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The peroxisome proliferator-activated receptors (PPARs) exert vital function in the regulation of energy
metabolism, which were considered as promising targets of metabolic syndrome. Until now, PPARd/g
dual agonist is rarely reported, and thereby the pharmacologic action of PPARd/g dual agonist is still
unclear. In this study, we identified a dual PPARd/g partial agonist 6 (ZLY06) based on the cyclization
strategy of PPARa/d dual agonist GFT505. ZLY06 revealed excellent pharmacokinetic profiles suitable for
oral medication. Moreover, ZLY06 markedly improved glucolipid metabolism without weight gain, and
alleviated fatty liver by promoting the b-oxidation of fatty acid and inhibiting hepatic lipogenesis. In
contrast, weight gain and hepatic steatosis were observed in Rosiglitazone, a widely used PPARg full
agonist. All of these results indicated that ZLY06 exhibits potential benefits on metabolic syndrome,
while no adverse effects related to PPARg full agonist.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Metabolic syndrome affects around 25% of adults worldwide,
which including obesity, hyperlipemia, diabetes and fatty liver [1,2].
With the change of lifestyle, the prevalence of metabolic syndrome
is increasing and becoming major health burden in the world [3].
Therefore, the development of novel drugs of metabolic syndrome
with better efficacy and safety are urgently needed [4]. The
peroxisome proliferator-activated receptors (PPARs) exert vital
function in the regulation of energy metabolism [5e7]. PPARa,
PPARb/d, and PPARg are three isoforms of PPARs. The activation of
PPARa or PPARd improves glucose and lipid metabolism by up-
regulating genes of fatty acid b-oxidation [8e10]. Moreover,
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served.
PPARd restores function of impaired pancreatic b cells [11], and
improves energy metabolism by up-regulating GLP-1 receptor [12].
PPARg could improve insulin resistance and lipid metabolism by
up-regulating fatty acid transport [13]. Currently, many synthetic
PPARs agonists, especially for dual or pan PPARs agonists, are in
clinical studies of metabolic syndrome, such as dyslipidaemia, fatty
liver and type 2 diabetes [14e16]. There are many multiple agonists
such as PPARa/d (GFT505), PPARa/g (Saroglitazar), and PPARa/d/g
pan agonists (Lanifibranor) have been identified (Fig. 1) [17]. Our
previous studies have also identified several PPAR agonists [18e21].
However, PPARd/g dual agonist is rarely reported, and thereby the
pharmacologic action of PPARd/g dual agonist is still unclear.

GFT505 (Elafibranor) is a PPARa/d dual agonist (Fig. 1) in Phase
III of fatty liver, which exerts multiple benefits in serum lipid, in-
sulin resistance, and hepatoprotective effects [22e24]. Using
GFT505 as lead compound, conformational restriction was intro-
duced in the a,b-unsaturated ketone scaffold by cyclization (Fig. 2).
Moreover, the easily oxidized methylthioyl groupwas replaced by a
more stable alkoxy. Unexpectedly, the first-in-class PPARd/g dual
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Fig. 1. Structure of representative PPARa, PPARg and PPARd agonists.

Fig. 2. Our design strategy on structural optimization of GFT505, which resulted in the unexpected discoveries of the first-in-class PPAR d/g dual agonist 6 (ZLY06).
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partial agonists have been identified based on our design strategy
of conformational restriction. Notably, currently available PPARg
full agonists such as Rosiglitazone have side effects including he-
patic steatosis, fluid retention, weight gain, and cardiovascular risk.
In contrast, PPARg partial agonists have similar benefits on meta-
bolic syndrome, while no or less incidence of these adverse effects
related to PPARg full agonists [25,26]. Indeed, the optimal PPARd/g
dual partial agonist 6 (ZLY06) exhibits significant improvement on
glucose and lipid metabolism without weight gain and hepatic
steatosis observed in Rosiglitazone group. Herein, the structure-
activity relationship (SAR) of the present series, molecular
modeling, pharmacokinetic profiles and pharmacologic actionwere
described.

2. Results and discussion

2.1. Chemistry

Compounds 1e12 were obtained as described in Scheme 1.
Alkylation of 1a with alkyl halide under the standard method of
Scheme 1. Reagents and conditions: (a) Alkyl halide, K2CO3, acetonitrile, KI, 45 �C, 12 h;
methylpropanoate, K2CO3, acetonitrile, KI, 45 �C, 12 h, and then LiOH$H2O, THF/MeOH/H2O

2

Williamson ether synthesis supplied intermediates 2a-g, which
were converted into aurones 4a-g exclusively in Z-configuration
under alkali conditions [27]. Alkylation of 4a-g with methyl chlor-
oacetate or methyl 2-bromo-2-methylpropanoate by using potas-
sium carbonate as acid binding agent, followed by hydrolysis under
basic condition, received compounds 1e12.

