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The contributions of bacteria metabolites to the development of
hepatic encephalopathy

Miranda Claire Gilbert,

Tahereh Setayesh,

Yu-Jui Yvonne Wan”

Department of Pathology and Laboratory Medicine, University of California, Davis, Sacramento,
CA, USA

Abstract

Over 20% of mortality during acute liver failure is associated with the development of hepatic
encephalopathy (HE). Thus, HE is a complication of acute liver failure with a broad spectrum

of neuropsychiatric abnormalities ranging from subclinical alterations to coma. HE is caused by
the diversion of portal blood into systemic circulation through portosystemic collateral vessels.
Thus, the brain is exposed to intestinal-derived toxic substances. Moreover, the strategies to
prevent advancement and improve the prognosis of such a liver-brain disease rely on intestinal
microbial modulation. This is supported by the findings that antibiotics such as rifaximin and
laxative lactulose can alleviate hepatic cirrhosis and/or prevent HE. Together, the significance of
the gut-liver-brain axis in human health warrants attention. This review paper focuses on the roles
of bacteria metabolites, mainly ammonia and bile acids (BAs) as well as BA receptors in HE. The
literature search conducted for this review included searches for phrases such as BA receptors,
BAs, ammonia, farnesoid X receptor (FXR), G protein-coupled bile acid receptor 1 (GPBARL1 or
TGR5), sphingosine-1-phosphate receptor 2 (S1PR2), and cirrhosis in conjunction with the phrase
hepatic encephalopathy and portosystemic encephalopathy. PubMed, as well as Google Scholar,
was the search engines used to find relevant publications.
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Introduction of hepatic encephalopathy (HE)

HE consists of brain dysfunction caused by liver disease that leads to portosystemic
shunting. HE has a broad spectrum of neurological or psychiatric abnormalities, ranging
from subclinical alterations to coma.1:2 HE is diagnosed through the observation of
neuropsychiatric abnormalities with liver dysfunction after exclusion of brain disease. In HE
patients, disease features include early onset of systemic inflammation, cytokine production,
neuroinflammation, hyperammonemia, and subsequently brain edema, which is the cause of
an alarming 70% of HE deaths.3

About 70% of cirrhosis patients develop HE symptoms. The development of HE has five
stages ranging from minimal HE (MHE) to the most advanced comatose state grade 1V
HE.# Based on the severity, HE can also be classified into covert HE (minimalegrade

I) (CHE) and overt HE (grades llelV) (OHE). MHE is a cognitive impairment without
mental status changes. MHE can present as early as acute liver failure with no history of
chronic liver disease. There may be subtle or minimal changes in concentration, memory,
coordination, and intellectual function.® In contrast, OHE has mental status changes ranging
from disorientation to lethargy and coma.* Disorientation in time or asterixis identifies the
onset of OHE. 26

It is challenging to diagnose MHE due to a lack of consensus on testing standards

and threshold values.” The psychometric HE score (PHES) test is a gold standard to
diagnose MHE; however, most patients are never tested for it.8° Clinical findings are

hard to reproduce or even diagnose in CHE, only discernible through abnormalities

in psychometric tests. Conversely, clinical findings are semi-reproducible for detecting
neurologic abnormalities in OHE. However, there has been some success with psychometric
tests such as the PHES in recent studies on cirrhosis patients.10

The occurrence of HE ranges, with MHE presenting as less obvious impairments to central
nervous system (CNS) dysfunction, such as a change in attention and delayed information
processing.11 If chronic liver diseases such as hepatitis or cirrhosis remain untreated,
cognitive impairment will develop. For instance, disorientation or confusion, personality
changes, and changes in consciousness are telltale signs of OHE.12 OHE often leads to poor
patient survival or a high risk of HE recurrence.?

The variety of clinical presentations and the difficulty in detecting MHE make it hard to
quantify the exact prevalence of HE. However, it is estimated that approximately 30e40%

of patients with cirrhosis develop OHE during their disease course, whereas MHE or CHE
occurs in 20e80% of patients.12-14 Patients with a previous episode of OHE have a 40%
cumulative risk of recurrence at 1 year and those with recurrent OHE have a 40% cumulative
risk of another episode within 6 months.15.16

While the exact etiology of HE still remains unclear, it is known that the buildup of
ammonia plays an integral role in the progression of HE.1” However, ammonia alone is not
enough to trigger HE. Another factor that may contribute to HE development is bile acid
(BA\) synthesis dysregulation in chronic liver diseases, which truly exemplifies the integral
interactions between the liver-gut and the brain.18
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2. Role of ammonia in the development of HE

Increased blood ammonia is an alarming marker for the development of HE.19-21 Ammonia
is a byproduct of nitrogen metabolism and is produced mainly in the gut and kidney.22

The small intestine and colon are also sources of ammonia due to glutaminase and
urease-producing bacteria. In patients with portosystemic shunts, nitrogenous waste piles
up in the circulatory system. Excess ammonia crosses the blood-brain barrier (BBB) and

is subsequently absorbed and used by astrocytes to synthesize glutamine. Intracellular
accumulation of excess glutamine causes osmotic and oxidative stress, mitochondrial
dysfunction, and astrocyte swelling. This can lead to cerebral edema and increased
gammaaminobutyric acid-ergic (GABAergic) activity.17:23

Chronic hyperammonemia is sufficient to induce astrocyte and microglial activation,
resulting in brain-derived proinflammatory tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-6, and IL-1 (Fig. 1).24-27 In an azoxymethane (AOM) induced HE mouse model,
TNF-a receptor knockout (KO) mice had decreased brain swelling as opposed to the
wild-type mice, further showing the impact of TNF-a on brain inflammation.28 This
inflammatory state leads to neuronal death in vitro and in vivo.29

Neuroinflammation and microglia activation are specifically implicated in the pathogenesis
of HE through proinflammatory chemokine ligand 2 (CCL2). CCL2 is increased in neurons
in the AOM-induced HE mouse model with concomitantly reduced anti-inflammatory
chemokine and fractalkine. This thereby dysregu-lates the balance of inflammatory signals
in microglia, leading to microglia activation.30-31 |L-6 and TNF-a are known CCL2
inducers, and their upregulation is due to increased ammonia, leading to microglia
activation.32

The activation of microglia is a delicate balance between proinflammatory and anti-
inflammatory signals. Normal physiological conditions favor the dampening of microglia
activation.31 A CCL2 antagonist, INCB 3284 dimesylate, improves liver function and
reduces microglia activation and neurological decline.30 In rats with acute liver failure,

the increased expression of microglia markers (OX-6 and OX-42) predicts the severity of
encephalopathy (coma) due to hepatic devascularization.33 Moreover, in cirrhosis patients
with HE, microglia activation marker CD14 is elevated, leading to speculation that microglia
activation could be a feature of HE.34

Ammonia is a product of urease-producing bacteria. Urease catalyzes the hydrolysis of
urea, creating ammonia. The composition of gut microbiota impacts urease production.
Gut microbiota analysis of MHE or OHE patients revealed that ammonia-associated
astrocyte swelling is negatively associated with the abundance of Lachnospiraceae

and Ruminococcaceae, but positively correlated with Enterobacteriaceae. Furthermore,
Porphyromonadaceae is positively associated with increased diffuse white matter.3% An
additional study has also revealed that Streptococcaceae, likely via urease production, is
associated with mild HE.36

Moreover, cirrhosis in germ-free mice is associated with hyperammonemia but is not
accompanied by neuroinflammation.3” This finding indicates the significance of gut
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microbes in generating other specific chemicals that attribute to HE. It also suggests

that ammonia alone is not sufficient for developing HE.38 It is likely that altered
microbiota is implicated in cognitive impairment. Nevertheless, low urease activity shows
improved cognitive function after liver injury in mice colonized with altered Schaedler’s
flora.39 Conversely, urease-positive taxa, including Streptococcaceae and Helicobacter, are
elevated in HE patients. However, the association is inconsistent, Helicobacter pylori does
not significantly increase the high blood ammonia in patients with advanced cirrhosis

and subclinical HE. Likewise, eradication of Helicobacter pylori does not improve HE
development.40

3. Role of BAs in the development of HE

3.1.

