
lable at ScienceDirect

European Journal of Medicinal Chemistry 187 (2020) 111969
Contents lists avai
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Research paper
Novel linked butanolide dimer compounds increase adiponectin
production during adipogenesis in human mesenchymal stem cells
through peroxisome proliferator-activated receptor g modulation

Sungjin Ahn a, 1, Basavana Gowda M.K.b, 1, Moonyoung Lee a,
Jagadeesh Nagarajappa Masagalli b, Karabasappa Mailar b, Won Jun Choi b, **,
Minsoo Noh a, *

a Natural Products Research Institute, College of Pharmacy, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul, 08826, Republic of Korea
b College of Pharmacy, Dongguk University-Seoul, 32 Dongguk-ro, Goyang, Gyeonggi-do, 10326, Republic of Korea
a r t i c l e i n f o

Article history:
Received 22 August 2019
Received in revised form
28 November 2019
Accepted 11 December 2019
Available online 14 December 2019

Keywords:
Linked butanolide dimers
PPARg
Adiponectin
Human bone marrow mesenchymal stem
cells
* Corresponding author.
** Corresponding author.

E-mail addresses: mp89@dongguk.edu (W.J. C
minsoonoh@snu.ac.kr (M. Noh).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.ejmech.2019.111969
0223-5234/© 2019 Elsevier Masson SAS. All rights re
a b s t r a c t

Compounds inducing adiponectin production have therapeutic potential for metabolic diseases. During
screening, heme oxygenase-1-inducing marliolide derivatives were identified as adiponectin-inducing
compounds. Although some marliolide derivatives were directly bound to peroxisome proliferator-
activated receptor g (PPARg), the adiponectin-inducing activity did not correlate with the PPARg bind-
ing affinity. The most potent adiponectin inducing compound, (E,4S,5S)-3-butylidene-dihydro-4-
hydroxy-5-methylfuran-2(3H)-one (1a), exhibited the weakest PPARg binding activity. A docking
simulation suggested that two 1a molecules can be present in two different sites within the PPARg-
ligand-binding pocket (LBP). Based on the docking model, novel linked butanolide dimer compounds
were synthesized. A linked butanolide dimer compound, (3E,30E,4S,40S,5S,50S)-3,3’-(decane-1,10-
diylidene)bis(4-hydroxy-5-methyldihydrofuran-2(3H)-one) (3a), promoted adiponectin production in
human bone marrow mesenchymal stem cells (hBM-MSCs) as a novel PPARg full agonist (EC50, 4.34 mM).
This linked butanolide dimer study provides novel insight into PPARg biology, suggesting that small
molecules can form multiple ligand interactions within the PPARg-LBP and thereby affect the functional
outcomes of PPARg activation.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Adiponectin, an adipose tissue-derived adipocytokine that is
abundantly detected in human plasma ranging from 3 to 30 mg/
ml, has a pivotal role in the regulation of metabolic homeostasis
[1]. Adiponectin can mediate anti-inflammatory processes in
response to various toxic stimuli [2]. Hypoadiponectinemia, a
low serum adiponectin level, has been reported in diverse human
metabolic diseases, such as metabolic syndrome, type II diabetes,
obesity, and atherosclerosis [3e7]. Exogenous adiponectin
treatment has been found to attenuate the pathological
hoi), minsoonoh@snu.ac.kr,

served.
phenotypes of different diseases, such as diabetes, atheroscle-
rosis, steatohepatitis, and nonalcoholic fatty liver disease in an-
imal models [8e11]. Therefore, compounds inducing adiponectin
production are considered as potential therapeutic drugs for
these diseases.

The molecular and cellular mechanisms responsible for adi-
ponectin production in adipocytes are mainly mediated by the
peroxisome proliferator-activated receptors (PPARs). The agonists
of PPARa, PPARg and PPARd significantly increase adiponectin
production during adipogenesis in human bone marrow
mesenchymal stem cells (hBM-MSCs) [12e14]. The other cellular
factors, such as glucocorticoid receptor (GR), liver X receptor
(LXR), GPR109A, and protein kinase D (PKD) can also affect adi-
ponectin production but their effects are indirectly associated
with PPARg activation [15e18]. As cellular lipid sensors, various
lipid metabolites, such as eicosanoids and essential fatty acids
(EFA) can function as endogenous ligands for PPARs. PPAR
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activation requires ligand-induced dissociation of corepressor
proteins, subsequent heterodimerization with the retinoid X re-
ceptor (RXR), and recruitment of transcriptional cofactors and
cofactor-associated proteins. X-ray crystal structures of PPARs
have shown that PPARs have relatively larger ligand binding
pockets (LBPs) than other nuclear hormone receptors [19]. Due to
the large size of LBPs, two molecules of weak PPARg modulators
like indomethacin and magnolol can be co-crystallized in the
LBPs of PPARg [20,21]. These results suggest that cellular small
molecule metabolites may bind to the LBPs of PPARs and may
modulate their functions.

The gene transcription of heme oxygenase-1 (HO-1) is mainly
regulated by the NF-E2-related factor 2 (NRF2) activity, but also
affected by PPARs because the promoter region of the HO-1 gene
has multiple PPAR response elements (PPREs) [22e25]. The
Zucker diabetic rat model study showed that HO-1 mediates
upregulation of adiponectin levels inducing the improvement of
insulin sensitivity [26]. Recently, we reported the structure-
activity relationship of marliolide derivatives for the induction
of HO-1 [22]. Marliolide is a natural product-derived chemical
isolated from the leaves of Mollinedia gilgiana and M. marliae
[27]. This study was initially aimed to investigate whether HO-1-
inducing marliolide derivatives had an adiponectin production-
inducing activity during adipogenesis in hBM-MSCs. However,
in order to elucidate why the most potent adiponectin
production-inducing g-butyrolactone compound 1a had weaker
PPAR binding activity than other derivatives, linked butanolide
dimers were designed based on the binding model of two 1a
molecules docking to PPARg-ligand-binding domain (LBD). We
synthesized novel linked butanolide dimer compounds and
considered them as novel PPARg agonists.
Fig. 1. Effects of HO-1-inducing marliolide derivatives on adiponectin production in hBM-
marliolide derivatives. (C) Effects of HO-1-inducing marliolide compounds (10 mM) were
adipogenic IDX medium in hBM-MSCs. The cell culture supernatants were harvested on
rosiglitazone (ROSI, 1 mM), and aspirin (ASP, 300 mM) were used as a positive control. (D) The
FRET-based PPARg competitive binding assay. Values represent means ± SD (n ¼ 3); *p � 0
2. Results and discussion

2.1. Adiponectin production-inducing activity of marliolide
derivatives

We reported the structure-activity relationship of butyrolactone
cis-isomers 1a e 1i and trans-isomer 2c for the HO-1 induction
(Fig. 1A and B) [22]. In this study, it was investigated whether the
HO-1-inducing marliolide derivatives affected adiponectin pro-
duction during adipogenesis in hBM-MSCs because the HO-1 in-
duction is associated with adiponectin production [14]. When the
marliolide derivatives (10 mM) were co-treated with the
adipogenesis-inducing medium consisting of insulin, dexametha-
sone, and isobutylmethylxanthine (IDX), the levels of adiponectin
production were significantly upregulated by the marlioride de-
rivatives with respect to the IDX control, except compounds 1h and
1i (marliolide) (Fig. 1C).

To identify the molecular target of adiponectin production-
inducing marliolide derivatives, the ligand-binding competition
against PPARs was examined because the promoter region of HO-1
gene has at least two PPRE sites. In a time-resolved fluorescence
resonance energy transfer (TR-FRET)-based PPAR binding assay, the
PPARg binding activity was affected by the marliolide derivatives
(Fig. 1D), whereas the competitive binding of both PPARa and
PPARd was not affected significantly (data not shown). Notably, the
adiponectin production-inducing activity of marliolide derivatives
did not correlate with their PPARg binding activity (Fig. 1D).
Although butyrolactones 1a, 1b, 2a, and 2b, marliolide derivatives
with a short aliphatic chain showed more potent adiponectin
secretion-inducing activity, their PPARg binding activity was
weaker than marliolide derivatives with a longer aliphatic chain,
such as 1d, 1e, 1f, 1g, 1h, 1i, and 2c (Fig. 1).

