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Preface 

I first recognized the existence of hepatic sinusoidal cells and became very much 
interested in them almost 40 years ago when I was a graduate student at Chiba 
University and studied intrahepatic cholestasis by electron microscopy. Later, in 1973, 
when an international conference on collagen metabolism in the liver was held in 
Freiburg, Germany, I was invited to talk on the fine structure of hepatic fibrosis. 
During the preparation of my presentation I had noted numerous Ito cells (hepatic 
stellate cells) in fibrous tissue and also fibrous bundles around Ito cells in normal 
liver. From these observations I presented in my talk the important role of Ito cells in 
hepatic fibrogenesis. In that conference no well-known pathologist or hepatologist, 
except Prof. Hans Popper, agreed with my talk. Today no one disputes the important 
role of Ito cells in hepatic fibrosis. Since that Freiburg conference I have been deeply 
involved in the study of hepatic sinusoidal cells. 

Recently we reported on the important role played by the contraction and relaxa­
tion of Ito cells in the control of hepatic sinusoidal circulation. As described above, 
we recognized the importance of the hepatic sinusoidal cell in the function of the liver 
and pathogenesis of various liver diseases and therefore organized the Japanese Meet­
ing of Hepatic Sinusoidal Cell Study at the end of each year. Japanese studies on these 
cells have progressed remarkably since the first meeting was held in 1987. 

A meeting was held last year on the occasion of my retirement from Kurume 
University, and the authors of this monograph were speakers at the meeting. I very 
much hope that the hepatic sinusoidal cell will be more actively studied by 
hepatologists everywhere for the better understanding of liver function and 
pathogenesis of liver diseases. 

I would like to sincerely thank Prof. K. Noguchi for his efforts in the management 
of the Japanese Meeting of Hepatic Sinusoidal Cell Study over such a long period of 
time, and Dr. T. Ueno for his efforts in editing this monograph. 

K. Tanikawa, M.D. 
Professor Emeritus, Kurume University 
President, International Institute for Liver Research 
President, Japan Society of Hepatology 
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Part I 
I ntrod uction 



The Intestine, Spleen, and Liver 
KYUICHI TANIKAWA 

Summary. Blood from the intestine and the spleen flows directly into the liver. Nu­
merous antigenic substances, including endotoxin, are absorbed from the intestine 
and go to the liver. The spleen, which contains at least one-third of the lymphatic 
tissue in the body, responds to antigenic substances, including endotoxin, and pro­
duces numerous cytokines, antibodies, and antigen-specific T cells which first flow 
into the liver. Thus, the intestine and spleen strongly affect the liver, and endotoxin 
seems to play an important role in modulating the effect of both organs. This chapter 
investigates the importance of these organs in the pathogenesis of various liver 
diseases, including alcoholic hepatitis, obstructive jaundice, and primary biliary 
cirrhosis. 

Key words. Intestine, Spleen, Endotoxin, Liver disease, Alcoholic hepatitis 

In liver function and the pathogenesis of liver diseases, it is important to consider the 
effect of neighboring organs on the liver. The intestine and spleen are the most 
important because blood from both organs flows directly into the liver (Fig. 1). Thus, 
changes in these organs have a large effect on the liver. 

Various nutrients absorbed from the small intestine are transfered to the liver. 
Water and numerous antigenic substances, including endotoxin absorbed from the 
colon, also go to the liver through the portal vein. Of these, the most important 
antigenic substances is endotoxin, the outer cell membrane component of gram­
negative bacteria, which flows into the liver in increased amounts when endotoxin is 
overproduced in the colon or absorbed in large quantities from the colon. Endotoxin 
entering the hepatic sinusoid is generally first taken up by Kupffer cells. However, a 
recent study indicated that one-quarter of lipopolysaccharide (LPS) injected into the 
portal vein is directly taken up by hepatocytes and excreted into the bile [1]. Thus, the 

The Second Department ofInternal Medicine, Kurume University School of Medicine, 67 Asahi­
machi, Kurume, Fukuoka 830-0011, Japan 
Present Address: International Institute for Liver Research, Kurume Research Center, 2432-3 
Aikawa-machi, Kurame, Fukuoka 839-0861, Japan 
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General circulation 

Portal vein 

endotoxin 

Intestine entero-bacteria and 
other antigens 

FIG. 1. Schematic presentation of the relationship 
between the liver and the intestine and spleen 

hepatocytes play an important role in the clearance of endotoxin in the circulation, as 
do the Kupffer cells. 

Endotoxemia, which occurs without gram-negative bacteria infection in the body, 
is termed endogenous. Thus the "endogenous endotoxemia" seen in some liver dis­
eases occurs in the following conditions: (1) increased absorption of endotoxin from 
the colon (2) dysfunction of Kupffer cells (3) dysfunction of hepatocytes, and (4) 
shunt formation between the portal system and the general circulation. 

We examined the absorption of LPS injected into the colon of rats with various 
experimental liver injuries by measuring the concentration of LPS in the portal vein, 
and we found a large increase in LPS absorption from the colon in liver cirrhosis, 
alcohol abuse [2], and extrahepatic obstruction [3]. 

In these pathologic conditions we examined the mechanism of endotoxin ab­
sorption in the colonic epithelium by immune electron microscopy using antibody 
against LPS, and found LPS particles passing through colonic epithelial cells (Fig. 2). 

The spleen plays an important role in taking up antigenic substances in the 
circulation, and in the production of antibodies, antigen-specific T cells, and numer­
ous cytokines. There are many macrophages in the red pulp of the spleen, and these 
take up antigenic materials in the circulation and release cytokines which stimulate 
splenic lymphocytes. In order to clarify the difference in function between splenic 
macrophages and Kupffer cells, we investigated the production of TNFa in cultured 
cells of these two types when they were stimulated by LPS, and found that splenic 
macrophages produce more TNFa than Kupffer cells (Fig. 3) [4]. In an in vivo 
study, serum TNFa levels were much higher in control rats than in splenectomized rats 
after intravenous injection of LPS (Fig. 4). These studies indicate that the activity of 
TNFa production differs between splenic macrophages and Kupffer cells, and 
that splenic macrophages are oriented more to the production of cytokines which 
stimulate lymphocytes in the spleen. Our studies also demonstrated that Ia antigens 
are expressed more on the surface of splenic macrophages than on Kupffer cells. On 
the other hand, testing the uptake of latex particles in vivo and in vitro showed that 
phagocytic ability was much higher in Kupffer cells than in splenic macrophages. 



FIG. 2. Immune electron 
micrograph of endotoxin 
passing through a colonic 
epithelial cell. Electron-dense 
particles oflipopolysaccha­
rides (LPS) injected into the 
colon are shown in a colonic 
epithelial cell using antibody 
against LPS (Pfizer Pharma­
ceuticals, New York, USA). 
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FIG. 3. TNF levels in the culture medium of splenic macro phages and Kupffer cells. Isolated rat 
splenic macrophages (SM) and Kupffer cells (KG) were stimulated with and without 1 ~g/ml of 
LPS for different lengths of time (0, 1, 3, and 6 h) and the activities of TN Fa in the culture 
medium were determined by bioassay. *Vs*p < 0.05, **VS**p < 0.01 (Student's t-test) 
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FIG. 4. Effect of splenectomy on serum TNF levels after LPS elicitation. A remarkable 
rectuction in TNFa levels in serum was noted in splenectomized rats and mice after intravenous 
injection of LPS (2mg/kg). Black columns, control group; shaded columns, splenectomized 
group 

From our studies, it is important to note that large amounts of cytokines, including 
TNFa produced in the spleen by the stimulation of antigenic substances such as 
endotoxin, flow into the liver and first affect the sinusoidal cells. In addition, sensi­
tized lymphocytes or antibodies produced in the spleen also enter directly into the 
liver. 

The spleen has been investigated in association with portal hypertension, and 
thrombocytopenia seen in portal hypertension has been considered to be due to 
splenomegaly because the spleen is an organ which stores thrombocytes. Therefore, 
we performed partial splenic embolization for thrombocytopenia associated with 
liver cirrhosis. It is of interest to note that liver function improved after a reduction in 
spleen size [5]. This indicates that the spleen has some control over liver function . Our 
study has shown a close association between liver regeneration after partial he­
patectomy and the size of the spleen [6] (Fig. 5), and liver regeneration after partial 
hepatectomy for hepatocellular carcinoma was better in patients with a small spleen 
than in those with a large one. TGF/J produced within the spleen might be involved in 
this phenomenon. 

One of the leading causes of portal hypertension is an increased inflow of blood into 
the portal system due to a hyperdynamic state. A hyperdynamic state is probably 
caused by peripheral arterial dilatation, which occurs most prominently in the 
splanchnic area [7] . In addition, the most important factor for such peripheral arterial 
dilatation has been considered to be NO produced in the arterial endothelium by 
endotoxin. For these reasons, intestinal factors also seem to be deeply involved in 
portal hypertension. 

The reason why the spleen is located in close contact with the liver is 
unknown. However, this association could be a worthwhile subject for future 
research. 
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FIG. 5. Relationship between liver regeneration and spleen volume. Regeneration of the liver 
after resection of a hepatocellular carcinoma associated with liver cirrhosis showed a close 
relationship with the size of the spleen, and poor regeneration was noted in patients with a 
larger spleen 

Alcoholic Hepatitis 

It is important to clarify the causes of endotoxemia, which is often seen in alcoholic 
liver diseases, especially in alcoholic hepatitis. 

Our study showed a large increase in LPS in the portal blood after injection of LPS 
into the colon of rats fed with a liquid alcohol diet (Fig. 6), suggesting alcohol abuse 
to be a cause of increased endotoxin absorption. 

It has also been found that the uptake oflatex particles by Kupffer cells is strongly 
inhibited in rats fed with a liquid alcohol diet, and also in cultured Kupffer cells taken 

E OJ 200 
D-

C 

.~ 100 
cr; 
15 Control rat 
D-
c 
c ·x 
o 
<5 
u 
c 
W 

5 10 

LPS (0.5 mg) 
administration 
into ascending 
colon 

20 30 (min.) 

FIG. 6. Endotoxin concentration in portal blood after LPS administration to the ascending 
colon in chronic ethand-fed rats. Endotoxin levels in the portal vein were significantly higher in 
ethanol-fed rats 
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FIG. 7. Electron micrograph of the liver from a patient with alcoholic hepatitis. Many PMN cells 
are in close contact with the endothelial cell. Note a hepatocyte with a large Mallory body. X 3600 

from rats fed the same diet (8) . These studies indicate an impairment of the 
phagocytic function of Kupffer cells over a long period of alcohol intake. In fact, a 
strongly impaired uptake of colloidal particles for a liver scintigram is often observed 
in alcoholic hepatitis, and a clearance study using CsFe colloidal particles infused 
intravenously also demonstrated uptake to be seriously impaired. This clinical evi­
dence agrees with experimental studies. In addition, immune microscopy shows poor 
staining in Kupffer cells of alcoholic hepatitis patients using an antibody against LPS. 

An elevated IgA level in the serum is well known in alcoholic liver injuries, and our 
study revealed an elevated IgA class anti-LPS antibody in alcoholic liver injuries, 
suggesting that an elevated serum IgA is probably due to an increased absorption of 
antigenic substances including endotoxin from the colon. 

Although the impairment of intrahepatocyte transport of endotoxin in alcoholic 
liver injuries has not been explained in the literature, it seems very clear that 
endotoxemia seen in alcoholic liver injuries is mainly caused by an increased absorp­
tion of endotoxin from the intestine and a dysfunction of Kupffer cells. 

Endotoxemia, manifested or subclinical, probably plays an important role in the 
pathogenesis of alcoholic liver injuries because splenic macrophages stimulated by 
endotoxin produce large amounts of cytokines, including TNFa, which first flow into 
the liver. 

Alcoholic hepatitis is histologically characterized by a remarkable infiltration of 
polymorphonuclear (PMN) cells, which probably play an important role in the 
pathogenesis of alcoholic hepatitis. In this study, electron microscopy showed that 
numerous PMN cells appeared to be in close contact with sinusoidal endothelial cells 
(Fig. 7). They had also infiltrated through the sinusoidal wall toward hepatocytes, 
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FIG. 8. Electron micrograph of the liver from a patient with alcoholic hepatitis. A PMN cell 
infiltrating through the endothelial wall is reaching toward a hepatocyte which appears mark­
edly degenerated. X 5000 

which appeared to have degenerated (Fig. 8), suggesting an expression of adhesion 
molecules on the sinusoidal endothelial cells as well as the pathogenetic processes of 
alcoholic hepatitis. We have previously demonstrated an enhanced expression of 
ICAN-l on the cultured sinudoial endothelial cells induced by TN Fa or IL-l [9]. 

Thus, adhesion molecules on the sinusoidal endothelial cells seem to be expressed 
mainly by cytokines such as TN Fa flowing into the liver from the spleen. On the other 
hand, production of IL-8 in the liver is necessary for an accumulation of PMN cells. 
Our study has shown an increased induction of IL-8 in the liver tissue by TNFa. In 
fact, the numbers of infiltrated PMN cells in liver biopsy specimens and the serum IL-
8 values are shown to be well correlated [2] (Fig. 9), and serum values of IL-8 and 
TN Fa are important predictive factors in the prognosis of alcoholic hepatitis. 

Putting these data together, the mechanism of alcoholic hepatitis is suggested to be 
as follows. First, an increased absorption of endotoxin in the colon and a depressed 
uptake by Kupffer cells during alcohol abuse cause endotoxemia. Second, splenic 
macrophages stimulated by endotoxin release cytokines, including TNFa, which flow 
into the liver. The expression of adhesion molecules on the surface of sinusoidal 
endothelial cells or PMN cells is enhanced by TN Fa and other cytokines coming 
from the spleen. On the other hand, IL-8 is produced by TN Fa in the liver. This causes 
an accumulation of PMN cells in the liver, which adhere to the sinusoidal cells. 
Adhesion of PMN cells to the sinusoidal endothelial cells results in PMN passing 
through the sinusoidal wall and reaching the hepatocytes, and also in circulatory 
disturbance of the sinusoid. These are probably pathogenetic processes of alcoholic 
hepatitis [2] (Fig. 10). 
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Obstructive Jaundice 

Endotoxemia is often observed clinically in patients with obstructive jaundice without 
an accompanying infection of gram-negative bacteria. 

Our experimental study has demonstrated that compared with control rats, 
rats with extrahepatic obstructive jaundice show a large elevation of LPS in the 
portal vein after an injection of LPS into the colonic lumen [3], suggesting an 
increased absorption of endotoxin through the colonic wall in such pathological 
conditions. 

It is known that most toxic substances in the blood of patients with obstructive 
jaundice are increased levels of bile acids, and among the various bile acids, 
chenodeoxycholic acid has the most inhibitory effect on the phagocytosis of cultured 
Kupffer cells, and ursodeoxycholic acid has no effect on the function of Kupffer cells 
[10]. 

This experimental study indicates a dysfunction of Kupffer cells in obstructive 
jaundice. In fact, a CsFe colloid clearance study revealed that if clearance was clini­
cally delayed (Fig. ll), then the overloading of electron-dense materials in the cyto­
plasm of Kupffer cells, as demonstrated by electron microscopy, would be a cause of 
dysfunction (Fig. 12). 

In obstructive jaundice, impaired excretion of endotoxins by hepatocytes because 
of bile duct obstruction would be another factor in endotoxemia, in addition to an 
increased intestinal absorption of endotoxin and Kupffer cell dysfunction. 

FIG. 11. Colloidal CSFe clearance in 
patients with obstructive jaundice is 
strongly impaired 
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FIG. 12. Electron micrograph of the liver from a patient with obstructive jaundice. A Kupffer 
cell is seen to be enlarged and full of electron-dense material, representing a state of over­
loading. x 2000 

Primary Biliary Cirrhosis 

Primary biliary cirrhosis (PBC) is a progressive disease of medium-sized intrahepatic 
bile ducts, which is characterized by positive mitochondrial antibody and elevated 
IgM in the serum. 

In order to clarify the mechanism of elevated IgM in the serum, we investigated 
IgM-class anti-LPS antibody, which was shown to be significantly elevated [3] (Fig. 
13). This finding suggests an increased absorption of antigenic substances, including 
endotoxin. In addition, although we have described the importance of hepatocytes 
in the excretion of endotoxin, we have also demonstrated a remarkable accumula­
tion of endotoxin in the intrahepatic bile duct, which disappeared after 
unsodeoxycholic acid (UDCA) administration [11]. 

It is not clear whether or not the accumulation of endotoxin in the intrahepatic 
bile duct is a primary cause of PBC. However, an accumulation of lymphocytes 
around the intrahepatic bile duct may be caused by a leak of endotoxin accumulated 
in the bile duct to the portal areas. Our study has also shown numerous IgM-positive 
plasma cells accumulated around the bile duct in PBC, suggesting that endotoxin 
leakage to the portal area is the cause of elevated IgM-class anti-LPS antibody in this 
disease. 
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FIG. 13. IgM class anti-lipid A antibody in various liver diseases. The antibody was strongly 
elevated in PBC. The number of patients is shown in parentheses. N.c., normal control; PBC, 
primary biliary cirrhosis; IHC, intrahepatic cholestasis; LC, liver cirrhosis; CH, chronic hepatitis. 
*P < 0.05; **P < 0.01 

Conclusion 

The important roles of the intestine and the spleen have been shown by demonstrat­
ing examples of alcoholic hepatitis, obstructive jaundice, and primary biliary cirrho­
sis, and endotoxin seems to play a key role in the pathogenesis of these diseases. 
Future research into liver disease should pay more attention to the neighboring 
organs. 
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Summary. Hepatic sinusoidal endothelial cells differ from other endothelial cells. 
They possess open fenestrae that are grouped in sieve plates and lack a basal lamina. 
Fenestrae measure about 150 nm, occur at a frequency of 9-13/mm2, and occupy 6%-
8% of the endothelial surface (porosity). These filter characteristics determine the 
exchange between the blood and the parenchymal cells, and are influencing the 
transport of lipoproteins including cholesterol and vitamin A. Forced sieving and 
endothelial massage are thought to enhance the passage oflipoproteins and to refresh 
the fluids in the space of Disse. Alcohol, nicotine, and other agents affect fenestrae in 
different ways and contribute either to fatty liver or hyperlipidemia. Furthermore, 
sinusoidal endothelial cells have: 1) a large capacity for pinocytosis via coated pits and 
macropinocytotic vesicles, 2) a variety of adhesion molecules, and receptors (scaven­
ger, hyaluronan, collagen, Fc), and 3) a large capacity to digest material by numerous 
lysosomes. Endothelial cells secrete a limited amount of cytokines, but are vulnerable 
to products released by Kupffer cells, as in the case of endotoxemia or liver preserva­
tion. Capillarization of sinusoids includes the loss of fenestrae and the formation of a 
basal lamina and occurs in pathological conditions. 

Introduction 

Investigations by transmission (TEM and scanning SEM) electron microscopy have 
resulted in detailed descriptions of sinusoidal cells of the liver, together with their 
reactions in normal and experimental conditions [93, 217, 221-225]. Biochemical 
studies implied isolation, purification, and culture of these cells [111-113]. At present, 
studies are focused on the molecular biology and the clinical aspects of this intriguing 
class of cells [54, 204, 205, 209], making it clear that a number of important hepatic 
functions and pathogenetic mechanisms reside in sinusoidal cells. 

In the 1960s and 1970s, textbooks of histology described sinusoids as bordered by 
undifferentiated endothelial lining cells, able to differentiate into Kupffer cells when 
activated by a proper stimulus. Electron microscopy in combination with the method 
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1090 Brussels-Jette, Belgium 

17 



18 E. Wi sse et al. 

of perfusion fixation clarified this situation and provided evidence that a normal 
hepatic sinusoid is inhabited by four different types of cells [234]: endothelial cells 
[190,222], Kupffer cells [223,224], fat-storing cells [92,93,217,218], and pit cells [225, 
233, 235, 236]. These cells are located in and around the hepatic sinusoid; each cell 
type has its own identity, as expressed in different morphology and function in 
experiments and disease. Transitional forms between the cells have never been 
observed and are supposed to be absent. 

Endothelial cells of the hepatic sinusoid have been characterized morphologically 
by TEM [221,222] and on the molecular level by their content of enzymes, mRNA, 
surface antigens, receptors, adhesion molecules, and recognition by specific anti­
bodies [52, 151]. There have been suggestions for further subdivision of hepatic 
endothelial cells on the basis of size, density, support for the development of 
hemopoietic cells [31], and interleukin-l (lL-1) binding capacity [9]. One must 
take into account, however, that the liver harbors many different types of endothelial 

FIG. 1. The hepatic liver lobule in a glutaraldehyde-perfusion fixed rat liver, dehydrated in 
alcohol and freeze-fractured in alcohol at the temperature ofliquid nitrogen, then critical point­
dried and sputter-coated with gold. To the left side, a branch of the portal vein (PV); to the right 
a branch of the central vein (CV) . Notice the absence of connections (inlets) to sinusoids in the 
portal vein, and the abundance of sinusoidal connections in the central vein. Sinusoids close to 
the portal vein are narrow and tortuous, whereas the sinusoids close to the central vein become 
more straight and parallel. (X340) 
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cells in different locations, i.e., arteria, portal vein, sinusoids, central vein (Fig. 1), 
and lymphatic vessels, meaning that endothelial cells are involved in the 
microcirculation and in lining the large vessels. Once endothelial cells are isolated 
from the liver, it is not unthinkable that endothelial cells from these different loca­
tions are collected in suspension. Endothelial cells in different types of vessels in the 
liver, however, seem to share positive staining for vimentin [119) . 

FIG. 2. Scanning electron microscope micrograph (SEM) of a rat liver sinusoid, prepared as in 
Fig. 1. The endothelial lining shows numerous fenestrae. Within the space of Disse, microvilli 
can be seen (arrows) . At the top right, a bundle of collagen fibrils (c) is lying close to droplets 
(asterisk), probably fat droplets of a fat-storing cell. Within the frozen-fractured parenchymal 
cells, organelles are barely seen. L, lumen of the sinusoid. (x 11 700) 
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Description of Endothelial Cells 

Endothelial cells of the hepatic sinusoid are flat cells, forming the lining of the 
sinusoidal wall. Their thin, flat processes of cytoplasm are spread out and contain 
fenestrae, clustered in groups to form sieve plates (Fig. 2). Thicker cytoplasmic 
arms, containing pinocytotic vesicles, mitochondria, lysosomes, and other organelles, 
are interspersed between these thin, flat parts. The endothelial cells encircle the 

FIG. 3. A hepatic sinusoid of rat liver, fixed by perfusion fixation with glutaraldehyde, postfixed 
in osmium, dehydrated in alcohol, and embedded in Epon. The lumen of the sinusoid (L) is 
lined by the endothelium (e), showing the presence of fenestrae (arrowheads). The space of 
Disse (sD) contains numerous microvilli of the parenchymal cells together with small pieces of 
cytoplasm of fat-storing cells (asterisks). Within the parenchymal cells, different organelles can 
be seen, such as mitochondria, cisternae of the rough endoplasmic reticulum, and glycogen. 
(X17125) 
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sinusoidal lumen and form cylindrical structures all by themselves, and are arranged 
as single cells in a row to form the typical liver capillary, the sinusoid. The term 
"sinusoid" seems to stem from a French embryology study performed in the last 
century, giving the liver capillaries this particular and lasting name. There is reason 
enough to maintain the special name, because the structure and function of this 
capillary differs from all other capillaries in the body. Other organs, such as the spleen 
and the bone marrow which are often mentioned together with the liver as 
reticuloendothelial system (RES) organs, might contain comparable sinusoids, but 
this is not clear at the moment. 

There are, in normal conditions, certainly no discontinuities or open spaces be­
tween sinusoidal endothelial cells. Free access of fluid, solutes, droplets, and particles 
from the lumen toward the space of Disse and vice versa is solely provided by 
fenestrae (Fig. 3). Membrane contacts between endothelial cells are not showing 
any peculiar structure; cells touch and are apparently glued together by adhesion 
molecules without any visible structural component such as a zonula or macula 
adherens. Cell membrane contacts occur between thin rims of cytoplasm; they are 
therefore also very limited in contact surface and probably do not provide enough 
space for gap junctions. Obviously, endothelial cells are supported by branched arms 
of fat-storing cells [233,246], which are closely apposed to the backside of endothelial 
cells by flat surfaces of their branched cytoplasmic arms, which surround the 
endothelial cells as (contractile) pericytes. It is therefore believed that hepatic 
endothelial cells are not very firmly attached to other cells in the tissue and are not 
metabolically coupled to each other as endothelial cells elsewhere are. 

Although minute amounts of basal lamina components can be detected within the 
space of Disse by immunocytochemistry [39], a clear basal lamina structure is missing 
[221,222,230]. Sometimes small fragments of basal lamina-like material can be seen, 
mostly in between endothelial cells and fat-storing cells. Kupffer cells and pit cells 
attach to endothelial cells without showing specialized cell junctions. Kupffer cells 
and pit cells are mobile and motile cells, being able to change their shape and also to 
attach to endothelial cells and actively move away from a particular position. Also, 
they are able to (partly) replace endothelial cells by inserting themselves into the 
endothelial lining. Kupffer cells and pit cells might even extravasate and penetrate the 
space of Disse or the tissue, as occurs in some experiments or diseases. 

In addition to fenestrae, other specialized structures of hepatic sinusoidal 
endothelial cells are the pronounced components of the vacuolar apparatus, showing 
a variety of vacuolar and vesicular structures, such as bristle-coated pinocytotic vesi­
cles, uncoated vesicles of comparable size, bristle-coated Golgi vesicles, macrop­
inocytotic vacuoles, electron lucent vacuoles, and vacuoles of the same size with 
increasing electron density up to and including numerous electron-dense lysosomes 
(Fig. 4). By morphometry it was determined that hepatic endothelial cells possess 
about 45% of the volume of pinocytotic vesicles in the liver, which points to an 
extreme specialization, because the cells take only about 3% of the tissue volume [21]. 
The lysosomes of endothelial cells contribute 17% to the total lysosomal volume [21]. 
Compared with other endothelial cells in the body, the hepatic endothelial cells are 
extremely specialized in pinocytosis and digestion and can therefore be considered 
members of the RES. 

Uptake by bristle-coated vesicles and macropinocytotic vesicles of endothelial 
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FIG. 4. Transmission electron microscope (TEM) micrograph of an endothelial cell in rat liver. 
Apart from the large nucleus (N), we observe a small Golgi apparatus, cisternae of the rough 
endoplasmic reticulum, a dense body (lysosome), and thin processes containing fenestrae 
(arrowheads). In the parenchymal cells, packed cisternae of rough endoplasmic reticulum are 
present, next to mitochondria, peroxisomes, and glycogen. L, lumen of the sinusoid; sD, space 
of Disse. (x 17125) 
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FIG. 5. Macropinocytotic vacuoles (asterisks) of endothelial cells, 3 min after i.v. injection of 
particles consisting offerric oxyhydroxide citrate (Ami-25, see [231]), showing the presence of 
these particles within their lumen. The peculiar shape and position of the vacuole at the right 
side is typical for early stages of macropinocytotic vacuole formation. It is thought that these 
vacuoles are not a product of the fusion of bristle-coated micropinocytotic vesicles, because the 
vacuoles already contain particles 3 min after injection. This time interval seems too short to 
form such vacuoles by fusion of bristle-coated micropinocytotic vesicles. Other organelles in 
this micrograph are several Golgi apparatuses (Ga) and a part of the nucleus (N). L, lumen of the 
sinusoid. (X48000) 

cells (Figs. 5-7) has been demonstrated for a number of small, colloidal particles, such 
as thorotrast, saccharated iron oxide, ferric oxyhydroxide citrate (Ami-25), latex 
«0.1 !lm), colloidal gold, antimony sulfide, and horseradish peroxidase [222,226). In 
a period of 10 to 30 min after the initial uptake, particles are found in round electron 
lucent vacuoles, which gradually fuse or develop into vacuoles with increasing den­
sity, until particles are found in real electron-dense lysosomes. In conditions of 
particle overload, when large amounts of circulating small colloidal particles are 
ingested by the RES, endothelial cells can show images of extensive storage. This 
storage consists of rounded conglomerates of particles with a diameter comparable to 
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FIG. 6. Two macropinocytotic vacuoles (asterisks) at 15 min after i.v. injection of the particles 
shown in Fig. 5. More particles have accumulated and have formed condensed material in the 
vacuoles, which have become rounded. Some bristle-coated micropinocytotic vesicles also con­
tain particles (arrows). L, lumen of the sinusoid. (X74000) 

FIG. 7. TEM micrograph of an endothelial cell, showing macro pinocytotic vacuoles (asterisks) 
near vacuoles with increasing electron density and dense bodies (db, lysosomes). F, fenestrae; L, 
lumen of the sinusoid. (X50000) 
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the size oflysosomes; the conglomerates aggregate in membrane-bound clusters (Fig. 
8). These conglomerates are larger than regular lysosomes and are supposed to repre­
sent residual bodies [222,226]. Significant differences in long-term handling of these 
substances occur between Kupffer cells and endothelial cells [232]. Other substances, 
taken up by endothelial cells, include fluorescently labeled collagen [84], acetyl-low 
density lipoprotein (LDL) [10], and Ox-LDL [44]. In the case of degradable sub-

FIG. 8. TEM micrograph of an endothelial cell in rat liver, one month after the i.v. injection of 
particles, as in Figs. 5-7. At longer time intervals, lysosomes in endothelial cells form residual 
bodies, in which rounded aggregates of particles, with a diameter comparable to that of 
lysosomes, cohere to form a conglomerate. It is thought that these conglomerates are present for 
a very long time because of the indigestible nature of the particles. The space of Disse (sD) and 
a fat-storing cell process (asterisk) are seen. L, lumen of the sinusoid. (X72000) 
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stances, digestion has been demonstrated after 1 h [107]. So far, little evidence exists 
on the possibilities to modulate the endocytotic capacity of endothelial cells, although 
it has been reported that IL-l transiently enhances endocytosis by endothelial cells 
[128]. Is endothelial endocytosis a steady-state process with a fixed timetable? 

Sometimes endothelial cells seem to function as preprocessing units for par­
enchymal cells, as in the case of lipoproteins, leading to the hydrolyzation and release 
of cholesterol, subsequently transported to parenchymal cells, where it is converted 
into bile acids [10]. Transferrin is desialylated by endothelial cells and also is trans­
ferred to parenchymal cells [135]. Endothelial cells possess membrane-bound lipase 
that has phospholipase and triacylglycerol hydrolase activity and metabolizes inter­
mediate density lipoprotein (IDL) and high density liproprotein (HDL) [6] . Also, the 
specific receptor and uptake activity of endothelial cells might bring them in some 
cases in competition with Kupffer cells, for instance when glucocerebrosidase is 
administered i.v. to treat Gaucher's disease, in which case endothelial cells take up 
60% of the injected compound, whereas the Kupffer cells suffer from the enzyme 
deficiency and take up less than 10% [18]. 

L 
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FIG. 9. TEM micrograph of an endothelial cell of rat liver, showing the presence of a tubular 
network of smooth endoplasmic reticulum. The tubules of smooth endoplasmic reticulum are 
continuous with cisternae of the rough endoplasmic reticulum (arrow) . Other structures are a 
part of the nucleus (N), mitochondria (showing cristae parallel to the surface of the section 
[asterisk)). In the space of Disse, a bundle of collagen fibrils and a fragment of a basal lamina can 
be seen (arrowheads). L, lumen of the sinusoid. (X25000) 
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Organelles, as found in all other cells, are present in endothelial cells. The nucleus 
bulges into the lumen of the sinusoid, which contributes to interaction with red and 
white blood cells passing by [231]. These cells may be temporarily retarded or stopped 
in their flow through the sinusoid. Other organelles include mitochondria, a Golgi 
apparatus, rough endoplasmic reticulum, and smooth endoplasmic reticulum, form­
ing a peculiar tubular network (Fig. 9), centrioles, and a well developed cytoskeleton, 
consisting of microtubuli and microfilaments. Within the nucleus, a nucleolus and 
sometimes a sphaeridium [222] are to be recognized. Peroxisomes, Weibel-Palade 
bodies, or secretion granules are not found in rat sinusoidal endothelial cells; 
endothelial cells in other species, however, might show the presence of W eibel-Palade 
granules. 

Preparation of Endothelial Cells 

Endothelial cells seem to be vulnerable cells, a fact which becomes obvious during 
preparation for electron microscopy (EM) [221] and during procedures for liver 
transplantation [66, 165]. Endothelial cells are apparently sensitive to ischemia and 
elevated pressure. Preparation for EM should preferably be performed by perfusion 
fixation with an osmotically balanced fixative, containing 1 %-2% glutaraldehyde at 
physiological pressure (12 cmH20) at room temperature for 1 min through the portal 
vein, starting within seconds after laparotomy and cannulating the portal vein [229]. 
This seems obligatory to preserve the fine structure of the endothelial lining, such as 
intact fenestrae and sieve plates [22l, 229, 230]. With retarded perfusion, or immer­
sion fixation, the endothelial lining will develop large, irregular gaps. The endothelial 
cytoskeleton probably is destabilized and fenestrae fuse and create gaps. 

Endothelial cells can be isolated by collagenase perfusion of the liver, isopycnic 
sedimentation in a two-step Percoll gradient, and selective adherence. The obtained 
purity and viability reaches 95% [23], whereas the yield is about 2.4 X lO6 cells/g rat 
liver. Endothelial cells in culture display their normal morphologic and functional 
characteristics, such as fenestrae and pinocytotic vesicles. They also respond to agents 
such as alcohol by increasing fenestrae diameter, and serotonin by decreasing 
fenestrae diameter [23, 25, 33, 197]. The distribution and clustering of fenestrae 
in sieve plates seems to become diffuse in some isolated cell preparations [42]. 
Endothelial cells cultured on type I collagen gels formed a cobblestone layer on the 
surface of the gel. Cells cultured on laminin-containing type I collagen gels invaded 
the gel and exhibited tube formation with a low number of fenestrae. Endothelial cells 
cultured on Matrigel had many fenestrae and formed tubes (l0r-tm) [185]. All this 
indicates that extracellular matrix components are also determining the phenotype of 
endothelial cells. 

Fenestrae 

An obvious function of endothelial cells seems to be sieving, in particular, sieving of 
the fluids exchanged between the sinusoidal lumen and the space of Disse [86]. 
Fenestrae have been visualized after perfusion fixation of livers with TEM and SEM 
and without chemical fixation in freeze-etch preparations of fresh liver tissue [221]. 
Recently, we were able to visualize fenestrae by atomic force microscopy (AFM) in 
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cultured endothelial cells, briefly fixed and still in fluid [25]. Attempts to visualize 
fenestrae in living endothelial cells by AFM were only very occasionally successful, 
because these endothelial cells were found to be very vulnerable and soft compared 
with a number of other cell types [25]. This is an amazing experience, because one 
might expect sinusoidal endothelial cells to be quite strong to be able to resist the 
continuous friction with red and white blood cells. Filtering of fluids by the 
endothelial lining sets restrictions on the passage oflipoproteins, but may also restrict 
passage of other droplets and particles such as viruses and infecting agents. 
Lipoproteins concern chylomicrons and their remnants, transported from the lumen 
to the space of Disse, and very low-density lipoproteins (VLDL) from the space of 
Disse to the sinusoidal lumen. Chylomicrons have sizes equal to and larger than 
fenestrae, whereas remnants and VLDL have sizes equal to and smaller than fenestrae. 

The most accurate measurements of fenestrae diameter have been performed with 
TEM preparations; SEM specimens shrink during preparation and change their meas­
ures by about 30%. Endothelial fenestrae in plastic-embedded sections measure 150-
175 nm in TEM, and occur at a frequency of 9-l3 per ~m2 in SEM and occupy 6%-8% 
of the total endothelial surface (i.e., porosity) in SEM preparations [230] . In SEM 
preparations, fenestrae diameter decreases from III nm to 105 nm on a periportal-to­
pericentral gradient, whereas the number varies from 9 to l3 per ~m2 in the same 

FIG. 10. SEM micrograph of an endothelial cell treated with latrunculin A, showing a substan­
tially increased number of fenestrae. Cytoplasmic arms divide flat fields containing numerous 
fenestrae. The bulging area contains the nucleus (N) and shows many coated pits. (x 10000) 
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direction, thereby increasing the porosity from 6% to 8% (230). It is not well under­
stood why a higher porosity is seen in the centrolobular areas, because the level of 
metabolic activities in this area seems to be lower. The diameter of fenestrae can be 
influenced by agents such as serotonin, CC14, alcohol, nicotine, pantethine, and pres-
sure [23,25,33,62,63,86,227). , 

Detergent-extracted whole mounts (Fig. 10) of slightly fixed, isolated endothelial 
cells studied with TEM, showed that fenestrae are delineated by a filamentous, 
fenestrae-associated cytoskeleton ring with a thickness of 16 nm (Fig. 11), whereas 
sieve plates are surrounded and delineated by a ring-like orientation of microtubuli 

FIG. II. TEM micrograph of a whole mount of a control (untreated) endothelial cell after 
isolation, purification, and culture for a short period on a formvar-coated EM grid. Numerous 
fenestrae are seen, many of which are arranged in rows or sieve plates. Bundles of 
micro filaments fix the rows of fenestrae (arrowheads) in the peripheral cytoplasm. The central 
dark area contains the nucleus, the contours of which are not shown. (X2125) 



30 E. Wisse et al. 

[24]. Ethanol enlarged the diameter of these rings, whereas serotonin reduced it [24]. 
The rings become thinner in relaxation and thicker when contracted. The fenestrae­
associated cytoskeleton ring therefore seems to act as a supporting structure and 
"muscle" around fenestrae. Because the fenestrae-associated cytoskeleton ring opens 
and closes like fenestrae in response to ethanol and serotonin treatment, it is sug­
gested that the fenestrae-associated cytoskeletal ring is composed of a contractile 
protein, most probably regulating the size-changes of the fenestrae. With regard to 
fenestrae contraction, myosin and actin might be involved, as it has been demon­
strated that activation of myosin light chain kinase and protein kinase C occurs in 
response to serotonin [8]. This contraction is associated with a rapid influx of CaH , 

which is dependent on extracellular CaH [27, 71]. 

FIG. 12. TEM micrograph of a whole mount of an in vitro-cultured endothelial cell, showing the 
fenestrae-associated cytoskeleton rings (arrows) and branching and connecting filaments in the 
extracted cytoplasm. (X270000) 
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An intriguing phenomenon occurs when endothelial cells are treated with agents 
that interfere with the actin cytoskeleton. A number of these substances, such as 
cytochalasin B, latrunculin A (Fig. 12), misakinolide and jasplakinolide were tested 
with endothelial cells in vitro. These substances have different specific reaction 
mechanisms with actin monomers or filaments, but share their ability to disturb the 
actin cytoskeleton. They all induce, within half an hour, a doubling of the number of 
fenestrae, each provided with a (newly formed?) fenestrae-associated cytoskeleton 
ring [24,26). Latrunculin A seems to be one of the most powerful agents, because its 
effect was obtained at concentrations about 100 times lower than cytochalasin B [26). 
Apparently, the cytoskeleton determines the numerical dynamics offenestrae [26). 

Sieving 

The fenestrated lining blocks the passage of particles such as chylomicrons and their 
remnants [45, 143,237). In unweaned baby rats, numerous chylomicrons were seen in 
the space ofDisse [143). The average size offenestrae in these baby rats, as studied by 
TEM, was 130 nm with a maximum of 250 nm, and the values for remnants within the 
space of Disse were 120 nm (average) and 250 nm (maximum). When adult rats were 
fed corn oil, fenestrae were found to have an average size of 185 nm, with a maximum 
of 400nm, whereas remnants within the space of Disse were 160nm (average) and 
450nm (maximum) [45). Larger chylomicrons were found in the portal blood. These 
data clearly prove the sieving effect of endothelial fenestrae. In addition, lecithin­
coated polystyrene beads measuring 140nm were observed within the space of Disse 
and in the parenchymal cells [102). 

There are two important physiological consequences connected to the selective 
admission of lipoproteins to the space of Disse, both of which concern their choles­
terol and vitamin A content. During circulation, chylomicrons selectively lose most of 
their triglycerides in the tissues, thereby becoming relatively enriched in cholesterol 
and cholesterol esters, in the meantime forming remnants with a smaller diameter, 
allowing their entrance into the space of Disse [65, 230]. The influx of cholesterol 
in parenchymal cells is therefore determined by the size and frequency of fenestrae 
and by parenchymal cell surface receptors for remnants. Furthermore, the uptake of 
cholesterol inhibits the de novo synthesis of cholesterol in parenchymal cells and 
contributes to both the production of bile acids and the synthesis of lipoproteins 
(VLDL). It is known that chronic alcohol abuse influences the diameter and frequency 
of fenestrae, at the same time affecting the metabolism of lipoproteins and vitamin A 
[65). A short-time effect of alcohol is an increase in the diameter of fenestrae, allowing 
larger chylomicrons to transport their contents to the parenchymal cells, thereby 
contributing to the development of fatty liver [33). Chronic alcohol abuse 
defenestrates the endothelial lining [86), resulting in hyperlipidemia [36) and inhibi­
tion of the transport of cholesterol and vitamin A to parenchymal and fat-storing 
cells. This phenomenon will turn sinusoids into capillaries with a continuous 
endothelial lining and a basal lamina. 

A second important consequence of the selective admission of lipoproteins is the 
transport of vitamin A to the parenchymal and fat-storing cells [20,85). Vitamin A 
determines the differentiation or activation of fat -storing cells, and when the influx of 
retinoids is interrupted, fat-storing cells develop into activated myofibroblasts, syn-
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thesizing enormous amounts of extracellular matrix, causing fibrosis. The fenestrae 
are therefore thought to play an important role in the balance and distribution of 
lipids, cholesterol, and vitamin A, and are thought to playa major role in the develop­
ment of liver cirrhosis. 

It is known that rabbits have smaller fenestrae than rats [237], which might explain 
why rabbits are more sensitive to atherosclerosis, supposing they have equally sized 
circulating lipoprotein particles. Smaller fenestrae cause cholesterol-rich remnants to 
circulate longer before they are taken up by the liver. Partial (66%) hepatectomy 
induces a 10-fold increase in porosity of the endothelial lining and induces a 
20-fold increase of fat-droplet volume in parenchymal cells [141]. Endotoxin 
(lipopolysaccharide, LPS) administration also decreased fenestration and accentu­
ated the alcohol alterations [176]. Nicotine narrows the fenestrae [62], which might 
contribute to coronary disease, because of the effect on the distribution of cholesterol. 

Sinusoids, Forced Sieving, and Endothelial Massage 

The word "sinusoid" seems to be composed of the Latin word sinus (a hollow) and the 
ancient Greek word eidos (form) [l31]. The development of adult-type sinusoids is 
initiated at the 10th week of gestation and is completed by 20 weeks [39]. The rat liver 
sinusoid is a quite narrow type of capillary, with a diameter in the range of 5 to 7!tm 
[230] or 7 to lO!tm [15], depending on the method of measurement. The sinusoidal 
lumen occupies about 11 % of the tissue volume, whereas the space of Disse takes 
about 5% of the tissue volume [21]. Narrow and tortuous sinusoids are found in the 
periportal area, whereas the sinusoids in the centrolobular region are wider and are 
arranged in a more parallel way. In SEM preparations, the wall of a small portal vein 
branch shows very few connections to sinusoids, whereas the wall of a central vein 
seems perforated with connections to sinusoids. In central veins, we sometimes 
observe a central bar occluding the outlet orifice of a sinusoid. 

White blood cells often exceed the size of a sinusoid [230], resulting in regular, 
mechanical interaction between blood cells and the sinusoidal wall, causing retarda­
tion of flow or even plugging, as can be seen by in vivo microscopy (IVM). The 
occurrence of this type of interaction resulted in the postulation of two hypotheses: 
endothelial massage and forced sieving, which might occur together [230]. These 
hypotheses result from measurements of sinusoids and blood cells, together with IVM 
observations, indicating that red and white blood cells are in fact too big for sinusoids 
and therefore interact with the endothelial lining (Fig. l3) [230]. The hypotheses are 
considered to explain the driving forces behind the exchange of particles and fluids 
between the sinusoidal lumen and the space of Disse. Forced sieving promotes the 
transport oflipoprotein particles into the space ofDisse, whereas endothelial massage 
supports the refreshing, mixing, and transporting of fluids contained within the space 
of Disse [230]. 

Forced sieving starts from the observation that blood flow in hepatic sinusoids 
consists of a slowly moving row of single red blood cells, separated by small volumes 
of plasma. By IVM, it is seen that red blood cells easily deform and constantly adapt 
to the size and shape of the sinusoid while flowing, thereby filling the lumen and 
occluding the separated volumes of plasma. Lipoproteins in these shifting fluid 
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parenchymal cell 

parenchymal cell 

FIG. 13. Schematic explanation of the behavior of red and white blood cells within the hepatic 
sinusoid. Red blood cells are soft and pliable and therefore adapt their size and shape to the 
endothelial lining while flowing through a sinusoid. White blood cells are provided with a 
nucleus and a cytoskeleton, which make the cells less easy to deform and lets them regularly 
plug or interrupt flow while passing through the sinusoid. This behavior leads to two hypoth­
eses, thought to be important for liver physiology, Le., forced sieving and endothelial massage. 
See the text for further explanation. Psc, fat-storing cell; end, endothelium; SD, space of Disse 

compartments are vibrating in Brownian motion and will frequently be limited (one­
sidedly) in their random movements by red blood cells. This interference is thought to 
enhance the chances of particles escaping through fenestrae into the space of Disse, 
especially when they are stuck in the limited zone of shear and friction forces between 
the red cell membrane and the surface of endothelial cells [230]. It is supposed that the 
particles roll between red blood cells and the endothelial cells surface, until they pass 
into fenestrae and disappear into the space of Disse. It is not unthinkable that these 
lipoprotein particles function as lubricating ball bearings during the passage of blood 
cells, keeping them at the same time at a little distance from the endothelial cell 
membrane to avoid membrane-to-membrane wear and shear. 

Endothelial massage results mainly from the interaction of white blood cells (WBC) 
with the endothelial wall. WBC have a nucleus and cytoskeleton, which makes them 
relatively stiff as compared to the very flexible red blood cells. In IVM it is seen that 
WBC regularly plug periportal sinusoids, where they interrupt or retard blood flow. 
The size ofWBC in IVM has an average value of8.5 rtm with a maximum of 12-13 rtm 
for monocytes and polymorphs (PMN), whereas sinusoids measure between 6 and 
7rtm in IVM [230]. Therefore, WBC have quite an impact on the endothelial lining, 
which they are supposed to compress together with the space of Disse. Compression 
of the space of Disse seems easy, because the microvilli on top of the parenchymal 



34 E. Wisse et al. 

cells do not contain bundles of actin micro filaments and are not supposed to be rigid, 
like microvilli of the brush border of intestinal epithelial cells. WBC, however, have a 
shape and rigidity of their own, unlike red blood cells, and do not easily adapt to the 
size and shape of the sinusoid. Therefore, they get stuck in narrow, periportal 
sinusoids and impress a part of the endothelial lining and the space of Disse, depend­
ing on their shape and position in that particular sinusoid. Impression of the space of 
Disse causes displacement of fluids, which escape through the nearby fenestrae. It is 
also observed by IVM that this situation is solved by unplugging, during which the 
WBC change their shape or attach to the lining and move away from the spot. After 
this, the endothelial lining and the space of Disse will resume their normal shape and 
fresh fluids will enter the space of Disse. 

Flow resistance decreases from periportal to centrolobular areas. The narrow diam­
eter and the tortuous path of sinusoids and resistance factors appear to contribute to 
the slow velocity in the periportal area [115]. Owing to the narrowness and the 
tortuosity of the periportal sinusoids, the interaction with WBC is greatest in the 
periportal region [228], and by that interaction they contribute to the metabolism in 
the periportal region. 

Receptors 

A number of substances are taken up by receptor-mediated endocytosis of endothelial 
cells: transferrin, ceruloplasmin, transcobalamine II, glucosaminoglucans, modified 
HDL and LDL, formaldehyde-treated serum albumin (FSA), liver lipase, collagen, 
remnant Apo E, VLDL, horseradish peroxidase, hyaluronic acid, chondroitin sulfate, 
lysosomal hydrolases, invertase, amylase A, asialo-orosomucoid, and ovalbumin [43, 
55, 162, 163, 188]. 

Human sinusoidal endothelial cells, but not vascular endothelium, possess CD32/ 
Fc receptors but there seems to be no direct evidence for antigen presentation by these 
cells [182,208]. The monoclonal antibody 2E1 against the Fc receptor II reacts with 
sinusoidal endothelial cells except in the periportal area [142]. Fc receptors, found 
along the sinusoidal endothelial cells, decrease after GaIN injury [94]. Circulating 
immune complexes were found to be ingested by Kupffer cells and endothelial 
cells according to the Fc receptor distribution [2, 94, 117]. In Kupffer cell-depleted 
or -defective rats, i.v. injected soluble aggregates of IgG, IgA, or IgM and 
immunocomplexes were cleared by Fc-receptor-mediated endocytosis in endothelial 
cells [22, 35, 195]. Endothelial cells can take up serum immunoglobulin, and its 
excessive storage results in the formation of cytoplasmic inclusions that are easily 
recognized in light microscopical preparations and which immunostain strongly with 
anti-immunoglobulin (Ig)G, IgA, and IgM antibodies and disappear by corticosteroid 
therapy [96]. 

The CDl4 molecule, the receptor for lipopolysaccharide (LPS)-binding protein, is 
present on normal human liver sinusoidal endothelial cells but not on vascular 
endothelium [145, 182]. This LPS-binding protein receptor and the receptor III for the 
Fc fragment of IgG show heterogeneous distribution within the liver lobule and are 
not, or are barely, expressed in periportal areas [183]. 
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The scavenger receptor is concentrated on hepatic endothelial cells and mediates 
an ultrarapid clearance of certain substances by endothelial cells. As an example, 
80% of the NH2-terminal propeptide of type I procollagen [l33] disappeared with a 
plasma half-life of 0.6 min. Other substances taken up by the scavenger receptor are: 
acetylated-LDL [108, 212], formaldehyde-treated albumin [99], collagen [127], 
glycation end products of bovine serum albumin (BSA) [192]' and acetaldehyde­
modified proteins [207]. Polyinosinic acid is being used in these experiments as an 
inhibitor for the scavenger receptor [99]. Uptake of acetylated-LDL by endothelial 
cells is highly specific and can be used, in its fluorescent-labeled form, to recognize 
endothelial cells in the tissue or in mixed cultures. 

The mannose receptor rapidly clears substances such as mannose-terminated 
ovalbumin [lOS, 196], mannosylated albumin [107], N-acetyl galactosamine [175], 
ricin [123], the C-terminal propeptide of type I procollagen [189], and tissue-type 
plasminogen activator [184]. Coated vesicles are clearly involved in receptor­
mediated endocytosis, as becomes evident by treating the cells with 150 mM sucrose, 
which inhibits endocytosis in endothelial cells through coated pits, at the same time 
inhibiting receptor-mediated uptake of ricin by mannose receptors [123]. IL-1 and 
tumor necrosis factor (TNF-)a increase the uptake mediated by the endothelial 
mannose receptor [9, 127]. In contrast to the mannose-specific uptake of a number of 
substances by endothelial cells, it seems that uptake by parenchymal cells and Kupffer 
cells is mainly galactose-specific. There seem to be more mannose receptors on 
endothelial cells than on Kupffer cells. 

It was found that part of the endocytotic capacity of endothelial cells is directed to 
retroendocytosis. This process is based on incomplete dissociation of ligands from 
receptors before receptor recycling to the cell surface [124] and involves partial 
processing of ingested molecules instead of a total digestion within lysosomes. 
Endocytosed ricin, which inhibits protein synthesis in endothelial cells, is recycled to 
the cell surface by retroendocytosis [123]. The rate of retroendocytosis was about four 
times higher in endothelial cells than in parenchymal cells. Binding to the scavenger 
receptor, however, decreases retroendocytosis. 

The uptake of hya1uronan by endothelial cells is receptor-mediated [64]. The clear­
ance of hyaluronic acid appears to be a useful test for liver endothelial cell function 
[46, 89, 191]. Uptake of hyaluronan by endothelial cells is inhibited by antibodies 
against a 100 kDa cell surface protein [60] and by heparin, which is competing for the 
receptor [46]. The endothelial hyaluronan receptor consists of two polypeptides (166 
and 175kDa) forming an oligomeric structure [239-241]. In addition, rat liver 
endothelial cells express CaH -dependent hyaluronan-binding activity, distinct from 
the CaH -independent hyaluronan receptor [240]. The clearance of hyaluronic acid, or 
abundance of the substance in perfusion fluids or circulating blood, seems to correlate 
well with endothelial damage after cold ischemia for liver preservation and/or warm 
reperfusion injury for liver transplantation [91, 186,202,242]. The effects of LPS on 
the clearance or abundance ofhyaluronan in circulation are less clear. Some authors 
report enhancement of hyaluronan uptake [64]; others state that Kupffer cell activa­
tion by LPS results in suppression of hyaluronan uptake by sinusoidal endothelial 
cells [47]. Elevated plasma levels of hyaluronan in septicemia could not be attributed 
to a change in receptors on endothelial cells [64]. 
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Other receptors, reported to occur on hepatic endothelial cells, are receptors for 
estradiol [l37], estrogen [2l3], thromboxane A2 [90], IL-1 [3], ceruloplasmin [157], 
transferrin [158], flt-1 and KDR/flk-1 [140], and vascular endothelial growth factor 
[238]. Besides specific uptake of certain classes of molecules, endothelial cells have the 
capacity to endocytose all kinds of small particles up to the size ofO.1llm [226]. The 
binding and endocytosis of much larger particles by endothelial cells, i.e., apoptotic 
bodies, was reported to also involve carbohydrate-specific receptors [50]. 

We might conclude, regarding the enormous and variate capacity of endothelial 
cells for endocytosis, that these cells have the task of protecting the circulation from 
components of the extracellular matrix, e.g. secreted by fat -storing cells into the space 
of Disse. Collagen is well known to be an inducer of platelet aggregation, and the 
presence of such products in the sinusoidal lumen might disturb liver blood flow. The 
clearance of (denaturated) collagen, propeptides, and hyaluronic acid by endothelial 
cells seems to be meaningful, regarding the capacity of (activated) fat-storing cells to 
produce components of the extracellular matrix. The endothelial cells, therefore, have 
a meaningful and strategic position between the space of Disse, containing the fat­
storing cells, and the sinusoidal lumen. 

Adhesion Molecules 

In normal liver, the selectins endothelial leucocyte adhesion molecule-1 (ELAM -1) 
and CD62 are present on portal and central vein endothelial cells [201]. Sinusoidal 
endothelial cells of normal liver do not stain for selectins, platelet endothelial cell 
adhesion molecule-1 (PECAM-1) and CD34, as they can be detected on other 
microvascular endothelia [183]. In addition, portal and central vein endothelial cells 
possess a basal lamina but lack fenestrae. These data illustrate the fact that sinusoidal 
endothelial cells differ from other endothelial cells within the liver and differ from 
endothelial cells in other organs and tissues of the body, both in structure and in 
immunophenotype. 

Different lectin-FITC complexes have been used to demonstrate the presence of 
glucose, mannose, galactose, N-acetyl-neuraminic acid, and N-acetyl-glucosamine 
reactive sites on endothelial cells, especially in the periportal area [14]. Endothelial 
cells in normal liver possess a number of adhesion molecules, such as intercellular 
adhesion molecule-1 (ICAM-l) [56, l30, 149, 153, 182, 183], ICAM-2 [183], two 
integrins chains, a1,,B1 and a5,,B1 [38], CD4 [182, 183], CD36 [183], lymphocyte/ 
leucocyte function associated-1 (LFA-1) and very late antigen-4 (VLA-4) [70], 
and vascular adhesion protein-1 (VAP-I) [l32]. Selectins are not present in 
normal conditions [56], but are induced after LPS [56]. Also ICAM-1 is enhanced after 
administration of LPS, TNF-a, IL-1, or IL-6 [56, 116, l30, 149, 153]. Interestingly, 
ICAM-1 on rat liver endothelial cells was found to be identical to the hyaluronan 
receptor [l30]. 

It is thought that adhesion molecules or their increase after activation plays a role 
in the attachment of Kupffer cells [182, 183] and pit cells. It has been determined that 
CD2 and CD11a/CDl8 (LFA-1) on pit cells play an important role in their recruitment 
to the liver [120]. Adhesion molecules are important for cells visiting the liver, such as 
lymphocytes (LFA-1 and VLA-4) or leukocytes in general [16,74,216]. In particular, 
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the upregulation of adhesion factors for PMN and their subsequent activation might, 
together with the result of the activation of sinusoidal cells, be harmful to the tissue 
and cause acute liver injury [116, 139, 154,216]. Vascular cell adhesion molecule-l 
(VCAM-1) expression on endothelial cells is thought to be diagnostic for graft inflam­
mation [41]. 

Cytokines 

The release of cytokines and other biologically active substances by endothelial cells 
has been investigated quite intensively during the past years. Endothelial cells 
synthesize endothelin-l (ET -1), the most powerful vasoconstrictor of the hepatic 
vasculature [69]. ET-l and also ET-3 induce constriction of sinusoids [15,95,244]. 
ET -1 also increases the sinusoidal pressure gradient and resistance [244]. Constriction 
occurs after the binding ofET to the ETB receptor [95]. ET receptors are present on fat­
storing cells [103], making it logical to conclude and observe that sinusoidal constric­
tion is based on the contraction of fat-storing cells [16,69,244]. LPS causes an increase 
in ET-l mRNA in endothelial cells [53]. Endothelin release by endothelial cells in 
culture was not enhanced by LPS, but it was increased by TGF-tl and Kupffer cell 
conditioned medium, especially when Kupffer cells were activated by LPS [169]. In 
cirrhotic liver, activated fat-storing cells are major sites ofET-l synthesis [159]. 

Nitroprusside, a NO donor, neutralizes the action induced by ET-l [244]. NO, a 
vasodilator, is produced by parenchymal cells and endothelial cells [245]. NO in­
creases liver flow, whereas NO synthase inhibitor decreases liver flow [245]. IL-l tl 
induces NO synthesis in endothelial cells in culture. Endothelial cell endocytosis 
seems to be decreased by NO, whereas inhibition of NO synthesis up-regulates 
endocytosis [128]. Other products of endothelial cells include: IL-l and IL-6 [59], 
platelet activating factor (PAF) [138], prostaglandin E2 (PGE2) [82], and hepatocyte 
growth factor (HGF) [148]. 

Effects of Endotoxin (LPS) 

Endotoxin reduces the porosity of the endothelium to 40% by decreasing the diameter 
and number of fenestrae [51]. It is clear that administration of LPS, which is specifi­
cally taken up by Kupffer cells in normal intact liver, will cause indirect effects on 
endothelial cells. Cells cultured in the presence of LPS do not show toxic damage 
except when Kupffer cells are involved. This means that LPS toxicity is caused by 
products secreted by Kupffer cells after the uptake and activation by LPS. It is there­
fore very important to distinguish between direct and indirect effects of LPS, in other 
words, whether LPS has been administered in the presence or absence of Kupffer cells. 
In fact, endothelial cell damage is produced by LPS-induced release of TNF-a and 
super-oxide anions by activated Kupffer cells [139]. In spite of these indirect effects, 
normal human liver sinusoidal endothelial cells possess CD14 (LPS receptor) [145, 
182]. 

In response to LPS, endothelial cells are reported to produce IL-6 [110], IL-l 
[138], PAF [138], PGFj-a, PGE2, thromboxane B2 [168], reactive oxygen species [4], 
and no reactive oxygen [161], and to induce inducible nitric oxide synthase (iNOS) 
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[172]. LPS is reported to increase H20 2-detoxifying capacity [194], G6PDH [193], 
intracellular CaH [16l], adhesion for PMN [56,57,134,139], endothelin-l mRNA [53], 
and decrease the clearance ofhyaluronan in vivo [64] or in situ, but not in vitro with 
purified endothelial cells [47], showing the effect of the presence of Kupffer cells. LPS 
reduced the number ofthromboxane A2 binding sites on endothelial cells [90]. 

Some LPS effects are counteracted by IL-I0, produced by Kupffer cells, which 
down-regulates IL-6 release [110]. PGE1 decreases IL-l production [138]. Alcohol 
elevates plasma levels of LPS, which activates Kupffer cells, having an impact on 
endothelial cells, as summarized above [48]. In a model of sepsis, i.e., polymicrobial 
sepsis evoked by cecal ligation and puncture, endothelial cell dysfunction occurred 
only late during the hypodynamic stage of sepsis [220]. Glucose utilization by the liver 
of fasted rats is predominantly due to sinusoidal cells. LPS enhanced the rate of 
glucose utilization by endothelial cells by a factor of 2.7 [134]. 

Endothelial Cells in Liver Disease 

As a result of pathological conditions, endothelial cells can change into continuous 
endothelial cells, i.e., lose their fenestrae, and start the formation of a basal lamina, a 
process called capillarization. The adhesion molecules of endothelial cells change 
during capillarization [38]. Capillarization occurs during fibrosis [7, 51, 129]. Cir­
rhotic, capillarized endothelial cells display PECAM-l and laminin receptors a6,j31 
and a2,j31 [38]. Also, during the development of hepatocellular carcinoma, 
capillarization was observed and included loss of staining for CD4, CD14, and/or 
CD32 [145], development of a continuous basement membrane [88], staining of cell 
surface glycoproteins by Ulex europaeus lectin [79,83], appearance of CD34 [40, 122], 
and appearance of factor VIII-related antigen, laminin, and PAL-E [83]. In chronic 
liver diseases, capillarization of sinusoids was found to be accompanied by the ap­
pearance of factor VIII-related antigen and UEA-l positive staining [211]. Factor 
VIII-related antigen is not an accurate marker of normal endothelial cells [119]. 
Capillarization also occurs in experimental liver injury when induced by thioacet­
amide treatment, where the development of a basement membrane, detection of 
laminin, and factor VIII were observed whereas fenestrae and anti-CD44 staining 
decreased [155,203]. Capillarization seems to imply decreased parenchymal cell up­
take [129], because the transport through fenestrae is blocked and replaced by trans­
port through the wall of a continuous capillary. 

The role of endothelial cells in different disease processes including liver fibrosis 
seems to be quite passive, i.e., the cells might become involved in the process of 
capillarization, but active participation in the synthesis of extracellular matrix prod­
ucts seems to be the task of activated fat-storing cells. Isolated sinusoidal endothelial 
cells of normal rat liver express mRNA for collagen types III and IV, as well as lam in in 
[125]. Others find only small amounts of collagen type IVaI mRNA [72]. In cirrhotic 
liver, compared to normal liver, endothelial cells exhibit as much as five times the 
collagen type I mRNA whereas mRNA for type IV collagen and laminin decreased up 
to 50% [l25]. Endothelial dysfunction occurs during hemorrhage [219]. Sera of 
patients with autoimmune hepatitis (AIH) type 1 appeared to contain an antibody 
against hepatic sinusoidal endothelial cells. Culture of rat liver sinusoidal endothelial 
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cells in the presence of IgG from this serum reduced the number of viable cells [78]. 
A CD4+ T-cell line (LnC2) displayed selective cytotoxicity against endothelial cells in 
the presence of concanavaline A in vitro, and the endothelial cell monolayer was 
rapidly destroyed [109]. 

Because of the limited porosity «10%) of the endothelial cells, this sieve 
might contribute to the protection of the parenchymal cells against infectious 
agents circulating in the blood [106]. A viral particle with a diameter in the order of 
45 nm, will probably not get the chance to directly contact parenchymal cells. 
The presence of defensive cells, such as the Kupffer cells, might contribute to the 
protective effect. Keller [104] demonstrated an antiviral activity in cocultures of 
endothelial and parenchymal cells after a stimulus with LPS, which induces the release 
of IL-1 and interferon from endothelial cells. On the other hand, endothelial cells were 
found to be permissive for mouse hepatitis virus 3, at the same time showing a 
decrease in the number of fenestrae which could not be reversed by cytochalasin B 
[199]. 

Feline immunodeficiency virus (FIV), as a model for human immunodeficiency 
virus(HIV), did not change the number of fenestrae upon infection. However, the 
infection of endothelial cells contributed to the progression of the infection [200]. 
HIV was found to infect human liver endothelial cells [198]. When human liver 
endothelial cells were infected with HIV in vitro, they showed the formation of 
syncytia and the budding of new viral particles, indicating the production of 
new viruses [198]. This infection by HIV is probably mediated by CD4 surface 
antigens on these endothelial cells, as were shown to be present by immunogold-TEM 
[145, 181, 198]. Cell membranes of Kupffer cells and endothelial cells were both 
labeled with three different Ab against CD4, indicating that both cell types constitute 
targets for HIV [181]. Treatment with anti-CD4 antibody abolishes the infection of 
endothelial cells in vitro [198], whereas morphine increases the reproduction of 
HIV [179]. It is concluded that endothelial cells might constitute a target and a 
reservoir for HIV [73]. 

