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The potential ability of nutritional compounds to induce or enhance the browning of adipocytes has attracted large interest as a workable means of combatting the obesity epidemic. Green tea compounds are discussed as such inducers of an enhanced thermogenic capacity and activity. However, the cell-autonomous effects of green tea compounds on adipocytes have until now only been demonstrated in adipogenic cell lines (3T3-L1 and 3T3-F442A), i.e., cells of undefined tissue lineage. In this study, we examine the ability of green tea compounds to cell-autonomously induce thermogenic recruitment in authentic brown and brite/beige adipocytes in vitro. In primary brown adipocytes, the green tea compounds suppressed basal UCP1 gene expression, and there was no positive interaction between the compounds and adrenergic stimulation. In white adipocytes, green tea compounds decreased both basal and norepinephrine-induced UCP1 mRNA levels, and this was associated with the suppression of cell differentiation, indicated by reduced lipogenic gene expression and lipid accumulation. A lack of interaction between rosiglitazone and green tea compounds suggests that the green tea compounds do not directly interact with the PPARγ pathway. We conclude that there is a negative effect of the green tea compounds on basal UCP1 gene expression, in both brown and white primary adipocytes, in contrast to the positive effects earlier reported from studies in adipogenic cell lines. We posit that the epigenetic status of the adipogenic cell lines is fundamentally different from that of genuine brown and white adipocytes, reflected, e.g., in several-thousand-fold differences in UCP1 gene expression levels. Thus, results obtained with adipogenic cell lines cannot unreservedly be extrapolated as being relevant for authentic effects in brown and white adipocytes. We suggest that this conclusion can be of general concern for studies attempting to establish physiologically relevant cell-autonomous effects.

Keywords: thermogenesis, adipogenesis, polyphenols, PPAR γ, green tea (Camellia sinensis L.)


INTRODUCTION

A potential means to ameliorate the present obesity pandemic would be to increase energy expenditure. In this context, the possibility to recruit the thermogenic capacity of brown adipose tissue (BAT) and possibly induce “browning” of certain white adipose tissue depots has attracted attention (1), especially after it has become accepted that adult humans can possess active BAT (2, 3).

A conceptually attractive means of enhancing adipose tissue thermogenesis is through the use of nutraceuticals. One much-studied nutraceutical is green tea. Particularly, since the observation of Dulloo et al. that the ingestion of green tea compounds may elicit a metabolically significant (4%) increase in 24-h energy expenditure in adult humans (4), green tea itself, green tea extracts (GTEs), or purified polyphenols (particularly catechins) from the Camellia sinensis plant (collectively referred to as “green tea compounds”) have been studied for their possible thermogenic effects in humans. A meta-analysis of five studies concluded that green tea compounds increase energy expenditure by about 5% (but this may mainly be due to the caffeine content of the extracts) (5), while other studies attribute beneficial effects only to the catechins in green tea (6, 7).

There are indications that thermogenesis induced by such green tea compounds in humans may be ascribed to BAT activity. The originally observed increase in energy expenditure (4) was paralleled by an increase in catecholamines in the urine and by a lowered RQ value, thus being compatible with increased sympathetic stimulation of lipolysis and thermogenesis in BAT. A BAT site of this thermogenesis is further implied by an observation that thermogenic effects of green tea compounds are only found in BAT-positive individuals (8).

For a more stringent analysis of the thermogenesis observed in connection with an intake of green tea compounds, studies in experimental animals are necessary. However, there is seemingly only one study that demonstrates an acute thermogenic effect of green tea compounds in mice: acute gavage of green tea compounds induced elevation of energy expenditure over a 5-h period following the gavage (i.e., longer than a stress effect of the gavage) (9). In indirect studies, increased energy expenditure in rats fed green tea compounds has been calculated from food intake and body energy content data (10). These studies, thus, imply that thermogenesis induced by green tea compounds may also be found in experimental animals. There is presently no direct evidence that the thermogenesis induced by green tea compounds in mice and rats originates from BAT activity; there are, e.g., no examinations to date of the existence or not of such thermogenesis in UCP1-ablated mice.

However, chronic stimulation of BAT thermogenic activity is generally associated with recruitment of the tissue: an increased thermogenic capacity. To the degree that such recruitment can be observed in animals chronically treated with green tea compounds, it may be considered indirect evidence that BAT activity may mediate (some of) the thermogenic effect of green tea compounds. Evidence for such recruitment indeed exists: Chronic exposure to green tea compounds increases BAT total protein content (10), total BAT mitochondrial DNA content (11), and UCP1 expression (12), and such exposure also induces browning of WAT in diet-induced obese mice (13). In mice given green tea compounds chronically and acutely exposed to cold, increased heat emission could be detected by infrared thermography in the region of the interscapular BAT (14). There is, thus, good evidence for the recruitment of BAT by green tea compounds in intact animals.

The mechanism behind this recruitment has not been established. It could be due to enhanced stimulation of the tissue via the central nervous system and activation of sympathetic innervation, or due to direct effects on the adipocytes. Green tea compounds could activate controlling centers in the brain or they could enhance the effect of sympathetic stimulation. Catechin polyphenols from green tea can inhibit catechol-O-methyl-transferase (COMT) that catalyzes norepinephrine degradation (15, 16). In this way, a given adrenergic signal would last longer and lead to more stimulation of the tissue and possibly to more recruitment [although this mechanism is controversial (7)].

Alternatively, the recruitment of BAT by green tea compounds could be a cell-autonomous effect. This would mean that green tea compounds directly affect brown adipocytes in situ to enhance UCP1 gene expression and other thermogenic features; similarly, these compounds could directly promote the browning of certain white adipocytes. Despite the interest in the thermogenic effect of green tea compounds, such possibilities have not been studied in brown adipocytes. Regarding white adipocytes, there are studies in certain white adipocyte-like cell lines. In the mouse adipocyte-like cell line 3T3-L1, green tea compounds increased UCP1 expression (17). In a different mouse adipocyte-like cell line (3T3-F442A), green tea compounds led to enhanced potential for thermogenesis (18). Although these cell lines (3T3-L1 and 3T3-F442A) can accumulate lipids in triglyceride droplets and, thus, may be said to undergo adipose conversion, their cellular origin is unclear, and they may not be representative for brown adipocytes or for subcutaneous white adipocytes (i.e., those white adipocytes that physiologically can “brown”). It is, therefore, essential to examine the ability of green tea compounds to induce thermogenic recruitment in authentic brown and white adipocytes. Examination of such cell-autonomous effects of green tea compounds in these cells is, thus, the aim of this study.