3.2.

Introduction of BA

BAs are no longer considered solely in the context of micelle formation and lipid absorption;
they are signaling molecules with diverse effects on gut microbiota as well as on host
immunity and metabolism. Free and conjugated primary and secondary BAs are generated
by hepatic and microbial enzymes.#13 Primary BAs, i.e., chenodeoxycholic acid (CDCA)
and cholic acid (CA), are endogenous ligands for farnesoid X receptor (FXR), and activation
of FXR increases lipid and carbohydrate metabolism, insulin sensitivity, and immunity.44-48
Bacterial enzyme bile salt hydrolase (BSH) deconjugates BAs. In addition, hydrophobic
secondary BAs, i.e., deoxycholic acid (DCA) and lithocholic acid (LCA), are produced by
the bacterial enzyme 7alpha-dehydroxylase encoded by the baiJ gene.49:50

Because BAs are produced by host and bacterial enzymes, dysbiosis is accompanied

by dysregulated BA synthesis.>-53 For instance, patients with metabolic syndrome,
steatohepatitis, or liver cancer have dysbiosis as well as dysregulated BA synthesis.>*
Moreover, because FXR regulates BA synthesis, mice lacking BA receptor FXR have
dysbiosis and spontaneously develop steatosis, progressing into steatohepatitis and liver
cancer.4455-58 |ncreased serum BAs are frequently found in chronic and acute liver injury.
Such an increase is a predictive value for the onset of acute decompensation and acute-on-
chronic liver failure in cirrhosis patients, of which both can develop into HE.59:60

BA composition varies between humans, mice, and rats. In a study of species differences

in BAs, humans have high plasma levels of CDCA (33% of total BAs), DCA (27%),

LCA (12%), and CA (11%).51 Mice have high plasma levels of CA (~45%), muricholic

acid (MCA) (~32%), DCA (~17%), CDCA (~3%), and LCA (1.5e2.2%).61 Rats have high
plasma levels of CA (30%), MCA (22%), CDCA (18%), and LCA (~8%).51 Additionally, in
humans, primary BAs are usually conjugated with glycine, whereas rodent primary BAs are
often conjugated with taurine.62 Even with differing BA compositions, animal models of HE
in mice and rats are most commonly used due to their ability to mimic human liver failure.20

BAs and HE

Fulminant hepatic failure patients have an increased total BA pool.53 Increased BA
concentrations are found in the cerebrospinal fluid (CSF) of cirrhotic patients with
HE.84 An increase in serum taurocholic acid (TCA), taurodeoxycholic acid (TDCA),
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taurochenodeoxycholic acid (TCDCA), glycochenodeoxycholic acid (GCDCA), glycocholic
acid (GCA), glycoursodeoxycholic acid (GUDCA), and CDCA, is found in patients

with decompensating livers and HE.59:65 |ow levels of serum lipids are prevalent in
acute-on-chronic liver failure and cirrhosis. These changes may be potential mechanisms
accounting for HE development.®6:67 Among these BAs, TCA, in particular, has been
identified as the main BA increased during cirrhosis and an active promotor of cirrhosis
progression.®8:69 TCA is increased by ~76-folds in cirrhosis patients, promoting further
liver cirrhosis through activating hepatic stellate cells.5% Furthermore, spillover of BAs into
the circulatory system occurs during acute liver failure, acute-on-chronic liver failure, non-
alcoholic steatohepatitis, and even in the CSF of cirrhotic patients.”%71 Overall, increased
BAs are associated with liver disease development that leads to HE. Using animal models,
galactosamine-induced acute liver failure exhibited regional cerebral edema, indicating
compromised barrier function.”? Increased BBB permeability was noted through increased
Evan’s Blue after injecting CDCA or DCA for 5 days.”3:"4 Albumin immunoreactivity

was also increased in the brain in the DCA-treated rats, further indicating increased BBB
permeability.”3 Additionally, increased BBB permeability caused by BA injection may lead
to excess ammonia crossing the BBB, thereby resulting in astrocyte swelling. Moreover,

in AOM models, mice that were fed DCA or CA showed functional neurological decline
along with increased HE development. Neurological decline was accomplished by an
increase in additional BAs, including TCA.”® In contrast, direct infusion of an FXR vivo-
morpholino, 2-hydroxypropyl-p-cyclodextrin, into the frontal cortex protected neurological
complications of acute liver failure in the AOM mouse model.”>7% FXR signaling increased
brain cholesterol and led to the neurologic decline. Inhibiting FXR signaling prevented

the downregulation of cytochrome P450 (CYP)46A1 and the accumulation of brain
cholesterol.”>76 Additionally, reducing serum BAs via cholestyramine feeding or Cyp7A1-~
mice show reduced BA or AOM-induced neurological decline. In contrast, CA or DCA
feeding worsened AOM-induced neurological decline.”” Furthermore, reducing BA pool
size can attenuate the reduction of CYP46Al, a key enzyme converting cholesterol into
24-hydroxycholesterol, which can freely cross the BBB and be degraded in the liver.”8

3.3. BArreceptors and HE

Several nuclear receptors and membrane-bound receptors can be bound and activated

by BAs. CDCA is the main agonist of FXR followed by DCA and LCA to lesser
extents.”® Pregnane X receptor (PXR) is mainly activated by LCA and DCA.80 LCA is
additionally an agonist of vitamin D receptor (VDR).8! Takeda G protein-coupled receptor
5 (TGR5; also known as G protein-coupled BA receptor 1 (GPBARLY)) activated by LCA
and DCA increases 3’,5’-cyclic adenossine monophosphate, reducing the production of
proinflammatory cytokines.82 Lastly, sphingosine-1-phosphate receptor 2 (S1PR2) can be
activated by conjugated BAs, including GCA, TCA, GCDCA, and TCDCA, leading to
increased inflammation.83.84 BA receptors have just as important a role as BAs in HE.

3.3.1. FXR and HE—FXR is mainly expressed in the liver and intestine, where BAs
are produced from hepatic cholesterol. FXR signaling in the digestive system regulates
BA homeostasis. FXR in the brain regulates energy homeostasis. Intracerebroventricular
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injection of FXR agonist GW4064 increases brown adipose tissue function and sympathetic
tone in mice.8%

In a whole-body FXR KO mouse model, mice have disrupted neurotransmitter signaling and
reduced anxiety-related behavior. Measured by open-field test scores and elevated plus maze
test scores, impaired cognitive and motor functions were noted as well as increased motor
activity.86 Additionally, there were alterations in glutamatergic, GABAergic, serotonergic,
and norepinephrinergic neurotransmission in the hippocampus or cerebellum of the FXR
KO mice. This was measured by liquid chromatography with tandem mass spectrometry

of snap frozen dissection sections of mouse brains shortly after sacrifice.86:87 Overall,
whole body FXR KO contributes to mood changes and neurological degeneration similar

to HE symptoms. The effect is likely due to dysregulated BAs that cross the BBB, causing
neurotoxicity.

The specific role of FXR in HE remains unknown; however, AOM mouse studies

have uncovered the possible impact of FXR. Expressions of apical sodium-dependent

BA transporter (ASBT), FXR, and its cofactor small heterodimer partner (SHP) were
significantly increased after AOM injection in the frontal cortex before the presentation of
neurological symptoms compared with control tissue. Interestingly, the expression of these
key BA signaling components was dramatically decreased at the time of coma.”’

