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Hepatic encephalopathy (HE) encompasses a spectrum of neuropsychiatric disorders related to
liver failure. The development of HE can have a profound impact on mortality as well as
quality of life for patients and carers. Ammonia is central in the disease process contributing
to alteration in neurotransmission, oxidative stress, and cerebral edema and astrocyte swelling
in acute liver failure. Inflammation in the presence of ammonia coactively worsens HE.
Inflammation can result from hyperammonemic responses, endotoxemia, innate immune
dysfunction or concurrent infection. This review summarizes the current processes implicated
in the pathogenesis of HE, as well as current and potential treatments. Treatments currently
focus on reducing inflammation and/or blood ammonia levels and provide varying degrees of
success. Optimization of current treatments and initial testing of novel therapies will provide
the basis of improvement of care in the near future.
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Hepatic encephalopathy (HE) is a complica-
tion of liver disease that is difficult to treat
and is associated with significant morbidity
and mortality.

This review aims to look at:

• Definition and classification of HE;
• The central role of ammonia in the disease
and how ammonia is regulated by the body;

• The effect of ammonia on the brain;
• The role of inflammation in HE including
neuroinflammation;

• Treatments for HE including novel and
potential therapies.

Hepatic encephalopathy
HE is a reversible neuropsychiatric condition,
which is usually associated with liver failure. It
encompasses a wide spectrum of disorders
ranging from mild defects in executive func-
tion only detectable with psychometric tests
through to coma [1]. HE is associated with
similarly diverse liver etiologies and a Working
Group in 1998 at the World Congress of Gas-
troenterology suggested standardizing the HE

nomenclature to reflect this [2]. They proposed
three classes of HE, shown in TABLE 1.

These differentiations are important because
disease processes differ, especially between
acute and chronic HE [3]. Even so, this classifi-
cation may fail to fully encompass the complex
diversity of HE: for example, encephalopathy
caused by inherited defects in the urea cycle,
which some have said is HE [4] falls outside of
these definitions.

Clinical outcomes are significantly affected
by the presence of HE. In acute liver failure
(ALF), the mortality rate is high, but has
improved significantly from 83% in 1973–
1978 down to 38% in 2004–2008 [5]. In cir-
rhotic liver disease, the presence of at least one
acute episode of HE is associated with mortal-
ity of 58% at 1 year [5]. Minimal HE, detect-
able using psychometric testing, was associated
with a 1-year mortality rate of 39.1% [6] and
is predictive of future episodes of overt ence-
phalopathy [7]. Both of these mortality rates
are considerably worse than the 1-year mortal-
ity rate following orthotopic liver transplanta-
tion (OLT) of approximately 10% [8].
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HE also exerts a significant burden on the quality of life of
patients and care givers. In cirrhotics, overt HE occurs in 30–
50% [9], whereas minimal HE can affect 30–84% of cirrhotic
patients [10]. It can be associated with impaired ability to
drive [11,12], impairment in daily functioning, sleep, work and
memory [13].

Pathogenesis of hepatic encephalopathy
The pathogenesis of HE is incompletely understood. A rise in
blood ammonia levels is central to the disease process [14,15],
but ammonia levels correlate poorly with severity of HE.
A synergistic action with concurrent inflammation has been
suggested [16–19]. Changes in the brain can include cerebral
edema, neuroinflammation and deranged neurotransmission.

Ammonia

Ammonia (NH3) is a nitrogen compound usually produced as
a result of nitrogen metabolism in the body. At physiological
pH values, ammonia is over 98% dissociated as an ammonium
(NH4

+) ion [20], and for simplicity, this review will refer to
NH3/NH4

+ as ‘ammonia.’
Normal blood ammonia levels are 10–50 mmol/l. Arterial

ammonia concentrations in ALF can rise to as much as 100–
450 mmol/l, while in chronic liver failure vary from normal to
150 mmol/l. The brain:blood ammonia concentration ratio also
increases from around 2 in healthy individuals to 3–4 in
chronic liver disease and to 8 in ALF [14].

The biogenesis and regulatory systems in the body for
ammonia are shown in FIGURE 1. The majority of ammonia is
generated from the gut. The main energy source for enterocytes
in the small bowel is the amino acid glutamine. With the
enzyme k-phosphate-activated glutaminase (k-PAG), enterocytes
convert glutamine to glutamate. This produces energy, as well
as nucleotides and ammonia. When a glutamine meal is given
to a patient, a corresponding increase in serum ammonia is
seen around 1 h after administration, corresponding to the
location in the gut the meal has reached. Although the colon

does also produce ammonia from the breakdown of amino
acids, the majority of the colon’s ammonia production results
from the breakdown of urea by intestinal flora-derived urease.
Intestinal k-PAG activity is enhanced in cirrhotic patients com-
pared with healthy controls, and the level of enhancement cor-
relates with the severity of MHE [21].

Ammonia-rich blood then flows to the liver for detoxifica-
tion. Periportal hepatocytes convert ammonia to urea via the
urea cycle. Further downstream perivenous glutamine synthase-
containing hepatocytes – with a high affinity for
ammonia – convert it to glutamine. This second ‘scavenger’
pathway allows ammonia that has missed the urea-synthesizing
cells to be removed [22]. This system ensures that under normal
physiological conditions, the liver metabolizes nearly all the
gut-derived ammonia [15]. Altering the percentage of ammonia
that is removed by each of these two pathways allows the liver
to help regulate pH balance: removal of ammonia via the urea
cycle irreversibly removes bicarbonate from the system [22,23].

In patients with portosystemic shunts, blood from the gut
bypasses the liver and flows directly into the systemic circula-
tion. The extent to which this bypasses the liver depends on
the type of shunt. The formation of a portacaval shunt reduces
ammonia detoxification capacity by 50% and following a trans-
jugular intrahepatic portosystemic shunt, this can be as high as
93% [24].

The kidneys play an important role in regulating ammonia.
They contain both the enzyme glutamine synthetase (GS) and
k-PAG so that they are able to generate and use up ammo-
nia [25]. Under normal physiological conditions, they are a net
producer of ammonia. From the ammonia produced, 30% of
it is excreted by the kidneys into the urine, and the remaining
70% is reabsorbed back in to the circulation by the renal vein.
In cases of hyperammonemia [26] and acidosis [27], the kidney
becomes a net excretor of ammonia. This has been shown to
help modulate the increase in ammonia during the anhepatic
phase of OLT [28]. Excretion of ammonia during acidosis also
helps to normalize the acid–base balance as bicarbonate is

Table 1. Different categories of hepatic encephalopathy, as defined by the 1998 Working Group at the
World Congress of Gastroenterology.

