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Abstract

Hepatic Encephalopathy (HE) is one of the major complications of acute or chronic liver failure. Its neurological and mental symptoms range from
subtle behavioral abnormalities to deep coma and death. In addition, a subclinical HE state, named minimal HE (mHE) is a very frequent misdiagnosed
complication. Although the etiology of hepatic encephalopathy is not fully elucidated, hyperammonemia plays a key role in its development. In liver
diseases, its reduced detoxifying capability results in increased blood and brain ammonia concentrations. Under this condition, ammonia is neurotoxic
to both neuronal and astrocyte cells in the CNS. Hyperammonemia is also an essential promotor of neuroinflammation increasing proinflammatory
cytokines such as IL-1f3 and IL-6. It is known that even without morphological liver alterations, there are changes in the pro-inflammatory cytokines
release and increase in the BBB permeability among other alterations. The aim of this review is to approach the neuroinflammatory aspects of minimal
hepatic encephalopathy, where there are no clear manifestations of the disease.
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Introduction

) hal . fth ) i physiological conditions, more than 98% of ammonia is present
HE: Hepatic Encephalopathy (HE), one of the major complica- in its ionic form [NH4*). Hence, while NH,, non-ionic ammonia, is

tions of acute or chronic liver failure (CLF) [1], is defined as the freely diffusible across cellular and sub-cellular membranes, NH,*

spectrum of neuropsychiatric abnormalities seen in patients with
liver dysfunctions and/or portal systemic shunting after exclusion
of other known brain diseases [2]. The neurological and mental
symptoms are potentially reversible and can range from subtle
behavioral abnormalities to deep coma and death [3]. Recently the
American Association for the Study of Liver Diseases (AASLD) and
European Association for the Study of the Liver (EASL) proposed
a new classification of HE according to the following four factors:

requires an ion channel or carrier transport system. In different
models displaying hyperammonemia, severe changes in the central
nervous system (CNS) were reported. Among them, mitochondrial
dysfunction of the hippocampus [8], astrogliosis with increased re-
active oxygen species (ROS) and the production of proinflammatory
cytokines [7], which lead to mHE [9]. Therefore, in this context, HE
is considered an indicator of poor prognosis in liver diseases [10].
1.  The underlying disease, Pathophysiology
2. The severity of manifestations, Althoug.h the pathophysiology of HE is not complet.ely elucidat-
ed, ammonia plays a key role [11]. Hyperammonaemia alters the
3. The time course and integrity of the blood-brain barrier (BBB) in rats, increasing the
influx of toxic substances into the brain [12]. Norenberg et al. [13]

4.  The existence of precipitating factors [4]. Furthermore, it ) ) o : ) ) -
described, in an in vitro model, mitochondrial dysfunction oxida-

is important to point out that mHE, a subclinical HE state, mHE [5]

. .. - tive and nitrosative stress as the main source of free radicals in the
is a very frequent misdiagnosed complication [1].

CNS under hyperammonaemia conditions [13].
HE displays hyperammonemia due to the impossibility of the

non-functional or by-passed liver to metabolize it [6,7]. Under The bacterial lipopolysaccharide (LPS), and the ammonia pro-

duced by the intestinal bacteria arrive through the portal vein, and
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are eliminated, respectively, by the reticuloendothelial system or
metabolized in the liver. Therefore, the intestinal microbiota is an
important factor in the development of HE. Endotoxemia can occur
due to:

1.  Aninfection [14],
2. Increased intestinal permeability [15] or

3. Deterioration of the hepatic reticuloendothelial system.
Liver diseases reduce the detoxifying capacity of this organ, in-
creasing the ammonia blood and brain concentrations. In addition,
when these mechanisms are altered, the bacterial antigens, such as
LPS, reach the general circulation activating the immune response
[16]. LPS stimulates the microglial production of iINOS and NO [17],
which contributes to the neuroinflammatory state in HE.

Hyperammonemia is neurotoxic for both neurons and astro-
cytes. The brain metabolizes ammonia mainly to glutamine by the
enzyme glutamine synthetase (GS), which is located almost ex-
clusively in astrocytes [18]. Once the glutamine is synthesized, it
is transported to the mitochondria and then to the mitochondrial
matrix where it is hydrolyzed into ammonia and glutamate, gener-
ating ROS [11,19] lipid peroxidation and depletion of glutathione
and ATP. This condition decreases the mitochondrial membrane
potential (MMP) that induces mitochondrial swelling [20]. In vitro
studies indicated that the p47-NADPH oxidase pathway is involved
in this process [21]. The production of free radicals increases due
to lipid peroxidation, to a reduction in the activity of glutathione
peroxidase and superoxide dismutase. In addition, the activation of
glutamate receptors (NMDA) induces the nitration of proteins such
as GS, with the consequent increase in the concentrations of brain
ammonia, deterioration of brain energy metabolism, HE, cerebral
edema [22], increase in nitric oxide (NO) and oxidative stress dam-
age [23].