Endothelial Cells in Liver Transplantation 

Preparing the liver for transplantation includes perfusion of a preserving fluid, lower­
ing of the temperature, stagnant flow during preservation, and reperfusion with warm 
oxygenated blood when connecting the liver to the donor circulation. From clinical 
and fundamental studies, it is apparent that each of these steps includes a potential 
danger to the tissue. Many observations point to the endothelial cells as being very 
sensitive in this procedure, possibly leading to essential and lethal deficiency during 
the post-transplantational period. 

Preservation is dependent on the composition of the preserving fluid [32, 150]. 
Additions to the preserving fluid were found to avoid endothelial cell injury, such as 
immunoerythrocytes [164], KCN [165], lowering of the pH [29], and gaseous oxygen 
persufflation [136]. Low oxygen levels cause a decrease in endothelial cell 
mitochondrial membrane potential [67], a decrease in intracellular sodium concen­
tration [166], iron-dependent generation of reactive oxygen species, and subsequent 
lipid peroxidation [5, 167]. Endothelial cells are much more susceptible to reactive 



40 E. Wisse et aI. 

oxygen species than parenchymal cells, probably because they lack detoxifying 
enzymes [77]. In TEM, disruption of endothelial cells has been observed [152, 156]. 
Even after 48-96 h of cold storage, parenchymal cells seem to be intact and surviving 
[118]. 

Warm oxygenated reperfusion apparently damages endothelial cells [30, 32, 66, 
165]. Only endothelial cells undergo this reoxygenation injury, because Kupffer cells 
and parenchymal cells seem to be less sensitive [144, 173]. In severe cases, reperfusion 
injury leads to complete de-endothelialization and the formation of blebs by 
parenchymal cells. When reperfusion conditions were simulated with cultured 
endothelial cells, 30% of the cells were injured [167]. The activity of xanthine oxidase, 
a cytoplasmic marker enzyme for endothelial cells, is increased after hypoxia, in 
parallel with a decrease in cell viability. [77]. Neutrophils and Kupffer cells in the 
tissue might contribute to the damage by releasing O~ [98]. Creatine kinase-BB and 
soluble thrombomodulin in blood seem to be additional parameters to evaluate 
endothelial cell damage in liver transplantation [34]. Hepatic rejection, which is 
intensified in recipients sensitized to their donor liver by preliminary skin grafts, is 
mediated by antibody deposition, systemic activation of the complement cascade, and 
severe destruction of the endothelial cells [37]. 

Endothelial Cells in Liver Cancer 

The subject of endothelial cells and cancer can be divided into three parts: 

1. reaction of endothelial cells during the development of a primary liver tumor, such 
as hepatocellular carcinoma 

2. tumors which develop from endothelial cells 
3. reactions between endothelial cells and immigrating hematogenic tumor cells, 

metastasizing to the liver from an extrahepatic origin 

Sinusoids in early hepatocellular adenoma and carcinoma were found to be compa­
rable to normal liver. In later stages of hepatocellular carcinoma with progressive de­
differentiation of the tumor cells, capillarization of the sinusoids occurs. Other 
sinusoidal cells undergo changes as well: fat-storing cells lose their lipid droplets and 
Kupffer cells and pit cells seem to disappear from the sinusoids [79,80,88, 187]. 

Reports on tumor formation in different types of sinusoidal cells are rare, 
but mostly concern endothelial cells. Different causes are given for the transforma­
tion of endothelial cells into (benign) hemangioendothelioma and (malignant) 
angiosarcoma [13]. The recognition of sinusoidal cells is difficult in the light micro­
scope, because of their small size in comparison with parenchymal cells. Morphol­
ogical methods for characterizing the cells should therefore use either EM or 
immunocytochemical staining [1]. Cases of epithelioid hemangioendothelioma have 
been described [12, 17,49,58,68,87, 180] and were found to be immunoreactive for 
factor VIII-related antigen [12, 17,49], BNH9, and vimentin [12] and to demonstrate 
Weibel-Palade bodies (dense granules, positive for factor VIII) [17, 180]. This disease 
seems to develop after oral contraceptives of 4-7 years' duration [49]. Hemangio­
endotheliomas were induced in rat livers after a 12-week treatment with quinoline 
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[81]. Angiosarcoma is a malignant endothelial cell tumor progressing to tumorous 
vascular masses [11,61,75,146,147]' showing peculiar vasculature of the tumors and 
capillarization of sinusoids with several layers of basement membrane [11]. 
Angiosarcoma development could possibly be related to the use of arsenic [170], long­
term androgen therapy [11], vinyl chloride [61], or Thorotrast and arsenic [160]. 
Hepatic angiosarcomas could be induced by 1,2-dimethylhydrazine dihydrochloride 
in experimental animals with 100% incidence [177]. Isolated liver endothelial cells of 
rats given diethylnitrosamine developed angiosarcomas after transplantion into 
young rats [121]. Hepatic angiosarcoma was also found in a relatively large number of 
patients, up to 40 years after intravenous injection with Thorotrast, a preparation 
stored in endothelial cells [222] and used to increase X-ray contrast, but containing 
a-emitting thorium dioxide [1, 100, 114, 126,206]. 

The interactions between invading tumor cells and liver endothelial cells have been 
studied with different models using colon carcinoma, lymphoma and melanoma cell 
lines, eventually with different metastatic capacity. 

The ability of colorectal tumor cells to colonize the liver depends on their adhesion 
and response to endothelial cells [178]. Surface glycoproteins and adhesion receptors 
on endothelial cells determine the success of seeding to the liver tissue. Colon carci­
noma cell lines with high levels of cell surface sialyl Le(x) colonized to the liver of nude 
mice more efficiently than cells with low levels [97]. H-59 carcinoma cells adhered 
only slightly to E-selectin molecules of endothelial cells, which could be augmented by 
activating these cells with rTNF-a [28]. Adherence to the sinusoidal endothelium 
seems to be more important than mechanical trapping in narrow (i.e., periportal) 
sinusoids [101]. 

When lymphoma cells invade the liver, adhesion to endothelial cells is mediated by 
sialyl Le(x), a ligand for ELAM-l [243]. NO production by endothelial cells retards the 
growth of these cells [171,210], whereas pre-immunization against lymphoma cells 
led to the induction of NO production by endothelial cells and inhibition of metastasis 
[171]. scm mice, which lack the production of NO by endothelial cells in response to 
contact with lymphoma cells, showed progressive metastasis [171]. Furthermore, 
endothelial cell-conditioned medium contains migration-stimulating activity for 
lymphoma cells [76]. 

As important as NO seems to be in the defense of the liver against lymphoma 
invasion, in the case of melanoma the focus is on IL-1. IL-l is present on the cell 
surface of melanoma cells [3]. When IL-l is added to cultured cells, the adherence to 
endothelial cells is also enhanced [4]. This adherence can be neutralized by antibodies 
against IL-l [3], by antibodies against the IL-l receptor on endothelial cells [214], by 
IL-l receptor antagonists [215], or by antibodies against VCAM-l, which reacts 
to VLA-4 expressed on melanoma cells [4]. IL-l also induces H20 2-production in 
endothelial cells, thereby contributing to cytotoxicity [3, 4]. IL-l or LPS treatment of 
intact mice also enhances hepatic metastasis of melanoma cells [215]. This treatment 
correlates with enhanced adherence of melanoma cells to endothelial cells, probably 
because of increased mannose-receptor activity and the presence of growth factors 
secreted by endothelial cells [215]. These research data inspired the authors of this 
work to make the important suggestion to treat patients at risk for hepatic metastasis 
of melanoma with IL-R antagonist [215]. 
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Genetic Manipulation of Endothelial Cells 

Genetic manipulation and therapeutic intervention, such as inserting a gene for 
enzyme replacement in endothelial cells, could be accomplished by infusing a 
recombinant replication-deficient adenovirus vector expressing human hepatic lipase 
in lipase-deficient mice [6]. The human hepatic lipase was immuno-localized on both 
lumenal and sublumenal surfaces of endothelial cells and on parenchymal cell 
microvilli in the space of Disse in transgenic rabbits, showing the same location as in 
the human liver [174]. ISIS-3082, a phosphorothioate antisense oligodeoxynucleotide 
specific for ICAM-1, was i.v. injected, and the majority of this material was cleared by 
endothelial cells within half an hour by the scavenger receptor, after which digestion 
in lysosomes could be demonstrated [19]. 

Conclusion 

The study of hepatic sinusoidal endothelial cells has made clear that this unique type 
of endothelial cell is characterized by a combination of specialized structures and 
functions. Hepatic endothelial cells are fenestrated and filter lipoprotein particles in 
the fluids exchanged between the blood and the space of Disse. They are therefore 
involved in the distribution oflipoprotein components, such as cholesterol and vita­
min A. Endothelial massage and forced sieving sustain liver physiology by refreshing 
the fluids in the space of Disse and promoting the transport of particles into the space 
of Disse. The cells have a strongly developed endocytotic apparatus, consisting of 
bristle-coated micro pinocytotic vesicles and macro pinocytotic vacuoles, taking up 
material which is further transported to vacuoles of increasing density and to 
1ysosomes. Sinusoidal endothelial cells possess a specific set of cell surface receptors 
and adhesion molecules. Endothelial cells secrete a limited amount of cytokines, but 
are in their turn sensitive to cytokines secreted by Kupffer cells after their activation 
by endotoxin. Liver transplantation seems to be hampered by endothelial cell injury, 
caused by the combination of cold ischemia and warm reperfusion. Capillarization of 
sinusoids includes the loss of fenestrae and the formation of a basal lamina, and 
occurs in experimental injury, fibrosis, hepatocellular carcinoma, and other (chronic) 
liver diseases. Endothelial cells are involved in liver metastasis of melanoma cells, 
colon carcinoma cells, and lymphoma, by attaching to adhesion molecules on these 
cells. Endothelial cells of the hepatic sinusoid form, together with Kupffer cells, pit 
cells, fat-storing cells, and parenchymal cells, a special histological unit or functional 
unit in the tissue, which constitutes and contributes a large part of the specific 
functions of the liver. 
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Hepatic Stellate Cells 
KENJIRO WAKE 

Summary. In 1876, von Kupffer discovered star-shaped cells in the hepatic lobules 
using the gold chloride method, and called them "Sternzellen" (stellate cells). In 1898, 
however, he misconstrued these cells as phagocytic cells. The original stellate cells 
were rediscovered in 1971. These cells are located perisinusoidally, and extend 
several long branching cytoplasmic processes onto the abluminal surface of the 
endothelial cells. These cytoplasmic processes are studded with numerous thorn-like 
microprojections which make contact with the hepatocytes. The space ofDisse in the 
mammalian liver is the space between the endothelial cell-stellate cell complex and 
the hepatocytes. The postnatal growth of the stellate cells of the rat continues up to at 
least week 5. The morphology of cultured stellate cells is variable depending on the 
culture conditions. In electron micrographs, hepatic stellate cells are seen to have two 
types of lipid droplets: membrane-bounded (Type 1) and nonmembrane-bounded 
(Type II). In the lamprey, Lampetra japonica, abundant vitamin A is stored not only 
in the hepatic stellate cells, but also in fibroblast-like cells in various aplanchnic 
organs. Vitamin A storage is mainly restricted to the hepatic stellate cells in all 
mammalian species. The low-vitamin-A territory in the hepatic lobule is in the 
centrilobular zones and along the bridging line between the central vein and the 
central vein in the neighboring lobule. These areas are compatible with sites of fibrosis 
and septum formations in hepatic cirrhosis. 

Key words. Liver, Stellate cell, Vitamin A, Fibrosis, Hepatocyte 

Historical Account 

The original paper [1] in which von Kupffer first described the Sternzellen (stellate 
cells) has been cited in subsequent studies of sinusoidal cells in the liver. Nevertheless, 
some misconceptions about stellate cells have survived. Kupffer's first paper on these 
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FIG. 1. Rothe's drawing of the 
"Sternzellen der Leber" (sz, hepatic 
stellate cells) of a rat in 1882. b, 
Gitterfaser; e, capillary (sinusoid); ve, 
central vein; vp, portal vein 
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cells reported the existence of perisinusoidal cells in the liver [1, 2]. These cells were 
shown by the gold chloride method. We now know that this method is the specific 
demonstration method for vitamin-A-containing lipid droplets [3]. Rothe (1882) [4] 
confirmed the presence of stellate cells in various mammalian livers using the same 
gold chloride method (Fig. O. A further observation by him [4] showed that there 
were some inclusion bodies in the cytoplasm of the stellate cells. He thought that these 
bodies were small nuclei of the stellate cells. About 90 years later, however, these 
bodies were found to be lipid droplets containing vitamin A [5]. 

In later papers on the stellate cells, Kupffer (1898, 1899) [6,7] was concerned with 
intravenous (i.v.) injection of India ink into a rabbit in order to compare the 
phagocytic cells with the gold-reactive cells of the human liver. Unfortunately, he 
confused these two cell types and changed his initial opinion, concluding that his 
stellate cells were the special endothelial cells which incorporated the India ink. His 
new idea was widely accepted. As a result, Kupffer's stellate cells came to be referred 
to as phagocytic cells in the liver. It is important to notice, however, that this misin­
terpretation stimulated studies on vital staining [8, 9], followed by Aschoff's work on 
the "reticulo-endothelial system" in 1924 [10]. The distribution of vitamin A in the 
liver attracted research interest. Vitamin A autofluorescence was released from scat­
tered cells in the hepatic lobules. Since, at that time, Kupffer cells (macrophages) were 
thought to be only one of the cell types scattered in the hepatic lobules, it was believed 
that vitamin A was stored in Kupffer cells in the liver [11-13]. However, cells located 
in the perisinusoidal space had been reported by several investigators using their own 
methods, and were named independently: Berkley's "granular cells" were found by 
the Golgi silver and picric acid silver methods [14], Zimmermann's "pericytes in the 
liver" by the Golgi silver method [15], Ito's "fat-storing cells" by the fat staining 
method [16], and Suzuki's "interstitial cells" by his silver method [17]. 

I reported that the perisinusoidal cells described above were the same cells as 
Kupffer's original stellate cells, which were rediscovered by the use of the gold 
chloride method (Fig. 2), and that vitamin A was stored not in Kupffer cells 
(macrophages) but in the perisinusoidal stellate cells [2, 5, 18]. In 1996, many 
researchers in the field of nonparenchymal liver cell biology and hepatic fibrosis 
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FIG. 2. Hepatic stellate cells of a rat 
demonstrated by Kupffer's gold chloride 
method. X 620 

proposed that the term "hepatic stellate cell" should be used in referring to this cell 
type [19]. 

Whole View and Size of Hepatic Stellate Cells 

The three-dimensional structure of hepatic stellate cells has been investigated by 
Golgi's silver impregnation method and scanning electron microscopy [18, 20]. The 
Golgi method is the only suitable method for a whole-view demonstration of hepatic 
stellate cells (Fig. 3). 

Stellate cells are made up of spindle-shaped or angular cell bodies and dendritic 
cytoplasmic processes. These cytoplasmic processes are one of the most characteristic 

FIG. 3. Hepatic stellate cells of pig liver revealed by the rapid Golgi method. X420 
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features of stellate cell morphology. The subendothelial processes protrude laterally 
or obliquely from the cell body along the sinusoidal wall, and surrounding the 
endothelial cells. Some of them run longitudinally and have numerous secondary 
branches which encircle the sinusoid at fairly regular intervals. An outstanding fea­
ture of the subendothelial processes is their thorny microprojections, also called 
"spines" [18,20]. The intersinusoidal processes are another type of cytoplasmic pro­
cess. These project from the cell body and follow a vertical course toward the nearby 
sinusoids through interhepatocellular space, penetrating hepatic cell cords as smooth, 
straight and thick processes. 

A single stellate cell surrounds two or three, or sometimes more, nearby sinusoids. 
The total length of sinusoidal segments surrounded by a single stellate cell is approxi­
mately 60-140 ~m in the rat liver [20]. 

The three-dimensional form and size of stellate cells differ significantly from zone 
to zone in the pig liver [21]. They are small in the periportal zone, and possess short, 
smoothly contoured subendothelial processes, which only occasionally exhibit 
branches and spines. In the intermediate zone they are larger and have better devel­
oped processes, bearing conspicuous secondary branching processes with numerous 
spines. In the centrilobular zone, these cells spread widely with several long, thick 
processes studded with long spines. According to Chen et al. [22], who were able 
to equalize the surface area to which these cells were attached, the spreading cells 
were not as likely to undergo apoptosis and therefore thrived compared with the 
more rounded cells. Consequently, the spreading stellate cells distributed in the 
centrilobular zone are thought to thrive better than those in the periportal zone. 
When hepatocytes are injured during pericentral necrosis following administration of 
CCI4, it stimulates the proliferation of local stellate cells. 

Location of Stellate Cells and the Space of Disse 

The subendothelial processes of stellate cells are closely associated with the upluminal 
surface of endothelial cells (Fig. 4). The smooth cytoplasmic membrane of the stellate 
cells adjoins the endothelial cells, and in mammalian species there is no collagen fibril 
between these cells but only a poorly developed basal lamina. Numerous spines 
extend from the edges of the subendothelial processes and are directed obliquely 
through the space of Disse away from the abluminal surface of the endothelial cells 
to make contact with the parenchymal cells [20]. Thus, these spines are called 
"hepatocyte-contacting processes" (HCP) [20,23]. This geometrical relationship be­
tween stellate cells and parenchymal cells suggests that the hepatic stellate cells are 
different from the conventional pericytes of capillaries, because all of the cytoplasmic 
processes of the pericytes are in contact with the abluminal surface of the endothelial 
capillary cells. 

The space between the liver sinusoids and the hepatocytes has traditionally been 
designated as the space of Disse (perisinusoidal space). However, now that the loca­
tion of the stellate cells is known more accurately, the space of Disse should be defined 
as the space between the endothelial-stellate cell complex and the hepatocytes. This 
space is bridged by many HCP from the stellate cells and contains collagen bundles 
and occasional unmyelinated nerve fibers. 
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FIG. 4. A model of the sinuoidal wall in 
the liver. Two subendothlial processes of the 
stellate cell (bright) encircle the fenestrated 
endothelial cell (dark). Thorn-like micro­
projections, or spines (arrow), extend from the 
lateral edges of the subendothelial processes. 
Collagen fibers (grey) form a network around 
the outer side of the endothelial cell-stellate cell 
complex 

Hepatocyte-Contacting Processes of Stellate Cells 

Hepatocyte-contacting processes (HCP), or spines, are one of the most characteristic 
structures of stellate cells; they are found in the hepatic stellate cells of all vertebrates. 

Scanning electron microscopy reveals that these minute projections face the 
microvillous facets of the hepatocytes and establish intercellular contacts between the 
stellate cells and the hepatocytes. Careful transmission electron microscopy reveals 
that the opposing cell membranes at these contact points, especially those of the 
hepatocytes, are reinforced by dense, submembranous material of a fine filamentous 
nature (20) . 

Gressner and Lahme (24) proposed the hypothesis that the loss of cell-to-cell 
contacts between stellate cells and hepatocytes might play an important role in the 
proliferation and transformation of stellate cells as a result of hepatocellular damage. 
To verify this hypothesis, they showed that the growth and fuctional activity of the 
stellate cells are suppressed by adding liver cell membranes. 

The other possible functions ofHCP are mechanical. When the endothelial lining is 
compressed by blood cells or the blood stream in the sinusoidal lumen, the underlying 
stellate cells and their HCP may play the role of a spring. At the same time, this 
movement accelerates the fluid exchange between the sinusoidal lumen and the space 
ofDisse through endothelial fenestrations ("pumping mechanism") (20). The mecha­
nism involved is the contraction and relaxation of the stellate cells [20). 

The arrangement of parenchymal cells with stellate cells is highly organized, and 
may offer new ideas for the design of an artificial liver (Le., a device for supporting 
liver-failure patients awaiting a transplant). 
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Development of Cytoplasmic Processes 

Using the Golgi method, the postnatal development of the cytoplasmic processes of 
stellate cells has been clearly defined [23] . The stellate cells have not yet achieved their 
final form when the animal is born, and the cytoplasmic processes develop rapidly 
during the early postnatal stages. In I-day-old rats, the cells are rather rounded with 
slim, scanty processes. Primary processes branch out from the cell body proximally 
and distally with an abundance of secondary processes extending toward the 
sinusoidal endothelial cells. Cell growth continues steadily up to at least week 5, when 
it is possible to identify the almost typical form of the stellate cell. The cellular outline 
has strikingly thorny edges at 5 weeks (Fig. 5). 

As a consequence of lobular expansion, the radial sinusoids elongate. It seems 
natural to assume that the stellate cells which form an uninterrupted pericytic layer 
encasing each sinusoid from its periphery to its center would be similarly involved in 
this growing process. 

FIG. 5. Drawing depicting a total view of a stellate cell in rat liver at 5 weeks. This single cell 
surrounds an H -shaped section of the sinusoid with branching subendothelial processes. Rapid 
Golgi method. Bar = 20 ~m 
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Morphology of Stellate Cells in Vitro 

Cultured stellate cells change their form continuously after seeding on plastic dishes 
[25]. They extend thin, fan-shaped membranous processes around the nuclei. As 
these membranous processes expand further, they change and become dendritic in 
appearance. Dendritic processes are characteristically studded with spines, 2-3 ~m in 
length. Two days after seeding, the cells change their shape gradually from dendritic 
to membranous. Lipid droplets and cytoplasmic granules disperse toward the periph­
ery of the cell. Characteristically, the cellular edge becomes smooth and looses its 
spines. Three to four days after seeding, the stellate cells look like fibroblasts. They 
show prominent stress fibers in the cytoplasm and the vitamin A-lipid droplets 
decrease in number. 

When Kupffer cell-conditioned media (KCCM) is added to the culture medium of 
the stellate cells 2-3 days after seeding, the membranous processes change dramati­
cally to dendritic ones [25]. Cytoplasmic processes become narrow and many spines 
appear. These changes are reversible; when the KCCM is removed, the dendritic 
stellate cells revert to being membranous. Similar rapid changes in stellate cell mor­
phology occur after adding PGE2 to the culture medium. Since PGE2 is released from 
activated Kupffer cells, the form of the stellate cells in vivo might be under the 
influence of Kupffer cell activation. 

Fine Structure of Stellate Cells 

The nuclei in stellate cells are oval or more or less elongated, and frequently indented 
by lipid droplets containing vitamin A . One or more nucleoli, and sometimes 
"spheridium," can be seen. The granular endoplasmic reticulum is well developed. 
The cisterns contain fine filamentous materials. The Golgi complex consists of well­
developed lamellae associated with many vesicles, but large Golgi vacuoles are rarely 
seen. Since agranular reticulum and glycogen particles are also rarely seen, these cells 
may not participate in active glycogen metabolism. In the stellate cells of mammalian 
livers, multivesicular bodies are frequently seen in the cytoplasm. The most conspicu­
ous feature of these stellate cells is the occurrence of lipid droplets in the cytoplasm. 
These lipid droplets have a high content of vitamin A, primarily stored in the form 
of retinyl esters. Two types of lipid droplets have been distinguished: membrane­
bounded (Type I) and nonmembrane-bounded (Type II) [26]. Lipid droplets accumu­
late in the multivesicular bodies to develop into Type I lipid droplets. Microtubules, 
i.e., intermediate filaments of desmin and micro filaments, are prominent in the cyto­
plasm of stellate cells. 

Vitamin A Storage by Stellate Cells: 
A Phylogenetic Aspect 

The liver is a major storage site of vitamin A in mammals (Fig. 6). Ninety-five per cent 
of the total vitamin A in rats is stored in the liver, and as much as 80% or more of the 
total vitamin A in the liver is present in the hepatic stellate cells [27]. Endothelial cells, 
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FIG. 6. Vitamin A autofluorescence of stellate cells in rat liver. X80 

Kupffer cells, and fibroblast-like cells in the interlobular connective tissue contain 
negligible amounts of vitamin A. 

In the lamprey, Lampetra japonica, vitamin A is stored not only in the liver, but 
also in all splanchnic organs [28-31]. In contrast, no vitamin A storage is observed in 
the somatic organs. In the liver of the lamprey, vitamin A is stored in the hepatic 
stellate cells as well as in fibroblast-like cells in the periportal, perivenular, and 
subcapsular connective tissue in the liver [29]. The individual fibroblast -like cells have 
fewer vitamin-A-containing lipid droplets than the hepatic stellate cells. Since the 
fibroblast-like cells are distributed close to each other, the quantity of stored vitamin 
A per cubic meter in the interlobular connective tissue seems to be much larger than 
that in the lobules. The cytological characteristics of the fibroblast-like cells in the liver 
and other splanchnic organs resemble those of the hepatic stellate cells. 

From the distribution of vitamin A in the vertebrate body, it has been concluded 
that two different major mesenchymal cell systems exist: the first is the conventional 
fibroblast system of the somatic organs, and the second is the vitamin-A-storing 
cell system of the splanchnic organs. Among the latter cell populations, the hepatic 
stellate cells, which retain vitamin A during phylogenetic development, are the 
most typical. The remaining cell populations in the vitamin-A-storing system of 
mammalian species store much less vitamin A than the hepatic stellate cells in the 
physiological condition. However, after the administration of excess vitamin A to 
animals, these cell populations also store vitamin A moderately in the cytoplasm as 
lipid droplets. 

Intralobular Gradient of Vitamin A Storage 

Stellate cells in the same liver contain variable amounts of vitamin A [21, 32]. This 
unhomogeneous storage by stellate cells depends on the intralobular position of the 
cells. The size of the lipid droplet is correlated approximately to the quantity of 
vitamin A stored in the individual stellate cells. The volume of the lipid droplets 
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differs not only among zones along the sinusoidal axis, but also from region to region 
within a single zone [32]. The mean volume in the peripheral zone is small, increases 
by the middle zone, and then decreases gradually towards the central zone. Most 
stellate cells near the central vein contain no lipid droplets, and even when they are 
present, they are too small to be measured by light microscopy. 

The heterogeneity of the stellate cells is also evidenced by subtle differences in 
desmin expression along the sinusoidal axis [21]. The desmin is strong in the 
periportal zone, and becomes weaker and disappears in the centrilobular zone. 
Ramm et al. [33] demonstrated that a vitamin-A-poor, desmin-negative stellate cell 
subpopulation produces as much collagen as a vitamin-A-replete, desmin-positive 
one after 7 days in culture. 

Vitamin A storage capacity was significantly higher at sinusoids in the portal 
regions than at those in the midseptal regions, forming a decrescendo-crescendo 
profile between two adjacent portal tracts [32]. Along the periphery of the hepatic 
lobule, the inlet venules of the portal which was quantified revealed an occurrence rate 
of 60% at the periportal and 5% at the midseptal regions, which is closely compatible 
with the regional gradient of the vitamin A storage capacity. Thus, the vitamin-A-Iow 
territory in the hepatic lobule is located in the centrilobular zones and along the 
bridging line between the central vein and the central vein in the neighboring lobules 
(C-C bridging). This territory is compatible with sites of fibrogenetic propensity in 
hepatic fibrosis and cirrhosis [34]. 
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Development, Differentiation, and Host 
Defense Function of Kupffer Cells 
MAKOTO NAITO\ Go HASEGAWA\ YUSUKE EBE\ 
and MASAO MITSUYAMA2 

Summary. Kupffer cells are a proliferating resident macrophage population in 
the fetal and adult liver. Kupffer cells are derived from macrophage precursors, 
differentiating in the yolk sac and fetal liver in ontogeny. In macrophage colony­
stimulating factor (M-CSF)-deficient (op/op) mice, the number of Kupffer cells is 
reduced and those which are present are characterized by immature morphology. 
The administration ofM-CSF to op/op mice results in the immediate proliferation and 
maturation of Kupffer cells, indicating that M-CSF plays a pivotal role in the differen­
tiation and proliferation of Kupffer cells. After depletion of Kupffer cells by the 
intravenous administration of liposome-entrapped dichloromethylene dipho­
sphonate (lipo-MDP), small peroxidase-negative macro phages appear, proliferate, 
and differentiate into large peroxidase-positive Kupffer cells by 2 weeks. Macrophage 
precursors present in the liver proliferate after a lipo-MDP injection and differentiate 
into Kupffer cells. The enhanced M-CSF production in the liver after Kupffer cell 
depletion is thought to provide the microenvironment for Kupffer cell differentiation. 

Kupffer cells play an important role in host defense mechanisms by trapping and 
killing various bacteria. In mice depleted of Kupffer cells, the size and number of 
zymosan-induced granulomas were smaller than in nontreated mice. When Kupffer­
cell-depleted mice were infected with Listeria monocytogenes, there was a significant 
decrease in their natural resistance to this microbe. These findings imply that Kupffer 
cells are indispensable for antimicrobial protection by phagocytosis, bactericidal 
functions, and granuloma formation. 

Key words. Kupffer cells, Monocytes, Differentiation, Macrophage colony-stimulating 
factor (M-CSF), Granulomas 

I ntrod uction 

Kupffer cells are resident macro phages in the hepatic sinusoid with various cytoplas­
mic apparatuses for brisk phagocytosis (Fig. 1). These cells are involved in various 
metabolic, immunologic, and host defense mechanisms. They are ultrastructurally 
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FIG. 1. A murine Kupffer cell situated in the hepatic sinusoid and equipped with well-developed 
lysosomes and microvilli. X 5000 

characterized by abundant lysosomes, microvilli, filopodia, pseudopodia, worm-like 
structures, and pinocytic vesicles (Fig. 2). Kupffer cells show a localization pattern of 
endogenous peroxidase activity as resident macrophages [1] (Fig. 3). Since the discov­
ery of these cells by von Kupffer [2], several different views have been presented on 
their origin. Based on the mononuclear phagocyte system (MPS) proposed by van 
Furth and colleagues [3,4], Kupffer cells are a short-lived and nondividing population 
and are supplied by a monocyte influx to the liver. However, Kupffer cells are derived 
from primitive/fetal macrophages developing in the yolk sac and fetal liver in 
ontogeny [5]. In addition, the proliferation of Kupffer cells has been confirmed in 
adult liver under various experimental conditions [6-8] as well as in fetal liver. 
Osteopetrotic mice lacking macrophage colony-stimulating factor (M-CSF) activity 
have provided important insights regarding the role of M-CSF in Kupffer cell differ­
entiation and function [9]. Liposomes containing dichloromethylene diphosphonate 
(lipo-MDP) have been used to deplete tissue macrophages [10] and have proven to 
be a useful tool for observing macrophage development and function. Using these 
models, we examined the differentiation pathways of Kupft\r cells, with special refer­
ence to the biological significance of M-CSF. The biological significance of Kupffer 
cells in host defense mechanisms was also investigated. 

Kupffer Cell Development and Kinetics 

Based on the concept of MPS [3,4], tissue macro phages under a normal steady state 
are considered to be derived from blood monocytes. Monocytes leave the bone 
marrow after their production, enter the peripheral circulation, and circulate in the 
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FIG. 2A-D. Various endocytic apparatuses of Kupffer cells. A Tiny thorotorast particles are 
incorporated by pinocytosis (arrow) and worm-like structures (w). X20 000. B Latex particles of 
0.8 [lm in diameter are taken up by microvili and filopodia. X 10 000. C, D Red blood cells (R) are 
incorporated by extending pseudopodia. X 15 000 

FIG. 3. Sinusoidal cells in the rat liver. Only Kupffer cells show the localization of peroxidase 
activity in the nuclear envelope and rough endoplasmic reticulum. K, Kupffer cell; F, fat-storing 
cell; E, endothelial cell. X 2000 
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blood stream. They migrate into tissues and differentiate into macrophages [3, 4]. 
However, immature macro phages (primitive macrophages) first develop in the yolk 
sac and then differentiate into peroxidase-negative fetal macrophages [5]. Primitive/ 
fetal macrophages in the yolk sac enter the blood stream and immigrate into the fetal 
liver. Fetal macrophages in the liver possess a high proliferative capacity and express 
macrophage antigens. They further develop the peroxidase activity of Kupffer cells 
with the lapse of gestational days [5]. In contrast, myelopoiesis and monocytopoiesis 
are poorly active in yolk sac hematopoiesis and in the early stages of hepatic 
hematopoiesis. Macrophage precursors also exist in the yolk sac and fetal liver in vivo 
and in vitro. During culturing of yolk sac cells and hepatic hematopoietic cells on a 
monolayer of the mouse stromal cell line ST2, primitive/fetal macrophage colonies 
developed before the formation of monocyte colonies [ll], suggesting the existence 
of a direct pathway of differentiation from primitive macrophages into fetal 
macrophages during ontogeny. 

In adult life, Kupffer cells have been thought to be nonproliferating cells in the 
terminal differentiation stage, and the lifespan of murine Kupffer cells was calculated 
to be 3.B days [4]. However, conflicting data on the proliferation and lifespan of 
Kupffer cells have been presented. Kupffer cells show marked proliferative capacity 
after partial hepatectomy [6] or the administration of several macrophage stimulators 
[7]. In strontium-B9-induced monocytopenic mice, Kupffer cells can be maintained 
for more than 6 weeks [B]. During the period of monocytopenia, the proliferation 
capacity of Kupffer cells increased. These findings indicate that Kupffer cells are a 
long-lived and slowly proliferating resident macrophage population. 

Kupffer Cell Differentiation in op/op Mice 

Colony-stimulating factors largely define the role of the microenvironment for 
macrophage differentiation, phenotypes, and functions. Among these factors, M-CSF 
enhances the production of monocytes and their precursors, the chemotactic activity 
for monocyte/macrophages, the differentiation of monocytes into macro phages, 
macrophage proliferation, and endocytic and secretory functions. It has also been 
demonstrated that M-CSF and granulocyte/macrophage colony-stimulating factor 
(GM-CSF) play important roles in the proliferation of Kupffer cells [12]. 

Osteopetrotic (op/op) mice are an animal model of osteopetrosis; they develop 
osteosclerosis due to the complete absence of osteoclasts [13]. It has been found that 
op/op mice are defective in the production of functional M-CSF [9]. The impaired 
differentiation of monocytes into macrophages in these mutant mice results in severe 
deficiencies of blood monocytes, Kupffer cells, and other tissue macro phages [9, 14, 
15]. In the mutant mice, the number of Kupffer cells is about 30% of that of their 
normal littermates, and their Kupffer cells are small, round (Fig. 4), and reveal 
no peroxidase activity [14, 16]. Because the GM-CSF levels in the mutant mice are 
within the normal range [17], the development and differentiation of such M-CSF­
independent immature macrophages appear to be regulated by the effects of GM-CSF 
[14-1B]. These results suggest the existence of a pathway of macrophage differentia­
tion from granulocyte/macrophage colony-forming units (CFU-GM) or earlier 
macrophage precursors, bypassing the stage of monocytic cell series. 
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FIG. 4. Kupffer cell in an op/op mouse. The cell is small and round in shape and has poorly 
developed intracytoplasmic organelles. XSOOO 

The administration of M-CSF to op/op mice remarkably improves their 
osteosclerosis by the development and differentiation of osteoclasts [19, 20]. The 
number of Kupffer cells also rapidly increases before the influx of monocytes [21] . 
Kupffer cells develop peroxidase activity in the nuclear envelope and rough 
endoplasmic reticulum, as seen in resident macrophages [16]. These findings indicate 
that M-CSF is responsible for the differentiation of at least 70% of M -CSF-dependent 
Kupffer cells in the liver. 

It was recently shown that dendritic cells differentiate and accumulate in the 
liver [22]. Dendritic cells are normally distributed in op/op mice, and they are 
considered to be a GM-CSF-dependent population [23]. However, the biological sig­
nificance of hepatic dendritic cells has not been clarified. The relationship between 
Kupffer cells and dendritic cells may be an interesting subject to be investigated in 
further studies. 

Kupffer Cell Repopulation After Macrophage Depletion 

Liposomes containing dichloromethylene diphosphonate (lipo-MDP) are ingested by 
macrophages and induce macrophage apoptosis [24]. At 5 days after the injection of 
lipo-MDP into mice, small peroxidase-negative macro phages appear. They increase in 
number and differentiate into large peroxidase-positive Kupffer cells. Repopulating 
macrophages actively proliferate and their number returns to the normal level by 2 
weeks (Fig. 5) after injection. The M-CSF mRNA expression and the serum level of M­
CSF were enhanced after the lipo-MDP injection [25] . These findings imply that the 
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FIG. 5. Numbers of Kupffer cells (BM8-positive cells) and macrophage precursors (ER-MP58-
positive cells) in a mouse liver after intravenous administration oflipo-MDP 

local as well as the systemic production of M-CSF may provide a microenvironment 
for the differentiation and proliferation of Kupffer cells. 

In the Kupffer-cell-depleted model, we have identified the existence of macrophage 
precursors in the liver. A monoclonal antibody (ER-MP58) [26] recognizes antigens 
on macrophage precursors from CFU-M to monocytes. The ER-MP58-positive pre­
cursors proliferated during the period of Kupffer cell depletion. The existence of 
hematopoietic stem cells in the adult liver has recently been suggested [25, 27]. In 
addition to the fetal period, extramedullary hematopoiesis is temporarily induced by 
various stimuli in the adult murine liver [7]. Since the production of M-CSF in the 
liver was enhanced during Kupffer cell depletion, it is suggested that locally produced 
M -CSF may induce the proliferation and differentiation not only of Kupffer cells, but 
also of their precursors. 

Role of Kupffer Cells in Host Defense Mechanisms 

Kupffer cells phagocytize intravenously injected zymosan particles and accumulate 
together with monocytes and lymphocytes to form granulomas. Kupffer cells and 
monocyte-derived macrophages differentiate into epithelioid cells and multi­
nucleated giant cells. The number and the size of the zymosan-induced granulomas 
were smaller in Kupffer-cell-depleted mice than in nontreated mice (Fig. 6). This 
finding is similar to that of gIucan-induced granuloma formation in Kupffer-cell­
deficient op/op mice [28]. Granulomas in the Kupffer-cell-depleted mice were formed 
along with the repopulation of Kupffer cells. These data suggest that preexisting 
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FIG. 6. Numbers of zymosan-induced granulomas in Kupffer-cell-depleted and control mice 

Kupffer cells may provide an important microenvironment for macrophage differen­
tiation and granuloma formation. The expressions of M-CSF, interleukin-I, mono­
cyte chemoattractant protein-I, tumor necrosis factor-a, and interferon-y mRNA 
were enhanced in the stage of granuloma formation in the control mouse liver, 
whereas they were suppressed in Kupffer-cell-depleted mice. The proliferation of 
macrophages after zymosan injection was parallel to the intensity of their M-CSF 
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FIG. 7. Survival rates of Kupffer-cell-depleted mice and control mice after Listeria infection 
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FIG. 8. The liver of a Kupffer-cell-depleted mouse at 3 days after Listeria infection. A large 
number of Listeria proliferated in the hepatocytes. X400. Gram staining 

expression [28]. These findings imply that Kupffer cells are indispensable for 
granuloma formation and the production of various cytokines. 

Listeria monocytogenes is a gram-positive microorganism that causes amnionitis 
and acute exudative leptomeningitis. Focal abscesses can occur in any organ, includ­
ing the lung, liver, spleen, and lymph nodes. In infections of longer duration, 
macrophages appearin large numbers and form granulomas. To assess the antimicro­
bial function of Kupffer-cells, we depleted Kupffer cells by the administration of 
lipo-MDP and injected L. monocytogenes. The natural resistance of the Kupffer cell­
depleted mice to L. monocytogenes was significantly decreased. Mortality was 
increased from 0% in the control mice to 100% in the lipo-MDP-treated mice that 
were infected with 5 X 102 CFU doses (Fig. 7). Histologically, granulomas were not 
formed. Listeria bacilli were not detected in Kupffer cells, but were heavily accumu­
lated in hepatocytes (Fig. 8). These findings clearly indicate that Kupffer cells are 
required for the expression of natural resistance against microbial infection. 

Conclusion 

The differentiation pathways of Kupffer and related cells are shown in Fig. 9. Kupffer 
cells differentiate from precursor cells developing in the fetal hematopoietic organs 
in ontogeny. After birth, Kupffer cells may be derived from bone marrow and 
intrahepatic macrophage precursors. Locally produced M -CSF may be a key molecule 
for Kupffer cell differentiation and proliferation. In granulomatous inflammation, 
Kupffer cells playa critical role at the front line of host defense mechanisms against 
pathogens. 
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Differentiation Pathway of Kupffer Cells 
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FIG. 9. Schematic representation of the development of Kupffer cells and related cells. CFU-GM, 
granulocyte/macrophage colony-forming unit; CFU-M, macrophage colony-forming unit 
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Pit Cells as Liver-Associated Natural 
Killer Cells 
KENJI KANEDA 

Summary. Pit cells, the fourth type of hepatic sinusoidal cells, are liver-associated 
natural killer (NK) cells. They represent a morphologically and functionally modified 
form of peripheral blood NK cells. They are localized inside the lumen of the sinusoid, 
closely adhering to the endothelial cells and Kupffer cells, and often extending 
well-developed pseudopodia suggestive of migration along the sinusoidal wall. 
Multivesicular body-related dense granules and rod-cored vesicles are frequently 
found in the cytoplasm of pit cells and may be involved in the cytotoxicity against 
bound tumor cells. Pit cells increase in number after treatment with various biological 
response modifiers such as interleukin-2 and interleukin-12 via the local prolifera­
tion and influx of peripheral blood NK cells, resulting in the augmentation of liver­
associated NK activity and a decrease in liver metastasis. They thus constitute the 
defense system of the liver together with Kupffer cells and extrathymic T cells, and 
profoundly contribute to the modulation of the development of liver diseases. 

Key words. Pit cells, Natural killer cells, Rod-cored vesicles, Dense granules, 
Ultrastructure 

Introduction: An Overview of the Research on 
Hepatic Natural Killer Cells 

Nowadays the liver is considered to be a major immune organ owing to the fact that 
a large number of immune-competent cells such as macrophages, natural killer (NK) 
cells, and extrathymic T cells populate the hepatic sinusoids. The research on hepatic 
NK cells followed two paths, which started independently in the middle of the 1970s 
(Table 1) [1-10]. In the field of immunology dealing with peripheral blood and splenic 
lymphocytes, spontaneous cytotoxicity or natural cytotoxicity against tumors was 
found to be present in the spleen of non-tumor-bearing mice in 1975 [1]. The mor­
phological relevance of such NK-mediated cytotoxicity was then investigated, and it 
was found that large granular lymphocytes (LGLs) were responsible for this activity 

Department of Anatomy, Osaka City University Medical School, 1-4-54 Asahimachi, Abeno-ku, 
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TABLE 1. Summarized history of the research on pit cells, NK cells, and related lymphocytes in 
the liver 

Years 

1975 

1980 

1990 

Peripheral blood and spleen 

Natural killer activity in the spleen 
(Herberman et al. 1975 [1]) 

Large granular lymphocytes 
and their morphological 
relevance to NK cells 
(Saksela et al. 1979 [3]) 

Ultrastructure of peripheral blood NK 
cells (Grossi et al. 1982 [4]) 

Liver 

Pit cells as the fourth sinusoidal cell 
(Wisse et al. 1976 [2]) 

Rod-cored vesicles characteristic 
of pit cells (Kaneda et al. 1982 [5]) 

Pit cells as NK cells (Kaneda et al. 1983 [6]) 
Liver-associated NK activity 
(Wiltrout et al. 1984 [7]) 

NK activity of isolated pit cells 
(Bouwens et al. 1987 [8]) 

Extrathymic T cells in the liver 
(Ohteki et al. 1990 [9]) 

Pit cells as a differentiated form of NK cells 
(Vanderkerken et al. 1993 [lO]) 

[3]. At the same time, in the field of histology of the liver, pit cells were first described 
in the rat liver in 1976 as the fourth type of sinusoidal cell, and were morphologically 
characterized by dense granules [2], although their function was unclear. In 1983, 
these two lines of research were joined by our study which demonstrated that pit 
cells were NK cells with the morphology of LGLs [6]. Wiltrout et al. [7, 11] showed 
that various biological response modifiers (BRMs) significantly augmented liver­
associated NK activity and as a result suppressed liver metastasis, thus opening the 
possibilities of immunotherapy of liver metastasis with BRMs. Since then, much 
attention has been paid to the immunological function of the liver by basic and 
clinical researchers. This new aspect of the liver as an immune organ led to the finding 
of extrathymic T cells in the liver by Abo and co-workers in 1990 [9]. In researching 
the origin of pit cells, Bouwens et al. [8] and Vanderkerken et al. [10] compared the 
functional and morphological properties of pit cells with those of NK cells in other 
anatomical compartments, and suggested that peripheral blood NK cells might dif­
ferentiate into liver-specific ones, or pit cells, in the microenvironment of the liver. 

Pit Cells as Liver-Associated LGLs 

As revealed by electron microscopy, there is a difference in tissue distribution be­
tween LGLs (NK cells) and agranular lymphocytes (T and B cells) in rats [12]; the 
former cells exist abundantly in nonlymphoid organs such as the liver and lungs, 
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FIG. 1. A Sinusoidal cells of the rat liver. Kupffer cells (K) and pit cells (P) are located in the 
lumen of sinusoids, while stellate cells (5) exist in the space of Disse between hepatocytes (H) 
and endothelial cells (E) . Pit cells contain dense granules (g) and rod-cored vesicles (arrow­
heads). Bar = 2 !-tm. B A pit cell (P) closely adheres to endothelial cells (E) extending small 
projections (arrows) toward the latter. They contain dense granules (g) and rod-cored vesicles 
(arrowhead). Bar = 2!-tm 

while the latter are abundant in lymphoid organs such as lymph nodes and the white 
pulp of the spleen. Such preferential localization of LGLs in the organs where metas­
tasis frequently occurs may be related to the ability of NK cells to react promptly with 
tumor cells. The hepatic LGLs are termed pit cells, and are distinct from extrahepatic 
LGLs in both morphology and function, as described later. 

Pit cells are located in the lumen of hepatic sinusoids, adhering to the Kupffer cells 
(Fig. 1A) and endothelial cells (Fig. 1B). They have spherical dense granules at one 
aspect of the nucleus [2, 13]. This feature is common among animal species including 
reptiles (iguana), birds (bantam), and mammals (rabbit, sheep, hamster, guinea pig, 
mouse, rat, human being), but there is a difference in the size and number of dense 
granules. The frequency of granules is much higher in rats than in mice and human 
beings. 

Pit cells are likely to adhere more tightly to the sinusoidal walls than conventional 
lymphocytes, as is indicated by the morphometric data that the percentage ofLGLs to 
total leukocytes in the hepatic sinusoid after intraportal perfusion with saline was 
28.1%, which was much higher than that in the peripheral blood (0.8%), while the 
percentages of agranular lymphocytes in the liver and peripheral blood were 38.3% 
and 75.3%, respectively [14]. Such preferential localization of LGLs in the hepatic 
sinusoid may be related to the cytoplasmic processes which are extended, and often 
penetrate, the endothelial pores (Fig. 1B). On the other hand, when compared with the 
Kupffer cells, the pit cells attach to the sinusoidal endothelial cells less tightly, which 
allows the isolation of pit cells by high-pressure perfusion via the portal vein, as 
reported by Bouwens et al. [8]. 



FIG. 2. Cell organelles of pit 
cells in the rat liver. Spheri­
cal dense granules (g), 
multivesi-cular bodies 
(m), rod-cored vesicles 
(arrowheads), and empty 
0.2 11m-vesicles (arrows) are 
characteristic of pit cells. 
Golgi apparatus (go) is well 
developed. Bar = 0.5 11m 
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Ultrastructural Characteristics of Pit Cells 

Pit cells are ultrastructurally characterized by dense spherical granules and rod-cored 
vesicles (Fig. 2) [5, 13). The dense granules are identified as azurophil granules 
by Giemsa stain. They are formed by the accumulation of a dense matrix in 
multivesicular bodies, a type of lysosome. Granules contain perforin and serine 
esterase as bio-active substances and acid phosphatase as lysosomal enzymes. Rod­
cored vesicles are a unique structure of NK cells. They are approximately 0.2 flm in 
diameter and exhibit various profiles of rod-structures, i.e., a complete bridge over the 
diameter, a dot-appearance, etc., depending on the cutting plane of the vesicle. Empty 
vesicles of the same size as rod-cored vesicles are also found. Rod-cored vesicles and 
empty vesicles, collectively termed 0.2-flm-vesicles, are derived from the Golgi appa­
ratus and are considered to be exocytosed. 

Ultrastructural and Functional Comparison of Pit Cells 
with Peripheral Blood and Splenic NK Cells 

There are several differences in the function and ultrastructure ofNK cells in the liver, 
peripheral blood, and spleen (Table 2) [15). Liver NK cells, or pit cells, have various 
kinds of cytotoxicity, including lymphokine-activated killer (LAK) activity, and con­
tain a large number of granules and rod-cored vesicles. Furthermore, pit cells them­
selves can be divided into two populations according to their density; pit cells with a 
high density resemble peripheral blood NK cells, while those with a low density 
possess the typical features ofliver-specific NK cells. Vanderkerken et al. [10) consid­
ered that the former would be derived from peripheral blood NK cells and would 
differentiate into the latter after a certain period of time in the hepatic sinusoid. This 
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TABLE 2. Comparison of morphological and functional properties of LGLs by 
anatomical sites 

Liver Peripheral blood Spleen 

Cell size Large Small Small 
Granules: Number ++ + + 

Size Small Large Small 
O.2-!-Im vesicles ++ +- ++ + 
Rod-cored vesicles ++ + + 
Mitochondria Large Small nd' 
Expression of asialo GMI -/+ + + 
NK activity ++ + + 
NC activity + + + 
LAK activity + nd 
Adherence to endothelial cells ++ nd + 

'nd, not examined. 

interpretation has been confirmed by an experiment using rat natural killer (RNK) 
leukemia cells which have similar ultrastructural and fuctional properties as normal 
NK cells. RNK cells metastasized into the liver after intraperitoneal injection exhibited 
a larger number of rod-cored vesicles than those metastasized into the spleen (Fig. 
3A,B), suggesting that the microenvironment of the liver may playa role in the 
differentiation of peripheral blood NK cells into liver-specific NK cells [16). Pit cells 
are also capable of undergoing mitosis in the normal liver [2). They are thus consid­
ered to be supplied by both local proliferation and influx from the peripheral blood in 
the normal state. 

FIG. 3; Metastatic rat natural killer leukemia-O (RNK-O) cells 3 months after intraperitoneal 
inoculation. A RNK-O cells metastasized into the liver. There are many dense granules (g) and 
rod-cored vesicles (arrowheads) in the cytoplasm. E, sinusoidal endothelial cells; n, nucleus; m, 
multivesicular bodies. Bar = 1 f.tm. B RNK-O cells metastasized into the spleen. There are fewer 
rod-cored vesicles than in RNK-O cells in the liver. g, dense granules; n, nucleus; m, 
multivesicular bodies. Bar = 1 !-1m. (Photographed by Dr. Akiko Kojima, Osaka City University 
Medical School) 
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FIG. 4. Ultrastructural comparison between CD3- IL-2RjJ+ cells (= NK cells; A) and 
CD3int"m,diatd IL_2RjJ+ cells (= extrathymic T cells; B) obtained by cell sorting from the mouse 
liver. These two populations have a common feature ofLGLs except in the size of dense granules 
(g) . Granules ofNK cells are larger than those of extrathymic T cells. m, multivesicular bodies; 
c, centrioles. A, B: bar = O.5!lm 

Pit Cells and Extrathymic T Cells in the Liver: 
Ultrastructural Comparison 

In the mouse liver, as well as NK cells, there are a large number of extrathymic T 
cells which are phenotypically defined as CD3int"m,diate+IL_2Rj3+ cells or NKl.l + 
TCRint"mediat< + cells. These constitute the defense system of the liver against tumor 
metastasis and microbial infection, together with NK cells and Kupffer cells [17]. In 
the liver of human beings and rats, however, the presence of extra thymic T cells has 
not been clearly demonstrated, probably owing to the lack of appropriate antibodies 
to characterize them. In the human liver, as well as CD3- CD56+ cells (= NK cells), 
there are many CD3+CD56+ cells [18] which may correspond to the extrathymic T 
cells of mouse liver. 

As revealed by electron microscopy, CD3 - IL-2Rj3+ cells (= NK cells; Fig. 4A) and 
CD3int<rmediat<+IL_2Rj3+ cells (= extrathymic T cells; Fig. 4B) obtained by the cell sorting 
of mouse hepatic mononuclear cells show a common feature of LGLs, although 
the number and size of dense granules are smaller in the latter cells than in the former 
[19,20] . 

Tumor Cell Lysis by Pit Cells: Involvement of Dense 
Granules and the Fas-Fas Ligand System 

Pit cells have natural killer-, natural cytotoxic (NC)-, and lymphokine-activated killer 
(LAK)-mediated cytotoxicities, by which they are capable of preventing liver metasta­
sis of various kinds of tumors. Both in vivo and in vitro experiments have demon-
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FIG. SA,B. In vivo tumor cell lysis by pit cells. Pit cell-Y ac-l cell conjugate is seen in the sinusoid 
1 h after intra portal injection. A A pit cell (P) holds a Yac-l cell (Y) with cytoplasmic projections 
(arrows) . Dense granules (g) are oriented toward the target cell, which exhibits nuclear chro­
matin condensation and vacuolation of cell organelles. E, sinusoidal endothelial cells; H, 
hepatocytes. Bar = 2 flm. B A pit cell (P) adheres closely to a Yac-l cell (y), the cytoplasm of 
which becomes pale due to cytolysis. g, dense granules; E, endothelial cells; H, hepatocytes. 
Bar = 2 flm. (From [20], with permission of the Biomedical Research Foundation) 

strated that pit cells are bound to target cells with their cell bodies and cytoplasmic 
processes, and then orient dense granules toward the target and ultimately induce 
apoptosis (Fig. SA) or cell lysis (Fig. SB) [21]. Although the mechanism by which pit 
cells exert cytotoxicity against tumor cells is not fully understood, there are two 
possibilities; one is perforin-induced osmotic disruption of cells, and another is Fas­
Fas ligand system-mediated apoptosis. Dense granules of NK cells and LAK cells 
contain perforin and serine esterase, as has been demonstrated biochemically and 
immunohistochemically [22, 23]. Being exocytosed, perforin will make pores in the 
plasma membrane of bound target cells, resulting in the osmotic rupture of cells. 
However, no correlation has been found between the size of granules and cytolytic 
activity. For example, both LAK cells and granular metrial glandular cells (NK cell 
lineage in the uterus) have very large granules. The former cells exhibit strong 
cytotoxicity, whereas the latter display low NK activity. As for the involvement of the 
Fas-Fas ligand system in NK-mediated cytolyis, Tsutsui et al. [24] clearly showed this 
by using mouse hepatic NK cell clones which lacked the effective mechanism of 
perforin-mediated cytolysis in spite of a sufficient amount of perforin in the granules. 
These NK cell clones exerted cytotoxicity against an intact Fas-expressing tumor cell 
line A-I, but did not do so against a mutant Fas-expressing one F-I0. 
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FIG. 6. Immunohistochemistry for mAb 3.2.3 (A) in normal, (B) IL-2-treated, and (C) IL-12-
treated rat livers. MAb 3.2.3-positive cells, i.e., NK cells, significantly increase in number in both 
IL-2- and IL-12·treated livers. P, portal veins. Bar = 100 11m. (Photographed by Dr. Yun Sun Lee, 
Kinki University School of Medicine) 

Augmentation of Liver-Associated NK Activity by 
BRMs and Suppression of Liver Metastasis 

By treatment with various BRMs such as OK-432 and poly IC:LC, liver-associated NK 
activity is more profoundly augmented than spleen-associated activity [7]. This aug­
mentation is considered to result from an increased influx of peripheral blood NK 
cells into the liver [25]. Pit cells are also activated, as demonstrated by the increment 
of rod-cored vesicles and the enlargement of Golgi apparatus [26]. By treatment 
with IL-2 or IL-12 for five consecutive days, monoclonal antibody 3.2.3-positive NK 
cells significantly increased in number in the rat liver (Fig. 6). Experimental 
hepatic metastases of rat colon carcinoma RNC-H4 were concurrently reduced 
[27]. In mice, NKl.l +TCRintermediate+ cells or NKI + T cells are considered to be the 
effector cells in IL-12-induced immune responses and suppression of liver metastasis 
[28,29]. 

Liver NK Cells in a Tumor-Bearing State 

In Japan, IL-2 is the only BRM that is under clinical trial for patients with hepatic 
tumors. For successful immunotherapy with IL-2, the dose and time schedule for 
administration is important because high-dose IL-2 often causes serious side-effects, 
especially in the tumor-bearing state. Intraperitoneal injection of IL-2 at a dose of 
105 ru twice daily for 3 days resulted in the death of MH134-hepatoma-bearing mice, 
while it had no lethal effect on non-tumor-bearing mice [30]. In a tumor-bearing 
state, the numbers of CD3 - IL-2Rjr cells (= NK cells) and CD3intermediate+IL_ 
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FIG. 7. Number of four lymphocyte subsets per liver in non-tum or-bearing and MH134-tumor­
bearing mice 7 days after tumor implantation. Black areas, CDrIL-2R/3+ cells (= NK cells); 
shaded areas, CD3intecmediate+IL_2R/3+ cells (= extrathymic T cells); dotted areas, CDrIL-2R/3-
cells (= B cells etc.); white areas, CD3+IL-2R/3- cells (= conventional T cells). The former two 
lymphocyte subsets significantly increase in number in tumor-bearing mice. (Modified from the 
data in [30]) 

FIG. 8. Accumulation oflarge granular lymphocytes in the liver of MH 134-tumor-bearing mice 
after treatment with high-dose IL-2 (6 x 105 IU in 3 days). Large granular lymphocytes (L), 
agranular lymphocytes (A), and neutrophils (N) are accumulated in the space of Disse. H, 
hepatocytes. Bar = 5!lm 
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2R/Y cells (= extrathymic T cells) per liver were much larger than those in a non­
tumor-bearing state, while the number of CD3+IL-2R/T cells (= thymic T cells) 
was smaller (Fig. 7) [30]. When high-dose IL-2 was given to tumor-bearing mice, 
LGLs including NK cells and extrathymic T cells underwent a population increase 
in the liver (Fig. 8) and lungs, leading to the functional disturbance of these 
organs. 

Biological Functions of Pit Cells Other than 
Anti-Tumor Activity 

There have been few studies on the function of pit cells other than their anti­
tumor activity. In general, NK cells are considered to have a wide variety of 
functions, including antiviral and antifungal activities, regulation of immune reac­
tions, regulation of hemopoiesis, rejection of allografts, etc. Pit cells may have 
these functions as well. Recently, it has been demonstrated that hepatic NK cells 
are involved in the progress [31] or termination [32] of liver regeneration by sup­
pressing or augmenting, respectively, NK-mediated cytotoxicity against immature 
hepatocytes. 
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Changes in Adhesion Molecules of 
Sinusoidal Endothelial Cells in Liver 
Injury 
HIROMASA OHIRA\ TAKATO UEN02, KYUICHI TANIKAWA2, 

and REIJI KASUKAWA1 

Summary. Interactions between leukocytes and sinusoidal endothelial cells have been 
known to be involved in the pathogenesis of acute liver injury. In these cell-to-cell 
interactions, various adhesion molecules playa key role, and the expression of these 
adhesion molecules is mainly regulated by inflammatory cytokines such as tumor 
necrosis factor-a (TNF-a), interleukin-I (IL-1), and interferon-y (IFN-y). Sinusoidal 
endothelial cells express intercellular adhesion molecule-I (ICAM-1), ICAM-2, 
leukocyte function-associated-3 (LFA-3), very late antigen-5 (VLA-5), and CD44 in 
normal liver. However, in patients with acute or chronic liver disease, ICAM-I and 
vascular cell adhesion molecule-I (VCAM-1) expression on sinusoidal endothelial 
cells is markedly enhanced in the inflammed liver tissue. In one of our studies, the 
in vitro expression of ICAM-I on cultured rat sinusoidal endothelial cells which 
had been stimulated with TNF-a or IL-Ia increased in a dose- and time-dependent 
manner. In addition, the number of neutrophils that adhered to sinusoidal 
endothelial cells pretreated with TNF-a increased in a dose-dependent manner, and 
significantly decreased upon incubation with anti-ICAM-I antibody. In vivo, follow­
ing endotoxin-induced rat liver injury, the number of neutrophils infiltrating the 
sinusoids increased after plasma TNF and IL-8 peaked. In addition, ICAM-I expres­
sion on sinusoidal endothelial cells strongly increased from 8h after endotoxin expo­
sure, and adhered to neutrophils which expressed both LFA-I and Mac-I. These 
findings suggest that sinusoidal endothelial cells may mediate the direct interaction 
between leukocytes and sinusoidal endothelial cells by expressing adhesion molecules 
regulated by inflammatory cytokines. 

Key words. ICAM-I, Inflammatory cytokines, Endotoxin, sICAM-I, sVCAM-I 
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Introduction 

Cellular adhesion and recognition mechanisms are among the most basic require­
ments for the evolution of multicellular organisms. Such cell-to-cell or cell-to-matrix 
interactions involve an antigen-independent receptor-ligand interaction mediated by 
adhesion molecules. Currently, adhesion molecules are classified into four major 
families, according to common structural features, i.e., the cadherin, integrin, 
immunoglobulin, and selectin familes [1, 2]. In addition, the expression of several 
adhesion molecules is known to be regulated by various cytokines such as TNF-a, 
interleukin-l (IL-1), and interferon-y (IFN-y) [3,4]. In the liver, inflammatory cells 
pass through the sinusoidal endothelial cells to accumulate at the inflammatory sites. 
Consequently, leukocyte-sinusoidal endothelial cell interaction may play an impor­
tant role in the control of the immune response [5]. In liver injury, the expression of 
adhesion molecules on sinusoidal endothelial cells is up-regulated and the production 
of inflammatory cytokines increases [6, 7]. In the present study, we investigated the 
relationship between changes in adhesion molecules on sinusoidal endothelial cells 
and cytokine levels in vitro and in vivo. In this chapter, we focus primarily on 
intercellular adhesion molecule-l (ICAM -1), which is believed to be a very important 
molecule in leukocyte-endothelial interactions. 

Expression of Adhesion Molecules on Sinusoidal 
Endothelial Cells 

Immunohistochemical analysis using biopsy specimens from patients with liver dis­
ease and healthy controls has revealed that various adhesion molecules are expressed 
on sinusoidal endothelial cells [7-9]. As shown in Table 1, ICAM-I, ICAM-2 (belong­
ing to the immunoglobulin superfamily), leukocyte function-associated-3 (LFA-3), 
very late antigen-5 (VLA-5) (integrin family), and CD44 are expressed on sinusoidal 
endothelial cells in normal liver. On the other hand, in patients with acute or chronic 
liver disease, the expression of these adhesion molecules is up-regulated and new 
adhesion molecules such as E-selectin or P-selectin are expressed. In particular, 
ICAM-l and vascular cell adhesion molecule-l (VCAM-1) expression on sinusoidal 

TABLE l. Expression of adhesion molecules on sinusoidal 
endothelial cells 

Adhesion molecules Healthy controls Liver disease 

Selectin family 
E-selectinJ + 
P-selectin 

ICAM-l + ++ 
Immunoglobulin ICAM-2 + + 
family VCAM-l ++ 

LFA-3 + + 

Integrin family VLA-5 + + 

CD44 + + 
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FIG. 1. Immunoperoxidase staining of intercellular adhesion molecule-l (ICAM-l) in liver 
tissue biopsy from a patient with chronic hepatitis C. Remarkable localization of ICAM-l is 
observed on sinusoidal lining cells in the area of priportal inflammation. P, portal tract. X200 

endothelial cells is markedly enhanced in inflammed liver tissue (Fig. 1). The expres­
sion of other adhesion molecules, such as cadherin or neural cell adhesion molecule 
(NCAM) which is known to express on vascular endothelial cells, has not been con­
firmed on sinusoidal endothelial cells. 

The ligands of these adhesion molecules exist primarily on the surface of leukocytes 
[3], which strongly suggests that the interactions between sinusoidal endothelial cells 
and leukocytes via adhesion molecules play an important role in the pathogenesis 
of liver injury. The adhesion pathways between leukocytes and sinusoidal endothe­
lial cells, such as the E-selectin ligand-l (ESL-1)-E-selectin pathway, P-selectin 
glycoprotein ligand-l (PSGL-l)-P-selectin pathway, LFA-l/Mac-l-ICAM-l pathway, 
and VLA-4-VCAM-l pathway, are involved in leukocyte infiltration and hepatocyte 
injury. Recently, Fas-mediated apoptosis and perforin-mediated injury have been 
reported to be associated with the pathogenesis of hepatocyte injury in chronic hepa­
titis due to hepatitis B or hepatitis C virus [lO-l2]. In these systems, cell-to-cell 
adhesion is needed, and these adhesion pathways playa crucial role for Fas-mediated 
apoptosis and perforin-mediated injury. 

