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Abstract

Bile acid derivatives have been investigated as possible therapeutics for a wide array of conditions,
including several for which gut-restricted analogs would likely be preferred. These include the
prevention of Clostridioides difficile infection (CDI) and the treatment of inflammatory bowel
disease (IBD). The design of gut-restricted bile acid analogs, however, is complicated by the highly
efficient enterohepatic circulation system that typically reabsorbs these compounds from the
digestive tract for subsequent return to the liver. Herein, we report that incorporation of a sulfate
group at the 7-position of the bile acid scaffold reduces oral bioavailability and increases fecal
recovery in two pairs of compounds designed to inhibit the germination of C. difficile spores. A
different approach was necessary for designing gut-restricted bile acid-based TGRS agonists for
the treatment of IBD, as the incorporation of a 7-sulfate group reduces activity at this receptor.
Instead, building on our previous discovery that incorporation of a 7-methoxy group into
chenodeoxycholic acid derivatives greatly increases their TGRS receptor potency, we determined
that an N-methyl-D-glucamine group could be conjugated to the scaffold to obtain a compound

with an excellent mix of potency at the TGRS receptor, low oral exposure, and good fecal recovery.
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1. Introduction

Though their primary function is to help absorb lipids and fat-soluble vitamins from the
gastrointestinal tract, bile acids also play an important role in carrying signals from the gut to the
rest of the body as well as between the gut microbiota and the host.! Bile acids are natural ligands
for an array of receptors including the TGRS (also known GPBAR-1 or M-BAR), farnesoid X
(FXR), pregnane X (PXR), constitutive androstane (CAR), sphingosine-1-phosphate 2 (SIPR2),
and vitamin D3 receptors (VDR).%3 Through activation of these receptors, bile acids help regulate
glucose, lipid, and energy metabolism.* They can also have significant anti-apoptotic effects.>’
As aresult, endogenous bile acids and their synthetic derivatives have been investigated as possible
therapeutics for a wide range of diseases including nonalcoholic steatohepatitis (NASH),® °
primary biliary cholangitis,!® 1! obesity,'? diabetes,!? acute kidney injury,'* myocardial

infarction, ! sepsis,'® and amyotrophic lateral sclerosis.!’

We have been working to design bile acid derivatives to serve as therapeutics for two additional
indications: prevention of Clostridioides difficile infection (CDI)'®2% and TGRS agonists as
treatments for inflammatory bowel disease (IBD).?! As both of these diseases are focused primarily
in the gastrointestinal tract, especially the colon, it is likely that gut-restricted therapeutics would
be preferred, allowing higher drug concentrations to reach the colon, while minimizing undesired
effects that could potentially be caused by systemic exposure. Unfortunately, designing gut-
restricted analogs of bile acids is particularly difficult due to natural active and passive transport

mechanisms that efficiently recycle these compounds from the gut into the liver.

Each day, approximately 12 g of bile acids are secreted from the liver into the gut as part of the

digestion process.??> Most of the bile acids (approximately 95%) are then reabsorbed from the gut,
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with only a small amount lost in the feces.?® The absorption of bile acids from the intestine occurs
primarily in the ileum via an active transport mechanism mediated by the apical sodium-dependent
bile acid transporter (ASBT), but passive absorption also contributes to the high efficiency of this
process.?> 24 Attempts to design a gut-restricted bile acid-derived therapeutic need to incorporate
structural features designed to block both of these transport mechanisms. In addition, since any
structural modifications need to maintain therapeutic efficacy, this required us to take differing
approaches to gut-restricting our potential therapeutics for CDI and IBD. Our design approach was
also heavily influenced by current understanding about bile acids and their absorption from the

gastrointestinal tract.

Chemical structure of bile acids. The primary human bile acids chenodeoxycholic acid (CDCA)
and cholic acid are synthesized in the liver from cholesterol. Both are comprised of four rings with
a-hydroxy groups at the 3- and 7-positions, but cholic acid has an additional a-hydroxy at the 12-
position (Figure 1). They each also contain a side chain bearing a carboxylic acid at the 24-position.
Bile acids are subsequently conjugated to either glycine or taurine to produce analogs such as
taurochenodeoxycholic acid (Figure 1). This conjugation process changes the physiochemical
properties of the compounds, converting relatively weak acids (pK, about 5) to much stronger
acids (pK, < 2 for taurine conjugates).?> Conjugation also increases the solubility of the bile acids
and their active transport by ASBT, while generally reducing their susceptibility to passive
absorption.?® From the liver, the conjugated bile acids are secreted into bile and stored in the
gallbladder. After a meal, the bile acids are released into the small intestine to aid in digestion.
Conjugated bile acids are then either reabsorbed from the gut or deconjugated by bacterial
enzymes. Bacteria can also further metabolize primary bile acids to form secondary bile acids such

as lithocholic acid (LCA) or ursodeoxycholic acid (UDCA).?*> These bile acid modifications can
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lead to compounds with substantially different pharmacological properties than their parent

compounds, for instance LCA is over 20 times more potent at the TGRS receptor than is CDCA.?’

7"OH

chenodeoxycholic acid cholic acid taurochenodeoxycholic acid

ursodeoxycholic acid lithocholic acid

Figure 1. Structures of representative of bile acids.

Blocking active transport by ASBT. ASBT, also known as the ileal bile acid transporter (IBAT), is
a 348 amino acid protein that is highly expressed in the terminal ileum, biliary epithelium, and
renal proximal tubules.?® Studies by Polli and coworkers into how modifications to the bile acid
scaffold affected transport by ASBT found that structural changes to the 3-position are better
tolerated than alterations at the 7-position.?° For example, 3-nicotinoyl glycochenodeoxycholate
(1) is an ASBT substrate while 7-nicotinoyl glycochenodeoxycholate (2) is not (Figure 2). The
chemical substitution at the 24-position also plays a role in determining the susceptibility of a bile
acid to transport by ASBT. In general, conjugated bile acids are better substrates than their
unconjugated analogs.’® However, in certain circumstances, significant modifications to this

position can be made that still allow for transport by ASBT. For instance, the acyclovir prodrug
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acyclovir valylchenodeoxycholate (3, Figure 2) is an ASBT substrate with 2-fold greater oral

bioavailability than acyclovir itself.3°

Figure 2. Compounds 1 and 3 are ASBT substrates, while 2 is not.

Blocking passive transport from the gut. While most medicinal chemists are familiar with
Lipinski’s3! and Veber’s* rules for designing druglike, orally bioavailable compounds, the rational
design of druglike, non-absorbable compounds presents its own set of challenges. Successful case
studies can result in compounds that look very different from each other. For instance, it can be
possible to reduce oral bioavailability by making compounds either highly hydrophilic or highly
lipophilic. Other techniques that have been successful include increasing the molecular weight,
polar surface area, charges, or the number of rotatable bonds in a compound.?33* One method that
has met with success, the kinetophore approach, involves identifying portions of the scaffold of
interest which can be modified without significantly reducing potency at the target receptor. Once
such a site is identified, additional moieties (kinetophores) that can reduce absorption can be

appended to that location.>

Herein, we describe two different approaches that we have found to significantly increase the gut
restriction of bile acid analogs. We have previously hypothesized that the addition of a 7-sulfate
group to a set of bile acid derivatives designed to inhibit the germination of C. difficile spores in
the colon would decrease their oral bioavailability. This would likely work by both blocking active

transport by ASBT and by reducing passive absorption by increasing the molecular weight and
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polar surface area while also introducing a negative charge to the compounds.!® This hypothesis is
supported by research showing that both 7-sulfated UDCA and 7-sulfated cholic acid are poorly
absorbed from the intestines.?> 3¢ We have also shown that this modification can be incorporated
into our derivatives without significant reduction in their ability to inhibit spore germination. In
this study, we examined the pharmacokinetic properties of two sets of these derivatives and
confirmed that 7-sulfation does indeed lower oral exposure and increase the fecal recovery of our

compounds.

