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Abstract 14 

Bile acids play crucial roles in host physiology by acting as both detergents that aid in digestion 15 

and as signaling molecules that bind to host receptors. Gut bacterial bile salt hydrolase (BSH) 16 

enzymes perform the gateway reaction leading to the conversion of host-produced primary bile 17 

acids into bacterially modified secondary bile acids. Small molecule probes that target BSHs will 18 

help elucidate the causal roles of these metabolites in host physiology. We previously reported the 19 

development of a covalent BSH inhibitor with low gut permeability. Here, we build on our 20 

previous findings and describe the development of a second-generation gut-restricted BSH 21 

inhibitor with enhanced potency, reduced off-target effects, and durable in vivo efficacy. SAR 22 

studies focused on the bile acid core identified a compound, AAA-10, containing a C3-sulfonated 23 

lithocholic acid scaffold and an alpha-fluoromethyl ketone warhead as a potent pan-BSH inhibitor. 24 

This compound inhibits BSH activity in conventional mouse fecal slurries, bacterial cultures, and 25 

purified BSH proteins and displays reduced toxicity against mammalian cells compared to first 26 

generation compounds. Oral administration of AAA-10 to wild-type mice for 5 days resulted in a 27 

decrease in the abundance of the secondary bile acids deoxycholic acid (DCA) and lithocholic acid 28 

(LCA) in the mouse GI tract with low systemic exposure of AAA-10, demonstrating that AAA-10 29 

is an effective tool for inhibiting BSH activity and modulating bile acid pool composition in vivo.    30 

  31 
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Metabolites derived from the human gut microbiota have been implicated as causal agents in the 32 

maintenance of host health and the progression of disease.1 Advances in metabolomics, sequencing 33 

technologies, and the development of genetic tools have facilitated the identification of bacterial 34 

metabolites and the biosynthetic pathways responsible for their production. However, the lack of 35 

specific tools to control the levels of these metabolites in complex microbial communities has 36 

hindered our ability to interrogate the roles of these metabolites in host physiology. Encouragingly, 37 

the recent development of small molecule modulators of bacterial metabolites has revealed the 38 

potential of microbiota-targeted therapies to treat disease, including colon cancer, cardiovascular 39 

disease, and Parkinson’s disease.2-4 40 

Bile acids are one large class of molecules that undergo substantial metabolism by gut 41 

bacteria. 5 While bile acids have long been studied for their detergent properties,6,7 recent findings 42 

have illustrated the key role that these metabolites play as signaling molecules. Specific bile acids 43 

act as ligands for host nuclear hormone receptors (NhRs) and G-protein-coupled receptors 44 

(GPCRs), thereby affecting host metabolic and immunomodulatory processes.8-11 Disruption of 45 

bile acid homeostasis has been implicated in the initiation and progression of disease, including 46 

cancer, obesity, and hypercholesterolemia,8,12-15 underscoring the need for tools that control the 47 

levels of these metabolites in vivo.  48 

Host-produced primary bile acids are conjugated to taurine or glycine in the mammalian 49 

liver, stored in the gallbladder, and secreted into the small intestine post-prandially where they act 50 

as detergents that facilitate digestion. In the lower GI tract, resident bacteria chemically modify 51 

these metabolites, producing a large class of molecules called secondary bile acids. Before these 52 

modifications can occur, the C24 amide of conjugated bile acids must be hydrolyzed, a gateway 53 

reaction that is carried out exclusively by gut bacterial bile salt hydrolases (BSHs) (EC 3.5.1.24) 54 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 16, 2021. ; https://doi.org/10.1101/2021.03.15.435552doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.15.435552


 4 

(Figure 1A).16 BSHs are widespread in human gut bacteria and have been identified in members 55 

of 12 different phyla, including Bacteroidetes and Firmicutes, the two dominant phyla in the 56 

human gut.17 Recent studies have found that BSH abundance or activity are correlated with human 57 

diseases, including inflammatory bowel diseases, type 2 diabetes, and cardiovascular disease.17-19 58 

