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Abstract

preadipocytes at early stage of adipogenesis.

Background: Apigetrin, a flavonoid found in many plant leaves and seeds, has been known to possess
antimutagenic, anti-cancer, antioxidant and anti-inflammatory properties. Here, we are investigating the effect of the
apigetrin on adipocytes differentiation in 3T3-L1 adipocytes, and elucidating the mechanism of its action.

Methods: Lipids accumulation was measured by Oil Red O staining and cell cycle was analyzed by flow cytometry. The
antioxidant effect of apigetrin was evaluated against hydrogen peroxide. The expression of various genes, involved in
adipogenesis and inflammation, was studied by real-time PCR.

Results: Our results showed that apigterin treatment inhibited significantly lipid accumulation without effect on cell
viability at 100 uM, and it exerted the anti-adipogenic effect during the early stages of differentiation. Flow cytometry
analysis showed that apigenin-7-O-glucoside (Ap7G) inhibited cell proliferation during mitotic clonal expansion and
caused cell cycle delay. Quantitative PCR analysis revealed that the mRNA levels of C/EBP-a, PPAR-y, SREBP-1c and FAS
were suppressed after apigetrin treatment at 100 uM. Moreover, the mRNA level of pro-inflammatory genes (TNF-a and
IL-6) were suppressed after apigterin treatment, at high concentration preadipocyte cells.

Conclusion: Taken together, these results indicated that apigenin-7-O-glucoside inhibits adipogenesis of 3T3-L1

Keywords: Apigetrin, Adipogenesis, Cell cycle, ROS, TNF-q, IL-6

Background

The prevalence of obesity has rapidly increased in the past
several decades and became a global health problem [1].
Obesity is often characterized by physical inactivity and
consumption of a high-fat/cal diet and associated with
lifestyle-related diseases, such as hyperlipidaemia, hyperten-
sion [2], arteriosclerosis, type 2 diabetes mellitus, cancer,
respiratory complications, and osteoarthritis [3].

At the cellular level, obesity is defined by an increase
in adipose tissue mass, which is the result of an enlarge-
ment in fat cells and/or an increase in their number [4].
Adipogenesis is the process of preadipocytes differenti-
ation into adipocytes. Several transcription factors are
regulated including the CCAAT/enhancer-binding pro-
tein (C/EBP) gene family and peroxisome proliferator
activated receptor-y (PPARy) [5]. These transcription
factors are also involved in the sequential expression of
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adipocyte specific proteins [6, 7]. Therefore, inhibition of
adipogenesis is critical for achieving an anti-obesity
effect and the search for agents that could control this
process has been extensively undertaken [8].

Natural products derived from plants are receiving a
lot of attention as treatment options and as chemopre-
ventive agents. Flavonoids, are naturally occurring poly-
phenolic compounds abundant in food plants, have
attracted significant public attention due to their various
biological activities [9]. These products possess many
biological and pharmacological activities owing to their
potential anticancer, anti-inflammatory, antioxidant, and
antimicrobial properties, as well as important nutritional
supplements to the human diet [10, 11]. Their anti-
obesity effect can act through various mechanisms by
preventing weight gain and this may be an excellent
alternative strategy for developing safe anti-obesity
drugs. Among flavonoids compounds that have been
tested for potential anti-obesity, we cited the quercitin,
rutin, naringenin, luteolin and resveratrol [12, 13].
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Apigenin is found abundantly in vegetables and fruits
and it has a variety of physiological properties such as
antioxidant, anti-inflammatory [14]. Added to its low
toxicity, this flavonoid has been shown to have selective
effects in inhibiting cell growth and inducing apoptosis
in cancer cells [15]. Apigenin has been used as a dietary
supplement and was reported to exert anti-obesity effect
in 3T3-L1 cells through activation of AMPK [16].

