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Lipid Extract From a Vegetable (Sonchus Oleraceus) Attenuates Adipogenesis and High Fat Diet-Induced Obesity Associated With AMPK Activation
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Scope: Sonchus Oleraceus, named bitter vegetable (BV), has been known to have multiple health benefits such as anti-aging and anti-inflammation. However, the role of BV in the prevention of obesity is unclear. The aim of this study was to examine the effect of BV lipid extracts (BVL) on obesity development.

Methods and Results: Following treatments of high fat diet-induced obese mice (C57BL/6J) with BVL (0.3 mg/g of BW per mouse) for a month, mice exhibited a significant reduction in weight gain, blood triglyceride, and fasting blood glucose compared to control mice. Intriguingly, phosphorylated AMPK, a key regulator of nutrient metabolism, was markedly increased in inguinal fat of BVL group. In 3T3-L1 cells, BVL-7 (100 μg/ml), an omega-3 fatty acid-rich fraction from BVL, lowered lipid accumulation, and down-regulated the gene expression of adipocyte markers. The inhibitory effect of BVL occurred at the early stage of adipocyte differentiation, leading to the delay of mitotic clonal expansion. AMPK knockdown by siRNA abolished the inhibitory effect of BVL-7 on adipogenesis, suggesting that AMPK is essential for BVL-regulated adipocyte differentiation.

Conclusion: BVL can effectively inhibit adipogenesis through, at least in part, stimulating AMPK pathway and attenuate HFD-induced obesity. Our findings suggest that BVL can be a promising dietary supplement for protection against obesity, and the effective component of BVL can be potentially developed as anti-obesity drugs.
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INTRODUCTION

Obesity is mainly developed from energy imbalance, leading to abnormal adipose tissue expansion and subsequently, triggering chronic low-grade inflammation in whole body (1). Therefore, the burden of obesity on public health extends across multiple metabolic disorders such as type 2 diabetes, cardiovascular disease, and cancers (1). Identification of an effective strategy to manage obesity and its related diseases becomes a primary research interest and is important to public health.

Hyperplasia mainly contributes to obesity development by recruiting preadipocytes proliferation and differentiation into mature adipocytes in adipose tissue, a process termed adipogenesis (2). Adipogenesis involves a comprehensive network to form lipid droplets including a cascade of signaling pathway and the stimulation of serial transcriptional factors. So far, both high-fat diet (HFD)-induced obesity mouse model and murine 3T3-L1 cells as an in vitro model have been used widely for studying adipogenesis. During the early phase of differentiation, growth-arrested 3T3-L1 preadipocytes reenter the cell cycle, which is characterized by mitotic clonal expansion (MCE) followed by the activation of peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT enhancer-binding protein α (C/EBPα) (3), subsequently leading to fatty acids synthesis and adipokine production (e.g., leptin and adiponectin). AMP-activated protein kinase (AMPK) acts as a key nutrient sensor on energy metabolism in response to ratios of ATP/ADP (4). There are alternative pathways to produce ATP in non-dividing cells in which activation of AMPK switches anabolic (e.g., synthesis of triglyceride, cholesterol, and glucose) to catabolic metabolism (e.g., fatty acid β-oxidation, glucose uptake, and mitochondria biosynthesis) (5). AMPK, an upstream regulator of PPARγ, acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS), inhibits lipid accumulation in adipose tissue, and liver once AMPK is phosphorylated (6). AMPK is also modulated by adipokines released from adipocytes including adiponectin and leptin in muscle (7). Accordingly, activated AMPK has been known to reverse insulin resistance, hyperglyceridemia, and body weight gain (8), which are now considered as a therapeutic target of obesity.

