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Summary
Hepatic encephalopathy (HE) is a neurological complication of hepatic dysfunction and portosys-
temic shunting. It is highly prevalent in patients with cirrhosis and is associated with poor out-
comes. New insights into the role of peripheral origins in HE have led to the development of
innovative treatment strategies like faecal microbiota transplantation. However, this broadening of
view has not been applied fully to perturbations in the central nervous system. The old paradigm
that HE is the clinical manifestation of ammonia-induced astrocyte dysfunction and its secondary
neuronal consequences requires updating. In this review, we will use the holistic concept of the
neurogliovascular unit to describe central nervous system disturbances in HE, an approach that has
proven instrumental in other neurological disorders. We will describe HE as a global dysfunction of
the neurogliovascular unit, where blood flow and nutrient supply to the brain, as well as the
function of the blood-brain barrier, are impaired. This leads to an accumulation of neurotoxic
substances, chief among them ammonia and inflammatory mediators, causing dysfunction of as-
trocytes and microglia. Finally, glymphatic dysfunction impairs the clearance of these neurotoxins,
further aggravating their effect on the brain. Taking a broader view of central nervous system al-
terations in liver disease could serve as the basis for further research into the specific brain path-
ophysiology of HE, as well as the development of therapeutic strategies specifically aimed at
counteracting the often irreversible central nervous system damage seen in these patients.
© 2021 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the
Liver (EASL). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Introduction
Hepatic encephalopathy (HE) is one of the most
common and severe complications of both chronic
and acute liver disease. It is a neuropsychiatric
condition, with symptoms ranging from subtle
attention deficits to coma. HE is associated with a
poor prognosis, with a 1-year mortality rate of
50%.1 Although epidemiological data are scarce, the
estimated cumulative prevalence goes up to 30 to
40% in patients with cirrhosis.2 HE is traditionally
considered a reversible entity. However, evidence
is mounting that HE episodes are associated with
residual cognitive deficits after resolution or even
liver transplantation. This suggests that certain al-
terations are irreversible, possibly through neuro-
degeneration.3,4 Obviously, HE poses an important
healthcare challenge and therefore novel thera-
peutic strategies are needed.

The classical pathophysiological concept of HE is
based on hepatocellular dysfunction and/or porto-
systemic shunting (PSS), resulting in high blood and
brain ammonia levels. Elevated ammonia concentra-
tions in the central nervous system (CNS) disturb
homeostasis and result in cognitive defects.5 How-
ever, this model has proven to be incomplete. Evi-
dence has identified systemic inflammation as a key
driver in the development and clinical course of
acutely decompensated (AD) cirrhosis, acute-on-
chronic liver failure (ACLF)6,7 and acute liver failure
(ALF).8 Accordingly, in HE, inflammatory mediators
correlate with HE development and severity, regard-
less of ammonia levels.9 Hence, synergism between
ammonia toxicity and inflammation is nowadays
considered to be the driver of HE development.

Recent evidence equally shows that HE is not
merely a disease of the liver and brain, but rather
the result of multi-organ dysfunction. For example,
gut microbiota composition and gut barrier
permeability are altered in HE, allowing for higher
production and influx of ammonia and inflamma-
tory mediators into the body.10 The muscle is an
important buffer for excess ammonia. Muscle mass
loss, a hallmark of cirrhosis, additionally leads to
elevated systemic ammonia concentrations and is
associated with cognitive decline.11 Identification
of extrahepatic contributing factors has led to the
development of innovative treatment strategies.
For example, branched chain amino acid supple-
mentation is a treatment aimed at restoring muscle
mass and evidence suggests it can ameliorate HE
symptomatology.12 More recently, faecal micro-
biota transplantation has been shown to have a
favourable safety profile and ammonia-lowering
capacity.13
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Key points

- Hepatic encephalopathy is a common and debilitating condition asso-
ciated with often irreversible neurological deficits and a poor
prognosis.

- Ammonia remains central to the pathogenesis. However, inflammation
has been shown to be similarly important.

- Hepatic encephalopathy is characterised by multicellular dysfunction in
the functional base unit of the brain, the neurogliovascular unit.

- Both supply of energy and nutrients to the brain and energy production
are impaired in HE.

- Tight junction structure is disrupted in hepatic encephalopathy,
allowing for increased influx of neurotoxins into the brain.

- Efflux transporter activity at the blood-brain barrier is altered in he-
patic encephalopathy, but the functional consequences are uncertain.

- Ammonia and toxin accumulation leads to astrocyte swelling, oxidative
and nitrosative stress, as well astrocyte senescence. Senescence might
present an irreversible consequence of hepatic encephalopathy, as well
as influence neuroinflammation.

- Peripheral inflammation induces neuroinflammation through cyto-
kines, chemokines and bile acids. Targeting neuroinflammation might
prove beneficial in the future.

- Impaired glymphatic drainage increases neuroinflammation in hepatic
encephalopathy. This presents a therapeutic target.
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However, this broadening of view has not been applied fully
to the pathophysiological perturbations occurring in the CNS.
Accordingly, no specific brain-targeted therapy has been devel-
oped. Classically, HE is seen as a gliopathy, a disease of support
cells with secondary repercussions for neuronal functioning and
survival. As ammonia is solely metabolised in astrocytes14 and
morphological changes in astrocytes are characteristic of HE,15

the bulk of research has focused on the contribution of astro-
cyte dysfunction to HE development, as well as astrocytes’ in-
fluence on neuronal signalling.

