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Abstract

Bile acids play crucial roles in host physiology by acting as both detergents that aid in digestion 

and as signaling molecules that bind to host receptors. Gut bacterial bile salt hydrolase (BSH) 

enzymes perform the gateway reaction leading to the conversion of host-produced primary bile 

acids into bacterially modified secondary bile acids. Small molecule probes that target BSHs 

will help elucidate the causal roles of these metabolites in host physiology. We previously 

reported the development of a covalent BSH inhibitor with low gut permeability. Here, we build 

on our previous findings and describe the development of a second-generation gut-restricted 

BSH inhibitor with enhanced potency, reduced off-target effects, and durable in vivo efficacy. 

Structure-activity relationship (SAR) studies focused on the bile acid core identified a compound, 

AAA-10, containing a C3-sulfonated lithocholic acid scaffold and an alpha-fluoromethyl ketone 

warhead as a potent pan-BSH inhibitor. This compound inhibits BSH activity in mouse and human 

fecal slurry, bacterial cultures, and purified BSH proteins and displays reduced toxicity against 

mammalian cells compared to first generation compounds. Oral administration of AAA-10 to 

wild-type mice for 5 days resulted in a decrease in the abundance of the secondary bile acids 

deoxycholic acid (DCA) and lithocholic acid (LCA) in the mouse GI tract with low systemic 

exposure of AAA-10, demonstrating that AAA-10 is an effective tool for inhibiting BSH activity 

and modulating bile acid pool composition in vivo.

Metabolites derived from the human gut microbiota have been implicated as causal agents in 

the maintenance of host health and the progression of disease.1 Advances in metabolomics, 
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sequencing technologies, and the development of genetic tools have facilitated the 

identification of bacterial metabolites and the biosynthetic pathways responsible for their 

production. However, the lack of specific tools to control the levels of these metabolites in 

complex microbial communities has hindered our ability to interrogate the roles of these 

metabolites in host physiology. Encouragingly, the recent development of small molecule 

modulators of bacterial metabolites has revealed the potential of microbiota-targeted 

therapies to treat disease, including colon cancer, cardiovascular disease, and Parkinson’s 

disease.2–4

Bile acids are one large class of molecules that undergo substantial metabolism by 

gut bacteria.5 While bile acids have long been studied for their detergent properties,6,7 

recent findings have illustrated the key role that these metabolites play as signaling 

molecules. Specific bile acids act as ligands for host nuclear hormone receptors 

(NhRs) and G-protein-coupled receptors (GPCRs), thereby affecting host metabolic and 

immunomodulatory processes.8–11 Disruption of bile acid homeostasis has been suggested 

to contribute to the initiation and progression of disease, including cancer, obesity, and 

hypercholesterolemia,8,12–15 underscoring the need for tools that control the levels of these 

metabolites in vivo.

Host-produced primary bile acids are conjugated to taurine or glycine in the mammalian 

liver, stored in the gallbladder, and secreted into the small intestine post-prandially where 

they act as detergents that facilitate digestion. In the lower GI tract, resident bacteria 

chemically modify these metabolites, producing a large class of molecules called secondary 

bile acids. Before these modifications can occur, the C24 amide of conjugated bile acids 

must be hydrolyzed, a gateway reaction that is carried out exclusively by gut bacterial bile 

salt hydrolases (BSHs) (EC 3.5.1.24) (Figure 1a).16 BSHs are widespread in human gut 

bacteria and have been identified in members of 12 different phyla, including Bacteroidetes 

and Firmicutes, the two dominant phyla in the human gut.17 Recent studies have found 

that BSH abundance or activity are correlated with human diseases, including inflammatory 

bowel diseases, type 2 diabetes, and cardiovascular disease.17–19 The causal role of BSH 

activity in host physiology, however, remains unclear. For example, studies involving 

antibiotic-treated and germ-free mice colonized with BSH-containing or BSH-deficient 

bacteria20,21 or conventional mice treated with non-selective small molecules22,23 have 

reported conflicting results about the effects of BSH activity on host metabolism. An 

inhibitor that targets a wide array of BSHs but exhibits limited off-target effects against 

bacterial and host cells would allow for the selective in vivo modulation of bile acid 

composition, shifting the bile acid pool toward conjugated bile acids and decreasing the 

abundance of deconjugated and secondary bile acids. Such a tool could be utilized in fully 

colonized animals and would provide valuable information about how bile acids affect host 

physiology.