The pure form of apigenin is unstable but in natural
form in food, it is present mostly as glucoside conjugate,
which is called apigetrin. The conjugated form could be
an important determinant for its bioavaiblity and ab-
sorption. Previous reports have investigated the pharma-
cological effects of the apigetrin including anti-
inflammatory, antioxidant and anti-diabetic effects.
However, its anti-adipogenic effect remains unclear.
Therefore, the objective of this study was to investigate
the effect of the apigetrin on mouse preadipocyte differ-
entiation and to elucidate the mechanism underlying its
effect, with a particular focus on the expression of mole-
cules involved in adipogenesis.

Materials and methods
Reagents
3T3-L1 cells were provided from the Health Science Re-
search Resources Bank (HSRRB, Osaka, Japan). Apige-
trin was purchased from Extrasynthese Company
(Genay, France). Dulbecco’s modified Eagle’s medium
(DMEM high-glucose), Dexamethasone, 3- iso-butyl-1-
methylxanthine, and Insulin were purchased from Sigma-
Aldrich (Missouri, USA). MTT was provided from Gibco,
DCFH-DA, was purchased from Sigma Aldrich.

Primers against PPARy, C/EBPa, FAS, SREBP-Ic,
TNF-a and IL-6 were purchased from Santa cruz Bio-
technology (Beverly, MA, USA).

Cell culture

3T3-L1 cells were cultured in DMEM medium contain-
ing 10% FBS at 37 °C and 5% CO2. Cells were plated at
a density of 2 x 10° cells. After reaching the confluence,
adipocyte differentiation was initiated using the same
medium containing 10 mg/L insulin, 0.5 mmol/L
isobutylmethylxanthine, and 1 pmol/L dexamethasone
for 2 days. The medium was then replaced with DMEM,
containing 5 mg/L insulin for more 2 days, and then
changed to fresh medium every 2 days. Apigetrin was
diluted in DMSO, the final quantity of the solvent was 0.
1% for control and treated cells for all experiment.

Oil red O staining and quantification

After differentiation, 3T3-L1 cells were washed twice
with phosphate buffered saline (PBS, pH 7.4), fixed with
lipid droplet assay fixative solution (Cayman kit) for 1 h,
and then stained with Oil red O solution (in 60%
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isopropanol) at room temperature for 10 min. After
washing, cells were checked and pictures were taken
using a microscope (BioZero BZ-8000; Keyence, Osaka,
Japan). Moreover, the dye was extracted with dye extrac-
tion solution and the absorbance (OD. 420 nm) was
measured by a Spectra Max microplate reader (Spectra
Max 190; Molecular Devices Corporation, CA, USA).

MTT assay

3T3-L1 cells were harvested in 96-well plate. After
reaching the confluence, the culture medium was re-
placed by 100 pL containing Apigetrin (0-200 pmol/L)
and the cells were incubated for further 48 h. The
culture medium was removed and replaced by 100 pL
of fresh culture medium containing 10% of sterile fil-
tered MTT (Sigma-Aldrich). After 6 h, the insoluble
formazan crystals were dissolved in 100 pL/well SDS
and the absorbance was measured at 570 nm. The
inhibition (%) was expressed as the percentage of vi-
able cell compared to control.

Trypan blue assay

3T3-L1 cells were seeded for 2 days after confluence in
the presence of apigetrin. Then, cells viability was quan-
tified by Trypan Blue assay. After washing twice with
PBS, cells were trypsinized and immediately stained with
0.5% trypan blue dye (Trypan Blue, Sigma-Aldrich) for
3 min. Cells were observed under an optical microscope,
and the viability was calculated as the percentage
ratio of the number of unstained cells relative to the
total cells counted.

Measurement of intracellular ROS level

Intracellular reactive oxygen species (ROS) level was
measured using a fluorescent dye, DCFH-DA according
to [17]. Differentiated cells (Day 7) were cultured in
DMEM containing, 400 uM H,O, for 4 h and then with
30 uM DCFH-DA for 30 min. Then, fluorescence inten-
sity (excitation/emission 485/528 nm) was measured
using a Varioscan HT plate reader. The values were cal-
culated as a percentage (%) of control.

