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1 Introduction - Morphology of the Liver Lobule 

The liver plays a unique role as a metabolic center of the body, and also performs other 
important functions (Table 1). The macroscopic and microscopic structure of the 
mammalian liver has been recognized relatively early. In 1833, Kiernan proposed that 
lobes of the pig liver organized around main branches of the portal vein were built up 
of small polyhedron morphological units of parenchyma, called lobules, with bounda­
ries made of connective tissue (Kiernan 1833). This classical liver lobule is charac­
terized by the presence of a central vein (terminal hepatic vein) located approximately 
in the middle of the unit, and of areas of connective tissue at its corners, called portal 
tracts, that contain interlobular branches of hepatic artery and portal vein, biliary 
ductules, lymphatic vessels and nerves. Portal tracts are bridged by narrow stripes of 
connective tissue which accompany terminal afferent arterial and venous branches 
running between the lobules to supply the sinusoids that lead the blood into a central 
vein draining the lobule. However, in man and rodents, classical lobules cannot be 
easily recognized because only a sparse amount of connective tissue septa lies be­
tween portal tracts. 

In 1954, Rappaport and co-workers proposed that the functional unit of the liver 
parenchyma may be represented by the smallest hepatic microcirculatory unit called 
simple acinus. Acinus contains the area of liver parenchyma supplied by terminal 
afferent blood vessels, portal venule and hepatic arteriole, present in the connective 
tissue septa between adjacent classical lobules (Rappaport et al. 1954; Rappaport 
1976). Terminal afferent vessels, together with bile ductules, form the axis of the 
acinus, from which it is supplied with blood. Following the bloodstream, at least two 
different zones can be discerned in the acinus: the periportal zone perfused with 
blood rich in oxygen, substrates and hormones, and the perivenous zone that received 
blood with low oxygen content; moreover, a transitional, intermediate zone had also 
been described (Rappaport 1976). At the periphery of the acinus, the terminal hepatic 
venule (central vein of the classical lobule) drains blood from sinusoids belonging to 
several adjacent acini. The concept of liver acinus as the basic morphological liver unit 
seemed to explain many pathological lesions of the liver and apparent hepatocyte 
heterogeneity that can be demonstrated in the mammalian liver by the use of histo­
chemical, microchemical, or immunohistochemical techniques (e.g., Novikoff 1959; 
Teutsc.\11981). However, data accumulated over the past 20 years have shown that the 
idea of a simple acinus cannot be correctly applied to the human or rat liver, which 
have a different vascular supply of hepatic lobules than pig or dog liver (Matsumoto 
and Kawakami 1982; Teutsch et al. 1999), and show distribution of some enzymatic 
activities that contradicts the acinus concept (Hildebrand et al.1986; Teutsch 1988). 
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Table 1. Main functions of the liver (modified from Jungermann 1995) 

1. 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8. 

Service functions for non-hepatic organs 

Center of metabolism 

Energy supply of the organism 

Glucose uptake and release 

Amino acids uptake and release 

Urea formation 

Lipid processing and synthesis 

Ketone bodies synthesis 

Biosynthesis and biodegradation 

Plasma protein synthesis and degradation 

Bile formation (excretion of endobiotics and xenobiotics) 

Center of defense 

Xenobiotic metabolism, scavenging of reactive oxygen species 

Phagocytosis 

Uptake and destruction of bacteria, viruses, parasites, particulate material, 
and macromolecules 

Elimination of tumor cells 

Acute phase reaction 

Control station of the hormonal system 

Inactivation and elimination of hormones and mediators 

Synthesis and release of (pro )hormones 

Synthesis of hormone-binding proteins 

Blood reservoir: passive and active blood storage 

Involvement in the regulation of blood pH 

Hematopoietic function in fetal and probably postnatal life 

Immunoregulatory functions 

Antigen presentation to lymphocytes 

Clearance of apoptotic lymphocytes 

Tolerance induction towards oral antigens 

Formation and maintenance of organ structure 

Synthesis and degradation of extracellular matrix components 

The understanding of many specific functions of the liver, initially forwarded by 
biochemical studies, has greatly expanded during the last 30 years by the introduction 
of the effective methods of the isolation of parenchymal liver cells, i.e., hepatocytes 
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(Berry and Friend 1969; Seglen 1976), that allowed culturing of these cells for many 
days. Although the maintenance of all specific functions of parenchymal cells in vitro 
was difficult to obtain, primary cultures of hepatocytes had been found to provide 
vast amounts of information about factors that control different liver functions. 

The advent of methods for the successful isolation and culture of non parenchymal 
liver cells (Eyhorn et al. 1988; Friedman and Roll 1987; Knook and Sleyster 1977; 
Knook et al. 1982; Smedsrod et al. 1985) has enabled detailed characterization of their 
structure and functions, which was not possible earlier in biochemical studies ofliver 
homogenates. The use of the co-culture system of hepatocytes and non parenchymal 
cells, or co-cultures of different types of nonparenchymal liver cells, has provided 
evidence for the existence of intercellular communication mediated mainly in the 
paracrine way via the release of various mediators. This way of intercellular coopera­
tion between different cells that build the liver lobule is becoming increasingly recog­
nized as an important mechanism for the control of diverse liver functions. The aim of 
this monograph is to present the current understanding of the signalling networks 
between nonparenchymalliver cells and hepatocytes that maintain homeostasis both 
in normal liver and in some pathological conditions. The short description of the 
hepatic sinusoids, and a more detailed presentation of the structural and functional 
features of hepatocytes and nonparenchymal liver cells, will be first presented. Be­
cause the scope of this review is limited to the cross-talk of various cells that build 
classical liver lobule, the participation of other liver cells, such as biliary epithelial 
cells, dendritic cells, fibroblasts, mast cells, cells building the extrasinusoidal vessels, 
and nerves, in the regulation of liver functions will be omitted. 

The liver tissue is organized at the microscopic level in lobules that consist of 
muralium made of anatomizing plates one cell thick, which extend from the portal 
tract in linear fashion to the central vein, and transmural spaces that contain tortuous 
hepatic sinusoids that are separated from hepatocytes by the perisinusoidal space of 
Disse (Fig. 1). Hepatic sinusoids, of a mean diameter of 5-7 f..Lm (MacPhee et al.1995), 
lead the mixed blood of the terminal branches of hepatic artery and portal vein to the 
terminal branch of the hepatic vein, i.e., central vein. The sinusoid represents a unique 
form of capillary characterized by continuous, but fenestrated endothelial lining, the 
presence of hepatic macrophages, i.e., Kupffer cells (KC), inside the lumen or as a part 
of sinusoid lining, the lack of genuine basement lamina, and the presence of peris­
inusoidal space (Disse's space) at its external aspect. There are no larger gaps between 
sinusoidal endothelial cells (SEC), and the only communication between the space of 
Disse and sinusoids is through the fenestrations of SEC. The absence of basement 
lamina facilitates the rapid exchange of acellular components of the blood with 
hepatocytes. Kupffer cells, which usually lie over the endothelium, are attached to the 
latter with cytoplasmic processes that sometimes pass through the fenestrations of 
endothelial cells extending into the perisinusoidal space. As seen by scanning electron 
microscopy, the perisinusoidal space of Disse appears as a continuous three-dimfm­
sionallabyrinth of intercellular and pericapillary microlacunae, in which hepatocytes 
are suspended (Motta 1984). The perisinusoidal space contains many cytoplasmic 
dendritic projections and cell body of hepatic stellate cells (HSC; synonyms: fat -stor­
ing cells, Ito cells, lipocytes, perisinusoidal cells, vitamin A-rich cells), abundant mi­
crovilli of hepatocytes, nerve endings, and a non-electron dense complex extracellular 
matrix (ECM). The ECM of the perisinusoidal space contains (Rojkind and Greenwel 
1994) few both collagen type I and procollagen type III striated collagen fibrils, 
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Fig. l. Schematic drawing of liver tissue. The parenchyma is built up of trabecular network of cell 
plates made ofhepatocytes (H) that have di- or polyploid nuclei, some cells are binucleated. The wall 
of sinusoid (S), formed by fenestrated endothelial cells (E) and Kupffer cells (K), does not show basal 
membrane; however, stellate cells (F) are present in the perisinusoidal space of Disse (SD). In some 
places Kupffer and pit cells (P) bulge into the sinusoidal lumen. Bile canaliculi (BC) are located on the 
lateral surfaces of adjoining hepatocytes. (Reproduced with permission from Sasse et al. 1992) 

deposits of nonfibrillar collagen types IV, VI, XIV, XVIII (Musso et al. 1998), compo­
nents of the basal membrane (collagen type IV, glycoprotein laminin, pro teo glycan 
perlecan), as well as other macromolecules such as glycoproteins (fibronectin, tenas­
cin, undulin, entactin), proteoglycans (heparan, derma tan and chondroitin sulphates, 
hyaluronic acid, syndecan, biglycan and decorin; Gallai et al. 1996), and osteonectin, 
also known as SPARC (Frizell et al.1995). Besides SEC and Kupffer cells, liver sinusoids 
also harbor resident dendritic cells (Sato et al. 1998; Drakes et al. 2000), and a hetero­
geneous population of intrahepatic lymphocytes (IHL), which contains the subpopu­
lation of pit cells representing liver-specific natural killer (NK) cells (Wisse et al. 1976; 
Kaneda and Wake 1983). 

Bile canaliculi, made up of longitudinal plasma membrane invaginations of two 
adjacent hepatocytes, continue to the periphery of the lobule until they reach canali­
cular-ductular junctions, previously known as canals of Hering (Motta 1984). The 
walls of these terminal canaliculi are formed both by hepatocytes and by a small 
number of flat epithelial cells that are closely associated with the surrounding hepato­
cytes. On leaving the lobule, Hering canals pass over into bile ductules; however, 
frequently bile canaliculi open directly into the large portal bile ducts (Motta 1984). 
Both parasympathetic and sympathetic nerves, which influence hepatocyte metabo-
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Table 2. Composition of rat liver (from Blouin et al. 1977) 

Extracellular space compartment 

Sinusoidal lumen 

Disse space 

Biliary canaliculi 

Relative part of cells in total liver volume 

Hepatocytes 

Non-hepatocytes 

Sinusoidal endothelial cells 

Kupffer cells 

Stellate cells 

Volume 

10.6% 

4.9% 

0.4% 

78.0% 

6.3% 

2.8% 

2.1% 

1.4% 

Relative number of cells 

60% 

19% 

15% 

6% 

lism and blood flow (Jungermann and Stumpel1999), emanate from portal tracts to 
the centrolobular spaces being located mainly in the space of Disse close to stellate 
cells, hepatocytes, and sinusoidal endothelial cells (Bioulac-Sage et al. 1990; Tiniakos 
et al.1996; Ueno and Tanikawa 1997). 

The results of detailed stereological morphometric investigations, which disclosed 
relative volumes of different cellular and intercellular compartments in the rat liver, 
reflect the importance of individual tissue components (Table 2). Lobular paren­
chyma, i.e., hepatocytes, sinusoids, Disse space, and billiary canaliculi, makes up 96% 
of rat liver volume; the remaining 4% include portal triads, and hepatic and central 
veins (Weibel et al.l969). The bulk ofliver parenchyma is made up ofhepatocytes that 
occupy more than ten times the volume of non-hepatocytes; however, the number of 
hepatocytes is only by half bigger than that of nonparenchymalliver cells (Table 2). 
Despite small contribution to the total volume of the liver, nonparenchymalliver cells 
contribute (Blouin et al. 1977) 26.5% to the total cell membrane surface (mainly 
endothelial cells), 58% to the volume of pinocytotic vesicles (mainly endothelial cells), 
43% to the total lysosomal volume (mainly Kupffer and endothelial cells), and 55% to 
the total fat droplet volume (mainly stellate cells). Besides endocytic and phagocytic 
functions of endothelial and Kupffer cells, and storage of vitamin A in stellate cells, 
apparent from morphometric investigations of the liver, nonparenchymalliver cells 
have many other functions that will be characterized in following chapters. 

It has only been recently realized that many functions of the liver depend on the 
cooperation of nonparenchymal and parenchymal liver cells. The communication 
between cells of the liver lobule takes place via three basic mechanisms: (1) gap 
junctional, (2) paracrine (through the release of mediators that act on target cells 
localized in close proximity to the secreting cell), and (3) juxtacrine (similar to 
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paracrine communication but requires close apposition of cell membranes, e.g., be­
tween leukocytes and endothelial cells). 

Only the two latter phenomena, i.e., paracrine and juxtacrine cellular interactions, 
which result in the multiplicity of signalling networks within the liver lobule, have 
been chosen as subjects of this review. Gap junctions allow direct transfer of small 
molecules between neighboring cells via intercellular channels composed of two 
hemichannels, each of which is formed by the two adjacent cells (Spray et al. 1994). 
Gap junctions function as low-resistance intercellular pathways that connect cyto­
plasms of neighboring cells and play an important role in the exchange of ions and 
nucleotides, propagation of calcium waves (Dupont et al. 2000; Tordjmann et al.1997), 
and adrenergic stimulation between parenchymal cells of the liver lobule (Saez 1997; 
Seseke et al. 1992; Stumpel et al. 1998), and also in bile secretion (Nathanson et al. 
1999). Because gap junctional communication involves only one type of liver cells 
(hepatocytes), its description is beyond the scope of this monograph. Endocytic and 
phagocytic properties of sinusoidal endothelial cells and Kupffer cells, which enable 
intracellular processing, secretion and uptake of the ligands processed further by 
neighboring hepatocytes (e.g., lipoproteins or hemoglobin), will also not be described 
in detail, since they are not specific for the liver cells, but rather reflect common 
features of endothelial cells and macrophages. 
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PART I 
Cells of the Liver Lobule 



2 Hepatocytes 

Parenchymal liver cells, i.e., hepatocytes, constitute the major cellular compartment of 
the liver and may be regarded as key hepatic effector cells since the majority of liver 
functions could be attributed to their activity. Hepatocytes are also the main target of 
liver-damaging agents (biological and chemical), and their injury leads to acute or 
chronic liver disease. The aim of this monograph is to show that the activities and 
interactions of nonparenchymal liver cells with hepatocytes and non-hepatocytes 
constitute important factors that may regulate many aspects of liver physiology and 
pathology. Therefore, and because of space constraints, only basic information about 
the structure and function of hepatocytes will be presented. For in-depth reviews 
about the role of liver parenchymal cells in health and disease, the reader should 
consult textbooks of hepatology and specialized monographs. 

2.1 
Morphology of Parenchymal Liver Cells 

The hepatocyte is a polyhedral multifaceted cell with eight or more surfaces. Its 
diameter varies between 25-30 1-1m in length, and 20-25 1-1m in width (Motta 1984). 
Several structural surface components participate in two or three major domains of 
the hepatocyte: (a) the basolateral surface (perisinusoidal and pericellular), which is 
highly enlarged through the presence of many short microvilli; (b) the straight or 
contiguous domain between adjacent cells; and (c) the bile canalicular domain. 

The structure and function of hepatocyte organelles are similar to that of other 
cells; however, parenchymal liver cells are endowed with vast numbers of organelles. 
Stereological measurements of rat liver revealed that the single mononuclear rat 
hepatocyte has an average volume of 5,000 1-1m3 (Loud 1968; Weibel et al. 1969). The 
hepatocyte cytoplasm occupies slightly more than 50%, the nucleus 7%, mitochondria 
22% (ca. 1,650 per cell), smooth endoplasmic reticulum and Golgi apparatus 12%, 
rough endoplasmic reticulum, which contains approximately 12 million attached ri­
bosomes, 6% of the cell volume; the amount and volume of lysosomal compartment is 
highly variable, there are also about 1,000 peroxisomes in one hepatocyte (Blouin et al. 
1977; Loud 1968; Weibel et al.1969). The volume of glycogen granules depends on the 
nutritional status of an animal. Many hepatocytes of the mammalian liver may be 
binucleated or polyploid. There are some differences in hepatocyte ultrastructure that 
are related to the location of the cell in the liver lobule, e.g., greater number and 
dimensions of mitochondria in periportal hepatocytes as compared with perivenous 
hepatocytes are assumed to reflect their higher metabolic activity (Blouin et al.1977). 
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2.2 
Functions of Hepatocytes 

Parenchymal liver cells participate almost in all functions that have been attributed to 
the liver (Table 1). They confer to the liver an important function of the body's 
glucostat by releasing glucose through the process of glycogenolysis, and producing 
glucose from noncarbohydrate substrates via the pathway of gluconeogenesis. Hepa­
tocytes are the only cells that inactivate toxic ammonia in the urea cycle. Parenchymal 
liver cells synthesize the bulk of serum proteins, including components of the comple­
ment system and acute-phase proteins, important compounds of the innate immu­
nological system. Hepatocytes play a substantial role in the metabolism of exogenous 
and endogenous lipids through the synthesis of many classes of lipoproteins and 
catabolism of blood-derived cholesterol-enriched proteins. Parenchymal liver cells 
are well equipped for the defense against oxidative stress, and are responsible for the 
detoxification of numerous endo- and exogenous substances. The production of bile 
components such as bile acids, cholesterol, phospholipids and conjugated bilirubin, 
takes place also in hepatocytes. The reactivity of parenchymal cells of the liver to­
wards the multiplicity of hormonal, paracrine, and autocrine signals is of utmost 
importance for the control of liver functions. The liver represents probably the most 
intensively studied organ of the body in respect to the mechanisms of hormonal 
signal transduction, and plasma membrane and intracellular hormonal receptors 
have been identified in hepatocytes for many hormones and other signalling mole­
cules. Moreover, hepatocytes synthesize and release some (pro )hormones, and many 
intercellular mediators into the circulation. Some of the substances synthesized in 
hepatocytes, which may play a role in the intercellular cross-talk inside the liver 
lobule, have been listed in Table 3. 

Besides hormones and signalling molecules released from extrahepatic sources or 
by nonparenchymalliver cells, hepatocytes within one lobule respond to neurotrans­
mitters released from both sympathetic and parasympathetic nerve endings located 
either directly on hepatocytes or in close proximity to the cells of liver sinusoids 
(Bioulac-Sage et al. 1990; Tiniakos et al. 1996; Ueno and Tanikawa 1997). In normal 
liver, parenchymal cells rarely divide; however, upon resection of a part of the liver, or 
in some forms of severe liver injury, hepatocytes proliferate rapidly to restore the 
organ mass. This phenomenon of hepatic regeneration is regulated not only by ex­
tracellular factors but also by many substances released from neighboring non­
parenchymal liver cells that act on hepatocytes via paracrine interactions (Fausto 
2000). Although parenchymal liver cells are mostly presented as targets of action of 
multiple mediators generated inside intra- and extrahepatic regulatory networks, 
hepatocytes secrete tens of biologically active substances that affect many cell types in 
the liver and throughout the body. Remarkably, the effects of mediators released by 
hepatocytes on nonparenchymal cells of the liver lobule have been relatively poorly 
characterized (see Table 11). 

10 



Table 3. Mediators released from hepatocytes that may affect non parenchymal liver cells via parac­
rine interactions 

Cytokines 

EGF 

IGF-1 

References 

Mullhaupt et al. 1994 

Dong et al. 1998; Saile et al. 1995; Scott and Baxter 1986 

Saad et al. 1995 lnterleukin-6 

Interleukin-8/CINC 

MCP-1 

Dong et al. 1998; Shiratori et al. 1994; Thornton et al. 1990 

Dong et al. 1998 

MIP-2 

TNF-a 

VEGF 

Other mediators 

Nitric oxide 

Carbon monoxide 

Reactive oxygen species (ROS) 

Cysteinylleukotrienes 
{LTC4 and LTD4) 

ATP 

Dong et al. 1998 

Gonzales-Amaro et al. 1994a; Saad et al. 1995 

Mochida et al. 1996; Yamane et al. 1994 

Geller et al. 1993; Saad et al. 1995 

Bauer et al. 1998b; Goda et al. 1998 

Bailey and Cunningham 1998 

Fukai et al. 1996; Shimada et al. 1998; Titos et al. 2000 

Schlosser et al. 1996 

a Expressed in diseased human liver, and at low level in normal liver. 

2.3 
Heterogeneity of Hepatocytes and Non parenchymal 
Liver Cells Inside the Liver Lobule 

The structure of liver plates that build the liver lobule, homogenous by H&E staining, 
appears heterogenous by the use of histochemical techniques. The metabolic hetero­
geneity of hepatocytes may be explained through their distance from the terminal 
portal and arterial branches that determines their relation to the nutritional and 
oxygen gradients (Jungermann 1995). Parenchymal liver cells localized at the periph­
ery of the classical liver lobule (i.e., in the periportal zone of Rappaport's simple 
acinus), which can be termed as periportal hepatocytes (Sasse et al.1992), function in 
the microenvironment rich in oxygen, substrates, and hormones contained in the 
blood of terminal afferent vessels. In contrast, parenchymal cells located around the 
central vein (i.e., terminal hepatic venule of Rappaport's simple acinus), called 
perivenous hepatocytes (Sasse et al. 1992), contact the perfusate of blood partially 
depleted of oxygen and substrates, but enriched in COz, and other products of meta­
bolism (Rappaport 1976). Thus, the enzymatic phenotype of a hepatocyte is to a great 
extent dependent on its location on the porto-central axis. Metabolic zonation ex-
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pressed, however, to various degrees for different processes, was described for carbo­
hydrate, oxidative, xenobiotic, amino acid and ammonia metabolism, cholesterol syn­
thesis, and bile formation (Jungermann 1995). The development of methods ·for the 
isolation of periportal and perivenous hepatocyte subpopulations (Lindros and Pen­
tilla 1985) has demonstrated the existence of the intralobular metabolic cooperation 
in relation to ammonia (Haussinger 1990) and glucose metabolism (Jungermann 
1995). For example, it was found that periportal hepatocytes are predominantly glu­
coneogenic, but perivenous hepatocytes are glycolytic (Ikezawa et al. 1998; Quistorff 
1985; Teutsch 1988). 

The concept of functional zonation relates mainly to hepatocytes, although some 
zonal differences in the distribution and characteristics of nonparenchymalliver cells 
have also been observed (Jungerman and Kietzmann 1996). For example, it has been 
shown that Kupffer cells are more numerous around portal vein branches, and that 
these periportal cells are larger and more active than centro lobular liver macrophages 
(Kaneda and Wake 1983; Sleyster and Knook 1982). A gradient of mediators released 
from periportal liver macrophages into the circulation probably exists between 
perivenous cells (which would first come into contact with the mediators released into 
sinusoidal blood and quickly be washed out along the porto-central axis of the 
classical lobule) and periportal cells (both nonparenchymal and parenchymal), which 
would react later to much smaller (if any) amounts of mediators delivered through the 
systemic circulation (Jungermann and Kietzmann 1996). A zonal heterogeneity of the 
sinusoidal endothelial lining has been reported with regard to filtering (fenestrations 
are more numerous and larger in periportal SEC) capacity and binding of lectins 
(Wisse et al. 1999), distribution of plasma membrane proteins (Scozaec et al. 1994), 
and ability to endocytose apoptotic lymphocytes (Dini and Carla 1998). Hepatic 
stellate cells are more numerous in perivenous than periportal areas (Jezequel et al. 
1984). Perivenular HSCS have longer cytoplasmic processes, contain less retinoid 
stores (Wake and Sato 1993), express less desmin (Ballardini et al. 1994) and fewer 
endothelin-1 receptors (Gondo et al. 1993) than periportal stellate cells. Similar to 
Kupffer cells, pit cells are also numerically predominant in the periportal region of the 
liver lobule (Kaneda and Wake 1983). 
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3 Sinusoidal Endothelial Cells 

Endothelial cells of liver sinusoids (SEC) differ in many structural and functional 
aspects from other endothelial cells of the body. They do not have a regular basement 
membrane, and are often embraced by the cytoplasmic processes of underlying he­
patic stellate cells. SEC constitute an important filtration barrier between macromole­
cules and blood cells present in the sinusoidal lumen and hepatocytes that prevents 
their direct contact, and determines the exchange of various substances. SEC possess 
a large pinocytotic and endocytic capacity due to the presence of numerous plasma 
membrane receptors. They also actively participate in the immunological functions of 
the liver. 

3.1 
Morphology 

Liver sinusoidal endothelial cells form a continuous lining of the liver sinusoids, 
separating parenchymal cells and hepatic stellate cells from sinusoidal blood. These 
flat, elongated cells with a small cell body and numerous thin cytoplasmic processes 
form the lining of the sinusoidal wall (Fig. 2). The fenestrations, of an average diame­
ter of 160 nm in rat liver (Wisse 1972), are distributed in clusters of 10-50 pores, 
referred to as sieve plates, and occupy 6%-8% of endothelial surface, which means 
that ca. 93% of the sinusoidal lining is represented by continuous endothelium. Fenes­
trae have a cytoskeletal ring consisting of actin, myosin, and actin-binding proteins 
(Wisse et al. 1999). Contraction of fenestrae has been observed in cultured cells in 
response to serotonin, nicotine, and other agonists; however, the mechanisms that 
regulate the number and diameter of fenestrae have not been well recognized (Fraser 
et al. 1995). The nuclei of SEC are relatively small, containing aggregates of hetero­
chromatin and a prominent nucleolus (Wisse 1972). Besides the usual cell organelles, 
such as mitochondria, endoplasmic reticulum, microtubules, microftlaments, Golgi 
apparatus, and a few peroxisomes, there are abundant lysosomes, phagosomes, coated 
pits, micro- and macropinocytotic (diameter 700-1000 nm) vesicles (Wisse 1972), so 
that components of the lysosomal and endosomal system contain 12.4% of the cell 
volume (Blouin et al.1977). The specialization of SEC in endocytosis is emphasized by 
the morphometric data, showing that SEC contribute 45% to the total hepatic volume 
of the pinocytotic vesicles although these cells occupy only about 3% of total liver 
volume; lysosomes contribute 17% to the total lysosomal volume of the liver (Blouin 
et al.1977). In contrast to other endothelia, Weibel-Palade bodies could not be seen in 
situ in rat liver SEC (Wisse 1972); however, these structures were observed in cultures 
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of human (Harrison and Boudreau 1989) and rat (Hellman et al.1989) SEC. Although 
liver sinusoidal endothelial cells lack a morphologically defined basement membrane, 
they secrete components of the basement membrane-like material to the space of 
Disse (see Table 5). 

3.2 
Cellular Functions 

The main function of SEC is believed to be formation of a general barrier against 
pathogenic agents and they serve as a selective sieve for substances passing from the 
blood to parenchymal and stellate cells, and in the opposite direction. Blood cells that 
flow through the sinusoids are excluded from the entry into Disse space. The filtering 
effect is greatly enhanced by a huge transport and clearance capacity of SEC based on 
the receptor-mediated endocytosis and intercellular metabolism of a wide range of 
macromolecules, including glycoproteins, lipoproteins, extracellular matrix compo­
nents, and inert colloids. Liver sinusoidal endothelial cells constitute an important 
component of the complex network of cellular interactions in the liver through the 
secretion of many substances and reactivity to many signals received form neighbor­
ing cells. 

3.2.1 
Filtration 

The sieving function of SEC has a major effect on the hepatic uptake of particles or 
rigid droplets, such as lipoproteins, of which chylomicrons and their remnants are 
involved in the bulk transport of lipids. Chylomicrons up to the size of fenestrae are 
present in the space of Disse; however, larger chylomicrons carrying alimentary lipid 
must first be metabolized by the action of lipase, which is localized on the surface of 
endothelial cells (Sanan et al.1997), to be able to pass through the fenestrae (Wisse et 
al. 1985). Through the dynamic changes of the fenestrae size, SEC are supposed to 
control the admission of cholesterol-enriched, vitamin A-containing chylomicron 
remnants to hepatocytes and stellate cells, and play an important role in controlling 
the distribution of lipids, cholesterol, and vitamin A between the liver and other 
organs (Bakkeren et al.1990; Fraser et al.1995). 

3.2.2 
Endocytosis, Pinocytosis, Phagocytosis, and Transcytosis 

The ultrastructural features indicate that SEC possess a high pinocytotic and endo­
cytic capacity for fluids, molecules, and small particles (Wisse 1972). Receptor-medi­
ated endocytosis (Table 4) of circulating collagen, hyaluronic acid, fibronectin, 
laminin, nidogen ( entactin), and chondroitin sulphate proteoglycan is a major physi­
ological role of SEC (Smedsrod et al. 1994). Hyaluronic acid, a major extracellular 
matrix component, is rapidly removed by SEC from the circulation, so that its serum 
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Table 4. Receptors of sinusoidal endothelial cells 

1, Receptors for connective 

tissue components 
Hyaluronic acid 

(Pro )collagen, collagen a-chain 
receptor 

Fibronectin 

2. Other receptors active 
in endocytosis and phagocytosis 

Scavenger receptor class A 

Scavenger receptor specific for LPS 

Mannose/N-acetylglucosamine 
receptor 

Fc-receptor for immune complexes 

CD14 (LPS-binding protein receptor) 

Ceruloplasmin receptor 

Transferrin receptor 

3. Cytokines and growth 
factor receptors 

IGF-1, type 1 

Interferon-y 

IL-l 

IL-6 

PDGF-a and -~ 

TGF-131 

TNF-a 

Thrombopoietin 

VEGF (Flt-1 and KDR/flk-1) 

4. Prostanoid receptors 

PGD2, PGE2, PGh, TXA2 

TXA2 

5. Hormonal receptors 

ANP (guanylate cyclase) 

Endothelin type A and B receptorsa 

Endothelin, only type B receptorb 

Estrogen 

Glucagon 

References 

McCourt et al. 1999; Smedsrod et al. 1984 

Smedsrod eta!. 1990 

Johansson et al. 1987 

Smedsrod eta!. 1994 

van Oosten et al. 1998 

Magnusson and Berg 1989; Praaning eta!. 1987 

Johansson eta!. 1996; Muro eta!. 1987 

Scoazec et a!. 1994 

Omoto and Tavasoli 1990 

Tavasoli et al. 1986 

Zimmermann et al. 2000 

Volpes et al. 1991 

Anasagasti et a!. 1996 

Deaciuc et al. 1994a 

Heldin eta!. 1991 

Rieder et al. 199 3 

Deaciuc et al. 1995 

Cardier and Dempsey 1998 

Mochida eta!. 1996; Yamane et al. 1994 

Fennekohl eta!. 1999 

Ishiguro et al. 1994 

Bilzer et al. 1999 

Diamantis et al. 1998 

Housset et al. 1993 

Vickers and Lucier 1996 

Watanabe et al. 1988 
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Table 4 continued. Receptors of sinusoidal endothelial cells 

Glucocorticoid 

Growth hormonea 

Lutropin 

P1 and P2 purinergic receptors 

6. Other receptors 

Complement CSa (anaphylotoxin) 

Thrombin 

Raddatz 1996 

Zimmermann et al. 2000 

Fiete et a!. 1992 

Takemura et al. 1994 

Schlaf et al. 1999 

Marra et a!. 1998a 

a Detected through the presence of receptor's mRNA by in situ RT-PCR. 
b Demonstrated by ligand-binding assay and mRNA levels. 

level is used as an indicator of sinusoidal endothelial cell function (Deaciuc et al. 
1994b). 

Scavenger receptors bind modified forms of low-density proteins (LDL), thus 
forming a protection system that may prevent uptake of modified LDL with sub­
sequent foam cell forming by infiltrating macrophages (Krieger 1997). Scavenger 
receptor class A of the endothelial cell takes up a wide array of macromolecular waste 
molecules, a function reflected by the uptake of unphysiologically modified serum 
proteins with a net negative charge, such as acetylated low density lipoprotein 
(Smedsrod et al. 1994).1t has been shown that advanced glycation end products, e.g., 
az-macroglobulin, were eliminated from blood through the scavenger receptor-medi­
ated endocytosis both by hepatic endothelial and Kupffer cells (Smedsrod et al.1997; 
van Dijk et al. 1992). 

