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Abstract

Hepatic encephalopathy (HE) is a clinical manifestation of neurological and psychiatric abnormalities that are
caused by complications of liver dysfunction including hyperammonemia, hyperuricemia, and portal hypertension.
Accumulating evidence suggests that HE could be reversed through therapeutic modifications of gut microbiota.
Multiple preclinical and clinical studies have indicated that gut microbiome affects the physiological function of the
liver, such as the regulation of metabolism, secretion, and immunity, through the gut-liver crosstalk. In addition, gut
microbiota also influences the brain through the gut-brain crosstalk, altering its physiological functions including
the regulation of the immune, neuroendocrine, and vagal pathways. Thus, key molecules that are involved in the
microbiota-gut-liver-brain axis might be able to serve as clinical biomarkers for early diagnosis of HE, and could be
effective therapeutic targets for clinical interventions. In this review, we summarize the pathophysiology of HE and
further propose approaches modulating the microbiota-gut-liver-brain axis in order to provide a comprehensive
understanding of the prevention and potential clinical treatment for HE with a microbiota-targeted therapy.
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INTRODUCTION

Hepatic encephalopathy (HE) is a clinical manifestation of neurological and psychiatric abnormalities
caused by complications stemming from liver dysfunction, including hyperammonemia and portal
hypertension’. As the disease progresses, many patients experience neurological symptoms including sleep
disorders, personality changes, depression, coma, and even death. Once HE is developed in patients with
liver disease, it takes a long time for them to recover cognitive function, even with successful treatments.
Additionally, secondary HE may recur during the recovery period, which can seriously affect the prognosis
and quality of life of the patients”. Various factors that cause acute liver failure and cirrhosis can induce
HE, for example, hepatitis viruses such as HBV, HCV, HEV, drugs, or liver toxic substances such as alcohol,
chemical agents, etc. Generally, some neurotoxic molecules should be effectively metabolized while passing
through the liver before entering the systemic circulation. Otherwise, it will result in pathological
neurological disorder syndromes. Additionally, abnormal functioning of the urea cycle enzymes or any
other factors, for example, congenital urea cycle disorders, can lead to elevated blood ammonia
(hyperammonemia), which is believed to be a major contributor to the neurological sequelae following
severe liver disease. Depending on the underlying liver disease, HE is divided into three types: Type A,
caused by acute liver failure, accompanied with relatively minor changes in consciousness at first, and then
rapidly falling into deep coma and even death; Type B, caused by portocaval shunting, without any apparent
liver disease; Type C, caused by liver cirrhosis, characterized by chronic recurrent personality and
behavioral changes, cognitive impairment, and even numbness and coma. HE is a continuous process
constantly changing from normal cognitive function, clear consciousness, to coma'”. Clinical treatment
mainly focuses on supportive therapies and the treatment of symptoms. HE has become an urgent issue for
medical research due to the poor effectiveness of treatment and high mortality rate. Currently, early
prediction, early identification, and timely treatment are highly effective strategies to prevent and treat HE.
Reports indicate that early diagnosis and treatment for patients at high risk of HE is associated with
improvement in the prognosis of HE".

The close connection between the physiological functions of the gut-liver axis'” and the gut-brain axis'’,
both of which are in part mediated by gut microbiota, has become an increasingly important topic for HE
medical research. Although HE is caused by liver failure, accumulating evidence suggests that there are
bidirectional links among the intestine, the liver, and the brain, known as the gut-liver-brain axis, which
involves the exchange of information via hormones, cytokines, and nutritional metabolites™". Most HE
patients display an increased permeability of the blood-cerebrospinal fluid barrier, which renders their
brains vulnerable to toxins and the toxic effects of neurotoxins. In addition, artificial liver support for HE
patients has been shown to improve the prognosis, shorten disease course, and reduce mortality".

The human gastrointestinal tract harbors a wide variety of microbes, the so-called gut microbiome - the
second genome"*"". From birth, the coevolution of gut microbiota and the host shapes a unique pattern of
gene expression and regulation, which has become the focus of precision medicine research in the 21st
century. Gut microbiota is involved in the digestion and metabolism of nutrients and various drugs, and

024, Furthermore, it makes an important contribution to the regulation of

also regulates immune responses
development, maturation, and physiological functions of the gut, liver, and central nervous system'*.. Since
gut microbiota has been shown to be involved in regulating central nervous system activities such as brain
development, stress response, anxiety, depression, and cognitive function", further exploration of the
molecular interaction between the intestinal microbiome and the gut-liver-brain axis is of great significance
for the clinical prevention, treatment, and prognosis of HE. This review focuses on the communication
network between gut microbiota and the gut-liver-brain axis, which is referred to as the gut microbiota-
liver-brain axis, and the role and significance of this network in the occurrence, prognosis, prevention, and

treatment of HE.
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THE MICROBIOME-GUT-LIVER-BRAIN AXIS: CONNECTING THE GUT MICROBIOME AND
HEPATIC ENCEPHALOPATHY

The microbiota-gut-brain axis is a communication network connecting the gut and the brain structurally
and functionally, and is operated through bioactive molecules, the vagus nerve, and the neuroendocrine and
immune pathway [Figure 1]"”. The intestinal microbiome plays a role in basic neurogenesis, such as the
formation of the blood-brain barrier, generation of myelin sheath, neurogenesis, and microglia
maturation®. It also participates in regulating various behaviors. Recent studies have indicated that
dysbiosis of the gut microbiome is an important environmental factor that contributes to the induction and
development of nervous system dysfunction such as mental disease™), central nervous system
degeneration”*”), and irritable bowel syndrome™’. Evidence suggests an association between the gut
microbiota and brain regions controlling sensory information". In particular, signals generated by the
brain can shape the composition of gut microbiota, and molecules produced by the gut microbiome can
affect the structure of the human brain, especially for false neurotransmitters. Therefore, neurotransmitters
produced from the brain and false neurotransmitters produced from the gut microbiome, through their
action on the gut and brain, respectively, play a critical role in the communication between the microbiome,
the gut, and the brain®. A comprehensive understanding of the interaction between the gut microbiome
and the brain will provide us with new ideas for the development of clinical strategies to prevent and treat
HE". Additionally, a mutual communication exists between the liver and the gut through the bile duct,
portal vein, and systemic circulation. Liver metabolites affect the gut microbiome and the function of gut
barrier, and conversely, the gut microbiome participates in regulating bile acid synthesis and glycolipid
metabolism in the liver”. Proinflammatory factors in the liver and intestines mediate the development of
liver fibrosis, cirrhosis, and hepatocellular carcinoma®’. Many studies on the pathogenesis of liver disease
confirmed the close relationship between intestinal dysbiosis and the development of liver disease®***.

The gut microbiota is involved in the pathogenesis of HE through their participation not only in the
gut-liver axis, but also in the gut-brain axis. The gut-liver-brain axis was first proposed in the regulation of
liver glycogen metabolism and energy homeostasis'®. It is well-known that the vagus nerve plays a critical
role in communication among the gut, the liver, and the brain, as the hepatic vagal sensory afferent nerves
link the gut microenvironment to neuronal activity in the nucleus tractus solitarius™. In addition, the
gut-liver-brain axis is involved in a number of processes including immune homeostasis. For example, it
regulates the differentiation of peripheral regulatory T cells, and affects the expression of aldehyde
dehydrogenase in the intestinal antigen-presenting cells and the synthesis of retinoic acid””. Another
significance of the gut-liver-brain axis is found in the levels of N-acetyl aspartate and brain functions.
N-acetyl aspartate is considered a marker of brain dysfunction, and the level of this molecule may indicate
the severity of neuronal damage!
liver and kidney™'. Interestingly, the levels of N-acetyl aspartate negatively correlate with the amounts of

31,32

|, although it is synthesized by a mitochondrial enzyme expressed in the

Ruminococcus in the intestine, while they positively correlate with Butyricicoccus®™. Finally, the gut-liver-
brain axis is also involved in the homeostasis of nitric oxide (NO), which is related to gut-derived bacterial
translocation and portal hypertension in cirrhotic patients. Gut microbiome dysbiosis bidirectionally
influences the liver microenvironment and is associated with endotoxemia that causes the overproduction
of NO through an induction of NO synthase. NO is thought to act as a signaling molecule in the dorsal
vagal complex and contributes to autonomic reflex function' and peripheral dilatation, which results in
portal hypertension in cirrhotic patients. Therefore, systemic NO overproduction and hepatic NO
underproduction are factors that contribute to arterial vasodilatation and portal hypertension””. It is also
notable that serum NO level is a biomarker associated with disease severity"”. Importantly, changes in the
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Figure 1. The microbiome-gut-liver-brain axis and molecules involved in this network. These molecules are classified into six categories,
including short-chain fatty acids, hormones, neurotransmitters and false neurotransmitters, bile acids, lipids and lipid derivatives, and
immune-related molecules, indole and indole derivatives. Amino acids, glucose, protein, fatty acids, vitamins, minerals, and other
nutrients that are absorbed from food in the gut participate in the synthesis and conversion of these molecules directly or indirectly.

