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Legends for Figures

Figure 1. Effect of IFNa on ['H]thymidine
incorporation in HSC. Sub-confluent HSC were
cultured on plastic dishes for 3 days in 10%
FBS/DMEM, and then maintained for 24 h in
serum-free DMEM. These cells were successively
stimulated with IFNa for 24 h, and then pulse-
labeled with 1.0 uCi/ml c-f[’H]thymidinc during
the last 24 h. The incorporated radioactivity was
counted by liquid scintillation. * p <0.01.

Figure 2. Effect of [FNa on PDGF-BB-stimulated
[*H]thymidine incorporation in HSC. Sub-
confluent HSC were cultured on plastic dishes for
3 days in 10% FBS/DMEM, and then maintained
for 24 h in serum-free DMEM. These cells were
successively stimulated with PDGF-BB (10
ng/ml) in the presence or absence of IFNa for 24



h, and then were pulse-labeled with 1.0 uCi/ml of
[*H]thymidine during the last 24 h. The
incorporated radioactivity was counted by liquid

scintillation. * p < 0.01.

Figure 3. Effects of [FNa on cell cycle-related
protein expression and the activation of MEK,
MAPK, and Akt stimulated with PDGF-BB in
HSC. (A) Expression of cyclin D1, cdk2, cdk4,
cdk6, p27, p21, and p53 was determined by
immunoblot. (B) Expression of PDGFRp,
phospho-MEK, total MEK, phospho-MAPK, total
MAPK, phospho-Akt, and total Akt in HSC under
PDGF-BB (10 ng/ml) stimulation was analyzed
by immunoblot.

Figure 4. Effect of [IFNa and TNFa on number of
HSC. HSC were maintained on plastic culture
plates in DMEM supplemented with 10% fetal
bovine serum. Then, the medium was replaced by
serum-free DMEM with IFNo and/or TNFa and
the culture was continued for another 48 h.
Numbers of HSC were determined by the Alamar
blue assay (BIOSOURCE) according to the

manufacturer’s instructions. * p < 0.01.

Figure 5. Effect of [FNc and TNFet on the cell
number of HSC. HSC were maintained on plastic
culture plates in DMEM supplemented with 10%
fetal bovine serum. Then, the medium was
replaced by serum-free DMEM with IFNa and/or
TNFa and the culture was continued for another
48 h. Cell appearance of HSC were determined
under a microscope at a magnification of x 200.
Note that the cell number was markedly decreased
by incubating them with IFNa plus TNFa.

10

[FNa: 100 TU/ml. TNFe: 10 ng/ml.

Figure 6. DNA fragmentation of HSC treated with
IFNa and TNFa.

Isolated DNA was loaded onto a 1.5% agarose gel
containing ethidium bromide, electrophoresed in
Tris acetate/EDTA buffer for 2 hours at 50 V, and
photographed under ultraviolet illumination. Note
that of HSC with IFNa plus
TNFa induced DNA flagmentation.

IFNa: 100 IU/ml. TNFa: 10 ng/ml.

treatment

Figure 7. Flow cylometric quantification of
apoptosis in LX-2 treated with IFNa or TNFa,
IFNa/TNFa.

LX-2 cells were maintained on plastic culture
plates in DMEM supplemented with 10% FBS.
Then, the medium was replaced by serum-free
DMEM with IFNa and/er TNFa and the culture
was continued for another 48 h, The data show
the percental portion of apoptotic cells per total
LX-2 population using flow cytometry. *p < 0.05;
#p < 0.01.

Figure 8. Apoptosis-related protein expressions in
HSC. (A) The cytochrome C content in the
cytosol and mitochondria was determined by
Western blot. (B) The activation of caspase-3 was
studied by detecting the amount of cleaved
caspase-3. (C) Expression of CAD and ICAD in
HSC treated with [FNa and/or TNFa.

