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Abstract

Given the rise in the number of people conducting a sedentary lifestyle
along with unhealthy diets on a global scale, the increase of dysmetabolic
conditions mostly involving the liver, the intestine and the cardiovascular
system has been steady in the last decades. As for the liver, two emerging
conditions are non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH). These two terms stand for a range of
pathological conditions determined by an excessive fat build-up in the
liver, whenever said build-up cannot be traced back to any secondary cause
such as alcohol abuse. Although several pharmaceutical approaches have
been investigated, NASH remains devoid of any effective drug therapy.
Another non-communicable pathological condition is intestinal bowel
disease (IBD). This term also withholds two main chronic inflammatory
intestinal conditions: Crohn’s disease and ulcerative colitis. Both diseases
present complex pathogenesis, and the symptoms can heavily impact the
life quality of the patients. Together with these two enterohepatic
conditions, it is very well known that dysmetabolism comes with a series
of comorbidities mostly involving the cardiovascular system.

Over the whole PhD work, all these conditions were the starting point for
the identification of several small molecules which could be potentially
applied to therapeutical protocols. Many molecular targets are involved in
these multifactorial diseases. Considering the complexity of the molecular
network underlying these conditions, the possibility of designing multi-
target-oriented drugs represents a valid and potent tool to address these
diseases. Starting from the long-standing expertise of my research group
on the G protein-coupled bile acid receptor 1 (GPBARI1) and its

involvement in liver and intestinal homeostasis, the aim of this PhD project



was combining the pivotal structural information for GPBARI1 agonism
with those allowing the modulation of interesting new targets also
involved in pro-inflammatory conditions, such as leukotrienes receptors
(CysLTRs), retinoic acid receptor-related orphan receptor gamma t
(RORYyt) and angiotensin-converting enzyme 2 (ACE2). Many chemical
moieties have been studied during the design of new multi-target small
molecules, ranging from heterocyclic quinoline derivatives to several
semi-synthetic steroid-like compounds. A large family of dual GPBARI
agonist and CysLT R antagonist compounds was identified with the lead
compound showing great effects on different models of inflamed liver.
The identification of GPBAR1 agonists/RORyt inverse agonists proved
instead very successful on a murine colitis model representing a potential
class for the treatment of IBD.

Furthermore, the identification of an in-house library of selective
GPBARI1 agonists as ACE2 activators also allowed us to further
investigate the activation mechanism of ACE?2 itself and the effects of its
activation on the interaction with SARS-CoV-2 Spike protein.

In the end, the advancement to Phase I clinical trial of a potent
FXR/GPBARI1 agonist, BAR502, determined the need to study its
metabolic profile in animals and humans. To this end, several metabolites
were synthesised to be used as standards for the qualitative and
quantitative-oriented analysis of the products of BARS502 metabolic

transformations.



1. INTRODUCTION

1.1 Drug discovery and development

Ever since ancient times, humankind has been tackling the emergence of
new diseases. Several efforts have been made to identify possible cures to
avoid bad complications and thus improve the quality of the life. At the
very beginning, priests, shamans, or medicine men were the first to gather
knowledge about remedies by acutely observing that the consumption of
certain types of plant parts had a positive effect on the sick, thus laying the
foundations for what we define today as the drug discovery (DD) process.
Whilst this activity began many centuries ago, the twentieth century has
undoubtedly been the apogee of drug discovery, in terms of productivity,
considering that most of the remedies available nowadays have then been
produced.! The deeper understanding of biological and pathological
processes together with the development of effective synthetic strategies
facilitated and accelerated the way medicines can be discovered, thus
enabling humans to constantly face unmet medical needs.” Since the late
80s, the quantity of pharmaceutical R&D projects has increased notably;
interestingly, the number of drugs that made it into the market has not
followed the same trend. A very detailed review has shown that the number
of potential drugs reaching the clinic phase is one over ten thousand.® The
hypothesis could be that the scientifical community has already used up
the low-hanging fruits of pharmaceutical R&D; therefore, the efforts to
develop new drug candidates must be bigger and more conscientious. The
issue of stricter evaluation parameters emitted by the existing regulatory
institutions, such as the FDA or EMA, contributed to a reduction of
granted marketing authorisations as a drawback of the increased safety

levels.*



Nowadays a large set of therapeutical approaches are available to most
diseases, yet others have almost no efficient means to be treated, such as
Alzheimer’s and Crohn’s diseases, non-alcoholic fatty liver conditions,
several cancers, pluri-resistant bacteria, neglected tropical diseases, and so
on. All these certainly leave a great space for investigating and identifying
new remedies.

The process of drug discovery can be considered a scientifical journey
fraught with obstacles; first, comes the choice of the target of interest; the
latter being an enzyme, a receptor, or any biological entity, whose
involvement in the pathogenesis of a certain disease has been
demonstrated. At the same time proper in vitro and in vivo models are
required to reliably assess the pharmacological significance of the putative
drug candidates in the pre-clinical phase. Once both requirements are
satisfied, the actual drug design process can start; the techniques available
to do so have increased in the late years, thanks to the integration of
databanks and automated software. Among these, two main strategical
approaches can be specified: target-based (TDD) and ligand-based (LDD)
drug design. The former is based on several computational studies
performed on the 3D virtual model of the X-ray crystal structure of the
chosen target, if available; once the points of interaction in the active site
of the such target are identified, a model of a possible set of hit-compounds
is derived. If the target’s structure has not been elucidated, LDD can be
employed instead. As its name reveals, this technique starts by building in
silico the target's possible interaction pocket starting from its ligand's
structure. One may predict the putative types of interactions that could take
place by analysing each functional group or moiety of the selected ligand.
Both techniques are rational and allow the screening of vast existing

chemical libraries which are usually coupled to high-throughput screening



(HTS) assays. After the process of hit identification, lead optimisation
follows by harnessing the structure of the hit compound.>*

During the DD process, many drugs developed to address specific targets
might be successfully applied in a different therapeutical area that was
initially without the scope of interest. This process is referred to as drug
repurposing (Fig. 1), and its application has emerged as a valid tool to cut
the costs and the time expense of the traditional drug discovery process.’

Traditional Drug Development Drug Repositioning
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Figure 1. Generic outline of traditional drug discovery and drug repurposing/repositioning.
This Photo by Unknown Author is licensed under CC BY-SA-NC

The identification of hit compounds can be carried out through in silico
virtual high-throughput screenings; in this case, although the data results
represent a potential starting point to find ‘“hits”, they come with a share
of limitations. /n silico data originate from predictions based on a virtual
model; therefore, their reliability depends on both the quality of the model
and that of the X-ray crystal structure of the selected target. The exact
correspondence between the crystal structure and the real active form of
the biological target cannot be taken for granted; in fact, the actual in-cell
condition of the target may be far from that observed by crystallography
since they are usually included in very complex systems like the cellular

membrane or the cytoplasm. Given these limitations, every virtual “hit”
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must be tested in physical HTS assays to substantiate the predicted activity
and thus the possibility of follow-up modifications to achieve the hit-to-
lead transition. The latter stage is the real first chokepoint of the whole
process, the number of “hits”, which can easily exceed 50000 units, is
drastically lessened and only 0.1% of them are endowed with encouraging
biological properties. Nonetheless, once the "hit" is identified, the lead
optimisation cycle starts. The principle it follows is that a set of new
analogues is generated by adjusting the hit structure and every structural
modification of the hit compound associated with improved potency is
kept, thus exploring the chemical space linked to an overall improvement
of the activity of the small molecules. This cycle is repeated several times
as long as the candidate with the desired properties is identified. High
potency values are obviously of utter importance even though this might
not be sufficient. The role of DD is the identification of a candidate
endowed with the right equilibrium between several desirable properties,
such as efficacy, novelty, selectivity, stability, solubility, pharmacokinetic
profile, and no toxicity. It is fairly understood that juggling all these
properties is no simple process, even though various ways of predicting
the drug-likeness have been described such as Lipinski’s rule. When the
desired candidate complies with the correct requisites, the process moves
forward to the in vivo assays. The pre-clinical stage relies on robust animal
models of the selected disease and dictates whether the candidate can reach
the clinical phase eventually. Human clinical trials represent the most
delicate and important phase of the whole process; every single parameter
that has been previously modulated in detail stands to reason at this point,
the entire DD pipeline serves the final purpose of safely administering the
right candidate to healthy human volunteers at first. Phase I of the clinical

trials allows the evaluation of the real response of the human organism to



the potential drug; such information can only be partially predicted by
animal models due to the great difference between each organism. The
clinical studies can go onward once the drug candidate complies with
every safety requirement. Finally, the drug candidate can be administered
to subjects suffering from the selected disease, thus providing crucial
information about the efficacy of the therapy, its proper quantitative
parameters like dosage and frequency, and eventual adverse effects. In
case everything goes smoothly, the request for the marketing authorisation
is eventually forwarded to a regulatory institution, i.e., Food and Drug
Administration (FDA) or European Medicines Agency (EMA). The
meticulous evaluation of every single property of the drug candidate and
its risk-benefit ratio will determine whether the drug can enter the market.
The monitoring of the authorised drug will not stop once it is allowed to
be sold, pharmacovigilance will constantly collect data regarding any

adverse effect reported by the patients.®



1.2 Chronic inflammatory diseases

Inflammation is a critical evolutionary feature developed for survival in
case of physical injury and infection; the activation of acute inflammatory
pathways happens in a restricted period of time until the source of the
insult or threat has been solved or removed.”!® The resolution of the
inflammatory event is of great relevance to re-establish the physiological
conditions of a tissue; when the resolution fails, the persistent
inflammation response determines a decline of the immune tolerance, a
major rearrangement of the tissue structure and gradual damage associated
with a loss of the specific functions. The shift from a short to a long-lasting
inflammatory event is referred to as chronic inflammation.!!

Latest studies have proven that certain social, environmental and lifestyle
factors can promote systemic chronic inflammation (SCI).!? SCI leads to
several diseases that overall represent the main causes of disability and
mortality across the world, such as cardiovascular disease, cancer, diabetes
mellitus, inflammatory liver disease, non-alcoholic fatty liver disease and
autoimmune and neurodegenerative disorders.'?

My PhD project has focused on developing novel multitarget compounds

to address different inflammatory-based enterohepatic diseases.



1.3 NAFLD and NASH

Non-alcoholic fatty liver disease (NAFLD) is a non-communicable
condition characterised by excessive fat accumulation in the liver
parenchyma. It is an umbrella term that includes any liver steatosis that
cannot be related to a secondary cause such as alcohol abuse, viral
infection, or drug adverse effect.!* NAFLD is one of the fastest emerging
pathological conditions among the known metabolic dysfunctions
worldwide. Its increased manifestations are paralleling the global upsurge
of metabolic syndrome, obesity, and diabetes, thus delineating their close
correlation.!> Numbers speak for themselves, the estimated global
prevalence of NAFLD is currently around 30%'° and constantly growing
at an alarming rate (from 25.5% in 2005 to 37.8% in 2016 or later).!” The
overall prevalence of the condition was also estimated to be higher in men
than women.!® NAFLD can evolve in 4 consecutive stages. The first is
hepatic steatosis, the direct consequence of triglycerides building up in the
liver and characterised by the formation of small liposomes that can grow
into larger fat vacuoles which give the typical signet ring look to
hepatocytes. Eventually, large vacuoles can coalesce and form cysts as
irreversible damage. Usually, steatosis has no related symptoms, it can be
reversed by changing diet and lifestyle and is usually diagnosed by chance
when performing abdominal imaging for other medical reasons.!” The
second stage is non-alcoholic steatohepatitis (NASH), which is the
phenotypical form of NAFLD.?* Many molecular mechanisms underlie the
onset of inflammation in a fatty liver; the whole picture has not been yet
described completely.?! First, it had been proposed that a second insult to
a fatty liver, often referred to as the “second hit”, was responsible for the
transition from steatosis to NASH; this “two-hits” theory is now regarded

as obsolete due to the greater complexity of the molecular processes



coming along with the onset of NASH.??> Nonetheless, the effects of the
continuous inflammatory status on hepatocytes are serious, cell ballooning
degeneration is a typical histological sign and is due to the swelling of
damaged cells; other characteristic elements are the presence of Mallory-
Denk bodies, polymorphonucleate infiltrations and apoptotic bodies.>* Up
until this stage, the whole condition is still reversible and can be treated by

adjusting the lifestyle and dietary habits of the patient.?*

The persistent
damage to the liver parenchyma determines the deposition of connective
tissue by fibroblasts causing fibrosis. These fibrotic scars can increase and
alter the normal parenchymal tissue organisation determining a loss of
function.?> Over time, the accumulation of fibrotic tissue results in the
stiffening of the whole organ and more importantly the impairment of its
functions. This stage is known as cirrhosis, a cirrhotic liver heavily affects
the quality of life of the patient and is usually related to the emergence of
severe complications like hepatic encephalopathy or hepatocellular
carcinoma (HCC).?%?’

The NAFLD spectrum presents a multifaceted aetiology connected to
genetic and environmental causes. Notably, several epidemiological

2831 ynderline the

studies from the population, family clusters or twins
probable existence of an inheritable trait for NASH ranging from 35% to
61%. Many gene loci have been associated with the onset of
NAFLD/NASH, all encoding proteins involved in the regulation of liver
fat metabolism.*? The most frequently associated gene is PNPLA3, subject
to single nucleotide polymorphism (SNP). The variant, whose isoleucine
148 is changed with a methionine, has no native hydrolase activity towards
triglycerides, thus contributing to their accumulation.>*3* Other genetic

SNPs have been correlated to a higher risk of NASH such as

transmembrane 6 superfamily member 2 (TM6SF2) involved in very low-

10



density lipoproteins (VLDL) secretion®®, and glucokinase regulator
(GCKR) gene regulating de novo lipogenesis.’® Some data about
epigenetic factors related to this clinical condition are also emerging even
though they are still in their early stage.’’

NASH first-line treatment follows the same therapeutic protocol used for
type 2 diabetes and obesity, encouraging changes of habits such as
exercise, a healthy diet, and weight loss.>® However, promoting a better
lifestyle is not completely successful in fighting the illness; a group of the
affected population can sometimes come upon problems sustaining
healthier habits, and sometimes the sole weight loss does not suffice for
late-stage patients. Identifying the molecular targets involved in NASH
pathogenesis is of utmost importance in assisting the development of new
pharmacological approaches. Over time, a large group of receptors has
been identified whose dysregulated activity was tightly linked to the
inflammation onset in a fatty liver.

The molecular events leading to this are complex, and multifaceted and
involve many pro-inflammatory mediators with the respective receptors.
Targeting these to quench the ongoing inflammatory process has been an
important focus until today.

Many receptors have been correlated with NAFLD/NASH: peroxisome
proliferator-activated receptors (PPARSs) are a family of nuclear receptors,
and their endogenous ligands are short to medium-chain fatty acids and
can thus regulate their metabolism other than inflammation via
transcriptional regulation.’® PPARs act as transcriptional factors; once
activated, heterodimerisation with RXR occurs and their DNA binding
domain (DBD) can recognise several gene promoters called PPAR

responsive elements (PPREs).*” Several PPARs agonists have been
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successfully introduced in the treatments of type 2 diabetes*! or
dyslipidaemias.*

Glucagon-like peptide-1 receptor (GLP-1R) is a G protein-coupled
receptor.*>** Its endogenous ligand is glucagon-like peptide 1 (GLP-1),
part of the gut hormones called incretins. It can stimulate insulin secretion
and has a very short half-life. External administration of GLP-1 to patients
determined an overall improvement of the energy metabolism with a
decrease in food intake leading to weight loss. These findings prompted
the development of more stable derivatives of GLP-1.4

Apoptosis signal-regulating kinase 1 (ASK1) is a serine/threonine-specific
protein kinase, that belongs to the mitogen-activated protein kinase kinase
kinase (MAP3K) enzyme family and influences Jun N-terminal kinase
(JNK) and p38’s activity.*® Tumor necrosis factor a (TNFa),
lipopolysaccharide, endoplasmic reticulum stress, calcium influx, and
oxidative stress are all capable of activating ASK1.*”* Without any
external stress source, ASK1 forms dimers and binds its N-terminal non-
catalytic region to thioredoxin (TRX), a regulatory redox protein. The
production of reactive oxygen species determines the oxidation of TRX;
thus, it dissociates from ASK1 which is in turn activated. The JNK and
p38 pathways in hepatic cells lead to apoptosis, inflammation, and fibrosis.
The identification of ASKI inhibitors has been already explored for
several indications even though no drug candidate made it to the
market.’*! Lately, studies of ASKI inhibitors in rodent NASH models
have renewed the interest in potentially using them for NASH treatment.>?
Over time, many other targets have been identified to address the need for
a new therapeutical approach to NASH. The high complexity of the

molecular pathways that constitute the whole hepatic system reflects the

intricate pathogenesis process; thus, the number of molecular targets to

12



investigate is still large.>® Sugars and lipids metabolism in the liver is
regulated by bile acids (BAs).>*

BAs are amphipathic steroids produced in the liver starting from
cholesterol and excreted as the main component of bile.> Lately, the
exploration of their functions has changed their pharmacological
relevance; BAs do not only play a marginal role in aiding the emulsion and
absorption of fats, as previously thought. Many studies over the last
decades proved that they act as signalling molecules interacting with
several receptors and are capable of heavily influencing sugar, lipid, and
energy metabolism.>®

BA-activated receptors include different nuclear receptors, such as
farnesoid X receptor (FXR), pregnane X receptor (PXR), vitamin D
receptor (VDR), and G protein-coupled receptors like G protein-coupled
bile acid receptor 1 (GPBARI1 aka TGRS) and sphingosine 1 phosphate
receptor 2 (SIPR2).>” GPBARI is one of the selected targets to be
addressed as part of this PhD project and thus, it will be further described

in detail afterwards.
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1.4 Inflammatory bowel diseases

Among the existent chronic inflammatory diseases, another condition that
was addressed during this PhD work is inflammatory bowel disease.
Inflammatory bowel disease (IBD) is a conventional term that includes
two types of idiopathic gastrointestinal diseases, ulcerative colitis (UC)
and Crohn’s disease (CD).’%>

Both diseases’ incidence has been steadily increasing worldwide,
especially in Europe and North America and each one presents a
distinguished phenotype in its manifestation. UC is usually limited to the
rectal or colic portion and consists of continuous inflammation and erosion
of the sole mucosal layer. In contrast, CD can discontinuously affect the
ileum and the colon and presents deeper lesions of the intestinal walls like
fistulas, strictures, and granulomas.

Large Intestine —— Stomach Large Intestine“'-:

—— Stomach
(Colon) (Colon) :

Small Small
Intestine Intestine
Rectum

Sigmoid Colon Sigmoid Colon

Crohn's Disease Colitis ulcerosa

Figure 2. Inflammatory Bowel Disease — Crohn’s Disease and Ulcerative Colitis
This Photo by Unknown Author is licensed under CC BY-SA-NC
Both IBDs present similar general symptoms like fatigue, fever,
abdominal cramps, and altered bowel movements (diarrhoea); the
symptoms can progress and regress over time with intense flare-ups
followed by temporary remissions, which can sometimes prevent a fast

diagnosis.®®®! The exact etiopathogenesis has not been yet clarified but
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what emerged from the first studies is its indisputable multifactorial

nature.

Lately, the presence of a genetic contribution associated with a higher
susceptibility to this kind of disease has been suggested. The most evident
gene association is a frameshift mutation of the NOD2 gene®? encoding for
the nucleotide-binding oligomerization domain-containing protein 2,
responsible for the recognition of muramyl dipeptide (MDP) present in the
bacterial peptidoglycan in the gut to control bacterial growth®** and
autophagy, and for stimulation of the immune response in the intestine.>%
Many other gene modifications have been linked to an increased IBD
susceptibility, interestingly all of these seem to be involved in controlling
autophagy processes.®”-®® Even though the number of discovered gene loci
linked to IBD pathogenesis is increasing and, thus, producing more
insights into its molecular mechanisms, the hereditariness is not justified,
in fact, the loci discovered now only account for at least 20% of it. Another
important role is played by environmental factors; smoke is the most
studied factor, and heavy smoking has been associated with a decreased
risk of developing UC.**" In contrast to this, smoking increases the risk

of CD development.”!

Other than tobacco dependence, vitamin D
deficiency, stress and antibiotics assumption have also been linked to a
higher risk of IBD to a certain extent.”>”’* Gut microbiome and mucosal
cells’ activities are so tightly intertwined that a change in the flora
composition in IBD patients can be easily anticipated. The diversity and
stability of the bacterial pool are lower than that of a healthy person.”"®
The anomalous intestinal inflammatory response has also been related to
the mucosal T-cells response dysfunction. UC and CD present different T-
cell activation profiles in their pathogenesis; Crohn’s disease is

characterized by excessive production of IFN-y and IL-2 by type 1 helper
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T cells”” while in ulcerative colitis some studies described an increased
production of IL-13, a typical Th2 cells’ cytokine, by atypical NK T
cells.”®” The association of these immune characteristics for each type of
IBD remains uncertain, subsequent studies have shown a different and
more complex scenario where the types and quantity of produced
cytokines change during the disease progress which is now considered to
have a “dynamic” inflammatory profile.®® Another noteworthy pro-
inflammatory cytokine that has been associated with IBD is interleukin-
17. Different IL-17s (IL-17A, IL-17F) are mostly produced by Th17 cells
together with IL-22 and IL-6.8:32

If left unchecked, IBDs can determine serious complications with time
such as internal haemorrhage, fatty liver, erythema nodosum, primary
sclerosing cholangitis, intestinal perforation, polyps’ growth and a higher
risk of GI malignancies. Considering the complex and partially
undiscovered causes of IBD together with the highly debilitating
symptoms, IBDs represent another important medical need to be
addressed. The therapeutical approaches available today are few and
merely based on the interruption of the inflammation rather than the
interaction of specific targets and some patients fail to respond to the
protocolar therapy. The first-in-line drugs prescribed for IBD are
aminosalicylates like 5-ASA or sulfasalazine. The overall ability of 5-ASA
to repress the production of pro-inflammatory cytokines like IL-1 and
TNF-a is very useful in preventing UC relapse®® while its efficacy in
treating CD is lower.®* Aminosalicylates can be detrimental especially in
IBD treatment because their side effects mainly affect the GI trait other
than myelosuppression. Another important drug category is
corticosteroids. They can be administered alone or together with a suitable

aminosalicylate formulation.®® Patients can be divided into three
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categories depending on their response to steroids: steroid-responsive
when patients experience a long-lived remission even after the doses of
steroids are lowered; steroid-dependent when the remission only stays if
steroids are administered and steroid-unresponsive when no improvement
is brought by protracted steroids doses.*® However, glucocorticoid therapy
is not resolutive because the total remission cannot be maintained if the
administration stops, moreover long-term steroid therapy is associated
with severe side effects. Therefore, steroidal anti-inflammatory drugs do
not represent the best pharmacological approach for IBDs. Due to the
strong immune component of IBD, the application of several
immunomodulators has also been successful in some cases. The earliest
immunosuppressant was azathioprine, even though it usually requires a
period of at least three months to see remission.®” This drug category is
also associated with many severe side effects so the decision of applying
them to treat IBD is usually taken after a careful evaluation of the risk-to-
benefit ratio. The most recent therapeutical approach regards the use of
biological agents, i.e., monoclonal antibodies. To be more precise, the
main Ig targets are TNF-o, IL-12/23 and integrins.3®°° Many clinical
studies are still ongoing nowadays but there are still many limitations in
using monoclonal antibodies like high production costs, potential side
effects and immunogenicity. In conclusion, the therapeutical outlook of
IBDs nowadays still lacks a safe and very well-tolerated strategy. Any
existing protocol fails to completely remove or attenuate the causes
generating both CD and UC. Given the circumstances, the opportunities to
further investigate any potential specific target are still aplenty. A new
emerging target for the treatment of IBD is Retinoic Acid Receptor-
Related Orphan Receptor gamma T (RORYT), a nuclear hormone receptor
whose endogenous ligand is yet to be identified. RORYT strongly regulates

17



the differentiation of Th17 cells, thus holding an important position in IBD
pathogenesis.”! More details about RORYT will be given subsequently.
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2. GPBARI1 - CysLTiR as targets for NAFLD/NASH

2.1 G protein-coupled bile acid receptor 1 (GPBAR1)

G protein-coupled bile acid receptor 1 (GPBAR1), also known as Takeda
G protein-coupled receptor 5 (TGRS), is a metabotropic membrane
receptor with the typical seven transmembrane domains; for the sake of
coherence, this receptor will always be referred to as GPBARI1 throughout
this thesis.”? As the name suggests, primary and secondary bile acids (BA)
are endogenous ligands.

Their potency depends on some structural features, mainly influencing the
hydrophobicity of the cholane scaffold or the presence of conjugation. The
most potent natural agonist is taurolithocholic acid (TLCA). GPBARI1 is
expressed in several tissues, such as the liver, gallbladder, small intestine,
central nervous system, and spleen.”* > More specifically in the liver the
highest expression levels are those of Kupffer cells (KCs), sinusoidal
endothelial cells (LSECs), biliary epithelial cells and activated stellate
cells (HSCs) while no expression was observed in their quiescent state.”*"’
Natural or synthetic BA derivatives activate GPBARI; in LSECs (Fig. 3)

the activation of the G protein promotes the activity of adenylate cyclase

to produce cAMP.
GPBAR1
‘1-‘
cAMP Liver sinusoidal
\ endothelial cell
PKA | —
\/ (Pnos —i— CREB-P ~ CSE \
1 OO ~ l
\ NO \yET1 H,S j
e e B
NO ET-1 H.S —
s

Figure 3. Effects of GPBAR1 activation on liver sinusoidal endothelial cells. %
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The cAMP in turn activates protein kinase A (PKA) that can phosphorylate
different proteins like cAMP response element binding protein (CREB-P).
CREB promotes the transcription of endothelial nitric oxide synthase
(eNOS) that gets phosphorylated by PKA to then produce NO.
Furthermore, protein kinase B, also known as Akt, is also activated and
represses the transcription of endothelin-1 (ET-1). In brief, GPBARI’s
role in LSECs is to control the portal blood pressure.

In KCs (Fig. 4), higher levels of cAMP determine the inhibition of kB

kinase (IKK); thus, IkB transmigration in the nucleus is prevented.

CAMP ~— PKA

s ) P55 NLRP3

mTOR 1kB

\ p65 -\-l Caspase-1
Lp % Pro-IL1p /

; : 1 44— Caspase-1
Chemokine | !

expression | W Sop

2 Cytoking
“>---..expression |

Macrophages

(A

Figure 4. Effects of GPBARI activation on macrophages.®’

At the same time, the reduction of both NF-«B translocation in the nucleus
and its transcriptional activity lowers the expression of pro-inflammatory
cytokines genes.”®”

All these effects also determine the inhibition of the inflammasome
NLRP3 which in turn lowers the activation of Caspase-1 limiting the
production of pro-inflammatory cytokines like interleukin-1B and -18.!%
In the end, Akt and mTOR activation also upregulates the

CCAAT/enhancer-binding protein  (C/EBPP) isoform liver-enriched
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inhibitory protein (LIP) suppressing the production of inflammatory
chemokines. In conclusion, BAs activation of GPBARI1 exerts important
anti-inflammatory effects both in monocytes and macrophages.!'?!1%2

To sustain this assumption, murine GPBARI-deficient models were
consistently found more susceptible to LPS-induced damage to the liver
with higher alanine and aspartate aminotransferases and inflammatory
cytokines levels in the serum.!%

Moreover, high-fat diet-induced liver steatosis in mice was attenuated by
administering a GPBAR1 agonist. Besides the anti-inflammatory effect,
the treatment with an agonist was linked to increased glucagon-like
peptide 1 (GLP-1) production by entero-endocrine L-type cells in the
intestine.”!%*1%5 Al] these findings prompted the identification of novel
and better GPBARI1 agonists for the treatment of NAFLD/NASH.
GPBARI ligands can be chemically classified into steroidal (both natural
and semisynthetic) and non-steroidal derivatives.

The most potent steroidal agonist is taurolithocholic acid (Fig. 5) with
ECso of 0.33 uM. Other endogenous bile acids bind GPBAR1 with
decreasing potency like lithocholic (LCA), deoxycholic (DCA), cholic

(CA) and chenodeoxycholic acids (CDCA).

1TLCA R=H  Ry=H  R,=NHCH,CH,SO;Na
2LCA R=H Ry=H  R,=OH
3DCA R=H Ry;=OH R,=OH
4CA R=OH R4=OH R,=OH
5CDCA R=OH R;=H R,=OH

HO"

Figure 5. Natural bile acids.