5-HT: 5-hydroxytryptamine; GABA: y-aminobutyric acid; NO: nitric oxide.

abundance of selected gut microbiota that have a nitrogen fixation capacity, including Lactobacteria,
Bifidobacteria, E. coli, Klebsiella, and Clostridiales strains, can stimulate expression of inducible NO synthase
in host epithelial cells by regulating microglia maturation and activation”®.

Considering the important roles of the gut microbiome in the pathogenesis of liver and brain disease, the
molecular network consisting of the microbiome-gut-liver-brain axis should not be neglected in studies on
the pathogenesis and treatment of HE. For example, urease-containing bacteria such as Klebsiella, Proteus,
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and Alcaligenes, which are enriched in the gut microbiome of HE patients, produce neurotoxic substances
such as ammonia, mercaptan, benzodiazepine-like compounds””, manganese, and lipopolysaccharide (LPS)
to levels exceeding the metabolic capacity of the liver in HE patients'*>*". Subsequently, these pathogenic
conditions trigger the production of other metabolites and immune responses, which reciprocally alter the
gut microbiome”. Ammonia is easily absorbed through the lipid membrane and enters the brain through
the blood-brain barrier, causing an impairment of the structure and function of the brain to contribute to
the pathogenesis of HE". Current clinical therapies targeting gut microbiota, such as the antibiotics
rifaximin and lactulose, can reduce blood ammonia and improve cognitive function in HE patients.
Furthermore, fecal microbiota transplantation (FMT) has also been shown to improve cognitive function
and reduce the recurrence rate of HE in patients®.

BIOACTIVE MOLECULES AS MEDIATORS OF THE MICROBIOME-GUT-LIVER-BRAIN AXIS

Although HE is mainly caused by disorders of the liver, dysfunction of the gut microbiome, gut, brain, and
immune system is also involved in the disease progression. The gut microbiome is proposed to be an
endocrine organ that produces bioactive molecules that can interact with the host’s physiological functions
to trigger responses from the gut as well as other distant organs***!. These molecules include a large
number of metabolites, such as various amino acid metabolites, short-chain fatty acids (SCFAs), secondary
bile acids (BAs), and lipids and lipid derivatives.

Amino acid metabolites

Intestinal bacteria directly or indirectly participate in tryptophan (Trp) metabolism, producing a series of
indole derivatives that are considered to be an important mediator for communication and exchange of
information between the microbiota and their host**!. Some species of gut microbiota (for example,
Clostridium) directly metabolize Trp to bioactive substances, such as indole, indole acetic acid, indole
propionic acid, indole acetaldehyde, and indole propene. These substances can act as ligands for aromatic
hydrocarbon receptors and play an important role in immune homeostasis. Moreover, they are involved in
the production of neurotransmitters such as 5-hydroxytryptamine (5-HT) that mediate the function of the
central nervous system. Intestinal bacterial amino acid decarboxylase can transform phenylalanine, tyrosine,
lysine, and glutamic acid into neurotransmitters such as dopamine, acetylcholine, and y-aminobutyric acid
(GABA)™. GABA is implicated in the pathophysiology and clinical manifestations of neuropsychiatric
disorder in most HE patients. Research found that, in the early stage of HE, a high level of plasma ammonia
stimulates the consumption of glutamic acid to generate glutamine, which results in decreased GABA
synthesis. However, in the late stage, high plasma ammonia inhibits the hydrolysis of GABA, leading to an
accumulation of GABA in the brain. Thus, most HE patients exhibit clinical manifestations of anxiety,
insomnia, silent excitement and excitement in the early stage, but drowsiness and coma in the late stage.
Additionally, these aromatic amines can directly enter the brain when liver function is impaired, and
generate pseudo-neurotransmitters including phenylethanolamine and p-hydroxytyramine. These pseudo-
neurotransmitters cannot transmit nerve impulses'**” and, therefore, may cause brain dysfunction and liver
coma. Research on the influence of gut microbiota-derived metabolites on the pathophysiological
mechanisms of HE found that hyperammonemia plays an important role in the progression of HE. At
present, it is generally believed that ammonia diffuses into the brain through the blood-brain barrier. In the
brain, glutamine synthetase in astrocyte cells can catalyze the reaction between glutamate and free ammonia
to synthetize glutamine'*>*", which is critical for detoxification of ammonia. In pathological conditions, the
capacity of astrocytic detoxification is weakened, and accordingly, the concentrations of brain ammonia are
increased. This is followed by astrocyte swelling and decreased nutrient availability and glutamate uptake,
which produces continuous stimulation of neurons®”. In addition, because the ability of the liver to convert
ammonia to urea is not sufficient in HE patients, making it difficult to keep the blood ammonia
concentration at a safe level, the patients are caught in a vicious cycle that exacerbates acute brain damage
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and liver injury. Gut alkaline protease-producing bacteria, for example, Enterobacteriaceae that is increased
in HE patients™’, also metabolize proteins, urea, and glutamine, which are the main sources of blood
ammonia production.

Short-chain fatty acids

SCFAs are intestinal microbiota-derived metabolites, and have been reported to be decreased in cirrhotic
patients, including those with HE">**l. SCFAs have been reported to accelerate the release of hormones from
intestinal endocrine cells, such as serotonin from intestinal chromaffin cells, which can regulate emotional
activity in a paracrine manner™. A study in mice showed that B. dentium and the SCFA acetate can regulate
key components of the serotonergic system to influence host behavior by increasing both the concentration
of 5-HT and the expression of its receptors, 4- and 5-HT transporters, in the intestine*. High levels of LPS
and certain SCFAs, the acetate and valerate, in the blood were associated with increased deposition of
amyloid protein in the brain, which results in Alzheimer’s disease. On the contrary, high levels of another
type of SCFA, butyrate, were negatively associated with amyloidosis"””. Butyrate supplementation could
improve glucose homeostasis and beta-cell function in mice, which may reduce hepatic lipid accumulation
and inflammation”". In addition, acetate, propionate, and butyrate reduced the production of
proinflammatory factors and NO, and inhibited inducible NO synthase, which is involved in the gut-liver-
brain axis®. It has been shown that the abundance of gut SCFA-producing bacteria, such as
Lachnospiraceae, Ruminococcaceae, and Clostridiales XIV, was decreased in cirrhotic patients, especially in
patients with HE",

Bile acids

BAs, a cluster of hydroxyl derivatives of cholanic acid, are critical to the microbiome-gut-liver-brain axis
due to their various physiological functions'®. Primary BAs are synthesized in the liver, discharged into the
intestine through the bile duct, and transformed into secondary BAs by enzymes produced by gut
bacteria®’. The synthesis, secretion, transformation, reabsorption, and processing of BAs are closely related
to the function of the host liver, gallbladder, intestine, and brain'®”. The abnormal metabolism of BAs and
an imbalance of cholesterol metabolism inevitably affect the function of these organs because of their
influence on body energy metabolism and immunity. BA metabolism is mostly mediated by a nuclear
receptor Farnesoid X Receptor (FXR), the Takeda G-protein-coupled receptor 5 (TGR5), and sphingosine
1-phosphate receptor 2. TGRS5 is involved in the regulation of energy metabolism'®’ and activation of the
immune response*. Activation of the TGR5 signaling pathway can increase the expression of several
mitochondrial genes involved in energy consumption, trigger an induction in deiodinase 2 genes, and
promote the self-phosphorylation of the Sarcoma gene coding (SRC) protein-tyrosine kinases via the
TGR5--Arrestin-SRC pathway'*”. Through phosphorylation, SRC activates various downstream immune
response-related proteins, including retinoic acid-inducible gene 1 (RIG-1) protein, virus-induced signaling
adapter (VISA) protein, stimulator of interferon gene protein (STING), TANK binding kinase 1 (TBK1)
gene protein, and interferon regulatory factor 3 (IRF-3). Binding of sphingosine 1-phosphate receptor 2 by
BAs can activate the extracellular signal-regulated kinase (ERK)1/2 and Akt-dependent pathways'*, which
subsequently affects blood-brain barrier permeability and may cause brain impairment by promoting
neuroinflammation associated with interleukin-1p and tumor necrosis factor-o'”. Aberrant BA signaling in
the gut-liver-brain axis may also be an important factor in the pathogenesis of neurodegenerative
diseases'*”. Conjugated 12a-hydroxylated BAs (taurodeoxycholate and glycodeoxycholate) are reported to
have the ability to induce liver fibrogenesis via the ERK1/2 and p38 mitogen-activated protein kinases
(MAPK) signaling pathways'). Microbiota dysbiosis and aberrant BA metabolism have been observed in

[70,71]

HE patients
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Lipids and lipid derivatives

