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Abstract:    Bile acid (BA) is de novo synthesized exclusively in the liver and has direct or indirect antimicrobial effects. 
On the other hand, the composition and size of the BA pool can be altered by intestinal microbiota via the biotrans-
formation of primary BAs to secondary BAs, and subsequently regulate the nuclear farnesoid X receptor (FXR; 
NR1H4). The BA-activated FXR plays important roles in BA synthesis and metabolism, glucose and lipid metabolism, 
and even hepatic autophagy. BAs can also play a role in the interplays among intestinal microbes. In this review, we 
mainly discuss the interactions between BAs and intestinal microbiota and their roles in regulating host metabolism, 
and probably the autophagic signaling pathway. 
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1  Introduction 
 
Bile acid (BA) is biosynthesized de novo in 

hepatocytes, remained in cholecystis and further 
converted to secondary BA by intestinal microbiota 
(Ridlon et al., 2006). BA contributes to the emulsi-
fication and solubilization of fats. In addition, it can 
regulate farnesoid X receptor (FXR; NR1H4) that not 
only alters the transcription levels of critical genes  
in BA synthesis, transportation, and metabolism 
(Makishima et al., 1999), but is also involved in lipid, 
glucose, and energy metabolism (Zollner et al., 2006; 
Nguyen and Bouscarel, 2008). Interestingly, FXR is 
also identified as inhibiting autophagy-related genes 
(Atgs) in the fed state (Lee et al., 2014; Seok et al., 

2014). A large quantity of host and environmental 
factors can change the composition of intestinal mi-
crobes, such as lifestyle, diet, antibiotics, and the 
host’s environment. In addition, more evidence has 
revealed that BA is also able to alter gut microbes via 
direct and indirect antimicrobial effects (Begley et al., 
2005), and even contribute to the survival of some 
BA-tolerant bacteria (Devkota et al., 2012). 

Currently, a growing body of research has 
highlighted that intestinal microbiota disorders can 
lead to varieties of diseases, for instance, obesity, 
colon cancer, and Clostridium difficile infection (CDI) 
(Hill and Artis, 2010; Kau et al., 2011; Tremaroli and 
Backhed, 2012). In addition, accumulating evidence 
indicates that intestinal microbiota contributes to the 
biotransformation of primary BAs to secondary BAs 
and alters BA composition (Midtvedt, 1974), leading 
to the activation or inhibition of FXR (Hu et al., 2014) 
and the subsequent alteration of BA pool size via two 
FXR-dependent feedback mechanisms of hepatic BA 
synthesis (Kim et al., 2007). Taken together, BAs can 
affect the communal structure of intestinal microbes, 
in turn, intestinal microbes are able to alter BAs. The 
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cross-talk between BAs and intestinal microbes plays 
essential roles in host metabolism. 

Interestingly, BAs play important roles in the 
interplay among intestinal microbes. For instance, 
fecal microbiota transplantation (FMT) can restore 
the intestinal microbiota and fecal BA composition in 
patients with recurrent CDI (Weingarden et al., 2014). 
The spore germination of C. difficile can be stimu-
lated by some primary BAs except for chenodeoxy-
cholic acids (CDCAs) (Sorg and Sonenshein, 2008) 
or inhibited by secondary BAs such as lithocholic 
acids (LCAs) and ursodeoxycholic acids (UDCAs) 
(Sorg and Sonenshein, 2010), and FMT can restore 
gut microbes which can convert primary BAs to 
secondary BAs, thus inhibiting C. difficile spore 
germination. In this review, we mainly focus on the 
metabolism of BA, the interactions between BAs and 
intestinal microbiota, and the cross-talk between BAs 
and intestinal microbiota in regulating host metabo-
lism, and probably autophagic signaling pathways. 

