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Foreword

Modern hepatology would be unrecognizable to those clinicians and pathologists,
who founded the field only a generation ago. From a discipline that was largely obser-
vational — with few diagnostic tests and even fewer therapies — has emerged an excit-
ing area that is among the most rapidly changing in all of medicine, and which now
offers remarkable new tools and treatments. This textbook edited by Professor
Dancygier beautifully captures this dynamism of hepatology, and in doing so provides
a remarkably complete opus. The work is beautifully laid out exactly as a clinician
would think, weaving in the science underlying clinical hepatology with precision and
clarity. Standardized and gorgeous drawings, comprehensive tables, and a very consis-
tent style are among its most valuable assets — quite simply, this book is fun to read!

While thoroughly modern, this work still proudly draws upon the roots of our
specialty. A strong emphasis on pathology, patterns of injury, clinical presentations of
disease, and approaches to clinical problems harken back to hepatology’s earliest
treatises. The book is particularly reminiscent of early editions of Dame Sheila
Sherlock’s classic single-author textbook, the fifth edition of which I read cover-to-
cover while spending 3 months at the Royal Free Hospital as a medical student in
1977; a signed copy sits proudly on my shelf to this day, and I suspect that many will
come to value Professor Dancygier’s book for many of its similar virtues. The highly
personal stamp of Professor Dancygier infuses this book with cohesion, and conveys
the wonders of clinical hepatology. Underscoring another enduring feature of our
specialty is the book’s transatlantic flavor, with authors from throughout Germany
and the USA. This connection between our two countries is also personal — Professor
Dancygier’s invitation for me to speak at a conference in Munich in 1989 was my first
international meeting, and I am proud that our professional association and friendship
continue to this day as a result of that first meeting 20 years ago.

I am delighted to be associated with Clinical Hepatology. Thus, it is a great per-
sonal privilege to introduce this unique and valuable textbook, which is sure to appeal
to practitioners of today and ignite a spark of enthusiasm among the hepatologists of
tomorrow.

Scott L. Friedman, M.D.

President, American Association for the Study of Liver Diseases
Fishberg Professor and Chief, Division of Liver Diseases

The Mount Sinai School of Medicine
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Preface

Clinical hepatology is thriving. Hepatology has evolved from a pure diagnostic art to
a science in which new treatment options are emerging at a quick pace. At this excit-
ing time, based on the gratifying success of the German Edition of 2003, Springer
Publishers have asked me to prepare a US-American/International edition. Gravely
miscalculating the amount of labor, I gladly accepted this challenge.

The present book is not merely an updated version of the German edition but a
completely new work with new US-American authors, a transatlantic endeavor. In
common with its German predecessor, however, it not only aims to provide know-
ledge in hepatology but also to promote an understanding of liver diseases, and to
create joy in dealing with clinical hepatological problems. It is intended for every-
body caring for adult patients with hepatobiliary problems, particularly gastroente-
rologists/hepatologists, internists and clinical pathologists.

My aim was not to provide an encyclopedic behemoth. Instead, I intended to cre-
ate a comprehensive, up-to-date (references until early 2009 are included), practical
and readable book that outlines the current standards of diagnosis and treatment in
hepatology and its associated biliary disorders. By elaborating on concepts in hepa-
tology, disease mechanisms, common clinical problems and rare diseases alike it tries
to serve the needs not only of the novice in hepatology, but also of the experienced
practicing clinician. Ultimately, the success of the book will be determined by its
ability to provide answers to clinically relevant questions and to guide clinical
decisions.

The competent clinical hepatologist, like hardly any other clinician, has to inte-
grate histopathological, biochemical, immunological, instrumental and clinical skills.
The organization of the text follows this principle. It is divided into 3 main parts with
30 sections covering Basic Principles, Clinical Methods, and Hepatobiliary Diseases.
Starting from basic concepts the field of clinical hepatology gradually unfolds. Unlike
other Hepatology Textbooks I preferred not to include a “stand alone” chapter on
liver pathology. Instead hepatopathology has been integrated throughout the entire
text as it represents an integral part of clinical hepatology. The first five sections inte-
grate structure and function of the liver and basically provide a general pathology of
the liver. The clinical chapters are stringently organized and uniformly structured to
enable rapid retrieval of the desired information. In order to enhance readability I
have accepted some redundancy, especially in chapters dealing with hepatocellular
transporters.

I am indebted to my coauthors, all renowned experts in hepatology. Without their
help the creation of a textbook of this volume would not have been possible. My




Preface

special thanks go to a young gastroenterologist from Yale, Jason Rogart. He not only
served as a proof reader for the contributions by authors whose native language is not
English, but also as an author of several chapters and as an editorial assistant. My
thanks go also to Ms. Annette Hinze, Meike Stoeck, and Mr. Claus-Dieter Bachem
from Springer Publishers who skillfully supported the development of the Textbook.
Last but not least I thank my wife Hellena for her endurance and unwavering support.
After immerging into the project and resurfacing after finishing the last chapter she
was still there.

Offenbach, May 2009 Henryk Dancygier
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General Development

The embryonic development of the liver starts by a
process termed liver specification in which lateral plate
mesoderm factors induce adjacent endoderm to initiate
hepatic development. The anatomical result of this
process is seen by the 3rd week of gestation — the
embryo attains a size of 2-2.5mm by an outgrowth of
endodermal cells from the ventral wall of the foregut,
and forms the liver bud. The liver bud and surrounding
structures further differentiate to create the hepatic
diverticulum [2, 3, 10, 11]. Already at this very early
stage a-fetoprotein and albumin messenger RNA is
expressed, indicating the commitment of this part of
the ventral foregut to the lineage of liver cells, termed
hepatoblasts. The hepatoblast, which derives from
the definitive endoderm, is the common precursor
from which hepatocytes and bile duct cells originate
(Fig. 1.1). The early hepatic anlage is composed of two

Endodermal cell

v

Hepatoblast

C/EBP a. HNF 6
HNF o HNF 18
HGF Foxm1b
OSM Notch/Jagged
Hepatocyte Cholangiocyte

Fig. 1.1 Cell lineages in the developing liver and molecules that
participate in determining the fate of the hepatoblast (Modified
from [2, 14])

C/EBPo.=CCAAT/enhancer binding protein; HNF=hepatocyte
nuclear factor; HGF=hepatocyte growth factor; OSM =oncostatin M;
Fox =transcription factor
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Fig. 1.2 Human embryo 5Smm in size. The liver cell cords pen-
etrate into the septum transversum (Modified from [10])

neighbouring diverticular areas (Fig. 1.2). The cranial
part of the hepatic diverticulum gives rise to the liver
and the intrahepatic bile ducts, while the gallbladder,
the cystic duct and main common bile duct arise from
the caudad portion. At an embryonic size of 3.5mm,
the basement membrane surrounding the liver bud and
hepatic diverticulum is lost, and cells delaminate and
invade the surrounding septum transversum mesen-
chyme as cords of hepatoblasts. The cells undergoing
this phase of hepatic development express a number of
proteins, including transcription factor HNF4a which
identifies migrating hepatic cells, and three zinc finger
factors, Gata 4-6, which identify the septum transver-
sum mesenchyme [14]. In the septum transversum the
invading hepatoblasts form sheets and cords along the
sinusoidal vascular channels derived from the vitelline
veins emanating from the yolk sac. The vitelline (or
omphalomesenteric) veins fuse to form the portal vein.
Its tributaries ramify within the liver along mesenchy-
mal channels termed portal tracts. The development
of the hepatic vasculature occurs by a combination of
angiogenesis and vasculogenesis [14]. Angioblasts or
endothelial cells surround the liver bud and separate it
from the septum transversum. Sinusoids develop
through vasculogenesis of vessels that originate within
the mesenchyme of the septum transversum. Thus, the
basic architecture of the liver parenchyma, cell cords
and plates alternating with developing hepatic sinu-
soids is established. The hepatic vasculature develops
in concert with the hepatoblasts and the vascular

channels serve as stents for proliferating hepatoblasts.
The mesenchymal component contributes a significant
part to the morphogenesis of the liver. During this
developmental stage the liver cell plates are five to six
cells thick. After birth most liver cell plates return to a
thickness of two to three cells (muralium duplex), and
after the age of 5 years the majority of liver cell plates
is composed of one cellular layer (muralium simplex).

The ingrowth of hepatoblasts into the septum trans-
versum, divides the ventral mesentery into two thin
membranes. The lesser omentum is situated between the
liver and the foregut and the falciform ligament extends
between the liver and the ventral abdominal wall. The
main common bile duct, hepatic artery, and portal vein
run at the lower free edge of the lesser omentum. The
mesenchymal tissue of the septum transversum forms
the stroma, the capsule and the mesothelium of the
liver. The mesoderm on the liver surface gives rise to
the peritoneal layer that envelops the entire liver
(hepatic capsule), except for the area of attachment
between the liver and the diaphragm (area nuda).

By the 6th week of gestation the embryo is 1 cm long
and the liver has two lobes. As a result of its rapid growth
the organ extends inferiorly into the abdominal cavity.

The embryonic liver is a hematopoietic organ. At
8—10 weeks of gestation hepatic hematopoiesis begins,
reaches its maximum toward the 6th or 7th month, and
ceases completely during the 1st week after birth.
Pluripotent hematopoietic stem cells, however, proba-
bly persist throughout the entire adult life (see Chapter
3). The hematopoietic cells reside outside the vessels
in close contact with parenchymal cells. There also
appears to be a close functional relationship between
hematopoietic cells and the developing hepatic paren-
chyma, which is governed by cytokine signaling.
Differentiation of the hematopoietic cells is influenced
by the hepatocytes, and differentiation of the paren-
chyma contributes to the attenuation of the fetal liver
as a hematopietic organ.

The presence of hepatic stellate cells (Ito cells),
which appear to originate from the septum transversum
mesenchymal cells, is noted from week 6 to 8 of gesta-
tion. Kupffer cells appear from week 8 to 12 of embry-
onic development and are believed to develop from bone
marrow-derived monocytes in adults. However, their
presence in the fetal liver precedes bone marrow devel-
opment, and they may originate from the yolk sac [4].

A minor portion of primitive hepatoblasts commits
itself to the bile duct cell lineage. Already in the 6th
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week of gestation the first bile canaliculi arise between
neighbouring parenchymal cells. The intrahepatic bile
duct system develops in close association with the por-
tal venous system, from hepatoblasts in contact with
periportal mesenchyme. This mesenchyme has an
important role for the induction of biliary differentia-
tion of hepatoblasts. In the primordial portal tracts the
portal vein ramifications are surrounded by a single
circumferential layer of biliary epithelial cells, termed
the ductal plate. Mesenchymal cells interpose between
the ductal plate and the remaining parenchymal hepa-
toblasts, which differentiate into hepatocytes. Starting
from ductal plate cells, the formation of the intrahe-
patic bile duct system is initiated between week 6 and
9 of gestation. Initially the ductal plate begins to redu-
plicate and lumena form between the two cell layers of
the ductal plate. Its final design is accomplished by
gradual remodeling into tubular structures incorpo-
rated into the mesenchyme to form the terminal bile
ducts with a circular cross-section. Ductal plate cells in
excess are being resorbed. Abutting and within the
parenchyma are ductular structures half-lined by hepa-
tocytes and half-lined by biliary epithelial cells, the
canals of Hering. The remodeling of the ductal plate
starts near the hilum of liver, and gradually extends
toward the periphery. Hepatocellular bile formation
begins around the 12th week. The immature intrahe-
patic biliary system maintains patency and continuity
with the extrahepatic biliary tree, with no evidence of
a solid phase of development, allowing for patent bile
passage into the duodenum throughout gestation [1].
Maturation of the intrahepatic bile ducts is not fully
achieved until the first postnatal weeks. Ductal plate
malformations constitute a basic structural component
of congenital diseases of the intrahepatic bile ducts.
The development of the liver parenchyma and of the
intrahepatic bile ducts is accompanied by the expression
of characteristic cytokeratin profiles. Cholangiocytes
express cytokeratin types 7, 8, 18 and 19, while hepa-
tocytes express cytokines 8 and 18 [12].

Molecular Control of Liver
Development

Liver development is a highly complex process that
requires extensive differentiation and organization of
parenchymal and nonparechymal cell types, extracellular

matrix, the development of hepatic vasculature and of
the biliary tract. We are only now beginning to under-
stand the pathways required to initiate hepatogenesis
and to unravel the factors that regulate the interaction
between parenchymal and nonparenchymal cells.
There is mounting evidence that nonparenchymal cells
have a direct impact on the development of hepato-
cytes. The mesenchymal component of the liver, which
derives from the septum transversum mesenchyme is a
critical source of mitogenic activity for hepatoblasts.
Differential gene expression, transcription factors and
signaling molecules are of prime importance for the
induction and continuation of hepatogenesis and the
list of the molecules that contribute to the onset of liver
development has expanded significantly over the last
decade and continues to grow [5-8]. Among the sig-
naling molecules, the presence and the local concen-
tration of fibroblast growth factors (FGF) 1 and 2 are
essential for induction of hepatic fate. In addition to
acting during the onset of hepatic development, FGFs
also function during later stages of hepatogenesis.
Specific FGFs act at multiple and distinct stages of
hepatic development [5]. In concert with FGFs, signals
by bone morphogenetic proteins (members of the
transforming growth factor [ superfamily) induce
hepatic development within the ventral endoderm.
B-catenin, a key component of the Wnt signaling path-
way seems to be crucial for hepatoblast proliferation
and liver growth [8]. T cell immunoglobulin and mucin
domain 2 (Tim2) has been shown to regulate immune
responses. It is specifically expressed on immature
hepatocytes in the fetal liver, and recent evidence sug-
gests that Tim2 is involved in the differentiation of
fetal hepatocytes [13].

Many of the genes implicated in endoderm formation,
such as FoxA and Gata 4/5/6 also prime the endoderm,
making it “‘competent” to activate hepatic genes [7]. The
response of the endoderm to these inductive stimuli is
to initiate a program of hepatic gene expression, with
specific transcription factors contributing to the onset
of hepatic differentiation. o-fetoprotein and albumin
genes are expressed early in hepatogenesis. Albumin is
one of the earliest liver markers to be expressed in the
hepatic endoderm and, furthermore, albumin mRNA
expression is restricted to the developing liver. Several
transcription factors have been identified that are
essential for expression of the complete repertoire of
proteins that define hepatocyte function. Hepatic
nuclear factor 4o (HNF4a) appears to be particularly
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potent in controlling hepatocyte differentiation and
seems to play a fundamental role in transforming the
fetal liver into an epithelial parenchyma during
embryogenesis [9]. In addition to controlling hepato-
cyte differentiation, HNF4a is also required to main-
tain a differentiated hepatocyte phenotype and is
crucial for establishing normal liver architecture dur-
ing development.
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The present review of gross anatomy of the liver begins
with a short discussion of the traditional descriptive
anatomy, helpful in the physical examination of the
patient [4, 5]. Modern approaches to liver anatomy
emphasize functional aspects. Therefore the outline on
descriptive anatomy is followed by a review on func-
tional anatomy [1-3].

The functional approach is based on the concept of
liver units, segments, which are each composed of an
autonomous blood supply and biliary drainage. The
knowledge of these functional segments is particularly
important when dissecting small space occupying
lesions or when removing segments of the liver for
transplantation. Modern imaging modalities, such as
ultrasound, computed tomography and magnetic reso-
nance imaging are capable of non-invasively visualiz-
ing these segments.

Descriptive Anatomy

The exsanguinated normal liver of a healthy adult
weighs approximately 1.3—1.5kg. It accounts for about
2% of body weight in adults, and 5% of body weight in
children. The soft, parenchymal organ is situated in the
right upper quadrant of the abdominal cavity. It lies
directly beneath the diaphragm in the right hypochon-
driac region and is protected by the rib cage. The lateral
aspect of the left liver lobe reaches the left hypochondriac
region. During expiration the upper edge of the right
liver lobe corresponds to the fourth intercostal space.
The lower (anterior) liver margin courses obliquely
upwards and crosses the right costal arch at the level of
the 9th costal cartilage. The left liver lobe abuts the
liver area of the anterior abdominal wall directly
beneath the xiphoid process of the sternum.
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Appendix fibrosa
Lig. triangulare sinistrum

Lig. coronarium hepatis

Right lobe
Inferior margin
Gallbladder

Incisura lig. teretis

Lig. teres hepatis

Lig. falciforme hepatis
Inferior margin

Left lobe

Fig. 2.1 Diaphragmatic surface of the liver

The diaphragmatic surface of the liver (facies dia-
phragmatica) (Fig. 2.1) is convex, and its cranial part
shows a shallow impression (impressio cardiaca) that
corresponds to the diaphragmatic cardiac saddle. Strong
diaphragmatic muscle fibers may cause depressions of
the cranial liver surface, called diaphragmatic grooves.
The slightly concave inferior, visceral surface of the
liver (facies visceralis) (Fig. 2.2) is in contact with the
stomach, duodenum, colon, right kidney and right
adrenal gland, which create flat impressions of the
inferior surface. In the sagittal plane the liver has a
cuneiform aspect with a sharp lower margin, margo
inferior. The posterior aspect of the diaphragmatic
liver surface is rounded and merges without a sharp
boundary with the visceral hepatic surface. A tongue-
shaped inferior extension of the lateral aspect of the
right liver lobe is termed Riedel’s lobe.

The entire surface of the liver is covered by a thin
connective tissue capsule, Glisson’s capsule, which lies
just beneath a layer of flat peritoneal mesothelial cells.
Extensions of the capsular fibrous tissue are continuous
with the connective tissue within the liver. Most of the
liver surface is covered by peritoneum, except for the

Lig. v. cavae
V. cava inferior

Lobus caudatus

Tuber omentale

Impressio
oesophagea
Appendix
fibrosa

Impressio suprarenalis

Impressio renalis

Impressio
gastrica

V. portae hepatis
A. hepatica propria
Lig. teres hepatis

Impressio colica

Gallbladder
Ductus cysticus

Impressio pylorica

Ductus choledochus

Fig. 2.2 Visceral surface of the liver

site of attachment of the gallbladder, the fossa vesicae
felleae, and a small area on the posterior surface, area
nuda, that adheres firmly to the diaphragm.

A peritoneal fold forms the falciform ligament, liga-
mentum falciforme, that divides the diaphragmatic sur-
face of the liver into a right and left half, but not into
different functional segments. The falciform ligament
connects the liver to the diaphragm and to the anterior
abdominal wall. At the site of the attachment of the
liver to the diaphragm, area nuda, it branches into the
right and left coronary ligament, ligamentum coronar-
ium hepatis dextrum et sinistrum. The left coronary
ligament is a thin, very short mesenteric plate, that ends
with a free margin, the left triangular ligament (liga-
mentum triangulare sinistrum). It connects the connec-
tive tissue of the posterior margin of the left liver lobe
to the diaphragm. The right coronary ligament merges
its anterior fold with the parietal peritoneum of the dia-
phragm, with its posterior fold with the hepatorenal
ligament (ligamentum hepatorenale). The free margin
of the right coronary ligament is called the right trian-
gular ligament (ligamentum triangulare dextrum).
During embryonic development the falciform ligament
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contains the umbilical vein. After birth the vein atro-
phies, leaving behind the ligamentum teres, which runs
along the free inferior border of the falciform ligament
to the inferior surface of the liver. Here, at the boundary
between the right and left liver lobe, it causes a com-
pression of the liver, the incisura ligamenti teretis. In
portal hypertensive states the umbilical vein may
become recanalized again. The incisura continues on
the visceral face of the liver as a fissure, the fissura
umbilicalis, that in its posterior segment contains the
venous ligament, ligamentum venosum, with the oblit-
erated venous duct (ductus venosus).

Anteriorly on the inferior surface of the right liver
lobe, the quadrangular quadrate lobe (lobus quadra-
tus) is found. It is demarcated medially by the fissure
of the ligamentum teres, laterally by the gall bladder
area and posteriorly by the porta hepatis. The medial
posterior part of the right liver lobe, the lobus cauda-
tus, is separated from the quadrate lobe by the porta
hepatis. The porta hepatis on the visceral liver surface
is the area where the portal vein and the hepatic artery
enter and the bile ducts leave the liver. The hepatoduo-
denal ligament connects the duodenum to the porta
hepatis and contains the common hepatic, the cystic,
and the main common bile duct, the hepatic artery with
its right and left branches, the portal vein, lymphatics
and nerves. In the hepatoduodenal ligament the main
common bile duct is usually found anteriorly and to

Inferior vena cava

the right, the portal vein medially, and the hepatic
artery dorsally and to the left. Many anatomical vari-
ants, however, do occur.

Functional Anatomy

The three main hepatic vein branches divide the liver
into four sectors, each of which is supplied by a por-
tal vein branch. The liver is further sub-divided into
eight segments according to the course of portal and
hepatic vein branches. Hepatic veins and portal vein
branches are intertwined like the digits of two hands
(Fig. 2.3).

An imaginary plane through the middle hepatic
vein divides the liver into a right and left part (not
identical to the right and left lobe described above).
The right and left part of liver are completely indepen-
dent units, receiving separate arterial and venous blood
supplies and biliary drainage. The right and left hepatic
vein sub-divide each part into an anterior and a poste-
rior sector. With its right and left main branch, the por-
tal vein supplies the right and left part of the liver,
respectively. Each main portal vein branch further
divides to supply the anterior and posterior sectors of
the right and left part of the liver. With one exception
(see below) in each sector, a further vascular

Middle hepatic vein

Right hepatic vein

Left hepatic vein

Fig. 2.3 Segmental anatomy
of the liver. Hepatic veins
(blue) and large portal vein
branches (red) are interdigi-
tating. Each of the four
sectors, sub-divided by the
main branches of the hepatic
vein is supplied by a portal
venous branch. Further
ramifications of the portal
triad subdivide the sectors
into eight independent
segments, each with its own
blood supply and biliary
drainage

Umbilical vein
(remnant)

Portal vein
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subdivision supplies two segments. Each segment pos-
sesses its own vascular supply and biliary drainage.

In Fig. 2.3 the segmental anatomy of the liver is
depicted. The right liveris made up of the right-posterior
sector with segments 6 (inferior) and 7 (superior), and
the right-anterior sector with segments 5 (inferior) and
8 (superior). The left liver consists of the left-anterior
sector with segments 4 (medial) and 3 (lateral), which
are separated by the umbilical fissure. The left-posterior
sector is the sole sector having one segment only (seg-
ment 2).

Segment 1 is the caudate lobe. It has a unique posi-
tion, receiving its portal venous blood from the right
and left portal vein branches, and having its venous
outflow drain directly to the retrohepatic inferior vena
cava, thus bypassing the hepatic veins. This exceptional
anatomical position of the caudate lobe attains clinical

significance in hepatic venous outflow tract disorders,
such as Budd-Chiari syndrome (see Chapter 59).
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Structural Organization

The liver is the largest solid organ and the largest exo-
crine gland of the human body. It plays a central role
in the metabolism of endogenous compounds and in
the degradation and elimination of exogenous sub-
stances. The organ is composed of parenchymal and
mesenchymal cells, the bile duct system, blood and
lymph vessels, nerves and the extracellular matrix.
Table 3.1 shows the numerical distribution of different
cell types in the human liver and Table 3.2 shows the
morphometric composition of the liver lobule.

The structural organization of the liver mirrors its
functional diversity [22]. The debate regarding the func-
tional hepatic unit has generated many models, but so
far there is no final consensus. If such a unit is thought
to represent the smallest entity, capable of exerting all
hepatic functions autonomously, many investigations
have shown that such a structural-functional unit argu-
ably does not exist. The liver is a “‘continuum indivisibi-
lis”; all attempts to describe separate entities are
artificial. Nevertheless they are justified, since they fur-
ther the understanding of pathophysiologic processes.

Liver Lobule and Liver Acinus

Small histological structures of the mammalian liver,
lobuli, were first described by Wepfer (1664) and Malpighi
(1666). In 1833 Kiernan defined the classic liver lobule
[15]. In 1906 Mall described the “portal liver lobule” as
the basic histologic structure, with the portal vein situated
at its center and the terminal venules in its periphery [18].
The portal area is also found at the center of Brissaud’s
and Sabourin’s “biliary liver lobule” [4]. Both latter con-
cepts currently are of historical interest only.
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Table 3.1 Quantitative distribution of the number of different
cells in the liver

Cell type Cell number (%)
Hepatocytes 60

Kupfter cells 15-25
Endothelial sinusoidal cells 10-20

Stellate (Ito) and pit cells <5

Table 3.2 Morphometric composition of the liver lobule

Cell type/compartment Volume density (%)

Hepatocytes 78
Nonhepatocytes 6.3
Sinusoidal endothelial cells 2.8
Kupffer cells 2.1
Stellate (Ito) cells 1.4
Extracellular space 16

In 1949 Elias viewed the liver as a continuous sys-
tem (“muralium”) of anastomosing plates (“laminae
hepatis”) and sinusoidal spaces (“labyrinthus hepatis™)
(Fig. 3.1) [9]. In the following years this idea gave way
to an angioarchitectonic perception of the liver, accord-
ing to which circumscribed parenchymal areas with
their attendant blood supply and biliary drainage are
arranged in an orderly fashion. The classic liver lobule
was further subdivided into smaller units, known as
hepatic microcirculatory units. Rappaport described the
liver acinus with the terminal portal venule as its axial
vessel [20]. The core structure of the primary liver lob-
ule according to Matsumoto is the angular portal area

Fig. 3.1 Microscopic
anatomy of the normal
human liver (According to
Elias) [9] The liver consists
of a system of anastomosing
hepatic plates and sinusoidal
spaces. A network of
hypothetical intralobular
cholangioles (arrow) opens
into the portal bile ducts
(green). An intralobular
artery (red) (two arrows)
deriving from a portal branch
of the hepatic artery
bypasses the parenchyma
and communicates directly
with the sinusoids

with its septal branchings (see below) [19]. Bloch inter-
preted the functional hepatic unit as the “single sinusoid
unit,” in which the main component is represented by a
sinusoid with its adjacent liver cell plates [3].

Recently, by observing sequential hepatic cryosec-
tions, the lobular concept has been extended and the
hypothesis of a “modular microarchitecture” of the
human liver has been formulated. According to this model
14 primary modules constitute a secondary module. A
secondary module has a height of 1.9mm, a surface area
of 14.7mm?, and a volume of 5.1 mm?. It is subdivided
into primary modules by portal tracts and vascular septa,
and by a common draining central venular tree. Primary
modules are polyhedral, with seven to nine facets, having
heights from 0.3 to 0.9mm, surface areas from 1.7 to
5.0mm?, and volumes from 0.1 to 0.9 mm? [26].

Liver Lobule

The classic liver lobule was described by Kiernan in
1833 and maintains its validity until today. It is polygo-
nal, usually hexagonal in cross-section, and measures
approximately 0.7 x 2mm (Fig. 3.2). The central vein,
a terminal tributary of the hepatic vein is located at its
center, and the portal tracts are found at its angles.
Embedded in the connective tissue stroma of the portal
tracts are the branches of the portal vein and hepatic
artery, the bile ducts, lymphatics and nerves. Slender
periportal fibrous septa (interlobular septa) demarcate
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O Central Vein

A Portal Tract

Fig.3.2 Schematic diagram of liver lobules according to Kiernan.
At the center of the classic lobule is the central vein, and at its
corners are the portal tracts which contain branches of the hepatic
artery, portal vein and bile ducts

@ Portal Vein Branch
@ Hepatic Artery Branch
© Bile Duct

individual liver lobules. Branching and anastomozing
cords of hepatocytes extend between the central vein
and the portal areas. In the adult liver the liver cell plates
(Remak’s plates) are one to two cells thick (Fig. 3.3). In
newborns and infants the liver cell plates are thicker
and consist of two or more cell layers. On average

Fig. 3.3 Histological image
of a normal liver (Masson
Trichrome staining). The
liver plates are mostly one
cell thick, surrounded by
sinusoids, and converge
toward the central vein

approximately 24 hepatocytes are found between the
portal tract and the central vein. Immediately abutting
on the portal tract is a continuous concentric layer of
hepatocytes, disrupted only by short links between the
portal vessels and the sinusoids. This circumferential
cellular layer represents the limiting plate (interface)
between the lobular parenchyma and the portal tract.
The liver cell plates are separated by vascular chan-
nels, the sinusoids, which converge toward the central
vein. Their lumen accounts for approximately 10% of
the lobular parenchyma. The three-dimensional pattern
of this meshwork of sinusoids and hepatocytes is com-
parable to a sponge. The air corresponds to the sinu-
soids and the spongy material represents the cords of
hepatocytes. The sinusoids are lined by sinusoidal
endothelial cells which, in contrast to endothelial cells
of other organs, have fenestrated membranes like a sieve
and form a loose cellular network. They lack a base-
ment membrane, which facilitates the exchange of sub-
stances between the sinusoidal lumen, the space of
Disse, and the hepatocytes. Periportal sinusoids are nar-
rower and more convoluted compared to the straight-
ened centrilobular sinusoids. The subendothelial space
between the sinusoidal endothelium and the sinusoi-
dal surface of the hepatocytes constitutes the space of
Disse. It is 0.2-0.5 um wide, amounts to approximately
2-4% of liver parenchyma, and contains components of
the extracellular matrix. Matrix proteins are of vital
significance for both sinusoidal cells and hepatocytes.
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A three-dimensional reticulin fiber framework spans
the space of Disse. These fibers support the parenchyma,
help to maintain sinusoidal patency, and serve as a guid-
ing splint for proliferating and regenerating hepatocytes.
Hepatocyte microvilli protrude through endothelial fen-
estrations into the space of Disse, and may establish
direct contact between hepatocytes and the sinusoidal
lumen [29]. In addition to endothelial cells, parietal
macrophages known as Kupffer cells are present in the
sinusoids. They are capable of phagocytosing foreign
material and are endowed with antigen presentation
capabilities. Also residing in the space of Disse, situated
along the outer surface of endothelial cells and in
between hepatocytes, are the vitamin A storing hepatic
stellate (Ito) cells. After exposure to appropriate stimuli,
hepatic stellate cells may transform into myofibroblasts
and play an important role in fibrogenesis and in inflam-
matory processes. After immunologic stimuli such as
interleukin-2, so-called pit cells may be found in the
sinusoidal lumen, and occasionally in the space of
Disse. These cells are liver-associated large granulated
lymphocytes, which correspond to natural killer cells.

Liver Acinus

Based on the knowledge of hepatic microcirculation,
Rappaport’s concept of the liver acinus as the functional
liver unit has proved extremely helpful for understanding
structural — functional interrelationships. This concept
assumes that hepatic parenchymal cells are grouped in a
concentric fashion around afferent (perilobular) vessels.
At the center of the acinus are terminal afferent vessels
in the portal tract, i.e. the terminal branch of the portal
vein and of the hepatic artery, respectively (Fig. 3.4).
Two terminal hepatic venules (corresponding to the
central veins of the classic lobule; Table 3.3) are found
at its peripheral edge. Thus the liver acinus encompasses
neighbouring segments of the classic lobule. Each ter-
minal hepatic venule drains the blood of several acini.

Table 3.3 Comparison of roughly corresponding terms of the
classic lobule (Kiernan) an the liver acinus (Rappaport)

Liver acinus

Classic lobule

Central (centrilobular) vein
Centrilobular (lobular center)
Midlobular

Periportal (lobular periphery)

Terminal hepatic venule
Zone 3 (0, ¥; Cyt-P450 T)
Zone 2

Zone 1 (0, T; Cyt-P450 {)

Fig. 3.4 Liver acinus according to Rappaport. The liver acini
cling like grapes to the portal tract. The axial vessel is the termi-
nal portal venule in the portal tract (PT). At the periphery of an
acinus the terminal hepatic venule (THV) is found. Zones 1, 2
and 3 contain blood increasingly depleted in oxygen and nutri-
ents. Zone 3 corresponds to the microcirculatory periphery

The liver acini are arranged in a trefoil pattern around
the portal tract. The acini may further be assembled
hierarchically. At least three simple acini form a com-
plex acinus that in turn is the starting point for the con-
struction of acinar conglomerates. In the simple acinus
three zones are distinguished, which contain blood that
is increasingly depleted in oxygen and exogenous sub-
stances. Zone 1 (periportal) is the zone nearest to the
axis vessels. It contains blood with the highest oxygen
concentration, and also the highest levels of insulin, glu-
cagon, amino acids and other substances originating in
the intestinal circulation. Perivenular zone 3 (centrilobu-
lar) corresponds to the microcirculatory periphery and
has the lowest concentrations of oxygen and nutrients.
Zone 2, by definition, occupies an intermediate position.
Accordant to the acinar concentration gradient, zone 1
hepatocytes differ morphologically from liver cells in
zone 3 (see Chapter 9). However interesting the idea of
the acinus as the functional microcirculatory unit might
be, and however attractive the concept of the acinus
for the understanding of pathophysiological processes
might seem, it must not be overlooked that its real exis-
tence is still unproven.

The microcirculatory angioarchitectonic concept
is supported by studies of Matsumoto that empha-
size the importance of “vascular septa’” inside the liver
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parenchyma as a framework for lobular architecture.
The terminal branches of the portal vein are regarded
as vascular septa. They are devoid of surrounding con-
nective tissue, run perpendicular to the terminal hepatic
venules, and discharge their contents into the sinusoids
[19]. According to Matsumoto each primary lobule is a
cuneiform structure consisting of a portal and a septal
zone delimited by vascular septa. The sinusoids neigh-
bouring the portal zone form a “transverse inflow
front” that has major significance for the perfusion of
the lobule. Thereafter the sinusoids run straight to the
terminal hepatic venule. Ekataksin described tiny
branches of the portal venules, “inlet venules” that
establish a link to the sinusoids [6, 7].

Intrahepatic Bile Ducts

Bile produced by the hepatocytes flows within a three-
dimensional lobular network of anastomosing bile
canaliculi. The fluid reaches the duodenum through a
system of communicating ducts whose diameter
increases gradually from the liver to the duodenum. The
smallest units are the bile canaliculi which are formed
by apical microvillous processes of two or three adja-
cent hepatocytes. They may be well-visualized on light
microscopy by immunohistochemistry using polyclonal
antibodies against carcinoembryonic antigen (CEA)
(Figs. 3.5 and 3.6) [12]. The pericanalicular cytoplasm

represents a specialized region of the hepatocyte that is
responsible for the shape of the canaliculi. Actin fila-
ments located in the pericanalicular ectoplasm radiate
into the microvilli, suggesting that bile canaliculi are
contractile structures that can actively “pump”, and
thereby support bile transport. The canalicular bile
drains into the periportal cholangioles, also called bile
ductules, via the canals of Hering, which are located at
the interface between the portal tract and lobular paren-
chyma. The canals of Hering are biliary canals partially
lined by cholangiocytes and by hepatocytes (not by cells
of intermediate morphology, which are not identified in
normal livers) [21]. They are situated at the peripheral
edge of the portal tracts, and may penetrate for a short
distance through the limiting plate into the periportal
lobular parenchyma. They represent the anatomic and
physiological link between the intralobular canalicular
system and the portal biliary tree, and are linked to the
interlobular (terminal) bile ducts by the bile ductules.
Bile ductules are lined entirely by cholangiocytes but do
not have a basement membrane. They may traverse the
limiting plate and possess an intralobular as well as
intraportal segment, where they span the portal tract
mesenchyme and merge the terminal bile ducts. Recent
data suggest that the bile ductules traverse the boundar-
ies of the portal tract into the lobule as ductular-vascular
units which are accompanied by extensions of the portal
vein that follow the vascular septa [13]. The canals of
Hering and the bile ductuli thus represent short links
between the bile canaliculi and the terminal bile ducts in
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Fig. 3.6 Bile canaliculi (in
the center and left corner) are
formed by invaginations of
the cell membrane of two or
three adjacent hepatocytes.
They have microvilli, but do
not possess a basement
membrane. Therefore they
are not bile “capillaries.” Bile
canaliculi are lined by
electron dense tight junctions.
EM x8,000

Portal Tract

Parenchyma

Portal Vein
Canal of Hering

Intralobular
) (variably present) | gile Ductule
Hepatic Intraportal
Artery

Terminal Bile Duct

-

Fig. 3.7 Schematic diagram of the linkage between lobular bile
canaliculi and terminal bile ducts in the portal tracts. The bile
ductuli may have only an interlobular (portal) portion, in which
case the canals of Hering extend through the limiting plate
(Adapted from [21])

the portal tracts (Fig. 3.7). The interface of hepatocytes
and the biliary tree does not reside at the limiting
plate, but rather along an array of sites that project
star-like from the portal tracts, along the bile ductuli
and the canals of Hering [21]. The terminal (interlob-
ular) bile ducts measure 15-20 um in diameter and are
the smallest branches of the portal tract-based biliary

system. The interlobular bile ducts have a basement
membrane and are embedded in the connective tissue
stroma of the portal tract whose collagen and elastic
fibers are often arranged in loose periductal concentric
bundles. One ore two interlobular bile ducts accom-
pany the terminal hepatic arteriole. They are sur-
rounded by a peribiliary capillary plexus derived from
hepatic artery and portal vein branches. The interlobu-
lar bile ducts anastomose with each other and empty
into the conducting (septal) bile ducts that measure
>100um in diameter. These conducting ducts are
often embedded in a dense concentric collagenous
stroma containing arteriolar plexuses and nerves. The
septal bile ducts join to form the large segmental bile
ducts (0.4-0.8 mm in diameter), and these unite toward
the liver hilum to form the large intrahepatic hilar
bile ducts. Some septal and segmental ducts possess
peribiliary glands that communicate with the bile duct
lumena. The intramural mucous glands drain directly
into the bile duct lumen, while the extramural seromu-
cinous glands communicate with the bile duct lumen
through an excretory duct [25]. At the hepatic hilum
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the intrahepatic bile ducts exit the liver as the left and
right hepatic duct.

Computer-assisted measurements estimate the volume
of the macroscopically visible bile duct system to be
14-24cm?, and the inner surface area to be 336—
575cm? [17].

Intrahepatic Blood Vessels

The liver receives a dual blood supply from the hepatic
artery and the portal vein. Twenty-five percent of flow
volume is from the well-oxygenated blood of the
hepatic artery, and the other 75% is from the oxygen-
depleted blood of the portal vein. Portal venous blood,
however, is rich in nutrients and other substances
derived from the intestine and visceral organs. The
large and medium sized branches of the hepatic artery
are vessels with a well-developed internal elastic lam-
ina, a muscle layer two to three cells thick, and numer-
ous non-myelinated nerve fibers within the adventitia.
These vessels propagate in the liver as interlobar and
then as interlobular arteries, and finally reach the
portal tracts where they fan out as terminal hepatic
arterioles. The latter do not have an internal elastic
lamina and the intima is surrounded by one smooth
muscle layer. Ekataksin and Wake do not regard the
hepatic artery as an artery that is primarily devoted to
supplying the hepatic parenchyma, but rather view it
as a stromal artery of the portal tracts [6]. According
to Elias and Ekataksin, isolated branches of the hepatic
artery may even bypass the hepatic parenchyma and
drain directly into the sinsusoids (Fig. 3.1) 8, 9].

The hepatic artery primarily supplies the following
five compartments:

* Peribiliary vascular plexuses (with 50-70% this is
the largest arteriolar compartment)

* Portal tract stroma

* Vasa vasorum of portal vein branches

* Vasa vasorum of hepatic veins

* Liver capsule

Hepatic arterial blood flows out through the portal
veins, the sinusoids and lymphatics, and can even
bypass the lobular parenchyma and drain directly into
the sublobular veins.

The portal vein enters the liver at the porta hepatis
with its main right and left branches, and divides

thereafter into the interlobar and then interlobular
veins. These branches correspond to the liver segments
(see Chapter 2) and run in a fibrous sheath together
with branches of the hepatic artery and bile duct. Of all
the vessels contained within the portal tract, the portal
vein has the widest lumen and thinnest wall with little
smooth muscle. The smallest portal vein branches in
the portal tracts are called ferminal portal venules or
perilobular veins. These small vessels lack smooth
muscle fibers and discharge their blood into the peri-
portal sinusoids. The branches of the hepatic artery run
in close proximity to those of the portal vein, occasion-
ally winding spirally around the latter. In histologic
sections this can give the impression that a portal vein
branch is surrounded by several separate hepatic arte-
rial branches. In the portal tracts complex peribiliary
capillary plexuses and arterioportal anastomoses are
found, the latter representing shunts between portal
arterial and portal venous blood [24]. The arterial
blood drains through these shunts first into the small
branches of the portal vein and then into the sinusoids.
Here it mixes with the portal venous blood and flows
along a sinusoidal pressure gradient into the ferminal
hepatic venule (centrilobular vein). Unlike the sinusoi-
dal endothelium, the endothelium of the terminal
hepatic venules is not fenestrated. The centrilobular
veins unite to form the sublobular veins which merge
to form the collecting veins. The latter transport the
blood of individual liver segments to the hepatic veins,
which in turn drain into the inferior vena cava.

Lymphatics

The lymphatic system of the liver originates in the
space of Disse. From here the lymph flows to the space
of Mall that is situated in direct proximity to the portal
tract, between the peripheral edge of the portal connec-
tive tissue and the first plate of periportal hepatocytes.
From the space of Mall the lymph enters the portal
capillary lymphatics and then leaves the liver through
increasingly wider lymph vessels and three groups of
lymph nodes: the portal (hilar), central (situated in the
region of the hepatic veins orifices) and parietal (cap-
sular) lymph nodes. The hepatic lymph reaches the
systemic circulation via the cisterna chyli and the tho-
racic duct. Lymphatics are present in all portal tracts,
usually in close proximity to the hepatic artery [28].
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They surround arteries and veins and follow them to
their smallest branches. Only a small part of the hepatic
lymph originates from the peribiliary capillary plex-
uses. Intramural lymphatics are present in the larger
branches of the portal and hepatic veins. This intrahe-
patic lymphatic network communicates through a
loose subcapsular plexus with capsular lymph vessels.

The lymphatic system of the gallbladder is arranged
on three intercommunicating levels — mucosal, muscular
and subserosal. Links to the hepatic lymph system exist.

Nerves

The liver contains a widely ramified network of adren-
ergic (sympathetic), cholinergic (parasympathetic), and
peptidergic nerve fibers [2, 5, 10, 27]. The hepatic nerves
influence the metabolism of hepatocytes, hemodynam-
ics of the liver, and bile duct motility [16].

Parasympathetic fibers run with the vagus nerves.
The efferent sympathetic innervation originates at the
spinal level T5-T9, and the postganglionic fibers ema-
nate from the celiac ganglion. At the hilum of the liver
the nerves of the autonomous nervous system form
plexuses surrounding the hepatic artery and the portal
vein with bile duct. They enter the liver mostly as non-
myelinated fibers and course with the hepatic artery
branches and bile ducts into their smallest ramifica-
tions. Here, in the small portal tracts, they innervate
the vascular and biliary structures. A fine neural net-
work in the perisinusoidal space is in direct contact
with hepatocytes and hepatic stellate (Ito) cells. The
arteries are primarily sympathetically innervated,
while the liver parenchyma and bile ducts possess both
a sympathetic and parasympathetic innervation.

Peptidergic transmitters are mostly associated
with adrenergic nerve fibers [1]. Vasoactive intestinal
polypeptide, somatostatin, gastrin/C-terminal chole-
cystokinin, neurotensin, neuropeptide Y, substance P,
glucagon, glucagon-like peptide, serotonin and galanin
have all been found in the human liver [5]. However,
the physiologic significance of the peptidergic inner-
vation is unknown. Differences between species make
interpretation difficult.

Afferent sensory fibers originating in the liver and
the extrahepatic bile ducts run with the vagus and
splanchnic nerves and the right phrenic nerve. They
serve as osmo-, iono-, chemo- and metabolic receptors
(e.g. glucose sensor) and as baro- and nociceptors.

Afferent nerves affect glucose homeostasis and modu-
late the hepatic actions of insulin. Stimulation of sym-
pathetic nerves induces glycogenolysis and the release
of glucose, and inhibits glycogen synthesis. Stimulation
of parasympathetic nerves has opposite effects [11, 14]
Signal propagation via gap junctions between hepato-
cytes seems to be of utmost importance to the trans-
duction of neurally mediated metabolic effects [23].
Hepatic baroreceptors appear to be involved in the
“hepatorenal reflex” (see Chapter 54). However, as is
apparent in the transplanted denervated liver, hepatic
innervation is not essential for organ function.

Cell Types

The main parenchymal cell of the liver is the hepato-
cyte. Approximately every third cell in the liver is a
sinusoidal cell or a cell associated with the sinusoids,
excluding cells circulating in the sinusoids and resid-
ing in the connective tissue stroma of the portal tracts.
Among these cells are the sinusoidal endothelial cells,
Kupffer cells, hepatic stellate (Ito) cells, and the so-
called pit cells (large granulated lymphocytes).

In Table 3.4 the volumetric composition of sinusoi-
dal cells is reported [77]. Although these cells amount
to only 6% of the lobular parenchymal volume, they
account for 35% of the collective cell number. 26% of all
plasma membranes in the liver are allotted to sinusoidal
cells. The coordinated interaction between parenchymal
and nonparenchymal cells is essential for the functioning
of the individual hepatocyte and of the entire organ. The
generous equipment of nonparenchymal cells with cellu-
lar organelles is evidence for their substantial contribution
in this regard. While only 1.2% of mitochondrial volume
densities of the entire liver fall upon non-hepatocytes,
non-hepatocytic cells are relatively well-endowed with
lysososmal enzymes. Non-hepatocytes contain 43% of
the volume of all liver lysosomes, with Kupfter cells pos-
sessing 22%. Sinusoidal endothelial cells, Kupffer cells
and pit cells are in direct, close contact with sinusoidal
blood. On the other hand, the contact of perisinusoidal

Table 3.4 Volumetric composition of sinusoidal cells

Cell type Volume density (%)
Sinusoidal endothelial cells 44

Kupfter cells 33

Stellate cells 20

Pit cells 3
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Fig. 3.8 Schematic representation of various cell types and their
location in the human liver

stellate cells and of hepatocytes with blood occurs pri-
marily in the space of Disse (Fig. 3.8).

In addition to the aforementioned cells the intrahe-
patic biliary epithelial cells (cholangiocytes) are also
considered among the organotypic cells of the liver.

Recently new discoveries in stem cell biology and
regenerative medicine have focused the interest on
hepatic stem cells.

Fig. 3.9 Normal liver cells.
On high magnification
cytoplasmic stippling is
discernible by light micros-
copy (Masson Trichrome
stain; x1,000)

Table 3.5 Volumetric composition of the average hepatocyte®

Compartment/organelles

Volume density (%)

Hyaloplasm 54.9
Lysosomes 2
Peroxisomes 1.3
Mitochondria 19
Endoplasmic reticulum

rough 13

smooth 7.7
Lipid inclusions 0.3-2.1

“In relation to the cytoplasm; 7.3% fall upon the nucleus

Hepatocytes

The hepatocyte is a polygonal, polar, epithelial cell,
20-40 pm in size. Approximately 80% of parenchymal
volume and 60-70% of the entire cell number in the
liver is made up of hepatocytes (Tables 3.1 and 3.2).
In Table 3.5 the volumetric composition of an average
hepatocyte, related to its cytoplasm, is given.

The liver cell is surrounded by a plasma mem-
brane that exhibits different, specialized domains.
The smooth endoplasmic reticulum gives the cyto-
plasm a faint eosinophilic appearance, and the RNA
of the rough endoplasmic reticulum often causes a
basophilic stippling of the cytoplasm (Fig. 3.9). In
addition to the nucleus, the organelles (these amount
to 50% of the cell volume) and the cytoskeleton, gly-
cogen inclusions, cristalline structures composed of
phospholipids and proteins, and lipid droplets are
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Fig.3.10 Electron micros-
copy of normal hepatocytes.
Their polygonal shape, the
round nucleus, and the ample
endowment with cell
organelles are well-visualized
(x4,000)

Fig.3.11 Rosette-like
cytoplasmic glycogen
inclusions
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all found inside the cell (Fig. 3.10). These inclu-
sions, rather than representing pathologic cellular
processes, may also be found in normal hepatocytes.
Glycogen is deposited in electron dense particles
measuring 15-30nm (B-particles). p-particles may
coalesce to form larger rosette like aggregates
(a-particles) (Fig. 3.11). In the perivenular hepato-
cytes the glycogen granules are scattered between
the tubules of the endoplasmic reticulum, while in
the periportal liver cells the glycogen aggregates are
more densely packed. 0.3-2.1% of the cell volume is
occupied by small lipid droplets. With increasing age
small lipofuscin granules may often be encountered
at the biliary (apical) surface of the cell, especially in
perivenular hepatocytes.

Plasma Membrane

The hepatocellular plasma membrane is a highly com-
plex structure that forms a selective barrier, thereby
maintaining the composition of the internal cellular
milieu. Morphologically and functionally it may be
divided into three specialized segments (domains).
The following domains are distinguished:

e Sinusoidal (basolateral)
e Intercellular (lateral)
e Canalicular

These membrane sections differ biochemically, they
vary in their fluidity, in enzyme and receptor composi-
tion, and in the integrated transport systems. In man
83% of the entire hepatocyte surface falls upon the
lateral and basolateral membranes. Transport across
the membrane at the sinusoidal surface is bidirec-
tional, while at the canalicular surface substrate flow
is unidirectional from the hepatocyte to the canalicu-
lar lumen [81].

Sinusoidal Membrane

The sinusoidal membrane exhibits many 0.5 pum long
microvilli that project into the space of Disse. Single
microvilli protrude through the fenestrations of the
sinusoidal endothelial cells into the sinusoidal lumen,
thus establishing a direct contact between the hepato-
cyte and the sinusoidal blood. On the sinusoidal surface
of liver cells many impressions (coated pits), with

clathrin-coated vesicles lying immediately beneath
them, may be visualized

Canalicular Membrane

The canalicular membrane is found at the apical (bil-
iary) pole of the hepatocyte. It corresponds to approxi-
mately 15% of the hepatocyte membrane surface.
Foldings of the cell membrane at the apical pole of two
to three neighbouring hepatocytes demarcate a highly
specialized space, the bile canaliculus. In the three-
dimensional reconstruction the canaliculi surround the
waist of the hepatocytes in a belt-like fashion. The per-
icanalicular ectoplasm represents a narrow cytoplasmic
zone devoid of cell organelles, but containing contrac-
tile microfilaments. The canalicular surface is isolated
from the remainder of the lateral membrane by tight
junctions, desmosomes and gap junctions (Fig. 3.12).

Lateral Membrane

The lateral membrane extends from the bile canalicu-
lus to the edge of the sinusoidal surface. It represents
the contact area between adjacent hepatocytes and
serves the intercellular communication between neigh-
bouring liver cells.

Tight junctions (zonulae occludentes) extend in a
band-like fashion around the bile canaliculi (Fig. 3.12).
In these segments the normal intercellular space disap-
pears and the hydrophilic phosphoglyceride heads of
the outer surfaces of two adjacent plasma membranes are
aligned with each other. They act as physical permeabil-
ity barriers and prevent macromolecules from crossing
from the bile canaliculus to the intercellular space and
vice versa. However, water and electrolytes can permeate
this barrier and move from the blood to the bile canalicu-
lar lumen, bypassing the cell interior of the hepatocyte.

Desmosomes are cytoskeletal links between adja-
cent hepatocytes. Their main constituents are integral
plasma proteins, the cadherins. Through their extracel-
lular domain they establish a cell-to-cell contact, while
their intracellular segments remain anchored to the
cytoskeleton. Desmosomes are scattered irregularly
across the lateral hepatocyte membrane and function
also as mechanical stabilizers of the hepatocytes in the
liver tissue.

Gap junctions enable the communication between
the cytoplasm of two neighbouring hepatocytes. They
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Fig.3.12 Canalicular
membrane with tight
junctions (zonulae occlu-
dentes) at the apical (biliary)
pole of hepatocytes. Three
canaliculi are displayed

represent intercellular channels formed by connexins.
Each cell forms a semi-channel made up of six con-
nexin molecules. Both semi-channels are aligned to
make a hexagonal structure with a stabile pore, thus
creating a patent, non-selective channel for electrical
and chemical cell-to-cell communication between
contiguous cells.

Nucleus

The hepatocyte nucleus comprises 5—-10% of the cell
volume. It is round and contains one or several nucle-
oli (Fig. 3.9). These are regions of dense RNA-
containing granules and fibrils embedded in a protein
matrix. The nuclear contents are kept separate from
the cytoplasm by a nuclear membrane. This double-
membrane contains pores which allow macromole-
cules to cross in a two-way process. The outer sheet
of the nuclear membrane is studded with ribosomes.
The space between the inner and outer membrane
(perinuclear space) is in straight continuity with the

rough endoplasmic reticulum. The inner membrane
(lamina nuclearis) consists mainly of a scaffold-like
network of protein filaments. Translocation of pro-
teins between the nucleus and the cytoplasm proceeds
along nuclear pore complexes which have a diameter
of 25nm. These allow for the bidirectional transport
of proteins, DNA- and RNA-containing ribonucleo-
proteins and viruses [91]. For the most part the chro-
matin in the nucleoplasm is euchromatin which is
less dense and contains most of the active genes.
Heterochromatin is more condensed and appears
darker. It is found in small aggregates along the inner
nuclear membrane and around the nucleolus. Approx-
imately 25% of hepatocytes have two nuclei. The
volume of the nuclei can be allotted to different
classes in a ratio of 1:2:4:8 with a corresponding
increase in ploidy and DNA-content [55]. The nuclear
volume is proportional to the ploidy. The mitotic rate
of the adult liver is very low, with a mitotic index of
1:10* to 2.2:10° cells. Nuclear inclusions, e.g. iso-
lated glyogen paticles or lipid droplets are observed
quite frequently. They are formed by cytoplasmic
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Fig. 3.13 Nuclear inclusions
containing cytoplasmic material
may originate from invagination
and subsequent separation of the
nuclear membrane

material invaginating through the nuclear membrane
(Fig. 3.13).

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a system of intercon-
nected, membrane-bound tubules, flat cisternae and ves-
icles (Fig. 3.14). It amounts to 15-20% of the cell
volume. It has a surface of approximately 63,000 pm?>
per hepatocyte which is approximately 38 times the sur-
face area of the plasma membrane. 40% of ER is smooth
ER composed mainly of small vesicles of varying den-
sity and different lumena. The ER communicates with
and is involved in packaging and delivery of proteins to
the Golgi apparatus. It is distributed differently in vari-
ous parts of the liver lobule and acinus. Its surface den-
sity in zone 3 hepatocytes (perivenular; centrilobular) is
twice as high as in zone 1 hepatocytes (periportal; lobu-
lar periphery). In close association with the ER mem-
branes plenty of glycogen can often be visualized. Sixty
percent of ER belongs to the rough ER which is studded
with ribosomes, is in continuity with the outer nuclear
membrane, and is actively involved in protein synthesis.

The functions of the ER are manifold. Among them
are

* Protein synthesis, protein translocation and trans-
port to the Golgi apparatus

*  Metabolism of fatty acids, phospholipids, triglycerides

* Synthesis and metabolism of cholesterol and bile
acids

* Biotransformation of xenobiotics, e.g. drugs and
endogenous substances, e.g. steroids by the monooxy-
genase system

e Glucuronidation

e Vitamin C synthesis

e Degradation of heme

The induction of enzyme systems located in the ER
membranes and metabolic stress may lead to a revers-
ible proliferation of ER membranes.

Golgi Apparatus

Discovered by Camillo Golgi in 1898 as the “internal
reticular apparatus,” this structure today bears his name
and plays a leading role in intracellular transport [63].
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Fig. 3.14 Multiple endoplasmic
reticulum vesicles with glycogen
rosettes in-between. Upper right
corner: section through nucleus

Fig. 3.15 Golgi complex. Note
the stack of flattened membranous
sacs (cisternae) surrounded by
small vesicles
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The Golgi apparatus is a three-dimensional structure of
flattened membranous stacks that are now called cis-
ternae and are surrounded by membranous tubules or
vesicles (Fig. 3.15). It is a specialized region of the ER
comprising approximately 6% of the ER membrane
surface and 4% of the cell volume. A Golgi complex
represents a dynamic steady-state system of ER-derived
membranes. It consists of four to six parallel flat cisternae
with budding small vesicles at their bulbous ends. Their
convex area is termed cis-, the concave area trans-side.
The Golgi complex is primarily localized near the nucleus,
not far from the bile canaliculus. In each hepatocyte, up
to 50 Golgi complexes communicate with each other.
The Golgi apparatus performs various important
functions in the cell. It serves not only as the final
assembly line but also as the delivery center in the cell.
Most of the proteins synthesized in a cell are either
bound for secretion (e.g. digestive enzymes, hormones,
plasma proteins) by the regulated pathway, are house-
keeping membrane proteins delivered by the constitu-
tive pathway or are lysosomal enzymes. The Golgi
stack receives proteins from the endoplasmic reticulum
and transfers them to different compartments of the
stack. During passage through the stack, the peptide

Fig.3.16 Section through
three hepatocytes. The
lysosomes appear as
polymorph, membrane
bound, electron dense bodies

sequences or sugar chains of the proteins are modified.
The modified proteins enter the trans-Golgi network
for sorting and delivery to the appropriate targets.
Presently there are two models for intra-Golgi trans-
port. In the vesicular transport model, transport vesi-
cles carry cargo proteins through the Golgi stack and
also transport materials in a backward direction in pro-
tein coated vesicles. In the cisternal maturation model,
proteins are transported within the cisternae, and mem-
branous vesicles carry back resident proteins only in a
retrograde direction. The cisterna itself migrates
through the stack from a cis to trans direction [111].
The functions of the Golgi apparatus encompass

e Secretion of lipoproteins

e Glycosylation of secretory proteins

e Synthesis and recycling of glycoprotein membrane
receptors

* Bile acid synthesis

Lysosomes

Lysosomes are polymorphic, electron dense bodies
bound by a single membrane (Fig. 3.16) [37]. Each
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hepatocyte contains about 300 lysosomes. They con-
tain lytic enzymes such as acid hydrolases (e.g. acid
phosphatase, aryl sulphatase, esterase, [-glucuroni-
dase) which are involved in digestion of ingested
macromolecules and turnover of intracellular compo-
nents. Histochemically, lysosomes may be identified
by demonstrating acid phosphatase. Lysosomes are
part of the GERL-compartment (see Chapter 5).

Lysosomes are involved in auto- and heterophagia.
Their main functions are

* Incorporation and digestion of cytoplasmic compo-
nents and cell organelles by primary lysosomes that
develop into secondary lysosomes (storage stage;
autophagic vacuoles)

* Storage of pigments, e.g. lipofuscin. These can stay
for a long time inside the hepatocyte giving rise to
so-called residual bodies. They are mainly found
near the biliary pole of the cell

» Storage of exogenous substances, e.g. iron as ferritin

e Uptake of clathrin-coated vesicles after receptor
mediated endocytosis forming endosomes. Insulin,
low density lipoproteins, transferrin, immune globu-
lin A, and asialo-glycoproteins are internalized in this
manner (see Chapter 5). Fusion of endosomes leads
to the formation of multivesicular bodies. Their con-
tents may be catabolized by the cell or be transported
to the basolateral or apical membrane where they are
excreted by exocytosis into the extracellular space

Peroxisomes

Peroxisomes (microbodies) are round-oval, membrane-
bound bodies measuring 0.2-1pum in diameter [96,
106]. In humans their homogenous matrix contains
crystalloid inclusions. There are approximately 500-600
peroxisomes per hepatocyte and they account for 1.3%
of cytoplasmic volume. Peroxisomes contain more than
40 enzymes, among them oxidases which use molecular
oxygen and generate toxic hydrogen peroxide that is
hydrolysed by peroxisomal catalase. The activity of the
peroxisomes consumes 20% of O,-requirement of the
cell. Unlike mitochondria, however, peroxisomes can-
not store energy, but dissipate ATP as heat.

Peroxisomes participate in many cellular metabolic
functions, such as

* Respiration
* [-oxidation of long-chained fatty acids

* Purin metabolism

*  Metabolism of ethanol

* Gluconeogenesis

e Side chain oxidation of cholesterol
 Bile acid synthesis

Cell nuclear receptors belonging to the nuclear recep-
tor superfamily, the peroxisome proliferator activated
receptors (PPARs), cause proliferation of peroxisomes
when activated by a number of synthetic compounds,
e.g. thiazolidinediones.

Mitochondria

Mitochondria are complex cell organelles, charac-
terized by a great variety in shape (Fig. 3.17) [90].
They measure approximately 0.5 x 0.5-1um but
occasionally may attain a size of 4 um. Each hepa-
tocyte contains approximately 1,000 mitochondria.
Their shape is subject to changes and they can move
inside the cell. Both their number and their size vary
according to their zonal localization. Mitochondria in
perivenular zone 3 are smaller and more numerous
than their counterparts in periportal zone 1. 20% of
cytoplasmic volume of zone 3 hepatocytes falls upon
mitochondria, while this fraction in zone 1 hepato-
cytes amounts to 13%. Mitochondria are bounded by
a double membrane, separated by a slim intermem-
branous space. The outer membrane is permeable to
substances with a molecular weight of up to 2kDa.
The inner membrane is highly folded to form shelves
(cristae) which increase its surface area to nearly
30% of the total surface area of the cell membrane!
The membrane encloses a central matrix space that
contains electron dense granules. These granules are
composed of circular DNA, small amounts of RNA
and Ca'. They contain the second genetic system
(mitochondrial genome; “25th chromosome™) [49].
Thus, mitochondria are able to produce some of their
own proteins. Thirteen respiratory chain polypeptides
are synthesized within the mitochondria. Overall the
mitochondrial DNA codes for 37 genes. Ninety-nine
percent of mitochondrial proteins, however, are the
products of nuclear genes and are imported from the
cytoplasm.

Mitochondria multiply by division, their half time
being approximately 10 days. They contain many
enzyme systems that can be allocated to the cristae or
to the matrix.
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Fig. 3.17 Normal hepatocyte
with morphologically diverse
mitochondria. The mitochon-
dria show electron-dense
granules containing DNA.
Adjacent are membranous
vesicles of the endoplasmic
reticulum, and in the right
upper part of the figure
primary lysosomes (multive-
sicular bodies) are seen

* Respiratory chain enzymes are located on the cris-
tae. The respiratory chain is built up of four protein
complexes and ATP-synthase. The major part of
energy stored and available as ATP is provided by
oxidative phosphorylation.

The matrix contains

* Components of the tricarboxylic acid cycle
* Enzymes for -oxidation of fatty acids

* Urea cycle enzymes

e Components of steroid metabolism

* Enzymes of heme-biosynthesis

* DNA and RNA

Nonspecific cristalline phospholipid and protein inclu-
sions are not necessarily the expression of a pathologic
process, they often can be found in mitochondria in
healthy livers.

Cytoskeleton
While the plasma membrane represents the outer bor-

der of the cell, the cytoskeleton, whose fibers span as a
three-dimensional internal scaffolding, maintains the

dynamic structure of the hepatocyte [54, 73]. The
cytoskeleton permits the hepatocyte to change its shape
and its organelles, and inclusions to move. The cytoskel-
eton is of importance in

e Maintaining cell shape by helping the cell resist
external pressure

» Internal organization of the cell

 Intracellular organelle movements

e Transport processes

e Cell polarity

e Cell division

The most important components of the cytoskeleton
are polymeric proteins, which often form long, helical
structures. The cytoskeleton is made up primarily of

¢ Microfilaments
¢ Intermediate filaments
e Microtubules

Filaments and microtubules form the cytomatrix of the
hepatocyte as a microtrabecular network. Specialized
proteins anchor these structures, tie them together and
affix them to the plasma membrane and to the cell
organelles. The individual components of this network
are dynamic structures that adapt to the functional
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requirements of the cell and allow proteins and organ-
elles to move from one part of the cell to another pro-
pelled by molecular motors (see below).

Microfilaments

Microfilaments are long fibers, 4-7nm in diameter.
They are made up of free cytoplasmic globular (G)
actin molecules that polymerize to form filamentous
(F) actin. G- and F-actin are in equilibrium with each
other. The double-stranded molecules aggregate to bun-
dles that traverse the cell as a three-dimensional mesh.
Microfilaments may be visualized immunocytochemi-
cally by antibodies to actin. Microfilaments are involved
in the formation of desmososmes. They are part of the
contractile apparatus of the hepatocyte and are found
predominantly at the cellular periphery beneath the
plasma membrane and in the pericanalicular ectoplasm.
From here they radiate into the canalicular microvilli,
reach their tips, and control their motility.

Intermediate Filaments

Intermediate filaments are dynamic and motile ele-
ments of cellular architecture and participate in signal
transduction [66, 67]. They are long polymeric proteins
made up of monomeric subunits. Some of these fila-
ments link the nuclear membrane to the cell membrane.
They are a heterogenous group of protein fibers, differ-
ing in composition and antigenicity with a diameter of
8—10nm [123]. Five immunologically distinct groups,
with a cell specific distribution are distinguished:
cytokeratins, desmin, vimentin, acidic fibrillary glial
protein and neurofilaments. These cell specific varia-
tions are formed during embryonic development.
Cytokeratins are intermediate filaments of epithelial
cells and may be demonstrated in hepatocytes, and par-
ticularly in biliary epithelial cells [118]. Originating
from the perinuclear region they span to the periphery
of the cell. Here they interact with desmosomes on the
lateral hepatocyte membrane thereby imparting stabil-
ity to the liver cell texture. Their number, length and
position are variable. Based on their molecular weight
at least 20 different cytokeratin-subtypes may be distin-
guished [82, 83] All cytokeratin polypeptides are coded
for by different genes. They can be grouped into acidic
type I- and neutral to basic type II-cytokeratins. Human

hepatocytes contain cytokeratins 8 and 18, while biliary
epithelial cells additionally express types 7 and 19. The
different liver cytokeratin-subtypes may be nicely visu-
alized by immunohistochemistry. The demonstration of
different cytokeratin expression profiles in hepatocytes
and biliary epithelial cells attains clinical significance in
the histogenetic allocation of liver tumors.

Microtubules

Microtubules are a family of relatively stiff hollow
structures with a cavity 15-20nm in diameter sur-
rounded by Snm walls. They are built up of two globu-
lar proteins, ¢ and B-tubulin. The o and B subunits
form heterodimers which aggregate to form protofila-
ments that assemble to long tube-like microfilaments
made up of stacked rings, with each ring containing 13
subunits. Free and polymerized tubulins are in a
dynamic equilibrium. Microtubules may be visualized
during light microscopy by using antibodies against
tubulin. They form a dense cytoplasmic network of
intertwined filaments that tend to concentrate near the
sinusoidal membrane and the Golgi apparatus.
Microtubules are part of the mitotic apparatus of the
cell forming the spindle, which moves the chromo-
somes in mitosis. They provide the tracks along which
intracellular vesicles, secretory granules and organelles
move, although they are not in direct contact with the
organelles. Microtubule-associated proteins (MAPSs)
stabilize the microtubules and mediate their interac-
tions with other components of the cytoskeleton. The
MAPs kinesin and dynein serve as motor proteins that
catalyze the transport along a microtubule [101].
Kinesin possesses ATPase-activity and is involved in
the movement of organelles towards the periphery of
the cell, while dynein supports the transport in the
opposite direction. The actions of these two MAPs have
been characterized in neurons, but it is reasonable to
assume that they exert comparable functions in the
hepatocyte as well.

Sinusoidal Endothelial Cells

Sinusoidal endothelial cells (SEC) are flat cells spread
along, and lining, the widely ramified network of sinu-
soids that converge towards the central vein of the
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lobule. In contrast to endothelial cells of other blood
vessels they lack a basement membrane. They are situ-
ated on a smooth layer of extracellular matrix that pri-
marily contains collagen IV. Their nucleus bulges out
the cell body and their slender cellular processes estab-
lish a loose contact with neighbouring endothelial
cells. SEC membranes are highly folded, the cells con-
tain vesicles and vacuoles, and they are in contact with
the microvilli of the hepatocytes. Nonspecific esterase
serves as a marker of SEC and SEC react with the
monoclonal antibody MS-1 [38, 47, 122].

Pores (fenestrae) 100-150nm in diameter are typi-
cal of SEC and transform the sinusoidal endothelium
into a “sieve plate.” This endothelial sieve provides for
direct communication between the sinusoidal lumen
and the space of Disse, so that, for example, T lympho-
cytes may interact with hepatocytes through SEC-
fenestrations [124, 128]. 6-8% of SEC surface falls
upon the fenestrations. The endothelial fenestrae of
periportally (zone 1) located SEC are somewhat larger
than those of centrilobular (zone 3) SEC. However, the
fenestrae in zone 3 outnumber those in zone 1, result-
ing in the “porosity” of centrilobular sinusoids being
somewhat greater than that of periportal sinusoids. The
endothelial fenestrations are dynamic structures, with
the ability to change their diameter. This ability to con-
tract and dilate is accomplished by both cytoskeletal
actin and myosin filaments, and by actin binding pro-
teins [45, 105]. Both Ca™*Mg**-ATPase and Ca** pump-
ATPase are present on the endothelial fenestrated
plasma membrane and may be involved in the regula-
tion of intracytoplasmic Ca** concentration [129].

If under pathologic conditions sinusoids become
capillarized, they loose their fenestrations, acquire a
basement membrane-like layer and express factor VIII
associated antigen and the CD34 molecule.

In addition to shielding mechanically the sinusoidal
lumen from the space of Disse, SEC exert many func-
tions, such as

* Scavenger and transport functions

* Barrier functions

* Synthesis and secretion of cytokines and growth
factors

* Modulation of sinusoidal circulation

By means of specific surface receptors SEC may incor-
porate soluble material from the blood for intracellular
lysosomal degradation or for selective transport to the
hepatocytes. The uptake occurs after specific binding

Table 3.6 Sinusoidal endothelial receptors and corresponding
ligands

Receptor Ligand

Mannose/ Lysosomal enzymes
N-acetylglucosamine Tissue plasminogen activator
receptor Salivary amylase

Immune complexes
Immune complexes
Hyaluronic acid
Chondroitin sulfate
Denatured collagens

Fc receptor
Hyaluronic acid receptor

Collagen receptor

Laminin receptor Laminin/nidogen
Scavenger receptor Polyanionic proteins
Acetylated LDL

Collagen-propeptide

Source: Adapted from [104]

of the ligand to its membrane receptor as receptor-
mediated endocytosis or via coated pits and clathrin-
coated vesicles (Table 3.6). SEC express fibronectin,
hyaluronic acid, mannose and scavenger receptors,
and the CD4 molecule on their surface. By clearing
constituents of the extracellular matrix, such as deg-
radation products of collagen, glycosaminoglycans,
chondroitin sulfate, heparin and dermatan sulfate,
they play a role in the metabolism of the extracellular
matrix. Increased serum concentrations of extracel-
lular matrix components in chronic liver diseases are
therefore not necessarily due to increased synthesis of
these components but can be caused by their dimin-
ished endothelial clearance. The scavenger recep-
tor binds a multitude of substances involved in lipid
metabolism, such as modified LDL and HDL [104].
The mannose/N-acetylglucosamine receptor binds, for
example, lysosomal enzymes, microorganisms (bacte-
ria, fungi, parasites) and tissue plasminogen activator
(t-PA). SEC express an Fc-receptor for immune globu-
lin G and receptors for adhesion molecules ICAM-1
and VCAM-1. They appear to participate in the
immune defense of hepatic infections and in inflam-
matory liver processes. Large protein molecules such
as ceruloplasmin, transferrin, transcobalamin cross the
SEC by receptor mediated transcytosis. During their
endothelial passage they are chemically modified and
bind thereafter to the galactose receptor on the sinusoi-
dal membrane of the hepatocyte.

Extracellular fluid is taken up by pinocytosis in
drop-shaped membrane bound vesicles.

Under normal circumstances SEC are not capable
of phagocytosing foreign material. However, if the
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function of liver macrophages (Kupffer cells) is
impaired or if Kupffer cells are “exhausted,” SEC
become phagocytotically competent and engulf for-
eign particles in large membranous vesicles with their
cytoplasmic processes.

The sinusoidal endothelium represents a selective
barrier for animate and inanimate particles on their
way from the sinusoidal blood to the hepatocyte and
backwards. The endothelial fenestrae are variable in
their size and are selectively permeable. Increasing
sinusoidal pressure experimentally leads to an increase
in their diameter. Norepinephrine and serotonin (SHT -
receptors on SEC membrane) increase actin-activated
myosin ATPase activity which initiates contraction of
cytoskeletal actin filaments and of fenestrae. The
mechanism for the relaxation of fenestrae involves a
decrease in the cytosolic-free calcium concentration
and an inactivation of myosin light chain kinase. Under
these conditions myosin light chain phosphatase
dephosphorylates the myosin light chain and ultimately
causes relaxation of fenestae [45].

The endothelial sieve is permeable to large protein
molecules, but is impermeable to blood cells. Chylo-
microns can cross the endothelial fenestrae only after
having been transformed into chylomicron remnants.
Very low density lipoproteins secreted by the hepato-
cytes into the space of Disse reach the sinusoidal blood
through the endothelial fenestrae. In addition to their
defensive functions and clearance activities SEC are
secretory cells. They secrete many substances with
autocrine and paracrine effects (Table 3.7). Therefore
they presumably also have an impact on the inflamma-
tory reaction, growth of liver cells, liver regeneration
and microcirculation.

Kupffer Cells

Kupffer cells are liver specific macrophages. As part of
the mononuclear phagocyte system they constitute
80-90% of all tissue macrophages present in the body
[41]. Their embryonic origin is from a stem cell in the
bone marrow or in the liver. Their life span averages
several months and they are replenished by transfor-
mation of circulating monocytes that migrate to the
liver, and by limited self-renewal through division of
resident Kupffer cells. Their mitotic index and prolif-
eration rate are low [121].

Table 3.7 Secretory products of sinusoidal endothelial cells
(selection)

Cytokines
TNF-a
Interleukin-1
Interleukin-6
Interferon

Growth factors

Hepatocyte growth factor (HGF)
Insulin like growth factor II
Transforming growth factor 3
Fibroblast growth factor

Matrix components
Collagens IIT and IV
Thrombospondin
Laminin

Fibronectin

Undulin

Vasoactive substances
Endothelin

Nitric oxide

Plasminogen activator 1-inhibitor
Von Willebrand factor

Prostaglandins?
Prostaglandin D,
*Markedly less than Kupffer cells

Kupffer cells reside within the lumen of the liver
sinusoids. They are polymorph cells with membranous
folds, plump microvilli and star-like cytoplasmic pro-
cesses. With the help of these pseudopodia they adhere
to the sinusoidal endothelial cells.

They are not evenly distributed throughout the liver,
but show differences in population density, cytologic
characteristics and physiologic functions in differ-
ent zones of the hepatic acinus. Forty-three percent of
Kupfter cells are found in the periportal zone 1, 32% in
zone 2, and 25% in the perivenous zone 3. Compared
to hepatocytes they are relatively rich in lysosomes.
Kupffer cells located in zone 1 contain more lysosomes
per cell than centrilobular Kupffer cells. The cellular
hallmarks of Kupffer cells are the endogenous peroxi-
dase activity localized in the nuclear membrane and in
the endoplasmic reticulum, the expression of MHC class
IT antigens and of many surface receptors (Table 3.8) as
well as the phagocytosis of latex particles.

The most important Kupffer cell function is the
uptake, processing and presentation of antigenic mate-
rial. As macrophages they are capable of phagocyto-
sing foreign material, of producing cytokines and of
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Table 3.8 Kupffer cells receptors and corresponding ligands

Receptor

Galactose/fucose receptor

Mannose/
N-acetylglucosamine
receptor

Lipoprotein receptors

Fc receptor

Complement receptors

Fibronectin receptors

CEA receptor
Lipopolysaccharide
receptor

Ligand/function

High activity for ligands
expressing galactose

Examples

Erythrocytes

Low density lipoproteins

Fibrinogen

Aggregated IgA

Carcinoma antigens

Mannose expressing ligands
or lysososmal enzymes

Example

Microorganisms

Clearance of lipoproteins

Examples

LDL-receptor clears
LDL-cholesterol

Scavenger receptor clears
LDL, VLDL, Lipoprotein a

Binding of Fc-portions of
IgG- and IgA-containing
immune complexes

Removal of complexes that are
laden with complement,
e.g. bacteria, thrombocytes

Phagocytosis of material
opsonized with fibronectin

Clearance of circulating CEA

Binding of endotoxin with
subsequent Kupffer cell

activation. Significant in
septicemia
Cytokine receptors TNF-a, IL-1, IL-2, TGF-

Source: Adapted from [72]

fending off tumor cells. Through assumed paracrine
effects they impact the function of hepatocytes, sinu-
soidal endothelial cells and hepatic stellate cells. Their
shape and topographic distribution within the lobule
are adapted to these functions. The numerous cellular
pseudopodial processes confer a large contact area and
their numerical preponderance in the periportal zone
corresponds to the region of the most intense initial
antigen affluence. While periportal Kupffer cells are
more active phagocytes, their perivenous counterparts
secrete relatively more cytokines [51]. Kupffer cells are
constantly exposed to gut-derived bacteria, microbial
debris and bacterial endotoxin. In the normal liver they
clear approximately 90% of bacteria transported by the
sinusoidal blood. The mechanism by which Kupffer
cells clear viruses is not well understood. During acute

viral hepatitis Kupffer cells proliferate markedly. The
human immune deficiency virus (HIV) can be taken up
by CD4 receptors on Kupffer cells. Kupffer cells take
up endotoxins by a receptor-independent mechanism
and may transfer them to hepatocytes for further deg-
radation. Upon activation Kupffer cells release vari-
ous products, including cytokines, prostanoids, nitric
oxide and reactive oxygen species, and may acquire
cytotoxic features. Morphologic evidence of this acti-
vation is an increase in size and an augmentation of
membrane folds, associated with an increased exten-
sion of their cytoplasmic processes. Kupffer cells are
intimately involved in the liver’s response to infection,
toxins, ischemia, resection and other stresses [41]. In
septicemia and in infectious diseases Kupffer cells
secrete IL-1, IL-6, TNF-a, TGF-p, IFN-o, IFN-B and
prostaglandin E, [43]. Cytokines, such as IL-1, IL-6,
TNF-a, have an important role in the acute phase
response and induce hepatocytes to synthesize acute
phase proteins, e.g. C-reactive protein, fibrinogen, etc.
Thus Kupffer cells play an important role in innate and
acquired immunity and endotoxin-mediated Kupffer
cell activation as well as cytotoxic mechanisms induced
by Kupffer cells appear to be key mechanisms in the
pathogenesis of various liver diseases.

In addition to their phagocytotic and endocytotic
abilities, Kupffer cells are assumed to exert paracrine
effects on hepatocytes, sinusoidal endothelial cells and
stellate cells by secreting eicosanoids, growth factors
and cytokines. Kupffer cells are responsible for 65% of
hepatic eicosanoid production. Twenty-three percent
fall upon sinusoidal endothelial cells and 12% on
hepatocytes. The main product is prostaglandin D, that
possibly stimulates the hepatocyte to increase glucose
release into the blood. Kupffer cells also produce more
thromboxane B,, PGF, and leukotrienes than sinusoi-
dal endothelial cells. However, like endothelial cells
they do not produce potent leukotrienes, such as LTB,
or LTC,. Interferon, TNF-a, platelet activating factor
(PAF) stimulate the production of eicosanoids by
Kupfter cells.

The production of hepatocyte growth factor by
Kupfter cells suggests that they may affect growth and
proliferation of hepatocytes, e.g. after liver injury or
hepatic resection.

In addition to the aforementioned substances Kupffer
cells may produce erythropoietin, insulin-like growth
factor, proteoglycans, apoprotein E, nitric oxide and
superoxide anion.
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Hepatic Stellate Cells

(Synonyms: Ito cells, fat storing cells, lipocytes,
pericytes)

In 1876 von Kupffer described for the first time
“stellate cells” at the edge of the sinusoids and errone-
ously ascribed to them the function of phagocytosing
endothelial cells. In 1882 Disse localized these “stel-
late cells” described by von Kupffer in the subendothe-
lial, perisinusoidal space that today bears his name.
Only in 1951 did Ito realize that the “stellate cells”
described originally by von Kupffer and the resident
liver macrophages represent two distinct cell popula-
tions [68]. Wake reported in 1971 that the “stellate
cells” described by Ito correspond to the “stellate cells”
described originally by von Kupffer [120]. Today the
intrasinusoidal liver macrophages are called Kupffer
cells. They are not identical to the perisinusoidal cells
described originally by von Kupffer, which he wrongly
assumed to be located inside the sinusoids. The perisi-
nusoidal cell type differs in location, appearance and
function from Kupffer cells. Many synonyms (see
above) are in use today to name these perisinusoidal
cells. In recent years the term “hepatic stellate cells”
(HSC) has prevailed and will be used in this book
interchangeably with “Ito cells”.

The origin of HSC is controversial and the debate
whether they are of mesodermal, endodermal or neuro-
ectodermal origin is ongoing [60]. Initially it appeared

Fig. 3.18 Two stellate cells
containing greenish
cytoplasmic fat vacuoles.
(Toluidine Blue stained
semithin section)

that HSC originated from the mesenchymal cell of the
septum transversum (see Chapter 1). However, there is
some evidence that in the adult human liver HSC may
derive from the bone marrow [36, 109]. Furthermore,
relatively recent work has shown HSC to express glial
fibrillary acidic protein and nestin, suggesting a neuro-
ectodermal origin [84].

Every third to fourth non-parenchymal cell in the
liver is an HSC. The volume density of HSC relating to
non-parenchymal cells is 20%. HSC reside in the space
of Disse between the basolateral membrane of the
hepatocyte and the extraluminal side of the sinusoidal
endothelial cells. Their long, dendritically ramified
cytoplasmic processes entangle the sinusoids (hence
their denomination as “pericytes’) and extend also into
the interhepatocellular space. The close morphologic
relation of HSC with sinusoidal epithelial cells, hepa-
tocytes and nerve fibers lets one assume a mutual auto-
crine, paracrine and neural impact [42]. An intralobular
heterogeneity is evidenced by the fact that more HSC
are present in the periportal region than at the center of
the lobule, and that zone 1 HSC are smaller and have
shorter cell processes than HSC in zone 3.

