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Abstract Changes of hepatic sinusoids are crucial in the
pathogenesis of liver cirrhosis and portal hypertension.
Liver injury leads to distinct morphological abnormalities
such as loss of sinusoidal fenestration, vasoconstriction,
and angiogenesis as well as molecular changes. Commu-
nication between the two key cells in this hepatic
microenvironment—hepatic stellate cells (HSC) and sinu-
soidal endothelial cells (SEC)—has been studied for many
years and several canonical pathways have been elucidated,
such as decreased eNOS activity or increased PDGF and
TGF-B production leading to activation and migration of
HSC. In recent studies, alternative pathways of intercellu-
lar communication in liver diseases have been described
such as cell-derived extracellular vesicles called exosomes,
which deliver cell compounds to their target cells. More-
over, such extracellular vesicles may link injury to
inflammation in alcoholic hepatitis. While inflammation
leading to liver fibrosis has been studied in detail, in some
circumstances pathways other than the known canonical
inflammatory pathways may contribute to hepatic fibroge-
nesis. For example, in congestive hepatopathy, sinusoidal
dilatation and fibrosis have been shown to be mediated by
non-inflammatory mechanisms and associated with sinu-
soidal thrombi. A recently developed murine model further
enables experimental studies of this disease entity.
Increasing knowledge about these alternative disease
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pathways in liver injury, inflammation, and fibrosis may
reveal possible target molecules for future therapies. This
article builds upon a seminar given at the recent 3rd JSSGE
International Topic Conference in Sendai, Japan, and
reviews the areas outlined above.
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Overview of changes in hepatic sinusoids
in the pathogenesis of liver cirrhosis and portal
hypertension

The hepatic sinusoids with the involved hepatic sinusoidal
endothelial cells (SEC), smooth muscle cells, and pericyte-
like hepatic stellate cells (HSC) form an intrahepatic
microcirculatory unit, where these cells are intimately
associated with one another and communicate through
paracrine and autocrine effects [1]. Changes in this
microenvironment are crucial in the early steps of fibro-
genesis and include sinusoidal remodeling, vasoconstric-
tion, endothelial dysfunction, and angiogenesis [2]. This
article provides background information pertaining to the
hepatic sinusoids and then focuses on recent developments
pertaining to sinusoidal pathobiology, as recently presented
at the 3rd JSGE International Topic Conference in Sendai,
Japan.

Sinusoidal endothelial cells
SEC have a very unique phenotype distinct from conven-

tional endothelial cells, characterized by multiple fenestrae
and the lack of a basement membrane [3-5]. Serving as a
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mechanical sieve, fenestration permits steric selection of
transfer from sinusoidal space to hepatic parenchyma [6,
7]. In addition, SEC show constitutive expression of nitric
oxide (NO) synthase, which can be upregulated by
increased blood flow and shear stress [8] as well as para-
crine factors from other cells such as VEGF [9, 10].
Through this mechanism known as autoregulation, hepatic
sinusoids can adapt to increased intrahepatic blood flow
and decrease intrahepatic pressure [8]. Further physiolog-
ical functions of SEC are leukocyte diapedesis through
expression of adhesion molecules, endocytosis (known as
the hepatic reticuloendothelial system), and bacterial pro-
cessing [5]. As the first cells interacting with portal vein
components, SEC are exposed to different bacterial com-
pounds. Bacterially derived lipopolysaccharides (LPS)
bind to their receptor TLR-4 expressed on SEC, inducing
injury and inflammation [11]. Interestingly, recent studies
have shown that LPS can also induce fibrosis-associated
angiogenesis by interacting with TLR-4, highlighting the
role of SEC in the so-called gut-liver axis [12, 13].

