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Abstract

Ammonia is a product of amino acid metabolism that accumulates in the blood of patients with liver cirrhosis, leading
to neurotoxic effects and hepatic encephalopathy (HE). HE manifestations can range from mild, subclinical disturbances
in cognition, or minimal HE (mHE) to gross disorientation and coma, a condition referred to as overt HE. Many blood-
based biomarkers reflecting these neurotoxic effects of ammonia and liver disease can be measured in the blood allowing
the development of new biomarkers to diagnose cirrhosis patients at risk of developing HE. The effect of ammonia on
the brain is modulated by severity of systemic inflammation, and both hyperammonemia and inflammation can induce
oxidative stress, which may mediate the neurological alterations associated to HE. This review aims to provide the latest
evidence on biomarkers of HE beyond ammonia. We present different approaches to predict overt HE based on the com-
bination of blood ammonia with some analytical and clinical parameters. Magnetic resonance analysis of brain images
could also provide sensitive diagnostic biomarkers based on neuroimaging parameters. Some reports suggest that mark-
ers of systemic inflammation, oxidative stress, and central nervous system-derived components, may serve as additional
biomarkers of HE. The involvement of extracellular vesicles and microbiota in the pathophysiology of mHE and HE has
recently acquired importance and it would be interesting to explore their usefulness as early biomarkers of the disease.
It is important to have a biomarker or a combination of them for early diagnosis of mHE to improve its treatment and
prevent progression to overt HE.

Keywords Hepatic encephalopathy -+ Ammonia - Inflammation - Biomarker - Extracellular vesicles - Minimal hepatic
encephalopathy - Microbiota - Neuroimaging - Brain injury markers

Abbreviations GFAP Glial fibrillary acidic protein
AAA Aromatic amonio acids HE Hepatic encephalopathy
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characteristic mHE Minimal hepatic encephalopathy
BABS Bilirubin—albumin—beta-blocker—statin ml Myo-inositol
BBB Blood-brain barrier MRI Magnetic resonance imaging
CCHE Clinical covert hepatic encephalopathy "H MRS Proton magnetic resonance spectroscopy
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Introduction

Brain dysfunction occurs in about 30-80% of patients with
cirrhosis and is referred to as hepatic encephalopathy (HE),
which is a complex behavioural, neuropsychiatric disorder.
Clinically, HE manifestations can range from mild, sub-
clinical disturbances in cognition, emotional regulation, or
behaviour (minimal HE [mHE]) to gross disorientation and
coma, a condition referred to as overt HE (OHE) (Montag-
nese et al. 2022). Some of the clinical features of HE over-
laps with other brain conditions such a neurodegeneration in
the mild forms and with delirium in those with more acute
forms. Worldwide, there are about 10 M people with decom-
pensated cirrhosis and about 30—40% of these patients will
be hospitalised with OHE each year (Casadaban et al. 2015;
Tapper et al. 2019). In Europe, about 200 K people suffer
from decompensated cirrhosis and it is estimated that about
65 K patients per year are hospitalised with OHE, with the
consequent economic burden on health systems, in addition
to the attendant loss of work force (Moon et al. 2020). Both
the burden of HE is increasing, and also charges per hospi-
tal stay (Elsaid et al. 2020; Louissaint et al. 2022). Impor-
tantly, when patients with cirrhosis develop an episode of
OHE, they are prone to repeated episodes, the chance of
complete reversibility drops, their health-related quality of
life declines and the risk of death is abruptly increased up to
20-30% at 1-year (Arguedas et al. 2003; Tapper et al. 2016).

Currently, mHE is diagnosed using tests such as psy-
chometric hepatic encephalopathy score (PHES) or critical
flicker frequency, which are time-consuming to perform and
interpret. Consequently, they cannot be routinely applied in
clinical practice. This highlights the need to identify bio-
markers for mHE and OHE that would enable early diagno-
sis and improved treatment.

Biomarkers are measurable and objectively evaluable
characteristics that indicate a normal or pathological bio-
logical process or the response to a therapeutic intervention
(Biomarkers Definitions Working Group 2001). Their study
has significantly advanced in recent decades due to techno-
logical progress, molecular biology, and omics approaches,
as well as the integration of these fields. Biomarkers are
of particular interest in clinical practice for detecting and
monitoring various diseases. They can serve as tools for
early diagnosis, disease severity stratification, prognosis
assessment, and predicting therapeutic response (Mayeux
2004; Jain 2017). Furthermore, studying disease-specific
biomarkers is valuable for improving the development of
novel therapies and evaluating their efficacy within clinical
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trials (Rolan 1997; Biomarkers Definitions Working Group
2001).

In the spectrum of HE, the research on specific biomark-
ers holds special relevance from multiple perspectives. On
the one hand, it is crucial for understanding the pathophysi-
ology of the condition from its early stages and its progres-
sion to more severe phases, facilitating the development
of therapeutic targets and early-phase clinical trials. On
the other hand, the need to identify a reliable biomarker is
even more critical in mHE, as these biomarkers could pro-
vide a valuable tool for the early diagnosis in a simple and
rapidly applicable manner. This would enable earlier treat-
ment, significantly enhancing its effectiveness in preventing
progression to OHE. Even when OHE is already present,
biomarkers could prove useful in these stages to assess dis-
ease severity or identify patients who would benefit from
prophylactic measures.

Ammonia is a product of amino acid metabolism that is
known to accumulate in the blood of patients with cirrho-
sis due to the reduced function of the urea cycle, which is
uniquely located in the liver. In health, its circulating levels
are tightly controlled. In liver disease, hyperammonemia is
commonly observed and recognized to play a pivotal role in
the pathogenesis of HE (Felipo and Butterworth 2002; Bosoi
and Rose 2009). Therefore, emerging evidence supports the
utility of ammonia for risk stratification. However, ammo-
nia measurement is complex and requires careful sample
handling, rapid transport to the laboratory in refrigerated
conditions and the values obtained are highly variable mak-
ing it difficult to compare across laboratories. Therefore, the
role of ammonia in guiding HE treatment is still unclear and
there is equipoise in its use in clinical practice.

Many blood-based biomarkers reflecting these neuro-
toxic effects of ammonia and liver disease can be measured
in the blood allowing the development of new biomarkers
to diagnose cirrhosis patients at risk. It is also clear that the
effect of ammonia on the brain is modulated by severity of
systemic inflammation, which is commonly observed in
patients with cirrhosis (Albillos et al. 2014, 2022). There-
fore, markers of systemic inflammation and neuronal func-
tion may serve as additional biomarkers.

The aim of the present narrative review is to provide
the latest evidence on biomarkers of HE beyond ammonia.
Tables 1 and 2 present a summary of possible biomark-
ers for hepatic encephalopathy based on different kind of
parameters measured, which will be discussed in the fol-
lowing sections.

Ammonia and its metabolism

Ammonia concentrations in blood and brain are regulated
by its synthesis and degradation. In the blood of cirrhotic
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Table 1 Summary of possible biomarkers for hepatic encephalopathy based on different kind of parameters measured
Biomarker Prediction =~ Comments References
Ammonia and analitycal parameters
Albumin mHE Low sensitivity Demirciler 2023
AMM-ULN Risk of > 1.4 times over normal Tranah et al. 2022; Bal-
OHE car et al. 2023
CCHE score Covert HE ~ Variables and formula: Labenz et al. 2019
(mHE+HE 8%*1 (history of OHE=yes)+ 12*1 (clinically detectable asci-
grade I) tes=yes)+2%*(38—S— ANT1 score)+ 1*(21— points in the activity domain
of CLDQ)+0.5%(50— serum albumin level [g/dL])
If S-ANT1>38 or serum albumin>50 g/dL, insert 38 or 50 as a maximum
in the formula, respectively
BABS score Risk of Variables: bilirubin and albumin levels and non-selective beta-blockers and  Tapper et al 2018
OHE statins use. Score calculation in Table 3
AMMON-OHE model Risk of Variables: AMM-ULN, sex, diabetes, albumin, creatinin Ballester et al. 2023;
OHE C-index: 0.844 link: https://ammon-ohe.s
hinyapps.io/ammon-ohe/
Glutaminase gene Risk of Variations in a microsatellite region in the promoter of Glutaminase gene Romero-Gomez et al.
OHE associated with OHE 2010; Mayer et al. 2015
Metabolic profile
Serum metabolites mHE Increased levels of glucose, lactate, trimethylamine-N-oxide, glycerol and ~ Jiménez et al. 2010
signature methionine distinguish mHE patiens from those without
CSF metabolites Severity of 72 metabolites altered in OHE. carnitine, 5-hydroxyindoleacetic acid and Weiss et al. 2016
signature OHE uracil related to OHE severity

Inflammatory parameters

IL-6, IL-18
IL-6, IL-17, STAT3

IL-17
Systemic inflamma-
tion plus ammonia

Increased pro-inflam-
matory cytokines and
chemokines

IgG, IL-15, CXCL13,
IL-6, CX3CL1

IL-6, IL-18, TNF-a

mHE
mHE

mHE
mHE, OHE

mHE

mHE

OHE

Immunological parameteres

Pro-inflammatory
intermediate
monocytes

Activation of B and
T-lymphocytes

Th22 and follicular Th
lymphocytes

mHE

mHE

mHE

Twice in mHE vs non-mHE. IL-6 levels in mHE patients>11 pg/mL
Elevated in mHE

IL-17 levels in mHE patients>49 pg/mL
Sinergistic effect of ammonia and inflammation

IL-6, IL-21, IL-17, IFN-y, IL-12, IL-18, TNF-a, IL-1pB, IL-22, and IL-15,
and chemokines CCL20, CXCL13, and CX3CL1 are increased in mHE

AUROC: greater than 0.75

Elevated in OHE and correlated with their severity

Increased CD147"CD16" monocytes in mHE

Increased activated B and CD4" T lymphocytes, and autoreactive
CD4"CD28™ T lymphocytes in mHE

Expansion of Th22 and Thf lymphocytes in mHE

Oxidative and nitrosative stress parameteres

GSSG/GSH ratio,
malondialdehyde

Serum 3-nitrotyrosine

Plasma cGMP

mHE, OHE

mHE

mHE

Reduced in mHE and OHE. Correlate with mHE cognitive and motor
impairment severity

AUROC: 0.85-0.96; cutoff 14 nM, (83-85% specificity; 82.5-94%
sensitivity)

Increased plasma cGMP in mHE

Neurotransmission and neuroimaging parameters

P300 event-related
potential latency

mHE

Latency prolonged in mHE patients. AUROC: 0.725; cutoff 413 ms (61.1%

specificity; 81.8% sensitivity)

Montoliu et al. 2009

Luo et al. 2012; Wu et al.
2016; Gairing et al. 2022
Lietal. 2015

Shawcross et al. 2004;
Shawcross et al. 2011;
Felipo et al. 2012a, b;
Montoliu et al. 2015
Mangas-Losada et al.
2017

Mangas-Losada et al.
2017

Luo et al. 2013; Onal et
al. 2011; Komala et al.
2020; Odeh et al. 2004;
Goral et al. 2011

Mangas-Losada et al.
2017

Mangas-Losada et al.
2017

Mangas-Losada et al.
2017

Gorg et al. 2010;
Gimenez-Garzo et al.
2015,2018

Montoliu et al. 2011;
Felipo et al. 2013;
Salman et al. 2021
Montoliu et al. 2007

Santana-Vargas et al.
2022
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Table 1 (continued)

Biomarker Prediction =~ Comments References
Mismatch negativity =~ mHE Correlate with attention deficits in cirrhosis patients. Distinguish mHE Felipo et al. 2012a, b
area patients at cutoff 67 uV/ms (77% specificity; 83% sensitivity)
Mean kurtosis mHE Cuttoff 0.74 (89% specificity; 86% sensitivity) Sato et al. 2019
Grey matter volume mHE Right cerebellum: AUROC of 0.986 at cutoff 0.698 mm?> (100% sensitivity; Garcia-Garcia et al. 2017
91% specificity)
Right insula/frontal inferior operculum: AUROC: 0.98; cutoff: 0.566 mm?
(92% sensitivity; 95% specificity)
Increase thalamic mHE AUROC: 0.827; cutoff: 1.339% (87.5% sensitivity; 52.9% specificity) Tao et al. 2013
volume OHE Increased with the severity of OHE Tao et al. 2013
Connectivity strength  mHE Right middle temporal gyrus: AUROC: 0.710; cutoff: 0.220 (79,3% sensi- Qi et al. 2014
tivity; 64.6% specificity)
Left superior frontal gyrus: AUROC: 0.682 cutoff: 0.201 (64.5% sensitivity;
52,2% specificity)
Medial prefrontal cortex: AUROC: 0.884; cutoff: 0.520 (81,5% sensitivity;
70,4% specificity)
Cerebral metabolites ~ mHE and ml/Cr depletion: 80%—85% sensitivity Ross et al. 1994; Geissler
quantified by '"H MRS OHE ml/Cr, Cho/Cr and GIx/Cr correlate with HE severity etal. 1997
mHE Increased Glu in anterior cingulate cortex in mHE Meng et al. 2015
mHE and ml/Cr, Cho/Cr and GIx/Cr ratios: Naegele et al. 2000; Jain
OHE Normalization after liver transplantation, Improvement after 3 months of etal. 2013

lactulose treatment

Neuroinflammation and CNS—derived components

Duarte-Rojo et al. 2016

Saleh et al. 2007; Man-
zhalii et al. 2022; Duarte-

PS100-B mHE Serum levels correlate with PHES score
OHE Increased in OHE patients and correlates with severity. AUROC: 0.8; cut-
off 0.13 ng/mL (63.6% specificity; 83.3% sensitivity)
Model: PS100-B, OHE AUROC of 0.765
ammonia, procalci-
tonin, MELD, TIPS,
sodium
Plasma NfL mHE Plasma NfL increased in mHE and
Correlated with disease severity
OHE Plasma NfL increased in OHE
Serum GFAP mHE Correlated with disease severity

