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Abstract

:

Clitoria ternatea (commonly known as blue pea) flower petal extract (CTE) is used as a natural colorant in a variety of foods and beverages. The objective of study was to determine the inhibitory effect of CTE on adipogenesis in 3T3-L1 preadipocytes. The phytochemical profiles of CTE were analyzed by liquid chromatography and tandem mass spectrometry (LC-MS/MS). Anti-adipogenesis effect of CTE was measured by using Oil Red O staining, intracellular triglyceride assay, quantitative real-time PCR and western blot analysis in 3T3-L1 adipocytes. Cell cycle studies were performed by flow cytometry. Lipolysis experiments were performed using a colorimetric assay kit. In early stages, CTE demonstrated anti-adipogenic effects through inhibition of proliferation and cell cycle retardation by suppressing expression of phospho-Akt and phospho-ERK1/2 signaling pathway. The results also showed that CTE inhibited the late stage of differentiation through diminishing expression of adipogenic transcription factors including PPARγ and C/EBPα. The inhibitory action was subsequently attenuated in downregulation of fatty acid synthase and acetyl-CoA carboxylase, causing the reduction of TG accumulation. In addition, CTE also enhanced catecholamine-induced lipolysis in adipocytes. These results suggest that CTE effectively attenuates adipogenesis by controlling cell cycle progression and downregulating adipogenic gene expression.
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1. Introduction


Obesity is one of leading factors in the metabolic syndrome caused by an imbalance between food intake and energy expenditure [1,2]. Nowadays, obesity is a growing global health problem, responsible for the development of type 2 diabetes, cardiovascular diseases and atherosclerosis [3,4,5]. Obesity is mainly associated with increased expansion of white adipose tissue through the activation of adipogenesis [5]. The process of adipogenesis involves the changes of cell morphology from fibroblast-like shape of preadipocytes to mature and increased lipid synthesis and accumulation in adipocytes. Adipogenesis is generally described as a two-step process including cell proliferation and differentiation, resulting in an increase of the number (hyperplasia) and size (hypertrophy) of adipocytes. In early stage, pre-adipocytes are proliferated through activation of Akt and ERK signaling pathway. After the proliferative phase, they undergo to the formation of mature adipocytes from fibroblast-like pre-adipocyte into spherical shape. Accumulation of the triglyceride (TG) in mature adipocyte is activated by expression of adipogenic transcriptional factors including PPARγ and C/EBPα leading to regulation of fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC) [6]. Moreover, Akt1 and MAPK signaling pathway plays a pivotal role in regulating adipogenesis from cell proliferation to differentiation [7,8,9]. Activation of Akt1 contributes to promote cell cycle progression and terminal differentiation into mature adipocyte [10]. It has shown that activation of Akt1 markedly inhibited p21 and p27 (Cdk inhibitors) and subsequently triggered Cdk2 in the cell cycle progression [10,11]. As a result, mature adipocytes expand in size through the increased storage of triglycerides [10]. Besides, these can be hydrolyzed by hormone sensitive lipase (HSL) under deprivation status for energy homeostasis in response to catecholamines and insulin [12]. Apart from the Akt pathway, the ERK signaling pathway also contributes to the commitment effect in adipogenesis by initiating the proliferative step and increasing differentiation in adipocytes [13,14].



To date, there has been considerable interest in studying the effect of dietary plants on the prevention of obesity because they are largely free from side effects [15,16,17]. Clitoria ternatea L. (family: Fabaceae) or butterfly pea is widely distributed in tropical countries, South and Central America. This plant has been used for centuries in foods and medicines. In Asia and America, it is traditionally recommended for the treatment of snakebites, scorpion stings, chronic bronchitis, indigestion, constipation, fever, arthritis, eye ailments, sore throats, skin diseases, rheumatism, syphilis, eye and ear-diseases [18]. The flower petals of C. ternatea, which contain abundant anthocyanin pigments have considerable potential for application as a source of natural colorants in a variety of foods and beverages. The phytochemical components of C. ternatea flower extract (CTE) are mainly delphinidin-derived anthocyanins, including delphinidin-3,5-glucoside, delphinidin-3-glucoside and six major delphinidin-based ternatins (ternatins A1, A2, B1, B2, D1 and D2) [19,20]. CTE has been reported to possess various pharmacological effects such as antioxidant, antiglycation, antimicrobial, anti-platelet aggregation, anti-inflammatory, antipyretic, and antihelmintic activity [18,21,22]. In addition, CTE exerts antihyperglycemic and antihyperlipidemic effects in alloxan-induced diabetic rats [23,24]. Recently, CTE has shown anti-glycation activity through inhibition of formation of AGEs in fructose-glycated bovine serum albumin (BSA) [21]. It also prevents oxidative damage to BSA due to its free radical scavenging ability [21]. Although the antidiabetic and antiglycation activity of CTE has been well documented, studies regarding the effect of CTE on adipogenesis remain unknown. Therefore, the objective of current study was to elucidate the inhibitory effect of CTE and its underlying cellular mechanisms on adipogenesis and lipid accumulation by using 3T3-L1 cells.




2. Results


2.1. Characterization and Identification of Phenolic Compounds in CTE by LC-MS/MS


From the chromatograms obtained by LC/MS/MS (Figure 1), 14 compounds were identified based on their retention times, high-resolution mass spectral data (MS and MS/MS) of the fragment ions, and comparisons with previously published literature [25,26]. As reported in Table 1, the compounds were identified as preternatin A3, ternatin B2, ternatin D2, quercetin-3-rutinoside, ternatin D1, kaemferol-3-O-(2-rhamnosyl) rutinoside, delphinidin-3-glucoside, kaemferol-3-O-rutinoside, delphinidin-3-O-(6-O-p-coumaryl)glucoside-pyruvic acid, (+)-catechin 7-O-β-glucoside, syringetin-3-O-glucoside, quercetin triglycoside, and delphinidin derivatives (Figure 2).




