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in DIO mice.
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1 | INTRODUCTION

Insulin resistance is a common pathology for Type 2 diabetes mellitus,
which results in systemic disorders of glucose and lipid metabolism.?
Insulin sensitizers, such as the thiazolidinediones (TZDs), are effective
oral medications against diabetes. The classic TZDs are agonists of the
nuclear receptor peroxisome proliferator-activated receptor vy
(PPARY), which is highly expressed in adipose tissue. PPARY is a mas-
ter regulator of adipogenesis and lipid metabolism, as well as a key
modulator of insulin sensitivity3‘5; however, the benefits of the well-
established TZDs as insulin-sensitizing drugs are compromised by sev-
eral undesirable side effects, such as weight gain, fluid retention, bone
loss and risk of congestive heart failure. These limitations have led to
serious safety concerns and tight restrictions in clinical therapy, and
even drug withdrawal in some countries.*¢

To overcome these disadvantages, a new generation of PPARY ago-
nists inducing fewer side effects, but harbouring insulin-sensitizing abil-
ities are being developed. For example, INT131 has been reported to
be a selective PPARy modulator (SPPARM) that provides strong anti-
diabetic efficacy with fewer side effects compared to the full PPARy
agonist rosiglitazone.”® Although some SPPARMs exhibit high affinity
to PPARYy, they have only a very limited transactivation effect on
PPARy.” SR1664, another newly developed PPARY agonist, can block
the inhibitory effect of Cdk5-mediated phosphorylation on PPARY.’ In
our previous research, we noticed that TZDs, such as pioglitazone,
could induce hepatic triglyceride (TG) accumulation and then aggravate
liver steatosis in diabetic mice by regulating their hepatic gene expres-
sion profile.2®!* The aim of the present study was to identify novel
SPPARMs with much fewer side effects than those caused by TZDs.

In the present paper, we report a newly synthesized tetrahydroiso-
quinoline derivative, YR4-42, which has low PPARYy transactivation
potency and low PPARYy coactivator selective recruitment capacity. We
evaluated the anti-diabetic efficacy of YR4-42, both ex vivo and in vivo,
and compared it with TZDs, thus exploring the potential of YR4-42 as an
anti-diabetic drug candidate.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents

Pioglitazone and rosiglitazone, two standard TZDs agents, were pro-
duced by Jiang Su Heng Rui Medicine Co. Ltd (Jiangsu, China), PPARa

selectively targets PPARYy-regulated genes mapped to glucose and lipid metabolism
Conclusions: We conclude that YR4-42 is a novel anti-diabetic drug candidate with

significant advantages compared to standard PPARYy agonists. YR4-42 should be fur-
ther investigated in preclinical and clinical studies.

adipogenesis, diabetes, insulin resistance, selective PPARy modulators

agonist GW7647 and PPARS agonist GW501516 were purchased from
Sigma-Aldrich (St Louis, Missouri), PPARy antagonist GW9662 was pur-
chased from Cayman Chemicals (St Louis, Missouri). The synthesis of a
series of tetrahydroisoquinoline derivatives, including YR4-42, was
reported by Prof. Liu previously.1? YR4-42 was obtained through recrys-
tallization. The purity was 98.36%, as determined by liquid chromatogra-
phy high-resolution mass spectrum and the calculated high-resolution
mass spectrum (electrospray ionization) was CyoHgoFoNOs [M + HI*
512.2243 (found 512.2243, 0.2243 ppm; Supplementary information 1).
The LanthaScreen PPARa/y/& Competitive Binding Assay kit (PV4894)
and PPARy Coactivator Assay Kit (PV4548) were obtained from Life
Technologies (Carlsbad, California). Plasma TG and total cholesterol kits
were obtained from BioSino, Inc. (Beijing, China). Free fatty acid (FFA)
assay kits were from Sekisui Medical (Tokyo, Japan). SYBR® Premix Ex
Tag™ Il, used for real-time PCR, was purchased from TaKaRa Bio (Otsu,
Japan). Antibodies used in Western blot assays were: anti-PPARy (Cell
Signaling Technology, #2435, dilute 1:2000), anti-pPPARy at Ser273
(Bioss, bs-4888R, dilute 1:1000), anti-Bactin (Santa Cruz Biotechnology,
sc-47 778, dilute1:5000), secondary antibody conjugated with horserad-
ish peroxidase (ZSGB-BIO, Inc., Beijing, China, dilute1:2000).

