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Abstract:



Uncoupling proteins (UCPs) are members of the mitochondrial anion carrier superfamily involved in the control of body temperature and energy balance regulation. They are currently proposed as therapeutic targets for treating obesity and metabolic syndrome (MetS). We studied the gene expression regulation of UCP1, -2, and -3 in abdominal white adipose tissue (WAT) from control and MetS rats treated with two doses of a commercial mixture of resveratrol (RSV) and quercetin (QRC). We found that UCP2 was the predominantly expressed isoform, UCP3 was present at very low levels, and UCP1 was undetectable. The treatment with RSV + QRC did not modify UCP3 levels; however, it significantly increased UCP2 mRNA in control and MetS rats in association with an increase in oleic and linoleic fatty acids. WAT from MetS rats showed a significantly increased expression of peroxisome proliferator-activated receptor (PPAR)-α and PPAR-γ when compared to the control group. Furthermore, PPAR-α protein levels were increased by the highest dose of RSV + QRC in the control and MetS groups. PPAR-γ expression was only increased in the control group. We conclude that the RSV + QRC treatment leads to overexpression of UCP2, which is associated with an increase in MUFA and PUFA, which might increase PPAR-α expression.
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1. Introduction


Resveratrol (RSV) and quercetin (QRC) are polyphenolic compounds present in vegetables and fruits that have proven to be efficient in the treatment of metabolic disorders such as obesity and metabolic syndrome (MetS). Several mechanisms have been proposed to explain these health benefits, including the partial mediation by a type of nicotinamide adenine dinucleotide oxidized (NAD+)-dependent protein deacetylases and adenosine diphosphate (ADP)-ribosyltransferases known as sirtuins (SIRTs). These proteins inhibit preadipocyte differentiation, decrease adipocyte proliferation, induce adipocyte apoptosis, decrease lipogenesis, and promote lipolysis and fatty acid (FA) β-oxidation, and thermogenesis [1,2].



Over-expression and activation of SIRTs are involved in the “browning” or trans-differentiation process of white adipose tissue (WAT) to brown adipose tissue (BAT) [3]. The beige adipocytes derived from this process specialize in dissipating energy as heat, due to their high mitochondrial content and to the increased expression of mitochondrion-related genes, including uncoupling proteins (UCPs). UCPs are members of the family of mitochondrial anion carrier proteins implicated in the control of body temperature and energy balance and are being targeted as a weight-loss therapy [4].



Three isoforms of UCPs have been identified (UCP1, UCP2, and UCP3) in tissues such as WAT, BAT, skeletal muscle, heart, liver, kidney, lung and in the immune system. Depending on the tissue, UCP expression levels are regulated by dietary alterations, free fatty acids (FFA), thyroid hormones, and transcription factors such as peroxisome proliferator-activated receptor γ (PPAR-γ) and PPAR-α, which are also implicated in energy homeostasis and as lipid metabolism regulators [5,6,7].



An upregulation of skeletal muscle UCPs is associated with physiological states of insulin resistance and enhanced fat metabolism in rodents [8]. In turn, UCP1 in WAT decreases adiposity, which is attributed to an increase of energy dissipation in transgenic mice [9]. UCP2 and UCP3 in skeletal muscles regulate thermogenesis in obese mice. However, the role of UCP2 and UCP3 in thermogenesis is controversial. Some authors suggest that their main role is to attenuate mitochondrial production of free radicals in order to protect against oxidative damage. These molecules also participate in FA oxidation and in glucose tolerance/insulin sensitivity [2,10]. Moreover, Ruiz-Ramirez et al. (2011) [11] have shown that UCP2 is overexpressed in the liver from sucrose-fed rats as an adaptive protection to obesity-related oxidative stress.



In a previous study from our group, we found that RSV and QRC treatment reduces body fat, improves insulin resistance, and corrects hypertension and dyslipidemia in rats with MetS. These effects were associated with a modification of circulating FA in plasma, with no effect on the expression of PPAR-γ and to an overexpression of SIRT-1 and SIRT-2 in visceral WAT [12].



In the present paper, we study the effect of RSV and QRC on the expression of PPAR-γ and PPAR-α regulating the expression of UCP1, UCP2, and UCP3 in visceral WAT, as well as its mediation by the fatty acid profile in a MetS rat model induced by high sucrose ingestion.




2. Results


Sucrose-fed rats developed MetS characterized by central obesity, hypertension, dyslipidemia (high levels of triglycerides and non-HDL-C and low levels of HDL-C), hyperinsulinemia, and insulin resistance (HOMA-IR). These parameters are shown in Table 1.



Table 1. The effects of resveratrol (RSV) and quercetin (QRC) administration on body characteristics and biochemical parameters from control and Metabolic syndrome (MetS) rats.







	
Groups

	
Control

	
MetS




	
Variables

	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day

	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day






	
Central adiposity (%)

	
1.2 ± 0.2

	
1.1 ± 0.3

	
1.1 ± 0.2

	
2.7 ± 0.2 a

	
2.3 ± 0.9

	
0.8 ± 0.06 c




	
Blood pressure (mm Hg)

	
111.3 ± 2.2

	
108.2 ± 3.1

	
109.3 ± 2.9

	
145.7 ± 0.8 a

	
124.3 ± 2.9 c

	
110.9 ± 3.0 c




	
Glucose (mg/dL)

	
107.9 ± 8.2

	
111.3 ± 10.5

	
93.2 ± 5.7

	
110.6 ± 6.8

	
95.7 ± 7.8

	
100.1 ± 5.6




	
Insulin (µU/mL)