HE type Nomenclature Subcategory Subdivisions

A HE associated with acute liver failure

B HE associated with portosystemic shunt (bypass) and no hepatocellular disease

C HE associated with cirrhosis and portal hypertension and/or portosystemic shunt Episodic Precipitated

Spontaneous

Recurrent

Persistent Mild

Severe

Treatment dependent

Minimal

HE: Hepatic encephalopathy.
Data taken from [2].
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generated and protons are excreted [27]. Following a gastrointes-
tinal (GI) bleed in patients with cirrhosis, it is the kidney’s
ammoniagenesis that results in a significant increase in circulat-
ing ammonia. In patients given protein loads to simulate GI
bleeds, renal production of ammonia increases sixfold, with no
change in ammonia production in portal-drained viscera [29].

Skeletal muscle contains GS, catalyzing the integration of
ammonia into glutamine. Such conversion, especially involving
skeletal muscle, should only be viewed as a temporary removal
of ammonia, as the glutamine is converted back to glutamate
and ammonia in the enterocytes and the kidney. Skeletal
muscles also possess the enzyme alanine aminotransferase. This
converts pyruvate into the amino acid alanine, which contains
a nitrogen atom. This can travel in the blood to the liver where
it can be converted to urea in an energy intense process. This
is therefore a pathway to remove nitrogen from the body.

Astrocytes also contain GS and this will be looked at in
more detail by looking at the effect of ammonia on the brain.

Ammonia & the brain in HE

Ammonia in high concentrations is neurotoxic [30]. Ammonia in
the bloodstream as NH3 is able to simply diffuse across the

blood–brain barrier, and the ammonium ion NH4
+ is similar to

K+ so is able to cross via potassium channels or transporters [31],
as well as by speculated dedicated ammonium transporters [32].
N13-labeled ammonia is able to readily build up in brain tissue at
a rate linearly correlated to plasma concentration of ammonia [33].
Astrocytes, the cells, which biochemically support the blood–
brain barrier and synapses, have been shown to protect neurons
from the effect of ammonia [30]. They produce GS so that they
are able to amidate glutamate to remove free ammonia. Follow-
ing an ammonia load in cirrhotic patients, brain glutamine
increases significantly compared with placebo [34]. Neurons do
not normally produce any GS so are unable to use this process to
protect themselves from ammonia. Interestingly, in the absence
of astrocytes or in Alzheimer’s disease with defective astrocytes,
neurons are able to adaptively express GS [35].

The clinical picture of altered brain physiology in HE differs
between acute and chronic liver failure. In ALF, cerebral edema
in the presence of high ammonia plays a main role, along with
oxidative stress, altered neurotransmission and inflammation. In
chronic liver disease cerebral edema, if present, is unlikely to be
significant; neuro/systemic inflammation and altered neuro-
transmission still contribute.
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Figure 1. Ammonia generation and metabolism pathways in the body.
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Cerebral edema & cell swelling

Acute liver failure

Cerebral edema is often seen in patients with ALF and can
lead to increased intracranial pressure, brain herniation and
death. The exact processes involved are not well defined, but it
is a widely held opinion that a cytotoxic process due to the
effects of ammonia plays a significant part [36]. At the cellular
level, neurons exposed to very high levels of ammonia quickly
show extensive degeneration and undergo increased rates of
apoptosis and necrosis.

Additionally, astrocytes swell in the presence of high ammo-
nia. This is traditionally ascribed to cell hypertonicity from an
increase in cellular glutamine. This swelling may contribute to
the intracranial hypertension seen in ALF. Arterial ammonia
concentrations in ALF have been shown to correlate with the
severity of cerebral herniation and death and with severe grades
of HE [37]. Patients with ALF who have not progressed to
Grade 3/4 HE are unlikely to progress to develop intracranial
hypertension [36,38].

Chronic liver failure

In cirrhosis, there may be chronic low-grade cerebral edema [39];
the extent of this cerebral edema does not correlate with the level
of HE [40,41], and it is reversed following liver transplantation [39].
Any cerebral edema in cirrhosis with MHE may not be due to
astrocyte swelling, but due to an increase in extracellular intersti-
tial fluid, possibly as a result of migration of macromolecules out-
side the astrocytes in an attempt at intracellular osmoregulation.
With worsening HE, astrocyte swelling is observed. In the brains
of cirrhotic patients who died of HE, an Alzheimer’s Type 2
astrocytosis is seen: astrocytes have a large swollen nucleus,
expansion of cytoplasm and proliferation of organelles [42].

Neurotransmission

N-methyl-D-aspartate receptor activation

In HE, the interaction between neurons and neurotransmission
is changed. Some of the neurotransmission pathways believed
to be implicated in HE are shown in FIGURE 2. The effect of
ammonia on N-methyl-D-aspartate (NMDA) neurotransmission
depends upon whether there is acute or chronic liver failure.

Acute liver failure

In ALF, the ammonia levels are considerably higher resulting
in an increase in NMDA receptor activation that leads ulti-
mately to an increase in cyclic guanosine monophosphate
(cGMP) production by the glutamate–nitric oxide–cGMP
pathway, shown in FIGURE 2. Very high levels of ammonia
(2 mM) have been shown to depolarize hippocampal neurons
by 10 mV [43], but this is not enough to depolarize the cell. By
raising the resting membrane potential, this helps partly to
remove the voltage-dependent Mg2+ block on NMDA recep-
tors, increasing their activity [44]. Intraperitoneal injections of
ammonia in rats led to an increase in cGMP in the extracellu-
lar space, suggesting increased activation of NMDA recep-
tors [45], but only very high doses of ammonia were able to do

this. The NMDA activation may be implicated in the develop-
ment of coma and death, as ammonia-induced deaths of ani-
mals were almost completely prevented by 10 different
antagonists of the NMDA receptor [46].

