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MMPP promotes adipogenesis
and glucose uptake via binding to
the PPARYy ligand binding domain
iIn 3T3-L1 MBX cells

Na-Yeon Kim*, Chae-Min Lim*, Hyo-Min Park?, Jinju Kim?,
Thu-Huyen Pham?, Young Yang?, Hee Pom Lee?, Jin Tae Hong?
and Do-Young Yoon'*

'Department of Bioscience and Biotechnology, Konkuk University, Seoul, Korea, ?Department of
Biological Science, Sookmyung Women's University, Seoul, Korea, *College of Pharmacy & Medical
Research Center, Chungbuk National University, Cheongju, Korea

Peroxisome proliferator-activated receptor-gamma (PPARy) is a
transcription factor involved in adipogenesis, and its transcriptional
activity depends on its ligands. Thiazolidinediones (TZDs), well-known
PPARy agonists, are drugs that improve insulin resistance in type
2 diabetes. However, TZDs are associated with severe adverse effects. As
current therapies are not well designed, novel PPARy agonists have been
investigated in adipocytes. (E)-2-methoxy-4-(3-(4-methoxyphenyl) prop-
1-en-1-yl) phenol (MMPP) is known to have anti-arthritic, anti-inflammatory,
and anti-cancer effects. In this study, we demonstrated the adipogenic
effects of MMPP on the regulation of PPARy transcriptional activity during
adipocyte differentiation in vitro. MMPP treatment increased PPARYy
transcriptional activity, and molecular docking studies revealed that
MMPP binds directly to the PPARy ligand binding domain. MMPP and
rosiglitazone showed similar binding affinities to the PPARy. MMPP
significantly promoted lipid accumulation in adipocyte cells and increased
the expression of C/EBPP and the levels of p-AKT, p-GSK3, and p-AMPKa at
an early stage. MMPP enhanced the expression of adipogenic markers such
as PPARy, C/EBPa, FAS, ACC, GLUT4, FABP4 and adiponectin in the late
stage. MMPP also improved insulin sensitivity by increasing glucose uptake.
Thus, MMPP, as a PPARy agonist, may be a potential drug for type 2 diabetes
and metabolic disorders, which may help increase adipogenesis and insulin
sensitivity.
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1 Introduction

A recent report by the World Health Organization (WHO)
estimated that approximately 13% of the world’s adult
population was obese in 2016 (World Health Organization,
2021). Obesity is a global health concern. Obesity is linked to
diseases such as cardiovascular disease, type 2 diabetes (T2D),
hypertension, certain cancers, and stroke (Poirier et al., 2006;
Haley and Lawrence, 2016). Among these, the incidence of T2D
has significantly increased. T2D is caused by insulin resistance
and is defined as the inability of insulin to increase glucose uptake
and utilization (Lebovitz, 2001; Wu et al., 2014). Adipose tissue
must take up glucose and regulate adipogenesis to decrease blood
glucose levels.

Peroxisome proliferator-activated receptor-gamma (PPARy)
is a key regulator of adipogenesis, lipid metabolism,
inflammation, and metabolic homeostasis (Lehmann et al,,
1995; Wang et al.,, 2014; Wang et al., 2016). PPARy agonists
such as thiazolidinediones (TZDs) have been used in type
2 diabetes treatment to increase insulin sensitivity (Henke
et al., 1998; Farmer, 2005). However, TZDs have severe side
effects such as weight gain, fluid retention, bone loss, congestive
heart failure, and a possible increased risk of myocardial
infarction and bladder cancer (Wang et al.,, 2016). As current
therapies are not well designed, novel PPARy agonists that
regulate adipogenesis must be investigated to control type
2 diabetes and other obesity-related health problems.