	
5.1 ± 0.6

	
4.3 ± 0.6

	
4.5 ± 0.8

	
10.6 ± 0.7 a

	
5.9 ± 0.8 c

	
4.5 ± 0.5 c




	
HOMA-IR

	
1.3 ± 0.2

	
0.8 ± 0.1

	
1.1 ± 0.1

	
2.3 ± 0.3 b

	
1.1 ± 0.1 c

	
0.85 ± 0.1 c




	
Triglycerides (mg/dL)

	
68.7 ± 8.3

	
73.6 ± 6.3

	
64.5 ± 8.7

	
154.6 ± 5.4 a

	
125.7 ± 6.5 e

	
106.7 ± 7.2 c,e




	
HDL-C (mg/dL)

	
30.1 ± 1.3

	
29.6 ± 2.0

	
31.3 ± 1.9

	
19.9 ± 0.9 a

	
31.1 ± 6.1 c

	
29.3 ± 4.3 c




	
non-HDL-C (mg/dL)

	
27.9 ± 1.0

	
25.6 ± 3.1

	
19.1 ± 0.6 d

	
42.5 ± 2.8 a

	
33.3 ± 5.2

	
20.9 ± 1.9 c,d








Values are mean ± SEM. Central adiposity: corrected by body weight (relative value). HOMA-IR: Homeostatic model assessment of insulin resistance; HDL-C: high density lipoprotein-cholesterol; n = 6; ap < 0.01 MetS without treatment vs. control without treatment; bp < 0.05 MetS without treatment vs. control without treatment; cp< 0.01 against without treatment same group; dp < 0.01 vs. same group different doses; ep < 0.01 against control same dose.








As expected, RSV + QRC treatment significantly decreased central adiposity, restored dyslipidemia and HOMA-IR, and significantly diminished blood pressure in the MetS group. Instead, in the control group, only non-HDL-C decreased with the RSV + QRC supplementation.



Table 2 summarizes the total fatty acid percentage in the WAT homogenate from each group of rats. WAT concentrations of total monounsaturated fatty acids (MUFA), palmitoleic, and oleic fatty acids were significantly higher in the MetS group; while total saturated fatty acids (SFA) and polyunsaturated fatty acids (PUFA), especially linoleic fatty acid, were significantly lower in the MetS group without treatment in comparison to the control group without treatment. Both doses of RSV + QRC significantly diminished stearic, dihomo-γ-linoleic, and saturated fatty acids in the MetS rats. The treatment with natural compounds significantly increases MUFA (in particular, palmitoleic and oleic acids) and PUFA (linoleic fatty acid) in both control and MetS rats.



Table 2. Effect of RSV + QRC administration on total fatty acid (FA) composition in white adipose tissue (WAT) homogenate from control and MetS rats.







	
FA %

	
Control

	
MetS




	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day

	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day






	
Palmitic

	
41.5 ± 1.4

	
34.7 ± 1.1 c

	
34.4 ± 0.7 c

	
39.0 ± 1.1

	
36.7 ± 1.3

	
38.6 ± 1.0




	
Palmitoleic

	
3.9 ± 0.3

	
5.5 ± 0.5 c

	
6.1 ± 0.4 c

	
6.3 ± 0.6 a

	
10.0 ± 0.8 c

	
8.5 ± 0.6 c




	
Stearic

	
30.6 ± 1.3

	
23.9 ± 0.9 c

	
24.2 ± 1.3 c

	
26.7 ± 4.3

	
18.2 ± 1.7 c

	
19.9 ± 0.6 c




	
Oleic

	
13.7 ± 0.6

	
20.3 ± 1.1 c

	
19.0 ± 0.6 c

	
19.5 ± 1.2 a

	
26.8 ± 1.5 c

	
23.1 ± 0.8 c




	
Linoleic

	
7.9 ± 0.9

	
11.6 ± 0.9 c

	
13.4 ± 0.3 c

	
5.2 ± 0.3 a

	
6.4 ± 1.2

	
7.8 ± 0.4 c




	
Dihomo-γ-linoleic

	
1.1 ± 0.5

	
0.9 ± 0.2

	
1.0 ± 0.2

	
1.8 ± 0.4 a

	
0.7 ± 0.3 c

	
0.6 ± 0.2 c




	
Arachidonic

	
1.1 ± 0.1

	
1.9 ± 0.4

	
1.6 ± 0.3

	
0.9 ± 0.1

	
0.9 ± 0.1

	
0.9 ± 0.2




	
Percentage of saturated fatty acids (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA)




	
SFA

	
72.1 ± 0.7

	
58.6 ± 1.4 c

	
58.6 ± 0.8 c

	
65.8 ± 2.0 a

	
54.8 ± 2.9 c

	
58.4 ± 1.0 c




	
MUFA

	
17.6 ± 0.8

	
25.8 ± 1.4 c

	
25.1 ± 0.6 c

	
25.9 ± 1.6 a

	
36.8 ± 2.1 c

	
31.6 ± 0.7 c




	
PUFA

	
10.2 ± 1.0

	
15.4 ± 1.2 c

	
16.2 ± 0.3 c

	
8.4 ± 0.6 a

	
8.3 ± 1.0

	
9.9 ± 0.5 c




	
Total FA

	
99.9 ± 0.9

	
99.8 ± 1.2

	
99.9 ± 0.6

	
100.1 ± 1.3

	
99.9 ± 1.8

	
99.9 ± 0.7








Data are mean ± SEM. n = 6; ap < 0.01 MetS without treatment vs. control without treatment; cp < 0.01 against without treatment same group.