Chronic liver disease

In chronic hyperammonemia, long-term exposure to sublethal
levels of hyperammonemia has been shown to be protective
against metabolic abnormalities and death in acute hyperam-
monemia that would otherwise be fatal [47–49]. Compensatory
mechanisms mean that there is a reduction in the overall
cGMP production. In rats that had been exposed to chronic
hyperammonemia, production of cGMP following stimulation
of the cerebellum with NMDA was decreased [50]. By providing
another source of nitric oxide (NO), and there still being no
increase in cGMP, Hermenegildo et al. were able to show that
the step limiting the production of cGMP in hyperammonemia
was soluble guanylate cyclase, and this experiment has been
reproduced on cirrhotic patients with the same results [51]. This
is significant for HE because the Glutamine–NO–cGMP path-
way has been implicated in learning: in rats, inhibition of NO
synthase reduces learning of spatial tasks, impairs memory con-
solidation and learning of passive avoidance [52]. Hyperammo-
nemic rats with impaired learning and cGMP production were
able to have their learning ability restored by increasing the
brain extracellular cGMP. This worked either through directly
injecting cGMP, or through inhibiting the phosphodiesterase
that breaks down the cGMP with zaprinast [53] or oral
sildenafil [54].

Increased GABAergic tone

g-aminobutyric acid (GABA) is one of the main inhibitory
neurotransmitters, and increased GABAergic tone has long
been suggested as an alternative cause of HE due to increased
neuroinhibition [55]. This was based on similarities seen
between animals with liver failure and those treated with
GABA agonists. Additionally, the drug flumazenil, a benzodia-
zepine antagonist, caused some improvement in patients with
HE. This is unlikely to be due to increased GABA in the brain
or increased GABAA receptors, but more likely represents a
response to endogenous neurosteroids in the brain some of
which are able to activate the GABAA receptor [56]. Neuroste-
roids are synthesized by glial cells within the CNS following
activation of the ‘peripheral-type’ benzodiazepine receptor
(PTBR) on the outer mitochondrial membrane of astrocytes.
Ammonia has been shown to upregulate the PTBR, and they
are upregulated in models of ALF [57]. Increased PTBR-binding
site densities have been seen in autopsied brains of patients
who have died of HE [58], and increased levels of the neuroste-
roid pregnenolone have also been observed [59]. Additionally,
increased central benzodiazepine-binding sites (part of the
GABAA receptor complex) have been seen in chronic HE [60].
These observations may help to explain the sensitivity to benzo-
diazepines seen in patients with HE and provides a potential
target for future therapies.

Review Sturgeon & Shawcross

86 Expert Rev. Gastroenterol. Hepatol. 8(1), (2014)

E
xp

er
t R

ev
ie

w
 o

f 
G

as
tr

oe
nt

er
ol

og
y 

&
 H

ep
at

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
82

.2
.8

2.
24

3 
on

 1
2/

06
/1

3
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Cauli et al. demonstrated an increased GABAergic tone in
the cerebellum of rats exposed to chronic hyperammonemia
but decreased GABAergic tone in the cortex [61]. Blocking the
GABAA receptor with intraperitoneal bicuculline restored the
function of the glutamate–NO–cGMP pathway in the cerebel-
lum, as well as restoring learning ability in the hyperammone-
mic rats [61].

Oxidative stress
In ALF, several mechanisms appear to place oxidative stress on
cells exposed to elevated ammonia, which will increase metabolic
rate and even contribute to inflammation. When ammonia com-
bines with glutamate in the astrocytes to form glutamine, there is
a reduction in the amount of glutamate in the cell. A shortage of
glutamate is partly avoided by amination of a-ketoglutarate to
produce glutamate as shown in FIGURE 2 [62]. This removal of a sub-
strate in the tricarboxylic acid (TCA) cycle, as well as ammonia
being an inhibitor to enzymes required for TCA cycle activity
(such as pyruvate dehydrogenase and a-ketoglutarate dehydro-
genase), go some of the way to explaining the high levels of pyru-
vate and lactate seen in brains of HE patients [63].

The activation of the glutamate–NO–cGMP pathway and
NMDA receptors allow entry of Ca2+ to enter the neuron.
Sodium ions enter as well, and the removal of these ions from
the cell uses up ATP by increased activity of Na+/K+-ATPase.
Following ammonia intoxication, Na+/K+-ATPase activity was
increased to 76% [64]. Much of the influx of Ca2+ into the cell
is sequestered by the mitochondria. This alters membrane
potential, reducing respiration and thus ATP production and
potentially releasing free radicals [46].

The ‘Trojan horse’ hypothesis has been recently proposed as
an alternative theory by Albrecht and Norenberg to explain the
development of astrocyte swelling and brain edema and sug-
gests an important role for both ammonia and glutamine [65].
The excess glutamine synthesized within astrocytes is trans-
ported into mitochondria where it is metabolized by k-PAG to
ammonia and glutamate [66]. Glutamine, the ‘Trojan horse’,
thereby acts as a carrier of ammonia into the mitochondria,
where its accumulation can lead to oxidative stress and ulti-
mately astrocyte swelling.

One critical consequence of oxidative and nitrosative stress is
the induction of mitochondrial permeability transition
(MPT) [67]. The MPT usually develops in response to an
increase in mitochondrial Ca2+ levels and results in a sudden
opening of the permeability transition pore, a large nonselective
permeability pore in the inner mitochondrial membrane. This
leads to increased permeability on the inner mitochondrial
membrane to protons, ions and other small solutes. As a result,
the inner mitochondrial membrane potential dissipates causing
mitochondrial dysfunction. The MPT is therefore associated
with movement of metabolites across the inner mitochondrial
membrane, spilling of the mitochondrial matrix, defective oxi-
dative phosphorylation and adenosine triphosphate (ATP) pro-
duction and generation of free radicals [68]. Production of free
radicals through MPT induction further aggravates the MPT,

resulting in a vicious cycle. Induction of the MPT was
described in cultured astrocytes exposed to ammonia [67]. The
mechanism underlying MPT induction most likely involves
oxidative stress, as antioxidants including superoxide dismutase,
catalase and vitamin E were able to inhibit the development of
the MPT by ammonia [69].