Recent evidence has however uncovered that brain injury in
HE is actually the result of multicellular dysfunction within the
CNS microenvironment. In Fig. 1, we give an overview of the
alterations that have been described in different CNS compart-
ments in HE. Homeostasis of the CNS microenvironment is
essential for normal neuronal functioning and survival, and is
regulated by a variety of cell types, including glial (microglia,
astrocytes) and vascular cells (e.g. endothelial cells). The neuro-
gliovascular unit (NGVU) is the functional integration of these
cells and provides a framework through which CNS diseases can
be studied and understood. In this unit, each cell type exhibits
distinct functions, but cross-talk between the cell types in-
fluences the function of the NGVU as a whole.16,17 The blood-
brain barrier (BBB) is also part of the NGVU.16,18 Disruption of
cell-cell communication in the NGVU not only results in CNS
injury, but restoration of NGVU functionality aids in CNS repair,
making this an interesting therapeutic target in neurodegener-
ative disorders.17

In this review, we aim to describe HE as a combined
dysfunction of multiple NGVU components, as has been done for
other CNS diseases. Specific focus is placed on glial cells within
the NGVU, namely microglia, endothelial cells and astrocytes, as
well as the BBB. Additionally, we highlight knowledge gaps and
potential novel therapeutic targets within the NGVU.
The neurogliovascular unit plays a key role in
neurodegenerative disorders
Originally, the neurovascular unit concept was developed to
stimulate a more integrated approach to neurological diseases.19

Nowadays, this concept has been further updated to the term
NGVU, to underscore the importance of glial cells. As this
manuscript focuses on support cells, (secondary) alterations in
neurotransmission, neuronal functioning and survival are
beyond the scope of this review. Below, we elaborate further on
the different elements of the NGVU that are known to contribute
to HE development.

Endothelial cells line the vasculature of the brain, with tight
junctions (TJs) in between linking them firmly together, limiting
bulk paracellular transport and preventing the uncontrolled
influx of pathogens, cells and circulating water-soluble neuro-
toxins. TJs are made up of transmembrane proteins like claudins
(CLDN)1,3,5,12 and occludin (OCLN), which are linked to cyto-
skeletal fragments through zonula occludens (ZO-)1, 2, and 3.18

Additionally, endothelial cells express transport proteins that
tightly regulate the in- and outflow of substances into the brain.
Together with the surrounding pericytes and endfeet from as-
trocytes, this forms a barrier called the BBB.20 The BBB ensures a
tightly controlled neuronal environment that is necessary for
adequate functioning.
JHEP Reports 2021
Astrocytes modulate the barrier properties of endothelial cells
through their endfeet, thereby influencing both BBB formation
and maintenance20,21 Moreover, astrocytes regulate water trans-
port across the BBB through expression of the water channel
aquaporin 4 (AQP4) at their endfeet.22 Thirdly, astrocytes regulate
blood flow and nutrient supply to different brain regions through
secretion of vasoactive substances.16 As they link the vasculature
to neurons in the so-called neurovascular coupling, astrocytes can
regulate blood flow based on local neuronal needs.17 They addi-
tionally connect with neurons to provide trophic support,17 and
aid in neurotransmitter reuptake and synapse regulation.21,23

Microglia are the resident CNS immune cells. In homeostatic
conditions, they continuously scan the local environment for
synaptic activity, pathogens and injury.23 Additionally, their
housekeeping function consists of phagocytosis of dead/dying
cells and debris, as well as synaptic remodelling and myelin
homeostasis.24 In pathological conditions, microglia are impor-
tant in the development of neuroinflammation, which is char-
acterised by microglial activation, where microglia transform
from a ramified into an amoeboid phenotype, coinciding with
increased production of cytokines and chemokines.24

More recently, the role of the glymphatic system in the
maintenance of the CNS microenvironment has been uncovered.
In this system, interstitial fluid from the parenchymal CNS drains
into the paravascular space and then the meningeal lymphatics,
before finally reaching the systemic circulation.25 This provides a
means of waste clearance beyond active efflux through the BBB.

Proper cell-cell communication within the NGVU is vital for
maintaining tissue homeostasis. On the other hand, NGVU
dysfunction is a hallmark of multiple acute and chronic neuro-
logical disorders. For example, BBB dysfunction is an important
part of neuronal toxicity in Alzheimer’s disease, wherein trans-
porter alterations lead to an increased influx of amyloid beta into
the brain. This results in increased levels of amyloid beta, which
promotes microglial activation. Through cytokine release,
2vol. 3 j 100352
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Fig. 1. The neurogliovascular unit in hepatic encephalopathy. In patients with decompensated cirrhosis, circulating levels of cytokines, ammonia and bile acids
are elevated and reach the brain. In patients with hepatic encephalopathy, cerebral blood flow and nutrient supply are impaired. The BBB becomes leaky, allowing
toxins like ammonia to enter the brain. Ammonia induces astrocyte swelling and oxidative stress, impairing normal functioning and eventually resulting in brain
oedema. Microglia are activated and produce inflammatory mediators, resulting in a neuroinflammatory environment, further aggravating neurogliovascular
dysfunction. Finally, impaired glymphatic clearance results in the accumulation of neurotoxic compounds. BBB, blood-brain barrier; Gln, glutamine; NH3,
ammonia; ROS, reactive oxygen species.
activated microglia are subsequently responsible for astrocyte
activation. These activated astrocytes then produce a neurotoxic
factor that finally elicits the neuronal cell death responsible for
the clinical phenotype.16,26 This nicely illustrates that the
different NGVU components, from the BBB to microglia and as-
trocytes communicate with each other and in concert produce
the circumstances for CNS pathology.

