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Leading article - Hepatology series

Liver cell death: patterns and mechanisms

This review discusses the causes and mechanisms of hepato-
cyte cell death in normal and diseased states, and briefly
describes the responses ofthe liver to the inflicted damage. In
tissues such as the epidermis and gastrointestinal mucosa,
cells proliferate, differentiate, and die in a highly ordered and
predictable fashion.' In these tissues, cells destined for
terminal differentiation proceed through a short series of cell
divisions to amplify their numbers, before permanently
decycling from the proliferative cell cycle and migrating into
an anatomically distinct differentiated compartment, which
heralds their imminent demise. Such a tissue hierarchy is a
feature of the so called continually renewing tissues such as
gut, epidermis, and bone marrow, while liver with its almost
negligible rate of cell proliferation has traditionally been
classified as a conditionally renewing population - a popula-
tion of essentially proliferatively quiescent cells, which
nevertheless retains the ability to re-enter the proliferative cell
cycle after a stimulus such as cell damage. The wisdom,
however, of placing the liver in the conditionally renewal
category has recently been challenged by Zajicek et al.2
Though the proportion of rat hepatocytes labelled at one
hour after a single injection of tritiated thymidine will be
small (<1%), they could plot the distribution of these
labelled cells as a function of the distance between the edge of
the portal space and the terminal hepatic venous radicles> At
one hour after injection, labelled hepatocytes were situated,
on average, 266 [im downstream from a terminal portal tract,
but if rats were left for five weeks after injection it was
claimed that the labelled cells were now on average 313 [im
away from a terminal portal tract. Thus it was concluded that
liver cells streamed, travelling at a speed of about 1 cell
position/5 weeks as they migrated from the periportal area
towards the terminal hepatic veins. At the end of their travels
it was envisaged that senescent (terminally differentiated)
hepatocytes undergo apoptosis and are phagocytosed by
neighbouring cells: a failure of this process to keep pace with
anabolic steroid induced hyperplasia has been invoked to
explain the accumulation of hepatocytes between the endo-
thelium and supporting collagen fibres of the hepatic veins.3
Hard evidence for the apoptosis ofperivenular hepatocytes as
a crucial component in the maintenance of the steady state in
a hepatic renewal system is still lacking, and the depiction of
such a renewal system as being like 'the spokes of a wheel'
(the hepatic plates) down which hepatocytes migrate is
something of an oversimplification given the honeycomb
arrangement of the hepatic muralium.4

If in normal adulthood hepatic cell death is not a promi-
nent feature, then likewise it is not a significant factor in

human liver morphogenesis. Substantial cell death is part
and parcel of normal embryonic development,5 yet the
human liver arising as an outgrowth of endodermal epithe-
lium from the primitive foregut, is conspicuous -for its
lack of overt cell death during morphogenesis.

Cell death: necrosis and apoptosis
In 1980, Wytlie et a16 proposed a new classification of cell
death based on morphological criteria, which separated the
degradative reactions that occur after cell death resulting
from generally severe perturbations (necrosis), from a gene
directed programme of cell death (apoptosis) caused by both
physiological and pathological conditions. Generally speak-
ing, necrosis follows from severe environmental trauma,
which either directly damages the plasma membrane (com-
plement induced cytolysis) or interferes with the generation
of energy by blocking the synthesis of ATP (anoxia,
ischaemia). As a consequence, energy dependent ion pump-
ing mechanisms are impaired causing various ions to move
down their concentration gradients across the plasma mem-
brane; notably an entry of sodium and calcium and a loss of
potassium. These ion movements result in a loss of plasma
membrane volume control, causing an influx ofwater into the
cell (cell and organelle oedema, formerly called hydropic
degeneration), manifest as acute cell swelling or 'cell balloon-
ing' (Fig 1). Initially such changes are reversible, but
prevailing adverse conditions send the cell on a downward
spiral particularly with the sustained increased concentra-
tions of cytosolic calcium causing disruption of the
cytoskeleton and activating membrane located degradative
phospholipases and proteases.7 Together with a switch to
anaerobic glycolysis, a decrease in intracellular pH, and a
reduction of macromolecular synthesis, the affected cell dies
with the accompanying rupture of organelles and the plasma
membrane, manifest by light microscopy as coagulative
necrosis (Fig 2). On the other hand, apoptosis (apo'-pto'-sis:
Greek 'dropping off', as leaves from trees),8 is not a passive
phenomenon but is gene directed, usually requiring ongoing
protein synthesis. Apoptosis is not new to liver pathology,
but terms such as 'shrinkage niecrosis', 'acidophil bodies',
and 'Councilman bodies' have undoubtedly been used to
describe what the modern histopathologist would regard as
apoptotic hepatocytes. The apoptotic cell death pathway has
been conserved through much of evolution,9 and though the
activation of a non-lysosomal endonuclease, which cleaves
double stranded DNA into oligonucleosome length frag-
ments is considered a key event in many apoptotic cells,'0
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Figure 1: An admixture ofballooning and small acidophilic (apoptotic)
(arrows) hepatocytes in the perivenular area caused by paracetamol.

