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Abstract
Aging is associated with gradual changes in liver structure and physiological/
pathological functions in hepatic cells including hepatocytes, cholangiocytes, 
Kupffer cells, hepatic stellate cells (HSCs), and liver sinusoidal endothelial cells 
(LSECs). LSECs are specialized hepatic endothelial cells that regulate liver ho-
meostasis. These cells actively impact the hepatic microenvironment as they have 
fenestrations and a thin morphology to allow substance exchange between circu-
lating blood and the liver tissue. As aging occurs, LSECs have a reduction in both 
the number and size of fenestrations, which is referred to as pseudocapillariza-
tion. This along with the aging of the liver leads to increased oxidative stress, 
decreased availability of nitric oxide, decreased hepatic blood flow, and increased 
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1   |   BACKGROUND

Aging is generally considered to be the gradual deteriora-
tion of function in most organisms that lead to senescence 
or dysfunction, and a decline of the organism's ability to 
adapt to metabolic and oxidative stress. Because the rate 
of aging varies among individuals of the same species, 
a single marker of aging does not accurately reflect the 
aging process of an organism. Changes known to regulate 
aging include telomere shortening, inactivation of inhib-
itory proteases, mitochondrial dysfunction, epigenetic 
changes, and stem cell depletion.1

Liver sinusoidal endothelial cells (LSECs) are special-
ized endothelial cells that make up approximately 3% of 
the total liver volume.2 LSECs are phenotypically different 
from vascular endothelial cells.3 LSECs perform multiple 
functions including endocytosis and regulation of the liver 
microenvironment (Figure 1). These cells have an incred-
ibly high endocytic capacity and lysosomal activity, which 
allow them to clear lipoproteins and waste products from 
the blood.2 LSECs have multiple types of scavenger re-
ceptors that allow them to clear a large amount of mac-
romolecular waste.4  The liver is the main site to remove 

advanced glycation end products (AGEs) from circulation, 
while AGEs are only cleared by LSECs and Kupffer cells 
through scavenger receptors.5  These scavenger receptors 
allow LSECs to bind many different types of viruses, result-
ing in the clearance of some blood-borne viruses.6 Vesicles 
in LSEC can efficiently remove macromolecular wastes 
such as immune complexes and lysosomes.7 This is only 
one part of LSECs role in liver immunity; they also recruit 
immune cells to the liver and maintain hepatic stellate cell 
(HSC) quiescence.6

LSECs can effectively regulate the liver microenviron-
ment partly due to their morphology.8 Some of the unique 
morphological features of LSECs include the absence of a 
basement membrane and the presence of a window in the 
endothelium.3 These pores aggregate in the cytoplasm to 
form dynamic sieve plates that facilitate the spatial trans-
port of material from lumen to disk and into the paren-
chyma.9,10  The maintenance of high metabolic levels in 
the liver requires a complex vascular system within the 
organ. LSECs line up to form the capillary network of the 
liver. The permeable barrier of LSECs allows for the bi-
directional movement of molecules between circulating 
blood and liver cells and allows for the regulation of the 
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inflammatory cytokines in LSECs. Vascular aging can also lead to hepatic hy-
poxia, HSC activation, and liver fibrosis. In this review, we described the basic 
structure of LSECs, and the effect of LSECs on hepatic inflammation and fibrosis 
during aging process. We briefly summarized the changes of hepatic microcir-
culation during liver inflammation, the effect of aging on the clearance function 
of LSECs, the interactions between LSECs and immunity, hepatocytes or other 
hepatic nonparenchymal cells, and the therapeutic intervention of liver diseases 
by targeting LSECs and vascular system. Since LSECs play an important role in 
the development of liver fibrosis and the changes of LSEC phenotype occur in the 
early stage of liver fibrosis, the study of LSECs in the fibrotic liver is valuable for 
the detection of early liver fibrosis and the early intervention of fibrotic response.
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liver microenvironment.2,11 LSECs sit on a minimal basal 
lamia, and there is very little collagen in the perisinusoidal 
area.8 This perisinusoidal area, the space between LSECs 
and the hepatocytes, is referred to as the space of Disse. 
The minimal amount of extracellular matrix (ECM) in the 
space of Disse minimizes transport barriers between the 
liver tissue and blood.8 Furthermore, the fenestrations in 
LSECs facilitate this transport effect.2 Fenestrations are 
pores that are between 50 and 250 nm in diameter, which 
collectively form sieve plates.8 Fenestrations allow small 
molecules to easily pass from the circulating blood to 
the space of Disse.2 While larger molecules pass through 
LSECs using permselectivity.2 Both the size and number 
of fenestrations change due to both physiological changes, 
and pathological conditions, for example, a variety of liver 
injury, toxins and disease.2,9,10

