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Introduction

The healthy liver is strategically positioned in the body as the important guard between 
the splanchnic and systemic circulation, and has a number of crucial functions essential 
for body-homeostasis: protein synthesis; carbohydrate and lipid metabolism; acid-base 
balance; detoxification of protein bound and lipid soluble compounds; bile acid synthesis 
and biliary cholesterol excretion; storage of essential compounds like vitamins, minerals 
and glycogen. In addition, the specific hepatic macrophage system (Kupffer cells) plays 
an important role in endotoxin removal and immune protection.

Hepatic encephalopathy (HE) is a neuropsychiatric syndrome that develops during 
severe liver insufficiency. Two distinct syndromes are identified: an acute form, e.g. as 
a crucial symptom of acute liver failure (ALF)), and a chronic relapsing form, as in end 
stage liver cirrhosis. Different clinical stages of HE are distinguished (Table 1).

Artificial liver support systems (ALSS)

Artificial liver support systems (ALSS) are connected extracorporeally to the circulation 
of the patient to restore normal plasma composition as much as possible. They are divided 
in biological and non-biological systems (Table 2).

Non-biological systems remove water-soluble factors (haemodialysis and haemo-
(dia)filtration) as well as protein bound substances (haemoperfusion, haemodiabsorption 
and albumin dialysis), although both in a non-specific way. Biological systems are based 
on either the replacement of intoxicated plasma by fresh plasma or detoxification of 
plasma by intact livers or bioreactors loaded with vital liver cells. These biological liver 
support systems have the advantage of removing toxic substances in a more liver specific 
way, and are able to support the failing synthetic function of the liver as well. For more 
details see van de Kerkhove et al..1

1. Alert, euphoria, occasional depression, decreased attention; slow mentation and affect; 
untidiness; irritability; inverted sleep rhythm; flapping tremor +/-

2. Drowsiness, lethargy; major personality changes; inappropriate behaviour; confusion; 
slurred speech; disorientation; flapping tremor.

3. Stupor; somnolent but rousable; incoherent speech; marked confusion; flapping tremor
 
4. Coma with (4a) or without (4b) response to painful stimuli

Table 1. Stages of hepatic encephalopathy (HE)
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Hepatic encephalopathy 

The aetiology of HE is still not completely elucidated. Many hypotheses are proposed 
and some are still under investigation. The most likely hypotheses of the multifactorial 
pathogenesis of hepatic encephalopathy are summarized in this chapter. An attempt to 
summarize the effects of different possible causative factors on the neurotransmitter 
balance in brain is schematically presented in Figure 1. 

Ammonia hypothesis

High ammonia levels are detrimental for the physiological neurotransmitter balance in 
the central nervous system and can drastically affect normal brain function. Protection of 
the brain from high ammonia levels is primarily performed by the liver, as ammonia is 
mainly produced in the gastrointestinal tract and released in the splanchnic circulation. 
The liver will then detoxify ammonia before it can reach the systemic circulation. Urea 
synthesis, e.g. conversion of two potential toxic molecules of ammonia in the non-toxic 
water-soluble compound urea, is a highly specific liver function. The complete urea cycle 
activity is mainly localised in the periportal region of the liver lobule and has a high 
capacity, but a relatively low affinity for ammonia. Remaining ammonia levels reaching 
the hepatic pericentral region are converted to glutamine by an ATP-dependent glutamine 
synthase: an enzyme system that converts ammonia and glutamate into glutamine. This 
enzyme has a high affinity, but a low capacity for ammonia detoxification. The brain itself 

Non-biological Biological

Haemodialysis High volume plasma exchange
Haemofiltration Xenogeneic extracorporeal whole liver perfusion
Haemodiafiltration Human cross circulation
Haemoperfusion Liver cell transplantation
Haemodiabsorption Bioartificial liver
Albumin dialysis

Table 2. Artificial liver support systems (ALSS).

Increase in neuronal Cl- currents
Decreased inhibitory postsynaptic potential (IPSP) 
Alfa-oxoglutarate depletion
Malate aspartate shuttle inhibition
Increased mitochondrial permeability and decreased energy state
Increased brain glutamin
Activation of peripheral benzodiazepine receptor
Protein tyrosin nitration
Malate aspartate shuttle inhibition

Table 3. Possible toxic effects of ammonia on neurotransmission.
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is also able to detoxify ammonia by glutamine synthase, which is present in astrocytes as 
an extra safety guard to protect the neurons against ammonia toxicity. 