In liver disease, the SEC phenotype changes dramati-
cally [1, 14]. Liver injury leads to endothelial dysfunction
with loss of fenestrae and deposition of a basement mem-
brane, a process that is known as capillarization [6, 15, 16].
Besides these morphological changes, changes in paracrine
and autocrine function are dramatic, too. NO production
usually decreases, leading to an increasing intrahepatic
pressure due to an inability to maintain intrasinusoidal
autoregulation by vasodilatation [1, 17]. In addition,
decreased NO production activates a contractile phenotype
of HSC, inducing extracellular matrix production and
migratory capacity [18, 19]. Finally, recent studies revealed
the importance of angiogenesis in the process of fibroge-
nesis and their interdependency [12, 20]. As fibrogenesis is
considered a dynamic process, adequate blood supply and
metabolically highly active cells require sprouting of new
vessels, as we know from tumorigenesis [21]. Angiogenic
factor released by neighboring cells such as hypoxic hep-
atocytes (VEGF production via HIF1a) and activated HSC
secreting VEGF or angiopoietin further activate SEC and
promote SEC matrix invasion [20-23]. Additionally,
angiogenesis is known to be induced via the LPS-TLR-4
pathway [12]. The concept of parallel development of
fibrogenesis and angiogenesis has further been supported
by the beneficial effects of tyrosine-kinase inhibitors such
as sorafenib or sunitinib on hepatic fibrogenesis [24, 25].

Hepatic stellate cells
Most of the changes in SEC phenotype occur in crosstalk
with neighboring cells, of which HSC are the most

important [21]. HSC are pericyte-like cells in the space of
Dissé (located between SEC and hepatocytes), and they are
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usually maintained in their quiescent state as fat-storing
cells [26]. However, as described for SEC, HSC can
undergo dramatic phenotype transformation in the context
of liver injury: a decrease in NO production by SEC, which
normally induces HSC quiescence, leads to HSC activation
characterized by enhanced contractility, increased migra-
tory capacity, deposition of extracellular matrix compo-
nents such as fibronectin and collagen I or III, upregulation
of smooth muscle alpha actin (a-SMA), and increased
release of autocrine and paracrine factors. Besides this
canonical NO pathway for quiescence and activation of
HSC, [18, 19] several other soluble factors from sur-
rounding cells (such as hepatocytes, Kupffer-cells, and
lymphocytes) play an important role in HSC activation
[26]. Interestingly, studies of different extracellular matri-
ces have revealed that matrix stiffness itself is a key
determinant of HSC activation, although involved proteins
and receptors have not been identified so far [27]. Acti-
vated HSC show decreased vitamin A, increased stress
(actin) bundles, prominent rough endoplasmic reticulum,
and both increased PDGF receptors and o-SMA [1, 28].
The latter seems to be a key step in HSC activation—a
rather complex process—which dynamically regulates
behavior and function of HSC [1]. Expression of o-SMA
directly correlates with activation of myofibroblasts [29].
Among paracrine and autocrine factors released by acti-
vated HSC, TGF-f is the most pro-fibrogenic by stimu-
lating production of fibrillar and non-fibrillar matrix
components [20, 26, 30]. Interestingly, in a physiological
state, TGF-P has a dual role and maintains homeostasis by
promoting and inhibiting downstream fibrogenic pathways
via SMAD phosphorylation [31]. However, in liver injury,
the TGF-B co-receptor neuropilin 1 promotes the myofi-
broblast phenotype by inducing distinctive downstream
SMAD activation [31]. Another canonical pathway in HSC
activation, which promotes motility, migration and
recruitment, is PDGF ligand binding to its receptors [32—
35]. Again, neuropilin 1 has been shown to be an important
downstream regulator of PDGF signaling in activated HSC
[32]. In summary, activated HSC with their myofibroblast
phenotype are the most pro-fibrogenic cells in the liver
[20].

Paracrine function and crosstalk between sinusoidal
endothelial cells and hepatic stellate cells