Studies have shown that significant structural or 
biochemical changes rarely occur in the aging liver.12,13 
However, it has been reported that there are significant 
age-related ultrastructural changes in LSECs and space of 
Disse in the livers of many species, including human, rat, 
mouse, and the nonhuman primate,14–17 which are called 
pseudocapillarization.16 Psedocapillarization of sinu-
soidal endothelial cells occurred in 27-month–old mice. 
These changes include a reduction about 14%–50% in po-
rosity and number of fenestrations (that is defenestration) 
and increased thickness of endothelium. Meanwhile, the 
diameter of fenestration is narrowed and there are maybe 
swollen endothelial cells and increased expression of en-
dothelial marker von Willebrand factor and intercellular 
adhesion molecule-1 (ICAM-1), and reduced expression 

of caveolin-1.18  These changes are related to perisinu-
soidal basal lamina formation and increased deposition 
of ECM in the space of Disse.19 Peseudocaplillarization 
may impede the movement of lipoproteins from blood to 
hepatocytes and lead to hyperlipidemia or induce aged–
related vascular disease.19,20 Pseudocapillarization and 
narrowing of the sinusoids caused by dysfunction in the 
elderly reduce sinusoidal blood flow.15 Liver aging is as-
sociated with a decrease in liver mass and a 30%–40% 
decrease in blood flow.21 Along with liver aging, dysfunc-
tion of LSECs is involved in hepatic inflammation and 
fibrosis.

2   |   THE IMMUNOLOGICAL 
FUNCTION AND PARACRINE 
EFFECTS OF NORMAL LSECs

2.1  |  Normal LSECs and immune 
function

The liver is a unique immunological organ and LSECs are 
involved in hepatic immune regulation and immune moni-
toring processes in at least two approaches. First, LSECs can 
restrict the entry of immune complexes and leucocytes into 
liver tissue. LSECs can form a barrier between the blood 
and the rest of the liver tissue. Under physiological condi-
tions, LSECs have the uptake capacity and clear most blood-
borne antigens and small immune complexes.22

Second, LSECs can act as antigen-presenting cells 
(APCs) and regulate lymphocyte action. In the liver 

F I G U R E  1   Relationship between normal LSECs and liver function. Healthy LSECs are involved in the regulation of liver function in 
several ways. The structural characteristics of LSECs ensure the bidirectional transport of metabolites and solutes between the blood and 
liver parenchyma. In addition, healthy LSECs can regulate lipid homeostasis as well as liver microenvironment. Further, LSECs have anti-
inflammation, anti-fibrosis, and paracrine regulation capacities
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sinusoid, except the dendritic cells, all resident cells 
including the Kupffer cell and LSECs also have been 
reported to have the capability to engage in antigen pre-
sentation.23 LSECs can act as APCs because they con-
stitutively express MHC class I and II, CD54 (ICAM-1), 
CD4, CD11, CD106 (VCAM-1) molecules as well as co-
stimulatory molecules CD40, CD80, and CD86, which 
are necessary for the antigen presentation to T cells.24 
In physiological conditions, antigen presentation from 
LSECs leads to immune tolerance in CD8+ cells.25 Some 
data suggest that the MHC II molecules expressed by 
LSECs may lead to immune tolerance.26,27 LSECs par-
ticipate in antigen-specific down-regulation of immune 
response by inducing differentiation of T cells into 
regulatory T cells (Tregs).28,29 An increased number of 
Tregs can play a preventive and therapeutic role in some 
autoimmune animal models.30 Plus, LSECs exert anti-
inflammatory effects by increasing IL-10 expression in 
Th1 cells through the Notch pathway.31

In addition, LSECs lead to immune tolerance of anti-
genic T cells by presenting MHC class molecules CD8+ 
T cells in some cross-presented immune responses.25 
Apoptotic tumor cells present antigens to LSECs and 
CD8+ cells through cross-presentation, leading to im-
mune tolerance.32 Vascular adhesion protein 1 mediates 
the adhesion of T cells to the hepatic sinus epithelium so 
that the normal liver can serve as a conduit for activated 
T cells.24 The cross-presentation of major hiscompatibil-
ity complex-1 (MHC-I) in LSECs promotes liver CD8+ 	
T cell immunity, which may be an important mechanism 
of liver immunity.33 In addition, LSECs play a positive role 
in immune regulation in the liver, including bacterial pro-
cessing, leukocyte adhesion and virus clearance.34–36

In response to liver injury, naïve CD8+ T cells can dif-
ferentiate into effector cells.37 When LSEC is exposed to 
high levels of antigen, the immune tolerance response of 
naïve CD8+ T cells mediated by LSEC's antigen presenta-
tion to CD8 T cells disappears.6,25,37 In human hepatitis, 
the number of LSECs windows changes, the size of the 
windows decreases, and the basement membrane are dis-
continuous. These features become apparent with the pro-
gression of hepatitis.38 In addition, the clearance of LSECs 
plays an important role in the initial absorption of viral 
pathogens into the liver.38 It has been reported that mol-
ecules larger than 12 nm in diameter cannot reach liver 
cells via LSECs.39 Hepatitis B virus (HBV)-coated particles 
are larger than 50 nm and cannot directly enter the win-
dow hole of LSECs. Data support the active transport of 
the virus to liver cells through hepatic endothelial cells. 
In addition, hepatitis virus clearance occurs only in liver 
cells, so viruses in LSECs can serve as sources for endog-
enous reinfection.40 LSECs, as one unique kind of APCs, 
exhibited antigen-specific immune tolerance in CD4+ and 

CD8+ cells. Thus, they can help the virus escape surveil-
lance from the immune system.38