2.2. Effects of CTE on Cell Viability of 3T3-L1 Cells


To determine whether CTE has cytotoxicity to 3T3-L1 cells, various concentrations of CTE (500–2000 µg/mL) were incubated with 3T3-L1 cells during adipogenesis process. There was no toxicity of CTE to 3T3-L1 cells at the concentration up to 2000 µg/mL at day 1, 3 and 9 (before and after differentiation) (Figure 3A–C).




2.3. Effects of CTE on the Cell Cycle of 3T3-L1 Cells


As shown in Figure 4A–D, the results showed that CTE at concentration of 250, 500 and 750 µg/mL significantly delayed the cell cycle by increasing the cell distribution in G0/G1 phase from control at 34.23 ± 2.01% to 44.88 ± 1.07%, 48.66 ± 1.23% and 52.26 ± 2.62%, respectively. In addition, CTE concentration-dependently decreased of G2/M phase from control at 46.26 ± 5.29 to 43.07 ± 0.64, 41.12 ± 1.13 and 38.83 ± 0.46%, respectively.




2.4. Effects of CTE on Akt1 and ERK1/2 Signaling Pathways in 3T3-L1 Cells


The results demonstrated the CTE at concentrations of 500, 750 and 1000 µg/mL significantly reduced the phosphorylation level of Akt1 (T308), which ranged from 45.16 ± 1.37% to 91.95 ± 0.31%, as compared to the control (Figure 5A). Furthermore, CTE at concentration of 750 and 1000 µg/mL also significantly suppressed the phosphorylation of ERK1/2 (T202/Y204) about 62.15% and 94.04%, respectively (Figure 5B). However, CTE (500 µg/mL) did not significantly alter the phosphorylation level of ERK1/2.




2.5. Effects of CTE on Lipid Accumulation in 3T3-L1 Cells


After cells were exposed to the inducer including dexamethasone, insulin, and IBMX, 3T3-L1 cells were differentiated to mature adipocytes, as characterized by triglyceride-rich lipid droplet structure histologically. The result demonstrated that CTE (500–1000 µg/mL) significantly decreased Oil-red O staining lipid droplet (26.40 ± 2.14%, 52.86 ± 2.33% and 68.25 ± 2.78%) when compared to control (Figure 6A–D). Furthermore, the accumulation of triglyceride was significantly lowered when the cells was incubated with CTE at the concentration of 500, 750 and 1000 µg/mL (59.05–74.30%), as shown in Figure 6E. The effects of CTE on lipolysis in 3T3-L1 cells is shown in Figure 6F. After 3T3-L1 cells were turned into mature adipocytes, they were exposed to various concentrations of CTE (500–1000 µg/mL) for 1 h. CTE (500–1000 µg/mL) significantly increased lipolysis in a concentration-dependent manner (27.90–57.88%).




2.6. Effects of CTE on Adipogenic Transcription Factors and Lipogenic Enzymes


In respect to Figure 7A,B, CTE (500–1000 µg/mL) significantly suppressed mRNA expression of PPARγ (38.33 ± 3.96%–59.83 ± 2.50%) and C/EBPα (21.49 ± 2.22%–58.94 ± 1.74%).



Figure 8A demonstrates the protein expression of adipogenic transcription factors and lipogenic enzymes in 3T3-L1 cells. As shown in Figure 8B,C, CTE (500–1000 µg/mL) reduced the protein level of PPARγ (53.50 ± 5.71%–99.99 ± 0.01% and C/EBPα (34.36 ± 1.78%–62.16 ± 1.43%). As illustrated in Figure 8D,E, CTE (750–1000 µg/mL) significantly decreased the level of FAS whereas 500–1000 µg/mL could reduce the protein expression of ACC.





3. Discussion


It has been demonstrated that the inhibition of adipogenesis involves the reduction in both number and lipid content of adipocytes [27]. Suppressing differentiation and proliferation, and lipogenesis as well as stimulatory lipolysis are the strategies for prevention and treatment of obesity [17]. It has been reported that medicinal plants and their bioactive compounds possess anti-obesity activity [28]. For example, blueberry peel, citrus aurantium and curcumin extracts inhibit adipogenesis through down-regulation of PPARγ and C/EBPα, resulting in decreased cell number and lipid accumulation of adipocytes [29,30]. Recent findings indicated that the blockage of cell cycle through inhibition of Akt1 and ERK1/2 signaling pathway effectively prevents cell proliferation, expression of adipogenic transcription factors, and lipid accumulation in adipocytes [7,14,29,31]. Our current results demonstrated that CTE inhibited the early stage of adipogenesis in 3T3-L1 cells through the suppression of Akt1 and ERK1/2 signaling pathways. Inhibition of this pathway might result in the reduction of hyperplasia in adipocytes [32]. In addition, CTE increased cell cycle arrest by inversion of cell cycle from G2/M to G0/G1 phase. This effect was linked to the suppression of phosphorylated Akt1 at T308 and ERK1/2 at T202/Y204. Many studies have been reported that the phosphorylation of Akt (T308 or ser473) and ERK1/2 (T202/Y204) at the active sites is required for stimulating adipogenesis [13,33,34,35]. For instance, Coptis chinensis extract exerts anti-adipogeneic effects via reduction of phosphorylation of ERK1/2 (T202/Y204) and Akt1 (T308) during adipogenesis which was consistent with the current studies [36]. Moreover, kaempferol delayed cell cycle progression by blocking the phosphorylation of Akt [37]. After cells were exposed to the adipogenic inducers including IBMX, insulin and dexamethasone at the late stage, 3T3-L1 cells differentiated to mature adipocytes, resulting in the lipid accumulation. Our findings were consistent with previous studies [37]. In the present study, increased expression of transcription factors including PPARγ and C/EBPα was observed at both mRNA and protein levels. The activation of PPARγ and C/EBPα directly regulates the expression of FAS and ACC leading to conversion of acetyl-CoA to malonyl-CoA and then malonyl-CoA to saturated fatty acids driving formation of triglyceride [38]. Furthermore, the accumulation of triglyceride increases the size of adipocytes [6]. There are several studies reporting that suppressing mRNA or protein expression of FAS markedly prevents the accumulation of triglyceride in adipocytes [29,30,39,40]. For example, cocoa tea water extract inhibits lipogenesis by suppressing expression of lipogenic transcription factors and their target genes such as PPARγ, C/EBPα, FAS, and ACC leading to reduced accumulation of triglyceride in 3T3-L1 cells [41]. Our results showed that CTE dramatically inhibited the late stage of adipogenesis through the inhibition of triglyceride accumulation and expression of adipocyte-associated transcriptional factors and enzymes including PPARγ, C/EBPα, FAS and ACC. Moreover, lipolysis is generally induced by hormone-sensitive lipase (HSL) and consequently released free fatty acid and glycerol and decreased the cell size of adipocytes [42]. It has been reported that black soybean enriched anthocyanin could increase the lipolysis of 3T3-L1 cells, thereby, reduction of cell mass and size [43]. Additionally, polyphenol rich-white tea extract exerts the inhibitory effect on adipogenesis through an increased lipolysis concomitant with suppression of adipogenic markers including SREBP-1c and PPARγ [44]. Suppression of phosphorylated Akt could stimulate HSL in 3T3-L1 cells [45]. The current findings indicated that CTE enhanced lipolysis related to activation of hormone sensitive lipase in adipocytes. The results from this effect cause a decrease in TG accumulation in adipocytes.



