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Simple Summary: Nonalcoholic fatty liver disease (NAFLD) is a hepatic manifestation of the
metabolic syndrome. With the prevalence of obesity and type 2 diabetes, NAFLD is becoming
the most common liver disorder worldwide. More than 10% of NAFLD patients progress to an
inflammatory and fibrotic form called nonalcoholic steatohepatitis (NASH), which can lead to
end-stage liver disease. Liver sinusoidal endothelial cells (LSEC) are highly specialized cells located
at the interface between the flowing blood in the liver and the other liver cells. The current review
highlights the recent knowledge of the role of LSEC in the development of NASH, and how LSEC
change their structure and function during NAFLD progression. Moreover, the review discusses the
pathogenic role of nanometer-sized particles called extracellular vesicles that mediate intercellular
communication in the NASH liver. The current manuscript has a special emphasis on the role of
adhesion molecules expressed on the LSEC surface in the recruitment of circulating leukocytes to the
liver, a critical step in liver inflammation in NASH. Furthermore, the review shed some lights on
LSEC-targeted potential therapeutic strategies in NASH.

Abstract: Nonalcoholic steatohepatitis (NASH) has become a growing public health problem
worldwide, yet its pathophysiology remains unclear. Liver sinusoidal endothelial cells (LSEC) have
unique morphology and function, and play a critical role in liver homeostasis. Emerging literature
implicates LSEC in many pathological processes in the liver, including metabolic dysregulation,
inflammation, angiogenesis, and carcinogenesis. In this review, we highlight the current knowledge of
the role of LSEC in each of the progressive phases of NASH pathophysiology (steatosis, inflammation,
fibrosis, and the development of hepatocellular carcinoma). We discuss processes that have important
roles in NASH progression including the detrimental transformation of LSEC called “capillarization”,
production of inflammatory and profibrogenic mediators by LSEC as well as LSEC-mediated
angiogenesis. The current review has a special emphasis on LSEC adhesion molecules, and their key
role in the inflammatory response in NASH. Moreover, we discuss the pathogenic role of extracellular
vesicles and their bioactive cargos in liver intercellular communication, inflammation, and fibrosis.
Finally, we highlight LSEC-adhesion molecules and derived bioactive product as potential therapeutic
targets for human NASH.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), is a spectrum of diseases that encompass simple
steatosis also known as nonalcoholic fatty liver which is thought to be a benign condition as well as the
more advanced inflammatory and fibrotic form of the disease known as nonalcoholic steatohepatitis
(NASH). NASH has become the most common cause of chronic liver disease worldwide [1]. NASH is
a leading cause of end stage liver disease and its complications including hepatocellular carcinoma
(HCC). Hence, NASH culminates in a large economic burden and poor health-related quality of
life [1,2]. However, to date there is no regulatory agency-approved therapy for NASH and available
treatments only aim to control NASH-associated conditions [3]. Thus, mechanism-based therapeutic
strategies that reverse established NASH and control the progression of the disease are of the utmost
importance. Recently, a consensus of international experts recommended a change in the name for
NAFLD to metabolic (dysfunction)-associated fatty liver disease (MAFLD) [4,5]. However, we elected
to continue using the term “NAFLD” in the current review for the following two reasons: (1) the
current diagnostic criteria of NAFLD were employed in most of the human studies referred in this
review; (2) the term “MAFLD” has yet to be widely used in the research community.

Lipotoxicity caused by hepatocellular lipid accumulation, dysfunction, cell death, and deleterious
tissue remodeling has been recognized as the main trigger of the inflammatory response in the NASH
liver [6,7]. Hepatocytes under lipotoxic stress release extracellular vesicles (EVs), enriched with
proinflammatory mediators. These EVs enhance the recruitment of proinflammatory monocytes into
the liver and their adhesion to the liver sinusoidal endothelial cells (LSEC) [8–10].

LSEC are highly specialized endothelial cells, arranged as a discontinuous layer to form the
vascular bed of the liver sinusoids and separate passenger leukocytes in the sinusoidal lumen from
hepatocytes [11]. A histological section of a mouse liver depicting the positional relationship between
LSEC and hepatocytes is shown in Figure 1. LSEC uniquely differentiate from other endothelial cells
in the body by the lack of basement membrane and the presence of LSEC fenestrae. Fenestrae are
50–200 nm diameter pores covering 2–20% of the endothelial surface. Fenestrae are organized in
clusters termed sieve plates that can be altered in response to different stimuli. These features enhance
the endocytic capacity of the LSEC and facilitate the elimination of a variety of macromolecules,
including lipids and lipoproteins, from the circulation by receptor-mediated endocytosis, making LSEC
highly specialized scavenger cells [12]. Moreover, LSEC play a key role in the inflammatory response;
they produce chemokines in response to various insults and serve as a platform for various immune
cells to lodge in the liver. Therefore, specialized natural killer cells, lymphocytes, and myeloid cells
adhere to the surface of LSEC to achieve residence in the liver [11]. LSEC play an anti-inflammatory
role early on during NAFLD development by decreasing pro-inflammatory chemokine secretion [13].
On the other hand, as the disease progresses to NASH, impaired LSEC autophagy enhances the
expression of chemokines, cytokines, and adhesion molecules, such as C-C motif chemokine ligand 2
(CCL2), CCL5, interleukin-6 (IL-6), and vascular cell adhesion molecule 1 (VCAM-1), and promotes
the development of liver inflammation, endothelial-to-mesenchymal transition, and liver fibrosis [14].
In this review, we sought to discuss the emerging role of LSEC in the pathophysiology of NASH by
highlighting their protective as well as pathogenic roles with special emphasis on LSEC-adhesion
molecules and derived bioactive products as potential therapeutic targets for human NASH.
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Figure 1. Histological section of the liver of a mouse with nonalcoholic steatohepatitis (NASH). 
Representative histological section of the liver of a mouse with diet-induced NASH immunostained 
with the adhesion molecule vascular cell adhesion molecule 1 (VCAM-1), which is predominantly 
upregulated in LSEC in NASH. VCAM-1 stain delineates LSEC (black arrows) in relation to 
hepatocytes. Scale bar, 100 μm. 
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2.1. Physiological Role of LSEC in Lipid Transfer 