Under physiological conditions, LSECs mediate the im-
mune tolerance of the liver to its own or foreign antigens 
by expressing and secreting anti-inflammatory mediators, 
but they achieve pro-inflammatory function during viral 
infection.41 Studies have shown that the low tendency of 
the weak mouse hepatitis virus 3 (MHV3) variant to LSECs 
is associated with less replication of the specific virus in 
the liver and less damage caused by it. In vitro, the atten-
uated MHV3 strain-induced small amounts of fibrinogen 
2, prothrombin that promotes vascular thrombosis and 
hepatitis, are expressed by LSECs. These results suggest 
that the MHV3  strain can promote the release of pro-
inflammatory cytokines. In addition, MHV3-specific acti-
vation of toll-like receptor 2 (TLR2) signaling is associated 
with high replication and pro-inflammatory activation of 
LSECs during acute hepatitis.42 However, so far, there is 
no direct evidence showing that the relationship between 
aging LSECs and hepatitis, and LSECs modification in the 
setting of aged HBV and HCV infections is currently poorly 
investigated; therefore, more research is needed.

2.2  |  Paracrine effects of LSECs on  
hepatocytes and hepatic nonparenchymal  
cells

Under homeostatic conditions, LSECs are not only a fe-
nestrated endothelium but also exhibit vasodilatory, anti-
inflammatory, anti-thrombotic, and anti-fibrotic effects2 
(Figure  1). Communication between LSECs and paren-
chyma of the liver is crucial in the normal liver as well as 
in the progression of liver fibrosis.

LSECs promote hepatocyte regeneration through 
paracrine action of hepatocyte growth factor (HGF).43 
Studies have shown that the expression of angiopoietin-2 
in LSECs fluctuates after hepatectomy.44 Angiopoietin-2 
expression in LSECs is down-regulated in early liver re-
generation to ensure hepatocyte proliferation, whereas 
angiopoietin-2 expression in LSECs is up-regulated in late 
liver regeneration and vascular endothelial growth fac-
tor receptor 2 (VEGFR2) is regulated to achieve vascular 
proliferation.44,45

Exosomes are vesicle structures that can be taken up 
by cells independently of receptors, and their use as a me-
diator for transfer between different liver cells has made 
them of great interest. It has been found that exosomes 
released by LSECs in patients with cirrhosis contain small 
molecules that regulate the function of liver cells.46

In normal livers, healthy LSECs prevent HSCs acti-
vation partly through vascular endothelial growth fac-
tor (VEFG)-induced nitric oxide (NO) production.47 
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Furthermore, healthy LSECs can reverse activated HSCs 
to quiescence,48 although the involved paracrine factor(s) 
has not been identified. LSECs (decapillarized form) iso-
lated from normal rat livers can suppress HSC activation, 
indicated by reduced alpha-smooth muscle actin (α-SMA) 
expression, but capillarized LSECs isolated from the rat 
livers with thioacetamide-induced cirrhosis promoted 
HSC activation.47 The use of a soluble guanosine cyclase 
activator can inactivate HSCs and down-regulate the ex-
pression of fibrin in cirrhotic rats.48 At the same time, 
the VEGF secreted from hepatocytes and quiescent HSCs 
have been identified to mediate fenestrations of LSECs 
via both NO-dependent and NO-independent manners.48

Kupffer cells, also called as stellate macrophages and 
Kupffer–Browicz cells, are the resident macrophages in 
the liver and play an important role in scavenging for-
eign materials that enter the portal circulation.49 They are 
the innate immune cells localized in the liver within the 
lumen of the liver sinusoids and are adhesive to LSECs 
which make up the blood vessel walls. The cross-talk be-
tween LSECs and Kupffer cells remains largely unknown. 
In the fibrosis model, the interaction between LSECs and 
Kupffer cells has been shown to result in loss of fenestra-
tion and increased CD31 expression.50

Capillarized LSECs secrete fibroconnectin extra do-
main A (EIIIA) that activates HSCs.51 LSECs play a key 
role in activating transforming growth factor beta 1 (TGF-
β1) through plasminolytic enzyme and thereby activating 
HSCs.52 Similarly, platelet-derived growth factor (PDGF) 
also mediates activation of HSCs through paracrine and 
autocrine pathways.

3   |   AGING-RELATED LSECs AND 
LIVER INFLAMMATION

Aging LSECs manifest changes in endocytosis, clearance, 
secretion, vasodilation, inflammation, and anti-fibrotic 
capacities. Aging LSECs can reduce the uptake of insu-
lin and lipoproteins, thereby leading to insulin resistance 
and hyperlipidemia that may cause cardiometabolic prob-
lems such as atherosclerosis.8 Additionally, aging-related 
pseudocapillarization also results in decreased endocy-
totic activity in LSECs leading to the decreased clearance 
of macromolecule such as antibodies and collagen deg-
radation products.8 Some data suggest that the ability to 
phagocyte in the liver is decreased, especially in the cen-
tral lobular region, indicating impaired scavenger func-
tion during aging and decreased age-related scavenging.15

Aging and accumulation of oxidative stress contrib-
ute to the progression of non-alcoholic fatty liver disease 
(NAFLD), steatohepatitis, and liver cancer.53 Impaired 
regulation of nitric oxide synthase (NOS) and impaired 

LSEC function caused by the loss of window openings may 
contribute to the progression of NAFLD.54–56 These results 
suggest that targeting LSEC may prevent the progression 
of NAFLD as well as its conversion to steatohepatitis.

