with a servo-controlled vibration at given frequency and 
amplitude. Considering liver as a nonviscous, isotropic and 
soft elastic medium in a first approximation, the liver stiff-
ness, E, is calculated as

where ρ is the mass density and Vs is the shear velocity. 
Technical limitations are still existing in UTE, mainly lying 
in the possible interference by other external factors such as 
increased waist circumference of patients as well as in the 
simplified elastic model (Eq. (2)) for a viscoelastic organ 
(liver), thus affecting its accuracy [78].

Acoustic radiation force impulse imaging (ARFI) is 
used to test liver stiffness in 2008 [80], also serving as 
a noninvasive assay to estimate local variations in tissue 
mechanics [81]. In ARFI, short-duration acoustic radia-
tion forces are applied to generate localized displace-
ments in a specified liver and these displacements are 
tracked spatially and temporally by ultrasound-related 
methods. Thus two-dimensional (2D) or 3D images of 

(5)E = 3�V2

s
,

tissue displacement are built up [82] and the displacement 
magnitude is inversely proportional to the liver stiffness 
[83]. To date, applying the real-time ARFI still faces chal-
lenges in data acquisition, processing power and others 
[82].

Magnetic resonance elastography (MRE) has been 
widely used in liver to test stiffness since 1995 [84]. MRE 
assay is based on magnetic resonance imaging to quantify 
the mechanical properties of biological tissues in vivo. In 
MRE, mechanical shear waves are used, which propagate 
more rapidly in stiff tissue than soft one. Thus, the higher 
stiffness is reflected by the longer wavelength. By imaging 
these waves with a special MRI sequence and putting them 
into elastograms, the stiffness in liver can be quantitatively 
determined [85]. It is worth noting that there are still inap-
plicable cases with MRE assay, as seen for those patients 
who suffer from moderate to severe iron overload, where 
MRE signals might be too low to work [86].

Atomic force microscopy (AFM) is efficient when 
measuring a microscale region of localized liver to present 
the in situ stiffness perceived by a single cell. This assay is 
widely used to characterize the topographical and mechan-
ical properties of biological materials. It works on force-
indentation curves obtained from depth-sensing systems 
[6, 87, 88] and the Young’s modulus, E, can be extracted 
from deflection-position data [89]. In a commonly used 
Hertz model, the Young’s modulus is calculated as

where F is the applied force, ν is the Possion ratio, R is the 
radius of spherical probe and δ is the indentation depth [90]. 
It should be pointed out that, as the liver is viscoelastic, the 
adhesion force generated on contact surfaces, when indent-
ing, will reduce the sensitivity and accuracy of measurement 
[91]. Although a few measurements based on a viscoelastic 
model are set up for AFM tests, they have not been used in 
liver specimens yet [92].

The liver stiffness has been quantified by different tech-
niques for multiple species. For example, the shear stor-
age modulus is tested by rheometry to be about 400 Pa in 
healthy rat liver and 1.2–1.4 kPa in fibrotic rat liver [24]. 
In mice, the stiffness measured by transient micro-elas-
tography is about 3.6 ± 1.2 kPa in healthy liver while the 
Young’s modulus is about 18.2 ± 3.7 kPa for the fibrotic 
one [93]. When measured by AFM, the stiffness of healthy 
liver tissue in mice is around 150 Pa and rises to 1–6 kPa 
in fibrotic models [90]. In human beings, the shear modu-
lus is usually measured by MRE. At 60 Hz, it is to be < 
2.5 kPa in healthy human liver and > 2.93 kPa at fibrosis 
stage or between 2.5 and 2.93 kPa in normal or inflamma-
tory human liver [94].