2.2. SAR study

The synthetic compounds were evaluated by using cell-based
assays. For PPARa, d, and g potencies, the references were
GW7647, GW0742, and Rosiglitazone, respectively. As shown in
Table 1, replacing chalcone of GFT505 with aurone scaffold led to
compound 1, which revealed reduced potency on PPARa, while
improving activity on PPARg. Interestingly, ethyoxyl analog 2
revealed significantly increased potencies on PPARd/g and further
decreased activity on PPARa compared to compound 1, and thereby
exhibited a better selectivity against PPARa. Based on this positive
result, a series of alkoxy (compounds 3e7) were introduced to
explore the tolerability of substituents in this area. Incorporation of
(b) DMF, EtOH, KOH, r.t., 38%e48%; (c) Methyl chloroacetate or methyl 2-bromo-2-
, r.t., 4 h, 38%e65%.



Table 1
Activities on PPARa/d/g.

Compd. R1 R2 EC50 (nM)

hPPARa (max%)a hPPARg (max%) hPPARd (max%)

GW7647 9 (100%) ND ND
Rosiglitazone ND 156 (100%) ND
GW0742 ND ND 18 (100%)
GFT505 375 (89%) 3962 (95%) 249 (81%)
1 Me Me 3680 (18%) 634 (61%) 913 (42%)
2 Et Me 4635 (14%) 285 (68%) 372 (58%)
3 n-Pr Me 6914 (19%) 412 (64%) 539 (60%)
4 n-Bu Me 5024 (24%) 335 (55%) 413 (60%)
5 Me 5316 (26%) 503 (59%) 652 (65%)

6 (ZLY06) Me 5793 (23%) 237 (70%) 341 (68%)

7 Me 7725 (12%) 764 (57%) 958 (53%)

8 Me H >10,000 1579 (25%) 3217 (18%)
9 Et H >10,000 1323 (30%) 2203 (24%)
10 n-Pr H >10,000 3962 (30%) 3512 (27%)
11 H >10,000 1745 (29%) 2679 (26%)

12 H >10,000 1063 (35%) 1523 (32%)

b ND: no data.
a EC50 value represents themean of three determinations, max% is themaximal agonist activity of tested compound compared with positive control GW7647, Rosiglitazone,

and GW0742, respectively. The max% of positive control GW7647, Rosiglitazone, and GW0742 are set as 100%.
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branched alkanes (5 and 7) resulted in reduced potency compared
to that of straight-chain alkanes (3 and 4). Interestingly, the
cyclopropyl methyl analog 6 (ZLY06) revealed best balance of ac-
tivities on PPARd/g and best selectivity for PPARa in this series.
More importantly, the partial activities of compound 6 (68% for
PPARd, 70% for PPARg) might reduce side effects induced by full
agonist [25]. Further SAR study was also explore the phenoxyacetic
acid moiety (compounds 8e12), while their agonistic activities
were rather low, indicating the importance of methyl groups in
phenoxyacetic acid moiety for the activities of PPAR.

2.3. Docking study

To elucidate the activity and selectivity of compound 6 on
different isoforms of PPAR, we carried out a docking study based on
X-ray structure of PPARa (3vi8), PPARd (1GWX) and PPARg (2Q8S).
Fig. 3. The binding model of compound 6 in PPARd (A) and PPARg (B). Key residues a

3

However, the overly rigid conformation of compound 6 did not
match with the “U”-shaped pocket of PPARa, rationally explained
that the high selectivity against PPARa. In contrast, dual agonist 6
matched well with binding cavity of PPARd and PPARg (Fig. 3). For
PPARd (Fig. 3A), phenoxyacetic acid of 6 generated four hydrogen
bonds with amino acid His449, Tyr473 and His323. Besides,
cyclopropyl methyl group is inserted into a small hydrophobic
cavity, and oxygen atom formed hydrogen bond with Thr288. The
binding insight of 6 in PPARd is very close to that in PPARg (Fig. 3B),
phenoxyacetic acid of compound 6 formed strong interaction with
residues His449, Tyr473 and His323. Furthermore, two hydrogen
bonds were engendered between oxygen atom of cyclopropyl
methoxy and Arg288. Therefore, it can be seen that compound 6
has good activity on both PPARd and PPARg, while exhibiting high
selectivity against PPARa.
re labeled in black, and hydrogen bonds are represented by yellow dashed lines.



Table 2
Rats PK profile of compound 6.

Compound Dose (po)a CL (mL/h/kg) Cmax (mg/mL) AUC0e24h (mg/mL∙h) T1/2 (h)

6 3 mg/kg 21.05 ± 6.38 8.67 ± 1.53 51.08 ± 15.26 3.85 ± 1.23

a po ¼ oral administration. Results are expressed as mean ± SD for four rats.
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2.4. Pharmacokinetic (PK) study

To determine whether oral administration of compound 6 is
appropriate, PK parameters are evaluated in SD rats. As shown in
Table 2, compound 6 provided considerable PK profile with high
plasma exposure. Notably, the Cmax of compound 6 was 60-fold
higher than its EC50 values, which ensured sufficient concentra-
tion of compound 6 to activate PPARd and PPARg in vivo. Further-
more, compound 6 has lowmetabolic clearance and sustained half-
life suitable for oral medication.