At this point, it could be asked if hyperammonemia induces
damage in the CNS per se, through a neuro-inflammatory condition
or both. Could mHE also be considered as the initial step in neu-
ro-pathophysiological changes in ALF or CLF?

Hyperammonemia is also an essential promotor of neuroin-
flammation through the induction of astrocytosis and the activation
of microglia, releasing proinflammatory cytokines such as IL-13 and
IL-6, associated with altered membrane expression of AMPA, NMDA
and GABA receptors [23]. The ROS produced by the pro-inflamma-
tory state, as in the presence of LPS antigens, induce an increase
in the permeability of the internal mitochondrial membrane that
leads to the functional alteration of the respiratory chain. It was
demonstrated in vitro that astrocytes treated simultaneously with
ammonia and proinflammatory cytokines increased mitochondrial
permeability compared to the administration of cytokines alone. In
addition, antioxidants blocked this additive effect, indicating that
oxidative stress represents an important mechanism in mitochon-
drial deterioration [24].

There is a consensus that the activation of microglia must be
present in neuroinflammation. Haussinger et al. demonstrated that

ammonia directly activates microglia in animal models; however,
they found no increase in the induction of iNOS, COX-2 and in the re-
lease of prostaglandins, glutamate, proinflammatory cytokines and
monocyte chemoattractant protein 1 (MCP-1). In addition, they also
found microglial activation in the cerebral cortex of rats exposed
to ammonia and post-mortem brain tissue from patients with liver
cirrhosis and HE, but not from patients who had cirrhosis without
HE [25]. In addition, it was demonstrated that in advanced stages
of acute liver failure (ALF) with HE, the proinflammatory cytokines
TNF-q, IL-1p and IL-6 were produced by astrocytes [26].

Astrocytes are the cells most importantly involved in the
pathogenesis of mHE/ HE. Together with microglia, they release
proinflammatory cytokines such as IL-1f3, which compromise the
integrity of the BBB through the cyclooxygenase pathway [27]. In
addition, IL-1 induces, through TNF-a and endothelin-1, increased
permeability of BBB with deterioration of its function [28]. It was
also shown, in cultured astrocytes, that IFN-¥ positively regulates
the expression of iNOS [29]. In addition to astrocytes and microglia,
immune cells in the periphery can produce proinflammatory cy-
tokines because of CNS inflammation. These cytokines exert their
effect on the brain by three different routes:

1.  Peripheral tissues, which are innervated by the peripheral
and autonomic nervous system and can send direct signals to the
brain through the peripheral nerves;

2. Brain vasculature that can transmit signals through sec-
ondary messengers, such as NO or prostanoids (produced in re-
sponse to cytokines); and

3. Cytokines can act directly at the brain parenchyma level
after crossing the BBB or after entering areas of the brain that lack
BBB [30]. Inflammatory cytokines can also inhibit the uptake of glu-
tamate by astrocytes through a mechanism involving NO [31] and
can modulate the diffusion of ammonia [32].

Proinflammatory cytokines such as TNF-q, IL-18, IL-6, endo-
toxins and ammonia were significantly elevated in the plasma of
cirrhotic patients with mHE compared with both cirrhotic patients
without mHE and healthy controls [33]. Montoliu et al. [34] showed
that serum levels of IL-6 and IL-18 could discriminate cirrhotic pa-
tients with and without mHE [34]. In addition, TNF-q, IL-1 and IL-6
induce the production of NO and prostanoids by the BBB endothe-
lium. Through this mechanism, the inflammatory effect in the CNS
occurs without histological damage of the BBB.

On the other hand, the alteration of the BBB tight junction was
registered in the BBB Zonula Occludens-1 (Z0O-1) area in the capil-
laries of the hippocampus in a mHE model, also displaying extracel-
lular and astrocytic edema [35]. In addition, endothelial cells show
mitochondrial damage and increased NOS activity [8]. Moreover, it
has been suggested that the BBB impairment induces microglial re-
actions, such as the release of cytokines or the modulation of immu-
nomolecules [36]. Rodrigo R et al. [37] demonstrated that chronic
hyperammonemia is sufficient to induce microglial activation and
HE neuroinflammation [37]. In addition, admin-istration of intra-
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peritoneal LPS in rats with bile duct ligation exacerbated CNS cyto-
toxic edema and even reached coma [38].

