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Glucocorticoids, Metabolism and Metabolic Diseases

Since the discovery of the beneficial effects of adrenocortical extracts for treating adrenal insufficiency more than 80 years ago, glucocorticoids (GC) and their cognate, intracellular receptor, the glucocorticoid receptor (GR) have been characterized as critical components of the delicate hormonal control system that determines energy homeostasis in mammals.

Whereas physiological levels of GCs are required for proper metabolic control, excessive GC action has been tied to a variety of pandemic metabolic diseases, such as type II diabetes and obesity. Highlighted by its importance for human health, the investigation of molecular mechanisms of GC/GR action has become a major focus in biomedical research. In particular, the understanding of tissue-specific functions of the GC-GR pathway has been proven to be of substantial value for the identification of novel therapeutic options in the treatment of severe metabolic disorders. Therefore, this review focuses on the role of the GC-GR axis for metabolic homeostasis and dysregulation, emphasizing tissue-specific functions of GCs in the control of energy metabolism.

Introduction

Secretion of GCs by the adrenal cortex is under control of a prototypic neuroendocrine feedback system, the hypothalamo-pituitary-adrenal (HPA) axis. Activation of the HPA axis starts with the secretion of hypothalamic corticotropin releasing hormone (CRH), the activation of pituitary pro-opiomelanocortin (POMC) gene transcription in response to CRH, secretion of the POMC-encoded adrenocorticotropic hormone (ACTH) and the ACTHinduced stimulation of adrenal GC synthesis. GCs, in turn, inhibit CRH gene expression and secretion at the hypothalamic level, and interfere with POMC transcription and ACTHsecretion in the anterior pituitary [START_REF] Malkoski | Composite glucocorticoid regulation at a functionally defined negative glucocorticoid response element of the human corticotropin-releasing hormone gene[END_REF][START_REF] Cole | Targeted disruption of the glucocorticoid receptor gene blocks adrenergic chromaffin cell development and severely retards lung maturation[END_REF][START_REF] Raber | Detrimental effects of chronic hypothalamic-pituitary-adrenal axis activation. From obesity to memory deficits[END_REF][START_REF] Gagner | Opposite regulation of pro-opiomelanocortin gene transcription by glucocorticoids and CRH[END_REF][START_REF] Gagner | Tissue-specific regulation of pituitary proopiomelanocortin gene transcription by corticotropin-releasing hormone, 3',5'cyclic adenosine monophosphate, and glucocorticoids[END_REF][START_REF] Drouin | Glucocorticoid receptor binding to a specific DNA sequence is required for hormone-dependent repression of pro-opiomelanocortin gene transcription[END_REF], thereby establishing a regulatory feedback loop.

At the cellular level, GCs mediate their physiologic effects through binding to a specific, intracellular receptor, the glucocorticoid receptor (GR), which exists as two isoforms. The GR represents a member of the hormone receptor subclass of the nuclear receptor superfamily of transcription factors. Upon GC binding in the cytosol, the GR is released from a heat shock protein (HSP) 90-containing, inactive complex and translocates into the nucleus where it serves as a DNA sequence-specific transcriptional regulator of distinct GC-responsive target genes [START_REF] Tata | Signalling through nuclear receptors[END_REF]. GR knock out animals are not viable, demonstrating the critical importance of functional GR action for survival [START_REF] Cole | Targeted disruption of the glucocorticoid receptor gene blocks adrenergic chromaffin cell development and severely retards lung maturation[END_REF]. Apart from its DNA-binding-dependent activity, large parts of GR action also rely on its direct protein-protein interaction capabilities with other transcriptional regulators and the subsequent control of distinct subsets of target genes. This is reflected by the survival of transgenic mice carrying a mutant GR compromised in its ability to bind DNA but not to other proteins [START_REF] Reichardt | DNA binding of the glucocorticoid receptor is not essential for survival[END_REF].

Main biological functions of the GC-GR axis include, among others, the suppression of inflammation as well as the control of energy metabolism, the latter of which represents the focus of the current article.

Hormonal regulation of metabolism

Under normal conditions, the pancreatic β-cell hormone insulin triggers the fast uptake and oxidative catabolism of glucose in liver, muscle, and adipose tissue, and simultaneously inhibits glycogenolysis and gluconeogenesis in liver during feeding [START_REF] Saltiel | Insulin signalling and the regulation of glucose and lipid metabolism[END_REF][START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF]. All of insulin's actions are mediated through its membrane-bound receptor, a member of the tyrosine kinase receptor family [START_REF] Saltiel | Insulin signaling pathways in time and space[END_REF]. Upon insulin binding, the intrinsic tyrosine kinase activity of the insulin receptor at the cell surface becomes activated and leads to the subsequent tyrosine phosphorylation of multiple signaling components, thereby transducing the insulin signal to downstream cytoplasmic and nuclear effectors [START_REF] Saltiel | Insulin signaling pathways in time and space[END_REF][START_REF] Araki | Alternative pathway of insulin signalling in mice with targeted disruption of the IRS-1 gene[END_REF][START_REF] Kharitonenkov | A family of proteins that inhibit signalling through tyrosine kinase receptors[END_REF][START_REF] White | The IRS-signalling system: a network of docking proteins that mediate insulin action[END_REF][START_REF] Sesti | Defects of the insulin receptor substrate (IRS) system in human metabolic disorders[END_REF][START_REF] Ribon | Insulin stimulates tyrosine phosphorylation of the proto-oncogene product of c-Cbl in 3T3-L1 adipocytes[END_REF]. Insulin signal transduction then exerts control over biochemical pathways through either modulation of metabolic key enzyme activities, or through the stimulation or inhibition of metabolic target gene transcription [START_REF] Saltiel | Insulin signalling and the regulation of glucose and lipid metabolism[END_REF][START_REF] Saltiel | Insulin signaling pathways in time and space[END_REF][START_REF] O'brien | Insulin-regulated gene expression[END_REF].

Low plasma glucose levels during fasting and exercise trigger a series of hormonal cues that promote a switch in whole body energy usage. Along with a drop in insulin levels, counterregulatory hormones gain metabolic control. The peptide hormone glucagon from α-cells within the pancreatic islets and, in particular, adrenal GCs are released into the circulation [START_REF] Andrews | Glucocorticoids and insulin resistance: old hormones, new targets[END_REF][START_REF] Rosmond | The hypothalamic-pituitary-adrenal axis activity as a predictor of cardiovascular disease, type 2 diabetes and stroke[END_REF][START_REF] Unger | Glucagon and the A cell: physiology and pathophysiology (second of two parts)[END_REF][START_REF] Unger | Glucagon and the A cell: physiology and pathophysiology (first two parts)[END_REF], antagonizing anabolic insulin actions [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF].

Conditions of elevated GC levels

As a counter-regulatory opponent of insulin's anabolic functions, tight control of GC release and tissue-specific activity is required for proper metabolic regulation in response to changing environmental conditions [START_REF] Andrews | Glucocorticoids and insulin resistance: old hormones, new targets[END_REF][START_REF] Newton | Molecular mechanisms of glucocorticoid action: what is important?[END_REF][START_REF] Witchel | Mechanisms of disease: regulation of glucocorticoid and receptor levels--impact on the metabolic syndrome[END_REF][START_REF] Walker | Cortisol--cause and cure for metabolic syndrome?[END_REF][START_REF] Buckingham | Glucocorticoids: exemplars of multi-tasking[END_REF]. This is most dramatically exemplified by states of either endogenous or exogenous GC deficiency or excess, e.g. Addison's disease, Cushing's syndrome, or GC therapy, respectively. Addison's disease is caused by autoimmunity against the adrenal cortex, inherited GC synthesis dysfunction or pituitary disease. The resulting deficiency in proper GC action is associated with impaired stress resistance, lymphoid tissue hypertrophy, weight loss and hypoglycemia [START_REF] Nieman | Addison's disease[END_REF].

In contrast, Cushing's patients with sustained and pronounced hypersecretion of GCs due to pituitary adenomas or ectopic, ACTH-producing tumors and a subsequent elevation of circulating GC levels display central obesity, increased breakdown of skeletal muscle mass, hyperglycemia, fatty liver development, hypertension, elevated cholesterol, immunodeficiency, and insulin resistance [START_REF] Shibli-Rahhal | Cushing's syndrome[END_REF]. Similar features represent typical side-effects of long-term systemic GC treatment during anti-inflammatory and immunosuppressive therapy [START_REF] Pijl | Bodyweight change as an adverse effect of drug treatment. Mechanisms and management[END_REF][START_REF] Baid | Therapeutic doses of glucocorticoids: implications for oral medicine[END_REF][START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF].

Remarkably, many of the aforementioned complications of GC excess represent also prototypical components of the so-called Metabolic Syndrome, which describes an array of closely associated metabolic disorders, such as obesity, hyperglycemia, dyslipidemia, hypertension, and insulin resistance. This metabolic condition is commonly associated with obesity, aging, a sedentary lifestyle, and a genetic predisposition [START_REF] Pessin | Signaling pathways in insulin action: molecular targets of insulin resistance[END_REF], thereby, promoting the susceptibility to severe end-stage diseases such as type II diabetes, atherosclerosis and cardiovascular complications [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF].

In the Metabolic Syndrome, the underlying cause for the manifestation of hyperglycemia and dyslipidemia is the development of peripheral resistance against insulin action and the concomitant chronic dominance of its counter-regulatory hormones, in particular GCs.