MATERIALS AND METHODS


Animals

The experiments were approved by the Animal Ethics Committee of the North Stockholm region (N 73/16). Male Naval Medical Research Institute (NMRI) outbred mice 3–4 weeks of age (purchased from Charles River Laboratories) were used for the preparation of primary cultures of brown and white adipocytes. The mice were held in the animal facility of Stockholm University for at least 24 h at room temperature on a 12:12-h light-dark cycle with free access to chow food (Labfor R70; Lantmännen, Södertälje, Sweden) and water. The mice were then euthanized with CO2, followed by cervical dislocation. All animal experiments were carried out in accordance with the U.K. Animals (Scientific Procedures) and EU Directive 2010/63/EU for animal experiments. Primary brown cultures were prepared from the pooled interscapular, cervical, and axillary BAT. Inguinal WAT depots were used to prepare primary white cultures. The entire depots were taken. Depots (brown and white) from eight mice per experiment were pooled and digested as described below. At least five independent cultures performed in duplicate were used for each experimental setup.



Primary Cell Culture Conditions

The pooled tissue pieces were minced in DMEM (Sigma-Aldrich, D6429) and transferred to a digestion solution with 0.2 % (wt/vol) collagenase (type II; Gibco, 9001-12-1) in a buffer consisting of 0.1 M HEPES (pH 7.4), 123 mM NaCl, 5 mM KCl, 1 mM CaCl2, 4.5 mM glucose, and 1.5% (wt/vol) BSA. The digestion was performed for 30 min at 37°C in a shaking water bath with vortex mixing every 15 min. The cell suspension was filtered through a 250-μm pore-size nylon filter (Sintab, Oxie, Sweden) into sterile 15-ml tubes. The filtered suspension was kept on ice for 20 min to let the mature adipocytes float up. The top layer of the suspension was removed, and the rest of the suspension was filtered through a 25-μm pore-size nylon filter (Sintab) and centrifuged at 1,300 g for 13 min, to pellet preadipocytes. The pellet was resuspended in 10 ml of DMEM and centrifuged at 1,300 g for 13 min. The pellet was then suspended in culture medium (0.2 ml/animal).

The cells were cultured in Corning 12-well plates containing 1.0 ml of culture medium added to each well before 0.1 ml of cell suspension was added. The culture medium was DMEM with 10% (vol/vol) newborn calf serum (Sigma-Aldrich, N4637), 2.4 nM insulin (Sigma-Aldrich, I9278), 25 μg/ml sodium ascorbate (Sigma-Aldrich, A4034), 10 mM HEPES (Sigma-Aldrich, H0887), 4 mM glutamine (Sigma-Aldrich, G7513), 50 U/ml penicillin, and 50 μg/ml streptomycin (Sigma-Aldrich, P0781). Seeding is considered day 0, and the culture medium was changed 24 h after seeding and every 48 h thereafter. The new medium was prewarmed to 37°C before being used. The medium was not changed on the day the cells were harvested (19). Cells were treated with green tea extracts (see below) or with four catechins mixed at the time of medium changes and supplemented or not (when indicated) with 1 or 0.1 μM rosiglitazone maleate (Alexis Biochemicals) dissolved in ethanol (ethanol final concentration 0.5%). The cells were grown at 37°C in an atmosphere of 8% CO2 in the air with 80% humidity. After 7 or 9 days (as indicated), cells were treated for 2 h with water (control) or with 1 μM norepinephrine (Sigma-Aldrich, A9512). Cells were harvested in Tri Reagent (Sigma-Aldrich, T9424).



Green Tea Extract and Catechin Treatment


Green Tea Extract

A green tea water-soluble powdered extract (GTE) was purchased from Florien Fitoativos Ltda (Piracicaba, São Paulo, Brazil). The green tea powder was stored in the refrigerator as powder, and on the day of the experiments, it was weighed (1 mg/ml), solubilized in DMEM, and freshly used. The concentrations of catechins in the extract were determined by HPLC. Total phenolic content (TPC) and flavonoid content were determined using Folin-Ciocalteu's phenol reagent and gallic acid (99% purity, Sigma), with the bioflavonoid rutin as a reference, as previously described (20). The concentration of polyphenols, catechins, and flavonoids in the extract was 52, 28, and 11%, respectively, while the content of caffeine in the extract was 3.4%. The standard dose of GTE used was 1.9 μg/ml, indicated as GTE. In some experiments, double this dose (2·GTE) or other doses were used, as indicated.



Catechin Treatment

Cells were treated with a mix of four catechins at a final concentration of 4 μM [epigallocatechin-3-gallate (EGCG) 2 μM, epigallocatechin (EGC) 1 μM, epicatechin gallate (ECG) 600 nM, and epicatechin (EC) 400 nM]. The concentration of catechins used in this study was similar to the proportion of catechins found in the GTE and to that previously used (18, 21). We will refer to the GTE and the catechins collectively as the “green tea compounds.”

Primary brown and white preadipocytes were treated with either the GTE or catechins during all 7 days of differentiation or for 48 h from day 7 to day 9, as indicated. After the period of differentiation, cells were collected for mRNA expression analysis.




Isolation of RNA, Complementary DNA Synthesis, and Real-Time qPCR

Freshly harvested cells were homogenized in Tri Reagent. RNA was extracted using the chloroform-isopropanol method according to the instructions of the manufacturer. RNA (500 ng) was reverse-transcribed using the High Capacity cDNA Kit (Life Technologies, no. 4368814) in a total volume of 20 μl. Gene-specific primers were premixed with 11 μl SYBR Green JumpStart Taq Ready Mix (Sigma-Aldrich, S4438) to a final concentration of 0.3 μM. cDNA was diluted 1:10, and aliquots of 2 μl per reaction were run in triplicate. Thermal cycling conditions were 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C, followed by melting curve analysis on a Bio-Rad CFX Connect Real-Time system. The ΔCt method (2−ΔΔCt) was used to calculate the relative changes in mRNA abundance [i.e., Ct-values for transcription factor IIB (TFIIB) were subtracted from the Ct-value of each gene to adjust for any variability in cDNA synthesis]. Primer sequences are listed in Table 1. None of the variations observed in TFIIB expression affected any of the conclusions. TFIIB expression data are presented in each figure.