In prior work, we took advantage of the nucleophilicity of the highly conserved active 

site N-terminal cysteine residue (Cys2) in BSHs to develop first-in-class covalent pan-BSH 

inhibitors (Figure 1b).24 In this study, we screened electrophilic warheads appended to the 

core of chenodeoxycholic acid (CDCA), an abundant human bile acid that is recognized 

by a broad spectrum of BSHs.20,25,26 This work established an alpha-fluoromethylketone 
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(FMK)-containing molecule, compound 7 (referred to here as AAA-1, 1), as a potent and 

selective pan-BSH inhibitor. Treatment of conventional mice with a single dose of AAA-1 
allowed us to inhibit BSH activity and shift the in vivo bile acid pool toward host-produced 

bile acids for one day. We also showed that appending a sulfonate27 to the C3 hydroxyl 

group resulted in gut-restriction of the inhibitor, a change that limited the systemic exposure 

of this compound (GR-7, referred to here as AAA-2, 2). These studies demonstrated the 

potential of alpha-fluoromethyl ketone-containing inhibitors to target BSHs in vivo.

To increase the utility of BSH inhibitors for use in vivo as well as to overcome several 

limitations in our prior study, we sought to develop second-generation inhibitors. The gut-

restricted inhibitor AAA-2 exhibited lower potency than AAA-1, motivating the synthesis 

of new lead compounds. Moreover, while we previously demonstrated proof-of-principle 

that a gut-restricted inhibitor could affect BSH activity in vivo, we did not demonstrate a 

shift in the in vivo bile acid pool in our prior work. Finally, to demonstrate the potential 

utility of these compounds in animal models, we sought to show that a gut-restricted 

inhibitor could shift the bile acid pool over a multi-day period. Here, we have built on 

our previous findings and report the development of a second-generation gut-restricted 

BSH inhibitor with enhanced potency, reduced off-target effects, and multi-day in vivo 

efficacy. Our structure-activity relationship (SAR) studies focused on the bile acid core, and 

we identified a lithocholic acid core-based inhibitor, AAA-10 (8) (Figure 2), as a potent 

pan-BSH inhibitor through screening against conventional mouse fecal slurries, bacterial 

cultures, and recombinant proteins. This compound is not antibacterial, displays reduced 

toxicity against mammalian cells compared to AAA-1 and AAA-2, and does not affect 

signaling through the farnesoid X receptor (FXR) or Takeda G-protein receptor 5 (TGR5), 

key bile acid-mediated receptors. Finally, we demonstrate that AAA-10 (8) can modulate the 

in vivo bile acid pool for 5 days, resulting in the decreased abundance of the secondary bile 

acids deoxycholic acid (DCA) and lithocholic acid (LCA).

RESULTS AND DISCUSSION

Synthesis of BSH inhibitor candidates

In prior work, sulfonation of AAA-1 (1) at C3, a position that is exposed to solvent in the 

co-crystal structure of this compound with the BSH from the gut bacterium Bacteroides 
thetaiotaomicron (B. theta), increased the solubility of this compound and limited its 

systemic exposure.24,28 The resultant compound AAA-2, (2), however, was less potent than 

AAA-1.24 With the goal of improving potency while still maintaining gut restriction, we 

decided to append the optimized FMK warhead on naturally occurring bile acid cores found 

in both the murine and human gut (CDCA, DCA, ursodeoxycholic acid (UDCA), cholic acid 

(CA), and LCA). These compounds could then be sulfonated at the C3 position to produce 

second-generation inhibitor candidates (Figure 1B).

In order to expedite the synthesis of the library, an optimized protecting group-free synthesis 

was developed (Scheme S1).29 Following activation of the unprotected bile acid with 

carbonyldiimidazole (CDI), addition of magnesium benzyl fluoromalonate provided the 

fluoro beta-ketoester. Removal of the benzyl group followed by decarboxylation under 

hydrogenation conditions provided the FMK compounds. Finally, the sulfonate group was 
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installed using SO3.pyridine. Because the C3-α-OH group on the bile acid core is more 

sterically accessible than the C7 and C12 α-alcohols, the sulfonation reactions proceeded 

selectively to provide the candidate C3-sulfonated inhibitors (Figure 2, 3–6, 8).

Library screen in conventional mouse feces

We previously reported the use of a wild-type conventional mouse fecal slurry assay23 to 

identify pan-inhibitors of BSHs.24 Because fecal slurry should contain BSHs from nearly 

all bacteria in the distal region of the murine GI tract, demonstrating inhibition of BSH 

activity in this assay represents an important benchmark that all inhibitor candidates should 

meet. We therefore utilized this assay as the first screen in the process of developing second-

generation BSH inhibitors. Inhibitor candidates were added to fresh feces obtained from 

conventional wild-type mice (C57Bl/6J) and suspended in buffer under reducing conditions 

(Figure 3a). To facilitate identification of an inhibitor with enhanced potency compared to 

AAA-2, the first-generation gut-restricted inhibitor, compounds were intentionally tested at 

10 μM, a concentration at which neither AAA-1 nor AAA-2 completely inhibits enzyme 

activity.24 After 30 min, glycine-conjugated deuterated chenodeoxycholic acid (GCDCA-d4) 

was added and its conversion to the deconjugated product CDCA-d4 was quantified using 

ultra-high performance liquid chromatography-mass spectrometry (UPLC-MS).