Biomarkers based on extracellular vesicles

TNF-a and MHCIl in mHE Correlated with the degree of cognitive impairment
plasma EVs
Neuron-derived EVs ~ mHE

Proportion of neuron-derived Evs was higher in the blood of mHE patients

Rojo et al. 2016
Weiss et al. 2024

OHE. AUROC between 0.66 and 0.87.  Labenz et al. 2021; Fio-

rillo et al. 2023

Labenz et al. 2021;de Wit
et al. 2024

Gairing et al. 2023

Gallego et al. 2022

Gallego et al. 2022

mHE minimal hepatic encephalopathy, AMM-ULN ammonia level upper limit of normal, OHE overt hepatic encephalopathy, CCHE clinical

covert hepatic encephalopathy, —S— ANT1 simplified animal naming te

st, CLDQ chronic liver disease questionnaire, BABS bilirubin—albu-

min—beta-blocker—statin, CSF cerebrospinal fluid, AUROC area under the receiver operating characteristic, GSSG/GSH ratio of GSSG/GSH
in %, '"H MRS proton magnetic resonance spectroscopy, mI myo-inositol, Cr creatin, Cho choline, GLx Glutamine and Glutamate, PS100-p
protein S100- B, PHES psychometric hepatic encephalopathy score, MELD model for end-stage liver disease, TIPS transjugular intrahepatic
portosystemic shunts, NfL neurofilament light chain protein, GFAP glial fibrillary acidic protein, MHCII major histocompatibility complex

class II, Evs extracellular vesicles

patients, the primary source of ammonia is the deamination
of glutamine by intestinal glutaminase (Damink et al. 2002).
In the brain, this deamination occurs in neurons (Marquez et
al. 2013). Therefore, glutaminase activity has been studied
as a factor related to the development of OHE. For the first
time, Romero-Gomez et al. (2010) described variations in
a microsatellite region in the promoter of the glutaminase
gene associated with OHE in the Spanish population. Specif-
ically, the presence of two long alleles of this microsatellite
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(=14 repeats; 198 to 210 base pairs) was associated with
higher glutaminase activity and with the development of
OHE. Although the association between long alleles and
OHE is corroborated by another independent study in the
Caucasian population (Mayer et al. 2015), these results
were not replicated in the East Asian population, indicating
that the genetic predisposition given to these microsatellites
is not universal and must be validated for each population
(Ahn et al. 2017).



Metabolic Brain Disease (2025) 40:100

Page50f 18 100

Table 2 Summary of biomarkers depending on their capacity for diagnosis and risk and severity prognosis of hepatic encephalopathy

Biomarker

Reference value

Diagnosis of mHE
CCHE score*
Serum metabolites signature

Serum IL-6

Serum IL-17

Serum IL-15

Serum CXCL13

Serum CX3CL1

Serum IL-18

Serum 3-nitrotyrosine

P300 event-related potential latency
Mismatch negativity area

Mean kurtosis

Right cerebellum GMV

Right insula/frontal inferior operculum GMV
Increase thalamic volume

Right middle temporal gyrus CS
Left superior frontal gyrus CS
Medial prefrontal cortex CS

Plasma NfL

Severity of mHE
IL-6 and IL-18
Oxidative stress

Plasma NfL

TNF-a and MHCII abundance in EVs
Treatment efficacy

Metabolic syndrome

Serum IL-21, IL-15, IL-18 and T cells CD69*
Plasma NfL
Basal ganglia network connectivity

Risk of OHE
AMM-ULN

BABS score
AMMON-OHE model
Glutaminase gene

Diagnosis of OHE

Increase thalamic volume
PS100-B

Model: PS100-B, ammonia, procalcitonin, MELD, TIPS, sodium
Valeric acid

Severity of OHE

Systemic inflammatory response syndrome score

IL-6, IL-18, TNF-a

PS100-B

CSF metabolites signature

>57.5 score: high risk. Score formula in Table 1

Increased levels of glucose, lactate, trimethylamine-N-oxide, glyc-
erol and methionine distinguish mHE patients from those without

AUROC of 0.75 at 2.7 pg/mL cutoff (ss: 70%; sp: 76%)
IL-17 levels in mHE patients>49 pg/mL

AUROC of 0.77 at 5.68 pg/mL cutoft (ss: 73%; sp: 73%)
AUROC of 0.76 at 159.6 pg/mL cutoff (ss: 68%; sp: 81%)
AUROC of 0.75 at 0.77 ng/mL cutoff (ss: 70%; sp: 69%)
AUROC of 0.68 at 199.8 pg/mL cutoff (ss: 71%; sp: 57%)
AUROC of 0.85-0.96 at 14 nM cutoff (ss: 82.5-94%; sp: 83-85%
AUROC of 0.725 at 413 ms cutoff (ss: 81.8%; sp 61.1%)
67 nV/ms cutoff (ss: 83%; sp: 77%)

0.74 cutoff (ss: 86%; sp: 89%)

AUROC of 0.986 at 0.698 mm?> cutoff (ss: 100%; sp: 91%)
AUROC of 0.98 at0.566 mm® cutofT (ss: 92%; sp: 95%)
AUROC of 0.827 at 1.339% cutoff (ss: 87.5%; sp: 52.9%)
AUROC of 0.710 at 0.220 cutoff (ss: 79,3%; sp: 64.6%)
AUROC of 0.682 at 0.201 cutoff (ss: 64.5%; sp: 52,2%)
AUROC of 0.884 at 0.520 cutoff (ss: 81,5%; sp: 70,4%)

AUROC between 0.66 and 0.87 at 12.6 pg/mL cutoff (ss: 61%;
sp: 68%)

Positive correlation with mHE severity

Oxidized/reduced glutathione ratio, reduced glutathione levels,
malondialdehyde, and 3-nitrotyrosine correlate with cognitive and
motor coordination impairment

Correlation with PHES

Correlation with PHES

Patients with clinical signs of metabolic syndrome tend to have a
poorer response

Patient who will not respond lacked an increase in this parameters
Patients who will respond lacked an increase in plasma NfL levels

Patient who will not respond had connectivity impairment in this
network

>1.4 times over normal
>21 score: 1 and 5-years high risk. Score formula in Table 3
link: https://ammon-ohe.shinyapps.io/ammon-ohe/

Variations in a microsatellite region in the promoter of glutamin-
ase gene predispose to OHE

Increased with the severity of OHE

AUROC of 0.8 at 0.13 ng/mL cutoff (ss: 83.3%; sp: 63.6%)
AUROC of 0.765

AUROC 0of 0.830

Correlate with grade 3 and 4 of OHE

Positive correlation with OHE severity

Positive correlation with OHE severity

CSF carnitine, 5-hydroxyindoleacetic acid and uracil positive cor-
related to OHE severity

@ Springer
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Table 2 (continued)

Biomarker

Reference value

Plasma NfL and GFAP
Thalamic volume

Positive correlation with OHE severity
Increased with the severity of OHE

mHE minimal hepatic encephalopathy, CCHE clinical covert hepatic encephalopathy, AUROC area under the receiver operating characteristic,
ss sensitivity, sp specificity, GMV grey matter volume, CS Connectivity strength, NfL neurofilament, PHES psychometric hepatic encephalopa-
thy score, MHCII major histocompatibility complex class II, OHE overt hepatic encephalopathy, CCHE clinical covert hepatic encephalopathy,
AMM-ULN ammonia level upper limit of normal, BABS bilirubin—albumin—beta-blocker—statin, CSF cerebrospinal fluid, PS100-p protein
S100- B, MELD model for end-stage liver disease, 7/PS transjugular intrahepatic portosystemic shunts

*For diagnosis of covert HE (mHE plus HE grade I)

Ammonia can be detoxified in the brain and muscle by
incorporating it into glutamine via glutamine synthetase. In
the liver and intestinal mucosa, glutaminase degrades gluta-
mine to glutamate and ammonia, incorporated into the urea
cycle for degradation. The ability to metabolize glutamine
to glutamate and ammonia by the intestinal mucosa can be
assessed through oral glutamine challenge (OGC). In cir-
rhotic patients, intestinal glutaminase activity is increased
and correlates with mHE (Romero-Gomez et al. 2004), and
OGC results in a significant increase in blood ammonia lev-
els, which does not occur in control subjects or those with
liver transplants (Oppong et al. 1997). Similarly, an altered
response to OGC in patients with mHE is associated with
an increased risk of developing OHE (Romero-Gomez et al.
2002). These studies indicate that, beyond blood ammonia
levels, it is crucial to investigate different aspects involved
in ammonia metabolism as risk factors for the development
of OHE and their utility as biomarkers.

Prediction models based on clinical parameters

As previously mentioned, ammonia levels in cirrhotic
patients are useful for stratifying the risk of developing
OHE. In patients with stable cirrhosis, a 1.4 times ammonia
level upper limit of normal (AMM-ULN) or more has been
shown to define the risk of future hospitalization with OHE
(Tranah et al. 2022; Balcar et al. 2023). Integrating other
biochemical and clinical data can enhance its utility as a
biomarker for diagnosis and determinate the risk of devel-
oping mHE and OHE. Regarding biochemical parameters,
albumin levels have been identified as potentially helpful
in diagnosing mHE, although their sensitivity is low when
considered alone (Demirciler 2023). In this context, the
AMMON-OHE model has been developed, which includes
variables such as AMM-ULN, sex, diabetes, albumin, and
creatinine to identify the risk of developing the first epi-
sode of OHE (Ballester et al. 2023). The model achieved a
C-index of 0.844 was validated with an external cohort, and
is currently available for use in clinical practice (link: https:/
/ammon-ohe.shinyapps.io/ammon-ohe/).

Other scores based on clinical parameters have been
developed, such as the CCHE (Clinical Covert Hepatic
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Table 3 Construction of a Risk Score for HE with the BABS (biliru-
bin—albumin—beta-blocker—statin) score

Variable Category Points in Points in
Baseline-Data  Longitu-
Model dinal-Data
Model
Beta-blocker No 0 0
Yes 7 8
Statin No 0 0
Yes -9 -4
Total bilirubin (mg/dL) <0.5 -2 -2
0.6-1 -1 -1
1.1-1.5 0 0
1.6-2 1 1
2.1-25 2 2
2.6-3 3 3
3.1-4 5 5
>4 18 18
Albumin (g/dL) <2 37 33
2.1-25 28 24
2.6-3 19 16
3.1-35 9 8
3.6-4 0 0
>4 —12 —11

Adapted from Tapper et al. 2018

Encephalopathy) (Labenz et al. 2019), and BABS (Biliru-
bin—Albumin—Beta-Blocker—Statin) scores (Tapper et al.
2018) (Tables 2 and 3).

The CCHE score was created to predict covert HE
(which comprises mHE and HE grade 1) in cirrhotic
patients using variables such as serum albumin levels, clini-
cally detectable ascites, a history of OHE, and scores from
the simplified animal naming test and the activity subdo-
main of the Chronic Liver Disease Questionnaire (Labenz
et al. 2019). The CCHE score generates two cutoff points,
stratifying patients into low-risk (<53.5), intermediate-risk
(53.5<CCHE score<57.5), and high-risk (>57.5) catego-
ries for developing covert HE (see formula in Table 1). The
scoring system demonstrates good sensitivity, specificity,
and positive and negative predictive values (90%, 91%,
85%, and 94%, respectively).

The BABS score was developed to stratify the risk of
developing OHE using biochemical variables (bilirubin and
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albumin levels) and the patient medication use (non-selec-
tive beta blockers and statins) (Tapper et al. 2018) (Tables
2 and 3). Two predictive models were developed for this
score, using baseline or longitudinal data. The baseline-
data model stratifies the 5-year risk of HE into low (<—10),
medium (=9 to 20), and high (=21). A score<—10 is associ-
ated with a 27% risk, while a score>—10 corresponds to a
risk>49%. The longitudinal-data model stratifies the 1-year
risk of HE into low (<0), medium (1-20), and high (>21). A
score <0 is associated with a 6% risk, while scores>1 cor-
respond to a 25% risk.

Biomarkers based in metabolic profile

Beyond ammonia metabolism, other metabolic pathways
are disrupted during cirrhosis, mHE, and OHE, leading to
changes in metabolite levels in both serum and cerebro-
spinal fluid (CSF). For example, severe OHE is associated
with increased levels of aromatic amino acids (AAA) and
methionine in CSF (Cascino et al. 1982).

Studies conducted to distinguish cirrhotic patients with
or without mHE based on their serum metabolic signature,
showed that mHE patients exhibited increased levels of glu-
cose, lactate, and trimethylamine-N-oxide, primarily, along
with elevated levels of glycerol and methionine to a lesser
extent. In contrast, patients without mHE were character-
ized by elevated levels of low-density lipoprotein, choline,
alanine, a-acid glycoproteins, valine, acetoacetate, isoleu-
cine, leucine, and glycine. Based on these changes, they
developed a model with sensitivity and specificity of 87%
and 95%, respectively (Jiménez et al. 2010).

Other studies revealed alterations in 72 metabolites in
CSF from patients with OHE, most of which were associ-
ated with ammonia metabolism, energy pathways, meth-
ylation pathways, and aromatic amino acids, along with an
increase in bile acids acids (Weiss et al. 2016), related with
glymphatic system, which has been shown to be impaired
in OHE animal models (Hadjihambi et al. 2019; Hsu et al.
2021). From this study, carnitine, 5-hydroxyindoleacetic
acid and uracil were identified as being related to the sever-
ity of OHE, as they showed positive and negative correla-
tions with the West Haven score scale and Glasgow coma
scale, respectively.