Previous studies have demonstrated that CTE contains delphinidin-3,5-glucoside, delphinidin-3-glucoside, malvidin-3-glucoside, kaempferol, quercetin-3-O-(2-rhamnosyl) rutinoside, rutin, and six major delphinidin-based ternatins (ternatins A1–A3, B1–B4, C1–C5 and D1–D3) [19,25,26,46]. In the similar pattern, the major bioactive compounds in CTE are on the basis of flavanol glycosides and delphinidin derivatives in this study. It has been clearly shown that several phytochemical compounds exert the inhibitory effect on adipogenesis [27]. For instance, dietary flavonoids including kaempferol, quercetin and myricetin suppressed the adipogenesis by inactivation of Akt1 pathway leading to inhibiting of cell cycle progression, lipid accumulation and transcriptional factor expression in 3T3-L1 cells and human adipose tissue-derived mesenchymal stem cells [36,47]. Rutin could suppress the adipocyte differentiation in 3T3-L1 cells by down-regulating of PPARγ and C/EBPα [48]. As aforementioned, CTE exerts inhibitory effects on adipogenesis by attenuating proliferation of cell, progression of cell cycle (Akt and MAPK), expression of adipogenic transcription factors (PPARγ and C/EBPα) and lipogenic enzymes (FAS and ACC) and enhancing lipolysis. The probable mechanism by which CTE exerts anti-adipogenesis may be associated with the identified phytochemical compounds in the extract. Further studies should be done to prove its anti-obesity effect in animal models. In summary, CTE inhibits cell cycle and adipogenesis at both early and late stages through Akt and MAPK signaling pathway. In late stage, CTE reduces lipid accumulation and the expression of adipogenic transcription factors and enzymes together with enhancement of lipolysis in adipocytes. CTE could be a natural food for prevention of adipogenesis and enhancement of lipolysis.




4. Materials and Methods


4.1. Chemicals


3T3-L1 preadipocytes were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-streptomycin were purchased from Mediatech (Herndon, VA, USA). Oil red O solution, isobutylethylxanthine (IBMX), dexamethasone, and insulin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies including phospho (P)-Akt1 (T308), total (T)-Akt1, P-ERK1/2 (T202/Y204), T-ERK1/2, C/EBPα, PPARγ, Fatty acid synthase (FAS), Acetyl-CoA carboxylase (ACC) and GAPDH were purchased from Cell Signaling Technology (Boston, MA, USA).




4.2. Plant Materials


Dried flowers of C. ternatea were purchased from a local herbal shop in Bangkok, Thailand. The plant was authenticated at the Division of Plant Varieties Protection, Department of Agriculture, Ministry of Agriculture and Cooperatives, Bangkok, Thailand. A specimen was deposited at the institute herbarium under code no: BK066793. The extraction of the plant followed a previously published method [21]. Briefly, the dried plant was extracted with distilled water at 95 °C for 2 h. The sample was then filtered through Whatman 70 mm filter paper. The aqueous solution was dried using a spray dryer SD-100 (Eyela world, Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The spray drying conditions were: inlet temperature (178 °C), outlet temperature (80 °C), blower (0.9 m3/min) and atomizing pressure (90 kPa). Total phenolic, flavonoid, and anthocyanin content were 53 ± 0.34 mg gallic acid equivalents/g dried extract, 11.2 ± 0.33 mg catechin equivalents/g dried extract, and 1.46 ± 0.04 mg cyanidin-3-glucoside equivalents/g dried extract, respectively [21].




4.3. Sample Preparation for LC-MS/MS


Anthocyanin fractions were obtained using an activated Oasis HLB cartridge (Waters Corp., Milford, MA, USA), according to the modified procedure of previous study with minor modification [49]. Briefly, the dried CTE was resolubilized in distilled water and applied to an activated Oasis HLB cartridge. The cartridge was washed with 0.01% hydrochloric acid in water, followed by ethyl acetate and then 0.01% hydrochloric acid in methanol to elute anthocyanins. Then, the eluent was dried with nitrogen gas and used for LC-MS/MS analysis. The purified CTE was resolubilized with 0.5% formic acid solution to give a final concentration of 1 mg/mL and filtered through a 0.45 µm pore size poly-(tetrafluoroethylene) (PTFE) membrane syringe filter (Corning, New York, NY, USA) prior to injection into the LCMS/MS for identification and quantification of anthocyanins.