The concentration-dependent effects of the short aliphatic chain
compounds 1a and 2a on adiponectin production in hBM-MSCs
MSCs and on PPARg binding activity. (A and B) Chemical structures of HO-1-inducing
evaluated during adipogenesis in hBM-MSCs. Compounds were co-treated with the
the fifth day. Adiponectin levels were quantified by ELISA. Pioglitazone (PIO, 1 mM),
PPARg binding activity of HO-1-inducing marliolide compounds was determined by TR-
.05 and **p � 0.01.
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were compared with those of the long aliphatic chain compounds
1i and 2c (Fig. 2A). To calculate a half maximum effective concen-
tration (EC50) from the concentration-response curves, the
maximal effect of pioglitazone, a currently prescribing PPARg
agonist, was used as the 100% reference response for adiponectin
production in hBM-MSCs. The EC50 values of the short aliphatic
chain compounds 1a and 2a were 25.3, and 19.0 mM, respectively,
for their adiponectin production-inducing activity during adipo-
genesis in hBM-MSCs. Although the long aliphatic chain com-
pounds 1i and 2c tended to increase adiponectin production in a
concentration-dependent manner, their activity up to 30 mM was
below the half maximum activity level of pioglitazone (Fig. 2A). In
the [3H]-labelled rosiglitazone-based PPARg binding assay, the Ki
values of 1i, 2a, and 2cwere 9.2, 22.0, and 1.9 mM, respectively. The
competition activity of 1a by 30 mM was 48.5% of the maximum
[3H]-labelled rosiglitazone binding activity (Fig. 2B). Thus, it was
reproducibly observed by a concentration-response analysis that
the adiponectin production-inducing activity of marliolide de-
rivatives did not correlate with their PPARg binding affinity.

2.2. The ligand docking simulation of marliolide derivatives binding
to PPARg-LBD

In general, adiponectin production during adipogenesis in hBM-
MSCs correlates with the level of cellular PPARg activity [12]. A
computational ligand docking analysis was performed to under-
stand why the marliolide derivatives showed no correlation be-
tween PPARg binding and adiponectin production-inducing
activity (Fig. 3). The LBP of PPARg-LBD can be described as a large T-
or Y-shaped space forming three branches. Three branches have
different physicochemical properties, namely, hydrophilic, hydro-
phobic, and amphiphilic [28]. The hydrophilic branch of PPARg-LBP
consists of a helix (H) 3, H5, H11, and H12, which interact with the
acidic head group of thiazolidinedione (TZD) class selective PPARg
agonists. The hydrogen-bonding interaction with Tyr473 in H12 is
the pivotal feature of TZD class PPARg full agonists which lead to
the ligand-induced dissociation of the corepressor proteins
Fig. 2. The concentration response analysis of adiponectin production-inducing mar-
liolide derivatives for their PPARg binding activity. (A) The concentration-dependent
curve of adiponectin production-inducing activities of butyrolactone compounds 1a
and 2a and long aliphatic chain compounds 1i and 2c. (B) Ki values for 1a,1i, 2a, and 2c
in PPARg radioligand binding assays were calculated based on the Cheng and Prusoff
equation. Values represent mean ± SD (n ¼ 3); *p � 0.05 and **p � 0.01.
important in PPARg transactivation. The hydrophobic branch of
PPARg-LBP, consisting of H20, H3, H6, H7, and the b-sheet region, is
the major interaction site for diverse PPARg partial agonists29. The
amphiphilic branch, contributed by the b-sheet, H2, H3, and H5, has
been described as the entrance region of PPARg-LBP that branches
off into the hydrophilic and hydrophobic arms of a large Y-shaped
space [28,29]. To compare the relative PPARg binding affinity, the
free energy scores of the optimized ligand docking models for the
marliolide derivatives were calculated with the PPARg-ligand
interaction model constructed from the PPARg PDB structure 5U5L
using AutoDock Vina (Fig. 3) [30].

In PPARg-ligand docking simulation, a selective PPARg agonist
pioglitazone formed a horseshoe shape conformation around H3 in
the PPARg-LBP and its docking free energywas�8.6 kcal/mol in the
AutoDock Vina analysis (Fig. 3A). The long aliphatic chain marlio-
lide 1i mainly interacted with the amino acid residues in the hy-
drophobic branch of the PPARg-LBP, resulting in �7.5 kcal/mol of
docking free energy (Fig. 3B). The docking free energy levels of
adiponectin production-inducing marliolide derivatives correlated
with their PPARg binding activity (Fig. 3C). Notably, the marliolide
1i lacked the interaction with Tyr473 in H12 in the hydrophilic
branch of PPARg-LBP and the optimized ligand docking model of
marliolide 1i was similar to those of the PPARg partial agonists
[29,31e33]. By definition, a partial agonist inhibits the pharmaco-
logical activity of a full agonist by competing with the agonist-
receptor binding [34]. To investigate the PPARg partial agonism of
marliolide 1i, pioglitazone was co-treated with marliolide 1i while
inducing adipogenesis in hBM-MSCs (Fig. 3D). The marliolide 1i
showed antagonistic activity against the adiponectin production-
inducing activity of a PPARg full agonist pioglitazone in a
concentration-dependent manner (Fig. 3D). Both the docking
simulation and pharmacological ligand competition studies sup-
ported that long aliphatic chain compounds like 1i promoted adi-
ponectin production during adipogenesis in hBM-MSCs via PPARg
partial agonism. Previously, we reported that the HO-1 inducing
marliolide inhibited tumor formation in mouse skin, suggesting the
anti-cancer potential of marliolide [22]. The long aliphatic chain
marliolide derivative, such as 1iwas more potent in inducing HO-1
than the short aliphatic chain derivatives, such as 1a and 2a. In the
target identification study, a long aliphatic chain marliolide 1i was
characterized as a PPARg partial agonist. The HO-1-induction ac-
tivity of marliolide may be directly associated with the PPARg
partial agonism because the HO-1 transcription can be regulated by
the PPREs present in the promoter region [23e25]. Notably, the
ligand-induced activation of PPARg can induce apoptosis of some
tumor cells [35]. Therefore, the anti-cancer activity of a long
aliphatic chain marliolide 1i can be primarily associated with a
partial agonistic activity for PPARg.

In contrast to the HO-1 inducting activity, short aliphatic chain
derivatives 1a and 2a showedmore potent adiponectin production-
inducing activity than the long aliphatic chain compounds. To
resolve the lack of correlation between the effects on adiponectin
production and PPARg binding activity, the PPARg ligand docking
models for a short aliphatic chain compound 1a was examined
(Fig. 4). Notably, there were two distinctive binding modes for 1a in
the PPARg-LBD among the top 10 lowest docking energy models in
AutoDock Vina analysis. In the first 1a docking model, 1a existed in
the hydrophilic pocket of the PPARg-LBD and importantly inter-
acted with Tyr473 in H12 (Fig. 4A). The second docking confor-
mation showed that 1a was located in the hydrophobic pocket of
the PPARg-LBD like that of PPARg partial agonists (Fig. 4B). The co-
crystallization of the two ligand molecules in the PPARg-LBD has
been reported in the diverse X-ray crystal structure of the PPARg-
LBD [20,36]. In this regard, it is possible that two molecules of 1a
may co-exist in the PPARg-LBD leading to PPARg transactivation



Fig. 3. The ligand docking simulation of adiponectin production-inducing marliolide derivatives. Binding modes of pioglitazone (A) and 1i (B) docked to the structure of PPARg LBD
(PDB 5U5L) using AutoDock Vina version 1.1.2. (C) Free energy scores of adiponectin-inducing marliolide derivatives 1a, 1b, 1c, 1d, 1e, 1f, 1g, 1h, and 1i were calculated using
Autodock Vina. (D) Evaluation of a long chain aliphatic chain marliolide 1i as a PPARg partial agonist. hBM-MSCs were differentiated in adipogenic IDX media, and co-treated with 1i
in the presence of pioglitazone. The cell culture supernatants were harvested on the fifth day, and the level of adiponectin was measured using ELISA. Values represent mean ± SD
(n ¼ 3). *p � 0.05 and **p � 0.01.

Fig. 4. The molecular interaction models of two 1a molecules in PPARg-LBD. Among the top lowest docking energy models in the AutoDock Vina analysis, the two distinctive
binding modes for 1a were identified. (A) The first binding mode of 1a to the hydrophilic pocket of PPARg LBD. (B) The second binding mode of 1a to the hydrophobic pocket of
PPARg LBD. (C) Comparing the two distinctive conformation of 1a with pioglitazone was performed. (D) Linked butanolide dimers were designed and their ligand docking energy
levels were calculated via AutoDock Vina. (E) The molecular interaction model of a linked butanolide dimer (n ¼ 8) to the structure of PPARg LBD (PDB 5U5L) was generated via
AutoDock Vina.
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with the upregulation of adiponectin production. If two 1a mole-
cules existing in both the hydrophilic and hydrophobic pockets of
PPARg-LBD were aligned with a PPARg agonist pioglitazone, they
were approximately superimposed (Fig. 4C). To validate this
hypothesis, the linked butanolide dimers were designed and their
ligand docking energy levels were calculated (Fig. 4D). A linked
butanolide dimer (n ¼ 8) with the optimum length of carbon
linkage formed a hydrogen bonding interaction with the Tyr473
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residue of H12 in the PPARg ligand-docking model (Fig. 4E).

