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The gut microbiome plays a significant role in maintaining host metabolic health through the production of metabolites. Comprising one of the most abundant and diverse forms of gut metabolites, bile acids play a key role in blood glucose regulation, insulin sensitivity, obesity, and energy expenditure. A central pathway in gut bacterial bile acid metabolism is the production of secondary bile acids via 7-ɑ-dehydroxylation. Despite the important role of 7-ɑ-dehydroxylation in gut bacterial bile acid metabolism and the pathophysiology of metabolic disease, the regulation of this pathway is not completely understood. This review aims to outline our current understanding of 7-ɑ-dehydroxylation and to identify key knowledge gaps that will be integral in further characterizing gut bacterial bile acid metabolism as a potential therapeutic target for treating metabolic dysregulation.
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Introduction


Overview

Projected to affect over 600 million adults worldwide by 2040, type 2 diabetes is a prevalent and rapidly growing chronic health condition associated with a multitude of serious co-morbidities (Goyal and Jialal, 2022). Accordingly, the widespread prevalence and life-threatening nature of type 2 diabetes necessitates the development of new and more effective strategies to address metabolic dysregulation. Characterized by inadequate production of insulin by pancreatic β-cells and a faulty response to insulin by insulin-sensitive tissues throughout the body, type 2 diabetes comprises nearly 90% of all diabetes cases. Though the pathophysiology of type 2 diabetes is likely multifaceted, research suggests that the gut microbiome plays a significant role in the maintenance of metabolic health, in large part through the metabolites that it produces. Bile acids are one of the most abundant and variable gut bacterial metabolites and have an increasingly appreciated role in the regulation of whole-body glucose homeostasis (Tomkin and Owens, 2016). However, despite their involvement in the pathophysiology of metabolic disease, our understanding of gut bacterial bile acid metabolism remains incomplete.

For background, primary bile acids are synthesized in the liver from cholesterol and, in humans, include cholic acid (CA) and chenodeoxycholic acid (CDCA). Before active secretion from the liver, primary bile acids are conjugated to taurine or glycine by amino acid N-acyltransferase. Following conjugation, bile acids are secreted by hepatocytes through the canicular membrane to be stored in the gallbladder for later secretion and digestion of lipids. Most bile acids (~95%) are then reabsorbed into the portal vein within the distal gastrointestinal tract and cycled back to the liver in a process known as enterohepatic recirculation. However, within the distal gastrointestinal tract, bile acids also interact with the gut microbiome, which performs a wide variety of metabolic modifications including the conversion of primary to secondary bile acids. These primary bile acids must first be deconjugated through the action of bile salt hydrolase (BSH) and are then converted into secondary bile acids, deoxycholic acid (DCA) and lithocholic acid (LCA), through a multi-step process known as 7-ɑ-dehydroxylation (Chiang, 2013). While the field has achieved a comprehensive, yet still evolving, understanding of gut bacterial bile acid deconjugation, our understanding of the more complex process of 7-ɑ-dehydroxylation remains incomplete. This review aims to outline our current knowledge of gut bacterial bile acid metabolism, focusing on the 7-ɑ-dehydroxylation pathway.



Gut bacterial bile acid metabolism in metabolic health

The human gut microbiome is an incredibly complex environment containing between 1013 and 1014 bacterial cells and up to 1,000 different bacterial species (Kho and Lal, 2018; Eisenstein, 2020). Studies investigating the impact of the gut microbiome on metabolic disease have identified bile acids as key mechanistic mediators. For example, work in a mouse model of bariatric surgery has revealed that increases in cholic acid-7-sulfate produced by the gut microbiome contributes to the metabolic benefits of bariatric surgery (Chaudhari et al., 2021). Furthermore, dietary fiber supplementation has been reported to enhance gut bacterial 6-α-hydroxylation of bile acids to improve metabolic phenotypes in mice (Makki et al., 2022). Centenarians, individuals who exhibit decreased susceptibility to aging-associated illnesses, have also been shown to have a microbiome enriched for bacteria capable of producing various isoforms of lithocholic acid (LCA; Sato et al., 2021). In addition, a human clinical study suggests that fecal microbiota transplantation protects against the development of metabolic disease in patients with obesity which is associated with increases in gut bacterial bile acid metabolism (Allegretti et al., 2020, 2021).

Gut microbes perform numerous different modifications of luminal bile acids and regulate host metabolic health by determining downstream signaling, as bile acid subtypes vary in their affinity for bile acid receptors. The primary receptors involved in bile acid signaling include the nuclear receptor, Farnesoid X receptor (FXR), and the G protein-coupled receptor, TGR5, both of which are implicated in the regulation of glucose homeostasis and energy balance (Holter et al., 2020). Interestingly, the secondary bile acids, LCA and DCA, are the most potent natural agonists of TGR5 and thus represent promising bile acid metabolites for improving glucose regulation (González-Regueiro et al., 2017). For a more comprehensive overview of bile acid receptor signaling and the implication of these signaling pathways on metabolic homeostasis, the reader is referred to prior reviews on this topic (Claudel et al., 2005; Holter et al., 2020).

The biotransformation of primary bile acids to secondary bile acids by the gut microbiome occurs via a multi-step pathway involving deconjugation by bile salt hydrolase (BSH) followed by 7-ɑ-dehydroxylation. Termed the “gateway reaction” of gut bacterial bile acid metabolism, deconjugation of conjugated bile acids by BSH facilitates the formation of unconjugated bile acids that are capable of being modified via an array of metabolic pathways, including sulfation, dehydrogenation, and dehydroxylation (Jones et al., 2008). While bile salt hydrolases (BSHs) have been shown to deconjugate glycine and taurine-conjugated primary BAs, variation in the kinetics of this mechanism and BSH character has provided evidence to suggest a role for substrate specificity in the deconjugation of primary BAs (Ridlon et al., 2006; Guzior and Quinn, 2021). Bile salt hydrolases have been identified and isolated from a number of Gram-positive and Gram-negative bacterial species, including Bacteroides, Clostridium, Lactobacillus, Bifidobacterium, and Listeria (Ridlon et al., 2006). While all main bacterial phyla have been shown to include enzymes that catalyze deconjugation, evidence suggests that Bacteroides spp. are substantially involved in this reaction (Ovadia et al., 2019). The importance of the deconjugation step as a fundamental element of gut microbial bile acid metabolism is further supported by the omnipresence of genes encoding BSHs in gut bacterial species, as over a quarter of identified bacterial strains in the human gastrointestinal tract have been shown to facilitate BSH activity (Song et al., 2019). Further, metagenomic analyses by Jones et al. (2008) identified functional BSH in all major bacterial divisions and species of archaea present in the gut microbiome. Though variation in mechanism and composition of BSHs complicates our understanding of the specific impacts of BSHs on the gut microbiome, proposed theories suggest that deconjugation may serve a role in detoxifying bile salts, as well as optimizing colonization of the lower GI tract (Ridlon et al., 2006). Within the scope of this review, DCA and LCA are the most abundant secondary bile acids and function as substrates in subsequent 7-α-dehydroxylation (Hamilton et al., 2007; Ridlon et al., 2014).