Inflammation

Ammonia alone does not strongly correlate with the severity of
HE [70], particularly in patients with cirrhosis. Although fre-
quently raised in HE, one study showed that 69% of the
patients with no HE had a raised ammonia, and several of the
patients with Grade III/IV encephalopathy had normal arterial
ammonia levels [71]. Despite a positive correlation between arte-
rial ammonia levels and severity of HE (r = 0.61), substantial
overlap between groups means single ammonia levels have little
utility in the diagnosis of HE. Another study concurs with this
and notes that even in patients whose HE had resolved, ammo-
nia levels remained high and some cases even elevated [72]. It
has been suggested that inflammation plays a synergistic role in
the pathophysiology of HE, augmenting the effect of ammonia.
Inflammation can be systemic, but there also appears to be a
role for autogenously produced proinflammatory cytokines
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Figure 2. Diagram showing some effects of excess ammo-
nia on glutamatergic neurons.
A-KG: a-Ketoglutarate; GAD: Glutamate decarboxylase; GS: Gluta-
mine synthetase; NMDA: N-methyl-D-aspartate; nNOS: Neuronal
nitric oxide synthase; PAG: Phosphate activated glutaminase;
sGC: Soluable guanylate cyclase; TCA: Tricarboxylic acid cycle.
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from the brain in the presence of ammonia giving rise to
neuroinflammation [17].

Systemic inflammation & HE

Acute liver failure

In ALF, inflammation arises from hepatic necrosis and the sus-
ceptibility to developing infection – one study showed 80% of
ALF patients had bacteriologically proven infection and 32% had
fungal infection during their admission [73]. Rolando et al. showed
that even in the absence of proven infection, a systemic inflamma-
tory response syndrome (SIRS) was seen on admission in 39.8%
of ALF patients. At least in part, this is due to inflammation
because of ALF per se [74]. Importantly, this ‘sterile’ inflammation
was associated with worsening HE and death. Another study
showed that acquisition of infection during Grades I and II of
encephalopathy was shown to be significantly associated with pro-
gression to Grades III and IV encephalopathy in ALF induced by
acetaminophen. Again, SIRS at admission increased the probabil-
ity of progressing to Grade III/IV HE [75]. The systemic inflam-
mation seen in ALF even in the absence of infection is that of a
‘cytokine storm,’ with very high levels of TNF-a, IL-1b and
IL-6 [76]. The necrotic liver plays a significant part in this cytokine
release and removal of necrotic liver in ALF results in a reduction
in the severity of intracranial hypertension [77].

Chronic liver failure

Inflammation is significant in cirrhosis and minimal hepatic
encephalopathy (MHE). In patients with cirrhosis, the presence
or absence of HE was not dependent on the severity of liver
disease or ammonia level but on inflammation [78]. In another
study, induced hyperammonemia in cirrhotics resulted in worse
neuropsychiatric test scores only in those with concurrent
inflammation [16]. Hyperammonemic mice injected with lipo-
polysaccharide to induce an immune response produced similar
cytokine responses; however, learning impairment was more
pronounced and lasted longer in the hyperammonemic mice,
again suggesting a central role of inflammation in HE [79]. The

presence of inflammation in the presence of hyperammonemia
even in the absence of any liver abnormality is sufficient to
produce a degree of cognitive impairment. This was noted in
one study where ‘healthy’ controls were found to subsequently
have a degree of hyperammonemic encephalopathy with raised
ammonia and inflammatory markers, but without any evidence
of liver impairment [80]. In healthy rats, which were injected
with lipopolysaccharide to induce inflammation, rats that were
fed ammonia-rich feed developed significant astrocyte edema
confirmed on transmission electron microscopy, but only rats
that had their bile duct ligated lapsed into a coma [19]. This
reaffirms that cerebral edema is not necessarily related to the
severity of HE and that inflammation is able to modulate HE.

Patients with cirrhosis have clinical features consistent with a
chronic low-grade inflammation: a hyperdynamic circulation,
generalized vasodilation and increased systemic output [81]. The
cause of inflammation in cirrhosis is multifactorial, with some
of the inflammatory processes shown in FIGURE 3. In cirrhosis
and portal hypertension, the gut wall becomes more permeable
to bacteria. This is shown by a study that found gut bacterial
flora in mesenteric lymph nodes of 30.8% of patients with
Child’s Pugh C cirrhosis compared with <10% in noncirrhotic
patients [82]. These translocated bacteria can either become a
source of infection in themselves [83], or translocated bacterial
products – especially endotoxins – can become a source of
chronic inflammation by inducing an immune response [84].
One study showed that endotoxemia, without sepsis, was seen
in 92.3% of patients with cirrhosis and was completely absent
in healthy controls. Higher levels of endotoxemia were seen in
patients with HE and a high-level predicted mortality [85].
Increased plasma pro-inflammatory cytokines are observed in
patients with MHE [78] and a subsequent study showed levels
of IL-6 and IL-18 correlated with the presence of MHE in
cirrhosis [86].

Immune responses to this chronically endotoxemic, antigen-
rich state leads to a dysfunctional immune system. Neutrophils
in cirrhosis have a higher resting oxidative burst, further contri-
buting to systemic inflammation, decreased phagocytic capacity
and decreased stimulated oxidative burst [87–89]. Similar neutro-
phil changes can be shown to be induced by raised ammo-
nia [90,91]. Receptors in neutrophils are altered in liver failure:
toll-like receptor (TLR) 4, a receptor for endotoxin and TLR9,
a receptor for CpG sequences in bacterial DNA are increased
in cirrhotics [92]. TLR9-level expression has been shown to cor-
relate with severity of HE [93]. This altered neutrophil function
decreases the immune system’s ability to protect against infec-
tions and may help to explain a high bacterial infection rate of
34% seen in cirrhotics [94].

Neuroinflammation
Inflammation of the brain itself has been suggested to be
present in rats with HE – high levels of IL-6, increased activity
of cyclooxygenase and inducible NO synthase in the cerebral
cortex suggest inflammation [95]. Treatment with chronic ibu-
profen resolves this neuroinflammation, restores cognitive

Neuroinflammation

System inflammation

Infection

Endotoxemia Immune system
dysfunction

Bacterial translocation across gut

Ammonia

Cirrhosis

Figure 3. Inflammation in cirrhosis.
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ability and normalizes the glutamate–NO–cGMP pathway
abnormalities seen in HE. Inflammation in the brain can be
affected by systemic inflammation. Pro-inflammatory cytokines
are able to be transported across the blood–brain barrier from
the systemic circulation. There is however good evidence that
neuroinflammation in HE is derived from the brain itself. The
brain contains microglial cells that are essentially macrophages
resident in the CNS. These can be activated to release pro-
inflammatory cytokines and cause neuroinflammation. Chronic
hyperammonemia is sufficient to induce microglial activa-
tion [96], and this activation results in brain-derived pro-inflam-
matory cytokines [97]. The extent of microglial activation is
predictive of the level of HE, as well as presence of cerebral
edema in ALF [98].