Flow cytometry analysis

Post-confluent 3T3-L1 cells were treated with differenti-
ation media in the absence or presence of several doses
of apigetrin for 24 h. Both detached and adherent cells
were collected by trypsinization and washed with phos-
phate buffered saline (PBS). Cells were fixed with 70%
ethanol at 4 °C for overnight. After removing of ethanol,
cells were stained with propidium iodide (Sigma-Al-
drich) for 30 min in the obscurity. Fluorscencent cells
analysis was carried out by using Guava EasyCyte
(Guava Technologies, Hayward, CA, USA).
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Gene expression analysis

Total RNA was extracted from 3T3-L1 cells by acid-GTC-
phenol method [18]. After DNase I (Takara Bio, Otsu,
Shiga, Japan) treatment and RNA repurification, the cDNA
was synthesized using M-MLV Reserse Transcriptase
(Takara), and subjected for PCR. Quantitative PCR analysis
was carried out using SYBR Premix Ex Taq (Takara). Each
¢DNA was amplified (95 °C for 5 s, 60 °C for 30 s, 72 °C for
30 s, for 40 cycles) using specific primers (Table 1).

Statistical analysis

The results of three experiments were pooled and
expressed as mean + standard deviation (SD). Data were
subjected to a one-way analysis of variance (ANOVA)
using Graph Pad Prism 6.0 followed by Tukey’s multiple
comparison test at p < 0.05.

Results

Apigetrin inhibits MDI-induced adipogenesis of 3T3-L1
preadipocytes

To investigate the anti-adipogenic effect of apigetrin, 3T3-
L1 preadipocytes were induced to differentiate with MDI
in the presence or absence of apigetrin, and cells were
stained with oil red O solution. Our results showed that
apigetrin dose-dependently inhibits adipogenesis of 3T3-
L1 preadipocytes (Fig. 1a and b). Intracellular lipid accu-
mulation was reduced after apigetrin treatment by 5%,
37% and 62% at 50, 100 and 200 pM, respectively com-
pared to untreated group (Fig. 1b). To check whether this
anti-adipogenic effect of apigetrin is due to its cytotoxicity,
the effect of apigetrin on cell viability was measured by
MTT assay. Our results showed that apigetrin does not
exhibit cytotoxicity up to 100 uM (Fig. 1b) suggesting that
anti-adipogenic of apigetrin is not from cytotoxicity, but
through regulation of other molecular mechanism. To-
gether, these results suggest that apigetrin has anti-
adipogenic effect in 3T3-L1 preadipocytes.

Apigetrin inhibits early stage of differentiation
To investigate the mechanism of anti-adipogenic effect
of apigetrin during early phase of differentiation, 3T3-L1
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cells were treated in the presence of different concentra-
tions of apigetrin over 0-2 days (early stage), 2—-4 days
(middle stage), 6—8 days (late stage).

As shown in Fig. 2a, apigetrin exhibited anti-
adipogenic effects essentially in the early stage. During
the middle and late stages, its effect was very low, with
no significant difference seen between the control and
the treated cells.

Effect of apigetrin on the clonal expansion and cell cycle
progression of 3T3-L1 cells during the early stage of
differentiation

As described above, Ap7G displayed its main effect dur-
ing the early stage of differentiation. We thus anticipated
that this compound would affect the preadipocyte
proliferation step.

Trypan blue assay result showed that following 24 h
and 48 h exposure, apigetrin at 100 uM decreased DMI-
induced clonal expansion and the cell number remained
lower in the treated culture (Fig. 2b). Next, cell cycle
profile was examined by FACS analysis. Our results
showed that apigetrin treatment caused a significant
delay in the progression of the cell cycle and in-
creased GO/G1 and S population in a dose-dependent
manner (Fig. 2c) without any effect in the detection
of dividing cells (G2M).

qRT-PCR analysis

Several transcription factors, such as the C/EBP and
PPAR families, are sequentially and cooperatively
expressed during differentiation. In this study, we evalu-
ated whether the decreases in intracellular lipid contents
were associated with lower levels of PPAR-y and C/EBP-
a, expressed in the early stage of adipogenesis. As shown
in Fig. 3, Ap7G (100 pM) markedly suppressed MDI-
induced up-regulation of PPAR-y and C/EBP-«a with no
significant effect at 50 pM (Fig. 3a). Expression of both
adipogenic marker proteins was not detected after 2 days
of MDI treatment, representing the early stage of adipo-
genesis. Similarly, this compound was able to decrease
the mRNA level of SREBP-1c and FAS (Fig. 3b). Moreover,

