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                    Abstract
Purpose
Resveratrol is a natural polyphenolic stilbene widely found in grapes, berries, and other plants. Caloric restriction-like effects of resveratrol have been associated with suppressive and apoptotic effects on adipocyte differentiation in vitro when used at high doses (≥20 µM), which may not be achievable in vivo. The aim of this study was to investigate the effects of resveratrol at physiologically achievable low doses (1 and 10 μM) on 3T3-L1 adipocyte differentiation.
Methods
3T3-L1 preadipocytes were differentiated into adipocytes using a modified adipogenic cocktail in the presence or absence of resveratrol. Differentiation was determined by lipid accumulation and mRNA expression of marker genes. Activation of glucocorticoid receptor (GR) and peroxisome proliferator-activated receptor γ (PPARγ) was determined by transcription factor-mediated reporter assays and mRNA expression of target genes. Protein samples were collected for the study of AMPK activation.
Results
Resveratrol at physiologically achievable doses (1 and 10 µM) significantly enhanced 3T3-L1 adipocyte differentiation although the effect was less pronounced compared with that achieved under optimal differentiation cocktail in vitro. Resveratrol (1–50 µM) dose dependently activated or synergized with the synthetic ligand or adipogenic treatment to activate GR and PPARγ. However, resveratrol induced cell death when used at doses above 10 µM in differentiating cells.
Conclusions
Our results report for the first time that resveratrol at physiologically achievable doses (1 and 10 µM) enhances 3T3-L1 adipocyte differentiation, which supports the emerging paradigm that enhanced adipocyte differentiation may be associated with caloric restriction-like metabolic effects for resveratrol.
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                                    Introduction
Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural polyphenolic stilbene widely found in grapes, berries, and other plants. Accumulating evidence has suggested that resveratrol acts as a caloric restriction mimetic to promote metabolic health [1–6]. Adipose tissue plays an important role in maintaining metabolic health, by functioning not only as an energy storage, but also as an active endocrine organ, regulating whole body metabolic homeostasis. Adipose dysfunction in obesity is closely associated with metabolic dysfunction. The effects of resveratrol on adipose (or adipocyte) function have been extensively studied. Although it appears that resveratrol decreases body fat and improves insulin sensitivities in many animal studies [1–4], the effects of resveratrol on obesity in human trials are complexed, depending on the health status of the participants, doses, and forms used (reviewed in [7]). In general, resveratrol has no effects when used in healthy obese or nonobese population [6, 8], whereas it improves some, but not all, metabolic markers in diabetic individuals, mostly with no changes in body weights [9, 10].
Decrease of body fat in animal models by resveratrol has been thought to be mediated, at least in part, by the suppression of adipogenesis [11–14], and decreasing viability in maturing preadipocytes [12, 15] and matured adipocytes [11, 12, 16]. However, there are several questions under debate. First, most of studies of resveratrol on adipocyte differentiation and/or viability were conducted with a dose range of 10–100 µM [11, 13–15, 17]. Under standard differentiation protocol, resveratrol decreased lipid accumulation and suppressed adipocyte differentiation at 20 µM or above, whereas had no effect at 10 µM [11–13, 18, 19]. However, a single oral dose of 5.0 g resveratrol only resulted in a maximal plasma concentration (Cmax) of 2.4 µM [20]. After repeated oral dosing with 0.5–5.0 g resveratrol daily for 28 days, average and maximum parent resveratrol concentration in circulation were 0.04–0.55 and 0.19–4.24 µM, respectively [21], raising the concerns of physiological relevance of these in vitro studies. Second, linking decreased adipogenesis to caloric restriction mimicry of resveratrol has been questioned [22]. Increased adipogenesis and glucose uptake were observed in mice subjected to caloric restriction [23], whereas blocking adipose expansion impairs metabolic health [24]. In one clinical trial in healthy obese men, resveratrol was shown to improve the metabolic profiles with reduced blood glucose and insulin levels [6]; however, gene expression profiling of the same study revealed that resveratrol increased adipogenesis and decreased adipocyte size, both of which were suggested to be underlying improved insulin sensitivity in humans [25].
The aim of the study was to explore adipogenic effects of resveratrol at physiologically achievable doses (1, 10 µM) on 3T3-L1 adipocyte differentiation using a modified differentiation cocktail. We show resveratrol at 1 and 10 µM dose dependently enhanced rather than suppressed 3T3-L1 differentiation, possibly via activating peroxisome proliferator-activated receptor γ (PPARγ) and GR, the two important transcription factors known to control adipocyte differentiation.


