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Abstract

Capillarization, lack of liver sinusoidal endothelial cell (LSEC) fenestration and formation of an 

organized basement membrane, not only precedes fibrosis, but is also permissive for hepatic 

stellate cell activation and fibrosis. Thus dysregulation of the LSEC phenotype is a critical step in 

the fibrotic process. Both a VEGF-stimulated, NO-independent pathway and a VEGF-stimulated 

NO-dependent pathway are necessary to maintain the differentiated LSEC phenotype. The NO-

dependent pathway is impaired in capillarization and activation of this pathway downstream from 

NO restores LSEC differentiation in vivo. Restoration of LSEC differentiation in vivo promotes 

HSC quiescence, enhances regression of fibrosis, and prevents progression of cirrhosis.

Introduction

Capillarization, which is when liver sinusoidal endothelial cells (LSECs) lack fenestration 

and develop an organized basement membrane (1), is a prelude to fibrosis. This brief review 

will describe that capillarization not only precedes fibrosis, but that changes that occur in 

LSECs with the morphological features of capillarization are an integral part of the fibrotic 

process. This lends importance to our understanding of how the differentiated LSEC 

phenotype is maintained, which will be discussed in the first section. The second section 

will examine the differing effects of the differentiated and “capillarized” LSEC on hepatic 

stellate cell (HSC) quiescence and activation. The final section will examine in vivo studies 

that confirm that reversing capillarization accelerates regression of fibrosis and can prevent 

progression of cirrhosis.

The review is focused predominantly on the role of crosstalk between liver cells in general 

and LSECs more specifically in the mechanisms leading to fibrosis. Angiogenesis, the 

formation of new blood vessels from existing blood vessels, occurs in fibrosis. It has not yet 

been determined whether angiogenesis takes place in parallel with the development of 

fibrosis or plays a causal role in fibrosis. Given that it has not been established that LSECs 

promote fibrosis through angiogenesis, angiogenesis will not be discussed.
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Regulation of the LSEC Phenotype

LSECs are a highly specialized endothelial cell with morphological and functional features 

characteristic of this particular endothelial cell.

Morphologically, LSECs contain fenestrae, non-diaphragmed pores that transverse the 

cytoplasm. The fenestrae are 100-150 nm in size and are clustered in groups that have been 

termed sieve plates. Fenestration patterns vary across the liver lobule, with larger but fewer 

fenestrae per sieve plate in the periportal region and smaller but more numerous fenestrae 

per sieve plate in the centrilobular region (Figure 1). The endothelial cells that line the 

transition from the sinusoid to the central vein have occasional, scattered fenestrae without 

well-developed sieve plates (Figure 1, bottom panel). Fenestration is not unique to LSECs, 

but is seen in various endothelial cells in other organs. However in mammals only the 

glomerular endothelial cell and the LSEC have open (non-diaphragmed) fenestrae, and the 

glomerular endothelial cell differs from the LSEC in that it resides upon an organized 

basement membrane. Thus the LSEC has a morphologic phenotype that is unique in the 

mammal with the combination of open fenestrae and lack of a basement membrane. This 

creates open access for solutes between the sinusoidal blood and the space of Disse. 

Porosity, the amount of LSEC surface occupied by fenestrae is twice as high in the 

centrilobular region as in the periportal region (2), allowing increased exchange of oxygen 

as the pO2 drops across the lobule.

A characteristic functional phenotypic feature of the LSEC is its high endocytic capacity 

(see recent review (3)). Endocytic vesicles can be seen on scanning electron microscopic 

exam of LSECs and are smaller, non-clustered holes that need to be distinguished from 

fenestrae. Three endocytosis receptors have been identified on LSECs: the collagen-α-chain/

mannose receptor, the hyaluronan/scavenger receptor, and the FcγIIb2 receptor. The 

collagen- α-chain/mannose receptor (CD206) clears circulating collagen alpha chains, i.e. 

denatured collagen of several types of collagen, and glycoconjugates with terminal mannose, 

such as lysosomal enzymes, procollagen type I carboxyterminal propeptides, and tissue type 

plasminogen activator (4, 5). The hyaluronan/scavenger receptor, SR-H (stabilin-1 and 

stabilin-2), is the main functional scavenger receptor on the LSEC (6-8). The hyaluronan/

scavenger receptor clears hyaluronan, chondroitin sulphate, formaldehyde treated serum 

albumin (FSA, used as a test ligand for scavenger receptor-mediated endocytosis (9-11)), 

procollagen type I and III N-terminal peptides, nidogen, acetylated and oxidized low density 

lipoprotein (12-14), plasma coagulation products, and advanced glycation end-products (15). 