 
 

2  Biosynthesis and enterohepatic circulation 
(EHC) of BAs 

 
BA is an amphipathic molecule that is synthe-

sized de novo exclusively in hepatocytes (Fig. 1) 
(Begley et al., 2005). Several previous reviews have 
summarized in detail the biosynthesis of BA (Chiang, 
2004; Lefebvre et al., 2009; de Aguiar Vallim et al., 
2013). In brief, two BA biosynthetic pathways  
are present in the liver. One is the classic or neutral 
BA synthetic pathway in which cholesterol 7α- 
hydroxylase (CYP7A1) converts cholesterol into  
7α-hydroxycholesterol. This first and rate-limiting 
hydroxylation step plays a vital role in BA synthe-
sis (Myant and Mitropoulos, 1977). Then, 7α- 
hydroxycholesterol is catalyzed by sterol 12α- 
hydroxylase (CYP8B1) and sterol 27-hydroxylase 
(CYP27A1) to generate cholic acid (CA) and CDCA 
(Bjorkhem, 1992). In human liver, CA and CDCA are 
predominant primary BAs. However, in rodent liver, 
CDCA can be converted into α/β-muricholic acid 
(α/β-MCA), which is also primary BA (Zhang et al., 
2014). The alternative BA synthetic pathway mainly 
leads to the synthesis of CDCA. The cholesterol side 
chain is oxidized by CYP27A1 and then the steroid 
ring is hydroxylated by oxysterol 7α-hydroxylase 

(CYP7B1). Cholesterol is also converted to 24-, 25-, 
or 27-hydroxycholesterols in other organs, such as the 
lung and brain, and these oxysterols are used for he-
patic synthesis of BAs. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 

 
 

Before being secreted into the bile, primary BAs 
can conjugate with glycine or taurine under the ca-
talysis of BA coenzyme A synthetase (BACS) and 
BA amino acid transferase (BAAT) to generate bile 
salts, which are transported to canaliculi and form bile 
through the bile salt export protein (BSEP; ABCB11). 
After a meal, dietary fat stimulates intestinal mucosa 
to secrete cholecystokinin, which can promote the 
contraction of the gallbladder, thus facilitating the 
secretion of bile salts into the small intestine. Most 
bile salts (95%) are re-absorbed by the intestine via 
the apical sodium-dependent bile acid transporter 
(ASBT) and the organic solute transporters (OSTα/β), 
and then flow into the portal blood (Dawson et al., 
2005). The intestinal BA-binding protein (IBABP) 
contributes to the transportation of BAs across the 
ileal enterocytes. However, a mini-fraction of CAs, 
CDCAs, and MCAs are not re-absorbed. They are 
modified to generate deoxycholic acids (DCAs), 
LCAs, ursocholic acids (UCAs), and UDCAs in the 
human, and DCAs, UCAs, UDCAs, murideoxycholic 
acids (MDCAs), and hyodeoxycholic acids (HDCAs) 
in mice, which are all secondary BAs, under the cataly-
sis of 7α-dehydroxylase in bacteria (Zhang et al., 

Fig. 1  Synthesis and EHC of BAs 
This figure is modified from Li and Chiang (2013) 
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2014). Most LCAs are excreted into feces, their loss 
being compensated by de novo BA biosynthesis. 
Others return to hepatocytes and are sulfated before 
excretion to the gallbladder (Wang et al., 2009). 
Meanwhile, DCAs are re-absorbed in the colon. The 
re-absorbed primary and secondary BAs return to 
hepatocytes via the transportation of (Na+)-dependent 
taurocholic acid co-transporting polypeptide (NTCP) 
and organic anion transporting polypeptide (OATP) 
to complete EHC (de Aguiar Vallim et al., 2013). 

BAs are potent detergents and contribute to the 
absorption and transportation of lipids, nutrients, and 
fat-soluble vitamins (Begley et al., 2005). BAs also 
are identified to be natural ligands for FXR, which 
can be regulated by BA and subsequently modulate 
metabolic pathways (Houten et al., 2006; Eloranta 
and Kullak-Ublick, 2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  BAs as regulators of intestinal microbiota 
 

The recent literature has suggested that BAs not 
only have direct antibacterial effects but also affect 
microbiota indirectly via nuclear receptors (Begley  
et al., 2005; Inagaki et al., 2006). However, some 
BA-tolerant microbes can thrive in the presence of 
BAs (Fig. 2a) (Devkota et al., 2012). 

