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Research paper 
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inhibit adipogenesis and enhance lipolysis in 3T3-L1 mouse embryonic 
fibroblast cells 
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A B S T R A C T   

Hydroxylated polymethoxyflavones (HPMFs) have been shown to possess various anti-disease effects, including 
against obesity. This study investigates the anti-obesity effects of HPMFs in further detail, aiming to gain un-
derstanding of their mechanism of action in this context. The current study demonstrates that two HPMFs; 3′- 
hydroxy-5,7,4′,5′-tetramethoxyflavone (3′OH-TetMF) and 4′-hydroxy-5,7,3′,5′-tetramethoxyflavone (4′OH- 
TetMF) possess anti-obesity effects. They both significantly reduced pancreatic lipase activity in a competitive 
manner as demonstrated by molecular docking and kinetic studies. In cell studies, it was revealed that both of the 
HPMFs suppress differentiation of 3T3-L1 mouse embryonic fibroblast cells during the early stages of adipo-
genesis. They also reduced expression of key adipogenic and lipogenic marker genes, namely peroxisome 
proliferator-activated receptor-gamma (PPARγ), CCAAT/enhancer-binding protein α and β (C/EBP α and β), 
adipocyte binding protein 2 (aP2), fatty acid synthase (FASN), and sterol regulatory element-binding protein 1 
(SREBF 1). They also enhanced the expression of cell cycle genes, i.e., cyclin D1 (CCND1) and C-Myc, and 
reduced cyclin A2 expression. When further investigated, it was also observed that these HPMFs accelerate lipid 
breakdown (lipolysis) and enhance lipolytic genes expression. Moreover, they also reduced the secretion of 
proteins (adipokines), including pro-inflammatory cytokines, from mature adipocytes. Taken together, this study 
concludes that these HPMFs have anti-obesity effects, which are worthy of further investigation.   

1. Introduction 

Obesity is a worldwide health issue; it is now being recognized as a 
lifestyle disorder in the developing world, while its prevalence has 
already reached an alarming level in developed countries [1]. According 
to the 2017 Global Burden of Disease study, more than 4 million deaths 
were attributed to being overweight or obese that year. This trend of 
overweight and obesity was tracked from 1975 to 2016 and it was found 
to have increased more than 4-fold, from 4% to 18% globally [2,3]. 

Obesity contributes to metabolic syndrome, numerous cancers, cardio-
vascular disease, fatty liver, type II diabetes and insulin resistance [4,5]. 
It arises due to excess energy intake compared with energy expenditure, 
leading to excessive fat accumulation in adipose tissue [6]. Pancreatic 
lipase (PL) is crucial for the absorption and digestion of dietary fats [7, 
8], and hydrolyzes 50–70% of the total dietary fats in the digestive 
system [9–11]. PL inhibition changes the absorption and digestion of 
ingested triglycerides and is therefore the most widely studied mecha-
nism for screening anti-obesity agents [12,13]. In obesogenic 
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conditions, excess fats are accumulated as triglycerides in the white 
adipocytes of white adipose tissue (WAT) [14]. Adipocytes are special-
ized cells within WAT which differentiate from mesenchymal stem cells 
through a well-orchestrated process known as adipogenesis [15], and 
have the ability to store excess energy (triglycerides) in lipid droplets. 
Various genes and transcriptional factors are involved in the differen-
tiation of adipocytes and the accumulation of fats in mature adipocytes 
[16,17]. Therefore, inhibiting these genes and transcriptional factors 
and accelerating lipolysis is a crucial strategy in the fight against obesity 
and associated disorders. 

Recently, we reported the anti-obesity effects of two similar fully 
methoxylated flavones [18] with no hydroxy groups. However, the 
bioactivities of flavones are dependent on the position and number of 
methoxy (-OCH3) and hydroxy (-OH) groups attached to the flavone 
skeleton [19]. Such differences in the distribution and number of 
chemical groups across the flavone skeleton play a crucial role in the 
wide range of pharmacological properties of flavones [20]. In addition, 
3′ and 4′ positions on B ring of flavone skeleton are known to be the main 
sites of biotransformation [21]. So, in this study, two previously un-
evaluated HPMFs (3′OH-TetMF and 4′OH-TetMF) having –OH groups 
on position 3′ and 4′ of B ring have been investigated for their 
anti-obesity effects. The results obtained in the present study showed 
that these two HPMFs significantly inhibit the activities of PL and inhibit 
adipogenesis during the early stages of 3T3-L1 differentiation. They 
significantly reduced adipogenic and lipogenic gene expression, i.e. 
PPARγ, C/EBPα and β, aP2, SREBF 1, and FASN. Furthermore, we 
observed that these HPMFs accelerate the release of glycerol from 
mature adipocytes (lipolysis) and enhance the expression of lipolytic 
genes such as adipose triglycerides lipase (ATGL), Hormone Sensitive 
Lipase (HSL) and monoglycerides lipase (MGL). In addition, these 
HPMFs also reduced the release of adipokines including 
pro-inflammatory cytokines from mature adipocytes. 

2. Material and methods 

2.1. Chemicals 

Starting materials and reagents for chemical synthesis were pur-
chased from Thermo Fisher Scientific. Dimethyl sulfoxide (DMSO), 3- 
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT), p- 
nitrophenyl butyrate (PNPB), Oil Red O powder, formalin, acetonitrile, 
isopropanol, phosphate buffer saline (PBS), and Tris-HCl were pur-
chased from Sigma Aldrich, USA. Dulbecco’s Modified Eagle Medium 
(DMEM), bovine calf serum (BCS), fetal bovine serum (FBS), trypsin, and 
Penicillin-Streptomycin Solution (Pen-Strep) were purchased from 
ATCC USA. Porcine PL (EC 3.1.1.3) was purchased from Sigma Aldrich 
USA. 3T3-L1 mouse fibroblast cells (Cat No. iCell-m066) were purchased 
from iCell Bioscience China. 

2.2. Synthesis of HPMFs 

2.2.1. Synthesis of 3′-hydroxy-5,7,4′,5′-tetramethoxyflavone (3′OH- 
TetMF) 

1-(2-Hydroxy-4,6-dimethoxyphenyl)ethanone (0.5 g, 2.55 mmol, 1 
eq) was dissolved in methanol (15 mL) with 3,4-dimethoxy-5-hydroxy-
benzaldehyde (0.46 g, 2.55 mmol, 1 eq) and sodium hydroxide (0.16 
g, 10.19 mmol, 4 eq). The solution was refluxed for 24 h at 80 ◦C. The 
solution was cooled to 5 ◦C and addition of a few drops of 6 M HCl 
caused a bright yellow precipitate to form. This was collected with 
filtration and washed with ice-cold methanol. Crude compound was 
purified using Biotage Isolera purification (eluent: Hexane:Ethyl Acetate 
over a gradient of 95:5 to 0:100; cartridge: Biotage SNAP KP-Sil 50g) to 
give a yellow product, chalcone 1. (0.44 g, 1.20 mmol, 47%) 1H NMR 
(400 MHz, DMSO‑d6) δH 13.43 (1H, s, OH - 2), 9.43 (1H, s, OH – 3′), 
7.63–7.49 (2H, m, H - 3, H - 5), 6.84 (2H, dd, J = 8.8, 1.9, H - 2′, H - 6′), 
6.14 (2H, dd, J = 13.0, 2.3, H - α, H - β), 3.90 (3H, s, OCH3 - 5) 3.82 (6H, 

s, OCH3 - 4, OCH3 - 5′) 3.71 (3H, s, OCH3 - 4′). 13C NMR (100 MHz, 
DMSO‑d6) δC 191.8 (CO), 165.0 (COCH3 – 4), 165.0 (COCH3 – 6), 161.4 
(COH - 2), 152.9 (COCH3 – 5′), 150.4 (COH – 3′), 142.4 (C - β), 138.2 
(COCH3 – 4′), 129.8 (C - α), 126.0 (C – 2′), 108.7 (C – 2′), 105.9 (COC), 
104.0 (C – 6′), 93.5 (C – 3), 90.7 (C - 5), 59.6 (OCH3 – 4′), 55.8 (OCH3 – 
4’), 55.4, 55.2 (OCH3). ESI-MS: m/z [M+H]+ Calcd. 361.1, found 361.0, 
[M+Na]+ Calcd. 383.1, found 383.0. 