Whole body KO of FXR impairs neurological state; however, targeted brain knockdowns
seem to delay neurological decline. Inflammatory cytokines (IL-6, IL-1b, IL-17, and IL-18)
decrease in the brain of FXR KO mice, and it is speculated that downregulation of brain
FXR signaling may be a potential treatment mechanism for HE.88:89 Further research is
warranted to shed more light on the underlying mechanism of FXR signaling in HE.%°

3.3.2. TGR5 and HE—TGRS is a widely expressed membrane receptor in the gall-
bladder, liver, kidney, and intestine.®? In the liver, TGR5 can be found in sinusoidal
endothelial cells, Kupffer cells, and chol-angiocytes.?2 Moreover, TGRS is found in neurons
and astrocytes.9% Natural upregulation of TGR5 has been demonstrated through an AOM
acute liver failure mouse model of HE.% Central infusion of TGRS agonist betulinic acid
delays neurological decline and attenuates reflex impairment and presence of ataxia in
AOM mouse models.?* Additionally, betulinic acid reduces Ccl2 mRNA in isolated primary
neurons of mouse pups.?* TGR5 mRNA was also reduced in the cerebral cortex of patients
dying with HE.%3 In a cell culture of rat astrocytes, Tgr5 mRNA expression is downregulated
in the presence of ammonia.?3 Ammonia levels in AOM mouse models of acute liver

failure do not reach significant levels until later stages of disease progression. Therefore,

it is possible there is initially an increase in TGR5 expression protecting the brain during
liver failure, which is then followed by a decrease in expression when ammonia levels are
high.%'%

3.3.3. S1PR2 and HE—In early HE, elevated TCA is linked with increased Ccl2
through S1PR2 in mice.83 Similarly, in a hyperammonemia rat model, hyperammonemia
increased surface expression of SIPR2, thereby increasing CCL2 and subsequent microglia
activation, leading to neuroinflammation and neurological decline.%’ Direct infusion
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of S1PR2 antagonist, JTE-013, before AOM injection attenuated microglia activation,
expression of proinflammatory cytokines, and subsequent neurological impairment
associated with HE.83 Together, BAs may regulate neuroinflammatory processes via the
activation of S1PR2, rather than through FXR signaling. However, SIPR2 immunoreactivity
is found in neurons, and TCA does not alter microglia activation status. Thus, the
proinflammatory effects of BA signaling are not due to a direct action on microglia.83

Table 1 summarizes the importance of BA receptors regarding their neurological impact.
Additional detailed information regarding BA receptors can be found in other review
papers.98-107

3.3.4. The impact of FXR via regulating cholesterol and glucose homeostasis
to affect brain function—About 25% of the body’s cholesterol is in the brain, which

is used to form cell membranes, as well as regulate synapse formation, action potentials,
and neurotransmitter release.198 Thus, any fluctuation in cholesterol intake may affect brain
function.199 Furthermore, intracellular cholesterol serves as a precursor for synthesizing
many neurosteroids in the brain. Allopregnanolone is a neurosteroid that regulates GABA
type A (GABAA) receptors and is essential in mood regulation.198:110 |n neurons, a
brain-specific enzyme, cholesterol 24-hydroxylase, converts excess cholesterol into 24-(S)-
hydroxycholesterol.111 Then, 24-(S)-hydroxycholesterol can exit the brain and enter the
bloodstream, where it is integrated into the de novo BA synthesis pathway in the liver.
Interestingly, the expression of Cyp46ALl is reduced in the frontal cortex of mice with acute
liver failure progressing to HE.”®

An FXR-mediated pathway is responsible for CYP46A1 reduction as DCA reduces
CYP46A1, and guggulsterone prevents such reduction in a primary culture of neurons.’®
Furthermore, aberrant BA signaling in the brain can be reduced through cholestyramine
feeding, while accumulation of brain cholesterol is reduced through a constant central
infusion of cholesterol sequestrant 2-hydroxypropyl-p-cyclodextrin. These interventions
prevent the reduction of brain CYP46A1 and subsequent neurological symptoms of HE,
i.e., absence of reflexes and loss of muscle control.”® Furthermore, the downregulation of
Cyp46ALl in response to AOM is attenuated in Cyp7A1 KO mice, which have a reduced BA
pool size.

Given the known roles for cholesterol in the brain, it is conceivable that aberrant BA
signaling in the brain likely alters cholesterol clearance pathways. This may bring about
alterations in neurotransmitter release and/or neurosteroid synthesis, both of which are
altered in HE 112113

Glucose is the main fuel for the brain, and any slight reduction can quickly cause
neurological side effects such as cognitive and reflex impairments.114 BAs and their
receptors play pivotal roles in glucose homeostasis.}15> Activation of hepatic FXR leads to
inhibition of hepatic gluconeogenesis accompanied by increased glycogen synthesis.116-118
Intestinal FXR antagonists can also reduce hepatic gluconeogenesis, whereas TGR5 agonists
promote glucagon-like peptide-1 (GLP-1) secretion from intestinal L cells and increase
insulin sensitivity. BA signaling via FXR stimulates intestinal fibroblast growth factor
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(FGF)19/FGF15 secretion, activating FGF receptor 1 (FGFR1) on hypothalamic agouti-
related peptide (AGRP)/neuropeptide Y (NPY) neurons to improve glucose tolerance.
Furthermore, some FGF ligands might worsen glucose handling; a study has shown that
antagonizing FGF17 signaling within the hypothalamus has beneficial effects on glucose
homeostasis without inducing hypoglycemia.11® Taken together, via regulating cholesterol
and glucose homeostasis, FXR likely has a profound role in regulating the function of the
brain.

4. Treatments for HE

4.1.

Probiotics and synbiotics

Identification and treatment of the underlying liver disease that causes HE is normally the
preferred treatment method. However, additional treatments are often needed to decrease
neurological decline,120.121

In a Meta-analysis of 14 randomized trials, probiotics reduce hospitalization and progression
of HE.122 The following probiotics were used: Bioflorin (Enterococcus SF68), Pediococcus
pentosaceus, Leuconostoc, Lactobacillus paracasel, Lactobacillus plantarum, Streptococcus
faecalis, Clostridium butyricum, Bacillus mesentricus, lactic acid bacillus, probiotic yogurt
with Lactobacillus, 110 billion CFU, 1.25 billion Lactobacillus acidophilus, rhamnosus,
Bifidobacterium longum and saccharomyces, Lactobacillus bulgaricus, Bifidobacterium
bifidum, VSL#3 (4 strains of Lactobacillius, 3 strains of Bifidobacterium, and 1 strain

of Streptococcus thermophilus), Balance (Lactobacillus casei, Lactobacillus rhamnosus,
Lactobacillus acidophilus, Lactobacillus bulgaricus, Bifidobacterium breve, Bifidobacterium
longum, and Streptococcus thermophilus), and Velgut (4 strains of Lactobacillus, 3 strains of
Bifidobacterium, Saccharomyces boulardi, and Streptococcus thermophilus).

Synbiatic treatment of probiotics (non-urease-producing bacteria, namely Pediococcus
pentoseceus 5e33:3, Leuconostoc mesenteroides 32e77:1, Lactobacillus paracasei 19, and
Lactobacillus plantarum 2592) plus fermentable fiber (b-glucan, inulin, pectin, and resistant
starch) can also reduce blood ammonia levels and reversal of MHE.123

Studies further show the positive effects of probiotics in reducing ammonia levels and
MHE.124.125 gyccess of these studies is mainly attributed to the reduction of endotoxins
which in turn decreases ammonia levels.128 However, the sample size of a few of the studies
is small, ranging from cohorts of 25e160, and more studies should be performed to validate
the findings as well as examine underlying mechanisms.

4.2. Lactulose

Lactulose is a hon-absorbable sugar used to treat constipation. It is also a standard

therapy for HE that reduces ammonia levels. Lactolose reduces the incidence of MHE.

In hyperammonemia rats, lactulose reduces ammonia levels and attenuates motor behavior
impairments, measured by open field tests.127 However, lactulose has a notably unpleasant
taste and uncomfortable side effects such as diarrhea and abdominal pain.128 The effects
of probiotics within Golden Bifid and lactulose reduce blood ammonia levels, hyper
endotoxemia, and liver inflammation associated with HE in rats.128 This promising result
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only bolsters the idea that further investigation into probiotic interventions in clinical trials
should be studied to validate the findings.