Rat liver endothelial cells have a greater capacity than Kupffer cells to endocytose 
N-acetylglucosamine- and mannose-terminated glycoproteins (Praaning et al. 1987). 
Besides many nonphysiological ligands (e.g., ovalbumin, mannan, invertase, horse­
radish peroxidase) and several lysosomal enzymes (that may enter the portal vein 
from the gut), which bind to the mannose receptor, tissue-type plasminogen activator 
and circulating C-terminal propeptide (of type I procollagen) were the first physi­
ological ligands shown to bind in vivo to this receptor on liver endothelial cells 
(Smedsrod et al. 1994). Rat and human SEC recognize and internalize apoptotic 
peripheral blood lymphocytes through their binding to the mannose receptor (Dini 
and Carla 1998). 

The Fe receptor of endothelial cells is involved in the clearance of soluble antigen­
antibody complexes through the interaction with the Fe part of immunoglobulin G 
(Johansson et al.1996, 2000; Kosugi et al.1992). This feature enables SEC to store and 
metabolize serum immunoglobulins (Chroneos et al. 1995; Iwamura et al.1995). The 
quantitative estimation of Kupffer cells and SEC immune-complexes binding capacity 
showed that liver endothelial cells may constitute an important reserve capacity in 
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addition to KC which are normally the most important cells in the elimination of 
circulating immune complexes (Bogers et al.1992; Johansson et al. 2000). · 

Transcytosis comprises receptor-mediated endocytosis of some ligands and secre­
tion on the other side of the epithelium. This mechanism has been demonstrated in 
SEC for the transport of ceruloplasmin (Irie and Tavasoli 19S5), transferrin (Irie and 
Tavasoli 19S9), and transcobalamin (Soda and Tavasoli 19S5). During transcytosis 
these ligands are partially digested or desialylated, and transferred to parenchymal 
cells through the interaction with the galactose receptor on hepatocytes (Irie and 
Tavasoli 19S9; Soda and Tavasoli 19S9). 

3.2.3 
Immunological Function 

Vast amounts of particulate and soluble material generated in the gut, such as food 
antigens and bacterial products, continuously enter the liver through the portal vein. 
Due to the presence of Kupffer cells, and sinusoidal endothelial cells that show promi­
nent endocytic and phagocytic capabilities, the liver removes many of the foreign 
molecules both in nonspecific and specific ways. However, it has recently become clear 
that many exogenous antigens arriving in the liver may induce specific immunologi­
cal reactions that lead to the development of immune tolerance rather than immune 
responses. Liver sinusoidal endothelial cells have the capacity to function as antigen­
presenting cells (APC) as they constitutively express MHC class I and II (Rubinstein et 
al.19S6), CD4 (Scoazec and Feldman 1990), CDll (Knolle et al.1999), CD54 (ICAM-1; 
Essani et al. 1995), CD106 (VCAM-1; Wong 1997) molecules, and also costimulatory 
molecules CDSO (Lohse et al.1996), CD40 and CDS6 (Knolle et al.1999), necessary for 
the presentation of antigens to T cells. In contrast to endothelial cells from other 
organs, SEC do not need prestimulation with proinflammatory cytokines (such as 
IFN-y or TNF-a) to induce effective antigen presentation to CD4+ T cells (Lohse et al. 
1996). Liver SEC can activate naive CD4+ T cells into IL-4/IL-10-expressing cells 
through the MHC-class II restricted antigen presentation; however, in contrast to 
conventional APC populations, they do not induce the differentiation of T cells into 
Th1 cells, but rather generate regulatory T cells that can be engaged in antigen-specific 
downregulation of immune responses (Knolle et al. 1999). Thus, the induction of 
cytokine production in activated T cells by SEC, acting as antigen-presenting cells, 
may serve to enhance nonspecific effector mechanisms such as endocytosis and 
phagocytosis; hepatocellular damage will be avoided as induction of effector Th1 will 
not occur. Moreover, it was shown that sinusoidal endothelial cells can efficiently 
present exogenous, soluble antigen on MHC class I molecules to CDS+ T cells, in a 
process of cross-presentation, with the resulting development of antigen-specific T 
cell tolerance (Limmer et al. 2000). The activation ofT cells by sinusoidal endothelial 
cells was shown to be downregulated by IL-10, PGEz, and TNF-a, mediators released 
from LPS-elicited Kupffer cells, demonstrating paracrine control mechanism for anti­
gen presentation in SEC (Knolle and Gerken 2000). 

Another role of SEC in the modulation of the immunological responses appears 
from the selective retention in the liver of activated, but neither rested nor apoptosing, 
CDS+ T cells, which occurs via mechanism mediated primarily by ICAM-1 (CD54) 
constitutively expressed on SEC and Kupffer cells (Mehal et al.1999). T cells selectively 
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trapped in the liver became apoptotic (Mehal et al. 1999) in a process related to the 
expression of Fas ligand on Kupffer and sinusoidal endothelial cells, and the release of 
cytotoxic mediators from these cells (Muschen et al.1998). In contrast to other organs, 
the adhesion ofT cells to liver sinusoidal epithelium does not require the expression 
of selectins to induce leukocyte rolling but depends upon the expression of vascular 
adhesion protein 1 (McNab et al.1996). 

Thus, the normal liver may both destroy foreign or self antigens by nonspecific 
phagocytosis, induce immune_ tolerance towards other "nonharmful" antigens 
through the APC function of its endothelial cells, and may also play the role of a "sink'' 
for activated T cells that traffic through the liver. The participation of pit cells and 
intrahepatic lymphocytes in the regulation of hepatic immune responses will be 
further described in this chapter. 

3.2.4 
Secretory Activity 

Sinusoidal endothelial cells synthesize many substances that affect neighboring cells 
in a paracrine way, or, after release into the circulation, may influence distant cells. 
Some of these substances are produced constitutively, whereas others are released 
after induction by specific factors. To the main secretory products of endothelial cells 
belong prostanoids, nitric oxide, endothelin-1, and various cytokines (Table 5 and 
further chapters). The short-lived mediators, such as prostacyclin, thromboxane, and 
nitric oxide, seem to act in a paracrine way on hepatic stellate cells, Kupffer cells, and 
hepatocytes rather than on distant cells. 

Similarly to other endothelial cells, SEC produce endothelin (Eakes et al. 1997; 
Rieder 1991). In the normal liver only nonsinusoidal endothelial cells express ET-1 
mRNA (Eakes et al. 1997); however, during liver injury ET-1 has been shown to be 
overproduced by both SEC and stellate cells (Clemens and Zhang 1999). 

Although sinusoidal endothelial cells, in contrast to other endothelial cells, do not 
rest on the complete basement membrane, they express transcripts and immunopre­
cipitates of some of the main basal lamina protein components (Table 5); the in­
creased synthesis of basal lamina material in acute and chronic liver injury (Neubauer 
et al. 1999) may be involved in the formation of typical electron-dense basement 
membrane, the so-called capillarization of liver sinusoids, one of the characteristics of 
liver fibrosis (Schaffner and Popper 1967). 

3.2.5 
Other Functions 

Endothelial cells of the liver sinusoids were shown to participate in the control of 
hemostasis, coagulation (through the production of PAI-l; Table 5), sinusoidal blood 
flow (secretion of endothelin-1, NO, and prostanoids), tissue proliferation and repair 
via the production of growth factors (HGF, TGF-~), and antitumor activity (Umansky 
et al. 1996; Vidal-Vanaclocha et al. 2000). Some of these functions, controlled by the 
cooperation with other nonparenchymalliver cell types, will be reviewed in further 
chapters. 
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Table 5. Substances synthesized and secreted by cultured sinusoidal endothelial cells 

1. Components of the ECM 

Basement membrane components 

Laminin 

Collagen type IV 

Entactin (nidogen) 

Perlecan (proteoglycan) 

Other ECM components 

Collagen type I and III 

Fibronectin 

Tenascin 

Undulin (collagen type XIV) 

Syndecan 1 (proteoglycan) 

References 

Neubauer et al. 1999a,b 

Geerts et al. 1993a; Herbst et al. 1997a 

Neubauer et al.l999a,b; Schwoegler et al. 1994 

Rescan et al. 1993 

Irving et al. 1984 

Neubauer et al. 1999a; Rieder et al. 1987 

Neubauer et al. 1999; Ramadori et al. 199lb 

Knittel et al. 1992 

Roskams et al. 1995 

2. Cytokines and growth factor binding proteins 

HGF 

IGFBP-2 and -3 

IL-Ia, IL-113 

Maher 1993 

Zimmerman et al. 2000 

Feder et al. 1993; Lohse et al. 1996 

Rokita et al. 1997 IL-l receptor antagonist 

IL-6 

IL-18 

Feder et al. 1993; Knolle et al. 1997; Rieder et al. 1990 

Vidal-Vanaclocha et al. 2000 

BasicFGF 

Thrombopoietin 

TGF-131 

TGF-132 

TNF-a 

3. Other substances 

Rosenbaum et al. 1989 

Cardier and Dempsey 1998 

Rieder et al. 1993 

Bissel et al. 1995, De Bleser et al. 1997a 

Vidal-Vanaclocha et al. 2000 

Endothelin-1 Eakes et al. 1997; Rieder et al. 1991 

Leukotriene C4 Shimada et al. 1998 

Nitric oxide Shah et al. 1997 

Prostanoids: PGDz, PGEz, PGFza, PGiz, TXAz Eyhorn et al. 1988 

Plasminogen activator inhibitor-! (P AI -1) Kuiper et al. 1989; Rieder et al. 1993 

von Willebrand's factor (factor VIII)c Harrison and Boudreau 1989; Hellman et al. 1989 

a Transcripts present in freshly isolated SEC. 
b Secretion stimulated by TGF-131. 
c Some authors localized factor VIII also in hepatocytes. 
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4 Kupffer Cells 

Kupffer cells, the resident macrophages of the liver, are located within the lumen of the 
sinusoids overlapping the thinned endothelial wall, and their cellular extensions con­
tribute to a kind of double lining of the sinusoid (Motta 1984). Kupffer cells represent 
the largest population of macrophages in the mammalian body (Bouwens et al. 1986), 
and are largely responsible for clearing the post-mesenteric blood of gut-derived 
bacteria and potent bacterial toxins such as endotoxins or peptidoglucans. Besides 
high phagocytic and endocytic activity, hepatic macrophages secrete a host of media­
tors which interact in a paracrine way with neighboring cells, mainly hepatocytes and 
stellate cells. 

4.1 
Morphology 

Kupffer cells closely resemble other macrophages: their cell body shows numerous 
microvillous projections, blebs, lamellipodia and occasional fillipodia. In many in­
stances their cytoplasmic processes penetrate through the fenestrae of endothelial 
cells and reach out into the subendothelial Disse's space being in direct contact with 
hepatic stellate cells and hepatocytes (Wisse 1974). Kupffer cells have a bean-shaped 
nucleus and abundant cytoplasm containing many well-developed heterogeneous 
lysosomes and pinocytotic vesicles (Fig. 2). These ultrastructural features reflect the 
prominent role of these cells in the degradation of particles and substances taken up 
from the bloodstream. Stereological analysis of Kupffer cells in perfusion-fixed rat 
liver revealed the following volumetric composition: nuclei 19%, cytoplasm 61%, 
mitochondria 4.5%, lysosomes 13.5%, and pinocytic vesicles 2% (Blouin et al. 1977). 

Morphologically, Kupffer cells are distinct from other macrophages as they show a 
characteristic pattern of endogenous peroxidase staining of the rough endoplasmic 
reticulum and perinuclear envelope (Wisse 1974). Kupffer cells express a number of 
antigens characteristic of monocytes/macrophages such as CD68 antigen; however, 
they possess also cell-specific antigens, e.g. galactose/fucose receptor (Hoyle and Hill 
1988). 
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Fig. 2. Transmission electron microscopy of rat liver sinusoid with a Kupffer cell in its lumen and 
sinusoidal endothelial cell (SEC) lining. Arrows indicate open fenestrations in the cytoplasmic proc­
esses of SEC. Irregularly shaped nucleus, and multiple vacuoles with endocytosed and phagocytosed 
material are present in the cytoplasm of Kupffer cell. Two large vacuoles represent heterophagosome 
and phagosome, the latter possibly resulting from phagocytosis of effete red blood cells. H, hepato­
cytes with short microvilli protruding into the space of Disse (SD). Bile canaliculus (BC) can be seen 
between adjacent hepatocytes. Scale bar, 2 flm. (Courtesy of Professor Bard Smedsrod, University of 
Tromso, Norway) 

4.2 
Distribution and Origin 

Kupffer cells are concentrated in the periportal region of the liver (Wake et al. 1989), 
which is an advantageous position to monitor the blood entering the liver. Within the 
rat liver lobule 43o/o of Kupffer cells are periportal, 32o/o mid-zonal, and 25o/o are found 
in the perivenous zone (Sleyster and Knook 1982). Periportal Kupffer cells are larger 
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and show both a higher endocytic activity and higher lysosomal enzyme activity per 
cell than midzonal and perivenous Kupffer cells (Sleyster and Knook 1982). The 
smaller KC in the perivenular zones were found to be more active in cytokine produc­
tion, and have a higher cytotoxic capacity (Hardonk et al. 1989). Heterogeneity of 
Kupffer cells in respect to lysozyme (Bardadin et al.1991) and Fey receptor (Tomita et 
al. 1994) expression, and differences in the secretory properties of isolated rat liver 
macrophages (Hoedemaker et al. 1995) have also been described. 

Hepatic macrophages are the end-stage cells in the mononuclear phagocytic series, 
which may be derived from monocytes or stem cells in the bone marrow (Naito et al. 
1997). It was shown in vivo in mice that under normal conditions bone marrow cells 
accumulated in the liver and rapidly differentiated into liver macrophages (Takezawa 
et al.1995). 

4.3 
Isolation 

Centrifugal elutriation is the method of choice for the purification of nonparenchy­
malliver cell suspensions (Knook and Sleyster 1977); however, the difference in the 
adherence properties of KC and other nonparenchymal cells may be used for success­
ful and efficient isolation because KC rapidly adhere in vitro to various types of tissue 
culture dishes (Smedsrod and Pertoft 1985). 

4.4 
Activation of Kupffer Cells 

Macrophage activation, a term originally used to describe the enhanced bactericidal 
properties of macrophages exposed to intracellular bacteria, has taken on a broader 
definition to cover all the functions of in vivo or in vitro stimulated cells. However, 
macrophage effector mechanisms are often differentially activated in response to 
various signals so that different secretory products may be released (Decker 1990; 
Table 7). 

Kupffer cells, by virtue of their location in the mainstream of splanchnic blood flow, 
are positioned to receive a constant exposure to gut-derived mediators known to 
activate macrophages. Of the many substances that activate Kupffer cells the most 
important physiologically are gut bacterial endotoxins (lipopolysaccharides) that 
reach the liver through the portal vein system. It is possible that Kupffer cells, con­
stantly exposed to low levels of the gut -derived bacterial products (Lumsden et al. 
1988), may be in a semiactivated state even in control animals or healthy individuals. 
Under pathological conditions, bacteria that break the intestinal barrier and invade 
the liver are the most important activators of Kupffer cells. To other activators of liver 
macrophages, often used in experimental studies, belong zymosan, bacterie Calmette­
Guerin, IFN-y, colony-stimulating factor, macrophage-activating factor, platelet-acti­
vating factor, arachidonic acid, and many others (Decker 1990). During phagocytosis 
Kupffer cells undergo so-called oxidative burst, which leads to the production of toxic 
reactive oxygen species and other biologically active compounds (Table 7). 
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Table 6. Receptors of Kupffer cells 

1. Receptors involved in KC endocytosis 
and phagocytosis 

Galactose/fucose receptor (77-88 kDa) 

Mannose/N-acetylglucosamine receptor 

Low-density lipoprotein receptor 

Scavenger receptor class A, types I and II 

Macrosialin, a 95-kDa receptor for 
oxidized lipoproteins 

Pibronectin receptors 

IgG receptors (PcyRII and -III) 

IgA receptor (PcaRI)a 

Complement receptors CRl, CR3, and CR4 

Anaphylatoxin C5a receptor 

Carcinoembryonic antigen (CEA) receptor 

Scavenger receptor specific for LPS 

Toll-like receptor 4 

2. Cytokine receptors 

IL-l 

IL-2~ 

IL-6 

PAP 

TGP-~type I 

TNPa-Rl (type 1, 55 kDa) 

VEGP (Flt-1 and KDR/flk-1) 

3. Hormonal receptors 

ANP (guanylate cyclase receptor) 

Endothelin, type B receptor 

Glucagon 

Glucocorticoid 

Growth hormone 

4. Other receptors 

Beta-adrenergic 

Pas (APO-l/CD95) 

Pz purinergic 
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Table 6 (continued). Receptors of Kupffer cells 

Retinoic acid (RARa, -13, -y, and RXRa, -13, -y) 

Peroxisome proliferator-activated 
receptor y (PPARy) 

a Present in inflammatory human liver. 

References 

Ohata et al. 2000 

Peters et al. 2000 

b Present on rat KC but low expression on human KC. 

Table 7. Secretory products of activated Kupffer cellsa 

References 

1. Factors involved in protein degradation 
and tissue remodeling 

Lysosomal enzymes Knook and Sleyster 1977 

95-kDa type IV collagenase/gelatinase B (MMP-9) Knittel et al. 1999c; Winwood eta!. 1995 

Interstitial collagenase (MMP-13) Hironaka eta!. 2000 

TIMP-1 and TIMP-2 Knittel et al. 1999c 

Sulfated proteoglycan Laskin eta!. 1991 

2. Intercellular mediators and modulators 
of cell function 

Eicosanoids: prostanoids and leukotrienes 

NO 

co 
Platelet -activating factor 

Cytokines 

IL-l a, IL-113 

IL-l receptor antagonist 

IL-6 

IL-10 

IL-12 

IL-18 (IFNy-inducing factor) 

TNF-a 

TGF-a 

TGF-131, TGF-132 

Decker 1990; Kmiec et al. 1997 

Gaillard et al. 1991 

Bauer et al. 1998b; Goda et al. 1998 

Chao et al. 1989 

Armbrust eta!. 1995; Shirahama et al. 1988 

Rokita eta!. 1997 

Busam eta!. 1990; Knolle et al. 1997 

Knolle et a!. 1995 

Dobashi eta!. 1999; Takahashi eta!. 1996 

Okamura eta!. 1995 

Karck eta!. 1988 

Decker et al. 1995 

Bissell et al. 1995; Meyer et al. 1990a 
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-Table 7 (continued). Secretory products of activated Kupffer cellsa 

Reactive oxygen species, such as superoxide 
anion, hydrogen peroxide, hypochlorous acid, 
singlet oxygen, hydroxyl radicals, induced in KC by 

PAP 

LPS 

Endocytosis of soluble IgG-immune complexes 

3. Defense mechanisms and cytotoxicity 

C1q subcomponent of complement 

Lysozyme 

4. Growth factor-binding proteins 

IGPBP-2 and -3 

Latent TGP-~-binding proteins (LTBPs) 

5. Other proteins and enzymes 

Apolipoprotein E 

Erythropoietin 

Osteopontin 

Bone morphogenetic protein-6 (BMP-6) 

References 

Bautista and Spitzer 1992 

Arthur et al. 1988 

Johansson et al. 2000 

Armbrust et al. 1997 

Miyauchi et al. 1985 

Arany et al. 1994; Scharf et al. 1996; 
Zimmerman et al. 2000 

Roth et al. 1998a 

Dawson et al. 1989 

Paul et al. 1984 

Kawashima et al. 1999 

Knittel et al. 1997a 

a Different stimuli were used, usually endotoxin (LPS), but also ATP and adenosine (Hashimoto et 
al. 1995), calcium ionophore, zymosan, phorbol esters, PAP, and muramyl dipeptide (Decker 1990). 

4.5 
Functions 

Similarly to other macrophages, Kupffer cells are very active in endocytosis and 
phagocytosis due to the presence of numerous cell membrane receptors (Table 6). 
Activated liver macrophages release many substances (listed in Table 7} that have 
paracrine and autocrine effects within the liver, and endocrine effects throughout the 
body (see later chapters). In contrast to liver SEC that take up soluble molecules from 
the circulation, Kupffer cells play an essential role in the elimination of both soluble 
and blood-borne particulate material derived from portal circulation. For example, in 
the normal liver Kupffer cells clear blood from IgG-immune complexes through their 
binding to the Fe receptors (Johansson et al. 2000). The presence of complement 
receptors on KC enhances phagocytosis of opsonized immune complexes. Oxidized 
and acetylated lipoproteins are mainly taken up by the scavenger receptors of KC 
(Terpstra et al. 2000). 
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Table 8. Kupffer cell functions 

1. Endocytosis and phagocytosis 

Bacteria, viruses, yeasts, parasites, 
old and foreign cells, particulate debris 

Endotoxins 

Lipoproteins 

Glycoproteins 

<l2-Macroglobulin 

N-acetylglucosamine-
and mannose-terminated glycoproteins 

Fibronectin 

Fibrin degradation products 

Tissue-type plasminogen activator t-PA 

Hyaluronian fragments 

Apoptotic lymphocytes 

Tumor cells 

Neutrophils 

2. Modulation of immune and inflammatory responses 

Secretion of immunomodulating and inflammatory 

References 

Wake et al. 1989 

Fox et al. 1989 

Kleinherenbrink-Stins et al. 1991 

van Dijk et al. 1992 

Praaning et al. 1987; Sano et al. 1990 

Cardarelli et al. 1990 

Emeis et al. 1981 

Otter et al. 1992; Stang et al. 1992 

Rockey et al. 1998 

Falasca et al. 1996; Mehal et al. 1999 

Gardner et al. 1991; Gjoen et al. 1989 

Shi et al. 1998 

mediators: cytokines, eicosanoids, PAF, NO (see Table 7) Lohse et al. 1996; Rubinstein et al. 1986; 

Antigen presentation toward intrahepatic lymphocytes Squiers et al. 1993 
due to the presence of abundant HLA-DR antigen 
(Funaki 1996) and APC activity 

Participation in the development of oral tolerance Terabe et al. 2000 
to bacterial superantigens 

3. Tissue and matrix remodeling (see Table 7) 

4. Paracrine effects on neighboring cells (see later chapters) 

5. Metabolism of iron and bilirubin as a result of 
erythrophagocytosis 

Sibille et al. 1988; Terpstra and 
van Berkel 2000; Y an et al. 2000 

6. Cytotoxicity against tumor cells Rushfeldt et al. 1999; Schuurman et al. 
1995; Thomas et al. 1995 

7. Motility, i.e., capability to migrate MacPhee et al. 1992 

Besides typical macrophage activities, Kupffer cells play an important role in the 
clearance of senescent and damaged erythrocytes by binding them to the members of 
the scavenger receptor family (Terpstra and van Berkel 2000) and in subsequent 
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degradation of hemoglobin and recirculation of iron (Bissell et al. 1972; Sibille et al. 
1988). Heme oxygenase (HO) is the first and rate-limiting enzyme of heme catabolism 
that degrades protoheme IX into carbon monoxide (CO), free Fe2+ ion, and biliwer­
din IXa (Maines 1997). H0-1, also known as heat shock protein 32, the inducible form 
of the enzyme, is strongly expressed in the rat liver in Kupffer cells, but not in 
hepatocytes (Bauer et al.1998b; Goda et al.1998; Immenschuh et al.1999). In contrast, 
the constitutive form,H0-2, was shown to be strongly expressed in hepatocytes (Goda 
et al.1998), and less strongly in SEC and hepatic stellate cells (Bauer et al.1998b). It has 
been shown that under oxidative stress conditions H0-1 expression increased in both 
nonparenchymal and parenchymal liver cells. In the normal liver CO can induce 
relaxation of stellate cells, and thus affect sinusoidal perfusion (Suematsu et al. 1995). 
Moreover, CO may function as a gaseous regulator of hepatocyte cytochrome P450-
dependent biotransformation including bile acid synthesis and xenobiotic catabolism 
(Suematsu and Ishimura 2000). 

Kupffer cells may play an important role in intrahepatic immunosuppression and 
induction of immunological tolerance (Sato et al. 1996; Terabe et al. 2000). Because 
activated Kupffer cells also act as antigen-presenting cells toward intrahepatic lym­
phocytes due to the expression of high levels of class I (Ramadori et al.1986) and class 
II MHC (Rubinstein et al.1986) molecules, and CD80 and CD40 co-stimulatory mole­
cules (Lohse et al. 1996; Squiers et al. 1993), they may play a role in the regulation of 
hepatic immune responses. Similarly to other macrophages, Kupffer cells have strong 
cytotoxic activities and may also function in anti-tumor defenses (Table 8). 
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5 Hepatic Stellate Cells 

Carl Kupffer, by the use of a gold chloride staining method, detected in mammalian 
livers a population of stellate-shaped cells that were located perisinusoidally, always 
attached to the sinusoidal capillaries and also to the parenchymal cells (Kupffer 1876, 
cited by Wake 1980). Although originally Kupffer thought that these cells belonged to 
perivascular cells of connective tissue, after 20 years he changed his mind and sug­
gested that the cells were a special kind of phagocytic endothelial cells (see discussion 
by Wake 1980). The cells he described, however, appear to be the perisinusoidal cells, 
which express quite different functions than liver macrophages (Wake 1971; Wake et 
al.1989). These cells had been rediscovered after almost 80 years and named Ito cells 
after one of the persons who described them (Ito and Nemoto 1952). Ito cells are 
known by a variety of synonyms (vitamin A-storing cells, lipocytes, fat-storing cells, 
liver-specific pericytes, perisinusoidal cells) reflecting their functions; however, the 
term "hepatic stellate cells" (HSC) has been recently most often used. 

5.1 
Morphology of Stellate Cells in Liver Sections 

Hepatic stellate cells (HSC) are located in the perisinusoidal (Disse) space in direct 
vicinity to the endothelial cell layer with their cell bodies often compressed into the 
recesses between hepatocytes. Stellate cells are not engulfed by a true basement 
membrane unlike typical pericytes in blood capillaries (Wake 1980; Wisse et al.1985). 
They have two types of cytoplasmic extensions: the intersinusoidal or interhepatocel­
lular processes (Fig. 3), which penetrate the hepatic cell plates and may reach the 
nearby sinusoids, and shorter perisinusoidal or subendothelial processes that encircle 
the sinusoid, thus reinforcing its wall (Wake 1988). The processes of HSC contain a 
prominent cytoskeleton oriented along their long axes, and several ultrastructures 
like mitochondria, vesicles, rough endoplasmic reticulum, and glycogen particles 
(Geerts et al.1990). A single stellate cell may provide such processes to more than one 
neighboring sinusoid and make contact with a great number of hepatocytes (Wake 
1980). 

The most characteristic structural feature of stellate cells is the presence in the 
cytoplasm of numerous, large (up to 8 jlm in diameter) lipid droplets, which exist in 
membrane bound and nonmembrane bound forms (Wake 1980), and are composed 
of retinoids (mainly retinyl palmitate), triglycerides, cholesterol, and free fatty acids 
(Vogel et al. 1999). The formation, size, and number of lipid droplets depend on 
physiological circumstances, species, and dietary vitamin A intake (Vogel et al.1999). 
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Fig. 3. a Hepatic stellate cell in the liver of a 5-week-old rat. Dendritic branches of perisinusoidal 
processes are decorated with many thorn-like microprojections, stained with the Golgi silver method, 
xl800. b Back scattered scanning electron-microscopic image of Golgi-stained cell extensions of a 
hepatic stellate cell of porcine liver. [Courtesy of Professor Kenjiro Wake (Tokyo)] 

In normal human liver lipid droplets contribute 20.5% to the stellate cell volume 
(Sztark et al. 1986). The autofluorescence of stored vitamin A allows for in vivo 
localization of HSC by the use of epifluorescence microscopy (Suematsu et al. 1993). 

The ultrastructure of hepatic stellate cells has been well characterized. The nucleus 
is oval and often compressed by the lipid droplets. Cytoplasm is characterized by the 
presence of a large Golgi apparatus, numerous micropinocytic vesicles, well devel­
oped rough endoplasmic reticulum, and poorly developed smooth endoplasmic 
reticulum, small numbers of mitochondria and lysosomes, rare peroxisomes, a few 
glycogen particles, and a distinct centriole (Geerts et al. 1990; Wake 1980). The cyto­
plasmic matrix contains bundles of microfilaments and micro tubules, including actin 
filaments and intermediate filaments (Geerts et al. 1990). The presence of smooth 
muscle a-actin (Ramadori et al.1990), intermediate filaments, such as desmin (Yokoi 
et al. 1984), nestin (Niki et al. 1999), and vimentin (de Leeuw et al. 1984), and of 
proteins characteristic of cells of neural origin such as glial fibrillary acidic protein 
(Buniatian et al. 1996; Gard et al. 1985; Neubauer et al.1996), NGF, and other neurotro­
phins (Cassiman et al. 2001), synaptophysin (Cassiman et al.1999) and RhoN protein 
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(Nishi et al. 1999) were found to be specific markers for hepatic stellate cells in vivo 
and in vitro. 

5.2 
Isolation 

Stellate cells have been isolated from rodent (de Leeuw et al. 1984) or human (Fried­
man et al. 1992) liver by digesting the organ with collagenase and pronase, followed by 
differential centrifugation of the resultant cell suspension through various density 
media (de Leeuw et al. 1984; Friedman and Roll1987; Knook et al. 1982). Because of 
their high lipid content and concomitant low density, stellate cells can be separated 
from other nonparenchymal liver cells. A method of isolating virtually pure cell 
preparations based on cell sorting using high side scatter of incident light has been 
recently reported (Geerts et al. 1998). 

5.3 
Morphology and Functions of Stellate Cells in Early Cultures 

In vivo, hepatic stellate cells exhibit a dual phenotype: a quiescent one in normal liver, 
and an activated phenotype in chronically diseased liver, especially in liver fibrosis. In 
the quiescent state the cells show abundant lipid droplets, low proliferative rate, and 
low synthetic capacity. The activated or myofibroblast-like phenotype is characterized 
by the loss of lipid vacuoles, increased cell proliferation, and enhanced synthesis of 
extracellular matrix components (Friedman 1993). Interestingly, similar phenotypic 
transformation from quiescent to activated phenotype could be observed in cultures 
of stellate cells. Cultured on plastic, the cells spread within 48-72 h expressing activity 
of stellate cells can be normally measured in vitro after culturing the cells for at least 
a few days, procollagen I and III, collagen IV, and laminin transcripts ( Gressner 1998). 
Although the synthetic activity of stellate cells can be normally measured in vitro 
after culturing the cells for at least a few days, the use of sensitive techniques, such as 
Northern blot, RNAase protection, and polymerase chain reaction, made possible the 
demonstration of messenger RNAs for different ECM components and cytokines in 
HSC shortly after isolation (Geerts et al. 1993). In early culture, up to 3 days, so-called 
quiescent stellate cells showed migratory activity, which was accelerated by PDGF, and 
the presence of Kupffer cells (Ikeda et al. 1999). The following functions can be 
attributed to quiescent (nonactivated) stellate cells. 
1. Retinoid metabolism 

More than 85o/o of vitamin A in the body is stored in the liver, and 80-90o/o of the 
retinods in the liver are stored in the lipid droplets ofhepatic stellate cells (Hendriks 
et al. 1985). The cooperation of stellate cells and hepatocytes in the regulation of 
vitamin A metabolism will be described in Chap. 10. 

2. Modulation of sinusoidal blood flow 
As a result of contractility, which was demonstrated in vitro (Kawada et al. 1992) 
and in vivo (Bauer et al. 1994; Zhang et al. 1994b), hepatic stellate cells might 
influence sinusoidal blood flow through the contraction and dilation of the sinusoi­
dallumen (see Chap. 12). 
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3. Synthesis of extracellular matrix components 
Under physiological conditions stellate cells are considered major producers of 
ECM macromolecules and ECM -degrading enzymes (Arthur 2000; Friedman 1993 ). 
The interactions between HSC, other liver cell types, and ECM components play a 
central role in liver tissue repair resulting from acute or chronic liver damage (see 
Chap.14). 

4. Intercellular communication through the synthesis 
of cytokines and growth factors 
In normal liver stellate cells express all major isoforms ofhepatocyte growth factor, 
transforming growth factor j3, insulin-like growth factors, and TGFj3- and IGF­
binding proteins, and synthesize other cytokines that interact with all types of 
neighboring cells, including hepatocytes (Chap. 11). 