4.4. Characterization of CTE


The phytochemical compound in the enriched extract were directly analyzed by liquid chromatography and tandem mass spectrometry (LC-MS/MS) according to the conditions previously described by a previous study [25]. LC-MS/MS was performed using a Quadrupole/Time-Of-Flight Mass Spectrometer (QTOF LC-MS/MS; Model-6540 UHD Agilent Technologies, Santa Clara, CA, USA) using a Dual ESI ion source attached to an Agilent 1260 series liquid chromatograph. A 150 × 4.6 mm, particle size 5 μm C18 reversed phase column (VertiSep™ AQS—Vertical Chromatography Co., Ltd., Nonthaburi, Thailand) was used at a flow rate of 0.5 mL/min and 40 min of the total run time. The HPLC gradients were consisted of eluent A; 0.1% formic acid in water and eluent B 0.1% formic acid in acetonitrile. The system was run with the following gradient program: 0 min: 95% of linear gradient until 5% of A in 40 min and post run for 5 min. The mass spectral data were acquired with the following ESI inlet conditions: the scanning mass-to-charge (m/z) ranging from 100 to 1700 with a scan rate of 4.00 spectra s−1, the capillary voltage of 3500 V (positive mode) and the fragmentor of 100 V. The pressure of the nebulizer was set at 30 psi, the drying gas temperature at 350 °C, and the continuous gas flow to 10 L min−1.




4.5. Culture and Differentiation of 3T3-L1 Cells


3T3-L1 cells were cultured and differentiated as described in the ATCC’s instructions [50]. Briefly, cells were grown in DMEM containing 10% fetal bovine serum, 2 mM l-glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin. After cells reached 100% confluence, they were grown in the DMEM supplemented with 10 µg/mL insulin, 0.5 mM IBMX, and 1 µM dexamethasone (differentiation medium) for 5 days. At day 5 until day 9, cells were then grown in DMEM supplemented with only 10 µg/mL insulin (post-differentiation media).




4.6. Cell Viability Assay


The cell viability of 3T3-L1 cells was also analyzed using a trypan blue assay as reported in a previous study [51] with minor modifications. 3T3-L1 cells (1 × 104 cells/mL) were incubated with CTE (125–2000 µg/mL) for 1, 3 and 9 day. The trypsinized cell suspension were immediately stained with 0.4% trypan blue for 3 min. The viable cells were counted by automated cell counter (BioRad, Hercules, CA, USA). The viability was expressed as the percentage ratio of the number of unstained cells relative to the total cells counted.




4.7. Oil Red O Assay


Oil red O assay was performed according to a previously described method with slight modifications [50]. In brief, 3T3-L1 cells were incubated with CTE (500–1000 µg/mL) until day 9 and differentiated mature adipocytes were then fixed by 10% formaldehyde. After the cells were stained with 60% oil red O solution for 10 min, the cells were washed twice with phosphate buffered saline (PBS). Finally, the cells were incubated with 100% isopropanol at 37 °C for 10 min. The absorbance was measured at 540 nm.




4.8. Cell Cycle by Flow Cytometry


Cell cycle analysis was performed following a previously published report with slight modifications [51]. After 3T3-L1 cells were incubated with CTE (125–500 µg/mL) for 24 h, cells were trypsinized and fixed with 50% ethanol at 4 °C for 2 h. Cells were then washed and re-suspended in PBS containing 200 µg/mL RNase A and 50 µg/mL propidium iodide for 30 min at room temperature. DNA content was measured by flow cytometry (FC550, Beckman Coulter, Brea, CA, USA) and analyzed using the Flowjo software. Cells at least 1 × 104 counts were made for each sample.




4.9. Western Blot Analysis


Western blot analysis was performed following a previously described method [52]. To determine the protein signaling from proliferation stage such as Akt1 and ERK1/2, the protein was extracted after the incubation with growth media without differentiation cocktail. In addition, the protein extraction of 3T3-L1 cells exposed to differentiation media for 9 days was performed to determine the protein signaling differentiation process including PPARγ, C/EBPα, FAS and ACC. Cells were lysed with ice-cold RIPA buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl, 1% nonionic detergent (NP40), 0.1% sodium dodecyl sulfate (SDS) and 0.5% sodium deoxycholate) containing protease inhibitor (2 mM PMSF) and phosphatase inhibitor (100 mM NaF, 1 mM Na3VO4). After centrifugation, the protein content was quantitated by using pierce® BCA protein assay kit Thermo Scientific, Rockford, IL, USA). The lysate was resolved by SDS-PAGE and transferred to nitrocellulose membrane. The membrane was then blocked and probed for specific markers by specific primary antibody. After incubation with horseradish peroxidase-conjugated secondary antibody, membrane-bound target protein was developed and detected using chemiluminescent system (Thermo Scientific). The intensity of each band was quantified by using image J software. Relative expression levels of Akt1 and ERK1/2 were depicted as a ratio of P-Akt1 (T308) to T-Akt1 and P-ERK1/2 (T202/Y204) to T-ERK1/2, respectively. Relative expression levels of PPARγ, C/EBPα, FAS and ACC proteins were shown in ratio of PPARγ, C/EBPα, FAS and ACC to GAPDH, respectively.




4.10. Triglyceride Accumulation


Triglyceride content was measured by a colorimetric/fluorometric assay kit (Biovision, Milpitas, CA, USA) according to manufacturer’s instruction. Briefly, 3T3-L1 cells were seeded into 96-well plate with differentiation process with CTE (500–1000 µg/mL) until they became mature adipocytes. Thereafter, lipid droplets were extracted by the extraction buffer and triglyceride was then converted to glycerol and fatty acid by using lipase enzyme. The released glycerol was measured at wavelength of 570 nm.




4.11. Lipolysis Assay


Lipolysis assay was performed following the manufacturer’s instructions of a lipolysis colorimetric assay kit (Biovision). Briefly, 3T3-L1 cells were seeded into 96-well plate with differentiation process until they turned into mature adipocytes. The cells were then exposed to the CTE (500–1000 µg/mL) at 37 °C for 1 h. Lipolysis was induced by adding synthetic catecholamine into the cultures that activate β-adrenergic receptor and catalyzes the alteration of ATP to cAMP. The activation of hormone-sensitive lipase hydrolyzed triglyceride to glycerol and fatty acids. Glycerol released from 3T3-L1 cells was measured at wavelength of 570 nm. The result was shown as nmol glycerol/mg protein.