4.3. Rifaximin

Rifaximin is used to treat traveler’s diarrhea caused by Escherichia coli. Rifaximin reduces
ammonia levels by eliminating ammonia-producing colonic bacteria.12° Through targeting
gut microbiota and reducing the levels of the Veillonellaceae family, rifaximin has been
shown to reduce liver cirrhosis-associated inflammation as well as 1L-6 and TNF-a,130.131
Together with lactulose, combination therapy has shown to be more beneficial than lactulose
alone in decreasing HE mortality.132

4.4, Cholestyramine

Cholestyramine is used to reduce high blood cholesterol levels. It also lowers BA pool

size. Cholestyramine not only treats liver failure but also delays neurological decline, scored
using pinna reflex, corneal reflex, tail flexion, escape response, righting reflex, and ataxia in
AOM mouse models.”® Importantly, cholestyramine also attenuates microglia activation in
AOM mouse models.”83 Further, reducing CCL2 and TNF-a as well as IL-6 in the cortex
have been shown as possible mechanisms for cholestyramine to treat HE.83

5. Summary and future direction

HE is a neurological disorder brought on by severe liver disease. The connections between
the liver and brain are becoming apparent, evidenced by dietary modulation. It has been
shown that Western diet intake leads to systemic inflammation in the liver, brain, and
adipose tissues, accompanied by microglia activation.133.134 Furthermore, these changes are
accompanied by intestinal dysbiosis and dysregulated BA synthesis. These findings stress
the significance of the diet-gut-liver-brain axis.

Liver function likely affects the development of other neurological diseases, including
Alzheimer’s disease and dementia, which are both considered metabolic dysfunctions of
the brain.13% For example, increased oxidative stress alters brain metabolic functions, such
as fatty acid peroxidation and lipid synthesis, leading to the development of Alzheimer’s
disease.136 Increased oxidative stress has also been identified as a critical component

in metabolic disorders; therefore, patients with metabolic disorders likely have escalated
progression into Alzheimer’s disease.137 Animal studies revealed that excess amyloid-beta
(Ab) in the brain is actually from the liver.138-140 Additionally, similar pathways are
implicated in HE and Alzheimer’s disease, such as cholesterol metabolism and clearance
dysregulation.141.142 Taken together, the liver and the brain are closely connected, and
metabolic imbalance in the liver has a major impact on brain dysfunction.

The gut-liver-brain axis is particularly significant for the development of HE. Ammonia
build-up is a toxic metabolism by-product that causes increased inflammatory cytokines in
the brain. The current therapy for HE focuses on decreasing ammonia build-up. However,
BA concentration and receptors have also been shown in many animal models to impact the
progression of HE. HE exemplifies how BA dysregulation is more than just a gut problem,
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it is a systemic problem. Therefore, more studies into treating BA dysregulation would be

be

neficial in truly understanding the impact on HE.

Acknowledgements

Th

References
1.

10

11.

12.

13.

14.

15.

16.

is study was supported by grant funded by the USA National Institutes of Health (NIH) RO1CA222490.

Ferenci P Hepatic encephalopathy. Gastroenterol Rep (Oxf). 2017;5:138-147. 10.1093/gastro/
gox013. [PubMed: 28533911]

. Weissenborn K Hepatic encephalopathy: definition, clinical grading and diagnostic principles.

Drugs. 2019;79:5-9. 10.1007/s40265018-1018-z. [PubMed: 30706420]

. Jayakumar AR, Rama Rao KV, Norenberg MD. Neuroinflammation in hepatic encephalopathy:

mechanistic aspects. Clin J Exp Hepatol. 2015;5:521-528. 10.1016/j.jceh.2014.07.006.

. Vilstrup H, Amodio P, Bajaj J, et al. Hepatic encephalopathy in chronic liver disease: 2014 practice

guideline by the American association for the study of liver diseases and the European association
for the study of the liver. Hepatology. 2014;60:715-735. 10.1002/hep.27210. [PubMed: 25042402]

. Amodio P, Montagnese S, Gatta A, Morgan MY. Characteristics of minimal hepatic encephalopathy.

Metab Brain Dis. 2004;19:253-267. 10.1023/b:mebr.0000043975.01841.de. [PubMed: 15554421]

. Bajaj JS, Cordoba J, Mullen KD, et al. Review article: the design of clinical trials in

hepatic encephalopathy—an International Society for Hepatic Encephalopathy and Nitrogen
Metabolism (ISHEN) consensus statement. Aliment Pharmacol Ther. 2011;33:739-747. 10.1111/
J.1365-2036.2011.04590.x. [PubMed: 21306407]

. Zhan T, Stremmel W. The diagnosis and treatment of minimal hepatic encephalopathy. Dtsch

Arztebl Int. 2012;109:180-187. 10.3238/arztebl.2012.0180. [PubMed: 22470407]

. Bajaj JS, Etemadian A, Hafeezullah M, Saeian K. Testing for minimal hepatic encephalopathy in the

United States: an AASLD survey. Hepatology. 2007;45: 833-834. 10.1002/hep.21515. [PubMed:
17326210]

. Weissenborn K, Ennen JC, Schomerus H, Ruckert N, Hecker H. Neuropsychological

characterization of hepatic encephalopathy. J Hepatol. 2001;34: 768-773. 10.1016/
50168-8278(01)00026-5. [PubMed: 11434627]

. Han W, Zhang H, Han Y, Duan Z. Cognition-tracking-based strategies for diagnosis and
treatment of minimal hepatic encephalopathy. Metab Brain Dis. 2020;35:869-881. 10.1007/
$11011-020-00539-w. [PubMed: 32495311]

Stinton LM, Jayakumar S. Minimal hepatic encephalopathy. Can J Gastroenterol. 2013;27:572—
574.10.1155/2013/547670. [PubMed: 24106728]

Shawcross DL, Dunk AA, Jalan R, et al. How to diagnose and manage hepatic encephalopathy: a
consensus statement on roles and responsibilities beyond the liver specialist. Eur J Gastroenterol
Hepatol. 2016;28:146-152. 10.1097/meg.0000000000000529. [PubMed: 26600154]

Ridola L, Cardinale V, Riggio O. The burden of minimal hepatic encephalopathy: from diagnosis
to therapeutic strategies. Ann Gastroenterol. 2018;31: 151-164. 10.20524/a0g.2018.0232.
[PubMed: 29507462]

Ridola L, Nardelli S, Gioia S, Riggio O. Quality of life in patients with minimal hepatic
encephalopathy. World J Gastroenterol. 2018;24:5446-5453. 10.3748/wjg.v24.i48.5446. [PubMed:
30622374]

Poordad FF. Review article: the burden of hepatic encephalopathy. Aliment Pharmacol Ther.
2007;25:3-9. 10.1111/j.1746-6342.2006.03215.x.

Sharma BC, Sharma P, Agrawal A, Sarin SK. Secondary prophylaxis of hepatic encephalopathy:
an open-label randomized controlled trial of lactulose versus placebo. Gastroenterology.
2009;137:885-891(e1). 10.1053/j.gastro.2009.05.056. [PubMed: 19501587]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 11

Aldridge DR, Tranah EJ, Shawcross DL. Pathogenesis of hepatic encephalopathy: role of ammonia
and systemic inflammation. J Clin Exp Hepatol. 2015;5: S7-S20. 10.1016/j.jceh.2014.06.004.
[PubMed: 26041962]

DeMorrow S Bile acids in hepatic encephalopathy. J Clin Exp Hepatol. 2019;9: 117-124. 10.1016/
j.jceh.2018.04.011. [PubMed: 30774268]

Jayakumar AR, Norenberg MD. Hyperammonemia in hepatic encephalopathy. J Clin Exp Hepatol.
2018;8:272-280. 10.1016/j.jceh.2018.06.007. [PubMed: 30302044]

Lima LCD, Miranda AS, Ferreira RN, Rachid MA, Simdes E Silva AC. Hepatic encephalopathy:
lessons from preclinical studies. World J Hepatol. 2019;11: 173-185. 10.4254/wjh.v11.i2.173.
[PubMed: 30820267]

Ninan J, Feldman L. Ammonia levels and hepatic encephalopathy in patients with known chronic
liver disease. J Hosp Med. 2017;12:659-661. 10.12788/jhm.2794. [PubMed: 28786433]

Dasarathy S, Mookerjee RP, Rackayova V, et al. Ammonia toxicity: from head to toe? Metab Brain
Dis. 2017;32:529-538. 10.1007/s11011-016-9938-3. [PubMed: 28012068]

Sturgeon JP, Shawcross DL. Recent insights into the pathogenesis of hepatic encephalopathy and
treatments. Expert Rev Gastroenterol Hepatol. 2014;8: 83—-100. 10.1586/17474124.2014.858598.
[PubMed: 24236755]