Table 1. Nucleotide sequences of primers used for RT-qPCR amplification.
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Oil Red O Quantification and Microscopy Analyses

Control and GTE- or catechin-treated, differentiated cells (day 7) were washed with PBS and fixed for 30 min in 4% paraformaldehyde. Cells were then washed with 60% isopropanol and stained with Oil Red O (Sigma-Aldrich, O0625) solution (0.5% w/v in isopropanol) for 30 min according to Reference (22). Cells were then washed with tap water until the wash-off was clear. The Oil Red O stain was extracted with 100% isopropanol (1,000 μl per well in a 12-well plate) for 10 min. The absorbance of the extracts was measured in an EnSpire® plate reader (Perkin-Elmer) at 510 nm. Values were corrected for the background signal and the signal obtained from Oil Red O extracted from an empty well in the cell culture plate. Before the Oil Red extraction, stained cells were analyzed by optical microscopy (Olympus SC30), and the images of each group were acquired using the software Analysis Five getIT.



Statistical Analyses

All data points are mean values with SEs of the mean of at least five independent experiments (separate cell cultures). All cultures were performed in duplicate for each experimental group and analyzed independently. The data were analyzed by one-way ANOVA followed by Tukey's post-test. The software employed for statistical analysis was GraphPad Prism (GraphPad Software, San Diego, CA, United States).




RESULTS


GTEs Do Not in Themselves Induce Thermogenic Recruitment in Adipocytes

To examine the possible existence of cell-autonomous effects of green tea compounds on the thermogenic capacity of brown and white adipocytes, we have exposed adipocytes, grown and differentiated in primary culture, to different green tea compounds, and examined the expression of thermogenesis-related genes. We have used a GTE at different doses and a mixture of defined polyphenols (catechins), as detailed in section Materials and methods.

To evaluate if green tea compounds can directly recruit thermogenic genes, brown and white preadipocytes were treated during their differentiation period with the GTE or catechins. Full differentiation of the primary preadipocytes has occurred 7 days after seeding (23). Therefore, chronic treatment for these 7 days was performed to evaluate the effect of the green tea compounds.

There was a low level of UCP1 gene expression in untreated brown adipocytes (Figure 1A). The presence of either GTE or catechins during the differentiation period significantly reduced the already low UCP1 mRNA levels. These green tea compounds were, thus, in themselves not able to increase UCP1 gene expression during the differentiation process in cultured primary brown adipocytes.


[image: Figure 1]
FIGURE 1. Effect of chronic treatment with green tea compounds on expression of thermogenic genes in primary adipocytes. Primary brown and white adipocytes were treated for 7 days with green tea extract (GTE, 1.9 and 3.8 μg/ml, 2•GTE) or catechins (4 μM). Two hours before harvesting, 1 μM norepinephrine (NE) was added to the cell cultures. (A–C) Brown adipocyte Ucp1 mRNA levels: basal (A), norepinephrine (NE)-stimulated (B), and the increase due to norepinephrine (B minus A) (C). (D–F) Brown adipocyte Pgc1α mRNA levels, as in ABC. (G–L) Corresponding data for white adipocytes. Ucp1 and Pgc1α mRNA levels were expressed relative to the TFIIB levels in each sample (M: TFIIB mRNA levels in brown and N in white adipocytes). The results are means ± SEM of five independent experiments, each performed in duplicate. Statistical differences were determined by one-way ANOVA and Tukey's post-test. *p < 0.05 compared with the respective control group. ≠ p < 0.05 compared with the respective basal group. For gene abbreviations, as shown in Table 1.


In brown adipocytes, the activation of adrenergic receptors by norepinephrine triggers a signal transduction cascade that induces the expression of UCP1 (24). As therefore expected, norepinephrine stimulation (for the final 2 h) led to a clear increase in UCP1 mRNA levels. However, also in the norepinephrine-stimulated cells, the final level of UCP1 mRNA was lower in the GTE-treated, and the catechin-treated brown adipocytes than in the untreated control cells (Figure 1B). There was, thus, no positive interaction between the green tea compounds and adrenergic stimulation.

To delineate whether the green tea compounds affected the magnitude of the norepinephrine-induced response as such, we subtracted the UCP1 mRNA level in the cell cultures that had not been stimulated with norepinephrine from the levels of the norepinephrine-stimulated cells, thus obtaining the response to norepinephrine as such. As shown in Figure 1C, the norepinephrine response was identical in the presence or absence of the green tea compounds. As the effect of norepinephrine, thus, starts from a lower level, the relative effect of norepinephrine appears to be higher after treatment with the green tea compounds. However, this would be a misrepresentative interpretation of the results, as the absolute effect of norepinephrine is the same. Thus, the green tea compounds do not affect the response to the norepinephrine pathway for thermogenic recruitment, and effects of these substances would seem to occur through the independent mechanisms.

In the white adipocytes, the basal expression level of UCP1 was even much lower (about 3,000-fold lower) than in the brown adipocytes. The green tea compounds decreased basal UCP1 expression in the white adipocytes, as they did in the brown adipocytes (Figure 1G). In the white control adipocytes, norepinephrine stimulation led to a very markedly relative increase in UCP1 gene expression (about 200-fold), although the level was still 50 times lower than in the brown adipocytes. The green tea compounds lowered the UCP1 mRNA levels also in the norepinephrine-stimulated white cells (Figure 1H). In these cells, this included an inhibitory effect of the green tea compounds on the norepinephrine-induced increase in UCP1 expression (Figure 1I).

We also followed the expression of the transcriptional coactivator controlling mitochondrial recruitment: PGC1α. Under basal conditions, brown adipocytes treated with both of the green tea compounds tended to show reduced levels of PGC1α (Figure 1D). After norepinephrine stimulation, PGC1α levels were increased in the presence of catechins (but not of GTE) (Figure 1E). The effect of norepinephrine on PGC1α mRNA levels was augmented by catechins; there was, thus, a synergistic interaction between norepinephrine and catechins (Figure 1F). In white adipocytes, the green tea compounds reduced PGC1α mRNA in themselves (Figure 1J), and the green tea compounds also lowered the norepinephrine effect (Figures 1K,L). Thus, we found no evidence that green tea compounds could cell-autonomously induce thermogenic recruitment in either brown or white adipocytes during the differentiation process.