Bama, located in the northwest of Guangxi province in China, has been well-known as “longevity village.” Several studies have shown that the elderly in Bama have prolonged lifespan in regarding to their dietary habit and environment (9–11). Sonchus Oleraceus, also named bitter vegetable (BV) in Chinese cuisine, is native in Europe and Asia, and commonly found in Bama diets. Its leaves are rich in low molecular weight antioxidants such as polyphenols (12). BV has been known to be an antioxidant, antibacterial (13), anti-inflammatory (14), anti-aging (15), anti-depressant (16), and anti-cancer agent (17). However, the role of BV in obesity development is unknown. To assess the anti-obesity ability of BV, we examined the effects of BV lipid extracts (BVL) on adipogenesis in 3T3-L1 cells and HFD-induced obesity in mice.



MATERIALS AND METHODS

All chemicals were purchased from Sigma Aldrich (St. Louis, MO), otherwise specified.


Animals

Male 8-week-old C57BL/6J mice (Charles River Laboratory, Wilmington, MA) were fed with HFD (D12492, Research Diets Inc., New Brunswick, NJ) containing 60% calories from fat for 3 weeks. Then, the mice were randomly distributed to 2 groups: HFD group and HFD+BVL group for another 4 weeks. The body weight and food intake were recorded weekly. In the end of the experiment, mice were fasted for 12 h and then euthanized to harvest adipose tissues and blood for biochemical analysis. The Subcommittee on Research Animal Care (SRAC) serves as the Institutional Animal Care and Use Committee (IACUC) for Massachusetts General Hospital (MGH), reviewed and approved all experimental procedures detailed in this study (Animal protocol No: 2010N000038).



Dosage Information

During a 4-week dietary intervention, HFD, and HFD+BVL groups were oral-gavaged daily by 100 μl of olive oil and 100 μl of olive oil containing 10 mg BVL (0.3 mg/g of BW per mouse), respectively. The design of BVL dosages was based on pre-experiments and our previous work, at which no toxicity observed to mice (15). The dose of 10 mg/30 g of mouse per day was equivalent to human consumption of BVL of 27 mg/kg, which equates to a 1.6 g dose of BVL for a 60 kg person according to the formula for dose translation based on surface area (18).



BV Lipid Extraction

Dried plant of BV was subjected to lipid extraction using Bligh and Dyer's method (19) and lipid separation was performed by thin layer chromatography methodology (TLC). Briefly, the entire BV plant was grinded into powder and then mixed under chloroform and methanol (2:1, v/v) for overnight extraction at 4°C. The mixture was added with distilled water and processed to centrifuge at 3000 rpm for 5 min. The chloroform layer containing lipid was collected and dried under nitrogen. The BVL was weighed and suspended in olive oil for the animal experiment. For the cell culture experiment, BVL was further purified by two-step solvent system on silica gel TLC plate. In the first step, the mobile phase was consisted of Heptane: Diethyl Ether: Acetic Acid (60:40:3, v/v/v), and the bottom layer rich in phospholipid was collected (Supplementary Figure 1A, arrow). The phospholipid fraction obtained from TLC plate was further separated using mobile phase containing Chloroform: Methanol: Acetic acid (100:30:3, v/v/v) in the second step. The front layer of TLC plate which was collected and extracted was named as BVL-7 (Supplementary Figure 1B, arrowhead) which were later reconstituted in ethanol, stored at −20°C, and ready for in vitro experiments.



Fatty Acid Analysis

BVL or BVL-7 was methylated by adding 1:1 hexane and 14% boron trifluoride/methanol and heated at 100°C for an hour. Fatty acids methyl esters were analyzed by a fully automated 6890N Network Gas Chromatography equipped with a flame-ionization detector (Agilent Technologies, Palo Alto, CA). Individual fatty acid was determined by retention time using a reference standard, GLC461 (Nu-Chek Prep, Elysian, MN).



Body Composition

Body composition including lean tissue, fat, and body fluid was measured using Bruker Minispec Live Mice analyzer (Bruker Optics Inc., Billerica, MA) and the method was previously described (20).