2.3. Synthesis of novel linked butanolide dimers 3a-c and 4a-c

To validate the binding model of two 1a molecules in PPARg-
LBD to explain its potent adiponectin production-inducing activity,
novel linked butanolide dimer compounds were synthesized. The
dimerized butanolide derivatives 3 and 4 were envisioned to be
prepared by the connection of the two identical molecules
employing olefin cross-metathesis as a key step. The monomers
(4S,5S)-4-hydroxy-5-methyl-lactone with appropriate carbon
chain possessing a terminal alkene at a-position were envisaged to
be synthesized by coupling the known lactone with proper alde-
hydes by the use of lactone enolate alkylation (Scheme 1).

At first glance, it appeared that the dimerized compounds
connected with the 10 carbon chain could be easily obtained by
coupling the two equivalents of lactone with decanedial, but the
intuitive methodology turned out to be unsatisfactory due to
polymerization of di-aldehyde or other unsettled reasons. There-
fore, we deliberated new schemes to achieve dimerization of the
two molecules using olefin metathesis of terminal alkenes after
coupling of lactone with proper aldehydes. Our revised synthesis
started with the coupling of lactone with proper aldehyde con-
taining terminal alkene moiety according to our previous publica-
tion [22]. The dianion generated from b-hyroxy-g-butyrolactone by
lithium diisopropylamide (LDA) was treatedwith alkenyl aldehydes
to produce inseparable diastereomeric mixtures 5a�5c in approx-
imately 4:1 ratio in moderate yields, and then the regioselective
protection of endo b-hydroxyl group of lactones was conducted by
reaction with tert-butyldimethylsilyl chloride in the presence of
imidazole to obtain mono-silyl ethers 6a�6c. The cross-metathesis
reaction of terminal alkenes 6a�6c using Grubbs catalyst 2nd
generation yielded the dimerized products 7a�7c as geometric
isomers, and then the alkenyl group in the linker was saturated by
catalytic hydrogenation using Pd/C to afford linked butanolide di-
mers 8a�8c. The a,b-unsaturated lactones 9a�9c and 10a�10c
were produced by mesylation of 2� alcohols and subsequent
elimination promoted by base andwarming. The ratio of olefination
in our previous studies on marliolide was 3.7:1 [22]. However, the
present dehydration step included double elimination of two sec-
ondary alcohols in one molecule so that we got the EE and EZ iso-
mers ranging 1.14¡1.31:1 ratio as separable mixtures, 9’s and 10’s
(ZZ isomers were also detected in trace amounts.) (Scheme 2).

Finally, de-protection of silyl ether in acidic condition afforded
the desired linked butanolide dimers 3a�3c and 4a�4c from 9’s
and 10’s, respectively (Scheme 3).

2.4. Effects of linked butanolide dimers on adiponectin production
during adipogenesis in hBM-MSCs and their PPARg binding
activities

Next, we examined the effects of novel linked butanolide dimers
on adiponectin production during adipogenesis in hBM-MSCs
Scheme 1. Retrosynthetic analysis of linked butanolide dimers 3 and 4.
(Fig. 5A and B). As expected in the docking simulation (Fig. 4D
and E), the linked butanolide dimers 3a and 4a showed a potent
adiponectin production-inducing activity (Fig. 5B). When the
number of carbons between the two lactone rings was increased
above the optimum linkage length, the potency of adiponectin
production was reduced as expected in the docking simulation
(Fig. 5A and B). In a concentration-response analysis for adipo-
nectin production-inducing activity, the EC50 values of 3a and 4a
were 4.34 mM and 9.19 mM, respectively. The linked butanolide
dimers 3a and 4a showed more potent adiponectin production-
inducing activity during adipogenesis in hBM-MSCs than the
short aliphatic chain compounds 1a and 2a (Fig. 5C).

Next, a radioligand-binding assay was performed to determine
whether the linked butanolide dimers 3a and 4a directly interacted
with PPARg. The linked butanolide dimers 3a and 4a competitively
replaced tritium [3H]-labelled rosiglitazone bound to PPARg, and
their Ki values were 1.65 mM and 0.63 mM, respectively (Fig. 5D). In
the docking simulation, 3a and 4a formed a hydrogen bond with
Tyr473 in H12, suggesting that they function as PPARg full agonists.
In contrast to a long aliphatic chain 1i (marliolide), a PPARg partial
agonist (Fig. 3D), linked butanolide dimers 3a and 4a did not inhibit
the adiponectin production-inducing activity of pioglitazone dur-
ing adipogenesis in hBM-MSCs (Fig. 5E). The linked butanolide di-
mers 3a and 4a additively promoted adiponectin production as
compared to pioglitazone (Fig. 5E). Therefore, the linked butanolide
dimers provide a novel pharmacophore of PPARg full agonists. The
number of amino acid residues interacting with the linked buta-
nolide dimers was relatively fewer than those of the TZD class
PPARg agonists in the LBP of PPARg, which may be responsible for
the weaker efficacy of the linked butanolide dimers. Further study
should be directed to elucidate the differences in the pharmaco-
logical outcomes between the linked butanolide dimers and the
TZD class compounds as a full PPARg agonist.

3. Conclusions

In this study, we found that the HO-1-inducing marliolide de-
rivatives significantly increased adiponectin production during
adipogenesis in hBM-MSCs and that a long aliphatic chain mar-
liolide 1i was a PPARg partial agonist. Notably, the short aliphatic
chain derivatives 1a and 2a were more potent in the upregulation
of adiponectin production, although they were less potent in the
PPARg binding activity than the long aliphatic chain compounds.
Among the top 10 lowest PPARg ligand-dockingmodels, there were
two binding modes for a short aliphatic chain derivative 1a. It is
well known that two ligandmolecules can be co-crystallized within
the PPARg ligand binding pocket [21]. When the two molecules of
nonsteroidal anti-inflammatory drugs (NSAIDs), such as indo-
methacin and sulindac sulfide were present within PPARg-LBD, the
hydrogen bonds with Tyr473 in H12 and Ser289 in H3 in the hy-
drophilic ligand binding pocket of PPARg were favorably formed,
which is essential to induce the active form of PPARg [20]. In this
regard, it is possible that the two 1a molecules may affect the
PPARg function associated with adiponectin production similar to
that of NSAIDs. Based on the PPAR docking model that two 1a
molecules were present in the ligand binding pocket, the dimers
were designed by linking the two g-butyrolactone rings by a carbon
chain. A linked butanolide dimer 3a directly bound to PPARg in a
radioligand binding assay and showed a full PPARg agonist activity
in adiponectin production during adipogenesis in hBM-MSCs.

Diverse endogenous ligands for PPARg have been reported and
small molecule cellular metabolites can interact within the PPARg
ligand binding pocket [35]. In addition, various coactivators and
corepressors are recruited to PPARg during its ligand-induced
transactivation [36]. In spite of extensive PPARg research, it is still



Scheme 2. Synthesis of linked butanolide dimers 9’s and 10’s. Reagents and conditions: (a) LDA, THF, HMPA, �78 �C to �30 �C, 7 h; (b) TBSCl, imidazole, DMF, rt, overnight; (c)
Grubbs catalyst 2nd generation, toluene, 80 �C, 2 d; (d) 48% wet Pd/C (10%), H2, MeOH, 4 h; (e) MsCl, Et3N, CH2Cl2, 0 �C, 3 h, and then Et3N, 45 �C, overnight.

