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In recent years, obesity has become a key factor affecting human health. Moringa oleifera 
Lam. is a perennial tropical deciduous tree, which is widely used in human medicine due 
to its nutritional and unique medicinal value. It has a cholesterol-lowering effect, but its 
mechanism of action is unclear. In this study, we elucidated the inhibitory effect of M. 
oleifera leaf petroleum ether extract (MOPEE) on lipid accumulation by in vitro and in vivo 
experiments, and we described its mechanism of action. MOPEE suppressed adipogenesis 
in 3T3-L1 adipocytes in a dose-dependent manner and had no effect on cell viability at 
doses up to 400 μg/ml. Furthermore, MOPEE (400 μg/ml) significantly downregulated the 
expression of adipogenesis-associated proteins [peroxisome proliferator-activated receptor 
γ (PPARγ), CCAAT/enhancer-binding proteins α and β (C/EBPα and C/EBPβ), and fatty 
acid synthase (FAS)] and upregulated the expression of a lipolysis-associated protein 
[hormone-sensitive lipase (HSL)] in 3T3-L1 adipocytes. Additionally, MOPEE (400 μg/ml) 
significantly increased the degree of phosphorylation of AMP-activated protein kinase α 
(AMPKα) and acetyl-CoA carboxylase (ACC). An AMPK inhibitor reversed the MOPEE-
induced activation of AMPKα and ACC in 3T3-L1 adipocytes. Animal experiments showed 
that, in high-fat diet (HFD) mice, MOPEE [0.5 g/kg body weight (BW)] effectively decreased 
BW; relative epididymal, perirenal, and mesenteric fat weight and fat tissue size; and 
hepatic fat accumulation. Furthermore, MOPEE markedly reduced the serum levels of 
total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and aspartate 
aminotransferase (AST). Moreover, MOPEE significantly downregulated the expression of 
adipogenesis-associated proteins (PPARγ and FAS) and upregulated the expression of a 
lipolysis-associated protein [adipose triglyceride lipase (ATGL)] in HFD mice hepatic and 
epididymal fat tissue. Additionally, MOPEE markedly increased the degree of phosphorylation 
of AMPKα and ACC in HFD mice hepatic and epididymal fat tissue. Following 

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.01447&domain=pdf&date_stamp=2018-12-18
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.01447
https://creativecommons.org/licenses/by/4.0/
mailto:shengj@ynau.edu.cn
mailto:tianyang1208@163.com
https://doi.org/10.3389/fphar.2018.01447
https://www.frontiersin.org/articles/10.3389/fphar.2018.01447/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01447/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01447/full
https://www.frontiersin.org/articles/10.3389/fphar.2018.01447/full
https://loop.frontiersin.org/people/524870
https://loop.frontiersin.org/people/339093


Xie et al. MOPEE Inhibits Lipid Accumulation

Frontiers in Pharmacology | www.frontiersin.org 2 December 2018 | Volume 9 | Article 1447

INTRODUCTION

Metabolic syndrome is a clustering of risk factors, such as central 
obesity, insulin resistance, dyslipidemia, and hypertension, which 
together culminate in increased risk of type 2 diabetes mellitus and 
cardiovascular disease (O’Neill and O’Driscoll, 2015). Truncal 
obesity plays an exceptionally critical role among all the metabolic 
traits of the metabolic syndrome, and the prevalence of metabolic 
syndrome has steadily increased with the growing epidemic of 
obesity (Martin et al., 2015). The occurrence of obesity is closely 
associated with genetic and environmental factors; environmental 
factors mainly include eating habits and lifestyle (Lai et al., 2015). 
Obesity is characterized by pathologic growth of adipose tissues 
to accommodate excess energy intake by increasing the volume 
and number of adipocytes in the body. The proliferation and 
differentiation of preadipocytes play an extremely important role 
in this process. Thus, inhibiting the preadipocyte proliferation and 
differentiation (adipogenesis) is one of the methods to prevent and 
treat obesity (Figarola and Rahbar, 2013).

Preadipocytes originate from mesenchymal stem cells in adipose 
tissue. In the process of differentiation of preadipocytes into mature 
adipocytes, many transcription factors need to be  continuously 
activated, including CCAAT/enhancer-binding proteins (C/EBPs), 
peroxisome proliferator-activated receptor (PPAR), and sterol 
regulatory element-binding protein 1 (SREBP1) (Lai et  al., 2015; 
Sharma et al., 2015; Liou et al., 2017). The characteristic of adipogenesis 
is the accumulation of triglyceride (TG), during which the expression 
of various enzymes increases, accompanied by an increase in 
lipogenesis and/or a decrease in lipolysis. Fatty acid synthase (FAS) 
is a key enzyme in fatty acid synthesis in adipocytes. It is mainly 
associated with the synthesis of endogenous fat in cells and is involved 
in the differentiation of adipocytes. It is highly expressed in the later 
stages of the process in which fat cells differentiate from fibroblasts 
to mature adipocytes, and it is closely related to the formation of lipid 
droplets in adipocytes. Adipose triglyceride lipase (ATGL) and 
hormone-sensitive lipase (HSL) are the main hydrolyzing enzymes 
that hydrolyze TG and diglycerides, accounting for 95% of lipolytic 
enzyme activity in white adipose tissue (Nielsen et al., 2014).