Table 3 shows that Non-esterified fatty acids (NEFAs) such as total PUFA and linoleic acid, were significantly diminished. Total MUFA and particularly palmitoleic acid were higher in the untreated MetS rats compared with those of the control group. In MetS rats, both doses of RSV + QRC increased total MUFA and oleic acid and decreased PUFA and SFA such as palmitic acid. In the control group, the treatment with the mixture of polyphenols significantly increased the linoleic and oleic acids and diminished dihomo-γ-linoleic fatty acid.



Table 3. Effect of RSV + QRC administration on WAT homogenate non-esterified fatty acids (NEFAs) composition from control and MetS rats.







	
NEFAs %

	
Control

	
MetS




	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day

	
Without Treatment

	
RSV 10 + QRC 0.19 mg/kg/day

	
RSV 50 + QRC 0.95 mg/kg/day






	
Palmitic

	
31.3 ± 1.5

	
31.5 ± 1.4

	
29.3 ± 0.6

	
33.8 ± 0.4

	
30.9 ± 0.8 c

	
30.3 ± 1.1 c




	
Palmitoleic

	
6.9 ± 1.2

	
7.6 ± 0.9

	
6.5 ± 0.9

	
13.1 ± 0.8 a

	
13.9 ± 0.9

	
13.0 ± 0.7




	
Stearic

	
22.3 ± 1.4

	
19.7 ± 0.4

	
19.5 ± 1.0

	
20.2 ± 1.8

	
15.6 ± 1.2

	
18.9 ± 0.6




	
Oleic

	
24.3 ± 1.9

	
21.9 ± 1.5

	
25.3 ± 1.1 c

	
20.9 ± 1.2

	
28.5 ± 1.5 c

	
27.5 ± 1.5 c




	
Linoleic

	
11.1 ± 0.5

	
13.3 ± 0.7 c

	
14.3 ± 0.9 c

	
6.0 ± 0.2 a

	
7.0 ± 0.6

	
6.6 ± 0.2




	
Dihomo-γ-linoleic

	
1.0 ± 0.2

	
0.9 ± 0.3

	
0.6 ± 0.2 c

	
0.7 ± 0.2

	
0.4 ± 0.1

	
0.7 ± 0.03




	
Arachidonic

	
1.9 ± 0.1

	
2.4 ± 0.6

	
2.5 ± 1.2

	
2.2 ± 0.4

	
1.6 ± 0.1

	
1.5 ± 0.2




	
Percentage of saturated fatty acids, monounsaturated and polyunsaturated




	
SFA

	
53.5 ± 3.1

	
51.3 ± 1.4

	
48.7 ± 1.2 c

	
54.0 ± 2.2

	
46.7 ± 1.4 c

	
47.2 ± 1.2 c




	
MUFA

	
27.3 ± 1.2

	
29.5 ± 1.2

	
31.8 ± 1.6

	
35.4 ± 1.7 b

	
42.4 ± 0.8 c

	
40.5 ± 1.1 c




	
PUFA

	
15.3 ± 0.7

	
19.2 ± 1.5

	
19.4 ± 0.9

	
12.0 ± 1.0 b

	
10.8 ± 1.1 c

	
10.3 ± 0.5 c




	
Total NEFAS

	
96.1 ± 1.7

	
100.0 ± 1.3

	
99.9 ± 1.2

	
101.4 ± 1.6

	
99.9 ± 1.1

	
98.0 ± 0.9








Data are mean ± SEM. n = 6; ap < 0.01 MetS without treatment vs. control without treatment; bp < 0.05 MetS without treatment vs. control without treatment; cp < 0.01 against without treatment same group.








We performed a genetic analysis to determinate the effect of RSV + QRC administration on the mRNA expression of the three isoforms of UCPs. UCP1 mRNA was not detected in WAT from control and MetS rats (results not shown). The data in Figure 1 show UCP2 mRNA levels determined by quantitative real time- polymerase chain reaction (qRT-PCR) in WAT from MetS rats. The levels were significantly higher compared with those of control animals (Figure 1A).


Figure 1. mRNA levels of UCP2 in WAT from control and Metabolic syndrome (MetS) groups without treatment (A) and resveratrol + quercetin (RSV + QRC) treatment on control (B) and MetS (C) rats. Results are shown as means of relative quantitation units (UCP2/Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ± range (A,C) or median (B); differences in the gene expression were analyzed by Mann–Whitney U test; p values < 0.05 were considered significant.
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When assessing the effect of RSV + QRC treatment in the control group, we detected significantly higher mRNA levels of UCP2 with the use of both doses (p < 0.05, Figure 1B). However, in the MetS group, we observed dose-dependent variations in UCP2 expression: there was a significantly lower mRNA expression of UCP2 with the lower dose of RSV + QRC was used and an increase with RSV 50 + QRC 0.95 (p < 0.05, Figure 1C).



Expression of UCP3 mRNA in WAT was similar in control and MetS rats (Figure 2A). There was not a statistically significant difference in UCP3 mRNA expression in control and MetS rats treated with RSV + QRC (Figure 2B,C).


Figure 2. mRNA levels of UCP3 in WAT from control and MetS groups without treatment (A) and RSV + QRC treatment on control (B) and MetS (C) rats. Results are shown as means of relative quantitation units (UCP3/GAPDH) and SEM (A,C) or median (B); differences in the gene expression were analyzed by Mann–Whitney U test; p values < 0.05 were considered significant.
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Next, we investigated whether the variations in UCPs expression due to the administration of natural compounds could be associated with the variations in the expression of PPAR-γ and PPAR-α. The results showed a statistically significant increase in the expression of both PPARs in the untreated and polyphenol treated MetS group when compared with the corresponding control group (Figure 3). In control rats, the PPAR-γ and PPAR-α expression increased significantly with the RSV + QRC treatment (Figure 3A,B). In the MetS group, the administration of both doses of RSV + QRC did not significantly modify PPAR-γ expression; however, PPAR-α was only significantly increased with the highest dose of polyphenols.