Mono-sulfonated inhibitor candidates containing DCA, UDCA, and CA cores (AAA-4 
(4), AAA-6 (5), and AAA-8 (6), respectively) inhibited BSH activity but were not more 

potent than AAA-2 in this assay (Figure 3A). The C3, C7-disulfonated derivative AAA-2’ 
(3) was also equipotent to AAA-2. Notably, the LCA core-based analog AAA-10 was 

more potent than both AAA-2 and the inhibitor candidates AAA-2’, AAA-4, AAA-6, and 

AAA-8. AAA-10 was equipotent to its unsulfonated analog AAA-9 (7), indicating that 

C3-sulfonation did not hinder BSH inhibitory activity (Figure 3a). AAA-10 also inhibited 

BSH activity in mouse feces when TCA-d4 was used as a substrate (Figure S1a–b).

Mice fed a high-fat diet (HFD) possess higher levels of bile acids, including conjugated bile 

acids, than mice fed a chow diet.30 Because increased substrate concentration may increase 

in vivo BSH activity, we also evaluated the ability of AAA-10 to inhibit the enzyme activity 

in feces obtained from HFD-fed mice. We found that AAA-10 inhibited BSH activity in this 

assay as effectively as AAA-1, our most potent first-generation BSH inhibitor (Figure S1c). 

Together, our data suggest that AAA-10 is a potent inhibitor of BSHs found in the murine 

gut.

AAA-10 inhibits recombinant BSHs and is more potent than AAA-2

To further characterize the potency of AAA-10 compared to AAA-1 and AAA-2, we 

determined the half maximal inhibitory concentration (IC50) values of both AAA-10 
and AAA-2 against purified recombinant B. theta (Gram-negative) and B. longum (Gram-

positive) BSHs and compared these values to the IC50 values for AAA-1 which had been 

determined in our previous work24 (Figure 3b–c). The IC50 values were evaluated using 

a conjugated bile acid substrate for which the enzymes demonstrated the best hydrolytic 

efficiency (TUDCA and TDCA, respectively).24 AAA-10 exhibited an IC50 value of 10 nM 

against B. theta rBSH and 80 nM against B. longum rBSH, demonstrating that AAA-10 
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was ~250 fold more potent than AAA-2 against B. theta rBSH and ~15 fold more potent 

against B. longum rBSH (Table S1). Compared to AAA-1, AAA-10 was ~40 fold more 

potent against B. theta rBSH and equally potent against B. longum rBSH (Table S1). The 

increased potency of AAA-10 against B. theta rBSH, a selective BSH, compared to both 

first-generation inhibitors highlights the potential of this compound to target BSHs which 

might otherwise be difficult to inhibit. These data demonstrate that we have developed a 

second-generation sulfonated inhibitor with increased potency compared to first-generation 

compounds.

AAA-10 inhibits BSH activity in bacterial cultures

Next, we evaluated the ability of AAA-10 to inhibit enzyme activity in growing cultures 

of BSH-containing bacteria using three Gram-negative and three Gram-positive strains 

found in the human gut (Figure 4a). Each bacterial culture was diluted to pre-log phase 

and co-incubated with 100 μM of AAA-10 and 100 μM of an equimolar mixture of 

taurine-conjugated bile acids that are abundant in the murine gallbladder and small intestine 

(tauro-betamuricholic acid (TβMCA), taurocholic acid (TCA), TUDCA, and TDCA).31 

Bacteria were then allowed to grow into stationary phase over 24 h. Because bacteria 

vary in their ability to metabolize different conjugated bile acids, this approach provides 

an unbiased way of testing the inhibitory activity of AAA-10. After 24 h, percent 

deconjugation was determined by quantifying bile acid concentrations in bacterial cultures 

by UPLC-MS. AAA-10 exhibited near-complete inhibition of enzyme activity in all six 

bacterial cultures (<8% deconjugation) (Figure 4a, Figure S2). AAA-10 displayed equivalent 

inhibitory activity to AAA-1, except in the case of C. perfringens, where AAA-10 inhibited 

deconjugation to a greater extent than AAA-1 (6% vs 22% deconjugation, respectively).24

To demonstrate that the BSH inhibitory activity of AAA-10 in bacterial cultures was not 

due to growth inhibition, we evaluated the colony forming units in aforementioned bacterial 

cultures treated with AAA-10. We found that this compound did not significantly affect the 

growth of any of the tested bacterial strains at a concentration of 100 μM (Figure 4b).