However, 7-sulfation was unsuitable for designing TGRS agonists with reduced oral
bioavailability, as this modification also greatly lowers their potency at the receptor. Our previous
SAR studies have shown that incorporating a methoxy group at this position instead increases
TGRS agonist potency 40-150 fold compared to a free hydroxyl moiety.?! In this study, we show
that this modification also decreases oral exposure and increases fecal recovery, albeit only
modestly. To further reduce oral bioavailability, we turned to a kinetophore-based approach. After
first determining that several potential kinetophores could be conjugated to the 24-position of the
bile acid scaffold with only a moderate detrimental effect on TGRS potency, we next examined
the pharmacokinetic properties of two of the resulting derivatives to determine the effect of the

kinetophores on oral exposure and fecal recovery.

2. Chemistry

The pharmacokinetic studies discussed in this manuscript were conducted using a mix of new and
previously reported bile acid derivatives. The C. difficile spore germination inhibitors 4-7 and
TGRS agonists 8-9 were synthesized as previously described (Figure 3).!% 2! To prepare TGRS

agonist 15, compound 13 was first synthesized in four steps from CDCA using our reported
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procedure (Scheme 1).2! Next, compound 13 was coupled to 2-(2-methoxyethoxy)ethanamine with
HATU to furnish amide 14. Finally, removal of the TBDMS protecting group with TBAF afforded

the desired amide 15.

Scheme 1: Synthesis of amide 15¢
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“Reagents and conditions: (a) PTSA, methanol, rt; (b) TBDMSCI, imidazole, DMF, rt; (c)
methyl trifluoromethanesulfonate, 2,6-di-tert-butylpyridine, DCM; (d) aq. LiOH, THF, MeOH, rt;

(e) 2-(2-methoxyethoxy)ethanamine, HATU, DIEA, DCM, rt; (f) TBAF, THF.

The synthetic route to TGRS agonists 17-19 began instead with the removal of the TBDMS
protecting group of 13 with TBAF to afford carboxylic acid 16 (Scheme 2). This acid was then
coupled to either D-glucamine, N-methyl-D-glucamine, or N,N-[Iminobis(trimethylene)]bis-D-

gluconamide) using HATU to obtain amides 17-19.

Scheme 2: Synthesis of amides 17-19“
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TBDMSO'™

“Reagents and conditions: (a) TBAF, THF. b) amine (D-glucamine, N-methyl-D-glucamine, or

N,N-[Iminobis(trimethylene)]|bis-D-gluconamide), HATU, DIEA, DMA or DMF, rt.

3. Pharmacokinetic Studies

All animal studies were approved by the Institutional Animal Care and Use Committees at the
University of Minnesota (IACUC). All animals are housed in the RAR facility, which is accredited
by the Association for the Assessment and Accreditation of Laboratory Animal Care. The IACUC
membership follows the Animal Welfare Act, which is enforced by the US Department of
Agriculture. In addition, our IACUC policies are compliant with the Public Health Service (PHS)
Policy on the Humane Care and Use of Laboratory Animals. Finally, our animal protocols were
also approved by the US Army Medical Research and Development Command Animal Care and

Use Review Office (ACURO).

Animal dosing and sample collection. Four male C57B1/6 mice (8-12 weeks, Jackson Laboratories,
Bar Harbor, ME) were placed in metabolic cages (Harvard Apparatus, Holliston, MA) and allowed
to acclimate for at least 72 h. Animals were dosed with 5 mg/kg PO of test compound and at
specified time points following dosing (5, 15, 60 and 120 min), 30 pul of blood was sampled from

the lateral tail vein of each mouse. Blood from the 4 animals were pooled (120 pl total volume) in
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order to obtain sufficient sample volume for analysis. Animals were replaced into the metabolic
cage and housed for an additional 24 h for collection of fecal pellets. Pooled blood samples were
centrifuged at 16,000 x g for 2 min. and resulting plasma (>50 ul) was stored frozen at < -20° C,

along with the corresponding fecal pellets, until processing and analysis by LC-MS/MS.

Sample Processing and LC/MS/MS Quantitation. Fecal pellets were weighed and then
homogenized in 10 ml ice-cold acetonitrile (ACN) using a mortar and pestle. The suspension was
rocked at room temperature for >30 min, and centrifuged at 1,000 x g for 5 min. This cycle was
repeated at least 6 times until the recovered supernatant was colorless. The final supernatant was

removed, the volume recorded, and stored at 4° C.

LC-MS/MS analysis was performed using a Quattro Ultima triple quadrupole mass spectrometer
(Waters, Milford, MA) coupled with a Waters Acquity Ultra Performance Liquid Chromatography
(UPLC) system by operating in electrospray in the positive or negative ion mode (ES+/-). Mass-
to-charge ratio (m/z) transitions for the analyte and internal standard were determined. For liquid
chromatographic separation, either isocratic or gradient elution using 0.1% formic acid in water
and 0.1% formic acid in ACN as solvents was performed using a Synergi Polar-RP column (75 x

2 mm, 4 um; Phenomenex, Torrance, CA).

Working solutions of analytical standards were prepared by serial dilution of stock solutions (made
from 1 mg/ml master stock in DMSO) with 100% acetonitrile to obtain working concentrations at
0.1, 0.3, 0.9, 2.7, 8.0, 24.1, 72.2, 216.7 and 650 pg/ul. Calibration standards were prepared by
spiking 50 pL of freshly prepared working solutions into the blanks to achieve standards with
concentrations of 1.0, 3.0, 9.0, 27.0, 80.0, 241.0, 722.0, 2167.0 and 6500 ng/ml. Quality control

(QC) samples were prepared by spiking 50 ul of freshly prepared working solutions into blanks to

10
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obtain 0.1, 0.9, 24.1 and 650 ng/ul and these dilutions were used to obtain the limit of quantitation

(LoQ), low quality control (LQC), medium quality control (MQC) and high quality control (HQC).

Plasma and fecal extract samples (50 pl) were placed in 1.5- ml Eppendorf tubes, 100 pl 100% ice
cold ACN was added with a spiked amount of internal standard (final concentration 500 ng/ml),
and the mixture was vortexed. Samples were left to stand at 4 °C for at least 30 min and then
centrifuged at 16,000 x g for 5 min and the supernatant was recovered. Supernatants (100 ul) were
transferred to a clean tube and evaporated to dryness under a nitrogen stream at 25 °C for
approximately 10-15 min. Samples were reconstituted with 100 pul of HPLC elution starting buffer.
Processed samples were then transferred to 12 x 32 mm glass vials with 400 ul inserts and loaded
into 96-vial auto-sampler plates from where 7.5 pl was injected into the LC/MS/MS system.
Sample analysis was performed using MassLynx Software (v4.1, Waters, Milford, MA). Data was

plotted and AUC calculations were performed using Prism 5.0 (GraphPad, San Diego, CA).

