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Abstract

Liver sinusoidal endothelial cells (LSECs) are a unique population of endothelial cells within

the liver and are recognized as key regulators of liver homeostasis. Liver sinusoidal endothelial
cells also play a key role in liver disease, as dysregulation of their quiescent phenotype promotes
pathological processes within the liver including inflammation, microvascular thrombosis, fibrosis,
and portal hypertension. Recent technical advances in single-cell analysis have characterized
distinct subpopulations of the LSECs themselves with a high resolution and defined their gene
expression profile and phenotype, broadening our understanding of their mechanistic role in

liver biology. This article will review four broad advances in our understanding of LSEC

biology in general 1) LSEC heterogeneity, 2) LSEC aging and senescence, 3) LSEC role in

liver regeneration, and 4) LSEC role in liver inflammation and will then review the role of

LSECs in various liver pathologies including fibrosis, drug-induced liver injury, alcohol-associated
liver disease, non-alcoholic steatohepatitis, viral hepatitis, liver transplant rejection, and ischemia-
reperfusion injury. The review will conclude with a discussion of gaps in knowledge and areas for
future research.
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Introduction

Liver sinusoidal endothelial cells (LSECSs) are unique to the liver and comprise a distinct
subpopulation of endothelial cells even within the liver itself. The distinguishing features
of LSECs have traditionally been defined by overt structural differences from other
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endothelia, such as lack of a basement membrane and the presence of fenestration. Rapid
advances in techniques including single-cell analysis, however, have led to a broader
understanding of LSEC heterogeneity even within their unique phenotype, and have

refined our understanding of this singular population at a molecular level. This enhanced
understanding of the distinct molecular biology of LSECs has further elucidated their roles
in multiple conditions in health and disease and has led to an increased appreciation of
LSEC endotheliopathy (dysfunction, increased adhesion molecule expression, and cytokine
and chemokine secretion) in liver pathology. In this article, we will give an overview of
advances in defining LSEC biology including resolution of LSEC heterogeneity, LSECs in
aging and senescence, and the role of LSECs in liver inflammation and regeneration. We
will then review how these advances inform our current understanding of the role of LSECs
in liver fibrosis, drug-induced liver injury, alcohol-associated liver disease, non-alcoholic
liver disease, liver transplant rejection, and ischemia-reperfusion injury (Table 1). We will
conclude with a discussion of areas for further research in LSEC biology. We will not
discuss the role of LSECs in hepatocellular carcinoma, as this has been recently reviewed(1,
2). Liver diseases with more limited data such as vascular liver disease, non-cirrhotic portal
hypertension, and cholestasis are outside the scope of this review.

LSEC heterogeneity: normal vs. cirrhosis

Liver sinusoidal endothelial cells are the major endothelial cell (EC) type in the liver,
accounting for nearly 90% of the total liver EC population(3). Development of single-cell
(SC) sequencing technology has enabled us to identify heterogeneity within the LSEC
population along with their corresponding spatial distributions, allowing us to link zonal
LSEC populations to their functions in both normal and pathological conditions. An
overview of this LSEC zonation is presented in Figure 1.

A study by MacParland et al. revealed transcriptomic profiles of heterogeneous hepatic EC
populations from healthy human donor livers using sScRNA-seq technology and determined
three EC populations, including Zonel LSECs, Zone 2/3 LSECs and vascular ECs(4). In this
study, Zone 1 LSECs represent the periportal LSECs, which show enriched expression of F8
and PECAML, with little expression of CD32b, Lyvel, stabilin-2 (Stab2) and CD14. Zone
2/3 LSECs are considered to be central venous in origin due to their enriched expression

of CD32b, Lyvel, Stab2, and low expression of VWF. The cluster of vascular ECs was
characterized by low or no expression of LSEC markers, such as Lyvel, Stab2, and CD32b.
Another study led by ltzkovitz demonstrated the zonation patterns of liver EC genes in
normal mouse livers by the paired-cell RNA sequencing approach, which profiled gene
expression of hepatocytes and loosely attached adjacent LSECs and determined localization
of the ECs in liver lobules based on expression of well-defined hepatocyte zonal landmark
genes(5).

Recently, Su et al. determined spatial/zonal characteristics of LSECs in normal and cirrhotic
mouse livers and identified the transcriptomic changes in these zones associated with liver
cirrhosis(3). Further, they determined relationships between these transcriptomic changes
and the phenotypic changes observed in liver cirrhosis, such as capillarization, endocytic
capacity, and vascular tone. Capillarization of LSECs is characterized by a change in their
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phenotype to resemble common vascular ECs more closely, specifically loss of fenestrae
and formation of a basement membrane. These changes are thought to cause activation

of HSCs, and thereby liver fibrosis/cirrhosis progression(6, 7). The study by Su et. al.
demonstrated that capillarization was most severe in Zone 3 LSECs, suggesting pericentral
LSECs are most vulnerable in the microenvironment of cirrhotic livers(3). Comparison

of gene expression related to LSEC capillarization between control and cirrhotic livers
revealed downregulation of typical LSEC genes such as lymphatic vessel endothelial
receptor-1 (Lyve-1), Cd32b and Flt4 in cirrhotic mice, mostly in Zone 3. Further, there
was a significant upregulation of CD34 in all zones of LSECs of cirrhotic mice (6.3-

fold in average), with the highest expression of CD34 around Zone 3 in cirrhotic liver
compared to other zones. However, the mechanism of LSEC capillarization is still not
well understood. Vascular endothelial growth factor (VEGF) produced by hepatocytes and
HSCs maintains the phenotype of LSECs(8). However, VEGF secretion is increased in
cirrhotic livers(9), suggesting that capillarization of LSECs may be related to impairment
of downstream signaling of VEGF rather than lack of VEGF per se. Furthermore, in mouse
cirrhotic liver, both VEGF receptor kinase insert domain receptor (Kdr) and co-receptor
neuropilin-1 (Nrp1) are most downregulated in Zone 3 LSECs, which may contribute to
LSEC capillarization in this zone 3 (3).

LSECs are known as one of the most effective scavengers in the body because they clear
wastes and pathogens originating from the gut and the systemic circulation(10-12). This
activity is due to their expression of various endocytosis receptor genes including scavenger
receptors (Scarbl, Scarb2, Stabl and Stab2)(12) and mannose receptor 1 (Mrc1)(13) in
addition to genes of related activities such as Fc gamma-receptor I1b2 (Fcgr2b/CD32b)(14).
All these genes are downregulated in LSECs from a mouse model of cirrhosis, with the most
prominent downregulation in Zone3 LSECs, suggesting decreased endocytic and clearance
capacities of these cells (3). This may make cirrhotic patients more vulnerable to infection
and systemic inflammation. The decreased endocytic capacity of LSECs is an indicator of
their capillarization. Hence, decreased CD32b expression is also used as a marker of LSEC
capillarization in some experimental in vivo studies(15).

In cirrhotic mouse livers, genes known to promote endothelial nitric oxide (NO) synthase
(eNOS) expression are similarly downregulated in all zones, indicating dysfunction of
vascular tone throughout the sinusoidal microcirculation (3). LSECs respond to increased
shear stress to maintain normal vascular tone by promoting NO production by eNOS(16).
The loss of this property is one of the representative features of endothelial dysfunction

in cirrhosis(9, 17). Some transcription factors, such as the Kruppel-like factors (KIf2 and
KIf4) and activating protein-1 (AP-1), are induced by shear stress and are responsible for
increased eNOS expression and activity(18, 19). Both KIf2 and KIf4 were down regulated
in LSECs of cirrhotic mice(3). Similarly, some of the major AP-1 components, such as
Fos, Fosb, Jun and Junb were remarkably suppressed in LSECs of cirrhotic livers as well.
Collectively, these findings suggest that LSEC dysfunction and increased vascular tone
throughout the sinusoidal microcirculation of cirrhotic livers contributes to the development
of portal hypertension.
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A study from the Henderson laboratory performed extensive ScRNA-seq analyses of all
liver non-parenchymal cells, including liver ECs, isolated from human cirrhotic livers
explants. They identified two disease-specific EC populations, CD34"PLVAP*VWAL1* and
CD34* PLVAP*ACKR1* ECs (20). The authors named them “scar-associated ECs” but

did not demonstrate their origins. Similarly, a significant upregulation of CD34, PLVAP
and ACKR1 in LSECs of all zones was observed in cirrhotic mouse livers(3), suggesting
that the disease-specific EC populations found in human cirrhotic livers may be derived
from LSECs, whose gene expression profiles are altered in liver cirrhosis. An independent
study by the Henderson group showed that the zonation pattern of HSCs was conserved
between healthy and fibrotic mouse livers and that peri-central HSCs were predominant
pathogenic collagen-producing HSCs in liver fibrosis(21), raising the interesting possibility
of pathogenic crosstalk between the peri-central HSCs and the dysfunctional Zone 3 LSECs
susceptible to capillarization in cirrhotic livers as identified by Su et al.(3).

The role of LSEC in the hepatic microvascular inflammatory response

Under basal conditions, LSECs have low expression of the leukocyte rolling mediators

E- and P-selectins, hence leukocytes adhesion to LSECs occurs independent of rolling in
the liver sinusoids(22, 23). In addition to the classical adhesion molecules, LSECs express
atypical adhesion molecules such as vascular adhesion protein-1 (VAP-1) and scavenger
receptors like Stabilin 1 and 2 (Stab 1 and 2)(24). VAP-1 is a membrane bound amine
oxidase which acts as an inducible ectoenzyme during inflammation. The trafficking of
immune cells to the inflamed liver is tightly regulated by chemokines signaling and precise
binding interactions between the immunoglobulin-like cell adhesion molecules including
intercellular adhesion moleculel (ICAM1), vascular cell adhesion molecule 1 (VCAM1),
mucosal addressin cell adhesion molecule 1 (MAdCAM1) on the LSEC surface and
specific integrin (ITG) binding partners on the leukocyte(24). Firm adhesion is mediated
by various subsets of leukocyte integrins, for example, neutrophil ITGaMp2 (or Mac-1),
ITGaLp2 or [lymphocyte function-associated (LFA)-1], ITGaxp2, and ITGadp2 bind to
ICAM1 on LSECs, while ITGa4pl (VLA-4) and ITGa4p7 (LPAM-1) expressed on most
immune cells bind mainly to VCAM1 and mucosal MAdCAML1 on LSECs. Chemokine
signaling differentially phosphorylates the ITGp tail regulating the leukocyte ITG binding
affinity to its endothelial ligand promoting firm adhesion(25). Stable adhesion is followed
by the transendothelial migration of the immune cells to the inflammatory focus in the
liver parenchyma(26). Transendothelial migration occurs either via the paracellular route,
or through the LSEC body by “transcellular crawling” mediated by rearrangement of
clustered ICAM-1 around the adherent leukocyte, and the subsequent development of a
transcellular channel(27). Transendothelial migration is considered the point of no return in
the inflammatory response and requires 3 key elements including optimal concentration of
chemokines (chemotaxis), density of adhesion molecules (haptotaxis) and cellular stiffness
(durotaxis) modulated by LSEC cytoskeletal rearrangements(28). All these elements are
potentially amenable to therapeutic interventions to abrogate the sterile inflammatory
response in the liver.
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LSEC modulation of adaptive immunity

The key tolerogenic phenotype of LSECs as antigen-presenting cells can be altered in the
situation of infection or leveraged in a protective fashion to combat autoimmunity. LSECs
play an important role in the recruitment and function of immune cells in the liver in

viral infection, and new studies have advanced our understanding of this component of
LSEC biology. In a mouse model of Hepatitis B virus infection, CD8+ T cell recruitment
and antiviral activity hinged on platelets attached to LSEC hyaluronan, and these platelet
aggregates formed the preferred docking sites of CD8+ T cells. The highly specialized,
fenestrated morphology of LSECs then allows these CD8+ T cells to extend processes
through the fenestrae to survey hepatocytes for viral infection and exert their effector
function(29). Mouse models of hepatitis B virus infection have provided additional insight
into the stimuli that can lead LSECs away from tolerogenic T cell priming and towards
promotion of effective antiviral immunity. Hepatitis B e antigen (HBeAg) has been shown to
promote LSEC enhancement of cytotoxic T lymphocyte function via IL-27 and TNF a.(30,
31). HBeAg has additionally been shown to induce a feedback loop with increased matrix
metalloprotease 2 (MMP2) production by LSECs, which subsequently leads to the release of
soluble CD100, a mediator able to abrogate LSEC suppression of T cell IFN-y production,
thereby enhancing antiviral activity(32). LSECs additionally express nucleotide-binding
oligomerization domain 1 (NOD1), which when stimulated is able to overcome the basal
tolerogenic phenotype of LSECs and enhance IFNy and IL-2 production by HBV-specific T
cells(33). Further work building on these results demonstrated that the promotion of antiviral
T cell responses by stimulation of NOD1 in LSECs is enhanced by natural killer (NK) cell
recruitment to LSECs in a CXCR3-dependent manner, and that NK cells promote LSEC
enhancement of antiviral activity of T cells in a mouse model of HBV infection(34).

The tolerogenic properties of LSECs have yielded additional insights into inhibition of T
cell function as well. LSEC priming of CD8+ T cells in the context of LSEC-derived PD-L1
signaling facilitated the discovery of the role of Arl4d in the induction of a T cell phenotype
deficient in IL-2 production(35). Additional details of the tolerogenic mechanisms of
LSECs have recently been described, revealing that LSECs block metabolic changes that
are associated with a more immunogenic antigen-presenting phenotype in response to

LPS in other antigen-presenting cells, and that LSEC-primed CD8 T cells develop into a
unique population of memory cells via IL-6 trans-signaling and Stat3 signaling leading to
upregulation of FOXO1(36). In chronic liver disease, however, these tolerogenic properties
of LSECs may be altered, as shown in an animal model of cirrhosis in which LSECs
functioned as antigen-presenting cells to stimulate a pro-inflammatory CD4+ Th17 T cell
response(37).

Because of their propensity for inducing tolerance, LSECs are an intriguing target for
therapeutics for autoimmune disease. One recent study has tested this approach, utilizing
LSEC-selective oleic acid-stabilized superparamagnetic iron oxide nanoparticles loaded
with an autoantigen in a mouse model of autoimmune cholangitis. These antigen-loaded
nanoparticles were successful in inducing tolerogenic cross-presentation of antigen and
protecting the mice from autoimmune disease(38). Future studies will reveal more about
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how to leverage both immunogenic and tolerogenic properties of LSECs to fight infection
and prevent disease.

Aging and senescence

Increased appreciation of detailed LSEC phenotyping also highlights the importance of
aging in LSEC biology. Aging is associated with a progressive decline in liver function and
augmented incidence and severity of chronic liver diseases(39-41). Although initial studies
suggested that age does not induce major changes in LSECs(42), more recent investigations
have demonstrated substantial age-related changes in LSEC structure and phenotype

that in turn affect liver function(43-48). Aged LSECs become pseudo-capillarized and
resemble capillaries seen in systemic vascular beds due to decreased numbers of fenestrae
and increased endothelial basement membrane thickness leading to impaired sinusoidal
perfusion, as observed in rat, mouse and human liver sections(47-49). The term “pseudo”

is used to distinguish these age-related changes in LSECs from more pronounced
capillarization seen in chronic liver injury(40) (see Liver Fibrosis and Mechanosensing
section). More specifically, aged LSECs display a diminished fenestrae abundance, vascular
endothelial growth factor receptor-2 (VEGFR2) expression, NO production, and a loss of
vasodilatory capacity culminating in a moderate increase in portal pressure, as demonstrated
in aged rats and validated at the mRNA level in human samples(45). Moreover, the
expression of scavenger receptors, such as Stab2, is also decreased in aged LSECs, which
leads to diminished endocytic capacity and impaired waste clearance in primary LSECs
isolated from aged rats(50, 51). In addition, pseudocapillarization is also accompanied by
senescence-associated features in mouse, rat and human livers(43-45).