Cytokines and Adhesion Molecules 

The expression of adhesion molecules on sinusoidal endothelial cells is mediated by 
several substances such as thrombin, lipopolysaccharide (LPS), and histamine, and 
various cytokines. E-selectin, ICAM-l, and VCAM-l are up-regulated by inflamma­
tory cytokines such as TNF-a, IL-l, and IFN-y [13]. These cytokines are induced by 
adjacent Kupffer cells, lymphocytes, sinusoidal endothelial cells, activated platelets 
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FIG. 2. Transmission electron micrograph showing a neutrophil adhering tightly to a sinusoidal 
endothelial cell treated with tumor necrosis factor-a (TNF-a). Sinusoidal endothelial cells were 
isolated from male Wistar rats by collagenase perfusion and centrifugal elutriation. After incu­
bation for 24h on a type-l collagen-coated dish with William's medium E containing 10% fetal 
calf serum, these cells were treated with 100 Vlml ofTNF-a for 8 h. The culture was then overlaid 
with neutrophils purified from rat venous blood. After 20 min incubation, the culture was 
washed three times and fixed with 2% glutaraldehyde for electron microscopy. E, sinusoidal 
endothelial cell; N, neutrophil. X8000 

that have adhered to damaged sinusoidal endothelial cells, and spleen cells, which 
probably results in a state that promotes the adhesion of leukocytes to sinusoidal 
endothelial cells [6, 14-17]. P-selectin is expressed on the surface of Weibel-Pala de 
bodies in vascular endothelial cells and is rapidly induced by histamine and thrombin 
[18]. 

In our study of the expression of ICAM-l in cultured rat sinusoidal endothelial 
cells, using the immunogold technique and a cytofluorometer, ICAM-l expression 
increased in a dose-dependent manner 8h after either TNF-a or IL-la stimulation 
[19]. Kinetics analysis revealed that the expression of ICAM-l on sinusoidal 
endothelial cells treated with these cytokines gradually increased from the beginning 
of stimulation to 24h [19]. 

In addition, neutrophils adhered to cultured rat hepatic sinusoidal endothelial cells 
treated with these cytokines in vitro (Fig. 2), with the number of neutrophils adhering 
to sinusoidal endothelial cells pretreated with TNF-a for 8h increasing in a dose­
dependent manner. Moreover, the number of neutrophils that adhered to the cells 
significantly decreased upon incubation with anti-ICAM-l antibody (Fig. 3). 

These findings are similar to those for other vascular endothelial cells and there­
fore, like vascular endothelial cells, hepatic sinusoidal endothelial cells may be closely 
involved in inflammation associated with liver disease via surface expression of vari-
0us adhesion molecules. 



FIG. 3. The number of 
neutrophils adhering to 
cultured rat sinusoidal 
endothelial cells treated with 
tumor necrosis factor-a 
(TNF-a) for 8h. Following 
TNF-a treatment, 
neutrophils were co-cultured 
with sinusoidal endothelial 
cells for 20 min. After 
washing three times, adhered 
neutrophils were stained with 
chloroacetate esterase and 
the number of neutrophils 
adhering to 200 sinusoidal 
endothelial cells (SECs) was 
counted. **p < 0.01 

Adhesion Molecules in Sinusoidal Endothelial Cells 95 

** ** 

100 -1 ** 

** 

50 

TNF (U/mi) a 10 100 100 
+ 

ICAM-l antibody 

The process of molecular recognition between neutrophils and vascular endothelial 
cells is considered to proceed through at least three sequential steps, which are 
mediated by corresponding adhesion molecules and several cytokines [13,20]. In the 
first step, which is called "rolling", ESL-l and PSGL-l on neutrophils recognize E- and 
P-selectin on vascular endothelial cells. In the second step, these neutrophils are 
activated by chemoattractants such as IL-8. In the third step, a firm adhesion is 
formed in which LFA-l, Mac-I, and VLA-4 on neutrophils bind to ICAM-l or VCAM-
1 on vascular endothelial cells. 

In addition, we examined the relationships between the expression of adhesion 
molecules on sinusoidal endothelial cells and infiltrated neutrophils in the liver, and 
the plasma levels ofTNF and IL-8 in LPS-induced acute liver injury in rats [21]. In that 
study, plasma TNF peaked at 1 h (23.3 ::': 11.4 IU/ml), and IL-8 peaked at 3 h (343.1 ::': 
1l0.5ng/ml) after LPS exposure (2mg/kg intravenously in 0.2ml). IL-8, which 
appeared to be induced in response to the increase in TNF, not only acts as a 
chemoattractant for neutrophils, but also induces the translocation of Mac-l from the 
intercellular storage pool onto the surface of neutrophils [22]. In our previous study 
[21], and as shown in Fig. 4, the number of neutrophils infiltrating the sinusoids 
increased after plasma TNF and IL-8 peaked, indicating that these cytokines may 
participate in the activation of neutrophils and up-regulation of adhesion molecules. 
Immunohistochemical studies have revealed that the expression of ICAM-l on 
sinusoidal endothelial cells and hepatocytes strongly increases from 8h after LPS 
exposure, and that both LFA-l and Mac-l are expressed on neutrophils that have 
adhered to sinusoidal endothelial cells (Fig. 5). These data suggest that neutrophil­
sinusoidal endothelial cell and neutrophil-hepatocyte interactions via adhesion mol­
ecules and related to inflammatory cytokines such as TNF and IL-8 play an important 
role in the pathogenesis of acute liver injury. 
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FIG. 4. The relationships among a plasma levels of TNF and IL-8, b the number of neutrophils 
in the liver, and c the expression of the adhesion molecules on sinusoidal endothelial cells 
(rCAM-l) and infiltrated neutrophils (LFA-l and Mac-l) in lipopolysaccharide {LPS}-induced 
liver injury in rats. Male Wistar rats were administered 2 mg/Kg LPS intravenously. Liver and 
blood samples were obtained at 1, 3, 8, and 12h after LPS exposure. Plasma TNF and IL-8levels 
were measured using a bioassay and specific ELISA, respectively. The number of neutrophils in 
the liver was determined by microscopic examination and expressed as cells/mm'. Frozen 
sections of liver fixed in periodate-lysine-paraformaldehyde were immunohistochemically 
analyzed using specific monoclonal antibodies to LFA-l, Mac-I, and ICAM-l. Solid line, LPS 
exposure group {n = 5}; dashed line, control group {n = 5}. **P < 0.01 and *p < 0.05 compared 
with controls 
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FIG. 5. Electron micrograph showing immunoreactive products for Mac-1 antibody on the 
surface of neutrophils (arrowheads) adhered to a degenerated sinusoidal endothelial cell after 
lipopolysaccharide treatment. S, sinusoid; N, neutrophil. X 14 000 

Soluble Form of Adhesion Molecules 

Circulating soluble forms of adhesion molecules have been detected in several condi­
tions, including inflammatory diseases and malignant diseases [23,24]. In patients 
with chronic liver diseases, the serum levels of the soluble forms ofICAM-l (sICAM-
1), sVCAM-l, and sLFA-3 are elevated, with the sICAM-llevel correlating with serum 
asparate aminotransferase levels, which suggests that the serum sICAM-l level is 
indicative of hepatocellular damage [25]. However, immunohistochemical studies 
have demonstrated the surface expression of ICAM-l, VCAM-l, and LFA-3 on 
sinusoidal lining cells as well as on hepatocytes in chronic hepatitis [26], and thus the 
source of these soluble forms of adhesion molecules in the sera of chronic liver disease 
may be nonparenchymal cells, including sinusoidal endothelial cells. 

In one of our previous studies, the mean serum levels of sICAM-l and sVCAM-l 
were significantly higher in patients with chronic viral hepatitis (1213.9 ± 168.7 ng/ml 
and 1006.3 ± 103.9ng/ml, respectively) than in the healthy controls (315.9 ± 
93.5 ng/ml and 418.0 ± 70.2 ng/ml, respectively). In patients with acute viral hepatitis, 
the mean serum levels of these molecules generally increased (4824.6 ± 572.2 ng/ml 
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FIG. 6. Serum concentration of a sICAM-l and b sVCAM-l in normal subjects (n = 12), and in 
patients with acute hepatitis (AH, n = 12), chronic hepatitis (CH, n = 12), and hepatocellular 
carcinoma (HCC, n = 12). **p < 0.01 

and 2374.6 ± 328.6ng/ml, respectively), as shown in Fig. 6a and 6b, respectively. In 
addition, the serum concentration of these molecules was elevated in patients with 
hepatocellular carcinoma, which was similar to results in another report [27]. How­
ever, circulating sICAM-l in HCC patients is thought to be shaded from HCC cells but 
not from sinusoidal endothelial cells. Naturally, there is the possibility that the levels 
of the soluble forms of adhesion molecules such as sE-, sP-selectin, and sCD31 are 
elevated in sera of various liver diseases, but this has yet to be determined. 

The role of the soluble forms of adhesion molecules in liver disease remains un­
clear. However, these soluble forms of adhesion molecules are believed to suppress 
cell-to-cell adhesion and inhibit the surplus host's immune reaction by binding with 
their ligands [28]. Indeed, sP-selectin and sE-selectin chimeras have been found to be 
benefical effects in experimental models [29, 30]. 

In conclusion, adhesion molecules play a key role in many liver diseases, and 
sinusoidal endothelial cells may be highly involved in liver injury via expression of 
various adhesion molecules regulated by inflammatory cytokines. 
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The Role of Hepatic Sinusoidal Cells 
in the Development 
of Massive Liver Necrosis 
SATOSHI MOCHIDA and KENJI FUJIWARA 

Summary. Massive liver necrosis develops as a result of microcirculatory disturbance 
due to fibrin deposition in the hepatic sinusoids through the derangement of blood 
coagulation equilibrium. Such mechanisms might be involved in the development of 
fulminant viral hepatitis as well as primary graft nonfunction following orthotopic 
liver transplantation. In rat models of massive liver necrosis, fibrin deposition 
occurred in association with endothelial cell injury in the hepatic sinusoids. Such 
endothelial cell injury was caused by hepatic stellate cell damage or activation of 
Kupffer cells and hepatic macrophages. Activated Kupffer cells and hepatic 
macrophages produced sinusoidal fibrin deposition in two different ways. When 
hepatic macrophages were activated through a cytokine network of interleukin (IL)-
18, interferon (IFN)-y, and IL-2, they expressed increased CD14, a receptor for 
lipopolysaccharide and its binding protein complex, and destroyed sinusoidal 
endothelial cells by releasing cytotoxic mediators such as tumor necrosis factor 
(TNF)-a and superoxide anions following endotoxin stimulation. In contrast, Kupffer 
cells activated by overloading of gut-derived substances showed marked expres­
sion of tissue factor, an initiator of the blood coagulation cascade. Although such 
Kupffer cells expressed less CD14 and cytotoxic mediators, they provoked sinusoidal 
fibrin deposition following endotoxin stimulation. The hepatic sinusoids have the 
unique characteristic that endothelial cells express minimal tissue factor pathway 
inhibitor and thrombomodulin compared with those in other organs. This may 
contribute to the development of sinusoidal fibrin deposition in both models. Thus, 
the supplementation with both factors would be a therapeutic strategy for massive 
liver necrosis associated with sinusoidal fibrin deposition. Also, selective bowel 
decontamination to inhibit bacterial translocation into the portal blood would be a 
promising candidate. 

Key words. Endotoxin, Kupffer cells, Sinusoidal endothelial cells, Sinusoidal fibrin 
deposition, Orthotopic liver transplantation 

Third Department of Internal Medicine, Saitama Medical School, 38 Morohongo, Moroyama­
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I ntrod uction 

It is accepted that liver necrosis develops in viral hepatitis during the process of viral 
eradication from hepatocytes by cytotoxic T lymphocytes (CTL) as a result of 
apoptosis through Fas and Fas-ligand systems [1]. Such mechanisms, however, seem 
less likely in the development of massive liver necrosis in fulminant viral hepatitis, 
since the CTLs infiltrating into the liver are too few to injure a large number of 
hepatocytes at the same time. Rake et al. [2] demonstrated that fibrin deposition exists 
in the hepatic sinusoids of patients with fulminant viral hepatitis. Microcirculatory 
disturbance due to sinusoidal fibrin deposition might contribute to the development 
of fulminant viral hepatitis. This postulation was strengthened by our clinical trial 
using antithrombin III concentrate, in which survival periods in patients with 
fulminant viral hepatitis were significantly improved with attenuation of blood 
hypercoagulopathy by the therapy [3,4]. 

Primary graft nonfunction is still a critical complication following orthotopic 
liver transplantation using cadaveric liver as the transplant [5], the cause of which 
is unclear. Patients with this complication take a clinical course similar to that for 
fulminant viral hepatitis with massive liver necrosis [6]. Blood hypercoagulability has 
been suggested to occur immediately after blood reflow of the graft in patients under­
going orthotopic liver transplantation because of increased plasma concentration of 
thrombin-antithrombin III complex (TAT) [7, 8]. Experimentally, endothelial cell 
damage in the hepatic sinusoids has been observed in cold preserved liver [9]. Thus, 
microcirculatory disturbance due to sinusoidal fibrin deposition might develop fol­
lowing orthotopic liver transplantation and cause primary graft nonfunction. 

In this chapter, the mechanisms of sinusoidal fibrin deposition are presented on the 
basis of our experimental results, especially focusing on blood coagulation equilib­
rium in the hepatic sinusoids. Also, novel anticoagulant therapies for the prevention 
of fulminant viral hepatitis as well as primary graft nonfunction following orthotopic 
liver transplantation are proposed. 

Blood Coagulation Equilibrium in the Hepatic Sinusoids 

Blood coagulation cascade is initiated by a complex of tissue factor and activated 
coagulation factor VII (VIla) through activation of coagulation factor IX or X on 
membrane phospholipid bilayers [10]. Activated monocytes and macrophages pro­
duce tissue factor abundantly [11-13]. In the hepatic sinuosids, activated Kuppfer 
cells can similarly become thrombogenic [14, 15]. On the other hand, blood coagula­
tion is suppressed by a variety of anticoagulant factors expressed on endothelial cells 
[16]. Tissue factor pathway inhibitor (TFPI) and thrombomodulin are considered to 
be the most important anticoagulants acting on the upper and lower streams of the 
blood coagulation cascade. TFPI inhibits catalytic activity of the tissue factor and 
factor VIla complex on factor IX or X in a two-step feedback reaction with the 
participation of the resultant activated factor IX or X [17, 18], while thrombomodulin 
not only inactivates thrombin activity, but its complex with thrombin can also 
increase antithrombogenic activity on endothelial cells through the activation of 
protein C [16]. 
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The hepatic sinusoid is a unique microcirculation system in blood coagulatory 
regulation as well as in structure. The endothelial cells express minimal TFPI and 
thrombomodulin compared with those in the peripheral vessels in other organs [14, 
15, 18]. In normal rats, blood coagulation equilibrium may be maintained in the 
hepatic sinusoids despite such decreased antithrombogenic activity in endothelial 
cells, since the increase in tissue factor activity following endotoxin stimulation is less 
in Kupffer cells compared with macrophages from other organs [15]. However, blood 
coagulation equilibrium might easily be deranged in the hepatic sinusoids when 
Kupffer cells and hepatic macro phages are activated to express increased tissue factor 
(Fig. 1). 

Sinusoidal Fibrin Deposition as a Cause of 
Massive Liver Necrosis 

Massive liver necrosis develops in rats given carbon tetrachloride (CCI4) or 
dimethylnitrosamine (DMN). Although prothrombin time prolongation was similar 
in both groups, plasma levels of TAT and soluble fibrin monomar complex were 
significantly higher in DMN-treated rats than in CCl4-treated rats [19]. Electron 
microscopic examination revealed that fibrin deposition was present in the hepatic 
sinusoids as well as in the necrotic areas in DMN-treated rats, but only in the necrotic 
areas in CCl4-treated rats [19]. Sinusoidal endothelial cell injury was observed only in 
DMN-treated rats [19]. Moreover, intravenous infusion of antithrombin III concen­
trate attenuated liver injury and blood coagulation disorders in a dose-related manner 
in DMN-treated rats but not in CCl4-treated rats, although plasma antithrombin III 
activity was similarly increased in both groups [19]. These results suggested that fibrin 
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deposition in the necrotic areas occurred as a result of massive liver necrosis, 
whereas fibrin deposition in the hepatic sinusoids developed in association with 
endothelial cell injury and caused microcirculatory disturbance leading to massive 
liver necrosis. 

On electron microscopic examination of the liver, performed serially in DMN­
treated rats, the initial abnormal finding was apoptosis of hepatic stellate cells which 
reinforce sinusoidal endothelial cells as pericytes [20]. DMN also induced apoptosis of 
hepatic stellate cells in primary culture (unpublished data). Thus, in the DMN model, 
it is likely that apoptosis of hepatic stellate cells produced sinusoidal endothelial cell 
destruction leading to the onset of massive liver necrosis through microcirculatory 
disturbance due to sinusoidal fibrin deposition. 

In patients with fulminant viral hepatitis, however, electron microscopy shows no 
hepatic stellate cell damage [21], while marked injuries of sinusoidal endothelial cells 
are observed [22]. Also, peripheral mononuclear cells have been reported to be acti­
vated in patients with fulminant viral hepatitis [23,24]. We found that serum tumor 
nacrosis factor (TNF)-a concentration was considerably increased in some patients 
with fulminant viral hepatitis [25]. 

Sinusoidal Fibrin Deposition in Endotoxin-Induced Liver 
Injury 

When rats received heat-killed Propionibacterium ances (P. acnes: Corynebacterium 
parvum) intravenously, a marked infiltration of macrophages developed, with 
granuloma formation in the liver 7 days later [26, 27]. In these rats, massive liver 
necrosis was induced by an injection of endotoxin at a dose which is nontoxic to 
normal rats [26,27]. Similar necrosis was also provoked by endotoxin administration 
in rats which underwent 70% hepatectomy 48h earlies [28, 29]. In both models, 
electron microscopy showed endothelial cell destruction and fibrin deposition in the 
hepatic sinusoids preceding hepatocyte injury [27, 28]. Antithrombin III concentrate 
infused concomitantly with endotoxin attenuated both liver injuries [27,28]' suggest­
ing that sinusoidal fibrin deposition contributed to massive liver necrosis through 
microcirculatory disturbance. 

Serum TNF-a concentration was markedly increased following endotoxin adminis­
tration in rats pretreated with heat -killed P. acnes [30]. Liver perfusion with nitro-blue 
tetrazolium (NBT) and phorbol12-myristate 13-acetate (PMA) can determine in situ 
the ability of Kupffer cells and hepatic macrophages to produce superoxide anions by 
the extent of deposition offormazan converted from NBT [31,32]. Formazan deposi­
tion was found extensively in hepatic macrophages throughout the liver of P. acnes­
treated rats [32] and in Kupffer cells in 70% hepatectomized rats [28]. In both cases, 
pretreatment with gum arabic, which can block macrophage activation [33], reduced 
the extent offormazan deposition with attenuation ofliver injuries [28,34]. In con­
trast, eradication of circulating neutrophils by polyclonal antibody did not affect the 
extent of either of these liver injuries [34, 35]. It seems likely that activated Kupffer 
cells and hepatic macrophages, but not neutrophils, provoked fibrin deposition and 
endothelial cell injury in the hepatic sinusoids following endotoxin stimulation in the 
P. acnes and partial hepatectomy animals. 
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Mechanisms of Sinusoidal Fibrin Deposition Induced by 
Activated Kupffer Cells and Hepatic Macrophages 

Alanine aminotransferase (ALT) activity is exclusively present in hepatocytes, while 
purine nucleoside phosphorylase (PNP) activity exists in hepatocytes as well as in 
sinusoidal cells including endothelial cells (30). Considering the fact that the ratio of 
ALT activity to PNP activity is about 5: 1 in isolated hepatocytes [4], the extent of 
sinusoidal cell injury can be evaluated by measuring both PNP and ALT activities in 
serum and liver perfusate [30, 36]. To clarify the cells targeted by activated Kupffer 
cells and hepatic macro phages, an ex vivo liver perfusion system with solutions 
containing no plasma would be useful, because sinusoidal fibrin deposition could not 
occur. The liver was perfused with Dulbecco's modified Eagle medium (DMEM) 
containing heat-inactivated fetal calf serum (FCS) as well as endotoxin to provoke 
excitation of Kupffer cells and hepatic macro phages [37]. The flow rate was main­
tained at 1.4mllmin/g liver, the physiological flow rate in normal rat liver [36], in 
order to avoid liver cell injury due to increased perfusion pressure in the hepatic 
sinusoids. 

When P. acnes-treated rats received endotoxin, the serum activities of PNP and 
ALTwere increased following a transient peak ofTNF-a activity [30]. Administration 
of antiserum against TNF-a as well as superoxide dis mutase (SOD) significantly 
attenuated this liver injury [27, 38], suggesting that TNF-a and superoxide anions 
released from activated hepatic macrophages were responsible for the development of 
massive liver necrosis. When the liver of P. acnes-treated rats was perfused with 
endotoxin, PNP activity was similarly increased in the perfusate, but AL T activity was 
unchanged [30]. In these rats, electron microscopy showed sinusoidal endothelial cell 
injury [30]. Moreover, the increase in PNP activity in the perfusate was significantly 
reduced by pretreatment of the rats with gadolinium chloride, which can eradicate 
activated hepatic macrophages [30]. Thus, activated macro phages in the P. acnes 
model were shown to destroy endothelial cells through cytotoxic mediators and pro­
voke fibrin deposition in the hepatic sinusoids (Figs. 1 and 2). It is concluded that 
hepatocyte injury developed as a result of microcirculatory disturbance due to 
sinusoidal fibrin deposition (Fig. 2). 

In the partial hepatectomy model, serum PNP and AL T activities were similarly 
increased [35, 39]. However, when 70% resected rat liver was perfused with DMEM 
with no addition of endotoxin, both PNP and AL T activities were increased slightly in 
the liver perfusate. Sinusoidal endothelial cells as well as hepatocytes might be more 
susceptible to low flow hypoxia in 70% resected rat liver compared with P. acnes­
treated rat liver. However, both PNP and AL T activities were unchanged in the 
perfusate when the liver was perfused with endotoxin [35,39], indicating that liver cell 
injury was not provoked by activated Kupffer cells after endotoxin stimulation. Thus, 
activated Kupffer cells seemed to produce sinusoidal fibrin deposition in the partial 
hepatectomy model through different mechanisms. Sinusodial endothelial cells as 
well as hepatocyes may be injured in vivo as a result of microcirculatory disturbance 
due to sinusoidal fibrin deposition. 

Tissue factor activity was measured in Kupffer cells isolated from 70% 
hepatectomized rats and cultured in the presence or absence of endotoxin. The activ-
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FIG. 2. Mechanisms of massive liver necrosis induced by endotoxin in heat-killed 
Propionibacterium acnes-treated and 70% hepatectomized rats 

ity was much higher in 70% hepatectomized rats than in normal rats irrespective of 
the presence of endotoxin [15,35,39] . Coagulopathy in the hepatic sinusoids follow­
ing endotoxin administration would easily occur in the partial hepatectomized rats. 
When recombinant human TFP! was given to these rats concomitantly with 
endotoxin, liver injury and blood coagulation disorders were significantly attenuated 
compared with the controls [35, 39] . Similar results were also obtained when 
recombinant human thrombomodulin was given [35, 39]. We conclude that blood 
coagulation equilibrium in the hepatic sinusoids is disturbed by increased tissue 
factor activity in activated Kupffer cells, and this disturbance provokes fibrin deposi­
tion (Fig. 2). The unique characteristic of the hepatic sinusoids that endothelial 
cells express minimal TFP! and thrombomodulin could also be a contributing factor 
(Fig. 1). 

Activation Mechanisms of Kupffer Cells and 
Hepatic Macrophages 

Activated Kupffer cells in the partial hepatectomy model produced fewer cytotoxic 
mediators such as superoxide anions and TNF-a in response to endotoxin than 
activated hepatic macrophages in the P. acnes model [35], but tissue factor activity 
was reversed in both models [35, 39]. Both cells can release large amounts of 
superoxide anions after stimulation with PMA [28,32]. Hepatic mRNA expression of 
CD14, a receptor for lipopolysaccharide and its binding protein complex, was mark­
edly increased in P. acnes-treated rat liver compared with nomralliver, but decreased 



Hepatic Sinusoidal Cells and Massive Liver Necrosis 107 

FIG. 3. Activation mechanisms of Kupffer cells and hepatic Macrophages in heat-killed 
Propionibacterium acnes-treated and 70% hepatectomized rats 

in 70% resected rat liver [40] . Other endotoxin receptors than CD14 might be 
expressed on activated Kupffer cells in 70% hepatectomized rats in intracellular signal 
transduction for inducing tissue factor. 

In P. acnes-treated rats, hepatic macrophages were activated through a cytokine 
network of interleukin (lL)-18 (formerly called interferon (IFN)-y inducing factor: 
IGIF), IFN-y and IL-2 [40,41], while this network did not operate during the activa­
tion process of Kupffer cells in 70% hepatectomized rats [40]. The overloading of 
gut-derived substances seemed to be responsible for Kupffer cell activation in 
70% hepatectomized rats, since oral administration of polymyxin B sulfate, an 
unabsorbable antibiotic which can inactivate lipopolysaccharide, reduced Kupffer cell 
activation and attenuated liver injury following endotoxin administration [42]. Such 
a difference in activation mechanisms between Kupffer cells and hepatic macro phages 
might cause functional differences in both cells (Fig. 3). 

Adhesion Molecules and Sinusoidal Fibrin Deposition 

Because of the difference in function between activated hepatic macro phages in 
P. acnes-treated rats and Kupffer cells in partially hepatectomized rats, the interaction 
of macrophages with endothelial cells would be different in both models. Hepatic 
expressions of intercellular adhesion molecule-l (ICAM-l) and lymphocyte 
function-associate antigen-l a (LFA-la) were examined immunohistochemically in 
P. acnes-treated and 70% hepatectomized rats. In both groups, light microscopy 
showed that the expressions ofICAM-l and LFA-la along the hepatic sinusoids were 
increased compared with those of normal rats [34]. When the rats received endotoxin, 
both expressions became more prominent preceding the development of massive 
liver necrosis. The cells expressing ICAM -1 and LF A -la were electron microscopically 
identified as endothelial cells and Kupffer cells/macrophages, respectively [34]. 
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ICAM-I expression was not found on the surface of hepatocytes in either model 
[34]. Although the up-regulation of ICAM-I expression after cytokine stimulation 
was reported to occur in hepatocytes and sinusoidal endothelial cells in vitro [43], 
similar results were not seen in hepatocytes in vivo [44, 45]. ICAM-I expression 
developed on the surface ofhepatocytes due to the dissociation of cell-to-cell contact 
in rats following liver perfusion with Hank's balanced salt solution at a threefold 
physiological flow rate or with collagenase or ethyleneglycoltelsaacetic acid (EGTA) 
[44]. Also, ICAM-I expression was found on degenerative hepatocytes in CCI4-

intoxicated rats with no increase in the serum concentration ofTNF-a [45]. ICAM-I 
expression may develop on the surface of in vivo hepatocytes only as a result of cell 
injury [44,45]. 

As mentioned above, activated Kupffer cells and hepatic macro phages may adhere 
to sinusoidal endothelial cells, but not to hepatocytes, through ICAM-I and LFA­
la before the development of massive liver necrosis in the P. acnes and partial 
hepatectomy models. When monoclonal antibodies against rat-ICAM-I [46] and 
LFA-Ia [47] were administered to rats in the P. acnes model, the extent ofliver injury 
was significantly attenuated without changes in macrophage infiltration into the liver 
or in the stimulatory state of macrophages [34]. The adhesion of hepatic macrophages 
to sinusoidal endothelial cells might increase the concentration of cytotoxic media­
tors on the surface and destroy sinusoidal endothelial cells (Fig. 2). Activated hepatic 
macro phages cannot destroy hepatocytes directly in the P. acnes model [30] because 
of less contact between the cells through these adhesion molecules. In contrast, 
a similar administration of both antibodies significantly aggravated the extent of 
liver injury in the partial hepatectomy model [35]. The adhesion between 
activated Kuppffer cells and sinusoidal endothelial cells may protect against blood 
coagulation imbalance in the hepatic sinusoids in the presence of minimal cytotoxic 
mediators (Fig 2), probably because endothelial cells are the only cells that have 
antithrombogenic activity in the hepatic sinusoids even though TFPI and 
thrombomodulin expressions are decreased. 

Mechanisms of Liver Injury Following Orthotopic 
Liver Transplantation 

The liver from cadaveric donors is inevitably exposed to both warm and cold ischemia 
during orthotopic liver transplantation, suggesting that primary graft nonfunction 
may develop as a result of reperfusion injury of the liver following warm or cold 
ischemia. When rat liver was perfused with Eagle's MEM solution following warm and 
cold ischemia, both PNP and AL T activities were increased in the perfusate depending 
on the duration of ischemia [36]. The ratio of ALT activity to PNP activity in the 
perfusate after warm ischemia was very similar to that in isolated hepatocytes, and 
was significantly higher than that in the perfusate after cold ischemia [36], suggesting 
that hepatocytes were mainly injured in rat liver during reperfusion following warm 
ischemia, but cells injured after cold ischemia were sinusoidal endothelial cells. The 
stimulation stage of Kupffer cells evaluated in situ by formazan deposition following 
liver perfusion with NBT and PMA was elevated after cold ischemia for longer than 
I h, but not after warm ischemia [36]. In conrast, the degree of oxidative stress in 
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hepatocytes assessed by formazan deposition following liver perfusion with NBT 
alone [48] was greater after warm ischemia than after cold ischemia [36]. Blood 
coagulation equilibrium in the hepatic sinusoids regulated by Kupffer cells and 
endothelial cells may be disturbed during liver reperfusion following cold ischemia, 
but not following warm ischemia. 

When rat livers were preserved at 1°C in University of Wisconisn (UW) solution, 
sinusoidal endothelial cells remained almost intact for 12h [49]. The disruption of the 
cells which developed after 12h and became prominet at 18h [49]. Northern blot 
analysis revealed that mRNA expression of vascular endothelial growth factor (VEGF) 
had increased in the liver 12h after cold preservation compared with that in normal 
liver, while mRNA expression of KDRlflk-l, a receptor for VEGF, had markedly 
decreased (unpublished data). VEGF is not only a growth factor which can induce 
proliferation of sinusoidal endothelial cells [50, 51], but also a factor which is essential 
for the maintenance of cell viability [50]. Sinusoidal endothelial cells might be injured 
as a result of the disappearance of intracellular signal transduction through VEGF 
receptors in cold-preserved liver. Also, rat liver preserved in could UW solution 
showed the detachment of endhothelial cells into the sinusoidal lumen at 18h or later 
[49]. This detachment was accompanied by the degeneration of adjacent hepatic 
stellate cells, and both cell abnormalities progressed in parallel to each other in 
degree [49], suggesting that hepatic stellate cell damage may cause endothelial cell 
detachment. 

Anticoagulant function was decreased in the hepatic sinusoids of cold-preserved 
liver compared with those of normal liver [14] due to the disruption and detachment 
of sinusoidal endothelial cells [49]. On the other hand, Kupffer cells we activated to 
express tissue factor in recipient rats when cold-preserved liver was orthotopically 
transplanted [14]. The increase of tissue factor in Kupffer cells was caused by the 
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overloading of gut-derived substances as well as reoxygenation following hypoxia [14, 
52,53]. In these rats, electron microscopy showed sinusoidal fibrin deposition in the 
liver 5h after orthotopic liver transplantation [54,55]. Moreover, intravenous admin­
istration of antithrombin III concentrate immediately and 12h after the operation 
significantly attenuated later liver injury and blood coagulation disorders [55]. It is 
likely that the derangement of blood coagulation equilibrium in the hepatic sinusoids 
regulated by Kupffer cells and sinusoidal endothelial cells produced fibrin deposition 
and liver necrosis in such lvier (Fig. 4). 

Treatment of Sinusoidal Fibrin Deposition 

Antithrombin III concentrate is effective for liver injury associated with sinusoidal 
fibrin deposition [19, 27, 28]. However, its use in surgical patients, especially 
following liver transplantation, is not desirable, because bleeding from the operative 
wound would be an inevitable adverse effect. A device for increasing anticoagulant 
activity or decreasing thrombogenic activity exclusively in the hepatic sinusoids is 
required. 

In patients undergoing orthotopic liver transplantation, intestinal wall congestion 
developing during the ahepatic phase of the operation may induce bacterial 
translocation from the gut to the portal blood after portal blood reflow. As already 
mentioned, the overloading of gut-derived substances was responsible for the 
increase of tissue factor activity in Kupffer cells in rats [14, 52]. When rats received 
oral administration of polymyxin B sulfate for 7 days, bacterial flora was signifi­
cantly altered in the gut: Enterobacteriaceae diminished and anaerobes such as 
Bifidobacterium and Lactobacillus increased in number compared with those in the 
control rats [53]. Also, such treatment significantly reduced endotoxin concentration 
in the portal blood 30min after blood reflow following portal vein occlusion [53]. 
When orthotopic liver transplantation was performed in recipient rats pretreated 
with polymyxin B sulfate, the increase in tissue factor activity in Kupffer cells was 
markedly'attenuated compared with that in the controls [53]. In these recipients, the 
extent of liver necrosis was also attenuated at 24 h after the operation [53]. Selective 
bowel decontamination of recipients with polymyxin B sulfate could be a candidate 
for an anticoagulant therapy exclusively for the hepatic sinusoids. 

Another approach is an anticoagulant therapy using recombinant human TFP!. 
When recombinant human TFPI was intravenously injected into rats, it disappeared 
rapidly from the circulation, but was detected on the surface of sinusoidal endothelial 
cells and microvilli of hepatocyets in the space of Disse [18]. In these rats, the TFPI 
reappeared in the circulation after an intravenous injection of heparin sodium with 
reduced immunohistochemical staining of the TFPI along the hepatic sinusoids [18]. 
Thus, exogenous TFPI can increase anticoagulant activity on the hepatic sinusoidal 
walls by binding to heparinoids on the cell surface. TFPI may act effectively even in 
the hepatic sinuosids, where endothelial cells are significantly destroyed following 
cold preservation of the liver, without inducing bleeding from the operative wound 
[56]. 

We propose two anticoagulant therapies for liver injury in patients undergoing 
orthotopic liver transplantation: (1) selective bowel decontamination of the recipient 
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with polymyxin B sulfate before the operation; (2) anticoagulant therapy targeting the 
hepatic sinusoidal walls with recombinant human TFPI after the operation. 
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Sinusoidal Endothelial Cells 
in Liver Regeneration 
KENJI FUJIWARA and SATOSHI MOCHIDA 

Summary. Vascular endothelial growth factor (VEGF) has been shown to induce 
proliferation of sinusoidal endothelial cells in primary culture. Northern blot analysis 
revealed that VEGF mRNA was expressed in hepatocytes immediately after isola­
tion from normal rats. In contrast, nonparenchymal cells, including sinusoidal 
endothelial cells, expressed mRNAs ofVEGF receptors fit-I and KDRlfik-I, suggesting 
that a communication system associated with VEGF may contribute to sinusodial 
endothelial cell regeneration following partial liver resection and liver injury. When 
rat hepatocytes were cultured on plastic dishes, VEGF mRNA expression diminished 
following a transient slight increase in its expression. In these cells, the expression 
increased again following a peak of DNA synthesis when cultured with epidermal 
growth factor (EGF) or hepatocyte growth factor (HGF). In 70% resected livers, 
mitosis was maximal at 36h after the operation in hepatocytes and at 96h in 
sinusoidal endothelial cells. In these livers, VEGF mRNA expression increased in 
hepatocytes at the G 1 phase of the cell cycle and became prominent in the cells which 
experienced mitosis. Also, mRNA expression ofVEGF receptors was up-regulated in 
the liver following 70% resection. When liver injury was provoked in rats by CCl4 

administration, mRNA expressions of both VEGF and its receptors were significantly 
increased in the liver compared with those in normal rat liver. VEGF expression was 
minimal in Kupffer cells isolated from normal rats, but was marked in activated 
Kupffer cells and hepatic macro phages from CCl4-intoxicated rats. VEGF mRNA 
expression was also increased in activated stellate cells from CCl4-intoxicated rats and 
in stellate cells from normal rats activated by primary culture. Thus, VEGF expressed 
in regenerating hepatocytes may induce proliferation of sinusoidal endothelial cells in 
partially resected liver, probably through VEGF receptors up-regulated on the cells. In 
injured liver, this proliferation may also be produced by VEGF derived from activated 
Kupffer cells, hepatic macrophages, and stellate cells. 

Key words. Liver regeneration, Sinusoidal endothelial cells, VEGF, fit-I, KDRlfik-1 
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Introduction 

Much attention has been paid to the role of hepatic sinusoidal cells as a regulatory 
factor in liver regeneration. Recently, Taub et a1. reported that mice with interleukin 
(1L)-6 gene disruption had impaired regeneration of hepatocytes following partial 
hepatectomy [1]. In these mice, the activation of signal transducer and activator of 
transcription protein 3 (STAn) was absent in hepatocytes, and administration of 
recombinant IL-6 induced STAn activation leading to attenuation of this impaired 
hepatocyte proliferation [1]. Faust et a1. also demonstrated that similar retardation of 
hepatocyte proliferation was observed in mice deficient in type I tumor necrosis factor 
(TNF) receptor [2]. In such knockout mice, activation of NF KB as well as STAn failed 
to occur in the liver following partial hepatectomy, and administration of IL-6 attenu­
ated impaired hepatocyte proliferation through the activation of STAn without af­
fecting NFKB activity [2]. Thus, IL-6 and TNF-a released from Kupffer cells seem to 
initiate hepatocyte proliferation in partially resected liver as well as in injured liver 
(Fig. 1). Moreover, hepatocyte growth factor (HGF) produced by Kupffer cells, 
sinusoidal endothelial cells, and hepatic stellate cells can act as a mitogen for 
hepatocytes in a paracrine manner [3]. Similar hepatotrophic action was found 
in heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) 
produced by Kupffer cells and sinusoidal endothelial cells [4]. In contrast, hepatic 
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FIG. 1. The role of sinusoidal cells in hepatocyte proliferation during liver regeneration 
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stellate cells as well as Kupffer cells can produce transforming growth factor 
(TGF)-/3 abundantly after activation and suppress hepatocyte proliferation [5]. 
Thus, it seems likely that hepatocyte proliferation is regulated by a variety of 
cytokines and growth factors released from sinusoidal cells during liver regeneration 
(Fig. O. 

Hepatic sinusoidal cells not only regulate hepatocyte proliferation, but also in­
crease in number during liver regeneration following partial resection and injury. 
Among sinusoidal cells, endothelial cells are assumed to be the most important for 
liver regeneration, as the cells playa role in the maintenance of blood flow in the 
hepatic sinusoids by regulating coagulation equilibrium and by supplying blood to 
hepatocytes [6, 7]. However, the regulatory mechanisms of sinusoidal endothelial cell 
proliferation are yet to be elucidated. Although platelet -derived growth factor (PDGF) 
and fibroblast growth factor (FGF) are powerful angiogenic factors for vascular 
endothelial cells, both factors are ineffective for maintenance as well as prolifera­
tion of sinusoidal endothelial cells in primary culture [8]. Recently, vascular 
endothelial growth factor (VEGF), originally isolated as vascular permeability 
factor (VPF) by Senger et al. [9], has been shown to increase the number of endothelial 
cells in primary culture of any type, including sinusoidal endothelial cells [8, 10], 
but not the number of epithelial and mesenchymal cells [11]. VEGF are expressed 
in epithelial cells, including hepatocytes as well as hepatocellular carcinoma cells 
[8, 11, 12], and their receptors in sinusoidal endothelial cells [8, 10]. Exudative 
macro phages in the peritoneal cavity have also been reported to express VEGF 
[l3], suggesting that hepatic sinusoidal cells such as Kupffer cells might express 
VEGF after activation. These observations led us to postulate that a communication 
system associated with VEGF in liver cells might contribute to sinusoidal endothelial 
cell proliferation during liver regeneration after injury as well as after partial 
resection. 

Sinusoidal Endothelial Cell Regeneration in Partially 
Resected Liver 

In adult rats undergoing 70% hepatectomy, sinusoidal endothelial cells proliferate 
following hepatocyte regeneration; a peak of mitosis is observed in hepatocytes at 36 h 
and in sinusoidal endothelial cells at 96h after the operation [14]. IfVEGF expression 
is increased in regenerating hepatocytes, such hepatocytes might induce proliferation 
of sinusoidal endothelial cells through VEGF in a paracrine manner. Thus, we studied 
the expressions of VEGF and two molecules belonging to the Flt tyrosine receptor 
family,flt-l and KDRlflk-l, which are responsible for VEGF signal transduction in the 
proliferation of endothelial cells [8, 15], using rat hepatocytes in primary culture and 
partially resected liver. 

Hepatocytes isolated from adult male F344 rats by Seglen's method [16] were 
immediately subjected to Northern blot analysis, and also suspended in Williams' 
medium E containing 10% heat-inactivated fetal calf serum (FCS), 10-6 M insulin and 
1O-5M dexamethasone. They were seeded in plastic dishes at a density of 5 X 104 cells! 
cml, and incubated at 37°C under an atmosphere of 5% COl and 95% air for 2h. 
Following removal of nonadherent cells by washing with Hank's balanced salt solu-
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FIG. 2. Cell cycle and VEGF mRNA expression in rat hepatocytes in primary culture 

tion without Ca2+ and Mg2+ , adherent hepatocytes were further cultured in Williams' 
medium E containing 10% heat-inactivated FCS. Adherent hepatocytes were sub­
jected to Northern blot analysis at 2, 12, 24, 48, 72, and 96h of culture. Northern 
blotting was performed using eDNA fragments of rat VEGF [17],flt-l [15], and KDRI 
flk-l [2]. 

Immediately after isolation, hepatocytes expressed VEGF mRNA. In these cells,flt-
1 and KDRlflk-l mRNA expressions were not seen. When isolated hepatocytes were 
cultured on plastic dishes, VEGF mRNA expression increased, with a peak between 2 
and 12h of culture, but decreased after 24h and almost disappeared at 72h. When 
50ng/mL EGF or 10ng/mL deletion variant ofHGF (d-HGF) was added to the culture 
medium at 24h of culture, VEGF mRNA expression at 48h became detectable, and 
was markedly increased between 72 and 96 h compared with that of the controls with 
no added growth factors (Fig. 2). Considering the facts that a small peak of DNA 
synthesis was found between 8 and 16 h and at 45 h after isolation in hepatocytes 
cultured without growth factors, and that active DNA synthesis occurred later than 
12h after EGF or d-HGF addition [18), VEGF mRNA expression seemed to increase 
in cultured hepatocytes in association with DNA synthesis [19]. Hepatocytes, espe­
cially when moving into the S phase of the cell cycle, may actively express VEGF 
mRNA (Fig. 2). 

It is well known that rat hepatocyes in primary culture seldom move into the M 
phase of the cell cycle, even when EGF or d-HGF is added to the culture medium. 
Partial resected liver could provide a key to clarifying the relationship of VEGF 
expression to the cell cycle. F344 rats underwent 70% liver resection according to the 
method of Higgins and Anderson [20]. They were killed either immediately or at 12, 
24,48,72, or 168h after the operation, and the livers were excised for Northern blot 
analysis of VEGF and its receptors. 

Normal rat liver expressedflt-l and KDRlflk-l mRNAs, as well as VEGF mRNA [19]. 
Since hepatocytes isolated from normal rats did not express both flt-l and 
KDRlflk-l mRNAs, mRNA expressions of VEGF receptors seemed to originate from 
sinusoidal cells, including endothelial cells [19]. In 70% resected liver, where 
hepatocyte mitosis peaks at 36h after the operation [14], VEGF mRNA expression had 
increased significantly at 72h compared with that of normal rat liver (Fig. 3). When 
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FIG. 3. Cell mitosis and mRNA expressions of VEGF and its receptors in rat liver following 
partial resection 

hepatocytes were isolated from partially resected liver, VEGF mRNA expression had 
increased in hepatocytes later than 12h after the operation, and became more promi­
nent in the cells between 72 and 168h (unpublished data). These observations are 
comparable with the results using hepatocytes in primary culture (Fig. 2). VEGF 
mRNA expression is likely to increase gradually in hepatocytes entering into the G1 
phase of the cell cycle and become prominent in the cells after the S or M phase. Such 
an increase in VEGF expression in regenerating hepatocytes was also supported by 
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imunohistochemical findings that VEGF protein expression was marked in the 
cytoplasm a of hepatocytes in rats 72 h after 70% hepatectomy compared with that in 
normal rats (unpublished data). On the other hand, flt-l mRNA expression had 
increased significantly later than 12h after the operation, and KDRlflk-l mRNA 
expression had increased between 72 and 16Sh in partially resected liver compared 
with normal liver (Fig. 3). During this period, sinusoidal endothelial cells have been 
shown to increase mitosis, with a peak at 96h [14]. It would be reasonable to 
conclude that VEGF expressed in regenerating hepatocytes may contribute to the 
proliferation of sinusoidal endothelial cells in rat liver after partial resection, probably 
through flt-l and KDRlflk-l receptors up-regulated on sinusoidal endothelial cells 
(Fig. 4). 

Expressions of VEGF and Its Receptors in Hepatic 
Sinusoidal Cells 

Activated Kupffer cells and hepatic macrophages as well as hepatic stellate cells can 
induce proliferation of vascular endothelial cells through production of angiogenic 
factors such as PDGF and basic FGF [21]. However, the contribution of these 
sinusoidal cells to sinusoidal endothelial cell proliferation is yet to be elucidated. 
Hepatic sinusoidal cells were isolated from male F344 rats by gradient centrifugation 
in IS% metrizamide solution following digestion of the liver with collagenase and 
pronase E [22]. Kupffer cells and hepatic stellate cells were further purified from 
sinusoidal cells by adhesion to plastic dishes [22] and by gradient centrifugation in 
13% metrizamide solution [23], respectively. Isolated cells were subjected to Northern 
blot analysis immediately after isolation and culture in Dulbecco's modified Eagle 
medium (DMEM) with 10% heat-inactivated Fes. 

Isolated sinusodial cells expressed both flt-l and KDRlflk-l mRNAs abundantly 
[19]. These expressions might mainly result from the expressions in sinusoidal 
endothelial cells as reported by Yamane et al. [2]. Interestingly, in our experiment 
both hepatic stellate cells and Kupffer cells immediately after isolation also expressed 
mRNAs ofVEGF receptors (unpublished data). The significance of such expressions 
in liver regeneration should be further investigated. 

Yamane et al. [2] reported that VEGF mRNA was not expressed in sinusoidal 
endothelial cells immediately after isolation. In our experiment, however, sinusoidal 
cells expressed VEGF mRNA faintly immediately after isolation [19]. This prompted 
us to examine VEGF mRNA expression in Kupffer cells and hepatic stellate cells. 
Kupffer cells expressed minimal VEGF mRNA immediately after isolation, but the 
expression became apparent when the cells were cultured on plastic dishes for 24h 
(unpublished data). Macrophages have been shown to increase phagocytic activity 
during culture [24], suggesting that Kupffer cells may express VEGF mRNA after 
activation. In hepatic stellate cells, VEGF mRNA expression was detected immediately 
after isolation and also at 3 days after culture (unpublished data). It is widely accepted 
that hepatic stellate cells cultured for 3 days are quiescent and similar in function to 
in vivo cells [23], suggesting that the slight VEGF mRNA expression in sinusoidal cells 
immediately after isolation is derived from hepatic stellate cells. When hepatic stellate 
cells were cultured on plastic dishes for 10 days, VEGF mRNA expression became 
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more prominent compared with that of cells cultured for 3 days (unpublished data). 
Such stellate cells are considered to be activated, since they show increased smooth 
muscle a actin expression and active synthesis of DNA and collagen [23,25]. Thus, 
VEGF mRNA expression may increase in hepatic stellate cells depending on the extent 
of activation in vitro. 

Sinuosidal Endothelial Cell Regeneration in Injured Liver 

Kupffer cells and hepatic stellate cells isolated from normal rats showed increased 
VEGF mRNA expression following activation by culture on plastic dishes, as men­
tioned above. This may indicate that activated Kupffer cells, hepatic macro phages, 
and stellate cells in necrotic areas of injured liver can induce proliferation of 
sinusoidal endothelial cells. 

F344 rats were orally given 10ml!kg body weight of carbon tetrachloride (CCI4) as 
a 20% solution in olive oil. They were killed immediately or at 1, 3, or 7 days after 
intoxication, and the liver was excised for Northern blot analysis of VEGF and its 
receptors. In these rats, hepatic VEGF mRNA expression was increased 1 day after 
intoxication and became more prominent 7 days later (Unpublished data). Also, 
mRNA expressions ofjlt-l and KDRljlk-l were increased in the liver between 1 and 3 
days after intoxication (unpublished data). 

Massive liver necrosis developed in centrilobular areas of hepatic lobules between 
1 and 3 days after CCl4-intoxication in rats (Fig. 5). Kupffer cells and hepatic 
macrophages in the necrotic areas are activated to produce a large amount of 
superoxide anions in phagosomes [22]. Also, hepatic stellate cells in such areas 
produce extracellular matrix abundantly [26]. Activated Kupffer cells, hepatic 
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FIG. 5. Pathophysiology and mRNA expressions of VEGF and its receptors in the livers of 
carbon tetrachloride-intoxicated rats 
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macrophages, and stellate cells in necrotic areas might contribute to the increase of 
hepatic VEGF expression between 1 and 3 days after CCI4-intoxication. Moreover, the 
up-regulation of VEGF receptors may develop in proliferating endothelial cells in 
necrotic areas. In the liver of CCl4-intoxicated rats, hepatocytes increased in number 
with a peak at 3 days (unpublished data), and the liver became histologically normal 
at 7 days. It seemed that after the M phase of the cell cycle, regenerating hepatocytes 
increased VEGF mRNA expression. 

When Kupffer cells and hepatic macrophages were isolated from rat liver after 
CClcintoxication, both types of cell showed increased VEGF mRNA expression com­
pared with that of Kupffer cells from normal rats (unpublished data). Also, activated 
stellate cells increased VEGF mRNA expression compared with that of stellate cells 
from normal rats (unpublished data). VEGF mRNA expression was higher in 
hepatocytes isolated from rat liver 7 days after CCl4-intoxication than in hepatocytes 
from normal rats (unpublished data). These data strongly suggest that VEGF ex­
pressed in activated Kupffer cells, hepatic macrophages, and stellate cells, as well as 
regenerating hepatocytes, may contribute to sinusoidal endothelial cell proliferation 
in injured rat liver (Fig. 4). 

Regenerating hepatocytes express VEGF exclusively among various angiogenic fac­
tors, while activated Kupffer cells, hepatic macro phages, and stellate cells have the 
ability to produce PDGF and basic FGF as well as VEGF [21]. In contrast to sinusoidal 
endotheial cells, vascular endothelial cells increase in numer in response to 
angiogenic factors other than VEGF. SE-l is an antibody specific for sinusoidal 
endothelial cells in rats [27]. Vascular endothelial cells can be identified by the stain­
ing of thrombomodulin, an anticoagulant which inactivates thrombin [28], since 
thrombomodulin expression is considerably decreased in sinusoidal endotheial cells 
compared with that of endothelial cells in microvessels of other organs [6]. In rat liver 
3 days after CCl4 intoxication, the staining for SE-l was absent in the centrilobular 
necrotic areas, while such staining was positive along the hepatic sinusoids of 
nonnecrotic areas in the periportal and midzonal areas (unpublished data). In these 
rats, positive staining for thrombomodulin was found in the centrizonal necrotic 
areas, while SE-l was stained along the hepatic sinusoids in the centrilobular areas as 
well as in the periportal and midzonal areas in rats 7 days after intoxication. These 
data may suggest that vascular endothelial cells proliferate in necrotic areas in injured 
liver, while sinusoidal endothelial cell proliferation develops following absorption of 
such necrotic areas. Activated Kupffer cells, hepatic macrophages, and stellate cells 
may induce proliferation of vascular endothelial cells through production of PDGF 
and basic FGF as well as VEGF in injured liver (Figs. 4 and 5). Under these conditions, 
it is also possible that VEGF derived from regenerating hepatocytes stimulate prolif­
eration of sinusoidal endothelial cells (Figs. 4 and 5). PDGF and basic FGF are known 
to stimulate proliferation of hepatic stellate cells as well as vascular endothelial cells 
[21]. Also, activated sinusoidal cells can promote extracellular matrix production in 
hepatic stellate cells by releasing TGF-/3 in an autocrine or paracrine manner [21]. It 
seems likely that hepatic fibrosis associated with the vascularization of the hepatic 
sinusoids can progress when angiogenic factors are more actively produced by 
sinusoidal cells in injured liver. Reconstruction of the hepatic sinusoids might depend 
on the balance between VEGF derived from regenerating hepatocytes and PDGF and 
basic FGF from sinusoidal cells. 
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Conclusion 

VEGF expressed in regenerating hepatocytes may contribute to proliferation of 
sinusoidal endothelial cells in partially resected liver, probably through VEGF 
receptors,jlt-l and KDRljlk-l, up-regulated on the cells. In injured liver, increased 
expression of VEGF may derive from activated Kupffer cells, hepatic macrophages, 
and stellate cells as well as regenerating hepatocytes. These activated sinusoidal cells 
might also induce proliferation of vascular endothelial cells through production of 
PDGF and basic FGF as well as VEGF. It seems that VEGF derived from regenerating 
hepatocytes is essential for sinusoidal endothelial cell proliferation leading to recon­
struction of the hepatic sinusoids. 
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Angiogenesis of Cultured Rat 
Sinusoidal Endothelial Cells 
SATOSHI SHAKADO\ SHOTARO SAKISAKA2, KAZUNORI NOGUCHI2, 

MICHIO SATA2, and KYUICHI TANIKAWA2 

Summary. We have previously shown that rat sinusoidal endothelial cells cultured on 
Matrigel presented a great number of tube-like structures, forming a network, on the 
surface of the gel. In the present study, using this model, mimicking angiogenic 
processes that occur in vivo, we examined the effects of growth factors on these tube­
like structures, and also the effects of extracellular matrices. Isolated sinusoidal 
endothelial cells were plated on culture dishes coated with type-I collagen or Matrigel. 
Cultured sinusoidal endothelial cells were incubated in a medium containing various 
growth factors (a-FGF, b-FGF, HGF, and VEGF). Ultrastructurally, tube-like struc­
tures were formed by two or three sinusoidal endothelial cells which retained many 
endothelial pores on the cell surface. In morphometric analysis, acidic fibroblast 
growth factors (a-FGF), basic fibroblast growth factors (b-FGF), and especially 
hepatocyte growth factors (HGF) accelerated the formation of the tube-like struc­
tures. Vascular endothelial cell growth factor (VEGF) did not stimulated the forma­
tion of the tubes. These results suggest that growth factors which promote tube-like 
structures in cultured sinusoidal endothelial cells may induce regeneration of 
sinusoids in vivo. 

Key words. Sinusoidal endothelial cell, Culture, Angiogenesis, Growth factor, Rat 

Introduction 

The formation of new blood capillaries (angiogenesis) is a common biological process 
in response to physiological or pathological stimuli [1,2]. Whereas angiogenesis of 
sinusoidal endothelial cells occurs in hepatic regeneration and the growth of 
hepatocellular carcinoma, the mechanism of angiogenesis by sinusoidal endothelial 
cells has not been dearly understood. Recently, extracellular matrix proteins have 
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been shown to stimulate tube formation in vitro by cultured endothelial cells from the 
human umbilical vein and bovine aorta [3,4]. We have studied the tube-like struc­
tures of cultured rat sinusoidal endothelial cells in order to understand the 
angiogenesis of sinusoidal endothelial cells, and we have previously reported that rat 
sinusoidal endothelial cells cultured on Matrigel (which contains high concentrations 
oflaminin, type-4 collagen, and various growth factors) presented a great number of 
tube-like structures which formed a network on the surface of the gel [5,6]. Vascular 
endathelial cell growth factor (VEGF) is an endothelial cell-specific mitogen and 
angiogenic inducer released by a variety of tumor cells. In an experimental metastatic 
liver tumor, VEGF was found in all tumor cells, and their receptors for VEGF were also 
demonstrated in tumor endothelial cells [7]. Messenger-RNA of VEGF was demon­
strated in hepatocytes but not in nonparenchymal cells [8]. In liver regeneration, 
VEGF from hepatocytes may be a proliferative stimulus for sinusoidal endothelial 
cells. In the present study, the effects ofVEGF in the tube-like structure formation of 
cultured rat sinusoidal endothelial cells were studied and compared with those of 
acidic fibroblast growth factors (a-FGF), basis fibroblast growth factors (b-FGF), and 
hepatocyte growth factors (HGF). 

Materials and Methods 

Nonparenchymal liver cells were isolated from normal male Wistar rats by the 
collagenase perfusion method. Sinusoidal endothelial cells were separated with a 
centrifugal elutriation rotor from the nonparenchymal cells [6]. Purified endothelial 
cells (1 X 107 cells per culture dish) were plated onto 35-mm culture dishes coated 
with type-l collagen, type-l collagen gel, laminin gel, or Matrigel with William's 
medium E containing 20% fetal calf serum. Cultured cells were incubated in the 
medium with the addition ofvarious growth factors (a-FGF, b-FGF, HGF, or VEGF) 
for 48 h, and then the cells were viewed by light and electron microscopy. The lengths 
of the tube-like structures formed by the cultured sinusoidal endothelial cells were 
morphometrically analyzed using light micrographs. 

Results 

Cultured rat sinusoidal endothelial cells were attached on type-l collagen-coated 
dishes and formed a cobblestone-like pattern (Fig. 1). The cells did not form tube-like 
structures on this culture matrix. However, cultured cells did form tube-like struc­
tures on the surface of type-l collagen gel. On laminin gel, the cells invaded the gel and 
formed tube-like structure in the gel. The diameter of the tubes was about 5-10mm. 
Ultrastructurally, tube-like structures were formed by two or three sinusoidal 
endothelial cells which retained many endothelial pores on the cell surface. Sinusoidal 
endothelial cells cultured on Matrigel formed a great number of tube-like structures 
in a network on the surface of the gel (Fig. 2), and this tube-like structure formation 
of cultured cells was accelerated by a-FGF, b-FGF, and (markedly) HGF, but not by 
VEGF (Table 1). 
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FIG. 1. Phase-contrast micrograph showed the cobblestone-like pattern formed by cultured 
sinusoidal endothelial cells on a type-1 collagen-coated dish 

FIG. 2. Phase-contrast micrograph showing that cultured sinusoidal endothelial cells form 
tube-like structures with an anastomosing network on the surface of Matrigel 

Discussion and Conclusions 

We have previously shown that cultured rat sinusoidal endothelial cells formed tube­
like structures on the surface of Matrigel [9]. Tube-like structure formation by cul­
tured sinusoidal endothelial cells is a phenomenon mimicking angiogenesis in vivo, as 
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TABLE 1. Tube-like structure 
formation in cultured sinusoidal 
endothelial cells was accelerated 
by a-FGF, b-FGF, and (markedly) 
HGF, but not by VEGF 

Control 

a-FGF 25 ng/ml 
bFGF 25ng/ml 

HGFI0ng/ml 
VEGF 20 ng/ml 

* P < 0.01. 

100 2: 9.3 (%) 

157.5 2: 14.4* 

148.7 2: 23.6* 

179.3 2: 14.9* 

68.6 2: 26.3* 

described in other vascular endothelial cells. Thus, the factors promoting tube-like 
structure formation in cultured sinusoidal endothelial cells may be involved in regen­
eration of the sinusoid in vivo. An inducer of such tube formation in cultured 
sinusoidal endothelial cells may be effective as a new therapeutic drug for treating 
fulminant hepatitis, since fulminant hepatitis requires the active regeneration of 
endothelial cells as hepatocytes. Since HGF, a-FGF, and b-FGF showed stimulatory 
activity of tube-like structures in cultured sinusoidal endothelial cells, VEGF may be 
involved in the reconstruction of the sinusoid in liver regeneration, in cooperation 
with other growth factors. 
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The Multiple Roles of Macrophages in 
Hepatic Granuloma Formation in Mice 
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SHo-IcHIRO HAGIWARA\ AYE AYE WYNN\ MAKOTO NAIT02, and 
MASAHIKO YAMADA3 

Summary. In this chapter, the multiple types of involvement of macrophages at dif­
ferent stages of Zymosan (glucan)-induced hepatic granuloma formation are re­
viewed based on our studies with different mouse models. Mice depleted of Kupffer 
cells show a delay in Zymosan-induced hepatic granuloma formation, indicating the 
importance of Kupffer cells in the initial stage. Mice depleted of blood monocytes 
show a delay in gIucan-induced hepatic granuloma formation due to a defect in the 
supply of blood monocytes into the liver, and the granulomas are formed by the 
proliferation of Kupffer cells and their change into epithelioid and multinuclear giant 
cells. In op/op mice, hepatic granuloma formation is delayed due to a defect in the 
supply of blood monocytes and their impaired differentiation into macrophages in 
loco. The granulomas are mainly induced by the accumulation of immature Kupffer 
cells and their transformation into epithelioid and multinuclear giant cells. Daily 
macrophage colony-stimulating factor (M-CSF) administration induces a sufficient 
supply of blood monocytes, their differentiation into macrophages, and a prolifera­
tion of Kupffer cells in the hepatic granuloma formation of op/op mice. In our 
previous studies of nude mice, scid mice, and xid mice, T lymphocytes were shown to 
be involved in the activation of macrophages during hepatic granuloma formation. 
Granulocyte/macrophage (GM)-CSF-deficient mice show a delay in hepatic 
granuloma formation and a rapid disappearance of the granulomas due to GM-CSF 
deficiency. In interleukin-5 (IL-5) -transgenic mice, Zymosan-induced hepatic 
granuloma formation is enhanced. Type I and type II class A macrophage scavenger 
receptor (MSR-A)-deficient mice show a delay in gIucan-induced hepatic granuloma 
formation due to a reduced uptake of glucan particles by Kupffer cells and monocyte­
derived macrophages. 

Key words. Kupffer cells, Macrophages, Monocytes, Granuloma, Mouse 
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I ntrod uction 

In humans and animals, the liver is the most important organ for defense mech­
anisms against pathogenic microorganisms invading through the portal vein 
and hepatic arteries. Kupffer cells are involved in the removal of a variety of 
macromolecular substances including such microorganisms. In cases where the 
invading substances are largely undigested by Kupffer cells and thus not 
eliminated from the liver, granulomas are formed by the accumulation of 
macrophages, including Kupffer cells, in the hepatic sinusoids, followed by their 
change into epithelioid cells and multinuclear giant cells. However, the role of 
macrophages, including Kupffer cells, in hepatic granuloma formation is not yet fully 
understood. To clarify their role in relation to hepatic granulomas, the processes of 
granuloma formation in a variety of mice, including those with severe monocytopenia 
induced by the administration of strontium-89 (89Sr), osteopetrosis (op/op) mice 
defective in the production of functional M-CSF protein, GM-CSF-deficient mice, 
IL-5 transgenic mice, type I and type II MSR-A-deficient mice, and immunodeficient 
mice such as nude mice, scid mice, and xid mice, are reviewed on the basis of the 
results obtained in our previous and ongoing preliminary studies. Before the review, 
we would like to present our view on the development and differentiation 
of macrophages in the liver on the basis of the results of our previous in vivo and in 
vitro studies. 

