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Abstract  Hepatic encephalopathy (HE) and brain edema are serious central ner-
vous complications of both acute and chronic liver failure. HE starts as a neuro-
psychiatric syndrome beginning with changes in personality and sleep disturbances 
progressing through cognitive dysfunction and motor symptoms to stupor and 
coma. In acute liver failure (ALF) progression may be very rapid, sometimes of 
the order of days (Butterworth and Vaquero, The liver; biology and pathobiology, 
pp. 600–617, 2009). Since the appearance of overt signs of encephalopathy in liver 
failure generally heralds a poor prognosis with a significant impact on clinical man-
agement options, on liver transplant outcome and on health-related quality of life, 
rational effective therapies are urgently required. Such therapies require knowledge 
of the precise mechanisms implicated in the pathogenesis of HE.
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15.1 � Neuroglial Pathology in Liver Failure

Pathologically, HE is characterized primarily by neuroglial alterations, the nature 
and extent of which relate to the type of liver failure (acute or chronic) and the 
severity of the liver injury. Terminal stages of ALF frequently result in brain hernia-
tion caused by intracranial hypertension resulting from brain edema and electron 
microscopic studies reveal that the brain edema in ALF is primarily cytotoxic (due 
to cell swelling) rather than vasogenic (due to breakdown of the blood-brain barrier) 
in nature (Kato et al. 1992). The cell manifesting the most severe swelling in ALF 
is the astrocyte (Fig. 15.1).
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In contrast to ALF, end-stage chronic liver failure (cirrhosis) results in character-
istic pathological changes to the astrocyte; these changes are known as Alzheimer 
type 2 astrocytosis where the cell nuclei take on a characteristic shape and pattern 
consisting of marked pallor and swelling with a prominent nucleolus, margination 
of the chromatin pattern and glycogen deposition (Fig. 15.2). The nuclei may take 
on an array of shapes and forms depending upon the brain structure examined. 
These forms range from the classical spherical shape in the cerebral cortex to irreg-
ular lobulated forms in some basal ganglia structures; the appearance of multiplets 
has been reported to suggest an element of hyperplasia (Norenberg 1987).

The occurrence of multiple episodes of grade 4 (or stage IV) HE (coma) and/or 
a single prolonged period of coma in a patient with end-stage chronic liver failure 
may result in a condition known as “acquired non-Wilsonian hepatocerebral degen-
eration”, the neuropathological features of which include Alzheimer type 2 astro-
cytosis. In addition, varying degrees of neuronal cell loss occur in cerebral cortex, 
cerebellum and basal ganglia structures (Butterworth 2007). A related condition 
known as “Parkinsonism in cirrhosis” appears to result from manganese deposition 
in substantia nigra of these patients (Butterworth 2013b).

Evidence of discrete alterations of the blood-brain barrier in HE have been 
proposed based upon studies of barrier permeability in an animal model of 
ALF (Nguyen 2010) but these findings were not confirmed by others (Bemeur et al. 
2010a). Swelling of cerebrovascular endothelial cells has been demonstrated using 
electron microscopy in material from ALF patients (Kato et al. 1992) again suggest-
ing that, if barrier changes do occur in HE, they are discrete in nature.

Microglial activation and its role in the pathogenesis of HE was first described in 
the brains of animals with ALF resulting from hepatic devascularisation (Jiang et al. 
2006). Subsequent studies in this model revealed that activation of microglia was 
accompanied by grade 4 HE (coma) and brain edema as well as by increased expres-
sion of genes coding for pro-inflammatory cytokines in brain (Jiang et al. 2009a, b) 

Fig. 15.1   Acute hyperam-
moniemia resulting from liver 
failure results in astrocyte 
swelling. A representative 
electron micrograph showing 
swelling of a perivascular 
astrocyte (Ast) from a patient 
with acute liver failure who 
died of brain herniation. 
(Figure adapted from Felipo 
and Butterworth (2002) and 
reproduced with permission 
from Elsevier)
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(Fig. 15.3). Microglial activation has subsequently been confirmed using various 
techniques and cellular markers in an animal model of ALF resulting from toxic 
liver injury (McMillin et al. 2012b; Rangroo Thrane et al. 2012). Activation of mi-
croglia has also been reported in material from a patient with ALF resulting from 
viral hepatitis (Butterworth 2011), in a material from cirrhotic patients who died 
in hepatic coma (Zemtsova et al. 2011) and increased signals in positron emission 
tomography (PET) studies in HE patients was attributed to microglial activation 
(Cagnin et  al. 2006). Microglial activation has also been described in an animal 
model of biliary cirrhosis (D’Mello et al. 2009).

The subject of activation of microglia in HE and its relationship to pro-inflam-
matory mechanisms and the role of cytokines/chemokines in the pathogenesis of 
the CNS complications of liver failure are covered in-depth in a later section of this 
chapter.

15.2 � Abnormalities of Neuroglial Function in Liver 
Failure

In addition to frank neuroglial pathology, both acute and chronic liver failure result 
in a wide range of alterations of neuroglial function including deficits in neuroglial 
cell volume regulation and neuroglial-neuronal metabolic trafficking of key inter-
mediates as well as neuroinflammatory changes. Some of these changes appear to 
relate to exposure of neuroglia in situ to ammonia and manganese, two substances 
known to accumulate to toxic concentrations in brain in liver failure.

