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ABSTRACT: Nonalcoholic fatty liver disease (NAFLD) is an
epidemic chronic liver disease and may progress over nonalcoholic
steatohepatitis (NASH) to liver cirrhosis and hepatocellular
carcinoma. The multiple metabolic, environmental, and genetic
factors that are involved in NAFLD/NASH pathogenesis and
progression suggest a need for multimechanistic interventions. We
have developed and preliminarily characterized a concept of dual
farnesoid X receptor (FXR) and soluble epoxide hydrolase (sEH)
modulation as a promising polypharmacological strategy to o
counteract NASH. Here we report the profiling of FXR activation, fibrosis|

sEH inhibition, and simultaneous FXR/sEH modulation as an inflammation]

interventional treatment in pre-established NASH in mice with

diet-induced obesity (DIO). We found that full FXR activation was required to obtain antisteatosis effects but also worsened
ballooning degeneration and fibrosis. In contrast, sEH inhibition and dual FXR/sEH modulation, despite a lack of antisteatosis
activity, had anti-inflammatory effects and efficiently counteracted hepatic fibrosis. These results demonstrate great therapeutic
potential of sEH inhibition to counteract hepatic fibrosis and validate the designed polypharmacology concept of dual FXR/sEH
modulation as a potentially superior avenue for the effective treatment of the multifactorial condition NASH.
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ccording to current understanding, nonalcoholic fatty liver (OCA), tropifexor and analogues, the PPAR agonists elafibranor

disease (NAFLD) evolves from a complex interplay of (PPAR-1/§), lanifibranor (pan-PPAR), seladelpar (PPARS),
multiple metabolic factors causing hepatic steatosis that and saroglitazar (PPARa/y), as well as the THR/ agonist
progresses to nonalcoholic steatohepatitis (NASH) and liver resmetirom.>~” Until very recently, OCA and elafibranor had
fibrosis which can ultimately lead to liver cirrhosis and good prospects of satisfying the unmet clinical need of a
hepatocellular carcinoma."” Obesity, elevated free fatty acid pharmacological NASH treatment.*” Nevertheless, the FDA
and cholesterol levels, insulin resistance, oxidative stress, and rejected an attempt for OCA approval,w mainly because the
mitochondrial dysfunction are thought to be involved in the anticipated benefit remains uncertain and does not sufficiently
pathogenesis of NAFLD and NASH." In this context, the outweigh potential risks.'” Moreover, interim analysis of the
disease is considered as the hepatic manifestation of the RESOLVE-IT phase 3 clinical study of elafibranor in adults with
metaboli3c syndrome and is closely associated with an unhealthy NASH and fibrosis showed that the trial did not meet its primary
lifestyle.” Recent estimations suggest NAFLD as an epidemic end point of NASH resolution without worsening of fibrosis.""
chronic liver disease affecting approximately one-quarter of the Several approved antidiabetic agents such as licogliflozin

global adult populati.on.3’4 Typical progression rates i_ndicat.e (SGLT-2 inhibitor) and semaglutide (GLP-1 analogue), as
Fhat NéSH develops in 6% of adult_s and progresses to cirrhosis well as FGF-21 analogues are also studied in advanced clinical
in 2%.” Importantly, NAFLD and its consequences are among trials and might benefit from these recent drawbacks.”™" In

the top freasons for 11\.rer trapsplantat10131 and cont.rlbute to addition, various further agents in clinical development with
elevated incidence of primary liver cancer.” The alarming global

prevalence and serious consequences of NAFLD have fueled
intensive research for pharmacological interventions, yet there is
no approved drug for NASH treatment to date.

Several therapeutic strategies for NASH have been studied in
clinical trials and demonstrated promising results. The current
NASH pipeline comprises of various nuclear receptor
modulators, including the FXR agonists obeticholic acid
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diverse targets and mechanisms such as the second-generation
thiazolidinedione MSDC-0602K (a mitochondrial pyruvate
carrier modulator),'” cenicriviroc (CCR2/CCRS antagonist) >
and aramchol (SCD-1 inhibitor)'* illustrate strong efforts to
develop a cure for NASH and an enormous diversity in
experimental NASH treatment. However, the majority of
advanced experimental drugs to counteract NASH to date
suffers from limited efficacy. We therefore hypothesized that the
multifactorial disease complex of NASH demands multiple
modes of action for satisfactory therapeutic efficacy.

NASH can be characterized by three major factors: hepatic
steatosis, fibrosis, and inflammation. We therefore proposed that
a combination of antisteatosis, antifibrotic, and anti-inflamma-
tory modes of action may provide superior efficacy in NASH.
While FXR has been validated as a molecular target to treat
NASH®'® and counteracts steatosis, several lines of preclinical
evidence also present inhibition of the soluble epoxide hydrolase
(sEH) as a very promising strategy in NASH treatment with
anti-inflammatory and antifibrotic activities.'®”>' Among a
variety of putative modes of action fulfilling these criteria, we
thus chose FXR activation as validated antisteatosis contribution
and soluble epoxide hydrolase (sEH) inhibition to obtain anti-
inflammatory and antifibrotic effects. We reasoned that a
simultaneous, polypharmacological modulation of both targets,
FXR and sEH, by a single compound has a pharmacokinetic
advantage over the combination of two selective modula-
tors.””’ Especially for achieving synergistic effects in liver
tissue, a single compound appears preferable since two selective
compounds with distinct pharmacokinetic profiles might result
in unpredictable variations in concentrations and metabolic
degradation.”*** In addition to different distributions, two
selective modulators might interact via cytochrome P450
enzymes in liver.”> Aiming to employ an effective tool to
probe our multitarget hypothesis, we have developed the dual
modulator, DM, that is an FXR activator (FXRA) and sEH
inhibitor (sEHi) at low nanomolar concentrations. With this
designed polypharmacology”’ profile, FXRA/sEHi DM has
previously revealed promising efficacy in two models of NASH
in mice when used in a preventive fashion.””

In this study, we evaluated the dual FXRA/sEHi DM as a
curative therapeutic intervention in mice with diet-induced
obesity (DIO) and biopsy-confirmed NASH. After 12 weeks of
treatment with the FXR agonist OCA, the FXRA/sEHi DM, or
the sEH-selective analogue (sEHi) MH, we detected pro-
nounced differences in the antisteatosis, antifibrotic, and anti-
inflammatory effects in the treatment groups. OCA strongly
reduced hepatic steatosis, while dual FXRA/sEHi DM and sEHi
MH remarkably reversed hepatic fibrosis.