The exact process of microglial activation in HE is uncertain
as the point of activation is unclear. In one mouse model of
ALF, microglial activation was seen to occur in the final stages
of HE rather than when the ammonia levels started to go
up [99]. Ammonia-induced oxidative stress in the brain may
contribute to the microglial activation. As previously men-
tioned, ammonia can inhibit the TCA cycle. Lactate levels
reach 10–12 mM in end-stage HE in liver failure, which is suf-
ficient to result in increased pro-inflammatory cytokines in cul-
tured microglial cells [100].

Treatments
Current therapeutic regimens for HE are suboptimal, especially
in ALF. Initial management of an acute episode of HE, be it
in ALF or an acute episode in a cirrhotic patient, is to treat the
precipitant cause, followed by supportive treatment and ammo-
nia/inflammation reduction therapies. In patients with ALF
who progress to coma, this invariably will result in death unless
the patient undergoes liver transplantation. Treatment aims for
chronic and MHE is to reduce the severity of the HE and
reduce the number of overt HE episodes. A list of current and
potential treatment options for HE are shown in TABLE 2. An
increasing number of treatments are aimed at reducing inflam-
mation, and this will likely continue as new therapeutic targets
are identified in the inflammatory response in HE. The applic-
ability of different treatments to different types of HE are
shown in TABLE 3.

Current therapies

Nonabsorbable disaccharides

Nonabsorbable disaccharides such as lactulose/lactitol have been
considered as the standard treatment for HE since the late
1970s. It is the first-line treatment, and lactulose frequently
serves as control treatment in trials assessing new drugs for HE.
Disaccharides pass undigested into the colon, where they are
partly digested by bacteria in the gut. This produces carboxylic
acids, which help to acidify the gut. This process helps to
inhibit bacterial production of ammonia by reducing urease-
producing gut flora and also traps ammonia as nondiffusible
ammonium in the intestinal lumen [101]. Lactulose has a limited
role to play in ALF; its use has been associated with an increase

in survival time, but it did not affect severity of encephalopathy
or survival [102]. One concern over its use in ALF is that it can
cause gaseous bowel distension, which can make subsequent
liver transplantation difficult [103]. In acute episodes of HE
occurring in the context of chronic liver disease, a meta-analysis
by Als-Nielsen et al. concluded that there is insufficient evi-
dence to support or refute the use of lactulose in acute episodes
of HE based upon there being evidence available from only
57 patients enrolled in high-quality controls [104]. Furthermore,
the use of lactulose had no favorable impact on mortality.

Lactulose has been shown to be efficacious in improving
neuropsychiatric function and quality of life in MHE [105], as
well as in the secondary prevention of HE in cirrhotic
patients [101]. A subsequent meta-analysis showed that nonab-
sorbable disaccharides are effective at reducing HE symptoms
and in the prevention of HE episodes compared with no treat-
ment [106]. Given their cost and availability, nonabsorbable dis-
accharides are likely to remain a well-used treatment in HE.

Nonabsorbable antibiotics

Antibiotics such as neomycin, vancomycin and metronidazole
have previously been used to reduce ammonia-producing bacte-
ria in the gut and therefore reduce the occurrence of HE. Fur-
thermore, nonabsorbable antibiotics have been shown to be
superior to nonabsorbable disaccharides in the treatment of
acute HE [104]. The long-term use of these nonabsorbable anti-
biotics, however, has largely been discontinued due to their tox-
icities [107]. Because of its low systemic absorption rates, it is
hoped that rifaximin-a avoids such side effects. Rifaximin-a is
a synthetic, nonabsorbable antibiotic of the rifamycin class. It
inhibits bacterial RNA synthesis by binding to the bacterial
DNA-dependent RNA polymerase [108]. Rifaximin is poorly
absorbed (<0.04%), but in patients with Childs Pugh C, cir-
rhosis absorption is increased by 20-times [201]. There are no
data on the long-term potential toxicity such absorption
could induce.

Compared with lactulose alone, rifaximin-a has been shown
to be better at [109–111], or at least as good at [112–114], reducing
encephalopathy in cirrhotics and has fewer side effects [115].
Treatment with rifaximin was also associated with fewer deaths,
fewer cases of sepsis and correspondingly shorter hospital
stay [111]. A placebo-controlled randomized trial showed that
rifaximin-a is effective at maintaining remission from HE as
well as significantly reducing HE-related hospital admis-
sions [116]. Suggested therapeutic effects of rifaximin-a are
shown in FIGURE 4. Despite rifaximin-a not being absorbed, a
reduction in the incidence of sepsis in cirrhosis might result
from a reduction in the high level [82] of viable bacteria translo-
cated across the gut wall. This theory is supported by a reduc-
tion in endotoxemia seen in rifaximin-treated patients [117].

Rifaximin potentially provides a combination of ammonia
and inflammation reduction with few side effects. This provides
an exciting avenue in treatment of chronic HE and is looking
more likely to be included as a staple in treatment of HE
poorly controlled by traditional treatments. It is currently
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under consideration by NICE in the UK for maintenance ther-
apy of HE with a committee decision due at the end of
October 2013.

L-ornithine-L-aspartate

L-ornithine-L-aspartate (LOLA) stimulates the urea cycle and
glutamine synthesis. Both ornithine and aspartate are metabolic
substrates of the urea cycle, and its administration in rats shows
a reduction in ammonia and slight increase in blood urea, sug-
gesting ammonia reduction may be through production of urea
in the liver [118]. They are both able to interact with a-
ketoglutarate to produce glutamate, and some LOLA treat-
ments in rats show increased glutamate in CSF and plasma [118],
although other studies have shown the opposite [119].

Efficacy of LOLA in chronic HE appears to be more favor-
able. A meta-analysis of four randomized controlled trials in
the use of LOLA versus placebo in HE in cirrhotics demon-
strated improvement in neuropsychometry and a reduced
serum ammonia level [120]. A more recent randomized con-
trolled trial in patients with MHE comparing LOLA, probiot-
ics or lactulose to placebo showed significant improvement in
HE in all three groups. [121] Comparing LOLA to lactulose has
shown benefit of LOLA in one study [122]. Evidence for LOLA
in ALF is lacking with one placebo controlled study showing
no improvement in HE grade although this study was criticized
for using subtherapeutic doses of LOLA [123].

