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Abstract
Background
High-fat (HF) diet feeding usually leads to hyperphagia and body weight gain, but macronutrient proportions in the diet can modulate energy intake and fat deposition. The mechanisms of fat accumulation and mobilization may differ significantly between depots, and gender can also influence these differences.

Aim
To investigate, in rats of both sexes, the effect of an isocaloric intake of a diet with an unbalanced proportion of macronutrients on fatty acid composition of visceral and subcutaneous adipose tissues and how this is influenced by both dietary fatty acids and levels of proteins involved in tissue lipid handling.

Methods
Eight-week-old Wistar rats of both sexes were fed a control diet (3% w/w fat) or high-fat diet (30% w/w fat) for 14 weeks. Fatty acid composition was analyzed by gas-chromatography and levels of LPL, HSL, α2-AR, β3-AR, PKA and CPT1 were determined by Western blot.

Results
The HF diet did not induce hyperphagia or body weight gain, but promoted an increase of adiposity index only in male rats. HF diet produced an increase of the proportion of MUFA and a decrease in that of PUFA in both adipose depots and in both sexes. The levels of proteins involved in the adrenergic control of the lipolytic pathway increased in the gonadal fat of HF females, whereas LPL levels increased in the inguinal fat of HF males and decreased in that of females.

Conclusion
Sexual dimorphism in adiposity index reflects a differential sex response to dietary fatty acid content and could be related to the levels of the proteins involved in tissue lipid management.
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The online version of this article (doi:10.​1186/​1476-511X-10-52) contains supplementary material, which is available to authorized users.

Abbreviations
ARadrenergic receptor


CPT1carnitine palmitoyltransferase 1


HFhigh-fat


HSLhormone sensitive lipase


LPLlipoprotein lipase


MUFAmonounsaturated fatty acid


PKAprotein kinase A


PPARperoxisome proliferator-activated receptor


PUFApolyunsaturated fatty acid


SCD1stearoyl-CoA desaturase 1


SFAsaturated fatty acid.




Introduction
Adipose tissue has traditionally been considered the primary site for whole body energy storage, but is also a metabolically active tissue with endocrine functions that secretes a variety of cytokines and hormones [1]. Distinct fat regions have different metabolic activities and biological functions, and an excess of intra-abdominal fat may have a greater impact on lipid and glucose metabolism and on cardiovascular health than subcutaneous fat [2–4].
The amount of fat deposited at any specific adipose tissue site reflects the balance between rates of lipolysis, fatty acid uptake and lipogenesis [5]. These processes may differ between depots and depends on the regulation of several enzymes. LPL is the rate-limiting enzyme for the mobilization of lipid from plasma lipoprotein, determining triacylglycerol accumulation in adipose tissue [6]. HSL, the enzyme involved in lipolytic activity, is activated by hormones such as catecholamines, and its action depends on the balance between beta and alpha receptors in specific adipose tissue sites [7]. Carnitine palmitoyltransferase 1 (CPT1) plays a key role in lipid oxidation through the transport of long chain fatty acids across mitochondrial membranes [8]. The variations in tissue fatty acid uptake and lipolytic activity between fat depots have been shown to be sex dependent and could be factors determining whether excess fat is stored subcutaneously or intra-abdominally [9–12].
Diet composition is known to influence energy intake and body weight changes in rats and humans [13]. High-fat (HF) diets cause an imbalance of energy homeostasis leading to an increase in body fat deposition and are often associated with several morbidities, such as cardiovascular diseases or type 2 diabetes [14]. There is evidence suggesting that not only the quantity but also the quality of dietary fat may influence adipose tissue composition [15]. The proportions in which fatty acids appear in adipose tissue may have a significant importance in the pathophysiology of this tissue [16]. Moreover, fatty acids are recognized as important metabolic effectors that regulate gene expression of the proteins involved in lipid and carbohydrate metabolism [17, 18].
Taking into account that body composition and fat distribution are sex dependent and are also affected by nutrient proportion in diet, the aim of the present study was to determine whether the macronutrient composition of the diet affects the profile of fatty acid composition of rat gonadal and inguinal adipose tissues in a sex dependent manner. We further analyzed the influence of both dietary fatty acids and levels of proteins involved in tissue fatty acid uptake and release on adiposity in both sexes.

Materials and methods
Materials
Gas liquid chromatography internal (heptadecanoic acid) and external (fatty acid methyl ester mixture) standards and capillary column SP-2330 were from Sigma-Aldrich (St Louis, MO, USA). Rabbit antibody against PKA and goat antibodies against α2- and β3-AR were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit antibody for CPT1 was obtained from Alpha Diagnostic International (San Antonio, Texas, USA). Rabbit antibody for HSL was kindly provided by Dr. F.B. Kraemer and chicken antibody for LPL was previously developed in our laboratory [19]. Enhanced chemiluminescence western blotting analysis reagents were supplied by Amersham (Little Chalfont, UK). The kit for serum cholesterol measurement was purchased from Linear Chemicals SL (Barcelona, Spain). Accutrend® GCT-meter and triacylglyceride and glucose test strips were purchased from Roche Diagnostics (Basel, Switzerland). Non-esterified fatty acid assay kit was obtained from Wako Chemicals (Osaka, Japan). Routine chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) and Panreac (Barcelona, Spain). Both control and high-fat diets were obtained from Panlab (Barcelona, Spain).