B RESULTS

Study Compounds. We have previously demonstrated
appealing efficacy of the dual FXRA/sEHi DM in preventing
disease development in toxin- and diet-induced NASH in
mice.”’” As the logical next step, we aimed to probe the potential
of FXRA/sEHi treatment to reverse fully established NASH as a
curative treatment in an interventional fashion and to capture
the contributions of each molecular target to the attractive
pharmacological effects of the dual modulator chemotype. We
developed analogue MH with an altered activity profile as an
sEH-selective control which possesses negligible FXR agonist
activity while exhibiting equal potency as an sEH inhibitor
despite its remarkable structural similarity (Table 1, Figure 1).
With its weak, micromolar potency and low activation efficacy
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Table 1. In Vitro Potencies of the Study Compounds FXRA/

sEHi DM and sEHi MH”
\Q\/H\r@‘mu
Cl myH O

H
N

H
\S,N tBu \S,
7\ H 7\
OO0 N (oJNe]
Cl pm O

FXRA/sEHi (DM) SEHi (MH)
IC,, (sEH) 0.004 M 0.002 uM
EC,, (EXR) 0.02 uM 14 uM
efficacy (FXR) 35% 14%
K, (EXR LBD) 0.13 uM 14 M

“Efficacy (FXR) refers to the maximum activation efficacy of the
respective compound relative to 1 uM GW4064 which is defined as
100%.

on FXR, as well as its low affinity to the recombinant FXR ligand
binding domain (LBD), the FXR-mediated effects of MH can be
neglected in vivo. Hence, MH was used as structurally related
selective sSEH inhibitor control for dual modulator DM.

Further characterization of DM and MH confirmed the
different activity profiles on FXR. When we treated human
hepatocytes (HepG2) with DM or MH and quantified
expression of FXR-regulated genes at the mRNA level (Figure
1a), we observed an induction of bile salt export protein (BSEP)
and small heterodimer partner (SHP) by DM with moderate
efficacy compared to that of FXR agonist OCA. Congruently,
the indirectly FXR-regulated cholesterol 7a hydroxylase
(CYP7A1) and sterol regulatory element-binding protein 1c
(SREBP-1c) were efficiently downregulated by DM. sEH-
selective control MH only caused weak effects on BSEP and
CYP7A1 mRNA expression at a high (10 4M) concentration
and hardly affected the activity of the endogenous FXR agonist
chenodeoxycholic acid (CDCA) on FXR-regulated gene
expression when applied in a competitive fashion. In addition,
DM and MH shared exceptional selectivity over related nuclear
receptors (Figure 1b) and had equal stability against microsomal
degradation, suggesting similar pharmacokinetics (PK).*® With
these characteristics and its remarkable structural similarity,
sEHi MH seemed suitable to capture therapeutic effects of the
FXRA/sEHi DM that arise from sEH inhibition without the
contributions of FXR activation.

Animal Model. To evaluate the potential of FXRA/sEHi to
counteract fully established NASH, we selected the widely
accepted disease model of NASH induced by a high-fat diet
(40% fat, 20% fructose, 2% cholesterol) in DIO mice (Figure
2a,b). This model provides a robust NASH phenotype reflecting
the human pathology”®*” and has served to evaluate several
clinical candidates for NASH treatment.”" > To establish
NASH, C57BL/6JRj mice were fed the high-fat diet (Figure 2b)
for a total of 53 weeks. Only mice with a NASH-positive biopsy
in week 38 were included in the treatment phase (starting in
week 42), stratified to ensure an equal baseline (Figure 2c) and
randomized to receive DM (10 mg/kg, by mouth (per os, p.o.),
twice per day (b.i.d.)), MH (10 mg/kg, p.o., b.i.d.), OCA (30
mg/kg, p.o., once per day (q.d.) + vehicle (p.o., q.d.)), or vehicle
(p.o., b.i.d.) for 12 weeks with 16 animals per group (Figure 2d).
The reference FXRA OCA was administered at 30 mg/kg based
on previous studies which have shown therapeutic efficacy with
this high OCA dose in similar settings.””** The healthy control
group receiving normal chow and no intervention comprised of
10 mice. The study interventions were well-tolerated. One
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Figure 1. In vitro characteristics of the study compounds FXRA/sEHi DM and sEHi MH. (a) Effects of the study compounds on expression levels of
selected FXR-regulated genes in human hepatocytes (HepG2). Data are mean + S.E.M. fold mRNA induction compared to DMSO (0.1%) treated
cells, n = S.*, p < 0.0S; **, p < 0.01; and ***, p < 0.001 (t-test) vs DMSO (0.1%). CDCA vs CDCA+MH were not statistically different. (b) Selectivity
profiles of the study compounds over relevant members of the nuclear receptor family. The heat map shows mean relative activation compared to the
respective reference agonist, n = S. (c) Microsomal stability of the study compounds. Data are mean + S.E.M. remaining parent compound, n = S.
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Figure 2. Animal model outline. (a) Animal model outline and timing.
(b) Key components of the NASH-inducing diet. (c) Prebiopsy PSR
(%) at randomization. (d) Treatment groups.
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animal in the OCA group was found dead in week 2 of the
treatment period due to a larger subcutaneous hemorrhage. All
other animals completed the study. There were no differences in
the daily food intake (Figure 3a) and body weight (Figure 3b)
between the treatment groups throughout the study.

Biochemical Parameters. Biochemical parameters of liver
health (plasma alanine aminotransferase, plasma ALT; plasma
aspartate aminotransferase, plasma AST) and lipid homeostasis
(plasma triglycerides, plasma TG; plasma total cholesterol,
plasma TC) were determined after 4 weeks of treatment and at
termination (Figure 3c). Plasma glucose and insulin levels were
evaluated after 11 weeks of treatment (Figure 3d). No
differences were observed between the treatment groups for
plasma ALT, plasma AST, and plasma TG. Plasma TC was
significantly reduced in the OCA group at week 4 and at
termination. Plasma glucose levels were significantly increased
in mice receiving OCA compared to vehicle treated animals. DM
and MH did not affect glucose or insulin levels. At termination,
OCA-treated animals had significantly lower liver weights, liver
triglyceride, and liver cholesterol content compared to vehicle-
treated mice, while DM and MH had no effect on these
parameters (Figure 3e). Liver hydroxyproline (HP) content was
not different between the treatment groups.

