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Abstract Infection and inflammation have been associated
with the development of delirium for many centuries and
there is a rapidly growing evidence base supporting the role
of inflammation in exacerbating the neurological manifes-
tations of both acute and chronic liver failure. Inflammation
in the context of hepatic encephalopathy (HE) can arise
directly within the brain itself resulting in astrocytic, micro-
glial and neuronal dysfunction, impacting on the develop-
ment of ‘brain failure’. Inflammation may also develop
systemically and indirectly influence brain function.
Systemic inflammation develops following liver injury,
resulting in hyperammonemia and a ‘cytotoxic soup’ of
pro-inflammatory mediators which are released into the
circulation and modulate the impact of ammonia on the
brain. The aim of this review is to summarise the current
evidence base supporting the synergistic role of systemic
inflammation and hyperammonemia in the pathogenesis of
hepatic encephalopathy. Systemic inflammation and ammo-
nia induce neutrophil degranulation and release reactive
oxygen species into the peripheral circulation that may
ultimately cross the blood brain barrier. Circulating endo-
toxin arising from the gut (bacterial translocation), super-
imposed sepsis, and hyperammonemia upregulate the
expression of microbial pattern recognition receptors such
as Toll-like receptors. The early recognition and manage-
ment of systemic inflammation may not only facilitate im-
proved outcomes in HE but supports the development of
novel therapeutic strategies that reduce circulating endotox-
emia and immune cell dysfunction.
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The role of ammonia in hepatic encephalopathy

Hepatic encephalopathy (HE) is a debilitating and life
threatening consequence of liver disease complicating up
to 25 % of presentations of acute liver failure (ALF) (Bernal
et al. 2007). HE can arise across a spectrum of clinical
severity, encompassing subtle loss of cognitive function,
lethargy, depressed consciousness and coma. In liver cirrho-
sis between 60 and 80 % of patients are estimated to suffer
with minimal hepatic encephalopathy (Ortiz et al. 2005).

Deranged nitrogen metabolism has been demonstrated to
have a central role in the pathogenesis of HE. Portosystemic
encephalopathy is a term which describes the dysregulation
of the gut-liver axis in cirrhosis complicated by portal hy-
pertension, allowing ammonia to bypass the liver into the
systemic circulation. Ammonia is taken up by astrocytes in
the brain and converted to glutamine where it exerts an
osmotic effect and induces astrocytic swelling and brain
edema (Butterworth 2002). Raised plasma ammonia levels
are increasingly pronounced in patients with acute-on-
chronic liver failure, ALF and in those with intracranial
pressures >25 mmHg, respectively (Bernal et al. 2007;
Clemmesen et al. 1999). However, in patients with cirrhosis,
there is often a poor correlation between arterial plasma
ammonia levels and the manifestation of HE (Shawcross et
al. 2011). Moreover, the correlation between ammonia con-
centration and astrocyte swelling is not clear cut and may be
modulated by the presence of both hyponatremia (Cordoba
et al. 1998; Guevara et al. 2009) and the ability of the brain
to buffer ammonia-induced increases in glutamine within
the astrocytes by losing osmolytes such as myo-inositol
(Shawcross et al. 2004a).
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Inflammation, sepsis and it’s sequelae

The systemic inflammatory response syndrome (SIRS) occurs
in response to a variety of severe clinical insults, both infectious
and sterile, and is defined as the presence of two or more of the
following features: 1) temperature >38 °C or <36 °C 2) heart
rate >90 beats per minute 3) respiratory rate >20 breaths per
minute or PaCO2 <32 mmHg and 4) white blood cell count
>12,000/cu mm or <4,000/cu mm, or >10 % immature (band
forms) (Bone et al. 1992). At the molecular level, SIRS
describes a phenotype of a ‘cytokine storm’ with markedly
raised pro-inflammatory cytokines TNF-α, IL-1β, IL-6, IL-12
and chemokines; this results in activation of neutrophils in the
peripheral circulation (which themselves demonstrate increased
translocation of NFκβ to the nucleus and the subsequent tran-
scriptional upregulation of further pro-inflammatory cytokines
in an spiralling inflammatory cascade) which can cause rise to
sepsis-associated host tissue injury as a ‘bystander effect’ of
inappropriate neutrophil activation. Clinical sequelae of this
‘cytokine storm’ range from peripheral vasodilatation to circu-
latory collapse and multiple organ failure, characterised by
acute renal failure, cardiopulmonary compromise, coagulop-
athy, immunoparesis and encephalopathy.