While a limited number of bacterial strains capable of performing 7-α-dehydroxylation have been isolated and characterized, the complete array of bacterial species with 7-α-dehydroxylation functionality remains incompletely understood. Prior studies have identified enzymes involved in 7-α-dehydroxylation from Lachnospiraceae and Peptostreptococcaceae strains, and metagenomic analyses have found bai gene clusters primarily in Firmicutes bacterium, as well as Lachnospiraceae and Peptostreptococcaceae (Vital et al., 2019). An earlier study by Kitahara et al. (2000) suggested that Eubacterium may perform 7-α-dehydroxylation as well; however, the Eubacterium species that was assessed for 7-α-dehydroxylation activity was later re-classified as Clostridium. Nevertheless, recent literature suggests that there are likely bacterial strains that are capable of 7-α-dehydroxylation that are yet to be discovered (Vital et al., 2019). Interestingly, while the majority of currently available literature focuses on 7-α-dehydroxylation in C. scindens, a member of the Peptostreptococcaceae family, only a small percentage of bai gene-associated reads from recent metagenomic analyses were from this bacterial family (Vital et al., 2019). Our current understanding of 7-α-dehydroxylation suggests that the pathway is encoded by a bile-acid-induced (bai) operon that contains eight genes: baiB, baiCD, baiE, baiA, baiF, baiG, baiH, and baiI. Additional bai genes have been identified including baiJ, baiK, baiL, and baiN (Ridlon et al., 2006).

While this review is largely focused on the importance of gut bacterial bile acid metabolism in the context of metabolic health in humans, it is important to recognize that the relationship between bile acids and the microbiome is complex and that this complexity adds multiple additional layers of significance to our understanding of gut bacterial bile acid metabolism. For example, while gut bacterial bile acid metabolism influences the bile acid profile, there is also a bidirectional influence of bile acids on gut microbial profile as some bacteria are better able to survive in the presence of bile acids than others. The importance of this bidirectional relationship is further highlighted by research showing that gut bacterial bile acid metabolic potential is a key determinant of whether an FMT treatment will effectively colonize the host (Kakiyama et al., 2013; Ng et al., 2020).

Bile acids represent an attractive therapeutic target for the treatment and management of metabolic dysregulation as alterations in gut microbial composition have been associated with a number of disease states, including obesity, type 2 diabetes, polycystic ovarian syndrome (PCOS), and non-alcoholic fatty liver disease (NAFLD), among others (Wu et al., 2021). However, the development of agonists for bile acid receptors has been met with limited success due to the onset of negative side effects. Thus, the gut microbiome provides a means with which to target endogenous bile acid metabolism that is less likely to induce adverse effects. A variety of modalities have been proposed for the therapeutic modulation of bile acids, including both dietary and drug-based interventions, as well as genetic manipulation of gut bacteria (Guo et al., 2019; Wu et al., 2021). Furthermore, dietary changes induce compositional changes in gut microbiota and in circulating bile acid pools. One example among many, Pi et al. (2020) showed that a high-protein diet resulted in higher quantities of secondary bile acids via an increase in a 7-ɑ-dehydroxylating species of Eubacterium. Moreover, though the bidirectional relationship between gut-directed pharmaceutical therapies and gut microbial bile acid metabolism is less well-understood, conditions characterized by metabolic dysregulation are frequently treated with drugs that impact microbiota composition. As such, several studies have revealed associations between metformin use and gut microbial bile acid metabolism-related changes, including increased expression of BSH, glycoursodeoxycholic acid levels, and abundance of particular bacterial species (Lactobacillus and Escherichia) (Wu et al., 2017; Bauere et al., 2018; Sun et al., 2018). Furthermore, while genetic manipulation of bacterial species is limited in scope due to current knowledge gaps, several studies have successfully altered bile acid levels and metabolic capabilities of bacterial species via genetic modification (Guo et al., 2019; Funabashi et al., 2020). Despite the promise of gut microbial bile acid metabolism as a therapeutic target, limitations in our understanding of this process make it difficult to fully utilize this promising approach. Current gaps in the literature on 7-ɑ-dehydroxylation include an incomplete understanding of the genes involved, the bacterial species that facilitate this biotransformation, and the pathway by which 7-ɑ-dehydroxylation is performed. Below we outline what is and is not known about the genes involved, followed by a review of the proposed pathways by which these gene products are thought to function in the processing of secondary bile acids.




Bai operon

Ridlon et al. (2010) isolated and analyzed the bai operon derived from C. hylemonae. Though C. hylemonae is a bacterial species with low 7-ɑ-dehydroxylation activity, they reported high gene conservation with other high activity strains such as C. scindens (Ridlon et al., 2010). The isolated operon from C. hylemonae contains seven genes (baiB, baiCD, baiE, baiF, baiG, baiH, and baiI) and was instrumental in showing that 7-ɑ-dehydroxylating genes (Table 1) are inducible by primary bile acids. However, due to its high 7-ɑ-dehydroxylation activity, C. scindens is more commonly studied in gut bacterial bile acid metabolism; its bai operon, which we refer to as the canonical bai operon, also includes baiA and is labeled as baiBCDEAFGHI (Ridlon et al., 2010). In the following section we will describe what is known and what is debated about the function of each of these genes, going in the order in which they appear in the C. scindens genome. Notably, there are several proposed sequences in which these enzymes are thought to perform 7-ɑ-dehydroxylation and these divergent pathways will be described in the following section.



TABLE 1 Canonical bai operon genes and their encoded enzymes.
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baiB

baiB is the first open reading frame (ORF) in the canonical bai operon of Clostridium scindens. Encoding bile acid CoA-ligase, baiB is thought to catalyze the first step in the 7-α-dehydroxylation pathway by facilitating the formation of a bile acid-CoA thioester (Mallonee et al., 1992). ATP is required for catalysis, and both AMP and pyrophosphate are additional reaction products. While bile acid CoA-ligase works on CA, DCA, and CDCA, data suggests that this enzyme functions with a variety of different bile acids that have accessible C-24 carboxyl substituents (Mallonee et al., 1992). The baiB gene shares sequence similarity with several other polypeptides, including entE which encodes 2,3-dihydroxybenzoate-AMP ligase in E. coli and grsA which encodes Gramicidin S synthetase 1 in B. brevis, among others (Mallonee et al., 1992). Further work is required to determine the function of bacterial genes with sequence similarity to baiB.