Histology and NAFLD Scores. After termination, livers of
all animals were subjected to histopathological analysis using the
NAFL activity score (NAS, Figure 4a) and immune-
histochemistry. Representative histology images are shown in
Figure 4b.

The NAS, which considers steatosis, fibrosis, lobular
inflammation, and ballooning degeneration, was improved in

https://doi.org/10.1021/acsptsci.1c00041
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Figure 3. Food intake and biochemical parameters in the different treatment groups. (a) Daily food intake during the treatment phase. Symbols are the
mean; dotted lines are SD (b) Body weight development over the treatment period. Symbols are the mean; dotted lines are SD (c) Plasma biochemical
parameters in the treatment groups at week 4 of the treatment period and at termination (week 12). Data are the mean + SD. ***, p < 0.001 (Dunnett’s
test) vs vehicle. (d) Blood glucose and plasma insulin levels in the treatment groups in week 11 of the treatment period. ***, p < 0.001 (Dunnett’s test).
(e) Liver biochemical parameters in the treatment groups at termination (week 12). Data are the mean + SD. *, p < 0.05; *** p < 0.001 (Dunnett’s

test) vs vehicle.

the OCA group and showed a tendency to improvement in the
FXRA/sEHi (DM) group. The individual parameters revealed
that the pronounced effect of OCA on the NAS mainly resulted
from strong antisteatosis effects and a slight improvement in
lobular inflammation. In contrast, fibrosis was hardly affected,
and ballooning degeneration was worsened by OCA compared
to pretreatment and to vehicle. Treatment with FXRA/sEHi
DM or sEHi MH had no effect on hepatic steatosis but improved
fibrosis and reduced inflammation. Therein, FXRA/sEHi DM
exhibited a stronger anti-inflammatory effect, while sEHi MH,
interestingly, was more effective in reducing fibrosis.

OCA (8/15 animals) and FXRA/sEHi DM (9/16) decreased
lobular inflammation with similar efficacy, while sEHi MH (5/
16) was less active on inflammatory parameters (Figure 5a).
Closer inspection of anti-inflammatory effects revealed similarly
diminished numbers of liver inflammatory cells compared to
vehicle for all treatment compounds (Figure Sb). Liver
inflammatory foci were diminished by all treatments compared
to vehicle with OCA having the strongest effect. OCA, the
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FXRA/sEHi DM, and the sEHi MH decreased the liver CD45-
positive area as another measure of anti-inflammatory activity
and OCA slightly reduced liver Galectin-3 (Gal3)-positive area.

The most pronounced effects of the dual modulator FXRA/
sEHi DM and the sEHi MH were evident in fibrosis (Figure 6).
While fibrosis stage worsened in the OCA group over the
treatment period and was not improved compared to vehicle,
DM and MH led to a reversal of fibrosis as observed by
improvements in the fibrosis score (Figure 6a) and a markedly
decreased liver Picrosirius Red (PSR)-positive area in the post-
treatment histology (Figure 6b). This pronounced antifibrotic
effect is also illustrated in the comparison of pre- and post-
treatment histology of individual animals treated with DM or
MH (Figure 7), and interestingly, the sSEHi MH reversed fibrosis
slightly more efficiently than did the FXRA/sEHi DM. No
reduction of fibrosis stage (Figure 6a) or PSR (Figures 6b and 7)
was seen with OCA, but the FXRA slightly reduced the Gal3-
positive area (Figure Sb) potentially suggesting a mild
improvement in fibrosis despite no apparent change in PSR

https://doi.org/10.1021/acsptsci.1c00041
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Figure 4. NAFLrelated scores and histology. (a) NAFL activity score (NAS) and individual scores for contributions by steatosis, fibrosis, lobular
inflammation, and hepatocellular ballooning determined from all animals in the different treatment groups. Post-treatment scores were compared with
pretreatment scores for each individual animal, and the change in the score is shown as improvement (lower score), no change, or worsening (higher
score). (b) Representative immune-histochemistry images from post-treatment liver histology samples for the different treatment groups.

upon OCA treatment. The weak antifibrotic effect of OCA is in activation. Notably, OCA had detrimental effects on hepatocel-
contrast to the markedly improved NAS in OCA-treated animals lular ballooning as observed by a worsening of the respective
further underlining the pronounced antisteatosis activity of FXR score (Figure 6¢) and a significant increase in ballooning cells in
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Figure 5. Inflammatory effects in the treatment groups. (a) Pre- and post-treatment lobular inflammation score in the different treatment groups. (b)
Liver inflammatory parameters for the different treatment groups in post-treatment histopathological analysis. *, p < 0.05S (ANOVA with Dunnett’s

test) vs vehicle.

liver (Figure 6d). DM and MH hardly affected ballooning
degeneration compared to vehicle.

B DISCUSSION

NAFLD evolves from an interplay of several factors involving
obesity, elevated levels of free fatty acids and cholesterol, insulin
resistance, and adipose tissue dysfunction leading to hepatic fat
accumulation. Hepatic steatosis and these factors trigger
oxidative and endoplasmic reticulum stress, mitochondrial
dysfunction, and inflammation in the liver which in turn
eventually cause hepatocellular damage and liver fibrosis."” In
addition, the disease is closely linked to other manifestations of
the metabolic syndrome which promote each other."””
Considering these multiple processes, strong therapeutic
efficacy in this complex pathology likely requires multiple
modes of action, which has recently prompted us to develop a
class of potent dual agents that simultaneously activate FXR and
inhibit sEH.”>*” Previous studies have demonstrated superior
effects for combination therapies in counteracting NASH
compared to single-target pharmacologies, for example, with
simultaneous FXR and PPAR activation™~ or FXR and glucagon-
like peptide-1 receptor agonism.*” In toxin- and diet-induced
models of NASH, the FXRA/sEHi DM already proved effective
in preventing disease development.”” In this study, we evaluated
the potential of the dual modulator concept as an interventional
treatment of pre-established NASH and probed the contribu-
tions of the underlying modes of action with selective control
treatments.