Aging is a key driver of LSEC senescence, a cellular state with prolonged and

irreversible cell cycle arrest, macromolecular damage, distinct senescence-associated
secretory phenotype (SASP) and dysregulated metabolism(52, 53). In this respect, based

on studies that have been conducted in mice, rats and human livers, aging LSECs display
augmented p16 expression (indicating senescence), enhanced mitochondrial oxidative stress
and increased expression of inflammatory genes, such as tumor necrosis factor alpha
(TNFa), Interleukin (IL)-1, and IL-6 leading to augmented leukocyte adhesion and /in vivo
inflammation(43, 45, 54). Senescent LSECs also worsen liver injury. For example, in a
model of carbon tetrachloride (CCl,) and phenobarbital-induced cirrhosis, aged rats exhibit
an accentuated reduction of LSEC fenestrations, reduced expression of vasoprotective,
vasodilatory and angiocrine factors and an enhanced increase in portal pressure compared to
young ones(46). In addition, the decrease in NO production in elderly LSECs is associated
with the activation of HSCs and profibrotic pathways(55, 56). Interestingly, liver endothelial
senescence, dysfunction and the pro-fibrotic features in aged animals can be attenuated by
simvastatin as well as by the activation of the Sirtuin 1-associated pathway (46, 57, 58).
Indeed, simvastatin administration to aged rats with cirrhosis reduced portal hypertension,
endothelium-dependent vasodilatory capacity, increased LSEC fenestrae and decreased
matrix deposition (46). Congruently, SIRT1 overexpression in CCly-treated rats decreased
premature senescence and ameliorated hepatic sinusoidal endothelial cell senescence,

likely through p53 deacetylation (57). In addition, shear stress and Notch-induced LSEC
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senescence in mice was ameliorated when SIRT1 was activated by SRT1720 (58). These
data suggest that statins may serve as a potential therapeutic strategy in LSEC senescence.

Regeneration

The study of liver regeneration has yielded critical information regarding the nuanced
homeostatic role normal LSECs play in the liver. The mechanisms driving liver regeneration
have been studied for decades. However, how the appropriate cell mass, organization, and
composition are reached during the regenerative process remains only partially understood.
Liver regeneration and regrowth to its initial mass following two thirds partial hepatectomy
(PHX) is a well-organized cascade of events categorized in three main phases: the inductive
phase where most of the hepatocytes proliferate, the angiogenic phase, and the terminal
phase (Figure 2)(55, 59). LSECs, which represent only 3% of the total liver volume,

control hepatocyte function and liver regeneration throughout these 3 phases(55, 59,

60). After PHx and at the beginning of the inductive phase, the entire portal blood

flow, normally distributed to the full-size liver, is redirected, causing a high shear stress

on LSECs(61). Although shear stress-induced LSEC senescence through Notch blunts

liver regeneration(58), shear stress activates several intracellular pathways that modulate
angiocrine signaling to promote hepatocyte proliferation (55). Shear stress induces the
release of NO from LSECs(16, 62), which triggers primary isolated hepatocyte proliferation
by down-regulating S-adenosylmethionine (SAMe) levels(63, 64). Complementary to these
results, mice lacking glycine N-methyltransferase, which normally eliminates excess SAMe,
express high levels of SAMe leading to a decrease in hepatocyte proliferation, impaired
liver regeneration, and mortality(65). Further bolstering these findings is the fact that
administration of L-arginine, the substrate for NO synthase to produce NO, to rats before
and after PHx enhances liver regeneration(66). Furthermore, SAMe reduces hepatocyte
proliferation through inhibiting adenosine monophosphate-activated protein kinase (AMPK)
in mice, leading to reduced responsiveness to hepatocyte growth factor (HGF)(67). Indeed,
HGF is released by LSECs in the early hours after partial hepatectomy in rats (68) and
induces hepatocyte proliferation and liver regeneration through liver kinase B1 (LKB1)

and subsequent AMPK phosphorylation(69-71), a process that may be triggered by the
adhesion of platelets to LSECs(72). HGF-mediated AMPK phosphorylation increases eNOS
phosphorylation leading to an increased NO release, decreased SAMe levels and subsequent
hepatocyte proliferation (67). In addition, hepatocyte proliferation is dependent on the
release of HGF and wingless-related integration site 2 (Wnt2) from LSECs downstream

of the VEGFR2/inhibitor of the DNA binding 1 (ID1) axis(73). Indeed, hepatocyte
proliferation and liver regeneration in 1d1~~ mice with PHx are improved when mice are
transplanted with 1d17~"Wnt2*HGF* LSECs (73). LSECs also initiate liver regeneration

by reducing angiopoietin-2 (Angpt2) release, which leads to decreased transforming

growth factor beta (TGFB) 1 production and subsequent hepatocyte proliferation(74). Later,
endothelial Angpt2 release progressively increases, which participates in the switch from
hepatocyte to LSEC proliferation through an autocrine mechanism and the initiation of the
angiogenic phase of liver regeneration(74). The importance of LSEC-specific Angpt2 during
liver regeneration was confirmed 7 vivo where Angpt2~/~ mice presented an increased
hepatocyte proliferation during the initiation phase and decreased cell proliferation during
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the angiogenic phase, as demonstrated by Ki67 immunostaining (74). During the second
angiogenic phase, hepatocytes that have already engaged in the cell cycle or just completed
cell division sense relative hypoxia and secrete angiogenic factors, such as VEGF and
angiopoietins, that drive LSEC proliferation, as demonstrated in several studies conducted in
rats and mice(73, 75-78). While hepatocyte proliferation peaks at 24—48 hours post PHx in
mice and rats, LSEC proliferation reaches its maximum at 3—4 days post PHx(59). Finally,
LSECs play a key role during the termination phase of liver regeneration by secreting TGFp
leading to a reconstruction of the extracellular matrix scaffold and subsequent hepatocyte
quiescence when examined in rats and mice(74, 79). Given the substantial contribution of
LSECs in liver regeneration, modulating LSEC angiocrine signaling could be therapeutically
targeted to enhance liver regeneration. Although, more studies in human liver specimens are
needed to validate the human relevance of these findings.

Fibrosis and Mechanosensing

In pathological conditions, dynamic changes in LSECs play a key role in facilitating

liver fibrosis (Figure 3). Morphologically, in a healthy liver, LSECs are fenestrated with
3-20 fenestrations per um2(80, 81). The fenestrae are dynamic structures with a lifespan

of 18 hours involving an active cytoskeleton rearrangement (80). However, during liver
injury, LSECs become capillarized by losing their fenestrations and acquiring a basement
membrane enriched with collagen type IV and laminin(6, 80). Capillarized LSECs release
vasoconstrictors such as prostanoids through cyclooxygenase-1 and exhibit diminished NO
production, leading to an increase in vascular tone and portal pressure in rats(82, 83). NO
production is regulated by the serine/threonine protein kinase AKT. /n vitro experiments
show that in response to endothelin, activated AKT promotes binding of eNOS to G-protein-
coupled receptor kinase-interacting protein 1 (GIT1) scaffold protein, which leads to NO
release (Figure 3) (84). Decreased production of eNOS-derived NO is a fundamental
characteristic of LSEC dysfunction across disease etiologies (85), and LSEC-produced NO
protects the liver from fibrosis by preventing activation of hepatic stellate cells(86, 87).
Conversely, blocking LSEC capillarization by using an eNOS signaling activator attenuates
mesenchymal features of LSECs and fibrogenesis in CCl-treated mice(88).

In addition to eNOS, inducible NOS (iNOS) engages in liver fibrosis as well(89, 90).
Deletion of iNOS in mice decreases CCls-mediated liver fibrosis by lowering the number
of HSCs and collagen 1a1 expression(91). Nevertheless, a conditional knockout of iNOS
selectively in LSECs would better determine the role of endothelial iNOS in liver fibrosis.
While AKT can activate eNOS, AKT can also bind and deactivate the G-protein-coupled
receptor kinase-2 (GRK2) to inhibit NO release (Figure 3). Moreover, GRK2-deficient
mice had reduced portal hypertension as compared to controls(92), suggesting that GRK2
participates in fibrogenesis.

A key factor to determine whether LSECs facilitate liver fibrosis or, conversely, beneficial
regeneration in response to liver injury, is the balance between LSEC C-X-C chemokine
receptor (CXCR) type 4 (CXCR4) and CXCR7(93). While upregulation of CXCR7

leads to ID1-dependent hepatocyte proliferation and reparative liver regeneration, CXCR7
deletion promotes CXCR4 expression and subsequent liver fibrosis (Figure 3)(93). CXCR4
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upregulation is associated with the release of pro-fibrotic angiocrine signals such as TGFp,
BMP2 and PDGF-C. In line with these data, in mice with bile duct ligation liver injury,
CXCRT expression decreases while CXCR4 expression augments. In addition, liver fibrosis
is improved in mice with endothelial cell-specific CXCR4 deletion (93). The validation of
these data in patient samples might be helpful to propose new therapeutic strategies.

Dysregulated angiogenesis may also promote liver fibrosis. For example, leukocyte
cell-derived chemotaxin 2 (LECT2) binding to the endothelial tyrosine kinase with
immunoglobulin-like and epidermal growth factor—like domains 1 (Tiel) upregulated
MAPK-dependent PPAR signaling and subsequent sinusoidal capillarization, the release of
matrix proteins such as fibronectin and collagen 1V, as well as liver fibrogenesis (Figure 3)
(94). Furthermore, the adeno-associated virus serotype 9 (AAV9) with a short hairpin RNA
(shRNA) of LECT2 (AAV9-LECT2-shRNA) or the combination of AAV9-LECT2-shRNA
with bevacizumab (VEGF neutralizing antibody) ameliorated CCls-induced liver fibrosis in
mice (94, 95)

Portal hypertension is a complication of chronic liver disease which is often characterized
by high pressures in the liver sinusoids. These pressures may exert independent effects that
perpetuate the LSEC pathology. LSECs undergoing mechanical stretch induced by inferior
vena cava ligation in mice present an increased expression of Notchl, which interacts

with the mechanosensor Piezol, leading to the release of C-X-C chemokine ligand 1
(CXCL1) (Figure 3) (96). Then, CXCL1 attracts neutrophils to form neutrophil extracellular
traps and microthrombi which mediate portal hypertension (Figure 3) (96). Moreover, the
chemokine CXCL1 is also released following mechanotransduction-induced glycolysis.

In this case, /n vitro stiffness-mediated glycolysis increased nuclear pore diameter and
subsequent nuclear factor kappa B (NFxB) translocation to the nucleus (Figure 3)(97).

In CCly-mediated chronic liver injury in mice, in response to tumor necrosis factor alpha
(TNFa), endothelial NFxB interacts with histone acetyltransferase protein 300 (p300) and
bromodomain containing 4 (BRD4), leading to CXCL1 and C-C motif chemokine ligand 2
(CCL2) secretion from LSECs culminating in liver inflammation (Figure 3) (98).

In addition to NFxB, other transcription factors, such as GATA motif binding protein 4
(GATA4) and KLF2, control angiocrine signals to promote liver fibrosis. GATA4 deficiency
in LSECs leads to liver fibrosis through myelocytomatosis oncogene (MY C)-dependent
platelet-derived growth factor (PDGF) expression(99), suggesting a protective role for
endothelial GATA4. Moreover, a recent study revealed that GTPase, IMAP Family Member
5 (GIMAPS) upstream of GATA4 protects LSECs from capillarization. GIMAPS deletion
in LSECs results in portal hypertension, suggesting that GIMAPS5 is a critical regulator of
LSEC homeostasis(100). On the contrary, activation of endothelial KLF2 leads to impaired
liver regeneration through activin A expression(101) (Figure 2). However, hepatic KLF2
overexpression through adenovirus-KLF2 administration improved portal hypertension and
liver endothelial dysfunction in cirrhotic rats (102). This discrepancy regarding the role of
KLF2 in liver disease might be due to cell type-specific role of KLF2 and further studies are
needed to resolve it.
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Angiocrine signaling includes not only secreted soluble factors but also extracellular vesicles
(EVs). Extracellular vesicles are nano-sized particles involved in cell-to-cell communication
and liver disease (103). /n vitro, LSECs regulate HSC migration and signaling by releasing
sphingosine kinase 1 (SK1)-enriched EVs (Figure 3). These SK1-EVs adhere to HSCs
through integrin-fibronectin interaction and are internalized in a dynamin-dependent manner.
In vivo, SK1 was enriched in EVs derived from sera of CCl,-treated mice as compared to
olive oil EVs (104). In turn, HSCs also release fibrogenic EVs that are taken up by LSECs

in mice(105, 106). However, further studies are needed to better understand HSC-LSEC
crosstalk through EVs during liver fibrosis.

The maintenance of sinusoidal and hepatocyte zonation is crucial for preserving liver
homeostasis. As mentioned previously, multiple studies utilizing single cell technologies
implicate LSEC sub-populations in the development of liver fibrosis. A recent study
reveals that musculoaponeurotic fibrosarcoma (c-MAF) expression increases gradually in
LSEC sub-populations during pre- and post-natal development and confers the sinusoidal
identity of endothelial cells. Endothelial-specific c-MAF deletion in adult mice induces the
loss of the sinusoidal phenotype, increases EC proliferation, produces a mild disruption

of hepatocyte zonation, and enhances CCls-mediated liver fibrosis (Figure 2). This

study suggests that the absence of c-MAF tilts the balance in the liver toward the
counterproductive healing by fibrosis(107). As previously discussed, studies in mice and
human liver biopsies demonstrate that LSEC capillarization during cirrhosis is more
prominent in the pericentral sub-population, which gain CD34 expression and decrease the
expression of endocytotic receptors (3, 108).

Because of their crucial role in causing liver fibrosis, LSECs are key therapeutic target for
anti-fibrotic studies. For example, the overexpression of KLF2 in the cirrhotic rat livers
through Adenovirus-KIf2 administration exerts an antifibrotic and vasoprotective effect by
decreasing the portal pressure as well as increasing eNOS expression and the response to
the vasodilator acetylcholine (102). In addition, the pan-peroxisome proliferator activated
receptor (PPAR) agonist lanifibranor leads to improved LSEC fenestrations and thus a
healthy LSEC phenotype, reduced expression of the endothelial dysfunction marker von
Willebrand factor, and decreased portal hypertension and hepatic fibrosis in rats with
cirrhosis induced by either thioacetamide or common bile duct ligation(109).