3.1  Direct effects of BAs on bacteria 

When BA-intolerant bacteria are exposed to BAs, 
cell membrane integrity can be altered and intracel-
lular enzymes leak out, resulting in the inhibition of 
bacterial overgrowth (Noh and Gilliland, 1993; de 
Valdez et al., 1997). High levels of BAs dissolve 
phospholipids and dissociate intrinsic membranous 
proteins, leading to the spillage of intracellular materials  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2  Interactions between BAs and gut microbes in host metabolism and probably in autophagy signaling pathways
(a) Interactions among gut microbes, BAs, and FXR. Gut microbes involve in the transformation of primary BAs into second BAs.
BAs have direct and indirect antimicrobial effects, and even can favor the growth of BA-tolerant bacteria. BAs can activate or
inhibit the expression of FXR, which in turn has profound effects on the synthesis and transportation of BAs. (b) Interactions
among gut microbes, BAs, and FXR in host health. (c) Potential relationships between gut microbes and autophagy mediated by
BAs. Interactions among gut microbes, BAs and FXR have been elucidated. The inhibition of hepatic autophagy by FXR-CREB
complex has also been demonstrated. However, whether gut microbes can regulate autophagy via BAs and FXR pathways needs
to be further investigated. (d) BAs as mediators among gut microbes. C. scindens can convert primary BAs (P.BAs) to secondary BAs
(S.BAs). Primary BAs can stimulate C. difficile spores germination but secondary BAs can inhibit C. difficile spores germination
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(Heuman et al., 1996). Low concentrations of BAs 
can also affect the permeability and fluidity of cell 
membrane and change membrane characteristics 
(Noh and Gilliland, 1993). The antimicrobial potency 
of DCA is 10 times greater than that of CA (Kurdi  
et al., 2006). Additionally, previous studies have 
shown that BAs may affect some microbial cells in 
other ways, such as inducing DNA damage, activat-
ing enzymes involved in DNA repair, and altering 
protein structure (Kandell and Bernstein, 1991; 
Bernstein et al., 1999). A recent study of Cremers  
et al. (2014) revealed that bile salts have profound 
effects on many key proteins in bacteria through 
protein unfolding, aggregation and disulfide stress. 
Therefore, BAs are thought to have destructive effects 
on gut microbes except for some BA-tolerant bacteria. 

3.2  Indirect effects of BAs on bacteria 

Interestingly, oral BAs can activate FXR and 
inhibit the bacterial proliferation resulting from bili-
ary obstruction in rodents, and then protect the ileum 
from microbial infection (Ding et al., 1993; Lorenzo- 
Zúñiga et al., 2003). Inagaki et al. (2006) showed that 
BA-activated FXR can induce the expression of genes, 
such as Ang1, iNos, and Il18, which are involved in 
enteroprotection. The products of these genes con-
tribute to the inhibition of microbial overgrowth and 
mucosal damage. Furthermore, in cultured biliary 
epithelial cells, CDCA and UDCA are able to induce 
the expression of cathelicidin through FXR and vit-
amin D receptor. Cathelicidin is an antimicrobial 
peptide which acts against microbial invasion in the 
biliary epithelium and this may contribute to biliary 
tract sterility (D'Aldebert et al., 2009). Taken together, 
BAs can affect microbiota via nuclear receptors  
indirectly. 

3.3  Growth of BA-tolerant bacteria 

However, the proliferation of some BA-tolerant 
microbes, such as Bilophila wadsworthia, Esche-
richia coli, and Listeria monocytogenes, can be facil-
itated by BAs, leading to the suppression of other 
symbiotic microbes (Hardison, 1978; Laue et al., 
1997; David et al., 2014). Furthermore, some gut 
commensals can also tolerate BAs, such as some 
Lactobacillus and Bifidobacterium species expressing 
bile salt hydrolase (Begley et al., 2005). Early studies 
observed the proliferation of B. wadsworthia in the 