(6)E =
3F(1 − �
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4.3 � Responses to substrate stiffness

When dealing with the effects of substrate stiffness on 
LSECs, we usually refer the substrate to the ECM that 
is mainly composed of collagen, elastin, fibronectin and 
other proteins [16] and believed to be a dynamic structure 
in liver microenvironment. For example, ECM scaffolds 
are able to be purified from hepatitis C virus (HCV)-
infected patients at different stages of liver fibrosis and all 
the collagen deposition, elastin and fibronectin compo-
nents are enhanced with the development of fibrosis [95]. 
By contrast, in CCl4-induced fibrosis rat models, liver 
stiffness is increased before collagen deposition, suggest-
ing that the collagen deposition may not contribute much 
to tissue stiffness at early fibrotic stages where the com-
plete recovery could occur [24]. In Elastica van Gieson 
(EVG)-stained liver biopsy tissue specimens of chronic 
viral hepatitis patients, median area ratios of collagen and 
elastic fibers are positively correlated with liver stiffness 
[96]. On the other hand, ECM cross-linking is regarded as 
an important factor to enhance liver stiffness [97]. Lysyl 
oxidase (LOX) and transglutaminase (TG) are two major 
enzyme families in fibrotic progress [16]. Using LOXL2-
specific inhibitor AB0023 in CCl4-induced murine fibro-
sis, liver fibrosis could be rescued to the METAVIR F1 
state, a degree of portal fibrosis without septa, indicating 
that inhibiting LOXL2 could reduce liver stiffness [98].

As mentioned above, LSECs can keep HSCs in quies-
cent state via KLF2-NO pathway and maintain a relatively 
thin ECM under physiological conditions. When the liver 
turns to be fibrotic, the capillarized LSECs release profi-
brogenic molecules, such as TGF-β, Hedgehog, laminin 
and fibronectin, to activate HSCs. These activated HSCs 
then start to proliferate, contract and produce excessive 
ECM components like collagens to induce fibrosis and 
further alter liver stiffness [9, 10]. When LSECs are placed 
in vitro on substrates with distinct stiffness, the phenotypic 
changes of LSECs are observed in response to the stiffness 
of collagen hydrogels with two moduli of 6 and 36 kPa that 
mimic the stiffness found in a healthy and fibrotic liver, 
respectively. The immortalized human LSECs on 6 kPa 
for 24 h exhibit well-defined fenestrae arranged in sieve 
plate structures, consist with those healthy cells and do 
not de-differentiate into pseudocapillarization state until 
96 h later. In contrast, the human LSECs on 36 kPa lose 
fenestrae structure as early as 24 h. Additionally, CD31, 
a platelet endothelial cell adhesion molecule marked on 
the surface of de-differentiated or diseased LSECs, is not 
appeared for human LSECs on 6 kPa after 24 h but pre-
sented at 96 h. Moreover, CD31 is highly expressed in 
the cells on 36 kPa after 24 h, indicating the increase of 
substrate stiffness could promote the dedifferentiation of 
LSECs [99] (Fig. 5).

On the other hand, human LSECs on a 36-kPa substrate 
present higher focal adhesion area and larger total area in 
morphology than those on 6 kPa. When isolated murine 
LSECs are placed on polyacrylamide gels at a stiffness of 
1.75, 2, 2.25 and 20 kPa, respectively, the actin cytoskel-
eton is reorganized with enhanced cell spread as the stiff-
ness is increased. Besides, the podosomes, an actin-based 
structure related to cell adhesion, migration, invasion 
and ECM degradation, are detected on primary LSECs 
and enhanced stiffness induces the increased number of 
podosomes [100]. Since the normal mouse liver stiffness 
is believed to be < 6 kPa while the F4 cirrhotic liver is > 
12.5 kPa [93], this experiment nicely simulates the envi-
ronment of normal and cirrhotic livers. These results sug-
gest that podosomes participate in the ECM remodeling 
during fibrosis [100] (Fig. 5).

It is also noted that the regulation of substrate stiffness 
on LSECs could be bidirectional. When human LSECs 
are cultured on substrates with different stiffness from 90 
Pa to 1.2 MPa or on coverslip to explore the angiogenesis 
during fibrosis, only those seeded on 200-600 Pa substrate 
could migrate to form capillary-like structures, a feature 
of angiogenesis in early hepatic fibrosis. In contrast, the 
cells on harder substrates above 1.2 kPa tend to migrate 
randomly and copy the features of leaky sinusoids at late 
stage of liver fibrosis [101]. Taken together, ECM stiffness 
is a key cue to dominate the differentiated or de-differenti-
ated phenotype of LESCs via the related mechanosensitive 
pathways.

