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INTRODUCTION

Hepatic encephalopathy 
(HE) is a serious complication 
that may occur in cases of 
severe acute or chronic liver 
failure and/or in the presence 
of portosystemic shunting 
(PSS) and is characterized by 
alterations in personality, as 
well as cognitive and motor 
dysfunction [1]. Even in its 
mildest form, HE significantly 
affects patients’ quality of life, 
and unless the underlying liver 
disease is successfully treated, it 
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ABSTRACT

Hepatic encephalopathy (HE) is a common complication of decompensated liver cirrhosis and acute-on-
chronic liver failure. It encompasses a range of symptoms, from minimal cognitive impairments to severe 
personality changes and even coma. Liver dysfunction, coupled with the development of portosystemic 
shunting (PSS), leads to the accumulation of toxic substances in the brain, adversely affecting its function. 
Common precipitating factors for HE include variceal bleeding, infections, and electrolyte imbalances. 
However, other mechanisms likely contribute to the onset of HE, as some patients experience episodes without 
identifiable predisposing factors. These patients may remain in a chronic state of latent HE or have increasingly 
frequent episodes of HE. One potential contributing factor to HE is dysfunction of the glymphatic system 
(GS), which clears metabolic waste from the brain. This review aims to highlight the mechanisms underlying 
GS dysfunction in individuals with liver cirrhosis and explore how it may relate to the development of HE. 
Additionally, it will provide information on therapeutic interventions that target glymphatic dysfunction, 
potentially offering new treatment options for HE in the future.
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is associated with a high risk of recurrence and poor survival 
[2]. Traditionally, three types of HE are distinguished by 
underlying cause and classified as follows: type A in acute 
liver failure; type B due to portosystemic shunts in the absence 
of intrinsic liver disease; and type C in patients with liver 
cirrhosis and PSS [3]. An additional classification is based 
on severity: minimal hepatic encephalopathy (MHE) and HE 
grades I-IV according to the West Haven Criteria (WHC). 
The WHC considers a broad spectrum of neurological 
disorders, ranging from mild neuropsychiatric disturbances, 
such as changes in attention or behavior, to lethargy or even 
coma. Minimal hepatic encephalopathy, on the other hand, 
has been recognized as a distinct entity characterized by 
abnormalities detected through specialized psychometric 
tests or neurophysiological assessments in the absence of overt 
clinical symptoms [4]. 
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PATHOPHYSIOLOGY OF HEPATIC 
ENCEPHALOPATHY

The Role of the Gut-Liver–Brain Axis Failure
Hepatic encephalopathy occurs when liver failure or PSS 

disrupts brain function, causing a cascade of neurological 
disorders ranging from barely perceptible symptoms to coma 
[5]. It is now well established that the progression of HE is 
multifactorial and driven by gut–liver–brain axis failure [6]. The 
gut–liver–brain axis is a bidirectional communication network 
linking the gut microbiota, the liver, and the brain through 
metabolic, immune, and neurohormonal pathways [7]. Initially, 
metabolic products of intestinal bacteria, such as short-chain 
fatty acids, ammonia, and toxins, are transported via the portal 
circulation to the liver, thereby affecting its function [6, 8]. In 
addition, reduced intestinal motility and subsequent bacterial 
overgrowth, along with the increased intestinal permeability 
(“leaky gut”) observed in cirrhosis and portal hypertension, lead 
to bacterial translocation through the systemic circulation. This 
results in activation of the immune system and the release of 
inflammatory mediators [9, 10], which, in turn, may disrupt the 
blood–brain barrier (BBB) [11]. Furthermore, intestinal bacterial 
overgrowth alters the production of neurotransmitters such as 
serotonin, gamma-aminobutyric acid (GABA), and dopamine 
in the gut, thereby affecting the balance of enteroendocrine and 
neuromuscular function, which can lead to mood disturbances, 
anxiety, and neurocognitive deficits [12, 13]. 