presence of BAs since sulphite in taurine-conjugated 
BAs can be used as a terminal electron acceptor 
(Hardison, 1978; Laue et al., 1997). Another report 
revealed that sulfur-reducing bacteria (e.g. B. 
wadsworthia) thrive when interleukin-10-deficient 
(Il10−/−) mice were fed with a milk-derived fat diet, 
because milk fat contributes to high levels of taurine- 
conjugated BAs and provides enough organic sulphur 
for sulfur-reducing bacteria. Moreover, adding tau-
rocholic acid (T-CA) to a low-fat diet also contributes 
to the growth of B. wadsworthia in Il10−/− mice 
(Devkota et al., 2012). In addition, David et al. (2014) 
showed an increase of BA-tolerant microbes and  
a decrease of Firmicutes in volunteers taking the 
animal-based diet. 

3.4  Complex relationships among dietary fat, BAs, 
and intestinal microbes 

Research on the human diet has suggested that 
BA profiles may be changed from glycine to taurine- 
conjugation after feeding a “Western diet” (i.e. a 
high-fat diet) for a long time (Hardison, 1978). As 
described above, BAs are able to act as regulators of 
intestinal microbes. In this regard, a recent study 
demonstrated that a “Western diet” is capable of in-
creasing Firmicutes, decreasing Bacteroidetes, and 
disturbing the ecological balance between the two 
predominant gut microbes (Murphy et al., 2010). 
Accordingly, only gut microbes which possess high 
BA tolerance can survive when a diet supplemented 
with CA is administered (Islam et al., 2011). A 
marked reduction in Bacteroidetes and an expansion 
in Firmicutes after CA intake were shown, resulting 
in an obvious expansion of BA 7α-dehydroxylating 
species, which can produce secondary BAs. There-
fore, BAs in the intestine have negative effects on 
Bacteroidetes and Actinobacteria, while they exert 
beneficial effects on Firmicutes, especially on BA 
7α-dehydroxylating species. Taken together, these 
studies have revealed complex relationships among 
dietary fat, BAs, and intestinal microbes. 

 
 

4  Regulation of BA profiles by intestinal  
microbiota  

 
It has been demonstrated that BA pool size and 

composition can regulate the structure of intestinal 
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microbiota. By contrast, mechanisms of disturbed 
intestinal microbiota affecting BA profiles have also 
been shown (Ridlon et al., 2014). Previously, studies 
have revealed that intestinal microbiota has profound 
effects on BA profiles (Sayin et al., 2013). Compared 
with conventional rats, germ-free (GF) rats fed with a 
diet supplemented with suitable cholesterol have 
more BAs in the bile; furthermore, levels of T-CAs 
are higher (Wostmann, 1973). Consistent with this, a 
recent study showed that T-CA, especially T-β-MCA, 
is the major BA in many host tissues (e.g. liver, kid-
ney, and heart) of GF mice (Swann et al., 2011). In 
addition, Vrieze et al. (2014) revealed that oral van-
comycin caused a suppression of Firmicutes (mainly 
Gram-positive bacteria) and an expansion of Proteo-
bacteria (mainly Gram-negative bacteria), resulting in 
reduced secondary BAs in feces and increased pri-
mary BAs in plasma. In sum, intestinal microbiota 
can affect BA pool size and composition via regulat-
ing the biotransformation, biosynthesis, and transpor-
tation of BA. 

