#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Identification and structural insight of an effective
PPARY modulator with improved therapeutic index
for anti-diabetic drug discovery+

{ ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 2260

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Haowen Jiang, 3¢ X. Edward Zhou, 1 Jingjing Shi, &2 £° Zhi Zhou,* Guanguan Zhao,”
Xinwen Zhang,€ Yili Sun, Kelly Suino-Powell,¢ Lei Ma,? Hui Gao, 2@ Xiyong Yu,?

Jia Li,*¢ Jingya Li,* Karsten Melcher, @29 H. Eric Xu*?* and Wei Yi 3*a°

Peroxisome proliferator-activated receptor y (PPARY) is a key regulator of glucose homeostasis and lipid
metabolism, and an important target for the development of modern anti-diabetic drugs. However,
current PPARy-targeting anti-diabetic drugs such as classical thiazolidinediones (TZDs) are associated
with undesirable side effects. To address this concern, we here describe the structure-based design,
synthesis, identification and detailed in vitro and in vivo characterization of a novel, decanoic acid (DA)-
based and selective PPARy modulator (SPPARyYM), VSP-77, especially (S)-VSP-77, as the potential "hit" for
the development of improved and safer anti-diabetic therapeutics. We have also determined the co-

crystal structure of the PPARYy ligand-binding domain (LBD) in complex with two molecules of (S)-VSP-
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Accepted 20th January 2020 77, which reveal a previously undisclosed allosteric binding mode. Overall, these findings not only

demonstrate the therapeutic advantage of (S)-VSP-77 over current TZD drugs and representative partial

DOI: 10.1038/¢95c054872 agonist INT131, but also provide a rational basis for the development of future SPPARyYMs as safe and
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Introduction

Type 2 diabetes mellitus (T2DM), also known as non-insulin-
dependent diabetes mellitus, accounts for >90% of all cases of
diabetes. This condition is characterized by high blood glucose
(hyperglycemia) mainly resulting from resistance to insulin in
peripheral tissue.' One of the most remarkable pathological
features in diabetic patients is energy surplus-generated obesity.
Adipose tissue is the largest lipid and energy storage in human
body. However, during obesity, adipose tissue might become
severely dysfunction and fail to appropriately expand to store the
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highly efficacious anti-diabetic drugs.

surplus energy. These conditions lead to ectopic fat accumulation
in other tissue, and progressive insulin resistance and T2DM.>™*
Therefore, it is crucial to target to the improvement of adipose
dysfunction for regulating energy homeostasis and obesity.
PPARY is a master regulator of adipose cell differentiation
and development that belongs to the nuclear hormone receptor
superfamily.>® PPARy is also the target receptor for the TZD
class of anti-diabetic drugs, which act as PPARY full agonists via
an activation function 2 (AF-2)-mediated “lock” mechanism.
TZDs such as rosiglitazone (Rosi) have been widely used for the
treatment of T2DM by lowering glucose levels and improving
insulin sensitivity.®'®* However, despite their excellent potencies
in treating diabetes, they possess many severe side effects such
as fluid retention, weight gain, cardiac hypertrophy, and hepa-
totoxicity in the clinic."**® Due to these side effects, Rosi has
been withdrawn from the European market. Recently, pioglita-
zone, the most widely used TZD, has also been associated with
controversial side effects including bladder cancer.”” Undoubt-
edly, there is an urgent need to discover new, safe and highly
efficacious PPARY ligands with improved therapeutic profiles.
An alternative approach has been taken to seek for non-TZD
PPARy partial agonists, also known as SPPARYMs. SPARYMs
stabilize the AF-2 helix in distinct states between closed and
open conformations, which allows AF-2 to more selectively
recruit co-activators, which is associated with reduced side
effects relative to TZD compounds.’*? As a consequence,
a large number of both naturally occurring and synthetic non-

This journal is © The Royal Society of Chemistry 2020
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TZD PPARYy partial agonists/SPPARyMs have been reported.>***
Among them, carboxylic acid derivatives have attracted
considerable attention.***® For example, Miyachi and co-
workers reported a class of optically active a-benzylphenylpro-
panoic acids as potent SPPARYMs.** Previously, our group also
disclosed naturally occurring DA as a direct ligand of PPARY
with better pharmacological properties, such as the diminished
ability to induce adipocyte differentiation.*® The crystal struc-
ture of PPARy bound with DA (PDB code 3U9Q) revealed that DA
occupied a novel binding site and only partially activated PPARy
by only weakly stabilizing the AF-2 helix.***” Further structural
analysis identified a region of the hydrophobic pocket near the
v-position of DA that could be exploited for future design
(Fig. S1t). However, due to its low affinity and poor selectivity
for PPARY, DA's efficacy in decreasing glucose levels in mice was
less significant than that of Rosi. Moreover, pharmacokinetic
studies showed that the B-position of DA could be readily
oxidized and subsequently broken in vivo,**** which might lead
to further loss of glucose lowering efficiency.