[FNa: 100 TU/ml. TNFee: 10 ng/ml.
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Abstract The activation of hepatic stellate cells (HSCs)
is a cue to initiate liver fibrosis. Activated stellate cells
acquire contractile activity similar to pericytes and myo-
fibroblasts in other organs by inducing the contractile
machinery of cytoskeletons such as smooth muscle z-actin
(«-SMA), a well-known marker of activated stellate cells,
and actin-binding proteins. We further show herein the
expression of tropomyosin in rat HSCs in the course of
their activation during primary culture and liver tissue
damaged by thioacetamide inmtoxication. In immunoblot
analysis, tropomyosin became detectable in an early stage
of the primary culture of rat stellate cells in a manner
similar to the expression of «-SMA and platelet-derived
growth factor receptor-f. Tropomyosin was found to be
colocalized with a-SMA on fluorescent immunocyto-
chemistry. At the liver tissue level, an increased expression
of tropomyosin was observed by immunoblot analysis and
immunohistochemistry along the septum of fibrosis, where
2-SMA was enriched. These results strongly suggest that
tropomyosin is a new marker of activated stellate cells and
may serve as a useful diagnostic marker of liver fibrosis.
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Abbreviations

DMEM Dulbecco’s modified Eagle's medium
ECM Extracellular matrix

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
HSC Hepatic stellate cell

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PDGFR-f  Platelet-derived growth factor receptor-f
TAA Thioacetamide

2-SMA Smooth muscle- actin

Introduction

Hepatic stellate cells (HSCs) play a key role in liver
fibrogenesis regardless of the pathogenesis [1-4]. In
response to local tissue damage and hepatocyte necrosis,
HSCs undergo activation characterized by the proliferation,
migration, contraction, secretion of several profibrogenic
mediators such as cytokines, growth factors, chemokines,
and tissue inhibitors of matrix metalloproteinases, and
generation of extracellular matrix (ECM) materials such as
type 1 collagen. HSC activation thus contributes to scar
formation in chronically injured liver tissue.

One of the indicators of activated HSCs is smooth
muscle z-actin (x-SMA), the actin isoform typical of
smooth muscle cell differentiation [5-10]. Similar to the
expression of y-actin, «-SMA was first demonstrated in
primary-cultured rat HSCs in the course of the culture-
dependent HSC activation process [5]. z-SMA-positive
HSCs are also seen along the fibrotic septum of chronically
damaged livers of rodent models, in which ECM proteins
such as type I collagen and fibronectin are dominantly
produced and deposited [11, 12]. Furthermore, in the
human liver, the augmented expression of «-SMA has been
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documented in and around the area of hepatocyte damage
[13, 14].

Tropomyosin is one of the actin-associated proteins,
present in virtually all eukaryotic cells, and modulates the
interaction between actin and myosin to stabilize the actin-
filament structure. Tropomyosin assembles into an a-heli-
cal coiled heterodimer composed of an z-chain and a
B-chain, with each molecule interacting with six or seven
monomers of actin [15, 16]. Tropomyosin regulates the
contractility of striated muscle by blocking myosin-binding
sites on actin in the relaxed state. On activation, tropo-
myosin moves away from these sites [17]. X-ray studies
have suggested that the initiation of smooth muscle con-
traction leads to the movement of tropomyosin in a manner
similar to that in striated muscle [18]. Although one recent
study has shown the expression and organization of actin
filaments and tropomyosin in the cloned hepatic GRX cell
line [19], tropomyosin expression patterns in primary cul-
tured HSCs and the fibrotic liver remain to be studied.

This study aimed to demonstrate the presence of
tropomyosin in HSCs and clarify the dynamics of its
expression pattern during HSC activation. Herein, we
report in detail the expression pattern of tropomyosin in
cultured rat HSCs and fibrotic liver tissue induced in rats
by thiocacetamide (TAA) administration, and further dem-
onstrate the network of «-SMA filaments and tropomyosin
in primary HSC cultures.

Materials and methods

Materials

Collagenase was purchased from Wako Pure Chemical Co,
(Osaka, Japan). Pronase E was obtained from Merck
(Damstadt, Germany). Mouse monoclonal IgG2a antibody
against «-SMA, mouse monoclonal IgG1 antibody against
tropomyosin, Dulbecco’s modified Eagle’'s medium
(DMEM), TAA, and fetal bovine serum (FBS) were pur-
chased from Sigma Chemical Co. (Saint Louis, MO, USA),
Rabbit polyclonal 1gG antibodies against human platelet-
derived growth factor receptor-§ (PDGFR-f) that reacts
with rat PDGFR-f# were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Horseradish
peroxidase-conjugated secondary antibodies against mouse
and rabbit immunoglobulins were obtained from Dako.
Alexa Fluor 488 goat antimouse IgG2a antibodies and
Alexa Fluor 594 goat antimouse IgG1 antibodies were from
Molecular Probes (Eugene, OR, USA). ECL immunoblot-
ting detection reagent was purchased from Amersham
Pharmacia Biotech (Buckinghamshire, England). Immobi-
lon P membranes were from Millipore Corp. (Bedford,
MA, USA). Cell culture inserts were from Falcon (Beckton
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Dickinson, Franklin Lakes, NJ, USA). All the other
reagents were purchased from Sigma Chemical Co. or
Wako Pure Chemical Co.