4. Results and Discussion

4.1 Pharmacokinetic evaluation of C. difficile spore germination inhibitors

Clostridioides difficile (formerly Clostridium difficile) is an anaerobic bacterium that can cause a
potentially lethal infection of the colon. This condition, Clostridioides difficile infection (CDI),
usually occurs when spores of C. difficile germinate in the intestine of a patient whose native gut
microbiota has been disrupted after the administration of antibiotics.3” Spores of C. difficile use
environmental signals to help determine if they are in the right environment to germinate. One of
the most important of these signals is the absolute and relative concentrations of different bile

acids. In particular, the presence of cholic acid derivatives such as taurocholic acid (TCA)

11
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promotes germination, while CDCA derivatives are typically inhibitory to germination.’®
However, naturally occurring inhibitors such as CDCA are not very potent (~500 uM)!8 and their
pharmacokinetic properties prevent them from effectively inhibiting spore germination in the
colon, as they are efficiently absorbed from the digestive tract by active and passive mechanisms.
We have been developing bile acid derivatives that not only inhibit the germination of C. difficile
spores more potently than natural inhibitors, but are also designed to be gut-restricted so that
significantly higher concentrations of these compounds can be reached in the colon. To do this,
we have incorporated a 7-sulfate group into our compounds. As discussed in the introduction
section, we hypothesized that this modification would significantly reduce the oral bioavailability
of our compounds by blocking their absorption from the intestine by both active and passive

transport mechanisms.

To test our hypothesis, we evaluated the pharmacokinetic properties of two pairs of compounds,
UDCA derivatives 4-5, and CDCA derivatives 6-7 (Figure 3). All four compounds inhibited the
germination of C. difficile spores promoted by 2000 uM of TCA at concentrations of 50 uM or
less. In vitro data from a Caco-2 model of intestinal permeability showed that compounds 5 and 7
were 60- and 25-fold less permeable, respectively, than their corresponding nonsulfated analogs 4
and 6, consistent with compounds that are likely to have poor oral bioavailability (Figure 3).!8 In
addition, while both compounds 4 and 6 had transport ratios (P,ppa-8)/Papp-4)) > 5, consistent with
the behavior of actively transported bile acids in a Caco-2 assay,’ the transport ratios for

compounds 5 and 7 were < 1, suggesting that these compounds may no longer substrates of ASBT.

12
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Papp (a8) 10.7
Pappg-a) 1.9

Papp 8-a) 0.5

7 8 9
Papp (a-8) 0-4 Papp (a-B) 2.6 Papp (a8) 0.27
Papp 8-n) 0-4 Papp B-a) 1.5 Papp (8-a) 0.12

Figure 3. Structures and Caco-2 permeability (10 cm/s) of C. difficile spore germination
inhibitors 4-7 and TGRS agonists 8-9. Caco-2 data for compounds 4-7 previously published in

reference 18.

We designed our pharmacokinetic studies to determine whether there was significant oral
absorption of test compounds while also minimizing the number of animals used in the
experiments. In keeping with this goal, there was no IV arm to the studies. Similarly, blood was
only drawn at 4 time points to avoid having to use additional animals because of IACUC
restrictions on the amount of blood that could be drawn from a single animal. Male C57Bl/6 mice
(n=4) were dosed (5 mg/kg PO) with test compound and placed in metabolic cages. At 15, 30, 60
and 120 min following the oral dose, blood was collected (30 ul) from the lateral tail vein of each
mouse and pooled. In order to determine the amount of compound that passed through the
gastrointestinal tract intact, animals were left in the metabolic cages for 24 hours after dosing and
fecal pellets recovered. The resulting plasma and extractions from the collected fecal pellets were

then analyzed for compound levels by LC-MS/MS (Figure 4).

13
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Test Compound @ 5 mg/kg PO
n=4

}

0.25, 0.5, 1 and 2 h Post-Dose
Bleed (30 pl) and pool plasma

l LC-MS/MS

24 h Post-Dose J

Collect fecal pellets

Figure 4. Pharmacokinetic testing scheme.

Plasma concentrations observed after administering compounds 4-5 and 6-7 are shown in Figure
5a and 5b, respectively. Plasma exposure levels (AUC) and fecal recovery amounts are listed in
Table 1. With both sets of compounds, the incorporation of a 7-sulfate group led to a reduction in
oral exposure, but the extent of this reduction varied significantly between the two scaffolds, with
an approximately 2-fold reduction in AUC seen between amides 4 and 5, and a nearly 8-fold
reduction seen between tetrazoles 6 and 7. In both cases, a roughly 10-fold improvement in fecal
recovery was observed after the incorporation of a 7-sulfate group. In particular, tetrazole 7 had
very high fecal recovery (89%), suggesting that its relatively low oral exposure was due to gut
restriction rather than rapid metabolism either in the gut or after absorption. As there was
significant fecal recovery of both amide 5 and tetrazole 7, which can only be achieved by the
compounds passing through the colon, we are currently investigating the ability of these

compounds to prevent CDI in animal models.

14
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Figure 5. Pooled plasma samples collected from mice dosed with test compounds were analyzed
by LC-MS/MS to determine compound levels. Each data point represents plasma from 4
individual mice orally dosed with 5 mg/kg.

Compound AUC Fecal Recovery
# (Ing/ml]h) (%)
4 29,625 3.0
5 14,291 29.1
6 37,728 7.7
7 4,842 89.1
8 45,833 0.5
9 25,664 7.1
17 1,515 11.7
18 1,248 39.7

Table 1. Plasma exposure levels (AUC) of test compounds and recovery from feces.
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4.2 TGRS agonists with reduced oral exposure

The TGRS receptor is an important regulator of both metabolism and the human immune system.*%-
41 Modulators of this receptor have been explored as therapeutics for diseases including IBD,
diabetes, obesity, and NASH.*? 4 This receptor is one of the key mechanisms by which the human
microbiota interact with their host, as bacterial metabolism coverts the primary bile acids CDCA
and cholic acid, relatively weak TGRS agonists, into secondary bile acids like LCA and
deoxycholic acid, which are much stronger agonists.*! We have recently discovered that
methylation of the 7-hydroxy of CDCA derivatives substantially increases their potency at the
TGRS receptor. This methylation, along with additional modifications at the C24-position of the
bile acid scaffold, has allowed us to identify agonists that are over 10-fold more potent at the TGRS
receptor than other previously disclosed bile acid derivatives.?! However, systemic exposure of
TGRS agonists has been associated with significant side effects, including excess gallbladder
filling and blood pressure reduction.** 4 As a result, it is likely that gut-restricted compounds

would be preferred for most clinical indications.*

We began our search for TGRS agonists with reduced systemic exposure by first determining the
effect of 7-methylation on the oral bioavailability of a pair of bile acid derivatives, 1,3,4-
oxadiazole derivative 8 and its 7-methylated analog 9 (Figure 3). Both compounds are selective
TGRS agonists, with no activity at either the FXR or VDR receptors, and demonstrate no
cytotoxicity against HEK293 cells at 10 uM. As previously reported, data from this pair of
compounds clearly shows the significant effect that 7-methylation has on TGRS activity, as a 40-
fold increase in agonist potency is observed with this modification (Table 2), making compound 9

the most potent bile acid-derived TGRS agonist reported to date.?! We expected that 7-methylation

16
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could also help reduce systemic exposure, as it could block or reduce ASBT-mediated transport,
though its effect on passive permeability was predicted to be more modest. To help test this
hypothesis, we evaluated both compounds 8 and 9 in a Caco-2 assay (Figure 3). Interestingly,
compound 8 was somewhat less permeable in the apical to basolateral direction than either
compounds 4 or 6, with a reduced transport ratio of 1.7, suggesting that the introduction of the
1,3,4-oxadiazole moiety may reduce ASBT transport by itself. Methylation of the 7-hydroxy
moiety (compound 9) lowered permeability in both the apical to basolateral and basolateral to

apical directions by approximately 10-fold.