By using the DA-bound-PPARY LBD structure as a template,
we designed new DA-based molecules by introducing an oxygen
atom in the B-position and variable moieties in the y-position of
DA, which we hypothesized would occupy the newly identified
sub-pocket, and thereby increase the affinity and selectivity
toward PPARy. Increased complex stability in turn might lead to
improved glucose-lowering capability and reduced side effects.
In order to confirm this hypothesis, several DA-based
compounds were constructed. To our delight, a novel
compound, VSP-77, was identified as a potent SPPARYM with
desired pharmacological properties. Therefore, in this paper,
we describe the detailed biological characterization of VSP-77
and its active form (S)-VSP-77 in vitro and in vivo for anti-
diabetic drug evaluation, and then revealed the unique
binding mode of (S)-VSP-77 to PPARy LBD through co-crystal
structural analysis. Together, our results demonstrate that (S)-
VSP-77 can serve as a promising candidate for T2DM therapy
and establish a rational foundation for designing specific drugs
targeting PPARy with advantages over current TZD drugs and
representative partial agonist INT131.

Results
The synthesis of VSP-77

VSP-77 was synthesized in three steps as shown in Fig. 1: a classical
nucleophilic addition (Grignard reaction) between heptylmagne-
sium bromide and 4-chlorobenzaldehyde, subsequent ether-
ification and final hydrolysis. The Grignard reaction proceeded
with 85% yield to form the alcohol 1. Etherification of the inter-
mediate alcohol 1 with ethyl 2-bromoacetate gave the ethyl ester 2
in a moderate yield (45%). Hydrolysis of ethyl ester 2 in the pres-
ence of lithium hydroxide hydrate provided the desired VSP-77 with
a yield of 80% (see the ESI{ for "H NMR and *C NMR spectra).

The synthesis of (R)-VSP-77 and (S)-VSP-77

(R)-VSP-77 and (S)-VSP-77 were respectively synthesized in two
steps as demonstrated in Fig. 2: Firstly, a facile condensation in
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Fig. 2 The synthetic routes of (R)-VSP-77 and (S)-VSP-77.
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the presence of EDCI and DMSO to provide amides 3 and 4 in
42% and 37% yields, respectively, followed by ether hydrolysis
assisted by 6 N HCI solution to afford the corresponding
products (R)-VSP-77 and (S)-VSP-77 in decent yields.

Identification of VSP-77 as a potent PPARY ligand

With this synthetic compound in hand, we first defined the
agonism of VSP-77 in Cos-7 cells by using a PPARy-activated
luciferase reporter assay, in which Rosi and DA were used as the
reference compounds. As expected and shown in Fig. 3a, VSP-77
has only a weakly agonistic activities at 33 tM and even at 100
uM. The dose-response curve in Fig. 3b suggests that VSP-77
has a potency similar to that of the partial agonist DA, and
much lower than that of the full agonist Rosi.

To determine the binding affinity of VSP-77 to PPARY, we
performed competition experiments using LanthaScreen™ TR-
FRET assays. Fig. 4a and b show the competition of an indirectly
labeled pan-PPAR ligand, Fluormone™, by VSP-77, as well as by
DA and Rosi as positive controls. As shown in Fig. 4b, VSP-77
competed Fluormone about ten times more potently (k; = 4.8
uM) than DA (k; = 50.5 pM). Moreover, the saturation levels
obtained with VSP-77 were similar to that of Rosi. These results
confirm our structure-based design and also provide a basis for
further evaluation of VSP-77 as a candidate compound for
potent treatment of T2DM.