Scheme 3. Synthesis of the desired final products 3a-3c & 4a-4c. Reagents and con-
ditions: (a) 2 M HCl, MeOH, 60 �C, overnight.
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unclear whether diverse endogenous metabolites with a small
molecular weight can affect the cellular PPARg functions via mul-
tiple ligand interactions in a homogeneous or heterogeneous
manner. This study provided diverse PPARg ligand molecules from
a short aliphatic chain derivative 1a, a PPARg partial agonist 1i, and
novel PPARg full agonist linked butanolide dimers 3a and 4a. The
linked butanolide dimers 3a and 4a provide important molecular
insight for cellular PPARg functions. For instance, small molecules
like 1a can formmultiple ligand interaction sites within the ligand-
binding pocket of PPARg, which can affect the functional outcomes
of PPARg modulation. The diverse molecular repertoire of butano-
lide derivatives provides a better understanding of the ligand
interaction modes of PPARg, especially with diverse small mole-
cules, such as endogenous cellular metabolites.
4. Experimental section

4.1. General methods

Except where noted, all the materials were purchased from
commercial suppliers and were used without further purification.
All reactions were routinely carried out under an inert atmosphere
of dried nitrogen. 1H NMR Spectra (CDCl3) were recorded on a
Varian (400 MHz) spectrometer (Varian Medical Systems, Inc., Palo
Alto, CA, USA). The 1H NMR data are reported as peakmultiplicities:
s for singlet, d for doublet, dd for doublet of doublets, t for triplet, q
for quartet, bs for broad singlet andm formultiplet. 13CNMR spectra
(CDCl3) were recorded on Varian (100 MHz) spectrometer. The
chemical shifts are reported as parts per million (d) relative to the
solvent peak with coupling constants in hertz (Hz). Optical rota-
tions were determined on Jasco P-2000 polarimeter in appropriate
solvent. Infrared spectra were recorded on FT-IR (NICOLET-iS5).
Melting points were measured on Thermoscientific-9200. Re-
actions were monitored with TLC (Merck precoated 60F254 plates).
Spots were detected by viewing under a UV light, colorizing with
charring after dipping in anisaldehyde solution or basic KMnO4
solution. Column chromatography was performed on silica gel 60
(230e400 mesh Kieselgel 60). The mass spectra were recorded
using LRMS (electron ionization MS) obtained on a Shimadzu-2020
or using HRMS (electrospray ionization MS) obtained on a G2 QTOF
mass spectrometer. The final product purity was analyzed by
reversed-phase high-performance liquid chromatography (RP-
HPLC), performed on Agilent technologies 1260 infinity system, by
using a Zorbax Eclipse Plus C18 column (Agilent, 3.5 mm,
4.6� 100 mm), and HPLC system equipped with an ultraviolet (UV)
detector set at 254 nm. The mobile phases used were: (A) 0.1% TFA
in H2O, (B) 0.1% TFA in Acetonitrile; with a flow rate 1.0 ml/min. The
compounds purity was assessed using gradient 5e100% B for
0e8 min; 100% B for 8e12 min; 100-5% B for 12e16 min; 5% B for
16e18 min. The purity of all tested compounds was >95%.



Fig. 5. Adiponectin production-inducing activity of linked butanolide dimers and their PPARg binding activity. (A) Chemical structure of linked butanolide derivatives. (B) Effects of
linked butanolide compounds (10 mM) on adiponectin production in the adipogenic IDX medium in hBM-MSCs. Adiponectin levels were quantified using ELISA. (C) The
concentration-dependent curves of adiponectin production-inducing activities of linked butanolide dimers 3a and 4a. (D) PPARg radioligand binding assays were performed. Ki
values of linked butanolide dimers 3a and 4a were calculated by the Cheng and Prusoff equation. (E) Evaluation of liked butanolide dimers 3a and 4a as a PPARg full agonist. hBM-
MSCs were differentiated in adipogenic IDX media, and co-treated with linked butanolide dimers 3a and 4a in the presence of pioglitazone. The cell culture supernatants were
harvested on the fifth day of adipogenesis-induction. The level of adiponectin was measured using ELISA. Values represent mean ± SD (n ¼ 3). *p � 0.05 and **p � 0.01. ROSI,
Rosiglitazone.
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4.2. Synthesis of 1a-1i

All the spectral data were provided in the reported papers
[22,37].
4.3. Synthesis of 2a-2c

Compounds 2a-2c were prepared according to the reported
procedures [22,37].
4.3.1. (4R,5S,Z)-3-Butylidene-4-hydroxy-5-methyldihydrofuran-
2(3H)-one (2a)

[a]D20 ¼ 66.5 (c ¼ 1.2, CHCl3); 1H NMR (400 MHz, CDCl3) d 7.00
(dt, J ¼ 1.6, 7.8 Hz, 1H), 4.54e4.48 (m, 2H), 2.45e2.33 (m, 3H),
1.60e1.53 (m, 2H), 1.35 (d, J¼ 6.4 Hz, 3H), 0.98 (t, J¼ 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3) d 170.2, 148.5, 129.4, 82.9, 72.0, 31.5, 21.6,
19.6, 13.7; IR (neat) 3421, 2957, 1729, 1676, 1200, 1103, 1026 cm�1;
HRMS (ESI) m/z calcd for C9H15O3 [MþH]þ: 171.1021, found:
171.1049.
4.3.2. (4R,5S,Z)-3-Hexylidene-4-hydroxy-5-methyldihydrofuran-
2(3H)-one (2b)

[a]D20 ¼ 101.7 (c ¼ 0.48, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.99
(dt, J ¼ 1.4, 8.6 Hz, 1H), 4.53e4.48 (m, 2H), 2.65 (d, J ¼ 6.8 Hz, 1H),
2.48e2.34 (m, 2H), 1.54e1.48 (m, 2H), 1.35e1.29 (m, 4H), 1.35 (d,
J ¼ 6.4 Hz, 3H), 0.92 (t, J ¼ 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3)
d 169.9, 148.8, 130.4, 82.7, 72.1, 31.4, 29.6, 28.0, 22.4, 19.7, 13.9; IR
(neat) 3421, 2926, 1732, 1673,1212, 1037, 932 cm�1; HRMS (ESI)m/z
calcd for C11H19O3 [MþH]þ: 199.1334, found: 199.1372.
4.3.3. (4R,5S,Z)-4-Hydroxy-5-methyl-3-
tetradecylidenedihydrofuran-2(3H)-one (2c)

All the spectral data were provided in the reported paper [22].

4.4. General procedure for the preparation of 5a-5c

To a stirred solution of lithium diisopropylamide (5 ml, 2.0 M in
heptane, 10.7 mmol) in THF (2 ml) at �78 �C, was added a solution
of known lactone (250 mg, 2.1 mmol) in THF (2 ml) dropwise via
syringe under N2 atmosphere. After 2 h of stirring, a solution of
proper aldehyde (n ¼ 3,4,5) (2.5 mmol) in dry THF (2.5 ml) and
HMPA (2.5 ml) was added dropwise via syringe at �78 �C and the
reaction mixture was allowed to warm to �30 �C over a period of
3 h and the temperature was maintained for 3 h. The reaction
mixture was quenched with 30 ml of sat. NH4Cl and extracted with
EtOAc (50 ml x 3). Combined organic layer was washed with sat.
brine, dried over MgSO4, filtered and evaporated. The crude residue
was purified by silica gel column chromatography (0e20% EtOAc in
CH2Cl2) to give alcohol 5 as a diastereomeric mixture, along with
recovered starting material.

4.4.1. (3S,4S,5S)-Dihydro-4-hydroxy-3-(1-hydroxyhex-5-enyl)-5-
methylfuran-2(3H)-one (5a)

Compound 5awas obtained as a pale yellow syrup (150 mg, 28%
recovery yield): 1H NMR (400 MHz, CDCl3) d 5.86e5.75 (m, 1H),
5.01 (dd, J ¼ 9.2, 16.8 Hz, 2H), 4.77e4.69 (m, 1H), 4.66 (t, J ¼ 6.0 Hz,
0.2H), 4.47 (t, J ¼ 6.0 Hz, 0.8H), 4.16e4.14 (m, 0.2H), 3.97e3.93 (m,
0.8H), 2.65 (dd, J¼ 6.0, 8.0 Hz, 1H), 2.23 (bs, 1H), 2.18e2.08 (m, 2H),
1.78e1.69 (m, 2H), 1.67e1.59 (m, 2H), 1.55e1.44 (m, 1H), 1.39 (d,
J ¼ 6.0 Hz, 3H); IR (neat) 3405, 2927, 2248, 1737, 1634, 1061, 911,
726 cm�1; HRMS (ESI) m/z calcd for C11H19O4 [MþH] þ: 215.1283,
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found: 215.1277.

4.4.2. (3S,4S,5S)-Dihydro-4-hydroxy-3-(1-hydroxyhept-6-enyl)-5-
methylfuran-2(3H)-one (5b)

Compound 5bwas obtained as a pale yellow syrup (145 mg, 29%
recovery yield): 1H NMR (400 MHz, CDCl3) d 5.85e5.75 (m, 1H),
4.98 (dd, J ¼ 8.8, 17.2 Hz, 2H), 4.74e4.70 (m, 1H), 4.64 (t, J ¼ 6.0 Hz,
0.35H), 4.46 (t, J ¼ 6.0 Hz, 0.65H), 4.12e4.09 (m, 0.35H), 3.96e3.92
(m, 0.65H), 3.01e2.62 (bs, 2H), 2.64 (dd, J ¼ 5.6, 10.8 Hz, 1H), 2.07
(dd, J ¼ 6.8, 12.8 Hz, 2H), 1.71e1.68 (m, 2H), 1.49e1.40 (m, 4H), 1.38
(d, J ¼ 6.4 Hz, 3H); IR (neat) 3430, 2935, 1746, 1637, 1198, 1047,
757 cm�1; HRMS (ESI) m/z calcd for C12H21O4 [MþH] þ: 229.1440,
found: 229.1431.