We also determined the IC50 values of AAA-10 against B. theta (Gram-negative) and 

B. adolescentis (Gram-positive) whole cell cultures. For this purpose, we used a single 

conjugated bile acid against which the enzyme demonstrated the highest deconjugation 

efficiency (TUDCA and TDCA, respectively). While the IC50 value for AAA-10 against 

B. adolescentis was higher than the previously reported value for AAA-1 (901 nM versus 

108 nM, respectively), AAA-10 displayed a lower IC50 value against B. theta than AAA-1 
(74 nM versus 427 nM, respectively)24 (Figure 4c). These data are consistent with our 

results using purified protein and show that AAA-10 is the most potent inhibitor of the B. 
theta BSH yet developed. Together, these results demonstrate that AAA-10 is a nanomolar 

inhibitor of gut bacterial BSHs that does not display anti-bacterial properties.

AAA-10 displays limited off-target effects on mammalian cells

At high in vivo concentrations, bile acids have been shown to disrupt cell membranes 

and can induce apoptosis in mammalian cells15,32,33. Because AAA-10 is based on a bile 

acid scaffold, we evaluated the toxicity of AAA-10 on intestinal cells as well as its off-

Adhikari et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2022 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



target effects on host bile acid receptors. Human intestinal Caco-2 cells were differentiated 

in transwell inserts to form a polarized monolayer with tight junctions34 (Figure S3a). 

Incubation of these cells with AAA-1, AAA-2 or AAA-10 showed that while AAA-1 and 

AAA-2 (100 μM) negatively affected the cell viability, AAA-10 did not have an effect on the 

cell viability at this concentration (Figure 5a). AAA-10 also had no effect on the viability 

of human liver cells (Hep-G2) at 100 μM or 500 μM concentrations (Figure S3b). We next 

determined whether BSH inhibitors affected intercellular tight junctions by measuring the 

passive diffusion of FITC-dextran (4 kDa) from the apical to the basolateral chamber of 

the transwells containing differentiated Caco-2 cells treated apically with our compounds. 

AAA-10 did not appear to damage epithelial integrity at 100 μM or 500 μM concentrations, 

while AAA-1, AAA-2, and AAA-9 increased FITC-d permeability by over 85% (~1.5–3 

fold) at a concentration of 100 μM (Figure 5b). In order to test the gut-restricted properties 

of AAA-10, we also quantified the amount of inhibitor in the apical and basolateral 

chambers in these transwell assays. We have previously shown that bile acids, including 

LCA, pass through Caco-2 monolayers.35 In contrast, while we were able to detect AAA-10 
in the apical chamber, no inhibitor was detected in the basolateral chamber 16 h after apical 

application, indicating that AAA-10 does not pass through an epithelial monolayer (Figure 

5c–d).

Bile acids can signal through the host receptors FXR and TGR5, thereby affecting 

host metabolism and immune function.36 Incubation of Caco-2 cells with increasing 

concentrations of AAA-10 revealed that this compound did not act as an agonist of FXR or 

TGR5 (Figures 5e–f). Incubation of Caco-2 cells with either CDCA (FXR agonist) or LCA 

(TGR5 agonist) followed by treatment with increasing concentrations of AAA-10 revealed 

that this compound did not antagonize FXR or TGR5 (Figures 5g–h). Collectively, these 

data suggest that AAA-10 is a potent pan-BSH inhibitor with low epithelial permeability 

that exhibits reduced off-target effects on host cells compared to the first-generation 

inhibitors AAA-1 and AAA-2.

AAA-10 reduces secondary bile acid abundance in vivo

We next evaluated the ability of AAA-10 to inhibit BSH activity and modulate bile acid 

levels in vivo. Wild-type C57Bl/6J mice fed ad libitum were gavaged once daily with 

AAA-10 at a dose of 30 mg/kg for 5 days (Figure 6a). The inhibitor was administered at 

6 pm to coincide with the start of the dark photoperiod when mice exhibit increased food 

consumption.37 Fecal BSH activity was significantly decreased on days 2 and 6 in AAA-10-

treated mice compared to vehicle-treated mice (Figure 6b and Figure S4a), indicating that 

we were able to achieve durable BSH inhibition in vivo using AAA-10. We next performed 

cecal and fecal bile acid pool analysis. To account for the fact that variations in bile acid 

concentrations are known to occur both between both across subjects and within a subject 

over time, we represented bile acid levels as abundances.38–40 Cecal abundances of DCA 

and LCA were significantly lowered in the AAA-10-treated group (Figures 6c and Figure 

S5). DCA and LCA are secondary bile acids that are produced exclusively by gut bacteria.5 

Cecal AAA-10 concentration was also negatively correlated with cecal concentrations of 

both DCA and LCA (Figures S4b–c). In addition, the abundances of DCA and LCA were 

decreased in feces each day starting on day 2 and overall in feces throughout the course of 
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the study in AAA-10-treated mice compared to vehicle-treated mice (Figures 6d–e, Figure 

S4d and Figure S6). Together, these findings indicate that AAA-10 treatment resulted in a 

sustained reduction in secondary bile acids in vivo over the period of study.