4.1  Biotransformation of BAs by intestinal  
microbiota 

It has been elucidated that intestinal microbiota 
profoundly affects the biotransformation of BAs  
(Fig. 2a) via deconjugation, dehydrogenation, epi-
merization, and 7α/β-dehydroxylation of primary 
BAs and generates secondary BAs (Ridlon et al., 
2006). Deconjugation is the process of fracturing the 
C-24 N-acyl amide of conjugated BA which links BA 
to glycine or taurine and generates unconjugated BA. 
A wide array of gut bacteria possess bacterial bile salt 
hydrolases (BSH) and bacterial hydroxysteroid de-
hydrogenases, which are involved in the deconjuga-
tion and dehydrogenation of bile salts, respectively, 
while only a minor population of gut bacteria in 
Clostridium clusters XI and XVIa, such as C. sordellii, 
C. sordelliifell, and C. scindens, which belong to the 
Firmicutes phylum, possess 7α/β-dehydroxylase and 
catalyze the dehydrogenation reaction of BA (Mid-
tvedt, 1974; Hayakawa, 1982; Doerner et al., 1997; 
Ridlon et al., 2006). A recent study revealed a clear 
elevation of Clostridium clusters XI and XVIa in 
high-fat-diet mice, and Clostridium cluster XI con-
tained a sole species resembling C. sordellii and ac-
counted for more than 12% of the fecal microbiota 
(Yoshimoto et al., 2013). 

BA profiles can be altered by intestinal microbes 
owing to their different BA metabolic enzymes. Li  
et al. (2013) showed that when mice were treated with 
tempol, an antioxidant which can reduce Lactobacil-
lus and inhibit their BSH activity, a diminution of the 
Firmicutes:Bacteroidetes ratio, a decrease of second-
ary BAs, and an increase of T-β-MCA were observed. 
As noted in the study of Sayin et al. (2013), secondary 
BAs are potent FXR agonists but T-β-MCA is a FXR 
antagonist. Thus tempol-treated mice have an en-
larged BA pool size attributed to the inhibition of 
FXR signaling, and the decrease of secondary BAs is 
mainly caused by the decline of Clostridium clusters 
XI and XVIa, which are involved in the dehydro-
genation of BAs (Li et al., 2013). Notably, high ac-
cumulation of secondary BAs in the EHC system of 
individuals may result in diseases, such as colon 
cancers and gallstones (Mcgarr et al., 2005). 

4.2  Biosynthesis of BAs regulated by intestinal 
microbiota 

BA synthesis is regulated through BA feedback 
mechanisms which are involved in the expression of 
BA activated-FXR (Fig. 2a). The regulation of FXR is 
attributed to the size and composition of the BA pool 
(Russell, 2003). As summarized by Hu et al. (2014) 
recently, CA, CDCA, DCA, and LCA are FXR- 
agonistic, whereas α/β-MCA and UDCA are FXR- 
antagonistic. They observed an increase in BA syn-
thesis and an enlarged BA pool in Cyp8b1−/− mice, 
ampicillin (AMP)-treated mice, and GF mice, which 
was attributed to the expansion of α/β-MCA and 
UDCA and the reduction of DCA. At present, FXR is 
identified as modulating the expression of CYP7A1, 
which is a key enzyme in limiting hepatic BA syn-
thesis through two mechanisms. In hepatocytes, 
CYP7A1 is inhibited by BA via an FXR/SHP/LRH-1 
mechanism. In enterocytes, CYP7A1 is inhibited via 
the FXR/FGF15/FGFR4 mechanism (Kim et al., 
2007). Once activated by BA, hepatic FXR triggers a 
small heterodimer partner (SHP) to suppress the 
transcriptional level of liver-relahomolog-1 (LRH-1), 
thus suppressing CYP7A1 transcription. In addition, 
SHP can combine with hepatocyte nuclear factor 4α 
to inhibit CYP7A1 and CYP8B1 transcription 
(Goodwin et al., 2000). Simultaneously, BA-activated 
FXR expressed in the gut also contributes to BA 
homeostasis. Intestinal FXR in mouse can induce 
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fibroblast growth factor (FGF) 15 that can activate 
fibroblast growth factor receptor 4 (FGFR4) to sup-
press CYP7A1, thus inhibiting hepatic BA synthesis 
(Holt et al., 2003). 