VSP-77 demonstrated the specific selectivity towards PPARY

The PPAR family has three members in humans: PPARa, PPARS
and PPARy.”**" To validate the selectivity of VSP-77, we carried
out competitive TR-FRET assays using the parent compound DA
as reference and the well-defined and highly selective PPARa
agonist GW7647, PPARS agonist GW0742 and PPARy agonist
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Fig. 3 Luciferase reporter assay of PPARy activation in Cos-7 cells.
The luciferase activity was normalized against renilla luciferase units.
Fold activation was calculated against DMSO with no ligand treatment.
(a) Fold activation in response to 33 uM and 100 uM of DA and VSP-77,
and 10 uM of Rosi; (b) dose—response curve. The concentration of Rosi
used ranged from 565 nM to 10 uM, and the concentration of DA and
VSP-77 from 137 nM to 100 uM. Concentration is represented as log;o
scale (n = 3, error bars = SEM).
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Fig. 4 Characterization of VSP-77 binding. LanthaScreen™ TR-FRET
assay (Invitrogen) was used for measuring the binding affinities of the
ligands. 0.5 nM GST-PPARy LBD was incubated with 5 nM Fluo-
rmone™ and Terbium-coated GST antibody. Increasing concentra-
tions of DA, VSP-77 and Rosi competed the interaction, resulting in
a decrease in the FRET ratio. (a) Competition by 10 pM and 100 pM of
DA, VSP-77 and Rosi, respectively. (b) Dose-response competition
curves for DA and VSP-77 from 1.2 x 107 to 1.2 x 10~2 nM, and for Rosi
from 1 x 10° to 1 x 10~° nM. Concentration is represented on a logso
scale. The calculated k; values of DA, VSP-77 and Rosi are 50.5 uM, 4.8
uM and 42.8 nM, respectively (n = 3, error bars = SEM).

Rosi as positive controls. As shown in Fig. 5, GW7647, GW0742
and Rosi showed very strong binding capabilities at 10 pM
(nearly 100%) for PPARa, PPARS and PPARY, respectively, which
was in line with the previous reports.**>*® Interestingly, VSP-77
at 10 uM displayed a potent binding affinity with PPARy, but
had no obvious effects on PPARo. and PPARS even at 100 uM
concentration. The results revealed that VSP-77 has an excellent
selectivity toward PPARY for its activation.
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Fig. 5 Identification of VSP-77 as a selective agonist toward PPARYy.
Competitive TR-FRET assays using the indicated receptors. The
positive controls for PPARa, PPARS and PPARYy agonists are GW7647,
GWO0742 and Rosi, respectively (n = 3, error bars = SEM).
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VSP-77 only marginally stimulates adipocyte differentiation
and induces the expression of key adipogenic genes

One of the best documented side-effects of the PPARy agonist
drugs is weight gain as PPARY is the key activator of adipo-
genesis. To determine whether VSP-77 promotes adipogenesis,
we treated mouse fibroblast 3T3-L1 cells with 100 uM of VSP-77.
Cells were also separately treated with Rosi (10 uM) or DMI
(dexamethasone 1 pM, 3-isobutyl-1-methylxanthine 0.5 mM and
insulin 167 nM, a standard inducer of adipocyte differentia-
tion). Cells were incubated with Oil Red O, which stains
adipocytes red. As shown in Fig. 6, adipocyte differentiation was
observed after the treatment with Rosi and DMI, as evidenced
by Oil Red O staining of the cellular lipid (Fig. 6a and b). In
contrast, when incubated with 100 uM of VSP-77, cells did not
stain with Oil-red O (Fig. 6¢). Therefore, VSP-77 did not promote
any detectable increase in lipid accumulation or changes in
morphology characteristic of differentiating fat cells (Fig. 6¢
and f). Moreover, when VSP-77 was added to DMI- or Rosi-
treated cells, we observed a clear decrease in the total number
of adipocytes (Fig. 6d and e). Collectively, we conclude that VSP-
77 at 100 uM dose does not activate adipogenesis despite
partially activating PPARy, and furthermore that VSP-77 can
inhibit adipogenesis activated by DMI and Rosi. These results
indicate that VSP-77 may function as a SPPARYM with
decreased side effect on weight gain compared with Rosi.
Encouraged by the above results and to further determine
whether VSP-77 activates PPARYy in 3T3-L1 cells, we evaluated
the ability of VSP-77 to stimulate PPARy activity by measuring
the mRNA levels of endogenous PPARy-regulated downstream
genes linked to adipogenesis (primers are listed in Table S1+).
Quantitative PCR was performed on 3T3-L1 cells 7 days after
treatment with either VSP-77 or Rosi. As revealed in Fig. 7, Rosi
robustly induced the expression of key adipogenic genes
encoding PPARY, aP2, CD36, LPL, C/EBPa and Fasn. In contrast,
VSP-77 only weakly stimulated the expression of these target
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by Oil Red O
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by Oil Red O

a)
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Rosi 29

M
10p4 VSP-77

100 M
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Fig. 6 3T3-L1 adipocyte differentiation assay. Oil Red O staining of
3T3-L1 fibroblast cells after differentiating with different ligands for 2
days. Treatment groups include the following: (a) Rosi 10 uM; (b) DMI [1
uM dexamethasone (D); 0.5 mM 3-isobutyl-1-methylxanthine (M); and
167 nM insulin (1)]; (c) VSP-77 100 pM; (d) Rosi 10 pM + VSP-77 100 uM;
(e) DMI + VSP-77 100 uM; (f) DMSO control.