5. Erythropoietin synthesis 
In the liver the presence of erythropoietin was identified in stellate cells and 
hepatocytes (Eckardt et al. 1994). Both renal peritubular cells and hepatic stellate 
cells contain ecto-5' -nucleotidase, the activity of which may be involved in the 
oxygen sensing mechanism via a hydrolysis of AMP to adenosine, which in turn 
may stimulate EPO synthesis (Bachmann 1997). 

6. Synthesis of plasminogen activation system 
Human HSC in culture produce all the components of the plasminogen activation 
system (urokinase-type plasminogen, u-P A, receptor of u-P A, and plasminogen­
activator inhibitor 1, P AI -1 ); their expression is differentially regulated in paracrine 
and autocrine ways by various growth factors such as PDGF and basic FGF (Fibbi 
et al. 1999; Leyland et al. 1996). 

5.4 
Morpholgy and Functions of Activated Hepatic Stellate Cells 

5.4.1 
Activation of Hepatic Stellate Cells 

During primary culture on uncoated tissue culture plastic for more than 7 days 
hepatic stellate cells acquire an "activated" phenotype characteristic of myofibroblast­
like cells. This process of phenotypic transition from the "resting" or "quiescent" cell 
phenotype has been called "activation" or "transformation" of hepatic stellate cells. In 
their activated phenotype, stellate cells are characterized by pronounced synthetic, 
proliferative, chemotactic, and contractile properties (Friedman 1993; Gressner 1998). 
The spontaneous proliferation of cultured stellate cells may be attributed to the 
presence of growth factors present in serum supplementing the culture media. Several 
structural changes characterize the transdifferentiation of liver stellate cells into 
myofibroblast -like cells. They include loss of vitamin A-containing fat droplets (Fried­
man et al. 1992), and increased cell spreading accompanied by the formation of 
cellular processes expressing prominent actin microfilaments, i.e., "stress-fibers" and 
focal adhesions (Yee 1998). The enhanced expression of smooth muscle a-actin, the 
main myofibroblastic marker protein (Ramadori et al.1990), desmin (Friedman et al. 
1992), class VI intermediate filament nestin (Niki et al.1999), RhoN protein (Nishi et 
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al. 1999), and synaptophysin (Cassiman et al. 1999) has been recognized as morpho­
logical markers of activated hepatic stellate cells. In contrast to quiescent cells, acti­
vated stellate cells express neural cell adhesion molecule 1 (Nakatani et al. 1996); 
however, the expression of glial fibrillary acidic protein was downregulated during 
prolonged culture of HSC (Buniatian et al. 1996). Interestingly, prion protein, another 
protein characteristic mainly of nervous cells, has been demonstrated only in acti­
vated rat (Ikeda et al. 1998) and human stellate cells in chronic liver disease (Kitada et 
al. 2000). The expression in HSC of many proteins associated with the central nervous 
system suggests that they may derive from neural crest cells. 

The in vitro activation of stellate cells has been associated with enhanced synthesis 
of various collagenous and noncollagenous extracellular matrix components, and 
other biologically active mediators (Table 10). The use of powerful proteomics tech­
nique enabled comparison of protein profiles expressed in activated vs. quiescent rat 
stellate cells, identifying 312 proteins that were up- or downregulated (Bach Kristen­
sen et al. 2000). Some of the phenotype changes that accompany HSC activation will 
be shortly described below. 

During the course of the phenotypic transition cells show altered expression of 
many receptors. Decreased expression of peroxisome proliferator-activated receptor y 
(PPAR-y), which belongs to a group of nuclear receptors regulating the "fat pheno­
type" of several cell types, may be involved in the disappearance of lipid droplets 
during the transformation of HSC (Galli et al. 2000 ). Activated HSC were shown to lose 
the expression of the main subunits of soluble guanylate cyclase, i.e., nitric oxide 
receptor (Failli et al. 2000); however, they also express new receptors that are absent in 
quiescent cells, e.g., for a potent mitogen, PDG F -~ (Friedman and Arthur 1989), TG F -~ 
(Friedman et al. 1994), or ferritin (Ramm et al. 1994). The sensitivity of TGF-~1 
(Friedman et al.1994), endothelin-1 (Reinehr et al.1998), and thrombin (Marra et al. 
1998a) cognate receptors was found to be upregulated proportionally to the progress 
of HSC activation. 

The expression of several cytokines was found to be altered during stellate cell 
transformation. In activated HSC a strong increase of TGF-~2 and TGF-~3 expression 
was found, while TGF-~1 remained moderate, in contrast to the normal liver, where 
TGF-~1 constitutes the predominant isoform (De Bleser et al.1997a). Cytokines such 
as activin A (De Bleser 1997b), connective tissue growth factor (Williams et al. 2000), 
leptin (Potter et al. 1998), IGF-1 and IGF-binding proteins (Scharf et al. 1998), absent 
in quiescent cells in normal liver, were detected at the mRNA and protein level in 
activated HSC. However, the expression of hepatocyte growth factor, present in quies­
cent HSC, disappeared during their activation (Ramadori et al.1992b). 

In contrast to unstimulated HSC that are resistant to Pas-ligand-induced apoptosis, 
myofibroblast-like stellate cells become sensitive to this pathway of programmed cell 
death (Gressner 1998). Similarly to myofibroblasts in other organs, activated HSC 
show chemotactic activity in response to soluble mediators such as PDGF (Ikeda et al. 
1999), MCP-1 (Marra et al.1999), basic FGF (Fibbi et al.1999), or IGF-1 (Pinzani et al. 
1990), which may be locally released from neighboring cells. 

Activation of HSC results also in the alterations of enzyme activities and function 
of ion transporters. The expression of glutamine synthetase protein and activity was 
found in all cultured stellate cells (Bode 1998), whereas in the normal liver expression 
of this enzyme was observed only in a small subpopulation of perivenous hepatocytes 
(Gebhardt and Mecke 1983). Stellate cells, proportionally to the level of their activa-
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tion, lose most of the activities of principal forms of glutathione-S-transferases, which 
may suppress their resistance to oxidative stress (Whalen et al. 1999). Activated stel­
late cells express L-type voltage-operated calcium channels (Oide et al.1999), and the 
Na+/Ca2+ exchanger (Nakamura et al. 1998), absent in quiescent cells. Enhanced 
osmolyte transport activity and induction of the BGTl transporters have been pro­
posed to be another activation marker of HSC (Peters-Regehr et al.1999). 

The up-regulation of collagen synthesis during activation, one of the most impor­
tant responses of HSC to injury, is mediated both by transcriptional and post-tran­
scriptional mechanisms. Transcriptional activation of the type I collagen in activated 
HSC has been extensively studied (Friedman 2000). The half-life of collagen a(I)1 
mRNA was shown to be increased 20-fold in activated compared to quiescent stellate 
cells (Stefanovic et al.1997). 

Despite abundant characteristics of activated stellate cells, cellular events that 
initiate HSC activation are poorly understood. Several factors have been shown to play 
an important role in the promotion of the full picture of activated HSC. They include 
extensive changes in the composition and organization of the extracellular matrix, 
and the establishment of paracrine and autocrine loops for several growth factors, 
cytokines, chemokines, products of oxidative stress, and other soluble factors released 
mainly from Kupffer (Table 7) and stellate cells (Table 10). Profound phenotypical­
terations observed during the transformation of HSC have been associated with the 
activation of a number of transcription factors such as AP-1 (Armendariz et al. 1994), 
SP-1 (Rippe et al.1995), c-myb (Lee et al.1995), Kruppel-like zinc finger protein KLF6 
(Ratziu et al. 1998), and nuclear factor-KB (NFKB). NFKB, the key transcription factor 
that activates multiple genes in response to inflammation, infection, and stress, was 
induced upon the transformation of quiescent to activated HSC (Lee et al. 1995), 
which were shown to express a variety of NFKB-responsive genes (Elsharkaw et al. 
1999; Hellerbrand et al.1998). Persistent activation ofNFKB in activated HSC could be 
required for the expression of specific genes associated with the activated phenotype, 
and may also play an anti-apoptotic role for stellate cells (Elsharkaw et al. 1999). 
Moreover, stress-activated protein kinases, such as p38 MAP kinase, were also found 
to be involved in the phenotypic transition of HSC (Reeves et al. 2000). 

It is widely believed that the in vitro activation of HSC corresponds to the stellate 
cell changes observed in the liver following its acute or chronic damage (Chap. 14). 
However, only the confrontation of the results obtained from cell culture or animal 
studies with the observations made during the natural course of human liver disease 
can justify the extrapolation of the results obtained from experimental investigations 
to the in vivo situation in humans. 

5.4.2 
Functions 

In the liver damage-activated stellate cells or liver myofibroblasts play a pivotal role in 
the initiation and progression of liver fibrosis. This topic has been described in 
Chap. 14. Moreover, in the liver injury HSC show increased contractile activity, and in 
this way may affect sinusoidal blood flow (Chap. 12). The secretion of leptin by 
activated HSC (Potter et al.1998) may be involved in the modulation of action of many 
proinflammatory cytokines (Kaplan 1998). 
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5.4.3 
Receptors and Secretory Products 

The responses of stellate cells to extracellular mediators are mediated through the cell 
membrane receptors that have been listed in Table 9. The extended list of substances 
released by activated HSC is shown in Table 10. The presence of both the effector 
synthesis and its receptors on stellate cells strongly suggests the existence of autocrine 
regulation of HSC functions. 

Table 9. Receptors of hepatic stellate cells 

1. Receptors for extracellular matrix components 

Integrins (ai~h a2~h av~h CX6~4)a 

2. Receptors for cytokines and growth factors 

Basic FGF 

IFN-y 

IGF-I 

IGF-11/mannose-6-phosphate receptor 

Neutrophins, including NGF, low affinity 
p75 receptor 

PDGF-a and-~ receptors 

TGF-~ type II, III, and TGF-~/activin type 
I receptors 

TNF-a, type I and II receptors 

Urokinase-type plasminogen activator 
(u-P A) receptor 

VEGF 

3. Receptors for vasoactive substances 

Angiotensin-II 

ANP 

Endothelin-1, type A and B receptors 

V1-arginine-vasopressin receptor 

Natriuretic peptide ( C-type) 

Prostaglandins 

Thromboxane 

Thrombin 

Purinergic receptors 

References 

Carloni et al. 1997; Racine-Samson et al. 1997 

Rosenbaum and Blazejewski 1995 

Rockey et al. 1992 

Brenzel and Gressner 1996; Scharf et al. 1998 

De Bleser et al. 1995 

Cassiman et al. 2001; Trim et al. 2000 

Friedman and Arthur 1989; Pinzani et al. 1996b 

Bedossa et al. 1995 

Knittel et al. 1997b 

Fibbi et al. 1999 

Ankoma-Sey et al. 1998 

Pinzani et al. 1992c 

Gorbig et al. 1999 

Housset et al. 1993 

Bataller et al. 1997 

Tao et al. 1999 

Fennekohl et al. 1999 

Fennekohl et al. 1999 

Marra et al. 1998a 

Takemura et al. 1994 
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Table 9 (continued). Receptors of hepatic stellate cells 

a1-Adrenergic receptor 

4. Receptors for other ligands 

Anaphylatoxin CSa 

Fas (CD95) 

Ferritin 

Glucocorticoid 

PPAR-y 

Retinoic acid (RARa, -~, -y and RXRa, -~) 

Somatostatin 

References 

Reinehr et al. 1998 

Schlaf et al. 1999 

Salle et al. 1997 

Ramm et al. 1994 

Raddatz et al. 1996 

Galli et al. 2000 

Friedman et al. 1993; Weiner et al. 1992 

Reynaert et al. 2000 

a Receptors for type IV collagen, type I collagen, fibronectin and laminin. 

5.5 
Heterogeneity of Hepatic Stellate Cells and Liver Myofibroblasts 

Hepatic stellate cells constitute a heterogeneous population of cells that differ in their 
cytoskeletal filament phenotype (Ballardini et al. 1994), retinoid content (Ramm et al. 
1995), and/or production of extracellular matrix components (Greenwel et al.1993). A 
part of these phenotypic differences may reflect alterations in gene expression across 
the acinar gradient similar to that demonstrated for hepatocytes (see Sect. 2.3). 

By the use of an isolation technique that destroys vitamin A-rich stellate cells, 
Knittel et al. (1999a) established from normal rat liver cultures of fibroblastic cells 
termed "rat liver myofibroblasts" (rMF). In contrast to HSC, rat liver myofibroblasts 
lacked the expression of glial fibrillary acidic protein, desmin, and vascular cell adhe­
sion molecule 1; however, both cell types displayed mostly overlapping characteristics 
with only a few differences. Immunohistochemical techniques and in situ hybridiza­
tion allowed to localize stellate cells exclusively in hepatic parenchyma, whereas rMF 
were located in the portal fields, the walls of central veins, and only occasionally in 
parenchyma (Knittel1999b). During acute liver injury the number of HSC increased 
prominently, while the number of rMF was nearly unchanged. In contrast, in chroni­
cally injured livers not only stellate cells but also rMF were involved in scar formation 
(Knittel1999b). These data demonstrate that functionally different fibroblast popula­
tions are present in different compartments of normal liver, respond differentially to 
an acute injury, and may be detected in distinct areas of fibrotic liver. Apart from 
stellate cells, rat liver myofibroblasts can therefore be regarded as an important cell 
population involved in liver fibrogenesis, at least in this species (Knittel 1999b). 

36 



Table I 0. Products synthesized and secreted by cultures of activated stellate cells 

References 

I. Extracellular matrix components, enzymes and molecules involved in ECM degradation 

Proteins 

Collagen types I and III-VI 

Collagen type XVIII (nonfibrillar) 

Entactin (nidogen) 

Fibronectin 

Laminin 

Tenascin 

Undulin 

ECM-degrading enzymes 

Friedman et al. 1985; Kawase et al. 1986 

Musso et al. 1998 

Schwoegler et al. 1994 

Geerts et al. 1993; Ramadori et al. 1992a 

Milani et al. 1989; Schwoegler et al. 1994 

Ramadori et al. 1991b 

Knittel et al. 1992 

Interstitial collagenase (MMP-1 in humans, MMP-13 Iredale et al. 1995; Milani et al. 1994 
in rat) 72-kDa type IV collagenase/gelatinase A (MMP-2) Arthur et al. 1992; Milani et al. 1994 

Stromelysin-1 (transin, MMP-3) and -2 

MTl-MMP (progelatinase A, MMP-14) 

Fibroblast activation protein (FAP) 

Tissue inhibitors of metalloproteinases (TIMPs) 

TIMP-1 

TIMP-2 

Key components of plasminogen-activating system 

Urokinase-type plasminogen activator (uP A) 

Plasminogen activator inhibitor type I (PAI-l) 

C4 complement component 

C1-esterase inhibitor 

Glycosaminoglycans and proteoglycans 

Biglycan 

Decorin 

Chondroitin, heparan, and dermatan sulfate 

Hyaluronic acid 

Syndecan 

2. Cytokines and growth factor-binding proteins 

Activin 

Connective tissue growth factor 

Connective tissue stem cell factor 

CINC 

Knittel et al. 1999c; Vyas et al. 1995 

Benyon et al. 1999; Theret et al. 1997 

Levy et al. 1999 

Iredale et al. 1992; Knittel et al. 1999c 

Herbst et al. 1997b 

Fibbi et al. 1999; Leyland et al. 1996 

Fibbi et al. 1999; Leyland et al. 1996 

Fimmel et al. 1996 

Schwogler et al. 1992 

Meyer et al. 1992 

Meyer et al. 1992 

Gressner 1991 

Gressner and Haarmann 1988 

Meyer et al. 1992 

De Bleser et al. 1997b 

Williams et al. 2000 

Gaca et al. 1999 

Maher et al. 1998 
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Table 10 (continued). Products synthesized and secreted by cultures of activated stellate cells 

Epidermal growth factora 

Fibroblast growth factor 

Hepatocyte growth factor 

Insulin-like growth factor- I (IGF-1) 

IGF-11 

IGFBP-2, -3, -4, -5, -6b 

Interleukin-1 

Interleukin-6c 

lnterleukin-10 

Monocyte chemotactic protein-! 

Macrophage colony-stimulating factor 

Macrophage inflammatory protein-2 

NGF and other neurotrophins 

PDGF 

TGF-a 

TGF-~1, TGF-~2, TGF-~3 

Latent TGF-~-binding proteins (LTBPs) 

3. Other substances 

PAP 

PGF2a and PGD2d 

NOe 

Endothelin-1 

Leptin 

Apolipoprotein 

a2-Macroglobulin 

Complement-activating protease PlOO 

Epimorphine 

BMP-6 

Osteopontin 

References 

Mullhaupt et al. 1994 

Kan et al. 1989 

Ramadori et al. 1992b; Skrtic et al. 1997 

Pinzani et al. 1990; Scharf et al. 1998 

Zindy et al. 1992 

Gentilini et al. 1998; Scharf et al. 1998 

Sakamoto et al. 1997 

Tiggelman et al. 1995 

Thompson et al. 1998; Wang et al. 1998b 

Marra et al. 1993; Xu et al.l996 

Pinzani et al. 1992a 

Sprenger et al. 1997 

Cassiman et al. 2001 

Marra et al. 1994 

Bachem et al. 1992 

Casini et al. 1993; De Bleser et al. 1997a 

Gong et al. 1998; Roth et al. 1997 

Pinzani et al. 1994 

Athari et al. 1994 

Helyar et al. 1994; Rockey and Chung 1995 

Eakes et al. 1997; Rieder et al. 1991 

Potter et al. 1998 

Friedman et al. 1991; Ramadori et al. 1989 

Andus et al. 1992; Ramadori et al. 199la 

Knittel et al. 1999a 

Hirose et al. 1996 

Knittel et al. 1997a 

Kawashima et al. 1999 

a EGF mRNA was localized in the intact rat liver, stellate cells, and hepatocytes. 

b IGFBP-6 was detected at the mRNA but not protein level. 

c IL-6 was detectable almost exclusively in rat liver myofibroblasts (Knittel et al. 1999a). 

d Cells were stimulated by ATP and noradrenaline. e HSC were stimulated by mixture of cytokines. 
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5.6 
Differences Between Human and Rat Hepatic Stellate Cells 

The relevance of the results of many studies performed on cultured rat stellate cells 
should be evaluated for the human situation with caution since prominent gender-re­
lated differences have been reported. For example, while quiescent rat stellate cells 
express desmin (Tsutsumi et al. 1987), it was found to be minimally expressed or even 
absent in human stellate cells (Schmitt-Graaf et al. 1991). Rat HSC express a.-smooth 
muscle actin only upon activation, while it is constitutively expressed in normal 
human liver (Schmitt-Graaf et al. 1991). Predominance of type B over type A en­
dothelin receptors was found on rat stellate cells (Gabriel et al.1999), whereas exactly 
the opposite situation was reported for human cells (Pinzani et al.1996a). In contrast 
to rat cells, in human stellate cell cultures nitric oxide donors did not stimulate 
guanylate cyclase activity; however, rapid and sustained synthesis of PGEz and cyclic 
AMP was observed (Failli et al. 2000). The presence of these interspecies variations 
provides an additional rationale for performing more investigations on human stel­
late cells isolated from normal donor livers. 



6 Pit Cells and Other Intrahepatic Lymphocytes 

Morphological and phenotypical data indicate that liver sinusoids contain a very large 
and heterogeneous population of resident lymphocytes which comprise liver-specific 
natural killer (NK) cells, and different subpopulations ofT cells {Jonsson et al. 1997; 
Winnock et al. 1995). It has been suggested that the term "liver-associated lympho­
cytes" (LAL), which encompasses all sinusoidal lymphocytes, can be used for this type 
of sinusoidal cells. LAL are defined as those lymphocytes that remain in sinusoids 
after liver perfusion with physiological solution at physiological pressure to remove 
circulating hematopoietic cells (Winnock et al.1995). However, because liver contains 
also numerous extrasinusoidallymphocytes that reside in portal tracts or between 
parenchymal cells, terms such as "intrahepatic lymphocytes" (IHL) or "liver-resident 
lymphocytes" that encompass many subpopulations of liver lymphocytes have re­
cently been introduced ( Crispie and Mehal 1996). The main groups of liver lympho­
cytes include: (1) pit cells, i.e., large-granular lymphocytes (LGL) that functionally 
correspond to the natural killer (NK) cells; (2) unconventional y8T lymphocytes; {3) T 
cells with conventional levels ofT cell receptor (a~T cells) expressing either CD4 or 
CDS molecules; ( 4) unconventional a~T cells (TCRintiL-2R~+) expressing IL-2~ re­
ceptor and lower (intermediate) levels of CD3 than conventional T cells; (5) TCRintiL-
2R~+ cells that exhibit dual T cell and NK cell phenotype (NKl.l +) and function 
(cytotoxicity), denoted NK T cells; {6) small population of c-Kit+ cells (stem cells) 
lacking lineage markers; and {7) small numbers of B lymphocytes and monocytes. 

6.1 
Isolation 

Intrahepatic lymphocytes can be isolated by two methods: enzymatic digestion of 
liver tissue (Hata et al. 1990), and sinusoidal lavage (Bouwens et al. 1987). The latter 
method is based on the principle that the force which attaches IHL to sinusoidal 
endothelial cells or Kupffer cells in liver sinusoids is strong enough to resist the 
physiological pressure of portal blood flow, but can not resist a higher perfusion 
pressure, unharmful to resident sinusoidal cells. The mean yield of lymphocytes from 
human and mouse livers was 107/g tissue, which suggests that the average human liver 
contains a lymphocyte population of 109-1010 cells, i.e., 15o/o-20o/o of lymphoid cell 
number in the spleen (Mehal et al.1999). 
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(Vanderkerken et al. 1990). LD pit cells may be regarded as the NK cells that are 
activated in vivo. 

6.4 
Morphology of Pit Cells 

Pit cells can often be seen in the sinusoidal lumen (Fig. 4). They are in contact with 
Kupffer cell fillipodia or with sinusoidal endothelial cells; however, no junctional 
complexes have been observed (Bioulac-Sage et al.1996). Wisse, Kaneda and Bioulac­
Sage with their collaborators (e.g., Bioulac-Sage et al. 1996; Kaneda et al. 1994; Van­
derkerken et al. 1990; Wisse et al. 1976) have provided detailed description of the pit 
cell ultrastructure. They are characterized by a low nucleo-cytoplasmic ratio and a 
cytoplasm containing few and often polarized organelles. Their shape can vary: round 
with short, small pseudopodia, elongated or with uropodes devoid of organelles. The 
chromatin-dense nucleus is often indented and displaced (Fig. 4). Well-developed 
Golgi apparatus with numerous vesicles is often seen in close association with an 
extensive microtubular network radiating from centrioles. The other main charac­
teristics of liver LGL (Fig. 5) are electron dense granules that can be subdivided into 

Fig. 4. Transmission electron microscopic photograph of a pit cell (P) that conjugates with ascite 
hepatoma tumor cells (T) AH130 in the lumen of rat hepatic sinusoid. Dense granules (arrows) and 
rod-cored vesicles (arrowhead) are present in the cytoplasm of pit cell. Close apposition of pit cell to 
endothelial cell (E). H, small part of hepatocyte's cytoplasm with short microvilli protruding into the 
space of Disse. Space bar, 1 1-1m. [Courtesy of Dr. Kenji Kaneda (Department of Anatomy, Osaka City 
University Medical School, Japan)] 
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(Norris et al. 1998). Activated liver NK T cells can secrete high levels ofinterleukin-
4, but also IL-2, TNF-a, and interferon-y (Bendelac et al. 1997). They also exhibit 
perforin and/or Fas ligand cytotoxicity, especially when activated by IL-12, which 
results in potent antitumor activity (Kawamura et al. 1999). Liver NK T cells may 
also play an important immunoregulatory role in the induction of immune toler­
ance (Trop et al. 1999), and act in the defense against metastatic tumor cells (Takeda 
et al. 1996). 

6. The liver is the most important hematopoietic organ during fetal life. Although this 
function is drastically reduced after birth, a normal human adult liver contains 
pluripotent stem cells, i.e., c-kit+ cells, which under certain experimental condi­
tions give rise to multiple cell lineages including thymic and extra thymic T -cells 
(Crispe and Mehal1996; Crosbie et al. 1999). However, it has not yet been shown 
that extrathymic T cell development can function in the normal liver. 
[The term "stem cells" may also denote in the liver so-called oval cells. Oval cells 
are the progeny ofbipotential hepatic stem cells derived from a few biliary epithelial 
cells, located probably in the smaller interlobular bile ducts and canals of Hering 
(Theisse et al. 1999). These cells intensively proliferate under the conditions of 
severe hepatocellular injury, and differentiate into cells of either hepatocyte or 
biliary cell lineages (Strain and Crosby 2000) ]. 

The presence of many subpopulations of intrahepatic lymphocytes with multiple 
effector functions including abundant unconventional T lymphocyte subpopulations 
in the normal adult human liver suggests that they may have specialized functions in 
regional immune responses. Many data suggest that mammalian liver is an important 
site of immune surveillance, early regulation of adaptive immunity, and peripheral 
tolerance induction (Knolle and Gerken 2000). 

Because of their distinct morphology and relatively well-characterized functions, 
only the pit cells, i.e., liver-specific NK cells, will be more extensively characterized in 
this chapter. However, it has to be noted that intensive studies of intrahepatic lympho­
cytes rapidly reveal new information about the role of the liver in the functioning of 
the immunological system in health and disease. 

6.3 
Origin and Development of Pit Cells 

Pit cells derive from large-granular lymphocytes that originate from the bone marrow, 
circulate in blood, and marginate in the liver, where they lower their density and 
increase the number of granules. These cells first differentiate into high-density (HD) 
and subsequently into low-density (LD) pit cells (Vanderkerken et al. 1993). The 
process of pit cell maturation takes about 2 weeks (Bioulac-Sage et al.1996), and may 
be influenced by factors released from neighboring nonparenchymalliver cells, most 
probably Kupffer and endothelial cells (Dobashi et al.1999; Vanderkerken et al.1995). 
Pit cells may proliferate locally when stimulated with interleukin-2 or other agents 
(Bouwens et al. 1990). LD pit cells have more but smaller granules than HD cells. HD 
cells show a stronger positive reaction for asialo-GM1, whereas the cytotoxicity of LD 
cells is about twice as strong as HD and five times as strong as the one of blood LGL 
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(Vanderkerken et al. 1990). LD pit cells may be regarded as the NK cells that are 
activated in vivo. 

6.4 
Morphology of Pit Cells 

Pit cells can often be seen in the sinusoidal lumen (Fig. 4). They are in contact with 
Kupffer cell fillipodia or with sinusoidal endothelial cells; however, no junctional 
complexes have been observed (Bioulac-Sage et al.1996). Wisse, Kaneda and Bioulac­
Sage with their collaborators (e.g., Bioulac-Sage et al. 1996; Kaneda et al. 1994; Van­
derkerken et al. 1990; Wisse et al. 1976) have provided detailed description of the pit 
cell ultrastructure. They are characterized by a low nucleo-cytoplasmic ratio and a 
cytoplasm containing few and often polarized organelles. Their shape can vary: round 
with short, small pseudopodia, elongated or with uropodes devoid of organelles. The 
chromatin-dense nucleus is often indented and displaced (Fig. 4). Well-developed 
Golgi apparatus with numerous vesicles is often seen in close association with an 
extensive microtubular network radiating from centrioles. The other main charac­
teristics of liver LGL (Fig. 5) are electron dense granules that can be subdivided into 

Fig. 4. Transmission electron microscopic photograph of a pit cell (P) that conjugates with ascite 
hepatoma tumor cells (T) AH130 in the lumen of rat hepatic sinusoid. Dense granules (arrows) and 
rod-cored vesicles (arrowhead) are present in the cytoplasm of pit cell. Close apposition of pit cell to 
endothelial cell (E). H, small part of hepatocyte's cytoplasm with short microvilli protruding into the 
space of Disse. Space bar, 1 1-1m. [Courtesy of Dr. Kenji Kaneda (Department of Anatomy, Osaka City 
University Medical School, Japan)] 
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Fig. 5. Higher magnification of the part of pit cell. Well-developed Golgi apparatus (g), dense granules 
(arrows), rod-cored vesicles (arrowheads), mitochondria (m), and small part of nucleus (n) can be 
recognized. Space bar, 1 jlm. [Courtesy of Dr. Kenji Kaneda (Department of Anatomy, Osaka City 
University Medical School, Japan)] 

( 1) typical dense granules and heterogeneous granules of a larger diameter with a 
dense core made up of proteins including a pore-forming protein (perforin or cy­
tolysin}, granzyme, and serine esterases, (2) numerous small uncoated vesicles, mul­
tivesicular bodies, and (3} rod-cored vesicles (Bioulac-Sage et al. 1996; Kaneda et al. 
1994}. The presence of significant numbers of many small coated or uncoated vesicles 
may indicate that pit cells may be very active in both endocytosis and exocytosis. 

6.5 
Functions of Pit Cells 

Pit cells are liver-specific NK cells that possess a high level of natural cytotoxic activity 
against a variety of tumor cell lines, which is comparable to the cytotoxicity level of 
lymphokine-activated killer (LAK) cells (Kaneda and Wake 1983; Wisse et al. 1997}. 
They spontaneously kill a variety of tumor cells in an MHC-unrestricted way, that is, 
without the involvement of antibodies or without the activation by cytokines or other 
signals (Hata et al. 1990}. Pit cells are more cytolytic than peripheral blood NK cells 
against certain tumor cells (Vanderkerken et al. 1990; Vermijlen et al1999}, probably 
due to a stronger expression of CDlla/CD18 (LFA-1) adhesion molecule (Luo et al. 
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1999). Pit cells were also shown to induce apoptosis of rat colon carcinoma cell line 
(CC531) through the Ca2+-dependent perforin/granzyme pathway (Vermijlen et al. 
1999). The role of pit cells in the antitumor defense was supported by the demonstra­
tion that administration of antibodies against liver NK cells prominently enhanced 
the metastasis of colon carcinoma cells in the rat liver (Rushfeldt et al. 1999; Shiratori 
et al. 1992). Pit cells may enhance antitumor activity through the secretion of inter­
feron-y, a multifunctional cytokine that exerts its cytotoxic activity directly on tumor 
cells or indirectly via stimulation of effector cells such as macrophages (Rushfeldt et 
al. 1999; Schuurman et al. 1995). Indeed, tumor cell killing was synergistically aug­
mented when pit cells attacked tumor cells together with Kupffer cells (Thomas et al. 
1995). 

Apart from cytotoxic activity, liver NK cells may participate in the homing of 
thymic CD4+NK T cells to the liver through the expression of the LFA-1 molecule 
(Miyamoto et al. 2000). In this way pit cells may additionally increase the cytotoxic 
potential of the liver. Moreover, pit cells may participate in the hepatocyte damage as 
it has been shown that interleukin-2-activated natural killer cells can induce both 
apoptosis and necrosis in rat hepatocytes (Blom et al.1999). 