Neuro-glia-vascular Failure
In ΗΕ, a dysfunction in the neuroglial unit seems to be 

present, affecting nutrient delivery, blood flow to the brain, 
and the proper functioning of the ΒΒΒ [14]. Studies have 
identified a strong correlation between changes in the intestinal 
microbiome and systemic inflammation, elevated ammonia 
levels (hyperammonemia), and, ultimately, dysfunction in 
neurons and astrocytes in patients with cirrhosis [15]. In the 
pathogenesis of HE, recent reviews have also implicated the 
glymphatic system, linking impaired glymphatic drainage to 
the buildup of toxic metabolic by-products and agents that 
contribute to worsening brain function [16]. Therefore, to 
comprehensively understand the pathophysiology of HE, 
factors such as hyperammonemia, systemic inflammation, 
circulatory dysfunction, and dysregulation of the glymphatic 
system should be examined as a whole, rather than individually. 

Ammonia and Bile Acids
The primary mechanism underlying the pathophysiology 

of HE is cerebral edema caused by hyperammonemia. Liver 
damage impairs ammonia clearance from the bloodstream, 
leading to elevated plasma and brain ammonia levels. In 
the latter, the astrocytes play a crucial role in detoxifying 
excess ammonia by converting it into glutamine. However, 
the accumulation of glutamine within cells leads to cytotoxic 
edema and disrupts neurons’ supporting functions [17].

While hyperammonemia has been extensively studied, 
recent literature has also identified a link between abnormal 
bile acid signaling and the development of HE. Specifically, 
in the context of an already compromised BBB, unconjugated 
and taurine-conjugated bile acids can cross the BBB and 

bind to neuronal receptors, such as the farnesoid X receptor 
(FXR), the Takeda-G coupled protein receptor 5 (TGR5), and 
the sphingosine-1 phosphate receptor-2 (S1P2R). This results 
in altered membrane excitability, promoting neurotoxicity 
[18]. The osmotic stress caused by glutamine accumulation, 
combined with the modified signaling caused by bile acids, 
represents a dual mechanism of neurotoxicity in cirrhosis.

Manganese and Phenylethylamine 
In addition to the well-known action of ammonia and bile 

acids described above, metallic products appear to be implicated 
in the pathogenesis of HE. Manganese is one of these potentially 
harmful metals, as it seems to bypass the liver through PSS and 
accumulate in the basal ganglia. Indeed, MRI scans in patients 
with HE have shown T1 hyperintensities, indicative of elevated 
manganese deposition. The characteristic extrapyramidal 
Parkinsonism seen in patients with cirrhosis has been ascribed 
to manganese’s neurotoxic effect [19]. Except for manganese, 
research on gut-brain interactions in mice has shown that 
memory impairment, symmetric tremors, and neuronal loss, 
findings that align with those observed in cirrhotic patients, were 
associated with higher brain phenylethylamine (PEA) levels. The 
reduced monoamine oxidase-B activity in both the liver and 
serum due to cirrhosis may be the reason for PEA accumulation. 
At the same time, intestinal dysbiosis and Ruminococcus gnavus 
(R. gnavus) overgrowth, a gram-positive anaerobic bacterium, 
have been found to increase intestinal PEA production. The 
association between R. gnavus and PEA has been confirmed 
by the reversal of PEA-induced neurological symptoms in 
experimental models after successful treatment of R. gnavus [20]. 

Systemic and Neuroinflammation
Portal endotoxemia increases the concentration of 

lipopolysaccharide and other pathogen-associated molecules 
in the systemic circulation, thereby affecting the brain through 
a compromised BBB. This rise in harmful substances triggers the 
production of pro-inflammatory cytokines such as interleukine 
(IL)-6, tumor necrosis factor (TNF)-α, and IL-1β, which were 
associated with the severity of HE [21, 22]. Additionally, 
hyperammonemia also contributes to the systemic inflammation 
in cirrhosis by increasing mitochondrial reactive oxygen 
species (mtROS), which act as a “signal 2” for the activation 
of the nucleotide-binding domain, leucine-rich–containing 
family, pyrin domain–containing-3 (NLRP3) inflammasome in 
microglia. The 2023 HE models using bile duct-ligated (BDL) 
rats suggest that hyperammonemia and neuroinflammation are 
not distinct mechanisms of HE but rather act synergistically [23]. 
Fig. 1 depicts the mechanisms underlying the pathogenesis of HE.

