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Keywords: Hepatic encephalopathy (HE) is a critical clinical complication. There is a consensus that ammonia plays a
Ammonia neurotoxicity pivotal role in the pathogenesis of HE. Ammonia is a neurotoxin which induces a wide range of functional
Bioenergetics disturbances in the central nervous system (CNS). On the other hand, HE is associated with the increased free

Brain injury
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Oxidative stress

radical formation, tissue inflammation, disturbed neurotransmission, astrocytes swelling, brain edema, and brain
herniation. In view of the severe CNS complications ensued HE, potential therapeutic points of intervention need
to be vigorously investigated. A role for CNS mitochondrial damage and energy crisis has been considered in HE.
It has been found that ammonia induces mitochondrial impairment as a result of a multifaceted interaction of
different signaling molecules. Hence, ammonia-induced mitochondrial injury and compromised brain energy
metabolism might play a vital role in the pathogenesis of ammonia neurotoxicity. This review focuses on the
concept that mitochondrial dysfunction and cellular energy crisis indeed plays a critical role in the pathogenesis
of hyperammonemia-induced brain injury. Further, it will highlight the potential therapeutic value of mi-
tochondrial protecting agents and energy providers in the management of HE. The data collected in this review

might provide clues to new therapeutic interventions aimed at minimizing HE-associated complications.

1. Ammonia as a neurotoxic molecule

Hepatic encephalopathy (HE) is the disturbance of CNS due to liver
failure [1]. HE is characterized by several symptoms including cogni-
tive, psychiatric, and motor deficits [2]. Although the clear mechanism
(s) involved in the pathogenesis of HE remain to be determined, there is
agreement that ammonia is the primary molecule responsible for HE-
induced CNS complications [3]. The key detoxification process of am-
monia is its incorporation in the urea, which mainly takes place in the
liver. When liver function is compromised, its capacity of ammonia
fixation will be impaired [1]. Consequently, serum and brain ammonia
reaches a toxic level. HE is a complex syndrome which might lead to
permanent brain injury, coma, and even patient death if not appro-
priately managed [1].

As mentioned, the urea cycle is the most efficient path for ammonia
detoxification. In tissues which lack an efficient and functional urea
cycle (e.g., Brain), blood-born ammonia is metabolized to glutamine
(GIn) by the glutamine synthase (GS) enzyme [4]. Gln production from
ammonia mainly takes place in the brain astrocytes [4]. Although Gln
formation seems to be a detoxification process, several investigations
indicate that Gln accumulation in the brain tissue might also lead to

several problems during HE [5-8].

Ammonia induces a wide range of complications in the CNS.
Alteration in the intracellular pH, CNS electrophysiological derange-
ments, increased glutamatergic neurotransmission (excitotoxicity),
oxidative/nitrosative stress, neuroinflammation, astrocytes swelling,
brain edema, and brain herniation all are attributed to ammonia as a
neurotoxic molecule [9-11]. Hence, ammonia affects brain function by
multiple mechanisms. On the other hand, ammonia-induced mi-
tochondrial dysfunction and energy crisis seems to play a relevant role
in the pathogenesis of HE-induced CNS injury.

CNS is highly and continuously dependent on the mitochondrial
energy (ATP) production. Therefore, any agent which interfere with
oxidative phosphorylation might lead to the energy crisis and CNS
damage. Ammonia-induced mitochondrial dysfunction could play a
pivotal role in altered cerebral function during HE. Hence, targeting
this vital organelle might provide a promising therapeutic point of in-
tervention in the management of ammonia-induced CNS complications.
This review is devoted to a discussion of the role of brain mitochondrial
dysfunction and energy crisis in HE.

In the forthcoming sections first, an intriguing hypothesis about the
mechanism of ammonia accumulation in mitochondria is discussed.
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Fig. 1. A diagrammatic outline illustrating the “Trojan Horse” hypothesis of
ammonia accumulation in mitochondria and its consequent mitochondrial im-
pairment. Glu: Glutamate; Gln: Glutamine; GS: Glutamine synthase; GLN-Tx:
Glutamine transporter; PAG: Phosphate-activated glutaminase; mPT:
Mitochondrial permeability transition; ROS: Reactive oxygen species; RNS:
Reactive nitrogen species; NH,*: Ammonium ion; NKCC1l: Na-K-Cl co-
transporter 1. The same mechanism might occur in neuronal mitochondria.

Then, the interplay between high brain ammonia level and mitochon-
drial dysfunction in CNS is reviewed. Finally, the potential therapeutic
value of mitochondrial protecting agents and energy providers against
HE-induced CNS injury are highlighted.

2. The “Trojan Horse” hypothesis of ammonia accumulation in the
mitochondrial matrix

Glutamine (Gln) synthesis is the primary mechanism for ammonia
removal in the brain [4]. This process mainly takes place in astrocytes
by the enzyme glutamine synthase (GS) [4] (Fig. 1). Although Gln
synthesis seems to be a detoxification process for ammonia, increased
Gln level in astrocytes is likely to be associated with mitochondrial
dysfunction [12-14] (Fig. 1). Hence, some investigations indicated a
pathogenic role for Gln in HE [5-8]. Furthermore, it seems that Gln acts
as an osmolyte which leads to an influx of water into the cells [12,15].
Although the role of Gln in brain edema is controversial, this amino
acid might be attributed to astrocytes swelling and brain edema during
HE [12,15].

The “Trojan Horse” hypothesis of ammonia-induced neurotoxicity is
one of the most exciting theories for the mechanism of ammonia-in-
duced mitochondrial dysfunction [6,16] (Fig. 1). In this theory, it is
proposed that Gln-derived ammonia within the mitochondrial matrix
interfere with mitochondrial function, a mechanism which might fi-
nally lead to astrocytes swelling and brain edema [6,16] (Fig. 1).

It has been documented that the activation of a Na-K-Cl co-trans-
porter (NKCC1) is a key step for ammonia accumulation in astrocytes
(Fig. 1) [17-19]. NKCCs are a class of transporters which play an im-
portant role in regulating cell volume in many conditions [17,18]. GS
metabolizes ammonia and glutamate (Glu) to Gln upon ammonia ac-
cumulation in brain astrocytes (Fig. 1). It has been found that Gln is
actively transported to mitochondria by transporters [6,16] (Fig. 1).
Secondarily to its excessive accumulation in mitochondria, Gln might
impair the mitochondrial function [6,16] (Fig. 1). Most of Gln in the
mitochondrial matrix is metabolized by mitochondrial glutaminase
(Fig. 1). The products of glutaminase activity are Glu and ammonia
(Fig. 1). Hence, ammonia reaches a high level in the mitochondrial
matrix. Consequently, the normal mitochondrial function will com-
promise. Gln itself is also reported to induce oxidative stress in astro-
cytes. Astrocytes Gln accumulation is also associated with mitochon-
drial dysfunction and cell swelling [5,12,16,20] (Fig. 1). Hence, Gln
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could play a significant role in the mechanism of ammonia-induced
mitochondrial impairment. In support of the role of Gln in the mi-
tochondrial dysfunction are studies showing that glutamine synthesis
inhibition alleviated ammonia-induced astrocytes damage and mi-
tochondrial dysfunction [21-24]. Some investigations suggested the
inhibition of glutamine synthesis as a therapeutic option in hyper-
ammonemia [21,22]. Although inhibition of glutamine synthesis might
mitigate the detrimental effects of GIn accumulation in the brain, but
preventing ammonia detoxification via glutamine synthesis could also
be dangerous and attributed to deleterious side effects. On the other
hand, there is no investigation which measures Gln-born ammonia in
the mitochondrial matrix. Hence, we might not be able to estimate the
actual role of Gln in ammonia-induced mitochondrial dysfunction.
Moreover, there is no study on the potential pathogenic role of Glu
accumulation in the mitochondrial matrix (Fig. 1). The importance of
Gln in the mechanism of ammonia-induced brain injury, mitochondrial
dysfunction, and energy crisis is also discussed in more details in the
forthcoming sections.