Fig. 5   Stiffness on LSECs. With increased ECM stiffness, LSECs 
gradually lose their differentiated phenotype. Fenestrae tend to disap-
pear and CD31 molecules start to reoccur. The number and diameter 
of podosomes are also raised with substrate stiffening
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5 � Potential mechanosensitive molecules 
on LSECs

Mechanical signaling in LSECs can orchestrate complex 
responses across the related cell types in liver sinusoids 
when LSECs sense the surrounding microenvironment 
such as blood flow, ECM and others. It seems reasonable 
to draw attention to those potential mechanosensitive mol-
ecules expressed on LSECs, even though evidence may be 
lacked at present to prove that they are directly regulated 
by mechanical forces. And those well-known mechano-
sensitive molecules, like integrin and Piezo 1 [71], are no 
longer discussed here.

5.1 � Hedgehog

Hedgehog (Hh) pathway is a conserved morphogenic 
signaling that mediates cell cycle and differentiation and 
mainly contains three members, Sonic (Shh), Indian (Ihh), 
and Desert hedgehog [102–105]. Hh signaling also plays a 
key role in mechanotransductive responses. Shh is proved 
to be an osteogenic signal activated by mechanical stress 
and regulate osteoblastic differentiation. In mechanical 
unloading of bone marrow stromal cells (BMSCs), Shh 
signaling is down-regulated via DNA hypermethyla-
tion by binding to DNA methyltransferase 3b (Dnmt3b). 
Application of cyclic stretch at 0.5 Hz, 10% elongation 
reduces Dnmt3b expression, thus stimulates Hh signaling 
with osteoblastogenesis [106]. Ihh is required for chon-
drocyte proliferation when chondrocytes are cultured in 
3D collagen sponge and subjected to 1 Hz, 5% elonga-
tion, where Ihh is activated to promote cell proliferation 
in a bone morphogenic protein (BMP)-dependent pattern. 
And inhibition of Ihh abolishes the effect of mechanical 
loading [107]. Thus, Ihh is sensitive to the tensile stress 
from matrix deformation and acts as an autocrine signal 
to stimulate chondrocyte proliferation [107]. By contrast, 
external mechanical stimuli can also weaken Hh signal-
ing. To mimic the pulsatile flow, adult rat vascular smooth 
muscle cells (SMCs) are subjected to equibiaxial cyclic 
strain (10% stretch, 1 Hz). A dramatic decrease is visu-
alized in Hh signaling with reduced proliferation and 
enhanced apoptosis [108]. These opposite effects imply 
that the responses to mechanical forces by Hh signaling 
may vary with different cell types. Besides, the cilium is 
mechanosensitive to trigger cell responses by mechanical 
stress in tissues like the kidney, liver, endothelium and 
bone [109], and Hh signaling plays an essential role in 
primary cilium [110, 111]. It can be assumed that external 
forces exerted on LSECs, like blood flow, may affect the 
cilium and then regulate its Hh pathway.

Hh signaling is proved to function in LSECs. Pri-
mary isolated LSECs produce both Hh ligands and 
receptors [112–114]. Cultured LSECs isolated from rats 
in vitro undergo the time-lapsed capillarization, with lost 
fenestrae, downregulated eNOS and VEGFR, and upregu-
lated iNOS. Activation of Hh signaling is accompanied in 
the process and occurs before the first evidence of cap-
illarization, suggesting that the active Hh signaling may 
initiate capillarization of LSECs. Inhibiting Hh pathway 
in capillarized LSECs could partially reverse the cells 
back to the healthy phenotype and prevent further capil-
larization both in vivo and in vitro [112]. In CCl4-induced 
fibrosis model, liver X receptor α (LXRα) is upregulated 
and inhibits Hh pathway to abate the dedifferentiation of 
LSECs. Knockout of LXRα can further aggravate LSEC 
dedifferentiation and liver fibrosis [115]. Furthermore, Hh 
pathway regulates LSEC angiogenesis by transactivation 
of PROX1 and hypoxia inducible factor 1α (HIF-1α). The 
angiogenesis by Hh signaling can be inhibited by Curcu-
mol, a natural anti-fibrotic medicine extracted from Rhi-
zoma Curcumae [116].