To further evaluate the effect of 7-methylation on the pharmacokinetic properties of our
compounds, we examined both compounds 8 and 9 in a mouse model. Using the same
pharmacokinetic testing scheme described above, 1,3,4-oxadiazole derivative 8 had high oral
exposure (Figure 5c, Table 1), with the largest AUC of any of the eight compounds we examined,
and had negligible fecal recovery (<1%). In contrast, oral exposure with 7-methylated derivative
9 was more limited, with an observed AUC of approximately half that of compound 8 and with
greater fecal recovery (7%). While this result suggests that blocking the 7-position with a methyl
does help reduce oral absorption, additional modifications are clearly necessary to identify truly
gut-restricted compounds. Unfortunately, it also suggests that Caco-2 permeability data is of
limited utility in predicting the oral bioavailability of bile acids in a mouse model as, for instance,
compounds 4 and 9 have similar oral exposures (Table 1) despite a difference in apical to

basolateral permeability of over 20-fold.

To achieve our goal of reducing oral exposure, we attempted to identify a location on the bile acid

scaffold to which a kinetophore could be appended. This task was aided by the observation that 7-

17
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methylation significantly reduced the relative importance of substitutions at the C-24 position in
determining potency. For instance, there is a 7-fold difference in potency between 1,3,4-oxadiazole
8 and pyrrolidine amide 20, which both have free hydroxy groups at the 7-position, but this drops
to a 2-fold difference in potency with 7-methylated derivatives 9 and 21 (Table 2). To further
confirm this finding, 7-methylated CDCA (compound 16 in Scheme 2) was synthesized and
evaluated in a TGRS agonist assay. With an ECs, of 76.8 nM, this compound is an astonishing
200-fold more potent than CDCA. Thus, the 70-fold difference in potency between 1,3,4-
oxadiazole 8 and CDCA is reduced to only a 15-fold difference in potency between the methylated
analogs of these compounds, 9 and 16. These combined results suggest that the C-24 position
might be a good location to attach a kinetophore, as long as the scaffold also contains a 7-methoxy
group. To explore this possibility, we synthesized the 2-(2-methoxyethoxy)ethanamino derivative
15 (Scheme 1) and determined that it was a TGRS agonist with an ECsy of 49.5 nM (Table 2).
While compound 15 is less potent than 9 or 21, it is still one of the most active bile acid-derived
TGRS agonists ever reported,”! suggesting that it may be a good starting point for further

exploration.

After determining that the C24-position of the bile acid side chain might be an acceptable location
to attach a kinetophore, we next searched for a suitable moiety. As a starting point, we chose D-
glucamine, which has been previously used to help gut-restrict compounds including with the
clinical candidate canosimibe’? as well as with a recently published family of non-steroidal TGRS
agonists.* Incorporation of this group into a scaffold significantly increases the molecular weight
and polar surface area of the resulting molecule, as well as the number of rotatable bonds, hydrogen
bond donors, and hydrogen bond acceptors, all of which should generally lower oral absorption.

To test this idea, the D-glucamine conjugate 17 was synthesized from acid 16 (Scheme 2) and

18
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evaluated in a TGRS agonist assay. Gratifyingly, this compound proved to be a more potent agonist
than 15, with an EC5, 0of 33.3 nM (Table 2), suggesting that a large, highly polar conjugate could

be tolerated at the C24-position.

We next evaluated the pharmacokinetic properties of the D-glucamine amide 17 in a mouse study.
As shown in Figure 5d and Table 1, this compound had very little oral bioavailability, with a much
lower AUC than the other bile acids derivatives that we had evaluated to that point. However, the
fecal recovery of this compound was disappointing at 11.7%. The lack of large amounts of
observed compound in either the blood or feces strongly suggests that the compound was being
metabolized, either in the gut or after absorption. Because D-glucamine amides were used to
successfully gut restrict other compounds,3® 46 there is no evidence that this moiety is inherently
metabolically unstable, suggesting that the metabolism may be specific to the bile acid scaffold.
Bacteria naturally deconjugate taurine and glycine from bile acids and it is possible that D-
glucamine may also be deconjugated, as in all three cases the substrate would be a secondary

amide.

To further differentiate our conjugates from natural substrates of bacterial metabolism, we next
synthesized a pair of tertiary amides, the N-methyl-D-glucamine conjugate 18 and the N,N-
[iminobis(trimethylene)]bis-D-gluconamide conjugate 19 (Scheme 2). While the highly bulky
derivative 19 exhibited greatly diminished activity at the TGRS receptor (ECsy of 567 nM, Table
2), the N-methyl-D-glucamine analog 18 was only modestly less potent than 17, with an ECs, of
62.3 nM. Promisingly, in a mouse pharmacokinetic study compound 18 had low exposure, with
less than 1/30% the AUC of 1,3,4-oxadiazole derivative 8 (Figure 5d, Table 1), and much better

fecal recovery (39.7%) than 17. As a result, we next intend to evaluate compound 18 in animal
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models of IBD. Interestingly, the structural modifications that were made to our TGRS agonists to
lower their oral exposure also completely eliminated their ability to block the germination of
spores of C. difficile, as both compounds 17 and 18 failed to inhibit spore germination at

concentrations as high as 200 uM (see Figure S1 in the Supporting Information).

20



Page 21 of 32 RSC Medicinal Chemistry

Table 2: TGRS Agonist Activity of CDCA Analogs

Compound R! X ECs¢ (nM)?
8 -OH °’<N 223b
\Nz
9 -OMe °”\< 5.6+0.7°
MN'N
(@]
20 -OH ./\/”\D 1600°
(@]
21 -OMe MD 10.5+1.7°
(@]
- b
CDCA OH L, 15600
16 OM i 76.8
oMe -/\)J\OH '
(@]
15 -OMe N N N 49.5
H
(@] OH C:)H
17 _OMe M”WOH 3334623
OH OH
(o] OH QH
18 “OMe MN«‘/H/VOH 62.3
Me OH OH
(0] (0] OH QH
-/\)LN/\\/\N ~ OH
19 -OMe ﬁo OHH oHH O 567
N ~__OH
H OH OH
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0
TLCA -H ./\)LN/\/SOsH 1005.4 + 80.0

H
aData represent mean of at least two experiments. £ SEM is given when N > 3. PData previously
reported in reference 2!. All compounds were full agonists, with an E,,, similar to positive control

(TLCA). Data from individual experiments are listed in Table S1.

