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Circulating free fatty acids are a reflect of the balance between lipogenesis and lipolysis that takes place mainly in adipose tissue. We have found that mice deficient for RGS4 have increased circulating catecholamines, and increased free fatty acids (FFA). Consequently, RGS4-/-mice have increased concentration of circulating free fatty acids, abnormally accumulate fatty acids in liver, resulting in liver steatosis, and show a higher degree of glucose intolerance, and decreased insulin secretion in pancreas.

We show in this study that RGS4 controls adipose tissue lipolysis through regulation of the secretion of catecholamines by adrenal glands. RGS4 controls the balance between adipose tissue lipolysis and lipogenesis, secondary to its role in the regulation of catecholamine secretion by adrenal glands. RGS4 could be therefore a good target for the treatment of metabolic diseases.

Introduction

although postprandial plasma catecholamine concentration may be higher than in the fasting state, indicating increased sympathetic nervous system activity after meals (reviewed in ( 4)).

Upon binding to β-adrenergic receptors, catecholamines increase intracellular cAMP concentration, resulting in the activation of PKA, which phosphorylates and activates HSL.

Phosphorylation of HSL results in increased hydrolytic activity, and consequently leads to enhanced TG hydrolysis [START_REF] Langin | Adipose tissue lipolysis as a metabolic pathway to define pharmacological strategies against obesity and the metabolic syndrome[END_REF]. Other lipases, such as ATGL are also the final effectors of lipolytic signaling in adipocytes [START_REF] Zimmermann | Fat mobilization in adipose tissue is promoted by adipose triglyceride lipase[END_REF] GPCR specificity (reviewed in [START_REF] Hollinger | Cellular regulation of RGS proteins: modulators and integrators of G protein signaling[END_REF][START_REF] Neubig | Regulators of G-protein signalling as new central nervous system drug targets[END_REF]. RGS4 has been suggested to participate in several physiological processes, such as heart hypertrophy in response to hypertension [START_REF] Grillet | Generation and characterization of Rgs4 mutant mice[END_REF], modulation of neurotransmitter receptors in brain [START_REF] Grillet | Generation and characterization of Rgs4 mutant mice[END_REF], calcium signaling in heart and pancreas [START_REF] Ishii | Ca(2+) elevation evoked by membrane depolarization regulates G protein cycle via RGS proteins in the heart[END_REF], neuronal differentiation (9), or schizophrenia [START_REF] Riley | Molecular genetic studies of schizophrenia[END_REF]. The phenotype of RGS4-/mice could not demonstrate, however the participation of RGS4 in these processes. 

Materials and methods

Animals

Generation of RGS4 -/-mouse line has been previousely described [START_REF] Grillet | Generation and characterization of Rgs4 mutant mice[END_REF]. Only male mice were used. Cruz, CA), and then for 1h at room temperature with a peroxidase conjugate secondary antibody.

The complex was visualized with enhanced chemiluminescence (ECL) (Interchim, France).

Glucose, insulin, free fatty acid, and catecholamine measurements

For 

Lipolysis in vivo

For isoproterenol treatment, mice were fasted for 

Adrenal medulla studies

Catecholamine release was measured from adrenal slices. Mice were killed by cervical dislocation. Acute slices were prepared as reported previously [START_REF] Moser | Rapid exocytosis in single chromaffin cells recorded from mouse adrenal slices[END_REF]. Briefly, after removal, the glands were kept in ice-cold saline for 2 min and embedded in a 5% agarose solution (agarose, type IX-A, Sigma 

Statistical analysis

Data are presented as means ± standard error of the mean (S.E.M). Group means were compared by factorial analysis of variance (ANOVA).

Differences were considered statistically significant at p < 0.05.

Results

Increased fasting FFA in RGS4-/-mice and β-

agonist-induced lipolysis in adipose tissue of RGS4-/-mice

Previous studies showed decreased body weight in RGS4-/-compared to RGS4+/+ mice, suggesting the implication of RGS4 in adipose tissue biology [START_REF] Grillet | Generation and characterization of Rgs4 mutant mice[END_REF]. We therefore first analyzed whole body and relative WAT weights in these mice. No significant differences were observed either in body or in WAT weights (Fig. 1A-B).

In contrast, we found consistent and significantly increased circulating fasting FFA in RGS4-/-compared to RGS4+/+ mice, independent of body or WAT weights (Fig. 1C).