3. Ammonia interferes with cerebral energy metabolism

Disruption in brain bioenergetics has long been considered as a
pathogenic factor in several neurodegenerative disorders [25-28]. Im-
paired mitochondrial function leads to the cessation of ATP synthesis
and cellular ATP depletion. Ammonia-induced mitochondrial injury
and brain bioenergetics disturbances seem to play a relevant role in the
mechanism of ammonia neurotoxicity [29,30]. Ammonia-induced dis-
ruption of brain energy metabolism could also be a significant factor
contributing to the inhibition of CNS development and mental re-
tardation in newborns with congenital hyperammonemia [31,32]. High
and constant dependence of the brain tissue to ATP makes cellular
mitochondria as a critical and potential therapeutic point of interven-
tion in the management of HE.

It has repeatedly been shown that acute ammonia intoxication
produces marked alterations in brain energy metabolism [33-35]. It has
been reported that ammonia inhibits tricarboxylic acid cycle enzymes,
induces mitochondrial permeability transition (mPT) and swelling, in-
hibited mitochondrial electron transport chain complexes, enhanced
glutamatergic neurotransmission, provoked oxidative/nitrosative
stress, and lead to neuroinflammation. At the following sections, an
overview of the effect of ammonia on the enzymes responsible for en-
ergy metabolism, mitochondrial respiratory chain complexes, neu-
roinflammation, and mitochondrial permeability transition pore (mPT)
is given to provide an idea on the relevance of disturbed energy me-
tabolism to HE-induce brain energy crisis and finally highlight these
mechanisms as potential therapeutic targets.

3.1. Inhibition of tricarboxylic acid cycle and suppression of oxidative
phosphorylation by ammonia

The effect of ammonia on the rate-limiting enzymes involved in
cerebral energy metabolism is one of the proposed mechanisms for CNS
injury during HE [34,36-38]. Inhibiting the tricarboxylic acid (TCA;
Krebs) cycle enzymes is suggested to be one of the primary mechanisms
underlying ammonia-induced mitochondrial dysfunction, energy crisis,
and neurotoxicity [36-38] (Fig. 2). It has been reported that ammonia
inhibited a-ketoglutarate dehydrogenase (a-KGDH), a rate-limiting
enzyme in the TCA cycle (Fig. 2) [36-38]. The inhibition of other en-
zymes such as isocitrate dehydrogenase and malate dehydrogenase is
also reported in the presence of ammonia (Fig. 2) [35,39]. Some in-
vestigations indicated that pyruvate dehydrogenase might also be in-
hibited by ammonia [37] (Fig. 2). The inhibition of pyruvate dehy-
drogenase will further limit the availability of substrates for the TCA
cycle (Fig. 2). A significant decrease in TCA cycle intermediates such as
malate, citrate, and a-KG has been documented in hyperammonemia
conditions [40]. Hence, inhibiting the rate-limiting enzymes in the TCA
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Fig. 2. Ammonia-induced inhibition of the tricarboxylic acid (TCA) cycle. TCA cycle enzymes are responsible for providing reducing equivalents (NADH) which are
further used for cellular energy (ATP) production. The ammonia-induced arrest of the TCA cycle leads to depletion of mitochondrial NADH and consequently energy
production failure and ATP depletion. On the other hand, alpha-ketoglutarate combines with ammonia to produce glutamate and finally glutamine molecule. This
might serve as a detoxification process for ammonia. NH,": Ammonium ion; a-KG: alpha-ketoglutarate; AKGDH: alpha-ketoglutarate dehydrogenase.

cycle might be one of the primary mechanisms underlying ammonia
neurotoxicity and mitochondrial dysfunction (Fig. 2). TCA cycle en-
zymes inhibition also limits the mitochondrial content of the reducing
equivalents (NADH) (Fig. 2), which are necessary for mitochondrial
respiratory chain activity. Therefore, the inhibition of TCA cycle en-
zymes disturbs cerebral energy metabolism. On the other hand, it has
been found that a-KG is essential for ammonia detoxification (Fig. 2).
a-KG is combined with two ammonia molecule to form Gln (Fig. 2).
Therefore, any changes in a-KG resources (e.g., inhibition of Krebs cycle
enzymes) might disturb ammonia detoxification [41].

The effect of ammonia on TCA cycle enzymes seems to be sig-
nificantly inconsistent in different experimental models. Although it has
been found that ammonia could robustly inhibit TCA enzymes in vitro
[34,35], some studies mentioned that ammonia might not significantly
affect TCA enzymes in vivo [42,43]. It has been suggested that the
discrepancy between different models might be associated with non-
mitochondrial reactions associated with ammonia [35]. The dis-
crepancy in the result of ammonia-induced inhibition of TCA cycle
enzymes might also be associated with dissimilar models of HE and the
length of the investigations.

In addition of the effect of ammonia on the TCA cycle, changes in
cerebral glucose utilization, as well as changes in the glycolysis process,
also have been suggested to be involved in the effect of ammonia on
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cerebral energy metabolism [34,35,41,44]. It has been reported that
brain glucose consumption is diminished in experimental models of HE
[45]. It has also been proposed that lactate accumulation during hy-
perammonemic episodes could also play a relevant role in the brain
metabolic derangements [39,46]. Moreover, impairment in the malate-
aspartate shuttle has been reported during hyperammonemia [34]. The
malate-aspartate shuttle is liable for the transfer of reducing equivalents
(NADH) across the inner mitochondrial membrane [34]. Hence, im-
pairment in the malate-aspartate shuttle could result in impaired mi-
tochondrial energy metabolism. All these data mention the funda-
mental role of brain metabolic derangements in HE.