Cecal and total fecal bile acid concentrations were significantly increased in AAA-10-

treated compared to vehicle-treated mice. This increase was driven by increased levels 

of conjugated and primary bile acids (Figure S5 and Figure S6). Concentrations of total 

bile acids and conjugated and primary bile acids were also increased in plasma, although 

the changes were not statistically significant (Figure S7). We observed an increase in the 

conjugated bile acid TβMCA, a potent FXR antagonist,31 both in feces 15h after the first 

gavage (Figure S6b) and in cecal contents (Figure S5b). FXR inhibition increases expression 

of the cytochrome P450 7A1 gene (Cyp7A1), which encodes the rate-limiting enzyme in 

the production of bile acids from cholesterol, thereby increasing bile acid synthesis.31,41 

Future work investigating transcriptional- and protein-level changes may provide evidence 

to support the hypothesis that a TβMCA-mediated loop is driving the increase in bile acids 

levels observed following inhibitor treatment.

AAA-10 treatment did not significantly affect microbial community composition at the 

phylum level as indicated by 16S recombinant DNA sequencing (Figure 6f). Moreover, 

AAA-10 treatment did not significantly affect the relative abundance of the phylum 

Firmicutes, the class Clostridia, the order Clostridiales, the family Clostridiaceae, or the 

genus Clostridium (Figure 6g and Figure S8a). We also showed that AAA-10 did not affect 

the in vitro viability of Clostridum scindens ATCC 35704 and Clostridium scindens VPI 

12708, two known 7α-dehydroxylating bacteria (Figure S8b).5 Together, these data suggest 

that AAA-10 is not decreasing LCA or DCA abundance in vivo by reducing the levels of 

Clostridia that produce these molecules.

Finally, to evaluate the gut permeability of AAA-10, we quantified the levels of this 

compound in cecal contents and plasma at sacrifice and in feces over the course of the 

experiment (Figures S4e–g). We observed a mean value of 276 picomol/mg wet mass (~276 

μM) of AAA-10 in cecal contents and a range of 66–2087 picomol/mg (~66–2087 μM) in 

feces. In contrast, five of the six mice exhibited undetectable levels of AAA-10 in plasma 

(Figure S4g). In a separate experiment in which mice were sacrificed 4 hours after the final 

gavage, we detected mean AAA-10 concentrations of 128 picomol/mg wet mass (~128 μM) 

in cecal contents and 12 nM in plasma (Figures S4h–i). Together, these data indicate that 

AAA-10 displays high colonic exposure and low gut permeability.

AAA-10 inhibits BSH activity in human feces

To test whether AAA-10 is a pan-inhibitor of BSHs found in the human gut, we incubated 

feces from a human donor with 20 μM AAA-10 for 30 min and then added either 

GCDCA-d4 or TCA-d4 as substrate. After incubating for 2 h, we quantified conversion to 

deconjugated product (CDCA-d4 or CA-d4, respectively), using UPLC-MS. We observed 

that AAA-10 significantly inhibited deconjugation of both substrates, indicating that 

AAA-10 is capable of inhibiting BSHs found in the distal human gut (Figure 6h).
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AAA-10 itself could also be metabolized by gut bacteria, reducing its efficacy. To investigate 

this possibility, we determined the stability of AAA-10 in mouse and human fecal 

suspensions (Figure S9). We found that 97% and 81% (mean values) of AAA-10 was 

recovered after incubation with mouse and human feces, respectively, suggesting that the 

inhibitor does not undergo substantial off-target degradation by gut bacteria.

CONCLUSION

The studies reported herein were initiated with the goal of improving the potency of 

the first-generation gut-restricted inhibitor AAA-2. Structure-activity relationship studies 

that focused on incorporating the carbon scaffolds of different abundant bile acids into 

our inhibitor design led to the identification of a second-generation inhibitor, AAA-10. 

This compound is more potent than AAA-2 in vitro and exhibited an improved off-target 

effects profile compared to AAA-1 and AAA-2. The structure of AAA-10 is based on 

the core of LCA, a bile acid that contains a single hydroxyl group at C3. In previous 

work, we characterized the BSH activity of 20 abundant human gut Bacteroidetes species 

against glyco- and tauro-conjugated bile acids.20 Glyco-lithocholic acid (GLCA) and tauro-

lithocholic acid (TLCA) were effectively deconjugated (>90% conversion) by all BSH-

containing Bacteroidetes species tested. In contrast, all other bile acids were incompletely 

deconjugated (<70%) by two or more of the species tested. Taken together, these results 

suggest that the LCA core may be effective as a scaffold for BSH inhibitors because it is 

recognized as a substrate by a range of gut bacteria. Future studies testing the deconjugating 

ability of a variety of Gram-positive and Gram-negative strains against a panel of conjugated 

bile acid substrates may further elucidate the substrate scope of gut bacterial BSHs and thus 

aid in next-generation inhibitor design.