AMP-activated protein kinase (AMPK) is a key regulator of cellular 
glucose and lipid metabolism, and its activation enhances insulin 
sensitivity in various tissues, promotes energy generation (glucose 
transport and fatty acid oxidation), inhibits energy expenditure (lipid 
synthesis, protein synthesis, and gluconeogenesis), inhibits fatty acid 
release in adipocytes, promotes fatty acid degradation, and thus plays 
a role in the therapeutic effect on metabolic syndrome, diabetes, etc. 

(Daval et al., 2006). Acetyl-CoA carboxylase (ACC) is a downstream 
molecule of AMPK that regulates the synthesis of fatty acids, catalyzes 
the production of malonyl-CoA from acetyl-CoA, and catalyzes the 
synthesis of long-chain fatty acid precursors (Mottillo et al., 2017). 
Phosphorylation of AMPK promotes phosphorylation of ACC, 
resulting in inactivation of ACC, thereby reducing the free fatty acid 
production. In addition, AMPK inhibits the synthesis of fatty acids 
and cholesterol by inhibiting the transcription of SREBP1c and FAS 
(Bullon et al., 2016). Therefore, regulating AMPK activation and the 
expression of its downstream target proteins have become new 
approaches for the treatment of obesity.

Currently, many kinds of agents are used to prevent or treat 
obesity, but some have side effects, including gastrointestinal 
discomfort, flatulence, diarrhea, insomnia, and headache (Lee et al., 
2015). Therefore, it is important to study the antiobesity effects of 
plants and their natural products. Moringa oleifera Lam. (of the 
Moringaceae family) is a type of medicinal Indian herb that is widely 
known in tropical and subtropical countries (Abdull Razis et  al., 
2014). Currently, many studies have revealed the health effects of M. 
oleifera, including cholesterol-lowering, antidiabetic, antihypertensive, 
antitumor, anti-inflammatory, antioxidant, antipyretic, antiepileptic, 
antiulcer, antispasmodic, diuretic, hepatoprotective, antibacterial, 
and antifungal activity (Ndong et al., 2007; Sangkitikomol et al., 2014; 
Yassa and Tohamy, 2014). Simultaneously, many studies have reported 
the antiobesity and antihyperlipidemic effects of M. oleifera (Ghasi 
et al., 2000; Ndong et al., 2007; Sangkitikomol et al., 2014; Helmy 
et al., 2017). However, the lipogenesis inhibitory effect of M. oleifera 
leaf petroleum ether extract (MOPEE) and its mechanism of action 
in vitro and in vivo remain inconclusive. In this study, we investigated 
the inhibitory effects of MOPEE on lipogenesis by in vitro and in vivo 
experiments, and we explored the potential mechanisms underlying 
these effects.

MATERIALS AND METHODS

Preparation of the M. oleifera Leaf 
Extract and Ultrahigh-Performance 
Liquid Chromatography Quadrupole  
Time-of-Flight Tandem Mass Spectrometry 
(UPLC-QTOF-MS/MS) Analysis
M. oleifera leaves (10 kg, Yunnan God Bless Technology Development 
Co., Ltd., Dehong, China) were air-dried and pulverized. The dried 
powder was extracted three times with 75% acetone under soaked 
at room temperature. The combined extract was removed at 50°C 

ultrahigh-performance liquid chromatography quadrupole time-of-flight tandem mass 
spectrometry (UPLC-QTOF-MS/MS) analysis, three phytocompounds (isoquercitrin, 
chrysin-7-glucoside, and quercitrin) were identified as compounds with relatively high 
levels in MOPEE. Among them, quercitrin showed excellent fat accumulation inhibitory 
activity, and the three compounds had synergistic effects in inhibiting adipogenesis. Taken 
together, MOPEE inhibits fat accumulation by inhibiting the adipogenesis and promoting 
the lipolysis, and this process is related to AMPK activation.

Keywords: Moringa oleifera leaf petroleum ether extract, 3T3-L1 adipocytes, adipogenesis, lipolysis, AMPK, 
antiobesity
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under vacuum to afford a viscous residue. The extract was diluted 
with water and then partitioned three times with petroleum ether. 
The petroleum ether-soluble materials were concentrated using 
reduced pressure to recover the petroleum ether, and 30 g (0.3%) 
M. oleifera residue was obtained [M. oleifera leaf petroleum ether 
extract (MOPEE)]. Water-soluble materials were extracted three 
times with chloroform. The chloroform-soluble materials were 
concentrated using reduced pressure to recover the chloroform, 
and 200  g M. oleifera residue was obtained [M. oleifera leaf 
chloroform extract (MOCE)], with a yield from the dried M. oleifera 
leaves of approximately 2.0%. Subsequently, water-soluble materials 
were extracted three times with n-butyl alcohol. The n-butyl alcohol 
was recovered using reduced pressure to obtain 200  g (2%) M. 
oleifera residue [M. oleifera leaf n-butyl alcohol extract (MONAE)]. 
The remaining water-soluble materials were concentrated to 
obtain 100 g (1%) M. oleifera residue [M. oleifera leaf water extract 
(MOWE)].

The composition of the MOPEE was analyzed using an Agilent 
1290 UPLC-QTOF-MS/MS system (Agilent, CA, USA). The 
liquid-phase conditions were as follows: diode array detector 
(DAD); Zorbax Eclipse Plus C18 column (2.1 × 100 mm, 1.8 μm; 
Agilent); elution solvents: 0.1% formic acid water 1) and acetonitrile 
2); flow rate: 0.3 ml/min; column temperature: 30°C; injection 
volume: 1 μl; gradient elution: 0–15 min, 10–25% B; 15–16 min, 
25–35% B; 16–38 min, 35–55% B; 38–42 min, 55% B. The mass 
spectrometry conditions were as follows: electrospray ionization 
(ESI) negative ion mode; ion range: m/z 100–1,700; collision gas: 
nitrogen; drying gas flow rate: 10.0 L/min; drying gas temperature: 
300°C; atomization gas pressure: 30 psi; capillary voltage: 3.5 kV; 
collision voltage: 175 V; MS2 collision energy of the parent ion: 
10–50 V.