2.5. Dose-response relationship in HF/STZ mice

The in vivo dose-response relationship of compound 6 was
evaluated in HF/STZ mice, a diabetic model with insulin deficiency
and resistance [28]. In this study, we expect to explore the advan-
tages of partial agonist 6 compared to the full agonist Rosiglitazone.
Therefore, Rosiglitazone was selected as positive control, while
GFT505 was not selected due to its quite different pharmacological
mechanism (PPARa/d agonist) and structure type compared to
PPARd/g agonist 6. After 7-day treatment in HF/STZ model, com-
pound 6 improved glucose tolerance in a dose-response manner.
Moreover, the glucose-lowering effects of compound 6 (10 and
20 mg/kg) was equivalent to that of Rosiglitazone, and there was no
significant difference between these groups (Fig. 4). These results
indicated that the partial agonist may have a similar therapeutic
effect with full agonist. Moreover, the dose of 20 mg/kg was iden-
tified as a right dosage suitable for exploring long-term studies.

2.6. Chronic effects on ob/ob mice

Based on the dose-response study in HF/STZ mice, we selected
the higher dose of compound 6 (20 mg/kg) in further study to
explore the safety advantages compared to full agonist Rosiglita-
zone at a lower dose of 10 mg/kg. A 30-day treatment of compound
6 was performed in ob/ob mice, a typical model of metabolic syn-
drome with obesity, fatty liver and diabetes [29,30]. During
Fig. 4. Dose-response relationship of compound 6 on plasma glucose levels (A) and corres
(n ¼ 6). *p � 0.05 and **p � 0.01 were analyzed using a one-way ANOVA with Tukey's mu

4

treatment, the non-fasting and fasting blood sugar were markedly
reduced after 5-day treatment of compound 6 (Fig. 5). Moreover,
HbA1c levels, the biomarker of chronic glycemic control, were also
markedly reduced in treated groups (Fig. 5F). The diabetic symp-
toms of polydipsia and polyphagia were dramatically relieved by
compound 6, while food consumption was significantly increased
in Rosiglitazone‒treated group. After long-term treatment, the
adverse effect of gainweight was observed in Rosiglitazone‒treated
group. Notably, there was no significant difference of body weight
between compound 6 and vehicle-treated groups, which might be
more beneficial for the treatment of metabolic syndrome compared
to Rosiglitazone (Fig. 5E).

After 30-day treatment, compound 6‒treated group signifi-
cantly reduced the blood lipid level in ob/ob mice, including total
cholesterol (TC), triglyceride (TG), and low-density lipoprotein
(LDL) (Fig. 6). Moreover, the hepatic levels of TG and TC were
markedly lower in compound 6‒treated group (Fig. 6E and F).
However, Rosiglitazone has no significant effect on plasma LDL,
hepatic triglyceride and cholesterol levels (Fig. 6).

Fatty liver is a metabolic syndrome closely related to insulin
resistance, obesity, and diabetes. We evaluated whether the fatty
liver of ob/obmice could be improved by compound 6. As shown in
Fig. 7C, only a slight improvement of hepatic steatosis in
Rosiglitazone-treated group. Notably, compound 6 distinctly alle-
viated the hepatic steatosis and ballooning (Fig. 7D), suggesting
that compound 6 improved fatty liver in vivo. In line with the his-
tological change, hepatic function index alanine aminotransferase
(ALT) and aspartate transaminase (AST) were markedly lowered in
compound 6-treated group, which was distinctly better than that of
Rosiglitazone (Fig. 7E). Indeed, PPARd agonist could decrease the
hepatic function index and steatosis [31]. Quantitative RT-PCR
(Fig. 7F) showed that compound 6 significantly up-regulated
genes related to PPARd (HMGCS2 and PDK4), and PPARg (GLUT2,
GK, and CD36). These results suggested that compound 6 exerts
therapeutic effects by activating PPARd and PPARg in vivo. The up-
regulation of these lipid metabolism-related genes also indicating
that the increased b-oxidation of hepatic fatty acid might
ponding AUC0e120min (B) after 7-day treatment in HF/STZ mice. Values are mean ± SD
ltiple-comparison post hoc test.



Fig. 5. The plasma glucose levels of non-fasting (A) and fasting (B), cumulative food (C) and water intake (D), body weight (E) and HbA1c (F) in ob/ob mice. Values are expressed as
mean ± SD (n ¼ 6). *p� 0.05 and **p � 0.01 compared to vehicle group by Student's t-test. #p � 0.05 were analyzed using a one-way ANOVAwith Tukey's multiple-comparison post
hoc test.

Fig. 6. The plasma levels of TC (A), TG (B), HDL (C) and LDL (D), hepatic levels of TG (E) and TC (F) in ob/obmice. Values are expressed as mean ± SD (n ¼ 6). *p � 0.05, **p � 0.01 and
***p � 0.001 were analyzed using a one-way ANOVA with Tukey's multiple-comparison post hoc test.
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contributes to the improvement of hepatic steatosis. Moreover,
compound 6 significantly decreased the expressions of hepatic
lipogenesis-related genes, such as ADD1, ACC, and FAS. On the
contrary, Rosiglitazone significantly promoted these genes ex-
pressions in liver, partly explaining the reason for weight gain and
hepatic steatosis observed in Rosiglitazone group.
5

3. Conclusion

In conclusion, the first-in-class dual partial agonist 6 (ZLY06) has
been discovered based on the strategy of conformational restric-
tion, which has excellent PK profiles. Moreover, compound 6
significantly reduced blood glucose level in HF/STZ and ob/obmice.