4.12. Real-time PCR


After treatment of 3T3-L1 cells with CTE, RNA was extracted from 3T3-L1 cells by using RNeasy Plus Mini Kit (Qiagen, Foster City, CA, USA) and cDNA library was synthesized by using an iScript cDNA synthesis kit (BioRad) according to manufacturer’s suggestions. Reverse transcription was performed with 200 ng of total RNA sample, 1× iScript reaction mix and 1XiScript reverse transcriptase. Quantitative analysis of cDNA was performed using CFX96 TouchTM real time PCR detection system (BioRad) and SsoAdvancedTM universal probes supermix (BioRad) according to the manufacturer’s instructions. Briefly, amplification of the target cDNA was carried out with each 10 µL PCR mixtures containing 1 µL cDNA, 5 µL SSO probes, 0.5 µL primers and 3.5 µL nuclease free water. Target cDNA was amplified by using verified commercially available primer pairs (Mm01205647_g1 for Beta-actin, Mm01331626_m1 for Akt1, Mm00440940_m1 for PPARγ and Mm00514283_s1 for C/EBPα, Thermo Fisher Scientific, Pleasanton, CA, USA). The conditions of PCR reaction were set as follows: it was begun by denaturation cycle at 95 °C for 30 min, followed by 95 °C 10 min and 60 °C for 25 min, respectively. The mRNA expression was normalized with beta-actin following by using 2−ΔΔCT method. Relative gene expression was expressed as fold change in mRNA expression level compared with control.




4.13. Statistical Analysis


Data were expressed as mean ± standard error of mean (SEM), n = 3. The statistical significance was evaluated by one-way ANOVA and Tukey’s HSD test (PASW Statistics 18, SPSS Inc., Chicago, IL, USA). p < 0.05 was considered to be statistically significant.








Author Contributions


S.A., M.A.B., and N.S.; methodology, P.C., A.C., C.S., S.S. and P.P.; formal analysis, P.C.; investigation, P.C.; data curation, P.C.; P.C.; writing—original draft preparation, P.C. and S.A.; writing—review and editing, S.A., M.A.B., and N.S.; supervision, S.A., M.A.B., and N.S.; project administration, S.A., M.A.B., and~N.S.




Funding


This research was supported by Grant for International Research Integration: Chula Research Scholar, Ratchadaphiseksomphot Endowment Fund, Chulalongkorn University. PC would like to thank H.M. the king’s 72nd Birthday Scholarship, Graduate School, Chulalongkorn University and Royal Golden Jubilee Ph.D. program Scholarship (PHD/0005/2555), the Thailand Research Fund (TRF), and the Overseas Research Experience Scholarship for Graduate Student, Graduate school, Chulalongkorn University.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


ACC: Acetyl-CoA carboxylase; C/EBPα: CCAAT/enhancer-binding protein alpha; CTE: Clitoria ternatea extract; ERK1/2: Extracellular signal–regulated kinases 1 and 2; FAS: Fatty acid synthase; IBMX: 3-isobutyl-1-methylxanthine; PPARγ: Peroxisome proliferator-activated receptor gamma.




References


	



Flatt, J.P. Differences in basal energy expenditure and obesity. Obesity 2007, 15, 2546–2548. [Google Scholar] [CrossRef] [PubMed]

	



Redinger, R.N. Fat storage and the biology of energy expenditure. Transl. Res. 2009, 154, 52–60. [Google Scholar] [CrossRef]

	



Greenberg, A.; McDaniel, M. Identifying the links between obesity, insulin resistance and β-cell function: potential role of adipocyte-derived cytokines in the pathogenesis of type 2 diabetes. Eur. J. Clin. Investig. 2002, 32, 24–34. [Google Scholar] [CrossRef] [PubMed]

	



Guilherme, A.; Virbasius, J.V.; Puri, V.; Czech, M.P. Adipocyte dysfunctions linking obesity to insulin resistance and type 2 diabetes. Nat. Rev. Mol. Cell Biol. 2008, 9, 367–377. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kahn, B.B.; Flier, J.S. Obesity and insulin resistance. J. Clin. Investig. 2000, 106, 473–481. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Moreno-Navarrete, J.M.; Fernández-Real, J.M. Adipocyte differentiation. In Adipose Tissue Biology; Springer: Basel, Switzerland, 2012; pp. 17–38. [Google Scholar]

	



Bost, F.; Aouadi, M.; Caron, L.; Binetruy, B. The role of MAPKs in adipocyte differentiation and obesity. Biochimie 2005, 87, 51–56. [Google Scholar] [CrossRef][Green Version]

	



Chuang, C.C.; Yang, R.S.; Tsai, K.S.; Ho, F.M.; Liu, S.H. Hyperglycemia enhances adipogenic induction of lipid accumulation: Involvement of extracellular signal-regulated protein kinase 1/2, phosphoinositide 3-kinase/Akt, and peroxisome proliferator-activated receptor gamma signaling. Endocrinology 2007, 148, 4267–4275. [Google Scholar] [CrossRef] [PubMed]

	



Feve, B. Adipogenesis: Cellular and molecular aspects. Best Pract. Res. Clin. Endocrinol. Metab. 2005, 19, 483–499. [Google Scholar] [CrossRef] [PubMed]

	



Jia, X.; Chang, T.; Wilson, T.W.; Wu, L. Methylglyoxal mediates adipocyte proliferation by increasing phosphorylation of Akt1. PLoS ONE 2012, 7, e36610. [Google Scholar] [CrossRef]

	



Ferguson, B.S.; Nam, H.; Morrison, R.F. Curcumin inhibits 3T3-L1 preadipocyte proliferation by mechanisms involving post-transcriptional p27 regulation. Biochem. Biophys. Rep. 2016, 5, 16–21. [Google Scholar] [CrossRef]