The causal role of BSH activity in host physiology, however, remains unclear. For example, 59 

studies involving antibiotic-treated and germ-free mice colonized with BSH-containing or BSH-60 

deficient bacteria20,21 or conventional mice treated with non-selective small molecules22,23 have 61 

reported conflicting results about the effects of BSH activity on host metabolism. An inhibitor that 62 

targets a wide array of BSHs but exhibits limited off-target effects against bacterial and host cells 63 

would allow for the selective in vivo modulation of bile acid composition, shifting the bile acid 64 

pool toward conjugated bile acids and decreasing the abundance of deconjugated and secondary 65 

bile acids. Such a tool could be utilized in fully colonized animals and would provide valuable 66 

information about how bile acids affect host physiology.  67 

 In prior work, we took advantage of the nucleophilicity of the highly conserved active site 68 

N-terminal cysteine residue (Cys2) in BSHs to develop first-in-class covalent pan-BSH inhibitors 69 

(Figure 1B).24 In this study, we screened electrophilic warheads appended to the core of 70 

chenodeoxycholic acid (CDCA), an abundant human bile acid that is recognized by a broad 71 

spectrum of BSHs.20,25,26 This work established an alpha-fluoromethylketone (FMK)-containing 72 

molecule, compound 7 (referred to here as AAA-1, 1), as a potent and selective pan-BSH inhibitor. 73 

Treatment of conventional mice with a single dose of AAA-1 allowed us to inhibit BSH activity 74 

and shift the in vivo bile acid pool toward host-produced bile acids for one day. We also showed 75 

that appending a sulfonate27 to the C3 hydroxyl group resulted in gut-restriction of the inhibitor, a 76 

change that limited the systemic exposure of this compound (GR-7, referred to here as AAA-2, 2). 77 
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These studies demonstrated the potential of alpha-fluoromethyl ketone-containing inhibitors to 78 

target BSHs in vivo.  79 

 80 
 81 
Figure 1. Targeting gut bacterial BSHs. a, Bacterial bile salt hydrolases (BSHs) perform the 82 
gateway reaction leading from host-produced conjugated primary bile acids to bacterially 83 
modified secondary bile acids. b, Development of second-generation BSH inhibitors starting 84 
from previously reported covalent pan-BSH inhibitors. Sulfonation of AAA-1 at the C3-OH 85 
position previously resulted in an inhibitor with low systemic exposure but decreased potency 86 
(AAA-2). Here,  SAR studies focusing on the bile acid core were performed with the goal of 87 
yielding a second-generation pan-BSH inhibitor with improved potency. 88 
 89 

To increase the utility of BSH inhibitors for use in vivo as well as to overcome several 90 

limitations in our prior study, we sought to develop second-generation inhibitors. The gut-91 

restricted inhibitor AAA-2 exhibited lower potency than AAA-1, motivating the synthesis of new 92 

lead compounds. Moreover, while we previously demonstrated proof-of-principle that a gut-93 

restricted inhibitor could affect BSH activity in vivo, we did not demonstrate a shift in the in vivo 94 

bile acid pool in our prior work. Finally, to demonstrate the potential utility of these compounds 95 

in animal models, we sought to show that a gut-restricted inhibitor could shift the bile acid pool 96 

over a multi-day period. Here, we have built on our previous findings and report the development 97 
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of a second-generation gut-restricted BSH inhibitor with enhanced potency, reduced off-target 98 

effects, and multi-day in vivo efficacy. Our structure-activity relationship (SAR) studies focused 99 

on the bile acid core, and we identified a lithocholic acid core-based inhibitor, AAA-10 (8) (Figure 100 

2), as a potent pan-BSH inhibitor through screening against conventional mouse fecal slurries, 101 

bacterial cultures, and recombinant proteins. This compound is not antibacterial, displays reduced 102 

toxicity against mammalian cells compared to AAA-1 and AAA-2, and does not affect signaling 103 

through the farnesoid X receptor (FXR) or Takeda G-protein receptor 5 (TGR5), key bile acid-104 

mediated receptors. Finally, we demonstrate that AAA-10 (8) can modulate the in vivo bile acid 105 

pool for 5 days, resulting in the decreased abundance of the secondary bile acids deoxycholic acid 106 