Since no differences in food intake (data not shown), or in WAT weight (Fig. 1B) could be demonstrated, the increase in circulating FFA observed in RGS4-/-mice suggested impaired WAT metabolism, pointing to abnormal fastinginduced lipolysis. To explore this hypothesis, we analyzed the response of RGS4+/+ and -/-mice to lipolytic stimulation. A 3-fold increase in FFA release, as measured by the concentration of circulating FFA in serum of RGS4+/+ mice was observed in response to the β-adrenergic agonist isoprotenerol (Fig. 1D). Interestingly, RGS4-/mice, which showed increased FFA basal levels were significantly (p<0.05) less responsive to isoprotenerol compared to RGS4+/+ mice (1.5fold compared to 3-fold stimulation; Fig. 1D).

This suggested that RGS4 is implicated in the response of WAT to lipolytic stimulation. Next, the anti-lipolytic effects of insulin were tested.

Insulin administration to fasted RGS4+/+ mice resulted, as expected in a 2.5-fold decrease in circulating FFA (Fig. 1E). An almost identical decrease in circulating FFA levels was observed when RGS4-/-mice were insulin-stimulated (Fig. 1E). These results indicated that the antilipolytic mechanisms are not impaired in RGS4-/-mice. Furthermore, increased lipolysis in WAT of RGS4-/-mice was further demonstrated by increased phosphorylation of the rate-limiting lipolytic enzyme, the hormone-sensitive lipase (HSL; Fig. 1F).

Abnormal fatty liver, hyperinsulinemia, and hyperglycemia in RGS4-/-mice

Increased fasting FFA is a risk factor for fatty liver and insulin resistance. A first interesting observation was the pale appearance of liver from RGS4-/-mice, suggesting increased fat accumulation (Fig. 2A). This was further demonstrated by Oil Red O staining (Fig. 2A) and triglyceride quantification analysis, which showed increased triglyceride content in liver from RGS4-/-, compared to RGS4+/+ mice (Fig. 2B). These differences were further increased when TG content of the livers of high fat diet (HFD)-fed RGS4-/-and +/+ mice were analyzed (Fig. 2B). Lipid accumulation in muscles of RGS4-/-compared to RGS4+/+ mice was also observed in normal fed mice (Fig. 2C), suggesting a more general effects. Moreover, gene expression analysis showed increased mRNA expression of markers of fatty acid content and synthesis, such as aP2, Gpd1, or PEPCK, in livers of RGS4-/-compared to RGS4+/+ mice (Fig. 2D). The increased lipid content in liver was correlated with increased glucose and insulin levels in serum of fasted RGS4-/-mice (Fig. 2E-F), which was overall consistent with the observed increase in circulating FFA in RGS4-/-mice.

Impaired glucose homeostasis and insulin secretion in RGS4-/-mice

Liver steatosis, hyperglycemia, and hyperinsulinemia are strong predictors of insulin resistance. We therefore evaluated glucose homeostasis in RGS4-/-and +/+ mice.

Intraperitoneal glucose tolerance test (IPGTT)

showed a significant trend of RGS4-/-mice towards glucose intolerance, compared to RGS4+/+ mice (Fig. 3A). These differences were even more pronounced when IPGTT was performed on high fat diet fed mice (Fig. 3B).

Glucose intolerance in RGS4-/-mice was correlated with a decrease in insulin secretion in response to a glucose load (Fig. 3C). These results strongly suggested that RGS4 is implicated in the control of glucose homeostasis.

Decreased insulin secretion could point

to either an intrinsic defect of RGS4-/pancreatic β-cells, or a toxic effect, secondary to chronically elevated circulating FFA, such as observed in RGS4-/-mice. Analysis of isolated islets from RGS4-/-or +/+ mice demonstrated that RGS4-/-β-cells were not defective in insulin secretion in response to glucose, when compared to islets from RGS4+/+ mice (Fig. 3D), suggesting that the decrease in insulin secretion in response to glucose observed in RGS4-/-mice (Fig. 3C) was rather secondary to the toxic effects of FFA.