Animals and diets
Animal experiments were performed in accordance with general guidelines approved by our institutional ethics committee and EU regulations (86/609/CEE and 2003/65/CE). Eight-week-old Wistar rats (Charles River, Barcelona, Spain), 14 males and 14 females, were housed two per cage with free access to food and water in a temperature controlled room (22°C) under a 12 h light/dark cycle. For each sex, rats were divided into 2 experimental groups: the control group (rats fed a pelleted control diet) and the high-fat (HF) group (rats fed a pelleted high-fat diet). The content of protein, carbohydrate and fat in the control diet represented 18.7%, 73.3% and 8.0%, respectively, of the total energy content of the diet. In the HF diet, protein, carbohydrate and fat were 13.5%, 31.3% and 55.2%, respectively, of the total energy content of the diet. Diet composition is shown in Table 1.Table 1Nutrient composition of diets


	 	Control diet
	HF diet

	Fat
	2.90
	 	30.0
	 
	   C14:0
	nd
	 	0.53
	(1.77)

	   C16:0
	0.47
	(16.2)
	7.70
	(25.7)

	   C18:0
	0.13
	(4.48)
	5.30
	(17.7)

	   C16:1n-7
	0.04
	(1.38)
	1.10
	(3.67)

	   C18:1n-9
	0.65
	(22.4)
	13.3
	(44.3)

	   C18:2n-6
	1.40
	(48.3)
	3.60
	(12.0)

	   C18:3n-3
	0.12
	(4.14)
	nd
	 
	   SFA
	0.60
	(20.7)
	13.0
	(43.3)

	   MUFA
	0.70
	(24.1)
	14.0
	(46.7)

	   PUFA
	1.50
	(51.7)
	3.00
	(10.0)

	   ΣSFA/ΣMUFA
	0.86
	 	0.93
	 
	   ΣSFA/ΣPUFA
	0.40
	 	4.33
	 
	Protein
	15.5
	 	16.6
	 
	Carbohydrate
	60.5
	 	20.6
	 
	Fiber
	3.90
	 	3.60
	 
	Mineral mix
	5.30
	 	3.50
	 
	Vitamin mix
	1.00
	 	0.80
	 
	Energy content
	1410
	 	2106
	 

Nutrient composition and energy content of the diets are given in g/100 g and KJ/100 g of diet, respectively. The percentage of each fatty acid with respect to the total amount of fat of the diet is indicated in parentheses. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. nd: not detected.



Energy intake and body weight were determined weekly and fortnightly, respectively, throughout the 14 weeks of the experiment. Rats were sacrificed by decapitation after a 12-hour period of fasting. Gonadal and inguinal fat depots were removed, weighed, immediately frozen in liquid nitrogen and stored at -80°C until analyzed.

Adipose tissue composition and fatty acid analysis
Adipose tissue samples were homogenized with a Teflon/glass homogenizer in Tris sucrose buffer (5 mM Tris-HCl, 0.25 mM sucrose, 2 mM EGTA, pH 7.4) and protein and DNA content were determined [20, 21]. Aliquots of homogenates were used for western blot analysis. Lipids were extracted from adipose tissue samples by the method of Folch et al. [22]. Fatty acids in the extract were determined as previously described [23, 24]. The relative amount of a given fatty acid was expressed as the percentage of its integrated chromatogram peak area with respect to the total area of fatty acids that were identified (C14:0, C16:0, C18:0, C20:0, C16:1n-7, C18:1n-9, C18:2n-6, C18:3n-3). SFA was defined as the sum of C14:0, C16:0, C18:0 and C20:0. MUFA was defined as the sum of C16:1n-7 and C18:1n-9. PUFA was defined as the sum of C18:2n-6 and C18:3n-3. Owing to their low levels, not all fatty acids were quantifiable in all samples.

Western blot analysis of adipose tissue LPL, HSL, α2-AR, β3-AR, PKA and CPT1 protein levels
50 μg (CPT1), 40 μg (LPL, HSL) or 25 μg (α 2-AR, β3-AR, PKA) of protein were fractionated on 8-10% SDS-PAGE gels and electrotransferred onto nitrocellulose filters. Membranes were incubated overnight at 4°C (HSL, α2- AR, β3- AR, PKA, CPT1) or for 1 hour at room temperature (LPL) in blocking solution. Development of the immunoblots was performed using an enhanced chemiluminescence kit. Bands were visualized with the ChemiDoc XRS System (Bio-Rad, Hercules, CA, USA) and analyzed with the image analysis program Quantity One (Bio-Rad, Hercules, CA, USA). Bands revealed an apparent molecular mass of 60, 84, 55, 58, 42 and 88 KDa for LPL, HSL, α2-AR, β3-AR, PKA and CPT1, respectively.