5. Conclusions

We have been working to identify gut-restricted bile acid derivatives that can be used as
therapeutics for the prevention of CDI and the treatment of IBD. In this study, we identified two
different modifications that can be used to reduce the oral bioavailability of bile acid derivatives:
sulfation of the C7-hydroxy group and conjugation of a kinetophore to the side chain of the bile
acid. Sulfation led to lowered oral bioavailability of two different analogs designed to inhibit the
germination of C. difficile spores in the intestine, though by differing amounts. It also increased
fecal recovery of the compounds approximately 10-fold, demonstrating that it can be used to
increase delivery of bile acid derivatives to the colon. However, while the incorporation of a 7-
sulfate group did not adversely affect the ability of the bile acid derivatives to inhibit the
germination of C. difficile spores, this modification greatly reduced activity at the TGRS receptor.
To identify bile acid-derived TGRS agonists with reduced oral exposure that might be suitable
treatments for IBD, we began by determining that it was possible to conjugate a 2-(2-
methoxyethoxy)ethanamine to the bile acid with only a modest effect on potency as long as the
scaffold also incorporated a 7-methoxy moiety. We then determined that more polar amines could
also be employed as well, with an N-methyl-D-glucamine conjugate providing a satisfactory mix
of potency at the TGRS receptor, low oral exposure, and good fecal recovery.
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6. Experimental Procedures

6.1 TGRS agonist assay

Dose response curves for each compound were determined by assaying cAMP production in cells
expressing human TGRS5 receptor as previously reported.?! The ECs is the average of at least two

experiments.

6.2 Compound synthesis and characterization

NMR spectra were recorded using a Bruker 400 spectrometer. 'H NMR data are reported as
follows: chemical shift in parts per million downfield of tetramethylsilane (TMS), multiplicity (s
= singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, quint = quintet and m = multiplet),
coupling constant (Hz), and integrated value. All materials, reagents, and solvents were obtained
from commercial suppliers and were used without further purification unless otherwise noted. The

purity of all new compounds was determined to be >95% by LC-MS/ELSD analysis.

(R)-4-((3R,5R,7R,8R,98,10S5,13R,14S,17R)-3-((tert-butyldimethylsilyl)oxy)-7-methoxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-yl)-NV-(2-(2-
methoxyethoxy)ethyl)pentanamide (14). To a solution of compound 132! (114.5 mg, 0.220
mmol) in DCM (4.0 mL) was added DIEA (0.075 mL, 0.431 mmol) and HATU (87.5 mg, 0.230
mmol), followed 10 min. later by 2-(2-methoxyethoxy)ethanamine (0.030 mL, 0.241 mmol).
After stirring at rt overnight, the reaction mixture was purified by flash column chromatography
on silica gel (35-100% EtOAc in hexanes as eluent) to obtain 14 as a clear, colorless oil (131.7
mg, 96% yield). 'H NMR (400 MHz, CDCl;) 8: 6.06-5.96 (m, 1H), 3.67-3.59 (m, 2H), 3.59-3.51
(m, 4H), 3.50-3.43 (m, 2H), 3.43-3.36 (m, 1H), 3.41 (s, 3H), 3.24 (s, 3H), 3.20-3.14 (m, 1H), 2.28-

23



RSC Medicinal Chemistry

2.15 (m, 2H), 2.12-2.00 (m, 1H), 1.95-1.73 (m, 6H), 1.66-0.97 (m, 15H), 0.96-0.86 (m, 1H), 0.92
(d, J=6.4 Hz, 3H), 0.88 (s, 3H), 0.875 (s, 9H), 0.63 (s, 3H), 0.040 (s, 3H), 0.036 (s, 3H).
(R)-4-((3R,5S,7R,8R,95,10S5,13R,14S5,17R)-3-hydroxy-7-methoxy-10,13-
dimethylhexadecahydro-1H-cyclopentaja]phenanthren-17-yl)-NV-(2-(2-
methoxyethoxy)ethyl)pentanamide (15). Compound 14 (124.1 mg, 0.200 mmol) was dissolved
in 1 M TBAF in THF (2.5 mL, 2.5 mmol) and stirring continued for 2 days. The reaction mixture
was diluted with water (60 mL) and extracted with EtOAc (60 mL). The organic layer was dried
over Na,SQ,, filtered, and concentrated under reduced pressure. The crude material was purified
by silica gel column chromatography (0—7 % MeOH in EtOAc as eluent) to obtain 15 (60.9 mg,
60% yield) as a clear oil.

'H NMR (400 MHz, CDCl;) &: 6.10-6.00 (m, 1H), 3.65-3.59 (m, 2H), 3.59-3.52 (m, 4H), 3.50-
3.37 (m, 3H), 3.40 (s, 3H), 3.25 (s, 3H), 3.21-3.16 (m, 1H), 2.30-0.82 (m, 26H), 0.92 (d, /= 6.4
Hz, 3H), 0.90 (s, 3H), 0.64 (s, 3H). *C NMR (100 MHz, CDCly) 6: 173.7, 77.5, 72.1, 71.9, 70.2,
70.0, 59.1, 55.9, 55.8, 50.3, 42.4, 41.9, 39.6, 39.4, 39.1, 38.5, 35.5, 35.3, 35.0, 33.7, 33.5, 31.7,
30.9,28.2,27.8,23.7,22.9,20.8, 18.4, 11.7. LC/MS (ESI): m/z calcd. C5)H5sNOs (M+H") 508.4,
found 508.4.

(R)-4-((3R,5S,7R,8R,95,10S5,13R,14S,17R)-3-hydroxy-7-methoxy-10,13-
dimethylhexadecahydro-1H-cyclopentaja]phenanthren-17-yl)pentanoic acid (16).
Compound 13 (581.1 mg, 1.12 mmol) was dissolved in 1 M TBAF in THF (6.0 mL, 6.0 mmol)
and stirring continued for 5 days. The reaction mixture was diluted with 1 M HCI water (100 mL)
and extracted with DCM (2 x 100 mL). The combined organic layers were dried over Na,SOy,,

filtered, and concentrated under reduced pressure. The crude material was purified by silica gel

24

Page 24 of 32



Page 25 of 32

RSC Medicinal Chemistry

column chromatography (80-100% EtOAc in hexanes as eluent) to obtain 16 (372.7 mg, 82%
yield) as white solid.

'"H NMR (400 MHz, DMSO-Dy) 8: 11.92 (bs, 1H), 4.34 (bs, 1H), 3.25-3.16 (m, 1H), 3.18 (s, 3H),
3.16-3.12 (s, 1H), 2.29-2.18 (m, 1H), 2.16-2.04 (m, 1H), 2.03-0.99 (m, 23H), 0.94-0.90 (m, 1H),
0.88 (d, J = 6.5 Hz, 3H), 0.86 (s, 3H), 0.61 (s, 3H). 3C NMR (100 MHz, DMSO-Dy) 4: 174.9,
76.8, 70.1, 55.5, 55.4, 49.9, 41.9, 41.3, 39.3, 38.9, 38.1, 35.1, 34.9, 34.6, 33.3, 30.7, 30.6, 30.5,
27.6,27.3,23.2,22.7,20.4, 18.1, 11.5. LC/MS (ESI): m/z calcd. C,5H4,04 (M-H) 405.6, found
405.3.

(R)-4-((3R,5S,7R,8R,95,10S5,13R,14S5,17R)-3-hydroxy-7-methoxy-10,13-
dimethylhexadecahydro-1H-cyclop)enta[a]phenanthren-17-yl)-N-((25,3R,4R,5R)-2,3,4,5,6-
pentahydroxyhexyl)pentanamide (17). To a solution of 16 (41.9 mg, 0.103 mmol) in DMA (1.0
mL) was added DIEA (0.040 mL, 0.23 mmol) and HATU (42.4 mg, 0.112 mmol), followed 5 min.
later by D-glucamine (21.2 mg, 0.117 mmol). After stirring at rt overnight, the reaction mixture
was purified by reverse-phase chromatography (10-100% ACN in water as eluent, C;g column) to
obtain 17 (43.5 mg, 74% yield) as a white solid after lyophilization.