Figure 3. Effect of RSV + QRC administration on PPAR-γ (A) and PPAR-α (B) protein expression in WAT from control and MetS rats. The bars represent mean ± SEM of 6 animals per group. # p < 0.05; * p < 0.05 vs. without treatment respective group. Representative Western blot analysis from control group (C); MetS group (D).
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Finally, we performed immunoblotting of UCP2 in WAT homogenates to check if mRNA levels corresponded to its protein levels. In contrast to mRNA data, UCP2 protein expression did not show significant changes between the experimental groups without treatment; however, with the administration of both doses of polyphenols, UCP2 expression tended to increase in the control and MetS rats (Figure 4). It must also be noted that, due to technical issues, it was not possible to evaluate UCP2 protein expression specifically in the WAT mitochondria. Thus, the values may not accurately account for the actual mitochondria levels of UCP2, even though the protein is only found in mitochondrial inner membrane and the antibody used is specific for it.


Figure 4. Effect of RSV + QRC administration on UCP2 expression in WAT homogenate from control and MetS rats. A total protein amount of 50 µg was analyzed per line. (A) Protein expression, data represent mean ± SEM (n = 3 per group). Representative Western blot analysis from control (B) and MetS (C) rats.
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3. Discussion


Obesity and MetS are public health problems. The use of natural compounds such as RSV and QRC for their treatment has been proposed. The data in Table 1 show that the mixture of RSV + QRC reverses signs of MetS such as dyslipidemia, central adiposity, hypertension, and insulin resistance. These data are in accordance with those previously published [12,13,14]. In the control group, only the levels of non-HDL-C were significantly decreased by the administration of the mixture of polyphenols (Table 1). These results are consistent with data from RSV studies conducted in lean metabolically normal rodents and in human subjects. However, the administration of natural compounds such as RSV and QRC improves metabolic parameters in animal models of obesity and MetS. These effects involve the participation of different organs (liver, skeletal muscle, and adipose tissue) and the activation of tissue-specific factors that include PPARs and other molecules such as sirtuins, sterol responsive element binding protein (SREBP1), and AMP-activated protein kinase (AMPk) [2]. Additionally, the antihypertensive effect of RSV and QRC may be due to the activation of several mechanisms that have already been described and that include increased nitric oxide (NO) availability caused by the elevation of the activity of NOS and by a decrease in oxidative stress and inflammation [12].



Some studies have shown that RSV can induce the morphological transition of the WAT phenotype to the BAT phenotype, a process known as “browning” [2]. The “beige” fat cells resulting from this process switch from an energy storage state to an energy dissipation state, expressing molecular markers such as the PR domain-containing 16 (PRDM16), UCP1 and UCP3, among others [15,16,17].



Additionally, the expression of UCPs is regulated by dietary alterations that modify PPARs and that are activated by specific FA ligands. For this reason, in this study, we analyzed the effect of RSV + QRC on UCP1, -2, and -3 levels in adipose tissue and the association of their expression with the FA profile, and with PPAR-γ and PPAR-α expressions.



We have shown that the treatment with RSV and QRC leads to SIRT 1 overexpression in WAT from MetS rats [12]. SIRT 1 is an essential regulator of systemic energy homeostasis and plays an important therapeutic role in the treatment of obesity and MetS by inducing brown-like adipocyte formation in WAT and by increasing mRNA and/or protein expression of UCP1 [3,12]. However, in our assays, we were unable to detect the expression of UCP1 in the WAT from our experimental groups. It would be desirable to determine whether treatment with RSV + QRC could induce the “browning” process in our model in future studies by searching for additional molecular markers such as cell-death-inducing DFFA-like effector A (Cidea), PRDM16, and peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α).



Our studies have shown that UCP2 is the predominantly expressed isoform in WAT from MetS rats, while UCP3 is only present at very low levels (Figure 1A and Figure 2A, respectively). These data are in line with those reported by other authors who observed that UCP2 mRNA is found at high levels in WAT, skeletal muscle, spleen, and pancreatic β-cells, whereas UCP3 is predominantly expressed in skeletal muscle, heart, and, to a lesser extent, adipose tissue [18].



Despite the fact that the physiological roles reported for UCP2 and -3 are still under debate, some reports have shown their participation in the prevention of free radical formation and in fatty acid oxidation. They are also involved in the metabolic regulation of diseases such as diabetes and obesity [6]. Moreover, it has been demonstrated that UCP2 is upregulated in response to different pathological states such as insulin resistance, inflammation, oxidative stress, and high levels of FFA, which are all features of MetS [8,11,18].



In the control group, UCP2 expression was significantly elevated by the RSV + QRC administration (in both doses) (Figure 1B); however, in MetS rats, the mRNA levels of UCP2 were significantly suppressed in the adipose tissue of the RSV10 + QRC 0.19 treated group when compared with the same group without treatment (Figure 1C). Thus, the abundance of mRNA of UCP2 was significantly increased in MetS rats treated with the RSV 50 + QRC 0.95 dose (Figure 1C). We do not know the exact reason for this behavior, but we think it might be related to the expression or activation of PPAR-α by FA, as reported by other authors [19]. Regarding UCP3, we found that, in the control group, there was a slight tendency to decrease in its expression, while, in MetS rats, it remained constant (Figure 2B,C). Additionally, we measured the expression of the UCP2 protein in the WAT homogenate by immunoblotting (Figure 4). We did not isolate mitochondria, since WAT contains a relatively low mitochondrial mass compared with the overall size. This may be a limitation of our study since it would be important to assess whether the presence of UCP2 modifies the mitochondrial activity in WAT. Our results demonstrate that changes in UCP mRNA were not accompanied by similar changes at the protein level, at least as observed from UCP2 levels in total WAT lysates. With the administration of both doses of polyphenols, there was a trend towards increased UCP2 protein expression in WAT from both control and MetS rats (Figure 4). The discrepancies between mRNA data and protein levels have also been observed by other authors, but their physiological significance is still unclear. Moreover, the regulation of UCP2 and UCP3 expression also depends upon other tissue specific factors (such as SREBP1) that were not evaluated in the present study. More experimental work is still required to fully define transcriptional and translational regulation of UCPs and thereby determine their physiological role in WAT.