baiCD

baiCD is located directly downstream of baiB in the canonical bai operon. A prior study by Kang et al. (2008) provided evidence to suggest that the baiCD gene product facilitates the production and action of NAD + -dependent 3-oxo-Δ4-cholenoic acid oxidoreductases that recognize 7-ɑ-hydroxy bile acids. Though competing hypotheses exist, several studies support that baiCD encodes an enzyme that catalyzes C4-C5 oxidation to produce a 3-dehydro-Δ4-CA-CoA intermediate. Kang and colleagues also produced key findings that revealed a stereochemical component of substrate recognition for 7-ɑ and 7-β hydroxy groups, as 7-ɑ hydroxy groups are positioned axially and 7-β hydroxy groups are positioned equatorially. Kang et al. (2008) proposed that the stereochemical differences found among C. scindens and C. hiranonis species provides evidence to suggest that the oxidative portion of the 7-ɑ-dehydroxylation pathway contains two substrate-dependent branches. A recent review paper by Guzior and Quinn (2021) agreed upon the role of baiCD in C4 oxidation within the 7-ɑ-dehydroxylation pathway, with baiH carrying out a homologous function during 7-β-dehydroxylation, which involves the removal of the 7β-hydroxy group of ursodeoxycholic acid, a 7β-epimer of CDCA (White et al., 1982).



baiE

Located directly downstream of baiCD, baiE encodes a bile acid 7-ɑ dehydratase (Wells and Hylemon, 2000). By expressing baiE derived from the C. scindens genome in E. coli, Dawson et al. (1996) were able to identify its encoded enzyme, a 19.5 kDa 7-ɑ dehydratase that primarily acts on 7ɑ, 12ɑ-dehydroxy-3-oxo-4-cholenoic acid and 7-ɑ-hydroxy-3-oxo-4-cholenoic acid substrates. While the exact enzymatic mechanisms had not been previously investigated at the time of this study, the proposed mechanism involved the diaxial trans elimination of water as the fourth step in the 7-ɑ-dehydroxylation pathway. Ridlon et al. (2006) also suggested that the enzyme encoded by baiE is stereospecific and contains a homologous amino acid sequence to the baiI gene product, a proposed 7-β dehydratase with similar function.



baiA/baiA2

Continuing downstream in the canonical bai operon, baiA2 encodes a 3-ɑ-hydroxysteroid dehydrogenase that catalyzes C3-hydroxyl group oxidation (Bhowmik et al., 2014). A study by Bhowmik et al. (2014) revealed a 92% sequence similarity to the gene product of baiA1, another 3-ɑ hydroxysteroid dehydrogenase; both genes are included in the short chain dehydrogenase/reductase (SDR) class of proteins that use NAD or NADP as a co-factor for enzymatic activity. Their findings also revealed that baiA2 exclusively uses NAD as a co-factor due to the structural makeup of the co-factor binding site. Bhowmik et al. (2014) additionally showed that baiA2 preferentially catalyzes the reduction reaction. However, as enzymatic activity showed pH-dependence, it was hypothesized that baiA2 may also catalyze the oxidative reaction of the pathway. A study by Ridlon and Hylemon (2012) also identified multiple copies of the baiA gene within the C. scindens VPI 12708 chromosome, including a baiA3 gene, and agreed upon suggestions that baiA genes maintain a strong preference for bile acid-CoA conjugate substrates when compared to non-CoA conjugates.



baiF

Downstream of baiA2, baiF encodes a bile acid-CoA hydrolase that acts on cholyl-CoA, 3-dehydrocholyl-CoA, and chenodeoxycholyl-CoA substrates (Ye et al., 1999). The encoded bile acid-CoA hydrolase shares significant amino acid similarity with carnitine dehydratase in E. coli, though early studies did not find motifs characteristic of thioesterases in the amino acid sequence of the enzyme encoded by baiF; this provided evidence to suggest that baiF may encode a novel group of thioesterases (Ye et al., 1999). Later studies by Ridlon and Hylemon alternatively suggest that the baiF gene product acts as bile acid CoA transferase (Ridlon and Hylemon, 2012). Using high performance liquid chromatography, Ridlon and Hylemon provided strong evidence that the gene product of baiF transfers CoA from a deoxycholic acid-CoA conjugate to CA. They also revealed that the encoded transferase can act on a broad variety of bile acid substrates though is most active when the bile acid CoA donor is a homologous secondary bile acid, such deoxcholyl-CoA.



baiG

Next in the bai operon, baiG encodes a protein that imports bile acids across the cell membrane for use in 7-α-dehydroxylation and that contains sequence homology to membrane transport proteins, specifically the transmembrane facilitator superfamily (Mallonee and Hylemon, 1996). Interestingly, baiG reported the highest sequence homology with antibiotic resistance proteins within this superfamily (Mojumdar and Khan, 1988). baiG has been shown to import CA, CDCA, DCA, cholyglycine and 7-oxo-cholic acid (Mallonee and Hylemon, 1996). When cloned in E. coli, baiG exhibited greater efficiency for import of CA and CDCA compared to that for DCA, cholylglycine, and 7-oxo-cholic acid. Though not well understood, studies suggest that baiG may also be involved in bile acid export, as the absence of baiG has been associated with accumulation of cholic acid within bacterial cells (Thanassi et al., 1997). However, a previous study showed that baiG independent bile acid export is also possible (Mallonee and Hylemon, 1996).

Though the mechanistic processes carried out by the aforementioned bai genes, including baiB, baiCD, baiE, baiA/baiA2, baiF, and baiG, remain incompletely understood, their functions have generally been well-established over years of investigation by numerous research groups. As we continue forward in this review, it is important to note that the following genes in the canonical bai operon, as well as the more recently discovered baiJKL operon, are not as established in the literature and more commonly involve indeterminate viewpoints regarding function and mechanism.



baiH

Downstream of baiG, baiH encodes a protein that carries out NADH:flavin oxidoreductase activity (Franklund et al., 1993). The baiH gene contains sequence homology to NADH oxidase from T. brockii and, interestingly, strong sequence similarity exists between the baiH and baiCD genes as well as their gene products (Franklund et al., 1993). Furthermore, when the purified baiH gene product was introduced to C. scindens, Franklund et al. (1993) reported decreases in the ratio of oxidized to reduced 7-α-dehydroxylation bile acid intermediates. This study provided evidence to suggest that the enzyme encoded by baiH plays a role in cellular NAD+/NADH regulation. In a later study by Kang et al., cloning of baiH from the C. scindens genome in E. coli provided evidence that the baiH gene product catalyzes the oxidation of 7-β-hydroxy-3-oxochol-24-oyl-CoA in a stereospecific manner (Kang et al., 2008). As a whole, this study supports a role for baiH in the oxidation of C4-C5 during 7-α-dehydroxylation, thereby catalyzing the production of a 3-dehydro-Δ4-CA-CoA intermediate. This finding differed from those of prior studies suggesting that baiH facilitates the reduction of a C-C double bond (Kengen et al., 2003).



baiI

The most downstream gene within the bai operon, baiI has recently been hypothesized to encode a Δ (Eisenstein, 2020)-ketosteroid isomerase; however, a prior study by Kang et al. (2008) predicted that the baiI gene product was a bile acid 7-β dehydratase due to sequence homology with the baiE gene when studied in C. scindens. Interestingly, Funabashi et al. (2020) also recently reported findings suggesting that baiI is not required for 7-α-dehydroxylation of CA in vitro despite its strong conservation in species known to perform dehydroxylation.