Indeed, GC levels have been found to be elevated in insulin-resistant patients and are strongly associated with a hyperglycemic and fatty liver phenotype [START_REF] Reynolds | Altered control of cortisol secretion in adult men with low birth weight and cardiovascular risk factors[END_REF][START_REF] Reynolds | Elevated plasma cortisol in glucose-intolerant men: differences in responses to glucose and habituation to venepuncture[END_REF][START_REF] Phillips | Elevated plasma cortisol concentrations: a link between low birth weight and the insulin resistance syndrome?[END_REF]. In contrast, obesity seems to be not necessarily linked to elevated systemic levels of GCs, but rather displays enhanced local GC action (see below). In addition to the Metabolic Syndrome, chronically elevated GC levels have been identified in patients suffering from a severe wasting syndrome in the tumorbearing state, e.g. cancer cachexia. In the cachectic state, massive and uncontrolled loss of adipose tissue and skeletal muscle mass lead to a life-threatening weakening of these patients, substantially decreasing life quality, prognosis and tolerance to therapeutic interventions. As a result, roughly 30% of all patients diagnosed with cancer ultimately die of cachexia, underscoring the clinical relevance of this disorder [START_REF] Tisdale | Cachexia in cancer patients[END_REF][START_REF] Schaur | Tumor host relations. I. Increased plasma cortisol in tumor-bearing humans compared with patients with benign surgical diseases[END_REF][START_REF] Tanaka | Experimental cancer cachexia induced by transplantable colon 26 adenocarcinoma in mice[END_REF][START_REF] Knapp | Hormonal factors associated with weight loss in patients with advanced breast cancer[END_REF]. In addition to the Metabolic Syndrome and cancer cachexia, dysfunctional GC action has been described in septic patients [START_REF] Vaughan | Cortisol and corticotrophin in burned patients[END_REF][START_REF] Hall-Angeras | Corticosterone alone does not explain increased muscle proteolysis in septic rats[END_REF], thereby, broadening the spectrum of metabolic complications associated with aberrant GC levels.

To this end, metabolic dysarrangements under these pathophysiological conditions reflect impairments of tissue-specific GC activity in metabolically active organs, in particular liver, adipose tissue, skeletal muscle and pancreatic β-cell.

Cell/Tissue-specific functions of GCs and their impact on metabolic diseases

Liver

The liver serves as a key relay station in the control of mammalian glucose and lipid homeostasis [START_REF] Van Den Berghe | The role of the liver in metabolic homeostasis: implications for inborn errors of metabolism[END_REF]. Genome-wide analysis of GC-regulated target gene networks has shown that the GR controls many aspects of hepatic energy metabolism, in particular protein and sugar homeostasis. More than 50 genes seem to be direct, regulatory targets of GC action. In many cases the GR functionally interacts with other transcription factors to control specific genetic networks in the liver [START_REF] Phuc Le | Glucocorticoid receptor-dependent gene regulatory networks[END_REF], among which only few have been characterized in detail to date.

One of the prominent features of liver metabolism is the ability for de novo glucose synthesis, gluconeogenesis, during fasting in order to provide glucose for extrahepatic tissues such as erythrocytes, renal medulla, and brain [START_REF] Consoli | Role of liver in pathophysiology of NIDDM[END_REF]. During fasting, free fatty acids or amino acid precursors are channelled into the gluconeogenic pathway that comprises various biochemical steps converting pyruvate to glucose. Main regulatory enzymes are pyruvate carboxylase (PC), which converts pyruvate into oxaloacetate, phosphoenolpyruvate carboxykinase (PEPCK) promoting the decarboxylation of oxaloacetate to phosphoenolpyruvate, and, finally, glucose-6-phosphatase (G6Pase), hydrolysing glucose-6-phosphate into free glucose and inorganic phosphate [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF][START_REF] Hanson | Regulation of phosphoenolpyruvate carboxykinase (GTP) gene expression[END_REF][START_REF] Nordlie | Regulation of glucose production by the liver[END_REF][START_REF] Pilkis | Molecular physiology of the regulation of hepatic gluconeogenesis and glycolysis[END_REF][START_REF] Lemaigre | Transcriptional control of genes that regulate glycolysis and gluconeogenesis in adult liver[END_REF].

GCs and hepatic glucose metabolism

Uncontrolled gluconeogenesis contributes significantly to hyperglycemia in type II diabetic patients [START_REF] Consoli | Role of liver in pathophysiology of NIDDM[END_REF], the effect of which largely relies on aberrant induction of gluconeogenic gene expression [START_REF] Lei | Glucose-6-phosphatase dependent substrate transport in the glycogen storage disease type-1a mouse[END_REF][START_REF] Friedman | Phosphoenolpyruvate carboxykinase (GTP) gene transcription and hyperglycemia are regulated by glucocorticoids in genetically obese db/db transgenic mice[END_REF].

Consistent with a critical role of the hepatic GC-GR axis for systemic blood sugar levels and the development of the Metabolic Syndrome, mice carrying a liver-specific mutation of the GR gene display fasting hypoglycemia and are protected against streptozotocin-induced hyperglycemia [START_REF] Opherk | Inactivation of the glucocorticoid receptor in hepatocytes leads to fasting hypoglycemia and ameliorates hyperglycemia in streptozotocin-induced diabetes mellitus[END_REF]. These effects are accompanied by a down-regulation of gluconeogenic enzyme genes upon GR ablation [START_REF] Opherk | Inactivation of the glucocorticoid receptor in hepatocytes leads to fasting hypoglycemia and ameliorates hyperglycemia in streptozotocin-induced diabetes mellitus[END_REF], suggesting a causal role of the GR for the induction of gluconeogenesis under insulin-resistant, diabetic conditions. Indeed, liver-specific GR antagonism by antisense oligonucleotides or synthetic compounds is sufficient to cause substantial improvement of hyperglycemia and dyslipidemia in animal models of type II diabetes [START_REF] Liang | Antisense oligonucleotides targeted against glucocorticoid receptor reduce hepatic glucose production and ameliorate hyperglycemia in diabetic mice[END_REF][START_REF] Jacobson | Hepatic glucocorticoid receptor antagonism is sufficient to reduce elevated hepatic glucose output and improve glucose control in animal models of type 2 diabetes[END_REF][START_REF] Watts | Reduction of hepatic and adipose tissue glucocorticoid receptor expression with antisense oligonucleotides improves hyperglycemia and hyperlipidemia in diabetic rodents without causing systemic glucocorticoid antagonism[END_REF][START_REF] Von Geldern | Liver-selective glucocorticoid antagonists: a novel treatment for type 2 diabetes[END_REF]. Also, the GR itself has been found to be over-expressed in hepatocytes of diabetic rodent models, in particular in its nuclear, active fraction [START_REF] Jenson | Abnormal regulation of hepatic glucocorticoid receptor mRNA and receptor protein distribution in the obese Zucker rat[END_REF][START_REF] Liu | Increased glucocorticoid receptor and 11{beta}-hydroxysteroid dehydrogenase type 1 expression in hepatocytes may contribute to the phenotype of type 2 diabetes in db/db mice[END_REF], further substantiating the notion that the GC-GR axis plays a critical role in determining hepatic glucose output via its regulatory function for the promoter activity of gluconeogenic enzyme genes. Consistently, inhibition of GR expression by agonists for nuclear receptor liver X receptor (LXR) results in an amelioration of the diabetic phenotype in obese, db/db mice [START_REF] Liu | Liver X receptor agonist T0901317 inhibition of glucocorticoid receptor expression in hepatocytes may contribute to the amelioration of diabetic syndrome in db/db mice[END_REF].

Recent studies suggest that part of the GC-induced insulin resistance, glucose intolerance and also hypertension depends on the activity and presence of nuclear receptor peroxisome proliferator-activated receptor (PPAR) α, as GC-triggered hyperglycemia, hyperinsulinemia, and hypertension in wild-type animals were not observed in PPARα knock out mice.

Interestingly, afferent fibers of the vagus nerve seem to be required for this effect: Selective vagotomy interfered with hepatic PPARα expression and consecutively diminished GCinduced hepatic insulin resistance and hyperglycemia [START_REF] Bernal-Mizrachi | Dexamethasone induction of hypertension and diabetes is PPAR-alpha dependent in LDL receptor-null mice[END_REF][START_REF] Bernal-Mizrachi | An Afferent Vagal Nerve Pathway Links Hepatic PPARalpha Activation to Glucocorticoid-Induced Insulin Resistance and Hypertension[END_REF].

Molecular control of gluconeogenic enzyme expression

PEPCK is considered to be the rate-limiting step in the gluconeogenic pathway. Under normal conditions, expression of the cytosolic form of PEPCK is induced in response to fasting via glucagon and GCs, whereas a carbohydrate-rich meal and the concomitant increase in plasma insulin levels acutely decrease its synthesis rate. The hormonal counter-regulation of PEPCK gene transcription by glucagon, acting through cyclic adenosine monophosphate (cAMP), and GCs on the one hand, and insulin on the other has been established as the major regulatory axis for PEPCK activity in response to the fasting to feeding transition [START_REF] Hanson | Regulation of phosphoenolpyruvate carboxykinase (GTP) gene expression[END_REF][START_REF] Gunn | Glucocorticoids and the regulation of phosphoenolpyruvate carboxykinase (guanosine triphosphate) in the rat[END_REF][START_REF] Kioussis | Alterations in translatable messenger RNA coding for phosphoenolpyruvate carboxykinase (GTP) in rat liver cytosol during deinduction[END_REF][START_REF] Tilghman | Deinduction of phosphoenolpyruvate carboxykinase (guanosine triphosphate) synthesis in Reuber H-35 cells[END_REF][START_REF] Tilghman | Rapid loss of translatable messenger RNA of phosphoenolpyruvate carboxykinase during glucose repression in liver[END_REF][START_REF] Iynedjian | The regulation of phosphoenolpyruvate carboxykinase (GTP) synthesis in rat kidney cortex. The role of acid-base balance and glucocorticoids[END_REF][START_REF] Iynedjian | Messenger RNA for renal phosphoenolpyruvate carboxykinase (GTP). Its translation in a heterologous cell-free system and its regulation by glucocorticoids and by changes in acid-base balance[END_REF][START_REF] Iynedjian | Increase in level of functional messenger RNA coding for phosphoenolpyruvate carboxykinase (GTP) during induction by cyclic adenosine 3':5'-monophosphate[END_REF][START_REF] Loose | Thyroid hormone regulates transcription of the gene for cytosolic phosphoenolpyruvate carboxykinase (GTP) in rat liver[END_REF].