2.2 | Animals

Male C57BL/6J mice (6 weeks' old, body weight 18-19 g) were obtained
from the Experimental Animal Centre, Chinese Academy of Medical Sci-
ences (Beijing, China) and housed at a constant temperature (22 + 3°C)
and in a 12-hour light:12-hour dark cycle. The mice were fed with a high-
fat diet (60% of calories from fat; Research Diets, Inc., Beijing, China) for
10 weeks to initiate a diet-induced-obese (DIO) model, as previously
reported.!? The high-fat diet was continuously provided during the whole
compound treatment period. All animal experiments were performed
strictly in compliance with Chinese guidelines, including the Standards for
Laboratory Animals (GB14925-2001) and the Guideline on the Humane
Treatment of Laboratory Animals (MOST 2006a), and all animal proce-
dures were approved by Beijing Administration Office for Laboratory
Animals (approval number: SCXK-Beijing-2014-0004).

2.3 | Plasmids constructions of PPAR subtypes and
mutants

The full-length human PPARy (Gene bank: NM_015869) and RXRa
(Gene bank: NM_002957.5) coding sequences were inserted into the
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vector pcDNA3.1 to construct the plasmids pcDNA3.1-hPPARy and
pcDNA3.1-hRXRa. Plasmids expressing the ligand-binding domain
(LBD) of human PPARa/y/6 were constructed as follows: PPARaLBD
(Ser167 to Tyr468, Gene bank: NM_001001928), PPARYLBD (Ser204
to Tyr505, Gene bank: NM_015869) and PPARSLBD (Ser139 to
Tyr441, Gene bank: NM_006238.4) were fused with the DNA-binding
domain (DBD) fragment (Met1-Ser147) of Gal4 obtained from plasmid
pGBKT7 to connect into plasmid pcDNA3.1, resulting in the construc-
tion of pcDNA3.1-hPPARa/y/8LBD-Gal4DBD. The upstream activa-
tor sequence (UAS) of Gal4, 5CGGAAGACTCTCCTCCG3Z, or the
PPARYy responsive element (PPRE), 5AAACTAGGTC3/, was inserted
into the plasmid Peak12 Sx Syn luci to construct the luciferase
reporter plasmid Peak12-Gal4UAS-luci or Peak12-PPRE-luci.

PPARy mutation constructions were established by mutation on
indicated amino acid sites in pcDNA3.1-hPPARYLBD-Gal4DBD, using
TransStart FastPfu PCR SuperMix (Transgen Biotech, Beijing, China).
Ser273, His449 and Tyr473 were mutated to Ala273, Ala449 and
Ala473, respectively, which were then named as pcDNA3.1-hPPAR
YyLBDM273/449/473-Gal4DBD. (Detailed information on these plas-
mids is presented in Supplementary information 2.)

2.4 | Cell culture and induction of adipocytes
differentiation

The mouse fibroblast cell line 3T3-L1 was purchased from American
Type Culture Collection. Human embryonic kidney 293E cell line, Chi-
nese hamster ovary cells and mouse liver cell line NCTC-1469 were
obtained from the Cell Resource Centre, Peking Union Medical Col-
lege (headquarters of National Infrastructure of Cell Line Resources).
Their species origin was verified with PCR, and the identities of the
cell lines were authenticated with short tandem repeat (STR) profiling
(ATCC STR profile database). All the information can be viewed on
the website (http://cellresource.cn). All cells were cultured with
DMEM/high glucose medium (Gibco, Waltham, Massachusetts) con-
taining 10% fetal bovine serum (Gibco) and 100 mg/L penicillin-strep-
tomycin, and maintained in an incubator at 37°C and humidified with
5% CO,-containing atmosphere.

For induction of mature adipocytes, confluent 3T3-L1 cells were
cultured in differentiation-inducing medium (DMEM high glucose
medium added with 10% fetal bovine serum, 1.0 uM dexamethasone,
0.5 mM 3-Isobutyl-1-methylxanthine, 10 pug/mL insulin) for 2 days.
The cells were then cultured in maintaining medium (DMEM high glu-
cose medium added with 10% fetal bovine serum, 10 pg/mL insulin)
for another 10 days.