In the normal liver HSC are difficult to recognize
in sections stained conventionally with hematoxylin-
eosin. They become readily visible as fat storing cells
(lipocytes) by combining gold or silver impregna-
tion with fat stains (Fig. 3.18). Their most striking
characteristic in the normal liver is the storage of
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Fig.3.19 Fat storing stellate
(Ito) cell in-between two
hepatocytes in the space of
Disse

vitamin A which upon excitation with UV-light with
a wavelength of 328 nm imparts a short-lived auto-
fluorescence. This vitamin A autofluorescence is an
endogenous marker of unfixed HSC. Due to its tran-
sient nature and the strong nonspecific fluorescence
of surrounding structures, this feature of HSC can
hardly be exploited for scientific investigations. In
vitamin A intoxication this fluorescence is particu-
larly prominent. In addition to retinoids HSC also
store collagen and other extracellular matrix compo-
nents. Immunocytochemical labelling with antibod-
ies against cytoskeletal markers — desmin, vimentin,
a-smooth muscle actin (a-SMA) — is nowadays the
most common light microscopic method for visual-
izing HSC. The results, however, depend on the spe-
cies examined and on the lobular localization of HSC.
Desmin is not present in all HSC. Vimentin is found
in all HSC but also in many other mesenchymal cells
which curtails considerably its identification as a
selective marker for HSC. Furthermore, resting and
inactive HSC, i.e. those present in normal liver tis-
sue and activated HSC, i.e. those stimulated by liver

injury exhibit different immunocytochemical charac-
teristics. A very valuable marker, especially of acti-
vated HSC by liver injury, is a-SMA [100].

A characteristic electron microscopic feature of
HSC is their cytoplasmic fat vacuoles (Fig. 3.19).
These vacuoles contain primarily vitamin A as retinol,
esterified with a long chain fatty acid, and small
amounts of triglycerides, phospholipids, cholesterol
and free fatty acids. The rough endoplasmic reticulum
is well-developed and, together with the Golgi appa-
ratus, increases markedly after cell activation. Thus,
the phenotype of the HSC depends on its functional
state. The resting HSC is small and densely packed
with lipid storing vacuoles. Upon activation the cell
enlarges, its processes become longer, the vacuoles
decrease in number, the protein secretory apparatus
becomes prominent, and many cytoskeletal markers
are expressed. The morphologic structure and the
abundance of its secretory products give rise to the
diversity and complexity of HSC [92]. Research in the
last 15-20 years has markedly increased our knowl-
edge of HSC and has shown that, despite their relative
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rarity, HSC have an important significance in liver
metabolism and in the hepatic response to injury.
HSC exert functions in

e Vitamin A and lipid metabolism

* Regulation of sinusoidal blood flow

* Assembly and degradation of extracellular matrix
* Development of liver fibrosis [65, 71, 87, 98]

Furthermore, HSC have an impact on growth and pro-
liferation of hepatocytes, and participate in the inflam-
matory reaction and in the immune function of the liver
[39, 119].

Ninety-five percent of vitamin A in the body is
stored in the liver. Orally administered vitamin A is
esterified in intestinal epithelial cells, transported in
chylomicron remnants to the liver, and taken up initially
via receptor-mediated endocytosis by hepatocytes,
where it is hydrolyzed to retinol. Though a small por-
tion of retinol remains in the hepatocyte, a major part is
transported from the hepatocyte to the HSC. Here again
vitamin A is esterified and stored primarily as retinyl-
palmitate. Small amounts of retinoids bound to retinol-
binding protein can be taken up by HSC directly from
the circulation without involving chylomicron rem-
nants. Direct delivery of retinol into serum by HSC also
appears possible. In addition to retinoids, HSC also
contain small amounts of triglycerides, phospholipids,
cholesterol and free fatty acids.

HSC secrete apolipoprotein E and probably other
lipoproteins. However, their exact role in lipoprotein
metabolism is not yet defined.

In every acute and chronic liver injury HSC are
activated [65]. The activation process is characterized
by phenotypical changes (see Chapter 28). The cell
transforms from a resting, vitamin A storing HSC to an
active, proliferating, myofibroblast-like, contractile,
mobile and fibrogenic cell. HSC increase in size, their
vitamin A content diminishes and the protein secretory
apparatus becomes prominent. Cytoskeletal markers
of smooth muscle and fibroblasts — desmin, actin,
vimentin — are expressed. The most intense activation
and proliferation takes place in the regions of maximal
liver injury.

These phenotypic alterations are preceded by an
increase in gene expression, not yet entirely under-
stood in its complexity. Gene transcription initiates
within a few minutes after liver injury and requires the
coordinated activity of several key transcriptional reg-
ulators of the HSC genome, e.g. nuclear factor kB, Jun

family proteins and the peroxisome proliferator acti-
vated receptor y to name just a few [79].

An intact intercellular communication between HSC
and Kupffer cells, hepatocytes, thrombocytes, sinusoi-
dal endothelial and inflammatory cells is required for
coordinated HSC-activation. Autocrine and paracrine
factors sensitize HSC to the action of mediators secreted
by these cells. The activation process is accompanied
by the synthesis of components of the extracellular
matrix and by its continuous remodeling.

The expression of contractile elements (actin micro-
filaments) and of membrane receptors for vasoactive
substances by activated HSC points toward their mus-
cle cell-like features. Activated HSC express the renin-
angiotensin system and contract after contact with
endothelin-1, angiotensin II, thrombin, substance P,
thromboxane A, and arginin-vasopressin [39, 40, 89].
Endothelin-1 appears to be the most important con-
tractile stimulus in vivo and its physiologic counter-
part, nitric oxide, is also produced by HSC [78, 88].
TGF-B1 downregulates endothelin receptors favoring
relaxation of HSC; on the other hand, TGF-B1 itself
may directly induce contraction of activated HSC [58,
70]. The presence of thrombospondin 1 seems to be a
prerequisite for effective signal transduction by active
TGF- B1 in HSC [46]. To complicate things further,
human HSC have been shown to secrete the vasodila-
tor peptide adrenomedullin [62]. Thus, the complex
interplay between HSC and sinusoidal endothelial
cells and the physiological significance of various
mediators are still poorly understood. However, the
contractile features and the close proximity of HSC to
nerve fibers and sinusoids gave way to the concept that
HSC may acquire myofibroblast-like features and act
as tissue-specific pericytes [87]. By contracting, HSC
may change the luminal diameter of the sinusoids and
thereby modulate sinusoidal blood flow. Thus HSC
seem to have a role in microcirculation and in the
pathophysiology of portal hypertension [94]. In addi-
tion to affecting sinusoidal blood flow there is emerg-
ing evidence that HSC participate in angiogenesis and
in sinusoidal remodeling [74].

Recent investigations suggest that HSC do not rep-
resent a homogenous cell population, but rather are
made up of morphologically and functionally diverse
subpopulations. Liver myofibroblasts and HSC might
even represent two different cell populations [93].

HSC are the most important cellular sources of
extracellular matrix, both in the normal and in the
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Table 3.9 Molecules of extracellular matrix and compounds
regulating matrix degradation produced by hepatic stellate cells

Table 3.10 Cytokines, growth factors, inflammatory mediators
and receptors associated with hepatic stellate cells

Molecules of extracellular matrix

Collagens: Type L, 1L, IV, V, VI, XIV

Proteoglycans: Heparan, dermatan- and chondroitin-
sulfate, perlecan, syndecan-1,
biglycan, decorin

Glycoproteins: Fibronectin, laminin, merosin,

tenascin, nidogen/entactin,
undulin, hyaluronic acid,
synemin [88]

Matrix proteinases and their inhibitors

Matrix proteinases: Matrix metalloproteinase 2 (type
IV collagenase), stromelysin-1,
matrix metalloproteinase 1
(interstitial collagenase),
membrane-type matrix
metalloproteinase

TIMP®-1, TIMP-2, uroplasminogen
activator, plasminogen activator-
inhibitor-1, uroplasminogen
activator-receptor, C1 esterase-
inhibitor, o,,-macroglobulin

MMP?-regulators:

“Matrix-metalloproteinase
"Tissue inhibitor of metalloproteinase
Source: Adapted from [57]

injured liver (Table 3.9). Resting HSC secrete a base-
ment membrane like matrix consisting of non-fibril
forming collagens (type IV and VI), while activated
HSC produce an interstitial matrix rich in fibrillar
collagens (type I and III), thereby contributing essen-
tially to the pathogenesis of liver fibrosis which may
develop after liver injury.

Recent work shows that activated HSC express lep-
tin which is profibrogenic and which upregulates proin-
flammtaory and proangiogenic cytokines in human
HSC [30, 48]. By synthesizing matrix-proteases HSC
are not only involved in the build-up of extracellu-
lar matrix, but also in its degradation. Expression of
insulin-like growth factor I by activated stellate cells
reduces fibrogenesis and enhances regeneration after
liver injury [99].

The multitude of factors produced by HSC (Table 3.10)
suggest that HSC also have an effect on hepatocellular
proliferation and regeneration, and that they participate
in the recruitment of mononuclear and neutrophil inflam-
matory cell infiltrates as well as in the acute phase
reaction. Activated HSC may play a role in the immune
function of the liver by expressing molecules for anti-
gen presentation, internalizing macromolecules, and

Mediators and growth factors

Prostanoids: PGF2a, PGD2, PGI2, PGE2; LTC4,
LTB4
Leukocyte Macrophage colony stimulating factor
mediators: (M-CSF), monocyte chemotactic

peptide-1 (MCP-1), platelet-
activating factor (PAF)

Acute-phase- a,,-macroglobulin, interleukin-6

components:

Mitogens: Hepatocyte growth factor (HGF),
epidermaler growth factor (EGF),
platelet derived growth factor
(PDGF), stem cell factor,
insulin-like growth factor I and II,
acidic fibroblast growth factor

Vasoactive Endothelin-1 (ET-1), nitric oxide

mediators: (NO), adrenomedullin

Fibrogenic Transforming growth factor 3

substances: (TGF-B)-1, -2, -3, leptin

Receptors

Cytokines: PDGF-r!, TGF-B-r L, II und III, ET-r,
EGF-r

Other: Ferritin-r, thrombin-r, mannose-6-
phosphate-r, uroplasminogen-r

'r = receptor

Source: Adapted from [57]

modulating T-lymphocyte proliferation [119].

High glucose concentrations and oxidative stress
stimulate HSC to proliferate [59, 108]. Hepatic stellate
cell death can be induced by activated Kupffer cells by
a caspase 9- and receptor-interacting protein-dependent
mechanism involving expression by HSC of the TRAIL
receptor-2/death receptor-5 and undergoing TRAIL-
mediated apoptosis [56, 110]. HSC apoptosis may also
be induced by proteasome inhibition, and HSC necro-
sis by the endogenous cannabinoid anandamide [34,
102]. Stimulation of HSC death may offer a potential
future therapeutic strategy inhibiting liver fibrosis.

Pit Cells (Liver Associated Lymphocytes)

Pit cells were described for the first time by E. Wisse
in 1976 [127]. They are liver associated lymphocytes
and number approximately 10% of Kupffer cells. Due
to their electron-dense cytoplasmic granules these rare
non-parenchymal cells were originally thought to
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represent endocrine cells. Nowadays they are counted
among the large granulated lymphocytes (LGL).

The liver associated lymphocytes are polarly struc-
tured intrasinusoidal cells. The nucleus is situated
eccentrically. Electron dense membranous granules are
found in the center of the cell, measure 0.2-0.5 um in
diameter, and contain acid phosphatase. The vast major-
ity of granules are round though some are rod-shaped.
Parallel tubular structures are associated with the gran-
ules. Pit cells are attached to the luminal side of sinus
endothelia and normally they are not present in the
space of Disse. Their cytoplasmic processes are in con-
tact with Kupffer cells and, through the endothelial
sieve, with the microvilli of hepatocytes. They can form
pseudopodia and are probably able to move actively
along the sinusoidal wall. In viral and neoplastic dis-
eases, under the influence of interleukin-2 they occa-
sionally can migrate into the space of Disse [44, 72].

The liver associated lymphocytes probably origi-
nate from the bone marrow and reach the liver via the
blood stream. However, they should not be confused
with circulating peripheral LGL caught up acciden-
tally in the sinusoidal network. Pit cells are a liver spe-
cific population of LGL. They reach their position by a
targeted process, guided by adhesion molecules on
sinusoidal endothelial and Kupffer cells.

Diverse pit cell subpopulations are found in the
liver. This heterogeneity relates to phenotypic markers
(different size and number of granules), immune phe-
notypic features (different surface markers) and func-
tional characteristics (cytotoxic activity). Compared
to blood-LGL, liver associated LGL display a higher
grade of activation and a stronger cytotoxic activity.
Pit cells are ascribed the features of natural killer (NK)
cells, i.e. they kill their target cells “spontaneously”
without the need of prior immunization. In contrast to
cytotoxic T cells, lysis of target cells by NK cells is
not MHC-restricted but occurs by an antibody depen-
dent (ADCC) mechanism. Exocytosis of their gran-
ules is important in this process.

Liver associated lymphocytes probably exert antivi-
ral and antitumoral functions. They help to eliminate
the viruses via their cytotoxicity against virally infected
cells. Their strategic location in the “first defense line”
helps them to play an active role in immunologic
tumor surveillance and in impeding the engraftment of
metastatic tumor cells [126]. To what extent they may
influence growth and differentiation of hepatocytes is
presently still unknown.

Biliary Epithelial Cells (Cholangiocytes)

Biliary epithelial cells make up approximately 3-5%
of all cells in the liver. They do not represent a homo-
geneous cell population, but exhibit conspicuous mor-
phological and functional heterogeneity along the
course of the bile ducts towards the hilum of the liver
[69, 80]. The cells of the bile ductuli, lying at the
periphery of the portal tracts at the interface between
the portal tract and the lobular parenchyma, have a
relatively large nucleus and a scant cytoplasm. The
interlobular (terminal) bile ducts are within the portal
tracts and show a flat cuboidal epithelium. The nucleus
is small, the cytoplasm faintly eosinophilic, not stain-
ing with Alcian blue or PAS. The septal bile ducts
possess a simple, mucous secreting high cuboidal epi-
thelium. The round-oval nucleus is located basally, and
the cytoplasm is clear. The apical cell portion stains
with PAS, and PAS-positive granules are found in a
supranuclear position. Due to the acidic carboxyl-
groups of mucopolysaccharides, their cytoplasm stains
with Alcian blue [52, 113]. Despite the same embry-
onic precursors biliary epithelial cells and hepatocytes
differ phenotypically and functionally [33, 103].
Cholangiocytes contain fewer mitochondria and endo-
plasmic reticulum than hepatocytes. They lack cyto-
chrome P450. Their filamentous cytoskeleton is more
pronounced. The plasma membrane has an apical pole
with short, coarse microvilli. Their basolateral seg-
ments are in contact with adjacent biliary cells and rest
on a basement membrane. With the exception of the
bile canaliculi, all bile ducts have a basement mem-
brane. Due to the mucopolysaccharides present, the
basement membrane stains well and is readily visible
as a delicate reddish strip on PAS and PAS-diastase
staining. Cytokeratins 7 and 19, epithelial membrane
antigen, carcinoembryonic antigen, carboanhydrase
and y-glutamyl-transpeptidase serve as markers for
bile duct epithelia. A prominent Golgi apparatus, many
cytoplasmic membranous vacuoles, and a rich vascu-
larization are features that suggest an active role of bile
duct epithelia in bile formation.

Hepatic Stem Cells

The concept of a hepatic stem cell was expressed for
the first time by Wilson and Leduc in 1958 [125]. Stem
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Fig.3.20 Small cells with
round to oval nuclei and scant
cytoplasm are seen between
the portal tract (left lower
corner) and periportal
hepatocytes (right upper
corner). They demarcate the
canals of Hering and are
thought to have stem cell
potential

cells are undifferentiated cells, capable of proliferating
and of differentiating into a functionally distinct prog-
eny. There is widespread agreement at this time that a
cell population with stem cell potential resides in the
liver [31, 107]. The liver can therefore be considered as
an organ with facultative stem cells, which are called
upon during injury states during which the hepatocytes
and cholangiocytes themselves can no longer effec-
tively regenerate [64]. Hematopoietic stem cells,
embryonic stem cells, multipotent prgenitor cells and
monocytes have been reported to give rise to hepato-
cyte-like cells in vitro [116]. Recently it has been
shown that mesenchymal stem cells derived from
human bone marrow may serve as a source for the
propagation of hepatocyte-like cells [35]. However, the
question that has not been solved yet is whether liver
stem cells in vivo originate in the bone marrow, in the
blood or in other organs, or whether they reside in the
liver from the onset of embryonic development until
adult life [32, 36, 50, 61, 75, 86, 97, 109, 114, 115].

Specific cell surface markers for human hepatic stem
cells are not available presently. Even the most basic
parameters of liver stem cells such as their size and
morphology are not yet known. There is some evidence
however, that they are morphologically heterogeneous,
displaying both hepatocyte-like and biliary-like epithe-
lial phenotypes [76, 85].

Tissue maintenance in the liver is not driven by
stem cells but rather by division of mature hepatocytes

and bile duct epithelial cells. However, quiescent
hepatic cells with stem cell potential may become acti-
vated after certain stimuli to proliferate and differenti-
ate into hepatocytes or cholangiocytes. The oval cells
— oval nucleus, scant cytoplasm — localized in the
canals of Hering (i.e. in the transition zone between
periportal hepatocytes and the cholangiocytes of the
smallest terminal bile ducts) are regarded as cells with
stem cell potential (Fig. 3.20) [53, 95]. The precise ori-
gin of oval cells is unknown. It is assumed that they
may correspond to bile duct cells of the embryonic
ductal plate. Importantly, oval cells are not liver stem
cells, but the bi-potential offspring of stem cells, anal-
ogous to what are called committed progenitors in the
hematopoietic system [64]. In the human liver faculta-
tive stem cells are also believed to reside in the peri-
ductal regions of the portal tracts. Oval cells are
activated to proliferate and differentiate by liver injury,
especially if liver damage is combined with an inabil-
ity of hepatocytes to proliferate. This is most often the
case after massive hepatic necrosis, during carcinogen-
esis, or in each situation where liver cell proliferation
is inhibited or slowed down by a noxious agent, e.g.
DNA-damaging agent. Ductular reaction (see Chapter
20) might emanate from proliferating oval cells [112].
In animal experiments hepatocytes themselves could
function as facultative stem cells and rescue the biliary
epithelium during repair from injury, when its prolif-
erative capacity was compromised.
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Extracellular Matrix

The fibrous extracellular matrix (ECM) of the liver is
primarily found in the liver capsule, portal tracts, space
of Disse and in the perivenous areas. The ECM is not
an inert filling material, but rather it represents a
dynamic accumulation of complex macromolecules.
Together with the cellular elements discussed above,
components of the ECM perform important tasks
within the overall function of the liver [138, 142, 143].
In close association with parenchymal and non-paren-
chymal cells the ECM participates in mechanical sup-
port to the liver, physiologic metabolic activities, signal
transduction and cell differentiation, and plays an
important active part in liver injury.

Cell surface membrane receptors for different matrix
components mediate bidirectional contacts between
hepatocytes and the ECM. The ECM may affect cellu-
lar gene expression and its products in turn act on the
matrix.

The main producers of ECM in the human liver are
the hepatic stellate cells. The ECM of the normal organ
differs quantitatively and qualitatively from that of a
diseased liver. In all forms of liver injury activated
hepatic stellate cells play a central role in remodeling
of the ECM. In performing this task they are influenced
by mediators secreted by sinusoidal endothelial cells,
Kupffer cells and hepatocytes, and probably by circu-
lating lymphocytes and neutrophil granulocytes as
well. The complex interplay of autocrine and paracrine
growth factors, and of cytokines, in remodeling of the
ECM is still poorly understood (see Chapter 28).

The following substances are matrix components:

* Collagens

* Elastin

* Glycosaminoglycans and proteoglycans
* Adhesive glycoproteins

These substances are macromolecules that participate
in the assembly of basement membranes of blood ves-
sels and bile ducts. They are also found in the portal
fibrous stroma, loosely arranged in the space of Disse
and in perineural tissue.

Collagens and elastin confer tensile strength to the
ECM, whereas proteoglycans are responsible for its
gel-like character. Adhesive glycoproteins form
bridges between cells and the fiber proteins of the
ECM. The great variation within individual families

of macromolecules and the different combination of
single macromolecules in composing the matrix, con-
fers an extreme diversity on the ECM.

Collagens

Compared to the collagen content of skin and tendons,
the normal liver contains relatively little collagen,
approximately 4 g/100 g dry weight liver tissue. Today
we are cognisant of more than 90 genes that code for
19 different collagens. 90% of all collagen types in the
body are collagen types I, IT and III. The predominant
collagen types found in the liver are types I, III, IV, V
and VI.

Collagen Structure

The assembly of collagen molecules takes place accord-
ing a uniform principle. Chemical composition, diam-
eter of microfibrils, and fibril arrangement, however,
show tissue specific differences. Three helical poly-
peptide o-chains wind around each other to form a
triple helix. Triple helices assemble to form microfi-
brils that cross-link and are stabilized by covalent
bonds. Microfibrils aggregate to form collagen fibrils
that may further grow into larger rope-like collagenous
structures referred to as collagen bundles (Fig. 3.21)
[138, 139].

Native collagen fibrils are readily identified in elec-
tron micrographs by their cross-striated appearance
(banded fibril). They exhibit a marked axial periodic-
ity. Each period consists of a light and a dark band.
One can also discern 10-13 fine dark cross-striations
within each period. The packaging of collagen mole-
cules into fibrils and the “staggered arrangement” of
basic collagen elements gives rise to the cross-striated
appearance that is characteristic of collagen in electron
micrographs.

The entire collagen molecule, however, is not made
up of triple helices. Straight segments and globular
domains are found as well. For steric reasons, every
third amino acid in the triple helix must be glycine.
Compared to other proteins proline and hydroxypro-
line are overrepresented in collagen, together com-
prising approximately 25% of all amino acid residues
in collagen.
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proline Amino Acid

Sequence

Collagen
Helix

Triple Helix
Protofibrils
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Fig. 3.21 Helical structures of fibrillary collagen. The spiraling
polypeptide chains are composed of interconnected subunits
(From [138]. With permission)

Collagen Biosynthesis

Hepatic collagen is synthesized by hepatic stellate cells.
First pre-procollagen is formed, which after loss of a
signal peptide gives rise to procollagen. Procollagen is
taken up by the Golgi apparatus, where it undergoes
many posttranslational modifications, is packed into
vesicles and extruded into the extracellular space. Only
hydroxylated procollagen molecules are released by the
Ito cells into the space of Disse. The intracellular post-
translational hydroxylation of approximately 50% of
prolyl residues and 10-80% of lysyl residues is the pre-
requisite for the aggregation of a-chains to form a triple
helix. In addition to hydroxylation, posttranslational
glycosylations of the procollagen molecule occur in the
hepatic stellate cells. Procollagen matures to collagen
in the extracellular space. The formation of a stabile

quaternary structure necessitates further modifications
of procollagen, such as the separation of a registry pep-
tide (a segment of 150 amino acids on the N-terminus
of procollagen), the action of extracellular procolla-
gen-proteinases, and lysin oxidase activity. These lead
to cross-linking of collagen and the formation of
mature and stabile collagen fibres [132].

Collagen Types

The individual collagen types differ predominantly in
protein content, degree of hydroxylation, glycosyla-
tion, and the extent of cross-linking. Collagen types I
and II form large fibrils, whereas collagen types V and
VI generate small ones. Collagen type IV forms a net-
like structure.

Collagen Types land IlI

Collagen types I and III each amount to approximately
40% of total collagen of the normal liver. In the cir-
rhotic liver collagen type I becomes the most important
collagen quantitatively, as its relative proportion rises
to 60-70% [140]. The reticulin framework of the liver,
readily identified with special stains by light micros-
copy, does not have a chemically uniform composition;
rather, it is composed of a mixture of the collagens type
I and III with the corresponding glycoproteins.

Collagen Type IV

Collagen type IV belongs to the lattice forming colla-
gens. One percent of liver collagen is collagen type IV
and it is encountered in basement membranes, portal
tracts, and the space of Disse. The triple helices of col-
lagen type IV are disrupted by 20 non-helical seg-
ments. These sections are characterized by increased
flexibility. The fibrils of type IV collagen cannot aggre-
gate side to side. They form monomers and dimers that
associate to form a tetrameric network.

Collagen Type V

The pericellular collagen type V is found in the center
of larger fibrils. Two percent of liver collagen is colla-
gen type V.
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Collagen Type VI

With 0.1% of total liver collagen, type VI is the most
uncommon collagen in the liver. It is found in the por-
tal tract stroma and in the space of Disse. It forms
microfibrils which form loose links between the col-
lagen bundles of the larger fibrillary collagen types I
and III. Its filaments are generated by antiparallel
arrangement of monomers, side-to-side association of
dimers, and end-to-end interaction of tetramers. It dif-
fers from other collagens by being primarily composed
of globular domains, with only a small central region
showing a triple helical structure. The globular domains
are responsible for its interactions with collagen types
I and II1, other matrix proteins, and integrin membrane
receptors, respectively.

Collagen Type XVIII

The non-fibrillary collagen type XVIII of the human
liver is found in the perisinusoidal space and in the
basement membranes. It is synthesized by hepatocytes
in the normal liver and by activated hepatic stellate
cells in the fibrotic liver [137].

Collagen Degradation

The half life of liver collagen is approximately 30
days. The degradation of collagen occurs in the extra-
cellular space by matrix-metalloproteinases (MMP)
that are specific for individual collagen types [130,
136]. A small proportion of collagen is degraded inside
the cell by lysosomal cathepsins before being secreted,
or after secretion and subsequent phagocytosis.

The extended MMP-family consists of at least 15
enzymes with varying substrate specificities, eight of
which are present in the liver. According to their sub-
strate profile MMPs are divided into three groups.

* Collagenases degrade interstitial collagens

* Gelatinases degrade gelatins and basement mem-
brane collagens

* Stromelysins have a broad spectrum of activity

MMP 1 (interstitial collagenase) and MMP 8 (granu-
locyte collagenase) catabolize collagen types I, II,
III, VII, VIII and X, denatured collagen and the cen-
tral protein of the proteoglycans. MMP 3, 7 and 10,

called stromelysins, degrade proteoglycans, laminin,
fibronectin and the collagens I'V, V, IX and X.

MMPs are active exclusively in the extracellular
space where they are secreted as inactive proenzymes.
The activity of MMPs is affected by their gene expres-
sion and by activators and inhibitors in the extracellu-
lar space. Gene transcription is upregulated by EGF,
FGF, IL-1, TGF-a, TNF-a. and PDGF. TGF-f, IL-4
and glucocorticoids downregulate gene expression,
except for MMP 2, whose gene expression is upregu-
lated by TGF-B as well. Proteinases, such as plasmin
and trypsin activate MMP proenzymes by proteolysis.

a,,-macroglobulin and tissue inhibitors of metallo-
proteinases (TIMPs) inhibit the activity of MMPs.
Hepatic stellate cells, and to a lesser extent also Kupffer
cells, produce both MMPs and TIMPS and provide for
a dynamic equilibrium of the extracellular matrix.
Assembly and degradation of ECM components can
therefore proceed side by side in a coordinate fashion.

Hydroxyproline accumulating during degradation
of collagen cannot be reused for collagen synthesis.
Seventy-five percent is oxidized in the liver to CO,
and water. The remainder is excreted unchanged in the
urine. The urinary excretion of hydroxyproline serves
as a rough indicator for the turnover of collagen.

Elastin

Second to collagen, elastin is the major fibrous protein
in the ECM. It provides tissues with elasticity. Elastin
can assume one of several relaxed, random-coiled orien-
tations. As a tissue is stretched the elastin molecule is
elongated. When the stretching force is released elastin
spontaneously retracts to its starting position. Thus the
entire elastin network recoils like a rubber band.

In the liver elastin is found principally in the blood
vessels and in peribiliary areas, as well as in small
amounts in the portal tract stroma and in the liver cap-
sule. Fibroblasts secrete pro- or tropoelastin into the
extracellular space where it is converted to elastin. Once
in the extracellular space, elastin molecules are cova-
lently cross-linked to one another. They associate with
collagen and glycoproteins to form an extensive network
of elastic fibers. The cross-linking of elastin molecules
to one another and with fibrillary collagen is catalyzed
by lysin oxidase and gives rise to intramolecular des-
mosin cross-links.
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Unlike the many different genetic types of collagen
there is only one genetic type of elastin. The elastin
gene is influenced by IGF-1, TNF-a and IL-1. The
degradation is accomplished by elastase or by MMPs.
o, -antitrypsin is a specific inhibitor of elastase.

Proteoglycans

Proteoglycans are complex macromolecules that are
formed by the addition of numerous repeating disac-
charide glycosaminoglycan chains to a core protein.
Their aspect is reminiscent of a bottle brush (Fig. 3.22).

Fig. 3.22 Schematic representation of a proteoglycan with a
core protein and numerous carbohydrate side chains

Table 3.11 Glycosaminoglycans

They can be further organized by the noncovalent
attachment of several proteoglycan monomers to a
large chain of hyaluronic acid molecules. This associa-
tion is mediated by link proteins. Proteoglycans are
quantitatively the most important components of ECM.
They form a hydrated gel that represents the ground
substance of the ECM [141].

Up to 90% of the proteoglycan molecule mass can
be taken up by the carbohydrate moiety. The linkage
between carbohydrates and backbone protein is accom-
plished by a trisaccharide consisting of two galactose
molecules and one xylose molecule. This trisaccharide
links the glycan chain to the hydroxyl group of a serine
or threonyl residue of the core protein.

Based on their sugar moiety, glycosaminoglycans are
subdivided into several major groups: hyaluronic acid,
chondroitin sulfate, dermatan sulfate, heparin and hepa-
ran sulfate, and keratan sulfate (Table 3.11). Proteoglycans
are characterized by an extraordinary diversity, due to dif-
ferent structures of the core protein, different numbers of
side chains, and varying degrees of sulfation (Table 3.12).

Table 3.12 Selected proteoglycans and their

distribution

Proteoglycan Distribution

preferred

Betaglycan Cell membrane
Biglycan ECM

Decorin ECM

Fibromodulin ECM

Aggrecan ECM

Heparan sulfate-proteoglycan Endothelial cells
Perlecan Basement membrane
Syndecan Epithelial cells
Thrombomodulin Endothelial cells
Versican Endothelial cells

Disaccharide

Gycosaminoglycan

Hyaluronic acid Glucuronic acid and N-acetylglucosamine

Chondroitin sulfate
Dermatan sulfate

Keratan sulfate
Heparin

Galactose and N-acetylglucosamine

Heparan sulfate

Glucuronic acid and N-acetylgalactosamine
Either glucuronic or iduronic acid and N-acetylgalactosamine

Either glucuronic or iduronic acid and N-acetylglucosamine

Either glucuronic or iduronic acid and N-acetylglucosamine

Distribution

Skin, numerous connective tissues,
vitreous body, and synovial fluid

Cartilage, cornea, arteries, skin, and bones

Skin, heart, heart valves, and blood
vessels

Cartilage, vertebral disks, and cornea

Lungs, liver, skin, and highly concen-
trated in mast cell granules

Lungs, arteries, basement membranes,
and cell surfaces

Source: Adapted from [132]
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Hyaluronic acid, a constituent of virtually all connec-
tive tissues, is the largest glycosaminoglycan and the
only one that is neither sulfated nor bound to a protein.
It is synthesized in the cytoplasm by hyaluronic acid
synthase. EGF, PDGF, IGF-1 and TGF-f stimulate the
synthesis of hyaluronic acid. ICAM-1 appears to be
the most important hyaluronic acid receptor on the sur-
face of sinusoidal endothelial cells. It mediates clear-
ance of circulating hyaluronic acid.

Proteoglycans are intertwined with one another and
interact with collagen fibrils, forming large supramo-
lecular compounds. By means of hyaluronic acid they
may bind to the CD44-receptor (= hyaluronic acid
receptor) on the cell membrane. In the liver CD44 is
expressed on portal and perisinusoidal mesenchymal
cells, cholangiocytes and Kupffer cells.

The main features of proteoglycans are their hydro-
philia and their ability to bind cations which is due to
their highly negative charge. This causes water to be
drawn into the matrix, and turgor pressure to be built
up. Proteoglycans form a permeability barrier and reg-
ulate the transport of small molecules through the
ECM. Through interactions with growth factors (TGF-
B, EGF, FGF, PDGF) and cytokines (IL-1, IL-6) they
influence the intercellular signal transduction.

Through binding to secreted proteases and to their
inhibitors they modulate the enzyme activities of the
ECM, which is particularly important in remodeling of
the ECM in liver injury.

Activated hepatic stellate cells are the major pro-
ducers of proteoglycans. They are degraded by lyso-
sosmal hydrolases. Proteoglycans are not only found in
the ECM, but they may also be expressed on the plasma
membrane of cells, where some of them, e.g. the syn-
decans, function as fibronectin and collagen receptors.
The cytoplasmic tails of these proteoglycan receptors
can interact with the actin cytoskeleton, thus providing
a link between the ECM and the cell interior.

Adhesive Glycoproteins

Adhesive glycoproteins or nectins form the “glue that
holds ECM together”. Adhesive proteins are multi-
functional proteins that contain specialized domains.
They bind to cell surfaces, interact with collagen and
proteoglycans, and thus mediate the contact between
ECM, hepatocytes and non-parenchymal cells.

Fibronectin

Fibronectin is a large glycoprotein that is secreted as a
dimer. Alternate splicing of its single gene product
gives rise to approximately 20 different, tissue-specific
multidomain fibronectin isomers. They possess bind-
ing sites for fibrin, heparin, bacteria and denatured col-
lagen. By means of the RGD tripeptide sequence (see
below) they bind to the fibronectin receptor on the cell
surface that belongs to the integrin family.

The interaction and cross-linking of fibronectin
with other components of the ECM occurs through the
activity of tissue transglutaminase, an enzyme bound
to fibronectin. In liver injury it is released from hepato-
cytes, sinusoidal endothelial cells and hepatic stellate
cells.

Fibronectin facilitates adhesion of cells to the ECM
through binding to its integrin receptor, enabling the
communication between the cellular exterior and inte-
rior. It also mediates cell migration through the ECM.
Fibronectin can also be demonstrated in the serum.

Tenascin

In the normal liver tenascin C is found exclusively in
the perisinusoidal space. It is formed by activated
hepatic stellate cells. In liver injury accompanied by
portal fibrosis and ductular proliferation it is also
expressed in the portal tracts. Among other functions,
tenascin facilitates cell migration and cell division.

Undulin

Undulin is a widespread glycoprotein present in uni-
formly undulated fibers. It has a high affinity for colla-
gen types I and III. Its function is unknown. It possibly
participates in the supramolecular organization of col-
lagen fibers.

Laminin

The extended family of laminins has a fundamental
part in the assembly of the basal lamina. Laminins are
large, elongated crucifix-shaped glycoproteins. Their
protein moiety is composed of three polypeptide chains —
A, B1 and B2 - that are disulfides bonded to one
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another. They possess EGF-like domains and binding
sites for other ECM components and for membrane
receptors (integrins). Laminins bind to collagen type
IV, fibronectin, heparan sulfate, perlecan, nidogen, and
through the RGD epitope to the surface of many cells.
In the normal basal lamina the EGF-like domains are
masked. In inflammatory endothelial injury laminins
become demasked and assume an active part in the
inflammatory reaction [131].

Nidogen

Nidogen, also called entactin, is a short cell attachment
glycoprotein that cross-links each laminin to type IV
collagen and to other matrix proteins, thereby facilitat-
ing cell-matrix interactions. It contains an RGD motif.

Cell-Matrix Communication

The individual components of ECM are closely inter-
twined with one another and maintain relationships
with hepatocytes, sinusoidal and perisinusoidal cells.
This bidirectional communication is accomplished by
heterodimeric receptors on the cell membrane that
transmit and integrate signals from the ECM to the
cytoskeleton and vice versa. Therefore, these receptors
are called integrins.

Integrins

Integrins are adhesion molecules that confer mechani-
cal stability to the interaction between cells and their
environment. They also function as cellular sensors and
signal molecules [134, 135]. Integrins are transmem-
brane glycoproteins which have a large extracellular
domain, a transmembrane segment and, with the excep-
tion of the long B4-chain, a short cytoplasmic domain.
They possess two noncovalently associated subunits, o
and f. There are nine different 3 polypeptide chains
and at least 16 o subunits that can associate with differ-
ent [ chains, which leads to a wide variability of integ-
rin ligand specificity. The integrin family is comprised
of at least 20 different members with different speci-
ficities. Some integrins are found on numerous cell
types, while others are cell-specific. Some integrins

bind to only one ECM component, e.g. to fibronectin,
laminin or collagen, while others bind to several differ-
ent but related matrix molecules. Many matrix proteins
are ligands for different integrins. Thus eight integrin
isoforms may interact with fibronectin. The RGD (Arg-
Gly-Asp) motif and the presence of divalent cations —
Ca?* or Mg?" — are of major importance in binding a
ligand to an integrin. With their intracellular carboxy-
terminal segments most integrins are in contact with
actin-binding proteins of the cytoskeleton (talin, o-acti-
nin, vinculin). Analogous to the hormone-receptor-
effects, binding of a ligand to an integrin is followed by
phosphorylation of the cytoplasmic portion of the inte-
grin and by signal transduction [135]. By this means,
signals from the ECM can influence intracellular ten-
sion and motility of the cytoskeleton. On the other hand
intracellular actin filaments may alter the arrangement
of secreted fibronectin molecules, thereby modifying
the features of the ECM.
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Hepatic Blood Flow

Chapter Outline
Hepatic Blood FIOW.............ccccocviiiininiiniireieineinciecenen. 55 The hepatic blood flow is approximately 1,800 mL/
Regulation of Hepatic Circulation.....................ccc......... 56 min in men and 1,500 mL/min in women. The liver
) receives a dual blood supply through the hepatic artery
AULOTEZUIALION ...ttt 57 . .
and the portal vein. Twenty five to thirty percent of
References................ccooooiiiiiii, 59 blood flow is through the hepatic artery, and 70-75% is

through the portal vein, which receives the entire
splanchnic blood (25% from spleen and pancreas, 75%
from the stomach and the intestines) (Fig. 4.1) [12].
Unlike the portal venous blood which flows exclu-
sively into the sinusoids, the hepatic artery does not
primarily feed the liver parenchyma. Instead it sup-
plies predominantly other structures (see Chapter 3)
and only thereafter hepatic arterial and portal venous
blood mix in the sinusoids [5, 16, 20]. The hepatic
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Fig. 4.1 The position of the
liver in intestinal circulation.
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the dual blood supply of the Artery
liver (Adapted from [18])
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artery gives rise to peribiliary plexuses, to arterial
branches of the interstitial portal tract tissue, to vessels
of the hepatic capsule, as well as to the vasa vasorum
of portal vein branches and of central, sublobular and
large liver veins. The portal tract arterioles supply the
walls of the portal vein branches and the bile ducts as
well as the interstitial tissue of the portal tracts, form-
ing a portal system of their own. Isolated arterioles
may bypass the liver parenchyma and discharge directly
into the central and/or liver veins. These vessels are
called “bypass arteries”.

The hepatic arterial blood is rich in oxygen and poor
in nutrients, while the portal venous blood is relatively
oxygen deficient, but rich in nutrients and gut derived
toxic substances. Arterial and venous blood mix to
some extent in the portal tracts (arterio-portal anasto-
moses) but most mixing occurs in the sinusoids. In the
liver acinus an oxygen gradient is present. Periportal
(zone 1) hepatocytes receive highly oxygenated blood,
while centrilobular (zone 3) hepatocytes are provided
with blood having the lowest oxygen saturation. This
explains why metabolism is predominantly aerobic in
zone | and anaerobic in zone 3.

Under normal circumstances hepatic oxygen con-
sumption is approximately 6 mL/min/100g liver tis-
sue. The hemodynamic parameters of the healthy liver
are reported in Table 4.1. The presinusoidal portal vas-
cular resistance is relatively low, and greater than 70%
of the portal pressure is transmitted to the sinusoids. In

Table 4.1 Hemodynamic parameters of the normal liver

Pressures (mmHg)

Hepatic artery 100
Hepatic artery (portal tract) 30

Portal vein 5-8
Terminal portal venules 4,8
Hepatic veins 1,7
Inferior vena cava 12
Wedged hepatic venous pressure (WHVP) 5-8
Free hepatic venous pressure (FHVP) 1-2

Hepatic vein pressure gradient (WHVP-FHVP) <6

Flow rates and volumes (mL/min)

Whole liver 1500

Hepatic artery 350

Portal vein 1150

Liver blood volume (mL) 500
Oxygen supply (%)

through portal vein 50

through hepatic artery 50

the normal liver approximately two thirds of the fall in
pressure occurs between the portal vein and the termi-
nal hepatic venule (central vein), and one third between
the latter and the inferior vena cava [3, 7]. The pressure
gradient in the hepatic artery shows a significant presi-
nusoidal drop along the multiple arterial ramifications
between the hilum of the liver and the portal tracts.

The liver behaves like a “blood sponge”. The organ
receives approximately 25% of cardiac output. Condi-
tions characterized by an increased hepatic venous
pressure, such as right sided heart failure or thrombotic
occlusion of the liver veins, may lead to an increase in
blood volume in the liver up to 60mL/100g of liver
tissue.

The hepatic blood flow depends on position and on
the respiratory excursions. It is diminished in the
upright compared to the supine position. Blood flow in
the liver is diminished during sleep. During inspiration
the venous blood flow in the liver decreases, while dur-
ing expiration it increases. After food intake a marked
increase in splanchnic perfusion is associated with a
pronounced increase in liver perfusion. In old age liver
perfusion is diminished [19].

Regulation of Hepatic Circulation

The regulatory mechanisms of liver blood flow in man
are only partly known. Many animal experimental
results are available that, however, are not transfer-
able offhand to the human situation. It is important to
understand that liver oxygen demand and hepatic
metabolism are not essential determinants of hepatic
arterial blood flow. The oxygen extraction of the nor-
mal liver is approximately 40%. An increased oxygen
demand is not met by an increased blood flow, but is
satisfied by an intensified O,-extraction. A decrease in
blood flow too leads to an increase in oxygen extrac-
tion of up to 95%.

Presumably regulation of hepatic blood flow is
accomplished by

* Intrinsic autoregulation and by
Extrinsic neural control [9]

Under physiologic conditions, both local and neural
mechanisms act in concert. The intrinsic, local auto-
regulation seems to be more important than extrinsic,
neural control.
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Autoregulation

Compared to the kidneys and the brain, autoregulation
of hepatic blood flow is less pronounced. Nonetheless,
a pressure dependant autoregulation of blood flow in
the hepatic artery exists. An increase in pressure will
lead to a rise in resistance followed by a decrease of
arterial flow, while a falling vascular resistance will
cause a fall in pressure accompanied by a reactive
increase of arterial flow.

The portal vessels represent a passive capacitance
system. Blood flow in the portal vein is not governed
by pressure dependent autoregulation. Instead it depends
primarily on splanchnic inflow. However, changes in
portal venous flow will affect blood flow in the hepatic
artery. An increase in portal venous flow causes a rise
in hepatic arterial resistance, while a decrease leads to
hepatic arterial dilatation. Thus, a compromised portal
venous flow may lead to a compensatory increase of
arterial hepatic flow of up to 25-100%. Porto-caval
anastomoses may lead to an increase of arterial flow up
to 400%! Conversely, however, a diminished arterial
blood flow cannot be compensated by an increase in
portal venous flow.

Which are the components and mechanisms reg-
ulating blood flow in the sinusoids? We have to
consider

e Neural factors
* Anatomic resistance elements and
e Vasoactive substances

Neural Factors

The smooth muscle fibers in the hepatic artery
branches possess a-adrenergic vasoconstrictory recep-
tors, B,-adrenergic vasodilatory receptors, and a sub-
population of vasodilating dopaminergic neurons.
Stimulation of hepatic a.-adrenergic receptors leads to
contraction of arterial vessels with diminished hepatic
blood flow. Stimulation of sympathetic nerves has no
direct effect on portal venous flow. However, by
increasing intrahepatic resistance adrenergic stimula-
tion may contribute to portal hypertension. By con-
stricting terminal portal venules and sinusoids,
sympathetic stimulation may facilitate drainage of
sinusoidal and hepatic venous blood into the systemic
circulation [13].

Intrahepatic Resistance Elements

The sinusoidal blood originates mostly from the portal
venous circulation and reaches the sinusoids through
the portal venules. The portal vein branches in the por-
tal tracts and the centrilobular terminal hepatic venules
contain only very sparse smooth muscle fibers. The
sinusoids of the healthy liver contain no smooth muscle
fibers. They are kept open passively through the pres-
sure of flowing blood. The regulation of vessel resis-
tance is accomplished by sphincter-like mechanisms,
and experimental studies favour the existence of intra-
hepatic resistance elements. These are situated at the
level of arterio-portal anastomoses in the portal tracts,
at the level of the smallest portal vein branches (preter-
minal portal venules), at the limiting plate between por-
tal tract and lobular parenchyma, along the sinusoids,
and in a postsinusoidal location. The morphology of
these resistance elements is a matter of debate. Myogenic
“inlet” and “outlet” sphincters located in the pretermi-
nal portal venules and at transition points between the
sinusoids and the terminal hepatic venules are believed
to regulate sinusoidal blood flow [10]. The sinusoidal
endothelial cells themselves are able, to a certain
degree, to influence the diameter of the sinusoids,
thereby regulating sinusoidal resistance. Presumably
these cells are contractile and, in addition, may exert
certain sphincter-like functions through swelling.
During liver injury perisinusoidal hepatic stellate
cells function as pericytes and acquire contractile fea-
tures. They may thereby influence the diameter of
sinusoidal lumena and regulate hepatic microcircula-
tion [14]. Humoral mediators (see below) induce the
contraction of human hepatic stellate cells.

Vasoactive Substances

Intrinsic, paracrine/autocrine acting vasoactive substances,
such as:

e Endothelins

e Nitric oxide

e Carbon monoxide

e Adenosine and

* Others (substance P, angiotensin II, serotonin, nor-
epinephrine, thrombin, prostacyclin)

are of importance in regulating vascular tone and liver
blood flow.
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Endothelins (ETs; ET-1, ET-2, ET-3). Endothelins
are the most powerful vasoconstrictor peptides in mam-
mals and are important regulators of hepatic microcir-
culation. These 21-amino-acid polypeptides derive from
a large precursor molecule, pre-pro-ET that gives rise to
the 39-amino-acid prohormone big-ET. Big-ET is cleaved
to form ET-1 by endothelin — converting enzyme. The
most important hepatic source of ETs are the sinusoidal
endothelial cells. Two different endothelin receptors
(ET, and ET, receptor) have been shown to be present
in portal and in central veins, and on hepatic stellate and
sinusoidal cells. After secretion by sinusoidal endothe-
lial cells, ETs act in an autocrine/paracrine fashion pri-
marily through ET, receptors on the surface of target
structures. ET-1 possesses the highest affinity for the
ET, receptor. The greatest receptor density is found on
hepatic stellate cells which are the most important tar-
get structures for ETs in the liver. In addition, ETs act
on the “inlet” sphincters of the preterminal portal
venules. The signal is transduced through GTP-binding
proteins and results in contraction of activated stellate
cells (myofibroblast phenotype) and of “inlet” sphinc-
ters. The sole contraction of “inlet” sphincters could
explain the finding of portal hypertension without con-
current narrowing of sinusoids. ET, receptors (at least
two types exist) seem to mediate both vasodilatation
and contraction of stellate cells. In addition to their
vasoconstricting effects ETs, together with other mito-
gens, enhance proliferation of stellate cells and smooth
muscle cells [2, 4, 8, 21]. In liver injury activated stel-
late cells themselves, under the influence of transform-
ing growth factor 3, may produce ETs. It is assumed
that this cellular mechanism contributes to the develop-
ment of portal hypertension in liver cirrhosis.

Nitric oxide (NO). NO is the physiologic antagonist
of ETs. The concentration of NO in the normal liver is
low. Itis synthesized and released by sinusoidal endothe-
lial cells and leads, via cyclic GMP induced relaxation
of stellate cells, to sinusoidal dilatation. NO is generated
from L-arginine by the enzymatic action of NO-synthase
(NOS) [11]. Three isoforms as well as a constitutive
(eNOS) and an inducible form of NOS (iNOS) are
known. In endothelial cells NO is synthesized constitu-
tively. Transcription of eNOS-mRNA is enhanced by
growth factors, such as transforming growth factor 3, vas-
cular endothelial growth factor and basic fibroblast
growth factor. Mechanical factors (distension) and cell
proliferation stimulate NO synthesis as well. Oxidized
LDL and TNF a reduce the levels of eNOS-mRNA in

endothelial cells. In addition to constitutive NOS, each
cell in the liver, under appropriate circumstances practi-
cally, is able to increase gene expression of inducible
NOS. This is particularly true for the hepatocyte. TNF
a, interleukin-1 B, and interferon y induce the transcrip-
tion of iNOS in hepatocytes and hepatic stellate cells.
Exogenously administered NO is able to inhibit the
ET-induced contraction of stellate cells and to induce
already contracted cells to relax. Inadequate NO pro-
duction disrupts the balance between vasoconstrictors
and NO, and results in unopposed contraction of hepatic
stellate cells and subsequent sinusoidal constriction,
which leads to altered sinusoidal blood flow [17].

In addition to its key function of regulating sinusoi-
dal blood flow and vascular tone, NO exhibits a wide
variety of other actions, e.g. hepatoprotective and anti-
apoptotic effects [15].

Carbon monoxide (CO). Newer investigations sug-
gest that CO participates in regulating sinusoidal tone.
CO is generated by the activity of heme oxygenase (HO).
Two isoforms of HO exist, an inducible HO-1 and a con-
stitutive HO-2. The constitutive form makes up the larg-
est part of hepatic HO activity. The administration of HO
inhibitors leads to sinusoidal constriction. It is assumed
that like NO, CO too may lead to relaxation of hepatic
stellate cells, thus acting as an endogenous modulator of
sinusoidal perfusion.

Adenosine. As mentioned above, a reduction in portal
venous flow leads to a compensatory increase in arterial
blood flow. Adenosine presumably takes part in this auto-
regulation of hepatic circulation [6]. Independent of
hepatic metabolism, constant amounts of adenosine accu-
mulate and are removed from the space of Mall by portal
venous blood (“washout” hypothesis). If portal venous
flow is diminished the local concentration of adenosine
will increase and will lead to dilatation of hepatic artery
branches with subsequent increase of arterial blood flow.
Therefore, blood flow in the hepatic artery is independent
of liver metabolism but depends indirectly on the flow in
the portal vein. This autoregulatory mechanism helps to
keep the total liver blood flow constant.

Other substances. In addition to the main modula-
tors of intrahepatic vascular tone — ETs and NO — other
substances likely affect the constricting tone of hepatic
stellate cells and sinusoids. Substance P, angiotensin II,
serotonin, norepinephrine and thrombin cause stellate
cells to contract [1]. Prostaglandin E, via cyclic AMP
mediated signals inhibits the ET-induced contraction of
stellate cells.
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Basic Principles

The regulated cellular uptake and excretion of endog-
enous and exogenous compounds are among the most
important tasks of a liver cell. After uptake by, or syn-
thesis within the cell, the compounds reach their desti-
nation by defined intracellular pathways. The site of
destination may be within the cell, in different organ-
elles, in the cell membrane or in the extracellular space.
On their way the substances may be modified chemi-
cally or they may reach their target unchanged.

The hepatocyte is a structurally and functionally
polarized cell (see Chapters 3 and 9). The basolateral
(sinusoidal) domain of the plasma membrane accounts
for approximately 85% of the cell surface, while the
remaining 15% consists of the apical (canalicular)
membrane domain. The basolateral membrane local-
izes transport systems, receptors, and ion channels
involved in the exchange of solutes between the hepa-
tocyte and the circulation. The apical membrane is
exclusively responsible for the formation of canalicu-
lar bile, including the excretion of xenobiotics.

The directional transport of water, electrolytes, pro-
teins, lipids and carbohydrates is indispensable for the
maintenance of structure and function of the hepato-
cyte. Table 5.1 summarizes the diverse cellular trans-
port processes. In the first part of this chapter, general
aspects of cellular transport processes are discussed.
Specific hepatocellular transport systems are dealt with
in the second part.

The most important compounds transported by the
hepatocyte are proteins, bile salts, bilirubin, cholesterol,
phospholipids, electrolytes and water. The transport
across cell membranes is primarily accomplished by
ion channels, carrier proteins, and pumps. In addition,
vesicle trafficking by endo-, exo- and transcytosis takes

61

DOI: 10.1007/978-3-540-93842-2_5, © Springer-Verlag Berlin Heidelberg 2010



62

5 Hepatocellular Transport

Table 5.1 Cellular transport processes

Passive Transport
¢ Simple diffusion

Transport along an electrochemical gradient
Does not require energy

Does not require carrier/channels
Is subject to competetitive inhibition

¢ Facilitated diffusion

Channels (for ions and water) and carriers facilitate diffusion

May require energy
Competitive inhibition possible

Active Transport

Transport against an electrochemical gradient

Requires energy (pumps)

Is subject to competitive inhibition

Pumps are substrate specific, may be activated and inactivated and
show saturation kinetics

Vesicle Transport
* Exocytosis

Transport in membrane-enclosed vesicles
Extrusion of macromolecules from cytoplasmic secretory vacuoles

into the extracellular space

- non constitutive (triggered) exocytosis
- constitutive (untriggered) exocytosis
* Endocytosis
- receptor mediated (adsorptive) endocytosis
- ”fluid-phase* endocytosis (pinocytosis)
* Transcytosis

Exocytosis requires an external stimulus

Exocytosis without the need for an external stimulus
Internalization of molecules in vesicles

Molecules bound to membrane receptors

Molecules in solution, no membrane binding

Transfer of vesicles from one pole of the cell to the other without

processing of vesicle contents

* Diacytosis

Part of the internalized intact ligand-receptor complex returns to the

cell surface (retrocytosis)

place. Carrier-vesicles are the most important structures
for the transport of proteins and lipids between various
cellular compartments and organelles.

The hepatocellular membrane is composed of a
largely fluid lipid double layer in which membrane pro-
teins are “swimming”. Integral globular proteins are
embedded in the membrane in a mosaic fashion and
extend through the entire cell membrane. Associated
peripheral proteins stud the inside and the outside of
the membrane. The lipid double layer is primarily com-
posed of phospholipids. Their polar, hydrophilic heads
are exposed to the exterior environment of the cell and
to the cytoplasm, while their nonpolar, hydrophobic
tails meet in the center of the membrane. In addition to
phospholipids the cell membrane contains glycolipids
and cholesterol. Carbohydrate chains on the outside of
the membrane form the structural basis for tissue spe-
cific receptors.

The plasma membrane of hepatocytes is composed
as follows:

* Proteins 44-46%
* Lipids 52-54%
e Carbohydrates 2-4%

and carries out many functions, such as:

* Mechanical and chemical protection

* Separation from and contact with neighbouring
hepatocytes

* Contact and connection with the extracellular matrix

* Contact and interaction with nonhepatocytic cells

* Regulated transport of endogenous and exogenous
substances

* Reception and transduction of signals from the
extracellular space to the intracellular space and
vice versa

* Enzymatic catalysis of chemical reactions

* Anchoring the cytoskeleton to maintain cellular and
organelle structure as well as to enable intracellular
movements

Due to the thermokinetic energy of solutes, the trans-
port of molecules across cell membranes may be

e Passive

i.e. along an electrochemical gradient without requir-
ing energy or

e Active

i.e. “uphill” against an electrochemical gradient and
requiring energy.
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Passive Transport

The simplest form of passive transport across the cell
membrane is by free diffusion. Molecules move from
areas of high concentration to areas of low concentra-
tion, or cations and anions move along an electrical
gradient to negatively and positively charged areas,
respectively. Movement continues until a concentra-
tion equilibrium or an electrical potential equilibrium
is reached. The cell membrane is freely permeable to
small molecules, such as water, urea, and ethanol, as
well as for solved gases, oxygen, carbon dioxide and
ammonia. The cell membrane is impermeable to larger
molecules, such as glucose and other sugars, proteins
and organic ions. Since, however, the cell requires
these substances, different influx mechanisms for these
compounds must exist and appropriate efflux mecha-
nisms for many other substances must be available.
The transport of these substances occurs by facilitated
diffusion (Fig. 5.1). This is a form of a passive trans-
port process mediated by carrier proteins by which
substances are moved in the direction of their electrical
or chemical gradient. Thus, carrier proteins are inte-
gral transmembrane proteins that facilitate the selec-
tive passage of substances.

In addition to carrier mediated facilitated diffusion,
another passive transport process exists — diffusion
through channels (Fig. 5.2). These are formed by tri-
meric channel proteins with central aqueous pores that
allow diffusion of small molecules. Ion channels are
relatively selective for certain ions, e.g. Na*, K*, CI-,

Solved molecule High concentration

(é — o5

Transmembrane
transport proteln

OO

| O ¥ |

Qo e®
Low concentration

Fig. 5.1 Facilitated diffusion. The transport across the mem-
brane occurs along an electrochemical concentration gradient
and is facilitated by conformational alterations of the transport
protein

Extracellular space lon flow

Pore

Selectivity filter

Voltage sensor

Gate

Cytosol

Fig. 5.2 Facilitated diffusion across channels. A channel pro-
tein forms a water-filled pore inside the plasma membrane that
allows for the diffusion of certain ions. A selectivity filter dis-
criminates between various ions, and a voltage sensor induces
opening and closure of the pore (According to [12])

Ca**. They are voltage or ligand-gated, such that alter-
ations in membrane potential or ligand binding will
lead to conformational changes, which are accompa-
nied by changes in their permeability and in the rate at
which they transport ions. Water channels are com-
prised of aquaporins [14].

Transport Proteins

Transport proteins are substrate specific, i.e. they trans-
port only certain substances with high affinity. They
can be activated by physical, chemical and hormonal
stimuli. They can be selectively inhibited by substances
that occupy the transport system. They display a satu-
ration kinetic, i.e. transport performance decreases
with increasing substrate concentration, because the
maximal transport capacity is limited by the number of
transport proteins.

In contrast to ion channels, carrier proteins bind
the molecules that are to be transported. After bind-
ing, conformational changes of transport proteins
occur that enable the passage of molecules through
the membrane. Carriers have lower transport rates
than channels, they are not gated, and often are able to
transport two to three different substances in a fixed
stoichiometric ratio (cotransporter) (Fig. 5.3).
Carriers that bind more than one substance and trans-
port the substances across the membrane together in
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Fig. 5.3 Passive transport by carriers. Unidirectional transport
of one substance (uniport), unidirectional transport of two dif-
ferent substances (symport), and transport of two different sub-
stances in opposite directions (antiport)

one direction are called symports (positive flow cou-
pling). Transporters that exchange one substance for
another are called antiports (negative flow coupling).
Uniports are transport proteins that transport only one
substance in one direction. They are not able to
cotransport molecules. An example is the uniport for
glucose transport. Glucose transport proteins (GLUT)
are a family of structurally related membrane proteins
that are expressed in a tissue and cell specific manner.
GLUT?2 is specific for B-cells of pancreatic islets of
Langerhans and for hepatocytes. It is localized in the
basolateral (sinusoidal) membrane of liver cells and
binds glucose circulating in the sinusoidal blood.
After glucose binding, GLUT2 undergoes a confor-
mational change that enables the passage of sinusoi-
dal glucose across the hepatocellular membrane into
the liver cell. Hepatocytic GLUT?2 has a relatively low
affinity, but a high transport capacity, for glucose. The
uptake of glucose into the hepatocyte is therefore
directly correlated to the concentration of glucose in
the sinusoidal blood.

Active Transport

Active transport is the transport of substances against
their electrical and/or chemical gradient. It always
requires energy which is provided almost exclusively
by the hydrolysis of ATP to ADP and phosphate. The
direct coupling of the hydrolysis of ATP to the trans-
port process is referred to as

* Primary active transport

(Examples: Na* -K* ATPase; proton pumps).
If the active transport of Na* is coupled to the trans-
port of other substances a

* Secondary active transport

is said to be present. (Examples: Na* -glucose symport
of intestinal epithelial cells. A prerequisite for the
transport is the presence of a Na* gradient which is
achieved by the activity of Na* -K* ATPase).

According to their mechanism of action the ATPases
responsible for primary active transport may be subdi-
vided into three groups.

e P-ATPases
are phosphorylated by ATP during the catalysis cycle.
e V-ATPases

are found in many intracellular vesicles and catalyze
the active transport of protons into these vesicles lead-
ing to a decrease of intravesicular pH. The acidic pH is
important for the activation of lysosomal enzymes and
for the release of receptors from secretory granules
(see below).

e F-ATPases

are found in the mitochondrial membrane and exert
their function in the synthesis of ATP.

Pumps

Pumps are a special type of carrier that mediate active
transport. These transport proteins are ATPases that
hydrolyze ATP on the inside of the cell membrane.
The energy released during this reaction is used for
active transport; therefore, these pumps are both
enzymes and transporters. According to the substance
transported, ion pumps, peptide pumps, and pumps for
nonpolar compounds (drug pumps, MDR proteins) are
distinguished.
An important ion pump is

e Na* -K* ATPase

which is present in all organs of the body, including in
the hepatocyte. The energy derived from the hydrolysis
of one molecule of ATP is used to extrude 3 Na* from the
cell and to take 2 K* into the cell against a concentration
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and an electrical gradient (electrogenic pump with a
coupling ratio of 3:2). The pump functions as an anti-
port (Fig. 5.4). The Na* -K* ATPase is a very active
pump. The active transport of Na* and K* is one of the
major energy-demanding processes in the body, account-
ing for a large part of the basal metabolism. Depending
on the cell type and the activity level of the cell, 30-70%
of cellular energy consumption is spent on this transport
mechanism. This electrogenic pump, by maintaining the
Na* and K* concentration gradient, creates important
conditions for excitation processes, for the function of
other transport processes (see below) and for the regula-
tion of cell volume (see Chapter 10).

The superfamily of ABC ftransporters was origi-
nally discovered in bacteria and presently contains
more than 50 members. A common structural element
is an ATP Binding Cassette [13]. As a rule, ABC trans-
porters have four domains. Two transmembrane
domains delimit a pore through which substances pass
across the plasma membrane. Two nucleotide binding
domains on the cytoplasmic side of the membrane bind
ATP and couple ATP hydrolysis to the transport pro-
cess. A small subgroup of ABC transport proteins are
MDR gene products, also called MDR P-glycoproteins.
The denomination MDR (multi drug resistance) is
derived from the fact that, in humans, some of these
ATPases are overexpressed in malignant cells. By
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Fig. 5.4 Schematic representation of Na*/K* ATPase. The pump
consists of an a- and a B-subunit whose structure varies in dif-
ferent tissues. The intracellular domain of the o-subunit con-
tains a binding site for Na*, phosphorylation and ATP. The
extracellular domain has a binding site for K* and ouabain.
Oubain inhibits the Na* /K* -ATPase

expulsion of chemotherapeutic agents from malignant
cells, MDR transport proteins render these cells resis-
tant to multiple cytostatic drugs. In hepatocytes ABC
transporters (MDR transport proteins) are responsible
for the transport of peptide fragments from the cytosol
to the endoplasmic reticulum, and for extrusion of
organic compounds through the canalicular membrane
into the bile. The activity of these transporters depends
on the energy released by hydrolysis of ATP. The cys-
tic fibrosis transmembrane conductance regulator
(CFTR) is also a member of the ABC family (see
Chapters 52 and 86).

Vesicle Transport

As a rule macromolecules are transported within the
hepatocytes in membrane-enclosed vacuoles. Uptake
and secretion of substances are linked by the fusion of
vesicle membranes with the cell membrane and with
the membranes of cell organelles. Table 5.1 gives an
overview of various forms of vesicle transport in the
hepatocyte.

e Exocytosis

is the process by which macromolecules contained in
cytoplasmic secretory vesicles are secreted into the
extracellular space. The secretory vacuoles fuse with
the cell membrane. The area of fusion then breaks down,
leaving the contents of the vesicle outside the cell.
Exocytosis is an energy consuming, Ca** -dependent
process. Exocytosis may be initiated by an exogenous
stimulus, in which case it is called

e Triggered or nonconstitutive exocytosis

This form of exocytosis pertains less to the hepatocyte,
but more to secretory active cells, such as pancreatic
acinar cells and endocrine cells. Proteins from the Golgi
apparatus initially enter secretory granules, where they
are further processed before exocytosis. In

* Non-triggered or constitutive exocytosis

secretion of intracellular molecules does not require an
exogenous stimulus. In the constitutive pathway pro-
teins are promptly transported to the cell membrane in
vesicles, with little or no processing or storage.
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The intake of solutes is not visible under the micro-
scope and is called

o “Fluid-phase” endocytosis (pinocytosis)
as opposed to

® Receptor mediated (adsorptive) endocytosis

in which a ligand binds to a membrane receptor, and
this ligand-receptor complex is internalized into the
cell in clathrin-coated vesicles.

To prevent an excessive increase of the cell surface,
exocytosis nearly always is coupled to endocytosis
(“exocytosis coupled endocytosis™).

e Transcytosis

describes the passage of vesicles from one pole of the
cell to another pole, without processing the substances
contained in the vesicles.

e Diacytosis (retrocytosis)

is a process by which part of the intact, internalized
ligand-receptor complex recycles to the cell surface. It
has to be distinguished from pure receptor recycling.

Cytoskeleton

A prerequisite for the directional vesicle traffic in the
hepatocyte is the integrity of the microtubular cytoskel-
eton (see also Chapter 3). This microtubular web is
composed of microfilaments which are formed by
polymerized actin. They are indispensable for the
structural and functional polarity of the hepatocyte.
Microtubuli are found in the microvilli and they are
especially abundant around the canaliculus, in the peri-
canalicular ectoplasm. In concert with cytoplasmic
myosins, they maintain the structure and the contrac-
tility of the bile canaliculus. They are responsible for
“anchoring” of the Golgi apparatus between the cell
nucleus and the apical pole of the hepatocyte.

The transport of membrane-bound vesicles is target-
oriented along the filamentous cytoskeletal structures
(Fig. 5.5). Motor proteins move the vesicles in an
energy-dependent, ATP-consuming process. The vesi-
cles bind to the microtubular motor protein kinesin and
to the cytoplasmic motor protein dynein, both belong-
ing to the ATPases. Both motor proteins move the ves-
icles in an energy consuming, ATP-dependent process
in opposing directions. The movement of vesicles
requires further cytoplasmic factors, such as spectrin

and dynactin, a multiprotein-complex. Its main com-
ponent is an actin isoform called actin-RPV (actin
related protein of vertebrates).

Vesicle transport is influenced by many factors.
Among them are secondary messengers (CAMP), Ca** -
influx into the cell, and protein kinase C. These factors
seem to stimulate exocytosis and transcytosis. Osmotic
stimuli (“hypotonic stress”) and alkalinization of the
hepatocyte lead to stimulation of vesicle transport in
the direction of the apical cell membrane.

Hepatocellular Transporters

(For cholangiocyte transporters see Chapter 52)

Liver cells contain many transport proteins that are
integrated into their plasma membrane. These transport-
ers reach various cell membrane domains by regulated
vesicle trafficking from the Golgi apparatus (see below)
[15]. Uptake of exogenous and endogenous substances
occurs mostly at the hepatocyte’s basolateral domain,
whereas their excretion predominantly occurs at the api-
cal domain. To a lesser degree, substances may also be
secreted through the basolateral membrane into the sinu-
soidal blood (“reflux”). Efflux of endogenous and exog-
enous (xenobiotics) cholephilic compounds occurs via
transport proteins localized in the canalicular membrane.

After uptake through the sinusoidal liver cell mem-
brane, bile acids and other organic and anorganic mol-
ecules are processed intracellularly. They are then
transported through the hepatocyte and subsequently
secreted across the canalicular membrane into the bile
(see also Chapter 7). Any disturbance of these pro-
cesses can lead to intracellular accumulation of poten-
tially harmful substances [6, 11, 18, 26]. Transport
proteins localized in the basolateral membrane and
canalicular efflux transporters are depicted schemati-
cally in Fig. 5.6.

Basolateral (sinusoidal) Transporters

Most organic anions are transported in blood bound to
albumin. After dissociation from albumin they are taken
up by transport systems localized in the basolateral
membrane of the hepatocyte. Bile acids belong to the
most important anions. The uptake of bile acids is car-
ried out by both Na* -dependent and Na* -independent
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Fig. 5.5 Targeted vesicle
transport (proteins, lipids)
along microfilamentous
structures of the cytoskel-
eton with the help of motor
proteins (Modified
according to [19])

Fig. 5.6 Hepatocellular
transport proteins at the
basolateral (sinusoidal) and
apical (canalicular) pole of
hepatocytes involved in the
uptake and efflux of
endogenous and exogenous
compounds. See text for
abbreviations.

(According to [20])
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mechanisms [5, 25]. The Na*-dependent pathway is
regarded as the most important mechanism of bile acid
uptake. It is regulated by a Na*-gradient which is gener-
ated by the activity of Na*-K*-ATPase localized in the
basolateral membrane. The Na*-K*-ATPase maintains
the electrochemical gradient between the hepatocyte and
its environment. By exchanging three intracellular Na*
for two extracellular K*, a high extracellular Na* concen-
tration and a high intracellular K* concentration is main-
tained. The resulting electrical gradient is —35mV, with
the cell interior being negative compared to the extracel-
lular space. This potential difference enhances the intra-
cellular uptake of positively charged particles and the
efflux of negatively charged ions.

The sodium-dependent pathway is represented by
the sodium taurocholate cotransporting polypeptide
(NTCP; Na-taurocholate cotransporter). The human
NTCP is a glycoprotein of 349 amino acids with seven
transmembrane domains. Its genomic DNA is local-
ized on chromosome 14q24.1-24.2. The most impor-
tant substrates of NTCP are conjugated bile acids (e.g.
taurocholate and glycocholate, taurochenodeoxycholic
acid and chenodexycholate). NTCP accounts for more
than 80% of conjugated but less than 50% of unconju-
gated bile salt uptake. Certain sulfated steroids, such as
estron-3-sulfate, dehydroepiandrosterone sulfate may
also be transported by NTCP, albeit in much lower
quantities.

The sodium-independent uptake of bile acids is
mediated by different members of the superfamily of
organic anion transporting polypeptides (OATP).
OATP transporters function as anion exchangers, which
not only mediate the hepatocellular uptake, but also the
excretion, of organic anions, such as bromosulphthalein
(BSP) and taurocholate, across the basolateral mem-
brane into the sinusoidal blood [10, 17, 27, 28].

In the human liver, the highest expressions are found
for OATPIB1 and its 80% sequence homologue
OATP1B3. OATP1B1, OATP1B3 and OATP1A2 exhibit
overlapping transport activities for conjugated and uncon-
jugated bile salts (the affinity of OATP for taurocholic
acid is less than that of NTCP), BSP, neutral steroids, ste-
roid sulfates (e.g. estron-3-sulfate) and glucuronides (e.g.
estrogen-173-glucuronide). In addition, numerous drugs
are substrates of OATPs, including fexofenadine, opioid
peptides, cardiac glycosides, pravastatin, enalapril and
methotrexate. The uptake of the hepatotoxins phalloidin
and microcystin is mediated by OATP1B 1 and OATP1B3,
while the uptake of amanitin, the most dangerous natural

toxin capable of causing liver failure, seems to be exclu-
sively mediated by OATP1B3 [21].

A second OATP of 691 aminoacids — OATP2 — was
identified in the basolateral membrane of human hepa-
tocytes [7]. It shows a 44% homology with OATPI.
The substrate specificity of OATP2 encompasses BSP,
17B-glucuronosylestradiol, bilirubin-monoglucuronide,
dehydroepiandrosterone-sulfate and taurocholate.
Therefore, OATP2 like OATP1 seems to be important
for the uptake of organic anions in the human liver,
including BSP and bilirubin conjugates. However, the
exact physiologic mechanisms of bilirubin and BSP
uptake into the hepatocyte are still unknown. The exis-
tence of a bili-translocase, a BSP/bilirubin binding pro-
tein, has been postulated. However, their cDNA has not
yet been identified.

In addition to the OATPs, the uptake and elimination
by the hepatocyte of endogenous and exogenous organic
anions and cations is carried out by sodium-independent
systems belonging to the family of organic anion and
organic cation transporters (OAT and OCT). Until
2007 OAT2 was the only transporter of the OAT/OCT
family believed to be liver-specific, whereas OCT1 is
expressed in human liver as well as in kidneys, small
intestine and colon. Recently a novel liver-specific
OAT7, with a new class of substrates for organic anion
transporters, has been described. It operates the exchange
of sulfate conjugates for butyrate in hepatocytes [23].

OCT1 consists of 554 amino acids and is capable of
transporting large and small organic cations [29]. However,
the exact role of OAT2 and OCT]1 in hepatic uptake of
drugs and bile constituents remains to be established.

Basolateral transporters are subject to extensive
transcriptional and posttranscriptional regulation. Dis-
turbances of the regulatory mechanism play an impor-
tant role in the pathophysiology of cholestasis [20].
Bacterial lipopolysaccharide, forexample, downregula-
tes NTCP-mRNA. The reduced activity of NTCP seems
to play a key role in endotoxin (septicemia) associated
cholestasis (see Chapter 52) [4].

To a lesser degree, organic anions and cations can
enter the hepatocyte by carrier-independent mecha-
nisms, such as passive diffusion or endocytosis. Highly
lipophilic organic cations, for example, may diffuse
passively through the hepatocyte membrane. Dopamine,
choline, norepinephrine and serotonin belong to the
endogenous organic cations.

In addition to uptake systems, the basolateral mem-
brane also localizes transport proteins responsible for
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the secretion of ions. These proteins belong to the
family of multidrug resistance-associated proteins
(MRPs). MRPs are multispecific ATP-binding cas-
sette (ABC) transporters involved in the efflux of
organic anions. Six family members (MRP 1-6) are
presently known, each displaying a tissue specific
expression. With the exception of MRP2, which local-
izes on the canalicular membrane, all other MRPs are
present in the basolateral membrane [21]. The genes
for the individual proteins are on different chromo-
somes, and their physiological significance is still not
completely understood.

MRP1 is expressed in the liver in very small quan-
tities. The physiologic roles of MRP1 include the cel-
lular efflux of glutathion-S-conjugates, leukotriene C,,
steroid conjugates (e.g. 17B-glucuronosyl-estradiol),
and glucuronidated or sulfated bile acid conjugates.
This “reflux” of organic anions across the basolateral
membrane gains special importance in cholestasis.

MRP3 is strongly expressed in the liver, and trans-
ports sulfated and glucuronidated bile acids.

MRP4 and MRPS are heavily expressed in the liver.
They mediate the transport of nucleoside analogs such
as zidovudine, lamivudine, and stavudine (MRP4);
cyclic adenosine and guanosine monophosphate; meth-
otrexate and the purine analogs 6-mercaptopurine and
6-thioguanine; and, the endothelin ET,-receptor antag-
onist BQ123.

The physiologic substrates of MRP6 are yet
unknown.

Apical (canalicular) Transporters

Many endogenous and exogenous hydrophobic sub-
stances become hydrophilic after conjugation with
glucuronic acid, glutathione or sulfate, and thus suitable
for biliary excretion. The rate limiting step (“bottle
neck) of hepatic transport for many substances is
canalicular secretion. With the exception of FIC1, trans-
port of bile constituents across the canalicular mem-
brane and hepatic drug clearance is carried out by ATP
dependent membrane proteins which belong to the ABC
transporters. These include members of the family of
multidrug resistance (MDR) P-glycoproteins (MDR1
and MDR3) and the bile salt export pump (BSEP).

In addition, the canalicular membrane localizes the
multidrug resistance-associated protein (MRP2) and

the ABC half transporters breast cancer resistance pro-
tein (BCRP), as well as the cholesterol translocase/
flippase ABCGS5 and ABCGS.

The canalicular excretion of bile acids is carried out
by at least two transport systems, the multi-drug resis-
tance associated protein 2 (MRP2) and the bile salt
export pump (BSEP).

MRP2 has 1,545 aminoacids and mediates the
canalicular transport of glucuronidated and sulfated
bile salts. Because of its broad substrate specificity it
was originally referred to as the canalicular, multispe-
cific organic anion transporter (c(MOAT). In addition
to bile salts, MRP2 transports a wide spectrum of
organic anions, including glucuronic acid conjugates
(e.g. bilirubin diglucuronide), glutathione conjugates,
leukotriene C,, as well as cancer chemotherapeutic
agents, uricosurics, and antibiotics. MRP2 is the main
driving force for bile salt independent bile flow through
canalicular excretion of reduced glutathione. A down-
regulation of MRP2 was shown to occur in experimen-
tal intra- and extrahepatic cholestasis. Furthermore,
experimental data suggest that activation of protein
kinase C in cholestasis may lead to retargeting of
canalicular MRP2 to the basolateral membrane [8].

BSEP constitutes the predominant bile salt efflux
system and mediates the cellular excretion of conju-
gated bile salts such as taurine- or glycine conjugated
cholate, chenodoxycholate, and deoxycholate. Its traf-
ficking from the Golgi apparatus to the canalicular
membrane is under control of certain kinases and may
be enhanced by tauroursodeoxycholate [9].

The canalicular excretion of various organic cations
is ATP-dependent and mediated by the MDR 1 gene
product. The MDR 1 gene codes for 1,279 amino acids
and is located on chromosome 7. The endogenous sub-
strate for MDR 1 is unknown, but it is thought to con-
tribute to the canalicular excretion of drugs (e.g.
chemotherapeutic and immunosuppressive agents,
antiarrhythmic drugs, HIV protease inhibitors, anti-
fungals) and xenobiotics into bile.

The MDR 3 protein exhibits a 75% amino acid
homology with MDR 1. It serves as an ATP-dependent
phospholipid-translocase/flippase, translocating phos-
phatidylcholine from the inner to the outer leaflet of
the canalicular membrane. MDR3 is important for the
secretion of phospholipids into the bile, which,
together with bile salts, forms mixed micelles that
protect cholangiocytes from the detergent actions of
bile salts.
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BCRP has been shown to transport sulfated bile
salt conjugates such as taurolithocholate in vitro. Its
physiologic role in canalicular secretion is unknown.

ABCGS and ABCGS are involved in the hepatobil-
iary excretion of plant sterols and cholesterol.

Aquaporins

Aquaporins are a family of integral membrane water
channel proteins that facilitate the rapid movement of
water. In addition to water, they facilitate transmem-
brane transport of glycerol, urea, and, in special cases,
co,, ammonia, nitrate, CI-, carbamides, purines, pyri-
midines, polyols, and arsenate. Among 13 aquaporins
cloned in mammals, seven have been identified in the
liver and biliary tree. Aquaporins are likely involved in
canalicular and ductular bile secretion, gluconeogene-
sis, and microbial infection [16, 22].

Aquaporin 8, one of the main aquaporins in hepato-
cytes under non-stimulated conditions, is largely local-
ized in intracellular vesicles. Upon stimulation by
choleretic substances it redistributes to the canalicular
membrane, thereby increasing the apical cell surface
permeability and facilitating osmotic water transport.

Agquaporin 9 is principally localized on the hepatocyte
basolateral membrane and is highly permeable to glycerol
and urea. Its exact role in the hepatocyte is unknown.

Regulation of Intracellular pH

The intracellular pH of the hepatocyte (pHi) results
from the net balance of acid accumulated within the
hepatocyte and acid excreted by the liver cell. It is
kept within a narrow range by active transport pro-
cesses. The maintenance of pHi is achieved by the
activity of carriers that transport Na*, H*, Cl- and
HCO," across the hepatocyte membrane. Among these
transporters are the

* Na*/H* -exchanger, the

¢ Na*/HCO, -cotransporter in the basolateral mem-
brane, and the

e HCO,/CI' -exchange pump in the canalicular
membrane.

The Na*/H* -exchanger leads to intracellular alkalini-
zation and the HCO,”/Cl-exchange pump leads to
intracellular acidification, while the Na*/HCOS—
cotransporter can bring about both.

The regulation of pHi within the hepatocyte is
tightly associated with other cell functions. Glycolysis,
accumulation and uptake of lactate and other acids,
biliary excretion of HCOS‘, regulation of cell volume,
intracellular concentrations of Ca** and cAMP, and
membrane potential can all influence pHi [24]. The
membrane potential and pHi are closely interrelated.
Changes in pHi will lead to alterations of the mem-
brane potential, while primary alterations of membrane
potential difference will impact the pHi. The negative
electrochemical gradient across the liver cell mem-
brane enhances the influx of H* and weak cationic
acids, and the efflux of HCO;. A fall in pHi leads to
depolarization of the hepatocyte membrane, while
alkalinization of the intracellular milieu causes hyper-
polarization. The pH-induced alterations in potential
difference are probably mediated by changes in the
membrane permeability for K*. On the other hand, pri-
mary depolarization will lead to alkalinization of the
cell interior, while a hyperpolarization will cause
acidification.

The activity of ion transporters is controlled by hor-
mones and growth factors. Table 5.2 summarizes the
factors that influence the pHi of the hepatocyte.

The Na*/H*-exchange takes place at the basolateral
membrane. It is electroneutral and is guided by the Na*
-gradient. It leads to excretion of acid and is inversely
correlated to the pHi. Insulin, arginine-vasopressin,
epidermal growth factor, and activation of protein
kinase C all stimulate the activity of hepatocellular
Na*/H* -exchange. The Na*/H* -exchange is inhibited

Table 5.2 Factors affecting the intracellular pH of the hepatocyte
(According to [24])

Factor Intracellular pH
Metabolic inhibitors 4
Hypoxia, anoxia 4
Membrane potential difference
Depolarization 0
Hyperpolarization L
Temperature inverse correlation
Metabolic acidosis $
Extracellular pH direct correlation
Cellular volume increase 0
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by a decrease in extracellular Na*, by amiloride, cAMP
and its analogs, as well as by a decreased intracellular
Ca** -concentration.

The Na*/HCO; cotransport is electrogenic and
Na*- and HCO, -dependent. It localizes to the basolat-
eral membrane and, by influx of HCO;, it functions
primarily as and acid extruder.

The HCO, /Cl-exchange pump is an electroneu-
tral transporter localized in the canalicular membrane.
It mediates the exchange of CI- for HCO,", indepen-
dent of Na*. By extruding HCO,~ from the hepatocyte
into the canalicular lumen, it contributes to the alka-
linization of bile and to the acidification of the hepato-
cyte interior. The activity of the HCO,/Cl~ -exchange
pump is directly proportional to the pHi. The pump is
stimulated by cAMP, glucagon, and protein kinase A
agonists, and is inhibited by protein kinase C agonists.

Ion pumps are not distributed uniformly in the
hepatic lobule. While Na*/H* -exchange in periportal
and perivenous hepatocytes is approximately equal,
Na*/HCO, -cotransport is more pronounced in peri-
portal hepatocytes compared to perivenular liver cells.
The HCO,/Cl-exchange pump is more active in
perivenular cells.