In treating mice with pre-established, biopsy-confirmed
NASH with the FXRA OCA, the FXRA/sEHi DM, or the
sEHi MH, we observed remarkable differences in the
therapeutic effects of these interventions. The selective full
FXR agonist OCA was clearly superior in reducing hepatic
steatosis, while weak activation (FXRA/sEHi DM) or lack of
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FXR activation (sEHi MH) were insufficient to achieve strong
antisteatosis efficacy. This in turn demonstrates that high FXR
activation efficacy is required to counteract established hepatic
steatosis in NASH while partial FXR agonism and sEH
inhibition do not efficiently exhibit such activity.

Regarding hepatic inflammation as the second major factor of
NASH, the three interventions revealed comparable therapeutic
activity. The FXRA OCA, the FXRA/sEHi DM, and the sEHi
MH reduced the lobular inflammation score and diminished
liver inflammatory cells and markers. Despite only small
differences between the treatments, OCA was slightly more
active in reducing liver inflammatory foci and Gal3-positive area
in the post-treatment biopsies, while the FXRA/sEHi DM
demonstrated the strongest effect on the overall lobular
inflammation score. The selective sEHi MH exhibited the
least overall anti-inflammatory activity. The observation that the
FXRA/sEHi DM achieved slightly higher anti-inflammatory
effects further confirms our hypothesis that both modes of action
contribute to counteracting hepatic inflammation in NASH and
supports the dual modulator concept.

The most intriguing finding of this study, however, was the
remarkable fibrosis-reversing activity of the FXRA/sEHi DM
and the sEHi MH. Both interventions decreased the fibrosis
stage and reduced the post-treatment liver PSR-positive area
compared to pretreatment levels. Therein, the selective sEHi
MH exhibited a stronger efficacy by causing a reduction of the
fibrosis stage in >50% of animals and no fibrosis worsening in the
remaining mice. The FXR agonist OCA, in contrast, failed to
achieve beneficial effects on fibrosis compared to pretreatment
or compared to vehicle but caused fibrosis worsening in >25% of
animals. In line with this, OCA also induced a notable increase in
the number of ballooning cells in the liver and worsened the
ballooning degeneration score in >25% of animals. The FXRA/
sEHi DM and the sEHi MH exhibited less unfavorable effects on
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Figure 6. Effects of the study compounds on fibrosis and hepatocellular ballooning. (a) Changes in fibrosis stage from pre- to post-treatment in the
different treatment groups. ¥, p < 0.05 (one-sided Fisher’s exact test with Bonferroni correction). (b) Changes in liver PSR positive area from pre- to
post-treatment in the different treatment groups. *, p < 0.0S; **, p < 0.01 (paired ¢ test). (c) Changes in ballooning degeneration from pre- to post-
treatment in the different treatment groups. (d) Number (1/mm?) of ballooning cells in liver after the treatment in the different treatment groups. *, p

< 0.05 (ANOVA with Dunnett’s test) vs vehicle.

hepatocellular ballooning, suggesting preferable effects on liver
health compared to those of OCA. Importantly, fibrosis presents
as the major prognostic marker for NASH progression”* which
gives the interventional activity of the FXRA/sEHi DM and the
sEHi MH considerable relevance. The fact that both the dual
modulator DM and the selective sEHi MH efficiently counter-
acted fibrosis points to a major contribution of sEHi to this
activity and to the great potential of sEHi in NASH treatment. It
may also be speculated that this attractive reduction of fibrosis
by sEHi without worsening of ballooning degeneration can
ameliorate the negative effects on hepatocellular ballooning that
we observed for the FXRA OCA. Thereby, the polypharmaco-
logical approach of FXRA/sEHi not only combines the
beneficial activities of the two mechanisms but also comple-
ments FXRA with sEHi, compensating for adverse effects.

In summary, our observations confirm FXR as a valuable
antisteatosis target with additional anti-inflammatory effects in
the liver but also demonstrate a lack of antifibrotic effects and an
unfavorable progression of ballooning degeneration associated
with strong FXR activation. In this context, inhibition of sEH
evolves as a promising antifibrotic strategy since both sEH
inhibitors in our study revealed pronounced fibrosis-reversing
activity. Additionally, combined partial FXR agonism and sEH
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inhibition resulted in slightly higher improvements in lobular
inflammation. According to our results, both modes of action,
FXR activation and sEH inhibition, thus present as suitable
therapeutic strategies to counteract NASH but exhibit effects
against different aspects of the multifactorial disease complex.
The antisteatosis activity of FXR activation antagonized hepatic
fat accumulation as major underlying pathogenic factor of
NAFLD and NASH, whereas sEH inhibition reversed fibrosis
which is the deleterious consequence of prolonged liver stress
and damage in NASH. While both individual effects alone likely
provide therapeutic benefit, they also complement each other,
and their combination may strengthen therapeutic efficacy in
NASH treatment. However, an optimal balance of sufficient
FXR activation efficacy for antisteatosis effects and FXR
overactivation leading to potential liver damage remains to be
determined.

Opverall, our results provide another example of remarkable
antisteatosis efficacy of the FXR agonist OCA that also
translated into strong efficacy of the semisynthetic bile acid in
improving the NAS. Other factors of NASH, however, failed to
confirm this pronounced therapeutic activity of OCA.
Particularly, the beneficial effect of OCA on liver fibrosis was
weak, and ballooning degeneration was worsened by OCA
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Figure 7. Pre- and post-treatment histology images for DM-, MH-, and OCA-treated animals. Each representative set of images (pre- and post-

treatment) originates from the same animal.

treatment which is in line with the FDA rejection of the drug for
NASH treatment.'® In light of these recent the drawbacks of
OCA and other leading anti-NASH drugs, the dual FXR/sEH

modulator concept is particularly appealing. The observed
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fibrosis reversal counteracts a major factor for disease
progression of NASH toward liver cirrhosis or hepatocellular
carcinoma. Provided that this activity translates from the

preclinical DIO NASH model to clinical efficacy, counteracting
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established fibrosis in progressed NASH holds particular
promise for future NASH treatment and is a likely superior
effect to reversing steatosis with the cost of fibrosis progression
and worsening of ballooning degeneration. These observations
highlight the great potential of dual FXR/sEH modulation and
present designed polypharmacology as appealing treatment
approach for the multifactorial condition NASH.