Animals

Pathogen-free male Wistar rats (12-week-old, body weight
200-220 g) were obtained from SLC (Shizuoka, Japan).
Animals were housed at a constant temperature and sup-
plied with laboratory chow and water ad libitum. The
protocol of the experiments was approved by the Animal
Research Committee of Osaka City University (Guide for
Animal Experiments, Osaka City University).

Induction of liver fibrosis

Liver fibrosis was induced in rats (n = 3) by the intra-
peritoneal injection of TAA (40 mghbody weight)
dissolved in 2ml of saline twice a week for up to
10 weeks. Control rats (n = 3) were given 2 ml of saline
during the same period.

Preparation of HSCs

HSCs were isolated from male Wistar rats, as previously
described in detail [20]. Tsolated HSCs were suspended in
DMEM supplemented with 10% FBS at a cell density of
5 x 10° cells/ml, and 1.5 ml of the cell suspension was
introduced into a 35-mm cell tissue culture plate (Falon,
3003). After the culture had continued for the indicated
number of days, the cells were fixed in 4% paraformalde-
hyde solution for immunocytochemistry or lysed for
immunoblotting.

Immunoblotting

Protein samples (10 pg) were subjected to SDS-PAGE and
then transferred onto Immobilon P membranes. After
blocking, the membranes were treated with primary anti-
bodies and then with peroxidase-conjugated secondary
antibodies. Immunoreactive bands were visualized using
the ECL system (Amersham Pharmacia Biotech) and
documented by LAS 1000 (Fuji Photo Film, Kanagawa,
Japan), The density of bands was analyzed using a BIO-
RAD GS-700 densitometer. Experiments were repeated
thrice using samples obtained from HSCs isolated from
different rats,

Immunchistochemistry and collagen staining
Immunchistochemistry was performed using the methods

described in detail elsewhere [21]. After the development
of fibrosis, rats were anesthetized and laparotomized. The
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liver was perfused with phosphate-buffered saline (PBS)
and then perfusion-fixed with 4% formaldehyde, dehy-
drated, and embedded in Polybed. Sections were cut at a
thickness of 5 pm and stained for 1 hin 0.1% (w/v) Sirus
red (Direct Red 80, Aldrich, Milwaukee, W1, USA) [22].
Double immunostaining analysis was cammied out using
methods described previously [22]. After blocking with 5%
bovine serum albumin/PBS, they were incubated overnight
with primary antibodies in the medium. They were then
incubated with both 20 pg/ml Alexa Fluor 488 goat anti-
mouse IgG2a antibody and 20 pg/ml Alexa Fluor 594 goat
anti-mouse IgG1 antibody for 2 h. Specimens were coun-
terstained for nuclei with DAPL The sections were
observed under an LSMS510 confocal laser
microscope (Carl Zeiss, Germany).

Cultured HSCs on glass microscope slides were fixed
with 3.7% formaldehyde for 30 min at room temperature,
After washing thrice with PBS containing 0.1% Triton
X-100, the fixed cells were incubated with anti-z-SMA
antibody and anti-tropomyosin antibody for 1 h at room
temperature and successively with FITC-labeled goat
antimouse IgG1 (Alexa Fluor 488) and rhodamine-labeled
goat antimouse IgG2a (Alexa Fluor 594) for 1 h at room
temperature. After washing, the specimens were observed
under an LSM510 confocal laser scanning microscope
(Carl Zeiss, Germany). Experiments were repeated thrice
using samples obtained from HSCs isolated from different
rats.

scanning

Immunohistochemical analysis of human liver samples

One specimen obtained by resection during surgery from
subjects with normal liver function was used as a control.
Informed written consent was obtained from &ll patients at
the time of their liver biopsy, and the study was conducted
in conformance with the Helsinki Declaration. The diag-
nosis of liver cirrhosis was established on the basis of the
clinical and histopathological features. Immunohisto-
chemistry was performed according to the methods
described above.