To determine the lipid accumulation capacity of adipocytes, Oil-
Red O staining for lipid droplets was performed and the intracellular
TG levels were measured using a commercial kit (Applygen, Beijing,
China). To detect the ability of adipocytes to consume glucose, glu-
cose concentration in cell medium was determined before and after
mature adipocytes were treated by compounds for 24 hours using the
glucose oxidase method.

To determine PPARY phosphorylation by CDKS5, mature 3T3-L1
adipocytes were pre-treated with

indicated compounds for

45 minutes, then 50 ng/mL tumour necrosis factor (TNF)a was added
for another 30-minute treatment. Cells were then collected and lysed
for Western blotting for PPARy and PPARY Ser273 phosphorylation.
When performing Western blotting analysis, the total protein in the
cell lysate was determined using a BCA assay kit (Applygen) with the
same amount always loaded for SDS-PAGE electrophoresis. Band
intensity was quantitatively analysed using a Gel-PRO Analyser
(Media Cybernetics, Rockville, Maryland).

Real-time PCR was performed to analysis the gene expression in
3T3-L1 adipocytes after 7-day treatment of YR4-42 and rosiglitazone,
respectively, by use of synthesized primer oligos, listed in Supplemen-
tary information 3.

When we performed experiments with cultured cells, we always

standardized the results to the total cell numbers.

2.5 | Transactivation assay of PPARa/y/& and
PPARY mutants

The transactivation assay of PPAR has been described previously.*®#

Briefly, to determine PPRE-regulated transactivation, 293E cells were
co-transfected with the plasmids of pcDNA3.1-hPPARY, pcDNAS3.1-
hRXRa, Peak12-PPRE-luci and the internal control pRL-TK plasmid
(Promega, Madison, Wisconsin); to determine transactivation assay on the
LBD of PPAR subunits, 293E cells were co-transfected with the plasmids
of pcDNA3.1-hPPARa/y/8LBD-GaldDBD, Peak12-Gal4UAS-luci and the
internal control pRL-TK plasmid, using lipofectamine 2000 (Life Technolo-
gies). After 24 hours, transfected cells were harvested and seeded again
into a 96-well plate and treated with compounds or drugs, as described in
figure 1 and supplementary figure S2. After 24-hour treatments with
chemicals, cells were lysed and dual-luciferase activity were detected
using firefly and renilla luciferase substrates (Vigorous, Beijing, China).

To determine transactivation of PPARy mutants induced by com-
pounds, Chinese hamster ovary cells were transfected with
pcDNA3.1-hPPARa/y/8LBD-Gal4DBD or pcDNA3.1-hPPARYLBDM
273/449/473-Gal4DBD, and the following procedures were followed
as described above for the transactivation assay of PPARY subunits in
293E cells.

2.6 | Molecular simulation studies between YR4-42
and PPARy

Molecular simulation studies were performed using the Discovery
Studio 2017 software package (BIOVIA, San Diego, California). The
complex structure of PPARy was obtained from the Protein Data
Bank (code: 5Y20).2> The docking calculation was performed with
CDocker protocol using default settings. All calculations were carried
out on a DELL Precision T5500 workstation.

2.7 | Animal treatments and in vivo pharmacological
evaluation of YR4-42

We chose pioglitazone as the positive control for in vivo activity eval-

uation as it was the most widely used insulin sensitizer in the clinic to


http://cellresource.cn

=% | WILEY

HUAN ET AL.

date and showed comparable in vitro activity to YR4-42 in our
research.

We randomly divided 16-week-old DIO-C57BL/6J mice into three
groups (n = 12 per group) and then administered by oral gavage 0.5%
CMC-Na (vehicle group), pioglitazone (25 mg/kg) and YR4-42
(50 mg/kg) for 38 days. Additionally, a control group of 12 age- and
gender-matched C57BL/6J mice were fed standard chow (Research
Diets, Inc.) and were then administered 0.5% CMC-Na by oral gavage
for the same time.

Blood biochemistry markers were measured using individual com-
mercial kits as described above and established methods as previously
reported.'®* Briefly, the body weight and daily food intake of each
mouse was monitored every 2 days. Fasting blood glucose and lipids
levels were determined once every week. An insulin tolerance test was
performed on day 14. At the end of the experiment (day 38), the mice
were killed, and plasma samples were stored for downstream biochem-
ical analysis. Tissue samples were immediately removed, weighed and
stored at —80°C for subsequent analysis. When we analysed tissue
samples, we always normalized the result to the total tissue weight.