3T3-L1 Preadipocyte Culture and 
Differentiation
3T3-L1 preadipocytes (Shanghai Cell Institute Country Cell Bank, 
Shanghai, China) were grown in ordinary medium [Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) 
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (1,000 units of penicillin/ml and 1,000 μg streptomycin/
ml)] at 37°C in 5% CO2 atmosphere. The differentiation of 3T3-L1 
preadipocytes was accomplished by the following method. Briefly, 
4 ml of the 3T3-L1 preadipocyte suspension (5 × 104 cells/ml) was 
seeded onto 50 mm dishes. After 48 h, the ordinary medium was 
replaced with differentiation medium (ordinary medium 
supplemented with 5  μg/ml insulin, 500  μM 3-isobutyl-1-
methylxanthine, 1  μM dexamethasone, and 2  μM rosiglitazone). 
After 8 days of culture, the differentiation medium was replaced with 
insulin medium (ordinary medium supplemented with 5 μg/ml 
insulin) and cultured for another 4 days.

Cell Viability Assay
After 3T3-L1 preadipocytes were differentiated into adipocytes as 
described above, the effect of MOPEE on adipocyte viability was 
evaluated using a cell counter (Countess® Automated Cell Counter, 
Invitrogen, CA, USA). In brief, differentiated adipocytes were 
treated with MOPEE, MOCE, MONAE, or MOWE (0, 25, 50, 100, 

200, 400 μg/ml) for 24 h, respectively. After digestion with trypsin, 
cell viability was measured using the cell counter. The results were 
normalized to the control (untreated cells).

The effect of isoquercitrin, chrysin-7-glucoside, quercitrin, and 
combinations of these compounds on cell viability was determined 
by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. 3T3-L1 adipocytes were seeded in 96-well 
plates at a density of 2 × 104 cells/well. They were cultured for 24 h 
with isoquercitrin (36.4 and 72.8 μg/ml), chrysin-7-glucoside (14 
and 28  μg/ml), quercitrin (9.2 and 18.4  μg/ml), combination 1 
(36.4  μg/ml isoquercitrin  +  14  μg/ml glucoside  +  9.2  μg/ml 
quercitrin), and combination 2 (72.8 μg/ml isoquercitrin + 28 μg/ml 
glucoside + 18.4 μg/ml quercitrin). MTT (5 mg/ml) solution was 
added to each well and incubated for 4 h at 37°C. The formazan 
formed was measured at 492  nm using a microplate reader 
(Molecular Devices Co., CA, USA).

Oil Red O Staining
3T3-L1 adipocytes were treated with MOPEE (0, 25, 50, 100, 200, 
400 μg/ml) for 24 h. Subsequently, the cells were washed twice with 
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde 
for 30 min at room temperature. Excess 4% paraformaldehyde was 
removed, the cells were washed twice with PBS, and staining was 
performed with 60% oil red O dye (Sigma, St. Louis, MO, USA) 
for 10 min. Excess oil red O was removed, and the cells were then 
washed twice with PBS. The lipid droplets within the cells were 
visualized and photographed by inverted microscopy (Olympus, 
Tokyo, Japan).

Fresh hepatic tissues were embedded in tissue-freezing medium 
(Cell Path Ltd., Newtown, UK) and stored at −80°C. Subsequently, 
8-μm frozen sections were fixed with 10% formaldehyde solution 
for 1 h at 4°C. Excess formaldehyde solution was removed, and 
the sections were washed three times with PBS. Staining was 
performed with oil red O dye for 15  min in the dark, and the 
sections were then rinsed with distilled water, stained with 
hematoxylin dye for 16 s, and rinsed again with distilled water for 
5–10  min. The sections were observed and photographed by 
inverted microscopy (Olympus).

TG Assay
3T3-L1 adipocytes were treated with MOPEE, MOCE, MONAE, or 
MOWE (0, 25, 50, 100, 200, 400  μg/ml), isoquercitrin (36.4 and 
72.8 μg/ml), chrysin-7-glucoside (14 and 28 μg/ml), quercitrin (9.2 
and 18.4 μg/ml), combination 1 (36.4 μg/ml isoquercitrin + 14 μg/ml 
glucoside + 9.2 μg/ml quercitrin), and combination 2 (72.8 μg/ml 
isoquercitrin + 28 μg/ml glucoside + 18.4 μg/ml quercitrin) for 24 h. 
The adipocytes were then collected, and 2% TritonX-100 was added 
to lyse the cells for 40 min. Quantification of intracellular TG levels 
was performed using a commercial kit (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer’s instructions.

The liver tissue was weighed, and absolute ethanol was added 
according to a 1:9 ratio of weight (g) to volume (ml). The tissues 
were mechanically homogenized in an ice-water bath, and the 
homogenate was then centrifuged for 10  min (2,500  r/min). 
Quantification of the supernatant TG levels was then performed 
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using a commercial kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) according to the manufacturer’s instructions.