THE EMERGING ROLE OF THE 
GLYMPHATIC SYSTEM IN THE 
PATHOGENESIS OF HEPATIC 
ENCEPHALOPATHY

Structural and Regulatory Framework of the GS
Macro Anatomical Pathways
In the central nervous system (CNS), the glymphatic 

pathway serves as a fluid transport network that removes 
intercellular and metabolic waste. Initially, the cerebrospinal 
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fluid (CSF) enters the subarachnoid space and permeates the 
brain parenchyma through the Virchow-Robin spaces (VRS) 
of the perivascular space (PVS). Within the parenchyma, there 
is an exchange between the CSF and the interstitial fluid (ISF). 
Subsequently, the flow reverses and is directed outward along 
para-venous pathways, completing a para-arterial/para-venous 
loop that constitutes the central conduit of the glymphatic 
circulation. These three sequential steps are described in detail 
in a 2022 neuroimaging review as a) para-arterial CSF inflow, 
b) interstitial transport mediated by aquaporin-4 (AQP4), and 
c) para-venous ISF outflow [24]. The fluid then exits the cranial 
cavity through the meningeal lymphatic vessels, completing the 
connection between the intracranial and systemic lymphatic 
compartments [25, 26] (Fig. 2).

The primary mechanism driving CSF flow into these 
macroscopic transport channels is pulsation of the cerebral 
arteries, which is driven by arterial wall movement. Evidence 
supporting this is the correlation observed between CSF 
velocity peaks and the R wave on the electrocardiogram, as 

well as the relationship between arterial wall velocity and CSF 
inflow velocity [27]. 

Molecular Gatekeepers 
The accumulation of AQP4 at the terminal ends of 

astrocytes plays a crucial role in GS function. Specifically, 
the expression of AQP4 water channels facilitates the CSF 
transport. Mice with genetic deletion of AQP4 (AQP4 KO) 
have been found to exhibit both structural disorders and 
abnormalities in CSF-ISF molecular transport. Using diffusion-
weighted magnetic resonance imaging (MRI), researchers 
observed that AQP4 KO mice had increased overall brain 
volume and interstitial space, resulting in higher water content 
and lower CSF content, despite comparable CSF production 
and vascular density. Reduced CSF transport in the absence of 
AQP4 is likely due to reduced glymphatic clearance, leading 
to swelling and fluid retention in the interstitial space [28]. 
A-syntrophin (Snta) 1, encoded by the SNTA1 gene, is a 
dystrophin-associated protein that functions as a key regulator 

Fig. 1. The gut-liver-brain axis.

Fig. 2. Macro anatomical pathways of the glymphatic system.
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of voltage-gated sodium channels [29]. Snta1 significantly 
affects AQP4 function and, therefore, glymphatic clearance. 
Studies in Snta1-knockout rodents, which lack perivascular 
AQP4 localization, have demonstrated slow CSF inflow and 
tracer efflux, cognitive impairment, and elevated amyloid beta 
(Aβ) levels [30]. 

Dynamic Modulators
The GS’s performance varies throughout the day. A 2020 

study conducted on mice showed that substance exchange 
within the GS follows endogenous and circadian rhythms, 
peaking during the mid-rest phase. The same study also 
revealed differences in influx and efflux rates, specifically an 
increase during the day and a decrease at night. In AQP4 KO 
mice, no day/night difference in glymphatic flow was observed. 
Additionally, daily and nocturnal changes in AQP4 localization 
were observed under both light and dark conditions, 
supporting the hypothesis that GS function depends on the 
circadian rhythm via AQP4 localization [31]. 

Another factor that may enhance brain waste removal is 
maintaining a proper body posture. Studies in rodents have 
shown that lateral position, which resembles their natural 
resting position, is more effective for waste management than 
the prone position [32]. It appears that body orientation affects 
arterial pulsatility, thereby regulating cerebral blood flow and 
the effectiveness of waste removal [32].