3.1  |  Expression changes of angiosecretin, 
adhesion molecules and pro-inflammatory 
cytokines in aging LSECs

Endothelial angiosecretin molecules such as HGF, Wnt2, 
and Hamp as well as anti-oxidant molecules like stablin-
lin-2 and HO-1 seem to be reduced and the expression of 
various pro-inflammatory cytokines such as tumor necro-
sis factor alpha (TNF-α), interleukin 1(IL-1) and interleu-
kin 1(IL-6) is up-regulated in elderly LSECs.57 Changes 
in LSEC porosity affect the thickness of the LSEC cross-
section.1 These morphologic changes affect the expression 
of many vascular proteins, such as ICAM-1, laminin, and 
various collagens.18

Aging leads to a moderate pro-inflammatory state 
in LSECs and increased cell adhesion marker expres-
sion.2  The increase of inflammatory cells in the aging 
liver is related to the increase of ICAM-1 expression in the 
hepatic sinusoidal wall. One study shows that liver mi-
crocirculation dysfunction occurs in the old mice liver.15 
Age-related changes in liver microcirculation include 
sinus blood flow impairment associated with leucocyte-
cell-endothelial cell interactions and macrophage 
aggregation, suggestive of the hepatic microvascular in-
flammatory response.15 The accumulation of white blood 
cells in the livers of elderly mice is at least in part due to 
the increased expression of ICAM-1 in the sinus, indi-
cating an age-related inflammatory response (Figure  2). 
Kupffer cells can adhere to these markers increasing the 
number of Kupffer cells in the liver.8 The higher number 
of Kupffer cells in the liver then leads to an increase in the 
release of IL-6 and IL-1, which further contributes to liver 
inflammation.8  The pro-inflammatory state of the liver 
also leads to increased numbers of neutrophils and CD68+ 
macrophages in the sinusoidal area,57 while CD163+ cells 
are decreased.3 This is consistent with reports of the in-
creased age-related inflammatory response.58,59 Reduced 
sinusoid width and swollen LSECs in elderly mice also lead 
to white blood cell capture and sinus obstruction, leading 
to impaired sinus perfusion.15 Meanwhile, early capillar-
ization may be stimulated by age-related inflammation.58

The increased oxidative stress that occurs as a result 
of aging is especially detrimental to LSECs because they 
are very sensitive to oxidative stress11 (Figure  2). This is 
because reactive oxygen species (ROS) cause damage to 
LSECs and alter their function.11 Additionally, there is 
a reduced expression of heme oxygenase-1 (HO-1), an 
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anti-oxidant enzyme, in LSECs due to aging.57 This further 
contributes to the oxidative stress in LSECs.57 In LSECs, 
oxidative stress can cause an increase of pro-inflammatory 
cytokine and chemokine expression, as well as angiogene-
sis.11 When exposed to oxidative stress, LSECs attempt to 
maintain homeostasis through autophagy.60 Autophagy is 
an intracellular recycling system that is used to regulate the 
cell response to stress to maintain homeostasis.60 Loss of 
autophagy in LSECs results in increased endothelial dys-
function, activation of HSCs, and decreased NO levels.60

3.2  |  Decreased NO production in 
LSECs and inflammation

As aging occurs, LSECs have a decreased availability of 
NO.58 NO is a vasodilation agent, and LSECs are a major 
source of NO in the liver.2 LSECs produce NO when stimu-
lated by shear stress or other stimuli such as VEGF.61 Shear 
stress upregulates kruppel-like factor 2 (KLF2) which in turn 
upregulates endothelial nitric oxide synthase (eNOS).2 NO 
inhibits the activation of inflammatory Kupffer cells and 
protects against pathological conditions in the liver.61 The 
reduced availability of NO due to aging is believed to be 
partly due to reduced eNOS activity.57 eNOS is mainly ex-
pressed in LSECs and other endothelial cells in the liver. 
eNOS-derived NO is helpful to maintain liver homeostasis, 
for example, the regulation of hepatic perfusion. In contrast, 

inducible nitric oxide synthase (iNOS) is induced in vari-
ous liver cells, such as LSECs, hepatocytes, HSCs, Kupffer 
cells, cholangiocytes, and other immune cells.62 Under 
pathological conditions, iNOS-derived NO is a major source 
of reactive nitrogen species (RNS). Specially, peroxynitrite 
(ONOO−) can damage various cellular molecules such as 
DNA, proteins and lipids, and can also facilitate protein ni-
tration in acute and chronic liver diseases.63

In addition, other study showed that significant up-
regulation of iNOS might promote the inflammatory 
process in fulminant hepatic failure.64 Recently, it was 
reported that LPS induced LSEC dysfunction, which in-
cluded a decreased vasodilation response to acetylcholine, 
decreased eNOS phosphorylation at Ser1176 and increased 
nitrooxidative stress induced by iNOS. Furthermore, iNOS 
inhibition alleviated liver endothelial dysfunction, re-
duced nitrooxidative stress and delayed the development 
of liver injury.65 Another latest study reported that statins 
may restore a healthy LSEC and HSC by inhibiting the 
activation of HSC through modulating the expression of 
iNOS and eNOS.66 But in fact, there are few studies about 
the changes of iNOS in aging LSECs and the subsequent 
effects in chronic liver diseases during aging. So, further 
studies are necessary to explore this aspect.