The LSEC Fc-receptor, FcγIIb2 (CD32b or SE-1 (16)), clears immune complexes formed 

with Ig G (17).

The presence of fenestrae in sieve plates on electron microscopy is the gold standard for 

confirming the identity of LSECs and the ability to take up fluorescently labeled FSA or 

collagen α-chains is the current standard for assessing purity of an isolated population of 

LSECs. Markers that have been used to identify LSECs include the expression of FcγIIb2 

(17) (CD32b or anti-SE-1 (16)), stabilin-2 (3, 18), liver/lymph node-specific ICAM-3-

grabbing integrin [L-SIGN; aka CD209L or DC-SIGN-related (DC SIGNR)] (19), and 

LYVE-1 (20, 21). Uptake of di-acetylated-low density lipoprotein (di-Ac-LDL) is best 
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avoided as a method to assess LSEC identity or purity. Di-Ac-LDL is taken up by 

endothelial cells in general and also by Kupffer cells. The high endocytotic activity of 

LSECs makes it theoretically possible to use di-Ac-LDL to distinguish LSECs from other 

liver endothelial cells, but requires careful attention to the low concentration of di-Ac-LDL 

and early time point of assessment needed to distinguish LSECs from other endothelial cells. 

Other LSEC markers have been proposed but require careful positive correlation with either 

fenestration or uptake of specific LSEC ligands, and negative correlation with other liver 

endothelial cells, e.g. the poorly fenestrated endothelial cells that transition to the central 

vein (see figure 1, bottom panel).

In this review, LSECs with normal fenestration and function will be referred to as 

differentiated LSECs, whereas LSECs that are defenestrated and lack functions present in 

differentiated LSECs will be termed capillarized LSECs. As described below, the ability to 

promote hepatic stellate cell quiescence is one of the functions of differentiated LSECs that 

is lost in capillarization.

In vivo, loss of the unique fenestrated phenotype has been shown to precede onset of fibrosis 

in alcoholic liver injury (22), non-alcoholic fatty liver disease (23), toxic liver injury (24), 

and the intragastric alcohol infusion model (DeLeve LD et al, unpublished observation). 

Endocytosis is impaired in capillarization (25), but there is not yet published evidence that 

the decline in endocytotic capacity precedes fibrosis or a comprehensive description of 

which endocytotic receptors are affected in capillarization. In vitro, fenestration is lost 

within 2-3 days in culture. In contrast, some degree of endocytosis persists longer than 

fenestration in culture. Thus fenestration, at least in cultured LSECs, may be a more accurate 

marker for the fully differentiated LSEC phenotype than endocytosis. Both fenestration and 

endocytosis persist longer in vitro in the right microenvironment (26, 27).

VEGF, derived from hepatocytes and hepatic stellate cells, is a key regulator of the LSEC 

phenotype, as demonstrated both in vitro and in vivo (26, 28-30). In vitro studies have 

demonstrated that maintenance of the fenestrated LSEC phenotype requires VEGF working 

through two pathways, a nitric oxide (NO) dependent and an NO-independent pathway 

(Figure 2) (26, 28). VEGF secreted by either hepatocytes or stellate cells stimulates NO 

release from endogenous nitric oxide synthase (eNOS) in LSEC. NO in turn acts through 

soluble guanylate cyclase (sGC), conversion of GTP to cGMP, and stimulation of protein 

kinase G (PKG), which can then phosphorylate protein targets (28). An alternate possibility, 

i.e. that NO acts through protein S-nitrosylation, was found not to be necessary to maintain 

the fenestrated LSEC phenotype (28). In addition to the VEGF-stimulated NO pathway, 

maintenance of the LSEC phenotype also requires an NO-independent pathway, which 

remains to be characterized (28).