It has been documented that ammonia inhibited mitochondrial re-
spiratory chain complexes in HE episodes [47,48] (Fig. 3). Some in-
vestigations mentioned the suppressed respiration in ammonia-exposed
mitochondria [34,49,50]. Data obtained from different experimental
models also indicated a progressive decrease in the activity and ex-
pression of ETC complexes in the brain of hyperammonemic animals
[34,49-52]. Inhibition of ETC components by ammonia (e.g., complex
I) is clinically important since new roles for these proteins have re-
cently emerged in cell signaling and neurodegeneration [53]. Other
ETC components such as cytochrome c¢ oxidase (COX; Complex IV) are
also essential to produce sufficient ATP for neuronal survival. Previous
studies also suggested that a reduced cerebral COX activity may be an
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Fig. 3. The inhibitory effect of ammonia on mitochondrial electron transport complexes impairs ATP synthesis. NH,": Ammonium ion; Cyt c: Cytochrome c; Co Q:

Coenzyme Q.

index of neurodegenerative events in hyperammonemia [51]. Am-
monia-induced inhibition of ETC complexes might also play a role in
the enhancement of mitochondria-facilitated ROS formation and oxi-
dative stress [54]. Disturbances in the ETC by ammonia finally lead to
impaired ATP production and cellular energy crisis. The blockade of
ETC and impaired ATP production could trigger the cascade of apop-
tosis and cell death. As previously mentioned, the TCA cycle enzymes
inhibition also leads to deprivation in NADH (Fig. 2). NADH serves as
the respiratory chain substrate (Fig. 3). Therefore, NADH deprivation
further impairs mitochondrial respiration (Fig. 3). Hence, ammonia-
induced mitochondrial ETC inhibition could play a significant role in
the pathogenesis of HE-associated mitochondrial dysfunction and brain
energy crisis (Fig. 3).

In conclusion, the ammonia-induced arrest of TCA cycle, the defect
in mitochondrial ETC, impaired malate-aspartate shuttle, and changes
in cerebral glucose utilization are associated with suppression of oxi-
dative metabolism and deteriorated brain energy status during HE. All
these events could finally lead to altered cerebral function in hyper-
ammonemia. On the basis of these findings, a pivotal role for brain
energy crisis could be suggested in the pathophysiology of ammonia
neurotoxicity. Therefore, targeting ammonia-induced bioenergetic
failure could represent a viable therapeutic approach against HE.

At the next following sections, the interrelation between mi-
tochondrial dysfunction and ammonia-induced complications including
oxidative/nitrosative stress in the CNS, excitotoxic response, neuroin-
flammation, and brain edema are discussed.

3.2. The relationship between oxidative/nitrosative stress and
mitochondrial impairment in HE and hyperammonemia

Reactive oxygen/nitrogen species (ROS/RNS) are generated as the
inevitable byproducts of normal cellular metabolic activities. On the
other hand, the disproportion generation of ROS/RNS poses a serious
problem for cellular homeostasis and causes oxidative/nitrosative in-
jury. Oxidative/nitrosative stress induces a cascade of pathogenic
events which finally damage the tissue. Elevated brain ammonia level is
known to be attributed to the oxidative/nitrosative stress in this organ
[29,55,56]. It has been found that ammonia enhanced the generation of
ROS and NOS in astrocytes [29,56,57]. Hence, oxidative/nitrosative
stress could play a vital role in the pathophysiology of ammonia-in-
duced CNS injury. Readers could find outstanding investigations about
the role of oxidative/nitrosative stress in hyperammonemia-induced
CNS injury elsewhere [11,58]. Here, we will focus on the relationships
between ammonia-induced oxidative/nitrosative stress, mitochondrial
dysfunction, and energy crisis in the CNS. In this regard, the capability
of antioxidant therapy is then highlighted at the end of this review.
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It has been found that primary antioxidant defense mechanisms are
defected in the brain tissue or astrocytes exposed to pathological am-
monia concentrations [54,59,60]. The activity of enzymes such as
catalase, glutathione peroxidase, and superoxide dismutase (Mn-SOD
and Cu-SOD) has been found to be suppressed in hyperammonemia and
HE [59,60]. On the other hand, the uptake of glutathione precursors
and the synthesis of glutathione in astrocytes have also been reported to
be interrupted by ammonia [61]. It has been demonstrated that the
transport of cystine to astrocytes is impaired by ammonia [61]. Once
taken up by cells, cystine is reduced to cysteine [61]. Cysteine is the
rate-limiting precursor of glutathione synthesis. Hence, ammonia could
interrupt astrocytes glutathione synthesis [61]. All these events could
finally lead to severe oxidative stress and a defect in proper cellular
mitochondrial function.

Several mechanisms are proposed to be involved in the ammonia-
induced oxidative/nitrosative stress and its connection to mitochon-
drial impairment in the brain tissue. Mitochondria could act as a source
of ROS which finally might entail oxidative stress and cellular dys-
function. It had long been understood that cellular mitochondria are the
primary source of cellular oxygen radicals [62]. Therefore, oxidative/
nitrosative stress could act as a cause or a consequence of mitochondrial
dysfunction [63]. Thus, ammonia-induced oxidative stress and mi-
tochondrial dysfunction are mechanistically interrelated. Interestingly,
it has been documented that oxidative/nitrosative stress could play a
critical role in the activation of transporters such as NKCC1 [17,19]. As
mentioned, activation of NKCC1 could result in disturbances of cellular
ion homeostasis and translocation of ions and water to the astrocytes
[17,19]. These events play an important role in astrocytes swelling and
brain edema (Refer to next sections).

Increase in cytoplasmic Ca®™ is also a critical factor which affects
normal mitochondrial function [63]. Oxidative stress might lead to
elevated intracellular Ca?* [63] (Fig. 4). Increased cytoplasmic Ca%™ is
attributed to the induction of mitochondrial mPT, collapse of mi-
tochondrial membrane potential (AW), osmotic swelling of mitochon-
drial matrix, uncoupling of oxidative phosphorylation, and interruption
of ATP synthesis [64,65]. Hence, ammonia-induced oxidative stress
might also be connected to mitochondrial dysfunction through cellular
Ca®* dysregulation (Fig. 4). It has also been found that cellular en-
doplasmic reticulum is a critical target affected is hyperammonemia
states [22,66]. Ammonia-induced activation of glutamate receptors is
also associated with an increased cytoplasmic Ca®* level, which could
contribute to mitochondrial dysfunction (Figs. 4 and 5).

Another mechanism for ammonia-induced oxidative stress and mi-
tochondrial ROS overload could be mediated through peripheral ben-
zodiazepine receptors (PBRs) [58,67]. PBRs are transmembrane pro-
teins located in the outer mitochondrial membrane [58,67]. PBRs seem
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Fig. 5. Factors responsible for the assembly of the mitochondria permeability
transition (mPT) pore components and mitochondrial permeabilization. Several
chemicals are identified which are capable of mPT induction during hepatic
encephalopathy (HE). The mPT opening during hepatic encephalopathy is re-
levant to mitochondrial swelling and cell death. Mn?*: Manganese; NO: Nitric
Oxide; Ca®*: Calcium; NH,4*: Ammonium ion; Gln: Glutamine.

to be one of the mPT components [9,68]. It has been found that PBRs
are up-regulated in hyperammonemic conditions [9,68]. On the other
hand, ligands of PBRs have been shown to induce oxidative stress in
cells [9,68]. Hence, the ammonium ion might act as a PBR ligand to
induce oxidative stress and mitochondrial permeabilization (Fig. 5).

Increased nitric oxide synthetase (NOS) activity is another major
factor which plays a critical role in the pathogenesis of oxidative/ni-
trosative stress-induced mitochondrial impairment during hyper-
ammonemia (Fig. 4) [9]. It has been found that NOS activity is in-
creased in experimental models of HE [9,69]. Excessive formation of
NO could trigger the formation of highly toxic peroxynitrite radical in
astrocytes and neurons [9,69]. These events might finally lead to cell
death.