Fig. 7. Representative liver slices (400� magnification) stained with Hematoxylin-Eosin (A: normal control; B: vehicle group; C: Rosiglitazone-treated group; D: compound 6-
treated group). Steatosis: red arrow, ballooning: blue arrow. (E) show the plasma levels of AST and ALT. (F) The relative gene expression levels related to fatty acid oxidation and
hepatic lipogenesis. Values are expressed as mean ± SD (n ¼ 6). *p � 0.05, **p � 0.01 and ***p � 0.001 compared to vehicle group were analyzed using a one-way ANOVA with
Tukey's multiple-comparison post hoc test.
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Notably, dual partial agonist 6 not only exhibited significant
improvement on glucolipid metabolism without weight gain, but
also alleviated fatty liver by promoting the fatty acid oxidation and
inhibiting hepatic lipid accumulation. However, the weight gain
and hepatic steatosis were observed in PPARg full agonist Rosigli-
tazone. These discoveries indicated dual PPARd/g partial agonist 6
(ZLY06) might be a potential candidate of metabolic syndrome.

4. Experimental section

4.1. Chemistry

Reagents and solvents were commercially available without
purification. Chromatographic purification was performed on silica
gel (200e300 mesh), and monitored by TLC on GF254 plates.
Melting points were measured by RY-1 apparatus. 1H and 13C NMR
spectra were recorded by Bruker ACF-300Q instrument. High res-
olution mass spectrometry (HRMS) was performed on AB SCIEX
X500R system. Elemental analysis was recorded on Heraeus
CHNeO-Rapid analyzer. GW7647, GW0742, GFT505 and Rosiglita-
zone were purchased from MedChemExpress (Shanghai, China).

4.1.1. General procedure for 4a-g
To a solution of 6-hydroxy-2,3-dihydrobenzo [b]furan-3-one (1

equiv) and halogenated hydrocarbon (1.2 equiv) in acetonitrile was
added K2CO3 (3 equiv) and catalyzer potassium iodide. After stirred
for 12 h at 45 �C, the reaction was filtrated and purified by column
chromatography (petroleum ether/ethyl acetate, 20:1) to provide
6

2a-g. To the stirred solution of 2a-g (1 equiv) in 20 mL solvent
(ethanol/DMF, 1:1) were added 4-hydroxy-3,5-
dimethylbenzaldehyde (1 equiv) and 2.3 mL potassium hydroxide
solution (50%). After stirred for 4e6 h, 50 mL water was added to
this reaction and adjusting pH to 1e2 using concentrated hydro-
chloric acid. The reaction was extracted with ethyl acetate and
purified by column chromatography (petroleum ether/ethyl ace-
tate, 10:1) to provide 4a-g as yellow solid.
4 .1.1.1. (Z ) -2- (4-hydroxy-3 ,5 -d imethylbenzyl i dene) -6-
methoxybenzofuran-3(2H)-one (4a). Yield: 48%; 1H NMR (300 MHz,
DMSO‑d6) d: 8.07 (s, 1H), 7.73e7.61 (m, 3H), 7.15 (d, J ¼ 1.8 Hz, 1H),
6.85, 6.82 (dd, J ¼ 8.7, 2.1 Hz, 1H), 6.68 (s, 1H), 3.95 (s, 3H), 2.32 (s,
6H).
4.1.1.2. (Z)-6-ethoxy-2-(4-hydroxy-3,5-dimethylbenzylidene)benzo-
furan-3(2H)-one (4b). Yield: 43%; 1H NMR (300 MHz, DMSO‑d6) d:
8.09 (s, 1H), 7.75e7.62 (m, 3H), 7.09 (s, 1H), 6.83 (d, J ¼ 8.6 Hz, 1H),
6.69 (s, 1H), 4.23 (q, J ¼ 6.8 Hz, 2H), 2.32 (s, 6H), 1.38 (t, J ¼ 6.8 Hz,
3H).
4 .1.1.3 . (Z ) -2- (4-hydroxy-3 ,5-d imethylbenzyl idene) -6-
propoxybenzofuran-3(2H)-one (4c). Yield: 38%; 1H NMR (300 MHz,
DMSO‑d6) d: 8.07 (s, 1H), 7.76e7.63 (m, 3H), 7.11 (d, J ¼ 1.6 Hz, 1H),
6.84, 6.81 (dd, J¼ 8.5, 1.8 Hz,1H), 6.69 (s, 1H), 4.12 (t, J¼ 6.5 Hz, 2H),
2.31 (s, 6H), 1.85e1.73 (m, 2H), 1.01 (t, J ¼ 7.4 Hz, 3H).
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4.1.2. General procedure for 1-12
To a mixture of 4a-g (1 equiv) and methyl chloroacetate or

methyl 2-bromo-2-methylpropanoate (1.2 equiv) in MeCN was
added K2CO3 (3 equiv) and catalyzer potassium iodide. After stirred
for 12 h at 45 �C, the reaction was filtrated and purified by column
chromatography (petroleum ether/ethyl acetate, 10:1) to afford a
yellow solid, which was dissolved in 20 mL THF/MeOH/H2O (2:3:1).
Then LiOH$H2O (4 equiv) was added to above reaction mixture.
After stirred for 4 h, the solvent was removed and acidified with
diluted hydrochloric acid. After filtered, the residue was purified by
column chromatography (petroleum ether/ethyl acetate, 2:1e1:1)
to provide 1e12 as yellow solid.

