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ABSTRACT

Hepatic encephalopathy (HE) is a complex neuropsychiatric syndrome that typically develops as a result of acute liver
failure or chronic liver disease. Brain edema is a common feature associated with HE. In acute liver failure, brain edema
contributes to an increase in intracranial pressure, which can fatally lead to brain stem herniation. In chronic liver disease,
intracranial hypertension is rarely observed, even though brain edema may be present. This discrepancy in the development
of intracranial hypertension in acute liver failure versus chronic liver disease suggests that brain edema plays a different role
in relation to the onset of HE. Furthermore, the pathophysiological mechanisms involved in the development of brain edema
in acute liver failure and chronic liver disease are dissimilar. This review explores the types of brain edema, the cells, and
pathogenic factors involved in its development, while emphasizing the differences in acute liver failure versus chronic liver
disease. The implications of brain edema developing as a neuropathological consequence of HE, or as a cause of HE, are
also discussed.

Highlights

e Brain edema is a common feature in ALF and CLD.

e HE is inconsistently associated with the presence of brain edema.
Fibrous and protoplasmic astrocytes are differentially implicated in the pathogenesis of HE.
The pathogenesis of HE is multifactorial causing an array of neurological symptoms.

Abbreviations ALF, acute liver failure; CLD, chronic liver disease; HE, hepatic encephalopathy; MHE, minimal hepatic
encephalopathy; ICP, intracranial pressure; MRI, magnetic resonance imaging; CBF, cerebral blood flow; BBB, blood-
brain barrier; BDL, bile duct-ligation; PCA, portacaval shunt; PAG, phosphate-activated glutaminase; GS, glutamine
synthetase;ROS, reactive oxygen species

Keywords Acute liver failure; Chronic liver disease; Hepatic encephalopathy; Brain edema; Astrocyte swelling; Intracranial
pressure

1. INTRODUCTION

Loss of liver function occurs as a consequence of either acute liver failure (ALF) or chronic liver disease (CLD). ALF is
defined as a rapid hepatocellular necrosis that leads to the severe deterioration of liver function, which occurs within hours
up to 6 months after the onset of jaundice, and in the absence of a pre-existing liver disease (Lee, 2012). The most frequent
cause of ALF is drug intoxication and hepatotoxicity (58%), with acetaminophen overdose being the most frequently
observed (46%). Other etiologies include autoimmune hepatitis, acute viral hepatitis (A and B), drug-induced, with a large
proportion (15%) remaining indeterminate. The mean survival rate (spontaneous liver regeneration) of patients with ALF is
45%, but this can vary significantly depending on the etiology of ALF. The highest recovery rate (55-65%) is reported in
patients following acetaminophen overdose or hepatitis A infection (Lee, 2012).
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CLD develops due to a chronic deterioration of liver function resulting from a persisting, long-term hepatic insult. After 10—
20 years of continuous aggression, cirrhosis evolves, and is characterized by the progressive replacement of normal liver
architecture by fibrosis, scar tissue and regenerative nodules (Fauci et al., 2011). The most common etiologies of cirrhosis
are: (1) alcoholism, as 8-20% of long-term heavy drinkers develop cirrhosis (Sanyal et al., 2010), (2) chronic viral hepatitis,
where approximately 30% of infected patients become cirrhotic (Rosen, 2011), and (3) the accumulation of fat deposits in
the liver, which cause non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). Given that
obesity is on course of becoming a worldwide epidemic condition (in the USA, 66% of adults are overweight or obese; this
is predicted to increase to 75% by 2015 (Wang and Beydoun, 2007)), the number of cases of NASH-related cirrhosis is
expected to rise.

To date, the only curative treatment for patients with liver failure or disease is liver transplantation. Since the number of
patients awaiting a liver transplantation surpasses the number of available livers (from both living and cadaveric donors),
managing liver failure/disease-related complications remains the primary challenge.

2. HEPATIC ENCEPHALOPATHY

Hepatic encephalopathy (HE), a major complication of both ALF and CLD, is a metabolic neuropsychiatric syndrome that
comprises a spectrum of symptoms, ranging from mild cognition and attention deficits to coma and death. HE has been
categorized into 3 types, based on the type of hepatic abnormality (Ferenci et al., 2002):

2.1. Type A
HE associated with ALF and characterized by a severe and rapid deterioration of mental status.

2.2.Type B

HE associated with portal-systemic shunting (by-pass), in which abnormal vascular connections are present between the
portal vein and the systemic circulation, in the absence of intrinsic liver disease. As a result, gastrointestinal blood is
diverted past the liver and enters directly into the systemic circulation, consequently exposing the brain to gut-derived
toxins.

2.3.Type C

HE associated with cirrhosis (CLD), and portal-systemic shunting. As the duration and characteristics of neurological
manifestations in CLD patients vary, this category has been subdivided into minimal and overt (episodic and persistent) HE.
Minimal HE (MHE) is defined as subtle neuropsychological and neuropsychiatric changes without any clinically evident
symptoms. It represents the mildest, subclinical form of HE, characterized by attention and cognition deficits detectable
only by neuropsychological and neurophysiological testing. Present in 60—80% of cirrhotic patients, MHE has a vital impact
on their health-related quality of life, with an increased risk of having vehicle accidents ( Amodio, 2009 and Montgomery
and Bajaj, 2011). Overt HE is clinically detectable, presenting with an unspecific symptomatology that has been classified
into 4 grades according to the West Haven Criteria ( Conn et al., 1977). Symptoms range from sleep-wake rhythm
alterations, shortened attention span, lack of awareness (grade 1); lethargy, apathy, overt personality changes and
disorientation (grade I1); reaching somnolence, stupor, confusion (grade 111); and coma (grade 1V). Episodic HE is defined
when cirrhotic patients demonstrate bouts of overt signs of HE. Persistent HE is defined when clinically obvious symptoms
of HE are continuously present. Symptoms vary in onset, intensity and duration throughout each of these clinical forms and
grades. Therefore, this suggests that the nature, severity and type of HE, in relation to degree and acuteness of liver
disease/failure, may be associated with different pathophysiological mechanisms.

3. BRAIN EDEMA IN LIVER DISEASE /FAILURE

Brain edema is defined as an accumulation of water in the brain, which occurs in the setting of an osmotic gradient. It is
commonly associated with HE in both ALF and CLD. Since the brain is contained within a non-compliant skull, an increase
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in brain volume can progressively result in an increase of intracranial pressure (ICP) and detrimentally lead to brain stem
herniation and death.

