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Introduction

Acute-on-Chronic Liver Failure (ACLF) is a severe liver failure
that occurs in the presence of chronic hepatitis or cirrhosis, and
it is a highly aggressive and challenging medical condition [1].
Despite the significant advancements in Artificial Liver Support
System (ALSS) in recent years and the introduction of different
combined ALSS for treating ACLF, the mortality rate at 28-day
and 90-day remain alarmingly high, reaching 33% and 58% re-
spectively [2]. Due to the significant disease burden associated
with ACLF, it is crucial to elucidate pathogenesis and explore
novel treatment strategies.

The liver and the intestine are closely connected, with 70%
of the liver’s blood supply originating from the portal vein,
which gathers nearly all the blood from the intestine, indicating
that intestinal products may play an important role in the pro-
gression of ACLF. Although the pathogenesis of ACLF is not fully
understood, some scholars believe that systemic inflammatory
plays a crucial role in the pathophysiological mechanisms of
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Abstract

Acute-on-Chronic Liver Failure (ACLF) is an acute and severe dis-
ease involving single or multiple organ failure. Due to the unclear
pathogenesis, there is still a lack of effective drug treatment. In-
testinal microbiota is closely related to Bile Acid (BA) metabolism.
In the progression of chronic liver disease to ACLF, BA metabolism
disorder is often accompanied by intestinal microbiota imbalance,
which affect one another mutually. This article reviewed the role
of BA metabolism and intestinal microbiota in the progression of
ACLF, which aims to explore potential new targets for the treat-
ment of ACLF.

Keywords: Bile acid; Intestinal microbiota; Acute-on-chronic
liver failure; Pathophysiology; Treatment strategy.

ACLF [3]. Partial patients with cirrhosis release a large number
of Pathogen-Associated Molecular Patterns (PAMPs) and Dam-
age-Associated Molecular Patterns (DAMPs), which activate
innate immune cells through binding to their specific Pattern
Recognition Receptors (PRRs), resulting in excessive systemic in-
flammatory response, due to immune-mediated serious tissue
damage, such as liver, kidney, lung or other organs appear suc-
cessively or simultaneously failure, and eventually progressing
ACLF [4-6].

The liver serves as the body’s metabolic hub, which syn-
thesize and metabolize Bile Acid (BA). BA function as versatile
signaling molecules, regulating the communication between
liver and intestine [7,8]. The BA pool in normal humans slightly
fluctuates daily within a certain range [9]. When ACLF occurs,
the synthesis and metabolism of BA is disturbed and the intes-
tinal microbiota is dysregulated. These alterations contribute to
further liver injury [10-12]. This review aims to (a) provide an
overview of the toxic effects of BAs on hepatocytes; (b) discuss
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the alterations in the intestinal microbiota of ACLF; (c) provide
an overview of the connections between BA, intestinal micro-
biota and ACLF; and (d) elucidate the potential therapeutic role
of targeting BA metabolism and intestinal microbiota in treating
ACLF.