Materials and methods
Reagent
All cell culture reagents were from Thermo Fisher Scientific (Waltham, MA) unless otherwise specified. Resveratrol, cortisone, methylisobutylxanthine (MIX), dexamethasone (Dex), and insulin (Ins) were from Sigma-Aldrich (St. Louis, MO). Anti-phospho-AMPKα (Thr172), anti-AMPKα, anti-phospho-ACC (Ser79), and anti-ACC were from Cell Signaling Technology (Danvers, MA). Anti-β-actin antibody was from Sigma-Aldrich. AMPK inhibitor compound C was from Calbiochem (Darmstadt, Germany); AMPK activator AICAR was from Acros Organics (Geel, Belgium).
3T3-L1 cell culture and adipocyte differentiation
Murine 3T3-L1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % calf serum (CS, Hyclone) in 5 % CO2, 37 °C environment until reached confluence. A modified differentiation cocktail (designated as CMI) was used in the differentiation protocol in which cortisone, a weaker GR agonist was used to replace Dex in the optimal/standard adipogenic cocktail [26–28]. Briefly, on the day of confluence (day 0), cells were induced to differentiate with DMEM containing 10 % fetal bovine serum (FBS, Atlas Biologicals), 5 μM cortisone, 0.5 mM MIX, and 170 nM Ins (CMI) for 3 days, then in maintenance DMEM containing 10 % FBS and 170 nM Ins for additional 2 days, followed by DMEM containing 10 % FBS until day 7. Optimal/standard differentiation cocktail DMI (Dex 1 μM, MIX 0.5 mM, and Ins 170 nM) was used as a positive control.
To evaluate the effects of resveratrol on 3T3-L1 differentiation, confluent 3T3-L1 cells were differentiated with CMI in the presence or absence of resveratrol at 1, 10, 50, and 100 µM. Unless otherwise stated, resveratrol or the vehicle control (DMSO) was applied from the initiation and reapplied at each change of medium during the differentiation process. We also investigated the effect of physiologically achievable doses of resveratrol on 3T3-L1 cells differentiation under cocktail MI (Dex is absent compared with DMI) and MI + D0.1 (Dex was lowered to 0.1 μM compared with DMI), respectively. The concentration of DMSO in each experiment was maintained constant. Briefly, resveratrol was first dissolved in DMSO to make 100 mM stock solution followed by serial dilution in DMSO to make 50, 10, and 1.0 mM as working solution. The final concentration of DMSO in the cell culture medium was the same across all the treatment including the controls, which is up to 0.2 % (the exact final concentration of DMSO was provided in each figure legend). In addition, 50 and 100 μM of resveratrol were used in the experiment to compare our results with those reported in the literature.
For GR activation, resveratrol or DMSO was added to the cells with or without Dex for indicated times. For cell viability, PPARγ, and AMPK activation, resveratrol or DMSO was added to the media with or without CMI for indicated times.
RNA preparation and quantitative real-time PCR analysis
Total RNA was isolated using TRIzol (Invitrogen Corporation, Carlsbad, CA). Total RNA abundance was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Reverse transcription was carried out using Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific). mRNA expression of various adipocyte marker genes and the loading control 36B4 (encodes an acidic ribosomal phosphoprotein P0) was measured quantitatively using gene-specific primers and SYBR master mix and were run in a 96-well format using an ABI 7300HT instrument.
Small RNA interference
Silencer select predesigned and validated siRNA targeting mouse GR or PPARγ were from Applied Biosystems (Carlsbad, CA). 3T3-L1 preadipocytes were seeded onto six-well plates and transfected with siRNA oligos targeting GR and PPARγ or with nontargeting negative control oligos using DeliverX plus system (Affymetrix, Santa Clara, CA) according to the manufacturer’s protocol.