Hyperammonaemia and systemic inflammation are
key to the development of HE
Ammonia (referring to both ionised NH4

+ and non-ionic NH3

throughout the review) is primarily produced in the gut as a by-
product of the digestion of nitrogen-containing compounds.5 In
physiological conditions, nearly 100% of the ammonia that passes
the liver is transformed into urea via the urea cycle and there-
after excreted in the kidneys.27 In liver disease, urea cycle
effectiveness is greatly reduced. Furthermore, the hepatic circu-
lation is bypassed by both intrahepatic and extrahepatic shunts.5

Sarcopenia, associated with cirrhosis, additionally limits the
extrahepatic capacity to metabolise ammonia.5,11 Hence, the
systemic capacity for ammonia detoxification is limited in liver
disease, leading to increased CNS exposure. Once in the CNS, the
detoxification of ammonia is solely carried out by astrocytes,
where it is metabolised into glutamine via glutamine synthetase
(GS).14 Ammonia has many direct toxic effects on cells, including
inhibition of Krebs cycle enzymes, the mitochondrial respiratory
chain and the malate-aspartate shuttle,28 as well as leading to
the production of free radicals.29,30 Additionally, its metabolite
glutamine is osmotically active, attracting water and resulting in
cell swelling (Fig. 4A).31 We will elaborate further on these toxic
characteristics in further paragraphs.
JHEP Reports 2021
Ammonia levels have diagnostic and prognostic value in HE.
They not only correlate with disease severity and predict mor-
tality but a decrease is also correlated with HE resolution.32,33

Normal ammonia levels have a high negative predictive value,
and should prompt the search for an alternative cause of
neurological symptoms.2 Also, exposure of animal models and
in vitro astrocyte cell cultures to increased ammonia levels re-
produces the clinical, biochemical and morphological alterations
seen in patients.34 Ammonia-lowering strategies also remain the
basis of current pharmacological therapy. Hence, ammonia
toxicity is still a cornerstone of our understanding of HE devel-
opment.35 However, ammonia does not correlate with HE
severity in individual patients, with considerable overlap of
levels across the spectrum of disease severity. Ammonia eleva-
tion is also often found in patients with cirrhosis without HE (up
to 69%).32,36 Moreover, patients with severe HE can even exhibit
normal blood ammonia levels.32,33 These data collectively sug-
gest that ammonia is only part of the story.

In ALF, patients with higher levels of systemic inflammation
have more rapid progression of HE and poor prognosis.8 In CLD,
precipitating factors associated with a systemic inflammatory
response, such as an infection, often underlie HE development.32

Recently, it was discovered that systemic inflammation not only
correlates well with the clinical phenotype in AD and ACLF, but it
additionally predicts the future clinical course.6,7 Also, the
pattern of systemic inflammation correlates with AD phenotype.
Specifically, AD with HE and/or renal dysfunction is characterised
by the elevation of oxidative stress and tumour necrosis factor
(TNF) levels. Interestingly, this phenotype is also associated with
significantly elevated inflammation compared to AD without
organ failures. This suggests that inflammation itself, and in
3vol. 3 j 100352
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particular this inflammatory profile, is responsible for the AD
with HE and/or renal dysfunction phenotype.37 Finally, in pa-
tients with HE, the degree of systemic inflammation correlates
well with HE severity, regardless of ammonia levels.9 Taken
together, these data suggest that systemic inflammation is a key
driver in HE.38

In summary, in acute and chronic liver disease, ammonia
levels rise due to a combination of liver failure, PSS and
decreased peripheral detoxification. Increased CNS exposure to
ammonia has several toxic effects. Systemic inflammation pre-
sent in both ALF and AD synergises with ammonia to elicit HE.

CNS dysfunction in hepatic encephalopathy, from
nutrient influx to efflux of toxins
Energy supply and production is impaired
The brain has a high energy need and is almost exclusively
dependent on glucose for its demands. Through neurovascular
coupling, astrocytes tightly regulate cerebral blood flow, and
hence nutrient and oxygen supply to the CNS, adapting this to
localised neuronal needs.20,39 In conditions of lower availability
of oxygen, astrocytes provide nutritional support to neurons17 by
stimulating glycolysis and producing lactate, which can serve as
a supplementary neuronal energy source.17,40 As such, the
increased cerebral lactate concentrations observed in patients
with ALF and CLD are often seen as a marker of energy failure in
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the brain.41 The significant decrease in ATP levels in patients
with HE and in ATP/ADP ratios in bile duct ligated (BDL) rats, a
model for HE in CLD, supports this notion.42 Moreover, metab-
olomic profiling of cerebrospinal fluid (CSF) of patients with HE
showed evidence of disturbed energy metabolism, with accu-
mulation of acetylated compounds, suggesting Krebs cycle
defects.43

The cause of these energy disturbances is likely multifactorial.
Several studies show that in HE associated with ALF and CLD, and
even in subclinical HE, cerebral blood flow and oxygen meta-
bolism are reduced (Fig. 2A).44,45 Secondly, ammonia can directly
inhibit the Krebs cycle enzymes a-ketoglutarate dehydrogenase,
isocitrate dehydrogenase and pyruvate dehydrogenase, limiting
the effectiveness of oxidative phosphorylation (Fig. 2B).28 Finally,
it has recently been uncovered that systemic inflammation in AD
is closely correlated with a metabolic shift, with energy demands
of the activated innate immune system being prioritised over
peripheral organs. In this state, characterised by increased
glycolysis, lipolysis, proteolysis and impaired mitochondrial
oxidative phosphorylation and b-oxidation, glucose is reallo-
cated to innate immune cells and away from peripheral organs,
to allow for production of inflammatory cells and mediators.
Upon glucose deprivation, the brain is uniquely dependent on
ketone bodies for its energy supply. Interestingly however, b-
hydroxybutyrate could not be detected in the blood of patients
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resistance is increased in the cerebral circulation, leading to decreased blood
onia inhibits key Krebs cycle enzymes like alpha-ketoglutarate dehydrogenase,
ent allocation towards the innate immune system. Ketone body production by
ditionally, toxic compounds like kynurenines and GABA precursors accumulate
sis, accumulates in the brain and might act as an osmolyte, leading to astrocyte
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with decompensated cirrhosis, suggesting defective hepatic
synthesis (Fig. 2C).46,47 Moreover, decreased levels of ketone
bodies have been found in patients with (subclinical) HE
compared to cirrhotic controls, suggesting this mechanism is of
specific importance in HE.48,49

