2 7 Mechanisms of Acute Liver Failure
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KEY POINTS

e Acute liver failure is characterized by the sudden onset
of liver failure in a patient without evidence of chronic
liver disease.

e Four different mechanisms are mainly responsible: (1)
Infectious (mostly viral), (2) drugs/toxins/chemicals, (3)
cardiovascular, and (4) metabolic may trigger acute liver
failure

e Viral hepatitis is one of the main causes of acute liver
failure. Hepatitis B and non-A/non-C hepatitis are the
most frequent forms.

* Suicidal acetaminophen ingestion is the most frequent
cause of drug-induced liver failure.

e Three factors determine the prognosis of liver failure:
(1) the metabolic consequences resulting from liver
failure, (2) the release of mediators and toxic metabolites,
and (3) the capacity of the remaining hepatocytes to restore
liver mass.

¢ Clinically, two phases can be differentiated: the mechanisms
that trigger liver failure and the clinical manifestations
determining the outcome.

e Cerebral edema, infections, and renal failure are important
clinical complications limiting the survival of the patients.

* Ammonia levels can be used for risk stratification in
patients with acute liver failure and subsequent hepatic
encephalopathy.

e Mild hypothermia might improve the outcome of patients
with acute liver failure by reducting of intracranial pres-
sure and improving disturbed autoregulation in cerebral
blood flow.

* Cytokines are involved in the pathogenesis of acute liver
failure as well as in controlling the balance between survival
and proliferation of hepatocytes.

INTRODUCTION

Acute liver failure is characterized by the sudden onset of
liver failure in a patient without evidence of chronic liver
disease. This definition is important, as it differentiates patients
with acute liver failure from patients who suffer from liver failure
owing to end-stage chronic liver disease.
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Clinically, patients present with severe liver failure (icterus
and coagulation failure) and hepatic encephalopathy. The time
between the first symptoms and the manifestation of hepatic
encephalopathy has been shown to be crucial for the prognosis
of these patients. Therefore several groups have included in their
definition the time frame between the onset of symptoms and
the start of encephalopathy. The most recent definition uses the
term acute liver failure (ALF) as an umbrella and differentiates
between three subgroups: hyperacute, acute, and subacute
(Table 1). The time between first symptoms and encephalopathy
in hyperacute ALF is 7 d, in acute ALF it is 8 to 28 d and in
subacute ALF it is 5 to 26 wk (1,2).

MECHANISMS OF DISEASE

Different causes may result in ALF. In principal four different
classes can be differentiated: (1) infectious (mostly viral), (2)
drugs/toxins/chemicals, (3) cardiovascular, and (4) metabolic
(3) (Table 2).

There are obvious differences in the mechanisms that initially
trigger liver failure. However, at the time of clinical presentation,
in most cases a common final stage has been reached in ALF
patients. At this stage, three main factors seem important in
determining prognosis: (1) the metabolic consequences resulting
from the loss of liver cell mass, (2) the release of mediators
and toxic metabolites from liver tissue, and (3) the capacity of
the remaining vital hepatocytes to restore liver mass (2,4).

Therefore in terms of the mechanisms that are important
during ALF, two different phases of acute liver failure can be
differentiated: the mechanisms that initially trigger liver
failure and those that eventually determine outcome. (Of course
this a somewhat artificial differentiation.) In the following
discussion, the mechanisms/etiology leading to acute liver
failure will be explored first and then the clinical factors
influencing outcome.

ETIOLOGY
INFECTIOUS CAUSES

Viruses in particular are an essential cause of ALF and,
depending on the geographical region, can comprise between
30 and 70% of all forms of ALF (2—4).

Hepatitis A Virus Only 0.1 to 0.4% of all infections
with the hepatitis A virus (HAV) result in ALF. The proportion
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Table 1
Subgroups of Acute Liver Failure

Time between first symptoms
and start of encephalopathy

Hyperacute <7d
Acute 8-28d
Subacute 5-26 wk

Table 2
Causes of Acute Liver Failure

Infectious (viral)
Hepatitis A
Hepatitis B
Hepatitis C
Hepatitis D
Hepatitis E
Hepatitis non-A/non-B
Rare causes
Herpes simplex virus
Herpes virus type 6
Varicellavirus
Cytomegalovirus
Epstein-Barr virus
Togavirus
Paramyxovirus
Parainfluenzavirus
Drugs/toxins/chemicals
Acetaminophen
Amanita phalloides
Halothane
Isoniazid
Sodium valoprotate
Tetracycline
Nonsteroidal anti-inflammatory
drugs (NSAIDs)
Pirprofen
Ketocanazole
Cardiovascular
Budd-Chiari syndrome
Hypotension (circulatory shock)
Heart failure (e.g., right ventricular)
Hyperthermia
Malignant tumors
Venoocclusive disease
Portal vein thrombosis
Sepsis
Metabolic
Wilson’s disease
Reye’s syndrome
Acute fatty liver of pregnancy (AFLP)
Hemolysis, elevated liver enzymes,
low platelet count (HELLP) syndrome
Galactosemia
Hereditary fructose intolerance
Hereditary tyrosinemia

of patients with ALF is higher in older than in younger
patients. This is of relevance, as over the last decades in
Western countries HAV infection has occurred more frequently

in older patients, and thus the risk of ALF is increased in this
population (5,6).