Fig. 15.2   Chronic hyperammoniemia resulting from liver cirrhosis results in Alzheimer type II 
astrocytes. Alzheimer type II cells ( arrow, left-hand panel) show enlarged nuclei and margination 
of chromatin in this hematoxylin and eosin stained section of frontal cortex from a 51-year-old 
cirrhotic patient who died in hepatic coma. Doublets suggestive of a proliferative response are fre-
quently seen ( right-hand panel, arrow head). (Figure adapted from Felipo and Butterworth (2002) 
and reproduced with permission from Elsevier)
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Fig. 15.3   Western blot analysis of OX-6 expression in acute liver failure (ALF) rats reveals that 
inhibition of microglial activation by minocycline treatment is correlated with attenuation of 
brain edema. a Percentage of brain water content of cerebral cortex from sham-operated con-
trols (sham), ALF rats 6 h post- hepatic artery ligation/HAL (ALF-6 h), ALF rats at coma stage 
of encephalopathy (ALF-coma) and in ALF rats treated with minocycline (ALF-mino); b OX-6 
protein expression in cerebral cortex from sham-operated controls (lanes 1–3), ALF rats 6 h post-
HAL (lanes 4–6), ALF rats at coma stage of encephalopathy (lanes 7–9) and in ALF rats treated 
with minocycline (lanes 10–12); c Histogram representation of OX-6 expression in the various 
treatment groups. Data represent mean ± SEM of n = 10 animals per treatment group. Significant 
differences indicated by *p < 0.01 versus shan-operated controls and ALF-6 h; †p < 0.001 versus 
ALF-coma (ANOVA with post hoc Tukey’s test). (Figure reproduced from Jiang et al 2009a, with 
permission from Wiley)
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15.2.1 � Neuroglial Cell Volume Regulation

In ALF, it is generally considered that failure of cell volume regulation in astroglia 
underpins the phenomenon of cytotoxic brain edema that so frequently leads to 
increased intracranial pressure, brain herniation and patient death. Various mecha-
nisms have been proposed to explain this failure of neuroglial cell volume regula-
tion in ALF that include as described in two subheadings below.

15.2.1.1 � Osmotic Effects of Increased Intracellular Glutamine

Being devoid of a functional urea cycle, brain relies upon glutamine synthesis for 
the removal of excess ammonia and the enzyme responsible, glutamine synthetase 
(GS) has a predominantly, if not exclusively, astroglial localization. Brain and ce-
rebrospinal fluid (CSF) ammonia and glutamine concentrations correlate well with 
severity of HE in both ALF (Clemmesen et  al. 1999) and in end-stage cirrhosis 
(Laubenberger et al. 1997). Based upon studies in cultured cortical astrocytes ex-
posed to ammonia as well as in animal models of pure hyperammonemia (in the 
absence of liver failure), it has been proposed that the accumulation of glutamine in 
brain in liver failure leads to an osmotic gradient that contributes to cell swelling. 
This hypothesis is supported by a report describing a protective effect of the GS 
inhibitor methionine sulfoximine on cell swelling and brain edema in hyperammo-
nemic animals (Brusilow et al. 2010). However, although inhibition of glutamine 
synthesis was beneficial under these conditions, the use of 13C-nucler magnetic 
responence spectroscopy failed to show a correlation between de novo synthesis 
of glutamine in brain with either the severity of HE or with the presence of brain 
edema in animals with ALF (Chatauret et al. 2003) suggesting the presence of ad-
ditional/alternative factors.

15.2.1.2 � Neuroglial Proteins Involved in Cell Volume Regulation

Alterations in expression of genes coding for key neuroglial proteins with suggested 
roles in cell volume regulation have been reported in experimental models of HE.

Aquaporin-4 (AQP-4) is highly expressed in astroglia, particularly in the end-
feet that ensheath brain capillaries where it mediates transmembrane movement 
of water. An important role for the protein has been suggested to contribute to the 
pathogenesis of brain edema in a range of clinical situations. In relation to the ce-
rebral complications of liver failure, increased AQP-4 expression was reported in 
cultured cortical astrocytes exposed to millimolar concentrations of ammonia that 
led to significant cell swelling (Rama Rao et al. 2003). However, results in animal 
models of liver failure have so far given conflicting results; whereas HE and brain 
edema were accompanied by increased concentrations of AQP-4 in one model of 
ALF (Eefsen et  al. 2010), no such changes were reported in a subsequent study 
(Wright et al. 2010).
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In contrast to the equivocal nature of AQP-4 in relation to HE, progressive de-
creases in expression of the astroglial marker protein, glial fibrillary acidic protein 
(GFAP) have consistently been reported in both experimental animal models of 
liver failure and in patient material. In rats with ALF resulting from hepatic devas-
cularisation, GFAP expression was decreased as a function of the increase in brain 
water (Belanger et al. 2002). Selective decreases of GFAP were previously reported 
in several brain structures from cirrhotic patients with HE; these structures included 
cerebral cortex, thalamus and basal ganglia (Sobel et  al. 1981) whereas no such 
changes were subsequently reported in cerebellum of similar patients (Kril et al. 
1997). There is evidence to suggest a role of ammonia in the pathogenesis of the 
loss of GFAP in liver failure, a proposal that is based upon the report of a loss of 
expression of GFAP in cultured astrocytes exposed to ammonia which resulted in 
significant cell swelling and destabilization of the GFAP molecule (Neary et  al. 
1994). It was proposed that loss of expression of GFAP, given its importance as a 
cytoskeletal protein in astroglia, could lead to altered visco-elastic properties of the 
cell thus favouring cell swelling (Belanger et al. 2002).