Transient transfection and reporter gene assays
3T3-L1 preadipocytes stably transfected with MMTV-Luc [28] were used to study GR activation. Murine PPARγ ligand-binding domain coupled to the Gal4 DNA-binding domain (DBD) (mPPARγ-Gal4) and a reporter construct containing an upstream activating sequence (UAS)-linked luciferase, 4xUAS-TK-luc (TK: thymidine kinase), were gifts from Dr Susanne Mandrup (University of Southern Denmark, Denmark) [29]. 3T3-L1 preadipocytes were transiently transfected with mPPARγ-Gal4, 4xUAS-TK-Luc, and β-galactosidase (β-gal) control plasmid (to normalize transfection efficiency) with Fugene HD transfection reagent (Promega, Madison, WI). The cells were treated as indicated for 18 h. For the effects of AMPK activation on PPARγ transactivation, cells were pretreated with AMPK inhibitor compound C, AMPK activator AICAR, or DMSO for 1 h after transfection, and then resveratrol or DMSO was added to the medium for 18 h. Cell lysates were prepared, and the luciferase and β-gal activities were measured using GloMax-Multi Detection System (Promega, Madison, WI).
Western blot analysis
The cells were lysed with 1× RIPA buffer (Cell Signaling, Danvers, MA). Protein concentration was determined by BCA assay kit (Thermo Scientific, Waltham, MA). In total, 20 μg of total cell lysates was subjected to 10 % SDS-PAGE and transferred to polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). The membrane was blocked in 20 mM Tris·HCl, 137 mM NaCl, and 0.1 % (vol/vol) Tween 20 (pH 7.4) containing 5 % nonfat milk. The membrane was immunoblotted with primary antibodies for 18–24 h followed by secondary antibody coupled to horseradish peroxidase (GE Healthcare, Piscataway, NJ) for 1 h. The membrane was exposed on X-ray film using ECL Western blot detection reagents (GE Healthcare). To reprobe, the membrane was stripped in stripping buffer containing 62.5 mM Tris–HCl, 2 % SDS, and 100 mM 2-mercaptoethanol at 50 °C for 20–30 min. The signal was quantified by densitometry using a ChemiDocXRS+ imaging system with ImageLab software (Bio-Rad).
ORO staining and quantification
Lipid accumulation in differentiated adipocytes was stained with oil red O (ORO) and quantified by ORO absorbance, as described in [30].
MTT assays
To investigate the effect of resveratrol on 3T3-L1 cell clonal expansion during differentiation, the MTT assay for cell proliferation testing under varying concentrations of test compounds under CMI or DMI stimulation at day 0, 24 h (day 1), 96 h (day 4), and 168 h (day 7) post-treatment was performed according to the manufacturer’s instructions (ATCC, Manassas, VA). The absorbance was measured at a test wavelength of 570 nm and a reference wavelength of 650 nm using a GloMax-Multi Detection System (Promega, Madison, USA).
Statistical analysis
All data were presented as mean ± SEM. Statistical analysis was performed using SigmaPlot 12.0 (Systat Software, Inc.) with one-way ANOVA followed by multiple comparisons test with Holm–Sidak method. The level of significance was set at p < 0.05.


Results
To explore the possible adipogenic effects of resveratrol at low doses, a modified differentiation cocktail (CMI) containing weaker glucocorticoid cortisone (5 μM) was used instead of potent Dex. The dose range of resveratrol used in this study included 1.0, 10, 50, and 100 μM. In the presence of CMI, resveratrol at 1.0 and 10 μM significantly enhanced 3T3-L1 adipocyte differentiation in a dose-dependent manner, as revealed by adipocyte morphologies (Fig. 1a) and ORO absorbance (Fig. 1b) although the effect was less pronounced compared with that achieved under optimal differentiation cocktail DMI (Fig. 1a). Resveratrol at 50 and 100 μM suppressed adipocyte differentiation, consistent with the previous studies [11, 14]. The effects of resveratrol on adipocyte differentiation were further confirmed by mRNA expression of adipocyte differentiation markers, the master transcription factors PPARγ, C/EBPα, and FABP4, the gene involved in lipid metabolism (Fig. 1c).