These natural BAs were the starting point for the discovery of new
semisynthetic compounds with improved efficacy and potency.

Harnessing the steroidal scaffold, a large group of hit compounds was
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found, since together with GPBARI1 another important and extensively
studied receptor is FXR, most of the hits presented a dual affinity towards
both receptors. The most important modification was the introduction of
an ethyl group at the C-6 position of chenodeoxycholic acid furnishing the
most potent agonist ever discovered, obeticholic acid (OCA) with an ECso
of 99 nM towards FXR and 0.9 uM towards GPBAR1.!%-19% A Phase III
clinical trial for OCA was started in 2012 and completed in 2018
(https://clinicaltrials.gov/ct2/show/record/ NCT01473524).

The drug candidate performed great in treating PBC but unfortunately,
23% of patients developed cholestatic itching which was unbearable
enough to induce drug discontinuation in 40% of patients. OCA was
approved for the treatment of (ursodeoxycholic acid)-resistant patients
with PBC (primary biliary cholangitis).!%-11

GPBARI selectivity was achieved by some modifications on the OCA
scaffold, the introduction of an (S)-methyl at C-23 gave INT-777 with an
ECs0 0f 0.8 uM and a successful pharmacological profile on both pancreas
and liver in db/db mice (Fig. 6).''!'2 Another GPBARI selective
compound was BAR501 (ECso = 1.03 uM)), a triol with B-configuration of
both the ethyl group at C-6 and the hydroxy at C-7.'1?

BARSO01 was able to reverse insulin resistance, improve liver histology,
and BAT functionality to promote energy expenditure and the browning
of epWAT in a murine NASH model.''* Moreover, BAR501 has been
affirmed as a promising lead compound in IBD. In a trinitrobenzene
sulfonic acid (TNBS)-induced colitis model in mice, BARS501 also
reduced inflammation and immune dysfunction by modulating the

inflammatory phenotype of colonic macrophages.'!®
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Figure 6. GPBAR1 agonists.

Apart from these last derivatives, a large effort was put into the

identification of alternative non-steroidal scaffolds endowed with the same

activity towards GPBARI. In the last decades, many potent agonists were

also discovered, thus amplifying the known chemical assets able to bind

this receptor. These can be briefly classified as follows (Fig. 7):

3-Aryl-4-isoxazolecarboxamides (compound 9)
3-Aminomethylquinolines (compounds 10a and b)
2-Phenoxynicotinamides (compounds 11a and b)
4-Phenylpyridines and pyrimidines (compounds 12a and b)
3,4,5-Trisubstituted 4,5-dihydro-1,2,4-oxadiazoles (compounds
13a and b)

Nipecotamide derivatives (compound 14)

Oximes (compounds 15a and b)

Diazepine (SB-756050 — compound 16)

Thioamino-1H-imidazole (compound 17)
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Figure 7. Non-steroidal GPBARI1 selective agonists.

Of all the reported molecules, SB-756050 is noteworthy as it reached
Phase I clinical trials to treat type 2 diabetes mellitus even though its
pharmacodynamic profile proved inconsistent. Thus, a further attempt to
optimise the druggability of these compounds led to compound 17, the
most potent derivative (Fig. 7).!'¢

A recent project based on drug repositioning was able to identify a new
group of GPBARI agonists by testing known cysteinyl-leukotriene
receptor 1 antagonists. Docking calculations suggested the possible
overlap of the binding interactions between CysLTR1 and GPBARI
binding sites. Such assumptions were then strongly confirmed by
performing a set of in vitro and in vivo assays to validate the activity

towards GPBAR1. The most successful candidate was REV5901, alpha-
pentyl-3-[2-quinolinylmethoxy] benzyl alcohol.''” It has been largely
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studied without any clinical development for the treatment of asthma; its
off-target effect on GPBARI determined a renewed interest in REV5901
as a hybrid modulator, thus prompting a new whole project which took a
large part of this PhD work. Before discussing the aim of the project, an

introduction to cysteinyl-leukotriene receptor 1 is deserved.

25



2.2 Cysteinyl leukotrienes receptors (CysLTRs)

Cysteinyl leukotrienes receptors are a family of G protein-coupled
receptors (GPCRs) and bind indeed the cysteinyl leukotrienes.!'® These
are a group of lipid mediators, also known as eicosanoids, endogenously
produced by 5-lipoxygenase (5-LOX) starting from the arachidonic acid.
The common precursor of all leukotrienes is LTA4 which can be converted

into LTB4 or LTC4 (Fig. 8).

OOH
— COOH 5-HETE
5LOX
20:4(n-6) Z —

arachidonic acid 5(S)-HPETE

(LTA4 syn!hase) l FLap+CLP

glutathione-S-transferase
LTA4 hydrofas‘e/ C \ FLAP

OH

OH OH

COOH
P COOH
S—Cys—Gl
. LTBs ETEY e,
Glu
non-cysteinyl leukotrienes
yglutamyl
transpeptidase
OH
Leukotriene biosynthesis
dipeptidaje/

COOH

cysteinyl leukotrienes
COOH

LTE,4

Figure 8. Leukotrienes biosynthesis.'!?

The latter is the result of a glutathione conjugation reaction by LTC4
synthase and is converted first into LTD4 which in turn loses the glutamate
moiety to give LTE4. Leukotrienes Cs, D4 and E4 all have a cysteinyl
moiety and represent the endogenous ligands of CysLTRs.

Three isoforms have been identified up to date: type 1 and type 2
CysLTRs, both recognising cysteinyl leukotrienes with different affinities
and recently also type 3 CysLTR, also known as GPR99 receptor.!*
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The differences between the two subtypes do not only concern the affinity
to different LTs, their expression in the tissues and especially their
activation effect differ. CysLTiR is mostly expressed in the respiratory
system, leukocytes, spleen, heart, and gastrointestinal system while
CysLT2R is highly present in the heart, vascular tissues, different parts of
the brain, and the adrenal gland.!?!

CysLTiR is coupled to a tissue-dependent G protein, a pertussis toxin
(PTX)-sensitive Gi, protein able to reduce intracellular cAMP levels and
a PTX-insensitive Gq protein which can induce the increment of
intracellular free Ca®" concentration whereas CysLT2R is only coupled
with a PTX-insensitive Gq protein.'?

The different localisation of both receptors reflects their biological
functions:

v" CysLTiR determines bronchoconstriction, increased vascular
permeability, higher mucus production, collagen deposition, and
fibrosis, and plays an important role in the inflammatory
chemotaxis.

v" CysLT2R is related to the release of vasoactive factors and
modulates the migration and proliferation of smooth vascular
muscle cells.

Upon interaction of LTs with CysLTiR, several downstream signalling
pathways are activated. PI3K-Akt signalling is activated resulting in -
catenin nuclear translocation and activation of target genes including
cyclin D1, COX-2, and c-Myec.!?* Akt/PKB complex activates the IKK
complex with subsequent degradation of IxB protein leading to the NF-kB
translocation and activation.'” CysLT|R signalling can activate
phospholipase C (PLC) and the Ras-Raf-MEK-ERK pathway.!23:125:126

This leads to the nuclear translocation of Erk 1/2 resulting in the activation
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of genes involved in proliferation, migration, and survival. Moreover,
CysLT receptor ligation can also activate PKC and the transcription factor
cAMP response element-binding protein (CREB). Crosstalk occurs
between CysLT and epidermal growth factor (EGF) signalling pathways;
EGF signalling also activates Rac and the Ras-Raf-MEK-ERK pathway.
EGF signalling induces the production of 5-LOX, resulting in leukotrienes
synthesis and consequential potentiation of CysLT receptor signalling,
while LOX/CysLT1 also regulate EGF-induced migration.'?’

Many CysLT|R antagonists have been identified, like Montelukast,
Pranlukast, Zafirlukast, and REV5901, all successfully active in asthma
therapy (Fig. 9).

QWQ*%

7
pranlukast N NH
O A OH
Cl S = O\©)\/\/\
N
montelukast sodium REV-5901

Figure 9. LTD4vs CysLTR1 antagonists.

All the above antagonists present a similar structural backbone to that of
LTD4. Montelukast has been the most successful candidate and is now also

used as a reference compound in pharmacological assays. Apart from the
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well-established use in the therapy of asthma, montelukast has been also

found capable of preventing liver damage induced by acetaminophen. '
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3. Hybrid modulators of GPBAR1 and CysLTiR

3.1 Project presentation

As briefly described in the last chapter, the research group I joined during
my PhD studies has investigated whether a selection of CysLTiR
antagonists had any off-target affinity in a drug repurposing fashion. In
particular, the focus was given to two bile acid receptors: GPBAR1 and
the farnesoid X receptor (FXR), both already well-known as selected
targets for several projects in my team. The putative crosstalk between
GPBARI and CysLTiR represents an interesting starting point for the
identification of promising hybrid modulators for the treatment of
enterohepatic inflammatory conditions like NASH or IBD.

The set of antagonists included levocetirizine, a second-generation
histamine Hj-receptor antagonist, zafirlukast, pranlukast, LY 171883,
REV5901 and montelukast, all CysLTiR antagonists (Fig. 10).

oy @M\@Y@%

Hs

Levocetirizine (18) Zafirlukast (19) Pranlukast (20)

pEtees @fﬁjm Ao

LY171883 (21) REV5901 (22) Montelukast (23)

Figure 10. Known CysLTiR antagonists.

REV5901 was the only compound of the set to present interesting results:
it acted as a GPBARI agonist in a concentration-dependent fashion with
an ECso of 2.5 uM, a result that is consistent with the docking predictions.
In the transactivation assay, REV5901 was almost as potent as
taurolithocholic acid while it failed to transactivate FXR thus showing a

relative specificity towards GPBARI1. The use of silenced Gpbarl gene
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macrophages confirmed the interaction between REV5901 and the
receptor (Fig. 11). All the in vitro assay data were corroborated by two in
vivo models: TNBS-induced colitis and DSS-induced colitis using Gpbarl
knockout mice (Fig. 12).

A. B. C.
GPBAR1-CRE-Luc GPBAR1-CRE-Luc

[ CRE-Luc 200
N GPBAR1-CRE-Luc % 100 ECso: 2.5 uM
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Figure 11. (A) Measure of induction of luciferase activity in cells transfected with CRE-Luc or
GPBARI-CRE-Luc and incubated with TLCA (10 uM) or compounds 18-23 (20 uM); (B)
Antagonistic activity of compounds 18-23 towards GPBAR1 (TLCA = 10 uM, compounds 18-23
=20 uM). Results are shown as mean =+ standard error. *p < 0.05 versus not treated cells (NT). (C)
Dose-response curve of compound 20 (REV5901) to evaluate the activity on GPBARTI; cells were
stimulated with different concentrations of 20 from 1 uM to 50 uM. (D) FXR transactivation on
HepQG2 cells transfected with pSG5-FXR, pSG5-RXR, PGL4.70-Renilla, and p(hsp27) TKLUC
vectors, and with compounds 18-23 (20 uM) alone or with CDCA (10 uM). Results are shown as
mean =+ standard error. *p < 0.05 versus not treated cells (NT). (E) Binding mode of REV5901. The
ligand is in yellow, whereas the interacting leavings of the receptor are shown in grey. Oxygen
atoms are in red and nitrogens are in blue. GPBARI1 is represented as grey ribbons. Hydrogens are
omitted and H-bonds are displayed as dashed lines.

A rather detailed immunologic analysis has also been performed in the
DSS-induced colitis model; mice treated with REV5901 showed a
reduction in the production of many inflammatory cytokines. The
consistency of this data was confirmed by the complete abrogation of the

positive effects in silenced Gpbarl gene mice.
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Figure 12. Gpbarl™* and Gpbarl™~ mice were treated with DSS and then administered with
REV5901 (30 mg/kg/day) or Montelukast (10 mg/kg/day) by gavage for 8 days. (A) H&E staining
of colon sections from control mice, mice treated with DSS, and mice treated with TNBS plus
REV5901 or Montelukast (original magnification x10). Relative mRNA expression of (B) pro-
inflammatory cytokines (I1-6, Tnf-a, I1-1p, Ifn-y), (C) anti-inflammatory cytokine (I1-10) in the
colon of Gpbarl™* and Gpbarl " mice was evaluated by real-time PCR. The data are normalized
to Gapdh mRNA. Results are the mean £ SEM of 6-10 mice per group from two independent
experiments. *p < 0.05.

This report was one of the first to identify an off-target activity of shelved
CysLTiR antagonists towards GPBARI. REV5901 dual activity
encouraged the further investigation of its structural features to obtain

better hybrid compounds suitable for the treatment of NASH or IBD.!!?
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3.2 Synthesis of REV5901 derivatives

According to the results of the docking prediction of REV5901 towards
both CysLTiR and GPBARI, the quinoline moiety appears required in
both interaction models. Therefore, we decided to retain the heterocyclic
ring and apply most of the modification on the alkyl side chain. The
possibility for a strongly polar interaction on the extremity of the binding
site of both receptors also influenced the choice of introducing highly polar
substituents such as alcohols or carboxylic acids. The entire library of

compounds is displayed in Figure 13.
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A concise retrosynthetic analysis revealed the modularity of the synthetic
strategy thanks to the common presence of the quinoline ring. All the
designed molecules could be easily divided into two synthons, one being

the quinoline ring itself and the other being a phenol-like ring.

R=CHyX X = halogen
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Figure 14. Retrosynthetic analysis

The synthetic equivalent of the 2-methyl quinoline synthon used for the
synthesis of compounds 24-32 was the commercially available methyl
quinoline-2-carboxylate (51) that was subjected to a mild reduction with
di-isobutyl aluminium hydride (DIBAL-H) to afford the corresponding
alcohol derivative (52). The other half of the molecules was then
introduced by coupling the respective phenol derivative via Mitsunobu
reaction. Methyl 4-hydroxybenzoate was used to afford the ester 24 (76%)
while methyl 3-hydroxybenzoate gave the ester 27 (78%). Each ester was
respectively hydrolysed with NaOH or reduced with DIBAL-H to obtain
the corresponding acids 26 (43%) and 29 (68%) and the alcohols 25 (68%)
and 28 (60%) (Scheme 1).

Ol OO e O “HER:
N” > COOCH, N7 “CH,OH Ho\© N7 o | S L 26 4-COOH
X =
52 R R =27 3-coocr§la
28 3-CH,0H
26 5-05N ©
Scheme 1 Reagents and conditions: a) DIBAL-H IM in THF dry, 0°C; b) phenol, PPhs, DIAD,
dry THF, 0° C; ¢) NaOH, MeOH/H>O 1:1 v/v, reflux

51

The synthesis of compounds 30-32 (Scheme 2) required a slightly longer
procedure because of the insertion of the methyl 3,5-dihydroxybenzoate

(55), a modification that we performed to explore a larger chemical space.
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The direct coupling of the purchased compound 55 with the mesylate 53
always gave a very low yield no matter the attempts of optimisation
because of the fast decomposition of the methyl 3,5-dihydroxybenzoate in
the basic conditions required by the Williamson synthesis step. An
improvement was obtained through the mono protection of 55 with t-
butyldimethylsilylchloride (TBS-CI); the corresponding silylether 56 was
successfully coupled with the mesylate intermediate 53 to afford
compound 54 with 87% yield. The Mitsunobu reaction was not compatible
with the presence of the TBS group in our experimental conditions;
therefore, we performed a mesylation of the alcohol 52, followed by a
classic Williamson ether synthesis. Deprotection ~ with
tetrabutylammonium fluoride (TBAF) of compound 54 furnished the ester
derivative 30 (85%). Again, basic hydrolysis and reduction with DIBAL-
H of 30 afforded respectively the acid 31 (92%) and the alcohol 32

(quantitative yield).
HO OH HO OTBS
a
COOCH; COOCH;

55 56

X b N c N X
— . A _0 otes —4~ A0 OH
N” > CH,OH N” OCH,OMes 56 N N
52 53 54

COOCH, R
R =30 COOCH; — ¢
31
Bl "
Scheme 2 Reagents and conditions: a) TBS-Cl, imidazole, dry DMF; b) Ms-Cl, lutidine, dry

diethylether, 0°C; ¢) K2COs, 56, dry DMF; d) TBAF 1M in THF; ¢) NaOH, MeOH/H20 1:1 v/v,
reflux; f) DIBAL-H IM in THF dry, 0°C

With the third subset of molecules, a wider chemical space was explored
by removing any polar substituent on the side chain of the scaffold. Thus,
allowing us to verify how this would affect the overall activity together
with different lengths and degrees of the alkyl chain ramification.

Compounds 33-38 (Scheme 3) were synthesised by coupling the mesylate
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53 with the corresponding alkoxy phenols 60a-f. These were synthesised
starting from the purchasable resorcinol 57 which was first mono protected
with TBSCI and then coupled with the corresponding alcohol via the
Mitsunobu reaction. The treatment with TBAF to cleave the silylether

afforded the final ethers 60a-f (47—84% yield over the last two steps).

Ry=a 11/\/ d 1&/\/\

HO OH HO oTBS TBSO OR, HO OR,
a b - °c . )\
U - U - Tr e
57 58

59 a-f 60 a-f C R

N d A R=33 % > 36 E)v
N7 CH,0Mes 60 a-f N O OR, )\ %
2 - 34 37 /Y\
i 10 X

T T
Scheme 3 Reagents and conditions: a) TBS-Cl, imidazole, dry DMF; b) alcohol, PPhs, DIAD, dry
THF, 0° C; ¢) TBAF IM in THF; d) K2CO3, 60a-f, dry DMF

Afterwards, I revised the synthetic protocol to achieve a much simpler and
cheaper strategy. We observed the short-term stability of the quinoline-2-
ylmethanol 52, even when freshly made. Thus, the synthetic protocol was
adjusted by substituting the methyl quinoline-2-carboxylate (51) with 2-
(chloromethyl)quinoline hydrochloride (62). The use of compound 62
allowed us to skip two synthetic steps as it is suitable for a direct
Williamson reaction with the phenolic building block, and the overall
synthesis yield rose notably.

A different distance between the quinoline ring and the polar group was
also evaluated. This was performed by inserting a flexible linear propyl or
butyl chain carrying either an alcohol or a carboxylic acid on the last
carbon. The synthesis of compounds 39-44 (Scheme 4) started with the
monofunctionalisation of resorcinol (57) with methyl 5-bromopentanoate
or 4-bromobutanoate to give the respective products 61a and b (64% and

43% yield respectively).
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Scheme 4 Reagents and conditions: a) Br(CH2)xCOOMe, K2COs, dry DMF; b) 62a-b, K2COs, dry
DMF; ¢) NaOH, MeOH/H:0 1:1 v/v, reflux; d) LiBH4, dry MeOH, dry THF, 0°C

These were coupled with 2-(chloromethyl)quinoline to afford compounds
39 (75% yield) and 42 (72% yield). The corresponding carboxylic acids
40 and 43 were synthesised by basic hydrolysis with 68% and 97% yield
respectively. The reduction of 39 and 42 with LiBH4 furnished alcohols
41 and 44 (80% yield for both).
The last subset of molecules was planned to investigate the effects of the
presence of a rigid lipophilic group like the biphenyl moiety keeping a
polar group at its very end in the meta or para position.
et Ol B
@ e mnsseasee o

X
62 —R _ c
63 R = 4-COOCH3 | = 50 R = 3-CH,0H

64 R = 3-COOCH,

Scheme 5 Reagents and conditions: a) 63 or 64, K.CO3, dry DMF; b) NaOH, MeOH/H20 1:1 v/v,
reflux; ¢) LiBH4, dry MeOH, dry THF, 0°C

The synthesis of compounds 45-50 is very concise (Scheme 5). The
Williamson coupling between 62 and methyl 4'-hydroxy-[1,1’-biphenyl]-
4-carboxylate (63) or methyl 4’-hydroxy-[1,1’-biphenyl]-3-carboxylate
(64) afforded the esters 45 (87% yield) and 48 (quantitative yield), both
were subjected to basic hydrolysis to furnish acids 46 and 49 (quantitative
yield for both) and LiBH4 reduction to produce alcohols 47 and 50 (92%

and quantitative yield respectively).
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3.3 In vitro preliminary pharmacological evaluation

The GPBARI1 agonistic activity of compounds 24-50 was evaluated in a
luciferase reporter assay with HEK-293T cells transfected with GPBARI.
Their antagonism towards human CysLTR expressed in transfected CHO
cells was determined via a fluorimetric detection method and measuring
the effect on cytosolic Ca*>* production induced by an agonist. The cellular
antagonist effect was calculated as a % inhibition of control reference
agonist (LTD4) response for each target whilst GPBAR1 agonism was
compared to that of the reference compound taurolithocholic acid (TLCA)

set as 100%.

Table 1 Efficacy and potency for compounds 24-38.

Compounds GPBAR1? ECso® (nM) CysLTR* ICs” (uM)
REV5901 136.74 +27.80 2.50+1.20 116.80 £ 0.21 1.10+0.50
24 20.7 + 8.45 nd 48 +£4.60 nd
25 12.63 £4.11 nd 85+£3.32 2.10+£1.50

26 32.15+3.29 16.50 +0.71 -11+4.38 nd
27 23+4.76 nd 85+0091 390+ 1.50
28 92.69 £ 0.73 7.40 +1.84 97 +£0.78 1.20 £ 0.42
29 74.80 £ 3.96 3+0.30 71 £2.05 2.80 +0.38
30 17.58 £1.37 nd 59 +3.25 nd
31 29.80 = 0.89 20+0.71 3+742 nd
32 72.92 +£1.57 23 +1.41 26 +£14.30 nd
33 112.34 +£12.21 1+£0.04 66 +4.66 5.11+£1.6
34 14.99 £ 1.81 nd 79 £5.09 nd
35 100.50 £ 13.91¢ | 0.1+0.05 66£0.07 | 9.63£13
36 138.88 +11.15 0.50+0.22 4+827 nd
37 106.43 £ 4.45 0.17 £ 0.07 15 £3.67 nd
38 137+12.93 1.80 £0.07 22 +4.38 nd
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Table 2 Efficacy and potency for compounds 39-50.

Compounds| GPBARI1? ECso® (nM) CysLTiR® | ICs® (uM)
39 20.5+24 nd 76 £9.6 1.68 +0.28
40 12+1.3 nd 99.6+2.0 | 0.90+0.50
41 30.8+7.5 nd 106.9+1.6 | 0.36=0.58
42 202+45 nd 92.1+34 1.55+£043
43 18.3+4.38 nd 92.8+2.3 0.95+0.2
44 12.8 +£3.3 nd 108.6 £1.8 | 0.31+0.24
45 36.74£3 nd 43 +4.5 nd
46 649+ 13 nd 0.8+1.5 nd
47 20.5+24 nd 76 £9.6 nd
48 56.91+7.8 nd 21+6.5 nd
49 82+1.2 4.6+1.5 109 £ 1.6 5.67 £0.77
50 2.1+£0.06 nd 59+3.6 nd

*Eff (%) is the maximum efficacy of the compound (10 pM) relative to TLCA (10 uM) as 100 in transactivation
of a cAMP response element (CRE) on HEK293T cells; results are mean of at least two experiments £SD.
"Results are the mean of at least two experiments. Nd means not determined. “These assays were performed by
Eurofins Cerep-Panlabs (France). The results are expressed as % inhibition of the control response to 0.1 nM
LTD,. The standard reference antagonist is MK-571. Results are the mean of two experiments +standard
deviations (SD). These assays were performed by Eurofins Cerep-Panlabs (France). “Efficacy calculated with
1 uM of the compound.

As shown in Tables 1 and 2, compounds 28, 29 and 49 presented the best
profiles in terms of efficacy and potency towards both receptors, thus
highlighting their dual activity. At the same time, highly selective
derivatives for one of the receptors were discovered: compound 37 showed
high selectivity towards GPBAR1 while compounds 41 and 44 selectively
antagonised CysLTiR.
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3.4 Docking studies

The binding modes of all compounds to CysLTiR and GPBAR]!%%-132
were investigated via molecular docking calculations employing the Glide
software package.!*>!34 CysLTR crystallographic structure with PDB ID
61z420has!* been employed for the docking simulations, whilst for
GPBARI the 3D model developed in-house'*S, already employed in
several successful projects.!3"~1%

In GPBARI1 the simulations for all derivatives gave convergent results: the
quinoline group places itself in the amphipathic pocket between
transmembrane helices (TM) 3 and 5, reaching out to the residues involved
in GPBARI activation like Tyr89°%°, Asn93°?, Phe96°%¢, and Trp237%4%,
As for CysLTR, the quinoline portion of all molecules resides in the
pocket formed by TM3, TM4, and TMS5.

Next, the detailed binding modes of compounds 28, 29, 37 and 49 will be

discussed.
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3.4.1 Binding mode of 28 in GPBAR1

Compound 28 is placed so that the quinoline ring binds to TM3 and TM5
through an H-bond with Asn93°2* and several hydrophobic interactions
with Phe9633¢, Leu97337, Leu100**°, Leu173%, and Leul74>4" (Figure
15A). The phenyl ring engages in a T-shaped = stacking interaction with
Trp237%* and interacts with Leu71%%, Tyr8932°, Pro92332, Glul169>4?,
and Leu266’3°. The terminal alcohol group stretches towards TM1 and
TM7, pointing to Leu68>7 and contacts both Ser 27074 and Tyr240%-!
with two additional H-bonds (Fig. 15, panel A).

Figure 15. Binding modes of 28 in (A) GPBAR1 and (B) CysLTiR were identified via docking
calculations. The ligand is represented as gold sticks, whereas the interacting residues of the
receptors are shown in grey (GPBARI1) or cyan (CysLTiR) and labelled. Oxygen atoms are
depicted in red, and nitrogen atoms are depicted in blue. The receptors are represented as grey
(GPBARI) or cyan (CysLTiR) ribbons with their TMs labelled. Hydrogens are omitted for the sake
of clarity, and H-bonds are displayed as black dashed lines.

3.4.2 Binding mode of 28 in CysLT:iR

The quinoline moiety of compound 28 stands perpendicular to TM3 and
TMS and sits in the pocket formed by Tyr108*¥7, Ser155%37, Phe158*%,
Val186>3%, Ser193°4?, and Leu257%% (Fig. 15, panel B). Some additional
interactions further stabilise the binding mode: a cation-n interaction
between the quinoline and Arg253%3° an H-bond with Tyr104°* which in
turn also forms a T-shaped m stacking interaction with the phenyl ring
together with Tyr249%3!, Finally, an H-bond between the hydroxyl group
of 28 and Arg79*® is mediated by a water molecule (Fig. 15, panel B).
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Molecular dynamics (MD) and free-energy calculations of this binding
mode strongly confirmed the predictions of the binding mode (Fig. 16,
panels A and B).

Compound & RMSD (nm)
Compound 6 RMSD (nm)

-+ L 1 i L L s
0 200 400 600 800 1000 0 200 400 600 800 1000
Simulation time (ns) Simulation time (ns)

Figure 16. (A, B) Centroids of the most populated clusters of 28 in (A) GPBARI and (B) CysLTiR
MD simulations. The ligand is represented as gold sticks, whereas the interacting residues of the
receptors are shown in grey (GPBARI1) or cyan (CysLTiR) and labelled. Oxygen atoms are
depicted in red, and nitrogen atoms are depicted in blue. The receptors are represented as grey
(GPBARTI) or cyan (CysLTiR) ribbons with their TMs labelled. Hydrogen atoms are omitted for
the sake of clarity, and H-bonds and salt bridges are displayed as black dashed lines. (C, D) Average
RMSD of the heavy atoms of 28 in GPBARI1 (C) and CysLTiR (D) along the MD simulations.
Prior to the RMSD calculations, trajectory frames were aligned on the backbone of the protein.

3.4.3 Binding mode of 29 in GPBAR1

Due to the high similarity with compound 28, its binding mode almost
overlaps that of compound 29 (Fig. 17, panel A). More specifically, the
quinoline portion resides in the amphipathic box formed by TM3, TMS,
and TM6 where it interacts positively with Tyr89°%°, Leu97°3" Glu169>,
Leul734 Tyr240%°!, Val241%32 and Leu244%3°. The quinoline also
forms an H-bond with Asn93°3® and a m-m stacking interaction with
Phe96°-¢,

A T-shaped = stacking interaction happens between Trp237%%® and the
phenyl moiety which also points toward TM2 and TM7 establishing apolar
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interactions with Leu682>7, Leu712%, Thr74%%, Pr092332, and Leu266”°.
In the end, the carboxyl group forms an H-bond with Ser27074.