Significant increases in expression of the astroglial 45 kDa isoform of the fa-
cilitative glucose transporter GLUT-1 were reported in an animal model of ALF 
(Belanger et al. 2006) and, as for GFAP, a role for exposure to ammonia was sug-
gested. In addition to its established role in the transport of glucose, it has been 
proposed that GLUT-1 acts as a water channel leading to the suggestion that up-
regulation of the protein in ALF may contribute to (or result from) the appearance 
of brain edema (Belanger et al. 2006).

One report described significant losses in expression of Kir 4.1, an inwardly-
rectifying potassium channel expressed in astroglial endfeet that may have a func-
tion, in part, in cell volume regulation, has been described in a rat model of ALF 
(Obara-Michlewska et al. 2011).

15.2.2 � Neuroglial Amino Acid Transporter Proteins

High affinity transport of amino acids is a major function of astroglia. Such transport 
mechanisms exist to maintain the supply of key intermediates required for cellular en-
ergy metabolism, synthetic processes and for the termination of action of neurotrans-
mitters such as glutamate and γ-aminobutyric acid (GABA) that form the basis of the 
so-called “glial-neuronal metabolic interactions “. Astroglial glutamate transporters 
are essential components of the glutamate-glutamine cycle and are responsible for the 
removal of excess glutamate from the synaptic cleft. Expression of the sodium-depen-
dent, high affinity glutamate transporters EAAT-1 and EAAT-2 (in human; in rodents 
GLAST and GLT-1, respectively) have been reported in animal models of both acute 
and chronic liver failure (Knecht et al. 1997; Suarez et al. 2000) resulting in increases 
in extracellular brain glutamate concentrations (Vaquero and Butterworth 2006). It has 
been suggested that limitations in the availability of glutamate in astroglia could limit 
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ammonia-removal capacity since glutamate is the obligate precursor for GS, and, if 
so, could limit the synthesis of glutamine.

Decreases in expression of the high affinity glycine transporter (GLYT-1) have 
been reported in cerebral cortical extracts from rats with ALF resulting from he-
patic devascularisation (Zwingmann et al. 2002). Given the predominantly astro-
glial localization of GLYT-1 in cerebral cortex, it was proposed that these changes 
might relate to increases in availability of extracellular glycine with the potential 
to activate the glycine neuromodulatory site on the N-methyl-D aspartate (NMDA) 
subclass of glutamate receptor. NMDA receptor activation has been proposed to 
explain the hyperexcitability and nitrosative stress that occur in ALF (Vaquero and 
Butterworth 2006).

Following the cloning and characterization of high affinity glutamine transporters 
(small neutral amino acid transporters or SNATs) and given the consistent finding 
of increased brain glutamine in HE, a study was undertaken to assess SNATs in an 
animal model of ALF (Desjardins et al. 2012). Coma/edema stages of encephalopa-
thy were accompanied by a selective decrease in expression of SNAT-5. Given the 
astroglial localization of SNAT-5 (Cubelos et al. 2005) it was proposed that down-
regulation of transporter expression in liver failure could result in effective “trap-
ping” of glutamine in the cell, an action that is consistent with cell swelling due to 
glutamine accumulation in the astrocyte as had previously been widely proposed. 
Moreover, since astroglial glutamine functions as immediate precursor of releasable 
(transmitter) glutamate, a limit upon its availability following decreased release 
from the astroglial cell has the potential to result in impairment of glutamatergic 
transmission an action that could result in excessive inhibition that is also charac-
teristic of HE.

15.2.3 � Neuroglial Translocator Protein

Translocator protein (TSPO), previously known as the “peripheral-type benzodiaz-
epine receptor” is a mitochondrial protein responsible for the transport of choles-
terol into the mitochondrion. The protein is expressed predominantly by neuroglia 
with both astroglia and microglia exhibiting high levels of expression in mammali-
an systems. Increased expression of TSPO has been reported in a wide range of hy-
perammonemic disorders including urea cycle enzymopathies, ALF, animals with 
end-to-side portacaval anastomoses and in patients with end-stage chronic liver 
failure (see (Ahboucha and Butterworth 2008) for review). In one study in humans 
using PET and the TSPO ligand 11C-PK11195, increased signals were observed in 
anterior cingulate cortex where the magnitude of the increased signals correlated 
with the degree of cognitive impairment (Cagnin et al. 2006). The origin of these in-
creased signals was considered to relate to microglial activation. Interest in TSPO in 
HE relates to the well-established relationship of the protein to the GABA system. 
Activation of neuroglial TSPO results in increased transport of cholesterol into the 
mitochondrion followed by increased synthesis of so-called “neurosteroids”, one of 
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which, allopregnanolone is a very high affinity agonist for the neuronal GABA-A 
receptor. Increases in concentration of allopregnanolone were reported in autopsied 
brain tissue from patients who died in hepatic coma (Ahboucha and Butterworth 
2005). Based upon these findings, it was proposed that the increase in “GABAergic 
tone” resulting from activation of TSPO sites and the subsequent increase in syn-
thesis of allopregnanolone could also contribute to the excessive neuroinhibition in 
HE.