3.1. Evidence of brain edema in ALF and CLD

Intracranial hypertension is the most feared complication, and it arises in 80% of ALF patients and leads to 25% mortality
(Lee, 1993 and Mpabanzi and Jalan, 2012). Clearly, an increase in ICP entails the presence of brain edema. This has been
proven in ALF patients using standard magnetic resonance imaging (MRI) T;- and T,-weighted sequences (Fridman et al.,
2009). On the contrary, patients with CLD very rarely develop intracranial hypertension. However, with more advanced,
highly sensitive MRI T,-weighted sequences (ex. diffusion-weighted imaging (DWI) and magnetization transfer ration
(MTR)), there is increasing evidence that brain edema is present in CLD patients (Cérdoba et al., 2001, Haussinger, 2006,
Kale et al., 2006, McPhail et al., 2012, Rovira et al., 2002, Shah et al., 2008 and Sugimoto et al., 2008). MRI provides a
good contrast between soft tissues, based on their water content. It can assess water diffusion and differentiate between free
water and macromolecule-bound water (McPhail et al., 2012). However, the high-operating cost of these sensitive imaging
techniques limits their utilisation in clinical practice as a diagnostic device and therefore remains a research tool.

In animal models, two invasive techniques are commonly used to assess the presence of brain edema. The wet-dry
technique, which is based on the weight measurement of brain tissue before and after complete dehydration, allows for the
calculation and evaluation of the amount of water present in the brain. The specific gravimetric technique (Marmarou et al.,
1978), is based on calculating the percentage of water from measuring the density of the tissue. Here, small pieces (2 mm®)
of freshly dissected brain tissue are dropped into linear density gradient columns (prepared with two mixed solutions of
kerosene and bromobenzene) and the density of the tissue is measured and the percentage of water is determined. Even
though both these methods have been used to demonstrate the presence of brain edema in different animal models of ALF
and CLD (Bosoi et al., 2011, Davies et al., 2009, Jiang et al., 2009a and Sen et al., 2006), the gravimetric technique has
several advantages over the wet-dry technique, including a higher sensitivity and the use of smaller pieces of tissue,
allowing for the percentage of water content to be evaluated in numerous brain regions (including higher spatial resolution).

Therefore, it is evident brain edema is present in both ALF and CLD patients and respective animal models.

3.2. Relationship between intracranial pressure and brain edema

The relationship between intracranial volume and ICP is not a linear one. The exponential relationship between brain
volume and ICP allows for a certain increase in brain volume (within the cranium) to arise before ICP begins to climb (Fig.
1B). An increase in brain volume can occur as a result of an increase in one of the brain components: the cerebral tissue
(representing 80% of the intracranial volume), the blood or the cerebrospinal fluid compartments (each accounting for 10%
of brain volume — Fig. 1A, (Rengachary and Ellenbogen, 2005)).
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Fig. 1. (A) Cerebral constituents and their contribution to intracranial volume. (B) Relationship between brain volume and
intracranial pressure: points A (healthy individuals) — B: a certain increase in brain volume does not lead to an increase in
ICP; points B — C: exceeding the brain volume capacity leads to an increase in ICP as observed in ALF; points B — D:
due to brain atrophy or alterations in brain volume constituents, a further increase in brain volume is required in order to
initiate an increase in ICP.

Several theories have been proposed to explain the discrepancy between ALF and CLD in the development of intracranial
hypertension. Firstly, it is possible that the degree of water accumulation in the brain found in ALF and CLD is not
equivalent. In this case, higher quantities of water accumulate in the brain of ALF patients vs. CLD patients, which hence
lead to an increase in ICP (Fig. 1B, points B — C). Similarly, this would entail that the increase in brain water found in
CLD is less than the quantity found in ALF and, therefore, has been defined as “low-grade” brain edema (Fig. 1B, points
A — B) (Haussinger et al., 2000). A second explanation could be that the quantity of accumulated water in the brain
parenchyma is similar in both ALF and CLD, but the volume of other brain constituents is altered (Fig. 1A).

An increase in cerebral blood flow (CBF) can contribute to brain edema through several mechanisms: an augmentation of
water movement across the blood—brain-barrier (BBB), an increase in brain blood volume, or an uptake of toxins by the
brain (Vaquero et al., 2004). CBF could be a differentiating factor involved in the development of intracranial hypertension
in ALF vs. CLD. A decrease in CBF has been documented in patients with CLD (Almdal et al., 1989, Burra et al., 2004,
Dam et al., 1998, Iversen et al., 2009, lwasa et al., 2000 and Trzepacz et al., 1994), whereas an increase in CBF commonly
occurs during ALF (Jalan et al., 2004a, Larsen et al., 1996, Strauss et al., 1997 and Wendon et al., 1994). Given that blood
accounts for 10% of brain volume, a rise in CBF could contribute to intracranial hypertension, as observed in ALF.
Similarly, a decrease in CBF, as observed in CLD, could prevent an increase in ICP. (Fig. 1B, points A — B).

Moreover, atrophy of the brain, characterized by a steady volume loss, has been demonstrated to occur with an increase in
age (Hedman et al., 2011). This phenomenon also holds true for cirrhotic patients (Garcia-Martinez et al., 2011). Since the
development of end-stage liver disease (cirrhosis) requires years of hepatic insults, approximately 80% of cirrhosis cases are
diagnosed at 45 or later, with a median age of 56 years (Fleming et al., 2012). On the other hand, ALF patients tend to be
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younger (with a mean age = 38 years, as stated in a large cohort study by (Ostapowicz et al., 2002)); therefore, brain atrophy
is less present in the latter. A smaller brain volume in CLD patients, due to age-related brain atrophy, grants more “space”
for expansion in the eventuality of swelling and, therefore, requires a higher increase in brain volume constituents
(compared to ALF), in order for intracranial hypertension to develop in CLD (Fig. 1B; points B — D). The precise
contribution of physiological atrophy of the brain in preventing an increase in ICP remains based on indirect evidences and
as such, further studies are required.

To summarize, an increase in ICP primarily arises in ALF patients and rarely develops in CLD, even though brain edema is
present in both populations. This could be due to volume differences in brain components (tissue, blood) or to age-related
atrophy and brain volume decreases.