Iodine (70.40 mg, 0.28 mmols, 0.2 eq) was added to chalcone 1 
(0.50 g, 1.39 mmols, 1 eq) in DMSO (10 mL). The solution was refluxed 
at 130 ◦C for 2 h, then cooled and poured into 10 [%w/w] sodium thi-
osulphate pentahydrate solution (50 mL) to give a cloudy orange solu-
tion with brown solid precipitate. This was filtered to collect precipitate. 
The aqueous solution extracted with ethyl acetate, and collected to give 
product as brown solid of 90% purity (0.37 g). The crude product was 
purified in batches using reverse phase Biotage Isolera purification 
(eluent: H2O + 0.1% formic acid: MeOH + 0.1% formic acid 5–100%, 
cartridge: Biotage SNAP Ultra C18 12g). This gave the desired flavone 
product 3′OH-TetMF as an off-white powder. (0.18 g, 0.50 mmol, 48%). 
1H NMR (400 MHz, DMSO‑d6) δH 9.54 (s, 1H, OH), 7.13 (dd, J = 11.6 
Hz, 1.9 Hz, 2H, H-2′,H-6′), 6.81 (d, J = 2.2 Hz, 1H, H-6), 6.69 (s, 1H, H- 
α), 6.51 (d, J = 2.3 Hz, 1H, H-8) 3.90 (s, 3H, OCH3-5) 3.88 (s, 3H, OCH3- 
5′) 3.83 (s, 3H, OCH3-7) 3.74 (s, 3H, OCH3-4′). 13C NMR (100 MHz, 
DMSO‑d6) δC 176.1 (CO), 164.1 (COCH3 – 7), 160.7 (C - 2), 160.0 
(COCH3 – 5), 159.6 (C – 8a), 153.9 (COCH3 – 5′), 151.3 (COH), 139.5 
(COCH3 – 4′), 126.5 (C – 1′), 108.7 (C – 4a), 108.2 (C – 2′), 107.7 (C – α), 
102.0 (C – 6′), 96.7 (C – 6), 93.7 (C – 8), 60.5 (OCH3 – 4′), 56.5 (OCH3 – 
5′), 56.5 (OCH3 – 7), 56.4 (OCH3 – 5). ESI-HRMS: m/z [M+H]+ Calc’d. 
359.1125, found 359.1167. 

2.2.2. Synthesis of 4′-hydroxy-5,7,3′,5′-tetramethoxyflavone (4′OH- 
TetMF) 

Benzyl bromide (783 μL, 6.59 mmol, 1.2 eq) was added to a solution 
of 4-hydroxy-3,5-dimethoxybenzaldehyde (1.00 g, 5.49 mmol, 1 eq) and 
potassium carbonate (1.52 g, 10.98 mmol, 2 eq) in DMF (10 mL). The 
mixture was stirred at rt for 24 h. The white emulsion formed was 
diluted with water (20 mL), causing product to precipitate. The 
remaining product was extracted using diethyl ether, and dried under 
reduced pressure to form an oil. The organic extracts were combined and 
dried to give the pure product, 4-(benzyloxy)-3,5-dimethox-
ybenzaldehyde 2, as a white solid (1.22 g, 4.48 mmol, 81%).1H NMR 
(400 MHz, DMSO‑d6) δH 9.94 (1H, s, HCO), 7.51–7.34 (5H, m, ph-H), 
7.31 (2H, s, H-2,H-6), 5.09 (2H, s, CH2), 3.91 (6H, s, OCH3). 13C NMR 
(100 MHz, DMSO‑d6) δC 192.3 (CHO), 154.0 (COCH3), 142.1 (COBn), 
137.8 (CCH2), 132.3 (CCHO), 128.6, 128.5, 128.4 (C-Bn), 107.2 
(CHCCHO), 74.5 (CH2), 56.6 (CH3). ESI-HRMS: m/z [M+Na]+ Calc’d. 
295.0946, found 295.0953. 

1-(2-Hydroxy-4,6-dimethoxyphenyl)ethanone 2 (0.31 g, 1.59 mmol, 
1 eq) was dissolved in methanol (20 mL) with 4-(benzyloxy)-3,5-dime-
thoxybenzaldehyde (0.43 g, 1.59 mmol, 1 eq) and sodium hydroxide 
(0.25 g, 6.34 mmol, 4 eq). The solution was refluxed for 24 h at 80 ◦C. 
Addition of a few drops of 6 M HCl caused a bright yellow precipitate to 
form. This was collected with filtration and washed with methanol to 
give product, chalcone 3, as a yellow solid (0.56 g, 1.24 mmol, 78%). 1H 
NMR (400 MHz, DMSO‑d6) δH 13.06 (1H, s, OH), 7.66–7.31 (7H, m, Bn- 
H, H-3, H-5), 7.05 (2H, s, H-2′, H-4′), 6.15 (2H, dd, J = 9.8, 2, H-α, H-β), 
4.95 (2H, CH2), 3.86 (3H, s, OCH3-4), 3.83 (6H, s, OCH3-3′, OCH3-5′), 
3.81 (3H, s, OCH3-6). 13C NMR (100 MHz, DMSO‑d6) δC 192.2 (CO), 
165.0 (COCH3 – 4), 164.5 (COCH3 – 6), 161.4, (COH), 153.1 (COCH3 – 
3′, COCH3 – 5′), 142.5 (COCHCH), 138.2 (C-Bn), 137.4 (CCH2OBn), 
130.3, 127.9, 127.8, 127.6 (Ph), 126.9 (C – 1′), 106.5 (C – 1), 105.7 (CH 
– 2′, CH – 6’), 93.7 (CH – 3), 90.8 (CH – 5), 73.8 (CH2), 55.9, 55.9, 55.4 
(OCH3). ESI-HRMS: m/z [M+H]+ Calcd. 451.1751, found 451.1783. 

Iodine (0.06 g, 0.25 mmols, 0.2 eq) was added to chalcone 3 (0.55 g, 
1.23 mmols, 1 eq) in DMSO (10 mL). The solution was refluxed at 130 ◦C 
for 1 h, before being cooled and poured into 10% [%w/w] sodium thi-
osulphate pentahydrate solution (150 mL) to give a white precipitate. 
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This was collected by filtration and washed with water to give a white 
solid of 90% purity (0.56 g). The crude product was purified in batches 
using reverse phase Biotage Isolera purification (eluent: H2O + 0.1% 
formic acid: MeOH + 0.1% formic acid 5–100%, cartridge: Biotage 
SNAP Ultra C18 12g) to give the protected flavone 4. This was used 
directly in the next step; purification of a small batch for analysis indi-
cated a yield of 78%. 1H NMR (400 MHz, DMSO‑d6) δH 7.47–7.33 (5H, 
m, Bn-H), 7.30 (2H, s, H-2′, H-6′), 6.90 (1H, d, J = 2.3, H-8), 6.87 (1H, s, 
H-α), 6.50 (1H, d, J = 2.3, H-6), 5.00 (2H, s, CH2), 3.91 (3H, s, OCH3-5), 
3.90 (6H, s, H-3′, H-5′), 3.83 (3H, s, OCH3-7). 13C NMR (100 MHz, 
DMSO‑d6) δC 175.8 (CO), 163.7 (COCH3 – 7), 160.2 (C – β), 159.4 
(COCH3 – 5), 159.2 (C – 8a), 153.4 (COCH3 – 3′, COCH3 – 5′), 138.9 (Bn 
– 1), 137.6 (COBn), 128.2 (Bn – 3, Bn – 5), 128.1 (Bn – 2, Bn – 6), 127.9 
(Bn – 4), 126.3 (C – 1′), 108.3 (C – 4a), 108.2 (C – α), 103.5 (C – 2′, C – 
6′), 96.3 (C – 6), 93.5 (C – 8), 74.0 (CH2), 56.4 (OCH3 – 3′, OCH3 – 5′), 
56.1 (OCH3 – 5, OCH3 – 7). ESI-HRMS: m/z [M+H]+ Calc’d. 449.1595, 
found 449.1662. 