(DCA) and lithocholic acid (LCA).  107 

 108 

Figure 2. Library of sulfonated inhibitors. A small library of inhibitors was generated with 109 
SAR focused on incorporating the cores of naturally occurring bile acids found in both mouse 110 
and humans while maintaining an a-fluoromethyl ketone electrophile. 111 

 112 

RESULTS AND DISCUSSION 113 

Synthesis of BSH inhibitor candidates 114 
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In prior work, sulfonation of AAA-1 (1) at C3, a position that is exposed to solvent in the 115 

co-crystal structure of this compound with the BSH from the gut bacterium Bacteroides 116 

thetaiotaomicron (B. theta), increased the solubility of this compound and limited its systemic 117 

exposure.24,28 The resultant compound AAA-2, (2), however, was less potent than AAA-1.24 With 118 

the goal of improving potency while still maintaining gut restriction, we decided to append the 119 

optimized FMK warhead on naturally occurring bile acid cores found in both the murine and 120 

human gut (CDCA, DCA, ursodeoxycholic acid (UDCA), cholic acid (CA), and LCA). These 121 

compounds could then be sulfonated at the C3 position to produce second-generation inhibitor 122 

candidates (Figure 1B).  123 

In order to expedite the synthesis of the library, an optimized protecting group-free 124 

synthesis was developed (Scheme S1).29 Following activation of the unprotected bile acid with 125 

CDI, addition of magnesium benzyl fluoromalonate provided the fluoro beta-ketoester. Removal 126 

of the benzyl group followed by decarboxylation under hydrogenation conditions provided the 127 

FMK compounds. Finally, the sulfonate group was installed using SO3.pyridine. Because the C3-128 

a-OH group on the bile acid core is more sterically accessible than the C7 and C12 a-alcohols, 129 

the sulfonation reactions proceeded selectively to provide the candidate C3-sulfonated inhibitors 130 

(Figure 2,  3-6, 8).  131 

 132 

Library screen in conventional mouse feces 133 

We previously reported the use of a wild-type conventional mouse fecal slurry assay23 to 134 

identify pan-inhibitors of BSHs.24 Because fecal slurry should contain BSHs from nearly all 135 

bacteria in the distal region of the murine GI tract, demonstrating inhibition of BSH activity in this 136 

assay represents an important benchmark that all inhibitor candidates should meet. We therefore 137 
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utilized this assay as the first screen in the process of developing second-generation BSH 138 

inhibitors. Inhibitor candidates were added to fresh feces obtained from conventional wild-type 139 

mice (C57Bl/6J) and suspended in buffer under reducing conditions (Figure 3A). To facilitate 140 

identification of an inhibitor with enhanced potency compared to AAA-2, the first-generation gut-141 

restricted inhibitor, compounds were intentionally tested at 10 µM, a concentration at which 142 

neither AAA-1 nor AAA-2 completely inhibits enzyme activity.24 After 30 min, glycine-143 

conjugated deuterated chenodeoxycholic acid (GCDCA-d4) was added and its conversion to the 144 

deconjugated product CDCA-d4 was quantified using ultra-high performance liquid 145 

chromatography-mass spectrometry (UPLC-MS).  146 

 147 

Figure 3. Identification of AAA-10 as a second-generation pan-BSH inhibitor. a, Assay 148 
design for screening the inhibitor library. Screening in fresh mouse feces identified AAA-10 as a 149 
potent second-generation pan-inhibitor of BSHs. Inhibitors were tested at a concentration of 10 150 
μM. Assays were performed three times independently in biological triplicate with similar 151 
results. b and c, AAA-10 is more potent than AAA-2 against recombinant BSHs. Comparison of 152 
AAA-10 and AAA-2 dose-response curves against Bacteroides thetaiotaomicron (B. theta) and 153 
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Bacteroides adolescentis (B. adolescentis) BSHs using tauro-ursodeoxycholic acid (TUDCA) 154 
and tauro-deoxycholic acid (TDCA) as the respective substrates. See Table S1 for comparison of 155 
IC50 values of AAA-1, AAA-2 and AAA-10. For b and c, Graphpad was used to fit IC50 curves. 156 
All assays were performed in biological triplicate, and data are presented as mean ± s.e.m.  157 