The liver plays a central role in lipid metabolism, including de novo lipogenesis, lipolysis, β-
oxidation, and secretion of lipoproteins such as very low density lipoproteins (VLDL) [15]. In 
physiological conditions, LSEC regulate bidirectional lipid exchange between the blood and the liver 
parenchyma, and thus play a crucial role in the maintenance of whole-body lipid homeostasis. This 
task is facilitated by the LSEC open fenestrae without organizing basement membranes, which enable 
macromolecules and lipoproteins to pass through the endothelial sieve from the sinusoidal lumen to 
the space of Disse, to be taken up by hepatocytes [16,17]. Hence, chylomicron remnants (triglyceride-
depleted but cholesterol- and retinol-rich lipolytic products of chylomicrons), pass through the LSEC 
fenestrae, and are rapidly taken up by hepatocytes; whereas larger lipoproteins such as triglyceride-
rich parent chylomicrons are prone to be trapped in the sinusoidal lumen [18–20]. Given that 
hepatocytes require triglycerides carried by chylomicron remnants for VLDL synthesis; this size-
based selective trans-endothelial transport system mediated by LSEC fenestrae plays a crucial role in 
lipid metabolism under physiological conditions. Moreover, LSEC exhibit a high endocytic capacity, 
and contribute to the transfer of excess plasma lipids from the circulation to the liver parenchyma 
[21]. Li et al. reported that mildly oxidized LDL (oxLDL) in plasma is endocytosed by LSEC but not 
by Kupffer cells. This function of LSEC as a lipid scavenger is mainly mediated by the transmembrane 
receptor stabilin-1 on the LSEC surface [22] (Figure 2). Since oxLDL is implicated in the pathogenesis 
of atherosclerosis mainly in patients with diabetes [23,24], LSEC endocytosis may have a protective 
role against cardiovascular disease and NAFLD progression in diabetes. 

2.2. LSEC Capillarization and Liver Steatosis 

During chronic liver disease, the LSEC lose their fenestrae and form a basement membrane on 
their abluminal surface. These phenotypic changes in LSEC are referred to as capillarization. 
Emerging evidence suggests that LSEC capillarization occurs early on during NAFLD pathogenesis 
[25,26]. Indeed, Miyao et al. observed sinusoidal capillarization in mice as early as one week after the 
start of choline-deficient, L-amino acid-defined diet using scanning electron microscopy [26]. The 
authors also detected LSEC capillarization in high fat diet (HFD)-induced NAFLD model without 
associated severe liver fibrosis. In contrast, Kus et al. recently reported that LSEC fenestrae stayed 

Figure 1. Histological section of the liver of a mouse with nonalcoholic steatohepatitis (NASH).
Representative histological section of the liver of a mouse with diet-induced NASH immunostained
with the adhesion molecule vascular cell adhesion molecule 1 (VCAM-1), which is predominantly
upregulated in LSEC in NASH. VCAM-1 stain delineates LSEC (black arrows) in relation to hepatocytes.
Scale bar, 100 µm.

2. LSEC and Liver Steatosis

2.1. Physiological Role of LSEC in Lipid Transfer

The liver plays a central role in lipid metabolism, including de novo lipogenesis, lipolysis,
β-oxidation, and secretion of lipoproteins such as very low density lipoproteins (VLDL) [15].
In physiological conditions, LSEC regulate bidirectional lipid exchange between the blood and
the liver parenchyma, and thus play a crucial role in the maintenance of whole-body lipid homeostasis.
This task is facilitated by the LSEC open fenestrae without organizing basement membranes, which enable
macromolecules and lipoproteins to pass through the endothelial sieve from the sinusoidal lumen
to the space of Disse, to be taken up by hepatocytes [16,17]. Hence, chylomicron remnants
(triglyceride-depleted but cholesterol- and retinol-rich lipolytic products of chylomicrons), pass through
the LSEC fenestrae, and are rapidly taken up by hepatocytes; whereas larger lipoproteins such as
triglyceride-rich parent chylomicrons are prone to be trapped in the sinusoidal lumen [18–20]. Given that
hepatocytes require triglycerides carried by chylomicron remnants for VLDL synthesis; this size-based
selective trans-endothelial transport system mediated by LSEC fenestrae plays a crucial role in lipid
metabolism under physiological conditions. Moreover, LSEC exhibit a high endocytic capacity,
and contribute to the transfer of excess plasma lipids from the circulation to the liver parenchyma [21].
Li et al. reported that mildly oxidized LDL (oxLDL) in plasma is endocytosed by LSEC but not by
Kupffer cells. This function of LSEC as a lipid scavenger is mainly mediated by the transmembrane
receptor stabilin-1 on the LSEC surface [22] (Figure 2). Since oxLDL is implicated in the pathogenesis
of atherosclerosis mainly in patients with diabetes [23,24], LSEC endocytosis may have a protective
role against cardiovascular disease and NAFLD progression in diabetes.