Accumulation of lactate in the cell may create an osmotic
gradient, leading to cell swelling and cerebral oedema (CE).41

Cytotoxic CE and brain herniation are often seen in HE in ALF
and are associated with a poor prognosis.50 In CLD, the presence
and significance of CE are disputed.51,52 However, recent imaging
studies show evidence for low grade oedema without accom-
panying intracranial hypertension.52 Although one group
confirmed the correlation between brain lactate and brain
swelling in BDL rats,53 this has been challenged recently.51,54

The increased energy needs of the activated immune system
in AD additionally lead to preferential amino acid allocation
through peripheral proteolysis. This has been shown to be
associated with the accumulation of possible neurotoxins. Two
systems are of particular interest. First, tryptophan metabolites
like quinolinic acid, known to induce N-methyl-D-aspartate re-
ceptor overactivation and free radical production, accumulate
through the tryptophan-kynurenine pathway. Levels of trypto-
phan metabolites correlate with the presence of HE in AD and
are found in increased concentrations in the CSF of patients with
HE46,47,55 Secondly, precursors of gamma amino butyric acid
(GABA), the major inhibitory neurotransmitter in the brain, have
been found to be elevated in blood and CSF samples of patients
with AD and HE, respectively, correlating with HE severity and
possibly contributing to an increased GABA-ergic tone.43,47 A
recent trial reported on the beneficial cognitive effects of GABA
antagonism in patients with HE.56

In conclusion, brain energy production is impaired through
impaired blood flow, the direct effect of excess ammonia on
energy production and metabolic reprogramming shuttling en-
ergy away from the brain. The resulting lactate accumulation
might contribute to cell swelling and CE. Moreover, accumula-
tion of neurotoxic compounds through this shuttling might in-
fluence brain function.

Blood-brain barrier structure and function are altered
The brain is protected from the influx of toxic compounds by
barriers, the most studied of which is the BBB. Breakdown of the
BBB can lead to indiscriminate influx of toxins like ammonia and
xenobiotics, as has been shown in HE.43,57 BBB breakdown can
additionally lead to vasogenic CE and might thus be an additive
or alternative explanation for CE development in HE.52 However,
BBB permeability changes are not consistently observed in HE58

and early studies in patients with ALF and animal models
showed no BBB ultrastructural abnormalities.59 Still, altered BBB
permeability can also occur without directly visible ultrastruc-
tural alterations.

More recent studies show evidence of significant damage to
the BBB in preclinical HE models and with it, increased levels of
permeability markers and TJ alterations (Fig. 3A). In the galac-
tosamine, azoxymethane (AOM) and thioacetamide (TAA) mouse
models of ALF, BBB permeability is increased.59–61 ZO-2 down-
regulation even precedes permeability changes in AOM-treated
mice, suggesting that TJ disruption might occur before BBB
permeability changes.62 Resolution of these changes is associated
with a reduction in brain water in AOM mice, suggesting that at
least in ALF, vasogenic oedema might contribute to the devel-
opment of CE.63 In the rat BDL model of chronic HE, increased
JHEP Reports 2021
brain water content, extravasation of tracer molecules and loss of
TJ proteins OCLN, ZO-1 and CLDN5 are observed,64–66 although
these findings are inconsistent.67–70 OCLN downregulation is
seen as early as 2 days post-surgery in BDL rats, indicating that,
as in ALF, BBB disruption could be an early phenomenon in
CLD.66,71 Differences in experimental set-up could explain the
contradictory observations. More research is necessary to
determine the role of TJ alterations and BBB permeability
changes in HE, especially in the context of CLD.

Mechanistically, TJ degradation through matrix metal-
loproteinase 9 (MMP-9) seems important, at least in ALF. Nguyen
et al. showed that liver and cerebral endothelial cell-derived
MMP-9 can cleave TJ proteins, and MMP-9 antagonism attenu-
ates BBB permeability changes in ALF mice.63,72 McMillin et al.
additionally postulate that in AOM mice, liver-derived trans-
forming growth factor beta (TGFb) 1 induces MMP-9 production
in cerebral endothelial cells, leading to CLDN5 degradation.73 In
CLD, Dhanda et al. similarly suggest that MMP-9 induced TJ
breakdown in the brain of BDL rats.64 Alternatively, bile acids are
proposed to permeabilise the BBB in BDL rats by stimulating
OCLN phosphorylation, leading to deficient interactions with TJ
proteins, such as ZO-1 and -2.66 As anti-TNF antibody treatment
restores ultrastructural abnormalities, tracer extravasation and
OCLN protein expression at the BBB in animal models of ALF,
peripheral inflammation might also play a role in BBB break-
down in HE.74,75 In conclusion, TJ breakdown seems multifac-
torial in origin (Fig. 3A). However, more research is needed to
elucidate which factors are relevant inducers of this phenome-
non in HE.