Bezzi P, Domercq M, Vesce S, Volterra A. Neuron-astrocyte cross-talk during synaptic
transmission: physiological and neuropathological implications. Prog Brain Res. 2001;132:255—
265. 10.1016/s0079-6123(01)32081-2. [PubMed: 11544994]

Jiang W, Desjardins P, Butterworth RF. Direct evidence for central proinflammatory mechanisms
in rats with experimental acute liver failure: protective effect of hypothermia. J Cereb Blood Flow
Metab. 2009;29:944-952. 10.1038/jchfm.2009.18. [PubMed: 19259110]

Rodrigo R, Cauli O, Gomez-Pinedo U, et al. Hyperammonemia induces neuroinflammation

that contributes to cognitive impairment in rats with hepatic encephalopathy. Gastroenterology.
2010;139:675-684. 10.1053/j.gastro.2010.03.040. [PubMed: 20303348]

Rama Rao KV, Jayakumar AR, Tong X, Alvarez VM, Norenberg MD. Marked potentiation of cell
swelling by cytokines in ammonia-sensitized cultured astrocytes. J Neuroinflammation. 2010;7:66.
10.1186/1742-2094-7-66. [PubMed: 20942959]

Bémeur C, Qu H, Desjardins P, Butterworth RF. IL-1 or TNF receptor gene deletion delays onset
of encephalopathy and attenuates brain edema in experimental acute liver failure. Neurochem Int.
2010;56:213-215. 10.1016/j.neuint.2009.11.010. [PubMed: 19931338]

Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms underlying inflammation in
neurodegeneration. Cell. 2010;140:918-934. 10.1016/j.cell.2010.02.016. [PubMed: 20303880]

McMuillin M, Frampton G, Thompson M, et al. Neuronal CCL2 is upregulated during

hepatic encephalopathy and contributes to microglia activation and neurological decline. J
Neuroinflammation. 2014;11:121. 10.1186/1742-2094-11-121. [PubMed: 25012628]

McMillin M, Grant S, Frampton G, Andry S, Brown A, DeMorrow S. Fractalkine suppression
during hepatic encephalopathy promotes neuroinflammation in mice. J Neuroinflammation.
2016;13:198. 10.1186/512974-016-0674-8. [PubMed: 27561705]

Gschwandtner M, Derler R, Midwood KS. More than just attractive: how CCL2

influences myeloid cell behavior beyond chemotaxis. Front Immunol. 2019;10: 2759. 10.3389/
fimmu.2019.02759. [PubMed: 31921102]

Jiang W, Desjardins P, Butterworth RF. Cerebral inflammation contributes to encephalopathy and
brain edema in acute liver failure: protective effect of minocycline. J Neurochem. 2009;109:485-
493.10.1111/j.1471-4159.2009.05981.x. [PubMed: 19220703]

Karababa A, Groos-Sahr K, Albrecht U, et al. Ammonia attenuates LPS-induced upregulation

of pro-inflammatory cytokine mRNA in co-cultured astrocytes and microglia. Neurochem Res.
2017;42:737-749. 10.1007/s11064-016-2060-4. [PubMed: 27655254]

Ahluwalia V, Betrapally NS, Hylemon PB, et al. Impaired gut-liver-brain axis in patients with
cirrhosis. Sci Rep. 2016;6, 26800. 10.1038/srep26800. [PubMed: 27225869]

Zhang Z, Zhai H, Geng J, et al. Large-scale survey of gut microbiota associated with MHE via 16S
rRNA-based pyrosequencing. Am J Gastroenterol. 2013;108: 1601-1611. 10.1038/ajg.2013.221.
[PubMed: 23877352]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 12

Kang DJ, Betrapally NS, Ghosh SA, et al. Gut microbiota drive the development of
neuroinflammatory response in cirrhosis in mice. Hepatology. 2016;64: 1232-1248. 10.1002/
hep.28696. [PubMed: 27339732]

Gundling F, Zelihic E, Seidl H, et al. How to diagnose hepatic encephalopathy in

the emergency department. Ann Hepatol. 2013;12:108-114. 10.1016/S1665-2681(19)31392-4.
[PubMed: 23293201]

Shen TC, Albenberg L, Bittinger K, et al. Engineering the gut microbiota to treat
hyperammonemia. J Clin Invest. 2015;125:2841-2850. 10.1172/JCI79214. [PubMed: 26098218]

Miquel J, Barcena R, Boixeda D, et al. Role of Helicobacter pylori infection and its eradication
in patients with subclinical hepatic encephalopathy. Eur J Gastroenterol Hepatol. 2001;13:1067—
1072. 10.1097/00042737-200109000-00012. [PubMed: 11564957]

Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile acids and bile acid receptors

in metabolic regulation. Physiol Rev. 2009;89:147-191. 10.1152/physrev.00010.2008. [PubMed:
19126757]

Li T, Chiang JY. Bile acids as metabolic regulators. Curr Opin Gastroenterol. 2015;31:159-165.
10.1097/Mog.0000000000000156. [PubMed: 25584736]

de Aguiar Vallim TQ, Tarling EJ, Edwards PA. Pleiotropic roles of bile acids in metabolism. Cell
Metab. 2013;17:657-669. 10.1016/j.cmet.2013.03.013. [PubMed: 23602448]

Zhang Y, Ge X, Heemstra LA, et al. Loss of FXR protects against diet-induced obesity

and accelerates liver carcinogenesis in ob/ob mice. Mol Endocrinol. 2012;26:272-280. 10.1210/
me.2011-1157. [PubMed: 22261820]

Xu'Y, Li F, Zalzala M, et al. Farnesoid X receptor activation increases reverse cholesterol
transport by modulating bile acid composition and cholesterol absorption in mice. Hepatology.
2016;64:1072-1085. 10.1002/hep.28712. [PubMed: 27359351]

Huang XF, Zhao WY, Huang WD. FXR and liver carcinogenesis. Acta Pharmacol Sin.
2015;36:37-43. 10.1038/aps.2014.117. [PubMed: 25500874]

Ma'Y, Huang Y, Yan L, Gao M, Liu D. Synthetic FXR agonist GW4064 prevents diet-

induced hepatic steatosis and insulin resistance. Pharm Res. 2013;30: 1447-1457. 10.1007/
$11095-013-0986-7. [PubMed: 23371517]

Modica S, Gadaleta RM, Moschetta A. Deciphering the nuclear bile acid receptor FXR paradigm.
Nucl Recept Signal. 2010;8:e005. 10.1621/nrs.08005. [PubMed: 21383957]

O’Keefe SJ, Li JV, Lahti L, et al. Fat, fibre and cancer risk in African Americans and rural
Africans. Nat Commun. 2015;6:6342. 10.1038/ncomms7342. [PubMed: 25919227]

Ridlon JM, Hylemon PB. Identification and characterization of two bile acid coenzyme A
transferases from Clostridium scindens, a bile acid 7a-dehydroxylating intestinal bacterium. J
Lipid Res. 2012;53:66-76. 10.1194/jIr.M020313. [PubMed: 22021638]

Tsuei J, Chau T, Mills D, Wan YJ. Bile acid dysregulation, gut dysbiosis, and gastrointestinal
cancer. Exp Biol Med (Maywood). 2014;239:1489-1504. 10.1177/1535370214538743. [PubMed:
24951470]

Liu HX, Keane R, Sheng L, Wan YJ. Implications of microbiota and bile acid in liver injury and
regeneration. J Hepatol. 2015;63:1502-1510. 10.1016/j.jhep.2015.08.001. [PubMed: 26256437]
Liu HX, Hu Y, Wan YJ. Microbiota and bile acid profiles in retinoic acid-primed mice that
exhibit accelerated liver regeneration. Oncotarget. 2016;7: 1096-1106. 10.18632/oncotarget.6665.
[PubMed: 26701854]

Sheng L, Jena PK, Liu HX; et al. Gender differences in bile acids and microbiota in relationship
with gender dissimilarity in steatosis induced by diet and FXR inactivation. Sci Rep. 2017;7:1748.
10.1038/s41598-017-01576-9. [PubMed: 28496104]