Nitric oxide (NO) is characterized as a mPT inducer [70-72]
(Fig. 5). It is well-known that mPT opening leads to mitochondrial
membrane potential dissipation and release of apoptosis signaling
molecules (Fig. 5). In addition, mitochondrial respiratory chain com-
plexes are also reported to be inhibited by NO or peroxynitrite
(ONOO ") as its highly reactive radical metabolite [71]. It has also been
found that NO and peroxynitrite radical inactivated electron transport
complex I and III [73,74]. On the other hand, it has been reported that
NOS inhibitors attenuated the induction of mPT by ammonia [69,75].
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Hence, NO is also a key player in HE-induced mitochondrial dysfunc-
tion and brain energy crisis (Fig. 5).

All these findings implicate that oxidative stress plays a pivotal role
in the mechanisms of ammonia neurotoxicity. Ammonia induces oxi-
dative stress in the brain could ensue by deleterious events such as
mitochondrial injury and energy failure (Fig. 4). Hence, antioxidants
might play a role in the management of ammonia-induced mitochon-
drial dysfunction and brain injury. The significance of antioxidant
therapy in HE is discussed in the forthcoming sections.

Another interesting mechanism of mitochondrial ROS production
and oxidative stress could be mediated through ammonia-induced ex-
citotoxicity response. The effect of ammonia on glutamate receptors
(excitotoxicity response) and its relevance to ammonia-induced oxida-
tive stress, mitochondrial dysfunction, and brain energy crisis are dis-
cussed in more details in the forthcoming sections.

3.3. Ammonia-induced excitotoxic response in the CNS and its relevance to
the brain energy crisis

One of the critical findings of the mechanism of ammonia neuro-
toxicity is the effect of this chemical on the CNS glutamatergic system
[76,77]. Glutamate (Glu) is the major excitatory neurotransmitter in
the CNS. Several investigations described the interrelation between
glutamate excitotoxicity and ammonia neurotoxicity [76-78]. Herein,
we mention this connection to discuss the role of mitochondrial injury
in the pathogenesis of ammonia-induced CNS damage.

A leading contributor to the toxic effects of ammonia in the brain is
the over-activation of N-methyl-p-aspartate (NMDA) type of glutamate
receptors [77,79] (Fig. 6). This over-activation is also known as the
“excitotoxic response” of NMDA receptors [77,79]. It has been found
that the excitotoxic response plays a crucial role in the pathogenesis of
ammonia neurotoxicity (Fig. 6) [77,79]. As previously mentioned,
conversion of ammonia to glutamine (Gln) is the primary metabolic
path in the brain tissue which takes place in astrocytes by glutamine
synthetase enzyme (GS) (Fig. 1). Gln is further metabolized to Glu in
neurons (Fig. 1). It has been well-documented that in hyperammonemia
the cycling of GIn-Glu between neurons and astrocytes is interrupted
[80] (Fig. 6). Consequently, the extracellular concentration of Glu is
increased (Fig. 6). As mentioned, Glu is the major excitatory neuro-
transmitter in the brain which activates the NMDA receptor signaling.
Deleterious events such as excessive nitric oxide and peroxynitrite ra-
dical formation might ensue NMDA receptor overactivation [69,81].
Hence, the ammonia-induced excitotoxic response is tightly linked to
oxidative/nitrosative stress (Fig. 6). As mentioned, oxidative/ni-
trosative stress and mitochondrial impairment are interconnected
events. Therefore, the oxidative/nitrosative response associated with
glutamate-induced excitotoxicity response could play a significant role
in the brain mitochondrial dysfunction and consequently energy failure
(Figs. 4 and 5). On the other hand, it has also been documented that
ammonia impairs Glu uptake by astrocytes [82,83]. Glu uptake by as-
trocytes is also a crucial pathway since ammonia detoxification in these
cells relies on the amidation of Glu to Gln (Fig. 6) [82,83]. It has been
found Glu uptake by astrocytes is in close relation to Na®/K* ATPase
pump activity [82,83]. In this regard, mitochondrial dysfunction and
cellular ATP crisis impairs the clearance of Glu from the synaptic cleft
and potentiates excitotoxicity (Fig. 6).

Glu-mediated NMDA receptors over activation also lead to increased
intracellular Ca?* [69,81]. As mentioned, the increased cytoplasmic
Ca®* level is associated with severe mitochondrial dysfunction and
membrane potential dissipation [63] (Figs. 4 and 5). Mitochondrial
Ca%™ accumulation also impairs mitochondrial respiration, decreases
ATP synthesis and increases the formation of free radicals which lead to
more oxidative stress [84] (Figs. 4 and 5). Hence, disturbances of in-
tracellular Ca®>* homeostasis could complicate mitochondrial function
and acts as a significant factor in disturbing the brain energy metabo-
lism during the ammonia-induced excitotoxic response.
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All these data indicate that excessive activation of NMDA receptors
could lead to cellular ATP depletion (Fig. 5). Hence, NMDA-receptor
over activation-mediated depletion of ATP during hyperammonemia
might also play a role in the energy crisis induced by this noxious
neurotoxic chemical (Fig. 5). It has also been mentioned that activation
of NMDA receptors leads to increased nitric oxide (NO) synthesis
(Fig. 5) [75,85]. Overproduction of NO leads to excessive NOS and
nitrosative stress (Fig. 5). As previously mentioned, NO is another cri-
tical factor which affects mitochondrial function (Fig. 4).

During the ammonia-induced excitotoxic response, increased con-
sumption of ATP (e.g, by NMDA receptors overactivation and trans-
porters activity), decreased ATP synthesis (e.g, by mitochondrial dys-
function) or both are contributed in the brain energy deficit during
hyperammonemia and HE. It has been shown that the cytotoxic effects
of ammonia on astrocytes are significantly attenuated by NMDA re-
ceptors antagonists and NOS inhibitors [85]. Hence, managing am-
monia-induced excitotoxicity and its consequences might serve as a
potential point of intervention in attenuating HE-induced CNS com-
plications (Fig. 5).

3.4. Mitochondria and astrocytes swelling: relevance to HE-associated brain
edema

Brain edema is a critical complication during HE and hyper-
ammonemia which could even lead to brain herniation [86,87]. There
are no precise molecular mechanisms for brain edema in hyper-
ammonemic patients. On the other hand, some studies proposed a
connection between mitochondrial dysfunction and brain edema
[6,88,89]. As mentioned in the previous sections mitochondrial mPT
could be induced during hyperammonemia through different
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mechanisms (Fig. 4). The mPT opening makes a point of “no return”
during apoptosis and cell death [84]. The mPT opening will lead to
dissipation of the mitochondrial membrane potential, movement of
metabolites to the cytoplasm, decreased ATP synthesis, the release of
cell death mediators, and ROS generation [84] (Fig. 5). In this section,
the interrelation between mitochondrial mPT opening, and astrocytes
swelling, and its relevance to HE-associated brain edema is highlighted.

Cerebral edema and intracranial pressure is a common feature of HE
[90]. There is a consensus that HE-induced brain edema is primarily
due to astrocytes swelling [23,91]. It has been found that astrocytes
show nuclear and cytosolic alterations in HE [92,93]. Astrocytes
swelling appear to be a key component in the ammonia-associated
brain edema, intracranial pressure and brain herniation [92,93]. Hence,
astrocytes swelling play a role in ammonia neurotoxicity and patients'
death.