3.4.4 Binding mode of 29 in CysLTiR

As previously mentioned, compound 29 binds very similarly to 28 (Fig.
17, panel B). TM4 and TMS5 surround the quinoline ring very close,
establishing several hydrophobic contacts with residues like Phel58%,
Vall186%%, and Leu257%%. Moreover, Tyr104>33 and Arg253%% are
involved in a T-shaped m and cation—n interaction respectively with
compound 29. Unlike 28, the phenyl ring is located next to TM3 and TM2
and interacts with Leul103*3? and Leu28172°. Additionally, a salt-bridge

interaction occurs between the carboxylic group and Arg79*%.

I . -
Figure 17. Binding mode of 29 in (A) GPBARI and (B) CysLTiR. The ligand is represented as
orange sticks, whereas the interacting residues of the receptors are shown in grey (GPBARI) or
cyan (CysLTiR) and labelled. Oxygen atoms are depicted in red, and nitrogen atoms are depicted
in blue. The receptors are represented as grey (GPBARI) or cyan (CysLTiR) ribbons with their
TMs labelled. Hydrogens are omitted for the sake of clarity, and H-bonds and salt bridges are
displayed as black dashed lines.
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3.4.5 Binding mode of 49 in GPBAR1

In this case, the quinoline portion, positioned between TM3 and TMS,
establishes polar interaction with Tyr893?°, Asn9333, and Glu169°38, It
also engages hydrophobic contacts with Phe96>3¢, Leu97°37, Leul66>4°
Leul73%47 and Leul74°>4%. The ethereal oxygen forms an H-bond with
Tyr240%4, whilst the biphenyl group stretches out through the cleft shaped
by Leu71%%, Pro92342, Trp237%%°, Tyr240%%?, and Leu266’ letting the
carboxylic group form an H-bond with the side chain of Ser2707** (Fig.
18, panel A).

3.4.6 Binding mode of 49 in CysLTiR

The quinoline group of 49 fills a region between TM3 and TMS, in a
hydrophobic pocket formed by Tyr108°37, Phel158*%, Val 186>,
Ser193°4°, and Arg253°%°. Here, Arg253%>° and Phe158*%° form a cation-
n and ©t-w stacking interaction with the quinoline ring respectively, further
stabilizing the binding mode. The biphenyl ring points toward TM2 and
interacts with Tyr249%3! Tyr104>33 and Leu2817’. On the other hand,

the terminal carboxyl group establishes a salt bridge interaction with

Arg79%*% and two water-mediated H-bonds, one again with Arg79%% and

the other with Thr109°-*8 (Fig. 18, panel B).

Figure 18. Binding mode in GPBAR1 and CysLTiR and in vitro and in vivo evaluation of the
pharmacokinetics for compound 49. Binding mode of compound 49 (green stick) in
GPBARI (A) (grey cartoon) and CysLTiR (B) (sky-blue cartoon). The interacting residues of the
receptor are shown in stick and labelled. TMs of the receptors are labelled. Oxygen atoms are
depicted in red and nitrogens in blue. Hydrogens are omitted for the sake of clarity and H-bonds
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are displayed as black dashed lines. The bridging water molecule is reported as red sticks with
explicit hydrogens.

3.4.7 Binding mode of 37 in GPBAR1

Finally, the binding pose of 37, the most potent selective GPBAR1 agonist
discovered in this study, was also investigated. The quinoline scaffold
places itself between TM3 and TMS5; there, it forms an H-bond with
Asn93** and interacts with the hydrophobic residues, Leu97°-7,
Leul00*%°, Leul73>4%, and Leul74°*4’. The phenyl group interacts with
Pro923-2 and forms a T-shaped = interaction with Phe96°-°.

The sec-butyl chain points toward TM1 and TM7, establishing more
hydrophobic contacts with Leu68>°7, Leu71%%°, and Leu266’-° (Fig. 19).
™4 .

s

2 ™2 ‘
171, e

Figure 19. Binding mode of 37 in GPBAR1 from docking calculations. The ligand is represented
as light sea green sticks, whereas the interacting residues of the receptor are shown in grey and
labelled. Oxygen atoms are depicted in red, and nitrogen atoms are depicted in blue. The receptor
is represented as grey ribbons with its TMs labelled. Hydrogens are omitted for the sake of clarity,
and H-bonds are displayed as black dashed lines.
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3.5 In vitro and in vivo pharmacological profiling

3.5.1 Anti-inflammatory activity of 28, 29 and 37

To further investigate their pharmacological potential, compounds 28, 29
and 37 were tested to check if any anti-inflammatory activity would be
displayed. To this effect, murine RAW264.7 macrophages were treated
with lipopolysaccharides (LPS) and then co-incubated with or without
compounds 28, 29 and 37 at 0.1, 1.5, and 10 uM respectively.
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Figure 20. RAW264.7 cells were classically activated with LPS (100 nM) and exposed or not to
compounds 28, 29, and 37 at concentrations of 0.1, 1.5, and 10 uM, respectively, for 16 h.
Quantitative real-time polymerase chain reaction (PCR) analysis of expression of proinflammatory
genes Tnf-a (A) and 1I-1B (B), and anti-inflammatory genes I1-10 (C). These data are normalized
to Gapdh/18s mRNA. Data are derived from six replicates from two independent experiments.
Results represent mean + standard error of the mean (SEM). *p < 0.05 vs LPS group. Analysis of
variance (ANOVA) was used for statistical comparisons.

All three derivatives successfully decreased the levels of pro-inflammatory
cytokines (TNF-a and IL-1B) while compounds 28 and 37 also stimulated
IL-10, an anti-inflammatory cytokine (Fig. 20).
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The ability to contrast LTD4-induced proliferation of RAW246.7 cells was
also investigated: all the compounds together with REV5901 as control
successfully reversed the effect of LTD4, yet again confirming the
antagonism towards CysLT|R.

GPBAR1 was recently found able to modulate adhesion proteins’
production in endothelial and immune cells, thus influencing their
recruitment in inflamed regions. As CysLTiR plays a key role in cell
adhesion and leukocyte rolling, all compounds were tested in an adhesion
assay employing human aortic endothelial (HAEC) and U937 cells

(human monocytic cell line).
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Figure 21. HAEC cells were plated on a 24-well plate and activated with TNFo (100 ng/mL) and
LTD4 (1 uM) for 24 h, alone or in combination with compounds 28, 29, and 37 and REV5901 at
10 pM. U937 cells were treated under the same conditions. (A) For adhesion assay, U937 cells
were fluorescently labelled with BCECF-AM and were incubated for 120 min with HAEC cells.
Nonadherent monocytes were removed by gentle washing and fluorescence intensity was measured
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(485 nm excitation and 520—560 nm emission) using a microplate reader. (B) Quantitative real-
time PCR analysis of expression of proinflammatory genes I1-1 (B) and Tnf-a (C) and chemokine
Ccl2 (D) in U937 cells. These data are normalized to Gapdh mRNA. Data are derived from eight
replicates from two independent experiments. Results represent mean = SEM. #p < 0.05 vs NT
group and *p < 0.05 vs TNF-a + LTD4 group. Analysis of variance (ANOVA) was used for
statistical comparisons.

Monocytes’ adhesion to endothelial cells increases notably upon exposure
to TNF-a + LTD4 (Fig. 21, panel A). Compounds 28, 29 and 37 together
with REV5901 were able to decrease the adhesion of U937 cells with
compound 29 being the most effective among the new derivatives and
REV5901 being the most active. Since this adhesion assay determines
monocyte activation, the production of additional mediators (IL-1p3, TNF-
o and CCL2) was also investigated. The results of the experiment showed
the onset of an inflammatory state due to an increase in pro-inflammatory
cytokines. Compounds 28 and 37 managed to decrease TNF-a but were
less effective on IL-1B and CCL2. Besides, compound 37, a nano-molar
GPBARI selective agonist, was the most effective among the new
compounds in reducing the expression of pro-inflammatory cytokines IL-
1B and TNF-a (Fig. 21, panels B, C, D)

3.5.2 Pharmacokinetics Evaluation

The physicochemical parameters of the above-mentioned compounds
were assessed by liquid chromatography—mass spectrometry (LC—MS)
analysis and compared to those of the reference compound, REV5901
(Table 3). Compounds 28, 29 and 49 present good physicochemical
properties, with a better aqueous solubility than REV5901 (141, >200, and
66 respectively, vs 39 uM).

Moreover, the stability of the synthesised compounds against the human
metabolizing enzymes contained in liver microsomes (responsible for
phase I metabolism) and S9 (responsible for phase Il metabolism) fractions
was investigated in vitro, controlling the reduction of the non-metabolised

compound by high-performance liquid chromatography (HPLC)-MS/MS.

49



Compounds 28, 29 and 49 are highly stable to microsomal enzymes while
compound 37 was quickly modified by phase I enzymes, as reported in
Table 3.

Thus, the in vitro metabolic stability of compounds 28, 29 and 49 in the
S9 fraction was further investigated. Good t1» values were observed for all
the tested compounds. Among these, compound 49 presented the longest
half-life times (578 min in microsomes and 385 in S9 fraction). When
compared with REV5901, all three compounds showed a better
pharmacokinetic profile proving their high drug-likeness.

Table 3 Efficacy and potency for compounds 39-50.

Microsomes 89 fraction
Compound | Solubility (uM)* | LogD | ti2(min) Cint® t12 (min) Cint
REV5901 39.3 3.1 37 63 57 40
28 141 2.8 48 48 119 19
29 >200 0.12 210 11 247.5 9.3
37 3.5 1.01 223 103.3 - -
49 66 2.0 578 4 385 6

The best PK profile was that of compound 49; thus, its stability was also
investigated in vivo. Mice were treated with 49 and then plasma samples
were withdrawn after 1, 6 and 24h. LC-MSMS results showed that the
candidate quantity in blood was still considerable and that only after 24h
it would have reduced to the 20%.

3.5.3 In vivo pharmacological evaluation of compound 49

The aim of the project was the application of new CysLTiR
antagonists/ GPBAR1 agonists in the treatment of NAFLD/NASH, so
studying the involvement of CysLT|R and GPBARI1 in a murine model of

this condition was mandatory. To do so, the liver gene expression in both
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pathways was extensively assessed in a group of patients classified as early
and moderate NAFLD/NASH patients.
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Figure 22. The synthesis of leukotrienes is upregulated in the liver of NAFLD patients. (A)
Leukotriene synthesis pathway with the enzymes that are involved in each step of the synthesis.
(B-E) RNA-seq analysis of liver biopsy samples from GSE135251 repository of control, early

NAFLD and moderate NAFLD patients. Each dot represents a patient. Gene profile expression of
(B) GPBARI, (C) CYSLTRI, (D) ALOX5, and (E) FLAP, *p <0.05.

What emerged from this study was the robust increase in GPBARI
expression in both early and moderate stages while CysLTR expression
did not change from that of the healthy liver. Even though CysLTR was
not upregulated, the enzymes responsible for the biosynthesis of LTs
(ALOXS and FLAP) were overexpressed indeed (Fig. 22).

As for the experimental model, mice fed a High Fat Diet (HFD-F) were
chosen as these imitate the Western diet with a high-calorie intake leading
to liver damage like that observed in human patients. Compound 49

emerged as the best of all candidates because it presents the right
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combination of efficiency, potency, and PK profile. Therefore, compound
49 was fed orally (30 mg/kg) for 54 days to (HFD-F)-fed mice. During the
experiment, HFD-F mice gained 32% of their weight in 61 days while the
treatment was able to reduce this to a certain extent (Fig 23, panels A, B
and C). Compound 49 also determined an increase in insulin sensitivity,
observed through an oral glucose tolerance test (OGTT) (Fig. 23, panels
D and E).
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Figure 23. Beneficial effects of compound 49 on body weight gain and insulin sensitivity.
C57BL/6 male mice were fed a high-fat diet and fructose (HFD-F) or normal chow diet for 61 days.
From day 7 compound 49 was administered by oral gavage at the dose of 30 mg/kg/daily. (A)
Changes in body weight (%) and (B) AUCs of body weight expressed in arbitrary units. (C) Body
Mass Index (BMI) at the end of the experiment. (D) Glucose plasma levels in response to OGTT
and (E) AUCs of glucose plasma levels expressed in arbitrary units. Results are the mean + SEM
of 5-7 mice per group; *p <0.05.

Decreased levels of AST and ALT in plasma were also observed together

with a partial reduction of the proatherogenic profile determined by the
HFD.
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Histological analysis of the liver tissue was also performed to assess the
macroscopic appearance of the damage. HFD mice’s liver was bigger
while its enlargement was reversed by compound 49. The reversion of fat

vacuoles and hepatocytes ballooning in treated livers was also robust (Fig.

24).
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Figure 24. Beneficial effects of compound 49 on liver biochemistry and histopathology.
C57BL/6 male mice were fed a high-fat diet and fructose (HFD-F) or normal chow diet for 61 days.
From day 7 compound 49 was administered by oral gavage at the dose of 30 mg/kg/daily. Plasmatic
levels of (A) AST, (B) ALT, (C) Triglycerides, (D) Cholesterol, (E) HDL and (F) LDL at the end
of the study. Macroscopic and microscopic features of the liver: (G) liver weight (g), (H) ratio
between liver weight (g) and body weight (g), (I) hematoxylin and eosin (H&E) staining of liver
tissues obtained at the end of the study (magnification 4x, insets 10x) with (J) steatosis score, and
(K) Sirius red staining of liver tissues obtained at the end of the study (magnification 10x). Results
are the mean + SEM of 5-7 mice per group; *p <0.05.
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The reduction of fibrotic scars was also evident and correlated to decreased
expression of pro-fibrogenic genes, aSma and Collal.

As for the molecular level, the liver transcriptome was also analysed in
HFD-F mice with or without treatment (Fig. 25). The results showed that
compound 49 heavily rearranged the transcriptome with the modulation of
647 genes, the most upregulated genes were those involved in fat
metabolism like Cfd, Mogat 1 and Mel.
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Figure 25. Liver transcriptome analysis of compound 49 in HFD-F fed mice. C57BL/6 male
mice were fed a high-fat diet and fructose (HFD-F) or normal chow diet for 61 days. From day 7
compound 49 was administered by oral gavage at the dose of 30 mg/kg/daily. (A) Quantitative
analysis of PCoA that showed a major dissimilarity between the three experimental groups and (B)
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Venn diagram of differentially expressed genes showing the overlapping regions between the
experimental groups (fold change <—2 or >2, p-value < 0.05). Relative mRNA expression levels
extract from RNA-seq analysis of (C) Fasn, (D) Acc, (E) Srebfl, (F) Elovl5, (G) Cfd, (H) Mogat,
(I) Fabp2, (J) Cd36, (K) Abcg, (L) Mel, (M) Cidea, (N) Cidec, (O) Ccl3, (P) Ccl2, (Q) Cxcl2, (R)
Serpinel, (S) Fgf21 and (T) Cyp7al. Results are the mean + SEM of 5-7 mice per group; *p <0.05.

The treatment with 49 influenced the expression of 154 genes, the most
downregulated gene was Ccl3, a chemokine whose levels are found high
in NASH patients’ liver and serum. Cxcl2, Ccl2 and Serpine 1 were also
downregulated together with FgF21, responsible for the liver uptake of
fatty acids and lipoproteins. Cyp7al expression was also increased with
the consequent increase in cholesterol conversion and bile acids synthesis.
The treatment with 49 was also able to increase the expression of Ppara, a
gene linked to fatty acid oxidation, and Ppary, a confirmed target for the
treatment of NASH. No influence was ever detected on other receptors like

GPBARI, FXR and their genes, or the LTs pathway (Fig. 26).
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Figure 26. Effects of compound 49 on the liver expression of GPBARI1, FXR, and its target
genes and nuclear transcription factors. C57BL/6 male mice were fed a high-fat diet and fructose
(HFD-F) or normal chow diet for 61 days. From day 7 compound 49 was administered by oral
gavage at the dose of 30 mg/kg/daily. Relative mRNA expression levels extract from RNA-seq
analysis
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of (A) Gpbarl, (B) Fxr, (C) Bsep, (D) Shp, (E) Ppara, (F) Ppary, (G) CysLTiR, (H) AloxS,
and (I) Flap. Results are the mean + SEM of 5-7 mice per group; *p < 0.05.

The adipose tissues are greatly intertwined with the energy management
processes and present a deep interplay with liver parenchyma. Several
hepatic factors were found to modulate the activity of both white and
brown adipose tissues. !

By implication, the effects of compound 49 on white and brown adipose

tissues were studied (Fig. 27).
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Figure 27. Effects of compound 49 on adipose tissue. C57BL/6 male mice were fed a high-fat
diet and fructose (HFD-F) or normal chow diet for 61 days. From day 7 compound 49 was
administered by oral gavage at the dose of 30 mg/kg/daily. (A) BAT weight, (B) ratio BAT weight
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(g)/body weight (g), and (C) temperature of BAT (°C) on day 51. (D) eWAT weight and (E) ratio
eWAT weight (g)/ body weight (g). Relativee mRNA  expression levels
of (F) GPBARLI, (G) CysLTiR, (H) Fasn, (I) Adiponectin, (J) Ucp2, (K) Pgcl, (L) Srebplc, (M)
Tnf-a, (N) Cd11b, (O) Ppary, and (P) Fxr in eWAT. Results are the mean = SEM of 5-7 mice per
group; *p < 0.05.

The volume of BAT and the ratio of BAT weight/body weight were
reduced partially by the treatment. The same effect was observed on the
epididymal white fat (eWAT), the mouse counterpart of the visceral fat in
humans. The influence on the gene expression in eWAT was investigated
and GPBARI, CysLTiR, Tnf-a and Cd11b were increased by HFD-F and
these effects were reversed by compound 49. Lipogenic genes suffered no
changes in their expression while HFD tended to downregulate Ppary and
Pgcla.

As for the colon, compound 49 also upregulated the expression of Geg, a

gene encoding glucagon-like peptide 1, and the levels of the pro-

inflammatory cytokine Il-1p were also decreased (Fig. 28).
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Figure 28. Effects of compound 49 on colon inflammation. C57BL/6 male mice were fed a high-
fat diet and fructose (HFD-F) or normal chow diet for 61 days. From day 7 compound 49 was
administered by oral gavage at the dose of 30 mg/kg/daily. Relative mRNA expression levels of (A)
11-1B, and (B) Geg. Results are the mean + SEM of 5-7 mice per group; *p < 0.05.
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3.6 Conclusions

The synthesis and the pharmacological characterization of compound 49
are reported as the first in a class of a novel series of dual CysLT|R
antagonists/GPBAR1 agonists. All the obtained derivatives are easily
accessible, using commercially available low-cost starting materials and
few synthetic steps with good-to-excellent yields. The structure-activity
relationship (SAR) was rationalized thanks to in silico and
pharmacological analyses. The dual activity was obtained by harnessing
the scaffold of a well-characterized, yet discarded, CysLT|R antagonist,
REV5901.

A flat, aromatic spacer connecting the quinoline ring to the ending polar
group (i.e., carboxylic or hydroxyl group), like the biphenyl function, is of
choice over a flexible spacer (alkyl chain) to maintain CysLT;R/GPBARI1
affinity.

Importantly, the carboxylic group with its negative charge establishes a
strong salt bridge interaction with Arg79*® in the CysLTiR. The same
kind of interaction happens with known CysLTiR antagonists, like
pranlukast, whose tetrazole group is bioisostere of the carboxylate group.
Such interaction weakens indeed when the carboxylic acid is substituted
with an ester or an alcohol group, the same consequence happens when the
carboxylic acid is in the para position.

The key residues for the activation of GPBARI1 (Tyr89*%, Asn93°3,
Phe96°3%, and Trp237%4%) are all contacted by compound 49.

Moreover, an additional H-bond interaction takes place between the

07.43

carboxylic group in the meta position of 49 with Ser270"*°, as seen in other

GPBARI agonists.'#1"144
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Considering the results of the in vitro pharmacological and
pharmacokinetic assays, the lead compound (49) was tested to investigate
its efficacy in a preclinical model of NAFLD/NASH.

Compound 49 exerted several positive effects on the used murine model:
a reduction of the body gain and the macroscopic liver damage elements
together with lower levels of AST/ALT in plasma were observed.
Supporting these phenotypical effects, the liver transcriptome was heavily
reshaped during the treatment influencing the expression of 154 genes.
More precisely, several genes involved in lipogenesis and energy
metabolism were successfully modulated.

The treatment also largely influenced the production of several pro-
inflammatory cyto and chemokines including Ccl3, Ccl2, and Cxcl2.
Furthermore, the regulation of Cyp7al was also influenced by 49 in this
model of NAFLD'*, a result that is relevant since CYP7A1 is the rate-
limiting enzyme in the synthesis of primary bile acids in the liver.!4

An interesting consequence of HFD in mice is the increased conversion
rate of cholesterol into BAs. Thus, cholesterol is excreted more in the stool
preventing the process of fat accumulation in the liver. Furthermore, the
induction of CYP7ALl is strongly associated with a protective effect
towards the liver preventing steatosis, inflammation, and fibrosis.'*’

The effects of the treatment on adipose tissues were also studied. Indeed,
compound 49 reduces BAT weight, probably due to the reduction of body
weight, and it also determines some changes in the eWAT. Inflammatory
genes such as Tnf-a and Cd11b were also negatively modulated, thus
resolving the pro-inflammatory nature that is typical in NASH patients.
To sum up, we presented a novel family of dual CysLT;R antagonists and
GPBARI agonists endowed with beneficial effects in a murine model of

NASH. Genetic and pharmacological profiling of the lead compound of
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the series, compound 49, showed a novel approach for the modulation of
multiple targets in the treatment of NASH.

Liver damage can also be caused by external factors, such as exaggerated
alcohol consumption or drug misuse. To expand the pharmacological
potential of compound 49, a model of drug-induced liver damage was

applied with very promising results.!*
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6. Bile acid derivatives as potent ACE2 activators

6.1 ACE2, the cell entry receptor for SARS-CoV-2

In the past decades, several waves of pandemics have hit humankind
killing millions of people and exhausting the healthcare systems. Among
all of these are severe acute respiratory syndrome (SARS), Middle East
respiratory syndrome (MERS) and coronavirus disease 19 (COVID-19),
the latest.

These outbreaks were all caused by viruses belonging to the same family
of Coronaviridae (SARS-CoV, MERS-CoV and SARS-CoV-2).!7
SARS-CoV-2 is a positive-sense single-stranded RNA virus, its exact
origin is unclear, but the sequencing studies determined a zoonotic origin.
In particular, the actual hypothesis is that a spillover event has happened
at some point between a reservoir population, probably some species of
bats, to a mammal carrier from which then the virus arrived in humans.
SARS-CoV-2 emerged with heavy contagiousness as its rapid spreading
indeed caused the declaration of a global pandemic by the WHO on March
11™,2020.

The total number of deaths nowadays is about 6 million people
(https://github.com/CSSEGISandData/COVID-19). The lack of proper
therapeutical strategies together with the initial inexperience with the
disease outcomes strongly prompted the need to identify efficient
remedies.

The SARS-CoV-2 virus has a typical Coronavirus structure composed of
four structural proteins, called S (spike), E (envelope), M (membrane) and
N (nucleocapsid). The first three (S, E, and M) form the external envelope
of the virus while the N proteins bind the RNA holding it together.!”3

The Spike (S) proteins were proven essential to the transmission and

replication of the virus. Each one forms homotrimers protruding from the
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virus surface and presents two functional subunits, S1 and S2. The SI
subunit is responsible for the interaction with the angiotensin-converting
enzyme 2 (ACE2) of the human host cell and is made from two
subdomains, the N-terminal domain (NTD) and the C-terminal domain
(CTD). Spike protein’s CTD presents the receptor binding domain (RBD)
responsible for binding ACE2.!74175 On the other hand, S2 mediates the
membrane fusion to allow the entrance of the viral RNA into the host cell.
For these events to happen, the Spike protein needs to be activated by two
proteolytic cleavages: the first between the two subunits, S1 and S2 and
the second one on S2°.176 Such cleavage events also called “priming” are
due to the proteases expressed on the human cell surface, the main
protease, responsible for the activation of S protein, is Transmembrane
protease serine 2 (TMPRSS2); other proteases able to activate the Spike
protein are the Cathepsins, included in the endolysosomes. The virus can
enter the host cell directly by fusing into the membrane or indirectly, by
being endocytosed and then fusing into the membrane of the
endocytosome.

The importance of the interaction between Spike protein and ACE2 is
glaring and targeting ACE2 with an agonist represents another possibility
to displace the spike/ACE2 interaction and disrupt the virus attack.

The angiotensin-converting enzyme 2 (ACE2)!"1 is a
metallocarboxypeptidase, as such it can hydrolyse single amino acids from

179 and exists in two forms: the membrane

the C-terminus of the substrate
form (mACE2) is fixed on the surface of the cell and functions as the entry
receptor for SARS-CoV-2 whereas the soluble form (sACE2) freely
circulates into the organism. ACE2 is part of the renin-angiotensin-
aldosterone (RAAS) system, the main blood pressure control axis. Any

hypotensive stimulus induces the release of renin which converts

88



angiotensinogen into angiotensin I. Ang I is then hydrolysed by the
angiotensin-converting enzyme (ACE) to produce angiotensin II.

Ang II binds to the Ang II type I receptor (AT1) causing sodium and water
retention, vasoconstriction, heart hypertrophy, inflammation, and cell
proliferation. The role of ACE2 in RAAS is to counterbalance the effects
of Ang II and ACE activity. Indeed, ACE2 converts Ang II into
angiotensin-(1-7), therefore, lowering the pro-inflammatory and
hypertensive effects of Ang II. Moreover, Ang-(1-7) binds Mas G protein-
coupled receptor (MasR) whose activation has the complete opposite
effects of AT|R, such as vasodilation, natriuresis, and anti-inflammatory
effects, 180183

Due to the variety of different symptoms in COVID-19 patients, the
expression of ACE2 in the different districts of the body has been the focus
of life sciences research lately.'®*!85 Even though the analysis of the
transcriptome revealed a low expression of ACE2 in the lungs, the
respiratory complications determined by COVID-19 infection are due to
the massive induction of the production of pro-inflammatory cytokines
which in turn could upregulate ACE2.'3¢187 A large debate has been going
on since the identification of the infection mechanism about the increased
lethality of COVID-19 in patients suffering from hypertension, diabetes,
cardiovascular diseases, or obesity.!®®

A proposal to justify the higher lethality of the infection in hypertensive
patients was that hypertension treatment with ACE-inhibitors or Ang II
type I receptor blockers (ARB) is somewhat linked to indirect upregulation
of ACE2; even though the mechanism has not been yet understood, one
could hypothesise that these drugs may induce accumulation of either Ang
I or IT which in turn stimulates the expression of ACE2 to rebalance the

RAAS. In vitro models of infection have shown that ACE2 overexpression
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can facilitate the entrance of the virus into the cells, thus increasing its
infectivity. On the other hand, there are findings proposing that ACEi and
ARBs use indeed determines an accumulation of Ang I and II which causes
an increased production of Ang-(1-7) whose cardioprotective and anti-
inflammatory activity have been demonstrated. What is undeniable,
however, is that ACE2 is the key cell entry protein for SARS-CoV-2.%
The conclusive speculation could be that once COVID-19 inflammation
has established, a downregulation of ACE2 follows thus decreasing the
protective and beneficial effect of the production of Ang-(1-7). In the end,
the amount of scientific data regarding these correlations has not been
considered enough to suggest the interruption of drug therapy in
hypertensive patients,!*%!°!

Furthermore, ACE2 can also withstand a proteolytic cleavage by a
disintegrin and metalloproteinase (ADAMI17 also known as TACE,
tumour necrosis factor-a-converting enzyme) or TMPRSS2 192193

The binding of Spike protein to mACE?2 activates TACE which cleaves
the enzyme into its soluble form, SACE2. The latter is still able to bind
Spike protein and then convey the virus into the cells. This interaction is
still under study and not much has been elucidated so far other than
inspiring the possibility of administering an exogenous SACE2 to catch the
Spike proteins and prevent the virus internalisation.