Real-time PCR was performed to analyse the gene expression in
muscle, adipose tissue and liver in mice by use of the synthesized

primer oligos listed in Supplementary information 3.

2.8 | Data analysis

All values are presented as mean + SEM. Data were analysed using
one-way ANOVA, with Bonferroni's correction or Student's t-test.

P values <0.05 were taken to indicate statistical significance.

3 | RESULTS

3.1 | YR4-42 selectively activates PPARy with a
unique agonism different from that of
conventional TZDs

Details of the procedures used to synthesize a series of
tetrahydroisoquinoline derivatives targeting PPARYy were as previ-
ously reported*? and synthesis of YR4-42 is shown in Figure S1. Like
rosiglitazone and pioglitazone, YR4-42 contains an aromatic tail and a
polar head by combining a tetrahydroisoquinoline motif and a
phenylpropionic acid motif, and its PPARy activation was confirmed
using PPRE-regulated transactivation assay, which suggested a
structure-based agonism (Figure 1A).

To investigate the transactivation ability of PPARa/y/& LBDs, we
used a PPARa/y/86LBD-Gal4-luciferase reporter assay to evaluate the
selective agonist capabilities of YR4-42 on the various PPAR subunits.
As expected, YR4-42 activated PPARY in a concentration-dependent
manner. Importantly, PPARy transactivation induced by YR4-42 was
comparable to pioglitazone, but much weaker than rosiglitazone, a
well-known full agonist of PPARy (Figure 1B). Notably, YR4-42
showed 26% activation potency of PPARa at a concentration of
10 uM (Figure S2A) and had no effect on PPARGS transactivation
(Figure S2B).

We next used LanthaScreen TR-FRET PPAR competitive binding
assay to evaluate the binding affinity between YR4-42 and the differ-
ent PPAR subunits, which demonstrated that YR4-42 bound to PPARy
with a Ki value of 5744 nmol/L, while the Ki values of rosiglitazone
and pioglitazone binding to PPARy were 38 nmol/L and 860 nmol/L,
respectively, suggesting that YR4-42 cannot bind PPARY as strongly
as well-established TZDs (Figure 1C). Nevertheless, YR4-42 did not
bind to PPARa (Figure S2C) nor to PPARS (Figure S2D). The expres-
sion of targeted genes of PPARa® and PPARSY” were determined by
real-time PCR in mouse hepatic NCTC-1469 cells after 24-hour treat-
ment with YR4-42; the result suggested that YR4-42 had no signifi-
cant effect on PPARa- and PPARGS-targeted genes, but YR4-42 could
induce expression of PPARa itself (Figure S2E,F).

Specifically and efficiently recruiting coactivators is recognized as a
special characteristic of selective PPARy agonists.” We then performed
LanthaScreen TR-FRET PPARY coactivator assay to determine whether
YR4-42 could activate PPARY by recruiting its coactivators. Indeed, our
data suggested YR4-42 could recruit thyroid hormone receptor-
associated protein complex 220 kDa component (TRAP220) and PPARy
coactivator 1-a (PGC1a), the two standard PPARy coactivators; how-
ever, the capacity of YR4-42 to induce TRAP220 or PGC1la to interact
with PPARy was not as strong as rosiglitazone and pioglitazone
(Figure 1D,E). Furthermore, we carried out a simulation assay to investi-
gate the binding machinery between YR4-42 and PPARYy, suggesting
that YR4-42 bound to PPARYy via hydrogen bonding with His449 as
well as Pi-sulfur interactions with Met348 and Cys285 (Figure 1F).

To investigate the key binding sites involved in the interaction
between YR4-42 and PPARYy, we constructed several PPARy mutants
and assessed the transactivation of PPARy induced by YR4-42
(Figure 1G). The transactivation capacity of PPARy was significantly
inhibited when His449 was mutated, which was consistent with the pre-
vious molecular simulation study. We also observed that the Ser273
mutation increased while Tyr473 mutation decreased the trans-
activation of PPARYy, effects similar to those observed for rosiglitazone
and pioglitazone, indicating that YR4-42 shares the same binding sites
as these TZDs. Moreover, GW9662, an established PPARy antagonist,
inhibited the transactivation induced by YR4-42 to the same extent as
rosiglitazone and pioglitazone, suggesting that YR4-42, like those TZDs,
had a similar competitive binding of GW9662 (Figure 1H).