Biochemical Analysis

Blood was collected and processed to centrifuge at 3000 rpm for 10 min to obtain plasma. Triglyceride (TG) was measured by the Center of Comparative Medicine in MGH. Insulin was determined by ultra-sensitive mouse insulin ELISA (Crystal Chem Inc., Grove, IL). Prior to sacrifice, blood glucose level was measured by glucometer (Bayer HealthCare LLC, Tarrytown, NY).



Immunohistology

The inguinal and epididymal adipose tissues were collected and fixed in 4% paraformaldehyde-PBS. The paraffin embedding and hematoxylin and eosin (H&E) staining were performed by pathology core in MGH. The slices were observed using ECLIPSE E600 microscope (Micro Video Instruments Inc., Avon, MA) at 400X magnification. The adipocyte size was measured using Case viewer (Servicebio Inc, Woburn, MA).



Cell Culture

3T3-L1 mouse fibroblasts (a gift from Dr. Chongzhao Ran in MGH) were maintained in 10% FCS-DMEM. Preadipocytes were differentiated by 10% FBS-DMEM with adipogenic DMI cocktail (1 μg/ml insulin, 0.5 mM 1-isobutylmethylxanthine and 1 μM Dexamethasone) at 2-day post-confluence, referred as to day 0 (D0). The medium was changed to 10% FBS-DMEM with 1 μg/ml insulin at D2 and replaced with 10% FBS-DMEM every other day until D8. 100 μg/ml of indicated BVL fractions were added to medium throughout the differentiation. The lipid droplets in adipocytes were stained with Oil Red O (ORO) and photographed. ORO dye was extracted by isopropanol and measured at the wavelength of 490 nm using Epoch microplate spectrophotometer (Biotek, Winooski, VT). FCS, FBS, and DMEM were purchased from Gibco (ThermoFisher Scientific, Grand Island, NY).



Immunoblotting

Total proteins from cells/tissues were extracted using RIPA buffer supplemented with protease inhibitor cocktail and phosphatase inhibitors at indicated time points. Samples were subjected to SDS-polyacrylamide gel electrophoresis and transferred to methanol-pretreated PVDF membranes (Millipore Corp., Bedford, MA, USA). Primary antibodies used in this study included p-AMPK (Thr(P)-172), total AMPK (Genetex, Irvine, CA), FAS, p-PPARγ, p-C/EBPα, AP2, p-C/EBPβ, CDK2, and Cyclin A (Cell signaling, Beverly, MA). The loading control: β-actin and secondary-HRP-conjugated mouse as well as rabbit antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX). Protein bands were detected with SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher Scientific, Grand Island, NY) by autoradiography.



PCR Analysis

Total mRNAs from cells/tissues were extracted with TRIzol® (Invitrogen, Grand Island, NY). The cDNA was synthesized by iScriptTM system (Bio-Rad, Hercules, CA) and reverse transcription reaction was performed using PTC-100 programmable thermal controller (MJ Research Inc., Waltham, MA). A real time PCR was performed using an iTaqTM universal STBR® green Supermix (Bio-Rad, Hercules, CA) in an Mx3005P qPCR thermocycler (Agilent Technologies, Santa Clara, CA). All values were normalized by β-actin expression and further analyzed using the ΔΔCT method. The sequences of primers used in semi-quantitative PCR were listed as following, PPARγ (forward, 5′-CCC AAT GGT TGC TGA TTA CAA AT-3′, and reverse, 5′-CTA CTT TGA TCG CAC TTT GGT ATT CT-3′); C/EBPα (forward, 5′-GGT TTA GGG ATG TTT GGG TTT TT-3′, and reverse, 5′-AAG CCC ACT TCA TTT CAT TGG T-3′); C/EBPβ (forward, 5′-AGC GGC TGC AGA AGA AGG T-3′, and reverse, 5′-GGC AGC TGC TTG AAC AAG TTC-3′); FAS (forward, 5′-GCC ACC CAC CGT CAG AAG-3′, and reverse, 5′-TGT CAC ATC AGC CAC TTG AGT GT-3′); AdipoQ (forward, 5′-GAT GCA GGT CTT CTTG GTC CTA A-3′, and reverse, 5′-GGC CCT TCA GCT CCT GTC A-3′); IL-6 (forward, 5′-TCG GAG GCT TAA TTA CAC ATG TTC-3′, and reverse, 5′-TGC CAT TGC ACA ACT CTT TTC T-3′); Leptin (forward, 5′-CAC ACA CGC AGT CGG TAT CC-3′, and reverse, 5′-AGC CCA GGA ATG AAG TCC AA-3′); MCP-1 (forward, 5′-GCT TGA GGT GGT TGT GGA AAA-3′, and reverse, 5′-CTC ACC TGC TGC TAC TCA TTC-3′); β-actin (forward, 5′-AGA TGA CCC AGA TCA TGT TTG AGA-3′, and reverse, 5′-CAC AGC CTG GAT GGC TAC GT-3′).