Lipids include fat, phospholipids, glycolipids, cholesterol, and cholesterol esters, and most of them are
transformed in the liver”. Lipids and lipid derivatives are involved in the supply of energy and essential
fatty acids. They also play essential roles in the absorption of fat-soluble vitamins and the metabolism of
calcium and phosphorus. In addition, they form a hydrophobic barrier to maintain the normal structure
and function of cells. Animal studies suggest that the brain can perceive the levels of lipids in the blood. In
addition, lipids in the upper intestine increase the level of long-chain fatty acyl-coenzyme A (LCFA CoA) in
the small intestine, and both can inhibit the production of glucose in the liver through the gut-liver-brain
axis"®. In other words, lipids absorbed in the upper intestine can inhibit glucose production in the liver
through LCFA CoA as a mediator. LCFA CoA is also an important backbone for many bioactive molecules,
such as sphingosine, ceramides, phosphosphingolipids, and glycosphingolipids, which are the main
structural lipids of various membranes in nervous tissue. Lipids have other important biological functions
such as: messengers in signal transduction, for example, steroid hormones which can influence brain
function”; modulators for enzyme activity, for example, lecithin, which can activate p-hydroxybutyrate

dehydrogenase”; precursors of hormones, vitamins, growth factors, and antioxidants; and mediators of

*). The intestinal microbiota is also pivotal for the

signal recognition and immunity, for example, glycolipids
biosynthesis of hepatic membrane phospholipids and liver regeneration”. Gut microbiome-derived lipids
can influence the function of brain and liver through the signaling pathway mediated by
macrophageinducible Ctype lectin, spleen tyrosine kinase, and nuclear factor kappa-B"” 7. LPS, a
bacteria-derived lipid, can enter the bloodstream when the gut barrier function is impaired and the
permeability of the barrier is increased, to induce inflammation by activating the toll-like receptors
(TLRs)™. Steroid hormones have been reported to have the ability to regulate the metabolism of
sphingolipids, which can inversely regulate the secretion of steroid hormones®’. Additionally, BAs can
regulate lipid metabolism via the FXR and TGR5 pathways which are linked to the gut-liver-brain axis'®.
Abnormal lipid accumulation may cause impairments of the brain®' and the liver®. The liver is also
implicated in shaping the gut microbiome and lipid metabolism'*. Therefore, lipid metabolism is involved
in the physiological functions of organs such as the brain, gut, and liver, while dysregulation of lipid
metabolism can affect the structure and function of the gut microbiome.

Uric acid

Uric acid (UA), a scavenger of oxygen radical, is synthesized mainly in the liver, intestines, and the vascular
endothelium as the end metabolite of purine, and excreted via the kidney/intestine. UA is involved in
disorders of not only the kidney®™, but also the liver™, the joint"*, the brain®, and the cardiovascular
system™ via several mechanisms including oxidative stress, inflammation, and apoptosis. Well-known
causes of serum hyperuricemia include UA metabolism disturbance and reduction of its secretion by
kidney. Many intestinal bacteria, including species that belong to the genus Micrococcus, Streptomyces,
Pseudomonas, and Bacillus, carry genes coding for uricase/urate oxidase which can degrade dietary and
endogenous uric acid”". Intestinal Akkermansia muciniphila exhibited beneficial effects of decreasing serum
urate and inhibiting xanthine oxidase in the liver®”. Additionally, recent studies have identified that a
dysbiosis of intestinal microbiota underlies the pathological association between serum UA and body mass
index (BMI)®”. UA has been implicated in the pathophysiology of liver damage® and cognitive decline in
attention and executive function. Accumulating case studies and experiments in animal models have
provided mechanistic insights to explain the complicated pathophysiology of UA-associated disorders. UA
has been reported to have neuroprotective properties by activating the nuclear factor E2 related factor 2
(Nrf2) pathway including y-glutamate-cysteine ligase catalytic subunit (y-GCLC), heme oxygenase-1
(HO-1), and NQO1". However, hyperuricemia can cause chronic inflammation by activating
inflammatory mediators such as TLR- 4 and the inflammatory vesicles of the Pyrin domain NOD-like
receptor family 3 (NLRP3)"”**. UA can also downregulate NO levels by enhancing arginase activity, thereby
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deteriorating pulmonary arterial hypertension”. We speculate that this may deteriorate portal hypertension
in cirrhotic patients to contribute to the progression of HE. Further research is needed in humans to
identify UA-mediated pathways that are involved in the regulation of the microbiota-gut-liver-brain axis in
order to find a strategy to reduce the risks of HE.

IMPLICATIONS OF THE MICROBIOME-GUT-LIVER-BRAIN AXIS IN EARLY WARNING,
DIAGNOSIS, AND TREATMENT OF HEPATIC ENCEPHALOPATHY

Identification of high-risk cohorts, accurate diagnosis of HE, and timely interventions are all important
arms of the strategy to prevent and treat HE. During the progression of liver and neurological disease, the
communication networks are complex, and these networks involve both molecular communication between
organs and systems within the host, as well as communication between gut microbiota-derived metabolites
and the host. Furthermore, there is also the complex interaction between the host nervous and immune
system which includes neurotransmitters, interleukins, chemotactic factors, tumor necrosis factor, colony-
stimulating factor, interferons, other cytokines such as transforming growth factor B, vascular endothelial
cell growth factor, and many more. The high level of complexity suggests that uncovering the mechanisms
of various diseases will require high sensitivity/high-throughput technologies. With the recent introduction
of multi-omics approach into disease-associated microbiome studies, delineating the networks involved in
the pathogenesis of liver disease may identify key nodes that could be the targets for risk assessment of HE
progression, early warning signs, evaluation of treatment prognosis, and therapeutic strategies to prevent
disease complications and symptom progression.

The microbiome-gut-liver-brain axis as predictive and diagnosis tools for hepatic encephalopathy

Since the progression of HE, from the development of the disease to more advanced stages of the disease, is
inevitably accompanied by alterations in the structure and function of the microbiome and the metabolites,
it is likely that there are specific microbial genes and metabolites from the microbiome that can be used as
biomarkers for early warning and diagnosis of HE. Many studies have been performed to explore and
identify diagnostic indicators of HE in the clinical laboratory. The gut microbiome was first considered as a
unique non-invasive diagnostic biomarker for early- and late-stage liver cancer. This idea has been validated
by a study in a cross-regional cohort
microbiome was proven to be satisfactory in multi-regional Chinese populations. Promising gut microbiota

[26]

, which indicated that the diagnostic model for liver diseases using

indicators to differentiate patients with higher HE progression risk from cirrhotic cohorts included: high
populations of urease enzyme-producing bacteria such as Alcaligenaceae, Streptococcaceae, and
Staphylococcus intermedius in fecal microbiota"™'*"; low populations of butyric acid-producing bacteria
such as Faecalibacterium prausnitzii in colonic mucosal samples; and low populations of Ruminococcus,
Clostridium XIVb, Faecalibaterium, and Butyricoccus in stools"”'*". In addition, a-ketoglutaramate, a
metabolite in the process of glutamine transamination, has been proposed to be a useful biomarker for early
prediction of HE"”. Serum homocysteine and BA levels were also identified as promising markers for the
diagnosis of HE!
in HE, as the brain default mode network based on resting-state functional magnetic resonance imaging
(MRI) scanning was shown to be a valuable method to identify HE"””. All of these diagnostic indicators for
clinical laboratory are closely related to the microbiome-gut-liver-brain axis.

106

. Additionally, it is possible to target brain dysfunction as a potential diagnostic criterion

The microbiome-gut-liver-brain axis as therapeutic and preventive targets for hepatic
encephalopathy