3.2 | YR4-42 selectively regulates adipogenesis and
blocks Ser273 phosphorylation of PPARY in
adipocytes

We then investigated whether YR4-42 could regulate adipocyte dif-
ferentiation similarly to other TZDs. Mouse 3T3-L1 cells were induced
to adipocytes and at the same time treated with YR4-42, rosiglitazone
and pioglitazone, respectively, for 7 days (Figure 2A,B), or mature
3T3-L1 adipocytes were treated with YR4-42, rosiglitazone and
pioglitazone, respectively, for 2 days (Figure 2C,D). Lipid droplet
staining with Oil-red O showed that YR4-42 treatment induced much
fewer lipid droplets than rosiglitazone and pioglitazone at different

concentrations (Figure 2A,C). Next, we determined intracellular TG
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FIGURE 1 YR4-42 selectively activates peroxisome proliferator-activated receptor y (PPARy) with a unique agonism different from
conventional thiazolidinediones (TZDs). A, Structure-based PPARY responsive element (PPRE) transactivation of PPARY ligands. Structure as well
as PPARY transactivation activity of YR4-42 is compared to rosiglitazone and pioglitazone. B, Transactivation assay of YR4-42 on the PPARy
ligand-binding domain (LBD). The concentration of compounds ranged from 10 nmol/L to 50 umol/L. Two classic TZDs, rosiglitazone (Rosig) and
pioglitazone (Piog), were used as positive controls. Relative activity of YR4-42 were normalized to the percentage of the activity of rosiglitazone
at the indicated concentrations. C, Affinity evaluation of YR4-42 and PPARYy by Lanthascreen PPAR competitive binding assay. Concentrations of
compounds ranged from 10 pmol/L to 1 mmol/L. Relative intensities of YR4-42, rosiglitazone and pioglitazone at the indicated concentrations
were normalized to the intensity of the negative control (solvent DMSO only). D, and E, Determination of the interaction between YR4-42 and
PPARY coactivators, thyroid hormone receptor-associated protein complex 220 kDa component (TRAP220) D, and PPARY coactivator 1-a
(PGC1a) PGC1a E, using LanthaScreen TR-FRET PPARy Coactivator Assay. F, Molecular simulation between YR4-42 and PPARY (Protein Data
Bank code 5Y20), -CDocker interaction energy = 29.82 kcal/Mol. G, Transactivation assay of YR4-42 to PPARy wild-type (WT), and PPARy
mutated at Ser273, His449 as well as at Tyr473. Concentration of YR4-42, rosiglitazone and pioglitazone was 10 pmol/L. H, Transactivation of
PPARY induced by YR4-42 with or without 20 umol/L of PPARY antagonist GW9662. The concentration of YR4-42, rosiglitazone and
pioglitazone was 10 pumol/L. All results were plotted from duplicate independent experiments and data are shown as mean + SEM. *P < 0.05,

##P < 0,01, **#*#P < 0.001, vs WT or the indicated group

levels in 3T3-L1 adipocytes treated with these chemicals. As
expected, YR4-42 caused much less intracellular TG accumulation
than TZDs (Figure 2B,D).

Although YR4-42 showed weaker PPARy agonism and less
adipogenesis effect compared to TZDs, determination of glucose con-
sumption by adipocytes indicated that YR4-42 promoted the glucose
disposal capacity of adipocytes, which was similar to TZDs (Figure 2E).

It has been demonstrated that TNFa can induce phosphorylation
of PPARYy on Ser273 and thereby inhibit the activation of PPARy in a
CDK5-dependent manner.*® Our results showed that YR4-42 effi-
ciently blocked TNFa-induced Ser273 phosphorylation of PPARYy,
thus leading to PPARy activation. This finding also supported the
notion that the mutation of Ser273 on PPARy could increase the
transactivation induced by YR4-42 (Figure 2F).