'"H NMR (400 MHz, DMSO-Dy) &: 7.70 (t, J= 5.5 Hz, 1H), 4.73 (d, J=4.5 Hz, 1H), 444 (d, J=
5.6 Hz, 1H), 4.37 (d,J=6.0 Hz, 1H), 4.35 (d,/=4.8 Hz, 1H), 4.32 (t, J= 5.6 Hz, 1H), 4.25 (d, J
= 6.3 Hz, 1H), 3.62-3.51 (m, 3H), 3.51-3.33 (m, 3H), 3.28-3.10 (m, 3H), 3.18 (s, 3H), 3.06-2.94
(m, 1H), 2.17-0.97 (m, 25H), 0.97-0.86 (m, 1H), 0.88 (d, J = 6.4 Hz, 3H), 0.86 (s, 3H), 0.60 (s,
3H). 3C NMR (100 MHz, DMSO-Dy) &: 172.9, 76.8, 72.0, 71.8, 71.4, 70.0, 69.4, 63.2, 55.4, 55.3,
49.8, 41.8, 41.2, 39.7, 39.2, 38.8, 38.0, 35.0, 34.9, 34.5, 33.2, 32.1, 31.5, 30.5, 27.5, 27.3, 23.2,

22.6,20.3, 18.2, 11.4. LC/MS (ESI): m/z caled. C3;Hs¢NOg (M+H™) 570.4, found 570.4.
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(R)-4-((3R,5S,7R,8R,95,105,13R,145,17R)-3-hydroxy-7-methoxy-10,13-
dimethylhexadecahydro-1H-cyclopenta|a]phenanthren-17-yl)-N-methyl-NV-((2S5,3R,4R,5R)-
2,3,4,5,6-pentahydroxyhexyl)pentanamide (18). To a solution of 16 (58.6 mg, 0.144 mmol) in
DMF (1.5 mL) was added DIEA (0.050 mL, 0.29 mmol) and HATU (55.2 mg, 0.145 mmol),
followed 5 min. later by N-methyl-D-glucamine (31.1 mg, 0.159 mmol). After stirring at rt
overnight, the reaction mixture was purified by reverse-phase chromatography (10-100% ACN in
water as eluent, C;g column) to obtain 18 (70.3 mg, 29% yield) as a white solid after lyophilization.
'"H NMR (400 MHz, DMSO-Dg) &: 4.88 (major rotamer, d, J= 5.1 Hz, 0.6H), 4.71 (minor rotamer,
d, J=5.0 Hz, 0.4H), 6: 4.50 (major rotamer, d, J= 5.4 Hz, 0.6H), 4.46 (minor rotamer, d, J= 5.4
Hz, 0.4H), 4.42-4.24 (m, 4H), 3.79-3.70 (m, 1H), 3.62-3.09 (m, 9H), 3.17 (s, 3H), 3.00 (minor
rotamer, 1.2H), 2.79 (major rotamer, s, 1.8H); 2.37-0.97 (m, 25H), 0.94-0.81 (m, 4H), 0.86 (s, 3H),
0.60 (s, 3H). LC/MS (ESI): m/z calcd. C5,HssNOg (M+H™) 584.4, found 584.5.
(2R,35,4R,5R)-2,3,4,5,6-pentahydroxy-N-(3-((R)-4-((3R,5S,7R,8R,95,10S,13R,14S,17R)-3-
hydroxy-7-methoxy-10,13-dimethylhexadecahydro-1H-cyclopentaja]phenanthren-17-yl)-/V-
(3-(2R,3S5,4R,5R)-2,3,4,5,6-
pentahydroxyhexanamido)propyl)pentanamido)propyl)hexanamide (19). To a solution of 16
(43.0 mg, 0.106 mmol) in DMA (1.0 mL) was added DIEA (0.040 mL) and HATU (43.7 mg,
0.115 mmol), followed 5 min. later by N,N-[iminobis(trimethylene)]bis-D-gluconamide (60.0 mg,
0.123 mmol). After stirring at rt overnight, the reaction mixture was purified by reverse-phase
chromatography (10-100% ACN in water as eluent, C;3 column) to obtain 19 (43.7 mg, 47% yield)

as a white solid after lyophilization.
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'H NMR (400 MHz, DMSO-dg) 5: 7.86-7.68 (m, 2H), 5.43-5.35 (m, 2H), 4.60-4.52 (m, 2H), 4.52-
4.44 (m, 2H), 4.44 (d, J= 7.1 Hz, 2H), 4.37-4.29 (m, 3H), 4.03-3.95 (m, 2H), 3.95-3.87 (m, 2H),
3.62-3.54 (m, 2H), 3.53-3.44 (m, 4H), 3.42-3.34 (m, 2H), 3.29-3.07 (m, 8H), 3.18 (s, 3H), 3.07-
2.97 (m, 2H), 2.35-2.10 (m, 2H), 2.07-0.97 (m, 27H), 0.98-0.82 (m, 1H), 0.90 (d, J= 6.5 Hz, 3H),
0.86 (s, 3H), 0.61 (s, 3H). 3C NMR (100 MHz, DMSO-Dy) &: 172.4, 172.3, 172.2, 76.8, 73.6,
73.5,72.30, 72.26, 71.39, 71.38, 70.0 (2C), 63.2 (2C), 55.6, 55.3,49.8, 44.9, 42.4, 41.9, 41.3,39.2,
38.8, 38.0, 35.8, 35.7, 35.04, 35.03, 34.5, 33.2, 31.2, 30.5, 29.2, 28.7, 27.6, 27.4, 27.2, 23.2, 22.6,

20.3, 18.3, 11.4. LC/MS (ESI): m/z caled. C43H7sN30,5 (M+H") 876.5, found 876.6.

27



RSC Medicinal Chemistry

Supporting Information

Supplementary data to this article can be found online at

Author Information

Corresponding author:

*PID: Phone: 1-612-625-7948. Fax: 1-612-626-6318. E-mail: pidosa@umn.edu.

Conflict of Interest

There is no conflict of interest to declare.

Acknowledgements

This work was supported by the Office of the Assistant Secretary of Defense for Health Affairs,
through the Peer Reviewed Medical Research Program, Investigator Initiated Research Award
under Award No WS81XWH-17-1-0635 (PID) & WS81XWH-17-1-0636 (AK). Opinions,
interpretations, conclusions and recommendations are those of the authors and are not necessarily
endorsed by the Department of Defense. TGRS and VDR agonist assays and LC-MS/ELSD purity
determination were performed by Pharmaron, Inc. FXR agonist assays were performed by

DiscoverX.

28

Page 28 of 32



Page 29 of 32

RSC Medicinal Chemistry

References

1. Ramirez-Pérez, O.; Cruz-Ramon, V.; Chinchilla-Lopez, P.; Méndez-Sanchez, N., The
role of the gut microbiota in bile acid metabolism. Ann. Hepatol. 2017, 16, S21-S26.

2. Schaap, F. G.; Trauner, M.; Jansen, P. L. M., Bile acid receptors as targets for drug
development. Nat. Rev. Gastroenterol. Hepatol. 2014, 11 (1), 55-67.