4.1.2.1. (Z)-2-(4-((6-methoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (1).
Yield: 52%; m.p. 150e152 �C; 1H NMR (300 MHz, DMSO‑d6) d: 12.79
(brs, 1H), 7.77e7.52 (m, 3H), 7.10 (s, 1H), 6.83 (d, J¼ 7.4 Hz, 1H), 6.67
(s, 1H), 3.93 (s, 3H), 2.25 (s, 6H), 1.42 (s, 6H). 13C NMR (75 MHz,
DMSO‑d6) d: 170.30, 164.68, 154.03, 152.84, 150.78, 140.81, 130.14,
128.73, 128.62, 127.53, 116.74, 116.68, 116.45, 111.24, 104.87, 81.29,
66.51, 25.24, 15.45. HRMS (ESI) m/z: calcd. for C18H15O4 [M-
C(CH3)2COOH]-: 295.0976; found 295.0972; error:�1.36 ppm. Anal.
calcd. For C22H22O6: C, 69.10; H, 5.80; Found: C, 69.35; H, 5.61.

4.1.2.2. (Z)-2-(4-((6-ethoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (2).
Yield: 46%; m.p. 142e144 �C; 1H NMR (300 MHz, DMSO‑d6) d: 12.78
(brs, 1H), 7.79e7.42 (m, 3H), 7.08 (s, 1H), 6.81 (d, J¼ 7.9 Hz,1H), 6.68
(s, 1H), 4.22 (d, J ¼ 6.3 Hz, 2H), 2.25 (s, 6H), 1.41e1.21 (m, 9H). 13C
NMR (75 MHz, DMSO‑d6) d: 182.02, 175.39, 168.43, 167.01, 154.78,
147.19, 133.74, 132.16, 128.00, 125.81, 114.25, 113.57, 111.19, 97.82,
81.27, 65.04, 25.46, 18.13, 14.81. HRMS (ESI)m/z: calcd. for C19H17O4
[M-C(CH3)2COOH]-: 309.1132; found 309.1132; error: 0 ppm. Anal.
calcd. For C23H24O6: C, 69.68; H, 6.10; Found: C, 69.44; H, 6.25.

4.1.2.3. (Z)-2-(2,6-dimethyl-4-((3-oxo-6-propoxybenzofuran-2(3H)-
ylidene)methyl)phenoxy)-2-methylpropanoic acid (3). Yield: 57%;
m.p. 145e147 �C; 1H NMR (300 MHz, DMSO‑d6) d: 7.69e7.56 (m,
3H), 7.09 (s, 1H), 6.80 (d, J ¼ 8.5 Hz, 1H), 6.67 (s, 1H), 4.08 (t,
J ¼ 6.5 Hz, 2H), 2.24 (s, 6H), 1.81e1.68 (m, 2H), 1.38 (s, 6H), 0.98 (t,
J ¼ 7.4 Hz, 3H). 13C NMR (75 MHz, DMSO‑d6) d: 181.97, 175.70,
168.37, 167.11, 155.05, 147.13, 133.77, 132.11, 127.80, 125.74, 114.25,
113.53, 111.26, 97.79, 81.67, 70.70, 25.67, 22.24, 18.19, 10.69. HRMS
(ESI) m/z: calcd. for C20H19O4 [M-C(CH3)2COOH]-: 323.1289; found
323.1285; error: �1.24 ppm. Anal. calcd. For C24H26O6: C, 70.23; H,
6.38; Found: C, 70.45; H, 6.31.

4.1.2.4. (Z)-2-(4-((6-butoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (4).
Yield: 51%; m.p. 118e120 �C; 1H NMR (300 MHz, DMSO‑d6) d:
7.69e7.57 (m, 3H), 7.11 (s, 1H), 6.80 (d, J ¼ 8.6 Hz, 1H), 6.67 (s, 1H),
4.13 (t, J¼ 6.4 Hz, 2H), 2.22 (s, 6H), 1.78e1.66 (m, 2H), 1.53e1.41 (m,
2H),1.38 (s, 6H), 0.93 (t, J¼ 7.5 Hz, 3H). 13C NMR (75MHz, DMSO‑d6)
d: 182.02, 175.35, 168.42, 167.18, 154.78, 147.18, 133.74, 132.16,
127.97, 125.79, 114.21, 113.61, 111.20, 97.82, 81.25, 69.03, 30.87,
25.46, 19.09, 18.13, 14.09. HRMS (ESI) m/z: calcd. for C21H21O4 [M-
C(CH3)2COOH]-: 337.1445; found 337.1441; error: �1.19 ppm. Anal.
calcd. For C25H28O6: C, 70.74; H, 6.65; Found: C, 70.85; H, 6.77.