4.4.3. (3S,4S,5S)-Dihydro-4-hydroxy-3-(1-hydroxyoct-7-enyl)-5-
methylfuran-2(3H)-one (5c)

Compound 5cwas obtained as a pale yellow syrup (145 mg, 27%
recovery yield): 1H NMR (400 MHz, CDCl3) d 5.85e5.75 (m, 1H),
5.01 (dd, J ¼ 8.8, 17.2 Hz, 2H), 4.76e4.68 (m, 1H), 4.62 (t, J ¼ 5.2 Hz,
0.4H), 4.45 (t, J ¼ 5.2 Hz, 0.6H), 4.12e4.08 (m, 0.4H), 3.95e3.91 (m,
0.6H), 3.07e2.92 (m, 2H), 2.64 (dd, J ¼ 5.2, 10.4 Hz, 1H), 2.05 (dd,
J ¼ 6.0, 12.8 Hz, 2H), 1.66 (m, 2H), 1.49 (m, 3H), 1.38 (d, J ¼ 6.4 Hz,
3H), 1.26 (bs, 3H); IR (neat) 3385, 2933, 2857,1743, 1634, 1190,1056,
919, 751 cm�1; HRMS (ESI) m/z calcd for C13H23O4 [MþH]þ:
243.1596, found: 243.1604.

4.5. General procedure for the preparation of 6a-6c

To a stirred solution of diol 5 (0.88 mmol) in DMF (2.5 ml) at
room temperature, imidazole (2.2 mmol) and tert-butyldimethyl-
chlorosilane (1.7 mmol) were added under N2 atmosphere and the
reaction mixture was stirred for 2 h. Reaction monitoring using TLC
showed the presence of startingmaterial. The former equivalents of
imidazole (150 mg, 2.2 mmol) and tert-butyldimethylchlorosilane
(270 mg, 1.7 mmol) were added again and the stirring of the re-
action mixture was continued for 1 h. Addition of imidazole and
tert-butyldimethylchlorosilanewas continued till the completion of
startingmaterial. Reactionmixturewas quenchedwith sat. NaHCO3
and extracted with EtOAc. Organic layer was dried over MgSO4,
filtered and evaporated. The crude residue was purified by silica gel
column chromatography (Hexane/EtOAc ¼ 4:1) to give silyl ether 6
as a diastereomeric mixture.

4.5.1. (3S,4S,5S)-4-(tert-Butyldimethylsilyl)oxy-dihydro-3-(1-
hydroxyhex-5-enyl)-5-methylfuran-2(3H)-one (6a)

Compound 6a was obtained as a pale yellow syrup (130 mg,
44%): 1H NMR (400 MHz, CDCl3) d 5.84e5.72 (m, 1H), 4.98 (dd,
J¼ 7.2,17.2 Hz, 2H), 4.68e4.61 (m,1H), 4.53 (t, J¼ 5.2 Hz, 0.4H), 4.38
(t, J ¼ 5.2 Hz, 0.6H), 4.08 (bs, 0.4H), 3.84 (bs, 0.6H), 2.58e2.41 (m,
2H), 2.08 (dd, J ¼ 6.8, 13.6 Hz, 2H), 1.78e1.70 (m, 1H), 1.66e1.56 (m,
2H), 1.52e1.34 (m, 1H), 1.30 (d, J ¼ 6.0 Hz, 3H), 0.89 (s, 9H), 0.08 (s,
6H); IR (neat) 3393, 2930, 2852, 1734, 1684, 1464, 1249, 913, 832,
740 cm�1; HRMS (ESI) m/z calcd for C17H33O4Si [MþH]þ: 329.2148,
found: 329.2138.

4.5.2. (3S,4S,5S)-4-(tert-Butyldimethylsilyl)oxy-dihydro-3-(1-
hydroxyhept-6-enyl)-5-methylfuran-2(3H)-one (6b)

Compound 6b was obtained as a pale yellow syrup (145 mg,
66%):1H NMR (400 MHz, CDCl3) d 5.83e5.75 (m, 1H), 4.98 (dd,
J¼ 8.4,17.2 Hz, 2H), 4.67e4.62 (m,1H), 4.55 (t, J¼ 4.8 Hz, 0.3H), 4.40
(t, J¼ 5.2 Hz, 0.7H), 3.99 (bs, 0.3H), 3.84 (bs, 0.7H), 2.55 (t, J¼ 4.4 Hz,
1H), 2.07 (dd, J ¼ 6.0, 12.4 Hz, 2H), 1.74 (dd, J ¼ 6.8, 13.6 Hz, 2H),
1.57e1.36 (m, 2H) 1.32 (d, J ¼ 6.4 Hz, 3H), 1.25 (s, 3H), 0.90 (s, 9H),
0.11 (s, 6H); IR (neat) 3438, 2927, 2852, 2254,1754,1642,1469,1251,
1070, 889, 832, 726 cm�1; HRMS (ESI) m/z calcd for C18H35O4Si
[MþH]þ: 343.2305, found: 343.2290.
4.5.3. (3S,4S,5S)-4-(tert-Butyldimethylsilyl)oxy-dihydro-3-(1-
hydroxyoct-7-enyl)-5-methylfuran-2(3H)-one (6c)

Compound 6c was obtained as a pale yellow syrup (145 mg,
68%): 1H NMR (400 MHz, CDCl3) d 5.74e5.65 (m, 1H), 4.88 (dd,
J¼ 9.6,17.2 Hz, 2H), 4.61e4.56 (m,1H), 4.46 (t, J¼ 4.0 Hz, 0.3H), 4.31
(t, J ¼ 4.4 Hz, 0.7H), 3.99e3.98 (m, 0.3H), 3.79e3.77 (m, 0.7H), 2.69
(d, J ¼ 4.8 Hz, 0.3H), 2.61 (d, J ¼ 5.6 Hz, 0.7H), 2.48e2.44 (m, 1H),
1.96 (dd, J ¼ 6.4, 13.2 Hz, 2H) 1.61 (m, 1H), 1.44e1.30 (m, 1H),
1.36e1.26 (m, 6H), 1.23 (d, J ¼ 6.8 Hz, 3H), 0.81 (s, 9H), 0.01 (s, 6H);
IR (neat) 3430, 2994, 2935, 2852, 1754, 1734, 1645, 1212, 1050, 989,
908, 757 cm�1; HRMS (ESI) m/z calcd for C19H37O4Si [MþH]þ:
357.2461, found: 357.2467.
4.6. General procedure for the preparation of 7a-7c

To a stirred solution of olefin 6 (0.39 mmol) in toluene (2.5 ml),
2nd generation Grubbs (0.008 mmol) was added and the reaction
mixture was stirred at 80 �C for 2 days. Reactionmass was cooled to
room temperature, volatiles were evaporated. The crude residue
was purified by silica gel column chromatography (0e30% EtOAc in
Hexane) to give dimerized compound 7 as predominant E-isomer.
4.6.1. (3S,30S,4S,40S,5S,50S)-3,3’-(1,10-Dihydroxy-dec-5-ene-1,10-
diyl)bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-
methyldihydrofuran-2(3H)-one) (7a)

Compound 7awas obtained as a pale yellow syrup (60mg, 24%):
1H NMR (400 MHz, CDCl3) d 5.40 (bs, 2H), 4.80e4.55 (m, 2H), 4.43
(t, J ¼ 4.2 Hz, 2H), 3.89 (bs, 2H), 3.15 (d, J ¼ 7.6 Hz, 2H), 2.52 (t,
J ¼ 3.2 Hz, 2H), 2.00 (m, 4H), 1.83e1.75 (m, 4H), 1.56e1.44 (m, 4H),
1.31 (d, J ¼ 6.0 Hz, 6H), 0.89 (bs, 18H), 0.07 (s, 12H).
4.6.2. (3S,30S,4S,40S,5S,50S)-3,3’-(1,12-Dihydroxy-dodec-6-ene-1,12-
diyl)bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-
methyldihydrofuran-2(3H)-one) (7b)

Compound 7bwas obtained as a pale yellow syrup (65mg, 28%):
1H NMR (400 MHz, CDCl3) d 5.28 (bs, 2H), 4.59 (t, J ¼ 5.6 Hz, 2H),
4.40 (bs, 1H), 4.31 (d, J ¼ 4.4 Hz, 1H) 3.98 (bs, 1H), 3.78 (bs, 1H),
2.76e2.51 (m, 2H), 2.47e2.44 (m, 2H), 1.94 (m, 4H), 1.64e1.51 (m,
2H), 1.47e1.28 (m, 10H), 1.26 (d, J ¼ 5.6 Hz, 6H), 0.81 (bs, 18H), 0.02
(s, 12H).
4.6.3. (3S,30S,4S,40S,5S,50S)-3,3’-(1,14-Dihydroxy-tetradec-7-ene-
1,14-diyl)bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-
methyldihydrofuran-2(3H)-one) (7c)