Several mechanisms have been proposed to be involved in the as-
trocytes swelling during HE [6,88,89]. Besides other factors which are
proposed to be implicated in the HE-associated astrocytes swelling and
brain edema [94-96], one of the most exciting mechanisms for am-
monia-induced astrocytes swelling is connected to cellular mitochon-
dria [89]. There is substantial evidence that induction of mPT con-
tributes to the pathogenesis of ammonia-induced astrocytes swelling
[6,88,89]. In line with this speculation, the blockade of mPT has been
shown to reduce the extent of astrocytes swelling and brain edema as a
deleterious consequence of hyperammonemia [88,97]. On the other
hand, some studies mentioned the importance of the cotransporter
NKCC1 in ammonia-induced cell swelling and brain edema during HE
[17,19]. As previously mentioned, this transporter could be activated
by conditions such as oxidative stress [17,19]. It has been found that
NKCC1 inhibitors and antioxidant molecules could diminish cell
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swelling in ammonia-exposed astrocytes [17,19]. These events could
confirm the connection between ammonia-induced oxidative stress and
cell swelling/brain edema.

The concept that cellular mitochondria undergo swelling in the
presence of various substances is known for a long time. Structurally,
mPT consists of several proteins. Under conditions favorable for the
mPT opening, the component proteins assemble to form a pore [84,98].
Several chemicals and conditions might lead to the induction of mPT
during HE (Fig. 4) [84,98]. Different studies have suggested that mPT
induction could be the cause of energetic failure presented in HE and
hyperammonemia [98]. On the other hand, the mPT opening is closely
associated with the signaling pathways of cell death (Fig. 4).

Elevated cytoplasmic Ca®* is a well-known factor in mPT opening
[99] (Fig. 5). On the other hand, several factors associated with HE and
hyperammonemia could lead to mPT induction (Fig. 5). Elevated as-
trocytes Gln level is thought to be one of the major causes of ammonia-
induced mPT opening, cell swelling, and cerebral edema [12,13]
(Fig. 5). As mentioned, Gln is one of the most suspicious molecules
responsible for ammonia-induced mitochondrial dysfunction [12]. Gln
is converted to ammonia in the mitochondrial matrix and causes mPT
opening (Figs. 1 and 5). This event finally leads to mitochondrial dys-
function and release of cell death mediators to the cytoplasm (Fig. 5).
Other molecules such as manganese, nitric oxide (which is abundantly
formed during ammonia-induced excitotoxicity), and the ammonia
molecule itself are also mPT inducing molecules [6,88,89,100] (Fig. 5).
Oxidative stress and mPT opening are also interrelated events [101]. As
ammonia-induced oxidative stress is a common event during HE, re-
active oxygen species might also play a role in mPT induction and
mitochondrial dysfunction [101,102]. Norenberg et al. suggested that a
cascade of events initiated by ammonia-induced oxidative stress, which
are connected to mPT and mitochondrial swelling, results in astrocytes
volume dysregulation and finally brain edema [89]. Another mechan-
istic view proposed that excessive Gln accumulation in astrocytes
during the detoxification process of ammonia could lead to a hyper-
osmotic state and the shift of water to astrocytes cytoplasm [103]. On
the other hand, astrocytes exposure to high Gln increased free radical
production and oxidative stress [20,21,104,105]. As mentioned, oxi-
dative stress and mitochondrial swelling are two interconnected events
[106] (Fig. 4). Moreover, some other investigations questioned the
“glutamine osmotic hypothesis” of astrocytes swelling. Finally, it
should be mentioned that cell swelling and transport of electrolytes
through the cell membrane is principally an energy-dependent process.
Hence, any defect in normal mitochondrial function and cellular ATP
level might impair solutes transport and lead to cell swelling. As a re-
sult, protecting mitochondria and preserving appropriate cellular ATP
levels could serve as a potential point of intervention against cell
swelling and brain edema as a severe complication associated with HE.

All these data might mention the importance of mPT sealing agents
in preventing mitochondria, and consequently, astrocytes swelling and
brain edema during hyperammonemia and HE (Fig. 5).

3.5. Neuroinflammation during HE: relevance to mitochondrial injury and
CNS bioenergetic disturbances

Inflammatory response and neuroinflammation could play an es-
sential role in the pathogenesis of HE [10,107-110]. The significant
increase in the cerebral level of proinflammatory cytokines such as
TNF-a and IL- 1P has been repeatedly documented in the pathogenesis
of HE [111,112] (Fig. 7). On the other hand, some investigations con-
firmed a connection between brain edema and neuroinflammation
[107,111,113] (Fig. 7). There is also enough evidence suggesting a
connection between neuroinflammation and excitotoxicity response
during HE [114,115] (Fig. 7). The interplay between increased circu-
latory and CNS proinflammatory cytokines, neuroinflammation, and
oxidative stress has also been mentioned in previous studies
[57,116,117] (Fig. 7). As mentioned in the previous sections,
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excitotoxicity and oxidative stress are two major events firmly inter-
connected to brain mitochondrial dysfunction and energy crisis in HE
episodes. All these data suggest a possible connection between neu-
roinflammation and mitochondrial injury (Fig. 7). The current section
aimed to review the possible interconnection between neuroin-
flammation, mitochondrial impairment, and cellular energy crisis
during HE.

The relevance of neuroinflammation and excitotoxicity also has
been mention in several studies. Neuroinflammation might lead to ex-
citotoxicity through a range of mechanisms (Fig. 7). Among them,
microglia activation is a significant mechanism which connects neu-
roinflammation to excitotoxicity and CNS injury (Fig. 7). It has been
found that brain microglia become activated in the brain of animal
models of HE [118,119]. Activation of brain microglia also could play a
critical role in the pathogenesis of other neuroinflammatory disorders
such as Alzheimer disease, stroke, and multiple sclerosis (MS)
[120-122]. Microglia are the primary sources of inflammatory cyto-
kines in the CNS [123]. Astrocytes also could act as a source of cyto-
kines during ammonia-induced neuroinflammation [119,124,125]
(Fig. 7). Hence, ammonia-induced neuroinflammation could play a
significant role in the brain tissue mitochondrial dysfunction (Fig. 7).

Recent evidence indicates that inflammation and oxidative stress
play a significant role in ammonia neurotoxicity [10,95,111]. In-
flammation and oxidative stress seem to be interconnected. It has been
well-documented that elevated serum and tissue level of cytokines ag-
gravate ROS formation which is involved in the pathogenesis of several
neurological disorders [126,127]. On the other hand, inflammatory
cells are a major source of ROS [128]. Therefore, brain tissue ag-
gregation of inflammatory cells such as neutrophils during HE could
primarily contribute to elevated tissue ROS and oxidative stress. As
previously mentioned, elevated ROS and mitochondrial dysfunction are
two associated events [63] (Fig. 4). Some studies reported that that
excessive production of nitric oxide (NO) induced by cytokines (e.g., IL-
1B) could disrupt cellular energy metabolism through the inhibition of
mitochondrial respiration in different cell types [129]. Hence, the in-
terplay between neuroinflammation and oxidative stress could dete-
riorate the mitochondrial function (Fig. 7). Neuroinflammation would
contribute to increased oxidative stress and consequently mitochondrial
impairment and energy crisis (Fig. 7). Therefore, new therapeutic
agents aimed to treat neuroinflammation might also decrease oxidative
stress and mitochondrial dysfunction in the brain (Fig. 7).