(E)-2-methoxy-4-[3-(4-methoxyphenyl) ~ prop-1-en-1-yl]
phenol (MMPP) is a synthetic (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal (BHPB) analog that exerts anti-inflammatory and anti-
arthritic effects by inhibiting the activation of STAT3 (Son et al.,
2016). Recently, it has been reported that MMPP exerted anti-
tumor activity in a patient-derived non-small cell lung cancer
xenograft model (Son et al., 2017). Inflammation is also closely
associated with adipogenesis (Cox et al.,, 2015). However, the
functional effects of MMPP on adipose tissue have not been
elucidated yet. If MMPP can act as a PPARY agonist, it can bind
to and activate PPARy; thus, it may be a candidate for
modulating metabolic disorders. Therefore, in this study, we
aimed to evaluate the effects of MMPP on lipid accumulation and
its PPARYy promoter activity to explore the underlying molecular
mechanisms in adipose tissue. These results will help understand
the mechanisms of metabolic disorders such as obesity, diabetes,
and hyperlipidemia.

2 Materials and methods
2.1 Reagents
MMPP, kindly donated by Dr. Hong JT (Chungbuk National

University, Cheongju, Korea), was produced as previously
described (Son et al, 2016). 3-Isobutyl-1-methylxanthine
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(IBMX), dexamethasone (DEX), insulin, rosiglitazone, and Oil
Red O were purchased from Sigma-Aldrich (St. Louis, MO,
United States).

2.2 Cell culture and differentiation

3T3-L1 MBX cells were obtained from the American Type
Culture Collection (Manassas, VA, United States , #CL-173) and
cultured in Dulbecco’s modified Eagle’s medium (Welgene
Incorporation, Daegu, Korea) containing 10% heat-inactivated
fetal bovine serum (Hyclone Laboratories, Logan, UT,
United States), penicillin (100 U/mL), and streptomycin
(100 U/mL), at 37°C in a humidified atmosphere containing
5% CO, and subjected to a maximum of 10 passages. 3T3-L1
MBX preadipocytes were seeded in 6-well plates (3 x 10* cells/
well) and incubated for 4 days until confluence. After 2 days of
confluence (day 0), the cells were differentiated in DMEM
supplemented with 10% FBS, 0.5 mM IBMX, 1 uM DEX, and
10 pug/ml insulin for 2 days. On day 2, the medium was changed
to DMEM containing FBS and 10 pg/ml insulin, in the presence
or absence of MMPP at the indicated concentrations, and then
the cells were cultured for another 2 days. On day 4, the cells were
maintained in DMEM with FBS, and the medium was changed
every 2 days until day 8. MMPP was added each time the culture
medium was changed. In the same way, rosiglitazone was treated
as a positive control.

2.3 Oil Red O staining

Fully differentiated cells were washed with phosphate-
buffered saline (PBS) and fixed with 4% formaldehyde for 1 h.
The cells were then rinsed with 60% isopropyl alcohol for 20 min
and completely dried. Next, the cells were stained with Oil Red O
solution (0.2 mg/ml Oil Red O in isopropanol) for at least 30 min
at RT. The stained lipid droplets were observed under a light
microscope (Nikon, Tokyo, Japan). The stained oil droplets were
dissolved in 100% isopropanol, and the absorbance was
measured at 492 nm using a spectrophotometer (Al Hasan
et al., 2021).

2.4 2-deoxyglucose uptake assay

The Glucose Uptake—Glom Assay (Promega, Madison, WI,
United States) was performed after incubation with MMPP or
rosiglitazone in mature adipocytes (Day 8). Immediately before
starting the experiment, the culture medium was discarded, and
the cells were washed with PBS to remove the remaining glucose.
Next, cells were treated with 1 mM 2-deoxyglucose (2-DG) for
10 min. The cells were then subjected to further processing
according to the manufacturer’s protocol. After a brief
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incubation period, an acid detergent solution (stop buffer) was
added. Next, a neutralization buffer was added to neutralize the
acid, followed by a detection reagent.