In capillarization, eNOS protein is unchanged, but eNOS activity is diminished with low 

production of NO (31) due to increased binding to caveolin (32). Thus the VEGF-

stimulated, NO-dependent pathway is impaired. VEGF is upregulated in cirrhosis (33, 34), 

so that total VEGF is not rate limiting in this process. Indeed, as will be discussed later in 

this review, activation of the NO-dependent pathway is sufficient to restore LSEC 
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differentiation in cirrhotic liver, which demonstrates that the VEGF-stimulated NO-

independent pathway is not impaired.

Hedgehog signaling is increased in LSECs that have capillarized in vitro and inhibition of 

hedgehog signaling blocks culture-induced capillarization (35). It remains to be determined 

experimentally how the two pathways linked to capillarization, i.e. decline in the VEGF-

stimulated NO pathway and increased hedgehog signaling, are linked to one another.

Differing Effects of Differentiated and Capillarized LSECS on Hepatic 

Stellate Cell Activation (Figure 3)

Prevention of hepatic stellate cell activation

Hepatic stellate cells (HSCs) cultured alone on plastic become activated. When HSCs are 

placed in co-culture with differentiated LSECs, the presence of LSECs maintains HSC 

quiescence (36). This is true whether co-culture is performed with either heterotypic contact 

(that is with LSECs and HSCs in physical contact) or with physical separation of the cells 

and sharing of the culture medium. Thus the ability of LSECs to maintain HSC quiescence 

is through a paracrine factor. When quiescent HSC are co-cultured with capillarized LSECs, 

the rate of HSC activation is the same as for HSCs cultured alone (36). Cardiac 

microvascular endothelial cells have no effect on HSC activation, indicating that this is not a 

universal effect of microvascular endothelial cells (28).

Hepatocytes are unable to maintain HSC quiescence unless the culture medium is 

supplemented with an NO-donor, but it remains to be determined whether NO contributes to 

the paracrine effect of LSECs on HSC quiescence or whether other paracrine factors are 

necessary (36). Our group and others have reported that NO produced by LSECs maintains 

HSC quiescence: in co-culture of LSECs with HSCs, inhibition of eNOS by L-NAME 

blocks the ability of LSECs to maintain HSC quiescence (36, 37). However the flaw in the 

interpretation of these studies is that LSECs cultured in the presence of L-NAME capillarize 

and capillarized LSECs do not maintain HSC quiescence (36). At this point it has not been 

demonstrated that LSEC NO contributes to maintaining HSC quiescence. As described 

below, NO does not promote reversion of activated HSC to quiescence.

In cirrhosis, decreased production of NO by LSECs (31) and increased production of 

endothelin-1 by HSCs promotes contractility of HSCs (38) and increased production of 

prostanoids by LSECs increases portal pressure (39).

Reversion of activated HSC to quiescence

When differentiated LSECs are added to culture-activated HSCs and LSEC differentiation is 

maintained with a sGC activator, activated HSCs revert to quiescence (28). The paracrine 

mediator for the paracrine effect of LSECs on HSC activation has not been identified, but 

NO does not promote reversion of activated HSCs to quiescence (28). When differentiated 

LSECs are added to activated HSCs and no measures are taken to preserve LSEC 

differentiation, LSECs capillarize and HSCs remain activated (28). Thus differentiated 

LSECs promote reversion of activated HSC to quiescence, but capillarized LSECs do not.
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In cirrhotic liver, statins increase hepatic eNOS activity and cGMP levels (40). In the bile 

duct ligation model, statins increase hepatic eNOS and PKG (protein kinase G) activity (41), 

decrease HSC Rho-kinase activity, and reduce portal pressure with decreased intrahepatic 

resistance (41). Statin-induced upregulation of the transcription factor KLF2 in hepatic 

endothelial cells increases eNOS expression, presumably contributing to the decreased 

intrahepatic resistance, and promotes hepatic endothelial cell-dependent reversion of 

activated HSCs to quiescence (37).

To summarize, differentiated LSECs prevent HSC activation and promote reversion to 

quiescence, but capillarized LSECs do not. The mediator for this has not been identified. 