Fig. 1
Effect of resveratrol on 3T3-L1 adipocyte differentiation. 3T3-L1 preadipocytes were differentiated with CMI in the presence of resveratrol (0, 1.0, 10, 50, and 100 µM). Cell morphology (a) and oil red O absorbance (b) at day 7 were demonstrated. At least three independent experiments were performed, and representative morphological staining pictures were shown. c Relative mRNA expression of adipocyte markers at day 7 was analyzed. * and ** significantly different from DMSO (0.1 %) control within CMI-treated cells with p < 0.05 and p < 0.01, respectively. Scale bar = 127 µm


Full size image


              It has been shown that it is the glucocorticoid that primes and drives preadipocytes to a novel intermediate cellular state to commit to differentiation, whereas treatment with MIX followed by Dex failed to induce significant differentiation and insulin and FBS components of the cocktail were dispensable for complete adipogenesis [31]. We therefore investigated whether physiologically achievable doses of resveratrol affect adipocyte differentiation under optimal differentiation cocktail DMI, optimal differentiation cocktail without Dex (MI), or optimal differentiation cocktail with Dex of 0.1 μM instead of 1.0 μM (MI + D0.1). In the presence of MI + D0.1, physiologically achievable doses of resveratrol (1.0 and 10 μM) significantly enhanced adipocyte differentiation compared with MI + D0.1 alone, as shown by ORO staining (Fig. 2a) and absorbance (Fig. 2b). Under the stimulation of optimal DMI, no enhancement of cell differentiation was observed in the presence of physiologically achievable doses of resveratrol. In contrast, resveratrol at 50 μM suppressed adipocyte differentiation regardless whether optimal differentiation cocktail or MI + D0.1 was applied (Fig. 2a, b) which is consistent with previous findings [11, 14]. These effects of resveratrol were further confirmed by gene expression analysis as shown in Fig. 2c.
Fig. 2
Impact of glucocorticoid concentration in differentiation cocktail on resveratrol-enhanced adipocyte differentiation. 3T3-L1 preadipocytes were differentiated with MIX and Ins (MI), MI + Dex at 0.1 μM (MI + D0.1) or optimal differentiation cocktail (MI + D1) in the presence of resveratrol (0, 1.0, 10, and 50 μM). Cell morphology (a) and oil red O absorbance (b) at day 7 were demonstrated. Relative mRNA expression of adipocyte markers at day 7 (c) and 48 h (d) was analyzed. * and ** significantly different from DMSO (0.1 %) control within each group with p < 0.05 and p < 0.01, respectively. Scale bar = 127 µm


Full size image


              The observation of adipocyte differentiation enhanced by resveratrol under DM + D0.1 implied that resveratrol should affect adipocyte differentiation under DMI condition as well. However, because DMI is such a strong differentiation cocktail which gives about 100 % basal differentiation at day 7 post-treatment, we assume the effects of resveratrol on adipocyte differentiation were masked by optimal background differentiation caused by DMI at day 7. Therefore, we analyzed marker gene expression at an early stage (48 h) after differentiation started. Our data demonstrated that resveratrol at 1.0 and 10 μM enhanced differentiation marker gene expression under DMI condition, as well as under MI + D0.1 condition (Fig. 2d).
To explore the mechanisms underlying the enhancement of adipocyte differentiation by physiologically achievable doses of resveratrol (1.0 and 10 µM), we examined the activation of glucocorticoid receptor (GR) and PPARγ by resveratrol, known to control adipocyte differentiation. Resveratrol alone dose dependently activated GR-responsive MMTV-Luc activity at 10 and 50 μM, and a synergistic effect was observed when Dex was present (Fig. 3a). To confirm the GR activation by resveratrol, we further examined the mRNA expression of lipin 1, a known target gene of GR which is important in synthesis of triacylglycerol and other phospholipids during adipocyte differentiation [32]. Resveratrol dose dependently increased lipin 1 mRNA expression at 10 and 50 µM both in the presence and absence of Dex treatment (Fig. 3b). Resveratrol alone at 1.0 µM also significantly increased lipin 1 mRNA. Furthermore, siRNA knockdown of GR attenuated the enhancement of lipin 1 mRNA expression by resveratrol (Fig. 3c).