Following the initial characterization of a glucocorticoid response unit (GRU) within the PEPCK promoter region [START_REF] Imai | Characterization of a complex glucocorticoid response unit in the phosphoenolpyruvate carboxykinase gene[END_REF], numerous studies have elucidated the molecular mechanisms by which GCs coordinate the proper response of PEPCK gene expression to hormonal cues.

The GRU within the PEPCK gene promoter consists of an array of transcription factor binding sites for the GR itself and additional, so-called accessory factors (AF1 -AF3), all of which are necessary for a full response to GC hormones as mainly demonstrated by mutational analysis and genetic re-constitution studies [START_REF] Imai | Characterization of a complex glucocorticoid response unit in the phosphoenolpyruvate carboxykinase gene[END_REF][START_REF] Mitchell | Integration of multiple signals through a complex hormone response unit in the phosphoenolpyruvate carboxykinase gene promoter[END_REF] (Fig. 1). Among these, the most prominent factors have been identified as hepatocyte nuclear factor 4 (HNF-4), PPARγ2, retinoic acid receptor (RAR) α, retinoid X receptor (RXR) α (AF1), chicken ovalbumin upstream promoter transcription factor (COUP-TF) (AF1 and AF3) [START_REF] Mitchell | Integration of multiple signals through a complex hormone response unit in the phosphoenolpyruvate carboxykinase gene promoter[END_REF][START_REF] Hall | The orphan receptors COUP-TF and HNF-4 serve as accessory factors required for induction of phosphoenolpyruvate carboxykinase gene transcription by glucocorticoids[END_REF][START_REF] Scott | The orphan receptor COUP-TF binds to a third glucocorticoid accessory factor element within the phosphoenolpyruvate carboxykinase gene promoter[END_REF][START_REF] Tontonoz | PPAR gamma 2 regulates adipose expression of the phosphoenolpyruvate carboxykinase gene[END_REF][START_REF] Hall | Activation of the phosphoenolpyruvate carboxykinase gene retinoic acid response element is dependent on a retinoic acid receptor/coregulator complex[END_REF] as well as forkhead transcription factor FOXO1 and hepatocyte nuclear factor 3 (HNF-3) (AF2) [START_REF] Wolfrum | Foxa2 regulates lipid metabolism and ketogenesis in the liver during fasting and in diabetes[END_REF][START_REF] O'brien | Hepatic nuclear factor 3-and hormoneregulated expression of the phosphoenolpyruvate carboxykinase and insulin-like growth factor-binding protein 1 genes[END_REF][START_REF] Yamada | CCAAT/enhancer-binding protein beta is an accessory factor for the glucocorticoid response from the cAMP response element in the rat phosphoenolpyruvate carboxykinase gene promoter[END_REF][START_REF] Wang | Hepatic nuclear factor 3 is an accessory factor required for the stimulation of phosphoenolpyruvate carboxykinase gene transcription by glucocorticoids[END_REF][START_REF] Puigserver | Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator[END_REF].

In this setting, the two intrinsic GR binding sites, GR1 and GR2, do not confer GC responsiveness to a heterologous promoter, demonstrating the requirement of a close functional interaction with their accessory factors on the PEPCK gene [START_REF] Scott | Further characterization of the glucocorticoid response unit in the phosphoenolpyruvate carboxykinase gene. The role of the glucocorticoid receptor-binding sites[END_REF]. In fact, accessory sites AF1 and AF2 have been shown to create a high-affinity GR binding environment, thereby raising the otherwise low affinity of the GR to the non-canonical GR1 and GR2 sites [START_REF] Stafford | Accessory factors facilitate the binding of glucocorticoid receptor to the phosphoenolpyruvate carboxykinase gene promoter[END_REF]. More recently, a further extension of the original GRU has been proposed including more distal accessory sites (dAF1 and dAF2) bound by HNF-4 or PPARα and FOXO1, respectively [START_REF] Cassuto | Glucocorticoids regulate transcription of the gene for phosphoenolpyruvate carboxykinase (GTP) in the liver via an extended glucocorticoid regulatory unit[END_REF]. The GR interacts with several non-steroid receptors in this context, resulting in a synergistic response of the PEPCK gene to GC exposure [START_REF] Cassuto | Glucocorticoids regulate transcription of the gene for phosphoenolpyruvate carboxykinase (GTP) in the liver via an extended glucocorticoid regulatory unit[END_REF][START_REF] De Martino | Interaction of the glucocorticoid receptor and the chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII): implications for the actions of glucocorticoids on glucose, lipoprotein, and xenobiotic metabolism[END_REF]. The necessity of distinct protein domains within HNF-4 and HNF-3 along with a proper alignment of corresponding recognition sites within the GRU [START_REF] Wang | The phosphoenolpyruvate carboxykinase gene glucocorticoid response unit: identification of the functional domains of accessory factors HNF3 beta (hepatic nuclear factor-3 beta) and HNF4 and the necessity of proper alignment of their cognate binding sites[END_REF] suggests that the control of hepatic glucose metabolism through GCs substantially relies on the specific recruitment of distinct co-activator/co-repressor complexes to the GRU.

Indeed, HNF-4, COUP-TF as well as HNF-3 have been found to commonly interact with the p160 transcriptional co-factor steroid receptor co-activator 1 (SRC-1), which can fully account for the GC-responsiveness of PEPCK gene transcription in genetic re-constitution studies. SRC-1's effect on PEPCK still requires the presence of the GR, which is probably also explained by direct protein-protein interaction [START_REF] Stafford | Role of accessory factors and steroid receptor coactivator 1 in the regulation of phosphoenolpyruvate carboxykinase gene transcription by glucocorticoids[END_REF][START_REF] Kucera | A point mutation of the AF2 transactivation domain of the glucocorticoid receptor disrupts its interaction with steroid receptor coactivator 1[END_REF]. Furthermore, combined treatment of hepatocytes with GCs and retinoic acid promotes the recruitment of additional transcriptional co-factors apart from SRC-1, including the acetyltransferases p300/CREB binding protein (CBP) and p300/CBP/cointegrator-associated protein (p/CIP). Ablation of p300 expression in isolated hepatocytes strongly diminishes PEPCK activity, supporting the critical role of histone-modifying co-factors for hormone-inducible PEPCK gene expression [START_REF] Wang | The synergistic effect of dexamethasone and all-trans-retinoic acid on hepatic phosphoenolpyruvate carboxykinase gene expression involves the coactivator p300[END_REF].

One of the most critical factors for GRU-dependent PEPCK gene expression and its dysregulation in type II diabetes and obesity, has been identified as nuclear receptor co-factor peroxisome proliferator-activated receptor co-activator 1α (PGC-1α). PGC-1α has been originally cloned as a co-activator for nuclear receptor PPARγ in brown adipocytes, responsible for the tissue-specific induction of thermogenesis in response to cold-exposure and β-adrenergic signaling [START_REF] Puigserver | A cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis[END_REF]. Subsequent studies identified PGC-1α as a co-activator for multiple nuclear receptors in various cell types [START_REF] Puigserver | Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator[END_REF][START_REF] Puigserver | Insulin-regulated hepatic gluconeogenesis through FOXO1-PGC-1alpha interaction[END_REF][START_REF] Puigserver | Activation of PPARgamma coactivator-1 through transcription factor docking[END_REF], including the GR [START_REF] Knutti | A tissue-specific coactivator of steroid receptors, identified in a functional genetic screen[END_REF][START_REF] Knutti | PGC-1, a versatile coactivator[END_REF].