Mono-sulfonated inhibitor candidates containing DCA, UDCA, and CA cores (AAA-4 (4), 158 

AAA-6 (5), and AAA-8 (6), respectively) inhibited BSH activity but were not more potent than 159 

AAA-2 in this assay (Figure 3A). The C3, C7-disulfonated derivative AAA-2’ (3) was also 160 

equipotent to AAA-2. Notably, the LCA core-based analog AAA-10 was more potent than both 161 

AAA-2 and the inhibitor candidates AAA-2’, AAA-4, AAA-6, and AAA-8. AAA-10 was 162 

equipotent to its unsulfonated analog AAA-9 (7), indicating that C3-sulfonation did not hinder 163 

BSH inhibitory activity (Figure S1A). 164 

Mice fed a high-fat diet (HFD) possess higher levels of bile acids, including conjugated 165 

bile acids, than mice fed a chow diet.30 Because increased substrate concentration may increase in 166 

vivo BSH activity, we also evaluated the ability of AAA-10 to inhibit the enzyme activity in feces 167 

obtained from HFD-fed mice. We found that AAA-10 inhibited BSH activity in this assay as 168 

effectively as AAA-1, our most potent first-generation BSH inhibitor (Figure S1B). Together, our 169 

data suggest that AAA-10 is a potent inhibitor of BSHs found in the murine gut.  170 

 171 

AAA-10 inhibits recombinant BSHs and is more potent than AAA-2  172 

To further characterize the potency of AAA-10 compared to AAA-1 and AAA-2, we 173 

determined the IC50 values of both AAA-10 and AAA-2 against purified recombinant B. theta 174 

(Gram-negative) and B. longum (Gram-positive) BSHs and compared these values to the IC50 175 

values for AAA-1 which had been determined in our previous work24 (Figure 3B-C). The IC50 176 

values were evaluated using a conjugated bile acid substrate for which the enzymes demonstrated 177 

the best hydrolytic efficiency (TUDCA and TDCA, respectively).24  AAA-10 exhibited an IC50 178 
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 10 

value of 10 nM against B. theta rBSH and 80 nM against B. longum rBSH, demonstrating that 179 

AAA-10 was ~250 fold more potent than AAA-2 against B. theta rBSH and ~15 fold more potent 180 

against B. longum rBSH (Table S1). Compared to AAA-1, AAA-10 was ~40 fold more potent 181 

against B. theta rBSH and equally potent against B. longum rBSH (Table S1). The increased 182 

potency of AAA-10 against B. theta rBSH, a selective BSH, compared to both first-generation 183 

inhibitors highlights the potential of this compound to target BSHs which might otherwise be 184 

difficult to inhibit. These data demonstrate that we have developed a second-generation sulfonated 185 

inhibitor with increased potency compared to first-generation compounds.  186 

  187 

AAA-10 inhibits BSH activity in bacterial cultures 188 

Next, we evaluated the ability of AAA-10 to inhibit enzyme activity in growing cultures 189 

of BSH-containing bacteria using three Gram-negative and three Gram-positive strains found in 190 

the human gut (Figure 4A). Each bacterial culture was diluted to pre-log phase and co-incubated 191 

with 100 µM of AAA-10 and 100 µM of an equimolar mixture of taurine-conjugated bile acids 192 

that are abundant in the murine gallbladder and small intestine (tauro-betamuricholic acid 193 