The Development and Differentiation of Macrophages 

Figure 1 shows schematic diagrams of macrophage development and differentiation 
during ontogeny and in adult life. During early murine ontogeny, macrophages first 
develop in the yolk sac hematopoiesis, and directly differentiate from hematopoietic 
stem cells without passing through the stage of monocytic cells [1,2]. In the earliest 
embryonic stage, fetal macrophages predominate in the yolk sac hematopoiesis 
and are matured from immature macrophages called primitive macrophages[l-3]. 
In this stage, monocytic cells are absent from the blood islands of the yolk sac. 
After the connection of vitelline veins with the embryonic cardiovascular system, 
hematopoietic cells, including primitive and fetal macrophages, migrate from the yolk 
sac into various fetal tissues, particularly into the fetal liver [4]. There, the primitive 
and fetal macrophages proliferate actively and differentiate into Kupffer cells [4-7]. In 
the murine fetal liver, monocytic cells are few in the early stage, and have developed 
and expanded from the middle stage of ontogeny [8]. In the early stage of ontogeny 
[3], primitive and fetal macrophages circulate in the peripheral blood and show a 
marked proliferative capacity in fetal tissues [9]. From the early stage of yolk sac and 
hepatic hematopoiesis, primitive and fetal macrophages circulate in blood, migrate, 
and colonize in peripheral tissues [9]. However, the number of circulating 
macrophages reduces with gestational day in the late stage of ontogeny, and they 
disappear at birth [9]. At 17 or 18 fetal days, monocytes are released from the liverinto 
peripheral blood, migrate into peripheral tissues, and differentiate into macrophages 
[9]. However, monocyte-derived macrophages have no proliferative capacity in fetal 
tissues as they do in normal unstimulated adult tissues. 
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FIG. 1. A schematic representation of macrophage development, differentiation, and matura­
tion during ontogeny and in adult life. HSC, hematopoietic stem cells; GM-CFC, granulocyte/ 
macrophage colony-forming cells; M-CFC, macrophage colony-forming cells; McjJ, 
macrophages; SDF, stromal-derived factor; MCP-l, monocyte chemoattractant protein-I. *in 
fetal period 

In adult life, the bone marrow has a peculiar mechanism for releasing macrophage 
precursors. After hematopoietic stem cells enter the stage of lineage-specific dif­
ferentiation, they are not released from the bone marrow unless they are com­
pletely differentiated into monocytes via colony-forming unit-macrophages 
(CFU-M), monoblasts, and promonocytes [9, 10]. In response to chemotactic factors 
such as monocyte chemoattractant protein-l (MCP-l), monocytes migrate into the 
liver and differentiate into exudate (monocyte-derived) macro phages [9]. In a normal 
steady-state condition, monocyte-derived macrophages are short-lived, have no pro­
liferative capacity, and die by apoptosis in loco [11]. In op/op mice, monocytic cells 
and monocyte-derived macrophages are absent [9, 10]. In contrast, hematopoietic 
stem cells or immature myeloid macrophage precursor cells at the stage prior to 
entering monocytic cell differentiation are released from the bone marrow into pe­
ripheral blood, circulate via the blood stream, and migrate into peripheral tissues [9, 
12]. Certain chemotactic factors such as stromal-derived factor-l (SDF-l) may be 
involved in the migration of the hematopoietic stem cells into the tissues, and these 
cells differentiate into tissue macro phages in loco by the action of various growth 
factors such as stem cell factor (SCF), interleukin (IL)-6, IL-3, GM-CSF, and M-CSF 
produced in loco. As PU.l (Spi-l, Sfpi-l) is a hematopoietic transcription factor 
essential for the differentiation of myeloid and B lymphoid cells, all macrophages, 
including tissue macro phages and osteoclasts, are completely absent in mice 
homozygous for the PU.l gene mutation [13, 14]. However, a fewmacrophages appear 
in the liver of long-surviving PU.l -null mutant mice, suggesting that macro phages 
can develop from hematopoietic stem cells before PU.l involvement [14]. Kupffer 
cells show a long life-span, have proliferative capacity, and can survive by self-renewal 
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in the liver without a supply of blood monocytes. This differentiation pathway of 
tissue macro phages, including Kupffer cells, in the liver was clearly demonstrated 
from data obtained in previous studies of 89Sr-induced monocytopenic mice [15] and 
op/op mice [9, 10]. Therefore, there exist at least two distinct macrophage populations 
in the liver: Kupffer cells and monocyte-derived macrophages (Fig. 1). 

The Role of Kupffer Cells in the Initial Stage of Hepatic 
Granuloma Formation: Studies with Mice Depleting 
Kupffer Cells 

Since liposome-encapsulated dichloromethylene diphosphonate (lipo-MDP) is highly 
toxic to macro phages, Naito and co-workers [16, 17] examined the processes of 
Zymosan-induced hepatic granuloma formation in mice which had depleted 
Kupffer cells after the administration of lipo-MDP and compared them with those 
oflipo-MDP-untreated control mice to elucidate the role of Kupffer cells in the initial 
stage of granulomatous inflammation in the liver. In the control mice, cell clusters 
and granulomas started to form by accumulation, aggregation, and collection of 
macrophages in the hepatic sinusoids from 2 days after a single intravenous injec­
tion of 0.1 ml Zymosan [17]. The number and size of granulomas increased with days 
after injection, peaked at 10 days, and declined thereafter [17]. In these processes, 
macro phages collect, aggregate, and fuse with each other to develop into multinuclear 
giant cells of foreign-body type or Langhans type. In the lipo-MDP-injected mice, the 
number of Kupffer cells decreased to approximately 12% of that of normal mice at 3 
days after injection [16]. Two days after Zymosan injection, no granulomas had 
formed, but a few small cellular clusters were detected in the liver at 3 days after 
injection. At 5 days, a small number of granulomas had formed, and they increased in 
number and size with days after Zymosan injection [16]. However, compared with the 
lipo-MDP-untreated control mice, the number and size of hepatic granulomas in the 
lipo-MDP-treated mice reduced from 3 to 28 days after Zymosan injection, and 
the expression of M-CSF, IL-l, MCP-l, tumor necrosis factor (TNF)-a, and interferon 
(INF)-y messenger RNA (mRNA) was suppressed in the stage of granuloma forma­
tion [16]. These data imply that Kupffer cells are indispensable for granuloma forma­
tion, playa part as an initiator, and produce various cytokines including MCP-l and 
M-CSF. 

The Role of Kupffer Cells in Hepatic Granuloma 
Formation in the Liver: Studies with Mice Devoid of 
Blood Monocytes 

Administration of a bone-seeking radioisotope 89Sr to C3H/HeN mice severely im­
pairs the development and differentiation of hematopoietic cells, particularly 
monocytic cells, in bone marrow due to its exchange with calcium in the developing 
bones [18]. In these mice, splenectomy had been performed 1 month before 89Sr 
administration to exclude the possibility of developing extramedullary hematopoiesis 
in the spleen [15]. In the splenectomized mice, 89Sr administration induces severe 
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monocytopenia without any damage to Kupffer cells in the liver and tissue 
macrophages in tissues other than bone and bone marrow [15,18,19]. From 2 weeks 
after administration, monocytes virtually disappear in peripheral blood in these mice, 
and the monocyte pool is reduced to less than 0.5% of that of the splenectomized 
control mice [15, 18, 19]. However, the number of Kupffer cells is not reduced in the 
liver of 89Sr-induced, severely monocytopenic mice, and they show a proliferative 
potential and a [3H]thymidine labeling index of less than 10% [15, 19]. These data 
suggest that Kupffer cells are sustained by self-renewal without a supply of blood 
monocytes [15]. In the severely monocytopenic mice, hepatic granuloma formation 
occurred from 5 days after glucan injection onward, and the number and size of 
hepatic granulomas increased thereafter [15, 19]. At 5 days after glucan injection, 
Kupffer cells markedly proliferate, aggregate, and collect to form hepatic granulomas, 
together with the formation of multinuclear giant cells by the fusion of proliferating 
Kupffer cells [15, 19]. These findings indicate that Kupffer cells proliferate in response 
to inflammatory stimuli, aggregate, and collect to form hepatic granulomas without a 
supply of blood monocytes [15, 19]. 

The Role of Immature Kupffer Cells in Hepatic 
Granuloma Formation in op/op Mice Defective in the 
Production of Functional M-CSF Protein 

Breeders of (C57BLl6J X C3He/FeJ) csfmoP/csfmoP-op/op mice were supplied by Dr. 
Leonard D. Shultz, Jackson Laboratory (Bar Harbor, ME, USA), and op/op mice were 
obtained by mating of +/op heterozygotes. Op/op mice show a complete, or nearly 
complete, deficiency of monocytes in peripheral blood, impaired production of 
monocytic cells and their precursors in the bone marrow, a complete deficiency 
of monocyte-derived macrophages, defective differentiation of monocytes into 
macrophages in tissues, and a reduced number of tissue macrophages, including 
Kupffer cells, in the liver [9]. The Kupffer cells are small and round and show imma­
ture ultrastructure [9]. All these abnormalities result from a total lack of functional M­
CSF activity due to a defect in the coding region ofthe Csfm gene [20]. A similar delay 
in hepatic granuloma formation to that of 89Sr-induced, monocytopenic mice was 
found in the op/op mice [21]. After Zymosan injection, granulomas started to form 
from 5 days on, and their number and size increased with days, although the prolifera­
tive capacity of Kupffer cells in the op/op mice was lower than in monocytopenic 
mice [21]. These findings indicate that immature Kupffer cells increase, aggregate, 
and collect to form hepatic granulomas in op/op mice without a supply of blood 
monocytes [21]. 

The Role of Kupffer Cells and Monocyte-Derived 
Macrophages in Hepatic Granuloma Formation in 
M-CSF-Treated op/op Mice 

Daily M-CSF administration into the op/op mice induces an increase in the number 
of Kupffer cells and monocyte-derived macrophages due to the proliferation and 
maturation of the Kupffer cells, an influx of macrophage precursor cells, including 
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monocytes, and the differentiation of monocytes into macrophages [22]. In M-CSF­
treated op/op mice, processes of hepatic granuloma formation similar to those of 
normallittermates were demonstrated by a single intravenous injection of Zymosan 
[21]. Zymosan injection induced an influx of monocytes into the liver and their 
differentiation into macrophages in loco in the early stage of hepatic granuloma 
formation, followed by the proliferation of Kupffer cells in its late stage [21]. These 
data indicate that monocytes are mobilized from bone marrow and migrate into the 
liver, where they differentiate into macrophages in loco, and that Kupffer cells prolif­
erate in response to inflammatory stimuli [21]. 

The Role of Macrophages in Hepatic 
Granuloma Formation in Mice Homozygous 
for the GM-CSF Mutation 

Breeders of GM-CSF-deficient mice were given by Dr. Glenn Dranoff (Dana Farber 
Cancer Institute, Boston, MA, USA) and homozygous, heterozygous, and wild types of 
the mouse were distinguished by polymerase chain reaction (PCR) using GM-CSF 
genomic DNA. Compared with the wild type, hepatic granuloma formation in the 
GM-CSF-deficient mice was delayed until 5 days after Zymosan injection. The number 
and size of granulomas peaked at 8 days, when they reached the levels of the wild type. 
From 8 days after injection, hepatic granulomas declined more rapidly in the GM­
CSF-deficient mice than in the wild type, and disappeared at 14 days. Compared with 
the wild type, the number of monocytes in the hepatic granulomas of GM-CSF­
deficient mice was reduced by 5 days after injection. Investigation by reverse 
transcriptase (RT)-PCR revealed no significant difference in the expression ofMCP-l, 
IL-l, TNF-a, or INF-y between the homozygous and wild types. The reduced influx of 
monocytes/macrophages into the hepatic granulomas and the rapid disappearance of 
the granulomas in GM-CSF-deficient mice seem to result from a total lack of func­
tional GM-CSF activity. 

The Effect of IL-S on Hepatic Granuloma Formation in 
Transgenic Mice Overexpressing IL-S and in 
IL-S-Treated Mice 

To clarify the role of IL-5 in hepatic granuloma formation in vivo, glucan (0.1 mg/g 
body weight) was injected into the tail vein ofIL-5 transgenic mice, IL-5-treated C3H/ 
HeN mice, and C3H/HeN control mice, and the animals were killed 2, 5, 8, 10, or 14 
days after injection [23]. IL-5 (1 f-tg/day) was injected intraperitoneally into C3H/HeN 
mice daily from 3 days before to 14 days after glucan injection. In the liver of IL-5 
transgenic mice and IL-5-treated mice, granulomas started developing from 2 days 
after glucan injection, and their number and size became larger with days after 
injection. However, unlike the control mice, the hepatic granulomas in the transgenic 
and IL-5-treated mice showed marked infiltration of eosinophils, abscess formation, 
and necrosis, and their number and size were greater than in the control mice [23]. In 
both the transgenic and IL-5-treated mice, marked eosinophilia appeared in periph­
eral blood. In our previous studies on IL-5 inhibition with an anti-mouse monoclonal 
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antibody against IL-5, NCl7, infiltration of eosinophils, abscess formation, and 
necrosis were completely inhibited in the IL-5-treated mice, accompanied by reduc­
tion in the volume and number of hepatic granulomas [23). The reduced number and 
volume of the hepatic granulomas are due mainly to the inhibition of eosinophil 
infiltration and/or the disappearance of necrosis in the granulomas [23). In the IL-5 
transgenic mice, however, NCl7-pretreatment did not inhibit hepatic granuloma 
formation [23). Based on these results, IL-5 seems to induce eosinophilia in peripheral 
blood, the migration and infiltration of eosinophils into the hepatic granulomas, and 
the enhancement of hepatic granuloma formation. 

The Role of T Lymphocytes in Hepatic Granuloma 
Formation in Immunodeficient Mice 

In order to elucidate the role of T lymphocytes in hepatic granuloma formation, we 
used three different immunodeficient mice: nude (HfhllnulHfhllnu) mice, C3H/HeN 
and CB-l7/lcr-scid mice, and CBA/N(xid/xid) mice. Nude mice are congenitally 
athymic, have a profound deficiency of T cells, and lack T cell-dependent immune 
responses in the early stage of adult life. A single intravenous injection of Zymosan 
into the nude mice and control BALB/c mice induced granuloma formation in the 
liver, but the number and size of hepatic granulomas and the influx of monocytes into 
the granulomas were slightly smaller in the nude mice. Also, differentiation, matura­
tion, and activation of macro phages in the granulomas were delayed in the nude mice 
compared with the controls [24). In the nude mice, Thy l.2-positive T cells infiltrated 
in the Zymosan-induced hepatic granulomas, but their percentages in the granulomas 
and peripheral blood were lower than in the control mice [24). 

Severe combined immunodeficiency (scid) mice are a murine model ofT and B cell 
dysfunction. In the scid mice, the development and formation of hepatic granulomas 
were delayed for more than a week after Zymosan injection, the influx of monocytes 
into the granulomas in the early stage of granuloma formation was reduced compared 
with the controls, and the percentages of Thy 1.2-positive T cells in the granulomas 
and peripheral blood were also lower than in the controls [25). However, 
[JH)thymidine labeling rates of macrophages in the granulomas in the nude and scid 
mice were not different from those of the control mice, and B220- and IgM-positive 
B cells were a minor cell population in the hepatic granulomas [25). In both 
immunodeficient mice, T cell deficiency seems to result in a delay in hepatic 
granuloma formation due to a failure in the differentiation, maturation, and activa­
tion of macrophages in loco. 

Xid mice are a murine model of X-linked immunodeficiency (xid) with impaired 
proliferation and differentiation ofB cells [26). In xid mice, however, the number of 
T cells is normal in peripheral blood. After Zymosan injection, the number of hepatic 
granulomas slightly increased in the early stage, peaked at 5 days, and rapidly 
declined from 8 days on [25). The influx of monocytic cells and earlier macro­
phage precursors into the granulomas, the proliferative capacity of granuloma 
macrophages, and the phagocytosis and digestive capacity of granuloma 
macrophages for glucan particles were increased in the xid mice compared with the 
controls [25). In the xid mice, the percentage of T cells in the granulomas was higher 
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than in the control mice [25]. Such an increased percentage of T cells seems to result 
in activation of macrophages and their function in hepatic granulomas, leading to a 
rapid disappearance of granulomas by enhanced phagocytosis and digestion of glucan 
particles by macrophages in the hepatic granulomas. 

The above-mentioned data shown in three different types of immunodeficient 
mouse indicate that T lymphocytes are involved in the activation of macrophages in 
hepatic granuloma formation in vivo. 

The Role of Type I and Type II Class A Macrophage 
Scavenger Receptors (MSR-A) in Hepatic 
Granuloma Formation 

Among the numerous cell surface receptors of macrophages, scavenger receptors are 
essential for endocytosis by macrophages, together with Fc receptor and complement 
(C3) receptor. There are several different types of macrophage scavenger receptors 
(MSR), divided into classes A, B, and C. The class A macrophage scavenger receptors 
(MSR-A) include type I, type II, and MARCO receptors, all of which are important for 
the uptake of a variety of negatively charged macromolecules and bacterial antigens 
[27,28]. To investigate the role of MSR-A, mice deficient in type I and type II MSR-A 
were generated by disrupting exon 4 of the MSR-A gene, which is essential for the 
formation of functional trim eric receptors [27,29]. Mice homozygous for the MSR-A 
mutation were normal in both appearance and growth and were fertile like the wild 
type. Immunostaining of liver sections from the mice, using anti-MSR-A monoclonal 
antibody 2F8, demonstrated the presence of MSR-A protein in Kupffer cells and 
sinusoidal endothelial cells of the wild type; however, MSR-A protein was absent 
in the mice homozygous for the MSR-A mutation [27, 29]. To produce hepatic 
granulomas, 2mg of Zymocel (j3-glucan) was injected intravenously into the MSR­
A-deficient mice and wild-type mice, and the animals were killed at 3,5,7, 10, 14, or 
21 days after injection. In Zymocel-injected MSR-A-deficient mice, the hepatic 
granulomas were larger and more irregular than those of the wild type mice, suggest­
ing the failure of cell adhesion in the granulomas [29). However, the formation of 
compact and densely cellular hepatic granulomas was delayed in the early stage in the 
MSR-A-deficient mice compared with the wild type, and the influx of monocytes into 
the hepatic granulomas was reduced. Therefore, type I and type II MSR-A are impor­
tant for hepatic granuloma formation in the early stage. In the MSR-A-deficient mice, 
the expression of MARCO receptor in granuloma macrophages and MARCO mRNA 
in the liver was demonstrated by immunostaining using a monoclonal antibody 
against MARCO receptor, and byRT-PCR with MARCO cDNA from the early stage of 
the granuloma formation. This finding indicates that the MARCO receptor is ex­
pressed on macrophages independently from type I and type II MSR-A. 

Discussion 

j3-glucan, a component of Zymosan, used in our studies is an intense stimulant for 
macrophages [30, 31] and induces increased numbers of granulocyte/macrophage 
colony-forming cells (GM-CFC), macrophage colony-forming cells (M-CFC), 
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monocytic cells in bone marrow [30, 31), and extramedullary hematopoiesis [32]. 
It also induces increased numbers of macrophages and their proliferation in the 
liver by enhanced expression and production of growth factors such as M-CSF 
and GM-CSF in loco [17, 31]. In addition to these, other growth factors or pro­
inflammatory cytokines such as MCP-l, IL-l, IL-3, TNF-a, and INF-y are produced in 
the liver by glucan injection [18]. In this review article, we mentioned that Kupffer 
cells and monocyte-derived macro phages are different cell populations, are derived 
from macrophage precursor cells at different stages of differentiation, and show 
marked differences in their lifespan, proliferative capacity, and ontogenetic or post­
natal differentiation. 

In the liver, Kupffer cells are the first cells to protect against exogenously invading 
pathogenic microorganisms. If Kupffer cells are deleted from the liver by administra­
tion oflipo-MDP, granulomas are not formed in the initial stage of hepatic granuloma 
formation and the granuloma formation is markedly delayed. Since Kupffer cells 
produce M-CSF, GM-CSF, IL-3, MCP-l, and other pro-inflammatory cytokines in 
response to injected glucan, the production of these growth factors and cytokines are 
markedly reduced in mice deleted of Kupffer cells, resulting in a delay of monocyte 
mobilization and migration into the liver, impairment of their differentiation into 
macrophages, and disturbance of macrophage maturation and activation [17]. 89Sr_ 
induced, severely monocytopenic mice cannot supply sufficient monocytes to the 
liver after glucan injection, which induces a marked delay in hepatic granuloma 
formation. In monocytopenic mice, it takes several days to induce proliferation of 
Kupffer cells and their granuloma formation against injected glucan particles. Since 
monocyte-derived macro phages produce a variety of cytokines including MCP-l, M­
CSF, and GM-CSF, monocytes are considered important for hepatic granuloma for­
mation in its early stage [17, 19]. 

In op/op mice defective in the production of functional M-CSF protein, similar 
processes are considered, although the Kupffer cells are immature and show a low 
proliferative capacity compared with those of normal littermates. In mice 
homozygous for the op mutation, hepatic granuloma formation is delayed due to a 
complete or nearly complete deficiency of blood monocytes, a defective monocyte 
supply to the liver, and impairment of their differentiation into macrophages. In 
mutant mice, the hepatic granulomas seem to be formed by the accumulation of 
immature Kupffer cells and their functional activation by GM -CSF and growth factors 
other than M -CSF [22]. Because M -CSF is essential for the development of monocytic 
cells in bone marrow, the differentiation of monocytes into macro phages, the prolif­
eration of immature Kupffer cells, and Kupffer cell maturation, M-CSF administra­
tion induces increased levels of monocyte influx into the liver, monocyte/macrophage 
differentiation and maturation, and the proliferation and maturation of Kupffer cells 
in op/op mice which correspond to those of normallittermates [22]. Our preliminary 
study revealed a delay in Zymosan-induced hepatic granuloma formation in its early 
stage and a rapid disappearance of the granulomas in GM-CSF-deficient mice. These 
seem to be caused by GM-CSF deficiency, since GM-CSF is involved in the migration, 
proliferation, and survival of macro phages, as shown in GM-CSF transgenic mice [33] 
and in GM-CSF-treated op/op mice [34]. In our previous studies on hepatic 
granuloma formation in IL-5 transgenic and IL-5-treated mice, the infiltration of 
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eosinophils, abscess formation, and necrosis in the granulomas were prominent fea­
tures, and the number and size of the granulomas were greater than in the controls 
[22]. In the process of hepatic granuloma formation, no direct effects of IL-5 on 
granuloma macrophages were evident in vivo, although GM-CSF, IL-3, and IL-5 are 
known to have overlapping functions [35,36]. 

It is known that in vitro, T lymphocytes produce many cytokines in response to 
stimuli and are involved in the activation and maturation of macrophages. In our 
previous and ongoing in vivo studies using nude mice and scid mice, a marked delay 
in Zymosan-induced hepatic granuloma formation has been demonstrated in both 
types of immunodeficient mouse; this seems to result from the reduction of monocyte 
influx into the granulomas and the low proliferative capacity of the macrophages, as 
well as a delay in their differentiation and activation [24,25]. In the immunodeficient 
mice, the number of T cells was proved to be reduced in the hepatic granulomas, a 
reduction which seems to retard hepatic granuloma formation [24,25]. In contrast 
with these immunodeficient mice, xid mice show X-linked immunodeficiency due to 
a point mutation in the Bruton's tyrosine kinase gene. The animals have a smaller 
peripheral B cell pool than normal animals, lack CDS-positive B (B-1) cells, and show 
low responses to anti-immunoglobulins and thymus-independent type 2 antigens 
[26]. In xid mice, the number and size of hepatic granulomas had increased by 5 days 
after Zymosan injection and reduced from 8 days on, compared with the control mice. 
These changes were parallel to the influx of monocytes and macrophage precursors 
into the granulomas of xid mice [25]. In addition, the proliferative capacity of 
macrophages and the uptake and digestion of glucan particles by macrophages were 
increased in the hepatic granulomas of xid mice, suggesting that granuloma 
macrophages are activated [25]. Compared with the control mice, the number of T 
cells in the hepatic granulomas of xid mice increased, which seems to induce the 
activation of granuloma macrophages. 

Our studies revealed that glucan-induced hepatic granuloma formation in MSR-A­
deficient mice was delayed in its early stage compared with that of wild-type mice [29]. 
These granulomas showed a loose, irregular shape in MSR-A-deficient mice [29]. 
These properties were caused by MSR-A deficiency, as MSR-A is known to mediate 
cation-independent macrophage adhesion [37]. Since type I and type II MSR-A and 
MARCO receptors participate in the uptake of bacterial antigens by macrophages, 
MSR-A deficiency seems to result in reduced uptake of glucan particles by 
macrophages in MSR-A-deficient mice, leading to a delay in macrophage activation. 
Since MARCO receptor is expressed at the protein and messenger levels on 
macrophages in both MSR-A-deficient and wild-type mice, it may play a major role in 
the uptake of glucan particles by macrophages and in granuloma formation in mutant 
mice. To clarify the role of MARCO and other receptors in hepatic granuloma for­
mation, it is necessary to investigate granuloma formation in mice homozygous for 
a gene mutation of the MARCO receptor and other receptors involved in the 
endocytosis of bacteria. 

In this article, we have reviewed abnormal hepatic granuloma formation in mice 
defective at the cellular, cytokine, and receptor levels to explain the multiple roles of 
macrophage involvement in the different steps of defense mechanisms against bacte­
rial antigens exogenously invading the liver (Fig. 2). 
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FIG. 2. A schematic representation of macrophage involvement in hepatic granuloma forma­
tion in mice. CD mice devoid of Kupffer cells after lipo-MDP; Q) mice devoid of blood monocytes 
after 89Sr; 0) op/op mice (M-CSF deficiency); CD GM-CSF-deficient mice (GM-CSF deficiency; 
® nude mice (T -cell defect); ® scid mice (T and B cell defect); (j) xid mice (B cell abnormality); 
,® MSR-A-deficient mice (MSR-A deficiency) 
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Roles of Sinusoidal Endothelial Cells in 
the Local Regulation of Hepatic 
Sinusoidal Blood Flow-Involvement 
of Endothelins and Nitric Oxide 
MASAYA ODA\ HIROAKI YOKOMORI2, and YOSHITAKA KAMEGAYA1 

Summary. This chapter reviews current understanding of the regulation of hepatic 
microcirculation, with particular reference to the authors' own work on the roles of 
sinusoidal endothelial cells and the mechanism of dynamic changes in the sinusoidal 
endothelial fenestrae (SEF) induced by the potent vasoconstrictor endothelin (ET)-l. 
From the viewpoint of myogenic control in microcirculation, it is considered essential 
for the local control of hepatic sinusoidal blood flow that the dynamic contracting 
and relaxing changes of the SEF correspond with those of Ito cells (hepatic stallate 
cells, HSCs), both of which are mediated by the sinusoidal endothelium-derived 
vasoconstrictor endothelins (ETs) and the vasodilator nitric oxide (NO). The 
contractility of the SEF and HSCs entirely depends on the intracellular Ca2+_ 
calmodulin-actomyosin system, in which plasma membrane CaH -pump ATPase 
controlling the intracytoplasmic free calcium concentration [CaHL is one of the key 
modulators. 

ET -I produced and released from the sinusoidal endothelial cells acts on the HSCs 
via the ETA receptors as a paracrine effect, inducing a contraction of the HSCs. ET-I 
also acts on the sinusoidal endothelial cells themselves via the ET B receptors as 
an autocrine effect, inducing a contraction of the SEF with a prompt elevation of 
[CaHL enhanced by a decrease in fenestral plasma membrane Ca2+-pump ATPase. 
This elevation of [CaHL is markedly suppressed by pretreatment with an ETB 
receptor antagonist. In parallel with this process, NO produced by NO synthase (NOS) 
within the sinusoidal endothelial cells gets into the HSCs, inducing a relaxation of the 
HSCs. 

Key words. Hepatic sinusoidal endothelium, Sinusoidal endothelial fenestrae, 
Endothelin-I, Endothelin receptor subtypes (ETA' ETB receptor), Intracytoplasmic 
free calcium ions 
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The hepatic microcirculatory system consists of three microvascular components: the 
terminal portal venule (TPY) and the terminal hepatic arteriole (THA) as two afferent 
vessels, the sinusoids corresponding to the capillary bed, and the terminal hepatic 
venule (THY) as an efferent vessel [1]. From an ultrastructural point of view, 
the hepatic sinusoids located between the liver cell cords are characterized by the 
presence of a large number of sieve plate-like pores in the sinusoidal endothelium, 
i.e., the sinusoidal endothelial fenestrae (SEF) [2], and by the absence of the 
basement membrane beneath the sinusoidal endothelium, allowing free exchange 
between the sinusoidal blood and the hepatocytes via the SEF. It is noteworthy 
that these anastomosing sinusoids occupy the largest areas of the hepatic 
microvasculature, possibly contributing to the regulatory mechanism of hepatic 
microcirculation by changing the circulatory blood volumes in the sinusoids and 
microvascular tones. 

In recent years, the authors have postulated that the contraction and dilatation of 
the SEF as well as of the sinusoids would be involved in the local regulation of hepatic 
sinusoidal blood flow [3,4]. There has been increasing evidence that microvascular 
tones are regulated by vasoconstrictor endothelins (ETs) [5] and vasodilator nitric 
oxide (NO) [6] corresponding to the endothelium-derived relaxing factor (EDRF), 
both of which are derived from vascular endothelial cells. 

The main purpose of this chapter is to review current understanding of the 
regulation of hepatic sinusoidal microcirculation, particularly focusing on the 
authors' recent work on the roles of sinusoidal endothelial cells and the mechanism of 
dynamic changes of the SEF induced by a potent and long-acting vasoconstrictor 
endothelin-1 [7]. 

Morphological and Physiological Features of 
Hepatic Microcirculation 

The hepatic microvascular system is characterized by the structure that the sinusoids, 
corresponding to the capillary bed in the microcirculatory system, receive the blood 
from two types of afferent vessels, the portal vein and the hepatic artery, both of which 
have different blood pressure and circulating blood volume [1] (Fig. O. The blood 
circulating in the anastomosing sinusoids then empties into the efferent vessels, the 
terminal hepatic venules, at an angle which almost forms a right angle with the vessel 
walls, as has been observed by intravital and scanning electron microscopy [3]. 

This specialized microvascular system of the liver is peculiar in that a ratio of the 
precapillary (presinusoidal) to the postcapillary (postsinusoidal) resistance is much 
greater than in other microvascular systems [8]. Blood pressure in the hepatic 
sinusoids is very low [9] in comparison with that of the portal venules and of the 
hepatic arterioles, and the pressure gradient from the sinusoids to the hepatic venules 
is small [1,8]. Based on the concept of microcirculatory autoregulation, there seems 
to be no distinct autoregulatory mechanism in the local control of portal venous and 
hepatic arterial blood flow [10]. 

There is no doubt, however, that the contraction and relaxation of the smooth 
muscle layers of the hepatic arterioles and portal venules are effectively involved in 
the dynamic control of the hepatic microvascular blood flow [1]. In relation to this 
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regulatory mechanism, it has been proposed that the inlet and outlet sphincters are 
important in the regulation of the blood flow through the sinusoids [1, 11). 

In spite of a large number of ultrastructural studies, no distinct sphincter structures 
(such as the precapillary sphincter of the terminal arteriole identified by electron 
microscopy in the muscle microvasculature [12)) have been identified at the pre- or 
postsinusoidal junctional sites where the blood enters the sinusoids from the terminal 
portal venule (TPV) or drains into the terminal hepatic venule (THV). 

Relation Between Hepatic Sinusoidal Cells and 
Hepatic Microvasculature 

It is well known that the hepatic sinusoid is composed offour different cell types, i.e., 
endothelial cells, Ito cells (hepatic stellate cells, HSCs) [13), Kupffer cells and pit cells 
(Fig. 1). It has been confirmed by scanning electron microscopy that the TPV directly 
connect with the sinusoids, and the endothelial cells of the TPV are continuously 
transformed into sinusoidal endothelial cells possessing a large number of sieve plate­
like pores [3) (Fig. 1). By scanning electron microscopic analysis, HSCs have been 
shown to encircle the abluminal surfaces of the sinusoidal endothelial cells with their 
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extended and interconnected cytoplasmic processes [13]. Kupffer cells stick to the 
luminal surfaces of the sinusoidal endothelial cells, extending their processes into the 
peri sinusoidal space (the space ofDisse) through the sinusoidal endothelial pores and 
attaching to the processes stretching out from the HSCs, and sometimes migrating 
onto the endothelial luminal surface in an ameboid movement [14, 15]. 

Regulatory Factors of Hepatic Sinusoidal Blood Flow 

In general, the regulatory factors of organ microcirculation are divided into three 
groups, i.e., myogenic, neurogenic, and humoral control (Fig. 2). This article 
deals with myogenic control and the surrounding hepatic microcirculation, mainly 
focussing on recent understanding of the regulatory mechanism of hepatic sinusoidal 
microcirculation. 

The Inlet Sphincter-Like Structures at the Junction Between 
the TPV and the Sinusoid 

By scanning electron microscopy, the junctional area between the TPV and the 
sinusoid is occasionally found to be extremely narrow and almost occluded [3], 
implying the presence of an inlet sphincter-like structure which would locally control 
the sinusoidal blood flow. By transmission electron microscopy, the presence of a long 
continuous and un fenestrated endothelium surrounded by a basement membrane, 
with no smooth muscle layer, has been confirmed at the junction between the TPV 
and the sinusoid [3], as had been proposed earlier [11]. Although there are no struc­
tures specializing as a sphincter, such as an endothelial-smooth muscular junction 
[12], actin filaments are evident in the junctional endothelium [3]. 

REGULATORY FACTORS IN ORGAN MICROCIRCULATION 

1. Myogenic Control 
2. Nervous Control 
3. Humoral Control 

Diversity of the above controling systems in each organ 

Microvascular Smooth Muscle 
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FIG. 2. Involvement of 
microvascular endothelium­
derived vasoconstrictor 
endothelins (ETs) and 
vasodilator nitric oxide (NO) 
in myogenic control of organ 
microcirculation. 
Intracytoplasmic free calcium 
ion concentration [eaH ]. is a 
key modulator of the 
contraction and relaxation of 
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Furthermore, there is recent evidence that HSC-like pericytes exist in close contact 
with the junctional endothelium between the TPV and the sinusoid [16, 17]. Based on 
a previous report on endothelial contractility [18], these findings suggest that this 
junctional portion would make a local circular contraction by the coordinative 
contractility of the transitional endothelium and the Ito cell-like pericyte [16, 17], 
possibly occluding the erythrocytes flowing into the sinusoids and locally regulating 
the sinusoidal blood flow [3]. 

The Role of Terminal Hepatic Arterioles (THAs) in 
Hepatic Sinusoidal Microcirculation 

Not only the intrahepatic distribution of the hepatic artery but also the blood supply 
ratio of the hepatic artery to the portal vein vary from one species to another. The 
THAs have branches in four different locations. Some of the THAs form microvasc­
ular plexuses around bile ducts in the portal tract, and some have branches which 
connect with the sinusoids [19]. Other branches from the THAs make anastomoses 
directly with the TPV, providing the vasa vasorum for branches of the portal vein. 

The direct connections of hepatic arteriolar capillaries with the sinusoids in the 
periportal (zone 1) and middle (zone 2) zones, originally observed by intravital 
microscopy [1, 11, 19], have been confirmed both by scanning electron microscopy 
using corrosion cast preparations [20] and by an enzymohistochemical technique 
[21]. There seem to be no smooth muscle sphincters at the junction of the arteriolar 
capillaries with the sinusoids or TPV [19]. Even after ligation of the hepatic artery in 
the rat, hepatic blood flow measured by hydrogen gas clearance or the laser Doppler 
method is reduced by only 20%, whereas it is completely stopped after ligation of the 
portal trunk, indicating that hepatic sinusoidal blood flow mainly depends on the 
portal blood flow. 

Contraction and Relaxation of Hepatic Sinusoidal Endothelial 
Fenestrae (SEF) and Sinusoids 

Based on in vivo studies [3,4], it has been postulated that the hepatic sinusoids and 
SEF contract or dilate in response to a decrease or an increase in hepatic sinusoidal 
blood flow induced by neuroamines and neuropeptides, contributing to the 
homeostatic control of hepatic microcirculation. There is no doubt that the plasma 
flowing inside the sinusoidal vascular lumens variably transits the sinusoidal 
endothelial lining cells via the SEF in response to a variety of sinusoidal blood flow 
states. Thus the diameters and numbers of the SEF are considered not to be static but 
to be dynamic, regulating the transition of sinusoidal circulating plasma into the 
perisinusoidal space. 

A question has been raised as to whether these dynamic changes in diameter in the 
SEF and sinusoids are active or passive phenomena. In an attempt to resolve this 
question, sinusoidal endothelial cells isolated from rat liver by the collagenase­
perfusion method were subjected to primary monolayer culture, and then studied 
in vitro [4, 22-24]. The results showed that the SEF contract in in vitro culture 
conditions without blood flow after the addition of an a-adrenoceptor agonist such as 
norepinephrine [4], neuropeptide Y (NPY) to the culture medium [4], or serotonin 
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[24], whereas they dilate after the addition of a ,B-adrenoreceptor agonist such as 
isoproterenol [4), or a muscarinic acetylcholine receptor (M2) agonist such as acetyl­
choline [4), a vasoactive intestinal polypeptide (VIP) [4), or prostaglandin E, [23). 

All these changes in fenestral diameters in vitro are considered to be mediated by 
receptors on the endothelial cell surface. Therefore, the contraction and dilatation of 
the SEF may not always be a secondary effect of the changes in sinusoidal blood flow 
volumes and resistances, but may also be actively induced by the actions of vasoactive 
substances. 

The Ca2+ -Calmodulin-Actomyosin System in 
the Hepatic Sinusoidal Endothelium 

By immunofluorescence, immunoperoxidase, and electron microscopy, actin fila­
ments are evident in the hepatic sinusoidal endothelial cells not only in primary 
culture but also in liver tissue [22,25). These micro filaments are specifically coated 
with heavy meromyosin [4), and are bound with fluorescein isothiocyanate (FITC)­
labeled phalloidin. By electron microscopy, this coating has been shown to be particu­
larly enriched around the labyrinth-like structures of the SEF [22, 24, 26), forming a 
cytoskeleton ring composed of actin and myosin [24), and providing a mechanical 
contractile basis for the SEF. Furthermore, by immunoelectron microscopy, a Ca2+_ 
binding protein calmodulin has also been found in the sinusoidal endothelium. 

It has been shown that the addition of calcium ionophore to the culture medium 
causes an increase in intracytoplasmic free calcium ion concentration [Ca2+L, deter­
mined by microfluorometric digital image analysis using fura-2 AM [27, 28], con­
comitant with a contraction of the SEF in the primary monolayer-cultured sinusoidal 
endothelium [22,24). On the other hand, an actin-depolymerizing agent, cytochalasin 
B, as well as a Ca2+ -binding protein calmodulin antagonist, W -7, cause dilation of the 
SEF in primary monolayer culture [4,22). However, it remains to be explained why 
the numbers ofSEF are increased by prolonged treatment with cytochalasin B (29). In 
addition, a Ca2+ -chelating agent EGTA and Ca2+ -channel blockers prevent a 
serotonin-induced contraction of the SEF (24). 

Based on all the data described above, the Ca2+ -calmodulin-actomyosin system 
within the sinusoidal endothelium clearly plays a major role in the regulation of 
the contraction and dilatation of SEF. In this contractile process, myosin light 
chain kinase (MLCK) is a Ca2+ -calmodulin-dependent key enzyme for inducing the 
association of actin and myosin and the activation of myosin Mg2+ -ATPase [30). The 
calmodulin antagonist (W -7)-induced dilatation of SEF is considered to be mainly 
due to the inhibition of Ca2+ -calmodulin-dependent phosphorylation of MLCK [31). 

Contractility of Ito Cells (Hepatic Stellate Cells) as Pericytes 

As has been shown in other microvascular pericytes [32), it is essential for Ito cells 
(hepatic stellate cells, HSCs) to possess contractility as pericytes in providing tone 
to the hepatic sinusoids and maintaining a constant sinusoidal blood flow. 
Microfluorometric digital image analysis has revealed that a Ca2+ -agonist-induced 
elevation of intracytoplasmic free calcium ion concentration [Ca2+L results in a con­
traction of the HSCs isolated from human liver in primary monolayer culture [33). 
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This type of contraction in the HSCs isolated from rat liver has been shown to be 
enhanced by the addition of endothelin-1 to the culture medium according to the 
reduction rate of the areas of cells [34], the formation of wrinkles in the agar matrix 
[35], and time-lapse cinematography [36]. 

Vascular Endothelium-Derived Vasoconstrictor Endothelins 
and Vasodilator Nitric Oxide 

In recent years there has been accumulating evidence that hepatic microcirculation is 
controlled at least in part by the vasoconstricting and relaxing effects of endothelins 
(ETs) [5] and nitric oxide (NO) [6] (Fig. 2). The ETs can be divided into three 
isopeptides, ET -1, ET -2, and ET -3 [7]. Continuous infusion ofET-1 via the portal vein 
in the rat causes a decrease in hepatic sinusoidal blood flow measured by a laser 
Doppler flow metry [37], and this is concomitant with a reduction of the SEF both in 
diameter and in number shown by scanning electron microscopy [23] (Fig. 3a,b). 

At the same time, as fluorescence microscopy had suggested in the isolated 
perfused rat liver [38], scanning electron microscopy revealed that hepatic sinusoids 
are locally constricted along the HSCs situated beneath the sinusoidal endothelial cells 
[23] (Fig. 3c,d). Furthermore, as had previously been shown in vivo by infusion of 
norepinephrine and NPY [4], hepatic sinusoids were also shown by intravital 
microscopy to be reduced in diameter following ET-1 infusion [39]. However, there is 
still a possibility that the terminal portal venules (TPV s) directly connecting with the 
sinusoids contract most intensely in response to ET -1 in the hepatic microvessels, 
thus reducing the sinusoidal blood flow, and as a result the sinusoids collapse rather 
than actively contract. Therefore, it seems unlikely that hepatic sinusoids themselves 
contract sufficiently to diminish red blood cell velocity. 

On the other hand, nitric oxide (NO) produced and released from vascular 
endothelial cells would act on the HSCs, making them relaxed and leading to a 
reduction of vascular tone in the hepatic sinusoids [40]. It has recently been reported 
that carbon monoxide (CO) produced by the action of heme oxygenase in the degra­
dation process of heme may be involved in a contraction of the HSCs [41]. The 
relation between NO and CO needs to be further elucidated. 

Local Regulatory Mechanisms of 
Hepatic Sinusoidal Microcirculation 

From the viewpoint of myogenic control in the microcirculation, it is considered to be 
essential for the local regulation of hepatic sinusoidal blood flow that the dynamic 
contracting and relaxing of the sinusoidal endothelial cells and SEF should corre­
spond with those of the HSCs, both of which are mediated by the sinusoidal 
endothelium-derived ETs and NO. According to a radioimmunoassay study [42], ET 
is released from primary cultured sinusoidal endothelial cells. In addition, it has 
recently been shown that NO is produced by the sinusoidal endothelial cells through 
the enzyme action of endothelial cell NO synthase (ecNOS) [43]. Contractility of the 
SEF and HSCs entirely depends on the intracellular Ca2+ -calmodulin-actomyosin 
system. 



148 M. Oda et al. 

FIG.3a-d. Scanning electron micrographs showing the effects of endothelin (ET)-l on hepatic 
sinusoidal endothelial fenestrae (SEF) in vivo and in vitro. Each bar denotes 1 !tm. a An internal 
view of the sinusoid in a control rat liver. There are a large number ofSEF, approximately90nm 
in diameter, in zone 3. b An ET -I-infused rat liver. Note that the SEF are markedly decreased in 
diameter and in number in zone 3. The sinusoid (S) appears focally narrowed (arrowheads) 
along the hepatic stellate cell (HSC) beneath the sinusoidal endothelium. Compare with a. D, 
the space of Disse; H, hepatocyte. c A non-treated primary monolayer-cultured sinusoidal 
endothelium isolated from rat liver. There are a large number of SEF, as shown in a. d An ET­
I-treated sinusoidal endothelium in primary monolayer culture. Note that the SEF are reduced 
in diameter and in number, as shown in vivo in b. Compare with c 
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Intracytoplasmic Free Calcium Ions and cd+ -Pump ATPase 

In the primary monolayer-cultured sinusoidal endothelium, the concentration of 
intracytoplasmic free Ca2+ [Ca2+];, determined by microfiuorometric digital image 
analysis using fura-2 AM (Fig. 4), is immediately elevated by the addition of ET -1 to 
the culture medium [23] (Fig. Sa). 

In general, it has been well documented that the plasma membrane Ca2+ -ATPase 
plays a major role in maintaining a very low concentration of intracellular free Ca2+ by 
extruding Ca2+ from the cytoplasm against a high concentration of extracellular free 
Ca2+, thus contributing to the homeostatic control of intracellular free calcium ion 
concentration ([Ca2+lJ [44]. According to a recent report [45], this Ca2+ -pump 
ATPase is located in the caveolae of vascular endothelium. It is intriguing to note that 
the Ca2+ -pump ATPase is localized on the fenestral plasma membrane in the hepatic 
sinusoidal endothelium, which corresponds to the deeply and tortuously invaginated 
labyrinth structure of the sinusoidal endothelial plasma membrane [23]. Moreover, it 
is noteworthy that electron cytochemistry shows that plasma membrane Ca2+_ 
ATPase activities are also evident on the fenestral plasma membrane [23] (Fig.6a). 
Although these Ca2+ -ATPase activities on the fenestral membrane may represent an 
ectoenzyme, as shown on the bile canalicular membrane [46], there is a possibility 
that these cytochemical Ca2+ -ATPase activities may parallel the Ca2+ -pump ATPase 
activities for active extrusion of Ca2+ from the cytoplasm, since the structure of Ca2+ -
pump ATPase is of the membrane-penetrating type [47]. Accordingly, the attenuation 
offenestral plasma membrane Ca2+-ATPase activities by ET-l [23] (Fig. 6b) would 
cause an elevation of [Ca2+L possibly due to an inhibition of extrusion of 
intracytoplasmic Ca2+, resulting in a contraction of the SEF. 

-- 40 X objective lens 

)..,.'---t---.._- fluorescence light source 

'<-+---tt+--tt----- lIuorographic 
study 

FIG. 4. Experimental design for microfluorometric digital image analysis of intracytoplasmic 
free calcium ion concentration [Ca2+L in primary monolayer-cultured sinusoidal endothelium 
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FIG. 5a,b. The time course changes of [Ca2+ L in the primary monolayer-cultured sinusoidal 
endothelium by microfiuorometric digital image analysis. a [Ca2+ L is immediately elevated by 
the addition of ET-I to the culture medium. b An ET-I-induced elevation of [Ca2+ L is sup­
pressed by pretreatment with ETB receptor antagonist (BQ788) 

Endothelin Receptor Subtypes: ETA and ETa Receptors 
The pharmacological effects of ETs are transducted into a cell via receptors on the 
outer surface of the cell plasma membrane. ETA and ETB receptors are well docu­
mented as ET receptor subtypes [48]. ETA receptors show much stronger affinity 
to ET -1 and ET -2 than to ET -3, while ET B receptors possess almost equal affinity to 



FIG.6a,b. Transmission electron microscopic alterations of the CaH -ATPase activities and the 
diameter of SEF by ET -1 treatment in the primary monolayer-cultured sinusoidal endothelium 
[23]. Each bar denotes 1 [lm. a The electron-dense reaction products showing the presence of 
Ca2+ -ATPase activities are localized on the fenestral plasma membrane in the nontreated 
sinusoidal endothelium. b CaH -ATPase activities are markedly decreased in the fenestral 
plasma membrane of the contracted SEF by treatment with ET-l 

FIG.7a,b. Immunohistochemical localizations of ETA and ETB receptors in rat liver. a At low 
magnification, the immunopositive substances showing the presence of ETA receptors can be 
seen localized on the sinusoidal lining cells. At high magnification, they are chiefly on the 
hepatic stellate cells (HSCs) and partly on the sinusoidal endothelial cells. P, portal tract; THV, 
terminal hepatic venule. b ET B receptors are evident mainly on the sinusoidal endothelial cells 
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ET -1, ET -2, and ET -3. These two types of receptor are distributed in tissue in different 
ways. ETA receptors are known to be localized mainly on vascular smooth muscle 
cells, while ET B receptors are present on many other types of cell. 

In the microvasculature of rat liver, immunohistochemistry has shown that ETA 
receptors are evident most intensely on the sinusoidal lining cells (Fig. 7a). Under 
high magnification, they are found to be mainly located on the HSCs, and also to some 
extent on the sinusoidal endothelial cells. These localizations of ETA receptors have 
been shown ultrastructurally by immunoelectron microscopy. On the other hand, 
immunohistochemical and immunoelectron microscopy have shown that ETB 
receptors are expressed chiefly on the sinusoidal endothelial cells (Fig. 7b). 

An ET -I-induced increase in intracytoplasmic free calcium ion concentra­
tion [Ca2+ L in primary cultured sinusoidal endothelium isolated from rat liver is 
markedly suppressed by pretreatment with an ET B receptor antagonist (BQ788) 
(Fig. Sb), whereas this increase in [Ca2+ L is partly attenuated by pretreatment with an 
ETA receptor antagonist (BQ64S). Therefore, ET -1 mainly acts on the sinusoidal 
endothelium via ET B receptors on the cell surface. 

Interactions Between Hepatic Sinusoidal Endothelial Cells 
and Stellate Cells 

As described, hepatic sinusoidal endothelial cells are closely associated with hepatic 
stellate cells (HSCs) both morphologically and functionally, since they are involved 
in the local control of sinusoidal blood flow. As shown schematically in Fig. 8, ETs 
produced and released from the sinusoidal endothelial cells would act on the HSCs via 
the ETA receptors as a paracrine effect [49], inducing an increase in [Ca2+ L through the 
activation of inositol triphosphate (IPJ transduced by GTP (guanine triphosphate)­
binding protein (G protein), and then resulting in a contraction of the HSCs following 
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FIG. 8. Local regulatory mechanisms of hepatic sinusoidal microcirculation 
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the activation of the Ca2+ -calmodulin-actomyosin system and providing contractile 
tone to the sinusoids. At the same time, ETs would act On the sinusoidal endothelial 
cells via the ET B receptors as an autocrine effect, inducing a contraction of the SEF 
and possibly of the sinusoidal endothelial cells themselves, as has been indicated in 
capillary endothelial contraction [18,50], and resulting in an increase in sinusoidal 
resistance (Fig. 8). An autoradio-graphic study has revealed that 125I_ET binds the 
sinusoidal endothelial cells as well as the HSCs [51]. 

In addition, in this autocrine effect, NO is produced by the action of NO synthase 
within the sinusoidal endothelium and released into the space of Disse, going through 
the plasma membrane of the HSC, followed by the production of cyclic GMP through 
the activation of guanylate cyclase [52]. 

This cyclic GMP is considered indirectly to activate Ca2+ -pump ATPase activity, 
with a subsequent reduction of [Ca2+L and a suppression of myosin phosphorylation, 
inducing a relaxation of the HSC (Fig. 8). 

In liver cirrhosis, not only a contraction of the HSCs but also a reduction in the 
diameter and number of SEF would be induced by ETs excessively released from the 
sinusoidal endothelial cells, thus increasing sinusoidal vascular resistance and con­
tributing to the pathogenesis of portal hypertension [52,53]. 
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Hepatic Innervation and 
Hepatic Sinusoidal Cells 
TAKATO UENO,I RYUICHIRO SAKATA,! TAKUJI TORIMURA,I 
SEISHU TAMAKI,I MASAHARU SAKAMOTO,! KAZUHISA GONDO,I 
MICHIO SATA,! and KYUICHI TANIKAWA2 

Summary. The innervation of the human liver is distributed throughout the hepatic 
lobules from the portal spaces to the centralobular spaces. Nerve endings in the 
intralobular spaces are localized mainly in the Disse spaces, and are closely related to 
hepatic stellate cells (HSCs). Various neurotransmitters such as substance P exist in 
these nerve endings. Substance P induces contraction in HSCs. In addition, HSCs 
possess endothelin (ET) receptors, and contract in response to ET -1 treatment. 
Moreover, a-smooth muscle actin (a-SMA) is localized in the cytoplasm of HSCs. 
a-SMA is closely related to the contractility of smooth muscle cells. Nitric oxide 
(NO) inhibits the contraction of HSCs. HSCs thus appear to be involved in the 
regulation of hepatic sinusoidal microcirculation by contraction and relaxation. 
In the human cirrhotic liver, intralobular innervation is decreased or absent, but ET, 
ET receptors, and NO are overexpressed in the HSCs. These phenomena indicate that 
HSCs in the human cirrhotic liver may play an important role in the sinusoidal 
microcirculation through agents such as ET or NO rather than through intralobular 
innervation. 

Key words. Hepatic innervation, Vasoactive agents, Hepatic sinusoidal micro­
circulation, Hepatic sinusoidal cells 

Introduction 

The human liver is innervated by splanchnic nerves (sympathetic nerves) originating 
in the sixth to ninth level of the thoracic spine and vagal nerves originating in the 
medulla oblongata. Efferent and afferent pathways are formed by these splanchnic 
and vagal nerves. The efferent pathway has an important role in the regulation of 
hepatic microcirculation as well as in glycogen, protein, and lipid metabolism, and 
in biliary function. The afferent pathway provides sensory function through 
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osmoreceptors, baroreceptors, and glucose receptors [1]. Previous studies of hepatic 
innervation have produced different findings according to the spaces [2]. In this 
chapter, we discuss the relationship between hepatic innervation and intralobular 
innervation and hepatic sinusoidal cells in the human liver. 

Intralobular Innervation and Nerve Endings in the Human Liver 

The human liver shows an intralobular innervation similar to that of guinea pigs, cats, 
and tupaias [1]. Generally, branches of vagal nerves, splanchnic nerves, and some­
times phrenic nerves enter the human liver. In the human liver, a mainly adrenergic 
type of innervation is seen, and some cholinergic innervation is also localized [3-6]. 
In addition, innervation mediated by various neurotransmitters such as substance P 
(SP), vasoactive intestinal peptide (VIP), somatostatin, cholecystokinin, neurotensin, 
and neuropeptide Y has been reported to exist in the human liver [7-10]. 

In the portal and centrolobular spaces, a single axon or axon bundles with or 
without a Schwann sheath are seen close to fibroblasts or myofibroblasts localized 
around blood vessels and bile ducts (Fig. la,b). In the intralobular spaces, nerve 
bundles run in the Disse spaces, and nerve endings are visible close to hepatic stellate 
cells (HSCs) and hepatocytes. However, these endings are associated with the 
sinusoidal endothelial cells for a short distance (Fig. lc). Nerve endings with vesicles 
containing neurotransmitters such as SP or VIP are often visible close to HSCs (Fig. 
2). In certain respects, HSCs around the sinusoidal endothelial cells which form the 
hepatic sinusoids resemble pericytes around a capillary (Fig. Id). It has thus been 
suggested that HSCs have contractility, and are involved in the regulation of hepatic 
sinusoidal microcirculation. 

Vasoactive Substances and Hepatic Sinusoidal Cells 

Substances such as SP, angiotensin II, norepinephrine, and thrombin have been 
shown to have significant effects on HSC contractility. 

Vasoactive substances such as endothelin (ET) [11] and nitric oxide (NO) [12] have 
been identified, and the characteristics of these substances have been clarified. 

ET is a peptide composed of 21 amino acids that has been isolated from the 
supernatant obtained after the culture of porcine aortic endothelial cells [11]. ET has 
potent vasoconstrictive effects on smooth muscle cells. ET has three isoforms (ET -1, 
-2, and -3) with different sequences of amino acids [13]. Isopeptides arise through 
proteolytic cleavage of prepropeptides to the proendothelins (big-ET), which are 
converted to activate peptides by ET -converting enzyme. 

ET receptors were confirmed by the identification and cloning of the ETA receptor 
(vasoconstricting) and the ETB receptor (vasodilatory), that both belong to the 
superfamily of G protein-coupled receptors [14]. In addition, a third receptor, ETe> 
has recently been cloned [15]. The function and distribution of ETc are unknown. 

The ETA receptor binds ET -1 and ET -2 with a higher affinity than ET -3, but the ET B 
receptor displays similar affinity for all three isopeptides. The binding of ET to both 
ETA and ETB receptors leads to an increase in cytosolic calcium (Ca2+) through the 
release of Ca2+ from intracellular stores consequent to the production of inositol 
triphosphate (IP3) by activated phospholipase C [16]. In addition, the stimulation of 
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FIG. la-d. Electron micrographs of a human liver. a Nerve bundles (arrows) are visible close 
to fibroblasts (F) around the portal vein (P), hepatic artery (A), and bile duct (B) . 5, Schwann 
cell. (From [2], with permission). b Nerve endings (N) are visible close to the surface of 
myofibroblasts (M). The distal end of the nerve ending is closely associated with the basal 
lamina (arrows) of an endothelial cell of the central vein (C). (From [2], with permission). 
c Nerve endings (arrows) are observed close to a hepatic stellate cell (HSC) (5) and hepatocyte 
(H) . The nerve endings are associated with a sinusoidal endothelial cell (E) for a short distance. 
5i, sinusoid. (From [2], with permission). d Sinusoidal endothelial cells with fenestrae (arrows) 
in the cytoplasm are enfolded by the cytoplasmic processes of HSCs (5). A nerve bundle (N) 
closely apposes the process of an HSC. 5i, sinusoid. (From [2], with permission) 
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FIG. 1. Continued 

ETA receptors increases the cyclic adenosine 3',5'-monophosphate (cAMP) level in 
the cells, while the ET B receptor is associated with an inhibition of the adenyl cyclase 
system [17]. ET B receptor also activates a Ca2+ -dependent stimulation of constitutive 
NO synthase [18]. In addition, in the heterogeneity ofETs receptor, the existence of 
two ETs receptor subtypes, i.e., ETsl and ETs2, has recently been postulated [19). 
Douglas et al. reported that ETA and ET SI receptors may induce the contraction of 
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FIG. 2a,b. Electron micrographs showing the immunolocalization of substance P (SP) and 
vasoactive intestinal peptide (VIP) in the human liver. a Nerve endings containing SP­
immunoreactive vesicles are observed close to an HSC (5). (From [8], with permission). b Nerve 
endings containing VIP-immunoreactive vesicles are observed in the Disse space. 5i, sinusoid; 
5, hepatic stellate cell; E, sinusoidal endothelial cell. (From [8], with permission) 
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vascular smooth muscle cells, while ET 82 receptors of endothelial cells promote 
vasodilation through the production of diffusible NO [19]. 

ET -1 binding sites in the rat liver are located mainly in the sinusoidal lining cells of 
hepatic lobules, and are weakly expressed in the luminal space of the portal and 
central veins [20]. In the intralobular spaces, the binding sites are greatest in the 

FIG. 3a,b. Light and electron microscopic autoradiographs showing 125I_ET_1 binding sites in 
the rat liver. a Many more 125I_ET_1 grains are observed in sinusoidal lining cells of the 
periportal space compared with the midzonal and pericentral spaces. C, central vein; P, portal 
vein. x 100. (From [20) with permisson). b 125I-ET-1 grains (arrows) are observed on a hepatic 
stellate cell (S). Si, sinusoid; H, hepatocyte. (From [20], with permission) 
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periportal region (Fig. 3a). An ultrastructural analysis showed that about 35% of ET-
1 binding sites are located on the HSCs (Fig. 3b), and that some of the binding sites are 
located on endothelial cells or Kupffer cells [2l]. The heterogeneity of ET -1 binding 
sites in hepatic lobules appears to parallel the blood flow pattern in hepatic sinusoids. 
Stable regulation of blood flow is required in the periportal spaces compared with 
that in the midzonal and centrolobular spaces. A few recent studies of HSCs and 
ET in the human liver are informative; Pinzani et al. [22] reported that ET-l im­
munolocalization was visible in non parenchymal cells along hepatic sinusoids, 
hepatocytes, cells of the portal tract stroma, bile ducts, and vessels. Mallat et al. [23] 
reported that ETA (20%) and ET8 (80%) receptors were identified in human HSCs. 

NO is synthesized from L-arginine via the catalytic action of a group of enzymes, 
i.e., the NO synthases (NOSs). Three isoforms of NOS have been identified by the use 
of biochemical, immunohistochemical, and molecular biological techniques [24]. 
Constitutive calcium-calmodulin-dependent isoforms were initially localized to neu­
ron (nNOS or NOSI) and vascular endothelial cells (eNOS or NOS III) . A cytokine­
inducible calcium-independent isoform (iNOS or NOS II) is present in macrophages. 
The principal target of NO is soluble guanylate cyclase, the cells of which result in an 
increased level of intracellular guanosine 3' ,5' -cyclic monophosphate (cGMP). We 
observed that cultured rat HSCs overexpressed iNOS and cGMP and relaxed under the 
condition of interleukin (IL)-ltl treatment [25]. 

FIG.4a,b. Immunolocalization of anti-S-100 protein in normal and cirrhotic livers. S-100 pro­
tein is a marker of peripheral nerve fibers. Immunoreactive products of anti-S-100 protein 
(arrows) in intralobular spaces are abundant in the normal liver (a) compared with the cirrhotic 
liver (b). P, portal vein; C, central vein. X300. (From [26], with permission) 
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Changes in Hepatic Innervation and Hepatic Stellate Cells in 
Human Liver Cirrhosis 

In human liver cirrhosis, intralobular innervation is decreased [7, 9, 26] (Fig. 4), 
whereas the expression of a-smooth muscle actin (a-SMA), which is related to cell 
contraction, is increased on the HSCs [26, 27] (Figs. 5 and 6). ET -1 is overexpressed 
and exerts multiple effects on HSCs [22] in liver cirrhosis. In human liver cirrhosis, 
a-SMA-positive HSCs seem to be deeply involved in the hepatic sinusoidal 
microcirculation through various vasoactive agents such as ET -1 and NO, rather than 
through intralobular innervation. In addition, the expression of ET receptors is 
clearly enhanced along the sinusoidal walls, especially on HSCs in human cirrhotic 
liver compared with normal liver [22, 26] (Figs. 7 and 8). Moreover, according to 
several reports, plasma ET -1 and ET -3 concentrations are increased in patients with 
cirrhosis [28, 29]. ET is up-regulated by hypoxia, transforming growth factor-beta, 
IL-I, tumor necrosis factor (TNF)-a, and platelet-derived growth factor [30]. 

NO is also an important regulator of hepatic sinusoidal dilatation. As noted above, 
rat-cultured HSCs overexpressed iNOS and cGMP and relaxed under IL-l/3 treatment 

FIG. 5a,b. Immunolocalization of anti-a-SMA in normal and cirrhotic livers. Immunoreactive 
products of anti-a-SMA are brightly localized around the hepatic arteries (a). Immunoreactive 
products of anti-a-SMA (arrows) in the fibrous septa and intralobular spaces are abundant in 
the cirrhotic liver (b) compared with the normal liver (a). P, portal vein; C, central vei~. X300. 
(From [26], with permission) 



FIG. 6. An electron micrograph showing immunoreactive products of anti-a-SMA in the cir­
rhotic liver. Immunoreactive products of anti-a-SMA are observed in the cytoplasm of a HSC 
(5) . 5i, sinusoid; E, sinusoidal endothelial cell; C, collagen fiber. (From [26] , with permission) 

FIG. 7a,b. Immunolocalization of anti-ET receptor (ETR) in normal and cirrhotic livers. 
Immunoreactive products of anti-ETR (arrows) in the intralobular spaces are abundant in the 
cirrhotic liver (b) compared with the normal liver (a). In addition, the products are localized 
along the lumen of the portal veins and central vein. P, portal vein; C, central vein. X 300. (From 
[26], with permission) 
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FIG. 8. An electron micrograph showing immunoreactive products of anti-ErR in a cirrhotic 
liver. Immunoreactive products of anti-ErR are observed in the cytoplasm of a HSC (S). H, 
hepatocyte; C, collagen fiber. (From [26], with permission) 

[25]. Battista et al. suggested that NO is overproduced in human cirrhotic liver [31]. 
Moreover, in human liver cirrhosis, the concentration of NO as well as ET in blood 
is increased by endotoxin or cytokines such as IL-l and -6, and TNF-a [2,31,32] . In 
cirrhosis, NO as well as ET may regulate hepatic vascular tone in response to various 
stimulants such as IL-l, TNF-a, and endotoxin [33]. Hyperdynamic circulation occurs 
during liver cirrhosis [34], and is involved in systemic cardiovascular complications 
including clinical hypotension, decreased systemic vascular resistance, increased 
cardiac output, and the increase of blood flow through the tissues. In cirrhotic 
animals, the administration of ET -1 did not affect systemic or regional hemodynamics 
[35]. This phenomenon may indicate the suppression of the pressor response of ET-
1 due to NO overproduction in cirrhotic animals. In addition, NO seems to contribute 
to vascular hypoactivity in the presence of a high level of ET -1 [33]. 