Increased gastrointestinal (GI) permeabilization to toxic substances
such as bacterial lipopolysaccharides (LPS) is a crucial event associated
with cirrhosis-associated HE of subclinical HE [130]. GI-derived LPS is
a robust inflammation-inducing agent especially in chronic HE and
cirrhosis [131,132] (Fig. 7). LPS-induced upregulation of microglia
activation and cytokine release also has been documented [133].
Hence, the LPS-induced release of cytokines also could play a sig-
nificant role in neuroinflammation during HE (Fig. 7). A systemic in-
flammatory syndrome resulting from GI permeability, LPS infiltration
to the systemic circulation, and sepsis are common events in patients
with HE [134,135] (Fig. 7). There is also a connection between systemic
inflammation and the severity of CNS injury during HE [134]. LPS
translocation from GI could also affect circulatory cytokines which fi-
nally might deteriorate CNS neuroinflammation (Fig. 7). Interestingly,
it has been found that pro-inflammatory cytokines and LPS also inhibit
Glu reuptake to the astrocytes [119,136,137] (Fig. 7). LPS is also able to
enhance Glu release from astrocytes [138]. These events might enhance
the excitotoxicity response during HE (Fig. 7). Therefore, a connection
between NMDA receptors over-activation, excitotoxicity, and neuroin-
flammation is possible [139]. Consequently, the mitochondrial injury
might occur (Fig. 7).

It has been found that increased brain lactate level which occurs
during HE could also play a role in the aggravation of neuroin-
flammation [119]. Increased brain lactate during HE and hyper-
ammonemia could be the cause or the consequence of HE [140]. On the
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Fig. 7. Neuroinflammation and inflammatory cytokines could adversely affect mitochondrial function during hepatic encephalopathy (HE). Systemic inflammation
and gastrointestinal (GI)-derived bacterial lipopolysaccharide (LPS) could also play a critical role in HE-associated CNS inflammation, especially in chronic HE and
cirrhosis. On the other hand, ammonia-induced neuroinflammation is firmly connected to oxidative stress. NH,*: Ammonium ion; TLR: Toll-like receptor; NO: Nitric
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other hand, lactate might serve as a “fuel” for mitochondria energy
metabolism and ATP production [141]. Indeed, further investigations
are needed to enhance our understanding of such controversies about
the role of lactate in the aggregation of HE.

In an attempt to alleviate HE complications, several strategies have
been tested to mitigate the neuroinflammation and its following events.
It has been reported that administration of non-steroidal anti-in-
flammatory drugs improved locomotor activity during hyper-
ammonemia and HE [108,109] (Fig. 7). On the other hand, it has also
been documented that counteracting inflammatory cytokines (e.g,
Etanercept administration; Fig. 7) could robustly mitigate neuroin-
flammation and its consequences during HE [93,112].

All the data discussed in this section reveal a pivotal role for neu-
roinflammation and its connection to oxidative stress, excitotoxicity,
and mitochondrial impairment. However, due to the complicated
nature of inflammatory signal pathways in the CNS, more studies are
needed to reveal the precise role of neuroinflammation and its re-
lationship to oxidative stress and mitochondrial dysfunction, and con-
sidering these events as a therapeutic point of intervention during HE.

3.6. Role of manganese in HE, mitochondria dysfunction, and brain energy
crisis

Brain manganese (Mn) accumulation is another factor which is not
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directly associated with ammonia-induced CNS injury, but play a sig-
nificant role in the pathogenesis of mitochondrial dysfunction and brain
energy crisis during HE. Hence, in this section, we reviewed the po-
tential role of Mn in the brain bioenergetics failure during HE.

Mn is a trace element which plays a pivotal role in several physio-
logical processes as well as in the structure of many vital enzymes
[142]. On the other hand, overexposure to Mn seems to play a role in
the pathogenesis of a range of neurodegenerative diseases [143]. Ac-
cumulation of Mn in the CNS is a common feature of chronic HE
[144-147]. Mn is principally excreted in bile in healthy subjects
[145,148] (Fig. 8). Hence, diminished removal of Mn in chronic liver
diseases is the primary cause of elevated blood and brain Mn during HE
[145,149,150] (Fig. 8). In liver cirrhosis, failure of biliary excretion of
Mn leads to blood Mn overload and subsequent brain accumulation of
this metal [145,146,149,150]. Albumin and transferrin are major blood
carrier proteins for Mn [151]. As proteins such as albumin modify the
quantity of Mn transported across the blood-brain barrier, impaired
plasma albumin level during HE and cirrhosis might also account for
CNS Mn accumulation and neurotoxicity [144,152]. Measurement of
blood and brain Mn concentration in patients with chronic liver disease
and HE revealed 2 to 7 folds increases in these subjects [145,153,154].
It has also been shown that Mn is significantly accumulated in the basal
ganglia of patients with end-stage liver disease [149,155]. Larargues
et al. also reported that brain Mn content was significantly elevated in
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Fig. 8. Effect of manganese (Mn) on brain mitochondrial impairment, oxidative stress, and hepatic encephalopathy-associated neuropsychiatric symptoms. Mn
deposition in the CNS is a crucial factor for the deterioration of the brain function during chronic hepatic encephalopathy (e.g., in cirrhotic patients).

patients with liver diseases with different etiologies [153].

Elevated brain Mn level is postulated to be associated with HE-in-
duced neuropsychiatric disturbances and behavioral deficits (Fig. 8)
[146,156-158]. Dopaminergic neurons in the basal ganglia structures
are particularly susceptible to the toxic effects of the Mn [159]. Hence,
Mn effects on the CNS dopaminergic system play a critical role in the
development of neurotoxicity during HE [146,149,155-158]. It has
been reported that increased pallidal Mn concentrations coincided with
reduced dopamine concentration as well as dopamine release from
nerve endings, and dopamine displacement from its storage sites in the
presynaptic neurons [147]. It has been proposed that Mn-induced do-
paminergic neurons toxicity might be attributed to the extrapyramidal
symptoms (rigidity, tremor, akinesia, and athetosis) of HE [160,161]
(Fig. 8).

As mentioned, Mn is a neurotoxic metal [161]. Mn neurotoxicity
might be mediated via several mechanisms including striatal dopamine
depletion, glutamatergic over-activation (excitotoxicity), glutamatergic
neurons cell death, or induction of oxidative stress in the brain tissue
(Fig. 8) [161-164]. Mn-induced cytotoxicity toward astrocytes is a
common feature in patients with HE [165]. It has been found that ex-
cessive accumulation of Mn in astrocytes impairs their capability of
ammonia detoxification. Moreover, it has been reported that increased
astrocytes Mn content might alter the release of glutamate and elicit the
excitotoxicity (Fig. 8) [166,167]. Therefore, the brain Mn level is an-
other factor which might be associated with mitochondria dysfunction
during HE [144,146,149] (Fig. 8).