2.5 Cell viability assay

Cell viability was measured using 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxy =~ methoxy  phenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay. 3T3-L1 MBX cells were seeded in
100 pL complete culture medium in 96-well plates and treated
with MMPP for 48 h. The effect of MMPP on cell viability was
measured using the CellTiter 96 Aqueous One Solution Assay
(Promega, Madison, W1, United States ) containing MTS and
phenazine methosulfate, an electron-coupling reagent. Briefly, a
100-pL aliquot of the aqueous reagent solution was added to each
well, and the cells were incubated for 1h. Absorbance was
measured at 492 nm using a microplate reader (Apollo LB
9110; Berthold Technologies GmbH, Bad Wildbad, Germany).
The percentage of viable cells was estimated relative to that of the
untreated controls.

2.6 RNA isolation and reverse-
transcription polymerase chain reaction

Total RNA was isolated using the easy-BLUE Total RNA
Extraction Kit (iNtRON, Seoul, Korea). First-strand cDNA was
synthesized with oligo (dT) primers using M-MulV reverse
transcriptase (New England Biolabs, Ipswich, MA, United
States ). The synthesized first-strand cDNA was used for the
PCR amplification of specific genes. The primer sequences used
to amplify the target genes were as follows: Pparg (sense, 5'-GTA
CTGTCGGTTTCAGAAGTGCC-3'; 5'-ATCTCC
GCCAACAGCTTCTCCT-3"), Clebpa (sense, 5'-TCGGTG
GACAAGAACAGCAA-3'; antisense, 5-TTGTCACTGGTC
AGCTCCAG-3"), Fas (sense, 5'-CAC AGTGCTCAAAGG
ACATGCC-3'; antisense, 5'-CACCAGGTGTAGTGCCTTCCT
C-3), Acc (sense, 5'-GTTCTGTTGGACAACGCCTTCAC-3';
antisense, 5'-GGAGTCACAGAAGCAGCCCATT-3"), Glut4
(sense, 5'-GGTGTGGTCAATACGGTCTTCAC-3'; antisense,
5'-AGCAGAGCCACGGTCATCAAGA-3'), Fabp4 (sense, 5'-
TGAAATCACCGCAGACGACAGG-3'; antisense, 5-GCT
TGTCACCATCTCGTTTTCTC-3"), Adiponectin (sense, 5'-
AGATGGCACTCCTGGAGAGAAG-3'; antisense, 5'-ACA
TAAGCGGCTTCTCCA GGCT-3"), 1l6 (sense, 5'-TACCAC
TTCACAAGTCGGAGGC-3'; antisense, 5'-CTGCAAGTG
CATCATCGTTGTTC-3'), and Gapdh (sense, 5-CATCAC
TGCCACCCAGAAGACTG-3'; antisense, 5'-ATGCCAGTG
AGCTTCCCGTTCAG-3"). Gapdh was used as the RNA-
PCR  products separated by
electrophoresis on 2% agarose gels and detected by ethidium

antisense,

loading  control. were

bromide staining.
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2.7 Quantitative real-time PCR

Real-time PCR was performed using a relative quantification
procedure on a Thermal Cycler Dice Real Time System with TB
Green Premix Ex Taq (Takara Bio, Otsu, Japan) for amplification
detection. The primer of sequences used to amplify the target
genes were as follows: Gapdh (sense, 5'-CATCACTGCCACCCA
GAAGACTG-3'; antisense, 5-ATGCCAGTGAGCTTCCCG
TTCAG -3') and Clebpb (sense, 5'-CAACCTGGAGACGGC
ACAAG-3'; antisense, 5'- GCTTGAACAAGTTCCGCAGGG
T-3'). The results were analyzed using the TaKaRa Dice Real-
Time System Single (Takara Bio, Otsu, Japan). All the expression
values of the target genes were normalized to GAPDH expression
as a housekeeping control. Quantitative gene expression values
were calculated using the AACT method with data from
independent triplicate experiments.

