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The concept of Bthe inflamed brain^ in acute liver failure:
mechanisms and new therapeutic opportunities
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Abstract The presence and severity of a systemic inflam-
matory response is a major predictor of brain edema and
encephalopathy in acute liver failure (ALF) and polymor-
phisms of the gene coding for the proinflammatory cyto-
kine TNF-alpha are known to influence the clinical out-
come in ALF. Recent reports provide robust evidence for
a role of neuroinflammation(inflammation of the brain per
se) in ALF with the cardinal features of neuroinflammation
including activation of microglial cells and increased pro-
duction in situ of pro-inflammatory cytokines such as TNF-
alpha and interleukins IL-1beta and IL-6. Multiple liver-
brain signalling pathways have been proposed to explain
the phenomenon of neuroinflammation in liver failure and
these include direct effects of systemically-derived cyto-
kines, recruitment of monocytes relating to microglial acti-
vation as well as effects of liver failure-derived toxins and
altered permeability of the blood-brain barrier. Synergistic
mechanisms involving ammonia and cytokines have been
proposed. Currently-available strategies aimed at lowering
of blood ammonia such as lactulose, probiotics and
rifaximin have the potential to dampen systemic inflamma-
tion as does the anti-oxidant N-acetyl cysteine, mild hypo-
thermia and albumin dialysis. Experimental studies demon-
strate that deletion of genes coding for TNF-alpha or IL-1
leads to attenuation of the CNS consequences of ALF and
administration of the TNF-alpha receptor antagonist
e tanercept has comparable benef ic ia l ef fec ts in

experimental ALF. Together, these findings confirm a ma-
jor role for central neuroinflammatory mechanisms in gen-
eral and mechanisms involving TNF-alpha in particular in
the pathogenesis of the cerebral consequences of ALF and
open the door to novel therapeutic interventions in this of-
ten fatal disorder.
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Introduction

Hepatic encephalopathy (HE) and brain edema leading to in-
tracranial hypertension are severe central nervous system
complications of acute liver failure (ALF). HE in ALF is char-
acterized by disturbances of both cognitive and motor func-
tion starting with personality changes progressing rapidly
through more severe cognitive symptoms to stupor and coma.
Progression to coma may occur in a matter of days. Since the
appearance of neurological symptoms in ALF heralds a poor
prognosis potentially having a significant impact on liver
transplant priority and outcome as well as on patient survival,
effective therapies are urgently required.

The mechanisms responsible for HE and brain edema in
ALF are still not completely understood. A great deal of at-
tention continues to be focused on ammonia toxicity in the
pathogenesis of these CNS complications. In support of this
concept, several studies have shown that arterial ammonia
concentrations are useful predictors of brain herniation
(Clemmesen et al. 1999) and independent predictors of sur-
vival in patients with ALF (Bernal et al. 1998) However some
ammonia-lowering agents have so far been found to be of
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limited value in prevention of the central nervous system
(CNS) complications of ALF (Acharya et al. 2009). Recent
research in ALF patients and studies in experimental animal
models confirm that inflammation, acting alone or in concert
with ammonia, plays an important role in the pathogenesis of
the neurological complications of ALF.

Neuroglial pathology in acute liver failure

Studies in material from patients with ALF reveal primarily
swelling of the astrocytes (Kato et al. 1992) leading to brain
edema that is primarily cytotoxic in nature, the cell-type ex-
pressing the greatest degree of swelling being the astrocyte.