Metabolism of BA and their toxic effects on hepatocytes

As shown in Figure 1, the liver synthesizes primary BA, such
as Cholic Acid (CA) and Chenodeoxycholic Acid (CDCA) from
cholesterol [13]. This can generally occur through two synthet-
ic pathways: classical and alternative pathways. The classical
pathway produces CA and CDCA through the enzymatic action
of CYP7A1, CYP8B1 and CYP27A1 cholesterol hydroxylases. The
alternative pathway is the synthesis of CDCA through the hy-
droxylation of cholesterol side chains by CYP27A1, followed by
the 7a-hydroxylation of 27-hydroxycholesterol and other oxy-
sterols by CYP7B1 [14]. After synthesis, primary BA bind with
glycine or taurine to create primary conjugated BA. These are
stored in the gallbladder along with bile. When cholecystokinin
is activated, typically after a meal, they are eventually released
into the intestinal lumen. When the terminal ileum is reached,
the intestinal epithelium’s surface reabsorbs 95% of the BAs in
the form of glycine or taurine conjugated BA through the Api-
cal Sodium-Dependent Bile Acid Transporter (ASBT, also called
IBAT). These, along with the absorbed substances, enter the
portal vein. Hepatocytes uptake BAs from the blood of portal
circulation through the Na+-Taurocholate Contra sporting Poly-
peptide (NTCP) and Organic Anion Transporting Polypeptide
(OATP), and then excrete them into the intestine via the bili-
ary system. This process is called the enterohepatic circulation
of BA [15]. Additionally, a small portion of primary BA reaches
the colon intact, where specific intestinal microbiota converts it
into secondary BA, which contains Deoxycholic Acid (DCA) and
Lithocholic Acid (LCA). These secondary BA are either passively
reabsorbed by the colonic mucosa or excreted in the feces, con-
stituting around 5% of the BA pool [16].

BAs are amphiphilic molecules containing hydrophilic hy-
droxyl group, carboxyl group and hydrophobic alkyl group. The
hydrophobicity is inversely related to the number of hydroxyl
group in the side chain, and the order of hydrophobicity BAs is
as follows: LCA>DCA>CDCA>CA [17]. The toxicity of BAs is close-
ly related to their hydrophobicity, the greater the hydrophobic-
ity, the less soluble in water at the same concentration, and the
stronger the toxicity.

Cholestasis is a pathological state in which bile flow cannot
enter the duodenum and enter the blood instead due to the
obstruction of bile formation, secretion and excretion caused
by various reasons [18]. The pathological changes of ACLF are
one-time (or multiple) necrosis of hepatocytes, which can be
manifested as mass necrosis (the necrosis scope exceeds 2/3 of
the hepatic parenchyma), and sub-mass necrosis (about 1/2 ~
2/3 of the hepatic parenchyma) [19]. The residual hepatocytes
are regenerated to different degrees, and the fine and small
bile duct hyperplasia, cholestasis and bile embolism can be ob-
served. These changes in the structure of the bile duct, espe-
cially the capillary bile duct and fine bile duct partial disappear-
ance, compression, distortion, etc., aggravated cholestasis [10].

Maintaining BA concentration below a specific threshold
is crucial to prevent hepatotoxicity. Early in vitro experiments

have shown that when toxic BA is added to hepatocytes, the
submillimolar level of toxic BA directly damage hepatocytes
[20,21]. Through studies on primary human hepatocytes, Wool-
bright et al. [22] demonstrated that the primary cause of human
cholestatic hepatitis is the leakage of BA from the biliary system
back into the liver parenchyma, resulting in direct hepatocytes
necrosis. However, the levels of toxic BA in the serum and tissue
levels rarely reach these submillimolar levels in patients with
ACLF, which suggests that BA may cause liver damage in other
ways.

Li et al. demonstrated that Taurocholic Acid (TCA) can stimu-
late the expression of inflammatory cytokines, and their study
highlights the importance of cytokines in initiating BA-induced
inflammatory responses [23]. Similarly, Cai et al. found signifi-
cantly increased cytokines expression level by applying patho-
physiological concentrations of Glycochenodeoxycholic Acid
(GCDCA) in human hepatocyte medium. These increased cyto-
kines are mainly the chemokine family, including CCL15, CCL20,
CXCL1, etc. [24]. These experiments all show that when BAs ac-
cumulate in hepatocytes, they can cause liver damage by trig-
gering an inflammatory response [24].