This journal is © The Royal Society of Chemistry 2020
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genes. These results suggest VSP-77 would not induce adipo-
cytes differentiation through PPARYy, which is in agreement
with VSP-77 being a relatively safe SPPARYM with decreased
side effect on weight gain.

Anti-diabetic activity of VSP-77 in high-fat diet (HFD) mice

Given the above data, we then examined whether VSP-77 had
anti-diabetic properties in vivo. Normal mice become obese and
insulin resistant following high fat-diet (HFD) fed,”*** with
activation of protein kinase CDK5 in their adipose tissues.***”
Briefly, HFD mice was injected with VSP-77 for 10 days, and VSP-
77 caused a decrease in the Cdk5-mediated phosphorylation of
PPARYy at Ser-273 in adipose tissue, which was similar to the
effects of Rosi administration. But unlikely Rosi administration,
VSP-77 selectively induced the expression of glut4 and adipo-
nectin, which was good for the improvement of insulin sensi-
tivity (Fig. S1t). Moreover, VSP-77 treatment also improved the
glucose tolerance, lowered glucose levels, and a significant
reduction in the fasting insulin levels. Insulin resistance, as
computed by HOMA-IR, showed a clear and dose-dependent
improvement with VSP-77. These changes occurred without
significant differences in body weight and food intake
compared to vehicle-treated mice (Fig. S27).

VSP-77 has a good pharmacokinetic profile

VSP-77 was further evaluated for its preliminary pharmacoki-
netic profile in mice following oral (10 mg kg™ ') and intrave-
nous (5 mg kg ') administration (Table S21). The results
revealed that VSP-77 given orally at 10 mg kg~ " dosage displayed
a Tax Of 0.5 h, @ Cryax of 2923 ng mL ™', an AUC,_, of 5772 ng
mL " h™', an AUC,_.. of 5877 ng mL ™" h™", a mean retention
time (MRT) of 1.94 h, a t;, of 1.25 h, and a 57.7% oral
bioavailability, revealing that VSP-77 had a good pharmacoki-
netic profile.

VSP-77 lacks detectable hERG inhibitory activity

In view of excellent biological activities of VSP-77 exhibited both in
vitro and in vivo, we were interested to evaluate its hERG potassium
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Fig.7 Expression of adipogenic genes in 3T3-L1 cells was analyzed by
quantitative PCR (gPCR). Relative mRNA levels of the adipocyte
differentiation genes PPARY, aP2, CD36, LPL, C/EBPa and Fasn. mRNA
was extracted from differentiating cells 7 days after treatment (n = 3,
error bars = SEM).
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ion channel inhibition profile. hERG inhibition is a common side
effect of many drugs, including Rosi,*® and therefore an important
anti-target for drug development. As listed in Table S3,f the
reference marketed drug cisapride had a remarkable hERG
potassium ion channel inhibitory activity with an IC5, value of 0.09
uM. In contrast, VSP-77 showed no obvious inhibition of hERG
potassium ion channel even at 50 uM.

VSP-77 has a unique PPARY binding mode

Encouraged by the aforementioned results and to investigate
the molecular basis of how VSP-77 specifically regulates PPARy
activation, we determined the crystal structure of PPARy LBD in
complex with (S)-VSP-77 and a peptide encompassing the
LXXLL motif from the PPARY coactivator PGC1 by X-ray crys-
tallography to a resolution of 1.43 A (PDB code: 6MS7, Fig. 8A).
The detailed statistics of diffraction data collection and struc-
ture refinement are summarized in Table S4.1 As demonstrated
in Fig. 84, the (S)-VSP-77-bound PPARY LBD adopts an active
conformation with its C-terminal activation function-2 helix
(AF-2) packed closely with helices 3 and 4 of the LBD, forming
a coactivator binding site, where the LXXLL coactivator motif is
docked. The conformation of the (S)-VSP-77-bound PPARy LBD
resembles the DA- and Rosi-bound LBD structures (PDB codes
309Q (ref. 46) and 3CS8 (ref. 59), respectively), with a large