Green Tea Compounds Lower Lipid Accumulation

To evaluate the general differentiation state in the adipocytes treated with the green tea compounds, we followed the lipid accumulation by Oil Red O staining. Representative images from cell cultures of each group are shown in Figure 2A. To quantitate the lipid amounts in the cells, the Oil Red O levels were determined (Figure 2B). In brown adipocytes, the green tea compounds in themselves reduced lipid accumulation. Norepinephrine, as expected, lowered lipid amounts [due to induced lipolysis (25)], but this effect was lower in the cells treated with green tea compounds (Figure 2B).


[image: Figure 2]
FIGURE 2. Effect of green tea compounds on lipid accumulation. Representative morphology of primary brown (A) and white adipocytes (C) is described in Figure 1. After norepinephrine stimulation, the adipocytes were stained with Oil Red O as described in section Materials and methods. Quantification of Oil Red O staining of brown (B) and white adipocytes (D) in basal and NE-stimulated states and the norepinephrine-induced change. The results are means ± SEM of four independent experiments, each performed in duplicate wells per group. Statistics are as in Figure 1.


Representative images of white adipocytes stained with Oil Red O from each group are presented in Figure 2C. In these adipocytes, the green tea compounds themselves also reduced lipid accumulation. The effect of norepinephrine itself was not systematically affected by the green tea compounds (Figure 2D).



Expression of Lipogenic Genes Is Altered by Green Tea Compounds

Since lipid accumulation was reduced in both brown and white adipocytes after treatment with green tea compounds, we measured the mRNA levels of several genes involved in lipogenesis: PPARγ, fatty acid-binding protein 4 (FABP4, aP2), perilipin (Plin1), the fatty acid transporter CD36, diglyceride acyl CoA transferase (DGAT), and fibroblast growth factor 21 (FGF21). In general, the expression of these genes in brown adipocytes tended to be slightly reduced by the green tea compounds (Figures 3A,D,J,P); Plin 1 and DGAT were not modified by the treatments (Figures 3G,M–O).


[image: Figure 3]
FIGURE 3. Effect of green tea compounds on expression of genes associated with lipid metabolism in brown adipocytes. The brown adipocytes in Figures 1, 2 were further analyzed for the expression levels of genes associated with lipid metabolism. PPARγ mRNA levels in basal (A) and NE-stimulated (B) states, and the norepinephrine-induced change (C). (D–F) results for aP2; (G–I) results for Plin1; (J–L) results for CD36; (M–O) results for DGAT; (P–R) results for Fgf21. The results are means ± SEM of five independent experiments, each performed in duplicate. Statistics are as in Figure 1.


Norepinephrine stimulation in itself generally slightly decreased the expression of all these genes (Figures 3B,E,H,K,N,Q), and this was particularly evident when the norepinephrine effect in itself was calculated (Figures 3C,F,I,L,O,R). Exposure of the cells to green tea compounds during the differentiation period generally reduced the ability of acute norepinephrine treatment to decrease the expression of these genes.

In white adipocytes treated with the green tea compounds, the expression of the genes selected for analysis was generally reduced (Figures 4A,D,G,J,M) or not modified (PPARγ) (Figure 4P). In these white adipocytes, no significant suppressive effect of norepinephrine was evident (Figures 4B,E,H,K,N,Q), in contrast to what was the case in the brown adipocytes. In the cells treated with green tea compounds in the presence of norepinephrine, the general reduction in expression was maintained (Figures 4B,C,E,F,H,I,K,L,N,O,R).


[image: Figure 4]
FIGURE 4. Effect of green tea compounds on expression of genes associated with lipid metabolism in white adipocytes. The white adipocytes in Figures 1, 2 were further analyzed for the expression levels of genes associated with lipid metabolism. aP2 mRNA levels in basal (A) and NE-stimulated states (B) and the norepinephrine-induced change (C). (D–F) results for CD36; (G–I) results for Plin1; (J–L) results for Fgf21; (M–O) results for DGAT; (P–R) results for PPARγ. The results are means ± SEM of five independent experiments, each performed in duplicate. Statistics are as in Figure 1.


We, thus, conclude that the inhibitory effect of green tea compounds on thermogenic recruitment seen above (Figure 1) is concomitant with a modest general inhibition of cell adipogenic differentiation.



In Differentiated Adipocytes, Green Tea Compounds Retain Their Inhibitory Effect

As the inhibitory effects of the green tea compounds appeared to be due to general suppression of differentiation, we designed an experimental outline to avoid these effects. In these experiments, the cell cultures were allowed to fully differentiate in the absence of the green tea compounds and were, thereafter, exposed to the compounds for 2 days.

However, also under these conditions, there was an observable inhibitory effect of the green tea compounds. Under basal conditions in the mature brown adipocytes, the green tea compounds decreased UCP1 gene expression (Figure 5A). Also, the UCP1 mRNA levels achieved after norepinephrine stimulation were lower in the presence of the green tea compounds (Figure 5B), and the absolute effect of norepinephrine in itself was lower in the presence of green tea compounds (Figure 5C). PGC1α expression levels were not affected by the green tea compounds under these conditions (Figures 5D–F). In mature white adipocytes, there were no consistent effects of green tea compounds on UCP1 or PGC1α gene expression (Figures 5G–L).


[image: Figure 5]
FIGURE 5. Effect of green tea compounds on mature brown and white adipocytes. Brown and white adipocytes were grown in culture for 7 days and then treated with green tea compounds (as specified in Figure 1) for 2 days and finally stimulated with norepinephrine for 2 h. Brown adipocyte Ucp1 mRNA levels in basal (A) and NE-stimulated states (B) and the norepinephrine-induced change (C) are shown. (D–F) results for Pgc1α. (G–I) results for UCP1 in white adipocytes; (J–L) results for Pgc1α in white adipocytes. Ucp1 and Pgc1α mRNA levels were normalized to the TFIIB levels in each sample (M TFIIB levels in brown and N in white adipocytes). The results are means ± SEM of five independent experiments, each performed in duplicate. Statistics are as in Figure 1.