2.2. LSEC Capillarization and Liver Steatosis

During chronic liver disease, the LSEC lose their fenestrae and form a basement membrane on
their abluminal surface. These phenotypic changes in LSEC are referred to as capillarization. Emerging
evidence suggests that LSEC capillarization occurs early on during NAFLD pathogenesis [25,26].
Indeed, Miyao et al. observed sinusoidal capillarization in mice as early as one week after the start of
choline-deficient, L-amino acid-defined diet using scanning electron microscopy [26]. The authors
also detected LSEC capillarization in high fat diet (HFD)-induced NAFLD model without associated
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severe liver fibrosis. In contrast, Kus et al. recently reported that LSEC fenestrae stayed preserved
or even increased their diameter in mice after 20 weeks feeding with HFD, possibly because of
compensatory mechanisms to allow excessive plasma fat influx to the liver [27]. Hence, detailed
phenotypic characterization of LSEC fenestrae during each phase of NASH progression in animal
models that phenocopy the human disease remains to be explored.

Nonetheless, accumulating evidence supports the involvement of nutrient excess diet in sinusoidal
capillarization. Zhang et al. showed that oxLDL caused a decrease in the diameter and number of
fenestrae in human LSEC in vitro using scanning electron microscopy [28]. Likewise, O’Reilly et al.
showed that fasting for 48 h in rats resulted in increased diameter of LSEC fenestrae [29]. Subsequent
work by the same group demonstrated that higher fat intake in mice was associated with reduced
fenestration frequency and porosity using 25 experimental foods with different dietary components,
albeit caution is advised when interpreting this study since relatively old mice (15 months) were
employed, given the aging focus [25]. Interestingly, in the same study, the effect of gut microbiota on
LSEC fenestration was discussed. Fenestration diameter was positively correlated with the abundance
of Firmicutes phylum in the cecum, and negatively correlated with that of Bacteroidetes phylum.
Bacteroidetes phylum is known to be increased, while Firmicutes phylum is decreased in obese and
NASH patients, when compared to healthy controls [30]. This finding is in line with previous report
describing endotoxin-induced decrease in the diameter and number of LSEC fenestrae in rats [31].
Moreover, recent evidence has established a profound association of gut-dysbiosis with NASH [32].
Taken together, these data support that both excessive dietary nutrients and gut microbiota-related
factors might contribute to LSEC capillarization during NASH pathogenesis.

In addition, accumulating data implicate LSEC capillarization in promoting hepatic steatosis.
Indeed, Herrnberger et al. demonstrated that mice lacking liver sinusoidal fenestrations due to
genetic deletion of plasmalemma vesicle-associated protein (PLVAP), an endothelial-specific membrane
glycoprotein, developed extensive hepatic steatohepatitis along with severe hyperlipoproteinemia
under normal chow-fed conditions [20]. In this report, the authors speculated that in mice with
lost fenestrae, chylomicron remnants which were required for VLDL synthesis, were trapped in the
circulation and could no longer reach the hepatocytes, causing compensatory de novo lipogenesis by
hepatocytes, resulting in hepatic steatosis (Figure 2). However, the exact mechanisms of how LSEC
capillarization contributes to hepatic steatosis have not been clearly elucidated.
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Hence, these reports suggest that excess lipid intake and gut dysbiosis might induce LSEC
capillarization, which in turn promotes hepatic steatosis, creating a vicious cycle, although the detailed
molecular mediators are an area ripe for further investigation (Figure 2).

In physiological conditions (A), circulating chylomicron remnants are taken up by the liver
sinusoidal endothelial cells (LSEC) through the endothelial fenestrae, and delivered to the hepatocytes.
In the hepatocytes, triglycerides (TG) carried by chylomicron remnants are used for very low density
lipoprotein (VLDL) synthesis. In addition, LSEC endocytosis mediated by the trans-membrane
receptor stabilin-1 facilitates the transfer of oxidized LDL from the circulation to the hepatocytes.
In NASH (B), western diet and gut microbiota-related factors induce LSEC capillarization. Gut-derived
TG-rich chylomicron remnants fail to pass through the endothelial fenestrae and accumulate in the
circulation, causing hyperlipidemia. Limited supply of TG to the hepatocytes impairs VLDL synthesis,
which induces compensatory de novo lipogenesis, thereby promoting hepatic steatosis. Western
diet, insulin resistance, and gut microbiota contribute to the reduced endothelial nitric oxide (NO)
bioavailability, and increased intrahepatic vascular resistance. Reduced NO availability enhances
hepatic steatosis through: (1) increased fatty acid synthesis (secondary to enhanced mitochondrial
citrate synthesis), and (2) impaired β-oxidation (secondary to reduced S-nitrosylation of very long
chain acyl-CoA dehydrogenase (VLCAD)).