The pathogenesis of HAV-related ALF is not completely
understood. Current studies indicate that a combination of a
direct cytopathic effect of the virus and immune-mediated
mechanisms results in liver destruction.

Hepatitis B Virus The risk of acute liver failure of all
patients who are hospitalized because of an acute hepatitis B
virus (HBV) infection is around 1% (7). Thus HBV —
depending on the geographical region—is one of the leading
causes of ALF.

In general, the virus itself is not cytopathic, but the immune
response directed against the virus is essential (8). There are
reports that certain viral strains with specific mutations might
be important for the occurrence of ALF. However, these reports
are mainly from specific cohorts and up to now have had no
general implication for HBV-related ALF (9,10).

Frequently at the time of hospitalization the viral load is
already decreasing while transaminases are still rising. This
may reflect the possibility that different factors contribute to
the elimination of the virus. Recent experiments indicate that
cytokines —namely, interferon (IFN)—are operating through a
noncytopathic mechanism to eliminate the HBV genome in
hepatocytes, whereas at a later stage T cells infiltrate the liver
and destroy hepatocytes (/7). Therefore activation of HBV-
specific T cells is essential to determine the degree of hepatic
injury during ALF.

In the case of HBV/hepatitis D virus (HDV) coinfection,
the risk of ALF is increased (/2). The exact mechanisms that
lead to more pronounced liver failure have not been defined.

Hepatitis C Virus The risk of ALF through hepatitis C
Virus (HCV) is low (2). In Japan in particular cases of HCV-
related ALF have been documented (/3). As there are only a
few reports in the literature, the pathogenesis of HCV-related
ALF is incompletely understood. However, there is evidence
that elimination of HCV-specific T cells is associated with
chronic HCV infection (/4). This indicates that the HCV-specific
immune response is involved during acute infection and thus
is most likely also the determining factor during ALF.

Hepatitis E Virus Acute liver failure owing to hepatitis E
Virus (HEV) infection is seldom seen in Western countries.
Epidemic outbreaks are known in developing countries including
patients with ALF. Pregnant women in particular have a high
risk of ALF (up to 20%) (15). The mechanisms operating in
these patients have not yet been studied. Therefore there is no
clear hypothesis in the literature, and it is only speculative
to draw parallels with HAV.

Rare Cases of Viral Hepatitis In rare cases, different
systemic virus infections can present as ALF owing to a pre-
dominant manifestation in the liver. These are the herpes simplex
virus, herpes virus type 6, cytomegalovirus, varicella-virus, and
Epstein-Barr virus. A few cases have also been described in
which an infection with the toga-, paramyxo-, or parainfluen-
zavirus was documented.

Non-A/Non-B Hepatitis ALF cases often have the
characteristics of viral hepatitis. However, in these cases none



CHAPTER 27 / MECHANISMS OF ACUTE LIVER FAILURE 351

of the known viruses can be diagnosed, and thus these forms
have been classified as non-A/non-B hepatitis (2). Non-A/non-B
hepatitis is frequently associated with subacute liver failure
that has a lower chance of liver restitution.

DRUGS/TOXINS/CHEMICALS  Several drugs, chemicals,
and toxins can lead to ALF (Table 2), by either direct toxicity or
idiosyncratic drug reaction. The most frequent examples are
discussed in this review.

Acetaminophen Acetaminophen (Paracetamol, Tylenol)
is the most frequent drug leading to ALF. In adults, only higher
doses (in general more than 10-12 g) are dangerous, and in
most cases, acetaminophen was taken in a suicide attempt.
Patients who consume alcohol chronically may be more sus-
ceptible induced to acetaminophen, cytochrome P450 has been
induced in their liver.

The pathogenesis of acetaminophen injucy is related to the
formation of toxic metabolites through the cytochrome P450
enzymes, especially cytochrome P450 2E1 (16,17). These
toxic metabolites are normally conjugated and inactivated
through glutathione. However, when glutathione stores are
depleted, these toxic metabolites accumulate and result in
hepatocyte injury.