Table 1 Primers for RT-PCR. PCR was performed using the primers indicated as below under optimal amplification condition (95 °C
for 5 min; 22-35 cycles of 95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s; 72 °C for 7 min) for each gene

Name Forward Revoerse

GAPDH 5-TGGTGAAGGTCGGTGTGAACGG-3' 5-TGCCGTTGAATTTGCCGTGAGT-3'
PPARy 5-AAACTCTGGGAGATTCTCCT-3' 5-TGGCATCTCTGTGTCAAC-3'

C/EBPa 5-GCCAAACTGAGACTCTTC-3' 5-TGGCATCTCTGTGTCAAC-3'
SREBP-1c 5-GCTTAGCCTCTACACCAACTGGC-3' 5-ACAGACTGGTACGGGCCACAAG-3'
FAS 5-TGGAGCCTGTGTAGCCTTCGAG-3' 5-ACAGCCTGGGGTCATCTTTGCC-3'
IL-6 5'- GGTGACAACCACGGCCTTCCC -3 5'- GCCACTCCTTCTGTGACTCCAGC -3

TNF-a

5'- AAATGGGCTCCCTCTCATCAGTTC-3

5'- TCTGCTTGGTGGTTTGCTACGAC-3
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Fig. 1 a Effect of apigetrin on adipocyte differentiation. Adipogenesis was induced in the presence or absence of several dose of apigetrin for 8
days. Then, intracellular lipid accumulation was stained by oil red O solution. The intracellular lipid accumulation was expressed as a percentage
of control values. b Cytotoxicity of apigetrin on 3T3-L1 preadipocytes. The cells were cultured until confluence and then, cells were treated
with Ap7G at indicated concentrations for 24 h. ¢ Cell viability was measured by MTT assay. The viability was expressed as a percentage of
control values. Data were presented as means + S.D. (n = 3). The asterisks (**) indicate a significant difference between control group and
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Ap7G treated 3T3-L1 cells decreased the level of the pro-
inflammatory genes especially TNF-a and IL-6 (Fig. 3c).

Effect of Apigetrin on ROS production

To investigate the capacity of the apigenin-7-O-gluco-
side to reduce H,O, induced ROS production, we use
the fluorescence probe DCFH-DA. Our results showed
that the adipocytes cells exposed to H,O, showed an in-
crease in the intracellular level of ROS compared to the
untreated cells used as a control (Fig. 4). However,
treated cells with apigetrin reduced significantly (p <O0.
05) the ROS level of about 21% at 100 uM, respectively.

Discussion

Adipocyte differentiation and fat deposition are corre-
lated to the emergence and development of obesity.
Hence, many researchers advise that adipose tissue
should become a main drug target for obesity and lipid
metabolism dysregulation. The prevention and treatment
of obesity with drugs is usually associated with the
appearance of adverse reactions and drug dependence.
For this reason, recent studies have been focusing on
natural substances without side effects for the preven-
tion or therapy of obesity [19]. Flavonoids are abandant
in fruits, seeds and vegetables, and they have protective
effects against various diseases [20]. Flavonoids showed
different biological activities depending on their chemical
structures; for example, the number and location of

hydroxyl groups, their conjugation pattern and the pos-
ition of sugar in their structure [21].

In this study, we revealed for the first time the effect
of apigetrin in 3T3-L1 preadipocyte model. Previously,
Rauter et al., [22] have reported the anti-hyperglcemic of
Ap7G on streptozotocin-Induced diabetic rats. Our re-
sults showed that apigetrin suppressed lipid accumula-
tion in a dose-dependent manner. In fact, Ap7G
inhibited triglyceride accumulation by around 5% and
37% at 50 and 100 uM, respectively without any toxicity
at high concentration. Our results are in concomitance
with the report of Chao et al, 2013 who have demon-
strated that flavonoids bounded to sugar present lower
toxicity in either in vitro and in vivo models [23]. Al-
though data shortage concerning the anti-obesity effect
of Ap7G, Li et al, 2005 have revealed the anti-
adipogenic effect of genistin, analogue of apigetrin, in
bone morrow stem cells (MSC) at 10 pM [24]. More-
over, many studies showed that flavonol glycoside, iso-
lated from plants, exhibited a strong inhibition against
lipids accumulation, in adipocytes and hepatocytes
cells [25, 26].