In 3T3-L1 adipocytes after treatment of compounds, we investi-
gated gene expression profiling which had been previously reported
as PPARy Ser273 phosphorylation-dependent,”*® the majority of
these genes were significantly upregulated on YR4-42 treatment
(Figure 2G), suggesting that regulation of Ser273 phosphorylation is a
key process for YR4-42 to activate PPARYy.

3.3 | YR4-42 ameliorates hyperglycaemia,
hyperlipidaemia and hepatic steatosis in DIO mice
without weight gain

As previous findings suggested that YR4-42 is a PPARy agonist with
equivalent transactivation and weaker affinity compared to pioglitazone,

we administrated the DIO mice with either pioglitazone (25 mg/kg,
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according to previous reports*®111%) or YR4-42 (50 mg/kg) for 38 days
to compare the potential in vivo effects of YR4-42 and pioglitazone. The
body weights of DIO mice increased significantly compared to control
mice fed with normal chow diet, and pioglitazone administration further
enhanced weight gain, interestingly, YR4-42 treatment significantly
decreased the body weight of DIO mice (Figure 3A,B) by attenuating
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YR4-42 is >2 g/kg (Table S3), we believe that loss of body weight was
neither a toxic effect nor appetite suppression induced by YR4-42.

Fasting blood glucose determination on the 7th day of compound
administration showed that YR4-42 rescued the hyperglycaemia of
DIO mice as effectively as pioglitazone (Figure 3E), which was in line
with the result of insulin tolerance test performed on the 14th day
after the compound administration (Figure 3F,G), suggesting YR4-42
displayed similar efficacy in controlling blood glucose and improving
insulin resistance compared to pioglitazone.

Long-term administration of high-fat diet-induced hyperlipidaemia
in DIO mice, which could be characterized by higher lipid levels in
plasma compared to normal chow-fed mice. As with pioglitazone,
YR4-42 administration significantly attenuated the hyperlipidaemia by
decreasing plasma TG, total cholesterol and FFA levels (Figure 3H-J).

The DIO mice had the pathological features of hepatic steatosis
and, importantly, pioglitazone administration resulted in exacerbated
hepatic steatosis and increased hepatic TG, total cholesterol and FFA
levels, which was previously confirmed by the transcriptional
upregulation of genes associated with lipid metabolism.!! In contrast,
YR4-42 administration significantly decreased the concentration of
hepatic TG, total cholesterol and FFA (Figure 3K-M). Meanwhile, the
representative histological sections of the mouse liver (Figure S3) illus-
trated that hepatic steatosis of DIO mice was significantly improved
after 38 days of YR4-42 treatment, suggesting that YR4-42, compared
to pioglitazone, had a great advantage to attenuate hepatic steatosis

in DIO mice.

3.4 | YR4-42 selectively regulates gene expression
involved in glucose and lipids metabolism in vivo

To further understand the mechanism whereby YR4-42 regulates glu-
cose and lipid metabolism, we collected muscle tissues of DIO mice
after treatment with YR4-42 (50 mg/kg) for 38 days. Genes annotated
to glucose metabolism, such as Glut2, Glut4 and Pgcla, were signifi-
cantly upregulated (Figure 4A), which suggests that YR4-42 might
improve glucose homeostasis and mitochondrial biosynthesis by selec-
tively inducing PPARY's target genes.2>2! Compared to pioglitazone,
YR4-42 has a different spectrum of targeted genes.

Brown adipose tissue is the thermogenic subcutaneous fat depot

mainly accumulated at the back neck (the paravertebral area) of mice.

Genes involved in thermogenesis, such as Pgcla, Cidec and Ucpl,

which were recognized as PPARy-targeted genes,??2%

were signifi-
cantly upregulated by YR4-42 treatment (Figure 4B). Improvement of
thermogenesis in fat depots might contribute into elevated energy
metabolism and loss of body weight in DIO mice. Moreover, lipolysis
and fatty acid oxidation associated genes, such as Lpl and Acox1, were
induced in response to YR4-42 treatment, suggesting YR4-42 could
induce fat turnover in adipose tissues.