Results

Tropomyosin expression in primary cultured HSCs

We investigated the expression of tropomyosin in primary-
cultured HSCs as a model because HSC culture precisely
resembles the in vivo cellular phenotypic change of HSCs
from a vitamin A-storing quiescent phenotype to an acti-
vated and myofibroblastic phenotype in response to
inflammatory stimuli [23]. Freshly isolated and plated
HSCs resembled lipocytes, extended branching cytoplasmic

processes, and enclosed multiple droplets that contained
retinol (Fig. 1Aa). After culturing for 3 days, the cells
expanded their cell body with enlarged processes and
nuclei, and the size of fat droplets decreased (Fig. 1Ab). By
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Fig. 1 Tropomyosin expression in primary cultured HSCs, A The
cell morphology of isolated and cultured HSCs was observed under

phase-contrast microscopy everyday, monitored, and digitally
recorded. a Day 1. HSCs attached to the plate enclose droplets that
contain vitamin A. b Day 3, HSCs start extending their processes, ¢
Day 7. HSCs showed enlarged cell body and lose their droplets
(magnification, x200). B The expression of tropomyosin in cultured
HSCs was determined by immunoblot and immunocytochemistry.
Whole-cell homogenates were subjected to SDS-PAGE, transferred
onto the membrane, and successively immunoreacted with PDGFR-§,
z-SMA, or tropomyosin. Note that tropomyosin is induced in HSCs
time dependently after starting the culture in a manner similar to the
expression of PDGFR-§ and a-SMA. Representative data from thres
independent preparations are presented here. C Immunocytochemis-
try of tropomyosin and z-SMA. Cultured HSCs on days 1, 5, and 10
were fixed in 4% paraformaldehyde and subjected to immunocyto-
chemistry, as described in section “Materials and methods™. Note that
tropomyosin appears on day 5 and becomes prominent on day 10.
Tropomyosin colocalizes and generates stress fibers with x-SMA
(magnification x200)
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day 7, most of the cells had lost their fat droplets,
spread more prominently, and appeared “myofibroblastic™
(Fig. 1Ac). These observations are in good agreement with
previous reports [1, 6, 21].

As shown in Fig. 1B, immunoblot analysis showed that
bands for tropomyosin at molecular weights of 36-39 kDa
[24] were invisible in freshly isolated HSCs, started to
appear in them after being cultured for 3 days, and there-
after increased in a time-dependent manner. The relative
level of tropomyosin evaluated by densitometric normali-
zation against GAPDH gradually increased with culture
prolongation (data not shown). The multiple bands detected
are considered to be related to post-transcriptional modi-
fication, particularly N-terminal acetylation, of the protein,
as described elsewhere [23]. Tropomyosin induction took
place in a similar manner to that of «-SMA and PDGFR-f
(Fig. 1B). These observations were further confirmed by
immunocytochemistry. 2-SMA became readily detectable
on day 1 and was uniformly distributed in the cytoplasm.
HSCs cultured for more than 5 days exhibited a flattened
and stretched morphology with developed stress fibers,
which consisted of #-SMA (Fig. 1C). Tropomyosin was
negligible on day 1, but was visible and co-localized with
«-SMA at day 5, and then exhibited prominent stress fibers
crossing the cytoplasm together with «-SMA bundles
(Fig. 1C).

Expression of tropomyosin in fibrotic livers

Tropomyosin induction in culture-activated HSCs promp-
ted us to investigate its expression in liver tissue. As shown
in Fig. 2A, total protein extracted from rat livers treated
with TAA for 6 or 10 weeks cross-hybridized to «-SMA
and tropomyosin antibodies, whereas virtually no hybridi-
zation was observed in the total extraction from an intact
rat liver. This result indicates that tropomyosin is not
ubiquitously expressed in liver-constituent cells such as
hepatocytes, Kupffer cells, and endothelial cells. The level
of tropomyosin in the liver homogenate increased in a
time-dependent manner after TAA administration, similar
to the induction of PDGFR-f and «-SMA. Collagen
deposition was prominent in the liver after a 10-week TAA
administration, as shown on Sirius red staining. Tropo-
myosin was found to be present along the fibrotic septum,
although it was rarely seen in the intact liver (Fig. 2B).
Double immunostaining of «-SMA and tropomyosin con-
firmed that these two proteins co-existed in and around the
fibrotic septum and were hardly present in “pseudolobular”™
parenchyma where no fibrosis was obvious (Fig. 2C).
However, activated HSCs that were present close to the
septum and positive for «-SMA also expressed tropomyo-
sin (Fig. 2C, high), indicating both activated HSCs and
septum-forming myofibroblasts ubiquitously expressed
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Fig. 2 Expression of tropomyosin in fibrotic livers. The expression
of tropomyosin in the fibrotic liver was determined by immunoblot
and immunohistochemistry. A Whole-liver homogenates were sub-
jected to SDS-PAGE, transferred onto the membrane, and
successively immunoreacted with PDGFR-$, ®-SMA, or tropomyo-
sin, Note that tropomyosin is induced in the liver of rats treated with
TAA time dependently after starting injection in a similar manner to
the expression of PDGFR-§ and x-SMA. B Histology. Prominent liver
fibrosis is observed in the liver of rats treated with TAA for 10 weeks
by Sirius red staining. Tropomyosin expression is clear along the
septa. C Fluorescent immunohistochemistry of tropomyosin and a-
SMA. Double immunostaining was performed in the liver of rats
treated with TAA for 6 and 10 weeks. Note that both proteins always
colocalize and are expressed strongly at the site between noninjurious
parenchyma and septa (magnification x100). Activated HSCs
(arrows) that were present close to the septum and positive for a-
SMA also expressed tropomyosin (magnification x400)