MCE is an important step in the adipocyte differenti-
ation process. Thus, blocking DNA replication by vari-
ous means prevents differentiation.

Time-course analysis of the effect of apigetrin showed
that this compound was able to exhibit its strongest
effects during the early stages of differentiation, which
runs in parallel with clonal expansion. Interestingly,
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Fig. 2 a Effect of Ap7G on MDI induced cell number increase and cell cycle progression (b and c). Differentiation of 3T3-L1 preadipocytes was
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Ap7G decreased DMI-induced clonal expansion of 3T3-
L1 cells and delayed the cell cycle progression in a dose-
dependent manner. These data are consistent with
several previous studies, which showed that arresting or
delaying the cell cycle of 3T3-L1 cells by phenolic com-
pounds during the first 2 days of differentiation, de-
creased cell number and inhibited the differentiation
rate of adipocytes. In this context, Hsu et al., [27] have
reported that genistein, resveratrol and kaempferol,
inhibits adipocyte differentiation during mitotic clonal.
Ono et al, [16] have demonstrated that apigenin was
able to decrease the accumulation of intracellular lipids
in 3T3-L1 cells and regulated the expression of adipo-
genic genes during the first days.

PPARYy is involved in the regulation of fat cell genes
adipocytes and is the key nuclear transcription factor

that regulate different cellular functions, such as adipo-
cyte lipogenesis, fatty acid transport, and energy metab-
olism. Furthermore, C/EBPa was found to be a regulator
of cell differentiation. It is expressed at the adipogenic
initiation stage and synergistically triggers adipocyte
-specific gene expression with PPAR-y after the growth
arrest stage [28]. Our findings showed that Ap7G inhib-
ited the gene expression of PPARy and C/EBPa, which
lead to a reduction in fat deposition. Previous studies
have confirmed that, apigenin suppressed adipocyte dif-
ferentiation by reducing PPARy, C/EBPa mRNA levels
and activating AMPK-activated protein kinase [16, 29].
Similarly, Park et al., [30] have reported that luteolin-7-
O-glucoside inhibited the expression of adipogenic gene
and down-regulated the expression of proteins involved
in adipocytes differentiation.
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Previous reports have shown that FAS can be a potential
drug target because its inhibition can reduce food intake
and obesity in mice [31]. The SREBP-1c appears to be in-
volved and early expressed in adipocyte differentiation. It is
the main regulator of FAS expression in liver and adipose
tissues [32]. As shown in our results, apigetrin treatment
inhibited significantly FAS mRNA expression at 100 pM.
Our findings suggest that blocking SREBP-1c activation by
Ap7G resulted in a significant reduction in FAS expression.
These results are in accordance with the research of Mori-
kawa et al., who have demonstrated that flavonoids glyco-
side inhibits the expression of the transcription factors
involved in the adipocyte differentiation [25].

The obesity is usually associated with increased mito-
chondrial ROS production, causing the oxidized lipids,
synthesis of faulty proteins, and mtDNA mutations,
which are related to decreased metabolic activity, mito-
chondrial dysfunction, and cellular insulin sensitivity
[33]. Moreover, it has been established that high ROS
production leads to a dysregulation of adipokine secretion
and contribute to the production of pro-inflammatory cy-
tokines such as: tumor necrosis factor- a (TNF-a),
interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1) and the reduction on adiponectin secretion [34].
In the present work, we found that apigetrin decreased
the intracellular ROS level induced by the hydrogen
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presented as means + S.D. (n = 3). * Statistically significant compared
to H,0, alone (P < 0.05). “statistically significant compared to control