Western Blot Analysis
The total protein was extracted from 3T3-L1 adipocytes,  
liver tissue, and epididymal adipose tissue using 
radioimmunoprecipitation assay (RIPA) lysis buffer (Solarbio, 
Beijing, China) containing 1% phenylmethanesulfonyl fluoride 
(PMSF). The cellular protein concentration was determined 
using the bicinchoninic acid (BCA) method. The extracted 
proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The gels were 
transferred onto polyvinylidene fluoride (PVDF) membranes 
(Millipore, Bedford, MA, USA). Each membrane was blocked 
with 5% bovine serum albumin (BSA) for 30  min and then 
incubated overnight with primary antibody [AMPK, P-AMPK 
(Thr172), ACC, P-ACC (Ser79), FAS, HSL, ATGL (1:1,000, Cell 
Signaling Technology, MA, USA), PPAR-γ, C/EBPα, C/EBPβ 
(1:200, Santa Cruz Biotechnology, CA, USA), β-actin (1:2,000, 
ORIGENE, USA)] at 4°C. The next day, the membranes were 
washed three times with PBS plus Tween 20 (PBST). They were 
then incubated with goat antirabbit/antimouse secondary 
antibody conjugated to horseradish peroxidase (1:5,000, R&D 
Systems, USA) for 1 h at room temperature before they were 
washed three times with PBST. Subsequently, the protein bands 
were assessed using an enhanced chemiluminescence kit 
(Tiangen Biotech CO., LTD., Beijing, China) according to the 
manufacturer’s instructions. The protein bands were quantified 
with Image-J and GraphPad Prism 5 (GraphPad Software Inc., 
San Diego, CA, USA).

Animal Models and Experimental 
Protocols
The animal experiments were performed according to international 
guidelines. The animal experiment protocols were reviewed and 
approved by the Institutional Animal Ethical Committee of Yunnan 
Agricultural University. Sixty male 6-week-old C57BL/6J mice 
(Beijing Vital River Laboratory Animal Technology Co., Ltd, 
Beijing, China) were kept in a specific-pathogen-free (SPF) facility 
in 12:12 h day/night cycles in individually ventilated cages (IVCs). 
The mice were kept 3–4 per cage. The experiments were started on 
7-week-old mice. These mice were randomly divided into six 
groups of 10 mice each: 1) normal diet (ND) group; 2) high-fat 
diet (HFD) group (with 60% energy from fat; D12492, Research 
Diets, New Brunswick, NJ, USA); 3) HFD-lovastatin group [with 
10 mg/kg body weight (BW) lovastatin] as the positive control; 4) 
HFD + 0.125 g/kg MOPEE group; 5) HFD + 0.25 g/kg MOPEE 
group; and 6) HFD + 0.5 g/kg MOPEE group. The MOPEE was 
dissolved in 0.5% (wt/vol) carboxymethyl-cellulose-Na (CMC-Na). 
The ND and HFD-only mice were given an equal volume of 
CMC-Na as the control mice via oral gavage. Thus, all mice 
underwent oral gavage for 14 weeks, and BW was measured every 
day. Before sacrificing, all mice were fasted for 16 h with free access 
to water. The mice were then euthanized with CO2, and blood was 
collected via the inferior vena cava. Liver and fat tissue were 
excised, rinsed with PBS, weighed, and stored at −80°C.

Blood Biochemical Analysis
Blood was collected via the inferior vena cava and left at room 
temperature for 1 h to promote blood coagulation. The blood was 
centrifuged at 4°C and a centrifugal force of 3,000 × g for 10 min 
to obtain the serum, which was then stored at −80°C. Serum levels 
of TG, total cholesterol (TC), high-density lipoprotein cholesterol 
(HDL-C), low-density lipoprotein cholesterol (LDL-C), alanine 
aminotransferase (ALT), and aspartate aminotransferase (AST) 
were measured using commercial assay kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

Epididymal Fat Histopathological 
Examinations
After freshly isolated epididymal fat tissue was fixed in 10% 
formalin for 24 h, the tissue was embedded in paraffin and the 
tissue pieces were cut into 5-μm-thick slices and stained with 
hematoxylin and eosin (H&E). The tissue structure was observed 
and photographed under a 200× magnification microscope 
(Olympus), and the size of the epididymal fat cells was estimated 
using Image-Pro Plus 6.0 software (Rawak Software Inc., Stuttgart, 
Germany).

Statistical Analysis
Values are expressed as mean ± standard error of the mean (SEM). 
GraphPad Prism5 (GraphPad Software, La Jolla, CA, USA) was 
used for the statistical analysis. Results were compared by one-way 
analysis of variance (ANOVA) followed by post hoc Tukey-Kramer 
tests and independent-sample t tests. The differences were 
considered statistically significant at p < 0.05.

RESULTS

MOPEE Inhibits Adipogenesis in  
3T3-L1 Adipocytes
To test whether the four extracts of M. oleifera leaf had an effect 
on the survival rate of 3T3-L1 adipocytes, cell viability was 
measured using a cell counter. We found that the four extracts had 
no effect on the survival rate of 3T3-L1 adipocytes compared to 
the untreated control group (Figure 1A). The results showed that 
the four extracts were not toxic to cells. To detect which extracts 
could inhibit adipogenesis, 3T3-L1 adipocytes were exposed to 
the four extracts of M. oleifera leaf (25–400 μg/ml) for 24 h, and 
then the intracellular TG was quantified. The results showed that 
MOWE and MONAE had no effect on the TG content of 3T3-L1 
adipocytes. MOCE (50–400  μg/ml) significantly decreased the 
TG content in 3T3-L1 adipocytes (p  <  0.001), but not dose-
dependently. MOPEE (25–400 μg/ml) dose-dependently decreased 
the TG content in 3T3-L1 adipocytes (p < 0.001) (Figure 1B). 
These results indicated that MOPEE has a stronger inhibitory effect 
on adipogenesis than other extracts. To further clarify the role of 
MOPEE in inhibiting adipogenesis, we exposed 3T3-L1 adipocytes 
to MOPEE (25–400 μg/ml) for 24 h and then stained the cells with 
oil red O dye. The results showed that MOPEE reduced lipid 
droplet accumulation in the 3T3-L1 adipocytes (Figure 1C). 
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These  results indicated that MOPEE inhibited adipogenesis in 
3T3-L1 adipocytes.