Biomarkers based on systemic inflammation

Systemic inflammation is another consequence of liver cir-
rhosis and a significant factor in the development of OHE. It
has been demonstrated that systemic inflammation can mod-
ulate the toxic effects of ammonia on the brain (Shawcross
et al. 2004) and that high systemic inflammatory response
syndrome score, rather than ammonia in the blood, correlate

with grades 3 and 4 of OHE (Shawcross et al. 2011). These
studies support findings from other research groups that
suggest a synergistic effect of systemic inflammation and
ammonia levels in inducing neurological dysfunction in
chronic liver disease (Felipo et al. 2012b; Montoliu et al.
2015).

In the early stages preceding OHE, there is already
involvement of the immune system (Yadav et al. 2016).
The levels of interleukin (IL) 6 and IL-18 are more than
twice in patients with mHE compared to patients without
mHE (Montoliu et al. 2009). These levels correlate with
the severity of mHE, and it was observed that patients with
mHE had IL-6 levels exceeding 11 pg/mL (Montoliu et al.
2009). Other studies have also demonstrated that the levels
of cytokines IL-6 and IL-17, as well as the factor STAT3,
are elevated and independently associated with mHE (Luo
et al. 2012; Wu et al. 2016; Gairing et al. 2022). Moreover,
in patients with mHE, IL-17 levels in plasma exceed 49 pg/
mL (Li et al. 2015). Subsequently, more detailed charac-
terization of immunological changes in patients with mHE
was conducted (Mangas-Losada et al. 2017). Patients with
mHE showed an increase in pro-inflammatory intermedi-
ate monocytes (CD147"CD16"), activated B and CD4" T
lymphocytes, and autoreactive CD4"CD28™ T lymphocytes.
These immunological changes promote a pro-inflammatory
environment characterized by elevated serum levels of pro-
inflammatory cytokines such as IL-6, IL-21, IL-17, IFN-y,
IL-12, IL-18, TNF-a, IL-1B, IL-22, and IL-15, as well as
chemokines CCL20, CXCL13, and CX3CLI. There is also
an expansion of Th22 and follicular Th lymphocytes and
increased activation of Th17 lymphocytes (see Figure 6 in
Mangas-Losada et al. 2017). In this study, serum levels of
IgG, IL-15, CXCL13, IL-6, and CX3CLI1 achieved diagnos-
tic values with an area under the receiver operating charac-
teristic (AUROC) greater than 0.75 (Mangas-Losada et al.
2017).

In patients with OHE, elevated levels of some of these
cytokines have been observed and correlated with the sever-
ity of the OHE, such as IL-18 (Onal et al. 2011; Komala et
al. 2020), TNF-a (Odeh et al. 2004; Goral et al. 2011), and
IL-6 (Luo et al. 2013). These findings support the hypoth-
esis that immune system alterations in cirrhotic patients are
potential biomarkers for the progression of OHE.

Oxidative and nitrosative stress

Both hyperammonemia and inflammation can induce oxida-
tive stress, which may mediate the neurological alterations
seen in mHE and OHE (Gorg et al. 2013). The presence
of oxidative stress has been demonstrated in the blood and
brain of patients with mHE and OHE (Goérg et al. 2010;
Giménez-Garz6 et al. 2015, 2018). Specific markers of
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oxidative stress in the blood of patients with mHE, such as
the oxidized/reduced glutathione ratio, reduced glutathione
levels, malondialdehyde, and 3-nitrotyrosine, correlate with
the severity of mHE and with attention and motor coordi-
nation impairments in these patients (Montoliu et al. 2011;
Gimenez-Garz6 et al. 2015). Serum levels of 3-nitrotyro-
sine are a marker of oxidative stress. Under oxidative stress
conditions, nitric oxide reacts with superoxide to produce
peroxynitrite, which in turn reacts with tyrosine to form
3-nitrotyrosine (Reiter et al. 2000; Pietraforte et al. 2003;
Pacher et al. 2007). Levels of 3-nitrotyrosine are indepen-
dently associated with mHE (Felipo et al. 2013) and have
shown good diagnostic value for mHE, with an AUROC of
0.96, establishing a cutoff point of 14 nM, achieving 83%
specificity and 94% sensitivity (Montoliu et al. 2011). Sub-
sequent studies confirmed the diagnostic value of 3-nitroty-
rosine in mHE, with AUROC values of 0.85, and sensitivity
and specificity percentages of 85% and 82.5%, respectively,
at a cutoff point of 14.15 nM (Salman et al. 2021).

Nitrosative stress is also implicated in neuronal altera-
tions in patients with OHE (Genesca et al. 1999). The acti-
vation of guanylate cyclase by nitric oxide is altered in the
brains of subjects with OHE, leading to impaired cyclic gua-
nosine monophosphate (¢cGMP) formation, which contrib-
utes to the deterioration of cognitive functions during liver
failure and hyperammonemia (Corbalén et al. 2002; Erceg
et al. 2005a, b). cGMP homeostasis is disrupted in patients
with liver cirrhosis, evidenced by increased blood levels but
reduced lymphocyte levels of cGMP (Rodrigo et al. 2004;
Montoliu et al. 2005). The disturbance in cGMP homeosta-
sis in both the brain and blood of cirrhotic patients suggests
that these blood alterations may reflect brain changes and
could be associated with mHE. Studies in this area dem-
onstrated that both cGMP levels and nitric oxide-induced
guanylate cyclase activation in lymphocytes are elevated in
patients with mHE, correlating with the severity of the con-
dition (Montoliu et al. 2007).

Neuroinflammation and central nervous system-
derived components

The central nervous system (CNS) is a privileged tissue,
isolated from the rest of the body by BBB, making it dif-
ficult to access. Postmortem analysis of this tissue aids in
understanding the neuropathology associated with OHE,
but obtaining biopsy samples from patients is not work-
able. Due to this difficulty, the analysis of CNS-derived
components has been proposed to study its pathological and
physiological state, primarily in CSF and blood. Several
studies demonstrate the presence of neuroinflammation in
patients with OHE (Cagnin et al. 2006; Dennis et al. 2014).
Ammonia levels and systemic inflammation mediate this
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neuroinflammation. Ammonia directly affects microglia
(Zemtsova et al. 2011) and systemic inflammation increases
the permeability of the BBB. This increased permeability
allows the infiltration of immune cells and inflammatory
factors into the central nervous system (Kebir et al. 2007,
Reboldi et al. 2009; Huppert et al. 2010; Rochfort et al.
2014).

S-100-B The protein-S-100-B (PS100-B) is synthesized by
astrocytes and Schwann cells and has been proposed as a
peripheral biomarker for BBB permeability (Kanner et al.
2003; Marchi et al. 2004). It has been shown that OHE
patients had higher levels of PS100-f than those without
OHE and correlate with severity (Saleh et al. 2007; Man-
zhalii et al. 2022). This protein could have diagnostic value
for OHE, as levels starting from 0.13 ng/mL could diag-
nose mHE and OHE with a sensitivity and specificity of
83.3% and 63.6%, respectively, and an AUROC value of
0.8 (Duarte-Rojo et al. 2016). In other studies, a model was
developed that included PS100-p, ammonia, procalcitonin,
MELD score, presence of transjugular intrahepatic porto-
systemic shunt and sodium, which achieved the best predic-
tive value for OHE with an AUROC of 0.765 (Weiss et al.
2024).

Neurofilament light chain protein (NfL) In recent years, NfL
has been suggested as a marker for neurological diseases,
which can be analyzed in blood and CSF. NfL is a struc-
tural protein of axonal cytoskeletons, and its levels correlate
with neuronal damage in neurological diseases since axonal
damage leads to NfL release, crossing the BBB and detect-
able in blood (Gaiottino et al. 2013; Osborn et al. 2019;
Khalil et al. 2024). Recently, several studies have demon-
strated the association between blood NfLL. and mHE, where
NfL levels are elevated in mHE patients, correlate with the
severity of the pathology, and provide diagnostic value with
an AUROC between 0.66 and 0.87 (Labenz et al. 2021; Fio-
rillo et al. 2023). In patients with OHE, NfL levels were
also elevated compared to cirrhotic patients without OHE
(de Wit et al. 2024).

Glial Fibrillary Acidic Protein (GFAP) The diagnostic value of
serum GFAP has also been studied in mHE. GFAP is the
major protein of the astrocyte cytoskeleton and is estab-
lished as a biomarker of astrocyte damage and activation
(Abdelhak et al. 2022). Similar to NfL, serum GFAP levels
are also independently associated with mHE and its severity
(Gairing et al. 2023).

Extracellular Vesicles (EVs) EVs are structures formed by
a lipid bilayer, ranging from 50 to 1,000 nm, generated
by most cell types under both normal and pathological
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conditions, containing proteins such as cytokines, enzymes,
surface proteins like receptors or ligands, lipids, and dif-
ferent types of nucleic acids (Jan et al. 2019). These EVs
are present in all biological fluids, and their composition
is conditioned by the cell type and physiological state that
generates them. This characteristic makes them a potential
tool for diagnosing and treating various diseases (Chen et
al. 2008; Kalluri and LeBleu 2020). In neurological dis-
eases, the composition of EVs from neurons has been estab-
lished as a potential biomarker, as these EVs would reflect
the pathological state of neurons and could be analyzed
in blood samples (Bellingham et al. 2012; Winston et al.
2019). Studies conducted in animal models have shown the
involvement of these EVs in hyperammonemia and OHE
(Izquierdo-Altarejos et al. 2020, 2022, 2023). Recently, the
composition and differences in the cellular origin of EVs
in the blood of mHE patients have been characterized, as
well as their role in modulating the immune system associ-
ated with mHE (Gallego et al. 2022). This study demon-
strated that EVs isolated from the plasma of mHE patients
were enriched in pro-inflammatory factors such as TNF-a
and MHCII, that correlated with the degree of cognitive
impairment in patients. Additionally, it was found that the
proportion of neuron-derived EVs was higher in the blood
of mHE patients. These studies suggest that analysis of EVs
composition and source could serve as a biomarker for mHE
and its progression to OHE, but more detailed studies are
needed to improve its diagnostic value.

Neurotransmission

Magnetoencephalography studies have revealed that
patients with OHE exhibit alterations in neural synchroni-
zation and coupling within the basal ganglia-thalamus-cor-
tex circuit, which modulates motor activity (Timmermann
et al. 2003). Hyperammonemia and neuroinflammation
also negatively affect neurotransmission, leading to altera-
tions in neuronal networks and function (Sancho-Alonso et
al. 2022a, b), which could be detected using non-invasive
methods. A method to evaluate neurophysiological activity
is through the recording of event-related potentials, where
latency represents the time required to process the stimu-
lus and is related to cognitive impairment (Polich 2012).
One of the most studied event-related potentials in mHE
is the auditory P300 potential, the latency of which is pro-
longed in these patients (Saxena et al. 2001, 2002). In this
context, auditory P300 event-related potentials is capable
of diagnosis of mHE in cirrhotic patients with a 61.1% of
sensitivity and 81.8% of specificity (AUROC: 0.725; cut-
off: 413 ms) (Santana-Vargas et al. 2022). Cirrhotic patients
with mHE showed a reduction in the wave area of other
event-related auditory potential, the mismatch negativity,

and this reduction correlated with attention deficits in these
patients. Reduced mismatch negativity wave area was able
to differentiate patients with mHE at a cutoff point of 67 pV/
ms with 83% sensitivity and 77% specificity (Felipo et al.
2012a).

Biomarkers based on magneting resonance imaging
and proton magneting resonance spectroscopy

Structural and functional magnetic resonance imaging
(MRI) techniques could also provide useful parameters
for the early diagnosis of mHE in a sensitive and wide-
spread manner worldwide. In tractography studies, altera-
tions in the levels of water diffusion in the brain tissue were
observed in patients with HE and mHE, which indicates
a microstructural alteration of the white matter directly
related to the cognitive impairment of the patients (Miese
et al. 2006; Montoliu et al. 2014). Hyperammonemia seems
to play an important role in the severity of these micro-
structural alterations, as they are accentuated after inducing
hyperammonemia in patients through the ingestion of amino
acids (Mardini et al. 2011). On this topic, mean kurtosis, a
parameter derived from the degree of water diffusion, in the
putamen was able to differentiate cirrhotic patients with and
without mHE using a cutoff point of 0.74, with a sensitiv-
ity and specificity of 89% and 86%, respectively (Sato et
al. 2019). This parameter also showed potential diagnostic
value in other brain regions, though with lower diagnostic
potential.

On the other hand, a decrease in the density of both white
and grey matter was observed in patients with cirrhosis and
mHE. This alteration was also related to the psychometric
results of the patients (Garcia-Garcia et al. 2017), but it does
not seem to disappear after liver transplant (Guevara et al.
2011). Changes in grey matter volume were found to have
diagnostic value for mHE, specifically in grey matter vol-
ume in right cerebellum (AUROC of 0.986; 100% sensitiv-
ity and 91% specificity; cutoff of 0.698 mm?) and in the
right insula/frontal inferior operculum cluster (AUROC of
0.983; 92% sensitivity and 95% specificity; cutoff of 0.566
mm?) (Garcia-Garcia et al. 2017).

In a more localized way, a similar decrease in the thick-
ness of the cortex was observed, both in the precuneus and
in the temporal cortex, this alteration being much more
marked in patients with mHE than in patients with cirrho-
sis, but without cognitive impairment, or in healthy subjects
(Montoliu et al. 2012). A similar deterioration was also
observed in the grey matter of the thalamus of patients with
cirrhosis caused by the hepatitis B virus; reaching the point
of suggesting the use of this deterioration as a biomarker of
disease progress (Lin et al. 2022). Tao et al. (2013) found
that thalamic volume was greater in patients with mHE and
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OHE, and it increased with the severity of OHE. Addition-
ally, the increase in thalamic volume was able to distinguish
between cirrhotic patients without mHE and those with
mHE, with an increase of 1.339%, achieving AUROC val-
ues of 0.827, with 87.5% sensitivity and 52.9% specificity.