In conclusion, the regulation of blood flow, resistance, and pressure in the 
sinusoids of the normal human liver is believed to be performed mainly by 
neuropeptides such as SP or VIP released from nerve endings. In cirrhotic liver, in 
contrast, hepatic sinusoidal capillarization is frequently observed [36]. At this stage, 
resistance in the sinusoidal wall is increased, and the hepatic sinusoidal 
microcirculation may be limited. With the progression of liver fibrosis, intralobular 
innervatin becomes scant, whereas the role of HSCs in the hepatic sinusoids may 
become more prominent. In liver cirrhosis, HSCs are likely to be affected by ET-l 
rather than NO [37, 38]. The regulation of microcirculation in the sinusoids of the 
human cirrhotic liver seems to be regulated by agents such as ET or NO in a paracrine 
or autocrine manner [39]. 
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Contraction and Relaxation of Ito Cells 
MASAHARU SAKAMOTO, TAKATO VENO, TAKUJI TORIMURA, 

SEISHU TAMAKI, MOTOAKI KIN, RIKO OGATA, MICHIO SATA, 

and KYUICHI TANIKAWA 

Summary. Ito cells (hepatic stellate cells) are localized around liver sinusoidal 
endothelial cells. The cytoplasm of these cells contains contractile proteins such as 
actin and myosin, suggesting that microcirculation of liver sinusoids is regulated by 
the contraction and relaxation of these cells. 

Autocrine and paracrine activities of endothelin-l induce Ito cell contraction, while 
nitric oxide induces Ito cell relaxation via cyclic-guanosine 3' ,5'-monophosphate. 
Therefore, it is considered that Ito cells are deeply involved in the regulation of liver 
sinusoidal microcirculation. 

Key words. Ito cells (hepatic stellate cells), Endothelin-l, Nitric oxide, Contraction, 
Relaxation 

Introduction 

Ito cells located in the space of Disse are also called fat-storing cells, hepatic stellate 
cells, lipocytes, and perisinusoidal cells [1-4]. The cells have many cytoplasmic proc­
esses and surround hepatic endothelial cells. The main functions of Ito cells are 
vitamin A storage [5, 6] and the production of various extracellular matrix compo­
nents [7-10]. The morphology of the hepatic sinusoidal wall resembles that of a 
capillary. Ito cells, which correspond to pericytes around capillaries, are localized in 
the space ofDisse around the hepatic sinusoids. Pericytes contain contractile proteins 
such as actin and myosin, and these cells are deeply involved in the control of capillary 
blood flow through their contraction and relaxation [11]. Ito cells also contain actin 
and myosin [12, 13]. The contraction of Ito cells is induced by agents such as sub­
stance P, prostaglandin F2 a and a thromboxane A2 analogue [14, 15]. On the other 
hand, agents such as prostaglandin E2, Iloprost, and adrenomedullin cause the relaxa­
tion of Ito cells [16]. It has therefore been suggested that Ito cells play an important 
role in the regulation of sinusoidal blood flow through contraction and relaxation. In 

The Second Department ofInternal Medicine, Kurume University School of Medicine, 67 Asahi­
machi, Kurume, Fukuoka 830-0011, Japan 

168 



Contractility of Ito Cells 169 

this chapter, we discuss the relationship between Ito cells and endothelin (ET)-I and 
nitric oxide (NO) in the contraction and relaxation of Ito cells. 

Contraction of Ito Cells 

Sinusoid-related cells such as sinusoidal endothelial cells, Ito cells, Kupffer cells, and 
pit cells have been recognized as very important cell groups in various aspects of the 
physiology and pathology of the liver. It is also speculated that these cells not only 
have their own functions, but also control the functions of other cells in the liver. In 
particular, Ito cells, being mesenchymal cells, are similar to capillary pericytes in 
location and morphology. These Ito cells have numerous long, slender cytoplasmic 
processes and surround liver sinusoidal endothelial cells [2]. These morphological 
characteristics of Ito cells imply that Ito cells are also deeply involved in controlling 
liver sinusoidal blood flow through contraction and relaxation in conjunction with 
sinusoid endothelial cells. We have previously reported that ET -1 receptors are 
present on Ito cells in the rat liver, and that contraction is induced via these receptors 
[17-21]. Further, Ito cell contraction is induced by ET-I in a dose-dependent manner 
and the effect is persistent (Figs. 1 and 2). When changes in desmin immuno­
localization in cultured Ito cells were studied, desmin was found to be localized in 
cytoplasm and along the processes in the absence ofET-I, while in the presence ofET-
1, desmin gathered around the nuclei and cytoplasmic desmin decreased (Fig. 3). 

ET -1 is a strong and persistent vasoconstrictor peptide derived from vascular 
endothelial cells. There are three ET isopeptides, ET-I, ET-2, and ET -3 [22], and there 
are two ET receptors, ETA and ETB, which are both transmembrane G protein­
mediated receptors [23, 24]. ETA receptors have an affinity to the three ET isopeptides 
in the order ofET-I > ET-2 > ET-3, while ETB receptors have equal affinity to each of 
the three isopeptides. ETA receptors, which have high affinity to ET-I and ET-2, are 
thought to be present in smooth muscles and mainly involved in contractile activity, 
while ET B receptors are thought to be present on endothelial cells and involved in the 
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FIG. 1. Serial changes in the area of cultured Ito cells after addition of 200nM ET-1. The 
maximal decrease in cell areas occurred 60min after the addition of ET-1. *p < 0.05 and 
**p < 0,01 vs. untreated group. (From [19], with permission) 
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FIG. 2. Changes in cell area after 
the addition of ET -1 at various con­
centrations to Ito cells cultured for 
24 h. The area of the cultured cells 
decreased dose-dependently after 
the addition of ET -1. * P < 0.05 and 
**P < 0.01 vs. untreated group. 
(From [19], with permission) 

release of NO, an endothelium-dependent relaxing factor. Regarding the ET -1-
induced contraction mechanism, upon binding of ET -1 to ETA receptors, inositol 
triphosphate is increased at the cell membrane via phospholipase C and intracellular 
CaH is mobilized, leading to cell contraction [25] . 

It is currently known that macrophage-derived cytokines interleukin-l f3 (IL-lf3) 
and tumor necrosis factor-a (TNF-a) act on vascular endothelial cells in inflamma­
tory response, and greatly influence blood coagulation activity and the control of 
blood vessel tone. It has also been demonstrated that ET -1 is produced by vascular 
endothelial cells through induction by IL-l f3 and TNF-a [26]. Furthermore, ET-l is 
actually produced in sinusoidal endothelial cells (Fig. 4). These cytokines are consid­
ered to accelerate ET -1 production in liver sinusoidal endothelial cells as well as in 
vascular endothelial cells, suggesting that strong contraction of Ito cells is induced, 
which considerably affects liver sinusoidal microcirculation. 
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FIG. 3a,b. Ligh micrographs showing FITC-labeled desmin in cultured Ito cells before and 
after the addition of 200nmol/L ET-l. a Ito cell before ET-l treatment. (From [19], with per­
mission). b Ito ce1l60min after ET-l treatment. The location of desmin in the Ito cells before 
ET-l addition is visible along the slender cytoplasmic processes of the Ito cell. However, the 
location of desmin after ET-I treatment changes to a meshlike structure. (From [19], with 
permission) 
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Relaxation of Ito Cells 

NO, which has a vasodilative effect, is produced by various kinds of cells including 
vascular endothelial cells [27,28], macrophages [29], vascular smooth muscle cells 
[30], sinusoidal endothelial cells [31], Kupffer cells [32], and hepatocytes [33]. NO 
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FIG. S. Serial changes in the area of cultured Ito cells after addition of 0, 200, and 1000 pmollL 
IL-1{3. Cell areas are significantly greater in the 1000pmollL IL-1{3-treated group at 6 and 12h 
and in the 200pmollL IL-1{3-treated group at 12h than in the untreated group. *p < 0.05 and **p 
< 0.01 vs. untreated group. (From [45], with permission) 
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produced by these cells is synthesized by nitric oxide synthase (NOS) using L-arginine 
as a substrate. There are at least two types of NOS in the vascular system [34]. 
One is Ca2+ -calmodulin-dependent constitutive type NOS, and the other is Ca2+_ 
calmodulin-independent inducible type NOS (iNOS) which is induced in macro­
phages and vascular smooth muscle cells. Enzyme activity of iNOS is not normally 
detected, but once it is induced, NO production persists, resulting in prolonged 
vasodilation and endothelial cell impairment. In recent years, the association of 
various shock conditions and NO has been attracting attention, especially the rela­
tionship between NO and septic shock, which has now been clarified [35]. After 
incubating cultured vascular smooth muscle cells with lipopolysaccharide (LPS), IL­
l, or TNF-a for several hours, the expression of iNOS mRNA in these cells was 
observed by Northern blot analysis [36]. It has been suggested that excessive produc­
tion and release of NO induced by iNOS expressed in these vascular smooth muscle 
cells cause the relaxation of vascular smooth muscle cells mediated by cyclic 
guanosine 3',5' -monophosphate (cGMP), which induces marked vascular dilation, 
resulting in the development of shock [37]. 

It has been reported that the blood level of various cytokines including IL-l,8 is 
increased in patients with liver diseases compared to that in healthy subjects [38]. It 
is also believed that endotoxins, which are known to show high blood levels in various 
liver diseases, increase the production of TNF-a, IL-l, and interleukin-6 (IL-6) by 
Kupffer cells and macrophages [39,40]. Further, it was recently reported that NO is 
the endogenous mediator responsible for hyperdynamic circulation in liver cirrhosis 
[41-43]. As described above, in liver diseases, hepatic sinusoidal endothelial cells, and 
various inflammatory cells mobilized from systemic circulation actively produce vari­
ous cytokines and are deeply involved in liver pathology, being affected by the 
cytokines. 

In this study, Ito cells were relaxed by administration of IL-l,8 (Fig. 5). It was 
speculated that IL-l,8 induced the expression of iNOS in Ito cells, which promoted NO 
synthesis (Fig. 6). The increased NO then induces cGMP elevation, leading to Ito cell 
relaxation (Fig. 7). Further, since iNOS expression induced in Ito cells started a few 
hours after the cytokine stimulation and persisted for a long time, the 12-h effect ofIL-
1,8 on Ito cells observed in this study was also considered to be due to the persistent 
influence ofiNOS on Ito cells [44,45]. As described above, various cytokines including 
IL-l,8 are deeply involved in liver pathology. In particular, the contraction and relaxa­
tion of Ito cells are deeply involved in liver microcirculation. 
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FIG.6a,b. Light micrographs showing the localization ofFITC-labeled iN OS in cultured Ito cells 
by confocal laser microscopy (bar = 10 [tm). a Inducible NOS in the cell body of an Ito cell 
treated with 1000pmollL IL-l/3 for 12h. (From [45), with permission). b Negative control 
showing no fluorescence. (From [45), with permission) 
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FIG. 7. Cyclic GMP concentration in cultured Ito cells after 12 h treatment with IL-1{3 at various 
concentrations (0-1000 pmoIlL). Cyclic GMP concentration in Ito cells increases significantly in 
a dose-dependent manner. *P < 0.05 and **P < 0.01 vs. untreated group. (From [45], with 
permission) 

Cirrhosis and Portal Hypertension 

Two main causes of portal hypertension in cirrhosis have been suggested. The first is 
an increase in blood flow into the portal vein. This hyperdynamic circulation occurs 
systemically, but is especially marked in the visceral space. NO is believed to be the 
cause of the dilation of peripheral arteries, and endotoxins are believed to play the 
major role in promoting NO production in arterial walls [43]. In cirrhosis, absorption 
of endotoxins from the intestinal wall is markedly elevated. These endotoxins are very 
likely to act on the peripheral arteries of the intestinal tract, leading to vasodilation. 
Generally in cirrhosis, en do toxemia tends to develop due to the decrease in Kupffer 
cells, which playa central role in dealing with endotoxins, and the formation of 
collateral circulation [46] . 

The elevation of vascular resistance in the liver has also been considered as a 
possible cause of portal hypertension. Although narrowing of the intrahepatic portal 
vein is initially caused by fibrosis in the liver, shunts are formed inside and outside the 
liver. It is very possible that the inhibition of sinusoidal blood flow due to sinusoidal 
wall contraction induced by ET, as described above [19, 47], is the reason for the 
elevation of vascular resistance in portal hypertension. 

Therefore, it is considered that the regulation of both NO and ET production and 
the prevention of the cellular effects of these substance will lead to developments in 
the therapy of portal hypertension. 
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Portal Hypertension and 
the Hepatic Sinusoid 
DON ROCKEY 

Summary. Portal hypertension is one of the most important complications of liver 
cirrhosis, leading to substantial morbidity and mortality. In broad terms, the level of 
portal hypertension is a function of portal flow and the resistance of blood flow 
through the liver. Current evidence suggests that both an increase in resistance to 
blood flow through the liver as well as an increase in portal blood flow contribute to 
the pathogenesis of portal hypertension. This chapter focuses on the components of 
increased intrahepatic resistance. The cellular elements that appear to be critical in 
determining sinusoidal resistance are the hepatic stellate cells and the sinusoidal 
endothelial cells. Stellate cells are pericyte-like perisinusoidal cells that have been 
shown to possess contractile properties, and are capable of constricting the sinusoid 
in vivo. Stellate cell contractility is regulated by endothelin and nitric oxide, which are 
potent vasoconstricting and relaxing agents, respectively. Importantly, endothelin is 
overproduced after liver injury by both stellate cells and endothelial cells, setting up 
an autocrine/paracrine regulatory loop. Recent evidence suggests that after liver in­
jury, endothelial cell nitric oxide synthase, while produced in normal quantities, does 
not function normally, and leads to decreased production of nitric oxide in the 
sinusoid. Thus, stellate cells in the injured liver appear to be exposed to increased 
levels of endothelin and reduced levels of nitric oxide, each contributing to increased 
resistance to sinusoidal blood flow. 

Key words. Endothelin, Nitric oxide, Stellate cell, Lipocyte, Cirrhosis 

Introduction 

The level of pressure in the portal system is dictated by the resistance and flow in that 
system: Pressure = Resistance X Flow. The factors that could result in increased 
resistance to blood flow through the liver are many, but include those at the micro­
scopic (sinusoid) or macroscopic levels (i.e., regenerating nodules). Further, both 
fixed and modulable elements appear to participate in the pathogenesis of portal 
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hypertension. At the sinusoidal level, the precise site of increased resistance in pa­
tients with liver injury is controversial, but in theory it could be at any of several levels 
within the liver, including presinusoidal, sinusoidal, or postsinusoidal [1-3]. Re­
cently, it has been demonstrated that sinusoidal flow may be regulated by stellate cells 
(otherwise known as lipocytes, Ito, or perisinusoidal cells). Moreover, it has been 
realized that vasoregulatory mediators, including endothelin (ET) and nitric oxide 
(NO), are important regulators of stellate cell contractility. This review will focus 
on the role of stellate cells and vasoactive mediators in the pathogenesis of portal 
hypertension. 

Stellate Cell Contractility and Sinusoidal Blood Flow 

Stellate cells are vitamin-A-rich mesenchymal cells which occupy the perisinusoidal 
space of Disse. In normal liver, they appear to serve largely as a storage site for 
retinoid esters [4]. During liver injury, they undergo "activation," a process which 
is a characterized most prominently by production of increased amounts of 
extracellular matrix [4] (Fig. 1). Culture of normal cells on a plastic matrix in the 
presence of serum containing growth medium recapitulates many of the features of 
activation in vivo. From a histological viewpoint, stellate cells are reminiscent of 
tissue pericytes, a cell type which is thought to regulate blood flow via pericapillary 
constriction [5]. Because of their anatomic similarity to pericytes and since they 
express the (smooth) muscle-specific intermediate filament desmin, the possibility 
was raised that stellate cells may exhibit a contractile phenotype. Further evidence 
indicating that stellate cells express the putative contractile protein smooth muscle a 
actin suggested contractile properties for stellate cells [6] . Contraction of stellate cells 
has been examined directly in a number of systems including on silicone rubber 
membranes and thick type I collagen lattices in response to serum [7]. Further in vivo 

Quiescent 

Cytokines 
TGFp. POGF 

?ET 

Activated 

• Upregulation of smooth muscle 
a actin 

• Enhanced matrix production 
• Cellular proliferation 
• Upregulation of cytokine 
(TGF~IPDGF) receptors 

FIG. 1. S~ellate cell activation. Stellate cell activation proceeds after liver injury (or during 
culture in the presence of serum) through a poorly understood cascade of events. The activated 
phenotype is characterized by the features shown. Similar events occur and result in 
mesenchymal cell activation in other forms of organ injury 
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TABLE 1. Mediators of stellate cell contractility 

Contract 

Endothelin (1,2,3) 
Angiotensin II 
Thrombin 
Prostaglandin F2u 

U46619 (Thromboxane A2) 

Substance P 
Serum 

Relax 

Nitric oxide 
Carbon monoxide 

microscopic studies have co-localized sinusoidal constriction to the autofluorescence 
of stellate cells, providing further evidence that stellate cells are responsible for 
sinusoidal constriction. In aggregate, the data provide compelling evidence that 
stellate cells function as perisinusoidal contractile cells in the hepatic sinusoid. 
Moreover, evidence suggests that this cellular compartment within the sinusoid con­
tributes to the elevated intrahepatic resistance typical of portal hypertension. A 
number of compounds have been identified as potential mediators of stellate cell 
contraction [7-13] (Table 1); the most prominent modulators are the endothelins and 
nitric oxide, and these are reviewed in the next section. 

Regulators of Stellate Cell Contractility 

Endothelin (ET) 
The endothelins are a group of potent vasoconstrictors with three unique members: 
ET-l, ET-2, and ET-3 [14]. The mature peptides, each composed of 21 amino acid 
residues, are cleavage products oflarge precursor proteins, termed preproendothelin 
[15]. Current models suggest that endothelins are produced by primarily by 
endothelial cells and exert paracrine effects on adjacent smooth muscle cells. How­
ever, other data, including our own (see below) on the liver, indicate that endothelins 
may have autocrine or intracrine effects. Although the major function of endothelins 
appears to be in the control of vascular tone [14], they also have promitogenic effects. 
In addition, the production of ET -1/ET -3-deficient mice has implicated the endo­
thelins as regulatory components of mammalian neural crest development [16-
18]. The effects of the endothelins depend in part on the ET receptors to which they 
bind. Two types of G-protein-coupled receptors have been identified, including ET A 
(ETA) and ET B (ETB) receptors [19]. ETA receptors are found predominantly on the 
vasculature and are activated largely by ET -1. Rank order affinities are ET -1> ET-2 
> > > ET -3; the affinity of ET -1 for the ETA receptoris more than 100-fold that of ET-
3 [19]. ETB receptors are widely distributed and have equal affinity for all endothelin 
peptides [19]. ETB receptor stimulation appears to bring about divergent responses 
and depends in part on the cell type expressing the receptor. For example, stimulation 
of ETB receptors on endothelial cells results in the release of nitric oxide (NO) and 
subsequent relaxation of vascular smooth muscle via activation of cyclic guanosine 
monophosphate (cGMP) [20]. Conversely, stimulation of ETB receptors on smooth 
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muscle cells may induce vasoconstriction. It has been proposed that endothelium­
dependent relaxation and smooth muscle vasoconstriction mediated by the ET B 
receptor are brought about by two related but distinct ETB receptors, termed "ETB1 " 
and "ET B2'" respectively [20] . 

Endothelin receptors have been identified on all types of liver cells (stellate, 
endothelial, Kupffer cells, and hepatocytes) [9,21-25]. However, the number of re­
ceptors on stellate cells far outnumbers that for other hepatic cells [9], implying that 
stellate cells are the major target of endothelins in the liver. Competitive binding 
studies indicate that stellate cells express both ETA and ET B receptors, but the latter to 
a greater degree than the former (unpublished observation), which coincides with 
expression of specific ETA and ET B mRN As [9]. Both receptors mediate stellate cell 
contraction and do so with equal effectiveness [23] . The ETB receptor may also regu­
late growth of human myofibroblast-like stellate cells [26]. Data relating to modula­
tion of receptor subtype are conflicting. While some studies have failed to find 
changes in receptor expression during liver injury or in culture [9], others report that 
with repeated passage of cultured cells, the relative abundance of ETA receptors on 
stellate cells decreases markedly [22]. Other studies examining endothelin receptors 
in whole liver after injury further imply that there is up-regulation of endothelin 
receptors on stellate cells [27]. 

Recent studies showing that endothelins are produced in the liver are critical given 
the abundance of ET receptors on stellate cells [22,28]. Further, circulating ET -1 and 
ET -3 are increased [29-33], probably representing a spillover of endothelins from the 
liver. The cellular source of endothelins in liver injury is an active area of inve­
stigation. In human and experimental liver injury, preproET-1 mRNA and/or 
immunoreactive ET -1 appear to be localized to stellate and endothelial cells [22,28]. 
Endothelin in stellate cells appears to be stimulated by TGF-{3 [34], implying 
that cytokines present in the injured liver may be important regulators of endo­
thelin synthesis during liver injury. During liver injury, preproET -1 mRNA and 
immunoreactive peptide are up-regulated in whole liver (Fig. 2) and specifically in 
sinusoidal endothelial and stellate cells, although the relative increase is greater for 
stellate cells than endothelial cells [22, 28, 34] (Figs. 2 and 3). Further, ET-1 has 
important effects on stellate cells themselves, including stimulation of proliferation 
and smooth muscle a actin expression. These data imply that during liver injury 
(since endothelin receptors are most abundant on stellate cells and endothelins 

FIG. 2. Preproendothelin(ET)-l mRNA ex­
pression in whole liver after liver injury. 
Liver injury was induced by bile duct 
ligation and whole liver total RNA was iso­
lated and subjected to RNase protection 
assay (10!-lg total RNA). The relative 
abundance of preproendothelin-1 mRNA 
is shown. *p < 0.05 compared to "0". 
(Adapted from [28]) 
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FIG.3. Preproendothelin-l mRNA abundance in hepatic cells after liver injury. Liver injury was 
induced by bile duct ligation. After 0, 4, or 8 days, sinusoidal endothelial or stellate cells were 
isolated and RNase protection assay was performed. The relative abundance of pre­
proendothelin-l mRNA is shown. (Adapted from [28)) 

appear to act in a paracrine (or autocrine) manner), locally produced endothelin 
serves as an important component of the activating milieu. Such data have relevance 
for other forms of tissue injury in which endothelin is overproduced and in which 
target cells expressing endothelin receptors are prominent. This possibility is sup­
ported by the finding that bosentan, a mixed ETA and ETB receptor antagonist, inhib­
ited features of stellate cell activation in an in vivo model of fibrogenic liver injury 
[35] . 

The finding that ET -1 is overproduced in liver injury has important implications for 
the pathogenesis of portal hypertension given the perisinusoidallocation of stellate 
cells and their potential for contractile phenotype. While a number of compounds 
have been advanced as potential regulators of stellate cell contractility, including 
substance P, angiotensin II, thrombin, and prostaglandins, the endothelins are the 
most potent [7-12]. ET-I induces intracellular calcium flux and transient cell round­
ing in human myofibroblast-like stellate cells [8] . It is also the most potent inducer of 
silicone rubber membrane wrinkling [11] and contraction of collagen lattices by rat 
stellate cells [7]. In contrast to many smooth muscle cells, stellate cell contraction 
proceeds readily via the ET B receptor [23]. Intravital microscopy has helped to clarify 
the contractile effects of endothelins on stellate cells [2,36-39] . For example, Zhang et 
al. [36] demonstrated dynamic modulation of sinusoidal width in response to ET-I 
that co-localized to auto fluorescent stellate cells, thus implicating stellate cells as the 
cellular element responsible for sinusoidal constriction. 

An area of controversy surrounds the contractility of stellate cells in normal liver. 
In vivo microscopy studies indicate that normal cells are contractile and respond 
endothelins to by contraction [2, 36-39] . However, culture studies indicate that 
freshly isolated normal stellate cells exhibit little or no contractile behavior. While it 
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is difficult entirely to reconcile these two observations, both the culture-based 
experiments and the in vivo microscopy studies are subject to potential artifact. 
For example, freshly isolated stellate cells could be contractile, but all known 
methods to detect this contractility are not actually sensitive enough to detect it. 
In contrast, with regard to in vivo studies, it is important to acknowledge that 
infused endothelins (used to stimulate contractility) are likely to have extrasinusoidal 
effects (i.e., on smooth muscle cells in the portal venous system) which may be 
difficult to distinguish from intrasinusoidal effec;:ts. Resolution of the controversy 
awaits alternative methods of detecting stellate cell contractility, or methods which 
allow the differentiation of stellate cell contraction from other components of the 
portal system. 

Nitric Oxide 

Nitric oxide (NO) has received considerable attention as an important vasoregulator, 
in particular as an agent that counters the contractile activity of endothelin. The half­
life of NO is short, and the diffusion capacity is of the order of microns, emphasizing 
the autocrine or paracrine nature of its biological actions. Furthermore, the intera­
tion of NO with reactive oxygen intermediates (e.g., NO plus superoxide, yielding 
peroxynitrite) results in products with longer half-lives that may also exert important 
local effects. NO is produced by one of three isoforms of NO synthase (NOS). 
Endothelial cells and neurons produce NO from L-arginine via two distinct constitu­
tive NOS enzymes, while a wide variety of cells express inducible NOS [40]. The 
constitutive isoforms typically produce small amounts of NO and are regulated by 
intracellular changes in calcium. In contrast, iNOS produces large amounts of NO and 
functions independently of intracellular calcium [40]. 

The amount and duration of NO production in a biological system depends in large 
part on its enzymatic source. While the term constitutive implies that these iso­
forms are not regulated, their mRNA and protein levels may be altered by changes 
in the environment such as hypoxia, cytokines, or stretch [41]. The inducible iso­
form is stimulated by a wide array of compounds/stimuli, including cytokines and 
lipopolysaccharide (LPS), which have been emphasized as prominent inducers of 
iNOS. Cytokines and/or LPS initiate dissociation of the NFK'-B/IK'-Ba complex, re­
leasing NFK'-B/rel which stimulates iNOS transcription in the nucleus. iNOS regula­
tion is particularly complex, as recent studies indicate that iNOS enzymatic activity is 
itself inhibited by NO [42]. 

The potential role of NO in the modulation of sinusoidal blood flow and the 
pathogenesis of portal hypertension has been emphasized in several recent studies. 
The NO inhibitor NNA (~-nitro-L-arginine) increased portal pressure in normal rat 
livers, while L-NAME (~-nitro-L-arginine methyl ester), another NO inhibitor, had 
no effects [43, 44]. Although NO levels in the normal liver appear to be quite low 
(implying a minor role for NO), perfusion of cirrhotic livers with L-arginine reduced 
portal reactivity to norepinephrine, suggesting a defect in endogenous NO production 
in this state [45]. Nitrite levels are elevated in patients with cirrhosis, and iNOS mRNA 
is up-regulated in the peripheral vasculature of these patients. Such data have implied 
a role for NO in causing the vasodilation which is typical in cirrhotics with portal 
hypertension. 
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At a cellular level, the effects of NO on stellate cells are pronounced. Current data 
indicate that exogenous NO is capable of preventing endothelin-induced contraction, 
as well as inducing relaxation in cells that have already undergone contraction [11, 
46]. Stellate cells themselves produce NO in response to interferon y and other 
cytokines with or without LPS [46,47]. Further, NO produced in an autocrine fashion 
has a strong relaxing effect on stellate cells [13,46]. 

Because essentially all liver cell types are capable of producing NO, signals which 
stimulate NO are theoretically important paracrine or autocrine mediators of stellate 
cell relaxation. Therefore, regulation of NOS has been studied in experimental liver 
injury and portal hypertension. Immediately after toxin-induced liver injury, iNOS is 
induced. However, this response is transient and iNOS is not detectable with long­
standing injury, including in animals after the development of cirrhosis and portal 
hypertension. These data are consistent with the possibility that a lack of NO may be 
important in the perpetuation of intrahepatic portal hypertension, particularly in the 
setting of overproduced endothelin [28]. 

Recent data have also examined endothelial-cell-dependent production of NO in 
injured liver. While some studies report an overall increase in ecNOS after liver injury, 
the majority have not borne this finding out; it has recently been reported that NOS 
enzymatic activity is reduced in cirrhosis or in endothelial cells from cirrhotic animals 
[48,49]. While ecNOS mRNA and protein quantity appeared to be unchanged after 
two forms of experimental liver injury, production of NO by this isoform was found 
be reduced compared with normal levels. These data raise the possibility that with 
liver injury, reduced NO contributes to increased intrasinusoidal resistance to blood 
flow and therefore to portal hypertension. 

Carbon Monoxide 
While NO has received a great deal of attention as a mediator of stellate cell relaxation, 
Suematsu et al. [44] have recently raised the possibility that locally produced carbon 
monoxide (CO) might also control stellate cell contractility and thus sinusoidal blood 
flow. These authors demonstrated that inhibition of CO production (CO is produced 
by the oxidative destruction of heme via heme oxygenase) caused an increase in portal 
vascular resistance. While these data are potentially important, it is important to 
emphasize that CO is much less potent than NO in stimulating guanylate cyclase and 
thus cGMP-induced smooth muscle cell (i.e., stellate cell) relaxation. 

Liver Injury, and Stellate Cell Contractility and Activation 

The liver responds to chronic injury by scarring, which is analogous to the response 
of other organs. It has been well established that the primary effector cells in hepatic 
wounding are stellate cells [4]. During liver injury, stellate cells undergo a striking 
morphologic and functional transition so that they develop stress fibers and produce 
abundant amounts of extracellular matrix. Importantly, this process is also character­
ized by the acquisition of the smooth-muscle-specific protein, i.e., smooth muscle a 
actin (see Fig. 1). These data have helped establish that during liver injury, stellate 
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cells transform into myofibroblasts, a cell type prominent in healing wounds. Locali­
zation of liver myofibroblasts to fibrous bands in the context of the enhanced 
contractility of the entire liver (personal observation and [50]) raises the possibility 
that endothelin-mediated contraction oflarge fibrous bands may lead to an alteration 
of the hepatic structural architecture and contribute to abnormal blood flow patterns 
with increased resistance to blood flow. This possibility is emphasized by the demon­
stration of integrins mediating binding to type I collagen (al{31 and a2{31) on stellate 
cells, and by the finding that the blocking function of these integrins inhibits stellate­
mediated contraction of type I collagen lattices [51]. 

While the relative contractility of stellate cells in normal liver is an area of some 
controversy, available evidence indicates that the conversion of stellate cells to 
myofibroblasts is associated with substantially enhanced contractility. Culture-based 
contraction assays have demonstrated that stellate cells expressing smooth muscle a 
actin were much more contractile than those which did not [52]. Further, Bauer et al. 
[53] have shown that smooth muscle a actin up-regulation in vivo is associated with 
increased sinusoidal responsiveness to the constrictor effect of ET -1. Since it is known 
that liver injury and cirrhosis are associated with a striking up-regulation of smooth 
muscle a actin and stellate cell contractility, these data have very important implica­
tions for the pathogenesis of portal hypertension. Specifically, highly activated (con­
tractile) stellate cells undoubtedly contribute to the increased resistance to sinusoidal 
blood flow in the injured liver. 

The link between stellate cell activation and contractility has important biological 
implications for the function of cells expressing smooth muscle a actin. Further, 
acquisition of smooth muscle a actin by stellate cells during activation (Fig. 1) may 
result in functional changes beyond enhanced contractility. Smooth muscle a actin 
appears to retard fibroblast motility and may be important for the immobilization of 
cells [54]. In addition, inhibition of smooth muscle a actin expression by antisense 
oligonucleotides inhibits stellate cell contractility [55]. These data imply that immo­
bile cells expressing smooth muscle a actin, such as stellate cells, may serve as 
contractile "anchors" in the wound-healing environment. 

Conclusion 

The regulation of sinusoidal blood flow in normal and injured liver is complex and 
involves structural, cellular, and humoral components. Recent evidence indicates that 
stellate cells, i.e., resident mesenchymal cells with a histologic orientation in the 
sinusoid analogous to vasoregulatory pericytes, help modulate sinusoidal blood flow 
via perisinusoidal constriction. While available data indicate that normal stellate cells 
regulate sinusoidal blood flow, the contractile potential of stellate cells after injury is 
markedly enhanced. Endothelin and NO appear to play an important role in modulat­
ing stellate cell contractility (Fig. 4), and their interplay is likely to be an important 
determinant of local sinusoidal blood flow, especially in the injured liver. Moreover, 
since stellate cell contractility appears to be a dynamic process, manipulation of either 
or both of these factors may benefit patients with portal hypertension. 
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FIG. 4. Stellate cell contractility, endothelin (ET), and nitric oxide (NO). In the normal liver, 
endothelins are produced primarily by endothelial cells. The mature peptides act in either a 
paracrine or an autocrine manner on either stellate or endothelial cells, each of which possess 
endothelin receptors. During liver injury, stellate cells become activated and become an impor­
tant source of endothelins. Recent evidence indicates that injured endothelial cells under­
produce NO, further disrupting the normal homeostatic balance of endothelin-mediated stellate 
cell contraction and NO-mediated relaxation. Abbreviations: TNFa, tumor necrosis alpha; IFy, 
interferon gamma; LPS, lipopolysaccharide; PKC, protein kinase C; DAG, diacylglycerol; 1P3, 
inositol triphosphate. (From [56], with permission) 
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Role of Sinusoidal Endothelial Cells in 
Alcoholic Liver Disease 
TAKESHI OKANOUE, SHINICHI SAKAMOTO, TAKASHI MORI, 

YOSHIHIKO SAWA, HIKOHARU KANAOKA, KENICHI NISHIOJI, 
and YOSHITO ITOH 

Summary. We investigated the role of sinusoidal endothelial cells (SECs) in alcoholic 
liver disease (ALD) using cases of ALD and experimental rat models. In ALD, balloon­
ing of hepatocytes was noted, and in alcoholic liver fibrosis sinusoidal endothelial 
fenestrae (SEFs) had decreased in size and in number. In chronic ethanol-fed rats (E­
rats), ballooned hepatocytes compressed sinusoids, especially in zone 3. However, the 
porosity of SEFs in zone 3 significantly increased, and hepatic blood flow also in­
creased, resulting in compensating hypoxia of hepatocytes in zone 3 in E-rats. 
Thioacetoamide-administrated-rats demonstrated that defenestration developed in 
proportion to the progress of hepatic fibrosis, resulting in liver injury by hypoxia. The 
present studies using an in vitro flow system demonstrated that adhesion molecules 
on SECs and their ligands were very important in the adhesion and migration of 
polymorphonuclear leukocytes (PMNs). Dexamethasone inhibited the adhesion and 
migration of PMNs. 

Key words. Alcoholic liver disease, Ballooning of hepatocyte, Sinusoidal endothelial 
cell, Hypoxia, Adhesion molecule 

In alcoholic liver disease (ALD) there are many morphological characteristics such as 
ballooning ofhepatocytes, fatty changes, polymorphonuclear leukocyte (PMN) infil­
tration, alcoholic hyalin (Mallory body), giant mitochondria, hemosiderin deposit, 
pericellular fibrosis, perivenular fibrosis, and stellate fibrosis extending from the 
portal area. It has been considered that the disturbance of hepatic microcirculation 
plays an important role in the development of ALD [1,2]. PMN infiltration is also very 
important in the development of alcoholic hepatitis. Corticosteroids have been used 
for the treatment of alcoholic hepatitis. 

We attempted to clarify the developmental mechanism of disturbances in the 
hepatic microcirculation in ALD, focusing on the relationship between ballooning of 
hepatocytes and its effect on sinusoidal endothelial cells (SECs) and hepatic sinusoids. 
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We also investigated the mechanism ofPMN infiltration via the SEC barrier, and the 
significance of corticosteroid therapy for alcoholic hepatitis. 

Materials and Methods 

Study of Hepatic Microcirculation 

Wistar male rats were used to study portal pressure and hepatic blood flow, balloon­
ing of hepatocytes induced by alcohol, its effect on sinusoidal caliber and sinusoidal 
endothelial fenestrae (SEFs), basement membrane formation and its effect on SEFs, 
and isolation of SECs. SECs were isolated using an elutriation rotor according to 
methods previously reported [3,4]. Rats fed Lieber's liquid diet for 6 weeks were used 
as chronic ethanol-fed rats (E-rats), and the control rats (C-rats) were fed a standard 
diet. Sinusoidal casts were made using resin, and these were used to study the changes 
in sinusoids by scanning electron microscopy. 

Portal pressures in C- and E-rats were measured with a manometer, and portal and 
hepatic blood flows were estimated using the microsphere method reported previ­
ously [5]. Rats' livers were perfused using saline via the portal vein, and this served to 
observe SEFs by transmission and scanning electron microscopy. 

To investigate the effect of hepatic fibrosis on SEF, we used rats which had hepatic 
fibrosis induced by thioacetoamide (TAA) administration (an intraperitoneal injec­
tion of 200mglkg body weight three times a week for 12 weeks) according to the 
method reported previously [6]. 

Sinusoidal caliber, the diameter of SEFs, the number of SEFs per mm2, and their 
porosity were investigated morphometrically in C-, E-, and TAA-rats using scanning 
electron micrographs. 

Polymorphonuclear Leukocyte Infiltration 

Isolated rat SECs were cultured confluently and used to study the mechanism of PMN 
infiltration via the SEC barrier using an in vitro flow system attached to a phase­
contrast microscope (Olympus, Tokyo, Japan). PMNs of rats were isolated from the 
peritoneal fluid. Suspensions of PMNs were passed through the chamber at a wall 
shear stress of 0.5 dyne/cm2. 

The roles of adhesion molecules and tumor necrosis factor-a (TNF-a) and the 
effect of corticosteroids on the adhesion and migration of PMNs were studied. The 
details of the adhesion assay for PMNs, the expression of ICAM-l on SECs, and 
the assay for injury to SECs have been reported previously [7]. CD-18 is a component 
of Mac-I, which belongs to the integrin family and is an adhesion molecule on PMN. 

Results 

Sinusoid and Sinusoidal Endothelial Cells 

In ALD, especially in alcoholic foamy degeneration, ballooning of hepatocytes was 
conspicuous but disappeared within 3 weeks after abstinence. In E-rats, portal pres-
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FIG. 1. Scanning electron 
micrograph of sinusoidal 
casts in zone 3 (pericentral 
area) in chronic ethanol-fed 
rat. Many sinusoids are 
tortuous and narrowed. 
X1500 

sure rose to 16.7 cm in H20 (11.8cm H20 in C-rats). The microsphere method demon­
strated that both portal and hepatic arterial blood flows were significantly increased 
by ethanol administration [8]. 

In E-rats, sinusoidal casts observed by scanning electron microscopy demonstrated 
that sinusoids in zone 3 became narrow and tortuous as a result of compression 
by ballooned hepatocytes (Fig. 1). Scanning electron microscopy also showed 
many pores in the cytoplasm of SECs of around 100nm in diameter [9, 10] 
which · are called SEFs (Fig. 2A). In C-rats there were heterogenities in the 
diameter, number, and porosity of SEFs between the pericentral area (zone 3) and 
the periportal area (zone 1), as shown in Fig. 3. The porosity of SEFs in zone 3 
is originally larger than that of SEFs in zone 1, resulting in compensating hypoxia in 
zone 3. 

In E-rats, the diameter, number, and porosity of SEFs were changed. The diameter 
of SEFs increased considerably in zone 3 (Fig. 2B), and the porosity of SEFs was also 
significantly increased, especially in zone 3, resulting in compensating hypoxia of 
hepatocytes in zone 3 (Fig. 3). 

In fibrotic liver, the number and porosity of SEFs significantly decreased in ALD 
(Fig. 4) and in TAA rats. In TAA rats, the number and porosity of SEFs decreased in 
proportion to the progress of the hepatic fibrosis (Table 1). Defenestration was noted 
in association with basement membrane formation in the Disse space, and this has 
been called sinusoidal capillarization [11]. In this condition the exchange of blood 
flow between the sinusoids and the Disse spaces might be inhibited, resulting in 
hypoxia of hepatocytes. 



FIG. 2. A Scanning electron micrograph of sinusoidal endothelial cells in zone 3 in a control rat. 
There are many pores (sinusoidal endothelial fenestrae, SEF) with diameter around 100 nm in 
the cytoplasm of the sinusoidal endothelial cell, some of which form a sieve plate. In chronic 
ethanol-fed rats, SEFs in zone 3 were significantly increased (B) compared with controls (A). 
The bar indicates 1 micron. X 15 000 
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FiG. 3. Morphometric analysis of sinusoidal endothelial fenestrae in zone 1 (periportal area) 
and zone 3 (pericentral area) in control (C group) and chronic ethanol-fed (E group) rats. There 
are heterogenities in the diameter, number, and porosity of SEFs in the C group. In the E group, 
the diameter and porosity of SEFs in zone 3 are significantly increased compared with those in 
C group. Number is the number of SEFs per square micron of the endothelial surface. Porosity 
isthe ratio of the total area of SEFs per square micron of the endothelial surface 
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FIG. 4. Scanning electron 
micrograph of sinusoidal 
endothelial cells in the case 
of alcoholic liver fibrosis with 
basement membrane 
formation. The diameter and 
the number of SEFs have 
significantly decreased, 
resulting in defenestration. 
The bar indicates 1 micron. 
X 17000 

TABLE 1. Morphometric quantitation of the porosity of 
SEFs in TAA-treated Rats ( x 104mm21[.tm2) 

Rats Zone 1 

Control (n = 5) 2.48 ::t: 0.41 (a) 
T AA treatment 
2 weeks (n = 5) 2.30 ::t: 0.58 
4 weeks (n = 5) 1.32 ::t: 0.40 (b) 
6 weeks (n = 5) 0.43 ::t: 0.28 (b) 

(a) Data are expressed as mean ::t: S.D. 
(b) P < 0.Dl. 

Zone 3 

3.34 ::t: 0.98 

3.37 ::t: 1.60 
1.59 ::t: 0.31 (b) 
0.60 ::t: 0.51 (b) 
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Polymorphonuclear Leukocyte Infiltration and Sinusoidal 
Endothelial Cells 

The number of PMNs adhering to the monolayer of SECs was increased significantly 
by stimulation with 100 U/ml rhTNF-a (Fig. 5). To determine whether the increase in 
PMN adherence induced by rhTNF-a was related to the increase in the expression of 
ICAM-l on SECs, the expression ofICAM-l on SECs was measured by cellular ELISA. 
TNF-a enhances the expression ofICAM-l on SECs in a dose-dependent manner [7]. 
Dexamethasone also inhibited the adhesion and migration ofPMNs to SECs in a dose­
dependent manner (Fig. 5). 

We then studied SEC injury by phorbol l2-myristate 13-acetate (PMA) or N­
formyl-methionyl-leucyl-phenylalanine (fMLP). SICr release assay demonstrated that 
a reduction in the number of co-cultured PMNs resulted in a decrease in endothelial 
cytotoxicity. Anti-ICAM-l and anti-CD-IS antibodies and catalase suppressed PMA­
induced injury to SEC (Fig. 6A). fMLP (protease generator)-stimulated PMNs also 
induced SEC injuries, which were also inhibited by anti-ICAM-l, anti-CD-lS, and also 
aprotinin (radical scavenger) (Fig. 6B). 
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FIG. 5. Effects of monoclonal antibodies to ICAM-1 or CD-18 and dexamethasone (DEX, 1 X 

10- 7 mol/I) and anti-TNF-a on neutrophil adhesion and migration to SECs induced by rhTNF­
a (100 U/ml for 4 h). Monoclonal antibodies were added at a final concentration of 5 flg/ml. Each 
value represents means::!: SEM of three experiments performed in duplicate. The percentage 
shows the migration rate of neutrophils determined by the following equation: Migration rate 
(0/0) X Migrated PMNs X 100 - (Adhered PMNs + Migrated PMNs). #P < 0.05 compared with 
controls. * P < 0.05 compared with the 100 U/ml TNF-a group without monoclonal antibody or 
dexamethasone 
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FIG. 6. Role of adhesion and neutrophil-derived oxidants in SEC injury induced by PMNs. SICr 
release was assessed 6 h after incubation. Each value represents means ± SEM of three experi­
ments performed in triplicate, and is expressed as a percentage of the control. The control 
represents cytotoxicity induced by 1 X 105 cells of rat PMNs. The 1/5 PMN and the 1/2 PMN 
represent cytotoxicity induced by 2 X 10' cells and 5 X 10' cells ofPMNs, respectively. #P < 0.05 
compared with PMN group (control); ##P < om compared with PMN group 

Discussion 

We have described the compensatory mechanism of hypoxia ofhepatocytes in zone 3 
in chronic ethanol-fed rats, the mechanism of de fenestration of SEF in fibrotic liver, 
the role of adhesion molecules in the adhesion and migration of PMN, and the effect 
of dexamethasone on the inhibition of PMN infiltration. 
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Alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase (ALDH) are 
abundant in zone 3, which needs oxygen when they metabolize ethanol and 
acetaldehyde. In chronic ethanol-fed rats, sinusoids in zone 3 were made narrow and 
tortuous by ballooned hepatocytes, resulting in the disturbance of hepatic micro­
circulation and then in hypoxia of hepatocytes in zone 3. However, the porosity of 
SEFs significantly increased in zone 3 and hepatic blood flow also significantly in­
creased, which might compensate for the hypoxia of hepatocytes in zone 3. 

Defenestration was noted in fibrotic liver associated with basement membrane 
formation at the subendothelial level. In ALD, pericellular fibrosis and pericentral 
fibrosis are characteristic morphological features. In such conditions, oxygen and 
nutrients cannot reach enough hepatocytes in zone 3, resulting in liver injury. 

In alcoholic hepatitis, the infiltration of many PMNs is noted, and corticosteroids 
have been used in the treatment. However, the mechanism of their infiltration is not 
well understood. To clarify the mechanism of liver injury mediated by PMNs, we 
focused on the interaction between ICAM-l and CD-18 using an in vitro flow system. 
Our studies showed that the interaction between ICAM-l and CD-18 was involved in 
PMN adhesion to and migration through SECs, and that this interaction was impor­
tant for the injury to SECs induced by PMA- and fMLP-activated PMNs. 

It has been reported that ICAM-l is important in the migration and adhesion of 
PMNs [12, 13]. CD-llb/CD-18 monoclonal antibody is reported to preventthe hepatic 
infiltration ofPMNs and the necrosis ofhepatocytes induced by intraperitoneal injec­
tion of endotoxin [14]. 

We investigated the role of ICAM-l and CD-18 in the adhesion of PMNs to SECs, 
and the migration of PMNs through SECs by means of an in vitro flow system. Our 
results indicated that both ICAM-l and CD-18 playa key role in the adhesion and 
migration ofPMNs in hepatic sinusoids. Our cellular ELISA showed that ICAM-l was 
expressed on SECs in basal conditions in vitro, and that rhTNF-a increased its expres­
sion in a dose-dependent manner [7]. Ohira et al. [15] reported that serum levels of 
TNF-a and ICAM-l expression on SECs were increased in rats treated with 
lipopolysaccharide, and these are also increased in alcoholic hepatitis. 

The injury to the endothelial cells elicited by activated leukocytes is the initial event 
in various forms of inflammation. It is mainly caused by the active oxygen species or 
by several proteases released by activated PMNs [16, 17]. We showed that both PMA­
and fMLP-activated PMNs induced SEC injury in a PMN/SEC ratio-dependent 
manner. This shows that PMNs infiltrating hepatic sinusoids could induce the 
endothelial cell damage that causes the disturbance of sinusoidal microcirculation. 

The involvement ofleukocyte adhesion in the pathogenesis of hepatic injury related 
to alcoholism has clinical relevance. It is reported that corticosteroids improve sur­
vival in patients with severe alcoholic hepatitis [18], but its mechanism has not yet 
been clarified. We investigated the effects of dexamethasone on TNF-a-induced 
overexpression ofICAM-l on SECs, and on the interaction between PMNs and SEes, 
to clarify the mechanism of the antiinflammatory effects of dexamethasone in PMN­
mediated liver injury. Dexamethasone inhibited the expression of ICAM -Ion SECs in 
a dose-dependent manner. 

To summarize the early stage of ALD hypoxia of hepatocytes in zone 3 was com­
pensated for in part by the increased porosity of SEFs and increased hepatic blood 
flow. However, liver injury might be induced by defenestration in the fibrotic liver 
associated with basement membrane formation. The interaction between ICAM-l and 
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CD-18 was involved in the adhesion and migration of PMNs in hepatic sinusoids 
mediated by TNF-u. This interaction was the key to the SEC injury induced by 
activated PMNs. Dexamethasone inhibited the adhesion ofPMNs to SECs by reducing 
the expression ofICAM-I on SECs. Blocking the interaction ofICAM-I-CD-18 might 
be a reasonable treatment for alcoholic hepatitis. 
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The Role of Neutrophils in Liver Cell 
Injury in Alcoholic Hepatitis 
RYUKICHI KUMASHIRO, KAZUNORI NOGUCHI, SHOTARO SAKISAKA, 

KAZUYA SATO, KUNIHIDE ISHII, MICHIO SATA, and 
KYUICHI TANIKAWA 

Summary. We describe the role of neutrophils in the pathogenesis of alcoholic hepa­
titis (AH). Endotoxemia, leukocytosis in the peripheral blood, and infiltration of the 
liver by neutrophils are common features in patients with AH. 

We observed increased serum levels of tumor necrosis factor (TNF}-a, interleukin 
(IL}-8, soluble intercellular adhesion molecule (ICAM}-l, and neutrophil counts in 
the liver of patients with AH. Neutrophil counts in the liver correlated positively with 
serum IL-8 concentration. Lipopolysaccharide (LPS) uptake by Kupffer cells evalu­
ated by anti-LPS antibody staining was reduced in severe alcoholic hepatitis. The 
numbers of apoptotic bodies in the liver were proportional to the severity of the 
alcoholic liver disease. In experimental studies, we observed increased absorption of 
endotoxins from the intestine and decreased phagocytosis of endotoxins by the 
Kupffer cells. The splenic macrophages were more potent in generating TNF-a than 
the Kupffer cells, and splenectomy reduced the elevation of serum IL-8 following liver 
injury after LPS injection in ethanol-fed rats. 

These findings suggested that increased absorption and decreased uptake of endog­
enous endotoxins lead to neutrophil infiltration of the liver via the activated cytokine 
cascade and increased adhesion molecules, and that splenic macrophages are impor­
tant as the origin of TNF-a. 

Key words. Alcoholic hepatitis, Leukocyte, Interleukin-8, Tumor necrosis factor-a, 
Endotoxin 

I ntrod uction 

There are several hypotheses about the pathogenesis of alcoholic hepatitis (AH). 
The hypoxic theory is based on the lower oxygen tension in zone 3 of the hepatic 
lobule. Recently, vasoconstriction under higher ethanol concentration was shown 
to be responsible for hypoxia [1]. Acetaldehyde-induced liver injury is related to 
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polymorphism of ALDH2 [2] and cytochrome P-450 2El(CYP2El) [3]. Acetaldehyde 
becomes neo-antigen if it forms an acetaldehyde adduct and provokes an immune 
reaction [4, 5]. Free radicals facilitate lipid peroxidation by the acetaldehyde origin at -
ing from ethanol oxidation by CYP2El. Oxygen radicals liberated in the xanthine 
oxidase pathway also trigger lipid peroxidation. 

Patients with AH frequently have fever, leukocytosis, and endotoxemia. However, 
there are few reports on the pathological role of neutrophils in AH. In this report, we 
evaluate the role of neutrophils in the pathogenesis of AH. 

Leukocytosis and Endotoxemia in AH 

Leukocytosis is common in patients with AH, and on admission the mean number of 
leukocytes in the peripheral blood is greater than that in fulminant hepatitis (Table 1) 
[6]. The peripheral leukocyte count is proportional to the severity of the AH. We 
showed by logistic analysis that peripheral leukocyte count on admission, together 
with age, serum creatinine, and hepaplastin time, was of prognostic value in patients 
with AH (Table 2) [7]. 

TABLE 1. Results of routine laboratory admission tests in patients with alcoholic hepatitis and 
fulminant hepatitis 

Alcoholic Severe alcoholic Fulminant 
hepatitis hepatitis hepatitis 
(n = 50) (n = 24) (n = 50) 

White blood cells (lmicroliter) 7210 ± 3000 18425 ± 9125 12692 ± 5971 
Red blood cells (million/microliter) 4.03 ± 0.63 3.03 ± 0.68 4.12 ± 0.62 
Platelets (X 10 ODD/microliter) 13.6 ± 1.9 12.8 ± 8.4 13.1 ± U.8 
Total bilirubin (mg/dl) 3.4 ± 3.5 15.5 ± 9.4 11.3 ± 5.4 
Aspartate aminotransferase (IU II) 267 ± 146 403 ± 1022 1665 ± 1594 
Alanine aminotransferase (IU/I) U8 ± 143 75 ± 150 2092 ± 1584 
AST/ALT 2.8 ± 1.4 4.7 ± 2.4 0.83 ± 0.44 
y-glutamyl transpeptidase (IU/I) 723 ± 506 324 ± 318 62 ± 52 
Albumin (g/dl) 4.2 ± 0.6 2.6 ± 0.5 3.1 ± 0.6 
Prothrombin time (%) 77 ± 25 32.7 ± 13.6 18.4 ± 9.0 
Total cholesterol (mgldl) 203 ± 86 125 ± 60 102 ± 30 
Blood urea nitrogen (mgldl) 13.0 ± 7.7 33.3 ± 27.8 16.3 ± 14.0 
Creatinine (mgldl) 0.95 ± 0.31 3.1 ± 2.9 1.6 ± 1.3 

TABLE 2. Prognostic indices in patients with alcoholic hepatitis analyzed by logistic regression 

Regression 
Variable coefficient p Odds 95% confidence interval 

Hepaplastin test (HPT) -0.0703 0.009 0.93 0.89 0.97 
Leukocytes (WBC) 0.000092 0.0523 1.00 1.00 1.00 
Age (AGE)" 2.2479 0.0063 9.47 1.89 47.45 
Creatinine (CR)b 1.5508 0.0356 4.72 1.08 20.60 

a If age is under 40 or over 60, then AGE is 1, otherwise O. 
blf serum creatinine is over 1.4mg/dl, then CR is 1, otherwise O. 
Logit = 0.4564 + 2.2479 X AGE + 0.000092 X WBC + 1.5508 X CR - 0.0703 X HPT. 



FIG. 1. Positive rate for 
a plasma endotoxin (>5pg/ 
ml) and b serum levels of 
tumor necrosis factor (TNF)­
a in patients with alcoholic 
liver diseases. FL, fatty liver; 
HF, hepatic fibrosis; LC, liver 
cirrhosis; AH, alcoholic 
hepatitis; AH + LC, alcoholic 
hepatitis on liver cirrhosis; 
SAH, severe alcoholic 
hepatitis. (From [6], with 
permission) 
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The positive rate for plasma endotoxins (>5pg/ml) determined by chromogenic 
endotoxin-specific assay (Endospec SP Test, Seikagakukogyou Co., Tokyo) [8] was 
33% in severe AH, and was much higher than that in other forms of alcoholic 
liver disease (Fig. la). Serum tumor necrosis factor (TNF}-a (Fig. Ib) was also high in 
AH. 

These data show that certain mechanisms are involved in the severity of AH in 
relation to leukocytosis, endotoxemia, and TNF-a. 

Histological Findings 

Histological studies revealed neutrophil infiltration in the liver, and neutrophils 
were often associated with a focal necrosis. In severe AH, Mallory bodies were 
observed within hepatocyte which infiltrated by neutrophil (Fig. 2). Electron micro­
scope studies showed a neutrophils directly attached to a hepatocyte (Fig. 3). The 
hepatocyte with the neutrophil showed changes suggestive of the early stages 
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FIG. 2. Light micrograph of the liver from a patient with alcoholic hepatitis. Neutrophil infiltra­
tion was observed around a hepatocyte containing a Mallory body. (From [6], with permission.) 
Hematoxilin-eosin staining. Original magnification 200X 

FIG. 3. Electron micrograph of the liver from a patient with alcoholic hepatitis. A neutrophil (N) 
directly attached to a hepatocyte (H) with the early stage of necrosis. (From [6], with permis­
sion.) Original magnification 200X 
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of necrosis, such as vacuoles and the disappearance of mitochondrial cristae. Disrup­
tion of the plasma membrane ofhepatocytes was observed in more advanced forms of 
necrosis, and subcellular organellae were flowing out into the sinusoid. 

These findings lead us to consider a relationship between endotoxemia and 
neutrophil-mediated liver cell injury. 

Cause of Endotoxemia in AH 

There are two possible reasons for endotoxemia in AH. One is the increased 
absorption of endotoxins from the intestine, and the other is the decreased clearance 
by the Kupffer cells. We studied the effect of ethanol on the intestinal absorption 
of lipopolysaccharide (LPS). LPS was administered into the ascending colon at a 
dose of 0.5 mg/body, and its concentration in the portal blood was determined 
in chronic ethanol-fed rats. LPS concentration was significantly elevated in ethanol­
fed rats, suggesting that endotoxin absorption is increased by ethanol ingestion 
(Fig. 4). 

We also assessed the phagocytotic activity of Kupffer cells in patients with AH. 
LPS in Kupffer cells was stained immunohistochemically on a liver specimen 
obtained by biopsy using fluorescein isothiocyamate (FITC)-bound antilipid A (gift 
from Pfeizer Pharmaceutical Inc., USA). Figure 5 shows phagocytosis of FITC-bound 
LPS in a patient with AH (Fig. Sa) and a control subject (Fig. 5b). There was less LPS 
uptake in the patient than in the control, suggesting that endotoxin clearance is 
impaired. 

From these results, the increased level of circulating endotoxin in AH may have 
resulted from both increased absorption of endotoxin from the intestine and de­
creased phagocytosis of endotoxin by the Kupffer cells. 
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FIG. 4. Endotoxin concentration in the portal blood after administration of lipopolysaccharide 
into the ascending colon in a chronic ethanol-fed rat. Lipopolysaccharide (LPS) concentration 
was significantly high in ethanol-fed rats, suggesting that endotoxin absorption is increased by 
ethanol feeding. (From [6], with permission) 
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a 

b 

FIG. 5. a A confocal LASER microgram of the liver of a patient with alcoholic hepatitis. 
Distribution ofFITC-labeled anti-lipopolysaccharide was sparse in patients with alcoholic hepa­
titis compared with the control (b) 

Origin of Circulating TNF-a 

In order to clarify the origin of the additional TNF-a in serum, we compared the 
abilities of Kupffer cells and splenic macro phages to generate TNF-a. Differences in 
TNF-a-mRNA were assessed by the reverse transcription-polymerase chain reaction 
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FIG. 6. Tumor necrosis factor-a-mRNA expression by reverse transcription-polymerase chain 
reaction in splenic macro phages (SM) and Kupffer cells (KC). Splenic macrophages and Kupffer 
cells were incubated with LPS (I ftg/ml) and total RNA was applied for the polymerase chain 
reaction. Splenic macrophages were more potent at generating TNF-a than Kupffer cells. (From 
[6], with permission) 
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(RT -PCR). Splenic macrophages and Kupffer cells were incubated with LPS (l fJ.g/ml) 
and total RNA was applied for a PCR. It was found that splenic macro phages were 
more potent at generating TNF-a than Kupffer cells (Fig. 6). It is known that there is 
a functional difference between Kupffer cells and splenic macrophages, i.e., Kupffer 
cells are phagocytotic in nature, whereas splenic macrophages are potential cytokine 
generators [9]. 

We also observed the effect of splenectomy on TNF-a level in LPS-induced liver 
injury in rats fed ethanol for 6 weeks. Serum levels of TNF-a were significantly 
reduced by the splenectomy, suggesting that one source of TNF-a was the spleen 
(Fig. 7). ' 

These findings show that the main source of TNF-a in this model is the spleen. 
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Mechanisms by which Neutrophils Infiltrate the Liver 

A chemotactic factor is necessary for neutrophil infiltration. IL-8 is a cytokine pro­
duced by hepatocytes, macro phages, and fibroblasts in response to LPS and TNF-a. 
To clarify the relationship between LPS and IL-8, the hepatic concentration of IL-8 
was determined in ethanol-fed rats. IL-8 in liver homogenate increased from 1 h after 
LPS injection (2 mg/kg BW, i.v.). Hepatic IL-8 level 3 h after LPS injection was signifi­
cantly lower in rats with a splenectomy than in sham-operated rats (Fig. 8). In patients 
with AH, serum levels of IL-8 were higher than those in any other form of alcoholic 
liver disease (Fig. 9), and there was a significant correlation between neutrophil 
counts in the liver tissue and serum levels of IL-8 (Fig. 10). 

Another condition for neutrophil infiltration is the expression of ICAM -Ion 
sinusoidal endothelial cells (SEC) [10, 11]. Immunohistochemical studies showed 
ICAM-l expression on the surface of SEC (figure not shown), and serum sICAM-l 
levels were high in AH (Fig. 11). 
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FIG. 10. Correlation between neutrophil 
counts in the liver tissue and serum 
levels of interleukin (IL)-8 in patients 
with alcoholic hepatitis. (From [6), with 
permission) 

FIG. 11. Serum soluble inter­
cellular adhesion molecule-1 
(ICAM-I) levels in various al­
coholic liver diseases. CONT, 
control. (From [6), with 
permission) 
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The frequency of TUNEL-positive cells [12] in liver tissue was assessed. Their fre­
quencywas as low as 12.3 per gross (600X) in alcoholic hepatitis. However, there was 
a significant correlation between the numbers of TUNEL-positive cells and serum 
TNF-a levels. As apoptotic cells are readily phagocytosed by neighboring cells within 
a few hours, they are not usually observed in conventional histology. However, if 
phagocytotic activity is impaired in the presence of severe hepatitis, as in severe AH, 
the number of visible TUNEL-positive cells will increase. 

Conclusion 

The cytokine cascade is activated by endotoxemia, finally resulting in leukocytes 
infiltrating the liver in AH. As one of the pathogeneses of AH, mechanisms suggested 
from this study may be summarized as follows. Endotoxemia due to impaired Kupffer 
cell function and increased absorption from the intestine activates macrophages to 
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release TNF-a. TNF-a then increases the production ofIL-8 and up-regulates ICAM-
1 on hepatic sinusoidal endothelia. These two factors provide suitable conditions for 
neutrophils to accumulate in the liver and result in neutrophil-mediated liver injury 
inAH. 
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Ethanol-Induced Perturbation of 
Hepatic Microcirculation: 
Roles of Endothelin-l and Nitric Oxide 
in Regulation of Sinusoidal Tone 
YOSHIYUKI TAKEI!'\ SUNAO KAWAN02, MASAHIDE OSHITA2, 
TAIZO HIJIOKA\ TAKENOBU KAMADA2, and NOBUHIRO SATO! 

Summary. The role of microcirculation in the pathogenesis of alcoholic liver 
injury was investigated in isolated perfused rat liver. Upon initiation of ethanol 
infusjon into the portal vein at concentrations ranging from 25 to 100mM, 
portal pressure began to increase in a concentration-dependent manner and reached 
maximal levels in 2-5min (initial phase), followed by a gradual decrease over the 
period of ethanol infusion (escape phenomenon). Sodium nitroprusside, a Known 
vasodilator, diminished the ethanol-induced increase in portal pressure, increased 
oxygen consumption leading to inhibition of the reduction of the respiratory 
cytochromes of the liver, and diminished liver injury. The data indicate that ethanol­
induced hepatic vasoconstriction disturbs hepatic microcirculation, resulting in 
hepatic hypoxia and hepatocellular injury. Endothelin-l antiserum significantly 
inhibited hepatic vasoconstriction induced by ethanol by 45-80%. Cessation of 
infusion of endothelin-l antiserum was followed by a subsequent increase in 
portal pressure. On the other hand, when a nitric oxide synthesis inhibitor, NG_ 

monomethyl-L-arginine (L-NMMA), was infused into the portal vein simultaneously 
with ethanol, the initial phase of the response of portal pressure to ethanol was not 
altered, and the peak values of portal pressure remained unchanged. However, follow­
ing the peak increase in portal pressure, the rate of decrease was less than in the 
absence of L-NMMA. Thus, L-NMMA diminished the escape phenomenon and 
sustained the vasoconstriction. The data suggest that two endothelium-derived 
vasoactive factors, endothelin-l and nitric oxide, regulate the sinusoidal tone in the 
presence of ethanol. 

Key words. Ethanol, Vasoconstriction, Liver, Endothelin-l, Nitric oxide 
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I ntrod uction 

Alcoholic liver injury predominates in the pericentral region, in which oxygen tension 
is physiologically lowest. It is well documented that ethanol increases hepatic oxygen 
consumption. The enhanced injurious effect of ethanol at this site is postulated to be 
due to hypoxia, resulting from an enhanced oxygen demand of hepatocytes for the 
oxidative metabolism of ethanol [1,2]. 

It has also been reported that ethanol consumption leads to an increase in portal 
vein blood flow, and that this phenomenon is possibly a compensatory mechanism for 
the ethanol-induced increase in oxygen demand [3]. However, this view has been 
refuted by data showing that the ethanol-induced increase in portal blood flow was 
not sufficient to compensate for elevated oxygen consumption [4]. Indeed, there have 
been conflicting reports concerning the action of ethanol on hepatic hemodynamics, 
with some showing a decreased hepatic blood flow, and with others reporting either 
no effect or an increase [5-7]. 