At present, HE therapies targeting the brain are still in the preclinical stage"*. For instance, gamma-
aminobutyric acid-benzodiazepine receptor agonists reduced peripheral inflammation and
neuroinflammation which was associated with improved cognitive and motor functions in
hyperammonemic rats"*. The principles of HE prevention and treatment emphasize the importance of
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reducing and eliminating neurological, neuropsychiatric, and motor complications by eliminating triggers
and reducing the production and absorption of intestinal toxins. A number of clinical trials have been
conducted to explore possible treatments for HE"". Currently, the main therapeutic strategies include
temporarily reducing or even prohibiting protein intake'"), oral administration of weakly acidic solutions,
for example, dilute acetic acid for catharsis""”, microbiota-targeted interventions such as lactulose,
probiotics, rifaximin, and FMT to reshape the gut microbiome to reduce the production of toxins""* ",
glutamic acid tablets to promote free ammonia conversion""”, arginine to promote urea synthesis"',
ornithine to lower blood ammonia and correct symptoms of amino acid metabolism disorder""”, branched-
chain amino acids to suppress the formation of pseudo-neurotransmitters*”, naloxone or other opioid
receptor antagonists to improve brain dysfunction syndrome"*”, and the use of an artificial liver support
system to eliminate all triggers"*”. These therapeutic strategies are included in the guidelines on the
diagnosis and treatment of HE". Of these, microbiota and metabolomic-targeted strategies, in particular
lactulose, rifaximin, and probiotics'?, are well-received in the clinic for the treatment of covert/minimal
HE and to prevent HE reoccurrence"”. FMT, a newer modality of therapies targeting the gut microbiome
that has come into practice in the past decade, has been demonstrated to be safe and effective in preliminary
clinical trials on a small number of patients with HE"**. Before FMT, many procedures had to be strictly
performed to prevent the occurrence of adverse events, including selection of donors by questionnaire,
previous medical records, physical and stool examinations, evaluations of the potential risks and benefits for
the recipients in clinical situations, postoperative risks, etc., and preparations of the raw material in the
super-clean room under close microbiological control. After FMT, medical observation and periodic follow-
ups should be taken to monitor the clinical efficacy and short- and long-term adverse events, such as mild
and self-limiting abdominal discomfort, cramping, bloating, diarrhea or constipation, and, rarely, the
transmission of diseases that cannot be tested for by screening"*. However, there are still many challenges
that remain to be overcome clinically for personalized HE interventions that target the microbiota-gut-liver-
brain axis. For example, challenges include: how to accurately modify the gut microbiome and its
metabolites to give predictable clinical outcomes; how to maintain these outcomes; and how to anticipate
endogenous risks after the interventions. Randomized placebo-controlled multi-center trials on a large
cohort should be performed to validate the clinical outcomes of these preventive care interventions to
prevent symptoms in HE patients from progressing to severe neuropsychiatric dysfunction, such as coma.

CONCLUSION

As mentioned above, research on the microbiome-gut-brain axis and the microbiome-gut-liver axis has
proved that the gut microbiome is not only involved in the process of liver disease exacerbation, but also
closely related to cognitive impairment. These studies have allowed us to further understand the
microbiota-brain-gut-liver axis, providing new strategies to prevent and treat HE. While these previous
studies focused on identifying the differences in the amounts of microbes and small molecule metabolites
between HE patients and the control group, the exact dynamics of molecular networks that are involved in
gut microbiota-liver-brain axis in the context of HE disease progression from covert HE to coma is still
unclear. In addition, although the clinical efficacy of intestinal microbiota reconstruction therapy for HE,
including probiotics, prebiotics, and FMT, has been recognized, there is still a lack of strong biomarkers that
can be used to monitor the efficacy in real time and evaluate the prognosis.

DECLARATIONS

Authors’ contributions

Made substantial contributions to the conception and design of the review: Li L, Wu Z
Wrote the manuscript: Lu H



Page 10 of 14 Lu et al. Microbiome Res Rep 2024;3:17 | https://dx.doi.org/10.20517/mrr.2023.44

Figured the picture: Zhang H

Availability of data and materials
Not applicable.

Financial support and sponsorship
This work was supported by the National Natural Science Foundation of China (Nos. 32170058 and
81874038), National Key Research and Development Program of China (No. 2018YFC2000500).

Conflicts of interest

All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.

REFERENCES

1.

(98]

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

Zuo L, Iv'Y, Wang Q, et al. Early-recurrent overt hepatic encephalopathy is associated with reduced survival in cirrhotic patients
after transjugular intrahepatic portosystemic shunt creation. J Vasc Interv Radiol 2019;30:148-53.e2. DOI

Clayton M. Hepatic encephalopathy: causes and health-related burden. Br J Nurs 2018;27:S4-6. DOI PubMed

Fischer JE, Funovics FJ, Falcao HA, Wesdorp RI. L-dopa in hepatic coma. Ann Surg 1976;183:386-91. DOI PubMed PMC

Xu XY, Ding HG, Li WG, et al. Chinese guidelines on management of hepatic encephalopathy in cirrhosis. World J Gastroenterol
2019;25:5403-22. DOI PubMed PMC

Pabst O, Hornef MW, Schaap FG, Cerovic V, Clavel T, Bruns T. Gut-liver axis: barriers and functional circuits. Nat Rev
Gastroenterol Hepatol 2023;20:447-61. DOI PubMed

Kilgore A, Belkind-Gerson J. The bidirectional brain-gut-microbiome axis in pediatrics: what we know and what lies ahead. J Pediatr
Gastroenterol Nutr 2023;77:147-9. DOI

Smith ML, Wade JB, Wolstenholme J, Bajaj JS. Gut microbiome-brain-cirrhosis axis. Hepatology 2023;Online ahead of print. DOI
PubMed PMC

Wang PYT, Caspi L, Lam CKL, et al. Upper intestinal lipids trigger a gut-brain-liver axis to regulate glucose production. Nature
2008;452:1012-6. DOI PubMed

Stadlbauer V, Wright GAK, Jalan R. Role of artificial liver support in hepatic encephalopathy. Metab Brain Dis 2009;24:15-26. DOI
PubMed

Pennisi E. Human genome 10th anniversary. Digging deep into the microbiome. Science 2011;331:1008-9. DOI PubMed

Li F, Wang Q, Han Y, et al. Dietary pterostilbene inhibited colonic inflammation in dextran-sodium-sulfate-treated mice: a
perspective of gut microbiota. Infect Microbes Dis 2021;3:22-9. DOI

Zeevi D, Korem T, Godneva A, et al. Structural variation in the gut microbiome associates with host health. Nature 2019;568:43-8.
DOI

Yang Y, Bin P, Tao S, et al. Evaluation of the mechanisms underlying amino acid and microbiota interactions in intestinal infections
using germ-free animals. Infect Microbes Dis 2021;3:79-86. DOI

Moore MD, Suther C, Zhou Y. Microbiota, Viral infection, and the relationship to human diseases: an area of increasing interest in
the SARS-CoV-2 pandemic. Infect Microbes Dis 2021;3:1-3. DOI PMC

Segre JA. MICROBIOME. Microbial growth dynamics and human disease. Science 2015;349:1058-9. DOI PubMed

Morais LH, Schreiber HL 4th, Mazmanian SK. The gut microbiota-brain axis in behaviour and brain disorders. Nat Rev Microbiol
2021;19:241-55. DOI PubMed

Martin CR, Osadchiy V, Kalani A, Mayer EA. The brain-gut-microbiome axis. Cell Mol Gastroenterol Hepatol 2018;6:133-48. DOI
PubMed PMC

Laue HE, Coker MO, Madan JC. The developing microbiome from birth to 3 years: the gut-brain axis and neurodevelopmental
outcomes. Front Pediatr 2022;10:815885. DOI PubMed PMC

Niemarkt HJ, De Meij TG, van Ganzewinkel CJ, et al. Necrotizing enterocolitis, gut microbiota, and brain development: role of the


https://dx.doi.org/10.1016/j.jvir.2018.08.023
https://dx.doi.org/10.12968/bjon.2018.27.sup3.s4
http://www.ncbi.nlm.nih.gov/pubmed/29411993
https://dx.doi.org/10.1097/00000658-197604000-00010
http://www.ncbi.nlm.nih.gov/pubmed/1267495
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1344209
https://dx.doi.org/10.3748/wjg.v25.i36.5403
http://www.ncbi.nlm.nih.gov/pubmed/31576089
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6767982
https://dx.doi.org/10.1038/s41575-023-00771-6
http://www.ncbi.nlm.nih.gov/pubmed/37085614
https://dx.doi.org/10.1097/mpg.0000000000003817
https://dx.doi.org/10.1097/hep.0000000000000344
http://www.ncbi.nlm.nih.gov/pubmed/36866864
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10480351
https://dx.doi.org/10.1038/nature06852
http://www.ncbi.nlm.nih.gov/pubmed/18401341
https://dx.doi.org/10.1007/s11011-008-9117-2
http://www.ncbi.nlm.nih.gov/pubmed/19101787
https://dx.doi.org/10.1126/science.331.6020.1008
http://www.ncbi.nlm.nih.gov/pubmed/21350145
https://dx.doi.org/10.1097/im9.0000000000000047
https://dx.doi.org/10.1038/s41586-019-1065-y
https://dx.doi.org/10.1097/im9.0000000000000060
https://dx.doi.org/10.1097/im9.0000000000000043
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8011341
https://dx.doi.org/10.1126/science.aad0781
http://www.ncbi.nlm.nih.gov/pubmed/26339017
https://dx.doi.org/10.1038/s41579-020-00460-0
http://www.ncbi.nlm.nih.gov/pubmed/33093662
https://dx.doi.org/10.1016/j.jcmgh.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/30023410
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6047317
https://dx.doi.org/10.3389/fped.2022.815885
http://www.ncbi.nlm.nih.gov/pubmed/35321011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8936143

Lu et al. Microbiome Res Rep 2024;3:17 | https://dx.doi.org/10.20517/mrr.2023.44 Page 11 of 14

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.
47.

48.

49.
50.