In addition, Cai et al. showed that neutrophils play an impor-
tant role in patients with cholestatic hepatitis, suggesting that
cholestatic hepatitis is mediated by inflammatory neutrophilic
response and its associated mitochondrial damage and oxida-
tive stress, while Kupffer Cells (KCs) seem to be unrelated to
this damaging response [24]. However, other researchers have
different opinion, suggesting that KCs are involved in the BA in-
duced liver damage response. KCs are activated after Bile Duct
Ligation (BDL) and causes BA accumulation by affecting the
function of BA transporters [25]. The use of gadolinium chloride
(an inhibitor of KCs) in the BDL model mitigated liver damage
[26], suggesting that KCs play an important role in promoting
BDL-induced liver damage. Which may be related to the activa-
tion of NF-kB and JNK signaling pathways.

The imbalance of intestinal microbiota in ACLF patients ex-
acerbates disease progression

The intestinal microbiota, also known as the microbial com-
munity, is a varied assemblage of microorganisms found within
the human digestive system. The intestinal microbiota of one
person is typically formed by the age of one and remains sta-
ble for the rest of their life, with occasional minor changes. In
adults, the intestinal microbiota comprises around 10'* micro-
organisms, which is almost tenfold greater than the number of
human cells. This microbiota encompasses 4-10 primary phylas
and a range of 3000-5000 species [27]. The dominant bacteria
in the human intestinal microbiota are from four main groups
(phyla) - Firmicutes, Bacteroidetes, Proteobacteria, and Acti-
nobacteria. These groups make up over 97% of the total mi-
crobiota. The adult intestinal microbiota varies greatly among
individuals and is primarily influenced by factors such as host
genetics, diet, and the environment. The intestinal microbiota
has a significant impact on the metabolic processes, immune
regulation, development, and physiology of the host organism
[28].

Over the past few years, numerous research studies have
commenced exploring the correlation between the variety and
makeup of the human intestinal microbiota and ACLF. Some re-
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lated researches revealed that alterations in the intestinal or se-
rum microbiota of ACLF patients (Table 1) [12,29-32]. However,
there are some differences between these studies, which may
be due to the etiology of liver disease, sequencing methods,
diet, environment, and individual differences [29,31]. In addi-
tion, results obtained using cutting-edge research techniques
suggest that changes in composition of intestinal microbiota
can affect liver disease progression [33].

Imbalance in the intestinal microbiota can contribute to
chronic liver disease, and multiple researches have demonstrat-
ed that changes in the intestinal microbiota have a significant
impact on the development and advancement of liver disease.
As chronic liver disease progresses, patients experience chang-
es in intestinal neurological function, resulting in damage to the
intestinal barrier and reduced secretion of antimicrobial pep-
tides, which leads to intestinal inflammation [34,35]. Addition-
ally, there is an impaired barrier and increased intestinal perme-
ability, allowing bacteria and components from the intestine to
be transported to the liver through the portal vein [36,37]. This
compromises the liver’s immune system by producing PAMPs
and Microbial-Associated Molecular Patterns (MAMPs), caus-
ing or worsening the systemic inflammatory response and ulti-
mately exacerbating the progression of ACLF [38,39].

Interaction between BAs and intestinal microbiota in ACLF
patients

The intestinal microbiota participates in the anabolism of
BAs, which enriches the diversity of BA pool. First, the activ-
ity of acyl-CoA synthetase required for the conversion of un-
conjugated BA to conjugated BA is regulated by the intestinal
microbiota [40]. Second, when the primary conjugated BA en-
ters the intestine, it is uncoupled by Bile Salt Hydrolase (BSH),
and the glycine or taurine groups are removed [41]. Song et al
found that microbiota with BSH activity including Staphylococ-
cus, Bacillus, Paenibacillus, Clostridium, and Brevibacillus [42].
Finally, in the intestine, the primary BA is converted to second-
ary BA by the action of 7a-dehydroxylase [43]. The bacteria
with dehydroxylation activity were distributed in Bacteroides,
Escherichia, Clostridium and Lactobacillus [44]. In addition, the
intestinal microbiota can also modify BA molecule through dif-
ferent isomerization, which is one of the main mechanisms for
increasing BA diversity. For example, Clostridium mediates the
70/ B-isomerization of CDCA in humans to form Ursodeoxycho-
lic Acid (UDCA) [8].