MOPEE Inhibits Lipogenesis and Promotes 
Lipolysis in 3T3-L1 Adipocytes
To determine whether the inhibitory effect of MOPEE on 
lipogenesis of 3T3-L1 adipocytes was due to downregulation of 
lipogenesis-associated proteins and upregulation of lipolysis-
associated proteins, the expression levels of several proteins were 
assessed by western blotting. Compared to the differentiated 
control cells, MOPEE (400  μg/ml) significantly decreased the 
expression of lipogenesis-associated proteins (PPARγ, C/EBPα,  
C/EBPβ, and FAS) and significantly increased the expression of 
the lipolysis-associated protein HSL (Figures 2A,B). These results 
suggested that MOPEE inhibits adipogenesis by suppressing the 
expression of lipogenesis-associated proteins and promoting the 
expression of lipolysis-associated proteins.

MOPEE Activates AMPK Signaling  
in 3T3-L1 Adipocytes
To investigate whether the inhibitory effect of MOPEE on lipogenesis 
of 3T3-L1 adipocytes was due to AMPK activation, we analyzed the 
expression levels of p-AMPKα and p-ACC by western blotting. 
We  found that MOPEE (400  μg/ml) significantly increased the 
expression of p-AMPKα and p-ACC in 3T3-L1 adipocytes in a dose-
dependent manner (Figure 2C). To determine whether the inhibitory 
effect of MOPEE on lipogenesis was the result of MOPEE-induced 
activated AMPK signaling, we used the AMPK inhibitor Compound 
C to inhibit AMPK activation. As shown in Figure 2D, it was 
found that after treatment with MOPEE, the protein expression of 
p-AMPKα (Thr172) and p-ACC (Ser79) was significantly upregulated. 
However, after treatment with MOPEE and Compound C, the protein 
expression of p-AMPKα (Thr172) and p-ACC (Ser79) was restored. 
These results indicated that MOPEE inhibited lipid accumulation in 
3T3-L1 adipocytes by activating the AMPK pathway.

A

C

B

FIGURE 1 | MOPEE inhibits adipogenesis in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were treated with MOWE, MONAE, MOCE, and MOPEE  
(0–400 μg/ml) for 24 h, and untreated cells (0 μg/ml) served as the control. (A) Cell viability was examined by using a cell counting kit. (B) Intracellular triglyceride 
(TG) content was measured in 3T3-L1 adipocytes. (C) Cell differentiation was examined using oil red O staining. Values are expressed as the mean ± SEM (n = 3). 
Significant differences compared to the control (0 μg/ml) are indicated by ***p < 0.001.
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MOPEE Suppresses Lipid Accumulation  
in HFD Mice
To test whether MOPEE could prevent HFD-induced obesity, 
we orally administered MOPEE (0.125, 0.25, and 0.5 g/kg) to HFD 
mice for 14 weeks. We found that the percentage of BW and relative 
visceral fat weight were significantly increased in the HFD group 
(p < 0.001) compared to the ND group. However, compared to the 
HFD group, the percentage of BW of mice in the HFD + 0.5 g/kg 
MOPEE group was significantly decreased by 21.77% (p < 0.001), 
and the relative weights of epididymal, perirenal, and mesenteric 
fat tissue were significantly decreased by 1.43% (p < 0.05), 0.64% 
(p < 0.05), and 0.87% (p < 0.01), respectively (Figures 3A,B). There 
were no significant differences in food intake (Figure 3C). These 
results showed that MOPEE inhibits lipid accumulation. 
Histological analysis of epididymal fat tissue revealed that the mean 
fat adipocyte size was significantly increased in the HFD group 
compared to the ND group (p < 0.001). However, compared to the 
HFD group, the mean adipocyte size in the HFD + 0.5 g/kg MOPEE 
group was significantly decreased (p < 0.001) (Figures 3D,E).

Next, we evaluated the inhibitory effect of MOPEE on lipid 
accumulation in hepatic tissue in HFD mice by oil red O staining 
and quantitative analysis of hepatic TG. As shown in Figure 3F, 
lipid droplet accumulation in the HFD group was remarkable 
compared to that in the ND group. However, lipid droplet 
accumulation in the HFD + 0.5 g/kg MOPEE group was visibly 
lower than in the HFD group. The quantitative analysis of lipid 
content in the hepatic tissue showed that the TG level in the 
HFD group was significantly increased compared to that in the 

ND group (p < 0.001). However, compared to the HFD mice, the 
TG levels in the HFD + 0.5 g/kg MOPEE mice were significantly 
decreased (p < 0.001) (Figure 3G). These results suggested that 
MOPEE reduced hepatic lipid accumulation in HFD mice.