(TbMCA), taurocholic acid (TCA), TUDCA, and TDCA).31 Bacteria were then allowed to grow 194 

into stationary phase over 24 h. Because bacteria vary in their ability to metabolize different 195 

conjugated bile acids, this approach provides an unbiased way of testing the inhibitory activity of 196 

AAA-10. After 24 h, percent deconjugation was determined by quantifying bile acid 197 

concentrations in bacterial cultures by UPLC-MS. AAA-10 exhibited near-complete inhibition of 198 

enzyme activity in all six bacterial cultures (<7% deconjugation) (Figure 4A, Figure S2). AAA-10 199 

displayed equivalent inhibitory activity to AAA-1, except in the case of C. perfringens, where 200 
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AAA-10 inhibited deconjugation to a greater extent than AAA-1 (4% vs 22% deconjugation, 201 

respectively).24 202 

 203 

Figure 4. AAA-10 inhibits BSH activity in bacterial cultures without exhibiting 204 
antibacterial effects. a, AAA-10 inhibits bacterial BSH activity. The BSH inhibitory activity of 205 
AAA-10 against three Gram-negative (B. theta VPI-5482, Bacteroides fragilis ATCC 25285, and 206 
Bacteroides vulgatus ATCC 8482) and three Gram-positive (Lactobacillus plantarum WCFS1, 207 
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Clostridium perfringens ATCC 13124, and Bifidobacterium adolescentis L2–32) human gut 208 
bacteria was evaluated. BSH activity was quantified as percent deconjugation of tauro-209 
conjugated bile acids at 24 h as determined by UPLC–MS (for absolute concentrations of 210 
substrates and products recovered, see Figure S2). b, AAA-10 did not affect bacterial cell 211 
viability. At the end of the assay in (a), the bacteria were plated to determine cell viability. c, 212 
AAA-10 is a nanomolar inhibitor of bacterial BSHs. Dose-response curves of AAA-10 against B. 213 
theta and B. adolescentis cultures were generated using tauro-ursodeoxycholic acid (TUDCA) 214 
and tauro-deoxycholic acid (TDCA) as substrates, respectively. For a, and b, two-tailed 215 
Student’s t-test were performed. For c, Graphpad was used to fit IC50 curves. *p<0.05, **p<0.01, 216 
***p<0.001, ****p<0.0001, ns = not significant. All assays were performed in biological 217 
triplicate, and data are presented as mean ± s.e.m.  218 

 219 

To demonstrate that the BSH inhibitory activity of AAA-10 in bacterial cultures was not 220 

due to growth inhibition, we evaluated the colony forming units in aforementioned bacterial 221 

cultures treated with AAA-10. We found that this compound did not significantly affect the growth 222 

of any of the tested bacterial strains at a concentration of 100 µM (Figure 4B). 223 

We also determined the IC50 values of AAA-10 against B. theta (Gram-negative) and B. 224 

adolescentis (Gram-positive) whole cell cultures. For this purpose, we used a single conjugated 225 

bile acid against which the enzyme demonstrated the highest deconjugation efficiency (TUDCA 226 

and TDCA, respectively). While the IC50 value for AAA-10 against B. adolescentis was higher 227 

than the previously reported value for AAA-1 (901 nM versus 108 nM, respectively), AAA-10 228 

displayed a lower IC50 value against B. theta than AAA-1 (74 nM versus 427 nM, respectively)24 229 

(Figure 4c). These data are consistent with our results using purified protein and show that AAA-230 

10 is the most potent inhibitor of the B. theta BSH yet developed. Together, these results 231 

demonstrate that AAA-10 is a nanomolar inhibitor of gut bacterial BSHs that does not display anti-232 

bacterial properties.  233 

 234 

AAA-10 displays limited off-target effects on mammalian cells 235 
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At high in vivo concentrations, bile acids have been shown to disrupt cell membranes and 236 

can induce apoptosis in mammalian cells15,32,33. Because AAA-10 is based on a bile acid scaffold, 237 

we evaluated the toxicity of AAA-10 on intestinal cells as well as its off-target effects on host bile 238 

acid receptors. Human intestinal Caco-2 cells were differentiated in transwell inserts to form a 239 

polarized monolayer with tight junctions34 (Figure S3A). Incubation of these cells with AAA-1, 240 