In early cognitive alterations such as mHE, structural
damage, although slight, may have diagnostic utility. In
these situations, the detection of alterations in brain acti-
vation and functioning patterns may be more relevant and
useful.

Regarding functional MRI (fMRI) studies, resting state-
fMRI (rs-fMRI) showed that in HE and mHE patients,
decreased functional connectivity of the default neural net-
work was associated with increased ammonia levels and
poorer performance on psychometric tests such as the PHES
battery (Zhang et al. 2012; Qi et al. 2014; Garcia-Garcia
et al. 2017). This decreased connectivity was accentuated
in patients with mHE compared to those with cirrhosis but
without mHE. This decrease in connectivity was much more
pronounced in patients who have suffered episodes of OHE
and may be present even after patients had recovered their
cognitive functions (Chen et al. 2012, 2013).

Reduced connectivity was also observed in neural net-
works associated with attention and executive functions,
such as the attentional, fronto-parietal and salience net-
works (Garcia-Garcia et al. 2017). In the case of attentional
networks, it has even been possible to classify patients as
mHE or non-mHE solely on the basis of the state of connec-
tivity in certain regions of interest in these networks (Chen
et al. 2014).

Other studies have analysed the level of synchronisa-
tion at the local voxel level in certain brain regions. In these
cases, in patients with mHE, a lower level of homogeneity
was observed in the cuneus, precuneus and left inferior pari-
etal lobe. On the other hand, homogeneity was increased in
the cerebellum and left parahippocampal gyrus. Using these
homogeneity alterations, and using artificial intelligence-
based classification techniques, Chen et al. (2016) were able
to classify patients with and without mHE with an accuracy
of 82.9% sensitivity and 81.3% specificity.

Cerebral metabolites quantified by Proton magnetic reso-
nance spectroscopy (‘H MRS) could serve as biomarkers
to stratify cirrhotic patients according to HE severity. Ross
et al. (1994) indicated that myo-inositol (ml) depletion can
detect HE and mHE with a sensitivity near to 90%. Changes
in cerebral myoinositol and glutamine (Gln)/glutamate
(Glu) levels correlated with the severity of HE, though these
changes have also been observed in patients without HE
(Geissler et al. 1997; Meng et al. 2015). Meng et al. (2015)
found increased Glu levels in mHE patients compared to
patients without mHE and controls. They suggested that Glu
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levels could be a sensitive indicator to evaluate the severity
of mHE in patients with cirrhosis.

Decreased ml/creatine (Cr) and choline (Cho)/Cr ratios
and an elevated GIn and Glu (GIx)/Cr ratio-were found to
normalize after liver transplantation, in parallel with the
dissapearance of the neuropsychologic signs of minimal or
overt HE (Naegele et al. 2000). Treatment with lactulose
also ameliorate metabolic parameters measured by MRS
after 3 months of treatment in mHE patients (Jain et al.
2013).

It would be useful to identify MR parameters that dis-
tinguish cirrhotic patients with and without mHE with high
sensitivity and diagnostic specificity. Moreover, MR stud-
ies are complicated to analyse, as well as expensive, so for
daily clinical practice, it would be useful to have biomarkers
measured in blood or other biological fluids that indicate the
brain alterations of patients.

Gut microbiota-based biomarkers

Alterations in the gut-liver-brain axis seem to play a rele-
vant role in the induction of HE (Bajaj et al. 2012, 2014). In
cirrhotic patients, bacterial translocation occurs in 25-30%
of patients (Cirera et al. 2001), and several mechanisms
promote it: bacterial overgrowth (potentiated by decreased
intestine motility), immunological changes due to liver cir-
rhosis, and increased intestinal permeability (promoted by
systemic inflammation) (Guarner et al. 1993; Francés et
al. 2007; Bellot et al. 2013). This translocation and dys-
biosis triggers several pathways that induce the release of
pro-inflammatory cytokines and nitric oxide (Francés et al.
2007; Wiest and Garcia-Tsao 2005; Tse 2017). This sys-
temic inflammation, nitric oxide and components derived
from the intestinal microbiota can contribute to the perme-
ability of the BBB and neuroinflammation characteristic of
OHE (Shahbazi et al. 2023). The gut microbiome is altered
in patients with liver cirrhosis which may contribute to
alterations in the immune system and cognition.

In stool samples from patients with OHE, a decrease in
autochthonous taxa such as Lachnospiraceae, Ruminococ-
caceae, and Clostridiales XIV, and an increase in pathogenic
taxa such as Staphylococcaceae, Enterobacteriaceae, and
Enterococcaceae have been found in both saliva and stool
samples (Bajaj et al. 2014, 2015). Bacterial metabolites such
as methanol and threonine and species as Stenotrophomonas
pavanii and Methylobacterium extorquens were positive
associated to OHE (Iebba et al. 2018). Certain taxa have
been associated with better cognitive function, while oth-
ers are associated with poor cognitive function in patients
with OHE (Bajaj et al. 2012, 2014). These data confirm the
pivotal role of the intestinal microbiota in the pathogenesis
of OHE.
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In patients with mHE, changes associated with the intes-
tinal microbiota have also been found, such as the presence
of gut ammonia-increasing bacteria Streptococcus salivar-
ius and low diversity, along with a reduction in beneficial
autochthonous bacteria and an increase in pathogenic gram-
negative bacteria (Zhang et al. 2013; Wang et al. 2019; Bajaj
etal. 2020; Luo et al. 2023). Studies in animal models reveal
that mice receiving fecal transplants from patients with
mHE developed neuroinflammation and microglial activa-
tion (Liu et al. 2020). These studies demonstrate that the
intestinal microbiota is involved in the early stages of HE
(Luo et al. 2023) Therefore, the intestinal microbiota and its
components could be evaluated as an early biomarker.

Bajaj et al. (2019) found that the relative abundance
of Lactobacillaceae in saliva and feces was increased in
patients with mHE, because of that, saliva samples could
also be a valuable resource for microbiota analysis related
to this pathology. In the same study, genera bacteria from
the Lachnospiraceae family, such as Ruminococcus and
Clostridium XIVb, were found to be more abundant in cir-
rhotic patients without mHE and were associated with bet-
ter cognitive function. This could help distinguish cirrhotic
patients with and without mHE. Similarly, other studies
have linked the presence of bacteria from the Prevotellaceae
family with a reduced risk of developing mHE (Bajaj et al.
2020). On the other hand, the presence of small intestinal
bacterial overgrowth has been established as an independent
risk factor associated with mHE (Gupta et al. 2010).

Bacterial metabolism-derived compounds have also
been studied as diagnostic parameters for HE. Specifically,
short-chain fatty acids (SCFAs) and tryptophan metabolism
compounds were analyzed for this aim in both serum and
fecal samples (Wang et al. 2023). In this study, multiple
compounds in serum or feces were capable of distinguish-
ing between patients with OHE, cirrhotic patients, and con-
trols. Notably, serum levels of valeric acid could distinguish
between patients with and without OHE with an AUROC of
0.830 (Wang et al. 2023).

There are certain discrepancies in the abundance of
microbial taxa and metabolites observed in cirrhotic patients,
likely due to the diagnostic methods for mHE and OHE and
the etiology of cirrhosis. These studies highlight the poten-
tial utility of microbiota-derived parameters as diagnostic
tools for mHE and OHE. However, these parameters need
to be studied in greater depth, considering multiple clinical
variables.

Biomarkers of treatment efficacy
OHE represents an advanced stage, where treatment aimed

at reversing the condition becomes challenging. Compara-
tive studies conducted before and after liver transplantation

have shown persistent neurological alterations in patients
who experienced episodes of HE prior to transplantation.
This suggests that OHE may cause irreversible brain dys-
function; even after hepatic function is restored through
transplantation (Garcia-Martinez et al. 2011). In contrast, an
earlier stage in the HE spectrum, such as mHE, is potentially
reversible if diagnosed early and treated appropriately. One
of the most widely used treatments for mHE is rifaximin.
Rifaximin has been shown to reverse cognitive and motor
impairments, reduce peripheral inflammation, and lower
NfL levels in mHE patients. However, several studies have
identified preexisting differences between mHE patients
who respond to treatment and those who do not, such as the
fact that patients with clinical signs of metabolic syndrome
tend to have a poorer response to rifaximin compared to
those without (Ballester et al. 2022).

Mangas-Losada et al. (2019) demonstrated that mHE
patients who did not respond to rifaximin lacked an increase
in the early activation marker CD69 in T lymphocytes, as
well as elevated levels of IL-21, IL-15, and IL-18 in plasma
prior to treatment. Similarly, Fiorillo et al. (2023) demon-
strated that before rifaximin treatment, patients with mHE
who experienced a reversal of cognitive and motor impair-
ment had significantly lower levels of NfL compared to
those in whom the impairment did not reverse. MRI studies
also found that patients who did not respond to treatment
had intra-network connectivity in the basal ganglia network
(Casanova-Ferrer et al. 2024).

Figure 1 shows a summary of biomarkers from different
origin as mHE and OHE diagnosis, risk stratification, and
severity detection.

Conclusions

Biomarkers in the field of OHE have significant value as they
could predict the onset of the disease or especially improve
the early diagnosis of preclinical stages. This would allow
for the anticipation of treatment and prevention of progres-
sion to more severe HE stages while also contributing to
the development of novel therapeutic targets. Historically,
ammonia levels have been considered a key factor in this
pathology. However, when considered alone, ammonia has
limited utility in diagnosing the various stages and progres-
sion of OHE. No studies currently compare the utility of
ammonia against other biomarkers in both mHE and OHE,
as well as their progression or severity. Such studies would
be valuable for identifying the most effective biomarker.
The development of predictive models that incorporate
ammonia aims to enhance its predictive value by integrat-
ing additional variables involved in the pathophysiology
disease. The most promising biomarkers in mHE and OHE
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Fig. 1 Summary of biomarkers from different origin as mHE and OHE diagnosis, risk stratification, and severity detection. See text for details

explanation

would be these models, as they incorporate several vari-
ables relevant to the pathology. However, further research
is still needed to develop and validate more specific models,
tailored to the unique characteristics of individual patients
and using accessible data in clinical practice. The benefit
of using these models in the diagnosis of mHE lies in their
ability to be applied quickly and objectively by medical pro-
fessionals using biochemical and clinical history data. This
would reduce the need for psychometric tests, which have
disadvantages such as requiring active patient participation,
being subject to evaluator bias, and demanding time for
performance and interpretation, resources often unavailable
in clinical settings. In addition to the study of blood mol-
ecules as biomarkers, another emerging field in recent years,
particularly relevant for OHE biomarker research, is the
evaluation of brain-derived molecules in peripheral blood.
Although the initial data evaluating their role is interesting,
further research is needed to better define their clinical use-
fulness. This approach offers a minimally invasive method
to investigate biomarkers, providing valuable insights into
neurological and systemic interactions without the need for
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invasive procedures. An easily measurable, rapid, and cost-
effective biomarker for the diagnosis and prognosis of mHE
and OHE, as well as for monitoring and predicting the res-
pose to treatment, remains an unmet need. However, this
work presents the most relevant information in this field,
providing valuable insights for clinical professionals and
researchers interested in utilizing, studying, or validating
biomarkers for OHE in a clinical setting.

Author contributions Conceptualization: Juan-José Gallego, Maria-
Pilar Ballester, Carmina Montoliu.

Funding acquisition: Maria-Pilar Ballester, Carmina Montoliu.
Investigation: Juan-José Gallego, Maria-Pilar Ballester, Franc Casano-
va-Ferrer, Alessandra Fiorillo, Adria Lopez-Gramaje, Amparo Urios,
Yaiza Maria Arenas, Maria-Pilar Rios, Lucia Durban, Javier Megias,
Teresa San-Miguel, Salvador Benlloch, Paloma LLuch, Rajiv Jalan,
Carmina Montoliu.

Methodology: Juan-Jos¢ Gallego, Maria-Pilar Ballester, Franc Ca-
sanova-Ferrer, Alessandra Fiorillo, Adria Lopez-Gramaje, Amparo
Urios, Yaiza Maria Arenas.

Project administration: Maria-Pilar Ballester, Carmina Montoliu.
Resources: Maria-Pilar Ballester, Maria-Pilar Rios, Lucia Durban, Sal-
vador Benlloch, Paloma LLuch, Carmina Montoliu.

Supervision: Carmina Montoliu, Rajiv Jalan.



Metabolic Brain Disease (2025) 40:100

Page 13 0f 18 100

Writing — original draft: Juan-José Gallego, Maria-Pilar Ballester, Am-
paro Urios, Carmina Montoliu, Rajiv Jalan.

Writing — review & editing: all authors. All authors have read and
agreed to the published version of the manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This work was supported by Agen-
cia Valenciana de Innovacion, Generalitat Valenciana (Consolidacio
Cadena Valor); Generalitat Valenciana (CIPROM2021/082, co-fund-
ed ERDF funds; CIAPOT/2021/20; CIACIF/2022/444); Instituto de
Salud Carlos III (P123/00062, and Joan Rodes Contract, JR23/00029),
co-funded ERDF funds; F. Sarabia Donation (PRV00225); Ministe-
rio de Universidades, Margarita Salas grant (MS21-120); INCLIVA
and Universidad de Valencia, Programa de Proyectos de Investigacion
Traslacional VLC-Bioclinic (PI-2023-001); Universidad de Valen-
cia, Ayudas para Acciones Especiales (UV-INV_AE-2633839). The
funders had no role in study design, data collection and analysis, deci-
sion to publish or preparation of the manuscript.