Besides the canonical pathway of constitutive expression
of NO in SEC and its role in the quiescence of HSC [1, 19],
numerous paracrine and autocrine factors and SEC/HSC
crosstalk mechanisms have been identified and discussed in
other reviews [1, 9, 20, 21]. Therefore, the following
examples of intercellular communication are used illus-
tratively and do not claim to provide a complete overview.
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As mentioned before, NO is a key player in the hepatic
sinusoid with a crucial role in maintenance of physiological
SEC and HSC phenotypes. NO is synthesized by a con-
stitutively active NO synthase and released from SEC in
response to diverse external stimuli including mechanical
forces such as shear stress [8, 36]. Given the paracrine
effect of NO on smooth muscle cells and HSC and its
autocrine effect on SEC, shear stress leads to a decrease in
intrahepatic resistance as a response to increased blood
flow, and maintains SEC phenotype [8]. By release of NO
from SEC, the latter not only prevent HSC activation, they
also promote reversion to quiescence [19]. Thus, reduced
NO not only increases intrahepatic resistance, it also plays
an important role in the early steps of liver fibrosis [2].
Interdependent with NO, VEGF is a key regulator of SEC
phenotype maintenance [9] as it leads to formation and
maintenance of fenestrae [1, 37-40]. Interestingly, VEGF,
which is released from hepatocytes and HSC, can act on
SEC via both an NO-independent and NO-dependent
pathway [10, 41]. Of note, only the latter is critical for
early steps of liver fibrosis, as reduced NO leads to capil-
larization and HSC activation in cirrhosis, [9] while VEGF
is even upregulated in diseased liver, which can be
explained by hypoxic hepatocytes (via HIFlo) and acti-
vated HSC secreting VEGF [22, 42]. Taken together, the
VEGF-stimulated NO-dependent pathway is an illustrative
example on how hepatocytes, SEC, and HSC communicate
and how interruption of this pathway can lead to fibroge-
nesis (for details see Fig. 1). Besides NO signaling, PDGF
and TGF-p, two profibrotic growth factors, are key players
in SEC-HSC crosstalk and both promote HSC migration
and recruitment [21]. Interestingly, these two pathways

Fig. 1 NO pathway in HSC-
SEC crosstalk. NO is produced
and released from SEC in
response to external stimuli
such as shear stress
(autoregulation) and in response
to other paracrine factors such
as VEGF. Released NO
maintains the SEC phenotype,
prevents HSC activation, and
promotes reversion to
quiescence. Therefore,
reduction in NO is a key step in
early fibrosis
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seem to be interdependent, as PDGFR-a has been recently
shown to be an important co-receptor promoting TGF-3
signaling in HSC via transcriptional and posttranscriptional
regulation of TGF-f receptors [43]. In addition, signals of
TGF-f and PDGF seem to converge at the level of the c-abl
kinase further supporting a significant crosstalk between
these two factors [44]. PDGF and TGF-f are released by
SEC, Kupffer cells and HSC, therefore acting both via
autocrine and paracrine mechanisms [26]. While PDGF is
the most potent proliferative stimulus toward HSC, TGF-f
contributes to HSC-based collagen deposition and stimu-
lates production of matrix proteins [45]. PDGF released by
capillarized SEC can act via its PDGFR-B receptor and
promote an angiogenic phenotype of HSC, which further
facilitates angiogenesis [46]. However, PDGF can also
stimulate production of matrix proteins (such as Fibro-
nectin) in HSC [47]. Of note, these proteins do not seem to
be cell products only; they themselves regulate cell
migration and angiogenesis. Fibronectin may lead to AKT
activation and subsequent SEC chemotaxis by transacti-
vation of FGFRI1 independent from FGF-ligand [48].
Besides these endogenous factors involved in SEC-HSC
crosstalk, therefore promoting fibrogenesis in diseased
liver, exogenous factors (among which bacterial LPS is one
of the best studied) seem to play a crucial role, too. TLR-4,
the corresponding receptor, is expressed on every major
liver cell type including HSC and SEC. LPS-TLR-4 sig-
naling leads to TGF-f pathway activation and regulates the
production of fibronectin in HSC as well as promotes
fibrosis-associated angiogenesis by increasing SEC matrix
invasion [12, 13]. While all those crosstalks between SEC
and HSC are key in early stages of liver fibrogenesis, SEC

Hepatocytes
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seem to be master regulators in the process of liver
regeneration, too [49]. SEC-derived angiopoetin-2 (Ang-2)
has been shown to regulate liver regeneration by its
downregulation in the early phase, leading to reduction of
SEC-derived TGF-B and therefore promoting hepatocyte
proliferation, and by recovery of Ang-2 levels during a
later phase, leading to increased VEGF-2 signaling and
therefore promoting angiogenesis [50].

New pathophysiological aspects in hepatic injury,
inflammation, and fibrosis

While inflammation leading to liver fibrosis has been
studied in detail, processes other than the known canonical
inflammatory pathways may contribute to hepatic fibroge-
nesis, such as intrasinusoidal thrombosis in the pathogen-
esis of congestive hepatopathy. Furthermore, recent studies
have revealed new pathways of intercellular communica-
tion beyond the concept of chemokines and growth factors
such as the cell-derived extracellular vesicles, which may
additionally link injury to inflammation in alcoholic
hepatitis.