Endotheliopathy/Thrombosis

Microvascular thrombosis has been recognized as a key player in endothelial dysfunction
and portal hypertension in liver disease in recent years, and the direct relationship

between LSECs and microvascular thrombosis is an area of great research interest. eNOS-
derived NO serves as an inhibitor of endotheliopathy, a type of endothelial dysfunction
characterized by an inflammatory and procoagulant state, by inhibiting the release of
Weibel-Palade bodies, which contain P-selectin that mediates recruitment of leukocytes and
thus initiates vascular inflammation(110). Furthermore, NO can block platelet adhesion and
aggregation to ECs, reducing the occurrence of microvascular thrombosis (111). A recent
study demonstrated that inhibition of coagulation utilizing the direct-acting anticoagulant
rivaroxaban in animal models of cirrhosis reduced portal pressure, in part by improving
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endothelial dysfunction in this model as evidenced by reduced LSEC basement membrane
formation and VWF expression in the rivaroxaban-treated group(112). This suggests a direct
role for microvascular thrombosis in promoting endothelial dysfunction in chronic liver
disease and that inhibiting thrombosis may improve endothelial dysfunction. As discussed
previously, mechanical forces exerted on LSECs in the liver sinusoids in an inferior vena
cava ligation model of portal hypertension due to congestive hepatopathy directly promoted
neutrophil and platelet accumulation, microvascular thrombosis and portal hypertension,
elucidating a new mechanism by which sinusoidal thrombosis contributes to worsening

liver pathology(96). However, we are still awaiting the translation of these observations

to randomized clinical trials that examine the benefit of anticoagulation in patients with
chronic liver disease on LSEC dysfunction and portal hypertension. Beyond a role in
chronic liver disease, procoagulant endotheliopathy of LSECs characterized by increased
expression of procoagulant Factor VIII along with increased platelet and neutrophil adhesion
is associated with acute liver injury and systemic coagulopathy in COVID-19 infection, with
IL-6 trans-signaling as a potential mechanism of procoagulant and proinflammatory changes
in LSECs(113).

Mechanistically, KIf2 plays a key role in preventing detrimental activation of coagulation
at the level of LSECs. KIf2 increases expression of antithrombotic factors such as
thrombomodulin(114). Statins may act directly on the aberrantly regulated KLF2 pathway
to improve endothelial dysfunction in cirrhosis(115). Recent studies demonstrated that
statins ameliorate prothrombotic endotheliopathy in the liver as well. In the setting of
lipopolysaccharide (LPS)-induced endotheliopathy in an animal model with increased
microvascular thrombosis and VWF expression by liver ECs, statin treatment upregulates
KLF2 and decreases thrombosis in the liver(116). New research has built upon this
approach utilizing nanotechnology that enhances simvastatin delivery to LSECs to augment
KLF2(117). This field is developing, and given that the nanotechnology in this study relied
on targeting the mannose receptor on LSECs with mannan-containing nanoparticles, which
while demonstrating preferential LSEC uptake lack total specificity(118), more specialized
technology should be utilized for further precision therapy. Further data on statins and their
effect on liver endothelial health in ongoing clinical trials are eagerly awaited, with a major
phase 3 clinical trial underway(119).

In the acute setting where liver regeneration is required, such as after hepatectomy, platelet
interactions with LSECs may play a beneficial role. Platelet signaling to LSECs and
activation of LSEC CXCR7 has been shown to promote liver regeneration in both a
chemical injury and a hepatectomy model(120). Further studies have demonstrated signaling
from platelets to LSECs, which in turn engage in crosstalk with HSCs to promote liver
regenerative signaling(72). Taken together these data suggest that platelets may have both
beneficial and detrimental effects in the liver and highlight the complexity of microvascular
thrombosis in various conditions and the need for further mechanistic studies.

Alcohol-associated liver disease

Alcohol-associated liver disease (ALD) is a pressing public health issue with a near-total
lack of effective pharmacologic therapy to date. The role of LSECs in this disease is
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increasingly appreciated, and these novel pathophysiologic pathways may hold potential

for new therapeutic targets. LSEC dysfunction has been reported in ALD(121, 122) and

is thought to precede liver injury. A recent study revealed that LSECs could metabolize
ethanol by expressing all ethanol metabolizing enzymes, including alcohol dehydrogenase 1
(ADH1) and cytochrome P450 2E1 (CYP2EL), key enzymes in alcohol metabolism that are
constitutively expressed in LSECs(123). Alcohol is metabolized first by ADH1 or CYP2E1
to acetaldehyde, a highly toxic metabolite and a known carcinogen(124). Then, aldehyde
dehydrogenase (ALDH) catabolizes acetaldehyde to acetate, a less active product, which can
be converted to acetyl-CoA by acetyl-CoA synthetase(124). Ethanol increases the rate of
CYP2EL1 gene transcription and also stabilizes CYP2E1 by preventing its degradation(125),
thereby increasing CYP2EL levels especially in pathological conditions(126). CYP2E1 is
mainly expressed in the liver with its highest expression in hepatocytes, approximately 3.3-
fold higher than LSECs. Whether CYP2E1 expression in LSECs is Zone-specific remains to
be demonstrated. Given that CYP2E1 metabolizes acetaminophen, CYP2E1 in LSECs also
plays a role in acetaminophen-induced LSEC dysfunction.

Chronic induction of CYP2EL1 by ethanol leads to LSEC dysfunction and
endotheliopathy(123). Protein acetylation has been described in relation to ethanol
exposure(127), and acetyl-CoA, a final product of alcohol metabolism, serves as a substrate
for protein acetylation(128). In this pro-acetylation environment, it was determined that
ethanol-driven Hsp90 acetylation and the resultant decrease of its interaction with eNOS,
leading to decreased NO production, is one of the underlying mechanisms of LSEC
dysfunction and liver injury under excessive alcohol consumption(123).

Alcohol-associated hepatitis (AH), the most severe manifestation of ALD, is associated with
liver neutrophil infiltration through activated cytokine pathways and chemokine release by
LSECs (129-132). Among the differentially expressed genes in this disease, several CXCL
chemokines such as CXCL1, 6, and 8, implicated in neutrophil recruitment, show markedly
elevated expression in the livers of patients with AH (129, 131). Gao et al. reported that a
high fat diet combined with ethanol feeding elevated the production of CXCL1 in ECs as
well as hepatocytes and HSCs (133). Hence, blocking the induction of CXCL chemokines
and neutrophil recruitment to the liver could be a potential therapeutic strategy for the
treatment of AH.

Drug-Induced Liver Injury

Drug-induced liver injury is often attributed to hepatocyte or cholangiocyte injury.
However, LSECs play a key role in this phenomenon as well. One of the most clinically
important causes of drug-induced liver injury is acetaminophen toxicity, accounting for
2600 hospitalizations and 450 deaths from acute liver failure per year in one recent
estimation(134). Liver sinusoidal endothelial cells have been shown to be a direct target

of acetaminophen toxicity, exhibiting injury prior to the liver parenchyma in an animal
model of acetaminophen-induced liver injury(135), with the cytotoxicity of acetaminophen
on LSECs amplified by TNF-related apoptosis-inducing ligand (TRAIL) (136). The
contribution of LSECs to acetaminophen-induced liver injury is augmented by a high
cholesterol diet. Free cholesterol accumulation in LSECs enhances inflammatory toll-like
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receptor 9 (TLR9) signaling and worsens liver injury, implicating LSECs as a key link
between metabolic risk factors and acute liver failure(137).

More recently, a key role for the endothelial-derived protein von Willebrand factor

(VWEF) in acetaminophen-induced liver injury has been defined in a mouse model (138).
The authors identified elevated plasma vVWF levels and increased vVWF accumulation in
the livers of acetaminophen-injured animals, which enhanced hepatic platelet retention.
Platelet retention impaired hepatic recovery, while blocking this accumulation of platelets
accelerated recovery from liver injury. Additionally, signaling via the platelet CLEC-2
receptor is detrimental to the liver in acetaminophen-induced injury(139).

In addition to acetaminophen-induced liver injury, a key manifestation of toxic injury to
LSECs is sinusoidal obstruction syndrome, also known as veno-occlusive disease. This
syndrome results from toxic injury to the liver sinusoidal endothelium, commonly from
chemotherapeutic agents and other toxins such as herbal medicines, leading to sloughing
off of the endothelium and ultimately sinusoidal obstruction, manifesting clinically as
hepatomegaly, jaundice, and fluid retention(140). A major pathophysiologic event in this
syndrome is the infiltration of blood components into the space of Disse after endothelial
damage and subsequent dissection of ECs into the sinusoids. Platelets played a protective
role in an animal model of sinusoidal obstruction syndrome by plugging the defects resulting
from toxic injury to LSECs and preventing this dissection(141). While ursodeoxycholic
acid is currently the preferred agent for the prevention of sinusoidal obstruction syndrome,
recent studies have further implicated thrombosis in this condition by noting that low-dose
heparin may be an effective prophylactic strategy by interfering with the procoagulant
effects of damaged LSECs that exacerbate sinusoidal obstruction(142, 143). The key role
of LSECs in the pathogenesis of sinusoidal obstruction syndrome is also highlighted by the
fact that defibrotide, the only FDA-approved therapy, functions by reducing EC activation
and promoting fibrinolysis via increased expression of tissue plasminogen activator and
thrombomodulin (144).

Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD), defined by hepatic steatosis in the absence of
alcohol consumption, is the most common chronic liver disease worldwide(145). A subset of
patients with NAFLD develop non-alcoholic steatohepatitis (NASH) characterized by excess
circulating toxic lipids, along with liver inflammation, and progressive liver fibrosis. Toxic
lipid-induced hepatocellular stress, known as lipotoxicity, has been recognized as a driver

of the inflammatory response in the NASH liver(146). During the evolution of NAFLD,
LSECs residing in a proinflammatory microenvironment under lipotoxic stress undergo
various morphological and functional alterations including capillarization, dysfunction, and
endotheliopathy (Figure 5).

Although preclinical studies in mouse model of high fat diet induced NAFLD showed
preservation of fenestrae at 2, 4, 15, and 20 weeks (147), other studies showed reduced
fenestrae in high fat high carbohydrate diet, Choline-deficient high fat diet (CDHFD) (7),
Choline-deficient, L-amino acid-defined (CDAA) (148) diet as well as high fat diet at 22
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weeks, with preservation of fenestrae at 8 weeks. The difference observed are likely related
to mouse strain used in these studies and the composition of the diet. The high fat diet is
less fibrogenic and does not recapitulate the full spectrum of the disease when compared
with the other diets, including the high in fat fructose and cholesterol (FFC) that showed
increased capillarization markers at 24 weeks (7). In addition, loss of fenestration in LSECs
is also seen in isolated human steatosis when compared to steatohepatitis (149). Hence,
LSEC capillarization is likely to develop during the early stage of NAFLD(148), and is
partially attributed to dietary macronutrients and gut microbiota-related products(2, 150,
151). However, the exact molecular mediators of LSEC capillarization in NASH are largely
unknown. Capillarization of LSECs in turn promotes hepatic steatosis, due to impaired
clearance of circulating triglyceride (TG)-rich chylomicron remnants, and compensatory
hepatocyte de novo lipogenesis. Mice lacking LSEC fenestrations due to genetic deletion
of plasmalemma vesicle-associated protein (PLVVAP), an endothelial-specific membrane
glycoprotein, develop severe steatohepatitis along with significant elevation of plasma low-
density lipoprotein and TG and reduction of the high-density lipoprotein (152).

During the progression of hepatic steatosis, steatotic and ballooned hepatocytes exert
mechanical stress on the microcirculation which further impairs NO - ET-1 balance and
culminates in LSEC dysfunction (153). Increased hepatic vascular resistance in NAFLD
is also attributed to impaired insulin signaling and decreased AKT-dependent eNOS
phosphorylation and NO synthesis and release (154). Hence, insulin sensitizers may
attenuate LSEC dysfunction in NASH. Moreover, in rats with steatosis, increased vascular
resistance is associated with enhanced liver thromboxane synthase and ET-1 expression
and serum ET-1 level(153), suggesting that ET-1 receptor blockade may ameliorate LSEC
dysfunction in NASH (155). Recently, using a mouse model of methionine choline
deficient diet (MCD)-induced NASH, Fang et al showed that endothelial-specific Notch
activation inhibits eNOS transcription and aggravates NASH, whereas administration of
the pharmacological eNOS activator YC-1 or the Notch inhibitors DAPT and LY 303947
ameliorates LSEC dysfunction and capillarization resulting in improved hepatic steatosis,
inflammation, and fibrosis(156). Taken together, these data suggest that restoring LSECs
homeostasis is beneficial in NASH.

As NASH evolves, LSECs acquire a proinflammatory phenotype characterized by increased
adhesion molecule expression (157-159) that we refer to as “endotheliopathy”(160)
associated with pro-inflammatory chemokines and cytokines release. Situated at the
interface of the circulation and the liver parenchyma, LSECs participate in the host

innate defense mechanism and express TLR9 in their lysosomal/endosomal compartment.
Bacterial DNA, endocytosed via the LSEC scavenger receptors, activate the LSEC TLR9
leading to NF-xB signal transduction and proinflammatory cytokines (IL-1p and IL-6)
release(161). Furthermore, LSECs under lipotoxic stress or cytokine stimulation secrete
C-X-C motif ligands, and the C-C motif chemokine ligands(24, 158) and promote the
chemotaxis of proinflammatory immune cells. In addition, LSECs via their DARC (Duffy
Antigen Receptor for Chemokines), can present chemokines produced by neighboring cells
to promote transendothelial migration of proinflammatory immune cells. Increased LSEC
DARC expression in the fibrotic niche was identified by sScRNA-seq and spatial mapping of
human livers with NASH cirrhosis. Additionally, functional studies confirmed that DARC
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enhances the transendothelial migration of leukocytes (20), further validating the role of
LSEC in shaping the liver immune cell subpopulations in NASH.

Interestingly, mice expressing a catalytically inactive form of VAP-1 or treated with a-VAP-1
neutralizing antibody had attenuated liver inflammation and fibrosis in MCD- induced
NASH(159). The human relevance of this observation was validated by showing significant
elevation of serum levels of soluble VAP-1 in NAFLD patients(159). Furthermore, Furuta
et al. reported that LSEC VCAML expression is enhanced under lipotoxic conditions

in mouse and human NASH. The authors further evaluated the therapeutic potential of
targeting VCAML1 in murine NASH, and showed diminished liver injury, inflammation,
and fibrosis upon VCAM1 pharmacological inhibition or conditional EC deletion in mice
with diet-induced NASH(162). Likewise, blocking ITGB1 (a VCAML1 binding partner)
using a neutralizing antibody also attenuated diet-induced murine NASH secondary to
decreased proinflammatory monocyte adhesion and hepatic infiltration, and recovery of
the restorative macrophage population(163). Moreover, soluble VCAM-1 was increased

in the circulation of patients with NAFLD and correlated with advanced stages of liver
fibrosis, highlighting the translational potential of these preclinical data(164). Similarly,
targeting ITGa4 (a VCAM-1 ligand) reduced the proinflammatory monocyte-associated
liver inflammation in mice with NASH(158). Comparably, mice with diet-induced NASH
had reduced liver inflammation, fibrosis, and metabolic dysfunction when treated with
ITGa4p7 antibody, and had reduced CD4 T cell hepatic infiltration(165). Along the same
lines, genetic deletion, or pharmacological blockade of L-selectin [also known as CD62
Ligand (CD62L)], a lymphocyte expressed ligand for ICAM1 and MadCAM1, in mice
protected against diet-induced NASH. Serum levels of soluble CD62L were increased in
NASH patients and CD62L hepatic expression correlated with NASH activity(166) (Figure
5). Taken together, these data suggest that LSEC luminal adhesion molecules expression

is increased NASH and can be therapeutically targeted. Moreover, the soluble circulating
forms of these adhesion molecules may serve as potential noninvasive biomarkers in human
NASH.