B MATERIALS AND METHODS

Chemistry. General. All chemicals and solvents were of
reagent grade and used without further purification unless
otherwise specified. All reactions were conducted in oven-dried
glassware under an argon atmosphere and in absolute solvents.
NMR spectra were recorded on a Bruker AV 500, Bruker AV
300, or a Bruker am250xp spectrometer (Bruker Corporation,
Billerica, MA). Chemical shifts (§) are reported in ppm relative
to tetramethylsilane (TMS) as reference. Multiplicity is reported
as follows: s, singlet; d, doublet; dd, doublet of doublets; t,
triplet; hept, heptet; m, multiplet. Approximate coupling
constants (J) are given in hertz (Hz). High-resolution mass
spectra were recorded on a MALDI LTQ ORBITRAP XL
instrument (Thermo Fisher Scientific). Compound purity was
analyzed on a Waters 600 Controller HPLC (Waters, Milford,
MA) equipped with a Waters 2487 Dual Absorbance Detector
and a Waters 717 plus Autosampler or on a VWR Chromaster
(VWR, Radnor, PA) equipped with a 5160 pump system, a DAD
5430, 2 5260 Autosampler, and a MultoHigh100 RP18—35 4, 250
X 4 mm?® column (CS-Chromatographie Service GmbH,
Langerwehe, Germany) using a gradient (H,O + 0.1% formic
acid/MeOH 80:20 isocratic for 5 min to MeOH after an
additional 45 min and MeOH for an additional 10 min) at a flow
rate of 1 mL/min or a gradient (H,O + 0.1% formic acid/MeOH
60:40 isocratic for S min to MeOH after an additional 25 min
and MeOH for an additional 10 min) at a flow rate of 1 mL/min
with UV detection at 245 and 280 nm.

Synthesis of MH. 1-(4-Amino-2-chlorophenyl)-
methanamine. LiAlH, (1 M in THF, 16.4 mL, 16.4 mmol,
2.5 equiv) was cooled to 0 °C, and 4-amino-2-chlorobenzonitrile
(1.0 g, 6.6 mmol, 1.0 equiv) in THF (absolute, 3.0 mL) was
slowly added. After evolution of H, had ceased, the mixture was
allowed to warm to room temperature and then refluxed for 16
h. After cooling to room temperature, the mixture was diluted
with 10 mL of THF and then cooled to 0 °C. Aqueous NaOH
solution (10% w/w, 1 mL) and water (1.8 mL) were added
dropwise. The colorless precipitate was filtered through Celite
and washed with 15 mL of diethyl ether. Evaporation of the
organic solvents from the filtrate in vacuo yielded 1-(4-amino-2-
chlorophenyl)methanamine as a yellow oil (0.77 g, 75%). 'H
NMR (500 MHz, DMSO-d,) 8 = 7.11 (d, ] = 8.2 Hz, 1H), 6.58
(d,J=2.2Hz, 1H), 6.48 (dd, J = 8.2, 2.2 Hz, 1H), 5.19 (s, 2H),
3.59 (s, 2H). 3C NMR (126 MHz, DMSO-d;) 6 = 148.56,
132.33, 129.67, 127.74, 113.63, 112.72, 42.88.

N-(4-Amino-2-chlorobenzyl)-5-(tert-butyl)thiophene-2-
carboxamide. 1-(4-Amino-1-chlorophenyl)methanamine
(0.46 g, 3.0 mmol, 1.5 equiv), 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide (0.45 g, 2.4 mmol, 1.2 equiv), and 4-
(dimethylamino)pyridine (0.02 mmol, 0.03 g, 0.1 equiv) were
dissolved in a mixture of CHCI; (absolute, 10 mL) and DMF
(absolute, 3.0 mL). S-fert-Butyl-thiophene-2-carboxylic acid
(0.35 g, 2.0 mmol, 1.0 equiv) dissolved in DMF (absolute, 2.0
mL) was slowly added over 10 min, and the mixture was stirred
overnight at 60 °C. After cooling to room temperature, aqueous
hydrochloric acid (10%, 10 mL) was added, and phases were
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separated. The aqueous layer was brought to pH 10 with
Na,COj; solution and extracted three times with 20 mL of
EtOAc each time. The combined organic layers were dried over
Na,SO,, and the solvents were evaporated in vacuo. Further
purification was carried out by column chromatography with
hexane/EtOAC/acetic acid (65:32:2) as the mobile phase to
obtain N-(4-amino-2-chlorobenzyl)-5-(tert-butyl)thiophene-2-
carboxamide as a yellow solid (0.239 g, 35%). '"H NMR (300
MHz, methanol-d,) 6 =7.52 (d, ] = 3.9 Hz, 1H), 7.10 (d, ] = 8.3
Hz, 1H), 6.89 (d, ] = 3.9, 1H), 6.75—6.72 (d, ] = 2.3 Hz, 1H),
6.60 (dd, ] = 8.3, 2.3 Hz, 1H), 4.48 (s, 2H), 1.41 (s, 9H). °C
NMR (75 MHz, MeOD) & = 163.25, 162.90, 148.52, 135.17,
133.43, 129.85, 128.31, 123.72, 122.23, 115.00, 113.38, 40.56,
34.43, 31.25.

5-(tert-Butyl)-N-(2-chloro-4-(methylsulfonamido)benzyl)-
thiophene-2-carboxamide (MH). N-(4-Amino-2-chloroben-
zyl)-S-(tert-butyl)thiophene-2-carboxamide (0.23 g, 0.71
mmol, 1.0 equiv) was dissolved in THF (absolute, 10 mL),
and pyridine (1.0 mL) was added. Mesyl chloride (0.28 mL, 3.6
mmol, 5.0 equiv) was carefully added, and the mixture was
stirred for 16 h at 60 °C. Aqueous hydrochloric acid (10%, 15
mL) was then added and the mixture was extracted three times
with 30 mL of EtOAc each time. The combined organic layers
were dried over Na,SO,, and the solvents were evaporated in
vacuo. Further purification was carried out by column
chromatography using hexane/EtOAc/acetic acid (59:39:2) as
the mobile phase to obtain MH as a colorless solid (0.145 g,
41%). "H NMR (500 MHz, methanol-d,) 6 =7.54 (d, ] = 3.8 Hz,
1H),7.36=7.29 (m, 2H), 7.15 (m, 1H), 6.90 (d, ] = 3.8 Hz, 1H),
4.56 (s, 2H), 2.95 (s, 3H), 1.39 (s, 9H). *C NMR (126 MHz,
MeOD) 6 = 164.81, 164.60, 139.91, 136.26, 134.81, 133.01,
130.95, 129.93, 123.73, 121.70, 119.60, 41.86, 39.3S, 35.86,
32.65. HRMS (MALDI): m/z calculated for C,,H,,CIN;0,S,
401.07549. Found 401.07535.