The majority of liver NK cells was shown to secrete IFN-y; however, less than 10% 
produced IL-2, TNF-a., or IL-4 (Jonsson et al. 1997, 2000). Under specific conditions 
IL-l, IL-3, GM-CSF, and M-CSF were also secreted by hepatic NK cells (Bioulac-Sage 
1996). The latter probably participates in the hematopoietic activity of the adult liver 
(Crosbie et al. 1999). Cultured pit cells also exhibit strong locomotory activity, which 
responds to chemotactic attraction (Bouwens et al.1992). 
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PART II 
Cross-Talk of Liver Cells in Physiology 
and Pathology 

The data presented in the first part of this monograph show that there are tens of 
biologically active factors synthesized and released by nonparenchymalliver cells that 
may exert profound effects on neighboring cells (paracrine effects) or on themselves 
(autocrine action). The impact of these mediators on liver function has been defined 
to a great extent in experimental models of liver injury and in observations made in 
human liver disease. Paradoxically, the role of cell interactions under normal condi­
tions is far less understood than in pathological ones. The reason for this is the lack of 
precise methods for the investigation of normal liver cell function in vivo. Most of the 
data documenting cooperation of liver cells derive from experiments performed on 
the cultures of different liver cell types which enabled studying the effects of various 
mediators such as cytokines, growth factors, hormones, active oxygen derivates or 
various biological response modifiers. Isolated cell systems can rarely serve as models 
of complete organisms or organs, but through the use of an in vitro test model, 
endogenic factors (e.g., hormonal or nervous effects) or experimental stress in labora­
tory animals can be eliminated as variables affecting hepatocellular responses. 
Parenchymal liver cells partially de-differentiate in culture by losing some of their 
important functions such as the potential for biotransformation (Guillouzo 1998). 
Hepatic stellate cells spontaneously change their phenotype in vitro undergoing 
transformation into myofibroblasts, a process that closely resembles the activation of 
stellate cells in vivo under conditions of acute or chronic liver injury (see Chap. 5). An 
obvious drawback of any cell culture system is the absence of neighboring cells that 
usually affect cells under investigation through the release of many more mediators 
than the few ones that can be tested in vitro. To overcome this problem, many authors 
have used the co-culture system of two liver cell types (or liver cells and extrahepatic 
cells like blood neutrophils, epithelial or tumor cell lines), to compare the results with 
those obtained in separate cell-type cultures. Alternatively, one type of liver cells was 
cultured in the presence of conditioned media from another liver cell type culture. 
Although the inherent complexity of the co-culture systems often did not allow to 
draw definitive conclusions, such methodological approaches helped to obtain valu­
able results that became starting points for targeted detailed studies. The results of 
some experiments demonstrating the effects of conditioned media of one liver cell 
type (or mediators identified in conditioned media) on the functions of co-cultured 
liver cells have been summarized in Table 11. However, it has to be remembered that 
the responses of target cells were often obtained by using concentrations of elicitors 
that were many times higher than those present in the natural milieu, and, hence, 
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Table 11. Effects of mediators released by different types of liver cells on other liver cells 

Mediators released by 
"source" cell 

Effects in "target" cells 

"Source": Kupffer cells; "target": hepatocytes 

CMa,b Modulation of protein synthesis 

CM Inhibition of cytochrome P-450 activity 

CM Increased NO synthesis 

CMb,NO Decrease- of albumin synthesis 

NOb Inhibition of protein synthesis 

NOb,c Mitochondrial dysfunction 

CM, IL-1~ Increase of CINC expression and production 

IL-l~b Induction of heme oxygenase 1 synthesis 

CMb, IL-l, TNF-a Decreased canalicular anion transporter 
expression 

IL-l~, TNF-a Induction ofiL-8 synthesis 

CMb, TNF-a Induction of i-NOS mRNA and NO synthesis 

CMb, TNF-a Induction of hepatocyte apoptosis 

Various cytokines Increased NO synthesis 

CM, prostaglandins Increased glycogenolysis 

Leukotriene A! Transformation into leukotriene C4 

T3 and T-4 Increased activity oflipogenesis and pentose 
cycle enzymes after thyroglobulin endocytosis 
byKC 

"Source": Kupffer cells; "target": stellate cells 

CM Regulation of hyaluronate synthesis 

CM, TGF-~b,c Increased proteoglycan and collagen synthesis 

CM Induction ofPDGF receptors resulting in 
increased matrix synthesis and stimulation 
of proliferation 

CM Induction of cell proliferation 

CM,PDGF Tenfold increase in retinol release 

"Source": Kupffer cells; "target": sinusoidal endothelial cells 

References 

West et al. 1989 

Milosevic et al. 1999 

Curran et al. 1989 

Kowalski et al. 1992 

Billiar et al. 1990a 

Kurose et al. 1996 

Mawet et al. 1996 

Rizzardini et al. 1998 

Nakamura et al. 1999 

Thornton et al. 1991 

Shiratori et al. 1998 

Hamada et al. 1999 

Gaillard et al. 1991 

Casteleijn et al. 1988 

Fukai et al. 1996; 
Titos et al. 2000 

Brix et al. 1997 

Gressner et al. 1988 

Matsuoka and 
Tsukamoto 1990; 
Meyer et al. 1990a 

Friedman 
and Arthur 1989 

Meyer et al. 1990a 

Friedman et al. 1993 

CMb,c, TGF-~ 

TGF-~b,c 

Induction ofET-1 mRNA and protein synthesis Eakes and Olson 1998 

Increased ET synthesis Rieder et al. 1991 
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Table 11 (continued). Effects of mediators released by different types of liver cells on other liver cells 

Mediators released by 
"source" cell 

Effects in "target" cells 

"Source": Kupffer cells; "target": liver NK cells 

CM,PGEz 

CM, IL-12 

Suppression of activity 

Activation ofliver NK and NKl.l + cells 

"Source": cultured hepatocytes; "target": stellate cells 

IGF-1 

CM 

CM 

CM 

Induction ofHGF synthesis 

IGF-I-independent HGF synthesis 

Activation oflatent form ofMMP-2 

Proliferation induced by factor( s) released 
from normal or damaged hepatocytes 

"Source": cultured hepatocytes; "target": Kupffer or endothelial cells 

CM 

CMd 

CM, VEGF 

Modulation ofPGEz synthesis in KC 

Induction of CINC synthesis in KC 

Stimulation of SEC growth in culture 

"Source": SEC; "target": cultured hepatocytes 

IL-6 

CM, prostaglandins 

CMb,NO 

Induction of acute phase protein synthesis 

Increased glycogenolysis 

Inhibition of a,-acid glycoprotein 
and albumin secretion, partially mediated 
by NO 

"Source" cells: hepatic stellate cells; "target": cultured hepatocytes 

References 

Tzung et al. 1990 

Dobashi et al. 1999 

Skrtic et al. 1997 

Skrtic et al. 1999 

Theret et al. 1997 

Gressner et al. 1993b; 
Skrtic et al. 2000 

Billiar et al. 1990b 

Maher 1995 

Krause et al. 2000 

Rieder et al. 1990 

Casteleijn et al. 1988 

Itoh et al. 1994 

TGF-f3e 

TGF-f3c 

Inhibition of proliferation Meyer et al. 1990b 

Decreased albumin production and secretion Koda et al. 1996 

a CM, conditioned medium. 
b After challenge of source cells with endotoxin. 
c Co-culture experiment. 
d Rat hepatocytes were incubated with ethanol, but did not produce CINC. 
e Transformed (activated) stellate cells in culture. Control cultured cells generally showed low levels 

of activity, in contrast to activated ones. 

might represent nonphysiological reactions. In the next chapters, examples of the 
interactions of liver cells in physiology and in some relatively well-characterized 
pathological situations will be reviewed with the emphasis placed on the complexity 
of the revealed relationships. First, the cellular cross-talk mediated by two different 
types of signaling molecules synthesized by cells of the hepatic lobule, eicosanoids, 
and nitric oxide will be presented. Then, the role of hepatic intercellular communica-
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tion in the regulation of some important physiological functions of the liver, like 
vitamin A storage and glucose production, will be described. Functioning of the liver 
as an endocrine gland secreting growth factors and respective binding proteins will 
be shown to depend on the interactions between different kinds of liver cells. Regula­
tion of sinusoidal blood flow will be demonstrated to result from the interplay of 
vasocontracting and vasodilating substances released from different types of liver 
cells that act on hepatic stellate cells. The functioning of intercellular signal networks 
under pathological conditions will be exemplified through the description of endo­
toxin effects on liver cells. Activation of hepatic stellate cells by plethora of signals 
generated by all main cell types of the liver lobule and recruited blood cells will be 
shown as the key event that leads to the development of liver fibrosis. 
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7 Cooperation of Liver Cells in the Synthesis 
and Degradation of Eicosanoids 

Eicosanoids, the oxygenated derivates of 20-carbon unsaturated fatty acids ( eicosa, 
"20" in Greek) comprising prostaglandins (PG), thromboxanes (TX), leukotrienes 
(LT), lipoxins and hydroxyeicosanoid acids (HETE), are immediately released after 
synthesis by a variety of cells in response to physiological and pathological stimuli. 
Since the biological activity of eicosanoids is rapidly destroyed both in tissues and in 
the circulation, they are regarded as mediators that maintain local homeostasis. In 
normal rat liver, eicosanoids are produced only by nonparenchymal cells (mostly 
Kupffer cells), whereas hepatocytes respond to the arachidonic acid metabolites, 
metabolize and excrete them into bile (Keppler 1994). 

7.1 
Synthesis and Catabolism of Eicosanoids 

Synthesis of prostanoids and leukotrienes requires the net liberation of arachidonate, 
catalyzed mainly by phospholipase Az (Fig. 6). Prostaglandin-endoperoxide synthase, 
which contains both cyclooxygenase (COX) and peroxidase activity, catalyzes the 
initial reactions in prostanoid biosynthesis, i.e., formation of hydroperoxy-endoper­
oxide PGGz, and its rapid peroxidation to the hydroxyendoperoxide PGHz. Two COX 
isozymes (COX-I and -2) are known. COX-1 is a constitutive enzyme that functions in 
normal cell physiology and is expressed in nearly all tissues under basal conditions. 
COX-2 is an inducible enzyme expressed in many cell types such as fibroblasts, 
macrophages, epithelial and endothelial cells, upon treatment with inflammatory 
cytokines, growth factors, and tumor promoters (Smith et al. 2000). Immunohisto­
chemical studies revealed that under normal conditions COX-1 was present in the 
liver on the membranes of the nucleus and endoplasmic reticulum of sinusoidal 
endothelial cells and Kupffer cells; however, inducible COX-2 was not detected in 
normal liver (Suzuki-Yamamoto et al. 1999). 

PGDz is formed by enzymatic or nonenzymatic isomerization of PGHz, whereas 
PGEz is generated from PGHz through the action of prostaglandin E synthase. Both 
PGDz and PGEz belong to major eicosanoids secreted by Kupffer and sinusoidal 
endothelial cells (Casteleijn et al.l988; Eyhorn et al.l988; Hashimoto et al.l995). 

PGFza may be derived from PGHz by reduction of the endoperoxide or from PGEz 
by 9-keto reduction. PGFza is a vasoconstrictor in various vascular beds, including the 
liver (Iwai et al.l988a). In normal rat liver PGF synthase was detected immunohisto­
chemically only in SEC, which suggests that these cells are the main site of hepatic 
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Fig. 6. Arachidonic acid metabolism. Eicosanoid synthesis pathways are shown with major metabo­
lites and relevant enzymes (italics), abbreviations as described in text. COX, cyclooxygenase; HETE, 
hydroxyeicosatetraenoic acid; LO, lipooxygenase; LTC4 S, LTC4 synthase 

PGF2a formation, since only in these liver cells a complete synthetic pathway from 
arachidonic acid to PGFza exists (Suzuki-Yamamoto et al.1999). 

Prostacyclin (PGh) is synthesized from PGHz by the microsomal PGiz synthase. 
PGh, which is mainly generated by endothelial and smooth muscle cells of blood 
vessels, inhibits platelet aggregation and relaxes blood vessels. Within seconds this 
prostanoid hydrolyzes to 6-keto-PGFta· 

Formation of thromboxane, TxAz, the principal prostanoid generated by blood 
platelets, but synthesized also in many other cell types including Kupffer cells (Decker 
1990), from PGHz, is catalyzed by thromboxane A synthase, a cytochrome P-450 
enzyme. TxAz spontaneously and rapidly hydrolyzes in water to its stable metabolite 
TxBz. TxAz is a potent inducer of platelet aggregation and smooth muscle contrac­
tions. 

After binding to specific receptors of parenchymal liver cells and exerting their 
actions (see below), prostanoids are rapidly and efficiently degraded by hepatocytes 
(Keppler 1994). 

In contrast to prostanoids, cellular sources for leukotriene generation comprise a 
limited number of cell types that express the enzymatic activities for the 5-lipooxy­
genase pathway. The liver plays a major role in metabolism and elimination of leuk­
otrienes. It produces cysteinylleukotrienes (cLT) that have been implicated in the 
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regulation of the tone of hepatic sinusoids, and hepatocellular toxicity in several 
models of endotoxin-associated liver injury. 

Leukotriene synthesis is initiated by 5-lipoxygenase that forms 5-hydroperoxyei­
cosatetraenoic acid (5-HPETE) from arachidonate, and then converts 5-HPETE to the 
5,6-epoxide LTA4 (Ford-Hutchinson et al. 1994). LTA4 is either hydrolyzed to LTB4 by a 
specific LTA4 hydrolase or converted to LTC4 through the conjugation with the tripep­
tide glutathione by a specific microsomal LTC4-synthase. Removal of the y-glutamyl 
moiety from LTC4 by y-glutamyl-transferase yields LTD4. Irreversible hydrolysis of 
LTD4 by the ectoenzyme LTD4-dipeptidase leads to the formation of LTE4 and glycine 
(Keppler 1994). Cysteinylleukotrienes, LTC4, LTD4, and LTE4, are rapidly eliminated 
from circulation and taken up mostly by the liver and kidney. Leukotrienes are se­
creted into bile by an ATP-dependent organic anion transporter localized in the 
canalicular domain of hepatocyte plasma membrane (Keppler et al.1997). 

7.2 
Cellular Sources of Eicosanoids in the Liver 

Different types of hepatic cells were shown to synthesize eicosanoids in the liver. It 
was demonstrated that activated Kupffer cells (Decker 1990) and sinusoidal endothe­
lial cells (Eyhorn et al. 1988) produced significant amounts of prostanoids, mainly 
PGDz and PGEz. The secretion of prostanoids by hepatic stellate cells seems to be 
limited to specific situations (Table 12). The production of eicosanoids by parenchy­
mal liver cells was for many years a matter of controversy, as the conventional cultures 
of hepatocytes usually contained small amounts of nonparenchymalliver cells known 
to secrete prostanoids. However, it was shown that highly purified hepatocyte prepa­
rations, not contaminated by nonparenchymal cells, did not produce any cyclooxy­
genase products (Johnston and Kroenig 1996). Thus, hepatocytes do not synthesize 
eicosanoids; however, they respond to, metabolize, inactivate, and excrete eicosanoid 
degradation products into bile. 

Cysteinylleukotrienes found in the liver have long been presumed to be synthe­
sized by Kupffer cells (and also by mast cells; Hagmann et al. 1992), since peripheral 
blood monocytes and exudate macrophages are capable of producing cysteinyl LT. 
However, it was demonstrated that in the rat liver the majority of the LTC4 synthesiz­
ing activity was not localized in Kupffer cells but in hepatocytes (Fukai et al. 1993). It 
was next shown that in vitro hepatocytes possessed the capacity to synthesize LTC4 
from exogenous LTA4, but not from arachidonic acid (Fukai et al. 1996). Therefore it 
has been proposed that the Kupffer cell-hepatocyte transcellular system plays an 
important role in cysteinyl LT production in rat liver (Fukai et al. 1996). Further 
studies have supported this hypothesis by the demonstration of 5-lipooxygenase gene 
expression in Kupffer cells and SEC, but not in hepatocytes, and by the detection of 
LTC4-synthase mRNA in hepatocytes and SEC but not in Kupffer cells (Shimada et al. 
1998). Thus, in the rat liver transcellular synthesis of leukotrienes takes place (Fig. 
7).ig. 7). 

In summary, hepatocytes are target cells for the action of eicosanoids and site of 
their transformation and degradation, but can not directly oxidate arachidonic acid to 
eicosanoids. 
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Table 12. Inducers of eicosanoid synthesis in non parenchymal liver cells 

Prostanoid synthesis in Kupffer cellsa 

Endotoxin (LPS) 

TNF-a 

PAF 

Interferon-y 

Anaphylatoxins C3a and C5a 

Glucagon 

Endothelin-1 

Ethanol 

ATP 

Calcium ionophore, phorbol esters, zymosan 

Prostanoid synthesis in sinusoidal endothelial cells 

ATP 

Adenosine 

Endotoxin 

Prostanoid synthesis in hepatic stellate cells 

Anaphylatoxin C5a 

ATP 

Nitric oxide 

Noradrenaline 

Leukotriene synthesis in the liver 

Endotoxin (LPS) 

TNF-a 

Viral infection 

Several types of tissue trauma 

7.3 

References 

Casteleijn et al. 1988; Gaillard et al. 1991 

Decker 1990 

Gandhi et al. 1992 

Kawada et al. 1990 

Hespeling et al. 1995b; Schlaf et al. 1999 

Hespeling et al. 1995a 

Gandhi et al. 1992 

Qu et al. 1996 

Hashimoto et al. 1995 

Decker et al. 1990 

Hashimoto et al. 1995 

Hashimoto et al. 1995 

Eyhorn et al. 1988 

Schieferdecker et al. 1998 

Athari et al. 1994 

F ailli et al. 2000 

A thari et al. 1994 

Hagmann et al. 1985 

Fukai et al. 1996 

Hagmann et al. 1987 

Denzlinger 1996 

Expression of Prostanoid Receptors on Different Types of Liver Cells 

Prostanoid actions in the body are mediated by specific receptors on plasma mem­
branes that have been characterized pharmacologically, biochemically, and structur­
ally (Coleman et al.l994). These receptors are classified into five basic types, termed 
DP, EP, FP, IP, and TP, on the basis of their sensitivity to the five primary prostanoids, 
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Fig. 7. Transcellular synthesis of leukotrienes between Kupffer cell and hepatocyte system (see text) . 
LO, lipooxygenase; LTC4 S, LTC4 synthase 

PGDz, PGEz, PGFz, PGlz, and TXAz, respectively. Furthermore, EP is subdivided into 
four subtypes, EP1, EP2, EP3, and EP4, on the basis of their responses to various 
agonists and antagonists. The cloning ofTXAz receptor DNA and homology screening 
of mouse eDNA libraries subsequently identified the structure of all the eight types 
and subtypes of prostanoid receptors (Negishi et al. 1995). It was shown that pro­
stanoids transmit their signal via G-protein-coupled receptors through the changes in 
second messenger levels. In addition, approaches based on Northern blot analysis, in 
situ hybridization, and RT-PCR have shown that each prostanoid receptor is specifi­
cally distributed in the body, and that expression levels are variable among tissues 
(Sugimoto et al. 2000). 

The distribution of prostanoid receptors on various types of liver cells (Table 13), 
determined by the use of sensitive RT-PCR method (Fennekohl et al. 1999), may 
partially explain some controversies about the involvement of various prostanoids in 
the control of liver metabolism, and inflammatory mediator release from Kupffer cells. 
For example, PGEz has been reported both to stimulate glycogen-phosphorylase ac­
tivity (glycogenolytic effect), and to inhibit the glucagon-stimulated glycogen-phos­
phorylase activity (antiglycogenolytic effect) in rat hepatocytes (Puschel et al. 1993). 
This apparent contradiction may be explained by PGEz action on type 1 receptor 
(stimulation of glucose output via an increase in the intracellular level of inositol 
triphosphate), and type 3 PGEz receptor (inhibition of cAMP-dependent glucose 
output). The subtype 2 PGEz receptor present on Kupffer cells can restrain the inflam-
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Table 13. Expression of prostanoid receptor mRNAs on various types of rat liver cells 

Receptor Natural G-protein Second Relative amounts of 
type ligand messenger prostanoid receptor mRNAs 

on different types ofliver cells 

Hepatocyte KC SEC HSC 

DP-R PGD2 G, cAMPf (+)a ++b +++ 

EP1-R PGE2 Gq InsP3 t +++ +++ +++b +++ 

EP2-R PGE2 G, cAMPf +++ ++ 

EP3-R PGE2 GiC cAMP.!. ++ ++b ++b ++ 
orf 

EP4-R PGE2 G, cAMPf (+) ++ (+) 

FP-R PGF2a Gq InsP3 t + 

IP-R PGh G,c cAMPf (+) ++ +++ 

TP-R Thromb Gqc InsP3 t 
oxaneA2 cAMP f. J.c ++b +++ ++ 

a +, ++, +++describe relative abundancy of receptor mRNA in different types ofliver cells, (+)very 
low levels in some cell preparations, t and ,J.. denote, respectively, increase or decrease of the 
intracellular concentration of the second messenger. 

b Lack of functional evidence for the receptor presence on Kupffer cells, modified from Fennekohl 
et al. (1999). 

c Involvement of other G proteins and different signal transducing mechanisms have also been 
described (Narumiya eta!. 1999). 

matory response of liver macrophages via an increase of intracellular cAMP level, 
leading to the suppression ofTNF-a (Grewe et al.1994) and IL-6 release (Calleryet al. 
1990). Moreover, a negative-feedback loop mediated by prostanoids may exist between 
Kupffer cells and proinflammatory cytokine-elicited hepatocytes. It has been shown 
that in vivo and in vitro administration of IL-6, the key acute phase cytokine, effi­
ciently and rapidly upregulated hepatocyte Gs-coupled prostaglandin receptors (EP2-
R, EP4-R, and DP-R) that are normally not expressed on these cells (Fennekohl et al. 
2000). IL-6-stimulated cultured hepatocytes reacted to exogenous PGE2 with the sup­
pression of acute phase reaction (Fennekohl et al. 2000). Thus, it is possible that 
endotoxin-stimulated Kupffer cells that release both IL-6 and PGE2 may limit the 
extent of acute-phase reaction in neighboring hepatocytes by rendering them sensi­
tive to the negative control of their acute phase response by PGE2 (see also 
Sect. 13.5.1). In the basal state hepatocytes may not exhibit cAMP-dependent re­
sponses to PGE2 (Puschel et al. 1993) because of the absence of respective types of 
prostanoid receptors (Fennekohl et al.1999). 
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7.4 
Functions of Eicosanoids in the Liver 

The hepatic actions of eicosanoids, molecules that may be generated both outside and 
inside the liver, can be grouped. into vascular, metabolic, bile-secretory, and pro- or 
anti-inflammatory effects. In the intraorgan cell-cell communication Kupffer cells, 
sinusoidal endothelial cells, and hepatic stellate cells are sources of eicosanoids, and 
the intrahepatic vasculature, hepatocytes, and stellate cells are responding elements. 

The hemodynamic actions of eicosanoids were studied in the preparations of 
isolated perfused liver of rat and other mammals. Portal pressure was shown to be 
elevated by the vasoconstricting activities of thromboxane A2, PGD2, and PGF2a (Iwai 
et al. 1988a), whereas the vasodilatory effect of PGE2 and prostacyclin (PGh) resulted 
in the decrease of portal pressure and liver blood flow (Kawada et al.1992). Part of the 
PGE2 action could be attributed to its relaxing effect on hepatic stellate cells (see 
Chap. 12). Cysteinylleukotrienes were shown to profoundly decrease hepatic blood 
flow and increase portal pressure through their vasoconstrictory effects exerted at 
least partially at the level of hepatic stellate cells (Cincu et al. 1997; Iwai et al. 1988b; 
Titos et al. 2000). Thus, the sinusoidal blood flow may be controlled by hepatic stellate 
cells through the paracrine action of both prostanoids released from Kupffer and 
endothelial cells, and cysteinylleukotrienes released from hepatocytes. 

Beside hemodynamic actions prostaglandins have been implicated in the modula­
tion of hepatocyte proliferation (Kimura et al. 2000) and liver regeneration (Skouteris 
et al.1988), control of carbohydrate metabolism (Chap. 10), downregulation of proin­
flammatory cytokine formation in Kupffer cells (Chap. 13), inhibition of hepatic 
stellate cell proliferation (Chap. 14), and protection against liver or hepatocyte injury 
(see further sections in this chapter). Both prostaglandins and leukotrienes take part 
in the regulation of bile secretion (Beckh et al. 1994; Titos et al. 2000 ). 

Apart from acting as mediators of the effects of many substances on the liver 
(Table 12), prostaglandins are formed in nonparenchymalliver cells in response to 
noradrenaline and adrenaline that are released in the liver after the stimulation of 
sympathetic nerves, and are thought to transpose many neural effects on metabolic 
and hemodynamic functions of the whole liver (Iwai et al. 1988a; Jungermann and 
Stumpell999). 

7.4.1 
Prostaglandins 

Prostanoids produced in the liver may affect the activation status of both parenchy­
mal and nonparenchymal liver cells, especially under pathological conditions. For 
example, Kupffer cells stimulated in vitro with bacterial endotoxin were shown to 
release prostanoids (and IL-l 0) that suppressed leukocyte adhesion to liver sinusoidal 
endothelial cells through the downregulation of the adhesion molecule (CD54, i.e., 
ICAM-1, and CD106, i.e., VCAM-1) expression on SEC (Knolle and Gerken 2000). 
Moreover, constitutive antigen presenting activity of SEC reflected by the activation of 
CD4+ T cells was shown to be inhibited by endogenously produced prostanoids 
(Knolle and Gerken 2000). PGE2 was shown to suppress nitric oxide synthesis and the 
release of reactive oxygen intermediates from Kupffer cells (Harbrecht et al. 1995); 
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however, the opposite PGE2 effect was also reported (Gaillard et al. 1992). Moreover, 
PGE2 suppressed cytokine-stimulated nitric oxide synthase type 2 expression in iso­
lated rat hepatocytes (Harbrecht et al. 1996). 

It was found that PGE2 stimulated 02 consumption in cultured hepatocytes and in 
perfused rat liver through the stimulation of mitochondrial respiration via a cAMP­
mediated mechanism (Qu et al. 1999). Thus, PGE2 released from endotoxin-primed 
Kupffer cells may stimulate in a paracrine way ATP synthesis in hepatocytes, which 
would be beneficial for cellular protection against endotoxemia. 

Prostaglandin E2, the main prostanoid of blood and tissue macrophages including 
activated Kupffer cells, was shown to inhibit inflammatory cytokine synthesis in 
LPS-elicited Kupffer cells. Interestingly, this effect, apart from the immunosuppressive 
action of PGE2 on blood leukocytes, may represent the means for autoregulation of 
PGE2 production in liver macrophages. IL-6, and TNF-a., key proinflammatory cytok­
ines secreted by activated Kupffer cells, were shown to elicit PGE2 formation in 
Kupffer cells; however, PGE2 attenuated release of these cytokines from Kupffer cells, 
and in this way suppressed its own production (Callery et al. 1990; Karck et al. 1988; 
Peters et al. 1990). Thus, the interrelationships between the release from activated 
Kupffer cells of pro- or anti-inflammatory mediators depend on the delicate balance 
of reciprocally acting substances that may be rapidly induced upon the effects of 
many endogenous or exogenous factors. 

It has been shown that the inhibition of cytokine release by PGE2 was initiated by 
its binding to the EP2 and EP4 receptor subtypes on Kupffer cells, which led to the 
increase of cAMP intracellular concentration (Grewe et al. 1994; Table 13). Elevated 
levels of cAMP inhibited the activation of nuclear factor NFKB (via retarded degrada­
tion of the inhibitory factor IKB), and stimulated activating transcription fac­
tor/cAMP response element (ATF/CRE) site-mediated gene transcription. In this way 
the production of cytokines, the genes of which contain an NFKB site in the 5' 
regulatory region such as TNF-a. and IL-12, is inhibited by cAMP-elevating agents 
(such as PGE2), and the expression of cytokine genes containing an ACF/CRE re­
sponse element-1-like site, such as IL-10, is upregulated by the cAMP-dependent 
pathway (Grewe et al.1994). 

In many models of liver or hepatocyte injury prostaglandins such as PGE2, PGh, 
and their synthetic derivates, have been shown to exert a cytoprotective action (e.g., 
Gove et al. 1990; Kmiec 1994; Stachura et al. 1979). The mechanisms underlying the 
beneficial effects of prostaglandins are probably different depending on the specific 
model of liver injury. The cytoprotective action of prostaglandin E1 has been used for 
the protection of donor livers during hepatic transplantation in humans (Klein et al. 
1996). This effect can be partially related to the suppression of sinusoidal endothelial 
cell activation in the donor liver (Mizoguchi et al.1991; Yamaoka 1997). 

7.4.2 
Leukotrienes 

Contrary to the cytoprotective effects of prostaglandins, cysteinylleukotrienes, spe­
cifically LTC4 and LTD4, have been associated, through the beneficial effects of leuk­
otriene antagonists, with the induction ofliver injury in the galactosamine/endotoxin 
model of fulminant hepatitis (Tiegs and Wendel 1988) and endotoxic shock (Hag-
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mann et al. 1985). Since no direct damage of freshly isolated rat hepatocytes by 
exogenously added LTC4 or LTD4 could be observed (Kmiec et al. 1992), these cyto­
toxic effects had to be mediated by factors released from non parenchymal liver cells 
and extrahepatic cells, most probably TNF-a (Tiegs et al. 1989). One mechanism of 
deleterious action ofleukotrienes released from in vivo LPS-elicited Kupffer cells may 
involve suppression of sinusoidal endothelial cell function reflected by diminished 
hyaluronan uptake (Deaciuc et al.1994b) 
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8 Nitric Oxide as a Mediator 
of Intercellular Communication in the Liver 

Nitric oxide (NO), a short-lived free radical first identified as a potent endothelium­
derived relaxing factor released from vascular endothelial cells, is synthesized by 
different cell types and plays an important role in many processes, such as blood 
pressure regulation, neurotransmission, tumor cell killing, immunity, and inflamma­
tion (Moncada et al.1991). Its role in the regulation of cell and organ function under 
physiological and pathological conditions is complex, especially in the liver, where 
complicated relationships exist between different cell types that may be both sources 
of nitric oxide and targets of its action. 

8.1 
Nitric Oxide Synthesis in Liver Cells 

NO is formed from !-arginine and molecular oxygen by the 1-arginine:NO pathway 
catalyzed by the enzyme NO synthase (NOS) yielding citrulline as a coproduct. Nitric 
oxide synthase has three distinguishable isoforms: (1) NOS-I (ncNOS), a constitutive 
isoform originally isolated from neuronal sources and dependent on Ca2+-cal­
modulin; (2) an inducible Ca2+-independent form of the enzyme, NOS-2 or iNOS, 
that can be increased in response to inflammation and oxidative stress, and has been 
identified in the liver in many cell types (Kupffer cells, sinusoidal endothelial cells, 
hepatocytes, stellate cells, cholangiocytes); (3) NOS-3 (eNOS), a constitutive Ca2+-de­
pendent isoform located in endothelial cells (Clemens 1999). Under normal condi­
tions, only the constitutive eNOS is present in the liver, and the low level of NO 
produced by eNOS contributes to the regulation of hepatic blood flow (Clemens 1999). 
NOS-2, however, is readily upregulated in the liver under a number of conditions, 
including endotoxemia, hemorrhagic shock, ischemia-reperfusion, sepsis, infection, 
hepatitis, ozone exposure, and liver regeneration (Clemens 1999). Besides cells of 
hepatic parenchyma, in the liver NO may be released from other cell types, such as 
hepatic vascular endothelium, cholangiocytes, nerve endings, mast cells, platelets, or 
blood mononuclear cells, in a response to various stimuli. However, it is believed that 
under pathological conditions Kupffer cells and hepatocytes are the main source of 
NO (Clemens 1999). 

The cytokine-mediated upregulation of iNOS gene transcription occurs via the 
activation of the transcription factor NF-KB (de Vera et al.1997).In most cell types the 
action of NO is largely dependent on the stimulation of the soluble form of guanylate 
cyclase that catalyzes the synthesis of cyclic GMP (Moncada et al. 1991); however, 
cGMP-independent effects of nitric oxide have also been reported (Clemens 1999). 
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8.1.1 
Regulation of NO Synthesis in Hepatocytes 

NO production by cultured hepatocytes was not significantly enhanced by endotoxin 
(Shiratori et al. 1998); however, in vivo endotoxin (LPS) administration or in vitro 
combination of cytokines (IL-1~, TNF-a, and INF-y) were shown to induce iNOS 
synthase activity in human (Liu et al. 1996), pig (Monshouwer et al. 1996), and rat 
(Curran et al. 1990; Kitade et al. 1996; Laskin et al. 1995; Shiratori et al. 1998) hepato­
cyte cultures. Although IL-l~, TNF-a, and INF-y acted synergistically to induce iN OS 
expression (Geller et al. 1993), only IL-l~ alone, in the absence of other cytokines or 
LPS, was shown to be an effective stimulator of iN OS in primary cultured rat hepato­
cytes (Kitade et al. 1996; Shiratori et al. 1998). These data strongly suggest that in 
endotoxemia cytokines released by activated Kupffer cells are potent inducers of 
nitric oxide synthesis in hepatocytes. 