AF2- 5
e

Conformational
changes

Fig. 8 Crystal structure of PPARy LBD in complex with (S)-VSP-77 and
an LXXLL motif from PGC1, in which PPARY isoform 1 was used for this
study. (A) The overall complex crystal structure in two views. PPARy
LBD is colored in blue, the LXXLL motif in red, and the two molecules
of (S)-VSP-77 are colored in gray and covered with a 2F,—F. model
map contoured to one sigma. (B) Binding mode of the first (S)-VSP-77
molecule. (S)-VSP-77 is colored in gray, and the protein residues
interacting with (S)-VSP-77 are shown in yellow stick representation.
The hydrogen bonds between the carboxyl group of the ligand and
receptor residues are indicated by dashed lines. (C) Binding mode of
the second (S)-VSP-77 molecule; same color code as that in panel B.
(D) Superposition of (S)-VSP-77-bound (blue) with DA-bound
(magenta) PPARY LBD structures. (S)-VSP-77 is colored in gray, and DA
is colored in cyan. The extra chlorophenyl group of (S)-VSP-77 causes
conformational differences in the C-terminus of helix 10 and the
following loop of the PPARy LBD compared to those of DA-bound
receptor. (E) Superposition of (S)-VSP-77-bound (blue) with Rosi-
bound (green) PPARy LBD structures. (S)-VSP-77 is colored in gray,
and Rosi is in brown.
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ligand binding pocket of about 1500 A located in the lower part
of the LBD.?

We designed VSP-77 based on the binding mode of DA to
PPARY LBD, with an oxygen atom replacing the B-carbon and
a chlorophenyl moiety attached to the y-position of DA (Fig. 1).
We expected that the main chain of VSP-77 would occupy the
same position as DA in the PPARYy ligand binding pocket, with
the chlorophenyl group filling the portion of the ligand binding
pocket near the y-position of DA. Indeed, we found one (S)-VSP-
77 molecule in the ligand binding pocket at the position as we
expected. To our surprise, we found a second (S)-VSP-77 mole-
cule in the PPARY ligand binding pocket, filling the upper
portion of the pocket, which was unoccupied in either the DA-
or Rosi-bound PPARy LBD structure (Fig. 8A-C).

The first (S)-VSP-77 molecule is located in the lower portion
of the ligand binding pocket of PPARY with its carboxyl group
and backbone nicely overlaid with DA (Fig. 8A and D). The
carboxyl group of this compound binds to PPARY in the same
mode as that of DA, forming a hydrogen bond network with the
side chains of S289 of helix 3, H323 of helix 4, H449 of helix 10
and Y473 of the AF2 helix of the receptor. The chlorophenyl
moiety of the compound occupies the portion of the ligand
binding pocket surrounded by helices 3, 10 and AF2, and the
loop connecting helices 10 and AF2, which is contacted in both
DA- and Rosi-bound PPARY structures (Fig. 8B). The phenyl part
of the chlorophenyl moiety forms Van-der-Waals interactions
with residues F282 of helix 3, L453 of helix 10, L469 and Y473 of
AF2,M463 and L465 on the loop between helix 10 and AF2 helix,
and the backbone of Q286 of helix 3, of the receptor. The
chlorine atom of this chlorophenyl moiety points to the loop
preceding the AF2 helix and forms polar interactions with the
carbonyl group of S464 of this loop, and the side chain of Q286
of helix 3 (Fig. 8B). Obviously, the whole binding interface
between (S)-VSP-77 and PPARy LBD differs from that between
DA and the receptor LBD due to the extra chlorophenyl moiety.
The binding of this moiety in the PPARY ligand binding pocket
may be related to the conformational differences in the C-
terminal end of helix 10 and the following loop of the PPARYy
LBD (Fig. 8D), and is likely a main contribution to the enhanced
binding affinity to the receptor (Fig. 3 and 4).

The second (S)-VSP-77 molecule in the ligand binding pocket
of the receptor occupies the upper portion of the large ligand
binding pocket, which is not observed in the DA-bound complex
(Fig. 8A, C and D). The chlorophenyl moiety of the ligand is in
a highly hydrophobic region in the upper portion of the pocket,
which was unoccupied in the DA- and Rosi-bound structures. It
is surrounded by helices 3 and 7 and the loop connecting
helices 1 and 2, forming hydrophobic interactions with residues
F226 on the loop following helix 1, A292 and 1296 of helix 3, and
1325,1326 and M329 of helix 7 of the receptor LBD (Fig. 8C). The
hydrophobic tail of this molecule is at the central portion of the
ligand binding pocket, and surrounded by residues 1326, Y327
and L330 of helix 4, M364 of helix 7, H449 of helix 10, of the
receptor, as well as the backbone of the first (S)-VSP-77 mole-
cule. The carboxyl group of the second (S)-VSP-77 molecule
points out from the pocket through the cleft between helix 3 and
the B-sheet. It forms a salt bridge with R228 of helix 3, whose

2264 | Chem. Sci, 2020, 11, 2260-2268
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side chain is flipped about 180 degree from its positions in DA-
and Rosi-bound receptor to facilitate a close interaction with
the carboxyl group of (S)-VSP-77 (Fig. 8C). The portion of the
ligand binding pocket occupied by the second (S)-VSP-77
molecule is largely unoccupied in both DA- and Rosi-bound
PPARYy LBD, which likely contributes to the specific agonist
activity of this compound to PPARY activation.