baiJKL operon

Ridlon and Hylemon (2012) reported the discovery of a second multigene operon involving a bile acid CoA transferase. By sequencing upstream of the second copy of the baiA gene, an individual gene induced by cholic acid, they identified an additional set of genes potentially involved in bile acid metabolism. These reports initially applied to C. hylemonae; however, this set of genes was also identified in C. scindens (VPI 12708) and shared 89% amino acid sequence with those found in C. hylemonae.

baiL is the ORF located first upstream of the baiA gene and is thought to encode a short chain pyridine nucleotide-dependent alcohol/polyol oxidoreductase; this family of oxidoreductases includes that encoded by the baiA gene (Ridlon and Hylemon, 2012). Positioned upstream of baiL, baiK is thought to encode a CoA transferase (type III) due to its significant shared sequence identity with the protein encoded by baiF and other type III CoA transferases (Ridlon and Hylemon, 2012). Upstream of baiK, baiJ is believed to encode a flavoprotein resembling a 3-ketosteroid-Δ (Goyal and Jialal, 2022)-dehydrogenase (Ridlon and Hylemon, 2012). Notably, Ridlon and Hylemon suggested that these genes may not be present in some C. scindens strains, as genome sequencing of C. scindens ATCC 35704 did not detect baiJKL genes despite performing 7-ɑ-dehydroxylation (Ridlon and Hylemon, 2012). This finding calls into question the necessity of the baiJKL operon in this metabolic process. Evidence related to baiJ has been limited, however, a recent study by Ridlon identified a baiJ homolog in C. hiranonis thought to encode a flavin-dependent oxidoreductase. Nevertheless, further investigation is needed to gain a better understanding of this gene and its corresponding gene product (Ridlon et al., 2020).



baiN

Most prior studies have focused on the aforementioned canonical bai operon, though these genes do not provide data on the reductive reaction pathway in 7-ɑ-dehydroxylation. A study by Harris et al. (2018) recently reported the identification of a baiN gene thought to encode a recombinant flavoprotein in C. scindens ATCC 35704. Their investigation revealed a likely involvement of baiN in the reductive arm of 7-ɑ-dehydroxylation, facilitating the reduction and metabolism of C6-C7 and C4-C5 bonds in the A and B rings of bile acid. baiN was also identified in C. hylemonae, as well as 7-ɑ dehydroxylating gut bacteria by phylogenetic studies.




7-α-dehydroxylation pathways

After analyzing the proposed 7-α-dehydroxylation pathways outlined among the landmark bile acid metabolism papers currently available in the literature, we have identified several steps in 7-α-dehydroxylation that demonstrate consensus among the proposed pathways, as well as several that suggest divergent reaction mechanisms worthy of further investigation. Each step is summarized in Figure 1 and is outlined in further detail below.

[image: Figure 1]

FIGURE 1
 Summary of proposed 7-α-dehydroxylation pathways. Studies presented in each pathway are cited accordingly. Pathway A (Ridlon et al., 2006, 2010, 2014, 2020; Ridlon and Hylemon, 2012), Pathway B (Funabashi et al., 2020), and Pathway C (Guzior and Quinn, 2021).



Bile acid import


Step 0

There is strong agreement among currently proposed 7-α-dehydroxylation pathways that the initial component of gut bacterial bile acid metabolism involves a H+-dependent bile acid transporter encoded by baiG. Prior investigations have reported that bacteria cloned with the baiG gene show increased uptake of cholic and chenodeoxycholic acid, while taking up low levels of deoxycholic acid and 7-oxocholic acid (Mallonee and Hylemon, 1996). baiG is thus theorized to facilitate the transport of unconjugated bile acids into the interior of the bacterial cell for 7-α-dehydroxylation, while a different transporter may facilitate transport of bile acids out of the cell.





Oxidative arm


Step 1

Following transport of unconjugated primary bile acids into the interior of the cell membrane, cholic acid is thought to be transformed into cholyl-CoA by baiB-facilitated ATP-dependent CoA ligation. Prior studies by Mallonee et al. (1992) suggest that the encoded bile acid-CoA ligase catalyzes the first step of 7-α-dehydroxylation by utilizing ATP to activate and produce a bile acid-CoA thioester, as well as AMP and pyrophosphate by-products. Cholic acid ligation has also been observed with the use of ADP, though reaction rates were slower when compared to ligation with ATP input (Mallonee et al., 1992). Interestingly, a model for the 7-α-dehydroxylation pathway in C. scindens VPI 12708 proposed by Ridlon and Hylemon (2012) also suggested a potential role of baiF/baiK in catalyzing the formation of cholyl-CoA from CA. While baiF and baiK activity were observed after cloning and expression in E. coli rather than C. scindens, Ridlon and Hylemon found that both baiF and baiK encoded bile acid CoA transferases with fairly widespread substrate specificity (baiK being more specific than baiF). As CoA transferases are capable of conserving thioester bond energy and thus reducing the number of ATP molecules required for reaction catalysis, Ridlon and Hylemon theorized that ATP-independent transfer of CoA to cholic acid may rapidly replace ATP-dependent CoA ligation to produce the product of step 1 in the 7-ɑ-dehydroxylation pathway (Ridlon and Hylemon, 2012).



Step 2

The second step of 7-α-dehydroxylation is thought to involve the oxidation of a C3-hydroxyl group to produce a C3-oxo bile acid intermediate. Encoded by baiA, a 3-α hydroxysteroid dehydrogenase uses NAD as a preferred co-factor due to binding site conformation (Sun et al., 2018). In agreement with Mallonee and colleagues’ findings, Bhowmik and colleagues found that baiA1 and baiA2 prefer bile acid-CoA ester substrates (Bhowmik et al., 2014). The observation that the encoded baiA enzyme uses substrates containing CoA in combination with the hypothesis that 7-ɑ-dehydroxylation is initiated by CoA ligation to CA provided strong evidence for this step in the pathway. While most prior studies did not identify the specific baiA gene responsible for catalyzing this reaction step (baiA1, baiA2, and/or baiA3), the 7-ɑ dehydroxylation pathway proposed by Funabashi et al. (2020) specifically identified baiA2 as a gene that can facilitate completion of this step of the pathway.



Step 3

A NAD(H)-dependent 7-ɑ-hydroxy-3-oxo-Δ4-cholenoic acid oxidoreductase is then encoded by baiCD and is stereospecific for 7-ɑ-hydroxy bile acids. Though further investigation is needed to better identify the specific oxidoreductase involved in this process, studies have shown that the resulting enzymatic reaction produces 3-oxo-Δ4-cholenoic acid-CoA intermediates via a second oxidation of Cholyl-CoA (first oxidation step occurs in step two by baiA) (Kang et al., 2008).