The reason for this discrepancy is not clear; however, differences in experimental 
conditions such as species of animal used, methods of ethanol administration, 
and ethanol concentration could explain the discrepancy. In particular, ethanol 
concentrations in the portal blood vary widely in those studies, and in general, 
relatively low ethanol concentrations were used [3, 8]. We found that ethanol at 
higher concentrations induces hepatocellular injury by causing microcircula­
tory disturbance and impaired oxygen supply to the tissue because of hepatic 
vasoconstriction. 

A potent vasoactive peptide, endothelin-l [9], was shown to produce sustained 
vasoconstriction in the liver [10-12]. Moreover, interaction between endothelin -1 and 
nitric oxide has been reported to be of importance in the regulation of vascular tone 
[13-16]. These data led us to hypothesize that these endothelium-derived vasoactive 
factors, endothelin-l and nitric oxide, participate in the regulation of the 
microvascular tone of the liver in the presence of ethanol [17]. 

Materials and Methods 

Nonrecircu/ating Liver Perfusion 

To evaluate the effect of ethanol on hepatic hemodynamics, fed rats were anesthetized 
with sodium pentobarbital (45mg per kg i.p.). Livers were isolated and perfused with 
Krebs-Henseleit bicarbonate buffer (pH 7.4, 37°C) saturated with 95%0/5%C02 in a 
hemoglobin-free, nonrecirculating system at a constant flow rate (36mllmin) [18]. 
Perfusate was pumped with a rotor pump into the liver via a cannula inserted in the 
portal vein. The effluent perfusate was collected with a cannula placed in the vena 
cava. Ethanol was mixed with the perfusate at the final concentrations just prior to the 
start of continuous infusion. Various dilutions of endothelin-l antiserum (Peptide 
Institute, Osaka, Japan) were infused with ethanol for 10 min following the initiation 
of ethanol infusion. An inhibitor of nitric oxide synthesis, NG -monomethyl-L-arginine 
(L-NMMA), was infused from 10 min before the initiation of ethanol infusion to the 
end of the infusion. 
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Spectrophotometric Analysis 

The hepatic absorption spectrum was analyzed by a reflection method using organ 
reflectance spectrophotometry, as described previously [19]. For spectral analysis of 
hepatic tissue hemoglobin, a rinsed erythrocyte preparation was infused into perfused 
liver (final hematocrit of perfusate: 1%), and the difference spectrum of regional 
hepatic tissue was obtained between the livers perfused with and without erythrocyte 
suspensions [20]. 

Portal Pressure 

Portal pressure was monitored continuously by measuring the height of perfusate in 
an open vertical capillary column (ID = 2 mm) attached to the perfusion system just 
before the inflow cannula [17,20,21] . The column was calibrated for baseline pressure 
at the end of each experiment by the fluid level in the capillary when perfusate was 
pumped through the influent cannula in the absence ofliver at the same flow rate as 
was used with tissue. 

Results 

Effect of Acute Ethanol Load on Hepatic Microcirculation 

Upon the initiation of ethanol infusion into the liver at concentrations higher than 
25 mM, portal pressure began to increase in a concentration-dependent manner and 
reached maximal levels in 2-5 min (initial phase), followed by a gradual decrease over 
the period of ethanol infusion (escape phenomenon) [17] (Fig. 1). However, portal 
pressure remained at levels higher than the basal value throughout the period of 
ethanol infusion (Fig. 1). The maximal value of change in portal pressure increased in 
a dose-dependent fashion. The degree of vasoconstriction was represented by the 
change in portal pressure averaged over lOmin (the 10-min period following initia­
tion of ethanol infusion). Higher concentrations of ethanol (> 2SmM) increased the 
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change in portal pressure averaged over lOmin in a concentration-dependent man­
ner, but lOmM ethanol did not cause any change in portal pressure [17]. 

The regional hepatic tissue hemoglobin concentration after perfusion with added 
erythrocyte suspension (hematocrit 1%), measured by tissue-reflectance spec­
trophotometry, was significantly diminished by the infusion of ethanol at 2:: 50 mM, 
suggesting vasoconstriction of hepatic microvasculature and impairment of the 
microcirculation of the liver [20]. When the absorption spectrum of the liver was 
examined by reflectance spectrophotometry, infusion of ethanol caused a parallel 
reduction of all the mitochondrial respiratory cytochromes in a concentration­
dependent fashion, concomitant with the increase of portal pressure, indicating 
a marked reduction of oxygen concentration in superficial liver tissue. The reduction 
in respiratory cytochromes was also associated with the decrease in oxygen consump­
tion by the liver, indicating that the hepatic hypoxia was due to the reduction of 
oxygen delivery to hepatocytes rather than the increased oxygen consumption of the 
liver. 

Lactate dehydrogenase (LDH) appeared in the perfusate 20-40 min after the onset 
of ethanol. The LDH level in the effluent perfusate at 60 min was dependent on the 
ethanol concentration and was significantly higher than in the control (no ethanol 
infusion) group. In histological examinations, focal hepatocellular necrosis, evi­
denced by trypan blue staining of cell nuclei, was detected predominantly in midzonal 
and pericentral areas of the liver lobule after 60 min of ethanol infusion. Change in 
portal pressure during 60 min of ethanol infusion correlated with levels of LDH after 
ethanol infusion [21]. 

Simultaneous infusion of sodium nitroprusside (lOOf!M), a known vasodilator, 
with ethanol (at 25-200mM) significantly diminished ethanol-induced increase in 
portal pressure by 30-70% and LDH release by 30-60%. Moreover, nitroprusside 
increased oxygen consumption during infusion of ethanol and inhibited the reduc­
tion of the respiratory cytochromes. 

Role of Endothelin-l Antiserum on Ethanol-Induced 
Hepatic Vasoconstriction 

When ethanol (1OOmM) was infused into the liver simultaneously with various dilu­
tions of endothelin-l, the increase in portal pressure was attenuated, and was signifi­
cantly smaller than in the absence of endothelin-l antiserum (Fig. 2): 1: 3.6 X 103 or 
1 : 7.2 X 103 diluted endothelin-I antiserum decreased the peak value of portal pressure 
significantly [17]. Furthermore, infusion of antiserum significantly inhibited the 
change in portal pressure averaged over 10 min of ethanol infusion by 45-80%. On the 
other hand, endothelin-l antiserum did not affect portal pressure in the absence of 
ethanol. 

Role of Endogenous NO in Ethanol-Induced Hepatic 
Vasoconstriction and Liver Injury 
When a nitric oxide synthesis inhibitor, L-NMMA, was infused into the portal vein 
simultaneously with ethanol (1OOmM), the initial phase of the response of portal 
pressure to ethanol was not altered and the peak values of portal pressure remained 
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FIG. 2. Time-course of change in portal 
pressure during ethanol (IOOmM) infusion 
in the presence and absence of endothelin-I 
antiserum. Conditions as described in Fig. 1. 
Various dilutions of endothelin-I antiserum 
infused with ethanol for 10 min, as indicated 
at the top of the figure. (From [17], with 
permission) 
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FIG. 3. Effect of L-NMMA on change in portal pressure during ethanol infusion. Conditions as 
described in Fig. 1. a L-NMMA (5 or 10flM) was infused with ethanol (iOOmM) from 10min 
before the initiation to the end of ethanol infusion. b L -NMMA (IOOflM) was infused for 20 min 
beginning 10min before the initiation of ethanol (IOOmM) infusion. L-NMMA infusion was 
discontinued at 10min after the initiation of ethanol infusion. (From [17], with permission) 

unchanged (Fig. 3a). However, following the peak increase in portal pressure, the rate 
of decrease was less than in the absence of L-NMMA, i.e., L-NMMA diminished the 
escape phenomenon and sustained the vasoconstriction [17] (Fig. 3a). Furthermore, 
when L-NMMA infusion was discontinued after 10min of ethanol infusion, portal 
pressure began to decrease at a greater rate than the control, and approached the basal 
level (Fig. 3b). 

Changes in portal pressure after 30 min of ethanol infusion at concentrations 
> 10 mM were about twice as high in the presence of L-NMMA than in its absence. 
Furthermore, L-NMMA increased LDH release from the liver following ethanol load 
by 40-80% [22]. These effects of L-NMMA on the ethanol-induced increase in portal 
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FIG. 4. Time-course of change in portal 
pressure during ethanol (lOmM) infusion in 
the presence and absence of L-NMMA. L­
NMMA (lO~M) was infused with 10mM 
ethanol from 10min before the initiation to 
the end of ethanol infusion. (From [17], with 
permission) 

pressure and hepatocellular injury were completely reversed by co-infusion of an 
excess dose of L-arginine. 

It is notable that L-NMMA elicited an increase in portal pressure when ethanol was 
present at lOmM, a concentration at which ethanol alone caused no visible change in 
portal pressure (Fig. 4). On the other hand, L-NMMA did not affect portal pressure in 
the absence of ethanol (Fig. 4). 

Discussion 

Ethanol at concentrations of 25 mM or higher elevated portal pressure in a 
concentration-dependent fashion (Fig. 1), with the peak increase occurring 2-5 min 
after the onset of ethanol infusion. This increase in portal pressure was due 
to vasoconstriction, as evidenced by decreased tissue hemoglobin concentration. 
Nitroprusside reduced the ethanol-induced increase in portal pressure, increased 
oxygen consumption leading to inhibition of the reduction of the respiratory 
cytochromes, and diminished liver injury. Collectively, the data indicate that the 
ethanol-induced hepatic vasoconstriction disturbs hepatic microcirculation, resulting 
in hepatic hypoxia and reduction of mitochondrial respiratory cytochromes and 
culminating in hepatocellular injury (Fig. 5). In addition, increased hepatic vascular 
resistance may lead to exacerbation of portal hypertension (Fig. 5). This concept has 
been supported by recent clinical studies in which acute ethanol administration 
in noncirrhotic [23] and cirrhotic [24] alcoholic patients was shown to exert a 
vasoconstrictive effect on the hepatic circulation. 

When ethanol was infused into the liver simultaneously with endothelin-l 
antiserum, the increase in portal pressure in the presence of endothelin-l antiserum 
was significantly smaller than in its absence (Fig. 2). Moreover, cessation of infusion 
of endothelin-l antiserum was followed by a subsequent increase in portal pressure 
(Fig. 2). These data indicate that the vasoconstrictive effect of ethanol on the liver was 
predominantly mediated by endothelin-l. 
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FIG. 5. Ethanol-induced 
perturbation of hepatic 
micocirculation and liver 
injury (working hypothesis) 
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In contrast to the effect of antiendothelin-l treatment, L-NMMA, which blocks 
synthesis of nitric oxide from L-arginine [25], did not affect the initial phase of portal 
pressure in response to ethanol infusion, and the peak values of portal pressure 
remained unchanged. L-NMMA, however, sustained vasoconstriction, resulting in a 
weakened "escape phenomenon" (Fig. 3a), evidenced by the fact that the change in 
portal pressure averaged over lOmin of ethanol infusion was significantly higher in 
the presence of L-NMMA than in its absence. These data suggest that endogenous 
nitric oxide participates in the "escape phenomenon" during ethanol load by acting as 
a vasodilator following the peak increase of portal pressure. 

Interestingly, simultaneous infusion ofL-NMMA and ethanol (lOmM) significantly 
elevated the portal pressure (Fig. 4); however, L-NMMA or endothelin-l antiserum 
alone did not affect portal pressure in the absence of ethanol. The data suggest 
the possibility that, even with lower ethanol concentrations (~1O mM) which do not 
cause a visible change in portal pressure, nitric oxide is involved in the regulation 
of portal pressure: the vasodilating action of nitric oxide completely offsets the 
vasoconstrictive effect of ethanol at lower ethanol concentrations. In addition, inhibi­
tion of the action of endogenous nitric oxide was associated with an increase in 
hepatocellular damage. Taken together, endogenous nitric oxide is likely to contrib­
ute to the prevention of ethanol-induced liver injury by improving perturbations of 
microcirculation caused by ethanol [22]. 

Based on the above observations, a likely sequence of events following ethanol 
administration into the portal vein is as follows [17]: upon initiation of ethanol 
infusion at concentrations higher than 25 mM, endothelin -1 elicits vasoconstriction in 
the hepatic vasculature resulting in a rapid increase in portal pressure (initial phase). 
After the portal pressure has reached its maximal level, nitric oxide acts as a 
vasodilator and causes portal pressure to decrease gradually and reach a new steady 
state in 20-30min of ethanol infusion (escape phenomenon). This new steady state 
appears to be determined by the balance between the degree of vasoconstriction 
induced by ethanol and the action of nitric oxide. 

The origin of endothelin -1 was not determined in this study. However, it seems 
reasonable to postulate that sinusoidal endothelial cells are responsible for synthesis 
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of endothelin-l since it has been shown that ethanol stimulates immunoreactive 
endothelin-l release from cultured human umbilical vein endothelial cells [26]. In 
addition, hepatic sinusoidal endothelial cells release endothelin in response to trans­
forming growth factor f3 [27]. On the other hand, the site(s) at which ET-l exerts 
vasoconstrictive action remains uncertain. The sinusoidal endothelium and stellate 
(Ito) cells might be possible candidates responsible for the endothelin-l-induced 
constriction of the sinusoids because both cell types contain contractile proteins [28, 
29]. In particular, stellate cells were shown recently to contract when endothelin-l was 
added in vitro [30,31], suggesting a role for the stellate cell in the regulation of hepatic 
microcirculation. On the other hand, nitric oxide has been reported to be synthesized 
by hepatocytes [32]. However, the precise mechanism by which ethanol causes nitric 
oxide release and the site(s) on which nitric oxide acts in the presence of ethanol 
remain to be elucidated. 

The endothelium-derived vasoactive substances endothelin-l and nitric oxide have 
been reported to play an important role in the regulation of vascular tone [13-16], but 
very little is known about whether exogenous substances exert vasoactive effects via 
the same mechanism. Based on the current results, we propose that the sinusoidal 
tone in the presence of ethanol is regulated predominantly by the actions of 
endothelin-l and nitric oxide [17,22]. The data from this study provide evidence that 
portal venous flow is regulated by the liver, although it has long been believed that in 
the presence of ethanol the liver cannot regulate portal venous blood flow, and that 
any change which occurs is entirely passive [3,7]. 
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Morphological Aspects of Hepatic 
Fibrosis and Ito Cells (Hepatic Stellate 
Cells), with Special Reference to 
Their Myofibroblastic Transformation 
HIDEAKI ENZANl, YOSHIHIRO HAYASHI l, ERIKO MIYAZAKI l, 

KEISHI NARUSE\ RIKKA TAO\ NAOTO KURODA\ HIROFUMI NAKAYAMA\ 

HIROSHI KIYOKU\ MAKOTO HIROI\ and TOSHIJI SAIBARA2 

Summary. Ito cells playa major role in various types of liver fibrosis in humans and 
experimental animals through initial myofibroblastic transformation. In granulation 
tissue following liver cell necrosis, the transformed Ito cells are large and star-shaped, 
and are easily identified by strong immunoreactivity for a-smooth muscle actin 
(ASMA), and characteristic electron-microscopic findings such as a well-developed 
rough endoplasmic reticulum, a large Golgi complex, bundles of numerous micro­
filaments with dense bodies beneath the cell membrane, and irregular cytoplasmic 
processes. These cells are closely associated with activated Kupffer cells, macro­
phages, lymphocytes, and neutrophils. In the fully developed stage they actively syn­
thesize and secrete components of the extracellular matrix, resulting in the formation 
of the loose young fibrous tissue. With the progression of fibrosis, the transformed Ito 
cells become spindle-shaped and are arranged in parallel with dense collagen fibers. 
They lose both the well-developed rough endoplasmic reticulum and the large Golgi 
complex, but there is a more significant increase in subplasmalemmal microfilaments. 
This type of transformed cell, positive for ASMA, may not participate in the produc­
tion of extracellular matrix components, but does participate in the contraction of old 
fibrotic tissue. On the other hand, portal fibroblasts show no significant changes in 
any type of fibrosis. The myofibroblastic transformation ofIto cells is seen not only in 
fibrosis, but also in the late stage of fetal liver development, when the perisinusoidal 
reticular fibers are more abundant than in normal adult livers. These findings suggest 
that the myofibroblastic transformation of Ito cells, the most important event in 
fibrosis, is a recapitulation of a normal developmental process. 

Key words. Ito cell, Hepatic stellate cell, Myofibroblastic transformation, Hepatic 
fibrosis, a-Smooth muscle actin 
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I ntrod uction 

Ito cells (hepatic stellate cells) [1] in normal livers, like pericytes, bring sinusoidal 
endothelial cells from outside and compose the sinusoidal cellular wall, together with 
endothelial cells, Kupffer cells, and pit cells. Ito cells have three major physiological 
functions: the deposition of vitamin A in their intracytoplasmic fat droplets; the 
secretion and degradation of extracellular matrix components in the space of Disse; 
the control of sinusoidal blood flow owing to their contractile activity. Almost all of 
them are in the resting stage and do not show any mitotic activity. However, when the 
liver cells are damaged, the Ito cells within or adjacent to necrotic areas are promptly 
activated by various cytokines secreted by infiltrated inflammatory cells or platelets, 
and by the alteration of the extracellular matrix around the Ito cells. They proliferate 
and change their phenotype to myofibroblasts [2, 3]. If the injuries are mild and 
transient, liver cells regenerate, resulting in complete recovery, and the transformed 
Ito cells return to a state of rest. However, both a continuous injury, like that which 
occurs in chronic viral hepatitis, and more extensive necrosis disturb this complete 
regeneration. Subsequently, the necrotic areas are first replaced by granulation tissue 
and then by fibrotic tissue. In the formation of granulation tissue and liver fibrosis 
following liver cell necrosis, the myofibroblastic transformation of Ito cells is an initial 
and key event [4]. The transformed Ito cells can actively synthesize type III and type 
I collagen and also other components of the extracellular matrix. After that, with the 
progression of fibrosis, they change morphology and function and appear to decrease 
in number. 

This chapter summarizes the morphological criteria of the myofibroblastic trans­
formation of Ito cells, and demonstrates the sequential morphological changes from 
resting to activated (transformed) in association with various types of liver fibrosis. 
We also discuss the functional significance of the myofibroblastic transformation of 
Ito cells, and compare the transformation ofIto cells in liver fibrosis with that oflivers 
in the late fetal stage. 

Morphological Criteria of Myofibroblastic 
Transformation of Ito Cells 

Ito cells are located in the space of Disse of all vertebrate livers and extend slender 
cytoplasmic processes along the abluminal surface of sinusoidal endothelial cells. The 
Ito cells have a few intracytoplasmic fat droplets containing vitamin A, a moderately 
developed rough-surfaced endoplasmic reticulum, and a juxtanuclear small Golgi 
complex. Microtubules and microfilaments are also present, but in small numbers. 
Around the cells, collagen fibrils are rarely observed. The immunoreactivity of the 
resting Ito cells with the antibody against a-smooth muscle actin (A SMA) is preferen­
tially positive in the periphery of the cell and the slender cytoplasmic processes (Fig. 
1a). Other types of sinusoidal lining cells, and also liver cells, are negative for ASMA 
[4]. Correspondingly, immunohistochemistry reveals an interrupted linear ASMA­
reactivity along the sinusoidal wall (Fig. 1b). When the Ito cells are activated, they 
become large in size and irregularly extend cytoplasmic processes. Moreover, they 
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FIG. 1. a-smooth muscle actin expression of Ito cell (It) in adult human liver with no significant 
abnormalities. a Immunoelectron micrograph. The Ito cell contains three fat droplets. The cell 
periphery and cytoplasmic processes (arrows) are positive for ASMA. Bar = 2 !-lm, X 5100. b The 
linear immunoreaction for ASMA (arrows) is scattered along the sinusoidal wall. Bar = 20 ~m, 
X570. H, liver cell; L, lymphocyte; S, sinusoid 

lose their characteristic fat droplets and concomitantly show a more well-developed 
rough endoplasmic reticulum and a larger Golgi complex. Beneath the cell membrane, 
bundles of numerous micro filaments appear. They run in parallel with the long axis of 
the cell. A few dense bodies are present on the bundles of filaments. The transformed 
Ito cells with these features are closely associated with newly formed collagen fibrils 
(Fig. 2a) and show a strong immunoreaction (Fig. 2b). 
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FIG. 2. Myofibroblast-like transformed Ito cell (M-It) in an area of piecemeal necrosis. a The 
enlarged cell extends cytoplasmic processes, resulting in irregularity of cell shape, and contains 
well-developed rough endoplasmic reticulum. Beneath the cell membrane there are bundles of 
micro filaments with dense bodies (arrows). Bar = 2 !lm, X6500. b Immunoelectron micrograph 
of an ASMA-positive myofibroblast-like Ito cell with irregularly formed cytoplasmic processes 
(arrows). Bar = 3 !lm, X2600. B, bile duct; H, liver cell; L, lymphocyte 

FIG. 3. ASMA expression in massive and submassive hepatic necrosis. a Strong 
immunoreaction for ASMA is diffusely seen in panlobular necrotic areas on the 7th day of 
illness. Edematously enlarged portal tracts (P) show mild lymphocytic infiltration and ductular 
proliferation. Bar = 100!lm, X80. b Immunoreaction for ASMA in submassive hepatic necrosis 
on the 50th day of illness. The area of central-to-central bridging necrosis has been replaced by 
newly formed fibrous tissue containing numerous ASMA-positive myofibroblast-like Ito cells. 
e, central vein. Bar = 300 !lm, X 30 
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Sequential Morphological Changes of the Transformed 
Ito Cells From the Stage of Granulation Formation to 
the Fibrotic Stage in Various Types of Liver Fibrosis 

Postnecrotic Liver Fibrosis 

When panlobular liver cell necrosis is caused by any etiologies, almost all Ito cells 
within the necrotic areas swell and show strong immunoreactivity for ASMA (Fig. 3a). 
Kupffer cells are also activated. In submassive hepatic necrosis the change is roughly 
limited to the cells in necrotic areas. These changes indicate that the myofibroblastic 
transformation of Ito cells is a local reaction closely associated with liver cell necrosis 
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and stromal changes in the space of Disse in necrotic areas [5]. Monocytes and 
lymphocytes are mainly infiltrated in the case of viral hepatitis, but neutrophils are 
predominant in hypoxic hepatitis. In time, the necrotic tissue is removed and the 
sinusoids are collapsed. In this area, ASMA-positive myofibroblast-like Ito cells 
markedly increase in number and form a new fibrotic zone (Fig. 3b). About 1 month 
after massive or submassive liver cell necrosis, pseudolobules are formed. Between 
the pseudo lobules, the fibrous stroma is composed of a dense cellular network of 
ASMA-positive transformed Ito cells and newly formed fibrous tissue (Fig. 4a). In 
spite of these significant changes within liver lobules, the basic structure of portal 
tracts is well preserved. This fact indicates that portal fibroblasts do not play any 
significant role in this type of fibrosis [5]. In old fibrosis, the ASMA-positive stromal 
cells originating from Ito cells become spindle-shaped and are arranged in parallel 
with dense collagen fibers (Fig. 4b). 

FIG. 4. Immunoreaction for ASMA in postnecrotic liver cirrhosis. a The fibrous stroma between 
pseudolobules (PL) contains a dense network of ASMA-positive stromal cells and proliferating 
bile ductules. The portal tract (P) keeps its proper structure. Bar = 100 ~m, X80. b ASMA­
positive spindle-shaped myofibroblast-like cells (M-It) with long slender cytoplasmic processes 
(arrows). H, liver cell. Bar = 5~m, X1540 
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Posthepatitic (Hepatitic) Liver Fibrosis 

The myofibroblastic transformation of Ito cells is always seen in areas of piecemeal 
necrosis of chronic active hepatitis. In fibrotic areas, they irregularly extend ASMA­
positive cytoplasmic processes (Fig. 5). Figure 6 shows the transition from the 
perilobular Ito cells containing very few fat droplets to myofibroblast-like stromal 
cells in the periportal fibrotic tissue. As the fibrotic changes progress, the ASMA-

FIG. 5. ASMA expression of a dendritic myofibroblast-like cell (M-It) in a fibrotic area. L, 
lymphocyte. Bar = 2 [.tm, X4900 

FIG. 6. The transition from a perilobular Ito cell (It-I) to a myofibroblast-like stromal cell (It-2) 
in the periportal fibrotic area. Arrows indicate cytoplasmic processes of ASMA-positive 
myofibroblast-like stromal cells. Immunoelectron micrograph for ASMA. B, bile duct; E, 
sinusoidal endothelial cell; H, liver cell; L, lymphocyte. Bar = 10 [.tm, X 1240 
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FIG. 7. Myofibroblast-like cell (M-It) in an old fibrotic area. The nucleus shows irregular and 
mild indentation. Beneath the cell membrane there are thick bundles of micro filaments (double 
arrows). Single arrows show dense bodies in the bundles of micro filaments. Bar = 1 [lm, X9900 

positive myofibroblast-like cells gradually lose their rough-surfaced endoplasmic 
reticulum and Golgi complex. On the other hand, the increase in subplasmalemmal 
micro filaments is significant (Fig. 7). Judging from a morphological standpoint, the 
formation of a wide circumferential zone of increased filaments appears to be a 
barrier in the secretion of synthesized protein from the cell. 

Alcoholic Liver Fibrosis 

The myofibroblastic transformation of Ito cells is particularly seen around the bal­
looned hepatocytes and in the pericellular fibrosis (Fig. 8a). In general, the transfor­
mation occurs in the Ito cells within, or immediately adjacent to, necrotic areas of 
liver cells. However, in alcoholic liver diseases even Ito cells distant from necrotic 
areas show myofibroblastic transformation. It is easily identified by the strong 
im-munoreactivity for ASMA of the Ito cells in nonnecroinflammatory regions (Fig. 
8b). This suggests that the metabolites of alcohol directly activate Ito cells, and then 
the transformed Ito cells cause perisinusoidal fibrosis, irrespective of liver cell 
necrosis. 

Cardiogenic Liver Fibrosis 

Acute myocardial infarction occasionally causes severe hypoxic hepatitis, resulting in 
irregularly formed zonal necrosis, predominantly involving zones 3 and 2. In the 
necrotic areas (Fig. 9), the Ito cells are activated and transformed into myofibroblasts 
in the same way as those in massive and submassive liver cell necrosis due to viral 
hepatitis, but in hypoxic hepatitis most of the infiltrated inflammatory cells are 
neutrophils. Cardiogenic liver fibrosis shows a typical central-to-central bridging 



FIG. 8. ASMA expression in a liver with alcoholic hepatitis. a Numerous myofibroblast-like Ito 
cells, strongly positive for ASMA, are seen around ballooned hepatocytes containing alcoholic 
hyalin. b Myofibroblast -like Ito cells, strongly positive for ASMA, are also seen in the 
nonnecroinflammatory area ofliver tissue in alcoholic hepatitis. Bars = 50 !lm, X310 

FIG. 9. Immunoreaction for ASMA in severe hypoxic hepatitis. The positive reaction is strictly 
localized to Ito cells in necrotic areas of liver cells (arrows) . C, central vein; P, portal tract. 
Bar = 300 !lm, X 30 
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FIG. 10. ASMA expression in cardiogenic liver fibrosis. In central-to-central bridging fibrosis 
there are numerous spindle-shaped ASMA-positive stromal cells (arrows). P, portal tract; C, 
central vein. Bar = 300flm, X30 

fibrosis made of bundles of dense collagen fibers and spindle-formed, ASMA-positive 
stromal cells originating from Ito cells. The portal tracts keep their basic structure and 
show no significant abnormalities (Fig. 10). 

Experimental Liver Fibrosis 

Carbon Tetrachloride (CCI.J-Induced Intralobular Liver Fibrosis. After a single 
intraperitoneal injection of CCI4, Ito cells within or adjacent to necrotic areas of liver 
cells increase in cell size, proliferate [6], and show a significant increase in protein 
synthesis [7]. They are strongly positive for ASMA. If the injection is repeated, the 
area of central-to-central bridging necrosis is replaced by fibrous tissue. This tissue is 
composed of ASMA-positive myofibroblast-like cells and newly formed collagen 
fibers (Fig. ll). 
Fibrosis Following Ligation of Common Bile Ducts. In the early acute phase of bile duct 
ligation, the portal and periductal stromal cells proliferate and transform the pheno­
type [9], but with the extension of periportal fibrosis the myofibroblastic transforma­
tion of perilobular Ito cells becomes significant. 



Myofibroblastic Transformation of Ito Cells 229 

FIG. 11. ASMA expression in CCl4-induced liver fibrosis in a mouse. The fibrotic areas are 
mainly composed of ASMA-positive stromal cells and collagen fibers. P, portal tract. Bar = 
SOl-lm, XlS0 

Relationship Between Myofibroblastic Transformation of 
Ito Cells in Fibrosis and that in Fetal Livers 

In human fetal livers at the 9th to lOth month of gestation, the sinusoidal reticular 
fibers are more abundantly formed than in adult human livers (Fig. 12a). At that time, 
almost all Ito cells show myofibroblastic transformation (Fig. 12b), which always 
occurs in the late stage of fetal liver development. Therefore, the myofibroblastic 
transformation of Ito cells in liver fibrosis may be a recapitulation of the normal liver 
development process [10]. The same situation of increased ASMA-expression of 
stromal cells in both normal development and some diseases with fibrosis has also 
been identified in mesangial cells in the kidney [11]. 
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FIG. 12. A human fetal liver at 9 months gestation. a A dense network of reticular fibers has 
formed along the sinusoidal wall. Silver staining. b ASMA-positive Ito cells (arrows) appear to 
be swollen and form a loose cellular network. Bar = 20llm, X500 

Conclusion 

The myofibroblastic transformation of Ito cells is an initial key event in fibrosis and 
may be a recapitulation of fetal liver development: Future research needs to clarify the 
mechanism of myofibroblastic transformation of Ito cells in fibrosis on the basis of 
molecular pathology. In in vivo studies, the significance of a close topographical 
relationship between Ito cells and various types of infiltrated inflammatory cells in 
necrotic areas remains to be resolved. 
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Retinoids and Liver Fibrosis 
MASATAKA OKUNO\ SEISUKE NAGASE\ YOSHIMUNE SHIRATORI\ 
HISATAKA MORIWAKI\ YASUTOSHI MUTO\ NORIFUMI KAWADA2, 

and SOICHI KOJIMA3 

Summary. The conflicting effects ofretinoic acid (an active metabolite of vitamin A) 
on liver fibrosis were observed between two different animal models either with or 
without hepatic parenchymal necrosis. In CCl4-treated rats, in which liver fibrosis was 
accompanied by parenchymal damage, a stable analog of retinoic acid suppressed the 
progression of fibrosis indirectly by reducing hepatic necrosis. This effect appeared in 
part to be due to interference with the secretion of tumor necrosis factor-a (TNF-a) 
from Kupffer cells. On the other hand, the same retinoid exacerbated liver fibrosis 
in porcine serum-treated rats, in which hepatic fibrosis was induced without 
parenchymal necrosis. In this model, retinoid seemed to act directly on stellate cells; 
it enhanced plasminogen activator/plasmin levels in stellate cells and thereby acti­
vated latent transforming growth factor-f) (TGF-f)) on the cell surface. The resultant 
TGF-f), in turn, auto-stimulated the production of collagen by the cells. Thus, the 
apparently conflicting effects of retinoic acid on liver fibrosis may partly be explained 
by the difference in target genes and target cells on which retinoic acid acts under 
different conditions. 

Key words. Liver fibrosis, Retinoic acid, Stellate cells, Plasmin, Transforming growth 
factor-f) 

Introduction 

Hepatic stellate cells (SCs) play central roles both in the storage of retinoids (vitamin 
A and its analogs) and in fibrogenesis of the liver [1, 2]. During the progression ofliver 
fibrosis, SCs lose retinoids from the cytoplasm, transform into myofibroblast-like 
cells, and start to produce significant amounts of extracellular matrices [1,2]. There-
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fore, interest has been focused on the relation between the loss of retinoids and the 
production of extracellular matrices in SCs. So far, contradictory results have been 
obtained regarding the effects of exogenously added retinoids on liver fibrosis. Senoo 
and Wake [3] reported that the administration of retinylpalmitate (a storage form of 
vitamin A) suppressed experimental hepatic fibrosis in rats produced both by carbon 
tetrachloride (CCI4) and by porcine serum. In support of this, vitamin A deficiency 
was shown to promote CCl4-induced liver fibrosis [4]. On the other hand, Leo and 
Lieber [5] reported that vitamin A supplemented with ethanol induces liver fibrosis 
and cirrhosis in rats. Furthermore, it has been documented that the incidence of 
human hepatic fibrosis is correlated with the amount of vitamin A intake by patients 
with vitamin A hepatotoxicity [6]. The suppression of stromelysin and collagenase 
gene promoters by retinoic acid (RA), an active metabolite of vitamin A [7,8], may 
partly account for this fibrosis-enhancing effect. Thus, conflicting effects have been 
observed in the effect of retinoids on liver fibrosis. The reason for these differences is 
unclear; however, we address the following two possibilities: (1) the overloading of 
fat droplets into SCs by the administration of retinylpalmitate would interfere with 
normal protein synthesis and metabolism in the cells, whereas the administration of 
RA would directly modulate a certain gene expression by interaction with retinoic 
acid receptors; (2) the apparent discrepancy might be ascribed to the presence and 
absence of inflammation in the liver. 

Here, we review the opposite effects of RA on liver fibrosis between the CC14 and 
porcine serum models to clarify the different mechanisms underlying RA action 
during the development of liver fibrosis with or without hepatic inflammation. 

Conflicting Effects of RA on Two Liver Fibrosis Models 

In the CC14 model, liver fibrosis was generated and was accompanied by hepatic 
parenchymal necrosis. A stable analog of RA suppressed liver fibrosis in this model 
(Fig. lA) [9]. This suppression seemed to be an indirect result of a reduction in the 
inflammation in the liver [9]. RA has been shown to down-regulate the action of 
tumor necrosis factor-a (TNF-a) [10], a key cytokine produced by Kupffer cells which 
induces hepatic necrosis and inflammation [11]. Consistent with this, the retinoid 
reduced the hepatic necrosis, as indicated by a reduction in serum alanine 
aminotransferase (ALT) activities (Fig. IB) as well as by histologic observations. 
Several previous studies have shown that both RA and retinol (a transport form of 
vitamin A in plasma) may reduce SC proliferation both in basal conditions [12-14] 
and following stimulation with growth factors involved in liver inflammation [15]. 
This RA effect on SC proliferation may also help to explain the suppression of liver 
fibrosis, because the inflammatory-driven hepatic SC proliferation is likely the most 
relevant event in the CC14 model. 

On the other hand, porcine serum-induced liver fibrosis was generated without 
causing hepatic parenchymal necrosis. No elevation of serum ALT activities was 
found in this model during the entire experimental period (Fig. 2B). The same 
retinoid as used in the CC14 model clearly exacerbated liver fibrosis in this model [16], 
and the tissue hydroxyproline level in the liver increased (Fig. 2A). Davis and co­
workers [12, 13, 17] have reported that interstitial collagen and/or TGF-j3 production 
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FIG. 1A,B. Suppression of liver fibrosis by a retinoid analog in CCl4-treated rats. Male Wistar 
rats received subcutanous injections of CC14 mixed with an equal volume ofliquid paraffin twice 
a week at a dose of 0.5 mllkg body weight. Rats simultaneously received oral administration of 
either peanut oil or retinoid (80mglkg body weight/day) in the control (C) (n = 15) and retinoid 
(R) (n = 15) group, respectively, starting at the 8th week. Rats were killed at the 12th (n = 5 in 
each group) and 16th (n = 10 in each group) week. Tissue levels of hydroxyproline in the liver, 
A, and serum activities of alanine aminotransferase (ALT), B, were measured. Each value 
represents the average::!:: SD. Asterisks show a significant difference (P < 0.05) 
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FIG. 2A,B. Exacerbation of liver fibrosis by a retinoid analog in porcine serum-treated rats. 
Male Wistar rats received intraperitoneal injections of porcine serum twice a week at a dose of 
0.5ml/rat. Rats simultaneously received either peanut oil (control: C) or retinoid (R) as de­
scribed in Fig. 1. Liver hydroxyproline contents, A, and serum AL T activities, B, were measured. 
Each value represents the average::!:: SD. Asterisks show a significant difference (P < 0.05) 

is either increased, unchanged, or reduced by the exposure of rat SCs to all-trans-RA 
or TGF-p, implying that the difference(s) in the experimental conditions, especially 
the different stages in the transformation of SCs used for the experiments, caused the 
opposing effects of RA on liver fibrosis. However, the detailed mechanism remains 
unclear. 
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TGF-f3 and Retinoids 

TGF-f3 is the major cytokine implicated in the pathogenesis of liver fibrosis and 
cirrhosis [1, 2, 18, 19]. TGF-f3 stimulates SCs to transform into myofibroblast-like 
cells, enhances their production of extracellular matrix proteins [1,2], and alters the 
degradation of the extracellular matrix [1, 20]. TGF-f3 suppresses the growth and 
function of hepatocytes, at least in part, by down-regulating the production of 
hepatocyte growth factor in SCs [21]. 

Three subtypes of TGF-f3 (TGF-f31, -132, and -133), whose biological properties are 
almost identical, are found in mammals [22]. TGF-f3s are synthesized and secreted in 
a biologically latent form (latent TGF-f3, 235-280kd) which must be activated before 
it can bind to the receptors and perform biological activities [22, 23]. Activation 
releases the 25-kd TGF-f3 molecule from the large complex. Plasmin-mediated activa­
tion occurs under physiological conditions such as in the co-cultures of endothelial 
and smooth muscle cells [23-25]. In this system, activation occurs at the cell surface 
by plasmin generated from serum plasminogen by the action of a plasminogen activa­
tor (PA) [25,26]. 

The diverse activities of retinoids are primarily mediated by two families of nuclear 
receptors, retinoic acid receptors and retinoid X receptors [27]. These are ligand­
dependent transcription factors that bind to cis-acting DNA sequences, called RA 
responsive elements or retinoid X responsive elements, in the promoter region of the 
target genes [27]. Retinoic acid receptors bind to RA responsive elements in response 
to both all-trans-RA and 9-cis-RA, whereas retinoid X receptors bind to retinoid X 
responsive elements in response only to 9-cis-RA. The effect of certain synthetic 
retinoids, including an acyclic retinoid used in this study, is also mediated by binding 
to and trans activating retinoic acid receptors [28]. It has been reported that retinoids 
enhance the production ofPA in many cell types [29]. In bovine endothelial cells, the 
elevation of surface PA/plasmin [30] levels by retinoids causes the formation of active 
TGF-f3; this TGF-f3 subsequently mediates some of the retinoid effects on endothelial 
cells [31,32]. 

Induction of TGF-f3 by RA in SCs [16] 

We demonstrated that RA also stimulates the formation of active TGF-f3 in rat SC 
cultures via plasmin-mediated proteolytic cleavage oflatent TGF-f3 on the cell surface 
(Fig. 3). The resultant active TGF-f3 stimulates its own synthesis by SCs, and conse­
quentlya considerable amount ofTGF-f3 is produced. TGF-f3 facilitated the production 
of fibrotic components and suppressed collagenase activities in SC cultures (Fig. 4). In 
fact, in an in vivo liver fibrosis model induced by porcine serum, the concentration of 
TGF-f3 in liver tissue increased approximately two-fold in retinoid plus porcine serum­
treated rats compared with porcine serum alone-treated rats. We summarize these 
sequential changes in Fig. 5. However, retinoid treatment alone (without porcine se­
rum) did not cause an increase in TGF-f3 in liver tissue or liver fibrosis. Thus, the 
retinoid did not directly cause liver fibrosis by itself, but it exacerbated the fibrosis 
induced by porcine serum. This means that SCs may need to be activated by some 
stimuli, such as porcine serum, before they become sensitive to RA-treatment. 
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FIG. 3. Time-course of TGF-f3 induction in rat stellate cells (SCs) by 9-cis-retinoic acid (RA). 
Confluent rat SC cultures were incubated either with vehicle (control) or with 1 flM 9-cis-RA for 
varying lengths of time. The culture medium was collected at the times indicated, and both the 
total and active TGF-f3 concentrations in each culture medium were measured. Curve A, the 
total TGF-f3 concentration in 9-cis-RA-treated cultures; curve B, the active TGF-f3 concentration 
in 9-cis-RA-treated cultures; curve C, the total TGF-f3 concentration in the control cultures. Each 
value represents the average ± SD (n = 6). (From [16), with permission) 
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FIG. 4A,B. TGF-f3-dependent 
stimulation of fibrogenesis by 
9-cis-retinoic acid (RA) in rat 
stellate cell (SC) cultures. Con­
fluent rat SC cultures were incu­
bated for 24 h with either vehicle 
(control, sample 1), 1 flM 9-cis­
RA (9cRA, sample 2), or 40pM 
rTGF-f31 (sample 3) in the ab­
sence (left side of each sample) 
or presence (right side of each 
sample) of 25 flg/ml anti-TGF-f3 
antibody (anti-TGF-f3). After the 
culture medium was collected, 
cell lysates were prepared. A 
Proa2 (I) collagen mRNA levels 
in the lysates were assessed by 
northern blotting; B the amount 
of type I collagenase activity in 
the culture medium measured 
by monitoring the degradation 
of fluorescein isothyocyanate­
labeled type I collagen. Each 
value in B represents the average 
± SD (n = 6). Points marked by 
an asterisk differ significantly 
(P < 0.05) from the control and 
the samples with the antibody. 
(From (16), with permission) 
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FIG. 5. Illustration of the mechanism of retinoic acid (RA) promotion of liver fibrosis via TGF­
(3. RA up-regulates plasminogen activator (PA)/plasmin levels in hepatic stellate cells (SCs) (1). 
This increase elaborates the release (2) and activation (3) of latent TGF-(3 (lTGF-(3) on the cell 
surface. The active TGF-(3 (aTGF-(3) generated then stimulates its own synthesis (4) and in­
creases the amount of extracellular matrix (5), resulting in a cycle ofTGF-(3-extracellular matrix 
overexpressions and an exacerbation of liver fibrosis 

9,13-di-cis-RA-an Endogenous RA in Fibrotic Liver 

The linkage between RA and TGF-{3 has been shown both in vitro and in vivo 
[16]. However, all these observations were conducted by examining the effect of 
exogenous RA added to each system, and the effect of endogenously produced 
RA remained a matter of speculation. This issue is especially critical with regard to 
the liver fibrosis model. It is well known that the retinylpalmitate contents in SCs 
decrease with the development of fibrosis [33]. This implies that the loss of retinol 
observed in the fibrotic liver might be, in part, the result of <;:onversion of 
retinylpalmitate to all-trans-RA and/or to further metabolites including 9-cis-RA, 
13-cis-RA, and several nongeometric isomers. In support of this hypothesis, we dis­
covered a two-fold increase in 9,13-di-cis-RA generation in rat fibrotic livers 
(M. Okuno et aI., submitted for publication). Because 9,13-di-cis-RA is a major 
product arising from the in vivo isomerization of 9-cis-RA [34, 35] and has been 
suggested to be an indicator of pre-existing 9-cis-RA [34,36], the elevation in hepatic 
9,13-di-cis-RA concentration implied that 9-cis-RA might be generated during 
the development of fibrosis. In addition, we found that 9,13-di-cis-RA itself can 
induce the activation of latent TGF-{3 in a plasmin-dependent manner and enhance 
TGF-{3 biosynthesis (Fig. 6) [37]. This biological action of9,13-di-cis-RA seems to be 
mediated by RARa. 
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FIG. 6. Changes in the mRNA levels of retinoic 
acid receptor (RAR) a, {3, y, tissue plasminogen 
activator (tPA), and TGF-{31, -{32, -{33 following 
the exposure of a human hepatic stellate cell line, 
LI90, to 9,13-di-cis-retinoic acid (9,13dcRA). Con­
fluent LI90 cell cultures were incubated either with 
vehicle (control; lane 1) or with 1 flM 9,13dcRA 
(lane 2) for 12h. Total RNA was isolated from 
each cell sample, fractionated through 1 % agarose­
formaldehyde gels, transferred to nylon mem­
branes and hybridized with 32P-labeled probe for 
RARa, {3, y, tPA, TGF-{31, -{32, -{33, or GAPDH. The 
radioactivity of each band was detected on an 
imaging analyzer. (From [37), with permission) 

Our results suggest two aspects of retinoid action in liver fibrosis. One is the 
anti-inflammatory effect. In the CCl4 model, RA suppressed liver fibrosis indirectly 
by reducing parenchymal necrosis. RA would probably act on Kupffer cells to 
inhibit TNF-a secretion. The other aspect is the profibrogenic effect via TGF-f3. In 
the porcine serum model, RA appeared to act directly on SCs and stimulate liver 
fibrosis. 

No definitive therapy exists for the treatment of liver fibrosis and cirrhosis. Re­
cently, the use of anti-TGF-f3 antibody against the fibrosis has started to draw atten­
tion. However, experimental data are only just beginning to accumulate [38]. The 
present study may provide an indication of a possible novel therapy against liver 
fibrosis. Because the induction of TGF-f3 by RA in the SCs was initiated by the 
proteolytic activation oflatent TGF-f3 on the cell surface, the activation oflatent TGF-
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{3 can be a primary target for therapeutic development, and inhibitors of PA/plasmin 
could be effective antifibrogenic agents. In fact, very recently, the plasmin-TGF-{3 
activation cascade has been shown to take place in human hepatic fibrosis [39]. 
Interestingly, in previous studies, protease inhibitors and an inhibitor of surface 
plasmin have been used episodically as cytoprotective agents to reduce liver cell 
necrosis [1]. The idea is now being successfully tested using animal models (M. Okuno 
et al., unpublished observation). 
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Hepatic Fibrolysis and Hepatic 
Sinusoidal Cells 
ISAO OKAZAKI\ TETSU W ATANABE\ SIGENARI HOZA W A \ 
MAKI NnOKA\ MASAO ARAI2, and KATSUYA MARUYAMA3 

Summary. The authors succeeded in inducing MMP-l production by co culture of 
fibroblasts and hepatocytes. This abundant MMP-l production by fibroblasts contrib­
utes to massive necrosis or tissue breakdown in vivo. Bhatnagar et al. [26] revealed 
that rat Kupffer cell stimulation by lipopolysaccharide releases collagenase. Bacterial 
antigen and endotoxins stimulate Kupffer cells to secrete collagenase. This finding 
leads to the possibility that the sinusoidal environment may prevent pericellular 
collagen deposition. The authors also observed the gene expression of interstitial 
collagense in CCl4-treated rat liver by reverse transcription-polymerase chain reaction 
(RT -PCR) and in situ hybridization (unpublished data). In normal rats, no signals for 
interstitial collagenase mRNA were observed in the liver by in situ hybridization. In 
rats with fatty change induced by treatment with CCl4 for 4 weeks, positive signals 
for interstitial collagenase mRNA were observed in scattered Ito cells which were 
identified as a-smooth muscle actin-positive cells. In rats treated for 8 weeks, an 
intense signal for interstitial collagenase mRNA was observed in several kinds of 
cells within lobules. In contrast, cirrhotic liver in rats treated for l2 weeks revealed 
weak expression of interstitial collagenase mRNA in Ito cells. RT -PCR analysis also 
revealed gene expression of interstitial collagenase in rats treated for 8 weeks. No 
hepatocytes in the liver displayed interstitial collagenase mRNA transcripts, despite 
CCl4 treatment. Moreover the authors demonstrated evidence of participation of 
interstitial collagenase in the destruction of matrix in the recovery stage of hepatic 
fibrosis. 

Key words. Liver fibrosis, Interstitial collagenase, Ito cells, Kupffer cells 
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I ntrod uction 

Once collagen has formed fibrils followed by linkages with extracellular matrix 
components, these fibrous tissues had been thought to be stable and resistant to 
proteolytic enzymes. In 1936, Cameron and Karunaratne [1] published a key paper 
about hepatic fibrolysis after the removal of the toxic agent in a carbon-tetrachloride­
induced cirrhosis model. Since then, hepatic fibrosis induced by thioacetamide [2], a­
naphthylisothiocyanate [3], ethionine [4], and a choline-deficient diet [5], as well as 
by ligation of the bile duct [6], and fibrolysis after the removal of causative agents have 
all been observed. 

In 1965, Perez-Tamayo [7] published a stimulating review entitled "Connective 
Tissue Metabolism in the Liver". In that paper, the following very interesting case was 
introduced: 

Regression of human cirrhosis is not adequately documented although it can occur. Through 
the courtesy of Dr. Ivan L. Bennett, Jr., I have examined a surgical biopsy specimen from a 
patient with hemochromatosis and advanced cirrhosis who was treated with repeated bleeding 
and P32. A new surgical biopsy 10 years later revealed completely normal hepatic structure. The 
patient died later, however, with primary carcinoma of the liver, and at autopsy there was no 
cirrhosis. 

Excellent reviews [8-12] later discussed the reversibility of hepatic fibrosis. However, 
it had long been obscure which enzyme participates in recovery from liver cirrhosis 
until the authors demonstrated the presence of mammalian collagenase in experi­
mental liver fibrosis in rats induced by chronic carbon tetrachloride [13]. The activity 
of mammalian collagenase, which increased in the early stage of hepatic fibrosis 
and decreased in cirrhosis [14-16], was confirmed by others both in vivo and in vitro 
[17-20]. 

In this chapter, we describe the role of hepatic sinusoidal cells, particularly Ito cells, 
in the context of matrix metalloproteinase production. Finally, we propose a hypoth­
esis for the mechanism of fibrolysis in the liver. 

Which Matrix Metalloproteinases are Responsible in 
Hepatic Fibrolysis? 

Mammalian collagenase, described in 1974 [13], is now referred to as interstitial 
collagenase or matrix metalloproteinase-l (MMP-l). Among 17MMPs reported until 
today, representative 12MMPs are shown in Table 1 [21]. Their activity is regulated by 
several mechanisms, which include regulation of gene expression by cytokines or 
hormones, extracellular cleavage of a proenzyme to an active enzyme, and specific 
inhibition of an active enzyme by endogenous proteins known as tissue inhibitors of 
metalloproteinases (TIMPs). Interstitial collagenase can degrade type I, type III, and 
type X collagens, but cannot degrade other types of collagen such as type IV, type V, 
and type IV, or other components of the extracellular matrix such as proteoglycans 
and glycoproteins. However, other MMPs, except MMP-l, MMP-8, and MMP-13, 
cannot degrade type I collagen, which is very stable, and there is net deposition of 
type I collagen in progressive hepatic fibrosis [8, 1O-l2]. Therefore, gene expression 
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TABLE 1. Matrix metalloproteinase family 

Extracellular 
Enzyme Abbreviation MMP# MW matrix substrate 

Fibroblast-type FIB-CL MMP-l 57000/52000 Collagen I, II, III 
collagenase (III > > II), VII, VIII, X, 

gelatin, proteoglycan (PG) 
core protein 

PMN-type collagenase PMN-CL MMP-8 75000 Same as FIB-CL 
(I » III) 

Collagenase-3 CL-3 MMP-13 54000 Collagen I, II, III 

Mr 72K gelatinasel Mr72KGLI MMP-2 72000 Gelatin, collagen IV, V, 
type IV collagenase GL-A VII, X, XI, elastin, 

fibronectin, PG core 
protein 

Mr 92K gelatinasel Mr 92K GLI MMP-9 92000 Gelatin, collagen IV, V, 
type IV collagenase GL-B elastin, PG core protein 

Stromelysin -1 SL-l MMP-3 60000/55000 PG core protein, 
fibronectin, laminin, 
collagen IV, V, IX, X, 
elastin, proCL 

Stromelysin-2 SL-2 MMP-lO 50000/55000 Same as SL-l 

Membrane type-matrix MTl-MMP MMP-14 63000 n.d., potent activator for 
metalloproteinase-l proMMP-2 

Membrane type-matrix MT2-MMP MMP-15 72000 n.d., potent activator for 
metalloproteinase-2 proMMP-2 

Stromelysin-3 SL-3 MMP-ll n.d. n.d. 

Macrophage MME MMP-12 53000 Elastin 
metalloelastase 

Putative PUMP-l MMP-7 28000 Fibronectin, laminin, 
metalloproteinase-l collagen IV, gelatin, 

proCL, PG core potein 

of interstitial collagenase in fibrous liver should be important from the standpoint of 
the amelioration of liver fibrosis. 

The rat interstitial collagenase cDNA shares a high degree of homology with 
human collagenase-3 (MMP-13) [22] and is distinct from human MMP-l [23]. It is 
now proposed that this rat collagenase cDNA should be considered the rat homolog 
of human MMP-13. To date, cDNA of rat MMP-l has not yet been cloned, and this 
rat collagenase cDNA is the only known gene coding for interstitial collagenase. 
We used this rat collagenase cDNA for a recent in situ hybridization study (in 
preparation). 
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Matrix Metalloproteinase Production by 
Hepatic Sinusoidal Cells 

Interstitial Collagenase (MMP-l and MMP-13) 

We prepared a monolayer culture of fibroblasts derived from rabbit liver in order to 
clarify the mechanism of interstitial collagenase production by cells obtained from 
liver [24, 25) . Elucidation of the mechanism for MMP-1 gene expression in liver 
cirrhosis enabled us to develop a new strategy for the treatment of liver cirrhosis. 
Figure 1 shows the differences in the mechanism of MMP-1 production between 
fibroblasts derived from synovium, gastric mucosa, and liver in the same rabbit. All 
fibroblasts used in this experiment were fourth-passaged cells in order to exclude 
macrophages and to get uniform cell lines. Synovial fibroblasts secreted a low level of 
MMP-1 without any treatment, and cells treated with PMA (phorbol myristate ac­
etate) produced high level of MMP-l. Gastric mucosal fibroblasts produced a high 
level of MMP-1 without any treatment, and after treatment of the cells with PMA, 
MMP-1 production was further dramatically increased. Liver fibroblasts did not pro­
duce MMP-1 even with PMA treatment [24). 

The authors succeeded in inducing MMP-1 production by co-culture of fibroblasts 
and hepatocytes at a cell number ratio of 3: 1, as shown in Fig. 2. After a long latenly 
period, a remarkably high level of MMP-1 production was observed [25) . This 
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FIG. 1. Collagenase production by fibroblasts obtained from different organs. Fibroblasts 
derived from synovium, gastric mucosa, and liver from the same rabbit were prepared, and all 
fibroblasts used in the experiments were the fourth-passaged cells in order to exclude 
macrophages and to get uniform cell lines. Note the difference in the production mechanism of 
MMP-l by fibroblasts of different origin. Liver fibroblasts do not produce MMP-l even with 
PMA treatment [24] 
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FIG. 2. Collagenase production in co-culture of rabbit 
liver fibroblasts and hepatocytes. Fibroblasts and 
hepatocytes were co-cultured at a cell number ratio of 1 : 3 
and collagenase activity was measured as described in 
[25] 

abundant of MMP-l production by fibroblasts contributes to massive necrosis or 
tissue breakdown in vivo. 

Bhatnagar et al. [26] reported that rat Kupffer cells stimulated by lipopoly­
saccharide (LPS) release collagenase. Bacterial antigen and endotoxins also stimulate 
Kupffer cells to secrete collagenase. This finding led to the new concept that the 
sinusoidal environment may prevent pericellular collagen deposition. Otherwise 
sinusoidal capillarization may occur [27]. Kashiwazaki et al. [28] reported that 
perisinusoidal cells cultured in conditioned media can secrete some MMP-l, as shown 
in Fig. 3. They cultured isolated rat hepatocytes in culture media containing 
LPS, and spent media were used as conditioned media. This mechanism may 
also be necessary for cleaning around hepatocytes and sinusoids to prevent 
perihepatocellular fibrosis. 

Recently the authors observed the gene expression of interstitial collagense in CC14-

treated rat liver by reverse transcription-polymerase chain reaction (RT -PCR) and in 
situ hybridization (submitted). In normal rats, no signals for interstitial collagenase 
mRNA were observed in the liver by in situ hybridization. In rats with fatty change 
induced by treatment with CC14 for 4 weeks positive signals for interstitial collagenase 
mRNA were observed in scattered Ito cells, and these were identified as a-smooth 
muscle actin positive cells. In rats treated for 8 weeks, an intensive signal for intersti­
tial collagenase mRNA was observed in several kinds of cells within lobules. On the 
other hand, cirrhotic liver in rats treated for 12 weeks revealed weak expression of 
interstitial collagenase mRNA in Ito cells. RT-PCR analysis also revealed gene expres­
sion of interstitial collagenase in rats treated for 8 weeks. No hepatocytes in the liver 
displayed interstitial collagenase mRNA transcripts regardless of CC14 treatment. 

The authors observed positive signals in activated Ito cells. Activated Ito cells can 
produce matrix components as well as MMP-l, as reported by Iredale et a1. [29] in 
autoimmune chronic active hepatitis. Their results suggested that Ito cells produce 
MMP-l to accumulate fibrosis. There are no published reports of MMP-l production 
by Ito cells in the process of hepatic fibrolysis. 
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FIG. 3. Cumulative collagenase activity 
by hepatic perisinusoidal cells and 
hepatic fibroblasts. Perisinusoidal cells 
cultured in conditioned media can 
secrete some MMP-l. Conditioned 
media were prepared as described in 
[28] 
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The authors demonstrated their recent data at this Memorial Symposium. The 
evidence for the participation of interstitial collagenase to destroy matrix in the 
recovery stage of hepatic fibrosis has not been reported. The aim of present study is to 
elucidate the gene expression of interstitial collagenase in the recovery stage of experi­
mental rat liver fibrosis. 

Generally speaking, as mentioned above, gene expression of interstitial collagenase 
is weak in the process of rat hepatic fibrosis from chronic CCl4 intoxication. Con­
versely, in the recovery stage of hepatic fibrosis, that is 5 days after the last injection 
of the 8-week-Iong CCl4 treatment, a very strong expression of interstitial collagenase 
mRNA was observed in Ito cells as well as in hepatocytes. Intense signals were seen in 
Ito cells within or close to disappearing fibrous bands and neighboring hepatocytes, 
especially at the front edge of resorption. These results indicate the participation of 
interstitial collagenase expressed in hepatocytes and Ito cells in matrix degradation in 
the recovery stage of experimental rat liver fibrosis (in preparation). 

MMP-2, MMP-3, MT1-MMP, and Other MMPs 

Arthur and co-workers [30, 31] reported that Ito cells secreted neutral 
metalloproteinase which can degrade type IV collagen (a component of basement 
membrane). This was 72kDa type IV collagenase/gelatinase (MMP-2). MMP-2 gene 
expression is up-regulated by TGF{3 1 while MMP-l gene expression is down­
regulated by TGF{3 1. Takahara et al. [32] reported the MMP-2 gene expression is 
increased in the process of experimental hepatic fibrosis and is decreased in cirrhosis. 
In the recovery stage from experimental hepatic fibrosis they showed increased gene 
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expression of MMP-2 on the 3rd and 7th day after the discontinuation of treatment 
and decreased expression on the 14th day. The destruction of pericellular fibrosis may 
occur at a very early stage of recovery. 

In situ hybridization of MMP-2 [33] revealed that vimentin-positive, CD-68 nega­
tive mesenchymal cells which should be Ito cells showed high transcript levels of 
TGF{3 as well as MMP-2. They observed this gene expression in the process of hepatic 
fibrosis in chronic hepatitis. Very recently, Takahara et al. [34] demonstrated that 
dual expression of MMP-2 and MTl-MMP in chronic hepatitis and cirrhosis, and 
cytoplasmic and membranous immunodeposits of both MMPs, were found in 
endothelial cells, Kupffer cells, capillary endothelial cells, and lymphocytes. In par­
ticular they observed over-expression of MMPs in Ito cells and fibroblasts, and sug­
gested that MT 1-MMP activates Pro-MMP-2, and then activated MMP-2 may remodel 
liver parenchyma during the process of liver fibrosis. However, MMP-2 gene expres­
sion has not been observed during the process of fibrolysis in the liver by in situ 
hybridization. 

Vyas et al. [35] reported that cultured rat Ito cells synthesize and secrete trans in 
(stromelysin). Herbst et al. [36] reported that gene expression of MMP-3 in 
hepatocytes was observed during the early phase of rat liver regeneration after a single 
injection of CC14• At the site of this gene expression both c-fos and c-jun transcripts 
were also observed by in situ hybridization. Winwood et al. [37] reported that Kupffer 
cells secreted 95-kd type IV collagenase/gelatinase B. MMP-3 and MMP-9 should be 
investigated by a more specific technique in relation to perihepatocellular fibrosis. 
MMP-3 gene expression has not been observed during the process of fibrolysis in 
hepatic fibrosis. There have been no studies on gene expression of MTl-MMP and 
other MMPs in the context of fibrolysis in the liver. 

Production of liMPs by Hepatic Sinusoidal Cells 

Recent studies have emphasized the importance of TIMPs in liver fibrosis [38-41]. 
Iredale et al. [38] and Roeb et al. [40] demonstrated that TIMP-1 mRNA increased 
during the early phase of CC14 treatment; it then decreased and stayed at a low level 
during the remainder of the experiment. The net activity of MMPs is determined by 
the balance between the activities of MMPs and their inhibitors. Herbst et al. [41] 
reported that TIMP-1 and TIMP-2 transcripts were present at high levels in all fibrotic 
rat and human livers, predominantly in Ito cells. However, TIMPs have not been 
examined during the recovery phase of experimental hepatic fibrosis. 

Conclusion 

Not all of the mechanisms involved in the fibrolysis of hepatic fibrosis have been 
classified. However, we now have some very useful tools to help us to analyze this 
process. Advances in understanding the mechanisms of fibrolysis will make it possible 
to develop a new strategy for the treatment of liver cirrhosis. This paper investigated 
gene expression of rat interstitial collagenase in hepatocytes as well as Ito cells in the 
process of fibrolysis in experimental hepatic fibrosis. A summary of a possible mecha­
nism of fibrolysis in the liver is shown schematically in Fig. 4. In this figure the gene 



FIG. 4. Scheme of fibrolysis in the 
liver 
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expression in hepatocytes is not described. The precise mechanism of fibrolysis in 
hepatic fibrosis remains to be clarified. 
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Diagnosis and Treatment of Hepatic 
Fibrosis and Hepatic Sinusoidal Cells 
TAKATO UENO\ SEISHU TAMAKI\ HIROSHI SUGAWARA2, 

KODO SUJAKU\ RIKO OGATA\ KICHOL KIM\ TAKUJI TORIMURA\ 

MICHIO SATA\ and KYUICHI TANIKAWA3 

Summary. Hepatic fibrosis is a common response to chronic liver injury from many 
causes, including alcohol, chronic viral infections, metabolic liver disorders, and 
autoimmune hepatitis. Hepatic fibrosis results from an imbalance in extracellular 
matrix (ECM) synthesis (fibrogenesis) and ECM degradation (fibrolysis). The 
dynamic process of hepatic fibrosis and the cells producing ECM or matrix 
metalloproteinases (MMP) have largely been elucidated; it is mainly hepatic stellate 
cells (HSCs) and Kupffer cells which are involved in fibrogenesis and fibrolysis, 
respectively. Based on an understanding of connective tissue metabolism, new per­
spectives for specific antifibrotic therapy in hepatic fibrosis are been developed. The 
new potential strategies for this therapy are the inhibition of ECM synthesis, augmen­
tation of ECM degradation, inhibition of HSC activation, neutralization of prolifera­
tive or fibrogenic mediators, and gene therapy. These approaches are expected to 
prevent progressive hepatic fibrosis and cirrhosis in the future. 

Key words. Hepatic fibrosis, Hepatic fibrolysis, Hepatic sinusoidal cells, Cytokines, 
Antifibrotic therapy 

I ntrod uction 

Hepatic fibrosis is characterized by an increase in extracellular matrix (ECM) con­
stituents. Fibrosis is defined as a dynamic process resulting from an imbalance be­
tween ECM synthesis (fibrogenesis) and ECM degradation (fibrolysis). Advances in 
the isolation and usefulness of liver cells, and progress in ECM and cytokine biology 
have led to important new information about hepatic fibrosis. In particular, hepatic 
stellate cells (HSCs) (also known as fat-storing cells, Ito cells, or lipocytes) have been 
clearly identified as the primary cellular source of ECM in hepatic fibrosis. It was 
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recently demonstrated that proliferative cytokines such as platelet-derived growth 
factor (PDGF) [1,2], and fibrogenic cytokines including transforming growth factor­
f3, (TGF-f3,) [3], are major cytokines in the activation process causing the HSC pro­
liferation and in ECM synthesis by HSCs in hepatic fibrosis. In this review, we 
emphasize the relationship between hepatic fibrosis and hepatic sinusoidal cells, 
especially HSCs, and the relationship between the diagnosis and treatment of hepatic 
fibrosis and hepatic sinusoidal cells. 