Ischemia reperfusion injury

Liver ischemia reperfusion injury refers to hepatic damage upon reestablishment of the
hepatic circulation following the cold ischemia during organ preservation and warm
ischemia period during the liver transplant surgery. Ischemia reperfusion injury is a major
risk factor of early allograft dysfunction (167). Because of the vascular nature of ischemia-
reperfusion injury (IRI), it is not surprising that LSECs would play a key mechanistic

role. Different mechanisms of LSEC injury and dysfunction have been described in cold
ischemia and warm reperfusion of the liver graft including hypoxia-induced adenosine
triphosphate (ATP) depletion, lack of hemodynamic stimulation of shear stress with flow
cessation, and significant reduction of vasoprotective factors including NO via reduced
expression of the shear stress-sensitive nuclear transcription factor KLF2. Low NO and high
levels of thromboxane A2 (TXAZ2) and reactive oxygen species (ROS) during IRI lead to
vasoconstriction and narrowing of the sinusoid lumen, culminating in liver injury (168).
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LSECs undergo numerous morphological changes during IRI often manifesting as rounding
and actin disassembly due to an increased intracellular calcium concentration and calpain
activity(169). In addition, LSEC injury is compounded by the ROS and elastase produced
by recruited neutrophils(170). Activated Kupffer cells perpetuate liver injury as well by
releasing proinflammatory cytokines (TNFa and IL-1p) and ROS which activate LSEC
NF-kB, subsequently upregulating the expression of adhesion molecules such as ICAM1
facilitating neutrophil infiltration of the allograft parenchyma, as well as E-selectin

and P-selectin favoring platelet adhesion and formation of vessel microthrombi. Liver
sinusoidal endothelial cells and platelets also produce platelet activating factor (PAF),
which promotes neutrophil activation and enhances ROS generation. Interestingly, the
upregulation of the LSEC costimulatory molecules CD80, and CD86 during IRI enhances
their antigen presentation capability and primes the recipient immunological response for
early rejection(171).

These various pathogenic mechanisms can be abrogated by normothermic machine
perfusion that maintains continuous vascular stimulation, minimizes anaerobic metabolism,
and restores ATP production (172). Likewise, multiple IRI therapeutic agents have been
added to the cold storage solution or administered systemically in preclinical models to
reduce ROS generation and inflammation, while promoting regeneration. These include the
recombinant form of the antioxidant human manganese superoxide dismutase, which when
added to the cold storage solution, prevents oxidative stress, and reduces VWF, and ICAM1
expression(173). Likewise, adding the KLF2-inducer simvastatin to the cold preservation
solution ameliorated the hepatic IRI observed upon reperfusion in a rat experimental
model(174). Moreover, liver-selective metallopeptidase-9 (MMP-9) inhibition in the rat
accelerates liver regeneration by preventing proteolytic cleavage of hepatic VEGF(175). In
addition, in a mouse model of IRI, the sphingosine-1-phosphate receptor 1 (S1PR1) agonist
SEW287 increased LSEC AKT phosphorylation and eNOS expression, while decreasing
VCAM-1 and proinflammatory cytokines expression, and ultimately myeloid cell infiltration
and liver injury(176). Taken together, these data suggest that targeting the LSEC can
potentially alleviate IRI and prevent graft dysfunction.

The unique microvascular architecture of the liver enhances its tolerogenic propensity, since
LSECs are strategically situated as the first line of defense and poised to engage with

the immune system. Liver sinusoidal endothelial cells function as semiprofessional antigen
presenting cells as they express genes involved in antigen capture and processing such as the
major histocompatibility complex class 11 (MHC-I1I), which enable LSECs to present antigen
to naive CD4+ T cells. Because of their low expression of costimulatory molecules, LSECs
promote the development of suppressor T cells (CD25M regulatory T cells), rather than drive
their differentiation to inflammatory CD4+ T cells [T helper 1 (Th1) and Th17] (177, 178).
Liver sinusoidal endothelial cells use the mannose receptor to take-up, process, and cross-
present antigen via their major histocompatibility complex class | (MHC- 1) receptors to
CD8+ cytotoxic T cells(179). At low antigen concentrations, this process leads to tolerance
of naive CD8+ T cells and is mediated by upregulation of the LSEC co-inhibitory molecule
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programmed cell death 1 ligand 1 (PDL1), which engages its receptor programmed cell
death protein 1 (PD1) on naive T cells.

The function of LSECs in immunity changes, however, when antigen load is high. When
the microenvironment is enriched with cytokines (IL-2 and IL-6), then antigen cross
presentation to CD8+ T cells leads to a memory effector T cell differentiation, and
sustained effector response likely secondary to enhanced T cell receptor (TCR) signaling
that overcomes PD1-mediated tolerogenic responses (24). Likewise, LSECs may facilitate
acute cellular rejection of the liver allograft as reported by Sumitran-Holgersson et al
(180). Preexisting LSEC antibodies may induce the expression of the LSEC costimulatory
molecule CD86, increase the proliferation of alloreactive CD4+T-cells, and downregulate
the immune modulating cytokine TGF-. It is understandable therefore that sinusoidal
endotheliitis, characterized by adhesion of immune cells to LSECs, is a histopathological
hallmark of acute rejection (181), and is associated with increased expression of the LSEC
Ig-superfamily of adhesion molecule ICAM1 and VCAML1 (182, 183), facilitating immune
cell adhesion and homing in the liver allograft. Overall, LSECs fine tune the balance and
retention of immune cells within the liver and determine whether liver injury in acute
rejection resolves or progresses to chronic hepatitis and end stage liver disease. Despite
their key role in liver transplant tolerance, to date there are no anti-rejection therapeutic
approaches that target LSECs.

Gaps in knowledge and future directions

Although our understanding of the role of LSECs in liver pathobiology and their potential

as therapeutic targets has evolved over the last decade (Table 1), many fundamental gaps in
knowledge persist. To date there are no perfect markers that distinguish LSEC from other
vascular endothelial cells (9, 184), and consequently, there are no established LSEC-specific
Cre mouse models (9, 185). Well recognized LSEC markers in healthy livers include surface
receptor CD32b (186), C-Type Lectin Domain Family 4 Member G (CLEC4G) (187), Lyvel
(188), and Stab2 (189). Hence, electron microscopy remains the gold standard to identify
well differentiated LSECs by their fenestrae. Furthermore, examining specific molecular
markers of dysregulated LSECs in acute or chronic experimental liver disease models poses
some challenges.

Single cell RNA sequencing analysis and single cell proteogenomic approaches in human
and mouse livers helped unravel the heterogeneous LSEC subpopulations (3-5, 20, 187,
190). In addition, an innovative approach combining transcriptomics and quantitative
proteomics/phosphoproteomics in spatially sorted liver endothelial cell populations further
refined the zonal-dependent vascular signaling mechanisms (191). Guilliams et al. recently
combined single cell and nuclear sequencing with spatial transcriptomic and proteomics
creating a spatial proteogenomic atlas of healthy and obese human and mouse livers, this
approach enabled mapping the location of different cells within the liver, and identification
of interaction between neighboring cells (including LSEC and Kupffer cells) through
ligands-receptors pairs (192). These approaches will serve as powerful tools to discover new
mediators of angiocrine signaling, and paracrine interaction between LSECs and immune
cells in the inflammatory focus, as well as LSECs and HSCs in perisinusoidal fibrosis.

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

Page 18

Functional studies to validate these SCRNA seq-based findings will be important to further
elucidate how the changes in LSEC phenotype affect angiocrine signaling and whether these
are consequences, drivers, or amplifiers of liver fibrosis and cirrhosis.

Liver sinusoidal endothelial cells have an essential role in maintaining liver homeostasis,

in part by preserving HSC and Kupffer cell quiescence (2). However, with sustained
nefarious stimuli LSECs undergo structural and functional alterations and fuel liver disease
progression. Hence, promoting LSEC homeostasis is an appealing therapeutic opportunity in
chronic liver diseases of different etiologies. This opportunity awaits in depth mechanistic
studies to define the regulation of LSEC fenestrae dynamics and the origin and the
mechanism of LSEC basement membrane deposition and extracellular matrix cross linking
during capillarization.

Although no LSEC specific therapy exists in the field of liver transplant to date,

the immunomodulatory functions of LSEC may be harnessed to develop anti-rejection
pharmacotherapy. Furthermore, blocking the homing of immune cells, by reducing the
LSEC luminal adhesion molecules expression and/or function is a promising therapeutic
approach in inflammatory liver diseases. The ideal LSEC-selective therapeutic agent would
block the aberrant inflammatory response in the liver without compromising the host
defense mechanism or the systemic immune response. Nonetheless, it is still unclear how
LSECs regulate the phenotype of transmigrating immune cells. Similarly, the role of LSEC
basement membrane in the activation of intrahepatic leukocyte subpopulations is obscure.

While it is well recognized that LSEC dysfunction secondary to NO/ET-1 imbalance is a
driver of increased intrahepatic resistance, the impact of LSEC cytoskeleton remodeling
in response to shear stress and proinflammatory molecules on the liver microcirculatory
dysfunction and the development of noncirrhotic portal hypertension is largely unknown.

Although these gaps remain, the field of LSEC biology is evolving quickly. With the rapid
advances in the available methods and technology to isolate and examine LSECs using
multiomics approaches, the development of complex genetic mouse models, and the interest
in developing LSEC-specific pharmacotherapy, we expect that most of these gaps will begin
to close soon.
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VEGF
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AP-1

VEGFR-2
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HGF
LKB1
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ID1
Angpt2
TGFB
GIT1
iNOS
GRK?2
CXCR

LECT2

single cell RNA sequencing

lymphatic vessel endothelial receptor-1
vascular endothelial growth factor
mannose receptor 1

Fc gamma-receptor 11b2

nitric oxide

endothelial nitric oxide synthase
Kruppel-like factor

Activating protein-1

vascular endothelial growth factor receptor-2
senescence-associated secretory phenotype
tumor necrosis factor alpha

interleukin

carbon tetrachloride

partial hepatectomy
S-adenosylmethionine

adenosine monophosphate-activated protein kinase
hepatocyte growth factor

liver kinase B1

wingless-related integration site 2

DNA binding 1

angiopoietin-2

transforming growth factor beta

G-protein-coupled receptor kinase-interacting protein 1
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G-protein-coupled receptor kinase-2
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tyrosine kinase with immunoglobulin-like and epidermal growth

factor—like domains 1
adeno-associated virus

short hairpin RNA

C-X-C chemokine ligand 1
nuclear factor kappa B

tumor necrosis factor alpha
histone acetyltransferase protein 300
bromodomain containing 4

C-C motif chemokine ligand 2
GATA motif binding protein 4
myelocytomatosis oncogene
platelet-derived growth factor
GTPase, IMAP Family Member 5
extracellular vesicles

sphingosine kinase 1

musculoaponeurotic fibrosarcoma

peroxisome proliferator activated receptor

alcohol-associated liver disease
alcohol dehydrogenase 1

cytochrome P450 2E1

aldehyde dehydrogenase

heat shock protein 90

histone deacetylase 6

hypoxia inducible factor 1 alpha
endothelin-1

Alcohol-associated hepatitis
TNF-related apoptosis-inducing ligand

toll-like receptor 9
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vWF von Willebrand factor

LPS lipopolysaccharide

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

TG triglyceride

PLVAP plasmalemma vesicle-associated protein
MCD methionine choline deficient diet

DARC Duffy Antigen Receptor for Chemokines
VAP-1 vascular adhesion protein-1

ICAM1 intercellular adhesion moleculel
VCAM1 vascular cell adhesion molecule 1
MAdCAM1 mucosal addressin cell adhesion molecule 1
ITG integrin

LAF-1 lymphocyte function-associated-1
CD62L CD62 Ligand

ATP adenosine triphosphate

TXA2 thromboxane A2

ROS reactive oxygen species

PAF platelet activating factor

MMP-9 matrix metallopeptidase-9

S1PR1 sphingosine-1-phosphate receptor 1
MHC-II major histocompatibility complex class Il
Thi T helper 1

MHC-1 major histocompatibility complex class |
PDL1 programmed cell death 1 ligand 1

PD1 programmed cell death protein 1

TCR T cell receptor

CLEC4G C-Type Lectin Domain Family 4 Member G

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

References:
1

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 22

. Gracia-Sancho J, Caparros E, Fernandez-Iglesias A, Frances R. Role of liver sinusoidal endothelial

cells in liver diseases. Nat Rev Gastroenterol Hepatol 2021;18:411-431. [PubMed: 33589830]

. Furuta K, Guo Q, Hirsova P, Ibrahim SH. Emerging Roles of Liver Sinusoidal Endothelial Cells in

Nonalcoholic Steatohepatitis. Biology (Basel) 2020;9. [PubMed: 33375573]

.SuT, Yang, Lai S, Jeong J, Jung Y, McConnell M, Utsumi T, et al. Single-Cell Transcriptomics

Reveals Zone-Specific Alterations of Liver Sinusoidal Endothelial Cells in Cirrhosis. Cell Mol
Gastroenterol Hepatol 2021;11:1139-1161. [PubMed: 33340713]

. MacParland SA, Liu JC, Ma XZ, Innes BT, Bartczak AM, Gage BK, Manuel J, et al. Single cell

RNA sequencing of human liver reveals distinct intrahepatic macrophage populations. Nat Commun
2018;9:4383. [PubMed: 30348985]

. Halpern KB, Shenhav R, Massalha H, Toth B, Egozi A, Massasa EE, Medgalia C, et al. Paired-cell

sequencing enables spatial gene expression mapping of liver endothelial cells. Nat Biotechnol
2018;36:962-970. [PubMed: 30222169]

. DeLeve LD. Liver sinusoidal endothelial cells in hepatic fibrosis. Hepatology 2015;61:1740-1746.