peroxide and decreased the mRNA gene levels of TNF-a
and IL-6 at high concentration. Similarly, treated mature
adipocytes with apigetrin decreased TNF-a secretion (data
not shown). Our findings are in accordance with those re-
ported by Francisco et al., [35], who showed that flavo-
noids, such as quercitin, genistein and luteolin glycosides
showed potential anti-inflammatory agents, due to their
significant inhibitory effects on ROS and NO levels pro-
duced by LPS-induced inflammation in mouse macrophage
cells. Similarly, Miguel et al, [36] have demonstrated that
pretreatment of animals with 50 mg/kg of apigetrin inhib-
ited the LPS induced the production of TNF- a and IL-6.
In the same context, Hamalainen et al., have reported that
genistin, was less effective on the iNOS inhibition and NO
production in murine J774 macrophage [37]. Previous stud-
ies have shown that the O-glycosylation of flavonoids
decreased the antioxidant activity of isoflavonoids due to
the presence of the sugar that may attenuate the absorption
of the flavonoid aglycone and thus reduced its activity.
However, no clear structural activity relationship depending
on the positions or types of sugar substitution was found in
the anti-inflammatory activity for flavonoids glycosides.

Conclusion

The present study reveals that apigenin-7-O-glucoside
can serve as a potential candidate for the management
of obesity. It exerted inhibitory effects on 3T3-L1 preadi-
pocytes differentiation and caused cell delay. As shown
in molecular analysis, apigetrin treatment decreased the
mRNA levels of PPARy, CEBP-a, SREBP-1c and FAS
genes involved in the adipocyte differentiation. This
compound was also able to reduce the pro-inflammtory
gene expression Further studies are being carried out to
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validate its effects on other biological process related to
adipocyte biology.

Abbreviations

C/EBPa: CCAAT enhancer binding protein alpha; DEX: Dexamethasone;
DMEM: Dulbecco’s modified Eagle’s medium; FAS: Fatty acid synthase;
IBMX: 3-isobutyl-1-methylxanthine; IL-6: Interleukine-6; PPARy: Peroxisome
proliferator-activated receptor-gamma; SREBP-1c: Sterol regulatory element-
binding proteins; TNF-a: Tumor necrosis factor

Acknowledgements
This study was supported by the Ministry higher education and Scientific
Research, Tunisia.

Funding
The funders had no role in the design of the study and collection, analysis,
and interpretation of data and in writing the manuscript.

Availability of data and materials
All data generated or analyzed during the current study are available from
the corresponding author on reasonable request.

Authors’ contributions

SS designed and directed the study. FH performed the experiments, data
analysis and drafted the manuscript. Both authors read and approved the
final manuscript.

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that there are no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 20 October 2017 Accepted: 9 April 2018
Published online: 25 April 2018

References

1. Choi JH, Yun JW. Chrysin induces brown fat-like phenotype and enhances
lipid metabolism 316 in 3T3-L1 adipocytes. Nutr. 2016;32:1002-10.

2. Nica Bullé M, Casas-Agustench P, Amigé-Correig P, Aranceta J, Salas-Salvadd
J. Inflammation, obesity and comorbidities: the role of diet. Public Health
Nutr. 2017;10:1164-72.

3. Kotsis V, Nilsson P, Grassi G, Mancia G, Redon J, Luft F, et al. New
developments in the pathogenesis of obesity-induced hypertension. J
Hypertens. 2015;33:1499-508.

4. Chae SY, Seo SG, Yang H, Yu JG, Suk SJ, Jung ES, et al. Anti-adipogenic
effect of erucin in early stage of adipogenesis by regulating Ras activity in
3T3-L1 preadipocytes. J Funct Foods. 2015;19:700-9.

5. Watanabe M, Inukai K, Katagiri H, Awata T, Oka Y, Katayama S. Regulation of
PPARy transcriptional activity in 3T3-L1 adipocytes. Biochem Biophys Res
Commun. 2003;300:429-36.