We also demonstrated that AAA-10 inhibits BSH activity in vivo and decreased the 

abundance of the secondary bile acids DCA and LCA in feces and cecal contents. DCA and 

LCA are known to play crucial roles in host physiology. On the one hand, DCA and LCA 

are strongly associated with colon cancer development in patients, and evidence indicates 

that these compounds promote carcinogenesis in the colon and liver.13,14,42–44 On the other 

hand, DCA has been shown to limit growth of the pathogen Clostridium difficile,45 and 

recent work has shown that LCA induces the production of the anti-diabetic metabolite 

cholic acid-7-sulfate.35 The ability to modulate the abundance of these compounds in vivo in 

fully colonized animals will facilitate investigations of the roles of these molecules in host 

physiology.

The origin of the increase in total bile acid levels following AAA-10 treatment warrants 

further investigation. Notably, humans possess little to no muricholic acids,38 and therefore, 

we would not expect increased bile acids following BSH inhibition in humans. Future work 

administering BSH inhibitors to cytochrome P450 2c (Cyp2c) knock-out mice, which lack 

the cytochrome responsible for muricholic acid synthesis by murine liver and therefore 

possess a “humanized” bile acid pool,46 may help to better predict how BSH inhibition 

will affect the bile acid pool and host responses in human subjects. Our data indicate that 

AAA-10 can inhibit BSH activity in feces from a healthy human donor. Further studies 
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using feces from an array of human subjects will help reveal whether AAA-10 is an effective 

BSH inhibitor across different human microbiota communities.

Looking ahead, it will be valuable to consider whether long-term use of BSH inhibitors 

in vivo affects microbial community composition. In addition, once-daily dosing via oral 

gavage may not be optimal in the case of ad libitum feeding, and further optimization 

of a strategy for inhibitor administration may be required. Nonetheless, our data indicate 

that we have developed a potent, non-toxic BSH inhibitor that modulates the in vivo bile 

acid pool, shifting the bile acid pool away from DCA and LCA. Because bile acids are 

absorbed and recirculated to the liver via the portal vein,5,47 BSH inhibitors will facilitate 

investigations of how bile acids are causally involved in the initiation and progression of 

both liver and GI tract disorders, including inflammatory bowel diseases, non-alcoholic fatty 

liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), liver cirrhosis, and liver and 

colon cancer.17,19 Demonstration of prevention or amelioration of disease phenotypes in 

animals would suggest that BSHs could be targeted in a therapeutic context to treat human 

disease.

METHODS

Additional details for materials and methods are provided in the Supporting Information. 

The 16S rDNA datasets analyzed in the manuscript are available through the NCBI under 

BioProject ID PRJNA729977.

Screen of inhibitors in conventional mouse feces.

BSH activity in fecal pellets was quantified using a modified version of a published 

method.23,24 Fresh feces were collected from wildtype adult male C57Bl6/J or C57Bl6/N 

mice. Fecal pellets (approximately 10–20 mg) were broken into fine particles in buffer 

(PBS with 0.25 mM TCEP) to obtain a concentration of 100 mg ml−1. This solution was 

further diluted to a concentration of 1 mg ml−1. Inhibitors were then added at the indicated 

concentrations and incubated at 37 °C for 30 mins. 100 μM glycochenodeoxycholic acid-d4 

(GCDCA-d4) or or taurocholic acid-d4 (TCA-d4) was added to the mixture and incubated 

at 37 °C for 18 h. The tubes were then frozen in dry ice for 5 mins and upon thawing were 

diluted with an equal volume of HPLC grade methanol. The slurry was centrifuged at 12,500 

g for 10 mins. The supernatant was removed into a clean Eppendorf tube and centrifuged 

again. The supernatant was transferred to MS vials and samples were analyzed as per the 

method described in “UPLC-MS Analysis” (see Supporting Information). The concentration 

of product detected from these assays was reported directly.

BSH inhibition in bacterial cultures.

Bacterial cultures were diluted to OD600 of 0.1 in 4 ml BHI+, containing 100 μM taurine 

conjugated bile acid pool (TβMCA, TCA, TUDCA and TDCA, 25 μM each) and 100 μM 

AAA-10. These cultures were then grown anaerobically at 37 °C. After 21 h, serial dilutions 

were plated on BHI+ agar to determine cell viability (CFU ml−1). 1 ml of the entire bacterial 

culture was acidified to pH = 1 using 6M HCl followed by addition of 2 ml ethyl acetate 

and vortexed. The cultures were spun down in a centrifuge at 2,500 g for 5 mins to obtain 
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better separation. The organic layer was then removed and the aqueous layer was extracted 

again using 2 ml of ethyl acetate. The dried organic extracts were resuspended in 1:1 

methanol:water and transferred to mass spec vials and analyzed as per the method described 

in “UPLC-MS Analysis”. The obtained concentrations of bile acids were used to determine 

percent deconjugation.