2.3. Endothelial Dysfunction and Liver Steatosis

Fatty liver is known to induce an increase in portal pressure and intrahepatic vascular resistance
even in the absence of inflammation and fibrosis, and is considered a high risk for graft failure in donor
livers with severe steatosis [33–37]. Indeed, Francque et al. showed increased intrahepatic resistance
in diet-induced NAFLD model in rats, using in situ liver perfusion methodology [34]. The increased
vascular resistance was partially attributed to reduced size of the sinusoidal space due to the compression
by swollen hepatocytes with fat accumulation and ballooning which may impair sinusoidal flow and
generate shear stress, disrupting sinusoidal microcirculation [37]. Additionally, increased intrahepatic
vascular resistance induces a pathological condition termed endothelial dysfunction. Endothelial
dysfunction is defined as the inability of the endothelium to promote vasodilation in response to
extrinsic stimuli, primarily as a consequence of impaired production of the endothelium-derived
vasodilator nitric oxide (NO) [38]. Accumulating studies using diet-induced fatty liver animal
models indicate that hepatic endothelial dysfunction develops during NAFLD and early stages of
NASH [39–42]. A well characterized mechanism that leads to systemic endothelial dysfunction in
the metabolic syndrome is insulin resistance, since insulin triggers AKT-dependent endothelial nitric
oxide synthase (eNOS) phosphorylation, which mediates endothelial NO synthesis and release [43].
Pasarín et al. examined this mechanism of endothelial dysfunction in NAFLD using their western
diet-fed rat model. Moreover, oxLDL or palmitic acid reduced NO bioavailability in vitro [28,44].
Interestingly, a recent study using fecal transplantation in rats showed that restoration of healthy
microbiota ameliorated NASH-related portal hypertension, which was associated with the improvement
of insulin sensitivity to endothelial NO synthesis signaling, suggesting the possible involvement
of gut microbiota in liver endothelial dysfunction in NASH [42]. To the best of our knowledge,
there have been no reports showing that increased intrahepatic vascular tone per se influences the
development of liver steatosis. Nevertheless, decreased NO bioavailability has been shown to induce
hepatic steatosis. Indeed, Schild et al. demonstrated massive hepatic fat accumulation in mice
lacking eNOS when fed a normal diet [45]. In this study, eNOS−/− mice also showed a relative
excess of mitochondrial citrate synthase activity, which could be a major cause of enhanced hepatic
steatosis, since citrate promotes Acetyl-CoA-mediated fatty acid synthesis [46]. In addition, Cohen et al.
reported that eNOS-derived NO induced S-nitrosylation of the liver enzyme very long-chain acyl-CoA
dehydrogenase (VLCAD), which regulates β-oxidation of fatty acid in mitochondria [47]. Collectively,
a vicious cycle between hepatic steatosis and reduced NO bioavailability contributes to the impaired
intrahepatic microcirculation in NASH (Figure 2).
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3. LSEC and Liver Inflammation in NASH

3.1. Anti-Inflammatory Roles of LSEC in an Early Stage of NASH

Along with hepatic steatosis, inflammation is another key hallmark of NASH. LSEC intrinsically
exhibit anti-inflammatory functions, preventing excessive activation of the immune system in the liver.
Indeed, LSEC exert antigen presenting capacity to naive CD4+ T cells, which leads to T cell differentiation
towards a regulatory phenotype [48]. Additionally, LSEC efficiently uptake circulating antigens
followed by a cross-presentation of these antigens to CD8+ T cells. Thus, LSECs antigen presentation
results in decreased T cell cytotoxicity, thereby contributing to hepatic immune tolerance [49].
Furthermore, LSEC are responsible for scavenging most of the circulating gut bacteria-derived
lipopolysaccharide (LPS), and chronic exposure of LSEC to LPS leads to reduced nuclear factor-κB
(NF-κB) signaling, which results in reduced leukocyte adhesion to LSEC, supporting the notion that
LSEC prevent hepatic inflammation caused by the gut microbiome-related products [50,51]. Likewise,
Tateya et al. showed that mice fed a high fat diet (HFD) for 4 weeks, mimicking the early stage of
NASH, had reduced hepatic NO bioavailability, while treatment with the NO signaling enhancer
sildenafil in mice fed the HFD for 8 weeks reduced hepatic inflammation [39]. In addition, mice lacking
eNOS, which generates endothelial NO, had increased macrophage-associated hepatic inflammation
even when fed a low fat diet [39]. These observations indicate that LSEC-derived NO plays an
anti-inflammatory role in NASH (Figure 3).
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Figure 3. LSEC and hepatic inflammation in NASH.

In NASH, reduced nitric oxide (NO) bioavailability drives hepatic inflammation. Proinflammatory
cytokines and chemokines, in addition to lipotoxic stress, and microbiome-related products promote
LSEC release of inflammatory mediators including tumor necrosis factor alpha (TNFα), interleukin
(IL)-6, IL-1β. Integrin α9β1 is enriched in lipotoxic hepatocyte-derived extracellular vesicles (EVs) and
promotes monocyte adhesion to LSEC via its binding interaction with the adhesion molecule vascular
cell adhesion molecule-1 (VCAM-1) on the LSEC surface. Intercellular adhesion molecule 1 (ICAM-1)
and the monoamine oxidase vascular adhesion protein-1 (VAP-1) also function as adhesion molecules,
which mediate leukocyte homing in inflamed liver. The vascular endothelial growth factor (VEGF)
and angiopoietin/Tie2 pathways are activated in NASH and enhance angiogenesis. Furthermore,
Lipotoxic hepatocyte-derived EVs are taken up by LSEC in a Vanin-1-dependent manner, and elicit a
pro-angiogenic signaling, thereby contributing to hepatic inflammation.
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3.2. Pro-Inflammatory Roles of LSEC in NASH