Data availability Not applicable.

Declarations
Ethics approval Not applicable.
Consent to participate Not applicable.

Conflict of interest Rajiv Jalan is the inventor of OPA, which has been
patented by UCL and licensed to Mallinckrodt Pharma. He is also the
founder of Yaqrit Discovery, Hepyx Limited (spin out companies from
University College London), and Cyberliver. He has research collabo-
rations with Yaqrit Discovery. Yaq-001 was licensed by Yaqrit Ltd.
from UCL. The other authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Abdelhak A, Foschi M, Abu-Rumeileh S et al (2022) Blood GFAP as
an emerging biomarker in brain and spinal cord disorders. Nat Rev
Neurol 18:158—-172. https://doi.org/10.1038/s41582-021-00616-3

Ahn JM, Kim CH, Um SH et al (2017) Validation study associating
glutaminase promoter variations with hepatic encephalopathy
in East Asian populations. J Gastroenterol Hepatol 32:901-907.
https://doi.org/10.1111/jgh.13618

Albillos A, Lario M, Alvarez-Mon M (2014) Cirrhosis-associated
immune dysfunction: distinctive features and clinical relevance.
J Hepatol 61:1385-1396. https://doi.org/10.1016/j.jhep.2014.08.
010

Albillos A, Martin-Mateos R, Van der Merwe S et al (2022) Cirrhosis-
associated immune dysfunction. Nat Rev Gastroenterol Hepatol
19:112—-134. https://doi.org/10.1038/541575-021-00520-7

Arguedas MR, DeLawrence TG, McGuire BM (2003) Influence
of hepatic encephalopathy on health-related quality of life in
patients with cirrhosis. Dig Dis Sci 48:1622—1626. https://doi.o
1g/10.1023/a:1024784327783

Bajaj JS, Hylemon PB, Ridlon JM et al (2012) Colonic mucosal micro-
biome differs from stool microbiome in cirrhosis and hepatic
encephalopathy and is linked to cognition and inflammation. Am
J Physiol Gastrointest Liver Physiol 303:G675-G685. https://doi
.org/10.1152/ajpgi.00152.2012

Bajaj JS, Heuman DM, Hylemon PB et al (2014) Altered profile of
human gut microbiome is associated with cirrhosis and its com-
plications. J Hepatol 60:940-947. https://doi.org/10.1016/j.jhep.
2013.12.019

Bajaj JS, Betrapally NS, Hylemon PB et al (2015) Salivary micro-
biota reflects changes in gut microbiota in cirrhosis with hepatic
encephalopathy. Hepatology 62:1260—1271. https://doi.org/10.10
02/hep.27819

Bajaj JS, Fagan A, White MB et al (2019) Specific gut and salivary
microbiota patterns are linked with different cognitive testing
strategies in minimal hepatic encephalopathy. Am J Gastroenterol
114:1080-1090. https://doi.org/10.14309/ajg.0000000000000102

Bajaj JS, Torre A, Rojas ML et al (2020) Cognition and hospitaliza-
tions are linked with salivary and faecal microbiota in cirrhosis
cohorts from the USA and Mexico. Liver Int 40:1395-1407.
https://doi.org/10.1111/1iv.14437

Balcar L, Krawanja J, Scheiner B et al (2023) Impact of ammonia
levels on outcome in clinically stable outpatients with advanced
chronic liver disease. JHEP Rep 5:100682. https://doi.org/10.101
6/j.jhepr.2023.100682

Ballester MP, Gallego JJ, Fiorillo A et al (2022) Metabolic syndrome
is associated with poor response to rifaximin in minimal hepatic
encephalopathy. Sci Rep 12(1):2463. https://doi.org/10.1038/s41
598-022-06416-z

Ballester MP, Tranah TH, Balcar L et al (2023) Development and
validation of the AMMON-OHE model to predict risk of overt
hepatic encephalopathy occurrence in outpatients with cirrhosis. J
Hepatol 79:967-976. https://doi.org/10.1016/j.jhep.2023.05.022

Bellingham SA, Guo BB, Coleman BM, Hill AF (2012) Exosomes:
vehicles for the transfer of toxic proteins associated with neuro-
degenerative diseases? Front Physiol 3. https://doi.org/10.3389/f
phys.2012.00124

Bellot P, Francés R, Such J (2013) Pathological bacterial translocation
in cirrhosis: pathophysiology, diagnosis and clinical implications.
Liver Int 33:31-39. https://doi.org/10.1111/1iv.12021

Biomarkers Definitions Working Group (2001) Biomarkers and surro-
gate endpoints: preferred definitions and conceptual framework.
Clin Pharmacol Ther 69:89-95. https://doi.org/10.1067/mcp.200
1.113989

Bosoi CR, Rose CF (2009) Identifying the direct effects of ammonia
on the brain. Metab Brain Dis 24:95-102. https://doi.org/10.100
7/s11011-008-9112-7

Cagnin A, Taylor-Robinson SD, Forton DM, Banati RB (2006) In vivo
imaging of cerebral “peripheral benzodiazepine binding sites” in
patients with hepatic encephalopathy. Gut 55:547-553. https://do
i.org/10.1136/gut.2005.075051

Casadaban LC, Parvinian A, Minocha J et al (2015) Clearing the con-
fusion over hepatic encephalopathy after TIPS creation: inci-
dence, prognostic factors, and clinical outcomes. Dig Dis Sci
60:1059-1066. https://doi.org/10.1007/s10620-014-3391-0

Casanova-Ferrer F, Gallego JJ, Fiorillo A et al (2024) Improved cogni-
tion after rifaximin treatment is associated with changes in intra-
and inter-brain network functional connectivity. J Transl Med
22(1):49. https://doi.org/10.1186/s12967-023-04844-7

@ Springer


https://doi.org/10.1038/s41575-021-00520-7
https://doi.org/10.1023/a:1024784327783
https://doi.org/10.1023/a:1024784327783
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1002/hep.27819
https://doi.org/10.1002/hep.27819
https://doi.org/10.14309/ajg.0000000000000102
https://doi.org/10.1111/liv.14437
https://doi.org/10.1016/j.jhepr.2023.100682
https://doi.org/10.1016/j.jhepr.2023.100682
https://doi.org/10.1038/s41598-022-06416-z
https://doi.org/10.1038/s41598-022-06416-z
https://doi.org/10.1016/j.jhep.2023.05.022
https://doi.org/10.3389/fphys.2012.00124
https://doi.org/10.3389/fphys.2012.00124
https://doi.org/10.1111/liv.12021
https://doi.org/10.1067/mcp.2001.113989
https://doi.org/10.1067/mcp.2001.113989
https://doi.org/10.1007/s11011-008-9112-7
https://doi.org/10.1007/s11011-008-9112-7
https://doi.org/10.1136/gut.2005.075051
https://doi.org/10.1136/gut.2005.075051
https://doi.org/10.1007/s10620-014-3391-0
https://doi.org/10.1186/s12967-023-04844-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41582-021-00616-3
https://doi.org/10.1111/jgh.13618
https://doi.org/10.1016/j.jhep.2014.08.010
https://doi.org/10.1016/j.jhep.2014.08.010

100 Page 14 of 18

Metabolic Brain Disease (2025) 40:100

Cascino A, Cangiano C, Fiaccadori F et al (1982) Plasma and cerebro-
spinal fluid amino acid patterns in hepatic encephalopathy. Dig
Dis Sci 27:828-832. https://doi.org/10.1007/BF01391377

Chen X, Ba'Y, Ma L et al (2008) Characterization of microRNAs in
serum: a novel class of biomarkers for diagnosis of cancer and
other diseases. Cell Res 18:997—1006. https://doi.org/10.1038/c
1.2008.282

Chen H-J, Zhu X-Q, Shu H et al (2012) Structural and functional
cerebral impairments in cirrhotic patients with a history of overt
hepatic encephalopathy. Eur J Radiol 81:2463-2469. https://doi.o
1rg/10.1016/j.ejrad.2011.10.008

Chen H-J, Jiao Y, Zhu X-Q et al (2013) Brain dysfunction primar-
ily related to previous overt hepatic encephalopathy compared
with minimal hepatic encephalopathy: resting-state functional mr
imaging demonstration. Radiology 266:261-270. https://doi.org/
10.1148/radiol.12120026

Chen H-J, Wang Y, Zhu X-Q et al (2014) Classification of cirrhotic
patients with or without minimal hepatic encephalopathy and
healthy subjects using resting-state attention-related network
analysis. PLoS One 9:e89684. https://doi.org/10.1371/journal.p
one.0089684

Chen Q-F, Chen H-J, Liu J et al (2016) Machine learning classification
of cirrhotic patients with and without minimal hepatic encepha-
lopathy based on regional homogeneity of intrinsic brain activity.
PLoS One 11:¢0151263. https://doi.org/10.1371/journal.pone.01
51263

Cirera I, Bauer TM, Navasa M et al (2001) Bacterial translocation of
enteric organisms in patients with cirrhosis. J Hepatol 34:32-37.
https://doi.org/10.1016/s0168-8278(00)00013-1

Corbalan R, Chatauret N, Behrends S et al (2002) Region selective
alterations of soluble guanylate cyclase content and modulation
in brain of cirrhotic patients. Hepatology 36:1155-1162. https://d
oi.org/10.1053/jhep.2002.36365

Damink SWMO, Jalan R, Redhead DN et al (2002) Interorgan ammo-
nia and amino acid metabolism in metabolically stable patients
with cirrhosis and a TIPSS. Hepatology 36:1163—1171. https://do
i.org/10.1053/jhep.2002.36497

de Wit K, van Doorn DJ, Mol B et al (2024) Neurofilament light chain
but not glial fibrillary acidic protein is a potential biomarker of
overt hepatic encephalopathy in patients with cirrhosis. Ann
Hepatol 29:101496. https://doi.org/10.1016/j.aohep.2024.101496

Demirciler E (2023) Psychometric tests, critical flicker frequency, and
inflammatory indicators in covert hepatic encephalopathy diagno-
sis. Hepatol Forum. https://doi.org/10.14744/ht.2022.2022.0010

Dennis CV, Sheahan PJ, Graeber MB et al (2014) Microglial prolifera-
tion in the brain of chronic alcoholics with hepatic encephalopa-
thy. Metab Brain Dis 29:1027-1039. https://doi.org/10.1007/s11
011-013-9469-0

Duarte-Rojo A, Ruiz-Margain A, Macias-Rodriguez RU et al (2016)
Clinical scenarios for the use of S100B as a marker of hepatic
encephalopathy. World J Gastroenterol 22:4397-4402. https://doi
.org/10.3748/wjg.v22.117.4397

Elsaid ML, John T, Li Y et al (2020) The health care burden of hepatic
encephalopathy. Clin Liver Dis 24:263-275. https://doi.org/10.1
016/j.c1d.2020.01.006

Erceg S, Monfort P, Hernandez-Viadel M et al (2005a) Oral adminis-
tration of sildenafil restores learning ability in rats with hyperam-
monemia and with portacaval shunts. Hepatology 41:299-306.
https://doi.org/10.1002/hep.20565

Erceg S, Monfort P, Hernandez-Viadel M et al (2005b) Restoration of
learning ability in hyperammonemic rats by increasing extracel-
lular cGMP in brain. Brain Res 1036:115-121. https://doi.org/10.
1016/j.brainres.2004.12.045

Felipo V, Butterworth RF (2002) Neurobiology of ammonia. Prog
Neurobiol 67:259-279. https://doi.org/10.1016/s0301-0082(02)
00019-9

@ Springer

Felipo V, Ordofio JF, Urios A et al (2012a) Patients with minimal
hepatic encephalopathy show impaired mismatch negativity cor-
relating with reduced performance in attention tests. Hepatology
55:530-539. https://doi.org/10.1002/hep.24704

Felipo V, Urios A, Montesinos E et al (2012b) Contribution of hyper-
ammonemia and inflammatory factors to cognitive impairment
in minimal hepatic encephalopathy. Metab Brain Dis 27:51-58.
https://doi.org/10.1007/s11011-011-9269-3

Felipo V, Urios A, Valero P et al (2013) Serum nitrotyrosine and psy-
chometric tests as indicators of impaired fitness to drive in cir-
rhotic patients with minimal hepatic encephalopathy. Liver Int
33:1478-1489. https://doi.org/10.1111/1iv.12206

Fiorillo A, Gallego JJ, Casanova-Ferrer F et al (2023) Neurofilament
light chain protein in plasma and extracellular vesicles is asso-
ciated with minimal hepatic encephalopathy and responses to
rifaximin treatment in cirrhotic patients. Int J] Mol Sci 24. https://
doi.org/10.3390/ijms241914727

Francés R, Chiva M, Sanchez E et al (2007) Bacterial translocation is
downregulated by anti-TNF-alpha monoclonal antibody admin-
istration in rats with cirrhosis and ascites. J Hepatol 46:797-803.
https://doi.org/10.1016/j.jhep.2006.11.018

Gaiottino J, Norgren N, Dobson R et al (2013) Increased neurofila-
ment light chain blood levels in neurodegenerative neurological
diseases. PLoS One 8:¢75091. https://doi.org/10.1371/journal.po
ne.0075091

Gairing SJ, Anders J, Kaps L et al (2022) Evaluation of IL-6 for step-
wise diagnosis of minimal hepatic encephalopathy in patients
with liver cirrhosis. Hepatol Commun 6:1113-1122. https://doi.
org/10.1002/hep4.1883