Another possible approach could be the identification of ACE2 activators
which would potentially increase the beneficial effects of the ACE2/Ang-
(1-7)/MasR axis.!**

It is of utter importance to highlight that identifying ACE2 activators
would not only have a potential application in COVID-19 therapy but also
in the large variety of cardiovascular diseases which are one of the most

common conditions in the whole world.
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6.2 Project presentation
Few attempts to identify ACE2 activators have been made so far and from
these diminazene aceturate (DIZE) has been identified as an ACE2
activator, 919
This compound is used as an anti-trypanosomiasis veterinary drug, but it
proved to activate ACE2 in several animal models of hypertension, liver
injury, kidney disease and myocardial infarction.'?¢-2%
DIZE was also able to revert inflammatory conditions in an NF-«xB-
dependent fashion. Even though it has been proposed as a beneficial agent
for COVID-19 treatment, DIZE’s cytotoxicity at the employed
therapeutical doses hampered any further advance in the clinical
studies.?01-202
The increased availability of 3D structures of ACE2 in the Protein Data
Bank (PDB) has made it possible to perform structure-based drug
discovery (SDD) aiming at the identification of ACE2 activators.
Engaging SDD on the basis that some endogenous bile acids (BAs) may
disrupt Spike protein/ACE2 interaction, an in-house library of compounds,
all derivatives of ursodeoxycholic acid (UDCA), was analysed in silico
and then in vitro to assess and better understand the structural
characteristics that are needed to induce the activation of the enzyme.
6.3 Synthesis of UDCA derivatives
The in-house library was planned to include derivatives with the typical
tetracyclic core of steroids which was differently substituted (Fig. 40). The
varied positions in the steroidal core were:

1) The hydroxyl groups both at C-3 and C-7 with different

configurations

2) The ethyl chain at C-6 with different configurations
3) The length and substituents of the side alkyl chain at C-17

91



Ns N
N
HoN NH,

NH o NH
N

HO e

o I

Diminazene aceturate (DIZE)
dgig/\/OH
' H
H (0]
98
OH
OH
H |
101
OH
OH
H
104

o"

H
HO

o

OH

=

HO H
o) ) (o]
UDCA 95
OH
HO" OH

99

OH

{%\

HOY OH

102

OH

%\7
g%;

HO OH
H

~N
105

Figure 40.

HOY H
o) ) (o)

R = NHCH,COOH G-UDCA 96
NHCH,CH,SO;Na T-UDCA 97

OH

HO" OH

100

HO OH

103

HO OH

106

Compounds 95 (ursodeoxycholic acid), 96 and 97 are secondary bile acids

which are produced in the human organism and are commercially available

and were used as purchased. All the others are semisynthetic derivatives

of UDCA.

The synthesis of compound 98 started using the commercially available

UDCA (Scheme 8).
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Scheme 8. Reagents and Conditions: a) HCOOH, HClOs4, quantitative yield; b) TFA,
trifluoroacetic anhydride, NaNO2, 97%; c) KOH 30% in MeOH/H:0 1:1 v/v; d) p-TsOH, MeOH
dry, 96% over two steps; e) LiBHs, MeOH dry, THF, 0 °C, 94%
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UDCA diformylation was followed by the Beckmann degradation
performed by treating with NaNO> and trifluoroacetic anhydride in
trifluoroacetic acid. The corresponding nitrile 108 was then heated with a
30% w/w KOH aqueous solution to remove the formyl groups and
hydrolyse the nitrile into the carboxylic acid 109. Then, a Fisher
esterification followed by reduction with LiBH4 afforded the final

derivative 98.

CN COOMe

HOY o]
o H
7-KLCA 111 112 13

Scheme 9. Reagents and conditions: a)y HCOOH, HClOs4; b) TFA, trifluoroacetic anhydride,
NaNOz; ¢) KOH 30% in MeOH/H20 1:1 v/v, 88% over three steps; d) p-TsOH, dry MeOH, 66%

Compound 99 was obtained with the same first 4 synthetic steps employed
for compound 98 but starting from 7-ketolithocholic acid (7-KLCA),
another commercially available secondary bile acid (Scheme 9). The final
methyl ester 113 was then subjected to simultaneous trimethylsilyl (TMS)
protection of the C-3 OH group and the formation of a silyl enol ether. The
latter was used for an aldolic condensation with acetaldehyde and BF;
diethyl etherate with the TMS deprotection at the same time to afford the
intermediate 114 (Scheme 10).
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Scheme 10. Reagents and conditions: a) DIPA, n-BuLi, TMSCI, dry TEA, dry THF, -78 °C; b)
acetaldehyde, BF3(OEt)2, CH2Cly, -78 °C, 60% over two steps; ¢) H2, PA(OH)/C, THF/MeOH 1:1,
quantitative yield; d) NaBHa4, dry MeOH, 0 °C; e) LiBH4, dry MeOH, dry THF, 0 °C, 77% over
two steps.

The heterogeneous catalytic hydrogenation of the double bond with
palladium hydroxide on carbon afforded only the B-ethyl derivative 115.
Treating intermediate 115 with an excess of NaBH4 in methanol and then
performing a LiBH4 reduction on the crude reaction to secure the
reduction of the methyl ester on the side chain, furnished the
corresponding triol with both configurations at C-7 (compounds 99 and its
C-7 epimer 116 as by-product).

COOMe / CH,OH

HO" o] HO™ < "R

N N

19 102 R=B-OH
ep-102 R = a-OH

COOH / COOMe / COOMe 1 CH,0H

HO™ o -
HO o] HO o] 3
H ‘ H HO H R

7-KLCA 17 o f 118 100 R=B-OH
ep-100 R = a-OH

HO" R

H ‘ 25
101 R=B-OH
ep-101 R = a-OH
Scheme 11. Reagents and conditions: a) p-TsOH, dry MeOH, 99%; b) DIPA, n-BuLi, TMSC], dry
TEA, dry THF, -78 °C; c) acetaldehyde, BF3(OEt)2, CH2Clz, -60 °C, 55% yield over two steps; d)
Hz, Pd(OH)2, THF/MeOH 1:1, quantitative yield; ¢) NaBH4, dry MeOH, 0 °C; f) LiBHs, MeOH,
dry THF, 0 °C; g) MeONa in dry MeOH.
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The synthesis of compounds 100, 101 and 102 was also performed starting
from 7-KLCA (Scheme 11). On this, a Fisher esterification was carried out
followed by the formation of the silyl enol ether used afterwards in an
aldolic condensation with acetaldehyde to afford 117. Heterogeneous
hydrogenation of 117 afforded the intermediate 118 whose NaBH4
treatment in methanol afforded extensive C-7 epimerization and partial
reduction at the C-24 methyl ester group. The latter was then completely
reduced by LiBH4 reduction. The resulting mixture contained 6p3-ethyl
derivatives 100 and its epimer at C-7 in a 7:3 ratio, separated by HPLC.
Intermediate 117 was also directly reduced first with NaBH4 to afford the
C-7 alcohol derivative and then with LiBH4 to produce the final allyl
alcohol 101 (85% yield over two steps).

On the other hand, intermediate 118 was epimerised at C-6 by treatment
with a solution of sodium methoxide in methanol to give 119 with a
quantitative conversion. Finally, derivative 102 was derived with two

consecutive reduction steps on 119, as described for 117.
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Scheme 12. Reagents and conditions: a) p-TsCl, dry pyridine; b) AcOK, DMF/H20 5:1, 74% yield
over two steps; ¢) NaBH4, dry MeOH, 0°C; d) LiBHs, dry MeOH, dry THF, 0°C; e) NaOH,
MeOH/H20 1:1; f) LiBr, Li2COs3, DMF; g) Ha, Pd/C, THF, 88% yield over two steps.

The synthesis of the last four derivatives (103, 104, 105 and 106) has a
common intermediate, the ester 118, whose synthesis has already been
described above (Scheme 12). Apart from compound 104, all derivatives
feature a 3-B-OH configuration which was obtained by activating 118 with
tosyl group at C-3 and then substituting it with potassium acetate. The
resulting 3-O-acetyl derivative 121 was directly treated with prolonged
excess of NaBHj4 to reduce the ketone at C-7 and then with LiBHato afford
the final triol 103 and its epimer. Compound 121 was also treated with a
solution of sodium methoxide in methanol to induce quantitative
epimerisation of the ethyl group at C-6. The 6-a-ethyl derivative 122 was
equally treated with NaBH4 and then with LiBH4 to produce compound
105 together with its epimer.

On the other hand, to afford the corresponding carboxylic acid, compound
122 was first hydrolysed with sodium hydroxide and then a reduction with
lithium borohydride was carried out to furnish 106. The 3-O-tosyl
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intermediate 120 was treated with LiBr and Li2COs3 in DMF to carry out
an elimination. The following heterogeneous hydrogenation of the
elimination products afforded the intermediate 123 which was turned into
the final triol 104 with the same double reduction protocol already

employed.
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6.4 Virtual screening analyses

To assess the interaction of the putative ligands with ACE2, the docking
simulations were performed using a 3D model of the X-ray structure of
ACE?2 in the open conformation (PDB ID 1R42).2%® The region of ACE2
that was selected to carry out the simulations was the hinge-bending
region, already suggested as the binding site of ACE2 activators.!**!*°> The
structures of hydroxyzine, minithixen, DIZE and xanthenone, known
ACE?2 activators, were also included in the virtual screening. The results
revealed that most of the steroidal derivatives have very promising
docking scores, in some cases higher than the already known activators
(Table 6).

Table 6. AutoDock4 Docking Scores (ADscore), Enzymatic Activity, and
Inhibition of ACE2/Spike Interaction of the Tested Bile Acid Derivatives

Compound | ADscore (Kcal/mol) | ACE2 activity? Splll:l‘;:lAbgf)i t(’;/l; ;1bing
DIZE -6.44 141.04 £2.73 n.a.

95 -8.37 102.23 £9.1 45.3+2.23°
96 -8.58 108.34 £ 10.7 21.3+£0.63¢
97 -8.11 105.77 £ 6.98 42.4 + 3.83°
98 -8.61 140.13 + 6.94 10.8 £ 6.4

929 -8.25 114.24 £1.19 39.9+7.25
100 -9.34 109.83 +12.99 30.8 +£1.98¢
101 -9.42 105.01 £ 8.7 28.4 +8.02
102 -9.08 114.33 £ 1.25 40.8 +5.84
103 -8.98 141.28 +7.3 3.8+1.9

104 -9.16 102.74 £7.7 282+6.5

105 -9.07 98.82+11.95 18.9 £7.46
106 -8.43 116.37+£3.75 32.9+3.92

2Effect on ACE2 activity of compounds tested at 10 pM, referred to the activity in the absence of
any compound (100). Results are expressed as mean =+ standard error. *p < 0.05 vs Data are mean
+ SE, n = 3. YInhibition of Spike-RBD/ACE2 Binding for each compound tested at 10 uM,
expressed as % =+ SE. *Data was taken from ref.2%*
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All compounds shared similar binding poses to the hinge-binding region
of ACE2, reaching out to Lys94, Leu95, Glu98, and Glu102 residues from
the helix a3 of subdomain I and to Tyr202, Asp206 residues from helix
a7, to Val209, Asn210 residues from helix 310 H3 and finally to Pro565
and Trp566 from Helix a19, all part of the subdomain II (Fig. 41).

]\—E
AL
Figure 41. Graphical representation of the binding mode of the best docking poses. (A)
Superimposition of the best docking pose for all the compounds in reported Table 6: (B) and (C)
details of the best docking pose of 98 (gold sticks) and 103 (light-violet sticks), respectively. The
interacting residues of the receptor are shown in grey sticks and labelled. Oxygen atoms are
depicted in red and nitrogens in blue. Protein receptors are represented as grey cartoon. Hydrogens
are omitted for the sake of clarity, while H-bonds are displayed as dashed black lines.
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6.5 In vitro activity assays

To substantiate the promising results of the virtual screening, all
compounds were tested to assess their activity on ACE2. The assay was
carried out employing an ACE2 Inhibitor Screening Assay kit and the
reference activator was DIZE. All the derivatives were able to activate
ACE2 with compounds 98 and 103 being endowed with similar efficacy
to DIZE (Table 6, Fig. 42).

200
180
5160 * % *
= 140 = =, . T *
2 120 - — —
= 100
@
Z 80
3 60
°
T 40
20
0
&@$$$§§§@@§@§$
é@ Q

Figure 42. ACE2 activity assay. Compounds 95-106 were tested on a cell-free enzymatic assay to
screen activators of ACE2 activity. Dize was used as positive control. The assay is designed to
measure the exopeptidase activity of ACE2, it utilizes the ability of an active ACE2 to cleave a
synthetic fluorogenic substrate to release a free fluorophore. The released fluorophore is quantified
using a fluorescence microplate reader. Fluorescence values of activity in absence of any compound
were arbitrarily set to 100%. Results are expressed as mean + standard error. *p < 0.05 vs No Cpd.
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The selected compounds were also tested in a Spike/ACE2 Inhibitor
Screening Assay Kit to assess whether they could disrupt the interaction
between the RBD of Spike protein and ACE2. Interestingly, compounds
99 and 102 were able to inhibit the Spike RBD/ACE?2 interaction in a
concentration-dependent fashion up to 40% (Table 6, Fig. 43).
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Figure 43. The ACE2/SARS-CoV-2 Spike Inhibitor Screening assay. Compounds 98-106 were
tested at different concentrations (0.1, 1, and 10 uM; 1, 10, and 100 uM for cpd. 103), to evaluate
their ability to inhibit the binding of Spike protein (5 nM) to immobilized ACE2. Luminescence
was measured using a Fluo-Star Omega fluorescent microplate reader. Luminescence values of
Spike 5 nM were arbitrarily set to 100%. Results are expressed as mean + standard error. *p <0.05
vs Spike 5 nM.
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6.6 Molecular dynamics on ACE2 and BAs derivatives

The project also included a detailed analysis of the in-silico MD
simulations of two different 3D models of ACE2, the open form (native)
and the closed one (bound to an inhibitor), PDB ID 1R42 and 1R4L,
respectively. These two forms are two different conformational states
between which ACE2 crisscrosses. The results of three MD simulations of
500 ns each on ACE2 apo-form showed the existence of two main
conformations, one open and the other closed. The conformational
equilibrium between these forms involves the movements of two
subdomains (Sub I and Sub II) with the critical flexible area being located
within the hinge-binding region, thus suggesting that our derivatives
manage to bind the region involved in the shift from the active to the
inactive form of ACE2 (Fig. 44, panel A).

The same type of MD simulations was also carried out on ACE2 with the
most effective compounds 98 and 103. Both derivatives when complexed
with ACE2 were able to hamper the closure between Sub I and Sub II.
More specifically, compounds 98 and 103 occupy a pocket stacked
between the helix a3, the loop between a7 and a8, and the loop connecting
al8 and al9.

Compound 98 occupies an amphipathic pocket contacting with Val212,
Leu 392, and Lys562. Both 3B and 78-OH engage in an H-bond with
GIn102 and Glu208, respectively. The terminal alkyl side chain
contributes with additional hydrophobic interactions with Leu 395 and
Pro565 and the hydroxyl group at C-24 H-bonds a Ser253.

As for compound 103, two main binding clusters were identified. In the
most populated one, the molecule enters the same amphipathic pocket as
98 but with a different orientation on its axis. The H-bonds with GIn102
and Pro565 are maintained (Fig. 44).
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LEU392

LYS562

VAL212

Figure 44. (A) Overall representation of the most populated MD-derived clusters of 103/ACE2
complex (orange cartoon) and 98/ACE2 complex (cyan cartoon). The black square indicates the
hinge-bending region targeted as the agonist binding site. (B) Cluster0 (85%) binding mode of
103/ACE2 complex (protein is represented in the orange cartoon, while ligand in the light-violet
stick). (C) Cluster0 (76%) binding mode of 98/ACE2 complex (protein is represented in the cyan
cartoon, ligand in the brown stick). (D) Superimposition between the cluster] of 98/ACE2 complex
and cluster0 103/ACE2 complex (protein represented in the orange cartoon, 103 in the light-violet
stick, and 98 in the dark-grey stick).
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6.7 Conclusions

This project led to the identification of a series of UDCA derivatives as
promising ACE2 activators. Two compounds of the series, 98 and 103,
activated ACE2 with an efficacy comparable to that of DIZE, a well-
known ACE2 activator. The MD simulations also disclosed an insight into
the activation mechanism of the enzyme and the activation binding site.
The results of the binding modes suggest that the stereochemistry of the
single substituents on the tetracyclic core does not play a key role in
successful binding, and therefore the effects of chemical modifications to
the steroidal scaffolds on the enzymatic activity must be analysed deeper.
The in vitro assay results sustained the conclusion reached by the analysis
of the docking studies.

Interestingly, the results of the Spike RBD/ACE2 inhibition assay
presented compounds 99 and 102 as the most effective compounds. These
results finally suggested that the ability of binding and activating ACE2
does not disrupt the ability of Spike RBD to tightly bind to ACE2.
Nonetheless, the identification of ACE2 activators is still desirable and
beneficial in the treatment of hypertension, cardiovascular disease, and

inflammation but also in supporting COVID-19 therapy.
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Experimental Section I

Chemistry. High-resolution electrospray ionization mass spectrometry
(ESI-MS) spectra were performed with an LTQ-XL equipped with an
Ultimate 3000 HPLC system (Thermo Fisher Scientific) mass
spectrometer. NMR spectra were obtained on a Bruker 400 spectrometer
("H at 400, '3C at 100 MHz), recorded in CDCl; (8u = 7.26 and &c = 77.0
ppm) and CD3OD (6u = 3.30 and 6c = 49.0 ppm). Detected signals were
in accordance with the proposed structures. Coupling constants (J values)
are given in hertz (Hz), and chemical shifts (8) are reported in ppm and
referred to CHD>OD and CHCIs as internal standards. Spin multiplicities
are given as s (singlet), br s (broad singlet), d (doublet), t (triplet), or m
(multiplet).

HPLC was performed with a Waters model 510 pump equipped with
Waters® Rheodyne injector and a differential refractometer, model 401.
Reaction progress was monitored via thin-layer chromatography (TLC) on
Alugram silica gel G/UV254 plates. Silica gel MN Kieselgel 60 (70-230
mesh) from Macherey-Nagel Company was wused for column
chromatography. All chemicals were obtained from Zentek, Inc.

Silica gel (200400 mesh) from Macherey-Nagel Company was used for
flash chromatography. All chemicals were obtained from Sigma-Aldrich,
Inc. Solvents and reagents were used as supplied from commercial sources
with the following exceptions. Hexane, ethyl acetate, chloroform,
dichloromethane, tetrahydrofuran, and triethylamine were distilled from
calcium hydride immediately prior to use. Methanol was dried from
magnesium methoxide as follows. Magnesium turnings (5 g) and iodine
(0.5 g) were refluxed in a small (50-100 mL) quantity of methanol until
all the magnesium has reacted. The mixture was diluted (up to 1 L) with

reagent-grade methanol, refluxed for 2-3 h, and then distilled under
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nitrogen. All reactions were carried out under argon atmosphere using
flame-dried glassware.

The purity of all final compounds was determined to be greater than 95%
by analytical HPLC analysis.

General procedures.

DIBAL-H reduction. At a solution of methyl quinoline-2-carboxylate in
dry THF (25 mL) at 0 °C, a solution of DIBAL-H (2.0 eq, 1.0 M in THF)
was added dropwise. The resulting mixture was stirred at room
temperature for 8h at 0 °C. When the TLC shows the end of the substrate,
the reaction was slowly added to a saturated solution of sodium potassium
tartrate and stirred for 2h. The mixture was partitioned three times with
CH2Cl>, and the combined organic extracts dried over Na>SO4. The
solution was concentrated in vacuum and the residue was further purified
on silica column using 6:4 v/v hexanes/ethyl acetate with 0.1% of TEA to
give 52 in quantitative yield.

Mitsunobu reaction. At a solution of PPhs (3.5 eq) in dry THF a 0 °C, 3.5
eq of diisopropyl azodicarboxylate (DIAD) were added dropwise. After 10
minutes, a solution of alcohol 52 in dry THF was added and the mixture
was stirred for 10 minutes more, before adding a solution of methyl 4-
hydroxybenzoate or methyl 3-hydroxybenzoate (3.0 eq) in dry THF. The
mixture was stirred vigorously for 12h, then diluted with water and
extracted with EtOAc (3 x 50 mL). The organic layers were collected and
washed twice with aqueous KOH 2.5 M solution, once with brine and then
dried over Na;SOq, filtered, and concentrated under reduced pressure. The
resulted residue was purified on silica column to give compounds 24 and
27, respectively.

Methyl 4-(quinolin-2-ylmethoxy)benzoate (24). Crude purification by

flash column chromatography (silica gel, hexanes/ethyl acetate 8:2 with
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0.1% of TEA) furnished compound 24 (76% yield). An analytic sample
was analysed by HPLC on a Nucleodur 100-5 C18 column (5 um; 10 mm
i.d. x 250 mm) with MeOH/H>0O 82:18 v/v as eluent (flow rate 3 mL/min,
tr = 13 min); '"H NMR (CDCls, 400 MHz): § 8.21 (1H, d, /= 8.5 Hz), 8.09
(1H, d, J= 8.3 Hz), 8.00 (2H, d, /=9.0 Hz), 7.84 (1H, d, J= 8.3 Hz), 7.76
(1H, t, J=8.3 Hz), 7.65 (1H, d, J= 8.5 Hz), 7.57 (1H, t, J= 8.3 Hz), 7.06
(2H,d,J=9.0 Hz), 5.43 (2H, s), 3.88 (3H, s). '>*C NMR (CDCls, 100 MHz)
0166.7,162.0,157.1,147.4,137.1,131.5 (2C), 129.9, 128.9, 127.7, 127.6,
126.6, 123.0, 118.9, 114.6 (2C), 71.3, 51.7. HRMS-ESI m/z 294.1128
[M+H"], C1sH1sNO3 requires 294.1125.

Methyl 3-(quinolin-2-ylmethoxy)benzoate (27). Crude purification by
flash column chromatography (silica gel, hexanes/ethyl acetate 9:1 v/v
with 0.1% of TEA) gave compound 27 (78% yield). An analytic sample
was analysed by HPLC on a Nucleodur 100-5 C18 column (5 pm; 10 mm
i.d. x 250 mm) with MeOH/H20 82:18 v/v as eluent (flow rate 3 mL/min,
tR = 14.8 min); '"H NMR (CDCl3, 400 MHz): § 8.22 (1H, d, J = 8.4 Hz),
8.10 (1H, d,/=8.0 Hz), 7.85 (1H, d, J= 8.0 Hz), 7.74 (2H, ovl), 7.68 (2H,
ovl), 7.57 (1H, t,J=8.0 Hz), 7.37 (1H, t,J=7.7 Hz), 7.24 (1H, d, J="7.7
Hz), 5.44 (2H, s), 3.91 (3H, s). *C NMR (CDCls, 100 MHz) & 169.6,
158.4,157.3,147.5,137.1,131.6, 129.8, 129.5, 128.9, 127.7, 127.6, 126.6,
122.4,119.7,119.0, 115.6, 71.4, 52.1. HRMS-ESI m/z 294.1127 [M+H"],
CisH16sNO3 requires 294.1125.

Synthesis of (4-(quinolin-2-ylmethoxy)phenyl)methanol (25) and (3-
(quinolin-2-ylmethoxy)phenyl)methanol (28). DIBAL-H reduction on
esters 24 and 27 in the same experimental conditions previously reported
for methyl quinoline-2-carboxylate, gave compounds 25 and 28,

respectively.
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(4-(Quinolin-2-ylmethoxy)phenyl)methanol (25). Crude purification by
flash column chromatography (silica gel, DCM/MeOH 99:1 v/v) gave
compound 25 (68% yield). An analytic sample was analysed by HPLC on
a Nucleodur 100-5 C18 column (5 pm; 10 mm id. x 250 mm) with
MeOH/H20 40:60 v/v as eluent (flow rate 3 mL/min, tr = 15.8 min); 'H
NMR (CDCls, 400 MHz): 6 8.21 (1H, d, J=8.0 Hz), 8.12 (1H, d, J=17.3
Hz), 7.84 (1H,d,J=7.3 Hz), 7.76 (1H, t,J= 7.3 Hz), 7.68 (1H, d, J= 8.0
Hz), 7.57 (1H, t,J = 7.3 Hz), 7.30 (2H, d, J = 8.0 Hz), 7.02 (2H, d, /= 8.0
Hz), 5.41 (2H, s), 4.62 (2H, s). *C NMR (CDCl;, 100 MHz) & 157.9,
157.8, 147.4, 137.1, 133.8, 129.8, 128.8, 128.7 (2C), 127.6, 127.5, 126.5,
119.0, 1149 (2C), 71.1, 64.7. HRMS-ESI m/z 266.1178 [M+H"],
Ci17H16NO;> requires 266.1176.
(3-(Quinolin-2-ylmethoxy)phenyl)methanol (28). Crude purification by
flash column chromatography (silica gel, DCM/MeOH 99:1 v/v) furnished
compound 28 (60% yield). An analytic sample was analysed by HPLC on
a Nucleodur 100-5 CI18 column (5 pm; 10 mm i.d. x 250 mm) with
MeOH/H,0 75:15 v/v as eluent (flow rate 3 mL/min, tg = 11 min); 'H
NMR (CDCls, 400 MHz): 6 8.20 (1H, d, J=8.4 Hz), 8.10 (1H, d, /= 7.4
Hz), 7.84 (1H,d,J=7.4 Hz), 7.75 (1H, t,J= 7.4 Hz), 7.68 (1H, d, J= 8.4
Hz), 7.56 (1H, t,J= 7.4 Hz), 7.28 (1H, dd, J = 7.3, 8.0 Hz), 7.08 (1H, s),
7.0 (1H, d, J= 8.4 Hz), 6.95 (1H, d, J = 7.3 Hz), 5.40 (2H, s), 4.68 (2H,
s). BC NMR (CDCls, 100 MHz) & 158.6, 157.8, 147.4, 142.8, 137.1, 129.8,
129.6, 128.7, 127.7, 127.6, 126.5, 119.6, 119.1, 113.9, 113.4, 71.1, 64.9.
HRMS-ESI m/z 266.1179 [M+H"], C17H16NO; requires 266.1176.

Basic hydrolysis. An aliquot of esters 24 and 27 was dissolved in
MeOH/H>0 (1:1 v/v) and NaOH (5 mol eq.) was added. The resulting
mixture was stirred under reflux for 8 h. The mixture was acidified with

6N HCI solution to pH 1-2, then was extracted three times with ethyl
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acetate and the combined organic extracts were dried over Na>xSOas. The
solution was concentrated in vacuum. The residue was purified on a silica
column to give carboxylic acids 25 and 28, respectively.
4-(Quinolin-2-ylmethoxy)benzoic acid (26). Crude purification by flash
column chromatography (silica gel, DCM/MeOH 99:1) furnished
compound 25 (43% yield). An analytic sample was analysed by HPLC on
a Phenomenex Luna C18 column (5 pm; 4.6 mm i.d. x 250 mm), with
MeOH/H>0 60:40 v/v and 0.1% of TFA as eluent (flow rate 1 mL/min, tr
=7.2 min); 'H NMR (CDsOD, 400 MHz): § 8.62 (1H, d, J= 8.5 Hz), 8.15
(1H, d, J=8.0 Hz), 8.07 (1H, d, /= 8.0 Hz), 8.02 (2H, d, J= 8.6 Hz), 7.92
(1H,t,J=8.0 Hz), 7.86 (1H, d, J=8.5), 7.73 (1H, t, J=8.0), 7.17 (2H, d,
J=8.6 Hz), 5.53 (2H, s). *C NMR (CD;OD, 100 MHz) § 169.4, 163.4,
158.1, 147.0, 140.6, 132.8 (2C), 132.3, 129.3 (2C), 128.6, 127.9, 124.9,
120.8, 115.6 (2C), 71.1. HRMS-ESI m/z 278.0825 [M-H], C17H12NO3
requires 278.0823.

3-(Quinolin-2-ylmethoxy)benzoic acid (29). Purification of compound
29 (68% yield) was carried out on column chromatography by silica gel,
using DCM/MeOH 99:1 v/v as eluent. An analytic sample was analysed
by HPLC on a Nucleodur 100-5 column (5 pm; 10 mm i.d. x 250 mm),
with n-hexane/ethyl acetate 40:60 v/v (flow rate 3 mL/min, tr = 6.9 min).
'"H NMR (CDsOD, 400 MHz): § 8.40 (1H, d, J = 8.5 Hz), 8.06 (1H, d, J =
8.3 Hz), 7.95 (1H, d,J=8.3 Hz), 7.80 (1H, t, /J=8.3 Hz), 7.74 (1H, d, J =
8.5 Hz), 7.70 (1H, s), 7.64 (1H, t, J = 8.3 Hz), 7.62 (1H, d ovl), 7.41 (1H,
t), 7.30 (1H, dd, J = 1.5, 8.0 Hz), 5.42 (2H, s); 1*C NMR (CDs;OD, 100
MHz) 6 169.4, 159.9, 158.8, 148.4, 139.1, 133.5, 131.3, 130.7, 129.2,
129.1, 129.0, 128.0, 123.7, 120.8, 120.7, 116.6, 71.9. HRMS-ESI m/z
278.0827 [M-H], C17H12NOs3 requires 278.0823.
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Synthetic procedures to prepare compounds 30-32.
TBS protection. Synthesis of compound 56. To a solution of the methyl
3,5-dihydroxybenzoate (2.0 g, 12 mmol), imidazole (1.5 eq), and DMF (10

mL) was added portion-wise TBSCI (1.2 eq). The reaction mixture was
stirred at rt for 1 h. The mixture was concentrated in vacuo, diluted with
NH4Cl saturated solution, and extracted with diethyl ether (3 x 50 mL).
The combined organics were washed with brine, dried, and concentrated
to provide the product as an oil which was purified on silica gel, using
CH2Cl2:MeOH 95:5 as eluent (50 % yield).