A major change in mHE is vasogenic and cytogenic edema of
astrocytes, as observed in both ALF and CLF [39]. Changes in ion
channel control affect cellular homeostasis and may eventually pro-
mote vasogenic edema. One of the most important ion exchangers
is the Na-K-Cl cotransporter-1 (NKCC1) which plays an important
role in the inflammation of astrocytes due to hyperammonemia
[40]. In addition, there are channels such as aquaporins (AQP) that
also play a key role in maintaining the BBB integrity. In CNS, AQP-
4 and AQP-9 are mainly found in astrocytes, while AQP-1 is in the
choroid plexus. AQP-4 seems to be one of the most important iso-
forms in the development of brain edema observed in both ALF and
CLF. Furthermore, this aquaporin has been related to the apoptotic
pathway through the activation of caspase 3 and 8 and the stimula-
tion of TNF-ac and IL-1f [41].

In chronic experimental hyperammonemia with mHE, once
the portal pressure returns to normal, the integrity of the BBB is
restored [42]. In animal models of acute-on-chronic liver failure,
behavioral and BBB alterations were observed [43]. Toll-like re-
ceptor-4 (TLR4) also plays an important role in the development
of neuroinflammation. In vitro experiments showed that the in-
creased expression of TLR4 due to an ammonia stimulation con-
tributed to the inflammation of astrocytes and cerebral edema [44].

Recently, a paracetamol metabolite, AM404 (N- (4-Hydroxy-
phenyl) -eicosa-5,8,11,14-tetraenamide) has demonstrated the
ability to reduce the inflammatory mediators of the arachidonic
acid pathway in microglial and organotypic cultures [45]. AM404
decreased the production of IL-1 and IL-6 in LPS induced neuroin-
flammation in rats [46]. In a neuropathic pain rat model, AM404
prevented overproduction of nitric oxide (NO) and TNFa, as well as
increased production of IL-10 [47]. In addition, this metabolite of
paracetamol inhibited the activity of the COX-1 enzyme and COX-2

isolated ex vitro and the formation of PGE2 in macrophages RAW
264.7 [48]. AM404 has also shown to be a potent agonist of the tran-
sient receptor potential vanilloid type 1 (TRPV1) and low affinity li-
gand of the cannabinoid receptor type 1 (CB1) [48]. Furthermore, it
has been found the presence of this metabolite in the cerebrospinal
fluid of patients after the administration of paracetamol [49].

Conclusion

This review is an attempt to address neuroinflammation and
mHE. It is important to implement an accurate diagnosis when the
clinical manifestations of mHE are still unclear. The question about
whether hyperammonemia and/ or neuroinflammation start alone
or associated the CNS alterations cannot be answered. It is known
that even without hepatic histopathological alterations, type BHE,
shows changes in the release of proinflammatory cytokines and in-
creased permeability of BHE among others.

The astrocytes were designated as the first affected cells; how-
ever, more recently, in vitro studies showed that microglial activa-
tion and release of proinflammatory cytokines were early events.
In addition, our laboratory observed neuronal morpho-functional
dam-age in hyperammonemic conditions in organotypic cultures
(unpublished results). The mechanism by which paracetamol dam-
ages the CNS yet is not fully understood, although AM404 could be
considered as a possible candidate to reduce neuroinflammation
and the oxidative stress pathways of mHE.

Neuroinflammation is a basic problem in the development of
HD, but when does it really start? What is the starting point where
the systemic inflammation and/ or the hyperammonemic condi-
tion activate the microglia and induce vasogenic edema in the CNS
due to the alteration of the BBB? All these questions remain un-
answered, so it is necessary to work more to diagnose this highly
prevalent pathology earlier and develop a more specific treatment
(Figure 1).

Cytoquines Paracetamol
LPS
TNH,* } COX-1
+ COX-2
+PgE;
Microglia InflammatoryT AMA404
+ INOS Response /
+ NO IL-1h, IL-6, TNF-at
t TLR4 ROS NO
t NF-kb 1
BBB altered
HE = | permeability
Figure 1: Neuroinflammation and HE. Interaction between ammonia (NH4+), lipopolisacharide (LPS), and citoquines that lead to
hepatic encephalopathy and the AM404 inhibitory role. (Modified from [24])
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