A recently published study shows that the measurement of
serum acetaminophen—protein adducts can reliably identify
acetaminophen toxicity in cases of ALF in which no clinical or
historical data are given that would reveal the cause (78).

Mushroom (Amanita) Poisoning Mushroom poisoning,
mainly through the species Amanita phalloides, frequently leads
to ALF, especially in the Fall. Amanatoxin and phalloidin are the
two distinct toxins produced by mushrooms. Phalloidin is not
absorbed in the gastrointestinal tract, and the toxic effect of
amanatoxin is through inhibition of RNA polymerase II (3,19).

Halothane Halothane is the prototype of an idiosyncratic
drug reaction that (less frequently) can also be found after
anesthesia with other members of the same family. In general,
halothane-related ALF is only found after the second exposure to
the drug. Halothane hepatitis is a paradigm for immune-mediated
adverse drug reactions. The mechanism appears to be related to
development of sensitization to both autoantigens (including
CYP2D6) and halothane-altered liver cell determinants (20).
Specific antibodies are involved in hepatic injury. These antibodies
can only be determined in specialized laboratories.

CARDIOVASCULAR DISORDERS

Cardiovascular diseases can lead to ALF either by ischemia
or by impaired blood flow leaving the liver. Examples of ischemic
events are hypotension or heart failure. Stasis of blood flow in
the liver may occur owing to malignant tumors, venoocclusive
disease, or Budd-Chiari syndrome.

Budd-Chiari Syndrome  Classically, Budd-Chiari syndrome
is characterized by a symptomatic occlusion of the hepatic
veins and is more frequently found in females (2/). Depending
on the progression of the disease, Budd-Chiari syndrome may
result in ALF when sudden closing of all three main liver veins
occurs. Typically, acute Budd-Chiari syndrome presents with
ascites, abdominal pain, jaundice, and hepatomegaly (22).

Budd-Chiari syndrome is frequently associated with primary
myeloproliferative disorders, a factor V Leiden mutation, anti-
cardiolipin antibodies, and protein C and S deficiencies that
increase the risk of thrombotic complications (2/-23). In general,
the course of disease in Budd-Chiari syndrome leads to liver
transplantation. Transjugular portosystemic stent shunt (TIPSS)
or percutaneous transjugular direct portocaval shunt, in patients
with inaccessible hepatic veins, seem to be therapeutic options to
decrease the portal pressure gradient, improve synthetic functions,
reduce transaminase levels, and control ascites (24,25).

METABOLIC CAUSES

Different metabolic disorders may present as ALF, for
example, Reye’s syndrome, which is more common in children;
its frequency has declined over the last decades. Also, during
pregnancy acute fatty liver of pregnancy (AFLP) or the
hemolysis, elevated liver enzymes, and low platelet count
(HELLP) syndrome may develop.

Wilson’s Disease Wilson’s disease is an autosomal
recessive genetic disorder. The gene is a copper-transporting
P-type ATPase involved in copper transport across cell
membranes, with over 200 known mutations in the Wilson
gene, although its precise location and function is not known
(26,27). In general, patients with ALF owing to Wilson’s
disease present with only moderately elevated aminotransferases.
The patients frequently already have liver cirrhosis and there-
fore do not fall under the real definition of ALF. However,
many of the patients were healthy before onset of the disease
and therefore are treated like patients with ALF (28).

There is evidence that elevated copper levels are directly
toxic for the cell and involve CD95-mediated apoptosis (29).
The current hypothesis postulates that excess copper generates
free radicals that deplete cellular stores of glutathione and
oxidize lipids, enzymes and cytoskeletal proteins.

MECHANISMS OF ORGAN FAILURE

As a consequence of ALF, multiorgan failure develops
rapidly (Fig. 1). Different factors contribute to multiorgan
failure. Frequent problems that occur during this process are
cerebral edema and encephalopathy, an impairment of the
immune response with a higher rate of infections, coagulation
disorders, and cardiovascular and kidney failure; pulmonary
and metabolic complications also develop.

ENCEPHALOPATHY AND CEREBRAL EDEMA

Hepatic encephalopathy is essential for the diagnosis of
ALF, it has four different grades, I to IV. (Table 3). In 75 to
80% of the patients in stage IV, cerebral edema develops
independent of the cause of ALF.

The precise pathophysiological mechanisms that lead to
hepatic encephalopathy are incompletely understood. However,
current studies indicate that the cause is a deficit in neurotrans-
mission rather than a primary deficit in cerebral energy
metabolism. Therefore the astrocytes, and the pre- and postsy-
naptic neurons contribute to the clinical picture (Fig. 2). In
contrast, only astrocytes undergo swelling during ALF, and
thus determine the degree of cerebral edema (30,31).
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Fig. 1. Mechanisms that contribute to multiorgan failure during
acute liver failure.