4. COMPONENTS INVOLVED IN THE DEVELOPMENT OF BRAIN EDEMA IN LIVER DISEASE/FAILURE

Brain edema can arise due to cytotoxic or vasogenic mechanisms, with the first occurring as a result of alterations in cellular
metabolism, and the latter due to a physical breakdown of the BBB (Klatzo, 1967). The BBB is a physical and metabolic
barrier that helps regulate brain homeostasis and protects the brain from endogenous and exogenous toxins arising from
systemic circulation. The BBB is a multicellular vascular structure, composed of endothelial cells with tight intercellular
junctions surrounded by a basal lamina, astrocytes, and pericytes, which enables selected molecules (amino acids,
metabolites, ions, etc.) to cross through specific channels and transporters. Like other biological membranes, water and
gases diffuse passively across the BBB. Upon a physical breakdown of the BBB, plasma macromolecules (proteins) and
other compounds that are normally disallowed to cross the BBB, enter into the extracellular space. In turn, an increase in
osmotic pressure within the brain leads to a re-establishment of the osmotic equilibrium and, consequently, an increase in
brain water uptake and vasogenic brain edema develops (Fig. 2, left side).
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Fig. 2. Vasogenic and cytotoxic brain edema: left panel: vasogenic brain edema appears as a consequence of a physical
breakdown of the BBB that allows plasma macromolecules (proteins) and other compounds to cross the BBB and
accumulate in the extracellular space followed by an entry of water in attempt to re-establish the osmotic equilibrium and
consequently results in brain edema; right panel: cytotoxic brain edema is the result of cellular metabolic alterations that
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cause an intracellular accumulation of osmotic molecules such as ions and amino acids, followed by an entry of water in
order to re-establish the osmotic equilibrium.

Cytotoxic edema is the result of cellular metabolic alterations that cause an intracellular accumulation of osmotic molecules
(becoming hypertonic), such as ions and amino acids, followed by an entry of water to re-establish the osmotic equilibrium
(Klatzo, 1967) (Fig. 2, right side). Although, by definition, cytotoxic edema refers to intracellular swelling, it can also occur
secondarily following an increase in permeability (not physical breakdown) of the BBB. Here, ions and amino acids, which
normally pass through specific transporters located on the endothelial cells of the BBB, diffuse paracellularly or
transcellularly into the brain. As the extracellular space represents an active part in cerebral metabolism and contributes to
metabolite trafficking between cerebral cells, an increase in extracellular hypertonicity, in pathological conditions, can
subsequently lead to an increase in cell transport and swelling (Lang et al., 1998).

Moreover, two recent studies demonstrated that altered cerebral endothelial function also contributes to brain edema. It was
demonstrated that pathogenic factors associated with HE increase paracellular permeability in cultured endothelial cells
(Skowronska et al., 2012); moreover conditioned media from endothelial cells exposed to pathogenic factors associated with
HE result in swelling of cultured astrocytes (Jayakumar et al., 2012). These in vitro studies demonstrate an active role of
endothelial cells in the pathogenesis of brain edema, including their influence on astrocyte swelling.

4.1. Vasogenic versus cytotoxic brain edema in ALF and CLD

Animal models of ALF, specifically galactosamine and azoxymethane-induced, have demonstrated brain extravasation to
Evans Blue and [**C] alpha-aminoisobutyric acid (Cauli et al., 2011, Dixit and Chang, 1990, Horowitz et al.,

1983 and Yamamoto and Nguyen, 2006). In the same models, alterations in the expression of the major BBB tight junction
proteins (occludin, claudin-5, zonula occludens 1 and 2) have been observed (Chen et al., 2009, Lv et al., 2010, Sawara et
al., 2009 and Shimojima et al., 2008). However, in galactosamine-induced ALF in the rabbit, it was reported that capillary
endothelial cells appeared normal, and no evidence of brain extravasation to horseradish peroxidase was observed (Traber et
al., 1987), contradicting the anterior data. In another model of ALF, induced by hepatic devascularisation, inconsistent
results have also been recorded: in pigs, perivascular and interstitial edema, along with a disruption of the pericytic and
astrocytic processes in the frontal cortex, cerebellum and brain stem have been described (Kristiansen et al., 2010), while in
rats, capillary endothelial vesicles were increased, but the BBB remained intact (Potvin et al., 1984). Overall, these
inconsistencies may be due to differences in the use of animal species, models of ALF (etiology of ALF; toxins/surgical
procedures), as well as the time of evaluation of the BBB (temporal resolution), given that evaluations were taken at
different stages of HE severity.

Advanced MRI techniques, such as DWI, allow for a hon-invasive method to differentiate between vasogenic and cytotoxic
brain edema. By calculating the apparent diffusion coefficient (ADC), the diffusivity of water molecules can be quantified.
Given that low ADC values were found in both ALF patients and animal models of ALF, these MRI studies support a
cytotoxic origin of brain edema, thus corresponding to an increase in intracellular water (Chavarria et al., 2010, Rai et al.,
2008, Ranjan et al., 2005 and Saksena et al., 2008).

Up to now, in CLD, the BBB has been primarily evaluated in cirrhotic rats induced by bile duct-ligation (BDL) in the
presence of brain edema. Wright et al., using electron microscopy, precisely demonstrated that the BBB is anatomically
intact in BDL rats (Wright et al., 2007). Furthermore, in the same model, our group did not find any brain extravasation of
Evans Blue or sodium fluorescein (Bosoi et al., 2012), nor any changes in the expression of the tight junction proteins
(Huynh et al., 2011). In another rat model of chronic HE, induced by a portacaval anastomosis (PCA), breakdown of the
BBB could also not be demonstrated (Alexander et al., 2000). It is important to note that all the above-mentioned studies
involved rat models of MHE and, therefore, it remains to be determined whether BBB breakdown is associated with overt
HE. Interestingly, a recent MRI study by Chavarria and colleagues, proved that both cytotoxic and vasogenic mechanisms
exist in cirrhotic patients (Chavarria et al., 2011).

In summary, brain edema in ALF principally remains of cytotoxic origin, with some evidence of BBB breakdown having
been reported. In CLD, with the vast majority of the evidence suggesting that the BBB is structurally intact, it is conclusive
that the pathogenesis of brain edema is due to cytotoxic mechanisms. Nevertheless, a role for increased permeability (not
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physical breakdown) of the BBB cannot be excluded and the co-existence of both cytotoxic and vasogenic mechanisms
warrants further investigation.