Vesicle Transport
of Hepatocellular Proteins

Protein synthesis takes place in the endoplasmic retic-
ulum. Initially all proteins follow a common pathway
from the endoplasmic reticulum to the Golgi appara-
tus. By pinching off and fusion of vesicles, secretory
vesicles are transported through various compartments
of the Golgi apparatus [2]. After this passage they
reach their final cellular destination. The functions of a
protein, and the cellular site where these functions are
exerted, are genetically determined by defined amino
acid sequences and by targeting signals. A target of a
protein may be the basolateral or the canalicular mem-
brane, where it may become incorporated into the
membrane. Alternatively, proteins may be extruded by
constitutive exocytosis into the blood or bile, or they
may be directed to an intracellular address, e.g. the
lysosomes (Fig. 5.7). If a protein is integrated into the
membrane of the endoplasmic reticulum, it will finally
be inserted into the plasma membrane. If, on the other

Exocytosis Endocytosis  Transcytosis

rough ER

Fig.5.7 Receptor mediated endocytosis and vesicular transport.
Ligand molecules bind to specific surface receptors of the
plasma membrane and are internalized in coated vesicles. The
internalized vesicles reach endosomal sorting compartments in
the peripheral cytoplasm. The acidification of the interior of the
vesicles by proton pumps enhances the uncoupling of ligands
from their receptors. The released ligands can be degraded by
lysosomes, incorporated into the trans Golgi network (TGN), or
recycled to the cell membrane to be secreted by exocytosis.
CURL compartment of uncoupling receptor and ligand

hand, the protein is present in the lumen of the endo-
plasmic reticulum, it is destined for secretion. Present
findings support the notion that all plasma membrane
proteins — even those allotted for the apical domain —
initially are transported to the basolateral membrane.
Here proteins destined for the apical membrane are
sorted out and, probably by transcytosis, are redirected
to the canalicular membrane. The transcytosis of vesi-
cles between various intracellular compartments
occurs along the microtubular cytoskeleton.

The Golgi apparatus is a membrane system of
stacked cisternae that are perforated in a netlike fash-
ion at their outer margins, and surrounded by membra-
nous tubules and vesicles. It takes up, processes and
transports secretory products derived from the adjoin-
ing rough endoplasmic reticulum. The section of the
Golgi apparatus next to the transitional element of the
rough endoplasmic reticulum is called cis-Golgi, while
the segment situated farthest away (the last Golgi
transport station) is denoted trans-Golgi-network
(TGN). The continuous and directed flow of vesicles
occurs through budding and fusion of vesicles from
one Golgi cistern to another, from cis to trans. From
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the outermost margin of the TGN-cisternae vesicles
pinch off as complete secretory products for exocyto-
sis and as primary lysosomes.

The vesicular secretion in the Golgi apparatus is
controlled by certain proteins. The lipid composition
of the membrane and small GTPases, anchored to the
cytosolic aspect of the membrane, are important for
the assembly of coat protein complexes (coatomers).
Coatomers surround the vesicles and are necessary for
their addressing of consecutive cisterns.

Not all vesicles leaving the endoplasmic reticulum
for cis-Golgi take the described pathway. The hepato-
cyte contains a salvage compartment in which proteins
that have left the rough endoplasmic reticulum “by
mistake” may be brought back again (‘“salvaged”) to
the transitional element of the rough endoplasmic
reticulum. These retrograde or shuttle-vesicles possess
so called KDEL-receptors that are characterized by
proteins with a specific amino acid sequence (lysine-
aspartic acid-glutamic acid-leucin; retrieval-retention-
sequence). Shuttle vesicles may originate from each
part of the Golgi complex, not only from segments
adjoining directly the rough endoplasmic reticulum.

During their passage through the Golgi apparatus the
proteins are subject to many posttranslational modifica-
tions. On their way from cis to trans, glycosyl-transferases,
for example, attach specific sugar residues to proteins of
the vesicle membrane and to the vesicle contents. This
process is called peripheral gylocosylation.

Integral and peripheral membrane glycoproteins reach
the basolateral cell surface through vesicles that have
pinched off from the TGN. Proteins designed for the api-
cal domain migrate by transcytosis from the basolateral to
the canalicular membrane.

Membrane transporters (see above) reach the
plasma membrane in specialized intracellular vesi-
cles. Vesicle transport is tightly regulated. In response
to appropriate stimuli transporters are integrated into
the plasma membrane. They may be retrieved by
endocytosis and remain for a period of time in vesi-
cles (i.e. early endosomes) or undergo re-fusion after
re-stimulation. Alternatively, they may move to a
non-recycling compartment (i.e. late endosomes)
where they ultimately will be degraded by lysosomes.
Some transporters might be targeted for proteolysis
through the ubiquitin-proteasome pathway [15].

What has been said about integral cell membrane
proteins applies also to proteins that are designated for
export. All proteins designed for secretion are first

transported to the plasma membrane. Lipoproteins,
albumin, and transferrin reach the circulation by con-
stitutive exocytosis. Other proteins such as polymeric
IgA-receptor, however, are secreted into bile only after
accessing the apical membrane by transcytosis from
the sinusoidal pole.

Receptor Mediated Endocytosis

Receptor mediated adsorptive endocytosis is a cellular
process by which different ligands bind to specific
receptors on the cell surface, and then the ligand-recep-
tor complexes are internalized in vesicles. Within the
cell, endocytotic vesicles take different pathways [1, 3].
Examples of ligands that are taken up into hepatocytes
by receptor mediated endocytosis are LDL, transferrin,
asialoglycoproteins (ASGP), plasminogen activator-
inhibitor complexes, hormones (insulin), epidermal
growth factor (EGF), and certain lysosomal enzymes.
Viruses and bacterial toxins can also gain access to the
hepatocyte by this route. Protein secretion and receptor
mediated endocytosis are not, as previously assumed,
two sharply separated processes. Instead, as already
suggested by the spatial closeness of endosomes
(CURL; see below) and the TGN, the biosynthetic and
the endocytotic pathways are closely interconnected.
The initial step in receptor mediated endocytosis is
the accumulation of receptor proteins in indentations
of the cell membrane, the coated pits, that account for
approximately 2% of the cell surface. Receptors for
different ligands are either diffusely distributed on the
membrane (e.g. EGF, insulin, ASGP) or localized in
coated pits (e.g. LDL, transferrin). Diffusely distrib-
uted cell surface receptor molecules, after contact with
their respective ligand, redistribute and concentrate in
circumscribed areas in the cell membrane. Thereafter,
the ligand-receptor complexes move laterally in the
cell membrane and concentrate in coated pits. On their
outer surface, corresponding to the inner aspect of the
cell membrane, these pits are coated with clathrin.
Ligands, such as LDL and transferrin react with
previously locally concentrated receptor molecules.
After reaching a critical size the ligand-receptor com-
plexes within the coated pits further indentate and
finally pinch off into the cell interior as coated vesicles.
On their outside, coated pits and coated vesicles are
covered by a polygonal web of specifically organized
macromolecules. The most important coat-protein is
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clathrin, which is a trimeric protein composed of light
and heavy chains (triskelion). The triskelions assemble
to form pentagonal and hexagonal subunits that create
a cage — reminiscent of a leather soccer ball- around
the vesicle (clathrin coated vesicle). In addition to
clathrin, a second class of coat-proteins exists, the
adaptins. Adaptins are barrel-shaped proteins located
between the clathrin-web and the vesicle membrane.
They are important for the assembly of clathrin, and
probably mediate the binding of clathrin to the vesicle
membrane. Furthermore, they are thought to be involved
in the binding of receptor molecules.

Shortly after pinching off the plasma membrane,
coated vesicles via an active ATP-dependent process
loose their clathrin cover (uncoating), leaving behind
“smooth”, membrane-bound vesicles containing recep-
tor-ligand complexes (receptosome). These migrate to
a peripheral cytoplasmic compartment adjoining the
TGN, near the basolateral membrane and not far away
from the original site of their endocytosis, and become
early endosomes. Early endosomes are tubulovesicu-
lar organelles that contain endocytosed ligands during
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the early uptake phase. The interior of these organelles
becomes acidified by proton pumps integrated in their
membranes. Acidification leads to the separation of
receptor and ligand which takes place in the compart-
ment of uncoupling receptor and ligand (CURL). This
uncoupling is pH-dependent, whereby different ligand-
receptor complexes dissociate at different pH values.
After separation, ligands and receptors accumulate
in different parts of the tubulovesicle. Thereafter, the
endosome separates in two vesicles, and ligand and
receptor follow their individual fate.

Fate of Ligands and Receptors

Presently three endosomal fractions are distinguished.
Early (CURL) and late (multivesicular bodies; prelyso-
somal structures) endosomes, as well as the endosomal
receptor-recycling compartment (RRC). The RRC is
rich in recirculating receptors and contains only a few
ligands. In the early endosomes sorting of ligands occurs,
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Fig. 5.8 Selected examples of intracellular sorting of receptor-
ligands. (a) Asialoglycoprotein (ASGP), low density lipopro-
tein (LDL). Receptor recycles, ligand is processed. The
ASGP-receptor has a high affinity for galactose residues of
proteins. It recognizes ligands with terminal galactose-galac-
tosamine residues. The ligand is degraded by lysosomes. The
receptor returns to the cell surface and can be reused.
Apolipoprotein B mediates the binding of LDL to the LDL-
receptor. Cholesterol is released within the hepatocyte and sup-
presses the expression of new LDL-receptors. (b) Transferrin.
Recycling of receptor and ligand. In the endosomes, iron dis-
sociates from transferrin and is released intracellularly. The

L =Transferrin

L=plgA

remaining vesicles, containing receptor-bound apotransferrin,
are transported to the sinusoidal membrane, where they fuse
with the plasma membrane. Apotransferrin dissociates from its
receptor and is secreted into the sinusoidal blood by exocyto-
sis. (¢) Polymeric IgA (pIgA). Receptor is processed, ligand is
transported. The IgA-receptor is a transmembrane glycopro-
tein. The secretory component (SC) is part of the IgA receptor.
pIgA and SC are transported for the most part by transcytosis
to the apical membrane and are secreted into bile (possibly a
small part is processed in the Golgi complex). The remaining
part of the receptor does not recirculate, but is degraded by
proteolysis (Adapted from [1])
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according to their target site. This sorting process con-
tinues with repeated fusions and separations of mem-
brane bound compartments. Certain molecules will
return to the cell surface, e.g. receptor recycling, while
others will be transported to late endosomes and lyso-
somes where they are degraded. Still others will traverse
the hepatocyte by transcytosis and fuse with the canali-
cular membrane at the apical pole. While transport to the
endosomes occurs rapidly within minutes, the transport
to the Golgi system requires hours.

The different cellular pathways of some ligands and
their hepatocellular membrane receptors is depicted
and briefly described in Fig. 5.8.
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Carbohydrates

Carbohydrates taken up with food are mostly polymers
of the hexoses: glucose, galactose and fructose. The
most important product of carbohydrate digestion and
the most important monosaccharide circulating in
blood is glucose. It is the major fuel for most tissues.

Uptake of Glucose

The uptake of glucose across the sinusoidal membrane
into the hepatocyte depends on its concentration gradi-
ent and occurs by facilitated diffusion with the help of
glucose transporter 2 (GLUT?2). Glucose uptake into
the hepatocyte is not insulin dependent. Within the
hepatocyte glucose is phosphorylated by glucokinase
to glucose 6-phosphate, which is an important inter-
mediary compound at the junction of several metabolic
pathways (see below). Under physiologic conditions,
the phosphorylation of glucose to glucose 6-phosphate
can be regarded as irreversible. The rapid conversion of
glucose to glucose 6-phosphate keeps the intracellular
concentration of free glucose low, thereby maintaining
the glucose concentration gradient between the blood
and the hepatocyte. It is the activity of glucokinase that
determines the rate of glucose uptake from the sinu-
soidal blood, whereas GLUT?2 only facilitates glucose
transport across the liver cell membrane. GLUT2 and
liver glucokinase have a low affinity but a high capacity
for glucose, so that both are not saturated under physi-
ological blood glucose concentrations. Therefore, the
rate of glucose uptake and phosphorylation, i.e. the
intracellular glucose concentration, depend on blood
glucose levels, and the high-K  glucokinase promotes
increased hepatic utilization of glucose. In perivenu-
lar liver cells another glucose transporter (GLUT1) is
present as well, having high affinity and low capacity
for glucose transport.

Release of Glucose

The release of glucose from the hepatocyte into the
sinusoidal blood occurs also by facilitated diffusion
after glucose 6-phosphate has been dephosphorylated
by glucose 6-phosphatase. Only cells equipped with

glucose 6-phosphatase are able to release glucose into
the circulation. This enzyme is localized at the luminal
side of the smooth endoplasmic reticulum membranes.
In addition to parenchymal liver cells, only the intes-
tinal epithelium and the renal cortex display glucose
6-phosphatase activity. Therefore, these organs are
also able to release glucose into the blood.

Bidirectional Glucose Transport

The bidirectional glucose transport across the basolateral
(sinusoidal) membrane is precisely regulated along the
range of possible extreme glucose concentrations. The
uptake of glucose induces glycolysis, simultaneously
inhibiting hepatic production of glucose. On the other
hand stimulation of glucose production enhances glucose
export. Hexose specific glucokinase is the key enzyme
of glucose utilisation. The high-K  glucokinase is spe-
cific for the pancreatic 3 cell and for the hepatocyte.
Glucokinase is not subject to end product inhibition.
Rather, there exists a feedback regulation between glu-
cokinase gene expression and the blood concentrations
of glucose and insulin. Hyperglycemia and hyperinsu-
linemia stimulate, while glucagon inhibits the expression
of glucokinase. Increased hepatic glucose uptake and uti-
lization lower blood glucose concentration.

Glucose 6-phosphate is the pivotal compound of glu-
cose metabolism. According to the needs of the organism
the metabolism of glucose can follow several pathways:
glycolysis, pentose phosphate pathway, glycogenolysis,
gluconeogenesis and glycogen synthesis (Fig. 6.1).

Fructose is found primarily in fruits and vegetables.
In the liver it is converted to fructose 1-phosphate by
fructokinase. This is then split into dihydroxyacetone
phosphate and glyceraldehyde. Glyceraldehyde is con-
verted to glyceraldehyde 3-phosphate, which is then
metabolized by the glycolytic pathway. To a lesser degree
fructose is reduced to glycerol.

Galactose, mainly present in dairy products, is also
metabolized by glycolysis after being phosphorylated
and epimerized to glucose 1-phosphate.

Glycolysis

Glycolysis is the major oxidative cytosolic pathway of
glucose metabolism in which glucose (or glycogen) is
converted to pyruvate and/or lactate (Fig. 6.2). It can
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Fig.6.1 Glucose 6-phosphate
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function either aerobically or anaerobically. Under
aerobic conditions pyruvate, the cytosolic end product
of glycolysis, enters the mitochondria and is oxidized
to CO, and H,O in the citric acid cycle (the common
final metabolic pathway of carbohydrates, fatty acids,
and some amino acids). The pairs of electrons pro-
duced in the citric acid cycle help to generate energy
(ATP) during oxidative phosphorylation. Lactate is the
end product of glycolysis under anaerobic conditions.

Beginning with glucose, three irreversible reactions
occur during glycolysis that are regulated by three key
enzymes, each catalyzing nonequilibrium reactions:
hexokinase (glucokinase), phosphofructokinase I, and
pyruvate kinase (Table 6.1). In addition, pentoses
derived from the pentose phosphate pathway may enter
glycolysis (Fig. 6.2).

The energy balance of glycolysis is as follows: if
pyruvate/lactate derives from glycogen under anaerobic
conditions, three molecules of ATP per one molecule of
glucose 6-phosphate are generated. However, if pyruvate
derives from one molecule of blood glucose the net gain
is only two molecules of ATP, since one ATP molecule is
consumed for the phosphorylation of glucose to glucose
6-phosphate. Under aerobic conditions two molecules of
pyruvate, two ATP molecules and two molecules of
NADH + H* are generated from one molecule of glu-
cose. Under aerobic conditions the net energy gain is 19
times higher compared to anaerobic conditions. Thirty-
eight molecules of ATP are generated from one molecule
of blood glucose metabolized aerobically in glycolysis
and then oxidized in the citric acid cycle.

Pentose Phosphate Pathway

The pentose phosphate pathway (hexose monophos-
phate shunt) is an alternative cytosolic route for the
oxidation of glucose. Starting from glucose 6-phos-
phate, NADPH + H* is generated. This is required for
the synthesis of fatty acids and isoprenoids. In addi-
tion, the hexose monophosphate shunt provides ribose
5-phosphate, a precursor for nucleotide synthesis. ATP
is not produced in the pentose phosphate pathway.
However, according to the energy needs, intermediate
compounds, such as fructose 6-phosphate and glycer-
aldehyde 3-phosphate may be metabolized by glycoly-
sis and generate energy (Fig. 6.2).

Gluconeogenesis

Gluconeogenesis is the process of converting noncar-
bohydrate precursors to glucose. The process is energy
consuming. The major substrates for gluconeogen-
esis are lactate from skeletal muscle and erythrocytes,
glucogenic amino acids from skeletal muscle and from
the intestinal tract, and glycerol from adipose tissue.
Fatty acids are not available for gluconeogenesis,
since the acetyl residues that are generated during their
[-oxidation are completely metabolized in the citric
acid cycle. The liver is the major organ of gluconeo-
genesis (90%) and up to 250g glucose are generated
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Table 6.1 Key enzymes and key reactions of glycolysis with the respective inducers and repressors

o-Ketoglutarate

Repressor

Enzyme Reaction Inducer

Glucokinase Glucose — glucose 6-phosphate Insulin
Phosphofructokinase  Fructose 6-phosphate — fructose 1,6-biphosphate  Insulin, glucose, AMP,

AMP
ATP

fructose 2,6-biphosphate

Pyruvate kinase Phosphoenolpyruvate — pyruvate Insulin, glucose

Glucagon,
epinephrine

Source: From [7]. With permission
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Fig. 6.3 The liver is the main organ for gluconeogenesis. The
most important glucogenetic amino acid is alanine. 1, 2 and 3 are
key enzymes of gluconeogenesis

daily by this route. The renal tubular epithelia contrib-
ute approximately 10% to gluconeogenesis.
Gluconeogenesis takes place in the cytosol, mito-
chondria, and endoplasmic reticulum. Amino acids
that are degraded in the citric acid cycle or that yield

pyruvate may be transformed to glucose (glucogenic
amino acids). The amino acid contributing most to
gluconeogenesis is alanine.

Cytoplasmic pyruvate crosses the mitochondrial
membrane and is carboxylated in the mitochondrial
matrix to oxalacetate (enzyme: pyruvate carboxylase),
which is further reduced to malate. The mitochondrial
membrane is impermeable to oxalacetate. Therefore,
oxalacetate may exit the mitochondrium only by two
indirect ways: (1) reduction to malate, and (2) transami-
nation to aspartate. Malate then reaches the cytoplasm
by specific transport systems localized in the inner mito-
chondrial membrane, while. aspartate is transported to
the cytoplasm in exchange for glutamate, where it is
reconverted to oxalacetate by transamination.

In the cytoplasm oxalacetate is transformed to phos-
phoenolpyruvate. In a reversal of the glycolytic reac-
tion chain, phosphoenolpyruvate is transformed to
glucose 6-phosphate in an energy consuming process.
Glucose 6-phosphate is transported to the smooth endo-
plasmic reticulum, where it is converted to glucose by
the activity of glucose 6-phosphatase. Glucose enters
the cytosol, crosses the sinusoidal membrane, and after
traversing the space of Disse reaches the bloodstream
(Fig. 6.3; Table 6.2).

Glycogen Metabolism

Glycogen is the hepatic storage form of glucose and is
readily mobilized in the postprandial phase. Glycogen
is a large, branched polymer of glucose, consisting of up
to 50,000 carbohydrate residues. Seven to 10% of glu-
cose molecules are localized terminally in the glycogen

Table 6.2 Key enzymes and key reactions of gluconeogenesis with the respective inducers and repressors

Reaction

Enzyme

Pyruvate carboxylase Pyruvate — oxalacetate

PEP carboxylase Oxalacetate — PEP
Fructose 1,6-biphosphatase  Fructose 1,6-biphosphate —
fructose 6-phosphate
Glucose 6-phosphate —

glucose

Glucose 6-phosphatase

Glucocorticoids, glucagon,

Glucocorticoids, glucagon,

Inducer Repressor

cAMP, glucocorticoids, glucagon, Insulin
epinephrine

cAMP, glucocorticoids, glucagon, Insulin

epinephrine

Insulin, AMP, fructose
2,6-biphosphate

Insulin

epinephrine

epinephrine

PEP phosphoenolpyruvate
Source: From [7]. With permission
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macromolecule, thus representing starting points for
synthetic or breakdown reactions. Glycogen synthesis
and glycogen breakdown take place on the surface of
insoluble glycogen particles.

The first step in glycogen synthesis is the transfor-
mation of glucose 6-phosphate to glucose 1-phosphate.
Glucose 1-phosphate reacts with UTP to form UDP-
glucose (activated glucose) which is the starting point
of glycogen synthesis. Glycogen chain extension is
catalysed by glycogen synthase, while branching of
carbohydrate chains is accomplished by a branching
enzyme. Branching enzyme breaks off a chain of
approximately seven glucose units and rejoins them as
an o-1,6 linkage to a free 6-OH group.

The major enzyme of glycogen breakdown is glyco-
gen phosphorylase. It liberates one glucose 1-phosphate
molecule, leaving the glycogen chain one residue shorter.
Glycogen phosphorylase removes glucose residues from
free chain ends until it is four residues from a branching
point. Thereafter, three residues are moved by a trans-
ferase to an adjacent chain. The remaining single residue
at the branching point is hydrolyzed by amylo 1,6-glu-
cosidase (debranching enzyme) leaving a linear glucose
chain for continued breakdown by glycogen phosphory-
lase. Glycogenolysis requires a coordinated interplay
between phosphorylase and glucosidase.

The storage of glucose as glycogen is an energy effi-
cient process. One ATP equivalent is used in generating
UDP-glucose. Glucose 1-phosphate can be converted to
glucose 6-phosphate by phosphoglucomutase, which can
then enter the glycolytic pathway and generate energy.

Regulation of Carbohydrate Metabolism

The orderly course of the outlined reactions requires
precise coordination and regulation. The following
factors participate in this regulation

e Substrate concentrations

* End products

e Hormones

e Nerves

* Hydration of hepatocytes (see Chapter 10) and
* Metabolic zonation (see Chapter 9)

The regulation of carbohydrate metabolism remains
functional in the transplanted and denervated liver.
This shows that neural control of carbohydrate metab-
olism is of only minor importance.

Key Reactions of Glycolysis
and Gluconeogenesis

The key reactions of glycolysis and gluconeogenesis with
the respective regulators of key enzymes are reported in
Tables 6.1 and 6.2. ATP and citrate inhibit glycolysis by
allosteric regulation of phosphofructokinase. Moreover,
ATP also inhibits pyruvate kinase. Acetyl-CoA is also
an inhibitor of pyruvate kinase and a stimulator of glu-
coneogenesis. The phosphorylation of fructose 6-
phosphate to fructose 1,6-biphosphate is a central control
point of glycolysis and gluconeogenesis. In contrast to
fructose 1,6-biphosphate, fructose 2,6-biphosphate accu-
mulates in only small amounts and has purely regulatory
functions. It stimulates glycolysis by allosteric activation
of phosphofructokinase and inhibits gluconeogenesis by
inhibition of fructose 1,6-biphosphatase [10].

Key Enzymes of Glycogen Metabolism

The key enzymes of glycogen metabolism are glyco-
gen synthase and glycogen phosphorylase. Insulin
stimulates glycogen synthesis by inducing the expres-
sion of glycogen synthase. Epinephrine and glucagon
inhibit glycogen synthesis by cAMP mediated inter-
conversion of enzymes. Both enhance glycogenolysis
by activating glycogen phosphorylase.

Liver and Carbohydrate Homeostasis

The liver functions as a glucostat and helps to maintain
the concentration of blood glucose within narrow lim-
its. If the concentration of glucose in the portal venous
blood is high the liver takes up glucose; with a low por-
tal venous glucose concentration hepatic glucose is
released into the blood stream. The transport of glucose
through the hepatocyte membrane is bidirectional, the
liver cells being freely permeable to glucose. The glu-
cose transporter localized in the membrane (GLUT2) is
not regulated by insulin, i.e. the uptake of glucose into
the hepatocyte depends on the glucose concentration
gradient but is independent of insulin action.

Five percent of orally administered glucose is used
by the liver for glycogen synthesis, while 30—40% are
converted to fat. The remainder of ingested glucose is
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metabolized in skeletal muscle and in other tissues.
The brain and the erythrocytes especially depend on a
supply of glucose as a source of energy.

The total amount of glycogen in the body amounts
to approximately 400-500g. A third of this amount is
stored in the liver. Nearly the total remainder is found
in skeletal muscle. The maximal storage capacity of
the liver for glycogen is 65 g/kg liver tissue or 5-8% of
liver weight. A person weighing 70kg disposes of car-
bohydrate reserves of approximately 2,500 kcal. These
are stored in approximately 400 g of muscle glycogen,
100-150g of liver glycogen and 20g of glucose in
extracellular fluid. Compared to the energy stored as
fat (>110,000kcal!) the carbohydrate energy reserves
are very small, but may be rapidly mobilized.

Liver glycogen primarily serves to maintain stable
blood glucose levels in the interdigestive (postprandial)
phase and during starvation. After fasting for 24 h the
hepatic glycogen reserves are consumed. Muscle gly-
cogen serves as an energy reserve for the muscle itself.
Since skeletal muscles lack glucose 6-phosphatase, the
muscle cell is not able to release glucose into the circu-
lation and therefore, skeletal muscle does not partici-
pate directly in the regulation of blood glucose
concentration. However, muscle glycogen is utilized
indirectly to maintain blood glucose. In the fasting
state, there is a considerable output of alanine from
skeletal muscle that is exported to the liver, where it is
a substrate for gluconeogenesis (see below).

During the absorptive phase increased amounts of
glucose enter the portal venous circulation. More than
50% of glucose absorbed in the intestine is taken up by
the liver and used either for glycogen and fatty acid
synthesis or is degraded by oxidation. Glycogen is the
storage form of glucose, while fatty acids can be used
for the synthesis of triacylglycerols (triglycerides) that

are either stored in the liver or packaged in very low
density lipoproteins (VLDL) and released into the
circulation.

During short fasting periods (postabsorptive phase)
the liver releases glucose into the circulation by glycog-
enolysis (2/3) and gluconeogenesis (1/3), in particular to
provide energy for the brain. Erythrocytes and the surre-
nal medulla are also dependent on glucose as a source of
energy. In the fasting state the energy requirement of the
brain is downregulated to 2 g of glucose/h. If during lon-
ger periods of starvation glucose supply ceases com-
pletely, the energy requirements of the brain are covered
by gluconeogenesis and by alternative energy sources,
such as ketone bodies. Amino acids from skeletal muscle,
predominantly alanine, and glycerol from adipose tissue
are the main substrates for gluconeogenesis. Ketogenesis
during starvation is sustained by fatty acids that are
released from adipose tissue and transported to the liver.

There is a close relationship between the carbohy-
drate metabolism of skeletal muscle and that of the liver
(Fig. 6.4). During intense muscle work increased
amounts of lactate are generated by anaerobic glycoly-
sis. Lactate is released from the muscle to the circula-
tion, is taken up by the liver and converted to glucose
in an ATP consuming process (gluconeogenesis).
Glucose diffuses back into the circulation and can be
taken up by the muscle, providing it with fresh energy
for contraction (Cori cycle).

Amino acids accumulated during degradation of
muscle proteins are transformed by transamination to
2-oxoacids. Alanine is formed by transamination of
pyruvate, which is derived from glycolysis of muscle
glycogen. Alanine is exported to the liver where, after
transamination back to pyruvate, it is a substrate for glu-
coneogenesis (alanine cycle). The ATP required for the
hepatic synthesis of glucose from pyruvate is provided
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by the oxidation of fatty acids. By this route, glucose
precursors (gluconeogenesis) and nitrogen (urea syn-
thesis) are transported from skeletal muscle to the liver.

Amino Acids and Proteins

The liver plays a major role in the metabolism of amino
acids and proteins. It is the main site of amino acid
degradation (deamination) and of urea synthesis. The
organ can selectively take up amino acids from the cir-
culation, thereby contributing to their homeostasis and
regulating their concentration in plasma. Unlike carbo-
hydrates and lipids, amino acids and proteins cannot be
stored in the liver, but must be metabolized (Fig. 6.5).
Approximately 50% of proteins synthesized in the
liver are secreted, i.e. they are designed for export. The
remaining half is represented by structural liver cell
proteins and by enzymes. By synthesizing and degrad-
ing structural, enzyme and export proteins, the liver
contributes to their dynamic equilibrium [4, 5].

A person weighing 70kg contains approximately
10kg of protein that for the most part is localized in
skeletal muscle. Approximately 400g of protein is
metabolized daily. Three hundred grams are degraded
and newly synthesized (recycling), while the remainder
is oxidized, transformed to glucose and replaced by oral
intake. Fifty to 70g of amino acids, peptides and pro-
teins of endogenous origin are lost daily in the intestinal
tract as protein containing enteric secretions, sloughed
intestinal epithelia and to a lesser degree (about 2 g/day)
as a proteinaceous exudate from plasma.

The daily oral protein intake of a balanced western
diet is approximately 100 g. In the intestinal tract proteins
are enzymatically hydrolyzed and absorbed as amino
acids, di- and tripeptides. Only very small quantities of

Glucose Lipids
Amino Acid Pool . .
ca.100g —» 2-OxoAcids —— Ketone Bodies
CO, H0 ATP

Fig. 6.5 Amino acids are not stored. They are utilized for (1)
synthetic processes, (2) are transformed into other compounds,
or (3) they are degraded in the citric acid cycle

oligopeptides and proteins may overcome the barrier of
the intact intestinal epithelium. Free amino acids are
absorbed, reach the liver by the portal venous route, and
are efficiently extracted from the sinusoidal blood.
Selective, mostly group-specific transport systems local-
ized in the basolateral (sinusoidal) membrane take up the
amino acids. The individual transport systems are
expresseddifferently in various lobular zones. Hepatocytes
are not able to take up dipeptides from plasma, but amin-
opeptidases localized in their cell membrane may selec-
tively cleave alanine containing polypeptides.

The daily protein loss during fasting is 20-30 g and
is mainly due to muscle catabolism. The amino acids
released by skeletal muscle are taken up and metabo-
lized by hepatocytes.

More than 90% of all plasma proteins, with the
exception of immunoglobulins, are synthesized by the
liver (Table 6.3). Albumin makes up 25% of the entire
hepatic protein synthesis and accounts for 55-60% of
all plasma proteins. The daily hepatic production of
albumin is 12 g; if needed, this rate can be increased
fourfold. In addition, the liver produces clotting fac-
tors, fibrinolytic proteins, protease inhibitors, transport
proteins and prohormones, such as angiotensinogen or
kininogen. Nearly all proteins are synthesized by the
hepatocytes, each liver cell being able to synthesize the
entire spectrum of proteins. Exceptions are the von
Willebrand factor which is synthesized by sinusoidal
endothelial cells, the retinol binding protein which is pro-
duced by hepatic stellate cells, and o -antitrypsin
which is generated by Kupffer cells.

The liver is of major importance for the clearance
of plasma proteins. With the exception of albumin and
C-reactive protein all proteins that are synthesized by
the liver are glycosylated. Their uptake into the hepa-
tocyte occurs by receptor mediated endocytosis (see
Chapter 5). Cleavage of terminal N-acetyl-neuraminic
acid residues exposes galactose-units of proteins.
The asialoglycoprotein receptor (ASGPR) in the cell
membrane has a high affinity for these galactose resi-
dues, and most proteins are taken up by the ASGPR.
The process is highly effective, as an individual hepa-
tocyte is able to internalize five million ASGPR mol-
ecules per hour. Hepatocytic and extracellular proteins
(e.g., insulin-receptor complex or chylomicron rem-
nants after internalization together with apolipoprotein
B and E receptors) are metabolized within the hepato-
cyte to amino acids that replenish the pool of amino
acids in the liver cell. The degradation occurs both in
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Table 6.3 Selection of proteins synthesized and secreted by

the liver

Protein Function

Acute phase proteins
(selection)

C-reactive protein
Serum amyloid A
Fibrinogen
Haptoglobin
Ceruloplasmin
o1-Macroglobulin
ol-Antitrypsin

Albumin

Apoproteins (VLDL, HDL)

al-Acidic glycoprotein
(orosomucoid)

ol-Antitrypsin

a1-Fetoprotein
a2-Macroglobulin

Antithrombin IIT

Ceruloplasmin
Fibrinogen

Haptoglobin
Hemopexin
Clotting factors
Complement factors

Plasminogen
Protease inhibitors
(selection)

ol-Antitrypsin
o l-Antichymotrypsin
a2-Antiplasmin
Antithrombin IIT
Cl-inhibitor
Protein C and S
Retinol binding protein
Sex hormone binding
globulin
Thyroxine binding globulin
Thyroxine binding
prealbumin
Transcalciferrin
Transcortin
Transferrin

Local inflammatory reaction

Carrier protein; osmotic
regulator

Binding and transport of
lipids

Unknown. Of significance in
inflammation? Binds
synthetic estrogens

Inhibitor of trypsin and
general protease inhibitor

Unknown; carrier protein?

Inhibits endoproteases in
serum; acute phase
reactant

Protease inhibitor of intrinsic
system of blood
coagulation

Cu carrier protein; acute
phase reactant

Hemostasis; fibrin precursor;
acute phase reactant

Binds hemoglobin

Binds heme

All except Factor VIII

Inflammation; defense
against infections

Anticoagulatory activity

Regulate proteolytic
cascades, e.g. in
inflammation, during
coagulation and
complement activation

Anticoagulatory activity
Binds vitamin A
Binds testosterone, estradiol

Binds thyroxine
Binds thyroxine

Binds vitamin D
Binds corticosteroids
Fe transport protein

the lysosomes and in the cytosol. The lysosomal path-
way involves lysosomal proteases and does not require
ATP. The process is selective, i.e. proteins characterized
by specific polypeptide motifs are degraded preferen-
tially [8]. Protein degradation in the cytosol involves
ubiquitin and is ATP dependent. Ubiquitin is a small
protein that plays a key role in marking various pro-
teins for subsequent degradation in proteasomes. It is
particularly associated with disposal of misfolded pro-
teins and regulatory enzymes. Ubiquitin can be cleaved
from a target protein by deubiquitinating enzymes and
the liberated ubiquitin can be reused.

The hepatic protein metabolism is subject to hor-
monal regulation. Protein degradation is stimulated by
glucagon and by low blood concentrations of amino
acids. Insulin and high levels of amino acids stimulate
protein synthesis and inhibit catabolism of proteins. The
hydration state of the liver cell modulates these effects
(see Chapter 10). Corticosteroids, growth hormone and
thyroid hormone stimulate albumin synthesis.

The liver is able to synthesize all the essential amino
acids starting from pyruvate, and from intermediate
products of the citric acid cycle, such as a-ketoglutarate
(2-oxoglutarate) and oxalacetate. The majority of these
syntheses are subject to end product inhibition.

Most amino acids are degraded in the liver.
Exceptions are the branched chain amino acids leucine,
isoleucine, and valine. They are used by the liver primar-
ily for protein synthesis and are metabolized by muscle.

The amino acid carbon skeletons after transamina-
tion contribute to the citric acid cycle and to ketone
body synthesis (Fig. 6.6). All amino acids that can
generate pyruvate or citric acid cycle intermediates can
contribute to gluconeogenesis (glucogenic amino
acids). Amino acids that provide acetoacetyl- or acetyl-
CoA are ketogenic amino acids. They serve the gener-
ation of energy.

Nitrogen Compounds

Amino acid nitrogen can be used for the synthesis of
N-containing compounds or be excreted mainly as
urea, and to a lesser degree as ammonium and uric acid.
o-Amino acids are nitrogen donators for the synthesis of
porphyrins, purines, pyrimidines, polyamines (spermin,
spermidin), glutathione, nicotine-adenine-dinucleotide,
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and guanosine monophosphate. Glutamine shows the

highest blood levels of all amino acids and is an impor-

tant donator of amino-groups for the above mentioned
biosynthetic processes in the liver. Intestinal glutamine is
used primarily as an energy provider, while in the kidney
it serves both energy production and gluconeogenesis.

be disposed

Ammonia

Free ammonia, liberated by oxidative deamination, can

of in three different ways (Fig. 6.7-6.9).

1. Formation of glutamate by transfer to a 2-oxo acid.

This reaction is catalyzed enzymatically by glutamate
dehydrogenase and represents the reversal of oxida-

tive deamination.
Alanine 2. Formation of glutamine by transfer to glutamate.
Th i T h 1 i i i
T,;;?;;?,ine SZ?,:;’ S This reaction is catalyzed by glutamine synthetase.
:—s)gl'gjcme g)l’;zﬁ']ze Arginine 3. Formation of urea. This is the major pathway of
Leucine Threonine Glutamate <—— Erlgtl:g?n . nitrogen elimination. Approximately 80% of excess
¢ ¢ Glutamine
Pyruvate a-Ketoglutarate
E Threonine
Methionine
““lsoleucine —
Acetyl-CoA Valine
o Citric Acid Cycle
T Phenyl- > Glutamate
Acetoacetyl-CoA | [(2EIEIEIELS alanine ey N H Glutamine
Tyrosine —
T Urea
Phenylalanine Aspartate c
Tyrosine JE—
Tryptophane
Lysine
Leucine Asparagine

Fig. 6.6 The carbon skeleton of the amino acids is introduced
via intermediates into the citric acid cycle (Adapted from [12])

Fig. 6.8 Glutamate plays a
central role in the metabo-
lism of amino residues

Fig. 6.7 Ammonia is primarily generated in skeletal muscle. Only

small amounts are produced in the intestine and in the kidneys. Urea
production in the liver is the major pathway of nitrogen elimination
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nitrogen is excreted as urea, the remainder as free
ammonium ions and creatine. Nitrogen, produced
during oxidative deamination of amino acids, is
transformed to urea in the urea cycle and excreted
by the kidneys. On a balanced western diet the liver
produces 20-30g urea daily. On a protein rich diet
hepatic urea production may triple.

Ammonia is not only produced by the hepatocyte dur-
ing metabolism of amino acids, purines and pyrimi-
dines. It may also derive from extrahepatic sources.
Due to ammonia derived from intestinal glutamine and
from protein metabolism by intestinal microorganisms,
the ammonia levels in the portal vein are high (0.2—
0.5mmol/L). The liver is able to detoxify the inflowing
ammonia by systems of urea and glutamine synthesis
that are localized in different zones of the liver lobule
(see Chapter 9).

Urea Cycle

In the urea cycle urea is derived from one free ammo-
nium ion and one donated by aspartate. The urea cycle
takes place in two cell compartments, partly in the

2 ATP 2 ADP+Pi

/ Carbamoyl phosphate
1 Pi
+

2
N-Acetyl-Glutamate  Ornithine Citrulline
Ornithine Citrulline
8 3
HxO AMP +Pi
Arginine Argininosuccinate

‘>i/
Fumarate

1 Carbamoyl phosphate-Synthetase 4 Argininosuccinate-Lyase

2 Ornithine Transcarbamoylase 5 Arginase
3 Argininosuccinate-Synthetase ~ @ Ornithine/Citrulline
Antiporter

Fig. 6.9 Urea synthesis

mitochondrial matrix and partly in the cytosol (Fig. 6.9).
Its activity depends on the amino acid concentration in
portal venous blood and correlates with the blood levels
of nitrogen.

The key enzyme of the urea cycle is carbamoyl-phos-
phate synthetase which is activated allosterically by
N-acetyl-glutamate. In the absence of N-acetyl-glutamate
the enzyme is inactive. The concentration of N-acetyl-
glutamate depends on the blood levels of glutamate.
Glucocorticoids induce the urea cycle enzymes.

Urea synthesis is an energy consuming process.
For one molecule of urea synthesized from one mole-
cule of NH, and one amino residue of aspartate, one
molecule of ATP is consumed. This calculation takes
into account the energy produced by fumarate metab-
olism. Fumarate derives from the urea cycle, is further
metabolized in the citric acid cycle, and is finally uti-
lized in the respiratory chain. The energy expenditure
is considerable, considering the amount of urea that is
synthesized daily.

Lipids

Lipids are a heterogeneous group of compounds. Acetyl-
CoA (“activated acetic acid”) is the biosynthetic source
of all lipids. Biologically, the most important lipids are

* Fatty acids

» Triglycerides (triacylglycerides, triacylglycerols,
neutral fats)

* Phospho- and glycolipids and

* Steroids

Naturally occurring fatty acids always have an even num-
ber of carbon atoms, are not branched and may be satu-
rated (no double bonds) or unsaturated (various number
of double bonds). Essential fatty acids cannot be synthe-
sized by the human organism and therefore, must be
obtained from one’s diet. Linoleic acid (C18; two double
bonds), linolenic acid (C18; three double bonds) and
arachidonic acid (C20; four double bonds) are the poly-
unsaturated essential fatty acids. Essential fatty acids are
required as precursors for the synthesis of eicosanoids
(prostaglandins, prostacyclin, thromboxane, lipoxin, leu-
kotrienes). Dietary fats very often contain palmitic,
stearic, oleic and linoleic acid.

Triglycerides (the correct biochemical term is triacyl-
glycerols. However, the term triglycerides is clinically
time honored and will be used mainly throughout this
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book) are glycerol esters with three fatty acids. Since
they are electrically neutral, they are also called neu-
tral fats. Triglycerides make up 98% of orally fed lip-
ids. Due to their high caloric density of 9.5kcal/g they
represent the major energy reserve of man and are
stored predominantly in adipocytes.

Phospholipids are complex esters and the main com-
ponents of cell membranes. They include phosphatidyl-
choline (lecithin), phosphatidyl-ethanolamine (cephalin),
phosphatidyl-serine, and phosphatidyl-inositol. Sphingo-
lipids, with sphingomyelin as the main representative,
are found in large amounts in nervous tissue.

Glycolipids are present in all tissues and are found
on the exterior of plasma membranes. Cerebrosides
and gangliosides belong to this lipid class. A character-
istic component of gangliosides is N-acetyl neuraminic
acid (sialic acid).

The major steroids are the sterols(cholesterol is the
most important representative), the bile acids and the
steroid hormones.

Fatty Acid Degradation

The free (nonesterified) fatty acid uptake by tissues is
related directly to their plasma concentration, which in
turn is determined by the rate of lipolysis in adipose
tissue. After dissociation of the fatty acid—albumin
complex at the plasma membrane, fatty acids bind to a
membrane fatty acid transport protein that acts as a
transmembrane cotransporter with Na*. On entering

the cytosol, free fatty acids are bound by intracellular
fatty acid-binding proteins. Intracellular fatty acids
may be used for lipid synthesis or be oxidized to gen-
erate energy. The oxidative metabolism of fatty acids
starts with their activation (acetylation by acyl-CoA
synthetase/fatty acid thiokinase). This reaction may
occur both inside and outside the mitochondria. The
major degradative pathway of fatty acids is S-oxidation
that takes place in the mitochondrial matrix. It is an
aerobic process, requiring the presence of oxygen; it is
tightly interrelated with the citric acid cycle and the
respiratory chain.

B-oxidation is a cyclic reaction in which two carbon
subunits, in the form of acetyl-CoA, are repeatedly
removed until the fatty acid carbon chain is completely
degraded. The complete breakdown of long chain fatty
acids requires several rounds of B-oxidation. The result-
ing acetyl-CoA can enter the citric acid cycle or be used
for various biosynthetic processes (Fig. 6.10).

The mitochondrial membrane is permeable to
short (C4-C5) and medium chain (C6-C12) fatty
acids. However, the inner mitochondrial membrane
is impermeable to long chain (>C12) fatty acids.
Therefore, long chain fatty acids cross the mitochon-
drial membrane with the help of a group-specific
transport system and penetrate the inner mitochon-
drial membrane in the form of carnitine derivatives.
First, activated fatty acids are esterified with carni-
tine (carnitine acyl transferase I) in the cytoplasm.
Thereafter, acyl carnitine crosses the mitochondrial
membrane and is transported by carnitine translocase
into the mitochondrial matrix in exchange for free
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Fig. 6.10 Acetyl-CoA is the
central molecule of
intermediary metabolism
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carnitine (carnitine shuttle). This process is inhib-
ited by malonyl-CoA, thus preventing simultane-
ous fatty acid breakdown and synthesis (see below).
Once inside the mitochondrial matrix the ester bond
is hydrolyzed (carnitine acyl transferase II) and the
activated fatty acid and carnitine are released. The
activated fatty acid is ready for B-oxidation and the
free carnitine is available for further exchange with
and transport of fatty acids.

B-Oxidation of fatty acids is an energy producing
process. The only energy consuming step is initial fatty
acid activation by acyl-CoA synthetase/fatty acid
thiokinase. The complete oxidation of one molecule of
a C6-fatty acid to CO, and water in the citric acid cycle
and the respiratory chain yields 44 molecules of ATP
(during glycolysis, one molecule glucose yields 32
molecules of ATP).

In addition to the major pathway of fatty acid break-
down outlined above, there exist alternative pathways
for degradation of unsaturated fatty acids and for fatty
acids with an odd number of carbon atoms, such as
o- and w-oxidation and fatty acid breakdown in per-
oxisomes. Under physiologic conditions these path-
ways play a minor quantitative role. However, their
defects lead to rare and serious diseases, such as
Refsum syndrome and Zellweger syndrome.

Fatty Acid Synthesis

Some long chain fatty acids may be synthesized from
short chain fatty acids in the mitochondria in a process
that corresponds to a reversal of 3-oxidation. The major-
ity of fatty acids, however, are synthesized de novo in a
process separated from mitochondrial [-oxidation.
Fatty acid synthesis starts from acetyl-CoA and takes
place in the cytoplasm, predominantly in the smooth
endoplasmic reticulum. The most important provider of
carbon atoms for fatty acids is glucose. In the setting of
energy excess, glucose is converted to fatty acids via the
conversion of glucose to pyruvate, which enters the cit-
ric acid cycle in the mitochondria. Citrate formed in the
Krebs cycle is shuttled to the cytosol where it is con-
verted to acetyl-CoA by ATP citrate lyase [2]. Acetyl-
CoA carboxylase 1 (ACCI), the key enzyme of fatty
acid synthesis, then catalyzes the carboxylation of
acetyl-CoA to malonyl-CoA. Malonyl-CoA is used by

fatty acid synthase as the substrate for chain elongation.
Malonyl-CoA condenses with an acyl residue of an
acyl-carrier protein to form a B-ketoacid derivative. The
acyl-carrier protein is part of the multienzyme complex
of fatty acid synthase. Thus, the fatty chain grows by the
attachment of acyl residues. With each cycle the fatty
acid is elongated by two carbon subunits.

The human organism is capable of only synthesiz-
ing fatty acids up to a maximal chain length of 16 car-
bon atoms (palmitic acid; 16:0). Through further,
separate reactions palmitate may be transformed to
unsaturated fatty acids with longer carbon chains.

In adipose tissue and in the liver triglycerides are
formed from fatty acids and glycerol. The major lipo-
genetic hormone is insulin. Insulin’s ability to acti-
vate lipogenesis is transcriptionally mediated by the
membrane-bound transcription factor, sterol regulatory
element-binding protein-1c (SREBP-1c). SREBPs are a
family of proteins that regulate the transcription of arange
of genes involved in the cellular uptake and metabolism
of lipids [1]. SREBP-1c is one of three SREBP isoforms
that belong to the basic helix-loop-helix-leucine zipper
family of transcription factors. SREBP-1c also activates
acetyl-CoA carboxylase 2, an isoform of ACC that pro-
duces malonyl-CoA at the mitochondrial membrane.
Increases in malonyl-CoA result in decreased oxidation
of fatty acids due to inhibition of carnitine palmitoyl
transferase-1, which shuttles fatty acids into mitochon-
dria [2, 3]. By this mechanism simultaneous cytosolic
fatty acid synthesis and mitochondrial fatty acid break-
down are prevented.

Carbohydrate (glucose)-mediated stimulation of
lipogenesis is transcriptionally mediated by a second
transcription factor, designated carbohydrate response
element binding protein (ChREBP). Glucose stimulates
ChREBP to bind to an E-box motif in the promoter of
liver-type pyruvate kinase (L-PK), a key regulatory
enzyme in glycolysis. L-PK catalyzes the conversion of
phosphoenolpyruvate to pyruvate, which enters the
Krebs cycle to generate citrate, the principal source of
acetyl-CoA used for fatty acid synthesis (Fig. 6.11) [2].
Recent data indicate that endogenous cannabinoids and
cannabinoid agonists acting at specific hepatic cannabi-
noid receptors (CB) stimulate fatty acid synthesis and
contribute to diet-induced obesity. Activation of CB
increases the hepatic gene expression of the lipogenic
transcription factor SREBP-1c and its targets acetyl-
CoA carboxylase 1 and fatty acid synthase [9].
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Fig.6.11 Hepatic metabolism of free fatty acids and triglycerides.
Hepatic triglycerides are either supplied by diet or are synthesized
de novo in the liver. Dietary triglycerides are transported via chylo-
microns from the intestine to the liver. Hepatic fatty acids derive
either from dietary triglycerides, from lipolysis of triglycerides in
adipose tissue, or from de novo synthesis from carbohydrates
(mainly glucose). Fatty acid transport proteins, fatty acid translo-
case, caveolin-1 and fatty acid binding protein are involved particu-
larly in the uptake of long chain fatty acids. The activity of hormone
sensitive lipase (inhibited by insulin; stimulated in insulin resistant
states) results in triglyceride lipolysis in adipose tissue and flux of
free fatty acids to the liver. Free fatty acids can either be oxidized in
the mitochondria or esterified to produce triglycerides for storage or
incorporation into VLDL particles. Packaging of triglycerides into
VLDL is supported by microsomal triglyceride transfer protein.
Hyperinsulinemia induces sterol regulatory element-binding
protein-1c expression, leading to the transcriptional activation
of all lipogenic genes. Hyperglycemia activates carbohydrate

Cholesterol Synthesis

Cholesterol is derived about equally from the diet and
from biosynthesis. The synthesis of cholesterol occurs
in the smooth endoplasmic reticulum. In a long reaction
chain, starting with C,-units, the C_ -sterol is formed.
Acetyl-CoA is the source of all carbon atoms in choles-
terol. The synthesis proceeds with the formation of
acetoacetyl-CoA, 3-hydroxy-3-methylglutaryl-CoA
(3-HMG-CoA) and mevalonate. The key enzyme of
cholesterol synthesis is HMG-CoA reductase which
catalyzes the formation of mevalonate from 3-HMG-
CoA. Free cholesterol and glucagon inhibit the activity
of HMG-CoA reductase. Insulin and thyroxin stimulate
the enzyme. Decreased intracellular cholesterol con-
centration and pharmacologic inhibition of HMG-CoA

» Pyruvate

o ®

@ Adipose tissue

Mitochondria

cPT-1

Intestine

response element-binding protein which transcriptionally acti-
vates liver-type pyruvate kinase and all lipogenic enzymes. Both
transcription factors (ChREBP and SREBP-1c¢) synergistically
activate the enzymes necessary for the conversion of excess glu-
cose to fatty acids. Increased production of malonyl-CoA inhib-
its carnitine palmitoyl transferase-1, the protein responsible for
fatty acid transport into the mitochondria, thereby preventing
the simultaneous cytosolic synthesis of fatty acids, and their
mitochondrial oxidation (Adapted from [2])

ACC acetyl-CoA carboxylase, ACL ATP citrate lyase, ApoB
apolipoprotein B, ChREBP carbohydrate response element-bind-
ing protein, CPT-1 carnitine palmitoyl transferase-1, CV-1 cave-
olin-1, FAS fatty acid synthase, FAT/CD 36 fatty acid translocase,
FATP fatty acid transport protein, FFA free fatty acids, HSL hor-
mone sensitive lipase, LCE long chain fatty acid elongase, L-PK
liver-type pyruvate kinase, M7TP microsomal triglyceride transfer
protein, SCD stearyl-CoA desaturase, SREBP-1c¢ sterol regula-
tory element-binding protein-1c

reductase (statins) lead to an increase of LDL-receptors
in the hepatocyte membrane (see below).

Synthesis of Complex Lipids

The synthesis of complex lipids occurs for the most part
in the membrane system of the smooth endoplasmic
reticulum. It starts with glycerol 3-phosphate, that is
formed from dihydroxyacetone 3-phosphate (an interme-
diate of glycolysis) or by phosphorylation of glycerol.
Glycerol 3-phosphate is esterified with long chain and
unsaturated fatty acids and gives rise to phosphatidic acid,
which is 1,2-diacylglycerol 3-phosphate, a key intermedi-
ate in the formation of all other phosphoglycerides.
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Liver and Lipid Homeostasis

The liver has a major role in lipid metabolism. The
formation of ketone bodies and the transformation of
cholesterol into bile acids are functions specific to the
liver (see Chapter 7). Most plasma lipoproteins, with
their respective apoproteins are synthesized by the
liver. The liver has a decisive share in the formation of
fatty acids, triglycerides and cholesterol (esters).

Ketogenesis

Ketogenesis is an important metabolic task of the liver;
its extent depends on the supply of fatty acids and on
glucose metabolism. The ketone bodies (acefoacetate,
3-hydroxybutyrate, and acetone) are formed in hepatic
mitochondria when fatty acids are oxidized at a high
rate and when the production of acetyl-CoA exceeds the
energy needs of the hepatocyte. The starting point of
their biosynthesis is the intramitochondrial condensa-
tion of two molecules of acetyl-CoA to form acetoacetyl-
CoA. If too much acetyl-CoA is produced or, if the citric
acid cycle is not able to cope with the acetyl-CoA
because of a reduced glucose metabolism, acetyl-CoA
accumulates and forms acetoacetyl-CoA. Acetoacetyl-
CoA is the starting material for ketogenesis. The path-
way of ketogenesis involves synthesis and breakdown
of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by
two key enzymes, HMG-CoA synthase and HMG-CoA
lyase, the latter causing acetyl-CoA to split off from the
HMG-CoA molecule, leaving free acetoacetate. The
ketone bodies are interrelated and acetoacetate can give
rise to 3-hydroxybutyrate and acetone.

Ketogenesis is regulated by (1) control of free fatty
acid mobilization from adipose tissue; by (2) the activity
of carnitine palmitoyltransferase I in liver, which deter-
mines the transport of fatty acids from the cytoplasm
to the mitochondria, thereby determining the fraction
of fatty acids that is oxidized and, by (3) the partition
of acetyl-CoA between the pathway of ketogenesis and
the citric acid cycle.

Ketone bodies are formed during starvation, in
patients with diabetes mellitus, and in persons on a diet
rich in fats but deficient in carbohydrates. The liver
generates ketone bodies, but is not able to metabolize
them. They are released into the sinusoidal blood and

are important fuels for extrahepatic tissues. Acetone is
exhaled, and 3-hydroxybutyrate and acetoacetate serve
as energy sources for the nervous tissue, the heart mus-
cle and the renal cortex. If hepatic production of ketone
bodies exceeds their extrahepatic consumption, ketone-
mia and possibly ketonuria develop. The ensuing meta-
bolicacidosis,electrolytedisturbances, and disturbances
of consciousness can be severe clinical sequelae.

Cholesterol

Cholesterol is the starting material for the synthesis
of bile acids and steroid hormones, and is an essen-
tial component of cell membranes. Seventy to 80%
of serum cholesterol is esterified with fatty acids,
approximately half of it with linoleic acid. Cholesterol
introduced with diet (especially egg yolk and animal
fat) is integrated in intestinal epithelia into chylomi-
crons and transported via the lymphatic system and
the circulation to the tissues. In adipose tissue and in
skeletal muscle triglycerides are released from chylo-
microns. The remaining cholesterol is transported in
chylomicron remnants to the liver, where it is taken up
by the hepatocyte LDL receptor and the LDL receptor
related protein. However, the liver does not depend
entirely on exogenous cholesterol. Like intestinal tis-
sue the organ is able to synthesize significant amounts
of cholesterol. The daily allowance of roughly 1g, if
needed, can be covered completely by endogenous
synthesis that occurs to approximately 50% in the
liver. Both free cholesterol and cholesterol used for
bile acid synthesis are excreted by the canalicular
route into the bile. The daily biliary cholesterol excre-
tion amounts to approximately 1 g.

The metabolism of bile acids is discussed in Chapter 7.

Lipoproteins

Uptake by specific receptors of chylomicron remnants,
of intermediate (IDL) and low density lipoproteins
(LDL), synthesis and secretion of VLDL and apopro-
teins are among the most important functions of the
liver in lipoprotein metabolism.

Most lipids do not circulate freely in plasma, but are
bound to albumin or are embedded in variously large
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Table 6.4 Human lipoproteins

Function

Lipoprotein Size (nm) Composition (%)
PR CH CHE

Chylomicrons  75-1,000 2 2 3

VLDL 30-80 8 4 16

IDL 25-40 10 5 25

LDL 20 20 7 46

HDL 7.5-10 50 4 16

90 3 Transport of exogenous TG

55 17 Transport of endogenous TG

40 20 Degradation product of HDL and VLDL
6 21 Transport of CH and CHE
5 25 Substrate of LCAT; Transport of CHE

VLDL very low density lipoproteins, /DL intermediate density lipoproteins, LDL low density lipoproteins, HDL high density lipo-
proteins, PR proteins, CH free cholesterol, CHE cholesteryl ester, TG triglycerides (triacylglyceroles), PH phospholipids, LCAT

lecithin cholesterol acyl-transferase

lipoprotein complexes. Only short chain fatty acids are
really soluble in plasma; the long chain fatty acids are
bound as “free” fatty acids to albumin. Cholesterol,
triglycerides and phospholipids are transported in lipo-
protein complexes. Lipoproteins are spherical particles.
Their core of non-polar lipids (triglycerides, cholesteryl
esters) is surrounded by an envelope of polar lipids
(phospholipids, nonesterified cholesterol) and proteins
(apolipoproteins). Lipoproteins are subdivided into six
classes according to their size and lipid content (Table
6.4). Their density is inversely correlated with their fat
content and directly proportional to their protein con-
tent. The various lipoprotein classes are closely related
to each other and their complex metabolism is outlined
in a simplified way in Figs. 6.12-6.14).
Apolipoproteins are an integral part of lipoprotein
structure and they exert important metabolic functions.

They are required for the assembly of lipoproteins, they
activate enzymes involved in lipoprotein metabolism, and
they act as recognition molecules of membrane receptors
that mediate the intracellular uptake of lipoproteins.
Exogenous pathway. This term describes the trans-
port of dietary lipids from the intestine to other tissues.
Chylomicrons and their remnants represent the trans-
port system for exogenously administered fats. Newly
synthesized triglycerides in the enterocyte combine
with dietary cholesterol and ApoB48, which is syn-
thesized in the intestine, to form chylomicrons. This
reaction is supported by microsomal transfer protein.
Chylomicrons are secreted into intestinal lymph and
reach the circulation via the thoracic duct. In the cap-
illaries, especially those of adipose tissue and skeletal
muscle, chylomicrons bind to lipoprotein lipase (LPL)
of capillary endothelial cells. The enzyme is anchored

Bas LDL -R
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B 48 T e
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ch LpL > FFA-Albumin ——
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 /
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FFA —> H,0 + CO,
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Fig.6.12 Exogenous
pathway of lipoproteins
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Fig. 6.13 Endogenous pathway of lipoproteins

to the luminal surface of capillary endothelium in most
tissues and organs by a heparin-like glycosaminogly-
can. It can be displaced by heparin from this bond. LPL
catalyzes the hydrolysis of triglycerides in the core
of chylomicrons and VLDL, releasing fatty acids and
monoacylglycerol in the circulation. The free fatty acids
are then taken up by the tissues for oxidation (muscle)
or for storage in triglycerides (adipose tissue). Some
free fatty acids bind to albumin and return to the liver,
where they are oxidized to CO, and H,O or are utilized
for the synthesis of triglycerides.

The lipolysis within adipocytes of stored triglycer-
ides is catalyzed by hormone sensitive lipase. The
enzyme is activated by protein kinase A and by cyclic
AMP. Thereafter, fatty acids are released into the cir-
culation. Glucagon, catecholamines, ACTH, TSH,
thyroxin, growth hormones and corticosteroids stimu-
late hormone sensitive lipase, while insulin and prosta-
glandin E inhibit the activity of the enzyme.

The action of capillary LPL generates, from chylo-
microns rich in triglycerides, chylomicron remnants
that are largely devoid of triglycerides but enriched in
cholesterol. The latter remain in the circulation and are
taken up into hepatocytes by the LDL receptor (LDL-R)

SR Scavenger Receptor HDL  High density lipoproteins
LDL-R  LDL-Receptor VLDL  Very low density lipoproteins
CETP  Cholesterol transfer proteins LDL Low density lipoproteins

Fig. 6.14 High density lipoproteins (HDL) transport choles-
terol from peripheral tissues to the liver

and the LDL receptor related protein (LRP) (Fig. 6.12).
To state it in a simplistic way, dietary triglycerides are
primarily bound for adipose tissue and skeletal muscle,
while the liver is the target of dietary cholesterol. After
a carbohydrate rich meal the liver transforms carbohy-
drates into fatty acids. These are esterified with glyc-
erol to form triglycerides that are incorporated into
nascent VLDL and secreted into the circulation.

Endogenous pathway. The endogenous pathway
describes the transport between tissues of lipids gener-
ated inside the body. Endogenous lipids are transported
in VLDL, IDL, LDL and HDL.

Very low density lipoproteins (VLDL) are formed
from hepatic triglycerides, cholesterol and apo B-100.
Microsomal triglyceride transfer protein is essential
for transferring the bulk of triglycerides into the lumen
of the endoplasmic reticulum for VLDL assembly
and is required for the secretion of apo B-100 from
the liver [11]. Triglycerides that have been synthe-
sized in the liver are packaged in VLDL particles for
transportation to extrahepatic tissues. Intermediale
density lipoproteins (IDL) are formed by the hydro-
lyzing action of capillary lipoprotein lipase on VLDL,
especially in adipose tissue and muscle. IDL can be
regarded as VLDL remnants. IDL are taken up only to
a minor degree via ApoE by the hepatocytic LDL-R
and LRP. For the most part they are converted to
LDL by hepatic lipase that is bound to the sinusoidal
endothelium. Thereafter, LDL transport cholesterol
(LDL-cholesterol) to the hepatocytes or to extrahe-
patic tissues (Fig. 6.13).

Low density lipoproteins (LDL) are cholesterol rich lipo-
proteins. They are the major transport form of cholesterol
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to the tissues. Their receptor mediated endocytosis occurs
after binding of Apo B-100 to the LDL-R that is present in
most tissues. Approximately 70-80% of circulating LDL
is cleared by the liver. The remainder 20-30% is cleared
by LDL receptors on nonhepatocytic cells, especially on
macrophages (scavenger receptor).

The number of LDL receptors expressed by the
liver is an important regulatory element of serum cho-
lesterol concentration. LDL/LDL-R vesicles are inter-
nalized into the cytoplasm, cholesterol is released
after lysosomal degradation of vesicle contents, and
LDL-R is redirected to the sinusoidal hepatocyte
membrane. Free intracellular cholesterol suppresses
both its own synthesis and the synthesis of LDL-R.
Cholesterol and its metabolites repress transcription
of the HMG-CoA reductase via activation of a mem-
brane-bound transcription factor, sterol regulatory
element-binding protein (SREBP). Genetic defects of
hepatic LDL-R lead to severe familial hypercholester-
olemias [6].

High density lipoproteins (HDL) transport surplus
cholesterol from extrahepatic tissues to the liver
(“reverse cholesterol transport”), where it is excreted
in bile. Free cholesterol is esterified in HDL by the
activity of circulating lecithin:cholesterol acyltrans-
ferase (LCAT). LCAT is synthesized in the liver and
secreted into the circulation. The cholesteryl esters
contained in HDL may reach the liver by at least two
ways. (1) Transfer of cholesteryl esters to LDL and
VLDL by cholesteryl ester transfer proteins (CTEP) in
exchange for triglycerides, and subsequent uptake of
LDL into hepatocytes by the LDL-R (VLDL may be
transformed to LDL). The remaining triglyceride-rich
HDL are hydrolyzed by hepatic lipase. (2) Selective
and direct uptake of cholesteryl esters into the liver by
a scavenger receptor (Fig. 6.14).

Vitamin A

Vitamin A affects many physiological processes, such
as vision, fertility, embryo- and morphogenesis, growth
and differentiation. The three basic forms of vitamin
A (synonym: retinoids) are retinol, retinaldehyde and
retinoic acid. Retinaldehyde is part of the of the pigment
rhodopsin and is required for normal vision. Retinol
serves in the synthesis of glycoproteins and retinoic
acid is an important growth and differentiation factor.

By interacting with nuclear receptors that belong to the
superfamily of steroid-thyroid-receptors, vitamin A leads
to changes in gene transcription and gene expression.
Two types of retinoic acid receptors are distinguished,
each having several subtypes: the retinoic acid receptor
(RAR) and the retinoate X receptor (RXR).

The daily allowance of vitamin A for an adult is
approximately 1 mg. Retinol is found in milk, liver
and egg yolk. B-Carotenes have provitamin A activ-
ity. They are primarily supplied by fruits and vege-
tables (especially carrots). In man, carotinoids are
transformed to vitamin A by a specific dioxygenase
that is present in the intestinal mucosa and in the
liver. Dietary vitamin A is transported in chylomi-
crons and reaches the liver in chylomicron remnants.
The liver stores approximately 90% of vitamin A
reserves (predominantly in stellate cells and in hepa-
tocytes) and secretes vitamin A in the form of retinol.
Circulating vitamin A is bound to the retinol-bind-
ing protein (RBP) which interacts with transthyre-
tin. The synthesis and secretion of RBP occur in the
hepatocytes. Retinoic acid is primarily transported
bound to albumin. Vitamin A is taken up from the
sinusoidal blood by the hepatocytes in the form of
retinyl ester. After internalization it is hydrolyzed to
retinol. Retinol may be (1) passed on to Ito cells for
storage, (2) released into the sinusoidal circulation
for the supply of other organs, or (3) reesterified in
the hepatocytes and stored there. Seventy percent of
hepatic retinoids are stored inside the cytoplasmic
fat vacuoles of hepatic stellate cells, mostly as reti-
nyl palmitate.

Copper

Copper is an essential trace element important for
metabolism. It is a component of numerous cuproen-
zymes that are required for cellular respiration, iron
metabolism, free radical detoxification, and synthesis of
hemoglobin, elastin, and collagen.

On average, approximately 30-50% of dietary
copper (~1.5-3mg) is absorbed in the stomach and
duodenum. After mucosal translocation copper is
bound to albumin and transported via the portal
vein to the liver, the main organ responsible for
copper homeostasis. The high affinity copper trans-
porter, hCtrl, is responsible for the uptake of copper
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into hepatocytes [22]. Metallothioneins, a group of
cysteine-rich intracellular proteins capable of bind-
ing metal ions, including copper, cadmium and zinc,
have a critical role in protecting intracellular proteins
from copper toxicity [18]. Metallochaperons trans-
fer copper to the site of synthesis of copper-contain-
ing proteins [14, 16]. A specific copper chaperone,
ATOX1, delivers copper to the Wilson’s disease
protein ATP7B by direct protein—protein interac-
tion. ATP7B was identified in 1993 and codes for a
transmembrane protein which functions as a copper-
dependent P-type ATPase [13, 20]. The Wilson’s dis-
ease protein contains eight transmembrane segments,
six copper-binding regions, an ATP-binding domain,
a transmembrane copper channel, a phosphoryla-
tion region, and a transduction domain responsible
for the conversion of energy of ATP hydrolysis to
copper transport across the trans-Golgi network
membrane. The proper function of ATP7B in copper
homeostasis depends on its intracellular localiza-
tion: at low copper levels, the transporter is located
in the trans-Golgi network and transports copper for
incorporation into apo-ceruloplasmin to form holo-
ceruloplasmin under physiologic conditions. Excess
copper results in intracellular trafficking of ATP7B
from the trans-Golgi network to a post-Golgi vesicu-
lar compartment [19] At this site ATP7B may take
over an excretory role in promoting biliary copper
excretion. As biliary excretion is the only mecha-
nism for copper elimination, the amount of copper
excreted in the bile is directly proportional to the size
of the hepatic copper pool.

Mutations of ATP7B can interrupt its normal cellular
processing and result in Wilson’s disease, characterized
by impaired holo-ceruloplasmin synthesis and reduced
biliary copper excretion leading to copper overload
(see Chapter 81). Due to the lack of entry into the trans-
Golgi network, copper accumulates in the cytosol. The
fate it takes from there is unknown. In early phases of
the disorder excess copper can be trapped by metallothi-
onein. After a certain concentration has been reached it
is assumed to be redistributed into lysosomes for depo-
sition. This results in histological rhodanine-positive
staining. Copper mediated free radical induced mem-
brane injury may be one mechanism of hepatocellular
damage (necrosis). In addition, induction of apoptosis is
discussed as another mechanism responsible for disease
progression. Cell death triggers release of excess cop-
per into the bloodstream and uptake in other susceptible

organs. Alternatively, copper accumulates in those organs
due to the same molecular mechanisms that operate in
hepatocytes. The cellular physiology and pathophysi-
ology of copper metabolism is poorly understood. The
same is true for the different phenotypic courses of the
disease, which might be due to modifying intracellular
pathways.

The a.,-globulin ceruloplasmin is an acute phase
reactant that is synthesized in hepatocytes and secreted
into the plasma following the incorporation of six
atoms of copper late in the secretory pathway. Ninety-
five percent of circulating copper is bound to cerulo-
plasmin. Therefore, serum ceruloplasmin concentration
is a useful indicator of hepatic copper metabolism.

Ceruloplasmin transports copper, but plays an
important role in iron metabolism and is required for
normal iron homeostasis. It is an essential ferroxidase
that reoxidizes iron. Compared to non-enzymatic reac-
tions, the oxidation catalyzed by ceruloplasmin has the
advantage of not generating oxygen radicals or H,0,. In
addition, ceruloplasmin facilitates the transfer of iron to
transferrin [21].

Aceruloplasminemia is a rare autosomal recessive
disease associated with mutation(s) in the ceruloplasmin
gene. Patients with aceruloplasminemia have a normal
copper homeostasis but show a marked iron overload in
the liver (hepatocytes and Kupffer cells) and in the brain.
The amount of iron deposition may equal that observed
in genetic hemochromatosis. Aceruloplasminemia should
therefore be considered in the differential diagnosis of
unexplained iron overload, which is associated with a
lack of ceruloplasmin or a decrease in the serum cerulo-
plasmin level [15, 17].

Heme and Non-Heme Iron

Iron is an essential element for microbes, plants, and
mammals; it is a key component of most redox enzymes
and of oxygen storage and transporting proteins including
hemoglobin and myoglobin [51]. Iron is recycled from
hemoglobin of aging red blood cells (approximately
20mg/day) and mainly directed to new red blood cells.
Intestinal iron absorption and iron losses are finely bal-
anced under physiological conditions [24, 51]. Usually,
the diet contains enough iron necessary to replace the
small daily losses of 1-2mg/day. Thus, approximately
10% of the total daily intake (10-20mg) are finally
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absorbed from the small intestine (1-2mg). Humans and
other mammals, however, do not have mechanisms to
excrete excess iron. Thus, intestinal iron absorption is
regulated by tight feedback mechanisms. Additionally,
iron concentrations in most biological fluids are regulated
to avoid iron excess which may generate reactive oxygen
radicals.

Iron is absorbed from the small intestine as either
inorganic iron (primarily from non-animal sources) or
as heme (primarily from hemoglobin and myoglobin).
In the last decade the regulation for absorption of non-
heme iron has been elucidated in detail [24, 78].
Intestinal iron absorption is downregulated when iron
stores increase and upregulated when iron stores are
reduced. This regulation is finely tuned by several car-
riers and regulators recently identified (Figs. 6.15 and
6.16). It has also become increasingly evident that
some of them interact with the HFE gene product in
regulation of iron absorption [51]. Until recently it has
been thought that regulation of iron homeostasis is
regulated only by uptake and release of non-heme
iron. The uptake of heme iron and its role for main-
taining balanced iron stores has been unclear up to
recently. Only recent studies identified a heme carrier
protein 1 (HCP1) which functions to transport heme
into cells [88].

The following review deals with the regulation of
heme and non-heme iron metabolism and absorption,
with special emphasis on potential dysregulations
which lead to iron overload. The specific mutations of
regulators and carriers of iron metabolism causing iron
overload are described in more detail in the chapter
about hemochromatosis (Chapter 82).

Regulation of Heme and Non-Heme Iron
Metabolism and Absorption

Non-Heme Iron

Dietary non-heme iron is mainly present as oxidized,
ferric iron (Fe III) which has to be reduced to ferrous
(Fe II) iron in order to be taken up by duodenal entero-
cytes. Only some years ago the intestinal reductase,
termed Dcytb (duodenal cytochrome B), has been
identified [63]. After iron has been reduced, it is taken
up by the enterocyte via the divalent metal transporter

1 (DMT1, also called Nramp2), which was isolated
independently by two groups in 1997 [35, 48]. DMT1
is also expressed in the endosome where it can import
both dietary and transferrin-bound iron [45, 47, 93].
After its uptake, iron can either be stored via ferritin
or it can be exported at the basolateral membrane by
the iron exporter ferroportin 1 (also named IRG1 or
MTP1). This carrier was independently identified by
three groups [23, 32, 62]. Ferroportin, which is also
expressed in hepatocytes and reticuloendothelial cells,
transports Fe I across the basolateral membrane; there-
after, Fe II must be oxidized to Fe III before it can bind
to circulating transferrin. The basolateral oxidase has
also been identified and named hephaestin (Fig. 6.15)
[96]. The basolateral uptake of transferrin-bound iron
has been characterized in detail [49]. Transferrin 1
receptors exist on cell surfaces as homodimers joined
by disulfide bridges. Diferric transferrin binds to
the transferrin 1 receptor and the entire complex subse-
quently undergoes endocytosis. At the acidic pH of the
endosome, Fe III is released from transferrin, and the
apo-transferrin/transferrin 1 receptor complex recy-
cles to the cell surface. At the slightly basic pH of the
extracellular fluid, the apo-transferrin dissociates from
transferrin 1 receptor, and the entire process begins
again. The endosomal Fe III released from transferrin
must be reduced to Fe II prior to transport across the
endosomal membrane. DMT1 is likely also the endo-
somal transporter since it is expressed in a variety of
tissues and sorted to endosomes [45, 93].

The proteins involved in these processes of iron uptake
are finely regulated. In animal models of dietary iron
deficiency, the duodenal expression of Dcytb, DMTI,
ferroportin 1, and transferrin 1 receptor is increased
in comparison to animals fed sufficient iron [32, 37,
62, 63, 93, 101]. Only hephaestin expression does not
change in rat models of iron deficiency or loading [41].
Regulation of iron metabolism may vary among differ-
ent cells and tissues because they have different needs.
A fine regulation is necessary for duodenal mucosa and
tissue macrophages to guarantee an adequate response
to signals coming from blood-forming tissues. Similar
mechanisms may be present in hepatocytes which store
the iron. In many cells, iron-regulatory proteins (IRPs)
interact with specific structural elements in mRNA tran-
scripts, called iron-regulatory elements (IREs) [86]. The
binding of IRPs to IREs increases when cellular iron is
reduced resulting in increases in mRNA stability and
abundance for transcripts with IREs in the 3° UTR such
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Fig. 6.15 Regulation of intestinal iron absorption. Dietary non-
heme iron is mainly present as oxidized, ferric iron (Fe III) which
is reduced to ferrous (Fe II) iron by the intestinal reductase Dcytb
(duodenal cytochrome B). Iron absorption requires the transfer of
iron across both the apical and basolateral membranes of duode-
nal enterocytes. The divalent metal transporter 1 (DMT1), located
on the apical brush-border membrane, mediates the uptake of
reduced, non-heme iron. A portion of this iron is retained within
the cell for use or for storage via ferritin; the remainder is trans-
ferred to the circulation by basolateral exporter ferroportin.
Released iron (Fe II) is then oxidized to Fe III in order to bind to
plasma transferrin by the basolateral oxidase hephaestin. The
absorption of heme iron is mediated by HCP 1 (heme carrier pro-

as transferrin 1 receptor. Also, binding of IRPs to IREs
in the 5° UTR of mRNA can inhibit translation which
occurs in transcripts encoding the ferritin H chain.
Ferritin iron in villus cells is increased in mice homozy-
gous for a disruption of IRP2 [56]. In duodenal mucosa
of patients with HFE hemochromatosis IRP, binding
activity is increased whereas ferritin is decreased [76].
DMTI1 mRNA transcripts are a heterogeneous popu-
lation with at least two species. One DMT1 mRNA
species contains an IRE in the 3’ UTR while the other
does not. These two species also differ in their amino
acid coding sequence for the carboxyl terminus [36,
47, 58]. Ferroportin 1 mRNA transcripts also contain a
functional IRE, but this IRE is located in the 5° UTR [23,
62]. In duodenal mucosa mRNA transcripts increase for
DMT1 and ferroportin 1 when there is iron deficiency.
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tein 1) which is expressed on the apical membrane. Iron released
from heme probably has the same intracellular fate as absorbed
non-heme iron. The existence of two mammalian heme exporters,
Berp and FLVCR, suggests that heme may transit the enterocyte
intact to be exported into the circulation. Hepcidin has been
shown to downregulate the basolateral iron carrier ferroportin. It
has also been demonstrated that hepcidin itself is upregulated by
HFE. Thus, a HFE mutation may reduce the upregulation of hep-
cidin which then cannot downregulate ferroportin; the increase in
ferroportin expression finally causes an increase in intestinal iron
uptake. There may be further interactions between HFE, transfer-
rin receptor 2, Nramp2, Dcytb, ferroportin, hepahestin and hepci-
din, all of which are currently studied

This increase may be explained by IRE/IRP interaction
in the case of DMT1, but not for ferroportin. IRP bind-
ing to the 3’ IREs in DMT1 may result in stabilization
of the mRNA and its corresponding increase; however,
IRP binding to the 5’ IRE of ferroportin should inhibit
translation without having an effect on messenger lev-
els. In addition Dcytb mRNAs, which have no IRE, also
increase in iron deficiency; therefore, other regulatory,
transcriptional mechanisms are involved.

Recent studies have elucidated a variety of mecha-
nisms that regulate the expression of genes involved in
the intestinal absorption of iron. Dysfunction of HFE
function has a major impact on some of these mecha-
nisms. In general all recent data suggest that reduced
HFE function results in increased iron uptake from
intestinal mucosa. In mouse models of and in patients
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with genetic hemochromatosis reduction of HFE func-
tion is associated with an increase in the expression
of DMT1 and ferroportin at the mRNA and protein
levels of duodenal mucosa [37, 46, 101]. One study
suggests the IRE-form of DMT1 may be specifically
upregulated in the duodenum of the HFE —/— mouse
[37]. Another group also showed that DMT 1 is upregu-
lated in the hpx mouse and the mk mouse, but there
was no change in the HFE —/— mouse [29]. The expla-
nation for this discrepancy is unclear. Additionally, the
level of ferritin was found to be low in the duodenum
of patients with hemochromatosis [76]. Later studies
then showed that loss of HFE function mainly affects
ferroportin and not DMT1 function.

Although HFE is widely expressed in many tissues, it
is especially prominent in crypt cells of the duodenum
[74, 97]. Crypt cells mature and become absorptive
enterocytes as they migrate towards the tip of the villus.
While HFE is strongly expressed in crypt cells, it is only
weakly expressed in the villus. On the other hand, Dcytb,
DMT1, and ferroportin are expressed predominantly in
the villus and not in crypt cells [32, 45, 63]. These obser-
vations have suggested a model in which signals from
blood-forming tissues and sites of iron storage are trans-
mitted to the crypt cells of the duodenum; these signals
may then “set” the level of expression of iron uptake
systems in the mature villus cells. HFE has been thought
to participate in this process by interacting with the
transferrin 1 receptor. HFE is associated with transferrin
receptor 1 in many tissues. Recombinant HFE and trans-
ferrin receptor 1 show nanomolar binding affinity at the
pH of extracellular fluid [34, 57, 75, 97]. This interac-
tion may be important because diferric transferrin also
binds to transferrin receptor 1 with nanomolar affinity;
such binding affinity is markedly reduced in the pres-
ence of HFE. Some authors have reported that overex-
pression of HFE in cultured HeLa cells results in
reduction of iron uptake and of ferritin suggesting that
interaction of HFE with transferrin receptor 1 down-
regulates iron uptake [29, 84, 87]. There are, however,
many limitations with these studies [65].

Although recent studies have identified the luminal
iron carrier Nramp2 and the iron reductase Dcytb, as
well as the basolateral iron exporter ferroportin 1 and
the iron oxidase hephaestin, none of these genes are
altered in type 1 HFE hemochromatosis [38, 40, 77,
92]. On the other hand, later studies showed that muta-
tions in some of the proteins are responsible for rare
types of genetic hemochromatosis (types 2—4). Thus, it

remained unclear how HFE gene mutations finally
caused increased iron absorption and iron overload.
More recently, two further proteins were shown to act
as important iron regulators, transferrin receptor 2 and
hepcidin. Mutations in transferrin receptor 2 gene may
lead to the rare type 3 hemochromatosis. The most
recent studies indicate that hepcidin is the key regula-
tor of iron metabolism [27, 31, 68]. Hepcidin was first
found in the urine and though to have antimicrobial
effects. Later it was shown that the 25-amino-acid pep-
tide hepcidin is predominantly synthesized by liver,
secreted into plasma, and excreted into urine [54, 73,
80]. Hepcidin has been shown to downregulate the
basolateral iron carrier ferroportin. It has also been
demonstrated that hepcidin itself is upregulated by
HFE. Thus, a HFE mutation may reduce the upregula-
tion of hepcidin which then cannot downregulate fer-
roportin; the increase in ferroportin finally causes an
increase in intestinal iron uptake (Fig. 6.15). There
may be further interactions between HFE, transferrin
receptor 2, Nramp2, Dcytb, ferroportin, hephaestin
and hepcidin, all of which are currently being studied.