5.2 � Notch

Notch is a transmembrane protein and the Notch pathway 
serves as a conserved signaling which plays an important 
role in cellular development [117, 118]. The activation of 
Notch pathway requires the binding of its ligand to the Notch 
receptor and initiates proteolytic cleavages on the juxtamem-
brane region and then the transmembrane domain, releasing 
a Notch extracellular domain (NECD) and a Notch intracel-
lular domain (NICD), respectively [119–121]. This process 
is believed to ask for a pulling force up to 12 pN. This force 
is generated by the ligand endocytosis with NECD and helps 
to expose the proteolysis site on Notch receptor for NICD 
[122], suggesting that the alterations in cellular tension may 
contribute to the Notch activation. It is known that Notch1 
signaling is increased under laminar flow and its localization 
is polarized by shear stress in aortic endothelium. Moreover, 
the nuclear NICD level is raised when shear stress increases 
[123]. The NICD so produced is able to translocate into 
nucleus for transcriptional regulation [120], indicating that 
laminar flow could activate the Notch pathway. These clues 
not only signify that shear force promotes the progress of 
Notch cleavage, but also proves that Notch is directly, highly 
and positively sensitive to mechanical stimuli such as shear 
stress, serving as mechanosensor on endothelium.

Additionally, Notch signaling is believed to be critical 
for LSECs. Notch proteins are expressed by endothelial 
cells including LSECs [124]. Deletion of endothelial Notch 
or Rbpj1, a canonical effector of Notch, results in severe 
disruption of sinusoidal architecture in immature mice and 
lead to liver necrosis. Deleting endothelial Rbpj1 in adult 
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mice induces sinusoidal dilation, vascular shunts or portal 
hypertension. Besides, the lack of Rbpj1 alters the morphol-
ogy of LSECs. These isolated Rbpj-KO LSECs exhibit an 
increasing number of membranous “holes”, abnormal from 
the healthy ones [125]. Thus, appropriate Notch signaling 
in LSECs is required for development and maintenance of 
hepatic vascular structure and function. On the other hand, 
over-activation of Notch pathway in LSECs disrupts home-
ostasis. Notch activation leads to the decreased fenestrae 
and increased basement membrane, inducing the dediffer-
entiation of LSECs. This activation also inhibits the eNOS/
soluble guanylate cyclase (sGC) signaling, interrupting the 
reverse of LSEC dedifferentiation and attenuating hepato-
cyte proliferation [126]. Moreover, DLL4, a ligand of the 
Notch signaling pathway, is overexpressed in human LSECs 
and CCl4-induced murine fibrotic livers, resulting in produc-
ing basement membrane proteins. DLL4 silencing in vivo 
helps to reduce LSEC capillarization, confirming that over-
activation of Notch signaling harms LSECs and liver homeo-
stasis [127].

5.3 � YAP

Yes-associated protein (YAP), known as a transcription 
coactivator paired with multiple transcription factors and 
also an effector of Hippo tumor-suppressor pathway, regu-
lates senescence, chemoresistance, proliferation and angio-
genesis [128–130]. YAP is believed to be closely related to 
the underlying mechanotransduction [131, 132]. YAP and 
the transcriptional coactivator with PDZ-binding motif, 
TAZ, serve as the downstream factors to sense cells’ physi-
cal microenvironment. In mammary epithelial cells (MECs), 
the activity of YAP/TAZ on stiff hydrogels is much higher 
than that on soft matrix, with more YAP/TAZ located in 
nuclear rather than cytoplasmic regions [131]. In mesen-
chymal stem cells (MSCs) and human lung microvascular 
endothelial cells (HMVECs), the localization of YAZ/TAZ 
is altered from nuclear to cytoplasmic regions when the sin-
gle cells are cultured on the defined micropatterns to confine 
its spreading. Besides, YAP/TAZ of MSCs remains to stay in 
nuclear regions on micropillars, suggesting that YAP/TAZ 
are regulated by cell geometry imposed by ECM [131]. Fur-
thermore, it is indicated that YAP/TAZ activity relies on 
the small GTPase Rho and formation of stress fibers, two of 
which are activated by cell spreading. Meanwhile, nuclear 
localization of YAP/TAZ requires cytoskeleton tension gen-
erated by ROCK and non-muscle myosin when cells respond 
to ECM [131]. In a word, ECM stiffness and cell geometry 
direct cell fate by regulating YAP/TAZ activity and, in turn, 
the external mechanical stimulation can be counteracted by 
adjusting the activity of YAP/TAZ [131]. Except for sub-
strate stiffness, YAP also responses to blood flow as well. In 
living zebrafish, YAP1 can enter into nucleus and promote 