15.3 � Evidence for Microglial Activation  
in the Pathogenesis of HE

As stated above, microglial activation has been demonstrated to be a key feature in 
the pathogenesis of HE due to both ALF and chronic liver cirrhosis. Clinically, in-
direct evidence for microglial activation has been demonstrated by an upregulation 
of the microglial marker Ionized calcium binding adaptor molecule 1 (Iba-1) in post 
mortem cortical brain tissue from patients with liver cirrhosis and HE, when com-
pared to cirrhotic patients without HE (Zemtsova et al. 2011). In addition, data from 
a comprehensive gene expression profile analysis demonstrated an upregulation of 
markers for both the pro-inflammatory M1 and anti-inflammatory M2 microglial 
phenotypes, suggesting that both subpopulations of microglia may be present in 
patients with HE due to cirrhosis (Gorg et al. 2013). Furthermore, increased [11C]-
PK11195 binding to the TSPO in patients with proven cirrhosis and minimal HE 
was suggested to be a reflection of microglial activation in these patients (Cagnin 
et al. 2006). Taken together, these clinical data indirectly support a role of microglia 
activation in HE.

In contrast, evidence for a direct role for microglia activation in the neurologi-
cal consequences of both ALF and liver cirrhosis is more striking in many animal 
models of these diseases. Furthermore, in many of the models used, treatment mo-
dalities shown to inhibit microglia activation also alleviated or prevented the cogni-
tive impairment and neurological decline observed during HE. Specific details are 
described below.

15.3.1 � Toxic Liver Injury

A range of hepatotoxic agents have been used to uncover basic mechanisms respon-
sible for the CNS complications of liver failure. This topic was reviewed by a panel 
of experts nominated by The International Society for Hepatic Encephalopathy and 
Nitrogen Metabolism (ISHEN) who, after careful deliberation, recommended two 
toxic models based upon the extent of the characterization. The two models of ALF 
were the azoxymethane (AOM) mouse model and the thioacetamide (TAA) rat 
model (Butterworth et al. 2009). The AOM mouse model of ALF exhibits many of 
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the pathophysiological characteristics of human HE due to acute liver failure. These 
features include (1) a clear pattern of neurological behaviors starting with the pro-
dromal phase due to liver failure, where neurological symptoms are not yet evident 
followed by a number of distinct phases of neurological decline that rapidly prog-
ress to stupor andcoma; (2) the presence of cerebral edema; and (3) high levels of 
ammonia in the blood and brain. Very elegant and detailed analyses of the morpho-
logical changes in microglia and real-time analysis of microglial dysmotility after 
AOM have been demonstrated (Rangroo Thrane et al. 2012). Both microglia activa-
tion (as demonstrated by an ameboidal phenotype) and motility (as demonstrated by 
analysis of the turnover rate) were shown to be altered in the cerebral cortex at late 
stages of HE when severe neurological symptoms were evident, coinciding with the 
appearance of brain edema (Fig. 15.4). Increased OX-42/CD11b immunoreactivity 
was also demonstrated in the cerebral cortex of AOM-injected mice (Chastre et al. 
2012), which was attenuated by treatment with the tumor necrosis factor (TNF)-α 
neutralizing molecule etanercept. Furthermore, there was a concomitant attenuation 
of AOM-induced liver injury and decreased expression of neuroinflammatory mol-
ecules in the brain after etanercept treatment (Chastre et al. 2012).

15.3.2 � Ischemic Liver Failure

Ischemic liver failure, although uncommon, is encountered clinically. Experimen-
tal ALF can be induced by the performing an end-to-side portacaval anastomosis 
followed by hepatic artery ligation. Rats undergoing this surgery exhibit key clini-
cal features of HE, including cerebral edema and hyperammonemia, which ulti-
mately result in grade 4 HE (hepatic coma). An increase in the number of OX-42/
CD11b positive microglia has been demonstrated in the frontal cortex, thalamus and 

Fig. 15.4  The terminal coma stage of HE is associated with microglial activation. a Representa-
tive 2 photon laser scanning microscopy images from transgenic mice expressing green fluores-
cence protein under the control of the CX3CR1 promoter (expressed only in microglia) following 
AOM administration at 0 h (baseline), stage I and stage IV of HE (collapsed Z-stacks). b Overlay 
of representative images from HE at 0 h ( red) and stage IV ( green). Yellow represents the over-
lapping staining. During the latter stage, microglia appear more ameboid and activated. Scale 
bar represents 15 μM. (Figure adapted from Rangroo Thrane et al. (2012) and reproduced with 
permission from Elsevier)
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hippocampus starting 6 h after surgery (early stage HE) and worsening at the time of 
coma/edema (Jiang et al. 2009a, b), which could be alleviated by either mild hypo-
thermia (Jiang et al. 2009b) or minocycline (Jiang et al. 2009a), with a concomitant 
attenuation of the progression of HE and brain edema.