Decreased expression of hepcidin is the key mecha-
nism for most forms of iron overload; conversely,
increased hepcidin results in iron-deficiency anemia
[39]. In hemochromatosis type 2 the decrease in hepci-
din is due to mutations in the gene which encodes
hemojuvelin (HJV). HJV is a co-receptor of the bone
morphogenetic protein (BMP); HJV mutants may
result in dysfunction of BMP signaling. Recent studies
suggest that BMPs are autocrine hormones that induce
hepcidin expression [27]. Hepcidin inhibits export of
iron from enterocytes, macrophages and hepatocytes
by reduction of ferroportin. Hepcidin expression is
increased in iron overload and decreased in anaemia
and hypoxia. Hepcidin is markedly induced during
infections and inflammation, causing iron to be stored
by macrophages, hepatocytes and enterocytes. The
corresponding decrease in plasma iron may contribute
to the anaemia associated with infection and inflam-
mation. These alterations in iron metabolism probably
also have a role in host defense by limiting the avail-
ability of iron to invading microorganisms. On the
other hand hepcidin deficiency due to its dysregulation
or mutations in the hepcidin gene itself are probably
the cause of most forms of iron overload including
genetic haemochromatosis. Hepcidin is a negative reg-
ulator of iron entry into plasma and acts by binding to
the iron exporter ferroportin in small intestinal cells
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Fig.6.16 Transcriptional regulation of hepcidin (Modified from
[25,27, 31, 66]). Hepcidin transcription depends upon signaling
via BMP receptors (BMP-Rs) and downstream Smads. Binding
of BMP to cell surface HIV generates phosphorylated RSmads
which dimerize with Smad4. The RSmad/Smad4 heterodimer
translocates into the nucleus to activate transcription of the
HAMP gene which encodes hepcidin. Soluble HJV binding to
BMP prevents the formation of the cell surface BMP-HJV com-
plex and inhibits activation of BMP receptors. Inflammatory
cytokines such as IL-6 activate Stat3 which also binds to the
HAMP promoter. Stat3 activation requires the presence of
Smad4 since deletion of the Smad4 gene prevents IL-6 induction
of hepcidin. Smad4 is downstream of transferrin receptor 2 and
HFE suggesting that the signal provided by these proteins also
activates the HAMP promoter or that these membrane proteins
affect BMP receptor signal transmission

and macrophages. Binding of hepcidin induces ferro-
portin internalization and degradation [67]. The loss of
ferroportin from the cell surface prevents iron entry
into plasma. Decreased iron entry into plasma results
in low transferrin saturation, and less iron is delivered
to the developing erythroblast. Also, decreased expres-
sion of hepcidin leads to increased cell surface ferro-
portin and increased iron absorption. Inflammation
may increase hepcidin expression and secretion by the
liver. Increased levels of circulating hepcidin then lead
to internalization and degradation of the iron exporter
ferroportin. The reduction of ferroportin results in iron
loading of macrophages, reduction of plasma iron and
transferrin-bound iron, and decrease of erythropoiesis.

The final consequence of inflammation-induced
increase in circulating hepcidin is the anemia of chronic
disease. Thus, hepcidin regulates iron import into
plasma, transferrin saturation, and erythropoiesis. Iron
overload results from decreased hepcidin causing
increased iron import into plasma, high transferrin
saturation, and iron excess in the liver. Circulating
hepcidin is regulated by cytokines, plasma iron, anae-
mia, and hypoxia. Its dysregulation results in iron
overload or deficiency.

A decrease in hepcidin expression results in iron
overload in many organs. In most genetic forms of
hemochromatosis there is a decreased hepcidin expres-
sion which can be associated with mutations of type 1
hemochromatosis gene (HFE), hemochromatosis type 2
genes (hemojuvelin), transferrin receptor 2 gene, and
hepcidin antimicrobial peptide gene (HAMP). Mutations
in HAMP, which encodes hepcidin, result in iron over-
load disease directly by affecting the iron carrier ferro-
portin and thereby increasing iron absorption. It has
been unclear how mutations in transferrin receptor 2,
HFE, and hemojuvelin genes may affect expression of
hepcidin. Only recently it has been elucidated how
hemojuvelin (HJV) alters the expression of hepcidin
[27]. IL-6, and probably also other proinflammatory
cytokines, may induce transcription of HAMP in hepa-
tocytes (Fig. 6.16). This induction involves the activa-
tion of Stat3 and binding of Stat3 to a regulatory element
in the HAMP promoter [27, 79, 95, 99]. It is accepted
that hepcidin transcription is regulated via BMP recep-
tors (BMP-Rs) and downstream Smads. BMPs may act
as autocrine or paracrine hormones [31]. BMP may bind
to HJV at the cell surface to activate BMP receptors and
further downstream to generation of a RSmad/Smad4
heterodimer (Fig. 6.16) [27, 98]. This heterodimer trans-
locates into the nucleus and activates the transcription of
the HAMP gene. Administration of soluble HI'V inhib-
its hepcidin expression in vitro and in vivo, ultimately
increasing hepatic iron [27, 59]. Administration of solu-
ble HJV reduced hepcidin in the liver as well as phos-
phorylated Rsmads, suggesting that HIV acts via BMP
signaling. It has also been shown that soluble HJV
reduces hepcidin expression in response to IL-6 [27].
Thus, recombinant HI'V may used as a drug for treat-
ment of anemia of chronic disease which is usually
associated with high hepcidin expression. IL-6 leads to
intracellular activation of Stat3 that may bind to the
HAMP promoter. Stat3 activation also requires the pres-
ence of Smad4, as deletion of the Smad4 gene prevents
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IL-6 induction of hepcidin. Smad4 is located down-
stream of transferrin receptor 2 and HFE (Fig. 6.16).
The signals of these proteins can activate the HAMP
promoter and affect BMP receptor signal transmission
[27]. BMPs are members of the TGF-f3 family which
regulate cell proliferation and differentiation by a spe-
cific intracellular pathway; this pathway involves serine/
threonine kinase receptors, formation of a BMP recep-
tor complex, and finally phosphorylation of Rsmads
[60]. Liver-specific inactivation of Smad4 results in loss
of hepcidin synthesis and iron overload similar to the
phenotype seen in hepcidin-knockout mice [59]. Babitt
et al also showed that mice with a deletion in the Smad4
gene were unable to synthesize hepcidin in response to
inflammatory stimuli or to iron load [27]. These data
suggest that the BMP/Smad4 pathway is critical to hep-
cidin expression.

HIJV acts as a BMP co-receptor in vitro leading to
activation of the BMP-receptor complex [26]. Mutations
in the gene encoding HJV lead to early-onset iron over-
load disease [72]. This form of juvenile haemochroma-
tosisis associated with a decrease in hepcidin expression
and iron overload similar to that associated with HAMP
mutations in patients. HJ'V is a surface protein expressed
predominantly in hepatocytes and skeletal muscle.
HJV has some homology with proteins involved in
neural guidance including RBMCA, RGMCB, and
DRAGON, all of which bind BMPs and enhance BMP-
mediated signaling [72]. The function of HJV as a
BMP co-receptor may be required for affecting hepci-
din expression and thus iron homeostasis. Several
recent studies suggest that BMPs are critical for expres-
sion of hepcidin and IL-6 induction [27, 98]. It has also
been hypothesized that expression of BMPs is regu-
lated in hepatocytes [31]. It has been speculated that
Stat3 and Smad signaling may interact at the level of
the HAMP/hepcidin promoter or that Stat3 might regu-
late BMP expression in hepatocytes [31, 42].

The mechanisms by which HFE and transferrin
receptor 2 interact with the BMP/Smad4 system still
need to be elucidated in further detail. Addition of
BMPs to hepatocytes cultured from mice with deletions
in the HFE or transferrin receptor 2 genes showed
induction of hepcidin to levels that were similar to those
in wild-type hepatocytes [94]. Thus, HFE and transfer-
rin receptor 2 might work upstream of BMP. HFE and
transferrin receptor 2 may interact and thereby provide
a downstream signal that affects hepcidin expression
[44]. It remains unknown whether the HFE/transferrin

receptor 2 complex interacts with the cell surface BMP/
HJV/BMP receptor complex or whether intracellular
signals provided by the HFE/transferrin receptor 2 com-
plex act on the HAMP/hepcidin promoter.

Heme Iron

Recent evidence suggests that heme attaches to the
apical brush border of the enterocyte and enters the
cell intact via HCP1 (heme carrier protein 1) which has
been identified as the apical heme carrier (Fig. 6.15)
[25]. In support of its role in the absorption of heme
iron, it was shown that forced expression of HCP1 in
cultured cells promotes the uptake of both heme (in the
form of iron protoporphyrin) and a similar molecule,
zinc protoporphyrin, but not non-heme iron [88].

Little is known as yet how iron is liberated from the
protoporphyrin ring inside the cell. At some point, iron
must be freed from the protoporphyrin ring, although it
is not certain when or where this occurs. It has been
speculated that heme oxygenase may be involved since
the enzyme can cleave heme to free iron [25]. However,
it is doubtful whether the small amounts of heme oxy-
genase in enterocytes can fully do this job [82].
Regardless, iron liberated from heme is likely to enter
the same intracellular pathway as inorganic iron. Thus,
heme iron may finally leave the cell via the iron exporter
ferroportin [25, 51]. A part of heme may be exported as
an intact molecule by one of the recently discovered
heme exporters, Berp and FLVCR (Fig. 6.15) [55, 81].

Mutations of genes altering the uptake or release of
heme-iron may not cause iron overload or deficiency
because iron homeostasis is predominantly regulated
by uptake of non-heme iron [25, 51]. Thus, it has been
speculated that absorption of heme is not necessary for
survival and that mutations in the HCP1 gene may there-
fore be more common than the disease-causing muta-
tions reported in genes for DMT1 and ferroportin [25].
On the other hand, genetic variability in the uptake of
heme iron might explain the variability of disease pen-
etrance in patients with HFE hemochromatosis. It has
become increasingly clear that clinically relevant iron
overload develops in only a part of homozygotes for
the C282Y HFE mutation. This incomplete penetrance
may be explained by the influence of modifier genes
such as the HCP1 gene. Similar genetic modifiers may
also affect the susceptibility to iron deficiency.
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Fig. 6.17 Influence of various non-genetic factors on intestinal
iron absorption. For further details see text

Influence of Non-Genetic Factors
on Iron Absorption

Body iron stores are also affected by various non-
genetic factors (Fig. 6.17). C282Y homozygous
women develop clinical signs of iron overload 5-8
times less frequently and 10-15 years later than men
due to their menstrual blood losses [69, 70]. Other
blood losses also affect both the iron absorption as
well the iron stores. It has been shown by many inves-
tigators that alcohol consumption increases intesti-
nal iron absorption [33, 61]. Recent studies suggest
that alcohol may increase iron absorption by down-
regulation of hepcidin [50, 71]. In contrast to alco-
hol, tea and coffee decrease dietary non-heme iron
uptake [66, 100]. Regular tea drinking with meals
has been shown to reduce the frequency of phleboto-
mies required in the management of patients with
haemochromatosis [53]. The uptake of non-heme
iron is not only dependent on dietary content; the
bioavailability of non-heme iron is also markedly
affected by the composition of the meal [83]. Iron
stores are often reduced in vegetarians 28]. Gastric
and small intestinal resection as well as alterations
in gastric acid secretion might reduce intestinal iron
uptake. Recently it has been shown that proton pump
inhibitors suppress absorption of dietary non-heme
iron in patients with genetic hemochromatosis [52].
Similar effects have been shown for cimetidine many
years ago [89]. Iron absorption tests showed that the
reduction of intestinal iron absorption capacity is the

most probable cause of persistent anemia in patients
with Roux-en-Y gastric bypass [64]. Accelerated
small-intestinal transit is most likely responsible
for the abnormalities of iron absorption following
gastrectomy with Roux-en-Y or Billroth II anasto-
mosis [85]. Blood transfusions as well as dietary
iron supplementation, on the other hand, lead to an
increase in body iron stores [43, 90]. Several drugs
such are also known to alter intestinal iron absorp-
tion by various mechanisms. For example, ascorbic
acid is a quite effective enhancer of the uptake of
non-heme iron [91].
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Man produces 500-800ml bile daily. Bile is produced
by hepatocytes and is modified in the biliary tree. We
distinguish between the yellow-golden liver bile and the
more yellow-brown gallbladder bile. The colour of the
bile originates from bilirubin and bilirubin metabolites.
Liver- and gallbladder bile are isotonic because the tight
junctions between bile duct epithelial cells are freely
permeable to water. Bile is a micelle and lipid rich watery
fluid. In contrast, the so called “‘chalk-milk bile” is paste-
ous and partly crumbly. In gallbladder hydrops, gallblad-
der bile is a watery clear fluid. This means that bile may
change its consistency from a watery fluid to a solid
mass. Cholesterol, phospholipids, bilirubin, electrolytes,
proteins and several drugs are excreted with the bile.

Bile Composition

Liver- (or hepatocyte) and gallbladder bile differ to a
lesser extent in their different components than in their
concentration. In this chapter, the composition of bile
will first be reviewed, followed by how it is produced
under the influence of the liver, the bile ducts and the
gallbladder. The bile lipids (cholesterol, bile acids,
phospholipids) and bilirubin, the most important com-
ponents of bile, will also be discussed.
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Liver Bile

Primary bile is also called hepatocyte or canalicular
bile. Sixty to 70% of the daily produced amounts of
bile are primary or hepatocellular bile. The watery bile
is a lipid-rich secretion and excretion of the liver
(Table 7.1). Secreted are water soluble compounds,
which can also be excreted via the kidneys. Water
insoluble substances which cannot be excreted by the
kidneys are also excreted in bile.
The functions of human bile encompass

* Secretion of cholesterol into bile

e Secretion of other metabolites such as bilirubin,
drugs

* Excretion of heavy metals

* Emulgation of lipids in the gut

* Emulgation of fat soluble vitamins

* Neutralization of gastric juice

* Activation of pancreatic enzymes

* Stimulation of gut motility

An overview of the composition of human bile is

given in Table 7.2.

Table 7.1 Biliary substances secreted and excreted by the bile
producing system

Substances excreted

Substances secreted

Bile salts Cholesterol
Phospholipids Bilirubin

Glutathione Bile salts
Immunoglobulins A, M Lipophilic drugs

Mucus Metals (iron, manganese,

copper, zinc, magne-

sium, lead)

Table 7.2 Composition of human bile

Substance Liver bile Gallbladder bile
Water 90-95% 82%
Solid compounds 5-10% 18%
Free cholesterol 80-200 mg/dL 300-1000 mg/dL
Phospholipids 150-800 mg/dL. 200-900 mg/dL.
Bile salts 3-45mM 40-400 mM
Bilirubin 1-2mM 3-7mM
Na* 140-170 mM 150-264 mM
K* 2.7-6.7mM 8.2-19.6 mM
HCO," 12-55mM 19mM
Ca** 2.5-6.4mM 3.1-17.4mM
Protein (total) 2-20mg/dL -
Glutathione (total) 0-5mM -
pH 6.2-8.5 5.6-8.0
Specific weight 0.995-1.008 1.008-1.034

From the 18% of solid bile compounds (82-95% of
bile are water), 65-70% are bile acids, 4% cholesterol
and 20-23% phospholipids. Bile salts, phospholipids
and cholesterol are called bile lipids. Bilirubin repre-
sents 0.3% and protein only 4-5% of the solid com-
pounds. The most important biliary bile acids are
cholic acid (ca. 40% of all biliary bile acids), chenode-
oxycholic acid (40%), deoxycholic acid (10-15%) and
ursodeoxycholic acid (2-5%). There are some other
bile acids of lesser importance. Due to the pH of bile,
bile acids exist as Na*/K*/-salts and are completely
conjugated with the amino acids taurin and glycine.
Although in a strict way bile acids exist as bile salts,
the two terms are used interchangeably.

Phospholipids in 98% are phosphatidylcholin (leci-
thin), 2% are sphingomyelins, cephalins and lysoleci-
thin. Most of the proteins secreted into bile are
so-called secretion products, such as immoglobulin
IgA, IgM and, in rather small concentrations, also IgG.
This applies also to the liver enzymes aspartate amin-
otransferase (AST), alanine aminotransferase (ALT)
and alkaline phosphatase (ALP), the latter being located
at the canalicular membrane of the hepatocyte, and
5-nucleotidase. Glycoproteins play an important role as
nucleation factors during the development of gallstones,
although the role of glycoprotiens is not yet clearly
understood. Besides these compounds several electro-
lytes, metals and water soluble vitamins are excreted.
Bilirubin excreted in small concentrations gives bile its
colour.

Bile Formation in the Hepatocyte

The most important compounds in bile are bile acids,
synthesizsed from cholesterol (see below).

Bile Formation in the Bile Ducts

Ductular bile production in man is only 20-30% of total
bile production. In the bile ducts primary bile is diluted
by the secretion of about 150ml H,0/24h. Bile duct
endothelial cells reabsorb glucose actively by a transport
system, while amino acids, some side chain-shortened
bile acids and the weak unconjugated ursodeoxycholic
acid (UDCA) are reabsorbed by passive diffusion.
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UDCA in primary bile is anionic, unprotonated.
While passing along the bile ductular epithelial cells it
becomes protonated. As a neutral, protonated bile acid
UDCA is reabsorbed by the epithelial cells and trans-
ported to the liver via blood stream (cholehepatic
shunt). For each mole of UDCA, one mole of HCO;
originates from H,CO,. The gastrointestinal hormone
secretin also increases the concentration of HCO,™ of
primary bile. HCO,™ has strong choleretic properties
by stimulating water secretion in bile duct cells. It is
unclear whether during this process Na*/H*- and Na'/
HCO,-cotransporters play a role. Because of its influ-
ence on the formation of HCO,” UDCA is called a
hypercholeretic bile acid. Since we are not able to
puncture small bile ducts and bile canaliculi under
physiological and pathological conditions data on
composition of intrahepatic bile are uncertain.

Gallbladder Bile

Gallbladder bile is concentrated and chemically altered
liver bile (Table 7.2). The most important changes
occur during the development of cholesterol gallblad-
der stones: after an initial hypersecretion of cholesterol
the composition of liver bile changes by the secretion
of bile acids, phospholipids, nucleation and antinucle-
ation factors and an augmented production of mucus
from the gallbladder wall (mucines), glycoprotiens
and mucopolysaccharides. Enzymes of mucosal cells
and bacteria further change gallbladder bile composi-
tion (see Chapter 112). Gallbladder tone and motility
are further factors influencing bile composition.
While bile is diluted in bile canaliculi by the secre-
tion of water, in the gallbladder it is concentrated to a
far greater extent. In vitro gallbladder mucosa is able
to reabsorb 0.5-2.9ml H,O/h, in vivo three times as
much. Therefore gallbladder bile is 5—10-fold more
concentrated than bile duct bile. The uptake of water
by the mucosal cell occurs by passive diffusion after
NaCl has been reabsorbed actively. Na* and Cl- are
bound to an apical membrane transporting system and
are exchanged against H* and HCO,". CI" is excreted
by a chloride channel, while Na* is excreted at the
basolateral side of the cell by Na*/K*-ATPase.
Cholesterol probably is reabsorbed in negligible
amounts, bilirubin probably only in the unconjugated
form. In animal experiments only 10-15% of phos-

pholipids of a 0.1-1.0mM phosphatid solution is reab-
sorbed by gallbladder mucosal cells, while the extent of
phospholipid reabsorbtion in man is unknown.

As shown in Table 7.2, gallbladder bile has a lower
pH than liver bile. Up to now it is still hypothetical
how gallbladder bile becomes more acidic. It has been
discussed, for example, that H*-ions are exchanged for
Na*-ions. The role of HCO,™ during this process is
unknown. All changes which occur in the gallbladder
seem only to depend on the time period during which
bile remains in the gallbladder. This is true for bile
composition and for alterations of its physicochemical
properties.

Bile Lipids and Bilirubin
Cholesterol

Bile lipids primarily consist of cholesterol, bile salts
and phospholipids. Important bile lipids are bile acids,
due to their most important physiological and
pathophysiological properties. Bile acids are synthe-
sized in hepatocytes from cholesterol.

Cholesterol consists of a steroid ring system with
an aliphatic side chain (Fig. 7.1). Cholesterol is syn-
thesized in all human tissues, but predominantly in
the liver (80-90%), followed by the intestinal tract,
the skin and muscles. Synthesis of cholesterol starts
from acetyl-coenzyme A. The key enzyme of choles-
terol synthesis is the [-hydroxy-f-methylglutaryl

(3 B-cis)

Fig. 7.1 Cholesterol
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Fig. 7.2 Biosynthesis of cholesterol and impact of tissue and
food cholesterol on HMG-CoA-reductase

coenzyme-A-reductase (HMG-CoA-reductase; Fig. 7.2).
The activity of this enzyme depends on cholesterol
uptake from the food and cholesterol concentration in
peripheral tissues. Cholesterol is transported to the
liver bound to the lipoproteins LDL and HDL, to
smaller amounts also in chylomicrone- and VLDL-
remnants. For the uptake of free or esterified choles-
terol by the hepatocyte, apo-B/E-receptors are located
on the liver cell membrane [2]. After internalisation of
the cholesterol a cholesterol vesicle develops, which
fuses with lysosomes. The cholesterol ester is split by
lysosomal lipases. Free cholesterol migrates to the
cytoplasm of the cell and by inhibiting the HMG-
CoA-reductase it down-regulates intracellular choles-
terol synthesis (negative feed-back-mechanism),
inhibits the synthesis of LDL-receptors (apo-B/E =
inhibits further reabsorbtion of cholesterol), and stim-
ulates its esterfication with saturated fatty acids (acyl-
CoA-cholesterol-acyl-transferase: ACAT) (Fig. 7.3).
The following possibilities exist for absorbed and
newly synthesized cholesterol: (1) after reesterification
of free cholesterol under the influence of ACAT,
VLDL-lipoproteins are formed, which can be secreted
into blood; (2) cholesterol esters can be stored in intra-
cellular membranes or in small lipid droplets in the

Food Peripheral Tissues
LDL, HDL Chylomicron
VLDL VLDL-Remnants Remnants

f | proee |
O O

ACAT (+) 70-Hydroxylase
Esterified Cholesterol  Free Cholesterol Bile Acids
LI 4 \‘-)
CEH (+)

(+) HMG-CoA

Reductase
Store HMG-CoA

Acetate

Synthesis

\4/

Bile canaliculus

Cholesterol synthesis
Uptake from food and peripheral tissues
Excretion

Fig. 7.3 Metabolism of cholesterol in the hepatocyte

cytoplasm, from where they can be rebuilt by choles-
terol ester-hydrolase (CEH) to free cholesterol, and
finally, (3) cholesterol can be used for the synthesis of
bile acids and be excreted into bile (Fig. 7.3). Under
pathological conditions (hypersecretion of cholesterol)
a smaller amount can also be excreted into bile as free,
non-esterified cholesterol or as cholesterol ester, where
it is transformed into phospholipid-cholesterol vesicles
or so-called liquid crystals. Cholesterol, which enters
the intestine and is not reabsorbed is reduced by bacte-
ria to Sa-cholestan-3f3-ol and 5 3-cholestan-3[3-ol, and
is excreted with the stool.

The mechanism by which cholesterol is secreted
into bile is not well understood. There is a tight con-
nection with the excretion of bile acids and phospho-
lipids, but transporters for cholesterol secretion have
not yet been clearly identified [24].
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Bile Acids and Bile Salts

Bile Acid Synthesis

The most important step by which the organism rids
itself of cholesterol, is by the degradation of choles-
terol into bile acids. The end point of this proce-
dure is the so-called primary bile acids. These are
cholic acid (CA) (3a, 7a, 12a-trihydroxycholanic
acid) and chenodeoxycholic acid (CDCA) (3a,
7oa-dihydroxycholanic acid) (Fig. 7.4). Because of
their detergent properties bile acids may be toxic, and

perturbations in transport or secretion can result in a
variety of pathologic alterations. Therefore, intracel-
lular concentrations of bile acids must be tightly
regulated.

The most important step during degradation of cho-
lesterol to bile acid is hydroxylation of the steroid ring
system in the position C.. This step is catalysed by the
mixed functional cytocrome-P450-containing oxidase
[(CYP)7A1] cholesterol-7a-hydroxylase, which is the
rate limiting enzyme in bile acid synthesis. Its activity
is regulated by bile acids reabsorbed from the portal
blood (negative feed-back-mechanism). 7a-Hydroxy-
lase activity can increase tenfold.

Cholesterol

70-Hydroxycholesterol
HO OH

— >  ————  ——
3q, 70, 120-Trihydroxy-5B-cholestane
HO OH HO OH
H H
(]
0 HO ¢ CH,— COOH
I CN\pNy7Z o2
C—S—CoA
—_— _—
Glycocholic Acid
Cholyl-CoA
HO HO OH
H H

Fig. 7.4 Bile acid synthesis
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C
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It has become apparent that various members of a
nuclear receptor superfamily of activated transcription
factors are key regulators of CYP 7A1l. Endogenous
bile acids are ligands for the farnesoid X receptor
(FXR), which is highly expressed in the liver, the gut
and the kidneys [4]. A strong activator of FXR is CA,
while LCA (lithocholic acid) and DCA (deoxycholic
acid) are less effective. FXR regulates genes, involved
in bile acid homeostasis in the liver and the intestine
(see enterohepatic circulation of bile acids). Bile acid
activated FXR encodes genes suppressing CYP 7Al,
which is an important adaptive response to prevent
accumulation of potentially toxic bile acids. In addi-
tion, FXR and another nuclear receptor, pregnance X
receptor (PXR), stimulate the excretion of bile acids
by bile acid transporters. FXR seems to be highly
important in bile acid homeostasis, because additional
target genes for FXR are the genes for the expression
of the multi-drug resistance-associated protein 2
(MRP2) and the bile salt export pump (BSEP), both
located at the canalicular membrane of the hepatocyte
(Fig. 7.11, Table 7.5).

The further introduction of a hydroxyl group at C ,
of the steroid ring C and reduction of the side chain
with introduction of a carboxyl group finally leads to
the quantitatively most important human bile acid
cholic acid (CA). Every further imported OH-group
makes the apolar cholesterol molecule more polar and,
by this, more hydrophilic and water soluble.

Bile acid synthesis from cholesterol follows two
different ways. While during synthesis of cholic acid
first ring hydroxylation occurs followed by shortening
of the side chain, during synthesis of chenodeoxy-
cholic acid ring changes and reduction of the side chain
occur simultaneously.

Less water soluble bile acids are conjugated with
one of the two amino acids glycine or taurine by which
they become more polar and therefore more hydro-
philic in a wide pH and concentration range (Fig. 7.4).
In man, glycine conjugates predominate in a ratio of
3:1. Conjugated bile acids precipitate by calcium ions
to a lesser extent than unconjugated compounds and
they are unable to penetrate cell membranes by passive
diffusion. Therefore, active transport systems are nec-
essary for the uptake. Since conjugation of bile acids is
very efficient in the hepatocyte, most bile acids exist in
the conjugated form.

7o-hydroxylation of the steroid ring system occurs
in the endoplasmic reticulum, 12a-hydroxylation and
side chain shortening in the mitochondria, and the con-
jugation with glycin or taurin in the cytoplasm of the
liver cell.

Secondary and Tertiary
Bile Acids

Secondary bile acids develop under the influence of
intestinal bacteria proximal to the valve of Bauhin, in
the terminal ileum, but mainly in the cecum and in the
colon. Here bile acids are first deconjugated and subse-
quently dehydroxylated at C7 of the steroid ring system.
Subsequently, dehydroxylated deoxycholic (DCA) acid
is formed from cholic acid, and monohydroxylated lith-
ocholic (LCA) acid from chenodeoxycholic acid. If
after dehydroxylation of CDCA oxidation at C7 occurs,
the secondary 7-ketolithocholic acid develops (Fig. 7.5).
Some other bacterial degradation products of bile acids
have been described, the role of which is unknown.

Cholesterol
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Bile Acids
Liver

Secondary
Bile Acids
Intestine

Fig.7.5 Formation of
primary, secondary and
tertiary bile acids in the liver
and intestine
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Tertiary bile acids develop from secondary bile acids,
after they have been reabsorbed in the intestine and
returned to the liver. Ursodeoxycholic acid (UDCA: 3a,
7B-dehydroxycholcholic acid) develops from 7-keto-
lithocholic acid mostly in the intestine, but also in the
liver. Sulfolithocholic acid is created from lithocholic
acid. UDCA is therefore the 73-epimer of CDCA.

Besides the described conjugation of bile acids with
the amino acids glycine and taurine at the carboxyl
group of the side chain, bile acids can also be sulfated,
glucuronidated, glycosylated and bound to N-acetylglu-
cosamine. Sulfated and glucuronidated bile acids, such
as lithocholic acid are less water soluble and more
toxic. On the other hand water soluble bile acids are
less toxic or nontoxic and can be excreted via the bile
or by the kidneys. These different steps of synthesis are
not restricted to the liver, as they have also been found
to a lesser extent in the intestine and kidneys. All com-
pounds mentioned here can be found in human bile,
although in different and only small concentrations.

Bile acids play an important role in the human organ-
ism. Cholic acid and chenodeoxycholic acid are able to
form micelles and therefore are of utmost importance for
intestinal reabsorption of fat soluble and water insoluble
compounds (Table 7.3). Chenodeoxycholic acid forms
micelles, UDCA predominantly forms so called liquid

Table 7.3 Physiological significance of bile acids in humans

crystals with cholesterol. Through this mechanism, these
two bile acids are able to keep the water insoluble cho-
lesterol soluble and are able to dissolve cholesterol from
cholesterol gallstones. Bile acids stimulate pancreatic
enzymes and influence intestinal motility. UDCA is also
used for the treatment of primary biliary liver diseases as
well as after liver transplantation (Table 7.4). A lack of
bile acids induces the development of gallbladder stones,
and can induce diarrhea, steatorrhea, vitamin deficiency
and the development of oxalate kidney stones.

Phospholipids

Like cholesterol, phospholipids are present in all
human tissues, where they play an important role in
the structure and composition of biomembranes. They
contain a hydrophilic phosphoryl-choline-headgroup,
a middle piece of glycerol and two hydrophobic, ali-
phatic side chains (Fig. 7.6). 98% of phospholipids are
phosphatidyl choline (lecithin), which has developed
from diacylglycerine by methylation with methionine.
Phospholipids, which occur only in smaller concentra-
tions in bile are sphingomyelines, cephalines and lyso-
lecithin, a bacterial degradation product of lecithin.

Bile acid Function, significance

Cholic acid (CA)

Micelle formation; dissolves lipophilic compounds in the watery milieu of bile and

intestine, facilitates reabsorption, has choleretic properties

Chenodeoxycholic acid (CDCA)

Micelle formation like CA, inhibits cholesterol synthesis, has choleretic properties,

inhibits 7o-hydroxylase

Ursodeoxycholic acid (UDCA)

Forms liquid crystals with cholesterol and phospholipids, inhibits cholesterol

reabsorption in the gut, has choleretic properties

Deoxycholic acid (DCA)

Augments water secretion through tight junctions (diarrhea), cytotoxic, damages

phospholipid membranes

Lithocholic acid (LCA)

Cytotoxic, induces cholestasis, damages phospholipid membranes

Table 7.4 Bile acids as drugs

Conditions in which bile acid is used as a drug

Chenodeoxycholic acid (CDCA)

Cholesterol gallbladder stones

Hereditary abnormalities of bile acid synthesis
Cerebrotendinous xanthomatosis

Ursodeoxycholic acid (UDCA)

Primary biliary cirrhosis

Primary sclerosis cholangits
Overlap syndromes

After liver transplantation
Cystic fibrosis

Cholestasis of pregnancy
Cholesterol gallbladder stones
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Fig. 7.6 Structural formula of phosphatidylcholine

Bilirubin

Bilirubin is the main degradation product of heme
metabolism. Sixty-five to 75% of bilirubin originates
from hemoglobin of erythrocytes, 25-35% from the
degradation of other heme proteins, such as myoglobin,
cytochrome, tryptophane, pyrrolases, from peroxidases
and catalases [1]. Bilirubin is synthesized in the retic-
ulo-endothelial system (RES) of spleen, bone marrow
and the liver. Man produces approximately 250-350 mg
bilirubin daily.

Bilirubin Synthesis

The first step in bilirubin synthesis is the degradation
of heme to biliverdin. Heme, containing four pyrrole
rings is split at the a-methylene bond with the partici-
pation of three molecules O, and NADPH (Fig. 7.7).
To a lesser extent the ring can also be disrupted at the

-, y- and 6-bond. After liberation of iron a linear tet-
rapyrrole develops, the so-called biliverdin. Cleavage
of the ring structure occurs at the inner side of mem-
branes of the endoplasmic reticulum by a microsonal
heme oxidase. The cytosolic and ubiquitary occurring
biliverdin reductase catalyses the development from
a-biliverdin to IX a-bilirubin. Like heme-oxygenase,
biliverdin reductase is stereospecific and therefore
mainly forms IX a-bilirubin and to a lesser extent -,
y- and &-isomers. Both enzymes develop their maxi-
mal activity in the spleen, followed by the liver and
kidneys.

Transport and Uptake into Hepatocytes

Unconjugated bilirubin is poorly water soluble. There-
fore, for the transport to the liver it is reversibly bound
to albumin in the blood, and by this its concentration is
1,000-fold higher than in water. Less than 1% of total
serum bilirubin occurs as free bilirubin.

Uptake of bilirubin into the hepatocyte occurs via a
membrane bound transporter that has a rather high
transport capacity (Fig. 7.11). Up to now at the sinu-
soidal cell membrane three different bilirubin binding
proteins have been isolated. It is not well known which
of them is the most important transporter. One of these
proteins today is called bilitranslocase, its molecular
weight ranging from 35 to 37 kDa.

The rapid uptake of bilirubin into the hepatocyte is
transporter mediated, Na* -independent, and has a satu-
ration kinetics. The transporter can be competitively
inhibited by bromosulphthalein and indocyanine green,
but not by bile acids. Therefore the bilirubin transporter
probably differs from that of bile acids. Although the
bilirubin transporters seem to function bidirectionally
the main flow of bilirubin is directed to the cell organ-
elles and bile canaliculi. The mechanism which drives
this stream toward bile canalicular membranes is not
known. The secretion of bilirubin into bile is not as
rapid as the uptake and presents the rate limiting step. A
smaller amount of bilirubin probably is excreted by
vesicles formed by membrane phospholipids. But this
mechanism of transport plays a minor role [26].

The intracellular transport of bilirubin is mediated
by two carrier proteins, which are called Y- and
Z-protein. More important is the Y-protein (ligandin),
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which is glutathione-S-transferase B, a subunit of glu-
tathione transferase. Z-protein is a transporter in
reserve, since it is only activated by higher bilirubinate
concentrations.

Glucuronidation

In the smooth and rough endoplasmic reticulum of the
hepatocytes glucuronidation of bilirubin occurs at
the carboxyl residue of the propionic acid groups
(Fig. 7.8). By this the apolar, water insoluble IX a-bil-
irubin is converted to the water soluble mono- and also  Fig. 7.8 Bilirubin—diglucuronide conjugation in the hepatocyte
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diglucuronidated form. Glucuronic acid is a sugar,
which per se would make the bilirubin molecule water
soluble due to its polar groups, but more important
seems to be the blocking of the carboxyl groups of the
bilirubin rings C and D. If these two groups remain
unesterified, then internal hydrogen bonds will develop
with the nitro groups of the pyrrole rings A and B.
Between the two dipyrrole rings (A, D and B, C) an
angle of 98° exists, which stiffens the molecule and by
blocking the polar groups makes it water insoluble
(ridge-tile form) (Fig. 7.9).

Glucuronidation is catalyzed by uridindiphosphate
glucuronyl-transferase (UDPGT). At first a monog-
lucuronide develops, and later a diglucuronide. In man
two isoenzymes of the UDPG-family are responsible
for glucuronidation. The same enzymes are also respon-
sible for the glucuronidation of steroid hormones, bile
acids and carcinogenic substances. UDPGT is located
in the endoplasmic reticulum and to a smaller extent in
the Golgi apparatus of the hepatocyte [25]. In man
UDPGT is found only in the liver, though in some ani-
mals it is also present in the intestine, in the kidney and
in the suprarenal gland. The enzymes as well as the
binding sites for bilirubin are located on the luminal
side of the endoplasmic reticulum. Since the enzyme is
only fully active when bound to the membranes, mem-
brane lipids or proteins seem to be important for its
function. Deconjugating glucuronidases are also found
in the endoplasmic reticulum, but their activity is weak.

Propionic Acid Residue
of Ring C

/0’/////,0

2,
%
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Propionic Acid Residue of Ring D

Fig. 7.9 Angulated form of bilirubin IXo. Rings D and A are
twisted around the central methylene (CH,) residue in such a
way that the carboxyl residue of ring D gets in contact with ring
B (“ridge-tile form”)

Excretion into Bile

Excretion of bilirubin is the rate limiting step in biliru-
bin metabolism. Bilirubin concentration in bile is
approximately 100-fold higher than in the liver cell.
Excretion of bilirubin runs against a high concentra-
tion gradient and therefore necessitates an active trans-
port system. As transporter the ATP-dependent MRP2
or cMRP (canalicular multidrug resistance protein;
cMOAT: canalicular multispecific organic anion trans-
porter) is being discussed (see below), which in addi-
tion to conjugated bilirubin also excretes leukotrienes
and some drugs (Fig. 7.11). Less than 5% is excreted
by exocytosis, which also plays a minor role in the
excretion of bile acids and cholesterol. Exocytosis
may become a more prominent when there is a surplus
of substances which need to be excreted.

In bile 20-40% of bilirubin is mono- and 60-80% is
diglucuronide, while only 0.5-2% is unconjugated.
Bilirubin does not possess choleretic properties.
Together with bile acids, cholesterol and phospholip-
ids it is transported in mixed micelles and vesicles (see
below) [27].

Bilirubin in the Intestine

Near the cecal valve and in the colon bilirubin dig-
lucuronides are deconjugated by bacterial diglucuroni-
dases. Through this mechanism bilirubin becomes
apolar and water insoluble.

Unconjugated bilirubin is degraded by bacterial
reductases to urobilinogen, which is reabsorbed in the
intestine to less than 1%. It is primarily eliminated by
the liver (enterohepatic circulation), while the remain-
der enters the systemic circulation and is excreted by
the kidneys. The unreabsorbed urobilinogen (99%) is
further degraded to urobilin and stercobilin and
excreted with the stool. These last degradation prod-
ucts of bilirubin are colourless, so it is most likely the
dipyrroles and bilirubin polymers which give stool its
characteristic colour. These are the same compounds
which impart the colour to the brown calcium-bilirubi-
nate stones of the biliary tree and the black pigment
stones of the gallbladder (Fig. 7.10).
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Bile acids are essential to bile secretion [9]. One has to
differentiate between bile acid dependent and bile acid
independent bile flow. Additionally, bile acid secretion
together with lysosomal enzymes, immunoglobulin A
and some other lipophilic substances in vesicles (exo-
cytosis) exists, but obviously plays a minor role [21].
This vesicular transport is directed from the endoplas-
mic reticulum to the Golgi apparatus and further to the
canalicular hepatocyte membrane, within which the
vesicles melt and release their content into bile.

Bile Acid Dependent Bile Secretion

Bile acid concentration in the hepatocyte is approxi-
mately 5uM, while in bile it is more than 1,000 uM.
Therefore an active transporter system must exist,
which pumps bile acids against a high concentration
gradient into the bile canaliculi. Up to now two bile
acid transporters have been described. The first is the
MRP -transporter, which is also called cMRP (canali-
cular multidrug resistance protein) or cMOAT (canali-
cular multispecific organic anion transporter) [13].
This transporter enables the transmembraneous pas-
sage of lipophilic compounds as glutathione conjugate,
as glucuronate or sulfate. It also transports sulfated tau-
rolithocolic acid (Fig. 7.11). Probably this transporter

-37mV
E 5 MDRyP-gp qp MDR;P-gp 8
,'
ile Sa \ /
3 OoATP \1 7 BSEP/cBAT d - Yy
4 Bilitranslocase .—V

Sinusoid Cell

Fig. 7.11 Transport systems on the basolateral (sinusoidal) and
canalicular hepatocyte membrane. (1) Na*/K* pump, (2) Ntcp:
sodium dependent bile acid cotransporter, (3) OATP: sodium
independent transporter of bile acids, bromosulphophthalein,
estrogen conjugates, ajmalin, and other organic anions, (4)

Bilitranslocase: one of several bilirubin transporters, (5) MDRM)

Bile Canaliculus

P-gp: transporter of phosphatidylcholine (lecithin), (6) MRP,:
glutathion, glucuronate, and sulfate transporter, including trans-
port of sulfated lithocholic acid and glucurosonyl-hyodeoxycholic
acid, (7) BSEP: bile salt export pump, transporter of monoanionic
bile salts, (8) MDR P-gp: transporter of lipophilic cations, such as
glucosyl-ceramide.
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Table 7.5 Molecular mechanisms of bile formation and secretion

Absorption at the basolateral hepatocyte membrane

NTCP: sodium-taurocholate cotransporter: conjugated bile acids, sulfated steroids, sodium
OATP2: organic anion transporting polypeptide: unconjugated bile acids, bilirubin, other organic anions (belongs to the sodium-

independent superfamily of organic anion transporters)

Secretion at the canalicular membrane (ATP-dependent export pumps, or ATP-binding-cassette-transport proteins, or

superfamily of the ABC-transporter)
BSEP: bile salt export pump: conjugated bile salts, C, CDC, DC

MRP,: multidrug resistance associated protein 2: bilirubin-diglucuronide, glutathione, divalent bile acid conjugates, and other

conjugated organic anions

MDR,: multidrug resistance P-glycoprotein 3: flippase, flips PLP from the inner to the outer canalicular membrane
AE2: chloride—bicarbonate anion exchanger: in the apical membrane of hepatocytes and bile duct epithelial cells
CFTR: cystic fibrosis transmembrane conductance regulator: chloride channel

is most responsible for the bile acid independent frac-
tion of choleresis. The second bile acid transporter is
the BSEP (bile salt export pump) or cBAT (canalicular
bile acid transporter). BSEP transports mono-anionic
bile acids, for instance taurocholic acid (TCA). Other
substrates than bile acids have not yet been described
for this transporter, therefore it is mainly responsible
for the bile acid dependent bile flow (Table 7.5).

There is also a membrane located transporter system
for phospholipids, the so-called MDR-2(3)-P-glycoprotein,
which especially transports phosphatidylcholine (leci-
thin) [6]. The MRP -transporter also transports conju-
gated bilirubin, leukotrienes, cytostatics and ceftriaxone.
For further transporter systems see Table 7.5 and
Fig. 7.11.

All three transporters mentioned are ATP-dependent.
Since the hydrolytic cleavage of ATP occurs by the
transporter itself, it is also called transport-ATPase. The
group of ATP-dependent transporters is also called
ABC-proteins (ATP-binding-cassette). Some other
transporters and ion channels, for instance for chloride,
are important for bile secretion.

Bile secretion is favoured by the negative mem-
brane potential of —37 mV, which is maintained by the
Na*/K*-pump and K*-excretion through K* -channels.
In contrast to bile acid transporters which enable a
100-fold increase of concentration in the bile canalicu-
lus, the negative membrane potential increases con-
centration by only threefold.

Bile acid dependent bile secretion mainly occurs
in the periphery of the liver lobule which explains
the high first-pass clearance of bile acids in this zone.
Consequently, the more centrally located hepatocytes
are deprived from bile acids, reducing bile acid depen-
dent secretion in this area. Because these hepatocytes

also have the full set of transporters, however, under
pathologic conditions they can take on task of periportal
hepatocytes.

Bile flow is directly correlated with bile acid secre-
tion. So-called hypercholeretic bile acids, such as
ursodeoxycholic acid, stimulate flow much stronger
than would be expected according to their osmotic prop-
erties. This supports the notion that HCO,™ formation and
secretion into bile ducts plays an important additional
role (see paragraph on “Bile Formation in the Bile
Ducts”). This also means that choleresis induced by
hypercholeretic bile acids not only derives from hepato-
cytes but also from bile duct epithelial cells.

Bile Acid Independent Bile Secretion

Animal experiments have shown that complete depri-
vation of bile acids does not completely arrest bile
flow, which means that bile acids are not the only driv-
ing force behind choleresis. Other substances secreted
into the canaliculus must therefore also have choleretic
properties (Fig. 7.12). The most important compounds
are glutathione (as disulphide and in conjugated form)
as well as bicarbonate.

Glutathione is synthesized in the hepatocyte and
can be excreted via the negative membrane potential
of —=37mV or by the MRP, ATP dependent transporter.
In the bile canaliculus glutathione is hydrolyzed by
ectoenzymes (e.g. YGT) to its amino acid compounds
and y-glutamyl conjugates. These compounds have
strong choleretic properties.

The influence of HCO,™ on bile salt independent
choleresis is less well documented. Because in animal
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Fig. 7.12 Bile acid dependent and independent bile flow.
(a) Excretion of bile acids increases commensurate to increasing
bile acid secretion (bile acid dependent choleresis). (b) Bile also
flows at a rate of 0.2mL/min without bile acid excretion (bile
acid independent choleresis)

experiments a lack of bicarbonate reduces choleresis
by 50%, however, it is believed that HCO,” must have
an effect. It has been shown, for example, that an alka-
line intracellular milieu and the presence of cAMP stim-
ulate HCO,~ secretion (Cl™-exchange against HCO,") at
the membrane, which subsequently stimulates cholere-
sis. In order to maintain an isotonic and electroneutral
milieu, water, cations and other water soluble substances
follow the secreted osmotic compounds. Calcium is also
an important substance which is found in bile in only
millimolar concentrations. The role of calcium during
choleresis, however, is also poorly understood.
Ectoenzymes (y-glutamyltransferase, dipeptidases,
5-nucleotidase, ecto-ATPase) located at the canalicular
side of the cell membrane degrade several other secreted
substances, thereby increasing the number of osmotic
particles, which in turn increase choleresis as well.

Influence of the Cell Structure
on Bile Secretion

The cytoskeletal microtubules are made up of thick
myosin filaments, keratin filaments and thin actin fibres
(see Chapter 3). All of these structures participate in
bile formation [14, 18]. Microfilaments form a peri-
canalicular network and extend into the tips of canali-
cular microvilli. By contracting, they gather the

canaliculus like a collar. In this situation microvilli are
slim and fill the complete lumen of the bile canaliculus.
When these slim filaments are damaged, for example
by the toxic bile acids deoxycholic acid or lithocholic
acid or by other toxins such as cytochalasin B or phal-
loidin, the size of the microvilli is reduced and a more
amorphous, granular deposit in the pericanalicular area
develops, which is referred to as ectoplasm. The bile
canaliculus widens and remains dilated when microvilli
are completely destroyed and cholestasis develops.
Microfilaments probably participate also in the secre-
tion of proteins and lipoproteins.

Under special conditions structures between neigh-
bouring hepatocytes render possible the permeation of
bile components through the intercellular space into the
space of Disse. Between two hepatocytes three different
types of connections exist: the tight junctions (zonulae
occludentes), the adhering junctions (two subtypes:
zonulae adherentes and desmosomes) and the so-called
gap junctions (protein channels). The tight junctions
seal the bile canaliculi against the intercellular space
and the space of Disse. The extent of isolation depends
on the protein fibers connecting the two cell membranes.
The zonulae adherentes represent adhesion proteins,
which connect the cell with the extrahepatic matrix. The
desmosomes rivet two cells by round or oval structures
at the inner side of two neighbouring cell membranes.
Gap junctions are connecting channels between cells
which enable the exchange of ions and macromolecules.
With respect to the permeability tight junctions can be
influenced.

Thus, for instance, the more apolar chenodeoxy-
cholic acid and deoxycholic acid increase water secre-
tion through the intercellular spaces into the gut and
loosen the tight junctions between hepatocytes. Many
other compounds are also able to loosen sealing
between liver cells.

Functional Regulation of Bile Secretion

Regulation of bile secretion is not well understood.
Morphological, chemical, physical and neurohormonal
factors are involved [20].

Bile secretion is a directed active transport of
osmotic compounds through the hepatocyte into bile
canaliculi followed by transport of water and electro-
lytes trans- and paracellularly. Afterwards, continued
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bile formation prevents back diffusion of primary bile
into the hepatocyte or into the intercellular space, the
sinusoids and general circulation.

Bile flow is not only regulated by cell structures, as
mentioned above, but also by the already described
transporter systems, by cyclic adenosine monoposphate
(cAMP), by protein kinase C, calcium ions, the grade
of hydration of the cell, and by neuropeptides and
hormones.

Back diffusion of biliary substances into the hepato-
cyte is difficult to differentiate from retained sub-
stances. The transporter systems shown in Fig. 7.11 are
not known to exert a bidirectional activity, but this also
cannot be excluded.

cAMP increases bile acid dependent and independent
bile flow, vesicular excretion of bile acids, and influences
the microtubular system. cAMP probably also increases
bile acid uptake at the basolateral cell membrane.
Calcium ions inhibit choleresis and increase the perme-
ability of tight junctions, which makes fluid exchange
between bile canaliculus and the space of Disse possible.
Since the more apolar monohydroxylated bile acids
increase cytosolic calcium concentrations by liberating

Kidney
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Synthesis
300-400 mg/24h

Liver

Portal Vein

Fig. 7.13 Enterohepatic cir-
culation of bile acids

calcium from the intracellular depots and an augmented
uptake into the cell, it favours cholestasis. Protein kinase
C is involved in all three transport mechanisms of bile
acids: it inhibits the sinusoidal uptake, the canalicular
secretion, and exocytosis. Under the influence of cal-
cium, protein kinase C probably stimulates exocytosis.

Swelling of the hepatocyte increases bile secretion,
while cell shrinking reduces it. Vagal activity stimu-
lates choleresis via ductular HCO3‘secretion, and, via
the same mechanism, secretin increases and soma-
tostatin inhibits bile flow.

Enterohepatic Circulation of Bile Acids

Enterohepatic circulation denotes the cycle by which
bile is first secreted by the hepatocyte into the bile
canaliculi, transported through the bile ducts, reab-
sorbed in the intestinal tract, transferred by portal
venous blood to the liver, taken up and metabolized by
hepatocytes, and then secreted once again (Fig. 7.13).
The term bile acid pool is used to refer to the total
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amount of bile acids in the organism. In a healthy per-
son the bile acid pool amounts to 4 g, the greatest part
of which during fasting is located in the gallbladder.
The half-life time of circulating bile acids is 2—3 days.

The system described above has two pumps. One of
these pumps is located at the sinusoidal and canalicu-
lar hepatocyte membrane, and the other at the luminal
and vascular side of enterocyte. There are two reser-
voirs: one is in the gallbladder and the other in the
upper small intestine [10]. During meals the gallblad-
der contracts approximately two times (or sometimes
continuously during an opulent meal) while the sphinc-
ter of Oddi relaxes. Therefore bile rapidly enters the
intestine and rapid bile acid circulation is possible.
After a meal, the gallbladder relaxes, the sphincter of
Oddi’s basal pressure is restored, and bile is collected
and stored in the gallbladder. Under physiological con-
ditions approximately 50% of bile bypasses the gall-
bladder without entering the organ.

Bile acids are reabsorbed in the jejunum only in
small amounts, mainly passively. Active transport in
the jejunum is weak and predominately seen for conju-
gated dihydroxy bile acids. Conjugated bile acids are
unable to be reabsorbed due to their molecular size.

In the terminal ileum more than 90% of circulating
bile acids are reabsorbed and only 10% pass into the
colon. The actively reabsorbed bile acids are predomi-
nately conjugated bile acids. The bile acid transporter
is a sodium dependent co-transporter, located in the
apical cell membrane of the enterocyte. Although the
IBAT (ileal bile acid tranporter) or apical membrane
sodium dependent bile acid transporter (ASBT) has
already been cloned we do not know much about this
system. Similar to the uptake of bile acids in the liver,
active bile acid reabsorption in the intestine shows
saturation kinetics and therefore can be inhibited com-
petitively in a sodium dependent manner. At the baso-
lateral domain of the enterocytes bile acids are extruded
into portal blood by the organic solute transporter
OST-a/OST-B. Recently it has been shown that bile
acids bind to the nuclear bile acid receptor farnesoid X
receptor (FXR) encoding the human genes of OST-a. /
OST-B [3, 7, 15, 19]. Bound to FXR, they repress the
transcription of the gene encoding cholesterol
7o-hydroxylase, the rate limiting enzyme in bile acid
synthesis [4]. Simultaneously they activate the gene
encoding intestinal bile acid binding protein (IBABP),
which is an intracellular bile acid transporter. Thus bile
acids may adjust the rate of their own efflux.

Free, unconjugated bile acids are not only reab-
sorbed in the jejunum and ileum, but all throughout the

intestinal tract by passive diffusion. Polarity of bile
acids, depending on the pH of the intestinal content, is
the most important aspect during this process.
Furthermore, oxo derivatives and some bacterial degra-
dation products of bile acids are reabsorbed in smaller
amounts, which are of no significance because they are
reconstructed to the original compound in the liver.

Bile acids which entered the area around the cecal
valve or the cecum and the distal part of the colon are
completely deconjugated, while dehydroxylation is
possible only by bacteria of the colon. Dehydroxylation
at C7 of the steroid ring system of cholic acid leads to
the formation of deoxycholic acid (3a.,12a-dihydroxy-
cholic acid, DCA) and of chenodeoxycholic acid to
lithocholic acid (3a-monohydroxycholic acid, LCA).
Since both bile acids have lost their hydroxyl group and
become more apolar (and therefore more lipophilic),
they are more toxic than their precursors. Approximately
half of deoxycholic acid is reabsorbed passively in the
colon, the fraction of absorbed lithocholic acid being
less. Sulfated and glucuronidated bile acids are not
reabsorbed in the intestine, but rather they are excreted
via the stool (detoxification). The daily loss of bile acids
with the stool amounts to approximately 300-500 mg;
this amount is fully resynthesized in the liver.

After reabsorption from the intestine, bile acids are
nearly completely bound to albumin in the portal blood
and re-transported to the liver. Fewer than 10% are
bound to lipoproteins, especially to HDL, and less so to
LDL. The distribution depends on the hydrophilicity.
Hydrophobic bile acids more often bind to albumin; as
they become even more hydrophilic, they bind more to
lipoproteins. Ninety-eight percent of the less water
soluble dihydroxylated bile acids are bound to albumin,
whereas this is the case for only 70-75% of the more
hydrophilic trihydroxylated bile acids and UDCA. Bile
acid concentration in the portal tract (20 uM) is six to
ten times greater than in the general circulation.

Bile Acid Uptake into the Hepatocyte

While bile acid synthesis occurs mainly in the center of
the liver lobule, bile acid uptake from the portal blood
mainly occurs in the lobular periphery. The maximal
velocity of bile acid uptake is high and it is not the rate
limiting factor for bile acid transport from the sinusoidal
blood into the bile canaliculi. The first-pass-clearance for
cholic acid is approximately 90%, and 75-89% for chen-
odeoxycholic acid, deoxycholic and ursodeoxycholic
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acid. First-pass clearance for lithocholic acid is only
40-50%. Bile acid secretion at the canalicular side is the
rate-limiting step for this process.

Only a small amount of bile acids enters the systemic
circulation. Plasma concentration of bile acids in the
fasting period is therefore only 3—4 uM, and after a meal
is 6-12uM. Since trihydroxylated and conjugated bile
acids are reabsorbed from the portal blood by the hepato-
cyte more rapidly, in the systemic circulation we there-
fore find predominately dihydroxylated and unconjugated
bile acids. Bile acids bound to albumin in the systemic
circulation can to a lesser extent also be excreted by the
kidneys. Urine concentrations of bile acids, however, are
rather low because most of the bile acids are reabsorbed
in the renal proximal tubules by the bile acid transporter
IBAT (same name as in the intestine).

The sinusoidal uptake of bile acids into the hepato-
cytes occurs by Na*-dependent (ASBT, NTCP) and
Na*-independent mechanisms (OATP2) [8, 23]. Both
transporters have already been cloned in rat and in
man. In addition to a transporter dependent uptake for
unconjugated bile acids a passive, nonionic diffusion
exists, but plays a minor role and probably is important
only for ursodeoxycholic acid and cholic acid.

Na*-Dependent Bile Acid Reabsorption

Conjugated, and to a smaller extent unconjugated bile
acids are predominantly reabsorbed by a Na*-dependent
transporting system in the hepatocyte. This ASBT-,
NTCP-system (Na* -taurocholate cotransporting polypeptide)

Exterior

Carbohydrates

Fig.7.14 Schematic
representation of an
ATP-cassette transporter.
NBD: nucleotide-binding
domains (bind ATP, regulate
function), TMD: transmem-
brane domains (substrate
specific)

Interior

is located at the basolateral membrane of the hepato-
cyte (Figs. 7.11 and 7.14). The uptake of Na* is associ-
ated with the uptake of one molecule of a bile acid. The
driving force is an intracellular Na*-deficit, which is
maintained by Na*/K*-ATPase. Three sodium ions are
pumped out of the cell and two potassium ions are
taken up.

Na*-Independent Bile Acid Reabsorption

The sodium independent bile acid transport into the
hepatocyte in part is performed by the organic anion
transporting polypeptide (OATP2). OATP2 transports a
great number of amphiphatic, organic substances, such
as bile acids, bromosulphthalein, estrogen conjugates,
ouabain and ajmalin. The transporter probably repre-
sents something like a sinusoidal “overflow system”
because it is also able to transport several organic sub-
stances from the hepatocyte into the space of Disse (bidi-
rectional transporter). This mechanism would prevent
accumulation of toxic substances in the hepatocyte.

Transcellular Bile Acid Transport

The transcellular bile acid transport depends on bile
acid supply. Under physiological conditions this
mainly occurs by means of binding proteins, in the
case of a surplus of substrate also in vesicles. This
means that bile acids within the hepatocyte do not exist

Plasma Membrane
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as free molecules. Up to now three transport proteins
have been identified. The most important seems to be
the Y-binding-protein. It belongs to the family of poly-
peptides, which also bind steroid hormones (estro-
gens), hormones of the thyroid gland and heme. Also,
the hepatic fatty acid binding protein (H-FABP) is able
to transport bile acids, but probably plays a minor role.
Subunits of the glutathione-S-transferase also bind to
bile acids as well as to bilirubin and other organic
anions, but are also of minor importance.

In addition to the protein mediated transcellular bile
acid transport a vesicular transport exists. If there is a
surplus of bile acids small vesicles form at the sinusoi-
dal membrane of the hepatocyte, migrate to the endo-
plasmic reticulum, the Golgi apparatus, and from there
to the bile canaliculus. ATP provides the energy for bile
acid transport. The migration of bile acid containing
vesicles to the lateral cell membranes has not been
observed. Investigations with radioactive bile acids
have demonstrated that the transcellular transport from
the sinusoid to the canaliculus can occur in seconds to
minutes.

Bile acids, reabsorbed from the portal blood are
rehydroxylated and reconjugated in the hepatocyte.
Deoxycholic acid (DCA), the degradation product of
cholic acid, and lithocholic acid (LCA), the degrada-
tion product of chenodeoxycholic acid, are handled in
a different way. DCA is conjugated with glycin or tau-
rin and then again circulates together with primary bile
acids, while the toxic LCA is also reconjugated, but in
addition is sulfated at C3 of the steroid ring system.
After secretion into the intestine it is not reabsorbed,
but rather is excreted via the stool (detoxification).

Pathological Alterations of Bile Acid
Metabolism

Lithogenic Bile

Due to their molecular structure bile acids are
amphiphilic, which means they are water soluble and
insoluble simultaneously. Bile acid molecules have a
hydrophobic “back” and a hydrophilic lower side
(Fig. 7.15). Bile acids are surface active. In water they
spread on the surface with the hydrophilic groups of
the molecules stretching into the water and the hydro-
phobic part into air (Fig. 7.16). With the addition of
more bile acids (up to a concentration of 1-5mM),
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Fig. 7.15 Spatial representation of the physiologic bile acids of
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Fig.7.16 Alignment of bile lipids at the water—air interface

micelles are formed, which are cylinder-shaped molec-
ular aggregates invading the watery milieu (Fig. 7.17).
This concentration of bile acids is called the critical
micellar concentration (CMC). Simple bile acid
micelles consist exclusively of bile acids, in which the
hydrophilic parts (hydroxyl-, phosphate groups) stretch
into the water and the hydrophobic part of the mole-
cules, mainly the steroid ring systems, into the interior
of the micelle. In the hydrophobic interior they are able
to transport cholesterol or other hydrophobic com-
pounds, such as fat soluble vitamins or monoglycerides.
Simple bile acid—cholesterol-micelles have a size of
2-3nm and are thermostable. Excellent micelle-form-
ing bile acids are cholic acid and chenodeoxycholic
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Fig.7.17 (a) Longitudinal
and transverse section
through a bile acid micelle.
(b) Mixed bile acid,
phospholipid, cholesterol
micelle

Hydrophilic

acid, and to a much lesser extent deoxycholic acid,
ursodeoxycholic acid and lithocholic acid.

Cholesterol is nearly water insoluble; nonetheless, its
concentration in bile is approximately 10 million times
higher than in water due to the fact that it is incorporated
into several transport systems, such as micelles. While
biliary phospholipids are excreted into the bile

Hydrophilic Residues

b

Bile Acid

Phospholipid

'

Cholesterol

canaliculus by means of the MDR-2 (3)-P-glycoprotein-
transporter, the excretory mechanism for cholesterol is
unclear. At the canalicular cell membrane cholesterol
together with phospholipids forms vesicles measuring
60—-80nm in size, located in the lumen of the bile capil-
lary (Fig. 7.18). These vesicles are integrated into bile
acid micelles. Twenty to 130 bile acid molecules are
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Fig. 7.18 Biliary transport
of cholesterol in vesicles,
micelles and liquid crystals
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required to dissolve one molecule of cholesterol.
Micellar dissolution capacity of bile acid micelles is
increased two to threefold by incorporation of phospho-
lipids. This type of micelle is called a mixed micelle
(bile acid—phospholipid—cholesterol-micelle), which
has a size of 4-6nm. Micellar solutions of cholesterol
are thermodynamically stable, which means that choles-
terol remains dissolved.

Unilamellar vesicles, consisting only of phospholip-
ids and cholesterol, are formed when the concentration
of cholesterol in bile increases to a point that the capac-
ity of bile acid micelles to dissolve cholesterol becomes
overwhelmed (Fig. 7.19). This surplus of cholesterol
can result from an increase in hepatic synthesis (HMG-
CoA reductase), an increased activity of transporters, or
a reduced excretion of bile acids into bile. Unilamellar
vesicles have a high transport capacity for water insolu-
ble compounds. The size of unilamellar vesicles is
40-100nm. These mixed vesicles are more thermo-
unstable when compared to micelles. If bile acid con-
centration increases again, cholesterol can migrate from
the vesicles back into the more stable micelles [5].
Immediately after secretion of the different components
into bile there is no thermodynamic equilibrium. Due to
the uptake of water by the gallbladder mucosa, equilib-
rium is reached only after hours or even days.

When unilamellar vesicles fuse or aggregate, multi-
lamellar vesicles are formed which are also called liguid
crystals or liposomes. These liposomes are thermody-
namically unstable. From the 500nm liposomes
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Fig. 7.19 Unilamellar phospholipid vesicle with high transport
capacity for phospholipids and cholesterol
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cholesterol crystals can develop which can grow by
apposition of cholesterol to larger crystals [11, 21].
This additional cholesterol originates from oversatu-
rated unilamellar vesicles or from oversaturated mixed
micelles (Fig. 7.18). Phospholipids liberated from ves-
icles during the process of fusion are taken up by
micelles. If phospholipids dominate in these micelles,
so-called myelin figures develop.

Bile supersaturated in cholesterol is the predisposi-
tion for the development of cholesterol gallbladder
stones (see Chapter 112) [22].

Cholestasis

The term “cholestasis” can be used as a symptom, sign,
or description of a pathophysiologic process, but it
should not be used as a final diagnosis as it lacks
specificity. It may have extra- or intrahepatic causes
(see Chapters 26 and 52).

Bile Acid Metabolism During
Extrahepatic Cholestasis

During cholestasis bile acids accumulate in the hepato-
cyte and enter the sinusoids via the intercellular space.
Therefore serum concentrations of bile acids increase
multifold. Intracellularly, C3-sulfated bile acids are

increased, especially sulfates of the amidated chenode-
oxycholic acid. Sulfated bile acids are excreted by the
kidneys. To a smaller extent during cholestasis,
C,-hydroxylated bile acids also are created, such as
hyocholic acid (3a, 6a, 7o trihydroxy-cholic acid,
CMC 6 mM).

Intracellular accumulation of bile acids is associ-
ated with the reduction of bile acid synthesis (negative
feedback of the 7a-hydroxylase) and by negative feed-
back of the HMG-CoA-reductase. Because of the
decrease in bile acid concentrations in the small intes-
tine, the uptake of dietary cholesterol is also reduced.
Now the only source for cholesterol originates from
peripheral tissues. In the case of complete cholestasis,
excretion of cholesterol occurs after sulfation and
glucuronidation, via the kidneys (Fig. 7.20).

Since secretion of bile acids into bile capillaries
also influences secretion of phospholipids, cholestasis
also influences phospholipid metabolism. Excretion of
phospholipids during cholestasis most likely occurs by
exocytosis into the sinusoids. If these vesicles include
albumin and lipoprotein, they are called lipoprotein X.

Bile Acid Metabolism During
Intrahepatic Cholestasis

In parenchymal liver disease bile acid metabolism can
be disturbed; nevertheless, excretion into bile remains
an important mechanism. In most liver diseases bile
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acid synthesis is likely reduced and renal excretion
increased. In patients with liver cirrhosis the C -
hydroxylation seems to be disturbed, as suggested by
the reduction of cholic acid synthesis. In patients with
an acute liver dystrophy, bile acid uptake, the conjuga-
tion with glycin or taurin, biliary secretion, as well as
neogenesis from cholesterol are all nearly absent. In
these cases, the most important steps of biotransforma-
tion of cholesterol are likely blocked: i.e. conjugation,
hydroxylation and oxydoreduction.

Cholestasis Caused by Toxic Bile Acids

Monohydroxylated bile acids such as lithocholic acid
(LCA), which develops from chenodeoxycholic acid
by bacterial degradation in the intestine, have chole-
static properties [12]. Three aspects have been
described: (1) taurolithocholic acid and LCA are like
other apolar bile acids, which are less water soluble
and precipitate in bile canaliculi or smaller bile ducts,
(2) LCA influences the bile acid independent bile flow,
and (3) as a hydrophobic and strongly lipophilic bile
acid LCA dissolves phospholipids and cholesterol
from biomembranes (Fig. 7.21) [16]. Through these
processes, not only membrane structure but also mem-
brane functions are being disturbed. But since similar
effects could be demonstrated in animal experiments
with water soluble derivatives of monohydroxylated
bile acids, the hydrophilic/lipophilic-hypothesis prob-
ably is not the only explanation for the cholestatic
effect of apolar bile acids. Calcium homeostasis, for
example, has also been investigated because of the
high affinity that cholestatic bile acids have for cal-
cium. Lithocholic acid and taurolithocholic acid, for
instance, increase the cytosolic calcium concentration
by liberation of Ca** from cell depots and by increas-
ing the influx from the pericellular space. Calcium is
able to reduce bile secretion.

Cholestasis is accompanied by a decrease in the
Na*/K*-ATPase-activity on the sinusoidal cell mem-
brane of the hepatocyte, while the Mg*-ATPase of the
canalicular membrane is not affected. Simultaneous
application of cholestatic monohydroxy bile acids and
choleretic di- or trihydroxy bile acids, especially of
ursodeoxycholic acid, prevents cholestasis and pre-
vents inhibition of enzyme activity. Therefore UDCA

MMMW%WMMM

s

Normally structured phospholipid membrane

Bile Salt-
Effect of Lithocholic Acid Phospholipid-
(does not form micelles) Micelle

Effect of Chenodeoxycholic Acid
(transports membrane lipids in micelles)

Fig. 7.21 Bile acid-induced membrane injury

is used for the treatment of primary biliary liver
diseases, although the true effect of UDCA in biliary
diseases is complex and not well understood.

Cholestatic monohydroxy bile acids may also be
synthesized in the liver. In the case of a less function-
ing endoplasmic reticulum, in which usually biosyn-
thesis of bile acids starts with 7o-hydroxylation of the
steroid ring system, shortening of the aliphatic side
chain can occur in the mitochondria. 33-hydroxy-65-
cholenic acid is formed, which in turn develops into
lithocholic acid and allolithocholic acid. 33-OH-85-
cholenic acid and allolitocholic acid are as toxic as
enteral LCA. This metabolic pathway usually is
restricted to the period of fetal development. However,
it becomes reactivated in adults in cholestasis.

One of the most important questions regarding
cholestatic bile acids remains unanswered: do they, in
vivo, truly reach toxic concentrations? [17] One factor
that may have an important impact is time, i.e. the
duration of exposure to varying levels of toxic bile
acids. For example, low toxic bile acid concentrations
over a longer period may have similar effects to higher
concentrations during a short period. Additionally, it
remains to be determined whether toxic bile acids in
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lower concentrations are able to ‘“‘aggravate” toxic
effects of other hepatotoxic compounds.

Genetic Disturbances of Bile Acid
Metabolism

Hereditary disturbances of bile acid metabolism influ-
ence bile acid transport, biosynthesis and biotransfor-
mation (see also Chapter 85). At present, convincing
data concerning genetic alterations of bile acid uptake at
the sinusoidal cell membrane, the transcellular transport
and the passage through the intestine are not available.
In the autosomal recessive Byler’s disease (progressive
familial intrahepatic cholestasis; PFIC 1-3), we find, for
instance, high concentrations of hepatocellular and
serum bile acids but biliary concentrations are rather
low. This observation suggests that canalicular dysfunc-
tion may play a prominent role. By electron microscopy,
for example, alterations of the microtubuli and bile duct
degeneration have been detected. Dysfunction of BSEP
or of MRP,-transporter may also be present, as has also
been described in primary biliary liver diseases. For
clinical findings and symptoms of hereditary intrahe-
patic cholestasis syndromes see Table 85.1.

If one considers that 10 different enzymes are involved
in the synthesis of bile acids from cholesterol, one would
expect disturbances of bile acid synthesis to be more
prevalent. Enzyme defects of bile acid synthesis proba-
bly are responsible for approximately 2—-5% of chole-
static liver diseases during childhood. Most of these
diseases are associated with a deprivation of primary bile
acids in bile and a simultaneous increase of atypical
compounds. Clinically, cholestasis develops accompa-
nied by an increase of serum bilirubin and malabsorption
for fat and fat soluble vitamins. y—glutamyl transpepti-
dase level in serum, however, is normal. Treatment exists
in the form of primary bile acids, such as cholic acid or
chenodeoxycholic acid, occasionally administered in
combination with ursodeoxycholic acid.

Disturbance of bile acid synthesis could occur at the
steroid ring system, at the side chain, and theoretically
also during biotransformation. A deficit of trihydroxy-
cholestanic acid-CoA-oxidase and of the bile acid-
CoA-ligase has also been observed. The observation
that no alterations in the processes of glucuronidation
and sulfation (“biotransformation”) have been identi-
fied suggests that these are basic phylogenetic func-
tions of the hepatocyte.
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Hepatic Biotransformation

Henryk Dancygier

Exogenous compounds (xenobiotics) must be metabo-
lized before they can be excreted. The biochemical
transformation of xenobiotics, such as alcohol, nicotine
and drugs is a prime activity of the liver. In addition to
the liver, biotransformation processes occur in plasma,
Cytochrome P450 System...............cccccccocovvvrrerrerennnn. 128 in the lungs, in the gastrointestinal tract and in the skin.
References.................ccccocooiiiiiiiiiiiiicce 130 Because of their poor solubility in water, lipophilic sub-
stances are reabsorbed in the renal tubules and are
excreted only slowly by the kidneys. The elimination
velocity of lipophilic compounds depends on their trans-
formation to water soluble substances. Hepatic biotrans-
formation increases the polarity of xenobiotics, thereby
increasing their solubility in water and enhancing their
biliary and renal excretion.

The processes of hepatic biotransformation may be
divided in

Chapter Outline

Phase I Reactions ..............cccoocoeviivienieiienieiecieceeenn 127
Phase IT Reactions.................c.coeeieeieiiiieiecieceeee 128

* Phase I and
* Phase II reactions (Fig. 8.1 and Table 8.1)

Phase | Reactions

Phase I reactions are nonsynthetic processes, such as
oxidation, reduction and hydrolysis [6]. They increase
the polarity of xenobiotics. Oxidative processes are by
far the most important reactions of biotransformation.
The oxidations are catalyzed by oxidases and by mono-
and dioxygenases. Oxidases remove H* or electrons.
Monooxygenases introduce one oxygen atom from an
O, molecule into the xenobiotic, while the remaining
oxygen is reduced to water. Dioxygenases transfer both
atoms of an oxygen molecule to the foreign substance.
Microsomal monooxygenases (see below) are of major
importance for the oxidation of drugs.

H. Dancygier, Clinical Hepatology, 127
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Fig. 8.1 Biotransformation
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Phase Il Reactions

Phase II reactions are synthetic processes that are mostly
performed by specific transferases. As a rule these reac-
tions generate water soluble polar metabolites that are
secreted by active, nonselective biliary and renal transport
systems. Conjugation reactions prepare foreign substances
or their phase I metabolites for excretion. Conjugation
occurs with activated glucuronic acid (glucuronidation),
activated acetic acid (acetylation), active sulfate (sulfa-
tion), amino acids, methyl residues (methylation), and
glutathione. Glutathione conjugates are subjected to fur-
ther metabolism before excretion. The resulting com-
pound is mercapturic acid, a conjugate of acetylcysteine,
and its derivatives, which is then excreted in the urine.

Table 8.1 Important biotransformation reactions (Adapted
from [6])

Phase-II-Reactions

Phase-I-Reactions

Hydroxylation Glucuronidation
N,O-S-Dealcylation Glycosylation
Dehalogenation Sulfation
Alcohol Oxidation Methylation
N,S-Oxidation Acetylation
Aminoxidation Condensation
Hydration Conjugation with
Reduction glutathione, amino acids,
Hydrolysis fatty acids
Isomerisation

Epoxide Formation

Desulfation

TSqubiIity in water

‘7 Excretlon —;

- N
\/’ F\/

Generally phase II reactions reduce the toxicity of xenobi-
otics (bioinactivation, detoxification). However, the gen-
eration of toxic intermediary metabolic products during
biotransformation (bioactivation, “toxication”) is also
a well known phenomenon [6].

Cytochrome P450 System

Although xenobiotics may be metabolized in various
cell compartments, e.g. cytosol and mitochondria, the
majority of foreign compounds are degraded by enzymes
that are localized in the membrane system of the smooth
endoplasmic reticulum. After ultracentrifugation this
membrane compartment corresponds to the microsomal
fraction. These microsomal oxidizing enzymes are also
called mixed function oxidases or monooxygenases. The
microsomal enzymes catalyze conjugation reactions
and most oxidations. Reductions and hydrolytic reac-
tions occur both within and outside the microsomal
fraction. The main component of the monooxygenase
system is a hemoprotein called cyfochrome P450
(CYP450) [8, 9]. The term CYP450 derives from its
ability to absorb light with a wavelength of 450nm in
the presence of carbon monoxide [3]. The system was
first described in 1975 by Estabrook in the surrenal cor-
tex and only then was also found to be present in the
liver [4]. CYP450 serves as a terminal oxidase and uses
equivalent amounts of molecular oxygen, NADPH and
xenobiotic according to the following reaction:
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RH + O,+ NADPH + H*— R-OH + H,0 + NADP".

First the xenobiotic R combines with oxidized (Fe’*)
CYP450 to form a binary complex. After transfer of
electrons the ternary complex disintegrates, giving rise
to the hydroxylated foreign compound and water, as
well as regenerating CYP450.

A simplified scheme of the oxidative cycle is presented
in Fig. 8.2. The oxidative cycle starts by binding of the for-
eign substrate to CYP450. Mediated by a flow system of
electrons, water is formed and the foreign substrate is oxi-
dized. Reduced NADP serves as the donator of electrons,
whereas cytochrome c-reductase functions as an electron
acceptor. One electron is used for the reduction of one oxy-
gen atom to water, while the second oxygen atom oxidizes
the xenobiotic. Since, during this reaction electrons are
transferred onto molecular oxygen, occasionally, in the
course of biotransformation, reactive oxygen species (O,".
H,O,, R-OOH) are released that may expose the hepato-
cyte to potentially dangerous oxidative stress. CYP450 has
been visualized immunocytochemically in the human liver
and found to be differently expressed in various lobular

\/
j@\

Oxid.
NADP*

NADPH" + H*

Fig. 8.2 Cytochrome P450 dependent redox-cycle. In the first
step (1) the oxidized form (Fe**) of the enzyme combines with the
reduced substrate (drug). In the rate limiting second step (2) the
cytochrome complex is reduced by NADPH-cytochrome P450
reductase to Fe?*. NADPH serves as a donator of electrons. In the

» ® / \

ZCytochrome P450 . Drug, Xenobiotic

zones [1]. The centrilobular zone 3 displays the strongest
CYP450-immunoreactivity, while it is less intense in zone
2. Periportal hepatocytes (zone 1) do not exhibit any
CYP450-immunoreactivity at all. Thus, the zonal toxicity
of xenobiotics that are metabolized by CYP450 to hepato-
toxins becomes understandable, as exemplified by the cen-
trilobular liver injury produced by CCl, and bromobenzole.
Biliary epithelia, sinusoidal endothelial cells and Kupffer
cells do not contain CYP450.

At least 20 CYP450 isoenzymes have been charac-
terized in the human liver [7]. In addition to the
microsomes, they are also present in the nuclear mem-
brane, where they may play a role in carcinogenesis.
The CYP450 isoenzymes are divided into families and
subfamilies. Presently, 9 genetic families with more
than 70 genes are known [5]. Their differences with
regard to their activities and substrate specificities are
in part genetically determined (genetic polymorphism).
Different compounds may inhibit or induce individual
isoenzymes (Table 8.2) [2, 7, 10].

These characteristics of the microsomal oxyge-
nase system have important clinical implications for

Ve

2

third step (3) the reduced cytochrome-drug complex reacts with
molecular oxygen and forms a ternary intermediary complex. In
this complex, iron is present again in its oxidized form (Fe**). In
the fourth step (4) the ternary complex disintegrates releasing
oxidized cytochrome, oxidized substrate (drug, toxin) and water
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Table 8.2 Characteristic features of selected hepatic cytochrome P450 isoenzymes of man

Cytochrome P450  Substrate (Selection) Inducers (Selection)  Inhibitors (Selection)  Genetic Polymorphism
Family
I Caffeine Nicotine Chinolones No
Phenacetin Paracetamol
Theophyllin Omeprazole
Imc Phenytoin Not known Ketoconazole Yes
Warfarin Cimetidine
Diazepam
Hexobarbital
Omeprazole
Proguanil
Tolbutamide
IID Debrisoquin Not known Quinidine Yes
Dextromethorphan
Codeine
Many B-adrenergic blockers
Imipramine
IIE, Paracetamol Phenobarbital Disulfiram Yes
Ethanol Ethanol
Isoniazid
I Cyclosporin A Anti seizure drugs: Ketoconazole No
Erythromycin Macrolides
Ketoconazole Phenytoin
Nifedipine Carbamazepine
Lidocaine Rifampicin
Estrogens Glucocorticoids
Midazolam

medical drug treatment and for the interaction of drugs.
If a patient receives a drug that is an enzyme inducer
concomitantly with a drug that is metabolized by the
CYP450 system, the dosage of the latter should be
increased to achieve therapeutic plasma levels. After
stopping the enzyme inducer, the dosage should be read-
justed (reduced), in order to avoid overdosing. Enzyme
inducers increase the effect of drugs that are metabo-
lized preferentially by CYP450 and whose metabolic
products are pharmacologically more potent than the
original substance. If two drugs that are metabolized by
microsomes are taken concomitantly, one substance can
inhibit the metabolism of the other. If the doses are not
adjusted overdose may ensue (see Section X VIII).
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Parenchymal Cells ...........cooeoooeosoersereessess s 13 Along its course from the portal area to the terminal
hepatic venule the sinusoidal blood encounters various

Gluco§e M.etabohsm s 133 populations of hepatocytes. The functional specializa—
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Bile ACId EXEFACHON ovvvvvveeoeoeeeoeeeeeeeeeeeoeese oo 135 their different metabolic activities which lead to changes
in the composition of the sinusoidal blood. Blood in the
periportal sinusoids is rich in oxygen and nutrients,
while blood flowing in the perivenous sinusoids is
RELEIENCES ........cooverririieiieietieeiesiesiseeise s enseseenene 136 already “skimmed”. The partial pressure of oxygen
falls by approximately 50% from the periportal to
perivenous zone. Also, the anatomic arrangement of the
sinusoids varies in different lobular zones. While the
periportal sinusoids run obliquely and partly parallel to
the limiting plate, amply anastomosing with each other,
the centrilobular sinusoids are “‘stretched” and straighter,
radiating toward the terminal hepatic venule. This dif-
ferent arrangement is reflected by the higher ratio of
surface to volume density in the periportal compared to
the centrilobular sinusoids. Analogous to the sinusoids,
the hepatocytes are also arranged differently in various
lobular domains. In the periportal zone the liver cell tra-
becula are more difficult to discern. Across a span of
6-8 liver cells the periportal hepatocytes appear rela-
tively disordered, whereas they are arranged in one cell
thick trabeculae towards the terminal hepatic venule.
The relative uniformity of hepatocytes at the light
microscopic level is opposed by their structural hetero-
geneity at the electron microscopic level and their func-
tional heterogeneity at the metabolic level. Periportal
hepatocytes are smaller than their perivenous counter-
parts. The volume density of mitochondria and the sur-
face of their cristac are higher in zone 1 hepatocytes
than in perivenous liver cells. Zone 1 hepatocytes con-
tain more Golgi membranes and are richer in glycogen
than zone 3 hepatocytes. On the other hand, liver cells
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in zone 3 have more smooth endoplasmic reticulum and
more lysosomes than periportal hepatocytes.

These differences in the content of organelles are asso-
ciated with different concentrations, activities and amounts
of enzymes, as well as different transport systems and
membrane receptors present in hepatocytes [8, 9].
Gradients of opposing signaling molecules along the por-
tocentral axis determine the pattern of enzymes and other
proteins expressed in periportal and pericentral hepato-
cytes [7]. This heterogeneity causes different metabolic
pathways to be distributed in different zones of the liver
acinus, i.e. metabolic zonation. The metabolic zonation
represents an important regulatory principle that avoids
futile metabolic cycles and is not completely developed
until the age of approximately six years. Although we do
not comprehend completely the origin and causes of met-
abolic zonation, its knowledge is important to understand
processes in liver physiology and pathophysiology [1, 3,
6]. In most cases metabolic zonation is not strict, i.e. vari-
ous metabolic zones are not sharply demarcated, but rather
merge dynamically. However, while the expression of
some enzymes and transport systems is restricted to
relatively few perivenous hepatocytes (e.g. glutamine
synthase, ornithine aminotransferase and glucose
transporter 1 [GLUT1]), the vast majority of metabolic

compartments display acinary gradients. The enzymes of
biotransformation are expressed predominantly in
perivenous hepatocytes, while glutathione peroxidase is
more strongly expressed in periportal liver cells. This dif-
ferent expression of glutathione peroxidase is one possi-
ble reason that toxic liver injury by free radicals is more
pronounced in centrilobular than in periportal areas. The
oxidative iron metabolism is most intense in periportal
hepatocytes, where O,-tension is highest and gluconeo-
genesis takes place. Corresponding to the zonal expres-
sion of enzymes (Table 9.1), hepatic metabolic pathways
also show a zonation (Fig. 9.1 and Table 9.2). This zona-
tion is not a static phenomenon, but rather adapts dynami-
cally to the actual metabolic needs. Specific metabolic
requirements may lead to an expansion of certain meta-
bolic zones at the expense of others [11, 12].