Hepatic Fibrosis and Hepatic Sinusoidal Cells 

In the normal liver, ECM is localized around portal veins, hepatic arteries, and bile 
ducts in the portal area, the space of Disse, and central veins. In a cirrhotic liver, the 
volume of ECM increases markedly to scores of ten compared with those of normal 
liver. In the normal liver, the subendothelial space contains ECM of basement­
membrane constituents that are not electron-dense. In liver cirrhosis, this may be 
replaced by abundant ECM. This morphometric feature is termed "hepatic sinusoidal 
capillarization" (Fig. 1) [4,5]. In this stage, on a cellular level, increased ECM deposi-

FIG. la,b. Electron micrographs showing hepatic sinusoidal areas of normal and cirrhotic 
livers. a Human normal liver. A sinusoidal endothelial cell (SEC) (E) shows many fenestrae 
(arrows), but there are no basement membranes on the basal side of the cell. A hepatic stellate 
cell (HSC) (S) containing a few fat droplets in the cytoplasm is visible in the space of Disse. Si, 
sinusoid; H, hepatocyte. (From [5]). b Human cirrhotic liver. SECs (E) show no fenestrae, but 
contain many Weibel-Palade bodies containing factor VIII-related antigen (arrows) in the 
cytoplasm. The cells also have visible continuous basal membranes (arrowheads) on the basal 
side of the cells. The spaces of Disse are filled with extracellular matrix (ECM) (C). Fat droplets 
are not visible in the HSC (S) in the space of Disse. Typical hepatic sinusoidal capillarization is 
shown. Si, sinusoid; H, hepatocyte. (From [5]) 
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tion may underlie the impaired functioning ofhepatocytes and the loss of endothelial­
cell fenestrae. Fibrosis may also impede the rapid exchange of solutes between the 
sinusoidal spaces and hepatocytes. 

Although HSCs in the normal liver contain prominent intracellular fat droplets 
containing vitamin A, these vitamin-A-rich cells are replaced by myofibroblast-like 
cells (MFLCs) (also called transitional cells) which have only a few vitamin A droplets 
(Fig. 1). Such transitional cells are identified in close association with ECM. 

The MFLCs express messenger RNA-encoding ECM components, and produce the 
various ECM components [6]. However, little or no ECM messenger RNA is expressed 
in parenchymal cells. The possibility of an early contribution to ECM production by 
HSCs has not been excluded. 

Diagnosis of Hepatic Fibrosis Using Serum Fibrosis 
Markers and Hepatic Sinusoidal Cells 

Generally, serum fibrosis marker levels are elevated in patients with hepatic fibrosis 
[7]. The measurement of serum type III procollagen N-terminal peptide (PIlI P), type 
IV collagen, laminin, and hyaluronan (HA) concentrations is used to estimate the 
degree of hepatic fibrosis. Commonly, these serum markers are elevated with the 
progression of hepatic fibrosis, and are significantly higher in cirrhotic than in 
noncirrhotic patients (Fig. 2) [5,7]. The serum PIlIP level in particular is involved in 
histological activity and fibrogenesis. Serum levels oflaminin and type IV collagen are 
usually correlated with the fibrosis score rather than with the histological activity. In 
addition, these serum markers are usually higher in alcoholic than in nonalcoholic 
patients [7]. 

HA (hyaluronic acid, hyaluronate), a glycosaminoglycan molecule, is produced by 
HSCs in the liver. HA in tissue enters the blood stream through the lymph, and is 
rapidly taken up via receptors into hepatic sinusoidal endothelial cells (SECs), where 
degradation then takes place. However, in hepatic sinusoidal capillarization, SECs 
show morphological changes resembling the characteristics of vascular endothelial 
cells, and decrease HA uptake via HA receptors, resulting in an increase in the blood 
HA level (Figs. 3 and 4) [5]. 

Several investigators have reported that measurement of the serum HA concentra­
tion is useful in the diagnosis of liver cirrhosis [5, 8, 9]. To test the differential 
diagnosis between liver cirrhosis and noncirrhosis, we searched for the cut -off levels 
of HA, type IV collagen, laminin, PIlIP, indocyanine green I5min retention rate 
(ICGRI5), and the platelet count in blood using receiver operating characteristic 
curves according to various liver pathological diagnoses [8]. The cut-off levels for 
HA, type IV collagen, laminin, PIlIP, ICGRI5, and platelet count were 130ng/ml, 
250ng/ml, 2.5U/ml, I8nglml, 18%, and 14 X 1Q4/mm3, respectively. The diagnostic 
efficiencies at these levels were 91 % for laminin, 90% for HA, 83% for type IV collagen, 
74% for platelet count, 64% for ICGRI5, and 58% for PIlIP. Moreover, the diagnostic 
efficiency for liver cirrhosis was 96% in patients showing an HA level over 130 ng/ml 
and a type IV collagen level exceeding 250 ng/ml. The measurement of serum HA or 
the serum HA and type IV collagen concentrations is therefore useful in the diagnosis 
ofliver cirrhosis (Table 1) [9]. 
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FIG. 2. Serum fibrosis marker levels in patients with or without cirrhosis. Each fibrosis marker 
level is significantly higher in the cirrhosis group than in the non-cirrhosis group 

TABLE 1. Diagnosis of liver cirrhosis by fibrosis markers, rCG 15 ' , and platelets in blood (cut-
off value) 

Type IV Hyaluronan 
Laminin Hyaluronan collagen type IV Platelets leG 15 ' PIlIP 

(2.5U/ml) (\30ng/mI) (250ng/ml) collagen (14 X 10'/mm' ) (18%) (l8ng/ml) 

Sensitivity 56 87 77 68 67 64 60 

(%) 
Specificity 96 90 86 95 72 63 57 

(%) 

Accuracy 91 90 83 96 74 64 58 
(%) 

rCG 15, indocyanine green 15 min retention rate; PIlIP, type III procollagen N-terminal peptide. Data 
are from [9] . 



NORMAL LIVER 

Sinusoid 
/ Hyaluronan (HA) . 

Disse's space 

WWW 

LIVER CIRRHOSIS 
Sinusoid • • • •• • . ... .... . .. 

~ :;;Jk 
Dlsse's space 

~mm 

HA level In blood I 

HA uptake on SEC 

HA production In 
hepatic stellate cells 

E ; SlnUIIOI"-1 endo1he11.11 ~II 

S : HepIIUc: Ifellate cell. 

H ; ....".tocyte 
" ; Hyaluron.n rwc.ptor. tCO;4t, ate.' 

.; B.Mft"ttI'I~rltI 

(dpm) 

b 

FIG, 3, The relationship between 
SECs and hyaluronan (HA) in 
blood in a normal liver and a 
cirrhotic liver. More than 90% of 
the circulating HA is degraded in 
SECs via HA receptors, However, 
in liver cirrhosis, HA receptors 
on SECs and the amount of 
HA binding to the cells are de­
creased, and the serum HA level 
is increased 

p<O.OOl 

~ 

Normal Cirrhosis 

FIG, 4a,b, HA receptor (CD 44) immunolocalization and HA uptake in SECs of normal and 
cirrhotic rat livers, a Confocal laser-scanning micrographs showing the immunolocalization of 
anti-CD44 in cultured rat SECs, The intensity of fluorescence is clearly reduced in the cirrhosis 
group compared with the normal group. (From [8)), b The amount of [I'C] HA binding to 
cultured SECs is significantly reduced in the cirrhosis group compared with the normal group, 
(From [8)) 
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Treatment of Hepatic Fibrosis and 
Hepatic Sinusoidal Cells 

For the treatment of hepatic fibrosis, removal of the inciting stimulus is clearly 
the best way to prevent its progression: antihelminthic agents for helminthiasis, 
abstinence from alcohol for alcoholic fibrosis, discontinuation of hepatotoxic drugs 
such as methotrexate, and antiviral therapy in patients with chronic viral hepatitis 
[10]. 

Anti-inflammatory medications such as corticosteroids are currently used for the 
suppression of the release of proliferative or fibrogenic cytokines in some liver dis­
eases. Nevertheless, recovery from fibrosis is rarely complete [6]. 

Based on the growing understanding of connective tissue metabolism, the involve­
ment of cytokines in fibrogenesis or fibrolysis, and the intracellular signaling ofECM­
producing cells or matrix metalloproteinase (MMP)-producing cells by cytokines, 
new perspectives for specific antifibrotic therapy in liver fibrosis have recently been 
developed. These include the inhibition of ECM synthesis, augmentation of matrix 
degradation, inhibition ofHSC activation, neutralization of proliferative or fibrogenic 
mediators, and gene therapy, among others [11]. 

Regarding the inhibition of ECM synthesis, an inhibitor of prolyl-4-hydroxylase, 
HOE 077, suppressed the production of collagen in HSCs and the progression of 
hepatic fibrosis in a rat hepatic fibrosis model [12, 13]. Tumor necrosis factor-a (TNF­
a) inhibits collagen a 1 (1) gene expression in rat HSCs through a G protein [14]. The 
enhancement of matrix degradation may prove particularly valuable when ECM 
deposition in response to injury is already extensive. In recent years, in vitro studies 
have detected MMP-producing cells in the hepatic sinusoidal walls [15-18]. It has 
been shown that MMPs-l, -2, and -3 are produced by HSCs [15-17], and that MMP-
9 is produced by Kupffer cells [18]. We also showed that cultured rat Kupffer cells 
secreted MMP-9 following treatment with OK-432 (a biological response modifier) 
(Fig. 5) [19]. In in vivo studies, MMP-2 expression increased in liver tissue once 
hepatic fibrosis occurred. The expression of active MMP-2 was maximal during the 
process of hepatic fibrosis, but decreased in liver cirrhosis [20]. In patients with liver 
cirrhosis, the function of Kupffer cells is reduced compared with that in patients with 
chronic hepatitis, and the number of Kupffer cells is decreased [21-23]. That is, the 
changes in the function and number of Kupffer cells closely contribute to the develop­
ment of hepatic fibrosis. In vivo studies have demonstrated that OK-432 treatment 
increases the number and activity of Kupffer cells [24]. 

The control of HSC activation is an especially attractive approach to hepatic 
fibrogenesis. Interferon gamma inhibits HSC activation in culture [25]. Retinoids may 
also prove useful for down-regulating HSC proliferation [26]. Hepatocyte growth 
factor (HGF) by intravenous administration to dimethylnitrosamine or carbon tetra­
chloride fibrosis model rats suppressed the onset of hepatic fibrosis [27]. A deletion 
variant of HGF is more mitogenic than HGF for rat hepatocytes or HSCs. This agent 
reduces messenger RNA levels of pro collagens and TGF-/31 by inhibiting HSC activa­
tion and thus suppresses hepatic fibrosis [28]. Gene therapy using the HGF gene 
is also being explored. Human HGF with SRa promoter was introduced using 
hemmagglutinating virus of Japan,(HVJ)-liposomes into the skeletal muscle of he­
patic fibrosis model rats treated with dimethylnitrosamine. The HGF level in the 



258 T. Veno et al. 

24h 48h 24h 48h 

95kd -+ 

OK-432 (+) OK-432 (-) 

a 

MMP-9 

GAPDH 

OK-432 ( + ) ( - ) 

b 

FIG. 5a,b. MMP-9 activity shown 
by gelatin zymography and a 
Northern blot analysis of MMP-9 
messenger RNA. a MMP-9 activity 
by gelatin zymography. In the 
OK-432-treated group, a 95-kd 
band and a less than 95-kd band 
were detected 24 and 48 h after the 
OK-432 treatment. These bands 
have clearly increased at 48 h after 
the OK-432 treatment. In the 
OK-432 nontreated group, these 
bands are hardly detectable 24 and 
48h after treatment with OK-432-
free medium. (From [19]). 
b Northern blot analysis of MMP-9 
messenger RNA. In OK-432-
stimulated rat Kupffer cells, single 
hybridization signals suggesting 
MMP-messenger RNA are 
detected. In total RNA from 
OK-432 unstimulated Kupffer cells, 
no signals are detected. Lane 1, 
OK-432 (+); Lane 2, OK-432 (-). 
(From [19]) 

blood increased, c-met protein (the receptor for HGF) increased in the liver, and 
hepatic fibrosis markedly improved [29]. 

Neutralization of proliferative or fibrogenic mediators by either direct ligand bind­
ing or receptor blockade seems achievable with current techniques. In liver diseases, 
platelet-derived growth factor (PDGF) and TGF/31 are especially relevant given their 
roles in HSC proliferation and fibrogenesis. This approach has already shown promise 
at other sites of experimental tissue injury [6]. The groundwork to neutralize PDGF 
activity is developing [1,2]. For PDGF-PDGF receptors there are at least two major 
pathways of signaling, one involving phosphatidylinositol-3 kinase (PI-3 kinase) and 
the other involving mitogen-activated protein kinase (MAP kinase). Both pathways 
begin with the transphosphorylation of tyrosines. The MAP kinase cascade is charac­
terized by a series of phosphorylations involving the accessory factors Src, Grb 2, Ras, 
Raf, and ERK. PI-3 kinase binds directly to phosphoryiated tyrosines of PDGF 
receptors. The binding of dimeric PDGF to the dime ric PDGF receptor leads to 
phosphorylation of the intracellular domain, and the interaction of PI -3 kinase with 
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the receptor results in the phosphorylation of phosphoinositol substrates, which are 
inhibited by wortmannin [2]. Wortmannin is a fungal metabolite that has been used 
as a PI-3 kinase inhibitor [30]. The proliferation of HSCs is also inhibited by the 
phosphorylation of the adenosine 3' ,5' -monophosphate (cAMP) response element­
binding protein (CREB) on serine 133 in the nucleus [31]. This finding may be 
useful for the treatment of hepatic fibrogenesis. We demonstrated that OPC-15161, a 
fungal metabolite, interferes with the inositol triphosphate-Ca2+ pathway (Fig. 6) 
and inhibits proliferation in cultured rat HSCs treated with interleukin (IL)-1 {3 [32] 
(Fig. 7). 

In fibrotic liver, the TGF-{31 expression is increased in HSCs and SECs [33]. In 
human liver, TGF-{31-induced collagen synthesis in myofibroblasts is inhibited by a2-
macroglobulin [34]. The reduction of TGF-{31 activity by a2-macroglobulin may be 
explained by the receptor-mediated clearance ofTGF-{31-a2-macroglobulin complex. 
In addition, TGF-{3 receptors exist in rat-cultured HSCs, and the receptors are regu­
lated by TGF-{3 [35]. TGF-{3 signaling from the cell membrane to the nucleus is 
translocated through the small mother against dpp (SMAD) family [36]. Pathway­
restricted SMADs (SMADs 2 and 3) are phosphorylated by specific cell-surface 
receptors that have serine/threonine kinase activity, and they then oligomerize with 
SMAD4 and translocate to the nucleus where they direct transcription to affect the 
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FIG. 7a,b. Effect of OPC-
15161 on the proliferation of 
HSCs. a Inhibitory effect of 
OPC-15161 on the uptake of 
[3Hl-thymidine in HSCs. The 
uptake of [3H]-thymidine is 
significantly inhibited dose-
dependently by OPC-15161. 
(From [32]). b Changes in 
the cell number of HSCs 
treated with OPC-15161. 
The addition of IL-1{3 
significantly increased the 
number of HSCs compared 
with that of HSCs in the 
non treated group. The 
addition of OPC-15161 
(30 flg/ml) significantly 
inhibited the number of 
HSCs. (From [32]) 

cells response to TGF-,B. It has been shown that inhibitory SMADs (SMADs 6 and 7) 
block the activation of these pathway-restricted SMADs. The antagonistic effect of 
SMADs 6 or 7 may participate in a negative feedback loop to control TGF-,B responses, 
and has been suggested as a useful treatment for hepatic fibrosis [37,38]. 

Various approaches, including the inhibition of ECM synthesis, augmentation of 
ECM degradation, inhibition of HSC activation, neutralization of proliferative or 
fibrogenic mediators, and gene therapy, are expected to prevent hepatic fibrosis or 
cirrhosis in the future. 
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Anti-Fibrotic Agent Reduces 
Enzyme-Altered Lesions and 
Neoplasms in the Rat Liver 
ISAO SAKAIDA and KIWAMU OKITA 

Summary. A choline-deficient L-amino acid-defined (CDAA) diet led to the develop­
ment of liver cirrhosis in 100% of male Wistar rats after 15 weeks and to liver 
neoplasms in 90% of rats after 1 year. 

Concurrent administration of a prolyl 4-hydroxylase inhibitor (HOE 077), [2,4-
pyridine dicarboxylic acid bis (2-methoxyethyl amide) 1 as an antifibrotic agent to rats 
fed a CDAA diet reduced the increase in liver hydroxyproline content in a dose­
dependent manner for doses up to 200 p.p.m. without reduction of serum alanine 
aminotransferase (ALT). HOE 077 prevented the histological activation of stellate 
cells as well as the expression of procollagen type I mRNA, resulting in a reduced 
hydroxyproline content in the liver and a reduced number of pseudolobuli and thin­
ner fibrous septa. Also, the administration of a CDAA diet for 15 weeks led to a 
substantial induction of glutathione S-transferase placental form (GSTP)-positive 
lesions in the liver. The concurrent administration of HOE 077 reduced the percent 
age area of GSTP-positive lesions in a dose-dependent manner, in parallel with the 
reduction in hydroxyproline content. Administration of HOE 077 for 1 year reduced 
the development of liver neoplasms to 50% of those in rats fed a CDAA diet. 

These data suggest that inhibition of fibrosis may prevent the development of 
neoplasms. 

Key words. Fibrosis, Carcinogenesis, Prolyl 4-hydroxylase inhibitor, Enzyme-altered 
lesions, Stellate cell 

Introduction 

Liver cirrhosis is a very common disease in Japan as well as in other countries. and 
hepatocellular carcinoma is usually associated with liver cirrhosis, mainly as a conse­
quence of chronic hepatitis or alcohol consumption, although the relationships be­
tween carcinogenesis and fibrosis (liver cirrhosis) are unknown. There have been two 
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basic approaches to the prevention of liver cancer. The first approach is causation 
prevention, in which causative agents are eliminated or reduced. Hepatitis, alcohol, 
and aflatoxins are major causes which have been identified, and the prevention 
of liver cancer by the elimination of such causes has considerable potential. The 
second approach is interventional prevention, in which a protective agent, either 
chemical (chemoprevention) or biological, is administered to prevent or reduce 
carcinogenesis. In situations where the causes are unknown or cannot be completely 
eliminated, such as in chronic hepatitis B or C, only interventional prevention is 
available. There have been many reports about the prevention of liver cancer in 
rodents by butylated hydroxytoluene (BHT), retinoids, S-adenosyl-L-methionine, 
and other agents [1-3], but to date there is no effective agent for chemoprevention in 
clinical practice. 

In the present study, we tried the effect of prolyl4-hydroxylase inhibitor (HOE 077), 
[2,4-pyridine dicarboxylic acid bis (2-methoxyethyl amide)], on the development of 
enzyme-altered lesions of glutathione S-transferase placental form (GSTP) as 
preneoplastic lesions in rat liver cirrhosis induced by the administration of a cholirie­
deficient L-amino acid-defined (CDAA) diet for 15 weeks, as well as on the develop­
ment of hepatocellular carcinoma for 52 weeks. Our data suggest that inhibition of 
fibrosis (liver cirrhosis) may prevent the development ofliver neoplasms, and this will 
be a new approach to the prevention of liver neoplasms. 

Materials and Methods 

Animals 
Male Wistar rats, 6 weeks of age and weighing 140-1S0g (Nippon SLC, Shizuoka, 
Japan) were obtained, quarantined for 1 week, and housed in a room under controlled 
temperature (25°C), humidity, and lighting (12h light, 12h dark). Access to food and 
tap water was ad libitum throughout the study period. After a I-week acclimation 
period on a basal diet (Oriental MF Diet, Oriental Yeast, Tokyo, Japan), the rats were 
divided into experimental groups. 

Diets 
The CDAA and choline-supplemented L-amino acid defined (CSAA) diets were ob­
tained in powdered form (Dyets Bethlehem, PA, USA; product numbers 518753, 
518754). The detailed compositions of these diets have been described in a previous 
report [4]. 

A prolyl 4-hydroxylase inhibitor (HOE 077), 2,4-pyridine dicarboxylic acid bis 
[(2-methoxyethyl amide)] (Hoechst Pharmaceutical, Frankfurt, Germany) in 
powdered form (M.W. 281, white powder, melting point 86°C, soluble in water, 
purity more than 99.9%) was mixed evenly into the CDAA diet at various concentra­
tions as described in the experimental protocol. Whether appropriate concentrations 
of HOE 077 were present in diets was examined by HPLC. Diets with or without 
HOE 077 were stored at 4°C immediately after preparation, and were consumed 
within 1 week. 
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Experimental Protocol 

The total study periods were 15 or 52 weeks. For the short-term experiment, the 
groups for assessing the effect of HOE 077 on hydroxyproline content consisted of20 
or 3 rats each. Three groups of 20 rats received a CDAA diet with HOE 077 concentra­
tions of200, 100, or 0 p.p.m. One group 00 rats received a CSAA diet as a control. For 
the long-term experiment, two groups of 10 rats each received a CDAA diet with or 
without 200 p.p.m. HOE 077 for 52 weeks. Food was replaced every Monday, Wednes­
day, and Friday to ensure an adequate supply. 

At the end of the study, all rats were killed under ether anesthesia. Blood was 
obtained from the bifurcation of the abdominal aorta and the liver was excised. The 
livers were weighed, and then immediately frozen for hydroxyproline measurements 
or fixed in an ice-cold 19: 1 mixture of dehydrated ethyl alcohol and glacial acetic acid 
for 3h, followed by overnight incubation in 99.5% ethyl alcohol at 4°C and embedded 
in paraffin, as described previously [5]. 

Histology and Immunohistochemical Examination 

Sections of 5-llm thickness of the right lobe of all rat livers were processed rou­
tinely for hematoxylin and eosin and Azan-Mallory staining and examined 
immunohistochemically for a smooth muscle actin (aSMA) and glutathione­
S-transferase placental form (GSTP) by the advidin-biotin-peroxidase complex 
method, as described previously [6]. Anti-a smooth muscle actin (aSMA) 
monoclonal antibody and rabbit anti-rat GSTP antibody (DAKO, Kyoto, Japan) were 
employed [6, 7]. Quantitative analyses of aSMA-positive cells and GSTP-positive 
lesions were then carried out with an image analysis system (Personal Image Analysis 
System LA-555, Pias, Osaka, Japan). The area of aSMA-positive cells and GSTP­
positive lesions was expressed as a percentage of the total area of the specimen, as 
described previously [4, 5]. 

The incidence of hepatocellular carcinomas was assessed by macroscopic findings. 
The suspected lesions were excised and confirmed by histological examination. 

Hydroxyproline Content 
Hydroxyproline content was determined by the modified Kivirikko's method, as 
described previously [5]. 

Probes 

The following probes were used in this study. The complementary deoxynucleic acid 
(eDNA) of type I procollagen alpha 2 and G3PDH (glyceraldehyde-3-phosphate 
dehydrogenase) were used [8]. 

Northern Blot Analysis 

Northern blot analysis was performed after isolation of total RNA from the liver tissue 
by extraction of guanidine isothiocyanate, as described previously [8]. 
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TABLE 1. Effect of HOE 077 on various markers after a IS-week experiment 

Treatment Hydroxyproline GSTP-positive lesions aSMA-positive cells ALT 
(number of rats) (!tg/g wet wt) (%) (%) (U/L) 

CDAA (20) 787 ± 128 6.12 ± 2.57 4.33 ± 2.03 228 ± 88 
+HOE 077 717 ± 122 5.52 ± 2.87 3.96 ± 2.33 246 ± 92 

1100p.p.m. 
(20) 

+HOE 077 598 ± 155** 4.13 ± 2.15* 3.02 ± 1.71* 276 ± 75 
1200p.p.m. 
(20) 

CSAA (3) 136 ± 57 58 ± 7 

Each number represents mean ± SD. 
GSTP, glutathione S-transferase placental form; aSMA, a smooth muscle actine; CDAA, choline­
deficient L-amino acid-defined; CSAA, choline-supplemented L-amino acid-defined; HOE 077, 2,4-
pyridine dicarboxylic acid bis [(2-methoxyethyl amide)]. 
* P < 0.05 versus CDAA group; ** P < 0.01 versus CDAA group. 

Statistical Methods 
Results are expressed as the mean ± SD, and the data were evaluated by ANOV A as 
appropriate. The level of significance was set at P < 0.05 for each analysis. 

Results 

Table 1 indicates that Rats fed a CDAA diet for 15 weeks showed an increased liver 
hydroxyproline content of 787 ± 128 Ilg/g wet weight compared with 136 ± 57 Ilg/g 
wet weight for rats fed a CSAA diet. Concurrent administration of HOE 077 at 
200 p.p.m. significantly reduced this increase in hydroxyproline content to 598 ± 
155 Ilg/g wet weight. 

HOE 077 at 200 p.p.m. prevented the formation of pseudolobuli and reduced the 
thickness of fibrous septa seen by light microscopy (Fig. 1) in parallel with the reduc­
tion in the hydroxyproline content of the liver (Table 1). Administration of HOE 077 
at doses up to 200 p.p.m. did not notably change the histological findings other than 
the reduced formation of fibrous septa, e.g., liver cell necrosis or fatty changes, which 
may have influenced the development of enzyme-altered lesions. The inhibition of 
fibrosis by HOE 077 cannot be attributed to the reduced cell damage, because HOE 
077 did not reduce the increased serum ALT level of rats fed a CDAA diet. 

Activated stellate cells which express a smooth muscle actin (aSMA) are called 
myofibroblast-like cells, and are now considered to be the main collagen-producing 
cells. These cells markedly proliferated in the liver of rats fed a CDAA diet for 15 weeks 
(Fig. 2A). HOE 077 at 200 p.p.m. again reduced the number of aSMA-positive cells in 
the liver (Fig. 2B). Thus, the prevention of fibrogenesis by HOE 077 is somehow 
related to inhibition of the activation of stellate cells. The results of quantitative 
analysis of aSMA-positive cells are summarized in Table 1. HOE 077 (200 p.p.m.) 
significantly reduced the expression of aSMA-positive cells. 
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A 

B 

FIG. 1. Photomicrograph of a liver section stained with Azan-Mallory A from a male Wistar rat 
fed a CDAA diet for 15 weeks, and B from a rat fed a CDAA diet with concomitant administra­
tion of 200 p.p.m. of HOE 077 for 15 weeks. (X40) 
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A 

B 

FIG. 2. Photomicrographs of liver sections stained with anti-rat a-smooth muscle actin anti­
body A from a male Wistar rat fed a CDAA diet for 15 weeks, and B from a rat fed a CDAA diet 
with concomitant administration of200 p.p.m. of HOE 077 for 15 weeks. (X40) 



FIG. 3. Messenger RNA expression of a, (I) 
procollagen and G3PDH in the livers of rats 
fed a CDAA diet alone (lane 1) or a CDAA 
diet with 200 p.p.m. of HOE 077 for 15 weeks 
(lane 2) or a CSAA diet (lane 3). The figure 
shows a representative sample of six inde­
pendent Northern blots 
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.!. 

G3PDH 

. . ' 

FIG. 4. Typical photomicrograph of GSTP-positive nodules surrounded by fibrous septa in a 
liver section from a male Wi star rat fed a CDAA diet for 15 weeks. (X40) 

a ,(I) procollagen transcript was clearly demonstrated by the Northern-blot analysis 
of poly (At RNA isolated from the livers of the rats fed the CDAA diet alone or with 
200 p.p.m. HOE 077. The levels of a2(!) pro collagen mRNA expression were clearly 
decreased in the livers of rats fed a CDAA diet with 200 p.p.m. HOE 077 for 15 weeks 
(Fig. 3). Densitometric analysis of a 2(I) pro collagen after standardization with the 
expression of G3PDH (Fig. 3) showed significant (P < 0.05) suppression by 200 p.p.m. 
HOE 077 (1.18 ± 0.37 vs. 0.57 ± 0.33, n = 6). Thus, the prevention of fibrosis by prolyl 
4-hydroxylase inhibitor (HOE 077) can be attributed not only to the inhibition of 
hydroxylation of the proline, but also to the prevention of stellate cell activation 
resulting in reduced gene expression of procollagen. 

Typical GSTP-positive nodules surrounded by fibrous septa are shown in Fig. 4. In 
this model at 15 weeks, GSTP-positive lesions mainly consist of these nodules. 
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TABLE 2. The incidence of hepatocellular carcinomas after a 52-
week experiment 

Treatment 
Number of rats 
Incidence 

CDAA 
10 
90% 

CDAA + 200p.p.m. HOE 077 
10 
50% 

CDAA, choline-deficient L-amino acid-defined; HOE 077, 2,4-
pyridine dicarboxylic acid bis [(2-methoxyethyl amide)] . 

FIG. 5. Typical histological appearance of a hepatocellular carcinoma stained with hematoxylin 
and eosin found in a rat fed a CDAA diet for 52 weeks (Magnification: X40) 

The results of quantitative analysis of GSTP-positive lesions of the liver at the end 
of the study are also summarized in Table 1. A CDAA diet for 15 weeks was associated 
with the development of a large number of GSTP-positive lesions. The concomitant 
administration of HOE 077 significantly reduced such lesions in a dose-dependent 
manner, in parallel with the reduced hydroxyproline content. 

The administration of a CDAA diet for 52 weeks resulted in hepatocellular carcino­
mas in 90% of rats (Table 2; Fig. 5). HOE 077 at 200 p.p.m. reduced the incidence of 
liver neoplasms to 50% even without a significant difference. 

Discussion 

Using the rat liver fibrosis induced by a CDAA diet, the effects of a prolyl 4-
hydroxylase inhibitor (HOE 077) on the development of preneoplastic lesions and 
liver neoplasms were investigated. 
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HOE 077 is designed as a prodrug. In its original state, it is not an effective inhibitor 
of prolyl 4-hydroxylase, but it is able to cross biological membranes. It is well ab­
sorbed from the gastrointestinal tract and is taken up by the liver, where it is con­
verted to active metabolites which are competitive inhibitors of prolyl4-hydroxylase 
within the hepatocytes [9]. In primary human and rat hepatocytes, HOE 077 was also 
effective in preventing the hydroxylation of proline in a dose-dependent manner [10]. 
The inhibition of prolyl4-hydroxylase results in the formation of underhydroxylated 
collagen species that are not able to form the stable triple helix of procollagen mol­
ecules. These are then rapidly degraded. 

Stellate cells are now considered to be the main collagen-producing cells under 
nonphysiological conditions [11] as well as in our experimental model [12]. As al­
ready mentioned, this prolyl4-hydroxylase inhibitor is a hydrophobic prodrug which 
can be converted to active hydrophilic metabolites only within hepatocytes, and the 
effect of fibrosuppression was proved to be liver-specific [13]. 

Our results indicate that HOE 077 reduced the liver hydroxyproline content in rats 
fed a CDAA diet in a dose-dependent manner up to a dose of 200 p.p.m. A CDAA diet 
alone dramatically increased the hydroxyproline content of the liver by a factor of 
more than five compared with a CSAA diet. The administration of200 p.p.m. HOE 077 
was found to result in almost 30% inhibition of this hydroxyproline accumulation 
without reducing the increased serum ALT level (Table 1). Thus, the inhibition of 
fibrosis by HOE 077 cannot be attributed to any direct action of preventing liver cell 
death. 

Histologically, a reduced number of pseudolobuli and the incomplete formation of 
pseudolobuli were found, as well as thinner fibrous septa, in accordance with the 
reduced hydroxyproline content of the liver. These results indicate that this prolyl4-
hydroxylase inhibitor effectively retarded the development of liver cirrhosis in rats 
fed a CDAA diet. 

However, the mechanism of prevention of liver fibrosis seems to be different 
from what was expected from the character of this drug as a prolyl 4-hydroxylase 
inhibitor. 

A paper published in 1986 [14] suggested the mechanism of fibrosuppression by 
HOE 077, and reported that the COOH or NH2 terminal propeptides of collagen 
inhibit the synthesis of collagen in culture or in a cell-free system. These findings 
agree with ours in these interpretation of post-transcriptional down-regulation. Our 
results indicate that prolyl 4-hydroxylase inhibitor can prevent fibrosis by inhibit­
ing not only the hydroxylation of proline, but also expression of the mRNA of 
pro collagen, presumably by inhibiting the activation of stellate cells. 

The sequence of cellular changes in the liver proceeds from hepatocytes to enzyme­
altered foci and then to hepatocellular neoplasms [15]. Thus, the induction of 
enzyme-altered foci or nodules can serve as an indicator of preneoplastic change. 
GSTP-positive lesions, in particular, have been used as a marker for preneoplastic 
lesions [16], and the extent of GSTP-positive lesions was in parallel with the genera­
tion of 80HdG formation in DNAs, which has been construed to be the major molecu­
lar lesion stemming from the same model of choline-deficient L-amino acid-defined 
diet [17]. 

At 15 weeks with a CDAA diet alone, GSTP-positive lesions mainly consisted of 
nodules surrounded by fibrous septa, resulting in the formation of pseudolobuli (Fig. 
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4). HOE 077 reduced, in a dose-dependent manner, the percent age area of GSTP­
positive lesions. The inhibition of the formation of GSTP-positive lesions by this 
antifibrous agent is in parallel with the reduction in the hydroxyproline content of the 
liver. The liver hydroxyproline content reflects the amount of collagen fibers making 
up the fibrous septa [18]. Therefore, the inhibition of GSTP-positive lesions by HOE 
077 can be presumed to be attributable to the prevention of pseudolobule formation 
by fibrous septa. 

Our long-term experiment indicates that fibrosuppresion may prevent the develop­
ment of liver neoplasms. However, as the mechanism of cancer prevention by 
fibrosuppression is still obscure, further research are necessary. 

The inhibition of carcinogenesis by HOE 077 could be attributed, for example, 
to the prevention of hypo methylated DNA [19]. However, this prevention of 
hypomethylated DNA could also be attributed to inhibition of fibrosis, because the 
fibrosis (liver cirrhosis) may interfere with the methyl delivery through the blood 
flow. Thus, the emphasis in the present study was on finding at least some correlation 
between fibrosis and preneoplastic lesions or liver neoplasms. 

To date, clinically useful chemoprevention has not been found. Therefore, the 
prevention of fibrosis will be a new approach to the prevention of liver neoplasms. 
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VEGF Participates in Neovascularization 
and Sinusoidal Capillarization in HCC 
TAKUJI TORIMURA\ TAKATO UENO\ MOTOAKI KIN\ RIKO OGATA \ 
MICHIO SATA\ and KYUICHI TANIKAWA2 

Summary. Early in hepatocarcinogenesis, hepatocellular carcinomas do not show 
hypervascularity, but at later stages they require abundant arterial blood supply. 
Vascular endothelial growth factor is one of the most direct -acting angiogenic factors. 
We have clarified the participation of vascular endothelial growth factor in the 
development of neovascularization and sinusoidal capillarization in hepatocellular 
carcinoma. 

Vascular endothelial growth factor expression was detected in hepatoma cells and 
hepatic stellate cells by immunoelectron microscopy and in situ hybridization. 
The major vascular endothelial growth factor isoforms expressed in hepatocellular 
carcinoma were vascular endothelial growth factors 121 and 165. The expression of 
fit-l and KDRlfik-l, both receptors for vascular endothelial growth factor, in 
hepatocellular carcinoma was also confirmed by RT-PCR. In hepatocellular carcino­
mas with hypervascularity, type IV collagen and 1aminin were present corresponding 
to basement membranes along the sinusoidal endothelial cells, which had few 
fenestrae. In hepatocellular carcinomas without hypervascularity, although type IV 
collagen was present along the sinusoidal endothelial cells that had a few fenestrae, 
laminin as well as basement membranes were rarely detected. Vascular endothelial 
growth factor expression in hepatocellular carcinomas with hypervascularity was 
stronger than in those not showing hypervascularity. In in vitro study, increased 
expression of vascular endothelial growth factor mRNA in hepatoma cells was ob­
served under hypoxic conditions. These results suggest that vascular endothelial 
growth factor participates in the development of neovascularization and sinusoidal 
capillarization in hepatocellular carcinoma. 

Key words. Hepatocellular carcinoma, N eovascularization, Sinusoidal capillarization, 
Vascular endothelial growth factor, Hypoxia 
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Introduction 

In malignant neoplasms, angiogenesis is required for tumor growth and progression 
[I]. Angiogenesis is associated with necrotic hypoxic foci in tumors [2]. Recent data 
support the concept that hypoxia can alter the expression of genes encoding vascular 
cell growth and angiogenic factors [3]. Among several angiogenic factors, vascular 
endothelial growth factor (VEGF) is one of the main endothelial cell growth factors 
[4] . VEGF specifically stimulates the proliferation of endothelial cells through spe­
cific tyrosine kinase receptors flt-I and KDRlflk-1 [5]. VEGF is a Mr.34000-42000 
disulfide-bonded dimeric glycoprotein, expressed as four different isoforms due to 
alternative mRNA splicing [6]. The isoforms, VEGFI21, VEGFI65, VEGFI89, and 
VEGF206 are composed of monomers containing 121, 165, 189, and 206 amino acids, 
respectively [6, 7]. VEGFI21 and VEGFI65 are secreted, while VEGFI89 and VEGF206 
are associated with heparin-bound proteoglycans in the extracellular matrix [7]. 

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in 
the tropics and the Far East, including Japan [8]. HCC develops multifocally in livers 
affected by chronic injury [9]. 

Although the portal blood supply to HCC is predominant in the early stage of 
hepatocarcinogenesis, the arterial blood supply increases with tumor enlarge­
ment. Arterialization in HCC is generally accompanied by hypervascularity. 
Hypervascularity is usually present in HCCs over 2cm in diameter [10]. 

We have clarified the participation of VEGF in the arterialization and sinusoidal 
capillarization in HCC. 

Sinusoidal Capillarization in HCC 

It has been reported that early in hepatocarcinogenesis, HCC does not usually have an 
abundant vasculature, showing hypo- or isovascularity on hepatic angiography [11]. 

FIG. la-Co Light and electron microscopic analysis of portal vein and neoartery in HCC. a A 
portal vein in a well-differentiated small HCC without hypervascularity « lO mm in diameter) 
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FIG. la-c. Continued. A neoartery observed by b light microscopy and c electron microscopy in 
moderately differentiated HCC with hypervascularity P, protal vein; A, artery (oringinal magni­
fication: a x320; b X640) 
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At this stage, the portal blood supply to HCC is predominant (Fig. la) [12]. In HCC 
without hypervascularity, type IV collagen, a component of basement membranes, 
was detected continuously along the sinusoids, while laminin was rarely detected (Fig. 
2a,b). Basement membranes were insufficiently developed, and a few fenestrae were 
observed in the sinusoidal endothelial cells in such cases of HCC (Fig. 3a). 

With tumor enlargement, reduced portal blood flow and increased arterial blood 

FIG. 2a-d. Immunohistochemical analysis of type IV collagen and laminin in HCC. a 
Immunoreactive products of anti-type IV collagen antibody detected along the sinusoid of well­
differentiated small HCC without hypervascularity «IOmm in diameter). b Immunoreactive 
products of anti-laminin antibody are not detected. Immunoreactive products of c anti-type IV 
collagen and d anti-laminin antibodies observed along the sinusoid of well-differentiated HCC 
with hypervascularity (original magnification: a-d X640) 
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FIG. 2a-d. Continued 

supply are observed in HCC [13]. In HCC more than 20mm in diameter, 
arterialization (Fig. 1b,c) and hypervascularity are usually observed [10, 14] . In HCC 
with hypervascularity, type IV collagen and laminin were detected along the sinusoids 
(Fig. 2c,d). Basement membranes were observed on the basal sides of the sinusoidal 
endothelial cells, which had few fenestrae (Fig. 3b). 

In small HCC, in which the arterial blood supply is not yet fully developed, the 
sinusoidal endothelial cells still do not have the morphology of capillaries. However, 
as the arterial blood supply increases, the internal pressure of the sinusoid seems to 
increase. The basement membrane formation and defenestration of sinusoidal 
endothelial cells appear to occur in order to preserve the sinusoidal structure from its 
own elevated internal pressure [15]. The development of arterialization seems to be a 
trigger for sinusoidal capillarization in HCC (Table O. 



FIG.3a,b. Electron microscopic analysis ofHCC. a In HCC without hypervascularity, basement 
membranes are rarely detected. Sinusoidal endothelial cells have a few fenestrae (arrows). b In 
HCC with hypervascularity, basement membranes are dearly detected in the subendothelial 
space of a sinusoid (arrows). Sinusoidal endothelial cells have few fenestrae S, sinusoid; E, 
endothelial cell; H, hepatoma cell 

TABLE 1. Semiquantitative analysis oflaminin localization in HCC 

Laminin (- ) Laminin (::+::) Laminin ( + ) 

Hypervascularity 
+ 

9115 
2/25 

3/15 
3/25 

3/15 
20/25 

279 
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Expression of VEGF and its Receptors in HCC 

VEGF-Producing Cells and their Isoforms 

The production ofVEGF by hepatoma cells and hepatic stellate cells was confirmed by 
immunoelectron microscopy (Fig. 4) and in situ hybridization (Fig. 5). 

Due to alternative mRNA splicing, VEGF consists of four different isoforms: two 
are diffusible (VEGFl21, VEGF165), and two (VEGF189, VEGF206) are mostly bound 
to the extracellular matrix [6, 7]. By PCR analysis, VEGFl21 and VEGF165 mRNA 
were found to be strongly expressed in HCC (Fig. 6). It seems that in HCC, hepatoma 
cells and hepatic stellate cells mainly produce diffusible VEGF. 

Expression of VEGF Receptors 

Two receptors, flt-1 and KDRlflk-1, have been identified almost specifically in human 
endothelial cells that bind VEGF and mediate the proliferation of endothelial cells 
involved in the formation of new blood vessels [16]. The two receptors have been 
shown to be expressed preferentially in the proliferating endothelium of vessels [17]. 
A prerequisite for tumor angiogenesis, besides the expression of VEGF by tumor 
and stromal cells, is the expression of the VEGF receptors flt-1 and KDR/flk-1 in 
endothelial cells. By PCR analysis, flt-1 and KDR/flk-1 mRNAs were found to be 
expressed in HCC (Fig. 7). Thus, the VEGF-VEGF receptor system seems to partici­
pate in the angiogenesis of HCC. 

FIG.4a,b. Immunoelectron microscopic analysis ofVEGF in HCC. a Immunoreactive products 
of anti-VEGF antibody are detected in the cisternae of the rough endoplasmic reticula of a 
hepatoma cell (arrows) and in the intercellular spaces between hepatoma cells (arrow head) 
(bar, 1 f!m) 
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FIG. 4a,b. Continued. b These products are also detected in the cisternae of the rough 
endoplasmic reticula of a hepatic stellate cell (arrow) and the subendothelial space. H, hepatoma 
cell; HS, hepatic stellate cell; S, sinusoid 

FIG. S. Expression ofVEGF mRNA in HCC. In moderately differentiated HCC, VEGF mRNA is 
strongly expressed in hepatoma cells (arrows) (original magnification: X640) 
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FIG. 6. Expression of VEGF isoform mRNAs in HCC by RT-PCR (reverse transcriptase­
polymerase chain reaction. Ethidium-stained agarose gel shows representative products ampli­
fied from cDNA derived from HCC tissues (lanes 1-10). The calculated molecular weights of 
product bands are indicated. The sizes predicted for VEGFI89, VEGFI65, and VEGFI21 are 837, 
765, and 633 bp, respectively 

512bp 

405bp 

Lnnc 1-4: HCC tissues Lane 1-4: HCC tissues 

flt-1 KDR / flk-1 

FIG 7. Expression ofVEGF receptor mRNAs in HCC by RT-PCR. Ethidium-stained agarose gel 
shows representative products amplified from cDNA derived from HCC tissues (lanes 1-4). The 
calculated molecular weights of product bands are indicated. The sizes predicted for ftt-I and 
KDR/ftk-l are 512 and 405bp, respectively 
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Relationship Between VEGF Production and Tumor 
Differentiation 

Most HCCs less than 10 mm in diameter consist solely of well-differentiated cancerous 
tissue. In larger HCCs, moderately or poorly differentiated HCC tissue is usually 
surrounded by well-differentiated HCC tissue. Furthermore, most advanced HCCs 
consist only of moderately to poorly differentiated HCC tissue [18]. HCC seems to 
originate as a well-differentiated tumor, becoming progressively less differentiated 
with enlargement. 

FIG.8a,b. Immunohistochemical analysis ofVEGF in HCC. a Immunoreactive products of anti­
VEGF antibody are not detected in well-differentiated HCC, < lOmm in diameter. b 
Immunoreactive products of anti-VEGF antibody are strongly detected in hepatoma cells of 
moderately differentiated HCC (original magnification: a, b X640) 
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TABLE 2. Immunostaining ofVEGF in HCC 

Well diff. HCC Well diff. HCC 
«1Omm) (>1Omm) Moderately diff. HCC Poorly diff. HCC 
(n = 14) (n = 12) (n = 12) 

VEGF 13 4 1 

::': 1 5 4 
+ 0 3 7 

VEGF, vascular endothelial growth factor; diff., differentiated. 
Degree of staining: +, positive staining; ::': patchy staining; -, negative staining. 
Immunostaining of VEGF was associated with tumor differentiation. 
P < 0.001, Kruskal-Wallis test. 

(n = 13) 

2 

10 

By immunohistochemistry, VEGF production was found to be lowest in well­
differentiated small HCCs (tumors less than 10mm in diameter) (Fig. 8a), followed 
by well-differentiated HCCs (tumors more than lOmm in diameter), moderately 
differentiated HCCs (Fig. 8b), and poorly differentiated HCCs. VEGF production 
seems to increase with tumor dedifferentiation according to enlargement 
(Table 2). 

Relationship Between VEGF Production and 
Angiographic Findings 

Early in hepatocarcinogenesis, HCCs do not usually have abundant vasculature, and 
show hypo- or isovascularity on hepatic angiography [11]. With tumor enlargement, 
increased arterial blood flow is observed [13]. In HCCs more than 20mm in diameter, 
hypervascularity is usually detected [10, 14] (Table 3). 

In small HCCs which do not show hypervascularity on hepatic angiography, little 
VEGF is produced. In contrast, in HCCs showing hypervascularity, abundant VEGF 
production is detected. VEGF seems to playa significant role in the development of 
arterialization and hypervascularity in HCC. 

TABLE 3. Correlation between immunostaining of VEGF and tumor vascularity 
VEGF(-) VEGF(±) VEGF(+) 

Hypervascularity - (n = 22) 

+ (n = 29) 

VEGF, vascular endothelial growth factor. 

16 

4 

6 
5 

o 
20 

Hypervascularity: (+), HCC showing hypervascularity by hepatic angiography; (-), HCC not 
showing hypervascularity. 
Degree of staining: +, positive staining; ±, patchy staining; -, negative staining. 
Immunostaining of VEGF was associated with tumor vascularity. 
P < 0.001, Kruskal-Wallis test. 
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Increased Expression of VEGF mRNA under the Condition of 
Hypoxia 

In in vitro and in vivo studies, it has been proven that hypoxia is one of the 
most potent inducers of VEGF production [19]. In hepatoma cells, the mRNA 
levels of VEGF121 and VEGF165 increased significantly under hypoxic conditions 
(Fig. 9). 

Recently, elevated levels of VEGF mRNA were found in tumor cells in the area 
adjacent to necrotic regions in HCC [20]. 

FIG. 9. Expression of VEGF 
mRNA in hepatoma cells 
(Huh-7) under hypoxic and 
normoxic conditions Up­
regulation of VEGFl21 and 
VEGF165 mRNAs under 
hypoxic conditions for 24 h is 
observed in comparison with 
those under normoxic 
conditions. Levels of GAPDH 
mRNA are shown to compare 
RNA loading in two lanes 

VEGF 165 >-

VEGF 121 

GAPOH 

Normoxia Hypoxia 
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The rapid proliferation of hepatoma cells causes the comparative decrease of ves­
sels in HCC. The hypoxic condition induced by the comparative decrease of vessels 
seems to be an inducer of VEGF production by hepatoma cells and hepatic stellate 
cells in HCC. 

Conclusions 

We investigated the participation of VEGF in the development of neovascularization 
and sinusoidal capillarization in HCC. 

Hepatoma cells and hepatic stellate cells produced mainly VEGFl21 and VEGF165. 
The expression of flt-1 and KDRlflk-1 in HCC was also confirmed. In HCCs without 
hypervascularity, little VEGF production was detected. In those HCCs, sinusoidal 
capillarization was rarely observed. In contrast, in HCCs with hypervascularity, 
intense VEGF production was detected. Furthermore, sinusoidal capillarization 
was also observed in HCCs with hypervascularity. These findings indicate that 
VEGF plays an important role in neovascularization and sinusoidal capillarization 
in HCC. 
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Natural Killer Cells in the Liver and 
Thei r Activators 
MASATOSHI TANAKA, MIKI SHIRACHI, MASAHIRO SHIMADA, 
YOSHIHIRO SHIMAUCHI, RYOKO KUROMATSU, MICHIO SATA, and 
KYUICHI TANIKAWA 

Summary. An impaired host defense mechanism is well known in patients with liver 
cirrhosis. To clarify the sight of natural resistance in the liver, we investigated hepatic 
natural killer (NK) activity, and a proportion of the NK cells in the hepatic sinusoids 
of normal and cirrhotic rats. Using a sinusoidal lavage method, liver-associated 
lymphocytes were obtained from normal and cirrhotic rats that were established 
using thioacetamide. NK activity was measured by SlCr-release assay, and the NK cell 
count was measured by flow cytometric analysis using monoclonal antibodies. In 
addition, OK432 (a pharmaceutical preparation of a-Streptococcus pyrogens), Sho­
saiko-to (a Chinese herbal medicine), and interferon-a were administered to experi­
mental rats and the subsequent changes in hepatic NK activity and the NK cell count 
were also observed. Not only hepatic NK activity, but also the proportion of hepatic 
NK cells were significantly lower in cirrhotic rats than in control rats. Hepatic NK 
activity and NK cell count in the liver increased significantly after the administration 
of NK cell activators such as OK432 and Sho-saiko-to. After the administration of 
interferon-a, there was also as increase in the previously reduced hepatic NK activity 
and NK cell count of cirrhotic rats. The results of this study may lead to a clearer 
understanding of the host defense mechanism in cirrhotic patients. 

Key words. Hepatic NK activity, NK cell, OK432, Sho-saiko-to, IFN-a 

Introduction 

Liver-associated lymphocytes are composed of T lymphocytes, B lymphocytes, and 
natural killer (NK) cells. NK cells account for about 20% of the lymphocytes in the 
liver, which is higher than their percentages in other organs [1]. Under light 
microscopy, hepatic NK cells appear in the form of large granular lymphocytes 
(LGLs), and under electron microscopy they are seen in their characteristic form as 
rod-cored vesicles [2] and electron-dense granules in the cytoplasm [3], known as "pit 
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cells." They are considered to protect the liver against the infiltration of metastatic 
tumor cells via the portal vein [4-7], and to eliminate hepatocytes infected by hepatitis 
viruses [8,9]. In human studies, it has been reported that hepatic NK cells play an 
important role in cytotoxicity to autologous hepatocytes in the same manner as 
cytotoxic T lymphocytes in patients with chronic hepatitis [10, 11]. 

It is well known that various cytokines and biological response modifiers directly 
and indirectly activate NK cell activity in the blood and spleen. In this chapter, 
we describe changes in hepatic NK activity after the administration of OK432 (a 
type of bacterial pyrogen), Sho-saiko-to (a chinese herbal medicine), and interferon 
(IFN}-a. 

Changes in Hepatic NK Activity after the 
Administration of OK432 

OK432 (Chugai Pharmaceutical, Tokyo, Japan) is a pharmaceutical preparation of a­
Streptococcus pyrogens, and has been used clinically in cancer therapy as a biological 
response modifier [12]. 0.2mg (2KE, Klinsche Einheit) of OK432 was injected into 
each experimental rat intravenously, and liver sinusoidal, blood, and splenic 
mononuclear cells of the rats were collected and examined [1]. Liver sinusoidal 
mononuclear cells were collected by the sinusoidal lavage method [13] with minor 
modifications. Three days after a single injection of OK432 (0.2 mg/rat), the number of 
cells in the hepatic sinusoids had increased approximately twofold, and the percent­
age of LGLs had increased 1.5-fold [1] (and the number of LGLs in the hepatic 
sinusoid had increased threefold). Subsets of liver sinusoidal lymphocytes were also 
analyzed. As shown in Fig. 1, OX-8-positive lymphocytes [14], which are rat cytotoxic 
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FIG. 1. Kinetics of OX-8-positive cell percentages in hepatic sinusoids and peripheral blood 
after intravenous injection of OK432 (O.2mg/rat). The cell ratio was determined by flow 
cytometry. Open circles show the percentages of OX-8-positive cells in hepatic sinusoids, and 
closed circles show those in the peripheral blood. Data are expressed as mean ± SD of three 
experiments. (From [1]) 
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TABLE 1. Natural killer activity in liver, peripheral blood, and spleen after administration of 
OK432 %specific lysis against YAC-l (from [1] with minor modifications) 

Sinusoidal lymphocytes (%) PBL' (%) Splenic lymphocytes (%) 
(n = 3) (n = 3) (n = 3) 

Control 57.2 ± 1.89 9.3 ± 2.61 7.4 ± 1.15 
24 h after OK432 ivb 63.9 ± 2.89 24.7 ± 0.55* 20.4 ± 3.65* 
72h after OK432 ivb 69.3 ± 3.56* 29.1 ± 6.10* 27.1 ± 12.8* 
96 h after OK432 ivb 75.2 ± 2.93** 37.6 ± 1.05** 40.4 ± 9.39** 

'peripheral blood lymphocytes. 
b OK432 (0.2 mg/rat) was administered intravenously. 
* P < 0.02 compared with control; ** P < 0.005 compared with control. 
%specific lysis was studied by 4-h 51Cr release assay, and the effector target ratio was 20/1. 
Data are expressed as mean ± SD. 

T cells and NK cells, had increased in hepatic sinusoids at 1 day and 3 days after 
OK432 administration, while OX-8-positive cells had decreased in peripheral blood 
[1]. These data correspond to the increase in the proportion of LGLs in hepatic 
sinusoids. 

NK activity was also analyzed using the results of a 4-h 51Cr release assay 
against YAC-l cells. As shown in Table 1, hepatic NK activity was significantly higher 
than that in the blood and spleen in control rats. After OK432 administration, 
NK activity in the liver, blood, and spleen increased significantly, and hepatic NK 
activity was continuously higher than that in the peripheral blood and spleen 
[1]. OK432 is a pharmaceutical preparation of a-Streptococcus pyrogens, and activates 
NK cells directly [15] and indirectly through activated macrophages such as Kupffer 
cells [16]. We observed that Kupffer cells could digest OK432 directly in vivo and 
in vitro, and release cytokines such as tumor necrosis factor which could activate 
NK cells [17]. According to the present study, the NK activity increased serially 
after a single injection of OK432. This result might explain how activation of NK 
cell by OK432 in vivo could occur indirectly in the liver. Further investigation is 
necessary to clarify the mechanism of activation of hepatic NK cells after OK432 
administration. 

Changes in Hepatic NK Activity after the 
Administration of Sho-saiko-to 

Sho-saiko-to is a Chinese herbal medicine, and has been used clinically in Japan as an 
effective drug for chronic viral hepatitis [18]. We examined the effect of oral admin­
istration ofSho-saiko-to on hepatic NK activity [19]. Sho-saiko-to (Tsumura Pharma­
ceutical Co., Tokyo, Japan) was administered (500mg/Kg/day) through a stomach 
tube for 5 days under ethyl ether anesthesia. Saline was given to control rats in 
the same way. The percentage of OX-8-positive lymphocytes, rat cytotoxic T 
lymphocytes, and NK cells in the hepatic sinusoids was 40% in control rats, and 
increased to 56% after the administration of Sho-saiko-to. Cytotoxic T lymphocytes 
and NK cells increased in cell number in hepatic sinusoids after oral administration of 
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Sho-saiko-to. Hepatic NK activity in Sho-saiko-to-treated rats was 37%, and was 
significantly higher than that in control rats (250/0). After oral administration of Sho­
saiko-to, significant increases were observed in hepatic NK activity and NK cell count 
in the liver ofrats [20]. 

Impaired Hepatic NK Activity in Cirrhotic Rats and its 
Activation by IFN-a Administration 

In human studies, a reduction in peripheral blood NK activity in patients with liver 
cirrhosis (LC) has been reported [20-22]. Establishing a rat cirrhosis model using 
thiacetamide [23], we measured hepatic NK activity and also investigated NK cell 
numbers in the liver [24]. In this study, hepatic sinusoidal mononuclear cells isolated 
using sinusoidal lavage methods were divided into three fractions (low density (Fr.1), 
medium density (Fr.2), and high density (Fr.3)) on a discontinuous density gradient, 
as reported [7]. The Fr.1 fraction is rich in NK cells. As shown in Fig. 2, the hepatic NK 
activity of Fr.1 was significantly reduced in the LC rats (40.0 ± 3.8%) as compared 
with the control rats (48.4 ± 4.3%) (P < 0.005). Likewise, even in Fr.2 the hepatic NK 
activity of the LC rats was significantly reduced (P < 0.01). According to flow­
cytometric analysis, there was a significant reduction in the percentage of CD3-8+ 
NK cells [25] in the LC rats in Fr.1 of the liver (Table 2). However, in all other fractions 
there was no difference in the percentage ofNK cells in the control and LC rats. Using 
an immunohistochemical staining technique [24], we also observed a significant re­
duction in the absolute number of hepatic NK cells (MoAb 3.2.3+ NK cells [26]) in LC 
rats. If there is a reduction in hepatic NK activity in vivo, there are at least two possible 
explanations: a reduction in the function of individual hepatic NK cells, and/or a 
reduction in the absolute number of hepatic NK cells. Our results showed that the 
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FIG. 2. Natural killer activity of lymphocytes obtained from hepatic sinusoids, spleen, and 
peripheral blood of control and LC rats. Open columns are data from control rats, and closed 
columns are data from LC rats. Fr.l, Fr.2, and Fr.3 are low-, medium-, and high-density 
lymphocytes, respectively, from hepatic sinusoids. Data are expressed as means ± SE. (From 
[24] with minor modifications) 
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TABLE 2. NK cell population in lymphocytes from liver, spleen, and peripheral blood of control 
and LC rats (from [24] with minor modifications) 

Percentage positive cells 

Cell surface marker Fr.1 ' Fr.2' Fr.3' Spleen PBLb 

3.2.3+ Control rats 85.6 ± 4.9 29.9 ± 7.1 9.5 ± 3.6 15.4 ± 3.1 14.3 ± 1.6 
LC rats 73.1 ± 2.6 25.1 ± 2.2 5.8 ± 1.1 14.1 ± 3.0 18.9 ± 2.4 

P-value NS' NS NS NS NS 

CD3-CD8+ Control rats 76.5 ± 3.8 30.3 ± 4.8 10.5 ± 2.5 10.4 ± 1.7 13.2 ± 1.2 
LC rats 62.7 ± 3.1 22.8 ± 1.6 8.5 ± 1.1 11.0 ± 2.0 15.6 ± 1.8 

P-value <0.05 NS NS NS NS 

'Fr.1, Fr.2, and Fr.3 are low-, medium-, and high-density lymphosites, respectively, from the liver. 
b Peripheral blood lymphocytes. 
'Not significant. 
Data are expressed as mean ± SE. 

hepatic NK activity of Fr.l (NK-cell-rich fraction) of LC rats was significantly lower 
than that of control rats, and that the proportion of hepatic NK cells, as determined by 
flow-cytometric analysis (CD3-8+ NK cells for Fr.l), and the number of hepatic NK 
cells (MoAb 3.2.3+ NK cells) decreased in LC rats. Thus, both factors (a reduction in 
the individual function and the number of hepatic NK cells) may be involved in the 
reduction of hepatic NK activity in vivo. It has been reported previously that Kupffer 
cells play an important role in the differentiation and maturation process ofNK cells 
[27], and that a reduction in the number and function of Kupffer cells had been 
observed in LC [28, 29]. When LC occurs, the reduction in the number of fenestra in 
endothelial cells in the liver sinusoids makes it impossible for Kupffer cells and NK 
cells to accumulate in the liver sinusoids, and this might also be a cause of the 
reduction in hepatic NK activity. 

It has also been reported that IFN -a could enhance the NK activity of peripheral 
blood and normal liver [30-32]. LC rats were administered human recombinant IFN­
a (INTRON A, Schering Plough, Tokyo, Japan). The dose was 5 X 104 IU/100g body 
weight intravenously. Saline (0.2ml!rat) was also administered as the control. NK 
activity 24h after IFN-a administration was measured using a 51Cr-release assay. The 
NK activity of Fr.l of the liver increased significantly 1.6-fold compared with that of 
the control rats (Fig. 3). In flow-cytometric analysis there was a significant increase in 
the percentage of CD3-8+ and MoAb3.2.3+ NK cells in Fr.l of the liver and spleen 
after IFN-a administration. In Fr.2 of the liver, the percentage of CD3-8+ NK cells 
also increased (Table 3). After IFN-a administration, significant increases in NK 
activity and NK cell count were observed in LC rats. 
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FIG. 3. Comparison of natural killer activity of lymphocytes obtained from hepatic sinusoids, 
spleen, and peripheral blood from IFN-a- and saline-treated LC rats. The mean values from 
saline-treated LC rats were set as 100%. Open columns are data from saline-treated LC rats, and 
closed columns are data from IFN-a-treated rats. FrJ, Fr.2, and Fr.3 are low-, medium-, and 
high-density lymphocytes, respectively, from hepatic sinusoids. Data are expressed as means ± 
SE. (From [24] with minor modifications) 

TABLE 3. NK cell population in lymphocytes from liver, spleen, and peripheral blood ofLC rats 
injected with saline and IFN-a (from [24] with minor modifications) 

Percentage positive cells 

Cell surface marker Fr.1' Fr.2' Fr.3' Spleen PBLb 

3.2.3+ Saline-treated 75.6 :':: 3.4 24.6 :':: 2.8 6.4 :':: 2.1 14.1 :':: 1.5 21.8 :':: 1.8 
LC rats 

IFN-a-treated 86.3 :':: 2.1 25.2 :':: 2.9 8.0 :':: 3.1 19.3 ± 2.4 19.0 ± 2.5 
LC rats 

P-value <0.05 NS' NS <0.05 NS 

CD3-CD8+ Saline-treated 59.0 :':: 3.3 19.2 ± 2.3 9.1 :':: 1.4 10.2 :':: 2.3 15.4 :':: 3.0 
LC rats 

IFN-a-treated 68.3 :':: 2.7 22.4 :':: 2.2 8.9:':: 2.1 13.6 ± 2.2 14.1 :':: 2.8 
LC rats 

P-value <0.01 <0.05 NS <0.05 NS 

'Fr.1, Fr.2, and Fr.3 are low-, medium-, and high-density lymphosites, respectively, from the liver. 
b Peripheral blood lymphocytes. 
'Not significant. 
Data are expressed as mean + SE. 
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Conclusion 

In human studies, a reduction in peripheral blood NK activity has been reported in 
patients with liver cirrhosis [20-22]. The results obtained in our studies may contrib­
ute to a better understanding of the impaired host defence mechanism, and provide a 
clue to the development of new strategies to prevent infections and carcinomas 
occurring in patients with chronic liver disease. 
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Modulation of Hepatic Sinusoidal Cell 
Function by Transduction of Genes 
in the Liver: Gene Therapy 
for Hepatic Micro-Metastasis 
YASUSHI SHIRATORI\ FUMIHIKO KANAI\ HIROFUMI HAMADA2, 

HIROSHI MORIYAMAl, YOKO HIKIBA\ MAKOTO NAIT03, 

and MASAO OMATA! 

Summary. The immune defense system in the liver is known to consist of Kupffer 
cells, pit cells, lymphocytes, neutrophils, and other infiltrating immune responsive 
cells. In the liver, Kupffer cells as well as pit cells play an important role in tumor 
defense and the immune surveillance system. Activation of these cells could contrib­
ute to cytotoxicity against tumor cells. In an experimental model of hepatic metastasis 
of colon carcinoma, biological response modifiers potentially activate these immune 
responsive cells and reduce hepatic metastasis of tumor cells. Since the activation of 
pit cells may be induced by interleukin-2 (IL-2), the local tumor surveillance system 
of the liver can be activated by gene transduction of IL-2 cDNA in hepatocytes using 
adenovirus vector. Local production of IL-2 may enhance the natural killer (NK) 
activity of pit cells, leading to a reduction of hepatic metastasis of colon carcinoma. 
The modulation of sinusoidal cells by gene transduction (gene therapy) may provide 
a tool to change the pathophysiology of the liver, leading to a clinical treatment for 
liver diseases. 