Gairing SJ, Danneberg S, Kaps L et al (2023) Elevated serum levels
of glial fibrillary acidic protein are associated with covert hepatic
encephalopathy in patients with cirrhosis. JHEP Rep 5:100671.
https://doi.org/10.1016/j.jhepr.2023.100671

Gallego JJ, Fiorillo A, Casanova-Ferrer F et al (2022) Plasma extracel-
lular vesicles play a role in immune system modulation in mini-
mal hepatic encephalopathy. Int J Mol Sci 23:12335. https://doi.o
rg/10.3390/ijms232012335

Garcia-Garcia R, Cruz-Goémez AJ, Mangas-Losada A et al (2017)
Reduced resting state connectivity and gray matter volume corre-
late with cognitive impairment in minimal hepatic encephalopa-
thy. PLoS One 12:e0186463. https://doi.org/10.1371/journal.pon
¢.0186463

Garcia-Martinez R, Rovira A, Alonso J et al (2011) Hepatic encepha-
lopathy is associated with posttransplant cognitive function and
brain volume. Liver Transpl 17(1):38—46. https://doi.org/10.100
2/1t.22197

Geissler A, Lock G, Friind R et al (1997) Cerebral abnormalities in
patients with cirrhosis detected by proton magnetic resonance
spectroscopy and magnetic resonance imaging. Hepatology
25(1):48-54. https://doi.org/10.1053/jhep.1997.v25.pm0008985
263

Genesca J, Gonzalez A, Segura R et al (1999) Interleukin-6, nitric
oxide, and the clinical and hemodynamic alterations of patients
with liver cirrhosis. Am J Gastroenterol 94:169—177. https://doi.o
rg/10.1111/5.1572-0241.1999.00790.x

Gimenez-Garz6 C, Urios A, Agusti A et al (2015) Is cognitive impair-
ment in cirrhotic patients due to increased peroxynitrite and oxi-
dative stress? Antioxid Redox Signal 22:871-877. https://doi.org
/10.1089/ars.2014.6240

Giménez-Garzé C, Urios A, Agusti A et al (2018) Cirrhotic patients
with minimal hepatic encephalopathy have increased capacity
to eliminate superoxide and peroxynitrite in lymphocytes, asso-
ciated with cognitive impairment. Free Radic Res 52:118-133.
https://doi.org/10.1080/10715762.2017.1420183

Goral V, Atayan Y, Kaplan A (2011) The relation between pathogen-
esis of liver cirrhosis, hepatic encephalopathy and serum cytokine


https://doi.org/10.1002/hep.24704
https://doi.org/10.1007/s11011-011-9269-3
https://doi.org/10.1111/liv.12206
https://doi.org/10.3390/ijms241914727
https://doi.org/10.3390/ijms241914727
https://doi.org/10.1016/j.jhep.2006.11.018
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1002/hep4.1883
https://doi.org/10.1002/hep4.1883
https://doi.org/10.1016/j.jhepr.2023.100671
https://doi.org/10.3390/ijms232012335
https://doi.org/10.3390/ijms232012335
https://doi.org/10.1371/journal.pone.0186463
https://doi.org/10.1371/journal.pone.0186463
https://doi.org/10.1002/lt.22197
https://doi.org/10.1002/lt.22197
https://doi.org/10.1053/jhep.1997.v25.pm0008985263
https://doi.org/10.1053/jhep.1997.v25.pm0008985263
https://doi.org/10.1111/j.1572-0241.1999.00790.x
https://doi.org/10.1111/j.1572-0241.1999.00790.x
https://doi.org/10.1089/ars.2014.6240
https://doi.org/10.1089/ars.2014.6240
https://doi.org/10.1080/10715762.2017.1420183
https://doi.org/10.1007/BF01391377
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1016/j.ejrad.2011.10.008
https://doi.org/10.1016/j.ejrad.2011.10.008
https://doi.org/10.1148/radiol.12120026
https://doi.org/10.1148/radiol.12120026
https://doi.org/10.1371/journal.pone.0089684
https://doi.org/10.1371/journal.pone.0089684
https://doi.org/10.1371/journal.pone.0151263
https://doi.org/10.1371/journal.pone.0151263
https://doi.org/10.1016/s0168-8278(00)00013-1
https://doi.org/10.1053/jhep.2002.36365
https://doi.org/10.1053/jhep.2002.36365
https://doi.org/10.1053/jhep.2002.36497
https://doi.org/10.1053/jhep.2002.36497
https://doi.org/10.1016/j.aohep.2024.101496
https://doi.org/10.14744/hf.2022.2022.0010
https://doi.org/10.1007/s11011-013-9469-0
https://doi.org/10.1007/s11011-013-9469-0
https://doi.org/10.3748/wjg.v22.i17.4397
https://doi.org/10.3748/wjg.v22.i17.4397
https://doi.org/10.1016/j.cld.2020.01.006
https://doi.org/10.1016/j.cld.2020.01.006
https://doi.org/10.1002/hep.20565
https://doi.org/10.1016/j.brainres.2004.12.045
https://doi.org/10.1016/j.brainres.2004.12.045
https://doi.org/10.1016/s0301-0082(02)00019-9
https://doi.org/10.1016/s0301-0082(02)00019-9

Metabolic Brain Disease (2025) 40:100

Page 150f 18 100

levels: what is the role of tumor necrosis factor a? Hepatogastro-
enterology 58:943-948

Gorg B, Qvartskhava N, Bidmon H-J et al (2010) Oxidative stress
markers in the brain of patients with cirrhosis and hepatic enceph-
alopathy. Hepatology 52:256-265. https://doi.org/10.1002/hep.2
3656

Gorg B, Schliess F, Haussinger D (2013) Osmotic and oxidative/nitro-
sative stress in ammonia toxicity and hepatic encephalopathy.
Arch Biochem Biophys 536:158—163. https://doi.org/10.1016/j.
abb.2013.03.010

Guarner C, Soriano G, Tomas A et al (1993) Increased serum nitrite
and nitrate levels in patients with cirrhosis: relationship to endo-
toxemia. Hepatology 18:1139-1143

Guevara M, Baccaro ME, Gomez-Anson B et al (2011) Cerebral mag-
netic resonance imaging reveals marked abnormalities of brain
tissue density in patients with cirrhosis without overt hepatic
encephalopathy. J Hepatol 55:564-573. https://doi.org/10.1016/
jjhep.2010.12.008

Gupta A, Dhiman RK, Kumari S et al (2010) Role of small intestinal
bacterial overgrowth and delayed gastrointestinal transit time in
cirrhotic patients with minimal hepatic encephalopathy. J Hepatol
53:849-855. https://doi.org/10.1016/j.jhep.2010.05.017

Hadjihambi A, Harrison IF, Costas-Rodriguez M et al (2019) Impaired
brain glymphatic flow in experimental hepatic encephalopathy.
J Hepatol 70:40—49. https://doi.org/10.1016/j.jhep.2018.08.021

Hsu S-J, Zhang C, Jeong J et al (2021) Enhanced meningeal lymphatic
drainage ameliorates neuroinflammation and hepatic encepha-
lopathy in cirrhotic rats. Gastroenterology 160:1315-1329.e13.
https://doi.org/10.1053/j.gastro.2020.11.036

Huppert J, Closhen D, Croxford A et al (2010) Cellular mechanisms of
IL-17-induced blood-brain barrier disruption. FASEB J 24:1023—
1034. https://doi.org/10.1096/£j.09-141978

Iebba V, Guerrieri F, Di Gregorio V et al (2018) Combining ampli-
con sequencing and metabolomics in cirrhotic patients highlights
distinctive microbiota features involved in bacterial transloca-
tion, systemic inflammation and hepatic encephalopathy. Sci Rep
8:8210. https://doi.org/10.1038/s41598-018-26509-y

Izquierdo-Altarejos P, Cabrera-Pastor A, Gonzalez-King H et al (2020)
Extracellular vesicles from hyperammonemic rats induce neu-
roinflammation and motor incoordination in control rats. Cells
9:572. https://doi.org/10.3390/cells9030572

Izquierdo-Altarejos P, Martinez-Garcia M, Felipo V (2022) Extracel-
lular vesicles from hyperammonemic rats induce neuroinflamma-
tion in cerebellum of normal rats: role of increased TNFo content.
Front Immunol 13:921947. https://doi.org/10.3389/fimmu.2022.
921947

Izquierdo-Altarejos P, Martinez-Garcia M, Felipo V (2023) Extracel-
lular vesicles from hyperammonemic rats induce neuroinflamma-
tion in hippocampus and impair cognition in control rats. Cell
Mol Life Sci 80:90. https://doi.org/10.1007/s00018-023-04750-7

Jain KK (2017) The handbook of biomarkers. Springer New York,
New York

Jain L, Sharma BC, Srivastava S et al (2013) Serum endotoxin, inflam-
matory mediators, and magnetic resonance spectroscopy before
and after treatment in patients with minimal hepatic encephalopa-
thy. J Gastroenterol Hepatol 28(7):1187—1193. https://doi.org/10
A111/gh.12160

Jan A, Rahman S, Khan S et al (2019) Biology, pathophysiological
role, and clinical implications of exosomes: a critical appraisal.
Cells 8:99. https://doi.org/10.3390/cells8020099

Jiménez B, Montoliu C, Maclntyre DA et al (2010) Serum metabolic
signature of minimal hepatic encephalopathy by (1)H-nuclear
magnetic resonance. J Proteome Res 9:5180-5187. https://doi.o
rg/10.1021/pr100486e

Kalluri R, LeBleu VS (2020) The biology, function, and biomedical
applications of exosomes. Science (1979) 367. https://doi.org/10
.1126/science.aau6977

Kanner AA, Marchi N, Fazio V et al (2003) Serum S100beta: a nonin-
vasive marker of blood-brain barrier function and brain lesions.
Cancer 97:2806-2813. https://doi.org/10.1002/cncr.11409

Kebir H, Kreymborg K, Ifergan I et al (2007) Human TH17 lympho-
cytes promote blood-brain barrier disruption and central nervous
system inflammation. Nat Med 13:1173-1175. https://doi.org/10
.1038/nm1651

Khalil M, Teunissen CE, Lehmann S et al (2024) Neurofilaments as
biomarkers in neurological disorders - towards clinical applica-
tion. Nat Rev Neurol 20:269-287. https://doi.org/10.1038/s4158
2-024-00955-x

Komala A, Mustika S, Pratomo B (2020) Overview of serum Interleu-
kin-18 (IL-18) levels in liver cirrhosis patients and their correla-
tion to hepatic encephalopathy. Indones J Gastroenterol Hepatol
Dig Endosc 19:67-73. https://doi.org/10.24871/192201867-73

Labenz C, Toenges G, Huber Y et al (2019) Development and valida-
tion of a prognostic score to predict covert hepatic encephalopa-
thy in patients with cirrhosis. Am J Gastroenterol 114:764-770.
https://doi.org/10.14309/ajg.0000000000000121

Labenz C, Nagel M, Kédmper P et al (2021) Association between serum
levels of neurofilament light chains and minimal hepatic encepha-
lopathy in patients with liver cirrhosis. Clin Transl Gastroenterol
12:¢00419. https://doi.org/10.14309/ctg.0000000000000419

Li W, Li N, Wang R et al (2015) Interferon gamma, interleukin-6, and
-17a levels were correlated with minimal hepatic encephalopathy
in HBV patients. Hepatol Int 9:218-223. https://doi.org/10.1007
/512072-015-9610-8

Lin S, Guo Z, Chen S et al (2022) Progressive brain structural impair-
ment assessed via network and causal analysis in patients with
hepatitis B virus-related cirrhosis. Front Neurol 13. https://doi.or
2/10.3389/fneur.2022.849571

Liu R, Kang JD, Sartor RB et al (2020) Neuroinflammation in murine
cirrhosis is dependent on the gut microbiome and is attenuated
by fecal transplant. Hepatology 71:611-626. https://doi.org/10.1
002/hep.30827

Louissaint J, Deutsch-Link S, Tapper EB (2022) Changing epidemiol-
ogy of cirrhosis and hepatic encephalopathy. Clin Gastroenterol
Hepatol 20:S1-S8. https://doi.org/10.1016/j.cgh.2022.04.036

Luo M, Li L, Yang E-N, Cao W-K (2012) Relationship between inter-
leukin-6 and ammonia in patients with minimal hepatic encepha-
lopathy due to liver cirrhosis. Hepatol Res 42:1202—-1210. https:/
/doi.org/10.1111/j.1872-034X.2012.01047.x

Luo M, Li L, Yang E-N et al (2013) Correlation between interleukin-6
and ammonia in patients with overt hepatic encephalopathy due
to cirrhosis. Clin Res Hepatol Gastroenterol 37:384-390. https://
doi.org/10.1016/j.clinre.2012.08.007

Luo M, Xin R-J, Hu F-R et al (2023) Role of gut microbiota in the
pathogenesis and therapeutics of minimal hepatic encephalopathy
via the gut-liver-brain axis. World J Gastroenterol 29:144-156.
https://doi.org/10.3748/wjg.v29.i1.144

Mangas-Losada A, Garcia-Garcia R, Urios A et al (2017) Minimal
hepatic encephalopathy is associated with expansion and activa-
tion of CD4+CD28—, Th22 and Tfh and B lymphocytes. Sci Rep
7:6683. https://doi.org/10.1038/s41598-017-05938-1

Mangas-Losada A, Garcia-Garcia R, Leone P et al (2019) Selective
improvement by rifaximin of changes in the immunophenotype in
patients who improve minimal hepatic encephalopathy. J Transl
Med 17(1):293. https://doi.org/10.1186/512967-019-2046-5

Manzhalii EG, Falalyeyeva TM, Moyseyenko VO et al (2022) Eleva-
tion of autoantibodies to cerebral proteins in hepatic encephalop-
athy: another pathogenic factor? Dig Dis 40:232-238. https://doi
.org/10.1159/000516412