From these experiments, we conclude that while the green tea compounds, when added to mature brown or white adipocytes, generally did not inhibit the differentiated state that had been achieved, they did not induce UCP1 gene expression; rather, they diminished both the basal and the norepinephrine-induced expression levels. Thus, the cell-autonomous effects observed were not of a thermogenically enhancing nature.



Chronic Treatment With Green Tea Compounds Reduces the Attainment of the Brite/Beige Adipocyte Phenotype

The thermogenic differentiation, “browning,” of brown adipocytes can be strongly induced by chronic treatment of the cell cultures with a PPARγ agonist such as rosiglitazone (26–28). Additionally, also certain white adipocytes are “browned” through rosiglitazone treatment (29–31). These cells are then referred to as brite (29) or beige (32) adipocytes. Similar to classical brown adipocytes, these brite/beige adipocytes express UCP1 at high levels, but in other respects, their gene expression profile is different from that of classical brown adipocytes and normal white adipocytes (29, 33). We, therefore, examined whether rosiglitazone treatment could overcome the negative effect of the green tea compounds on the differentiation process in white adipocytes (and in brown adipocytes), and whether there could be a positive interaction between rosiglitazone and the green tea compounds.

In mature brown adipocytes in the basal state, the green tea compounds again reduced the UCP1 level (Figure 6A), as before (Figure 1A). As expected (19, 29), the treatment of cells with rosiglitazone for 7 days increased the levels of UCP1 about 10-fold (Figure 6B); however, the presence of the green tea compounds during the rosiglitazone differentiation process reduced the level of UCP1 mRNA even in these cells (Figure 6B). The green tea compounds indeed lowered the effect of rosiglitazone as such (Figure 6C). Similar observations were made concerning PGC1α (Figures 6D–F).
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FIGURE 6. Effect of green tea compounds on rosiglitazone-induced differentiation. Brown and white primary adipocytes were treated with the green tea compounds specified in Figure 1 in the presence or absence of rosiglitazone (Rosi 0.1 μM). Brown adipocyte Ucp1 mRNA levels in basal (A) and rosiglitazone-stimulated states (B) and the rosiglitazone-induced change (C). (D–F): results for Pgc1α. (G–I) results for white adipocyte Ucp1; (J–L) results for white adipocyte Pgc1α. Ucp1 and Pgc1α mRNA levels were normalized to the TFIIB levels in each sample (M TFIIB levels in brown and N in white adipocytes). The results are means ± SEM of five independent experiments, each performed in duplicate. Statistics are as in Figure 1.


In white adipocytes, rosiglitazone increased UCP1 gene expression 2,500-fold, to levels similar to those in untreated brown adipocytes, as expected (29). Thus, these adipocytes could be considered to have been induced to become brite/beige adipocytes. However, also in these brite/beige adipocytes, chronic treatment with green tea compounds lowered the ability of rosiglitazone to enhance UCP1 gene expression (Figures 6G–I). Also, PGC1α was increased some 5-fold by rosiglitazone treatment. The presence of GTE (especially in higher amounts) inhibited PGC1α gene expression (Figures 6J–L). We, thus, conclude that the presence of the differentiation inducer rosiglitazone could not overcome the negative effects of the green tea compounds on differentiation.



Green Tea Extract Reduces Differentiation Even in the Presence of Rosiglitazone

To examine whether the green tea compounds acted on brown and white adipocytes by antagonizing the differentiation-promoting effects of PPARγ, we analyzed adipocytes after the promotion of differentiation. Cells were allowed to differentiate in the absence of rosiglitazone and were then treated for 2 further days with increasing concentrations of GTE in the absence or presence of rosiglitazone. If the GTE and rosiglitazone directly interacted negatively and positively, respectively, on the same site on PPARγ, we would expect to see a reduced ability of the GTE to inhibit UCP1 gene expression in the presence of rosiglitazone.

In untreated brown adipocytes, the GTE decreased UCP1 gene expression (Figure 7A), principally as seen above (Figure 5), in a dose-dependent manner. Treatment with rosiglitazone for 2 days again increased the level of UCP1 mRNA about 10-fold (Figure 7B). However, also in these rosiglitazone-treated cells, GTE reduced UCP1 mRNA levels in a dose-dependent manner (Figure 7B), to the same extent as in the rosiglitazone-untreated brown adipocytes.
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FIGURE 7. Interaction between green tea extract and rosiglitazone. Mature brown and white adipocytes were differentiated until day 7 and treated thereafter, from day 7 to day 9, with the indicated doses of green tea extract (GTE), in the presence or absence of rosiglitazone. Ucp1 mRNA levels in brown adipocytes in basal (A) and rosiglitazone-stimulated (B) cells. (C,D) results for UCP1 mRNA levels in white adipocytes. (E,F) results for Cidea mRNA levels in white adipocytes. Ucp1 and Cidea mRNA levels were normalized to the TFIIB levels in each sample (G TFIIB levels in brown adipocytes and H in white adipocytes). The results are means ± SEM of four independent experiments, each performed in duplicate. Statistics are as in Figure 1.


Also in white adipocytes, the GTE reduced UCP1 levels dose dependently (Figures 7C,D), and the presence of rosiglitazone did not markedly shift the dose-response curve. Similar observations were made when another PPARγ target gene, Cidea (34), was followed (Figures 7E,F). We, therefore, conclude that GTE did not directly interact with the PPARγ pathway to decrease UCP1 expression.




DISCUSSION

The possibility that nutritional compounds may affect energy balance by activating thermogenic processes in brown and brite/beige adipose tissues has attracted much interest. In the present study, we have examined whether a cell-autonomous effect of green tea compounds on brown or brite/beige adipocytes exists. Particularly, we have examined whether the augmenting effects of certain green tea compounds on the thermogenic potential that has earlier been observed in certain adipocyte-like cell lines are maintained when examined in primary cultures of cells directly obtained from the corresponding adipose tissue depots in mice. We conclude that in this cellular environment, which may be considered a more biologically relevant environment, no augmenting effects of the green tea compounds on thermogenic potential were seen. To the extent that green tea compounds have beneficial effects on energy balance, it would, thus, seem that they act centrally, i.e., via the central nervous system, and not via a direct cell-autonomous effect on brown or white adipocytes. In a broader context, the difference between results obtained in adipogenic cell lines and those obtained here in authentic brown and white adipocytes points to limitations in using adipogenic cell lines in studies intended to serve as translational models for cell-autonomous effects.