Changes in transport systems are an alternative mechanism of
BBB dysfunction. Interestingly, in the CSF of patients with HE,
drugs that are substrates for the ATP-binding cassette (ABC)
family of transporters seem to accumulate.43 ABC transporters
like P-glycoprotein (P-gp), breast cancer resistance protein
(BCRP) and multidrug resistance associated proteins 1-5 (MRP 1-
5) regulate active efflux of xenobiotics to prevent accumulation
in the CNS.18 ABC transporters can also export a variety of
endogenous ligands, including cytokines, lipids and steroid
hormones76 In vitro exposure of primary rat brain endothelial
cells to ammonia, as well as in vivo acute ammonia intoxication,
increases P-gp and MRP2 levels and their function.77 However, in
preclinical models of HE, conflicting findings regarding P-gp
levels are observed,78 possibly through an effect of chenodeox-
ycholic acid, a bile acid that can decrease the P-gp concentration
in endothelial cell cultures.79 The evidence regarding BCRP is
quite robust. In acute hyperammonaemic rats, in TAA-induced
ALF and in the BDL rat model, activity and protein levels of
BCRP are reduced.69,79,80 Finally, microarray data from post-
mortem patients with HE showed an upregulation of MRP4
and a downregulation of MRP1.81 In conclusion, BBB efflux
transporters are affected in HE (Fig. 3B). However, besides
obvious consequences for CNS uptake of drugs, the precise
consequences on CNS distribution of endogenous neuroactive
substances and neurological functioning remain to be
determined.

In summary, evidence supports different types of distur-
bances of the BBB in HE. While full-blown breakdown of the BBB
is unlikely to occur in CLD as in ALF, decreased TJ functionality
and the subsequent indiscriminate influx of substances (and thus
possibly ammonia57) from the blood are apparent. Accordingly,
evidence has shown that TJ breakdown is associated with CE,
suggesting that oedema in ALF is of combined vasogenic and
5vol. 3 j 100352
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cytotoxic origin. However, in CLD, reports vary and no firm
conclusion can be made. Secondly, active transport over the BBB
is impaired, with alterations in ABC efflux transporters. This al-
ters brain susceptibility to neuroactive drugs, although the pre-
cise effect on neurophysiology in the absence of xenobiotics is
yet to be determined. As ionised ammonia can enter the brain
through potassium transporters, alterations in these transport
systems could be subject to future investigation.82 An overview
of current knowledge is presented in Fig. 3.
Astrocytes swell upon ammonia exposure
Astrocytes are the only cells in the brain that express GS; they are
thus particularly affected by ammonia elevation.14 Moreover,
astrocytic morphology is markedly changed in HE, with cellular
and nuclear enlargement, prominent nucleoli, a depleted cyto-
plasm and glycogen inclusions. This is known as Alzheimer type
II astrocytosis and can be reproduced in animal and in vitro
models.15,83–85

Exposure of cultured astrocytes to ammonia induces cellular
swelling.84,86 These findings are nicely reproduced in animal
models of both ALF and CLD.61,83,85 Glutamine accumulation,
water and ion channel disturbances and oxidative and
JHEP Reports 2021
nitrosative stress (ONS) have been explored extensively as
possible causes. Additionally, lactate accumulation might also
play a role.

Astrocytic ammonia detoxification results in glutamine
accumulation, which is osmotically active. This elicits cyto-
plasmic water accumulation and eventually CE (Fig. 4A).31

Glutamine concentrations are invariably elevated in brains and
CSF of animal models and patients.43,87 In CLD models and in
patients, other osmolytes, most notably myoinositol, choline and
taurine, decrease, suggesting compensatory changes when
hyperammonaemia is prolonged.51,54,88,89 The finding of low
grade CE in CLD suggests that this compensation is insufficient.52

Interestingly, brain glutamine levels, indicative of brain ammonia
exposure, correlate with HE severity, suggesting that brain
ammonia levels rather than blood ammonia levels are important
in HE development.89

Alternative/additive mechanisms for astrocyte swelling
have also been proposed. The observation that glutamine can
induce mitochondrial pore transition (mPT) and subsequent
astrocyte swelling in vitro led to the so-called ‘Trojan Horse
hypothesis’: ‘Shuttling of glutamine to the mitochondria leads
to excess levels of mitochondrial ammonia, mPT, ONS and
finally astrocyte swelling’ (Fig. 4A).90 Alternatively, increased
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intracellular ion concentrations and subsequent increased
water influx could present another mechanism. The most
important astrocytic ion importers are the Na-K-2Cl cotrans-
porter 1 (NKCC1) and the sulfonylurea receptor-1 (SUR1)-
regulated NCCa-ATP channel. NKCC1 overactivation occurs upon
in vitro exposure of astrocytes to ammonia and, in vivo, in
preclinical models of ammonia intoxication, ALF and CLD.
NKCC1 deficiency or inhibition effectively rescues neurological
dysfunction, astrocyte swelling and CE (Fig. 4B).91–94 Addi-
tionally, both in vitro and in the TAA model, SUR1, which is a
marker for NCCa-ATP activity, was upregulated. Blockade of
SUR1 results in decreased CE (Fig. 4B).95

AQP4 is the main water channel in astrocytes and allows
for the flow of water along an osmotic gradient.96 An increase
in AQP4 levels thus renders cells more susceptible to osmotic
shifts. Importantly, AQP4 expression is induced upon
the stimulation of cultured astrocytes by ammonia (Fig. 4B)97

and in preclinical models of ALF98 and CLD.51,64,65 Moreover,
a localised increase in AQP4 has been observed in patients
who died from ALF.99 Interestingly, AQP4 deficiency reduces
JHEP Reports 2021
brain water content after TAA administration.100 AQP4 dysre-
gulation, in which the location changes from perivascular to
a more even distribution within the astrocyte, is associated
with CE in stroke and trauma.96 In a recent study in BDL
rats, decreased vascular coverage of AQP4 was discovered,
which begs the question does a similar phenomenon occur in
HE.101

In conclusion, increased ammonia in both ALF and CLD leads
to the creation of an osmotic gradient, either through glutamine
(and/or lactate) or ionic imbalances. Astrocytes are more sus-
ceptible to these changes because of increased AQP4 expression.
Finally, breakdown of the BBB might introduce a component of
vasogenic oedema, at least in ALF. This eventually leads to clin-
ically apparent and potentially fatal CE in ALF. In CLD, oedema is
also present, but only detectable with specific imaging tech-
niques. The clinical relevance of this mild CE is still debated.52