@ Springer


https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/cncr.11409
https://doi.org/10.1038/nm1651
https://doi.org/10.1038/nm1651
https://doi.org/10.1038/s41582-024-00955-x
https://doi.org/10.1038/s41582-024-00955-x
https://doi.org/10.24871/192201867-73
https://doi.org/10.14309/ajg.0000000000000121
https://doi.org/10.14309/ctg.0000000000000419
https://doi.org/10.1007/s12072-015-9610-8
https://doi.org/10.1007/s12072-015-9610-8
https://doi.org/10.3389/fneur.2022.849571
https://doi.org/10.3389/fneur.2022.849571
https://doi.org/10.1002/hep.30827
https://doi.org/10.1002/hep.30827
https://doi.org/10.1016/j.cgh.2022.04.036
https://doi.org/10.1111/j.1872-034X.2012.01047.x
https://doi.org/10.1111/j.1872-034X.2012.01047.x
https://doi.org/10.1016/j.clinre.2012.08.007
https://doi.org/10.1016/j.clinre.2012.08.007
https://doi.org/10.3748/wjg.v29.i1.144
https://doi.org/10.1038/s41598-017-05938-1
https://doi.org/10.1186/s12967-019-2046-5
https://doi.org/10.1159/000516412
https://doi.org/10.1159/000516412
https://doi.org/10.1002/hep.23656
https://doi.org/10.1002/hep.23656
https://doi.org/10.1016/j.abb.2013.03.010
https://doi.org/10.1016/j.abb.2013.03.010
https://doi.org/10.1016/j.jhep.2010.12.008
https://doi.org/10.1016/j.jhep.2010.12.008
https://doi.org/10.1016/j.jhep.2010.05.017
https://doi.org/10.1016/j.jhep.2018.08.021
https://doi.org/10.1053/j.gastro.2020.11.036
https://doi.org/10.1096/fj.09-141978
https://doi.org/10.1038/s41598-018-26509-y
https://doi.org/10.3390/cells9030572
https://doi.org/10.3389/fimmu.2022.921947
https://doi.org/10.3389/fimmu.2022.921947
https://doi.org/10.1007/s00018-023-04750-7
https://doi.org/10.1111/jgh.12160
https://doi.org/10.1111/jgh.12160
https://doi.org/10.3390/cells8020099
https://doi.org/10.1021/pr100486e
https://doi.org/10.1021/pr100486e

100 Page 16 of 18

Metabolic Brain Disease (2025) 40:100

Marchi N, Cavaglia M, Fazio V et al (2004) Peripheral markers of
blood-brain barrier damage. Clin Chim Acta 342:1-12. https://do
i.org/10.1016/j.cccn.2003.12.008

Mardini H, Smith FE, Record CO, Blamire AM (2011) Magnetic
resonance quantification of water and metabolites in the brain
of cirrhotics following induced hyperammonaemia. J Hepatol
54:1154-1160. https://doi.org/10.1016/j.jhep.2010.09.030

Marquez J, Cardona C, Campos-Sandoval JA et al (2013) Mamma-
lian glutaminase isozymes in brain. Metab Brain Dis 28:133-137.
https://doi.org/10.1007/s11011-012-9356-0

Mayer LB, Krawczyk M, Griinhage F et al (2015) A genetic variant
in the promoter of phosphate-activated glutaminase is associated
with hepatic encephalopathy. J Intern Med 278:313-322. https://
doi.org/10.1111/joim.12374

Mayeux R (2004) Biomarkers: potential uses and limitations. NeuroRx
1:182—188. https://doi.org/10.1602/neurorx.1.2.182

Meng LP, Chen YC, Li YH et al (2015) Viability assessment of mag-
netic resonance spectroscopy for the detection of minimal hepatic
encephalopathy severity. Eur J Radiol 84(10):2019-2023. https://
doi.org/10.1016/j.ejrad.2015.06.027

Miese F, Kircheis G, Wittsack HJ et al (2006) 1H-MR spectros-
copy, magnetization transfer, and diffusion-weighted imaging in
alcoholic and nonalcoholic patients with cirrhosis with hepatic
encephalopathy. AJNR Am J Neuroradiol 27:1019-1026

Montagnese S, Rautou P-E, Romero-Gomez M et al (2022) EASL
Clinical Practice Guidelines on the management of hepatic
encephalopathy. J Hepatol 77:807—824. https://doi.org/10.1016/
j-jhep.2022.06.001

Montoliu C, Kosenko E, Del Olmo JA et al (2005) Correlation of nitric
oxide and atrial natriuretic peptide changes with altered cGMP
homeostasis in liver cirrhosis. Liver Int 25:787-795. https://doi.o
rg/10.1111/5.1478-3231.2005.01066.x

Montoliu C, Piedrafita B, Serra MA et al (2007) Activation of soluble
guanylate cyclase by nitric oxide in lymphocytes correlates with
minimal hepatic encephalopathy in cirrhotic patients. ] Mol Med
(Berl) 85:237-245. https://doi.org/10.1007/s00109-006-0149-y

Montoliu C, Piedrafita B, Serra MA et al (2009) IL-6 and IL-18 in
blood may discriminate cirrhotic patients with and without mini-
mal hepatic encephalopathy. J Clin Gastroenterol 43:272-279.
https://doi.org/10.1097/MCG.0b013e31815e7£58

Montoliu C, Cauli O, Urios A et al (2011) 3-nitro-tyrosine as a periph-
eral biomarker of minimal hepatic encephalopathy in patients
with liver cirrhosis. Am J Gastroenterol 106:1629-1637. https:/
/doi.org/10.1038/ajg.2011.123

Montoliu C, Gonzalez-Escamilla G, Atienza M et al (2012) Focal cor-
tical damage parallels cognitive impairment in minimal hepatic
encephalopathy. Neuroimage 61:1165—1175. https://doi.org/10.1
016/j.neuroimage.2012.03.041

Montoliu C, Urios A, Forn C et al (2014) Reduced white matter micro-
structural integrity correlates with cognitive deficits in minimal
hepatic encephalopathy. Gut 63:1028-1030. https://doi.org/10.1
136/gutjnl-2013-306175

Montoliu C, Llansola M, Felipo V (2015) Neuroinflammation and
neurological alterations in chronic liver diseases. Neuroimmunol
Neuroinflamm 2:138-144

Moon AM, Singal AG, Tapper EB (2020) Contemporary epidemiology
of chronic liver disease and cirrhosis. Clin Gastroenterol Hepatol
18:2650-2666. https://doi.org/10.1016/j.cgh.2019.07.060

Naegele T, Grodd W, Viebahn R et al (2000) MR imaging and (1)H
spectroscopy of brain metabolites in hepatic encephalopathy:
time-course of renormalization after liver transplantation. Radi-
ology 216(3):683—691. https://doi.org/10.1148/radiology.216.3.r
00se27683

Odeh M, Sabo E, Srugo I, Oliven A (2004) Serum levels of tumor necro-
sis factor-alpha correlate with severity of hepatic encephalopathy

@ Springer

due to chronic liver failure. Liver Int 24:110-116. https://doi.org/
10.1111/j.1478-3231.2004.0894 .x

Onal IK, Akdogan M, Oztas E et al (2011) Does interleukin-18 play a
role in the pathogenesis of hepatic encephalopathy? Hepatogas-
troenterology 58:497-502

Oppong KN, Al-Mardini H, Thick M, Record CO (1997) Oral gluta-
mine challenge in cirrhotics pre- and post-liver transplantation: a
psychometric and analyzed EEG study. Hepatology 26:870-876.
https://doi.org/10.1002/hep.510260411

Osborn KE, Khan OA, Kresge HA et al (2019) Cerebrospinal fluid
and plasma neurofilament light relate to abnormal cognition.
Alzheimers Dement: Diagn Assess Dis Monit 11:700-709. https:/
/doi.org/10.1016/j.dadm.2019.08.008

Pacher P, Beckman JS, Liaudet L (2007) Nitric oxide and peroxynitrite
in health and disease. Physiol Rev 87:315-424. https://doi.org/10
.1152/physrev.00029.2006

Pietraforte D, Salzano AM, Marino G, Minetti M (2003) Peroxyni-
trite-dependent modifications of tyrosine residues in hemoglobin.
Formation of tyrosyl radical(s) and 3-nitrotyrosine. Amino Acids
25:341-350. https://doi.org/10.1007/s00726-003-0021-0

Polich J (2012) Neuropsychology of P300. The Oxford handbook of
event-related potential components, 641:159-188

Qi R, Zhang LJ, Luo S et al (2014) Default mode network functional
connectivity: a promising biomarker for diagnosing minimal
hepatic encephalopathy: CONSORT-compliant article. Medicine
93:¢227. https://doi.org/10.1097/MD.0000000000000227

Reboldi A, Coisne C, Baumjohann D et al (2009) C-C chemokine
receptor 6-regulated entry of TH-17 cells into the CNS through
the choroid plexus is required for the initiation of EAE. Nat
Immunol 10:514-523. https://doi.org/10.1038/ni.1716

Reiter CD, Teng RJ, Beckman JS (2000) Superoxide reacts with nitric
oxide to nitrate tyrosine at physiological pH via peroxynitrite. J
Biol Chem 275:32460-32466. https://doi.org/10.1074/jbc.M910
433199

Rochfort KD, Collins LE, Murphy RP, Cummins PM (2014) Down-
regulation of blood-brain barrier phenotype by proinflammatory
cytokines involves NADPH oxidase-dependent ROS generation:
consequences for interendothelial adherens and tight junctions.
PLoS One 9:¢101815. https://doi.org/10.1371/journal.pone.0101
815

Rodrigo R, Montoliu C, Chatauret N et al (2004) Alterations in soluble
guanylate cyclase content and modulation by nitric oxide in liver
disease. Neurochem Int 45:947-953. https://doi.org/10.1016/j.ne
uint.2004.03.025

Rolan P (1997) The contribution of clinical pharmacology surrogates
and models to drug development—a critical appraisal. Br J Clin
Pharmacol 44:219-225. https://doi.org/10.1046/j.1365-2125.199
7.t01-1-00583.x

Romero-Gomez M, Grande L, Camacho I et al (2002) Altered response
to oral glutamine challenge as prognostic factor for overt epi-
sodes in patients with minimal hepatic encephalopathy. J Hepatol
37:781-787. https://doi.org/10.1016/S0168-8278(02)00330-6

Romero-Gémez M, Ramos-Guerrero R, Grande L et al (2004) Intesti-
nal glutaminase activity is increased in liver cirrhosis and corre-
lates with minimal hepatic encephalopathy. J Hepatol 41:49-54.
https://doi.org/10.1016/j.jhep.2004.03.021

Romero-Gémez M, Jover M, Del Campo JA et al (2010) Variations in
the promoter region of the glutaminase gene and the development
of hepatic encephalopathy in patients with cirrhosis: a cohort
study. Ann Intern Med 153:281-288. https://doi.org/10.7326/00
03-4819-153-5-201009070-00002

Ross BD, Jacobson S, Villamil F et al (1994) Subclinical hepatic
encephalopathy: proton MR spectroscopic abnormalities. Radi-
ology 193(2):457-463. https://doi.org/10.1148/radiology.193.2.7
972763


https://doi.org/10.1111/j.1478-3231.2004.0894.x
https://doi.org/10.1111/j.1478-3231.2004.0894.x
https://doi.org/10.1002/hep.510260411
https://doi.org/10.1016/j.dadm.2019.08.008
https://doi.org/10.1016/j.dadm.2019.08.008
https://doi.org/10.1152/physrev.00029.2006
https://doi.org/10.1152/physrev.00029.2006
https://doi.org/10.1007/s00726-003-0021-0
https://doi.org/10.1097/MD.0000000000000227
https://doi.org/10.1038/ni.1716
https://doi.org/10.1074/jbc.M910433199
https://doi.org/10.1074/jbc.M910433199
https://doi.org/10.1371/journal.pone.0101815
https://doi.org/10.1371/journal.pone.0101815
https://doi.org/10.1016/j.neuint.2004.03.025
https://doi.org/10.1016/j.neuint.2004.03.025
https://doi.org/10.1046/j.1365-2125.1997.t01-1-00583.x
https://doi.org/10.1046/j.1365-2125.1997.t01-1-00583.x
https://doi.org/10.1016/S0168-8278(02)00330-6
https://doi.org/10.1016/j.jhep.2004.03.021
https://doi.org/10.7326/0003-4819-153-5-201009070-00002
https://doi.org/10.7326/0003-4819-153-5-201009070-00002
https://doi.org/10.1148/radiology.193.2.7972763
https://doi.org/10.1148/radiology.193.2.7972763
https://doi.org/10.1016/j.cccn.2003.12.008
https://doi.org/10.1016/j.cccn.2003.12.008
https://doi.org/10.1016/j.jhep.2010.09.030
https://doi.org/10.1007/s11011-012-9356-0
https://doi.org/10.1111/joim.12374
https://doi.org/10.1111/joim.12374
https://doi.org/10.1602/neurorx.1.2.182
https://doi.org/10.1016/j.ejrad.2015.06.027
https://doi.org/10.1016/j.ejrad.2015.06.027
https://doi.org/10.1016/j.jhep.2022.06.001
https://doi.org/10.1016/j.jhep.2022.06.001
https://doi.org/10.1111/j.1478-3231.2005.01066.x
https://doi.org/10.1111/j.1478-3231.2005.01066.x
https://doi.org/10.1007/s00109-006-0149-y
https://doi.org/10.1097/MCG.0b013e31815e7f58
https://doi.org/10.1038/ajg.2011.123
https://doi.org/10.1038/ajg.2011.123
https://doi.org/10.1016/j.neuroimage.2012.03.041
https://doi.org/10.1016/j.neuroimage.2012.03.041
https://doi.org/10.1136/gutjnl-2013-306175
https://doi.org/10.1136/gutjnl-2013-306175
https://doi.org/10.1016/j.cgh.2019.07.060
https://doi.org/10.1148/radiology.216.3.r00se27683
https://doi.org/10.1148/radiology.216.3.r00se27683