Statistical analysis
The results are presented as mean values ± SEM of 7 animals per group. Statistical tests were performed using a statistical software package (SPSS version 17 for windows, Inc., Chicago, IL, USA). Statistical differences between experimental groups were analyzed by two-way analysis of variance (ANOVA). Student's t-test was performed as post-hoc comparison when an interactive effect of sex and diet was shown. A p < 0.05 was considered statistically significant. Pearson's correlations coefficients were used to analyze the association between tissue fatty acid composition and adiposity index or dietary fatty acids.


Results
Food, energy and macronutrient intake
Food intake of HF animals was lower than that of controls, but due to the high caloric content of the HF diet, the energy intake was slightly higher than controls (Table 2). Food, energy and protein and lipid intake were higher in female rats than in males. In both sexes, the consumption of HF diet reduced the intake of carbohydrates (75% of decrease) and proteins (20% of decrease) and augmented that of lipids (eight fold increase). The intake of individual fatty acids was also significantly increased in HF animals compared to controls, mainly that of SFA and MUFA (fifteen fold increase), whereas the consumption of PUFA was increased almost twice.Table 2Daily food, energy and macronutrient intake


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Food intake (g/kg BW0.75)
	42.6 ± 0.9
	31.1 ± 0.8
                                a
                              
	44.9 ± 1.4
	33.7 ± 0.8
                                a, b
                              
	S, D

	Energy intake (kJ/kg BW0.75)
	605 ± 11
	663 ± 18
                                a
                              
	634 ± 21
	716 ± 15
                                a, b
                              
	S, D

	Carbohydrate intake (g/kg BW0.75)
	25.8 ± 0.5
	6.41 ± 0.17
                                a
                              
	27.2 ± 0.8
	6.94 ± 0.16
                                a
                              
	D

	Protein intake (g/kg BW0.75)
	6.56 ± 0.13
	5.16 ± 0.14
                                a
                              
	6.92 ± 0.21
	5.59 ± 0.13
                                a, b
                              
	S, D

	Lipids intake (g/kg BW0.75)
	1.23 ± 0.03
	9.24 ± 0.25
                                a
                              
	1.30 ± 0.04
	10.0 ± 0.2
                                a, b
                              
	S, D

	   C14:0 (mg/kg BW0.75)
	-
	165 ± 4
	-
	179 ± 4
	-

	   C16:0 (mg/kg BW0.75)
	200 ± 4
	2394 ± 65
                                a
                              
	211 ± 6
	2594 ± 61
                                a, b
                              
	S, D, SxD

	   C18:0 (mg/kg BW0.75)
	55.4 ± 1.1
	1648 ± 45
                                a
                              
	58.4 ± 1.8
	1786 ± 42
                                a, b
                              
	S, D, SxD

	   C16:1n-7 (mg/kg BW0.75)
	17.0 ± 0.3
	342 ± 9
                                a
                              
	17.9 ± 0.6
	371 ± 9
                                a, b
                              
	S, D, SxD

	   C18:1n-9 (mg/kg BW0.75)
	277 ± 6
	4136 ± 112
                                a
                              
	292 ± 9
	4481 ± 105
                                a, b
                              
	S, D, SxD

	   C18:2n-6 (mg/kg BW0.75)
	596 ± 12
	1120 ± 31
                                a
                              
	629 ± 19
	1213 ± 28
                                a, b
                              
	S, D

	   C18:3n-3 (mg/kg BW0.75)
	53.9 ± 1.7
	-
	51.1 ± 1.0
	-
	-

	   SFA (mg/kg BW0.75)
	256 ± 5
	4043 ± 110
                                a
                              
	266 ± 9
	4379 ± 102
                                a, b
                              
	S, D, SxD

	   MUFA (mg/kg BW0.75)
	299 ± 6
	4354 ± 118
                                a
                              
	314 ± 10
	4717 ± 110
                                a, b
                              
	S, D, SxD

	   PUFA (mg/kg BW0.75)
	639 ± 13
	933 ± 25
                                a
                              
	674 ± 21
	1011 ± 24
                                a, b
                              
	S, D


Values are expressed as the mean ± S.E.M. of 7 animals per group. BW, body weight. ANOVA (p < 0.05): S, sex effect; D, diet effect; SxD, interactive effect; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.