3. Nagahashi, M.; Yuza, K.; Hirose, Y.; Nakajima, M.; Ramanathan, R.; Hait, N. C.;
Hylemon, P. B.; Zhou, H.; Takabe, K.; Wakai, T., The roles of bile acids and sphingosine-1-
phosphate signaling in the hepatobiliary diseases. J. Lipid Res. 2016, 57 (9), 1636-1643.

4. Pitt, H. A.; Nakeeb, A., Chapter 8 - Bile secretion and pathophysiology of biliary tract
obstruction. In Blumgart's Surgery of the Liver, Biliary Tract and Pancreas, 2-Volume Set (Sixth
Edition), Jarnagin, W. R., Ed. Content Repository Only!: Philadelphia, 2017; pp 123-132.el.

5. Rodrigues, C. M. P.; Steer, C. J., The therapeutic effects of ursodeoxycholic acid as an
anti-apoptotic agent. Expert Opin. Invest. Drugs 2001, 10 (7), 1243-1253.

6. Dosa, P. I.; Ward, T.; Castro, R. E.; Rodrigues, C. M. P.; Steer, C. J., Synthesis and
evaluation of water-soluble prodrugs of ursodeoxycholic acid (UDCA), an anti-apoptotic bile
acid. ChemMedChem 2013, 8 (6), 1002-1011.

7. Amaral, J. D.; Viana, R. J. S.; Ramalho, R. M.; Steer, C. J.; Rodrigues, C. M. P., Bile
acids: regulation of apoptosis by ursodeoxycholic acid. J. Lipid Res. 2009, 50 (9), 1721-1734.

8. Neuschwander-Tetri, B. A., Targeting the FXR nuclear receptor to treat liver disease.
Gastroenterology 2015, 148 (4), 704-706.

9. Neuschwander-Tetri, B. A.; Loomba, R.; Sanyal, A.J.; Lavine, J. E.; Van Natta, M. L.;
Abdelmalek, M. F.; Chalasani, N.; Dasarathy, S.; Diehl, A. M.; Hameed, B.; Kowdley, K. V_;
McCullough, A.; Terrault, N.; Clark, J. M.; Tonascia, J.; Brunt, E. M.; Kleiner, D. E.; Doo,
E., Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic
steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet 2015, 385
(9972), 956-965.

10. Hirschfield, G. M.; Mason, A.; Luketic, V.; Lindor, K.; Gordon, S. C.; Mayo, M.;
Kowdley, K. V.; Vincent, C.; Bodhenheimer, H. C.; Parés, A.; Trauner, M.; Marschall, H.-U.;
Adorini, L.; Sciacca, C.; Beecher-Jones, T.; Castelloe, E.; Bohm, O.; Shapiro, D., Efficacy of
obeticholic acid in patients with primary biliary cirrhosis and inadequate response to
ursodeoxycholic acid. Gastroenterology 2015, 148 (4), 751-761.e8.

11. Yuanyuan, Z.; Carl, L.; Sanjay, K.; P.,J.J.; R, B.K.; E., E. J., Comparative potency
of obeticholic acid and natural bile acids on FXR in hepatic and intestinal in vitro cell models.
Pharmacol. Res. Perspect. 2017, 5 (6), €00368.

12.  Zhong, M., TGRS as a therapeutic target for treating obesity. Curr. Trends Med. Chem.
2010, 70 (4), 386-96.

13. Briere, D. A.; Ruan, X.; Cheng, C. C.; Siesky, A. M.; Fitch, T. E.; Dominguez, C.;
Sanfeliciano, S. G.; Montero, C.; Suen, C. S.; Xu, Y.; Coskun, T.; Michael, M. D., Novel
small molecule agonist of TGRS possesses anti-diabetic effects but causes gallbladder filling in
mice. PLoS ONE 2015, 10 (8), e0136873.

14. Gupta, S.; Li, S.; Abedin, M. J.; Noppakun, K.; Wang, L.; Kaur, T.; Najafian, B.;
Rodrigues, C. M. P.; Steer, C. J., Prevention of acute kidney injury by tauroursodeoxycholic acid
in rat and cell culture models. PLoS One 2012, 7 (11), €48950.

29



RSC Medicinal Chemistry Page 30 of 32

15. Rivard, A. L.; Steer, C. J.; Kren, B. T.; Rodrigues, C. M. P.; Castro, R. E.; Bianco, R.
W.; Low, W. C., Administration of tauroursodeoxycholic acid (TUDCA) reduces apoptosis
following myocardial infarction in rat. Am. J. Chin. Med. 2007, 35 (2), 279-295.

16. Chang, S.; Kim, Y.-H.; Kim, Y.-J.; Kim, Y.-W.; Moon, S.; Lee, Y. Y.; Jung, J. S.;
Kim, Y.; Jung, H.-E.; Kim, T.-J.; Cheong, T.-C.; Moon, H.-J.; Cho, J.-A.; Kim, H.-R.; Han,
D.; Na, Y.; Seok, S.-H.; Cho, N.-H.; Lee, H.-C.; Nam, E.-H.; Cho, H.; Choi, M.; Minato,
N.; Seong, S.-Y., Taurodeoxycholate increases the number of myeloid-derived suppressor cells
that ameliorate sepsis in mice. Front. Immunol. 2018, 9 (1984).

17. Elia, A. E.; Lalli, S.; Monsurro, M. R.; Sagnelli, A.; Taiello, A. C.; Reggiori, B.; La
Bella, V.; Tedeschi, G.; Albanese, A., Tauroursodeoxycholic acid in the treatment of patients
with amyotrophic lateral sclerosis. Eur. J. Neurol. 2016, 23 (1), 45-52.

18. Stoltz, K. L.; Erickson, R.; Staley, C.; Weingarden, A. R.; Romens, E.; Steer, C. J.;
Khoruts, A.; Sadowsky, M. J.; Dosa, P. 1., Synthesis and biological evaluation of bile acid
analogues inhibitory to Clostridium difficile spore germination. J. Med. Chem. 2017, 60 (8),
3451-3471.

19. Weingarden, A. R.; Chen, C.; Zhang, N.; Graiziger, C. T.; Dosa, P. I.; Steer, C. J.;
Shaughnessy, M. K.; Johnson, J. R.; Sadowsky, M. J.; Khoruts, A., Ursodeoxycholic acid
inhibits Clostridium difficile spore germination and vegetative growth, and prevents the
recurrence of ileal pouchitis associated with the infection. J. Clin. Gastroenterol. 2016, 50 (8),
624-30.

20. Weingarden, A. R.; Dosa, P. I.; DeWinter, E.; Steer, C. J.; Shaughnessy, M. K.;
Johnson, J. R.; Khoruts, A.; Sadowsky, M. J., Changes in colonic bile acid composition
following fecal microbiota transplantation are sufficient to control Clostridium difficile
germination and growth. PLoS ONE 2016, /1 (1), e0147210.

21. Nakhi, A.; McDermott, C. M.; Stoltz, K. L.; John, K.; Hawkinson, J. E.; Ambrose, E.
A.; Khoruts, A.; Sadowsky, M. J.; Dosa, P. 1., 7-Methylation of chenodeoxycholic acid
derivatives yields a substantial increase in TGRS receptor potency. J. Med. Chem. 2019, 62 (14),
6824-6830.

22. Egan, N.; Bartels, A.; Khashan, A. S.; Broadhurst, D. I.; Joyce, C.; O’Mullane, J.;
O’Donoghue, K., Reference standard for serum bile acids in pregnancy. BJOG 2012, 119 (4),
493-498.