As mentioned above, gut microbes can modulate 
the BA pool and composition, which in turn signifi-
cantly affects the BA profiles. Administration of an-
tibiotic, such as AMP, bacitracin, streptomycin, and 
neomycin, can elevate hepatic BA biosynthesis in the 
liver via suppression of FGF15 expression in ileum, 
indicating that less FXR is activated by BA (Miyata  
et al., 2009). Previous research has revealed that 
compared with GF mice, conventionally raised 
(CONV-R) mice had decreased T-β-MCA and ele-
vated T-CA. Re-derivation of Fxr−/− mice as GF 
proved that intestinal microbes can induce the ex-
pression of SHP and FGF15 in a FXR-dependent 
mechanism (Sayin et al., 2013). Furthermore, MCAs 
were identified as natural FXR antagonists in this 
study. Therefore, they elucidated that intestinal mi-
crobes can modulate BA profiles through ameliorat-
ing the suppression of FXR in the ileum (Sayin et al., 
2013). Another study showed that oral probiotic ele-
vated Firmicutes and Actinobacteria, but decreased 
Bacteroidetes and Proteobacteria, leading to the ele-
vation of BA excretion in the feces and hepatic BA 
synthesis (Degirolamo et al., 2014). In this study, 
Degirolamo et al. (2014) observed an increase of 
CYP7A1, and CYP8B1, and a decrease of FGF15, 
with no alteration of SHP or LRH-1 level. Interest-
ingly, they found that probiotic-triggered changes in 
BA were restored in FXR- and FGF15-deficient mice. 
All these results demonstrated that probiotics con-
tribute to BA deconjugation in the ileum, BA secre-
tion in the feces, and BA synthesis in the liver through 
suppressing the FXR/FGF15 negative feedback 
mechanism of BA synthesis. 

4.3  Transportation of BAs regulated by intestinal 
microbiota 

FXR also has profound effects on the transpor-
tation of BAs (Fig. 2a) via regulating transporters in 
the EHC. For instance, BSEP can facilitate bile salts 
secreted into gallbladder to form bile. A study on 
human subjects showed that the BSEP promoter 
possesses a FXR binding site and FXR can trigger 
BSEP expression (Ananthanarayanan et al., 2001). 
Previous studies elucidated that FGF15/19 suppresses 

ASBT which modulates intestinal BA re-absorption 
in enterocytes and cholangiocytes (Li et al., 2005; 
Sinha et al., 2008). Moreover, AMP-treated mice 
have less BA in feces, more BA in portal blood, and 
elevated levels of ASBT in ileum (Miyata et al., 
2009). Interestingly, a decrease in ASBT in ileum was 
observed when AMP-treated mice were administered 
T-DCA or CA (Miyata et al., 2011). FXR is also 
reported to be involved in the activation of IBABP 
(Hwang et al., 2002), which facilitates bile salts 
passing through the ileal enterocytes. OSTα/β con-
tributes to the efflux of BA into portal blood and the 
OSTα/β in mice possesses functional FXR and LRH 
elements, resulting in the regulation of BA synthesis 
(Frankenberg et al., 2006). Moreover, NTCP, the 
major hepatic BA transporter, can be regulated by 
FXR through inducing SHP (Denson et al., 2001). 
Recently, it has been shown that two antibiotic com-
binations clearly elevated the mRNA levels of several 
EHC transporters, including NTCP, OATP1B2, 
BSEP, and MRP2, but suppressed the mRNA levels 
of CYP8B1 (Zhang et al., 2014). 

4.4  Role of intestinal microbiota in host metabo-
lism mediated by BAs 

As noted above, intestinal microbiota exerts a 
profound influence on BA pool size and composition. 
In previous studies, BAs have been identified as reg-
ulatory molecules and have an important impact on 
the modulation of lipid, glucose, and energy metabo-
lism. BA metabolic disturbance may lead to a variety 
of host metabolic diseases and related complications, 
such as obesity, type-2 diabetes, cirrhosis, and colon 
cancer (Zollner et al., 2006; Nguyen and Bouscarel, 
2008). Vrieze et al. (2014) speculated that gut mi-
crobes are capable of altering glucose metabolism via 
altering the BA pool and FGF19 signaling in humans. 
Based on this hypothesis, a decrease of Firmicutes, 
fecal BAs, and peripheral insulin sensitivity was ob-
served after administration of oral vancomycin. This 
study demonstrated that gut microbes, especially the 
Firmicutes, are beneficial for BA and glucose me-
tabolism. Joyce et al. (2014) revealed BSH enzymes 
expressed in the gut of GF or CONR mice noticeably 
changed plasma BAs and influenced gene-expression 
levels in both fat metabolism and metabolic signaling 
pathways. When CONR mice express higher levels of 
BSH enzymes, their weight gain, plasma cholesterol, 
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and hepatic triglycerides reduce significantly. In this 
study, intestinal microbes can regulate host fat me-
tabolism via BSH enzymes. Taken together, intestinal 
microbiota can alter the BA pool and then profoundly 
affect host metabolism, which is clearly closely re-
lated to host health (Fig. 2b). 