Hemofiltration/hemodialysis

Hemofiltration/hemodialysis are renal replacement therapies
(RRT) commonly used in patients with renal failure, which
can lower blood ammonia levels by removing it and other
small solutes from the blood. RRT is the standard of care
to help reduce ammonia in patients with ALF [36] and in
urea cycle defects when the blood ammonia level does not
respond medically [124]. The effect of hemofiltration on
ammonia in patients with liver disease has been sparsely
studied, but one recent study showed that it resulted in a

22% reduction in arterial ammonia concentration after
24 h, but no comment was made on any change in HE
grade [125]. RRTs are invasive, resource intensive and are
likely to only be used in an intensive care unit setting;
because of this, RRT is likely to be used in the context of
end-stage liver failure with multiorgan dysfunction, the lat-
ter frequently associated with sepsis.

Hypothermia

Moderate hypothermia (reduction of core body temperature
to 32–35˚C) is likely to convey protection against deleterious
effects of HE in ALF by a decrease in the production of pro-
inflammatory mediators as well as a reduction in the effect
and the level of ammonia in the blood. An ammonia reduc-
tion is likely to be due to a reduction in ammonia produc-
tion by intestinal bacteria, decreased proteolysis and
decreased renal release of ammonia into the blood [126].
Hypothermia has been demonstrated to be effective at lower-
ing medically resistant high intracranial pressure (ICP) in
ALF while waiting for transplantation [76,127–129]. Initial
results from a randomized multicenter trial appear to show
that the utilization of hypothermia as prophylaxis for raised
ICP, rather than as a direct response to it, did not alter over-
all mortality or the subsequent incidence of raised ICP [130].
There are many different variables in hypothermia treatment
such as method of cooling, onset and duration of therapy,
extent of hypothermia, rewarming protocols, as well as differ-
ences in the underlying causes of ALF. Unless these can be
standardized, the comparison and interpretation of results
from different trials will be difficult. Given hypothermia is
effectively used following brain insults ranging from trauma,
myocardial infarction, to hypoxic–ischemic encephalopathy,
there may well be an enduring place for hypothermia in
future treatment regimens of ALF. Optimization of parame-
ters for hypothermia therapy is vital and the publication of
the full breakdown of the multicenter study results as well as
targeted further studies are eagerly awaited.

Table 2. Current and potential treatments for hepatic encephalopathy classified in to ammonia reducing
and inflammation reducing.

Ammonia reducing Inflammation reducing

Decreased production Increased removal

Nonabsorbable disaccharides LOLA (Rifaximin)

Rifaximin Hemofiltration/hemodialysis Hypothermia

Probiotics Branched-chain amino acids Antioxidants, for example, NAC

AST-120 (Acetyl)-L-carnitine (Probiotics)

Sodium phenylbutyrate/phenylacetate Plasmapheresis Plasmapheresis

Sildenafil

Sodium benzoate Minocycline

L-ornithine phenylacetate Albumin replacement/dialysis

LOLA: L-ornithine-L-aspartate; NAC: N-acetylcisteine.
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Antioxidants

N-acetylcysteine (NAC) already has a crucial role in ALF
caused by acetaminophen overdose. Its antioxidant and anti-
inflammatory properties have been suggested to be protective
in cases of nonacetaminophen-induced ALF as well. In a
randomized controlled trial, NAC improved survival when
given during early coma stages [131]. In animal models of
nonacetaminophen-induced ALF NAC reduces ammonia, some
inflammatory cytokines, as well hepatocyte damage [132]. Recog-
nition of the protective effect of NAC in nonacetaminophen-
induced ALF is recognized in a position paper by the American
Association for the Study of Liver Diseases, but routine use is

currently not one of the recommendations [133]. With further
supportive evidence, this may well change in the future.

Protein-restricted diet?

Historically, a protein-restricted diet was believed to be benefi-
cial in the treatment of HE [134,135]. However, recent guidelines
have acknowledged that protein restriction has no role in the
prevention or management of HE. In a randomized compari-
son of a protein-restricted diet (0 g protein Days 1–3, increased
every 3 days to 1.2 g/kg/day on Days 13 and 14) and a normal
diet in 30 patients with acute HE, no difference in outcomes
could be detected [136]. Moreover, the need to maintain an

Table 3. Use of hepatic encephalopathy treatments and their suitability for use in acute liver failure
and cirrhosis.

Treatment HE in ALF Cirrhosis Notes

Acute HE
episode

Chronic and
minimal HE

Currently used therapies

Nonabsorbable disaccharides (�) � � Caution in ALF

Non-absorbable antibiotics � For example, rifaximin

Enemas � �

L-ornithine L-aspartate �

Hemofiltration/hemodialysis � � Lowers ammonia. Only used in cirrhosis

where RRT required

Mild/moderate hypothermia �

Antioxidants � For example, NAC

Indomethacin �

Mannitol �

Hypertonic saline �

Experimental therapies

Probiotics �

AST-120 � No further drug development planned

Sodium phenylbutyrate and sodium

benzoate

� � �

Branched chain amino acids � �

L-ornithine phenylacetate � �

L-carnitine � � �

Albumin replacement/dialysis � �

Plasmapheresis �

GABA receptor antagonists � � For example, flumazenil

Theoretical therapies: no human trials

Phosphodiesterase inhibitors � For example, sildenafil

Minocycline � � The drug can cause liver failure

ALF: Acute liver failure; HE: Hepatic encephalopathy; NAC: N-acetylcisteine; RRT: Renal replacement therapies.
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BCAA seem to be mixed. A Cochrane
review evaluating BCAA treatment in HE
concluded that there was no improvement
in HE in studies up to 2002 [156]. Further
meta-analyses including trials up to
December 2012 seem to suggest that
BCAA are effective at reducing manifesta-
tions of HE [157].

L-ornithine phenylacetate

This is a novel treatment for HE that
aims to combine the effects of L-
ornithine observed from treatment with
LOLA and the benefits of sodium phe-
nylacetate without the large sodium load-
ing. It aims to have a synergistic effect by
both providing more glutamate, and
encouraging increased glutamine excretion in the urine, thus
reducing the ammonia load [158]. It has been shown to reduce
cerebral edema and ammonia concentrations in ALF in
pigs [159], and one study in humans has shown that it is well
tolerated in decompensated cirrhotics with a reduction in
plasma ammonia and glutamine [160].