NO is not only important for inflammatory inhibition but 
also for prevention of stenosis, hepatic metabolism, and reg-
ulation of hepatic blood flow. LSECs help regulate hepatic 
blood flow by releasing NO and angiocrine molecules.8 The 

F I G U R E  2   The effects of aging LSEC in liver inflammation. Aging leads to LSEC dysfunction, which increases the expression of cell 
adhesion molecules (e.g., ICAM-1) so that there is an accumulation of neutrophils and CD68 macrophages in the liver. The expression of 
IL-6 secreted by Kupffer cells and macrophages is up-regulated and promotes liver inflammation. Aging LSECs lead to down-regulation of 
nitric oxide (NO), which, together with down-regulation of angiosecretin molecules induced by aging, leads to increased hepatic vascular 
resistance and portal venous pressure. The down-regulation of HO-1 expression caused by the aging of LSEC will lead to the increase of 
oxidative stress response, in which reactive oxygen species (ROS) will further lead to the aging of LSECs. Aging LSECs may have senescence-
associated secretion phenotype (SASP), producing the cytokines such as IL-1, IL-6 and IL-8, contributing to inflammation. Besides, LSECs 
dysfunction is also involved in pro-inflammatory reaction in virus hepatitis
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angiocrine molecules that LSECs produce help to keep the 
liver balanced between fibrosis and liver regeneration.2 
However, aging results in reduced production of angioc-
rine molecules such as stabilin-2, CD32b, and VEGFR2.57 
Additionally, there is reduced expression of vasodilator 
genes in LSECs.57 This, along with the decreased NO avail-
ability, results in increased hepatic vascular resistance and 
portal pressure.8 As a result, there is decreased hepatic blood 
flow resulting in further oxidative stress2 (Figure 2).

Interestingly, increased expression of senescent mark-
ers p16 was observed in LSECs isolated from old rat liv-
ers.3 Senescent LSECs may exhibit senescence-associated 
secretory phenotype (SASP), along with secreting some 
inflammatory cytokines such as IL-6, IL-1 and IL-8, and 
so on. But further studies are necessary to verify the role of 
SASPs in LESCs during chronic liver injuries.

4   |   AGING-RELATED LSECs AND 
LIVER FIBROSIS

4.1  |  Alteration in LSECs phenotype and 
liver fibrosis

The occurrence of liver fibrosis is a complex process in-
volving molecules, cells, and multiple signaling pathways. 
Changes in LSEC phenotypes play an important role in 
liver fibrosis (Figure 3). Alterations in the LSECs pheno-
type include lack of fenestration, capillarization,67 and 
tissue basement membrane formation, which precede fi-
brosis and promote HSC activation.

The alteration of the LSEC phenotype is a key step in 
liver fibrosis.68 LSEC phenotype and functions are lost 
during liver fibrosis by processes known as capillariza-
tion and LSEC dysfunction. Changes in the LSECs win-
dow can increase chylomicron deposition in the vascular 
bed and further aggravate liver injury.69 When capillar-
ization occurs, LSEC becomes continuous endothelial 
cells, and ECM and interstitial collagen deposition in 
the Disse space also promote LSECs window closure,70 
which leads to liver cell damage and progression to liver 
fibrosis.71

The severity of liver fibrosis can be influenced by the 
interaction between LSECs, HSCs, and Kupffer cells with 
cellular interstitial components.72,73 Loss of the LSEC 
window occurs in the early stages of liver fibrosis.68 The 
reversal of LSECs from early environmental tolerance to 
promoting inflammation and immunogenicity also leads 
to increased liver inflammation and altered liver immu-
nity.74,75 At the same time, the inactivation of eNOS and 
the up-regulation of endothelin-1 expression also lead to 
the intensification of liver fibrosis.76 In addition, capillar-
ized LSECs promote the accumulation of intrahepatic and 
extrahepatic matrix for fibrotic responses in the form of 
collagen and fibronectin synthesis.

It has been reported that there are occasional perinu-
sional fibers detected by reticulin staining in older mice. 
Thickening of LSEC and up-regulation of endothelial an-
tigen expression are also observed in aging livers.18 This 
phenomenon is associated with mild hepatic sinus fibro-
sis, but not other liver lesions, which may be related to the 
pathogenesis of endothelial cells.18

F I G U R E  3   The influence of aging LSEC on liver fibrosis. Pseudocapillarization of LSECs facilitate the occurrence of liver fibrosis. 
Increased expression of vasoconstrictors together with TGF-β, PDGF and fibronectin EIIIA can promote activation of HSCs. Loss of 
autophagy, exosome release and liver hypoxia due to aging LSEC dysfunction are also involved in HSC activation. In addition, aging LSECs 
may produce extracellular matrix (ECM) and fibronectin. Taken together, Aging LSECs may contribute to the occurrence and progression of 
liver fibrosis
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4.2  |  LSEC dysfunction and HSC activation

In addition to causing hepatic hypoxia, the development 
of pseudocapillarization leads to LSECs being unable 
to maintain HSC quiescence, resulting in fibrogenesis.6 
HSC activation is regulated by the LSEC production of 
vasodilators and vasoconstrictors.11  The reduced pro-
duction of NO and other vasodilators in LSECs as a re-
sult of aging, therefore, leads to the activation of HSCs8 
(Figure 3). Typically, when activated HSCs lose their fat-
filled vesicles, but in aging mice, this does not occur.8 The 
activated HSCs contribute to the increased ECM deposi-
tion in the space of Disse which further contributes to 
LSECs dysfunction.11 LSECs promote fibrosis by activat-
ing HSC in human and mouse liver. First, LSECs affect 
HSC activity by regulating vasodilator and vasoconstric-
tor. Secondly, LSECs also increase the activity of HSCs by 
secreting TGF-β and PDGF.51,52 Finally, LSECs increase 
the activity of HSC by activating the Wnt- β-catenin path-
way via paracrine or autocrine fashions.77–80