Table 3
Stages of Acute Hepatic Encephalopathy

Stage Mental state

Mild confusion, slurred speech,
slowness of mentation, disordered
sleep rhythm, euphoria/depression

Accentuation of stage I; drowsy but
speaking; inappropriate
behavior, incontinence

I: prodrome

II: impending coma

III: stupor Sleeps most of the time but rousable;
incoherent or no speech; marked
confusion

IV: coma Patient may (stage IVA) or may not

(stage IVB) respond to painful
stimuli

Modified from ref. 44.

Several factors are discussed in the literature that contribute
to hepatic encephalopathy, but ammonia (with a consequent
dysregulation of the glutamate neurotransmitter system) seems
especially relevant for the development of hepatic encephalo-
pathy and cerebral edema.

Arterial ammonia levels at presentation are predictive of
outcome in patients with ALF. Patients with encephalopathy
grade III and IV show significantly higher serum ammonia
levels than patients with lower grade encephalopathy. Possibly
patients with advanced cerebral dysfunction can be determined
by a serum ammonia cutoff value of 124 umol/L or more.
Ammonia levels can be used for risk stratification (32).

Ammonia has direct effects on cerebral function by direct
and indirect mechanisms (Table 4). There is clear evidence
that arterial ammonia concentrations directly correlate with
cerebral edema and thus herniation (33). Experimental evidence
also demonstrates that physiological ammonia concentrations

Table 4
Effects of Ammonia on Brain Function

Electrophysiological effects of the ammonium ion
Effects on the inhibitory postsynaptic potential
Effects on glutamatergic neurotransmission
Effects on brain energy metabolism
Inhibition of a-ketoglutarate dehydrogenase
Effects on astrocyte function
Decreased expression of the glutamate transporter GLT-1
Increased expression of “peripheral-type” benzodiazepine
receptors
Alzheimer type II astrocytosis
Effects on the glutamate neurotransmitter system
Direct postsynaptic effects
Impaired neuron-astrocytic trafficking of glutamate
Inhibition of glutamate uptake
Altered glutamate receptors
Effects mediated by formation of glutamine in brain
Cytotoxic brain edema
Increased uptake of aromatic amino acids
Other effects
Stimulation of L-arginine uptake and neuronal nitric oxide
synthase (nNOS) expression

Data from ref. 31.

alone result in astrocyte swelling. Most likely a metabolite of
ammonia rather than ammonia itself is the important mediator
of astrocyte swelling. Additionally, higher glutamine concentra-
tions are a consequence during this process, and they accelerate
cerebral edema (30,31).

Higher ammonia concentrations have a direct effect on the
glutamate neurotransmitter system. Glutamate is the major
excitatory neurotransmitter in the mammalian brain (Fig. 2).
After release at the presynaptic neuron, glutamate binds to
glutamate receptors on the postsynaptic neuron (NMDA) or
on both the postsynaptic neuron and astrocytes (AMPA/KA).
Additionally, glutamate transporters on astrocytes (GLT-1 and
GLAST) and neurons (EAACI) limit the expression of gluta-
mate in the neuronal cleft. After uptake of glutamate in
astrocytes via GLT-1, it is transformed into glutamine.
Ammonia downregulates GLT-1 expression on astrocytes, and
this results in higher and prolonged extracellular glutamate
concentrations in patients with ALF. Additionally, there is evi-
dence that the glutamate receptors are differentially expressed
during ALF and thus dysregulation of the glutamate system is
one of the important determinants for hepatic encephalopathy
during ALF (30,31).

Other neurotransmitters that contribute to hepatic encepha-
lopathy are GABA, serotonin, and the opioid system.

A few uncontrolled studies (34-36) show a protective
effect of mild hypothermia in ALF and cerebral edema. Hypo-
thermia (32-35°C) can be safely and easily applied. The risk
of complications (arrhythmias, myocardial ischemia, infections,
coagulopathy) increases with the degree and duration of
hypothermia, mainly with body temperatures below 32°C.
Hypothermia reduces intracranial pressure and reestablishes
disturbed autoregulation of cerebral blood flow. Some studies
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Fig. 2. The role of glutamate/glutamine in the brain. Shown are the localizations of the glutamate transporter (GLT-1) and glutamate receptor
subtypes (NMDA, AMPA/KA, METAB) on astrocytes and neurons involved in glutamatergic neurotransmission. Glu, glutamate. (Modified

from ref. 31.)

suggest that hypothermia can reduce the extent of liver injury
in ALF (37), in contrast, hypothermia might also lead to
impaired liver regeneration. Further research and controlled
clinical studies are required to clarify the significance of
hypothermia in ALF.