Boron trichloride (BCl3, 1560 μL, 1.0 M in CH2Cl2, 2 eq) was added to 
a stirred solution of 4 (0.35 g, 0.78 mmol, 1 eq) pentamethylbenzene 
(0.35 g, 2.34 mmol, 3 eq) in dry DCM (4 mL) via syringe at − 84 ◦C 
dropwise over 10 min. After 15 min, due to complete consumption of 
starting material, the reaction was quenched with CHCl3:MeOH (10:1, 5 
mL) and warmed to room temperature. A resulting orange solid was 
removed via filtration. The filtrate was concentrated under reduced 
pressure and purified using reverse phase Biotage Isolera purification 
(eluent: H2O + 0.1% formic acid: MeOH + 0.1% formic acid 5–100%, 
cartridge: Biotage SNAP Ultra C18 12g) to give the desired product, 4′ 
OH-TetMF as an off-white powder. (0.70 g, 0.20 mmol, 25%). 1H NMR 
(400 MHz, DMSO‑d6) δH 9.11 (1H, s, OH), 7.29 (2H, s, H-2′, H-6′), 6.90 
(1H, d, J = 2.3, H-8), 6.78 (1H, s, H-α), 6.50 (1H, d, J = 2.3, H-6), 3.91 
(3H, s, OCH3-5), 3.88 (6H, s, H-3′, H-5′), 3.83 (3H, s, OCH3-7). ESI- 
HRMS: m/z [M+H]+ Calcd. 359.1125, found 359.1143. 

2.3. PL inhibition assay 

Stock solutions of the two HPMFs were prepared in DMSO and then 
various working solutions (20, 40, 60, 80 and 100 μg/mL) were pre-
pared from the stock solution. PL was dissolved in Tris-HCl buffer (50 
mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 10 mM MOPS, pH 7.4) and 
throughly mixed for 15–20 min. The final concentration of PL in Tris- 
HCl buffer was 5 mg/mL [22,23]. This was then incubated with 
various concentrations of the HPMFs or orlistat (positive control) for 15 
min at 37 ◦C. The total volume of the mixture was kept at 1 mL. 
Following incubation, 5 μL of PNPB (10 mM in acetonitrile) was added 
to the mixture and further incubated for 15 min at 37 ◦C. After 15 min, 
the absorbance of the mixture was read at 410 nm in a microplate reader 
(BMG LABTECH SPECTROstar, Germany) against a blank consisting of 
denatured enzyme. The enzyme mixture was denatured by boiling it at 
100 ◦C for 10 min. Each experiment was repeated three times. The 
inhibitory activities of HPMFs and orlistat were calculated by measuring 
the hydrolysis of PNPB to p-nitrophenol using the following formula: 

Inhibition Rate (% I)= ((1 − (B − b /A − a)) x 100  

where ‘A’ is the activity of PL without inhibitor and ‘a’ is the negative 
control without inhibitor, ‘B’ is the activity of PL with inhibitor, and ‘b’ 
is the negative control with inhibitor [11,24]. 

2.4. Molecular docking and mode of inhibition 

To investigate the binding pattern of the HPMFs with PL, molecular 
docking of HPMFs with porcine PL was performed using the Glide 
module of the Schrödinger Drug Discovery Platform [25,26]. The 
3-dimensional structure of PL (PDB ID: 1LPB) was downloaded from the 
RCSB Protein Data Bank (https://www.rcsb.org/) [27] and used as a 
template for generating PL ligand-complex models. The structure of the 

protein was prepared using the standard protein preparation flow 
implemented in Schrodinger’s Maestro. Crystallographic waters and 
non-ligand molecules were removed, and incomplete side chains were 
repaired. Appropriate protonation states were assigned at pH 7.4, and 
the resulting structure was energy-minimized before docking. The 3D 
structures of the ligands (HPMFs and the positive control orlistat) were 
initially constructed in Maestro and prepared for docking using LigPrep. 
The ligands were then docked into the protein’s active site, which was 
defined by the crystallographic bound ligand, using the induced-fit 
docking protocol. The protocol was validated by redocking of the 
cognate ligand (a C11 alkyl phosphonate compound) found in the crystal 
structure. The protocol could reproduce the crystallographic pose with a 
RMSD of 1.346 Å, which was well below the 2 Å cut-off typically used in 
validating docking procedures. 

To further confirm the results of the docking study, an in vitro study 
was also performed to determine the mode of inhibition of PL by HPMFs 
as described by Refs. [22,28]. Briefly, several concentrations of PNPB 
(20, 40, 60, and 80 μM in acetonitrile) were incubated with PL and 
HPMFs (100 and 200 μg/mL) for 15 min at 37 ◦C in Tris-HCl buffer and 
readings taken every 30 s at 410 nm in a microplate reader (BMG 
LABTECH SPECTROstar, Germany). A double reciprocal plot (Line-
weaver Burk Plot) was used to study the enzyme kinetics, and maximum 
velocity (Vmax) and Michaelis Menton Constant (Km) were calculated by 
analyzing the double reciprocal plot. 

2.5. MTT assay 

3T3-L1 mouse fibroblast cells were used to investigate the cytotox-
icity of HPMFs using the MTT assay following the methodology of [29]; 
with minor modification. 5 × 103 3T3-L1 cells/well were seeded into 96 
wells plates in DMEM supplemented with 1% Pen-Strep and 10% BCS 
and incubated for 24 h at 37 ◦C and 5% CO2. The media was then 
removed, and a range of HPMF concentrations were added and the cells 
further incubated for 72 h. After incubation, the media containing 
HPMFs was removed, and the cells were washed twice with PBS. 
Following washing, 100 μL of fresh cell culture media containing 10% 
freshly prepared MTT solution was added and the cells incubated for a 
further 4 h, followed by the addition of 100 μL DMSO to dissolve the 
formazan crystals. After 15 min of incubation with DMSO, the optical 
absorbance was read at 570 nm in a microplate reader (BMG LATECH 
SPECTROstar, Germany). All the assays were done in triplicate and the 
values were expressed as the percentage of viable cells relative to the 
control according to the below formula [30]: 

% Viability=
(

Mean ODsample
Mean ODblank

)

× 100  

2.6. 3T3-L1 differentiation 

3T3-L1 mouse fibroblast cells were differentiated by following the 
methodology of [31] with minor modification. The cells were cultured 
in DMEM supplemented with 10% BCS and 1% Pen-Strep until reaching 
the contact inhibition stage (3–4 days). The culture media was 
exchanged for fresh media, and the cells were kept in the 
post-confluence stage for a further two days. The cells were then induced 
to differentiate (Day 0: D0) for 3 days in DMEM+10% FBS by using a 
3T3-L1 differentiation cocktail which provided a final concentration of 
1 μM dexamethasone, 500 μM of 3-isobutyl-1-methylxanthine (IBMX) 
and 1.5 μg/mL insulin. On day 3 (D3), the differentiation induction 
media was removed, and the cells were kept in differentiation mainte-
nance media (DMEM + 10% BCS+ 1.5 μg/mL insulin) for 3 days. 
Various concentrations of HPMFs were also added along with differen-
tiation induction and differentiation maintenance media. The cells were 
kept in the differentiation maintenance media up to day 10 (D10) 
(Fig. 1), and the media was exchanged every 2–3 days. Each of the 
experiment was done in triplicate and all the values were calculated 
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relative to the control (non-treated cells). 

2.7. Oil Red O staining 

To investigate the effects of HPMFs on lipid accumulation, the 
differentiated adipocytes were stained with Oil red O solution 10 days 
post-treatment (D10). The staining procedure was performed as 
described previously [32]. The cells were rinsed with PBS twice and 
fixed with 10% formaldehyde for 2 h. The cells were then treated with 
60% isopropanol solution for 2 min and allowed to dry. Oil red O 
working solution (0.6% v/v in dH2O) was prepared by diluting the stock 
solution (0.5% w/v in isopropanol) and then 200 μL/well was added to 
the cells. The cells were incubated for 2 h at 37 ◦C in complete darkness. 
After 2 h, the Oil Red O working solution was removed and the stained 
cells were observed and photographed in an inverted fluorescent mi-
croscope (Nikon Eclipse, Japan). Oil Red O was quantified by extracting 
the dye with isopropanol and subsequently reading the absorbance at 
490 nm in 96 well dishes in a microplate reader (BMG LATECH SPEC-
TROstar, Germany). The experiments were repeated three times and all 
the values were calculated as percentage reduction in lipids staining 
relative to the control (non-treated cells). 

2.8. Quantification of intracellular triglyceride content 

The intracellular triglyceride content of differentiated adipocytes 
were quantified at 10 days post-treatment (D10) with HPMFs using the 
triglyceride assay kit (Cat. No. E-BC-K238, USA). The cells were washed 
with PBS, trypsinized and lysed with RIPA lysis buffer. After lysis, the 
cells were centrifuged at 13,000×g for 20 min and the supernatant was 
used for the quantification of triglycerides by following the triglyceride 
assay kit manufacturer’s instructions. The samples without treatment of 
HPMFs were taken as control. The absorbance of the control and treated 
samples were measured at 510 nm in a microplate reader (BMG LATECH 
SPECTROstar, Germany). The experiments repeated three times and all 
the results were expressed as a percentage (%) of triglycerides compared 
to the control [33]. 