As NASH progresses to more advanced stages, LSEC acquire a pro-inflammatory phenotype,
including: (1) release of pro-inflammatory mediators including cytokines and chemokines; (2) aberrant
expressions of adhesion molecules; and (3) acquisition of angiogenetic properties. All these features
are important players in the pathogenesis of NASH (Figure 3) [52–55]. For example, LSEC expressing
the pattern recognition receptor (PRR) Toll-like receptor 9 (TLR9) can uptake the bacterial DNA mimic
CpG-oligonucleotides by a scavenger receptor-mediated endocytosis, resulting in the activation of
the transcription factor NF-κB and secretion of the inflammatory cytokines interleukin (IL)-1β and
IL-6 [52]. In addition, LSEC can respond to various types of TLR ligands by producing cytokines
including TNF-α, IL-6, or interferon-β. These response characteristics to each TLR ligand are unique to
LSEC when compared to Kupffer cells isolated from the same mice [53]. Furthermore, LSEC secrete
in response to lipotoxic treatment, among other insults, various chemokines including C-C motif
chemokine ligand (CCL) 1, CCL2, CCL25, and several chemotactic (C-X-C motif) ligands, which can
drive the recruitment of leukocytes into the liver parenchyma, a critical step in NASH progression
(Figure 3) [54,55]. Hence, these observations suggest that not only professional immune cells (leukocytes)
but also LSEC may contribute to the progression of NASH through the production and release of
pro-inflammatory mediators.

3.3. The Role of LSEC Adhesion Molecules in the Hepatic Leukocyte Recruitment

Recruitment of circulating immune cells into injured tissues is a critical step in the initiation
and the propagation of inflammation. Immune cell recruitment is a multi-step process consisting of
rolling, adhesion, and trans-endothelial migration of leukocytes, all of which are tightly regulated
processes facilitated by specific interactions between adhesion molecules expressed on endothelial
cells and their counterparts on leukocytes [56]. In the liver, LSEC also play an important role in
leukocyte recruitment. Expression profiles of adhesion molecules in LSEC are unique among other
types of endothelial cells in that: (1) expressions of selectins, which are mainly responsible for
leukocyte rolling, are minimal in vivo, presumably because initial recruitment step does not require
rolling due to the narrowness of the sinusoidal lumen [57,58]; and (2) in addition to conventional
adhesion molecules including VCAM-1 and intracellular adhesion molecule-1 (ICAM-1), LSEC employ
atypical adhesion molecules such as vascular adhesion protein-1 (VAP-1) and stabilin-1 to promote
leukocyte recruitment [56]. Characteristics, functions and clinical relevance of major adhesion
molecules expressed on LSEC are shown in Table 1. Indeed, growing evidence suggests that these
adhesion molecules are overexpressed and play a key role in various pathologic conditions in the liver
(Figure 3) [59]. An in vitro study using blocking antibodies to several adhesion molecules showed that
lymphocyte adhesion to TNF-α-stimulated primary human LSEC was dependent on ICAM-1, VCAM-1,
and VAP-1 [60]. Furthermore, Patten et al. reported that in addition to the conventional paracellular
route, circulating lymphocytes can cross directly through the body of LSEC referred to “intracellular
crawling”. This observation was made utilizing electronic microscopic examination of patient livers
and in vitro live cell imaging in conjunction with flow-based adhesion assays. This mechanism of
migration is mediated by the adhesion molecules ICAM-1 and stabilin-1 as demonstrated by an
in vitro experiment using neutralizing antibodies to each of these adhesion molecules [61]. Likewise,
Weston et al. demonstrated that genetic deletion or pharmacological blockade of VAP-1 resulted
in reduced leukocyte recruitment to the liver and attenuated fibrosis in diet-induced NASH mouse
model [62]. They also showed that serum soluble VAP-1 levels are elevated in patients with NAFLD
compared to healthy controls [62]. Furthermore, we have recently reported using in vitro shear stress
adhesion assay system that the adhesion molecule integrin (ITG) α9β1, which is an abundant cargo
of lipotoxic hepatocyte-derived extracellular vesicles (EVs), mediates monocyte adhesion to LSEC
via its binding interaction with LSEC VCAM-1 (Figure 3) [10]. This finding is in line with a previous
report showing that elevated serum VCAM-1 levels in NAFLD patients significantly correlate with
the extent of liver fibrosis [63]. We also demonstrated that neutralizing antibody against the VCAM-1
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ligand ITGβ1 ameliorated diet-induced NASH in mice [10]. Likewise, Miyachi et al. showed that
neutralizing antibody against another VCAM-1 ligand ITGα4 inhibited adhesion and migration of
monocytes and improved liver inflammation in murine NASH model, further implicating VCAM-1 in
the inflammatory process in NASH pathogenesis [55]. Interestingly, they also showed that treatment
of mouse LSEC with the lipotoxic free fatty acid palmitate can induce overexpression of adhesion
molecules, including ICAM-1 and VCAM-1, suggesting that metabolic stress can directly trigger the
upregulation of adhesion molecules in LSEC [55]. Similarly, Rai et al. recently examined the role of
ITGα4β7 in CD4 T cell recruitment to the liver as well as the gut in NASH using junctional adhesion
molecule A-deficient mice-fed a western diet [64]. Nevertheless, the LSEC signaling mechanisms
responsible for lipotoxic stress-induced expression of adhesion molecules in LSEC have not been
elucidated yet, hence further research is needed to fill this knowledge gap. Collectively, LSEC mediate
leukocyte homing in the liver by overexpressing various adhesion molecules, thereby promoting liver
inflammation in NASH (Table 1).