More recently, alterations of a second cell type of the glial
linage namely microglial cells have been reported in ALF.
Microglial cells are the immunomodulator cells of the brain
being bone marrow-derived myeloid lineage cells. In the ab-
sence of an inflammatory stimulus, microglial cells remain
quiescent, being involved principally in surveillance (the so-
called Bresting^ phenotype). However in the presence of an
inflammatory stimulus, they become reactive (the Bactivated^
phenotype) with the task of prevention and control of CNS
damage due to altered homeostasis associated with a wide
range of insults and/or cell death. Activation of microglia is
indicative of neuroinflammation and is observed in a wide
range of disorders including Multiple Sclerosis and the
AIDS-Dementia Complex and also in disorders such as stroke
and Alzheimer’s disease consistent with the presence of a
significant neuroinflammatory component in the pathogenesis
of the neurological symptoms of these disorders also.
Activation of microglia was first reported in 2005 in brain
sections from experimental animals with ALF resulting from
liver ischemia (Jiang et al. 2005). These finding were subse-
quently confirmed (Jiang et al. 2009a, b) and the findings of
microglial activation were extended to animals with ALF
resulting from toxic liver injury (Bemeur et al. 2010a) and to
a patient with ALF associated with viral hepatitis (Butterworth
2011).

Systemic inflammation in acute liver failure

Patients with ALF are susceptible to infection as a result of
their compromised immune status and significant numbers of
patients listed for liver transplantation die as a result of brain
edema and its complications (intacranial hypertension, brain
herniation) or sepsis withmultiple organ failure before a donor
liver becomes available (Stravitz and Kramer 2009). A sys-
temic inflammatory response syndrome (SIRS) is commonly
encountered in patients with ALF and the presence of SIRS is
associated with a more critical illness, worsening of HE and
increased mortality. A significant correlation exists between

the presence of SIRS and the severity of CNS complication of
ALF (Rolando et al. 2000). In a study of 227 ALF patients
aimed at the identification of predictive factors for worsening
HE, Vaquero et al. (2003) observed that the acquisition of
infection and/or SIRS during mild stages of HE was a major
predictor of worsening encephalopathy grade particularly in
patients with ALF due to acetaminophen overdose. Moreover,
HE in these patients is influenced by macrophage-derived
cytokines such as the interleukins IL-1beta, IL-6 and tumour
necrosis factor alpha TNF-alpha (Rolando et al .
2000).Circulating levels of TNF-alpha and other pro-
inflammatory cytokines are invariably increased in ALF pa-
tients and TNF gene polymorphisms have been reported to
influence the clinical outcome in these patients (Bernal et al.
1998). Moreover decreases in TNF-alpha production have
been shown to be protective against the development of severe
HE in patients with ALF resulting from acetaminophen inges-
tion (Bernal et al. 1998).Plasma cytokine profiles in experi-
mental ALF resulting from toxic liver injury invariably man-
ifest increases of TNF alpha but additionally, may show both
similarities and differencesIn other cytokines depending upon
the nature of the toxin (Bemeur and Butterworth 2013).

Neuroinflammation in acute liver failure

Although systemic inflammation is well established in ALF,
evidence of neuroinflammation in liver failure was not pro-
vided until the publication of a report of a study suggesting
increased production of pro-inflammatory cytokines in brain
in ALF patients (Wright et al. 2007).Unequivocal evidence of
neuroinflammation was subsequently provided by studies in
both human (Butterworth 2011) and experimental animal
models of ALF. For example, in a report by Jiang et al.
(2009a) microglial activation was demonstrated together with
concomitantly increased expression of genes coding for pro-
inflammatory cytokines in ALF resulting from ischemic liver
injury in the rat (Fig. 1).

In this study, increases in expression of the major histo-
compatibility complex class 11 antigen marker CD11b/c
(OX-42) was observed, a feature that is characteristic of
microglial activation. Microglial activation occurred early in
the progression of ALF and increased significantly as HE
worsened and brain edema became evident.

Liver-brain proinflammatory signalling in acute
liver failure

The precise nature of the signalling between the failing liver
and the brain in ALF leading to neuroinflammation remains
unknown. Possibilities (D’Mello et al. 2009) include (i) direct
transfer of cytokines, (ii) interaction with receptors on
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circumventricular organs lacking a blood-brain barrier or (iii)
activation of afferent neurons of the vagus nerve. In addition
systemic inflammatory signals have the potential to result in
increased permeability of the blood-brain barrier in ALF
(Fig. 2).