the followed transcriptions via F-actin reorganization under 
blood flow. In cultured human endothelial cells, the exposure 
of laminar shear stress also helps YAP nuclear translocation, 
confirming the positive relationship between YAP activation 
and blood flow [133]. Besides, YAP has been proved to be 
necessary for endothelial cell proliferation in response to 
mechanical stretch [134].

Meanwhile, YAP is expressed on LSECs and functions 
in liver angiogenesis during fibrosis. Oroxylin A, a natu-
ral active component extracted from Scutellariae radix, is 
proved to inhibit hypoxia-induced nuclear translocation 
of YAP in primary isolated LSECs and then attenuate the 
accumulation of HIF-1α. As a result, the downstream genes 
such as VEGF-A and Ang-2 are down-regulated, leading to 
anti-angiogenesis [129].

5.4 � Filamentous actin

The actin cytoskeleton is a dynamic network of polar fila-
ments. It is also a major part of cell cortex that serves as 
the scaffold to support the cell and respond to extracellular 
physical stimuli [135, 136]. Filamentous actin (F-actin), also 
known as actin filaments, is the core of the cytoskeleton 
network [137]. Different kinetics happen at both ends of 
F-actin, where a nucleotide hydrolysis takes place at one 
end and a faster polymerization is presented at the other 
[138]. F-actin mediates multiple cellular processes such as 
cell adhesion, migration and division. As the stress fibers in 
cells, F-actin plays an indispensable role in mechanotrans-
mission and mechanotransduction [139]. The dynamic 
assembly of F-actin controls the cell shape and force gen-
eration [140].

F-actin sustains the morphology of LSECs and pre-
serves the formation of fenestrae. When culturing LSECs 
in vitro, F-actin is found to surround fenestrae within 
sieve plates and form the specialized structure that sta-
bilizes the membrane and supports the fenestrae [141]. 
Meanwhile, newly-formed sieve plates are observed 
immediately after incubating cytochalasin B with LSECs 
to de-polymerize F-actin and further expanded with 
time in increased number of fenestrae, confirming that 
F-actin regulated the size and number of fenestrae in a 
time-dependent manner [142]. In addition, iodoacetic 
acid (IAA) is also used to interrupt the polymeriza-
tion of F-action. Since F-actin is known to support the 
membrane-bound pores together with spectrin, adding 
IAA destabilizes the actin-spectrin scaffold in LSECs 
and thus enhances the number of fenestrae in a relatively 
long period. In this case, fenestrae are quickly switched 
between open and close states [143]. Another related 
regulator is Rho, a ras-related GTP-binding protein that 
stimulates the formation of stress fibers [144]. Treating 
isolated rat LSECs with lysophosphatidic acid (LPA) is 
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able to active Rho, which in turn induces the contraction 
of fenestrae along with formation of dense thick actin 
stress fibers. In contrast, inhibiting Rho by C3-trans-
ferase dilates the fenestrae and fuses them to form large 
pores, mainly attributed to disassembly of stress fibers 
[145]. Thus, F-actin is assumed to support and mediate 
the dynamic changes of fenestrae, probably via a Rho-
related way.