What causes metabolism to segregate in acinar zones
is poorly understood. Experimentally, flow reversal from
the terminal hepatic venule to the portal area leads to
a partial redistribution of enzymes. This supports the
notion that the position of the hepatocyte in the micro-
circulatory unit is important for the development of its
metabolic capabilities. It is assumed that oxygen, as
an acceptor of electrons in energy metabolism, plays a
decisive role in the regulation of metabolic zonation. In

Table 9.1 Zonation of enzymes and transport systems in the liver lobule (Adapted from [6])

Periportal

Glucose-6-phosphatase
Phosphoenolpyruvate carboxykinase
Fructose-1,6-biphosphatase
B-Hydroxybutyryl-CoA dehydrogenase
3-Hydroxy-3-methylglutaryl-CoA Reductase
Succinate dehydrogenase

Malate dehydrogenase

Cytochrome oxidase

Alanine aminotransferase

Aspartate aminotransferase

Tyrosine aminotransferase

Carbamoyl phosphate synthase
Ornithine-carbamoyl transferase
Arginine-succinate synthase

Arginase

Glutaminase

y-Glutamyl transpeptidase

Uptake of alanine, proline and serine
Glucose-transporter (GLUT2)

Cathepsin B, H
Glutathione peroxidase
D-Amino acid oxidase
Monoamine oxidase

Perivenous

Glucokinase

Hexokinase

Glucose-6-phosphate dehydrogenase
Pyruvate kinase

Isocitrate dehydrogenase

Malic enzyme

Citrate lyase

Fatty acid synthase

Acetyl-CoA carboxylase
B-Hydroxybutyrate dehydrogenase
Alcohol dehydrogenase
7Ta-Hydroxylase

Glutamate dehydrogenase
Glutamine synthase

Ornithine aminotransferase

Uptake of glutamate, aspartate and dicarboxylate
Glucose-transporter (GLUT1)

Cytochrome P450

Glutathione-S-transferases

UDP-Glucuronosyl transferases
NADPH-Cytochrome P450 reductase
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Fig.9.1 Schematic
representation of metabolic
gradients in the liver lobule
(Adapted from [3])
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®Functions may extend to other lobular zones according to metabolic needs.

addition, hormones such as insulin and glucagon, vary-
ing substrate gradients (amino acids), local mediators
and signaling molecules (eicosanoids, cytokines), the
extracellular matrix and neural mechanisms all play a
yet not well-defined role in the generation of metabolic
gradients. In the final analysis, different gene expres-
sion in hepatocytes within the liver lobule is responsible
for liver cell heterogeneity [2, 7]. Changes in the aci-
nar microenvironment, such as different concentrations

Table 9.2 Zonation of different metabolic pathways in the liver
lobule (Adapted from [6])

Gluconeogenesis Glycolysis
Glycogen synthesis from amino Glycogen synthesis
acids and lactate from glucose
Oxidative energy metabolism Fatty acid synthesis
Fatty acid oxidation Glutamine synthesis

Ketogenesis Transamination of
ornithine

Cholesterol synthesis Biotransformation

Uptake and degradation of amino  Uptake of dicarboxylate

acids (except for uptake of
aspartate and glutamate)
Urea synthesis

of substrates, hormones and varying oxygen tensions in
different parts of the sinusoids, may activate or repress
genes. Thus, the gene for 3-hydroxy-3-methyl glutaryl
CoA-reductase, the rate limiting enzyme of cholesterol
synthesis, is expressed in only a few periportal hepa-
tocytes. The expression of the key enzyme of bile acid
synthesis, cholesterol 7a-hydroxylase, as well as that of
glutamine synthase and GLUTI, is restricted to a few
centrilobular hepatocytes. Gene expression is subject to
circadian rhythms and is mostly controlled transcription-
ally by certain regulatory proteins. The regulation for
GLUT1 occurs posttranscriptionally. Recent evidence
suggests that the phenomenon of zonal expression of
glutamine synthase is caused by a protein that interacts
with the silencer element in the first intron and not by a
differential expression of enhancer-binding proteins [2].

Glucose Metabolism

The control of glucose homeostasis occurs through
reciprocal regulation in periportal and perivenous hepa-
tocytes. Periportal hepatocytes synthesize glucose from
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gluconeogenic precursors, such as lactate, pyruvate and
alanine. Perivenous hepatocytes utilize glucose for gly-
colysis and glycogen synthesis.

Absorptive Phase

During intestinal absorption (net hepatic uptake of glu-
cose) glucose is taken up by perivenous hepatocytes.
Here glucose is either metabolized via glycolysis to lac-
tate that is then released from the liver, or used for gly-
cogen synthesis. Periportal liver cells take up lactate
and alanine, use it for gluconeogenesis, and also synthe-
size glycogen. Thus, glycogen synthesis occurs through-
out the entire liver lobule. However, while in periportal
hepatocytes glycogen is generated from gluconeogenic
precursors, in other words, from newly synthesized glu-
cose, glycogen in perivenous hepatocytes predomi-
nantly derives from preformed blood glucose.

Postabsorptive Phase

The postabsorptive phase (net hepatic release of glucose)
is characterized by increased glycogenolysis and glu-
coneogenesis, and subsequent glucose release from
periportal hepatocytes (Fig. 9.2). Prolonged starvation
enhances the release of hepatic glucose and the peri-
portal metabolic zone extends towards the center of the
lobule. Thus, metabolic changes during the absorptive and
postabsorptive phase are not a consequence of alterations
in activity of the individual hepatocyte, but rather reflect
shifting of metabolic processes in different acinar zones.

Detoxification of Ammonium

The concentration of NH, is high in the periportal sinu-
soidal blood and decreases towards the center of the lob-
ule. Hepatic ammonium detoxification is carried out by
two serially operating systems — periportal urea syn-
thesis and perivenous glutamine synthesis (Fig. 9.3).
Periportal hepatocytes dispose of a high capacity and
low affinity NH -uptake system, while perivenous hepa-
tocytes take up NH, with high affinity, but have a low
NH,-uptake capacity. NH, is detoxified in the periportal

Periportal Hepatocyte Perivenous Hepatocyte

Postabsorptive Phase (Fasting State)

Glycogen

l Glucose
Lactate —» Glucose Lactate
Lactate—T \—' HEGELD
» Glucose
Absorptive Phase (Fed State)
Glycogen Glycogen
Glucose
Lactate Glucose— Lactate
— Lactate —T LLactate
Glucose

Fig. 9.2 Zonation of glucose metabolism in the absorptive and
postabsorptive phase. In the postabsorptive phase, between
meals, initially glycogen in the periportal zone is metabolized to
glucose. Thereafter, it is metabolized to lactate in the perivenous
zone. Lactate is released, it recirculates, is taken up by periportal
hepatocytes and is used for gluconeogenesis. In the absorptive
phase glucose bypasses the periportal hepatocytes, is taken up
by perivenous liver cells and is used for glycogen synthesis. If
the glycogen stores of perivenous liver cells are replete, glucose
is metabolized to lactate that is then released into the circulation,
recirculates and is taken up by periportal hepatocytes. Here it is
converted to glycogen via prior gluconeogenesis

hepatocytes primarily by mitochondrial urea synthesis.
Here the uptake of glutamine and its breakdown by glu-
taminase also occurs. Extracellular and intracellular
NH, activate glutaminase. In the reaction catalyzed by
glutaminase additional ammonium is provided for the
urea cycle (carbamoyl phosphate synthase). Thus glu-
taminase supports the synthesis of urea.
Approximately 80% of NH, in the portal blood is
metabolized to urea. Ammonium that evades peripor-
tal urea synthesis is intercepted by perivenous hepato-
cytes (scavenger cells) and is detoxified by the cytosolic
synthesis of glutamine. While most enzymes display
acinar concentration and activity gradients (see above),
glutamine synthase and ornithine aminotransferase are
localized strictly in a small population of perivenous
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Fig. 9.3 The elimination of
ammonium occurs by two

Periportal Hepatocyte

Perivenous Hepatocyte

serial systems: the periportal s Cytosol

synthesis of urea (low
affinity/high capacity) and
the perivenous synthesis of
glutamine (high affinity/low
capacity). This “division of
work” results from differen-
tial expression of enzymes
and transport systems.
Periportal hepatocytes
contain urea cycle enzymes
and glutaminase, but no
glutamine synthase. This ‘
enzyme is present only in a AN

Mitochondrium
— Glutaminase

T

L+
NH,
A A

Glutamine

-

= (®-NH,

Cytosol \
Mitochondrium

\

CPS

Glutamine synthetase

4 Glutamine

4

Urea ///“ \

small group of perivenous
hepatocytes (scavenger cells)
that are nearly completely
devoid of enzymes of the
urea cycle

Glutamine -~

.
NH;,

hepatocytes, directly adjoining the terminal hepatic
venule. Glutamate and aspartate are taken up nearly
exclusively by perivenous hepatocytes.

In the healthy liver periportal glutaminase and peri-
venous glutamine synthase work in concert. On the bal-
ance, glutamine is not consumed during detoxification
of ammonium. Periportal glutamine breakdown with
concomitant perivenous glutamine synthesis is termed
the intercellular glutamine cycle.

Systemic pH-Regulation

The periportal urea synthesis does not only serve to
detoxify ammonium, but is integrated as well in the
systemic acid-base regulation [4, 5]. During urea syn-
thesis a strong base (HCO,") is neutralized by a weak
acid (NH,*):

2HCO3*+ 2NH," — urea + 3H,0 + CO,

i.e. HCO; is eliminated by the synthesis of urea. In
metabolic alkalosis the synthesis of urea is intensi-
fied, while in metabolic acidosis it is downregulated.
The elimination of HCO,™ in the liver occurs via the
urea cycle. The homeostasis of HCO,™ is regulated
by the strong dependency of glutaminase activity on
the extracellular pH. In metabolic acidosis periportal

UC = urea cycle, CPS = Carbamoyl phosphate synthetase

|—> Glutamine

> Urea

-(¥)-» = activates

uptake of glutamine and synthesis of urea decrease,
while perivenous synthesis of glutamine increases.
The inhibition of the urea cycle in metabolic acidosis
is explained by a marked pH-dependent decrease of
glutaminase activity. Already a small decrease in pH
will cause a profound reduction of the activity of this
enzyme. Ammonium intoxication in metabolic aci-
dosis is prevented by the perivenous elimination of
ammonium that is mediated by glutamine synthesis.

Bile Acid Extraction

The extraction of bile acids from the sinusoidal blood
resembles the elimination of ammonium (see Chapters
5 and 7). The uptake of bile acids from the sinusoids
occurs by a transport system that, in the periportal area
has a low affinity and high capacity for bile acids,
while the reverse is true for the perivenous zone. This
alignment of bile acid transporters provides for an
effective extraction of bile acids from sinusoidal blood
despite their diminishing concentrations from the por-
tal to the perivenous zone. Under physiologic condi-
tions most of the bile acids are already extracted by
periportal hepatocytes. In cholestasis, periportal hepa-
tocytes are exposed to increased amounts of bile acids.
Asaconsequence, extraction of bile acids by perivenous
hepatocytes increases accordingly.
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The described functional heterogeneity does not only
apply to hepatocytes, but also to the intrahepatic biliary
epithelia and the nonparenchymal cells.

Intrahepatic Biliary Epithelial Cells

The intrahepatic bile ducts are lined by cholangiocytes.
Their absorptive and secretory activities modify the
bile flowing from the liver to the duodenum. The diam-
eter of the bile ducts decreases continuously from the
hepatic hilum to the bile canaliculi: hepatic ducts
(800 um), segmental bile ducts (400-800 pum), septal ducts
(100—400 pm), interlobular ducts (15-100 pm) and bile
ductuli (cholangioles; <15 pm). The absorptive and secre-
tory processes display functional gradients along the
biliary tree as is evidenced by, for example, the differ-
ent ability of cholangiocytes to respond to secretin and
somatostatin, and by the different expression of
enzymes and membrane receptors [10]. Lipase, pan-
creatic a-amylase, and trypsin are expressed by the
large intrahepatic bile ducts, the septal ducts and the
peribiliary glands. Lewis blood group antigens are
expressed by septal ducts. The antiapoptotic protein
Bcl-2 is present in ductular cholangiocytes and in
epithelial cells of the interlobular bile ducts, while the
CI/HCO,™ -exchanger (which plays a major role in
ductal bile secretion) as well as secretin and soma-
tostatin receptors are primarily expressed by larger
bile ducts. The heterogeneity of cholangiocytes is also
evidenced by different reaction patterns of various bile
duct segments to immunologic, toxic and mechanic
stimuli (see Chapter 52 and Section XIV).

Nonparenchymal Cells

Centrilobular sinusoidal endothelial cells are more
“porous”, i.e. they have more fenestrae than periportal
endothelial cells, while the endocytotic activity of the

latter is more pronounced. Periportal Kupffer cells are
larger, more numerous, contain more lysosomes and are
more active phagocytotically than Kupffer cells located
in the perivenous zone. On the other hand, the cytotoxic
activity of centrally located Kupffer cells is superior to
that of periportal Kupffer cells. Periportal stellate cells
are more numerous, contain more fat drops, produce
more extracellular matrix and store more vitamin A
compared to their centrilobular counterparts. The pit
cells too are more numerous, and their ability to lyse
tumor cells is more pronounced in the periportal zone.
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Chapter Outline

Cell volume is an independent factor that regulates
physiologic cell functions. It is increasingly evident that
nutrients, hormones, oxidative stress, solute transport,
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acting changes that exceed this physiologic range.
However, there is increasing evidence that even small
changes in the volume setpoint above or below the
starting value constitute an independent signal for cell
function and initiate signaling cascades that involve
changes in cellular kinases, protein activity, and gene
expression [7, 8]. The intracellular signal transduction
cascades that are activated by changes in hydration are
very complex and only partly understood. The same
applies to the cellular structures which can sense the
changes in hydration; however, in liver the integrin
system serves as an osmosensor as does the endosomal
compartment. The concept that hepatocyte volume serves
as a signal regulating liver cell and organ function
provides a new conceptual framework for modulation
of liver metabolism and bile formation through effects
on volume-sensitive signaling and ion channels [1, 6].
Furthermore, changes in cellular hydration are not
only to beregarded as a physiologic control mechanism,
but also may play a role in the pathogenesis of many
diseases.
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Dynamics of Hepatocellular Hydration

Almost all changes in cell hydration result from osmotic
water movements across the cell membrane. The mem-
brane is freely permeable to water. Osmotically effec-
tive concentration gradients across the cell membrane
are generated either by changes in extracellular osmo-
larity or by altered activity of membrane bound trans-
port systems for ions or substrates. Thus, a rise in
extracellular osmolarity will lead to an osmotic flow of
water out of the cell (cell shrinkage) while a hypoos-
motic exposure will cause cell swelling. Although rap-
idly effective volume regulatory mechanisms prevent
excessive changes in cell volume, they are not able to
counteract these volume deviations completely and to
restore the resting cell volume. The degree of the result-
ing deviation correlates with functional cell changes.
Pathophysiologically relevant changes in extracellular
osmolarity occur, for example, in hypernatremic states
due to water loss or in hyponatremia caused by overse-
cretion of antidiuretic hormone. Under physiologic
conditions, however, extracellular osmolarity is subject
to only minor fluctuations, and changes in liver cell
hydration are caused primarily by alterations in activity
of membrane bound ion and substrate transport sys-
tems. Thus, the concentration-dependent and mostly
Na*-dependent uptake of amino acids into the hepato-
cyte increases its hydration, while oxidative stress, glu-
cagon and urea lead to the opening of K*-channels in
the cell membrane with consequent K* (and CI") efflux
resulting in cell shrinkage. Insulin and growth factors
activate the Na*/H* exchanger, the Na*/K* ATPase and
the Na*-K*-2CI" cotransporter and increase cell hydra-
tion by intracellular accumulation of Na*, K* and CI~ [3].
The latter transport system is also activated by acetal-
dehyde, which is the reason that ethanol causes cell
swelling. The stimulation of a-adrenergic liver nerves
leads also to cell swelling. Thus, a neural regulation of
hepatocellular hydration might be assumed as well.
Furthermore, adenosine, extracellular ATP, vasopressin
and serotonin cause cell shrinkage, while bradykinin
leads to cell swelling.

Cell Hydration and Signal Transduction

Changes in liver cell hydration activate various intrac-
ellular signal transduction cascades (osmosignaling),
primarily of mitogen-activated protein kinases (MAP-
kinases) of the Erk-, INK- and p38MAPX-family. In

addition, protein phosphatases such as MKP-1 are
induced. MAP-kinases are pivotal regulatory elements.
Not only do they mediate the effects of growth hor-
mones, but they are also responsible for the dependence
of diverse cell functions on hydration. Thus, there is
ample evidence that changes in cell volume directly
influence a broad range of processes including kinase
activation, gene expression, and membrane transport.
However, the mechanism by which the liver cell senses
a volume change and the way in which this information
activates signal transduction elements is still poorly
understood. Nonetheless, the hepatic integrin system
was identified as a sensor of hepatocyte swelling that
activates the MAP kinase cascade. Cell shrinkage, con-
versely, is sensed by the endosomal compartment, with
subsequent activation of NADPH oxidases. The result-
ing formation of reactive oxygen species triggers a
variety of other protein-kinase systems [9].

Regulation of Cell Function
by the Hepatocellular Hydration State

An altered nutrient and hormonal supply will physio-
logically lead to dynamic changes in cell hydration that,
within minutes, will cause dramatic adjustments of cell
function. Therefore, shifts in cell volume represent a
metabolic regulatory principle which allows for a rapid
adaptation of cell function to an altered substrate sup-
ply or to changed hormonal influences [2]. Changes in
cell volume have substantial effects on signal transduc-
tion, membrane transport, and nuclear transcriptional
events. In general, cell swelling represents an anabolic
signal, stimulating protein and glycogen synthesis, while
simultaneously inhibiting proteolysis and glycogenoly-
sis. Cell shrinkage has the opposite effects, leading to
catabolic changes in protein and glycogen processing
(Table 10.1). The function of nonparenchymal cells in
the liver is also regulated by their state of hydration.

Protein Turnover

The hydration state is an essential parameter that deter-
mines the breakdown of proteins in the hepatocyte [4].
If the water content of a liver cell increases by approxi-
mately 1%, proteolysis diminishes by approximately 2%.
This occurs irrespective of the mechanism that brings
about the changes in hydration. The antiproteolytic
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Table 10.1 Adaptation of metabolic liver functions in response
to cell swelling such as occurs during cumulative substrate
uptake or under the influence of hormones such as insulin (With
permission from [5])

Stimulation of Inhibition of

Protein synthesis Proteolysis
Glycogen synthesis Glycogenolysis
Amino acid uptake
Amino acid catabolism
Pentose phosphate shunt
Release of reduced

glutathione into the

sinusoidal space
Bile acid secretion

Release of oxidized
glutathione into bile

Acidification of endocytotic

vesicles
Viral replication
mRNA induction for -actin, mRNA induction for
tubulin, c-jun PEPCK?, tyrosine amino-
transferase

* PEPCK Phosphoenolpyruvate carboxykinase

action of insulin and of some amino acids, such as glu-
tamine, alanine and glycine, is nearly exclusively medi-
ated by insulin and amino acid induced cell swelling,
whereas glucagon stimulated proteolysis is explained
by hormone induced cell shrinkage. The ethanol
induced cell swelling also inhibits protein breakdown
and thus contributes to the intracellular accumulation
of proteins seen in an alcoholic fatty liver. Inhibition of
proteolysis by cell swelling is mediated by activation
of p38MAPK with subsequent inhibition of the forma-
tion of autophagic vacuoles. Swelling of liver cells not
only inhibits proteolysis, but simultaneously increases
hepatic protein synthesis. The opposite changes are
induced by cell shrinkage. Thus cell swelling is a pro-
tein anabolic signal, whereas cell shrinkage acts as a
protein catabolic signal. Since this probably applies
not only to liver cells, but also to skeletal muscle cells,
this concept could potentially be used for understand-
ing new aspects of protein catabolic states in general.
Independent of the underlying disease, there is in
fact a close relationship between the hydration state
of the skeletal muscle cell and the magnitude of pro-
tein catabolism in severely ill patients. It is possible
that the decrease in hydration of skeletal muscle and
liver cells represents the common final pathway that
leads to protein breakdown in a multitude of diseases.
The pathogenetic mechanisms underlying cell shrink-
age may be multifactorial, heterogeneous, and disease
specific (e.g. oxidative stress, inflammatory mediators,
toxins, hormonal stress response, etc.). The success-
ful treatment of protein catabolic states by intravenous

infusion of amino acids is probably due to an increase
in cellular hydration.

Bile Formation

Bile formation is an osmotically driven process.
Substances destined for biliary secretion are taken up by
transport systems located in the sinusoidal membrane of
the hepatocyte and are then secreted into the bile
canaliculus by specific transport ATPases (see Chapters
5 and 7). Canalicular bile secretion is the rate limiting
step and is carefully regulated by the hydration state of
the liver. An increase in cellular water content by only
10%, doubles the secretory capacity for bile acids within
minutes, while cell shrinkage diminishes bile acid secre-
tion. The endowment of the canalicular membrane with
secretory transport ATPases probably depends on cell
hydration. These transport molecules are only partially
integrated into the canalicular membrane and are for the
most part contained in vesicles in the pericanalicular
ectoplasm. It is assumed that cell swelling, with the help
of the microtubular apparatus, results in the incorpora-
tion of these transporter vesicles into the canalicular
membrane, thus augmenting its transport capacity (chol-
eresis). Cell shrinkage, but also endotoxin, may lead to
a rapid disintegration of transporters with subsequent
cholestasis. The dependency of biliary excretion on
hydration is mediated by mitogen activated protein
kinases of the Erk and p38 family. Their activation by
cell swelling is the decisive trigger for the rapid
increase in bile acid secretory capacity. Interestingly,
the Erk and p38 kinases are activated by tauroursode-
oxycholic acid also in an integrin-dependent way. This
may be one explanation for the beneficial effect of
ursodeoxycholic acid in some cholestatic diseases,
such as primary biliary cirrhosis.

Carbohydrate Metabolism

Cell swelling stimulates glycogen synthesis and the pen-
tose phosphate shunt, simultaneously inhibiting glycogen
breakdown. Cell shrinkage increases glycogenolysis
and leads to the induction of phosphoenolpyruvate car-
boxykinase, a key enzyme of gluconeogenesis. There-
fore, a decrease in cellular hydration that is often
observed during starvation, can be regarded as a homeo-
static response of glucose metabolism. Cell shrinkage
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not only increases proteolysis with release of amino
acids, but also simultaneously stimulates gluconeogen-
esis from these amino acids. Furthermore, there is evi-
dence that cellular dehydration contributes to insulin
resistance. Cell shrinkage leads to the induction of
MAP-kinase-phosphatase-1 that inactivates important
components of the insulin activated signal transduction
at the postreceptor level. This could explain the well
known clinical observation that hyperosmotic states are
associated with insulin resistance.

Function of Nonparenchymal Cells

The function of nonparenchymal cells in the liver is also
subject to control by the hydration state. Thus, a decrease
in hydration of Kupffer cells leads to a potentiation of
endotoxin mediated induction of cyclooxygenase-2
(Cox-2) and up to a tenfold increase of prostanoid pro-
duction. Similarly, hydration affects the induction of
Cox-2 in sinusoidal endothelial cells. The hydration
state also regulates phagocytosis and cytokine produc-
tion by Kupffer cells. Osmolytes, such as betain and
taurine may modulate these immunologic functions of
nonparenchymal cells. In the context of activation and
transformation of hepatic stellate cells to myofibro-
blasts osmolyte transporters are intensely expressed.
The significance of this finding, however, is unclear but
may relate to the recent discovery that hepatic stellate
cells are a progenitor cell compartment in the liver
which can differentiate not only into myofibroblasts,
but also to endothelial cells and hepatocytes.

Gene Expression, Cytoprotection
and Virus Replication

The list of genes that are regulated by the hydration
state is long. Here, only the hydration dependent expres-
sion of osmolyte transporters that are found in all types
of liver cells is highlighted. It should be remembered,
however, that osmolytes used by different liver cells
differ. Osmolytes are organic compounds, such as tau-
rin, betain and myoinositol, that are rapidly released by
cells upon cell swelling. Due to the osmosensitive
induction of their transporters, they accumulate intrac-
ellularly during cell shrinkage. These osmolytes do not

only serve to regulate cell volume, but they also stabi-
lize protein structures, which explains their cytoprotec-
tive effect. Accordingly, taurine transporter knockout
mice develop liver injury. The extent of liver injury by
various agents is considerably enhanced in poorly
hydrated cells, whereas the tolerance to liver damage is
improved in well hydrated cells and/or in the presence
of osmolytes. The addition of taurin and betain may
also avert to a large extent ischemia-reperfusion injury
of the liver. On the one hand this is explained by the
inhibition of prostanoid formation by Kupffer cells, but
is also due to an improved heat shock response.

The cellular state of hydration does not only regulate
the expression of cellular genes, but also affects virus
replication. In animal models (duck hepatitis B) it was
shown that cell shrinkage enhances virus replication,
while it is inhibited by cell swelling. Interestingly, the
effect of cell volume on viral and host protein synthesis
is reciprocal: cell shrinkage inhibits protein synthesis in
host cells, but simultaneously increases synthesis of viral
proteins. The opposite occurs in cell swelling. The cause
for the dependence of virus replication on the hydration
state in unclear. Cell volume may regulate the formation
and activation of transcription factors by the host which
bind to regulatory elements of the viral genome.
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The liver accommodates a variety of cell populations,
some of which are primarily engaged in immune activ-
ities. The intrahepatic immunologic processes result
from a complex interplay between parenchymal and
nonparenchymal cells [18, 19, 22, 26]. The knowledge
of the characteristic liver architecture, the distinct
hepatic circulation, and the specific cellular composi-
tion of the organ form the basis for understanding the
immunological role of the liver.

Immunologically important molecules, such as
complement factors and acute phase proteins are syn-
thesized in the liver. The liver harbors a large fraction
of the reticuloendothelial system of the human body,
thereby participating in nonspecific immune defense
reactions. If antigens expressed on hepatocytes are the
targets of an immune reaction, the liver itself becomes
the center of the “immunologic battle” (see Chapter 18).
On the other hand, primary nonhepatic immunologic
disorders, such as the collagen vascular diseases, may
secondarily affect the liver.

The morphology of the liver and of its cellular ele-
ments is discussed extensively in Chapters 2 and 3.
The liver is situated strategically between the splanch-
nic area and the systemic circulation. Its dual blood
supply from the portal vein and the hepatic artery leads
to a continuous exposure to intestinal, pancreatic,
splenic and systemic antigens. Gut microorganisms,
after overcoming the intestinal barrier, gain access to
the liver via the portal circulation and may elicit intra-
hepatic immune reactions. This early antigenic contact
suggests that the liver must accommodate the compo-
nents of the innate immune system in order to avert gut
derived infectious, toxic and carcinogenic injuries. The
composition of immunocompetent cells in the liver
corroborates the assumption that innate, nonspecific
immune reactions belong to the most important immu-
nologic tasks of the organ.
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Kupffer Cells

Kupfter cells and lymphocytes account for the bulk of
immune cells in the liver. Kupffer cells are resident
macrophages and account for approximately 80% of
all tissue associated macrophages in the human body.
Thus, the liver houses a substantial fraction of the
monocytic phagocyte system and plays a pivotal role
in the defense against animate infectious agents and
inanimate particles. Kupffer cells constitute the first
line of defense against gut derived antigens. They are
able to phagocytose senescent erythrocytes, frag-
mented cells and infectious agents. They interact with
endotoxins and tumor cells, and are capable of elimi-
nating antigen-antibody complexes, presenting anti-
gens, and synthesizing proinflammatory cytokines.
Phagocytosis by Kupffer cells occurs either as immune
or nonimmune phagocytosis. In immune phagocytosis
IgM laden particles and antigen-antibody complexes
are taken up by Fc- and C,-complement receptors.
Nonimmune phagocytosis is mediated by opsonins or
by lectin receptors on the surface of Kupffer cells that
bind the particles to be phagocytosed. Fibronectin is an
opsonin produced by hepatocytes.

Various bacterial stimuli, such as lipopolysaccha-
ride and bacterial superantigens induce Kupffer cells
to secrete autocrine and paracrine inflammatory

Hepatocyte

!II':?: Tl Acute Phase Proteins
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@

Kupffer cell
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IL-18 IIFN IL
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NK = Natural killer cell
NKT = Natural killer T cell
Neutrophil T =Tecell
granulocyte B =Becell

Fig. 11.1 Simplified diagram of the interactions between hepa-
tocytes, Kupffer cells and lymphocytes in hepatic inflammatory
reactions

mediators. After contact with lipopolysaccharide,
amongst other substances, Kupffer cells produce inter-
leukins (IL) 1, 6, 10 and 12. With the exception of
IL-10 these cytokines stimulate natural killer (NK) and
NK T cells (see below) to synthesize interferon-y,
thereby acquiring cytotoxic features against tumor
cells and infected cells. IL-10 is an immune regulatory
molecule that diminishes CD4* T cell activation by
antigen presenting sinusoidal endothelial cells and
by Kupffer cells. This effect is mediated by down-
regulating receptor-mediated antigen uptake and
reducing the expression of both MHC class II and the
costimulatory molecules CD80 and CD86. Prostanoids
produced by Kupffer cells enhance this effect [25].

Therefore, Kupffer cells are an integral part of immu-
nologic feedback loops of interacting cells and their
mediators. The immunologic reaction chain generated in
this way ultimately results in the activation of the non-
specific defense system, the generation of cytotoxic cells,
and the production of immunoglobulins (Fig. 11.1).

Intrahepatic Lymphocytes

The normal liver houses approximately 10'° lympho-
cytes. They are located predominantly in the portal
tracts and the periportal areas, but are also scattered
throughout the parenchyma. Lymphocytes residing in
the liver are regarded as liver specific lymphocytes; sur-
prisingly little is known about their functions. They dif-
fer phenotypically and functionally from lymphoid cells
in the peripheral circulation (Table 11.1). Conventional

Table 11.1 Distribution of phenotypical markers on normal
blood and intrahepatic T lymphocytes in man (Adapted from

[61)

T-Cell-Phenotype Blood (%) Liver (%)
CD4 60 22

CD8 38 72
CD4*CD8* 1,3 5,5
CD4CDS8- 5 14,5
CD8o'f~ <1 154
afTCR 96 85
YOTCR 3.5 15

Vo24 TCR <1 4,6
CD56 2 32

*Mean values of the percental frequency. The interindividual
variation is extremely large.
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Tcellscomprise CD8*and CD4+ T cells. Unconventional
T cells are categorized into two major populations, those
that express NK cell markers (NK T cells) and those
that do not express NK cell markers (v T cells). The
bulk of intrahepatic lymphocytes are T cells (CD8* T
cells outnumber CD4* T cells) and natural killer
(NK) cells (94%), with B cells making up a much
smaller percentage (6%). NK T cells account for up to
30% of the total number of T cells in the liver (Fig. 11.2)
[3, 4,22, 32].

Intrahepatic lymphocytes exhibit a high degree of
activation and spontaneous cytotoxicity. This fact,
together with the strong expression of molecules
mediating apoptosis, support the assumption that intra-
hepatic lymphocytes participate in immunologic sur-
veillance. Furthermore, the hepatic immune system is
involved in the induction of peripheral tolerance.

The apoptosis of activated T cells, especially of CD8*
lymphocytes, occurs preferentially in the liver. The cap-
ture of apoptotic T cells from the sinusoidal blood is an
active receptor-binding-process mediated by sinusoidal
endothelial cells (SEC). The specific architecture of the
liver, with fenestrated SEC, a large number of resident
macrophages combined with an excellent blood supply
receiving a large fraction of cardiac output, support
the apoptotic clearance function of the organ. Whether
T cells bound for intrahepatic apoptosis have been
primed in the periphery, merely accumulate in the liver
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Fig. 11.2 Composition of intrahepatic lymphocyte populations
in the healthy liver. Numbers indicate the estimated frequency of
each population relative to the total number of nonparenchymal
cells. Non-hepatocytes comprise 20-40% of the total cell num-
ber found in the liver (Adapted from [22])

“to die”, or whether they receive the apoptotic signal in
the liver, is not known.

T Lymphocytes

T lymphocytes are pivotal components of adapted
immunity. With their surface receptors they recognize
peptides presented in association with MHC class 1
(CDS8* cytotoxic T cells) or class I molecules (CD4*
helper T cells) (MHC restriction). After reacting with
their target cells, the T cells expand clonally.

Hepatic T lymphocytes are a heterogeneous cell popu-
lation; compared to the classical T cells, they exhibit
additional functional characteristics. They are transported
to the liver by the circulation, become resident lympho-
cytes and probably mature inside the liver. Hematopoietic
stem cells have also been described in the human liver.

The liver contains both conventional T lymphocytes
that present antigen in the classic way, i.e. in conjunction
with MHC class I or II antigens, and unconventional,
alternative T cells. The latter express only small amounts
of CD3. They are distinguished by a limited variability
of antigen receptors, by more non-specific mechanisms
of antigen recognition, and by a lack of MHC restric-
tion. The bulk of alternative T cells display NK-like
cytotoxic activities and belong to the natural killer T
cells (NK T; CD 56 lymphocytes; see below).

The vast majority of hepatic T cells (Th1/Tcl)
secrete inflammatory cytokines, including interferon-y,
TNF-a, and interleukin-2. Approximately 5% have a
Th2/Tc2 cytokine secretory profile, but they produce
only interleukin-4 and no interleukin-5. Most interleu-
kin-4 producing T cells in the liver secrete also inter-
feron-y. Thus, they resemble more ThO than conventional
Th2 cells. ThO lymphocytes rank among the undifferen-
tiated cells and are believed to exert immune regulatory
functions.

of-T Cell Receptor Lymphocytes

Eighty-five percent of hepatic T cells express the a3-T
cell receptor (TCR). Approximately half of of3-TCR
expressing cells are conventional T cells. Together with
CD4 or CDS8 cells they express large amounts of CD3.
The result is a mixed population of CD8CD4-,
CD4*CD8-,CD4 CD8" (double negative) and CD4*CD8*
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(double positive) cells that do not express NK cell
markers. Sixty to 90% of hepatic T cells are CD8*.
Conventional CD4*CD8~ and CD8*CD4~ af-T cells
account for less than 40% of the hepatic CD3" cell popu-
lation. The intrahepatic pool of double negative cells is
particularly vast. In addition, the liver contains T cells
that express the CD8 a-chain but not the CD8 [-chain
(CDS8 a*f cells).

v0-T Cell Receptor Lymphocytes

While fewer than 5% of peripheral T cells express the
y8-TCR, 15-35% of intrahepatic T cells express this
receptor. Thus, in addition to the small intestine, skin,
lungs and the pregnant uterus, the liver is the organ
with the highest y5-T cell density in the body. The yd-
TCR recognizes a limited range of antigens, such as
bacterial and viral nonpeptidic antigens and stress
inducible proteins [31]. However, the exact target anti-
gens and functions of hepatic y3-T cells are unknown.
Particularly important is the fact that antigen recogni-
tion by yo-T cells is not MHC restricted. This feature,
combined with their relatively large number in the
liver, suggests that y5-T cells are important in eliminat-
ing infectious agents, virally infected cells, and tumor
cells. Furthermore, this indicates that nonspecific
innate immunity plays a major role in the immunologic
functioning of the liver.

Natural Killer T (NK T) Cells

The liver is selectively enriched for cells representative
of innate immunity, including natural killer T (NK T)
cells [9]. The NK activity is not only limited to con-
ventional CD3-CD56*-cells (see below). The majority
of lymphocytes with T cell receptors of limited vari-
ability also express NK-activating and inhibiting
receptors; they are designated as NK T cells. The pop-
ulation of classical NK T cells arises in the thymus,
displays a very restricted T cell repertoire, and recog-
nizes antigen in the context of the MHC class I mole-
cule CD1. On average, 32% of all hepatic CD3" cells
are NK T cells (CD3*CD56*), compared to only 2% in
the peripheral blood. 60% of human hepatic NK T
cells express the y6-TCR (nonclassical NK T cells);

they probably recognize CD1 associated with glyco-
lipids. Interestingly, hepatocytes express CD1, which
hints to a possible interaction between NK T cells and
liver cells. Activated Kupffer cells seem to be neces-
sary for the functional maturation of NK T cells. The
cytotoxic activities of human hepatic NK T cells are
stimulated by interleukins 2, 12 and 15. After being
activated, NK T cells secrete many cytokines, includ-
ing interferon-y, TNF-q, interleukin 2 and 4.

The exact functions of NK T cells are not yet known.
It is speculated that NK T cells might represent an evo-
lutionary and functional link between the innate non-
specific immune system and the acquired specific
immune system. By secreting cytokines they are
believed to influence the local immunologic microen-
vironment of the liver [9].

A subgroup of NK T cells express a non-variable
TCR with a Va24JaQ a-chain and a limited number of
B-chains (VB8 or VP11). These are the Vo24JaQ* T
lymphocytes. They account for up to 4% of hepatic T
cells, but fewer than 0.2% of peripheral T cells.
Synthetic protozoal a-galactosylceramide and glycosyl
phosphatidylinositols are potent stimulators of these
cells. After pharmacologic stimulation or reaction with
anti CD3, as many as 12% of these cells may simulta-
neously secrete interferon-y and interleukin 4. These
cells are possibly early regulators of specific hepatic
immune responses and may play a role in the pathogen-
esis of immunologically mediated liver diseases.

Natural Killer (NK) Cells

NK cells are important components of innate immu-
nity and possess potent cytolytic activity against virus-
infected and tumor cells. They exhibit spontaneous
cytotoxicity and have no T cell markers (CD3~, CD56%).
NK cells account for approximately 30% of intrahe-
patic lymphocytes. They contain large cytoplasmic
granules (large granulated lymphocytes; pit cells) and
mediate antibody dependent cytotoxicity (ADCC). NK
cells presumably play a role in tumor cell lysis and in
the defense against viruses, intracellular bacteria and
parasites. In patients with malignant liver tumors, their
number may increase significantly and account for up
to 90% of all intrahepatic lymphocytes. NK cells have
receptors for the Fc portion of immunoglobulins. They
do not express antigen specific receptors, but are able
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to recognize changes in the expression of membrane
glycoproteins of target cells. Human NK cells are acti-
vated by binding to antibody laden target cells and by
cytokines (interferon-y, interleukins 2, 12 and 15).
Binding occurs through the surface molecule CD16
(IgG Fc-receptor) which mediates ADCC. Complex
interactions between HLA class I molecules and killer
immunoglobulin-like receptors (KIRs) activate or
inhibit NK cells.

Dendritic Cells

The liver contains several types of antigen presenting
cells, including sinusoidal endothelial cells and Kupffer
cells. In certain situations hepatocytes have also been
reported to acquire antigen presenting skills. However,
the professional antigen presenting cell is the dendritic
cell (DC). DCs are very efficient in capturing, process-
ing, and presenting antigen to naive T cells. However,
compared with bone marrow derived or splenic DC,
they stimulate naive allogeneic T cells only poorly.
The unique cytokine microenvironment in the liver
(rich in IL-10 and TGF-B) may render resident DCs
tolerogenic (see below “Immunologic Tolerance™).
Resident hepatic DCs are derived from bone mar-
row and represent a major component of innate immu-
nity. Compared with lymphoid tissue only few DCs are
found in the normal liver where they predominantly
reside around the portal tracts [21]. During inflamma-
tion, DCs are recruited into the liver sinusoids and
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populate periportal and pericentral areas. Once acti-
vated, they migrate via the space of Disse to the lym-
phaticsinthe portal tracts and, ultimately, to extrahepatic
lymph nodes.

Two principal subsets of DCs, deriving from a com-
mon precursor, are recognized: the myeloid (MDC)
and lymphoid (plasmacytoid, PDC) DC. Upon stimu-
lation DCs produce inflammatory cytokines, such as
IL-12 and TNF-a. PDC and MDC are distinct in their
toll-like receptor (TLR) expression and cytokine secre-
tion profile (Table 11.3).

Hepatocytes

Hepatocytes produce complement components and
acute phase proteins. Immune activated hepatocytes
express numerous surface markers, receptors for immune
mediators and adhesion molecules (Fig. 11.3). Under
certain conditions hepatocytes may serve as antigen
presenting cells and react directly with lymphocytes.

Hepatocytes participate in the metabolism of secre-
tory IgA. They can take up IgA from the sinusoidal
circulation, transport it intracellularly, and secrete
it across the canalicular membrane into bile (see
Chapter 5). In contrast to the rat, in man this “entero-
hepatic circulation” of polymeric IgA (pIgA) is of
only minor importance. The pIgA in human bile origi-
nates mostly from plasma cells located in the walls of
the bile ducts and is secreted into bile across the bil-
iary epithelial cells.
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Sinusoidal Endothelial Cells

The sinusoidal endothelial cells (SEC) are crucial ele-
ments in liver immunity. They form a sieve-like, fenes-
trated endothelium and participate actively in the
immunologic processes in the liver. Uptake of antigens
by SEC occurs at the mannose receptor, and SEC con-
tribute to the clearance of antigens from the circulation
by receptor mediated endocytosis. SEC produce cytok-
ines, including IL-1; they express adhesion molecules
for T cells, B cells and neutrophil granulocytes. All
surface markers required for antigen presentation are
expressed by SEC (MHC class I and II as well as the
costimulatory molecules CD80, CD86, CD40, CD54).
SEC are therefore able to take up and present antigens
as well as to activate T cells. CD4*-activation by SEC,
however, is less efficient than by “professional” anti-
gen presenting cells from the bone marrow. IL-10 pro-
duced by Kupffer cells and prostaglandin E, formed
constitutively by SEC downregulate antigen presenta-
tion by SEC and contribute to the tolerogenic intrahe-
patic microenvironment.

Antigen uptake does not only occur on the luminal
side of the sinusoids; antigens originating in hepato-
cytes may also be taken up and processed by SEC, and
then presented to T cells. This pathway is important
both for the immunologic surveillance of leukocytes
that cross the liver as well as for the recruitment of
liver specific T cells.

SEC express markers involved in recognition and
apoptosis, and may contribute to immunologic toler-
ance by inducing apoptosis of activated T cells (see
below) [13].

The sinusoidal endothelium does not have a base-
ment membrane. Its continuity is interrupted by
dynamic fenestrations, which may actively change
their diameter. This feature may allow antigens and
cellular components circulating in the sinusoidal
blood to interact directly through SEC fenestrations
with the basolateral (sinusoidal) membranes of liver
cells; thus, direct contact between circulating lympho-
cytes and hepatocytes can be established. This is fur-
ther supported by the presence on T cells and on
hepatocytes of complementary adhesion molecules,
such as leukocyte function antigen (LFA)-1 and intra-
cellular adhesion molecule (ICAM)-1, respectively.
Recently, at the ultrastructural level, a direct interac-
tion between T lymphocytes and hepatocytes through
SEC fenestrations has been demonstrated in vivo. This

mechanism of interaction between immune cells and
hepatocytes may have implications for the pathogen-
esis of viral hepatitis in which hepatocytes may repre-
sent the main antigen-presenting cell, and for the
development of immune tolerance as naive T lympho-
cytes pass through the liver [30]. Paracrine interac-
tions between SEC and hepatocytes may regulate
lymphocyte traffic through SEC and amplify lympho-
cyte recruitment through the sinusoids by regulating
the expression and function of endothelial adhesion
molecules [8].

Hepatic Stellate Cells

Hepatic stellate cells (HSC) are localized in the perisi-
nusoidal space of Disse and have a stellate appearance.
After hepatocellular injury, they transform into myofi-
broblasts and play an important role in fibrogenesis
and chronic hepatic inflammation (see Chapters 3 and
28). HSC regulate leukocyte trafficking by secreting
monocyte chemoattractant protein-1. They also inter-
act actively through cytokines and growth factors with
Kupfter cells, platelets, endothelial cells, and hepato-
cytes [26]. Leptin promotes the production of proin-
flammatory cytokines by stellate cells, which may be
important in the pathogenesis of certain forms of non-
alcoholic fatty liver disease [1].

Biliary Epithelial Cells

Biliary epithelium accounts for less than 5% of total
liver mass. Cholangiocytes may both actively contrib-
ute to intrahepatic immune regulation and become pas-
sively involved in immune mediated bile duct injury
[23]. Biliary epithelial cells are the target of immune
reactions in primary biliary cirrhosis, primary scleros-
ing cholangitis, autoimmune cholangitis, chronic graft
versus host disease, in transplant rejection and in the
vanishing bile duct syndrome.

Bile ducts are not merely passive bile draining chan-
nels. They are dynamic structures, composed of different
cell populations that, through secretory and absorptive pro-
cesses, modify the composition of bile. Bile transports
immunoglobulins into the intestine. Cholangiocytes secrete
cytokines, express adhesion molecules, and under certain
circumstances also antigens which may become the target
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Fig. 11.4 Immunological
expression and secretion
profile of biliary epithelial
cells
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Table 11.2 Effect of cytokines on the expression of surface markers by normal biliary epithelial cells (Adapted from [23]; some

results were obtained in cultured biliary epithelial cell lines)

ICAM-1 Expression HLA-I Expression

HLA-II Expression

LFA-3 Expression CD40 Expression

Unstimulated Low Low Not present Low Low
TNF-q. ) =N =N =N )
IFN-y f f f =N f
IL-1 ) i ) ? ?
TGF-B U U U i =

i Increase, U Decrease, <> no effect, ? no data available

of immunological reactions. After being stimulated by
cytokines, biliary epithelial cells may acquire antigen pre-
senting functions and become actively involved in intrahe-
patic immune reactions.

Under physiological conditions, lymphocytes are
already found in the bile ducts. CD8* cells are present
predominantly within the epithelium, while CD4* lym-
phocytes predominate in the subepithelial fibromuscu-
lar layers. The interaction between cholangiocytes and
lymphocytes may be established through adhesion
molecules. Alternatively, T cell recognition can occur
via CD40 and LFA-3 (alternative pathway).

Proinflammatory cytokines (TNF-a, IL-6) affect
the expression of surface receptors on biliary epithelial
cells (Fig. 11.4, Table 11.2). Inactive bile duct cells
express ICAM-1, LFA-3 and HLA class I molecules.
In the normal liver, biliary epithelia do not express
HLA class II antigens. However, after stimulation by
interferon-y and IL-1, cholangiocytes may be activated
in vitro to express HLA class II antigens. Aberrant
HLA class II expression on biliary epithelia may be
seen in transplant rejection, in graft versus host disease
and in primary biliary cirrhosis. This indicates that

under the influence of proinflammatory cytokines, bil-
iary epithelial cells can assume antigen presenting fea-
tures, react directly with CD4* cells and play an active
role in the immune reaction.

Biliary epithelia themselves may also produce cytok-
ines. After being stimulated by TNF-o. and IL-6 they
produce IL-8 and monocyte chemoattractant protein
(MCP)-1, thereby attracting neutrophil granulocytes
and lymphocytes to the portal areas. Thus, bile duct
epithelia are not only the targets of immunological
reactions; in inflammatory processes they become part-
ners in the cytokine-network and engage actively in the
immune reaction, generating and perpetuating the
inflammatory process in the portal tract.

Biliary Immunoglobulins

IgG, monomeric IgA, and polymeric IgA are found in
human bile. It is assumed that biliary immunoglobulins
derive partly from the blood; a large fraction is pro-
duced locally by intramural plasma cells and is then
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secreted across the epithelium into the bile duct lumen.
Polymeric immunoglobulin receptor and the secretory
component have been localized in the basolateral mem-
brane of biliary epithelial cells. Plasma cell derived IgA
binds to these structures; it traverses the cholangiocyte
by transcytosis and is then secreted into bile. There is
no exchange of IgA between neighbouring epithelial
cells. Another source of dimeric biliary IgA are gut
associated plasma cells localized in the lamina propria
of the small intestine. Dimeric IgA reaches the liver by
the portal venous circulation and is extracted from the
sinusoidal circulation by hepatocytes. Liver cells
express the receptor for dimeric IgA (secretory compo-
nent) in their basolateral membrane. The ligand-recep-
tor (dimeric IgA-secretory component) complex crosses
the hepatocyte and is secreted across the canalicular
membrane into the bile (see Chapter 5). However, under
physiologic conditions in man this pathway is of minor
importance. The functions of biliary immunoglobulins
are not clear. It is assumed that they protect biliary epi-
thelia from infectious agents by enhancing biliary
excretion of these organisms complexed with IgA.

Cytokines and the Liver

All cells residing in the liver are capable of producing
cytokines. Cytokines participate in the physiologic
immune homeostasis, and influence immune and
inflammatory processes by paracrine and autocrine
mechanisms. However, due to methodological difficul-
ties in exploring their functions, it is very difficult to
assess their physiologic roles and pathophysiologic
effects. Our knowledge is mainly based on animal
experiments, and on data derived from isolated cells or
cell cultures. The local physiologic levels of cytokines
in the human liver are also unknown. Their effects in
the hepatic microenvironment not only depend on their
concentration, but are also affected by the presence of
other mediators and cells; i.e., one and the same
cytokine under different conditions may exert different
Sfunctions. Presently, reliable conclusions regarding the
in vivo physiologic and pathophysiologic actions of
cytokines in the human liver are not possible.
Cytokines are not only important in immunologic pro-
cesses and inflammatory reactions (e.g., infections, sepsis
and multiorgan failure), but they also play roles in isch-
emic and reperfusion liver injury, liver regeneration, and

the formation of extracellular matrix by HSC. Tumor
growth factor (TGF)-a, epidermal growth factor, and
fibroblast growth factor stimulate, whereas TGF-3 inhib-
its hepatic regeneration (see Chapter 13) [12, 20, 27].
Normal metabolic pathways in the liver, such as glu-
coneogenesis, lipid and protein metabolism, are also
affected by cytokines. As mentioned previously, it is
not currently possible to decide which metabolic effects
of cytokines in man are actually of physiological sig-
nificance. Therefore, the following statements simply
enumerate experimental results of individual metabolic
effects of cytokines, without attempting to provide an
integrated picture of cytokine action on metabolism.

e IL-6 and insulin like growth factor (IGF)-1 stimu-
late glucose transport into the cell

e IL-1 diminishes the activity of phosphoenolpyruvate
carboxykinase, thereby inhibiting gluconeogenesis

e Interferon-a, TNF-a, IL-1 and IL-6 stimulate fatty
acid synthesis

e IL-1 and TNF-a stimulate the uptake of amino
acids by hepatocytes

* TNF-a increases the activity of key enzymes of
hepatic cholesterol synthesis (HMG CoA-reductase)

* TNF-a stimulates lipid synthesis and secretion as
well as the expression of hepatocyte LDL-receptors

e TNF-o diminishes the activity of hepatic and plas-
matic lecithin-cholesterol acyl transferase

* TNF-a and IL-1p inhibit the activity of bile acid
transporters in the canalicular membrane

e IL-1 induces the expression of cytochrome P450
2E1 and of glutathione S-transferase. By contrast,
IL-2, TNF-a, IL-1B and IL-6 inhibit the induction
of certain cytochrome P450 isoforms

* Cytokines and growth factors, particularly insulin
like growth factor (IGF)2 and TGF-a, play a role in
hepatocarcinogenesis

e JL-10 and TGF-f generate a tolerogenic hepatic
microenvironment, contributing to the promotion of
immunologic tolerance

Immunologic Tolerance

There is clear experimental and clinical evidence that
the liver has an ability to induce immunologic toler-
ance [2]. The liver may reduce the immunogenicity of
transplantation antigens. Patients with liver transplants
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tolerate grafts of other organs (e.g. kidneys and skin)
better than patients without a liver transplant. The mech-
anisms leading to hepatic induction of tolerance are
not well understood. Generation of specific suppressor
cells, trapping, apoptosis and phagocytosis of activated
T cells, and clonal deletion of autoreactive cells are
among the factors discussed [12]. Sinusoidal endothelial
cells express markers involved in recognition, sequestra-
tion and apoptosis. Recently a role for liver sinusoidal
endothelial cells in tolerance induction has been pro-
posed by inducing apoptosis in activated T cells [13].

Hepatic dendritic cells are believed to play a role in
the induction of immune tolerance. An important fac-
tor contributing to the promotion of tolerance is the
unique hepatic “tolerogenic microenvironment” fur-
thered by IL-10 and TGE-B [7, 15-17]. Kupffer cells
and SEC constitutively express the anti-inflammatory
cytokines IL-10 and TGF-f, while hepatocytes secrete
IL-10 in response to autocrine and paracrine TGF-f3.
These cytokines confer tolerogenicity on DCs and on
other antigen presenting cells by inhibiting their matu-
ration and T cell stimulatory function. In contrast to
lipopolysaccharide-stimulated splenic DCs, endotoxin-
activated hepatic DCs induce alloantigen-specific T cell
hyporesponsiveness [5].

The liver participates in the induction of oral toler-
ance. It is continuously flooded with oral antigens that,
after intestinal uptake, reach the organ by the portal
venous route. Three major mechanisms are thought to
be involved in the generation of oral tolerance by the
liver. (1) oral antigens are cleared by the hepatic scav-
enger cell population; (2) hepatic DCs take up oral
antigens, present them in association with MHC class
IT molecules to CD4 T cells which give rise to regula-
tory CD4 T cells, which in turn eliminate other anti-
gen-specific T cells; and (3) SEC take up oral antigens,
present them to CD8 T cells, and induce immune toler-
ance in these CD8 T cells [15].

Intrahepatic Inmune Responses

The induction of a specific hepatic immune response is
a complex process, with different pathogens being able
to induce different immune responses. CD8* cytotoxic T
cells are the effector cells of adaptive immunity against
Listeria monocytogenes. Formation of granulomas in

experimental Schistosomiasis is mediated by CD4* cells.
The severity of the illness is influenced by the cytokine
profile and by the interaction between Thl- and Th2-
cytokines.

Pattern recognition receptors (PRR) are germline
encoded, constitutively expressed molecules that
recognize pathogen-associated molecular patterns.
They function as sensors of microbial danger signals
enabling the host to initiate an immune response
[28]. PRR are present not only in immune cells resi-
dent in the liver but also in liver parenchymal cells.
Toll-like receptors (TLR) are PRR that recognize
microbes either on the cell surface or on lysosomal/
endosomal membranes, while pathogens that invade
the cytosol are detected by cytoplasmic PRR. PRR
may also recognize damage-associated molecules
and may induce inflammatory responses in the
absence of microbes. At present, ten TLR have been
discovered in humans. Some are expressed on the
cell membrane, while others are found in the endo-
somal compartment. The surface expressed TLR rec-
ognize infectious organisms or their components,
while intracellular TLR sense nucleic acids derived
from viruses or the host. Ligand recognition by TLR
triggers a complex signaling cascade that culminates
in activation of proinflammatory cytokines, costimu-
latory molecules, or type I interferons [24]. The liver
accommodates a network of parenchymal and non-
parenchymal cells, including immune cells that
express various TLR (Table 11.3).

Gut derived bacterial lipopolysaccharide (LPS,
endotoxin), a component of the wall of Gram negative
and certain Gram positive bacteria, continuously reaches
the liver by the portal venous circulation. TLR4 is a

Table 11.3 Expression of Toll-like receptors (TLR) by cell
populations resident in the liver (Adapted from [28])

Cell type TLR-expression

Hepatocyte TLR 1-9
Kupffer cell TLR 2,4
Stellate cell TLR 2, 3,4
Sinusoidal endothelial cell TLR 4
Biliary epithelial cell TLR 2,3,4,5
Dendritic cells
Myeloid TLR 1-9
plasmacytoid TLR 7,9
T-lymphocytes, NK cells  TLR 1, 2,4, 5 and 9
B cells TLR 1,6, 7,9 and 10
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surface expressed TLR and is the major component of
the LPS recognition receptor complex. While LPS in
extrahepatic tissues normally leads to an immune acti-
vation, it does not cause inflammation in the liver. By
downregulating of MHC class II, CD80 and CD86 sur-
face molecules and by impairing intracellular antigen
processing, LPS diminishes antigen presentation by
SEC and by Kupffer cells. The receptor mediated anti-
gen uptake is not affected by LPS. TGF-3, an immuno-
suppressive cytokine that is secreted by Kupffer cells,
and SEC already under physiological conditions might
add to the immunosuppressive effect of LPS.

In viral hepatitides T cells attack hepatocytes
expressing viral peptides on their surface. The T cell
response triggers a necroinflammatory process that
may either terminate with the elimination of the virus
and virus-laden hepatocytes or, if inadequate, may lead
to viral persistence. The intensity of the T cell response
is crucial for successful virus elimination and deter-
mines whether or not acute viral infection will become
chronic. It is possible that the “tolerogenic environ-
ment” in the liver contributes to viral persistence and
to the development of chronic hepatitis. In chronic
hepatitis C the number of yd-T cell receptor lympho-
cytes and NK cells is also increased. Their significance
in the pathogenesis of chronic hepatitis C is unknown.

In the early phase of hepatitis B, it is possible that
the production of interferon-y by non CD3 cells is a
co-determinant, deciding whether the virus will be
eliminated or persist.

In autoimmune hepatitides and cholangitides,
autoantigens in association with HLA class II mole-
cules presumably are the targets of the immune reac-
tion [14].

Liver and the Acute Phase Reaction

The acute phase reaction is an important systemic
reaction to tissue injury and a response to acute and
chronic infections. The reaction is rapid and generates
the first non-specific line of defense against foreign
invaders. Through this reaction the organism gains
time to mount a specific humoral and cellular immune
response. Mediators of the acute phase reaction are
acute phase proteins; they are synthesized mainly in
the liver (Table 11.4). By definition, acute phase pro-
teins are proteins whose plasma levels in acute

Table 11.4 Acute phase proteins synthesized by the human
liver (selection)

Positive Acute-Phase-Proteins (> 25% increase in plasma
levels)

C-reactive protein

Serum-amyloid A

o,,-proteinase inhibitor

a,-acidic glycoprotein

o, -antichymotrypsin

Fibrinogen

Haptoglobin

Ceruloplasmin

C,-complement-component

o,-antiplasmin

C -inactivator

Negative Acute-Phase-Proteins (< 25% decrease in plasma
levels)

Albumin

Transferrin

a-fetoprotein

Insulin-like growth factor I

Thyroxine-binding globulin

I

= Serum Amyloid A
-=--=- CRP

Haptoglobin
= === Albumin, Transferrin

Plasma concentration

o
.
q

0 7 14 21
Days after inflammatory stimulus

Fig. 11.5 Changes in plasma concentrations of selected acute
phase proteins after an inflammatory stimulus

inflammatory diseases increase (positive acute phase
proteins) or decrease (negative acute phase proteins)
by at least 25% from baseline. The changes in concen-
tration of these proteins are primarily due to alterations
in their hepatocellular synthesis and secretion. The
individual acute phase proteins differ both in the mag-
nitude of concentration increase and in the time course
of concentration changes (Fig. 11.5). Thus, for exam-
ple, the concentration of ceruloplasmin increases by
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approximately 50%, while the plasma levels of
C-reactive protein and serum amyloid A may rise up to
1,000-fold in an acute inflammatory process.

The synthesis of acute phase proteins is induced by
extracellular signaling molecules. Cytokines, which
are released by activated macrophages, monocytes,
fibroblasts and endothelial cells, and include IL-1,
IL-6, TNF-a, IFN-y, and TGF-f, stimulate the synthe-
sis of acute phase proteins by hepatocytes. After bind-
ing of cytokines to hepatocytic membrane surface
receptors, signals are transduced into the cell interior,
impacting expression and regulation of specific genes
primarily at the transcriptional level. Posttranscriptional
and posttranslational mechanisms, however, also par-
ticipate in the synthesis of acute phase proteins. Since
IL-6 is involved in all actions of hepatic acute phase
genes, it is regarded as the major regulator of the acute
phase response. IL-6 binds to specific receptors on the
hepatocyte membrane and enhances the transcription
of genes that code for the acute phase reactants.
Simultaneously, IL-6 diminishes the transcription of
prealbumin and albumin-mRNA. Glucocorticoids usu-
ally enhance the stimulatory effects of cytokines on the
synthesis of acute phase proteins.

Proinflammatory cytokines (IL-1, IL-6, TNF-o.)
also exert numerous other effects on hepatocytes. They
increase, for example, the synthesis of the metal bind-
ing protein, metallothionein, thus enhancing zinc bind-
ing and leading to a decrease of plasma zinc levels.
They stimulate the activities of inducible NO synthase,
microsomal heme oxygenase, manganese superoxide
dismutase, and tissue inhibitor of metalloproteinase
(TIMP)-1 [10, 11, 29].
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Aging of cells and organs is a multifactorial, genetically
controlled, physiological process that is affected by
environmental factors. Aging of a cell begins with the
moment of its creation. The process is associated with
proliferation, differentiation, maturation and with
progressive decline of physiologic performance. The
functional deficit ends with death.

Endogenous Factors

To this day it is not clear whether the endogenous genetic
program consists of activation of age-specific genes or
whether it is determined by the loss of growth regulatory
genes. An attractive aging hypothesis assumes genetic
defects by shortening of telomeres. Telomeres are struc-
tures at the end of chromosomes. Human telomeres
have a variable number of repeats of the sequence
5-TTAGGG-3’, which can extend for several kilobases.
They stabilize the terminal chromosomal segments,
anchor them to the nuclear matrix, and regulate the ability
of the cell to proliferate. The enzyme responsible for their
synthesis is the telomerase. The proliferation of human
cells is accompanied by a progressive loss of telomerase
activity. The loss of DNA at the chromosomal ends leads
to a shortening of telomeres with deletion of important
genes, and terminates in the inability of the cell to divide.
The decrease of hepatic telomerase activity in old age
might affect the ability of liver cells to proliferate and to
regenerate, and to respond to injurious stimuli [3].

Exogenous Factors

The genetic factors are accompanied by exogenous
influences of daily life, such as the lifelong summation
of damaging factors. Oxidative stress by accumulating
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free radicals causes structural and functional damage to
membranes and cells (see Chapter 14). The accumula-
tion of lipofuscin (“wear and tear pigment”) in senes-
cent hepatocytes is the visible expression of lipid
peroxidation. Free radicals also damage nucleic acids
and enzymes. If the extent of DNA strand breaks exceeds
the ability of the cell to repair the injury, the resultant
damage will lead to a shortening of cell survival.

The primary structure of proteins does not alter in
old age, but the number of posttranslational modifica-
tions increases. Nonenzymatic glycosylation of pro-
teins results in the formation of advanced glycosylation
end products (AGE) that may crosslink proteins and
impair their function. The generation of AGE is well
documented in diabetes mellitus; its significance for
the liver, however, is unknown.

Age related changes in the formation of heat shock
proteins (HSP), including the loss of HSP70, may
impact defense mechanisms and thereby contribute to
reduced cell survival.

With increasing age oxidative phosphorylation in
mitochondria, the synthesis of DNA and RNA, and the
levels of structural, enzymatic and receptor proteins
diminish. The ability of the aging cell to react to injuri-
ous insults and to repair damaged DNA is impaired.

Little is known about the normal life span of human
liver cells, since most data are derived from animal
experiments. In prior autoradiographic studies, the frac-
tion of H3-thymidine labelled hepatocyte nuclei was
determined. Since thymidine is a component of DNA,
the quantification over an extended period of time of
these liver cell nuclei allowed for the calculation of the
life span of labelled cells. The life span of normal rat
hepatocytes, defined as the time to cell division or cell
death, varies between 191 and 453 days [12]. In cir-
rhotic rat livers the life span of hepatocytes is reduced to
approximately 26 days. Understandably, analogous data
in man are lacking. Nevertheless, animal experiments
suggest that the life span of the hepatocytes of a chroni-
cally diseased liver is shortened compared to hepato-
cytes of a healthy organ.

A liver cell does not show its age. Nevertheless, the
progressive aging process is associated with structural
changes. The portal tracts in aged livers are larger than
in those of young adults, and the vessels contain
more collagen. Scanning and transmission electron-
microscopic examination reveals that aging is associ-
ated with pseudocapillarization of the sinusoidal
endothelium, indicated by defenestration with reduced

porosity, thickening of the endothelium, and infrequent
development of a basal lamina. Collagen deposits are
found in the space of Disse. Immunohistochemistry
studies show strong expression of collagen IV, moder-
ate expression of factor VIII-related antigen, and weak
expression of collagen I along the sinusoids of livers
from old rats [9]. Thus, aging in the liver is associated
with changes in the sinusoidal endothelium and the
space of Disse that lead to a loss of permeability of the
liver sieve and may restrict the availability of oxygen
and other substrates [10]. In addition, pseudocapillar-
ization of the hepatic sinusoidal endothelium may
impair hepatic lipoprotein metabolism and impede
lipoprotein transfer from the bloodstream to the hepa-
tocyte, thus reducing hepatic clearance of lipoproteins
[6]. Moreover, the composition of biologic membranes
changes with increasing age. The cholesterol content
increases, while the level of phospholipids and linolic
acid diminishes.

With advancing age increased lysosomal deposition
of lipofuscin is observed, along with a decrease of the
smooth endoplasmic reticulum, the Golgi apparatus, and
the ribosomes. The cell nucleus enlarges and its DNA
content increases [4].

Mitochondrial damage may play a key role in liver
aging. Age is associated with a decrease in mitochon-
drial membrane potential, an increase in mitochondrial
size, and an increase in mitochondrial peroxide genera-
tion. A correlation has been shown between age-associ-
ated impairment of cell metabolism and specific changes
in mitochondrial function (e.g. impairment of the mito-
chondrial malate transporter) and morphology [13].

Conventional liver tests, such as serum bilirubin,
aminotransferases or alkaline phosphatase do not
show age specific changes. Other morphological and
functional liver parameters, however, do show altera-
tions with advancing age (Table 12.1). Between the

Table 12.1 Age-related morphological and functional changes
of the liver (According to [15])
Morphology
Reduction in liver weight
Reduction in number of liver cells
Increase in liver cell size
Reduction in number of mitochondria

Function
Reduction in liver blood flow
Reduction in proliferative capacity of hepatocytes
Altered pharmacokinetics
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5th and 7th decade the liver weight decreases by
approximately 30-50%, and liver size decreases by
18-25%. In persons over 65 years of age liver blood
flow is reduced by 30-50%, while liver perfusion
(blood flow per volume unit) decreases by only 11%
[2, 8]. Concurrent with the reduction in liver volume
and liver blood flow, metabolic activities and dynamic
liver function tests, such as galactose-elimination,
aminopyrine-demethylation and caffeine clearance,
are reduced. Hepatic nitrogen clearance in aging man
may diminish up to 50% [5, 11, 16].

Hepatic drug metabolism in aged people is impaired
only to a minor degree [17]. The reduction in liver vol-
ume, liver blood flow and perfusion may at least partly
account for this decline in hepatic drug clearance. In
animal experiments both the basal activity and the
inducibility of the microsomal cytochrome P450 sys-
tem is reduced in older animals. Reduction of biotrans-
formation phase I reactions in the elderly may lead
to high peak blood concentrations of various drugs.
Phase II reactions, including conjugation, formation
of mercaptan and acetate are not impaired in advanced
age [1, 14, 18].

Liver Diseases in the Aged

There are no age specific liver diseases, but age can affect
the course and prognosis of some liver disorders [7].

Hepatitis A often runs a more severe course in old
than in young patients. The seroconversion rate after
hepatitis A vaccination, both in the young and elderly is
greater than 90%. Therefore, nonimmune older people,
when travelling to Hepatitis A endemic areas should also
be vaccinated.

Acute liver failure has a worse prognosis in older
people.

Chronic viral hepatitides do not have a different
clinical course in the old compared to the young.
However, the rate of chronic virus carriers after infec-
tion with the hepatitis B virus is higher in old people.
This is probably caused by areduced immune response
in the elderly with subsequent impaired virus elimi-
nation. The response to vaccination against hepatitis
B is also reduced in older age. The prevalence of
chronic hepatitis C seems to increase with age. In
southern Italy, for example, approximately 42% of
people over 60 years are anti HCV positive, compared

to 11% of those younger than 35 years. These impres-
sive figures, however, were not reproduced in other
regions in Europe or in the USA. Side effects of inter-
feron therapy do not occur more often, nor are they
more pronounced in the elderly. Nevertheless, treat-
ment in old age with interferon generally is not war-
ranted, since untreated chronic hepatitis C will lead to
a reduced life expectancy in only 4% of this patient
population.

While in the past the upper age limit for organ dona-
tion for liver transplant was 50 years, nowadays even
an age of over 60 years per se does not represent a
contraindication for organ donation. Although the liver
from an older donor may be more susceptible to isch-
emic injury, there is no evidence that this impacts long-
term prognosis. At present, liver transplants are also
performed successfully in older recipients. The post-
operative complications in older patients are compa-
rable to those of younger people.
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H. Dancygier, Clinical Hepatology,

For nearly 100 years the mechanisms by which viable,
functioning parenchyma replaces lost or non-functional
liver tissue are the subject of intense research, utilizing
increasingly more sophisticated techniques. Initial mor-
phological methods were complemented by biochemical
techniques in the ensuing decades. Presently, combined
genetic and molecular investigations represent the state
of the art [5].

Loss of liver tissue is the most potent stimulus for
hepatic regeneration. The development of two-thirds
partial hepatectomy (PHx) in the rat liver by Higgins
and Anderson in 1931 represented a methodological
milestone in the exploration of liver regeneration [24].
Until today this simple and reproducible technique
serves as the basis for most investigations dealing with
liver regeneration.

The most basic parameter of hepatic regeneration is
liver weight. However, restoration of liver weight after
loss of liver tissue is a very crude parameter, also influ-
enced by hepatocellular deposits that are not related to
liver regeneration. Conclusions regarding mechanisms
of liver regeneration cannot be drawn from changes in
liver weight. Cell proliferation may be determined, for
example, by calculating the fraction of cells undergoing
mitosis or proliferating in relation to quiescent cells.
Determining mitotic indexes by counting mitotic cells is
time consuming and cumbersome. Determining the
incorporation of tritiated thymidine into DNA requires
the application of radioactive material and understand-
ably cannot be performed in man. Immunocytochemical
labeling of nuclear antigens with proliferation markers,
such as Ki-67 or proliferating cell nuclear antigen
(PCNA), is relatively simple. The quantitative analysis,
however, is time consuming. Quantification of tis-
sue proteins and enzymes (e.g. putrescine, ornithine
decarboxylase, thymidine kinase) is affected by the
nutritional status and is not precise. The plasma levels of
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thymidine kinase, ornithine decarboxylase, fibronectin
and oa-fetoprotein can be determined quite easily; how-
ever, the significance of these compounds for assessing
liver regeneration is not clear.

The study of changes in biochemical properties
combined with the investigation of varying gene expres-
sion patterns are modern techniques applied in the
exploration of liver regeneration. When used in isolated
cells or cell cultures, these techniques are demanding
and require elaborate DNA technologies. However
sophisticated, no single method can claim to be the gold
standard in investigating liver regeneration.

Hepatic regeneration is an extremely complex pro-
cess. It involves a network of autocrine, paracrine and
endocrine signals. The complete morphological and
functional restoration of the liver requires a finely tuned
interaction between parenchymal and nonparenchymal
cells, components of the extracellular matrix, and a
tight coordination of factors stimulating and inhibiting
cell proliferation. Growth initiating signals stimulate,
via hepatic receptors, action cascades of secondary
messengers, protein kinases, proto-oncogenes and clus-
ters of genes important for cell growth. Despite decade
long efforts, however, the physiologic regulators of
liver regeneration are unknown up to this day. The vast
majority of hitherto available data was obtained from
animal experiments. These findings, as well as data
from research on isolated human cells or cell cultures,
cannot be simply extrapolated to the human situation in
vivo; despite this fact, no sharp distinction will be made
in this chapter between animal and human data in order
to provide a framework of understanding for the basic
concepts involved in liver regeneration.

Definition

Physiologic liver regeneration denotes the full morpho-
logical and functional preservation of hepatic tissue by
replacement of physiologically dying parenchymal and
nonparenchymal cells. The liver belongs to the stable
tissues and has a low mitotic rate; therefore, in conven-
tional sections this physiologic cell replacement is not
easily recognized. The healing of liver defects caused
by cell injury or cell loss is called pathologic or repara-
tive regeneration. If the cell defect is compensated by
hyperplasia of cells identical to those lost, regeneration
is complete; if the defect is replenished by surrogate

tissue an incomplete regeneration is present. Thus, the
complete physiologic regeneration implies a compensa-
tory hyperplasia with complete restoration of the normal
histological architecture and organ-specific functions.

Morphology of Liver Regeneration

Morphologic signs of hepatic regeneration include an
increased cell proliferation (hyperplasia) and mitotic
rate. This is evidenced by thickening of liver cell plates
with widespread double-cell plates which makes sinu-
soids more difficult to discern. The hepatocyte nuclei
show an increased variation in size, and the fraction
of bi- and polynucleated hepatocytes is augmented.
Proliferating hepatocytes have a clear cytoplasm and
contain less pigment (lipofuscin, siderin) even near ter-
minal venules. Accumulation of lipid droplets in hepa-
tocytes is seen in the first 48h after PHx. This is
associated with an increase in fatty acid and lipid syn-
thesizing enzymes. Pseudoglandular structures (rosettes)
are formed by grouping of several liver cells around a
central lumen. Inflammatory cellular infiltrates are
absent; Kupffer cell reaction is lacking or minimal.

Cholangiocytes also proliferate after PHx, metabolic-
toxic, immunologic or mechanical injury. Cholangiocyte
proliferation occurs as a ductular reaction or as a prolif-
eration of portal bile ducts (see Chapters 20 and 26)
[52]. The ductular reaction is observed primarily as a
regenerative phenomenon when there is extensive loss
of liver parenchyma or in the context of hepatocarcino-
genesis. Proliferation of portal bile ducts is seen in
mechanical bile duct obstruction and in chronic chole-
static diseases, such as primary biliary cirrhosis and pri-
mary sclerosing cholangitis.

Ductular hepatocytes are small cells with oval nuclei
and prominent nucleoli (Fig. 3.20). They delimit an ill
defined lumen and do not reside on a basement mem-
brane. They are localized at the interface between the
portal tract and the lobular parenchyma, and extend into
necrotic parenchymal areas. They are believed to corre-
spond to rat oval cells and are ascribed stem cell poten-
tial, i.e. they have the ability to transform into hepatocytes
or biliary epithelial cells (see below) [15, 40].

Ductular cell proliferation has to be distinguished
from proliferation of portal bile ductules. Bile ductules
consist of small epithelial cells with round to oval
nuclei; they reside on a basement membrane and
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Table 13.1 Regulation of cholangiocyte proliferation

Stimulation Inhibition

Cytokines/growth 1L-1c, IL-6, TGF-o,, TGF-B

factors TNF-a, EGF
HGF, IGF-1
Hormones/ Estrogens, Somatostatin,
neuropeptides acetylcholine, Gastrin
PTHrP
Bile acids LCA, TCA, TLCA UDCA, TUDCA

LCA Lithocholic acid, TLCA taurolithocholic acid, TCA tauro-
cholic acid, UDCA ursodeoxycholic acid, TUDCA tauroursode-
oxycholic acid, PTHrP parathyroid hormone related peptide.
See text for further abbreviations

Source: Adapted from [4]

delineate a central lumen. Proliferating bile ductules
characteristically are found inside, albeit at the periph-
ery of the portal tract, bordering periportal liver paren-
chyma;they are accompanied by acellularinflammatory
infiltrate of neutrophil granulocytes.

Proliferating cholangiocytes acquire phenotypic char-
acteristics of neuroendocrine cells. They express neuroen-
docrine markers, such as S-100 and chromogranin A.
They express parathyroid hormone related peptide, an
incomplete mitogen that requires epidermal growth fac-
tor and transforming growth factor 3 to stimulate cell
division. Furthermore, their response to hormones, neu-
ropeptides and transmitter substances, such as secretin,
somatostatin and acetylcholine is increased. A selection
of regulators of cholangiocyte proliferation are reported
in Table 13.1.

Hepatic Stem Cells (See Chapter 3)

Under normal conditions, there is no standing popula-
tion of liver stem cells. When liver tissue is lost and
hepatocyte proliferation is downregulated or arrested,
the biliary compartment can generate oval cells (in
rodents) (“ductular hepatocytes” in humans). Thus, the
biliary tree harbors facultative stem cells for hepato-
cytes [17, 31, 51]. The opposite may also be true, i.e.
hepatocytes may transform to biliary epithelial cells.
This mechanism seems to be important in the repair of
bile duct injury in situations where cholangiocytes
cannot compensate for biliary injury [30]. Whether
hepatic stem cells originate only in the liver or derive
also from bone marrow hematopoietic progenitor cells
which secondarily populate the liver is a matter of
debate [2, 3, 13, 19, 22, 23, 35, 38, 43, 48, 49].

However, both pathways are not mutually exclusive.
Recent findings also indicate that hepatic stellate cells
represent a progenitor cell compartment, which can
differentiate not only into myofibroblasts, but also into
endothelial cells and hepatocytes.

Extracellular Matrix

The extracellular matrix plays a major role in the regu-
lation of hepatocyte proliferation. It impacts the expres-
sion of key elements of cell-cycle control, such as cyclin
A and D1 and cyclin dependent kinase inhibitors p21
and p27 (see below) [33]. Moreover, hepatocyte growth
factor (HGF) is produced by extracellular matrix cells.

Liver regeneration is associated with orderly remod-
eling of the extracellular matrix, which is the prerequi-
site for undisturbed liver cell proliferation. Remodeling
of the extracellular matrix proceeds through two major
pathways. The first pathway is associated with activa-
tion of urokinase, which causes enhanced transforma-
tion of plaminogen to plasmin. Plasmin activates a
variety of matrix related metalloproteinases (MMP)
[31]. The concentrations of inactive MMP (pro MMP-2
and pro MMP-9) rise 30 minutes after PHx. Activation
of MMP9 is seen at 2—4 h after PHx and MMP9 protein
can be demonstrated by immunocytochemistry in peri-
portal hepatocytes, from where it gradually expands
through the midzonal to the pericentral areas of the
lobule. In addition, urokinase may release and activate
HGF (see below). Both HGF and epidermal growth
factor bind to the extracellular matrix in the peripor-
tal areas. The second pathway is mediated through a
family of membrane bound metalloproteinases (MT
MMP). Twelve to 48h after PHx, MT1 MMP, acting
together with tissue inhibitor of metalloproteinase 2
(TIMP2), activates MMP2. The levels of TIMP1 are
increased at 6-18h after PHx. These data suggest that
TIMP regulate the activities of MMP2 and MMP9,
which are important factors in hepatic regeneration and
probably contribute to the priming of hepatocytes after
PHx [25]. MMP?9 affects matrix remodeling, as well as
cytokine, growth factor, and caspase expression [36].

Changes in several extracellular matrix proteins are
seen soon after PHx, including fibronectin, laminin,
entactin. TGF-f3, a mitoinhibitory cytokine, binds to
decorin, an extracellular matrix protein attached to the
plasma membrane.
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Angiogenesis

Restoration of normal liver histology requires the
formation of a vascular network. Angiogenesis is
very precisely regulated after PHx and prolifera-
tion of the sinusoidal endothelial cells peaks 2-3
days after PHx. Replicating endothelial cells invade
the poorly vascularised hepatocyte clusters, perme-
ate them and form new sinusoids. A wide variety of
angiogenic factors (including vascular endothelial
growth factor [VEGF], angiopoietins 1 and 2) pro-
duced by regenerating hepatocytes, stimulate pro-
liferation of endothelial cells. In addition to their
mitogenic effects, growth factors, such as TGF-a,
FGF1, FGF2 and HGF (see below) also have angio-
genic effects. Recent studies have shown a positive
feedback proliferative loop between hepatocytes and
endothelial cells. Proliferating hepatocytes produce
VEGF which, in addition to its angiogenic action
stimulates the production of HGF in endothelial cells
[31]. A proliferative response of the finer branches
of the biliary tree might induce biliary vasculariza-
tion after biliary injury, which seems to be a prereq-
uisite for bile duct regeneration [50].

Regulators of Hepatic Growth

Hepatic growth regulators can be divided into three
groups:

* Complete liver cell mitogens
e Comitogenic growth factors
* Growth inhibitors

Complete mitogens are substances that directly stimu-
late DNA synthesis and mitosis of cultured hepatocytes
in a serum free medium. Epidermal growth factor
(EGF), transforming growth factor-a. (TGF-a.), hepato-
cyte growth factor (HGF) and fibroblast growth factor
(FGF) are complete mitogens.

Comitogens have no direct proliferative effect on
cultured hepatocytes, but they enhance the stimulatory
effects of complete mitogens and reduce the inhibi-
tory effects of growth inhibitors. Insulin, glucagon,
growth hormones, insulin-like growth factors, adrenal
cortical, thyroid and parathyroid hormones as well as
Ca*, vitamin D, prostaglandins, estrogens and certain

cytokines (e.g. TNF-a, IL-1 and IL-6) are among the
comitogenic compounds [16, 18, 21, 29].

TGF-f, hepatic proliferation inhibitor, and certain
interleukins rank among the inhibitors of hepatic regen-
eration.

Hormones and Neurotransmitters

Insulin and glucagon. In the intact liver insulin and
glucagon do not stimulate DNA synthesis significantly.
During liver regeneration, however, hepatic extraction
of insulin and glucagon from the portal venous circula-
tion increases and the infusion of insulin and glucagon
after PHx nearly doubles DNA synthesis. The ratio of
insulin to glucagon levels (Tinsulin, T7Tglucagon) in
the portal venous circulation appears to be of major
importance in stimulating hepatic regeneration. In
addition, insulin has a synergistic effect on the EGF-
stimulated liver cell proliferation.

Thyroid hormones. T3 and T4 stimulate hypertro-
phy and hyperplasia of liver cells. In hypothyroid ani-
mals the regenerative activity after PHx is diminished.
Addition if T3 enhances the regenerative capacity of
the liver following PHx [27]. However, the contribu-
tion of thyroid hormones to liver regeneration under
physiologic conditions in vivo is poorly understood
and probably of secondary importance.

Calcitonin. Calcitonin stimulates liver cell prolif-
eration in vitro.

ACTH and adrenal cortical hormones. ACTH
and glucocorticoids cause hepatomegaly by inducing
hypertrophy of hepatocytes. The impact of glucocorti-
coids on liver cell growth is dose dependent and is
influenced by the culture conditions, so that presently
their physiologic effects on the liver cannot be assessed.
In pharmacologic doses glucocorticoids slow down
liver cell proliferation after PHx.