The role of exosomes in liver fibrosis is not well un-
derstood. Exosomes are known to communicate between 
cells through protein and lipid exchange.81  They are re-
leased by all cells in order to communicate with surround-
ing cells. The HSC-LSEC cross-talk of LSEC dysfunction 
caused by exosome signaling in liver fibrosis is bidirec-
tional. In addition, it has been shown that exosomes from 
the dysfunctional LSECs activate HSC and thus promote 
the progression of liver fibrosis.82

4.3  |  Effect of aging LSECs on 
extracellular matrix and fibrotic molecules

The role of LSECs in liver fibrosis does not end with the 
activation of HSCs. The decrease in NO production during 
aging leads to decreased suppression of pro-fibrotic path-
ways.8 Additionally, pseudocapillarization leads to the re-
lease of other pro-fibrotic factors from LSECs.60

It has been demonstrated that changes in LSEC phe-
notype and the feneolation are virtually irreversible once 
a substantial basement membrane of liver endothelium 
appears.67 In the case of liver fibrosis, LSECs may be ac-
tive contributors to excessive ECM83–85 (Figure  3). The 
specific effect of LSECs on fibrotic ECM has been con-
firmed by several animal and clinical studies. Studies 
have confirmed that mRNA levels of collagen type I in 
LSECs increase after liver injury.86 Injured LSECs can 
synthesize more type IV collagen.87 Animal studies have 
also shown that LSECs can synthesize fibronectin, an es-
sential structural component of ECM88 (Figure 3). LSECs 
show a higher expression of fibroconnectin of the EIIIA 
fragment, which acts as an active biooligomeric and 

triggers the wound healing response of the organ.51 The 
phenotype of LSECs is directly and indirectly affected 
by the excessive accumulation and structural changes of 
ECM in the fibrotic liver. The presence of interstitial col-
lagen fibers leads to the uncoating of LSECs.70 Uncoating 
of LSECs further reduces the ability of molecular ex-
change between parenchyma and lumen. Compared 
with the acellular ECM of other organs, LSECs cultured 
on the acellular ECM of the liver maintain an open-cell 
phenotype for a longer period.89 ECM remodeling during 
the development of liver fibrosis also leads to changes in 
cell-matrix adhesion molecules.

In the advanced stage of liver fibrosis, LSECs transform 
into vascular endothelium with the expression of pheno-
typic marker factor VIII -related antigen (FVIIIRag) of 
vascular endothelial cells90 (Figure 3). FVIIIRag is a reli-
able marker for the detection of the sinus to vascular en-
dothelial transformation in advanced liver fibrosis in the 
elderly.90 In the FVIIIRag positive endothelial cells, fine 
particles with a diameter of less than 1  µm were found 
in the immune sediments, which were located in the 
perikaryotic cytoplasm and cellular processes. In the pa-
renchymal area of focal perisinusional fibrosis, FVIIIRag 
immunoreactive endothelial cells are seen overlaying the 
discoid collagen fiber bundles and altered cell behavior, 
suggesting a morphological link between vascular endo-
thelial tissue formation and discoid fibrous formation.90

VEGF increases the fenestration rate by 2–4 times 
and the down-regulation of VEGF-FR2 results in exfo-
liation of the endothelium, rupture of the sinus cavity, 
and reduction of the number of fenestration. Therefore, 
the age-related decline in the production of VEGF by 
hepatocytes may play an important role in the pseudo-
capillarization.91  The results reveal that aging is asso-
ciated with the up-regulation of VEGFR2 in LSECs.91 
Age-related increased VEGFR2 expression may not 
contribute to the pathogenesis of pseudocapillariza-
tion. On the other hand, the increase of VEGFR2  may 
be a compensatory response, possibly in response to 
pseudocapillarization by increasing puncture.91 The in-
crease in VEGFR2 may reflect an age-related response to 
pseudocapillarization.91

The outcome of liver repair and regeneration or pro-
gression to fibrosis or even cirrhosis is determined by the 
signal generated by LSECs triggered by liver injury.45,92 
Stromal cell-derived factor-1 (SDF-1) receptor, a chemo-
kine of the C-X-C motif chemokine (CXC) subfamily, is 
increased during chronic liver injury. The receptors for 
SDF-1 include CXC chemokine receptor 7 (CXCR7) and 
CXCR4, which produce different signaling pathways lead-
ing to different outcomes. When there is sustained chronic 
liver injury, LSEC vascular growth factor receptor together 
with vascular growth factor 2, actives the MAPK pathways, 
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induces CXCR4 expression, and inhibits CXCR7, which 
leads to HSC activation and ECM production.