Taken together with the observation that capillarization precedes fibrosis, these findings 

suggest that capillarization is at least permissive for fibrosis.

There are data that suggest that capillarized LSEC actively promote HSC activation. LSECs 

in a bile duct ligation model make increased quantities of EIIIA-fibronectin (42). HSCs 

cultured on matrix conditioned by LSECs isolated from the bile duct ligation model show 

increased activation that is blocked by antibodies to EIIIA fibronectin. This suggests that 

injured LSECs produce EIIIA-fibronectin that promotes HSC activation. However recent 

studies suggest that EIIIA fibronectin does not play an essential role in HSC activation in 

vitro or in vivo, but does contribute to HSC motility (43). The effect on HSC may contribute 

to a modest pro-fibrotic effect of EIIIA in a toxin-induced model of parenchymal fibrosis, 

but EIIIA does not appear to effect fibrosis in a bile duct ligation model (43).

Another potential mechanism by which capillarized LSECs might promote HSC activation 

is through acquired immunogenicity. In normal liver, LSECs are tolerogenic (44, 45). 

However in fibrosis, LSECs isolated from fibrotic liver secrete proinflammatory cytokines 

and chemokines and induce immunogenic T cells ex vivo (46). If confirmed in vivo, this 

would suggest that capillarized LSECs might promote HSC activation.

In vivo studies have suggested that activated HSC do not revert to full quiescence upon 

regression of fibrosis, but that HSC that develop a quiescent phenotype after regression of 

fibrosis are poised to rapidly re-activate when challenged with a fibrotic stimulus (47). 

These HSC have been termed inactivated HSC. It is not known whether HSC that revert to a 

quiescent-appearing phenotype in co-culture with differentiated LSECs are fully quiescent 

or so-called inactivated HSCs.

In Vivo Studies of The Role of LSECS in Fibrosis (Figure 3)

LSEC fenestration in normal animals is lost after knockdown of VEGF with anti-sense 

oligonucleotides, demonstrating that VEGF is essential to the LSEC phenotype (28). 

Similarly, conditional induction of a VEGF decoy receptor that sequesters VEGF and 

precludes VEGF signaling leads to loss of LSEC fenestration (29).

After early cirrhosis is induced in an experimental model of toxin-induced parenchymal 

fibrosis, the thioacetamide model, a one-week treatment with sGC activator normalizes 

LSEC fenestration, but does not alter HSC activation in vivo or modify degree of fibrosis 

(28). After the sGC activator is discontinued, the differentiated LSECs subsequently reduce 
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the number of activated HSCs and accelerate regression of fibrosis. The decline in activated 

HSCs is predominantly due to reversion to quiescence, but the total number of activated plus 

quiescent HSCs declines indicating that LSECs also promote HSC apoptosis.

This particular sGC activator prevents HSC activation in vitro (28) and prevents hepatic 

fibrosis if given simultaneously with the fibrotic stimulus (48). Thus at first glance it might 

be surprising that treatment with the sGC activator did not lead to reversion of activated 

HSCs to quiescence. However activated HSCs lack the α1β1 heterodimeric sGC subunit 

needed to generate cGMP (49) and would therefore not be expected to respond to an sGC 

activator.

The effect of normalizing LSEC differentiation was also examined in a model in which early 

cirrhosis (3 weeks of thioacetamide) was induced, followed by treatment with an additional 

3 weeks of thioacetamide plus an sGC activator (28). Treatment with the sGC activator 

completely normalized LSEC fenestration, which then promoted reversal of HSC activation 

to quiescence and some degree of apoptosis, and completely prevented any further 

progression of cirrhosis despite the ongoing treatment with thioacetamide (28).

Taken together these in vivo studies demonstrate that pharmacologic therapy that stimulates 

downstream in the VEGF-NO-sGC-cGMP-protein kinase G pathway restores LSEC 

fenestration in cirrhosis. Restoration of LSEC differentiation accelerates regression of 

fibrosis after discontinuing a fibrotic stimulus and prevents progression of cirrhosis despite 

an ongoing fibrotic stimulus.