CARDIOVASCULAR DYSFUNCTION

Patients with ALF are characterized by hypotension and
tachycardia. The basis for this observation is vasodilation in the
periphery that results in relative hypovolemia, hypotension, and
high output failure. Factors that contribute to this regulation are
capillary leakage, low osmotic pressure, and sepsis.

Some patients with ALF may suffer from hypertension.
This problem may arise especially in patients with hepatic
encephalopathy grade IV and typically occurs when cerebral
edema is evolving.

INFECTION

Infection and thus sepsis is a major problem in patients with
ALF. Patients with a long stay in the ICU have a very high risk
in particular, and this may actually be the ultimate reason for
death (38). Studies from the King’s Collage Hospital group
clearly indicated that monitoring by daily cultures (sputum,
urine, blood) identifies bacteria in up to 90% and fungal
infections in around 30% of these patients (39,40). Frequently
the classical signs (fever, leukocytosis, biochemical parameters
like C-reactive protein and procalcitonin) in patients with ALF
are not directly correlated with infection or are absent. The
sites of the body with the most common infections are the lung,
urinary tract, and blood (Fig. 3). If antibiotic or antifungal
treatment is necessary in these patients, the potential for further
liver injury caused by antibiotic drugs should be considered.

Besides the increased risk of patients being managed in an
ICU, additional factors contribute to the higher risk of infections
in patients with ALF, namely, defects in the immunological
defense mechanisms (complement, Kupffer cell function,

polymorphonuclear cell function, cell-mediated immune
response). The liver is the main source of complement (e.g.,
C3 and C5) production. As a consequence of lower comple-
ment levels, activity of polymorphonuclear leukocytes and
complement-mediated opsonization is reduced. Therefore
phagocytosis and killing of polymorphonuclear cells is inhib-
ited in ALF patients. Through the portal circulation bacterial
toxins are regularly brought to the liver tissue that are cleared
by the resident Kupffer cells of the liver. In ALF there is a cor-
relation between hepatic damage and Kupffer cell dysfunction.
Additionally, Kupffer cells are a major source of cytokines,
and their dysregulation also contributes to the impaired
immune response. Defective lymphocyte function has been
attributed to impaired interleukin-2 (IL-2) production in these
patients. Thus the defect in immune response can be explained
on different levels of the immune system (3,39).

PULMONARY COMPLICATIONS

Pulmonary complications are frequent (4/). Different
mechanisms contribute to this observation. Up to 50% of the
patients have infections, especially after intubation and subse-
quent mechanical ventilation (Fig. 3) (42). The possible
consequent capillary leakage can result in an ARDS-like
syndrome that is further augmented by the often required infusion
of albumin, fresh-frozen plasma, and coagulation factors.

Besides these local mechanisms systemic causes, as a result
of liver failure, also lead to intrapulmonary vasodilation and
pulmonary edema, which further increase the risk of hypoxic
complications (43).

RENAL FAILURE

Renal failure with oligo- and anuria is found in 40 to 50%
of patients with ALF (44,45). In acetaminophen and Amanita
poisoning, a direct toxic effect additionally contributes to
kidney failure. Therefore, in these patients the rate of kidney
failure is increased to 70%.
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Fig. 3. Sites of infections during acute liver failure. (from ref. 39.)

The association of liver failure and kidney failure is functional
and is known as the hepatorenal syndrome. The syndrome is
characterized by contraction of the vessels with distinctively
reduced renal perfusion. At this stage the kidney impairment is
completely reversible. In the further course of the disease, at a
more advanced stage, hepatorenal syndrome may progress to
tubulus necrosis, which is not reversible (44).

Additional severe complications in patients with hepatorenal
syndrome such as long periods of hypotension or sepsis have a
fatal effect on kidney function and significantly reduce the
prognosis of patients with fulminant hepatic failure.

METABOLIC COMPLICATIONS

The liver is essential for several metabolic functions. Two
particular problems are frequent in patients with ALF: hypo-
glycemia and acid-base disturbances.

Different mechanisms lead to hypoglycemia during ALF.
The damaged liver loses its capacity to mobilize glycogen
stores and to perform gluconeogenesis. Additionally, the liver
is the major site of insulin metabolism, and the consequently
reduced disintegration of insulin results in elevated insulin
serum levels. All three mechanisms contribute to hypoglycemia,
and this may also aggravate mental status. In terms of treatment,
it might be important to differentiate between hypoglycemia
and hepatic encephalopathy as possible causes for disturbed
mental status at certain stages.

Both acidosis and alkalosis may be present. Metabolic
alkalosis is most frequent, as urea synthesis in the liver is
impaired, which results in the accumulation of the two precursor
substrates bicarbonate and ammonium. Alkalosis is associated
with hypokalemia, which is further aggravated by high sodium
reabsorption in patients with ALF.