[PubMed: 25131509]

. Guo Q, Furuta K, Islam S, Caporarello N, Kostallari E, Dielis K, Tschumperlin DJ, et al. Liver

sinusoidal endothelial cell expressed vascular cell adhesion molecule 1 promotes liver fibrosis.
Front Immunol 2022;13:983255. [PubMed: 36091042]

. Xie G, Wang X, Wang L, Wang L, Atkinson RD, Kanel GC, Gaarde WA, et al. Role of

differentiation of liver sinusoidal endothelial cells in progression and regression of hepatic fibrosis
in rats. Gastroenterology 2012;142:918-927 €916. [PubMed: 22178212]

. Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, Rautou PE. Liver sinusoidal

endothelial cells: Physiology and role in liver diseases. J Hepatol 2017;66:212-227. [PubMed:
27423426]

. Ganesan LP, Mohanty S, Kim J, Clark KR, Robinson JM, Anderson CL. Rapid and efficient
clearance of blood-borne virus by liver sinusoidal endothelium. PLoS Pathog 2011;7:e1002281.
[PubMed: 21980295]

Malovic I, Sorensen KK, Elvevold KH, Nedredal Gl, Paulsen S, Erofeev AV, Smedsrod BH, et al.
The mannose receptor on murine liver sinusoidal endothelial cells is the main denatured collagen
clearance receptor. Hepatology 2007;45:1454-1461. [PubMed: 17518370]

Hansen B, Longati P, Elvevold K, Nedredal GI, Schledzewski K, Olsen R, Falkowski M, et al.
Stabilin-1 and stabilin-2 are both directed into the early endocytic pathway in hepatic sinusoidal
endothelium via interactions with clathrin/AP-2, independent of ligand binding. Exp Cell Res
2005;303:160-173. [PubMed: 15572036]

Elvevold K, Simon-Santamaria J, Hasvold H, McCourt P, Smedsrod B, Sorensen KK. Liver
sinusoidal endothelial cells depend on mannose receptor-mediated recruitment of lysosomal
enzymes for normal degradation capacity. Hepatology 2008;48:2007-2015. [PubMed: 19026003]
Ganesan LP, Kim J, Wu Y, Mohanty S, Phillips GS, Birmingham DJ, Robinson JM, et al.
FcgammaRlIb on liver sinusoidal endothelium clears small immune complexes. J Immunol
2012;189:4981-4988. [PubMed: 23053513]

Ohmura T, Enomoto K, Satoh H, Sawada N, Mori M. Establishment of a novel monoclonal
antibody, SE-1, which specifically reacts with rat hepatic sinusoidal endothelial cells. J Histochem
Cytochem 1993;41:1253-1257. [PubMed: 8331290]

Shah V, Haddad FG, Garcia-Cardena G, Frangos JA, Mennone A, Groszmann RJ, Sessa WC. Liver
sinusoidal endothelial cells are responsible for nitric oxide modulation of resistance in the hepatic
sinusoids. J Clin Invest 1997;100:2923-2930. [PubMed: 9389760]

Iwakiri Y Endothelial dysfunction in the regulation of cirrhosis and portal hypertension. Liver Int
2012;32:199-213. [PubMed: 21745318]

Braddock M, Schwachtgen JL, Houston P, Dickson MC, Lee MJ, Campbell CJ. Fluid Shear
Stress Modulation of Gene Expression in Endothelial Cells. News Physiol Sci 1998;13:241-246.
[PubMed: 11390796]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 23

Shen B, Smith RS Jr., Hsu YT, Chao L, Chao J. Kruppel-like factor 4 is a novel mediator of
Kallistatin in inhibiting endothelial inflammation via increased endothelial nitric-oxide synthase
expression. J Biol Chem 2009;284:35471-35478. [PubMed: 19858207]

Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF, Henderson BEP, Luu NT, Portman
JR, et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell level. Nature
2019;575:512-+. [PubMed: 31597160]

Dobie R, Wilson-Kanamori JR, Henderson BEP, Smith JR, Matchett KP, Portman JR, Wallenborg
K, et al. Single-Cell Transcriptomics Uncovers Zonation of Function in the Mesenchyme during
Liver Fibrosis. Cell Rep 2019;29:1832-1847 €1838. [PubMed: 31722201]

Wong J, Johnston B, Lee SS, Bullard DC, Smith CW, Beaudet AL, Kubes P. A minimal role for
selectins in the recruitment of leukocytes into the inflamed liver microvasculature. J Clin Invest
1997;99:2782-2790. [PubMed: 9169509]

Adams DH, Hubscher SG, Fisher NC, Williams A, Robinson M. Expression of E-selectin and E-
selectin ligands in human liver inflammation. Hepatology 1996;24:533-538. [PubMed: 8781319]
Shetty S, Lalor PF, Adams DH. Liver sinusoidal endothelial cells - gatekeepers of hepatic
immunity. Nat Rev Gastroenterol Hepatol 2018;15:555-567. [PubMed: 29844586]

Sun H, Liu J, Zheng Y, Pan Y, Zhang K, Chen J. Distinct chemokine signaling regulates

integrin ligand specificity to dictate tissue-specific lymphocyte homing. Dev Cell 2014;30:61-70.
[PubMed: 24954024]

Nourshargh S, Alon R. Leukocyte Migration into Inflamed Tissues. Immunity 2014;41:694-707.
[PubMed: 25517612]

Patten DA, Wilson GK, Bailey D, Shaw RK, Jalkanen S, Salmi M, Rot A, et al. Human liver
sinusoidal endothelial cells promote intracellular crawling of lymphocytes during recruitment: A
new step in migration. Hepatology 2017;65:294-309. [PubMed: 27770554]

Jeffers A, Qin W, Owens S, Koenig KB, Komatsu S, Giles FJ, Schmitt DM, et al. Glycogen
Synthase Kinase-3beta Inhibition with 9-ING-41 Attenuates the Progression of Pulmonary
Fibrosis. Sci Rep 2019;9:18925. [PubMed: 31831767]

Guidotti LG, Inverso D, Sironi L, Di Lucia P, Fioravanti J, Ganzer L, Fiocchi A, et al.
Immunosurveillance of the liver by intravascular effector CD8(+) T cells. Cell 2015;161:486-500.
[PubMed: 25892224]

Xie X, Luo J, Broering R, Zhu D, Zhou W, Lu M, Zheng X, et al. HBeAg induces liver sinusoidal
endothelial cell activation to promote intrahepatic CD8 T cell immunity and HBV clearance. Cell
Mol Immunol 2021;18:2572-2574. [PubMed: 34526676]

Xie X, Luo J, Zhu D, Zhou W, Yang X, Feng X, Lu M, et al. HBeAg Is Indispensable for Inducing
Liver Sinusoidal Endothelial Cell Activation by Hepatitis B Virus. Front Cell Infect Microbiol
2022;12:797915. [PubMed: 35174107]

Yang S, Wang L, Pan W, Bayer W, Thoens C, Heim K, Dittmer U, et al. MMP2/MMP9-mediated
CD100 shedding is crucial for inducing intrahepatic anti-HBV CD8 T cell responses and HBV
clearance. J Hepatol 2019;71:685-698. [PubMed: 31173811]

Huang S, Wu J, Gao X, Zou S, Chen L, Yang X, Sun C, et al. LSECs express functional NOD1
receptors: A role for NOD1 in LSEC maturation-induced T cell immunity in vitro. Mol Immunol
2018;101:167-175. [PubMed: 29944986]

Du Y, Yan H, Zou S, Khera T, Li J, Han M, Yang X, et al. Natural Killer Cells Regulate

the Maturation of Liver Sinusoidal Endothelial Cells Thereby Promoting Intrahepatic T-Cell
Responses in a Mouse Model. Hepatol Commun 2021;5:865-881. [PubMed: 34027274]
Tolksdorf F, Mikulec J, Geers B, Endig J, Sprezyna P, Heukamp LC, Knolle PA, et al. The
PDL1-inducible GTPase Arl4d controls T effector function by limiting IL-2 production. Sci Rep
2018;8:16123. [PubMed: 30382149]

Dudek M, Lohr K, Donakonda S, Baumann T, Ludemann M, Hegenbarth S, Dubbel L, et al. IL-6-
induced FOXO1 activity determines the dynamics of metabolism in CD8 T cells cross-primed by
liver sinusoidal endothelial cells. Cell Rep 2022;38:110389. [PubMed: 35172161]

Caparros E, Juanola O, Gomez-Hurtado I, Puig-Kroger A, Pinero P, Zapater P, Linares R, et al.
Liver Sinusoidal Endothelial Cells Contribute to Hepatic Antigen-Presenting Cell Function and
Th17 Expansion in Cirrhosis. Cells 2020;9. [PubMed: 33375150]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 24

Carambia A, Gottwick C, Schwinge D, Stein S, Digigow R, Seleci M, Mungalpara D, et

al. Nanoparticle-mediated targeting of autoantigen peptide to cross-presenting liver sinusoidal
endothelial cells protects from CD8 T-cell-driven autoimmune cholangitis. Immunology
2021;162:452-463. [PubMed: 33346377]

Angulo P, Keach JC, Batts KP, Lindor KD. Independent predictors of liver fibrosis in patients with
nonalcoholic steatohepatitis. Hepatology 1999;30:1356-1362. [PubMed: 10573511]

Maeso-Diaz R, Gracia-Sancho J. Aging and Chronic Liver Disease. Semin Liver Dis 2020;40:373-
384. [PubMed: 33764489]

Sheedfar F, Di Biase S, Koonen D, Vinciguerra M. Liver diseases and aging: friends or foes? Aging
Cell 2013;12:950-954. [PubMed: 23815295]

De Leeuw AM, Brouwer A, Knook DL. Sinusoidal endothelial cells of the liver: fine structure and
function in relation to age. J Electron Microsc Tech 1990;14:218-236. [PubMed: 2187063]

Grosse L, Bulavin DV. LSEC model of aging. Aging (Albany NY) 2020;12:11152-11160.
[PubMed: 32535553]

I1to Y, Sorensen KK, Bethea NW, Svistounov D, McCuskey MK, Smedsrod BH, McCuskey RS.
Age-related changes in the hepatic microcirculation in mice. Exp Gerontol 2007;42:789-797.
[PubMed: 17582718]

Maeso-Diaz R, Ortega-Ribera M, Fernandez-lglesias A, Hide D, Munoz L, Hessheimer AJ, Vila

S, et al. Effects of aging on liver microcirculatory function and sinusoidal phenotype. Aging Cell
2018;17:€12829. [PubMed: 30260562]

Maeso-Diaz R, Ortega-Ribera M, Lafoz E, Lozano JJ, Baiges A, Frances R, Albillos A, et al.
Aging Influences Hepatic Microvascular Biology and Liver Fibrosis in Advanced Chronic Liver
Disease. Aging Dis 2019;10:684-698. [PubMed: 31440376]

McLean AJ, Cogger VC, Chong GC, Warren A, Markus AM, Dahlstrom JE, Le Couteur DG. Age-
related pseudocapillarization of the human liver. J Pathol 2003;200:112-117. [PubMed: 12692849]

Warren A, Bertolino P, Cogger VC, McLean AJ, Fraser R, Le Couteur DG. Hepatic
pseudocapillarization in aged mice. Exp Gerontol 2005;40:807-812. [PubMed: 16125353]

Le Couteur DG, Cogger VC, Markus AM, Harvey PJ, Yin ZL, Ansselin AD, McLean
AJ. Pseudocapillarization and associated energy limitation in the aged rat liver. Hepatology
2001;33:537-543. [PubMed: 11230732]

Bhandari S, Larsen AK, McCourt P, Smedsrod B, Sorensen KK. The Scavenger Function of Liver
Sinusoidal Endothelial Cells in Health and Disease. Front Physiol 2021;12:757469. [PubMed:
34707514]

Simon-Santamaria J, Malovic |, Warren A, Oteiza A, Le Couteur D, Smedsrod B, McCourt P, et al.
Age-related changes in scavenger receptor-mediated endocytosis in rat liver sinusoidal endothelial
cells. J Gerontol A Biol Sci Med Sci 2010;65:951-960. [PubMed: 20576648]

Hayflick L The Limited in Vitro Lifetime of Human Diploid Cell Strains. Exp Cell Res
1965;37:614-636. [PubMed: 14315085]

Meijnikman AS, Herrema H, Scheithauer TPM, Kroon J, Nieuwdorp M, Groen AK. Evaluating
causality of cellular senescence in non-alcoholic fatty liver disease. JHEP Rep 2021;3:100301.
[PubMed: 34113839]

Vats R, Li Z, Ju EM, Dubey RK, Kaminski TW, Watkins S, Pradhan-Sundd T. Intravital imaging
reveals inflammation as a dominant pathophysiology of age-related hepatovascular changes. AmJ
Physiol Cell Physiol 2022;322:C508-C520. [PubMed: 34986022]

Kostallari E, Shah VH. Angiocrine signaling in the hepatic sinusoids in health and disease. Am J
Physiol Gastrointest Liver Physiol 2016;311:G246-251. [PubMed: 27288423]

Wan Y, Li X, Slevin E, Harrison K, Li T, Zhang Y, Klaunig JE, et al. Endothelial dysfunction in
pathological processes of chronic liver disease during aging. FASEB J 2022;36:€22125. [PubMed:
34958687]

Luo X, Bai Y, He S, Sun S, Jiang X, Yang Z, Lu D, et al. Sirtuin 1 ameliorates defenestration

in hepatic sinusoidal endothelial cells during liver fibrosis via inhibiting stress-induced premature
senescence. Cell Prolif 2021;54:12991. [PubMed: 33522656]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 25

Duan JL, Ruan B, Song P, Fang ZQ, Yue ZS, Liu JJ, Dou GR, et al. Shear stress-induced
cellular senescence blunts liver regeneration through Notch-sirtuin 1-P21/P16 axis. Hepatology
2022;75:584-599. [PubMed: 34687050]

De Rudder M, Dili A, Starkel P, Leclercq IA. Critical Role of LSEC in Post-Hepatectomy Liver
Regeneration and Failure. Int J Mol Sci 2021;22. [PubMed: 35008458]

Wang L, Wang X, Xie G, Wang L, Hill CK, DeLeve LD. Liver sinusoidal endothelial cell
progenitor cells promote liver regeneration in rats. J Clin Invest 2012;122:1567-1573. [PubMed:
22406533]

Sato Y, Koyama S, Tsukada K, Hatakeyama K. Acute portal hypertension reflecting shear stress

as a trigger of liver regeneration following partial hepatectomy. Surg Today 1997;27:518-526.
[PubMed: 9306545]

Schoen JM, Wang HH, Minuk GY, Lautt WW. Shear stress-induced nitric oxide release triggers the
liver regeneration cascade. Nitric Oxide 2001;5:453-464. [PubMed: 11587560]

Garcia-Trevijano ER, Martinez-Chantar ML, Latasa MU, Mato JM, Avila MA. NO sensitizes

rat hepatocytes to proliferation by modifying S-adenosylmethionine levels. Gastroenterology
2002;122:1355-1363. [PubMed: 11984522]

Wang HH, Lautt WW. Evidence of nitric oxide, a flow-dependent factor, being a trigger of liver
regeneration in rats. Can J Physiol Pharmacol 1998;76:1072-1079. [PubMed: 10326828]
Varela-Rey M, Fernandez-Ramos D, Martinez-Lopez N, Embade N, Gomez-Santos L, Beraza

N, Vazquez-Chantada M, et al. Impaired liver regeneration in mice lacking glycine N-
methyltransferase. Hepatology 2009;50:443-452. [PubMed: 19582817]

Kurokawa T, An J, Tsunekawa K, Shimomura Y, Kazama S, Ishikawa N, Nonami T, et al. Effect of
L-arginine supplement on liver regeneration after partial hepatectomy in rats. World J Surg Oncol
2012;10:99. [PubMed: 22651848]

Varela-Rey M, Beraza N, Lu SC, Mato JM, Martinez-Chantar ML. Role of AMP-activated protein
kinase in the control of hepatocyte priming and proliferation during liver regeneration. Exp Biol
Med (Maywood) 2011;236:402—-408. [PubMed: 21427236]

Ping C, Xiaoling D, Jin Z, Jiahong D, Jiming D, Lin Z. Hepatic sinusoidal endothelial

cells promote hepatocyte proliferation early after partial hepatectomy in rats. Arch Med Res
2006;37:576-583. [PubMed: 16740426]

Vazquez-Chantada M, Ariz U, Varela-Rey M, Embade N, Martinez-Lopez N, Fernandez-Ramos D,
Gomez-Santos L, et al. Evidence for LKB1/AMP-activated protein kinase/ endothelial nitric oxide
synthase cascade regulated by hepatocyte growth factor, S-adenosylmethionine, and nitric oxide in
hepatocyte proliferation. Hepatology 2009;49:608-617. [PubMed: 19177591]

Patijn GA, Lieber A, Schowalter DB, Schwall R, Kay MA. Hepatocyte growth factor induces
hepatocyte proliferation in vivo and allows for efficient retroviral-mediated gene transfer in mice.
Hepatology 1998;28:707-716. [PubMed: 9731563]

Zhang XJ, Olsavszky V, Yin Y, Wang B, Engleitner T, Ollinger R, Schledzewski K, et al.
Angiocrine Hepatocyte Growth Factor Signaling Controls Physiological Organ and Body Size

and Dynamic Hepatocyte Proliferation to Prevent Liver Damage during Regeneration. Am J Pathol
2020;190:358-371. [PubMed: 31783007]

Meyer J, Balaphas A, Fontana P, Morel P, Robson SC, Sadoul K, Gonelle-Gispert C, et al. Platelet
Interactions with Liver Sinusoidal Endothelial Cells and Hepatic Stellate Cells Lead to Hepatocyte
Proliferation. Cells 2020;9. [PubMed: 33375150]

Ding BS, Nolan DJ, Butler JM, James D, Babazadeh AO, Rosenwaks Z, Mittal V, et al.