During fasting, hepatic PGC-1α is activated in response to catecholamine and glucagon stimulation via a direct cAMP/cAMP responsive element binding protein (CREB) mediated effect on its gene promoter [START_REF] Herzig | CREB regulates hepatic gluconeogenesis through the coactivator PGC-1[END_REF]. PGC-1α then, in turn, mediates activation of the gluconeogenic program including PEPCK in response to GC signals through direct interactions with the GRU-binding transcription factors, GR and HNF-4 via its conserved LXXLL nuclear receptor interaction domain [START_REF] Herzig | CREB regulates hepatic gluconeogenesis through the coactivator PGC-1[END_REF][START_REF] Yoon | Control of hepatic gluconeogenesis through the transcriptional coactivator PGC-1[END_REF][START_REF] Rhee | Regulation of hepatic fasting response by PPARgamma coactivator-1alpha (PGC-1): requirement for hepatocyte nuclear factor 4alpha in gluconeogenesis[END_REF][START_REF] Boustead | Hepatocyte nuclear factor-4 alpha mediates the stimulatory effect of peroxisome proliferator-activated receptor gamma co-activator-1 alpha (PGC-1 alpha) on glucose-6-phosphatase catalytic subunit gene transcription in H4IIE cells[END_REF]. Apart from the induction of PGC-1α, CREB mediates cAMP-dependent as well as basal PEPCK promoter activity via a consensus cAMP-responsive element (CRE) located at around -100 bp relative to the transcription start site [START_REF] Hanson | Regulation of phosphoenolpyruvate carboxykinase (GTP) gene expression[END_REF][START_REF] Roesler | Identification of multiple protein binding domains in the promoter-regulatory region of the phosphoenolpyruvate carboxykinase (GTP) gene[END_REF][START_REF] Short | Characterization of the phosphoenolpyruvate carboxykinase (GTP) promoterregulatory region. II. Identification of cAMP and glucocorticoid regulatory domains[END_REF][START_REF] Park | Relative roles of CCAAT/enhancer-binding protein beta and cAMP regulatory element-binding protein in controlling transcription of the gene for phosphoenolpyruvate carboxykinase (GTP)[END_REF]. Importantly, this CRE site is required for the full GC response of the PEPCK promoter and has been described as an essential accessory site for GR action [START_REF] Angrand | Response of the phosphoenolpyruvate carboxykinase gene to glucocorticoids depends on the integrity of the cAMP pathway[END_REF]. It is tempting to speculate that the synergistic activation of PEPCK expression by glucagon/cAMP and GCs relies on the cAMP-dependent induction of nuclear receptor co-factor PGC-1α and the simultaneous activation of PEPCK transcription via the CRE [START_REF] Herzig | CREB regulates hepatic gluconeogenesis through the coactivator PGC-1[END_REF][START_REF] Park | Relative roles of CCAAT/enhancer-binding protein beta and cAMP regulatory element-binding protein in controlling transcription of the gene for phosphoenolpyruvate carboxykinase (GTP)[END_REF][START_REF] Liu | Cyclic AMP induction of phosphoenolpyruvate carboxykinase (GTP) gene transcription is mediated by multiple promoter elements[END_REF][START_REF] Quinn | Cyclic AMP-dependent protein kinase regulates transcription of the phosphoenolpyruvate carboxykinase gene but not binding of nuclear factors to the cyclic AMP regulatory element[END_REF][START_REF] Imai | Glucocorticoid receptor-cAMP response element-binding protein interaction and the response of the phosphoenolpyruvate carboxykinase gene to glucocorticoids[END_REF][START_REF] Xing | Involvement of 3',5'-cyclic adenosine monophosphate regulatory element binding protein (CREB) in both basal and hormone-mediated expression of the phosphoenolpyruvate carboxykinase (PEPCK) gene[END_REF].

In addition to PEPCK, PGC-1α has been also shown to induce other gluconeogenic genes, in particular G6Pase [START_REF] Puigserver | Insulin-regulated hepatic gluconeogenesis through FOXO1-PGC-1alpha interaction[END_REF]. Catalyzing the conversion of glucose-6-phosphate to free glucose, G6Pase represents the final step within the gluconeogenic pathway and, at the same time, also controls hepatic glucose release from glycogenolysis [START_REF] Barthel | Novel concepts in insulin regulation of hepatic gluconeogenesis[END_REF]. Consistently, disruption of G6Pase activity leads to severe hypoglycemia [START_REF] Lei | Glucose-6-phosphatase dependent substrate transport in the glycogen storage disease type-1a mouse[END_REF]. Expression of the G6Pase catalytic subunit gene has been known for decades to be induced by GCs: Adrenalectomy disrupts

G6Pase exression [START_REF] Oishi | Genome-wide Expression Analysis Reveals 100 Adrenal Gland-dependent Circadian Genes in the Mouse Liver[END_REF], whereas GC treatment of isolated hepatocytes leads to G6Pase mRNA induction, the effect of which is mediated by the immediate 5'-flanking region of its gene [START_REF] Garland | Induction of glucose 6-phosphatase in cultured hepatoma cells by dexamethasone[END_REF][START_REF] Garland | Effect of insulin on the induction by dexamethasone of glucose-6-phosphohydrolase and translocase activities in cultured hepatoma cells[END_REF][START_REF] Schmoll | Cloning and sequencing of the 5' region of the human glucose-6-phosphatase gene: transcriptional regulation by cAMP, insulin and glucocorticoids in H4IIE hepatoma cells[END_REF][START_REF] Schmoll | Identification of a cAMP response element within the glucose-6-phosphatase hydrolytic subunit gene promoter which is involved in the transcriptional regulation by cAMP and glucocorticoids in H4IIE hepatoma cells[END_REF][START_REF] Vander Kooi | The glucose-6-phosphatase catalytic subunit gene promoter contains both positive and negative glucocorticoid response elements[END_REF]. Indeed, three functional GR response elements (GREs) have been identified

within the first 200 bp of the G6Pase promoter [START_REF] Vander Kooi | The glucose-6-phosphatase catalytic subunit gene promoter contains both positive and negative glucocorticoid response elements[END_REF][START_REF] Lin | Hepatocyte nuclear factor 1alpha is an accessory factor required for activation of glucose-6-phosphatase gene transcription by glucocorticoids[END_REF]. Interestingly, the GR seems to functionally cooperate with additional factors in this context, including HNF-1, HNF-4, and FOXO1, all of which are required for the full GC response of the G6Pase promoter [START_REF] Vander Kooi | The glucose-6-phosphatase catalytic subunit gene promoter contains both positive and negative glucocorticoid response elements[END_REF][START_REF] Lin | Hepatocyte nuclear factor 1alpha is an accessory factor required for activation of glucose-6-phosphatase gene transcription by glucocorticoids[END_REF][START_REF] Nakae | The forkhead transcription factor Foxo1 (Fkhr) confers insulin sensitivity onto glucose-6-phosphatase expression[END_REF].

Intriguingly, HNF-4 and FOXO1 have been found to be co-activated by PGC-1α on the G6Pase promoter [START_REF] Puigserver | Insulin-regulated hepatic gluconeogenesis through FOXO1-PGC-1alpha interaction[END_REF][START_REF] Rhee | Regulation of hepatic fasting response by PPARgamma coactivator-1alpha (PGC-1): requirement for hepatocyte nuclear factor 4alpha in gluconeogenesis[END_REF], substantiating the notion that the PGC-1α co-activator represents a master-regulator of the gluconeogenic program.

The fact that PGC-1α is over-expressed in diabetic db/db mice and functionally contributes to fasting hyperglycemia and insulin resistance in these animals is consistent with the critical role of the GRU (PEPCK)/GRE (G6Pase) and the GC-GR axis in this phenotype [START_REF] Friedman | Phosphoenolpyruvate carboxykinase (GTP) gene transcription and hyperglycemia are regulated by glucocorticoids in genetically obese db/db transgenic mice[END_REF].

Apart from a direct, activating effect of GCs on increased hepatic glucose output during diabetes, the loss of insulin-dependent repression of PEPCK and G6Pase gene expression substantially promotes hyperglycemia under insulin-resistant conditions [START_REF] Saltiel | Insulin signalling and the regulation of glucose and lipid metabolism[END_REF]. To this end, a defective insulin response in liver has been shown to importantly contribute to the loss of peripheral insulin sensitivity [START_REF] Kim | Mechanism of insulin resistance in A-ZIP/F-1 fatless mice[END_REF][START_REF] Spiegelman | Adipogenesis and obesity: rounding out the big picture[END_REF][START_REF] Moitra | Life without white fat: a transgenic mouse[END_REF]. Mice bearing a targeted disruption of the insulin receptor gene in liver display hyperglycemia, hyperinsulinemia, and impaired glucose tolerance [START_REF] Michael | Loss of insulin signaling in hepatocytes leads to severe insulin resistance and progressive hepatic dysfunction[END_REF]. The mechanisms of insulin-mediated PEPCK gene repression are still not fully understood. However, recent evidence suggests that the GR/GRU might also play an important role in this context. Treatment of isolated hepatocytes with insulin leads to the disruption of the GR-associated transcriptional complex on the PEPCK promoter and the manifestation of a repressed, epigenetic promoter status [START_REF] Hall | Insulin represses phosphoenolpyruvate carboxykinase gene transcription by causing the rapid disruption of an active transcription complex: a potential epigenetic effect[END_REF]. Also, insulin was demonstrated to directly interfere with GR-mediated transcription, the effect of which was dependent on the GR ligand-binding domain [START_REF] Pierreux | Inhibition by insulin of glucocorticoid-induced gene transcription: involvement of the ligand-binding domain of the glucocorticoid receptor and independence from the phosphatidylinositol 3-kinase and mitogen-activated protein kinase pathways[END_REF]. Furthermore, the atypical nuclear receptor small heterodimer partner (SHP) has been shown to interfere with the GR pathway, thereby, repressing PEPCK gene transcription. This effect of SHP seems to rely on the competition with PGC-1α for GR and HNF-4 binding, and induction of GR re-localization to the cytosol [START_REF] Park | Transcriptional repression of gluconeogenic gene PEPCK by orphan nuclear receptor SHP through inhibitory interaction with C/EBPalpha[END_REF][START_REF] Borgius | Glucocorticoid signaling is perturbed by the atypical orphan receptor and corepressor SHP[END_REF]. Also, direct physical interaction with hepatocyte nuclear factor 6 (HNF-6) also inhibits GR transcriptional activity on the PEPCK gene promoter [START_REF] Pierreux | Antiglucocorticoid activity of hepatocyte nuclear factor-6[END_REF].

Thus, these studies prompt the assumption that not only over-activity of the GR might contribute to aberrant PEPCK expression in type II diabetes but that the GR could also serve as an inhibitory target of insulin or related regulatory pathways, thereby providing a potential check point in the control of liver glucose metabolism under normal or insulin resistant conditions.