Role of hepatic sinusoids in the pathogenesis
of congestive hepatopathy

Chronic hepatic congestion known as congestive hep-
atopathy leads to hepatic fibrosis and mainly occurs in the
setting of right-sided heart failure [51]. Other possible
causes for impaired hepatic venous outflow are Budd-
Chiari syndrome or long-term survival after successful
Fontan surgery [52]. In the latter, decreased cardiac index
together with increased right atrial pressure (termed central
venous hypertension), which results from direct attachment
of the right atrium to the pulmonary artery, leads to liver
damage and fibrosis [51]. Of note, one-third of those
patients show hepatomegaly and abnormal liver function
tests [53]. After 11.5 years, more than one-quarter present
with liver cirrhosis [54]. However, most patients with
chronic hepatic congestion remain asymptomatic and
develop impaired liver function late in the disease course
[51]. Laboratory findings are mainly elevated parameters of
cholestasis [55, 56]. Although congestive hepatopathy has
been recognized for years and has been steadily increasing
due to high prevalence of chronic heart failure and
improved survival of patients with complex congenital
heart defects after surgery, little is known about its
pathogenesis. Hypotheses were generated from retrospec-
tive ex-vivo human liver specimens, which showed vari-
able distribution of parenchymal fibrosis correlating with
fibrous obliteration of hepatic and portal veins [57, 58].
The generally accepted concept of parenchymal extinction
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considered congestive fibrosis to be a response to hypoxia,
pressure, and hepatocellular necrosis [59]. This concept
was broadened by intrahepatic venous thrombosis in recent
years. Degree of thrombosis was thought to trigger degree
of necrosis and consecutive fibrogenesis [58]. Of particular
interest, fibrosis in congestive hepatopathy did not seem to
result from inflammation, as no inflammatory infiltrates
have been found in liver specimens from patients having
undergone the Fontan procedure [60]. So far, these con-
cepts have not been tested experimentally due to the non-
existence of an adequate animal model. Nonetheless, evi-
dence for the role of thrombosis in liver fibrogenesis has
been increasing in recent years. While possession of Factor
V Leiden mutations has been shown to be a risk factor in
rapid fibrosis progression in HCV [61], low-molecular
weight heparin and warfarin prevented hepatic fibrogenesis
caused by carbon tetrachloride in the rat [62]. Furthermore,
the influence of Factor V Leiden polymorphism on fibrosis
progression has been confirmed experimentally [63].

Simonetto et al. now have developed a murine model
where they surgically generated hepatic venous outflow
obstruction by partially ligating the suprahepatic abdominal
inferior vena cava (pIVCL) in order to reduce its diameter
by 70 % [64]. Histological changes with centrilobular
necrosis, vascular extravasation, and sinusoidal dilatation as
well as immunostaining for o-SMA and collagen (with a
centrilobular and perisinusoidal distribution) were consistent
with those in human hepatic congestion. Moreover, there
were no signs of inflammation involved in congestive
fibrogenesis, while significant inflammation in regard to
histology and expression of proinflammatory cytokines was
observed in murine cirrhotic models with bile duct ligation.
With this model, Simonetto et al. could show that both fibrin
and mechanical vascular strain stimulated fibronectin fibril
assembly by HSC and confirmed the role of thrombin in
HSC activation. Of note, a 6-week course of oral warfarin
did not only decrease spleen and liver mass, it also reduced
intrahepatic fibrin, a-SMA (as a marker of HSC activation),
and finally fibrosis, further supporting the role of intrahep-
atic thrombosis in fibrogenesis [64]. These findings broaden
the concept of hepatic sinusoids in early stages of liver
fibrosis. Furthermore, development of this murine model for
congestive hepatopathy enables experimental investigations
primarily focusing on the role of intrasinusoidal thrombosis
and dilatation as well as anticoagulation with traditional and
newer oral anticoagulants as a potential therapeutic option in
liver fibrogenesis.