Mesylation reaction. Synthesis of compound 53. To a solution of 52 (1.6
g, 10 mmol) in diethyl ether (10 mL) at -20°C was added TEA (6.0 eq)
followed by MeSO,Cl (5.0 eq). The reaction mixture was stirred at -20° C

for 30 min and then allowed to warm to rt over 2 h. The mixture was
quenched with saturated solution of aqueous NaHCO;3; (10 mL) and
extracted with diethyl ether (3 x 30 mL). The combined organics were
washed with H,O (20 mL), brine (20 mL), dried (Na>SOs), and
concentrated under vacuum to give crude 53 in quantitative yield.
Williamson reaction. The crude mesylate 53 (1.2 eq) was added to a stirred
mixture of 56 (1.0 eq), K2COs (2.5 eq), and dry DMF. The reaction mixture
was stirred at 100° C for 12 h and then diluted with H>O and extracted with
ethyl acetate (3 x 30 mL). The combined organics were washed with brine,
dried (Na2SO4), concentrated, and purified by flash chromatography
(hexanes/ethyl acetate 95:5 v/v) to provide compound 54 (87% yield).
TBS cleavage. A mixture of the compound 54 and TBAF (5.0 eq) in THF
(3 mL) was stirred at rt overnight. Upon completion, the resulting solution
was concentrated to give 30.

Methyl 3-hydroxy-5-(quinolin-2-ylmethoxy)benzoate (30). Crude
purification by flash column chromatography (silica gel, DCM/MeOH

129


http://commonorganicchemistry.com/Common_Reagents/tert-Butyldimethylsilyl_Chloride/tert-Butyldimethylsilyl_Chloride.htm

998:2 v/v) furnished compound 30 (85% yield). An analytic sample was
analysed by HPLC on a Nucleodur 100-5 column (5 pm; 10 mm i.d. x 250
mm) with n-hexane/ethyl acetate 7:3 v/v as eluent (flow rate 3 mL/min, tr
=23.7 min); '"H NMR (400 MHz, CDCls): § 8.17 (1H, d, J= 8.5 Hz), 8.00
(1H,d,/J=8.0 Hz), 7.79 (1H, d, J= 8.0 Hz), 7.68 (1H, t,J= 8.0 Hz), 7.62
(1H,t,J=8.5Hz), 7.54 (1H, t,J=8.0 Hz), 7.28 (1H, s), 7.21 (1H, s), 6.76
(1H, s), 5.38 (2H, s), 3.89 (3H, s). *C NMR (100 MHz, CDCl3): § 167.2,
159.1,157.9,157.3,146.7,137.8, 131.8, 130.2, 127.8, 127.7, 127.6, 126.8,
119.2, 109.8, 107.8, 106.8, 70.4, 52.1. HRMS-ESI m/z 310.1077 [M+H"],
CisH16NOg4 requires 310.1074.
3-Hydroxy-5-(quinolin-2-ylmethoxy)benzoic acid (31) and 3-
(Hydroxymethyl)-5-(quinolin-2-ylmethoxy)phenol (32). DIBAL-H
reduction and NaOH hydrolysis on 30, in the same experimental
conditions previously reported, gave compounds 31 and 32, respectively.
3-Hydroxy-5-(quinolin-2-ylmethoxy)benzoic acid (31). Purification of
compound 31 (quantitative yield) was carried out in column
chromatography by silica gel, using DCM/MeOH 95:5 v/v as eluent. An
analytic sample was analysed by HPLC on a PFP C18 (5 pm; 4.6 mm i.d.
x 250 mm), with MeOH/H20 55:45 v/v and 0.1% TFA (flow rate 1
mL/min, tg = 9.2 min). 'H NMR (400 MHz, CD;0D): § 8.39 (1H, d, J =
8.4 Hz), 8.05 (1H, d,J=8.0 Hz), 7.96 (1H, d, /= 8.0 Hz), 7.79 (1H, t, J =
8.0 Hz), 7.72 (1H, d, J = 8.4 Hz), 7.62 (1H, t, J = 8.0 Hz), 7.18 (1H, s),
7.08 (1H, s), 6.66 (1H, s), 5.37 (2H, s). *C NMR (100 MHz, CD30D): &
160.7,159.7,158.2,148.2,139.1, 131.4,131.3, 129.2, 129.1, 129.0, 128.9,
128.0, 120.6, 110.8, 107.8, 107.0, 71.8. HRMS-ESI m/z 294.0775 [M-H,
Ci17H12NOg4 requires 294.0772.
3-(Hydroxymethyl)-5-(quinolin-2-ylmethoxy)phenol (32). Purification
of 32 (92% yield) was carried out on silica gel, using DCM/MeOH 95:5
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v/v as eluent. An analytic sample was purified by HPLC on a PFP C18
column (5 um; 4.6 mm i.d. x 250 mm), with MeOH/H>0O 60:40 v/v and
0.1% TFA (flow rate 1 mL/min, tg = 12.2 min). 'H NMR (400 MHz,
CDCl): 6 8.20 (1H, d, J= 8.5 Hz), 8.10 (1H, d, /= 8.0 Hz), 7.84 (1H, d,
J=8.0Hz), 7.75 (1H, t, J= 8.0 Hz), 7.67 (1H, d, J= 8.5 Hz), 7.57 (1H, t,
J=28.0Hz), 6.65 (1H, s), 6.49 (1H, s), 6.46 (1H, s), 5.40 (2H, s), 4.62 (2H,
s). 3C NMR (100 MHz, CDCl3): § 161.1, 159.8, 159.6, 148.3, 145.5,
139.0, 131.3, 129.1, 129.0, 128.9, 127.9, 120.6, 107.8, 105.5, 102.1, 71.6,
65.1. HRMS-ESI m/z 282.1127 [M+H"], C17H1sNO3 requires 282.1125.
Synthetic procedures to prepare alkylaryl-ethers 33-38.

TBS protection on resorcinol (57) (47%) followed by Mitsunobu reaction
with several different alcohols (propan-1-ol, propan-2-ol, butan-1-ol,
butan-2-o0l, 2-methylbutan-1-o0l, and pentan-1-ol) and TBS cleavage in the
same experimental conditions previously described furnished compounds
60a-f in 47-84% yields.

Finally, Williamson ether synthesis between 60a-f and quinolin-2-yl
methyl methane sulfonate (53) with the same experimental procedures
previously described gave compounds 33-38.
2-((3-propoxyphenoxy)methyl)quinoline (33). Preparative HPLC
purification on a Nucleodur 100-5 column (5 pm; 10 mm 1.d. x 250 mm)
eluting with n-hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tr = 16.5
min) gave compound 33 in quantitative yield. 'H NMR (400 MHz,
CDCl): 6 8.20 (1H, d, J= 8.6 Hz), 8.09 (1H, d, /= 7.5 Hz), 7.84 (1H, d,
J=17.5Hz),7.74 (1H, t,J="7.5 Hz), 7.68 (1H, d, J= 8.6 Hz), 7.56 (1H, t,
J=7.5Hz),7.17 (1H, t,J=8.0 Hz), 6.63 (1H, s), 6.61 (1H, ovl), 6.54 (1H,
dd,J=8.0,2.0 Hz), 5.38 (2H, s), 3.90 (2H, t, /= 7.0 Hz), 1.80 (2H, sextet,
J=7.0Hz),1.03 3H, t,J="7.0 Hz). ®C NMR (100 MHz, CDCl3): § 160.4,
159.7,157.9, 147.6, 137.0, 130.0, 129.7, 129.0, 127.7, 127.6, 126.5, 119.2,
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107.6, 106.8, 101.8, 71.1, 69.7, 22.5, 10.5. HRMS-ESI m/z 294.1492
[M+H"], C19H20NO: requires 294.1489.
2-((3-isopropoxyphenoxy)methyl)quinoline (34). Preparative HPLC
purification on a Nucleodur 100-5 column (5 pm; 10 mm i.d. x 250 mm),
eluting with n-hexane/ethyl acetate 95:5 v/v (flow rate 3 mL/min, tr = 38
min) gave compound 34 in 61% yield. '"H NMR (400 MHz, CDCl;): & 8.19
(1H, d,J=8.6 Hz), 8.09 (1H,d,J=7.5 Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74
(1H,t,J=7.5Hz), 7.68 (1H, d, J=8.6 Hz), 7.56 (1H, t, J= 7.5 Hz), 7.17
(1H, t, /= 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H, dd, /= 8.0, 2.0
Hz),5.38 (2H, s), 4.52 (1H, septet, J = 6.0 Hz), 1.32 (6H, d, J = 6.0 Hz).
3C NMR (100 MHz, CDCls): 6 159.6, 159.2, 157.9, 147.5, 136.9, 129.9,
129.7, 128.9, 127.7, 127.6, 126.4, 119.1, 108.8, 106.8, 103.0, 71.3, 69.9,
22.0 (2C). HRMS-ESI m/z 294.1493 [M+H'], Ci9H20NO: requires
294.1489.

2-((3-butoxyphenoxy)methyl)quinoline  (35). Preparative @ HPLC
purification on a Nucleodur 100-5 column (5 pm; 10 mm 1.d. x 250 mm)
eluting with n-hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tr = 17.3
min) gave compound 35 in quantitative yield. 'H NMR (400 MHz,
CDCl): 6 8.19 (1H, d, J= 8.6 Hz), 8.09 (1H, d, /= 7.5 Hz), 7.84 (1H, d,
J=17.5Hz),7.74 (1H, t,J="7.5 Hz), 7.68 (1H, d, J= 8.6 Hz), 7.56 (1H, t,
J=7.5Hz),7.17 (1H, t,J=8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H,
dd, J=8.0, 2.0 Hz), 5.38 (2H, s), 3.95 (2H, t, /= 7.0 Hz), 1.75 (2H, pentet,
J=7.0 Hz), 1.48 (2H, sextet, J = 7.4 Hz), 0.97 (3H, t, J = 7.4 Hz). 1°C
NMR (100 MHz, CDCl3): & 160.5, 159.6, 158.0, 147.6, 137.0, 129.9,
129.7, 128.9, 127.7, 127.6, 126.5, 119.1, 107.6, 106.8, 101.7, 71.2, 67.7,
31.3, 19.2, 13.8. HRMS-ESI m/z 308.1648 [M+H"], C20H22NO: requires
308.1645.
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2-((3-(sec-butoxy)phenoxy)methyl)quinoline (36). Preparative HPLC
purification on a Nucleodur 100-5 column (5 pm; 10 mm i.d. x 250 mm)
eluting with n-hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tr = 15
min) gave compound 36 in quantitative yield. 'H NMR (400 MHz,
CDCl): 6 8.19 (1H, d, J= 8.6 Hz), 8.09 (1H, d, /= 7.5 Hz), 7.84 (1H, d,
J=17.5Hz),7.74 (1H, t,J="7.5 Hz), 7.68 (1H, d, J= 8.6 Hz), 7.56 (1H, t,
J=7.5Hz),7.17 (1H, t,J=8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H,
dd, /= 8.0, 2.0 Hz), 5.37 (2H, s), 4.27 (2H, sextet, J = 6.1 Hz), 1.73 (1H,
m), 1.60 (1H, m), 1.27 (2H, d, J = 6.1 Hz), 0.96 (3H, t, J = 7.4 Hz). °C
NMR (100 MHz, CDCl3): & 159.7, 159.6, 158.0, 147.5, 136.9, 129.9,
129.7, 128.9, 127.7, 127.6, 126.4, 119.2, 108.9, 106.7, 103.1, 75.2, 71.1,
29.2, 19.2, 9.9. HRMS-ESI m/z 308.1647 [M+H"], C2H2NO; requires
308.1645.

2-((3-(2-methylbutoxy)phenoxy)methyl)quinoline (37). Preparative
HPLC purification on a Nucleodur 100-5 column (5 pum; 10 mm i.d. x 250
mm) eluting with n-hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tr =
14.0 min) gave compound 37 in 90%. 'H NMR (400 MHz, CDCls): § 8.19
(1H,d,J=8.6 Hz), 8.09 (1H, d,J=7.5 Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74
(1H,t,J=17.5Hz), 7.68 (1H, d, J= 8.6 Hz), 7.56 (1H, t, J= 7.5 Hz), 7.17
(1H, t, J= 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H, dd, /= 8.0, 2.0
Hz), 5.38 (2H, s), 3.80 (1H, dd, /=9.0, 6.0 Hz), 3.71 (1H, dd, /= 9.0, 6.6
Hz), 1.85 (1H, septet, J] = 6.6 Hz), 1.56 (1H, m), 1.25 (1H, m), 1.00 (3H,
d, J= 6.6 Hz), 0.94 (3H, t, J= 7.3 Hz). '3C NMR (100 MHz, CDCl;): &
160.6, 159.6, 158.0, 147.5, 136.9, 129.9, 129.8, 128.9, 127.8, 127.6, 126.5,
119.1, 107.7, 106.8, 101.8, 73.0, 71.2, 34.6, 26.1, 16.5, 11.3. HRMS-ESI
m/z 322.1805 [M+H"], C21H24NO> requires 322.1802.
2-((3-(pentyloxy)phenoxy)methyl)quinoline (38). Preparative HPLC

purification on a Nucleodur 100-5 column (5 pm; 10 mm 1.d. x 250 mm)
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eluting with n-hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tr = 13.8
min) gave compound 38 in 95% yield. "H NMR (400 MHz, CDCls): § 8.19
(1H, d,J=8.6 Hz), 8.09 (1H,d,J=7.5 Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74
(1H,t,J=7.5Hz), 7.68 (1H, d, J= 8.6 Hz), 7.56 (1H, t, J= 7.5 Hz), 7.17
(1H, t, J=8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H, dd, /= 8.0, 2.0
Hz), 5.38 (2H, s), 3.93 (2H, t, J = 7.0 Hz), 1.77 (2H, m), 1.40 (4H, m),
0.93 (3H, t, J = 7.0 Hz). >*C NMR (100 MHz, CDCls): & 160.4, 159.6,
157.9,147.5,136.9,129.9,129.7, 128.9,127.7, 127.6, 126.4, 119.1, 107.6,
106.8, 101.8, 71.2, 68.0, 28.9, 28.2, 22.4, 13.9. HRMS-ESI m/z 322.1807
[M+H"], C21H24NO; requires 322.1802.

Synthesis of ethers 39-44.

Synthesis of compounds 61a and 61b.

Williamson Reaction. To a solution of resorcinol (57) in dry DMF methyl
5-bromopentanoate (0.5 eq) or methyl 4-bromobutanoate (0.5 eq) and
K2COs (1 eq) were added, and the reaction mixture was stirred at 100°C
for about 12h. After reagent consumption, the reaction mixture was cooled
at RT, acidified with HCI 6N and then diluted with water and extracted
with ethyl acetate (3 x 50 mL). The organic phase was dried over Na;SOs,
filtered, and evaporated yielding a crude product that was then purified
through flash silica column chromatography.

Methyl 5-(3-hydroxyphenoxy)pentanoate (61a). Purification by flash
silica column chromatography in hexanes/ethyl acetate 8:2 v/v afforded
compound 61a (64%).

Methyl 4-(3-hydroxyphenoxy)butanoate (61b). Purification by flash
silica column chromatography in hexanes/ethyl acetate 8:2 v/v afforded
compound 61b (43%).

Williamson reaction. The 2-(cloromethyl)quinoline (62) was added to a

stirred mixture of the phenol (1.0 eq), K2COs (2.5 eq), and dry DMF. The
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reaction mixture was stirred at 100°C for 12h. The mixture was diluted
with H>O and extracted with EtOAc (3 x 30 mL). The combined organics
were washed with brine, dried over Na;SOs4, concentrated, and purified by
flash chromatography.

Methyl 5-(3-quinolin-2-ylmethoxy)phenoxy)pentanoate 39).
Purification by flash silica column chromatography in hexanes/ethyl
acetate 9:1 v/v afforded compound 39 (75%). An analytic sample was
analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - t2omin= 95% ACN -
tasmin= 95% ACN, flow rate 1 mL/min, tr = 18.7 min). '"H NMR (400 MHz,
CDCl): 6 8.19 (1H, d, J = 8.5 Hz), 8.08 (1H, d, /= 8.5 Hz), 7.83 (1H, d,
J=8.2Hz),7.74 (1H, t,J= 8.5 Hz), 7.67 (1H, d, J= 8.5 Hz), 7.55 (1H, t,
J=28.1Hz),7.16 (1H, t, J= 8.1 Hz), 6.61 (2H, ovl), 6.51 (1H, dd, /= 8.1
Hz, 2.3 Hz), 5.37 (2H, s), 3.95 (2H, t, J= 7.5 Hz), 3.68 (3H, s), 2.39 (2H,
t,J = 6.5 Hz), 1.80 (2H, t, J = 3.7 Hz). *C NMR (700 MHz, CDCl3): §
173.9,160.3, 159.6, 158.0, 147.4, 137.2,130.1, 129.9, 128.9, 127.8, 127.7,
126.6, 119.2, 107.6, 107.0, 101.9, 71.2, 67.3, 51.7, 33.7, 28.7, 21.7.
HRMS-ESI m/z 365.1615 [M+H"], C22H23NO4 requires 342.1627.
Methyl 4-(3-(quinolin-2-ylmethoxy)phenoxy)butanoate 42).
Purification by flash silica column chromatography in hexanes/ethyl
acetate 9:1 v/v afforded compound 42 (72%). An analytic sample was
analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - toomin= 95% ACN -
tasmin= 95% ACN, flow rate 1 mL/min, tr = 18.2 min). 'H NMR (400 MHz,
CDCI3): 6 8.20 (1H, d, J = 8.5 Hz), 8.10 (1H, d, J = 8.5 Hz), 7.83 (1H, d,
J=8.2Hz),7.74 (1H, t, ] = 8.5 Hz), 7.68 (1H, d, J = 8.5 Hz), 7.56 (1H, t,
J=28.1Hz),7.16 (1H, t,J = 8.1 Hz), 6.61-6.60 (2H, ovl), 6.51 (1H, dd, J =
8.1 Hz, 2.3 Hz), 5.38 (2H, s), 3.98 (2H, t, ] = 6.2 Hz), 3.68 (3H, s), 2.51
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(2H, t, J = 7.0 Hz), 2.09 (2H, quint. J = 6.2 Hz, 7.0 Hz). 13C NMR (700
MHz, CDCI3): & 173.7, 160.2, 159.6, 157.9, 147.4, 137.2, 130.1, 129.9,
128.9, 127.8, 127.6, 126.6, 119.2, 107.6, 107.1, 102.0, 71.2, 66.8, 51.7,
30.6, 24.7. HRMS-ESI m/z 352.1466 [M+H'], C2iH2i1NOs requires
352.1471.

NaOH hydrolysis of an aliquot of esters 39 and 42 in the same
experimental condition mentioned above furnished carboxylic acids
(compounds 40 and 43, respectively).
5-(3-quinolin-2-ylmethoxy)phenoxy)pentanoic acid (40). Purification
by flash column chromatography (silica gel, DCM/MeOH 9:1 v/v)
furnished compound 40 (68%). An analytic sample was analysed by HPLC
on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm) column in gradient (to=
20% ACN - tsmin=20% ACN - t20min= 95% ACN - t25min= 95% ACN, flow
rate 1 mL/min, tr = 16.3 min). 'H NMR (400 MHz, CDsOD): § 9.15 (1H,
d,/J=8.5Hz), 8.37 (1H, d, J=8.5 Hz), 8.31 (1H, d, /= 8.2 Hz), 8.18 (1H,
t,J=8.5 Hz), 8.15 (1H, d, J= 8.5 Hz), 7.97 (1H, t, J= 8.1 Hz), 7.23 (1H,
t,J= 8.1 Hz), 6.70-6.72 (2H, ovl), 6.63 (1H, dd, J= 8.1 Hz, 2.3 Hz), 5.68
(2H, s), 3.99 (2H, t, J= 7.5 Hz), 2.36 (2H, t, J= 6.5 Hz), 1.78 (2H, t, J =
3.7 Hz). 3C NMR (700 MHz, CDsOD): § 177.3, 161.8, 160.5, 158.4,
142.9, 133.4, 131.1 (2C), 129.6, 129.4, 129.3, 125.8, 121.1, 109.2, 108.0,
103.0, 70.1, 68.6, 34.5, 29.7, 22.7. HRMS-ESI m/z 350.1462 [M-H],
C21H21NOg4 requires 350.1471.
4-(3-(quinolin-2-ylmethoxy)phenoxy)butanoic acid (43). Purification
by flash column chromatography (silica gel, DCM/MeOH 9:1 v/v)
furnished compound 43 (97%). An analytic sample was analysed by HPLC
on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm) column in gradient (to=
20% ACN - tsmin=20% ACN - t2omin= 95% ACN - tasmin= 95% ACN, flow
rate | mL/min, tr = 15.7 min). "H NMR (400 MHz, CD30D): § 9.14 (1H,
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d,/J=8.5Hz), 8.35 (1H, d, J=8.5 Hz), 8.34 (1H, d, /= 8.2 Hz), 8.19 (1H,
t,J=8.5Hz), 8.17 (1H, d, J=8.5 Hz), 7.98 (1H, t, J= 8.1 Hz), 7.26 (1H,
t,J= 8.7 Hz), 6.76-6.74 (2H, ovl), 6.66 (1H, d, J = 8.7 Hz), 5.68 (2H, s),
4.04 2H, t,J=6.2 Hz), 2.49 (2H, t, J= 7.0 Hz), 2.06 (2H, quint, J = 6.2
Hz, 7.0 Hz). *C NMR (700 MHz, CD3;0D): § 175.4, 161.7, 160.3, 158.1,
144.8,134.4,131.1, 130.5, 130.3, 129.9, 129.3, 124.5, 120.8, 109.3, 108.1,
103.1, 69.2, 68.4, 313, 25.7. HRMS-ESI m/z 336,1309 [M-HT,
C20H19NOg4 requires 336,1314.

LiBHy reduction. A solution of LiBH4 2M (3 eq) in dry THF and dry
MeOH (1 eq) were added to a solution of the esters 7 and 10 in dry THF
at 0°C. The reaction was monitored via TLC and the substrate was fully
converted after Sh. The reaction was cooled to 0°C, quenched by adding a
solution of NaOH IN (2 eq) and stirred for 1h. The mixture was then
diluted with H>O and extracted with ethyl acetate (3 x 50 mL). The organic
phase was dried over Na,SQOs, filtered, and evaporated yielding a crude
product that was then purified by chromatography.
5-(3-(quinolin-2-ylmethoxy)phenoxy)pentan-1-ol (41). Purification by
flash silica column chromatography in hexanes/ethyl acetate 1:1 v/v
afforded compound 41 (80%). An analytic sample was analysed by HPLC
on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm) column in gradient (to=
20% ACN - tsmin= 20% ACN - t2omin= 95% ACN - tasmin= 95% ACN, flow
rate 1 mL/min, tr = 16.5 min). 'H NMR (400 MHz, CDCls): § 8.20 (1H,
d,/J=8.5Hz), 8.11 (1H, d, J=8.5 Hz), 7.84 (1H, d, J= 8.2 Hz), 7.75 (1H,
t,J=8.5Hz), 7.68 (1H, d, J=8.5 Hz), 7.56 (1H, t, J= 8.1 Hz), 7.16 (1H,
t,J=8.1 Hz), 6.61-6.60 (2H, ovl), 6.52 (1H, dd, J= 8.1 Hz, 2.3 Hz), 5.38
(2H, s), 3.94 (2H, t, J=7.5 Hz), 3.68 (2H, t, /= 6.5), 1.80 (2H, quint. J =
6.5 Hz, 7.5 Hz), 1.63-1.53 (4H, ovl). 1*C NMR (700 MHz, CDCl;s): &
160.4,159.7, 158.0, 147.5,137.1, 130.1, 129.9, 129.0, 127.8, 127.7, 126.6,
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119.2,107.7, 107.0, 101.9, 71.3, 67.9, 62.9, 32.5, 29.0, 22.4. HRMS-ESI
m/z 338,1671 [M+H"], C21H23NO3 requires 338.1678.
4-(3-(quinolin-2-ylmethoxy)phenoxy)butan-1-ol (44). Purification by
flash silica column chromatography in hexanes/ethyl acetate 4:6 v/v
afforded compound 44 (80%). An analytic sample was analysed by HPLC
on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm) column in gradient (to=
20% ACN - tsmin= 20% ACN - t20min= 95% ACN - t2smin= 95% ACN, flow
rate 1 mL/min, tr = 18.9 min). 'H NMR (400 MHz, CDCl;): § 8.20 (1H,
d,J=8.5Hz),8.09 (1H, d, J=8.5 Hz), 7.83 (1H, d, /J=8.2 Hz), 7.74 (1H,
t,J=28.5Hz), 7.67 (1H, d, J= 8.5 Hz), 7.55 (1H, t, J= 8.1 Hz), 7.16 (1H,
t,J=28.7 Hz), 6.61-6.62 (2H, ovl), 6.52 (1H, d, J = 8.7 Hz), 5.38 (2H, s),
3.98 (2H, t,J=6.2 Hz), 3.71 (2H, t, J=7.0 Hz), 1.86 (2H, m), 1.73 (2H,
m). *C NMR (700 MHz, CDCls): § 160.2, 159.6, 157.9, 147.5, 137.1,
130.1, 129.8, 128.9, 127.8, 127.6, 126.6, 119.2, 107.7, 107.0, 101.9, 71.2,
67.8, 62.4, 29.5, 25.7. HRMS-ESI m/z 324,1511 [M+H"], C20H21NOs3
requires 324,1521.

Compounds 45 and 48 were synthesized, starting from 2-
(chloromethyl)quinoline 62 by Williamson reaction, with analogous
procedures to those detailed above for compounds 39 and 42.

Synthesis of biphenylethers 45 and 48. Esters 45 and 48 were
synthesized according to the general procedure of Williamson, starting
from 2-(chloromethyl)quinoline and methyl 4'-hydroxy-[1,1'-biphenyl]-4-
carboxylate (63) or methyl 4'-hydroxy-[1,1'-biphenyl]-3-carboxylate (64).
Methyl 4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-4-carboxylate (45).
Purification by flash silica column chromatography in hexanes/ethyl
acetate 9:1 v/v furnished compound 45 (87% yield). An analytic sample
was analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - t2omin= 95% ACN -
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tasmin= 95% ACN, flow rate 1 mL/min, tg = 19.7 min). 'H NMR (400 MHz,
CDCl): 6 8.22 (1H, d, J= 8.6 Hz), 8.11 (1H, d, J = 8.2 Hz), 8.08 (2H, d,
J=8.6 Hz), 7.85 (1H, d, J=8.2 Hz), 7.76 (1H, t, /= 8.2 Hz), 7.70 (1H, d,
J=8.6 Hz), 7.61 (2H, d J=8.6 Hz), 7.58 (2H, d, J= 8.9 Hz), 7.57 (1H, t,
ovl), 7.13 (2H, d, J = 8.9 Hz), 5.46 (2H, s), 3.94 (3H, s). *C NMR (100
MHz, CDCl3): § 167.1, 158.6, 157.6, 147.5, 145.0, 137.1, 132.9, 130.1
(20), 129.8, 128.9, 128.5 (2C), 128.3, 127.7, 127.6, 126.6 (2C), 126.5,
119.0, 1153 (2C), 71.5, 52.1. HRMS-ESI m/z 370.1440 [M+H'],
C24H20NO3 requires 370.1438.