Although the precise mechanism(s) responsible for Mn-induced
extrapyramidal symptoms and astrocytes cytotoxicity in HE is not fully
cleared, some investigations mentioned the role of oxidative stress,
defect in cellular antioxidant mechanisms, and mitochondrial
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dysfunction in this complication [150,168-170] (Fig. 8). Mn is capable
of inducing oxidative stress in the brain tissue [170-172]. Moreover,
Mn is known to induce mitochondrial injury and energy failure
[168-170,173].

Interestingly, brain astrocytes serve as a primary storage site for Mn
[174,175]. It has been found that astrocytes have a specific Mn trans-
port system [165,174,175]. It has been found that Mn accumulates in
the astrocytes. At the cellular level, Mn is preferentially accumulated in
mitochondria [176,177]. It has been found that Mn is accumulated
within the mitochondrial matrix via the Ca®™ ion uniporters [178,179].
Mitochondrial Mn deposition might lead to the collapse of mitochon-
drial membrane potential, impaired oxidative phosphorylation, and fi-
nally depletion of mitochondrial ATP [180-182] (Fig. 8). It has been
reported that Mn-treated astrocytes and neural cells have lower ATP
content [183,184]. The Mn-induced mitochondrial injury might also
lead to the release of numerous apoptogenic factors into the cytosol
which enhances cell death.

In conclusion, due to the critical role of Mn in the pathogenesis of
HE-induced CNS injury, mitochondrial dysfunction, and energy crisis,
decreasing brain Mn level or protecting brain mitochondria against this
neurotoxic metal could be a critical site of interference in HE [185].
Hence, therapeutic approaches aimed at the removal of Mn (e.g, che-
lation therapy) and protecting mitochondria and astrocytes might be of
potential value in preventing HE-induced mitochondrial injury and CNS
bioenergetic failure.

As discussed in the previous sections, brain mitochondria could
serve as an essential therapeutic point of intervention in the manage-
ment of HE. Hence, a critical discussion is how we could prevent mi-
tochondrial dysfunction and brain energy crisis in HE. At the forth-
coming parts, the importance of therapeutic strategies against
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ammonia-induced mitochondrial dysfunction and CNS injury is dis-
cussed.

4. Brain mitochondria as potential therapeutic points of
intervention during HE

HE is a multifaceted clinical disorder. Therefore, the therapeutic
strategies against HE should simultaneously consider many parameters
involved in the pathogenesis of this complication. Traditional treat-
ments for HE in chronic and acute liver diseases aims to reduce blood
and brain ammonia levels. For this purpose, non-absorbable antibiotics
(e.g, Neomycin, Rifaximine) or polysaccharides (e.g., Lactulose) are
administered to prevent ammonia production by intestinal flora [186].
Although traditional therapy of HE could significantly enhance patients'
survival, it might also lead to several adverse effects. On the other hand,
lowering blood and brain ammonia level may not be entirely effective
against the vast complications associated with HE or preventing its
neurological sequel.

As mentioned, ammonia is not the only factor responsible for CNS
injury during HE. Hence, the conventional management of HE might
not affect problems associated with glutamine, cellular Ca*>* overload,
Mn-induced brain injury, excitotoxicity, and severe oxidative/ni-
trosative stress in the CNS. A wide range of protective agents has been
evaluated for their effect against ammonia neurotoxicity. Carnitine,
N-acetylcysteine, taurine, carnosine, ascorbate, vitamin E, sulfor-
aphane, resveratrol, and many other chemicals have been investigated
against HE [82,187]. The beneficial effects of these chemicals are
generally explained by scavenging of reactive oxygen species and im-
provement in mitochondrial function.

As discussed in the current review, mitochondrial dysfunction and
brain energy crisis could play a significant role in altered cerebral
function during hyperammonemia and HE (Fig. 9). Therefore, targeting
this vital organelle might provide a promising therapeutic point of
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intervention in the management of ammonia-induced CNS complica-
tions. On the other hand, selecting the appropriate experimental models
is an important point for evaluating the adverse effects of ammonia on
brain mitochondrial function and energy status. Several experimental
tools have been developed to evaluate the effects of acute, chronic, or
subclinical hyperammonemia on brain function. These models could be
achieved by surgical intervention or hepatotoxins administration. Bile
duct ligation (BDL) is one of the most reliable experimental tools for
evaluating the mechanisms involved in the pathogenesis of HE-induced
organ injury [32,188,189]. This model shares many clinical features of
cirrhosis and subclinical hyperammonemia in human [189]. On the
other hand, several studies have mentioned thioacetamide (TAA)-
treated rats as a model to investigate the effect of ammonia on mi-
tochondrial impairment, brain energy status, and tissue injury
[92,188,190,191]. TAA-treated animals could be used as a model of
acute hyperammonemia [92,188,190]. These models could be applied
as appropriate tools to investigate ammonia-induced brain mitochon-
dria impairment.

As ammonia-induced CNS complications and mitochondrial dys-
function are firmly interconnected events (Fig. 9), manipulation in each
path might serve as an option to preserve mitochondrial functionality
and brain ATP level. Therefore, antioxidants, anti-excitotoxicity agents,
Mn-chelation, inhibitors of nitric oxide synthesize (NOS), or adminis-
tration of mitochondrial function regulating chemicals and energy
providers might preserve mitochondrial function and prevent the brain
injury during HE.

Several studies mentioned the primary role of oxidative/nitrosative
stress in the pathogenesis of ammonia neurotoxicity [55,57,81]. As
mentioned in different parts of this review oxidative/nitrosative stress
could be firmly connected to other CNS complications associated with
HE and hyperammonemia (e.g., excitotoxicity, inflammation, etc.). On
the other hand, ammonia-induced mitochondrial impairment, as well as
NMDA receptors over-activation (Excitotoxicity), have been identified

Fig. 9. A summary of the relationship between hy-
perammonemia, mitochondrial impairment, and
brain energy crisis. Protecting brain mitochondria
might serve as a viable therapeutic point of inter-
vention in the management of hyperammonemia and
hepatic encephalopathy. Glu: Glutamate; ROS:
Reactive oxygen species; RNS: Reactive nitrogen
species; ca?t: Calcium; Mn2*: Manganese; NMDA:
N-Methyl-p-Aspartate; mPT: Mitochondrial perme-
ability transition.
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as the primary source of reactive oxygen species during HE
[62,77,192]. Hence, administration of antioxidants might provide
neuroprotection against HE. The neuroprotective effects of antioxidants
against HE have been mentioned in several investigations [193-196].
Some antioxidants and thiol-reducing agents such as taurine, NAC, re-
sveratrol, and sulforaphane have been proved to be beneficial in ex-
perimental models and human cases of HE and hyperammonemia
[59,197-201]. These agents have been shown to be able to modulate
critical astrocytes related parameters and function during HE. Oxidative
stress, neuroinflammation, cellular glutathione (GSH) synthesis, and
glutamine synthetase enzyme activity are key factors affected by these
chemicals [82,124,187,201]. On the other hand, hypothermia as a
major clinical intervention used in the management of HE also men-
tioned decreasing free radical production, oxidative stress, and its as-
sociated complications in the brain tissue [202]. On the other hand,
antioxidant supplementation might also be effective in enhancing pa-
tients cognitive function and quality of life in subclinical HE. The me-
chanism of neuroprotection provided by antioxidants could be medi-
ated through their direct interaction with reactive species. The
antioxidative properties of these molecules might also be attributed to
their effect on mitochondrial function and mitigating mitochondria-
facilitated ROS formation [59,195,197-200,203-206]. Administration
of antioxidants might also attenuate liver damage and enhance its
ability for ammonia detoxification [59,195,197-200,203-206]. Conse-
quently, the toxic effects of ammonia toward CNS are mitigated. All
these data mention the value of antioxidants as a neuroprotective
strategy against HE. However, the antioxidant therapy may not be
completely effective without considering other factors involved in the
pathogenesis of HE.