Fig. 3
Resveratrol activates GR reporter and target genes expression. a 3T3-L1 preadipocytes stably transfected with MMTV-Luc were treated with resveratrol in the presence or absence of Dex (0.1 μM) for 18 h. Luciferase activities were normalized with the β-gal activities and expressed as fold of the respective control; b 3T3-L1 preadipocytes were treated with resveratrol in the presence or absence of Dex (0.1 μM) for 8 h; and c 3T3-L1 cells were transfected with siRNA targeting GR (SiGR) or nontargeting control (SiCON) for 24 h followed by the treatment with DMSO (0.1 %) or resveratrol (10 μM) for 8 h. The relative gene expression was analyzed. Data are mean ± SE (n = 3). * and ** significantly different from vehicle control among groups, or as indicated in the figures with p < 0.05 and p < 0.01, respectively
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              PPARγ is the master transcription factor regulating adipocyte differentiation, and resveratrol 20 μM and above have been shown to repress its activity and expression in 3T3-L1 adipocytes [14, 33, 34]. We examined whether resveratrol could enhance PPARγ transactivation during the early stage of differentiation in 3T3-L1 preadipocytes. As shown in Fig. 4, resveratrol alone transactivated PPARγ at 50 μM, but dose dependently transactivated PPARγ at 10 and 50 µM in the presence of CMI. mRNA expression of PPARγ target gene perilipin [35] was induced by resveratrol in a dose-dependent manner in the presence of CMI at 10 and 50 µM (Fig. 4b). siRNA knockdown of PPARγ completely abolished perilipin mRNA induction by resveratrol (Fig. 4c).
Fig. 4
Resveratrol activates PPARγ reporter and target genes. a 3T3-L1 preadipocytes were transiently transfected with mPPARγ-Gal4, 4xUAS-TK-luc, and β-gal for 24 h and treated with resveratrol in the presence or absence of CMI for 18 h. Luciferase activities were normalized with β-gal and expressed as fold of respective control; b 3T3-L1 cells were treated with resveratrol in the presence or absence of CMI for 24 h; and c 3T3-L1 cells were transfected with siRNA targeting PPRARγ (SiPPARγ) or nontargeting control (SiCON) for 24 h followed by resveratrol treatment in the presence of CMI for further 24 h. The concentration of DMSO was 0.1 % in all the experiments. Half-tone columns correspond to increasing doses of resveratrol. The relative gene expression was analyzed. Data are mean ± SE (n = 3). * and ** significantly different from vehicle control among groups, or as indicated in the figures with p < 0.05 and p < 0.01, respectively
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              Recently, it has been reported that resveratrol suppressed adipocyte differentiation [13] and induced preadipocyte apoptosis via activating AMP-activated protein kinase (AMPK) [15]. We therefore explored the effect of resveratrol on AMPK activation in the presence and absence of CMI for 24 h. As shown in Fig. 5a, resveratrol alone dose dependently increased phosphorylation of AMPK on Thr 172, consistent with previous findings [13, 15]. However, in the presence of CMI, resveratrol dose dependently suppressed both total and phosphorylated AMPK; phosphorylation of AMPK substrate acetyl-CoA carboxylase (ACC) decreased and was in line with the suppressed activation of AMPK. Total AMPK and ACC level were not affected by resveratrol alone (Fig. 5b, c).
Fig. 5
Resveratrol suppresses AMPK activation in the presence of CMI in 3T3-L1 preadipocytes. a 3T3-L1 preadipocytes were treated with resveratrol in the presence or absence of CMI for 24 h. Cell lysates were subject to Western blot analysis with indicated antibodies; b quantitative densitometry of p-AMPK and total AMPK; c quantitative densitometry of p-ACC and total ACC; d 3T3-L1 preadipocytes were transfected in CMI with mPPARγ-Gal4, 4xUAS-TK-luc, and β-gal for 24 h followed by pretreatment with AMPK inhibitor compound C(CC), AMPK activator AICAR or DMSO (0.1 %) for 1 h. After that, cells were co-treated with CC, AICAR in the presence or absence of resveratrol (10 µM) for 18 h. The final DMSO concentration was 0.2 % in all the treatments. Luciferase activities were normalized with β-gal and expressed as fold of the DMSO control (set as 1). Data are mean ± SE (n = 3); e 3T3-L1 cells were treated with resveratrol in the presence of CMI or DMI for 24 h, 4 and 7 days. Cell viability was determined by MTT assays and expressed as percentage of the control on day 0 (set of 100 %). Data are mean ± SE (n = 4). * and ** significantly different from correspondent controls as indicated in the figures with p < 0.05 and p < 0.01, respectively. # Significantly different from vehicle control with p < 0.05 for total protein. NS not significant
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              To explore the possible link between AMPK activation and PPARγ activity, we examined the effects of AMPK inhibitor compound C, or AMPK activator AICAR on PPARγ transactivation in 3T3-L1 preadipocytes in response to resveratrol under CMI condition. Neither compound C nor AICAR affected basal transactivation of PPARγ, but the ability of resveratrol to induce PPARγ transactivation was potentiated by compound C, and was not affected by AICAR (Fig. 5d), suggesting a crosstalk between AMPK and PPARγ transactivation in response to resveratrol in differentiating adipocytes. Moreover, resveratrol at 1.0 and 10 μM did not affect cell viability, but resveratrol at 50 μM decreased cell viability on day 1, day 4, and day 7 post-treatment, whether in the presence of CMI or in the presence of DMI (Fig. 5e), which is consistent with a previous report [11].