2.8 Immunoblot analysis

3T3-L1 MBX cells (3 x 10* cells/well) were seeded in 60 mm
cell culture dishes and differentiated for 8 days. The cells were
lysed in a buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl,
1% NP40, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium
deoxycholate, 1 mM orthovanadate, aprotinin (10 pg/ml), and
0.4 mM phenylmethylsulfonyl fluoride at 4°C for 30 min. Equal
amounts of total cellular protein (50 ug) isolated from the
harvested cells were separated by SDS-PAGE and transferred
onto a PVDF membrane (Choi et al.,, 2022). Specific proteins
were detected using antibodies against PPARy, CCAAT/
enhancer-binding protein (C/EBP) «, phosphorylated protein
kinase = B (PKB/AKT),  glyceraldehyde
dehydrogenase (GAPDH), C/EBPB, B-actin
phosphorylated glycogen synthase kinase three a/f (GSK3 o/
B) (Santa Cruz Biotechnology, Santa Cruz, CA, United States ).
Antibodies against fatty acid synthase (FAS) and acetyl-CoA
carboxylase (ACC) and glucose transporter type 4 (GLUT4) were

3-phosphate
and

purchased from Cell Signaling Technology (Danvers, MA,
United States).

2.9 Molecular docking studies

A docking study of MMPP with the PPARYy ligand binding
domain (LBD) was performed using AutoDock VINA v1.2.0
(Trott and Olson, 2010). The crystal structures of PPARy LBD
(PDB code: 2PRG) were used in the docking experiments
(Kumar et al, 2018; Kores et al., 2021). The grid box was
centered on the PPARy LBD and its size was adjusted to
include the whole protein. Molecular graphics for the best
binding model were generated using Biovia Discovery Studio
Visualizer v21.1.0 and UCSF Chimera v1.16 (Pettersen et al.,
2004).
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FIGURE 1

Molecular docking studies on the interactions between MMPP or rosiglitazone and the PPARYy ligand binding domain (LBD). (A) 3D and 2D
diagram of docking complex of the PPARy LBD (PBD code: 2PRG) with MMPP (CID:122517441). The most favorable docking result was described by
the Biovia Discovery Studio visualizer. (B) The capped surface of the docking complex of the PPARy LBD with rosiglitazone (CID:77999; yellow) and
MMPP (pink) performed using UCSF Chimera. They docked at Arm one of the binding pocket in PPARy LBD.

2.10 Transcriptional activity assay

The effect of MMPP on PPARy transcriptional activity was
investigated by conducting the luciferase assay on the human
embryonic kidney (HEK) 293T cells. The cells were cultured in
DMEM containing 10% FBS and seeded in 24-well plates (1.0 x 10°
cells/well). On the next day, the cells were transiently transfected
with plasmids expressing PPARy (0.2 ug/well), (PPAR response
element X 3)-thymidine kinase-luciferase reporter construct
(0.2 pg/well), and Renilla luciferase control vector pRL (0.1 ug/
well) using JetOPTIMUS reagent (Polyplus, Iillkirch, France) for
24 h. The plasmids expressing PPARY and the reporter construct
were prepared as previously described (Kim et al., 2012; Song et al.,
2016). After treatment with MMPP (15 pg/ml) or rosiglitazone
(1 M) for 24h, the cells were harvested and assayed using a
dual-luciferase reporter gene assay kit (Promega, Madison, WI,
United States ). The assay results were reported in relative
luciferase activity units and calculated as the ratio of the
expression of firefly luciferase to Renilla luciferase.

2.11 Statistical analysis

Statistical analysis was conducted using one-way analysis of
variance with Tukey’s honestly significant difference tests.
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Differences were considered statistically significant at p < 0.05.
Results were obtained from at least three separate experiments
and expressed as the mean + SD.

3 Results

3.1 Docking studies revealed that MMPP
binds to the PPARy LBD

To understand the mechanism of PPARY activation by MMPP,
a docking study was performed between MMPP and the crystal
structure of the PPARy LBD. MMPP formed hydrogen bonds with
amino acid residues Ser289 and Tyr327 of the PPARy LBD, with
bond lengths of 2.96 A and 2.93 A, respectively. MMPP participated
in hydrophobic interactions with the amino acid residues Phe226,
Cys285, GIn286, Glu295, Arg299, 1le326, Met329, Leu330, Phe363,
Met364, and His449 (Figure 1A). To compare MMPP to
rosiglitazone, a PPARy agonist, a docking study was performed
between rosiglitazone and PPARy LBD under the same conditions.
The MMPP-binding pose was similar to that of rosiglitazone. Both
were bound to the binding pockets of PPARy LBD (Figure 1B) with
high binding affinities of 8.0 and —8.9 kcal/mol, respectively. These
results suggested that MMPP could directly bind to PPARy, and its
binding pose was similar to that of rosiglitazone.
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FIGURE 2