2.9. Glycerol release 

The lipolytic effects of HPMFs in 3T3-L1 adipocytes were investi-
gated by incubating the cells for 72 h in the presence and absence of 
HPMFs, and the release of glycerol (as a result of lipids breakdown) was 
evaluated. The release of glycerol into the medium was used as an index 
of lipolysis. Glycerol in the medium was measured according to the in-
structions of the manufacturer, using a glycerol kit (Catalog No. 
MAK117, Sigma Aldrich USA). All the values were corrected by sub-
tracting the absorbance of the blank from each sample, and were per-
formed in triplicates. The samples without HPMFs were taken as 
controls, and all the values were calculated relative to the control. 

2.10. Gene expression analysis (RT-qPCR) 

The effect of HPMFs on the gene expression during the differentia-
tion of 3T3-L1 mouse embryonic fibroblast cells into adipocytes were 
analyzed through RT-qPCR. The cells were differentiated as described 
above in the presence and absence of HPMFs. RNA was extracted from 
both treated and non-treated cells using RNA Extraction Kit (Catalog No. 
A5001, Promega USA) at D10, and 1 μg of total RNA was used to syn-
thesize the first strand of cDNA. The cDNA was synthesized using cDNA 
Synthesis Kit by Promega, USA (Catalog No. A5001) according to the 
manufacturer’s instruction in a thermocycler (BIO-RAD T100™). 

The cDNA was then amplified by using specific sense and antisense 
primers (0.5 μM each) (Table 1) to investigate the expression of adipo-
genic, cell cycle, lipogenic, and lipolytic genes by RT-qPCR (Eppendorf 
realplex2 Master cycler, Germany) using GoTaq™ Master Mix (catalog 
No. A6001, Promega USA). The samples without HPMFs were taken as 
control. The experiments were done in triplicate and all the values were 
normalized to β-actin, which was used as an internal control. 

2.11. Quantification of protein secretion from adipocytes (adipokines) 

The effect of HPMFs on the secretion of adipokines from mature 
adipocytes was evaluated by following the instructions provided by the 

Fig. 1. The differentiation protocol used in this study.  

Table 1 
List of primer sequences used in this study.   

5′-TTCATTTCCAACCCACCCTCCA-3′

5′-ATGGAGGGGGTCCTTGTTTAG-3′

c-Myc 5′-AATCTGCGAGCCAGGACAGG-3′

5′-TTCACGTTGAGGGGCATCGT-3′

Cyclin A2 5′-TTGGGTTCTTCTCTGGCTCCAA-3′

5′-GCCTGGAGATGGGAGCGTTA-3′

PPARγ 5′-GCTTGTGAAGGATGCAAGGGTT-3′

5′-GCATCCGCCCAAACCTGATG-3′

C/EBPα 5′-ACCAGTGACAATGACCGCCT-3′

5′-GCGACCCGAAACCATCCTCT-3′

C/EBPβ 5′-AGTACAAGATGCGGCGCGA-3′

5′-CACCTTGTGCTGCGTCTCCA-3′

aP2 5′-TCCTTCAAACTGGGCGTGGA -3′

5′-GCCCCGCCATCTAGGGTTAT -3′

FASN 5′-TCCATGGCAGCTGTTGGTTTG-3′

5′-CAGGCCTCCTGTTCGTACCT-3′

SREBF1 5′-GAAGCTGTCGGGGTAGCGT-3′

5′-CCAGCATAGGGGGCGTCAAA-3′

ATGL 5′-GAGCTTCGCGTCACCAACAC-3′

5′-CCAGCAGGGCATTCCTCCTA-3′

HSL 5′-CTTGGGGAGCTCCAGTCGGAA-3′

5′-GCGAGTGTCACCAGCGACT-3′

MGL 5′-CGCGCAGTAGTCTGGCTCTA-3′

5′-GGCAGGTCCTGGTAGGGAAC-3′

β-actin 5′-AGCTCCTTCGTTGCCGGTC-3′

5′-ATTCCCACCATCACACCCTGG-3′

Primer sequences (except Cyclin D1, c-Myc, and Cyclin A2) are taken from 
[18]. 
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enzyme-linked immunosorbent assay (ELISA) kits manufacturers. To 
determine adiponectin, leptin and resistin secretion, ELISA kits (Catalog 
No. E-EL-M0002, E-EL-M3008, E-EL-M3056 respectively) from Elabs-
cience were used. For chemerin, TNF-α, and IL-6, ELISA kits (Catalog No. 
EM0923, EM0183, EM0121 respectively) from Fine Test China were 
used. All the reagents were brought to room temperature and freshly 
prepared each time before use according to the manufacturer’s in-
structions. 100 μL of the standard, blank and samples were added to the 
96 wells plate and incubated for 90 min at 37 ◦C. After 90 min, the liquid 
was discarded and, 100 μL of biotinylated detection (Ab) working so-
lution was immediately added and the plate incubated for 1 h at 37 ◦C. 
The liquid was then aspirated, and the plate was washed three times 
with distilled water and dried. After this, 100 μL of HRP conjugate 
working solution was added and the plate incubated for 30 min at 37 ◦C. 
The liquid was then aspirated, and the plate was washed five times again 
with distilled water. Then 100 μL of substrate reagent was added and 
incubated at 37 ◦C for 15 min, followed by adding 50 μL of stop solution. 
Each experiment was done in duplicate and the absorbance was 
measured at 450 nm in an ELISA microplate reader (BMG LATECH 
SPECTROstar, Germany). 

2.12. Statistical analysis 

GraphPad Prism statistical software (version 8.0) was used for sta-
tistical analysis. All the data are expressed as mean ± standard de-
viations. A one-way and two-way analysis of variance (ANOVA) 
followed by the Tukey test was used for statistical analysis. Statistical 
significance of the data is denoted as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001. 

3. Results 

3.1. Synthesis of HPMFs 

The two hydroxy-polymethoxyflavones (HPMFs) used in this study 

were synthesized by iodine-catalysed oxidative ring closure of the cor-
responding chalcones (Fig. 2) [34]. The chalcones were in turn prepared 
by crossed aldol (Claisen-Schmidt) reactions [35] from suitably 
substituted aromatic ketones (for the A-ring) and aromatic aldehydes (B 
ring). In the case of 3′-hydroxy-5,7,4′,5′-tetramethoxyflavone (3′ 
OH-TetMF) this was achieved directly in two steps via compound 1. 
However, for 4′-hydroxy-5,7,3′,5′-tetramethoxyflavone (4′OH-TetMF), 
as suggesting in the literature [36], it was found that the cyclisation 
reaction did not proceed cleanly, and a protecting group strategy was 
used. A benzyl group was appended to the free alcohol in the aldehyde 
precursor to give 2 [37], and after aldol yielding 3 and oxidative ring 
closure to achieve 4, the protecting group was removed using boron 
trichloride [38]. All products were purified by automated column 
chromatography and isolated as pure off-white solids. 

3.2. HPMFs reduce PL activity 

The inhibitory effects of the two HPMFs on porcine PL were inves-
tigated using a range of concentrations (20, 40, 60, 80, and 100 μg/mL). 
Both of the HPMFs inhibited the activity of PL in a concentration- 
dependent manner. 4′OH-TetMF inhibited PL activity by 10, 15, 26, 
31 and 41% while 3′OH-TetMF inhibited PL by 7, 11, 18, 30 and 37% at 
20, 40, 60, 80, and 100 μg/mL of each HPMF respectively (Fig. 3). 
Orlistat was used as a positive control and inhibited the activity of PL by 
36% at the highest concentration (100 μg/mL). The PL inhibitory effects 
of 4′OH-TetMF at 40, 60 and 100 μg/mL were significantly higher than 
3′OH-TetMF, while at 20 and 80 μg/mL, the PL inhibitory effects of 4′ 
OH-TetMF and 3′OH-TetMF were almost same. Moreover, the PL 
inhibitory effects of 4′OH-TetMF at 40, 60 and 100 μg/mL were also 
significantly higher than the positive control orlistat. There were no 
significant differences between the inhibitory effects of 3′OH-TetMF 
and orlistat at any concentration (20–100 μg/mL). 

Fig. 2. Synthesis of the HPMFs used in this study. Assignment of A and B rings indicated on the products.  