4.2. Astrocyte swelling and brain edema in liver disease/failure

A cardinal feature of HE is astrocyte swelling. This has been proven by electronic microscopy in rabbits with
galactosamine-induced ALF (Traber et al., 1987). In addition, marked intracellular swelling of the perivascular astroglial
foot processes was present in patients who died in ALF-induced coma (Kato et al., 1992). In vitro experiments have also
reported astrocyte swelling, by assessing the intracellular space using [*H]-3-O-methylglucose ( Norenberg et al., 1991), or
by microscopic measurements of cellular volume ( Hirrlinger et al., 2008), following the addition of pathogenic factors
associated with HE. In CLD, astrocytes present a characteristic morphology, known as Alzheimer type Il astrocytosis: large,
swollen cells with enlarged swollen nuclei and cytoplasm, margination of chromatin, mitochondrial and rough endoplasmic
reticulum proliferation and accumulation of glycogen ( Norenberg, 1977). Using electron microscopy, swollen astrocytes
have also been demonstrated in cirrhotic rats ( Wright et al., 2007).

In contrast to astrocytes, neuronal swelling has rarely been documented. Only one study demonstrated morphological
changes suggestive of neuronal swelling in ALF (hepatic devascularized) pigs in the frontal cortex, cerebellum and brain
stem (Kristiansen et al., 2010). This electron microscopy study suggests for the first time that there are alterations in
neuronal morphology (with indications of neuronal cell death) in the context of ALF. This depicts that neuronal
degeneration may exist in the setting of liver failure (Butterworth, 2007), which could be a possible explanation for the
persisting neurological complications that develop in patients following liver transplantation (Amodio et al., 2007,
Frederick, 2012 and Guarino et al., 2006).

Metabolic differences between neurons and astrocytes explain the dissimilar propensity for swelling of these two cell types.
Cross-talk between neurons and astrocytes is vital for individual cell function, and intense trafficking of several molecules
arises between these cell types. Astrocytes provide metabolic support for neurons by supplying substrates as well as clearing
and metabolizing molecules and products, which neurons cannot. Swelling of the astrocyte not only affects its proper
function but also impairs the cross-talk to neurons altering overall cerebral function, thus enabling a pathological
environment characterizing HE (Kimelberg, 2005).

Significant differences in regards to mechanisms of volume regulation exist between neurons and astrocytes (Pasantes-
Morales and Cruz-Rangel, 2010). For example, following hypo-osmotic stress in normal mice, water entry was evidenced
only in astrocytes and not in neurons (Nase et al., 2008), suggesting that neurons are more effective in preserving their
volume in abnormal osmotic conditions. This difference can be explained by dissimilar metabolic and transport
characteristics of the two types of cells, including osmotic gradients and ionic fluxes through membrane channels (Kelly
and Rose, 2010 and Olson and Li, 2000).

4.3. White and gray matter: residence to different types of astrocytes

Two major types of astrocytes have been identified based on their morphology: protoplasmic, mainly found in gray matter,
and fibrous, mainly found in white matter (Bignami and Dahl, 1974) (Fig. 3). Protoplasmic astrocytes have rich branched
processes, each surrounding a large number of synapses (~20,000-120,000 in rodents and ~270,000-2 million in humans).
In the white matter, fibrous astrocytes are significantly larger than protoplasmic astrocytes, with equally spaced cell bodies
and unbranched straight processes orientated in the direction of axon bundles (Oberheim et al., 2009). Recently, other
morphological types of astrocytes, such as interlaminate and varicous, have been described in gray matter, in both human
and primate brains. These types of astrocytes are not present in rodents and their metabolic characteristics and functional
role remain unknown (Oberheim et al., 2009).
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Fig. 3. Protoplamic and fibrous astrocytes in human brain. (a) Protoplasmic astrocytes, found in gray matter (cingulate
cortex shown above), have rich branched processes, surrounding a large number of synapses; (b) fibrous astrocytes,
characteristic to white matter, are larger than protoplasmic astrocytes, with unbranched straight processes. Golgi-staining,
scale bar 10 um and 25 um respectively, arrows represent contacts between astrocyte processes and blood vessels.
Reprinted after Torres-Platas et al., Neuropsychopharmacology. 2011 Dec; 36(13):2650-8 with the editor’s permission.

The pathological implications of protoplasmic and fibrous astrocytes are poorly understood. Differential sensitivity between
protoplasmic and fibrous astrocytes has been described in Parkinson’s disease (Song et al., 2009) and cerebral ischemia
(Lukaszevicz et al., 2002). A study performed on brain tissue from patients who died with Wilson’s disease demonstrated
that Alzheimer type Il astrocytes originate from the fibrous type of astroglia (Bertrand et al., 2001). In the setting of HE,
brain edema is found not only in both the gray matter, but also in white matter. Increased brain water has been demonstrated
in the corticospinal tract of cirrhotic patients, which is related to motor tract dysfunction (Cérdoba et al., 2003). Moreover,
several studies have shown differences in the temporal development of brain edema in gray vs. white matter, and in their
response to treatment. In pigs with ALF, water content in white but not in gray matter, was normalized following albumin
dialysis by MARS (molecular adsorbent recirculating system), implying that white matter swelling may be more labile (Sen
et al., 2006). A similar pattern was observed in CLD, as brainstem was more responsive to treatment with AST-120
(ammonia adsorbent oral carbon microspheres), compared to frontal cortex in BDL rats (Bosoi et al., 2011). A study in
humans with different grades of HE demonstrated a significant increase of water content in white matter that correlated with
the severity of HE. No such relationship was established for gray matter (Shah et al., 2008). These results suggest that
fibrous astrocytes (white matter) are more susceptible to swelling than protoplasmic astrocytes (gray matter), and that white
matter is more amenable to treatment.

Overall, protoplasmic and fibrous astrocytes are morphologically and biochemically distinct (Miller and Raff, 1984) and
therefore their degree of susceptibility to pathogenic factors may be atypical.

5. PATHOGENESIS OF BRAIN EDEMA IN ALF AND CLD

5.1. Ammonia

The neurotoxic effects of ammonia have long been considered the main pathogenic factor in HE (Cooper and Plum, 1987).
Ammonia is a neurotoxin whose homeostasis is maintained primarily by the liver. It is produced by a number of different
metabolic reactions, with phosphate-activated glutaminase (PAG) being an important enzyme catalyzing the deamination of
glutamine to glutamate. The gut is a primary source of ammonia production through ammonia-generating intestinal bacteria
and PAG activity in the enterocytes. Gut-derived ammonia is then absorbed into the portal venous system, delivered to the
liver and detoxified through the urea cycle. In the presence of liver disease/failure, a functionally impaired urea cycle leads
to the development of hyperammonemia. Under these pathophysiological conditions, the enzyme glutamine synthetase (GS)
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becomes the primary ammonia detoxifying pathway, for it incorporates ammonia into glutamate forming glutamine. GS is
present in the muscle, kidney, liver and brain, and has become a therapeutic target for ammonia-lowering strategies in HE
(Rose, 2012).