Catecholamines. Catecholamines probably are phys-
iologic regulators of the early phase of liver regeneration.
Norepinephrine and epinephrine levels in plasma rise
sharply within 30min after PHx. Norepinephrine — the
neurotransmitter of the sympathetic nervous system and
product of the medullary cells of the adrenal glands —
exercises its effects through the o-1 adrenergic receptor.
Norepinephrine synergizes and increases the mitogenic
effects of HGF and EGF and partially counteracts the
mitoinhibitory activity of TGF-$, thus stimulating the



Regulators of Hepatic Growth

161

initiation of DNA synthesis within hepatocytes. In addi-
tion, norepinephrine induces stellate cells to produce
extracellular matrix, which impacts liver regeneration.

Serotonin. Recent animal experiments show that
thrombocytopenia, or impaired platelet activity (plate-
lets are major carriers of serotonin in the blood) result
in the failure to initiate liver cell proliferation. This fail-
ure of regeneration can be rescued by reloading sero-
tonin-free platelets with a serotonin precursor molecule.
These results suggest that platelet-derived serotonin is
involved in the initiation of liver regeneration [26].

Parathyroid hormone and calcium. In the early
phase of liver regeneration the secretion of parathyroid
hormone and calcitonin is increased. The intracellular
concentration of the Ca**-binding protein calmodulin is
increased. The extracellular Ca** concentration appears
to be important for entry of hepatocytes into the S-phase
of the cell cycle.

Prolactin. Immediately after PHx prolactin levels
in serum transiently surge. Repeated injections of pro-
lactin cause a slight stimulation of hepatic DNA syn-
thesis. Again, the physiologic significance of these
findings is unclear.

Vasopressin, estrogens and androgens. The sig-
nificance of these hormones for the regeneration of the
human liver is unknown; however, they probably do
not have a significant physiologic role.

Growth hormone. Growth hormone stimulates liver
cell regeneration, especially when given a few hours
prior to PHx; however, the physiologic significance of
growth hormone on hepatic regeneration is uncertain.

Growth Factors and Cytokines

Hepatocyte Growth Factor (HGF). HGF was origi-
nally identified in plasma from patients with fulminant
hepatic failure and was cloned in 1989 [8, 32, 34]. HGF
is a heterodimer, consisting of a large a- and a small
B-subunit. There is extensive amino acid sequence
homology with plasminogen. HGF is produced in an
inactive form and is then activated by numerous protei-
nases, including urokinase plaminogen-activator, plas-
min and cathepsins. The main source of HGF is the liver,
but it is also synthesized in the lungs and kidneys. Hepatic
HGEF is produced by nonparenchymal cells of the extra-
cellular matrix and is localized in the extracellular matrix,
bound to matrix proteins.

HGEF is a multifunctional cytokine. It is the most
potent hepatocyte mitogen but also enhances prolif-
eration of many other cell types. Infusion of HGF into
the liver of experimental animals causes massive
hepatic enlargement. Scatter factor, a cytokine that
induces cell motility, was found to be identical to
HGEF. Based on this discovery HGF is also sometimes
referred to as HGF/SF [31]. During morphogenesis,
binding of HGF to its receptor induces mitogenic and
motogenic effects.

HGF acts after binding to its cell surface receptor,
which is the product of the proto-oncogene c-met, a
transmembrane receptor kinase. The HGF receptor is
activated by tyrosine phosphorylation within 30-60 min
after PHx. HGF mRNA increases in the regenerating
liver, starting at 3 h after PHx with peak levels reached
by 24 h. HGF concentration rises 20-fold in the plasma
shortly after PHx and elevated activity persists for
more than 48h. The HGF rise in peripheral blood is
probably related to the release and activation of HGF
from the rapidly remodeling hepatic extracellular
matrix stores. In addition to its mitogenic effects, HGF
has been shown to upregulate the expression of several
anti-apoptotic proteins associated with signal trans-
duction, such as Bcl X.

Thus, the available evidence suggests that HGF
appears to be of key importance to liver regeneration,
and the effects of HGF and epidermal growth factor
are synergistic. Together they provide the strongest
mitogenic stimulus known for hepatocytes [7].

Epidermal Growth Factor (EGF). EGF is a potent
mitogen for epithelial and mesenchymal cells [28]. It
is a direct mitogen for hepatocytes and stimulates DNA
synthesis by directly interacting with nuclear struc-
tures. Infusion of EGF into the portal vein causes DNA
synthesis in periportal hepatocytes. EGF enhances the
proliferative effects of TGF-a and HGF. Insulin stimu-
lates the proliferative effects of EGF on hepatocytes.
Plasma levels of EGF are not increased following PHx;
however, there is enhanced tyrosine phosphorylation
(activation) of the EGF receptor within 30—60 min after
PHx. The physiological significance of EGF is not
clear. EGF might be a primary regulator of liver growth
and contribute (possibly together with insulin) to the
mitogenic signaling events during the early stages of
liver regeneration. Amphiregulin, a member of the
EGF family whose expression is not detectable in the
healthy liver, may contribute to the initial phases of
liver regeneration after PHx [6].
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Transforming Growth Factor alpha (TGF-o).
TGF-a shows a 30-40% amino sequence homology
with EGF and acts through binding to the EGF receptor.
Its effects are analogous to those of EGF, and TGF-a
has strong mitogenic effects on all hepatic cell types.
Direct infusion of TGF-a to the hepatic circulation stim-
ulates DNA synthesis in hepatocytes and proliferation of
liver cells. TGF-o. mRNA increases in hepatocytes start-
ing at 3-5h after PHx and peaks at 24 h. TGF-a reaches
its peak concentration 24—48h after PHx.

Despite these data the physiologic significance of
TGF-a in liver regeneration is still controversial. Data
suggesting a key role are opposed by findings showing
TGF-a deficient mice to have normal liver regenera-
tion, suggesting that the role of TGF-a in liver regen-
eration may not be crucial or may be compensated by
other EGF receptor ligands [31]. TGF-a produced in
hepatocytes may be involved in the generation of mito-
genic signals for the adjacent cells expressing the EGF
receptor, including HSC and sinusoidal endothelial
cells. It could function as an autocrine regulator,
enhancing liver regeneration after the process has been
initiated by other signals.

Transforming Growth Factor beta (TGF-B). The
TGF-B family comprises three members (TGF-B1-3).
TGF-B1 is a potent growth inhibitory and profibrogenic
cytokine produced primarily by Kupffer cells and to a
minor degree by sinusoidal endothelial and stellate cells.
It inhibits proliferation of hepatocytes and counteracts
the effects of mitogens, such as HGF and EGF [42].
Norepinephrine decreases the mitoinhibitory effects of
TGF-B1 (see above). TGF-B1 is present in the extracel-
lular matrix in its latent form, bound to the plasma mem-
brane protein decorin. The active form of TGF-f1 is
generated by the proteolytic action of plasmin (generated
by activation of plasminogen by urokinase) on TGF-B1.

TGF-B1 mRNA increases in the liver beginning at 3
hours and peaking from 24 to 72h after PHx. TGF-p1
increases rapidly in plasma after PHx in the same pat-
tern as HGF [14]. Active TGF-1 circulating in plasma
is rapidly inactivated by binding to the plasma protein
a.,-macroglobulin. During liver regeneration TGF-1
immunoreactivity is initially seen in periportal hepato-
cytes and then progresses as a wave towards the peri-
central area of the lobule; the periportal hepatocytes
then become TGF-1 negative again.

In addition to its mitoinhibitory effects on hepato-
cytes, TGF-B1 has strong motogenic effects, stimulat-
ing hepatocyte migration across barriers, TGF-f1 also
affects production and remodeling of extracellular

matrix, which is crucial for liver regeneration to pro-
ceed orderly.

The precise physiologic role of TGF-B1 in liver
regeneration is not known. It is believed that, by affect-
ing the balance between mitogens (HGF, EGF) and
mitoinhibitors (TGF-B1, activin), TGF-f1 may be
involved in termination of liver regeneration, after liver
mass has been restored.

Fibroblast Growth Factors (FGF). The family of
FGF encompasses 23 members that are mitogenic for
several cell types, including hepatocytes. Acidic and
basic FGF (FGF1 and FGF2) stimulate hepatocyte
proliferation in the regenerating liver. The effects of
FGF are mediated through four FGF receptors, which
constitute transmembrane tyrosine kinases. After PHXx,
FGF is secreted by parenchymal and nonparenchymal
cells. The peak levels of acidic FGF mRNA correspond
roughly to the maximal DNA synthesis and remain
elevated for 7 days. The role of FGF in regeneration is
not clear. Acidic FGF might function as a signal that
maintains the early phases of regeneration and also
contributes to the termination of cell proliferation.

Insulin-like Growth Factors (IGF). IGF are pro-
duced in the liver as a result of growth hormone action
on the hepatocyte. While the normal, quiescent liver
does not express IGF-receptors, the regenerating liver
probably does. The data regarding enhancement of
regeneration by IGF are conflicting.

Tumor necrosis factor alpha (TNF-o). TNF-a is
an important hepatotrophic cytokine [41]. It is produced
mainly by resident hepatic macrophages (Kupffer cells).
In animal experiments exogenously administered TNF-o
stimulates hepatic DNA synthesis and accelerates liver
weight gain after PHx. Anti TNF-o antibodies inhibit
these effects, which are also absent in TNF-au receptor
knockout mice [1]. TNF-a is one of the earliest cytok-
ines that are induced after PHx and might trigger liver
regeneration. TNF-a stimulates the production of IL-6 in
hepatocytes, as well as in Kupffer cells, and augments the
mitogenic effects of HGF and TGF-a. These effects are
mediated by activation of intracellular signals and tran-
scription factors, such as STAT3 and NF-kB (Fig. 13.1).
TNF-o mediated activation of NFxB is a key event in
liver regeneration. Indeed, the pro-mitogenic activity of
TNF-a depends on whether TNF-a induces activation of
NFkB. NFkB travels to the nucleus and affects transcrip-
tion of several genes associated with cell replication. Our
current understanding is that TNF-c. is a mitogenic factor
that “primes” hepatocytes and enhances their sensitivity
to direct mitogens, such as HGF and TGF-a.
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Fig. 13.1 Cytokine pathways activated during liver regenera-
tion. See text for abbreviations (Adapted from [20])

Interleukin 6 (IL-6). IL-6 is a pleiotropic, mul-
tifunctional cytokine produced by Kupffer cells. It is
associated with induction of the “acute phase response”,
in which hepatocytes produce a spectrum of proteins in
response to systemic acute inflammation or infection
(see Chapter 11). The role of IL-6 in liver regenera-
tion is not clearly defined; however, it is the strongest
inducer of STAT3 in hepatocytes [46]. IL-6 deficient
mice show a markedly reduced hepatocyte proliferation
after loss of hepatic parenchyma [12]. The proliferation
rate is nearly normalized by prior administration of
IL-6 [37]. The DNA synthesis of nonparenchymal cells
is not affected by lack of IL-6; however, IL-6 is a direct
mitogen for biliary epithelial cells. IL-6 is required for
the expression of certain early genes after PHx. After
binding to its receptor on the hepatocyte surface (gp80/
gp130 complex), signal transduction occurs by acti-
vation of a tyrosine kinase of the Janus kinase family
(JAK) and phosphorylation (activation) of cytoplasmic
STAT (signal transducer and activator of transcription)
Protein 3. Activated cytoplasmic STAT3 enters into the
cell nucleus, binds to and transactivates promoter genes
(Fig. 13.1) (see below) [44].

Interleukin 15 (IL-15). IL-15 inhibits apoptosis
and increases cellular proliferation and differentiation.
Recently IL-15 has been shown to increase hepatic
regenerative activity [45].

Stem Cell Factor (SCF). SCF is a ligand of the
receptor c-Kit. Hepatocyte proliferation after PHx is
decreased in SCF deficient mice, and administration of
SCF to IL-6 deficient mice enhances hepatocyte prolif-
eration [39].

Neural Factors

A marked increase of adrenergic nerves in the portal
tracts may be observed in the regenerating liver and
neurotransmitters may affect the proliferation of
hepatocytes and cholangiocytes (see above). Sympath-
ectomy, on the other hand, reduces DNA synthesis in
the regenerating liver. Whether these observations
reflect a physiologic role of neurotransmitters in
hepatic regeneration is not known.

Nutrients

Starvation for 48 h prior to PHx slows down hepatocyte
proliferation and reduces liver regeneration, although it
does not halt the process completely. Overfeeding also
retards hepatic regeneration. Therefore, an adequate
and balanced supply of nutrients is necessary for liver
regeneration to proceed optimally.

Cell Cycle and Cell Proliferation

Cell growth, division, differentiation, maturation and
death are closely related events in the live cycle a cell.
In the adult liver more than 99% of hepatocytes are in
the resting phase G, After being activated the cell
enters into the G I-phase, in which, after intracellular
signal transduction certain genes are transcribed and the
synthesis of specific proteins is induced. If the process
continues, the cell reaches the restriction point in the
late G -phase. From this “point of no return” the full
cell cycle has to be completed. The restriction point
probably corresponds to the genetically determined
start of DNA polymerase synthesis. The subsequent
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Fig. 13.2 Cell cycle. In the adult liver nearly all cells are in the
resting phase G. After partial hepatectomy (PHx) all hepatocytes
undergo at least one division, with most liver cells dividing sev-
eral times. Accompanied by the de novo transcription of immedi-
ate early genes, the cells rapidly enter into the G,-phase. The peak
of DNA synthesis occurs 24 h after PHx, and is swiftly followed
by the G,-phase and mitosis (M-phase). As soon as the critical
liver cell mass is restored, the hepatocytes return to the G -phase

S-phase is characterized by the replication of DNA.
After a short G -phase the cell divides mitotically in the
M-phase (Fig. 13.2). For the cell cycle to proceed undis-
turbed, the cell must pass control points in each phase.
In human tissue the duration of the S-, G- and M-phase
is relatively constant. The differences in the length of
the cell cycle between various tissues are mainly due to
the varying length of the G,-phase which may last for
days or even years.

The liver belongs to the stable, postmitotic tissues.
Hepatocytes are long-living cells which under physio-
logic conditions rarely divide, and whose mitotic rate is
low. The turnover of liver cells is very slow; it amounts to
150400 days. Pulse chase studies with tritiated thymi-
dine show that [*H] thymidine is incorporated into the
DNA of periportal hepatocytes, whose replication rate is
higher than that of perivenular liver cells. Cell kinetic
investigations of the rat liver have originated the idea that
during development hepatocytes migrate along the liver
plates from their place of origin in the periportal zone
towards the central vein [53]. During this process they
mature, differentiate and grow old. However attractive,
this hypothesis of the “streaming liver”” has not been sub-
stantiated and still is controversial [9]. Indeed, it seems
more probable that during development hepatocytes
remain in one place and do not “flow” through the lobule.
Hepatocytes after PHx divide only once or twice; this
observation suggests that their proliferative capacity
is low. The clonal growth of transplanted hepatocytes,

however, testifies to their high replication potential, com-
parable to that of progenitor cells in proliferating tissues.

Changes in functional liver mass elicit adaptive pro-
cesses. After mechanical, toxic-metabolic, infectious
or immunological cell injury or increased functional
stress, liver cell metabolism favors proliferation and
increased cell division. The most potent stimulus for
liver regeneration is partial hepatic resection. Six to
10 days after PHX in the rat the liver cell mass is com-
pletely restored. Another impressive example of liver
regeneration caused by a functional deficit is the trans-
plantation of a small donor liver into a large recipient
(“small for size” graft). The sensor for growth regula-
tion is not the liver mass per se, but the ratio of liver
mass to body mass. The regulation of liver mass works
also the other way around. A “large for size” graft
shrinks after transplantation. In this case liver mass is
probably restored to normal by apoptosis.

Molecular Mechanisms
of Liver Regeneration

Liver regeneration is a genetically controlled and regu-
lated process and involves the activation of cyotokine,
growth factor and metabolic networks (Fig. 13.3) [20].
After experimental PHx a generalized, synchronized
proliferative response of the remaining liver tissue
ensues. This response initiates in the periportal zones
and during the course of the regenerative process
engages the entire lobule. In Fig. 13.4 the time course

growth factor

metabolic
TNF TGFo
IL-6 EGF
SCF EGF HGF
C3a&C5a
GO G1 S

Fig. 13.3 Cytokine, growth factor, and metabolic activation pro-
files during liver regeneration. Networks are only transiently acti-
vated after PHx. Representative molecules that participate in each
network are shown. See text for abbreviations (Adapted from [20])
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Fig. 13.4 Time course of
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mitotic activity of parenchy-
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cells of rat liver after PHx
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Hepatic regeneration proceeds in several steps. The
preproliferative phase begins immediately after PHx
and is characterized by an additional functional burden
on the remaining parenchyma. Preparation for mitosis
occurs in this phase. The proliferative phase, with the
first mitotic wave, follows DNA synthesis after an
interval of 6 to 8 hours. New mitotic waves occur
in regular intervals, but are lower than the initial
mitotic wave. The restitution phase, characterized by
functional and morphological restoration of liver archi-
tecture, heralds the termination of the regenerative
process.

In this multistep process the entry of quiescent
hepatocytes into the cell cycle (G /G, transition; prim-
ing phase) and the progression beyond the restriction
point (transition of the late G -phase into the S-phase
of DNA synthesis and cell division) seem to be of criti-
cal importance.

Before hepatocytes are able to replicate and respond
to growth factors, they first must achieve “replicative
competence” (priming). In this lag-phase after PHXx,
known already for a long time, hepatocytes initially
express growth associated proto-oncogenes at the
mRNA level. This preparatory phase at the transi-
tion from the G to the G -phase is associated with the
expression of predominantly three proto-oncogens:
c-fos, c-jun and c-myc. These are expressed within a
few minutes after PHx and are therefore called imme-
diate early genes. Their expression is reversible and
they do not require protein synthesis to be activated.
Thus far, more than 70 immediate early genes have
been identified. By expressing proto-oncogenes during

48 54 60 66 72

Hours after partial hepatectomy

the early G, -phase, hepatocytes acquire the ability to
respond to growth factors. The proteins coded for by
the immediate early genes serve as transactivators of
other genes that are responsible for the progression of
hepatocytes in the cell cycle.

Transcription factors are proteins that bind to spe-
cific genes and enhance their transactivation. One tran-
scription factor may activate several genes; on the
other hand one gene may bind several transcription
factors. NFkB (nuclear factor for the kappa chain of B
cells) and STAT (signal transducer and activator of
transcription) Protein 3 are two preformed transcrip-
tion factor-complexes that are activated during the pri-
mary response to PHx. Their activation in the cytoplasm
is followed by translocation into the nucleus, where
they bind to DNA and modulate several promoters.
NFxB has numerous target genes, including proto-
oncogenes such as c-myc. STAT3 in its inactive form is
also present in the cytoplasm; after activation, it trans-
locates into the nucleus and binds to the promoter
region of immediate early genes.

The second phase of gene expression after PHx is
characterized by the expression of delayed early genes
and cell cycle genes. Bcl-x belongs to the delayed early
genes and is an important antiapoptotic liver gene.
p53, mdm2, p21, cyclins and cyclin-dependent kinases
(cdks) belong to the cell cycle genes (Fig. 13.5). Cyclin
D1 is the major marker of cell cycle progression. Its
induction denotes crossing of the restriction point and
the entry into the S-phase.

Cell cycle repressors (TGF-B1, activin, p21, p53)
are also activated after PHx. The interplay between
activators and repressors probably determine the tim-
ing of termination of regeneration.
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Fig. 13.5 Time course of
gene activation in the
regenerating liver after PHx
(Adapted from [18]. With
kind permission)
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Fig. 13.6 Multi-step model of liver regeneration according to
N. Fausto [18]. Liver regeneration can be subdivided in two
phases: priming and progression through the cell cycle. Priming
is a reversible process, initiated by cytokines, nutrients and hor-
mones. During priming the cells acquire replicative competence,
i.e. the ability to proliferate upon stimulation by growth factors.
Hepatocytes depend on growth factors, in order to pass beyond
the restriction point in the G -phase. The expression of cyclin D1
denotes the transition point G /S. Beyond this transition point
DNA synthesis occurs independent of growth factors

The expression of early and delayed genes of liver
regeneration per se does not lead to the replication of
DNA. This does not occur until the cells have entered
the cell cycle and crossed the restriction point. The
progression through the cell cycle is accomplished by
growth factors, such as HGF and TGF-a. HGF and
TGF-a stimulate DNA synthesis of hepatocytes after
these have passed the restriction point (Fig. 13.6).

The search for factors which initiate and termi-
nate liver regeneration and maintain the constancy
of liver mass, belongs to the most fascinating areas of
current liver research. TGF-a. and IL-6 are the major
components of early signal transduction that initiate liver
regeneration. TGF-oo enhances priming of hepatocytes

Loss of liver tissue
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High endotoxin levels in portal venous blood
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[ |
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Fig. 13.7 Simplified overview of the mechanisms leading from
loss of liver tissue to hepatocyte proliferation

and stimulates the production and secretion of IL-6 by
Kupffer cells. IL-6 binds to the soluble IL-6 receptor
(sIL-6R). The complex of IL-6/sIL-6R binds to hepato-
cyte surface receptors and initiates an intracellular
signal cascade that leads to activation (phosphoryla-
tion) of STAT3 (Fig. 13.1). TNF-a can also activate
NF«kB. While TNF-a and IL-6 control priming, pro-
gression through the cell cycle is regulated by
growth factors, such as HGF and TGF-a (Fig. 13.6).
Figure 13.7 outlines a simplified scheme of the path-
ways leading from loss of liver tissue to hepatocyte
proliferation.
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Alternate Pathways in Liver
Regeneration

The liver has several possible mechanisms to restore
lost tissue after sustaining injury. These depend on the
noxious agent, the nature of the underlying liver disease,
and the number of hepatocytes lost. Physiologic liver
regeneration involves proliferation of hepatocytes. After
PHx the missing liver cell mass is replaced primarily by
the replication of adult hepatocytes. When hepatocyte
proliferation is suppressed, a new population of cells
emerges from the periportal regions. These precursor
cells derive from cells associated with the biliary epi-
thelium; because of their shape, they have been called
oval cells (Fig. 3.20). Oval cells emerge as small cells
from around the portal tracts, infiltrate the lobular areas,
become hepatocytes, and eventually restore hepatic
mass. Thus, when hepatocyte proliferation is arrested
or when hepatocytes cannot regenerate fast enough to
replenish lost cells (e.g., in fulminant hepatitis) the bil-
iary epithelial cells become facultative stem cells for
hepatocytes. That is, the biliary compartment generates
“ductular hepatocytes”, the human equivalent of oval
cells which may rescue the liver. Extensive parenchy-
mal necrosis, however, leads to activation of hepatic
precursors derived from embryonic stem cells which, in
addition to oval cells, may contribute to the regeneration
of the injured liver [23].

On the molecular level, an alternate pathway to
liver regeneration is by activation of the ras-dependent,
mitogen-activated protein kinase (MAPK) cascade,
which leads to activation of regulatory proteins that
stimulate DNA synthesis.

Termination of Liver Regeneration

The termination of liver regeneration is characterized by
a decrease in hepatocyte proliferation, accompanied by
hyperplasia of Kupffer, HSC and sinusoidal endothelial
cells. The proportionality between liver weight and body
weight seems to be the crucial signal in terminating liver
regeneration. The precise mechanisms underlying this
signal, however, are poorly understood. The most well-
known hepatocyte antiproliferative factors within the
liver are TGF-f3 and activin. TGF-B has mitoinhibitory
and profibrogenic effects. Upregulated expression of

TGF-B leads to liver fibrosis and apoptosis. The enhanced
deposition of new extracellular matrix may also contrib-
ute to the reduction of hepatocyte proliferation. Activin
is a member of the TGF-f family with similar effects on
apoptosis and mitosis. Suppressors of cytokine signaling
(SOCS) are important negative regulators of cytokine
signaling and prevent the activation of STAT proteins
(Fig. 13.1). Downregulation of activated STAT3 termi-
nates the IL-6 stimulatory signals and may thus contrib-
ute to termination of liver regeneration [11, 46, 47].
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H. Dancygier, Clinical Hepatology,

The structure and function of an organ are intrinsically
linked to each other. The liver, as the central metabolic
organ of the body constantly encounters exogenous
and endogenous injurious agents. The most important
etiologic principles and causes of liver injury are

* Nutritional and metabolic factors

* Drugs and toxins

* Infectious agents

* Endotoxins

e Immunological disturbances (e.g. specific and non-
specific primary autoimmune disorders of the liver;
primary nonhepatic immune reactions occurring,
for example, in systemic infections and in drug-
induced and toxic reactions with secondary involve-
ment of the liver)

* Genetic disorders (e.g. storage diseases [proteins,
carbohydrates], cystic fibrosis, o -antitrypsin
deficiency)

* Hypoxia (e.g. ischemia, reperfusion damage)

* Cholestasis (e.g. primary biliary cirrhosis, primary
sclerosing cholangitis, cholangitis in bile duct
obstruction)

* Metal induced damage (e.g. iron, copper)

* Physical injuries (e.g. mechanical trauma, ionizing
radiation)

Often several overlapping causes/mechanisms contrib-
ute to liver damage. Though primary biliary cirrhosis,
for example, is primarily an immunologically mediated
disorder, cholestatic pathogenetic mechanisms add to
liver injury during the long course of the disease.
There remains, however, a small group of patients
in whom, despite all diagnostic efforts, the cause of
liver damage remains unknown. The prevalence and
the clinical significance of individual injurious factors
are quite variable. Thus, while traumatic and radiation
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induced liver injuries play only a minor role in clinical
hepatology, all other liver disorders listed above are
encountered regularly, albeit with varying frequency.

The sensitivity to different noxious stimuli as well as
the individual thresholds and reaction patterns to injury
vary in different organs and cell types. Thus, while brain
tissue and cardiac muscle are very sensitive to hypoxia,
normal liver, due to its dual arterial and portal venous
blood supply is less susceptible to hypoxic injury with
the exception of advanced liver disease such as cirrho-
sis. In clinical practice, liver damage is most often
caused by infectious agents, drugs, and toxins, and is
frequently mediated by immunologic mechanisms.

The activity of hepatocytes undulates around a phys-
iological level. If a cell becomes injured, its activity
level is altered. Depending on the nature and severity of
the injury as well as the reaction pattern of the cell, a
new activity level is reached which may even be higher
than the original one, a process called adaptation.

The damaging process is a continuum of biochemi-
cal and morphological reactions. In its early phases the
damage is principally reversible. If a “point of no
return” is reached, the damage proceeds irreversibly. It
is impossible to draw a sharp division line between the
reversible and irreversible lesion. While simple cell
swelling and ballooning is still reversible, the massive
influx of Ca** denotes a severe membrane injury and
heralds the irreversibility of the damaging process.

The exact pathophysiological mechanisms leading
to liver damage are not understood in all their details.
Initially the various noxae proceed along different
pathogenic pathways; but ultimately common path-
ways result in disordered energy supply, loss of mem-
brane function, necrosis, apoptosis, and autophagy.

Reactive oxygen species and free radicals leading to
ATP depletion and oxidative stress are a frequent cause
of hepatocellular injury. The damage of membrane
integrity leads to a functional impairment of ion trans-
port systems localized in the membrane. Disturbed
membrane permeability ultimately results in an uncon-
trolled flow of ions and water, and in the breakdown of
intracellular Ca**-homeostasis, which plays a major role
in the development of cell death [6]. The pathogenetic
factors contributing to cell death are numerous and their
actions are intertwined. Therefore it is hardly possible to
determine the pathogenetic significance of an individual
factor per se in the progression from cell damage to cell
death. Table 14.1 summarizes important pathogenetic
mechanisms, which lead to cell injury and death.

Table 14.1 Basic pathogenetic mechanisms leading to cell
injury and cell death

Mechanism Consequences

ATP loss Cell swelling, diminished protein
synthesis, inhibition of energy
dependent membrane transport
systems, reduced lipogenesis.
Contributes to the loss of integrity
of plasma membranes

Destroys cell membranes and cell
integrity

Low cytosolic Ca*™ concentration rises
after (ischemic or toxic) injury.
High intracellular Ca** levels
damage organelles and plasma
membranes

Oxidative stress

Loss of Ca™-
homeostasis

Free Radicals and Reactive
Oxygen Species

Free radicals are molecules whose atoms carry an
unpaired electron on the outer shell. This condition
makes the molecule unstable and highly reactive, i.e. it
can transfer one electron to other molecules or receive
one from them. Free radicals (ROO", RO", OH") pro-
duced during peroxide formation can cause deleterious
effects. Oxygen itself, but mainly its highly reactive
radicals bind to proteins, lipids and carbohydrates.
They are capable of oxidizing and damaging nearly all
molecular components of the cell. The most reactive
biological free radical is the hydroxyl radical (OH").

Once initiated, these potentially deleterious free
radical chain reactions are very difficult to counteract,
and not infrequently result in cell death.

Nitric oxide (NO) is an unstable free radical pro-
duced by constitutive endothelial NO synthase and by
inducible NO synthase. The latter is upregulated by
lipopolysaccharide (LPS) and cytokines in both paren-
chymal and nonparenchymal liver cells. NO plays a
major role in maintaining liver perfusion, and induc-
ible NO protects against apoptosis induced by LPS and
TNF-a. However, NO may also exert toxic effects. By
reacting with O, potent peroxynitrite species are gen-
erated that contribute to liver cell necrosis in ischemia-
reperfusion injury and shock [3, 8].

Free radicals are generated by

* Normal, usually oxidative metabolic processes.
O,-molecules with unpaired electrons, for example,
are formed regularly in the mitochondrial respiratory
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chain. Since mitochondrial electron transport uses
approximately 90% of the cellular oxygen demand,
mitochondria represent the largest source of reac-
tive oxygen species

* Absorption of external energy sources, e.g. UV-light,
ultrasound, ionizing radiation

* Enzymatic metabolism of exogenous and endoge-
nous substances. Thus free radicals may be generated
during the degradation of drugs and chemical com-
pounds by mixed function oxidases localized in the
endoplasmic reticulum. Superoxide anion is gener-
ated as a by-product by the activity of xanthine oxi-
dase during the metabolism of purines to uric acid.
The membrane associated NADPH oxidase in inflam-
matory cells during phagocytosis produces highly
reactive oxidative substances, which may damage
not only the infectious pathogens but also neighbour-
ing cells, including hepatocytes (see below).

Figure 14.1 presents an overview of the generation of
reactive oxygen metabolites. In Table 14.2 biologically
active free radicals are listed.

H,0, + Fe*———» Fe*" + OH + OH
(Fenton-Reaction)

O N P
H,0, + 0, 0,+OH + OH

(Haber-Weiss-Reaction)

0,+NO —— > H'+ ONOO"

If

ONOOH G— NO,"+ OH'

l

NO,~

Fig. 14.1 Generation of reactive oxygen metabolites

Table 14.2 Biologically active free radicals

The major pathogenetic mechanisms by which free
radicals cause cell damage at the molecular level are

* Lipid peroxidation

* Modification of proteins

* Modification of DNA, and possibly
* Damage to carbohydrates

Lipid Peroxidation

Lipid peroxidation (auto-oxidation) is a source of free
radicals and is the key event of hepatocellular damage
mediated by oxidative stress (see below). Phospholipids
containing unsaturated fatty acids are essential compo-
nents of biological membranes and are exquisitely sen-
sitive to oxidative stress. The “oxidative assault”
modifies unsaturated fatty acids and ignites lipid per-
oxidation, a self perpetuating chain reaction (autocata-
lytic process) in the course of which further reactive
lipid radicals are generated (Fig. 14.2).

Lipid peroxidation impacts mainly polyunsaturated
fatty acids; the extraction of hydrogen with subsequent
generation of a radical occurs particularly easily at
double bonds interrupted by methylene residues. By
reacting with oxygen the radical becomes an alkyl-
dioxyl-radical and in turn catalyzes the extraction of
hydrogen from another fatty acid molecule. This auto-
catalytic reaction generates new lipid radicals and
increasing numbers of lipid peroxides, which may
react with numerous molecular components of the cell.
These processes strongly modify the features of lipids
and other cellular components with deleterious effects
on cell functions. Peroxidation is also catalyzed in vivo
by heme compounds and by lipoxygenases found in
platelets and leukocytes.

Name of radical Comments

Radical species

Formed by (1) direct auto-oxidation in mitochondria or (2) enzymatically in the

cytosol (xanthine oxidase, cytochrome P450). Also generated by physical
factors (UV-radiation, high intensity ultrasound, ionizing radiation)

Generated by superoxide dismutase or by peroxisomal oxidases
Most potent free oxygen radical. Generated by hydrolysis of water, ionizing

Organic radical. Formed as alkyldioxyl-radical during lipid oxidation

(0 Superoxide
HO, Perhydroxyl Protonated form of O,
H,0, Hydrogen peroxide
HO’ Hydroxyl
radiation, or metals (Fe, Cu)
ROO’ R-dioxyl
ROOH R-hydroperoxide

Protonated form of dioxyl-radicals (e.g. lipid peroxide)

Source: Adapted from [9]
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'OH H,0

LH

l /02

LOO

Fig. 14.2 Polyunsaturated fatty acids (LH) contained in mem-
brane phospholipids are especially sensitive to auto-oxidation
by reactive oxygen species. These extract a hydrogen atom from
a carbon atom situated next to a double bond, thereby generating
lipid radicals (Le). By the subsequent attachment of oxygen,
unstable lipid peroxyl radicals (LOOe) are formed. These disin-
tegrate and generate by-products, such as malondialdehyde.
Thus, lipid peroxidation is a self-perpetuating chain reaction
providing a continuous supply of free radicals that initiate fur-
ther peroxidation (Adapted from [6])

Malondialdehyde and 4-hydoxynonenal are impor-
tant aldehyde by-products generated during peroxidation
and are regarded as markers of lipid peroxidation [12].

Modification of Proteins

The reaction of free oxygen radicals with proteins
leads to alterations of their biological activities.
Methionine, histidine and tryptophan residues as well
as the thiol-groups of cysteine are particularly prone to
damage by reactive oxygen species. Cross-linking of
proteins at sulthydryl-groups leads to a loss of activity
of key enzymes.

Endoplasmic Reticulum Stress

Unfolded proteins affecting endoplasmic reticulum (ER)
homeostasis cause ER stress. These disturbances of nor-
mal ER functions lead to an evolutionary conserved cell
reaction, the unfolded protein response (see below),
which is aimed initially at compensating for damage.
However, acute or prolonged ER stress may trigger cell
death. Cell death mechanisms induced by ER stress are
highly complex. Multiple potential participants have

been described but there is little clarity about the domi-
nant death effectors in a particular cellular context, and
the exact pathogenesis of ER stress induced cell death
still remains enigmatic. ER stress seems to play a major
role in hypoxia and ischemia-reperfusion injury of the
liver [14, 15].

Modification of DNA

The oxidative stress caused by free radicals may also
damage the DNA. The bases and deoxyribose of both
the nuclear and the mitochondrial DNA may be altered
with consequent DNA strand breaks and mismatching
of modified bases. New base pairs may be mutagenic.

Damage to Carbohydrates

Damage to carbohydrate by oxidative stress is, in com-
parison, less well understood. In regard to the mecha-
nisms of hepatocellular damage described above, the
carbohydrate pathway seems to be of minor importance.
However, the oxidative modification of hyaluronic acid
and of proteoglycans can damage the extracellular
matrix. The resulting impairment of substance exchange
and of the free communication between parenchymal
and nonparenchymal liver cells may contribute to the
development and perpetuation of hepatocellular injury.

Oxidative Liver Damage

Oxidative stress is a common pathogenetic mechanism
of various forms liver damage. It may affect all mole-
cules and the hepatocyte in many different ways.
Oxidative stress develops whenever the generation of
reactive oxygen species (ROS) and free radicals exceeds
the antioxidant defense mechanisms. The spectrum of
cell reactions to oxidative stress depends on the inten-
sity of the stress and on the sensitivity of the cell. Cells
may remain unaffected, become transiently function-
ally impaired, or may die (apoptosis or necrosis) [7].
Hepatic parenchymal and nonparenchymal cells con-
tribute to the generation of ROS and to ROS-induced
liver injury. Kupffer cells, infiltrating inflammatory cells
and vascular endothelia play a major role. The products
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of lipid peroxidation damage cells (see above); in addi-
tion, they serve as signaling molecules and chemotactic
factors for neutrophil granulocytes, stimulate the synthe-
sis of chemokines, and induce fibrogenesis by enhancing
collagen gene expression in activated stellate cells.

Oxidative stress oxidizes mitochondrial NAD(P)H
and promotes the generation of ROS in mitochondria.
Both increase the concentration of free mitochondrial
Ca** and activate mitochondrial serine proteases (cal-
pains) leading to increased permeability of the mito-
chondrial membranes. Cytosolic calpains degrade
cytoskeletal proteins, thereby enhancing hepatocyte
membrane bleb-formation. Oxidative stress may also
damage hepatic sinusoidal endothelial cells thus affect-
ing the “liver sieve” with far reaching functional con-
sequences for the entire organ [2].

In addition to the direct ROS-induced injury of
hepatocytes, ROS may contribute to liver cell damage
indirectly, by enhancing the expression of proinflam-
matory genes [1, 4, 5]. The expression of TNF-a, IL-1,
IL-8 and cellular adhesion molecules are regulated by
the transcription factor NFikB and in some cases by the
activating protein-1 (AP-1). ROS may lead to the acti-
vation of NF-kB and AP-1. In turn TNF-a. released by
Kupffer cells may stimulate hepatocytes to produce
ROS, thereby perpetuating the ROS-induced injury in
a vicious circle-like pattern. Figure 14.3 summarizes
the cell damage induced by oxidative stress.

Free Radicals

" Mitochondrium g

Plasma membrane

Strand breaks + Membrane injury

« Loss of membrane

« Lipid peroxidation
« Crosslinking of

potential proteins
« Impaired permeability  « Impaired
- Breakdown of energy permeability

homeostasis

Cell damage

'

Necrosis

Fig. 14.3 Mechanisms of cell injury induced by oxidative stress

Defense Mechanisms Against
Endoplasmic Reticulum Stress
and Oxidative Stress

Free radicals constantly accumulate even during the
physiologic metabolism of the cell. In turn, the organ-
ism has developed strategies against ER stress and
defense mechanisms to prevent oxidative injuries, to
trap and eliminate free radicals and to repair the result-
ing damage.

The rapid upregulation of survival genes that con-
trol the permeability of mitochondrial membranes,
represents an early cellular defense mechanism which
may prevent the release of ROS generated in mito-
chondria.

Unfolded Protein Response

An early response to ER stress and oxidative stress is
the activation of the unfolded protein response, which
induces profound changes in cellular metabolism
including general translation attenuation, transcrip-
tional upregulation of chaperone genes, and activation
of ER-associated degradation [14, 15].

Chaperones are proteins that support post-
translational modification of proteins. They act upon
unfolded or denatured proteins and promote their
proper folding. Thus, chaperones have the potential to
prevent the damage caused by misfolding. In addition,
chaperones are involved in transport across mem-
branes, for example into the mitochondria and endo-
plasmic reticulum, and they also assist in protein
degradation. Many chaperones are heat shock proteins.
Chaperonins are protein complexes that assist the
folding of polypeptides into their functional protein
state. They belong to the large class of molecular
chaperones.

Heat shock proteins (Hsp) are a group of intracellu-
lar, non-secreted proteins whose expression is increased
whenever cells are exposed to different kinds of stress
conditions. Therefore Hsp are also called stress pro-
teins, and are categorized according to their molecu-
lar weight; Hsp70 and Hsp90 each define families
of chaperones. Increased synthesis of Hsp is part of
the early cellular response to oxidative and ER stress,
and is transcriptionally regulated. Hsp exert many
functions. They are molecular chaperones for protein
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molecules and they help to stabilize partially unfolded
proteins and to transport proteins across membranes
within the cell. They play a major role in the preven-
tion and development of cell death. Increased expres-
sion of Hsp70 in the cell decreases the susceptibility
towards apoptosis. Synthesis of uncoupling protein-2
(another Hsp) inhibits the formation of ROS during
mitochondrial respiration [11, 13].

Ubiquitin (also a Hsp) is a highly conserved, small
regulatory protein (76 amino acids) that is present in
all eukaryotic cells. It is used by cells to label old,
damaged, or misfolded proteins (ubiquitination) for
proteolysis, by the covalent attachment of one or more
(polyubiquitination) ubiquitin monomers. The (poly)
ubiquitinated protein then moves to a proteasome, a
barrel-shaped structure, where the proteolysis occurs.

Antioxidants

Antioxidant substances in low concentrations delay
or inhibit the oxidation of a substrate and are used
for the detoxication of ROS. The antioxidant mecha-
nism may be enzymatic or nonenzymatic (Table 14.3).

Table 14.3 Defense mechanisms against oxidative stress

System Compound

Nonenzymatic a-Tocopherol (vitamin E)
Ascorbic acid (vitamin C)
B-Carotene
Glutathione
Uric acid
Ceruloplasmin
Transferrin
Ferritin
N-acetyl-cysteine
Enzymatic Superoxide dismutase
Glutathione peroxidases
Catalase
Aucxiliary enzymatic
mechanisms

Conjugating enzymes
Glutathione-S-transferase
Glucuronyl transferases

Regeneration of glutathione
Glutathione reductase

Repair systems

DNA-repair
Degradation of oxidative
proteins and lipids

Source: Adapted from [9]

Antioxidants act as scavengers of free radicals and
fall into two classes: (1) preventive antioxidants,
which reduce the rate of chain initiation; and (2) chain-
breaking antioxidants, which interfere with chain
propagation.

Vitamin E

The lipid soluble a-tocopherol (vitamin E) is a
chain-breaking, free-radical trapping, nonenzymatic,
naturally occurring antioxidant in cell membranes
and plasma lipoproteins. Vitamin E acts in the lipid
phase to trap ROO" radicals formed by peroxidation
of polyunsaturated fatty acids. It disrupts the auto-
catalytic lipid peroxidation chain. The tocopheroxyl
radical product is relatively unreactive, and is reduced
back to tocopherol by reaction with Vitamin C
(Fig. 14.4).

R OO’ ROOH
CH
3 CH,
HO. R HO R
3¢ OH H,¢ o
CH; CH,
Tocopherol Tocopherol-Radical
Hzlc— OH Hzlc— OH
HC— OH HC— OH

HO o’ HO O

Ascorbate-Radical Ascorbate

Fig. 14.4 Interaction between vitamins C and E in the nonenzy-
matic defense against lipid peroxidation (Adapted from [9])
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Enzymes

The most important enzyme systems for eliminating
ROS and repairing ROS-induced damage are

e Superoxide dismutase

e Catalase

e Glutathione peroxidase, and the
* DNA-repair enzymes

The potential toxicity of oxygen is due to its conver-
sion to a superoxide anion free radical (O,”) by trans-
fer of a single electron to O,. Superoxide is formed
when reduced flavins, which are present, for example,
in enzymes, such as xanthine oxidase, are reoxidized
univalently by molecular oxygen. Superoxide dis-
mutase is the main chain-breaking antioxidant and is
the enzyme responsible for superoxide radical removal
according to the following reaction

Superoxide dismutase

20,7+ 2H" > [H,0,]+ 0,
In this reaction, superoxide acts as both oxidant and
reductant. Thus superoxide dismutase, which occurs in
all major aerobic tissues, protects the organism against
the deleterious effects of superoxide.

Catalase is a preventive antioxidant and metabo-
lizes H,0,, generated in the above reaction, to water
and oxygen

Catalase

2H,0, —» 2H,0 + O,

The antioxidant enzyme systems are localized in close
proximity to the sites of oxidant formation. Catalase is
present in peroxisomes, while Mn-superoxide dis-
mutase is found in the mitochondria and Cu-Zn-
superoxide dismutase is localized in the cytosol.

These enzyme systems act in close coordination
with iron and copper binding proteins, in order to pre-
vent the formation of free radicals. Iron plays a major
role in the generation of hydroxyl radicals (Fig. 14.1).
The intracellular binding of trivalent iron to ferritin
and its tightly regulated release make sure that under
physiologic conditions only a few hydroxyl radicals
are formed. On the other hand, excessive iron uptake
or the unregulated release of iron from its intracellular
stores — especially in the presence of superoxide radi-
cal — leads to increased hydroxyl radical levels:

024 + FCSJr —> FCer + 02

H,0, + Fe*' — Fe*" + OH™ + (Fenton reaction)

Another important enzymatic defense mechanism
against H,O, and hydroxyl radicals is reduced gluta-
thione (GSH) with the enzymes GSH peroxidase and
GSSG (oxidized glutathione) reductase:

GSSG reductase
H,0,+2GSH <  GSSG + 2H,0

GSH peroxidase

GSH peroxidase is a preventive antioxidant and its
activity is regulated by selenium which is an essential
component of GSH peroxidase. The oxidation of GSH
can also occur due to toxic metabolites, chemicals, and
drugs. GSH is a free radical scavenger and an important
substance in the cellular detoxication process. Under
physiologic conditions, consumed GSH is reconstituted
by GSSG reductase with NADPH as a cofactor. The
most important system for regenerating NADPH/H* is
the glucose 6-phosphate dehydrogenase:

2GSH GSSG

—
NADP" NADPH + H"

>—< \Glucose 6-P dehydrogenase\
Gluc 6-P 6-P gluconate

Low intracellular GSH levels make the cell vulnerable
to oxidative stress. A reduction of GSH can occur by
several mechanisms. The activity of GSH synthase
may be reduced whenever important cofactors (sele-
nium) or amino acid precursors (cysteine) are lacking.
When large amounts of ROS or toxic products derived
from drug metabolism are generated (e.g. in acetamin-
ophen overdose), oxidation of GSH may exceed the
reduction of GSSG. The accumulation of GSSG is
enhanced especially in situations with reduced supply
of NADPH, such as in glucose 6-phosphate dehydro-
genase deficiency. Excess GSSG is transported out of
the cell by a membrane-associated ATPase.

Free radicals that are generated during cytochrome
P450 mediated metabolism of xenobiotics may inter-
act with sulthydryl groups of proteins generating pro-
tein-thiols, which form disulfides with GSSG.

Reactive intermediates can also react with and inac-
tivate GSH. An important cellular defense mechanism
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Fig. 14.5 p53 plays a major
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against inactivation of GSH is the enzymatic formation
of S-conjugates with GSH. Glutathion S-transferases
catalyze the formation of thioethers from glutathione
and reactive compounds. By this detoxication route
S-conjugates are removed from the body.

The knowledge of these hepatocellular defense mech-
anisms is not only of theoretical importance. It becomes
clinically important in certain intoxications, such as acet-
aminophen toxicity or mushroom intoxication with
Amanita phalloides. High therapeutic doses of N-acetyl
cysteine replenish the GSH stores, thereby improving
the detoxicating function of the liver and the prognosis of
the patient. In addition N-acetyl-cysteine may have pro-
tective effects by modulating inducible NO synthase
gene expression and NF-«B activity in hepatocytes [10].

If the antioxidant defense mechanisms are not suffi-
cient to prevent injury, the hepatocyte has means at its
disposal to reduce the intensity of damage that has
already occurred by removing or repairing oxidatively
altered molecules. Most effective in this regard are the
enzymes of DNA repair. Damaged DNA fragments are
initially identified by specific proteins and then are
excised by DNA-glycosylases and the AP (apurinic and
apyrimidinic) endonuclease. The gap is first filled with
bases complementary to the undamaged DNA strand
(DNA polymerase) and finally closed (DNA ligase) [9].
In order to enable the cell to activate these repair mecha-
nisms, the oxidatively damaged DNA must first be pre-
vented from replicating. The nuclear phosphoprotein
p53 plays a major role in this process. It most likely acts
as a transcription factor and controls genes that regulate
cell proliferation. The half life of p53 increases and its
concentration in the cell nucleus rises after oxidative
DNA damage. Accumulation of p53 can elicit pro-
grammed cell death (apoptosis) and it can activate the
DNA damage inducible (DDI) pathway. While the for-
mer mechanism allows for removing cells with damaged
DNA, the latter pathway leads to a transient prolifera-
tion arrest in the G, phase and provides the organism
with time to repair the damaged DNA (Fig. 14.5).

The repair of damaged plasma and organelle mem-
branes is accomplished by substituting membrane lipids

with phosphoglycerides synthesized in the endoplasmic
reticulum; these reach the site of membrane injury with
the assistance of specific enzymes and lipid transfer
proteins.
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Hepatocellular Ischemia

The dual blood supply of the liver from the hepatic
artery and the portal vein renders the organ highly toler-
ant to ischemia, if only one vascular system is affected.
Therefore, ischemic-hypoxic liver injuries are, clini-
cally, relatively rare by comparison, although by no
means insignificant. Most hepatocytes remain viable
after 24-48h of cold preservation and can be trans-
planted successfully. Shock, congestive right heart fail-
ure, obstruction of the hepatic venous outflow by
thrombosis, membranes or tumors may lead to exten-
sive centrilobular (zone 3) parenchymal injury. However
only shock with multiorgan dysfunction is characterized
predominantly by liver ischemia, while in the latter con-
ditions pathogenesis involves both congestive and
hypoxic factors. Local compression of vessels by intra-
hepatic tumors leads to hypoxic changes in adjacent
hepatocytes. Therapeutic embolization of tumor feeding
vessels tries to take advantage of anoxia by inducing
ischemic tumor necrosis. Hypoxia, through hypoxia-
inducible transcription factors, is a key stimulus for
angiogenesis, which is a key event in chronic liver dis-
eases [3]. Chronic intermittent hypoxia, such as can be
observed, for example, during obstructive sleep apnea,
leads to mild liver injury via oxidative stress and exces-
sive glycogen accumulation in hepatocytes [4].

In this and the following chapter the basic events
and pathophysiological mechanisms occurring at the
cellular level during ischemia and ischemia/reperfu-
sion injury will be discussed. The clinical aspects of
hypoxic liver diseases, including “hypoxic hepatitis”
and acute and chronic venous congestion are discussed
in Chapter 34 and in Section XI.

Hepatocellular ischemia initially activates adapta-
tion processes in liver cells, such as enhanced gene and
protein expression. Induction of heat shock proteins,
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glucose-regulated and hypoxia-associated proteins,
expression of fibronectin, increased activity of glucose
6-phosphate dehydrogenase, expression of immediate
early genes (c-fos, c-myc, c-jun), activation of tran-
scription factors (e.g. NF-xB), and induction of pro-
teases and protease inhibitors are all observed during
the early phases of hepatic ischemia.

The pathophysiologic basis for hypoxic cell dam-
age is the impairment of the cellular energy supply,
with initial sublethal changes, such as cell swelling
and fatty change. The first hypoxic lesions are observed
in the centrilobular areas approximately 2h after isch-
emia begins. The early metabolic changes are fully
reversible upon restoration of normal blood supply.
After normothermic ischemia of 3 h duration the inju-
ries become irreversible. While hydropic cell swelling
is a reversible phenomenon, the massive intracellular
influx of Ca*™ indicates severe and irreversible mem-
brane damage. The process of Ca** influx is pivotal in
the transition from a reversible to a non-reversible
hepatocellular injury. Despite numerous investiga-
tions, however, the detailed biochemical events that
characterize the transition from a reversible lesion to
irreversible hypoxic damage, are not yet precisely
defined. Figure 15.1 and Table 15.1 summarize the
events that occur during ischemic cell damage. During
oxygen deficiency, oxidative phosphorylation dimin-
ishes in favor of increased anaerobic glycolysis, with
subsequent accumulation of lactate and a decrease of
intracellular pH. If hypoxia persists, mitochondrial
electron transport becomes impaired and intracellular
ATP levels fall. The decrease in cellular energy reserves
causes homeostatic mechanisms to fail. Membranous
ion transport systems are damaged, the selective

accumulation

? I_I_I

Table 15.1 Evolution of ischemic liver cell death

* Oxygen deficiency

e Mitochondrial ATP depletion

e Impairment/failure of membrane associated ATP-dependent
ion pumps

* Influx of Na* and H,O into the cell

* Cell swelling (ballooning)

* Adjustment of metabolism to anaerobic glycolysis

* Activation of heat shock proteins

* Fall of intracellular pH

* Influx of calcium into the cell (key event in transition from
reversible to irreversible cell damage)

e Calcium activates

Phosphoplipases: Loss of membrane phospholipids;
formation of lysophosphatides and
fatty acids. Continuous membrane
damage (vicious cycle)

Proteases: Injury of the cytoskeleton and damage
of membrane proteins
Formation of “blebs”
ATPase: Continuing loss of ATP (vicious cycle)
Endonucleases: Clumping of nuclear chromatin

* Begin of protein denaturation

* Damage of all cellular membrane systems

* Swelling of the vesicles of the endoplasmic reticulum and
of other cell organelles

» Cell death

Source: Adapted from [1]

membrane permeability and the membrane potential
cannot be sustained anymore, and cell volume regula-
tion is impaired. K* efflux into the extracellular space
increases and Ca** accumulates within the cell.
Cytosolic Ca** activates proteases and phospholipases
which in turn perpetuate cell injury by damaging mem-
branes and the cytoskeleton. Increased influx of
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extracellular water leads to cell and organelle swelling
(ballooning). Vacuoles are formed and blebs detach
from the cell membrane [1].

In addition to hepatocytes, sinusoidal endothelial
cells (SEC) and Kupffer cells (KC) are also affected
by hypoxic liver damage. Activated SEC and KC
generate reactive oxygen species (ROS), chemokines
and proinflammatory cytokines. TNF-a and interleu-
kin-1 secreted by KC recruit and activate CD4* T
lymphocytes to secrete cytokines, which in turn
amplify KC activation [2]. Chemokines promote
neutrophil activation and infiltration, thereby con-
tributing to the progression of parenchymal injury by
releasing ROS and proteases. Additionally, swelling
of SEC and KC in association with an imbalance
between nitric oxide (vasodilation) and endothelins
(vasoconstriction) in favor of the latter, narrows the
sinusoidal lumen and contributes to microcirculatory
dysfunction.

Thus, during hypoxic-ischemic liver injury ROS
and free radicals are also released, and contribute to
liver damage. Pathophysiologic mechanisms of isch-
emia and of oxidative stress (see Chapter 14) are inter-
twined and act in concert.
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Ischemia-Reperfusion Injury

Ischemia-reperfusion injury is a phenomenon whereby
cellular damage in a hypoxic organ is accentuated
following the restoration of oxygen delivery. A clinical
example is the reperfusion of a transplanted liver that
was exposed to “warm” and “cold” ischemia prior to
transplantation. This form of injury was first recognized
as a clinically important pathological phenomenon
during studies of experimental liver transplantation in
1975 [9]. However, it was not until the mid-1980s that
the term “reperfusion injury” was generally used in the
literature.

Hepatic ischemia-reperfusion injury can be catego-
rized into warm and cold-storage reperfusion injury.
While sinusoidal endothelial cells are most susceptible
to cold ischemia, hepatocytes are the main target of
warm ischemia. Warm reperfusion injury is more clini-
cally relevant in hepatic surgery than damage induced
by cold ischemia. Fatty livers, ischemically damaged
livers from patients in hypovolemic shock, and livers
from donors who were treated for prolonged periods in
intensive care units are particularly prone to the devel-
opment of reperfusion injury after transplantation. The
consequences may be catastrophic, resulting in primary
graft dysfunction or nonfunction, as well as shortened
graft and patient survival times (see Chapter 103).

Although the molecular mechanisms of ischemia-
reperfusion damage are incompletely understood, a
pathophysiological scenario set against the background
of hepatic microcirculatory failure emerges, consisting
of a complex interaction of cytokines, chemokines and
proinflammatory mediators, as well as the generation
of oxygen-dependent free radicals. (Fig. 16.1) [5, 7, 8].
Hepatocytes, sinusoidal endothelial cells, Kupffer
cells, and neutrophil granulocytes, all contribute to the
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Fig. 16.1 Pathogenetic
concepts of ischemia-
reperfusion injury of the liver
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development of reperfusion injury. Hepatic ischemia
stimulates Kupffer cells to secrete TNF-a., interferon-y,
platelet activating factor, IL-1, and IL-12. The central
mediator of the hepatic response to ischemia-reperfu-
sion is TNF-a. These cytokines not only act locally by
stimulating adjacent hepatocytes to secrete further
cytokines, but also exert functional effects on distant
organs, e.g. the lungs. TNF-a induces the expression of
adhesion molecules by vascular endothelia and
enhances the chemotaxis of neutrophils, e.g. by IL-8
and its homologues (secreted by activated sinusoidal
endothelial cells). Recent experimental data show that
ceramide generated from increased activity of acidic
sphingomyelinase after reperfusion may play an impor-
tant role in ischemia-reperfusion injury by inducing
intracellular factors of apoptosis and participating in
TNF-a signaling [4].

The inflammatory reaction is accompanied by a
dysfunction of the hepatic microcirculation. Sinusoidal
endothelial cell activation results in upregulation of
selectins, adhesion molecules (e.g. ICAM-1) and
chemokines (e.g. IL-8) with consequent enhanced
adhesion of platelets and neutrophils. Fibrinogen medi-
ated interaction between thrombocytes and endothelial
cells induces apoptosis of sinusoidal endothelial cells
which, together with the activation of the complement
system and of procoagulant factors, plays a major
pathophysiological role in the development of hepatic
microcirculatory failure [6]. Furthermore, an imbal-
ance between vasoconstrictors (endothelins) and vaso-
dilators (nitric oxide) in favor of the former impairs
sinusoidal blood flow.
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The most important source of reactive oxygen species
and tissue-damaging proteases in reperfusion injury are
activated neutrophils and Kupffer cells. The enzymes
xanthine oxidase and NADPH oxidase are of special
pathogenetic importance. Xanthine oxidase is found in
hepatocytes and in endothelial cells, NADPH oxidase is
present in Kupffer cells and in activated granulocytes.
Xanthine oxidase seems to be the principal source of
postischemic oxidant stress to the liver. After reperfusion
molecular oxygen reacts with hypoxanthine (derived
from ATP under conditions of oxygen deficiency) and
with xanthine oxidase, forming highly toxic oxygen
metabolites, superoxides, H,O,, and hydroxyl radicals,
which damage the liver (see Chapter 14). Inhibitors of
xanthine oxidase, such as allopurinol and antibiotics (in
animal experiments), are capable of alleviating the reper-
fusion damage [1, 3]. The protective effect of allopurinol
may involve preserving mitochondrial integrity in addi-
tion to inhibiting xanthine oxidase.

Histologically, ischemia-reperfusion injury manifests
by neutrophilic infiltration of liver parenchyma (with
granulocyte “sticking’), ballooning of hepatocytes, and
liver cell death (occurring both by apoptosis and necro-
sis), which mainly affects centrilobular and midzonal
hepatocytes. Cholestasis is usually present, and in severe
cases cholangiolar cholestasis similar to that seen in sep-
sis may occur. The hepatocellular injury is accompanied
by damage to endothelial and hepatic stellate cells.
Macrosvesicular steatosis is generally considered a preex-
isting donor lesion. In animal experiments the preopera-
tive dietary administration of omega-3 fatty acids protected
macrosteatotic livers against reperfusion injury [2].
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General Principles..............cccccooevcinciniiniiniieirenennne 189 Drugs may damage the liver by two different mechanisms.
The first mechanism is foxicity (see also Chapter 8 and
Section XVIII). It is

References

* Dose dependent
e Predictable
* Reproducible

Hepatotoxins are either directly hepatotoxic or they
damage the liver indirectly by reactive metabolites that
are generated during their metabolism.

This direct or metabolically-mediated indirect liver
toxicity is in contrast to a much larger group of drugs
in which liver damage is due to idiosyncrasy. This type
of liver injury is

* Dose independent
* Unpredictable
* Not reproducible (except in the same person)

The idiosyncratic mechanisms of liver injury are not
completely understood. Both allergic and toxic factors
play a role. In hypersensitivity reactions drugs or their
metabolic products act as allergens and alter the anti-
genicity of the hepatocyte membrane. In course of the
ensuing immunological reactions the liver is damaged
[1-3]. In “idiosyncratic toxicity” altered metabolism
by allelic variation and polymorphisms of enzymes are
thought to be involved.

Classic examples of toxic liver damage are the
intoxications with Amanita phalloides and carbon tetra-
chloride. Two toxins of A. phalloides — phalloidin and
amanitin — attack the liver directly. Phalloidin damages
the membranes of the smooth endoplasmic reticulum,
the cell membrane and the cytoskeleton by inhibiting the
polymerisation of actin. Amanitin inhibits the synthesis
of RNA and proteins.
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Fig. 17.1 Pathogenesis of CCl,-induced liver damage

Carbon tetrachloride (CCl,) is exemplary of sub-
stances that damage the hepatocyte indirectly via
reactive degradation products. Figure 17.1 shows the
mechanism of CCI,-induced liver damage. The cru-
cial pathogenetic step is the formation of the unstable,

highly reactive trichloromethyl-radical (CCl,"), which
damages the liver by mixed function oxidases (cyto-
chrome P450) localized in the endoplasmic reticulum.
The stronger the enzymatic activity and the enzyme
induction, the more intense is the “toxication” of CCl,
and the more extensive is the liver damage. Severe
intoxications cause extensive centrilobular parenchy-
mal necroses and acute liver failure (acute liver dys-
trophy). In less severe cases (e.g., after short and low
dose exposure to CCl,) the necrotic areas are generally
smaller; also, perinecrotic hepatocytes show sublethal
fatty changes with small and medium sized fat drop-
lets, caused by impaired synthesis of lipoproteins and
triglyceride secretion. These changes are reversible.
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Immune mediated cell and tissue damage occurs during
immune responses aimed at eliminating foreign or
attacking self-antigens. Hepatocytes, biliary epithelial,
and endothelial cells are the favored targets of an
immunologic attack, which primarily occurs in

Chapter Outline

Antiviral Immune Reactions.................cccooeevieneennnns 192

Cytotoxic T Lymphocytes........cccceevvevieiiiiiiiiiineneicnenne.
Natural Killer (NK) Cells.........
Intracellular Virus Inactivation

* Infections (viral, bacterial, protozoal)
* Drug-induced liver damage
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utotmmune Keactions o * Autoimmune hepatobiliary diseases, and
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Primary Biliary CirrhoSis.........ccccovevievieiiiiiiininencicne. 195

Infectious and immune pathogenetic mechanisms are

References............cc.ccuuiuiiuiuniieiiciiciisiesiesiesesseneas 196  often intertwined and in most cases cannot be sharply
separated. Infectious organisms may be cytopathic and
damage or kill the cell directly. However, infectious
pathogens do not usually cause liver injury by them-
selves, but rather set in motion a series of events during
which liver cells are damaged. Bacteria, for example,
are phagocytosed by macrophages which subsequently
release proinflammatory mediators, including interleu-
kin-1 and TNF-o, which in turn damage vascular
endothelia, increase vessel permeability and promote
inflammation. Macrophages use MHC class II mole-
cules on their surface to present bacterial components
to T helper cells; these produce proinflammatory cytok-
ines which stimulate B cells to proliferate and to secrete
antibodies (Fig. 18.1). Cytokines released during anti-
gen specific immune reactions may injure cells and
recruit components of innate immunity that damage
adjacent structures. Pathogens may also activate com-
plement, either by the classic or alternative pathway.
Chemotactins (C3a, C5a) attract neutrophils; infiltrat-
ing neutrophils upregulate the expression of endothelial
adhesion molecules (e.g. ICAM-1), increase vascular
permeability and damage vessels. All of these processes
together promote local inflammatory reactions with
subsequent injury of parenchymal and nonparenchymal
cells.
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Fig. 18.1 The interaction

between antigen presenting

cells and CD4* T lympho-

cytes leads to the release of

cytokines and stimulates other

cells to participate in the IL-12
immune and inflammatory ?
reaction (Adapted from [10])
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The natural defenses against viruses encompass the
specific cellular T cell and the antibody-mediated
humoral B cell responses as well as nonspecific
immune mechanisms, with interferons playing a major
role. In hepatic infections with non-cytopathic viruses,
the immune system tries to recognize infected cells, to
eliminate the virus, and to contain the infection. A
rapid and efficient cytotoxic immune response causes
lysis of infected hepatocytes and eliminates the virus.
This process is associated clinically with acute hepati-
tis followed by viral clearance and healing. If the
immune response is not successful viral persistence
ensues. The clinical result is chronic hepatitis with
smoldering necro-inflammatory and regenerative pro-
cesses occurring side by side.

Hepeatitis B virus (HBV) is a hepatotropic virus that
is not directly cytopathic to liver cells. Liver injury in
viral hepatitis is not caused by HBV itself, but instead
by the immune response to the virus. In acute hepatitis
B the cytotoxic T cell response against HBV is strong,
multispecific and polyclonal. In the vast majority of
patients this strong immune reaction leads to viral
clearance. On the other hand, patients with chronic
HBYV infection display only a weak to moderate cyto-
toxic T cell response with incomplete lysis of infected
hepatocytes and incomplete elimination of HBV.
Persistence of HBV infection may support a mild but
chronic hepatocellular damage that manifests clini-
cally as chronic hepatitis (see Chapter 63).

Like viral liver diseases, many drug-induced liver
reactions are largely immune mediated (see Chapters
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17 and 92). The drug may be enzymatically transformed
to reactive metabolites, which bind to self-constitu-
ents, most frequently the metabolizing enzyme, thus
forming neoantigens. These neoantigens are the point
of attack for cytotoxic immune mechanisms.

Lymphocyte mediated cytotoxicity and non-cytotoxic
antiviral strategies represent exemplary immune
mechanisms of liver cell damage and will be discussed
briefly in the following paragraphs. The immunop-
athologic processes occurring in the various types of
viral hepatitis and in immune mediated hepatobiliary
diseases are treated separately in the respective clinical
sections.

Antiviral Immune Reactions

Cytotoxic T lymphocytes (CTL) and natural killer
(NK) cells are the most important immune cells in the
defense of viral infections. These effector cells act by
various mechanisms, including exocytosis, granule-
associated cytoplasmic proteins (perforins and gran-
zymes), expression of Fas-ligand, TRAIL (7umor
necrosis factor-Related Apoptosis-Inducing Ligand)
and by the secretion of cytokines (interferon-y and
TNF-a) [6].
The actions of CTL and NK cells lead to

e Cell death (necrosis or apoptosis) of their target
cells or to
 Intracellular virus inactivation
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Fig. 18.2 The cytotoxic T
cell can induce apoptosis of
its target cell either via the
Fas-dependent pathway, or
by direct activation of
caspase by granzymes.
TNF-a and interferon-y are
important mediators of the
non-cytotoxic T cell
response

Cytotoxic T Lymphocytes

Specific CTL (mainly CD8* cells) are effector cells of
cytolytic reactions and play a major role in virus elimi-
nation. They can identify and lyse virally infected cells
with the help of T helper lymphocytes (mainly CD4*
cells) and macrophages. CD8* cells recognize viral
antigens only if these are presented in association with
MHC class I antigens on the surface of virally infected
cells. CTL reveal their cytotoxic potential after react-
ing via their T cell receptor with the complex of MHC
molecule and viral antigen (Fig. 18.2). Thus, the inter-
action between lymphocytes and their target cells is
antigen specific and MHC restricted. After recogniz-
ing and establishing contact with target cells, the acti-
vated cytotoxic T cells initiate their lysis. The
destruction of the target cell is mediated (1) by the
release of soluble mediators stored in lysosomal gran-
ules (perforins, granzymes), and (2) by the expression
of the Fas-ligand on the cell membrane of lympho-
cytes, which serves as an apoptotic signal. After the
cytolytic attack the target cell perishes by necrosis
(disintegration of membranes and organelles) or by
apoptosis (chromatin condensation, DNA fragmenta-
tion, formation of membrane blebs) (see Chapter 23).
Perforin, also called cytolysin, is a 70kDa glyco-
protein that is synthesized exclusively by activated
cytolytic lymphocytes. It gets its name from the ability
to generate pores in cell membranes. In the presence of
Ca** conformationally altered perforin monomers bind
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to the plasma membrane of a target cell. Once inserted
into the cell membrane, perforin molecules aggregate
to homopolymers and generate pores with a diameter
of 5-20nm. These serve as nonselective ion channels,
increase membrane permeability and impair cellular
volume control, thus leading to colloid-osmotic lysis
of the cell. Thereafter the cytotoxic T lymphocyte
detaches from its target cell and is ready to attack other
cells [9].

Granzymes are lysosomal proteases. Although not
cytolytic by themselves, they indirectly participate in
cell death in concert with perforin. While perforin by
itself leads to osmotic-lytic cell necrosis, the coordi-
nated action of perforin and granzymes induces apop-
tosis. Granzymes penetrate into the cell by the path
created by perforin and trigger apoptosis by disrupting
DNA binding nuclear proteins, activating caspases and
other cytosolic proteins.

The induction of apoptosis can also occur by another
mechanism, the Fas-dependent cell death. After con-
tact with its target cell, the cytotoxic T lymphocyte
expresses Fas-ligand on its surface which binds to the
Fas (APO-1)-receptor on the target cell. Hepatocytes
constitutively express Fas-receptors, and their expres-
sion is further enhanced by inflammatory stimuli. Fas
(APO-1) is a 43kDa protein belonging to the super-
family of TNF- and NGF (nerve growth factor)-
receptors. The interaction between Fas-ligand and Fas
(APO-1) can induce apoptosis of the Fas (APO-1)-
expressing cell. Although these processes are not yet
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completely understood,, proteases seem to be impor-
tant for the transduction of signals leading to apoptosis.
The Fas-dependent cell death amounts to approxi-
mately one third of the total cytolytic activity of cyto-
toxic CD8" T lymphocytes. It also contributes to cell
death by CD4* cytotoxic T lymphocytes, NK cells and
lymphokine-activated killer cells.

In addition to the Fas-ligand pathway cytotoxic lym-
phocytes dispose of a further apoptosis inducing mech-
anism (independent of granules), TRAIL. Its significance
in the liver still is unclear. TRAIL, also called APO-2L,
belongs to the rapidly growing TNF-superfamily that
presently encompasses at least 15 members. TRAIL is a
membrane protein that is expressed on the surface of
activated T, B, NK, dendritic cells and monocytes. In its
biologically active form it exists as a homotrimer and
shows amino acid sequence homologies with the Fas-
ligand. Like the Fas-ligand and other members of the
TNF-family, TRAIL can also induce apoptotic cell
death in cells expressing the respective TNF-receptors.
Interferon-y potentiates TRAIL-induced apoptosis of
virally infected cells.

Natural Killer (NK) Cells

In addition to cytotoxic T lymphocytes NK cells may
eliminate virus laden cells. NK cells probably act in
the early phases, while cytotoxic T cells operate during
the later course of viral infection. NK cells do not
express classic T or B cell markers. Unlike cytotoxic
T lymphocytes, target cell recognition by NK cells is
not MHC restricted. They express Fc-receptors for
immunoglobulins on their surface, which bind to the
antibody laden target cell. Thus, immunoglobulins
serve as a bridge between NK and target cells. Cell
lysis by NK cells is therefore called antibody depen-
dent cellular cytotoxicity (ADCC).

Intracellular Virus Inactivation

In addition to the cytotoxic T cell response, intracel-
lular virus inactivation is a non-cytotoxic and non-
cytolytic antiviral mechanism of CTL [18]. Activated
CTL secrete interferon-y and TNF-o that inactivate
intracellular virus without killing the target cell

(Fig. 18.2). Both cytokines are capable of inhibiting
viral gene expression and replication without damag-
ing the infected cells. Viral DNA and RNA are cleared
from the liver and from the serum without any demon-
strable hepatic inflammatory reaction. This antiviral
mechanism is thus mediated by cytokines secreted by
CTL, i.e. interferon-y and TNF-ca.. In addition inter-
feron-y activates macrophages, which, supported by
TNF-a, enhance the process of virus inactivation.

The phenomenon of intracellular virus inactivation
may also be observed in simultaneous infections with
different viruses. Thus, CTL specific for cytomegalo-
virus or adenovirus by secreting cytokines may cause
intracellular inactivation of, for example, hepatitis B
virus. This phenomenon is called viral cross talk [17].

Autoimmune Reactions

The causes of autoimmune diseases and the exact
mechanisms that lead to loss of immunological speci-
ficity and of self-tolerance are unknown. Among oth-
ers, the release of sequestered antigens, molecular
mimicry, altered self-antigens, polyclonal activation of
autoimmunoreactive cells and genetic factors are dis-
cussed [2, 8].

Usually B and T cells with antigen receptors for
self-antigens are eliminated by apoptosis or clonal
anergy during ontogenesis. If autoreactive B or T cells
escape these regulatory mechanisms, reactive lympho-
cytes may account for the body’s attack on itself. This
loss of B and/or T cell tolerance with aberrant self-
recognition is a further mechanism that is believed to
be responsible for the development of autoimmune
diseases with genetic predisposition playing a major
role [15, 16].

The pathogenetic effector mechanisms that ulti-
mately lead to autoimmune liver cell damage correspond
largely to the cytotoxic immune reactions described
above.

Among the classic hepatobiliary autoimmune diseases
are autoimmune hepatitis and primary biliary cirrhosis
(see Section XIV). However, autoimmune reactions in the
liver may also participate in the pathogenesis of primary
sclerosing and autoimmune cholangitis, the vanishing bile
duct syndrome, overlap syndromes, as well as numerous
viral diseases, drug-induced liver injury or the autoim-
mune polyendocrine syndrome.
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Autoimmune Hepatitis

Most patients with autoimmune hepatitis (AIH) show
circulating antibodies that are directed, among others,
against the asialoglycoprotein-receptor (ASGPR), vari-
ous cytochrome P450 enzymes, UDP-glucuronyl trans-
ferases and other soluble nuclear and cytosolic antigens
(e.g. ANA, SMA, LKM, SLA/LP (see Chapters 36 and
72)). The different autoantibody patterns define indi-
viduals with distinctive clinical phenotypes of AIH.
Despite the diagnostic importance of the autoantibody
profile, the immunopathogenetic significance of the
various autoantibodies in causing liver damage in AIH
is poorly understood. Most diagnostically relevant
autoantibodies do not injure the liver and up to 10% of
patients with AIH do not have demonstrable circulating
autoantibodies, although most of these patients have
elevated IgG levels in plasma. SLA/LP is the only one
disease-specific autoantigen, but seems to be relevant
in only about 20% of patients [4].

The exact pathogenesis of AIH is still unsolved.
The development of immunologically mediated liver
injury in AIH occurs against the background of pre-
disposing genetic factors. Humans with HLA BS,
DR3, DR4 and DR 52a have a higher risk to develop
AIH. Loci that code for complement, immunoglobu-
lins and the T cell receptor may enhance genetic
predisposition.

Various hypotheses for the development of AIH
have been advanced: (1) dysregulation of T cells with
subsequently increased antigen-induced antibody pro-
duction by B cells; (2) abnormal T cell response against
the ASGPR; (3) initiation of a T cell response by viral
infections, such as hepatitis A, Epstein-Barr and rubella
virus; (4) decreased numbers of regulatory T cells; (5)
triggering of an autoimmune reaction by molecular
mimicry between B cell epitopes on cytochrome P450
IID6 and an early protein of herpes simplex virus 1.
None of these hypotheses can be considered proven at
present.

The inflammatory cell infiltrate in AIH contains
plasma cells, but CD4* and CD8* T cells predomi-
nate. CD8" T cells isolated from portal tracts of patients
with AIH are cytotoxic against syngeneic hepatocytes.
T cells infiltrating the liver in AIH have a restricted rep-
ertoire of T cell-receptor V B-chains and they express
large amounts of the antiapoptotic protein Bcl-2. This
suggests that they are part of a long-lived antigen
driven immune response.

An increased expression of soluble Fas may
be found in the serum of patients with AIH, and
Fas polymorphisms influence the susceptibility to
AIH [5]. Altered modulation of ligands for pro-
grammed cell death has been demonstrated in the
liver of patients with AIH [11]. Thus, the apoptotic
pathway performed by as yet ill-characterized CTL
may represent a further interesting pathogenetic
model in AIH.

Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) is characterized by a
progressive inflammatory destruction of interlobular
and septal bile ducts (see Chapter 73). Bile duct destruc-
tion is accompanied by T cell infiltrates and enhanced
expression of MHC class II and adhesion molecules.
More than 90% of patients with PBC have circulating
antimitochondrial antibodies (AMA) that are directed
against the E2 component of the mitochondrial pyru-
vate dehydrogenase complex (PDC-E2). Approximately
50% of patients also exhibit antibodies against various
nuclear antigens.

Autoreactive T cells and autoantibodies play a
major role in biliary epithelial cell injury. A molecule
related antigenically to PDC-E2 is expressed on the
surface of biliary epithelial cells from patients with
PBC. This molecular resemblance might explain the
selective damage of biliary epithelia in PBC. PDC-E2
reactive T cells have been demonstrated in the liver
and in the peripheral blood from patients with PBC
[12]. These T cells exhibit a restricted repertoire of T
cell-receptor V B-chains, which suggests that, like in
AIH, they are part of a long-lived antigen regulated
immune response.

Interesting data indicate that infectious agents are
possibly involved in the immune pathogenesis of PBC
[7]. Chlamydia pneumoniae antigen and RNA, for
example, have recently been demonstrated in liver tis-
sue of patients with PBC suggesting that C. pneumo-
niae antigen may trigger an immune response based on
molecular mimicry [1]. Similarly human p-retrovirus,
Novosphingobium aromaticovorans (an ubiquitous
xenobiotic metabolizing bacterium), Escherichia coli,
and Paracoccus dentrificans have all been implicated
in PBC, although their pathogenetic significance has
never been proven [3, 13, 14, 19].
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The liver continuously encounters gut-derived bacterial

Chapter Outline products via the portal venous circulation, including
Endotoxin-Induced Inflammation...................cc..c..cc.... 197 f:ndotoxm. Fifty percentof bacterial lip opolysa.lccha?lde

is cleared by Kupffer cells, 20% by sinusoidal
Endotoxin-Induced Cholestasis ......................cccoceue. 197

endothelial cells and 30% by hepatocytes. Endotoxin
REFEIEIICES ........oooveeiiiiriciiceiieceiec e eseeieseees 198 plays a major role in liver damage in septicemia,
intestinal bacterial overgrowth, and in alcoholic and
cholestatic liver diseases [6]. It impacts gene expression
of parenchymal and nonparenchymal cells and impairs
numerous hepatocellular transport processes [1].

Endotoxin-Induced Inflammation

The effects of endotoxin on liver cells are most likely
mediated by cytokines released by Kupffer cells and
infiltrating inflammatory cells. One of the earliest
events in endotoxin-induced liver damage is the induc-
tion of TNF-a production in Kupffer cells [2].
Endotoxin stimulates the synthesis of TNF-a mRNA
by enhancing the translocation of NFkB into the cell
nucleus. TNF-a sets in motion a cascade of proinflam-
matory cytokines whose concerted action damages
hepatocytes, recruits inflammatory cells and initiates
repair processes, including fibrogenesis (Fig. 19.1).

In addition to its stimulatory effects on Kupffer and
inflammatory cells, endotoxin itself damages the cell
membrane, increases the permeability for Ca**, gener-
ates oxygen-derived free radicals, and enhances lipid
peroxidation [5].

Endotoxin-Induced Cholestasis

Endotoxin reduces the expression of the basolateral
Na*-taurocholate-cotransport-protein  (NTCP) and
inhibits the enzymatic activity of Na*/K*-ATPase. The
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Fig. 19.1 Pathogenesis of endotoxin induced liver injury

latter can also be inhibited by interleukin-6. The reduc-
tion in NTCP mRNA is mediated by TNF-o and inter-
leukin- 1, while the decline in enzyme activity might be
related to endotoxin induced changes of membrane
fluidity [1]. The end result of endotoxin effects is a
reduced Na*-dependent uptake of taurocholic acid at
the basolateral membrane, a diminished uptake of bili-
rubin, as well as a decrease in the bile acid dependent
and independent bile flow, i.e. cholestasis.

In addition to their effects on hepatocytes, endotoxin
and cytokines may affect biliary epithelial cells.
Endotoxin has been shown to stimulate cholangiocyte
proliferation by the release of interleukin-6 from cho-
langiocytes, and to enhance the development of
cholestasis and cholangitis by damaging bile duct epi-
thelial cells [3, 4].
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General Principles...............cccccooiiniiininiinicnienn. 199 Cholestasis denotes disrupted/slowed bile flow or

References...............ccccoooiiiiiiiiic 200 impaired bile formation. It always results in or is caused
by hepatobiliary dysfunction, and leads to retention of
biliary constituents. During severe cholestasis of long
duration, cholestasis itself damages the liver and fur-
ther contributes to reduction of bile flow, thus creating
a vicious circle.

Cholestasis-induced liver injury is multifactorial. The
detergent properties of retained bile acids and the hepa-
tocellular accumulation of copper (normally excreted
through the bile) are pathogenetically relevant events
because they damage membranes and injure the micro-
tubular cytoskeleton. In addition, bile acids activate pro-
grammed cell death pathways [1]. They enhance the
cytosolic transport of Fas to the cell surface and induce
apoptosis of liver cells via a Fas dependent, Fas ligand
independent mechanism [2, 3].

Cholestasis and endotoxin-induced liver damage are
pathophysiologically interrelated, and the pathogenetic
mechanisms of endotoxin-induced liver damage (see
Chapter 19) also contribute to cholestasis induced hepa-
tocellular injury. Thus, obstructive cholestasis with bac-
terial cholangitis, for example, may be accompanied by
endotoxemia which in turn would support and aggra-
vate cholestatic liver injury.

The histology of cholestatic reaction and the clini-
cal aspects of cholestasis are discussed in Chapters 26
and 52, respectively.
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The most relevant hepatotoxic metals are iron and
copper. Chronic, heavy overload of the liver with these
metals leads to cell damage, progressive fibrosis and
ultimately to liver cirrhosis and its complications (see
Section XVI) [1, 4].

Iron and Copper-Induced Liver Injury

Hepatic iron overload most often is due to increased
and uncontrolled intestinal absorption (e.g. genetic
hemochromatosis [see Chapters 6 and 82]), parenteral
iron administration (e.g. repeated blood transfusions),
or chronic hemolysis. Secondary iron overload, how-
ever, may be observed in many cirrhotic livers of vary-
ing etiologies, particularly in those of non-biliary origin
[5]. The mechanism of hemosiderosis is not well under-
stood, but it may contribute to the progression of liver
cirrhosis. The excess iron that reaches the hepatocyte is
stored in the cytosol and in the lysosomes as ferritin or
as lysosomal hemosiderin. In secondary iron overload
states, iron is first taken up by Kupffer cells, and possi-
bly also by endothelial and hepatic stellate cells, and
only thereafter by hepatocytes. This is in contrast to
genetic hemochromatosis, where iron storage occurs
primarily in hepatocytes. Only after hepatocellular stor-
age capacity is exceeded, iron is deposited in Kupffer
cells and in cholangiocytes. Small foci of iron-contain-
ing Kupfter cells testify to prior liver cell death.