In the present study, we show that the treatment with polyphenols leads to increase MUFA levels, especially oleic and linoleic acids (total FA and NEFAs), that may decrease the SFA in WAT from both control and MetS rats (Table 2 and Table 3). The increase in MUFA may be due to the treatment with natural compounds since we have previously found that the linoleic, oleic, and palmitic acids were the most abundant FA (37.8% ± 2.1%, 22.1% ± 1.0%, and 21.6% ± 1.1%, respectively) [12]. Our data suggest that the treatment with RSV + QRC tends to decrease the PUFAs in MetS rats, and this might stimulate the decrease in hypertriglyceridemia, thus contributing to a reduction in adipocyte hypertrophy and an increase in insulin sensitivity. In addition, the reduction of linoleic acid is frequent in hypertension and MetS models. Therefore, the increase of linoleic acid by the RSV + QRC treatment may contribute to the beneficial effect on blood pressure found in our MetS model. Furthermore, the decrease in stearic and dihomo-γ-linoleic acids were positively correlated to the decrease in the mass of adipose tissue, and this might contribute to the reduction of cardiovascular risk in MetS rats.



Other authors had already reported that that the various physiological and pathological states that are associated with changes in FA (such as increasing of oleic and linoleic acids) may upregulate UCP2 expression in different tissues [5,18].



In some reports, it has been found that FA (NEFA, SFA, and PUFA), and polyphenols such as RSV and QRC, regulate the expression or activation of UCP3 [2,20,21]. However, the results shown in Figure 2 indicate that neither the presence of MetS or treatment with natural compounds significantly changed UCP3 expression in the WAT from our experimental groups. Clearly, more research is needed to elucidate the differences in the signalling mechanisms regulating UCP2 and UCP3 expression in response to FA and to test the physiological role of these proteins in WAT.



PPARs are the link between FA (or their derivatives), metabolic diseases, and tissue-specific expression of UCP2 and UCP3. PPAR-α is expressed in liver, kidney, heart, brown fat and skeletal muscle, and activated by PUFA, eicosanoids, and fibrates. PPAR-γ is expressed in adipose tissue and gut and activated by arachidonic acid metabolites and thiazolidinediones. PPAR-α and-γ are expressed in smooth muscle, macrophages, and endothelium [22].



As expected, PPAR-γ was overexpressed in WAT from MetS rats when compared to control animals and the commercial mixture of RSV + QRC had no effect on PPAR-γ expression (Figure 3A). This result had been previously reported by our group and by others [12,23]. The PPAR-α expression illustrated in Figure 3B shows a significant difference between the groups studied without treatment with polyphenols. Next, we observed that the high dose of RSV + QRC leads to an upregulate PPAR-α expression in WAT from both control and MetS animals. These findings might contribute to the decrease in the concentration of triglycerides observed in MetS rats (Table 1). This effect had been previously reported [22]. Besides, natural compounds have been found to improve the lipid metabolism by increasing the expression or activity of PPAR-α [24,25,26].




4. Materials and Methods


4.1. Animals and Experimental Design


All of the experiments were conducted in accordance with our Institutional Ethical Guidelines (protocol #14-860). Male Wistar rats, aged 25 days and weighing 50 ± 6 g, were randomly separated into two groups of 10–12 animals: Group 1, control rats, were given tap water for drinking, and Group 2, MetS rats, received 30% sugar in their drinking water for 20 weeks.



One third of each group of rats (control or MetS) received orally in drinking water or sucrose solution a mixture of RSV and QRC daily for 4 weeks (provided by ResVitalé™ which contains 20 mg of QRC per 1050 mg of RSV) in one of the following doses: (1) RSV + QRC 10–0.19 mg/kg/day (RSV 10 + QRC 0.19) or (2) RSV + QRC 50–0.95 mg/kg/day (RSV 50 + QRC 0.95). Groups without RSV + QRC treatment only received the vehicle. The mixture of RSV and QRC was previously dissolved in 1 mL of ethanol solution (20%) [12].



All animals were fed ad libitum with commercial rat chow (LabDiet 5001; Richmond, IN, USA). Systolic arterial blood pressure was measured in conscious animals using the tail cuff method as previously described [27].




4.2. Serum Biochemical Parameters


After overnight fasting, the animals were decapitated, and blood was immediately collected. Serum was isolated by centrifugation and stored at −70 °C until the analysis could be performed. The fasting measurements of glucose, HDL-C, non HDL-C, and triglycerides were carried out with commercial enzymatic kits (RANDOX Laboratories Ltd., Crumlin, County Antrim, UK). Serum insulin levels were measured using a rat-specific insulin radioimmunoassay (Linco Research, Inc., Saint Charles, MO, USA). Insulin resistance was estimated from the homeostasis model (HOMA-IR) [12].