Effects of MOPEE on Serum TC, TG, 
HDL-C, LDL-C, AST, and ALT Levels
As shown in Figure 4, the serum levels of TC, LDL-C, AST, and 
ALT were significantly elevated in the HFD group compared to 
the ND group (p < 0.05). However, the serum levels of TC, LDL-C, 
and AST were significantly decreased in the HFD  +  0.5  g/kg 
MOPEE group compared to the HFD group (p < 0.05). In addition, 
the serum level of TG and HDL-C was nonsignificantly changed 
in the four groups.

MOPEE Inhibits Lipogenesis and Promotes 
Lipolysis in HFD Mice
To investigate whether lipid accumulation inhibition by MOPEE 
in HFD mice was associated with inhibition of fat synthesis and 
promotion of lipolysis, the expression levels of lipogenesis-
associated proteins and lipolysis-associated proteins were analyzed 
by western blotting. As shown in Figures 5A,B, compared to 
the ND group, the expression of the lipogenesis-associated protein 
FAS in the adipose tissue in the HFD group was significantly 
increased, and the lipolysis-associated protein HSL in the hepatic 
and epididymal fat tissue in the HFD group was significantly 
decreased (p  <  0.05). However, compared to the HFD group, 
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FIGURE 2 | MOPEE inhibits lipogenesis, promotes lipolysis, and activates AMPK signaling in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were 
treated with MOPEE (200 and 400 μg/ml) for 24 h, and untreated cells (0 μg/ml) served as the control. (A) The levels of lipogenesis-associated proteins (PPARγ, 
C/EBPα, C/EBPβ, and FAS) and (B) lipolysis-associated proteins (ATGL and HSL) were determined by western blot analysis (n = 3). Each value was normalized 
to β-actin and expressed as the mean ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. (C) The levels of p-AMPK (Thr172), AMPKα, p-ACC (Ser79), and ACC 
proteins were determined by western blot analysis (n = 3). (D) 3T3-L1 adipocytes were pretreated with the AMPK inhibitor Compound C (20 μM) for 30 min and 
then treated with MOPEE (400 μg/ml) for 24 h. The levels of p-AMPK (Thr172), AMPKα, p-ACC (Ser79), and ACC proteins were determined by western blot 
analysis (n = 3). Each value was normalized to AMPKα or ACC and expressed as the mean ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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the  expression of the adipogenesis-associated proteins PPARγ 
and  FAS in the hepatic and epididymal fat tissue in the 
HFD + 0.5 g/kg MOPEE group was significantly decreased, and 
the expression of the lipolysis-associated protein ATGL was 
significantly increased (p < 0.05).

MOPEE Activates AMPK Signaling  
in HFD Mice
To determine whether the inhibitory effect of MOPEE on lipid 
accumulation in HFD mice was due to AMPK activation, we analyzed 
the expression of p-AMPKα and p-ACC in both liver and epididymal 
fat tissue. We found that the protein levels of p-AMPKα (Thr172) 
and p-ACC (Ser79) were significantly decreased in both liver and 
epididymal fat tissue in the HFD group compared to the ND group 

(p < 0.05). However, compared to HFD mice, MOPEE markedly 
promoted the protein expression levels of p-AMPKα (Thr172) and 
p-ACC (Ser79) in liver and epididymal fat tissue in HFD mice 
(p  <  0.05) (Figure 5C). These results suggested that MOPEE 
decreased the adiposity through activation of the AMPK pathway.

UPLC-QTOF-MS/MS Analysis of MOPEE
Three compounds (isoquercitrin, chrysin-7-glucoside, and 
quercitrin), which are known constituents extracted from  
M. oleifera leaves, were analyzed by UPLC-QTOF-MS/MS. The 
retention times of the three compounds were 2.00, 2.08, and 
2.17 min, respectively. The relative quantities were 9.1, 3.5, and 
2.3%, respectively (Figure 6A). Chemically, quercitrin, isoquercitrin 
and chrysin-7-glucoside are flavonoid glycosides.
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FIGURE 3 | MOPEE suppresses lipid accumulation in high-fat diet (HFD) mice. Changes in the percentage of body weight (A), relative visceral adipocyte tissue 
weight (B), and daily food intake (C) in the ND, HFD, HFD + lovastatin, and HFD + 0.5 g/kg MOPEE group (total n = 10/group). (D) H&E staining of epididymal fat 
tissue of the four groups of mice. (E) Adipocyte size was monitored in epididymal fat tissue samples by H&E staining. (F) Oil red O staining of the liver tissue of the 
four groups of mice. (G) Liver triglyceride (TG) concentration in the four groups of mice. Values are expressed as mean ± SEM, n = 10. *p < 0.05, **p < 0.01, 
***p < 0.001 versus ND group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus HFD group.
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FIGURE 4 | Effects of MOPEE on serum TC, TG, HDL-C, LDL-C, AST, and ALT levels. (A–D) Serum TC, TG, HDL-C, and LDL-C levels. (E,F) Serum AST and ALT 
levels. Values are expressed as means ± SEM, n = 7. *p < 0.05, **p < 0.01, ***p < 0.001 versus ND group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus HFD group.
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FIGURE 5 | MOPEE inhibits lipogenesis, promotes lipolysis, and activates AMPK signaling in HFD mice. (A) The lipogenesis-associated proteins (PPARγ, C/EBPα, 
C/EBPβ, and FAS) and (B) lipolysis-associated proteins (ATGL and HSL) in liver and epididymal fat tissue of mice were determined by western blot analysis. Each 
value was normalized to β-actin and was expressed as the mean ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 versus ND group. #p < 0.05, ##p < 0.01, 
###p < 0.001 versus HFD group. (C) The p-AMPK (Thr172), AMPKα, p-ACC (Ser79), and ACC proteins in liver and epididymal fat tissue of mice were determined by 
western blot analysis. Each value was normalized to AMPKα or ACC and expressed as the mean ± SEM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 versus ND 
group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus HFD group.
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Quercitrin and Combinations of 
Isoquercitrin, Chrysin-7-Glucoside, and 
Quercitrin Inhibit Adipogenesis in 3T3-L1 
Adipocytes
To test whether isoquercitrin, crysin-7-glucoside, quercitrin, and 
combinations of the three compounds have an effect on the survival 
rate of 3T3-L1 adipocytes, cell viability was measured by MTT. 
We  found that isoquercitrin, chrysin-7-glucoside, and the 
combinations of the three compounds had no effect on the survival 
rate of 3T3-L1 adipocytes compared to the untreated control group 
(Figure 6B). Quercitrin significantly increased the cell survival 
rate (p  <  0.05) (Figure 6B). To detect which compounds or 
combinations could inhibit adipogenesis, 3T3-L1 adipocytes were 
exposed to isoquercitrin, chrysin-7-glucoside, quercitrin, and the 
two combinations for 24 h, and intracellular TG was then quantified. 
The results showed that isoquercitrin and chrysin-7-glucoside had 
no effect on the TG content of 3T3-L1 adipocytes. Quercitrin and 
the two combinations of the three compounds significantly 
decreased the TG content in 3T3-L1 adipocytes in a dose-dependent 
manner (p  <  0.05) (Figure 6C). These results indicated that 
quercitrin is the main component of MOPEE to inhibit adipogenesis. 