The effect of MMPP on PPARY transcriptional activity. PPARy
transcriptional activity was assessed using a luciferase assay. HEK
293T cells were seeded in a 24-well plate (1.0 x 10° cells/well) and
transfected with plasmids expressing PPARy, (PPAR response
element X 3)-thymidine kinase-luciferase reporter constructs, and
the Renilla luciferase control vector pRL for 24 h. Then, the cells
were treated with MMPP or rosiglitazone for another 24 h. Finally,
the cells were harvested, and a luciferase assay was performed to
examine the transcriptional activity of PPARy. Data are from three
independent experiments and reported as mean + SD (n = 3). *p <
0.05, **p < 0.01, ***p < 0.001.

3.2 MMPP upregulated the transcriptional
activity of PPARy

We performed a transcriptional activity assay to verify the
effects of MMPP on PPARy expression. HEK 293T cells were
transfected with PPARy and (PPRE x 3)-tk-luciferase expression
vectors, followed by treatment with MMPP. As shown in
Figure 2, MMPP and rosiglitazone, both increased the
transcriptional activity of PPARy, as measured by luciferase
assay. PPARY activity was further enhanced when MMPP and
rosiglitazone were co-administered. These results show that
MMPP can be a potential PPARY agonist.

3.3 MMPP did not affect the viability of
3T3-L1 MBX cells

The cytotoxicity of MMPP was assessed in 3T3-L1 MBX cells
using the MTS assay. In this study, we evaluated the functional
effect of MMPP on adipogenesis by exposing the cells to non-
cytotoxic concentrations. MMPP and rosiglitazone were
dissolved in DMSO. DMSO (0.1%) has no cytotoxic effect on
the cells. All experiments were performed using less than 0.1%
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FIGURE 3

Cytotoxic effects of MMPP on 3T3-L1 MBX cells. 3T3-L1 MBX
cells were treated with DMSO (0.1%) and MMPP (7.5 or 15 pg/ml)
for 48 h. Data are from three independent experiments and
reported as mean + SD (n = 3).

DMSO. DMSO was used as the vehicle control in all experiments.
MMPP showed no cytotoxic effects at concentrations up to
15 pg/ml (Figure 3).

3.4 MMPP promoted lipid accumulation
and glucose uptake in 3T3-L1 MBX cells

To examine the effects of MMPP on lipid accumulation, 3T3-
L1 MBX cells were differentiated with MMPP (7.5 or 15 pg/ml)
or rosiglitazone (1 uM, as a positive control) (Figure 4A).
Differentiated adipocytes were stained with Oil Red O to
measure their lipid content. As shown in Figures 4B,C, more
lipid droplets were detected in MMPP treated 3T3-L1 MBX cells
in a dose-dependent manner. Rosiglitazone, a well-known
PPARy agonist, promoted lipid accumulation in 3T3-L1 MBX
cells. MMPP-induced glucose uptake was evaluated by 2-DG
uptake assay. 2-DG uptake assay demonstrated that MMPP also
increased glucose uptake in 3T3-L1 MBX cells (Figure 4D). These
results indicate that MMPP as well as rosiglitazone stimulated
adipogenesis and glucose uptake in 3T3-L1 MBX cells.