AMPK Knockdown

To knockdown AMPK expression in 3T3-L1 cells, 100% confluent preadipocytes were transfected with AMPKα1/2 siRNA (Santa Cruz Biotechnology, Dallas, TX) together with lipofectamin RNAiMax (Invitrogen, Grand Island, NY). In a 12-well plate scale, 20 pmol siRNA and 4 μl of lipofectamine were diluted in 100 μl Opti-MEM (ThermoFisher Scientific, Grand Island, NY), respectively, and then siRNA-Lipo mixture were incubated for 20 min at room temperature. The medium was replaced by DMI medium with/without BVL-7 and the effectiveness of AMPK knockdown was determined on adipocytes at D8 by immunoblotting.



Flow Cytometry

Two-day post-confluent 3T3-L1 cells were incubated in DMI adipogenic induction medium with/without BVL-7 for 16 and 24 h. The cells pellets were harvested at each time points and fixed with 70% ice-cold ethanol at −20°C overnight. The cells were incubated with 0.5 mg/ml RNase for 30 min at 37°C and stained with 10 μg/ml propidium iodine solution prior to cell cycle analysis using LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ).



Statistical Analysis

All values were presented as mean ± SEM. The differences between two groups were evaluated by two-tail T-test using GraphPad Prism software. The data was subjected to one-way ANOVA within three groups, followed by TukeyHSD multiple comparison test and least significance difference test (LSD test). The differences in means were considered statistical significance at p < 0.05.




RESULTS


BVL Attenuates HFD-Induced Obesity Development in Mice

To investigate the effect of BVL on obesity development, male C57BL/6J mice were fed HFD for 7 weeks and supplemented daily with BVL dissolved in 100 μl olive oil (10 mg/30 g of mouse) or olive oil alone as control for the last 4 weeks. The total food intake during the experiment was nearly equivalent between groups (Supplementary Figure 2A). The body weight gain in BVL group was significantly reduced after 2 weeks of supplementation relative to control (C) group (p < 0.05) (Figure 1A). The analysis of body composition indicated a decrease of fat mass and an increase of lean mass in BVL group (Figures 1B,C). Consistently, the masses of inguinal (Ing) fat and epididymal (Epi) fat in BVL group were significantly less than C group while muscle mass in BVL group was higher than C group (p < 0.05, Supplementary Table 1). Moreover, we found that the fasting blood glucose, plasma insulin level, and plasma TG level were reduced in BVL group relative to control group (Figures 1D–F). Our results demonstrate that BVL is able to reduce HFD-induced body weight gain and improved metabolic parameters. In contrast, BV water hot extracts did not impact any body weight loss, and the trend of weight gain was similar to C group (Data was not shown here.). This indicates that the lipid component in BV plays a key role on obesity development.