15.3.3 � Portal-Systemic (Bypass) Encephalopathy

In a related, more subtle model of HE induced by end-to-side portacaval shunt sur-
gery alone, without subsequent hepatic artery ligation, rats develop mild cognitive 
impairment over the following 3–4 weeks. Associated with this mild form of HE, 
currently referred to clinically as “minimal HE”, is a change in the morphology of 
major histocompatibility complex class II (MHCII)-positive microglia to a more 
ameboid, activated phenotype (Agusti et al. 2011). Curiously, these changes were 
restricted to cerebellum. Chronic infusion of a p38 mitogen-activated protein kinase 
inhibitor reversed the morphological changes observed in microglia and prevented 
the cognitive impairment (Agusti et al. 2011).

15.3.4 � Biliary Cirrhosis

Obstruction of the common bile duct induces a reproducible model of biliary cirrho-
sis in rats. Bile duct-ligated (BDL) animals have liver failure, developing jaundice, 
portal hypertension, portal-systemic shunting, bacterial translocation and immune 
system dysfunction. BDL rats are hyperammonemic but show only low-grade en-
cephalopathy (decreased locomotor activities) (Butterworth et al. 2009). Using this 
model, microglia are activated predominantly in the cerebellum, with only traces 
of activation in the striatum and thalamus (Rodrigo et al. 2010) (Fig. 15.5a). Inter-
estingly, no microglia activation was evident in the frontal cortex. Treatment with 
ibuprofen reduced the microglia activation and reversed the concomitant cogni-
tive impairments observed (Rodrigo et al. 2010). Similarly, microglia activation has 
been shown after BDL in mice, as demonstrated by morphological changes in Iba-1 
positive microglia (D’Mello et al. 2009). However, in contrast to the rat model, the 
activation of microglia was localized to the cerebral cortex rather than the cerebel-
lum (Fig. 15.5b). The cause of these region-and species-selective changes remains 
unknown. As discussed in a separate section of this chapter, the activation of mi-
croglia in BDL mice is thought to subsequently recruit monocytes to the brain that 
contribute to the cognitive impairment observed (Kerfoot et al. 2006).
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Fig. 15.5   Experimental models of biliary cirrhosis and mild HE are associated with microglial 
activation. a Rats underwent bile duct ligation ( BDL) or sham ( SM) surgery and were subse-
quently treated with either treated with vehicle ( VH) or Ibuprofen ( IBU). Microglial activation was 
assessed using MHCII expression. Microglia in the cerebellum of BDL rats showed an activated, 
ameboid phenotype. (Figure adapted from Rodrigo et al. (2010), and reproduced with permission 
from Elsevier.) b Immunohistochemistry staining for Iba-1-positive microglia in the cortex of 
BDL mice. Microglia in mice undergoing sham surgery ( left panel) have resting ramified mor-
phology and longer processes, while after BDL, microglia are more rounded with retracted and 
thicker processes indicative of microglia activation. (Figure adapted from D’Mello et al. (2009) 
and reproduced with permission from the Society for Neuroscience)
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15.3.5 � Ammonia Neurotoxicity

It has long been accepted that ammonia plays an important role in the neurological 
symptoms of HE. Hyperammonemia has been demonstrated in the blood and cere-
bral cortex at all stages of HE in both ALF and in cirrhosis. Furthermore, injection of 
a bolus dose of ammonium acetate into rats in the absence of liver failure results in a 
transient comatose state, supporting a role for ammonia in the neurological decline 
of HE. In contrast, rats fed an ammonium-containing diet for up to 28 days display 
cognitive deficits more indicative of minimal HE (Felipo et  al. 1988). However, 
the role of ammonia toxicity in the activation of microglia and subsequent neuro-
inflammatory response is not as clearly defined. Treatment of primary microglial 
cultures with ammonia results in microglia swelling, migration, alterations in fili-
podia length, and Iba-1 expression (Zemtsova et al. 2011; Lachmann et al. 2013). 
Similarly, increased Iba-1 immunoreactivity and expression was demonstrated in 
the cerebral cortex of the in vivo rat model of ammonia intoxication (Zemtsova et al. 
2011). In contrast, injection of an acute bolus dose of ammonium acetate into mice 
had no effect on the morphology or turn-over rate of microglia (Rangroo Thrane 
et al. 2012).

Microglial activation was evident in the cerebellum of chronic ammonium-fed 
rats, as demonstrated by in-depth morphometric analyses of MHCII positive cells 
(Rodrigo et al. 2010). In support of a role for microglia activation in the cognitive 
deficits observed in this chronic hyperammonia model, treatment with ibuprofen re-
duced the microglia activation and reversed the concomitant cognitive impairments 
observed (Rodrigo et al. 2010).

A note of caution: It should be borne in mind that experimental preparations, ei-
ther in vitro or ex vivo in which mammalian cells in culture or experimental animals 
with intact livers are exposed to very high doses of ammonia alone are satisfactory 
preparations only for the study of mechanisms related to ammonia toxicity in nor-
mal animals. Given the multiple other factors that are known to affect brain function 
and that are generated in liver failure such as manganese accumulation, hyponatre-
mia, certain fatty acids and inflammation, extrapolation of findings from ammonia-
treatment paradigms to the liver failure clinic should be made with extreme caution.