51,

brain-gut axis. Neonatology 2019;115:423-31. DOI PubMed PMC

Bauer KC, Huus KE, Finlay BB. Microbes and the mind: emerging hallmarks of the gut microbiota-brain axis. Cell Microbiol
2016;18:632-44. DOI PubMed

Heinzel S, Aho VTE, Suenkel U, et al. Gut microbiome signatures of risk and prodromal markers of Parkinson disease. Ann Neurol
2021;90:E1-12. DOI

Tan AH, Lim SY, Lang AE. The microbiome-gut-brain axis in Parkinson disease - from basic research to the clinic. Nat Rev Neurol
2022;18:476-95. DOI PubMed

Quigley EMM. The gut-brain axis and the microbiome: clues to pathophysiology and opportunities for novel management strategies
in irritable bowel syndrome (IBS). J Clin Med 2018;7:6. DOl PubMed PMC

Sharon G, Sampson TR, Geschwind DH, Mazmanian SK. The central nervous system and the gut microbiome. Cell 2016;167:915-
32. DOI PubMed PMC

Das De T, Sharma P, Tevatiya S, et al. Bidirectional microbiome-gut-brain-axis communication influences metabolic switch-
associated responses in the mosquito anopheles culicifacies. Cells 2022;11:1798. DOI PubMed PMC

Ren Z, Li A, Jiang J, et al. Gut microbiome analysis as a tool towards targeted non-invasive biomarkers for early hepatocellular
carcinoma. Gut 2019;68:1014-23. DOI PubMed PMC

Rager SL, Zeng MY. The gut-liver axis in pediatric liver health and disease. Microorganisms 2023;11:597. DOI PubMed PMC

Qin N, Yang F, Li A, et al. Alterations of the human gut microbiome in liver cirrhosis. Nature 2014;513:59-64. DOI

Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for microbiome-brain-gut axis communication. Adv Exp Med Biol
2014;817:115-33. DOI PubMed

Teratani T, Mikami Y, Nakamoto N, et al. The liver-brain-gut neural arc maintains the Tree cell niche in the gut. Nature
2020;585:591-6. DOI PubMed

Dollé JP, Rodgers JM, Browne KD, Troxler T, Gai F, Smith DH. Newfound effect of N-acetylaspartate in preventing and reversing
aggregation of amyloid-beta in vitro. Neurobiol Dis 2018;117:161-9. DOI PubMed PMC

Warepam M, Mishra AK, Sharma GS, et al. Brain metabolite, N-acetylaspartate is a potent protein aggregation inhibitor. Front Cell
Neurosci 2021;15:617308. DOI PubMed PMC

Veiga-da-Cunha M, Tyteca D, Stroobant V, Courtoy PJ, Opperdoes FR, Van Schaftingen E. Molecular identification of NATS as the
enzyme that acetylates cysteine S-conjugates to mercapturic acids. J Biol Chem 2010;285:18888-98. DOI PubMed PMC

Wang HX, Wang YP. Gut microbiota-brain axis. Chin Med J 2016;129:2373-80. DOI PubMed PMC

Ruggiero DA, Mtui EP, Otake K, Anwar M. Central and primary visceral afferents to nucleus tractus solitarii may generate nitric oxide
as a membrane-permeant neuronal messenger. J Comp Neurol 1996;364:51-67. DOIL

Mohammadi MS, Thabut D, Cazals-Hatem D, et al. Possible mechanisms involved in the discrepancy of hepatic and aortic
endothelial nitric oxide synthases during the development of cirrhosis in rats. Liver Int 2009;29:692-700. DOI

Nandeesha H, Rajappa M, Manjusha J, Ananthanarayanan PH, Kadhiravan T, Harichandrakumar KT. Pentraxin-3 and nitric oxide as
indicators of disease severity in alcoholic cirrhosis. BrJ Biomed Sci 2015;72:156-9. DOI PubMed

Tse JKY. Gut microbiota, nitric oxide, and microglia as prerequisites for neurodegenerative disorders. ACS Chem Neurosci
2017;8:1438-47. DOI PubMed

Williams R. Review article: bacterial flora and pathogenesis in hepatic encephalopathy. Aliment Pharmacol Ther 2007;25:17-22.
DOI PubMed

Bajaj JS. The role of microbiota in hepatic encephalopathy. Gut Microbes 2014;5:397-403. DOI PubMed PMC

Rai R, Saraswat VA, Dhiman RK. Gut microbiota: its role in hepatic encephalopathy. J Clin Exp Hepatol 2015;5:S29-36. DOI
PubMed PMC

Tilg H, Adolph TE, Trauner M. Gut-liver axis: pathophysiological concepts and clinical implications. Cell Metab 2022;34:1700-18.
DOI PubMed

Parekh PJ, Balart LA. Ammonia and its role in the pathogenesis of hepatic encephalopathy. Clin Liver Dis 2015;19:529-37. DOI
PubMed

Busnelli M, Manzini S, Chiesa G. The gut microbiota affects host pathophysiology as an endocrine organ: a focus on cardiovascular
disease. Nutrients 2019;12:79. DOI PubMed PMC

Clarke G, Stilling RM, Kennedy PJ, Stanton C, Cryan JF, Dinan TG. Minireview: gut microbiota: the neglected endocrine organ. Mol
Endocrinol 2014;28:1221-38. DOI PubMed PMC

Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease. Nat Commun 2018;9:3294. DOI PubMed PMC

Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan metabolism in health and disease. Cell Host Microbe
2018;23:716-24. DOI PubMed

Kidron H, Repo S, Johnson MS, Salminen TA. Functional classification of amino acid decarboxylases from the alanine racemase
structural family by phylogenetic studies. Mol Biol Evol 2007;24:79-89. DOI PubMed

Tillisch K, Labus JS. Neuroimaging the microbiome-gut-brain axis. Adv Exp Med Biol 2014;817:405-16. DOI

Prinsloo S, Lyle RR. The microbiome, gut-brain-axis, and implications for brain health. NeuroRegulation 2015;2:158-61. DOI
PubMed PMC

Aldridge DR, Tranah EJ, Shawcross DL. Pathogenesis of hepatic encephalopathy: role of ammonia and systemic inflammation. J
Clin Exp Hepatol 2015;5:S7-20. DOI PubMed PMC


https://dx.doi.org/10.1159/000497420
http://www.ncbi.nlm.nih.gov/pubmed/30974443
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6604259
https://dx.doi.org/10.1111/cmi.12585
http://www.ncbi.nlm.nih.gov/pubmed/26918908
https://dx.doi.org/10.1002/ana.26128
https://dx.doi.org/10.1038/s41582-022-00681-2
http://www.ncbi.nlm.nih.gov/pubmed/35750883
https://dx.doi.org/10.3390/jcm7010006
http://www.ncbi.nlm.nih.gov/pubmed/29301380
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5791014
https://dx.doi.org/10.1016/j.cell.2016.10.027
http://www.ncbi.nlm.nih.gov/pubmed/27814521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127403
https://dx.doi.org/10.3390/cells11111798
http://www.ncbi.nlm.nih.gov/pubmed/35681493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9180301
https://dx.doi.org/10.1136/gutjnl-2017-315084
http://www.ncbi.nlm.nih.gov/pubmed/30045880
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6580753
https://dx.doi.org/10.3390/microorganisms11030597
http://www.ncbi.nlm.nih.gov/pubmed/36985171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10051507
https://dx.doi.org/10.1038/nature13568
https://dx.doi.org/10.1007/978-1-4939-0897-4_5
http://www.ncbi.nlm.nih.gov/pubmed/24997031
https://dx.doi.org/10.1038/s41586-020-2425-3
http://www.ncbi.nlm.nih.gov/pubmed/32526765
https://dx.doi.org/10.1016/j.nbd.2018.05.023
http://www.ncbi.nlm.nih.gov/pubmed/29859874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6553457
https://dx.doi.org/10.3389/fncel.2021.617308
http://www.ncbi.nlm.nih.gov/pubmed/33613199
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7894078
https://dx.doi.org/10.1074/jbc.m110.110924
http://www.ncbi.nlm.nih.gov/pubmed/20392701
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2881811
https://dx.doi.org/10.4103/0366-6999.190667
http://www.ncbi.nlm.nih.gov/pubmed/27647198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5040025
https://dx.doi.org/10.1002/(sici)1096-9861(19960101)364:1<51::aid-cne5>3.0.co;2-r
https://dx.doi.org/10.1111/j.1478-3231.2008.01909.x
https://dx.doi.org/10.1080/09674845.2015.11665745
http://www.ncbi.nlm.nih.gov/pubmed/26738395
https://dx.doi.org/10.1021/acschemneuro.7b00176
http://www.ncbi.nlm.nih.gov/pubmed/28640632
https://dx.doi.org/10.1111/j.1746-6342.2006.03217.x
http://www.ncbi.nlm.nih.gov/pubmed/17295848
https://dx.doi.org/10.4161/gmic.28684
http://www.ncbi.nlm.nih.gov/pubmed/24690956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4153779
https://dx.doi.org/10.1016/j.jceh.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26041954
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4442863
https://dx.doi.org/10.1016/j.cmet.2022.09.017
http://www.ncbi.nlm.nih.gov/pubmed/36208625
https://dx.doi.org/10.1016/j.cld.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26195206
https://dx.doi.org/10.3390/nu12010079
http://www.ncbi.nlm.nih.gov/pubmed/31892152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019666
https://dx.doi.org/10.1210/me.2014-1108
http://www.ncbi.nlm.nih.gov/pubmed/24892638
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5414803
https://dx.doi.org/10.1038/s41467-018-05470-4
http://www.ncbi.nlm.nih.gov/pubmed/30120222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6098093
https://dx.doi.org/10.1016/j.chom.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29902437
https://dx.doi.org/10.1093/molbev/msl133
http://www.ncbi.nlm.nih.gov/pubmed/16997906
https://dx.doi.org/10.1007/978-1-4939-0897-4_18
https://dx.doi.org/10.15540/nr.2.4.158
http://www.ncbi.nlm.nih.gov/pubmed/28955721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5611854
https://dx.doi.org/10.1016/j.jceh.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26041962
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4442852