Serum lipid profile and glucose
The consumption of the HF diet decreased serum triacylglycerols in both sexes and free fatty acid levels only in male rats (Table 3). Glucose and cholesterol levels were lower in female rats than in males. Glucose levels were not modified by HF feeding.Table 3Serum lipid profile and glucose


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Triacylglycerols
	2.48 ± 0.16
	2.08 ± 0.15
	2.90 ± 0.41
	2.05 ± 0.27
	D

	Free fatty acids
	0.906 ± 0.043
	0.665 ± 0.037
                                a
                              
	0.928 ± 0.081
	0.948 ± 0.046
                                b
                              
	S, D, SxD

	Total cholesterol
	1.74 ± 0.12
	1.63 ± 0.15
	1.50 ± 0.10
	1.26 ± 0.14
                                b
                              
	S

	Glucose
	8.20 ± 0.27
	8.10 ± 0.60
	6.62 ± 0.28
                                b
                              
	7.00 ± 0.32
	S


Values are expressed in mM and are the mean ± S.E.M. of 7 animals per group. ANOVA (p < 0.05): S, sex effect; D, diet effect; SxD, interactive effect; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.




Weight and composition of adipose tissue depots
Consumption of HF diet did not modify body weight in either sex (Table 4). In response to HF diet, only male rats increased fat depots and adiposity.Table 4Body weight, adiposity index and adipose tissue composition


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Body weight (g)
	452 ± 9
	470 ± 13
	257 ± 8
                                b
                              
	263 ± 3
                                b
                              
	S

	Adiposity index (%)
	5.55 ± 0.57
	9.16 ± 0.67
                                a
                              
	5.78 ± 0.67
	6.40 ± 0.71
                                b
                              
	D, SxD

	Gonadal fat
	 	 	 	 	 
	   Weight (g/kg BW)
	16.8 ± 2.0
	28.8 ± 2.4
                                a
                              
	18.7 ± 2.8
	24.5 ± 3.4
	D

	   DNA (mg/g)
	19.4 ± 2.3
	12.5 ± 0.9
                                a
                              
	10.8 ± 1.2
                                b
                              
	11.8 ± 0.5
	S, D, SxD

	   Protein (mg/g)
	4.33 ± 0.39
	3.79 ± 0.16
	5.28 ± 0.41
	4.03 ± 0.38
                                a
                              
	D

	(mg/mg DNA)
	0.231 ± 0.025
	0.311 ± 0.024
                                a
                              
	0.497 ± 0.033
                                b
                              
	0.342 ± 0.029
                                a
                              
	S, SxD

	   Lipids (mg/g)
	144 ± 11
	174 ± 17
	176 ± 15
	130 ± 12
                                a, b
                              
	SxD

	(mg/mg DNA)
	8.31 ± 1.36
	13.4 ± 1.2
                                a
                              
	14.6 ± 1.9
                                b
                              
	10.6 ± 1.2
	SxD

	Inguinal fat
	 	 	 	 	 
	   Weight (g/kg BW)
	17.1 ± 1.7
	24.8 ± 2.5
                                a
                              
	15.7 ± 1.7
	17.1 ± 2.0
                                b
                              
	S, D

	   DNA (mg/g)
	7.70 ± 1.45
	8.87 ± 0.87
	11.4 ± 2.59
	7.73 ± 0.49
	NS

	   Protein (mg/g)
	9.71 ± 1.86
	5.67 ± 0.42
                                a
                              
	15.0 ± 2.2
	8.73 ± 1.15
                                a, b
                              
	S, D

	(mg/mg DNA)
	1.15 ± 0.27
	0.669 ± 0.087
                                a
                              
	1.39 ± 0.14
	1.14 ± 0.12
                                b
                              
	S, D

	   Lipids (mg/g)
	158 ± 10
	103 ± 21
                                a
                              
	138 ± 8
	159 ± 10
                                b
                              
	SxD

	(mg/mg DNA)
	15.4 ± 2.2
	22.3 ± 5.3
	14.0 ± 5.3
	18.0 ± 2.5
	NS


Adiposity index was calculated as the sum of the weight of lumbar, gonadal, inguinal and mesenteric fat depots expressed as a percentage with respect to body weight. Values are expressed as the mean ± S.E.M. of 7 animals per group. BW, body weight. ANOVA (p < 0.05): S, sex effect; D, diet effect; SxD, interactive effect; NS, non significant; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.



Protein content was lower in HF rats than in controls with the exception of gonadal fat of males when expressed per cell. In inguinal depot, protein content was higher in female rats than in males but no effects of sex or diet were observed in DNA content. DNA levels of gonadal fat were lower in female rats compared to males and decreased only in males in response to dietary treatment. HF diet brought about a decrease of lipid content only in gonadal fat of female rats.