In case of hepatic failure, ammonia conversion by glutamine synthase in astrocytes 
cause an increase in intracellular concentration of glutamine. The pathophysiological 
consequence is an increase in osmotic pressure that might cause osmotic astrocyte cell 
swelling if compensatory mechanisms, e.g. export of myoinositol, fail. 

Other effects of high ammonia levels on the central nervous system are summarized 
in Table 3. They can can contribute to the impairment in neurotransmission and therefore 
to the development of HE.

Despite the general assumption that high ammonia levels contribute to the 
pathogenesis of HE, a strong correlation between the level of plasma ammonia and the 
degree of HE is not always present. In this respect it should be noted that ammonia is 
probably not the only causitive factor, whereas synergistic effects of other toxins, e.g. 
mercaptans, short chain fatty acids and manganese, have been described to play a role 
in the pathogenesis of HE (see also the subsection below). However, regardless of the 
possible multifactorial aspects of the ammonia hypothesis, every hepatologist agrees that 
normalising plasma ammonia levels is a standard procedure in the treatment of HE. 

Figure 1.  Schematic presentation of the multifactorial pathogenesis of hepatic encephalopathy. 
AAA, aromatic amino acids; BA, bile acids; BZPRL, benzodiazepine-like ligand; BBB, blood-
brain barrier; MI, myo-inositol; lact, lactate; MA, monoamines; TCA, tricarbonic acid cycle; PTBR, 
peripheral-type benzodiazepine receptor; NMDA, N-methyl-D-aspartate receptor; IPSP, inhibitory 
postsynaptic potential; GABA, γ-aminobutyric acid.
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Ammonia and ALSS  –  Since most biological and non-biological ALSS are able to remove 
water-soluble compounds, many of these systems also lower plasma ammonia levels. 
Clinical application is therefore often associated with a decrease in the grade of HE. 
In this respect it should be noticed, however, that the extracorporeal liver assist device 
or ELAD bioartificial liver, based on human hepatoma derived C3A cells in a hollow 
fiber bioreactor, is a producer of ammonia and has almost no urea synthesizing capacity. 
Nevertheless, clinical studies report improvement of HE by ELAD treatment.2

Synergistic neurotoxins

In the 1970s much attention was paid to toxic effects of different compounds that are 
normally detoxified by the liver. Lipid-soluble and protein-bound toxins have been 
especially studied: e.g. mercaptans3, short chain fatty acids4 and manganese. Zieve et al.5 
showed the synergistic effects of several of these compounds in experimental animals. 

Manganese (Mn) is a potential key player in the pathophysiology of HE and is 
frequently found increased 100-fold in the plasma of cirrhotic patients. Accumulation of 
Mn in the pallid globe has been shown by MRI studies in patients with liver cirrhosis and 
porto-systemic shunting, although a positive correlation with the severity of HE was not 
always present.6-8 Mn is hepatobiliary excreted, and an overdosis results in extrapyramidal 
symptoms, whereas an intoxication also gives Alzheimer type 2 astrocytosis as in HE. Mn 
is a co-factor for glutamine synthase activation and stimulates calcium influx in neurons. 
In addition, Mn potentiates PTBR (peripheral-type of benzodiazepine receptor) which 
might contribute to an increased GABAergic tone (possibly by increased production 
of neurosteroids, see below) and leads to mitochondrial permeability transition (MPT) 
which might impair the energy state of the brain. Both ammonia and Mn up-regulate 
iNOS (inducible NO synthase) in astrocytes leading to increased N-methyl-D-aspartate 
(NMDA) receptor activity and oxygen radical formation (ROS). Mn reduces GFAP 
(glial fibrillary acidic protein) expression and promotes energy failure. With regard 
to isolated enzymes Mn is an inhibitor of aconitase and succinate dehydrogenase, 
resulting in decreased oxidative metabolism, and up-regulates glyceraldehyde-phosphate 
dehydrogenase (GAPDH) promoting glycolysis. Mn impairs metabolism of glucose in 
neurons in culture. The net effect of increased Mn concentrations on energy state in brain 
is not fully elucidated (for review see Zwingmann et al.9).