6 � Remarks and perspectives

LSECs reside in a dynamic mechanical microenvironment 
in liver sinusoids. Like other endothelial cells, LSECs are 
sensitive and responsive to external mechanical stimuli in 
proper ways. Typical shear stress, mechanical stretch and 
substrate stiffness exerted on LSECs, as discussed above, 
initiate a series of biomechanical signaling, in which LSECs 
act as a mechanical sensor and regulator. And for clarity, 

Table 1   Summary of mechanotransduction under typical mechanical stimuli on LSECs

Stimuli Pattern Parameters Acting cells/tissues Testing indexes References

Perfusion 
(shear stress/
stretch)

Ex vivo mouse liver 
perfusion

4–8 ml min−1 Mouse liver Activated β1 integrin 
(on LSECs)

Lorenz et al. [20]

2–8 ml min−1 Mouse liver p-VEGFR3(on LSECs)
ex vivo human liver 

perfusion
7 mmHg for portal, 

70–80 mmHg for 
hepatic artery,

60–180 min

Human liver KLF2, eNOS or TM 
mRNA (in LSECs)

Beijert et al. [146]

7 mmHg for portal, 
70–80 mmHg for 
hepatic artery,

180 min

Human liver Nitric oxide concentra-
tion

Stretch Cyclic biaxial stretch 20%, 1 Hz, 4 h Primary murine LSEC Microarray (including 
CXCL1)

Hilscher et al. [69]

Uniaxial stretch 20%, 1.5 h Primary human LSEC Length, activated β1 
integrin, VEGFR3 
p-tyr, HGF, IL-6, 
TNF-α

Lorenz et al. [20]

Uniaxial stretch 50%, 1 Hz, 6/12/24/48 
h

Primary human LSEC Length, IL-6, HGF, 
TNF-α

Kawai et al. [72]

Shear stress Laminar flow 20 dyn/cm2, 24 h TSEC Autophagy Hammoutene et al. [63]
14.1 dyn/cm2, 30 min Primary rat LSEC KLF2, eNOS or TM 

mRNA
Marrone et al. [45]

0.03–0.3 dyn/cm2, 24 h Primary rat LSEC Attached human liver 
stem cells

Noh et al. [65]

0.5–1 dyn/cm2 Primary human LSEC Rolling lymphocytes on 
LSEC

Shetty et al. [66]

14.1 dyn/cm2, 12 h Primary rat LSEC KLF2 mRNA Gracia-Sancho et al. [43]
14.1 dyn/cm2, 30 min Primary rat LSEC NOx Shah et al. [42]

Stiffness Stiffness (2D) 90 Pa to 1.2 MPa, 
5/10/20 h

Primary human LSEC Capillary-like struc-
tures forming

Liu et al. [101]

6 kPa, 24–96 h; 36 kPa, 
24 h

Primary human LSEC Fenestrae diameter, 
fenestrae density, 
focal adhesion area, 
focal adhesion 
number

Ford et al. [99]

6 kPa, 36 kPa Primary human LSEC Area
6 kPa, 96 h; 36 kPa, 

96 h
Primary human LSEC Cell proliferation

6 kPa, 24–96 h; 36 kPa, 
24–96 h

Primary human LSEC VEGF

1.75–20 kPa, 24 h Primary mouse LSEC LSECs with podosome 
(%)

Juin et al. [100]

2–20 kPa, 24 h Primary mouse LSEC podosome diameter
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detailed mechanical parameters related to LSECs in the lit-
eratures are summarized in Table 1.

Continuous physiological flow tends to be beneficial and 
necessary for LSECs, since the shear stress enhances the 
autophagy of LSECs [63] and contributes to liver regenera-
tion via NO secretion [1] and Id1-VEGFR2 axis [51]. Simi-
larly, mechanical stretch derived from embryonic develop-
ment or partial hepatectomy also promotes the regeneration 
via IL-6 upregulation [72] and HGF upregulation through 
β1 integrin and/or VEGFR3 activation [20], a crucial pro-
cess involving cross-talk between LSECs and HCs [9, 147]. 
Improper blood flow disturbs the phenotype of LSECs and 
interrupts their functions, as exemplified that excessive shear 
stress injuries LSECs by ruining their morphology [52, 53] 
and interfering their secretion [54]. Abnormal stretch by 
CH or ligation of inferior vena cava leads to overexpression 
of CXCL1 on LSECs, accounting for the potential portal 
hypertension [69]. Substrate stiffness on which LSECs are 
placed are tightly associated with their morphology and 
functions. With collagen deposition and cross-linking in the 
space of Disse, high ECM stiffness increases the number of 
podosomes and mediates the cytoskeleton reorganization of 
LSECs [100]. Only a moderate (but not high or low) stiff-
ness can promote the formation of capillary-like structures, 
implying the bidirectional effects of substrate stiffness [101]. 
This process turns to be more complicated when LSECs and 
HSCs constitute a positive feedback regulation on stiffness 
[9].