4.3. White Adipose Tissue (WAT) Homogenate


Abdominal WAT was removed and weighed. The samples were immediately frozen in liquid nitrogen and stored at −70 °C for later analysis. Frozen WAT samples were homogenized (25% w/v) in a lysis buffer pH = 8 (25 mM Hepes, 100 mM NaCl, 15 mM Imidazole, 10% glycerol, 1% Triton X-100) and protease inhibitor cocktail. The WAT homogenate was centrifuged at 19,954× g for 10 min at 4 °C; the supernatant was separated and stored at −70 °C. The protein concentration of each sample was measured using the Bradford method [28].




4.4. Lipid Extraction and Analysis of Fatty Acids Composition


Total fatty acids and NEFAs were extracted, and identified by gas chromatography, from WAT extract (100 µL) using a previously described method [29].




4.5. RNA Isolation and Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR) Analysis


All WAT samples were processed in fresh, 100 mg was disrupted using the TissueLyser LT (Qiagen, Germantown, MD, USA), and total RNA was isolated with the RNeasy® Lipid Tissue Mini Kit, according to manufacturer’s instructions (Qiagen). The RNA integrity was evaluated on agarose 1% gels stained with ethidium bromide. In addition, the purity and concentration was measured by spectrophotometry.



Total RNA was reverse-transcribed using the RevertAid H minus first strand cDNA Kit (ThermoFisher Scientific, Waltham, MA, USA) as recommended by the manufacturer. cDNA was then amplified using validated TaqMan assays from Applied Biosystems (UCP1: Rn00562126_m1, uncoupling protein 2 (UCP2): Rn01754856_m1 and uncoupling protein 3 (UCP3): Rn00565874_m1) (Applied Biosystems, Foster City, CA, USA). GAPDH (Rn01775763_g1) and Rn45s (Rn03928990_g1) (Applied Biosystems) were used as house-keeping gene. qRT-PCR was performed for each target and house-keeping genes on a StepOne Plus thermocycler (Applied Biosystems). Triplicate cycle threshold Ct values were analyzed using the comparative Ct method (ΔΔCt) and then presented as relative quantification to GAPDH mRNA expression (RQ) units.




4.6. Western Blotting of Peroxisome Proliferator-Activated Receptors (PPAR)-γ, PPAR-α, and Uncoupling Protein 2 (UCP2)


A total of 50 µg of protein from the WAT homogenate was mixed with 2X loading buffer (30% glycerol, l.6% SDS, 3% bromophenol blue, 5% 2-mercaptoethanol, 125 mM Tris, pH 6.8), separated by SDS-PAGE (12% bis-acrilamide-laemmli gel), and transferred to a 0.22-µm polyvinylidene difluoride (PVDF) membrane. Blots were blocked for 1 h at room temperature using Tris-buffered saline (TBS)-0.01% Tween (TBS-T 0.01%) plus 5% non-fat milk. The membranes were incubated overnight at 4 °C with rabbit primary polyclonal antibodies PPAR-γ (sc-7196), PPAR-α (sc-9000), and UCP2 (sc6526) (from Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a final dilution of 1:1000. After that, the membranes were incubated overnight at 4 °C with horseradish peroxidase conjugated secondary antibodies, dilution 1:10,000 (Santa Cruz Biotechnology). All blots were incubated with a GAPDH (sc-365062) antibody as a control. Protein was detected by chemiluminescence assay (Clarity Western ECL Substrate, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Chemiluminescence emitted in this process was detected in X-ray films (AGFA, Ortho CP-GU, Agfa HealthCare NV, Mortsel, Belgium). Images from each film were acquired with a GS-800 densitometer (including Quantity One software from Bio-Rad Laboratories, Inc.). The values of each band density are expressed as arbitrary units (AU).




4.7. Statistical Analysis


Results were expressed as mean ± standard error of the mean (SEM). For multiple comparisons, we applied one-way analysis of variances (ANOVA) using the SigmaPlot 11 program. Differences in mRNA expression were evaluated by Mann–Whitney U test with the Graph Pad Prism software version 5.04 (GraphPad Software, La Jolla, CA, USA). p values < 0.05 were considered significant.





5. Conclusions


Our results indicate that overexpression of UCP2 in WAT is linked to the development of MetS. RSV + QRC administration increases MUFA and PUFA levels, which might in turn increase PPAR-α expression and selectively upregulate UCP2.







Acknowledgments


The authors thank Bertha Soto, Mario Pérez, and Florencio Hernández for the excellent technical assistance.




Author Contributions


Vicente Castrejón-Tellez and José Manuel Rodriguez-Pérez were responsible for planning and performing the experiments and data analysis; Israel Pérez-Torres was responsible for lipid extraction and analysis of fatty acids composition; Nonanzit Pérez-Hernández and Alfredo Cruz-Lagunas were responsible for performing genetic analysis; Verónica Guarner-Lans and Gilberto Vargas-Alarcón were responsible for discussing and reviewing the manuscript; María Esther Rubio-Ruiz was responsible for planning the experiments, performing the physiological experiments and data analysis, and writing the paper.




Conflict of Interests


The authors declare no conflict of interest.