The classical method of hepatocyte isolation by the collagenase perfusion of the 
liver was shown to transiently induce NOS-2 in these cells (Wang et al. 1998a). The 
effect was endotoxin- and serum-independent, and resulted from de novo protein 
synthesis (Wang et al. 1998a). The response was triggered by a complex interaction 
between several different factors including Kupffer cell activation, reactive oxygen 
species generation, and endotoxin contamination of some collagenase preparations 
(Tirmenstein et al. 2000). 

Nitric oxide synthesis and iNOS expression in human hepatocytes were shown to 
be inhibited by hepatic mitogens, HGF, EGF, and TGF-a, which also suppressed and 
partially prevented NO-induced inhibition of DNA and protein synthesis (Liu et al. 
1996). Such effects of mitogenic cytokines may be important for promoting the 
regeneration of liver tissue in various forms of inflammation. Dexamethasone nega­
tively regulated iNOS expression in hepatocytes by inhibiting transcription factor 
NF-KB through the upregulation of inhibitory factor I KB (De Vera et al. 1997; Shira tori 
et al. 1998), which indicates that glucocorticoids may express their anti-inflammatory 
actions also at this level. 

8.1.2 
Regulation of NO Synthesis in Kupffer Cells 

Many factors and conditions, some listed in Table 14, stimulate or suppress the expres­
sion of iNOS gene in liver macrophages that are thought to represent the major 
hepatic source of nitric oxide under pathological conditions (Clemens 1999). Attenu­
ation of LPS-induced iN OS formation in Kupffer cells by elevated intracellular cAMP 
levels due to PGEz action (Harbrecht et al.l995) was shown to occur by preventing the 
degradation of inhibitory factor I KBa, which suppressed the activation of the nuclear 
factor NFKB, and inhibited the transcription of the iN OS gene (Mustafa and Olson 
1998). 
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Table 14. Factors eliciting and inhibiting NO synthesis in Kupffer cells 

Inducers and stimulators 

LPS,LPS,andiFN-y 

TNF-a 

PAF, also in LPS-elicited KC 

Interferon-y 

Hyaluronan fragments 

Endothelin-1 

IL-1~ 

Inhibitors of NO synthesis in LPS­
or cytokine-stimulated Kupffer cells 

Glucocorticoids 

8.1.3 

References 

Gaillard et al. 1991; Shiratori et al. 1998 

Gaillard et al. 1991 

Mustafa et al. 1996 

Gaillard et al. 1992; Rockey et al. 1998 

Rockey et al. 1998 

Stephenson et al. 1997 

Kitade 1996; Shiratori et al. 1998 

Grewe et al. 1994 

Gaillard et al. 1992; Harbrecht et al. 1995, 1996 

Regulation of NO Synthesis in Sinusoidal Endothelial Cells 
and Hepatic Stellate Cells 

In the liver only sinusoidal endothelial cells (Rockey and Chung 1998) express the 
constitutive form of nitric oxide synthase (eNOS), produce NO basally, and increase 
its synthesis in response to blood flow (Shah et al. 1997). Similarly to Kupffer cells the 
inducible form of NOS was upregulated by endocytosed hyaluronan fragments 
(Rockey et al. 1998), interferon-y, and LPS (Rockey and Chung 1996); however, in 
contrast to Kupffer cells, LPS alone only transiently induced iN OS mRNA, whereas the 
combination of IFN -y and TNF-a resulted in the prolonged induction of iN OS mRNA 
in SEC (Rockey and Chung 1996). Thus, through the secretion of many cytokines 
(Table 17) endotoxin-activated Kupffer cells may induce NOS-2 expression not only in 
hepatocytes, but also in sinusoidal endothelial cells. 

In hepatic stellate cells LPS alone (Kawada et al.1998), interferon-y, with or without 
LPS or TNF-a (Helyar et al. 1994; Rockey and Chung 1995), were shown to induce NO 
synthesis, which may lead to the relaxation of hepatic sinusoids, and inhibition of 
stellate cell proliferation (Kawada et al. 1998). These in vitro findings may be of 
clinical significance, because leukocytes that infiltrate portal areas in patients with 
chronic liver disease may stimulate, through the release of proinflammatory cytoki­
nes, adjacent stellate cells to produce NO, and thus be involved in the pathomechan­
isms of disturbed hepatic circulation in these patients. 

63 



8.2 
Nitric Oxide Effects on Liver Functions 

Similarly to eicosanoids NO exerts in the liver hemodynamic, metabolic, and pro- or 
anti-inflammatory effects. Under basal conditions, nitric oxide is postulated to modu­
late hepatic vascular tone in the normal liver (Clemens 1999), affecting sinusoidal 
blood flow through its relaxing effect on hepatic stellate cells and other segments of 
liver vasculature (Chap. 12). Nitric oxide may regulate hepatic metabolism directly, by 
causing alterations in the functions of hepatocytes and Kupffer cells, or indirectly, as a 
result of its vasodilatory properties. NO is involved in the regulation of hepatic 
carbohydrate metabolism (Chap. 10). Under physiological conditions NO was shown 
to increase bile-acid-independent canalicular bile secretion (Trauner et al. 1998). 

Nitric oxide displays cytotoxic and cytoprotective effects depending on the site and 
quantity produced (Clemens 1999). Excessive NO generated by hepatic cells in re­
sponse to endotoxin and inflammatory substances (e.g., PAF) prominently contrib­
utes to the pathophysiological outcomes observed in the liver during sepsis 
(Chap. 13). Oxidative stress was shown to increase induction of hepatocyte NOS by 
the proinflammatory cytokine interleukin-1 (Kuo et al. 2000), which may enhance 
NO-mediated protection against reactive oxygen-related liver injury (Sect. 13.4). 

Although high levels of NO induce apoptosis in a number of cell types, relatively 
low levels of NO can block it in others (Moncada et al. 1991). In cultured hepatocytes 
NO suppressed apoptosis via the interruption of caspase activation and mitochon­
drial dysfunction (Li et al. 1999). 

Another role for nitric oxide in the liver emerges from the induction by NO of 
heme oxygenase activity and the production of carbon monoxide through the cGMP­
related mechanisms; this effect may be involved in the cytoprotective actions of both 
gaseous monoxides (Polte et al. 2000). 
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9 Cooperation of Hepatocytes and Stellate Cells 
in the Metabolism and Storage of Retinoids 

All retinoids (vitamin A and its analogs) must be provided to higher animals in the 
diet, either as preformed vitamin A or as provitamin A carotenoids, since they are 
necessary for embryonic development, growth, vision, and survival of vertebrates 
(Vogel et a!. 1999). Vitamin A active substances are compounds, other than carote­
noids, that exhibit qualitatively the biological activities of all-trans-retinol (free-alco­
hol form of vitamin A). Retinol can be reversibly converted by enzymatic activity to 
the visually active form of vitamin A, retinal, in a variety of tissues. Retinoic acid (RA), 
the oxidized form of retinal, has been shown to be the active derivative of vitamin A, 
being a potent transcription factor. Retinoic acid transduces its pleiotropic effects by 
two families of nuclear receptors, the RARs and the RXRs, which function as nuclear 
transcription factors (Mangelsdorf and Evans 1995). Whereas retinol, retinal, and 
retinoic acid are physiologically active forms of vitamin A, all are toxic in high 
concentrations, so that surplus of vitamin A must be stored. Long-chain fatty esters of 
the vitamin, manufactured in the liver by the action of acyltransferase enzymes, are 
the primary storage form. The majority (50%-80%) of the total body vitamin A is 
stored in the liver as long-chain fatty acid esters of retinol (Vogel eta!. 1999). Hepatic 
retinoid stores serve as the major source of the retinoid that is utilized by all tissues 
throughout the body; retinyl ester reserves are hydrolyzed by hydrolytic enzymes to 
yield retinol when its plasma concentration declines. Additionally, a minor part of 
postprandial retinyl ester is taken up by extrahepatic tissues, and stored in extrahepa­
tic stellate cells that were identified in lung, kidney, and intestine (Nagy et al. 1997). 
Despite intensive investigations the exact mechanisms underlying retinol uptake by 
organs and tissues are still unknown (Vogel et a!. 1999). 

Vitamin A is absorbed in the small intestine, where it is incorporated into chylomi­
crons as retinyl esters for release into the lymph, and further distributed via blood to 
the liver for storage (Fig. 8). Chylomicron remnants containing retinyl esters are 
internalized exclusively by hepatocytes, and no other type of liver cells. Very shortly 
after receptor-mediated endocytosis, retinyl esters present in chylomicron remnants 
are hydrolyzed in early endosomes to retinol (Matsuura et al.1993). Depending on the 
vitamin A nutritional status of the animal, retinol combines in the endoplasmic 
reticulum with retinol-binding protein, RBP, and is either secreted from the hepato­
cytes, oxidized to retinoic acid or stored as retinyl esters (Fig. 8). Retinol binds in­
tracellularly to specific cellular retinal-binding proteins, CRBP-1 and CRBP-11, that 
also play an important role in retinyl ester hydrolysis and formation, and oxidation of 
retinal in retinoic acid (Vogel et al. 1999). Although hepatocytes can contain 5%- 30% 
of the total retinol (retinol + retinyl ester) present in the liver of normal rats, most of 
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Fig. 8. Main pathways of retinol metabolism in the liver (description in text). RBP, retinol-binding 
protein; CRBP, cellular retinol-binding protein; LD, lipid droplets in stellate cells; ARAT, acyl­
CoA:retinal acyltransferase; LRAT, lecithin: retinol acyltransferase; RA, retinoic acid; CRABP, cellular 
retinoic acid binding protein; RAL, retinal; RDH, retinol dehydrogenase (catalyzes reversible reac­
tion); REH, retinyl ester hydrolase; RAO, retinal oxidase (catalyzes irreversible reaction) 

it (70%- 95%) is stored in stellate cells (Hendriks et a!. 1985) after uptake of REP­
bound retinol and its re-esterification to retinyl esters (Vogel eta!. 1999). 

Although the interactions between hepatocytes and stellate cells need to be pre­
cisely regulated for the control of retinoid homeostasis, little is known about the ways 
in which these types of liver cells communicate. It had been assumed that REP-retinol 
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was secreted by hepatocytes into extracellular space and taken up by stellate cells 
(Blomhoff et al. 1988). However, it has also been shown that the uptake of retinol into 
stellate cells may not be dependent on RBP (Matsuura et al. 1993). The liver is the 
major site of RBP synthesis in the body, and this synthesis takes place only in hepato­
cytes and not nonparenchymalliver cells (Vogel et al. 1999). However, stellate cells 
represent the main cellular storage site of vitamin A in the liver as they were shown to 
contain 300 times the amount of retinyl esters present in hepatocytes on a cell protein 
basis (Hendriks et al. 1985). Hepatic stellate cells are highly enriched in cellular 
retinol-binding protein type I (CRBP-I), and in enzymes active in retinal metabolism 
as compared with hepatocytes (Vogel et al. 1999). CRBP-I plays an essential role for 
vitamin A homeostasis, since this protein was shown to be indispensable for efficient 
synthesis and storage of retinyl ester in mice with inactivated gene encoding CRBP-I 
(Ghyselinck et al. 1999). CRBP-I directs retinol for esterification with long-chain fatty 
acids by lecithin:retinol acyltransferase (LRAT), an enzyme whose specific activity 
was circa tenfold greater in nonparenchymalliver cells than in the hepatocyte fraction 
of vitamin A-sufficient rats (Matsuura et al.1997). LRAT may additionally contribute 
to the process of retinol uptake by HSC and to the maintenance of nontoxic retinol 
levels in plasma (Matsuura et al. 1999). Stellate cells also contain an intracellular 
binding protein for retinoic acid, cellular retinoic acid-binding protein type I 
(CRABP-I; Vogel et al.1999). 

In the rat, the amount of retinoids present in stellate cells and the relative distribu­
tion of the hepatic retinoid stores between the parenchymal and stellate cells is 
dependent on the body's vitamin A status, and on the cell-to-cell interactions between 
hepatocytes and HSC (Vogel et al. 1999). At times of low utilization of retinol in the 
peripheral tissues, when the levels of retinol-RBP are high within the liver, the stellate 
cells actively take up retinol for storage as retinyl ester. At times of high retinol 
utilization by the extrahepatic tissues, retinol-RBP, newly secreted by hepatocytes, 
enters the circulation to deliver retinol to peripheral tissues. The apo-RBP formed 
upon uptake of retinol in the periphery recycles to the liver, where additional retinol 
is taken up from the storage depots in the stellate cells for delivery to peripheral 
tissues (Fig. 8). In this way hepatic stellate cells play a primary role in providing 
tissues and cells with optimal amounts of vitamin A despite huge fluctuations in daily 
vitamin A intake (Vogel et al. 1999). However, when liver retinoid reserves are low, 
most of the liver retinoid is found in parenchymal cells (Batres and Olson 1987). 
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10 Cooperation of Liver Cells in the Regulation 
of Glucose Metabolism 

The liver plays a central role in the regulation of glucose homeostasis in mammals 
through the ability of hepatocytes to store glycogen during the resorptive phase 
(glucogenesis), and to release glucose in the postprandial period as a result of glyco­
genolysis and de novo glucose synthesis from noncarbohydrate substrates, such as 
lactate, glycerol, or amino acids, i.e., gluconeogenesis. Hepatic glucose production, 
necessary for survival in the fasting state, plays a key role in the maintenance of 
glycemia. The glucoregulatory function ofhepatocytes is controlled mainly by insulin, 
glucagon, catecholamines, and glucocorticoids, whereas many other hormones, cy­
tokines, and various mediators play an accessory role in the fine-tuning of glucose 
homeostasis to the requirements of specific physiological and pathophysiological 
situations (Cherrington 1999). In acute systemic inflammation many mediators re­
leased both extra- and intrahepatically are of great importance for the adaptation of 
the liver to the energetic needs of the whole body. 

10.1 
Effects of Prostaglandins 

It has been shown that many mediators that reach the liver during inflammatory 
processes, such as endotoxins, immune-complexes, anaphylatoxins, and PAF, increase 
glucose output in the perfused liver, but fail to do so in isolated hepatocytes (reviewed 
by Wake et al. 1989). The release of glucose under these circumstances was inhibited 
by cyclooxygenase inhibitors (Casteleijn et al. 1988), which suggested that the afore­
mentioned activators acted indirectly on hepatocytes via prostanoids synthesized in 
non parenchymal liver cells (mainly Kupffer and endothelial cells). Indeed, it has been 
demonstrated that exogenous prostaglandins may stimulate glucose production in 
the perfused liver and isolated hepatocytes through the direct activation of glycogen 
phosphorylase a via a phospholipase C-linked signal transduction pathway (Cas­
teleijn et al. 1988). In another experimental approach inactivation of Kupffer cells by 
gadolinium chloride almost completely abolished adenosine or ATP-stimulated glyco­
genolysis in the perfused rat liver (Nukina and Thurman 1994}. 

Anaphylatoxin CSa, the plasma-born small inflammatory protein generated as 
N-terminal cleavage product during the activation of complement factor CS, was 
found to enhance glucose output from hepatocytes through the prostanoid release 
from nonparenchymalliver cells, mainly Kupffer cells (Hespeling et al. 1995b) and 
stellate cells (Schieferdecker et al. 1998). The hypothesis of the indirect action of CSa 
was further supported by the results of quantitative RT-PCR, immunocytochemical 
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Table 15. Substances stimulating hepatic glycogenolysis via prostaglandin-mediated intercellular 
communication between nonparenchymalliver cells and hepatocytes 

Factor • Prostanoid Liver cell( s) References 
releasing PGs" 

Anaphylatoxin CSa Prostanoids KC,HSC Hespeling et al. 1995b 

Adenosine PGDz nd vom Dahl et al. 1990 

ATPb nd KC Nukina and Thurman 1994 

ATP PGFza,PGDz HSC Athari et al. 1994 

Endotoxin (LPS) PGDz, PGFza, PGEz KC Casteleijn et al. 1988 

Endothelin-1 nd SEC,HSC Gandhi et al. 1992 

Immune complexes nd nd Buxton et al. 1987 

Nitric oxide nd nd Borgs et al. 1996 

Noradrenaline PGFza,PGDz HSC Athari et al. 1994 

PAF PGDz KC Kuiper et al. 1988 

nd, not determined. 

a Various factors may be generated either locally in the liver or systematically. 

b ATP was released from hepatocytes stimulated with adenosine. 

and functional studies, which showed CSa receptor (CSaR) mRNA and CSaR protein 
expression mainly on Kupffer cells, strongly on stellate cells, but much weaker on 
sinusoidal endothelial cells (Schlaf et al.1999). Although under normal conditions rat 
hepatocytes did not show CSaR mRNA or protein (Schlaf et al. 1999), functional C5a 
receptors have been induced in liver parenchymal cells both on the mRNA and 
protein level by the in vivo treatment of rats with IL-6, a major proinflammatory 
cytokine (Schieferdecker et al. 2000). These findings indicate that hepatocyte-specific 
defense reactions might be differentially regulated under normal and inflammatory 
conditions. In the later phase of liver inflammation, which is mediated by intra- or 
extrahepatically released cytokines and other substances, the products of comple­
ment activation may directly stimulate functions of liver parenchymal cells. Interest­
ingly, endotoxin, a major activator of liver macrophages, did not stimulate glucose 
output from the perfused liver (Peste! et al. 2000), although endotoxin is known to 
release large amounts of prostaglandins from Kupffer cells (Sect. 7.1). 

Many substances (Table 15) synthesized within the liver during a local inflamma­
tory process or generated systematically, e.g., in the course of sepsis, may indirectly 
increase hepatic glycogenolysis through the prostaglandin-mediated intercellular 
communication between nonparenchymalliver cells (mainly Kupffer cells) and hepa­
tocytes (Fig. 9). The release of glucose from glycogen supports the increased demand 
for energetic fuel· by the inflammatory cells such as leukocytes, and additionally 
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Fig. 9. Substances released from non parenchymal liver cells or derived from extrahepatic sources that 
stimulate glycogenolysis or inhibit gluconeogenesis (from lactate) in hepatocytes directly or through 
cell-to-cell communication. Symbols:+, stimulation;-, inhibition of the process 

enables enhanced glucose turnover in sinusoidal endothelial cells and Kupffer cells 
which is necessary for effective defense of these cells against invading microorgan­
isms and oxidative stress in the liver (Sect. 13.5.2). 

Glucagon-stimulated hepatic gluconeogenesis has been shown to be antagonized 
by prostaglandin E2 through the inhibition of cAMP formation, which suppressed 
glycogen phosphorylase activity and glucose output from hepatocytes (Puschel and 
Christ 1994). Moreover, in isolated hepatocytes PGE2 accelerated the decay of phos­
phoenolpyruvate carboxykinase mRNA and reduced activity of its key gluconeogenic 
enzyme, which was previously induced by glucagons (Puschel and Christ 1994), prob­
ably via a G;-linked signal transduction (cf. Table 13). These data imply that during 
inflammation PGE2, derived mainly from activated Kupffer cells, may reduce liver 
gluconeogenic capacity as a part of strategy to spare liver resources (amino acids) for 
the acute-phase response (see Sect. 13.5.1). 

71 



10.2 
Effects of Cytokines and Nitric Oxide 

Proinflammatory mediators, such as interleukin-1~, interleukin-6, TNF-a, and nitric 
oxide, which may be elicited systematically or released from nonparenchymal liver 
cells, have been shown to modulate the regulation of hepatic glucose metabolism. 

It has been found that IL-1~, IL-6 (Kanemaki et al.1998), and nitric oxide (Sprang­
ers et al. 1998) markedly diminish insulin-stimulated deposition of glycogen in pri­
mary rat hepatocyte cultures through the inhibition of glycogen synthase activity and 
stimulation of glycogen phosphorylase activity. IL-6 inhibited also insulin-stimulated 
increase of glucokinase activity, an important glycolytic enzyme (Christ et al. 1994). 
These actions of cytokines and NO may be interpreted as directed towards providing 
more glucose for the immediate use by hepatocytes, or for its release by the liver. 

Gluconeogenesis, a process that supplies the body with glucose after exhaustion of 
hepatic glycogen stores, was shown to be inhibited in cultured hepatocytes activated 
by endotoxin (LPS) and a combination of cytokines (Ceppi et al. 1996; Stadler et al. 
1995). This effect was mediated by nitric oxide through the inhibition of key glu­
coneogenic enzyme activities, pyruvate carboxylase, and phosphoenolpyruvate car­
boxykinase (Horton et al. 1994). It was also shown that IL-6 (Christ et al. 1994), or 
IL-l~ and TNF-a (Christ and Nath 1996) impaired glucagon-dependent induction of 
phosphoenolpyruvate carboxinase, in part by the inhibition of cyclic AMP formation 
(Christ et al. 1997), and also through the increased degradation of the enzyme's 
mRNA (Christ and Nath 1996). After exhaustion of hepatic glycogen stores these 
effects may impair glucagon-stimulated gluconeogenesis, and decrease glucose re­
lease from the liver. 

It seems plausible that the modulation of the hepatic effects of main glucoregula­
tory hormones, such as insulin and glucagon, by pro inflammatory mediators elicited 
systematically or released intrahepatically from nonparenchymal (or parenchymal) 
liver cells may underlie the early hyperglycemic and the late hypoglycemic phase of 
endotoxic shock (Sect. 13.5.2). In the normal liver IL-l, IL-6, or TNF-a may directly 
affect hepatic glucose metabolism, or interfere with hormonal control of glucose 
homeostasis, and thus participate in the regulation of glucose production and supply 
to other tissues. 
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11 Cooperation of Liver Cells in the Synthesis 
of Growth Factors and Respective Binding Proteins 

Growth factors represent a heterogeneous group of peptides that express various 
effects on almost each cell type; however, the stimulation of cell proliferation repre­
sents one of their main characteristics. Both parenchymal and nonparenchymalliver 
cells are not only targets but also sources of some important growth factors, and of 
their respective binding proteins. Many growth factors produced by liver cells act not 
only on extrahepatic cells, but influence also functions of neighboring cells in the 
hepatic lobule. Some of these cell-to-cell interactions mediated by growth factors will 
be shortly described. 

11.1 
Insulin-Like Growth Factors and IGF-Binding Proteins 

Insulin-like growth factors I and II (IGF-I and IGF-11) are single-chain peptides with 
structure similar to proinsulin, which are involved in the regulation of cell growth, 
differentiation, and metabolism. The production and release of IGFs are primarily 
regulated by growth hormone (GH) and nutritional status. Although most cells 
throughout the body can synthesize IGFs (LeRoith 1997), circulating IGF-I, which 
exhibits particular metabolic responsiveness, originates predominantly in the liver 
(Sjogren et al. 1999). Interestingly, IGF-I synthesis was demonstrated not only in 
hepatocytes (Scott and Baxter 1986), but also in cultured stellate cells (Pinzani et al. 
1990), and IGF-I mRNA was localized in Kupffer and sinusoidal endothelial cells 
(Zimmermann et al. 2000). These findings indicate that IGF-I secreted from non­
parenchymal liver cells may contribute to the circulating pool of IGF-I derived from 
liver, albeit at lower levels than IGF-I derived from hepatocytes. 

IGFs bind specifically to cell membrane receptors, and also to high-affinity binding 
proteins present in serum and tissue fluids, termed IGF-binding proteins (IGFBP) -1 
to -6, of which IGFBP-3 is regarded as the major carrier protein. The IGFBPs are 
expressed in a tissue-specific manner, and have different affinities for the IGFs. Liver 
is the primary source of two major circulating forms ofiGFBPs, IGFBP-1 and IGFBP-3 
(LeRoith 1997). IGFBP-3 binds 80%-95% of the circulating IGF-1 and IGF-11 in a stable 
ternary complex that includes also an additional 85-kDa protein termed acid-labile 
subunit (ALS). This complex prolongs the plasma half-life of IGF-I and limits the 
amounts of free, biologically active IGFs in the circulation, determining their bioavail­
ability to tissues. In contrast to IGFBP-3, other IGFBPs form binary complexes with 
IGF-1 (LeRoith 1997). 
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Fig. 10. Cooperation of liver cells in the synthesis of IGF-binding proteins and HGF (see text). 
Symbols:+, stimulation;-, inhibition of synthesis;+/-, differential effects on specific IGFBPs 

Growth hormone is the primary inducing factor of IGF-1, IGFBP-3, and ALS syn­
thesis, acting indirectly through insulin and IGF-1, but its effects may vary as individ­
ual components of the ternary complex are synthesized in different cell populations 
within rat liver (Fig. 10). Whereas ALS and IGFBP-1 expression was found only in 
hepatocytes (Saile et al.1995; Scharf et al.1996; Villafuerte et al.1994; Zimmermann et 
al. 2000), IGFBP-3 mRNA and protein were expressed in Kupffer and SEC (Scharf et al. 
1996; Villafuerte et al. 1994; Zimmerman et al. 2000). IGFBP-2 was synthesized in 
hepatocytes and Kupffer cells (Scharf et al. 1996), and IGFBP-4, which is the second 
most abundant serum IGFBP in adult rat and other species, was expressed at high 
levels in hepatocytes, and at low levels in nonparenchymalliver cells ( Gentilini et al. 
1998; Zimmermann et al. 2000). Cultured HSC secreted IGFBP-2, -3, -4 and -5 into 
medium (Gentilini et al. 1998; Scharf et al. 1998). Thus, liver nonparenchymal cells 
may constitute important sites of synthesis and cell-specific regulation of IGFBPs. 

The cell-specific expression of distinct IGFBPs in the liver provides potential for 
specific regulation of hepatic IGF-I action (Fig. 10). In cultured hepatocytes growth 
hormone did not affect biosynthesis of IGFBPs (Villafuerte et al.1994); however, GH, 
insulin, and IGF-I enhanced ALS expression (Scharf et al. 1996). In cultured hepato-
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cytes insulin and IGF-I decreased the synthesis of IGFBP-1 and -2, while it increased 
that ofiGFBP-4 (Scharf et al.1996; Zimmermann et al.2000). Kupffer cells were shown 
to synthesize IGFBP-2 and IGFBP-3 independently of insulin and IGF-I (Scharf et al. 
1996); however, the stimulation of IGFBP-3 synthesis by insulin and IGF-I in these 
cells required a diffusable mediator derived from cocultured hepatocytes (Villafuerte 
et al. 1994). In hepatic stellate cells IGF-I induced IGFBP-3 and -5 proteins in a 
time-dependent manner without an increase in the corresponding mRNAs; however, 
IGFBP-4 protein levels decreased in response to IGF-I (Gentilini et al. 1998). These 
data clearly show that in the adult rat liver the biosynthesis of individual IGFBPs and 
ALS is compartmentalized in different cell populations, and is differentially regulated 
by insulin, IGF-I, and growth hormone (Fig. 10). The IGF-stimulated proliferation of 
cultured stellate cells was shown to be profoundly enhanced in the presence of condi­
tioned media of cultured hepatocytes, suggestive of paracrine regulation of stellate 
cell growth and function by hepatocyte-derived factors (Gressner et al.1993a). 

Recent studies have suggested that hepatic production of IGFs and IGFBPs may be 
regulated not only by hormones and nutritional factors, but also by some growth 
factors and cytokines acting via paracrine or autocrine interactions. For example, 
IGF-I production by adult rat hepatocytes was stimulated by TGF-a and TGF-131 (Voci 
et al. 1999), cytokines synthesized in the liver by hepatic stellate cells (Table 10) and 
Kupffer cells {Table 7). TGF-13 stimulated IGFBP-3, and decreased IGFBP-5 mRNA and 
protein synthesis in cultured human stellate cells (Gentilini et al. 1998). IL-1a and 
TNF-a, cytokines secreted by activated Kupffer cells, increased circulating levels of 
IGFBP-1 through direct effects on the IGFBP-1 mRNA abundance in the liver (Ben bas­
sat et al. 1999). It is possible that stimulation of hepatic IGFBP production by cytoki­
nes and growth factors may contribute to the alterations in IGF bioactivity and 
impaired anabolism in clinical conditions when cytokine production is high. For 
instance, it was shown that in liver biopsies obtained from patients with active chronic 
viral-induced hepatitis that were characterized by high TGF-13 expression, IGFBP-3 
mRNA was increased in the majority of samples compared with normal controls 
(Gentilini et al.1998). 

11.2 
Role of Hepatocyte Growth Factor in the Communication Between 
Hepatocytes and Stellate Cells 

Hepatocyte growth factor (HGF) is a polypeptide growth factor that exhibits mito­
genic, motogenic, and morphogenic activities for a wide variety of cells. Moreover, 
HGF plays an essential part in the development and regeneration of the liver, being the 
most potent known stimulator of hepatocyte proliferation (Matsumoto and Naka­
mura 1996). In the liver synthesis of HGF has been localized to nonparenchymal cells 
(Maher 1993), mainly to hepatic stellate cells that were shown to synthesize a large 
part of the HGF released from normal liver (Maher 1993; Ramadori et al.1992b). 

It is plausible that stellate cells may influence the turnover of hepatocytes in a 
paracrine way via the secretion of HGF that is directed by hepatocyte synthesis of 
insulin-like growth factor(s). IGF-I, synthesized in the liver both by parenchymal and 
nonparenchymal cells, was shown to increase HGF synthesis in the early cultures of 
stellate cells {Skrtic et al. 1997, 1999). Although in the normal liver hepatocytes pro-
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duce large quantities of IGF-I (Scott and Baxter 1986), in vitro hepatocytes do not 
proliferate in response to IGF-I ( Gohda et al. 1990), probably because they display only 
a few IGF-I receptors (Caro et al. 1988). [However, in some strictly defined culture 
conditions a quick appearance of IGF-induced hepatocyte proliferation has been 
observed (Kimura and Ogihara 1998)]. Interestingly, in the close vicinity of hepato­
cytes,a vast amount ofiGF-I receptors was found on HSC {Brenzel and Gressner 1996; 
Scharf et al. 1998), and a smaller number on SEC (Zimmermann et al. 2000). Thus, 
stellate cells may represent local target cells for IGF-I action in the liver, and, through 
the secretion of HGF, may affect proliferation of hepatocytes (Skrtic et al. 1997). 
Moreover, it was shown that conditioned media of cultured hepatocytes contained 
some factor(s) that stimulated HGF secretion by stellate cells independently of the 
IGF-I presence (Skrtic et al.1999). 

Thus IGF-I, and other hepatocyte-derived factors, may indirectly affect hepato­
cytes via paracrine loops involving the release of HGF from hepatic stellate cells. The 
existence of such communication between hepatocytes and stellate cells may play a 
role in vivo in situations that lead to liver regeneration (Gohda et al. 1990). Secretion 
of HGF from HSC may also be beneficiary in liver inflammation as it was shown that 
HGF protected hepatocytes (Kosai et al.1999) and sinusoidal endothelial cells (Seto et 
al. 1998) in experimental endotoxic liver injury. On the other hand, the synthesis by 
stellate cells of TGF-~, one of the most potent growth inhibitors for hepatocytes 
(Strain et al.1987), may provide negative signals for hepatocyte proliferation both in 
resting and regenerating liver (Bissell et al. 1995). 

11.3 
Cross-Talk of Liver Cells in the Synthesis of TGF-~ 
and TGF-~-Binding Proteins 

Transforming growth factor-13 (TGF-~) superfamily comprises a group of structurally 
related growth factors that function as potent inducers of cell differentiation and 
proliferation, modulation of extracellular matrix secretion, as well as wound healing 
(Grande 1997). TGF-~ potently suppresses the proliferation ofhepatocytes (Strain et 
al. 1987), stimulates production of ECM components in stellate cells (see Chap. 14), 
and can mediate hepatocyte apoptosis (Oberhammer et al. 1991). Injury to the liver 
caused by various factors results in rapid induction of TGF-~ predominantly in 
hepatic stellate cells (Bauer et al. 1998a), consistent with a ubiquitous role for TGF-~ in 
wound healing. Because of the pleiotropic effects ofTGF-~, and its role in the develop­
ment of liver fibrosis (Chap. 14), the expression and activation of this cytokine in 
normal and diseased liver became the subject of intensive investigations. 