Acidosis is found in up to 30% of patients with acetamino-
phen-dependent ALF. In patients with a different etiology
acidosis is evident in only 5%. In which lactate acidosis is
present because of tissue hypoxia owing to a disturbed micro-
circulation and the inability of the injured liver tissue to
metabolize lactate.

COAGULATION DISORDERS
Because of the central role of the liver in coagulation and
thrombolysis, severe coagulation disorders are a major problem

in ALF. As a result of reduced coagulation factors and a deficit
of inhibitors of fibrinolysis, the hemostasis situation in ALF is
complex (46,47).

Factors I, I, V, VII, IX, and X are synthesized in the liver.
Therefore prothrombin time is a useful parameter—besides
the measurement of single factors—to assess the lack of pro-
duction of coagulation factors. An additional factor that
may contribute to the decrease in blood coagulation factors
is disseminated intravasal coagulation (DIC), which may be
associated with sepsis during ALF.

Antithrombin IIT (AT-III) is also synthesized in the liver and
is thus reduced. The decrease in AT-III concentration further
contributes to coagulation problems.

The number of blood platelets is frequently decreased, and
additionally the function and morphology of blood platelets
are impaired. Together, these changes result in adhesion
abnormalities, leading to decreased aggregation and increased
adhesion.

DYSREGULATION OF THE CYTOKINE NETWORK
IN ACUTE LIVER FAILURE

In recent years it has become obvious that there is a dysregu-
lation of cytokine expression during ALF in humans. For
example, it has been shown that mediators of the acute phase
response —IL-6 and tumor necrosis factor (TNF)—are strongly
elevated in the liver and serum of ALF patients. The meaning
of this observation becomes more evident through the devel-
opment of animal models where by the role of each molecule
can be more clearly defined. As there is evidence that several
cytokines might be involved in the pathogenesis of ALF, all
the different aspects can not be covered in this review. We
found here on two cytokines, TNF and IL-6 and review recent
data in this field.

IL-6/GP130-DEPENDENT SIGNALS

IL-6 interacts on the cell surface with the IL-6 receptor
(gp80). This complex associates with two gp130 molecules,
which results in activation of Janus kinases and in turn in phos-
phorylation of tyrosines at the intracellular part of gp130. After
tyrosine phosphorylation, the ras/map kinase pathways and
transcription factors Statl and-3 become activated (Fig. 4)
(48). In hepatocytes, IL-6 is one of the main inducers of the
acute-phase response, and in recent years it has become evident
that IL-6 also contributes to the regulation of additional
pathophysiological conditions in the liver (49-51).

One of the simplest models for studying the loss of liver
tissue is the removal of two-thirds of the liver by surgical
resection (52). This model has been applied mainly in rodents
(e.g., rat and mouse), and after 1 to 2 wk liver tissue has been
restored by hepatocyte proliferation. In recent years it has
become obvious that IL-6 and TNF are involved in the
restoration of liver mass (53). The ultimate proof of this
hypothesis was the observation that liver regeneration was
impaired in IL-6 and TNF receptor 1 (TNF-RI) knockout
mice after two-thirds hepatectomy. The defect in regenera-
tion in both knockout strains could be restored through IL-6
stimulation (54,55). The current model of how IL-6 and TNF
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Fig. 4. Interleukin-6 (IL-6)/gp130-dependent signaling. (A) On the
cell membrane IL-6 first interacts with the gp80/IL-6 receptor
(IL-6R). This complex interacts with gp130 molecules that dimerize
and induce intracellular signaling cascades. (B) gp130 dimerization
results in the activation of Janus kinases that phosphorylate distinct
tyrosines (Y) at the intracellular part of the gpl130 receptor.
Phosphorylation of the second tyrosine is essential for activation of
the Ras/Map pathway. Phosphorylation of the four distal tyrosines
results in Stat3 activation; the two most distal tyrosines can also acti-
vate Stat].

may work in concert during liver regeneration after partial
hepatectomy is shown in Fig. 5.

The role of IL-6-dependent signals in liver regeneration was
further analyzed in more detail using conditional gp130
knockout mice. In these mice the gp130 receptor—the common
signal transducer of all IL-6 family members—was deleted in
the liver. After hepatectomy, these mice had only an impairment
of liver regeneration when the animals were also stimulated
with lipopolysaccharide (LPS) after hepatectomy (56).
Therefore these experiments demonstrate that IL-6 activates
protective pathways in hepatocytes that are important to
guarantee liver regeneration but that have no direct impact on
the cell cycle progression of hepatocytes.