AAA-2 or AAA-10 showed that while AAA-1 and AAA-2 (100 µM) negatively affected the cell 241 

viability, AAA-10 did not have an effect on the cell viability at this concentration (Figure 5A). 242 

AAA-10 also had no effect on the viability of human liver cells (Hep-G2) at 100 µM or 500 µM 243 

concentrations (Figure S3B). We next determined whether BSH inhibitors affected intercellular 244 

tight junctions by measuring the passive diffusion of FITC-dextran (4 kDa) from the apical to the 245 

basolateral chamber of the transwells containing differentiated Caco-2 cells treated apically with 246 

our compounds. AAA-10 did not appear to damage epithelial integrity at 100 µM or 500 µM 247 

concentrations, while AAA-1, AAA-2, and AAA-9 increased FITC-d permeability by over 85% 248 

(~1.5-3 fold)  at a concentration of 100 µM (Figure 5B). In order to test the gut-restricted properties 249 

of AAA-10, we also quantified the amount of inhibitor in the apical and basolateral chambers in 250 

these transwell assays. We have previously shown that bile acids, including LCA, pass through 251 

Caco-2 monolayers.35 In contrast, while we were able to detect AAA-10 in the apical chamber, no 252 

inhibitor was detected in the basolateral chamber 16 h after apical application, indicating that 253 

AAA-10 does not pass through an epithelial monolayer (Figure 5C-D).  254 
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 255 

Figure 5. AAA-10 is not toxic to mammalian cells and not a ligand for FXR or TGR5. a, 256 
Incubation of differentiated Caco-2 cells with AAA-10 (100 μM) did not result in toxicity, while 257 
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incubation with an equivalent concentration of AAA-1 and AAA-2 resulted in decreased cell 258 
viability. b, AAA-10 did not damage epithelial tight junctions at 100 μM or 500 μM, while 259 
treatment with AAA-1 resulted in loss of epithelial integrity. Epithelial junction integrity was 260 
determined by measuring the transport of 4 kDa FITC-dextran from the apical to the basolateral 261 
chamber. c, AAA-10 did not pass through an epithelial monolayer in an in vitro transwell assay 262 
(for assay setup see Figure S3A). Passage of the molecule from apical chamber to basolateral 263 
chamber was quantified by UPLC-MS. d, Representative UPLC-MS extracted ion chromatogram 264 
(EIC) traces of apical and basolateral chamber showing that no AAA-10 was detected in the 265 
basolateral chamber. e and f, FXR and TGR5 agonist activity was measured by incubating Caco-266 
2 cells with varying concentrations of AAA-10 overnight. g and h, FXR and TGR5 antagonist 267 
activity was measured by incubating Caco-2 cells with varying concentrations of AAA-10 268 
overnight in the presence of 10 μM of the FXR agonist chenodeoxycholic acid (CDCA) or 10 269 
μM of the TGR5 agonist lithocholic acid (LCA), respectively. For a-b and e-h, one-way 270 
ANOVA followed by Dunnett’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, 271 
****p<0.0001, ns = not significant. All assays were performed in biological triplicate, and data 272 
are presented as mean ± s.e.m.   273 

 274 

Bile acids can signal through the host receptors FXR and TGR5, thereby affecting host 275 

metabolism and immune function.36 Incubation of Caco-2 cells with increasing concentrations of 276 

AAA-10 revealed that this compound did not act as an agonist of FXR or TGR5 (Figures 5E-F). 277 