4.5  Potential relationships between intestinal mi-
crobiota and autophagy mediated by BAs 

Autophagy is a highly conserved basic process 
which can degrade cytoplasmic constituents for cel-
lular survival and the maintenance of cellular home-
ostasis upon nutritional deprivation (Deretic and 
Levine, 2009). It is known to be regulated by nutrient- 
sensing signaling pathways including the mamma-
lian target of the rapamycin (mTOR) pathway. 
However, two research groups have shown that in 
the fed state, BA-activated FXR can modulate the 
autophagy gene network in the liver independent of 
the mTOR pathway (Lee et al., 2014; Seok et al., 
2014). Seok et al. (2014) revealed that after a meal 
or administration of GW4064 (which is an FXR 
agonist), FXR is activated and hepatic autophagy is 
inhibited. Because FXR can generate the FXR- 
cAMP response element binding protein (CREB) 
complex and destroy the CREB-CREB regulated 
transcription coactivator 2 (CRTC2) complex, then 
suppress the transcriptional levels of Atgs, such as 
Atg7, Ulk1, and Tfeb. The CREB-CRTC2 complex is 
able to activate transcription of Atgs under nutritional 
starvation. Lee et al. (2014) revealed that BA-activated 
FXR strongly represses hepatic autophagy induced by 
nutrient deprivation, but in Fxr−/− mice, autophagy is 
not inhibited. As is well known, autophagy can be 
induced to counter intestinal pathogenic infection 
(Joubert et al., 2009), such as infection of Salmonella 
(Brumell et al., 1999) and Group A Streptococcus 
(Levine et al., 2011). Interestingly, some gut mi-
crobes (e.g. Shigella flexneri, L. monocytogenes, and 
E. coli) can escape autophagy (Allaoui et al., 1992; 
Dortet et al., 2011; Baxt et al., 2013). Some gut mi-
crobes (e.g. Staphylococcus aureus and Brucella 
abortus) even can use autophagy for their survival, 
replication, and intercellular dissemination (Schnaith 
et al., 2007; Starr et al., 2012). In addition, intestinal 
microbiota can regulate BA pool size and composi-
tion and subsequently alter FXR which can regulate 
autophagy. Therefore, potential relationships between 

intestinal microbiota and autophagy mediated by BAs 
may exist (Fig. 2c) and these relationships may have a 
profound effect in the therapy of many human dis-
eases caused by autophagy disturbance, for instance, 
cancers, cardiovascular and cerebrovascular diseases, 
and neurodegenerative diseases. 
 

 

5  Role of BAs in the interplay among intes-
tinal microbes 
 

Intestinal microbes can inhibit other intestinal 
microbes in different ways, such as competing for 
nutrients or intestinal epithelium receptors, and se-
creting bacteriocins to kill nearby microorganisms 
directly (Sekirov and Finlay, 2009). Interestingly, 
intestinal microbes can regulate BA profiles, which in 
turn modify intestinal microbes. For example, CDI is 
the primary stimulus of recurrent ulcerative colitis 
(Rupnik et al., 2009). To produce toxins, the spore of 
C. difficile must germinate and then grow. Some 
primary BAs except for CDCA can efficiently 
stimulate C. difficile spore germination (Fig. 2d)  
(Sorg and Sonenshein, 2008; Heeg et al., 2012). The 
germination-specific protease CspC, which can rec-
ognize BAs, has a vital role in C. difficile germination 
and further C. difficile infection (Francis et al., 2013). 
However, secondary BAs such as LCAs and UDCAs 
can suppress C. difficile germination (Sorg and 
Sonenshein, 2010). Notably, a recent study revealed 
that intestinal extracts, which can efficiently stimulate 
C. difficile spore germination in the colon, have a 
lower content of secondary BAs. This study sug-
gested that secondary BAs may inhibit C. difficile 
spore germination in vivo (Giel et al., 2010). 