Green Tea Compounds Are Negative for Adipogenesis

We found that green tea compounds in general affected the differentiation process in brown and white adipocyte cultures negatively. Particularly, we found negative effects on the expression of genes related to lipid metabolism, a feature reflected in less lipid accumulation. These observations are not without precedence in studies in adipocyte-like cell cultures. Several studies have reported an inhibitory effect of GTEs or polyphenols from green tea on adipogenesis in vitro (17, 35). Kim et al. (17) found that different catechins and gallic acid inhibited the accumulation of intracellular lipids in the 3T3-L1 cell line. We have not established the mechanism for the differentiation-inhibitory effect of green tea compounds, but our results imply that it does not involve competition of these compounds with the binding site on PPARγ for rosiglitazone or endogenous rosiglitazone-like compounds.

It may be suggested that the negative effect of green tea compounds on the expression of genes related to thermogenic potential could simply result from the induction of a reduced degree of differentiation in general. However, in brown adipocyte cultures, agents that are negative for adipogenesis are not necessarily associated with negative thermogenic potential. Rather, a lowered adipogenic conversion may be associated with a cellular bifurcation toward enhanced thermogenic potential (36). However, this was not the case here, where parameters of adipose conversion, as well as thermogenic potential, were reduced in the presence of green tea compounds. Additionally, negative effects of green tea compounds were also observed when these substances were added to cells that were fully differentiated.



Established Adipogenic Cell Lines May Not Reflect the Phenotype and Epigenetics of Primary Cells

In attempts to identify candidates for the activation of thermogenesis in adipocytes, adipocyte-like cell lines have frequently been used, particularly the 3T3-L1 and 3T3-F442a cell lines. These cell lines accumulate lipid droplets and, thus, fulfill basic requirements for studying adipose conversion. However, their phenotype and epigenetics may not correspond to those of native brown or white adipocytes; indeed, their origin is undefined in relation to tissues and depot. Their phenotype and epigenetic status may therefore not reflect that of adipocytes in situ.

When such cell types have been used to examine the ability of green tea compounds to induce the expression of UCP1 and other genes related to thermogenic potential, positive effects of these compounds have been reported (11, 17), i.e., results opposite to those presented herein primary cultures of both brown and white adipocytes. We are not aware of studies with green tea compounds in other established white adipocyte-like cell lines such as C3H10T1/2 or hMADS cells, and thus, we cannot say whether similar outcomes would be observed in all white adipocyte-like cell lines. We are also not aware of any studies of green tea compounds on brown adipocyte-like cell lines.

That the outcomes are different in cell lines vs. primary adipocytes may not be surprising. Except for the ability of the cell lines to undergo adipose conversion, there is little reason to expect that these cell lines reflect the general epigenetic status of white or brown adipocytes. Indeed, their ability to, e.g., express UCP1 is very low. In Table 2, we have compiled the values for relative UCP1 mRNA levels in an adipogenic cell line (3T3-F442a) compared to the levels observed here in cultured primary brown or white adipocytes. As seen, although the basal level of UCP1 gene expression is about the same in the cell line and the white adipocytes, the ability of norepinephrine to induce expression is 100- to 1,000-fold higher in the white adipocytes. In the brown adipocytes, the differences are even much pronounced, with the basal UCP1 mRNA levels being 1,000-fold higher than in the cell line, and the induced levels some 10,000-fold higher. We believe that these inherent differences reflect large epigenetic differences: that the control of UCP1 expression in white or brown adipocytes is, thus, fully different from that in the cell lines. We would consider that primary cultures of adipocytes better replicate the epigenetic status of adipocytes in situ. In consequence of this, the translational validity of studies utilizing adipocyte-like cell lines to evaluate the ability of, e.g., nutraceutical products to affect thermogenic potential may be limited. In principle, extrapolation of the present studies would be that results obtained with adipocyte-like cell lines are not good indicators of effects found in authentic adipocytes, a conclusion that has also recently been forwarded elsewhere (37).


Table 2. A comparison between an established adipogenic cell line and primary cultured white and brown adipocytes with respect to UCP1 mRNA levels.

[image: Table 2]




CONCLUSIONS

We conclude that there was a negative effect of the green tea compounds on basal UCP1 gene expression in both brown and white primary adipocytes, in contrast to the positive effects earlier reported from studies in adipogenic cell lines. We suggest that the epigenetic status of the adipogenic cell lines is fundamentally different from that of genuine brown and white adipocytes, reflected, e.g., in several-thousand-fold differences in UCP1 gene expression levels, and thus, we suggest that results obtained with adipogenic cell lines cannot unreservedly be extrapolated as being relevant for authentic brown and white adipocytes in situ.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics Committee of the North Stockholm region (N 73/16).



AUTHOR CONTRIBUTIONS

RO: designed the experiments, conducted experiments, performed data analysis and interpretation, and contributed to the manuscript drafting. NP: conducted experiments. BC and JN: performed data analysis and interpretation and wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the São Paulo Research Foundation (FAPESP, 2019/19049-6), Magnus Bergvalls Stiftelse, Carl Tryggers Stiftelse, and The Swedish Science Research Council.



ACKNOWLEDGMENTS

The authors are greatful to Celso Sousa-Filho and Cruzeiro do Sul University.



REFERENCES

 1. Kajimura S, Spiegelman BM, Seale P. Brown and beige fat: physiological roles beyond heat generation. Cell Metab. (2015) 22:546–59. doi: 10.1016/j.cmet.2015.09.007

 2. Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active brown adipose tissue in adult humans. Am J Physiol Metab. (2007) 293:E444–52. doi: 10.1152/ajpendo.00691.2006

 3. Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, et al. Functional brown adipose tissue in healthy adults. N Engl J Med. (2009) 360:1518–25. doi: 10.1056/nejmoa0808949

 4. Dulloo AG, Duret C, Rohrer D, Girardier L, Mensi N, Fathi M, et al. Efficacy of a green tea extract rich in catechin polyphenols and caffeine in increasing 24-h energy expenditure and fat oxidation in humans. Am J Clin Nutr. (1999) 70:1040–5. doi: 10.1093/ajcn/70.6.1040