Incubation of Caco-2 cells with either GW4062 (FXR agonist) or LCA (TGR5 agonist) followed 278 

by treatment with increasing concentrations of AAA-10 revealed that this compound did not 279 

antagonize FXR or TGR5 (Figures 5G-H). Collectively, these data suggest that AAA-10 is a potent 280 

pan-BSH inhibitor with low epithelial permeability that exhibits reduced off-target effects on host 281 

cells compared to the first-generation inhibitors AAA-1 and AAA-2. 282 

 283 

AAA-10 reduces secondary bile acid abundance in vivo 284 

We next evaluated the ability of AAA-10 to inhibit BSH activity and modulate bile acid 285 

levels in vivo. Wild-type C57Bl/6J mice were gavaged once daily with AAA-10 at a dose of 30 286 

mg/kg for 5 days (Figure 6A). The inhibitor was administered at 6 pm to coincide with the start 287 

of the dark photoperiod when mice exhibit increased food consumption.37 Fecal BSH activity 288 
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was significantly decreased on days 2 and 6 in AAA-10-treated mice compared to vehicle-treated 289 

mice (Figure 6B and Figure S4A), indicating that we were able to achieve durable BSH 290 

inhibition in vivo using AAA-10. Analysis of the cecal bile acid pool after sacrifice revealed that 291 

the abundances of DCA and LCA were significantly lowered in the AAA-10-treated group 292 

(Figures 6C). DCA and LCA are secondary bile acids that are produced exclusively by gut 293 

bacteria.5 Cecal AAA-10 concentration was also negatively correlated with cecal concentrations 294 

of both DCA and LCA (Figures S4B-C). In addition, the abundances of DCA and LCA were 295 

decreased in feces each day starting on day 2 and overall in feces throughout the course of the 296 

study in AAA-10-treated mice compared to vehicle-treated mice (Figures 6D-E and Figure S4D). 297 

Together, these findings indicate that AAA-10 treatment resulted in a sustained reduction in 298 

secondary bile acids in vivo over the period of study.  299 

Finally, to evaluate the gut permeability of AAA-10, we quantified the levels of this 300 

compound in cecal contents and plasma at sacrifice and in feces over the course of the 301 

experiment (Figures S4E-G). We observed a mean value of 276 picomol/mg wet mass (~276 302 

µM) of AAA-10 in cecal contents and a range of 66-2087 picomol/mg (~66-2087 µM) in feces. 303 

In contrast, five of the six mice exhibited undetectable levels of AAA-10 in plasma (Figure 304 

S4G). In a separate experiment in which mice were sacrificed 4 hours after the final gavage, we 305 

detected mean AAA-10 concentrations of 128 picomol/mg wet mass (~128 µM) in cecal 306 

contents and 12 nM in plasma (Figures S4H-I). Together, these data indicate that AAA-10 307 

displays high colonic exposure and low gut permeability.  308 
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 309 

Figure 6. AAA-10 inhibits BSH activity in vivo and reduces secondary bile acid abundance. 310 
a, In vivo study design. C57Bl/6J  mice were orally gavaged with AAA-10 (30 mg/kg) once 311 
daily for 5 days. Feces were collected daily and utilized to evaluate bile acid changes and BSH 312 
activity. Mice were sacrificed on day 6 and tissues and blood were collected. b, AAA-10-treated 313 
mice exhibited decreased BSH activity compared to vehicle-treated mice in fresh feces collected 314 
on days 2 and 6. c, Percentages of the secondary bile acids deoxycholic acid (DCA) and 315 
lithocholic acid (LCA) were reduced in cecal contents of mice treated with AAA-10. d and e, 316 
Analysis of fecal bile acid contents over the period of the study showed that abundances of the 317 
two secondary bile acids DCA and LCA were consistently decreased throughout the experiment. 318 
For b-e, n=6 mice/group, two-tailed Welch’s t test was performed. *p<0.05, **p<0.01, 319 
***p<0.001, ****p<0.0001, ns = not significant. All data are presented as mean ± s.e.m.   320 
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CONCLUSION 321 