Astrocytes are subject to oxidative and nitrosative stress
ONS is explicitly present in experimental and clinical HE. Irre-
versibly oxidised albumin was specifically elevated in AD
7vol. 3 j 100352
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patients with HE and/or renal dysfunction without ACLF when
compared to other forms of decompensation, suggesting this is a
specific disease mechanism.37 In patients with HE, oxidative
stress response genes like heme oxygenase-1 (HO-1) are upre-
gulated in the cerebral cortex.102,103 Ammonia can directly
induce ONS, as exposure of cultured astrocytes to ammonium
salts results in the production of free radicals.29,30 Alternatively,
tryptophan metabolites could induce ONS.55 Acutely hyper-
ammonaemic rats display increased RNA oxidation104 and TAA-
induced ALF results in increased lipid peroxidation and
decreased antioxidant enzyme activity in the cerebral cortex,
even at the pre-coma stage, implying that ONS is important in
disease propagation.105,106 In chronic HE, evidence generally
points towards the presence of both peripheral and central ONS.
However, Rose et al. did not observe altered levels of reactive
oxygen species, antioxidant enzymes nor end products like
malondialdehyde in the brain of BDL rats or rats following por-
tacaval anastomosis (PCA),68 while other studies did.42 Differ-
ences in experimental set-up can account for these seemingly
contradictory observations. Interestingly, this seems to be an
early phenomenon in the BDL model, as lipid peroxidation can be
detected in the brain of BDL rats as early as 10 days post-
operatively.107 Finally, antioxidant therapy ameliorates motor
performance in BDL rats, coinciding with a normalisation of HO-
1, suggesting that targeting ONS could be of value in HE.108

Multiple putative mechanisms for generating ONS in HE are
suggested, namely overactivation of N-methyl-D-aspartate re-
ceptors,109,110 activation of NAPDH oxidase30,111 and the afore-
mentioned Trojan Horse hypothesis (Fig. 4A,C).90 The
pathophysiological consequences of reactive oxygen/nitrogen
species generation are numerous.111–113 ONS has also been linked
to pro-inflammatory signalling (reviewed in114). Importantly,
ONS can induce cell swelling and vice-versa, suggesting a posi-
tive feedback loop is at play (Fig. 4C).115 Interestingly, microarray
gene expression analysis of brain cortex samples in patients with
HE reveals that markers of cellular senescence are upregu-
lated.116 Senescence is a non-proliferative cell state, in which
cells obtain a specific, markedly more inflammatory, secretory
profile in a process called ‘inflammaging’.117 Multiple papers
from Görg et al. show that ammonia can induce astrocyte
senescence in an ONS-dependent manner.111,116 Moreover,
in vitro evidence suggests that ammonia could accelerate the
inflammaging phenotype in adult astrocytes (Fig. 4C).117 As
senescence is regarded as an irreversible process, this could ac-
count for some of the irreversible changes observed in HE.

In conclusion, ONS is a vital part of HE pathophysiology and
ammonia toxicity in astrocytes. While the focus has been on its
importance in cell swelling and CE, consequences are more far
reaching, e.g. senescence. As antioxidant therapy has proven
beneficial in rats with HE, this is a valid potential therapeutic
target.

Microglia are activated and promote an inflammatory brain
environment in HE
There is ample evidence in HE that inflammation is not only
peripheral, but also involves neuroinflammation, characterised
by cytokine production and microglial activation. In patients
with ALF, a net efflux of cytokines from the brain was discovered,
suggesting active cerebral cytokine production.118 Multiple
studies have since found evidence of microglial activation and
proliferation in post-mortem samples of patients with HE.119,120

Gene and protein expression analysis of post-mortem cortex
JHEP Reports 2021
samples from patients with HE invariably show an upregulation
of microglial markers, like ionised calcium-binding adapter
molecule 1, compared to cirrhotic controls. Interestingly, both
upregulation of pro-inflammatory and anti-inflammatory
markers are observed in cortical samples of patients with HE,
suggesting that both microglial phenotypes coexist
simultaneously.103,119,121,122

These findings are confirmed by preclinical HE models. In the
TAA, AOM and hepatic devascularisation animal models for HE in
ALF, there is extensive evidence for microglial activation in
different brain regions.123–130 Microglial activation is a late event
in disease development and only occurs at the time of CE and
herniation, suggesting these events might be interlinked.106,123 In
the rat PCA model of PSS, upregulation of interleukin (IL)-6,
inducible nitric oxide synthetase, cyclooxygenase131 and micro-
glial activation in the cerebellum and hippocampus are
observed.132,133 Although one research group could not find
any,134 most studies point towards ubiquitously activated
microglia in the brain of BDL rodents.122,135–138 This is associated
with an increased presence of pro-inflammatory mediators like
IL-1b, TNF and chemokine ligand (CCL) 2.122,137

The above findings cannot simply be explained by an effect of
ammonia. Indeed, ammonia does not induce production of pro-
inflammatory cytokines in microglia in vitro, under basal condi-
tions,119,121 or after lipopolysaccharide stimulation,121 suggesting
that the synergism between ammonia and inflammation does
not occur directly in microglia. In vivo, acute ammonia intoxi-
cation cannot activate microglia.119,123 On the contrary, in rats fed
an ammonium diet, activated microglia are observed.136,137,139,140

More research into the direct influence of ammonia on microglia
is necessary to explain this apparent contradiction.

Systemic inflammation is known to induce microglial acti-
vation and neuroinflammation.141 Interestingly, a significant
correlation is seen between C-reactive protein levels and in-
flammatory gene markers in the cortex of patients with HE,
suggesting such a link.103 Systemic anti-inflammatory treatment
with ibuprofen restores behaviour and microglial morphology in
BDL and hyperammonaemic rats.137 Moreover, treatment with
minocycline ameliorates neurological function and microglial
activation in ALF.128 This suggests that systemic inflammation
rather than ammonia is at least partially involved in the devel-
opment of neuroinflammation in HE.