Table 1. Functional roles and clinical relevance of LSEC adhesion molecules and their counterpart
ligands in liver diseases.

Adhesion
Molecules

Counter-Part
Ligands

Preclinical Animal Studies Clinical Studies

Loss-of-Function Animal Model Hepatic Histological
Readout

Adhesion Molecule as
Biomarker

VCAM-1/MAdCAM-1
ITGα4β1
ITGα4β7
ITGα9β1

α4β1 blockade HFD-fed
mouse

Reduced myeloid cell
accumulation [55]

Serum VCAM-1 level
correlates with liver fibrosis

score in NAFLD [63]

α4β7 blockade WD-fed mouse
Reduced CD4+ T cell

recruitment and
fibrosis [64]

β1 blockade FFC-fed mouse

Reduced
MoMF-associated
inflammation and

fibrosis [10]

ICAM-1
ITGαLβ2
ITGαMβ2

ICAM-1
blockade

I-R injury in rat Reduced necrosis [65]

Serum ICAM-1 level
predicts histological severity

in ALD [66]

Gal/ET-induced
shock in mouse Reduced necrosis [67]

αMβ2 blockade I-R injury in rat
Reduced necrosis

and neutrophil
recruitment [68]

NCAM
NCAM

N-cadherin
proteoglycans

NCAM−/− BDL in mouse Reduced fibrosis [69] N.A.

VAP-1 Unknown

VAP-1 blockade
ConA

treatment in
mouse

Reduced Th2 cell
recruitment [70]

Serum VAP-1 level:
(1) predicts histological

severity in NAFLD [62], and
(2) is increased in ALD and

PBC [71]VAP-1 blockade
VAP-1−/−

Diet-induced
NAFLD/NASH
models, CCl4
model in mice

Reduced inflammatory
cell infiltrate and

fibrosis [62]

VCAM-1, vascular cell adhesion molecule 1; MAdCAM-1, mucosal address in cell adhesion molecule-1; MoMF;
monocyte-derived macrophage; ICAM-1, intracellular adhesion molecule 1; NCAM, neural cell adhesion molecule;
VAP-1, vascular adhesion protein-1; HFD, high-fat diet; WD, western diet; FFC, fat-, fructose- and cholesterol-rich
diet; I-R; ischemia-reperfusion; Gal/ET, galactosamine/endotoxin; BDL, bile duct ligation; ConA, concanavalin A;
CCl4, carbon tetrachloride; ALD, alcoholic liver disease; N.A., not applicable; PBC, primary biliary cholangitis.

3.4. Angiogenesis Accelerates Liver Inflammation

During chronic inflammation, high levels of angiogenic factors such as vascular endothelial
growth factors (VEGFs) and angiopoietins promote blood vessel formation [72]. Moreover, abnormal
or excessive vascular growth enhances the inflammatory responses in various disorders including
atherosclerosis, inflammatory bowel disease, and rheumatoid arthritis [73]. In the liver, LSEC also
play a major role in angiogenesis through VEGF/VEGF receptor (VEGFR) and angiopoietin/tyrosine
kinase with immunoglobulin-like and EGF-like domains 2 (Tie2) [74,75]. Indeed, several in vivo
studies suggest that the angiogenic signaling accelerates the inflammatory response and fibrosis during
liver injury [76–78]. Likewise, in the pathogenesis of NASH, emerging evidence implicates aberrant
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activation of angiogenic signaling in the inflammatory process of the disease (Figure 3). Coulon et al.
demonstrated that pharmacological blockade of VEGFR2 reduced hepatic inflammation in MCD-fed
mice [79]. This study also showed that anti-VEGFR2 antibody treatment increased the hepatic gene
expression of Scd1, which has a key role in partitioning excess lipid into monounsaturated fatty
acids, leading to reduced hepatic lipid storage in MCD-fed mice [79]. Nonetheless, published studies
were contradictory regarding the role of serum level of VEGF in predicting NAFLD severity [80,81].
Furthermore, the level of soluble VEGFR1 but not VEGFR2 was significantly increased in the serum
of patients with isolated steatosis and NASH when compared to healthy controls [80]. Thus, further
investigations are required to determine the role of serum VEGF or soluble VEGFR levels as potential
biomarkers for NAFLD severity. Additionally, caution should be taken in employing anti-VEGF
therapies in a clinical setting, since VEGF signaling is essential also in fibrosis resolution and tissue
repair in the liver [76]. Meanwhile, Lefere et al. showed that pharmacological inhibition of the
angiopoietin-2 (Ang-2)/Tie2 interaction improved vascular morphology and ameliorated steatohepatitis
in MCD-induced murine NASH [82]. Interestingly, they also demonstrated that Ang-2 signaling
blockade attenuated LPS-induced expression of the adhesion molecule VCAM-1 using endothelial
cell line [82]. These findings implicate angiogenic signaling in leukocyte-endothelial cells adhesion,
an initiating process in the inflammatory response. Furthermore, serum Ang-2 levels were increased in
patients with NASH and correlated with the extent of hepatic steatosis, inflammation and hepatocyte
ballooning [82]. Hence, numerous in vivo preclinical and clinical studies support the contribution of
angiogenesis to the liver inflammation in NASH.