 5. Hursel R, Viechtbauer W, Westerterp-Plantenga MS. The effects of green tea on weight loss and weight maintenance: a meta-analysis. Int J Obes. (2009) 33:956–61. doi: 10.1038/ijo.2009.135

 6. Golzarand M, Toolabi K, Aghasi M. Effect of green tea, caffeine and capsaicin supplements on the anthropometric indices: a meta-analysis of randomized clinical trials. J Funct Foods. (2018) 46:320–8. doi: 10.1016/j.jff.2018.04.002

 7. Saito M, Matsushita M, Yoneshiro T, Okamatsu-Ogura Y. Brown adipose tissue, diet-induced thermogenesis, and thermogenic food ingredients: from mice to men. Front Endocrinol (Lausanne). (2020) 11:222. doi: 10.3389/fendo.2020.00222

 8. Yoneshiro T, Matsushita M, Hibi M, Tone H, Takeshita M, Yasunaga K, et al. Tea catechin and caffeine activate brown adipose tissue and increase cold-induced thermogenic capacity in humans. Am J Clin Nutr. (2017) 105:873–81. doi: 10.3945/ajcn.116.144972

 9. Bolin AP, Sousa-Filho CPB, dos Santos GTN, Ferreira LT, de Andrade PBM, Figueira ACM, et al. Adipogenic commitment induced by green tea polyphenols remodel adipocytes to a thermogenic phenotype. J Nutr Biochem. (2020) 2020:108429. doi: 10.1016/j.jnutbio.2020.108429

 10. Choo JJ. Green tea reduces body fat accretion caused by high-fat diet in rats through β-adrenoceptor activation of thermogenesis in brown adipose tissue. J Nutr Biochem. (2003) 14:671–6. doi: 10.1016/j.nutbio.2003.08.005

 11. Lee M-S, Shin Y, Jung S, Kim Y. Effects of epigallocatechin-3-gallate on thermogenesis and mitochondrial biogenesis in brown adipose tissues of diet-induced obese mice. Food Nutr Res. (2017) 61:1325307. doi: 10.1080/16546628.2017.1325307

 12. Nomura S, Ichinose T, Jinde M, Kawashima Y, Tachiyashiki K, Imaizumi K. Tea catechins enhance the mRNA expression of uncoupling protein 1 in rat brown adipose tissue. J Nutr Biochem. (2008) 19:840–7. doi: 10.1016/j.jnutbio.2007.11.005

 13. Silvester AJ, Aseer KR, Yun JW. Dietary polyphenols and their roles in fat browning. J Nutr Biochem. (2019) 64:1–12. doi: 10.1016/j.jnutbio.2018.09.028

 14. Zhou J, Mao L, Xu P, Wang Y. Effects of (–)-epigallocatechin gallate (EGCG) on energy expenditure and microglia-mediated hypothalamic inflammation in mice fed a high-fat diet. Nutrients. (2018) 10:1681. doi: 10.3390/nu10111681

 15. Shixian Q, VanCrey B, Shi J, Kakuda Y, Jiang Y. Green tea extract thermogenesis-induced weight loss by epigallocatechin gallate inhibition of catechol-O-methyltransferase. J Med Food. (2006) 9:451–8. doi: 10.1089/jmf.2006.9.451

 16. Saito M. Capsaicin and related food ingredients reducing body fat through the activation of trp and brown fat thermogenesis. Adv Food Nutr Res. (2015) 76:1–28. doi: 10.1016/bs.afnr.2015.07.002

 17. Kim HS, Moon JH, Kim YM, Huh JY. Epigallocatechin exerts anti-obesity effect in brown adipose tissue. Chem Biodivers. (2019) 16:e1900347. doi: 10.1002/cbdv.201900347

 18. Bolin AP, Sousa-Filho CPB, Marinovic MP, Rodrigues AC, Otton R. Polyphenol-rich green tea extract induces thermogenesis in mice by a mechanism dependent on adiponectin signaling. J Nutr Biochem. (2020) 78:108322. doi: 10.1016/j.jnutbio.2019.108322

 19. Petrovic N, Shabalina IG, Timmons JA, Cannon B, Nedergaard J. Thermogenically competent nonadrenergic recruitment in brown preadipocytes by a PPAR agonist. Am J Physiol Endocrinol Metab. (2008) 295:287–96. doi: 10.1152/ajpendo.00035.2008.-Most

 20. Djeridane A, Yousfi M, Nadjemi B, Boutassouna D, Stocker P, Vidal N. Antioxidant activity of some algerian medicinal plants extracts containing phenolic compounds. Food Chem. (2006) 97:654–60. doi: 10.1016/j.foodchem.2005.04.028

 21. Ferreira LT, de Sousa Filho CPB, Marinovic MP, Rodrigues AC, Otton R. Green tea polyphenols positively impact hepatic metabolism of adiponectin-knockout lean mice. J Funct Foods. (2019) 64:103679. doi: 10.1016/j.jff.2019.103679

 22. Kraus NA, Ehebauer F, Zapp B, Rudolphi B, Kraus BJ, Kraus D. Quantitative assessment of adipocyte differentiation in cell culture. Adipocyte. (2016) 5:351–8. doi: 10.1080/21623945.2016.1240137

 23. Cannon B, Nedergaard J. Cultures of adipose precursor cells from brown adipose tissue and of clonal brown-adipocyte-like cell lines. Methods Mol Biol. (2001) 155:213–24. doi: 10.1385/1-59259-231-7:213

 24. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev. (2004) 84:277–359. doi: 10.1152/physrev.00015.2003

 25. Kuusela P, Nedergaard J. Barbara I. β-adrenergic stimulation of fatty acid release from brown fat. (1986) 38:589–99. doi: 10.1016/0024-3205(86)90052-4

 26. Foellmi-Adams LA, Wyse BM, Herron D, Nedergaard J, Kletzien RF. Induction of uncoupling protein in brown adipose tissue. Synergy between norepinephrine and pioglitazone, an insulin-sensitizing agent. Biochem Pharmacol. (1996) 52:693–701. doi: 10.1016/0006-2952(96)00345-0

 27. Barberá MJ, Schlü A, Pedraza N, Villarroya F, Giralt M. Peroxisome proliferator-activated receptor activates transcription of the brown fat uncoupling protein-1 gene a link between regulation of the thermogenic and lipid oxidation pathways in the brown fat cell*. J Biol Chem. (2000) 276:1486–93. doi: 10.1074/jbc.M006246200