Metabolic Brain Disease (2025) 40:100

Page 17 0of 18 100

Saleh A, Kamel L, Ghali A et al (2007) Serum levels of astroglial
S100-beta and neuron-specific enolase in hepatic encephalopathy
patients. East Mediterr Health J 13:1114-23. https://doi.org/10.2
6719/2007.13.5.1114

Salman T, Elsabaawy M, Omar M et al (2021) Evaluation of different
diagnostic modalities of minimal hepatic encephalopathy in cir-
rhotic patients: case-control study. Clin Exp Hepatol 7:312-319.
https://doi.org/10.5114/ceh.2021.109292

Sancho-Alonso M, Garcia-Garcia R, Teruel-Marti V et al (2022a)
Hyperammonemia enhances GABAergic neurotransmission in
hippocampus: underlying mechanisms and modulation by extra-
cellular cGMP. Mol Neurobiol 59:3431-3448. https://doi.org/10.
1007/s12035-022-02803-9

Sancho-Alonso M, Taoro-Gonzalez L, Cabrera-Pastor A et al (2022b)
Hyperammonemia alters the function of AMPA and NMDA
receptors in hippocampus: extracellular cGMP reverses some of
these alterations. Neurochem Res 47:2016-2031. https://doi.org/
10.1007/s11064-022-03588-y

Santana-Vargas AD, Higuera-De la Tijera F, Pérez-Hernandez JL
(2022) Auditory and visual P300 event-related potentials to detect
minimal hepatic encephalopathy. Rev Esp Enferm Dig 114:83—
88. https://doi.org/10.17235/reed.2021.7709/2020

Sato T, Endo K, Kakisaka K et al (2019) Decreased mean kurtosis in
the putamen is a diagnostic feature of minimal hepatic encepha-
lopathy in patients with cirrhosis. Intern Med 58:1217-1224.
https://doi.org/10.2169/internalmedicine.2116-18

Saxena N, Bhatia M, Joshi YK et al (2001) Auditory P300 event-
related potentials and number connection test for evaluation of
subclinical hepatic encephalopathy in patients with cirrhosis of
the liver: a follow-up study. J Gastroenterol Hepatol 16:322-327.
https://doi.org/10.1046/j.1440-1746.2001.02388.x

Saxena N, Bhatia M, Joshi YK et al (2002) Electrophysiological and
neuropsychological tests for the diagnosis of subclinical hepatic
encephalopathy and prediction of overt encephalopathy. Liver
22:190-197. https://doi.org/10.1034/j.1600-0676.2002.01431.x

Shahbazi A, Sepehrinezhad A, Vahdani E et al (2023) Gut dysbiosis
and blood-brain barrier alteration in hepatic encephalopathy:
from gut to brain. Biomedicines 11. https://doi.org/10.3390/bio
medicines11051272

Shawcross DL, Davies NA, Williams R, Jalan R (2004) Systemic
inflammatory response exacerbates the neuropsychological
effects of induced hyperammonemia in cirrhosis. J Hepatol
40:247-254. https://doi.org/10.1016/j.jhep.2003.10.016

Shawcross DL, Sharifi Y, Canavan JB et al (2011) Infection and sys-
temic inflammation, not ammonia, are associated with Grade 3/4
hepatic encephalopathy, but not mortality in cirrhosis. J Hepatol
54:640-649. https://doi.org/10.1016/j.jhep.2010.07.045

Tao R, Zhang J, You Z et al (2013) The thalamus in cirrhotic patients
with and without hepatic encephalopathy: a volumetric MRI
study. Eur J Radiol 82:e715-e720. https://doi.org/10.1016/j.¢ejra
d.2013.07.029

Tapper EB, Halbert B, Mellinger J (2016) Rates of and reasons for
hospital readmissions in patients with cirrhosis: a multistate pop-
ulation-based cohort study. Clin Gastroenterol Hepatol 14:1181-
1188.e2. https://doi.org/10.1016/j.cgh.2016.04.009

Tapper EB, Parikh ND, Sengupta N et al (2018) A risk score to predict
the development of hepatic encephalopathy in a population-based
cohort of patients with cirrhosis. Hepatology 68:1498-1507.
https://doi.org/10.1002/hep.29628

Tapper EB, Henderson JB, Parikh ND et al (2019) Incidence of and
risk factors for hepatic encephalopathy in a population-based

cohort of americans with cirrhosis. Hepatol Commun 3:1510-
1519. https://doi.org/10.1002/hep4.1425

Timmermann L, Gross J, Butz M et al (2003) Mini-asterixis in hepatic
encephalopathy induced by pathologic thalamo-motor-cortical
coupling. Neurology 61:689-692. https://doi.org/10.1212/01.wn
1.0000078816.05164.b1

Tranah TH, Ballester M-P, Carbonell-Asins JA et al (2022) Plasma
ammonia levels predict hospitalisation with liver-related compli-
cations and mortality in clinically stable outpatients with cirrho-
sis. J Hepatol 77:1554—1563. https://doi.org/10.1016/j.jhep.2022
.07.014

Tse JKY (2017) Gut microbiota, nitric oxide, and microglia as pre-
requisites for neurodegenerative disorders. ACS Chem Neurosci
8:1438-1447. https://doi.org/10.1021/acschemneuro.7b0017

Wang JY, Bajaj JS, Bin W1J et al (2019) Lactulose improves cognition,
quality of life, and gut microbiota in minimal hepatic encepha-
lopathy: a multicenter, randomized controlled trial. J Dig Dis
20:547-556. https://doi.org/10.1111/1751-2980.12816

Wang Q, Chen C, Zuo S et al (2023) Integrative analysis of the gut
microbiota and faecal and serum short-chain fatty acids and tryp-
tophan metabolites in patients with cirrhosis and hepatic encepha-
lopathy. J Transl Med 21:395. https://doi.org/10.1186/s12967-02
3-04262-9

Weiss N, Barbier Saint Hilaire P, Colsch B et al (2016) Cerebrospinal
fluid metabolomics highlights dysregulation of energy metabo-
lism in overt hepatic encephalopathy. J Hepatol 65:1120-1130.
https://doi.org/10.1016/j.jhep.2016.07.046

Weiss N, Tripon S, Mallet M et al (2024) Protein-S-100-beta is
increased in patients with decompensated cirrhosis admitted to
ICU. J Intensive Med 4:222-230. https://doi.org/10.1016/j.joint
m.2023.08.006

Wiest R, Garcia-Tsao G (2005) Bacterial translocation (BT) in cirrho-
sis. Hepatology 41:422-433. https://doi.org/10.1002/hep.20632

Winston CN, Romero HK, Ellisman M et al (2019) Assessing neuro-
nal and astrocyte derived exosomes from individuals with mild
traumatic brain injury for markers of neurodegeneration and cyto-
toxic activity. Front Neurosci 13. https://doi.org/10.3389/fnins.2
019.01005

Wu H, Li N, Jin R et al (2016) Cytokine levels contribute to the patho-
genesis of minimal hepatic encephalopathy in patients with hepa-
tocellular carcinoma via STAT3 activation. Sci Rep 6:18528.
https://doi.org/10.1038/srep18528

Yadav SK, Goel A, Saraswat VA et al (2016) Evaluation of cognitiv-
ity, proinflammatory cytokines, and brain magnetic resonance
imaging in minimal hepatic encephalopathy induced by cirrhosis
and extrahepatic portal vein obstruction. J Gastroenterol Hepatol
31:1986-1994. https://doi.org/10.1111/jgh.13427

Zemtsova I, Gorg B, Keitel V et al (2011) Microglia activation in
hepatic encephalopathy in rats and humans. Hepatology 54:204—
215. https://doi.org/10.1002/hep.24326

Zhang LJ, Zheng G, Zhang L et al (2012) Altered brain functional con-
nectivity in patients with cirrhosis and minimal hepatic encepha-
lopathy: a functional MR imaging study. Radiology 265:528-536.
https://doi.org/10.1148/radiol. 12120185

Zhang Z, Zhai H, Geng J et al (2013) Large-scale survey of gut micro-
biota associated with MHE Via 16S rRNA-based pyrosequenc-
ing. Am J Gastroenterol 108:1601-1611. https://doi.org/10.1038
/ajg.2013.221

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/hep4.1425
https://doi.org/10.1212/01.wnl.0000078816.05164.b1
https://doi.org/10.1212/01.wnl.0000078816.05164.b1
https://doi.org/10.1016/j.jhep.2022.07.014
https://doi.org/10.1016/j.jhep.2022.07.014
https://doi.org/10.1021/acschemneuro.7b0017
https://doi.org/10.1111/1751-2980.12816
https://doi.org/10.1186/s12967-023-04262-9
https://doi.org/10.1186/s12967-023-04262-9
https://doi.org/10.1016/j.jhep.2016.07.046
https://doi.org/10.1016/j.jointm.2023.08.006
https://doi.org/10.1016/j.jointm.2023.08.006
https://doi.org/10.1002/hep.20632
https://doi.org/10.3389/fnins.2019.01005
https://doi.org/10.3389/fnins.2019.01005
https://doi.org/10.1038/srep18528
https://doi.org/10.1111/jgh.13427
https://doi.org/10.1002/hep.24326
https://doi.org/10.1148/radiol.12120185
https://doi.org/10.1038/ajg.2013.221
https://doi.org/10.1038/ajg.2013.221
https://doi.org/10.26719/2007.13.5.1114
https://doi.org/10.26719/2007.13.5.1114
https://doi.org/10.5114/ceh.2021.109292
https://doi.org/10.1007/s12035-022-02803-9
https://doi.org/10.1007/s12035-022-02803-9
https://doi.org/10.1007/s11064-022-03588-y
https://doi.org/10.1007/s11064-022-03588-y
https://doi.org/10.17235/reed.2021.7709/2020
https://doi.org/10.2169/internalmedicine.2116-18
https://doi.org/10.1046/j.1440-1746.2001.02388.x
https://doi.org/10.1034/j.1600-0676.2002.01431.x
https://doi.org/10.3390/biomedicines11051272
https://doi.org/10.3390/biomedicines11051272
https://doi.org/10.1016/j.jhep.2003.10.016
https://doi.org/10.1016/j.jhep.2010.07.045
https://doi.org/10.1016/j.ejrad.2013.07.029
https://doi.org/10.1016/j.ejrad.2013.07.029
https://doi.org/10.1016/j.cgh.2016.04.009
https://doi.org/10.1002/hep.29628

100 Page 18 of 18 Metabolic Brain Disease (2025) 40:100

Authors and Affiliations

Juan-José Gallego'? - Maria-Pilar Ballester' - Alessandra Fiorillo' - Franc Casanova-Ferrer' - Adria Lopez-Gramaje? -
Amparo Urios' - Yaiza Maria Arenas? - Maria-Pilar Rios* - Lucia Durban* - Javier Megias? - Teresa San-Miguel? -
Salvador Benlloch*>% . Paloma Lluch? - Rajiv Jalan’® - Carmina Montoliu™?

>4 Rajiv Jalan Teresa San-Miguel
rjalan@ucl.ac.uk teresa.miguel@uv.es

P4 Carmina Montoliu Salvador Benlloch
carmina.montoliu@uv.es drbenlloch@yahoo.es
Juan-José Gallego Paloma Lluch

juanjo26.gr@gmail.com

Maria-Pilar Ballester
mapibafe@gmail.com

Alessandra Fiorillo
alessa.fiorillo@gmail.com

Franc Casanova-Ferrer
franc@alumni.uv.es

Adria Lopez-Gramaje
adrialopez15.al@gmail.com

Amparo Urios
aurios@incliva.es

Yaiza Maria Arenas
yaizaarenasortiz@gmail.com

Maria-Pilar Rios
mriosp73@hotmail.com

Lucia Durban
durban_luc@gva.es

Javier Megias
javier.megias@uv.es

@ Springer

plluch15@hotmail.com

Fundacion de Investigacion Hospital Clinico Universitario de
Valencia-INCLIVA, Valencia 46010, Spain

Departamento de Patologia, Universidad de Valencia,
Valencia 46010, Spain

Servicio de Medicina Digestiva, Hospital Clinico
Universitario de Valencia, Valencia 46010, Spain

Servicio de Medicina Digestiva, Hospital Arnau de Vilanova,
46015 Valencia, Spain

CIBERehd. Instituto de Salud Carlos III, Madrid
28029, Spain

Universidad Cardenal Herrera-CEU Universities,
Valencia 46115, Spain

Liver Failure Group, Institute for Liver and Digestive Health,
University College London, Royal Free Campus, London,
UK

European Foundation for the Study of Chronic Liver Failure
(EF Clif), Barcelona 08021, Spain



	﻿Ammonia and beyond – biomarkers of hepatic encephalopathy
	﻿Abstract
	﻿Introduction
	﻿Ammonia and its metabolism
	﻿Prediction models based on clinical parameters
	﻿Biomarkers based in metabolic profile
	﻿Biomarkers based on systemic inflammation
	﻿Oxidative and nitrosative stress
	﻿Neuroinflammation and central nervous system-derived components
	﻿Neurotransmission
	﻿Biomarkers based on magneting resonance imaging and proton magneting resonance spectroscopy
	﻿Gut microbiota-based biomarkers
	﻿Biomarkers of treatment efficacy

	﻿Conclusions
	﻿References