[image: Figure 1]
FIGURE 1. BVL reduces body weight gain in HFD-induced obese mice. After a 3-week HFD feeding, animals were randomly assigned to two groups, HFD and HFD+BVL, which were fed HFD in the absence and presence of BVL for another 4 weeks. (A) The changes of body weight gain. The result was shown by combing two independent experiments. w/wo: with/without. Body composition was measured and the percentage of fat mass (B) as well as lean mass (C) was shown. Fasting blood glucose (D), insulin levels (E), and plasma TG levels (F) were compared between groups. The values were presented using mean ± SEM (n = 4–6). *p < 0.05.




BVL Inhibits Fat Accumulation and Inflammation in Adipose Tissue

HE staining of adipose tissue revealed a significant difference in adipocyte size between groups (Figures 2A,B). The smaller adipocyte size was observed in BVL group, suggesting an inhibitory effect of BVL on fat accumulation in Ing and Epi fat. Accordingly, BVL-fed mice had significantly lower mRNA expressions of adipogenic genes, PPARγ, and FAS relative to control mice. In addition, we analyzed inflammation-related molecules of adipose tissue and found that BVL-fed mice had a significantly lower mRNA expression of MCP-1, and a higher mRNA level of AdipoQ relative to control group (Figures 2C,D). Intriguingly, BVL-treated mice exhibited an increase in AMPK phosphorylation (p-AMPK) in Ing adipose tissue compared to control mice (Figures 2E,F). These results suggest that BVL suppresses body weight gain by decreasing fat accumulation and inflammation-related gene expression.


[image: Figure 2]
FIGURE 2. BVL attenuates adipocyte expansion and inflammation in adipose tissue. (A) The adipocyte size in epididymal (Epi) and inguinal (Ing) fat pad was shown in this representative image and the quantification of adipocyte size was shown in (B). The gene expressions in Epi (C) and Ing (D) were performed using qPCR. The representative image of immunoblotting (E) and quantification of p-AMPK expression (F) in Ing and Epi were measured using software Image J. The values were presented using mean ± SEM (n = 3–4). The experiment was repeated twice with similar results and to avoid the huge variation, the data shown here was from the second experiment. *p < 0.05, **p < 0.01, ***p < 0.001.




BVL-7, an Omega-3 Fatty Acid-Rich Fraction of BVL, Suppresses Adipogenesis, and Its-Related Transcriptional Factors in 3T3-L1 Cells

To identify the effective fraction of BVL on adipogenesis, we utilized TLC method to separate the crude lipid extracts into several fractions (Supplementary Figure 1C) and tested for their effects on adipogenesis. We found that a fraction (BVL-7) had a mostly effective inhibition on adipogenesis while other fractions (BVL-1-6) had little effect on adipocyte differentiation (Supplementary Figure 2A). GC analysis showed that BVL-7 was composed of ALA up to 72% and LA content down to 3.6%, with a very low ratio of omega-6/omega-3 about 0.05 (Supplementary Figure 1C). Subsequently, we used this BVL-7 fraction to test for its effect on adipogenesis throughout the experiment. Differentiation of 3T3-L1 preadipocytes to adipocytes was induced with DMI containing different concentrations of BVL-7 (0-200 μg/ml), and we found that 100 μg/ml of BVL-7 was effective in inhibiting adipogenesis without any cell toxicity (Supplementary Figures 2B–D). After 6 days of differentiation, ORO staining revealed that lipid droplets accumulated in BVL-7-treated cells were markedly reduced by approximately 75% relative to DMI-treated control adipocytes (Figures 3A,B). Accordingly, mRNA expression of early adipogenic transcription factors such as PPARγ, C/EBPα, and C/EBPβ, were suppressed in BVL-7-treated cells relative to DMI control group on Day 2 (Figure 3C). In the terminal stage of adipogenesis (Day 6), mRNA expression of fatty acid synthase (FAS), Leptin, and adiponectin (AdipoQ) in BVL-7-treated cells were down-regulated relative to DMI control group (Figure 3D). In consistent with our PCR data, the protein levels of p-PPARγ, p-C/EBPα, FAS, and AP2 during adipocyte differentiation were reduced by BVL-7 (Figure 3E). These results demonstrate that BVL-7 could effectively suppress adipogenesis-related gene expression and the formation of adipocytes.