Synergistic toxins and ALSS  –  Non-biological ALSS, like haemoperfusion over charcoal 
or resin adsorbents and albumin dialysis, as well as biological ALSS, have the potential 
to reduce plasma concentrations of these protein-bound substances. 
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Increased GABA-ergic tone 

In this hypothesis, activation of GABA (gamma-aminobutyric acid) receptors in the 
brain plays a central role.10 GABA is the most important inhibitory neurotransmitter in 
the central nervous system (CNS) and activation of this neurotransmitter system fits in 
the pathophysiological theory of HE, wherein a reduction of neurotransmission activity 
dominates the clinical picture. The GABA-A receptor can be activated by different 
ligands, such as benzodiazepine like substances. Peripheral-type of benzodiazepine 
receptor (PTBR) is present on astrocytes and activation of this astrocytic receptor can also 
increase GABAergic tone. However, the mechanism of interaction with the postsynaptic 
GABA receptor is not well known, whereas the exact ligand of the GABA-A receptor 
in liver insufficiency has not been elucidated as well. The exact ligand is most likely 
not GABA itself, but GABA-like or benzodiazepine-like substances, or other possible 
candidates such as neurosteroids. Whichever ligand or ligands it may be, their cerebral 
concentration should be reduced by ALSS.

GABA and ALSS  –  If the responsible ligand is protein-bound, which is very likely for 
benzodiazepine-like ligands, only ALSS with the capacity to remove protein-bound 
substances will be useful. Such systems are haemoperfusion, albumin dialysis, large 
volume plasmapheresis and bioartificial livers (BAL). However, as far as adsorbent 
systems and albumin dialysis are rather unspecific modalities, simultaneous removal of 
hepatotrophic factors is undesirable if liver regeneration is also the goal of a bridging 
treatment. Uncontrolled clinical observations show that these modalities improve hepatic 
encephalopathy11, but data of controlled clinical trials are missing.

Endotoxin/cytokine hypothesis

Recent studies have shown that the clinical syndrome of acute liver failure, whether or 
not precipitated by infection, is also dominated by important aspects of systemic immune 
response syndrome (SIRS).12,13 There is evidence that SIRS precipitates HE or increases 
the degree of HE, wherein a dysbalance of cytokine responses and NO production play 
an important role. Significant deterioration of neuropsychological test scores following 
induced hyperammonaemia during the inflammatory state, but not after its resolution, 
suggests that inflammation and its mediators may be important in modulating the cerebral 
effect of ammonia in liver disease. In addition, inflammatory mediators might contribute 
to the increased permeability of the blood-brain barrier in acute liver failure and acute 
HE. An increase in cerebral blood flow might also play a role, but does not explain the 
complete pathophysiology of HE. 
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Cytokines and ALSS  –  The question is how the dysbalance of cytokines can be restored by 
ALSS. High plasma volume exchange could be an option, but probably only temporarily. 
From a theoretical point of view, BAL treatment might be a more effective therapy 
for a longer period. However, it is important to realise that a BAL is mainly charged 
with parenchymal hepatocytes combined with a minority of non-parenchymal cells, 
like Kupffer cells. It is therefore not an optimal modality to replace the immunological 
function of the healthy liver. Improvement of BAL in this respect deserves more attention 
than has been given so far.

Plasma amino acid imbalance

Major changes occur in the plasma aminoacid composition during acute and chronic liver 
insufficiency.14 The most striking differences are the increase in plasma concentrations 
of aromatic aminoacids (AAA) phenylalanine, tryptophan and tyrosine, and the 
simultaneous decrease of branched-chain aminoacids (BCAA) leucine, isoleucine and 
valine.15 The hypothesis is that the BCAA/AAA ratio, or the so-called Fischer ratio, 
influences neurotransmission in the CNS in such a way that neuroinhibition dominates 
excitatory activity. Correction of this Fischer ratio might improve the neurotransmitter 
balance, although controlled trials with BCAA infusions or oral administration are not 
really convincing. 