	



Jaworski, K.; Sarkadi-Nagy, E.; Duncan, R.E.; Ahmadian, M.; Sul, H.S. Regulation of triglyceride metabolism. IV. Hormonal regulation of lipolysis in adipose tissue. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 293, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Prusty, D.; Park, B.-H.; Davis, K.E.; Farmer, S.R. Activation of MEK/ERK signaling promotes adipogenesis by enhancing peroxisome proliferator-activated receptor γ (PPARγ) and C/EBPα gene expression during the differentiation of 3T3-L1 preadipocytes. J. Biol. Chem. 2002, 277, 46226–46232. [Google Scholar] [CrossRef]

	



Tang, Q.Q.; Otto, T.C.; Lane, M.D. Mitotic clonal expansion: A synchronous process required for adipogenesis. Proc. Natl. Acad. Sci. USA 2003, 100, 44–49. [Google Scholar] [CrossRef]

	



Mohamed, G.A.; Ibrahim, S.R.; Elkhayat, E.S.; El Dine, R.S. Natural anti-obesity agents. Bull. Faculty Pharm. Cairo Univ. 2014, 52, 269–284. [Google Scholar] [CrossRef][Green Version]

	



Mukherjee, A.; Mukherjee, S.; Biswas, J.; Roy, M. Phytochemicals in obesity control. Int. J. Curr. Microbiol. App. Sci 2015, 4, 558–567. [Google Scholar]

	



Yun, J.W. Possible anti-obesity therapeutics from nature—A review. Phytochemistry 2010, 71, 1625–1641. [Google Scholar] [CrossRef]

	



Mukherjee, P.K.; Kumar, V.; Kumar, N.S.; Heinrich, M. The Ayurvedic medicine Clitoria ternatea--from traditional use to scientific assessment. J. Ethnopharmacol. 2008, 120, 291–301. [Google Scholar] [CrossRef]

	



Terahara, N.; Oda, M.; Matsui, T.; Osajima, Y.; Saito, N.; Toki, K.; Honda, T. Five new anthocyanins, ternatins A3, B4, B3, B2, and D2, from Clitoria ternatea flowers. J. Nat. Prod. 1996, 59, 139–144. [Google Scholar] [CrossRef]

	



Terahara, N.; Saito, N.; Honda, T.; Toki, K.; Osajima, Y. Structure of ternatin A1, the largest ternatin in the major blue anthocyanins from Clitoria ternatea flowers. Tetrahedron Lett. 1990, 31, 2921–2924. [Google Scholar] [CrossRef]

	



Chayaratanasin, P.; Barbieri, M.A.; Suanpairintr, N.; Adisakwattana, S. Inhibitory effect of Clitoria ternatea flower petal extract on fructose-induced protein glycation and oxidation-dependent damages to albumin in vitro. BMC Complement. Altern. Med. 2015, 15, 27. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, G.K.; Chahal, J.; Bhatia, M. Clitoria ternatea (L.): Old and new aspects. J. Pharm. Res. 2010, 3, 2610–2614. [Google Scholar]

	



Daisy, P.; Santosh, K.; Rajathi, M. Antihyperglycemic and antihyperlipidemic effects of Clitoria ternatea Linn. in alloxan-induced diabetic rats. Afr. J. Microbiol. Res. 2009, 3, 287–291. [Google Scholar]

	



Daisy, P.; Rajathi, M. Hypoglycemic effects of Clitoria ternatea Linn.(Fabaceae) in alloxan-induced diabetes in rats. Trop. J. Pharm. Res. 2009, 8, 393–398. [Google Scholar] [CrossRef]

	



Nair, V.; Bang, W.Y.; Schreckinger, E.; Andarwulan, N.; Cisneros-Zevallos, L. Protective role of ternatin anthocyanins and quercetin glycosides from Butterfly Pea (Clitoria ternatea Leguminosae) blue flower petals against lipopolysaccharide (LPS)-induced inflammation in macrophage Cells. J. Agric. Food Chem. 2015, 63, 6355–6365. [Google Scholar] [CrossRef]

	



Shen, Y.; Du, L.; Zeng, H.; Zhang, X.; Prinyawiwatkul, W.; Alonso-Marenco, J.R.; Xu, Z. Butterfly pea (Clitoria ternatea) seed and petal extracts decreased HEp-2 carcinoma cell viability. Int. J. Food Sci. Technol. 2016, 51, 1860–1868. [Google Scholar] [CrossRef]

	



Rayalam, S.; Della-Fera, M.A.; Baile, C.A. Phytochemicals and regulation of the adipocyte life cycle. J. Nutr. Biochem. 2008, 19, 717–726. [Google Scholar] [CrossRef]

	



Patra, S.; Nithya, S.; Srinithya, B.; Meenakshi, S. Review of medicinal plants for anti-obesity activity. Transl. Biomed. 2015, 6, 21. [Google Scholar] [CrossRef]

	



Kim, G.S.; Park, H.J.; Woo, J.H.; Kim, M.K.; Koh, P.O.; Min, W.; Ko, Y.G.; Kim, C.H.; Won, C.K.; Cho, J.H. Citrus aurantium flavonoids inhibit adipogenesis through the Akt signaling pathway in 3T3-L1 cells. BMC Complement. Altern. Med. 2012, 12, 31. [Google Scholar] [CrossRef]

	



Song, Y.; Park, H.J.; Kang, S.N.; Jang, S.H.; Lee, S.J.; Ko, Y.G.; Kim, G.S.; Cho, J.H. Blueberry peel extracts inhibit adipogenesis in 3T3-L1 cells and reduce high-fat diet-induced obesity. PLoS ONE 2013, 8, e69925. [Google Scholar] [CrossRef]

	



Xu, J.; Liao, K. Protein kinase B/AKT 1 plays a pivotal role in insulin-like growth factor-1 receptor signaling induced 3T3-L1 adipocyte differentiation. J. Biol. Chem. 2004, 279, 35914–35922. [Google Scholar] [CrossRef]