4. The Role of LSEC in NASH-Related Fibrosis

Liver fibrosis is an excessive accumulation of extracellular matrix that occurs in most types of
chronic liver diseases, including NASH, and likely represents an attempt to repair and replace damaged
liver cells. Hepatic stellate cells (HSC), which are found in the perisinusoidal space between hepatocytes
and LSEC, are primarily responsible for the extracellular matrix deposition. In a healthy liver, HSC are
in a quiescent state. During liver injury or inflammation, profibrogenic cues make HSC undergo a
transformation from a quiescent to a proliferative, migratory, contractile, and fibrogenic phenotype,
and start to secrete a variety of extracellular matrix proteins, including collagens, glycoproteins and
proteoglycans, instigating liver fibrosis [83]. Given their proximity, LSEC and HSC are topographically
associated and regulate each other’s phenotype and function via paracrine signaling. HSC (along
with hepatocytes) secrete VEGF which maintains LSEC phenotype. On the other hand, LSEC play a
major role in maintaining HSC quiescent phenotype via paracrine signaling [84]. One of the signals
maintaining HSC quiescence is the release of NO from LSEC, which is regulated by the activity of
endothelial NO synthase. Capillarized LSEC do not maintain HSC in a quiescent state, suggesting that
phenotypic changes accompanying loss of fenestrae are permissive for HSC activation, and therefore
permissive for fibrosis [85]. The LSEC ability to maintain HSC quiescence is impaired during chronic
liver injury as LSEC capillarization is associated with a proinflammatory phenotype. It is also likely
that there is a positive feedback loop between LSEC dysfunction and HSC profibrogenic activation.
For example, HSC-induced tissue stiffness due to extracellular matrix deposition can mechanically
activate LSEC [86]. The importance of LSEC in liver fibrosis has been extensively investigated in a
variety of models of liver injury [87], however, relatively less is known about the role of LSEC in
NASH-related fibrosis.

It has been reported that LSEC capillarization in mouse NASH liver precedes the onset of
fibrosis [88]. This may suggest that LSEC may contribute to the initiation of fibrogenesis in fatty liver.
As LSEC dysfunction associated with decreased NO production contributes to liver fibrosis, it would
be interesting to know whether restoration of NO would attenuate NASH severity. Although it is well
accepted that HSC activation occurs as a result of LSEC inability to maintain their quiescence, it is
also plausible that dysfunctional or activated LSEC promote HSC activation directly via the release of
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profibrogenic signals. Indeed, activated LSEC have been shown to release profibrogenic factors such as
laminin and fibronectin [89,90].

Prior studies have also implicated the Hedgehog pathway as important paracrine signaling in
NASH and liver fibrogenesis. LSEC are responsive to Hedgehog ligands as well as produce Hedgehog
molecules [91], which in turn may exert a profibrogenic effect on HSC. The Hedgehog pathway has
also been shown to regulate LSEC capillarization [91]. Interestingly, pharmacological inhibition of
the Hedgehog pathway by vismodegib (also known as GDC-0449) attenuated liver inflammation
and fibrosis in a mouse model of NASH [92]. The therapeutic effect of vismodegib was primarily
ascribed to decreased liver injury, but it is also possible that Hedgehog inhibition had an effect on LSEC
dysfunction; however, this parameter was not assessed. Overall, future studies warrant attention to
NASH-related angiocrine signaling (i.e., endothelial cell-released paracrine molecules, such as growth
factors, trophogens, and chemokines) [84], and its role in fatty liver progression. Initial evidence
from experimental models suggests that divergent angiocrine signals coming from LSEC initiate liver
regeneration during acute insult but promote fibrogenesis upon chronic liver injury unrelated to
NALFD. The pro-fibrotic signaling cascade involves fibroblast growth factor receptor 1 and C-X-C
motif chemokine receptor 4 as genetic deletion of these genes in the endothelium prevented fibrosis and
restored the pro-regenerative response in acute injury [93]. These models underscore the importance of
identifying therapeutic strategies that enhance pro-regenerative responses without provoking fibrosis.
However, whether this pathway is also involved in NASH-induced liver injury is an area ripe for
further exploration.

Intercellular Communication of LSEC and other Liver Cells via Extracellular Vesicles in NASH Pathogenesis