Exosome signaling as a new form of SEC/HSC
crosstalk

Exosomes and their role for physiological secretion of
proteins such as the elimination of transferrin receptors by
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reticulocytes have been identified more than two decades
ago [65, 66]. However, in recent years exosomes have been
increasingly recognized as a new way of intercellular
communication by promoting protein and lipid exchange
between exosome producing cells and target cells [67].
Exosomes are extracellular membrane-enclosed vesicles,
produced in multivesicular bodies (MVB) and released into
the extracellular space or into biological fluids by fusion of
MVB with the plasma membrane [68]. They are charac-
terized by the following criteria: diameter of 40—100 nm,
density of 1.13-1.19 g/mL, cup- or deflated football-
shaped morphology, and a sediment at 100,000 xg [67].
They contain common marker proteins such as tetraspanins
(e.g., CD 9, CD 10, or CD 26), endosome-associated pro-
teins (Alix, TSG101), cytoplasmic heat shock proteins,
and—most important for cell-cell interaction—cell-type
specific proteins and nucleic acids [69, 70]. More than
40,000 proteins, 7500 RNA, and 1100 lipid molecules have
been identified from more than 286 exosomal studies [71].
Exosome signaling seems to be promoted by interaction via
unknown receptors on target cells inducing downstream
signaling or via direct fusion of the exosomal membrane
with the target cell membrane delivering their content into
the cell [65, 69, 70, 72]. Different cells in different organs
and tissues have been identified as exosome producing or
target cells [73]. In the liver, those are liver epithelia
(hepatocytes, cholangiocytes), natural killer T cells, HSC,
and SEC [68]. Of interest, liver cells have been shown to be
targets even for exosomes originating from other organs
such as the intestine [74]. The current knowledge about the
role of exosomes in liver diseases has been discussed
previously by Masyuk et al. [68], who reviewed the
involvement of exosomes in HCC, HCV, and liver
inflammation, and their potential role as early diagnostic
and prognostic markers from the urine or blood. Herein, we
highlight the role of exosome signaling in HSC-SEC
crosstalk. Hedgehog ligands are known to activate down-
stream pathways in endothelial cells through exosomes
during embryogenesis [75]. In a recent study, Witek et al.
[76] showed that those hedgehog ligands play an important
role in HSC-SEC crosstalk and angiogenesis via exosome-
enriched microparticles. PDGF-treated HSC and cholan-
giocytes release exosomes with hedgehog ligands, which
induce hedgehog-dependent changes in SEC with upregu-
lation of several genes leading to an angiogenic phenotype.
Of note, bile duct ligation in mice increased the release of
such exosomes, too, supporting further evidence for a key
role of extracellular vesicles in liver fibrogenesis [76].
While HSC communicate with SEC via exosomes, the
same seems to be true vice versa. Wang et al. [77] pub-
lished a study showing that SEC-derived exosomes con-
taining SK1 regulate HSC signaling and migration through
Fibronectin-integrin-dependent exosome adherence and

dynamin-2-dependent exosome internalization. In more
detail, SK1 has been shown to be an SEC-derived exosome
protein activated by FGF-2, which has been known to be
important in the release of exosomes in liver fibrosis.
Exosomes overexpressing SK1 contained more S1P, an
HSC chemotactic factor, and led to HSC migration via
AKT activation in the target cell. Adhesion and endocy-
tosis have been shown to be mediated through fibronectin
(on exosomes) —integrin (on HSC) interaction and dyna-
min-2, respectively [77]. Thereby, Wang et al. not only
highlighted the potential role of exosomes in HSC-SEC
crosstalk and liver fibrogenesis, they also added important
knowledge about how these vesicles may interact with their
target cells. In conclusion, exosomes, which have been
studied for years, are considered a new means of SEC-HSC
crosstalk in the pathophysiology of liver fibrosis and
therefore present potential targets for future therapies
(Fig. 2).