In addition to its direct hepatotoxic effects, iron
seems to play a pathogenetic role as a cofactor in non-
hemochromatotic liver diseases, such as alcoholic liver
injury, nonalcoholic steatohepatitis, chronic viral hep-
atitis (mainly hepatitis C), porphyria cutanea tarda and
o, -antitrypsin deficiency [2, 3].
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Fig. 21.1 Pathogenetic model of iron- and copper-induced liver
injury

In the hepatocyte copper is incorporated into
Cu-containing enzymes or ceruloplasmin which is then
secreted into the circulation. Intracytoplasmic copper
is bound to metallothionein and excreted in bile (see
Chapter 6). Genetically determined copper overload
is seen in Wilson’s disease (Chapter 81). Conditions
characterized by impaired biliary secretion, such as
chronic cholestatic liver diseases, are also associated
with copper overload.

The toxicity of iron and copper is believed to involve
two non-mutually exclusive mechanisms: (1) oxidative
stress, with metal-catalyzed production of reactive
oxygen species causing oxidative damage to lipids,
proteins and nucleic acids, and (2) direct metal-induced
organelle injury.

The increased risk of hepatocellular carcinoma in
patients with genetic hemochromatosis is believed to
be due to iron-induced oxidative DNA damage, as well
as to proliferative stimuli in regenerative nodules.

Under physiologic conditions lysosomes are respon-
sible for the homeostasis of normal iron and copper

levels, i.e. for their storage and biliary excretion.
Excessive accumulation of iron or copper leads to
functional impairment of lysosomes and to damage of
their membranes with subsequent release of hydrolytic
enzymes and stored metals. These substances damage
the hepatocyte by the enzymatic pathway and by the
mechanism described above.

In addition to lysosomes, other cell organelles, pri-
marily mitochondria, can be damaged by excessive
metal overload. Impairment of the cytochrome oxidase
complex (the common final pathway for electrons and
hydrogen ions that leads to the generation of water and
energy [ATP]) seems to be particularly relevant in this
regard.

Figure 21.1 summarizes the pathogenetic mecha-
nisms of iron- and copper-induced hepatotoxicity.
Oxidative stress and both lysosomal and mitochon-
drial dysfunction result in hepatocellular damage.
Furthermore, within the context of metal-induced
chronic liver injury, Kupffer cells are activated and
secrete proinflammatory and profibrogenic cytokines
(mainly TNF-a and TGF-p). Activated hepatic stellate
cells enhance remodeling of the extracellular matrix
(Chapter 28).

References

1. Bonkovsky HL, Ponka P, Bacon BR, et al (1996) An update
on iron metabolism: summary of the fifth international con-
ference on disorders of iron metabolism. Hepatology 24:
718-29

2. Bonkovsky HL, Lambrecht RW (2000) Iron-induced liver
injury. Clin Liver Dis 4: 409-29

3. Bonkovsky HL, Lambrecht RW, Shan Y (2003) Iron as a co-
morbid factor in nonhemochromatotic liver disease. Alcohol
30: 13744

4. Britton RS (1996) Metal-induced hepatotoxicity. Semin Liver
Dis 16: 3-12

5. Ludwig J, Hashimoto E, Porayko MK, et al (1997) Hemosi-
derosis in cirrhosis: a study of 447 native livers. Gas-
troeneterology 112: 882-8



Radiation-Induced Liver Damage 2 2

Henryk Dancygier and Peter Schirmacher

Chapter Outline General Principles

General Principles.............ccocoovcviiiiininincneninenenes 203 Radiation-induced liver injury is rare. It may occur

REFETENCES .........ovvovereiirrienceise s 204  after radiotherapy with at least 30 Gy, such as may be
seen in patients with lung cancer, metastatic ovarian
carcinoma, or malignant abdominal lymphomas. Even
after localized liver radiation with 1,500 Rad, liver
weight is restored after partial hepatectomy. This,
however, is not accomplished through hepatocyte pro-
liferation. Instead, hepatocytes increase their size and
liver mass is restored by cellular hypertrophy [4]. After
hepatic radiation, activation and proliferation of hepatic
stellate cells is observed as an early event followed by
portal and severe sinusoidal fibrosis [6]. Radiation
probably also damages sinusoidal and central vein
endothelial cells, and may manifest clinically as sinu-
soidal obstruction syndrome (formerly called veno-
occlusive disease) (see Chapter 60) [5].

Radiation-induced bile duct strictures are a very rare
cause of obstructive jaundice and symptoms of biliary
obstruction typically occur after a very long (10 years
and more) symptom-free period [1, 2]. The pathogene-
sis of radiation-induced bile duct injury probably
involves progressive obliterative vasculitis causing isch-
emia, various degrees of biliary epithelial atrophy, and/
or ulcerative changes and fibrosis.

In 1928 colloidal thorium dioxide was introduced
as an angiographic contrast medium (Thorotrast); it
was distributed worldwide in the 1930s and 1940s.
After intraarterial administration this colloid is taken
up by cells of the reticuloendothelial system, mainly
in liver and spleen, and accumulates in lysosomes.
Thorium dioxide emits a-radiation and its biologic
half-life amounts to 200—400 years! In the liver thoro-
trast is first taken up by Kupffer cells; during the ensu-
ing years it drains into the portal tracts and is stored
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in portal tract macrophages. The chronic continuous
low dose radiation by thorium dioxide induces hepatic
fibrosis, accompanied by only a scant inflammatory
reaction, and may ultimately result in presinusoidal
portal hypertension.

A far more serious consequence of Thorotrast appli-
cation is the induction of hepatic angiosarcomas (see
Chapter 102) (more rarely hepatocellular and cholang-
iocellular carcinomas) which were reported for the
firsttime in 1947 and led to the withdrawal of Thorotrast
from the market [3]. Due to its long half-life and to the
long latency period (up to several decades) of sarcoma
development, Thorotrast-induced hepatic angiosarco-
mas were rarely seen until a few years ago.
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Degenerative Cell Changes................ccccccovevinininnnenns 207 Hydropic Cell Swelling

Hydropic Cell Swelling....
Hypoxic Vacuoles.............

Cytoplasmic Deposits ... (Synonyms: ballooning, ballooning degeneration, toxic

Feathery Degeneration .....................cooowwveeeosoereeeeeeosneee cell swelling, vacuolar degeneration, hydropic change).
Ballooning denotes a severe, but reversible hepatocel-
Cell Death ..........c.cooooiiiiiiiiiiieee e 209 lular change. This injury initially is not lethal but may
NECTOSIS e 200 become a precursor of lytic necrosis if the injurious
APOPLOSIS oottt 213 insult continues. Ballooning degeneration is observed
in viral, toxic (alcohol), and ischemic liver damage,
References.............cccocoevueiiniinininniinceccecceeene 218 mainly in centrilobular (zone 3) hepatocytes.

Hydropic cell swelling represents an osmotic cell
edema due to impaired hepatocellular energy homeo-
stasis and altered permeability of the cell membrane;
these alterations affect ion pumps localized in the
membrane with subsequent influx of sodium and water.
The swollen, ballooned hepatocytes are rounded, with
cytoplasm that appears clear and stringy (Fig. 23.1).
Large segments of the hepatocyte are occupied by
clear spaces, the organelles are rarified and irregularly
clumped. Peribiliary basophilia, which describes the
accumulation of rough endoplasmic reticulum at the
apical (biliary) pole of the hepatocyte, is a phenome-
non due to cell hydration rather than a distinct feature
of hydropic cell swelling (Fig. 23.2). Small, clear cyto-
plasmic vacuoles represent distended segments
pinched-off from the endoplasmic reticulum (vacuolar
degeneration). Swelling of mitochondria with rarefac-
tion of their cristae, intramitochondrial accumulation
of amorphous material rich in phospholipids, myelin
figures, loss of intercellular contacts, and disaggrega-
tion of granular and fibrillary nucleolar elements are
further alterations that may be seen by electron micros-
copy in hydropic cell swelling.
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Fig. 23.1 Ballooned
hepatocytes. Some
hepatocytes also contain fat
vacuoles and intranuclear
inclusions.
Hematoxylin-Eosin

Fig. 23.2 Peribiliary
basophilia in hydropically
swollen hepatocytes.
Hematoxylin-Eosin

Hypoxic Vacuoles

Hypoxic vacuoles represent ischemic lesions and are
caused by invagination of the liver cell membrane. On
light microscopy they appear as pale vacuoles, mainly
localized in perivenular hepatocytes and contain fibrin-
ogen, albumin and other plasma proteins. The mem-
branes limiting the vacuoles are not derived from the

endoplasmic reticulum and differ thereby from the
cytoplasmic vacuoles present in o -antitrypsin defi-
ciency and fibrinogen storage disease.

Cytoplasmic Deposits

See Chapter 24.
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Feathery Degeneration

(Synonym:  pseudoxanthomatous  degeneration).
Feathery degeneration denotes a cytoplasmic alteration
caused by the detergent action of retained toxic bile
acids (cholate stasis) that imparts a diffuse, foamy,
reticular (“feathery”) appearance to the swollen hepa-
tocyte (Fig. 23.3). On electron microscopy damaged
smooth endoplasmic membranes with dilated vesicles
containing whorl-like membranous material can be
observed. Feathery degeneration affects single cells or
small groups of hepatocytes, mostly in the periportal
parenchyma which otherwise appears unremarkable,
and occurs mostly in cholestasis of longer duration.

Cell Death

Cell death either occurs as a programmed, physiologic
event in the framework of normal organ homeostasis,
or it is caused by a traumatic, pathologic incident. The
characteristic morphological changes of cell death
occur several hours after transition from the reversible
to the irreversible phase of injury. This transition can-
not be precisely identified by light microscopy. The
denaturation of proteins begins while the cell is still
alive and continues after its death. During the pro-
cesses leading to cell death numerous degradative
enzymatic reactions occur. However, it is difficult to

Fig. 23.3 Cholestasis with
bile plugs in dilated biliary
canaliculi. Some hepatocytes
show feathery degeneration.
Hematoxylin-Eosin

tell apart those reactions that are causally related to
cell death from biochemical epiphenomena [4, 16].
Cell death manifests itself as

e Necrosis or
* Apoptosis

While necrosis represents an unplanned accident by
which innocent cells die in a hostile environment, in
apoptosis the cell exerts its own death. The structural
hallmark of necrosis is loss of plasma membrane integ-
rity with release of cell contents into the extracellular
space eliciting an inflammatory reaction. Apoptotic cell
death (programmed cell death) leaves the plasma mem-
brane essentially intact, and leads to the fragmentation
of the nucleus as well as the cell - generating membrane-
bound structures that once contained intact viable organ-
elles. Apoptotic bodies are extruded from surrounding
viable lobular hepatocytes and may remain in liver tis-
sue for extended periods of time. Phosphatidylserines
generated during the apoptotic process activate mac-
rophages and phagocytosis, but a true inflammatory
reaction is missing.

Both processes, necrosis and apoptosis, often occur
together and mixed forms of cell death also exist.

Necrosis

Necrosis refers to changes that become visible following
cell death. The processes leading to necrosis initially
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are still reversible. Prenecrotic changes are character-
ized by swelling of cell organelles, lytic nuclear changes,
and the formation of organelle-free plasma membrane
blebs. The blebs may pinch-off from the plasma mem-
brane, thereby restoring its integrity. The blebs may also
rupture, releasing cytosolic enzymes into the extracel-
lular space. Bleb-formation is caused by deranged inter-
actions between the cytoskeleton and the plasma
membrane, but is not due to osmotic cell swelling.
Numerous theories have been advanced regarding
necrotic cell death. At present, mitochondrial damage
is viewed as the pivotal pathogenetic event leading to
necrosis. Mitochondrial injury is followed by impair-
ment of oxidative phosphorylation, ATP-depletion, loss
of energy homeostasis and an increase in permeability
of the plasma membrane. An increased influx of Ca**
activates degradative hydrolases, including proteases,
phospholipases and endonucleases that further damage
the plasma membrane. In the presence of oxygen, reac-
tive oxygen species are generated that promote lipid
peroxidation thus further damaging the plasma mem-
brane and interrupting the association between the
cytoskeleton and the cell membrane. Ultimately these
processes result in loss of membrane integrity [26].
Necrosis manifests itself on light microscopy as

e Lytic necrosis, and
* Coagulative necrosis

The precursor of acidophilic necrosis is acidophilic dege-
neration with cell shrinkage as a result of dehydration
and loss of glycogen (Fig. 23.4). When denaturation, and

Fig. 23.4 Shrunken,
dehydrated, acidophilic
hepatocyte (acidophilic
degeneration). Hematoxylin-
Eosin

not hydropic swelling, is the leading process coagula-
tive necrosis develops. The outline of the coagulated,
eosinophilic hepatocytes remains preserved for some
days. The dead cells are then fragmented and removed
by phagocytosis of the cellular debris. The increased
eosinophilia is caused by the loss of normal basophilia
(due to ribosomal RNA), combined with cellular dehy-
dration and by the increased binding of eosin to dena-
tured cytoplasmic proteins.

The precursor of Iytic necrosis is hydropic cell
swelling (ballooning) (see above). This type of necro-
sis develops rapidly; necrotic cells “drop out” and
leave behind gaps in the trabecular parenchymal tex-
ture. Lytic necrosis elicits an inflammatory reaction,
predominantly with mononuclear cells. Macrophages
containing phagocytosed hepatocytic debris (iron
containing groups of Kupffer cells, ceroid storing mac-
rophages) and lymphocytes mark the site of previous
necrosis (Fig. 23.5).

According to the extent of hepatocyte necrosis and
its distribution within the liver acinus, various patterns
of necrosis are distinguished.

Single Cell Necrosis

Single cell necrosis occurs either as disseminated or
focal (spotty) necrosis of individual cells or of very
small groups of hepatocytes (<10 cells). The reticulin
framework remains intact. Dead hepatocytes drop out
and are rapidly removed, leaving behind gaps in the
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Fig. 23.5 Clusters of
ceroid-storing macrophages
mark the site of previous
hepatocyte death.
PAS-Diastase

Fig. 23.6 Centrilobular
(perivenular) parenchymal
necrosis. Hematoxylin-Eosin

liver cell-plates and a focal mononuclear inflammatory
infiltrate. Thus, focal necrosis is more often indirectly
recognized by these reactive changes than by the
necrotic cell itself. Spotty necrosis is a nonspecific
finding. It is mainly observed in acute hepatitis.

Necrosis of Cell Groups and Confluent Necrosis

In contrast to focal, spotty necrosis this term denotes
the death of larger groups of contiguous hepatocytes.

Necrotic cell groups may be distributed haphazardly
within the lobule and/or they may merge to form con-
fluent necrosis. If clusters of hepatocytes in a defined
acinar zone are affected, the process is called zonal
necrosis. According to the zone affected, necroses are
designated as periportal, centrilobular (perivenular),
midacinar, etc. (Fig. 23.6). If the entire liver lobule is
necrotic a massive (panlobular) necrosis is present.
Confluent necrosis refers to coalescing group necroses.
Submassive necrosis denotes confluent necroses within
a lobule, while in multilobular necrosis substantial
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necrotic areas of several lobules merge forming
necrotic bridges between vascular structures. Confluent
zonal necrosis occurs in hypoxic/ischemic conditions,
such as shock, heart failure, heat stroke and in viral
and drug-induced liver injury (e.g. acetaminophen,
nonsteroidal antiinflammatory drugs).

Bridging necrosis describes extensive confluent
necrosis between neighboring vascular structures.
These “bridges” may be contained within one acinus or
they may span from one acinar zone to a neighboring
acinus. Bridging necrosis is particularly well appreci-
ated in reticulin stains that visualize reticulin fiber
collapse (Fig. 23.7). Veno-venous necrosis connects
the central veins of neighboring lobules correspond-
ing to the microcirculatory periphery of a complex
acinus. This type of bridging is observed in circula-
tory failure and venous outflow obstruction. Porto-
venous necrosis links the portal tract and the central
vein and corresponds to the microcirculatory periph-
ery of a simple acinus. It occurs in acute viral hepati-
tis and in flares of chronic hepatitis. Porto-portal
necrosis spans the portal tracts of neighboring lobules
and is seen in chronic hepatitis and in biliary tract
disease.

Piecemeal Necrosis

Piecemeal necrosis is a time honoured denomination
for hepatocellular necrosis or apoptosis mediated by

Fig. 23.7 Bridging necrosis.
The collapse of reticulin
fibers marks extensive
confluent necrosis linking
neighboring portal tracts.
Gomori reticulin stain

cytotoxic T lymphocytes at the interface between por-
tal tracts or fibrous septa and lobular parenchyma. It is
part of the chronic inflammation at the parenchymal-
connective tissue interface which erodes the limiting
plate (interface hepatitis) (Fig. 23.8). The portal-paren-
chymal interface becomes blurred with mesenchymal
cells and extracellular matrix expanding at the expense
of the periportal parenchyma. In severe interface hepa-
titis clear, hydropically swollen hepatocytes, grouped
around a small central lumen (liver cell rosettes) are
observed in the vicinity of piecemeal necroses. They
are believed to be represent liver cell regeneration.
Piecemeal necroses mainly occur in chronic hepatitis
with at least moderate inflammatory activity.

Surgical “Necrosis”

Surgical “necroses” describe clusters of neutrophils
within the sinusoids in biopsies obtained intraopera-
tively during laparotomy (Fig. 23.9). They are typically
found in the subcapsular parenchyma and near the
central vein. The extent of these alterations increases
with the duration of the operation and with the extent
of manipulation of the liver by the surgeon. The clus-
ters of neutrophils are a nonspecific finding that are
probably due to altered cell distribution during laparo-
tomy and do not represent a true inflammation. They
are therefore not clinically relevant. Rarely, mechani-
cal trauma by the hand of the surgeon may cause a
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Fig. 23.8 Cellular inflamma-
tory infiltrate at the interface
between portal tract and
lobular parenchyma
(interface hepatitis). Single
lymphocytes erode the
limiting plate and cause
hepatocellular death
(piecemeal necrosis).
Hematoxylin-Eosin

Fig. 23.9 Surgical “necro-
sis”. Clusters of neutrophilic
granulocytes accumulate in
the sinusoids in the course of
intraabdominal operations.
Hematoxylin-Eosin

localized hepatocellular ischemia with focal liver cell
necrosis and subsequent reactive inflammation.

Apoptosis

In the early 1970s Kerr recognized and described apop-
tosis as a discrete form of cell death and a basic bio-
logical phenomenon necessary for the preservation of

life [14, 15]. Apoptosis is a physiological, genetically
programmed, active process that requires a functioning
system of protein synthesis. It leads to shrinkage and
fragmentation of single or small cluster of cells. The
apoptotic cell is rapidly cleared, before its contents
have leaked out.

Apoptosis is responsible for the maintenance of
normal cell homeostasis in all organs, for the balance
between the generation of new cells and cell loss.
Aged, damaged or abnormal cells that threaten to



214

23 Liver Cell Degeneration and Cell Death

impair normal organ function are cleared by apoptosis.
Apoptosis occurs during embryogenesis, organ growth
and atrophy, in toxic injuries, viral infections, immune
reactions and in tumorigenesis [6, 8, 11, 31].

Morphology

Apoptosis leads to morphological changes of the cell
nucleus and the cytoplasm. The nuclear chromatin
condenses at the nuclear membrane; at first the nucleus
becomes pyknotic and disintegrates thereafter into
small dense chromatin fragments. The DNA becomes
fragmented. The cytoplasm too condenses giving rise
to round or oval apoptotic cells with an intensely
eosinophilic cytoplasm containing dense nuclear frag-
ments. The cell continues to shrink, forms blebs, and
finally disintegrates into small fragments that are sur-
rounded by an intact cell membrane. These membrane
bound apoptotic bodies initially contain still largely
intact cell organelles. They express phosphatydil ser-
ine and adhesive glycoproteins (e.g. thrombospondin)
on their outer surface which serve as recognition mol-
ecules for macrophages that engulf apoptotic cell frag-
ments. During this process no intracellular material
leaks out into the extracellular space and an inflamma-
tory reaction, such as in necrosis, is missing. In contra-
diction to necrosis that may include clusters of cells,
segments of organs and even entire organs, apoptosis
affects single cells that are extruded from the surround-
ing tissue. The differences between apoptosis and
necrosis are summarized in Table 23.1.

Table 23.1 Differences between necrosis and apoptosis

Feature Apoptosis

Regulation Genetically regulated and programmed; active,
energy consuming process

Triggered by Physiologic or pathologic stimuli

Morphology Death of single cells or very small clusters of cells;
the tissue architecture remains intact

Blebs Yes; organelles within blebs

Plasma membrane Remains intact

Organelles Integrity is preserved initially

Nucleus Chromatin condenses at the nuclear membrane;

fragmentation of the nucleus (pyknosis,
karyorrhexis); internucleosomal DNA-

degradation (“DNA-ladder”)
Final result Apoptotic body
Reaction

no inflammatory reaction

Phagocytosis by macrophages or neighboring cells;

Apoptosis of hepatocytes generates round, eosino-
philic structures known as acidophilic bodies, previ-
ously called “Councilman bodies” (first described by
Councilman in yellow fever) (Fig. 23.10). Usually the
remnants of the pyknotic nucleus are still discernible.
Some acidophilic bodies represent shrunken remnants
of the entire hepatocyte, while others correspond to
hepatocellular fragments. The acidophilic bodies are
phagocytosed by Kupffer cells or invading macrophages.
Thus, the contents of apoptotic bodies are not released
into the surrounding tissue.

Molecular Mechanisms

Apoptosis can be induced by a variety of external stim-
uli. The interaction of ligands with specific surface
receptors (“death receptors”) activates intracellular
signaling cascades that culminate in cell death [5].
Numerous mechanisms are capable of activating death
receptors or initiating apoptosis by intracellular mech-
anisms (Fig. 23.11) [7].

Apoptosis can be initiated through an extrinsic or an
intrinsic pathway depending on the initial site of acti-
vation of the cell death process (Fig. 23.12) [28]. The
ligand/receptor-interaction —activates the caspase
(cysteine aspartate protease) family of enzymes which
are the most important effectors of apoptosis. Crucial
to their catalytic activity is the presence of a cysteine
residue in the active center of the molecule. The effec-
tor caspases cleave proteins whose functional loss
induces apoptosis. Members of the TNF- and TNF/

Necrosis

Not genetically regulated; passive,
“accidental” cell death

Pathologic stimuli

Death of single cells, large groups of cells,
organ segments and even entire organs

Yes; no organelles within blebs

Integrity is lost

Integrity is lost

Formation of chromatin clumps; nucleus
disintegrates (karyolysis); accidental
DNA cleavage

Cell disintegration
Inflammatory reaction; regeneration
of tissue or fibrosis (scar)
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Fig. 23.10 An apoptotic cell
with fragmented, pyknotic
nuclear remnants is cleared
from liver cell trabeculae. An
inflammatory reaction is
lacking. Hematoxylin-Eosin

Receptor/Ligand-interactions

Withdrawal of
growth factors/

hormones
Fig. 23.11 Apoptosis can be
initiated by various stimuli.
Some stimuli, such as Radiation,
granzymes from cytotoxic toxins,

lymphocytes (CTL) directly free radicals
activate caspases. Some
ligands induce apoptosis
after interacting with their
specific receptors via the
formation of DISC. Free
radicals and toxins may
activate caspases by
damaging mitochondria and
releasing cytochrome c. For
abbreviations see text

NGF (nerve growth factor)-receptor family, with FAS
(Apo-1; CD 95) being an important member of this
family, play a central role in ligand-induced apoptosis.

Fas-induced apoptosis is currently the best charac-
terized apoptotic pathway and is illustrated in a simpli-
fied scheme in Fig. 23.12. The reaction of Fas with its
ligand or with antibodies against Fas leads to trimeriza-
tion of Fas. This is followed by recruitment of the
intracellular adapter-molecule FADD (Fas-Associated
Death Domain) to the receptor with subsequent activa-
tion of apoptosis-inducing cascades [23].

_m_> Apoptosis <¢— Caspases

TGF-B  Fas-L  TNF-o TRAIL

CTL

:

Perforines
Granzymes

TGFB-R

Fas-R  TNF-R DR
l 1 12 415

The multiprotein-aggregate of Fas-receptor, cyto-
solic linker proteins (FADD) and pro-caspase 8 forms
the so-called Death Inducing Signaling Complex
(DISC). High local concentrations of procaspase 8 in
DISC undergoes autoproteolytic cleavage, releasing
activated caspase 8. Active caspase 8 cleaves and acti-
vates bid (a member of the Bcl-2 family) that in turn
activates proapoptotic Bcl-2 family members, such as
Bax and Bak. These are integrated into the mitochon-
drial membrane and lead to the release of mitochon-
drial proteins including cytochrome c. Following its
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Fig. 23.12 Fas (Apo-1; CD 95) induced apoptosis. See text for
details

release from the mitochondria, cytochrome c triggers
the formation of the apoptosome, a complex including
apoptosis protease-activating factor-1 (APAF-1) and
procaspase 9. The formation of the apoptosome leads
to cleavage and activation of caspase 9, which in turn
activates caspase 3.

Depending on whether or not mitochondrial pro-
teins are involved, at least two pathways (type I and IT)
of Fas-induced apoptosis may be distinguished. In type
I apoptosis, high local caspase 8 concentrations at the
level of DISC are recruited that can directly activate
caspase 3. If concentrations of caspase 8 in DISC are

low, activation of caspase 3 is accomplished by mito-
chondrial cytochrome c, which represents the type II
pathway.

Thus, activated caspase 3 is a central effector protein
of apoptosis. It cleaves and activates other caspases that
attack cellular substrates and finally leads to the struc-
tural breakdown of the cell. Caspase 3 also activates a
nuclease that catalyzes the internucleosomal cleavage of
DNA and is therefore called DNA fragmentation factor.
A special form of DNA degradation is accomplished by
non-lysosomal endonuclease [2]. Activated non-lysosomal
endonuclease transforms the double stranded DNA into
oligo-nucleosomal fragments of defined size which leads
to a ladder-like appearance of the DNA degradation
products after gel electrophoresis. This type of DNA
fragmentation is a characteristic phenomenon of apop-
tosis, although not always demonstrable. Of importance
for apoptosis is also the activation of transglutaminases
that lead to crosslinking of proteins.

TNF-Related Apoptosis-Inducing-Ligand (TRAIL),
TNF-o. In addition to Fas there exist other death
receptors that mediate apoptosis of liver cells. TRAIL
and TNF-o may induce apoptosis via specific recep-
tors, thereby assuming an important role in the patho-
genesis of many liver lesions.

TRAIL is a multifunctional cytokine that exhibits a
high amino acid homology with Fas-ligand. In humans
there are two death-inducing receptors for TRAIL
(TRAIL-R). The signaling induced by these receptors
can lead to apoptosis but may also result in activation
of survival signals mediated by the nuclear factor
(NF)-xB (Fig. 23.13). TRAIL is important in the
homeostasis of the immune system. The TRAIL/
TRAIL-R system impacts infectious and autoimmune
reactions and seems to play a role in tumorigenesis and
in immune mediated liver injury. It has gained much
attention due to its high anti-tumor potential [1, 27].
Recently it has been shown that free fatty acids sensi-
tize hepatocytes to TRAIL mediated cytotoxicity,
which may be relevant to the pathogenesis of nonalco-
holic fatty liver disease [17].

TGF-f is a potent inducer of apoptosis and may play
a role in the reversal of liver cell hyperplasias and in
hepatocarcinogenesis. TRAIL has been shown to medi-
ate TGF-B-induced apoptosis in hepatoma cells [10].

TNF-a induced apoptosis may be pathogenetically
relevant in endotoxin mediated liver injury and in
alcoholic and nonalcoholic steatohepatitis. In addi-
tion to the caspase 8/Bid mediated mechanism of
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Death

domain | TRADD — NF-«B

Fig.23.13 TRAIL receptor signaling. Schematic diagram show-
ing the major intracellular signaling pathways activated follow-
ing TRAIL ligation to its membrane-bound receptors. R1 and R2
are the dominant receptors in initiating TRAIL-induced apopto-
sis, while the activation of NF-kB may induce the expression of
both antiapoptotic and proapoptotic signals. (Adapted from [9])

apoptosis discussed above, TNF-a induced apoptosis
is mainly dependent on the release and activation of
cathepsin B (a cysteine protease) from lysosomal ves-
icles. Cathepsin B exerts a proapoptotic effect by releas-
ing cytochrome ¢ from mitochondria.

Regulation of Apoptosis

Apoptosis can be stimulated or inhibited by various
proteins at different levels of the signaling cascade, and
the ratio between pro- and antiapoptotic factors proba-
bly determines the pathway. Among the most important
regulatory proteins are Bcl-2 (Bcl = B cell lymphoma)
and the family of Bcl-2 related proteins, such as Bcl-x,
Bax, Mcl-1, Al (Table 23.2). The proto-oncogene Bcl-2

Table 23.2 Bcl-2 gene family: promoters and suppressors of
apoptosis

Antiapoptotic Proapoptotic

Bcl-2 Bax
Bel-x, Bel-x,
Bel-w Bak
Mcl-1 Bag
Bfi-1 Bid
Brag-1 Bik
Al Hrk
Bad

inhibits apoptosis. Bcl-2 inhibits the endonuclease
mediated degradation of DNA and blocks the release of
mitochondrial cytochrome c. It prolongs cell survival
without stimulating cell proliferation. Bcl-2 itself prob-
ably is regulated by the tumor suppressor gene p53. p53
(“guardian of the genome”) causes arrest of cell cycle in
the G -phase and enhances apoptosis. An upregulation
of p53 leads to a decrease of Bcl-2 and to an increase of
Bax thus increasing apoptotic activity [29].

The posphorylation status of Bid determines the apop-
totic threshold of hepatocytes. Sustained phosphorylation
of bid confers resistance to Fas induced apoptosis [30].

Other inhibitors of apoptosis are members of the
inhibitor of apoptosis gene (IAP) family, including
survivin. It plays a role in hepatic tumorigenesis by
inhibiting apoptosis, thus enabling abnormal neoplas-
tic cells to survive [24].

Recent animal experimental data provide evidence
that norepinephrine released from the hepatic sympa-
thetic nerves plays a role in protecting the liver from Fas-
mediated fulminat hepatitis, possibly via mechanisms
including antiapoptotic proteins and interleukin 6 [3].

Apoptosis in Liver Diseases

Apoptosis as a fundamental biological phenomenon has
significant impact on liver function. Disproportional acti-
vation of apoptosis will lead to cell and organ dysfunc-
tion with atrophy, while inhibiting apoptosis will favor
the development of liver cell hyperplasia, and hepatocel-
lular or cholangiocellular carcinogenesis [13, 19-22].
Many hepatic cells express Fas and thus are suscep-
tible to Fas-mediated death, and apoptosis is assumed
to play an important pathogenetic role in many liver
diseases. Thus, understanding the molecular mecha-
nisms of apoptosis will probably allow for the devel-
opment of new therapeutic opportunities in the future.
In viral hepatitis, in graft rejection, and in autoim-
mune liver diseases apoptosis is mediated mainly by
infiltrating or resident lymphocytes. Many hepatotoxic
substances induce apoptosis by releasing mitochon-
drial cytochrome c. Drug-induced idiosyncratic liver
injury may also employ hepatocellular apoptosis.
Recent data argue for apoptotic cell death to be patho-
genetically important in alcoholic hepatitis [18, 32].
Apoptosis may also affect cholangiocytes and thus
contribute to the development of cholestatic liver dis-
eases and ductopenic cholangiopathies. Certain bile
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acids, such as chenodeoxycholic acid and deoxycholic
acid induce apoptosis of hepatocytes by ligand-inde-
pendent oligomerization of Fas-receptor with subse-
quent recruitment of FADD. Ursodeoxycholic acid
may inhibit apoptosis by inhibiting mitochondrial
depolarization; this mechanism may be responsible for
the favorable effect of ursodeoxycholic acid on the
course of some cholestatic liver diseases [25].

Intracellular copper in Wilson’s disease may activate
the Fas-system and thereby possibly contribute to hepa-
tocyte death. A similar mechanism might contribute to
iron-induced cell death in genetic hemochromatosis.

Apoptosis of activated stellate cells inhibits inflam-
mation and fibrosis and, within limits, may also reverse
hepatic fibrosis in its early stages [12].
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Cellular Adaptation, Intracellular 24
Inclusions and Deposits
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In order to survive, the cell must be able to adapt.
Adaptation is associated with alterations of organelles
which often are visible by light microscopy. The

intracellular accumulation of substances may reflect
S;?s;d];(iﬁzss Hepatocytes ; g adaptive mechanisms or be a manifestation of metabolic
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Intracytoplasmic Inclusions and Deposits................c....... 224 hepatocellular adaptation phenomena, intracellular
inclusions and deposits, are outlined according to their
localization in the cytoplasm or nucleus.
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Ground-Glass Hepatocytes

The increase of smooth endoplasmic reticulum mem-
branes imparts the cytoplasm a weakly eosinophilic,
finely granular to homogenous ground-glass appear-
ance (Fig. 24.1). Ground-glass hepatocytes are found
in hepatitis B virus infection, in which an excess of
HBYV surface antigens are present in proliferated endo-
plasmic reticulum vesicles. These HBsAg-positive
ground-glass cells have to be differentiated from so-
called induced cells, from hepatocytes containing
Lafora bodies, liver cells with inclusions in type IV
glycogenosis, polyglucosan-like hepatocellular inclu-
sions, fibrinogen inclusions, and from morphologically
similar inclusions of unknown origin (see below).
Furthermore, hepatocytes with an oncocytic change
due to marked mitochondrial hyperplasia may have a
ground-glass-like appearance.

In HBsAg-positive ground-glass cells the nucleus is
often displaced to the cell periphery. The eosinophilic
inclusion usually is surrounded by an “empty” halo,
which probably reflects a fixation or embedding arti-
fact (retraction rim; see Fig. 63.34a). On electron
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Fig. 24.1 Clusters of HBsAg
positive hepatocytes with a
homogeneous, ground-glass
cytoplasm. Hematoxylin-
Eosin

Fig. 24.2 Filamentous,
HBsAg containing material in
smooth endoplasmic
reticulum vesicles. EM

(x 8,000)

microscopy HBsAg is found in the cisterns of the
smooth endoplasmic reticulum (Fig. 24.2). On light
microscopy the material can be highlighted by stain-
ing with orcein or by immunohistochemistry using

antibodies against HBsAg (Fig. 24.3). Usually, HBsAg-
positive ground-glass cells are haphazardly scattered
in small clusters throughout the lobule, but their num-
ber may vary greatly.
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Fig. 24.3 Immunocyto-
chemical demonstration of
HBsAg containing hepato-
cytes. Selective staining of
cytoplasm. Avidin-Biotin-
Complex Peroxidase stain

Fig. 24.4 Metabolically
induced hepatocytes with
peribiliary basophilia.
Hematoxylin-Eosin

Induction of enzymes localized in the membranes of the
smooth endoplasmic reticulum (SER) by chemicals (drugs)
leads to proliferation and hypertrophy of these membranes
and to the appearance of “induced hepatocytes”. These
changes are triggered, for example by alcohol and many
drugs, including barbiturates, diphenylhydantoin, ben-
zodiazepines, methotrexate, cyclophosphamide and
rifampicin. Induced hepatocytes have a homogeneous,
faintly eosinophilic, loosely honeycombed cytoplasm
with peribiliary basophilia (Fig. 24.4). A peripheral clear
halo, like the one observed in HBsAg-positive ground-

glass cells usually is lacking. The markedly increased
SER-membranes may displace other cell organelles to
the cell periphery (Fig. 24.5). Unlike HBsAg-positive
ground-glass cells which are scattered haphazardly
within the lobule, metabolic induction primarily affects
centrilobular hepatocytes. These changes are reversible
after cessation of the inducing biotransforming stimulus.
The cell regains its original appearance. However, cyto-
plasmic hyalin droplets, representing a surplus of
densely eosinophilic, degraded SER-membranes may
reflect remnants of induced membranes.
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Fig. 24.5 Metabolically
induced hepatocyte. Smooth
endoplasmic reticulum
vesicles are hyperplastic and
displace the other organelles
to the cell periphery. EM

(x 3,000)

Lafora Bodies

Lafora bodies occur in myoclonus epilepsy. On hema-
toxylin-eosin staining Lafora bodies are single, rela-
tively large, sharply delineated, round-oval, weakly
eosinophilic, homogeneous or finely granular intracy-
toplasmic inclusions. They probably contain acidic
mucopolysaccharides, are often surrounded by a clear
halo (probably a fixation artifact) and displace the
nucleus to the cell periphery. Lafora bodies are present
predominantly in periportal hepatocytes. They mor-
phologically resemble ground-glass hepatocytes seen
in chronic HBV infection. Similar eosinophilic inclu-
sions (“Pseudo-Lafora” bodies) may be seen, for exam-
ple in cyanamide aversion therapy for alcohol abuse
and in isoniazide induced hepatitis.

Oncocytic Change

The oncocytic change of a liver cell is an adaptation
phenomenon to mitochondrial strain resulting in the

accumulation of large numbers of closely-packed
mitochondria (“mitochondriosis”). The hepatocytes
are swollen with a granular, eosinophilic cytoplasm.
Oncocytic (oxyphilic) hepatocytes often occur in clus-
ters and should not be confused with ground-glass
hepatocytes.

Megamitochondria

Giant mitochondria display a great variety of shapes
and may already be identified by light microscopy as
round to oval, eosinophilic, cytoplasmic inclusions
(Fig. 24.6). On electron microscopy intramitochondrial
inclusions are often present (Fig. 24.7). These changes
are a nonspecific reaction to toxic liver injury and are
found particularly often in alcoholic liver disease.
Upon abstinence from alcohol these alterations may
reverse. Other diseases in which megamitochondria
may be present are nonalcoholic steatohepatitis, cryp-
togenic cirrhosis (with nonalcoholic fatty liver disease
being its precursor in many cases) and systemic
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Fig. 24.6 Macrovesicular
steatosis of several hepato-
cytes. One ballooned
hepatocyte contains several
round weakly eosinophilic
inclusions that correspond to
megamitochondria.
Hematoxylin-Eosin

Fig. 24.7 Long, giant
mitochondrium containing
crystalloid inclusions. The
vesicles of the smooth
endoplasmic reticulum are
dilated. Both changes are
nonspecific manifestations of
cell injury. EM (x 8,000)
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sclerosis. However, they also may occur in the
absence of an obvious liver disease. Giant mitochon-
dria should be distinguished from eosinophilic inclu-
sions in o, -antitrypsin deficiency. Unlike the globules
in o -antitrypsin deficiency, megamitochondria are
PAS-negative (see Chapter 83).

Intracytoplasmic Inclusions and Deposits

In addition to the changes described above, hepato-
cytes, Kupffer cells and stellate cells may show cyto-
plasmic deposits of

e Lipids

e Carbohydrates

* Proteins

* Metals

* Pigments

e Porphyrin crystals
* Foreign bodies

* Erythrocytes and
* Infectious agents

Lipids

Triglycerides. The increased deposition of intracellu-
lar triglycerides is the most common pathologic altera-
tion of the liver. A fatty liver is nearly always caused
by increased storage of triglycerides (neutral fats) in
hepatocytes. In a healthy liver fat accounts for only up
to 5% of its dry weight. If more than 5% of hepato-
cytes contain fat hepatic steatosis and if more than half
of all hepatocytes are steatotic, then marked fatty liver
is said to be present.

Fatty liver is the expression of an impaired lipid
metabolism and corresponds to a sublethal liver injury.
Steatosis develops if import or synthesis of triglycer-
ides exceeds their degradation or export from the hepa-
tocyte (see Chapter 89). Thus, the causes of steatosis
are manifold. Frequent etiologies of hepatic steatosis
are the excessive nutritional supply of exogenous trig-
lycerides (obesity), toxins (alcohol) and hypoxia
(impairment of mitochondrial fatty acid B-oxidation),
as well as under- and malnutrition with inhibition of
protein synthesis and subsequent impairment of lipo-
protein synthesis.

While formerly it was assumed that fat does not
injure hepatocytes, nowadays there is increasing evi-
dence that steatosis is not always an innocuous mor-
phologic change, but can aggravate and perpetuate
liver damage (steatohepatitis) by itself. Fatty livers are
more susceptible to injury by reactive oxygen species,
and to endotoxin-induced and hypoxic liver damage.

In paraffin-embedded tissue, fat deposits appear as
empty vacuoles. These vacuoles may be randomly
distributed throughout the lobule, but more often are
zonally accentuated. In frozen sections the neutral fat
may be stained with special stains, such as Sirius red
and Sudan black. According to the size of the fat vac-
uoles microvesicular and macrovesicular steatosis
are distinguished; both can also coexist. In macrove-
sicular steatosis the fat vacuole occupies nearly the
entire cytoplasm, displacing the nucleus to the periph-
ery of the hepatocyte. In microvesicular steatosis
numerous small fat vacuoles and droplets fill the cyto-
plasm, leaving the nucleus in its central position
(Fig. 24.8). Macrovesicular steatosis is much more
common than microvesicular and mixed types are fre-
quent. While pure macrovesicular steatosis probably
represents mainly a storage phenomenon, microve-
sicular steatosis is more serious, indicating severe cell
injury with impaired energy homeostasis and deranged
mitochondrial B-oxidation. Large “fat cysts” may
form if fat laden hepatocytes rupture. Lipogranulomas
represent fat vacuoles surrounded by histiocytes (see
Chapter 27).

The main causes of macrovesicular steatosis are
obesity, type 2 diabetes mellitus, and alcoholic liver
disease (see Chapters 88 and 89). Microvesicular ste-
atosis is seen in tetracycline intoxication, idiosyncratic
reactions to valproic acid, acute fatty liver of preg-
nancy, Reye’s syndrome and in Jamaican vomiting dis-
ease. A pure microvesicular fatty liver involving nearly
all hepatocytes occurs very rarely in alcoholic hepatitis
and has been called acute alcoholic foamy degenera-
tion. Another rare form of microvesicular steatosis is
seen in the Amazonas basin in chronic hepatitis B virus
carriers with hepatitis D virus superinfection (Labrea
fever). The hepatocytes in these cases are called
Morula cells.

Cholesterol. Cholesterol accumulates with triglyc-
erides in hepatocytes and/or Kupffer cells in Tangier
disease, familial hypercholesterolemia, Nieman-Pick
type C disease, Wolman’s disease, and cholesteryl
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Fig. 24.8 Macro- and
microvesicular steatosis. In
macrovesicular steatosis the
nucleus is displaced to the
cell margin and may not be
visible in the section plane.
In hepatocytes showing
microvesicular steatosis the
nucleus remains in its central
position. Hematoxylin-Eosin

ester storage disease [4]. On polarizing microscopy
cholesterol crystals appear as birefringent, needle-
shaped structures. In cholesterol ester storage disease
and in Wolman’s disease cholesterol deposits are pres-
ent in lysosomes, while in familial high density lipo-
protein deficiency (Tangier disease) cholesteryl esters
lie freely in the cytoplasm.

Phospholipids. Hepatocellular phospholipidoses
may occur in drug-induced liver injury; they are espe-
cially common during amiodarone therapy [10, 13].
On light microscopy phospholipids are difficult to
appreciate, but appear as small clear droplets with fine
eosinophilic granules. The swollen hepatocytes and
Kupffer cells contain small vacuoles and may appear
foamy. On electron microscopy phospholipids form
myelin-like figures (“fingerprints”). Myelin figures
represent large lysosomes containing concentric layers
of membranous material.

Glucocerebrosides. Gaucher’s disease is an inborn
error of metabolism (deficiency of acid B-glucosidase
[glucocerebrosidase]) resulting in abnormal lysosomal
accumulation of glucocerebrosides in the reticuloen-
dothelial system. In the liver, Kupffer cells and portal
macrophages are primarily affected. These cells enlarge
and their abundant pale cytoplasm contains a faintly
striated material, reminiscent of folded paper (Gaucher
cells). Gaucher cells are best seen on PAS-diastase and
Masson trichrome stains. Identical cells may be observed
in chronic myelogenous leukemia due to increased leu-
kocyte turnover with overproduction of cerebrosides.

Pseudo-Gaucher cells occur in multiple myeloma
and in malignant lymphomas. On light microscopy
they cannot be distinguished from Gaucher cells.
However, on electron microscopy they do not contain
cerebrosides, but rather crystalline immunoglobulins.

Rare inherited lipid storage diseases are summa-
rized in Chapter 90.

Carbohydrates

Glycogen. The abnormal accumulation of glycogen
confers a plant cell-like appearance to the hepatocytes.
The liver cells appear enlarged and clear with accentu-
ated cell borders, and may compress the sinusoids. The
accentuation of cell membranes combined with sinu-
soidal compression leads to a mosaic pattern in liver
sections. The cytoplasmic storage of glycogen is often
accompanied by accumulation of nuclear glycogen.

In glycogenosis type 1V (Andersen’s disease; amyl-
opectinosis) branching enzyme is lacking which results
in hepatic storage of a poorly branched abnormal gly-
cogen. The cytoplasmic inclusions are large, PAS-
positive and diastase resistant (in contrast to normally
branched glycogen). They may resemble ground-glass
inclusions or Lafora bodies. Periportal and periseptal
hepatocytes are predominantly affected.

In glycogenosis type Il hepatocytes are only moderately
enlarged. Their cytoplasm contains small, PAS-positive
vacuoles that correspond to lysosomal glycogen particles.
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In poorly controlled diabetes mellitus massive accu-
mulation of glycogen in hepatocytes (resembling gly-
cogenosis type I) may lead to hepatomegaly (Mauriac
syndrome).

Focal accumulations of glycogen may be present in
hepatocellular adenomas, carcinomas and premalig-
nant foci.

Ground-glass type, PAS-positive inclusions con-
taining abnormal glycogen (closely resembling polyg-
lucosan bodies) may be found in various conditions,
such as after liver and hematopoietic stem cell trans-
plantation, diabetes mellitus, or extensive small and
large bowel disease. The pathogenesis is not well
understood [9].

Proteins

o, -antitrypsin. Cytoplasmic accumulation of altered
proteinase inhibitor variants in hepatocytes is found in
patients with o, -antitrypsin deficiency (see Chapter 83).
The round, eosinophilic inclusions of various size are
present in the endoplasmic reticulum and are localized
predominantly in periportal hepatocytes. The inclu-
sions stain with PAS, are diastase resistant and may
also be visualized by immunohistochemistry using
antibodies against o -antitrypsin (Figs. 83.1 and 83.2).
They must be differentiated from autophagic vacuoles
and giant mitochondria; both do not stain with PAS.

Fibrinogen. Globular, eosinophilic fibrinogen depos-
its may resemble inclusions in o -antitrypsin deficiency.
However, they are negative on PAS-staining. If they
enlarge they may fill the entire hepatocyte cytoplasm
leading to a ground-glass appearance. On electron micros-
copy fibrinogen appears as fluffy or granular material
within dilated cisterns of the rough endoplasmic retic-
ulum [1]. Fibrinogen containing inclusions are found in
fibrinogen storage disease.

Albumin and other plasma proteins may be con-
tained in hypoxic vacuoles that develop by invagina-
tion of the cell membrane in ischemic conditions.
Centrilobular hepatocytes are primarily affected. On
light microscopy they may be visible as pale cytoplas-
mic vacuoles of various size.

Immunoglobulins. In patients with hypergamma-
globulinemia small, granular, eosinophilic, diastase PAS-
positive inclusions (containing immunoglobulins) are
occasionally seen in sinusoidal endothelial cells [5, 6].
Pseudo-Gaucher cells are immunoglobulin containing

Table 24.1 Prevalence of Mallory-Denk bodies [7]

Disease Mean prevalence (%)

Indian childhood cirrhosis 73
Alcoholic hepatitis 65
Alcoholic cirrhosis 51
Wilson’s disease 25
Primary biliary cirrhosis 24
Nonalcoholic steatohepatitis 10-20
Hepatocellular carcinoma 23
Chronic obstructive cholestasis 2
A-B-lipoproteinemia Sporadic
Von Gierke’s disease Sporadic
Focal nodular hyperplasia Sporadic

Kupffer cells and portal macrophages resembling
Gaucher cells. They can be present in patients with mul-
tiple myeloma and malignant lymphoma.

Globular amyloeid, which is localized extracellu-
larly, may rarely mimic an intracellular inclusion and
simulate HBsAg negative ground-glass cells.

Mallory-Denk bodies (MDBs) were described for
the first time in 1911 by Mallory in alcoholic liver cir-
rhosis [11]. In Western countries MDBs are characteris-
tic but not specific for alcoholic liver disease. They can
be found in numerous other diseases, but never occur in
a healthy liver (Table 24.1). Prolonged cholestasis of
diverse origin can lead to the formation of MDBs in liver
cells. MDBs have been observed in drug-induced liver
injury, for example in patients treated with amiodarone,
diltiazem or nifedipine. MDBs are densely eosinophilic,
branched or rope-like cytoplasmic inclusions that are
generally present in ballooned hepatocytes, rarely in bil-
iary epithelial cells (Fig. 24.9). In some cases the under-
lying illness may be inferred from their lobular
distribution. In alcoholic hepatitis centrilobular hepato-
cytes are mainly affected, while drug-induced MDBs
are more scattered throughout the entire lobule and
MDBs in prolonged cholestatic states are found pre-
dominantly in periportal and periseptal liver cells.

MDBs contain aggregated, hyperphosphorylated
intermediate filaments (cytokeratin), ubiquitin, heat shock
proteins, and protein p62, and can be easily identified in
hematoxylin-eosin stained sections [2, 15]. If they are
small they can be detected by immunohistochemistry
using anti-ubiquitin and anti-cytokeratin antibodies
(Fig 29.4d). All MDBs contain cytokeratins 8 and 18,
and a significant percentage also cytokeratins 19 and/or
20. However, the normal ratio of 1:1 between CK 8 and
CK 18 is shifted in favor of CK 8. Ultrastructurally three
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Fig. 24.9 In the lower center
of the figure two hepatocytes
containing alcoholic hyalin
(Mallory-Denk bodies) are
visible. The remaining
hepatocytes show signs of
marked injury. Hematoxylin-
Eosin

main types, according to the alignment of intermediary
filaments, are distinguished. (1) MDBs with parallel fil-
aments, (2) MDBs with irregularly arranged filaments,
and (3) MDBs without filamentous structures, exhibit-
ing a more granular-amorphous aspect. The latter two
types prevail [7, 14].

The exact pathogenesis of MDBs is still not entirely
understood. It is not clear whether they are only the
morphologic manifestation of cell injury, i.e. simply a
disease-associated type of inclusion, or whether they
represent a protective mechanism of the hepatocyte
against further damage [8, 15, 16]. Both possibilities
are not mutually exclusive. The high proportion of
ubiquitin and of other noncytokeratin components,
such as stress proteins, aB crystalin and heat shock
protein (Hsp)70, together with protein p62 suggest that
these proteins may allow hepatocytes to dispose of
potentially harmful proteins in a biologically inert
manner [15]. p62 is encoded by an immediate-early
response gene that rapidly responds to a variety of
extracellular signals involved in cell proliferation, dif-
ferentiation, and particularly oxidative stress. These
proteins play a major role in the proteasomal degrada-
tion of proteins and in the control of protein folding.
The association of Hsp70, ubiquitin and p62 with
MDBs argues for an impaired proteasome function
[12]. Furthermore, it could be demonstrated experi-
mentally that the lack of cytokeratin 8 gene might
enhance liver injury. The pathophysiologic signifi-
cance of MDBs in the development of liver diseases is
not known and they are not relevant prognostically.

Metals

Iron. Ferritin is the major storage form of iron within
the hepatocyte. In iron overload it is partially degraded
to hemosiderin, and hemosiderin granules correspond
to denatured and aggregated ferritin micelles.
Hemosiderin is a granular, iron-containing, golden-
brown pigment. The granules represent hemosiderin
laden autophagosomes. In marked iron overload the
ferritin/hemosiderin granules are not only confined to
lysosomes but are freely scattered within the cytoplasm.
Hemosiderin can be identified by light microscopy, but
in hematoxylin-eosin stained sections the granules
occasionally are difficult to distinguish from lipofuscin
granules (hemosiderin is preferentially located in peri-
portal and lipofuscin in centrilobular hepatocytes).
With the specific Prussian blue stain hemosiderin is
demonstrable as blue granules in hepatocytes, Kupffer
cells, and endothelial cells (siderosis) (Fig. 24.10 and
29.6). In genetic hemochromatosis it may also accumu-
late in cholangiocytes. In secondary iron overload
states, such as hemolytic disorders and multiple blood
transfusions, hemosiderin accumulates primarily in
Kupfter cells, portal macrophages, and to a lesser extent
in liver cells. Predominant Kupffer cell siderosis also
may be caused by enhanced phagocytosis of erythro-
cytes, e.g. in sickle cell anemia. Secondary Kupffer cell
siderosis is due to increased uptake of iron from necrotic
liver cells. Clusters of hemosiderin-containing Kupfter
cells may represent residues of necrotic hepatocytes
(“residual nodules”). For reasons not completely
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understood, patients with insulin-resistance states may
show a mild to moderate hepatic iron overload.
Copper. An increased hepatocellular deposition of
copper occurs in cholestatic liver diseases (copper is a
sensitive morphological marker of cholestasis), in
Wilson’s disease, and in Indian childhood cirrhosis.
Cytochemically demonstrable copper is usually con-
fined to periportal hepatocytes. In the early stages of
Wilson’s disease copper is diffusely distributed in the
cytoplasm of liver cells, while in patients with advanced
Wilson’s disease copper is confined to lysosomes and is
best demonstrated by the rhodanine stain. Even exces-
sive accumulations of copper are not visible in routine
hematoxylin-eosin stained sections. Cytoplasmic copper
granules are best visualized with thodanine or with orcein.
Rhodanine reacts with the copper itself (Fig. 26.4),
while orcein and Victoria blue stain copper-binding
protein (metallothionein). Large lipofuscin granules in
Kupffer cells and macrophages also stain with orcein;
however, unlike copper granules lipofuscin granules are
already visible in hematoxylin-eosin stained sections.

Pigments

Pigments are colored compounds that originate in the
organism (endogenous pigments) or are administered
to the patient (exogenous pigments).

Lipofuscin is a yellow-brown (fuscus = brown), fine
granular pigment. It is easily demonstrable on light
microscopy with routine stains (hematoxylin-eosin,

PAS-diastase, negative on Prussian blue). Under ultra-
violet light it displays a yellow-orange autofluorescence.
Lipofuscin is formed by autophagy and is localized in
lysosomes (Fig. 24.11). Lipofuscin is not one chemi-
cally defined molecule, but rather a degradation product
of intracellular lipids that consists of lipid polymers and
phospholipid—protein complexes. It is generated by lipid
peroxidation of polyunsaturated fatty acids from
organelle membranes and is considered a morphologic
manifestation of previous injury by free radicals of
intracellular membrane systems (“wear and tear” pig-
ment). Lipofuscin itself is assumed to not impair cell
function.

Lipofuscin occurs predominantly in perivenular
hepatocytes and is concentrated at the apical (biliary)
pole of the hepatocytes. It is found in older age (brown
liver atrophy), malnutrition, cachexia, toxic injury, anal-
getics abuse and in vitamin E deficiency. Centrilobular
lipofuscin, even in large quantities, has no diagnostic
or prognostic significance. Panlobular lipofuscin
occurs after long term use of phenacetin, amidopyrin,
acetylsalicylic acid or psychopharmacological drugs.
Lipofuscin may accumulate in Kupffer cells and portal
macrophages in inherited diseases, such as chronic gran-
ulomatous disease, ceroid lipofuscinosis, Hermansky-
Pudlak syndrome, Niemann-Pick disease type C, Fabry’s
disease, and cholesterol ester storage disease [4].

Dubin-Johnson pigment is composed of coarse,
dark brown pigment granules, seen throughout the lob-
ule, although more heavily concentrated in centrilobu-
lar hepatocytes. It is localized in lysosomes, resembles
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Fig.24.11 Lipofuscinis a
lysosomal pigment.
Lysosomes are discernible as
irregularly shaped, electron
dense bodies. Additionally
(as a morphologic manifesta-
tion of cholestasis), in the left
lower and in the right upper
corner of the figure dilated
bile canaliculi with com-
pletely flattened microvilli,
containing amorphous biliary
material, are seen. EM

(x 3,000)

Fig. 24.12 Hepatocytes with
coarse, golden-brown
cytoplasmic pigment in
Dubin-Johnson syndrome.
PAS-diastase

lipofuscin, and shares some histochemical and ultra- diastase resistant, and is particularly well discernible
structural properties with melanin (Fig. 24.12). in PAS-stained liver sections pretreated with diastase

Ceroid pigment is a coarse, brown pigment (in (Fig. 23.5). It contains oxidized lipids and is bio-
hematoxylin-eosin stains) in hypertrophied Kupffer chemically similar to lipofuscin. Unlike lipofuscin
cells and macrophages (“ceroid macrophages”). It is (endogenous lipids/autophagy), ceroid is formed by
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Fig. 24.13 Cholestasis. Bile
plugs imbued with bilirubin
are seen in dilated bile
canaliculi; bile droplets in the
cytoplasm of hepatocytes and
Kupffer cells. Hematoxylin-
Eosin

phagocytosis of lipids of perished hepatocytes (exog-
enous lipids/heterophagy). Ceroid is an acid fast lipop-
igment and its presence is indicative of previous liver
cell death. It is encountered in the resolution phase of
acute viral hepatitis or after drug- and toxin-induced
hepatocyte necrosis. Ceroid-storing macrophages
mostly are scattered in small clusters throughout the
lobule; with time they move towards the portal tracts.

Bilrubin. The yellow-greenish, amorphous bile
pigment occurs in cholestatic liver diseases in bile
canaliculi and ductules, hepatocytes and Kupffer cells
(Fig. 24.13). In contrast to the natural bile pigment,
bilirubin, as seen by light microscopy in cholestasis, is
altered chemically. The prophyrin ring is broken up
and no longer contained iron.

Protoporphyrin crystals are seen in erythropoietic
protoporphyria as coarse, darkly stained, red-brown
deposits in hepatocytes, bile canaliculi and ductules,
Kupffer cells and portal macrophages. By polarizing
microscopy, the protoporphyrin displays brilliant red
birefringence, with the canalicular casts having a Maltese-
cross appearance. Deposits of protoporphyrin cause cell
damage and lead to hepatocellular degeneration, liver
cell necrosis, portal fibrosis and chronic inflammation.

Uroporphyrin crystals occur in porphyria cutanea
tarda as needle-shaped inclusions in hepatocytes.
Provided they have not been dissolved out in formalin-
fixed, paraffin-embedded sections, they may be visual-
ized best in liver cell cytoplasm in unstained sections
viewed by polarized light. The ferric ferricyanide

method accentuates their shape [3]. Both protoporphy-
rin and uroporphyrin exhibit red autofluorescence
when excited by ultraviolet light (see Chapter 84).

Malarial pigment is a black pigment that derives
from hemoglobin. Plasmodial organisms digest heme
and protect themselves from toxic heme-products by
polymerizing these compounds to hemozoin. Malarial
pigment consists of hemozoin and plasmodial degra-
dation products. Whenever parasitized erythrocytes
die, malarial pigment is taken up by Kupffer cells and
splenic macrophages, and becomes visible as dark
granules (Fig. 24.14).

Schistosomal pigment is also a hemozoin pigment
(product of host hemoglobin catabolism by adult
worms) and on light microscopy is indistinguishable
from malarial pigment. It appears as dark brown-black,
iron- and melanin-containing, PAS-negative granules
in Kupffer cells, in portal tract macrophages, and in
granuloma macrophages.

Anthracotic pigment is found occasionally in liver
macrophages in coal mine workers (Fig. 24.15).

Melanin may be found in melanoma metastases.

Foreign Bodies

Foreign bodies are phagocytosed by Kupffer cells and
portal macrophages. Talc cellulose may be found in
intravenous drug users. Polyvinylpyrrolidone can be
seen after administration of so called plasma expanders,
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Fig. 24.14 Brown-black
malarial pigment in Kupffer
cells in Malaria tropica.
Hematoxylin-Eosin

Fig. 24.15 Brown-black
anthracotic pigment in portal
macrophages. Hematoxylin-
Eosin

silicone after implantation of artificial heart valves or
breast implants, and thorotrast (ionizing contrast agent)
after intravascular administration (even dating back
decades).

Erythrocytes

Erythrophagocytosis by hepatocytes may be seen occa-
sionally in single cases of hepatocellular carcinoma, in
precirrhotic Wilson’s disease and in alcoholic hepati-
tis. The phagocytosed erythrocytes must be differenti-
ated from megamitochondria.

Erythrophagocytosis by Kupffer cells may be
observed in sickle cell anemia, leptospirosis, Plasmo-
dium falciparum malaria, and in hemophagocytosis
syndrome.

Infectious Agents

Kupffer cells and portal macrophages phagocytose
infectious agents as part of their defensive activities in
infections. Thus, Leishmania donovani can be visual-
ized in the liver in cases of visceral leishmaniosis,
Plasmodium falciparum in malaria, and Toxoplasma
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gondii (although very rarely) in toxoplasmosis.
Occasionally the occurrence in the liver of Cryptococcus
neoformans and Histoplasma capsulatum has been
reported. In the context of immune deficiencies, atypi-
cal mycobacteria may be visualized in clusters of
hepatic macrophages (Fig. 65.3).

Nuclear Changes

The normal hepatocyte is a cell with a single nucleus
and a diploid chromosome set. Binucleated hepato-
cytes with two diploid genomes and rarely cells with
tetraploid and octoploid chromosome sets also occur.
The proportion of large and binucleated hepatocytes
increases with advancing age. Disease processes char-
acterized by hepatocyte death, such as viral hepatitis or
liver cirrhosis of viral origin, may also lead to an
increase in the number of large multinucleated hepato-
cytes. This is interpreted as an incomplete attempt at
regeneration. Multinucleated giant cells can also form
by syncytial fusion of several hepatocytes; this process
is observed in so-called giant cell hepatitis of the new-
born (probably a nonspecific reaction to viral infec-
tions) and in cholestatic diseases, such as inborn bile
duct atresia and hypoplasias. In adults, giant cells
occur less frequently, and they are mostly seen in
severe acute viral infections and in drug and toxin-
induced liver injury.

Fig.24.16 “Empty”
glycogenated nuclei. A ring
of condensed chromatin is
present at the periphery of the
nucleus. Hematoxylin-Eosin

Nuclear Swelling

Simple nuclear swelling reflects an increased fluid and
protein content and has been interpreted as a sign of
enhanced nuclear activity.

Nuclear Inclusions

Nuclear (pseudo)inclusions generally contain proteins
and glycogen, and only occasionally lipids. They are
formed by invagination of the nuclear membrane
which initially remains connected to the cytoplasm by
a “plasma bridge” but then pinches off and lies inside
the nucleus, completely surrounded by the nuclear
membrane (Fig. 3.13). During further development
they may lose their nuclear envelope and shine as
bright red “hyalin” nuclear inclusion bodies.

Glycogen

Glycogen inclusions consist of monoparticulate
glycogen. They enlarge the nucleus and push the chro-
matin to the nuclear periphery. In routinely formalin-
fixed, paraffin-embedded and hematoxylin-eosin
stained sections the glycogen is lost and the nuclei
appear optically empty (“Lochkerne”) (Fig. 24.16).
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Glycogenated nuclei do not have a diagnostic signifi-
cance of their own. They are encountered in children
and in numerous diseases, including diabetes melli-
tus, metabolic syndrome, nonalcoholic fatty liver dis-
ease, Wilson’s disease, glycogenosis type I and III,
glycogen rich hepatocellular carcinomas, and tuber-
culosis. They may also be present in seemingly healthy
individuals.

Lipids

Cytoplasmic lipids invaginated into the nucleus may
also appear as optically empty nuclear vacuoles.

Viral Inclusions

While the nuclear inclusions described above do not
have a significant diagnostic relevance, viral nuclear
inclusions may be of considerable diagnostic
importance.

Cytomegalovirus (CMYV). Inclusions containing
CMYV occur relatively rarely in the liver. They are baso-
philic and are surrounded by a halo. The cytoplasm of
the enlarged (cytomegalic) cells is strongly basophilic.
These nuclear inclusions may be found in all cell types
in the liver, however, most frequently they are seen in
hepatocytes and biliary epithelial cells. CMV antigens
may be visualized by immunocytochemistry.

Fig. 24.17 Immunocyto-
chemical demonstration of
HBcAg containing hepato-
cyte nuclei (not identical with
sanded nuclei). Avidin-
Biotin-Complex Peroxidase
stain

Herpes Simplex Virus (HSV). Hepatic HSV inclu-
sions are found in disseminated disease with hepato-
cellular necroses, predominantly in hepatocytes
bordering the necrotic areas, but sporadically also in
dead hepatocytes. They occur in two forms. Cowdry
type A inclusions are eosinophilic, round or irregular.
They may be surrounded by a halo; the nuclear chro-
matin is displaced to the periphery, and the nuclear
membrane rapidly fragments. The more frequent
Cowdry type B inclusions impart the nucleus a homog-
enous eosinophilic aspect. The nucleolus and the chro-
matin granules are ill defined. HSV antigens may be
visualized by immunocytochemistry.

Varicella Zoster Virus. The inclusions are analo-
gous to those in HSV infection.

Hepatitis B core Particles. While in chronic viral hepa-
titis B, HBsAg-containing material is found in the cyto-
plasm, HBcAg-particles may be found in the nucleus of
hepatocytes in highly replicative HBV-infection (e.g.
immunosuppressed host). They may impart the nucleus
with a weakly eosinophilic, finely granular, sand-like
aspect, in which case they are called “sanded nuclei” (see
Fig. 63.34a). While it is difficult to see HBcAg containing
nuclei in hematoxylin-eosin stained sections, they are eas-
ily identified by immunocytochemistry using antibodies
directed against HBcAg (Fig 24.17). Sanded nuclei are rare
compared to HBsAg-positive ground-glass hepatocytes.

Yellow Fever. Eosinophilic intranuclear inclusions
(Torres bodies) are rarely seen in this flaviviral
infection.
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Necroinflammatory reactions are primarily due to
infectious (notably viral), immunological, and drug-
and toxin-induced liver diseases. They also may rep-
resent a significant component of circulatory (hypoxic),
metabolic,andcholestaticdiseases. Necroinflammatory
lesions are characterized morphologically by a vari-
able interplay between hepatocellular degeneration,
liver cell death and inflammatory reaction. Thus, the
morphological components of a hepatitic reaction are
liver cell injury/death (apoptosis and/or necrosis),
inflammatory cell infiltrate, and signs of regeneration
and fibrosis (if the inflammatory process persists long
enough) [1].

According to the time course acute and chronic
hepatitides are distinguished.

Morphologically, no sharp division can be made
between acute and chronic necroinflammatory reac-
tions. However, accentuation of the inflammatory infil-
trate at the portal tracts, even with the evolution of portal
lymph follicles, interface activity, and portal-septal
fibrosis are clues to the chronicity of the inflammatory
process. Nevertheless, chronic hepatitis may also dis-
play a marked lobular inflammatory activity, and portal
inflammatory infiltrates may persist following clinical
recovery of acute hepatitis B. Clinically, each necroin-
flammatory process that lasts longer than 6 months is
called chronic.

In the present chapter a short overview of the essen-
tial morphological features that characterize a necroin-
flammatory reaction is given in order to provide the
clinician with an understanding of this basic morpho-
logical process. The detailed description of diseases
associated with necroinflammatory reactions and their
respective pathogenetic pathways are found in the clin-
ical chapters.
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Liver Cell Injury (See Chapter 23)

Acute and chronic viral hepatitis are the classic exam-
ples of necroinflammatory reactions. Liver cell changes
range from cell swelling to cell death. The predominant
form of necrosis in acute viral hepatitis is lytic liver cell
necrosis that is preceded by ballooning degeneration.
Cell death mostly occurs as focal, spotty necrosis pre-
dominantly in perivenular areas. Occasionally clusters
of cells are affected and in severe cases confluent,
bridging necrosis develops. Necrotic hepatocytes are
rapidly cleared from the liver cell plates, which explains
why lytically necrotic hepatocytes are underrepresented
in liver biopsies. Focal accumulations of lymphocytes
and scavenger macrophages point to previous lytic
necroses. The simultaneous occurrence of cell injury,
cell death, inflammatory infiltrates, scavenging phe-
nomena and regenerative processes create a disordered
appearance at low magnification due to the disruption
of the usual architecture of liver-cell plate structure.

Hepatocytes undergoing apoptosis become densely
eosinophilic (acidophilic bodies). They round up,
detach from surrounding hepatocytes, and finally are
phagocytosed and degraded by macrophages.

So-called piecemeal necrosis is not a discrete form
of necrosis, but is typical of interface hepatitis, a hall-
mark of chronic inflammation.

Fig. 25.1 Acute viral
hepatitis. The entire lobule is
involved and in disarray.
Sinusoidal lining cells
(mainly Kupffer cells) are
activated. There is diffuse
inflammatory cell infiltration,
predominantly by lympho-
cytes, monocytes and
macrophages. Several injured
multinucleated hepatocytes
are seen. Hematoxylin-Eosin

Inflammatory Reactions

Hepatitis A and B virus-triggered liver injury is medi-
ated mainly by the host’s immune response to viral
proteins expressed by infected hepatocytes and, to a
lesser extent, by direct cytopathic effects of the virus.
Cytotoxic T lymphocytes kill virus-infected hepato-
cytes by Fas dependent apoptosis. Activation of intra-
hepatic caspases may occur in fulminant hepatitis B
and confirms a pivotal role of apoptotic pathways in
the pathogenesis of fulminant hepatitis B [3].
Inflammatory cell infiltrates in viral hepatitis occur
both within the lobules and the portal tracts. According
to the most prevalent localization of the cellular infil-
trate, the inflammation may be designated as portal,
interface, or lobular hepatitis. The predominant cells
are lymphocytes, macrophages and plasma cells. The
composition of the inflammatory infiltrate depends
mainly on the stage of the disease. At the peak of acute
necrotizing viral hepatitis lymphocytes and mac-
rophages are prominent. There is diffuse hyperplasia of
Kupfter cells (Fig. 25.1). With ongoing inflammation
this balance shifts in favor of macrophages, and in the
late phases of the disease phagocytosing macrophages
(scavenger cells) point to the resolution of the necroin-
flammatory process. Clusters of ceroid storing and
hemosiderin laden Kupffer cells (“residual nodules™)
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Fig. 25.2 Chronic hepatitis C
with low inflammatory
activity. The inflammatory
infiltrate is confined to the
portal tract which appears
rounded. The limiting plate is
intact. Several small
intralobular inflammatory foci
are also seen. Hematoxylin-
Eosin

Fig. 25.3 Chronic hepatitis
with marked inflammatory
activity. The inflammatory
infiltrate extends from the
portal tract to the adjoining
lobular parenchyma.
Lymphocytes attack
individual hepatocytes and
induce their death
(“piecemeal necrosis”).
Hematoxylin-Eosin

attest to previous hepatocellular necroses and cell
drop-outs (Fig. 23.5). Cellular degradation products
are in part drained to the portal tracts, where mac-
rophages containing cell debris can be demonstrated.
Neutrophilic granulocytes usually do not contribute
to the typical picture of acute viral hepatitis. However,
they are encountered in cases of confluent necrosis
with marked ductular proliferation and in cholestasis.
In chronic viral and autoimmune hepatitis lympho-
cytes are prominent in the inflammatory infiltrate, with

a varying degree of plasma cells in autoimmune hepa-
titis (note: in acute viral hepatitis plasma cells may also
be prominent). The inflammatory infiltrate is localized
predominantly in the portal/periportal areas (Fig. 25.2).
The interface activity characterizes the active, ongoing
inflammatory process (Fig. 25.3). Depending on the
degree of the inflammatory activity, however, cellular
inflammatory infiltrates may also be present within the
lobule. With ongoing inflammation the inflammatory
process is accompanied by progressive fibrosis.
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Fig. 25.4 Hepatitic liver cell
rosettes in chronic hepatitis
with marked inflammatory
activity and fibrosis. Small
groups of swollen liver cells
are arranged in a gland-like
pattern and are surrounded by
fine fibrous strands. Masson
Trichrome

Fig. 25.5 Florid alcoholic
hepatitis. Many hepatocytes
are steatotic (facultative
lesion). The inflammatory
infiltrate consists largely of
neutrophilic granulocytes
(obligatory lesion).
Hematoxylin-Eosin

In marked chronic necroinflammatory reactions (e.g.,
with panlobular inflammation and bridging necroses),
small groups of injured hepatocytes are often arranged
in a gland-like pattern forming hepatitic liver cell
rosettes (Fig. 25.4). This phenomenon is possibly a
manifestation of a hyperplastic-regenerative activity of
individual hepatocytes. In contrast to cholestatic liver
cell rosettes (see Chapter 26), hepatitic rosettes are typi-
cally surrounded by fibrosis.

Mild degenerative lesions of portal bile ducts may
be encountered in chronic hepatitis. The biliary epithe-
lium may display some vacuoles and, occasionally,

some lymphocytes may invade the bile duct. However,
in contrast to bile duct lesions in primary biliary cir-
rhosis, the basement membrane in hepatitic bile duct
injury remains intact. Thus the hepatitic bile duct
lesion is not destructive and is reversible [2].
Necroinflammatory lesions are also the hallmark of
alcoholic hepatitis. However, in alcoholic liver disease
the degenerating and dying liver cells are surrounded
predominantly by neutrophilic granulocytes, which in
marked acute inflammation may form cell clusters that
may even resemble microabscesses (Fig. 25.5). Steatosis,
Mallory-Denk bodies and ““chicken wire” fibrosis are
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characteristic but nonspecific features of alcoholic
hepatitis; they count among the facultative, non obliga-
tory lesions. Nonalcoholic steatohepatitis causes a com-
parable histological picture in patients without relevant
alcohol consumption (<20 g ethanol/day). These lesions
are the hepatic manifestation of the metabolic syndrome
and occur most commonly in patients with insulin resis-
tance, diabetes mellitus type 2, visceral obesity, hyper-
lipidemia and hypertension (see Chapter 89).

Inherited metabolic diseases of the liver, especially
Wilson’s disease, may also show chronic necroinflam-
mation.
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The term cholestasis has a different connotation for the
pathologist, the clinical hepatologist and the basic sci-
entist. The term was coined by Popper and Szanto in
1956 to describe the histopathological findings of bili-
rubin pigment stagnation in the hepatocytes and bile
ducts [9]. Nowadays, to the pathologist cholestasis is
more than mere bilirubinostasis and encompasses the
visible manifestation of the broad array of pathophysi-
ological derangements in hepatocellular uptake, trans-
cellular transport, canalicular secretion, and flow of
biliary constituents [7]. Thus, the morphological conse-
quences of cholestasis may be due not only to impaired
bile flow but also to intrinsic hepatocellular dysfunc-
tion. The causes of cholestasis are manifold and its dif-
ferential diagnosis may be a clinical challenge requiring
the deliberate use of laboratory parameters and advanced
imaging techniques (see Chapter 52).

In this chapter the morphology of the cholestatic
reaction is outlined. The term cholestatic reaction
denotes the entirety of morphological changes seen in
cholestasis. This reaction encompasses a wide spec-
trum of intraacinar and portal changes, and varies with
the cause and duration (acute or chronic) of the chole-
static process [5, 7].

Hepatic Histopathology
in Biliary Obstruction

The prototype and most simple example of cholestasis
is impaired bile flow resulting from mechanical
obstruction of a bile duct. The histopathological evalu-
ation of the cholestatic reaction in bile duct obstruction
has to take into account the time factor and the local-
ization of the alterations. It is neither possible to assess
exactly the chronicity of the process nor to determine
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the anatomic level of the obstructing lesion from the
hepatic histopathological changes alone.

In the early stages, during the first few days after
bile duct obstruction, the periductal, portal edema is
prominent, while inflammatory cell infiltrates are sparse
or are still completely absent. In the following few
weeks, periductal edema persists and the portal tracts
widen; the interlobular bile ducts proliferate and dilate,
and an inflammatory infiltrate, consisting mainly of
neutrophilic granulocytes becomes prominent (Figs. 26.1
and 26.2). Neutrophils surround the proliferated bile

Fig.26.1 Acute cholangitis.
The portal tract is enlarged
and there is a proliferation of
interlobular bile ducts. Some
are dilated and irregularly
shaped, and accompanied by
neutrophilic cell infiltrates.
Hematoxylin-Eosin

Fig.26.2 Acute cholangitis.
Neutrophilic granulocytes
invade the wall and the lumen
of portal bile ducts. The
biliary epithelium is
damaged. Focally (right
upper corner), the bile duct is
disrupted. Hematoxylin-
Eosin

ducts at the edge of the portal tracts. Bile plugs may be
present in their dilated lumina. Within the lobule (ini-
tially affecting predominantly the perivenular area,
later involving the entire lobule), intracytoplasmic bile
is visible within the hepatocytes (bilirubinostasis) and
Kupfter cells (bilirubin phagocytosis) and bile plugs
(“bile thrombi”) are seen in dilated canaliculi (canali-
cular bilirubinostasis) (Fig. 24.13). The hepatocytes
may group in a pseudoglandular pattern, i.e. several
hepatocytes group around a central lumen that may
contain inspissated bile (cholestatic liver cell rosettes).
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Hydropically swollen and pale hepatocytes with a rari-
fied, clear, reticular cytoplasm (mostly periportal, less
frequently lying separately or in small clusters), scat-
tered in the parenchyma represent cholate stasis due to
bile acid retention (feathery degeneration; Figs. 26.3
and 23.3). In approximately 2% of cases of longer
standing biliary obstruction Mallory-Denk bodies are
found in periportal hepatocytes. In cholestatic areas
liver cell necroses of various degrees may be found.
Their bile contents and their PAS-positive, diastase-
resistant remnants are phagocytosed by macrophages
and hypertrophied Kupffer cells.

If the mechanical obstruction lasts longer than 1
month, bile lakes may form, predominantly in the peri-
portal areas. They represent extravasates of bile into the
parenchyma. They are surrounded by hepatocytes show-
ing pseudoxanthomatous degeneration, by histiocytes
and more rarely by foreign body giant cells. Bile infarcts
(Charcot-Gombault infarcts) are relatively sharply cir-
cumscribed, mostly periportally localized areas of hepa-
tocellular coagulation necrosis; the necrotic hepatocytes,
in places surrounded by free bile, lie in a fibrin rich
stroma and are strongly imbued with bile. Bile lakes and
bile infarcts most frequently occur in acute mechanical
obstruction of a large bile duct. However, nowadays, in
the era of rapid clinical-morphological diagnosis (trans-
cutaneous and endoscopic ultrasound, computed tomog-
raphy, magnetic resonance imaging) and (endoscopic)
therapy of biliary obstruction, such lesions are only very
rarely encountered in liver biopsies.

Fig. 26.3 Cholestasis. In the
center of the figure a group of
hepatocytes with clear,
reticular cytoplasm are seen
(cholate stasis; feathery
degeneration). Hematoxylin-
Eosin

In the chronic stages of biliary obstruction the acute
inflammatory reaction abates and fibrotic changes
become prominent. The portal tracts are fibrotic and
enlarged, typically with a concentric periductal fibro-
sis and a periductal mononuclear cell infiltrate that
varies in density. At this stage bile plugs are hardly
seen. Not only hepatocytes but also the biliary epithe-
lial cells suffer from chronic obstructive cholestasis.
The epithelium becomes stratified with hyperchro-
matic and polymorphic nuclei, and nuclear and cyto-
plasmic vacuolization can be seen. As a manifestation
of longstanding cholestasis, zone 1 (periportal) hepa-
tocytes are pale and swollen, with a finely granular
cytoplasm (cholate stasis). They contain copper (rho-
danin stain), copper-binding protein (metallothionein;
orcein stain), bilirubin granules and occasionally
Mallory-Denk bodies (Fig. 26.4). Cholestatic liver
cell rosettes (pseudoglandular transformation of liver
cells) are not confined to mechanical cholestasis but
may be found in longstanding cholestasis of any etiol-
ogy. Rosette forming or periportal hepatocytes may
express cytokeratins (e.g. CK 7) otherwise typical of
bile ducts.

Pericholangiolar fibrosis is the pacemaker for the
formation of fibrous septa in chronic cholestatic liver
diseases. However, despite increasing biliary fibrosis
the basic lobular architecture, i.e. the relationship
between portal tracts and central veins, remains con-
served. In long-term bile duct obstruction a secondary
biliary cirrhosis may develop, with a map-like pattern
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of fibrous septa and small, round regenerating nodules,
resembling a mosaic-like puzzle. A fine edematous
halo is seen around the fibrous septa and in the periph-
ery of parenchymatous nodules.

Hyperlipidemia often accompanies chronic cholesta-
sis, and fat-laden histiocytes (xanthoma cells) may lie
singly or, more often, in small groups in the acini or in
the portal tracts.

The cholestatic changes in mechanical bile duct
obstruction differ from alterations seen in primary
sclerosing cholangitis, primary biliary cirrhosis and
other diseases of the small bile ducts. However, nowa-
days, in addition to histopathological findings the dif-
ferential diagnosis of these conditions is based on
serological and endoscopic-radiological techniques
(see Section XIV).

The liver contains putative stem cell precursors
probably representing cells lining the canals of Hering
(see Chapter 3), which may proliferate after massive
hepatic necrosis and are capable of differentiating into
hepatocytes and biliary cells. This cholangiolar prolif-
eration is part of the ductular reaction (see below) and
should be differentiated from the proliferation of inter-
lobular bile ducts that may also occur in mechanical
bile duct obstruction.

In acute, ascending, suppurative bacterial cholan-
gitis neutrophilic granulocytes are numerous and neu-
trophils invade the wall and the lumen of interlobular
bile ducts (see Fig. 26.2). The interlobular bile ducts
may rupture and give rise to small abscesses within the

portal tracts. In addition, centrilobular signs of cholesta-
sis are usually also present.

A ductular proliferation with dilated, bile-containing
cholangioles, surrounded or infiltrated by neutrophils,
is highly characteristic of septicemia (“cholangitis
lenta”), provided bile duct obstruction has been
excluded [6].

Drug-induced cholestatic liver injury may mani-
fest as a bland, hepatocellular or canalicular cholesta-
sis without an inflammatory cell infiltrate, or as a
cholangiodestructive  reaction (cholangiofibrosis,
ductopenia).

Hepatitis A virus infection quite often may be asso-
ciated with cholestasis. Canalicular dilatation is mod-
est and the hepatocellular changes of acute viral
hepatitis are distributed across the entire lobule and not
limited to the cholestatic areas. The inflammatory por-
tal infiltrate contains predominantly lymphocytes.
While in mechanical bile duct obstruction liver cell
plates remain intact, in acute viral hepatitis lobular
architecture is in disarray, due to cell swelling, liver
cell drop-out and regeneration.

Portal bile duct lesions, described mostly in chronic
viral hepatitis C (“Poulsen-Christoffersen lesion”;
stratification of biliary epithelium, vacuolation of cho-
langiocytes and mononuclear cell infiltration), are
of questionable significance. They have never been
linked to viral pathogenesis, and probably are clinically
irrelevant. Significant bile duct lesions in viral hepatitis
always represents comorbidity.
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Small duct primary sclerosing cholangitis (formerly
called pericholangitis) is a variant of primary scleros-
ing cholangitis (PSC) in patients with chronic cholesta-
sis and hepatic histology compatible with PSC but
normal findings on endoscopic or magnetic resonance
cholangiography. Most cases of PSC occur in the set-
ting of underlying inflammatory bowel disease.