15.4 � Neuroinflammatory Cytokines Associated  
with Microglial Activation in HE

It is now commonly accepted that the development and progression of HE in liver 
failure shares a strong relationship with neuroinflammatory processes. Indeed, in 
patients and in animal models of HE, systemic inflammation causes worsening of 
the encephalopathy, and it has been proposed that proinflammatory signals may act 
synergistically with ammonia toxicity to bring about the neurological complications 
of acute and chronic liver failure (Shawcross et al. 2004; Butterworth 2011, 2013a).
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Inflammatory molecules such as TNFα, interleukin (IL)-1β and IL-6 levels were 
increased in patients with ALF as well as in animal models (Wright et al. 2007; 
Bemeur et al. 2010b). In addition to the proinflammatory cytokines, neuroinflam-
mation can be regulated by chemokines, or chemotactic cytokines. These molecules 
are involved in cell-cell communication, effecting a directional migration and ac-
tivating various cell types of the immune system including microglia. A number of 
chemokines, such as chemokine ligand 2 (CCL2), have been shown to be upregu-
lated in liver failure patients and in animal models of HE (D’Mello et  al. 2009; 
McMillin et al. 2012b). A summary of our current knowledge of the inflammatory 
cytokines and chemokines in HE can be found in Table 15.1. Key inflammatory 
molecules and their reported effects on microglial activation and/or function are 
summarized below:

15.4.1  �TNFα

TNFα is a potent proinflammatory cytokine. Circulating levels of TNFα are in-
creased as a function of the severity of HE in both patients (Odeh 2007)and experi-
mental animals (Jiang et al. 2009a) with liver failure. Moreover, the presence of 
TNFα gene polymorphisms is known to influence the clinical outcome in patients 
with ALF (Bernal et al. 1998). In experimental models of ALF, mice lacking the 
TNF receptor 1 (TNFR1) gene had a delayed onset of encephalopathy and an at-
tenuation of brain edema (Bemeur et al. 2010b). TNFα has been shown to activate 
microglia in a number of experimental models of neuroinflammation (Lambertsen 
et al. 2012; Rubio-Perez and Morillas-Ruiz 2012). With respect to HE, as mentioned 
above, systemic levels of TNFα are increased in the AOM model of ALF (Chastre 
et al. 2012). Inhibition of TNFα signaling by systemic treatment with etanercept 
reduced systemic inflammation, attenuated the neurological decline and prevented 
microglial activation in the cerebral cortex (Chastre et al. 2012). These data support 
the hypothesis that peripherally-derived TNFα, at least in part, contributes to the 
microglial activation and subsequent neurological decline in liver failure. In support 
of this concept, neurological complications occurring in the BDL model of biliary 
cirrhosis were shown to be the consequence of monocyte recruitment in response 
to TNFα signaling and occurred via microglial activation. Specifically, peripheral 
TNFα signaling stimulates microglia to produce CCL2, which subsequently medi-
ates monocyte recruitment into the brain (D’Mello et al. 2009). These findings were 
suggested to constitute a novel immune-to-brain communication pathway with the 
potential to result in altered neuronal excitability and neurological complications 
in cholestatic liver disease. A schematic diagram of this concept can be found in 
Fig. 15.6.
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Inflammatory 
modulator

Model and species Tissue assessed Mechanism Reference

TNFα Hepatic devascu-
larization in rats

Frontal cortex/
serum/CSF

Specific role for TNFα 
not assessed; however, 
treatment with the anti-
inflammatory minocycline 
or hypothermia inhibited 
microglia activation and 
cognitive deficits

Jiang et al 
(2009a, 
b)

Bile duct resection 
in mice

Cerebral cortex, 
whole blood

Shown to be upregulated in 
the circulation, Thought to 
be responsible for microg-
lia activation (TNFR1 
knockout mice have damp-
ened microglia response 
after bile duct resection)

D’Mello 
et al. 
(2009)

Azoxymethane 
model of acute 
liver failure in 
mice

Frontal cortex Onset of severe encepha-
lopathy (coma) and brain 
edema was delayed in mice 
lacking the TNFR

Bemeur 
et al. 
(2010b)

Portacaval shunt 
in rats

Cerebellum and 
plasma

Specific role for TNFα not 
assessed; however, treat-
ment with specific p38 
MAPK inhibitor inhibited 
microglia activation and 
cognitive deficits

Agusti 
et al. 
(2011)

Azoxymethane 
model of acute 
liver failure in 
mice

Plasma TNF antagonist etanercept 
reduced systemic inflam-
mation, microglial activa-
tion and time to coma after 
AOM treatment

Chastre 
et al. 
(2012)

Acetaminophen 
model of acute 
liver failure in 
mice

Liver/whole 
brain/serum

Used as a marker for 
inflammation

Villano 
et al. 
2012

IL-1β Hepatic devascu-
larization in rats

Frontal cortex/
serum/CSF

Specific role for IL-1β 
not assessed; however, 
treatment with the anti-
inflammatory minocycline 
or hypothermia inhibited 
microglia activation and 
cognitive deficits

Jiang et al 
(2009a, 
b)

Azoxymethane 
model of acute 
liver failure in 
mice

Frontal cortex Onset of severe encepha-
lopathy (coma) and brain 
edema was delayed in mice 
lacking the IL-1 receptor