Morphological changes and functional alterations of 
LSECs exposed to mechanical stimuli are governed by 
their mechanotransductive signaling. Fenestrae structure of 
LSECs serve as the golden readout of their differentiated 
phenotype. Capillarized LSECs with fenestrae disappear-
ance fail to regulate the HSCs’ behaviors and lose the control 
of vascular tone or ECM production [1]. Several signaling 
molecules, Hh, Notch, YAP, and F-actin, are known to be 
mechanosensitive and also required for maintaining the 
phenotype and functions of LSECs. Laminar flow activates 
Notch signaling and enhances NICD nuclear level in aortic 
endothelium [123]. Similarly, laminar or blood flow pro-
motes YAP nuclear translocation both in living zebrafish 
and cultured human endothelial cells [133]. The Hh sign-
aling pathway induced by mechanical stretch varies with 
cell types. Mechanical stretch activates Hh pathway in 
BMSCs and chondrocytes to stimulate osteoblastogenesis 
and chondrocyte proliferation [106, 107]. In SMCs, however, 
the stretch weakens Hh signaling and reduces proliferation 
[108]. ECM stiffness regulates YAP/TAZ activity and their 
subcellular localization. In MECs, stiff substrates enhance 
YAP/TAZ activity and promote their nuclear localization 
while soft substrates present the opposite effects [131]. 
F-actin, as an essential component of cytoskeleton, sup-
ports the formation of LSEC fenestrae in a time-dependent 

manner [141, 142]. De-polymerize F-actin increases number 
of fenestrae [142]. It is thus reasonable to presume that these 
molecules serve as the candidates for LSECs and play a role 
in response to mechanical stimuli. Due to the advantages of 
mechanotransduction that lie in longer transmission range 
and slower signal decay rate [16], it is clear that the mechan-
ical sensitivity in LSECs is indispensable in elucidating liver 
homeostasis and fibrosis or even cirrhosis.

Mechanical effects on LSECs also anticipates that the 
regulation of mechanical microenvironment is a potential 
strategy in treating liver diseases. For example, portal vein 
shunt, splenectomy and splenic artery embolization can be 
used to reduce blood flow in liver and then prevent liver 
failure [1, 16]. Besides, vasodilative drugs such as olprinone 
are functional in decreasing blood perfusion after surgery, 
also protecting liver from surgical damage [1].

Several issues remain challenging in terms of the effects 
of mechanical stimuli on LSECs. First, in vivo mechani-
cal parameters remain to be determined quantitatively for 
human or animal species. New techniques are required to 
measure accurately the sinusoidal geometry and the blood 
flow velocity inside sinusoids. And more realistic 3D mod-
els are needed to provide reliable forecasts on sinusoidal 
parameters when techniques have not been improved yet. 
Viscoelastic modeling is also necessarily developed to pre-
dict ECM elasticity, combined with UTE and MRE meas-
urements. Second, the roles of shear stress and mechanical 
stretch in regulating LSEC functions are usually coupled 
together in vivo. In vitro isolation of the two factors may 
be a simplified approach to decouple their respective con-
tributions, but it still needs to know how to integrate those 
in vitro data with in vivo functions. Third, LESC fenestrae 
evolution dynamics is known to be critical in their capillari-
zation and thus liver fibrosis or cirrhosis, and the underlying 
mechanisms remain unclear especially under varied mechan-
ical stimuli. More mechanosensitive molecules need to be 
screened and their mechanotransductive signaling should be 
deciphered.
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