Ductular Reaction

The term ductular reaction was coined by Popper et al.
in 1957 [10] Ductular reaction is a reaction of ductular
phenotype, possibly but not necessarily of ductular ori-
gin [13]. It occurs in nearly all cases of extrahepatic
cholestasis. However, it is not specific for cholestasis
and is also seen in many acute and chronic, non-
cholestatic liver diseases, in hepatic tumorigenesis, in
liver cirrhosis and in hepatic regeneration after exten-
sive loss of liver parenchyma [1-3, 13].

The ductular reaction is characterized morphologi-
cally by

* Increased numbers of ductular profiles in a plane
section of a portal tract

* A pericholangiolar inflammatory cellular infiltrate
(predominantly neutrophils) and by

* Periductular fibrosis

It is most pronounced in periportal zone 1. The injury
of periportal hepatocytes in ductular reaction has been
called “biliary piecemeal necrosis,” but the use of this
term is discouraged.

Ductular reaction has been termed “typical” or “atyp-
ical”. In “typical” ductular reaction, ductules allegedly
have a recognizable lumen lined by cuboidal cells and
are the result of proliferation of pre-existing ductules.
This type of ductular reaction is seen in acute and com-
plete extrahepatic bile duct obstruction. In contrast,
“atypical” ductules are described as thin, elongated struc-
tures, lined by flattened cells, and lacking easily discern-
ible lumina. This type of reaction has been described in
regeneration after massive loss of hepatic parenchyma
and in incomplete extrahepatic bile duct obstruction. It is
believed to be related to metaplasia of hepatocytes and/or
progenitor cell activation. However, distinction between
these two types of ductular reaction is not easy, and their
distinct existence has even been questioned, so that these
terms are best avoided [12, 13].

The pathogenesis of ductular reaction is poorly
understood. An increase in intraductal pressure and
humoral factors are assumed to trigger ductular reac-
tion. The extracellular matrix also plays a major role
by modulating the bioavailability and the local con-
centrations of cytokines and growth factors. Periductal
hemato-lymphoid cells and stromal cells are the
sources of growth factors that stimulate biliary epithe-
lial cells to express receptors for these factors.

The origin of ductular cells still is obscure. They
may arise from (1) proliferating pre-existing cholangi-
ocytes, (2) metaplasia of periportal hepatocytes, or (3)
be the result of proliferation and differentiation of
common progenitor cells (local and/or circulating,
possibly bone marrow derived cells) [4, 13, 15-17].
However, these various mechanisms are not mutually
exclusive.

Numerous cytokines and growth factors that are
partly produced by the proliferating cholangioles
themselves are involved in the ductular reaction [14].
Interleukin-6 (IL-6) and hepatocyte growth factor
(HGF) stimulate proliferation of epithelial cells [8].
Periductal mesenchymal cells are an important source
of HGF, while IL-6 is synthesized by inflammatory
cells and by the biliary epithelial cells themselves.
Reactive human ductules also express parathyroid hor-
mone related peptide (PTHrP) that impacts on the pro-
liferation of stem cells and is of importance in ductular
reaction during hepatic regeneration after extensive
liver cell necrosis [11].

The increase of ductular structures is accompanied
by an inflammatory cellular infiltrate and by the devel-
opment of a periductular fibrosis. The biliary epithelial
cells are involved in recruiting inflammatory cells by
secreting chemotaxins for neutrophils, interleukin-8
and monocyte chemotactic protein 1. Conditions asso-
ciated with endotoxin-mediated activation of Kupffer
cells, for example septicemia or states with an impaired
intestinal barrier function, lead to a ductular reaction
by endotoxin-induced release of IL-1, IL-6 and TNF-
o.. An impressive example is cholestasis and ductular
reaction seen in septicemia that, in analogy to endo-
carditis, has been termed ‘“cholangitis lenta” (see
above) [6].

By expressing and/or activating growth factors,
including TGF-B, platelet derived growth factor-f3
(PDGF), and endothelin-1, biliary epithelial cells acti-
vate portal fibroblasts and stimulate fibrogenesis.
PDGF attracts stellate cells that accumulate in the
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neighborhood of proliferating ductules. TGF-p is a
potent profibrogenic factor and stimulates stellate cells
to produce extracellular matrix. Thus, ductular reac-
tion might be a pacemaker for progressive biliary
fibrosis in cholestatic liver diseases, such as primary
biliary cirrhosis and primary sclerosing cholangitis.
The ductular reaction is reversible after the initiat-
ing cause has been eliminated. Even fibrous connec-
tive tissue may be degraded to a certain degree, and the
surplus of ductular cells falls prey to apoptosis.
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The granulomatous reaction is a distinctive pattern

Chapter Outline of chronic inflammation characterized by nodular

Granuloma Types...............cccocoooiviiiiiiniiniiiiiiececenns 247 A88regation of 1nﬂamm§t0ry cells, predominantly ?Ctl'

; vated macrophages, which often are transformed into

FOI'Clgl'l BOdy Granulomas...........cceeeeveeeieeesiveesiieenneennns 247 eplthehum-llke (eplthehOld) CCHS. Other Cellular com-
Immune Granulomas.........coouveeeeeveeeeeeeiieeeeeeeeeeeeeeeeeeeineees 247 K

ponents that may be present in granulomas are lym-

Granulomatous Hepatitis .................cccccooiininnnne. 248 phocytes, plasma cells, fibroblasts and multinucleate
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Granulomas are found in approximately 2.5-9% of all
liver biopsies (see Section XIX).

Granuloma Types

There are two types of granulomas, which differ in
their pathogenesis

* Foreign body granulomas and
e Immune granulomas

Foreign Body Granulomas

Foreign body granulomas are elicited by relatively
inert foreign material, such as talc, starch, silicone or
fat. Lipo- and mineral oil granulomas also are among
foreign body granulomas (see below).

Immune Granulomas

Immune granulomas form in the context of a cell-
mediated immune response elicited by insoluble anti-
gens, typically microbes. During this antigenic stimulation
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Fig.27.1 Epithelioid
granuloma. Hematoxylin-
Eosin

macrophages may transform to epithelium-like (epithe-
lioid) cells forming an epithelioid granuloma (Fig. 27.1).
A lymphohistiocytic granuloma is a focal accumula-
tion of non-transformed histio- and lymphocytes.
Macrophages in granulomas derive both from circulat-
ing monocytes attracted by chemotaxis, and from local,
resident macrophages recruited by T cell derived growth
factors. CD4* T cells accumulate in the center of epi-
thelioid granulomas, while the majority of CD8* T cells
are found at its periphery. T cells produce cytokines,
such as IL-2, which activates other T cells, perpetuating
the response, and IFN-y, which is important in activat-
ing macrophages and transforming them into epithe-
lioid cells and multinucleate giant cells. Epithelioid
cells also produce large amounts of cytokines.

Compared to foreign body granulomas, the cell
turnover in immune granulomas is very high. Thus,
immune granulomas are dynamic structures, whose
morphologic characteristics vary with time. This fact
explains the common observation of finding gran-
ulomas of different developmental stages in one
liver biopsy. The fate of granulomas varies. They can
vanish completely, without leaving a trace. This is
observed in granulomatous hypersensitivity reac-
tions to drugs. Alternatively, they can persist, which
suggests the persistence of the eliciting immuno-
logical stimulus. Or they can heal by scar formation,
which is typical, for example, of sarcoidosis (see
Chapter 95) [4].

Granulomatous Hepatitis

The term granulomatous hepatitis describes relevant
necroinflammation coupled with a significant granu-
lomatous component. The granulomas may be the sole
manifestation of inflammation, or they may be accom-
panied by other signs of hepatitis [3]. The etiology of a
granuloma cannot be inferred from its histological
appearance. In individual cases, however, its features
and location may give some clues as to its manifold
etiologies (Table 27.1).

Table 27.1 Localization of hepatic granulomas

Typical localization

Examples

Subcapsular Suture or talc granuloma,
healed miliary tuberculosis,
histoplasmosis

Diffuse

Portal and intralobular Sarcoidosis, infectious
granulomas, drug-induced
granulomas, tuberculosis

Mineral oil granulomas

Primary biliary cirrhosis

Granulomatous arteritis,

e.g. polyarteritis nodosa,
Wegener’s disease,
phenytoin-induced

Lymphadenopathy in
tuberculosis or sarcoidosis

Portal and perivenular
Portal, periductal
Portal, arterial

Liver hilum
(+ intrahepatic)

Source: Adapted from [1]
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Fig.27.2 Miliary tuber-
culosis. Caseating granuloma.
Masson Trichrom

The prototype of an immune granuloma is that
caused by Mycobacterium tuberculosis. It may be non-
caseating or caseating, with central amorphous debris
and loss of all cellular details (caseating necrosis)
(Fig. 27.2). Acid fast bacilli can be demonstrated in
approximately 80% of tuberculous granulomas using
combined molecular and histochemical approaches.

In patients with AIDS, Mycobacterium avium intrac-
ellulare (MAI) infection may lead to focal accumulations
of MAI-filled macrophages in the liver. They are PAS-
positive and typically in Ziehl-Neelsen stained sections
many acid fast rods (MAI) are visible (see Chapter 69).

Epithelioid granulomas in sarcoidosis are noncase-
ating. Sarcoid granulomas have a tendency to exhibit
fibrosis and to coalesce to larger structures that may
impinge portal tracts and compress bile ducts, thus
even leading to cholestatic liver disease [4].

Fibrin ring granulomas are characteristic of Q-fever,
but they may also be encountered in malignant lympho-
mas and in allopurinol hypersensitivity. A central, lipoid
vacuole is surrounded by histiocytes, some lympho-
cytes, neutrophilic and occasionally eosinophilic granu-
locytes, and is encircled by a ring of fibrin. This aspect
leads to the pictorial term “doughnut granuloma™.

Birefringent foreign material in granulomas, such as
talc or starch, is often found in intravenous drug users.
Mineral oil granulomas are special foreign body granulo-
mas. Optically empty spaces (deposits of mineral oil)
within the portal tracts or adjacent to the central veins are
surrounded occasionally by vacuolated macrophages [2].

Lipogranulomas are accumulations of histiocytes
and mononuclear cells surrounding a macrovesicular
steatotic hepatocyte. They are one of the hallmarks of
alcoholic and nonalcoholic steatohepatitis. Granuloma-
like accumulations of enlarged Kupffer cells whose
cytoplasm has a foamy appearance caused by phagocy-
tosis of tiny neutral fat droplets from dead hepatocytes
are called lipophagic residual nodules.

Granulomas containing many eosinophilic granu-
locytes suggest a parasitic or an allergic etiology,
e.g. drugs. However, only the histological or immu-
nocytochemical demonstration of the parasite itself
or of its degradation products can prove the etiology.
Schistosomiasis granulomas, for example, may con-
tain schistosomal eggs. The histological aspect of a
drug-induced granuloma does not allow conclusions
regarding the causative drug.
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Definition

Liver fibrosis is a wound repair response of the liver to
chronic injury. Fibrogenesis is a dynamic, potentially
reversible process, reflecting a balance between matrix
synthesis, deposition, and degradation, ultimately result-
ing in the accumulation of a qualitatively altered extra-
cellular matrix (ECM).

Epidemiology

Liver fibrosis is clinically significant because it is a
prerequisite and the potential precursor of cirrhosis.
Reliable data on the incidence and prevalence of fibro-
sis are not available because non-invasive diagnostic
tests still lack a high sensitivity. If one considers that
(1) the prevalence of liver cirrhosis in Western coun-
tries is approximately 1.1%, (2) liver cirrhosis is the
most common cause of death among gastroenterologi-
cal diseases, (3) up to 10% of cirrhotics are only diag-
nosed at autopsy, despite being preceded for years or
decades by fibrosis, and (4) chronic hepatitis C has
reached epidemic proportions, then it is fair to assume
that hepatic fibrosis is quite prevalent in the general
population.

Etiology

All liver injuries that may result in cirrhosis (see
Chapter 79) are also causes of liver fibrosis. Clinically
most relevant are alcoholic and nonalcoholic fatty liver
disease, chronic viral hepatitic B (D) and C, metabolic
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and genetic hepatopathies (e.g. genetic hemochroma-
tosis, o, -antitrypsin deficiency, Wilson’s disease),
drug- and toxin-induced, autoimmune and biliary liver
diseases, as well as chronic right-sided congestive
heart failure. Additionally, rare forms of congenital
hepatic fibrosis should also be considered.

Hepatoportal sclerosis, a rare idiopathic sclerosis
of portal vein branches, may cause noncirrhotic portal
hypertension. Ionizing radiation-induced liver fibro-
sis is very rare. Focal fibrosis as a manifestation of
loss of parenchyma (scarring) is observed in local
circulatory disturbances, healed abscesses, in parasitic
liver diseases, after traumatic tissue damage or after
fibrous obliteration of a cavernous hemangioma. Large,
broad scars form after subacute liver dystrophy or in
treatment-induced regression of tumors by systemic or
local chemotherapy, chemoembolization, laser abla-
tion, local cryotherapy or percutaneous alcohol
injection.

Several etiologies have to be considered in fibrosis
of a transplanted liver, including recurrent primary
disease, biliary obstruction, ischemia, or immunosup-
pressive medications (e.g. centrilobular fibrosis due
to azathioprine). Chronic rejection reaction causes
ductopenia but usually does not lead to significant
fibrosis.

Liver tumors may display various degrees of intra-
tumoral fibrosis. Cavernous hemangioma of the liver
may contain sclerosed areas. Focal nodular hyperpla-
sia is characterized by a central fibrovascular core.
Hepatocellular carcinoma may be surrounded by a
fibrous capsule, and the sclerosing and fibrolamellar
variants of hepatocellular carcinoma are characterized
by dense fibrosis. Cholangiocellular lesions such as
von Meyenburg complexes, or especially cholangio-
carcinomas may have a marked fibrosis. Epithelioid
hemagioendothelioma is characterized by an extensive
fibrosis.

Pathogenesis

Fibrosis is a reaction pattern to injury. The chronic
fibroproliferative reaction represents a healing response
in chronic inflammation and in repair of tissue dam-
age resulting in increased collagen deposition and scar
formation. In the liver a regional reparative fibrosis

that is characteristic of healing of focal lesions caused
by circumscribed loss of liver parenchyma, has to
differentiated from a diffuse reactive fibrosis that is
observed within the context of chronically injurious
agents and chronic inflammatory hepatic reactions.
The latter pattern of fibrosis is important in clinical
hepatology, since this form of fibrosis if untreated may
progress to liver cirrhosis and its complications.

Every increase in hepatic connective tissue is pre-
ceded by an injury to the liver. In order for liver fibrosis
to progress, the injurious stimulus must be chronic and
continuous. A short lived, one-time insult (for example,
in severe fulminant hepatitis or toxic liver injury) may
cause broad fibrous bands that distort the regular paren-
chyma but usually does not result in progressive fibro-
sis. The causative injurious agent damages liver and
endothelial cells and recruits inflammatory cells. These
cells release cytokines and other mediators that in turn
activate effector cells of fibrogenesis to produce and
deposit extracellular matrix proteins. Oxidative stress
also is likely to be involved in the progression of liver
fibrosis during chronic liver disease of different etiolo-
gies [49].

Three important components in the pathogenesis of
hepatic fibrosis merit special consideration:

* Hepatic stellate cells (HSC)
* Cytokines and peptides and the
e Extracellular matrix

Hepatic Stellate Cells (Ito Cells)

HSC are key effectors in the fibrogenic process (see
Chapter 3). They are the main producers of extracel-
lular matrix proteins and contribute significantly to
maintaining the dynamic balance of the extracellular
matrix (see below) [38]. Fibrogenesis by HSC is regu-
lated by the concerted action of numerous endocrine,
paracrine and autocrine factors, among them cytok-
ines, peptides and the extracellular matrix itself. In
addition to HSC, perivenular myofibroblasts, portal
tract fibroblasts, cholangiocytes and sinusoidal epi-
thelial cells may synthesize matrix proteins.

Hepatic fibrogenesis initiates with the activation of
HSC by liver injury (Fig. 28.1). The initial HSC-
activating stimuli derive from injured hepatocytes,
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Fig. 28.1 Activation of hepatic stellate cells by various stimuli
is pivotal in the pathogenesis of fibrosis
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Fig. 28.2 Phenotypic characteristics of hepatic stellate cells

neighboring endothelial, Kupffer and inflammatory
cells. During ongoing liver damage, HSC perpetuate
their own activation by autocrine factors. These stimuli,
in concert with the interaction of activated HSC and
extracellular matrix cause HSC to transform into cotrac-
tile myofibroblasts (Fig. 28.2). The activation process is
complex and is associated with HSC-proliferation,
increase in HSC-contractility, release of proinflamma-
tory cytokines, and enhanced formation of both matrix
degrading enzymes and their inhibitors. It finally results
in the disorganized accumulation of extracellular matrix
[20, 21]. Recent data suggest that not all myofibroblasts
in the liver derive from transformed HSC. There is evi-
dence, however, not undisputed that in liver diseases of
diverse etiologies a significant proportion of hepatic

Table 28.1 Impact of cytokines and peptides on hepatic
fibrogenesis

Substance Relative fibrogenic

effect

Profibrogenic
Transforming growth factor-f3
Transforming growth factor-ou +
Interleukin-1 +
Interleukin-4 +
Insulin-like growth factor I and II +
Interleukin-6 +

Platelet-derived-growth factor ++
Monocyte chemotactic factor-1 +
Fibroblast growth factor +
Thrombin +
Vascular endothelial growth factor +
Endothelin-1 ++
Leptin ++
Antifibrogenic

Tumor necrosis factor-a +
Interferon-y +++
Interleukin-10 st
Hepatocyte growth factor ++

Source: Adapted from [57]

myofibroblasts may be of bone marrow origin and con-
tribute significantly to liver fibrosis and cirrhosis [17].

Cytokines and Peptides

Multiple cytokines and peptides are involved in fibro-
genesis. Their actions are complex and most of
them exert several paracrine and autocrine effects
simultaneously, not only on fibrogenesis but also on
inflammation, cell proliferation, and regeneration [22,
47]. The effects on fibrogenesis are outlined in
Table 28.1.

Transforming Growth Factor-§1 (TGF-1)

TGF-f1 is the best characterized profibrogenic
cytokine [3, 7, 8]. It is produced by Kupffer cells,
endothelial cells, HSC and possibly also by hepato-
cytes. Hepatitis C virus nonstructural genes induce an
increased expression of TGF-B1 in infected hepato-
cytes [61].
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Increased hepatic fibrogenesis is accompanied by
an enhanced expression of TGF-f1 mRNA and by a
rise in serum levels of TGF-B1 [42]. TGF-B1 is secreted
into the extracellular space in a biologically latent form
and binds covalently to its propeptide, the 80kDa
latency-associated peptide (LAP). Activation of TGF-
B1 occurs by proteolytic cleavage from LAP. In the
liver this is probably mediated by the protease plas-
min. The surface receptors for TGF-f1 are serine-thre-
onine kinases. Activation of TGF-f receptor type II
leads to the phosphorylation of receptor associated
proteins and to the formation of an intracellular trimo-
lecular protein complex that translocates into the
nucleus activating the transcription of TGF-f3 respon-
sive genes.

The actions of TGF-B1 are manifold. TGF-B1 stim-
ulates the synthesis of extracellular matrix components,
such as collagens, non-collagenous glycoproteins and
proteoglycans. An early alteration of the extracellular
matrix during fibrogenesis is represented by the expres-
sion of a fibronectin splicing variant that may activate
HSC. The expression of this fibronectin-isoform is
regulated by TGF-B1. TGF-B1 inhibits matrix degra-
dation by inhibiting the synthesis of matrix-degrading
enzymes and by stimulating gene expression of plas-
minogen-activator-inhibitor and of tissue inhibitors of
metalloproteinases-1 (TIMP-1) (Fig. 28.3). By modu-
lating the expression of integrins, TGF-B1 promotes
cell adhesion to the extracellular matrix.

In addition to its profibrogenic effects, TGF-B1
exerts strong immunosuppressive (inhibiting the dif-
ferentiation of T cells in Th1 and Th2 cells) and anti-
proliferative actions on epithelial cells, including
hepatocytes (see Chapter 13).

1 Interstitial
collagenases

—

TGF-B

—

Fibrosis

T Inhibitors of
metalloproteinase

« TIMP-1
- 0,-macroglobulin

Fig. 28.3 TGF-8 is a central regulator of fibrogenesis. The bal-
ance between the activity of matrix metalloproteinases and their
tissue inhibitors determines the degree of fibrogenesis and
fibrolysis

Transforming Growth Factor-o
and Platelet-Derived Growth Factor

TGF-a and platelet-derived growth factor (PDGF) are
among the most important profibrogenic cytokines that
are produced in the damaged liver. TGF-a directly
stimulates HSC to produce extracellular matrix pro-
teins. PDGF is the most potent and best characterized
HSC-proliferation stimulating factor. Activated HSC
express PDGF-receptors that transmit their signal via
phosphatidylinositol 3-kinase into the cell interior [40].
Thus, PDGF enhances fibrogenesis indirectly, by stim-
ulating HSC activation and proliferation [9].

In addition, HSC also synthesize monocyte chemoat-
tractant protein-1 (MCP-1), insulin like growth fac-
tor-1, and interleukin-6 that stimulate HSC-proliferation
in an autocrine fashion, thereby enhancing fibrogenesis
indirectly. Endothelial growth factor, fibroblast growth
factor, endothelin-1 (ET-1), thrombin and TGF-a also
stimulate HSC-proliferation.

PDGF and MCP-1 increase the migratory capacity
of activated HSC, thereby enabling HSC to aggregate
at the site of liver injury [25, 41]. Activation of HSC is
also associated with an increase in their contractility.
Augmented HSC-contractility probably contributes to
the increased intrahepatic vascular resistance (HSC are
also pericytes) and to the contraction of fibrous septa
frequently observed in the end stage of chronic liver
diseases.

Endothelin-1

ET-1 is a vasoactive peptide with numerous bio-
logic actions (see Chapter 54). ET-1 is converted to
its active form by proteolytic cleavage of a precursor
peptide (“Big ET”) by the endothelin converting
enzyme-1 (ECE-1). TGF-B1 stabilizes ECE-1 mRNA
thereby stimulating the generation of active ET-1. ET
is the most important autocrine stimulator of HSC-
contractility. Nitric oxide, carbon monoxide and
adrenomedullin cause HSC to relax. In the healthy
liver sinusoidal endothelial cells are the main produc-
ers of ET. In chronic liver disease HSC take on this
role. In addition ET-1 also stimulates the synthesis of
extracellular matrix.
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Hepatocyte growth factor and interleukin-10 are
also produced by HSC, however, they rather inhibit
fibrogenesis.

Leptin

Leptin, the ob gene product, is a multifunctional adi-
pocyte hormone. It controls appetite, has immuno-
modulatory and profibrogenic activity, and is involved
in wound healing. Recent data suggest that leptin is a
mediator of hepatic fibrosis and might play a major
role in obesity associated liver fibrosis [37].

Extracellular Matrix

An increase in ECM and ECM-remodeling are essen-
tial components of hepatic fibrogenesis, irrespective of
the cause of liver injury. The ECM is a dynamic struc-
ture, and physiologically a constant balance between
matrix assembly and matrix degradation exists (see
Chapter 3). ECM proteins are degraded by a group of
enzymes called matrix-metalloproteinases (MMPs).
Among them are interstitial collagenases, gelatinases,
and stromelysins. The activity of MMPs is regulated
by specific activators and inhibitors. The plasminogen
activator systems uroplasminogen (uPA) and tissue
plasminogen (tPA) are among the most important acti-
vators of MMPs. Plasmin degrades the ECM both
directly and via activation of MMPs.

Tissue inhibitors of matrix metalloproteinases
(TIMPs) suppress the activity of MMPs [1]. TIMP-1
inhibits interstitial collagenase, whose expression by HSC
increases markedly during fibrogenesis. The dynamic
balance of ECM shifts towards fibrogenesis by dimin-
ishing the activity of MMPs, for instance by inhibiting
its activators or stimulating its inhibitors (Fig. 28.3).

HSC may synthesize matrix degrading enzymes
and plasminogen activators as well as produce TIMPs,
thereby regulating ECM-remodeling. This process is
characterized by a close interplay between HSC and
ECM, in which the ECM modulates the activity of
HSC, thus affecting fibrogenesis.

A recently described new family of proteins, A
Disintegrin and Metalloproteinase (ADAMs), cleaves

transmembrane proteins. Activated HSC produce sev-
eral ADAMs. Their biological significance is currently
under investigation.

The interactions between cells and ECM are medi-
ated by integrins, glycans, receptor tyrosine kinases or
phosphatases and syndecans. The most important col-
lagen-binding integrins o B, and a.,3, are expressed by
HSC. They mediate the cross-linking of collagen types
I, IIT and IV, the adhesion of HSC to collagen fibers
and the HSC-induced contraction of collagen fiber net-
works. Basement membrane matrix integrity, cell-
matrix interactions, and MMPs regulate HSC migration
and play an important role in anchoring HSC, thus pre-
venting them from spreading within the space of Disse
and potentially elsewhere in the liver [68].

The expression of nearly all known matrix proteins
is increased during fibrogenesis. The production of
interstitial collagen types I, II and IV, proteoglycans,
fibronectin, laminin, tenascin, and undulin is most pro-
nounced [15]. To a lesser degree also changes in col-
lagen type V, SPARC (secreted protein, acidic and rich
in cystein), vitronectin, nidogen (entactin), and elastin
occur.

The early stage of fibrogenesis is characterized by
the remodeling of subendothelial matrix. In this pro-
cess the normal, low-density, basement membrane-like
material of the subendothelial ECM is transformed
into a matrix containing interstitial, fibrillary colla-
gens. During the early phases of liver injury collagens
type III and V and fibronectin accumulate in the space
of Disse. In chronic liver injury collagen types I and
IV, undulin, elastin and laminin are increasingly depos-
ited. Most prominent is the increase in collagen type I
and its ratio to collagen types III and V increases.
Collagen VI induces the mesenchymal synthesis of
DNA. In contrast, collagen XIV (undulin), which
adheres to the surface of collagen fibers, inhibits cel-
lular activity.

A new subfamily of receptor tyrosine kinases are
the discoidin domain receptors (DDRs). Unlike the
receptor tyrosine kinases, signal transduction via
DDRs is not initiated by growth factors, but by fibril-
lary collagens. Thus, the recent demonstration of
DDR2 mRNA in activated HSC might explain a fur-
ther mechanism of cell-matrix-interaction. Fibrillary
collagen (especially type I), forming within the con-
text of perisinusoidal fibrogenesis, perpetuates the
activation of HSC, by binding to the DDR?2 receptor.
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Resolution of Liver Fibrosis

Liver fibrosis can be considered a bidirectional pro-
cess. Although the dogma still holds true that cirrhosis
is an irreversible end stage of liver disease, early stages
of liver fibrosis may be reversible, either spontane-
ously or (more often) induced by treatment of the
underlying disease. Even in a cirrhotic liver, matrix
degradation can occur and fibrous tissue can regress to
a significant degree [0, 14, 26, 28]. Undisputed evi-
dence for complete spontaneous or therapy-induced
reversal of advanced cirrhosis does not exist.

HSC, liver myofibroblasts, and inflammatory cells
involved in the fibrotic process, including macrophages
and Kupffer cells, secrete matrix degrading MMPs.
They are expressed in the liver even in cirrhosis, but
their activity is limited by powerful inhibitors, espe-
cially TIMP-1 and TIMP-2 [5]. When expression of
TIMPs decreases, MMPs continue to be expressed,
resulting in increased collagenase activity and conse-
quent matrix degradation [46].

Factors regulating HSC-activation, survival and
apoptosis play a pivotal role in matrix degradation and
in the resolution of liver fibrosis. A key process in res-
olution of hepatic fibrosis is apoptosis of HSC [30,
31]. During matrix remodeling soluble factors impor-
tant for HSC activation and survival are produced.
When the injurious stimulus that leads to accumulation

Resolution of Fibrosis
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Fig.28.4 Apoptosis of hepatic stellate cells is mediating regres-
sion of fibrosis (Adapted from [28]. With kind permission)

and remodeling of extracellular matrix is withdrawn,
the loss of these survival factors may cause activated
HSC to undergo apoptosis. Apoptosis of HSC reduces
the major cellular source of collagen and TIMPs. In
Fig. 28.4 the role of HSC apoptosis in resolution of
liver fibrosis is schematically depicted.

Histopathology

The hepatic connective tissue may extend into the
interstitial and perivascular spaces giving rise to differ-
ent patterns of fibrosis. The structural organisation of
the liver is responsible for the organotypic fibrosis pat-
tern. According to the localization portal/peripotal,
perisinusoidal, and perivenous fibrosis are differenti-
ated. However, in fibrosis involving diffusely the entire
organ, all acinar and portal zones are involved, albeit,
each to a different degree. Therefore, often it is not
warranted to draw a sharp distinction between the vari-
ous localization patterns.

Portal and Periportal Fibrosis

Enlargement of portal tracts by portal and periportal
fibrosis with fibrous spurs extending into the adjacent
parenchyma is a frequent finding (Fig. 28.5). It occurs
in biliary diseases, such as primary biliary cirrhosis,
chronic ascending and primary sclerosing cholangitis.
Periductal fibrosis with concentric layers (onion skin-
like) of fibrous tissue surrounding the interlobular bile
ducts is characteristic for sclerosing cholangitis, but
not specific for its primary variant (Fig. 28.6). Further-
more, portal/periportal fibrosis of varying degrees is
seen in cystic fibrosis, congenital fibrosis and heredi-
tary cholestatic syndromes, in chronic hepatitis, as a
residual lesion after acute hepatitis, in toxic liver injury
(alcohol, methotrexate), in metabolic diseases and in
so called hepatoportal sclerosis. In mechanical bile
duct obstruction ductular cholangiocytes express
TGF-B1, MCP-1, and PDGF thereby attracting and
activating portal fibroblasts and HSC. Thus ductular
reaction (see Chapter 26) seen in obstructive cholesta-
sis may be a pacemaker for portal fibrosis. On its own
the histopathological demonstration of portal/periportal
fibrosis is not very helpful diagnostically.
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Fig. 28.5 Mild portal
fibrosis. Slender fibrous septa
extend into the adjacent
lobular parenchyma. Masson
Trichrome

Fig. 28.6 Concentric
periductal fibrosis. Masson
Trichrome

Perisinusoidal and Pericellular Fibrosis

Slender fibrous extensions running along the sinusoids or
encircling individual hepatocytes may involve diffusely
the entire lobule or be limited to the periportal or centri-
lobular areas. Initially the cytoarchitecture is not affected.
If the process progresses, however, fibrous deposits in
the space of Disse lead to its collagenization, and the
sinusoidal endothelial cells lose their fenestrations and
form a basement membrane-like layer. This process

has been termed “capillarization of hepatic sinusoids”
and it hampers the exchange of substances between the
sinusoidal blood and the hepatocytes (Fig. 28.7) [60].
Centrilobular perisinusoidal fibrosis is seen in
chronic right-sided heart failure and in Budd-Chiari
syndrome. Complete portal vein thrombosis may lead
to liver cell atrophy accompanied by sinusoidal fibro-
sis. Myeloproliferative diseases, chronic liver injury by
vinyl chloride, arsenic and alcohol all cause sinusoidal
fibrosis. Chronic alcohol abuse is clinically by far the
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most important, with fibrosis often beginning in the
center of the lobule (perivenous sclerosis; central hya-
line sclerosis) and progressing in a chickenwire-like
pattern to the midlobular areas (Fig. 28.8). Nonalcoholic
fatty liver disease may cause the same pattern of liver
fibrosis. Nowadays, congenital syphilis as a cause of
persinusoidal fibrosis is a rarity in Western countries.

Centrilobular Fibrosis

Centrilobular fibrosis is seen in chronic venous con-
gestion, chronic alcohol abuse and as a residual change
after perivenular loss of parenchyma in hepatitis or in
drug or toxin-induced liver damage.

17 Perisinusoidal fibrosis ——l
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Fig. 28.7 Hepatocyte injury and perisinusoidal fibrosis form a
vicious circle

Fig. 28.8 Perisinusoidal
fibrosis. Fine fibrous strands
extend in a netlike pattern in
the space of Disse and
surround clusters of
hepatocytes. Masson
Trichrome

Fibrous Septa

Progressive portal and centrilobular fibrosis may lead
to the formation of fibrous septa (Fig. 28.9). These may
link portal tracts (portal-portal), terminal hepatic
venules and portal tracts (portal—central), and central
veins of neighboring lobules (central—central). These
bridging fibrous septa per se linking vascular structures
must not be misconstrued as cirrhotic change. Fibrous
septa may develop as part of an active inflammatory
process (active septa) or they may traverse the paren-
chyma as cell-free scars (passive septa), for example,
after ischemic damage or healed inflammation.

Collapse fibrosis denotes an increase in collagen
synthesis and deposition, as a result of the localized
collapse of the reticulin fiber network. It may be
observed, for example, after bridging or panlobular
necrosis. Table 28.2 outlines the various forms of
hepatic deposition of connective tissue.

Diagnosis

Given the importance of fibrosis in staging chronic
liver disease and predicting outcome, it is paramount
to assess hepatic fibrosis prior to and during therapy.
There are no clinical signs and symptoms suggestive
of mild or moderate liver fibrosis. The diagnosis
of liver fibrosis rests on noninvasive and invasive
morphological methods, including ultrasound with
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Fig. 28.9 Passive portal-
portal fibrous septum.
Masson Trichrome

transient elastography, CT, MRI, and histology. Even
the most refined CT and MRI technologies are not able
to reliably visualize early stages of fibrosis. Liver
biopsy, although still the gold standard, is an invasive
technique that has its limitations (see below) and is
poorly accepted by patients. Therefore, in recent years
noninvasve, direct and indirect serum parameters (bio-
markers) of fibrosis have been intensively studied, in
order to obviate the need for liver biopsy.

Liver Biopsy
Advantages of Liver Biopsy

Liver biopsy is considered the current gold standard
in assessing the extent, distribution and progression
of liver fibrosis. Stains for collagen fibers (e.g. van
Gieson, modified Gomori’s stain) provide baseline
information that can be compared with future biopsies,
thus allowing assessment of the progression or regres-
sion of liver fibrosis. Reticulin fibers are stained with
silver techniques. They are not uniform chemically and
are composed of collagen types I and III with associ-
ated glycoproteins.

Immunohistochemical analysis of biopsy specimen
may yield insight into the pathogenesis of fibrosis and
add important information. These techniques, how-
ever, are not routinely part of clinical-histopathological
assessment of fibrosis. Applying mono- or polyclonal

antibodies, individual matrix proteins may be visual-
ized. Tenascin is deposited early in fibrogenesis, and
thus can be considered an indicator of immature,
potentially reversible matrix tissue, while vitronectin
is a marker of mature extracellular matrix. The synthe-
sis of individual matrix molecules may be analyzed by
in situ hybridization.

The activity of the fibrogenic process and its
progression are difficult to assess in standard hema-
toxylin-eosin stained sections. Immunohistochemical
assessment of HSC-activation may offer new perspec-
tives in analyzing fibroblasts and the fibrogenic process
in liver biopsies. o -actin, neural cell adhesion mole-
cule and nestin are regarded as markers of activated
HSC. Actin-immunoreactive myofibroblasts are a mor-
phological correlate of fibrogenic activity. Prion pro-
tein (PrP), a glycosylated surface protein has recently
been described as new marker of HSC-activation [34].
It is normally expressed mainly in neurons and glia
in the central nervous system, but also occurs in the
stomach, spleen, kidney, leukocytes, macrophages and
platelets. PrP-expression by HSC in chronic liver dis-
eases, however, seems to correlate more with the grade
of inflammation than with the stage of fibrosis.

Limitations of Liver Biopsy

Despite still being the gold standard in assessing
hepatic fibrosis, liver biopsy has important limitations.
Liver biopsy, whether performed by the percutaneous,
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Table 28.2 Histologic patterns of hepatic fibrosis

Fibrosis pattern Comments

Portal fibrosis Fibrous enlargement of portal tracts

Periportal fibrosis Fibrous portal extensions radiate into the neighboring parenchyma

Biliary fibrosis Periportal fibrosis and portal-portal septa surround trefoil- and mosaic-like parenchy-
mal nodules. Expression of advanced, but still reversible, chronic bile duct disease.
In contrast to cirrhosis the basic lobular architecture and the vascular relationships
are still preserved

Biliary type fibrosis. Onionskin-like accumulation of connective tissue around the bile
ducts. Occurs in various ductopenic syndromes, and as fibro-obliterative cholangitis
in primary sclerosing cholangitis

Accompanies ductular reaction in chronic cholestatic liver diseases

Fibrous thickening (=4 um) of at least two thirds of the circumference of the wall of
the terminal hepatic venule (central vein)

Fibrous scarring around the terminal hepatic venule. In alcoholic liver disease it can
appear as “‘sclerosing hyaline necrosis”

Fibrous tissue strands surround single hepatocytes or groups of hepatocytes in a
“chicken wire” like pattern. Seen in alcoholic and NASH-induced damage

Increase in connective tissue forming variously broad fibrous septa

Concentric periductal fibrosis

Periductular fibrosis
Perivenular fibrosis

Centrilobular fibrosis

Pericellular or perisinusoidal
fibrosis
Septal fibrosis

Fibrous septa
Portal-portal septa Link neighboring portal tracts. They form within the context of a marked ductular
reaction in chronic cholestasis or subsequent to progressive “piecemeal necrosis” in
chronic hepatitis

Link neighboring central veins. They represent the scar stage of central-central
bridging necrosis, i.e. of confluent parenchymal necroses in the microcirculatory
periphery of a complex liver acinus

Link portal tracts with central veins. They form subsequent to portal-central bridging
necrosis, i.e. of confluent parenchymal necroses in the microcirculatory periphery
of a simple liver acinus

Fibrous septa, ill delineated from adjacent parenchyma by infiltrating mononuclear
cells. The inflammatory cells may further stimulate fibrogenesis

“Quiescent” fibrous strands without inflammatory cell infiltrates; sharply delineated
from adjacent parenchyma. They represent the scarred healing stage, for example
of extensive confluent parenchymal necrosis (postnecrotic collapse). Passive septa
older than 6 months may contain elastic fibers

Central-central septa

Portal-central septa

Active septa

Passive septa

Primary collapse fibrosis Postnecrotic collapse and fibrous scarring due to confluent parenchymal necrosis in a
previously normal parenchyma. The topographic relationships between portal tracts
and terminal hepatic venules remain largely preserved

Secondary collapse fibrosis Postnecrotic collapse and fibrous scarring due to extensive necrosis in a previously
injured parenchyma, e.g. in a cirrhotic liver. The normal topographic relationships
between portal tracts and terminal hepatic venules generally are distorted

Originates from portal granulomas and occurs typically in schistosomiasis of the liver

Corresponds to a phleboslerosis of portal vein branches due to organized thrombi or

portal hypertension. Usually associated with portal and periportal fibrosis

Pipestem-fibrosis
Hepatoportal sclerosis

laparoscopic, or transjugular route, is an invasive pro-
cedure associated with a low, but significant rate of
complications (Table 28.3; see Chapters 43—45). The
liver is a large volume organ and needle biopsy sam-
ples only 1/50,000 of the liver and thus is subject to
sampling error, particularly if fibrosis is non-homoge-
neously distributed, which is usually the -case.
Subcapsular tissue extending approximately 4—5mm
beneath the liver capsule contains an increased amount

of fibrous tissue. Thus, superficial biopsies may give
the erroneous impression of liver fibrosis and should
therefore be interpreted with caution. Diagnostic accu-
racy of biopsy increases with the number of biopsy
samples. However, for obvious reasons it hardly can
be expected from a patient to consent to more than two
punctures during one examination or to repeated liver
biopsies in short time intervals. Single percutaneous
biopsies may misclassify cirrhosis in 10-30% of cases
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Table 28.3 Advantages and limitations of liver biopsy in evaluating liver injury

Parameter Value of liver biopsy

Fibrosis stage, architectural distortion, necro-inflammatory activity, intracellular inclusions

and deposits (e.g. fat, iron, pigments, etc.), differential diagnosis and comorbidity

Diagnosis

Prognosis and guide to therapy Established role
Posttransplant Established role
Limitations

Sampling error (subcapsular biopsy, small size)

33% Sampling error for assessment of fibrosis stage

Interobserver variation
Sample requirements Diameter > 1.2 mm
Length > (1.5)-2cm
Adverse events
Mortality 1-2/10,000
Morbidity 3/1,000
Localized pain 3/10
Inability to cooperate

Severe comorbidity

Contraindications

Percutaneous liver biopsy:

10% for fibrosis stage, 40% for activity (METAVIR) (see Chapter 29)

Coagulopathy (transjugular biopsy may be performed)
Obesity (relative contraindication)

[48, 52]. Laparoscopic biopsy offers the advantage of
direct macroscopic assessment of the liver surface,
which can significantly help in the diagnosis of cir-
rhosis. In addition, several biopsies of different regions
of the liver can be easily obtained, further increasing
the diagnostic accuracy. This multi-puncture approach
is to be recommended, since at laparoscopic biopsy a
discordance of at least one fibrosis stage in one third
of patients between right and left liver lobe may be
present [56]. The approach to laparoscopic versus per-
cutaneous liver biopsy differs between hepatologists
in the United States and Europe, with diagnostic lap-
aroscopy being performed relatively more frequently
in Europe, especially in Germany. The authors believe
that laparoscopic liver biopsy is superior to percutane-
ous biopsy in the diagnosis of liver fibrosis and
cirrhosis.

Another factor affecting the diagnosis of liver fibro-
sis is the type and size of the biopsy needle. Compared
to the Menghini needle, cutting-type instruments may
increase the likelihood of obtaining more representa-
tive liver tissue, though at the expense of an increased
rate of complications.

A further limitation of liver biopsy is the non-negli-
gible intra- and interobserver variation among pathol-
ogists, and the dependency of the histopathological
interpretation on the experience of the pathologist.
Using the standardized scoring systems (e.g.
METAVIR, Ishak; see Chapter 29), there is a concor-
dance rate of =80% between pathologists about

fibrosis if biopsy size reaches 25 mm (which is not the
rule in percutaneous biopsy). The concordance rate is
directly related to the length of the biopsy specimen
and falls to 65% in biopsies 15 mm in length [4].

Despite all its limitations, liver biopsy is still the
only method that allows for the staging of fibrosis and
grading of necroinflammatory activity, for instance in
chronic viral hepatitis, in alcoholic and nonalcoholic
fatty liver disease, and therefore remains indispensable
in the management of these patients. Hopefully, it will
become possible to correlate histopathological find-
ings with serological markers, thus providing a reflec-
tion of the dynamic state of fibrogenesis.

Cross-Sectional Imaging

Current radiological imaging modalities, such as com-
puted tomography and magnetic resonance imaging
lack sensitivity for fibrosis staging. They are not able
to detect fibrosis at an early stage.

Ultrasonography. The accurate interpretation of
ultrasonographic findings is highly dependent on the
expertise of the examiner (which ideally should be a
well trained gastroenterologist/hepatologist or radiol-
ogist rather than a technician). But even in experi-
enced hands, early stages of fibrosis cannot be detected
by ultrasound. Based on surface modularity (not on
the direct demonstration of fibrosis!) and the presence
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of splenomegaly, the diagnostic accuracy of ultra-
sound for the diagnosis of cirrhosis in a highly spe-
cialized academic center has been reported to reach
82—-88%, and for bridging fibrosis 84% [2]. It can be
assumed that the accuracy in daily clinical practice is
much lower.
Transient elastography is a novel noninvasive tech-
nique that uses both ultrasound (5MHz) and low-
frequency (50Hz) elastic waves, whose propagation
velocity is directly related to tissue elasticity. It
attempts to quantify fibrosis by measuring liver stiff-
ness. The depth of measurement from the skin surface
is 25-65mm and ten validated measurements are
acquired in each patient. Current devices measure
liver stiffness of a tissue cylinder that is approxi-
mately 1 cm in diameter and 5 cm long. The technique
is reported to have good reproducibility with low
inter- and intraobserver variability, although steatosis
and necroinflammatory activity may impact the cor-
relation between liver stiffness and fibrosis, especially
in its early stages.

Up to now mainly patients with chronic hepatitis
C have been evaluated with transient elastography.
In 106 patients with chronic hepatitis C, the areas
under the receiver operating curves (AUROC) were
determined for different fibrosis stages in liver
biopsy according to the Metavir classification sys-
tem (see Chapter 29). The AUROC were 0.88 in
patients with significant fibrosis (=F2) and 0.99 in
those with cirrhosis [59]. Similar results were
obtained in 327 patients with chronic hepatitis C.
The AUROC were 0.79, 0.91 and 0.97 for patients
with significant fibrosis F > 2, F > 3 and F4 (cirrho-
sis), respectively. The AUROC values were higher
for larger biopsies [70]. A study of 711 patients, 26
patients with NASH, demonstrated an AUROC of
0.8 for significant fibrosis and 0.96 for cirrhosis [19].
Transient elastography compared favorably in 183
patients with chronic hepatitis C in comparison with
and combined with biochemical markers (Fibrotest
and the aspartate transaminase to platelets ratio index
[APRI]) [11]. In a review of currently available data
on the efficacy of transient elastography the AUROC
for F2 were 0.79-0.83, for F3 0.90-0.91 and for F4
0.91-0.97. The technique enables the diagnosis of
cirrhosis regardless of its etiology, with positive and
negative predictive values of 70-95% and 77-95%,
respectively [44]. In a recent meta-analysis transient
elastography has been reported to have good

diagnostic accuracy for the diagnosis of advanced
fibrosis, but a high variation of results is found in
earlier stages of fibrosis [23].

Measuring liver stiffness by transient elastography
might also serve as a non-invasive tool for identifying
patients with portal hypertension, since a correlation
between liver stiffness as determined by transient elas-
tography and the hepatic venous pressure gradient has
been reported [66].

Serum Biomarkers of Fibrogenesis

Liver biopsy is an invasive technique that is flawed
with some limitations in assessing liver fibrosis.
A large number of serum and urinary markers of fibro-
sis have been evaluated in the past years, in order to
find simple serologic parameters that reflect the dynam-
ics of fibrogenesis, allowing to guide treatment deci-
sions, and enabling to monitor the effect of antifibrotic
therapies, especially in chronic viral hepatitis. The

Table 28.4 Biomarkers evaluated in relation to fibrogenesis

Indirect markers (do not reflect extracellular matrix
metabolism)

Aminotransferases and yGT

Prothrombin time

Platelets

Apolipoproteins

Cytokines involved in inflammation and fibrogenesis
TGF-B

TGF-a

1L-10

IL-2

IL-2 receptor

1L-12

Vascular endothelial growth factor

Leptin

Direct markers of ECM-remodeling and other markers
Procollagen peptides I and III

Type IV, VI, XIV collagen

Laminin

Tenascin

Fibronectin

Matrix metalloproteinase

Tissue inhibitor of metalloproteinases
YKL-40 (Chondrex; human cartilage protein)
Hyaluronic acid

Vitronectin

Source: Adapted from [50]
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Table 28.5 Selection of clinical fibrosis scores and indices based on indirect markers of liver fibrosis

Score/index Calculation

APRI index [67]
(10°/L)

Fibrotest [11]

AST level (/ULN) x 100 divided by platelets

4.467 x log [o, macroglobulin (g/L)] - 1.357 x
log [haptoglobin (g/L)] + 1.017 x log [yGT
(IU/L)] + 0.281 x [age (years)] + 1.737 x log

Interpretation

Index > 1.5: marked fibrosis (Ishak > 3)
Index < 0.5: exclusion of marked fibrosis (Ishak < 3)

Score = 0.60-1.00: marked fibrosis (METAVIR F2,
F3, F4)
Score = 0-0.10: exclusion of marked fibrosis

[bilirubin (umol/L)] — 1.184 [apolipoprotein A1
(g/L)] + 0.301 x [gender (O for female; 1 for

male) — 5.540]

Forns index [18]

0.014 x (cholesterol [mg/dL])

Pohl score [51] AST/ALT (U/L) and platelet number/uL.

Fibro index [35]

7.811 —3.131 x log (platelet count [10°/L]) +
0.781 x log (yGT [IU/L]) + 3.467 x log (age) —

1.738 — 0.064 (platelets [x 10%/mm?]) + 0.005
(AST [IU/L]) + 0.463 (gamma globulin [g/dL])

Index > 6.9: marked fibrosis (Scheuer stage 3, 4;
METAVIR F3, F4)
Index < 4.21: exclusion of marked fibrosis

AST/ALT > 1 and platelets < 150,000/uL: marked
fibrosis (METAVIR F3, F4)

AST/ALT < 1 and platelets > 150,000/uL: exclusion
of marked fibrosis

Index < 1.25: no or mild fibrosis (FO, F1)
Index > 2.25: marked fibrosis (F2, F3)

*APRI aspartate aminotransferase-to-platelet ratio index

The major strength of the APRI is the exclusion of significant HCV-related fibrosis [64]

ULN upper limit of normal

increased pathophysiologic understanding of fibro-
sis and the characterization of numerous molecular
components of fibrogenesis has defined the ECM-
components and growth factors in serum that are asso-
ciated with liver fibrosis [55, 62]. Tables 28.4 and 28.5
summarize selected biomarkers and scores evaluated
in relation to fibrogenesis. Table 28.6 summarizes
direct markers of fibrosis, i.e. of substances that are
involved in ECM remodeling. Searching for reliable
serum biomarkers of liver fibrosis has led to the exam-
ination of numerous potential factors, but no single
substance can claim to be a marker of fibrogenesis.
Clinical validation of candidate markers causes seri-
ous problems. The proteins and peptides measured are
heterogeneous and their occurrence is not restricted to
the liver, i.e. they are neither specific for fibrosis nor
for the liver. Since fibrosis usually progresses over
many years, examination of serial serum samples of a
large number of patients, correlating them with serial
liver biopsies would ideally be necessary, in order to
validate the clinical significance of biomarkers for
liver fibrosis. For obvious reasons this goal can hardly
be achieved.

Therefore, currently panels of parameters are deter-
mined and mathematical “fibrosis-indices” are gener-
ated in the hope to describe reliably the fibrogenic
process. Since nearly all of these indices were

developed in patients with chronic hepatitic B and C,
in alcoholic liver disease and in nonalcoholic fatty liver
disease they will be discussed in the respective clinical
chapters (Chapters 63, 88 and 89). Despite all efforts,
their clinical impact still is limited.

Therapeutic Approaches

Untreated, progressive liver fibrosis leads to cirrhosis
with its sequelae and ultimately to a reduced survival
of the patient. Thus, the development of effective
antifibrotic therapies in chronic liver diseases is of
utmost clinical importance. There are convincing
data from animal experiments and clinical observa-
tions in humans that liver fibrosis may potentially
resolve. Iron depletion by venesection in genetic
hemochromatosis, successful abstinence from alco-
hol in alcoholic liver disease, and biliary drainage in
bile duct stenosis may lead to regression of hepatic
fibrosis [16, 26]. Successful antiviral therapy of
chronic hepatitic B and C leads to histologic improve-
ments of fibrosis as does antiinflammatory and immu-
nosuppressive therapy of autoimmune hepatitis [13,
54, 58, 63]. In these examples it is not the fibrotic
process itself, but rather the underlying disease that is
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Table 28.6 Direct serum biomarkers of fibrosis®

Marker

Procollagen type II1
aminoterminal peptide

Type IV collagen

Type VI collagen
Type XIV collagen

Laminin

Tenascin

Hyaluronic acid

Matrix metalloproteinases

Tissue inhibitors of
metalloproteinases

Transforming growth factor-$1

Serum protein profiling

Comment
Procollagen type III aminoterminal peptide (PIIINP) is the most widely studied serum

biomarker of fibrogenesis. Extracellular PIIINP is cleaved by a specific N-propeptidase
from collagen type III molecule. Only a collagen type III molecule that has been
processed in this way enables further growth of collagen fibrils. The release of PIIINP
is therefore thought to correlate with the synthesis and deposition of fibrillary
collagen. However, the significance of PIIINP in serum is curtailed by several factors.
At least four molecular species of PIIINP are found in serum. Increased serum levels
may also be caused by degradation of collagen fibrils. Serum levels of PIIINP do not
only depend on its release from the fibrotic liver, but are also determined by its
clearance from the sinusoidal blood by receptor-mediated endocytosis. Serum levels of
PIIINP are significantly influenced by sinusoidal endothelial cell function. Thus, the
sensitivity of PIIINP serum concentration in relation to hepatic fibrogenesis seems to
be rather low.

Type IV procollagen is the major structural protein of hepatic basement membranes. Its

C- and N-terminal propeptides, as well as its central triple helix can be measured in
serum. Together with laminin, a noncollagenous basement membrane protein,
increased serum levels of type IV procollagen apparently reflect increased turnover of
basement membranes. In pilot studies serum levels correlated with the stage of fibrosis
and the degree of portal hypertension.

Increased serum levels of proteolytically released fragments of type VI collagen poten-

tially may help in differentiating between mild and severe hepatic fibrosis.

Serum levels of type XIV collagen are increased already in the early stages of chronic

liver diseases. However they do not discriminate between the various stages of fibrosis.

Laminin is synthesized by hepatic stellate cells and deposited in the basement membranes

in the liver. Serum levels of laminin are elevated particularly in patients with alcoholic
liver disease and correlate with the severity of fibrosis and inflammatory activity [36].
For unknown reasons, in chronic hepatitis C serum levels of laminin are not always
associated with the stage of fibrosis.

Tenascin is expressed exclusively by proliferating connective tissues and in the perisinu-

soidal space.

Hyaluronic acid is ubiquitous and is taken up by sinusoidal endothelial cells via receptor

mediated endocytosis. Thus it can be regarded as a marker of liver perfusion and
endothelial cell function. In this context serum levels of hyaluronic acid correlate with
fibrosis and necroinflammatory activity in chronic liver disease. However, they are not
direct markers of fibrogenesis.

Theoretically, matrix metalloproteinases would be ideal candidates for evaluating matrix

degradation. However, their utility in clinical practice is not established, since their
serum concentration depends on many regulatory factors still incompletely
understood.

In chronic hepatitis C serum levels of tissue inhibitor of metalloproteinase-1 and 2 seem to

be correlated with the stage of fibrosis and the grade of inflammation. These findings,
however, lack specificity.

TGF-B1 is a central regulator of fibrogenesis. In patients with liver fibrosis elevated serum

levels of TGF-B1 may be present. However, TGF-$1 is involved in many biological
processes, and the changes in its serum concentration are neither specific for fibrogen-
esis nor do they correlate with the stage of fibrosis.

Serum proteomic and glycomic fingerprinting is a promising diagnostic approach, in order

to identify features predictive of fibrosis.

This high through DNA sequencer based technique can measure serum protein expression,

protein-protein or protein—glycan interactions, and enzymatic activity. Pilot studies
with proteomics and protein glycomics (measuring N-glycan profiles) yield encourag-
ing results demonstrating a correlation with METAVIR stage and other serum
biomarkers of fibrosis [10, 53]. However, the technology is still evolving and not yet
ready to be applied in clinical practice.

“Despite intensive research their clinical relevance still is small
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Table 28.7 Substances that have been used in patients with chronic liver disease or in an experimental setting aiming at reducing

fibrogenesis

Substance Comment

Corticosteroids

Colchicine

Ursodeoxycholic
acid

Pentoxifylline

Simvastatin
Sulfasalazine

Prostaglandins
Proline analogs

Silymarin

Endothelin A
receptor
inhibitors

Interferons

Prolyl hydroxylase
inhibitors

Anti-transforming
growth factor-8
Vitamin E

Cannabinoids

Adiponectin

Leptin

Thiazolidinediones

Gene therapy

Corticosteroids inhibit collagen synthesis. However, they also suppress the expression of MMPs and TIMPs
by as yet unknown mechanisms. The administration of corticosteroids solely with the intent to treat
fibrosis is not warranted. In autoimmune hepatitis corticosteroids inhibit the inflammatory reaction,
thereby reducing fibrogenesis [63]. They have no net effect on matrix synthesis by HSC. Their
antifibrotic effects in chronic inflammatory liver diseases stem from their antiinflammatory actions.

Colchicine has many in vitro antifibrotic effects. It inhibits collagen synthesis and the polymerization of
microtubuli, thereby inhibiting the efflux of collagen fibrils into the extracellular space. Colchicine
can also stimulate the activities of MMPs. In addition, by inhibiting lipid peroxidation and reducing
inflammatory reactions it exerts indirect antifibrotic effects. Despite these data, the clinical utility of
colchicine as an antifibrotic agent in chronic liver diseases is not documented.

Ursodeoxycholic acid (UDCA) is ascribed with many hepatoprotective effects, among others the
stabilization of membranes. UDCA does not have a direct antifibrotic effect on the liver. The
reported slowing of progression of liver fibrosis in patients with primary biliary cirrhosis is probably
due, if anything, to a reduction in biliary inflammation.

This derivative of methylxanthine inhibits in vitro the PDGF-mediated stimulation of fibroblast
proliferation. It downregulates type I procollagen mRNA in the fibrotic liver, but has the opposite
effect on the profibrogenic TIMP-1 mRNA. Therefore its overall antifibrotic effect is small. In
addition pentoxifylline has antioxidative effects, thereby impacting fibrogenesis negatively.

This lipid lowering inhibitor of HMG-CoA-reductase inhibits in vitro the cytokine- and serum-induced
proliferation of HSC.

Sulfasalazine is an inhibitor of kB-kinase suppressor, and induces apoptosis of activated rat and human
HSC [45]. In chronic human liver diseases its effects are not documented.

Prostaglandin E2 in animal experiments inhibits the expression of collagens, fibronectin and TGF-f.

Proline analogs can be integrated into the nascent collagen molecule, thus impairing further collagen
synthesis.

Silymarin, with its active component silibinin, has antifibrotic effects. Its clinical use, however, is not
established.

Inhibitors of endothelin A receptors can be administered orally and inhibit the deposition of collagen in
the liver.

Interferons have antifibrotic effects and can inhibit HSC-activation. Interestingly, in chronic viral
hepatitis, interferon seems to exert its antifibrotic actions independent from its antiviral effects [12].

Prolyl hydroxylase is essential for the formation of stable collagen triple helices. Therefore this enzyme
represents an important target of antifibrotic therapy. HOE 77 and safironil are competitive inhibitors
of prolyl hydroxylase. Both substances can inhibit HSC-activation in vitro.

TGEF-f is a key regulator of fibrogenesis. In animal studies, antibodies directed against TGF-f3 or
TGF-soluble receptor inhibited hepatic fibrosis [69].

Antioxidative substances, including Vitamin E, so far have not shown clinically convincing antifibrotic
effects.

Cannabinoid receptors CB2 are highly upregulated in the cirrhotic liver, predominantly in hepatic
myofibroblasts and activated HSC. Their activation triggers antifibrogenic effects, namely, growth
inhibition and apoptosis [32]. Thus selective agonists of CB2 receptors have the potential to become
antifibrotic drugs.

This peptide is produced by adipocytes and reduces proliferation and migration of activated HSC as well
as TGF-B1-induced collagen synthesis. These antifibrogenic characteristics have not been confirmed
yet in man by pharmacological agonists of adiponectin receptors.

This adipocyte-derived hormone is profibrogenic and is produced by activated hepatic myofibroblasts
during injury-induced fibrogenesis. Liver fibrogenesis is reduced in leptin deficient mice. Thus,
antagonists of leptin receptors are potential candidates as antifibrotic agents.

Thiazolidinediones inhibit the main fibrogenic properties of activated HSC via PPARy-dependent and
independent mechanisms. They decrease fibrosis progression in several experimental models in vitro
and in vivo, suggesting that these compounds may represent a promising approach for the treatment
of liver fibrosis [24].

Genetic therapeutic approaches are still in their infancy. An extrahepatic human neutrophil collagenase
complementary DNA (matrix metalloprotease-8) cloned in an adenovirus vector ameliorated fibrosis
in experimental rat liver cirrhosis [65]. Treatment of mice with an adenovirus encoding adiponectin
reduced liver fibrogenesis [33]. Clinically relevant results in humans are currently not available.
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treated, with fibrolysis occurring as a desired second-
ary event.

Characterization of molecular mechanisms of liver
fibrogenesis and resolution has paved the way for
novel approaches to therapeutic interventions based
on direct interference with major pro- and antifibro-
genic pathways. The goals of antifibrotic therapy may
be achieved by

* Reducing fibrogenesis and/or
e Stimulating matrix degradation

In addition to eliminating the causative injury, fibro-
genesis can be reduced by inhibiting or downregulat-
ing HSC activation or by antagonizing profibrogenic
factors. Itis well known that activated HSC can become
quiescent cells again, although the exact mechanisms
involved in this process are poorly understood. Acti-
vated HSC synthesize IL-10 that has antiinflammatory
and antifbrotic activity. IL-10 may limit autocrine sig-
naling of the formation of new extracellular matrix via
negative feedback [43] Hepatocyte growth factor has
also a deactivating effect on HSC.

The selective depletion of HSC and the induction
of HSC apoptosis are highly interesting potential
therapeutic approaches (Fig. 28.4). The contact
between HSC and ECM is a fundamental precondi-
tion for fibrogenesis. Loosening this contact acts as a
potent proapoptotic signal. Thus matrix degradation
may induce HSC apoptosis. Apoptosis of HSC is asso-
ciated with diminished expression of TIMP-1.
Blockade of macrophage infiltration inhibits activa-
tion of HSC and leads to suppression of liver fibro-
genesis [29].

Enhanced matrix degradation can be achieved by
increasing the activity of MMPs or by diminishing that
of TIMPs.

In the past years a large number of candidate drugs
have been validated in animal and cell culture studies,
and clinical trials are currently underway. However,
proof of effectiveness is still lacking in humans.
One major difficulty is specific drug targeting to
liver fibrogenic cells. To circumvent these problems,
attempts are being made to link antifibrotic drugs
to carriers that selectively bind to receptors specifi-
cally expressed and upregulated in liver fibrogenic
cells [39]. Table 28.7 summarizes substances that
have been used in patients with chronic liver disease
or in experimental situations aiming at reducing
fibrogenesis.
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PAS Periodic Acid-Schiff

PBC Primary biliary cirrhosis

PSC Primary sclerosing cholangitits
RAI Rejection activity index

SSS Semiquantitative Scoring System

To achieve optimal histological interpretation of a liver
biopsy specimen, several technical prerequisites from
the clinical and the pathological side are required. Since
there is a direct correlation between the size of the
biopsy cylinder and the portal tracts included, the length
of the biopsy should be at least 15mm (diameter
>1.2mm), which generally guarantees at least ten inter-
pretable portal tracts [16]. Fixation should be achieved
immediately using adequate fixatives (e.g. 4% buffered
formaldehyde solution). Additionally, all relevant clini-
cal information and questions as well as serological
parameters should be communicated, preferentially
using standardized forms. It is recommended that liver
biopsy assessment is completed on the basis of at least
eight consecutive slices stained by appropriate methods
(e.g. H & E, connective tissue stains [such as modified
Gomori’s stain], Prussian blue iron stain, and PAS, pref-
erentially after diastase-digestion) [73]. Finally, liver
biopsy interpretation requires a systematic evaluation of
the various structures within the specimen (portal tracts,
liver acinus, hepatic veins). If these prerequisites are
fulfilled, liver biopsy represents the gold standard for
the assessment of chronic liver disease [62].

Liver biopsy in chronic liver disease serves several
purposes: establishment of a diagnosis, assessment of
histological activity, evaluation of tissue architecture,
clues to etiology and conflicting morbidity, as well as
monitoring of therapy. Since liver biopsy, despite tech-
nical improvements, is not without risk for the patient,
its indication must be justified in the proper clinical
context [61]. Thus, the information obtained following
liver biopsy should have an impact on the therapeutic
decision [31].

Histopathological scoring systems have been devel-
oped for many entities including chronic hepatitis, fatty
liver disease, chronic biliary diseases, iron-storage dis-
eases, drug-induced liver damage (e.g. methotrexate-
induced damage), as well as rejection in liver transplant
pathology. The degree of architectural distortion and
fibrosis (staging) is an important integrative denomina-
tor for disease progression, reversibility of liver damage,
and functional hepatic reserve. Thus, disease staging is
an especially important histological criterion to estimate
prognosis and therapeutic options or indications. During

the last several years, many non-invasive tests have been
introduced for the assessment of liver fibrosis, but until
now all have failed to adequately differentiate early
fibrotic stages [13, 51, 69]. Patients with earlier, but
progressive fibrotic remodeling have an especially
high need to be treated, and, therefore, liver biopsy is
unsurpassed in its staging potential [22]. Nevertheless,
the quantitative assessment of liver biopsy parameters
is not without caveats. Generally, the subcapsular liver
parenchyma shows more severe fibrotic changes com-
pared to the central portion of the liver, which implies
that the subcapsular 0.5cm are not representative of
disease stage. Therefore, a proper length of the biopsy
cylinder (=1.5cm), as mentioned earlier, is important
for representative staging, which should be based on
adequate connective tissue stains [6]. The use of an
additional reticulin staining component facilitates the
analysis of the hepatic architecture and its distortion.

Additionally, the degree of the inflammatory activ-
ity (grading) is evaluated in chronic hepatitis. Of note,
the grade of inflammation may vary over time and thus
the inflammatory activity in a single biopsy represents
only a “snapshot”. Nevertheless, disease activity in
chronic hepatitis, which does not necessarily correlate
with serum enzyme concentrations, is the main deter-
minant of disease progression and thus adds important
information regarding prognosis and the urgency to
treat [40].

Chronic Hepatitis

Whereas acute hepatitis is characterized qualitatively by
primary acinar liver damage, chronic hepatitis by defi-
nition shows a predominance of portal inflammation.
Interface hepatitis (in older terminology: piecemeal
necrosis), acinar inflammation, and portal or septal
fibrosis are frequent but optional features (see Chapters
25 and 28). In adults, chronic hepatitis is primarily typed
according to the underlying etiology (Fig. 29.1) [19].
Thus, infections (HBV £ HDV, HCV), drugs and toxins,
autoimmunity, metabolic, and inherited diseases, and so-
called “cryptogenic” origins are differentiated.

Grading and Staging of Chronic Hepatitis

The degree of necroinflammation (grading) may vary
considerably inter-individually as well as during the
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Fig. 29.1 The etiology of chronic hepatitis: (a) Chronic hepati-
tis B showing numerous ground-glass hepatocytes. (b) Formation
of portal lymph follicles typically seen in chronic hepatitis C. (¢)
Autoimmune hepatitis with marked interface hepatitis, plasma

course of chronic hepatitis in a given patient. Thus, the
inflammatory activity seen in a liver biopsy specimen
only represents a short-term picture that may even
show some focal differences [76]. Nevertheless,
inflammatory activity, especially the degree of inter-
face hepatitis, has a high predictive value with respect
to disease progression [28]. Several grading systems
have been proposed to evaluate the degree of necroin-
flammatory activity; however, although grading itself is
widely accepted, no uniform consensus for a certain
system has yet been achieved. These include the scoring
systems according Desmet et al., Batts and Ludwig, and
the modified histological activity index (Table 29.1),
which represents a further development of the so-
called Knodell’s score as well as the METAVIR score
[5,7,19, 39, 44]. Desmet’s score (Table 29.1, Fig. 29.2)
is descriptive in terms of inflammatory activity and
distinguishes four grades (minimal, mild, moderate,

cell-rich portal infiltrate and pseudogland formation of peripor-
tal hepatocytes. (d) Drug-induced chronic hepatitis with sparse
portal inflammatory infiltrate and intermingled eosinophils

severe = grades 1 to 4). Like the METAVIR score it has
a good inter- and intra-observer reproducibility, a
broad applicability, and — importantly — it can be
derived from the more complex mHAI score [30].
Chronic hepatitis with minimal inflammatory activity
(grade 1), in particular, shows mild portal infiltration,
minimal acinar inflammation, and no interface hepati-
tis. Mild chronic hepatitis (grade 2) shows a more
severe portal inflammation with focal interface hepati-
tis and single liver cell necrosis. In moderate chronic
hepatitis (grade 3), moderate to severe portal inflam-
mation with confluent interface hepatitis is seen.
Additionally, group cell necroses without bridging
may be observed. In severe chronic hepatitis (grade 4),
there may be bridging or panacinar necrosis in addition
to the features mentioned above. The use of the mHAI
score, which is more complex and separately evaluates
interface activity (none, focal, continuous, percentage
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Table 29.1 Grading and staging of chronic viral hepatitis

Grading according to Desmet & Scheuer [19]

Grade

Verbal

mHAI-Score  Histological features

Minimal

Mild

Moderate

severe

1-3 Mild portal inflammation,
none or minimal acinar
inflammation/ few single
cell necrosis, no interface
hepatitis

Mild to moderate portal
inflammation, focal
interface hepatitis, some
single cell necrosis, no
confluent necrosis

48

9-12 Moderate to severe
portal inflammation,
confluent interface
hepatitis, multiple single
cell necrosis, some
confluent necrosis, no
bridging or panacinar
necrosis

Severe portal inflammation
and interface hepatitis,
severe acinar inflammation
including confluent,
bridging and panacinar
necrosis

13-18

Ishak’s modified histological activity index (mHAT) [39]

Interface hepatitis

Confluent necroses

Single cell necroses

Portal inflammation

A LWND—=O W A LOND—=O WO —=O

AW~ O

None

Focal, few portal tracts

Focal, majority of portal tracts
Continuous < 50% of portal tracts
Continuous < 50% of portal tracts

None

Focal

Few zone 3-necrosis

Multiple zone 3-necrosis

Zone 3- and few portocentral
bridging necrosis

Zone 3- and multiple portocentral
bridging necrosis

Panacinar/multiacinar necrosis

None

1 focus/MPF (objective 10x)

2-4 foci/MPF

5-10 foci/MPF

> 10 foci/MPF (objective
10x)

None

Mild, few or all portal tracts
Moderate, few or all portal tracts
Moderate, all portal tracts
Severe, all portal tracts

METAVIR-grading [7]

Interface hepatitis ~ Acinar inflammatory foci  Score
0 0 A=0
0 1 A=

1 0,1

0,1 2 A=2
2 0,1

2 2 A=3
3 0,1,2

Interface hepatitis: 0 = no, 1 = mild, 2 = moderate, 3 = severe
Acinar necrosis: 0 = no, 1 = mild, 2 = moderate, 3 = severe

Semiquantitative Severity Score [14]

Score Verbal Histological features Criterium Score Verbal
0 No fibrosis No portal fibrosis Central vein 0 Normal or absence of vein (cirrhosis)
1 Mild fibrosis ~ Enlarged portal tracts without septa 1 Moderately thickened (stellate aspect of
2 Moderate Incomplete portoportal septa, vein wall)
fibrosis preserved architecture 2 Markedly thickened wall (annular aspect
3 Severe fibrosis  Portal fibrosis with septa and architetural of vein wall with numerous fibrous
distortion (differences in central extensions between hepatocytes)
vein — portal tract distances, Perisinusoidal 0 Normal
no evidence of complete cirrhotic remodeling fibrosis
4 Cirrhosis Probable or definite cirrhotic remodeling 1 Localised fibrosis
2 Diftuse fibrosis
Portal tract 0 Normal
1 Enlarged without septa
2 Enlarged with septa
3 Cirrhosis
. Number of septa 0 None
METAVIR-staging [7] 1 2 el
Stage Histological feature 2 > 6 septa/10mm
FO No portal fibrosis 3 Nodular organisation
F1 Portal fibrosis without septa Width of septa 0 Thin and/or incomplete
F2 Portal fibrosis with few septa 1 Thick and loose connective matrix
F3 Portal fibrosis with numerous septa, no cirrhosis 2 Very thick and dense connective matrix
F4 Cirrhosis 3 >2/3 biopsy area
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Fig. 29.2 Grading of chronic hepatitis: (a) Chronic hepatitis C
with minimal inflammatory activity (grade 1) showing portal
lymphocytic aggregates and an intact limiting plate towards the
acinar parenchyma. Additionally, there is minimal macrovesicu-
lar steatosis. (b) In this case of chronic HB V-infection the portal
tract is expanded by a comparably dense mononuclear inflam-
matory infiltrate showing focal interface activity (grade 2).

of portal tracts), confluent necroses (none, perivenular,
panacinar), single cell necroses, and density of the por-
tal inflammatory infiltrate, is more precise, but is less
practical to use in diagnostic routine compared to
Desmet’s scoring system. In contrast, the mHAI as the
most detailed score is ideal for evaluation in clinical
trials. The METAVIR score, which exhibits good
reproducibility, has only been evaluated for chronic
HCYV infection and lacks exact definitions with respect
to the single criteria applied. The density of the portal
inflammatory infiltrate, which is a hallmark of chronic
hepatitis, is neither reflected by the METAVIR score,
nor by the scoring system according to Batts and
Ludwig [5, 7]. Both scoring systems, in contrast
to Desmet’s score, have the drawback of some

Additionally, there are some acinar single cell necroses. (c¢)
Chronic hepatitis C showing a moderately dense portal inflam-
matory infiltrates, confluent interface activity and numerous
cytolytic as well as some small group necroses within the acinar
parenchyma (grade 3). (d) Chronic hepatitis with severe conflu-
ent interface hepatitis (grade 4)

inconsistency in creating cases of chronic hepatitis
with no activity. Furthermore the specific relevance of
the shows septa formation infiltrates for disease pro-
gression has not been thoroughly evaluated.

The evaluation of fibrosis and architectural distortion
(staging) represents the most important histological
criterion in terms of prognosis, therapeutic decision,
and urgency to treat [49]. As in grading, several sys-
tems have been proposed for the staging of chronic
hepatitis [5, 6, 19, 39]. The Desmet score (Table 29.1,
Fig. 29.3), which was developed on the basis of Scheuer’s
score, distinguishes five separate descriptive stages
(none, mild, moderate, severe fibrosis, and cirrhosis)
[71]. The advantages of this system include its ease of
use, clear definitions, and comparably small intra- and
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Fig.29.3 Staging of chronic hepatitis (modified Gomori’s stain):
(a) Fibrotic expansion of the portal tract in this case of chronic
hepatitis C (stage 1). (b) Portal fibrosis and septa formation (stage
2). (c) Portal and septal fibrosis leading to incomplete pseudolob-

inter-observer variability [30]. Mild fibrosis (stage 1)
shows enlargement of the shows septa formation tracts due
to collagen deposition. Stage 2 additionally shows septa
formation with preservation of the hepatic architec-
ture. In stage 3, architectural distortion is evident as
determined by the loss of hepatic venules and/or reduced
porto-central distances. The distortion of the hepatic
architecture by blood vessel carrying porto-central
septa leads to a bypass of the liver parenchyma, which
negatively influences the hepatic function. Finally, cir-
rhosis (stage 4) is determined by the formation of com-
plete pseudolobules. Other staging systems (e.g.
METAVIR, Batts and Ludwig) are comparable, but are
not defined as precisely as Desmet’s score. Scoring
according to Ishak et al. differentiates seven stages and
additionally separates fibrosis of some and of most por-
tal tracts as well as a stage of incomplete cirrhosis, which
does not provide additional information of diagnostic

uli and architectural distortion (stage 3). (d) Fragmented biopsy
cylinder showing complete pseudolobuli. Note the rounded shape
of the fragments indicative of cirrhotic remodelling (stage 4)

relevance compared to the five stages in Desmet’s score.
Of note, progressive fibrosis stages are not well-differ-
entiated by Desmet’s score, which is a disadvantage of
all qualitative scoring systems introduced thus far.
Because antiviral therapy may lead to the regression of
liver fibrosis, the use of the semiquantitative fibrosis
score according to Chevallier et al. (Table 29.1) is
recommended for clinical therapeutic trials [4, 14].

Autoimmune Hepatitis

Autoimmune hepatitis is regarded as a clinical syn-
drome defined by the combination of several clinical,
serological, and histological features. Thus, a scoring
system in which liver pathology represents a signifi-
cant component has been developed that considers all
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of these aspects (Table 29.2A, Fig. 29.1c¢) [2]. The cor-
rect typing of autoimmune hepatitis is of major clinical
importance since this type of hepatitis usually rapidly
progresses to cirrhosis if not treated immediately with
immunosuppressive medication.

Recently, the International Autoimmune Hepatitis
Group reached a consensus on simplified criteria for
the diagnosis of AIH (Table 29.2B) [34a]. The histo-
logical demonstration of hepatitis is considered a pre-
requisite for application of this score. In contrast to
previous scoring systems (Table 29.2A), which con-
sidered many individual histological features, the
updated system defines three histological categories
for grading of histology: atypical histology, histology
compatible with AIH, and typical histology. Typical
AIH histology is defined as lymphocytic/lymphoplas-
mocytic portal infiltrates with interface hepatitis,
emperipolesis, and hepatic pseudorosette formation.
To be considered typical, each of the three features of
typical AIH histology has to be present. Compatible
features are a picture of chronic hepatitis with lympho-
cytic infiltration without all the features considered
typical. Histology is considered atypical when show-
ing signs of other diseases, such as steatohepatitis.

Drug-Induced Liver Damage

Drug- and toxin-induced liver disease can produce all
forms of acute, chronic, vascular and neoplastic liver
diseases [41]. Scoring in drug-induced hepatitis is
mainly limited to methotrexate toxicity [65]. The likeli-
hood of methotrexate-induced liver damage in suscep-
tible individuals is directly correlated with the duration
of therapy and inversely correlated with the length of
the interval between the doses [66]. Histological
changes seen in methotrexate-induced liver damage are
steatosis, ballooning degeneration, liver cell necrosis,
prominence of hepatic stellate cells, (perisinusoidal)
fibrosis and, finally, cirrhosis. Thus, the changes resem-
ble those of alcoholic or non-alcoholic steatohepatitis.
Portal inflammation is usually moderate and consists of
lymphocytes, macrophages, and neutrophils [57].
Notably, conditions leading to fatty liver disease (e.g.
chronic alcohol abuse, obesity, type 2 diabetes mellitus)
have been shown to increase the likelihood of metho-
trexate-induced hepatotoxicity [56]. The frequency and
interval of liver biopsies to survey methotrexate toxicity
is based on the cumulative drug dose administered.

Classification of methotrexate toxicity is performed
using the score described by Roenigk et al. (Table 29.3),
which allows consistency in the evaluation of liver
damage and prognosis [64].

Fatty Liver Disease/Steatohepatitis

Cytoplasmic fat accumulation is one of the most fre-
quent pathological features seen in liver biopsies. The
most common etiologies include chronic alcohol
abuse, obesity, diabetes mellitus type 2 (metabolic syn-
drome), malnutrition, and a number of drugs and tox-
ins. Additionally, hepatic steatosis can be observed in
chronic hepatitis C (notably genotypes 2 and 3).
Histologically, microvesicular, macrovesicular (displace-
ment of the nucleus by a large fat droplet), and mixed-
type steatosis can be differentiated. Intracellular fat
accumulation may be focal, zonally restricted (frequently
perivenular), or diffuse. Additionally, lipogranulomas,
probably resulting from the rupture of fat-laden hepato-
cytes, can be observed. When significant necroinflam-
mation is causally related to steatosis, the condition is
named steatohepatitis. The factors determining the pro-
gression from simple steatosis to steatohepatitis with
consecutive fibrosis are complex and not well under-
stood, but seem to involve oxidative stress and lipid per-
oxidation (see Chapter 89). The histological features of
steatohepatitis include: hepatocellular ballooning apop-
tosis, necrosis with neutrophilic infiltration, and the
development of perisinusoidal and, preferentially, in the
case of chronic alcohol-induced liver damage, perive-
nular fibrosis (Fig. 29.4). Alcoholic and non-alcoholic
liver disease (diabetes mellitus, obesity, drugs) cannot
be distinguished on morphological grounds alone,
although the inflammatory lesions in NAFLD tend to be
less severe and Mallory-Denk bodies tend to be absent
or smaller [21, 43]. In contrast, so-called glycogenated
nuclei are more prevalent in NAFLD (inset Fig. 29.4b).
Nevertheless, there are some features observed in alco-
holic steatohepatitis that have not yet been described in
non-alcoholic fatty liver disease. These include scleros-
ing hyaline necrosis, cholangiolitis, and acute cholesta-
sis. Sclerosing hyaline necrosis is characterized by
extensive perivenular necrosis and consecutive fibrous
tissue deposition, which may result in the occlusion of
hepatic venules [23].

Since scoring systems are etiology-dependent, their
application in steatohepatitis depends on the adequate
communication of the relevant clinical and serological
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Table 29.2A Classical scoring system for the diagnosis of autoimmune hepatitis (Modified from [2])

Category Factor Score Category Factor Score
Gender Female +2 AMA Positive -4
AP to AST or ALT ratio <15 +2 Viral markers Positive -3
1.5-3.0 0 Negative +3
>3.0 -2
y-globulin or IgG >2.0 +3 Drugs Yes -4
above normal No +1
1.5t0 2.0 +2 Alcohol < 25 g/day +2
1.0to 1.5 +1 >> 60 g/day —2
<1.0 0
ANA, SMA or LKM > 1:80 3 Treatment response Complete +2
1:80 2 Relapse +3
1:40 1
< 1:40 0
Other liver-defined Anti-SLA/LP, anti-actin, +2 Histological features Interface hepatitis +3
antibodies anti-LC1, pANCA Plasma cells +1
Rosettes +1
None of above )
Biliary changes -3
Other features -3

Pretreatment sum score: > 15 definite diagnosis, 10—15 probable diagnosis
Posttreatment sum score: > 17 definite diagnosis, 12—17 probable diagnosis

Table 29.2B Revised scoring system for ekl Cutoff Points
the diagnosis of autoimmune hepatitis
(Modif%ed from [34a]) ’ ANA or SMA 21:40 1
ANA or SMA >1:80
or LKM >1:40 2
or SLA positive
1gG >upper normal limit 1
>1.1 times upper normal limit 2
Liver histology Compatible with AIH 1
Typical 2
Abesence of viral hepatitis ~ Yes 2

>6: probable AIH
>7: definite AIH

*Addition of points achieved for all autoantibodies (maximum, 2 points)

Table 29.3 Classification of hepatic methotrexate toxicity (According to [65])

Histologic features

Nuclear polymorphism Fibrosis Necroinflammation
I = e 0 + portal
II ++ - +++ ++ - +++ 0 ++ - +++ portal
IIIa e £ Septal £
IIIb + + SRR e
v nr nr Cirrhosis nr

+ = none or mild, + = present; ++ = moderate; +++ = severe, nr = not relevant



Fatty Liver Disease/Steatohepatitis

Fig.29.4 Fatty liver disease/steatohepatitis: (a) Severe alcoholic
s