4.4  |  Loss of LSEC autophagy and 
liver fibrosis

Autophagy is important for LSEC homeostasis. Autophagy 
dysregulation as a result of oxidative stress brought on by 
aging also increases fibrosis60 (Figure 3). In mouse and rat 
models, fibrosis-induced loss of endothelial autophagy re-
duces intrahepatic NO and impairs the response of LSECs 
and surrounding cells to oxidative stress.8 Release of NO 
from LSECs in physiological and pathological conditions is 
critical for regulating liver metabolism because it affects liver 
blood flow, glucose tolerance and fat content, maintenance 
of stellate cell immobility, inhibition of pro-fibrosis path-
ways, and prevention of stenosis.8 In aging models, LSECs 
have increased oxidative stress, decreased availability of NO, 
decreased vasodilation, and increased inflammation.57

Autophagy of LSEC maintains its special pheno-
type.93 When hemodynamics is changed, the expression of 
Krupple like factor KLF2, which has a protective effect on 
blood vessels, is up-regulated, which enhances the autoph-
agy of LSEC and alleviates the injury. When autophagy di-
minishes, the function of LSECs is impaired, the ability to 
resist oxygen stress is decreased, and the production of NO 
is reduced. However, NO can keep HSC in a static state and 
reduce the production of ECM, so the impairment of LSECs 
autophagy aggravates liver fibrosis.60 Down-regulation of 
endothelial autophagy is a change that increases oxida-
tive stress in vitro. Selective loss of endothelial autophagy 
during chronic liver injury in vivo leads to endothelial dys-
function, decreased intrahepatic NO, impaired oxidative 
stress management, and aggravated liver fibrosis. In the 
early stage of liver injury, selectively enhancing autophagy 
of LSECs may effectively prevent the progression of fibrosis; 
autophagy helps maintain cellular phenotypes and protect 
LSECs from oxidative stress. But in the late stage of chronic 
liver injury, autophagy may not be sufficient to restore the 
damage. Dysregulation of endothelial autophagy activates 
HSC and worsens the fibrosis in acute liver injury.60

4.5  |  Other aging-related LSEC 
dysfunctions involved in liver fibrosis

Additionally, age-related changes result in liver hypoxia, 
activation of HSC, and fibrosis.11  The decreased hepatic 
blood flow can cause hepatic hypoxia, which is a trigger of 
HSC activation and promotes the induction and progres-
sion of liver fibrosis11 (Figure 3). In addition to the reduced 

NO and angiocrine molecules, the loss of fenestrations 
leads to reduced oxygen supply in the liver resulting in hy-
poxia.11 The hypoxia leads to increased hypoxia-inducible 
transcription factor which in turn increases angiogenic 
growth factors leading to angiogenesis.11 Angiogenesis 
and fibrogenesis are closely linked and the increase of one 
leads to the increase of the other.2

Cirrhotic cells, including hepatocytes and LSECs, may 
lose their restorative function when exposed to a normal 
hepatic microenvironment.94,95 Microvascular remodel-
ing in the fibrotic liver results in increased capillary re-
sistance and increased blood-brain barrier shear stress. 
The expression of NO and NOS in LSECs is significantly 
reduced in a rodent liver fibrosis model. Maintenance 
of LSEC differentiated phenotypes is regulated by the 
NO signaling pathway, suggesting that autocrine NO 
of LSECs can control the VEGF-mediated pathways.96 
Studies have shown that HSC activation during the 
capillarization of LSECs plays a role in the paracrine of 
LSECs, and HSC mechanical signals also have an indi-
rect effect on LSECs.96 In a high stiffness microenviron-
ment, LSECs lose the window hole and exhibit increased 
stress fiber formation.50

5   |   THERAPEUTIC 
INTERVENTIONS TARGETING 
AGING LSECs FOR LIVER DISEASES

5.1  |  NOS or Notch1 as a potential target 
for the treatment of liver fibrosis

Phenotypic restoration may be a potential therapeutic 
approach to promote fibrosis regression. LSECs have 
mannose receptors and can rapidly endocytosis of dena-
tured collagen-α chains in the blood.67 In rodent models, 
fibrosis resolution and window-opening maintenance of 
LSECs have been achieved through VEGF-mediated path-
ways.97,98  NOS synthesized by LSECs plays a regulatory 
role in portal vein hemodynamics and is an important tar-
get for fibrosis mitigation. Interruptions in Notch1 sign-
aling lead to hepatic vascular remodeling, and complete 
signaling ensures the maintenance of the highly differen-
tiated phenotype of LSECs, thus suggesting the potential 
of Notch1 as an anti-angiogenic target for liver fibrosis.99 
But another study has suggested that Notch activation in-
hibits eNOS-sGC signaling, resulting in increased LSEC 
dedifferentiation, HSCactivation and liver fibrosis as well 
as reduced expression of Wnt2a/9b.77  Therefore, addi-
tional studies are needed for a better understanding of the 
Notch signaling in the progression and treatment of liver 
fibrosis.
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5.2  |  Targeting LSECs with 
resveratrol or metformin