Luciferase reporter assay.

Luminescence was measured using the Dual-Luciferase Reporter Assay System (Promega 

Corporation) according to manufacturer’s instructions. Cells were washed gently with PBS 

and lysed in PLB from the kit. Luminescence was measured using a SpectraMax M5 plate 

reader (Molecular Devices, San Jose, CA) at the ICCB-Longwood Screening Facility at 

HMS. Luminescence was normalized to Renilla luciferase activity and percentage relative 

luminescence was calculated compared to DMSO control.

Epithelial permeability assay.

Undifferentiated Caco-2 cells were seeded in 24-well plate transwells (0.4 μM pore size, 

Costar) at 200,000 cells per transwell. Media was changed on days 4, 8, 12, 16, and 18 to 

differentiate Caco-2 cells in vitro.35 On day 21, fully differentiated and polarized cells were 

used for FITC-dextran permeability assay. Briefly, inhibitors were added in PBS at indicated 

concentrations to the apical chamber of the transwells containing differentiated Caco-2 cells 

and incubated overnight. The apical chamber of the transwells contained a volume of 100 

μl PBS with inhibitor or DMSO control, while the basolateral chamber contained 500 μl 

of PBS. Caco-2 epithelial integrity was assayed by measuring passive diffusion of 4 kDa 

FITC-Dextran (Sigma Aldrich) added at a concentration of 5 μM to the apical chamber. 

Diffusion from the apical to basolateral side was measured by fluorescence reading in 

PBS on the basolateral side of the transwell system using a SpectraMax M5 plate reader 

(Molecular Devices, San Jose, CA) at the ICCB-Longwood Screening Facility at HMS. 

Fluorescence reading was normalized to the DMSO control. Transport of inhibitors from the 

apical to basolateral compartment was measured by drying basolateral media under vacuum 

and resuspending contents in methanol prior to injecting in the UPLC-MS.

BSH inhibition and bile acid pool modulation in vivo.

Male C57BL/6J mice obtained from Jackson laboratories were maintained under a strict 12 

h/12 h light/dark cycle and under constant temperature (21 ± 1 °C) and humidity (55–65%). 

All experiments were conducted on 13–14 week-old mice. Mice were maintained on a 

standard chow diet (Purina LabDiet, catalog no. 5008) for the duration of the experiment 

and fed ad libitum. Mice were split into two groups of six mice each and were gavaged 

once daily at the beginning of the dark phase with either 200 μl of 95% PBS/ 5% DMSO 

containing 10% captisol (w/v) (vehicle group) or with 200 μl of 95% PBS/ 5% DMSO 

containing 10% captisol (w/v) and AAA-10 at a concentration of 3.75 mg ml-1 (treatment 

group) for five consecutive days. For the fecal pellet collection, each mouse was transferred 

to a temporary cardboard cage for a several minutes until a fecal pellet was produced.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeting gut bacterial BSHs.
a, Bacterial bile salt hydrolases (BSHs) perform the gateway reaction leading from host-

produced conjugated primary bile acids to bacterially modified secondary bile acids. 

b, Development of second-generation BSH inhibitors starting from previously reported 

covalent pan-BSH inhibitors. Sulfonation of AAA-1 at the C3-OH position previously 

resulted in an inhibitor with low systemic exposure but decreased potency (AAA-2). Here, 

SAR studies focusing on the bile acid core were performed with the goal of yielding a 

second-generation pan-BSH inhibitor with improved potency.
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Figure 2. Library of sulfonated inhibitors.
A small library of inhibitors was generated with SAR focused on incorporating the cores 

of naturally occurring bile acids found in both mouse and humans while maintaining an 

α-fluoromethyl ketone electrophile.
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Figure 3. Identification of AAA-10 as a second-generation pan-BSH inhibitor.
a, Assay design for screening the inhibitor library. Screening in fresh mouse feces identified 

AAA-10 as a potent second-generation pan-inhibitor of BSHs. Inhibitors were tested at 

a concentration of 10 μM. Sulfonation did not reduce the potency of AAA-10 compared 

to AAA-9. Assay was performed three times independently with similar results. Figure 

shows representative results from one assay. b and c, AAA-10 is more potent than 

AAA-2 against recombinant BSHs. Comparison of AAA-10 and AAA-2 dose-response 

curves against Bacteroides thetaiotaomicron (B. theta, accession number AA077193.1) 
and Bifidobacterium longum (B. longum, accession number AAF67801.1) BSHs using 

tauro-ursodeoxycholic acid (TUDCA) and tauro-deoxycholic acid (TDCA) as the respective 

substrates. See Table S1 for comparison of IC50 values of AAA-1, AAA-2 and AAA-10. 