6. Tang QQ, Lane MD. Adipogenesis: from stem cell to adipocyte. Annu Rev
Biochem Annual Rev. 2012,81:715-36.

7. Gregoire FM, Smas CM, Sul HS. Understanding adipocyte differentiation.
Physiol Rev. 1998;78:783-09.

8. Wang S, Moustaid-Moussa N, Chen L, Mo H, Shastri A, Su R, et al. Novel
insights of dietary polyphenols and obesity. J Nutr Biochem. 2014;25:1-18.

9. Zhang H, Tsao R. Dietary polyphenols, oxidative stress and antioxidant and
anti-inflammatory effects. Curr Opin Food Sci. 2016;8:33-42.

10.  Pandey K, Rizvi S. Plant polyphenols as dietary antioxidants in human health
and disease. Oxidative Med Cell Longev. 2009;2:270-8.

11. Rodriguez-Mateos A, Vauzour D, Krueger CG, Shanmuganayagam D,
Reed J, Calani L, et al. Bioavailability, bioactivity and impact on health
of dietary flavonoids and related compounds: an update. Arch Toxicol.
2014;88:1803-53.



Hadrich and Sayadi Lipids in Health and Disease (2018) 17:95

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

Kim J, Lee |, Seo J, Jung M, Kim Y, Yim N, et al. Vitexin, orientin and other 36.

flavonoids from Spirodela polyrhiza inhibit adipogenesis in 3T3-L1 cells.
Phyther. Res. 2010;24:1543-8.

Guo X, Liu J, Cai S, Wang O, Ji B. Synergistic interactions of apigenin,
naringin, quercetin and emodin on inhibition of 3T3-L1 preadipocyte

differentiation and pancreas lipase activity. Obes Res Clin Pract. 2016; 37.

10:327-39.

Funakoshi-Tago M, Nakamura K, Tago K, Mashino T, Kasahara T. Anti-
inflammatory activity of structurally related flavonoids, Apigenin, Luteolin
and Fisetin. Int Immunopharmacol. 2011;11(9):1150.

Clere N, Faure S, Carmen Martinez M, Andriantsitohaina R. Anticancer
properties of flavonoids: roles in various stages of carcinogenesis.
Cardiovasc Hematol Agents Med Chem. 2011,9:62-77.

Ono M, Fujimori K. Antiadipogenic effect of dietary Apigenin through
activation of AMPK in 3T3-L1 cells. J Agric Food Chem. 2011;59:13346-52.
Hadrich F, Garcia M, Maalej A, Moldes M, Isoda H, Feve B, et al. Oleuropein
activated AMPK and induced insulin sensitivity in C2C12 muscle cells. Life
Sci. 2016;151:167-73.

Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem. 1987;
162:156-9.

Mohamed GA, Ibrahim SRM, Elkhayat ES, El Dine RS. Natural anti-obesity
agents. Bull Fac Pharmacy, Cairo Univ. 2014;52:269-84.

Nijveldt RJ, van Nood E, van Hoorn DE, Boelens PG, van Norren K, van
Leeuwen PA. Flavonoids: a review of probable mechanisms of action and
potential applications. Am J Clin Nutr. 2001;74:418-25.

Corcoran MP, McKay DL, Blumberg JB. Flavonoid basics: chemistry, sources,
mechanisms of action, and safety. J Nutr Gerontol Geriatr. 2012;31:176-89.
Rauter AP, Martins A, Borges C, Mota-Filipe H, Pinto R, Sepodes B, et al.
Antihyperglycaemic and protective effects of flavonoids on streptozotocin-
induced diabetic rats. Phyther Res. 2010;24:5133-8.

Chao S-C, Huang S-C, Hu D-N, Lin H-Y. Subtoxic levels of Apigenin inhibit
expression and secretion of VEGF by uveal melanoma cells via suppression
of ERK1/2 and PI3K/Akt pathways. Evid Based Complement Alternat Med.
2013;2013:817674.

Li X, Zhang J, Sui S, Yang M. Effect of daidzin, genistin, and glycitin on
osteogenic and adipogenic differentiation of bone marrow stromal cells
and adipocytic transdifferentiation of osteoblasts. Acta Pharmacol Sin. 2005;
26:1081-6.