23. Monte, M. J.; Marin, J. J.; Antelo, A.; Vazquez-Tato, J., Bile acids: chemistry,
physiology, and pathophysiology. World J. Gastroenterol. 2009, 15 (7), 804-16.

24.  Dawson, P. A., Role of the intestinal bile acid transporters in bile acid and drug
disposition. Handb. Exp. Pharmacol. 2011, (201), 169-203.
25. Hofmann, A. F., The enterohepatic circulation of bile acids in mammals: form and

functions. Front. Biosci. (Landmark Ed.) 2009, 14, 2584-98.

26. Balakrishnan, A.; Wring, S. A.; Polli, J. E., Interaction of native bile acids with human
apical sodium-dependent bile acid transporter (hASBT): influence of steroidal hydroxylation
pattern and C-24 conjugation. Pharm. Res. 2006, 23 (7), 1451-1459.

27. Sato, H.; Macchiarulo, A.; Thomas, C.; Gioiello, A.; Une, M.; Hofmann, A. F.;
Saladin, R.; Schoonjans, K.; Pellicciari, R.; Auwerx, J., Novel potent and selective bile acid
derivatives as TGRS agonists: Biological screening, structure—activity relationships, and
molecular modeling studies. J. Med. Chem. 2008, 51 (6), 1831-1841.

28. Balakrishnan, A.; Polli, J. E., Apical sodium dependent bile acid transporter (ASBT,
SLCI10A2): A potential prodrug target. Mol. Pharmaceutics 2006, 3 (3), 223-230.

30



Page 31 of 32

RSC Medicinal Chemistry

29. Kolhatkar, V.; Polli, J. E., Structural requirements of bile acid transporters: C-3 and C-7
modifications of steroidal hydroxyl groups. European Journal of Pharmaceutical Sciences 2012,
46 (1-2), 86-99.

30. Tolle-Sander, S.; Lentz, K. A.; Maeda, D. Y.; Coop, A.; Polli, J. E., Increased acyclovir
oral bioavailability via a bile acid conjugate. Mol. Pharmaceutics 2004, I (1), 40-48.

31. Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J., Experimental and
computational approaches to estimate solubility and permeability in drug discovery and
development settings. Adv. Drug Delivery Rev. 2001, 46 (1), 3-26.

32. Veber, D. F.; Johnson, S. R.; Cheng, H.-Y.; Smith, B. R.; Ward, K. W.; Kopple, K. D.,
Molecular properties that influence the oral bioavailability of drug candidates. J. Med. Chem.
2002, 45 (12), 2615-2623.

33.  Fyfe, M. C. T., Chapter One - Non-systemic Intestine-Targeted Drugs. In Progress in
Medicinal Chemistry, Lawton, G.; Witty, D. R., Eds. Elsevier: 2016; Vol. 55, pp 1-44.

34, Filipski, K. J.; Varma, M. V.; El-Kattan, A. F.; Ambler, C. M.; Ruggeri, R. B.;
Goosen, T. C.; Cameron, K. O., Intestinal targeting of drugs: rational design approaches and
challenges. Curr. Top. Med. Chem. 2013, 13 (7), 776-802.

35. Rodrigues, C. M. P.; Kren, B. T.; Steer, C. J.; Setchell, K. D. R., The site-specific
delivery of ursodeoxycholic acid to the rat colon by sulfate conjugation. Gastroenterology 1995,
109 (6), 1835-1844.

36. Chaudhari, S. N.; Harris, D. A.; Aliakbarian, H.; Luo, J. N.; Henke, M. T.;
Subramaniam, R.; Vernon, A. H.; Tavakkoli, A.; Sheu, E. G.; Devlin, A. S., Bariatric surgery
reveals a gut-restricted TGRS agonist with anti-diabetic effects. Nature Chemical Biology 2021,
17 (1), 20-29.

37. Khoruts, A.; Staley, C.; Sadowsky, M. J., Faecal microbiota transplantation for
Clostridioides difficile: mechanisms and pharmacology. Nat. Rev. Gastroenterol. Hepatol. 2020.
38. Sorg, J. A.; Sonenshein, A. L., Inhibiting the initiation of Clostridium difficile spore
germination using analogs of chenodeoxycholic acid, a bile acid. J. Bacteriol. 2010, 192 (19),
4983-4990.

39. Hidalgo, I. J.; Borchardt, R. T., Transport of bile acids in a human intestinal epithelial
cell line, Caco-2. Biochimica et Biophysica Acta (BBA) - General Subjects 1990, 1035 (1), 97-
103.

40.  Xu, Y., Recent progress on bile acid receptor modulators for treatment of metabolic
diseases. J. Med. Chem. 2016, 59 (14), 6553-6579.

41. Fiorucci, S.; Biagioli, M.; Zampella, A.; Distrutti, E., Bile acids activated receptors
regulate innate immunity. Front. Immunol. 2018, 9 (1853).

42. Duboc, H.; Taché, Y.; Hofmann, A. F., The bile acid TGR5 membrane receptor: From
basic research to clinical application. Dig. Liver Dis. 2014, 46 (4), 302-312.

43, Finn, P. D.; Rodriguez, D.; Kohler, J.; Jiang, Z.; Wan, S.; Blanco, E.; King, A.J;
Chen, T.; Bell, N.; Dragoli, D.; Jacobs, J. W.; Jain, R.; Leadbetter, M.; Siegel, M.; Carreras,
C. W.; Koo-McCoy, S.; Shaw, K.; Le, C.; Vanegas, S.; Hsu, I. H.; Kozuka, K.; Okamoto,
K.; Caldwell, J. S.; Lewis, J. G., Intestinal TGRS agonism improves hepatic steatosis and insulin
sensitivity in Western diet-fed mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2019, 316 (3),
G412-g424.

44, Li, T.; Holmstrom, S. R.; Kir, S.; Umetani, M.; Schmidt, D. R.; Kliewer, S. A.;
Mangelsdorf, D. J., The G protein-coupled bile acid receptor, TGRS, stimulates gallbladder
filling. Mol. Endocrinol. 2011, 25 (6), 1066-1071.

31



RSC Medicinal Chemistry Page 32 of 32

45. Fryer, R. M.; Ng, K. J.; Nodop Mazurek, S. G.; Patnaude, L.; Skow, D. J.;
Muthukumarana, A.; Gilpin, K. E.; Dinallo, R. M.; Kuzmich, D.; Lord, J.; Sanyal, S.; Yu, H.;
Harcken, C.; Cerny, M. A.; Hickey, E. R.; Modis, L. K., G protein—coupled bile acid receptor 1
stimulation mediates arterial vasodilation through a KCal.l (BKCa)-dependent mechanism. J.
Pharmacol. Exp. Ther. 2014, 348 (3), 421-431.

46. Chen, T.; Reich, N. W.; Bell, N.; Finn, P. D.; Rodriguez, D.; Kohler, J.; Kozuka, K.;
He, L.; Spencer, A. G.; Charmot, D.; Navre, M.; Carreras, C. W.; Koo-McCoy, S.; Tabora,
J.; Caldwell, J. S.; Jacobs, J. W.; Lewis, J. G., Design of gut-restricted thiazolidine agonists of
G protein-coupled bile acid receptor 1 (GPBARI1, TGRYS). J. Med. Chem. 2018, 61 (17), 7589-
7613.

32