degradation of chromatin at- a higher level of organisation
may be a more proximate event."
Viewed by light microscopy, the difference between

apoptotic cell death and necrosis is not always apparent.
The large lakes of centrilobulbar necrosis caused by the
archetypal hepatotoxin carbon tetrachloride (CC14) present
no problem in recognition (Fig 2), but when cell death occurs
discretely, affecting single cells (Fig 1), how do we know if it
is single cell necrosis or apoptosis? In the classic in vitro
model of apoptosis in which thymocytes from young rats are
exposed to glucocorticoids, large numbers of apoptotic cells
can be harvested, and the 'ladder pattern' of degraded DNA
products can be readily shown.'0 To isolate apoptotic hepa-
tocytes from an intact liver, and in sufficient numbers for
DNA analysis would be a difficult task. The most practicable
and reliable way of unequivocally distinguishing between
apoptosis and necrosis is by transmission electron micro-
scopy. Cell blebbing and organelle disruption are features of

Q..,;'t',>4

Figure 2: Centrilobular coagulative necrosis (N) surrounded by a cuffof
ballooned hepatocytes (A) and (B) cytochrome P450 immunoreactivity
located in the same area.

Figure 3: Electron micrographs illustrating how apoptotic bodies can be
phagocytosed by both hepatocytes (A) and (B) Kupffer cells after cyproterone
acetate treatment hadfinished.

necrotic cells,'2 while cell condensation and fragmentation
into a number of membrane bound, 'apoptotic bodies',
initially containing well preserved organelles and often,
condensed chromatin, are hallmarks of apoptotic cell death
(Fig 3). A not uncommon finding is the apparent coincidence
ofcell ballooning and shrunken dead cells, which, if the latter
were found alone, we would assume to be apoptotic hepa-
tocytes (Fig 1). Cell ballooning is a forerunner of necrosis, so
in response to the same stimulus do some cells succumb to
necrosis while others choose an apoptotic cell death? Much
effort is being spent on developing a histological 'marker' of
apoptosis, and Fesus et all3'4 describe how tissue trans-
glutaminase activity is enhanced in hepatocytes in vitro, such
activity can be detected immunohistochemically using an
antihuman tissue transglutaminase antibody.
Very recently the task of identifying isolated apoptotic

cells has been made easier by the development of a technique
in which tissue sections are incubated with an appropriately
labelled nucleotide triphosphate in the presence of DNA

Figure 4: Widespread diffuse apoptosis caused by galactosamine, which can
be readily visualised by in situ end labelling (arrows).
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Figure 5: Viral hepatitis can cause both apoptosis (arrows) (A) and (B)
centrilobular confluent coagulative necrosis (N).

polymerase in situ end labelling.'5 1 The technique relies on
the presence ofDNA strand breaks in apoptotic cells, and the
labelled DNA is identified immunohistochemically (Fig 4).
Staining, however, is not limited to apoptotic cells, as
necrotic cells may have DNA fragmented by lysosomal
enzymes, but the value of the technique lies in the ease of
spotting single apoptotic cells. Ofcourse, despite advances in
our knowledge of cell death, certain pathological phenomena
will still be couched in archaic terminology. Thus, the piece-
meal necrosis characteristic of chronic active hepatitis will
still be called necrosis despite the fact that hepatocyte
apoptosis is actually what is being induced by lymphocyte
attack.

Immunologically mediated hepatocyte injury
This type of injury results from cytotoxic lymphocytes
attacking antigens exposed on the surface of cells in the liver,
and would include diseases such as acute hepatitis (viral and

Figure 6: Piecemeal necrosis in a case ofchronic active hepatitis in which
lymphocytes are seen in close association with hepatocytes and individual cells
die by apoptosis (arrows).