Compound 7cwas obtained as a pale yellow syrup (74 mg, 30%):
1H NMR (400 MHz, CDCl3) d 5.28 (bs, 2H), 4.61 (t, J ¼ 6.8 Hz, 2H),
4.46 (t, J ¼ 4.0 Hz, 1H), 4.31 (t, J ¼ 4.4 Hz, 1H) 3.97 (bs, 1H), 3.78 (bs,
1H), 2.78e2.65 (m, 2H), 2.47e2.44 (m, 2H), 1.94 (bs, 4H), 1.64e1.46
(m, 4H), 1.45e1.34 (m, 12H), 1.23 (d, J ¼ 6.8 Hz, 6H), 0.81 (bs, 18H),
0.01 (s, 12H).
4.7. General procedure for the preparation of 8a-8c

To a stirred solution of 7 (0.095 mmol) in MeOH (1 ml), 10% Pd/C
(12 mg, 48% wet) was added and the flask was sealed with a
hydrogen balloon. The suspension was stirred for 5 h at room
temperature. The resulting suspensionwas filtered through a pad of
Celite and the filtrate was evaporated to give compound 8 as off-
white syrup. Similarly compounds 8b and 8c were prepared.
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4.7.1. (3S,30S,4S,40S,5S,50S)-3,3’-(1,10-Dihydroxy-decane-1,10-diyl)
bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-methyldihydrofuran-
2(3H)-one) (8a)

Compound 8awas obtained as off-white syrup (57 mg, 95%): 1H
NMR (400 MHz, CDCl3) d 4.69e4.65 (m, 2H), 4.56 (t, J ¼ 4.4 Hz, 1H),
4.41 (t, J¼ 5.0 Hz, 1H), 4.00 (bs, 1H), 3.86 (bs, 1H), 2.60 (t, J¼ 3.6 Hz,
1H), 2.56 (t, J ¼ 4.6 Hz, 1H), 2.48e2.30 (bs, 2H), 1.73e1.69 (m, 2H),
1.60 (bs, 2H), 1.52e1.40 (m, 2H), 1.33 (d, J ¼ 6.4 Hz, 6H), 1.31 (bs,
10H), 0.90 (bs, 18H), 0.10 (m, 12H).

4.7.2. (3S,30S,4S,40S,5S,50S)-3,3’-(1,12-Dihydroxy-dodecane-1,12-
diyl)bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-
methyldihydrofuran-2(3H)-one) (8b)

Compound 8bwas obtained as off-white syrup (60 mg, 96%): 1H
NMR (400 MHz, CDCl3) d 4.68e4.64 (m, 2H), 4.55 (t, J ¼ 4.4 Hz, 1H),
4.40 (t, J ¼ 4.8 Hz, 1H), 4.08 (bs, 1H), 3.85 (t, J ¼ 5.2 Hz, 1H), 2.60 (t,
J ¼ 4.8 Hz, 1H), 2.55 (t, J ¼ 4.8 Hz, 1H), 2.28 (dd, J ¼ 5.6, 10.0 Hz, 1H),
2.02 (dd, J ¼ 5.6, 15.6 Hz, 1H), 1.73e1.70 (m, 2H), 1.55e1.47 (m, 2H),
1.42e1.38 (m, 2H), 1.33 (d, J ¼ 6.8 Hz, 6H), 1.29 (bs, 14H), 0.90 (bs,
18H), 0.10 (m, 12H).

4.7.3. (3S,30S,4S,40S,5S,50S)-3,3’-(1,14-Dihydroxy-tetradecane-1,14-
diyl)bis(4-(tert-butyldimethylsilyl)oxy-dihydro-5-
methyldihydrofuran-2(3H)-one) (8c)

Compound 8cwas obtained as off-white syrup (58 mg, 95%): 1H
NMR (400 MHz, CDCl3) d 4.60e4.56 (m, 2H), 4.46 (t, J ¼ 4.0 Hz, 1H),
4.31 (t, J ¼ 4.4 Hz, 1H), 3.99 (bs, 1H), 3.77 (bs, 1H), 2.55e2.45 (m,
4H), 1.64e1.60 (m, 2H), 1.51e1.44 (m, 2H), 1.40e1.36 (m, 2H), 1.23
(d, J ¼ 6.4 Hz, 6H), 1.17 (bs, 18H), 0.81 (bs, 18H), 0.01 (m, 12H).

4.8. General procedure for olefination

To a stirred solution of 8a (0.095 mmol) in CH2Cl2 (2.0 ml),
triethylamine (1.42 mmol) and methanesulfonyl chloride
(0.47 mmol) were added at 0 �C and the reaction mixture was
stirred at the same temperature for 3 h. Excess triethylamine
(1.42 mmol) was added and the reaction mixture was slowly
warmed to 45 �C and the temperature was maintained overnight.
Reaction completion was monitored by TLC. Reaction mixture was
diluted with CH2Cl2 and washed with sat. NaHCO3. Organic layer
was dried over MgSO4, filtered and evaporated. The crude residue
was purified by silica gel column chromatography (Hexane/
EtOAc ¼ 9.8:0.2) to afford 9a (12 mg, 21%, EE-isomer) and 10a
(9 mg, 16%, EZ-isomer) as colorless oils. Similarly, compounds 9b,
10b, 9c, and 10c were prepared.

4.8.1. (3E,30E,4S,40S,5S,50S)-3,3’-(Decane-1,10-diylidene)bis(4-(tert-
butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one) (9a(EE))

(12 mg, 21%) as colorless oil: [a]D20 ¼ �61.1 (c ¼ 0.1, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.79 (t, J ¼ 7.6 Hz, 2H), 4.84 (d, J ¼ 4.8 Hz,
2H), 4.46e4.42 (m, 2H), 2.38e2.25 (m, 4H), 1.53e1.41 (m, 4H), 1.37
(d, J¼ 6.8 Hz, 6H),1.37e1.28 (m, 8H), 0.89 (bs,18H), 0.11 (s,12H); 13C
NMR (100 MHz, CDCl3) d 174.7, 148.5, 148.4, 134.7, 134.6, 83.3, 73.5,
34.1, 33.9, 33.7, 33.7, 33.6, 32.9, 30.1, 22.6, 19.4, 4.4, 0.4; IR (neat)
3352, 2930, 1734, 1371, 1207, 751 cm�1; HRMS (ESI) m/z calcd for
C32H59O6 Si2 [MþH]þ: 595.3850, found: 595.3870.

4.8.2. (3E,30Z,4S,40S,5S,50S)-3,3’-(Decane-1,10-diylidene)bis(4-(tert-
butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one) (10a(EZ))

(9 mg, 16%) as colorless oil: [a]D20 ¼ �19.4 (c ¼ 0.3, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.78 (t, J ¼ 7.2 Hz, 1H), 6.31 (t, J ¼ 7.8 Hz,
1H), 4.84 (d, J ¼ 4.8 Hz, 1H), 4.68 (d, J ¼ 4.8 Hz, 1H), 4.52e4.49 (m,
1H), 4.47e4.42 (m, 1H), 2.75e2.65 (m, 2H), 2.37e2.27 (m, 2H),
1.54e1.41 (m, 4H), 1.37 (d, J¼ 6.8 Hz, 3H), 1.37e1.25 (m, 8H), 1.30 (d,
J ¼ 6.8 Hz, 3H), 0.89 (bs, 18H), 0.11 (s, 12H); 13C NMR (100 MHz,
CDCl3) d 181.6, 180.4, 143.4, 143.3, 119.4, 84.6, 84.0, 77.7, 75.3, 75.2,
74.7, 60.0, 58.5, 39.8, 39.7, 38.4, 34.5, 33.4, 30.4, 30.2, 30.0, 27.5, 22.7,
19.5, 19.4, 18.9, 4.8, 0.3, 0.1; IR (neat) 3374, 2930, 2846, 1637, 1475,
835, 757 cm�1; HRMS (ESI) m/z calcd for C32H59O6 Si2 [MþH]þ:
595.3850, found: 595.3879.