References


	1. 
Wang, S.; Moustaid-Moussa, N.; Chen, L.; Mo, H.; Shastri, A.; Su, R.; Bapat, P.; Kwun, I.; Shen, C.L. Novel insights of dietary polyphenols and obesity. J. Nutr. Biochem. 2014, 25, 1–18. [Google Scholar] [CrossRef] [PubMed]

	2. 
Aguirre, L.; Fernández-Quintela, A.; Arias, N.; Portillo, M.P. Resveratrol: Anti-obesity mechanisms of action. Molecules 2014, 19, 18632–18655. [Google Scholar] [CrossRef] [PubMed]

	3. 
Wang, S.; Liang, X.; Yang, Q.; Fu, X.; Rogers, C.J.; Zhu, M.; Rodgers, B.D.; Jiang, Q.; Dodson, M.V.; Du, M. Resveratrol induces brown-like adipocyte formation in white fat through activation of AMP-activated protein kinase (AMPK) α1. Int. J. Obes. 2015, 39, 967–976. [Google Scholar] [CrossRef] [PubMed]

	4. 
Harms, M.; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013, 19, 252–263. [Google Scholar] [CrossRef] [PubMed]

	5. 
Medvedev, A.V.; Robidoux, J.; Bai, X.; Cao, W.; Floering, L.M.; Daniel, K.W.; Collins, S. Regulation of the uncoupling protein-2 gene in INS-1 β-cells by oleic acid. J. Biol. Chem. 2002, 277, 42639–42644. [Google Scholar] [CrossRef] [PubMed]

	6. 
Villarroya, F.; Iglesias, R.; Giralt, M. PPARs in the control of uncoupling proteins gene expression. PPAR Res. 2007. [Google Scholar] [CrossRef] [PubMed]

	7. 
Liu, J.; Li, J.; Li, W.J.; Wang, C.M. The role of uncoupling proteins in diabetes mellitus. J. Diabetes Res. 2013. [Google Scholar] [CrossRef] [PubMed]

	8. 
Strömmer, L.; Abou El-Ella, G.; Kamel, A.; Marcus, C.; Hager, P.; Adrian, T.E.; Permert, J. Upregulation of uncoupling protein homologues in skeletal muscle but not adipose tissue in posttraumatic insulin resistance. Biochem. Biophys. Res. Commun. 2001, 281, 334–340. [Google Scholar] [CrossRef] [PubMed]

	9. 
Woo, M.N.; Jeon, S.M.; Shin, Y.C.; Lee, M.K.; Kang, M.A.; Choi, M.S. Anti-obese property of fucoxanthin is partly mediated by altering lipid-regulating enzymes and uncoupling proteins of visceral adipose tissue in mice. Mol. Nutr. Food Res. 2009, 53, 1603–1611. [Google Scholar] [CrossRef] [PubMed]

	10. 
Senese, R.; Valli, V.; Moreno, M.; Lombardi, A.; Busiello, R.A.; Cioffi, F.; Silvestri, E.; Goglia, F.; Lanni, A.; de Lange, P. Uncoupling protein 3 expression levels influence insulin sensitivity, fatty acid oxidation, and related signaling pathways. Pflugers Arch. 2011, 461, 153–164. [Google Scholar] [CrossRef] [PubMed]

	11. 
Ruiz-Ramírez, A.; Chávez-Salgado, M.; Peñeda-Flores, J.A.; Zapata, E.; Masso, F.; El-Hafidi, M. High-sucrose diet increases ROS generation, FFA accumulation, UCP2 level, and proton leak in liver mitochondria. Am. J. Physiol. Endocrinol. Metab. 2011, 301, E1198–E1207. [Google Scholar] [CrossRef] [PubMed]

	12. 
Peredo-Escárcega, A.E.; Guarner-Lans, V.; Pérez-Torres, I.; Ortega-Ocampo, S.; Carreón-Torres, E.; Castrejón-Tellez, V.; Díaz-Díaz, E.; Rubio-Ruiz, M.E. The combination of resveratrol and quercetin attenuates metabolic syndrome in rats by modifying the serum fatty acid composition and by upregulating SIRT 1 and SIRT 2 expression in white adipose tissue. Evid. Based Complement. Altern. Med. 2015. [Google Scholar] [CrossRef] [PubMed]

	13. 
Rivera, L.; Morón, R.; Zarzuelo, A.; Galisteo, M. Long term resveratrol administration reduces metabolic disturbances and lowers blood pressure in obese Zucker rats. Biochem. Pharmacol. 2009, 77, 1053–1063. [Google Scholar] [CrossRef] [PubMed]

	14. 
Panchal, S.K.; Poudyal, H.; Brown, L. Quercetin ameliorates cardiovascular, hepatic, and metabolic changes in diet-induced metabolic syndrome in rats. J. Nutr. 2012, 142, 1026–1032. [Google Scholar] [CrossRef] [PubMed]

	15. 
Qiang, L.; Wang, L.; Kon, N.; Zhao, W.; Lee, S.; Zhang, Y.; Rosenbaum, M.; Zhao, Y.; Gu, W.; Farmer, S.R.; et al. Brown remodeling of white adipose tissue by SirT1-dependent deacetylation of PPARγ. Cell 2012, 150, 620–632. [Google Scholar] [CrossRef] [PubMed]

	16. 
McGown, C.; Birerdinc, A.; Younossi, Z.M. Adipose tissue as an endocrine organ. Clin. Liver Dis. 2014, 18, 41–58. [Google Scholar] [CrossRef] [PubMed]

	17. 
Townsend, K.L.; Tseng, Y.H. Brown fat fuel utilization and thermogenesis. Trends Endocrinol. Metab. 2014, 25, 168–177. [Google Scholar] [CrossRef] [PubMed]

	18. 
Thompson, M.P.; Kim, D. Links between fatty acids and expression of UCP2 and UCP3 mRNAs. FEBS Lett. 2004, 568, 4–9. [Google Scholar] [CrossRef] [PubMed]

	19. 
Kelly, L.J.; Vicario, P.P.; Thompson, G.M.; Candelore, M.R.; Doebber, T.W.; Ventre, J.; Wu, M.S.; Meurer, R.; Forrest, M.J.; Conner, M.W.; et al. Peroxisome proliferator-activated receptors γ and α mediate in vivo regulation of uncoupling protein (UCP-1, UCP-2, UCP-3) gene expression. Endocrinology 1998, 139, 4920–4927. [Google Scholar] [CrossRef] [PubMed]