In addition to these pro-inflammatory signals, there is evi-
dence to suggest that neuroactive and/or neurotoxic sub-
stances generated by the failing liver play a role in the patho-
genesis of neuroinflammation in ALF. Awide range of mole-
cules with the potential to threaten the functional integrity of
the brain have the capacity to trigger the transformation of the
microglia from the resting to the active state. Such molecules

include ammonia, lactate, glutamate as well as certain
neurosteroids, all of which have been reported to be increased
in concentration in the brain in ALF. Brain ammonia and
lactate concentrations have consistently been reported to be
increased in an animal model of ALF resulting from hepatic
devascularisation (Swain et al. 1992; Chatauret et al. 2003)
and in humans with ALF (Tofteng et al. 2002) using the tech-
nique of in vivo microdialysis. Moreover, EEG changes char-
acteristic of HE in ALF animals have been shown to be sig-
nificantly associated with increased brain lactate concentra-
tions (Deutz et al. 1988) and increased brain lactate is associ-
ated with the occurrence of intercranial hypertension and poor

Fig. 1 Neuroinflammation in
ALF. Panel A: Microglial
activation indicated by increased
OX-42 immunostaining in frontal
cortex of a rat with acute liver
failure resulting from hepatic
devascularisation at coma/edema
stage of encephalopathy (ALF-
coma) compared to a sham-
operated control (Sham). Original
magnification: X200. Panel B:
Increased expression of genes
coding for the pro-inflammatory
cytokines interleukin-1-beta (IL-
1b) and tumor necrosis factor
alpha (TNFa) in samples of
frontal cortex from rats with acute
liver failure at coma/edema stage
of encephalopathy (ALF-coma)
compared to sham-operated
controls (Sham). Histograms
represent mean+/− SE values
from n = 6 animals per group.
Values that are significantly
different from Sham indicated by
*p < 0.02 **p < 0.01 by Student
t test

Fig. 2 Trace amounts of lipopolysaccharide (LPS) lead to breakdown of
the blood-brain barrier in ALF. Left panel: Increased extravasation of
Immunoglobulin G (IgG) in brain of rats with ALF due to hepatic
devascularisation followed by administration of trace amounts of LPS.
CTRL: control; LPS: lipopolysaccharide alone; ALF-8 h: Acute liver
failure 8 h post-op/precoma stage; ALF-Coma: Acute liver failure at

coma stage; ALF + LPS: Acute liver failure plus LPS administration.
Right panel; Data from n = 10 animals per group; columns indicate
mean values +/− SD. * indicates significant difference from all other
groups with p < 0.01 by ANOVA. Data from Chastre et al. 2014 with
permission
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outcome following ALF in dogs (Nyberg et al. 1998). Finally
using the technique of 13C-NMR spectroscopy, brain lactate
was shown to be predictive of the presence and severity of HE
and brain edema in rats with ALF due to hepatic
devascularisation (Chatauret et al. 2003). Increased brain lac-
tate in liver failure has been attributed to an inhibitory effect of
ammonia on brain glucose oxidation. Increased brain lactate
synthesis is significantly correlated with severity of encepha-
lopathy and brain edema, with microglial activation and with
brain cytokine production in experimental ALF (Jiang et al.
2009a; Chatauret et al. 2003). Of particular interest to signal-
ling mechanisms leading to neuroinflammation, it has been
shown that exposure of cultured microglial cells to concentra-
tions of lactate equivalent to those reported in brain in ALF
leads to several-fold increases in release of the pro-
inflammatory cytokines TNF-alpha and IL-6 (Andersson
et al. 2005).