[image: Figure 3]
FIGURE 3. BVL-7 inhibits adipocyte differentiation through AMPK activation. 3T3-L1 preadipocytes were differentiated with or without BVL (100 μg/ml) at the indicated time. (A,B) The representative image and quantitative analysis of lipid accumulation from adipocytes on D6 were shown using ORO staining. (C,D) The mRNA expressions of adipocyte markers were measured on the early and late stages of differentiation, indicating D2 and D6, respectively. (E) The protein samples were collected on the indicated time points such as D1, D2, and D6. The representative image was shown. siAMPK transfection was performed in 90% confluent cells 24 h before differentiation and then, the cells were differentiated to adipocytes with/without BVL. The lipid accumulation was shown using ORO staining (F) and adipogenesis-related markers as well as p-AMPK were measured by immunoblotting (G). The values were presented using mean ± SEM and each experiment was repeated at least 3 times. Different letters were presented as statistical difference (p < 0.05).




BVL-7 Blocks Adipogenesis Partially Through AMPK Activation

In consistent with the observation that the level of phosphorylated AMPK was increased in Ing adipose tissue of BVL-treated mice, we found that BVL-7 dramatically increased AMPK phosphorylation during the differentiation of 3T3-L1 cells to adipocytes (Figure 3E). To examine whether AMPK mediates the inhibitory effect of BVL-7 on adipogenesis, we employed siRNA to knockdown AMPK expression in 3T3-L1 cells and then examined the effect of BVL-7 in these cells. We found that AMPK knockdown abolished the inhibitory effect of BVL-7 on adipogenesis as evidenced by restored lipid accumulation and protein levels of AP2 and p-C/EBPα (Figures 3F,G). These data suggest that AMPK is essential for the inhibitory effect of BVL-7 on adipocyte differentiation.



BVL-7 Inhibits Mitotic Cell Expansion During Adipocyte Differentiation

As BVL-7 was shown to suppress the expression of C/EBPβ and elevate the level of phosphorylated AMPK at the early stage of adipocyte differentiation (Figure 3E), we next examined whether BVL-7 has any effect on MCE program of differentiating 3T3-L1 cells by flow cytometry. Within 16- and 24-h post-induction of adipocyte differentiation, 3T3-L1 cells treated with 100 μg/ml BVL-7 clearly exhibited a delayed entry into S phase and its subsequent transition into G2/M phase relative to DMI control cells (Figures 4A,B). Consistently, cell cycle regulators, cyclin A and CDK2, which are responsible for G1/S transition, were inhibited by BVL-7 relative to DMI control cells. The protein level of p-C/EBPβ was reduced by BVL-7 compared to control at 24 h of post-differentiation (Figure 4C). These data suggest that BVL-7 can suppress MCE process, which may contribute to reduced adipocyte differentiation.


[image: Figure 4]
FIGURE 4. BVL-7 suppresses mitotic clonal expansion in the early stage of differentiation. (A) The cell cycle analysis was performed by flow cytometry and (B) the distribution of each phase in the cell cycle was shown. (C) The protein levels of cell cycle regulators were measured, and the representative image was shown. The values were presented using mean ± SEM (n = 3).