In addition, isoquercitrin, crysin-7-glucoside, and quercitrin have 
synergistic effects regarding adipogenesis inhibition.

DISCUSSION

The tropical tree M. oleifera is a well-known source of traditional 
medicines. Recent studies have also reported that M. oleifera leaf 
extracts protect against obesity in animal models. For instance, 
M. oleifera leaf aqueous ethanol extract prevented weight gain in 
diet-induced obese mice (Attakpa et  al., 2017). Fermented M. 
oleifera methanol extract decreased the hepatic lipid accumulation 
in HFD mice, and genes involved in liver lipid metabolism were 
upregulated (Joung et al., 2017). Isothiocyanate-rich M. oleifera 
extract reduced weight gain and hepatic adiposity while increasing 
lipolysis (Waterman et  al., 2015). In addition, many studies 
reported that M. oleifera leaf extract has antihyperlipidemic 
properties in animal models (Adisakwattana and Chanathong, 
2011; Toma et  al., 2015). M. oleifera leaf methanol extract 
significantly reduced the serum levels of TG, TC, and LDL-C and 
increased the serum level of HDL-C in diabetic rats (Olayaki et al., 
2015). M. oleifera leaf aqueous ethanol extract significantly 
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FIGURE 6 | Effect of relatively high-content compounds in MOPEE on the TG level in 3T3-L1 adipocytes. (A) UPLC-QTOF-MS/MS chromatogram of MOPEE. 
3T3-L1 adipocytes were treated with isoquercitrin (36.4 and 72.8 μg/ml), chrysin-7-glucoside (14 and 28 μg/ml), quercitrin (9.2 and 18.4 μg/ml), combination 1 
(36.4 μg/ml isoquercitrin + 14 μg/ml glucoside + 9.2 μg/ml quercitrin), and combination 2 (72.8 μg/ml isoquercitrin + 28 μg/ml glucoside + 18.4 μg/ml quercitrin) for 
24 h, and untreated cells (0 μg/ml) served as the control. (B) Cell viability was examined by MTT. (C) Intracellular TG content was measured in 3T3-L1 adipocytes. 
Values are expressed as the mean ± SEM (n = 3). Significant differences compared to the control (0 μg/ml) are indicated by *p < 0.05, ***p < 0.001.
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decreased the levels of cholesterol and TG in fructose-induced 
hypertensive rats compared to control preparations (Geleta et al., 
2016). After 12  weeks of feeding rabbits with high-cholesterol 
diets, animals given M. oleifera leaf aqueous extracts had 
significantly lower cholesterol levels (Chumark et  al., 2008). 
Similar aqueous extracts of M. oleifera leaves significantly reduced 
TC levels in the serum (14.4%), liver (6.4%), and kidneys (11.1%) 
in HFD rats (Ghasi et al., 2000). The above studies indicate that 
M. oleifera leaf aqueous extract, hydroalcohol extract, and alcohol 
(methanol or ethanol) extract are the main M. oleifera leaf extracts 
that have been used to study the antiobesity and antihyperlipidemic 
effects of M. oleifera. In this study, we used MOPEE for the first 
time and demonstrated its role and mechanism in inhibiting lipid 
accumulation.