Figure 7: Periportal survival (asterisk) and centrilobular/mid zonal necrosis
and congestion are pathognomonic ofveno-occlusive disease.

drug induced), chronic active hepatitis, primary biliary
cirrhosis, and possibly alcoholic liver disease."'- Viral
infections of the liver may result from hepatotropic viruses
(the hepatitis viruses) or to viruses that affect many organs
including the liver. The fundamental lesion of acute viral
hepatitis is so called spotty (focal) necrosis whereby the
affected hepatocytes show increased acidophilia and become
shrunken and fragmented (Fig 5A). These, the Councilman
bodies first described in yellow fever are undoubtedly
apoptotic hepatocytes. Cell ballooning can also occur leading
to necrosis, which can affect groups of hepatocytes to form
areas of confluent necrosis often perivenular in location (Fig
5B). Confluent necrosis, which links vascular structures is
known as bridging necrosis.'8 Bridging at the periphery of
complex acini links terminal hepatic venules to each other
('central-central' bridging), while necrosis linking terminal
hepatic venules to portal tracts ('central-portal' bridging) can
be thought of as necrosis of Rappaport zone 3 of the simple
acinus. Examination of the reticulin pattern will show areas
of lobular architecture collapse, a good indicator of the
extent of uncompensated hepatocyte necrosis.
Though virally induced acidophilic hepatocytes are

distinctly smaller than ballooned hepatocytes, some may be
larger than normal hepatocytes, a finding that has lead
Scheuer2" to suggest that in this instance the ballooned
hepatocyte is a forerunner of the apoptotic hepatocyte. This
is, of course, somewhat contradictory to the accepted dogma
that significant cell swelling precedes necrosis! Chronic
active (aggressive) hepatitis can result from a number of
causes, but commonly there is portal and periportal inflam-
mation with erosion of the limiting plate by piecemeal
necrosis. This may be defined as a chronic inflammatory
destruction of single or small groups of liver cells (hence
piecemeal) at a mesenchymal/parenchymal interface (peri-

Figure 8: Foci ofcoagulative necrosis (N) are commonly seen in the thick
trabeculae ofhepatocellular carcinoma.
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portal or periseptal), associated with a lymphohistiocytic
infiltrate.'8 A close association (peripolesis) between the
membranes of clustered lymphocytes/macrophages and
hepatocytes (Fig 6) is the hallmark of piecemeal necrosis,
though the degenerative hepatocytes are probably apoptotic.
Not necessarily all virally induced hepatocyte injury is
immune mediated, viruses may be intrinsically cytotoxic, for
example, hepatitis D virus.2' Virally infected hepatocytes
may also be very sensitive to the lethal effects ofinflammatory
cytokines.22 Many non-hepatitis viruses can cause an

admixture of confluent necrosis and apoptosis and include
herpes viruses, yellow fever (arbovirus), Lassa fever (arena
virus), and Marburg virus disease.

Certain drugs can also lead to a liver picture mimicking
viral hepatitis, often with an intermediate metabolite acting
as a hapten, combining with a normal membrane antigen,
rendering it antigenic. Sensitised lymphocytes are produced
and, on re-exposure a delayed hypersensitivity reaction
ensues and hepatocyte necrosis occurs. Drugs in this
category include probably phenytoin, chlorpromazine, and
,-aminosalicyclic acid. The anaesthetic drug halothane pro-
duces liver damage rarely and unpredictably, but it is more
common in subjects who have had multiple exposures, and
the damage can be very severe with perivenular and mid
zonal necrosis. Halothane is bioactivated by the cytochrome
P450 mono-oxygenase system, and antibodies against tri-
fluoroacetylated liver membranes are found in patients with
severe halothane associated hepatitis.

Direct liver injury
Many hepatotoxic chemicals can be classified as either type I
(their effects are predictable, dose dependent, occur in most
subjects, readily reproducible in animals), or type II, where
the reactions are not predictable, only seen after extensive
screening, and can rarely if at all be reproduced in experi-
mental animals.23 Hepatotoxic compounds can be further
divided into direct hepatotoxins (for example, CC14), which
primarily injure the structural basis of hepatic metabolism,
and indirect hepatotoxins (for example, paracetamol and
galactosamine), which interfere with a specific metabolic
pathway; thus structural injury is secondary to the metabolic
lesion. Furthermore most intrinsic hepatotoxins cause zonal
cell death, most commonly in zone 3 where this reflects the
concentration of the enzyme system responsible for the con-

version of the agent to its hepatotoxic metabolite. For
example, CC14 is a well known hepatotoxic solvent whose
toxicity crucially depends orn a cytochrome P450 dependent
mono-oxygenase, which is located in the smooth endo-
plasmic reticulum ofperivenular hepatocytes (Fig 2B). A free
radical (CC13¶) may be responsible for the peroxidation of
microsomal lipids leading to structural damage, though this
may be secondary to the cells suffering from 'oxidative stress'
whereby glutathione is overwhelmingly oxidised to its
disulphide and glutathione is not available to act as a