Fatty acid composition of adipose tissue depots
In both fat depots of control rats, C16:0 was the main fatty acid followed in percentage by C18:1n-9 and C18:2n-6 (Table 5). In contrast, in HF animals the main fatty acid of both gonadal and inguinal tissues was C18:1n-9 followed in percentage by C16:0 and C18:2n-6. With the HF diet consumption, MUFA increased and PUFA decreased in both adipose tissues of both sexes, while SFA increased in the inguinal depot but did not change in the gonadal one. Accordingly, in both fat depots the SFA to MUFA ratio was lower while the SFA to PUFA ratio was higher in HF rats of both sexes. In both adipose tissues, dietary treatment increased C18:0 and C18:1n-9 proportions and decreased those of C18:2n-6. Sex effects were mostly observed in inguinal fat. Thus, MUFA content was higher in female rats than in males (due mainly to the proportion of C18:1n-9); the PUFA content of control females was lower than that of males and decreased to similar values in both sexes with the dietary treatment; the increased C18:0 content induced by HF diet feeding was higher in female rats than in males.Table 5Fatty acid composition of gonadal and inguinal adipose tissue depots


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Gonadal fat
	 	 	 	 	 
	   C14:0
	2.63 ± 0.15
	1.90 ± 0.07
                                a
                              
	2.35 ± 0.16
	2.85 ± 1.18
                                b
                              
	S, SxD

	   C16:0
	30.9 ± 1.4
	30.8 ± 0.4
	33.7 ± 0.4
                                b
                              
	33.0 ± 1.2
	S

	   C18:0
	4.24 ± 0.59
	5.74 ± 0.22
                                a
                              
	3.8 ± 0.3
	5.2 ± 0.6
                                a
                              
	D

	   C20:0
	1.16 ± 0.19
	0.442 ± 0.021
                                a
                              
	1.04 ± 0.02
	0.481 ± 0.064
                                a
                              
	D

	   C16:1n-7
	6.30 ± 0.51
	3.27 ± 0.07
                                a
                              
	5.6 ± 0.5
	4.4 ± 0.6
	D

	   C18:1n-9
	28.9 ± 3.2
	46.4 ± 0.4
                                a
                              
	30.6 ± 0.8
	39.2 ± 2.5
                                a, b
                              
	D, SxD

	   C18:2n-6
	23.5 ± 2.4
	10.7 ± 0.2
                                a
                              
	22.4 ± 0.3
	12.2 ± 1.3
                                a
                              
	D

	   C18:3n-3
	0.247 ± 0.032
	0.267 ± 0.018
	0.177 ± 0.013
	0.230 ± 0.040
	NS

	   SFA
	39.1 ± 1.5
	39.0 ± 0.4
	41.3 ± 1.3
	41.7 ± 1.3
                                b
                              
	S

	   MUFA
	35.3 ± 3.4
	49.9 ± 0.4
                                a
                              
	36.3 ± 0.7
	43.8 ± 2.6
                                a
                              
	D

	   PUFA
	23.7 ± 2.4
	11.0 ± 0.2
                                a
                              
	22.6 ± 0.3
	12.4 ± 1.2
                                a
                              
	D

	   ΣSFA/ΣMUFA
	1.18 ± 0.16
	0.782 ± 0.014
                                a
                              
	1.14 ± 0.04
	0.978 ± 0.093
	D

	   ΣSFA/ΣPUFA
	1.76 ± 0.22
	3.56 ± 0.09
                                a
                              
	1.83 ± 0.04
	3.56 ± 0.42
                                a
                              
	D

	Inguinal fat
	 	 	 	 	 
	   C14:0
	2.90 ± 0.44
	2.39 ± 0.11
	2.62 ± 0.14
	2.61 ± 0.17
	NS

	   C16:0
	30.5 ± 0.9
	31.9 ± 0.7
	32.0 ± 0.4
	29.9 ± 0.5
                                a, b
                              