Discussion
The decrease of body fat in animal models by resveratrol has been thought to be mediated, at least in part, by the suppression of adipogenesis, and decreasing viability in either maturing preadipocytes or matured adipocytes. In addition, Carpene et al. recently has shown that resveratrol at 10 and 100 µM inhibited insulin-stimulated lipogenesis in mature adipocytes in vitro [36]; however, resveratrol treatment neither limited body weight gain/body fat content nor reversed the altered glucose tolerance in mice fed with very high-fat diet in vivo [36]. Proof of efficacy of resveratrol in humans in vivo, however, has also been elusive; in fact, no convincing studies exist as yet [37]. A major reason for the in vitro/in vivo discrepancies may be the low bioavailability of resveratrol in vivo, in particular after oral administration. It has been reported that with moderate wine consumption (250 ml in a 70 kg person), human intake of resveratrol with wine is ~18 µg/kg/day. In a recent study in healthy volunteers, resveratrol was given at a dose of 360 µg/kg/day (~20-fold of the normal consumption from wine), the plasma peak levels of resveratrol were 20 nM, and “total” resveratrol (i.e., free and conjugated resveratrol) was 2 µM 30 min after the intake [38]. Studies on resveratrol metabolism and pharmacokinetics in rodents have clearly suggested that peak circulating levels of unmetabolized resveratrol are below 10 µM, even after a high oral dose of 50 mg/kg [39]. When the mice were given a dose of 200 or 400 mg/kg/day for 15 weeks, the plasma level of resveratrol was reported to be only ranged from 10 to 120 ng/ml or 0.04 to 0.5 µM [1]. Taken together, these studies support the relevance of elucidating the effects of resveratrol at physiologically achievable doses (i.e., below 10 µM) in vitro.
Using a modified adipogenic cocktail, our study is the first to show the enhancement of 3T3-L1 adipocyte differentiation by resveratrol at 1 and 10 µM, in contrast to the previously reported suppressive effects in which resveratrol was used at 20 µM or higher under an optimal adipogenic cocktail [11–13]. We show that the adipogenic effects of resveratrol may be through activation of GR and PPARγ, the two important transcription factors controlling adipocyte differentiation (Figs. 3, 4). Interestingly, resveratrol at 50 µM also activated GR and PPARγ when used alone and synergized with adipogenic treatment consisted of cortisone, MIX, and insulin. However, consistent with previous studies [12, 15], resveratrol induced cell death at 50 µM or above in preadipocytes (Figs. 1a, 5e), which may account for the suppression of adipocyte differentiation by resveratrol at the higher dose as demonstrated in this study (Figs. 1, 2) and by others in the literature.