In humans suffering from ALF, IL-6 serum levels are highly
elevated, and in the liver infiltrating cells express tremendous
(10-fold higher compared with controls) amounts of IL-6
(49,50,57). In animal models of ALF, IL-6 serum levels are
also greatly increased (58), and treatment with an hyper-IL-6
designer molecule reduces liver cell damage in several animal
models (59,60). Therefore not only during liver regeneration
after partial hepatectomy, but also during ALF it is obvious
that IL-6 plays a protective role for hepatocytes; cDNA arrays

TNF IL6
TNFRI

Kupffer cells
Endothelial cells

Hepatocyt

Fig. 5. Role of interleukin-6 (IL-6) and tumor necrosis factor (TNF)
during liver regeneration. Activation of IL-6-and TNF-dependent
pathways in nonparenchymal (Kupffer and endothelial cells) and
parenchymal (hepatocytes) during liver regeneration after partial
hepatectomy is shown.

further demonstrate that IL-6 activates antiapoptotic pathways,
e.g., Bel-xl in hepatocytes (61,62).

In recent experiments our group generated a hepatocyte-
specific knockout mouse for gp130. These animals show
normal embryonal development. After IL-6 and also after LPS
stimulation, regulation of the acute-phase response is completely
blocked. After LPS injection the hepatocyte-specific gp130
knockout mouse shows a phenotype with a strong increase in
transaminases in the serum and apoptosis in the liver (49-51).

In summary, all the IL-6 data in animal models show that
gp130-dependent pathways in hepatocytes activate protective
mechanisms, and in humans it is also likely that IL-6 renders
hepatocytes more resistant. Therefore it might be promising to
modulate IL-6/gp130-dependent pathways in humans during
ALF as a potential therapeutic approach.

TNF-DEPENDENT PATHWAYS

TNF belongs to a family of several known of Fas and TNF
receptor apoptosis-inducing ligands (TRAIL). There is also
evidence for an involvement in the pathogenesis of fulminant
hepatic failure. At present the role of TNF has been studied in
more detail in both human and animal models.

TNF binds to two receptors, TNF-R1 and TNF-R2, on the
cell surface. After ligand binding, the intracellular domains of
the receptors interact with adapter molecules that activate different
pathways (Fig. 6). In the case of TNF-R1, first the molecule
TNF-R-associated death domain (TRADD) and then additional
molecules bind that activate the caspase cascade either via
Fas-associated death domain (FADD) or via TNF-associated
factor/ receptor-interacting protein (TRAF/RIP) jun kinase
(JNK) and nerve factor-xB (NF-xB) (63).

In practically all the current animal models, TNF seems to
be involved in the pathogenesis of ALF. In humans it has also
been shown that TNF serum levels correlate with prognosis in
ALF patients (57). In animal models, blocking experiments
using anti-TNF attenuates liver failure, and therefore it is obvious
that TNF plays a central role in the pathogenesis of ALF.
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as indicated. (B) The caspase cascade, resulting in apoptosis of the cell is shown in more detail. Activation of caspase 8 via Fas-associated
dealth domain (FADD) triggers a cascade of events including cytochrome c release from mitochondria that results in caspase 3 activation and
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apoptosis of hepatocytes.

However, further studies indicated that TNF does not have a
uniform role in the different models. Depending on the model,
the TNF-dependent effect might be related to a different cell in
the liver or another intracellular pathway. Three models of acute
liver failure and the role of TNF will be discussed.

Endotoxin/Galactosamine Model During LPS/galac
to samine (GalN)-induced liver injury, TNF induces the
transcription of several proinflammatory genes, e.g., chemo-
kines, nitric oxide, and adhesion molecules like intracelluler
adhesion molecule-1 (ICAM-1), vascular cell adhensive
molecule-1 (VCAM-1), and P-selectin (64—66). These changes
in the liver are essential to trigger the extravasation of neu-
trophils into the liver parenchyma, which results in cytotoxic
liver cell damage. During this scenario a stepwise cascade
has been described consisting of three events: (1) sequestra-
tion of neutrophils in the liver vasculature (2) transendothelial
migration, and (3) adherence-dependent cytotoxicity against
hepatocytes (67).

Therefore, in the LPS/GalN model, TNF obviously triggers
an inflammatory mechanism mediated via NF-KB that results

in liver cell damage. In this model, parenchymal as well as
nonparenchymal cells are involved in this process.

Galactosamine/TNF Model Administration of GalN
and TNF triggers apoptosis of hepatocytes in vivo and in vitro.
The essential role of TNF-R1 in this model has been demon-
strated by TNF-R1 knockout mice that are resistant to TNF/GalN
treatment (68). GalN will directly inhibit transcription and thus
synthesis of antiapoptotic signals. Therefore, in this model the
FADD-dependent pathway leading to apoptosis is the essential
step in ultimately inducing liver cell damage. In contrast, the
NF-KB and JNK pathway does not seem to be involved in the
pathogenesis of liver damage, and also nonparenchymal cells
play no role. In this model, simple administration of an
adenoviral construct expressing a dominant molecule blocking
the FADD pathway is protective (57). These data indicate that
the caspase cascade activated by TNF might be a relevant
target during ALF.