	SxD

	   C18:0
	3.03 ± 0.16
	5.77 ± 0.16
                                a
                              
	2.96 ± 0.22
	7.04 ± 0.19
                                a, b
                              
	S, D, SxD

	   C20:0
	1.22 ± 0.03
	0.431 ± 0.035
                                a
                              
	1.02 ± 0.03
                                b
                              
	0.387 ± 0.015
                                a
                              
	S, D, SxD

	   C16:1n-7
	6.68 ± 0.59
	3.68 ± 0.22
                                a
                              
	6.69 ± 0.43
	3.72 ± 0.21
                                a
                              
	D

	   C18:1n-9
	27.7 ± 0.8
	42.1 ± 0.9
                                a
                              
	30.7 ± 0.8
                                b
                              
	44.4 ± 0.6
                                a, b
                              
	S, D

	   C18:2n-6
	27.8 ± 0.6
	10.9 ± 0.5
                                a
                              
	23.8 ± 0.4
                                b
                              
	10.9 ± 0.2
                                a
                              
	S, D, SxD

	   C18:3n-3
	0.307 ± 0.075
	0.264 ± 0.085
	0.165 ± 0.011
	0.345 ± 0.054
	NS

	   SFA
	38.0 ± 1.3
	40.8 ± 0.8
                                a
                              
	39.0 ± 0.6
	40.3 ± 0.7
	D

	   MUFA
	34.5 ± 0.5
	46.0 ± 1.1
                                a
                              
	37.5 ± 1.0
                                b
                              
	48.4 ± 0.6
                                a, b
                              
	S, D

	   PUFA
	28.1 ± 0.6
	11.2 ± 0.5
                                a
                              
	23.9 ± 0.4
                                b
                              
	11.3 ± 0.2
                                a
                              
	S, D, SxD

	   ΣSFA/ΣMUFA
	1.11 ± 0.05
	0.891 ± 0.034
                                a
                              
	1.05 ± 0.05
	0.833 ± 0.024
                                a
                              
	D

	   ΣSFA/ΣPUFA
	1.36 ± 0.07
	3.72 ± 0.23
                                a
                              
	1.63 ± 0.04
	3.58 ± 0.10
                                a
                              
	D


Fatty acid content was expressed as a percentage of its integrated chromatogram peak area with respect to the total area of fatty acids that were identified (C14:0, C16:0, C18:0, C20:0, C16:1n-7, C18:1n-9, C18:2n-6, C18:3n-3). Values are expressed as the mean ± S.E.M. of 7 animals per group. ANOVA (p < 0.05): S, sex effect; D, diet effect; SxD, interactive effect; NS, non significant; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.



Fatty acid desaturation indexes (16:1/16:0 and 18:1/18:0) decreased in response to HF diet feeding in both sexes and in both depots (Table 6), except the 18:1/18:0 ratio which did not change in HF animals.Table 6Lipid desaturation indexes in gonadal and inguinal adipose tissue depots


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Gonadal fat
	 	 	 	 	 
	   16:1/16:0
	0.207 ± 0.020
	0.106 ± 0.002
                                a
                              
	0.171 ± 0.012
	0.135 ± 0.020
	D, SxD

	   18:1/18:0
	7.49 ± 1.10
	8.14 ± 0.29
	8.66 ± 0.56
	8.14 ± 1.02
	NS

	Inguinal fat
	 	 	 	 	 
	   16:1/16:0
	0.217 ± 0.015
	0.115 ± 0.007
                                a
                              
	0.181 ± 0.032
	0.111 ± 0.015
                                a
                              
	D

	   18:1/18:0
	9.25 ± 0.49
	7.34 ± 0.30
                                a
                              
	9.24 ± 1.74
	5.68 ± 0.69
                                a, b
                              
	D, SxD


Values are expressed as the mean ± S.E.M. of 7 animals per group. ANOVA (p < 0.05): D, diet effect; SxD, interactive effect; NS, non significant; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.




Levels of proteins involved in adipose tissue lipid uptake and mobilization
In gonadal fat, HSL, α2-AR and β3-AR levels were higher in control female rats than in males (Table 7). In this depot, HF diet feeding induced an increase of β3-AR and PKA levels and a decrease of CPT1 content and α2-AR/β3-AR ratio in both sexes; α2-AR levels decreased in HF female rats. LPL levels did not change between sexes or in response to dietary treatment.Table 7Levels of proteins involved in adipose tissue lipid uptake and mobilization


	 	Male
	Female
	 
	 	Control
	HF
	Control
	HF
	ANOVA

	Gonadal fat
	 	 	 	 	 
	   CPT1
	100 ± 18
	55.2 ± 2.1
                                a
                              
	83.4 ± 8.0
	64.6 ± 12
	D

	   LPL
	100 ± 8
	89.8 ± 13.8
	71.4 ± 10.6
	84.4 ± 12.1
	NS

	   HSL
	100 ± 14
	58.4 ± 11.0
	135 ± 17
	154 ± 32
                                b
                              
	S

	   PKA
	100 ± 8
	131 ± 17
	90.9 ± 8.2
	131 ± 16
                                a
                              
	D

	   α2-AR
	100 ± 7
	103 ± 4
	132 ± 7
                                b
                              
	99.8 ± 12.8
                                a
                              
	SxD

	   β3-AR
	100 ± 12
	127 ± 8
                                a
                              
	137 ± 9
                                b
                              
	155 ± 5
                                b
                              
	S, D

	   α2/β3- AR
	1.05 ± 0.11
	0.82 ± 0.05
                                a
                              
	0.97 ± 0.06
	0.64 ± 0.06
                                a
                              
	D

	Inguinal fat
	 	 	 	 	 
	   CPT1
	100 ± 23
	34.8 ± 7.6
                                a
                              
	39.6 ± 11.4
                                b
                              
	24.2 ± 7.6
	S, D

	   LPL
	100 ± 23
	344 ± 35
                                a
                              
	204 ± 36
                                b
                              
	133 ± 36
                                b
                              
	D, SxD

	   HSL
	100 ± 37
	88.8 ± 32.0
	97.0 ± 15.4
	98.7 ± 37.6
	NS

	   PKA
	100 ± 27
	100 ± 12
	105 ± 16
	97 ± 18
	NS

	   α2-AR
	100 ± 4
	89.0 ± 3.1
	72.9 ± 7.7
                                b
                              
	75.6 ± 10.3
	S

	   β3-AR
	100 ± 10
	94.5 ± 5.7
	110 ± 9
	84.3 ± 5.5
	NS

	   α2/β3- AR
	1.03 ± 0.08
	0.98 ± 0.07
	0.81 ± 0.15
	0.91 ± 0.11
	NS


Values are expressed in arbitrary units (AU). Mean values of control male rat were set as 100%. Values are expressed as the mean ± S.E.M. of 7 animals per group. ANOVA (p < 0.05): S, sex effect; D, diet effect; SxD, interactive effect; NS, non significant; Student's t-test (p < 0.05): 
                          a
                        HF vs Control, 
                          b
                        Female vs Male.