tropomyosin. A strong linear-pattern expression of these
proteins at the site between the septum and the parenchyma
was notable. Tropomyosin expression was rarely observed
in intact human liver, while it was localized along the
fibrotic septum in human cirrhosis (Fig. 3).

Discussion

Activated HSCs express x-SMA as contractile machinery.
Although accumulated studies have evaluated the impor-
tance of #-SMA and other cytoskeletons filaments on HSC
contraction, there has been no report on the expression of
tropomyosin, which is one of the components of actin
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Fig.3 E

filaments and calcium-binding proteins and plays a major
role in the contraction process of smooth muscle, in HSCs
and fibrotic liver tissue. The key molecular function of
tropomyosin is to shield and unshield the binding site of
myosin to actin [15, 16]. Thus, tropomyosin is speculated
to play a pivotal role also in the contraction of HSCs. In the
present study, we report for the first time that the expres-
sion of tropomyosin is found predominantly in activated
HSCs and to be as high as «-SMA. These observations
s g_t_ est that tropomyosin is a regulatory protein which
ounteracts or triggers the contraction of HSCs due to its
alcium-binding status. In fact, HSC contraction is
:cp(:ul‘-.cdl_\-' induced by endothelin-1, angiotensin II, and
thrombin, which are all intracellular calcium inducers [23].
HSCs are considered to be more contractile at pre-
sinusoidal terminal portal venules in the injured liver, as
indicated by the high-level expression of endothelin-1
receptors [26]. HSCs localized at this site also generate
endothelin-1 and angiotensin-II, that are responsible mol-
ecules for portal hypertension, a pathological process
induced by constriction of the hepatic vasculature [27, 28].
As a consequence, tropomyosin expressed at the site
between the septum and the parenchyma is speculated to
play a positive regulatory role in actin-myosin association
and contribute to presinusoidal portal rigidity.
In conclusion, the present findings indicate that tropo-
myosin could be a novel marker for activated HSCs in vivo
as well as in culture and be utilizable for a clinical diag-

nosis of liver fibrosis.
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Liver sinusoidal endothelial cells

Fenestrations

In his key note lecture (A1), Eddie Wisse underlined the fact
that electron microscopy is still the only method of observing
fenestrations in the liver sinusoidal endothelial cells (LSEC) and
that sinusoidal cells of different mammalian species are amaz-
ingly similar in fine structure, He further provided information
that pore size varies among species and strains and between
periportal and perivenous areas of the sinusoid. After isolation,
the porosity of LSECs decreases from approximately 10% at 6 h
to 19 at 48h (1) (A9). Porosity is influenced by the isolation
techniques (2), the culture conditions and the presence of
vascular endothelial growth factors (VEGFs) (3). Potential
LSEC lines such as SKHepl (4) might overcome some of these
issues. Fenestrations are supported by actin cytoskeletal fila-
ments, and disruption of the cytoskeleton is associated with a
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dramatic increase in porosity. Cellular signals involved in the
regulation of actin, such as cortactin and transforming growth
factor (TGF)-P1 (A15), and the Rho-like GTPases (5) influence
porosity. VEGF produced by hepatocytes is probably the key
cytokine involved in the regulation of LSEC fenestration mediated
by actions on VEGF-R2 expressed on LSEC (6). The role of
fenestrations in the bi-directional transfer of substrates between
hepatocytes and sinusoidal blood is now well established (7) (A1,
13). Defenestration impairs the hepatic disposition of lipopro-
teins, albumin-bound drugs and other particulate substrates (7,
8) (A11, A13) and potentially impacts on T-cell interactions with
hepatocytes (9). In studies using adenoviral delivery of transgene
DNA, uptake of the transgene in hepatocytes correlated strongly
with the LSEC pore size. The size of the adenovirus particle is
93nm, with protruding fibres of 30nm. Thus, the use of
adenoviral-mediated gene therapy in humans may be difficult
owing to the small LSEC pore size (103-107 nm) (10).
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Scavenger function