GCs and hepatic lipid metabolism

Apart from hyperglycemia, aberrant hepatic fat accumulation ("fatty liver", hepatic steatosis) represents a pathophysiological hallmark of the Metabolic Syndrome and is tightly associated with insulin resistance, obesity, glucose intolerance and hypertension [START_REF] Browning | Prevalence of hepatic steatosis in an urban population in the United States: impact of ethnicity[END_REF][START_REF] Browning | Molecular mediators of hepatic steatosis and liver injury[END_REF][START_REF] Dixon | Nonalcoholic fatty liver disease: predictors of nonalcoholic steatohepatitis and liver fibrosis in the severely obese[END_REF][START_REF] Farrell | Nonalcoholic fatty liver disease: from steatosis to cirrhosis[END_REF]. Indeed, hepatic fat accumulation directly impairs intracellular insulin signaling by promoting the activation of protein kinase C (PKC) and jun N-terminal kinase 1 (JNK1) pathways, which lead to decreased tyrosine phosphorylation of insulin signaling components downstream of the insulin receptor, such as insulin receptor substrates 1 and 2 (IRS1/2) [START_REF] Samuel | Mechanism of hepatic insulin resistance in non-alcoholic fatty liver disease[END_REF][START_REF] Griffin | Free fatty acid-induced insulin resistance is associated with activation of protein kinase C theta and alterations in the insulin signaling cascade[END_REF].

Consequently, pathophysiological accumulation of lipids in the liver has been identified as an independent risk factor for insulin resistance and the Metabolic Syndrome [START_REF] Seppala-Lindroos | Fat accumulation in the liver is associated with defects in insulin suppression of glucose production and serum free fatty acids independent of obesity in normal men[END_REF][START_REF] Marchesini | Association of nonalcoholic fatty liver disease with insulin resistance[END_REF][START_REF] Nguyen-Duy | Visceral fat and liver fat are independent predictors of metabolic risk factors in men[END_REF].

Chronically elevated GC levels have been intrinsically tied to fatty liver development, and might, therefore, importantly contribute to the hepatic steatosis as observed in the Metabolic Syndrome [START_REF] Andrews | Glucocorticoids and insulin resistance: old hormones, new targets[END_REF][START_REF] Lewis | Disordered fat storage and mobilization in the pathogenesis of insulin resistance and type 2 diabetes[END_REF][START_REF] Cai | Local and systemic insulin resistance resulting from hepatic activation of IKK-beta and NF-kappaB[END_REF][START_REF] Bugianesi | Insulin resistance: a metabolic pathway to chronic liver disease[END_REF]. In this respect, hepatic fat accumulation has been demonstrated in patients with Cushing's syndrome [START_REF] Taskinen | Plasma lipoproteins, lipolytic enzymes, and very low density lipoprotein triglyceride turnover in Cushing's syndrome[END_REF][START_REF] Lonardo | Endocrine NAFLD' a hormonocentric perspective of nonalcoholic fatty liver disease pathogenesis[END_REF], and GC levels have been found to be dramatically increased in various animal models of obesity, dyslipidemia, and hepatic steatosis, such as the db/db, ob/ob, and KKA(y) mouse [START_REF] Anstee | Mouse models in non-alcoholic fatty liver disease and steatohepatitis research[END_REF][START_REF] Alberts | Effect of high-fat diet on KKAy and ob/ob mouse liver and adipose tissue corticosterone and 11-dehydrocorticosterone concentrations[END_REF]. Indeed, treatment of rats with GCs leads to increased triglyceride synthesis, decreased fatty acid oxidation, and to the subsequent accumulation of lipids in the liver [START_REF] Cole | Effects of adrenalectomy and dexamethasone on hepatic lipid metabolism[END_REF]. Intracytoplasmatic triglyceride accumulation can also be observed in isolated hepatocytes when exposed to GCs [START_REF] Mendoza-Figueroa | Intracytoplasmic triglyceride accumulation produced by dexamethasone in adult rat hepatocytes cultivated on 3T3 cells[END_REF][START_REF] Giudetti | Short-term effect of dexamethasone on fatty acid and cholesterol synthesis in isolated rat hepatocytes[END_REF].

Consistently, adrenalectomy in rats substantially inhibits hepatic triglyceride accumulation, in particular in response to a high fat diet, the effect of which can be readily reversed by GC replacement therapy [START_REF] Mantha | Modulation of triglyceride metabolism by glucocorticoids in diet-induced obesity[END_REF]. Interestingly, modulation of local glucocorticoid concentration by 11-β-hydroxysteroid dehydrogenase type 1 (11βHSD1) has also been linked to hepatic lipid metabolism. There are two isozymes of 11βHSD that interconvert active cortisol and inactive cortisone. Type 1 is predominantly reductive, thus promoting local regeneration of cortisol, while type 2 resembles the oxidative isozyme catalyzing the inactivation of cortisol [START_REF] Tomlinson | 11beta-hydroxysteroid dehydrogenase type 1: a tissue-specific regulator of glucocorticoid response[END_REF][START_REF] Seckl | Minireview: 11beta-hydroxysteroid dehydrogenase type 1-a tissue-specific amplifier of glucocorticoid action[END_REF].

The role of 11βHSD enzymes in the regulation of metabolism and their emerging potential as drug targets in glucocorticoid-related disorders has been extensively reviewed elsewhere [START_REF] Walker | Cortisol--cause and cure for metabolic syndrome?[END_REF][START_REF] Wang | Inhibitors of 11beta-hydroxysteroid dehydrogenase type 1 for the treatment of metabolic syndrome[END_REF]. Nevertheless, hepatic overexpression of 11-β-hydroxysteroid dehydrogenase type 1 (11βHSD1), and the subsequent elevation of local GC levels is sufficient to trigger mild insulin resistance, hepatic steatosis and increased hepatic lipid synthesis/flux. Associated with hepatic 11βHSD1 over-expression and lipid accumulation, expression levels of nuclear receptors LXRα and PPARα have been found to be elevated in these animals. The fact that these transgenic mice are not obese points to a liver-autonomous role of the GC-GR axis in the control of hepatic lipid metabolism and steatosis [START_REF] Paterson | Metabolic syndrome without obesity: Hepatic overexpression of 11beta-hydroxysteroid dehydrogenase type 1 in transgenic mice[END_REF][START_REF] Paterson | Liver-selective transgene rescue of hypothalamic-pituitary-adrenal axis dysfunction in 11{beta}-hydroxysteroid dehydrogenase type 1 deficient mice[END_REF]. Indeed, mice bearing a liverspecific disruption of the GR display diminished hepatic triglyceride levels [START_REF] Shteyer | Disruption of hepatic adipogenesis is associated with impaired liver regeneration in mice[END_REF], further arguing, at least in part, for a liver-specific, cell-type-dependent function of the GC-GR pathway in fatty liver phenotypes (Fig. 1).

However, in contrast to the well-defined molecular pathways governing hepatic glucose homeostasis, metabolic and molecular mechanisms of GC-dependent fatty liver development remain largely elusive. GC treatment of isolated hepatocytes was found to enhance the lipogenic capacity of these cells, and to simultaneously increase very low density lipoprotein (VLDL) production and secretion. These effects most likely reflect the induction of key lipogenic enzyme activities, e.g. acetyl-CoA-carboxylase (ACC) or fatty acid synthase (FAS), and the parallel promotion of VLDL assembly and secretion by hepatocytes [START_REF] Mangiapane | Effects of dexamethasone and insulin on the synthesis of triacylglycerols and phosphatidylcholine and the secretion of verylow-density lipoproteins and lysophosphatidylcholine by monolayer cultures of rat hepatocytes[END_REF][START_REF] Amatruda | The effects of glucocorticoids on insulin-stimulated lipogenesis in primary cultures of rat hepatocytes[END_REF][START_REF] Diamant | Modulation of the activity of insulin-dependent enzymes of lipogenesis by glucocorticoids[END_REF][START_REF] Krausz | Origin and pattern of glucocorticoidinduced hyperlipidemia in rats. Dose-dependent bimodal changes in serum lipids and lipoproteins in relation to hepatic lipogenesis and tissue lipoprotein lipase activity[END_REF][START_REF] Volpe | Hormonal regulation of fatty acid synthetase, acetyl-CoA carboxylase and fatty acid synthesis in mammalian adipose tissue and liver[END_REF]. In addition, GCs also have been shown to inhibit mitochondrial fatty acid β-oxidation [START_REF] Letteron | Glucocorticoids inhibit mitochondrial matrix acyl-CoA dehydrogenases and fatty acid beta-oxidation[END_REF],

thereby, further promoting intracellular lipid accumulation and a pro-steatotic effect upon long-term GC treatment.

On the molecular level, only isolated target genes of GC action in lipid-metabolizing pathways have been identified to date: GCs are responsible for the increase in apolipoprotein AIV (ApoAIV) expression during fasting, as demonstrated by the loss of ApoAIV induction upon adrenalectomy and its restoration upon GC substitution. However, a direct involvement of the GR could not be demonstrated in this setting [START_REF] Hanniman | Apolipoprotein A-IV is regulated by nutritional and metabolic stress: involvement of glucocorticoids, HNF-4 alpha, and PGC-1 alpha[END_REF]. In addition, GCs have been shown

to increase the rate of synthesis and secretion of apolipoprotein AI (ApoAI), the effect of which depends on direct ApoAI promoter regulation through the GR [START_REF] Saladin | Transcriptional induction of rat liver apolipoprotein A-I gene expression by glucocorticoids requires the glucocorticoid receptor and a labile cell-specific protein[END_REF][START_REF] Taylor | Glucocorticoid increases rat apolipoprotein A-I promoter activity[END_REF]. Patients receiving GC treatment have elevated levels of ApoAI and its major associated lipoprotein complex, high density lipoprotein (HDL). This potentially beneficial effect of short-term GC exposure is counteracted, however, upon long-term GC therapy, in which also VLDL levels increase (see above) [START_REF] Saladin | Transcriptional induction of rat liver apolipoprotein A-I gene expression by glucocorticoids requires the glucocorticoid receptor and a labile cell-specific protein[END_REF][START_REF] Wong | Multihormonal regulation and kinetics of induction of a hepatic mRNA sequence which is slowly responsive to triiodothyronine[END_REF][START_REF] Elshourbagy | Expression of rat apolipoprotein A-IV and A-I genes: mRNA induction during development and in response to glucocorticoids and insulin[END_REF][START_REF] Ettinger | Effect of short-term, low-dose corticosteroids on plasma lipoprotein lipids[END_REF].