The objective of the study was to address whether physiologically achievable doses of resveratrol (1.0 and 10 µM) would function to enhance adipocyte differentiation in vitro in 3T3-L1 cells. We reported that resveratrol at physiologically achievable doses enhanced adipocyte differentiation under a modified differentiation cocktail (Fig. 1) although the effect was less pronounced compared with that achieved with optimal differentiation cocktail (DMI). We further provided additional evidence showing that resveratrol (1.0 and 10 µM) can enhance differentiation when Dex concentration is lowered to 0.1 µM in optimal DMI cocktail (Fig. 2a–c) or the marker gene expression was examined at early differentiation stage under optimal DMI (day 2; Fig. 2d). These results suggest that application of the modified cocktail reveals the effects and may be physiologically relevant. This conclusion is based on the following considerations: (1) It has been shown that it is the glucocorticoid that primes and drive preadipocytes to a novel intermediate cellular state to commit to differentiation, whereas treatment with MIX followed by Dex failed to induce significant differentiation and insulin and FBS components of the cocktail were dispensable for complete adipogenesis [31]; (2) optimal DMI (with 1.0 µM Dex) has such a strong stimulation effect on adipocyte differentiation that renders any additional enhancement effects less observable because the predominate numbers of preadipocytes would be committed to differentiation; (3) in humans, plasma free and bioavailable cortisol accounts for less than 6 % of the total with 80–90 % bound to corticosteroid-binding globulin (CBG) with high affinity and the remainder associated albumin [40, 41]. The inclusion of 1.0 µM of Dex (which is 25 times more potent than cortisol and the glucocorticoid activity of cortisol in turn is greater than cortisone) in optimal DMI cocktail may conceal the effects of physiologically achievable doses of resveratrol in vitro (Fig. 2a) when cell morphology or the marker genes expression were evaluated at terminal stage of differentiation (i.e., day 7; Fig. 2a, c, d), and therefore, may not be the best reflection of the physiological scenario. In addition, 3T3-L1 is of mice origin. In rodents (mice and rats), the major glucocorticoid hormones are corticosterone and cortisone with the majority of corticosterone is associated with CBG.
Using the transcription factor-mediated reporter assays, we show, for the first time, that resveratrol 1–50 µM dose dependently activated GR, and moreover, it synergized with Dex (0.1 µM) to activate GR at 10 and 50 µM (Fig. 3a). Consistently, these effects were confirmed with GR target gene lipin 1 (Fig. 3b) and specificity studies with siRNA targeting GR (Fig. 3c). The importance of glucocorticoid signaling in adipogenesis is evident by the fact that the glucocorticoid, such as Dex or cortisone, is needed in adipogenic cocktail for differentiation. GR signaling is important for inducing the expression of C/EBPs, which, in turn, increases PPARγ expression, the master regulator of adipogenesis [42]. However, how resveratrol activates GR, either by direct binding to GR or by indirectly modulating glucocorticoid metabolizing enzymes, such as 11β-hydroxysteroid dehydrogenase −1 and −2, remains to be determined. In addition, resveratrol at 10 µM synergized with adipogenic cocktail CMI to activate PPARγ, whereas 50 µM was required to act alone (Fig. 4a). The effects were also confirmed with PPARγ target gene perilipin (Fig. 4b) and specificity studies with siRNA targeting PPARγ (Fig. 4c).
The enhancement of adipocyte differentiation by resveratrol under CMI is less pronounced compared with the effect achieved under optimal DMI. Resveratrol could have eliminated confluent cells that were not committed into adipocytes and could have influenced clonal expansion. However, our data demonstrated that physiologically achievable doses of resveratrol (1.0 and 10 µM) neither induce cell death nor suppress the clonal expansion of adipocytes (Fig 5e). AMPK has been implicated in mediating resveratrol’s effects [43]. Skrobuk and colleagues reported that acute exposure to resveratrol at 100 µM inhibited AMPK activity, fatty-acid oxidation, and glucose metabolism in human myotubes [44]. Activation of AMPK by resveratrol was associated with the suppression of adipocyte differentiation and apoptosis of preadipocytes [13, 15]. In addition, AMPK activation was shown to suppress PPARγ-mediated transcription [45]. In contrast to resveratrol alone, in the presence of CMI, resveratrol suppressed AMPK phosphorylation and total AMPK (and suppressed the ratio of p-AMPK/AMPK) in a dose-dependent manner (Fig. 5a–d). The fact that resveratrol-induced PPARγ transactivation was potentiated by AMPK inhibitor compound C (Fig. 5d) suggests a crosstalk between AMPK and PPARγ transactivation in response to resveratrol treatment in differentiating adipocytes, which presumably led to enhanced PPARγ transactivation and enhanced adipocyte differentiation. Further study is needed to elucidate the possible crosstalk between resveratrol and CMI in modulating AMPK signaling pathway.
In conclusion, using a modified adipogenic cocktail, we show, for the first time, that resveratrol at 1.0 and 10 µM enhanced 3T3-L1 adipocyte differentiation, in contrast to the suppressive effects that have been previously reported at a range of 20–100 µM, levels that are less achievable in vivo. Moreover, we show the adipogenic effects may be through activating GR and PPARγ. Our studies support the emerging new paradigm that enhanced adipocyte differentiation may be associated with caloric restriction-like metabolic effects for resveratrol.
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