B. Ahmad et al.                                                                                                                                                                                                                                 



Chemico-Biological Interactions 379 (2023) 110503

6

3.3. Molecular docking and mode of inhibition 

To understand the binding pattern and affinity of each HPMF with 
PL, molecular docking was performed on porcine PL using an induced-fit 
docking protocol [39]. Both of the HPMFs interacted with residues 
within the PL active site (Fig. 4). Crystal structures of PL have shown 
that it is constituted by two structural domains, a N-terminal domain 
which comprised of amino acid residues 1–336, and a C-terminal 
domain which contains amino acid residues 336–449 [40–42]. The 
N-terminal domain functions as the catalytic domain and contains the 
catalytic triad (Ser152-His263-Asp-176) which is shielded by the lid 
domain. Meanwhile, the C-terminal domain is involved in colipase 

binding [40] and is crucial for non-catalytic functions such as binding of 
lipids, heparin and cofactors [41]. Conformational changes in PL occurs 
during which the lid is opened and exposes the hydrophobic part of the 
active site which enhances the binding capacity of the substrate with the 
catalytic site of PL [43]. 

Our docking results indicated that the binding affinity of 4′OH- 
TetMF with PL was stronger (− 9.12 kcal/mol) than 3′OH-TetMF 
(− 8.39 kcal/mol) and orlistat (− 8.05 kcal/mol). 3′OH-TetMF was 
found to form three hydrogen bonds to known key residues in the PL 
binding site such as Ser152, His263, and Asp79 and was additionally 
stabilized by π-π stacking interactions with Phe77. On the other hand, 4′ 
OH-TetMF adopted a slightly different binding pose and was found to 
form two hydrogen bonds with Phe77 and Ser152. Despite the fewer 
hydrogen bond interactions, we observed an additional π-cation inter-
action between 4′OH-TetMF and His263, as well as numerous π-π 
stacking interactions with Phe77, Phe215, and His263. These additional 
interactions potentially explain the favourable predicted binding energy 
of 4′OH-TetMF. Our docking results were therefore in agreement with 
our in vitro PL inhibition results, whereby 4′OH-TetMF which had the 
best docking score also showed greater PL inhibition compared to 3′OH- 
TetMF and the positive control orlistat, which had similar docking 
scores and PL inhibition. This further lent credence to the binding poses 
of both HPMFs observed here, which showed that they may inhibit the 
activity of PL in a competitive manner. The mode of inhibition of PL by 
HPMFs was therefore further investigated using the PL assay to generate 
a Lineweaver Burk Plot, and Vmax and Km values were determined 
(Table 2). Consistent with the molecular docking results, both HPMFs 
inhibited PL activity in a competitive manner (Fig. 5). 

3.4. Cytotoxicity of HPMFs (MTT assay) 

To investigate the cytotoxic effects of 3′OH-TetMF and 4′OH- 
TetMF, 3T3-L1 mouse fibroblast cells were seeded (24hrs) followed by 

Fig. 3. Inhibitory effects of 3′OH-TetMF and 4′OH-TetMF on the activity of 
PL. Asterisks represent significant differences (p < 0.05) of PL inhibitory effects 
of 4′OH-TetMF from 3′OH-TetMF and orlistat at 20, 60 and 100 μg/mL. No 
significant difference was observed between 3′OH-TetMF and orlistat. This 
graph is representative of three independent experiments. 

Fig. 4. 3D models (A and C) of key binding interactions and 2D ligand interaction diagrams (B and D) of 3′OH-TetMF (A and B) and 4′OH-TetMF (C and D) docked to 
porcine PL (PDB. 1LPB). Hydrogen bonds are shown as yellow dashed lines (A and C), or as purple arrows (B and D). π-π stacking interactions are shown as green 
lines, while cation-π interactions are shown as red lines (B and D). 

B. Ahmad et al.                                                                                                                                                                                                                                 



Chemico-Biological Interactions 379 (2023) 110503

7

incubation with various concentrations (0, 3, 6, 10, 15, 20 and 25 μM) of 
HPMFs for 72 h, after which the MTT assay was performed. 3′OH-TetMF 
showed a small but statistically significant effect in this assay at 25 μM 
while 4′OH-TetMF showed a small but significant effect at 20 μM 
relative to the control (Fig. 6). Both HPMFs had no effect on 3T3-L1 cells 
in this assay, up to 15 μM, relative to the control. Therefore, 15 μM was 
the highest concentration used for further assays. 

3.5. HPMFs inhibit lipid accumulation during adipogenesis 

The inhibitory effect of 3′OH-TetMF and 4′OH-TetMF on the 
accumulation of lipids was investigated during 3T3-L1 mouse fibroblast 
cell differentiation into mature adipocytes. The cells were induced to 
differentiate using a cocktail of 1 μM dexamethasone, 500 μM of IBMX 
and 1.5 μg/mL insulin as described in the materials and methods and 
shown in Fig. 1, and incubated with various concentrations (0, 3, 6, 10, 
15 μM) of 3′OH-TetMF or 4′OH-TetMF until D10. Both of the HPMFs 
significantly reduced the accumulation of lipids during the differentia-
tion of preadipocytes to mature adipocytes (Figs. 7 and 8). The overall 
effect of 4′OH-TetMF on lipid accumulation was greater than for 3′OH- 
TetMF. 3′OH-TetMF reduced lipid accumulation by 10, 17, 36, and 
47%, while 4′OH-TetMF reduced the lipid accumulation by 12, 30, 46, 
and 58% at 3, 6, 10 and 15 μM of each HPMF respectively. 

3.6. HPMFs inhibit triglyceride accumulation 

The inhibitory effects of 3′OH-TetMF and 4′OH-TetMF on the 
accumulation of triglycerides were investigated at day 10 (D10) after 
treatment with each HPMF during 3T3-L1 mouse fibroblast cell differ-
entiation into adipocytes. Both of the HPMFs significantly reduced the 
accumulation of triglycerides in a dose-dependent manner relative to the 
control cells (Fig. 9). 3′OH-TetMF reduced the accumulation of tri-
glycerides by 8, 17, 24, and 38% at 3, 6, 10 and 15 μM respectively. 
Furthermore, 4′OH-TetMF, significantly reduced triglyceride accumu-
lation by 11, 20, 32, and 39% at at 3, 6, 10 and 15 μM respetively. The 
cells without any treatment with HPMFs were considered as 100% 
mature adipocytes, and the triglyceride content of these non-treated 
adipocytes was normalized to 100%. Each experiment was repeated 
three times and all the values were expressed in terms of percentage 
relative to the non-treated cells (0 μM). 

3.7. HPMFs enhance glycerol release from mature adipocytes 

The effects of HPMFs on the release of glycerol from mature adipo-
cytes were investigated at D10. The cells were treated with either 3, 6, 
10 or 15 μM of 3′OH-TetMF or 4′OH-TetMF for 72 h. After 72 h, the 
release of glycerol into the culture medium was measured. Both HPMFs 
significantly enhanced the release of glycerol from mature adipocytes 
(Fig. 10), indicating that they can accelerate lipid breakdown in mature 
adipocytes. The release of glycerol from non-treated mature adipocytes 
was taken as 100%, while glycerol release from the treated adipocytes 
was calculated as relative to the non-treated (control) adipocytes. There 
was no significant difference between the effect of 3′OH-TetMF and 4′ 
OH-TetMF at 3 and 6 μM of each compound. 3′OH-TetMF increased the 
release of glycerol to 117 and 131%, while 4′OH-TetMF enhanced 
glycerol release to 117 and 132% at 3 and 6 μM of each compound 
respectively. At 10 and 15 μM, the effect of 4′OH-TetMF was higher 
than 3′OH-TetMF. 4′OH-TetMF enhanced glycerol release to 166 and 
192% while 3′OH-TetMF enhanced glycerol release to 154 and 168% at 
the same concentrations. 

3.8. HPMFs inhibit adipogenic and lipogenic genes expression 

The effects of 3′OH-TetMF and 4′OH-TetMF on the expression of 
adipogenic and lipogenic genes were investigated during the differen-
tiation and incubation of 3T3-L1 cells with and without HPMFs as 

Table 2 
Kinetic parameters of PL activity in the presence and absence of inhibitors 
(HPMFs).   