Step 4

Following production of a 3-oxo-Δ-4-cholenoic acid-CoA intermediate, baiE encodes bile acid 7-ɑ dehydratase. A study by Dawson et al. (1996) identified and characterized this enzyme, suggesting that it facilitates the fourth step of 7-ɑ-dehydroxylation by dehydrating the intermediate produced in step three and thus producing a 3-oxo-Δ4,6 bile acid CoA intermediate. The baiE encoded enzyme is the rate-determining enzyme in the 7-ɑ-dehydroxylation pathway (Bhowmik et al., 2016). Further, the removal of the 7-ɑ hydroxy group from the intermediate produced by baiCD through release of water completes the oxidative arm of 7-ɑ-dehydroxylation (Bhowmik et al., 2016).




Reductive arm

Following completion of the oxidation arm of the pathway, 7-ɑ-dehydroxylation involves a series of reductive steps to produce secondary bile acid end products. While most papers reporting on this metabolic process propose pathways that largely agree in steps zero through four, there is greater divergence among the proposed reductive steps in the 7-ɑ-dehydroxylation pathway. Doden et al. (2018) proposed a series of reductive steps catalyzed by a baiN encoded flavoprotein identified by Harris et al. (2018) in C. scindens ATCC 35704 earlier that year. Harris et al. (2018) produced findings consistent with the involvement of baiN in the reductive steps following 7-ɑ dehydration, showing that the encoded flavoprotein is involved in the reduction of two double-bonds of the bile acid A and B rings (C6-C7 and C4-C5). Their preliminary findings predicted that the encoded flavoprotein is a flavin-dependent squalene desaturase, which facilitates the formation of 3-dehydro-deoxycholic acid via two reduction steps. Though Harris et al. (2018) indicates a final step to transform 3-dehydro-DCA to DCA, the enzyme facilitating this transformation had not been identified at the time of publication.

In contrast to the pathway proposed by Doden et al. (2018), Harris et al. (2018), and Funabashi et al. (2020) demonstrated that a different sequence of the bai genes is sufficient for the performance of 7-ɑ-dehydroxylation that involves several additional steps following baiE activity and resulting completion of the oxidative arm of the pathway. An important point to note, however, is that Funabashi et al. (2020) investigated 7-ɑ-dehydroxylation by cloning the bai operon from C. scindens and genetically introducing it into C. sporogenes. This approach is different from approaches used in prior studies as the incorporation of a genetically engineered bai operon into a new bacterial species does not involve uptake of other endogenous factors that may influence the 7-ɑ-dehydroxylation pathway. Funabashi et al. (2020) suggest that the reduction in 7-ɑ-dehydroxylation efficiency seen with the cloned bai operon is attributable to the absence of other important endogenous factors that remain unknown. In contrast to prior proposed pathways, their findings suggest that after the last oxidation step by baiE, baiF encodes a CoA transferase that transforms 3-oxo-4,5-6,7-didehydro-deoxy-cholyl CoA to 3-oxo-4,5-6,7-didehydro-DCA. Following enzymatic activity by baiF, baiH is theorized to encode a Fe-S flavoenzyme that catalyzes the first reduction in a two-step reductive process to produce 3-oxo-4,5-dehydro-DCA. Their data provided evidence to suggest that an additional enzyme is required to complete the two-step reductive process, with baiCD being a likely candidate as it is homologous to baiH. Addition of baiCD resulted in further reduction to 3-oxo-DCA and was thus proposed as a reduction step in the 7-ɑ-dehydroxylation pathway. The last step in the pathway as proposed by Funabashi et al. (2020) involves the reduction of 3-oxo-DCA to DCA by a baiA2 encoded hydroxysteroid dehydrogenase. Interestingly, as opposed to other suggested 7-ɑ-dehydroxylation pathways, this pathway proposes that baiA2 and baiCD each function twice in the 7-ɑ-dehydroxylation pathway and have important roles in both the oxidative and reductive arms. While their work demonstrates that this sequence of steps is sufficient to convert CA to DCA, the in vivo efficiency of this pathway is lower than that observed in C. scindens.

Most recently, Guzior and Quinn published a review in 2021 on human bile acid transformations by the microbiome with an alternative pathway proposed for 7-ɑ-dehydroxylation in C. scindens (Guzior and Quinn, 2021). Though identical to the aforementioned pathways in Steps 1–3 (oxidative arm), Guzior and Quinn suggest that baiF acts prior to baiE, while both of the pathways proposed by Doden and Funabashi include baiE acting before baiF. Accordingly, in Guzior and Quinn’s model, baiF encodes a CoA transferase that catalyzes the formation of 3-oxo-Δ4-CA and cholyl-CoA from 3-oxo-Δ4-cholyl-CoA (Doden et al., 2018; Funabashi et al., 2020; Guzior and Quinn, 2021). Following activity by baiF, baiE encodes a 7-ɑ dehydratase that facilitates the rate-limiting step of dehydroxylation of C7, similar to alternatively proposed pathways. Following completion of the oxidative arm of the pathway, Guzior and Quinn propose that baiN catalyzes two successive reductive steps to transform the intermediate produced by dehydroxylation into 3-oxo-Δ4-DCA (step 1) and 3-oxo-DCA (step 2) (Guzior and Quinn, 2021). Like the pathway proposed by Funabashi, Guzior and Quinn propose that baiA2 is involved in the final redox reaction that transforms 3-oxo DCA into DCA. However, though not yet experimentally validated, Guzior and Quinn reference a recent study by Heinken et al. (2019) that provided evidence to suggest that baiO may function similarly to baiA2 by completing the last reduction in the 7-ɑ-dehydroxylation pathway via activity by an encoded NADH-dependent reductase.


LCA production

While 7-α-dehydroxylation refers to the production of both DCA and LCA, the majority of work on 7-ɑ-dehydroxylation has focused on DCA production. Nevertheless, research suggests that there are important differences in the production of LCA versus DCA. While there are gut bacterial species and 7-α-dehydroxylation enzymes that can use both CA and CDCA as a substrate in the generation of secondary bile acids, there are gut bacterial species and 7-α-dehydroxylation gene products that can only react with CA (Hirano et al., 1981; Ridlon and Hylemon, 2012). Though further research is needed to better elucidate differences in bile acid-specific 7-α-dehydroxylation pathways, a study by Ridlon and Hylemon (2012) showed that a recombinant baiK gene selectively used a DCA-CoA substrate, demonstrating a point of divergence dependent on the processing of CA or CDCA. Additionally, Hirano et al. (1981) previously reported differential dehydroxylation activity of CA and CDCA in Clostridium, though the bacterial strain was unidentified at the time. Interestingly, a recent study by Sato et al. (2021) investigating bile acid metabolism in centenarians identified a route for transformation of 3-oxoallo-LCA to allo-LCA and isoallo-LCA via activity by a 5-α reductase (5AR) homolog and a 3-α/3-β hydroxysteroid dehydrogenase (3β-HSDH-I), respectively. Their findings showed that in isolated bacterial strains with gene clusters related to bile acid metabolism, clusters with 5αR and 3β-HSDH-I were associated with in vitro production of 3-oxoalloLCA and isoalloLCA from 3-oxo-Δ4-LCA. Similar to patterns seen in DCA production, production efficiency of LCA was largely dependent on bacterial strain and substrate specificity.