From injury to inflammation in alcoholic hepatitis

Alcoholic hepatitis (AH) as a severe form of alcoholic liver
disease (ALD) with high mortality due to liver or renal
failure, bacterial infection, or portal hypertension can occur
at any stage of ALD [78, 79]. Although ALD and AH
significantly contribute to liver-related morbidity and
mortality, pathomechanisms still remain elusive [80].
Nonetheless, several concepts for ethanol-induced liver
damage exist: while ethanol has a direct effect on hepa-
tocytes resulting in apoptosis through generation of
acetaldehyde (via ADH) and ROS accumulation (via
increased metabolism by CYP2E1), [81, 82] it can also act
through indirect mechanisms. Excessive alcohol con-
sumption disrupts the intestinal epithelial barrier and leads
to an alteration of the gut flora. Increased gut permeability
and dysbiosis results in higher levels of LPS binding to
TLR-4 receptors on liver cells (such as HSC, SEC, and
hepatocytes) which then induces liver injury and inflam-
mation as described above [83, 84]. Although neutrophil
infiltration [85] is the predominant histological feature in
AH and results from hepatocyte degeneration, there is
increasing evidence for the role of liver-resident macro-
phages called Kupffer cells, which are activated in AH by
both hepatocyte injury and the LPS signaling pathway [83,
86, 87]. Of note, Kupffer cell inflammation response par-
allels the extent of injury and fibrosis [88]. Herein, we
review on two novel pathomechanisms involved in inter-
cellular communication leading to AH: microvesicles and
high-mortality-group box 1 (HMGB1). While exosomes
originate from MVB and are released at the plasma
membrane by fusion of exosome and MVB membranes,
microvesicles (MV) shed directly from the plasma mem-
brane [65]. They have a size of 0.1-1 pum, contain cellular
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Fig. 2 Extracellular vesicle
signaling. Different ways of EV
signaling have been identified.
Exosomes originate from
multivesicular bodies and are
released at the plasma
membrane. Microvesicles are
larger and shed directly from the
plasma membrane
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compounds such as lipids, proteins, RNA, and microRNA,
and act as a vector between MV-producing cells and their
target cells [89]. MV are increasingly recognized as a
means of intercellular communication. In addition,
numerous studies have uncovered their role in liver dis-
eases with increased MV levels, MV formation, and
decreased MV clearance [89]. While MV seem to con-
tribute to the communication between tumor cells and
between tumor cells and their environment, they seem to
have a dual function in fibrosis: on one side they promote
fibrinolysis by enhancing expression of MMP, [90] on the
other side they promote fibrosis by increased angiogenesis
[91]. In a very recent study, MV have now been identified
as an important pathomechanism in early ethanol-induced
damage and as a novel form of crosstalk between hepato-
cytes and liver-resident macrophages. Verma et al. [92]
could show that ethanol results in the release of MV from
hepatocytes via activation of the pro-apoptotic protein
caspase 3. These MV have further been shown to stimulate
macrophage activation by CD40 ligand—a member of the
TNF family—and to induce inflammatory cytokines lead-
ing to liver inflammation [92].

Activation of TLR-4 downstream signaling leading to
sterile inflammation is promoted by endogenous cell
products such as the so-called danger-associated molecular
patterns (DAMPs) [93]. HGMBI is a protein released from
the nucleus of injured cells [94], acting as an activator of
TLR-4 (as LPS or DAMPs) with a role in ischemic liver
injury and viral hepatitis [95, 96]. In a recent study, Seo
et al. was able to show that HMGBI1 translocates from the
nucleus of ethanol-injured hepatocytes, resulting in higher
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intracellular levels and ultimately leading to increased
migration of HSC and SEC [97]. Thereby, they directly
link the first hit of ethanol-induced liver injury to the two
key players in the early steps of liver fibrogenesis. Of note,
recruitment of both HSC and SEC could be blocked by the
HMGB1-antibody and siRNA, respectively, promoting
new ideas for future therapies.

Summary

Recent studies have described alternative pathways of
intercellular communication in liver diseases such as cell-
derived extracellular vesicles, which deliver cell com-
pounds to their target cells. Moreover, such extracellular
vesicles may link injury to inflammation in AH. While
inflammation leading to liver fibrosis has been studied in
detail, elements other than the known canonical inflam-
matory pathways may contribute to hepatic fibrogenesis. In
congestive hepatopathy, sinusoidal dilatation and fibrosis
have been shown to be mediated by non-inflammatory
mechanisms and associated with sinusoidal thrombi. A
recently developed murine model further enables experi-
mental studies of this disease entity. Increasing knowledge
about these alternative disease pathways in liver injury,
inflammation, and fibrosis may reveal possible target
molecules for future therapies.
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