Methyl 4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-3-carboxylate (48).
Purification by flash silica column chromatography in hexanes/ethyl
acetate 9:1 v/v furnished compound 48 (quantitative yield). An analytic
sample was analysed by HPLC on a Kinetex Biphenyl column (5 um; 250
mm x 4.6 mm) in gradient (to= 20% ACN - tsmin=20% ACN - t2omin= 95%
ACN - tasmin= 95% ACN, flow rate 1 mL/min, tr = 19.8 min). '"H NMR
(400 MHz, CDCls): & 8.23 (1H, t, J = 2.0 Hz), 8.21 (1H, d, J = 8.4 Hz),
8.11 (1H,d,J=8.6 Hz), 7.98 (1H, d, /= 8.0 Hz), 7.84 (1H, d, /= 7.9 Hz),
7.77 (1H, t,J=8.6 Hz), 7.73 (1H, d, /= 8.4 Hz), 7.71 (1H, d, J = 8.0 Hz),
7.57 (1H, t, ovl), 7.57 (2H, d, J = 8.7 Hz), 7.48 (1H, t, J = 8.0 Hz), 7.13
(2H, d, J = 8.7 Hz), 5.45 (2H, s), 3.94 (3H, s). '*C NMR (100 MHz,
CDCl3): 6 167.0, 158.2, 157.7, 147.5, 140.8, 137.1, 133.1, 131.0, 130.6,
129.8, 128.9, 128.8, 128.3 (2C), 127.8 (2C), 127.7, 127.6, 126.5, 119.1,
115.3 (2C), 71.4, 52.1. HRMS-ESI m/z 370.1441 [M+H"], C24H20NOs3
requires 370.1438.
4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-4-carboxylic acid (46) and
4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-3-carboxylic acid (49).
Starting from esters 45 and 48, NaOH hydrolysis was performed as

mentioned before in order to obtain compounds 46 and 49, respectively.
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4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-4-carboxylic acid (46).
Purification by flash column chromatography (silica gel, DCM/MeOH
95:5 v/v) furnished compound 46 (quantitative yield). An analytic sample
was analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - t2omin= 95% ACN -
tasmin= 95% ACN, flow rate 1 mL/min, tr = 16.9 min). 'H NMR (400 MHz,
CD;0OD+0.01% TFA): 6 9.23 (1H, d, J=8.5 Hz), 8.42 (1H, d, /= 8.0 Hz),
8.39 (1H, d,J=7.5Hz), 8.24 (1H, t,J= 7.5 Hz), 8.23 (1H, d, J = 8.5 Hz),
8.10 (2H, d,J=8.5 Hz), 8.03 (1H, t,J= 8.0 Hz), 7.76 (2H, d, J = 8.5 Hz),
7.73 (2H, d, J = 8.5 Hz), 7.32 (2H, d, J = 8.5 Hz), 5.80 (2H, s). '*C NMR
(100 MHz, CDCl3): 6 168.7, 158.3, 157.3, 145.7, 145.0, 138.8, 133.2,
130.9,130.4 (2C), 128.5 (2C), 128.4, 128.3,127.8 (2C), 126.5 (3C), 119.2,
115.3 (2C), 69.8. HRMS-ESI m/z 354.1137 [M-H], C23H16NOs3 requires
354.1136.

4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-3-carboxylic acid (49).
Purification by flash column chromatography (silica gel, DCM/MeOH
95:5 v/v) furnished compound 49 (quantitative yield). An analytic sample
was analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - taomin= 95% ACN -
tasmin= 95% ACN, flow rate 1 mL/min, tg = 17.0 min). '"H NMR (400 MHz,
CDCl3): 6 8.29 (1H, t,J=1.6 Hz), 8.23 (1H, d, /= 8.5 Hz), 8.14 (1H, d, J
=8.4 Hz), 8.03 (1H, d, J=7.8 Hz), 7.85 (1H, d, J= 8.0 Hz), 7.79 (1H, d,
J=17.8Hz),7.77 (1H,t,J=8.4 Hz), 7.72 (1H, d, /= 8.5 Hz), 7.58 (2H, d,
J=8.4Hz),7.57 (1H, t, ovl), 7.52 (1H, t,J=7.8 Hz), 7.14 (2H, d, /= 8.4
Hz), 5.47 (2H, s). '*C NMR (100 MHz, DMSO-d6): 168.3, 159.0, 158.5,
147.9,141.0,138.2,133.1,132.4, 131.0, 130.3, 129.5, 129.0, 128.9, 128.6,
128.3, 127.8, 127.7, 127.6, 120.6, 116.5 (2C), 71.9. HRMS-ESI m/z
354.1137 [M-H], C23H16NO3 requires 354.1136.
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(4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]|-4-yl)methanol (47) and (4'-
(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-3-yl)methanol (50). Starting
from ester 45 and 48, LiBH4 reduction was carried out in the same
experimental conditions previously reported, to obtain compounds 47 and
50, respectively.
(4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-4-yl)methanol 47).
Purification by flash column chromatography (silica gel, hexanes/ethyl
acetate 8:2 v/v) furnished compound 47 (92% yield). An analytic sample
was analysed by HPLC on a Kinetex Biphenyl (5 pm; 250 mm x 4.6 mm)
column in gradient (to=20% ACN - tsmin=20% ACN - t2omin= 95% ACN -
tasmin= 95% ACN, flow rate 1 mL/min, tg = 19.4 min). "H NMR (400 MHz,
CDCl): 6 8.22 (1H, d, J= 8.4 Hz), 8.11 (1H, d, J= 8.5 Hz), 7.85 (1H, d,
J=8.0Hz), 7.76 (1H, t,J= 8.5 Hz), 7.71 (1H, d, J = 8.4 Hz), 7.57 (1H, t,
J=28.0 Hz), 7.55 (2H, d, J = 8.6 Hz), 7.53 (2H, d, J = 8.6 Hz), 7.42 (2H,
d, J= 8.6 Hz), 7.10 (2H, d, J = 8.6 Hz), 5.44 (2H, s), 4.74 (2H, s). 13C
NMR (100 MHz, CDCl3): & 157.9, 157.8, 157.3, 147.5, 140.1, 137.1,
133.9, 129.8, 128.9, 128.5, 128.4, 127.7, 127.6, 127.5 (2C), 126.8 (2C),
126.5, 119.1, 115.2 (2C), 71.3, 65.1. HRMS-ESI m/z 342.1491 [M+H"],
Ca23H20NO; requires 342.1489.
(4'-(quinolin-2-ylmethoxy)-[1,1'-biphenyl]-3-yl)methanol (50).
Purification by HPLC on a Nucleodur 100-5 (5 um; 10 mm i.d. x 250 mm)
with n-hexane/ethyl acetate 1:1 v/v as eluent (flow rate 3 mL/min, tr = 20
min) gave compound 50 (quantitative yield); An analytic sample was
further analysed by HPLC on a Kinetex Biphenyl (5 um; 250 mm x 4.6
mm) column in gradient (to= 20% ACN - tsmin= 20% ACN - t20min= 95%
ACN - t2smin= 95% ACN, flow rate 1 mL/min, tr = 17.2 min). 'H NMR
(400 MHz, CDCl3): 6 8.22 (1H, d, J = 8.6 Hz), 8.12 (1H, d, J = 7.8 Hz),
7.85(1H,d,J=7.8 Hz), 7.76 (1H, t,J= 7.8 Hz), 7.71 (1H, d, J = 8.6 Hz),
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7.57 (1H, t, J="7.7 Hz), 7.55 (1H, s), 7.52 (2H, d, J = 8.6 Hz), 7.47 (1H,
d,J=7.6 Hz), 7.40 (1H, t,J= 7.6 Hz), 7.31 (1H, d, J= 7.6 Hz), 7.09 (2H,
d, J=8.6 Hz), 5.42 (2H, s), 4.76 (2H, s). 3C NMR (100 MHz, CDCl3): §
158.1,157.8, 147.5, 141.4, 140.9, 137.1, 133.9, 129.8, 128.9, 128.8, 128.3
(20), 127.7,127.6, 126.6, 126.0, 125.3 (2C), 119.1, 115.1 (2C), 71.2, 65.4.
HRMS-ESI m/z 342.1487 [M+H"], C23H20NO; requires 342.1489.

In vitro assay.

Transactivation assay. To evaluate GPBARI-mediated transactivation,
HEK-293T cells were transfected with 200 ng of human pGL4.29
(Promega), a reporter vector containing a cAMP response element (CRE)
that drives the transcription of the luciferase reporter gene luc2P, with 100
ng of p>CMVSPORT6-human GPBARI1, and with 100 ng of pGL4.70. At
24 h post-transfection, cells were stimulated 18 h with TLCA 10 uM or
compounds 24-50 10 pM. After treatments, cells were lysed in 100 pL of
lysis buffer (25 mM TRIS-phosphate, pH 7.8; 2 mM DTT; 10% glycerol,
1% Triton X-100), and 10 pL of cellular lysate was assayed for luciferase
activity using the luciferase assay system (Promega). Luminescence was
measured using Glomax 20/20 luminometer (Promega). Luciferase
activities were assayed and normalized with Renilla activities.

Human CysLT; (LTD4) (h) (antagonist effect) Cellular Functional Assay.
These assays were performed at Eurofins Cerep-Panlabs (France). The
cells are suspended in DMEM buffer (Invitrogen), and then distributed in
microplates at a density of 3.104 cells/well. The fluorescent probe (Fluo4
Direct, Invitrogen) mixed with probenecid in Hank’s balanced salt solution
(BSS) buffer (Invitrogen) complemented with 20 mM Hepes (Invitrogen)
(pH 7.4) is then added into each well and equilibrated with the cells for 60
min at 37 °C then 15 min at 22 °C. Thereafter, the assay plates are

positioned in a microplate reader (CellLux, PerkinElmer) which is used
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for the addition of the test compound or HBSS buffer then 5 min later 0.1
nM LTD4 or HBSS buffer (basal control), and the measurements of
changes in fluorescence intensity which varies proportionally to the free
cytosolic Ca®" ion concentration. The results are expressed as a percent
inhibition of the control response to 0.1 nM LTD4. The standard reference
antagonist is MK 571.

Dose-Response Curve. To calculate the ECso of GPBARI1, dose response
curves were performed in HEK-293T cells transfected as described above
and then treated with increasing concentrations of compounds 27-29, 31-
33, 36-38 (from 0.1 to 50 uM), and compound 49 (from 0.1 to 100 pM).
At 18 h post stimulations, cellular lysates were assayed for luciferase and
Renilla activities using the Dual-Luciferase Reporter assay system
(E1980, Promega). Luminescence was measured using Glomax 20/20
luminometer (Promega). Luciferase activities were normalized with
Renilla activities. To calculate the IC50 of CysLTiR, dose-response curves
were performed at Eurofins Cerep-Panlabs (France).

Cell culture. RAW264.7 cells were grown at 37 °C in D-MEM containing
10% FBS, 1% L-glutamine and 1% penicillin/streptomycin. Cells were
regularly passaged to maintain exponential growth. The cell line was
classically activated with LPS (100 nM, L2880; Sigma-Aldrich, St. Louis,
MO), and exposed or not to 28, 29 and 37 at the concentration of 0.1, 1, 5
and 10 uM for 16 h.

Real-Time PCR. To analyze the gene expression, total RNA was isolated
from RAW264.7 cells using the TRIzol reagent according to the
manufacturer’s specifications (Life Technologies, Carlsbad CA). Total
RNA was further purified using Direct-zol™ RNA MiniPrep (Zymo
Research, Irvine, CA), which includes an on-column DNase I treatment.

The Zymo-Spin™ [IC Columns were included in the kit. After purification
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from genomic DNA by DNase-I treatment (Thermo Fisher Scientific,
Waltam, MA), 1 pg of RNA from each sample was reverse-transcribed
using random hexamer primers with Superscript-Il (Thermo Fisher
Scientific, Waltam, MA) in a 20 pl reaction volume; 10 ng cDNA were
amplified in a 20 pl solution containing 200 nM of each primer and 10 pl
of SYBR Select Master Mix (Thermo Fisher Scientific, Waltam, MA). All
reactions were performed in triplicate using a Step One Plus machine
(Applied Biosystem, Foster City CA). Primers were designed using the
software PRIMER3 (https://bioinfo.ut.ee/primer3-0.4.0/) using published
data obtained from the NCBI database. The primer used were as following
(forward and reverse): Tnf-a (for CCAC CACGCTCTTCTGTCTA; rev
AGGGTCTGGGCCATAGAACT), I-1B (for
GCTGAAAGCTCTCCACCTCA; rev AGGCCACAGGTATTTTGTCG)
and 11-10 (for CCCAGAAATCAAGGAGCATT; rev
CTCTTCACCTGCT CCACTGC).

Statistical analysis. The ANOVA followed by the nonparametric Mann-
Whitney U test was used for statistical comparisons (*P < 0.05) using the
Prism 6.0 software (GraphPad).

Physiochemical properties and pharmacokinetic characterization.
Solubility and LogD Measurements. Each compound was dissolved in
DMSO at a concentration of 10 mM. Then, ten microliters of the obtained
solution were diluted either in 490 puL of PBS pH 7.4 or MeOH and
maintained under agitation at 250 rpm for 24 h at rt. Tubes were
subsequently centrifuged for 5 min at 4000 rpm and 10 pL of each sample
were further diluted in 490 pL of MeOH and analyzed by LC-MS/MS. The
ratio of mass-signal area obtained in PBS and in organic solvent was then

calculated and used to determine the solubility of each compound.
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LogD was estimated by dissolving 40 pL of selected compounds in 1960
puL of PBS pH 7.4/Octanol. After shaking the mix for 2 hours at rt, organic
and aqueous phases were separated and 10 pl of each phase were
withdrawn, diluted in 490 pL of MeOH and analyzed by LC-MSMS.
Concentrations of products were determined by mass signal and LogD was
calculated as the logarithm of the ratio of compounds concentrations in
octanol and PBS.

Metabolic Stability. All incubations were performed under shaking at 37
°C in a final volume of 0.5 mL, containing 50 mM potassium phosphate
buffer (pH 7.4), all compounds were tested at the final concentration of 1
uM and 1% DMSO was used as vehicle. For microsomes assay, the
incubation mixtures contained 0.15 mg of Human liver microsomes
(Sigma-Aldrich, St. Louis, MO, USA) 5 mM MgCL, 1 mM NADPH, 5
mM  glucose 6-phosphate, 0.4 U-mL—-1 glucose 6-phosphate
dehydrogenase. Aliquots were removed at 0, 5, 10, 20, 30, 40, 50, 60 min
after microsomes addition. For S9 fraction analysis, the buffer contained
0.15 mg of S9 proteins (Sigma-Aldrich, St. Louis, MO, USA), 0.3 mM
NADPH, 5.6 mM glucose-6-phosphate, 0.6 units/ml glucose-6-phosphate
dehydrogenase, 5.8 mM UDP-glucuronic acid, 0.05 mM acetyl-CoA, 0.5
mM dithiothreitol, 0.5 mM 3’-phosphoadenosine 5’-phosphosulfate, 1
mM glutathione, 0.2 mM acetyl carnitine, 4 units/mL carnitine acetyl
transferase, 0.5 mM glycine, and 0.5 mM taurine and aliquots were
removed at 0, 5, 15, 30, 45, 60, 90, 120, 150 min after S9 fraction addition.
The reaction was stopped by adding 200 uL of ice-cold acetonitrile to
withdrawn aliquots. After two hours, samples were centrifuged for 10 min
at 10,000 rpm, and supernatants were subjected to LC-MS/MS analysis.
The slope of the linear regression of the curve obtained reporting the

natural logarithm of compound area versus incubation time (—k) was used
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in the conversion to in vitro ti2 values by ti2 = —In (2)/k. In vitro intrinsic
clearance (Clinc expressed as pL/min/mg) was calculated and expressed as
pL/min/mg. The percentage of unmodified compound has been calculated
assuming the peak area of the compound at time 0 min as 100%.
Testosterone was used as a positive control for microsome and phase I
enzymes, and 7-hydroxycoumarin was used as positive control for phase
I enzymes.

Computational studies.

CysLTiR. The crystal structure of the Homo sapiens Cysteinyl leukotriene
receptor 1 (PDB ID 6rz4) was downloaded from the Protein Data Bank
website. The soluble cytochrome b562 fragment, the co-crystallized ligand
and water molecules were removed and the residue GIn274 was
reconstructed. The missing 2 residues of ECL3 and the missing
transmembrane helix 8 (TMS8) were modelled using the Modeller 9.2
software package. For TMS, the crystallographic structure of CysLT2R
(PDB ID 6RZ6) was employed as a template and its secondary structure
was confirmed using prediction tools PSIpred and Spider3. Residues
protonation states were assigned in accordance with the most populated
ones predicted by the H++ webserver at pH 7.4. The final model was
validated via 1 ps long molecular dynamics simulation. The protein was
put in a box of size 10x10x12 nm and embedded in a lipid bilayer
composed of cholesterol (CHL) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) with a 30:70 ratio using the CHARMM-GUI
webserver. For solvation, TIP3P water molecules were employed and a
0.150 mM concentration of NaCl was added to reach electrostatic
neutrality. The simulation was performed using the Amber ff14SB and

Lipid 17 force fields with the GROMACS 2020.4 software package.
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GPBARI. GPBAR1 homology model reported in D’Amore et al.!*® was
employed for docking calculations. The receptor was prepared as in
Biagioli et al.!>°

Both the receptors were treated with the Protein Preparation Wizard tool
implemented in Maestro ver. 11.8.

Ligands. 3D structures of 24-50 were built using the Graphical User
Graphical User Interface (GUI) of Maestro ver. 11.8. The protonation state
of 24-50 at pH 7.4 in water has been calculated using the Epik module.
Finally, 24-50 were then minimized using the OPLS 2005 force field
through 2500 iteration steps of the Polak-Ribiere Conjugate Gradient
(PRCQ) algorithm.

Docking calculations. Preliminary docking calculations were performed
using Glide and Autodock 4.2 to reproduce the binding pose of the
pranlukast ligand recently co-crystalized with CysLTiR (PDB ID 6rz4).
This redocking step allowed us to identify the most suitable parameters
and scoring function for docking of 24-50. Considering the ability to
reproduce the pranlukast crystallographic binding pose, Glide was finally
employed for the docking calculations. The results were clustered and
successively ranked according to the Glide Emodel and the Glide Score.
Docking calculations of 24-50 on GPBARI1 were performed using the
same approach described in Biagioli et al.!>°

To consider the ligand induced-fit effect on the receptors’ binding sites —
rearrangement of residue side chains to improve interaction with the ligand
-, we performed docking calculations on 28 in both GPBARI and
CysLTIR using as structure the centroid of the most populated protein

conformation during the MD calculations on the 28/GPBARI1 and
28/CysLTiR complex, respectively.
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In detail, the docking procedure was carried out with the Glide software
package, using the Standard Precision (SP) algorithm of the GlideScore
function and the OPLS 2005 force field. A grid box of 2.5 x 1.6 x 1.7 nm
for GPBARI1 receptor and one of 1.6 x 2.0 X 1.8 nm for CysLT1R centred
on the ligand binding cavity were created. A total amount of 100 poses
was generated and the conformational sampling of the ligand was
enhanced by two times, as reported by the default setting of Glide.
Docking conformations of 24-50 were then clustered based on their atomic
RMSD. Globally, seven clusters were obtained and, among them, only the
conformation included in the most populated cluster with both the Glide
Emodel and GlideScore lowest-energy value was considered.

MD calculations. MDs were performed with GROMACS suite ver.
2020.4, using the Amber ff14SB, Lipid 17 and the General Amber Force
Field (GAFF) for the proteins, lipids and ligands, respectively.
Protein/ligand complexes were prepared as previously reported for
CysLTiR and GPBAR1 and embedded in a 30:70 CHL/POPC lipid bilayer
of sizes 10x10nm. The resulting membrane was then solvated with TIP3P
water and a 0.150 mM concentration of NaCl into a 10x10x12 nm box.
The whole procedure was carried out using the CHARMM-GUI
webserver.

The systems were minimized using the steepest descent algorithm in a two
steps procedure. First, the protein and ligand heavy atoms were restrained,
whereas water molecules and ions were left free and only the movement
on the Z axis of hydroxyl group of CHL and the phosphate group of POPC
was restrained. Afterward, the restraints were removed, and a second
round of minimization was performed. The systems were then gradually
heated from 50 to 300 K using a stepwise approach of NVT/NPT

simulations at fixed temperature, before increasing it by 50 K. Each
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NVT/NPT step lasted 1 ns. An initial restraint of 1000 kJ/mol at 50 K was
applied on proteins, ligands and lipids as described for the minimization
procedure. After each NVT/NPT cycle, the restraints were lowered by 160
kJ/mol. The Langevin dynamics integrator and the Berendsen barostat
with semi-isotropic coupling at 1 atm were employed. After reaching 300
K, a preliminary production run of 10ns without restraints was performed
using the Langevin dynamics integrator and the Parrinello-Rahman
barostat with semi-isotropic coupling at 1 atm. The same parameters were
employed for the following production runs of 1 ps. In all these
simulations, a time step integration of 2 fs. For the computation of
electrostatic and Van der Waals interactions, the Particle-Mesh Ewald
(PME) and the cutoff algorithms were used, respectively, with a threshold
of 1.2 nm. The cluster analysis trajectory was carried out using the
GROMACS gmx cluster tools with the GROMOS method and a 0.2 nm
cutoff.

Free-energy calculations. Well-tempered MetaD simulations were
performed using the same protocol described for MD calculations.
However, the GROMACS suite ver. 2020.4 was patched with the Plumed
software package ver. 2.6.2 and the Ca atoms of the protein structured
parts (i.e. alpha helices, beta strands) were restrained around the initial
conformation using a RMSD-based harmonic potential with constant
10000 kJ/mol and threshold 0.1 nm. As collective variable, the distance
between the heavy atoms of the quinoline moiety and the CP of CysLT1R
Arg792.60 was chosen. This distance CV was allowed to explore the
values from 0 to 3.0 nm to limit the sampling of the free-energy landscape
to the interior of the binding pocket. To do so, an upper wall with constant
10000 kJ/mol was placed at 3.0 nm of the distance CV to prevent the ligand
from exiting the CysLT1R cavity. A bias of 1 kJ/mol was deposited every
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5 ps with a sigma of 0.05 nm and a bias factor of 15. The MetaD
simulations were performed using 10 multiple walkers lasting 150 ns each,
for a total of 1.5 pus of calculation.

MD trajectories were visualized using VMD software and all figures were
rendered by UCSF Chimera.

In vivo stability of compound 49

The amount of compound 49 in plasma samples of treated animals was
evaluated by measuring the peak area of the compound at 1, 6 and 24 h
after administration. 50 pL of plasma samples were mixed with 200 pL of
acetonitrile, vortexed and incubated for 1 hour on ice. Samples were then
centrifuged for 10 min at 10000 rpm and supernatants were evaporated to
dryness. For LC/MS-MS analysis a QTRAP 6500 System (AB Sciex)
equipped with Shimadzu LC-20A LC and AutoSampler was employed.
Samples were dissolved in 100 pL of H20, 30% MeOH, 0.2% FA and the
chromatographic separation was performed using a Luna Omega 3 pum
Polar C18 100x2.1 mm (Phenomenex) and the best chromatographic
results were achieved using the following gradient: 20% B from 0 to 1
min, 20% to 80% B from 1 to 5.0 min, 80% to 95% B from 5.0 to 5.1 min,
held at 95% B for 3 min and then to 20% B (Buffer A: H20 0.2% FA;
Buffer B: MeOH 0.1 % FA). The transition 356 —143 was employed for
quantification. The following parameters were set: positive mode, DP 120
eV,EP 12 eV, CE 40 eV, CXP 23 V, CUR 30 psi, CAD Medium, IS 5500
V, TEM 350 °C, GS1 and GS2 50 psi.

GEOQO Data Sets

The GSE135251 series includes gene expression profiles (RNA-seq
analysis, [llumina NextSeq 500 system) of 216 snap frozen liver biopsies,
comprising 206 NAFLD cases with different fibrosis stages and 10

controls.
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Animal model

C57BL/6J male mice were fed a high-fat diet (HFD) containing 59 KJ%
fat plus 1% cholesterol, w/o sugar (ssniff ® EF R/M acc. D12330 mod.
22,7 ME/Kg) and fructose (HFD-F) in drinking water (42 g/1), or normal
chow diet for 9 weeks. Food intake was estimated as the difference in
weight between the offered and the remnant amount of food at 3-day
intervals. The food was provided as pressed pellets and the residual
spillage was not considered. After 10 days, HFD-F mice were randomized
to receive HFD-F alone or in combination with compound 49 (30
mg/kg/day) by gavage for 8 weeks. Doses of each agent were chosen
according to previously published data. Mice were housed under
controlled temperature (22°C) and photoperiods (12:12-hour light/dark
cycle), allowed unrestricted access to standard mouse chow and tap water.
The experimental protocol was approved by the Animal Care and Use
Committee of the University of Perugia and by the Italian Minister of
Health and Istituto Superiore di Sanita (Italy) and were in agreement with
the European guidelines for use of experimental animals (permission n.
583/2017-PR). The general health of the animals was monitored daily by
the Veterinarian in the animal facility. At the day of sacrifice, fed mice
were deeply anesthetized with a mixture of tiletamine hypochloride and
zolazepam hypocloride/xylazine at a dose of 50/5 mg/Kg and sacrificed
before 12 AM.

Anthropometrical determinations

Body weight and body length (nose-to-anus or nose—anus length), were
measured in anesthetized mice at time of sacrifice and were used to
calculate the Body mass index (BMI) (=body weight (g)/length2 (cm2))
and the Lee index (=cube root of body weight (g)/nose-to-anus length

(cm)).
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Biochemical analyses

AST, ALT, total- and HDL-cholesterol and triglycerides plasmatic levels
were quantified using an automated clinical chemistry analyzer (Cobas,
Roche).

OGTT and insulin levels

After 8weeks of HFD-F mice were fasted overnight and orally
administered glucose (1.5 g/kg body weight) for OGTT. The blood
glucose concentrations were measured at 0, 15, 30, 60, 90, and 120 min
after feeding or injection using a portable glucose meter (Accu-Check Go,
Roche).

Thermal images

Temperature of brown adipose tissue (BAT) was recorded through the
study using a non-invasive technology. Briefly, mice were maintained at
25 °C and the thermal images were taken by a FLIR E6 thermal imaging
camera (FLIR System, Wilsonville, Oregon) and the surface temperature
quantified by the FLIR Tools.

Histopathology

For histological examination, portions of the right and left liver lobes were
fixed in 10% formalin, embedded in paraffin, sectioned and stained with
Sirius red and/or Hematoxylin/Eosin (H&E), for morphometric analysis.
NASH severity (steatosis, hepatocytes ballooning, lobular inflammation
and portal inflammation) was scored in H&E-stained cross sections using
an adapted grading system of human NASH as described previously.27
Hepatic fibrosis score was evaluated in Sirius red stained sections has
described previously.

Quantitative Real-Time PCR analysis

RNA was extracted from eWAT with Direct-zol™ RNA MiniPrep w/

Zymo-Spin™ [IC Columns (Zymo Research, Irvine, CA) and it was
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subjected to reverse transcription with FastGene Scriptase Basic Kit
(Nippon Genetics Europe) in a 20 puL reaction volume.

For Real Time PCR, 50 ng cDNA were amplified in a 20 pL solution
containing 200 nM of each primer and 10 uL of SYBR Select Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA). All reactions were
performed in triplicate, and the thermal cycling conditions were as
follows: 10 min at 95°C, followed by 40 cycles of 95°C for 10 sec and
60°C for 45 sec with QuantStudio™ 3 Real-Time PCR System (Applied
Biosystems). The relative mRNA expression was calculated and expressed
as 2—(AACt). Expression of the respective gene was normalized against
Gapdh mRNA as an internal control. The following primers for Real-Time
PCR were wused: mouse-Gapdh: ctgagtatgtcgtggagtctac and
gttggtggtgcaggatgeattg;  mouse-Srebfl:  gatcaaagaggagccagtge and
tagatggtggctgctgagtg; mouse-Fasn: tcaagatgaaggtggcagaggtgct and
ttgagcagtgccgggattcgg; mouse-Pgcla:  cttagcactcagaaccatgcag  and
aatgctcttcgctttattgctc; mouse-Fxr: actggaccacgaagatcagatt and
gagcgtactcctectgagtcat; mouse-adiponectin:  tgacagatcagcetcgagtgg and
cagtgccgtcagttcttgtg; mouse-Tnf-a: ccaccacgctcttetgtcta and
agggtctgggccatagaact; mouse-ucp2: ttgcccgtaatgcecattgte and
gcaagggaggtcatctgtca; mouse- cdllb  gtcagagtctgectcegtgt  and
cagggtctaaagccaggtca, mouse-ppary: gccagtttcgatccgtagaa and
aatccttggccctctgagat.