Bemeur 
et al. 
(2010b)

BDL and chronic 
hyperammone-
mia in rats

Cerebellum Specific role for IL-1β not 
assessed; however, treat-
ment with the non-steroidal 
anti-inflammatory drug 
ibuprofen inhibited microg-
lia activation and cognitive 
deficits

Rodrigo 
et al. 
(2010)

Table 15.1   Known inflammatory markers in HE 
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Inflammatory 
modulator

Model and species Tissue assessed Mechanism Reference

Portacaval shunt 
in rats

Cerebellum Specific role for IL-1β not 
assessed; however, treat-
ment with specific p38 
MAPK inhibitor inhibited 
microglia activation and 
cognitive deficits

Agusti 
et al. 
(2011)

IL-6 Hepatic devascu-
larization in rats

Frontalcortex/
serum/CSF

Specific role for IL-6 not 
assessed; however, 
treatment with the anti-
inflammatory minocycline 
or hypothermia inhibited 
microglia activation and 
cognitive deficits

Jiang et al 
(2009a, 
b)

Azoxymethane 
model of acute 
liver failure in 
mice

Plasma and 
cerebral 
cortex

Specific role for IL-6 not 
directly assessed; however, 
treatment with the TNF 
antagonist etanercept 
reduced systemic inflam-
mation, microglial activa-
tion and time to coma after 
AOM treatment

Chastre 
et al. 
(2012)

Acetaminophen 
model of acute 
liver failure in 
mice

Liver/whole 
brain/serum

Used as a marker for 
inflammation

Villano 
et al. 
(2012)

IL-10 Acetaminophen 
model of acute 
liver failure in 
mice

Liver/whole 
brain/serum

Used as a marker for inflam-
mation. Upregulation 
attenuated in brains from 
transgenic mice expressing 
the human Serpin B3

Villano 
et al. 
(2012)

CCL2 Bile duct resection 
in mice

Cerebral cortex, 
whole blood

CCL2 expression increased 
in activated microglia in 
response to TNFα signal-
ing. Causes recruitment of 
CCR2-expressing mono-
cytes in the brain

D’Mello 
et al. 
(2009)

Azoxymethane 
model of acute 
liver failure in 
mice

Cerebral cortex CCL2 expression increased 
predominantly in neurons. 
Correlated to increased 
microglia activation. Spe-
cific inhibitors of CR2 and 
CCR4 delays neurological 
decline and time to coma

McMillin 
et al. 
(2012b)

Human autopsy 
samples of liver 
cirrhosis

Frontal cortex CCL2 mRNA and immu-
noreactivity increased in 
patients with liver cirrhosis 
with HE but not in cirrhot-
ics without HE

Bradley 
et al. 
(2013)

Table 15.1  (continued) 
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15.4.2  �IL-1β

IL-1β is a potent proinflammatory cytokine that is predominantly expressed in 
activated macrophages (peripherally) and microglia (centrally) (Deng et al. 2011; 
Lambertsen et al. 2012). In the brain, rather than regulating microglia activation, 
it is proposed that IL-1β plays an important role in the downstream consequenc-
es of microglial activation on brain function, injury and repair (Lambertsen et al. 
2012). Increased cortical IL-1β expression has been demonstrated in animal mod-
els HE due to ALF or cirrhosis (Jiang et al. 2009b; Bemeur et al. 2010b; Rodrigo 
et al. 2010). Furthermore, mice specifically lacking the IL-1β receptor had a de-
layed onset of encephalopathy and an attenuation of brain edema (Bemeur et al. 
2010b). Increased expression and secretion of IL-1β in the brain during HE may 
then exert deleterious effects on astroglial function. Indeed, treatment of astro-
cyte cultures with recombinant IL-1β increased the expression of the astrocyte 
proteins, GFAP, AQP-4, hemoxygenase 1 and inducible nitric oxide synthase 
(Chastre et al. 2010) and led to induction of the mitochondrial permeability transi-
tion complex (Alvarez et al. 2011).

15.4.3  �TGFβ

The role of transforming growth factor β (TGFβ) in the inflammatory response 
is largely context dependent. Specifically, TGFβ has both anti-inflammatory and 
pro-inflammatory effects on various immune cells in the body, including microglial 
activation. Increased levels of TGFβ have been demonstrated in the liver and serum 
in the AOM model of ALF (McMillin et al. 2012a). The authors demonstrated that 
peripheral TGFβ inhibits the expression of the protective factor Gli1 in the cerebral 
cortex during both acute and chronic liver damage, and speculated that this has 
implications on microglial activation (McMillin et  al. 2013). Systemic treatment 

Inflammatory 
modulator

Model and species Tissue assessed Mechanism Reference

TGFβ Azoxymethane 
model of acute 
liver failure in 
mice

Liver/serum/
cerebral 
cortex

TGFβ is thought to be 
derived from the periphery. 
Systemic treatment with a 
TGFβ specific neutralizing 
antibody attenuates the 
microglia activation and 
delays neurological decline

McMillin 
et al. 
(2012a, 
2013)

AOM azoxymethane, BDL bile duct ligation, CCL2 chemokine ligand 2, CCR chemokine recep-
tor, CSF cerebrospinal fluid, HE hepatic encephalopathy, IL Interleukin, MAPK mitogen-activated 
protein kinase, TGFβ transforming growth factorβ, TNFα tumor necrosis factor α, TNFR1 TNF 
receptor 1

Table 15.1  (continued) 
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of mice with a neutralizing anti-TGFβ antibody delayed the neurological decline 
observed in AOM-induced ALF (McMillin et  al. 2013), and attenuated the mor-
phological changes in Iba-1 positive microglia (McMillin et al. 2013). However, 
whether TGFβ is acting directly on microglia to regulate the neuroinflammatory 
response in these models of HE, or whether the changes in microglial activation 
are an indirect effect of the protective effect of anti-TGFβ neutralizing antibodies 
remains to be established.