Summary

Currently available literature on gut bacterial bile acid metabolism and 7-ɑ-dehydroxylation represents decades of investigation and discoveries that have allowed for the creation of several different metabolic pathways to mechanistically explain the transformation of primary to secondary bile acids by the gut microbiome. While close analyses of the literature to date reveals many consistencies in both enzymes involved and the intermediates that are sequentially produced, there remain several gaps in knowledge that necessitate further investigation in order to effectively target this pathway for therapeutic intervention. As more recently proposed pathways often include newly discovered bai genes and/or additional enzymes involved in this process, further study of the potential genes involved in 7-ɑ-dehydroxylation outside of the canonical bai operon may provide valuable information on both gut bacterial bile acid metabolism and its role in the context of other metabolic pathways and functions. Additionally, as different bacterial species are known to demonstrate varying levels of 7-ɑ-dehydroxylation activity, further investigation of genes outside of the bai operon may aid in better understanding the factors that influence metabolic efficiency beyond a simple dichotomy that characterizes particular species as either being able to perform 7-ɑ-dehydroxylation or not being able to. Further experimental manipulation of bai genes may also elucidate gene-specific contributions to 7-ɑ-dehydroxylation activity, bile acid pool composition, and metabolic regulation. Moreover, whether and how different bacterial strains may cooperate with one another in bile acid metabolism is poorly understood. As such, the dynamic regulation of this pathway in response to environmental and host factors such as diet and disease state requires further investigation. Despite current gaps in knowledge, gut bacterial bile acid metabolism presents a promising potential avenue for the discovery and development of novel therapeutic targets for metabolic disease.



Author contributions

JW and BC conceived the manuscript, reviewed and edited the manuscript. JW prepared the original draft. BC finalized the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Center for Complementary and Integrative Health of the National Institutes of Health under Award number R21AT010956. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.



Acknowledgments

Chemical structures were produced using the ChemDraw drawing program.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Allegretti, J. R., Kassam, Z., Hurtado, J., Marchesi, J. R., Mullish, B. H., Chiang, A., et al. (2021). Impact of fecal microbiota transplantation with capsules on the prevention of metabolic syndrome among patients with obesity. Hormones 20, 209–211. doi: 10.1007/s42000-020-00265-z 

 Allegretti, J. R., Kassam, Z., Mullish, B. H., Chiang, A., Carrellas, M., Hurtado, J., et al. (2020). Effects of fecal microbiota transplantation with oral capsules in obese patients. Clin. Gastroenterol. Hepatol. 18, 855–863.e2. doi: 10.1016/j.cgh.2019.07.006 

 Bauere, P. V., Duca, F. A., Waise, T. M. Z., Rasmussen, B. A., Abraham, M. A., Dranse, H. J., et al. (2018). Metformin alters upper small intestinal microbiota that impact a glucose-SGLT1-sensing glucoregulatory pathway. Cell Metab. 27, 101–117.e5. doi: 10.1016/j.cmet.2017.09.019 

 Bhowmik, S., Chiu, H. P., Jones, D. H., Chiu, H. J., Miller, M. D., Xu, Q., et al. (2016). Structure and functional characterization of a bile acid 7α dehydratase BaiE in secondary bile acid synthesis. Proteins 84, 316–331. doi: 10.1002/prot.24971 

 Bhowmik, S., Jones, D. H., Chiu, H. P., Park, I. H., Chiu, H. J., Axelrod, H. L., et al. (2014). Structural and functional characterization of BaiA, an enzyme involved in secondary bile acid synthesis in human gut microbe. Proteins 82, 216–229. doi: 10.1002/prot.24353 

 Chaudhari, S. N., Luo, J. N., Harris, D. A., Aliakbarian, H., Yao, L., Paik, D., et al. (2021). A microbial metabolite remodels the gut-liver axis following bariatric surgery. Cell Host Microbe 29, 408–424.e7. doi: 10.1016/j.chom.2020.12.004 

 Chiang, J. Y. (2013). Bile acid metabolism and signaling. Compr. Physiol. 3, 1191–1212. doi: 10.1002/cphy.c120023 

 Claudel, T., Staels, B., and Kuipers, F. (2005). The Farnesoid X receptor: a molecular link between bile acid and lipid and glucose metabolism. Arterioscler. Thromb. Vasc. Biol. 25, 2020–2030. doi: 10.1161/01.ATV.0000178994.2182

 Dawson, J. A., Mallonee, D. H., Björkhem, I., and Hylemon, P. B. (1996). Expression and characterization of a C24 bile acid 7α-dehydratase from Eubacterium sp. strain VPI 12708 in Escherichia coli. J. Lipid Res. 37, 1258–1267. doi: 10.1016/s0022-2275(20)39155-0 

 Doden, H., Sallam, L. A., Devendran, S., Ly, L., Doden, G., Daniel, S. L., et al. (2018). Metabolism of oxo-bile acids and characterization of recombinant 12α-hydroxysteroid dehydrogenases from bile acid 7α-dehydroxylating human gut bacteria. Appl. Environ. Microbiol. 84, 1–18. doi: 10.1128/AEM.00235-18 

 Eisenstein, M. (2020). The hunt for a healthy microbiome. Nature 577, S6–S8. doi: 10.1038/d41586-020-00193-3 

 Franklund, C. V., Baron, S. F., and Hylemon, P. B. (1993). Characterization of the baiH gene encoding a bile acid-inducible NADH:flavin oxidoreductase from Eubacterium sp. strain VPI 12708. J. Bacteriol. 175, 3002–3012. doi: 10.1128/jb.175.10.3002-3012.1993 

 Funabashi, M., Grove, T. L., Wang, M., Varma, Y., McFadden, M. E., Brown, L. C., et al. (2020). A metabolic pathway for bile acid dehydroxylation by the gut microbiome. Nature 582, 566–570. doi: 10.1038/s41586-020-2396-4 

 González-Regueiro, J. A., Moreno-Castañeda, L., Uribe, M., and Chávez-Tapia, N. C. (2017). The role of bile acids in glucose metabolism and their relation with diabetes. Ann. Hepatol. 16, S21–S26. doi: 10.5604/01.3001.0010.5672

 Goyal, R., and Jialal, I. (2022). Diabetes Mellitus Type 2. [updated 2021 Sep 28]. In: StatPearls [Internet]. Treasure Island, FL: StatPearls Publishing.