The preparation of DM and its precursors has been described
previously.”® The batches of MH and DM used in the DIO
NASH model had a purity of >95% as determined by HPLC-UV
analysis at 4 = 245 and 280 nm. The batch of obeticholic acid
used for the in vivo study was obtained commercially.

In Vitro Pharmacological Characterization. The in vitro
pharmacological profile of DM has already been reported.”® In
vitro profiling of MH for FXR modulation,”*° sEH
inhibition,***” selectivity,”>**** FXR LBD binding affinity,***’
microsomal stability,”® and effects on FXR-regulated gene
expression”® were carried out as described previously and in
uniformity with the characterization of DM.

Hybrid Reporter Gene Assays for Selectivity Profiling.
Plasmids. The Gal4-fusion receptor plasmids pFA-CMV-
hPPARa-LBD,*" pFA-CMV-hPPARS-LBD,"' pFA-CMV-
hPPARy-LBD,*" pFA-CMV-hLXRa-LBD,*” pFA-CMV-
hLXRA-LBD,*” pFA-CMV-hRXRa-LBD,* pFA-CMV-
hRXRB-LBD,*’ pFA-CMV-hRXRy-LBD,*’ pFA-CMV-
hRARa-LBD,** pFA-CMV-hRARB-LBD,” pFA-CMV-
hRARy-LBD,"’ pFA-CMV-hVDR-LBD," pFA-CMV-hTHRa-
LBD,” and pFA-CMV-hTHRA-LBD* coding for the hinge
region and LBD of the canonical isoform of the respective
nuclear receptor have been reported previously. pFR-Luc
(Stratagene) was used as reporter plasmid, and pRL-SV40
(Promega) was used for normalization of transfection efficiency
and cell growth.

Assay Procedure. HEK293T cells were grown in high-
glucose DMEM, supplemented with 10% fetal calf serum (FCS),
sodium pyruvate (1 mM), penicillin (100 U/mL), and
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streptomycin (100 pg/mL) at 37 °C and 5% CO,. The day
before transfection, HEK293T cells were seeded in 96-well
plates (3 X 10* cells/well). Before transfection, the medium was
changed to Opti-MEM without supplements. Transient trans-
fection was carried out using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol with
pFR-Luc (Stratagene), pRL-SV40 (Promega), and the corre-
sponding Gal4-fusion nuclear receptor plasmid. At 5 h after
transfection, medium was changed to Opti-MEM supplemented
with penicillin (100 U/mL), streptomycin (100 pg/mL), and
now additionally containing 0.1% DMSO and the respective test
compound or 0.1% DMSO alone as untreated control. Each
concentration was tested in duplicate, and each experiment was
repeated independently five times. Following overnight (12—14
h) incubation with the test compounds, cells were assayed for
luciferase activity using Dual-Glo Luciferase Assay System
(Promega) according to the manufacturer’s protocol. Lumines-
cence was measured with a Spark 10 M luminometer (Tecan
Deutschland GmbH). Normalization of transfection efficiency
and cell growth was done by division of firefly luciferase data by
renilla luciferase data and multiplying the value by 1000,
resulting in relative light units (RLU). Fold activation was
obtained by dividing the mean RLU of a test compound at a
respective concentration by the mean RLU of the untreated
control. Relative activation was obtained by dividing the fold
activation of a test compound at a respective concentration by
the fold activation of a respective reference agonist at 1 M
(PPARa: GW7647; PPARy: pioglitazone; PPARS: L165,041;
LXRa/p: T0901317; RXRa/f/y: bexarotene; RARa/f/y:
tretinoin; VDR: calcitriol; and THRa/f: triiodothyronine).
Reporter Gene Assay for Human Full-Length FXR.
Plasmids. pcDNA3-hFXR contains the sequence of human FXR
and was already published elsewhere.** pGL3basic (Promega
Corporation, Fitchburg, WI) was used as a reporter plasmid,
with a shortened construct of the promotor of the bile salt export
protein (BSEP) cloned into the Sacl/Nhel cleavage site in front
of the luciferase gene.45 pRL-SV40 (Promega) was transfected
as a control for normalization of transfection efliciency and cell
growth. pSG5-hRXR was also already published elsewhere.*®
Assay Procedure. HeLa cells were grown in high-glucose
DMEM supplemented with 10% FCS, sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 yg/mL) at
37 °C and 5% CO,. At 24 h before transfection, HeLa cells were
seeded in 96-well plates with a density of 8000 cells/well. At 3.5
h before transfection, the medium was changed to high-glucose
DMEM, supplemented with sodium pyruvate (1 mM),
penicillin (100 U/mL), streptomycin (100 yg/mL), and 0.5%
charcoal-stripped FCS. Transient transfection of HeLa cells with
BSEP-pGL3, pRL-SV40, and the expression plasmids pcDNA3-
hFXR and pSGS-hRXR was carried out using the calcium
phosphate transfection method. At 16 h after transfection, the
medium was changed to high-glucose DMEM supplemented
with sodium pyruvate (1 mM), penicillin (100 U/mL),
streptomycin (100 pg/mL), and 0.5% charcoal-stripped FCS.
At 24 h after transfection, the medium was changed to DMEM
without phenol red, supplemented with sodium pyruvate (1
mM), penicillin (100 U/mL), streptomycin (100 yg/mL), -
glutamine (2 mM), and 0.5% charcoal-stripped FCS, now
additionally containing 0.1% DMSO and the respective test
compound or 0.1% DMSO alone as untreated control. Each
concentration was tested in triplicate, and each experiment was
repeated independently five times. Following 24 h of incubation
with the test compounds, cells were assayed for luciferase
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activity using Dual-Glo luciferase assay system (Promega)
according to the manufacturer’s protocol. Luminescence was
measured with a Spark 10 M luminometer (Tecan Deutschland
GmbH). Normalization of transfection efficiency and cell
growth was done by division of firefly luciferase data by renilla
luciferase data multiplied by 1000 resulting in RLU. Fold
activation was obtained by dividing the mean RLU of the tested
compound at a respective concentration by the mean RLU of
untreated control. Relative activation was obtained by dividing
the fold activation of the tested compound at a respective
concentration by the fold activation of FXR full agonist GW4064
at 1 uM. ECs, and standard error of the mean values were
calculated from the mean relative activation values by SigmaPlot
2001 (Systat Software GmbH, Erkrath, Germany) using a four-
parameter logistic regression). The assay was validated with
FXR agonists OCA (ECg, = 0.16 + 0.02 uM, 87 + 3% max
relative activity), CDCA (ECyo = 18 + 1 uM, 88 + 3% max
relative activity), and GW4064 (EC, = 0.51 + 0.16 uM, 1 uM
defined as 100%).*’