DISCUSSION

Understanding the complexity of adipogenesis is important for the management of human chronic diseases, as adipocyte dysfunction largely contributes to obesity and its related metabolic syndromes (21). Suppressing adipogenesis is considered as a therapeutic approach to combat obesity (22). Dietary modification is one of global strategies for long-term weight loss. The identification of safe, natural ingredients for targeting adipogenesis is urgently need (23). Herein, we have demonstrated that treatment of HFD-induced obese mice with BVL for 1 month is capable of significantly reducing body weight gain with decreases of fat accumulation, TG level, and adipogenic markers without the difference in food intake. In 3T3-L1 cells, we found that BVL-7 inhibits MCE, down-regulates transcriptional factors that are required for initiating adipogenesis including C/EBPβ, C/EBPα, and PPARγ, and suppresses lipid synthesis-related factors at the terminal stage of adipocyte differentiation such as FAS, AP2, and leptin (Figure 5). The inhibitory role of BV lipid extracts on weight gain and adipogenesis was associated with an increase of p-AMPK expression and AMPK-relevant anti-adipogenic events.


[image: Figure 5]
FIGURE 5. BV lipid extracts inhibit adipogenesis through regulating AMPK. The diagram illustrates a proposed mechanism by which BV lipid extracts limit adipogenesis including MCE suppression, decreased expression of transcriptional factors, and of adipocyte markers through, at least in part, stimulating AMPK. This inhibitory effect of BV lipid extracts are associated with the loss of fat mass and an increase of lean mass.


Cell proliferation is energetically demanding, and AMPK acts as an energy sensor restraining cell growth when energy reserves are insufficient (24). AMPK also plays an important role in the determination of mesenchymal stem cell differentiation where AMPK favors differentiating toward to osteoblasts instead of adipocytes when calorie restriction (25). In our study, BVL-7 induced AMPK phosphorylation after 24 h of DMI-induced adipocyte differentiation, a concomitant with sustaining G1/S cell cycle arrest and blocking MCE progression, suggesting that BVL-7 triggers AMPK phosphorylation at the early stage of differentiation and alters the cell cycle of differentiating preadipocytes.

AMPK, a central energy-sensing enzyme involved in glucose and lipid metabolism, has been considered a therapeutic target for metabolic diseases and cancers (26). Research in hepatic cells demonstrated that AMPK is an upstream target for improving glucose/insulin resistance by regulating Akt/GSK-3β (27) and Akt/PI3K (28). Studies in adipocytes showed that AICAR (5-aminoimidazole-4-carboxamide ribonucleotide), an analog of AMP to stimulate AMPK, inhibits adipogenesis and increases phosphorylation of ACC, a key regulator of fatty acid synthesis and oxidation (29, 30). Moreover, adipocytes isolated from AMPKα1−/− mice exhibited increased lipogenesis in adipose explants (31) and in liver, phosphorylated AMPK was reported to decrease lipogenesis transcription factor, SREBP1c (sterol regulatory element-binding protein 1c) as well as its downstream molecules including ACC, FAS, and SCD-1 (stearoyl Co-A desaturase-1) (32, 33). Additionally, our previous data showed that mice treated with BV-contained diet have less hepatic steatosis and elevated AMPK expression in liver relative to control (15). In consistent with our findings, BVL-7 activated p-AMPK with a decrease of FAS and lipid accumulation in 3T3-L1 cells, and the anti-adipogenic effect of BVL-7 was abolished in AMPK knockdown cells. In a HFD-induced obese mouse model, relative to control group, we observed that BVL-treated mice are resistant to weight gain associated with activated AMPK phosphorylation.

As literature has shown that white adipocytes mainly act as fat storage organ, brown adipocytes play a differential role that function for energy expenditure due to high mitochondria content and characteristic UCP-1 (uncoupling binding protein-1) expression. AMPK can be stimulated by cold exposure and adrenergic nerves, and further activates brown adipocyte or beige cell differentiation in vitro as well as thermogenesis in vivo (34). Interestingly, we also found that BVL-treated mice have higher rectal temperature than control group when they are exposed to 4°C (Supplementary Figure 3B) as a result of BVL-induced AMPK and indirect influence on thermogenesis. In addition to our findings, other possibilities for BVL contributing to the anti-obesity effect such as thermogenesis cannot be excluded; however, more studies are necessary to confirm the effect of BVL on energy metabolism. In brain, AMPK is highly expressed in hypothalamus and has been emerged as a master sensor of appetite. Fasting or adenovirus-activated AMPK in hypothalamic regions promotes AMPK activity and further leads to an increase of food intake and weight gain (35, 36). Nevertheless, mice with global knockout of AMPK have weight gain and more adiposity compared to WT mice (37). In our present study, similar food intake between BVL and control groups was observed; this might be due to BVL-regulated AMPK function differently in terms of organ plasticity, but more research is needed. Overall, BV lipid extracts alters the adipogenesis and weight gain associated with AMPK phosphorylation.