Taken together, research over the past decades has established a crucial role of the GC-GR axis for the manifestation of severe metabolic complications, such as hyperglycemia or hepatic steatosis, which constitute important components of the Metabolic Syndrome.

However, whereas the functional impact of GCs on hepatic glucose metabolism has been analyzed in great molecular detail, major molecular players and mechanisms of GCdependent lipid metabolism remain to be defined in future research efforts.

Adipose Tissue

Apart from hyperglycemia and dyslipidemia, obesity represents a hallmark of the Metabolic Syndrome, the co-occurrence of which strongly increases the relative risk of morbidities [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF].

Animal knock out studies have highlighted the importance of adipose tissue as an endocrine organ involved in the maintenance of glucose homeostasis and energy balance, and thereby in the pathophysiology of the Metabolic Syndrome [START_REF] Minokoshi | Tissue-specific ablation of the GLUT4 glucose transporter or the insulin receptor challenges assumptions about insulin action and glucose homeostasis[END_REF]. Notably, excessive GC levels as observed in Cushing's syndrome have been identified to be instrumental for the obesity in these patients [START_REF] Walker | Cortisol--cause and cure for metabolic syndrome?[END_REF]. Indeed, hyperactivity of the HPA axis is positively correlated with the Metabolic Syndrome as demonstrated in subjects with glucose intolerance, hypertension, and insulin resistance [START_REF] Reynolds | Altered control of cortisol secretion in adult men with low birth weight and cardiovascular risk factors[END_REF][START_REF] Phillips | Elevated plasma cortisol concentrations: a link between low birth weight and the insulin resistance syndrome?[END_REF][START_REF] Phillips | Low birth weight predicts elevated plasma cortisol concentrations in adults from 3 populations[END_REF][START_REF] Walker | Increased glucocorticoid activity in men with cardiovascular risk factors[END_REF], suggesting a causative role for GCs in the obese phenotype. Consistently, treatment of obese rats with the GR antagonist RU486 or adrenalectomy reverse the obese phenotype in these animals [START_REF] Langley | Effects of antiglucocorticoid RU 486 on development of obesity in obese fa/fa Zucker rats[END_REF][START_REF] Livingstone | Understanding the role of glucocorticoids in obesity: tissue-specific alterations of corticosterone metabolism in obese Zucker rats[END_REF].

In this respect, it is worth mentioning that in particular the occurrence of central (abdominal) obesity has been linked to insulin resistance [START_REF] Kopelman | Obesity as a medical problem[END_REF][START_REF] Bjorntorp | Neuroendocrine perturbations as a cause of insulin resistance[END_REF]. Consistent with an involvement of the GC-GR axis in this phenotype, also Cushing's patients are characterized by a re-distribution of body fat from the periphery to central/abdominal depots [START_REF] Shibli-Rahhal | Cushing's syndrome[END_REF][START_REF] Drapeau | Is visceral obesity a physiological adaptation to stress?[END_REF], which seem to represent GR dense fatty tissue compartments that are in particular sensitive to GCs in obese patients [START_REF] Rebuffe-Scrive | Steroid hormone receptors in human adipose tissues[END_REF][START_REF] Bjorntorp | Adipose tissue distribution and function[END_REF][START_REF] Boullu-Ciocca | Expression of the mRNAs coding for the glucocorticoid receptor isoforms in obesity[END_REF].

Lipolytic functions of GCs

GCs differentially impact distinct fat depots (Fig. 2): Whereas GCs increase lipolysis by inducing hormone-sensitive lipase [START_REF] Slavin | Hormonal regulation of hormonesensitive lipase activity and mRNA levels in isolated rat adipocytes[END_REF] and reduce lipoprotein lipase (LPL) activity in peripheral fat depots, they promote pre-adipocyte differentiation, pro-lipogenic pathway activity, and thereby cellular hypertrophy in central fat [START_REF] Gaillard | Control of terminal differentiation of adipose precursor cells by glucocorticoids[END_REF][START_REF] Seckl | Glucocorticoids and 11beta-hydroxysteroid dehydrogenase in adipose tissue[END_REF][START_REF] Samra | Effects of physiological hypercortisolemia on the regulation of lipolysis in subcutaneous adipose tissue[END_REF] as well as decreased thermogenesis and uncoupling protein 1 (UCP-1) expression in brown adipose tissue [START_REF] Soumano | Glucocorticoids inhibit the transcriptional response of the uncoupling protein-1 gene to adrenergic stimulation in a brown adipose cell line[END_REF].

As the increase in triglyceride breakdown and release of free fatty acids (FFA) play a key role in the attenuation of insulin action in liver and muscle [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF], GCs are likely to directly influence systemic insulin sensitivity by virtue of their regulatory function for adipose tissue metabolism.

In this respect, GCs have also been shown to directly influence adipocyte insulin sensitivity by interfering with components of the insulin signaling cascade. GC treatment leads to a down-regulation of IRS1 and IRS2 proteins, blunting intracellular insulin signal transduction [START_REF] Caperuto | Distinct regulation of IRS proteins in adipose tissue from obese aged and dexamethasonetreated rats[END_REF]. Additionally, phosphoinositide 3 (PI3) kinase activity as well as Akt phosphorylation as markers of insulin signaling strength represent negative targets of GC action in rat adipocytes [START_REF] Corporeau | Adipose tissue compensates for defect of phosphatidylinositol 3'-kinase induced in liver and muscle by dietary fish oil in fed rats[END_REF][START_REF] Buren | Dexamethasone impairs insulin signalling and glucose transport by depletion of insulin receptor substrate-1, phosphatidylinositol 3-kinase and protein kinase B in primary cultured rat adipocytes[END_REF]. The inhibitory effect on post-receptor insulin signaling is then also translated into impaired glucose uptake by the glucose transporter 4 (Glut4). Insulinstimulated re-location of Glut4 to the plasma membrane is efficiently inhibited by GC exposure [START_REF] Sakoda | Dexamethasone-induced insulin resistance in 3T3-L1 adipocytes is due to inhibition of glucose transport rather than insulin signal transduction[END_REF][START_REF] Weinstein | Dexamethasone inhibits insulin-stimulated recruitment of GLUT4 to the cell surface in rat skeletal muscle[END_REF][START_REF] Watanabe | In vitro effects of glucocorticoid on glucose transport in rat adipocytes: evidence of a post-receptor coupling defect in insulin action[END_REF][START_REF] Roth | Reductions in glucocorticoid inhibition of glucose oxidation and presumptive glucocorticoid receptor content in rat adipocytes during aging[END_REF], representing a physiological rational for GC-induced glucose intolerance and hyperglycemia as hallmarks of the Metabolic Syndrome. Consistently, adipose-specific ablation of Glut4 leads to impaired glucose tolerance and insulin sensitivity in mice [START_REF] Abel | Adipose-selective targeting of the GLUT4 gene impairs insulin action in muscle and liver[END_REF].

PEPCK does not only play a prominent role in hepatic gluconeogenesis but also represents a key enzyme in the glycerogenic pathway in adipocytes. Glyceroneogenesis, the de novo synthesis of 3-glycerophosphate from pyruvate and amino acids, provides essential precursors for triglyceride synthesis in this cellular context [START_REF] Reshef | Glyceroneogenesis and the triglyceride/fatty acid cycle[END_REF]. Transgenic overexpression of PEPCK specifically in adipose tissue leads to increased adiposity based on enhanced re-esterification of free fatty acids within this tissue [START_REF] Franckhauser | Increased fatty acid re-esterification by PEPCK overexpression in adipose tissue leads to obesity without insulin resistance[END_REF], the effect of which is further aggravated by feeding the animals a high fat diet [START_REF] Franckhauser | Adipose overexpression of phosphoenolpyruvate carboxykinase leads to high susceptibility to diet-induced insulin resistance and obesity[END_REF]. In contrast to the liver, GR negatively regulates PEPCK gene expression in adipocytes by interfering with the activity of the pro-glycerogenic transcription factor CCAAT/enhancer binding protein (C/EBP) [START_REF] Franckhauser | Expression of the phosphoenolpyruvate carboxykinase gene in 3T3-F442A adipose cells: opposite effects of dexamethasone and isoprenaline on transcription[END_REF][START_REF] Olswang | Glucocorticoids repress transcription of phosphoenolpyruvate carboxykinase (GTP) gene in adipocytes by inhibiting its C/EBP-mediated activation[END_REF] and the pro-glycerogenic actions of PPARγ and α ligands, thiazolidinediones and fibrates, respectively [START_REF] Glorian | Glucocorticoids repress induction by thiazolidinediones, fibrates, and fatty acids of phosphoenolpyruvate carboxykinase gene expression in adipocytes[END_REF]. GCs, thereby, essentially inhibit adipose fat storage and reduce adipose tissue size, which is consistent with the reduced adipose size in animals bearing an inhibitory mutation within the PEPCK promoter region [START_REF] Olswang | A mutation in the peroxisome proliferatoractivated receptor gamma-binding site in the gene for the cytosolic form of phosphoenolpyruvate carboxykinase reduces adipose tissue size and fat content in mice[END_REF].