The binding mode of (S)-VSP-77 is largely different from that
of Rosi (Fig. 8E). The TZD head of Rosi can be partially overlaid
with the carboxyl group of the first (S)-VSP-77 molecule, but
binds in a different mode to PPARY residues. Specifically, the
carboxyl group of (S)-VSP-77 binds to receptor residues S289 of
helix 3, H323 of helix 4, H449 of helix 10, and Y473 of AF2, while
the TZD group of Rosi binds to residues Q286 and S289 of helix
3, H323 of helix 4, and Y473 of AF2, of the receptor. The
different binding modes are mainly due to the different chem-
ical structures and orientations of these two groups in the
ligand binding pocket. The backbone of Rosi is located in the
central portion of the large ligand binding pocket of PPARy
LBD, partially overlapping the alkyl tail of the second (S)-VSP-77
molecule. Its methylamino-pyridine tail occupies the lower
portion of the ligand binding pocket between helix 3 and the
small B-sheet of the LBD, which is unoccupied in both DA- and
(S)-VSP-77-bound PPARY LBD structures (Fig. 8D and E). While
all of the above binding specificities may associate with the
different activities between (S)-VSP-77 and Rosi, the binding of
the compounds to residues close to the co-activator binding site
may play more important roles in their distinct PPARy
activations.

(S)-VSP-77 is the potential conformation that has potent anti-
diabetic activity and does not promote fluid retention, weight
gain and haemodilution in HFD mice

Inspired by the above structural information, we further
synthesized and separated (S)-VSP-77 and (R)-VSP-77 (see the
ESIT for details) to verify the potential conformation for pre-
senting the anti-diabetic effects in HFD mice. Herein, INT131,
a classical PPARy partial agonist, was selected as the positive
control. Weight gain and fluid retention caused by TZD drugs
like rosiglitazone are suspected to be key factors in their
increased cardiac risk. HFD mice were injected with (S)- or (R)-
VSP-77 for 7 weeks. As shown Fig. 9A and B, either (S)-VSP-77 or
(S)-VSP-77 treatment did not induce body weight gain and
haemodilution, while these changes were observed in Rosi-
treated mice. (S)-VSP-77 treatment but not (R)-VSP-77 caused
a significant reduction in fasting glucose and insulin levels
(Fig. 9C and D). As predicted, (S)-VSP-77 treated mice exhibited
better blood glucose clearance than the control mice, which was
similar to high-dose Rosi-treated and INT131-treated mice
(Fig. 9E).

We further characterized the ability of (S)-VSP-77 to stimu-
late PPARY activity by measuring the in vivo mRNA levels of
endogenous PPARy-regulated downstream genes linked to
adipogenesis and insulin sensitivity. Quantitative PCR was
performed on adipose tissue. As illustrated in Fig. 9F, Rosi
robustly stimulated the expression of key adipogenic genes

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (S)-VSP-77 has potent anti-diabetic activity and does not
promote fluid retention in ob/ob mice. Mice were intraperitoneally
injected with vehicle, (R)-VSP-77 (5 mg kg™, (S)-VSP-77 (5 mg kg™?),
Rosi (10 mg kg™, or orally treated with INT131 (30 mg kg™ for 7
weeks. (A) Body weight gain. (B) Packed cell volume (PCV) in whole
blood. (C) Fasting blood glucose. (D) Fasting blood insulin. (E) Blood
glucose levels after an intraperitoneal glucose load (2 g kg™) per-
formed after 6 week treatment. The areas under the curve are indi-
cators of glucose clearance. (F) Relative mRNA expression. (G). The
level of Ser-273 phosphorylation of PPARY in white adipose tissue by
using PPARy isoform 2. *P < 0.05 compared with vehicle (n = 6-7,
error bars = SEM).

encoding PPARy, AP2, CD36, LPL, C/EBPa and Fasn. In
contrast, (S)-VSP-77 weakly induced the expression of these
genes than Rosi, which was in good agreement with our
observation in adipogenesis. Of note, Glut4 and Adiponectin
that contributed to insulin sensitivity were increased in both (S)-
VSP-77 and Rosi-treated mice. In addition, we also investigated
whether (S)-VSP-77 exerts this biochemical function in white
adipose tissue from each treatment group. As shown in Fig. 9G,
(S)-VSP-77 effectively blocked CDK5-mediated Ser-273 phos-
phorylation, which was similar to Rosi and INT131. In combi-
nation with the above results, we concluded that (S)-VSP-77 is
the potential conformation and may exert an anti-diabetic effect
through the modulation of the expression of the insulin
sensitivity-related genes Glut4 and Adiponectin and the inhi-
bition of CDK5-mediated PPARY-Ser-273 phosphorylation.