reductant in the metabolism of free radicals.724 Paracetamol
is a widely used analgesic, which is hepatotoxic at high dose,
again producing centrilobular necrosis because it is oxidised
to its toxic metabolite NABQI by the cytochrome P450
system; NABQI may exert much of its cytotoxicity through
covalent binding to proteins.24 Zonal necrosis is also caused
by allyl alcohol, but here a highly reactive aldehyde (acrolein)
is largely produced by periportal hepatocytes resulting in
their death. Thioacetamide causes centrilobular necrosis in

the rat liver25 but very acutely (within three hours) some

hepatocytes may undergo apoptosis. Galactosamine de-
presses the uracil nucleotide-dependent biosynthesis of
macromolecules, and causes diffuse cell death (probably
apoptosis, see Fig 4) throughout the liver parenchyma. The
degree of injury is very much dose dependent, and so

galactosamine is widely used in models of fulminant hepatic
failure.
The ability of the liver to replace lost cells through liver

regeneration is well recognised, and in young adult rats at
least, all hepatocytes have the potential to re-enter the cell
cycle.2627 On the other hand, if hepatocyte regeneration is in
some way impaired, then comparatively undifferentiated
cells emerge from the portal space and take over the burden
of regenerative growth. These potential stem cells are called
oval cells28 and are seen in chronically damaged human
liver,29 in galactosamine poisoned rats,30 and when hepa-
tocyte regeneration is prevented by the presence of cytotoxic
carcinogens.3' Thus even in cases of severe liver injury, the
liver is quite capable of healing itself through either the
proliferation of hepatocytes or oval cells. When the injury
occurs chronically, however, irrespective of the aetiology,
then an inappropriate healing response may occur leading to
fibrosis and ultimately cirrhosis. A substantial proportion of
patients treated long term with methotrexate for psoriasis
develop cirrhosis32 but, of course, the commonest cause of
cirrhosis in Europe and the USA is longterm alcohol abuse.
Ethanol is oxidised in the liver to acetaldehyde and acetate,
and the earliest and most common pathological manifestation
is alcoholic steatosis (fatty change), which can occur through-
out the liver but which is often predominantly in zone 3.
This leads to alcoholic hepatitiswith ballooning degeneration,
liver cell necrosis, and an influx ofinflammatory cells into the
affected area.

Reversal of hyperplasia
A wide range of drugs and environmental pollutants induce
hyperplasia or hypertrophy ofhepatocytes, or both, at least in
rats. This growth can be purely 'additive' in that it is not
preceded (initiated) by a necrogenic event. Once the stimulus
for hyperplasia has been removed, however, the liver rapidly
reverts to its normal size. In almost all cases this is achieved
by an increased incidence of apoptosis, and this occurs in rat
livers after lead nitrate injection33 or cyproterone acetate
treatment.34 In the second case, cells that do not participate in
the induced hyperplasia seem to be selectively deleted,35 and
transforming growth factor is believed to have a role in the
elimination process.36 The apoptotic cells can be phago-
cytosed by neighbouring hepatocytes or Kupffer cells (Fig
3). Apoptosis also occurs in livers deprived of portal blood.37

Vascular causes
The hepatic venous occlusion in Budd-Chiari's syndrome
usually affects the large hepatic veins or the intrahepatic
portion of the inferior vena cava. In contrast, veno-occlusive
disease affects small terminal hepatic venules, but the
appearance of the affected area is similar with centrilobular
and mid zonal necrosis and congestion, with hepatocyte
survival restricted to the area immediately adjacent to the
portal rim (Fig 7). In some cases veno-occlusive disease
has an iatrogenic aetiology (irradiation, azathioprine,
6-thioguanine). Infarction is rare, presumably because of the
dual blood supply, but circulatory shock leads to perivenular
necrosis (so called hypoperfusion lesion).

Preneoplastic lesions and liver tumours
There is no doubt that many carcinogens, particularly the
nitrosamines, cause both apoptosis and necrosis, predomi-
nantly in the centrilobular region.3839 In some experimental
models of liver carcinogenesis this induced necrosis is pivotal
to the generation of dysplastic foci, as regeneration is
initiated at the time of carcinogen exposure.' Increased rates
of apoptosis are often found in these foci,4' and indeed some
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tumour promoters seem to stimulate the growth of these foci
by preventing apoptosis.42 As in other carcinomas, one can
find apoptosis and necrosis in hepatocellular carcinomas and
cholangiocarcinomas, often finding small lakes of necrosis in
thick trabeculae (Fig 8).
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