3.5 MMPP enhanced adipogenesis by
increasing the expression of
adipogenesis-related genes and proteins
in 3T3-L1 MBX cells

To investigate the effect of MMPP on adipognesis, the
expression levels of genes and proteins involved in adipogenesis
were investigated in fully differentiated 3T3-L1 MBX cells treated
with MMPP or rosiglitazone. RT-PCR analyses showed that MMPP
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FIGURE 4

The effect of MMPP on lipid accumulation in 3T3-L1 MBX cells. (A) Diagram of the differentiation schedule. 3T3-L1 MBX cells were differentiated
using MDI (IBMX, dexamethasone, and insulin), and then treated with MMPP or rosiglitazone. (B) Photograph of the plate after Oil Red O staining.
Briefly, after 8 days of differentiation, the cells were fixed with 10% formaldehyde and stained with Oil Red O solution. The stained cells were then
observed under a microscope. Representative images from four independent experiments are shown. (C) Accumulated lipids were stained with

Oil Red O, eluted, and quantitated using spectrophotometric analyses at 492 nm. Data are from four independent experiments and reported as the
mean + SD (n = 4). ***p < 0.001, ****p < 0.0001 versus MDI group. (D) The effects of MMPP on the glucose uptake in mature adipocytes. Data are
from three independent experiments and reported as mean + SD (n = 3). *p < 0.05, ****p < 0.0001 versus MDI group.

promoted the expression of transcription factors (Pparg and C/ebpa)
and adipogenic markers (Fas, Acc, Adiponectin, Fabp4, and Glut4)
(Figure 5A). However, II6 mRNA levels were reduced by MMPP
treatment. Immunoblot analyses revealed that the protein
expression levels of adipogenic markers, such as PPARy,
C/EBPa, GLUT4, FAS, and ACC, were increased (Figures 5B,C).
Taken together, these results indicate that MMPP enhanced
adipogenesis by of adipocyte

increasing the expression

differentiation-related factors.

Frontiers in Pharmacology

3.6 MMPP upregulated C/EBPp expression
as well as phosphorylation levels of AKT,
GSK3 and AMPKa during early stages of
adipogenesis

To investigate the effects of MMPP on early stages of
differentiation, we examined the expression of factors related
to early adipogenesis. 3T3-L1 MBX cells were differentiated
using MDI, treated with MMPP (7.5 or 15 pug/ml) for 48 h,
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FIGURE 5

The effects of MMPP on the expression of adipogenesis-related factors and glucose uptake. (A) 3T3-L1 MBX cells were differentiated using MDI
(IBMX, dexamethasone, and insulin) and treated with MMPP or rosiglitazone. After 8 days, the differentiated cells were harvested and analyzed using
RT-PCR to detect the mRNA expression levels of Pparg, C/ebpa, Fas, Acc, Glut4, Adiponectin, Fabp4 and 1l6. Gapdh was used as the loading control.
Similar results obtained in three independent experiments (n = 3). (B) Protein expression levels of PPARy, C/EBPa, GLUT4, FAS, ACC, and
GAPDH. Fully differentiated 3T3-L1 MBX cells treated with MMPP or rosiglitazone were harvested, and immunoblotting was performed. Similar
results obtained in three independent experiments (n = 3). (C) Bar graphs show densitometric quantification of protein expression. Data are from
three independent experiments and reported as the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus MDI group.

and the expression of early adipogenesis-related factors was
analyzed using real-time PCR and immunoblotting. As shown
in Figures 6A,B, both C/ebpb gene and C/EBPP protein
expression levels were increased by MMPP. These results

Frontiers in Pharmacology

suggest that MMPP by
modulating the expression of early adipogenesis-related

can promote adipogenesis

factors. Many signaling pathways were involved in early
adipogenesis such as phosphoinositide 3-kinase/protein
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***p < 0.001 versus MDI group.

kinase B (PI3K/AKT) and AMP-activated protein kinase
(AMPK) pathways (Song et al, 2016; Chang and Kim,
2019; Gunasinghe et al, 2019; Li et al, 2020). To
investigate how MMPP modulates early adipogenesis,
phosphorylation levels of AKT, GSK3, and AMPKa were
evaluated by immunoblotting. 3T3-L1 MBX cells were
treated with MMPP and MDI for 1 h. MMPP enhanced the
phosphorylation of AKT, GSK3 and AMPKa (Figure 6C).
These results indicated that MMPP phosphorylated AKT,
GSK3 and AMPKa, followed by upregulation of C/EBPJ
expression, resulting in the activation of signaling pathways
involved in adipogenesis (Figure 7).
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4 Discussion