Discussion

Since the treatment of T2DM with full PPARYy agonists
including TZD drugs is associated with many severe side effects,
the development of new classes of alternative PPARY ligands
with partial agonism has received intensive research focus in
modern medicinal chemistry. In view of these advances,
SPPARYMs were found to occupy a dominant role in this
important research area. They are thought to selectively recruit
co-activators and activate PPARy, thereby maintaining thera-
peutic benefits with minimized side effects. However, up to
date, no SPPARYMs have been successfully applied in clinical
practice for the treatment of T2DMs and mechanistically it
remains unclear how to achieve selective PPARY activation. In
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this paper, we employed a structure-based design and then
identified a novel synthetic “hit” compound, VSP-77, which acts
as a selective activator of PPARy without activation of either
PPARa or PPARS. The results from both the biochemical Lan-
thaScreen TR-FRET assay and the cell-based reporter gene assay
demonstrate that VSP-77 is a selectively modulating ligand for
PPARy with partial agonism. Compared with its parent
compound DA, VSP-77 exhibits a potent binding affinity for
PPARY (about 10-fold higher than DA) with excellent selectivity
towards PPARY.

VSP-77 has several key features that distinguish it from full
agonist TZDs. First, the scaffold of VSP-77 is distinct from that
of TZDs. The carboxyl group of VSP-77 forms alternative
hydrogen bond interactions compared to the TZD moiety of
TZD drugs, and VSP-77 utilizes both alkyl chain and phenyl
group as the backbone to form possible lipophilic interactions.
Second, transcriptional activation of PPARY induces adipocyte
differentiation, and PPARY full agonists, such as TZDs, have
strong adipogenic capacity, which is one of the major factors
leading to their undesirable side effects. In sharp contrast, VSP-
77 has almost no adipogenic activity despite partially activating
PPARY, thus revealing that VSP-77 has obvious advantages over
marketed TZD drugs. This conclusion is further supported by
the subsequent quantitative PCR analysis of PPARy-regulated
key adipogenic genes including PPARY, aP2, CD36, LPL, C/EBPa
and Fasn. Moreover, the preliminary anti-diabetic effect of VSP-
77 has been confirmed in the short-term HFD mouse model
(each group treated for 10 days). Compared to the multi-billion
dollar TZD drug Rosi, our studies in mice demonstrate that VSP-
77 has clear therapeutic benefits. For example, VSP-77 displays
a significantly better blood glucose clearance than Rosi.
Furthermore, VSP-77-treated mice selectively decreased subcu-
taneous and perirenal fats, while Rosi-treated mice clearly
increased liver weight. Further pharmacokinetics studies indi-
cate that VSP-77 has a highly attractive pharmacokinetic profile,
such as good exposure (an AUC,_: 5772 ng mL™h™, an AUC,_
«: 5877 ng mL ™" h™") and oral bioavailability (F = 57.7%).
Finally, VSP-77 treatment shows no detectable hERG inhibition
even at 50 pM. In sharp contrast, Rosi has a relatively high
inhibitory activity with an ICs, value of 18.8 uM.*®

To gain further insight into the anti-diabetic mechanism of
VSP-77, we also performed quantitative PCR analysis on adipose
tissue to measure the mRNA levels of endogenous PPARy-
regulated downstream genes linked to adipogenesis and insulin
sensitivity. The results show that VSP-77 does not induce the
expression of key adipogenesis-related genes, yet selectively
activates the expression of Glut4 and Adiponectin, which
contribute to insulin sensitivity. These results are in good
agreement with our above obtained conclusion in vitro that VSP-
77 has an improved therapeutic profile over TZDs. Moreover, It
was known that Cdk5-mediated phosphorylation of PPARy at
Ser-273 was obesity-linked phosphorylation site. Recently
developed several partial agonists like SR1664 and MRL24
clearly blocked the obesity-linked phosphorylation site to
present the improved therapeutic index for anti-diabetic drug
discovery.”” Indeed, the correlation between inhibition of this
phosphorylation and the therapeutic effects in vivo suggested
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that it might be possible to create novel SPPARyYMs which are
effective for T2DM with fewer side effects.” Consistently, we
found that VSP-77 effectively reduced the Ser-273 phosphory-
lation level of PPARY in a CDK5-dependent signalling assay.
Taken together, we have provided clear evidence that VSP-77 is
a partial agonist for PPARY with therapeutic advantages over
Rosi that functions as a PPARy-modulating ligand.