AmpliSeq transcriptome

High-quality RNA was extracted from mice livers, using the Directzol™
RNA MiniPrep w/ Zymo-Spin™ IIC Columns (Zymo Research, Irvine,
CA) according to the manufacturer's instructions. RNA quality and
quantity were assessed with the Qubit® RNA HS Assay Kit and a Qubit
3.0 fluorometer (Invitrogen, Carlsbad, CA) followed by agarose gel
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electrophoresis. Libraries were generated using the Ion AmpliSeq™
Transcriptome Mouse Gene Expression Core Panel and Chef-Ready Kit
(Comprehensive evaluation of AmpliSeq transcriptome, a whole
transcriptome RNA sequencing methodology) (Thermo Fisher Scientific,
Waltham, MA). Briefly, 10ng of RNA was reverse transcribed with
SuperScript™ Vilo™ cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA) before library preparation on the Ion Chef™ instrument
(Thermo Fisher Scientific, Waltham, MA). The resulting cDNA was
amplified to prepare barcoded libraries using the Ion Code™ PCR Plate,
and the Ion AmpliSeq™ Transcriptome Mouse Gene Expression Core
Panel (Thermo Fisher Scientific, Waltham, MA), Chef-Ready Kit,
according to the manufacturer's instructions. Barcoded libraries were
combined to a final concentration of 100 pM and used to prepare
Template-Positive lon Sphere™ (Thermo Fisher Scientific, Waltham,
MA) Particles to load on Ion 540™ Chips, using the Ion 540™ Kit-Chef
(Thermo Fisher Scientific, Waltham, MA). Sequencing was performed on
an Ion S5™ Sequencer with Torrent Suite™ Software v6 (Thermo Fisher
Scientific, Waltham, MA). The analyses were performed with a range of
fold <-2 and >+2 and a p value <0.05, using Transcriptome Analysis
Console Software (version 4.0.1), certified for AmpliSeq analysis
(Thermo-Fisher). The transcriptomic data have been deposited as dataset
on Mendeley data repository (reference number linking to the repository:
Fiorucci, Stefano; Biagioli, Michele; Marchiano, Silvia; Di Giorgio,
Cristina (2021), “Discovery of potent dual GPBAR1/CysLT1R modulator
for the treatment of metabolic fatty liver disease”, Mendeley Data, V1, doi:

10.17632/6dnrk9fc72.1).
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NMR spectra
'"H NMR (400 MHz, CDCl3) of compound 24
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'"H NMR (400 MHz, CDCl5) of compound 25
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"H NMR (400 MHz, CD;0D) of compound 26
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"H NMR (400 MHz, CDCl5) of compound 27
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'"H NMR (400 MHz, CDCl5) of compound 28
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"H NMR (400 MHz, CD;0D) of compound 29
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'"H NMR (400 MHz, CDCl5) of compound 30
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"H NMR (400 MHz, CD3;0D) of compound 31
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"H NMR (400 MHz, CD3;0D) of compound 32
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"H NMR (400 MHz, CDCl5) of compound 33
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'"H NMR (400 MHz, CDCls) of compound 34
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"H NMR (400 MHz, CDCl5) of compound 35
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'"H NMR (400 MHz, CDCl5) of compound 36
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'"H NMR (400 MHz, CDCl5) of compound 37
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'"H NMR (400 MHz, CDCl5) of compound 38
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'"H NMR (400 MHz, CDCl5) of compound 39
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"H NMR (400 MHz, CD;0D) of compound 40
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"H NMR (400 MHz, CDCl3) of compound 41
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'"H NMR (400 MHz, CDCl3) of compound 42
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"H NMR (400 MHz, CD3;0D) of compound 43
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'"H NMR (400 MHz, CDCl3) of compound 44
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'"H NMR (400 MHz, CDCl5) of compound 45
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'"H NMR (400 MHz, CDCl5) of compound 46
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"H NMR (400 MHz, CDCl5) of compound 47
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'"H NMR (400 MHz, CDCl5) of compound 48
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"H NMR (400 MHz, DMSO) of compound 49
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'"H NMR (400 MHz, CDCl5) of compound 50
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Experimental section IIT

Synthesis.

3a, 7B-diformyloxy-5B-cholan-24-oic acid (107). A solution of
ursodeoxycholic acid 95 (1.3 mmol) in 10 mL of 90% formic acid
containing 25uL of 70% perchloric acid was stirred at 47-50 °C for 12 h.
The temperature of the heating bath was lowered to 40 °C, then 5 mL of
acetic anhydride was added over 10 min and the mixture was stirred for 10
min more. The solution was cooled to room temperature, poured into 50
mL of water, and extracted with diethyl ether. The organic layers were
washed with water to neutrality, dried over Na>SOs, and evaporated to give
107 (quantitative yield). An analytic sample was obtained by silica gel
chromatography eluting with DCM/MeOH 9:1 v/v. Selected "H NMR (400
MHz CD;0OD): 6 8.03 (1H, s), 7.98 (1H, s), 4.89 (1H, m), 4.80 (1H, m),
0.98 (3H, s), 0.93 (3H, d, J = 6.5 Hz), 0.69 (3H, s); '*C NMR (100 MHz
CD;OD): 8 178.1, 163.0, 162.5, 74.9, 74.8, 56.6, 56.4, 44.8, 43.5, 41.3,
41.2, 40.7, 36.6, 35.4 (2C), 35.1, 34.1, 34.0, 32.3, 32.0, 29.5, 27.6, 23.6,
22.3, 18.9, 12.5; HRMS-ESI m/z 449.2907 [M+H]", C26H410¢ requires
449.2903.

3a, 7B-diformyloxy-24-nor-5p-cholan-23-nitrile (108). Crude 107 (1.1
mmol), 1.7 mL of cold trifluoroacetic acid, and 466 uL (3 eq) of
trifluoroacetic anhydride were stirred at 0-5 °C until dissolution. Sodium
nitrite (1.1 eq) was added in small portions. After the addition was
completed, the reaction mixture was stirred first at 0-5 °C for 1 h, then at
38-40 °C for 8 h. On completion, the reaction was neutralized with NaOH
6 N, then the product was extracted with diethyl ether (3 x 50 mL),
followed by washing with brine and dried over anhydrous Na>SO4 The
ether was removed under reduced pressure to afford 108 (97%), which was

subjected to the next step without any purification. An analytic sample was
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obtained by silica gel chromatography eluting with hexanes/ethyl acetate
8:2 v/v. Selected 'H NMR (400 MHz CDsOD): & 8.04 (1H, s), 7.99 (1H,
s), 4.87 (1H, m), 4.73 (1H, m), 1.12 3H, d, /= 6.5 Hz), 0.98 (3H, s), 0.71
(3H, s); *C NMR (100 MHz CDsOD): § 163.1, 162.6, 120.3, 74.8 (2C),
56.4,55.5,44.8,43.2,41.2, 40.9, 40.6, 35.4, 35.1, 34.6, 34.1, 34.0, 30.9,
29.3,27.6,25.1,23.6,22.3,19.8, 12.5; HRMS-ESI m/z 416.2807 [M+H]",
C25H3sNOg4 requires 416.2801.

24-nor-ursodeoxycholic acid (109). Crude compound 108 (0.96 mmol)
was refluxed in ca. 50 mL of methanol/water 1:1 v/v with 30% KOH w/w.
After stirring for 48 h, the basic aqueous solution was neutralized with HCI1
6 N. Then methanol was evaporated, and the residue was extracted with
ethyl acetate (3 x 50mL). The combined organic layers were washed with
brine, dried over anhydrous Na;SO4 and concentrated to give a white solid
residue, that was purified by silica gel chromatography, eluting with
DCM/MeOH 9:1 v/v (97%). An analytic sample was purified by HPLC on
a Nucleodur 100-5 C18 (5 pm; 4.6 mm i.d. x 250 mm) with MeOH/H-,0O
(70:30) as eluent (flow rate 1 mL/min), to give compound 109 (tr=20.7
min). [a]osP=+11.0 (¢ 0.41, CH30H); selected 'H NMR (400 MHz
CDs;0OD): 6 3.44 (2H, m), 0.98 (3H, d, /= 6.5 Hz), 0.93 (3H, s), 0.71 (3H,
s). 3C NMR (100 MHz CDsOD): & 177.3, 72.1, 71.9, 57.5, 56.6, 44.8,
44.5,44.0,42.5,41.4, 40.7, 38.6, 38.0, 36.1, 35.2, 34.9, 31.0, 29.7, 27.9,
23.9, 22.4, 20.2, 12.7, HRMS-ESI m/z 379.2844 [M+H]", C23Hz3004
requires 379.2848.

Methyl 3a,7B-dihydroxy-24-nor-5p-cholan-23-oate (110). Compound
109 (0.26 mmol) was dissolved in 30 mL of dry methanol and p-
toluenesulfonic acid (2 eq) was added. The solution was left to stir at room
temperature for Sh. The mixture was neutralised by the addition of

NaHCO:s saturated solution. Most of the solvent was evaporated, and the
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residue was extracted with ethyl acetate. The combined extract was
washed with brine, dried over anhydrous Na>SOs, and evaporated to give
110 as an amorphous solid (97% yield). An analytic sample was purified
by HPLC on a Nucleodur 100-5 C18 (5 um; 4.6 mm i.d. x 250 mm) with
MeOH/H>0 (9:1) as eluent (flow rate 1 mL/min), to give compound 110
(tr=9.5 min). [a]2sP=+19.8 (c 0.22, CHCl5); selected 'H NMR (400 MHz
CDCl): 6 3.60 (3H, s), 3.51 (2H, m), 0.92 (3H, d, J = 6.3 Hz), 0.88 (3H,
s), 0.65 (3H, s). *C NMR (100 MHz CDCls): & 173.8, 71.0, 70.9, 55.7,
54.9, 51.3,43.6,43.4,42.4,41.3, 39.9, 39.1, 37.1, 37.0, 34.8, 33.9, 33.6,
30.0, 28.6,26.7,23.3,21.0, 19.5, 12.0; HRMS-ESI m/z 393.3009 [M+H]",
C24H4104 requires 393.3005.

24-nor-5p-cholan-3a., 7B, 23-triol (98). To a solution of 110 (0.23 mmol)
in dry THF (5 mL) at 0°C under argon were added LiBH4 (5 eq) and dry
methanol (5 eq) and the resulting mixture was stirred for 3 h at 0°C. The
mixture was quenched by the addition of NaOH (1 M, 2 eq) and then
allowed to warm to room temperature. Ethyl acetate was added, and the
separated aqueous phase was extracted with ethyl acetate (3 x 30 mL). The
combined organic phases were washed with water, dried over anhydrous
Na>SO4 and concentrated. Purification by silica gel (DCM/MeOH 97:3
v/v) gave compound 98 as a colourless oil (85 mg, quantitative yield). An
analytic sample was purified by HPLC on a Nucleodur 100-5 C18 (5 pm;
4.6 mm i.d. x 250 mm) with MeOH/H>0O (8:2) as eluent (flow rate 1
mL/min), to give compound 98 (tg=17.8 min). [a]2s P=+23.7 (¢ 0.18,
CH3;0H); '"H NMR (400 MHz CD30D): 6 3.60 (1H, m ovl), 3.51 (1H, m),
3.50 (2H, m), 0.97 (3H, d, ovl), 0.96 (3H, s), 0.72 (3H, s). *C NMR (100
MHz CD3;0OD): 6 72.1, 71.9, 60.8, 57.5, 57.1, 44.8, 44.5, 44.0, 41.6, 40.7,
39.9, 38.6, 38.0, 36.1, 35.2, 34.1, 31.0, 29.8, 27.9, 23.9, 22.4, 19.5, 12.6;
HRMS-ESI m/z 365.3053 [M+H]", C23H4103 requires 365.3056.
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Methyl 3a-hydroxy-7-oxo-24-nor-5-cholan-23-oate (113). 7-KLCA
(5.12 mmol) was formylated to afford 111 which was then subjected to
Beckmann degradation at C24. The corresponding nor-nitrile 112 was then
hydrolysed to the acid which was finally turned into the ester 113 in 66%
yield. The formylation, Beckmann degradation and nitrile hydrolysis were
previously described.

Methyl (E)-3a-acetoxy-6-ethylidene-7-0x0-24-nor-5B-cholan-23-oate
(114). To a solution of diisopropylamine (7 eq) in dry THF (50 mL) was
added dropwise a solution of n-butyllithium (2.5 M in hexane, 6 eq) at -78
°C. After 30 min, trimethylchlorosilane (7 eq) was added. After additional
30 min, a solution of 113 (1 eq) in dry THF (10 mL) was added. The
reaction was stirred at -78 °C for 45 min and then triethylamine (7 eq) was
added. After 1 h, the reaction mixture was allowed to warm to -20 °C,
treated with an aqueous saturated solution of NaHCO3 (100 mL) and
brought up to room temperature for 2h. The aqueous phase was extracted
with ethyl acetate (3 x 50 mL). The combined organic phases were washed
then with a saturated solution of NaHCO3, water and brine. After drying,
the residue was evaporated under vacuum to give crude enol ether, which
was dissolved in dry DCM (20 mL) and cooled at -78 °C. At this stirred
solution acetaldehyde (5 eq) and BF3-OEt, (10 eq) were added dropwise.
The reaction mixture was stirred for 1h at -78 °C and allowed to warm to
room temperature. The mixture was quenched with a saturated aqueous
solution of NaHCO3 and extracted with DCM. The combined organic
phases were washed with brine, dried over anhydrous Na;SOs, and
concentrated under vacuum. Purification by silica gel (hexane/ethyl
acetate 99:1 v/v with 0.5% TEA) gave compound 114 (60% over two
steps).
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NMR analysis demonstrated a diastereomeric ratio E/Z >95%. The E
configuration of the exocyclic double bond was established by dipolar
coupling H3-25 (8 1.67)/H-5 (6 2.61) in the NOESY spectrum (400 MHz,
mixing time 400 ms). [a]p?°=-3.31 (¢ 3.25, CH3;0H). Selected '"H NMR
(400 MHz, CDCl5):6 6.17 (1H, q, J = 7.2 Hz, H-24), 4.75 (1H, m, H-3),
3.64 (3H, s, COOCH3), 2.61 (1H, dd, J = 13.1, 4.0 Hz, H-5), 1.98 (3H, s,
COCHa3), 1.67 (3H, d, J = 7.2 Hz, H3-25), 1.00 (3H, s, H3-19), 0.97 (3H,
d, J= 6.8 Hz, H3-21), 0.67 (3H, s, H3-18). *C NMR (100 MHz, CDCl5):
5204.5,174.2,170.5, 143.0, 130.6, 72.5, 54.7,51.4,50.7, 48.6, 45.3, 43.7,
41.5, 39.1, 38.8, 34.6, 34.2, 33.6, 33.4, 28.5, 25.9 (2C), 22.8, 21.3 (20),
19.7, 12.7, 12.1. HR ESIMS m/z 459.3107 [M+H]", C23H430s requires
459.3110.

Methyl 3a-acetoxy-6B-ethyl-7-oxo-24-nor-5B-cholan-23-oate (115). A
solution of 114 (1.3 mmol) in dry THF/MeOH (100 mL, 1:1 v/v) was
hydrogenated in presence of Pd(OH)2 20% wt on activated carbon (0.1 mol
%) Degussa type. The mixture was transferred to a standard PARR
apparatus and flushed first with nitrogen and then with hydrogen several
times. The reaction was stirred under 50 psi of Hz at room temperature for
12 h. The catalyst was filtered through Celite, and the recovered filtrate
was concentrated under vacuum to give 115 (quantitative yield). The 3
configuration of the ethyl group at C-6 was determined by dipolar
couplings H3-25 (8 0.83)/ H3-19 (6 1.22) in the NOESY spectrum (400
MHz, mixing time 400 ms). [a]p>>=+10.4 (¢ 0.39, CH30H). Selected'H
NMR (400 MHz, CDCl3): 6 4.65 (1H, m, H-3), 3.67 (3H, s, COOCH3),
2.60 (1H,t,J=11.2 Hz, H-8),2.43 (1H, dd, J=14.2, 2.6 Hz, H-22a), 1.98
(3H, s, COCH3), 1.88 (1H, m ovl, H-6), 1.22 (3H, s, H3-19), 0.98 (3H, d,
J=6.4 Hz, H5-21), 0.83 (3H, t, J = 7.0 Hz, H3-25), 0.70 (3H, s, H3-18).
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BC NMR (100 MHz, CDCls): §215.3, 174.0, 170.5, 72.8, 61.9, 55.0, 51 .4,
49.2, 48.7, 45.5, 42.9, 42.6, 41 .4, 38.7 (2C), 35.6, 35.3, 34.9, 28.3 (20),
26.5, 25.9, 24.8, 21.4, 21.3, 19.6, 13.0, 12.1. HR ESIMS m/z 461.3265
[M+H]", C2sH4505 requires 461.3267.
6p-ethyl-3a,7B-hydroxy-24-nor-53-cholan-23-o0l (99) and 6B-ethyl-
3a,7a-hydroxy-24-nor-5B-cholan-23-o0l (116). To a methanol solution
of compound 115 (0.22 mmol), a large excess of NaBH4 was added at 0
°C. The mixture was left at room temperature for 10 h and then water and
MeOH were added dropwise over a period of 15 min at 0 °C until
effervescence stopped. Then after evaporation of the solvents, the residue
was diluted with water and extracted with ethyl acetate (3 x 50 mL). The
combined extract was washed with brine, dried over anhydrous Na>SOs,
and evaporated to the crude residue that was subjected to the next step
without further purification. To a solution of crude residue (0.214 mmol)
in dry THF (15 mL), at 0 °C dry methanol (3 eq) and LiBH4 (2 M in THF,
3 eq) were added. The resulting mixture was stirred for 2 h at 0 °C. The
mixture was quenched by the addition of 1 M NaOH (2 eq) and then ethyl
acetate. The organic phase was washed with water, dried over anhydrous
Na>SO4 and concentrated. HPLC purification on a Nucleodur 100-5 C18
(5 pm; 10 mm 1.d. x 250 mm) with MeOH/H>O (86:14) as eluent (flow
rate 3 mL/min), gave 99 (54%, tr= 15 min) and 116 (23%, tr= 11 min).
6B-ethyl-3a.,7B-hydroxy-24-nor-5B-cholan-23-ol (99). [a]p>=+11.57 (c
0.14, CH3OH). Selected '"H NMR (400 MHz, CDCls): § 3.80 (1H, dd, J =
10.5, 5.5 Hz, H-7), 3.71 (1H, m, H-23a), 3.61 (1H, m, ovl, H-23b), 3.61
(1H, m, ovl, H-3), 0.98 (3H, d, ovl, H3-21), 0.97 (3H, s, H3-19), 0.96 (3H,
t, ovl, H3-25), 0.70 (3H, s, H3-18). *C NMR (100 MHz, CD;OD): § 75.2,
71.8, 60.8, 57.5, 56.6, 51.5, 45.5, 44.8, 42.0, 41.4, 40.7, 40.3, 39.9, 36.9,
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36.0, 34.2, 30.5, 29.6, 28.3, 26.2, 23.4, 22.0, 19.4, 14.7, 12.9. HR ESIMS
m/z 393.3365 [M+H]", C25H4503 requires 393.3369.

Methyl (E)-6-ethylidene-3a-hydroxy-7-oxo-5p-cholan-24-oate (117). 7-
KLCA was subjected to a Fischer esterification as previously described.
The resulting methyl ester (99% yield) was then converted into a silyl enol
ether and then condensed with acetaldehyde to afford compound 117 in the
same experimental conditions described for compound 114. Purification by
silica gel (hexane/ethyl acetate 99:1 v/v with 0.5% TEA) gave compound
117 (55% over two steps).

Methyl 6p-ethyl-3a-hydroxy-7-oxo-5f-cholan-24-oate (118).
Compound 117 was reduced at the double bond in the same experimental
conditions employed for compound 115 to afford compound 118 with a
quantitative yield. The crude reaction was used for the next step without
further purification.

6p-ethyl-3a,7B-dihydroxy-5B8-cholan-24-01 (100) and 6fB-ethyl-
3a,7a-dihydroxy-5B-cholan-24-0l (ep-100). Compound 118 was
treated first with NaBH4 and then with LiBH4 just as described for
compound 115. HPLC purification on a Nucleodur 100-5 C18 (5 um; 10
mm i.d. x 250 mm) with MeOH/H>O (88:12) as eluent (flow rate 3
mL/min), gave 100 (69%, tr= 11 min) and ep-100 (35%, tr=20.4 min).
6B-ethyl-30.,7B-dihydroxy-5B-cholan-24-01 (100). [a]p®= +15.2 (c
1.21, CH30H). Selected 'H NMR (400 MHz, CD;0D): § 3.74 (1H, dd, J
=10.3, 6.0 Hz, H-7), 3.51 (2H, ovl, H2>-24), 3.51 (1H, m, ovl, H-3), 1.00
(3H, s, H3-19), 0.97 (3H, d, J = 6.5 Hz, H3-21), 0.96 (3H, t, J = 7.6 Hz,
H3-26), 0.72 (3H, s, H3-18). 3*C NMR (100 MHz, CD;0D): § 75.3, 71.9,
63.6,57.5,56.5,51.6,45.7,44.9,42.1,41.5,40.4, 40.3, 37.1, 35.8, 35.8,
32.4,30.7,29.7,29.6,28.3,26.2,23.4,22.1,19.4, 14.8, 12.7. HR ESIMS
m/z 407.3529 [M + H]", C26H4703 requires 407.3525.
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(E)-6-ethylidene-3a,7B-dihydroxy-5p-cholan-24-o0l (101). Compound
117 was directly reduced in the same conditions described for compound
100. HPLC purification on a Nucleodur 100-5 C18 (5 um; 10 mm i.d. x
250 mm) with MeOH/H>O (88:12) as eluent (flow rate 3 mL/min) gave
compound 101 (85% over two steps, tr=9.2 min). [a.]p>=+18.1 (c 0.36,
CH;0H); Selected 'H NMR (400 MHz, CD;0OD): § 5.64 (1H, q, J= 6.9
Hz, H»>-25), 3.90 (1H, d, J = 9.8 Hz, H-7), 3.55 (2H, ovl, H>-24), 3.55
(1H, m, ovl, H-3), 1.62 (3H, d, J = 6.9 Hz, H3-26), 0.97 (3H, d, J = 6.8
Hz Hs-21),0.81 (3H, s, H3-19),0.70 (3H, s, H3-18). 3C NMR (100 MHz,
CD;OD): o 142.7, 114.5, 63.6, 57.1, 56.1, 45.2, 44.9, 44.2, 40.7, 40.2,
36.3,36.2,35.9,34.7,32.4,30.2,29.5,28.8,27.4,22.6,21.5, 18.5, 11.8,
11.7. HR ESIMS m/z 405.3373 [M + H]", C26H4503 requires 405.3369.
6a-ethyl-3a,7B-dihydroxy-58-cholan-24-o0l (102) and 6a-ethyl-3a,7a-
dihydroxy-5p-cholan-24-0l (ep-102). To a dry methanol solution of
compound 118 sodium methoxide (2 eq) was added. The reaction was
stirred at rt overnight. The mixture was quenched by adding water and
then concentrated under vacuum. The residue was extracted with ethyl
acetate (3 x 30 mL), and the organics were washed with brine, dried over
anhydrous Na>SO4 and concentrated to afford compound 119
(quantitative yield). This was then reduced as described for the last
derivatives.

Crude HPLC purification on a Nucleodur 100-5 C18 (5 pm; 10 mm 1.d.
x 250 mm) with MeOH/H>O (80:20) as eluent (flow rate 3 mL/min) gave
compound 102 (54% over two steps, tr= 15 min) and ep-102 (11% yield,
over two steps, tr= 17.4 min).
6p-ethyl-3p,7p-dihydroxy-5p-cholan-24-ol (103) and 6p-ethyl-3f,7a-
dihydroxy-5p-cholan-24-0l (ep-103). To a pyridine solution of
compound 118 p-tosyl chloride (2 eq) was added. The reaction was left
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to stir for 4h. After starting material consumption, pyridine was distilled
under vacuum. The dry residue was diluted with water and extracted with
ethyl acetate (3 x 30 mL). The organics were dried over anhydrous
Na>SO4 and concentrated. The 3-tosyloxy derivative 120 was subjected
to the next step without further purification. A solution of compound 120
and potassium acetate (1.5 eq) in water/DMF 1:5 v/v was refluxed for 2h.
The solution was then cooled to rt, diluted with water, and extracted with
ethyl acetate (3 x 30 mL). The combined organics were washed with
water, dried over anhydrous NaSOs4 and concentrated. Crude
Purification by silica gel (hexane/ethyl acetate 7:3 v/v with 0.5% TEA)
gave methyl 3B-acetoxy-6p-ethyl-7-oxo0-5B-cholan-24-oate (121) with
74% yield over two steps. Compound 121 was reduced with
NaBH4/LiBH4 procedure as already described to afford the two epimer
triols 103 and ep-103. HPLC purification on a Nucleodur 100-5 C18 (5
um; 10 mm i.d. x 250 mm) with MeOH/H>O (88:12) as eluent (flow rate
3 mL/min) gave 103 (52 % over two steps, tr= 11 min) and ep-103 (22
% over two steps, trR= 13 min).
6p-ethyl-3p,7p-dihydroxy-5p-cholan-24-0l (103). Selected 'H NMR
(700 MHz, CD3;0OD): 6 3.59 (1H, brs, H-3), 3.57 (1H, dd, J=12.6, 2.3Hz,
H-7), 3.51 (2H, m, H»-24), 0.98 (3H, s, H3-19), 0.96 (3H, ovl, H3-21),
0.96 (3H, t, ovl, H3-26), 0.70 (3H, s, H3-18). 1*C NMR (100 MHz,
CDs0OD): 6 75.2, 68.3, 63.6, 58.3, 57.1,45.7 (2C), 44.2, 41.8 (2C), 41.2,
40.0, 37.0, 35.9, 33.3, 31.1, 30.3, 29.4 (2C), 26.6 (2C), 23.2 (2C), 19.3,
13.0, 12.3. HR ESIMS m/z 407.3530 [M+H]", CHs03 requires
407.3525.

Methyl 6p-ethyl-7-keto-5p-cholan-24-oate (123).

Lithium bromide (2 eq) and lithium carbonate (2 eq) were added to a

solution of methyl 6B-ethyl-3a-tosyloxy-7-oxo-5p-cholan-24-oate 120
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(0.85 mmol) in dry DMF (30 mL), and the mixture was refluxed for 2 h.
After cooling to room temperature, the mixture was slowly poured into
10% HCI solution (20 mL) and extracted with DCM (3 % 50 mL). The
combined organic layer was washed successively with water, saturated
NaHCOs solution and water, and then dried over anhydrous MgSO4 and
evaporated to dryness to give an oily residue (quantitative yield), which
was subjected to the next step without any purification.