The studies reported herein were initiated with the goal of improving the potency of the 322 

first-generation gut-restricted inhibitor AAA-2. Structure-activity relationship studies that focused 323 

on incorporating the carbon scaffolds of different abundant bile acids into our inhibitor design led 324 

to the identification of a second-generation inhibitor, AAA-10. This compound exhibited increased 325 

potency in an array of in vitro assays compared to AAA-2. The structure of AAA-10 is based on 326 

the core of LCA, a bile acid that contains a single hydroxyl group at C3. In previous work, we 327 

characterized the BSH activity of 20 abundant human gut Bacteroidetes species against glyco- and 328 

tauro-conjugated bile acids.20 Glyco-lithocholic acid (GLCA) and tauro-lithocholic acid (TLCA) 329 

were effectively deconjugated (>90% conversion) by all BSH-containing Bacteroidetes species 330 

tested. In contrast, all other bile acids were incompletely deconjugated (<70%) by two or more of 331 

the species tested. Taken together, these results suggest that the LCA core may be effective as a 332 

scaffold for BSH inhibitors because it is recognized as a substrate by a range of gut bacteria. Future 333 

studies testing the deconjugating ability of a variety of Gram-positive and Gram-negative strains 334 

against a panel of conjugated bile acid substrates may further elucidate the substrate scope of gut 335 

bacterial BSHs and thus aid in next-generation inhibitor design.  336 

AAA-10 also exhibited an improved off-target effects profile compared to AAA-1 and 337 

AAA-2. This compound inhibited BSH activity without inhibiting the growth of the Gram-338 

negative and Gram-positive bacteria tested, did not activate or inhibit the host bile acid receptors 339 

FXR or TGR5 at concentrations expected to be effective in vivo, and was found to be non-toxic to 340 

intestinal and liver cells at higher concentrations than AAA-1 and AAA-2.  341 

Finally, we demonstrated that AAA-10 inhibits BSH activity in vivo. Once-daily 342 

administration of AAA-10 by gavage at a dose of 30 mg/kg resulted in significant BSH inhibition 343 
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in feces and a decrease in the abundance of the secondary bile acids DCA and LCA in feces and 344 

cecal contents. DCA and LCA are known to play crucial roles in host physiology. On the one hand, 345 

DCA and LCA are strongly associated with colon cancer development in patients, and evidence 346 

indicates that these compounds promote carcinogenesis in the colon and liver.13,14,38-40 On the other 347 

hand, DCA has been shown to limit growth of the pathogen Clostridium difficile,41 and recent work 348 

has shown that LCA induces the production of the anti-diabetic metabolite cholic acid-7-sulfate.35 349 

The ability to modulate the abundance of these compounds in vivo in fully colonized animals will 350 

facilitate investigations of the roles of these molecules in host physiology.  351 

Looking ahead, it will be valuable to consider whether long-term use of BSH inhibitors in 352 

vivo affects microbial community composition. In addition, once-daily dosing via oral gavage may 353 

not be optimal in the case of ad libitum feeding, and further optimization of a strategy for inhibitor 354 

administration may be required. Nonetheless, our data indicate that we have developed a potent, 355 

non-toxic BSH inhibitor that modulates the in vivo bile acid pool, shifting the bile acid pool away 356 

from DCA and LCA. Importantly, we have shown that AAA-10 exhibits in vivo efficacy using a 357 

daily dosing strategy in a 5 day experiment, a finding that paves the way for the use of AAA-10 in 358 

longer-term animal models to elucidate how bile acids affect host health and either drive or 359 

ameliorate disease phenotypes. Because bile acids are absorbed and recirculated to the liver via 360 

the portal vein,5,42 BSH inhibitors will facilitate investigations of how bile acids are causally 361 

involved in the initiation and progression of both liver and GI tract disorders, including 362 

inflammatory bowel diseases, non-alcoholic fatty liver disease (NAFLD), non-alcoholic 363 

steatohepatitis (NASH), liver cirrhosis, and liver and colon cancer.17,19 Demonstration of 364 

prevention or amelioration of disease phenotypes in animals would suggest that BSHs could be 365 

targeted in a therapeutic context to treat human disease.  366 
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 367 

METHODS 368 

Full details for all materials and methods are provided in the Supporting Information.  369 
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