Page 12 of 14 Lu et al. Microbiome Res Rep 2024;3:17 | https://dx.doi.org/10.20517/mrr.2023.44

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.
81.

82.

Jalan R, Shawcross D, Davies N. The molecular pathogenesis of hepatic encephalopathy. Int J Biochem Cell Biol 2003;35:1175-81.
DOI PubMed

Baltazar-Diaz TA, Gonzalez-Hernandez LA, Aldana-Ledesma JM, et al. Escherichia/Shigella, SCFAs, and metabolic pathways - the
triad that orchestrates intestinal dysbiosis in patients with decompensated alcoholic cirrhosis from Western Mexico. Microorganisms
2022;10:1231. DOI PubMed PMC

Bloom PP, Luévano JM Jr, Miller KJ, Chung RT. Deep stool microbiome analysis in cirrhosis reveals an association between short-
chain fatty acids and hepatic encephalopathy. Ann Hepatol 2021;25:100333. DOI PubMed

Bellono NW, Bayrer JR, Leitch DB, et al. Enterochromaffin cells are gut chemosensors that couple to sensory neural pathways. Cell
2017;170:185-98.e16. DOI PubMed PMC

Engevik MA, Luck B, Visuthranukul C, et al. Human-derived Bifidobacterium dentium modulates the mammalian serotonergic
system and gut-brain axis. Cell Mol Gastroenterol Hepatol 2021;11:221-48. DOI PubMed PMC

Marizzoni M, Cattaneo A, Mirabelli P, et al. Short-chain fatty acids and lipopolysaccharide as mediators between gut dysbiosis and
amyloid pathology in Alzheimer’s disease. J Alzheimers Dis 2020;78:683-97. DOI PubMed

Pedersen SS, Prause M, Serensen C, et al. Targeted delivery of butyrate improves glucose homeostasis, reduces hepatic lipid
accumulation and inflammation in db/db mice. Int J Mol Sci 2023;24:4533. DOI PubMed PMC

Liu T, LiJ, Liu Y, et al. Short-chain fatty acids suppress lipopolysaccharide-induced production of nitric oxide and proinflammatory
cytokines through inhibition of NF-xB pathway in RAW264.7 cells. Inflammation 2012;35:1676-84. DOI PubMed

Li T, Chiang JYL. Bile acid signaling in metabolic disease and drug therapy. Pharmacol Rev 2014;66:948-83. DOI PubMed PMC
Russell DW. The enzymes, regulation, and genetics of bile acid synthesis. Annu Rev Biochem 2003;72:137-74. DOI PubMed

Perino A, Demagny H, Velazquez-Villegas L, Schoonjans K. Molecular physiology of bile acid signaling in health, disease, and
aging. Physiol Rev 2021;101:683-731. DOI PubMed

Miinzker J, Haase N, Till A, et al. Functional changes of the gastric bypass microbiota reactivate thermogenic adipose tissue and
systemic glucose control via intestinal FXR-TGRS crosstalk in diet-induced obesity. Microbiome 2022;10:96. DOI PubMed PMC
Thibaut MM, Bindels LB. Crosstalk between bile acid-activated receptors and microbiome in entero-hepatic inflammation. 7rends
Mol Med 2022;28:223-36. DOI PubMed

Hu MM, He WR, Gao P, et al. Virus-induced accumulation of intracellular bile acids activates the TGR5-B-arrestin-SRC axis to
enable innate antiviral immunity. Cell Res 2019;29:193-205. DOI PubMed PMC

Studer E, Zhou X, Zhao R, et al. Conjugated bile acids activate the sphingosine-1-phosphate receptor 2 in primary rodent hepatocytes.
Hepatology 2012;55:267-76. DOI PubMed PMC

Fukuzaki Y, Faustino J, Lecuyer M, Rayasam A, Vexler ZS. Global sphingosine-1-phosphate receptor 2 deficiency attenuates
neuroinflammation and ischemic-reperfusion injury after neonatal stroke. iScience 2023;26:106340. DOI PubMed PMC

Xie G, Wang X, Jiang R, et al. Dysregulated bile acid signaling contributes to the neurological impairment in murine models of acute
and chronic liver failure. EBioMedicine 2018;37:294-306. DOI PubMed PMC

Xie G, Jiang R, Wang X, et al. Conjugated secondary 12a-hydroxylated bile acids promote liver fibrogenesis. EBioMedicine
2021;66:103290. DOI PubMed PMC

Williams E, Chu C, DeMorrow S. A critical review of bile acids and their receptors in hepatic encephalopathy. Anal Biochem
2022;643:114436. DOI PubMed PMC

Jia W, Rajani C, Kaddurah-Daouk R, Li H. Expert insights: The potential role of the gut microbiome-bile acid-brain axis in the
development and progression of Alzheimer’s disease and hepatic encephalopathy. Med Res Rev 2020;40:1496-507. DOI PubMed
Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism. Rev Endocr Metab Disord 2019;20:461-72. DOI
PubMed PMC

Mendrek A. Sex steroid hormones and brain function associated with cognitive and emotional processing in schizophrenia. Expert
Rev Endocrinol Metab 2013;8:1-3. DOI PubMed

Gazzotti P, Bock H, Fleischer S. Role of lecithin in D-beta-hydroxybutyrate dehydrogenase function. Biochem Biophys Res Commun
1974;58:309-15. DOI PubMed

Smith DGM, Williams SJ. Immune sensing of microbial glycolipids and related conjugates by T cells and the pattern recognition
receptors MCL and Mincle. Carbohydr Res 2016;420:32-45. DOI

Yin Y, Sichler A, Ecker J, et al. Gut microbiota promote liver regeneration through hepatic membrane phospholipid biosynthesis. J
Hepatol 2023;78:820-35. DOI

Burchill L, Williams SJ. From the banal to the bizarre: unravelling immune recognition and response to microbial lipids. Chem
Commun 2022;58:925-40. DOI

He X, Huang Y, Liu Y, et al. BAY61-3606 attenuates neuroinflammation and neurofunctional damage by inhibiting microglial
Mincle/Syk signaling response after traumatic brain injury. /nt J Mol Med 2022;49:5. DOI PubMed PMC

Greco SH, Torres-Hernandez A, Kalabin A, et al. Mincle signaling promotes Con A hepatitis. J Immunol 2016;197:2816-27. DOI
PubMed PMC

Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp Mol Med 2013;45:¢66. DOI PubMed PMC
Lucki NC, Sewer MB. The interplay between bioactive sphingolipids and steroid hormones. Steroids 2010;75:390-9. DOI PubMed
PMC