Inguinal depot of control female rats showed higher levels of LPL and lower levels of α2-AR and CPT1 than males. HF diet feeding increased LPL but decreased CPT1 levels in male rats. LPL content decreased in HF female rats. HSL, β3-AR, PKA and α2-AR/β3-AR ratio did not change either between sexes or in response to HF diet.

Correlations between fatty acid content in adipose tissue depots and fatty acid intake or adiposity index
In both adipose tissues, PUFA content negatively correlated with its dietary intake when all the experimental animals were included (Figure 1). Correlations between adipose tissue fatty acid content and adiposity index were very similar in both fat depots (Table 8). MUFA and PUFA content were positively and negatively correlated, respectively, with adiposity index in male rats, but not in females. No significant correlations were obtained between SFA tissue content and adiposity index in either sex.[image: A12944_2011_Article_450_Fig1_HTML.jpg]
Figure 1Correlations between PUFA intake and adipose tissue PUFA depot content. Gonadal and inguinal PUFA content is expressed as a percentage with respect to the total fatty acids. Pearson's correlation coefficients (r values) and significance levels are shown.




Table 8Pearson's correlation coefficients between fatty acid content of adipose tissue depots and adiposity index


	Adipose tissue fatty acid content
	Adiposity index

	 	Male
	Female

	Gonadal fat
	 	 
	   SFA
	NS
	NS

	   MUFA
	0.771**
	NS

	   PUFA
	-0.858**
	NS

	Inguinal fat
	 	 
	   SFA
	NS
	NS

	   MUFA
	0.791**
	NS

	   PUFA
	-0.797**
	NS


Fatty acid content was expressed as the percentage of its integrated chromatogram peak area with respect to the total area of fatty acids that were identified (C14:0, C16:0, C18:0, C20:0, C16:1n-7, C18:1n-9, C18:2n-6, C18:3n-3). Adiposity index was calculated as the sum of the weight of lumbar, gonadal, inguinal and mesenteric fat depots expressed as percentage with respect to body weight. Pearson's correlation coefficients (r values) and significance levels are shown. *p < 0.05. **p < 0.01. NS, non significant.