Ammonia exists as a gas (NH3) and as an ion (NH4+), with the equilibrium between the two being defined by the
Henderson-Hasselbach equation. At a physiological pH (7.4), 98% of ammonia is present as NH4+ and only 2% as NHs.
The gaseous NH; can cross all plasma membranes through passive diffusion and NH4+, and, due to similar ionic properties
to those of K*, can also cross biological membrane through K* channels, such as inward rectifying and voltage gated K*-
channels, as well as K* cotransporters (Na"/K* and H*/K* ATPase, Na'~K"~CI" cotransporters) (Aickin et al.,

1982 and Moser, 1987). Therefore, these properties also imply that systemically derived ammonia, both as a NH3 and NH4+
can easily cross the BBB. Therefore under conditions of hyperammonemia, toxic levels of brain ammonia arise (Bosoi and
Rose, 2009).

In ALF, arterial ammonia concentrations have been demonstrated to correlate with ICP, severity of clinical presentation,
and death by brain herniation (Bernal et al., 2007, Clemmesen et al., 1999 and Tofteng et al., 2006). This suggests a direct
link between hyperammonemia, brain ammonia and ICP (possibly brain edema). In CLD, HE patients often present elevated
arterial ammonia concentrations; however, in contrast with ALF, the correlation between ammonia and severity of HE
remains controversial (He et al., 2011, Kundra et al., 2005, Nicolao et al., 2003, Ong et al., 2003 and Weissenborn et al.,
2007). This infers other factors may be implicated in the pathogenesis of HE.

5.2. Glutamine/Glutamate

Glutamine and glutamate are considered to be major organic osmolytes in the brain: glutamine represents ~1.5% and
glutamate 5% of the total brain osmolytes (including ions and small organic molecules (Pasantes-Morales and Cruz-Rangel,
2010)). Both are involved in the regulation of brain volume (Gullans and Verbalis, 1993).

Glutamine is a pivotal player in the homeostasis of ammonia. In the brain, GS, which is found specifically in astrocytes,
catalyzes the amination of ammonia to glutamate forming glutamine (Martinez-Hernandez et al., 1977). Whereas PAG,
primarily found in the neurons, metabolizes glutamine to glutamate and ammonia (Hogstad et al., 1988). Together, these
cell-specific reactions form the glutamate—glutamine metabolic cycle between astrocytes and neurons, whose role is to
recycle the glutamate that has been released from neurons through astrocytes, thus preventing neuronal excitotoxicity
(Cooper, 2001). Briefly, the glutamate released into the synaptic space by presynaptic neurons induces post-synaptic
signaling through glutamate receptors, and is cleared by astrocytic excitatory amino acid transporters (EAAT1 and EAAT2,
(Gegelashvili et al., 2007 and Rothstein et al., 1994)), and then converted into glutamine through GS. The non-neuroactive
glutamine is released into the extracellular space through astrocyte glutamine transporters (N and ASC-system transporter
SN-1, SN-2 and ASCT?2 (Chaudhry et al., 1999, Cubelos et al., 2005 and Dolinska et al., 2004)), and taken up by neurons
(sodium-coupled amino acid transporter, SAT/ATA (Varoqui et al., 2000)), where it is converted back to glutamate via the
action of PAG, in order to replenish the neurotransmitter pool. Therefore, astrocytic glutamate uptake prevents glutamate
accumulation in the synaptic cleft and over-excitation of the postsynaptic neuronal receptors (Fig. 4A). Dysregulation of the
glutamate—glutamine cycle could thus lead to impaired cerebral function.
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Fig. 4. Glutamate—glutamine metabolic cycle between astrocytes and neurons. (A) Under physiological conditions,
glutamate (Glu) is released into the synaptic space by presynaptic neurons inducing post-synaptic signaling through both
ionotropic and metabotropic glutamate receptors (NMDA, AMPA, mGIuR, <2). Glutamate is then cleared from the synaptic
cleft by neighboring astrocytes through high affinity glutamate transporters (EAAT, ). Transported glutamate is then
amidated (using ammonia) to glutamine (GIn) through glutamine synthetase (GS). Glutamine is released into the
extracellular space through astrocyte glutamine transporters (SN-1, SN-2 and ASCT2 ©) and shuttled to the neurons through
neuronal glutamine transporters (SAT/ATA, [2) where it is converted back to glutamate via the action of phosphate-
activated glutaminase (PAG); replenishing the neurotransmitter pool. Therefore, astrocytic glutamate uptake prevents
glutamate accumulation in the synaptic cleft and over-excitation of the postsynaptic neuron receptors. (B) Proposed
mechanism of alterations in the glutamate—glutamine cycle during hyperammonemic conditions: during conditions of
elevated ammonia in the brain, since GS activity is coupled with glutamate uptake, an increase in intracellular glutamate
(ammonia induced) will lead to an increase in osmotic pressure, water uptake and glutamine production. Inhibition of
glutamine release from astrocytes (down-regulation of astrocyte glutamine transporters) will also contribute to astrocyte
swelling. Furthermore, accumulated intracellular glutamine can feedback and inhibit glutamate uptake in astrocytes,
resulting in a decrease in GS activity. Consequently, a decrease in glutamate clearance from astrocytes will lead to an
increase in extracellular glutamate, over-excitation of the postsynaptic neuron receptors and development of HE.

During hyperammonemic conditions, an accumulation of glutamine in the astrocyte is observed and is believed to be an
important osmotic contribution to astrocyte swelling (Brusilow and Traystman, 1986). It has been shown that pre-treatment
of cultured astrocytes with the irreversible GS inhibitor, methionine sulfoximine (MSO), result in an attenuation in the
increase in ammonia-induced glutamine and swelling (Norenberg and Bender, 1994). Similar results have been observed
following ammonia-infusion in portacaval shunted rats pre-treated with MSO (Master et al., 1999 and Willard-Mack et al.,
1996). However, following ammonia-lowering treatments, which are beneficial in attenuating brain edema and the onset of
coma in animal models of ALF, a decrease in high cerebral glutamine levels was not observed (Ytrebg et al.,

2009 and Zwingmann et al., 2004). These studies suggest that in the setting of ALF, brain glutamine levels do not correlate
with astrocyte swelling and brain edema. The beneficial effect of MSO as a treatment, as opposed to pre-treatment, needs
thus to be further investigated.