	



Choi, K.M.; Lee, Y.S.; Sin, D.M.; Lee, S.; Lee, M.K.; Lee, Y.M.; Hong, J.T.; Yun, Y.P.; Yoo, H.S. Sulforaphane inhibits mitotic clonal expansion during adipogenesis through cell cycle arrest. Obesity 2012, 20, 1365–1371. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.L.; Lee, H.K.; Chin, T.Y.; Tu, S.C.; Kuo, M.H.; Kao, M.C.; Wu, Y.C. Inhibitory Effects of purple sweet potato leaf extract on the proliferation and lipogenesis of the 3T3-L1 Preadipocytes. Am. J. Chin. Med. 2015, 43, 915–925. [Google Scholar] [CrossRef] [PubMed]

	



Fayard, E.; Xue, G.; Parcellier, A.; Bozulic, L.; Hemmings, B.A. Protein kinase B (PKB/Akt), a key mediator of the PI3K signaling pathway. Curr. Top. Microbiol. Immunol. 2010, 346, 31–56. [Google Scholar] [CrossRef]

	



Tagaya, Y.; Miura, A.; Okada, S.; Ohshima, K.; Mori, M. Nucleobindin-2 is a positive modulator of EGF-dependent signals leading to enhancement of cell growth and suppression of adipocyte differentiation. Endocrinology 2012, 153, 3308–3319. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.S.; Kim, J.H.; Ali, M.Y.; Min, B.S.; Kim, G.D.; Jung, H.A. Coptis chinensis alkaloids exert anti- adipogenic activity on 3T3-L1 adipocytes by downregulating C/EBP-α and PPAR-γ. Fitoterapia 2014, 98, 199–208. [Google Scholar] [CrossRef]

	



Lee, Y.J.; Choi, H.S.; Seo, M.J.; Jeon, H.J.; Kim, K.J.; Lee, B.Y. Kaempferol suppresses lipid accumulation by inhibiting early adipogenesis in 3T3-L1 cells and zebrafish. Food Funct. 2015, 6, 2824–2833. [Google Scholar] [CrossRef] [PubMed]

	



Zebisch, K.; Voigt, V.; Wabitsch, M.; Brandsch, M. Protocol for effective differentiation of 3T3-L1 cells to adipocytes. Anal. Biochem. 2012, 425, 88–90. [Google Scholar] [CrossRef]

	



Desvergne, B.; Michalik, L.; Wahli, W. Transcriptional regulation of metabolism. Physiol. Rev. 2006, 86, 465–514. [Google Scholar] [CrossRef]

	



Schmid, B.; Rippmann, J.F.; Tadayyon, M.; Hamilton, B.S. Inhibition of fatty acid synthase prevents preadipocyte differentiation. Biochem. Biophys. Res. Commun. 2005, 328, 1073–1082. [Google Scholar] [CrossRef]

	



Li, K.K.; Liu, C.L.; Shiu, H.T.; Wong, H.L.; Siu, W.S.; Zhang, C.; Han, X.Q.; Ye, C.X.; Leung, P.C.; Ko, C.H. Cocoa tea (Camellia ptilophylla) water extract inhibits adipocyte differentiation in mouse 3T3-L1 preadipocytes. Sci. Rep. 2016, 6, 20172. [Google Scholar] [CrossRef]

	



Duncan, R.E.; Ahmadian, M.; Jaworski, K.; Sarkadi-Nagy, E.; Sul, H.S. Regulation of lipolysis in adipocytes. Annu. Rev. Nutr. 2007, 27, 79–101. [Google Scholar] [CrossRef]

	



Lee, B.; Lee, M.; Lefevre, M.; Kim, H.R. Anthocyanins inhibit lipogenesis during adipocyte differentiation of 3T3-L1 preadipocytes. Plant. Foods Hum. Nutr. 2014, 69, 137–141. [Google Scholar] [CrossRef]

	



Szkudelska, K.; Nogowski, L.; Szkudelski, T. Resveratrol, a naturally occurring diphenolic compound, affects lipogenesis, lipolysis and the antilipolytic action of insulin in isolated rat adipocytes. J. Steroid. Biochem. Mol. Biol. 2009, 113, 17–24. [Google Scholar] [CrossRef]

	



Fernandez-Galilea, M.; Perez-Matute, P.; Prieto-Hontoria, P.L.; Martinez, J.A.; Moreno-Aliaga, M.J. Effects of lipoic acid on lipolysis in 3T3-L1 adipocytes. J. Lipid Res. 2012, 53, 2296–2306. [Google Scholar] [CrossRef]

	



Kazuma, K.; Noda, N.; Suzuki, M. Flavonoid composition related to petal color in different lines of Clitoria ternatea. Phytochemistry 2003, 64, 1133–1139. [Google Scholar] [CrossRef]

	



Bin, H.-S.; Choi, U.-K. Myricetin inhibits adipogenesis in human adipose tissue-derived mesenchymal stem cells. Food Sci. Biotechnol. 2012, 21, 1391–1396. [Google Scholar] [CrossRef]

	



Wongs-Aree, C.; Giusti, M.; Schwartz, S. Anthocyanins derived only from delphinidin in the blue petals of Clitoria ternatea. In Proceedings of the IV International Conference on Managing Quality in Chains-The Integrated View on Fruits and Vegetables Quality, Bangkok, Thailand, 30 June 2006; pp. 437–442. [Google Scholar]

	



Jang, Y.J.; Koo, H.J.; Sohn, E.H.; Kang, S.C.; Rhee, D.K.; Pyo, S. Theobromine inhibits differentiation of 3T3-L1 cells during the early stage of adipogenesis via AMPK and MAPK signaling pathways. Food Funct. 2015, 6, 2365–2374. [Google Scholar] [CrossRef]

	



Galvis, A.; Marcano, A.; Stefancin, C.; Villaverde, N.; Priestap, H.A.; Tonn, C.E.; Lopez, L.A.; Barbieri, M.A. The effect of dehydroleucodine in adipocyte differentiation. Eur. J. Pharmacol. 2011, 671, 18–25. [Google Scholar] [CrossRef]