Three subtypes of TGF-~ (TGF-~1, TGF-~2, and TGF-~3), which possess nearly 
identical biological properties, are found in mammals (Grande 1997). TGF-~s are 
synthesized and secreted in a biologically latent large homodimer form that must be 
proteolytically activated before it can bind to receptors and perform biological activi­
ties. Large latent TGF-~ (235-280 kDa) consists of the mature 25-kDa TGF-~ protein, 
theN -terminal part of its precursor (latency-associated peptide, LAP, 75 kDa), and the 
latent TGF~-binding protein (LTBP, 120-160 kDa). Latent TGF-~ molecules are local­
ized to the cell surface and extracellular matrix via binding to type II IGF/mannose-6-
phosphate receptor, through mannose-6-phosphate-containing carbohydrates in the 

76 



1(,1 
I IBI' 

t.l. 1. •. , R HI t• I I 

< R r. 

Fig. 11. Cooperation of hepatocytes and nonparenchymal liver cells in the synthesis of IGF and 
TGF-~ and their binding proteins 

LAP, and through the association of LTBP with fibrillar extracellular matrix molecules. 
The proteolytic cleavage of matrix-bound LTBP (possibly mediated in the liver by 
plasmin and other proteases), and the release of the small latent TGF-~ complex 
(TGF~-LAP) is regarded as the initial step in TGF-~ activation. Binding of the mature 
TGF-~ (25-kDa homodimer) to its type II receptor recruits and phosphorylates TGF-~ 
type I receptor, which in turn phosphorylates its intracellular targets, such as Smad 
proteins that propagate the TGF-~ signal from cytoplasm into the nucleus to activate 
gene expression (Breitkopf et al. 2001; Hu et al. 1998). 

TGF-~1 is the most abundant TGF-~ isoform in both the normal and fibrotic liver 
(De Bleser et al. 1997a); however, in normal rat or human liver TGF-~ expression has 
been found exclusively in Kupffer and stellate cells (Bauer et al. 1998a), with much 
stronger signals present in KC (De Bleser et al. 1997a). Moreover, the presence of LTBP 
(LTBP-1, -2, -3), and TGF-~ isoform transcripts (TGF-~-1, -2, -3),and LTBP-1, LTBP-2, 
LAP and TGF-~ proteins, as well as the secretion of large latent TGF-~ complexes were 
found in normal rat liver in Kupffer (Roth et al. 1998a) and stellate cells (Breitkopf et 
al. 2001 ). In contrast to the normal situation, stellate cells constitute the major TGF-~­
expressing and -secreting cell type in the rat (Bachem et al. 1992) and human (Bauer 
et al.1998a; Casini et al.1993) fibrotic liver. The expression of all three components of 
the large latent TGF-~ complex and three TGF-~ and LTBP isoforms, detected in HSC 
by RT-PCR, and confirmed by sequence analysis (Breitkopf et al. 2001; Gong et al. 
1998), indicates that stellate cells may constitute the major source of all latent TGF-~ 
complex components both in normal and fibrotic liver. 

Although in situ also parenchymal cells were recognized to contain the large latent 
TGF-~ complex (Roth et al. 1998b), no transcripts of any of the TGF-~ and LTBP 
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isoforms were found in liver sections (Breitkopf et al. 2001) or in hepatocytes freshly 
isolated from normal rat liver (Breitkopf et al. 2001; De Bleser et al.1997a; Roth-Eich­
horn et al. 1998), which strongly suggested that hepatocytes did not synthesize either 
LTBP or TGF-~. However, detection of TGF-~, LAP, and LTBP in cultured hepatocytes 
(Roth-Eichhorn et al.1998) and the presence of TGF-~ fragments in bile (Coffey et al. 
1987) suggests that latent TGF-~ is taken up, stored, and metabolized in parenchymal 
liver cells (Roth-Eichhorn et al.1998). The latent form ofTGF-~ can be released from 
hepatocytes or intracellularly activated, and therefore may modulate TGF-~-sensitive 
pathways extra- and intracellularly (Roth et al. 1998b). The emerging concept of the 
cooperation of nonparenchymal and parenchymal liver cells in the synthesis and 
release of latent and active forms of TGF-~ and their binding proteins is shown in 
Fig. 11. 

Latent TGF-~ is extracellularly activated by the action of proteolytic enzymes such 
as plasmin (Grande 1997). Nonparenchymalliver cells release factors that regulate the 
activity of the plasminogen/plasmin system and may modulate TGF-~ bioactivity. In 
normal liver, stellate cells (Leyland et al. 1996) and sinusoidal endothelial cells (Kuiper 
et al. 1989; Rieder et al.l993) are important sources of plasminogen activator inhibitor 
1 (PAI-l), the most efficient inhibitor of plasminogen activators present in plasma. 
PAI-l synthesis and release from these cells may represent an important control site 
for the regulation of TGF-~ bioavailability inside and outside the liver. The observa­
tion that in experimental liver fibrosis only stellate cells expressed surface type II 
IGF/mannose-6-phosphate receptor, known to facilitate activation of TGF-~ (De Ble­
ser et al.l995), is in line with the suggested key role of TGF-~ in the development of 
hepatic fibrosis (Chap. 14). 
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12 Cooperation of Liver Cells in the Regulation 
of Sinusoidal Contractility 

The regulation of sinusoidal blood flow and intrahepatic vascular resistance in nor­
mal and damaged liver has been the subject of intensive studies aimed at the elucida­
tion of the pathogenesis of portal hypertension, a life-threatening complication of 
liver fibrosis and cirrhosis. Apart from regulatory mechanisms operating at the level 
of pre- and postcapillary vessels, it was shown in vivo that sinusoids constrict in a 
graded and reversible manner in response to specific mediators acting on hepatic 
stellate cells both under normal and pathological conditions (Clemens and Zhang 
1999). Hepatic stellate cells have a strategic position in the perisinusoidal space and 
their long cytoplasmic processes, containing vast numbers of microfllaments, em­
brace endothelial cells (Fig. 3). Moreover, processes of stellate cells were found to be in 
the vicinity of nerve endings (Bioulac-Sage et al.1990; Tiniakos et al.1996; Ueno and 
Tanikawa 1997). In vitro nonactivated quiescent HSC do not contract (Kawada et al. 
1992); however, contraction of activated stellate cells in culture mediated by increase 
in intracellular calcium concentration (Oide et al. 1999) can be directly quantified 
(Thimgan and Yee 1999). 

Activated stellate cells express receptors for vasoactive agents (Table 4) and exhibit 
contractile or relaxing, although variable, responses to these factors (Table 16). En­
dothelins are the most important modulators of hepatic microcirculation (Clemens 
and Zhang 1999). Through the use of intravital microscopic imaging techniques it was 
shown that endothelin-1 induced contractile response of hepatic sinusoids that was 
correlated with decreased oxygen saturation of sinusoidal blood (Okumura et al. 1994; 
Zhang et al. 1994b). In normal liver preproET-1 mRNA was expressed in endothelial 
cells of the interlobular veins and arteries (Fukushiga et al. 2000), and in non­
parenchymal liver cells, predominantly in sinusoidal endothelial cells (Eakes et al. 
1997). ET-1 release was shown also from other nonparenchymalliver cells, mostly 
stellate cells, in response to such factors as TGF-~ (Rieder et al. 1991) or endotoxin 
(Eakes et al. 1997). It has been demonstrated that exogenous ET-1 increased portal 
vascular resistance through the constriction of sinusoids (Bauer et al 1994) and 
preterminal portal venules (Kaneda et al.1998). 

Hepatic effects of endothelins are mediated by two receptor subtypes, ETA and ETB 
(Zhang et al. 1997), which are heterogeneously expressed on all major hepatic cell 
types, with the highest density on stellate cells (Housset et al. 1993). Stellate cells and 
hepatocytes express both ETA and ETB receptors (Fukushiga et al. 2000; Housset et al. 
1993) with the predominance of the ETB subtype in rat HSC (Gabriel et al.1999).Some 
authors found only ETB receptors on Kupffer cells and SEC (Housset et al.1993), while 
others detected both types of ET receptors on sinusoidal endothelial cells (Diamantis 
et al.1998). 
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Table 16. Substances contracting and relaxing stellate cells 

Secreting cell(s)" References 

Vasoconstrictors 

Endothelin-1 SEC,HSC Kawada eta!. 1993; 
Sakamoto et al. 1993 

Angiotensin-II Serum Pinzani et al. 1992c 

Arginine vasopressin Hypothalamus Bataller et al. 1997 

ATPandADP HC,KC Takemura eta!. 1994 

Leukotriene D4 HC Titos et a!. 2000 

PGFza KC,SEC Kawada et al. 1992 

Substance P Neurons Sakamoto eta!. 1993 

Thromboxane Az KC,SEC Kawada et al. 1992 

Thrombin Serum Pinzani et a!. 1992a 

Vasodilators 

NO HC,KC,SEC Kawada et al. 1993; Rockey 
and Chung 1995 

co KC Suematsu et al. 1995 

PGEz KC,SEC Kawada eta!. 1992, 1993 

PGiz KC,SEC Kawada et al. 1992, 1993 

Atrial natriuretic peptide (ANP} Heart Gorbig eta!. 1999 

Adrenomedullin KC,SEC Kawada and Inoue 1994 

IL-l KC Sakamoto et al. 1997 

a Mainly liver cells; however, many of the listed substances may be released into blood by extrahepatic 
cells. 

In liver disease or injury, other types of nonparenchymalliver cells, such as the 
sinusoidal endothelial cells and/or Kupffer cells, become important contributors to 
the contractile response. Endothelin levels are elevated in chronic liver disease (Alam 
et al. 2000; Pinzani et al. 1996a), and the source of excess endothelin is probably the 
liver itself (Clemens and Zhang 1999). A paracrine signalling mechanism was postu­
lated to operate between endotoxin-activated Kupffer cells that released TGF-~, and 
sinusoidal endothelial cells, in which TGF-~ stimulated ET-1 synthesis and secretion 
(Eakes et al. 1997); this intercellular signaling relationship may represent an impor­
tant component in the hepatic responses to endotoxin. However, since TGF-~ is also 
secreted by activated stellate cells, it may increase ET -1 synthesis via an autocrine loop 
and act in a paracrine way on SEC (Fig. 12). The observation that endotoxin (Gandhi 
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Fig. 12. Main factors released from cells of the liver lobule that affect the contractility of hepatic 
stellate cells 

et al. 2000) or reactive oxygen species (Gabriel et al.1998) increase ET-1 release from 
cultured stellate cells may be relevant for the increased portal resistance in endotox­
emia and liver cirrhosis (Clemens and Zhang 1999). The increased sensitivity of 
endothelin receptors found in activated stellate cells (Reinehr et al. 1998; Gandhi et al. 
2000) may contribute to the altered contractility of HSC in pathological conditions. 

In contractile cells of the vessel wall the effects of vasoconstrictor agonists can be 
attenuated by vasodilators (Table 16; Fig. 12). NO, an important vasodilatory agent, 
has been shown to modulate liver blood flow mainly via its relaxing effects on stellate 
cells (Clemens 1999). In activated HSC exogenous NO was capable of preventing 
ET-induced contraction as well as causing precontracted cells to relax (Rockey and 
Chung 199S).Although all types ofliver cells can produce NO (Chap. 8),in the normal 
liver the constitutive isoform of NO synthase (eNOS) was exclusively found in endo­
thelial cells; it was activated by shear stress and sinusoidal blood flow (Shah et al. 
1997). However, under pathological conditions, Kupffer cells and hepatocytes chal­
lenged with endotoxin, administered either in vivo or in vitro, released vast amounts 
of NO (Curran et al.1990), an effect that was found to improve oxygen transport from 
sinusoids to hepatocytes (Huang et al.1997) . 

Carbon monoxide, a by-product of the heme oxygenase (HO) activity, constitutes 
another endogenous factor that was shown to reduce sinusoidal tone, and was neces­
sary for maintaining liver perfusion (Suematsu et al. 1995). In normal liver the action 
of CO, which is produced predominantly by hepatocytes that constitutively express 
H0-2 activity (Goda et al. 1998), is probably involved in the relaxation of hepatic 
stellate cells (Clemens and Zhang 1999). Under pathological conditions carbon mon-
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oxide, produced also by the inducible H0-1 activity ofKupffer cells (Bauer et al. 1998b; 
Goda et al.1998), was found to protect hepatic microcirculation (Clemens and Zhang 
1999). 

Although NO and CO are key molecules that relax stellate cells acting via paracrine 
and autocrine mechanisms, also prostaglandins that increase cyclic AMP concentra­
tion (PGEz and PGh) and may be released locally from Kupffer or sinusoidal endothe­
lial cells, may relax stellate cells (Clemens and Zhang 1999). 

The elucidation of the mechanisms that control the interplay of vasoconstrictory 
and vasodilatory substances and gaseous molecules released from sinusoidal liver 
cells and other types of liver cells, which act on hepatic stellate cells and other 
components of the hepatic vascular system, may help in designing new therapies for 
the treatment of sinusoidal blood flow disturbances in portal hypertension, or in 
inflammatory liver injury (Clemens and Zhang 1999). 
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13 Cross-Talk of Liver Cells 
in Response to Endotoxin 

The gastrointestinal tract is a reservoir of viable bacterial organisms and biologically 
active microbiological products, such as endotoxin. Endotoxin is the general term for 
a class of lipopolysaccharide (LPS) molecules located in the outer cell membrane of 
gram-negative bacteria. Endotoxin constitutes physiological constituent of portal-ve­
nous blood {Jacob et al.1977), and under normal conditions, in contrast to extrahepa­
tic tissues, it does not cause hepatic inflammation. However, an abnormally high 
release of endotoxin from gram-negative bacteria results in sepsis (defined as the 
systemic response to bacteremia) and its complications: systematic inflammatory 
response syndrome (SIRS) and septic shock characterized by hypotension, vascular 
injury, disseminated intravascular coagulopathy, multiple organ failure, and ulti­
mately death (Parillo 1993). Many mediators, such as cytokines, eicosanoids, PAF, 
activators of complement cascade, reactive oxygen species, nitric oxide,kinins, throm­
bin, pro calcitonin, and endothelin-1, participate in the pathogenesis of sepsis (Parillo 
1993). Due to its integral role in metabolism and host defense mechanisms, the liver is 
a major organ responsible for initiation of multiple organ failure during sepsis. It is 
also one of the major organs damaged during endotoxic shock. Endotoxin-triggered 
inflammatory response in the liver is associated with many structural and functional 
changes such as early depression of hepatocellular function, activation of parenchy­
mal and nonparenchymal cells, platelet aggregation, intravenous thrombosis, and 
infiltration of polymorphonuclear leukocytes, mainly neutrophils {Hewett and Roth 
1993). 

13.1 
Endotoxin Uptake by the Liver 

The liver plays a major role in clearing circulating LPS from the blood (Freudenberg 
et al.1982; Ruiter et al.1981) mainly by Kupffer cells (Van Bossuyt et al.1988; Catala et 
al.1999), and to a lesser extent by sinusoidal endothelial cells (Catala et al.1999; Ruiter 
et al. 1981) and hepatocytes (Mimura et al. 1995). Upon binding of LPS to cells, it is 
internalized, processed, and released (Fox et al.1988). On both SEC and Kupffer cells, 
LPS binds mainly to a special class of scavenger receptors (van Oosten et al.1998) and 
to a minor extent to CD14 receptor protein and macrosialin (CD68) present on 
Kupffer cells (van Oosten et al. 1998). The uptake of LPS by Kupffer cells leads to the 
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release of many mediators that exert profound effects on liver and body functions 
(Table 17). 

In the circulation, LPS is complexed to several compounds, including its specific 
carrier, the LPS-binding protein (LBP), which is an acute-phase protein produced by 
hepatocytes. The LPS/LBP complex binds to the cell surface receptor CD14, a glycosyl­
phosphatidylinositol protein anchored on the cell surface of myeloid lineage cells, 
including Kupffer cells (Ulevitch and Tobias 1995). Attachment of the LPS/LBP com­
plex to the membrane-bound CD14 (mCD14) and endocytosis of this complex 
(Ulevitch and Tobias 1995) result in cell activation, nuclear translocation of the tran­
scription factor NF-KB, and synthesis of proinflammatory cytokines, prostanoids, and 
other soluble mediators (Bauerle and Henkel 1994). However, the effects of LBP on 
Kupffer cell activation by LPS were shown to be dependent on functional Toll-like 
receptor 4 (Tlr 4), suggesting that LBP/CD14 pathway may play a minor role in KC 
activation by LPS (Suet al. 2000). Low levels of CD14 mRNA and protein, observed in 
normal rat (Liu et al. 1998b) and human hepatocytes (Suet al. 1999), and rat Kupffer 
cells (Lichtman et al. 1998), were found to be rapidly increased in Kupffer cells after 
LPS administration (Lichtman et al.1998; Suet al.2000). 

The early response of hepatocytes to radiolabelled LPS injected into portal vein 
takes place by the direct endotoxin uptake, only a few minutes after intraportal LPS 
administration, and leads to the excretion of endotoxin into the bile (Mimura et al. 
1995; Van Bossuyt et al. 1988). However, an indirect endotoxin effect on hepatocytes 
could proceed via induction of hepatocyte LBP and CD 14 gene expression by cytoki­
nes released from Kupffer cells (Liu et al. 1998b; Wan et al. 1995), parallel to the 
activation of other acute-phase proteins (see further). Thus endotoxin upregulates in 
hepatocytes the synthesis of proteins involved in its own uptake by the liver and other 
organs. 

13.2 
Activation of Non parenchymal Liver Cells as the Early Response 
to Endotoxin 

It was demonstrated that direct LPS action on hepatocytes (Milosevic et al. 1999) or 
Kupffer cells (Peters et al.1990) made no damage to the cells. However, acute endotox­
emia induced by the treatment of rats or mice with bacterially derived LPS results in 
inflammatory response characterized in the early phase by the accumulation of neu­
trophils and macrophages in the liver (Hewett and Roth 1993; Jaeschke and Smith 
1997), microcirculatory dysfunction (McCuskey et al. 1999), depression of SEC func­
tion (Deaciuc et al.1994b), and, after 1-2 days, injury ofhepatocytes and endothelial 
cells accompanied by their reactive proliferation (Helyar et al.1994; Hewett and Roth 
1993; Laskin et al. 1995). LPS-activated liver cells release a variety of cytotoxic and 
inflammatory mediators (Table 17) that participate in the propagation of the inflam­
matory response and endotoxin-induced cell and tissue damage both at the local and 
systemic levels. 

It is believed that the LPS-induced activation of Kupffer cells constitutes the key 
primary event in the pathogenesis of LPS-induced liver injury through the release of a 
variety of substances that have been implicated as cytotoxic or modulatory mediators 
of hepatic inflammation (Table 17). This hypothesis has been supported by experi-
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Table 17. Factors released from liver cells after challenge with endotoxin (LPS) 

Cell type 

Hepatocytes 

IL-6 

TNF-a 

NO (induction by cytokines) 

Macrophage inflammatory protein-2 

Chemokines (KC/gro, CINC) 

Kupffer cells 

Reactive oxygen species 

NO 

Cytokines 

CINCa 

CC-chemokines (MIP-1a, MCP-1) 

IFN-a, IFN-~ 

IL-1a and -1~ 

IL-6 

IL-10 

IL-12 

IL-18 

TNF-a 

Eicosanoids 

Prostaglandins 

Thromboxane Az 

Leukotrienes 

Lysosomal enzymes 

Sinusoidal endothelial cells 

Endothelin -1 

IL-l 

IL-6 

PAF 

Reactive oxygen species 

Prostanoids 

References 

Saad et al. 1995 

Saad et al. 1995 

Curran et al. 1990; Saad et al. 1995 

Dong et al. 1998 

Maher 1995; Mawet et al. 1996; 
Shiratori et al. 1994 

Arthur et al. 1988 

Curran et al. 1990; Gaillard et al. 1991 

Deutschman et al. 1996 

Bukara and Bautista 2000 

Decker 1990 

Aono et al. 1997; Chensue et al. 1991 

Busam et al. 1990; Callery et al. 1990; 
Knolle et al. 1997 

Knolle et al. 1995 

Takahashi et al. 1996; Tsutsui et al. 1997 

Tsutsui et al. 1997 

Callery et al. 1990; Chensue et al. 1991; 
Karck et al. 1988 

Kawada et al. 1992; Kmiec et al. 1993; 
Peters et al. 1990 

Decker 1990 

Spitzer et al. 1993 

Decker 1990 

Eakes et al. 1997 

Feder et al. 1993 

Feder et al. 1993; Knolle et al. 1997 

Mizoguchi et al. 1991 

McCloskey et al. 1992 

Eyhorn et al. 1988 
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Table 17 (continued). Factors released from liver cells after challenge with endotoxin (LPS) 

Cell type 

Hepatic stellate cellsb 

Endothelin-1 and NO 

NO synthesis induced 
by TNF-a, IFN-y or LPS 

MCP-1 

References 

Gandhi et al. 2000 

Helyar et al. 1994a; Rockey 
and Chung 1995 

Sprenger et al. 1999; Xu et al. 1996 

a Observed in acute endotoxemia (after treatment of animals with LPS). 

b Only transformed (activated) HSC responded to LPS (Sprenger et al. 1997). 

ments demonstrating that inactivation or elimination of Kupffer cells by chemical 
agents such as gadolinium chloride, administered before (Iimuro et al. 1994; Sarphie 
et al. 1996) induction of sepsis, prevented or attenuated many of the LPS effects on the 
liver. The products of activated liver macrophages may directly and indirectly affect 
surrounding parenchymal and sinusoidal endothelial cells as well as infiltrating leu­
kocytes and platelets, with the end result of inflammatory response and tissue injury. 
Moreover, Kupffer cells receive from other liver cells paracrine signals that modulate 
the extent of hepatic inflammation. However, it has been shown that endotoxin can 
also directly induce IL-6, TNF-a, NO, and acute-phase protein synthesis in cultured rat 
hepatocytes without the involvement of factors released from Kupffer cells (Saad et al. 
1995). Some of the complex relationships existing between nonparenchymal and 
parenchymal liver cells under the conditions of endotoxic injury will be presented in 
the following sections. 

13.2.1 
TN F-a as a Paracrine Mediator in Liver Responses to Endotoxin 

Many data suggest that TNF-a, a multifunctional cytokine produced mainly by mono­
cytes and tissue macrophages, is the principal mediator of the pathophysiological 
effects of inflammation, cachexia, and endotoxic shock (Beutler and Cerami 1989). 
Administration of TNF-a has been found to reproduce many of the effects of endo­
toxin-induced acute inflammation, including hepatocellular necrosis and changes in 
lipid metabolism (Wang et al. 1995a). In rat, intraperitoneal injection of LPS or its 
infusion into the portal vein increased TNF-a levels in arterial serum, indicating that 
the liver is an important site of TNF-a production in the body (Asari et al. 1996). 
Inhibition of Kupffer cell function with dietary glycine (Ikejima et al. 1996) or de­
struction of Kupffer cells with liposome-encapsulated dichloromethylene diphos­
phonate (Bautista et al. 1994) largely reduced endotoxin-induced TNF-a formation 
and blocked mortality in rats treated with a lethal dose of LPS, implying a role of 
Kupffer cells as the major source of TNF-a in the liver (Luster et al. 1994). In vitro 
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studies showed that TNF-a was the major mediator elicited in Kupffer cells by endo­
toxin (Decker 1990). 

The local production of TN F-a by LPS-elicited liver macrophages plays an impor­
tant role in endotoxin-induced liver damage by the way of intercellular communica­
tion within the liver, and by the systemic effects of TNF-a, which has been shown to 
stimulate other cells to the release of terminal mediators of shock such as PAF, kinins, 
leukotrienes, reactive oxygen species, proteases, or nitric oxide (Parillo 1993). Patho-
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physiological responses mediated by TNF-a in the liver include inflammatory cell 
infiltration, hyperlipidemia, fibrogenesis, and cholestasis (Simpson et al. 1997). The 
effects of TNF-a on liver cells are mediated through its binding to the type I 55-kDa 
membrane receptor of target cells (Zhang et al. 1994a), and signal transduction via the 
activation of transcription factor NF-KB (Tran-Thi et al.l995). TNFa-induced activa­
tion of NF-KB in endothelial cells and hepatocytes during endotoxemia (Essani et al. 
1996) leads to the transcriptional activation of a number of proinflammatory genes, 
e.g., of chemokine MIP-2 (Dong et al. 1998), nitric oxide synthase (Shiratori et al. 
1998), and heme oxygenase 1 (Downard et al.l997). TNFa-mediated upregulation of 
the expression of adhesion molecules has been involved in the neutrophil influx 
observed in endotoxemic liver {Jaescke 1997). TNF-a was also shown to induce oxida­
tive stress in isolated mouse hepatocytes (Adamson et al. 1993), and suppress mito­
chondrial respiration in cultured rat hepatocytes (Stadler et al. 1992), an effect prob­
ably mediated by the upregulation of nitric oxide synthesis in hepatocytes (Shiratori 
et al. 1998; Stadler et al. 1992). Other hepatic actions of TNF-a during endotoxemia 
involve suppressed induction of cytochrome P450 isoforms (Monshouwer et al.l996), 
and elimination of damaged hepatocytes via the activation of apoptosis (Hamada et 
al. 1999; Jaeschke et al. 1998; Leist et al. 1995; Tsustsui et al.l997), although anti-apop­
totic effects of this cytokine have also been reported (Nagaki et al. 2000). TNF-a, 
acting together with IL-l and IL-6, further products of activated Kupffer cells (Ta­
ble 17), was shown to induce acute-phase proteins in hepatocytes (Sect. 13.5.1), and to 
upregulate the regenerative response to liver injury through the induction of hepato­
cyte proliferation (Beyer and Theologides 1993). Figure 13 presents some of the com­
plex interactions between the main types of liver cells (and leukocytes) that are 
involved in TNF-a effects in endotoxemic liver. 

Although TNF-a was shown to stimulate the activation of NF-KB in primary 
cultures of rat Kupffer cells, this cytokine alone did not induce its own synthesis 
(Tran-Thi et al. 1995), but rather inhibited it in an autoregulatory negative feedback 
through the simultaneous increase of PGEz (Karck et al. 1988) and IL-10 (Knolle et al. 
1995) secretion from Kupffer cells. The suppression of TNF-a synthesis in Kupffer 
cells by Kupffer cell-derived PGEz can be interpreted as the way to provide counter­
regulation of the developing inflammatory cascade. The synthesis of TNF-a in 
Kupffer cells was shown to be inhibited also by glucocorticoids (Decker 1990), epi­
nephrine (Liao et al.l995), and all-trans retinoic acid (Motomura et al.l997). 

13.2.2 
The Role of Nitric Oxide in the Response of Liver Cells to Endotoxin 

Nitric oxide, released during endotoxemia, has been implicated as the important 
mediator of hypotension, peripheral vasodilation, and tissue damage during endo­
toxic shock (Clemens 1999). A few hours after endotoxin administration increased 
expression of iNOS messenger RNA was found both in nonparenchymal and 
parenchymal liver cells (Kawada et al.l998; Laskin et al.l995). Although various liver 
cell types may produce NO, it has been assumed that in endotoxin-treated animals 
hepatocytes and Kupffer cells, due to their number and size, are the major hepatic 
source of NO during the early stage of endotoxemia. The induction of NOS in hepato­
cytes of endotoxi.n-treated animals occurs through the action of cytokines, such as 
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IL-l, IL-6, and TNF-a, released from activated Kupffer cells, and probably sinusoidal 
endothelial cells (Sect. 8.1.1) or from extrahepatic sources. 

The role of NO in the pathogenesis of endotoxin-induced liver injury is controver­
sial. In vitro observations suggested damaging effects of NO on hepatocytes. For 
example, NO synthesized by endotoxin-activated Kupffer cells induced prominent 
reduction of total protein synthesis (Curran et al. 1990), depression of mitochondrial 
respiration (Kurose et al. 1996; Stadler et al. 1992), and inhibition of cytochrome-P450 
activity (Monshouwer et al. 1996; Stadler et al.1994) in cultured hepatocytes. 

However, in vivo experiments that demonstrated the exacerbation of endotoxin-in­
duced liver damage by nonspecific inhibitors of nitric oxide synthase (Harbrecht et al. 
1992; Ou et al. 1997) suggested that putative hepatoprotective effects of NO during 
endotoxemia may be mediated partially by the stabilization of hepatic microcircula­
tion (Nishida et al. 1994), increased oxygen delivery to hepatocytes (Huang et al. 1997), 
suppression of prostanoid and IL-6 synthesis in Kupffer cells (Stadler et al.1993), and 
inhibition of endotoxin-induced activation of neutrophils (Liu et al.1998a). Moreover, 
the observation that in vivo inhibition of NO formation enhanced superoxide release 
by the perfused liver (Bautista and Spitzer 1994) suggested that nitric oxide may 
protect hepatocytes against reactive oxygen species released from neutrophils and 
Kupffer cells. 

The data describing the involvement of nitric oxide in the process of hepatocyte 
apoptosis are unequivocal. It has been shown that NO suppressed apoptosis, induced 
by TNF-a and actinomycin D in primary cultures of rat hepatocytes, through the 
proteolytic processing and activation of multiple pro-caspases, including caspase-3 
and caspase-8 (Li et al. 1999). However, in the LPS/galactosamine model of hepatic 
injury in mice, characterized by prominent apoptosis ofhepatocytes (Leist et al.1995), 
activation of iN OS did not prevent liver failure, whereas anti-TNFa neutralizing 
antibody inhibited liver damage and iNOS expression (Morikawa et al. 1999). In 
contrast, it has also been demonstrated that NO may be involved in hepatic injury 
through the induction of hepatocyte apoptosis (Wang et al.1998c). 

Although beneficial effects of increased NO synthesis or delivery were shown in 
some models of liver injury, NO was found to have detrimental effects in hemorrhagic 
shock, and in ischemia-reperfusion model of liver injury (Clemens 1999). Thus, the 
protective or toxic role of nitric oxide in hepatic injury may depend on the particular 
model of liver damage, cellular source (nonparenchymal and parenchymal liver cells, 
infiltrating leukocytes) and amount of NO released, presence of oxidative stress, and 
time phase in the development of liver damage (Clemens 1999). It is, however, clear 
that paracrine interactions between activated Kupffer cells, acting as resident macro­
phages, and hepatocytes, major effector cells responsible for liver function, as well as 
hepatic stellate cells involved in the regulation of sinusoidal blood flow (Chap. 12 ), are 
of major importance for the NO actions in the injured liver. 

13.3 
The Interactions of Neutrophils with Liver Cells in Endotoxemia 

The initial manifestation of the LPS-induced liver injury represents a hepatic mi­
crovascular inflammatory response that includes activation of endothelium, increased 
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leukocyte-endothelial interactions, impaired sinusoidal pressure, and activation of 
Kupffer cells (McCuskey 1999). 

Ultrastructural studies showed decrease in the number of fenestrations in the 
cytoplasm of SEC (Sarphie et al. 1996) already after 3 h, and pronounced swelling of 
endothelial cells 24 h after LPS administration (Ito et al. 2000). The activation of SEC 
shifts these cells from their normal anticoagulant state to a procoagulant state with 
increased adhesiveness for leukocytes and platelets. Neutrophils (polymorphonuclear 
granulocytes, PMN) accumulate in the liver prior to the onset of its injury (Jaeschke 
1997). Considerable body of evidence indicates that neutrophil accumulation in the 
liver after inflammatory or oxidative stress contributes to hepatocyte injury. Sub­
sequent tissue damage results from the action of various mediators released from 
activated sequestered leukocytes and Kupffer cells (Fig. 14). 

The recruitment of neutrophils into the liver during endotoxin-induced hepatitis 
involves release of chemotactic activity from Kupffer cells ( CINC, Deutschman et al. 
1996; MCP-1, Marra et al. 1998b), hepatocytes (CINC, Dong et al. 1998; Mawet et al. 
1996; Shiratori et al. 1994; MCP-1 and MIP-2, Dong et al. 1998), and stellate cells 
(MCP-1, Marra et al. 1998b; Sprenger et al. 1997). The transmigration of neutrophils 
through the sinusoidal wall into the liver parenchyma has been shown to be primarily 
dependent on the upregulation of the Pz integrin Mac-1 (CD11b/CD18) on neutro­
phils by TNF-a and complement, and its counter-receptor on endothelial cells, inter­
cellular adhesion molecule (ICAM-1, CD54; Jaeschke 1997). The induction of vascular 
adhesion molecule-1 (VCAM-1, CD106) expression on Kupffer cells and sinusoidal 
endothelial cells (but not on hepatocytes) by endotoxin, TNF-a, and IL-l has also 
been found to participate in the transendothelial migration of neutrophils (Essani et 
al. 1997a). Induction of E-selectin expression, absent on SEC in normal liver, has been 
shown to be important for the full activation of neutrophils during the transmigration 
process (Lawson et al. 2000). 