Kim I, Morimura K, Shah Y, Yang Q, Ward JM, Gonzalez FJ. Spontaneous hepatocarcinogenesis
in farnesoid X receptor-null mice. Carcinogenesis. 2007;28:940-946. 10.1093/carcin/bgl249.
[PubMed: 17183066]

Yang F, Huang X, Yi T, Yen Y, Moore DD, Huang W. Spontaneous development of liver tumors
in the absence of the bile acid receptor farnesoid X receptor. Cancer Res. 2007;67:863-867.
10.1158/0008-5472.CAN-06-1078. [PubMed: 17283114]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 13

Li G, Kong B, Zhu Y, et al. Small heterodimer partner overexpression partially protects against
liver tumor development in farnesoid X receptor knockout mice. Toxicol Appl Pharmacol.
2013;272:299-305. 10.1016/j.taap.2013.06.016. [PubMed: 23811326]

Wolfe A, Thomas A, Edwards G, Jaseja R, Guo GL, Apte U. Increased activation of the
Whnt/b-catenin pathway in spontaneous hepatocellular carcinoma observed in farnesoid X receptor
knockout mice. J Pharmacol Exp Ther. 2011;338:12-21. 10.1124/jpet.111.179390. [PubMed:
21430080]

Horvatits T, Drolz A, Roedl K, et al. Serum bile acids as marker for acute decompensation and
acute-on-chronic liver failure in patients with non-cholestatic cirrhosis. Liver Int. 2017;37:224—
231.10.1111/1iv.13201. [PubMed: 27416294]

DeMorrow S Bile acids in hepatic encephalopathy. J Clin Exp Hepatol. 2019;9: 117-124. 10.1016/
j.jceh.2018.04.011. [PubMed: 30774268]

Thakare R, Alamoudi JA, Gautam N, Rodrigues AD, Alnouti Y. Species differences in bile acids

I. Plasma and urine bile acid composition. J Appl Toxicol. 2018;38:1323-1335. 10.1002/jat.3644.
[PubMed: 29785833]

Stofan M, Guo GL. Bile acids and FXR: novel targets for liver diseases. Front Med (Lausanne).
2020;7:544. 10.3389/fmed.2020.00544. [PubMed: 33015098]

Bron B, Waldram R, Silk DB, Williams R. Serum, cerebrospinal fluid, and brain levels of bile acids
in patients with fulminant hepatic failure. Gut. 1977;18: 692—-696. 10.1136/gut.18.9.692. [PubMed:
604189]

Weiss N, Barbier Saint Hilaire P, Colsch B, et al. Cerebrospinal fluid metabolomics highlights
dysregulation of energy metabolism in overt hepatic encephalopathy. J Hepatol. 2016;65:1120—
1130. 10.1016/j.jhep.2016.07.046. [PubMed: 27520878]

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.
10.1016/j.ebiom.2018.10.030. [PubMed: 30344125]

Chrostek L, Supronowicz L, Panasiuk A, Cylwik B, Gruszewska E, Flisiak R. The effect of the
severity of liver cirrhosis on the level of lipids and lipoproteins. Clin Exp Med. 2014;14:417-421.
10.1007/s10238-013-0262-5. [PubMed: 24122348]

Manka P, Olliges V, Bechmann LP, et al. Low levels of blood lipids are associated with

etiology and lethal outcome in acute liver failure. PLoS One. 2014;9, e102351. 10.1371/
journal.pone.0102351. [PubMed: 25025159]

Han X, Wang J, Gu H, Liao X, Jiang M. Predictive value of liver cirrhosis using metabolite
biomarkers of bile acid in the blood: a protocol for systematic review and meta-analysis. Medicine
(Baltimore). 2022;101, €28529. 10.1097/MD.0000000000028529. [PubMed: 35089190]

Liu Z, Zhang Z, Huang M, et al. Taurocholic acid is an active promoting factor, not just a
biomarker of progression of liver cirrhosis: evidence from a human metabolomic study and

in vitro experiments. BMC Gastroenterol. 2018;18: 112. 10.1186/s12876-018-0842-7. [PubMed:
29996772]

Benyoub K, Muller M, Bonnet A, et al. Amounts of bile acids and bilirubin removed during
single-pass albumin dialysis in patients with liver failure. Ther Apher Dial. 2011;15:504-506.
10.1111/.1744-9987.2011.00980.x. [PubMed: 21974706]

Tanaka N, Matsubara T, Krausz KW, Patterson AD, Gonzalez FJ. Disruption of phospholipid and
bile acid homeostasis in mice with nonalcoholic steatohepatitis. Hepatology. 2012;56:118-129.
10.1002/hep.25630. [PubMed: 22290395]

Shawcross DL, Shabbir SS, Taylor NJ, Hughes RD. Ammonia and the neutrophil in the
pathogenesis of hepatic encephalopathy in cirrhosis. Hepatology. 2010;51:1062-1069. 10.1002/
hep.23367. [PubMed: 19890967]

Quinn M, McMillin M, Galindo C, Frampton G, Pae HY, DeMorrow S. Bile acids permeabilize the
blood brain barrier after bile duct ligation in rats via Rac1-dependent mechanisms. Dig Liver Dis.
2014;46:527-534. 10.1016/j.d1d.2014.01.159. [PubMed: 24629820]

Grant SM, DeMorrow S. Bile acid signaling in neurodegenerative and neurological disorders. IntJ
Mol Sci. 2020;21:5982. 10.3390/ijms21175982. [PubMed: 32825239]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 14

McMillin M, Frampton G, Quinn M, et al. Bile acid signaling is involved in the neurological
decline in a murine model of acute liver failure. Am J Pathol. 2016;186:312-323. 10.1016/
j.ajpath.2015.10.005. [PubMed: 26683664]

McMillin M, Grant S, Frampton G, et al. FXR-mediated cortical cholesterol accumulation
contributes to the pathogenesis of type A hepatic encephalopathy. Cell Mol Gastroenterol Hepatol.
2018;6:47-63. 10.1016/j.jcmgh.2018.02.008. [PubMed: 29928671]

McMillin M, Frampton G, Quinn M, et al. Bile acid signaling is involved in the neurological
decline in a murine model of acute liver failure. Am J Pathol. 2016;186:312-323. 10.1016/
j.ajpath.2015.10.005. [PubMed: 26683664]

Pikuleva 1A, Cartier N. Cholesterol hydroxylating cytochrome P450 46A1: from mechanisms
of action to clinical applications. Front Aging Neurosci. 2021;13, 696778. 10.3389/
fnagi.2021.696778. [PubMed: 34305573]

Wang YD, Chen WD, Moore DD, Huang W. FXR: a metabolic regulator and cell protector. Cell
Res. 2008;18:1087-1095. 10.1038/cr.2008.289. [PubMed: 18825165]

Wilson A, Almousa A, Teft WA, Kim RB. Attenuation of bile acid-mediated FXR and PXR
activation in patients with Crohn’s disease. Sci Rep. 2020;10:1866. 10.1038/541598-020-58644-w.
[PubMed: 32024859]

Han S, Li T, Ellis E, Strom S, Chiang JY. A novel bile acid-activated vitamin D receptor signaling
in human hepatocytes. Mol Endocrinol. 2010;24: 1151-1164. 10.1210/me.2009-0482. [PubMed:
20371703]

Yoneno K, Hisamatsu T, Shimamura K, et al. TGR5 signalling inhibits the production of pro-
inflammatory cytokines by in vitro differentiated inflammatory and intestinal macrophages in
Crohn’s disease. Immunology. 2013;139:19-29. 10.1111/imm.12045. [PubMed: 23566200]

McMillin M, Frampton G, Grant S, et al. Bile acid-mediated sphingosine-1-phosphate receptor
2 signaling promotes neuroinflammation during hepatic encephalopathy in mice. Front Cell
Neurosci. 2017;11:191. 10.3389/fncel.2017.00191. [PubMed: 28725183]

Nagahashi M, Yuza K, Hirose Y, et al. The roles of bile acids and sphingosine-1-phosphate
signaling in the hepatobiliary diseases. J Lipid Res. 2016;57: 1636-1643. 10.1194/jIr.R069286.
[PubMed: 27459945]