The International Diabetes Federation (IDF) has reported that
the number of adults living with diabetes was estimated to be
425 million in 2017. The IDF predicted that 578 million people
will have diabetes by 2030, sufficient
Furthermore, >90% of individuals with diabetes are diagnosed
with type 2 diabetes (T2D) (Sacedi et al., 2019). T2D is a global
problem that must be resolved. The body’s system maintains glucose

without action.

levels through the pair of opposing hormones, insulin and glucagon
(Unger and Orci, 2010). However, type 2 diabetics have low insulin
sensitivity, impaired glucose tolerance, and decreased insulin-
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Schematic diagram of the effect of MMPP on the 3T3-L1 MBX cells. MMPP increases the expression of C/EBPp, as well as levels of p-AKT,
p-GSK3, and p-AMPKa at an early stage. MMPP enhances GLUT4 expression and glucose uptake, and MMPP-induced AKT/AMPK activation can
regulate GLUT4 translocation. MMPP-induced phosphorylation and inactivation of GSK3 can lead to enhanced glycogen synthesis. Thus, MMPP can
increase insulin sensitivity. MMPP binds to PPARy and promotes transcriptional activity of PPARy. It enhances the expression of adipogenic
markers (C/EBPa, FAS, ACC, GLUT4, ADIPONECTIN, and FABP4) in the late stage, resulting in adipogenesis and de novo lipogenesis.

stimulated glucose uptake; therefore, glucose level becomes too high
(Lebovitz, 2001; Sanches et al,, 2021). PPARYy is a key regulator of
adipogenic differentiation, and its role has been well established.
PPARy regulates insulin sensitivity, lipid storage, de novo
lipogenesis, and adipocyte differentiation, and it influences
insulin sensitivity in adipose tissue, liver, and skeletal muscle
(Rosen et al., 1999; Cariello et al,, 2021). Thus, PPARy agonists
can be used as drugs against metabolic disorders, including T2D, by
improving insulin sensitivity and reducing plasma glucose
concentration (Huang et al., 2012).

In this study, MMPP was showed to be a PPARy agonist.
Docking studies revealed that MMPP directly binds to PPARy LBD
(Figure 1). The PPARy LBD consists of 13 helices and a four-
stranded f-sheet. It has a Y-shaped ligand binding cavity composed
of two pockets, Arm I, Arm II, and the entrance, as shown in
Figure 1B (Fyffe et al, 2006). Arm I is a hydrophilic pocket that
includes a residue of the activation function 2 (AF2) helix (Zoete
etal., 2007). This pocket forms hydrogen bonds with the acidic head
group of rosiglitazone. This interaction stabilizes the structure of the
PPARy LBD and leads to the recruitment of coactivators, resulting
in the remodeling of chromatin and recruitment of transcriptional
machinery (Helsen and Claessens, 2014). Docking studies indicated
that the -OH functional groups of MMPP formed hydrogen bonds
with the amino acid residues Ser289 and Tyr237 of Arm I. Thus,
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MMPP can directly bind to PPARY, resulting in the stabilization of
AF2, recruitment of PPARY coactivator, and stimulation of PPARy
transcriptional activity. Luciferase assay using PPARy and (PPRE x
3)-tk-luciferase expression vectors revealed that MMPP increased
PPARYy transcriptional activity (Figure 2). These data support the
hypothesis that MMPP is a PPARy agonist.