Inductive angiocrine signals from sinusoidal endothelium are required for liver regeneration.
Nature 2010;468:310-315. [PubMed: 21068842]

Hu J, Srivastava K, Wieland M, Runge A, Mogler C, Besemfelder E, Terhardt D, et al.

Endothelial cell-derived angiopoietin-2 controls liver regeneration as a spatiotemporal rheostat.
Science 2014;343:416-419. [PubMed: 24458641]

Shimizu H, Mitsuhashi N, Ohtsuka M, Ito H, Kimura F, Ambiru S, Togawa A, et al. Vascular
endothelial growth factor and angiopoietins regulate sinusoidal regeneration and remodeling after
partial hepatectomy in rats. World J Gastroenterol 2005;11:7254-7260. [PubMed: 16437624]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Page 26

Shimizu H, Miyazaki M, Wakabayashi Y, Mitsuhashi N, Kato A, Ito H, Nakagawa K, et

al. Vascular endothelial growth factor secreted by replicating hepatocytes induces sinusoidal
endothelial cell proliferation during regeneration after partial hepatectomy in rats. J Hepatol
2001;34:683-689. [PubMed: 11434614]

Hisamoto K, Ohmichi M, Kurachi H, Hayakawa J, Kanda Y, Nishio Y, Adachi K, et al. Estrogen
induces the Akt-dependent activation of endothelial nitric oxide synthase in vascular endothelial
cells. J Biol Chem 2001;275:5179-5187.

Kron P, Linecker M, Limani P, Schlegel A, Kambakamba P, Lehn JM, Nicolau C, et al. Hypoxia-
driven Hif2a coordinates mouse liver regeneration by coupling parenchymal growth to vascular
expansion. Hepatology 2016;64:2198-2209. [PubMed: 27628483]

Braun L, Mead JE, Panzica M, Mikumo R, Bell GI, Fausto N. Transforming growth factor beta
mRNA increases during liver regeneration: a possible paracrine mechanism of growth regulation.
Proc Natl Acad Sci U S A 1988;85:1539-1543. [PubMed: 3422749]

Mak KM, Kee D, Shin DW. Alcohol-associated capillarization of sinusoids: A critique since the
discovery by Schaffner and Popper in 1963. Anat Rec (Hoboken) 2021.

Popper H, Barka T, Goldfarb S, Hutterer F, Paronetto F, Rubin E, Schaffner F. Factors Determining
Chronicity of Liver Disease. A Progress Report. J Mt Sinai Hosp N Y 1963;30:336-348.
[PubMed: 14043027]

Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, Garcia-Caldero H, Bosch J, Garcia-Pagan JC.
Enhanced vasoconstrictor prostanoid production by sinusoidal endothelial cells increases portal
perfusion pressure in cirrhotic rat livers. J Hepatol 2007;47:220-227. [PubMed: 17459512]

Yu Q, Shao R, Qian HS, George SE, Rockey DC. Gene transfer of the neuronal NO synthase
isoform to cirrhotic rat liver ameliorates portal hypertension. J Clin Invest 2000;105:741-748.
[PubMed: 10727442]

Liu S, Premont RT, Rockey DC. Endothelial nitric-oxide synthase (eNOS) is activated through
G-protein-coupled receptor kinase-interacting protein 1 (GIT1) tyrosine phosphorylation and Src
protein. J Biol Chem 2014;289:18163-18174. [PubMed: 24764294]

Shah V, Haddad FG, Garcia-Cardena G, Frangos JA, Mennone A, Groszmann RJ, Sessa WC. Liver
sinusoidal endothelial cells are responsible for nitric oxide modulation of resistance in the hepatic
sinusoids. Journal of Clinical Investigation 1997;100:2923-2930. [PubMed: 9389760]

Deleve LD, Wang X, Guo Y. Sinusoidal endothelial cells prevent rat stellate cell activation and
promote reversion to quiescence. Hepatology 2008;48:920-930. [PubMed: 18613151]

Tateya S, Rizzo NO, Handa P, Cheng AM, Morgan-Stevenson V, Daum G, Clowes AW, et

al. Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin
resistance induced by high-fat feeding. Diabetes 2011;60:2792-2801. [PubMed: 21911751]
Ruan B, Duan JL, Xu H, Tao KS, Han H, Dou GR, Wang L. Capillarized Liver Sinusoidal
Endothelial Cells Undergo Partial Endothelial-Mesenchymal Transition to Actively Deposit
Sinusoidal ECM in Liver Fibrosis. Front Cell Dev Biol 2021;9:671081. [PubMed: 34277612]
Iwakiri Y S-nitrosylation of proteins: a new insight into endothelial cell function regulated by
eNOS-derived NO. Nitric Oxide 2011;25:95-101. [PubMed: 21554971]

Ilwakiri Y Nitric oxide in liver fibrosis: The role of inducible nitric oxide synthase. Clin Mol
Hepatol 2015;21:319-325. [PubMed: 26770919]

Aram G, Potter JJ, Liu X, Torbenson MS, Mezey E. Lack of inducible nitric oxide synthase leads
to increased hepatic apoptosis and decreased fibrosis in mice after chronic carbon tetrachloride
administration. Hepatology 2008;47:2051-2058. [PubMed: 18506890]

Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC. A crucial role for GRK2 in regulation of
endothelial cell nitric oxide synthase function in portal hypertension. Nat Med 2005;11:952-958.
[PubMed: 16142243]

Ding BS, Cao Z, Lis R, Nolan DJ, Guo P, Simons M, Penfold ME, et al. Divergent angiocrine
signals from vascular niche balance liver regeneration and fibrosis. Nature 2014;505:97-102.
[PubMed: 24256728]

Xu M, Xu HH, LinY, Sun X, Wang LJ, Fang ZP, Su XH, et al. LECT2, a Ligand for Tiel, Plays a
Crucial Role in Liver Fibrogenesis. Cell 2019;178:1478-1492 e1420. [PubMed: 31474362]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Page 27

Lin 'Y, Dong MQ, Liu ZM, Xu M, Huang ZH, Liu HJ, Gao Y, et al. A strategy of vascular-targeted
therapy for liver fibrosis. Hepatology 2021.

Hilscher MB, Sehrawat T, Arab JP, Zeng Z, Gao J, Liu M, Kostallari E, et al.

Mechanical Stretch Increases Expression of CXCL1 in Liver Sinusoidal Endothelial Cells

to Recruit Neutrophils, Generate Sinusoidal Microthombi, and Promote Portal Hypertension.
Gastroenterology 2019;157:193-209 €199. [PubMed: 30872106]

Greuter T, Yagoob U, Gan C, Jalan-Sakrikar N, Kostallari E, Lu J, Gao J, et al.
Mechanotransduction-induced glycolysis epigenetically regulates a CXCL1-dominant angiocrine
signaling program in liver sinusoidal endothelial cells in vitro and in vivo. J Hepatol 2022.

Gao J, Wei B, Liu M, Hirsova P, Sehrawat TS, Cao S, Hu X, et al. Endothelial p300 Promotes
Portal Hypertension and Hepatic Fibrosis Through C-C Motif Chemokine Ligand 2-Mediated
Angiocrine Signaling. Hepatology 2021;73:2468-2483. [PubMed: 33159815]

Winkler M, Staniczek T, Kurschner SW, Schmid CD, Schonhaber H, Cordero J, Kessler L, et al.
Endothelial GATA4 controls liver fibrosis and regeneration by preventing a pathogenic switch in
angiocrine signaling. J Hepatol 2021;74:380-393. [PubMed: 32916216]

. Drzewiecki K, Choi J, Brancale J, Leney-Greene MA, Sari S, Dalgic B, Unlusoy Aksu A, et al.
GIMAPS maintains liver endothelial cell homeostasis and prevents portal hypertension. J Exp
Med 2021;218.

Manavski Y, Abel T, Hu J, Kleinlutzum D, Buchholz CJ, Belz C, Augustin HG, et al. Endothelial
transcription factor KLF2 negatively regulates liver regeneration via induction of activin A. Proc
Natl Acad Sci U S A 2017;114:3993-3998. [PubMed: 28348240]

Marrone G, Maeso-Diaz R, Garcia-Cardena G, Abraldes JG, Garcia-Pagan JC, Bosch J, Gracia-
Sancho J. KLF2 exerts antifibrotic and vasoprotective effects in cirrhotic rat livers: behind the
molecular mechanisms of statins. Gut 2015;64:1434-1443. [PubMed: 25500203]

Kostallari E, Valainathan S, Biquard L, Shah VH, Rautou PE. Role of extracellular vesicles in
liver diseases and their therapeutic potential. Adv Drug Deliv Rev 2021;175:113816. [PubMed:
34087329]

Wang R, Ding Q, Yaqoob U, de Assuncao TM, Verma VK, Hirsova P, Cao S, et al. Exosome
Adherence and Internalization by Hepatic Stellate Cells Triggers Sphingosine 1-Phosphate-
dependent Migration. J Biol Chem 2015;290:30684-30696. [PubMed: 26534962]

Gao J, Wei B, de Assuncao TM, Liu Z, Hu X, Ibrahim S, Cooper SA, et al. Hepatic

stellate cell autophagy inhibits extracellular vesicle release to attenuate liver fibrosis. J Hepatol
2020;73:1144-1154. [PubMed: 32389810]

Kostallari E, Hirsova P, Prasnicka A, Verma VK, Yagoob U, Wongjarupong N, Roberts LR, et al.
Hepatic stellate cell-derived platelet-derived growth factor receptor-alpha-enriched extracellular
vesicles promote liver fibrosis in mice through SHP2. Hepatology 2018;68:333-348. [PubMed:
29360139]

Gomez-Salinero JM, Izzo F, Lin Y, Houghton S, Itkin T, Geng F, Bram Y, et al. Specification of
fetal liver endothelial progenitors to functional zonated adult sinusoids requires c-Maf induction.
Cell Stem Cell 2022;29:593-609 €597. [PubMed: 35364013]

Terkelsen MK, Bendixen SM, Hansen D, Scott EAH, Moeller AF, Nielsen R, Mandrup S, et al.
Transcriptional Dynamics of Hepatic Sinusoid-Associated Cells After Liver Injury. Hepatology
2020;72:2119-2133. [PubMed: 32145072]

Boyer-Diaz Z, Aristu-Zabalza P, Andres-Rozas M, Robert C, Ortega-Ribera M, Fernandez-
Iglesias A, Broqua P, et al. Pan-PPAR agonist lanifibranor improves portal hypertension

and hepatic fibrosis in experimental advanced chronic liver disease. Journal of Hepatology
2021;74:1188-1199. [PubMed: 33278455]

Bhatia R, Matsushita K, Yamakuchi M, Morrell CN, Cao W, Lowenstein CJ. Ceramide triggers
Weibel-Palade body exocytosis. Circ Res 2004;95:319-324. [PubMed: 15217913]

Riddell DR, Owen JS. Nitric oxide and platelet aggregation. Vitam Horm 1999;57:25-48.
[PubMed: 10232045]

Vilaseca M, Garcia-Caldero H, Lafoz E, Garcia-lrigoyen O, Avila M, Reverter JC, Bosch J, et al.
The anticoagulant Rivaroxaban lowers portal hypertension in cirrhotic rats mainly by deactivating
hepatic stellate cells. Hepatology 2017.

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

Page 28

McConnell MJ, Kawaguchi N, Kondo R, Sonzogni A, Licini L, Valle C, Bonaffini PA, et al. Liver
injury in COVID-19 and IL-6 trans-signaling-induced endotheliopathy. J Hepatol 2021.

Atkins GB, Jain MK. Role of Kruppel-like transcription factors in endothelial biology. Circ Res
2007;100:1686-1695. [PubMed: 17585076]

Marrone G, Russo L, Rosado E, Hide D, Garcia-Cardena G, Garcia-Pagan JC, Bosch J, et al.
The transcription factor KLF2 mediates hepatic endothelial protection and paracrine endothelial-
stellate cell deactivation induced by statins. J Hepatol 2013;58:98-103. [PubMed: 22989565]

La Mura V, Gagliano N, Arnaboldi F, Sartori P, Procacci P, Denti L, Liguori E, et al.
Simvastatin Prevents Liver Microthrombosis and Sepsis Induced Coagulopathy in a Rat Model of
Endotoxemia. Cells 2022;11. [PubMed: 36611806]

Yu Z, Guo J, Liu Y, Wang M, Liu Z, Gao Y, Huang L. Nano delivery of simvastatin targets liver
sinusoidal endothelial cells to remodel tumor microenvironment for hepatocellular carcinoma. J
Nanobiotechnology 2022;20:9. [PubMed: 34983554]

Martinez-Pomares L The mannose receptor. J Leukoc Biol 2012;92:1177-1186. [PubMed:
22966131]

Kaplan DE, Mehta R, Garcia-Tsao G, Albrecht J, Aytaman A, Baffy G, Bajaj J, et al.