Endocytic rate and capacity of LSECs are probably the highest
known of any cell type in the human body. Peter McCourt
presented an update on endocytosis receptors in these cells
(A2). The cells carry three major types of endocytosis receptors
to keep the blood clean.

The liver sinusoidal endothelial cell mannose receptor

It is known that mannose receptor (MR) clearance of several
blood-borne soluble macromolecules carrying mannose in the
ultimate position is carried out mainly in the LSECs, but not in
the Kupffer cells (KCs) (11). Studies including MR-deficient
knockout (KO) mice showed that the clearance of denatured
collagen is MR mediated (12). Using the same KO mice showed
that LSEC MR mediates the import of blood-borne lysosomal
enzymes for re-use in the endo/lysosomal apparatus (13).

The liver sinusoidal endothelial cell scavenger receptor

Previous studies established that blood-borne negatively
charged soluble macromolecular scavenger receptor (SR) li-
gands are cleared mainly by endocytosis in LSECs (14, 15).
Hyaluronan and chondroitin sulphate, which are negatively
charged connective tissue polysaccharides believed to be cleared
by a highly specific hyaluronan receptor, are taken up by the
same SRs that take up aminoterminal propeptides of type 1 and
1l procollagen (16). Studies employing KO mice lacking SR-A
showed that the LSEC SR is distinct from SR-A (17). Recent
evidence indicates that the major LSEC SR is represented by the
two closely related receptors, stabilin-1 and -2 (18).

The liver sinusoidal endothelial cell Fe-y receptor 11b2
(11b2)

Of the known Fc-v receptors, only IIb2 is able to mediate
endocytosis of immune complexes (ICs) and only IIb2 is
expressed in LSECs. Clark Anderson noted that the presence of
this receptor in LSECs has, astonishingly, been ignored by
immunologists (A4). Trond Berg (A5) reported that ICs en-
docytosed via 11b2 are degraded at a lower rate than antigens
endocytosed via LSEC SR (19). Moreover, the ICs are associated
with lipid rafts after cross-linking before internalization via
clathrin-coated pits, and a large proportion of the internalized
ICs is recycled back to the plasma membrane, Both these events
delay receptor-ligand transport to later endocytic compart-
ments, Cross-linking of LSEC TIb2 does not lead to tyrosine
phosphorylation. It was suggested that the LSEC Tb2, similar to
its role in dendritic cells, is able to present antigens to B-cells
(A4). I1b2 in LSECs and placenta endothelium may share a
similar role in local vascular immunity (20).

Comparative aspects of scavenger function

Liver sinusoidal endothelial cells represent the mammalian
counterpart of vertebrate scavenger endothelial cells (SEC)
(21). Using highly efficient clathrin-mediated endocytosis,
these cells clear an array of colloids and soluble macromolecules
from the circulation, whereas macrophages use phagocytosis to
remove particles of size > 200nm. Martin-Armas (A7) pre-
sented a study on SR-mediated endocytosis of immune-stimu-
lating bacterial oligonucleotides, CpG (22) in Atlantic cod SEC.
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Preincubation of cultured cod SECs with CpG or poly L.C
selectively downregulated SR-mediated endocytosis, but only
marginally affected MR-mediated endocytosis. In his tutorial
presentation (A6), Clive Crossley gave an update of the
invertebrate scavenger cell system, the nephrocyte, which is
functionally strikingly similar to the vertebrate SEC system. He
focused on insect nephrocytes that display an extensively well-
developed clathrin-mediated endocytosis (23). These cells en-
docytose ligands that are also avidly endocytosed by the
mammalian LSEC SR. At present, no information is available
on the structure of these receptors. Nephrocytes produce large
amounts of lactate, just as the mammalian LSEC and fish SEC
do. It is assumed that this lactate is used as a high-energy fuel by
neighbouring energy-demanding cells.