4.1.2.5. (Z)-2-(4-((6-isobutoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (5).
Yield: 42%; m.p. 121e123 �C; 1H NMR (300 MHz, DMSO‑d6) d:
7.68e7.55 (m, 3H), 7.10 (s, 1H), 6.81 (d, J ¼ 8.6 Hz, 1H), 6.67 (s, 1H),
3.90 (d, J ¼ 6.3 Hz, 2H), 2.23 (s, 6H), 2.06e1.97 (m, 1H), 1.39 (s, 6H),
0.99 (d, J ¼ 6.6 Hz, 6H). 13C NMR (75 MHz, DMSO‑d6) d: 182.00,
7

175.39, 168.40, 167.21, 154.79, 147.19, 133.73, 132.16, 127.98, 125.77,
114.25, 113.57, 111.18, 97.83, 81.26, 75.27, 28.01, 25.47, 19.34, 18.13.
HRMS (ESI) m/z: calcd. for C21H21O4 [M-C(CH3)2COOH]-: 337.1445;
found 337.1450; error: þ1.48 ppm. Anal. calcd. For C25H28O6: C,
70.74; H, 6.65; Found: C, 70.56; H, 6.59.

4.1.2.6. (Z)-2-(4-((6-(cyclopropylmethoxy)-3-oxobenzofuran-2(3H)-
ylidene)methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (6).
Yield: 54%; m.p. 141e143 �C; 1H NMR (300 MHz, DMSO‑d6) d:
7.70e7.58 (m, 3H), 7.07 (s, 1H), 6.81 (d, J ¼ 8.6 Hz, 1H), 6.67 (s, 1H),
3.98 (d, J ¼ 6.9 Hz, 2H), 2.23 (s, 6H), 1.37 (s, 6H), 1.22e1.15 (m, 1H),
0.64e0.56 (m, 2H), 0.40e0.31 (m, 2H). 13C NMR (75MHz, DMSO‑d6)
d: 181.99, 175.74, 168.39, 167.08, 147.14, 133.79, 132.12, 127.80,
125.74, 114.18, 113.66, 111.28, 97.78, 81.68, 73.90, 25.67, 18.18, 10.26,
3.65. HRMS (ESI) m/z: calcd. for C21H19O4 [M-C(CH3)2COOH]-:
335.1289; found 335.1292; error: þ0.89 ppm. Anal. calcd. For
C25H26O6: C, 71.07; H, 6.20; Found: C, 71.15; H, 6.27.

4.1.2.7. (Z)-2-(4-((6-(isopentyloxy)-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)-2-methylpropanoic acid (7).
Yield: 38%; m.p. 146e148 �C; 1H NMR (300 MHz, DMSO‑d6) d:
7.69e7.53 (m, 3H), 7.11 (s, 1H), 6.79 (d, J ¼ 8.6 Hz, 1H), 6.67 (s, 1H),
4.14 (t, J ¼ 6.1 Hz, 2H), 2.25 (s, 6H), 1.67e1.58 (m, 2H), 1.32 (s, 6H),
1.21e1.11 (m, 1H), 0.91 (d, J ¼ 6.6 Hz, 6H). 13C NMR (75 MHz,
DMSO‑d6) d: 181.99, 177.53, 174.91, 168.35, 167.08, 156.35, 146.92,
134.13, 131.93, 127.01, 114.33, 113.56, 111.68, 97.81, 84.40, 67.82,
37.57, 26.79, 25.05, 24.03, 22.83, 18.48. HRMS (ESI) m/z: calcd. for
C22H23O4 [M-C(CH3)2COOH]-: 351.1602; found 351.1600;
error: �0.57 ppm. Anal. calcd. For C26H30O6: C, 71.21; H, 6.90;
Found: C, 71.45; H, 6.79.

4.1.2.8. (Z)-2-(4-((6-methoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)acetic acid (8). Yield: 65%; m.p.
243e245 �C; 1H NMR (300 MHz, DMSO‑d6) d: 7.75e7.62 (m, 3H),
7.13 (d, J¼ 1.9 Hz,1H), 6.86, 6.83 (dd, J¼ 8.6, 2.0 Hz,1H), 6.69 (s,1H),
4.45 (s, 2H), 3.94 (s, 3H), 2.31 (s, 6H). 13C NMR (75MHz, DMSO‑d6) d:
182.06, 170.55, 168.43, 167.77, 157.19, 147.14, 132.41, 131.59, 128.20,
125.82, 114.40, 113.27, 111.31, 97.57, 69.25, 56.88, 16.65. HRMS (ESI)
m/z: calcd. for C20H17O6 [M � H]-: 353.1031; found 353.1035;
error: þ1.13 ppm. Anal. calcd. For C20H18O6: C, 67.79; H, 5.12;
Found: C, 67.54; H, 5.23.

4.1.2.9. (Z)-2-(4-((6-ethoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)acetic acid (9). Yield: 61%; m.p.
248e250 �C; 1H NMR (300 MHz, DMSO‑d6) d: 7.76e7.62 (m, 3H),
7.08 (s, 1H), 6.81 (d, J¼ 8.5 Hz, 1H), 6.68 (s, 1H), 4.45 (s, 2H), 4.22 (q,
J¼ 6.8 Hz, 2H), 2.31 (s, 6H),1.39 (t, J¼ 6.8 Hz, 3H). 13C NMR (75MHz,
DMSO‑d6) d: 181.97, 170.40, 168.41, 167.02, 157.19, 147.18, 132.37,
131.50, 128.20, 114.31, 112.32, 109.64, 100.35, 69.37, 65.04, 16.61,
14.78. HRMS (ESI) m/z: calcd. for C21H19O6 [M � H]-: 367.1187;
found 367.1190; error: þ0.82 ppm. Anal. calcd. For C21H20O6: C,
68.47; H, 5.47; Found: C, 68.62; H, 5.31.