We noted that, in DIO mice, YR4-42 attenuated hepatic steatosis
by decreasing TG, total cholesterol and FFA in the liver, which was
quite distinct from the action of pioglitazone. We therefore compared,
in particular, the expression level of Ppary and genes responsible for
fatty acid and cholesterol metabolism in the liver. In DIO mice,
YR4-42 induced Lpl, Acox1 (genes engaged in lipid hydrolysis and fatty
acid oxidation), Scarb1 (genes engaged in cholesterol transporting into
liver) and Abcal (genes engaged in cholesterol efflux), which might
partially explain why YR4-42 decreased TG, total cholesterol and FFA
levels in the liver. Notably, YR4-42 had no obvious influence on Ppary
in the liver of DIO mice, while pioglitazone significantly upregulated
Ppary expression. In addition, the regulatory effects on two genes, Lpl
and Scarb1, resulting from the treatment of YR4-42 and pioglitazone,
were in the opposite direction (Figure 4C), which indicated differential
transcription regulation on Ppary and its targeted genes in the liver

after treatment with YR4-42 and pioglitazone.

4 | DISCUSSION

The use of SPPARMs is considered a new approach for PPARYy-
targeted drugs. Several studies have evaluated SPPARMs in compari-
son to the established stronger agonists such as rosiglitazone and
pioglitazone?*2?; however, to date, results have not been able to
determine, especially at the molecular level, the characteristics of
SPPARM or how to identify an ideal SPPARM. In the present study,
we concluded that YR4-42 is a novel SPPARM based on its PPARy
transactivation activity, PPARYy binding and affinity, and its ability to
recruit PPARy coactivators. We showed that YR4-42 has similar
PPARy binding sites to those of the well-established TZDs, and is
competitively inhibited by the PPARy antagonist GW9662, but intro-

duces mild transactivation on PPARy and selectively recruits the

FIGURE 2 YR4-42 selectively regulates adipogenesis and blocks Ser273 phosphorylation of peroxisome proliferator-activated receptor y
(PPARY) in adipocytes. A, 3T3-L1 adipocytes were treated with compounds at the indicated concentration for 7 days during the period of
differentiation and then stained with Oil-red O. Depicted are representative images for lipid droplets induced by different PPARy agonists. Scale
bar 50 um. B, To quantify lipid accumulation in adipocytes differentiation and adipogenesis, intracellular triglyceride (TG) levels were measured
after 3T3-L1 adipocytes were incubated with 10 umol/L of each indicated compound for 7 days. C, Mature 3T3-L1 adipocytes were treated with
compounds at the indicated concentration for 2 days and then stained with Qil-red O. Depicted are representative images for lipid droplets
induced by different PPARY agonists. Scale bar 50 um. D, Intracellular TG levels were measured after mature 3T3-L1 adipocytes were incubated
with 10 umol/L of each indicated compound for 2 days. E, Glucose consumption of 3T3-L1 adipocytes after incubation of 10 umol/L of each
indicated compound for 24 hours. F, Regulation of PPARY Ser273 phosphorylation by YR4-42. Mature 3T3-L1 adipocytes were pre-incubated
with 10 umol/L of compounds and then induced by 50 ng/mL TNFa, after which, intracellular protein levels of PPARy and phosphorylated
PPARY were determined by Western blot analysis. G, Gene expression analysis by real-time PCR in 3T3-L1 adipocytes treated by 10 umol/L of
YR4-42 and rosiglitazone, respectively, for 7 days. All the experiments were performed independently at least three times. Data are shown as
mean * SEM. *P < 0.05, **P < 0.01, ***P < 0.001, vs vehicle or the indicated group
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FIGURE 3 YR4-42 ameliorates hyperglycaemia, hyperlipidaemia and hepatic steatosis of diet-induced obese (DIO) mice without weight gain.
DIO-C57BL/6J mice were divided into three groups: Vehicle group (oral gavage of 0.5%CMC-Na); Piog group (oral gavage of pioglitazone,

25 mg/kg) and YR4-42 group (oral gavage of YR4-42, 50 mg/kg). C57BL/6J mice fed with standard chow and oral gavage of 0.5%CMC-Na
represented the control group. A, Body weights of mice determined continuously during 38 days of oral administration. B, Average body weight
of mice after 38 days of oral administration. C, D, Intraperitoneal fat C, and liver D of mice were weighted at the end of oral administration. E,
Fasting blood glucose levels, determined on the 7th day. F, Insulin tolerance test, performed on the 14th day. G, Area under the curve of insulin
tolerance test (AUCtt)measurements on the 14th day. H, Plasma triglyceride (TG), I, total cholesterol (TC), J, free fatty acid (FFA) levels in the
mice, determined at the end of oral administration (on the 38th day). K, Liver TG, L, TC and M, FFA levels in the mice, determined at the end of
oral administration (on the 38th day). All experiments were performed independently. Data are shown as mean + SEM of every group, n = 12.