sEH Activity Assay. sEH inhibitory potency was determined
in a fluorescence-based 96-well sEH activity assay using purified
recombinant human enzyme.’’ Nonfluorescent (3-
phenyloxiranyl)acetic acid cyano-(6-methoxynapthalen-2-yl)-
methyl ester®* (PHOME) was used as substrate which is
hydrolyzed by sEH to fluorescent 6-methoxynaphthaldehyde.
Purified recombinant human sEH (in BisTris buffer, pH 7, with
0.1 mg/mL BSA containing a final concentration of 0.01%
Triton-X 100) was preincubated with test compounds (in
DMSO, final DMSO concentration: 1%) for 30 min at room
temperature. Then, substrate was added (final concentration SO
uM), and hydrolysis of the substrate was determined by
measuring fluorescent product formation on a Tecan Infinite
F200 Pro (A, = 330 nm, A, = 465 nm) for 30 min (one point
per minute). A blank control (no protein and no compound) as
well as a positive control (no compound) were executed. All
experiments were conducted in triplicate and repeated in five
independent experiments. For ICy, calculation, the dose—
response curves of increasing compound concentrations were
recorded.

Quantification of FXR- and PPAR-Regulated Gene
Expression in HepG2 Cells. FXR target gene quantification
was carried out as described previously.”” HepG2 cells were
grown in high-glucose DMEM, supplemented with 10% FCS, 1
mM SP, penicillin (100 U/mL), and streptomycin (100 yg/mL)
at 37 °C and 5% CO,. Cells were seeded in 6-well plates (2 X 10°
per well). at 24 h after seeding, the medium was changed to
MEM supplemented with 1% charcoal stripped FCS, penicillin
(100 U/mL), streptomycin (100 pg/mL), and 2 mM L-
glutamine. After an additional 24 h, cells were incubated with
test compound 41 (0.1,0.3,and 1 M), obeticholic acid (1 uM),
or elafibranor (1 uM) dissolved in the same medium with 0.1%
DMSO or medium with 0.1% DMSO alone as untreated control
for 12 h. The cells were then harvested, washed with cold
phosphate-buffered saline (PBS), and directly used for RNA
extraction. Total RNA was extracted using the total RNA Mini
Kit (R6834—02, Omega Bio-Tek, Inc., Norcross, GA). A total of
2 pug of RNA was then reverse-transcribed into cDNA using a
high-capacity cDNA reverse transcription kit (4368814,
Thermo Fischer Scientific, Inc.) according to the manufacturer’s
protocol. FXR-regulated gene expression was studied by
quantitative real-time PCR analysis with a StepOnePlus System
(Life Technologies, Carlsbad, CA) using PowerSYBRGreen
(Life Technologies; 12.5 uL/well). Each sample was set up in
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duplicate and repeated in five independent experiments. Data
was analyzed by the comparative AAC; method with
glycerinaldehyde 3-phosphate dehydrogenase (GAPDH) as
the reference gene. The following primers (for the human
genes) were used: hGAPDH: §'-ATA TGA TTC CAC CCA
TGG CA (forward), '-GAT GAT GAC CCT TTT GGC TC
(reverse); hSHP: §'-GCT GTC TGG AGT CCT TCT GG
(forward), 5-CCA ATG ATA GGG CGA AAG AAG AG
(reverse); hCYP7A1:5'-CAC CTT GAG GAC GGT TCC TA
(forward), 5'-CGA TCC AAA GGG CAT GTA GT (reverse);
hBSEP: §'-CAT GGT GCAAGA AGT GCT GAG T (forward),
5'-AAG CGA TGA GCA ACT GAA ATG AT (reverse);
hSREBPIc: 5'-GGA GGG GTA GGG CCA ACG GCC T
(forward), 5'-CAT GTC TTC GAA AGT GCA ATC C
(reverse).

Microsomal Stability Assay. The solubilized test com-
pound (5 uL, final concentration 10 M in phosphate buffer (0.1
M, pH 7.4)) was preincubated at 37 °C in 432 uL of phosphate
buffer (0.1 M, pH 7.4) together with a S0 uL of NADPH
regenerating system (30 mM glucose-6-phosphate, 4 U/mL
glucose-6-phosphate dehydrogenase, 10 mM NADP, 30 mM
MgCl,). After S min, the reaction was started by the addition of
13 uL of microsome mix from the liver of Sprague—Dawley rats
(Invitrogen; 20 mg protein/mL in 0.1 M phosphate buffer) in a
shaking water bath at 37 °C. The reaction was stopped by
addition of 250 uL of ice-cold methanol at 0, 15, 30, and 60 min.
The samples were diluted with 250 uL of DMSO and
centrifuged at 4 °C and 10 000g for 5 min. The supernatants
were analyzed, and the test compound was quantified by HPLC:
mobile phase: MeOH 83%/H,0 17%/formic acid 0.1%; flow-
rate: 1 mL/min; stationary phase: MultoHigh Phenyl phase, S
um, 250 X 4, precolumn, phenyl, 5 um, 20 X 4; detection
wavelength: 330 and 254 nm; injection volume: 50 uL. Control
samples were also analyzed to check the test compound’s
stability in the reaction mixture. The first control was without
NADPH, which is needed for the enzymatic activity of the
microsomes; the second control was with inactivated micro-
somes (incubated for 20 min at 90 °C). The third control was
without test compound (to determine the baseline). The
amounts of the test compound were quantified by an external
calibration curve, where data are expressed as the mean + SEM
of single determinations obtained in five independent experi-
ments.