Ammonia and inflammation are synergistic
in the development and progression of encephalopathy

The association between systemic infection and impaired brain
function was recognised >2,500 years ago; Hippocrates de-
scribed patients with fever and abscesses who developed ‘in-
flammation of the mind’ which was termed ‘phrenitis’. This
seminal observation was further explored by Galen in 200 AD,
who first described the state of delirium which was later con-
solidated in 1892 by William Osler who published work on
how infection impairs brain function in a condition that is now
widely referred to as ‘septic encephalopathy’ (Shawcross et al.
2005).

It is becoming increasingly recognised that infection and
inflammation play important roles in the pathogenesis of HE,
acting in synergy with aberrant nitrogen metabolism (Pedersen
et al. 2007; Wright and Jalan 2007). Nancy Rolando and
colleagues observed a rapid progression in the severity of HE
in those patients with ALF that had more marked inflammation
(Rolando et al. 2000) and in a subsequent study from the US
ALF group, progression of HE from mild to deeper stages was
temporally associated with the development of infection, espe-
cially in thosewith acetaminophen-inducedALF (Vaquero et al.
2003). Likewise, in animal models (Tanaka et al. 2006; Marini
and Broussard 2006; Cauli et al. 2007; Jover et al. 2006;Wright
et al. 2007) and patients with cirrhosis (Shawcross et al. 2004b;
Shawcross et al. 2007; Shawcross et al. 2011; Montoliu et al.
2011), there is mounting evidence for the role of SIRS in

exacerbating the manifestation of HE throughout the spectrum
of presentation from minimal (covert) to severe (grade 3–4) HE
whereby the severity of neurocognitive impairment correlates
with markers of inflammation.

The relationship between systemic inflammation and am-
monia is a synergistic one. In a bile duct ligated (BDL) rat
model, ammonia-fed animals compared to those fed a nor-
mal chow diet had increased cerebral glutamine and brain
water despite having identical levels of systemic inflamma-
tion (Jover et al. 2006). Furthermore, in another BDL rat
study, intra-peritoneal administration of lipopolysaccharide
(a major gram negative cell wall peptide) significantly in-
creased frontal cerebral cortex water in sham-operated,
ammonia-fed and BDL animals but this only led to pre-
coma in the BDL animals. Cytotoxic brain edema and
increases in frontal cortex nitrotyrosine were observed in
the BDL and lipopolysaccharide-treated animals despite the
integrity of the blood–brain barrier being preserved (Wright
et al. 2007). These data support the conceptual framework
that on a background of cirrhosis and hyperammonemia,
superimposed systemic inflammation plays an important
role in the development of HE [Fig. 1]. The observations
circulating around the role of inflammation in HE also
extend to prognostication whereby the SIRS score correlates
with survival in severe HE; survival was independent how-
ever of ammonia concentration, liver biochemistry and the
severity of liver disease as measured by the MELD score
(Shawcross et al. 2011).

Innate immune system dysregulation in liver failure

Patients with liver failure are functionally immunosup-
pressed and at increased risk of developing infection, a
common precipitant of the development of HE and organ
dysfunction. A host of neutrophil abnormalities have been
described in ALF and cirrhosis (Shawcross et al. 2010). At
King’s we have performed transmission electron microsco-
py on neutrophils isolated from patients with ALF and
advanced cirrhosis with hyperammonemia which show mor-
phologically increased nuclear to cytoplasmic ratios with
vacuolation and migration of granules to surround the
vacuoles, indicative of activation [unpublished data]. At
the cellular level, neutrophils incubated ex vivo with
75 μmol ammonia swell and have impaired phagocytic
activity, whilst ammonia-fed rats and patients with cirrhosis
given an amino acid drink which temporarily increases
blood ammonia levels, develop impaired neutrophil phago-
cytic activity with neutrophils spontaneously producing re-
active oxygen species inducing oxidative stress (Shawcross et
al. 2008). In patients with ALF and evidence of systemic
inflammation, there is circulating neutrophil dysfunction akin
to patients presenting with septic shock in the absence of liver
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disease; peak arterial ammonia concentration correlates with
impaired neutrophil phagocytic activity which has been shown
to be a marker of poor outcome in ALF (Taylor et al. 2012).