FMT, which introduces a fecal enema from a 
healthy individual into the gut of a patient, can treat 
recurrent CDI (Borody and Khoruts, 2012). Recently, 
Weingarden et al. (2014) showed that FMT can re-
store the intestinal microbiota and fecal BA compo-
sition in patients with recurrent CDI. The process in 
which primary BAs are converted into secondary BAs 
is disrupted in patients with CDI. However, the nor-
malization of gut microbial composition via FMT can 
correct BA metabolism, thereby developing an ad-
verse environment for C. difficile spore germination 
(Weingarden et al., 2014). Importantly, a recent study 
identified C. scindens, a resistance-associated gut 



Nie et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2015 16(6):436-446 
 

443

microbe which can efficiently inhibit C. difficile in-
fection. It is BA 7α-dehydroxylating bacteria that can 
convert primary BAs to secondary BAs. The en-
graftment of C. scindens can correct the biosynthesis 
of secondary BAs, thereby inhibiting CDI (Buffie  
et al., 2015). Taken together, some gut microbes 
which synthesize 7α-hydroxysteroid dehydrogenase 
enzymes can indirectly inhibit C. difficile spore ger-
mination and growth through converting primary BAs 
to secondary BAs. Thus, BAs can act as mediators 
among gut microorganisms and play vital roles in 
maintaining intestinal homeostasis. 

 
 

6  Perspectives 
 

Although a great number of studies have 
demonstrated the complex interactions among intes-
tinal microbes, BAs, host metabolism, and human 
health, only a few related pieces of research have 
elucidated that BAs can act as mediators in the regu-
lation of intestinal microbiota and host metabolism. 
The mechanisms by which BAs affect the interaction 
between intestinal microbiota and host metabolism 
are poorly understood. At present, a large fraction of 
studies on BAs are carried out based on genetically 
modified mice models. However, the size and com-
position of BAs and the metabolism of BAs in mice 
are greatly different from BAs in human; as a con-
sequence, most of these results are not applicable to 
humans. In this review, a new insight has been pro-
vided in the exploration of potential relationships 
between microbiota and autophagy. The investigation 
of microbial therapies, such as administering antibi-
otics, probiotics, and prebiotics, may be combined 
with the autophagic process. In addition, identifica-
tion of unknown host factors similar to BA could 
deepen our understanding of the way in which one gut 
microbe acts on another. Importantly, these elucida-
tions will provide new insights to alleviate gastroin-
testinal diseases and maintain intestinal health via 
altering host factors or supplementing several precise 
microbes. 
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中文概要 
 
题 目：胆汁酸与肠道微生物的对话机制及其在宿主代谢

与健康中的作用 

概 要：胆汁酸只在肝脏中合成，并通过直接作用或间接

作用抑杀肠道微生物。而肠道微生物又可以促进

初级胆汁酸转化为次级胆汁酸，从而改变机体内

胆汁酸的组成。初级胆汁酸和次级胆汁酸均可调

控法尼酯 X 核受体（FXR）的表达，已有研究发

现，FXR 在胆汁酸的合成与代谢、葡萄糖代谢、

脂质代谢和肝脏自噬中发挥着重要作用。此外，

胆汁酸在肠道微生物的互作中起到了重要作用。

本文主要综述了胆汁酸与肠道微生物之间的互

作及其在宿主代谢调控中的作用，首次探讨了胆

汁酸与肠道微生物的互作可能调节自噬相关信

号通路。 

关键词：胆汁酸；法尼酯 X 核受体；肠道微生物；宿主代

谢；自噬 

 
 