It is important to note that an increase in astrocytic glutamine produced from intracellular-derived astrocytic glutamate will
not induce osmotic changes. Namely, for the astrocyte to become hypertonic, extracellular osmolar molecules must enter the
cell. GS activity is coupled with glutamate transport in astrocytes, since a significant upregulation of GS was shown to
enhance glutamate uptake (Zou et al., 2010). Furthermore, inhibition of glutamate uptake leads to GS down-regulation
(Ishikawa et al., 2011). Therefore, under high ammonia conditions in the brain, it is speculated that an increase in astrocytic
glutamate uptake due to GS activity will induce osmotic changes and cause an influx of water. In turn, an increase in
intracellular glutamine production will develop (Fig. 4B). This suggests that the key element in the development of brain
edema is primarily glutamate uptake (Butterworth, 1997). It has been shown that cultured astrocytes exposed to glutamate
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causes swelling (Schneider et al., 1992). On the other hand, glutamine release into the extracellular space would help reduce
the osmotic gradient between the astrocyte and the extracellular space, and thus decrease the degree of swelling. The down-
regulation of astrocytic glutamine transporters would then lead to an accumulation of glutamine (glutamine trapping),
rendering the cell hypertonic and, therefore, contributing to cell swelling (Fig 4B). Based on ALF rat studies, there is
evidence depicting that astrocytic glutamine transporters SN-2 are down-regulated, while SN-1 remained unchanged
(Desjardins et al., 2012). However, since SN-1 and ASCT2, and not SN-2, are considered to be the main astrocytic
transporters for glutamine, evidence depicting a down-regulation of these astrocytic transporters in the setting of brain
edema in liver failure is yet to be confirmed.

An increase in extracellular glutamate has been documented to be associated with severe HE (Michalak et al., 1996, Oria et
al., 2012, Rose et al., 2007 and Tofteng et al., 2002), and has been described to occur as a result of decreased MRNA and
protein expression of astrocytic glutamate transporters (Desjardins et al., 2001, Knecht et al., 1997, Norenberg et al.,

1997 and Suarez et al., 2000). Subsequently, this is accompanied by a decrease in GS activity, but the continuous presence
of high glutamine levels (Desjardins et al., 1999 and Rao et al., 2005). Interestingly, the above observations are independent
of ammonia toxicity since Mort and colleagues have shown, using electrophysiology techniques, ammonia stimulates
glutamate uptake in astrocytes (Mort et al., 2001). Therefore, it is possible, as a defense mechanism, that upon swelling of
the astrocyte (ammonia-induced glutamate uptake and glutamine formation/accumulation), the astrocyte shuts down (down-
regulates) the transport of glutamate into the cell to avoid further intracellular hypertonicity and cell swelling. This in turn,
will consequently lead to an increase in extracellular glutamate causing hyperexcitability and contributing to severe HE
(Oriaetal., 2012 and Rose et al., 2007) (Fig. 4B). What remains to be determined is the temporal resolution of the
underlying mechanism associated with the development of astrocyte swelling/brain edema.

Moreover, it has recently been suggested that glutamine induces astrocyte swelling and brain edema through a non-osmotic
effect (reviewed by Albrecht et al. (Albrecht et al., 2010)). Here, it has been demonstrated, in vitro, that glutamine induces
an opening of the mitochondrial transition pore and oxidative stress ( Jayakumar et al., 2004 and Zieminska et al., 2000).
This has been supported in vivo (ALF rats) since the inhibition of the mitochondrial transport of glutamine attenuated
oxidative stress, blocked the mitochondrial transition pore and prevented brain edema ( Rama Rao et al., 2010). Albrecht
and Norenberg have proposed that the mitochondrial toxic effect of glutamine is due to its increased hydrolysis by

glutaminase, resulting in ammonia liberation. This has been defined as the “Trojan horse” theory ( Albrecht and Norenberg,
2006).

To conclude, glutamate uptake is more pertinent to astrocyte swelling than an increase in intracellular glutamine per se.
Nevertheless, glutamine “accumulation” has an important impact (both a metabolic and osmotic effect) on brain edema in
ALF. However, the relationship between astrocytic glutamate and glutamine in the setting of CLD remains to be
determined.

5.3. Lactate

Lactate is another pathogenic factor involved in the development of HE (Rose, 2010). It is important to note that lactate is
no longer considered only a product of anaerobic glycolysis but is also a metabolite used by neurons as an energetic
substrate (Pellerin and Magistretti, 2011). Lactate is produced from pyruvate by both astrocytes and neurons via the action
of lactate dehydrogenase (LDH). However, astrocytes have been shown to be much more glycolytic than neurons, and thus
produce large amounts of lactate via LDH-5 (astrocytic isoform), which is then expelled into the extracellular space through
monocarboxylate transporters 1 and 4 (Pierre and Pellerin, 2005). Lactate can then be taken up by neurons via
monocarboxylate transporters 2, and used as an energy substrate entering the tricarboxylic acid cycle through its conversion
into pyruvate by neuronal LDH-1. This cycle constitutes the astrocyte-neuron lactate shuttle (Pellerin and Magistretti,
2011). During conditions of hyperammonemia, an increase in cerebral lactate is consistently found (Hawkins et al.,

1973 and Rose et al., 2007) and is believed to be a consequence of a reduction in oxidative metabolism and impaired energy
metabolism, since ammonia has shown to cause a direct inhibition of a-ketoglutarate dehydrogenase (Lai and Cooper,
1986). However, high-energy phosphate levels are unaltered and preserved in the brain in both ALF and CLD animal
models (Bates et al., 1989, Holmin et al., 1974 and Mans et al., 1994). Therefore, in the development of HE, increased brain
lactate levels reflect energy impairment (dysregulations in lactate shuttle), as opposed to energy failure (a decrease in ATP).
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The role of lactate in astrocyte swelling has been well described in vitro ( Staub et al., 1990) as well as in animal models of
ALF ( Chatauret et al., 2003, Chavarria et al., 2010, Sen et al., 2006 and Zwingmann et al., 2003). In ALF rats, induced by
liver-devascularization, an increase in brain lactate was found at coma stages with brain edema, along with an increase in de
novo lactate synthesis from glucose ( Zwingmann et al., 2003). Moreover, attenuation in elevated brain lactate was achieved
in combination with a diminution in brain edema, following different therapeutic interventions (hypothermia and MARS) (
Chatauret et al., 2003 and Rose et al., 2007). In patients with ALF, an increase in extracellular brain lactate was found to
correlate with ICP ( Tofteng et al., 2002). To date, no studies have specifically investigated the effect of ammonia toxicity
on the astrocyte-neuron lactate shuttle. However, anecdotal evidence exists: an increase in LDH activity has been shown in
ALF pigs, which lead to increased lactate but, interestingly, both LDH-1 and LDH-5 activities remained increased following
MARS treatment, even though a reduction in extracellular lactate was demonstrated ( Rose et al., 2007). In the latter, the
authors proposed that decreased extracellular lactate may be due to an increase in utilization by neurons, following a
reduction in ammonia levels with MARS.