*P < 0.05, **P < 0.01, ***P < 0.001, vs control group or the indicated group

coactivators, TRAP220 and PGCla. The coactivators, especially
TRAP220, are essential for adipogenesis induced by PPARY,%® which
may provide an explanation for the selective regulation of
adipogenesis by YR4-42. In addition, YR4-42 significantly induced
PGCla expression in the muscle and adipose tissue, indicating
YR4-42 possibly regulates mitochondrial biosynthesis and thermogen-
esis in a PGCla-mediated pathway and this needs further exploration.

Another strategy in the development of an effective SPPARM is
to inhibit PPARY phosphorylation.” We found that YR4-42 can block
TNFa-induced, CDK5-dependent PPARY Ser273 phosphorylation and
displays weak adipogenesis which is line with the previous report.'®
Furthermore, we identified Ser273 on PPARY as one of the key inter-
acting sites for YR4-42, which is the same site for other TZDs;

however, we could not distinguish YR4-42 from pioglitazone in an
interaction model with PPARYy, and thus need to investigate further
how YR4-42 blocks phosphorylation of PPARy by CDK5 as well as
the underlying mechanism of TRAP220 and PGC1a recruitment.

The desired pharmacological and clinical effect of PPARy agonists
is to eliminate insulin resistance in vivo, including amelioration of
hyperglycaemia and hyperlipidaemia.*¢ Clinical studies showed that
SPPARMSs have equivalent efficacy in terms of glycaemic control com-
pared to the strong PPARY agonist, but with much fewer side effects,
such as fluid accumulation and body weight gain.?? Our data showed
that YR4-42 has a similar insulin-sensitizing activity to that of
pioglitazone, as well as comparable potency to ameliorate hyper-
glycaemia and hyperlipidemia in DIO mice. Interestingly, YR4-42
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FIGURE 4 YR4-42 selectively
regulates expression of genes involved
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treatment also improved hepatic steatosis and induced weight loss
which was mainly attributed to fat mass loss. We further explored the
underlying mechanism of YR4-42 attenuating hyperglycaemia and
lipid disorder and found that YR4-42 can selectively induce the
expression of genes involved in glucose and lipid metabolism in mus-
cle, adipose tissue and the liver. Interestingly, YR4-42's direct effect
on PPARy transactivation and its targeted genes differs from
pioglitazone; the specific mechanism of YR4-42 regulating PPARY-
targeted genes requires further exploration.

INT131, a representative SPPARM which has progressed through
to phase 2 clinical trials, was reported to show similar capacity to
reduce HbA1lc but with less fluid accumulation and weight gain as
compared to TZDs. Consistent with INT131 and the SPPARM design,
YR4-42 also reduced hyperglycaemia and hyperlipidaemia without

weight gain in a mouse model of type 2 diabetes. Notably, YR4-42
uniquely improved hepatic steatosis in DIO mice, which indicates that
YR4-42 has potential for use in the treatment of the non-alcoholic
fatty liver disease coexisting with type 2 diabetes. Although it is rec-
ognized that pioglitazone has beneficial effects on lipid metabolism
and hepatic steatosis in humans,3%2 YR4-42 is still worth further
study for its less typical TZD' side effects. The anti-diabetic and lipid-
lowering effects of YR4-42 in the present study were, however, based
on a rodent model, therefore, in the future we still need to evaluate
whether YR4-42 has beneficial effects in humans.

Taken together, the results of the present study show that our
newly developed SPPARM, YR4-42,
adipogenesis and block Ser273 phosphorylation of PPARY in adipo-

can selectively regulate

cytes. In a DIO mouse model, oral administration of YR4-42 can
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ameliorate hyperglycaemia and hyperlipidaemia and associated

hepatic steatosis, with significantly fewer side effects than
pioglitazone. Therefore, we propose that YR4-42 is a promising anti-
diabetic drug candidate and should be further investigated in preclini-

cal and clinical studies.
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