SACRED: Effect of simvastatin on hepatic decompensation and death in subjects with high-risk
compensated cirrhosis: Statins and Cirrhosis: Reducing Events of Decompensation. Contemp
Clin Trials 2021;104:106367. [PubMed: 33771685]

Shido K, Chavez D, Cao Z, Ko J, Rafii S, Ding BS. Platelets prime hematopoietic and vascular
niche to drive angiocrine-mediated liver regeneration. Signal Transduct Target Ther 2017;2.
McCuskey RS, Bethea NW, Wong J, McCuskey MK, Abril ER, Wang X, Ito Y, et al. Ethanol
binging exacerbates sinusoidal endothelial and parenchymal injury elicited by acetaminophen. J
Hepatol 2005;42:371-377. [PubMed: 15710220]

Nanji AA, Tahan SR, Khwaja S, Yacoub LK, Sadrzadeh SM. Elevated plasma levels of
hyaluronic acid indicate endothelial cell dysfunction in the initial stages of alcoholic liver disease
in the rat. J Hepatol 1996;24:368-374. [PubMed: 8778206]

Yang Y, Sangwung P, Kondo R, Jung Y, McConnell MJ, Jeong J, Utsumi T, et al. Alcohol-induced
Hsp90 acetylation is a novel driver of liver sinusoidal endothelial dysfunction and alcohol-related
liver disease. J Hepatol 2021;75:377-386. [PubMed: 33675874]

Zakhari S Overview: how is alcohol metabolized by the body? Alcohol Res Health 2006;29:245—
254, [PubMed: 17718403]

Novak RF, Woodcroft KJ. The alcohol-inducible form of cytochrome P450 (CYP 2E1): role

in toxicology and regulation of expression. Arch Pharm Res 2000;23:267-282. [PubMed:
10976571]

Dey A, Cederbaum Al. Alcohol and oxidative liver injury. Hepatology 2006;43:563-74.
[PubMed: 16447273]

Shepard BD, Joseph RA, Kannarkat GT, Rutledge TM, Tuma DJ, Tuma PL. Alcohol-induced
alterations in hepatic microtubule dynamics can be explained by impaired histone deacetylase 6
function. Hepatology 2008;48:1671-1679. [PubMed: 18697214]

Galdieri L, Zhang T, Rogerson D, Lleshi R, Vancura A. Protein acetylation and acetyl coenzyme a
metabolism in budding yeast. Eukaryot Cell 2014;13:1472-1483. [PubMed: 25326522]

Liu M, Cao S, He L, Gao J, Arab JP, Cui H, Xuan W, et al. Super enhancer regulation of cytokine-
induced chemokine production in alcoholic hepatitis. Nat Commun 2021;12:4560. [PubMed:
34315876]

Gao B, Xu M. Chemokines and alcoholic hepatitis: are chemokines good therapeutic targets? Gut
2014;63:1683-1684. [PubMed: 24515805]

Dominguez M, Miquel R, Colmenero J, Moreno M, Garcia-Pagan JC, Bosch J, Arroyo V, et al.
Hepatic expression of CXC chemokines predicts portal hypertension and survival in patients with
alcoholic hepatitis. Gastroenterology 2009;136:1639-1650. [PubMed: 19208360]

Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nat
Rev Immunol 2013;13:159-175. [PubMed: 23435331]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Page 29

Chang B, Xu MJ, Zhou Z, Cai Y, Li M, Wang W, Feng D, et al. Short- or long-term high-fat diet
feeding plus acute ethanol binge synergistically induce acute liver injury in mice: an important
role for CXCL1. Hepatology 2015;62:1070-1085. [PubMed: 26033752]

Bunchorntavakul C, Reddy KR. Acetaminophen-related hepatotoxicity. Clin Liver Dis
2013;17:587-607, viii. [PubMed: 24099020]

Ito Y, Bethea NW, Abril ER, McCuskey RS. Early hepatic microvascular injury in response to
acetaminophen toxicity. Microcirculation 2003;10:391-400. [PubMed: 14557822]

Badmann A, Langsch S, Keogh A, Brunner T, Kaufmann T, Corazza N. TRAIL enhances
paracetamol-induced liver sinusoidal endothelial cell death in a Bim- and Bid-dependent manner.
Cell Death Dis 2012;3:e447. [PubMed: 23254290]

Teratani T, Tomita K, Suzuki T, Furuhashi H, Irie R, Hida S, Okada Y, et al. Free cholesterol
accumulation in liver sinusoidal endothelial cells exacerbates acetaminophen hepatotoxicity via
TLR9 signaling. J Hepatol 2017;67:780-790. [PubMed: 28554874]

Groeneveld D, Cline-Fedewa H, Baker KS, Williams KJ, Roth RA, Mittermeier K, Lisman T, et
al. Von Willebrand factor delays liver repair after acetaminophen-induced acute liver injury in
mice. J Hepatol 2020;72:146-155. [PubMed: 31606553]

Chauhan A, Sheriff L, Hussain MT, Webb GJ, Patten DA, Shepherd EL, Shaw R, et al. The
platelet receptor CLEC-2 blocks neutrophil mediated hepatic recovery in acetaminophen induced
acute liver failure. Nat Commun 2020;11:1939. [PubMed: 32321925]

DeLeve LD, Shulman HM, McDonald GB. Toxic injury to hepatic sinusoids: sinusoidal
obstruction syndrome (veno-occlusive disease). Semin Liver Dis 2002;22:27-42. [PubMed:
11928077]

Otaka F, Ito Y, Goto T, Eshima K, Amano H, Koizumi W, Majima M. Platelets prevent
the development of monocrotaline-induced liver injury in mice. Toxicol Lett 2020;335:71-81.
[PubMed: 33122006]

Sola M, Bhatt V, Palazzo M, Cavalier KE, Devlin SM, Maloy M, Barker JN, et al. Low-dose
unfractionated heparin prophylaxis is a safe strategy for the prevention of hepatic sinusoidal
obstruction syndrome after myeloablative adult allogenic stem cell transplant. Bone Marrow
Transplant 2022.

Stutz L, Halter JP, Heim D, Passweg JR, Medinger M. Low Incidence of hepatic

sinusoidal obstruction syndrome/veno-occlusive disease in adults undergoing allogenic stem
cell transplantation with prophylactic ursodiol and low-dose heparin. Bone Marrow Transplant
2022;57:391-398. [PubMed: 34980902]

Nauffal M, Kim HT, Richardson PG, Soiffer RJ, Antin JH, Cutler C, Nikiforow S, et al.
Defibrotide: real-world management of veno-occlusive disease/sinusoidal obstructive syndrome
after stem cell transplant. Blood Adv 2022;6:181-188. [PubMed: 34666352]

Younossi ZM. Non-alcoholic fatty liver disease - A global public health perspective. J Hepatol
2019;70:531-544. [PubMed: 30414863]

Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic
steatohepatitis: the central role of nontriglyceride fatty acid metabolites. Hepatology
2010;52:774-788. [PubMed: 20683968]

Kus E, Kaczara P, Czyzynska-Cichon |, Szafranska K, Zapotoczny B, Kij A, Sowinska A, et

al. LSEC Fenestrae Are Preserved Despite Pro-inflammatory Phenotype of Liver Sinusoidal
Endothelial Cells in Mice on High Fat Diet. Front Physiol 2019;10:6. [PubMed: 30809151]
Miyao M, Kotani H, Ishida T, Kawai C, Manabe S, Abiru H, Tamaki K. Pivotal role of

liver sinusoidal endothelial cells in NAFLD/NASH progression. Lab Invest 2015;95:1130-1144.
[PubMed: 26214582]

Verhaegh P, Wisse E, de Munck T, Greve JW, Verheij J, Riedl R, Duimel H, et al. Electron
microscopic observations in perfusion-fixed human non-alcoholic fatty liver disease biopsies.
Pathology 2021;53:220-228. [PubMed: 33143903]

Cogger VC, Mohamad M, Solon-Biet SM, Senior AM, Warren A, O’Reilly JN, Tung BT, et al.
Dietary macronutrients and the aging liver sinusoidal endothelial cell. Am J Physiol Heart Circ
Physiol 2016;310:H1064-1070. [PubMed: 26921440]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Page 30

Dobbs BR, Rogers GW, Xing HY, Fraser R. Endotoxin-induced defenestration of the hepatic
sinusoidal endothelium: a factor in the pathogenesis of cirrhosis? Liver 1994;14:230-233.
[PubMed: 7997080]

Herrnberger L, Hennig R, Kremer W, Hellerbrand C, Goepferich A, Kalbitzer HR, Tamm ER.
Formation of fenestrae in murine liver sinusoids depends on plasmalemma vesicle-associated
protein and is required for lipoprotein passage. PLoS One 2014;9:115005. [PubMed: 25541982]

Francque S, Laleman W, Verbeke L, Van Steenkiste C, Casteleyn C, Kwanten W, Van Dyck C, et
al. Increased intrahepatic resistance in severe steatosis: endothelial dysfunction, vasoconstrictor
overproduction and altered microvascular architecture. Lab Invest 2012;92:1428-1439. [PubMed:
22890552]

Pasarin M, La Mura V, Gracia-Sancho J, Garcia-Caldero H, Rodriguez-Vilarrupla A, Garcia-
Pagan JC, Bosch J, et al. Sinusoidal endothelial dysfunction precedes inflammation and fibrosis
in a model of NAFLD. PLoS One 2012;7:e32785. [PubMed: 22509248]

Wei A, Gu Z, Li J, Liu X, Wu X, Han Y, Pu J. Clinical Adverse Effects of Endothelin Receptor
Antagonists: Insights From the Meta-Analysis of 4894 Patients From 24 Randomized Double-
Blind Placebo-Controlled Clinical Trials. J Am Heart Assoc 2016;5.

Fang ZQ, Ruan B, Liu JJ, Duan JL, Yue ZS, Song P, Xu H, et al. Notch-triggered maladaptation
of liver sinusoidal endothelium aggravates nonalcoholic steatohepatitis through endothelial nitric
oxide synthase. Hepatology 2022.

Furuta K, Guo QQ, Pavelko KD, Lee JH, Robertson KD, Nakao Y, Melek J, et al. Lipid-

induced endothelial vascular cell adhesion molecule 1 promotes nonalcoholic steatohepatitis
pathogenesis. Journal of Clinical Investigation 2021;131.

Miyachi Y, Tsuchiya K, Komiya C, Shiba K, Shimazu N, Yamaguchi S, Deushi M, et al. Roles
for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation and
Glucose Intolerance. Cell Rep 2017;18:2766-2779. [PubMed: 28297678]

Weston CJ, Shepherd EL, Claridge LC, Rantakari P, Curbishley SM, Tomlinson JW, Hubscher
SG, et al. Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis. J
Clin Invest 2015;125:501-520. [PubMed: 25562318]

Ibrahim SH. Sinusoidal endotheliopathy in nonalcoholic steatohepatitis: therapeutic implications.
Am J Physiol Gastrointest Liver Physiol 2021;321:G67-G74. [PubMed: 34037463]
Martin-Armas M, Simon-Santamaria J, Pettersen |, Moens U, Smedsrod B, Sveinbjornsson B.
Toll-like receptor 9 (TLR9) is present in murine liver sinusoidal endothelial cells (LSECs) and
mediates the effect of CpG-oligonucleotides. J Hepatol 2006;44:939-946. [PubMed: 16458386]
Furuta K, Guo Q, Pavelko KD, Lee JH, Robertson KD, Nakao Y, Melek J, et al. Lipid-

induced endothelial vascular cell adhesion molecule 1 promotes nonalcoholic steatohepatitis
pathogenesis. J Clin Invest 2021.

Guo Q, Furuta K, Lucien F, Gutierrez Sanchez LH, Hirsova P, Krishnan A, Kabashima A, et

al. Integrin betal-enriched extracellular vesicles mediate monocyte adhesion and promote liver
inflammation in murine NASH. J Hepatol 2019;71:1193-1205. [PubMed: 31433301]

Lefere S, Van de Velde F, Devisscher L, Bekaert M, Raevens S, Verhelst X, VVan Nieuwenhove Y,
et al. Serum vascular cell adhesion molecule-1 predicts significant liver fibrosis in non-alcoholic
fatty liver disease. Int J Obes (Lond) 2017;41:1207-1213. [PubMed: 28461687]

Rai RP, Liu Y, lyer SS, Liu S, Gupta B, Desai C, Kumar P, et al. Blocking integrin a.(4)p(7)-
mediated CD4 T cell recruitment to the intestine and liver protects mice from western diet-
induced non-alcoholic steatohepatitis. J Hepatol 2020.

Drescher HK, Schippers A, Rosenhain S, Gremse F, Bongiovanni L, de Bruin A, Eswaran S, et
al. L-Selectin/CD62L Is a Key Driver of Non-Alcoholic Steatohepatitis in Mice and Men. Cells
2020;9. [PubMed: 33375150]

Zhou J, Chen J, Wei Q, Saeb-Parsy K, Xu X. The Role of Ischemia/Reperfusion Injury in Early
Hepatic Allograft Dysfunction. Liver Transpl 2020;26:1034-1048. [PubMed: 32294292]
Vollmar B, Menger MD. The hepatic microcirculation: mechanistic contributions and therapeutic
targets in liver injury and repair. Physiol Rev 2009;89:1269-1339. [PubMed: 19789382]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McConnell et al.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187

Page 31

Upadhya GA, Topp SA, Hotchkiss RS, Anagli J, Strasherg SM. Effect of cold preservation
on intracellular calcium concentration and calpain activity in rat sinusoidal endothelial cells.
Hepatology 2003;37:313-323. [PubMed: 12540781]

Oliveira THC, Marques PE, Proost P, Teixeira MMM. Neutrophils: a cornerstone of liver
ischemia and reperfusion injury. Lab Invest 2018;98:51-62. [PubMed: 28920945]

Kojima N, Sato M, Suzuki A, Sato T, Satoh S, Kato T, Senoo H. Enhanced expression of B7-1,
B7-2, and intercellular adhesion molecule 1 in sinusoidal endothelial cells by warm ischemia/
reperfusion injury in rat liver. Hepatology 2001;34:751-757. [PubMed: 11584372]

Clarke G, Mergental H, Hann A, Perera M, Afford SC, Mirza DF. How Machine Perfusion
Ameliorates Hepatic Ischaemia Reperfusion Injury. Int J Mol Sci 2021;22. [PubMed: 35008458]

Hide D, Ortega-Ribera M, Fernandez-Iglesias A, Fondevila C, Salvado MJ, Arola L, Garcia-
Pagan JC, et al. A novel form of the human manganese superoxide dismutase protects rat and
human livers undergoing ischaemia and reperfusion injury. Clin Sci (Lond) 2014;127:527-537.
[PubMed: 24754522]

Russo L, Gracia-Sancho J, Garcia-Caldero H, Marrone G, Garcia-Pagan JC, Garcia-Cardena G,
Bosch J. Addition of simvastatin to cold storage solution prevents endothelial dysfunction in
explanted rat livers. Hepatology 2012;55:921-930. [PubMed: 22031447]

Wang X, Maretti-Mira AC, Wang L, DeLeve LD. Liver-Selective MMP-9 Inhibition in the

Rat Eliminates Ischemia-Reperfusion Injury and Accelerates Liver Regeneration. Hepatology
2019;69:314-328. [PubMed: 30019419]

Ito T, Kuriyama N, Kato H, Matsuda A, Mizuno S, Usui M, Sakurai H, et al. Sinusoidal
protection by sphingosine-1-phosphate receptor 1 agonist in liver ischemia-reperfusion injury.
Journal of Surgical Research 2018;222:139-152. [PubMed: 29273365]

Carambia A, Freund B, Schwinge D, Heine M, Laschtowitz A, Huber S, Wraith DC, et al.
TGF-beta-dependent induction of CD4(+)CD25(+)Foxp3(+) Tregs by liver sinusoidal endothelial
cells. J Hepatol 2014;61:594-599. [PubMed: 24798620]

Knolle PA, Schmitt E, Jin S, Germann T, Duchmann R, Hegenbarth S, Gerken G, et al. Induction
of cytokine production in naive CD4(+) T cells by antigen-presenting murine liver sinusoidal
endothelial cells but failure to induce differentiation toward Th1 cells. Gastroenterology
1999;116:1428-1440. [PubMed: 10348827]

Limmer A, Ohl J, Kurts C, Ljunggren HG, Reiss Y, Groettrup M, Momburg F, et al. Efficient
presentation of exogenous antigen by liver endothelial cells to CD8+ T cells results in antigen-
specific T-cell tolerance. Nat Med 2000;6:1348-1354. [PubMed: 11100119]
Sumitran-Holgersson S, Ge X, Karrar A, Xu B, Nava S, Broome U, Nowak G, et al. A novel
mechanism of liver allograft rejection facilitated by antibodies to liver sinusoidal endothelial
cells. Hepatology 2004;40:1211-1221. [PubMed: 15486937]

Ludwig J, Batts KP, Ploch M, Rakela J, Perkins JD, Wiesner RH. Endotheliitis in hepatic
allografts. Mayo Clin Proc 1989;64:545-554. [PubMed: 2657236]

Pandey E, Nour AS, Harris EN. Prominent Receptors of Liver Sinusoidal Endothelial Cells in
Liver Homeostasis and Disease. Front Physiol 2020;11:873. [PubMed: 32848838]

Steinhoff G, Behrend M, Schrader B, Duijvestijn AM, Wonigeit K. Expression patterns of
leukocyte adhesion ligand molecules on human liver endothelia. Lack of ELAM-1 and CD62
inducibility on sinusoidal endothelia and distinct distribution of VCAM-1, ICAM-1, ICAM-2,
and LFA-3. Am J Pathol 1993;142:481-488. [PubMed: 8434643]

Strauss O, Phillips A, Ruggiero K, Bartlett A, Dunbar PR. Immunofluorescence identifies distinct
subsets of endothelial cells in the human liver. Sci Rep 2017;7:44356. [PubMed: 28287163]
Payne S, De Val S, Neal A. Endothelial-Specific Cre Mouse Models. Arterioscler Thromb Vasc
Biol 2018;38:2550-2561. [PubMed: 30354251]

Mousavi SA, Sporstol M, Fladeby C, Kjeken R, Barois N, Berg T. Receptor-mediated endocytosis
of immune complexes in rat liver sinusoidal endothelial cells is mediated by FcgammaRI1b2.
Hepatology 2007;46:871-884. [PubMed: 17680646]

. Aizarani N, Saviano A, Sagar Mailly L, Durand S, Herman JS, Pessaux P, et al. A human liver
cell atlas reveals heterogeneity and epithelial progenitors. Nature 2019;572:199-204. [PubMed:
31292543]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McConnell et al.