Discussion
In the literature, very few studies focus on both sex- and diet-dependent differences in rat adipose tissue fatty acid composition and on levels of proteins involved in fatty acid uptake and release.
Diet composition controls nutrient partitioning to adipose tissue depots, especially fatty acids [25, 26]. In animals fed with the control diet, the fatty acid proportion in both adipose tissue depots is quite different from that in HF diet, with fat depots showing lower percentages of PUFA and greater proportions of both SFA and MUFA. The accumulation of MUFA and SFA in adipose depots could be related with an enhancement of lipogenic activity derived from increased fatty acid endogenous synthesis from dietary carbohydrates [27–29]. The lower proportion of PUFA in fat depots may be a result of their utilization as precursors of other essential fatty acids and derivates [27, 30] and also of their preferential release and low re-uptake [30]. In addition, ΣSFA/ΣMUFA and ΣSFA/ΣPUFA ratios are lower in control diet compared to adipose tissues, which reinforces the idea of active management and/or storage of dietary fatty acids in both fat depots of control animals.
In contrast to a control situation, the proportion of fatty acids in both adipose depots of HF animals is very similar to that of the HF diet, which could be related to the greater fat availability that the dietary treatment implies. This would lead to maintenance in the tissue of the same fatty acid dietary proportion, because of the preferential storage in adipose tissues of the excess dietary fatty acids, despite their active utilization by adipose tissues. Thus, the relative composition of the HF diet is directly reflected in the relative fatty acid composition of adipose tissues as has been previously reported [24, 30]. Interestingly, when a correlation analysis, including all experimental animals, was performed between fatty acid intake and fatty acid tissue content, a negative association for PUFA was found, which points to increased PUFA utilization in fat depots when PUFA intake is increased. Moreover, our results also point to a depot dependent response of PUFA content to changes in dietary PUFA, as the lower dispersion of these data in the inguinal depot indicates (see cluster distribution of the data in Figure 1B). Thus, the inguinal depot would be more sensitive to changes in diet composition.
Besides, fatty acid desaturation indexes (16:1/16:0 and 18:1/18:0) have been proposed as indicators of stearoyl-CoA desaturase1 (SCD1) activity, the rate limiting enzyme involved in the biosynthesis of MUFA [31, 32] and one of the crucial factors in body fat accumulation [32]. In our study, the decreased desaturation indexes in response to HF diet feeding in both sexes and in both depots could be related with a lower synthesis of MUFA from SFA. In addition, the lower carbohydrate intake and greater fatty acid availability of HF animals compared to controls also suggests a lower lipogenic activity in both adipose depots. In fact, it has been reported that SCD1 activity is elevated by dietary carbohydrate, and mice lacking SCD1 are characterized by decreased fatty acid synthesis and increased fatty acid oxidation [31]. Thus, the diet-induced decrease of the desaturation index observed in this study could be understood as a mechanism to protect the animal from the development of obesity brought on by HF diet feeding. Interestingly, the reduction of 18:1/18:0 ratio in inguinal fat of HF male rats was lower than in females, which could be associated to the greater tissue weight gain shown by males in response to diet. In this sense, the decrease of CPT1 levels in both depots of HF males would reflect lower fatty acid oxidation and would contribute to the sexual dimorphism found in body fat accumulation in response to the HF diet.
Visceral fat accumulation could be considered a risk factor for metabolic syndrome [2]. However, the high proportion of 18:1n-9 in both diets and adipose tissue depots might play a protective role against cardiovascular diseases [27, 33]. Moreover, the reduction of the desaturation index observed in response to HF diet feeding would prevent inflammation in white adipose depots, as previously reported in diet-induced obesity mouse models [34]. In fact, in a previous study using this same experimental model, we reported that this HF diet did not entail either a more pro-inflammatory, pro-atherogenic adipokine or lipid serum profile [35].
The extent to which obesity is induced by diet varies depending on the length of the feeding period and the quality and quantity of dietary fat and the proportion of the other macronutrients in the diet [13, 36]. In the present study we used an unbalanced high-fat diet with a lower carbohydrate content and modified fatty acid composition in comparison with a control diet, which does not induce body weight gain, but promotes body fat accumulation that was sex dependent. The higher adiposity in HF males could be related to their low energy expenditure and whole body oxygen consumption, which we have previously described in the same experimental model [37]. In addition, only male rats show a significant negative correlation between adipose PUFA content and adiposity index in both adipose tissues, which suggests the existence of sex differences in the adipogenic effect of PUFA depending on their dietary content [38]. In this sense, we also found a positive correlation between PUFA intake and adiposity index for male rats (r = 0.881, p < 0.05) but not for females. All in all, our findings are in agreement with the idea of a sex dependent effect of dietary fatty acids on body fat accumulation.
The great body fat accumulation in HF male rats could also be due to sexual differences in the effect of HF diet on serum sex hormones. In fact, HF diets reduce serum testosterone levels [39], which has been associated to increased intra-abdominal fat [40]. However, in female rats, estrogen levels increase in response to HF diet [41], which would prevent variations of adiposity index in this sex. Thus, exogenous administration of estrogens to ovariectomized rats has been reported to limit the increase of adiposity [42].
The changes induced by HF diet feeding on the levels of adipose tissue proteins involved in lipid uptake and mobilization are also both depot- and sex-dependent. Thus, the sex differences observed in inguinal depot weight gain could be attributed, in part, to the differences in LPL levels, which increased in HF male rats and decreased in HF females. Accordingly, a positive correlation between inguinal LPL levels and adiposity index was observed only in male rats (r = 0.631, p < 0.01). In addition, in this tissue, male rats also showed slightly higher levels of the antilypolitic α2-AR, which could also contribute to the greater increase of the size of this depot.
In contrast, the sex dependent changes observed in the gonadal depot weight could be related with differences in lipolytic capacity. In female rats, HF diet induced an increase of proteins involved in the adrenergic control of lipolytic pathway, with a higher α2/β3-AR ratio (Table 7) and a lower LPL/HSL ratio (0.62 ± 0.15 for HF females and 1.75 ± 0.39 for HF males, p < 0.05), contributing to a lesser accumulation of fat in the visceral region of female rats. Although HF male rats also exhibited an increase in the main proteins mediating lipolysis, this effect does not seem to be enough to limit the fat accumulation in the gonadal depot due, in part, to the decreased CPT1 levels, which would compromise the oxidation of fatty acids by promoting their accumulation.
In summary, the HF diet used in this study induced a sex- and depot-dependent increase in adiposity without changes in body weight. The fatty acid content of the HF diet was reflected in the fatty acid tissue composition, as it induced an increase in the proportion of MUFA and a decrease in that of PUFA in both fat depots. The differences in adiposity index between male and female rats reflect the differential sex response to dietary fatty acid content and could be related to the levels of the proteins involved in tissue lipid handling. In male rats, fat accumulation in inguinal tissue is associated to an increased ability for fatty acid uptake, whereas in gonadal tissue it is related to impaired fatty acid oxidation.
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