Deckmyn B, Domenger D, Blondel C, et al. Farnesoid X receptor activation in brain alters

brown adipose tissue function via the sympathetic system. Front Mol Neurosci. 2022;14, 808603.
10.3389/fnmol.2021.808603. [PubMed: 35058750]

Huang F, Wang T, Lan Y, et al. Deletion of mouse FXR gene disturbs multiple neurotransmitter
systems and alters neurobehavior. Front Behav Neurosci. 2015;9:70. 10.3389/fnbeh.2015.00070.
[PubMed: 25870546]

Liere V, Sandhu G, DeMorrow S. Recent advances in hepatic encephalopathy. F1000Res.
2017;6:1637. 10.12688/f1000research.11938.1. [PubMed: 29026534]

Petrescu AD, DeMorrow S. Farnesoid X receptor as target for therapies to treat cholestasis-induced
liver injury. Cells. 2021;10:1846. 10.3390/cells10081846. [PubMed: 34440614]

Shan HM, Zang M, Zhang Q, et al. Farnesoid X receptor knockout protects brain against ischemic
injury through reducing neuronal apoptosis in mice. J Neuroinflammation. 2020;17:164. 10.1186/
§12974-020-01838-w. [PubMed: 32450881]

Williams E, Chu C, DeMorrow S. A critical review of bile acids and their receptors in

hepatic encephalopathy. Anal Biochem. 2022;643, 114436. 10.1016/j.ab.2021.114436. [PubMed:
34715070]

Reich M, Klindt C, Deutschmann K, Spomer L, Haussinger D, Keitel V. Role of the G protein-
coupled bile acid receptor TGRS in liver damage. Dig Dis. 2017;35:235-240. 10.1159/000450917.
[PubMed: 28249265]

Duboc H, Tache Y, Hofmann AF. The bile acid TGR5 membrane receptor: from basic research

to clinical application. Dig Liver Dis. 2014;46:302-312. 10.1016/j.d1d.2013.10.021. [PubMed:
24411485]

Keitel V, Gorg B, Bidmon HJ, et al. The bile acid receptor TGR5 (Gpbar-1) acts as a neurosteroid
receptor in brain. Glia. 2010;58:1794-1805. 10.1002/glia.21049. [PubMed: 20665558]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

94.

95.

96.

97.

98.

99.

Page 15

McMillin M, Frampton G, Tobin R, et al. TGR5 signaling reduces neuroinflammation

during hepatic encephalopathy. J Neurochem. 2015;135: 565-576. 10.1111/jnc.13243. [PubMed:
26179031]

Bélanger M, C6té J, Butterworth RF. Neurobiological characterization of an azoxymethane mouse
model of acute liver failure. Neurochem Int. 2006;48: 434—-440. 10.1016/j.neuint.2005.11.022.
[PubMed: 16563565]

Matkowskyj KA, Marrero JA, Carroll RE, Danilkovich AV, Green RM, Benya RV. Azoxymethane-
induced fulminant hepatic failure in C57BL/6J mice: characterization of a new animal model. Am
J Physiol. 1999;277:G455-G462. 10.1152/ajpgi.1999.277.2.G455. [PubMed: 10444460]

Arenas YM, Balzano T, Ivaylova G, Llansola M, Felipo V. The S1IPR2-CCL2-BDNF-

TrkB pathway mediates neuroinflammation and motor incoordination in hyperammonaemia.
Neuropathol Appl Neurobiol. 2022;48, €12799. 10.1111/nan.12799. [PubMed: 35152448]
Chiang JYL, Ferrell JM. Bile acid biology, pathophysiology, and therapeutics. Clin Liver Dis
(Hoboken). 2020;15:91-94. 10.1002/cld.861. [PubMed: 32257118]

Fuchs CD, Trauner M. Role of bile acids and their receptors in gastrointestinal

and hepatic pathophysiology. Nat Rev Gastroenterol Hepatol. 2022;19: 432-450. 10.1038/
s41575-021-00566-7. [PubMed: 35165436]

100. Azer SA, Hasanato R. Use of bile acids as potential markers of liver dysfunction in humans: a

101.

102.

103.

104.

105.

106.

107.

systematic review. Medicine (Baltimore). 2021;100, e27464. 10.1097/MD.0000000000027464.
[PubMed: 34731122]

Chiang JYL, Ferrell JM. Bile acid metabolism in liver pathobiology. Gene Expr. 2018;18:71-87.
10.3727/105221618X15156018385515. [PubMed: 29325602]

Evangelakos I, Heeren J, Verkade E, Kuipers F. Role of bile acids in inflammatory liver diseases.
Semin Immunopathol. 2021;43:577-590. 10.1007/s00281-021-00869-6. [PubMed: 34236487]

Hofmann AF. The continuing importance of bile acids in liver and intestinal disease. Arch Intern
Med. 1999;159:2647-2658. 10.1001/archinte.159.22.2647. [PubMed: 10597755]

Jena PK, Sheng L, Di Lucente J, Jin LW, Maezawa I, Wan Y. Dysregulated bile acid

synthesis and dysbiosis are implicated in Western diet-induced systemic inflammation, microglial
activation, and reduced neuroplasticity. FASEB J. 2018;32:2866-2877. 10.1096/f].201700984RR.
[PubMed: 29401580]

Jena PK, Sheng L, Liu HX, et al. Western diet-induced dysbiosis in farnesoid X receptor
knockout mice causes persistent hepatic inflammation after antibiotic treatment. Am J Pathol.
2017;187:1800-1813. 10.1016/j.ajpath.2017.04.019. [PubMed: 28711154]

Jena PK, Sheng L, Mcneil K, et al. Long-term Western diet intake leads to dysregulated bile

acid signaling and dermatitis with Th2 and Th17 pathway features in mice. J Dermatol Sci.
2019;95:13-20. 10.1016/j.jdermsci.2019.05.007. [PubMed: 31213388]

Wan YY, Sheng L. Regulation of bile acid receptor activity. Liver Res. 2018;2:180-185. 10.1016/
j.livres.2018.09.008. [PubMed: 32280557]

108. Cartocci V, Servadio M, Trezza V, Pallottini V. Can cholesterol metabolism modulation affect

brain function and behavior? J Cell Physiol. 2017;232: 281-286. 10.1002/jcp.25488. [PubMed:
27414240]

109. Orth M, Bellosta S. Cholesterol: its regulation and role in central nervous system disorders.

Cholesterol. 2012;2012, 292598. 10.1155/2012/292598. [PubMed: 23119149]

110. Pinna G Allopregnanolone, the neuromodulator turned therapeutic agent: thank you, next? Front

Endocrinol (Lausanne). 2020;11:236. 10.3389/fend0.2020.00236. [PubMed: 32477260]

111. Lund EG, Xie C, Kotti T, Turley SD, Dietschy JM, Russell DW. Knockout of the cholesterol

24-hydroxylase gene in mice reveals a brain-specific mechanism of cholesterol turnover. J Biol
Chem. 2003;278:22980-22988. 10.1074/jbc.M303415200. [PubMed: 12686551]

112. Butterworth RF. Neurosteroids in hepatic encephalopathy: novel insights and new therapeutic

opportunities. J Steroid Biochem Mol Biol. 2016;160:94-97. 10.1016/j.jsbmb.2015.11.006.
[PubMed: 26589093]

113. Hazell AS, Butterworth RF. Hepatic encephalopathy: an update of pathophysiologic mechanisms.

Proc Soc Exp Biol Med. 1999;222:99-112. 10.1046/j.1525-1373.1999.d01-120.x. [PubMed:
10564534]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

Page 16

Ritter S Monitoring and maintenance of brain glucose supply: importance of hindbrain
catecholamine neurons in this multifaceted task. In: Harris RBS, ed. Appetite and Food Intake:
Central Control. 2nd ed. Boca Raton: CRC Press/Taylor & Francis; 2017:177-204.