As with sodium benzoate, the product of sodium or
L-ornithine phenylacetate combining with nitrogen products –
phenylacetylglutamine – is renally excreted. A functional
glomerular filtration rate is therefore required for these nitrogen
excretion pathways to be efficacious.

L-carnitine

L-carnitine treatment aims to reduce serum ammonia by induc-
ing ureagenesis. A deficiency of carnitine has frequently been
noted in patients who have hyperammonemic encephalopathy as
a result of sodium valproate toxicity [161]. Cases of hyperammo-
nemic encephalopathy have been caused simply by a deficiency
of carnitine. [162–164] Encephalopathy usually resolved on admin-
istration of carnitine. These results have significance to liver fail-
ure as there are very close similarities between acute HE and
acute hyperammonemic encephalopathy [165]. Rats with HE sec-
ondary to portacaval shunts treated with L-carnitine showed a
significant reduction in CSF ammonia compared with pla-
cebo [166]. Six studies have evaluated carnitine use in HE: two
with MHE patients, one with moderate HE and three with severe
HE/coma. In MHE, improvement in cognition and reduction in
serum ammonia was observed [167,168]. Improvement in moderate
HE was observed with better mental fatigue score and reduction
in serum ammonia [169]. In severe HE/coma, although there was
a reduction in serum ammonia, there was both a reduction [170]

and an improvement [171] in Glasgow Coma Score in comatose
patients, as well as neuropsychiatric improvement in the severe
cases [172].

Albumin replacement/dialysis

Albumin has been shown to have antioxidant properties and is
able to scavenge reactive oxygen species [173]. Treatment of

dehydration-induced HE with intravenous albumin has been
shown to be more effective at reducing HE grade than simple
colloid [174]. The detoxification properties of albumin have
been utilized in albumin dialysis by passing blood through an
albumin-impermeable membrane before going through an
albumin cleansing circuit. Because of the invasive nature of this
treatment, it would be reserved for those in an intensive care
setting. A multicenter trial showed that albumin dialysis was
more effective at reducing HE grade in cirrhotics than medical
treatment alone [175]. In ALF patients fulfilling transplant crite-
ria, a meta-analysis has shown that the use of albumin dialysis
has been shown to reduce HE grade and, although not signifi-
cant, could act as a bridge to transplantation [176].

Albumin dialysis is usually completed on a circuit that also
undertakes hemodialysis/hemofiltration for RRT.

Plasmapheresis

Similar to albumin dialysis, plasmapheresis with plasma
exchange of patient plasma for fresh frozen plasma aims to
remove albumin-bound toxic substances and large molecular
weight toxins, including endotoxin, ammonia and some amino
acids [177]. Plasmapheresis often improves the grade of HE, but
this is short-lived. In a review of studies on plasmapheresis in
HE, there was an improvement in 69 out of 97 patients (71%)
treated with plasmapheresis. The review also mentions unpub-
lished data of a randomized controlled multicenter trial on
patients with ALF, which showed significant improvement in
transplant-free survival and HE [178]. Plasmapheresis is a
remarkably simple method to help reduce both ammonia and
inflammation. As such, it has great potential in HE treatment,
particularly in the context of ALF, and the full results of the
trial are eagerly awaited.

Minocycline

Minocycline is a tetracycline antibiotic with anti-inflammatory
properties. It has been shown to reduce microglial cell activa-
tion in cerebral insults [179]. In rats with induced ALF, minocy-
cline reduced brain edema, and plasma and CSF ammonia
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Figure 5. Nitrogen excretion mechanisms. (A) Sodium benzoate. (B) Sodium phenyl-
butyrate. Nitrogen-containing compounds shown in dashed box. CoA also contains
nitrogen, but this is unchanged in the reaction.
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anabolic state in cirrhotic patients, who commonly present
with a protein–energy malnutrition as breakdown of bodily
protein stores could lead to an increased ammonia load [137],
and severe protein–energy malnutrition in itself can cause liver
injury [138].

Potential therapies for HE
Probiotics

A probiotic is a microorganism introduced into the body for
beneficial reasons. The therapeutic aim is to change the gut
flora to reduce the urease-producing species such as Klebsiella
species (spp) and Proteus spp, and replace them with
nonurease-producing species such as lactobacilli and bifidobac-
teria, which are acid-resistant [139]. This would therefore reduce
the amount of ammonia produced in the gut. Bifidobacteria
have been shown to help maintain equilibrium within the gut
flora, and specific species can confer protection against the
effect of endotoxins [140]. Treatment of cirrhotics with probiot-
ics has been shown to improve Child’s Pugh scores, reduce
blood ammonia and endotoxin levels, improve MHE and offer
secondary protection against further overt HE episodes [139–142].
However, in a recent meta-analysis, probiotics were shown to
have little impact on any clinically significant outcomes [143].

AST-120

AST-120 is a treatment involving spherical oral activated car-
bon spheres with a selective adsorbent profile for a variety of
substances including ammonia. It is not absorbed and consider-
able data exists with 360,000 ‘patient exposures’ to the product
that was developed for the treatment of irritable bowel syn-
drome. Oral ingestion has been shown to attenuate HE in cir-
rhotic rats [144], and lower blood ammonia in portacaval
shunted dogs [145]. In a Phase II trial comparing AST-120 with
lactulose in patients with cirrhosis, there was an improvement
in cognitive function in both groups, but no change in venous

ammonia levels. There was a significant reduction in side
effects such as diarrhea and flatulence in patients who took
AST-120 [146]. While this is initially promising data for
patients with chronic HE, further development of the drug has
not been pursued.

Sodium phenylbutyrate & sodium benzoate

Sodium benzoate and sodium phenylbutyrate have traditionally
been used to treat hyperammonemia in patients with urea cycle
defects [147]. They provide a pathway other than via urea for
nitrogenous waste to be excreted. These pathways are shown
in FIGURE 5. This reduces ammonia production as the nitrogen-
containing reactants such as glycine would otherwise produce
ammonia if metabolized. Both nitrogen products, hippurate
and phenylacetyl glutamine, are readily excreted by the kid-
neys [124]. The two drugs can be combined together and have
been shown to induce substantial decreases in ammonia levels
in urea cycle defects, resulting in higher survival rates [148].