Signal transduction from the periphery to the CNS occurs in
multiple ways. Most evidence points towards a role for periph-
eral TNF, possibly through TNF receptor 1 (TNFR1). Treatment of
PCA rats with infliximab, an anti-TNF antibody that is not able to
cross the BBB and thus only operates peripherally, improves
balance function and microglial activation.133 Interestingly,
infliximab can reverse both the behavioural deficits and the in-
flammatory changes in microglia caused by pure chronic
hyperammonaemia, suggesting that ammonia can elicit a pe-
ripheral inflammatory response, which induces microglial acti-
vation through TNF. This finding seemingly reconciles the limited
effects of ammonia on microglial cultures with the presence of
neuroinflammation in rats fed an ammonium diet.142 TNFR1-
deficient mice show decreased CE and increased time to coma
after AOM exposure143 and decreased levels of activated micro-
glia after BDL.135 Interestingly, TNF is specifically elevated in AD
patients with single renal dysfunction and/or low grade HE,
further supporting its importance.37 Additionally, McMillin et al.
suggested a direct interaction between TGFb1 and the neuronal
TGFb receptor 2 in eliciting neuroinflammation in AOM mice.144
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Interestingly, TGFb upregulation is also observed in BDL rat
brains.134 Next, non-cytokine-related factors are also implicated
in this humoral communication from the periphery to the CNS.
Notable in this regard are bile acids.124,126,145 Bile acids accu-
mulate in the brain in both acute and chronic liver failure,43 and
are associated with HE and future decompensation.146 In AOM
mice, microglial activation through the bile acid receptors
sphingosine-1-phosphate receptor 2 (S1PR2) and G protein-
coupled bile acid receptor 1 signalling has been shown.124,126

Finally, activated peripheral immune cells can translocate to
the CNS to activate microglia. Research by D’Mello et al. nicely
shows that in BDL mice, microglia produce CCL2, which acts as a
chemoattractant for peripheral monocytes.135 Inhibiting mono-
cyte infiltration improves sickness behaviour in these mice.135

Whether similar immune cell infiltration occurs in other
models and clinical HE remains an open question.

Evidence regarding signalling cascades in the CNS that lead to
microglial activation, as well as the functional consequences of
microglial activation, is limited. However, multiple independent
reports underline the importance of the CCL2/C-C chemokine
receptor type 2 (CCR2) axis. Bile acid accumulation in AOM
mouse brains results in neuronal S1PR2 activation and CCL2
production. Through the CCR2/CCR4 receptors, CCL2 activates
microglia. Conversely, intracerebroventricular administration of
an S1PR2 antagonist reduces microglial activation in the AOM
model.124,125,130 p38 MAPK and IL-1b have similarly been
implicated. In PCA and hyperammonaemic rats, intra-
cerebroventricular administration of p38 MAPK inhibitors and
IL-1R antagonists improves microglial activation and behavioural
JHEP Reports 2021
performance.140,147,148 The fact that direct intracerebral admin-
istration of therapeutics has a clinical effect underscores the
importance of CNS alterations in the development of HE,
regardless of peripheral alterations.

In summary, these data suggest a role for local CNS inflam-
mation in both acute and chronic HE. Peripheral cytokines/che-
mokines/bile acids rather than ammonia seem to be
instrumental in directly eliciting neuroinflammation. Interest-
ingly, targeting both central and peripheral signalling cascades
has proven beneficial and both seem to be valid targets for
therapeutic development. Large knowledge gaps still exist with
regards to the stimuli that induce microglial activation and the
underlying molecular pathways involved in neuroinflammation
in HE. Insight into the functional consequences of these pro-
cesses is also lacking. Expanding on this might provide insights
that lead to the identification of novel therapeutic targets. A
summary of current knowledge is presented in Fig. 5.

Efflux of solutes and toxins towards meningeal lymphatics is
reduced, further aggravating neuroinflammation
Recent evidence suggests that efflux impairment might also
contribute to the accumulation of neurotoxic substances. Inter-
estingly, in BDL rats, glymphatic clearance is impaired in the
prefrontal cortex, hippocampus and olfactory bulb. This was
associated with decreased vessel coverage of AQP4, which is
suggested to play an important role in glymphatic clearance.101

While this contradicts earlier observations that AQP4 levels
were increased in HE, the observation that AQP4 is redistributed
away from perivascular sites and towards an even distribution in
9vol. 3 j 100352
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astrocytes in patients dying from ALF might reconcile these ob-
servations.99 In addition to that, Hsu et al. recently discovered
that promoting meningeal lymphangiogenesis through injection
of vascular endothelial growth factor-C ameliorated neuro-
inflammation and motor function alterations in BDL rats. This not
only indicates that inadequate clearance of substances from the
interstitial fluid is important in the development of neuro-
inflammation, but also that this might be an interesting thera-
peutic target (Fig. 6).122 More research is necessary to elucidate
the precise mechanics of this glymphatic dysfunction in HE.