4.8.3. (3E,30E,4S,40S,5S,50S)-3,3’-(Dodecane-1,12-diylidene)bis(4-
(tert-butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one)
(9b(EE))

(16 mg, 23%) as colorless oil. [a]D20 ¼ �82.2 (c ¼ 0.6, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.67 (t, J ¼ 7.2 Hz, 2H), 4.72 (d, J ¼ 4.8 Hz,
2H), 4.35e4.32 (m, 2H), 2.27e2.16 (m, 4H), 1.40e1.30 (m, 4H), 1.25
(d, J¼ 6.4 Hz, 6H),1.19e1.6 (m,12H), 0.78 (bs,18H), 0.03 (s,12H); 13C
NMR (100 MHz, CDCl3) d 174.9, 148.7, 148.7, 148.6, 134.6, 83.4, 73.5,
34.0, 34.0, 33.9, 33.8, 33.8, 33.7, 33.0, 30.1, 22.6, 19.4, 0.4; IR (neat)
3012, 2910, 2849, 1631, 1461, 1215, 832 cm�1; HRMS (ESI) m/z calcd
for C34H63O6Si2 [MþH]þ: 623.4163, found: 623.4166.

4.8.4. (3E,30Z,4S,40S,5S,50S)-3,3’-(Dodecane-1,12-diylidene)bis(4-
(tert-butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one)
(10b(EZ))

(12 mg, 19%) as colorless oil. [a]D20 ¼ �60.5 (c ¼ 0.4, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.78 (t, J ¼ 7.6 Hz, 1H), 6.30 (t, J ¼ 7.6 Hz,
1H), 4.83 (d, J ¼ 4.8 Hz, 1H), 4.67 (d, J ¼ 5.2 Hz, 1H), 4.54e4.43 (m,
2H), 2.77e2.62 (m, 2H), 2.39e2.25 (m, 2H), 1.59e1.49 (m, 4H), 1.36
(d, J ¼ 6.8 Hz, 3H), 1.29 (d, J ¼ 6.4 Hz, 3H), 1.25 (bs, 12H), 0.89 (bs,
18H), 0.10 (s, 12H); 13C NMR (100 MHz, CDCl3) d 175.1, 173.3, 151.3,
148.9, 134.8, 133.7, 83.6, 82.7, 76.6, 73.7, 36.5, 34.7, 34.3, 34.2, 34.1,
34.1, 33.9, 33.8, 33.8, 33.5, 33.1, 32.2, 31.7, 30.3, 29.1, 27.3, 24.3, 22.8,
22.7, 19.6, 19.4, 18.8, 0.5, 0.4, 0.2; IR (neat) 2921, 2860, 1740, 1642,
1466, 1084, 841, 765 cm�1; HRMS (ESI) m/z calcd for C34H63O6Si2
[MþH]þ: 623.4163, found: 623.4187.

4.8.5. (3E,30E,4S,40S,5S,50S)-3,3’-(Tetradecane-1,14-diylidene)bis(4-
(tert-butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one)
(9c(EE))

(32 mg, 25%) as colorless oil. [a]D20 ¼ �36.7 (c ¼ 0.5, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.78 (t, J ¼ 7.2 Hz, 2H), 4.83 (d, J ¼ 4.8 Hz,
2H), 4.46e4.42 (m, 2H), 2.38e2.25 (m, 4H), 1.53e1.41 (m, 4H), 1.36
(d, J ¼ 6.4 Hz, 6H), 1.29e1.26 (m, 16H), 0.89 (bs, 18H), 0.11 (s, 12H);
13C NMR (100MHz, CDCl3) d 174.9,148.7,134.6, 73.5, 34.1, 34.0, 34.0,
34.0, 33.9, 33.9, 33.9, 33.8, 33.0, 30.1, 22.6, 19.4, 0.4; IR (neat) 2924,
2852, 1757, 1461, 1254, 1059, 846, 749 cm�1; HRMS (ESI) m/z calcd
for C36H67O6Si2 [MþH]þ: 651.4476, found: 651.4493.

4.8.6. (3E,30Z,4S,40S,5S,50S)-3,3’-(Tetradecane-1,14-diylidene)bis(4-
(tert-butyldimethylsilyl)oxy-5-methyldihydrofuran-2(3H)-one)
(10c(EZ))

(18 mg, 22%) as colorless oil. [a]D20 ¼ �61.4 (c ¼ 0.3, CHCl3); 1H
NMR (400 MHz, CDCl3) d 6.78 (t, J ¼ 7.2 Hz, 1H), 6.30 (t, J ¼ 7.6 Hz,
1H), 4.83 (d, J ¼ 4.4 Hz, 1H), 4.68 (d, J ¼ 5.2 Hz, 1H), 4.52e4.31 (m,
2H), 2.75e2.64 (m, 2H), 2.37e2.27 (m, 2H), 1.58e1.43 (m, 4H), 1.36
(d, J ¼ 6.8 Hz, 3H), 1.29 (d, J ¼ 6.8 Hz, 3H), 1.25 (bs, 16H), 0.89 (bs,
18H), 0.11 (s, 12H); 13C NMR (100 MHz, CDCl3) d 175.1, 173.3, 151.4,
148.9, 134.8, 133.7, 83.6, 82.7, 76.7, 73.7, 34.3, 34.2, 34.2, 34.1, 34.1,
34.1, 34.0, 34.0, 33.9, 33.8, 33.5, 33.1, 32.2, 30.4, 30.3, 30.3, 30.2,
22.8, 22.7, 19.6, 19.4, 18.8, 0.5, 0.3, 0.2; IR (neat) 3374, 2927, 2852,
1754, 1218, 754 cm�1; HRMS (ESI) m/z calcd for C36H67O6Si2
[MþH]þ: 651.4476, found: 651.4508.

4.9. General procedure for TBS deprotection

To a solution of TBS ether 9a (0.015 mmol) in methanol (1 ml),
2 M HCl (0.05 ml) was added and the reaction mixture was heated
to 60 �C and maintained overnight. The reaction completion was
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monitored by TLC. Reaction mixture was cooled to room temper-
ature, volatiles were evaporated under high vacuum. The crude
residue was dissolved in ethyl acetate, washed with sat. NaHCO3
and sat. brine solution. Organic layer was dried overMgSO4, filtered
and evaporated. The crude residue was purified by silica gel column
chromatography (Hexane/EtOAc ¼ 7:3) to give a compound 3a as
off-white solid. Similarly, compounds 3b, 3c from 9b, 9c and 4a-4c
from 10a-10c were prepared, respectively.

4.9.1. (3E,30E,4S,40S,5S,50S)-3,3’-(Decane-1,10-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (3a)

Compound 3a was obtained as off-white solid (4.5 mg, 49%):
[a]D20 ¼ �67.8 (c ¼ 0.18, CHCl3); 1H NMR (400 MHz, CDCl3)
d 6.96e6.91 (t, J ¼ 1.2, 7.8 Hz, 2H), 4.82 (bs, 2H), 4.55e4.52 (m, 2H),
2.46e2.33 (m, 4H), 2.04 (d, J ¼ 5.2 Hz, 2H), 1.54e1.49 (m, 4H), 1.47
(d, J ¼ 6.8 Hz, 6H), 1.31 (bs, 8H); 13C NMR (100 MHz, CDCl3) d 170.1,
147.7, 130.6, 78.8, 67.8, 29.7, 28.8, 28.7, 28.1, 14.0; IR (neat) 3402,
2926, 1733, 1676, 1460, 1260, 1037, 753.8 cm�1; HRMS (ESI) m/z
calcd for C20H31O6 [MþH]þ: 367.2121, found: 367.2124. Purity 95.0%
(as determined by RP-HPLC, tR ¼ 9.60 min).

4.9.2. (3E,30E,4S,40S,5S,50S)-3,3’-(Dodecane-1,12-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (3b)

Compound 3b was obtained as off-white solid (5 mg, 56%):
[a]D20 ¼ �77.8 (c ¼ 0.36, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.93 (t,
J¼ 8.0 Hz, 2H), 4.82 (bs, 2H), 4.57e4.53 (m, 2H), 2.44e2.34 (m, 4H),
2.19 (d, J ¼ 7.2 Hz, 2H), 1.52e1.50 (m, 4H), 1.46 (d, J ¼ 6.8 Hz, 6H),
1.27 (bs, 12H); 13C NMR (100 MHz, CDCl3) d 170.1, 147.9, 130.4, 78.9,
78.8, 67.7, 29.8, 29.7, 29.7, 29.1, 29.1, 28.9, 28.8, 28.2, 14.0; IR (neat)
3385, 3002, 2849, 1743, 1623, 1215, 1008, 749 cm�1; HRMS (ESI)m/z
calcd for C22H35O6 [MþH]þ: 395.2434, found: 395.2419. Purity
97.7% (as determined by RP-HPLC, tR ¼ 8.49 min).