For b and c, Graphpad was used to fit IC50 curves. All assays were performed in biological 

triplicate, and data are presented as mean ± s.e.m.
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Figure 4. AAA-10 inhibits BSH activity in bacterial cultures without exhibiting antibacterial 
effects.
a, AAA-10 inhibits bacterial BSH activity. The BSH inhibitory activity of AAA-10 (100 

μM) against three Gram-negative (B. theta VPI-5482, Bacteroides fragilis ATCC 25285, 

and Bacteroides vulgatus ATCC 8482) and three Gram-positive (Lactobacillus plantarum 
WCFS1, Clostridium perfringens ATCC 13124, and Bifidobacterium adolescentis L2–32) 

human gut bacteria using 100 μM taurine-conjugated bile acids (TβMCA, TCA, TUDCA 

and TDCA, 25 μM each) as substrates was evaluated. BSH activity was quantified as 

percent deconjugation of tauro-conjugated bile acids at 24 h as determined by UPLC–

MS (for absolute concentrations of substrates and products recovered, see Figure S2). b, 
AAA-10 did not affect bacterial cell viability. At the end of the assay in (a), the bacteria 
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were plated to determine cell viability. c, AAA-10 is a nanomolar inhibitor of bacterial 

BSHs. Dose-response curves of AAA-10 against B. theta and B. adolescentis cultures were 

generated using tauro-ursodeoxycholic acid (TUDCA) and tauro-deoxycholic acid (TDCA) 

as substrates, respectively. For a, and b, two-tailed Student’s t-test were performed. For c, 
Graphpad was used to fit IC50 curves. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = 

not significant. All assays were performed in biological triplicate, and data are presented as 

mean ± s.e.m.
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Figure 5. AAA-10 is not toxic to mammalian cells and not a ligand for FXR or TGR5.
a, Incubation of differentiated Caco-2 cells with AAA-10 (100 μM) did not result in 

toxicity, while incubation with an equivalent concentration of AAA-1 and AAA-2 resulted 

in decreased cell viability. b, AAA-10 did not damage epithelial tight junctions at 100 μM 

or 500 μM, while treatment with AAA-1 resulted in loss of epithelial integrity. Epithelial 

junction integrity was determined by measuring the transport of 4 kDa FITC-dextran 

from the apical to the basolateral chamber. c, AAA-10 did not pass through an epithelial 

monolayer in an in vitro transwell assay (for assay setup see Figure S3a). Passage of the 

molecule from apical chamber to basolateral chamber was quantified by UPLC-MS. d, 
Representative UPLC-MS extracted ion chromatogram (EIC) traces of apical and basolateral 

chamber showing that no AAA-10 was detected in the basolateral chamber. e and f, 
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FXR and TGR5 agonist activity was measured by incubating Caco-2 cells with varying 

concentrations of AAA-10 overnight. g and h, FXR and TGR5 antagonist activity was 

measured by incubating Caco-2 cells with varying concentrations of AAA-10 overnight 

in the presence of 10 μM of the FXR agonist chenodeoxycholic acid (CDCA) or 10 

μM of the TGR5 agonist lithocholic acid (LCA), respectively. For a-b and e-h, one-way 

ANOVA followed by Dunnett’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, ns = not significant. All assays were performed in biological triplicate, and 

data are presented as mean ± s.e.m.
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Figure 6. AAA-10 reduces secondary bile acid abundance in vivo and inhibits BSH activity in 
human feces.
a, In vivo study design. C57Bl/6J mice fed ad libitum were orally gavaged with AAA-10 
(30 mg/kg) once daily for 5 days. Feces were collected daily and utilized to evaluate 

bile acid changes and BSH activity. Mice were sacrificed 15h after the final gavage. b, 
AAA-10-treated mice exhibited decreased BSH activity compared to vehicle-treated mice in 

fresh feces collected on days 2 and 6. c, Percentages of the secondary bile acids deoxycholic 

acid (DCA) and lithocholic acid (LCA) were reduced in cecal contents of mice treated 

with AAA-10. d and e, Analysis of fecal bile acid contents over the period of the study 

showed that abundances of the two secondary bile acids DCA and LCA were consistently 

decreased throughout the experiment. f, Stacked bar plot showing mean relative abundances 
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of phylum-level taxa in mouse samples. g, Relative abundance of class Clostridia in samples. 

n=6 per group, Vehicle pre and AAA-10 pre are pretreatment mouse fecal samples; Vehicle 

and AAA-10 are post-treatment mouse cecal samples. h, AAA-10 inhibited BSH activity in 

human fecal slurry over a period of 2 h (n ≥ 3). For b-e, n=6 mice/group, two-tailed Welch’s 

t test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. 

For g, ns=not significant, one-way ANOVA followed by Tukey’s multiple comparisons test). 

All data are presented as mean ± s.e.m.
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