Parenchymal cell injury represents an important stimulus fbr the sequestration of 
leukocytes in sinusoids and their transmigration through the release of chemotactic 
activity (Fig. 13). In the endotoxin/galactosamine model ofliver injury, the accumula­
tion of activated neutrophils in sinusoids occurred before TNFa-mediated hepato­
cyte apoptosis (Leist et al.1995). However, hepatocyte apoptosis has been shown to be 
a critical trigger for transendothelial migration of neutrophils and the subsequent 
aggravation of liver injury in this murine model of sepsis (Lawson et al.1998). 

The adherence of neutrophils to hepatocytes, clearly documented by electron mi­
croscopy (Ohira et al. 1995), which is dependent on Pz integrins and ICAM-1 interac­
tions (Nagendra et al.1997), represents the next step, after neutrophil transendothelial 
migration, in the development of neutrophil-induced liver damage. Adherence-de­
pendent release of cytotoxic mediators from neutrophils (and Kupffer cells), such as 
proteases and reactive oxygen species, results in hepatocellular necrosis (Ho et al. 
1996). Although Kupffer cells play a major role in the initiation of endotoxin-induced 
liver damage, they are also active during the later stages of hepatic inflammation 
through the intensive phagocytosis of apoptotic neutrophils, which accumulate in the 
sinusoidal lumen several hours after endotoxin administration (Shi et al.1996). 

Thus, the involvement of neutrophils in the development of hepatocellular injury is 
the consequence of their interactions with the resident cells of liver lobule, especially 
endothelial cells, Kupffer cells, and hepatocytes. However, neutrophil-induced injury 
represents only one of several pathomechanisms that can be involved in the patho-
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Fig. 14. Schematic representation of neutrophil-induced hepatocyte injury (see text). i denotes 
upregulation of the adhesion molecule by cytokine(s). PMN, polymorphonuclear granulocytes (neu­
trophils); other abbreviations have been explained in text 

physiology of inflammatory liver injury. Other important contributing factors include 
the platelet aggregation, microcirculatory disturbances, or accumulation of cytotoxic 
lymphocytes; however, the discussion of these mechanisms, as well as the role of 
neutrophils in other forms of liver injury (Jaeschke and Smith 1997), are beyond the 
scope of this mongraph. 
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13.4 
Interactions of Liver Cells in the Production and Removal 
of Reactive Oxygen Species 

In vivo or in vitro endotoxin administration results in the hepatic release (Bautista et 
al. 1990) of vast amounts of superoxide anion (02-), a principal form of oxygen 
radical. Although superoxide anion and its dismutation product, hydrogen peroxide, 
are the primary radical oxygen species (ROS) formed by many cells (Fig. 15A), the 
release of myeloperoxidase from activated neutrophils leads to the formation of 
hypochlorous acid (HOCI) as the major oxidant. ROS are thought to be responsible in 
a great part for the liver damage in such models of experimental injury as ischemia­
reperfusion, chemical-induced hepatotoxicity, or endotoxemia (Jaeschke et al. 1999; 
Jaeschke 2000). ROS have been shown to inactivate plasma antiproteases (Weiss 1989), 
and in this supportive role may enable protease-dependent hepatocyte damage. ROS 
are involved in the· activation of transcription factors such as nuclear factor-KB (NF­
KB) and activator protein 1 (AP-I) that provide signals for the activation of proinflam­
matory genes (Bauerle and Henkell994). Antioxidants were found to inhibit NF-KB 
activation, cytokine formation, and ICAM-1 upregulation in the endotoxin-damaged 
liver (Essani et al. 1997b). Thus, the positive feedback by ROS may play an important 
role in amplifying the excessive inflammatory responses. 

The intercellular communication may be important for protecting the liver from 
the endotoxin-induced enhanced superoxide anion production. It has been demon­
strated that in vivo LPS challenge upregulated, in a coordinated way, glucose transport 
and glucose-6-phospate dehydrogenase (G6PDH) activity in sinusoidal endothelial 
cells, as well as superoxide dismutase and glutathione peroxidase gene expression, 
which resulted in augmented ROS detoxifying activity (Spolarics 1998). In LPS-acti­
vated Kupffer cells the elevated expression of G6PDH, the key enzyme of the NADPH­
providing pentose cycle, correlated well with the increased synthesis of superoxide 
anion, hydrogen peroxide, and nitric oxide (Spolarics and Navarro 1994). However, no 
changes in the activities of superoxide dismutase and glutathione peroxidase, the 
main anti-oxidant enzymes, were observed either in Kupffer cells or hepatocytes after 
LPS administration (Spolarics 1996). These data indicate that Kupffer cells (and infil­
trating neutrophils) show a dominance of pro-oxidant pathways, whereas endothelial 
cells are dominantly antioxidant. 

It has been proposed that an intercellular oxidant balance (Fig. 15B) exists in the 
hepatic microenvironment (Spolarics 1998). Endotoxemia sets this intercellular (and 
intracellular) balance at a new level by stimulating the pentose cycle and dependent 
pathways in a cell-specific way: the endothelial cell response may buffer the harmful 
effects of activated phagocytes and neutrophils, and protect the underlying parenchy­
mal cells (Spolarics 1998). This mechanism may be operative also in normal liver as 
small amounts of endotoxin are constantly found in the portal vein (Jacob et al.l977). 
Additionally, the production of NO by LPS-elicited Kupffer cells and hepatocytes may 
represent another protection mechanism against ROS-mediated liver damage since 
nitric oxide was shown to operate as a scavenger of superoxide anion ( Casini et al. 
1997). 
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Fig.lS.A Main pathways ofreactive oxygen radical metabolism. ROS such as H20 2, 0 2-, and OH are 
generated intracellularly or derive from cellular environment. COX, cyclooxygenase; GK, glucokinase; 
GLUT, glucose transporter(s); G-6P, glucose-6-phosphate; G6PD, G-6-P dehydrogenase; 6-PG, 6-
phospho-gluconolactone; GSH, reduced glutathione; GSSG, oxidized glutathione; HK, hexokinase; LO, 
lipooxygenase; 0 2-, superoxide anion; SOD, superoxide dismutase; XO, xanthine oxidase; asterisk 
denotes NADPH:cytochrome P4so reductase. B Intercellular oxidant balance during endotoxemia 
between pro-oxidant Kupffer cells and anti-oxidant sinusoidal endothelial cells, arrows indicate 
increased cellular activity or content as described in text 
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13.5 
Cross-Talk of Liver Cells in Endotoxin-Induced Metabolic Alterations 

In mammals, disturbances of homeostasis due to infection, tissue injury, neoplastic 
growth, or immunological disorders induce profound changes in host metabolism 
reflected by increases in energy expenditure and enhanced glucose, protein, and lipid 
turnover, referred to collectively as the acute-phase response (Gabay and Kushner 
1999). The hypercatabolic state elicited in endotoxemia, which may be regarded as 
directed to the creation of sufficient response by the immune system, is caused by 
classical hormones such as adrenalin, cortisol, and glucagon, and by many cytokines 
such as IL-l, TNF-a., IL-6, IGF-1, EGF, and TGF-~ (Filkins 1985). Increased protein 
breakdown in muscles provides amino acids as substrates for the synthesis of acute­
phase proteins in the liver, for the proliferation of inflammatory cells, and synthesis of 
immunoglobulins (Hasselgren 1995). Altered metabolism of plasma lipids and lipo­
proteins, leading to a hyperlilidemic state, delivers important energetic fuels, and may 
be important for the inactivation of endotoxin (Hardardotirr et al. 1994). The initial 
increase of glucose release from hepatocytes provides energetic substrates for the 
ischemic tissues; however, hypoglycemia develops in the later phase of septicemia 
(Filkins 1985). Many of these changes, which are caused by altered metabolism of 
hepatocytes, are induced by mediators released both from extrahepatic sources, as 
well as from hepatocytes and nonparenchymalliver cells. 

13.5.1 
Interactions of Liver Cells During Synthesis of Acute-Phase Proteins 

In the course of acute-phase response a family of gene products known as acute-phase 
proteins (APPs) is expressed in the liver. APPs act as inhibitors of plasma proteinases 
that play an important role in the activation of complement, kallikrein-kinin, throm­
bosis, and fibrinolytic systems; moreover, APPs may also function as scavengers, metal 
chelators,or coagulants (Koj 1996). During acute-phase reaction hepatocyte synthesis 
of so-called positive APPs, such as <Xz-macroglobulin, C-reactive protein, <lt-acidic 
glycoprotein, or <lt-antitrypsin is upregulated, whereas the synthesis of "negative" 
proteins, such as albumin or phosphoenolpyruvate kinase, is decreased (Koj 1996; 
Wang et al.l995b). 

The increased expression of APPs by the liver in response to inflammation at 
extrahepatic sites is mediated primarily by the concerted action of IL-l- and IL-6-type 
cytokines (such as IL-11, leukemia inhibitory factor, and oncostatin M), TNF-a., IFN -y, 
and glucocorticoids (Gabay and Kushner 1999). It was found that the in vivo endo­
toxin administration resulted already after 1 h in the prominent increases of IL-l a., 
IL-6, and TNF-a. levels in the rat liver (Luster et al. 1994), due to the activation of 
NF-KB observed in Kupffer cells, hepatocytes, and SEC (Essani et al. 1996; Saad et al. 
1995). It was shown that IL-l, IL-6, and TNF-a. released from Kupffer cells inhibited 
albumin synthesis in hepatocytes co-cultured with Kupffer cells, with IL-6 having the 
greatest effect (Itoh et al. 1994; Kowalski et al. 1992). Proinflammatory cytokines 
released from Kupffer cells may also impair hepatic drug metabolism through the 
suppression of cytochrome P450- and UDP glucuronosyl transferase-dependent ac­
tivities in hepatocytes (Monshouwer et al 1996; Morgan et al. 1994). Moreover, IL-6 
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secreted by cultured rat hepatocytes challenged in vitro with endotoxin has been 
shown to modulate synthesis of acute-phase proteins in an autocrine way (Saad et al. 
1995). Thus, both endotoxin-activated Kupffer cells and hepatocytes, acting in the 
paracrine and autocrine way, play an important role in the induction of acute-phase 
reaction in the liver via the release of proinflammatory cytokines. 

13.5.2 
Cooperation of Liver Cells in the Regulation of Glucose Metabolism 
in Endotoxemia 

Sepsis and en do toxemia lead to the profound changes of the whole body carbohydrate 
metabolism that are caused by cytokine- and hormone-mediated mechanisms. Ad­
ministration of a moderately low dose of endotoxin to the intact animal has been 
found to evoke an initial hyperglycemia with increased glucose turnover and elevated 
lactate levels, followed by hypoglycemia (Filkins 1985). These alterations are thought 
to be caused by the elevated glucose output from hepatocytes through the stimulation 
of glycogenolysis by prostanoids, IL-1~, IL-6, or NO released from Kupffer cells 
(Chap. 10), which is followed by decreased gluconeogenesis and glycogen synthesis 
(Horton et al. 1994), concurrent with increased glycolysis (Wang et al. 1995b). The 
inhibition of gluconeogenesis has resulted partially from the suppression of phos­
phoenolpyruvate carboxinase gene transcription in hepatocytes, which was caused by 
IL-6 and TNF-a. (Christ et al.l997; Hill and McCallum 1992), cytokines released in the 
endotoxin-challenged liver mainly from Kupffer cells. Moreover, the expression of 
another key gluconeogenic enzyme, glucose-6-phosphatase, was strongly downregu­
lated in the septic rat (Deutschman et al. 1997), and the enzyme transcription rate was 
strongly decreased in mice treated with TNF-a. (Metzger et al.l997). A few hours after 
in vivo endotoxin challenge, nitric oxide was found to be partially responsible for the 
inhibition of the gluconeogenic flux in the liver (Horton et al.1994; Stadler et al.1995), 
and for the decreased activity of the GLUT-2 glucose transporter (Casada et al. 1996). 
These data strongly suggest that a general impairment of hepatic gluconeogenesis in 
endotoxemia may be caused by the action of proinflammatory cytokines and nitric 
oxide generated locally in activated Kupffer, or systematically in extrahepatic cells. 

The impaired hepatic glucose production in endotoxemia is accompanied by in­
creased glucose use by peripheral tissues, including the liver itself (Meszaros et al. 
1987). Endotoxin (LPS), cytokine, or phagocytic challenge augmented glucose use 
two- to threefold in the whole liver due to the increase in glucose use by nonparenchy­
malliver cells (Kupffer cells and SEC), and infiltrating hepatic neutrophils (Meszaros 
et al. 1991). The increased glucose uptake by the LPS-activated Kupffer and endothe­
lial cells resulted from the upregulation of gene expression and increased membrane 
translocation of GLUTI glucose transporter (Spolarics 1998). Although most of the 
glucose was used for glycolysis, LPS-primed Kupffer cells and sinusoidal endothelial 
cells, but not hepatocytes, showed increased gene expression and activity of glucose-
6-phosphate dehydrogenase, a rate-limiting enzyme of the pentose cycle that gener­
ates NADPH, the obligatory reduced equivalent for all major ROS producing and 
detoxifying pathways and fatty acid synthesis (Spolarics and Navarro 1994; Spolarics 
and Wu 1997). The increase of glucose flux through the pentose cycle observed in 
Kupffer cells and SEC after LPS or TNF-a. administration was highly correlated with 
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elevated superoxide anion production (Spolarics et al. 1993; Spolarics and Wu 1997). 
Thus, during endotoxemia elevated glucose use by the liver serves not only the in­
creased energy need of extrahepatic cells and organs, but also supports, in a cell-spe­
cific way, glucose-dependent ROS metabolism in Kupffer and endothelial cells 
(Fig. 15). 

Although Kupffer cells play an important physiological role in the clearance of 
bacteria and/or endotoxins from the circulation, abnormally high exposure of liver 
macrophages to bacterial products may lead to the elevated production of inflamma­
tory mediators, and ultimately to liver injury. The data reported in this chapter suggest 
that activated Kupffer cells play the key role in the pathogenesis of LPS-induced liver 
injury by the virtue of (1) the ability to capture endotoxins from the circulation, (2) 
the capacity to respond to LPS by secreting an array of mediators (see Table 17), and 
(3) the capacity of these mediators to elicit various responses both at the organ and 
systemic levels. Sinusoidal endothelial cells enable the transmigration of neutrophils, 
which constitute important effector of hepatotoxic cells, into the direct vicinity of 
parenchymal liver cells. However, hepatocytes seem to represent not only a "passive" 
object of inflammatory attack, since these cells react to the damage by secretion of 
substances such as nitric oxide and acute-phase proteins, which may function in the 
cell-cytotoxic or cell-protective ways. 

Besides the above-described involvement of cytokines, nitric oxide, and reactive 
oxygen species in the endotoxin-induced hepatic injury, other potent intercellular 
messengers, such as endothelin, cysteinylleukotrienes, and platelet-activating factor 
(Bautista and Spitzer 1992; Denzlinger 1996; Eakes etal.1997),have been found to play 
an important role in the pathogenesis of septic liver injury. Moreover, intercellular 
communication was found to be similarly important in the pathogenesis of other 
forms of liver damage such as ischemia-reperfusion (Jaeschke and Smith 1997),hepa­
totoxic (Laskin 1990), alcoholic (Casini 2000), or preservation (Bilzer and Gerbes 
2000) liver injury. Several possibilities can be proposed for the cross-talk of different 
mediators culminating in the liver damage. First, several of these substances may act 
simultaneously so that pathophysiological changes in the liver would result from their 
synergistic action. Secondly, a single mediator acting in an autocrine manner may 
stimulate the production of several other mediators that contribute to the damage of 
liver tissue. Thirdly, substances released from neighboring cells may act in a paracrine 
way to augment or decrease the synthesis of inflammatory mediators or expression of 
adhesion molecules involved in the interactions of infiltrating mononuclear cells with 
nonparenchymal and parenchymal liver cells. Increased understanding of the basic 
mechanisms of communication between nonparenchymal and parenchymal liver 
cells, and between resident liver cells and infiltrating leukocytes (neutrophils, lym­
phocytes, and monocytes) in endotoxemic shock, will undoubtedly help in the devel­
opment of new diagnostic and therapeutic measures. 
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14 Cooperation of Liver Cells in the Process 
of Liver Fibrosis 

Fibrosis is the common response to chronic liver injury from various origins includ­
ing metabolic diseases, viral infections, alcohol abuse, and various chemicals. Liver 
fibrosis is characterized by both quantitative and qualitative changes in the composi­
tion and distribution of extracellular matrix (ECM) that are reflected by a three- to 
fivefold net increase of ECM and replacement of low-density basement membrane­
like material by interstitial type matrix abundant in fibril-forming collagens {Fried­
man 1993; Gressner 1998). This gross remodeling of ECM in the fibrotic liver repre­
sents an imbalance between the deposition and degradation of ECM molecules. He­
patic stellate cells, which are involved in the regulation of ECM production and 
degradation (Table 10), have been found to play a pivotal role in the initiation and 
progression of hepatic fibrosis (Friedman 1993, 2000; Gressner 1998). Following acute 
or chronic liver injury, hepatic stellate cells transdifferentiate: they proliferate, lose 
lipid droplets, change morphology from the star-shaped cells to that of myofibroblasts 
with the expression of smooth muscle a-actin (reviewed by Gressner 1998), and 
migrate to sites of tissue damage (Ikeda et al. 1999; Marra et al. 1998b). Activation of 
stellate cells that initiates the development of the inflammatory process results from 
multiple interactions between many cell types (injured hepatocytes, Kupffer cells, 
endothelial cells, platelets, infiltrating inflammatory cells) mediated by cytokines and 
reactive oxygen species, and from the changes in the composition of the perisinusoi­
dal matrix (Arthur 2000; Gressner 1998). In the case of chronic liver damage, HSC 
activation persists during the "perpetuation phase" (Friedman 1993; Gressner 1998), 
and progressive accumulation of ECM leads to liver fibrosis, and finally to cirrhosis. 
The key role of hepatic stellate cells in the development of liver fibrosis may be 
deduced from the correlation between the number of HSC and the extent of liver 
fibrosis observed both in experimental liver injury (Friedman 1993) or in patients 
with chronic hepatitis C treated with interferon (Sakaida et al.1999). 

14.1 
Factors Involved in the Activation of Hepatic Stellate Cells 

Fibrogenesis is regarded as a dynamic process related to the extent and duration of 
parenchymal cell injury. The cascade of events that leads in vivo to the development of 
liver fibrosis is initiated by noxious agents that may be different in various kinds of 
liver damage.lt is, however, widely believed that injury to hepatocytes and/or Kupffer 
and endothelial cells results in the release of many substances that cause transforma­
tion of quiescent stellate cells into myofibroblast-like cells. The activation ofHSC may 
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result from both direct action of toxic molecules such as reactive oxygen species or 
paracrine and autocrine effects of many mediators (Friedman 2000). 

It has been assumed that the in vivo activation of hepatic stellate cells, which leads 
to the increase of their number and secretory activity, may be recapitulated in vitro as 
a process of transformation of quiescent HSC in myofibroblast-like cells (see 
Sect. 5.4). However, by the use of the proteomics technique it was demonstrated that 
several proteins found to be prominently upregulated in cultured activated HSC were 
unchanged during physiological activation in vivo, implicating that culture-induced 
activation does not always correspond to the in vivo situation (Bach Kristensen et al. 
2000). Moreover, some effects of cytokines on HSC suggest that "activation" of cul­
tured stellate cells (assessed, e.g., by the expression of smooth muscle a-actin and 
TGF-P/activin type I receptor) is not always followed by their increased proliferation 
(Knittel et al.1997b). 

Under in vitro conditions platelet-derived growth factor (PDGF), released in the 
liver by platelets and Kupffer cells, was shown to be the most potent mitogen for rat 
(Friedman and Arthur 1989) and human (Friedman and Rockey 1992) stellate cells. 
Overexpression of PDGF receptors on HSC (absent on normal, quiescent cells) has 
been found both in human liver disease and experimental models of liver injury 
(Pinzani et al. 1996b; Wong et al. 1994). In cultured rat HSC the cell-cycle transition 
from G1 to S phase was closely related to the upregulation of cyclin D1, D2, and E 
expression, with a concomitant expression of PDGF-P receptor (Kawada et al. 1999). 
PDGF-regulated proliferation of hepatic stellate cells was shown to be transduced by 
the activation of two different pathways: the PI-3 kinase/MAP kinase pathway 
(Kawada et al. 1999), and the Na+IH+ exchange (Di Sario et al.1999). 

Apart from the mitogenic effect, PDGF (Carloni et al.1997; Raghow et al.1994) and 
basic FGF (Fibbi et al.1999) increase motility of hepatic stellate cells through chemo­
tactic activity of both cytokines, which may be promoted by the urokinase-type 
plasminogen activator (uPA), synthesized by HSC, which was shown to activate latent 
forms of both PDGF and basic FGF (Fibbi et al. 1999). Moreover, monocyte chemotac­
tic peptide-1 released by activated stellate cells (Marra et al. 1993, 1998b) induced not 
only the migration of monocytes and lymphocytes, but also HSC (Marra et al. 1999). 
In the presence of chronic liver damage this action of MCP-1 may represent an 
additional stimulus for the recruitment of stellate cells into damaged regions of the 
liver and thus promote the development of hepatic fibrosis and scarring (Fig. 16). 

The most important fibrogenic mediator in the liver is transforming growth factor­
p, and excessive TGF-P activity of fibroblast-like cell types has been implicated in the 
pathogenesis of tissue fibrosis (Border and Noble 1994). A causative role for TGF-P1 in 
hepatic fibrosis has been supported by studies in transgenic mice in which the chronic 
production of mature TGF-P1 resulted in hepatic (and renal) fibrosis with increased 
collagen deposition and hepatocyte apoptosis (Sanderson et al. 1995). A prolonged 
increase in TGF-P expression at the organ level and in hepatic stellate cells has been 
demonstrated during human (Castilla et al.1991) and experimental (Bissel et al.1995) 
liver fibrosis. 

TGF-P1 actively contributes to the shift of the balance between the deposition and 
degradation of extracellular matrix through multiple actions. It stimulates the trans­
formation of quiescent HSC into myofibroblast-like cells (Bachem et al. 1993). In 
activated cells TGF-P augments synthesis of ECM proteins and proteoglycans, de­
creases production of ECM-degrading enzymes (collagenases and other metallopro-
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Fig. 16. Hypothetical model of mechanisms involved in hepatic stellate cell activation. Preinflamma­
tory step (1) is initiated by the damage of hepatocytes that release substances stimulating transfor­
mation of stellate cells into myofibroblast-like cells (activated HSC). The HSC activation (2) is 
enhanced during the inflammatory step due to the action of mediators released from various cell 
types, some mediators are also potent inducers of HSC proliferation. Activated Kupffer cells and 
inflammatory leukocytes may additionally damage hepatocytes via the release of ROS and proteases. 
In the postinflammatory, or perpetuation step, the fully activated stellate cells release various cytoki­
nes and other substances (Table 10), whose activities result (3) in the net increase of the ECM 
deposition (see description in text). Only some major mediators involved in the intercellular cross­
talks have been shown. Modified from Friedman (1993) and Gressner (1998). Dotted lines denote 
chemoattraction 

teinases listed in Table 10), and increases synthesis of the inhibitors of metalloprotei­
nases (Arthur 2000). TGF-~ may indirectly enhance matrix degradation by inducing 
synthesis of plasminogen activator inhibitor (PAI-l) in sinusoidal endothelial cells 
(Rieder et al.l993): decreased plasminogen activation would result in reduced activa­
tion of latent metalloproteinases by plasmin, and thus would favor accumulation of 
ECM. Although TGF-~ alone did not show mitogenic or morphogenic effects on 
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quiescent stellate cells (Bachem et al.1989b), it was indirectly involved in HSC prolif­
eration via the induction of PDGF receptor expression, thereby increasing the mito­
genic action of PDGF (Pinzani et al.1995). Although TGF-13 mRNA and immunoreac­
tivity have been found in all resident types of non parenchymal liver cells (De Bleser et 
al. 1997a; Bissel et al. 1995), HSC have been identified as the major TGFI3-expressing 
and -secreting cell types in normal rat (Bachem et al. 1992) and human (Casini et al. 
1993) fibrotic liver. Studies of the TGF-131 knockout mouse have revealed markedly 
reduced collagen accumulation in response to liver injury; however, increased expres­
sion of smooth muscle a-actin, a marker of stellate cell activation, which was observed 
in the liver, suggested a role for TGF-13 in perpetuation rather than initiation of stellate 
cell activation (Hellerbrand et al.1999). 

14.2 
Cellular Cross-Talk During Activation of Stellate Cells and Progression 
of Hepatic Fibrogenesis 

Several phenotypic characteristics of activated stellate cells are important for the 
perpetuation of the initial profibrogenic response in the damaged liver. These 
changes, which include retinoid loss, increased proliferation, chemotaxis, fibrogene­
sis, and contractility, decreased matrix degradation, and chemoattraction of white 
blood cells (Friedman 2000), are driven by cytokines and other factors (Table 18) 
released locally both from activated stellate cells and other types of liver cells. The 
importance of autocrine loops for the sustained activation of stellate cells was shown 
for the action of PDGF (Mallat et al. 1998), FGF (Fibbi et al. 1999; Rosenbaum and 
Blazejewski 1995), TGF-13 (Gressner 1998), and endothelin-1 (Pinzani et al. 1996a). 
However, the initial activation of HSC is thought to be mainly influenced by products 
released locally from damaged hepatocytes and activated Kupffer cells, sinusoidal 
endothelial cells, inflammatory cells infiltrating the liver, and platelets (Fig. 16). 

The greatest stimulation of extracellular matrix synthesis by HSC was observed 
when their culture medium was simultaneously enriched in the conditioned media 
(CM) of cultured hepatocytes and Kupffer cells (Gressner et al. 1993b). When added 
separately, CM of Kupffer cells enhanced proliferation of stellate cells, promoted 
transition of the quiescent into the myofibroblast-like phenotype, and increased ECM 
production. Also CM of cultured hepatocytes activated quiescent stellate cells (Gress­
ner et al.1993b). In similar experiments the chemical nature of mediators that stimu­
late the activity of stellate cells has been partially elucidated (Table 11 ). For example, 
release of TGF-13 from Kupffer cells was shown to stimulate matrix synthesis and 
stellate cell activation (Friedman and Arthur 1989; Matsuoka and Tsukamoto 1990). In 
some models of liver injury reactive oxygen species released from damaged hepato­
cytes may increase profibrogenic activity of hepatic stellate cells through their in­
creased proliferation and enhanced collagen type I synthesis (Casini et al.1997; Lee et 
al. 1995), or by the induction in quiescent stellate cells of a potent mononuclear cell 
chemoattractant, MCP-1 (Xu et al. 1996). Fully activated stellate cells were shown to 
respond in vitro directly to bacterial endotoxin (LPS) by enhanced expression of 
MCP-1 (Sprenger et al. 1999). For the in vivo situation this suggests that the more 
stellate cells have been transformed to the activated phenotype, the more the liver 
becomes responsive to LPS, which may lead to a vicious circle of enhanced chemotac-
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Table 18. Substances affecting fibrogenesis and proliferation of hepatic stellate cellsa 

Factors stimulating fibrogenesis by activated HSC 

TGF-131 

Reactive oxygen species (ROS) 

Acetaldehyde 

9-cis-retinoic acidb 

TNF-ac 

lGF-1 

IL-113 

IL-6 

Oncostatin M 

Factors promoting proliferation of HSC 

PDGFI3 

TGF-a 

TGF-I3ld 

EGF 

b-FGFe 

HGF 

IGF-1 

VEGF 

Phosphatidic acid 

9-cis-retinoic acid 

Sphingosine !-phosphate 

Vasoactive agents 

Thrombin 

Arginin vasopressin 

Atrial natriuretic peptide 

Factors inhibiting fibrogenesis by activated HSC 

HGF 

Interferon-y and -a 

TNF-a 

Endothelin-1 (effect in activated HSC) 

References 

Bachem et al. 1993 

Casini et al. 1997; Lee et al. 199 5 

Moshage et al. 1990 

Okuno et al. 1997 

Bachem et al. 1993; Knittel et al. 1997b 

Svegliati-Baroni et al. 1999 

Armendariz-Borunda et al. 1992 

Greenwel et al. 1995 

Levy et al. 2000 

Friedman and Arthur 1989; 
Mallat et al. 1998 

Bachem et al. 1989b; Reeves et al. 2000 

Pinzani et al. 1995 

Bachem et al. 1989b 

Rosenbaum and Blazejweski 1995 

Maher 1993 

Gentilini et al. 1998; Pinzani et al. 1990; 
Skrtic et al. 1997 

Ankoma-Sey et al. 1998 

Reeves et al. 2000 

Hellemans et al. 1999 

Ikeda et al. 2000 

Mallat et al. 1998; Marra et al. 1995 

Bataller et al. 1997 

Gorbig et al. 1999 

Matsuda et al. 1997 

Mallat et al. 1995 

Armendariz-Borunda et al. 1992; 
Irabaru et al. 2000 

Mallat et al. 1996 
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Table 18 (Continued). Substances affecting fibrogenesis and proliferation of hepatic stellate cellsa 

All-trans-retinoic acidf 

NO donors 

a2-Macroglobulin 

Factors inhibiting proliferation of HSCa 

Interferon-y and -a 

TNF-a 

TGF-~g 

LPS 

Thrombin 

Endothelin-1 

Retinoids 

Retinoic acid 

Ligands of PP ARy 

Nitric oxide donorsh 

Rapamycini 

Inhibitors of GTPase Rho A 

References 

Hellemans et al. 1999; Wang et al. 2000 

Casini et al. 1997 

Schuftan and Bachem 1999 

Mallat et al. 1995; Rockey et al. 1992 

Knittel et al. 1997b; Salle et al. 1999 

Bachem et al. 1989b; Dooley et al. 2000; 
Salle et al. 1999 

Kawada et al. 1998 

Mallat et al. 1998 

Mallat et al. 1996 

Pinzani et al. 1992b 

Davis et al. 1990 

Galli et al. 2000 

Failli et al. 2000 

Zhu et al. 1999 

Iwamoto et al. 2000 

a Many liver and extrahepatic cells secrete growth factors promoting proliferation of stellate cells; 
they include hepatocytes, Kupffer cells, inffitrating macrophages and platelets, and activated 
stellate cells. 

b Effect mediated by inducing the activation oflatent TGF-~ in HSC. 
c TNF-a stimulated fibronectin and tenascin synthesis (Knittel et al. 1997b); however, it decreased 

total and type I collagen synthesis (Armendariz et al. 1992; Hernandez-Munoz et al. 1997) in 
cultured stellate cells. 

d Indirect effect via the transmodulation of PDGF receptors. 
e Indirect effect. 
f Retinoic acid decreased the activation of the a2(I) collagen promoter but had no effect on the 

activation of the a, (I) collagen promoter in cultured stellate cells. 
g Different activities dependent on the activation status ofHSC have been reported. 
h Indirect effect by inhibiting the mitogenic effect ofPDGF mediated partially by the increased cAMP 

synthesis resulting from PGE2 synthesis. 
i Indirect effect by inhibiting the mitogenic effect ofPDGF. 

tic mediator production. One of many autocrine loops that are involved in progres­
sion of the fibrogenic activity of HSC may be based on the stimulation by TGF-~, 
secreted by activated stellate cells, of MCP-1 and matrix production, and the induced 
changes in the matrix composition may further stimulate chemokine secretion 
(Marra et al. 1998b). Another autoregulatory feedback loop involves, related to the 
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stellate cell activation, stabilization of the endothelin-converting enzyme mRNA 
(ECE-1, required for the proteolysis of prepro-endothelin into mature endothelin), 
which results in the enhanced ET-1 synthesis (Shao et al. 1999). Because TGF-~, a 
major product of activated HSC, stabilizes ECE-1 mRNA, endothelin-1 may activate 
stellate cells in an autocrine fashion by a mechanism that involves TGF-~ (Friedman 
et al. 2000). 