BA can regulate the composition of intestinal microbiota
through the following mechanisms. Firstly, BA can play an anti-
bacterial role by regulating the pH of the intestine and destroy-
ing the cell membrane of harmful microbiota [41]. Secondly,
high concentration of BA can directly dissolve the bacterial cell
membrane, thereby leading to the outflow of enzymes in the
cells and hindering bacterial overgrowth [45]. For example, DCA
can inhibit the growth of Lactobacillus and Bifidobacterium,
while CA can reduce the activity of Roseburia, Lactobacillus, and
Ruminococcus [46]. Finally, a phase | study of oral BA erivative
Obeticholic Acid (OCA) in healthy people found that oral OCA
inhibited the overgrowth of gram-positive bacteria by activating
Farnesoid X Receptor (FXR) [47].

To summarize, as shown in Figure 2, there is a two-way rela-
tionship between the intestinal microbiota and BA. The intesti-
nal microbiota controls the production of BA by enzymes, while
BA influence the makeup of the intestinal microbiota by regulat-
ing the pH of the intestine, toxicity or activating FXR.

Novel therapeutic approaches developed based on BA me-
tabolism and the intestinal microbiota Inhibition of the en-
terohepatic circulation of BA

Inhibition of enterohepatic circulation of BA is a promising
treatment for ACLF patients with significantly increased serum
BA concentration. ASBT inhibitor can reduce the accumulation
of BAs in the liver by inhibiting the reabsorption of BAs by the
terminal ileal epithelial cells. A study showed that inhibition of
ASBT gene expression could prevent severe cholestatic liver in-
jury in bile duct ligation mice by inhibiting the reabsorption of
BAs and increasing bile salt excretion from the kidney[48]. In
addition, inhibiting the uptake of BAs by hepatocytes is also a
promising therapeutic approach. NTCP plays a key role in the
uptake of BAs by hepatocytes, and NTCP inhibitors can reduce
the accumulation of BAs in hepatocytes and protect hepato-
cytes from BAs overload [49]. However, because the specific
structure of NTCP has not been clarified, so far, no effective
NTCP inhibitors have been developed.

Fecal microbiota transplantation

Fecal Microbiota Transplantation (FMT) involves transferring
the complete collection of microorganisms found in the feces of
a healthy donor into the recipient’s intestinal in order to restore
or modify the makeup and operation of the intestinal microbio-
ta [50]. After antibiotic treatment, FMT has proven to be an ef-
fective solution for refractory and recurrent Clostridium Difficile
Infection (CDI) [51,52]. Numerous studies have demonstrated
that FMT restores the normal structure of fecal bacterial com-
munity and fecal BA in patients with CDI, while also increasing
the ratio of secondary BA to primary BA [53]. Additionally, FMT
has shown promising results in treating Hepatic Encephalopa-
thy (HE) [54,55]. In a randomized controlled trial conducted by
Bajaj et al. [56], FMT not only enhanced cognitive function in
HE but also increased the diversity of intestinal microbiota and
abundance of beneficial bacteria in HE patients.

Additionally, FMT has been utilized for the management of
liver failure. A study demonstrated that FMT derived from do-
nors in good health enhanced the survival rate of individuals
suffering from Severe Alcohol-Associated Hepatitis (SAH) while
also diminishing SAH-related complications [57]. A different
clinical trial examined the effectiveness of FMT for alcohol-re-
lated ACLF. The trial revealed that the group FMT had consider-
ably higher survival rates at both the 28-day and 90-day marks
compared to the group standard medical treatment (100% ver-
sus 60% and 100% versus 57.14% respectively). These findings
ultimately suggest that FMT is a secure option for alcohol-relat-
ed ACLF. The utilization of FMT has the potential to enhance the
survival rate of patients in the medium term and ameliorate the
clinical severity score [58].