No effects of RGS4 in adipocyte differentiation

and lipid content. preadipocytes, whereas its expression declined during the differentiation process reaching the limits of detection in fully differentiated adipocytes (Fig. 2A). In addition, no differences in the differentiation capacity was observed, as assessed by oil-red-O staining between 3T3-L1 cells infected with retrovirus expressing either RGS4 or empty vectors (Fig. 2B). Furthermore, the lack of differences in lipid content suggested a normal balance between lipolysis and lipogenesis in RGS4-overexpressing cells. RGS4 overexpression in these 3T3-L1 cells was verified by qPCR (Fig. 2C). Taken together these results suggested that the observed effects of RGS4 on lipolysis (Fig. 1) were not cell autonomous of WAT. overnight-fasted mice (Fig. 5C). Interestingly, this increase was abrogated when mice were refed for 4h (Fig. 5C). This was consistent with the observed increase in basal lipolysis and fasting FFA in RGS4-/-mice. In order to elucidate whether this increase in circulating catecholamine levels originated from adrenal glands, the main tissue involved in catecholamine release at the periphery, secretion experiments using acute adrenal slices were performed. Upon ACh stimulation, epinephrine and norepinephrine secretion was up-regulated in glands from RGS4+/+ mice, as expected (Fig. 4D-E). Most interestingly was the observation that adrenal glands from RGS4-/-mice secreted at least 4-fold more epinephrine and norepinephrine in response to ACh stimulation than adrenals from RGS4+/+ mice (Fig. 4D-E).

Increased catecholamine release in

Furthermore, basal catecholamine secretion levels were increased in adrenals from RGS4-/compared to +/+ mice (Fig. 4D-E). Altogether, these results suggest that RGS4 negatively regulates catecholamine secretion in adrenal glands.

Discussion

Circulating catecholamines are mainly secreted by adrenal glands in response to synapticallyreleased ACh at the splanchnic nerve terminals synapsing onto chromaffin cells. ACh exerts its effects through activation of post-synaptic nicotinic and muscarinic cholinergic receptors [START_REF] Douglas | Mechanism of nicotinic action at the adrenal medulla: calcium as a link in stimulus-secretion coupling[END_REF][START_REF] Douglas | The role of calcium in the secretory response of the adrenal medulla to acetylcholine[END_REF]. RGS4 has been shown to participate in the attenuation of calcium signaling in CHO and acinar pancreatic cells [START_REF] Ho | Activation of serum response element by D2 dopamine receptor is governed by Gbetagamma-mediated MAPK and Rho pathways and regulated by RGS proteins[END_REF][START_REF] Xu | RGS proteins determine signaling specificity of Gq-coupled receptors[END_REF][START_REF] Riddle | Multi-tasking RGS proteins in the heart: the next therapeutic target?[END_REF]. Enough evidence has led to propose RGS4 as a modulator of Ca 2+ oscillations elicited by many hormones and neurotransmitters, such as ACh (reviewed in Glucose intolerance in RGS4-/-mice is therefore the result of the observed increase in circulating FFA, liver steatosis, and increased muscle lipid content in these mice. Elevated plasma FFA and liver steatosis are independent predictors of progression to insulin resistance [START_REF] Tataranni | Role of lipids in development of noninsulin-dependent diabetes mellitus: lessons learned from Pima Indians[END_REF].

Chronically elevated FFA has several detrimental effects on glucose homeostasis. FFA may compete with glucose for entry into muscle cells. In addition, excessive fat oxidation inhibits pyruvate dehydrogenase, resulting in the inhibition of glucolysis. These major effects of FFA are reflected in RGS4-/-mice by increased glucose and insulin levels, and glucose intolerance (Fig. 3).

In summary, we have shown that RGS4, which has been so far described as a regulator of neurological processes is also implicated in the 

  White adipose tissue (WAT) homeostasis implicates a complex regulatory network of signaling and transcriptional events resulting in a coordinated response to external stimuli. Under nutritional profusion, hormonal signaling results in increased energy storage in adipose tissue in form of triglycerides. Under nutritional deprivation stored triglycerides (TAG) are hydrolyzed in adipose tissue, providing free fatty acids (FFA) to other tissues, which act as oxidative substrates to maintain energy requirements. Adipose tissue lipolysis comprises sequential hydrolysis of TAG, resulting in glycerol and non-esterified fatty acids (NEFA), which are released into circulation as FFA to be taken up by other tissues. Adipose tissue lipases, such as hormone-sensitive lipase (HSL), or adipose triglyceride lipase (ATGL), whose activity is hormonally and nutritionally regulated, are the final effectors of TAG hydrolysis. In the postprandial state, insulin levels are increased. Insulin signaling through the PI3K/Akt pathway results in the phosphorylation and subsequent activation of the phosphodiesterase 3B (PDE3B). Activated PDE3B generates AMP from cAMP, resulting in the depletion of cAMP. This releases protein kinase A (PKA) from activation and lipolysis is inhibited through reduction in the phosphorylation-mediated activation of HSL and perilipin (1) . The hypothalamus-pituitary-adrenal (HPA) axis plays a major role in the regulation of fasting-induced lipolysis. During fasting, and in response to hypothalamus-derived stimuli adrenal glands are activated and secrete catecholamines, which are major signaling hormones (2). Catecholamines are the primary activators of fasting-induced lipolysis (1, 3),