Autonomic Regulation of the GS
The autonomic nervous system (ANS) influences the 

functioning of the GS, primarily through its regulatory capacity 
over CSF flow in the subarachnoid space, the neurovascular 
coupling, and the removal of metabolic waste products [33]. 
An increase in norepinephrine, through activation of the 
sympathetic nervous system (SNS), appears to negatively 
affect GS function [34]. In liver failure, sympathetic tone 
increases and parasympathetic tone decreases [35, 36]. The 
main mechanisms that activate the SNS include visceral 
vasodilation, reduction in circulating volume, and chronic 
systemic inflammation, often accompanied by bacterial 
translocation, which is commonly observed in cirrhosis 
[37–41].  Conversely, vagus nerve stimulation (VNS), which 
activates the parasympathetic system, combined with the 
administration of a selective inhibitor of norepinephrine 
release (dexmedetomidine), improved glymphatic function in 
the hippocampus of mildly anesthetized rats [42].

Hepatic Drivers of Glymphatic Dysfunction
Hemodynamic Impairment
In liver cirrhosis, portal hypertension and the concomitant 

splanchnic vasodilation lead to reduced blood pressure and 
hemodynamic instability. This condition is not compensated 
by an adequate increase in heart rate and cardiac stroke as 
expected, due to an impaired cardiac function observed in 
cirrhosis. This cardiac dysfunction is referred to as cirrhotic 
cardiomyopathy and is characterized by blunted ventricular 
diastolic relaxation, systolic dysfunction in response to 
stress stimuli, and electrophysiological abnormalities, more 
frequently presented as a prolonged QT interval [43, 44]. 
As previously noted, splanchnic vasodilation is mediated 

by increased circulating vasodilatory factors attributable 
to interstitial bacterial overgrowth, increased bacterial 
translocation, and reduced clearance of these factors due to 
liver failure and PSS [45]. In turn, splanchnic vasodilation leads 
to volume redistribution, central hypovolemia, and ultimately 
impaired cerebral perfusion. Because one mechanism 
regulating GS function is pulsatile cerebral arterial blood 
flow, disruptions in blood flow may contribute to glymphatic 
flow dysfunction. Notably, a study using transcranial Doppler 
ultrasound to examine hemodynamic changes in cerebral 
blood flow among 100 participants, 50 with decompensated 
cirrhosis and 50 healthy individuals, showed that patients 
with cirrhosis had lower mean flow velocity, higher pulsatility 
index (PI), and higher resistance index (RI), indicating reduced 
cerebral autoregulation [46]. 

Sleep Disruption
The importance of sleep for the proper functioning of the 

GS is well established [47]. A 2020 study of 1,098 patients with 
cirrhosis found that sleep disorders were present even before 
the onset of HE, including among those classified in the Child-
Pugh A stage. Poor nighttime sleep and excessive daytime 
sleepiness were strongly associated with the Child-Pugh stage, 
with stage C showing greater severity than stage A. There was 
also a notable risk for obstructive sleep apnea and the presence 
of generalized anxiety disorder [48]. Polysomnographic studies 
have confirmed that cirrhotic patients exhibit reduced slow-
wave (N3) and REM sleep, along with a higher arousal index, 
compared with healthy controls [49, 50].

Hyponatremia
Hyponatremia is the most common electrolyte disorder 

observed in cirrhosis. The reduction in effective circulating 
volume because of splanchnic vasodilation caused by portal 
hypertension leads to the secretion of antidiuretic hormone 
(ADH). This results in marked water retention, which greatly 
exceeds sodium retention, thereby diluting plasma sodium 
[51]. In cirrhosis-induced hyponatremia, the extracellular fluid 
becomes hypotonic; consequently, water shifts into brain cells 
via osmosis, leading to cytotoxic edema [52]. The resulting 
astrocyte swelling compresses the PVS, potentially exacerbating 
glymphatic dysfunction [53]. Using rat models of induced 
systemic hyponatremia, Lim et al. [54] demonstrated, by 
immunoblotting, that AQP4 expression in the cerebral cortex is 
downregulated as a compensatory mechanism against cerebral 
edema. This alteration induces a loss of astrocytic polarity, 
thereby fundamentally impairing glymphatic clearance.