Kumari A, Pal Pathak D, Asthana S. Bile acids mediated potential functional interaction between FXR and FATPS in the regulation


https://dx.doi.org/10.1016/s1357-2725(02)00396-5
http://www.ncbi.nlm.nih.gov/pubmed/12757755
https://dx.doi.org/10.3390/microorganisms10061231
http://www.ncbi.nlm.nih.gov/pubmed/35744749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9229093
https://dx.doi.org/10.1016/j.aohep.2021.100333
http://www.ncbi.nlm.nih.gov/pubmed/33621653
https://dx.doi.org/10.1016/j.cell.2017.05.034
http://www.ncbi.nlm.nih.gov/pubmed/28648659
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5839326
https://dx.doi.org/10.1016/j.jcmgh.2020.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32795610
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7683275
https://dx.doi.org/10.3233/jad-200306
http://www.ncbi.nlm.nih.gov/pubmed/33074224
https://dx.doi.org/10.3390/ijms24054533
http://www.ncbi.nlm.nih.gov/pubmed/36901964
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10002599
https://dx.doi.org/10.1007/s10753-012-9484-z
http://www.ncbi.nlm.nih.gov/pubmed/22669487
https://dx.doi.org/10.1124/pr.113.008201
http://www.ncbi.nlm.nih.gov/pubmed/25073467
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4180336
https://dx.doi.org/10.1146/annurev.biochem.72.121801.161712
http://www.ncbi.nlm.nih.gov/pubmed/12543708
https://dx.doi.org/10.1152/physrev.00049.2019
http://www.ncbi.nlm.nih.gov/pubmed/32790577
https://dx.doi.org/10.1186/s40168-022-01264-5
http://www.ncbi.nlm.nih.gov/pubmed/35739571
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9229785
https://dx.doi.org/10.1016/j.molmed.2021.12.006
http://www.ncbi.nlm.nih.gov/pubmed/35074252
https://dx.doi.org/10.1038/s41422-018-0136-1
http://www.ncbi.nlm.nih.gov/pubmed/30651583
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6460433
https://dx.doi.org/10.1002/hep.24681
http://www.ncbi.nlm.nih.gov/pubmed/21932398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3245352
https://dx.doi.org/10.1016/j.isci.2023.106340
http://www.ncbi.nlm.nih.gov/pubmed/37009213
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10064246
https://dx.doi.org/10.1016/j.ebiom.2018.10.030
http://www.ncbi.nlm.nih.gov/pubmed/30344125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6284422
https://dx.doi.org/10.1016/j.ebiom.2021.103290
http://www.ncbi.nlm.nih.gov/pubmed/33752128
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8010625
https://dx.doi.org/10.1016/j.ab.2021.114436
http://www.ncbi.nlm.nih.gov/pubmed/34715070
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9798441
https://dx.doi.org/10.1002/med.21653
http://www.ncbi.nlm.nih.gov/pubmed/31808182
https://dx.doi.org/10.1007/s11154-019-09512-0
http://www.ncbi.nlm.nih.gov/pubmed/31707624
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6938793
https://dx.doi.org/10.1586/eem.12.74
http://www.ncbi.nlm.nih.gov/pubmed/30731646
https://dx.doi.org/10.1016/0006-291x(74)90928-0
http://www.ncbi.nlm.nih.gov/pubmed/4364621
https://dx.doi.org/10.1016/j.carres.2015.11.009
https://dx.doi.org/10.1016/j.jhep.2022.12.028
https://dx.doi.org/10.1039/d1cc06003a
https://dx.doi.org/10.3892/ijmm.2021.5060
http://www.ncbi.nlm.nih.gov/pubmed/34751408
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8612304
https://dx.doi.org/10.4049/jimmunol.1600598
http://www.ncbi.nlm.nih.gov/pubmed/27559045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5026929
https://dx.doi.org/10.1038/emm.2013.97
http://www.ncbi.nlm.nih.gov/pubmed/24310172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880462
https://dx.doi.org/10.1016/j.steroids.2010.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20138078
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2854287

Lu et al. Microbiome Res Rep 2024;3:17 | https://dx.doi.org/10.20517/mrr.2023.44 Page 13 of 14

83.

84.

85.

86.
87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

of Lipid Metabolism. Int J Biol Sci 2020;16:2308-22. DOI PubMed PMC

Zambusi A, Novoselc KT, Hutten S, et al. TDP-43 condensates and lipid droplets regulate the reactivity of microglia and regeneration
after traumatic brain injury. Nat Neurosci 2022;25:1608-25. DOIL

Gluchowski NL, Becuwe M, Walther TC, Farese RV Jr. Lipid droplets and liver disease: from basic biology to clinical implications.
Nat Rev Gastroenterol Hepatol 2017;14:343-55. DOI PubMed PMC

Mao K, Baptista AP, Tamoutounour S, et al. Innate and adaptive lymphocytes sequentially shape the gut microbiota and lipid
metabolism. Nature 2018;554:255-9. DOI

Fathallah-Shaykh SA, Cramer MT. Uric acid and the kidney. Pediatr Nephrol 2014;29:999-1008. DOI PubMed

Sari DCR, Soetoko AS, Soetoko AS, et al. Uric acid induces liver fibrosis through activation of inflammatory mediators and
proliferating hepatic stellate cell in mice. Med J Malaysia 2020;75:14-8. PubMed

Latourte A, Dumurgier J, Paquet C, Richette P. Hyperuricemia, gout, and the brain - an update. Curr Rheumatol Rep 2021;23:82. DOI
PubMed

Koch M, De Keyser J. Uric acid in multiple sclerosis. Neurol Res 2006;28:316-9. DOI

Wei X, Zhang M, Huang S, et al. Hyperuricemia: a key contributor to endothelial dysfunction in cardiovascular diseases. FASEB J
2023;37:¢23012. DOI

Méndez-Salazar EO, Martinez-Nava GA. Uric acid extrarenal excretion: the gut microbiome as an evident yet understated factor in
gout development. Rheumatol Int 2022;42:403-12. DOI PubMed

Zhang L, Liu J, Jin T, Qin N, Ren X, Xia X. Live and pasteurized Akkermansia muciniphila attenuate hyperuricemia in mice through
modulating uric acid metabolism, inflammation, and gut microbiota. Food Funct 2022;13:12412-25. DOI

Duan Z, Fu J, Zhang F, et al. The association between BMI and serum uric acid is partially mediated by gut microbiota. Microbiol
Spectr 2023;11:¢0114023. DOI PubMed PMC

Xu P, Han X, Shen S, Li M. The relationship between serum uric acid level and liver function in patients with hepatitis B in China.
Clin Lab 2021:1190. DOI

Tang X, Song ZH, Cardoso MA, Zhou JB, Sim¢ R. The relationship between uric acid and brain health from observational studies.
Metab Brain Dis 2022;37:1989-2003. DOI

Huang TT, Hao DL, Wu BN, Mao LL, Zhang J. Uric acid demonstrates neuroprotective effect on Parkinson’s disease mice through
Nrf2-ARE signaling pathway. Biochem Biophys Res Commun 2017;493:1443-9. DOI PubMed

Zoccali C, Maio R, Mallamaci F, Sesti G, Perticone F. Uric acid and endothelial dysfunction in essential hypertension. J Am Soc
Nephrol 2006;17:1466-71. DOI PubMed

Xiao J, Zhang XL, Fu C, et al. Soluble uric acid increases NALP3 inflammasome and interleukin-1f expression in human primary
renal proximal tubule epithelial cells through the Toll-like receptor 4-mediated pathway. Int J Mol Med 2015;35:1347-54. DOI
Watanabe T, Ishikawa M, Abe K, et al. Increased lung uric acid deteriorates pulmonary arterial hypertension. J 4m Heart Assoc
2021;10:¢022712. DOI PubMed PMC

Bajaj JS, Ridlon JM, Hylemon PB, et al. Linkage of gut microbiome with cognition in hepatic encephalopathy. Am J Physiol
Gastrointest Liver Physiol 2012;302:G168-75. DOI PubMed PMC

Pan Q, Li YQ, Guo K, et al. Elderly patients with mild cognitive impairment exhibit altered gut microbiota profiles. J Immunol Res
2021;2021:5578958. DOI PubMed PMC

Bajaj JS, Hylemon PB, Ridlon JM, et al. Colonic mucosal microbiome differs from stool microbiome in cirrhosis and hepatic
encephalopathy and is linked to cognition and inflammation. Am J Physiol Gastrointest Liver Physiol 2012;303:G675-85. DOI
PubMed PMC

Bajaj JS, Fagan A, White MB, et al. Specific gut and salivary microbiota patterns are linked with different cognitive testing strategies
in minimal hepatic encephalopathy. Am J Gastroenterol 2019;114:1080-90. DOI PubMed PMC

Bajaj JS, Gillevet PM, Patel NR, et al. A longitudinal systems biology analysis of lactulose withdrawal in hepatic encephalopathy.
Metab Brain Dis 2012;27:205-15. DOI

Cooper AJL, Kuhara T. a-Ketoglutaramate: an overlooked metabolite of glutamine and a biomarker for hepatic encephalopathy and
inborn errors of the urea cycle. Metab Brain Dis 2014;29:991-1006. DOI PubMed PMC

Chen F, Li J, Zhang W, et al. [Retracted] Risk factor analysis of hepatic encephalopathy and the establishment of diagnostic model.