In one blinded trial comparing sodium benzoate and lactu-
lose for HE in patients with cirrhosis, sodium benzoate was
seen to be as effective as lactulose in reducing HE, as well as
arterial ammonia [149]. A very small study of just seven patients
looked at benzoate in cirrhotics following an oral glutamine
challenge. Patients did not have HE to start with, and there
was no change in cognitive function afterward; however, para-
doxically a significant increase in plasma ammonia levels was
seen in patients following 5 days of sodium benzoate treatment
compared with the glutamine challenge before the benzoate
treatment [150]. Other studies on HE have shown a significant
improvement in neurological function and ammonia levels fol-
lowing treatment with benzoate [151,152]. Further research will
be required as it has been suggested that in the absence of
ample glycine (which occurs when there is a urea cycle defect),
use of CoA by benzoate would use up CoA that is not subse-
quently released. This in turn could reduce urea cycle activity,
which could deleteriously increase levels of ammonia [20]. Fur-
ther mechanistic studies are therefore warranted.

One potential issue with sodium phenylbutyrate is that in its
standard form of sodium phenylbutyrate, the maximum daily
dose is 20 g. This equates to 2400 mg of sodium, more than
the recommended daily allowance for a healthy adult, let alone
a patient with cirrhosis and potential ascites. Glycerol phenyl-
butyrate has been developed to resolve this, and has been toler-
ated well in pilot studies in patients with cirrhosis and is able
to lower ammonia levels in cirrhotic patients [153,154].

Branched chain amino acids

The branched chain amino acids (BCAA) isoleucine, leucine and
valine are nonessential amino acids and are available as nutri-
tional support for patients with cirrhosis. The exact method of
how this reduces HE in patients with cirrhosis is not clearly
understood. It has been suggested that BCAAs can help with
transport of ammonia nitrogen out of the neuron, with brain
energy metabolism by providing substrates, and by aiding with
metabolites of the TCA cycle [155]. Results for treatment with

Reduced episode of sepsis and
decreased systemic inflammation

Reduced translocation
of bacteria

Decreased endotoxemia

Rifaximin
Gut

Reduced bacterial
overgrowth

Decreased bacterial
ammonia production

Figure 4. Suggested effects of the nonabsorbable antibi-
otic rifaximin in the gut in hepatic encephalopathy.
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levels [180]. Great care will need to be taken if considering
introducing this drug as a therapy for HE patients, as minocy-
cline can induce hepatotoxicity that itself has been fatal [181].

GABA receptor antagonists

Flumazenil is a selective benzodiazepine antagonist and is pro-
posed to be beneficial because of the increased GABAergic tone
reported in some patients with HE, as previously discussed.
A Cochrane review concluded that there is evidence that fluma-
zenil can provide short-term improvement in HE symptoms; it
is unclear how long this effect lasts. Additionally, there is no
evidence that it has any improvement on recovery or
survival [182].

GABAA antagonists such as bicuculline have been shown to
restore learning ability in hyperammonemic rats [61] and transi-
ently reduces HE symptoms in rabbits [183].

Phosphodiesterase inhibitors

Phosphodiesterase-5 inhibitors may potentially be useful in
chronic HE. The glutamate–NO–cGMP pathway is dysfunc-
tional, as previously discussed, and results in reduced levels of
cGMP. Oral administration of sildenafil or intracerebral
administration of zaprinast – both phosphodiesterase
inhibitors – result in improved learning in portacaval shunted
rats and increased cGMP levels [54]. Sildenafil also exerts a pro-
tective effect by reversing oxidative stress probably by its anti-
oxidant properties, which are not fully understood [184]. This
could therefore offer a novel therapeutic avenue in HE, and
more studies are required.

Expert commentary
It is perhaps unfortunate that we have inherited the term
HE. There is no such thing as the disease ‘Hepatic
encephalopathy.’ There is a spectrum of metabolic encephalo-
pathies attributable to a variety (or even absence) of liver
hepatocellular dysfunctions, and it is this spectrum rather

than a single disease process that has come to be defined as
HE. Differences in outcomes, responses to treatments and
underlying pathophysiology can be significant between acute
HE and chronic HE. The term also fails to articulate quite
how systemic HE is; a HE episode might be caused by a
change in the gastrointestinal, renal, nervous or immune sys-
tem without any change in background liver function. The
pathogenesis of HE describes a complex disease network
involving many interdependent organ systems that is cur-
rently not fully rationalized. With the recognition of the syn-
ergy of inflammation and oxidative stress in the pathogenesis
HE, and the importance of immunoparesis in patients with
liver failure, treatment targets for HE are moving further
away from the traditional specialty of hepatology.

Five-year view
In the next 5 years, we are likely to benefit from optimization
and further trialing of some of the novel treatments outlined in
this review, as well as the advent of specific targeted therapies.
Further studies of the effect of treatments that have the dual
effect of lowering both ammonia level and inflammation, such
as rifaximin and plasmapheresis, may well reveal that this com-
bined effect provides better responses. Brand new treatments
that look to reduce systemic inflammation, such as TLR antag-
onists, have the potential to be future therapeutic targets, and
their introduction to animal models of HE will play an impor-
tant part in assessing this.
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Key issues

• Hepatic encephalopathy (HE) is a spectrum of neuropsychiatric disorders ranging from subtle cognitive changes through to coma.

• HE is a multisystem disease with dysfunction/compensation seen in the gastrointestinal tract, immune system, central nervous system,

kidneys and cardiovascular system.

• High blood ammonia levels, along with systemic or neuroinflammation is the key to the pathogenesis of the disease.

• Circulating ammonia is able to reach the brain. Astrocytes play an important role in protecting the brain from ammonia.

• Ammonia induces changes in neurotransmission, may induce neuroinflammation and induce endogenous production of neurosteroids.

• Disturbances in the immune system in patients with HE leads to a state of immunodeficiency. This makes patients more susceptible to

infection, and SIRS is frequently seen in HE patients. This worsens inflammation, HE and prognosis.

• Treatments for HE currently focus on reducing the blood ammonia level, reducing inflammation, or both.

• Current treatments are suboptimal across the spectrum of HE; the only definitive treatment for patients with acute liver failure and

severe HE is a liver transplantation. Treatment failure of minimal and chronic HE results in poor quality of life for patients and carers,

and worsens prognosis.

Review Sturgeon & Shawcross
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