Age-related windowless behavior can be prevented by 
the use of agents acting on nutrient-sensing pathways or 
more generally by delaying senescence; and cells that act 
on specific pathways that appear to directly regulate win-
dowing.57 So far, two anti-aging drugs have been tested: 
resveratrol and metformin.57 Resveratrol acting on the 
sirtuin nutrient-sensing pathway increases the hepatic 
sinusoidal window in mice with Werner syndrome, a 
model of premature aging.57  Metformin acts on adeno-
sine monophosphate-activated protein kinase (AMPK) 
energy-sensing pathway, which weakens the window hole 
of hepatic sinusoids and improves HOMA-IR and insulin 
sensitivity as well as endothelial dysfunction in elderly 
mice.57 Metformin appears to prevent age-related window 
loss with chronic treatment and reverse age-related win-
dow loss with acute treatment in LSECs of young and old 
mice. Restoration of the healthy LSEC phenotype and en-
dothelial function has been found to prevent fibrosis pro-
gression and promote fibrosis regression.100 This suggests 
that the effect of metformin on LSECs may be combined 
with the beneficial effect of AMPK agonists in the treat-
ment of liver fibrosis.100

5.3  |  Caloric restriction

In old ages, the thickness of the sinusoidal endothelium 
increases, and the window rate of endothelium decreases 

which leads to endothelial dysfunction.101  The area of 
perforated endothelial cells decreases by 30%–50%. This 
is associated with increased intramedullary endothelial 
cell thickness and ECM, including collagen and basal 
lamina. Caloric restriction (CR) has a significant effect on 
sinusoidal endothelial cells, suggesting that the aging pro-
cess involves pseudocapillarization.101 CR also improves 
the age-related increase in sinusoidal mucosa skin cell 
thickness and ECM. Caveolin-1 is found to be strongly 
expressed parasinusally in young, healthy livers. The 
expression of caveolin-1 decreases with age, which is as-
sociated with the reduction of the sinus window. These 
associations support the conclusion that the fossae are 
structurally related to the fenestration and that changes 
in caveolin-1 expression are important during aging.101 
CR alleviates the decrease in age-related caveolin-1 
parasinus-like expression.101 In conclusion, senescence 
is related to the changes of hepatic sinusoidal endothelial 
cells and endothelial dysfunction. The known role of CR 
in age-related pseudocapillarization suggests that CR may 
be a new therapeutic target for the control of age-related 
dyslipidemia.101

5.4  |  Novel measures targeting LSEC and 
endothelial function

A major challenge for pharmacotherapies is the deliv-
ery of the active agent to the specific cell type or tissue. 
LSECs have unique properties which can be utilized 
as a drug target. LSECs are the most efficient endocytic 

F I G U R E  4   Measures to prevent LSEC aging. Nanoparticle targeted drug delivery can be used for the regulation of fenestrations in 
LSECs. Resveratrol and metformin act on sirtuin and AMPK nutrient-sensitive pathways respectively to regulate the aging of LSECs. Calorie 
restriction can reduce the occurrence of pseudocapillarization and thus affect the aging of LSECs. Statins reduce the occurrence of LSEC 
aging by increasing the autophagy of LSECs
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cells in the body.83  They have plenty of clathrin-coated 
vesicles and numerous endocytic receptors such as man-
nose receptors, Fc gamma-receptor IIb2 and stabilin re-
ceptors.4 Therefore, LSECs have also been exploited as a 
target for the uptake of nanoparticles, especially for those 
with a diameter of 5–20  nm.102,103  Thus, nanoparticles 
have been suggested as an efficient way of drug delivery 
to LSECs and other liver cells,104,105 decreasing dosages, 
adverse drug reactions, and off-target effects. This kind of 
drug delivery technology may be promising for therapeu-
tic agents that regulate fenestrations in the LSEC. In ad-
dition, statins may improve liver endothelial dysfunction 
and help to alleviate portal hypertension. Statins may act 
as vasoprotective drugs by maintaining LSEC differenti-
ated phenotypes and improve LSEC autophagy.66

6   |   CONCLUSION

LSECs' unusually thin morphology along with their fen-
estrations allows them to manage the liver microenviron-
ment through both their high endocytic capacity and their 
high permeability.2 When aging occurs, there is a reduc-
tion in both size and number of fenestrations resulting 
in reduced movement of molecules, namely, pseucaplil-
larition which can lead to insulin resistance and hyper-
lipidemia.8 In addition, aging leads to oxidative stress, 
decreased availability of NO, decreased hepatic blood 
flow, and increased inflammation in LSECs.57 LSECs are 
uniquely sensitive to oxidative stress, and as a result of 
this stress can have reduced NO.11,60 Decreased NO af-
fects the regulation of hepatic blood flow, the prevention 
of stenosis, and inflammatory inhibition.8 Decreased he-
patic blood flow leads to hepatocyte hypoxia, which in 
turn leads to HSC activation and liver fibrosis.11 In addi-
tion, LSEC pro-inflammatory state along with decreased 
angiocrine molecules results in fibrogenesis.6,11 Since 
phenotypic changes in the LSEC phenotype occur in the 
early stages of liver fibrosis, studying the molecules of 
LSECs in the context of the progression of liver fibrosis 
will prove valuable for the early detection and subsequent 
early intervention of liver fibrosis (Figure 4). Meanwhile, 
pathologic changes of LESCs also contribute to the devel-
opment of liver fibrosis. Currently, most of the current 
research is carried out at the level of animal and in vitro 
experiments, which is very different from the complex, 
delicate and dynamic environment of the human body. 
Therefore, in-depth analysis of the physiological and 
pathological processes of LSECs and clarification of its 
mechanism of action associated with aged endothelial 
dysfunction will surely bring breakthroughs and progress 
in the targeted treatment of liver fibrosis with LSECs.
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