 28. Barak Y, Nelson MC, Ong ES, Jones YZ, Ruiz-Lozano P, Chien KR, et al. PPAR gamma is required for placental, cardiac, and adipose tissue development. Mol Cell. (1999) 4:585–95. doi: 10.1016/s1097-2765(00)80209-9

 29. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard J. Chronic Peroxisome Proliferator-activated Receptor (PPAR) activation of epididymally derived white adipocyte cultures reveals a population of thermogenically competent, UCP1-containing adipocytes molecularly distinct from classic brown adipocytes. J Biol Chem. (2010) 285:7153–64. doi: 10.1074/jbc.M109.053942

 30. Vegiopoulos A, Müller-Decker K, Strzoda D, Schmitt I, Chichelnitskiy E, Ostertag A, et al. Cyclooxygenase-2 controls energy homeostasis in mice by de novo recruitment of brown adipocytes. Science. (2010) 328:1158–61. doi: 10.1126/science.1186034

 31. Merlin J, Sato M, Nowell C, Pakzad M, Fahey R, Gao J, et al. The PPARγ agonist rosiglitazone promotes the induction of brite adipocytes, increasing β-adrenoceptor-mediated mitochondrial function and glucose uptake. Cell Signal. (2018) 42:54–66. doi: 10.1016/j.cellsig.2017.09.023

 32. Lshibashi J, Seale P. Medicine. Beige can be slimming. Science. (2010) 328:1113–4. doi: 10.1126/science.1190816

 33. Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. Nat Med. (2013) 19:1252–63. doi: 10.1038/nm.3361

 34. Abreu-Vieira G, Fischer AW, Mattsson C, De Jong JMA, Shabalina IG, Rydén M, et al. Cidea improves the metabolic profile through expansion of adipose tissue. Nat. Commun. (2015) 6: 7433. doi: 10.1038/ncomms8433

 35. Mi Y, Liu X, Tian H, Liu H, Li J, Qi G, et al. stimulates the recruitment of brite adipocytes, suppresses adipogenesis and counteracts TNF-α-triggered insulin resistance in adipocytes. Food Funct. (2018) 9:3374–86. doi: 10.1039/c8fo00167g

 36. De Jong JMA, Cannon B, Nedergaard J. Promotion of lipid storage rather than of thermogenic competence by fetal versus newborn calf serum in primary cultures of brown adipocytes. Adipocyte. (2018) 7:166–79. doi: 10.1080/21623945.2018.1479578

 37. Sadie-Van Gijsen H. Adipocyte biology: it is time to upgrade to a new model. J Cell Physiol. (2019) 234:2399–425. doi: 10.1002/jcp.27266

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Otton, Petrovic, Cannon and Nedergaard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-715859-g005.gif
=t | # 333 §IE3
,,,,,,,,,

feaREe GTeEee sEwt £






OPS/images/fnut-08-715859-g006.gif
uh H| = m_ —
bW ]
i i H i
$3iE AL pRAEAN AR H g
. . : w ol , ”
“w “m < m. fiii
)i Rl ns..........u4w
i .ug R .u 1...25 _Ksz .m .“m
U [ G r
o L — N :

H 3 H 3 3 L 3

.....





OPS/images/fnut-08-715859-g003.gif
EESRE]

T 5T






OPS/images/fnut-08-715859-g004.gif





OPS/images/fnut-08-715859-t002.jpg
Ct-values Relative mRNA levels

3T3-F442a Primary white Primary brown 3T3-Fa42a Primary white Primary brown
Control 311 30.9 189 1 11 4705
NEfso 309 22 176 1.1 239 11585
Rosi 305 185 16.1 1.4 6208 32768

Let side of the table shows mean Ct-values from qPCR determinations of UCPT mANA leves in the different types of cultures. The 3T3-F442a levels are our earli observations [see
Bolin, et al. (9); the values are from cultures treated with norepinephrine or isoprenaline (NE/Iso) for 24 . The values for primary white and brown adjpocytes are from the present
studies (data underlying Figures 1, 6-7). The right side of the table shows calculations of the relative mRNA levels that the Ct-values would represent, based on the assumption that
each Ct-unit represents a doubling of the mRNA amounts. These values are expressed after setting the level in control 3T3-F442a celis to 1.
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Gene Primer sense (5'-3) Primer anti-sense

(Mus Musculus) @-5)

TFIB TGGAGATTTGTC GAATTGCCAAACTCA
CACCATGA TCAAAACT

Cass CGCACATTGAGATTCT TCCTTTAASGGTCGA
TTTCC TTTCAGATC

Fabpd/aP2 CGCAGACGACAGGAA TTCCATGGCACTTCT
GaT GCAC

Pparg GAAAGACAACGGACA GGGGGTGATATGTT
AATCACC TGAACTTG

Ppargeta GAAAGGGCCAAACAG GTAAATCACACGGC
AGAGA GeTeTT

Cidea GCCTGCAGGAACTTAT GCCTGCAGGAACTT
CAGC ATCAGC

Fgf21 AGATGGAGCTCTCTAT GGGCTTCAGACTGG
GGATCG TACACAT

Ucpt GGCCTCTACGACTCA TAAGCCGGCTGAGA
aTcCA TCTTGT

Plint CTGAGGAGAACGTGC AGAGTGTTCTGCAC
TCAGA GGTGTG

Dgat2 GGCGCTACTTCCGAG TGGTCAGCAGGTTG
ACTAC TGTGTC

Fasn AGTGTTCGTTCCTCGG GOTGCTGTTGGAAG
AGTG TCAGC

Transcription factor Il B (TFIIB), fatty acid translocase (Cd36), fatty acid-binding
protein 4/adipocyte protein 2 (Fabp4/aP2), peroxisome proliferator-activated receptor
gamma (Pparg), peroxisome proliferator-activated receptor, gamma, coactivator 1 alpha
(Ppargc1a), cidea (cell death-inducing DNA fragmentation factor alpha-like effector 4),
uncoupling protein 1 (Ucp1), fatty acid synthase (Fasn), fibroblast growth factor 21 (Fgf21),
perilipin 1 (Plin 1), diacylglycerol O-acyltransferase 2 (Dgat2).
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