Pro-adipogenic functions of GCs

In contrast to insulin resistance, obesity as such (e.g. obesity without diabetes) is not associated with increased systemic levels of GCs, but rather with lower circulating GCs [START_REF] Seckl | Minireview: 11beta-hydroxysteroid dehydrogenase type 1-a tissue-specific amplifier of glucocorticoid action[END_REF].

This seemingly paradoxical finding has been resolved in recent years by studies exploring the function of GC-metabolizing enzymes, e.g. 11βHSD, which have been shown to essentially increase local tissue levels of GCs [START_REF] Tomlinson | 11beta-hydroxysteroid dehydrogenase type 1: a tissue-specific regulator of glucocorticoid response[END_REF]. To this end, 11βHSD1 knock out animals display impaired induction of gluconeogenic genes in the liver in response to fasting along with reduced plasma triglyceride levels and enhanced fatty acid oxidation, all of which is consistent with a diminished GC regeneration on a tissue-specific basis. When investigated on an obesity-prone genetic background, 11βHSD1-deficient mice are further protected against diet-induced obesity [START_REF] Livingstone | Understanding the role of glucocorticoids in obesity: tissue-specific alterations of corticosterone metabolism in obese Zucker rats[END_REF][START_REF] Harris | Intracellular regeneration of glucocorticoids by 11beta-hydroxysteroid dehydrogenase (11beta-HSD)-1 plays a key role in regulation of the hypothalamic-pituitary-adrenal axis: analysis of 11beta-HSD-1-deficient mice[END_REF][START_REF] Morton | Improved lipid and lipoprotein profile, hepatic insulin sensitivity, and glucose tolerance in 11beta-hydroxysteroid dehydrogenase type 1 null mice[END_REF][START_REF] Kotelevtsev | 11betahydroxysteroid dehydrogenase type 1 knockout mice show attenuated glucocorticoidinducible responses and resist hyperglycemia on obesity or stress[END_REF]. Furthermore, transgenic mice over-expressing 11βHSD1 specifically in adipocytes show a significant increase in abdominal fat depots, whereas peripheral fat is less affected. This is particularly remarkable since the transgene is expressed in all different types of fat depots [START_REF] Masuzaki | A transgenic model of visceral obesity and the metabolic syndrome[END_REF]. Correlating with this phenotype, adipose-specific elevation of GC levels in these mice leads to the manifestation of all major phenotypes of the Metabolic Syndrome, such as abdominal obesity, glucose intolerance and hypertriglyceridemia. Furthermore, 11βHSD1-overexpressing mice are characterized by adipocyte hypertrophy, which is accompanied by decreased levels of the insulin-sensitizing adipocytokine adiponectin and increased local and systemic levels of tumor necrosis factor (TNF) α, a marker of insulin resistance [START_REF] Masuzaki | A transgenic model of visceral obesity and the metabolic syndrome[END_REF][START_REF] Viengchareun | Brown adipocytes are novel sites of expression and regulation of adiponectin and resistin[END_REF][START_REF] Fasshauer | Hormonal regulation of adiponectin gene expression in 3T3-L1 adipocytes[END_REF][START_REF] Masuzaki | Transgenic amplification of glucocorticoid action in adipose tissue causes high blood pressure in mice[END_REF].

In addition to adipocyte hypertrophy as observed in this model, GCs promote pre-adipocyte differentiation in primary and cell culture models [START_REF] Gregoire | Understanding adipocyte differentiation[END_REF]. This effect is, at least in part, mediated by a non-transcriptional function of the GR, which targets a specific histone deacetylase 1 complex for degradation by the 26 S proteasome, thereby enhancing the expression of critical pacemakers in the cellular differentiation process, e.g. transcription factor C/EBPα [199]. Also, activation of GR by elevated 11βHSD1 levels in isolated adipocytes seems to also co-operate with the PPARγ-dependent adipogenic program to differentiate pre-adipocytes into mature lipid-laden cells. This effect, at least in part, relies on the GR-mediated transcriptional induction of PPARγ2, a critical checkpoint in the adipogenic differentiation program [START_REF] Liu | Role of 11-betahydroxysteroid dehydrogenase type 1 in differentiation of 3T3-L1 cells and in rats with diet-induced obesity[END_REF][START_REF] Wu | Induction of peroxisome proliferatoractivated receptor gamma during the conversion of 3T3 fibroblasts into adipocytes is mediated by C/EBPbeta, C/EBPdelta, and glucocorticoids[END_REF]. Furthermore, the GR also associates with transcription factor signal transducers and activators of transcription (Stat) 5a, which, in turn, promotes adipocyte differentiation [START_REF] Floyd | STAT5A promotes adipogenesis in nonprecursor cells and associates with the glucocorticoid receptor during adipocyte differentiation[END_REF].

Together with the fact that 11βHSD1 expression levels have been found to be increased in obese humans as well as animals [START_REF] Livingstone | Understanding the role of glucocorticoids in obesity: tissue-specific alterations of corticosterone metabolism in obese Zucker rats[END_REF][START_REF] Boullu-Ciocca | Postnatal diet-induced obesity in rats upregulates systemic and adipose tissue glucocorticoid metabolism during development and in adulthood: its relationship with the metabolic syndrome[END_REF], these studies strongly suggest that local hyperactivity of the GC-GR axis in abdominal adipose tissue critically contributes to the manifestation of the Metabolic Syndrome by functionally cooperating with a variety of other transcriptional regulators and co-factor complexes (Fig. 2). Selective inhibition of 11βHSD1 activity has, therefore, emerged as a novel concept in the treatment of the Metabolic Syndrome and associated disorders [START_REF] Tomlinson | Mechanisms of disease: Selective inhibition of 11beta-hydroxysteroid dehydrogenase type 1 as a novel treatment for the metabolic syndrome[END_REF][START_REF] Walker | Tissue production of cortisol by 11betahydroxysteroid dehydrogenase type 1 and metabolic disease[END_REF].

Skeletal muscle

GCs and muscle catabolism in different metabolic conditions

A common feature of Cushing's syndrome and steroid therapy is the development of muscle atrophy (steroid myopathy) as a symptom or side effect, respectively [START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF]. This fact represents a clear proof for a direct or indirect catabolic effect of excess GCs on skeletal muscle. The biological significance of such effect lies in the altered regulation of metabolism under conditions of stress. Thus, during fasting periods, infection or cancer, when the energetic and substrate requirements of the organism are increased, muscle tissue, constituting 40% of total body mass, is a rich source of amino acids. They can be mobilized and serve as substrates for energy generation, gluconeogenesis and protein synthesis. On the other hand, inhibition of glucose utilization in muscle in response to GCs increases the availability for other tissues, e.g. brain, immune system and tumor.

Skeletal muscle metabolism and the balance between hypertrophy and atrophy are controlled by the action of counter-regulatory anabolic and catabolic signals. In general, contractile activity, nutritional status and the presence of disease/injury determine the type and intensity of signals impinging on muscle tissue [START_REF] Baracos | Management of muscle wasting in cancer-associated cachexia: understanding gained from experimental studies[END_REF]. As described in detail below, the insulin/insulinlike growth factor 1 (IGF-1) pathway represents a major anabolic pathway in muscle [START_REF] Heszele | Insulin-like growth factor I: the yin and yang of muscle atrophy[END_REF],

which is counteracted by GCs. A disturbed balance of counter-regulatory signals under pathological conditions leads to muscle atrophy and its negative consequences.

As described above, increased levels of GC activity are associated with fasting, stress and several metabolic diseases. The question rises as to how important are GCs in the induction of muscle atrophy under such conditions. Steroid myopathy, which is associated with marked atrophy of proximal muscles and mainly fast-twich type IIB fibres, highlights the potential of GCs as catabolic hormones [START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF]. Experiments on adrenalectomized rats demonstrated an involvement of GCs in the induction of ubiquitin-mediated protein degradation in muscle during starvation [START_REF] Wing | Glucocorticoids activate the ATP-ubiquitindependent proteolytic system in skeletal muscle during fasting[END_REF].

Insulin resistance in skeletal muscle is associated with the Metabolic Syndrome and has been suggested to promote the development of type II diabetes [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF]. Concerning a role of GCs in this process, conclusions from studies on individuals affected by the Metabolic Syndrome are mainly of correlative nature. Nevertheless, GR expression in skeletal muscle of diabetic patients correlates with the degree of insulin resistance with normalization of GR levels following treatment [START_REF] Vestergaard | Increments in insulin sensitivity during intensive treatment are closely correlated with decrements in glucocorticoid receptor mRNA in skeletal muscle from patients with Type II diabetes[END_REF]. Interestingly, mRNA expression of 11βHSD was found to be increased in cultured myotubes derived from muscle of diabetic (type II) patients [START_REF] Abdallah | Increased expression of 11beta-hydroxysteroid dehydrogenase type 1 in type 2 diabetic myotubes[END_REF]. A similar observation was made earlier by Whorwood et al. [START_REF] Whorwood | Increased glucocorticoid receptor expression in human skeletal muscle cells may contribute to the pathogenesis of the metabolic syndrome[END_REF]. Thus, increased levels of GR or intramuscular cortisol levels through elevated 11βHSD expression could translate into increased sensitivity of muscle to GCs in affected individuals.