DIO NASH Model in Mice. The DIO NASH model was
carried out by the contract research organization Gubra
(Horsholm, Denmark) on a fee-for-service basis. All animal
experiments were conducted in accordance with Gubra’s
bioethical guidelines, which are fully compliant to internation-
ally accepted principles for the care and use of laboratory
animals. The animals were checked at minimum once daily for
signs of abnormal behavior, abnormal locomotor activity, ataxia,
or clinical signs of disease (lack of grooming, raised fur, signs of
pain upon handling, loss of excessive body weight).

Animals and Treatment. Male CS7BL/6JRj mice (pur-
chased from Janvier Laboratories, France at S weeks of age) were
used for the study. The animals were housed in a temperature-
and humidity-controlled room (19—23 °C and 40—60%) and
maintained in a 12 h light/12 h dark cycle. Mice received the
Gubra AMLN NASH (GAN; D09100310, Research Diet, US;
40% fat (primarily palm oil), 40% carbohydrate (20% fructose),
and 2% cholesterol) diet for 41 weeks before treatment start.
Prior to treatment, all animals underwent liver biopsy for
histological conformation of liver disease (steatosis score > 2
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and fibrosis stage > 1) using the nonalcoholic fatty liver disease
activity scoring (NAS) and fibrosis staging system. Random-
ization and stratification to treatment was carried out according
to quantitative collagen staining (Picro-Sirius Red). GAN DIO-
NASH mice (n = 16 per group) received treatment (p.o.) with
vehicle, MH (10 mg/kg, b.i.d.), DM (10 mg/kg, b.id.), or
obeticholic acid (30 mg/kg, q.d., plus vehicle) for 12 weeks.
Water containing 1% hydroxypropyl methylcellulose (HPMC)/
Tween 80 (99:1) served as vehicle. Mice were then sacrificed by
cardiac puncture under isoflurane anesthesia for histopatho-
logical and biochemical analysis.

Evaluation. For prebiopsies, mice were anaesthetized by
inhalation anesthesia using isoflurane (2—3%). A small
abdominal incision was made in the midline, and the left lateral
lobe of the liver was exposed. A cone-shaped wedge of liver
tissue (approximately S0 mg) was excised from the distal portion
of the lobe and fixated in 10% neutral buffered formalin (10%
NBF) for histology. The cut surface of the liver was instantly
electrocoagulated using bipolar coagulation (ERBE VIO 100
electrosurgical unit). The liver was returned to the abdominal
cavity, and the abdominal wall was sutured. The skin was closed
with staples. For postoperative recovery, mice received
carprofen (5 mg/kg) administered subcutaneously on operation
day and post-operation days 1 and 2. Triglycerides (TG), total
cholesterol (TC), alanine transaminase (ALT), and aspartate
transaminase (AST) levels were determined from blood samples
collected at week 4 of treatment in heparinized tubes. Plasma
glucose and insulin were determined from blood samples
collected at week 11 of treatment. Plasma was separated and
stored at —80°C until analysis. TG, TC, ALT, AST, glucose, and
insulin were measured using commercial kits (Roche
Diagnostics) on the cobas ¢ 501 autoanalyzer according to the
manufacturer’s instructions. After termination by heart
puncture, livers were collected and weighed. Specific liver
samples and biopsies were dissected and processed. The liver
was divided into left lateral lobe, medial lobe, right lateral lobe,
and caudal lobe. The left lateral lobe was used for the prebiopsy
(not applicable at termination). The liver post biopsy (~200 mg,
less than 0.7 X 0.5 cm®) was cut 4 mm from the prebiopsy site
and with an edge. The tissue was collected in paraformaldehyde.
The medial lobe was sectioned and snap-frozen in liquid
nitrogen for later analysis. One piece (25 + S mg) was dissected
and used for TG/TC analysis. Biopsy tissues were cut at 10 gm
on a Cryostat, and the sections were mounted on precooled
PEN membrane frame slides (ThermoFisher), quickly trans-
ferred to precooled 75% EtOH, and stored at —20 °C. Liver
samples were fixed in formalin, paraffin-embedded, and sections
were stained. For H&E staining, the slides were incubated in
Mayer’s Hematoxylin (Dako), washed in tap water, stained in
Eosin Y solution (Sigma-Aldrich), hydrated, and cover-slipped.
For PSR staining, the slides were incubated in Weigert’s iron
hematoxylin (Sigma-Aldrich), washed in tap water, stained in
PSR (Sigma-Aldrich), and washed twice in acidified water.
Excess water was removed by shaking the slides, and the slides
were then dehydrated in three changes of 100% ethanol, cleared
in xylene, and cover-slipped. For type I collagen (Southern
Biotech, catalog no. 1310—01), alpha-smooth muscle actin (a-
SMA; Abcam, catalog no. Ab124964) and galectin-3 analysis
(Biolegend, catalog no. 125402), immune-histochemistry
(IHC) was carried out using standard procedures. Briefly,
after antigen retrieval and blocking of endogenous peroxidase
activity, slides were incubated with primary antibody. The
primary antibody was detected using a polymeric HRP-linker
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antibody conjugate. Next, the primary antibody was visualized
with DAB as chromogen. Finally, sections were counterstained
in hematoxylin and coverslipped. Samples were scored for NAS
by a specialist using the clinical criteria outlined by Kleiner et
al.’ The total NAS score represents the sum of scores for
steatosis, inflammation, and ballooning, and ranges from O to 8.

Statistical Evaluation. Data from in vitro experiments are
expressed as mean + SEM; data from in vivo experiments are
expressed as mean + SD. To determine statistical significance
between groups, data was analyzed using GraphPad Prism 7
(GraphPad Software Inc., USA) as follows: Normality of data
distribution was analyzed by Shapiro—Wilk’s test (p < 0.0 for
normal distribution). For normally distributed data, one-way
ANOVA with Dunnett’s test was carried out. For not normally
distributed data, Kruskal-Wallis one-way analysis of variance
was applied followed by Dunn’s test to calculate significance.
Pre- to post-treatment comparisons were analyzed by one-sided
Fisher’s exact test with Bonferroni correction (scores) or paired
t-test: p values < 0.05 were considered as statistically significant,
and p values < 0.1 were assumed a trend or tendency.
Significance levels are denoted as follows: *, p < 0.05; **, p <
0.01; **% p < 0.001.
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