Synergistic effects of ammonia
and pro-inflammatory cytokines in acute liver failure

Glutamate is the principal excitatory neurotransmitter of
mammalian brain and one important function of astrocytes
is the rapid removal of neuronally-released glutamate. This
mechanism represents the major inactivation step in the
regulation of the glutamatergic neurotransmitter system.
For this purpose, astrocytes express high affinity high ca-
pacity glutamate transporters. Studies in cultured astrocytes
reveal that exposure to either ammonia (Norenberg et al.
1991) or pro-inflammatory cytokines (Hu et al. 2000)
causes loss of expression of glutamate transporters and a
consequent reduction in the capacity for high affinity glu-
tamate uptake. Expression of the most abundant glutamate
transporter, EAAT-2, is decreased in experimental ALF
(Knecht et al. 1997). Moreover administration of the endo-
toxin component LPS to rats with ALF results in further
increases in loss of expression of EAAT-2 in brain leading
to a more rapid progression of encephalopathy and brain
edema (Jiang et al. 2009b). These findings provide a prob-
able explanation for the clinical observation of the precip-
itation of severe encephalopathy in ALF patients by inflam-
mation and suggest a role for the glutamatergic neurotrans-
mitter system in ammonia/cytokine synergism.

More recent studies provide direct evidence for additional
ammonia/pro-inflammatory cytokine synergism at the
cellular/molecular level (Chastre et al. 2010). Exposure of
primary cultures of cortical rat astrocytes to recombinant IL-
1beta and ammonia resulted in significant increases in expres-
sion of genes coding for both hemoxygenase-1 (HO-1) and
inducible nitric oxide synthase (iNOS). The effects were ad-
ditive suggestive of synergism.

Implications for novel therapeutics

The consistent findings of induction of central neuro-
inflammatory processes in ALF have the potential to impact
significantly on diagnostic, management and treatment op-
tions for the future.

Therapies directly targeting neuro-inflammatory processes
include those aimed at inhibition of microglial activation or
inhibition of the actions of pro-inflammatory cytokines. One
such example is mild hypothermia. Just two degrees of hypo-
thermia in ALF has been shown to delay the onset of HE,
prevent brain edema and impair both microglial activation
and the increased expression of genes coding for pro-
inflammatory cytokines (Jiang et al. 2009a). A more recent
study showed that deletion (knockdown) of the gene coding
for TNF-alpha or IL-1beta likewise delays HE onset and at-
tenuates brain edema in mice with ALF resulting from toxic
liver injury (Bemeur et al. 2010b). Studies demonstrate that
treatment with the TNF-alpha receptor antagonist etanercept
led to slowing in progression of HE (Fig. 3) and prevention of
brain edema in experimental ALF (Chastre et al. 2012).

Some existing therapies used in the management of HE in
ALF that were presumed to act by lowering levels of circulat-
ing ammonia may also act by reducing levels of pro-
inflammatory cytokines. For example, the use of the albumen
dialysis (MARS) system in patients with ALF resulted in re-
moval of TNF-alpha and clinical improvement with better
outcome in ALF (Guo et al. 2003). Another example of an
existing therapy that appears to act, at least in part, by reduc-
tion of inflammation is mild hypothermia which is increasing-
ly being used in the management of CNS complications of
ALF (Jalan et al. 1999). Mechanisms implicated in the medi-
ation of the beneficial effects of hypothermia in ALF involve
anti-inflammatory mechanisms at both the hepatic and cere-
bral levels (Vaquero and Butterworth 2007).

An interesting new dimension in the search for novel anti-
inflammatory agents for potential application in the treatment
of the CNS complications of liver failure was recently

Fig. 3 Slowing of progression of HE in ALF following treatment with
etanercept (ETA) 30 min, prior to, 3 h following and 6 h following liver
ischemia. Columns represent mean values +/− SD of n = 6 animals with
ALF resulting from liver ischemia *Indicates significant lengthening of
time-to-coma in hours with p < 0.01 by ANOVA
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provided by the report that minocycline, an agent with well-
established potent inhibitory properties on microglial activa-
tion that are independent of its antimicrobial properties in-
hibits pro-inflammatory cytokine production in brain, delays
progression of HE and attenuates brain edema in experimental
ALF (Jiang et al. 2009a).

These findings confirm a major role for central
neuroinflammatory mechanisms involving TNF-alpha in par-
ticular in the pathogenesis of the cerebral consequences of
ALF and provide a rationale for the use of novel central
anti-inflammatory agents in the treatment of the CNS compli-
cations of this often fatal disorder.
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