4.1.2.10. (Z)-2-(2,6-dimethyl-4-((3-oxo-6-propoxybenzofuran-
2(3H)-ylidene)methyl)phenoxy)acetic acid (10). Yield: 52%; m.p.
214e216 �C; 1H NMR (300 MHz, DMSO‑d6) d: 7.76e7.63 (m, 3H),
7.11 (d, J¼ 1.6 Hz,1H), 6.84, 6.81 (dd, J¼ 8.5, 1.8 Hz,1H), 6.69 (s, 1H),
4.45 (s, 2H), 4.12 (t, J ¼ 6.5 Hz, 2H), 2.31 (s, 6H), 1.85e1.73 (m, 2H),
1.01 (t, J ¼ 7.4 Hz, 3H). 13C NMR (75 MHz, DMSO‑d6) d: 181.93,
170.42, 167.20, 162.52, 157.15, 147.20, 132.37, 131.51, 128.21, 114.32,
111.16,109.64, 97.95, 70.77, 69.39, 22.25,16.63, 10.65. HRMS (ESI)m/
z: calcd. for C22H21O6 [M � H]-: 381.1344; found 381.1349;
error: þ1.31 ppm. Anal. calcd. For C22H22O6: C, 69.10; H, 5.80;
Found: C, 69.35; H, 5.71.
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4.1.2.11. (Z)-2-(4-((6-isobutoxy-3-oxobenzofuran-2(3H)-ylidene)
methyl)-2,6-dimethylphenoxy)acetic acid (11). Yield: 57%; m.p.
163e165 �C; 1H NMR (300 MHz, DMSO‑d6) d: 7.68e7.54 (m, 3H),
7.11 (d, J ¼ 1.7 Hz, 1H), 6.87e6.76 (m, 1H), 6.68 (s, 1H), 4.45 (s, 2H),
3.94 (d, J ¼ 6.5 Hz, 2H), 2.30 (s, 6H), 2.14e2.03 (m, 1H), 1.01 (d,
J ¼ 6.7 Hz, 6H). 13C NMR (75 MHz, DMSO‑d6) d: 181.98, 170.56,
168.41, 167.21, 157.16, 147.16, 132.40, 131.53, 128.21, 125.75, 114.25,
113.55, 111.19, 97.84, 75.27, 69.26, 28.02, 19.35, 16.64. HRMS (ESI)m/
z: calcd. for C23H23O6 [M � H]-: 395.1500; found 395.1501;
error: þ0.25 ppm. Anal. calcd. For C23H24O6: C, 69.68; H, 6.10;
Found: C, 69.84; H, 6.31.

4.1.2.12. (Z)-2-(4-((6-(cyclopropylmethoxy)-3-oxobenzofuran-
2(3H)-ylidene)methyl)-2,6-dimethylphenoxy)acetic acid (12).
Yield: 63%; m.p. 172e174 �C; 1H NMR (300 MHz, DMSO‑d6) d: 12.85
(s, 1H), 7.66e7.56 (m, 3H), 7.09 (s, 1H), 6.83 (d, J ¼ 8.6 Hz, 1H), 6.69
(s, 1H), 4.45 (s, 2H), 4.02 (d, J ¼ 5.7 Hz, 2H), 2.31 (s, 6H), 0.87e0.81
(m, 1H), 0.65e0.58 (m, 2H), 0.42e0.36 (m, 2H). 13C NMR (75 MHz,
DMSO‑d6) d: 181.98, 170.38, 168.44, 167.17, 157.21, 147.22, 132.38,
131.53, 128.22, 125.75, 114.27, 113.63, 111.18, 97.94, 73.89, 69.40,
16.62, 10.28, 3.59. HRMS (ESI) m/z: calcd. for C23H21O6 [M � H]-:
393.1344; found 393.1348; error: þ1.02 ppm. Anal. calcd. For
C23H22O6: C, 70.04; H, 5.62; Found: C, 70.22; H, 5.43.

4.2. PPARa, PPARg and PPARd assay

The cell-based assays of PPARa, PPARg and PPARd were per-
formed according to our previous reports [18e21]. After trans-
fection for 24 h, test compoundswere added and incubated for 18 h.
Then each well was lysed with lysis buffer, and added 30 mL
Luciferase Assay Reagent II. The firefly and renilla luciferase signal
was measured by Promega's Dual Luciferase Reporter Assay Sys-
tem. The values are normalized by Firefly signal/Renilla signal (F/R).
The %Activation value is calculated by the following equation: %
Activation ¼ [(X-Min)/(Max-Min)] � 100% (X is the “F/R” value in
each concentration point. Min is the mean “F/R” value from no
compound control. Max is the mean “F/R” value from reference
compound control). EC50 value was calculated by GraphPad 5.00
(San Diego, CA, USA).

4.3. Docking study

Molecular modeling study was carried out by AutoDock vina
1.1.2. The crystal structures of PPARa (3vi8), PPARd (1GWX) and
PPARg (2Q8S) were downloaded from PDB database. Firstly, the
protein was added polar hydrogen and gasteiger charge, deleted
water, and assigned atoms as AD4 based on AutoDockTools. Dock-
ing was operated using full flexibility of ligand, and kept other
parameters as default values. Pymol 2.3.1 was performed to analyze
the molecular modeling results.