In addition, there is evidence that plasma amino acid concentrations change after 
portosystemic shunting. Experimental observations show an increase in neosynthesis and 
turnover of brain serotonin, while tryptophan hydroxylation is the rate-limiting step in 
serotonin formation.16-18

Amino acids and ALSS  –  Since AAA are mainly protein-bound (Table 4), a decrease 
of plasma AAA by albumin dialysis is to be expected. As non-biological ALSS lack 
synthesis capacities, no increase of plasma BCAA levels will be obtained to restore 
the Fischer ratio by these modalities; in fact the effects of albumin dialysis on plasma 
amino acids were only minor and were negative on brain amino acid concentrations.19,20 
Unexpectedly, neither high-volume plasma exchange21 nor experimental BAL treatment 
was more effective in this respect.22

Bilirubin
Tryptophan
Tyrosin
Copper
Benzodiazepines

Fatty acids
Phenylalanine
Calcium
Manganese
Hydrophobic bile acids

Table 4. Albumin bound substances.
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Protein tyrosine nitration and astrocyte swelling

Protein tyrosine nitration (PTN) has important consequences for many enzyme activities 
in astrocytes: it is involved in NMDA receptor activity, calcium signaling, generation of 
reactive oxygen and nitrogen species and NOS acitivity. Tyrosine nitration of glutamine 
synthethase is associated with impairment of its enzymatic activity. The PTBR was also 
identified to be tyrosine-nitrated under hyperammonaemic conditions. PTN is induced 
not only by ammonia, but also by PTBR ligands, inflammatory cytokines and hypo-
osmotic astrocyte swelling.23,24 Protein tyrosine nitration and cell swelling seem to play 
an important role in dysfunction of astrocytes24 and neurons, but are the consequences of 
primary changes in cerebral concentrations of many different substances. ALSS should 
prevent or restore these primary changes.

Conclusions

From all ALSS as given in Table 2, reports are available that they improve the grade of 
HE in uncontrolled studies of patients with acute liver failure and/or in patients with 
acute on chronic liver disease. Only one controlled trial (albumin dialysis11) showed a 
significant positive effect on HE. However, the number of patients was small, 12 out of 
24, and the attending physician was not blinded to the treatment. 

In Table 5 the efficacy of these ALSS modalities on the possible causative factors 
of HE is schematically summarized. It shows not unexpectedly that albumin dialysis, 
isolated extracorporeal whole liver perfusion and bioartificial liver support are the most 
effective treatment modalities in normalising plasma and brain levels of causative factors 

Table 5. Efficacy of non-biological and biological artificial liver support systems on causative factors 
of hepatic encephalopathy.

Non-biological Biological

HD/HF HP/HDA AlbD HVPE ILP BAL

Ammonia + + + + ++ ++
Mercaptans, SCFA - +/- + + + +
Manganese - + + +/- +/- +/-
GABA/ BZP - +/- + +/- + +
TNF-α, IL-6 +/- + +/- +/- ? ?
AAA, tryptophan - - + - + +/-

+, effective; ++, very effective; +/-, little effective; -, not effective; ?, not known. HD, haemodialysis; 
HF, haemofiltration; HP, haemoperfusion; HDA, haemodiabsorption; AlbD, albumin dialysis; HVPE, 
high volume plasma exchange; ILP, isolated liver perfusion; BAL, bioartificial liver; SCFA, short chain 
fatty acids; GABA, gamma amino butyric acid; BZP, benzodiazepines; AAA, aromatic amino acids.
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of HE. If we take logistics into account, albumin dialysis seems to be the easiest modality 
in this respect as it is not dependent on the availibility of viable liver cells. 

However, HE is not the only life threatening complication of ALF. Multi-organ 
failure, including brain edema, hepato-renal syndrome and SIRS, contribute essentially 
to the high mortality of ALF without OLT. In controlled experimental animal studies BAL 
has proven to ameliorate these complications. In addition, and from a theoretical point of 
view, BAL would be able to stimulate liver regeneration, while albumin dialysis might 
remove important hormones and growth factors from the patient’s plasma.25

For these reasons BAL remains the more attractive modality to bridge patients 
with ALF and HE to OLT or own liver regeneration, not withstanding the fact that more 
controlled clinical trials are needed before it can be advised as the treatment of choice.
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