EXPERIMENTAL AND CLINICAL 
MODELS LINKING GLYMPHATIC 
DYSFUNCTION AND HEPATIC 
ENCEPHALOPATHY

Preclinical Models
In BDL rats, glymphatic flow was assessed using contrast-

enhanced MRI and mass spectrometry. Additionally, AQP4 
immunofluorescence and behavioral experiments were 
conducted. The studies not only demonstrated an association 
between disruption of glymphatic flow and the development 
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of HE but also identified specific brain regions, including the 
olfactory bulb, prefrontal cortex, and hippocampus, in which 
impaired glymphatic clearance was observed. These impairments 
were associated with cognitive and behavioral changes indicative 
of HE. Furthermore, AQP4 immunofluorescence revealed 
reduced expression, particularly in the olfactory bulb and 
prefrontal cortex, suggesting glymphatic dysfunction [55]. 

On the other hand, experimental data in rats with acute 
liver failure indicated that AQP4 levels increase at the plasma 
membrane, while its concentration and mRNA levels in tissues 
remain unchanged. These findings suggest that the increase in 
AQP4 is not due to enhanced transcription but rather to its 
more stable binding to the plasma membrane or its reduced 
degradation. The elevated levels of AQP4 at the perivascular 
ends of astrocytes likely exacerbate the development of cerebral 
edema in acute liver failure, further worsening HE [56]. 

The BBB disorder has been observed in both animal 
models and patients with HE. Some studies support the 
hypothesis that BBB permeability increases in these cases, 
whereas others challenge it. This controversy likely stems 
from differences in the techniques used to evaluate the BBB 
across studies [57]. Regardless, BBB disruption leads to the 
accumulation of metabolic waste in brain tissue, contributing 
to the development of cerebral edema. This condition impairs 
AQP4 water channel function, disrupts GS function, and 
exacerbates HE [58-61].

Evidence of Glymphatic Slowdown in Cirrhotic Patients
Diffusion tensor imaging analysis along the perivascular 

space (DTI-ALPS) has emerged as a crucial tool for assessing 
glymphatic flow. Higher DTI-ALPS values indicate a more 
intact GS, while lower values are associated with glymphatic 
dysfunction [62]. In a neuroimaging study involving a total of 
70 subjects, 37 patients with untreated hepatitis B cirrhosis, 
divided into those with MHE and those without (non-MHE), 
and 33 healthy controls, participated. The MHE subgroup 
exhibited significantly lower DTI-ALPS values than the non-
MHE and HC groups. Interestingly, white matter edema and 
glymphatic flow disorders were identified even in the early 
stages of hepatitis B-related cirrhosis [63]. Recent data from a 
cross-sectional study involving 46 pre-cirrhotic patients with 

metabolic-associated steatotic liver disease (MASLD) and 30 
matched controls suggest that glymphatic dysfunction may 
occur before the onset of cirrhosis. In this study, patients with 
MASLD showed lower DTI-ALPS values than healthy controls. 
This finding may be linked to changes in cognitive function 
among these patients, and it appeared to be further exacerbated 
in those with metabolic syndrome [64].

 In addition, an independent study was conducted to assess 
BBB permeability in patients with liver cirrhosis by evaluating 
KTRANS, a dynamic contrast-enhanced MRI parameter that 
quantifies blood–brain barrier permeability [65]. For this 
purpose, digital contrast-enhanced (DCE) MR perfusion 
and MR spectroscopy were used, whereas the psychometric 
HE score (PHES) was employed to determine HE. The study 
included 40 participants, divided into three groups: 17 patients 
with cirrhosis and covert HE, characterized by PHES ≤4; 13 
patients without HE, with PHES>4; and 10 healthy controls. 
The KTRANS measurement in the frontal-parietal cortex 
indicated increased BBB permeability, with values of 0.01 ± 0.02 
in the covert HE group, 0.005 ± 0.005 in the cirrhotic patients 
without HE, and 0.004 ± 0.002 in the healthy controls (p=0.032 
across all three groups). This finding suggests delayed tracer 
washout in covert HE and impaired washout in non-HE [65]. 
Table I highlights the pathophysiological disorders linking liver 
cirrhosis to GS dysfunction, and Fig. 3 summarizes how this 
dysfunction predisposes to HE.

POTENTIAL FUTURE THERAPEUTHIC 
PERSPECTIVES

Current guidelines for the management of HE emphasize 
the need to address contributing factors, including infections, 
gastrointestinal bleeding, electrolyte imbalances, and 
constipation [66]. Furthermore, oral lactulose is recommended 
as monotherapy or in combination with rifaximin, as 
appropriate [67, 68]. However, these interventions may not 
fully resolve HE in a significant number of patients, with 
some individuals likely to experience recurrent HE episodes. 
As a result, there is an urgent need to develop innovative 
therapeutic strategies to improve patient outcomes. Targeting 
GS dysfunction may be crucial to addressing this challenge. 