  Activation of catecholamine release in adrenal glands is mediated by the G-protein coupled receptors (GPCR), such as the acetylcholine (ACh) receptor, which bind a heterotrimeric G-protein complex of α-, β, and γ-subunits. Agonist binding to GPCR receptor promotes G-protein activation by catalyzing GDP-GTP exchange on the α-subunit. GTP-bound α-subunit dissociates from βγ-subunits, and regulates downstream effectors. Signaling by GPCR is terminated by the intrinsic GTPase activity of the Gα-subunit, which hydrolyzes bound-GTP to GDP, resulting in the reassociation of the G-protein heterotrimer. Intrinsic GTPase activity is, however insufficient to inactivate G-protein signaling, but the presence of GTPase-activating proteins, such as regulator of G-protein signaling (RGS) accelerate GTPase activity limiting the duration of G-protein activation (6). RGS proteins are therefore negative regulators of Gprotein signaling. RGS4 is a member of the large family of RGS proteins that defines the R4 class of the family, which differentiates from other classes by having the RGS domain simply flanked by N and C-terminal sequences with no specific function other than membrane attachment, and

  the glucose tolerance tests, mice were fasted overnight (18-20h) and then injected intraperitonneally with 2g/kg (dose/kg body weight) glucose. For the free fatty acid measurement after insulin injection, mice were injected intraperitonneally with 0.75UI/kg after an overnight fast. Blood glucose levels were measured using an Accu Chek Go glucometer (Roche Diagnostics, Mannheim, Germany), free fatty acids (FFA) with NEFA C kit (Wako Chemicals, Neuss, Germany), and serum insulin levels using a Mouse Ultrasensitive Insulin ELISA kit (Mercodia, Uppsala, Sweden). Catecholamines (norepinephrine and epinephrine) were measured in serum collected from mice, and in a secretion medium from acute adrenal slices using a 2-CAT kit (Labor Diagnostica Nord, Nordhorn, Germany).
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  hours and injected intraperitoneally with isoproterenol (10 mg per kg body weight). Blood was collected from the tail before and 15 min after injection. For insulin treatment, mice were fasted over-night (18 hours) and injected IP with insulin (0.75UI per kg body weight). Blood was collected from the tail before and 60 min after injection. Serum was frozen at -20°C. Serum free fatty acids were determined with NEFA C kit (Wako Chemicals, Neuss, Germany).

  To elucidate the implication of RGS4 in WAT development or function we first analyzed RGS4 mRNA expression during the adipocyte differentiation program of 3T3-L1 preadipocytes. RGS4 was expressed in 3T3-L1

  RGS4-/mice Insulin resistance observed in RGS4-/-mice was likely the result of impaired FFA secretion in WAT. Expression of RGS4 was however very low in adipose tissue of mice (Fig. 5A), precluding any effect of this protein in this tissue. Therefore the observed effects of RGS4 might be mediated by hormonal signaling, such as catecholamines, which are key hormones for the regulation of lipolysis. RGS4 was preferentially expressed in the mouse adrenal medulla as well as in the zona glomerulosa as demonstrated using β-gal staining of mouse adrenal and kidney sections (Fig 5B). Consistent with our hypothesis, serum concentration of both epinephrine and norepinephrine were robustly increased in RGS4-/-compared to RGS4+/+

( 7 )