Neutrophil Toll-like receptor (TLR) 9 expression, part of
the Toll-Like receptor family involved in recognition of
pathogen-associated molecular patterns, correlates with the
severity of HE (Vijay et al. 2012). Neutrophils appear to
demonstrate a paradoxical role of aberrant activation con-
tributing to systemic inflammation and bystander damage to
host organs, whilst at the same time have impaired micro-
bicidal capacity, which in turn predisposes to further infec-
tion and clinical decompensation of underlying disease.

Treatment modalities for hepatic encephalopathy

A paradoxical immunological conundrum in the prevention
and management of HE therefore arises whereby it is desir-
able to augment innate immune system surveillance and
killing of pathogens whilst simultaneously dampening the
pro-inflammatory state of liver failure with any consequent
bystander host-tissue organ damage and reducing serum
ammonia levels.

Therapeutic strategies over the past 30 years have been
directed at manipulation of ammonia metabolism and have
centred around reducing ammonia generation and absorption
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in the gut. Ammonia lowering strategies have however, large-
ly resulted in suboptimal clinical outcomes and it is generally
acknowledged that therapies for HE should focus on manag-
ing any precipitating factors.

There is a wealth of emerging research directed at lowering
the inflammatory burden in HE [Fig. 2]. The use of probiotics
to manipulate the gut enterobiome have shown efficacy both
at a cellular level, in normalising neutrophil function and
clinically with significant improvement in minimal HE seen
in 50 % of patients treated (Liu et al. 2004; Stadlbauer et al.
2008). Targeting of inflammation has been shown to be effi-
cacious in the management of minimal HE in cirrhosis, with
rifaximin identified as a promising therapeutic agent with an
acceptable side effect profile (Bass et al. 2010). The therapeu-
tic actions of rifaximin may be two-fold in reducing the
burden of ammonia-producing enteric bacteria within the
gut, as well as reducing systemic inflammation resulting from
translocation of enteric bacteria across the congested, portal-
hypertensive gut. Infusion of albumin which has antioxidant
properties may have additional benefits over and above that of
simple volume expansion, with reductions in the severity of
HE (Jalan and Kapoor 2004), improved outcomes in those
with spontaneous bacterial peritonitis and reduction in the
incidence of hepato-renal syndrome (Sort et al. 1999).
Albumin dialysis which filters off protein-bound (including
endotoxin) and water-soluble (including ammonia) substances
have been shown to be efficacious in the treatment of HE,
however the mechanisms are not completely understood
(Hassanein et al. 2007).

T-regulatory cells have been shown to play a central role
in the suppression of immune responses and can inhibit
neutrophil function and promote their apoptosis after acti-
vation with lipopolysaccharide (Lewkowicz et al. 2006).
Further understanding of the role of the innate and adaptive
immune systems in the pathogenesis of HE and susceptibil-
ity to infection is required in order to optimise this delicate
balance in the management of liver failure.

Conclusions

Infection and inflammation play a vital role in the precipi-
tation and development of HE, acting in synergy with am-
monia in the context of liver failure. This synergism is likely
to be multifaceted including changes in cerebrovascular
hemodynamics, pro-inflammatory cytokine release into the
systemic circulation and immune system dysregulation.
Early recognition and supportive management of SIRS can
prevent the onset of HE and improve outcomes. Further
understanding of the role of inflammation in the propagation
of HE and multi-organ dysfunction will give rise to potential
strategies directed at therapeutic manipulation of this
phenomenon.
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