Table I. Pathophysiological mechanisms linking liver cirrhosis to glymphatic dysfunction

Affected Factor Mechanism Description References

Hemodynamic 
Impairment

Splanchnic vasodilation and 
cirrhotic cardiomyopathy

Splanchnic vasodilation and reduced cardiac 
output lead to central hypovolemia, impaired 
cerebral autoregulation, and disruption of the 
arterial pulsatility, causing glymphatic dysfunction

[27, 43-46, 73-77]

Altered autonomic 
nervous system

SNS hyperactivity and vagal 
tone inhibition

Increased norepinephrine levels and SNS 
overstimulation cause dysfunction of the GS, 
whereas PNS stimulation may confer benefits to 
glymphatic clearance

[33-42]

Astrocytic 
dysfunction & AQP4 
dysregulation

Cellular oedema, reduced 
AQP4 expression, and 
disruption of the BBB

Reduced AQP4 polarity leads to impaired clearance 
of toxic metabolites, causing cerebral oedema and 
diminished glymphatic clearance

[24, 28-31, 51, 52, 
54-57, 69-72]

Sleep disturbances Reduced deep and REM sleep Paradoxical sleep is associated with memory 
impairment and cognitive decline.

[47-50, 78-80]

AQP4: Aquaporin 4; GS: glymphatic system; PNS: parasympathetic nervous system; SNS: sympathetic nervous system; BBB: blood-
brain barrier; REM: rapid eye movement.
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AQP4 Polarity Restoration
The most direct method to restore glymphatic circulation 

could be by stabilizing AQP4. In a rodent model of brain injury, 
administering melatonin and roscovitine restored perivascular 
AQP4. This enhancement enhances the interaction between 
AQP4 and Snta1 while inhibiting cyclin-dependent kinase 
5 (CDK5) activity. The study’s outcomes included improved 
neurological function, maintenance of an intact BBB, and 
reduced cerebral edema (69). Other molecules that target 
the AQP4 pathways have also been investigated. TGN-073, a 
small-molecule mediator, has been shown to facilitate AQP4, 
thereby increasing the circulation of interstitial fluid through 
the GS [70]. Conversely, TGN-020, an AQP4 inhibitor, 
appears to improve acute cytotoxic edema but may negatively 
affect glymphatic flow [71]. Moreover, GM6001, a matrix 
metalloproteinase-9 (MMP-9) inhibitor, has been shown to 
restore perivascular AQP4 integrity and reduce metabolic 
disorders [72].

Sleep & Circadian Rehabilitation
Non-pharmacological methods for restoring sleep in 

cirrhotic patients with HE or MHE should prioritize Cognitive 
Behavioral Therapy for Insomnia (CBT-I). Additionally, 
melatonin, histamine (H1) blockers, and circadian light therapy 
can be utilized [73-75]. The administration of intense light 
during the day, intended to synchronize melatonin levels, along 
with avoiding large evening meals before bedtime, has been 
studied in individual clinical cases and shown to be beneficial. 
However, these results require further validation through 
large randomized controlled trials (RCTs) [75]. A 2007 RCT, 
studying the effects of hydroxyzine, an H1 histamine inhibitor, 
demonstrated that the treatment group experienced a 35% 
increase in sleep efficiency compared to the control group [76]. 

ANS Stimulation
At present, there are no RCTs specifically examining ANS 

stimulation in cirrhotic patients. Nonetheless, a promising 
strategy is VNS, which can be achieved via transcutaneous 

auricular stimulation (taVNS) or by administering a selective 
inhibitor of norepinephrine release, such as dexmedetomidine 
[42, 77]. Additionally, non-selective β-blockers may have a role 
by mitigating sympathetic overactivity in a complementary 
manner [78, 79]. However, their use should be individualized, 
as observational studies have identified an association between 
non-selective β-blockers and increased hospital readmissions 
for HE [80].