Velocity (μM/min) of Enzyme Activity at 
different substrate concentrations (μM) 

Vmax 
(μM/min) 

Km 
(μM) 

20 40 60 80 

Control 5.2 ±
0.26 

8.2 ±
0.27 

15.1 ±
0.19 

12.3 ±
0.05 

20.83 60.01 

Concentration (μg/mL) 
3′OH- 

TetMF 
(100) 

3.08 ±
03 

5.06 ±
0.1 

6.98 ±
0.13 

9.14 ±
0.21 

20.92 110.10 

3′OH- 
TetMF 
(200) 

2.23 ±
0.06 

4.16 ±
0.03 

5.56 ±
0.02 

6.46 ±
0.07 

20.08 155.44 

4′OH- 
TetMF 
(100) 

3.69 ±
0.05 

6.24 ±
0.03 

8.31 ±
0.01 

9.6 ±
0.01 

21.00 93.62 

4′OH- 
TetMF 
(200) 

2.32 ±
0.03 

4.27 ±
0.05 

5.4 ±
0.02 

7.3 ±
0.03 

21.27 163.17  

Fig. 5. Kinetic analysis (Lineweaver Burk Plot) of PL assays performed in the 
presence and absence of 100 and 200 μg/mL of 3′OH-TetMF or 4′OH-TetMF. 
Each experiment was repeated three times. 

Fig. 6. Cytotoxic effects of 3′OH-TetMF and 4′OH-TetMF in 3T3-L1 cells at the 
concentrations indicated. Data is represented as mean ± SD (n = 3 biological 
repeats), and p < 0.05 was considered as significantly different. *p < 0.05, **p 
< 0.01. 
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described in the methodology. Both of the HPMFs significantly reduced 
the expression of mRNA of adipogenic and lipogenic genes at 10 and 15 
μM of each HPMF (Fig. 11). The expression of genes in the control (0 μM) 
was considered 100%. The values of the expression of genes in the 
treated samples were expressed in terms of percentage relative to the 
control sample. β-actin was used as an internal control. 3′OH-TetMF 
reduced the expression of PPARγ, C/EBPα, C/EBPβ, aP2, SREBF1 and 
FASN by 26 and 53%, 48 and 49%, 42 and 76%, 52 and 59%, 42 and 
49%, 50 and 79%, at 10 and 15 μM respectively (Fig. 11 A, C, E, G, I, and 
K). Likewise, 4′OH-TetMF reduced the expression of PPARγ, C/EBPα, C/ 
EBPβ, aP2, SREBF1 and FASN by 49 and 81%, 42 and 50%, 53 and 82%, 
60 and 72%, 70 and 82%, and 67 and 70% at at 10 and 15 μM of 
compound respectively (Fig. 11 B, D, F, H, J, and L). Overall, the effects 
of 4′OH-TetMF were greater than with 3′OH-TetMF, which is consistent 
with earlier results obtained in the case of lipid accumulation (oil red o 
staining), and quantification of triglyceride accumulation and glycerol 
release. 

3.9. HPMFs regulate cell cycle gene expression during adipogenesis 

To investigate whether 3′OH-TetMF and 4′OH-TetMF have any ef-
fect on the regulation of cell cycle genes that encode C-Myc, Cyclin D1 
and Cyclin A2, after induction of differentiation, the cells were incu-
bated with 10 and 15 μM HPMFs for 72 h. Both of the HPMFs signifi-
cantly enhanced the expression of C-Myc and Cyclin D1 and decreased 
the expression of Cyclin A2 (Fig. 12). The expression of genes in the 
control sample was taken as 1 (100% expression), while in all other 
treated samples, their expression was calculated as relative to the con-
trol sample. 3′OH-TetMF increased the expression of C-Myc by 1.48 and 
2.27 fold (Fig. 12 A) while 4′OH-TetMF enhanced its expression by 1.3 
and 2.5 fold at 10 and 15 μM respectively (Fig. 12B). Likewise, the 
expression of Cyclin D1 was increased by 1.71 and 1.97 fold upon 
treatment with 10 and 15 μM of 3′OH-TetMF respectively, while its 
expression was increased by 3.18 and 3.48 fold upon treatment with 4′ 
OH-TetMF at the same concentrations respectively. On the other hand, 
the expression of cyclin A2 was reduced by 0.1 and 0.28 fold when 
treated with 3′OH-TetMF (10 and 15 μM) and by 0.33 and 0.51 upon 

Fig. 7. Oil Red O staining at day 10 (D10), after treatment with either (A) 3′OH-TetMF or (B) 4′OH-TetMF at the indicated concentrations during 3T3-L1 mouse 
fibroblast cell differentiation into adipocytes. 
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treatment with 10 and 15 μM of 4′OH-TetMF respectively. 

3.10. HPMFs enhance lipolytic genes expression during differentiation 

3T3-L1 cells were seeded at 1.5 × 104 cells/well in 24 well plates and 
induced to differentiate in the presence and absence of 3′OH-TetMF and 
4′OH-TetMF and the expression of lipolysis related genes (ATGL, HSL, 
MGL) were investigated at day 10 (D10). The expression of genes was 
determined by fold-change in expression relative to the control sample 
(Fig. 13). The lipolytic gene expression in the control sample was taken 
as 1, and all values were normalized to β-actin. 3′OH-TetMF increased 

the gene expression of ATGL, HSL, and MGL by 1.46 and 1.58, 2.69 and 
2.63, 2.7 and 3.6 fold at 10 and 15 μM concentrations. Similarly, 4′OH- 
TetMF enhanced ATGL, HSL, and MGL expression by 2.0 and 3.3, 3.2 
and 3.7, and 1.37 and 1.94 fold at the same concentrations. 

3.11. Effects of HPMFs on secretable proteins (adipokines) 

3.11.1. TNF-α and IL-6 secretion (pro-inflammatory cytokines) 
3T3-L1 cells were differentiated in the presence and absence of 

HPMFs as described in the methodology and the effects of 3′OH-TetMF 
and 4′OH-TetMF on the secretion of pro-inflammatory cytokines (TNF-α 
and IL-6) were investigated at D10 (Fig. 14). The secretion of TNF-α and 
IL-6 in the control samples were considered as 100% and all the values 
were expressed in terms of percentage (%) relative to the control. 3′OH- 
TetMF reduced TNF- α secretion by 10, 14 and 20% at 6, 10 and 15 μM 
respectively, while at 3 μM, it did not show a significant effect as 
compared to the untreated control sample (100%). Similarly, 3′OH- 
TetMF reduced IL-6 secretion significantly by 10, 23 and 29% at 6, 10 
and 15 μM respectively, while at 3 μM, it did not have significant effect 
on IL-6 secretion versus the untreated control sample. 4′OH-TetMF also 
significantly reduced the secretion of TNF-α by 11, 19 and 25% at 6, 10 
and 15 μM respectively versus the untreated control. In the case of IL-6, 
4′OH-TetMF decreased its secretion to 5, 7, 16 and 26% at 3, 6, 10 and 
15 μM respectively. 

3.11.2. Resistin and chemerin secretion 
The effect of 3′OH-TetMF and 4′OH-TetMF on the secretion of 

resistin and chemerin was investigated in mature adipocytes after 
differentiating the cells until D10 in the presence and absence of HPMFs 
(Fig. 15). The secretion of chemerin and resistin from the control sam-
ples were considered as 100% and all the values were expressed in terms 
of percentage (%) relative to the control. 3′OH-TetMF and 4′OH-TetMF 
did not significantly affect the secretion of resistin at 3 μM relative to the 
control (Fig. 15). 3′OH-TetMF reduced resistin secretion significantly 
by 8, 17 and 23%, while 4′OH-TetMF reduced resistin secretion 
significantly by 8,13, and 20% at the 6, 10 and 15 μM respectively 
(Fig. 15 A). In the case of chemerin secretion, 3′OH-TetMF reduced 
chemerin secretion significantly by 21 and 33% only at 10 and 15 μM 
respectively, while at 3 and 6 μM, it did not have any significant effect on 
chemerin secretion. 4′OH-TetMF did not significantly affect chemerin 

Fig. 8. Quantification of Oil Red O staining at day 10 (D10), after treatment 
with either 3′OH-TetMF or 4′OH-TetMF at the indicated concentrations during 
3T3-L1 mouse fibroblast cell differentiation into adipocytes. Each value is 
expressed as mean ± S.D. (n = 3). Different asterisks show significant differ-
ences (p < 0.05) from control (0 μM). **p < 0.01, ***p < 0.001, ****p <
0.0001. PA: Preadipocytes (non-differentiated 3T3-L1 mouse fibroblast cells). 

Fig. 9. Effects of 3′OH-TetMF and 4′OH-TetMF at the indicated concentra-
tions during 3T3-L1 mouse fibroblast cell differentiation into adipocytes on the 
accumulation of triglycerides at day 10 (D10). Each value is expressed as mean 
± S.D. (n = 3). A Two way ANOVA followed by Tukey test was used to 
determine the significant differences (p < 0.05). **P < 0.01, ***p < 0.001, 
****p < 0.0001. 