Concanavalin A Model Concanavalin A (ConA) is a leptin
with high affinity to the hepatic sinus (69). Accumulation of
ConA in the hepatic sinus results in activation of liver natural
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killer T (NKT) cells, i.e., NK1.1 CD4%/CD8 T-Cell recepter
(TCR)oB*, and NK1.CD4/CD8" TCRof*, which are essential
to trigger the early phase of ConA-induced liver injury (70,71).
Consecutively CD4-positive and polymorphonuclear cells are
attracted to the hepatic sinus and trigger an increase of
cytokines like TNF, IL-2, IFN-y IL-6, granulocyte macrophage
colony-stimulation factor (GM-CSF) and IL-1 (58). TNF-a
and IFN-y have direct implications for the induction of liver
cell injury, as anti-TNF-o and anti-IFN-y antibodies protect
from ConA-induced liver injury (72,73) and IFN-~ and TNF~~
mice are resistant to ConA induced liver cell damage.

Until now a stepwise process of liver damage, as shown for
the endotoxin/LPS model, could not be defined for the ConA
model. Adhesion molecules like ICAM-1 or VCAM-1 seem to
play a minor role. Mice pretreated with antibodies against both
adhesion molecules or ICAM-1 knockout mice still undergo
liver cell injury (74).

The role of TNF-dependent pathways has been further studied
in this model using adenoviral vector expression of the
inhibitor-xB (I-xB) superrepressor or the dominant negative
FADD molecule. Neither constructs has an impact on the
degree of ConA-induced liver injury, indicating that NF-xB-
dependent targets and the FADD-dependent caspase cascade
in hepatocytes are of minor relevance in this model. In con-
trast, there is a close correlation of TNF-dependent JNK acti-
vation with ConA-induced liver injury (49-51). Additionally,
first results using an JNK inhibitor indicate that ConA-induced
liver injury can be inhibited. Therefore the current data indi-
cate that in the ConA model TNF-dependent JNK activation is
essential to trigger liver cell injury.

Translation of TNF-Dependent Pathway Results in
Animal Models Into Therapeutic Approaches in Humans
The current data in animal models and humans indicate that
TNF plays an essential role in the pathogenesis of ALF.
However, as demonstrated for the three animals models dis-
cussed —depending on the pathogenesis —the intracellular path-
ways that are activated by TNF could have opposing effects.
Therefore, at present it is too early to translate the results into
humans, and potential therapeutic approaches cannot be deduced,
as it is unclear which of the TNF-dependent pathways are
involved in triggering liver failure in individual patients.

CONCLUDING REMARKS AND OPEN QUESTIONS

ALF is characterized by sudden onset in patients without
evidence of chronic liver disease, by which ALF is differen-
tiated from end-stage chronic liver disease. According to the
time between first symptoms and encephalopathy, ALF is
divided into three subgroups: hyperacute, acute, and subacute.
The prognosis of ALF patients is determined by the metabolic
situation resulting from the loss of liver cell mass, the release
of mediators and toxic metabolites from injured liver tissue,
and the capacity of remaining vital hepatocytes to restore
functional liver mass.

Suicidal acetaminophen ingestion is the most frequent
cause of drug-induced liver failure worldwide, with approx
500 deaths a year in the United States. Other important

mechanisms are viral hepatitis (e.g., hepatitis B and non-A/non-C
hepatitis), and cardiovascular and metabolic disorders.

ALF leads to multiorgan failure, especially cerebral edema
and encephalopathy. Owing to the diminished liver function,
higher rates of infections and coagulation disorders are
observed. Cerebral edema, infections, and renal failure are
important clinical complications limiting the survival. For risk
stratification in patients with ALF and subsequent hepatic
encephalopathy, serum ammonia levels can be used. Advanced
cerebral dysfunction is expected at serum ammonia levels of
124 umol/L or higher.

Cardiovascular dysfunction is characterized by peripheral
vasodilation that results in relative hypovolemia, hypotension,
and high output failure. Capillary leakage and high-volume
therapy can lead to an ARDS-like syndrome and cause hypoxic
complications.

Prothrombin time is a useful parameter to assess the extent
of remaining liver function.

Intensive care therapy is crucial for patients with ALF to
manage multiorgan failure, and mild hypothermia to reduce
cerebral edema should be considered. Further research and
controlled clinical studies are needed to evaluate the importance
of hypothermia.
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