Subsequently our high resolution crystal structure of PPARY
LBD in complex with two (S)-VSP-77 molecules has demonstrated
an extended binding interface and novel binding mode between
(S)-VSP-77 and the receptor that is occupied by the introduced
chlorophenyl group at the y-position of DA. In the structure, the
carboxyl head group of the first (S)-VSP-77 molecule perfectly
overlays with the carboxyl group as DA. Consistently, it forms
a hydrogen bond network with ligand binding pocket residues to
stabilize the active conformation of the PPARy LBD in the same
mode as DA. However, the addition of a chlorophenyl group to the
backbone makes (S)-VSP-77 better fit in the hydrophobic ligand
binding pocket, and increases the binding affinity to the receptor.
In addition, we completely unexpectedly found a second (S)-VSP-
77 molecule to occupy the upper portion of the PPARy ligand
binding pocket, which was unoccupied in both the DA- or Rosi-
bound PPARY LBD structures.

Finally, we further investigated the potential conformation
of racemate VSP-77 in the long-term HFD mice (each group
treated for 7 weeks). The results revealed that (S)-VSP-77 is the
potential conformation, and it exhibits potent anti-diabetic
activity through the modulation of the expression of the
insulin sensitivity-related genes Glut4 and Adiponectin and the
inhibition of CDK5-mediated PPARY-Ser-273 phosphorylation,
which is in line with our observation from both in vitro and in
vivo studies and the co-crystal structural analysis. Importantly,
it does not promote fluid retention, weight gain as well as
haemodilution in the current investigation, indicating that (S)-
VSP-77 has a relatively good safe profile for clinical use. Besides,
our data also showed that low-dose (S)-VSP-77 treated mice
exhibited effective anti-diabetic effects that was similar to
relatively high-dose INT131-treated mice (5 mg kg~ for (S)-VSP-
77 vs. 30 mg kg~ ' for INT131). Taken together, these result
presented in here not only revealed that (S)-VSP-77 has a more
potent anti-diabetic effect than INT131 but also suggested that
(S)-VSP-77 can serve as a promising candidate for the treatment
of T2DM and as the lead compound for designing better and
safer pharmacological agents by selectively targeting PPARY.

Conclusions

In summary, we here have identified the DA-based VSP-77 as
a novel and versatile PPARY ligand. Compared to the currently
marketed anti-diabetic drug Rosi, VSP-77 has several remark-
able features: (i) it is a selectively PPARy-modulating ligand with
partial agonism; (ii) it displays a potent binding affinity for
PPARy; (iii) it presents an excellent selectivity towards PPARYy;
(iv) it does not stimulate adipocyte differentiation and does not
or only marginally induce the expression of key fat cell genes,
including PPARY, aP2, CD36, LPL, C/EBPo and Fasn; (v) it has
a good pharmacokinetic profile with excellent exposure and oral
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bioavailability; (vi) it exhibits a potent anti-diabetic effect
without causing key tissue weight gain through selectively
increasing the expression of Glut4 and Adiponectin and
blocking the Cdk5-mediated phosphorylation of PPARY at Ser-
273; (vii) it does not show any inhibitory activity of hERG
potassium ion channel under the high dosage condition; (viii)
the co-crystal structure of PPARY bound to two molecules of (S)-
VSP-77 reveals a previously undisclosed allosteric binding
mode. Subsequently, single chiral (S)-VSP-77 has been synthe-
sized and separated as the potential conformation for the above
proof-of-principle demonstration. Undoubtedly, clinical assays
are necessary to unambiguously determine T2DM-related
pharmacological and physiological actions to give a compre-
hensive view on the anti-diabetic efficiencies vs. adverse effects
of (S)-VSP-77. Nevertheless, our findings have not only gave
a clear evidence to support that, VSP-77, especially (S)-VSP-77,
has good druggability and highly attractive advantages over
the marketed TZD drug Rosi and representative partial agonist
INT131, but also provided a new and rational basis for next
stage of designing novel SPPARYMs as potent anti-diabetic
drugs with improved therapeutic profile and minimized side
effects.
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