Three bioactive phytochemicals (quercitrin, chlorogenic acid, 
and benzylamine) from M. oleifera leaves have previously been 
evaluated for therapeutic efficacy against dyslipidemia. Studies have 
shown that quercitrin has antidyslipidemic and antiatherosclerosis 
effects in high-carbohydrate diet (HCD) and HFD rabbits (Juźwiak 
et al., 2005; Mbikay, 2012) and antidyslipidemic, hypotensive, and 
antidiabetic effects in obese Zucker rats (Rivera et al., 2008). In 
addition, chlorogenic acid reduced plasma TC and TG in obese 
Zucker rats and HFD mice (Cho et al., 2010) and reduced blood 
lipids in streptozotocin-induced diabetic rats (Karthikesan et al., 
2010). In insulin-resistant C57BL/6 mice, alkaloid-benzylamine 
decreased weight gain, fasting plasma glucose, and TC and 
increased glucose tolerance (Iffiú-Soltész et al., 2010). We found 
that the compounds in MOPEE with relatively high levels are 
isoquercitrin (9.1%), chrysin-7-glucoside (3.5%), and quercitrin 
(2.3%). We also found that quercitrin is the main component of 
MOPEE to inhibit adipogenesis. In addition, isoquercitrin, crysin-
7-glucoside, and quercitrin have synergistic effects in inhibiting 
adipogenesis.

Based on a large number of in vivo studies, various extracts of 
M. oleifera leaves appear to be safe and nontoxic in various animals 
at the commonly used doses (Stohs and Hartman, 2015). For 
example, rats had no adverse effects after intragastric 
administration of 2,000  mg/kg M. oleifera leaf water extract 
(Asiedu-Gyekye et al., 2014). In addition, a study found that the 
median lethal dose (LD50) of M. oleifera leaf ethanol extract in 
mice was 6.4 g/kg (Bakre et al., 2013). M. oleifera leaf methanol 
extract (50, 100, 200, and 400 mg/kg) promoted weight gain in 
rats in a dose-dependent manner (Oyagbemi et al., 2013). In our 
study, a 500  mg/kg dose of MOPEE had no effect on visceral 
weight and serum ALT and AST levels in HFD mice, demonstrating 
the safety of this dose.

Fat accumulation is considered to be  a critical step in the 
development of obesity; controlling the process would allow 
effective control of the progress of obesity (Rosen and Spiegelman, 
2006). Fat accumulation involves the proliferation of adipocytes 
in adipose tissue and the differentiation of preadipocytes. The 
volume and degree of differentiation of single adipocytes are 
closely related to intracellular TG accumulation quantity. The 
differentiation process of adipocytes is regulated by a complex 
network of transcription factors. The process mainly involves two 

types of transcription factors: PPARγ and C/EBPs. In the early 
stage of differentiation, the transcription factor C/EBPβ is activated 
first, and in the later stage, PPARγ and C/EBPα are activated  
one after another. PPARγ and C/EBPα synergistically regulate 
downstream differentiation genes and promote fat synthesis (Feige 
and Auwerx, 2007). Therefore, specific regulation of the expression 
of the transcription factors C/EBPβ, C/EBPα, and PPARγ has 
become a target of obesity treatment (Rayalam et al., 2008). In this 
study, MOPEE significantly decreased the protein expression levels 
of C/EBPα, C/EBPβ, and PPARγ in adipocytes, and MOPEE 
significantly decreased the protein expression levels of PPARγ in 
HFD mice liver and epididymal fat tissue, indicating that MOPEE 
inhibits adipocyte differentiation. FAS is a key enzyme in the fatty 
acid synthesis pathway and plays an important role in fat synthesis 
(Wakil and Abuelheiga, 2009). Research has shown that 
pomegranate extract reduces BW by inhibiting the FAS activity 
(Wu et al., 2013). The results of this study indicate that MOPEE 
significantly reduces the expression of FAS protein in adipocytes 
and liver and epididymal fat tissue and then significantly reduces 
intracellular TG production and fat accumulation. HSL and ATGL 
are two rate-limiting enzymes of intracellular TG hydrolysis. In 
this study, MOPEE significantly promoted the protein expression 
of HSL and ATGL in adipocytes, and MOPEE significantly 
promoted the protein expression of ATGL in HFD mice liver and 
epididymal fat tissue, indicating that MOPEE enhances lipolysis 
activity.

AMPK is a key regulator of cellular glucose and lipid metabolism, 
and its activation enhances insulin sensitivity in various tissues, 
promotes energy generation (glucose transport and fatty acid 
oxidation), inhibits energy expenditure (lipid synthesis, protein 
synthesis, and gluconeogenesis), inhibits the release of fatty acids, 
and promotes the fatty acid degradation in adipocytes, thus having 
the potential therapeutic effects on metabolic syndrome, diabetes, 
and so on (Daval et al., 2006). AMPK is a member of the serine/
threonine protein kinase family. Under the action of upstream 
signaling molecules, phosphorylation of AMPK occurs at the 
Thr172 site and it becomes activated. Activated AMPK inhibits 
adipocyte differentiation by inhibiting the key molecules in 
adipocyte differentiation. Research has shown that the AMPK 
activator A-769662 can downregulate the expression of PPARγ, 
C/EBPα, and FAS, thereby inhibiting the adipocyte differentiation 
(Zhou et al., 2009). ACC is a downstream molecule of AMPK that 
regulates the synthesis of fatty acids. Phosphorylation of AMPK 
promotes phosphorylation of ACC, resulting in inactivation of 
ACC, thereby reducing the free fatty acid production. In this study, 
MOPEE significantly promoted the protein expression levels of 
p-AMPKα (Thr172) and p-ACC (Ser79) in 3T3-L1 adipocytes 
and HFD mice liver and epididymal fat tissues. These results 
indicate that MOPEE can reduce lipid deposition in liver and 
adipose tissue and inhibit 3T3-L1 adipogenic differentiation, 
which may be  related to the upregulation of p-AMPK protein 
expression.

Based on these findings, we conclude that MOPEE inhibits fat 
accumulation by inhibiting the adipogenesis and promoting the 
lipolysis, and this process is related to AMPK activation.
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