188.

189.

190.

191.

192.

193.

Page 32

Mouta Carreira C, Nasser SM, di Tomaso E, Padera TP, Boucher Y, Tomarev Sl, Jain RK.
LYVE-1 is not restricted to the lymph vessels: expression in normal liver blood sinusoids and
down-regulation in human liver cancer and cirrhosis. Cancer Res 2001;61:8079-8084. [PubMed:
11719431]

McCourt PA, Smedsrod BH, Melkko J, Johansson S. Characterization of a hyaluronan receptor
on rat sinusoidal liver endothelial cells and its functional relationship to scavenger receptors.
Hepatology 1999;30:1276-1286. [PubMed: 10534350]

Xiong X, Kuang H, Ansari S, Liu T, Gong J, Wang S, Zhao XY, et al. Landscape of Intercellular
Crosstalk in Healthy and NASH Liver Revealed by Single-Cell Secretome Gene Analysis. Mol
Cell 2019;75:644-660 e645. [PubMed: 31398325]

Inverso D, Shi J, Lee KH, Jakab M, Ben-Moshe S, Kulkarni SR, Schneider M, et al. A spatial
vascular transcriptomic, proteomic, and phosphoproteomic atlas unveils an angiocrine Tie-Wnt
signaling axis in the liver. Dev Cell 2021;56:1677-1693 €1610. [PubMed: 34038707]

Guilliams M, Bonnardel J, Haest B, Vanderborght B, Wagner C, Remmerie A, Bujko A, et al.
Spatial proteogenomics reveals distinct and evolutionarily conserved hepatic macrophage niches.
Cell 2022;185:379-396 €338. [PubMed: 35021063]

Manco R, Itzkovitz S. Liver zonation. J Hepatol 2021;74:466-468. [PubMed: 33317845]

Hepatology. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

McConnell et al.

Lymphatic
vessel

Page 33

* Cd36 * Wnt2 « Lhx6
» Adam23 * Wnt9 - Kit

( Fit4, Lyvet, Cd32b, Stab2 |
Zone 2 Zone 3

Hepatic
stellate cell

Hepatic artery Kupffer cell

Figure 1. Heterogeneity of liver endothelial cell population.
Liver consists of various types of endothelial cells (ECs), including liver sinusoidal

endothelial cells (LSECs) with zonal differences, portal and central venous, hepatic arterial
and lymphatic ECs. Liver sinusoidal endothelial cells account for nearly 90% of the total
liver EC population, being the major liver ECs. Flt4, Lyvel, Cd32b and Stab2 are highly
expressed by LSECs. CD36 and Adam23 are expressed highly around peri-portal Zonel
LSECs and their expression diminishes toward Zones 2 and 3. On the other hand, Wnt2,
Whnt9, Lhx6 and Kit are abundantly expressed by central venous ECs and peri-central Zone3
LSECs. Similarly, their expression diminishes toward the Zones 2 and 1(3, 191, 193)
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Figure 2. Role of LSECsduring the three phases of liver regeneration.
During the inductive phase, LSECs release NO, HGF and Wnt2 to support hepatocyte

proliferation. This is followed by the angiogenic phase where LSECs release Angpts

and VEGF to support LSEC proliferation. Finally, during the terminal phase LSECs

release TGFp to support matrix remodeling and hepatocyte quiescence. AMPK: adenosine
monophosphate-activated protein kinase, Angpt2: angiopoietin 2, ID1: inhibitor of the
DNA binding 1, LKB1: liver kinase B1, NO: nitric oxide, SAMe: S-adenosylmethionine,
TGFp: transforming growth factor beta, VEGF: vascular endothelial growth factor, VEGFR:
vascular endothelial growth factor receptor, Wnt2: wingless-related integration site 2.
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Figure 3. Role of LSECsduring liver fibrosis.
LSECs suppress CXCR7 and favor CXCR4 expression and the release of pro-fibrotic

angiocrine signaling to promote fibrogenesis. Akt binds to GRK2 (inhibition of NO release)
in addition to mediating eNOS and GIT1 binding (activation of NO release). During fibrosis,
the stiff environment increases CXCL1 release through Notchl and Piezol interaction in
LSECs. CXCL1 attracts neutrophils which form NETS, thrombosis and increase portal
pressure. LSECs also release extracellular vesicles (EVs) enriched with SK1 to enhance
HSC migration. The LECT2/Tiel axis, as well as c-MAF repression, increase liver fibrosis
through promoting the release of pro-fibrotic signals. In a fibrotic liver, the stiffness due

to matrix deposition increases glycolysis in LSECs, which promotes the expression of
CXCL1 and CCL2 through p300, BRD4 and NFxB. The repression of GIMAPS induces the
repression of GATA4 which leads to MY C-dependent PDGF expression. KLF2 transcription
factor promotes the expression of Activin A. These released factors promote HSC activation,
liver inflammation, fibrosis, portal hypertension and impaired liver regeneration. Finally,
liver fibrosis can be abrogated by eNOS activators, simvastatin and lanifibranor. AKT:
protein kinase B, c-MAF: musculoaponeurotic fibrosarcoma, CXCL1: C-X-C chemokine
ligand 1, CXCR: C-X-C chemokine receptor, eNOS: endothelial nitric oxide synthase, EVSs:
extracellular vesicles, GRK2: G-protein-coupled receptor kinase-2, GIT1: G-protein-coupled
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receptor kinase-interacting protein 1, LECT2: leukocyte cell-derived chemotaxin 2, NET:
neutrophil extracellular trap, NO: nitric oxide, Tiel: epidermal growth factor-like domains
1. BRD4: bromodomain containing 4, CCL2: C-C motif chemokine ligand 2, CXCL1:
C-X-C chemokine ligand 1, GATA4: GATA motif binding protein 4, GIMAP5: GTPase,
IMAP Family Member 5, KLF2: Kruppel-like factor 2, MY C: myelocytomatosis oncogene,
NF«xB: nuclear factor kappa B, p300: protein 300, PDGF: platelet-derived growth factor.
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Figure 4. Role of LSEC in the progression of alcohol-associated hepatitis.
Alcohol metabolism by CYP2E1 in LSECs leads to decreased eNOS activity and decreased

NO production by these cells /n vitroand in a mouse model of alcohol-associated hepatitis
(modified NIAAA model). eNOS-derived NO protects LSECs from endotheliopathy and
abnormal platelet adhesion and aggregation to endothelial cells, reducing the occurrence

of microvascular thrombosis. Chronic ethanol intake also increases expression of pro-
inflammatory genes, such as chemokine (C-X-C motif) ligand 1 (CXCL1) and VCAML,
facilitating recruitment and adhesion of neutrophils, leading to hepatocyte injury. Decreased
NO facilitates movement of VWF to the LSEC surface, which facilitates platelet attachment,
an initial step of thrombus formation. Platelet—neutrophil interactions mediate neutrophil
extracellular traps (NET) formation. Thrombus (blood clots) consists of accumulated
platelets (platelet plug), red blood cells (RBCs) and a mesh of cross-linked fibrin.
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Figure 5. Theintegral role of LSEC in the progression of nonalcoholic steatohepatitis (NASH).
LSEC capillarization occurs early on during nonalcoholic fatty liver disease (NAFLD)

and is partially attributed to circulating oxidized low-density lipoprotein (LDL) induced
lipotoxic stress, and gut derived microbial products on LSEC fenestrae size and

number. LSEC capillarization in turn promotes liver steatosis due to decreased uptake

of chylomicron remnants. Furthermore, LSEC dysfunction ensues secondary to insulin
resistance, Notch activation, decreased NO bioavailability and increased ET-1. LSEC
dysfunction culminates in increased vascular resistance and portal pressure. In addition,
lipotoxic stress, proinflammatory cytokines and chemokines, and gut-derived microbial
products promote LSEC release of proinflammatory chemokines and cytokines that
chemoattract and activate circulating leukocytes. Furthermore, toxic lipid mediators and
proinflammatory cytokines increase the expression of vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1), mucosal address in cell adhesion
molecule-1 (MadCAM-1) and the monoamine oxidase vascular adhesion protein-1 (VAP-1)
on the LSEC surface. These molecules mediate proinflammatory leukocyte adhesion

via engaging their integrin binding partners on the leukocyte surface, and facilitate
leukocyte transendothelial migration, and hepatic infiltration. Green boxes indicate potential
therapeutic interventions to abrogate NASH progression.
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Table 1.

Role of LSEC in liver pathobiology and potential therapeutic interventions

Page 39

Disease/ condition

Senescence

Partial hepatectomy

Liver fibrosis,
portal hypertention
and prothrombotic
endotheliopathy

Alcohol associated liver
disease

Drug-induced liver
injury

Nonalcoholic fatty liver
disease

Ischemia repefusion
Injury

L SEC-mediated mechanisms Potential ther apeutic interventions Reference
Reduced LSEC fenestrae and profibrogenic Simvastatatin via activation of Sirtuin 1- (46, 57, 58)
phenotype associated pathway reduces LSEC dysfunction
and profibrotic pathway in rats with cirrhosis
LSEC-derived NO promotes hepatocyte L-arginine increases LSEC NO production which (66)
proliferation downregulates SAME and promotes hepayocyte
proliferation in rat
LECT2/Tiel signaling enhances liver The adeno-associated virus serotype 9 (AAV9) (95)
fibrosis via dysregulated portal with a short hairpin RNA (shRNA) of LECT2
angiogenesis and sinusoidal capillarization (AAV9-LECT2-shRNA) together with VEGF
neutralizing antibody ameliorated CCl4-induced
liver fibrosis in mice
LSEC KLF2 is downregulated in cirrhosis. Simvastatin via promoting KLF2 induction (102) (119)
KLF2 possesses vasoprotective and anti- improves fibrosis and portal hypertention
fibrotic effect, it increases the expression
of antithrombotic factors and abrogate the
thrombotic endotheliopathy in fibrosis
Capillarized LSEC deposit extracellular eNOS activator reverses LSEC mesenchymal (88)
matrix in the space of Disse features and fibrogensesis in mice
Increased CXCL1 release by LSEC In mouse models, genetic deletion of neutrophils (96, 112)
culminatesin neutrophil extracelular traps elastase impairs thrombosis, fibrosis, and
formation and microvascular thrombosis ameliorates portal hypertention.
The anticoagulant rivaroxaban improves NO
bioavailability and endothelial dysfunction.
Chronic induction of LSEC CYP2E and Overexpression of histone deacetylase 6 (123)
Hsp90 acetylation decreases HSP90 its (HDACS) rescue HSP90 acetylation in LSECs
interaction with eNOS and reduces NO and NO production and endothelial dyfunction
production
Increased LSEC chemokine production and | CXCL1 neutralizing antobody (133)
neutrophils recruitment to the liver
Acetaminophen-induced injury: VWF Blocking VWF or the platelet integrin (138)
accumulation enhances hepatic platelet apB3 reduces hepatic platelet aggregation and (139)
retention _and impairs liver repair ) accelerates liver repair.
Podaplanin released by macrophage binds Blocking platelet CLEC-2 signalling enhances
to the platelet cognate receptor CLEC-2, liver recovery by increasing TNF-a production
enhance platelets sequestration and worsens | and reparative hepatic neutrophil recruitment
liver injury
Chemother apeutic agents and herbal Prophylaxis: Low-dose unfractionated heparin (142, 143)
medicines-induced toxic injury: sloughing | and ursodiol (144)
of the sinusoidal endothelium, infiltration of | Treatement: defibrotide
blood components into the space of Disse,
and procoagulant changes all lead to the
sinusoidal obstruction syndrome.
Reduced NO bioavailability secondary to Insulin sensitizers, Notch inhibitors, eNOS (153, 154,
insulin resistance and Notch activation activator, and endothelin receptor antagonists 156)
culminate in NO-ET1 inbalance and LSEC improve LSEC dysfunction
dysfunction
Increased LSEC adhesion molecule Targeting the LSEC adhesion molecule (VCAM1 (158, 159,
expression and proinflmmatory leukocyte or VAP1) or the leukocyte binding partner 162, 163,
adhesion promote liver inflammation (ITGPL, ITGa4, ITGa4p7, or L selectin) is 165, 166)
beneficial in mouse models of NASH
Hypoxia-induced ATP depletion Normothermic machine perfusion minimizes (168, 172)

anaerobic metabolism, and restores ATP
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Disease/ condition

L SEC-mediated mechanisms

Increased reactive oxygen species (ROS)
generation

Lack of hemodynamic stimulation of shear
stress reduced KLF2 expression impairsNO
production

Incrased LSEC adhesion molecule
expression, cytokine expression
proinflammatory myeloid cell infiltration

Impaired regeneration

Potential ther apeutic interventions

Recombinant form of the antioxidant human
manganese superoxide dismutase added to the
cold storage solution prevents oxidative stress,
and reduces VWF, and ICAML1 expression in rat
and human

Simvastatin added to the cold preservation
solution restores KLF2 in a rat experimental
model

The S1PR1 agonist increases LSEC eNOS
expression, and decrease VCAM-1 and
proinflammatory cytokines expression, reducing
myeloid cell infiltration and liver injury

liver-selective metallopeptidase-9 (MMP-9)
inhibition in the rat accelerates liver regeneration
by preventing proteolytic cleavage of hepatic
VEGF.

Reference
(173)

(174)

(176)

(175)

LSEC, liver sinusoidal endothelial cells; NO, nitric oxide; SAMe, S-adenosylmethionine; LECT2, leukocyte cell-derived chemotaxin 2; Tiel,
tyrosine kinase with immunoglobulin-like and epidermal growth factor-like domains 1; KLF, Kruppel-like factor; eNOS, endothelial nitric oxide
synthase; CYP2E1, cytochrome P450 2E1; Hsp90, heat shock protein 90; CXCL1, C-X-C chemokine ligand 1; vWF, von Willebrand factor;
CLEC-2, C-Type Lectin Domain Family- 2; ET-1, endothelin-1; VCAML, vascular cell adhesion molecule 1; VAP-1, vascular adhesion protein-1;

ITG, integrin; ATP, adenosine triphosphate; ICAM1, intercellular adhesion moleculel; S1IPR1, sphingosine-1-phosphate receptor 1
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