Fig. 10. Effects of 3′OH-TetMF and 4′OH-TetMF on the release of glycerol 
from 3T3-L1 adipocytes, 10 days post-treatment (D10). Two-way ANOVA fol-
lowed by Tukey test was used to determine the significant differences (p <
0.05). Each experiment was done in triplicate. **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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secretion at 3 μM, while 6, 10, and 15 μM, significantly reduced chem-
erin secretion by 12, 28, and 34% respectively (Fig. 15 B). 

3.11.3. Adiponectin and leptin secretion 
The effect of 3′OH-TetMF and 4′OH-TetMF on the secretion of 

adiponectin and leptin proteins from adipocytes was investigated 10 
days after induction of adipocytes differentiation in the presence and 
absence of HPMFs (Fig. 16). In the case of adiponectin, 3′OH-TetMF, did 

not have any significant effect at 3 μM, while at 6, 10 and 15 μM it 
enhanced the secretion of adiponectin significantly by 17, 49 and 56%, 
as compared to the untreated control sample. Likewise, 4′OH-TetMF 
also showed the same pattern, but its effect was slightly greater than 
with 3′OH-TMF. At 6, 10 and 15 μM it enhanced adiponectin secretion 
by 21, 55 and 73% (Fig. 16 A). The secretion of leptin is opposite to that 
of adiponectin. In obesogenic conditions, its secretion is increased, and 
tightly correlated with the expansion of adipocytes [44,45]. In the 

Fig. 11. Effects of 3′OH-TetMF and 4′OH-TetMF on 
the expression of positive marker genes of adipo-
genesis and lipogenesis during the differentiation 
3T3-L1 cells into mature adipocytes. A, C, E, G, I, and 
K show the expression of genes when treated with 3′ 
OH-TetMF on D0 at the indicated concentrations and 
analysis performed on D10. B, D, F, H, J, and L show 
the expression of genes after treatment with 4′OH- 
TetMF on D0 at the concentrations indicated and 
analysis performed on D10. Each value is expressed as 
mean ± S.D. (n = 3). One-way ANOVA with Tukey 
test was used to determine the significant differences 
(p < 0.05). β actin was used as an internal control. *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.   

Fig. 12. Effects of 3′OH-TetMF and 4′OH-TetMF on 
the expression of cell cycle genes in 3T3-L1 adipo-
cytes, 72 h post-treatment. A, C, E show the expres-
sion of gene when treated with 3′OH-TetMF, while B, 
D, F H, J, and L show the expression of genes after 
treatment with 4′OH-TetMF at the indicated concen-
trations, 72 h post-treatment. All the values are 
normalized to β actin which was used as an internal 
control. Each value is expressed as mean ± S.D. (n =
3). One way ANOVA with Tukey test was used to 
determine the significant differences (p < 0.05). *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.   
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current study, both HPMFs significantly reduced the secretion of leptin 
from adipocytes (Fig. 16 B). Its secretion was reduced by 16, 46 and 64% 
upon treatment with 6, 10, and 15 μM of 3′OH-TetMF, while at 3 μM it 
did not have significant effect on the secretion of leptin. Likewise, 

leptin’s secretion was reduced significantly by 11, 29, 60 and 69% at 3, 
6, 10, and 15 μM of 4′OH-TMF (Fig. 16 B). 

Fig. 13. Effects of 3′OH-TetMF and 4′OH-TetMF on 
lipolysis-related genes expression during differentia-
tion of 3T3-L1 cells into adipocytes. A, C, E shows the 
genes expression of ATGL, HSL, and MGL after 
treating the cells with 3′OH-TetMF, while B, D, and F 
show the genes expression after treatment with 4′OH- 
TetMF on D0 at the concentrations indicated and 
analysis performed on D10. β actin was used as an 
internal control. The experiment was done in tripli-
cate, and each value is expressed as mean ± S.D. (n =
3). One way ANOVA with Tukey test was used to 
determine the significant differences (p < 0.05). *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.   

Fig. 14. Effects of 3′OH-TetMF and 4′OH-TetMF on (A) TNF-α and (B) IL-6 secretion. The experiments were done in duplicates, and each value is expressed as mean 
± S.D. (n = 2). Significance was calculated for each HTMF versus an untreated control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Fig. 15. Effects of 3′OH-TetMF and 4′OH-TetMF on (A) resistin and (B) chemerin secretion. The experiments were done in duplicates, and each value is expressed as 
mean ± S.D. (n = 2). Significance was calculated for each compound versus an untreated control *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

B. Ahmad et al.                                                                                                                                                                                                                                 



Chemico-Biological Interactions 379 (2023) 110503

12

4. Discussion 

Obesity is one of the major health threats in the 21st century due to 
its contribution to the prevalence of other health comorbidities [46]. 
Previously, HPMFs have been shown to exhibit anti-obesity properties 
[47–50], with their efficacies dependent on the distribution of hydroxy 
(-OH) and methoxy (-OCH3) groups on A and B rings of the basic flavone 
skeleton [19]. Two new HPMFs, 3′OH-TetMF and 4′OH-TetMF (Fig. 2), 
are used in this study to investigate their effects against obesity. Of the 
two flavones used in this study, 3′OH-TetMF is found in nature also. It 
has been observed to occur as a result of biotransformation when plants 
were fed non-natural starting materials [51] and has been found in the 
leaves of Murraya paniculate also [52].The anti-obesity effects of the 
two HPMFs were quite similar, although overall, the effects of 4′ 
OH-TetMF were greater than those seen with 3′OH-TetMF. In the case 
of PL inhibition, 4′OH-TetMF effects were significantly higher versus 3′ 
OH-TetMF and the positive control orlistat (Fig. 3). This was also 
evident from the binding efficacies of the HPMFs with PL in molecular 
docking. This revealed that these HPMFs bind to residues Ser152 and 
His263 of the active site of PL and hence can show competitive inhibi-
tion (Fig. 4). In competitive inhibition, the inhibitors bind to the active 
site of protein [53,54]. This finding was supported by the in vitro enzyme 
kinetics study, which also demonstrated competitive inhibition of PL by 
both HMPFs (Fig. 5). In competitive inhibition, the Km values increases 
while the maximum reaction rate (Vmax) remains unchanged [55]. In 
this study, the Vmax values of the two HPMFs did not change signifi-
cantly while the Km values increased with the increase concentration of 
HPMFs (Table 2) which also indicated competitive inhibition of PL by 
these HPMFs. 

In molecular docking, a lower binding energy indicates a more stable 
interaction of the ligand with the receptor [56,57]. The binding energies 
of the HPMFs used in this study were found to be in agreement with their 
PL inhibition in vitro. The binding energy of 4′OH-TetMF was − 9.12 
kcal/mol, 3′OH-TetMF was − 8.39 kcal/mol, and the positive control 
orlistat was − 8.05 kcal/mol which indicates stronger interaction pattern 
of 4′OH-TetMF than 3′OH-TetMF and orlistat. The better binding en-
ergy observed in the case of 4′OH-TetMF might be due to the presence 
of a hydrophobic –OCH3 group at position 3′ of the B ring. The position 
and number of –OH and –OCH3 groups on B ring of flavones also greatly 
influences their metabolism and hence their efficacies [58]. So, the 
presence of the –OCH3 group at position 3′ of the B ring may have 
improved the binding of 4′OH-TetMF with PL, hence exerting a greater 
inhibition on PL. Huang et al. [59] also reported similar higher inhibi-
tory effects of the flavones which possessed a –OCH3 group at position 3′

of the B ring on the flavone skeleton. Nobiletin (5,6,7,8,3′,4′-hexame-
thoxyflavone) and 5-demethylnobiletin (5-hydroxy-3′,4′,6,7, 

8-pentamethoxyflavone) showed higher inhibitory activity than tan-
geretin (4′,5,6,7,8-pentamethoxyflavone) and 5-demethyltangeretin 
(5-hydroxy 4′,6,7,8-tetramethoxyflavone) [59]. In this regard, the re-
sults obtained in our study were consistent with those reported by 
Huang et al. [59]. This also indicates that hydroxylation at position 4′ of 
B ring might be more important for the inhibition of PL activity. 