We investigated the effects of MMPP on the adipogenesis of
3T3-L1 preadipocytes. MMPP promoted the expression of
adipogenic markers during 3T3-L1 MBX differentiation. MMPP
enhanced the adipogenic marker expression of Fas, Acc, Fabp4,
Adiponectin, and Glut4 by increasing the expression of transcription
factors such as Pparg and C/ebpa, resulting in the promotion of lipid
accumulation in 3T3-L1 MBX cells. MMPP treatment reduced
116 mRNA levels compared to those in the MDI-treated group
(Figure 5A). PPARy and C/EBPa are the key adipogenic
transcription factors. Extensive crosstalk between PPARy and
C/EBPa induces transcriptional activation of adipogenic genes
such as Acc, Fas, Adiponectin, Glut4 and Fabp4 (Siersbaek et al.,
2012). ACC initiates de mnovo lipogenesis by catalyzing the
carboxylation of acetyl-CoA to malonyl-CoA. FAS then
synthesizes fatty acids from acetyl-CoA and malonyl-CoA (Yuan
etal,, 2015; Sanders and Griffin, 2016). In the MMPP-treated group,
ACC and FAS levels were increased compared to those in MDI-
treated group (Figures 5B,C). Thus, MMPP activated de novo
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lipogenesis. ADIPONECTIN is an adipokine secreted by adipose
tissue. It can activate the insulin pathway, resulting in increased
lipogenesis, glucose uptake, glycogen synthesis, and reduced lipolysis
and gluconeogenesis (Yadav et al., 2013; Achari and Jain, 2017). The
decreased IL-6 expression in the adipocytes can induce adiponectin
al,  2003).
GLUT4 increases insulin sensitivity, which lowers blood glucose
levels by upregulating glucose levels (Govers, 2014). IL-6
downregulates insulin signaling and causes insulin resistance in
adipocytes. The increase in ADIPONECTIN and GLUT4 expression
and the decrease in IL-6 expression suggest that MMPP treatment

secretion and GLUT4 expression (Rotter et

recovers insulin sensitivity. FABP4 is involved in lipid trafficking.
FABP4 acts as a lipid chaperone to take up lipids and fatty acids
under pathophysiological conditions and can be a therapeutic target
for metabolic disorders (Furuhashi et al., 2014; Furuhashi, 2019).
MMPP was found to upregulate adipogenesis-related genes and
proteins, suggesting that MMPP exerts insulin-sensitizing effects,
similar to a PPARYy agonist (Figure 7).

Next, we investigated the effect of MMPP on early adipogenesis.
C/EBPp and C/EBPS have been reported to contribute to the mitotic
clonal expansion of 3T3-L1 MBX cells (Hishida et al., 2009). C/EBPf
and C/EBPS are activated to promote PPARy and C/EBPa, which
are crucial transcription factors in late adipogenesis (Hassan et al,
2012). In the present study, we found that MMPP increased
expression of C/EBPp (Figure 6B).

Glucose homeostasis must be maintained to overcome T2D.
MMPP phosphorylates AKT, GSK3 and AMPKa (Figure 6C)
which are protein kinases associated with glucose homeostasis
(Schultze et al., 2012). When Akt is phosphorylated by the insulin
signaling pathway, it phosphorylates targets such as AKT
substrate 160 (AS160) and GSK3p. AMPK is a cellular energy
sensor that promotes non-shivering thermogenesis and increases
glucose uptake and oxidation (Desjardins and Steinberg, 2018).
AKT/AMPK-mediated phosphorylation of ASI160 activates
translocation of GLUT4 into the plasma membrane, and then
GLUT4 uptakes glucose (Eickelschulte et al., 2021). GSK3 is a
negative regulator of insulin-mediated glycogen synthesis and
glucose homeostasis. The phosphorylation and inactivation of
GSK3 can lead to enhanced glycogen synthesis and insulin
2009). MMPP
GLUT4 expression and increased glucose uptake in 3T3-L1
MBX cells (Figure 4D and Figure 5). Taken together, these
results suggest that MMPP modulates insulin resistance and
glucose uptake through the AKT/GSK3/AMPKa signaling
pathway (Figure 7).

MMPP treatment promotes adipogenesis in 3T3-L1 MBX
cells

sensitivity (Rayasam et al, enhanced

by modulating adipogenesis-related factors. In
addition, MMPP can act as a PPARy agonist. Side effects
of TZDs have drastically reduced the clinical use in
controlling type 2 diabetes. Hence, MMPP can contribute
to the development of potential new drugs without severe
adverse effects against metabolic disorders, including type

2 diabetes.
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