It has been speculated that an increase in the production of lactate in the brain leads to an osmotic increase in water, thus
contributing to brain edema (Preuss, 2012). However, lactate metabolism, including the regulation of the astrocyte-neuron
lactate shuttle and intracellular astrocyte lactate homeostasis, in the pathogenesis of brain edema in both CLD and ALF
remains to be investigated.

5.4. Water channels

Aquaporins (Agp) are transmembrane proteins that selectively conduct water in and out of the cell. So far, 13 isoforms have
been identified, many of which are present in the brain. In particular, Agp-4 has demonstrated to be highly expressed in
astrocytes compared to neurons (Nielsen et al., 1997 and Rash et al., 1998), and has been proven to play a role in the
pathogenesis of brain edema in several cerebral diseases: trauma (Donkin and Vink, 2010), brain tumors (Nico and Ribatti,
2011) and cerebrovascular disease (Badaut et al., 2011). Moreover, Agp function is coupled with ion channels in order to
maintain ionic homeostasis, especially K* (Nagelhus et al., 1999 and Rao et al., 2011). Since K* channels can transport
ammonia (NH4+) as explained above, together these mechanisms could contribute to brain edema. However, Agp role in
the pathogenesis of brain edema in HE remains controversial. An increase of Agp-4 expression has been found in ammonia-
induced swelling of cultured astrocytes (Rama Rao et al., 2003). Furthermore, an increase in expression of Aqp-4 in the
brain, in association with brain edema, has been demonstrated in both ALF mice (Eefsen et al., 2010) and cirrhotic rats
(Wright et al., 2010). However, on the contrary, the presence of brain edema was not related with an increase in brain Agp-4
in either galactosamine treated or chronic hyperammonemic (induced by hyperammonemic diet) rats (Wright et al., 2010).
Therefore, inconsistent results relating the upregulation of Agp-4 with brain edema dictate future investigations. The latter
are warranted in order to clarify the role of Agp-4 and other Agp isoforms in the pathogenesis of brain edema in both ALF
and CLD.

5.5. Inflammation

Cerebral inflammation has been demonstrated to contribute to the induction of HE (reviewed by Butterworth (Butterworth,
2011)), and systemic inflammation is believed to exacerbate the neurotoxic effects of ammonia (Shawcross et al., 2004). In
ALF patients, serum proinflammatory cytokines have been shown to be correlated with brain edema (Gupta et al., 2010), as
well as increased ICP (Jalan et al., 2004b). Similar results have been documented in ALF (hepatic devascularized) rats;
moreover, it was found that brain-derived proinflammatory mechanisms contributed to brain edema. A beneficial effect of
hypothermia and antibiotic treatment in attenuating brain edema in ALF rats was accompanied with a decrease in both
serum and cerebral cytokines (Jiang et al., 2009a and Jiang et al., 2009b). More specifically, suppressed IL-1 and TNFa
expression prevented the development of brain edema in ALF (azoxymethane-induced) IL-1 and TNFa knock-out mice
(Bémeur et al., 2010).

In CLD, inflammation has also been linked to the development of brain edema. Montoliu and colleagues found that serum
proinflammatory cytokines 11-6 and IL-18 are higher in cirrhotic patients with MHE, compared to cirrhotic patients without
HE (Montoliu et al., 2009). Brain edema was not evaluated within the studied group of patients; however, other studies have
previously demonstrated that brain edema is associated with MHE (Cordoba et al., 2001, Rovira et al., 2002 and Sugimoto
et al., 2008). Moreover, lipopolysaccharide (LPS) injection in BDL rats led to the appearance of brain edema, accompanied
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by an increase in serum and brain proinflammatory cytokines (Wright et al., 2007). In vitro studies have demonstrated that
pro-inflammatory cytokine IL-1p affects astrocytic genes involved in cell volume regulation, including Agp-4 ( Chastre et
al., 2010). This, in turn, could render the astrocyte vulnerable to swelling. Furthermore, inflammatory mediators are known
to increase BBB permeability and contribute to brain edema ( Abbott, 2000).

5.6. Oxidative stress

The effects of oxidative stress and reactive oxygen species (ROS) on biological systems are numerous. ROS induce cellular
damage by affecting DNA and RNA expression, proteins and proper function of transporters, channels, receptors and
enzymes, lipids and membrane stability. There is ample evidence stating that oxidative stress plays a role in the
pathogenesis of brain edema in HE. Cultured astrocytes acutely treated with ammonia concentrations (>1 mM) display cell
swelling and production of ROS (Murthy et al., 2001), which are attenuated with antioxidant treatments (Jayakumar et al.,
2006). This suggests that ammonia-induced astrocyte swelling is linked to the generation of ROS. This is supported by in
vivo studies, where the presence of brain edema in ALF rats (induced-by liver devascularisation) is associated with
hyperammonemia (>1 mM) and cerebral ROS ( Jiang et al., 2009c). However, in the setting of CLD, systemic oxidative
stress, rather than cerebral oxidative stress, plays a major role in the onset of brain edema. Our group recently demonstrated,
in six-week BDL rats, that brain edema develops in the presence of systemic, and not cerebral, oxidative stress ( Bosoi et
al., 2012). This systemic phenomenon was confirmed as the attenuation of systemic oxidative stress using allopurinol
(xanthine oxidase inhibitor) led to a reduction in brain edema ( Bosoi et al., 2012). In the same animal model, our group
demonstrated that blood ammonia and oxidative stress are independent factors, and are synergistically implicated in the
development of brain edema ( Bosoi et al., 2012). Here, BDL rats treated with the oral carbon microspheres (ammonia
adsorbent) AST-120 showed an attenuation of ammonia and brain edema, but systemic oxidative stress remained present (
Bosoi et al., 2011). These findings have been supported clinically as the oxidative marker 3-nitrotyrosine was found to be
increased in the plasma of patients with MHE compared to cirrhotic patients without MHE, with both groups of patients
having similar levels of hyperammonemia ( Montoliu et al., 2011). These studies suggest a synergistic effect between
systemic oxidative stress and hyperammonemia in the pathogenesis of brain edema and HE during CLD.