DISCUSSION

Until recently, the GS had not been strongly associated with 
HE. Experimental evidence in this area remains limited, and 
existing reviews have mainly focused on astrocytic injury, often 
overlooking other relevant pathophysiological mechanisms. 
This review presents an emerging pathophysiological 
framework for HE, emphasizing how glymphatic dysfunction 
connects the gut–liver–brain axis, hemodynamic alterations, 
ANS imbalances, and circadian rhythm disturbances in 
patients with cirrhosis. While it does not propose specific 
research protocols or therapeutic interventions, this review 
identifies key mechanistic pathways and unresolved questions 
that expand the current conceptual perspective and pave the 
way for future research. Such efforts are essential for developing 
improved diagnostic tools and targeted treatment strategies. 

Currently, most available data derive from preclinical 
models, such as BDL rodents, where decreased glymphatic 
clearance and disturbances in AQP4 expression and 
localization have been observed. However, the relevance of 
these findings to human populations must be approached 
with caution. In limited human studies, DTI-ALPS suggests 
that glymphatic function declines in patients with MHE. 
Additionally, DCE-MRI using KTRANS has documented 
increased BBB permeability in cirrhotic patients. Nonetheless, 
the small and heterogeneous samples in these studies limit 
their generalizability.

Given the limited human data, the assessment of GS 
function in routine clinical practice remains inconclusive, 

Fig. 3. The pathways through GS dysfunction contribute to the development of hepatic encephalopathy.
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particularly regarding its role in HE. However, a better 
understanding of glymphatic dysfunction may elucidate why 
certain patients experience chronic, refractory HE or episodes 
of HE without identifiable precipitating factors. Such insights 
could facilitate the development of novel pharmacological 
interventions to restore glymphatic function, potentially 
alleviating symptoms and improving patients’ quality of life. 

Today, there is no universally accessible method for 
directly assessing glymphatic dysfunction in clinical settings. 
Available imaging techniques require specialized technical 
expertise, and in some cases, prolonged acquisition times limit 
routine applicability. Among these, DTI-ALPS appears to be 
a promising non-invasive modality for clinical incorporation, 
given its relative time efficiency compared with contrast-based 
techniques such as dynamic contrast-enhanced MRI. In 
addition, no specific serum biomarkers have been validated 
for the direct assessment of glymphatic clearance. While 
markers of astrocytic injury, such as glial fibrillary acidic 
protein (GFAP) and S100 calcium-binding protein B (S100B), 
may provide indirect evidence of glymphatic dysfunction in 
cirrhosis, their diagnostic value has yet to be confirmed in 
large-scale clinical studies. Standardized imaging protocols 
and harmonized analytical pipelines are crucial for ensuring 
reproducibility and facilitating translation into clinical practice.

Despite progress in our understanding of glymphatic 
function, significant knowledge gaps persist. Specifically, 
it remains uncertain whether glymphatic dysfunction is 
exacerbated during infections, which commonly serve 
as a trigger for HE in patients with cirrhosis. It is of 
particular interest to examine whether systemic inflammation 
and infection-induced hemodynamic instability further 
compromise glymphatic clearance, thereby heightening the 
risk of HE. Additionally, the influence of comorbid conditions, 
such as diabetes mellitus and neurodegenerative disorders, on 
glymphatic function in individuals with cirrhosis has yet to be 
adequately investigated.

Current HE management guidelines primarily emphasize 
supportive care and control of precipitating factors. Targeted 
strategies to restore glymphatic function are not yet available. 
Potential approaches, including stabilization of AQP4 
polarity, circadian rhythm modulation, and enhancement 
of parasympathetic activity, remain at the experimental or 
preclinical stage, and randomized controlled trials involving 
cirrhotic patients with HE have not yet been conducted.

CONCLUSIONS

Dysfunction of the GS provides a compelling integrative 
framework encompassing various mechanisms implicated 
in HE. Despite promising preclinical evidence and emerging 
human data, significant gaps remain before clinical 
implementation can be considered. Current diagnostic 
methodologies are often technically demanding and not widely 
accessible. Therefore, well-structured multicenter RCTs are 
imperative to ascertain whether therapeutic targeting of GS 
can substantially enhance outcomes for patients diagnosed 
with liver cirrhosis and HE.
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