Hydrogenation on Pd(OH): in the same operative condition previously
described furnished 123 (88% over two steps). Selected 'H NMR (400
MHz, CD;0D): ¢ 3.63 (3H, s, COOCH3), 2.53 (1H, t,J=11.4 Hz, H-8),
2.33 (1H, m, H-23a), 2.19 (1H, m, H-23b), 1.18 (3H, s, H3-19), 0.89 (3H,
d, J=6.2 Hz, H3-21), 0.81 (3H, t, J = 7.4 Hz, H3-26), 0.64 (3H, s, Hs-
18); 3C NMR (100 MHz, CD;0D): § 174.9, 62.4,54.7,51.5, 50.7, 48.7,
45.7,43.2,42.5, 38.8, 37.5, 36.3, 35.2, 31.0, 30.9, 30.3, 28.2, 26.7 (2C),
26.3, 249, 214, 204, 18.3, 13.0, 12.0; HR ESIMS m/z 417.3373
[M+H]", C27H430;3 requires 417.3369.
6p-ethyl-7B-hydroxy-5p-cholan-24-01 (104) and 6pB-ethyl-7a-
hydroxy-5p-cholan-24-o0l (ep-104). Reduction of compound 123 with
NaBH4/LiBH4 in the same operative condition described for the synthesis
of compounds 115. HPLC purification on a Nucleodur 100-5 C18 (5 um;
10 mm i.d. x 250 mm) with MeOH/H20O (92:8) as eluent (flow rate 3
mL/min) furnished 104 (54%, tr=25 min) and ep-104 (23%, tr= 13 min).
6B-ethyl-7p-hydroxy-5p-cholan-24-01 (104). Selected '"H NMR (700
MHz CD;0OD): 6 3.67 (1H, dd, J = 8.7, 4.7 Hz, H-7), 3.51 (2H, m, H»-
24),0.98 (3H, s, H3-19), 0.97 (3H, d, J= 6.6 Hz, H3-21), 0.96 (3H, t, J =
7.4 Hz, H3-26), 0.71 (3H, s, H3-18). *C NMR (175 MHz CD;OD): §
75.5, 63.8, 57.6, 56.5,44.2,43.7, 42.8, 41.0, 40.9, 40.8, 38.2 (2C), 36.9,
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34.4,32.8,29.7,28.9,27.0, 26.1, 24.7, 22.2,22.0 (2C), 19.2, 13.9, 12.3.
HR ESIMS m/z 391.3580 [M+H]", C26H470: requires 391.3576.
Methyl 6a-ethyl-3p-hydroxy-7-o0xo-5p-cholan-24-oate (122). Methyl
3B-acetoxy-6B-ethyl-7-oxo0-5B-cholan-24-oate (121) was treated with
sodium methoxide as described for compound 119 to afford C-6
epimerisation and deacetylation furnishing compound 122. Selected 'H
NMR (400 MHz CD30D): 6 3.96 (1H, m, H-3), 3.64 (3H, s, COOCH3),
2.85(1H, dd, J=5.6, 12.3 Hz, H-6), 2.50 (1H, t, /= 11.2 Hz, H-8), 2.33
(1H, m, H-23a), 2.20 (1H, m, H-23b), 1.27 (3H, s, H3-19), 0.95 (3H, d, J
= 6.4 Hz, H3-21), 0.81 (3H, t, J= 7.2 Hz, H3-26), 0.71 (3H, s, H3-18); 13C
NMR (100 MHz CD30OD): & 213.4, 174.8, 65.9, 54.8, 51.8, 51.2, 50.0,
49.0,45.7,43.2,42.7, 39.0, 36.2, 35.2, 31.0 (2C), 29.2, 29.0, 28.3, 27.2,
24.6, 24.0, 22.1, 18.7, 18.4, 12.0 (2C). HR ESIMS m/z 433.3322 [M +
H]", C27H4504 requires 433.3318.
6a-ethyl-3B,7p-dihydroxy-5p-cholan-24-o0l (105) and 6a-ethyl-3§,7a-
dihydroxy-5p-cholan-24-ol (ep-105). Intermediate 122 was treated with
NaBH4/LiBHs as previously described. HPLC purification on a
Nucleodur 100-5 C18 (5 pm; 10 mm i.d. x 250 mm) with MeOH/H,O
(88:12) as eluent (flow rate 3 mL/min), gave compound 105 as a white
solid (53%, tr= 8.2 min) and a small amount of compound ep-105 (5%,
tr= 12.6 min).

6a-ethyl-3p,7p-dihydroxy-5p-cholan-24-ol (105). Selected 'H NMR
(500 MHz CD3OD): 6 4.01 (1H, brs, H-3), 3.51 (2H, m, H»-24), 3.05
(1H, t,J=9.7 Hz, H-7), 0.97 (3H, s, H3-19), 0.96 (3H, d, /= 6.4 Hz, H3-
21), 0.88 (3H, t, J = 7.6 Hz, H3-26), 0.72 (3H, s, H3-18). 3C NMR (100
MHz CD;0D): 6 76.3, 67.1, 63.6, 57.8, 56.8, 45.0, 44.8, 44.5,41.7, 40.3,
39.1,37.0, 35.9, 33.0, 31.2, 30.2, 29.8, 28.4, 28.0, 27.9, 24.8,22.9, 21.8,
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19.3, 12.8, 11.6. HR ESIMS m/z407.3529 [M+H]", C26H4703 requires
407.3525.

6a-ethyl-3B,7p-dihydroxy-5p-cholan-24-oic acid (106) and 6a-ethyl-
3B,70-dihydroxy-5p-cholan-24-oic acid (ep-106). Compound 106
(74% over two steps) was synthesized starting from compound 122. This
was first hydrolysed with NaOH (4 eq) in a mixture of MeOH/water 1:1
v/v overnight. After TLC monitoring, the mixture was acidified with HCI
6N solution and methanol was evaporated under vacuum. The water
phase was extracted with ethyl acetate (3 x 25 mL), and the organic phase
was then washed with brine, dried over anhydrous Na;SOs, and
concentrated to give the carboxylic acid. This was then reduced with only
LiBH4 in the same operative condition described for the synthesis of
compounds 115. HPLC purification on a Nucleodur100-5 C18 (5 um; 10
mm id. x 250 mm) with MeOH/H,0O (88:12) as eluent (flow rate 3
mL/min) afforded compound 106 (65%, tr= 8 min) and ep-106 (9%, tr=
11 min).

6a-ethyl-3p,7p-dihydroxy-5p-cholan-24-oic acid (106). Selected 'H
NMR (500 MHz CD3;0D): 6 4.01 (1H, brs, H-3), 3.06 (1H, t,J=9.7 Hz,
H-7), 2.32 (1H, m, H-23a), 2.19 (1H, m, H-23b), 0.97 (3H, s, H3-19),
0.96 (3H, d, ovl, H3-21), 0.87 (3H, t, /= 7.7 Hz, H3-26), 0.71 (3H, s, Hs-
18). >*C NMR (100 MHz CDs;OD): & 178.3, 71.3, 67.5, 57.4, 51.7, 43.8,
42.8,41.5,41.2,41.0, 37.0, 36.7, 33.8, 32.4, 32.0, 31.1 (2C), 29.3, 28.3,
24.6,24.2,23.3,22.2,18.8,12.3, 12.2. HR ESIMS m/z 419.3169 [M-HT,
Co6H4304 requires 419.3167.

Computational Studies.

Virtual Screening. The crystal structure of the open apo form of homo
sapiens ACE2 (PDB ID 1R42)31 was downloaded from the Protein Data

Bank website. The disordered segment of the collectrin homology
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domain and water molecules were removed. The receptor was treated
with the Protein Preparation Wizard tool implemented in Maestro ver.
11.832 to assign bond orders, to add hydrogen atoms, adjust disulfide
bonds, and assign residues protonation state at pH 7.4. Virtual screening
(VS) was performed on an in-house library of 67 bile acids (BAs), 10
natural and 57 semisynthetic derivatives, enriched with previously
identified ACE2 activators, hydroxyzine, minithixen, and DIZE.
Chemical/physical properties of all compounds were calculated with
QikProp tool ver. 5.832. Since even minor structural changes of steroids
can produce potential biological activities, we build our in-house BAs
library to include compounds sharing a 17-carbon-atom skeleton
composed of four fused rings, which form the typical steroidal scaffold.
They vary from one another in the position and name of the substituent
groups. The steroidal carbons hydrogens that have been replaced in our
in-house library are:
1) those in positions 3 and 7, which have been replaced with a
hydroxyl group in both different configurations (o and f);
2) the hydrogen at C7, which has been replaced with an ethyl
group in both configurations (o and B);
3) finally, the C24 has been substituted with different polar and
apolar groups.
Docking calculations were performed in a box including the hinge bending
region of ACE2 on the Protein Data Bank deposited structure of ACE2 in
the open conformation (PDB ID 1R42), according to previous reports on
the discovery of ACE2 activators. The VS procedure was carried out with
the AutoDock4.2.6 suite and the Raccoon2 graphical interface using the
Lamarckian genetic algorithm (LGA). The VS protocol adopted was the

same described in our previous work. To further assess our docking
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protocol, re-docking calculations were performed on the potent ACE2
inhibitor MLN-4760 in the ACE2 binding site (PDB ID 1R4L). Given the
presence of a Zn?" ion coordinating the ligand, the improved
AutoDock4(Zn) force field was used for the calculation. AutoDock4(Zn)
well reproduced the experimental binding pose. The receptor was
submitted to the AutoGrid4 tool, which calculated interaction grids,
considering the two ligands and receptor-atom types through the definition
of a cubic box of 46 x 46 x 46 A. Subsequently, for each grid, AutoDock4
calculated interaction energies (ADscore) that express the affinity of a
given ligand for the receptor. All the images were rendered using UCSF
Chimera.

Molecular Dynamics (MD). MD simulations of apo ACE2 and ACE2 in
complex with 103 and 98 were performed with the CUDA version of the
AMBERI1S8 suite using the Amber f f14SB to treat the protein, while
ligands charges were computed using the restrained electrostatic potential
(RESP) fitting procedure. First, the ligand ESP was calculated through the
Gaussian16 package using the 6-31G* asis set at the Hartree—Fock level
of theory. Then, RESP charges and the ligand force field parameters were
obtained from the two-stage fitting procedure using Antechamber and the
general amber force field (GAFF2) parameters. The system was then
immersed in a preequilibrated octahedral box of TIP3P water molecules,
and the system was neutralized. The system was then minimized and
successively equilibrated in a multistep procedure as previously described.
Specifically, each system was minimized in four steps using the energy
gradient convergence criterion set to 0.01 kcal/mol A2 involving: (i) 5000
minimization steps (2500 with the steepest descent and 2500 with the
conjugate gradient) of only hydrogen atoms; (i1) 20 000 minimization steps

(10 000 with the steepest descent and 10 000 with the conjugate gradient)
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of water and hydrogen atoms, keeping the solute restrained; (iii) 50 000
minimization steps (25 000 with the steepest descent and 25 000 with the
conjugate gradient) of only the side chains of the protein, water, and
hydrogen atoms; (iv) 100 000 (50 000 with the steepest descent and 50 000
with the conjugate gradient) of complete minimization. Successively,
water molecules, ions, and protein side chains were thermally equilibrated
in three steps: (i) 5 ns of NVT equilibration with the Langevin thermostat
by gradually heating from 0 to 300 K, while gradually rescaling solute
restraints from a force constant of 10 to 1 kcal/mol A2; (ii) 5 ns of NPT
equilibration at 1 atm with the Berendsen thermostat by gradually
rescaling restraints from 1.0 to 0.1 kcal/mol A2; and (iii) 5 ns of NPT
equilibration with no restraints. Finally, three independent MD production
runs of 500 ns each were performed for each system using a timestep of 2
fs. The SHAKE algorithm was used for those bonds containing hydrogen
atoms in conjunction with periodic boundary conditions at constant
pressure and temperature, particle mesh Ewald (PME) for the treatment of
long-range electrostatic interactions and a cutoff of 10 A for nonbonded
interactions.

Principal Component Analysis. The principal component analysis
(PCA) of apo ACE2 and ACE2 complexed with 98 and 103 was carried
out using the CPPTRAJ Module of the AMBER18 Suite. First, the overall
1.5 us of MD trajectories of each system were stripped of solvent and ions.
Then, to consider the internal dynamics of ACE2, global
rotational/translational motions of the protein were removed by fitting the
stripped trajectories to the protein-heavy atoms of the first MD frame. This
allowed us to generate the average structure of the protein of each system,
which was used as the reference structure for the PCA analysis. Finally,

we have generated the coordinate covariance matrix and diagonalized it,
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thus obtaining the first four principal components (PCs) as eigenvectors
and eigenvalues. The pseudotrajectory of the protein motion was then
imported and visualized into the Normal Mode Wizard GUI (NMWiz) of
VMD, to generate the porcupine plot of each motion, with the arrows
representing the magnitude and direction of the eigenvectors. All the
images were rendered using UCSF Chimera.

ACE2 Inhibitor Screening Assay Kit. The ACE2 Inhibitor Screening
Assay Kit (BPS Bioscience Catalogue # 79923) measures the exopeptidase
activity of ACE2. It utilizes the ability of an active ACE2 to cleave a
Fluorogenic Substrate to release a free fluorophore that can be easily
quantified using a fluorescence microplate reader. In the presence of an
ACE2-specific inhibitor, the enzyme loses its peptidase activity, which
results in a decrease in fluorescence intensity, whereas in the presence of
an activator, an increase in fluorescence is observed. DIZE was used as a
positive control of enzymatic activity. Briefly, the purified ACE2 is
thawed and diluted in ACE2 buffer to the concentration of 0.5 ng/uL
ACE2. This enzyme solution (20 pL) is added to each well of a 96-well
plate, designated as “Positive Control” and “Test Inhibitor”. Conversely,
the wells designated as “Blank™ contain only the ACE2 buffer (20 pL).
Next, 5 uL of Test Inhibitor solution are added to each well-designated
Test Inhibitor. For the wells labelled Positive Control and Blank, add 5 pL.
of the Inhibitor buffer (10% DMSO in water). Finally, 25 pL. of ACE2
Fluorogenic Substrate is added to all wells and the reaction is incubated at
room temperature for 60 min, protected from direct light. After the
incubation, the fluorescence intensity of the samples (A excitation = 555
nm; A emission = 585 nm) is measured in a FluoStar Omega microplate

reader.
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ACE2-SARS-CoV-2 Spike Inhibitor Screening Assay Kit. The ACE2-
SARS-CoV-2 Spike Inhibitor Screening Assay Kit (BPS Bioscience
Catalogue #79936) is designed for screening and profiling inhibitors of
this interaction. This kit contains purified ACE2 and SARS-CoV-2 Spike
(RBD)-Fc proteins, HRP-labeled anti-mouse-Fc region antibody, and
assay buffers. The key to this kit is the high sensitivity of detection of Fc-
tagged Spike protein by HRP-labeled Anti-Mouse-Fc.

Briefly, ACE2 protein is thawed, diluted 1 pg/mL in PBS, and attached to
a nickel-coated 96-well plate at room temperature for 1 h with slow
shaking. After the coating, the plate is washed and incubated with a
Blocking Buffer for 10 min. Next, 10 pL of inhibitor solution containing
the compounds to be tested is added to each well-designated Test Inhibitor
and incubated at room temperature for 1 h with slow shaking. For the
Positive Control and Blank, add 10 pL of inhibitor buffer (5% DMSO
solution). Next, SARS-CoV-2 Spike (RBD)-Fc is thawed, diluted to 0.25
ng/ul (approximately 5 nM) in Assay Buffer 1 and added to all wells
labelled Positive Control and Test Inhibitor. The reaction is incubated at
room temperature for 1 h with slow shaking. After three washes and
incubation with a Blocking Buffer (10 min), the plate is treated with an
Anti-Mouse-Fc-HRP and incubated for 1 h at room temperature with slow
shaking. Finally, an HRP substrate is added to the plate to produce
chemiluminescence, which then can be measured using the FluoStar

Omega microplate reader.
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NMR spectra
"H NMR (400 MHz, CD;0D) of compound 98
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'"H NMR (400 MHz, CDCl5) of compound 99

. J’W’VML .

T T T T T T A T T T T T T T T T T T T T T T T T T T T T T T
75 74 73 72 71 7.0 6939 38 3.7 36 35 34 22 21 20 19 18 1.7 16 15 14 13 12 11 10 09 08 0.7 0.6 0.5
1 (ppm)

13C NMR (100 MHz, CDCls) of compound 99

T T T T T T T T T r T
80 75 70 63 60 35 50 45 40 35 30 25 20 15 10
f1 (ppm)

233



'"H NMR (400 MHz, CD30D) of compound 100
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"H NMR (400 MHz, CD;0D) of compound 101
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"H NMR (400 MHz, CD30D) of compound 102
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"H NMR (500 MHz, CD3;0D) of compound 103
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"H NMR (700 MHz, CD3OD) of compound 104
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"H NMR (500 MHz, CD3OD) of compound 106
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Compound Group Compound Name | ISTD? | Precussor lon MS1 Res | Product lon MS2Res  Dwel | Fragmentor
» 502_gluc 567.3| Unit 567.3| Unit 150 250
502_sulf 471.3| Unit 96.8| Unit 150 250
505 4051 | Unit 405.1 | Unit 150 200
502_disulf 275.1 | Unit 96.8| Unit 150 150
Compound Group Compound Mame | ISTD? | Precursor lon MS1Res | Product lon MS2Res | Dwell Fragmentor
» 502 r 357.3|Unit 188.9|Unit 300 130
502 r 357.3|Unit 1063 Unt 300 130]
Acquisition ‘ Chiomatogram Instiument Diagnostics
Source parameters
Gas Temp: [350 °C 300 °C
Gas Flow: [10 I/min 30 Wmin
Nebulizer: |20 psi 150 psi
Sheath Gas Temp: (400 A 125 'C
Sheath Gas Flow: |11 I/min 30 |min
Positive Negative
Capilary: [4000 v [2500 v 2
Mozzle Voltage: (1500 V12000 W
Chamber Current 025 uA
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Colision Energy | Celfecsteralor | pojyg,
0 7| Negative
54 7| Negative
0 7|Negative
E] 7|Negative
Colision Energy CB"C;?:&Z“’“" Polarty
18 5| Positive
38| 5| Posiive




x102 |502: +ESI MRM Frag=130.0V CID@38.0 (357.3 -> 106.9) Mix_Sol_10pph.d
2

BAR502

502: +ESI MRM Frag=130.0V CID@18.0 (357.3 -> 188.9) Mix_Sol_10ppb.d

502_disulf: -ESI MRM Frag=150.0V CID@30.0 (275.1 -> 96.8) M €=t Anmmi o

' BAR502-disulf i

502_gluc: -ES| MRM Frag=250.0V (567.3 -> 567.3) Mix_Sal_10ppb.d
1 1 1 2.3
0316 628120 585\85

BAR502-gluc C3-C23-C7

|
i' BAR502
|
|

x10 1 |502_sulf: -ESI MRM Frag=250.0V CID@54 .0 {(471.3 -> 96.8) Mix_Sol 10ppb.d

' oss o7 \%ﬁz BARS502-sulf-C3-C23

5 11.29 30.20

x10 2 |505: -ESI MRM Frag=200.0V (405.1 -> 405.1) Mix_Sol_10ppb.d
1

2
) " BARS05
3210 5 6.22
— - - — - ===
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Counts vs. ition Time (min)
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Responses

02 - 6 Levels, 6 Levels Used, 6 Points, & Points Used, 0 QCs

x103

"

24

Type:Linear, Origin:Force, Weight:None

0«




505 - 6 Levels, 6 Levels Used, 6 Points, 6 Points Used, 0 QCs
X103 | y = 65.353738 * x
R*2 =0.99862646

6.5 Type:Linear, Origin:Force, WeightNone

Responses
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Concentration (ng/ml)

502_sulf-C3 - 6 Levels, 6 Levels Used, 6 Points, 6 Points Used, 0 QCs
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2 x103
1.4

Respon

05
0.4
0.3
0.2

x103

Responses
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502_disulf - 6 Levels, 6 Levels Used, 6 Points, 6 Points Used, 0 QCs
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Type:Linear, Origin:Force, Weight:Nane
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C23- 6 Levels, 6 Levels Used
y = 41.250905 * x
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Type:Linear, Origin:Force, Weight:Nane
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X102 [502: +ES1 MRM Frag=130.0V CID@38.0 (357.3 -> 106.9) Spike_50_1.d
S 1 4.645 5431 i
BAR502 H?%ZU AALSI02 5864 6760 7032 [\
. [/’\]’\f V17559 2738 50.39 )
o
102 30,0V CID@18.0 (367,3 > 188.9) Spike_50_1.d
|
Z,ﬂ BARS02
x102 [502_disulr: -ES| MRM Frag=150.0V CID@30.0 (275.1 -» 96 8) Spike 50 1.
1 0.30 . 12 2
} ifee BAR502-disulf
x102 |502_gluc: -ES| MRM Frag=250.0V (5673 -> 567.3) Spike 50 1.d
1 4 1802 - - 2
1 o5 en Lass il 7s BARS502 gluc C3-C23-C7
187.65  228.76 186.88 / | | -
o - 23 >
102 |502_sul: -S| MRM Frag=250.0V CID@54.0 (4713 - 96.8) Spike_50_1.d
o s BARS02 sulf C3-C23 2
i1.82
— _
x10 2 [505: -ESI MRM Frag=200.0V (405.1 -> 405.1) Spike_50_1.d
s’ osm ;(f\(', R Al BAR505 2
72248 A/ P
o S S— — — —

02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5 52 54 56 58 6 62 64 66 68 7 72 74
Gounts vs. Acquisition Tirme (min)

Spike BAR_disulf BARS02_gluc_C3 BARS02 gluc 23 [BARS02 gluc C7 ___ |BARS02_sulf_C3 _ |BARS02 Sulf_C23 BARS05__|BARS02

| 572 1671 1743 1836 577| 749 2569 1158]
Il 68| 2168 2104 2162 706 867 2080 1339
i1 506) 1487 1496 1595 510 629) 2340) 901
Extraction Yield % 82| 87 84 85 83 83| 82 87]
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Cell Accelerator

Compound Group Compound Name | ISTD? | Precursorlon ©| MS1Res | Production ©| MS2Res Dwell | Fragmentor | Colision Energy (e Polaiity
C3-GLUC505 T 581.3|Unit it 00 7|Negative
C3GLUCS05 | 581.3|Unit 404.9|Unit 100 200 50| 7|Negative
[502_guc 567.3| Unit 567.3| Unit 100| 250 [} 7|Negative
512[Unit 512|Unit 100 130 of 7|Negative
512 |Unit 80| Unit 100( 130 80 7|Negative
485.4 | Unit 96.8|Unit 100 204 a4 7|Negative
471.3|Unit 96.8|Unit 100| 250 54 7| Negative
262 | Unit 462|Unit 100 190 o| 7| Negative
462 |Unit 74|Unit 100| 190 £ 7| Negative
4051 |Unit 406.1 |Unit 100( 200 o 7 | Negative
» ES 7
Compound Group CompoundName | ISTD? | Precursorlon ¥| MS1Res | Product lon MS2Res Dwel | Fragmentor | Colision Energy C“'j;‘f;“';““" Polarity
5 502 357.3|Unit 188.9|Unt 300 130 18
| |502 I 357.3| Unit 106.3|Unt 300 130| 38|
Acquisition  Source | Chromatogram Instiument Diagnostics
Source parameters
Gas Temp: [350 ‘C 300 °C
Gas Flow: [10 17min 30 WVmin
Mebulizer: [20 psi 150 psi
Sheath Gas Temp: [400 i 124.987: °C
Sheath Gas Flow: |11 |/min 3.0 Ymin
Pasitive Negative
Capillary: [4000 v 3500 Vo 2929686 nA
Nozzle Voltage: [1500 v [2000 v
Chamber Current 024 B4

255




O
LN
(o]



x102 502: +ESI MRM Frag=130.0V CID@38.0 (357.3000 -> 106.9000) sol_50.d
54
254 BAR502 7
ol ) A
x102 502: +ESI MRM Frag=130.0V CID@18.0 (357.3000 ->> 188.9000) sol_50.d
54 2|39.893
208) .84
254 BAR502 11.807
58.72
o4
x102 502_disulf: -ES| MRM Frag=150.0V CID@30.0 (275.1000 -> 96.8000) sol_50.d
41 . 175] 42
2l BAR502_disulf l
; il
x102 502_gluc: -ES| MRM Frag=250.0V (567.3000 -> 567.3000) sol_50.d
6.
; 01).44
2 BAR502_glucuronides .., M
41.59
x102 502_sulf: -ES| MRM Frag=250.0V CID@&54.0 (471.3000 -> 96.8000) sol_50.d
51 BARS502_monosulfates
ol _
x103 505: -ES| MRM Frag=200.0V (405.1000 -> 405.1000) sol_50.d
242
N BAR505
. o
x102 505_C3_sulf: -ES| MRM Frag=204.0V CID@44.0 (485.4000 -> 96.8000) sol_50.d
2 BARS505_C3_sulfate
x102 505_G: -ES| MRM Frag=190.0V CID@38.0 (462.0000 -> 74.0000) sol_50.d
1 BAR505_glyco
x102 505_G: -ESI MRM Frag=190.0V (462.0000 -> 462.0000) sol_50.d
14
BARS505_glyco
0.5
04
x102 |505_T:-ESI MRM Frag=130.0V CID@80.0 (512.0000 -> 80.0000) sol_50.d
BAR505_tauro 2
05 | 4
x103 |505_T: -ESI MRM Frag=120.0V (512.0000 -> 512.0000) sol_50.4
6.385
il BARb&0S_tauro “lps -
10774
U_
1 2 3 4 [] [3 7 [ 3 10 1 12 1

Counts vs. Acquisition Time (min)
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505_T - § Levels, 5 Levels Used, 5 Points, 5 Points Used, 0 QCs
£ x102 |y =3.106485 * x + 13.603443
R*2=0 2
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505_G -5 Levels, 5 Levels Used, 5 Points, 5 Points Used, 0 QCs
26308 *x +7.292688

R*. 0.99955872

Type:Linear, Origin:ignore, Weight:None
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Abbreviations

ACE2, angiotensin converting enzyme 2; ALOXS, Arachidonate 5-
lipoxygenase; ALT, alanine transaminase; AST, aspartate transaminase;
AUCs, areas under the curve; CysLT|R, Cysteinyl Leukotriene Receptor
1; DIBAL-H, Diisobutylaluminium hydride; GPCRs, G-Protein Coupled
Receptors; GPBARI, G protein-coupled Bile Acid Receptor 1; II-1p and
I1-10, interleukin 1B and 10; LTRs, Leukotriene receptors; TLCA,
taurolithocholic acid; Tnfa, Tumor necrosis factor alpha

BAT, brune adipose tissues; BMI, Body mass index; CRE, cAMP
responsive element; CVD, cardiovascular disease; DD, drug discovery;
DMF, N,N’-dimethylformamide; ESI-MS, electrospray ionization mass
spectrometry; FLAP, 5-lipoxygenase-activating protein; GCKR,
glucokinase regulatory protein; GPBAR1, G-Protein coupled Bile Acid
Receptor 1; HCC, hepatocellular carcinoma; HFD-F, high fat diet and
fructose; HSC, hepatic stellate cells; HTS, high-throughput screening, LC-
MSMS, liquid chromatography-tandem mass spectrometry; LDD, ligand-
based drug design, NAFLD, non-alcoholic fatty liver disease; NASH, non-
alcoholic steatohepatitis; OGTT, oral glucose tolerance test; PGC-1a,
peroxisome-proliferator-activated receptor-y coactivator-1 alpha; PPARa,
peroxisome proliferator-activated receptor alpha; SD, standard deviation;
SEM, standard error of mean; TDD, target-based drug design, TLCA,
taurolithocholic acid; Tnfa, Tumor necrosis factor alpha; UCPI,
Uncoupling protein 1; WAT, white adipose tissue; cAMP, cyclic
Adenosine  MonoPhosphate;  Ciy, intrinsic clearance; DCM,
Dichloromethane; EtOAc, ethyl acetate; HEK-293T, Human embryonic
kidney 293 cells; IBD, Inflammatory bowel disease; IL-1a, IL-1p, IL-6
and IL-89, interleukins; LC-MS, Liquid chromatography—mass
spectrometry; LiBH4, Lithium borohydride; MD simulations, Molecular
dynamics simulations; MeOH, Methanol; NaBH4, sodium borohydride;
PFP column, pentafluorophenylpropyl column; PPhs, triphenylphosphine;
RMSD, root-mean-square deviation; RORyt, retinoic acid receptor-related
orphan receptor gamma t; RT-PCR, real-time polymerase chain reaction;
SRC1, steroid receptor coactivator-1; RXR, retinoid X receptor; ti/2, half-
life; SNP, single nucleotide polymorphism; TBAF, tetra-n-
butylammonium fluoride; TBP, TATA-Box Binding Protein; TM6SF2,
transmembrane 6 superfamily member 2 TBS, tert-Butyldimethylsilyl;
TEA, Triethylamine; THF, Tetrahydrofuran; TNBS, 2,4,6-trinitrobenzene
sulfonic acid; TNF-a, Tumor necrosis factor; VLDL, very low density
lipoprotein.
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E di nuovo tra noi, in un bicchiere di latte. E inserito in una lunga catena, molto
complessa, tuttavia tale che quasi tutti i suoi anelli sono accetti al corpo umano. Viene
ingoiato: e poiché ogni struttura vivente alberga una selvaggia diffidenza verso ogni
apporto di altro materiale di origine vivente, la catena viene meticolosamente
frantumata, e i frantumi, uno per uno, accettati o respinti. Uno, quello che ci sta a
cuore, varca la soglia intestinale ed entra nel torrente sanguigno: migra, bussa alla
porta di una cellula nervosa, entra e soppianta un altro carbonio che ne faceva parte.
Questa cellula appartiene a un cervello, e questo é il mio cervello, di me che scrivo, e la
cellula in questione, ed in essa l’atomo in questione, é addetta al mio scrivere, in un
gigantesco minuscolo gioco che nessuno ha ancora descritto. E quella che in questo
istante, fuori da un labirintico intreccio di si e di no, fa si che la mia mano corra in un
certo cammino sulla carta, la segni di queste volute che sono segni; un doppio scatto, in
su e in giu, fra due livelli d energia guida questa mia mano ad imprimere sulla carta
questo punto. questo.

Primo Levi, “Carbonio”, Il Sistema periodico
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