 7 ). Participation of RGS4 in regulation of epinephrine and norepinephrine secretion in adrenal glands is therefore likely. Consistent with this hypothesis we show that adrenal glands from RGS4-/-mice secrete larger amounts of epinephrine and norepinephrine than RGS4+/+ mice, even in the absence of any stimulation, resulting in increased circulating catecholamines in these RGS4-/-mice.Catecholamines play a major role in the stimulation of lipolysis in WAT, through the beta-adrenergic receptors[START_REF] Langin | Adipose tissue lipolysis as a metabolic pathway to define pharmacological strategies against obesity and the metabolic syndrome[END_REF]. The increased levels of norepinephrine and epinephrine that we observed in serum of RGS4-/-compared to RGS4+/+ mice are likely translated into higher basal lipolytic rate in WAT. On its turn, this results in increased FFA release and accumulation of circulating FFA. Deregulation of the lipolytic process leading to increased circulating FFA levels, such as observed in RGS4-/-mice results in increased lipid uptake and lipid accumulation in liver. Liver steatosis in RGS4-/-mice is a consistent finding in our study. When adipose tissue is overloaded with lipids, or when lipolysis is abnormally elevated, liver, and to some extent muscle can buffer the increased circulating FFA, which are toxic for other tissues, specially for pancreatic β-cells. This protective mechanism is, however transient, since further TG accumulation in liver results in both increased glucose synthesis from FFA, and release of TG included in very low density lipoproteins (VLDL), which could impair peripheral tissue function, in particular pancreatic β-cell insulin secretion[START_REF] Lewis | Disordered fat storage and mobilization in the pathogenesis of insulin resistance and type 2 diabetes[END_REF]. Liver steatosis is associated with hepatic insulin resistance, which means that the liver is less sensitive to the suppressive effects of insulin on hepatic glucose production. If the ability of insulin to suppress the hepatic output of glucose is decreased, then this contributes to postprandial hyperglycemia and hyperlipidemia[START_REF] Den Boer | Hepatic glucose production is more sensitive to insulin-mediated inhibition than hepatic VLDL-triglyceride production[END_REF]. This is the case for RGS4-/-mice, which show an increased glucose levels and a lower glucose tolerance, compared to RGS4+/+ mice. This effect is further increased in mice fed a high fat diet. Furthermore, quantification of lipid content in another metabolic tissue, such as muscle demonstrated an increase in TG content in RGS4-/-compared to +/+ muscles. Increased lipid content in muscle inhibits insulin action in these cells, which could contribute to the obseved insulin resistance in RGS4-/-mice.

  control of adipose tissue lipolysis through the regulation of catecholamine secretion. As a result, RGS4-/-mice have increased circulating FFA, liver steatosis, and glucose intolerance. RGS4 could be therefore considered as a new target for the treatment of insulin resistance and type II diabetes. Inhibition of RGS protein signaling has been proposed for the treatment of several neurological pathologies, such as depression, epilepsy, or pain (8). Concerning metabolic abnormalities, such as obesity, inhibition of RGS4 with specific inhibitors (24)could result in increased lipolysis and reduced adiposity at the long term. Concomitant treatments to avoid accumulation of lipids in liver and muscle should be, however also envisaged.
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 13 FIG 1. Adipose tissue weight, fatty acid quantification, and in vivo lipolysis analysis in RGS4-/-mice. (A) Body weight of RGS4 +/+ and RGS4 -/-mice (RGS4+/+, n=8; RGS4-/-, n=8) was analyzed at 25 weeks. (B) White adipose tissue (WAT) weight is represented as a percentage of body weight in the same mice. (C) Quantification of serum free fatty acid (FFA) concentration in mice fasted for 16 hours. (D) Isoproterenol-induced in vivo lipolysis in hour-fasted RGS4+/+ (n=6) and RGS4-/-(n=6) mice measured by FFA concentration in serum. Blood serum was collected before (control) and 15 minutes after injection of isoproterenol (10 mg/kg). (E) Analysis of in vivo lipolysis in response to insulin in overnight fasted RGS4+/+ and -/-mice. FFA serum levels were determined before (control) and 60 minutes after intraperitoneal injection of insulin (0,75 UI/kg). (F) Expression of HSL phosphorylated on Ser563 compared to the expression of total HSL was assessed by Western blot. Data are mean ± SEM. Statistically significant differences (ANOVA, p<0.05) are indicated in this, and subsequent figures by an asterisk.
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 45 FIG 4. RGS4 expression during adipocyte differentiation. (A) RGS4 expression in 3T3L1 preadipocyte differentiation was determined using quantitative RT-PCR. Results were normalized by the expression level of rS9. (B) Oil Red O staining of 3T3L1 adipocytes expressing either an empty vector (control) or a vector encoding RGS4 (RGS4) 8 days after induction of differentation. (C) RGS4 mRNA expression, analysed by RT-PCR, in 3T3L1 empty vector or RGS4 vector expressing cells.
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