Key words. Hepatic large granular lymphocytes (pit cells), Interleukin-2 (IL-2), 
Biological response modifier (BRM), Gene therapy, Tumor surveillance system in 
the liver 

Role of the Immune Surveillance System in the Liver 

The immune defense system in the liver (Fig. 1) is known to consist of Kupffer cells, 
pit cells, lymphocytes, neutrophils, and other infiltrating immune responsive cells. Pit 
cells are known to be organ-associated natural killer (NK) cells in the liver [1]. A 
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recent study revealed that not only Kupffer cells but also pit cells in the liver play an 
important role in tumor defense and the immune surveillance system [2]. Activation 
of these cells could contribute to cytotoxicity against tumor cells, and biological 
response modifiers (BRMs) have the potential to activate these immune responsive 
cells. 

Tumor Defense System in the Liver and Biological 
Response Modifier (Fig. 2) 

Kupffer Cells 

Kupffer cells showing an enhanced phagocytic function contribute to the cytotoxicity 
of tumor cells. Kupffer cells activated in vitro by lipopolysaccharide or lymphokines 
have been shown to have high cytotoxic activity against several kinds of tumor 
cells [3], but tumor cell destruction by activated macrophages is nonselective [4, 5]. 
Stimulation of Kupffer cells in vivo by agents such as glucan is reported to inhibit 
hepatic metastasis and enhance long~term survival by increasing the number of 

FIG. 2. Immune 
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activated Kupffer cells [6]. Furthermore, stimulation of Kupffer cells by liposomal­
muramyl dipeptide (MDP) enhances phagocytic or tumoricidal activity in 
macrophages, indicating that the action ofliposomes could be important [7]. On the 
other hand, inhibition of Kupffer cell function results in an enhancement of liver 
metastasis. 

Organ-Associated Lymphocytes (Natural Killer Cells) 
and Pit Cells 

Nonadherent, nonparenchymalliver cells have been reported to exert cytotoxicity 
against YAC-1 tumor cells [8]. NK activity has been attributed to cells having a 
morphology oflarge granular lymphocytes (LGL) [9, 10]. An increase in mononuclear 
cells in the liver after BRM administration is reported to correspond to an increase in 
LGL number and NK activity, and the major effect is considered to be the result of 
increased lymphocyte infiltration into the liver [10], although local division of hepatic 
LGL could also contribute to the numerical increase of hepatic LGL after BRM admin­
istration [ll]. 

Experimental Study on the Tumor Defense System in the Liver 

In our previous study, colon 38 adenocarcinoma (dimethylhydrazine-induced colon 
carcinoma) originating from a single strain of mice was used, and was maintained 
in the flanks of mice in vivo. Colon 38 adenocarcinoma is a differentiated carcinoma, 
in contrast to the undifferentiated cell type of colon 26 adenocarcinoma [7], and 
is known to be sensitive to lymphokine-activating killer cells or tumor-infiltrating 
lymphocytes [TIL] in combination with interleukin-2 (IL-2). In addition, tumor 
cells were inoculated into the superior mesenteric vein, from where they stream 
into the liver to establish metastasis in the liver. Many hepatic metastasis in 
experimental animals are found to be located preferentially at or near the surface 
of the target organs. This surface preference is often so marked that a reliable 
estimation of the number of metastasis in an organ can be made by examining it from 
the outside. 

In previous experiments [12], male specific pathogen-free C57BL/6 strain mice, 
aged 6-7 weeks, were used. The mice received an i.v. injection of 0.1 mg killed 
streptococcal preparation (OK 432; Chugai Pharmaceutical Tokyo, Japan) on day -2 
as a BRM. An administration of OK432 enhanced the NK activity of hepatic 
mononuclear cells (Fig. 3), and reduced the number of hepatic metastasis of colon 
carcinoma (Fig. 4). The enhanced NK activity of these cells was completely stopped by 
treatment with anti-asGMl serum plus complement in vitro. Administration of this 
serum in vivo reduced the NK activity of hepatic mononuclear cells and increased the 
number of hepatic metastasis of tumor cells. Since colon 38 adenocarcinoma cells are 
difficult to maintain in culture, cytotoxic activity against the tumor cells was exam­
ined by in vivo neutralyzing assay. In vivo tumor-neutralization assay revealed that 
tumor growth was completely inhibited when the tumor cells were mixed with hepatic 
mononuclear cells of the OK432-treated mice at a ratio of 1: 5 (Fig. 5). Among these 
hepatic sinusoidal cells, asGMl-positive hepatic mononuclear cells play an important 
role in neutralizing colon tumor cells in vivo. 
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tumor cells NK cell-depleted mice FIG. 5. In vivo tumor neutrali­
zation assay 

Heterogeneity of Hepatic Large Granular Lymphocytes 

Recent studies have reported that rat hepatic LGL are heterogenous in the expression 
of asGMJ antigen, and that some parts of rat hepatic NK cells are resistant to anti­
asGMJ antibody [13, 14]. In our previous study, the NK activity of hepatic 
mononuclear cells in sham- or splenectomy-operated mice was enhanced by the 
asGMJ-OK432 treatment, but their enhanced NK activities were only partially reduced 
by the treatment with anti-asGMJ serum plus complement in vitro, indicating that 
asGMJ-negative cells exert NK activity against YAC-l cells when asGMJ-positive cells 
are completely depleted in a body [15]. 

Immunomodulation Therapy for Cancer 

IL-2 is a growth factor of LGL/NK cells, and is known to be a potent stimulator for 
cytotoxic T-Iymphocytes (CTL). Previous study revealed that an enhancement of cell 
mediated cytotoxicity was observed after 6h stimulation by IL-2 in vitro, and that 
this enhancement was more significant after 24-72h of culture with rIL-2. IL-2 
induces NK cells which are highly cytotoxic against tumor cells. Many of these acti­
vated killer cells adhere to plastic, and adherent lymphokine-activated killer (LAK) 
(A-LAK) cells are more potently cytotoxic against tumor cells. The results obtained 
from immunotherapy with IL-2 in combination with LAK cells showed a dramatic 
reduction in the number of established metastatic lesions in several experimental 
animal models [16]. IL-2-stimulated adoptively transferred A-LAK cells are found to 
make contact with the metastatic tumor cells. Recent studies have revealed the migra­
tion of A-LAK cells into the infiltrating area or metastatic lesions of tumors. Other 
work showed that A-LAK cells migrated to the lung and then subsequently migrated 
to the liver and spleen 2-6h following i.v. injection, and that an increased number of 
LAK cells was then found in the malignant lesion [17, 18]. However, the infiltration of 
LAK cells into the tumor lesions seemed very heterogeneous after i.v. injection. 
Significant infiltration of liver metastasis was seen only after intraportal injection of 
A-LAK cells, indicating impaired traffic of intravenous-injected A-LAK cells through 
the lung capillaries. 

Earlier research also showed the pathological toxicity induced by repeated intrave-
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nous or intraperitoneal injection of recombinant IL-2, and IL-2 administration 
may lead to damage to the endothelial lining cells [19]. However, systemic administra­
tion of IL-2 showed a mild inhibitory effect of hepatic metastasis of colon carcinoma 
(unpublished observation), and Bouwens et al. [19] demonstrated an accumulation 
of LGL and Kupffer cells in the liver of rats treated with a continuous infusion 
ofIL-2. 

In addition, it has been shown that tumor targets appear to be more susceptible to 
anti-CD-3-activated T -cells than LAK cells, and that anti-CD-3 treatment enhanced 
activated T -lymphocytes and reduced the number of hepatic metastasis [20]. How­
ever, the mechanism of activation induced by anti-CD-3 treatment has not yet been 
clarified. 

Gene Therapy for Metastatic Cancer in the Liver 

Gene therapy for cancer is of four types (Fig. 6) [21-24]: (1) genetic immuno­
modulation (i.e., insertion of a cytokine gene into tumor cells, or in situ injection of 
plasmid carrying an HLA gene into a tumor mass that is negative for the injected HLA 
gene); (2) virus-directed enzyme prodrug therapy (insertion of a suicide gene into 
tumor cells in situ with subsequent activation of the suicide mechanism); (3) gene 
replacement therapy (the use of tumor suppressor genes and/or anti-oncogene); (4) 
protection of host cells from anticancer drugs (the use of a multiresistant (MDR) gene 
to protect bone marrow cells to allow higher-dose chemotherapy). 

Methodology of Gene Transfer 

A variety of methods are used to increase the efficacy of DNA uptake by the cells. The 
procedure can broadly be divided into three types: biological, chemical, and physi­
ological techniques. Among these procedures, viral vectors are the most efficient 
means for the transfer of genes into target cells, and are therefore preferred over 
physical methods. 

Gene Delivery into the Liver 

The development of strategies for gene therapy in the liver is a challenging task 
because this organ is involved in the manifestation of numerous genetic and malig-

1) Genetic immunomodulation 
cytokine gene 
HLA gene 

2) Drug targeting 
Virally directed enzyme prodrug therapy 
suicide gene - thymidine kinase GCV 

cytosine deaminase 5-FC 

3) Gene replacement 
tumor suppressor gene 
p53, RB, WT1, NF1, E-cadherin, nm23, JElMCP1 
GCF, rap1A 

4) Normal tissue protection 
FIG. 6. Cancer gene therapy MDR 1 
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nant diseases. Most of the available techniques for gene transfer are also applied to 
hepatocytes ex vivo. Retroviral and adenoviral vectors have been studied with regard 
to hepatocyte-directed gene transfer in vivo and in vitro [25-27]. Attempts to 
retransplant retrovirally transduced hepatocytes back to patients have shown the 
limit of the ex vivo approach. 

The obvious alternative would be the development of suitable techniques for gene 
transfer in vivo using adenovirus vector, and the comparative data using adenovirus 
or retrovirus vector are summarized in Fig. 7. Hepatocytes can be targets for clinical 
adenovirus infection because the respiratory epithelium and the liver share the same 
embryonic origin. The merits of the adenovirus vector system are organ specificity 
(hepatocytes), the extent of expression, the chronicity of expression, and the safety of 
recombinant adenovirus vector. 

Genetic Immunomodulation of Cancer 

The strategy in recent antitumor gene therapy by genetic immunomodulation is to 
use the vector of genes encoding for cytokines which induce cytotoxic T-cell activity 
[28-30]. An application of cytokines has already been shown to be a promising 
method in cancer treatment. However, it reveals a severe problem resulting from the 
requirement to apply systemically high doses of the cytokines; application of thera­
peutically effective concentrations is often accompanied by toxic side-effects. This 
problem may be circumvented by "tumor cell targeted cytokine gene therapy": the 
tumor cells are genetically engineered to produce a given cytokine in vitro and upon 
injection into mice provide a locally enhanced cytokine concentration. This makes 
use of a more physiological mode of action by the cytokine eventually to attract 
effector cells chemotactically and/or induce a tumor-specific immune response. Addi­
tionally, upon destruction of the tumor cells, the source for the cytokine production 
is eliminated. 

In cytokine gene therapy protocol, the cell type engineered to produce the cytokine 
is crucial. In most gene immunomodulation therapy, the transfection of pleiotropic 
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FIG. 8. Strategy of gene therapy 
for hepatic metastasis of colon 
carcinoma 
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cytokine genes into the immune cells of the host in addition to tumor cells, and the 
antitumor response, can be enhanced by cytotoxic T -cells, i.e., macrophages which 
can in turn be induced by the expression of appropriate cytokines by the cells. The 
best characterized model so far has been the transfection of the TNF gene into tumor­
infiltrating lymphocytes (TIL) [31]. 

There already exist liver-associated lymphocytes in the liver, and it is possible that 
specific delivery of cytokine genes into the liver might attract and activate 
neighboring lymphocyte and NK cell activity in the liver. Adenovirus vector is known 
to be specifically targeted into the liver, especially in hepatocytes [25-27]. Thus, 
cytokines for enhanced NK activity encoded in adenovirus vector might provide 
a new strategy for an enhanced immune surveillance system in the liver (Fig. 8) 
[32]. 

Genetic Immunomodulation by IL-2 

IL-2 is a growth factor that stimulates the proliferation of cytotoxic T -cells, NK cells, 
and LAK cells, all of which can participate in the antitumor response. In the mouse, 
systemic administration of lL-2 induces the expansion and long-term persistence of 
adoptively transferred tumor-specific T -cells. However, systemic administration of 
cytokine IL-2 into experimental animals has been used, but with an increased fre­
quency of a variety of adverse events. Since locally secreted cytokines were also able 
to influence the generation of antitumor immune responses, adenoviral vector could 
be used to introduce the lL-2 gene. By using the host immune system, the 
immunocompetent cells accumulated in some tumors, probably as a part of an im­
mune attack on the tumor (tumor-infiltrating lymphocytes, TIL) via antitumor func­
tions. A modified induction of paracrine antitumor immunoreactivity might be a 
potential gene therapy for cancer. 

Since pit cells show characteristic features ofNK cells that could be activated by IL-
2, this study has been conducted to introduce the transduction of the IL-2 gene into 
hepatocytes using adenovirus vector to produce IL-2 which might enhance the NK 
activity of pit cells in the neighborhood, leading to inhibition of hepatic metastasis of 
colon carcinoma in vivo [32]. 

A recombinant adenovirus vector (Adex1CAmIL2) was constructed by inserting an 
expression unit composed of CAG promotor (cytomegalovirus enhancer plus chicken 
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beta-actin promotor), murine IL-2 cDNA, and rabbit beta-globin polyadenylation 
signal (Fig. 9). 

After administration of Adex1CAm1L2, IL-2 mRNA expression was found to be 
markedly enhanced in hepatocytes by analysis with northern blotting and by 
immunostaining, and an enhanced expression was demonstrated until the 7th day. 
Serum IL-2 activities were also markedly increased after AdexiCAmlL2 for 7 days, 
with systemic administration of 4 X 107 p.f.u. per animal. The NK activity of hepatic 
mononuclear cells was also markedly enhanced after administration of 
Adexl CAmIL2, and persisted for 7-10 days. Although micrometastatic foci were 
established at 4-7 days after tumor cell inoculation, hepatic metastasis of colon 38 
tumor cells was inhibited by administration of AdexlCAmIL2 until the 7th day after 
tumor cell inoculation (Fig. 10). 

Conclusion 

The potential immunotherapeutic treatment of liver metastasis with IL-2 is of great 
interest, and local treatment ofIL-2 should be performed to reduce the side-effects. In 
these circumstances, IL-2 gene transduction using adenovirus vector made CTL more 
potent in the liver in vivo. Expression of the IL-2 gene in the CTL enhanced their 
antitumor activity in vivo. In these cases, systemic IL-2 concentration in serum was 
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relatively low, but local concentration of IL-2 in the liver might be increased. Since 
local production of IL-2 may be important, this study was conducted using 
adenovirus vector to express the transducted cytokine gene in the liver. 

Gene transduction using adenovirus was demonstrated in hepatocytes only. Local 
expression and production of IL-2 in the liver enhanced the NK activity of 
neighboring liver-associated lymphocytes (pit cells), which subsequently had some 
cytotoxicity against tumor cells. Thus, the number of hepatic metastases was reduced 
in the mice receiving Adexl CAmIL2. This gene therapy is only effective within 7 days 
after tumor cell inoculation, during which time the tumor foci remain small. This 
procedure may have clinical potential for the inhibition of hepatic metastasis of colon 
carcinoma by enhancing the activity of liver-associated lymphocytes (pit cells). In 
addition to these possibilities, gene therapy for specific targeting and an adequate on­
off switching system might provide further progress in developing gene therapy in 
vivo. 
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Morphological Aspects of Hepatic 
Sinusoidal Walls in Reperfusion 
Injury after Liver Preservation for 
Liver Transplantation 
T AKAFUMI ICHIDA 

Summary. Bleb formation in hepatocytes, activated Kupffer cells, and phenotypic 
changes in sinusoidal endothelial cells occurred during the preservation and 
reperfusion period ofliver to be used for liver transplantation. Current morphological 
studies have revealed that sinusoidal endothelial cells lost their viability, and positive 
staining for markers of capillary endothelial cells occurred with basement membrane 
formation. Kupffer cells swell, ruffle, and de granulate, releasing a number of inflam­
matory mediators, cytokines, and superoxide radicals. In spite of the changes in 
sinusoidal cells, hepatocyte structure recovered after reperfusion. Activated Kupffer 
cells and sinusoidal endothelial cells with phenotypic changes were able to interact 
with inflammatory cells, producing a disturbance of the microcirculation. 

Phenotypic and morphologic changes in sinusoidal endothelial cells occurred 
within 12h after harvesting of the donor liver. This indicates that sinusoidal 
capillarization during reperfusion might be due to cytoprotection under cold and 
ischemic conditions. 

Key words. Reperfusion lllJury, Liver transplantation, Activated Kupffer cell, 
Sinusoidal endothelial cell injury 

Introduction 

Liver transplantation has become a widely accepted treatment for end-stage liver 
diseases, and long-term survival has approached 58% for adult and 71 % for pediatric 
recipients in 7-year survival studies [1]. Both acute and chronic rejection can occur 
following liver transplantation. Most recipients show some evidence of mild acute 
cellular rejection, occurring from post-operative day 5 to day 28, which can be con­
trolled with immunosuppressants. Although poor function of transplanted liver grafts 
initially occurred in 10-25% of recipients [2], primary graft non function led to graft 
failure and re-transplantation was conducted in 5-10% of cases [3,4]. Approximately 
40% of re-transplantations in a Pittsburgh study were due to primary graft 
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nonfunction [5]. Conversely, no evidence of primary graft non function was reported 
by the Japanese Study Group of Living Donor Liver Transplantation in 522 Japanese 
recipients of living related-donor liver transplants, including 462 children and 60 
adults, until the middle of August 1997. 

Consequently, we suspect that the incidence of primary graft failure and poor initial 
function is strongly dependent on the durations of warm and cold storage, and is thus 
related to injury associated with graft harvesting, storage, and reperfusion. Inad­
equately preserved livers usually fail 1-2 days after transplantation, whereas immuno­
logical rejection does not begin for about a week. 

Our aim is to illustrate and review the morphological aspects of reperfusion injury 
occurring after cold ischemic storage, and to describe the hepatic sinusoidal cells 
involved in this event, based on our experience. A prospective study was carried 
out at Pittsburgh University after obtaining informed consent. Twenty patients 
undergoing liver transplantation were eligible for the study. Twenty biopsy samples 
were taken from each of the back-table donor livers and the reperfused livers after 
transplantation. 

FIG. 1. Back-table biopsy showing degenerated sinusoidal endothelial cells (E) and basement 
membrane formation (double arrows) in the space of Disse. S, sinusoidal space; H, hepatocyte 
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Damage to and Phenotypic Changes in 
Sinusoidal Endothelial Cells 

The polarity of the sinusoidal endothelial cells was the same as that of normal liver 
sinusoids in both the back-table and reperfused liver biopsies. However, some of the 
sinusoidal endothelial cells in the reperfused biopsies revealed multilayering and had 
developed autovacuoles and large lysosomes in their cytoplasm (Fig. 1). No marked 
bleb formation could be observed in sinusoidal endothelial cells, but incomplete 
formation of the sieve plate and a diminished number of pores [6] with basement 
membrane formation beneath these cells in the space of Disse (Figs. 1 and 2) were 
striking findings in these biopsies. Basement membrane formation was often 

FIG. 2. Multilayered sinusoidal endothelial cells (E) with a diminished number of pores. 
Numerous collagen bundles (C) are also marked in the space of Disse. 5, sinusoidal space; 
H, hepatocyte 
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observed in patients with pathological conditions such as liver cirrhosis [7], 
hepatocellular carcinoma [8], and alcoholic liver injury [9]. Although the sinusoidal 
endothelial cells exhibited a tendency toward degeneration and loss of the properties 
of the sieve plate, Weibel-Palade bodies [10] seldom appeared in their cytoplasm 
during the study period. Furthermore, without any specific heterogeneity, interac­
tions between neutrophils, lymphocytes, thrombocytes, and sinusoidal endothelial 
cells were distinguished in the sinusoidal space. 

In human biopsy materials, OKM-5 is a histological marker for sinusoidal endo­
thelial cells that is stained under normal condition [11] . This staining becomes fainter 
as fibrogenesis progresses, and cirrhotic liver tissue shows marked loss of OKM-5 
staining [12]. In addition, both factor VIII-related antigen [13] and ulex europaeus 
agglutinin 1 lectin (UEA-I) [14] are markers for capillary endothelial cells. Staining of 
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FIG. 3. A Kupffer cell (K), possessing numerous ruffles and spikes on its surface, located in the 
sinusoidal space (S) and causing a blockage of the blood stream. Large lysosomes and multiple 
organelles can be observed. These characteristics are typical of activated Kupffer cells. H, 
hepatocyte; arrow, basement membrane 
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these markers can be in areas of piecemeal necrosis during chronic active hepatitis, 
and in the peripheral areas of regenerative nodules in liver cirrhosis and 
hepatocellular carcinoma [15]. 

An immunohistochemical study of these endothelial cell markers revealed that 
approximately half of the biopsies with preservation and reperfusion injuries exhib­
ited a loss of positivity for OKM-s, while one-third showed the appearance of 
positivity for factor VIII-related antigen and UEA-I. This major loss of property of 
sinusoidal endothelial cells is a key phenomenon indicative of ischemia/reperfusion 
injury of the liver after liver transplantation. 

It takes more than 24 h for the loss of viability of Kupffer cells to become apparent, 
but the death of virtually all the sinusoidal endothelial cells occurred within minutes. 
This situation leads to the denudation of hepatic sinusoids [16-20]. 

Kupffer Cell Activation 

The majority of Kupffer cells showed numerous ruffles, degranulation, and 
spikes, with many lysosomes in their cytoplasm (Fig. 3). Some of the Kupffer cells 
migrated into the sinusoidal space, thus tending to block the sinusoidal stream 

FIG. 4. Basement membrane formation (arrowheads) in the space of Disse can be detected with 
de fenestrated sinusoidal endothelial cells (E) in reperfusion biopsy. S, sinusoidal space; H, 
hepatocyte 
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and the circulation. These ultrastructural characteristics were recognized as typical of 
activated Kupffer cells [20, 21], and corresponded with up-regulated function. 
Activated Kupffer cells release numerous inflammatory mediators, including radicals, 
tumor necrosis factor-a interleukins 1 and 6, prostaglandins, and nitric oxide. Thus, 
Kupffer cell activation may precipitate a "cytokine storm" after transplantation [20]. 

Hepatic Sinusoidal Capillarization 

Although the precise medical details of the donors were not known, the function and 
morphological condition of the donor livers was judged to be almost normal, and the 
donors were selected as being suitable for liver transplantation. However, it might 
have been difficult to determine accurately whether any of the donors had been a 

FIG. 5. Fat-storing cells (F) with enlarged fat droplets in their cytoplasm were grouped around 
these collagen bundles in both back-table biopsy (left panel) and reperfusion biopsy (right 
panel). 11, hepatocyte; S, sinusoidal space; E, sinusoidal endothelial cell 
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habitual drinker. In spite of these factors, hepatic sinusoidal capillarization was con­
firmed by electron microscopy in 12 of the 20 patients (Figs. 1 and 4). Generally 
continuous, but sometimes discontinuous, basement membrane formation was ob­
served beneath the sinusoidal endothelial cells in the space of Disse with monolayered 
sinusoidal endothelial cells, and basement membrane was also located near the sur­
face of the hepatocytes. 

In addition, several collagen bundles were distributed in the space of Disse. Fat­
storing cells with enlarged fat droplets in their cytoplasm were grouped around these 
collagen bundles (Fig. 5). This fine structure indicates the activation of fat-storing 
cells and potential blocking of the microcirculation in the space of Disse. 

Type IV collagen, a representative type of collagen, was apparent in the sinusoidal 
walls in 18 of the 20 patients (90%), and laminin, a representative noncollagenous 

FIG. 6. Cellular adhesion in the simusoidal wall. In the sinusoidal space (5), activated Kupffer 
cells (K) and lymphocytes (L) were distributed in close contact, and degenerative changes such 
as mild bleb formation were observed in the sinusoidal endothelial cells in both back-table 
biopsy (left panel) and reperfusion biopsy (right panel). H, hepatocyte 
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protein of the basement membrane [22, 23}, was detected in the sinusoidal walls in six 
patients (33%). These proportions corresponded to the degree of basement mem­
brane formation in both the back-table and reperfusion biopsies. These results 
support the theory that hepatic sinusoidal capillarization occurs after ischemia/ 
reperfusion injury. 

Cellular Adhesion in the Sinusoidal Wall (Fig. 6) 

We suspect that translocation of bacterial cell wall products across the gut mucosa 
[24}, which occurs frequently in cadaveric donors, may produce lipopolysaccharides. 
These lipopolysaccharides are powerful stimulants of Kupffer cell activation, releas­
ing tumor necrosis factor (TNF)-a. TNF-a expression and synthesis of intercellular 
adhesion molecules increased after reperfusion. Increased expression of intercellular 
adhesion molecules (ICAMs) indicates an enhanced capacity for adhesion between 
lymphocytes (Fig. 7), neutrophils (Fig. 8), thrombocytes (Fig. 6), and sinusoidal 
endothelial cells [25} . Such adhesion leads to phenotypic changes in sinusoidal 
endothelial cells and promotes disturbance of the microcirculation in the both 
sinusoids and the space of Disse. 

FIG. 7. A lymphocyte (L) attaches to a sinusoidal endothelial cell (E) with point attachment 
(double arrow) in reperfusion biopsy. S, sinusoidal space 
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FIG. 8. A neutrophile (N) attaches to degenerated sinusoidal endothelial cells (E) in the 
sinusoidal space (5). Arrows, attachment site; H, hepatocyte 

Our observations revealed interactions between inflammatory cells and sinusoidal 
endothelial cells. Degenerative changes such as mild bleb formation were observed in 
the sinusoidal endothelial cells that interacted and stuck to these inflammatory cells. 
An immunohistochemical study demonstrated positive staining for CD54 in the 
sinusoidal walls in seven of the 11 patients with ischemia/reperfusion injury, and 
staining on the hepatocyte surface in four of the 11. 

Discussion 

During storage in cold UW solution [26], both hepatocyte and sinusoidal cells were 
injured in the cold fluid and ischemic situation, leading to preservation injury. Bleb 
formation in hepatocytes and some rounding of both Kupffer cells and sinusoidal 
endothelial cells occurred during the preservation period. After reperfusion of the 
blood supply, sinusoidal endothelial cells lose their viability, and positive staining for 
markers of capillary endothelial cells occurs with basement membrane formation. 
Kupffer cells swell, ruffle, and degranulate, releasing a number of inflammatory me­
diators, cytokines, and superoxide radicals. In spite of the changes in the sinusoidal 
cells, hepatocyte structure recovers after reperfusion. 



316 T. Ichida 

Activated Kupffer cells and sinusoidal endothelial cells with phenotypic changes 
were able to interact with inflammatory cells, producing disturbance of the 
microcirculation. 

After reperfusion, the up-regulation of type IV collagen and laminin in sinusoidal 
endothelial cells reflects the formation of basement membranes, and this corresponds 
with the loss of OKM-5 and the acquisition of capillary endothelial markers (Factor 
VIII-related antigen and UEA-l). Phenotypic and morphologic changes in sinusoidal 
endothelial cells occur within 12 h after harvesting of the donor liver. This indicates 
that sinusoidal capillarization during reperfusion might be due to cytoprotection 
under cold and ischemic conditions. In general, basement membrane formation is 
observed in liver cirrhosis and alcoholic liver damage, and these diseases progress 
toward a terminal state. However, reperfused liver did not progress to a nonfunctional 
state in our study. 

Whether basement membrane formation and the phenotypic changes in sinusoidal 
endothelial cells are reversible or irreversible might depend on the dose of 
immunosuppressant administered, the grade of any opportunistic infection, the 
degree of any fatty changes in the donor's liver, the initiation of rejection, the degree 
of activation of Kuppfer cells, and the disturbance of the microcirculation in the 
sinusoids. In fact, excessive expression of both type IV collagen and laminin has been 
detected in the sinusoidal walls in livers that failed due to primary nonfunction [27]. 
It is still unclear how the reversibility of sinusoidal endothelial cell damage is regu­
lated. Further studies will need to be carried out to address this question in the light 
of the development of more extensive preservation solutions containing calcium 
blockers, pentoxifylline and antioxidants. 
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Ultrastructural and Functional 
Alteration in Hepatic Sinusoidal Cells in 
Cold-Preserved Rat Liver 
s. ARII, M. NIWANO, Y. TAKEDA, T. MORIGA, A. MORI, 
K. HANAKI, and M. IMAMURA 

Summary. Tissue damage during cold preservation of a liver graft is a crucial problem 
in attempts to obtain better results in liver transplantation. This chapter describes the 
morphological and functional changes in sinusoidal endothelial cells (SEC), Kupffer 
cells, and those of fatty liver during cold preservation. We found apoptotic changes in 
SEC in cold-preserved liver, which seem to be one of the causative mechanisms of 
damage, in addition to the participation of activated Kupffer cells as described below. 
An enhancement of TNF-a-producing activity and asialo GM-1 expression was also 
observed, indicating Kupffer cell activation. In an experiment using GdCI3, a potent 
inhibitor of Kupffer cell function, activated Kupffer cells were found to be strongly 
involved in SEC injury. This ultrastructural study with both SEM and TEM showed a 
prominent string-like appearance and detachment of the SEC processes after 24h 
preservation, whereas the SEC was better preserved in the GdCl3-pretreated group. A 
study with microvascular casting also revealed that GdC13 contributed to the mainte­
nance of SEC compared with the corresponding control, which showed an impair­
ment in the radial arrangement and discontinuity of the sinusoid. These 
morphological changes may have a causative role in the microcirculatory distur­
bances in the liver, possibly inducing primary nonfunctioning graft. Furthermore, we 
clarified that SECs in fatty liver were very fragile and were progressively destroyed. 
Interestingly, we also found that fatty droplets expanded with an increase in the length 
of cold preservation. 

Key words. Ultrastructure, Hepatic sinusoidal cells, Fatty liver, Apoptosis, Cold 
preservation 

Introduction 

Liver transplantation was established as a treatment for end-stage liver disease in the 
1980s. However, several problems remain to be resolved in order to obtain better 
results. Crucial among current issues is tissue damage during cold preservation [1,2). 
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Recently, much attention has been directed toward the pathogenetic role of hepatic 
sinusoidal cells in this type of injury. 

In this chapter, we describe the morphological and functional changes in hepatic 
sinusoidal cells, most notably endothelial cells and Kupffer cells, during cold preser­
vation of liver tissue, and we then clarify the preventive role of Kupffer cell blockade 
on simusoidal endothelial injury. 

Furthermore, considering the shortage of donor livers, it is a serious waste to 
discard fatty liver grafts because of the high risk of primary nonfunction [3,4]. We 
therefore also report our ultrastructural observations of cold-preserved fatty liver, 
which indicate rapid and severe changes in both hepatocytes and sinusoidal 
endothelial cells. 

SEC (Sinusoidal Endothelial Cell) 

Although the exact mechanism of cold-preservation injury is still unknown, recent 
investigations have shown that sinusoidal endothelial damage precedes parenchymal 
injury. McKowen et al. [1] showed that sinusoidal endothelial cells became progres­
sively more damaged during cold preservation, whereas parenchymal cells main­
tained a relatively normal appearance. To describe these changes in detail, they 
demonstrated that sinusoidal endothelial cells degenerated and partially disappeared 
after 4h cold preservation in 0.9% NaCl and 2 mmo1!1 CaCI2• The injury is still revers­
ible at this point, but after 8 h cold preservation the endothelial cells had almost 
completely disappeared. Hepatic parenchymal cells, however, maintained an almost 
normal appearance, although slight bleb formation was observed. After 4 h cold pres­
ervation in Euro-Collins solution, a sieve plate of endothelial cells exhibited mesh-like 
degeneration and the cell cytoplasmas were swollen. After 8 h preservation, sieve 

FIG. 1. Transmission electron micrograph (TEM) of a 24-h cold-preserved liver. Apoptotic 
changes were seen in SECs 
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plates were completely destroyed, and endothelial cells were detached from the 
sinusoidal wall. 

However, the causative mechanism of SEC injury remains to be resolved. As men­
tioned above, Kupffer cell activation, by which tissue-toxic mediators were massively 
secreted, is probably involved in this injury. In addition to the participation of Kupffer 
cells, we found apoptotic changes in SECs in cold-preserved liver tissue, as shown in 
Fig. 1. 

Therefore, not only Kupffer cell blockade but also suppression of apoptosis 
in SECs may be possible new strategies to avoid hepatic injury during cold 
preservation. 

Kupffer Cells 

Some morphological studies have demonstrated the activation of Kupffer cells during 
cold preservation. Caldwell-Kenkel et al. [2) revealed rounding, ruffling, polarization, 
vacuolization, degranulation, and an appearance like dense worm holes in their elec­
tron microscope observations, and concluded that Kupffer cells were activated. Based 
on this evidence, we studied the function of Kupffer cells in cold preservation. It was 
found that cold preservation enhanced TNF-a producing activity in Kupffer cells, and 
an increased expression of asialo GM-l antigen was also demonstrated [5). 

Involvement of Kupffer Cells in Sinusoidal Endothelial Injury 
During Cold PreservationlReperfusion 

As mentioned earlier, sinusoidal endothelial damage precedes parenchymal injury. 
The activation of Kupffer cells has been shown to be closely involved in the 
pathogenesis of SEC injury. Kupffer cells are known to produce monokines, oxygen 
radicals, proteases, prostanoids, and other mediators, as well as to have phagocytic 
ability. Therefore, the activation of Kupffer cells in cold preservation with subsequent 
reperfusion may stimulate the release of a large quantity of tissue-toxic mediators, 
which lead to sinusoidal endothelial injury or malfunction. We have already reported 
that the expression of TNF-a mRNA increased in cold-preserved liver, and that 
further enhancement was observed following reperfusion. We also demonstrated that 
anti-TNF-a antibody partially but significantly ameliorated reperfusion injury. 

Based on these findings, we focused on the ultrastructure of SECs in cold-stored 
liver tissue pretreated with GdCI3, a potent Kupffer cell inhibitor. The exact mecha­
nism of the effect of GdCl3 on Kupffer cells has yet to be resolved. Husztik et al. [6) 
suggested that GdCl3 blocked the phagocytosis of Kupffer cells by inhibiting the 
surface attachment phase. Koudstaal et al. [7) speculated that GdCl3 injected intrave­
nously forms aggregates at neutral pH in the blood stream which are taken up by 
Kupffer cells. Subsequently, the colloidal particles dissolve again at pH 5.0 in the 
endosomal-Iysosomal compartment of the cell and attach to the components of this 
compartment. This recycling of GdCl3 probably leads to cellular disintegration. As for 
the hepatic toxicity of GdCI3, no significant change in ultrastructural morphology was 
seen, although GdCl3-injected rats exhibited a slight elevation in serum transaminase 
level. 
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a b 

FIG. 2. Scanning electron micrograph (SEM) of a hepatic sinusoid of a 24-h cold-preserved 
liver. a Control; b with GdCl3-pretreatment 

Morphological studies on SECs after 24h preservation showed a prominent string­
like appearance of the processes in the control group, whereas the SECs were better 
preserved in the GdCI)-pretreated group (Fig. 2). Furthermore, after 36h preservation, 
the sinusoid frame was destroyed and the microvilli of the hepatocytes had disap­
peared in the control group, whereas the SEC processes and the microvilli of the 
hepatocytes were preserved in the GdCl3-pretreated group. A TEM study after 24 h 
preservation revealed detachment of the sinusoidal epithelia in the control group; 
in contrast, this change was observed only slightly in the GdCl3-pretreated group 
(Fig. 3). 

Studies of the control group using microvascular casting showed impairment in the 
radial arrangement of the sinusoids and significant dilatation of the sinusoidal caliber 
after 24 h preservation, and a discontinuity of the sinusoids with nonfilling and 
extravasation of the casting material after 36h preservation (Figs. 4 and 5). These 
changes were not seen in the GdCI)-pretreated group. These studies therefore showed 
that Kupffer cells were strongly involved in the morphological integrity of SECs and 
sinusoids [8]. 

Leucocyte adhesion to SECs may also have a causative role in reperfusion injury. 
We therefore studied the expression of the adhesion molecule ICAM-l on cold­
preserved SECs [9]. SECs were isolated from cold-preserved liver using an elutriation 
rotor, and the expression of ICAM-l was determined using a flow cytometer. ICAM-
1 was found to be strongly enhanced during cold preservation. An ex-vivo reperfusion 
experiment using liver tissue and a leucocyte suspension found that coincident with 
the enhancement of ICAM-l expression, there was an increase in the number of 
accumulated leucocytes. Interestingly, both ICAM-l expression and leucocyte accu­
mulation were strongly suppressed to nearly normal levels by pretreatment not only 
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a 

b 

FIG. 3. TEM of 24-h cold-preserved liver. a Control; b with GdCl3-pretreatment 

with anti-ICAM-l antibody, but also with GdCI3• Furthermore, glutamate oxaloacetate 
transaminase and lactate dehydrogenase levels in the perfusate were significantly 
reduced in association with the suppression of leucocyte accumulation. Scanning 
electron microscopy showed that in cold-preserved liver following GdCl3 pretreat­
ment, the SECs showed an almost normal structure concomitant with the adherence 
of relatively few leucocytes. In tissue without GdCl3 pretreatment, the sinusoidal 
structure was destroyed and a massive accumulation of leucocytes was noted. These 
findings imply that communication occurs between Kupffer cells and SECs in the 



Sinusoidal Cells in Cold-Preserved Liver 323 
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FIG. 4. Vascular casting of a hepatic sinusoid of 24-h cold-preserved liver. a Control; b with 
GdCI3-pretreatment. Sf, superficial area; P, portal vein. Arrows indicate a leakage of resin 

hepatic sinusoid through cytokines such as TNF-a and interleukin-l secreted by 
Kupffer cells, because these cytokines enhance ICAM-l expression on the vascular 
endothelium. Leukocyte adherence to the sinusoidal endothelium would probably 
disturb sinusoidal microcirculation. Furthermore, leucocytes release oxygen radicals, 
collagenase, elastase, and other factors, all of which may result in tissue damage. 
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FIG. 5. Vascular casting of a hepatic sinusoid of 36-h cold-preserved liver. a Control; b with 
GdCI3-pretreatment. Sf, superficial area 

Fatty Liver 

We used fatty livers from male Wistar rats weighing 200-250g body weight which 
were fed a choline-deficient diet. The fatty droplets in hepatocytes expanded during 
cold preservation in a time-dependent manner, and oppressed intracellular 
organelles to the cellular margin during 24 h cold preservation. Furthermore, the 



Sinusoidal Cells in Cold-Preserved Liver 325 
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FIG. 6. SEM of a hepatic sinusoid of 4-h cold-preserved fatty liver. a Nonfatty liver; b fatty liver 

expansion of fatty droplets appeared to cause a disarrangement in the sinusoidal 
architecture and a narrowness of the sinusoidal caliber. 

SECs were more vulnerable in fatty liver than in nonfatty liver, even without cold 
preservation. In 4-h cold preservation of nonfatty liver, SECs were slightly damaged 
and a few gaps were seen which resulted from the fusion of fenestrae, microvilli 
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originating from hepatocytes, and blebs detached from the tips of microvilli. 
However, SECs in fatty liver exhibited a string-like appearance with an increase in 
blebs and enlarged gaps (Fig. 6). Thus, SECs in cold-preserved fatty liver were consid­
ered to be more fragile than those in nonfatty liver. These changes may be closely 
associated with microcirculatory disturbances, which could possibly lead to primary 
nonfunction of a fatty liver graft, although further studies are needed to resolve the 
precise mechanism which accounts for cold-preservation injury of fatty liver. 
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Summary. The aim of this study was to evaluate the morphological and functional 
changes in Kupffer cells and sinusoidal endothelial cells in cholestasis. Under an 
electron microscope, Kupffer cells in cholestasis were seen to be markedly enlarged 
and contained electron-dense material and distorted mitochondria. A clinical 
clearance study with chondroitin sulfated iron showed that the endocytic function 
of the Kupffer cells was significantly reduced in the cholestatic condition. In an 
in vitro study, the endocytic function of cultured Kupffer cells was decreased by 
two kinds of bile acid, taurochenodeoxycholate and taurocholate. However, 
tauroursodeoxycholate did not affect the endocytic activity of Kupffer cells. 

With immunohistological staining, lipid A was clearly observed in the endotoxin in 
Kupffer cells from a normal rat, but it was scarcely detectable in the Kupffer cells from 
a cholestatic rat. The expression of the membrane CD14 on the Kupffer cells was 
sparse in a cholestatic patient compared with that in a control patient. ICAM-l was 
markedly expressed on the sinusoidal endothelial cells of a cholestatic rat model. 
These findings suggested that the endocytic function of the Kupffer cells seems to be 
impaired by the application of bile acids to the plasma membrane and by a reduction 
in cell activity resulting from a low expression of membrane CD 14. Furthermore, the 
function of sinusoidal endothelial cells seems to be altered in association with Kupffer 
cell dysfunction. These results support the theory that cholestatic patients have an 
increased risk of sepsis and endotoxemia, with potential morbidity and mortality. 

Key words. Cholestasis, Kupffer cell, Sinusoidal endothelial cell, Endotoxin, Primary 
biliary cirrhosis 

Kupffer Cell Function in Cholestasis 

Kupffer cells are mononuclear cells resident in the hepatic sinusoid. They are strate­
gically situated at the confluence of portal venous drainage and bear the major re­
sponsibility for sequestering and eliminating foreign bodies delivered from the gut 

The Second Department ofInternal Medicine, Kurume University School of Medicine, 67 Asahi­
machi, Kurume, Fukuoka 830-0011, Japan 

327 



328 K. Noguchi et al. 

FIG. 1. Electron micrograph of a Kupffer cell (K) from a patient with obstructive jaundice. The 
Kupffer cell is markedly enlarged with a flattened cell membrane, and contains electron-dense 
material and distorted mitochondria in the cytoplasm 

into the portal circulation. Kupffer cells are the major component of the 
reticuloendothelial system (RES), and have a key role in the defense mechanisms of 
a living being. Cholestasis accompanies an accumulation of bile constituents such as 
bile material, cellular debris, and abundant lysosomes in the blood. A decrease in the 
secretion of bile acids and immunoglobulin A from the liver to the intestine may allow 
excessive growth of enteric bacterial flora and increased production of endogenous 
endotoxin. It has been reported that the intestinal absorption of endotoxin is in­
creased because of the permeability of the intestinal mucosa in cholestatic conditions 
[11. Therefore, in cholestasis the Kupffer cells would have to handle greater amounts 
of bile constituents, bacteria, and endotoxins than in a normal state. 

Morphological Aspects of Kupffer Cells in Cholestasis 

Electron microscopy shows that Kupffer cells in patients with obstructive jaundice 
are markedly enlarged, with a flattened cell membrane, and contain electron-dense 
material and distorted mitochondria (Fig. O. This suggests that the dysfunction of 
the Kupffer cells in cholestasis results morphologically from an overload, which is led 
by endocytosis of a large amount of foreign materials in the hepatic sinusoidal 
circulation. 

Clearance Activity of Kupffer Cells in Cholestasis 

In clinical study, the colloidal chondroitin sulfated iron (CSFe) clearance test was used 
to evaluate the endocytic function of Kupffer cells in patients with extrahepatic ob-
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FIG. 2. Colloidal chondroitin sulfated iron (CSFe) clearance in patients with obstructive jaun­
dice compared with controls. The clearance rate (K) is significantly low in patients with obstruc­
tive jaundice. TI and T, indicate the time after CSFe injection of 2 mg/kg body weight. CI and C, 
represent the serum concentration of iron at times TI and T, 

structive jaundice. CSFe was injected into the antecubital vein at a dose of 2 mg/kg 
body weight in the early morning. Five and 20 min after injection, the concentra­
tion of serum iron was determined and the clearance rate was calculated. Seven 
healthy subjects served as controls. The clearance rate (K) of CSFe in patients 
with obstructive jaundice was 0.0011 ::'::: 0.0005 (mean::'::: SD), and was significantly 
lower than that of healthy controls (0.0023 ::'::: 0.00075), as shown in Fig. 2. This clinical 
study clearly showed that Kupffer cells are functionally altered in the cholestatic 
condition. 

It has also been reported that cultured Kupffer cells isolated from rats with bile duct 
ligation showed a change in receptor-mediated endocytic function [2]. These cultured 
cells showed that distribution of Fc receptor on the plasma surface of the Kupffer cell 
became sparse in cholestatic rat compared to the control one [2]. The effect of bile 
acid on the endocytosis of Kupffer cells was tested by adding three kinds of taurin­
conjugated bile acids to the culture medium. Taurochenodeoxycholate (TCDCA), 
taurocholate (TCA), and tauroursodeoxycholate (TUDCA) were added to the culture 
medium of Kupffer cells isolated from normal rats in a final concentration of 500 !-tm/ 
1. After preincubation with each bile acid for 30 min, an endocytosis study was 
performed using CSFe. The results indicated that certain bile acids added into 
the culture medium cause a reduction in the endocytosis of CSFe by Kupffer cells 
(Fig. 3). Taurochenodeoxycholate at 500 !-tm/l caused a reduction in endocytosis 
of more than 50%. Taurocholate also depressed endocytosis significantly, but 
tauroursodeoxycholate did not impair the endocytic activities of Kupffer cells. Bile 
acids which accumulate in the serum in cholestasis are known to have a direct effect 
on the cell membrane [3]. The plasma membrane of Kupffer cells is exposed to the 
relatively higher levels of bile acid during long-term cholestasis. The cleansing prop­
erties of bile acids vary with the number and site of the hydroxyl groups and the form 
of conjugation [3]. Generally, the cleansing property becomes stronger when the 
number of hydroxyl groups decreases. Depression of endocytosis was more evident 
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FIG. 3. Effect of bile acids on the endocytosis of colloidal iron by cultured Kupffer cells isolated 
from a normal rat. Endocytosis of colloidal iron was inhibited by taurochenodeoxycholate 
(TCDCA) and taurocholate (TCA), but not by tauroursodeoxycholate (TUDCA). All data are 
presented as mean ± SD. *P < 0.05; **P < 0.01 

FIG. 4. Light micrography of the distribution of endotoxin lipid A in the hepatic sinusoid of 
a control rat 5 min after injection of 0.5 mg lipopolysaccharide into the portal vein. 
Immunohistological staining with an anti-lipid A antibody shows that Kupffer cells (arrows) 
contain endotoxin lipid A in their cytoplasm. X400 
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with TCDCA and TCA in this study. These two bile acids are the dominant ones in 
cholestatic serum. Although ursodeoxycholate has less effect than other bile acids, it 
is a minor fraction in the serum. If the percentage of ursodeoxycholate in the serum 
became high, the more active bile acids would be replaced and the membrane damage 
might be reduced [4]. 

Endotoxin Clearance by Kupffer Cells in Cholestasis 

The initial uptake of endotoxin by the liver is mediated by the Kupffer cells [5]. Most 
studies have indicated that endotoxin uptake in Kupffer cells is not receptor-mediated 
[6]. Endotoxin is derived from the gut and is a normal constituent of portal venous 
plasma. However, systemic endotoxemia occurs in 25%-85% of patients with obstruc­
tive jaundice [7,8]. Therefore, an experimental study was performed to estimate the 
endotoxin uptake by Kupffer cells in control rats with a sham operation and in 
cholestatic rats with bile duct ligation for 7 days. Liver specimens were obtained from 
rats 5 min after the injection of 0.5 mg lipopolysaccharide (LPS) into the portal vein. 
The distribution of endotoxin in the liver was examined by light and confocal laser 
scanning microscopy with immunohistological staining using a murine anti-lipid A 
monoclonal IgM antibody (supplied by Pfizer Pharmaceuticals Inc., New York) as the 
primary antibody against LPS and a biotinylated or FITC-conjugated anti-mouse IgM 
antibody as the secondary antibody. Lipid A, an important part of endotoxin, was 
clearly detected in the cytoplasm of Kupffer cells of control rats under both a light 
microscope (Fig. 4) and a confocal laser microscope (Fig. Sa). However, endotoxin 
lipid A was scarce in Kupffer cells in cholestatic rats (Fig. 5b). These findings suggest 
that Kupffer cells in cholestasis may have a decreased ability to clear endotoxin from 
portal blood, and jaundiced patients with long-term cholestasis have an increased risk 
of systemic endotoxemia or Gram-negative sepsis, with potential morbidity and mor­
tality [9-13]. 

Reduced Activation of Kupffer Cells in Cholestasis 

Membrane CD14 has been identified as a receptor which promotes the cell activation 
system of peritoneal macrophages and monocytic cells [14]. This protein is one ofthe 
binding proteins for endotoxin complexes with septin or lipopolysaccharide-binding 
protein [15, 16]. Therefore, the expression of membrane CD14 on Kupffer cells was 
studied using a human liver specimen biopsied operatively from a patient with ob­
structive jaundice. The localization of CD14 on the Kupffer cells was examined by 
confocal laser scanning microscopy with immunohistological staining using an anti­
CD14 antibody and a FITC-conjugated antibody. A biopsied liver specimen from a 
patient with non-active HCV hepatitis served as the control. Confocal laser micro­
scopic analysis showed that the membrane CD14 of Kupffer cells in a cholestatic 
patient was sparsely expressed compared with that in the control patient (Fig. 6). 

Activation of the Kupffer cells by endotoxin or its complexes is probably a physi­
ological phenomenon because a small amount of endotoxin is derived from the gut 
every time a meal is taken. Our study indicates that most Kupffer cells in a cholestatic 
condition could not express CD14 on the cell membrane and could not promote their 
own activity. This would probably result in a cytokine network centering around the 
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FIG. 5. Confocal laser scanning micrographs of Kupffer cells (arrows) with immunohistological 
staining using an anti-lipid A antibody. a Kupffer cells (arrows) in the same control rat as in Fig. 
4 clearly contain a large amount of endotoxin lipid A. b Kupffer cells (arrows) in a cholestatic rat 
7 days after bile duct ligation. Endotoxin lipid A is very low in these Kupffer cells compared with 
those in the control rat 
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FIG. 6. Confocal laser scanning micrographs of the localization of membrane CD14 on Kupffer 
cells (arrows) using an immunohistological staining method. The expression of membrane 
CD14 on Kupffer cells in a cholestatic patients (b) is sparse compared with that in a control 
patient (a) 
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Kupffer cell and impairing the defense mechanism of the liver RES. However, the 
mechanism of this reduction of expressed CD 14 remains obscure. It might result from 
cell membrane damage or from the high dose of endotoxin present in the sinusoidal 
circulation, because a large dose of endotoxin suppresses the endocytic activity of 
Kupffer cells [17). 

Sinusoidal Endothelial Cells in Cholestasis 

Whereas endotoxin appears to be taken up selectively by Kupffer cells, many other 
nonparticulate macromolecules are taken up by sinusoidal endothelial cells as well 
[18-20). This finding reveals that the sinusoidal endothelial cell is also, at least in part, 
a component of the liver RES. In fact, sinusoidal endothelial cells contain a large 
number of foreign bodies in their cytoplasm under cholestatic conditions such as 
primary biliary cirrhosis (PBC) [21). This morphological change is sinusoidal 
cells might alter their characteristic fenestration and induce the hepatocyte injury 
found in cholestasis [21). On the other hand, ICAM-l was strongly expressed in 
the sinusoidal endothelial cells of a cholestatic rat model (Fig. 7). ICAM -1 expression 
in the sinusoidal endothelium by TNF-a or IL-l has been well documented in an in 
vitro study [22), and these cytokines are mainly produced in macrophages in the 
spleen activated by endotoxin [23) . Thus, a functional change in sinusoidal 
endothelial cells might handle cell infiltration and adhesion in the hepatic sinusoid in 
cholestasis [24). 

Receptors of Fc and C3b have been identified on Kupffer cells [25). Sinusoidal 
endothelial cells, however, have an Fc receptor on their surface but not a C3b receptor 
[25,26). This finding suggests that the sinusoidal endothelial cells may be unable to 

FIG. 7. Expression of IACM-l in a rat liver lobule 4 days after bile duct ligation, with 
immunohistological staining using an anti-rat ICAM-l antibody. X 100 
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clear IgM-immune complexes from the circulation. It is known that the serum level of 
IgM is significantly elevated in patients with PBC, and this elevated IgM is associated 
with anti-lipid A antibody [21]. Although the endocytosis of sinusoidal endothelial 
cells seems to be strongly enhanced to compensate for Kupffer cell dysfunction in 
PBC, the elevation of serum IgM may be due to Kupffer cell dysfunction in C3b 
receptor-mediated endocytosis. Thus, morphological and functional alterations in 
hepatic sinusoidal cells seem to be an important key in the pathogenesis of 
cholestasis. 
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Congenital Lipidosis 
SHOTARO SAKISAKA, MASARU HARADA, MOTONARI KAWAGUCHI, 
EITAROH TANIGUCHI, and KYUICHI TANIKAWA 

Summary. We studied livers from patients with cholesterol ester storage disease and 
Gaucher's disease by light and electron microscopy, and present their morphologi­
cal features. A 57-year-old male with a complaint of right hypochondrial pain was 
diagnosed with gallstones and cholecystitis. He then underwent cholecystectomy. 
Although his serum lipid profiles indicated no marked abnormality, his liver ap­
peared orange-yellow. Light microscopy (LM) showed marked lipid accumulation 
in hepatocytes and Kupffer cells. Electron microscopy (EM) revealed numerous 
membrane-bound lipid droplets and crystalline-like cholesterol in hepatocytes, as 
well as in Kupffer cells. Liver lipid analysis revealed a markedly high content of 
cholesterol ester and triglyceride. Liver lipid analysis and morphology, especially 
ultrastructural features, led to the diagnosis of cholesterol ester storage disease. A 23-
year-old female was admitted because of nose-bleeding and pancytopenia. Radio­
graphic examination revealed marked hepatosplenomegaly and an ovarian tumor. 
When she had an operation for the ovarian tumor, liver and spleen biopsy was done 
because metabolic disease was suspected. Liver and spleen specimens showed many 
large macrophages which contained abundant amorphous deposits. EM revealed that 
numerous large macro phages occupied the liver sinusoids and spleen. The accumu­
lated substance was in long tubules, which on cross section showed rectangular or 
circular profiles. These morphological findings and biochemical data confirmed 
Gaucher's disease. Collectively, EM study is a very useful approach for diagnosis of 
congenital disorders of the lipid metabolism. 

Key words. Cholesterol ester storage disease, Gaucher's disease, Electron microscopy, 
Ultrastructure 
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Introduction 

Congenital lipidosis affecting the liver is caused mainly by the congenital defect 
of lysosomal enzymes in hepatocytes and in liver macrophages (Kupffer cells). 
Diseases of this type include Fabry's disease, Gaucher's disease, and Nieman Pick's 
disease. However, leukodystrophies, such as Wolman's disease and cholesterol ester 
storage disease (CESD), are also characterized by the accumulation of lipids in the 
liver. 

In this study, we consider cases of CESD and Gaucher's disease in relation to the 
ultrastructure of the liver. 

Cholesterol Ester Storage Disease 

Wolman's disease was named after its discoverer, and was first described in 1956 [1). 
Since that time, more than 40 cases have been reported [2). Wolman's disease and 
CESD, a milder form of Wolman's disease, are autosomal recessive diseases. These are 
caused by a deficiency oflysosomal acid lipase, characterized by tissue accumulation 
of esterified cholesterol and triglycerides. CESD was first reported by Fredrickson in 
1963 [3) and more than 27 cases have been reported [2). 

Case Presentation 
Case. The patient was a 57-year-old male. 
Chief Complaint. The patient complained of right hypochondrial pain. 
Present Illness. The right hypochondrial pain had persisted for some time before the 
patient was admitted to our hospital. 
Physical Examination. No abnormal findings were noted in the vital signs. Neither 
anemia nor jaundice was detected. Heart and breathing appeared normal. The liver 
was palpable by two finger breadths under the right costal margin. The liver was 
elastic and firm, without tenderness. The spleen was palpable by one finger breadth 
under the left costal margin. 
Laboratory Data. Hematology: WBC 4800/mm3; RBC 405 X 104/ mm3. Blood chemis­
try: total bilirubin 1.2mgldL; direct bilirubin 0.5mgldL; alanine aminotransferase 
54KU; aspartate aminotransferase 34KU; lactate dehydrogenase 172KU; alkaline 
phosphatase 1O.8KAU; total cholesterol 228mg/dL; total protein 7.0g/dL; albumin 
4.0 gldL; indocyanine green l3.5%. Radiographic examination revealed galls­
tones. The patient underwent cholecystectomy for the treatment of gallstones and 
liver biopsy for diagnosis of the liver disease. The liver was enlarged and appeared 
orange-yellow. 
Light-Microscopic Findings. Light microscopy (LM) showed that hepatocytes as well as 
Kupffer cells were markedly enlarged and contained lipid-like material. There were no 
marked inflammatory reactions such as inflammatory cell infiltration or cell necrosis. 
Lipid infiltration in hepatocytes was seen throughout the liver lobule. The diagnosis 
was abnormal fat infiltration in the liver (Fig. 1). 
Electron-Microscopic Examination. Electron microscopy (EM) showed crystalline-like 
cholesterol and round lipid deposits in hepatocytes and in Kupffer cells (Fig. 2). 
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FIG. la,b. Light micrograph of the liver of a patient with CESD. a Lipid infiltration in 
hepatocytes can be seen throughout the liver lobule. b Hepatocytes as well as Kupffer cells are 
markedly enlarged and contain lipid-like materials. Hematoxylin and eosin stain. a x ISO; 
b X450 
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FIG. 2a-c. Transmission electron micrographs of the liver of a patient with CESD. Crystalline­
like cholesterol and round lipid deposition can be seen in a hepatocytes and b, c Kupffer cells. 
a X4300; b X4300; c X3400 



FIG. 2a-c. Continued 

TABLE 1. Lipid composition of the liver 

Lipids (mgtg wet weight) Normal liver 

Total cholesterol 
Free cholesterol 
Esterified cholesterol 
Triglyceride 
Phospholipids 

3.8 

2.9 (76.3) 

0.9 (23.7) 

3.5 
11.7 

Figures in parentheses are percentages. 
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Patient's liver 

24.1 

4.1 (17) 

20.0 (83) 

91.0 

8.7 

Biochemical Analysis. Biochemical analysis of the homogenate of the biopsy liver 
revealed an enormous deposition of esterified cholesterol and triglyceride in the liver 
(Table O. 

Discussion 
The findings of the liver lipid analysis and EM study suggested the presence of CESD. 
Both CESD and Wolman's disease are characterized by a congenital defect of acid 
lipase A. The gene locus responsible for these diseases is localized in chromosome 
lOq23 (2). In CESD, esterified cholesterol accumulates in the liver, the intestine, and 
around the blood vessels. We have not checked the latter two lesions. EM demon­
strated characteristic cholesterol deposition in hepatocytes and in Kupffer cells, which 
causes hepatomegaly. Generally, CESD is recognized in childhood or soon after, and 
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progression is slow. In contrast, Wolman's disease is characterized by rapid progres­
sion and in most cases is fatal within 6 months. 

The present case shows late onset and mild clinical manifestation, which are com­
patible with symptoms of CESD. The disease, which affects both liver and spleen, 
frequently results from deposition in macrophages and Kupffer cells. CESD should 
always be considered in the diagnosis of diseases characterized by hepatomegaly. 
Histological examination, especially by EM, could be a useful diagnostic tool. 

Gaucher's Disease 

Gaucher's disease, an autosomal recessive disease that was first described in 1882, 
mainly affects Ashkenazi Jews, and it is the most common lysosomal storage disorder 
[2,4]. Gaucher's disease is characterized by a defect in lysosomal ~-glucocerebrosidase, 
so that the substrate b-glucocerebroside accumulates in the reticuloendothelial system 
throughout the body, particularly in the liver, bone marrow, and spleen. 

Case Presentation 
Case. The patient was a 23-year-old female. 
Chief Complaint. The patient complained of nose-bleeding. 
Present Illness. When the patient visited the doctor because of nose-bleeding, 
pancytopenia and hepatosplenomegaly were noted. The patient was transferred to our 
department for further examination. 
Physical Examination. No abnormal findings were noted in the vital signs. Anemia 
was apparent without jaundice. Heart and breathing appeared normal. The liver was 
palpable by four finger breadths under the right costal margin. The liver was elastic 
and firm, without tenderness. The spleen was palpable by five finger breadths under 
the left costal margin. No lymphadenopathy was observed. No neurological abnor­
mality was seen. 
Laboratory Data. Hematology: WBC 2800/mm3 j RBC304 X 104/mm3 j Platelets 66000. 
Blood chemistry: aspartate aminotransferase 54KUj alanine aminotransferase 32KUj 
lactate dehydrogenase 263KUj alkaline phosphatase 9.5KAUj total protein 8.6g1dLj 
albumin 3.2g/dLj indocyanine green 13.5%j prothrombin time 48%j hepaplastin test 
57%j IgG 3589mgldLj IgA 405mgldLj IgM 405mgldLj erythrocyte sedimentation rate 
60mm/hj acid phosphatase 57KU (normal range, 1.0-4.0}j angiotensin converting 
enzyme (ACE) 87.8IU/L (normal range, 8.3-21.4}j f3-glucocerebrosidase in WBC 
1.1 nmol/mgP/h (normal range, 4.1-9.7). Radiographic examination revealed a greatly 
enlarged liver and spleen and an ovarian tumor. Liver and spleen biopsy was done 
during an operation for the ovarian tumor. 
Light-Microscopic Findings of the Biopsy Liver and Spleen. The hepatic sinusoids were 
occupied by many large cells (70-80f,tm in diameter) with pale cytoplasm. Many 
similar cells were also observed in the spleen (Fig. 3). 
Electron-Microscopic Examination. EM revealed greatly enlarged macrophages, which 

I 
are typical of Gaucher's cells, with material accumulated in the cytoplasm of the cells. 
These cells occupied the liver sinusoids. High-magnification EM showed numerous 
tubules (40-60nm in diameter) surrounded by single membranes in the cytoplasm. 
These cells were also observed in the spleen (Fig. 4). 
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FIG. 3. Light micrograph of the liver of a patient with Gaucher's disease. Markedly enlarged 
Kupffer cells contain amorphous material in the cytoplasm (arrows). These Gaucher's cells 
occupied the liver sinusoid. Toluidine blue stain. X450 

FIG.4. Transmission electron micrographs of the liver (a-d) and the spleen (e) of a patient with 
Gaucher's disease. a X2500; b X6000; c X31 000; d X27000; e X3900 
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FIG. 4. Continued 
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FIG. 4. Continued 

Discussion 
Biochemical analysis, including leukocyte tJ-glucocerebrosidase activity and serum 
ACE level, light microscopy, and EM suggested Gaucher's disease. The gene locus 
responsible for the disease is found on chromosome 1 [2]. Gaucher's disease is 
autosomal recessive and is the most prevalent lysosomal disease, primarily because of 
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the high prevalence (1 in 600) of type 1 disease in Ashkenazi Jews. Patients have an 
enzyme defect in f3-glucocerebrosidase, so that glucocerebrsoide accumulates in 
macro phages of various organs such as the bone marrow, liver, and spleen. The 
leukocyte and erythrocyte membranes are the major source of glucocerebroside. 
Three clinical variants are described. They differ in the course of the disease, particu­
larly type III, but cannot be distinguished by levels of enzyme activity. Type I, or 
chronic nonneuronopathic disease, usually causes hepatosplenomegaly in late child­
hood or adolescence, but was first detected in patients as old as 80 years. Pancytopenia 
is common, and thrombocytopenia is observed in more than 50% of patients, leading 
to mild hemorrhagic phenomena, as seen in the present case [2]. 

Although Brady first proposed enzyme replacement therapy in 1966, success was 
not obtained until 20 years later. The treatment is sequential deglycosylation of the 
secondary branches to form the purified enzyme isolated from human placenta. This 
exposes the mannose at the end of the primary carbohydrate side chains, which is 
preferentially taken up by the mannose receptor of macrophages, where the 
glucocerebroside is stored. The product is available as aglucerase (Ceredase), with 
which clinical responses are obtained with intravenous administration every 2 weeks. 
Clinical improvement was noted in blood counts and organomegaly in 12 patients. 
Bone marrow and liver transplantation have not yet resulted in significant improve­
ments [2]. The present case has a rather slow progression with mild or no bone lesion, 
but the patient remains a candidate for that therapy owing to severe hepatomegaly 
and low albuminemia, that suggests progressive liver lesion. Recently, in Japan, 
recombinant glucocerebrosidase has been used. We have decided to start this enzyme 
therapy on this patient next month. 
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