Conclusions

The studies described above support the concept that differentiated LSECs function as a 

gatekeeper in the fibrotic process. As long as VEGF from hepatocytes and HSC maintain the 

phenotype of LSECs, the LSEC prevents HSCs from activating. However LSEC 

differentiation is lost prior to fibrosis, so-called capillarization, and this permits or promotes 

HSC activation and fibrosis. Pharmacological intervention to reverse LSEC capillarization 

promotes quiescence of HSC.

During resolution of fibrosis, the decline in activated HSC is due to both reversion to 

quiescence and apoptosis (28, 50). During chronic liver disease, Kupffer cells prevent HSC 

apoptosis and thereby sustain the fibrotic process (51). Thus there is an intricate interplay 

amongst the non-parenchymal cells that either prevents or sustains HSC activation and 

thereby determines fibrosis (Figure 3). Ultimately most chronic liver diseases that result in 

fibrosis are primarily diseases of the hepatocyte, not the non-parenchymal cells. Chronic 

injury to hepatocytes leading to formation of apoptotic bodies, reactive oxidative stress and 

inflammation are linked to activation of HSC and fibrosis. These changes, and perhaps 

additional links yet to be uncovered, connect sustained parenchymal injury with the non-

parenchymal cell response that leads to fibrosis.
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Figure 1. Scanning electron microscopy of liver sinusoidal endothelial cells
Top panel, photomicrograph of a periportal LSEC isolated from rat liver (magnification 

5000×). Middle panel, photomicrograph of a centrilobular LSEC isolated form rat liver 

(magnification 5000×). Note that periportal LSECs (top panel) have fewer fenestrae per 

sieve plate (average 8 fenestrae per sieve plate), but larger fenestrae than centrilobular 

LSECs (average 24 fenestrae per sieve plate; middle panel) (2). Smaller, non-clustered holes 

are endocytic vesicles. Bottom panel, scanning electron microscopic photograph of the 

lumen of a sinusoid opening into the central vein taken from human liver (magnification 

8500×). The sinusoid is bisected by a Kupffer cell. Fenestrae are rare in the endothelial cells 

that line this transitional zone. Circles surround examples of sieve plates (top two panels) 

and one of the few areas of the transitional endothelial cell that still has fenestrae (bottom 

panel). The white rectangles in each panel are enlarged and reproduced in the top left of 

each panel for better visualization. Bottom panel reproduced from Die Leber des Menschen / 

The Human Liver Rasterelektronenmikroskopischer Atlas / A Scanning Electron 

Microscopic Atlas by Franz Vonnahme (ISBN: 978-3-8055-5585-2) with kind permission 

from S. Karger AG, Basel.
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Figure 2. VEGF pathways in LSEC
Maintenance of the LSEC phenotype requires both the VEGF-stimulated NO pathway 

working through soluble guanylate cyclase, cGMP and protein kinase G and a VEGF 

pathway working independent of NO. The protein S-nitrosylation pathway is not necessary 

to maintain the LSEC phenotype. Abbreviations: LSEC, liver sinusoidal endothelial cell; 

NO, nitric oxide; sGC, soluble guanylate cyclase; VEGF, vascular endothelial growth factor;
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Figure 3. The crosstalk of liver cells in regulating HSC quiescence and activation
In chronic liver injury, formation of apoptotic bodies, oxidative stress and cytokines 

promote HSC activation. Differentiated LSECs function as a gatekeeper, preventing 

activation of the HSC. However once the LSEC capillarizes, it no longer prevents HSC 

activation and permits or perhaps promotes activation of the HSC. LSEC capillarization can 

be reversed with an sGC activator that works downstream in the VEGF-NO-sGC pathway. 

Reversal of capillarized LSECs to differentiated LSECs promotes reversion of activated 

HSC to quiescence and induces some apoptosis of activated HSC. Hepatic macrophages in 

turn inhibit apoptosis of activated HSC. Abbreviations: c LSEC, capillarized liver sinusoidal 

endothelial cell; d LSEC, differentiated liver sinusoidal endothelial cell; q HSC, quiescent 

hepatic stellate cell; NO, nitric oxide; sGC, soluble guanylate cyclase.
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