Biomed Res Int 2022;2022:3475325. DOI PubMed PMC
Qi R, Zhang LJ, Luo S, et al. Default mode network functional connectivity: a promising biomarker for diagnosing minimal hepatic

encephalopathy: CONSORT-compliant article. Medicine 2014;93:¢227. DOI PubMed PMC

Claeys W, Van Hoecke L, Lernout H, et al. Experimental hepatic encephalopathy causes early but sustained glial transcriptional
changes. J Neuroinflammation 2023;20:130. DOI PubMed PMC

Mincheva G, Gimenez-Garzo C, Izquierdo-Altarejos P, et al. Golexanolone, a GABA, receptor modulating steroid antagonist,
restores motor coordination and cognitive function in hyperammonemic rats by dual effects on peripheral inflammation and
neuroinflammation. CNS Neurosci Ther 2022;28:1861-74. DOI PubMed PMC

Moran S, Loépez-Sanchez M, Milke-Garcia MDP, Rodriguez-Leal G. Current approach to treatment of minimal hepatic
encephalopathy in patients with liver cirrhosis. World J Gastroenterol 2021;27:3050-63. DOI PubMed PMC

Morgan TR, Moritz TE, Mendenhall CL, Haas R. Protein consumption and hepatic encephalopathy in alcoholic hepatitis. VA
Cooperative Study Group #275. J Am Coll Nutr 1995;14:152-8. DOI


https://dx.doi.org/10.7150/ijbs.44774
http://www.ncbi.nlm.nih.gov/pubmed/32760200
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7378638
https://dx.doi.org/10.1038/s41593-022-01199-y
https://dx.doi.org/10.1038/nrgastro.2017.32
http://www.ncbi.nlm.nih.gov/pubmed/28428634
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6319657
https://dx.doi.org/10.1038/nature25437
https://dx.doi.org/10.1007/s00467-013-2549-x
http://www.ncbi.nlm.nih.gov/pubmed/23824181
http://www.ncbi.nlm.nih.gov/pubmed/32471964
https://dx.doi.org/10.1007/s11926-021-01050-6
http://www.ncbi.nlm.nih.gov/pubmed/34971414
https://dx.doi.org/10.1179/016164106x98215
https://dx.doi.org/10.1096/fj.202300393r
https://dx.doi.org/10.1007/s00296-021-05007-x
http://www.ncbi.nlm.nih.gov/pubmed/34586473
https://dx.doi.org/10.1039/d2fo02702j
https://dx.doi.org/10.1128/spectrum.01140-23
http://www.ncbi.nlm.nih.gov/pubmed/37747198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10581133
https://dx.doi.org/10.7754/clin.lab.2020.200904
https://dx.doi.org/10.1007/s11011-022-01016-2
https://dx.doi.org/10.1016/j.bbrc.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/28986252
https://dx.doi.org/10.1681/asn.2005090949
http://www.ncbi.nlm.nih.gov/pubmed/16611716
https://dx.doi.org/10.3892/ijmm.2015.2148
https://dx.doi.org/10.1161/jaha.121.022712
http://www.ncbi.nlm.nih.gov/pubmed/34845934
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9075373
https://dx.doi.org/10.1152/ajpgi.00190.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940902
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3345956
https://dx.doi.org/10.1155/2021/5578958
http://www.ncbi.nlm.nih.gov/pubmed/34869782
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8635943
https://dx.doi.org/10.1152/ajpgi.00152.2012
http://www.ncbi.nlm.nih.gov/pubmed/22821944
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3468538
https://dx.doi.org/10.14309/ajg.0000000000000102
http://www.ncbi.nlm.nih.gov/pubmed/30816877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6610654
https://dx.doi.org/10.1007/s11011-012-9303-0
https://dx.doi.org/10.1007/s11011-013-9444-9
http://www.ncbi.nlm.nih.gov/pubmed/24234505
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4020999
https://dx.doi.org/10.1155/2022/3475325
http://www.ncbi.nlm.nih.gov/pubmed/35909486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9325620
https://dx.doi.org/10.1097/md.0000000000000227
http://www.ncbi.nlm.nih.gov/pubmed/25501083
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4602782
https://dx.doi.org/10.1186/s12974-023-02814-w
http://www.ncbi.nlm.nih.gov/pubmed/37248507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10226265
https://dx.doi.org/10.1111/cns.13926
http://www.ncbi.nlm.nih.gov/pubmed/35880480
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9532914
https://dx.doi.org/10.3748/wjg.v27.i22.3050
http://www.ncbi.nlm.nih.gov/pubmed/34168407
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8192295
https://dx.doi.org/10.1080/07315724.1995.10718487

Page 14 of 14 Lu et al. Microbiome Res Rep 2024;3:17 | https://dx.doi.org/10.20517/mrr.2023.44

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Rudler M, Weiss N, Bouzbib C, Thabut D. Diagnosis and management of hepatic encephalopathy. Clin Liver Dis 2021;25:393-417.

DOI PubMed

Hudson M, Schuchmann M. Long-term management of hepatic encephalopathy with lactulose and/or rifaximin: a review of the
evidence. Eur J Gastroenterol Hepatol 2019;31:434-50. DOI PubMed PMC

Mullish BH, McDonald JAK, Thursz MR, Marchesi JR. Fecal microbiota transplant from a rational stool donor improves hepatic
encephalopathy: a randomized clinical trial. Hepatology 2017;66:1354-5. DOl PubMed

Bajaj JS, Salzman NH, Acharya C, et al. Fecal microbial transplant capsules are safe in hepatic encephalopathy: a phase 1,
randomized, placebo-controlled trial. Hepatology 2019;70:1690-703. DOI PubMed PMC

Kaji K, Takaya H, Saikawa S, et al. Rifaximin ameliorates hepatic encephalopathy and endotoxemia without affecting the gut
microbiome diversity. World J Gastroenterol 2017;23:8355-66. DOI PubMed PMC

Holecek M. Evidence of a vicious cycle in glutamine synthesis and breakdown in pathogenesis of hepatic encephalopathy-therapeutic
perspectives. Metab Brain Dis 2014;29:9-17. DOI PubMed PMC

Mahpour NY, Pioppo-Phelan L, Reja M, Tawadros A, Rustgi VK. Pharmacologic management of hepatic encephalopathy. Clin Liver
Dis 2020;24:231-42. DOI PubMed

Hu SH, Feng YY, Yang YX, et al. Amino acids downregulate SIRT4 to detoxify ammonia through the urea cycle. Nat Metab
2023;5:626-41. DOI PubMed

Kawaguchi T, Taniguchi E, Sata M. Effects of oral branched-chain amino acids on hepatic encephalopathy and outcome in patients
with liver cirrhosis. Nutr Clin Pract 2013;28:580-8. DOI PubMed

Jiang Q, Jiang G, Welty TE, Zheng M. Naloxone in the management of hepatic encephalopathy. J Clin Pharm Ther 2010;35:333-41.

DOI PubMed

Wu G, Wu D, Lo J, et al. A bioartificial liver support system integrated with a DLM/GelMA-based bioengineered whole liver for
prevention of hepatic encephalopathy via enhanced ammonia reduction. Biomater Sci 2020;8:2814-24. DOI PubMed

Badal BD, Bajaj JS. Hepatic encephalopathy: diagnostic tools and management strategies. Med Clin North Am 2023;107:517-31.

DOI PubMed

Bloom PP, Tapper EB, Young VB, Lok AS. Microbiome therapeutics for hepatic encephalopathy. J Hepatol 2021;75:1452-64. DOI

PubMed PMC

Bourlioux P; the workgroup of the French Academy of Pharmacy. Faecal microbiota transplantation: key points to consider. Ann
Pharm Fr 2015;73:163-8. DOI PubMed


https://dx.doi.org/10.1016/j.cld.2021.01.008
http://www.ncbi.nlm.nih.gov/pubmed/33838857
https://dx.doi.org/10.1097/meg.0000000000001311
http://www.ncbi.nlm.nih.gov/pubmed/30444745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6416096
https://dx.doi.org/10.1002/hep.29369
http://www.ncbi.nlm.nih.gov/pubmed/28714089
https://dx.doi.org/10.1002/hep.30690
http://www.ncbi.nlm.nih.gov/pubmed/31038755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6819208
https://dx.doi.org/10.3748/wjg.v23.i47.8355
http://www.ncbi.nlm.nih.gov/pubmed/29307995
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5743506
https://dx.doi.org/10.1007/s11011-013-9428-9
http://www.ncbi.nlm.nih.gov/pubmed/23996300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3930847
https://dx.doi.org/10.1016/j.cld.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/32245530
https://dx.doi.org/10.1038/s42255-023-00784-0
http://www.ncbi.nlm.nih.gov/pubmed/37081161
https://dx.doi.org/10.1177/0884533613496432
http://www.ncbi.nlm.nih.gov/pubmed/23945292
https://dx.doi.org/10.1111/j.1365-2710.2009.01120.x
http://www.ncbi.nlm.nih.gov/pubmed/20831534
https://dx.doi.org/10.1039/c9bm01879d
http://www.ncbi.nlm.nih.gov/pubmed/32307491
https://dx.doi.org/10.1016/j.mcna.2023.01.003
http://www.ncbi.nlm.nih.gov/pubmed/37001951
https://dx.doi.org/10.1016/j.jhep.2021.08.004
http://www.ncbi.nlm.nih.gov/pubmed/34453966
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10471317
https://dx.doi.org/10.1016/j.pharma.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25747146