Hyperactivation of the NMDA receptors and excitotoxicity is one of
the most deleterious events associated with HE and hyperammonemia.
As mentioned in different parts of the current review, hyperactivation
of NMDA receptors is associated with a battery of events including
severe oxidative stress, cytoplasmic Ca®>* overload, as well as mi-
tochondrial impairment and cellular energy crisis [9,32,85,192,207].
Therefore, it is reasonable that NMDA receptor antagonists might have
a protective role in hyperammonemia-associated brain injury. Inter-
estingly, it has been reported that ammonia inhibits kynurenic acid
synthesis in the brain [208]. Kynurenic acid is an endogenous NMDA
receptor antagonist. On the other hand, inhibitors of NMDA receptors
alleviated the consequences of NMDA hyperactivation such as cyto-
plasmic Ca®?* overload and impairment in mitochondrial function
[9,32,85,192,207]. NMDA antagonists also have beneficial effects in
attenuating HE-induced cognitive impairment and locomotor dysfunc-
tion [209,210]. Several safe neuroprotective chemicals such as the
amino acid taurine revealed significant antiexcitotoxic properties in
previous studies [211,212]. All these data mention a critical role for
NMDA receptors and excitotoxicity in HE. As excitotoxicity is firmly
linked with Ca?* overload, oxidative stress and mitochondrial im-
pairment, NMDA inhibition might also mitigate oxidative stress and
prevent brain energy crisis (Fig. 9). Hence, NMDA antagonism could be
a therapeutic strategy against ammonia neurotoxicity in combination
with other options such as antioxidants supplementation.

Neuroinflammation is a significant problem associated with HE. It
has been well-documented that neuroinflammation is connected to
other complications such as oxidative stress, excitotoxicity, and mi-
tochondrial dysfunction [119,136]. As previously mentioned, an ele-
vated level of cytokines enhances the excitotoxicity response, promotes
oxidative stress and impairs mitochondrial function
[123,129,137,138]. Based on these findings, we might be able to pro-
pose that the administration of anti-inflammatory agents might alle-
viate ammonia-induced neurotoxicity and mitochondrial impairment.
Several investigations revealed that administration of pharmaceuticals
such as non-steroidal anti-inflammatory drugs (NSAIDs) diminished
HE-associated neuropsychiatric symptoms, cognitive impairment, and
locomotor disturbances in experimental animal models and human
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cases of hyperammonemia [108,213-215]. Therapeutic strategies such
as administration of etanercept, a TNF-a neutralizing molecule, has
been found to ameliorate brain inflammatory response and improve
cognitive function and locomotor activity in HE [112]. It is well
documented that ammonia-induced neuroinflammation is mechan-
istically connected to the occurrence of oxidative stress in the brain
tissue or enhancement of the ammonia-induced excitotoxic response
[10,107,108,110,115]. Hence, the beneficial effects of anti-in-
flammatory agents in hyperammonemia might be connected to the al-
leviation of the oxidative stress and its consequences. These data might
suggest anti-inflammatory agents as potential candidates for neuro-
protection in ammonia toxicity (Fig. 9).

Induction of mitochondrial permeability transition (mPT) is a ser-
ious adverse effect of ammonia as a neurotoxin [13,14,97,100,101]. As
mentioned, mPT induction and mitochondrial permeabilization are
connected to astrocytes swelling and brain edema as deleterious com-
plications associated with HE [97]. It has been found that administra-
tion of cyclosporine A as an mPT inhibitor mitigated ammonia-induced
astrocytes injury [97]. Other neuroprotective agents such as taurine and
carnosine are also good inhibitors of mitochondrial swelling and per-
meabilization [216,217]. Hence, administration of mPT sealing agents
might be of benefit against ammonia neurotoxicity in combination with
other mitochondria targeting strategies (Fig. 9).

As mentioned Mn deposition in the CNS is a critical factor affecting
brain bioenergetics especially during chronic HE and cirrhosis
[149,218]. In this context, some studies declared the importance of Mn
chelation therapy as a choice against Mn neurotoxicity [219,220].
However, the effectiveness of such strategies has questioned. Chelation
therapy might interrupt the homeostasis of other metals in the human
body or lead to complications such as severe renal injury.

It is important to mention again that all the problems associated
with ammonia neurotoxicity are firmly interrelated (Fig. 9). Applica-
tion of each of the protective strategies might provide partial protection
in HE. Hence, combination therapy might be more effective against HE.
On the other hand, mitochondrial dysfunction seems to be a common
endpoint associated with these adverse effects (Fig. 9). Therefore,
protecting this organelle might provide viable therapeutic options
against HE (Fig. 9).

5. Future perspectives

Understanding the molecular basis of neurological alterations in HE
significantly improved the therapeutic strategies against this severe
clinical complication. This manuscript has reviewed the evidence sup-
porting a role for mitochondrial injury and brain energy crisis in the
pathogenesis of HE.

HE treatment strategies are primarily directed to reducing ammonia
generation and its detoxification. Although ammonia is the primary
culprit toxicant implicated in the pathogenesis of CNS injury during HE,
many other factors could play an essential role in the pathogenesis of
these complications in concert with ammonia. Hence, any therapeutic
interventions should consider all key players involved in the me-
chanism of HE-induced CNS injury. On the other hand, it has been well
characterized that along with pathological and functional alterations in
astrocytes; the mitochondrial injury might play a crucial role in the
pathophysiology CNS complications during hyperammonemia.
Therefore, targeting cellular mitochondria and brain energy metabo-
lism might be a useful strategy for attenuating HE neurological con-
sequences. This interference might justify further attempt to alleviate
neurological sequel of HE with appropriate mitochondria protecting
agents.

Most evidence indicating a pathogenic role for ammonia-induced
mitochondrial impairment in HE is derived from in vitro cell culture
studies. Hence, evaluating the effects of protective agents and me-
chanisms of HE-associated CNS injury in the in vivo conditions need
further investigations. On the other hand, the majority of these
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investigations have employed astrocytes which are critically involved in
ammonia-induced neurotoxicity. Therefore, there is little information
about the direct effects of ammonia on neurons. Interestingly, it has
been found that ammonia could also affect neurons energy turnover
[221,222]. Hence, the whole effect of ammonia on brain energy crisis
may not just be due to its effects on astrocytes. The direct effects of
ammonia and other toxic molecules involved in HE-induced CNS injury
on neurons need further investigations to be cleared.

In summary, mitochondrial impairment seems to be a fundamental
component and a point of convergence for the events involved in the
pathogenesis of HE (Fig. 9). This concept might stimulate the devel-
opment of new therapeutic strategies against HE. Indeed, future in-
vestigations are needed to prove if mitochondria protection and miti-
gation of brain energy crisis is a viable clinical option in the
management of HE.
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