Morikawa T, Ninomiya K, Miyake S, Miki Y, Okamoto M, Yoshikawa M, et al.
Flavonol glycosides with lipid accumulation inhibitory activity and
simultaneous quantitative analysis of 15 polyphenols and caffeine in the
flower buds of Camellia sinensis from different regions by LCMS. Food
Chem. 2013;140:353-60.

Bansal P, Paul P, Mudgal J, Nayak PG, Pannakal ST, Priyadarsini K, et al.
Antidiabetic, antihyperlipidemic and antioxidant effects of the flavonoid rich
fraction of Pilea microphylla (L) in high fat diet/streptozotocin-induced
diabetes in mice. Exp Toxicol Pathol. 2012,64:651-8.

Hsu C-L, Yen G-C. Effects of flavonoids and phenolic acids on the inhibition
of Adipogenesis in 3T3-L1 adipocytes. J Agric Food Chem. 2007;55:8404-10.
Ji'S, Doumit ME, Hill RA, Catzeflis F, Stehelin D, Yoshihara Y. Regulation of
Adipogenesis and key Adipogenic gene expression by 1, 25-
Dihydroxyvitamin D in 3T3-L1 cells. PLoS One. 2015;10:e0126142.

Zhang Y, Liu X, Han L, Gao X, Liu E, Wang T. Regulation of lipid and glucose
homeostasis by mango tree leaf extract is mediated by AMPK and PI3K/AKT
signaling pathways. Food Chem. 2013;141:2896-905.

Park H-S, Kim S-H, Kim YS, Ryu SY, Hwang J-T, Yang HJ, et al. Luteolin
inhibits adipogenic differentiation by regulating PPARy activation. Biofactors.
2009;35:373-9.

Page 8 of 8

Miguel FG, Cavalheiro AH, Spinola NF, Ribeiro DL, Barcelos GRM, Antunes
LMG, et al. Validation of a RP-HPLC-DAD method for chamomile (Matricaria
recutita) preparations and assessment of the marker, Apigenin-7-glucoside,
safety and anti-inflammatory effect. Evidence-Based Complement Altern
Med. 2015:1-9. https://doi.org/10.1155/2015/828437.

Hamaldinen M, Nieminen R, Vuorela P, Heinonen M, Moilanen E. Anti-
inflammatory effects of flavonoids. Genistein, kaempferol, quercetin, and
daidzein inhibit STAT-1 and NF-kappaB activations, whereas flavone,
isorhamnetin, naringenin, and pelargonidin inhibit only NF-kappaB
activation along with their inhibitory effect on INOS expression and NO
production in activated macrophages. Mediators Inflamm. 2007:45673.
https://doi.org/10.1155/2007/45673.

Ronnett G, Kim E, Landree L, Tu Y. Fatty acid metabolism as a target for
obesity treatment. Physiol Behav. 2005;85:25-35.

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM. Transcriptional
regulation of adipogenesis. Genes Dev. 2000;14:1293-307.

Sivitz W, Yorek MA. Mitochondrial dysfunction in diabetes: from molecular
mechanisms to functional significance and therapeutic opportunities.
Antioxid Redox Signal. 2010;12:537.

Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and insulin
resistance. Gastroenterology. 2007;132:2169-80.

Francisco V, Figueirinha A, Costa G, Liberal J, Lopes MC, Garcia-Rodriguez C,
et al. Chemical characterization and anti-inflammatory activity of luteolin
glycosides isolated from lemongrass. J Funct Foods. 2014;10:436-43.

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1155/2015/828437
https://doi.org/10.1155/2007/45673

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Reagents
	Cell culture
	Oil red O staining and quantification
	MTT assay
	Trypan blue assay
	Measurement of intracellular ROS level
	Flow cytometry analysis
	Gene expression analysis
	Statistical analysis

	Results
	Apigetrin inhibits MDI-induced adipogenesis of 3T3-L1 preadipocytes
	Apigetrin inhibits early stage of differentiation
	Effect of apigetrin on the clonal expansion and cell cycle progression of 3T3-L1 cells during the early stage of differentiation
	qRT-PCR analysis
	Effect of Apigetrin on ROS production

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	References