It is widely believed that activation of Kupffer cells represents a critical component 
in the cascade of liver fibrosis. Rapid accumulation of Kupffer cells often precedes the 
onset of stellate cell activation in vivo {Johnson et al.1992). Kupffer cells and activated 
stellate cells seem to be the most important sources of TGF-~ in the liver (De Bleser et 
al.1997a; Matsuoka and Tsukamoto 1990; Meyer et al.1990a). However, beside TGF-~, 
Kupffer cells release a spectrum of other cytokines, including PDGF, TNF-a., IL-la., 
IL-6, and TGF-a., which affect proliferation and modulate phenotype of stellate cells 
{Table 15; Gressner 1998). It was found that TNF-a. promoted transdifferentiation of 
quiescent stellate cells into myofibroblasts (Bachem et al.1993), and showed differen­
tiated action on the secretory activity of HSC: it increased synthesis of some ECM 
proteins, particularly of fibronectin and tenascin, but decreased collagen type III 
(Knittel et al. 1997b) and collagen type I {a.1) expression (Hernandez-Munoz et al. 
1997). It has been suggested that the initial matrix breakdown following liver injury 
might be enhanced by TNF-a., which has been found to stimulate both matrix metal­
loproteinases and TIMP expression of HSC, while diminished matrix degradation 
during chronic tissue injury might be due to the action of TGF-~1 through TIMP 
induction (Arthur 2000). However, TNF-a. may directly antagonize some fibrogenic 
actions of TGF-~1 through the induction of proteinase expression (Armendariz­
Borunda et al. 1992) and down-regulation of the a.(I) collagen gene expression in rat 
hepatic stellate cells (Irabaru et al. 2000). 

Proinflammatory cytokines, IL-l, TNF-a., and interferon-y, secreted by activated 
Kupffer cells, are very potent stimuli for MCP-1 gene and protein expression (Marra et 
al.1993; Sprenger et al.1999; Xu et al. 1996), which may be important for the chemoat­
traction of not only inflammatory cells, but also quiescent stellate cells (Fig. 16). 
TNF-a. has been found to induce both in quiescent and activated stellate cells synthe­
sis of a neutrophil-specific chemokine, MIP-2 (Sprenger et al.l997). Thus, products of 
activated Kupffer cells are important for the generation of chemotactic gradients for 
neutrophils, monocytes, and lymphocytes recruited into the damaged liver. Inflltrat­
ing inflammatory cells may accelerate fibrogenic activity through the secretion of 
cytokines that activate HSC such as IL-l, IL-6, and TGF-~. Interleukin-6 produced 
during the acute-phase response, both in Kupffer cells and outside the liver, may play 
a role in hepatic fibrogenesis via induction of collagen, fibronectin, and TGF-~ mRNA 
expression in HSC (Greenwel et al. 1995). Moreover, neutrophils can activate stellate 
cells by an oxidant-dependent mechanism (Casini et al.1997). 

Sinusoidal endothelial cells, following early liver injury, produce a fetal isoform of 
fibronectin, a splice variant (containing in the rat the EIIIA region) that was shown to 
stimulate transformation of resting stellate cells to myofibroblast-like cells {Jarnagin 
et al. 1994). Because EIIIA fibronectin expression in cultured SEC was shown to be 
stimulated by TGF-~1 (George et al. 2000), this effect may be involved in the initiation 
ofliver fibrogenesis by TGF-~. Moreover, in experimental liver fibrosis TGF-~1 expres­
sion was increased not only in stellate cells, but also in sinusoidal endothelial cells, 
which may suggest a role for SEC in hepatic fibrogenesis (De Bleser et al. 1997a). 
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During liver fibrogenesis injured hepatocytes are not only a source of oxygen 
radicals, chemokines, and substances that increase proliferation of stellate cells 
(Gressner et al.1993b), but release also a soluble factor that can activate a latent form 
of ECM-remodelling enzyme, matrix metalloproteinase-2, which is secreted into the 
medium by activated stellate cells (Theret et al.1997). 

Besides hepatocytes and nonparenchymalliver cells, another important source of 
fibrogenic cytokines constitute platelets, present within injured liver, that have been 
shown to be a potent source of PDGF, TGF-~1, and EGF (Bachem et al. 1989a,b). 
Moreover, sphingosine !-phosphate (SIP), a lipid mediator that is stored in platelets 
and released on their activation, has been found to enhance proliferation of culture­
activated HSC, and to increase contraction of collagen lattices containing HSC (Ikeda 
et al. 2000). Because platelet consumption occurs in acute liver injury, SIP may play a 
role in the initiation of the wound healing process in the liver. 

It has been recently increasingly recognized that not only cellular cross-talk, but 
also the status of the extracellular matrix plays an important role in the progression of 
tissue fibrosis. It has been shown that almost each ECM component has the ability to 
modulate cell growth, migration, and gene expression directly through the interac­
tions with cell adhesion molecules, and indirectly by trapping mitogenic growth 
factors in their active or inactive forms (Raghow 1994). 

Apart from paracrine interactions the activation of hepatic stellate cells has been 
found to be markedly augmented via autocrine action of above-mentioned cytokines 
and other factors, such as HGF, PAF, MCP-1, and endothelin-1 (Table 10). Because 
many mediators released from liver cells not only recruit and activate quiescent 
stellate cells in a paracrine way, but also induce vicious circles of progressing stellate 
cell activation, a mechanism for self-perpetuation in liver fibrosis may exist (Bachem 
et al. 1993; Bissell et al.1995; Friedman 1993). 

14.3 
Factors Influencing the Resolution of Initial Fibrotic Changes 
of the Liver 

Fibrosis of the liver represents a dynamic process characterized by the imbalance 
between increased matrix secretion and decreased matrix degradation. However, 
early in fibrosis the potential to remodel the fibrillar matrix exists, and hepatotoxin 
withdrawal may be associated with a return to normal liver histology. For example, it 
was shown that successful treatment with interferon of patients with hepatitis C-asso­
ciated fibrosis, which led to the irradication of the virus, was correlated with signifi­
cant improvement of the liver architecture (Sakaida et al.1999). 

The development of experimental liver fibrosis, and finally, cirrhosis, requires 
prolonged administration of the inducing agent such as, e.g., CCl4 or alcohol. It has 
been demonstrated that with the removal of the fibrogenic stimulus, the activated 
stellate cells may be eliminated by their reversion to the quiescent phenotype (Iredale 
et al.1998) or their death by apoptosis. 

Apoptosis of stellate cells observed during the recovery phase from acute liver 
damage (Iredale et al.1998; Saile et al.1997) was shown to proceed through a Pas-me­
diated pathway (Saile et al.1997, 1999). Moreover, HSC apoptosis was associated with 
the decreased expression of tissue inhibitors of metalloproteinases (TIMPs), which 
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may lead to a net increase in collagenase activity and account for matrix resorption 
associated with the liver's return to (almost) normal histology after self-limited injury 
(Iredale et al. 1998). Thus, apoptosis may represent an important mechanism termi­
nating the proliferation of activated hepatic stellate cells. Whereas TGF-~ either had 
no direct effect (Dooley et al. 2000) or inhibited (Salle et al. 1999) the proliferation of 
activated hepatic stellate cells, TNF-a. inhibited their proliferation (Saile et al. 1999). 
However, both cytokines were also shown to decrease spontaneous apoptosis of cul­
tured stellate cells, and thus to sustain their activation and increase production of 
ECM components (Saile et al.l999). The antiapoptotic and antiproliferatory actions of 
TNF-a. and TGF-~ may thus represent the mechanism responsible for prolonged 
survival of activated stellate cells in chronic liver damage in vivo. 

Anti-inflammatory cytokines produced by nonparenchymalliver cells have also 
been identified as possible factors that may contribute to the reversal of hepatic 
fibrosis. IL-10 has been shown to downregulate inflammation by inhibiting macro­
phage production ofTNF-a. (Knolle et al.l997). Induction ofiL-10 has been observed 
during the activation of stellate cells (Thompson et al. 1998; Wang et al. 1998b) or 
Kupffer cells (Knolle et al. 1995); however, in progressive human fibrosis due to 
hepatitis C virus the levels ofiL-10 were reduced {Napoli et al.l996). Down-regulation 
by IL-l 0 of TNF-a. production in Kupffer cells could hamper the development of liver 
fibrosis, since TNF-a. was shown to stimulate the synthesis of extracellular matrix 
proteins in stellate cells (Knittel et al. 1997b). Interferon-y, a product of activated 
monocytes and lymphocytes, inhibited both proliferation and activation of cultured 
rat stellate cells, and reduced the expression of extracellular matrix proteins, fi­
bronectin, tenascin, and collagen type III (Knittel et al. 1997b). These observations 
suggest that IL-l 0 and IFN -y may play an important role in liver repair, and thus may 
represent a potential therapy for progressive liver disease. Indeed, the first pilot trial of 
IL-10 in patients with chronic hepatitis C, interferon nonresponders, showed a de­
crease of liver fibrosis after 3 months of treatment, despite lack of apparent antiviral 
activity (Nelson et al. 2000). 

The biotechnologically-engineered, soluble TGF-~ type II receptor fused to human 
immunoglobulin G was shown to effectively decrease experimental liver fibrosis 
through the in vivo inhibition of stellate cell activation (George et al. 1999). A local 
infusion of adenoviral vectors expressing a soluble TGF-~ receptor was shown to 
suppress the development of experimental liver fibrosis (Ueno et al. 2000). It is hoped 
that anti-TGF-~ intervention, e.g., through the blockade of TGF-~ signaling (Qi et al. 
1999), may open new avenues for the effective therapy of human liver fibrosis. Inter­
estingly, another potent cytokine, hepatocyte growth factor, a major hepatocyte mito­
gen, was shown to suppress experimental liver fibrosis (Matsuda et al. 1997). 

Antifibrogenic action of some NO donors may affect direct inhibition of PDGF-in­
duced proliferation, motility, and contractility of HSC (Failli et al. 2000 ), in addition to 
a reduction of fibrillar extracellular matrix accumulation (Casini et al. 1997). Some 
other antifibrogenic substances, which have been shown to inhibit the proliferation of 
stellate cells and/or production of ECM components, have been listed in Table 18. 
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15 Perspectives 

The methodological advances in the isolation and culturing of different types of liver 
cells have shown that the reciprocal interactions between hepatocytes and non­
parenchymal liver cells, and between different types of non parenchymal cells, play an 
important role in liver functions under both normal and pathological situations. The 
expression of many intercellular mediators has been shown to be regulated by other 
molecules released by various types or the same type of liver cell, thus providing a 
basis for the existence of positive or negative feedback loops. From the teleological 
point of view, the intercellular signaling networks within the liver act to provide 
effective support of parenchymal liver cell function. Thus, sinusoidal endothelial cells 
and Kupffer cells protect hepatocytes from huge amounts of noxious materials arriv­
ing in the blood, due to their huge capacity for endocytosis and phagocytosis, and the 
ability to induce in the liver rather the state of peripheral tolerance than induction of 
immunity (Knolle and Gerken 2000). Stellate cells in normal liver, apart from their 
role in the metabolism of retinoids and the regulation of sinusoidal blood flow, 
control the production and degradation of extracellular matrix components that build 
the basal framework of the organ structure. 

The interplay of intercellular mediators released from both parenchymal and non­
parenchymalliver cells is responsible for many pathological effects observed in the 
course of liver inflammation resulting from its injury. The outcome of liver injury, its 
resolution or protraction into a chronic process that involves fibrotic response results 
from multiple interactions between activated resident cells (hepatocytes, Kupffer, 
stellate and endothelial cells), platelets, and infiltrating inflammatory cells; however, 
the exact roles played by the individual factors released from various cell types have to 
be further delineated. The intensive research aimed at the dissection of intricate 
networks of intercellular communication during liver inflammation is essential for 
the introduction of novel therapeutic strategies to treat such grave conditions as 
endotoxic shock or liver fibrosis with its complications: portal hypertension and 
cirrhosis. 

The liver has a dual role in the immunological system through the elimination of 
antigens and pathogens, and the avoidance of immune response against these anti­
gens, i.e., immunological tolerance. The investigations of local liver immune re­
sponses may greatly expand the knowledge about the mechanisms of immune-medi­
ated liver damage (Knolle and Gerken 2000), as well as explain the phenomena of 
transplantation tolerance that may lead to improved rates of successful allogenic liver 
transplantation. The elucidation of the cooperation between resident liver cells (KC, 
SEC, and IHL) and inflltrating tumor cells will greatly improve the knowledge about 
the role played by the liver in the antitumor defenses (Vidal-Vanaclocha et al. 2000). 
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Activation of hepatic NK Tor pit cell function by the administration of IL-2, IL-12, or 
IL-18 may be used as a way to decrease hepatic metastasis formations in patients 
operated on because of tumors of other organs, e.g., colon cancer (Okuno et al. 2000; 
Tsutsui et al. 1996). Since the adult mammalian liver contains hematopoietic pluripo­
tent stem cells, which give rise to multiple cell lineages, including thymic and ex­
trathymic T cells, granulocytes, and erythroid lineage cells ( Crispe et al. 1996), further 
studies on the role played by the cross-talks of parenchymal and nonparenchymal 
liver cells with intrahepatic lymphocytes for the regulation of liver homeopoiesis, as 
well as other immunological functions of the liver, may be expected. 

The clinical use of isolated liver cells may be available in a relatively short perspec­
tive. Recent progress in the field of hepatocyte culture methods has led to the expres­
sion of differentiated liver functions in primary cultures of human hepatocytes main­
tained for several weeks in serum-free medium, which allows for performing metabo­
lic, pharmacologic-toxicologic studies, and investigations on human pathogens under 
defined chemical conditions (Runge et al. 2000). The experimentation of hepatocyte­
based bioartificialliver systems (BAL) is being used to support acute liver failure, a 
chronically diseased liver, and to correct genetic disorders resulting in metabolically 
deficient states (Puviani et al.1998). The next logical step in the construction of more 
effective BALs should lead to the enrichment of these systems in nonparenchymal 
liver cells (Bhatia et al. 1999). Indeed, such an approach allowed to obtain three-di­
mensional acinar or cyst-like structures (Mitaki et al. 1999), or acinar-like plates of 
hepatocytes that exhibited canaliculus-like channels between hepatocytes after 
2-3 weeks of culturing hepatocytes in the medium enriched in nonparenchymal cells 
(Michalopoulos et al.1999; Mitaka et al.1999). The supportive role of the co-prolifer­
ating nonparenchymal cells, principally stellate cells, for the functions of hepatocytes 
may be in the synthesis of endogenous matrix, which is difficult to be replaced by 
bio-engineered matrices, and in the development of multiple hepatocyte-non­
parenchymal cell interactions, which are important also for growth and regeneration 
of the liver. The potential of nonparenchymalliver cells for supporting the efficient 
repopulation of damaged liver by purified hematopoietic stem cells that differentiate 
into hepatocytes and/or cholangiocytes (e.g., Lagasse et al. 2000; Theisse et al. 2000) 
will soon become the subject of investigations. 

Site-specific delivery of drugs such as chemotherapeutics or antisense prodrugs 
potentially effective in modulating the expression of adhesion molecules or transcrip­
tion factors (e.g., NF-KB) implicated in the development and progression of inflam­
matory processes in the liver may be approached by the use of endocytic and phago­
cytic properties of sinusoidal endothelial cells and Kupffer cells (Terpstra et al. 2000). 

Besides a major role in the pathogenesis of liver-associated dysfunction, Kupffer 
cell activation was shown to play an important role in the systemic inflammatory 
response to acute pancreatitis (Folch et al. 2000) or in the endotoxin-related lung 
injury (Wheeler et al. 2000a). It may be envisaged that the use of novel approaches 
such as the use of recombinant adenoviral vectors to target and inactivate Kupffer 
cells (Wheeler et al. 2000b) may lead to the therapeutically beneficial suppression of 
the activation ofliver macrophages which is involved in the diseases ofliver and other 
organs. 
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16 Summary 

The liver lobule is formed by parenchymal cells, i.e., hepatocytes and nonparenchy­
mal cells. In contrast to hepatocytes that occupy almost 80% of the total liver volume 
and perform the majority of numerous liver functions, nonparenchymalliver cells, 
which contribute only 6.5% to the liver volume, but 40% to the total number of liver 
cells, are localized in the sinusoidal compartment of the tissue. The walls of hepatic 
sinusoid are lined by three different cell types: sinusoidal endothelial cells (SEC), 
Kupffer cells (KC}, and hepatic stellate cells (HSC, formerly known as fat-storing cells, 
Ito cells, lipocytes, perisinusoidal cells, or vitamin A-rich cells). Additionally, intra­
hepatic lymphocytes (IHL}, including pit cells, i.e., liver-specific natural killer cells, are 
often present in the sinusoidal lumen. It has been increasingly recognized that both 
under normal and pathological conditions, many hepatocyte functions are regulated 
by substances released from neighboring nonparenchymal cells. 

Liver sinusoidal endothelial cells constitute the lining or wall of the hepatic 
sinusoid. They perform important filtration function due to the presence of small 
fenestrations that allow free diffusion of many substances, but not of particles of the 
size of chylomicrons, between the blood and the hepatocyte surface. SEC show huge 
endocytic capacity for many ligands including glycoproteins, components of the 
extracellular matrix (ECM; such as hyaluronate, collagen fragments, fibronectin, or 
chondroitin sulphate proteoglycan}, immune complexes, transferrin and ceruloplas­
min. SEC may function as antigen-presenting cells (APC) in the context of both 
MHC-1 and MHC-11 restriction with the resulting development of antigen-specific 
T-cell tolerance. They are also active in the secretion of cytokines, eicosanoids (i.e., 
prostanoids and leukotrienes), endothelin-1, nitric oxide, and some ECM compo­
nents. 

Kupffer cells are intrasinusoidally located tissue macrophages with a pronounced 
endocytic and phagocytic capacity. They are in constant contact with gut-derived 
particulate materials and soluble bacterial products so that a subthreshold level of 
their activation in the normal liver may be anticipated. Hepatic macrophages secrete 
potent mediators of the inflammatory response (reactive oxygen species, eicosanoids, 
nitric oxide, carbon monoxide, TNF-a., and other cytokines}, and thus control the 
early phase of liver inflammation, playing an important part in innate immune de­
fense. High exposure of Kupffer cells to bacterial products, especially endotoxin 
(lipopolysaccharide, LPS), can lead to the intensive production of inflammatory me­
diators, and ultimately to liver injury. Besides typical macrophage activities, Kupffer 
cells play an important role in the clearance of senescent and damaged erythrocytes. 
Liver macrophages modulate immune responses via antigen presentation, suppres­
sion ofT-cell activation by antigen-presenting sinusoidal endothelial cells via parae-
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rine actions of IL-10, prostanoids, and TNF-a., and participation in the development 
of oral tolerance to bacterial superantigens. Moreover, during liver injury and inflam­
mation, Kupffer cells secrete enzymes and cytokines that may damage hepatocytes, 
and are active in the remodeling of extracellular matrix. 

Hepatic stellate cells are present in the perisinusoidal space. They are characterized 
by abundance of intracytoplasmic fat droplets and the presence of well-branched 
cytoplasmic processes, which embrace endothelial cells and provide focally a double 
lining for sinusoid. In the normal liver HSC store vitamin A, control turnover of 
extracellular matrix, and regulate the contractility of sinusoids. Acute damage to 
hepatocytes activates transformation of quiescent stellate cells into myofibroblast-like 
cells that play a key role in the development of inflammatory fibrotic response. 

Pit cells represent a liver-associated population of large granular lymphocytes, i.e., 
natural killer (NK) cells. They spontaneously kill a variety of tumor cells in an MHC­
unrestricted way, and this antitumor activity may be enhanced by the secretion of 
interferon-y. Besides pit cells, the adult liver contains other subpopulations of lym­
phocytes such as yoT cells, and both "conventional" and "unconventional" a.~ T cells, 
the latter containing liver-specific NK T cells. 

The development of methods for the isolation and culture of main liver cell types 
allowed to demonstrate that both non parenchymal and parenchymal cells secrete tens 
of mediators that exert multiple paracrine and autocrine actions. Co-culture experi­
ments and analyses of the effects of conditioned media on cultures of another liver 
cell type have enabled the identification of many substances released from non­
parenchymal liver cells that evidently regulate some important functions of neighbor­
ing hepatocytes and non-hepatocytes. To the key mediators involved in the intercellu­
lar communication in the liver belong prostanoids, nitric oxide, endothelin-1, TNF-a., 
interleukins, and chemokines, many growth factors (TGF-~, PDGF, IGF-1, HGF), and 
reactive oxygen species (ROS). Paradoxically, the cooperation of liver cells is better 
understood under some pathological conditions (i.e., in experimental models ofliver 
injury) than in normal liver due to the possibility of comparing cellular phenotype 
under in vivo and in vitro conditions with the functions of the injured organ. 

The regulation of vitamin A metabolism provides an example of the physiological 
role for cellular cross-talk in the normal liver. The majority (up to 80%) of the total 
body vitamin A is stored in the liver as long-chain fatty acid esters of retinal, serving 
as the main source of retinoids that are utilized by all tissues throughout the body. 
Hepatocytes are directly involved in the uptake from blood of chylomicron remnants, 
and the synthesis of retinol-binding protein that transfers retinol to other tissues. 
However, more than 80% of the liver retinoids are stored in lipid droplets of hepatic 
stellate cells. HSC are capable of both uptake and release of retinol depending on the 
body's retinol status. The activity of some major enzymes of vitamin A metabolism 
have been found to be many times higher per protein basis in stellate cells than in 
hepatocytes. Despite progress in the understanding of the roles played by these two 
cell types in hepatic retinoid metabolism, the way in which retinoids move between 
the parenchymal cells, stellate cells, and blood plasma has not been fully elucidated. 

Sinusoidal blood flow is, to a great extent, regulated by hepatic stellate cells that can 
contract due to the presence of smooth muscle a.-actin. The main vasoactive sub­
stances that affect constriction or relaxation of HSC derive both from distant sources 
and from neighboring hepatocytes (carbon monoxide, leukotrienes ), endothelial cells 
(endothelin, nitric oxide, prostaglandins), Kupffer cells (prostaglandins, NO), and 
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stellate cells themselves (endothelin, NO). The cellular cross-talk reflected by the 
fine-tuned modulation of sinusoidal contraction becomes disturbed under pathologi­
cal conditions, such as endotoxemia or liver fibrosis, through the excess synthesis of 
vasoregulatory compounds and the involvement of additional mediators acting in a 
paracrine way. 

The liver is an important source of some growth factors and growth factor-binding 
proteins. Although hepatocytes synthesize the bulk of insulin-like growth factor I 
(IGF-1), also other types of nonparenchymalliver cells may produce this peptide. 
Cell-specific expression of distinct IGF-binding proteins observed in the rat and 
human liver provides the potential for specific regulation of hepatic IGF-1 synthesis 
not only by growth hormone, insulin, and IGF-I, but also by cytokines released from 
activated Kupffer (IL-l, TNF-a, TGF-~) or stellate cells (TGF-a, TGF-~). Hepatic stel­
late cells may affect turnover of hepatocytes through the synthesis of potent positive 
as well as negative signals such as, respectively, hepatocyte-growth-factor or TGF-~. 
Although hepatocytes seem not to produce TGF-~, a pleiotropic cytokine synthesized 
and secreted in the latent form by Kupffer and stellate cells, they may contribute to its 
actions in the liver by the intracellular activation oflatent TGF-~, and secretion of the 
biologically active isoform. 

Many mediators that reach the liver during inflammatory processes, such as endo­
toxins, immune-complexes, anaphylatoxins, and PAF, increase glucose output in the 
perfused liver, but fail to do so in isolated hepatocytes, acting indirectly via pro­
staglandins released from Kupffer cells. In the liver, prostaglandins synthesized from 
arachidonic acid mainly in Kupffer cells in a response to various inflammatory stim­
uli, modulate hepatic glucose metabolism by increasing glycogenolysis in adjacent 
hepatocytes. The release of glucose from glycogen supports the increased demand for 
energetic fuel by the inflammatory cells such as leukocytes, and additionally enables 
enhanced glucose turnover in sinusoidal endothelial cells and Kupffer cells which is 
necessary for effective defense of these cells against invading microorganisms and 
oxidative stress in the liver. Leukotrienes, another oxidation product of arachidonic 
acid, have vasoconstrictive, cholestatic, and metabolic effects in the liver. A transcellu­
lar synthesis of cysteinylleukotrienes (LTC4, LTD4, and LTE4) functions in the liver: 
LTA4, an important intermediate, is synthesized in Kupffer cells, taken up by hepato­
cytes, converted into the potent LTC4, and then released into extracellular space, acting 
in a paracrine way on Kupffer and sinusoidal endothelial cells. Thus, hepatocytes are 
target cells for the action of eicosanoids and the site of their transformation and 
degradation, but can not directly oxidate arachidonic acid to eicosanoids. 

The exposure to high doses of endotoxin (LPS) results in sepsis and its complica­
tions, which may ultimately lead to death. Due to its integral role in metabolism and 
host defense mechanisms, the liver is a key organ responsible for the initiation of 
multiple organ failure during sepsis. Binding of endotoxins, contained in the portal 
blood, by Kupffer cells and hepatocytes results in the activation of Kupffer cells, and 
damage to hepatocytes and sinusoidal endothelial cells. Endotoxin-related injury of 
hepatocytes and SEC is not caused by direct toxic effect of LPS, but by proinflamma­
tory mediators released from activated Kupffer cells and recruited inflammatory cells. 
Local and systemic effects of TNF-a released by LPS-elicited liver macrophages play 
an important role in endotoxin-induced liver damage. In contrast to the TNF-aaction, 
in vivo models of sepsis-related liver injury suggested protective action of nitric oxide, 
another major intercellular mediator released from Kupffer cells, on liver function. 
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Because in vitro effects of nitric oxide on hepatocytes were cytotoxic, it is thought that 
the detrimental or beneficial NO action in the liver depends on its cellular concentra­
tion, presence of oxygen radicals, and different pathomechanisms of particular mod­
els of liver injury. TNF-a, interleukin-1, and interleukin-6, cytokines released from 
activated Kupffer cells, have been shown to induce synthesis of acute-phase proteins 
in hepatocytes, a part of nonspecific body's response to inflammation. 

Accumulation of polymorphonuclear leukocytes (neutrophils) in the liver contrib­
utes prominently to the endotoxin-induced hepatocellular injury. Subsequent tissue 
damage results from the action of various mediators released from activated neutro­
phils and Kupffer cells. All major steps in the neutrophil-related liver injury (the initial 
sequestration of neutrophils in hepatic vasculature, transendothelial migration, and 
adherence-dependent cytotoxicity against hepatocytes) are dependent on intercellu­
lar cross-talk between Kupffer cells and damaged hepatocytes on one hand, and 
neutrophils and SEC on the other. The available data show that activated Kupffer cells 
play a key role in the pathogenesis of LPS-induced liver injury due to their ( 1) ability 
to capture endotoxins from the circulation, (2) capacity to respond to LPS through the 
secretion of many mediators, and (3) capacity of these mediators to elicit various 
responses both at the organ and systemic levels. In this complicated network of 
inflammatory events Kupffer cells may be, at the same time, targets and effectors of 
different, self-perpetuating processes that involve in the liver also hepatocytes, 
sinusoidal endothelial cells, stellate cells, and infiltrating leukocytes. 

Fibrosis is the common response to chronic liver injury from various origins 
including metabolic diseases, viral infections, alcohol abuse, and various chemicals. 
Liver fibrosis is characterized by both quantitative and qualitative changes in the 
composition of extracellular matrix and its spatial distribution, which result from the 
imbalance between the deposition and degradation of ECM components. Hepatic 
stellate cells play a pivotal role in the initiation and progression of hepatic fibrosis. 
Fibrogenesis in the liver is initiated by hepatocyte damage that leads to the recruit­
ment ofinflammatory blood cells, platelets, and activation of Kupffer and endothelial 
cells with subsequent release of cytokines and reactive oxygen species. Various media­
tors, released mainly from neighboring cells, alter the phenotype of stellate cells from 
"quiescent" into "activated" one. Upon activation stellate cells proliferate, transform 
into myofibroblast-like cells (change shape from star- into spindle-like, loose lipid 
droplets, express smooth muscle a-actin and many other proteins not present in 
"quiescent" cells), migrate at the periphery of the liver lobule, and synthesize large 
amounts of connective tissue components. Sustained activation of stellate cells in 
chronic liver injury disturbs the balance between extracellular matrix synthesis and 
degradation, and a net increase of liver connective tissue occurs, leading to liver 
fibrosis, and finally to cirrhosis. The process of stellate cell activation is dependent on 
multiple interactions between many cell types present in the injured liver, and on 
alterations in the composition of extracellular matrix. Among the growth factors 
examined, PDGF and TGF-~ are the most potent cytokines for HSC proliferation and 
fibrogenesis, respectively. The development of experimental liver fibrosis requires 
prolonged administration of the inducing agent; however, with the early removal of 
the fibrogenic stimulus, activated stellate cells may be eliminated by their reversion to 
the quiescent phenotype or their death by apoptosis. Antifibrotic substances may act 
at the various stages of the profibrogenic processes. Some of them may suppress the 
progression of the vicious circles that result in liver fibrosis. For example, IL-10, the 
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powerful inhibitor of macrophage activation, was found to decrease liver fibrosis in 
hepatitis C patients, whereas molecules that block signal transduction of TGF-~ 
showed antifibrotic effectiveness in experimental liver fibrosis. 

The extraordinary progress made during the last decade in the elucidation of the 
functions of nonparenchymalliver cells and their cooperation in normal and diseased 
liver suggests that further studies of the interactions between cells of the liver lobule 
will help in the implementation of novel diagnostic and therapeutic regimens in such 
areas as the control of the immune responses in viral liver diseases and liver trans­
plantation, construction ofbioartificialliver systems that may sustain organ functions 
before liver transplantation can take place, and pathomechanism-based antifibrotic 
therapy. 
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32,33,35,38,48 
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- in liver fibrosis 98-100, 104 
polymorphonuclear granulocyte, see neutrophil 
prostaglandins 39, 49 
- effects in the liver 57-58 
- in glucose homeostasis 69-71 
- inhibition of cytokine synthesis 58, 88 
- receptors on liver cells 54-56 
- vasodilatory function in sinusoids 80, 81 
- synthesis in liver cells 19, 25, 38, 51-52 
prostanoids, see prostaglandins 

R 
reactive oxygen species (ROS) 2, 11, 26, 57, 62, 

81, 85,89 
- role in endotoxic liver injury 92-93 
retinoids 
- metabolism in the liver 65-67 
- role in liver fibrosis 98, 99, 101 

s 
scavenger receptors 15, 16, 24, 26, 27,83 
sinusoidal endothelial cell 13-19 
- role in fibrogenesis 103-104 
stellate cell 29-39 
- activation 31,32-34 
- in regulation of sinusoidal blood flow 

81-82 65-
- in regulation of retinoid metabolism 67 
- in liver fibrosis 97-105 

T 
thromboxane 18, 19, 52, 56, 57,80 
tissue inhibitors of metalloproteinases 

(TIMPs) 25, 37, 103, 105 
transcription factor nuclear factor KB 34,61, 

62,84,88,92,94,108 
transcription factors other than NFKB 34,58, 

65,92 
transforming growth factor a (TGF-a) 25, 38, 

62,75,101,103 
transforming growth factor p (TGF-P) 15, 18, 

19,24,25,33,35,38,48,49,75,76-78,79,80, 
94, 101, 102 

- expression in normal liver 77-78 
- role in liver fibrosis 98-105 
tumor necrosis factor-a (TNF-a) 11, 15, 17, 19, 

24,25,35,43,46,48,54,56,58,59,62,63,72, 
75,85 

- in endotoxic liver injury 86-88,89,90,91, 
94,95 

- in liver fibrosis 99, 101, 102, 103, 105 
- in regulation of glucose metabolism 71-72 



v 
vascular endothelial growth factor (VEGF) 11, 

15, 24, 35, 49, 101 

vitamin A metabolism, see retinoids 
vitamin A-storing cells, see stellate cell 
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