 Guo, C. J., Allen, B. M., Hiam, K. J., Dodd, D., Van Treuren, W., Higginbottom, S., et al. (2019). Depletion of microbiome-derived molecules in the host using clostridium genetics. Science 366:1282. doi: 10.1126/science.aav1282

 Guzior, D. V., and Quinn, R. A. (2021). Review: microbial transformations of human bile acids. Microbiome 9, 1–13. doi: 10.1186/s40168-021-01101-1 

 Hamilton, J. P., Xie, G., Raufman, J. P., Hogan, S., Griffin, T. L., Packard, C. A., et al. (2007). Human cecal bile acids: concentration and spectrum. Am. J. Physiol. Gastrointest. Liver Physiol. 293, G256–G263. doi: 10.1152/ajpgi.00027.2007 

 Harris, S. C., Devendran, S., Alves, J. M. P., Mythen, S. M., Hylemon, P. B., and Ridlon, J. M. (2018). Identification of a gene encoding a flavoprotein involved in bile acid metabolism by the human gut bacterium Clostridium scindens ATCC 35704. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 276–283. doi: 10.1016/j.bbalip.2017.12.001 

 Heinken, A., Ravcheev, D. A., Baldini, F., Heirendt, L., Fleming, R. M. T., and Thiele, I. (2019). Systematic assessment of secondary bile acid metabolism in gut microbes reveals distinct metabolic capabilities in inflammatory bowel disease. Microbiome 7:75. doi: 10.1186/s40168-019-0689-3 

 Hirano, S., Nakama, R., Tamaki, M., Masuda, N., and Oda, H. (1981). Isolation and characterization of thirteen intestinal microorganisms capable of 7 alpha-dehydroxylating bile acids. Appl. Environ. Microbiol. 41, 737–745. doi: 10.1128/aem.41.3.737-745.1981 

 Holter, M. M., Chirikjian, M. K., Govani, V. N., and Cummings, B. P. (2020). TGR5 signaling in hepatic metabolic health. Nutrients 12:2598. doi: 10.3390/nu12092598 

 Jones, B. V., Begley, M., Hill, C., Gahan, C. G., and Marchesi, J. R. (2008). Functional and comparative metagenomic analysis of bile salt hydrolase activity in the human gut microbiome. Proc. Natl. Acad. Sci. U. S. A. 105:13580-5. doi: 10.1073/pnas.0804437105 

 Kakiyama, G., Pandak, W. M., Gillevet, P. M., Hylemon, P. B., Heuman, D. M., Daita, K., et al. (2013). Modulation of the fecal bile acid profile by gut microbiota in cirrhosis. J. Hepatol. 58, 949–955. doi: 10.1016/j.jhep.2013.01.003 

 Kang, D. J., Ridlon, J. M., Moore, D. R. 2nd, Barnes, S., and Hylemon, P. B. (2008). Clostridium scindens baiCD and baiH genes encode stereo-specific 7alpha/7beta-hydroxy-3-oxo-delta4-cholenoic acid oxidoreductases. Biochim. Biophys. Acta 1781, 16–25. doi: 10.1016/j.bbalip.2007.10.008 

 Kengen, S. W., van der Oost, J., and de Vos, W. M. (2003). Molecular characterization of H2O2-forming NADH oxidases from Archaeoglobus fulgidus. Eur. J. Biochem. 270, 2885–2894. doi: 10.1046/j.1432-1033.2003.03668.x 

 Kho, Z. Y., and Lal, S. K. (2018). The human gut microbiome - a potential controller of wellness and disease. Front. Microbiol. 9, 1–23. doi: 10.3389/fmicb.2018.01835 

 Kitahara, M., Takamine, F., Imamura, T., and Benno, Y. (2000). Assignment of Eubacterium sp. VPI 12708 and related strains with high bile acid 7-ɑlpha-dehydroxylating activity to Clostridium scindens and proposal of Clostridium hylemonae sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 50, 971–978. doi: 10.1099/00207713-50-3-971 

 Makki, K., Brolin, H., Petersen, N., Henricsson, M., Christensen, D. P., Khan, M. T., et al. (2022). 6α-hydroxylated bile acids mediate TGR5 signalling to improve glucose metabolism upon dietary fiber supplementation in mice. Gut. doi: 10.1136/gutjnl-2021-326541 [Epub ahead of print] 

 Mallonee, D. H., Adams, J. L., and Hylemon, P. B. (1992). The bile acid-inducible baiB gene from Eubacterium sp. strain VPI 12708 encodes a bile acid-coenzyme a ligase. J. Bacteriol. 174, 2065–2071. doi: 10.1128/jb.174.7.2065-2071.1992 

 Mallonee, D. H., and Hylemon, P. B. (1996). Sequencing and expression of a gene encoding a bile acid transporter from Eubacterium sp. strain VPI 12708. J. Bacteriol. 178, 7053–7058. doi: 10.1128/jb.178.24.7053-7058.1996 

 Mojumdar, M., and Khan, S. A. (1988). Characterization of the tetracycline resistance gene of plasmid pT181 of Staphylococcus aureus. J. Bacteriol. 170, 5522–5528. doi: 10.1128/jb.170.12.5522-5528.1988 

 Ng, S. C., Kamm, M. A., Yeoh, Y. K., Chan, P. K. S., Zuo, T., Tang, W., et al. (2020). Scientific frontiers in faecal microbiota transplantation: joint document of Asia-Pacific Association of Gastroenterology (APAGE) and Asia-Pacific Society for Digestive Endoscopy (APSDE). Gut 69, 83–91. doi: 10.1136/gutjnl-2019-319407 

 Ovadia, C., Perdones-Montero, A., Spagou, K., Smith, A., Sarafian, M. H., Gomez-Romero, M., et al. (2019). Enhanced microbial bile acid Deconjugation and impaired Ileal uptake in pregnancy repress intestinal regulation of bile acid synthesis. Hepatology 70, 276–293. doi: 10.1002/hep.30661 

 Pi, Y., Mu, C., Gao, K., Liu, Z., Peng, Y., and Zhu, W. (2020). Increasing the hindgut carbohydrate/protein ratio by cecal infusion of corn starch or casein hydrolysate drives gut microbiota-related bile acid metabolism to stimulate colonic barrier function. mSystems 5:e00176-20. doi: 10.1128/mSystems.00176-20 

 Ridlon, J. M., Devendran, S., Alves, J. M., Doden, H., Wolf, P. G., Pereira, G. V., et al. (2020). The 'in vivo lifestyle' of bile acid 7α-dehydroxylating bacteria: comparative genomics, metatranscriptomic, and bile acid metabolomics analysis of a defined microbial community in gnotobiotic mice. Gut Microbes 11, 381–404. doi: 10.1080/19490976.2019.1618173 

 Ridlon, J. M., and Hylemon, P. B. (2012). Identification and characterization of two bile acid coenzyme a transferases from Clostridium scindens, a bile acid 7α-dehydroxylating intestinal bacterium. J. Lipid Res. 53, 66–76. doi: 10.1194/jlr.M020313 