4.4. Animals

Eight-week-old male C57BL/6 mice and SD rats were purchased
from Guangdong Medical Laboratory Animal Center (Guangdong,
China), and eight-week-old male ob/ob mice were purchased from
Model Animal Research Center of Nanjing university (Jiangsu,
China). All animals were fed adaptively for 7 days, and feeding
chamber was keep under the conditions of 23 ± 2 �C, relative hu-
midity 5 ± 10%, continuous light/dark cycle for 12h. The testing
protocols were approved by the ethical committee at Guangdong
Pharmaceutical University and conducted according to the Labo-
ratory Animal Management Regulations in China and adhered to
guidelines for Care and Use of Laboratory Animals (NIH Publication
NO. 85e23).
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4.5. Pharmacokinetic studies

The fasted SD rats were orally administered compound 6 (3 mg/
kg), and blood was gathered at 5, 15, 30, 45 min and 1, 2, 4, 6, 8, 12,
18, 24 h. The plasma was separated and acetonitrile containing
internal standard was added to precipitate proteins. The superna-
tant was evaluated by LC-MS/MS (Triple Quad 4500, AB SCIEX) to
provide the drug concentration. PK profile was analyzed by DAS
2.1.1.

4.6. Dose-effect study in HF/STZ mice

C57BL/6 mice were fed with high‒fat diet (45% calories from fat,
Mediscience Ltd., China) for four weeks and then injected intra-
peritoneally with STZ (80 mg/kg). The mice were fed for another
four weeks to generate HF/STZ diabetic mice. The fasted HF/STZ
mice were orally administered once daily with vehicle, Rosiglita-
zone (10 mg/kg), or compound 6 (5, 10, and 20 mg/kg) for 7-day
treatment. At the end of treatment, fasting mice were adminis-
trated with vehicle, Rosiglitazone, or compound 6. After 30 min,
mice were dosed orally with 2 g/kg glucose. Blood was collected
at �30, 0, 15, 30, 60 and 120 min post‒dose. The plasma glucose
was determined using blood glucose test strips (SanNuo ChangSha,
China).

4.7. Chronic administration in ob/ob mice

Ob/ob mice were orally administered once daily with vehicle,
Rosiglitazone (10 mg/kg), or compound 6 (20 mg/kg) for 30 days.
Water and diet consumption were measured daily. Body weight,
non-fasting and fasting plasma glucose were measured every 5
days. At the end of treatment, alanine aminotransferase (ALT),
aspartate transaminase (AST), total cholesterol (TC), triglyceride
(TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL)
and HbA1c levels were measured using automatic biochemical
analyzer (Beckman Coulter, AU5811, Tokyo). Hepatic TG and TC
were measured according to the corresponding kits (Nanjing Jian-
cheng Bioengineering Institute). The liver sections were stained
with Hematoxylin-Eosin.

4.8. RT-PCR

RNAwas extracted from liver by Trizol Reagent (Invitrogen), and
cDNA was synthesized using ReverTra Ace reverse transcriptase
(TOYOBO, Japan) on the basic of the operating regulations. RT-PCR
was performed with the SYBR Green Realtime PCR Master Mix
(TOYOBO, Japan) on iCycler (Bio-rad) accordancewith the operating
regulations. The gene expressions were calculated by DDCTmethod
and normalized against GADPH mRNA. Primer sequences were as
follows: 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2
(HMGCS2) forward primer: AGAGAGCGATGCAGGAAACTT, HMGCS2
reverse primer: AAGGATGCCCACATCTTTTGG; Pyruvate dehydro-
genase kinase 4 (PDK4) forward primer: CCGCTTAGTGAA-
CACTCCTTC, PDK4 reverse primer: TGACCAGCGTGTCTACAAACT;
Glucose transporter 2 (GLUT2) forward primer: TTCCAGTTCGGC-
TATGACATCG, GLUT2 reverse primer: CTGGTGTGACTG-
TAAGTGGGG; Glycerol kinase (GK) forward primer:
TGAACCTGAGGATTTGTCAGC, GK reverse primer: CCATGTGGAG-
TAACGGATTTCG; CD36 forward primer: ATGGGCTGTGATCG-
GAACTG, CD36 reverse primer: GTCTTCCCAATAAGCATGTCTCC;
Adipocyte determination and diferentiation-dependent factor 1
(ADD1) forward primer: GGAACATGGCACCAGACCTTC, ADD1
reverse primer: AAGGCAGGACTCTGTAGAATCA; Acetyl-CoA
carboxylase (ACC) forward primer: ACCCACTCCACTGTTTGTGA,
ACC reverse primer: CCTTGGAATTCAGGAGAGGA; Fatty acid
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synthase (FAS) forward primer: TAAAGCATGACCTCGTGATGAA, FAS
reverse primer: GAAGTTCAGTGAGGCGTAGTAG.

4.9. Statistical analysis

GraphPad 5 Software was used to analyze data. General effects
analysis used a one-way ANOVAwith Tukey's multiple-comparison
post hoc test.
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