To conclude, outflow of solutes and waste products is
impaired through a dysfunctional glymphatic system. In HE,
inflow of neurotoxins into the CNS is increased, while outflow is
impaired, resulting in the accumulation of neurotoxins and
subsequent neuroinflammation, which then contributes to dis-
ease development.
Brain disturbances in ALF and CLD are distinct, but
overlapping
As evidenced by this manuscript, the pathophysiology of HE in
the context of ALF and CLD possesses many overlapping char-
acteristics. However, it should equally be stressed that both
syndromes exhibit unique characteristics that modulate the
relative contribution of the described pathways. Cirrhosis is
characterised by portal hypertension, microcirculatory dysfunc-
tion and reduced organ perfusion as well as immune dysfunc-
tion, with both paralysis and hyperactivation occurring.149

Moreover, the more chronic nature of hyperammonaemia al-
lows for compensatory mechanisms to develop (e.g. myoinositol
decrease).51 In ALF, on the other hand, HE is characterised by an
acute and more extreme rise in ammonia levels, precluding
compensatory changes, and thereby frequently leading to CE.50
JHEP Reports 2021
Moreover, the inflammatory response is different, as the im-
mune modulation that defines cirrhosis is not present in these
patients. Finally, it should be noted that there is a paucity of
animal models suited to study HE in the context of CLD. Partic-
ularly, current models for AD with HE are unsatisfactory. Thus,
many mechanistical insights into the specific brain pathophysi-
ology of HE are derived from preclinical studies using ALF
models, and are not necessarily applicable in cirrhosis.150 In
Table 1, similarities and differences of HE in ALF and CLD are
listed.
Conclusions and future perspectives
HE is a frequent and inadequately understood complication of
acute and chronic liver failure. Its pathophysiology is very com-
plex. Historically, the focus has primarily been on hyper-
ammonaemia and subsequent astrocytic swelling as causal
factors. While part of the answer, this view proved incomplete.
Peripheral stimuli other than hyperammonaemia are equally
important in disease development, with cytokines, chemokines
and bile acids all having a role to play. Effects on astrocytes are
more far reaching than osmotic changes and cell swelling. These
include oxidative stress, energy disturbances and cellular
senescence. Finally, and most importantly, HE is a disease that
involves multiple components of the NGVU beyond astrocytic
changes. Liver failure induces a pro-inflammatory environment
in the CNS with increased cytokine and chemokine production,
as well as an influx of peripheral immune cells. BBB disruption
increases the influx of neurotoxic substances and water, while
glymphatic dysfunction impairs their clearance. Cerebral blood
flow is impaired, as is energy/nutrient supply to the brain,
resulting in lactate and toxin accumulation. These factors all
contribute to disease development. However, the functional
10vol. 3 j 100352



Table 1. Overlapping and differing characteristics of hepatic encephalopathy in ALF and CLD.

NGVU disturbance ALF/CLD overlap ALF/CLD difference

Disturbed energy metabolism � Reduced cerebral blood flow impairs supply of oxygen

and nutrients to the brain44,45

� Increased cerebral lactate marks energy impairment41

� Ammonia inhibits Krebs cycle enzymes28

� Lactate is involved in cerebral oedema41,53

CLD: Deficient ketone body production in the cirrhotic
liver, insufficient to compensate for glucose allocation to
the immune system46-49; Lactate elevation is
inconsistent51,54

Blood-brain barrier disruption � Increased BBB permeability. Barrier integrity

disturbed through tight junction disruption59-61,64-66

� Altered function of efflux transporters, particularly

BCRP69,79,80

ALF: Barrier integrity disruption results in vasogenic
brain oedema50,52; MMP9 mediates breakdown of tight
junctions63,72,73

CLD: Evidence regarding BBB permeability, structure and
tight junction alterations is inconsistent67-70

Astrocyte swelling � Cerebral glutamine accumulates secondary to increased

ammonia exposure43,51,54,87-89

� AQP4 dysregulation renders astrocytes more suscepti-

ble to osmotic shifts51,65,98-101

ALF: Cellular swelling results in clinically significant
brain oedema50,52; Hyperactivation of the ion channels
NKCC1 and SUR1 creates ionic imbalances across the cell
membrane and attracts water into the cell93-95

CLD: Compensatory decrease of myoinositol and other
osmolytes51,54,89; Low grade cerebral oedema of unclear
clinical significance52

Oxidative stress � Increased levels of oxidative stress in the brain,

secondary to elevated ammonia

concentrations102-108,110-111,115

CLD: Possible disconnect, with only systemic oxidative
stress in the absence of cerebral oxidative stress68;
Senescence only studied in vitro and in patients with
CLD111,113,116

Neuroinflammation � Microglial activation is an important characteristic of

patients with hepatic encephalopathy and animal

models103,119,120,122-127,130-133,144

� Neuroinflammation is correlated with peripheral

inflammation rather than elevated

ammonia103,128,131,139,142,143

� Peripheral TNF is instrumental in eliciting a

neuroinflammatory response129,135,139,142,143

ALF: TGFb1144 and bile acids124 can contribute to
microglial activation in mouse models of ALF

Glymphatic clearance CLD: Decreased glymphatic clearance leads to neuro-
inflammation in BDL rats101,122

ALF, acute liver failure; AQP4, aquaporin 4; BBB, blood-brain barrier; BCRP, breast cancer resistance protein; BDL, bile duct ligated; CLD, chronic liver disease; MMP9, matrix
metalloproteinase 9; NKCC1, Na-K-2Cl cotransporter 1; SUR1, sulfonylurea receptor-1; TGFb1, transforming growth factor b1; TNF, tumour necrosis factor
consequences of these individual perturbations are often un-
clear. More research is needed to elucidate the precise causes
and consequences of these perturbations.

These mechanisms are intertwined and the individual contri-
bution of each one to the total pathology is hard to distinguish.
While significant advances have been made in the past years, the
exact interplay between different factors have been largely unex-
plored. Given the fact that the complexity of HE pathogenesis is
JHEP Reports 2021
likely derived from the interaction and synergism between the
aforementionedmechanisms,morework has to be done to identify
common origins and effects of NGVU dysfunction. How and where
ammonia neurotoxicity and systemic inflammation intersect and
influence disease development is an important topic for future
research. This will be instrumental in identifying new therapeutic
targets that would allow for the development of therapies specif-
ically aimed at the CNS perturbations in HE.
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