Cells in multicellular organisms release membrane-derived nanometer-sized particles called
extracellular vesicles (EVs). Based on their biogenesis mechanism and size, EVs are mainly
classified into exosomes and microvesicles. Exosomes (50–150 nm in diameter) are derived from
endosomal compartments called multivesicular bodies and released form the cells via exocytosis,
whereas microvesicles (50–1000 nm) are released via direct budding from the plasma membrane [94].
EVs can transport their specific cargo (proteins, lipids, metabolites, and nucleic acids) between cells,
thereby playing an essential role in cell-to-cell communication in both physiological and pathological
conditions [95–97]. Endothelial cells efficiently uptake biologically active EVs. Indeed, recent study
employing in vivo live-tracking approaches on zebrafish embryos showed that endogenous EVs
are endocytosed by endothelial cells as well as macrophages in the tail, and the uptake of EVs is
essential for the normal development of the vascular plexus [98]. Likewise, in the liver, accumulating
evidence suggests that EV-mediated intercellular communication of LSEC and other liver cell types
plays a pivotal role in various diseased conditions [96,97]. In a rat bile duct ligation model, HSC and
cholangiocytes release Hedgehog ligand-containing EVs, which induce a tissue remodeling phenotype
in targeted LSEC [99]. Likewise, Lemoinne et al. showed that profibrotic mesenchymal cells residing
in the portal area, also called “portal myofibroblasts” release vascular endothelial growth factor
A (VEGFA)-containing EVs, which enhance proangiogenesis in LSEC [100]. Moreover, the role of
LSEC as EV donor cells has also been studied. Using CCl4-induced chronic liver injury mouse
model, LSEC-derived EVs were shown to drive pathological HSC migration via the specific EV cargo
sphingosine kinase 1 (SK1) [90]. As this study used EVs derived from healthy LSEC, it is tempting to
speculate that EVs derived from dysfunctional LSEC, or NASH-associated LSEC, may exert unique
effects on HSC, which is yet to be investigated. In the pathogenesis of NASH, Povero et al. showed
that free fatty acid-treated HepG2 cells release EVs enriched with the cell surface enzyme protein
Vanin-1 (VNN1), and these EVs are efficiently taken up by human umbilical vascular endothelial cells
(HUVEC) in a VNN1-dependent manner [101]. They also demonstrated that mice fed a methionine
and choline-deficient diet had increased circulating VNN1-containing EVs which induce endothelial
tubular formation and chemotaxis in vitro (Figure 3) [101]. These observations indicate that EVs drive
LSEC angiogenesis in NASH. Nevertheless, the role of LSEC as EV donors, as well as communication of
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LSEC via EVs with other cell types in the liver or other organs and systems such as the cardiovascular
system and the adipose tissue is still an unexplored area. Further studies in this field will provide new
insights into the pathophysiology of NASH and the metabolic syndrome.

5. The Role of LSEC in NASH-Associated HCC

Nonalcoholic fatty liver disease (NAFLD) is becoming a major cause of HCC (59%), with a
cumulative incidence of 0.3% over a six-year follow-up in the United States [102–104]. Interestingly,
HCC in the absence of cirrhosis is an increasingly recognized complication of nonalcoholic fatty liver
disease and the associated metabolic syndrome including obesity and type 2 diabetes mellitus [103,105].

Angiogenesis and extensive vascular remodeling are the fundamental events in the progression
of fibrosis, cirrhosis, and HCC in NASH and other chronic liver diseases [106]. Moreover, peri-tumoral
angiogenesis can predict HCC metastasis and patient prognosis. The liver peri-tumoral endothelial
cells (PECs) exhibit higher proliferation in response to proangiogenic factors interlukine-6 (IL-6)/soluble
interlukine-6 receptor (sIL-6R) co-treatment compared to tumoral endothelial cells (TECs) in HCC.
Furthermore, IL-6 secretion by PECs is induced by peri-tumoral hypoxia, and the increased IL-6 levels
contribute to PEC proliferation [107]. In addition, endothelial trans-differentiation, characterized by
sprouting angiogenesis and loss of LSEC markers (stabilin-1, stabilin-2, lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1) and CD32b) is a hallmark of HCC progression in both murine and
human studies. Interestingly, the loss of stabilin-2 in the PEC was associated with improved patient
survival in HCC by preventing endothelial-tumoral cell adhesive interactions and microvascular
invasion [108].

Recently, fatty acid binding protein 4 (FABP4), a cytosolic fatty acid chaperone, has been implicated
in liver carcinogenesis related to the metabolic syndrome. FABP4 plays a key role in insulin resistance,
type 2 diabetes mellitus, and atherosclerosis [109–111]. Moreover, FABP4 has been reported to facilitate
energy delivery in the form of fatty acids from adipocytes to surrounding breast and ovary cancer
cells [112,113]. Milner and colleagues showed that elevated circulating adipocyte fatty acid-binding
protein levels in NAFLD patients, can predict inflammation and fibrosis and may have a pathogenic link
to disease progression [114]. Interestingly, de novo expression of LSEC FABP4 in response to exposure
to glucose, insulin or hypoxia potentiates the oncogenic effects of hepatoma cell lines (HepG2, SKHep1,
and Huh7) through activation of mechanistic target of rapamycin (mTOR) pathway. This cross talk
between LSEC and hepatoma cells was mainly mediated by FABP4-enriched microvesicles released
from endothelial cells. Furthermore, the FABP4 inhibitor (BMS309403) significantly reduced tumor
growth in the HepG2 xenograft mice on high fat diet. Interestingly, FABP4 was overexpressed in
human HCC samples from patients with NAFLD, when compared with other chronic liver diseases.
Moreover, FABP4 expression was restricted to the peri-tumoral endothelial cells [115]. Taken together,
these reports support a role of liver endothelial cells, aberrant angiogenesis, transdifferentiation,
and expression of FABP4 during NASH in the development of HCC.

6. Conclusions and Reflection

Liver sinusoidal endothelial cells have an essential role in maintaining liver homeostasis in
physiological conditions and early stage of NAFLD. LSEC capillarization and dysfunction occur
early on in the disease process, at the stage of simple steatosis, and might be the defining factor
that stratifies patients with simple steatosis and those who progress to NASH. LSEC play a key
role in fundamental aspect of NAFLD progression including angiogenesis, inflammation, fibrosis
and HCC. Hence, harnessing the immunomodulatory and homeostatic functions of the LSEC might
serve as potential therapeutic strategies in NASH; Exploration of this aspect will be feasible with the
development of conditional transgenic and knockout mouse models for key pathogenic molecules
discussed above. Furthermore, the liver sinusoidal endotheliopathy characterized by increased
adhesion molecules expression in NASH is a key element in disease progression, and can be further
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targeted by the development of small molecules pharmacological inhibitors for various adhesion
molecules with liver selectivity.
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