Previously, some flavones have been reported to exhibit mixed mode 
inhibition against PL. In particular, [59] reported that nobiletin, 
5-demethylnobiletin, tangeretin and 5-demethyltangeretin exhibit 
mixed mode inhibition against PL. In this case, the results of our study 
were inconsistent with those of [59]; in that we observed competitive 
inhibition only. Conversely Liang et al. [56], reported that apigenin (a 
trihydroxyflavone) exhibits a competitive mode of inhibition against PL. 
This indicates that although flavones belong to the same molecular class 
(flavonoids) and are potent inhibitors of PL, their mode of inhibition 
may vary according to the number, type and positions of side chains 
attached to the basic flavone skeleton. 

In cell studies, it was observed that these HPMFs possess anti- 
adipogenic effects and significantly supress the development of pre-
adipocytes to mature adipocytes. As expected, in cell studies, the overall 
anti-obesity effects of 4′OH-TetMF were higher than with 3′OH-TetMF. 
Both HPMFs significantly reduced lipid and triglyceride accumulation 
(Figs. 7–9) during preadipocyte differentiation, as evidenced by Oil Red 
O staining. Similar results were obtained previously by Refs. [50,60]; 
and [61] in the case of tricin, 5-hydroxy-3,6,7,8,3′,4′-hexamethoxy-
flavone, and hesperetin. Following the preliminary analysis, the 
expression of adipogenic and lipogenic key marker genes was 
investigated. 

In accordance with the preliminary results demonstrating lipids and 
triglyceride accumulation, both HPMFs significantly downregulated the 
expression of adipogenic and lipogenic genes (PPARγ, C/EBPα, C/EBPβ, 
aP2, SREBF1, FASN). These genes are well-known positive regulators of 
adipogenesis and lipogenesis. C/EBPβ is induced early in the differen-
tiation of adipocytes and then induces the expression of PPARγ and C/ 
EBPα, which work cooperatively in a single pathway and are involved in 
the last stages of adipocyte differentiation [5,62]. Likewise, after in-
duction of differentiation, expression of lipogenic genes (FASN, SREBF1) 
is also induced. FASN is known to be involved in regulating adipose 
tissue mass and lipid metabolism and can be considered a potential 
therapeutic target in the treatment of obesity [63,64]. Likewise, SREBF1 
is involved in the synthesis of fatty acids and triglycerides [65]. The 
results obtained in this study were consistent with the previously re-
ported anti-obesity effects of HPMFs. Previously, [48,50]; and [47] also 
reported similar effects of HPMFs in 3T3-L1 adipocytes. After confirm-
ing that these HPMFs possess anti-adipogenic effects, we next investi-
gated whether they inhibit adipogenesis in the early stages (MCE phase) 

Fig. 16. Effect of 3′OH-TetMF and 4′OH-TetMF on (A) adiponectin and (B) leptin secretion. The experiments were done in duplicates, and each value is expressed 
as mean ± S.D. (n = 2). Significance was calculated for each HTMF versus an untreated control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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of 3T3-L1 differentiation. For this experiment, the effects of these 
HPMFs on cell cycle-related genes (Cyclin D1, c-Myc, and cyclin A2) 
were investigated. As shown in Figure 12, 3′OH-TetMF and 4′ 
OH-TetMF significantly enhanced the mRNA expression of c-Myc and 
Cyclin D1, and decreased cyclin A2 expression. Consistent with the 
anti-adipogenic effects, overall, the effect of 4′OH-TetMF was higher 
than 3′OH-TetMF. c-Myc and Cyclin D1 are the direct target genes of the 
Wnt/β-catenin pathway. Activation of this pathway enhances c-Myc and 
Cyclin D1 expression [66,67]. This indicates that these HPMFs may 
inhibit adipogenesis in 3T3-L1 adipocytes through activation of 
Wnt/β-catenin pathway but it requires further research. 

Lastly, we investigated the effects of these HPMFs on the expression 
of lipolysis related genes, and secretable proteins from mature adipo-
cytes. Lipolysis plays a crucial role in the hydrolysis of triglycerides to 
fatty acids and glycerol. Activation of lipolysis helps to reduce the stored 
fat contents in adipose tissue and thus can be a potential therapeutic 
pathway in obesity [68]. In adipocytes, lipolysis is achieved by the 
sequential action of ATGL, HSL and MGL [69]. In this study, both HPMFs 
significantly enhanced glycerol release (an indication of triglyceride 
breakdown) and lipolysis related gene expression (ATGL, HSL, and 
MGL). This shows that in addition to direct anti-adipogenic effects, these 
HPMFs also accelerate lipid catabolism. These results were in line to 
those reported by Refs. [70,71] in the case of acacetin (5,7-dihydrox-
y-3’methoxyflavone) and apigenin (4′,5,7-trihydroxy flavone). In addi-
tion, these HPMFs also significantly reduced the secretion of adipokines 
(TNF-α, IL-6, resistin, chemerin, and leptin) from mature adipocytes and 
enhanced adiponectin secretion. In obesogenic conditions, mature adi-
pocytes secrete a variety of cytokines known as adipokines [72], which 
exert various effects on other organs and tissues. TNF- α and IL-6 are 
pro-inflammatory cytokines. TNF- α is the first pro-inflammatory cyto-
kine identified to link obesity with chronic inflammation and insulin 
resistance [73]. Similarly, IL-6 has also been reported to cause insulin 
resistance and decreases insulin sensitivity [74]. In addition to their 
inflammatory roles, TNF- α has been reported to induce mitochondrial 
dysfunction in 3T3-L1 adipocytes [73], while IL-6 secretion is known to 
be in direct proportion with increased body mass, free fatty acids level 
and waist circumference [75]. Likewise, resistin links central adiposity 
to insulin resistance, and the levels of resistin are positively correlated 
with insulin resistance in individuals with hyper resistinemia [76,77]. 
Similarly, chemerin is believed to be a link between inflammation and 
obesity [78], mediate early stages of acute inflammation, and facilitate 
the differentiation and maturation of preadipocytes [79]. Likewise, 
leptin is multifactorial protein and is almost exclusively secreted by 
adipocytes. Circulating level of serum leptin is in direct relation to the 
total body fat mass. In obesity, leptin resistance limits its biological 
activity and plays a major in metabolic syndrome [80]. 

In contrast to other adipokines discussed, adiponectin secretion de-
creases in obesogenic conditions [44]. Adiponectin has 
anti-inflammatory, anti-diabetic, and cardioprotective effects, and thus 
may contribute in the development of therapies against obesity [80]. It 
is also involved in the regulation of fatty acid breakdown [44], and its 
production decreases with the increased accumulation of body fat [81]. 
In this study, both HPMFs significantly increased the secretion of adi-
ponectin, which indicates that this increase might be due to the sup-
pressive effects of these flavones on adipocyte hypertrophy. 

Despite the consistent anti-obesity effects of the HPMFs investigated 
in the present study, we recognise some limitations due to lack of re-
sources. The mRNA expression analysis of various genes has been 
investigated but the effects of these HPMFs on adipogenic, lipogenic and 
lipolytic transcription factors could not be investigated. In addition, cell 
cycle analysis could not be done through flow cytometry to fully un-
derstand the number of cells during the different stages of MCE. In future 
studies, the transcription factors of the genes investigated in this study 
should also be evaluated through Western blot and cell cycle analysis 
through flow cytometry to understand the mechanism of action of these 
HPMFs deeply. Moreover, the cell cycle genes, specifically c-Myc and 

Cyclin D1 are the target genes of Wnt/β-catenin pathway; and it should 
be further investigated whether the anti-adipogenic effects of these 
HPMFs are through activation of the Wnt/β-catenin pathway. 

5. Conclusion 

In conclusion, the results obtained in the present study show that 3′ 
OH-TetMF and 4′OH-TetMF possess anti-obesity effects by reducing the 
activity of PL in a competitive manner. In 3T3-L1 cells, they inhibit 
adipogenesis and lipogenesis, and enhance lipolysis through regulation 
of adipogenic, lipogenic and lipolytic genes (PPARγ, C/EBPα, C/EBPβ, 
aP2, SREBF1, FASN, ATGL, HSL, and MGL). Furthermore, the results 
obtained also showed that these HPMFs reduce the secretion of adipo-
kines (including pro-inflammatory cytokines) from mature adipocytes. 
In addition, it is also concluded that substituting –OCH3 group with –OH 
group at 4′ position of the B ring may enhance the efficacy and overall 
anti-obesity effects of flavones. However, further work is needed to fully 
understand the structure-activity relationship and mechanism of action 
of these HPMFs, before their clinical approval as drugs for the treatment 
of obesity. 
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