4.9.3. (3E,30E,4S,40S,5S,50S)-3,3’-(Tetradecane-1,14-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (3c)

Compound 3c was obtained as off-white solid (10 mg, 58%).
[a]D20 ¼ �62.9 (c ¼ 0.5, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.93 (t,
J¼ 8.0 Hz, 2H), 4.81 (bs, 2H), 4.55e4.52 (m, 2H), 2.44e2.36 (m, 4H),
2.16 (d, J ¼ 6.4 Hz, 2H), 1.52e1.50 (m, 4H), 1.46 (d, J ¼ 6.8 Hz, 6H),
1.31 (bs, 16H); 13C NMR (100 MHz, CDCl3) d 170.2, 147.9, 130.4, 78.9,
67.7, 29.9, 29.8, 29.8, 29.7, 29.4, 29.3, 29.2, 29.2, 29.1, 29.1, 28.4, 28.3,
28.3, 14.0; IR (neat) 3413, 3025, 2919, 2860, 1746, 1676, 1212, 1039,
786 cm�1; HRMS (ESI) m/z calcd for C24H39O6 [MþH]þ: 423.2747,
found: 423.2735. Purity 96.3% (as determined by RP-HPLC,
tR ¼ 9.32 min).

4.9.4. (3E,30Z,4S,40S,5S,50S)-3,3’-(Decane-1,10-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (4a)

Compound 4a was obtained as low melting solid (3 mg, 55%).
[a]D20 ¼ �39.3 (c ¼ 0.2, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.96 (t,
J ¼ 7.8 Hz, 1H), 6.58 (t, J ¼ 8.0 Hz, 1H), 4.83 (bs, 1H), 4.64 (bs, 1H),
4.57e4.53 (m, 2H), 2.80e2.66 (m, 2H), 2.45e2.35 (m, 2H), 2.07 (bs,
2H), 1.55e1.47 (m, 4H), 1.47 (d, J ¼ 6.4 Hz, 3H), 1.41 (d, J ¼ 6.8 Hz,
3H), 1.31 (bs, 8H); 13C NMR (100 MHz, CDCl3) d 170.1, 168.9, 149.7,
147.8, 130.5, 129.4, 78.9, 78.1, 71.4, 67.7, 36.7, 29.7, 28.9, 28.8, 28.8,
28.6, 28.4, 28.1, 27.7, 14.1, 1.41, 14.0; IR (neat) 3429, 2924, 1727, 1674,
1457, 1262, 1039, 752 cm�1; HRMS (ESI) m/z calcd for C20H31O6
[MþH]þ: 367.2121, found: 367.2583. Purity 95.2% (as determined by
RP-HPLC, tR ¼ 8.32 min).

4.9.5. (3E,30Z,4S,40S,5S,50S)-3,3’-(Dodecane-1,12-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (4b)

Compound 4b was obtained as low melting solid (5 mg, 55%).
[a]D20 ¼ �91.8 (c ¼ 0.16, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.95 (t,
J ¼ 8.0 Hz, 1H), 6.57 (t, J ¼ 8.0 Hz, 1H), 4.83 (bs, 1H), 4.65 (bs, 1H),
4.57e4.53 (m, 2H), 2.76e2.70 (m, 2H), 2.44e2.34 (m, 2H), 2.02 (bs,
2H), 1.59e1.50 (m, 2H), 1.46 (d, J ¼ 6.8 Hz, 3H), 1.42 (d, J ¼ 6.8 Hz,
3H), 1.31 (bs, 14H); 13C NMR (100 MHz, CDCl3) d 170.1, 168.8, 149.8,
149.7, 147.8, 130.5, 129.3, 78.9, 78.0, 71.4, 67.7, 31.9, 30.0, 29.8, 29.7,
29.3, 29.3, 29.3, 29.2, 29.2, 29.2, 29.1, 28.7, 28.7, 28.4, 28.3, 27.9, 22.7,
14.1, 14.0; IR (neat) 3396, 2927, 2846, 1746, 1679, 1455, 1201, 1042,
749, 662 cm�1; HRMS (ESI) m/z calcd for C22H35O6 [MþH]þ:
395.2434, found: 395.2418. Purity 95.3% (as determined by RP-
HPLC, tR ¼ 7.24 min).

4.9.6. (3Z,30E,4S,40S,5S,50S)-3,3’-(Tetradecane-1,14-diylidene)bis(4-
hydroxy-5-methyldihydrofuran-2(3H)-one) (4c)

Compound 4c was obtained as low melting solid (5 mg, 58%).
[a]D20 ¼ �68.3 (c ¼ 0.7, CHCl3); 1H NMR (400 MHz, CDCl3) d 6.93 (t,
J¼ 8.0 Hz, 1H), 6.57 (t, J¼ 8.0 Hz, 1H), 4.82 (t, J¼ 5.2 Hz,1H), 4.65 (t,
J¼ 5.6 Hz,1H), 4.57e4.52 (m, 2H), 2.76e2.68 (m, 2H), 2.44e2.34 (m,
2H), 2.28 (dd, J ¼ 5.6, 15.2 Hz, 2H), 1.54e1.50 (m, 2H), 1.46 (d,
J ¼ 6.8 Hz, 3H), 1.42 (d, J ¼ 6.8 Hz, 3H), 1.31 (bs, 18H); 13C NMR
(100 MHz, CDCl3) d 170.3, 169.0, 149.9, 147.9, 130.4, 129.2, 79.0, 78.1,
71.3, 67.7, 29.8, 29.7, 29.4, 29.3, 29.3, 29.3, 29.2, 29.2, 29.2, 29.2, 29.1,
28.7, 28.7, 28.4, 28.3, 27.9, 14.1, 14.0; IR (neat) 3379, 2916, 2843,
1737, 1675, 1204, 1042, 754 cm�1; HRMS (ESI) m/z calcd for
C24H39O6 [MþH]þ: 423.2747, found: 423.2741. Purity 95.4% (as
determined by RP-HPLC, tR ¼ 9.28 min).

4.10. Cell culture, adipogenic differentiation and adiponectin
measurement

The hBM-MSCs were obtained from Lonza (Walkersville, MD,
USA) and cultured in Dulbecco Modified Eagle’s Medium (DMEM;
glucose 1 g/L) with 10% fetal bovine serum (FBS) and 1%
penicillinestreptomycin (Invitrogen, Carlsbad, CA, USA). To induce
adipogenesis, the growth medium was replaced by DMEM with
4.5 g/L of glucose and supplemented with 10% FBS, 10 mg/mL in-
sulin, 0.5 mM dexamethasone, and 0.5 mM IBMX [38,39]. Aspirin,
dexamethasone, insulin, IBMX, pioglitazone, and rosiglitazone
were purchased from Sigma-Aldrich. A Quantikine™ immunoassay
kit (R&D Systems, Minneapolis, MN, USA) was used for quantitative
measurement of adiponectin in cell culture supernatants. A human
plasma stability test was performed to evaluate the chemical sta-
bility of compound 3a (Supplementary Fig. S43).

4.11. PPARg binding assays

TR-FRET-based PPARg binding assay was performed using Lan-
thascreen™ competitive binding assay kits (Invitrogen, Carlsbad,
CA, USA) as previously described [40]. All assay measurements
were performed using a CLARIOstar (BMG LABTECH, Ortenberg,
Germany) with instrument settings as described previously
[12,14,31,32]. Human PPARg radioligand binding assay was per-
formed as previously described [41,42] and the radioligand 5 nM
[3H] rosiglitazone was used to identify a series of PPARg ligands.
The incubation buffer consists of 10 mM Tris-HCl, pH 7.4, 1 mM
EDTA, 10% glycerol, 1 mM DTT, 2 mg/ml benzamidine, 10 mM Na
molybdate, and 0.1% non-fat dry milk at 4 �C for 1 day. IC50 values
were determined by a non-linear least squares regression analysis
using MathIQ™ (ID Business Solutions Ltd., UK). The Ki values were
calculated using equation of Cheng and Prusoff.

4.12. Molecular docking simulation study

Molecular docking models of butanolide dimer compounds to
PPARg-LBD were generated using both AutoDock Vina 1.1.2 soft-
ware (The Scripps Research Institute, La Jolla, CA, USA). The protein
structural coordinates of PPARg were obtained from the Protein
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Data Bank (PDB code number 5U5L) for the rivoglitazone-bound
structure. The crystal structure was prepared for docking by
removing the native ligand from PPARg-LBD, followed by the
addition of polar hydrogens using MGLTools 1.5.6(The Scripps
Research Institute). The center and size of the grid box (docking
space) was calculated and confined by a rivoglitazone space. Key
amino acid residues of the three important branches of PPARg-LBD
were focused for successful docking. Docking success was evalu-
ated based on the lowest free energy score or affinity value.

4.13. Statistical analysis

Statistical analysis was conducted using RStudio® for Windows
(RStudio Inc., Boston, MA, USA). Experimental values are expressed
as the means ± standard deviation (SD) from three or four inde-
pendent experiments. For multiple comparisons, statistical analysis
was performed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-tests. The correlation coefficient was
calculated by Pearson’s correlation. The threshold of significance
was set at *p � 0.05 and **p � 0.01.
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