15.4.4 � CCL2

The chemokine ligand 2 (CCL2 or monocyte chemotactic protein-1) and its recep-
tors CCR2 and CCR4 have been implicated in a number of neuropathologies rang-
ing from traumatic brain injury to autoimmune disease (Yao et  al. 2012). CCL2 
can be produced by a number of cell types in the brain, including astrocytes and 

 

Fig. 15.6   Possible mechanism whereby systemic inflammation leads to microglial activation and 
monocyte recruitment into the brain as key factors in the pathogenesis of HE in liver failure. Upon 
damage to the liver ( 1) there is an increase in circulating TNFα ( 2). It is proposed that this increase 
in TNFα is then able to activate TNFR located on microglia ( 3) to bring about their activation. 
Activated microglia then produce increased amounts of the chemokine CCL2 ( 4), which signals 
for the recruitment of peripheral monocytes to the brain ( 5). Together, the activated microglia 
and increased infiltration of monocytes leads to and increased brain content of neuromodulators 
including TNFα, alterations in neural excitability and ultimately the development of encephalopa-
thy ( 6)
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microglia (Yao et al. 2012). Neurons have also been shown to release CCL2 after 
brain ischemia or lipopolysaccharide administration (Kim et al. 2012). The conse-
quences of CCL2 expression are varied and context-dependent. For example, CCL2 
has been shown to activate microglia as well as increase the infiltration of circulat-
ing macrophages (Yao et al. 2012). Furthermore, while CCL2 expression is upregu-
lated in a number of neuropathies, the consequences are detrimental in some disease 
states and protective in others (Conductier et al. 2010).

CCL2 immunoreactivity has recently been demonstrated to be increased in the 
frontal cortex of autopsy samples from cirrhotic patients with HE but not in cirrhot-
ic patients who died with no neurological symptoms (Bradley et al. 2013). As men-
tioned above, increased CCL2 expression has also been demonstrated in microglia 
in the cerebral cortex in the animal model of biliary cirrhosis. It is postulated that 
the release of this chemokine is responsible for triggering the recruitment of circu-
lating monocytes to the affected brain region, which contributes to the subsequent 
neurological decline (D’Mello et al. 2009) (Fig. 15.6). Similarly, in the AOM model 
of HE, CCL2 mRNA and protein expression is upregulated in the cerebral cortex 
(McMillin et al. 2012b). However, in this model CCL2 immunoreactivity appeared 
to be predominantly neuronal (McMillin et al. 2012b). Pretreatment of mice with 
specific inhibitors of CCR2 and CCR4 attenuated the increase in microglia activa-
tion (demonstrated by morphological changes in Iba-1 positive microglia) and sub-
sequently delayed the neurological decline (McMillin et al. 2012b), supporting the 
hypothesis that during ALF, neurons produce and secrete the chemoattractant CCL2 
that may cause the recruitment, proliferation and activation of microglia. Whether 
CCL2 also causes a recruitment of circulating monocytes in ALF, in a similar man-
ner to that observed in chronic liver cirrhosis is unknown.

�Conclusion

Hepatic encephalopathy and brain edema are serious neurological complications 
of liver failure that are characterized by neuroglial pathology involving primarily 
swelling of astrocytes and activation of microglia. In addition to frank pathology, 
significant alterations of neuroglial function are encountered in liver failure. Such 
changes include cell volume regulatory deficiencies leading to cytotoxic brain ede-
ma and its complications, reductions in expression of astroglial amino acid trans-
porters and the increased expression of the mitochondrial translocator protein. Acti-
vation of microglia are revealed using a range of cell-specific markers and are a pre-
dominant feature of liver failure independent of the cause of liver damage. Increases 
in expression of genes coding for pro-inflammatory cytokines (TNFα, IL-1b, IL-6) 
and chemokines (CCL2) occur in brain as a consequence of microglial activation 
leading to the currently well-accepted notion that neuroinflammation (inflammation 
of the brain per se) is a major feature of HE in liver failure. Possible mechanisms 
responsible for activation of microglia in liver failure include ammonia neurotox-
icity, brain lactate accumulation and liver-brain pro-inflammatory signalling. A 
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series of studies in experimental liver failure demonstrate that anti-inflammatory 
treatments using a range of approaches including proinflammatory cytokine gene 
deletion, neutralizing anti-cytokine antibodies such as etanercept, CCL2 receptor 
antagonists and minocycline result in prevention or significant attenuation of the 
severity of HE and brain edema in liver failure. Translation of these interesting 
leads into the clinic has the potential to provide novel therapeutic opportunities for 
the management and treatment of HE and brain edema in liver failure.
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