	



Drira, R.; Chen, S.; Sakamoto, K. Oleuropein and hydroxytyrosol inhibit adipocyte differentiation in 3 T3-L1 cells. Life Sci. 2011, 89, 708–716. [Google Scholar] [CrossRef][Green Version]

	



Yang, S.J.; Chen, C.Y.; Chang, G.D.; Wen, H.C.; Chen, C.Y.; Chang, S.C.; Liao, J.F.; Chang, C.H. Activation of Akt by advanced glycation end products (AGEs): Involvement of IGF-1 receptor and caveolin-1. PLoS ONE 2013, 8, e58100. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Molecules 24 01894 g001 550]





Figure 1. LC-MS/MS chromatogram of the Clitoria ternatea flower extract (CTE). (A) The expanded range of CTE chromatogram during 0–18 min. (B) The profile of CTE chromatogram (the number indicates isolated compounds). 
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Figure 2. Structures of identified compounds listed in Table 1. 
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Figure 3. Effects of CTE on cell viability of 3T3-L1 cells by trypan blue assay at day 1 (A), day 3 (B) and day 9 (C). Each value represents the mean ± SEM (n = 3). 
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Figure 4. Effects of CTE on cell cycle of 3T3-L1 cells at day 1. Histograms are shown as the control group (A), CTE 250 µg/mL (B), 500 µg/mL (C), 750 µg/mL (D). Each value represents the mean ± SEM (n = 3). 
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Figure 5. Effects of CTE on Akt (A) and ERK (B) pathway of 3T3-L1 cells at day 9. The relative values of P (phospho)-Akt1 (T308) to T (total)-Akt1 and P-ERK1/2 (T204/Y202) to T-ERK are shown in % of control. Each value represents the mean ± SEM (n = 3). ap < 0.05 compared with the control group. 
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Figure 6. Effects of CTE on lipid accumulation and lipolysis of 3T3-L1 cells at day 9. Undifferentiated cells (A), differentiated cells (B) and 1000 µg/mL CTE (C) were stained by Oil red O (40× magnification). The quantification of lipid content is shown in % of control (D). Triglyceride content is shown in nmol/mg protein (E). Lipolysis is shown as glycerol release in nmol/mg protein/h (F). Each value represents the mean ± SEM (n = 3). ap < 0.05 compared with the control group. 
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Figure 7. Effects of CTE on mRNA expression of PPARγ (A) and C/EBPα (B) of 3T3-L1 cells at day 9. The mRNA expression of PPARγ (A) and C/EBPα (B) are shown in relative values to beta-actin. Each value represents the mean ± SEM (n = 3). ap < 0.05 compared with the control group. 
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Figure 8. (A) Effects of CTE on protein levels of adipogenic transcription factors of 3T3-L1 cells at day 9. The relative values of PPARγ (B), C/EBPα (C), FAS (D), ACC (E) to GAPDH are shown in % of control. Each value represents the mean ± SEM (n = 3). ap < 0.05 compared with the control group. 
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Table 1. Chromatographic MS and MS/MS data and the chemical structure of identified compounds in CTE.
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	No.
	Rt (min)
	Compound
	Product Ion





	1
	11.098
	Preternatin A3
	1405.3310 [M + H]+, Calcd Mass: 1405.3876, MS/MS: 1329.2817, 1183.2193, 1021.2119, 876.1811, 739.1818, 627.1281, 493.3180, 471.3372



	2
	11.826
	Delphinidin derivatives
	788.4017 [M + H]+, Calcd Mass: 789.2084, MS/MS: 801.3825 [M + Na]+, [Quercetin 3-glucoside+dihexose]



	3
	12.277
	Ternatin B2
	1637.3591 [M + H]+, Calcd Mass: 1637.4248, MS/MS: 1389.3186, 757.1914, 611.1385, 465.0866, 303.0396



	4
	12.797
	Ternatin D2
	1475.3163 [M + H]+, Calcd Mass: 1475.3720, MS/MS: 741.1967, 595.1441, 449.0916, 287.0456



	5
	13.040
	Quercetin-3-rutinoside (rutin)
	611.1384 [M + H]+, Calcd Mass: 610.1534, MS/MS: 465.0860, 303.0399



	6
	13.109
	Ternatin D1
	1697.3959 [M + H − Malonyl]+, Calcd Mass: 1697.4612, MS/MS: 1389.3165, 1243.2461, 611.1379, 465.0855, 303.0396



	7
	13.664
	Kaemferol-3-O-(2-rhamnosyl)rutinoside
	741.1969 [M + H]+, Calcd Mass: 740.2164, MS/MS: 595.1443, 449.0924, 287.0457



	8
	14.080
	Delphinidin-3-glucoside (myrtillin)
	465.0856 [M + H]+, Calcd Mass: 465.1028, MS/MS: 487.0665 [M + Na]+, 303.0390



	9
	14.218
	Kaemferol-3-O-rutinoside
	595.1437 [M + H]+, Calcd Mass: 594.1585, MS/MS: 588.3886, 566.4074, 449.0917, 287.0454



	10
	14.738
	Delphinidin-3-O-(6-O-p-coumaryl)glucoside-pyruvic acid
	679.4869 [M + H]+, Calcd Mass: 679.1294, MS/MS: 701.4680 [M + Na]+, 595.1422, 340.2488



	11
	15.4311
	(+)-Catechin 7-O-β-glucoside
	453.3275 [M + H]+, Calcd Mass: 452.1319, MS/MS: 927.6276 [2M + Na]+, 905.6462 [2M + H]+, 814.5468



	12
	15.639
	Syringetin-3-O-glucoside
	509.8675 [M + H]+, Calcd Mass: 508.1217, MS/MS: 1040.7075 [2M + Na]+



	13
	16.402
	Quercetin triglycoside
	759.3755 [M + H]+, Calcd Mass: 758.1906, MS/MS: 781.3571 [M + Na]+











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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