 Ridlon, J. M., Kang, D. J., and Hylemon, P. B. (2006). Bile salt biotransformations by human intestinal bacteria. J. Lipid Res. 47, 241–259. doi: 10.1194/jlr.R500013-JLR200

 Ridlon, J. M., Kang, D. J., and Hylemon, P. B. (2010). Isolation and characterization of a bile acid inducible 7-ɑlpha-dehydroxylating operon in clostridium hylemonae TN271. Anaerobe 16, 137–146. doi: 10.1016/j.anaerobe.2009.05.004 

 Ridlon, J. M., Kang, D. J., Hylemon, P. B., and Bajaj, J. S. (2014). Bile acids and the gut microbiome. Curr. Opin. Gastroenterol. 30, 332–338. doi: 10.1097/MOG.0000000000000057 

 Sato, Y., Atarashi, K., Plichta, D. R., Arai, Y., Sasajima, S., Kearney, S. M., et al. (2021). Novel bile acid biosynthetic pathways are enriched in the microbiome of centenarians. Nature 599, 458–464. doi: 10.1038/s41586-021-03832-5 

 Song, Z., Cai, Y., Lao, X., Wang, X., Lin, X., Cui, Y., et al. (2019). Taxonomic profiling and populational patterns of bacterial bile salt hydrolase (BSH) genes based on worldwide human gut microbiome. Microbiome 7:9. doi: 10.1186/s40168-019-0628-3 

 Sun, L., Xie, C., Wang, G., Wu, Y., Wu, Q., Wang, X., et al. (2018). Gut microbiota and intestinal FXR mediate the clinical benefits of metformin. Nat. Med. 24, 1919–1929. doi: 10.1038/s41591-018-0222-4 

 Thanassi, D. G., Cheng, L. W., and Nikaido, H. (1997). Active efflux of bile salts by Escherichia coli. J. Bacteriol. 179, 2512–2518. doi: 10.1128/jb.179.8.2512-2518.1997 

 Tomkin, G. H., and Owens, D. (2016). Obesity diabetes and the role of bile acids in metabolism. J. Transl. Intern. Med. 4, 73–80. doi: 10.1515/jtim-2016-0018 

 Vital, M., Rud, T., Rath, S., Pieper, D. H., and Schlüter, D. (2019). Diversity of bacteria exhibiting bile acid-inducible 7α-dehydroxylation genes in the human gut. Comput. Struct. Biotechnol. J. 17, 1016–1019. doi: 10.1016/j.csbj.2019.07.012 

 Wells, J. E., and Hylemon, P. B. (2000). Identification and characterization of a bile acid 7α-dehydroxylation operon in clostridium sp. strain TO-931, a highly active 7α-dehydroxylating strain isolated from human feces. Appl. Environ. Microbiol. 66, 1107–1113. doi: 10.1128/AEM.66.3.1107-1113.2000 

 White, B. A., Fricke, R. J., and Hylemon, P. B. (1982). 7 beta-dehydroxylation of ursodeoxycholic acid by whole cells and cell extracts of the intestinal anaerobic bacterium, Eubacterium species V.P.I. 12708. J. Lipid Res. 23, 145–153. doi: 10.1016/S0022-2275(20)38183-9 

 Wu, H., Esteve, E., Tremaroli, V., Khan, M. T., Caesar, R., Manneras-Holm, L., et al. (2017). Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contributing to the therapeutic effects of the drug. Nat. Med. 23, 850–858. doi: 10.1038/nm.4345 

 Wu, J., Wang, K., Wang, X., Pang, Y., and Jiang, C. (2021). The role of the gut microbiome and its metabolites in metabolic diseases. Protein Cell 12, 360–373. doi: 10.1007/s13238-020-00814-7 

 Ye, H. Q., Mallonee, D. H., Wells, J. E., Björkhem, I., and Hylemon, P. B. (1999). The bile acid-inducible baiF gene from Eubacterium sp. strain VPI 12708 encodes a bile acid-coenzyme a hydrolase. J. Lipid Res. 40, 17–23. doi: 10.1016/S0022-2275(20)33335-6 

OPS/xhtml/Nav.xhtml




Contents





		Cover



		The 7-α-dehydroxylation pathway: An integral component of gut bacterial bile acid metabolism and potential therapeutic target



		Introduction



		Overview



		Gut bacterial bile acid metabolism in metabolic health









		Bai operon



		baiB



		baiCD



		baiE



		baiA/baiA2



		baiF



		baiG



		baiH



		baiI



		baiJKL operon



		baiN









		7-α-dehydroxylation pathways



		Bile acid import



		Step 0















		Oxidative arm



		Step 1



		Step 2



		Step 3



		Step 4









		Reductive arm



		LCA production









		Summary



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fmicb-13-1093420-g001.jpg
e dnd
e Goyonyatonpaway nCostm Sedors

r‘ ‘ 1)
> BaiA JB

, !
1> BaiG e BaiB |
S A 1 i
amoscis axoncs amoon PRUs—
BaiCD
Dl . ! - i W
\ oo BaiN S BaE \
1 i
So008-500n Sonc 54800 008 St craicon

‘ ;
11> BaB . BaiA2 /1> BaiCD 5o
ot soponn somsmcns Sonots ook
BaiE
b BaiA2 1l BaicD  r( BaH 10 BaF 1L
1 + Y
pra— somo0n s a000h ST OO Se847 ko
-
B
L ; PG b ’ |
I BaiB (PN BaiA2 JU0 BaiCD JP
{ f i
- oot somsmricor somatatpon
BaiF
" \ |
Y B0l i BaN i BaN  ( BaE 0
| BaiA2
sostos sonstho0n sematon

r— Sois0ck





OPS/images/fmicb-13-1093420-t001.jpg
Canonical Bai Operon

baiB

baiCD

baiE

baiA

baiF

baiG

bail

bail

Bile acid CoA-ligase

NAD +-dependent 3-oxo-
A'-cholenoic acid

oxidoreductase

Bile acid 7- dehydratase

3 hydroxysteroid
dehydrogenase
Bile acid-CoA hydrolase;

bile acid-CoA transferase

Bile acid membrane

transport protein

NADH:flavin

oxidoreductase activity

Bile acid 7- dehydratase;

Aketosteroid isomerase

Proposed

function

Facilitates formation of
abile acid-CoA
thioester

Catalyzes oxidation
reaction to produce a
3-dehydro-A*-CA-CoA
intermediate

Performs diaxial trans
elimination of water in
3-0x0-4-cholenoic acid
substrates

Catalyzes C3-hydroxyl
group oxidation

Acts on cholyl-CoA
substrates to hydrolyze
bile acid CoA
conjugates

Facilitates transport of
bile acids across cell

‘membrane

Catalyzes production of
a3-dehydro-Ad-CA-
CoA intermediate





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

The 7-a-dehydroxylation
pathway: An integral component
of gut bacterial bile acid
metabolism and potential
therapeutic target









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