Molecular biology

Sergij Goerdt, in his tutorial (A3), looked for LSEC-specific
features in his own work and in the literature, and found that
(a) stabilin-2 is lost from non-sinusoidal hepatic endothelium
late in hepatic vascular differentiation (24); (b) activation of the
G-protein-coupled bile acid receptor (Gpbarl/TGR5) by bile
salts leads to overexpression/activation of eNOS and enhanced
NO production mediating sinusoidal relaxation and hepatic
stellate cell (HSC) quiescence, In contrast, endothelin (ET)-1
induces LSEC constriction and defenestration (25-28); (c)
insulin is an important LSEC growth factor cross-activating
the VEGF pathway (29). Moreover, endocytosis/intracellular
trafficking was recently shown to be distinct in LSECs com-
pared with other cells (30). The LSEC-specific features are as
follows: (a) a remarkable net-like distribution of clathrin heavy
chain, fully associated with microtubules, but not with actin;
(b) clathrin-coated vesicles only partially colocalized with early
endosome antigen 1 and adaptor protein 2; (c) Wnt2, an
autocrine growth and differentiation factor specific for LSECs
that synergizes with the VEGF signalling pathway to exert its
effects (31). As a strategy to study the specialized differentiation
parameters of LSECs, highly purified LSECs and lung micro-
vascular endothelial cells (LMECs) were compared with respect
to gene expression. It was found that 319 genes are over-
expressed (> 4-fold) in LSECs, Interestingly, the expression of
stabilin-1 and -2 were about 25 and 1000 times higher in LSECs,
whereas the von Willebrand factor was 100 times higher in
LMECs.

Ageing

Old age is associated with substantial thickening and defenes-
tration of the LSEC, sporadic deposition of collagen and basal
lamina in the extracellular space of Disse and increased num-
bers of fat-engorged, non-activated HSCs (32, 33) (A10-13).
Defenestration is also apparent in isolated LSECs (A10). There
is perisinusoidal upregulation of the von Willebrand factor,
VEGFR-2, collagen I and IV and intercellular adhesion molecule
(ICAM)-1, end reduced expression of caveolin-1 and F-actin
(32). There is a 35% reduction in sinusoidal perfusion and five-
fold increase in leucocyte adhesion (33) (A12). Unlike most
liver diseases, there is no change in the expression of -smooth
muscle actin (x-SMA), desmin or VEGF, reduced expression of
caveolin-1 and HSCs are not activated (32) (All). These age-
related changes have been termed pseudocapillarization. Pseu-
docapillarization is reversed by caloric restriction and resvera-
trol (A48). Defenestration leads to impaired transfer of
lipoproteins and provides a novel mechanism and therapeutic
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target for age-related dyslipidaemia (8) (All, 13). Old age is
associated with impaired endocytic capacity by the LSEC (33)
(A10, 12).

Microcirculation

LSECs originate between the 4th and the 6th gestational week
from the vitelline veins and/or the septum transversum. Initi-
ally, LSECs are non-fenestrated and continuous with a basal
lamina; they then differentiate into fenestrated LSECs between
10 and 17 gestational weeks (34). Transgenic mice with selective
hepatic impairment of VEGF transduction have severely dis-
rupted sinusoidal endothelium, indicating that VEGF is a
pivotal cytokine in sinusoidal development (6). Cultures of
fetal rat LSECs confirmed the role of VEGF and also of TGF-p1
in fetal LSEC development (A16), After development, the liver
architecture is best described by hepatic microvascular sub-
units, the group of sinusoids supplied by a single inlet venule
(35).

The responses of the microcirculation to many toxicants are
similar. Initially, LSECs become swollen, develop large gaps that
can lead to extravasation of erythrocytes into the space of Disse,
and in severe toxicity, LSECs disintegrate and become detached
debris (35-37). NO donors or metalloproteinase inhibitors
ameliorate damage (36). Changes in the microcirculation occur
in many chronic liver diseases. In non-alcoholic fatty liver
disease, there is disruption of sinusoidal blood flow (38).
Initially, this is generated by hepatocytes swollen by lipid
droplets (LDs) narrowing the sinusoidal lumen. Microvascular
impairment and trapping of leucocytes might contribute to
HSC activation. Steatohepatitis leads to defenestration and
capillarization of the LSEC with further impairment of blood
flow (38). In primary biliary cirrhosis, there is aberrant expres-
sion of aquaporin-1 on the LSEC membrane, suggesting that
this water channel may have a role in the development of
capillarization (A14).