	20. 
Schrauwen, P.; Hoeks, J.; Hesselink, M.K. Putative function and physiological relevance of the mitochondrial uncoupling protein-3: Involvement in fatty acid metabolism? Prog. Lipid Res. 2006, 45, 17–41. [Google Scholar] [CrossRef] [PubMed]

	21. 
Arias, N.; Macarulla, M.T.; Aguirre, L.; Milton, I.; Portillo, M.P. The combination of resveratrol and quercetin enhances the individual effects of these molecules on triacylglycerol metabolism in white adipose tissue. Eur. J. Nutr. 2016, 55, 341–348. [Google Scholar] [CrossRef] [PubMed]

	22. 
Javiya, V.A.; Patel, J.A. The role of peroxisome proliferator-activated receptors in human disease. Indian J. Pharmacol. 2006, 38, 243–253. [Google Scholar]

	23. 
Eseberri, I.; Miranda, J.; Lasa, A.; Churruca, I.; Portillo, M.P. Doses of quercetin in the range of serum concentrations exert delipidating effects in 3T3-L1 preadipocytes by acting on different stages of adipogenesis, but not in mature adipocytes. Oxid. Med. Cell. Longev. 2015. [Google Scholar] [CrossRef] [PubMed]

	24. 
Kim, B.; Choi, Y.E.; Kim, H.S. Eruca sativa and its flavonoid components, quercetin and isorhamnetin, improve skin barrier function by activation of peroxisome proliferator-activated receptor (PPAR)-α and suppression of inflammatory cytokines. Phytother. Res. 2014, 28, 1359–1366. [Google Scholar] [CrossRef] [PubMed]

	25. 
Sun, X.; Yamasaki, M.; Katsube, T.; Shiwaku, K. Effects of quercetin derivatives from mulberry leaves: Improved gene expression related hepatic lipid and glucose metabolism in short-term high-fat fed mice. Nutr. Res. Pract. 2015, 9, 137–143. [Google Scholar] [CrossRef] [PubMed]

	26. 
Takizawa, Y.; Nakata, R.; Fukuhara, K.; Yamashita, H.; Kubodera, H.; Inoue, H. The 4′-hydroxyl group of resveratrol is functionally important for direct activation of PPARα. PLoS ONE 2015, 10, e0120865. [Google Scholar] [CrossRef] [PubMed]

	27. 
Rubio, M.E.; Baños, G.; Díaz, E.; Guarner, V. Effect of age on insulin-induced endothelin release and vasoreactivity in hypertriglyceridemic and hypertensive rats. Exp. Gerontol. 2006, 41, 282–288. [Google Scholar] [CrossRef] [PubMed]

	28. 
Bradford, M.M. A rapid and sensitive method for the quantitation of microgramquantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	29. 
López, Y.R.; Pérez-Torres, I.; Zúñiga-Muñoz, A.; Lans, V.G.; Díaz-Díaz, E.; Castro, E.S.; Espejel, R.V. Effect of glycine on adipocyte hypertrophy in a metabolic syndrome rat model. Curr. Drug Deliv. 2016, 13, 158–169. [Google Scholar] [CrossRef] [PubMed]





















© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png





nav.xhtml


  ijms-17-01069


  
    		
      ijms-17-01069
    


  




  





media/file3.png
UCP2 expression
(AUIGAPDH)

NN W W
O(thUl
H
}_4

(o]
— MetS

S =~ 2
o o o

o
o

— ——
Witho! RSV 10 + RSV 50 +
Treatment QRC 0.19 QRC 0.95

Without treatment RSV 10 +QRC 0.19 RSV 50 +QRC 0.95

ucrz T B = -m-'
T el L L p———

Without treatment RSV 10 + QRC 0.19 RSV 50 + QRC 0.95
' L A

ucp2 .” ” “-.u'..u'
CAPDH i e W - -






media/file0.png
Relative Ucp2 mRNA

expression

(A)

Relative Ucp2 mRNA

expression

<
4
4
g5
~ -9
g8
S2
S
£5
=
©
o
Without
MetS treatment
20 p=0.0002
i
p=0.0001
15
10 p=0.0265 p=0.028
5
0 i
c MetS RSV10+ RSV 50+
QRC0.19 QRC0.95

©)

RSV 10+
QRC0.19

(B)

RSV 50+
QRC 0.95





media/file1.png
2 0

<
c

- o
uoissaidxa
YNYW £d9N dAneey

0 o

2 @
-

- o
uoissaldxa
VNYW £don aAnejRy

23
33
ig
g

RSV 10+

Without

treatment

QRC0.19

(B)

MetS

e i}
- o

uoissaidxa
<szm8:w>=m_wm

0.0

RSV 50+
QRC0.19 QRC0.95

RSV 10+

MetS

)

C

(





media/file2.png
®

s 5 °
= B s
35 2 x
8% 58
534 F ¢
T3 e
< Y =
<= % <
& 2 g 2
1
° Without RSV 10+ RSV 50+ 0 out RSV 10+ RSV 50 +
Treatment QRC 0.19 QRC 0.95 Treatment QRC 0.19 QRC 0.95
(A) (B)
Without treatment RSV 10 + QRC 0.19 RSV 50 + QRC 0.95 Without treatment RSV 10 + QRC 0.1 RSV 50 + QRC 0.95
PP e S o el T T - — - -
PPAR-y il T W e e Gy 0 o9 PPARy WIS hy e e e SR B

CAPDH | e g G O o S S0 o |
©) (D)

GAPDH [