Ma K, Saha PK, Chan L, Moore DD. Farnesoid X receptor is essential for normal glucose
homeostasis. J Clin Invest. 2006;116:1102-1109. 10.1172/JC125604. [PubMed: 16557297]

Duran-Sandoval D, Cariou B, Percevault F, et al. The farnesoid X receptor modulates hepatic
carbohydrate metabolism during the fasting-refeeding transition. J Biol Chem. 2005;280:29971—
29979. 10.1074/jbc.M501931200. [PubMed: 15899888]

Potthoff MJ, Boney-Montoya J, Choi M, et al. FGF15/19 regulates hepatic glucose
metabolism by inhibiting the CREB-PGC-1a pathway. Cell Metab. 2011;13:729-738. 10.1016/
j.cmet.2011.03.019. [PubMed: 21641554]

Zhang Y, Lee FY, Barrera G, et al. Activation of the nuclear receptor FXR improves
hyperglycemia and hyperlipidemia in diabetic mice. Proc Natl Acad Sci U S A. 2006;103:1006—
1011. 10.1073/pnas.0506982103. [PubMed: 16410358]

Liu S, Marcelin G, Blouet C, et al. A gut-brain axis regulating glucose metabolism mediated

by bile acids and competitive fibroblast growth factor actions at the hypothalamus. Mol Metab.
2018;8:37-50. 10.1016/j.molmet.2017.12.003. [PubMed: 29290621]

Mandiga P, Foris LA, Bollu PC. In: Hepatic encephalopathy. StatPearls [Internet]. Treasure Island
(FL): StatPearls Publishing; 2022.

Waghray A, Waghray N, Kanna S, Mullen K. Optimal treatment of hepatic encephalopathy.
Minerva Gastroenterol Dietol. 2014;60:55-70. [PubMed: 24632768]

Saab S, Suraweera D, Au J, Saab EG, Alper TS, Tong MJ. Probiotics are helpful in hepatic
encephalopathy: a meta-analysis of randomized trials. Liver Int. 2016;36:986-993. 10.1111/
1iv.13005. [PubMed: 26561214]

Liu Q, Duan ZP, Ha DK, Bengmark S, Kurtovic J, Riordan SM. Synbiotic modulation of

gut flora: effect on minimal hepatic encephalopathy in patients with cirrhosis. Hepatology.
2004;39:1441-1449. 10.1002/hep.20194. [PubMed: 15122774]

Malaguarnera M, Gargante MP, Malaguarnera G, et al. Bifidobacterium combined with fructo-
oligosaccharide versus lactulose in the treatment of patients with hepatic encephalopathy.

Eur J Gastroenterol Hepatol. 2010;22: 199-206. 10.1097/MEG.0b013e328330a8d3. [PubMed:
19730107]

Mittal VV, Sharma BC, Sharma P, Sarin SK. A randomized controlled trial comparing lactulose,
probiotics, and L-ornithine L-aspartate in treatment of minimal hepatic encephalopathy.

Eur J Gastroenterol Hepatol. 2011;23: 725-732. 10.1097/MEG.0b013e32834696f5. [PubMed:
21646910]

Rivera-Flores R, Mor an-Villota S, Cervantes-Barrag an L, Lopez-Macias C, Uribe M.
Manipulation of microbiota with probiotics as an alternative for treatment of hepatic
encephalopathy. Nutrition. 2020;73, 110693. 10.1016/j.nut.2019.110693. [PubMed: 32065881]

Mendes NF, Mariotti FFN, de Andrade JS, et al. Lactulose decreases neuronal activation and
attenuates motor behavioral deficits in hyperammonemic rats. Metab Brain Dis. 2017;32:2073—
2083. 10.1007/s11011-017-0098-x. [PubMed: 28875419]

Jia L, Zhang MH. Comparison of probiotics and lactulose in the treatment of minimal hepatic
encephalopathy in rats. World J Gastroenterol. 2005;11: 908-911. 10.3748/wjg.v11.i6.908.
[PubMed: 15682492]

Flamm SL. Rifaximin treatment for reduction of risk of overt hepatic encephalopathy recurrence.
Therap Adv Gastroenterol. 2011;4:199-206. 10.1177/1756283X11401774.

Bajaj JS. Review article: potential mechanisms of action of rifaximin in the management

of hepatic encephalopathy and other complications of cirrhosis. Aliment Pharmacol Ther.
2016;43:11-26. 10.1111/apt.13435. [PubMed: 26618922]

Kalambokis GN, Mouzaki A, Rodi M, et al. Rifaximin improves systemic hemodynamics and
renal function in patients with alcohol-related cirrhosis and ascites. Clin Gastroenterol Hepatol.
2012;10:815-818. 10.1016/j.cgh.2012.02.025. [PubMed: 22391344]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilbert et al.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Page 17

Wang Z, Chu P, Wang W. Combination of rifaximin and lactulose improves clinical efficacy and
mortality in patients with hepatic encephalopathy. Drug Des Devel Ther. 2018;13:1-11. 10.2147/
DDDT.S172324.

Jena PK, Sheng L, Nguyen M, et al. Dysregulated bile acid receptor-mediated signaling
and IL-17A induction are implicated in diet-associated hepatic health and cognitive function.
Biomark Res. 2020;8:59. 10.1186/540364-020-00239-8. [PubMed: 33292701]

Jena PK, Sheng L, Di Lucente J, Jin LW, Maezawa I, Wan Y. Dysregulated bile acid

synthesis and dyshiosis are implicated in Western diet-induced systemic inflammation, microglial
activation, and reduced neuroplasticity. FASEB J. 2018;32:2866-2877. 10.1096/f].201700984RR.
[PubMed: 29401580]

de la Monte SM, Tong M. Brain metabolic dysfunction at the core of Alzheimer’s disease.
Biochem Pharmacol. 2014;88:548-559. 10.1016/j.bcp.2013.12.012. [PubMed: 24380887]

Kang S, Lee YH, Lee JE. Metabolism-centric overview of the pathogenesis of Alzheimer’s
disease. Yonsei Med J. 2017;58:479-488. 10.3349/ymj.2017.58.3.479. [PubMed: 28332351]
Yadav UC, Rani V, Deep G, Singh RK, Palle K. Oxidative stress in metabolic disorders:
pathogenesis, prevention, and therapeutics. Oxid Med Cell Longev. 2016;2016, 9137629.
10.1155/2016/9137629. [PubMed: 26949450]

Bassendine MF, Taylor-Robinson SD, Fertleman M, Khan M, Neely D. Is Alzheimer’s disease

a liver disease of the brain? J Alzheimers Dis. 2020;75:1-14. 10.3233/JAD-190848. [PubMed:
32250293]

Jack CR Jr, Knopman DS, Jagust WJ, et al. Tracking pathophysiological processes in Alzheimer’s
disease: an updated hypothetical model of dynamic biomarkers. Lancet Neurol. 2013;12:207-
216. 10.1016/S1474-4422(12)70291-0. [PubMed: 23332364]

Maarouf CL, Walker JE, Sue LI, Dugger BN, Beach TG, Serrano GE. Impaired hepatic
amyloid-beta degradation in Alzheimer’s disease. PLoS One. 2018;13, e0203659. 10.1371/
journal.pone.0203659. [PubMed: 30192871]

MahmoudianDehkordi S, Arnold M, Nho K, et al. Altered bile acid profile associates with
cognitive impairment in Alzheimer’s disease-an emerging role for gut microbiome. Alzheimers
Dement. 2019;15:76-92. 10.1016/j.jalz.2018.07.217. [PubMed: 30337151]

Loera-Valencia R, Goikolea J, Parrado-Fernandez C, Merino-Serrais P, Maioli S.Alterations

in cholesterol metabolism as a risk factor for developing Alzheimer’s disease: potential

novel targets for treatment. J Steroid Biochem Mol Biol. 2019;190:104-114. 10.1016/
j.jsbmb.2019.03.003. [PubMed: 30878503]

Liver Res. Author manuscript; available in PMC 2024 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gilbert et al. Page 18

IL-1 - |
Microglia P TNF-a |

Afancnia I —_— activation E— IL-6 — 2

Fig. 1. Increased ammonia causes microglia activation.
Microglia activation produces TNF-a, IL-6, and IL-1p. TNF-a and IL-6 are known

CCL2 inducers. Increased CCL2 is linked to microglial activation. Abbreviations: CCL2,
chemokine ligand 2; IL, interleukin; TNF-a, tumor necrosis factor-alpha.
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