There is increasing evidence that ammonia-induced oxidative stress is concentration-dependent. It has been shown that
ammonia applied to cultured astrocytes, at concentrations of 100 and 200 uM, does not induce oxidative stress, while
concentrations of ammonia >500 pM result in ROS generation (Gorg et al., 2008 and Mehrotra and Trigun, 2012). In vivo,
blood and brain ammonia levels are significantly lower in CLD rats than in ALF (<250 pM in CLD compared to >800 uM
in ALF, ( Bosoi et al., 2012 and Jiang et al., 2009c)); however, cerebral oxidative stress was observed only in ALF rats. In
support of this, in PCA rats, a model of chronic hyperammonemia with ammonia levels <250 uM, no signs of oxidative
stress were observed in the brain ( Bosoi et al., 2012). This suggests that a threshold of ammonia (i.e. >500 uM) is needed in
order to induce oxidative stress in the brain. However, the acuteness in the rise of ammonia must also be considered as an
important factor.

The presence of cerebral oxidative stress in ALF occurs in association with severe HE (pre-coma and coma stages).
Recently, cerebral oxidative stress markers were measured in the post-mortem cortical brain tissue of cirrhotic patients who
died with overt HE (grade >3) (Gorg et al., 2010). This suggests that cerebral oxidative stress may play an important role in
the development of severe (overt) HE (Bosoi and Rose, 2012).

6. ROLE OF BRAIN EDEMA IN HE

In ALF, intracranial hypertension is the primary cause to brain stem herniation and death. Brain edema undoubtedly is
linked to a rise of cerebral water in ALF, however aside from its physical contribution to brain volume and ICP, its role in
the severe deterioration of neurological function remains unresolved. Brain edema in CLD patients is associated with MHE;
not clinically obvious deterioration of neurological function. However, since patients with MHE have an 4-fold increased
risk of developing overt HE (Hartmann et al., 2000), brain edema may be a predisposing factor implicated in this risk.

It is believed that small increases in astrocyte water content may have important functional consequences, including
neuronal dysfunction, despite the absence of intracranial hypertension (Hédussinger et al., 2000). Termed “low-grade”
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edema, this suggests that HE represents a clinical manifestation of astrocyte swelling. However, in BDL and PCA rats, both
well described models of HE (Butterworth et al., 2009), brain edema is only present in BDL rats. This raises questions
regarding the role of brain edema in the neurological alterations related to HE. The results of many studies have suggested
brain edema is not related to HE. Oria and colleagues demonstrated that upon decreasing brain water content in the cortex
and brain stem in ALF following mannitol treatment, motor tract function did not improve (Oria et al., 2010). However, in
this study, the authors only evaluated brain water in the cortex and brain stem; therefore, it is possible that the regions
implicated in the modulation of the motor tract function (red nucleus, substantia nigra, basal ganglia) were not edematous
and therefore would not respond to mannitol treatment. Moreover, PCA rats, following ammonia challenge, develop severe
alterations of the motor tract function, without the development of brain edema (Oria et al., 2010). In a study by Wright and
colleagues, both BDL and sham-operated controls challenged with LPS lead to brain edema; however, only BDL rats
presented alterations of neurological status (Wright et al., 2007). Here, this indicates brain edema may play a predisposing
role in the pathogenesis of HE. Furthermore, in cirrhotic patients with overt HE, brain edema still persisted for 5 days
following clinical resolution of HE (Poveda et al., 2010). However, since the resolution of HE in these patients was defined
as regression of clinically evident signs (overt) of HE, it is possible that these patients improved to MHE (for which they
had not been tested) and therefore were not HE-free.

On the contrary, many studies have demonstrated brain edema is implicated in the pathogenesis of HE. Our group
demonstrated that both ammonia lowering and antioxidant treatments in BDL rats attenuate the development of brain
edema, along with amelioration of neurological status (Bosoi et al., 2012 and Bosoi et al., 2011). Furthermore, several
studies in cirrhotic patients have showed a positive correlation between brain edema (evaluated by different magnetic
resonance techniques) and scoring in neuropsychological tests (Kumar et al., 2008 and Sugimoto et al., 2008). In addition,
following liver transplantation in patients with MHE, a decrease in brain edema was associated with an improvement in
cognitive function (Rovira et al., 2007).

Altogether, the role of brain edema, as a neuropathological feature of HE or a cause of HE, remains a controversial topic. It
is speculated different degrees of astrocyte swelling/brain edema may inflict differential effects (physical stress as well as
metabolic alterations) on cerebral function. On the contrary, brain edema may not have a direct metabolic effect of cerebral
function but alternatively, could be a predisposing factor in the development of HE. Similarly, brain edema may act
synergistically with other pathogenic factors and induce HE.

7. CONCLUSION

In summary, brain edema is present in both ALF and CLD, and a combination of multiple factors can lead to its
development (vasogenic or cytotoxic). In ALF, a rapid development of brain edema contributes to an increase in ICP, which
physically stresses the brain and causes sudden neurological deterioration. However, in CLD, during which an increase in
ICP is rarely observed, the role of brain edema in the pathogenesis of HE remains elusive; brain edema (astrocyte swelling)
can lead to dysregulated astrocyte-neuronal communication and, hence, impaired cerebral function, or simply brain edema,
may predispose the brain to an increased risk of developing MHE. Different mechanisms of brain edema (vasogenic and
cytotoxic edema, including a combination of the two) between ALF and CLD may be responsible for the numerous
pathophysiological mechanisms causing HE.

Furthermore, the implication of different regions (white and gray matter) of the brain may be accountable for the variety of
symptoms observed in HE; possibly a result of distinctive types of astrocytes which may react differently (susceptible) to
pathogenic factors like ammonia, glutamine, lactate, water channels, inflammation or oxidative stress. Furthermore, these
factors may reach different concentrations or appear in combination with others, causing an array of HE symptoms.
Therefore, in the future, types of HE should not only be defined by the underlying type of liver failure, but also by the
neurological symptomatology.
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