MCE is one of the earliest events of adipogenesis that growth-arrested preadipocytes synchronously re-enter the cell cycle and undergo one/two rounds of cell divisions (38). C/EBPβ is an essential transcription factor to initiate MCE and other transcriptional activation of KLF5 (Kruppel Like Factor 5), PPARγ, and C/EBPα (38, 39). Our data showed that the anti-adipogenic role of BVL-7 is through the inhibition of MCE at early stage of adipocyte differentiation (Figure 4) and constitutively, of adipogenic transcription factors as well as lipid droplet formation (Figures 3C–E). Moreover, adipocytes incubated with BVL-7 during days 0–4 or days 0–6 exhibited more than 50% reduction in intracellular lipid content compared with control adipocytes while adipocytes treated with BVL during days 0–2, days 2–4, or days 4–6 had similar levels of lipid accumulation as control adipocytes (Supplementary Figure 2E). Additionally, Sirt6 (NAD-dependent protein deacetylase sirtuin-6) could activate AMPK and is essential for controlling MCE (40). Although further investigation for the interaction between BVL-7 and Sirt6 during adipogenesis is needed, we found that p-AMPK is activated after 1 day of BVL-7 treatment and continued to the end of adipocyte differentiation (Figure 3E). Our results indicate that BVL-7 possibly suppresses the early events of adipogenesis, rather than inhibits lipid droplet formation at the terminal stage of adipocyte differentiation.

BV (Sonchus Oleraceus) has been found as an anti-inflammatory agent in various chronic inflammation models. In aged mice, our group previously demonstrated that BV alleviates aging-induced inflammation (15). BV has been reported to suppress pro-inflammatory cytokines including TNFα (tumor necrosis factor α), and IL-6 (interlukin-6), inhibit their related mediators such as TLR4 (toll like receptor 4) and NF-κB, and reduce leukocyte recruitment upon LPS stimulation (14, 41). Accordingly, our results showed that BVL decrease MCP-1 gene expression in adipose tissue in a HFD-induced obesity model, as chronic low-grade inflammation is accompanied with white adipose tissue expansion and MCP-1 is important chemokine by promoting macrophage infiltration in fat tissue (42). Moreover, current human and animal studies have reported that adipoQ is anti-inflammatory factor and the adipoQ level is positively correlated to lower BMI, and insulin sensitivity (43). Here, BVL-treated mice showed the elevated level of adipoQ in adipose tissue relative to control mice. These results have demonstrated that BVL is able to modulate inflammation in obese condition.

In summary, our findings present evidence for a protective effect of BV lipid extracts against obesity development in both cellular and animal levels. The observed beneficial effects of BV lipid extracts are likely through activation of AMPK, which leads to the delay of mitotic clonal expansion, down-regulation of adipogenic genes including C/EBPα, PPARγ, and FAS, and subsequent reduction of adipocyte differentiation and lipid accumulation in vitro. The protective effect of BV lipid extracts on HFD-induced obesity is illustrated in our study (Figure 5). Although it is possible that omega-3 fatty acid of BV lipid extracts contributes to the anti-obesity effect of BVL or BVL-7 and identification of specific components responsible for the anti-obesity effect remains for future study, our findings have implications for the utility of the vegetable as a safe and effective agent for the prevention of obesity.
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