Role of oxygen tension

Tissue hypoxaemia is common under several pathological
conditions, and LSECs are the primary targets of ischaemia-
reperfusion injury following liver preservation, Hypoxia in-
duces profound changes in the cellular gene expression profile.
A major transcription factor family activated by hypoxia,
hypoxia-inducible factor (HIF), contributes to the molecular
regulation of the hypoxic response. High blood alcohol levels
are accompanied by hypoxia and activation of HIF-1x in the
liver. Ethanol increases the mRNA expression of chemokine
genes (MCP-1, RANTES and MIP-2), vasoconstrictor mole-
cules (ET-1) and HIF-1a, and activates ET-1 via HIF-1z,
independent of hypoxia. The ethanol-mediated release of ET-1
may activate HSCs and exaggerate vasoconstriction and hepatic
blood flow, and inflammation in the liver (A8).

The normal oxygen tension in the hepatic sinusoids is
considerably lower than the atmospheric oxygen tension.
Cultivation of LSECs under 5% (normaoxic) oxygen tension, as
opposed to hyperoxia (20%), which is used in most incubators,
improved the survival of LSECs and SR-mediated endocytosis,
reduced the production of interleukin (IL)-6 and increased the
production of IL-10, Under normoxia, generation of H,0, was
reduced drastically. Thus, the viability, structure and many of
the essential functional characteristics of isolated LSECs are
clearly better preserved when the cultures are maintained under
more physiological oxygen levels (1) (A9).
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Development

Embryonic development of the liver is closely associated with
vascular organization. Co-expression of SE-1 (24, 39, 40) and
stabilin-2 is an adequate marker for differentiated LSECs, and
both molecules are co-expressed in LSECs at the late stage of
liver development (E15.5-17.5). After culturing E13.5 fetal liver
cells for 7 days in the presence of VEGF, the proliferated
endothelial sheets expressed neither SE-1 nor stabilin-2. In the
presence of both VEGF and SB-431542 (an inhibitor of TGF-fi1
receptor kinase; ALK-53), the endothelial sheets started to
express stabilin-2 and contained some SE-1 co-expressing cells.
These findings suggest that VEGF plays a role in the endothelial
sheet formation, and blocking of TGF-P1 signalling may be
involved in the differentiation of LSECs (24) (A18).

Kupffer cells

Role of Kupffer cells in alcoholic and non-alcoholic liver
disease

Alcoholic liver disease (ALD) and non-alcoholic steatohepatitis
(NASH) are common forms of liver disease that are histologi-
cally indistinguishable (41). Approximately 20% of alcoholics
will develop ALD, while the prevalence of NASH in obese adults
has been estimated at 40-100% (41). The progression of ALD
and NASH is a complex process involving both parenchymal
and non-parenchymal cells in the liver. There is growing
appreciation for the role of the KC in both ALD and NASH.

Activation of Kupffer cells in alcoholic liver disease and
non-alcoholic steatohepatitis

Chronic ethanol consumption, in both animal models and
humans, increases circulating endotoxins (41, 42). Endotoxin
also increases in both high-fat diet and methylcholine-deficient
diet (MCD) models of NASH (1). Activation of Toll-like
receptor (TLR)-4 signalling by endotoxin increases the produc-
tion of inflammatory cytokines and reactive oxygen species
(ROS). Mice lacking TLR-4 or CD14 are protected from both
ethanol-induced and hjgh-fat-d.icl-induced liver injury (41, 43).

Toll-like receptor-4 signalling is mediated by MyD88-
dep:ndent and -independent pathways. Interestingly, while
TLR-47" mice are protected from ethanol-induced liver injury,
MyD88™"~ mice develop hepatic steatosis and increased alanine
aminotransferase (44). In contrast, TIR-domain-containing
adapter-inducing interferon (TRIF)~" mice are protected from
ethanol-induced liver injury (45). No studies have yet tested the
differential roles of MyD88 and TRIF in models of NASH, but
such studies would probably provide insights into the com-
parative pathophysiology of ALD and NASH.

Pro- and anti-inflammatory mediators regulating Kupffer
cell activity: NADPH oxidase

Chronic ethanol feeding also sensitizes KCs to activation by
lipopolysaccharides (LPS) (43). Increased production of ROS
via NADPH oxidase contributes to increased LPS-stimulated
ERK1/2 and p38 activation, as well as tumour necrosis factor
(TNF)-o expression, in KCs from ethanol-fed rats (46) (A18).
These data are consistent with the protection of p4 ~mice
from ethanol-induced liver injury (43). In contrast, NADPH
oxidase may not be as important in NASH as it is in ALD.
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