Discussion and outlook

With the development of the molecular basis of the relation-
ship between BA homeostasis and intestinal microbiota in the
enterohepatic circulation, not only have many novel therapeu-
tic targets for ACLF emerged, but also researchers have begun
to study the progression and short-term prognosis of ACLF by
BA and intestinal microbiota. According to pertinent research,
serum total BA have been found to be associated with the pro-
gression of cirrhosis to ACLF [59]. Nevertheless, the predictive
significance of total BA and individual BA components in the
prognosis of patients with ACLF, whether in the short or long
term, remains inadequately researched. Two additional re-
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Figure 1: Enterohepatic circulation of bile acid.

Schematic overview of the enterohepatic circulation: Primary BA
is synthesized from cholesterol in the liver and combined with gly-
cine or taurine to form primary conjugated BA, which are excreted
into the intestinal lumen with bile. Ninety-five percent of the pri-
mary conjugated BA is reabsorbed by enterocytes under the effect
of ASBT in the terminal ileum, reflux to the liver through the portal
vein, and enter the liver through NTCP/OATP transport. Then, BA
pass through the bile ducts into the intestine again, and this pro-
cess is known as the enterohepatic circulation of BA. The remain-
ing primary BA form secondary BA in response to the intestinal
microbiota, which are then passively reabsorbed by the colonic
mucosa or excreted in feces.

BA: Bile Acid; ASBT: Apical Sodium-Dependent Bile Acid Transport-
er; NTCP: Na+-Taurocholate Cotransporting Polypeptide; OATP: Or-

\\ganic Anion Transporting Polypeptide.
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Figure 2: The relationship between bile acid, intestinal microbiota
and liver.

Summary of the liver-BA-intestinal microbiota relationship dia-
gram: The relationship between BA, intestinal microbiota, and liver
is not unidirectional, in fact, all these factors are interrelated and
interact through different mechanisms. This relationship provides
exciting new insights into the pathogenesis, treatment, progres-
sion and prognosis of ACLF. In addition, BA and intestinal microbi-
ota can also activate inflammatory cells such as neutrophils, mac-
rophages and lymphocytes to release inflammatory factors such
as IL-1, IL-6, IL-8, IL-10, IFN-y, and TNF-a, which further cause liver

\\injury. BA: bile acid.

CTabIe 1: Changes in intestinal microbiota of ACLF patients in different studies. )
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79 ACLF patients 50 healthy controls Stool 16S rDNA sequencing Lachnospiraceae .
2015 [29] ceae, and Lanchnospiraceae
Actinobacteria, Deinococcus-
Moraxellaceae, Sulfurovum,
Zhang et al. . 16S rDNA Thermus, Alphaproteobacte-
50 HBV-ACLF patients = 23 healthy controls | Plasma . Comamonas and .
2019(30] pyrosequencing . ria, Xanthomonadaceae and
Burkholderiaceae K
Enterobacteriaceae
Yao et al. . . Veilonella, Streptococcus, .
91 HBV-ACLF patients = 30 healthy controls Stool 16S rDNA sequencing X Bacteroidetes
2021 [31] Enterococcus, and Klebsiella
i 84 decompensated
Solé et al. . . o Enterococcus and Pepto- . L
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search studies on the properties of the intestinal microbiota in
ACLF have indicated that intestinal microbiota displayed varying
compositions during different phases of ACLF. The progression
of ACLF was linked to a significant presence of Enterococcus,
whereas the improvement in ACLF was linked to a substantial
presence of Faecalibacterium [12,29]. This result suggests that
microbiota characteristics also have potential as prognostic
markers in ACLF. However, there are still few studies on this as-
pect, so future research in this area can be increased. In sum-
mary, with the deepening of research, the role of BA-intestinal

microbiota will enable us to have a better understanding of the
pathogenesis, prognosis and disease management of ACLF.
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