Although GC levels are generally found to be normal in obese individuals [START_REF] Seckl | Minireview: 11beta-hydroxysteroid dehydrogenase type 1-a tissue-specific amplifier of glucocorticoid action[END_REF], elevated corticosterone production was measured in obese db/db mice [START_REF] Wang | Insulin resistance accelerates muscle protein degradation: Activation of the ubiquitin-proteasome pathway by defects in muscle cell signaling[END_REF]. In this model, insulin resistance and increased GC production were associated with muscle atrophy. Functional conclusions could be drawn from adrenalectomized obese ob/ob mice. The absence of adrenal GCs resulted in improved muscle insulin sensitivity and increased protein synthesis [START_REF] Shargill | Muscle protein turnover in the perfused hindquarters of lean and genetically obese-diabetic (db/db) mice[END_REF][START_REF] Ohshima | Adrenalectomy reverses insulin resistance in muscle from obese (ob/ob) mice[END_REF]. Furthermore, insulin resistance in hind limb muscles induced by high-fat diet in rats was ameliorated by treatment with the GC antagonist RU486 [START_REF] Kusunoki | Amelioration of highfat feeding-induced insulin resistance in skeletal muscle with the antiglucocorticoid RU486[END_REF]. Taken together, increased GC levels or sensitivity in muscle have been associated with conditions related to the metabolic syndrome in several studies and models.

A question of great interest lies in the triggers inducing enhanced GC production and local sensitivity in obesity and the metabolic syndrome. In the case of infection and sepsis, the HPA axis is stimulated by pro-inflammatory cytokines resulting in increased levels of circulating GCs [START_REF] Webster | Role of the hypothalamic-pituitary-adrenal axis, glucocorticoids and glucocorticoid receptors in toxic sequelae of exposure to bacterial and viral products[END_REF]. Amino acid mobilization from muscle during acute infection may be beneficial for the initial response of the organism, however, in severe and prolonged disease muscle wasting and the associated fatigue can become a serious clinical problem. The role of GCs in muscle breakdown was demonstrated in a rat model of sepsis [START_REF] Tiao | Energy-ubiquitin-dependent muscle proteolysis during sepsis in rats is regulated by glucocorticoids[END_REF]. Treatment of septic rats with the RU38486 antagonist resulted in marked inhibition of muscle protein degradation, in particular through the ubiquitin-mediated pathway. The finding that a strong proportion of proteolysis can be attributed to GC action is remarkable in light of the severe catabolic effects of inflammatory cytokines on muscle during sepsis [START_REF] Lecker | Muscle protein breakdown and the critical role of the ubiquitin-proteasome pathway in normal and disease states[END_REF].

A further trigger of GC production is the presence of a tumor. The detection of elevated GC levels in cancer patients with cachexia or tumor-bearing animals was discussed above [START_REF] Schaur | Tumor host relations. I. Increased plasma cortisol in tumor-bearing humans compared with patients with benign surgical diseases[END_REF][START_REF] Tanaka | Experimental cancer cachexia induced by transplantable colon 26 adenocarcinoma in mice[END_REF][START_REF] Knapp | Hormonal factors associated with weight loss in patients with advanced breast cancer[END_REF].

Although the involvement of GCs in the pathogenesis of cancer cachexia remains elusive, multiple reports from animal models exclude a critical role for this factor. Thus, despite a correlation of GC levels with muscle wasting in different models of cancer cachexia, treatment with RU486 had no effect on the phenotype [START_REF] Llovera | Muscle hypercatabolism during cancer cachexia is not reversed by the glucocorticoid receptor antagonist RU38486[END_REF][START_REF] Rivadeneira | Glucocorticoid blockade does not abrogate tumor-induced cachexia[END_REF]. Similarly, adrenalectomy did not improve wasting in cachectic tumor-bearing mice displaying hypercortism [START_REF] Svaninger | Tumor-host wasting not explained by adrenal hyperfunction in tumor-bearing animals[END_REF].

In conclusion, a broad range of evidence supports the notion that elevated GC activity contributes to muscle catabolism and insulin resistance in several metabolic disorders.

However, elucidation of the precise function of GR signaling in muscle during metabolic dysregulation will require generation and analysis of mice with muscle-restricted ablation of the GR gene.

Effects of GCs on glucose and protein metabolism: Molecular pathways

Although a broad understanding of the effects of GCs on muscle physiology has not been achieved yet, decades of research lead to the conclusion that GCs are able to effectively modulate glucose and protein metabolism in skeletal muscle (Fig. 3). On one hand, GCs inhibit glucose uptake and glycogen synthesis. On the other hand, they suppress protein synthesis while promoting protein degradation and amino acid export. Interestingly, these cellular processes are regulated by the insulin/IGF-1 signaling pathway [START_REF] Heszele | Insulin-like growth factor I: the yin and yang of muscle atrophy[END_REF][START_REF] Glass | Skeletal muscle hypertrophy and atrophy signaling pathways[END_REF]. Of central importance is the activation of Akt kinase, which is mediated by increased IRS1 phosphorylation and PI3 kinase activity downstream of insulin/IGF-1 receptors. Akt promotes glucose utilization and protein synthesis and inhibits protein degradation via multiple downstream pathways. In this context, it is not surprising that GCs exert their catabolic effects on muscle in part by counteracting IGF-1/insulin/PI3-kinase/Akt signaling. This cross-talk can occur at several levels. The ability of GCs to inhibit ligand-induced insulin receptor (IR) phophorylation has been a matter of controversy. However, Giorgino et al. could show that treatment of rats with the GR agonist dexamethasone (Dex) leads to reduced IR phosphorylation in skeletal muscle [START_REF] Giorgino | Glucocorticoid regulation of insulin receptor and substrate IRS-1 tyrosine phosphorylation in rat skeletal muscle in vivo[END_REF]. In a similar experiment, Dex treatment resulted in a reduction of PI3 kinase activity [START_REF] Saad | Modulation of insulin receptor, insulin receptor substrate-1, and phosphatidylinositol 3-kinase in liver and muscle of dexamethasone-treated rats[END_REF]. Akt phosphorylation/activation was inhibited by Dex both, in rat muscle in response to insulin [START_REF] Long | Adrenalectomy enhances the insulin sensitivity of muscle protein synthesis[END_REF] and in cultured C2C12 myotubes [START_REF] Sandri | Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy[END_REF].

Specific mechanisms by which GCs influence glucose metabolism in muscle have been described in detail. Thus, a central aspect of GC-induced insulin resistance in muscle resides in the suppression of glucose uptake mainly through inhibited translocation of the glucose transporter Glut4 to the cell surface (Fig. 3) [START_REF] Weinstein | Dexamethasone inhibits insulin-stimulated recruitment of GLUT4 to the cell surface in rat skeletal muscle[END_REF][START_REF] Weinstein | Glucocorticoidinduced insulin resistance: dexamethasone inhibits the activation of glucose transport in rat skeletal muscle by both insulin-and non-insulin-related stimuli[END_REF]. Furthermore, GC treatment results in reduced glycogen synthesis through a mechanism involving suppression of glycogen synthase activity [START_REF] Ekstrand | The effect of (steroid) immunosuppression on skeletal muscle glycogen metabolism in patients after kidney transplantation[END_REF][START_REF] Coderre | Effect of hypercorticism on regulation of skeletal muscle glycogen metabolism by insulin[END_REF]. It is noteworthy that both Glut4 translocation and glycogen synthase activity are positively regulated by Akt [START_REF] Jiang | Insulin signaling through Akt/protein kinase B analyzed by small interfering RNA-mediated gene silencing[END_REF].

While the involvement of GCs in the induction of insulin resistance is of great interest in respect to the pathogenesis of type II diabetes, regulation of protein metabolism is a major concern in disorders associated with severe muscle atrophy. The availability of free amino acids and Akt signaling represent two pathways regulating protein synthesis (Fig. 3) [START_REF] Glass | Skeletal muscle hypertrophy and atrophy signaling pathways[END_REF].

The former is influenced by GCs through inhibition of amino acid uptake into muscle cells [START_REF] Hasselgren | Counter-regulatory hormones and mechanisms in amino acid metabolism with special reference to the catabolic response in skeletal muscle[END_REF]. The negative effect of GCs on signaling events regulating protein synthesis downstream of Akt was demonstrated in muscle of rats treated with Dex [START_REF] Shah | Glucocorticoids oppose translational control by leucine in skeletal muscle[END_REF]. Reduced protein synthesis was associated with decreased phosphorylation of p70 S6-kinase and eukaryotic Initiation Factor 4E (eIF4E)-binding protein 1, events which would be expected to account for reduced efficiency and inhibited initiation of translation.

A plethora of studies has provided evidence for the enhancement of skeletal muscle protein degradation in response to GC treatment, particularly via the ubiquitin-proteasome pathway.

Expression of the E3 ubiquitin ligases atrogin-1 and Muscle Ring Finger 1 (MuRF-1) is restricted to skeletal muscle and is induced in various types of atrophy [START_REF] Lecker | Multiple types of skeletal muscle atrophy involve a common program of changes in gene expression[END_REF] as well as in response to Dex [START_REF] Bodine | Identification of ubiquitin ligases required for skeletal muscle atrophy[END_REF]. These proteins promote ubiquitination of specific protein substrates, thereby targeting them for proteasomal degradation. Genetic ablation of either gene revealed an essential function during denervation-induced atrophy [START_REF] Bodine | Identification of ubiquitin ligases required for skeletal muscle atrophy[END_REF]. Expression of atrogin-1 and MuRF-1 is induced by activation of transcription factors Foxo1 and Foxo3, which is prevented by anabolic signals via the Akt pathway [START_REF] Sandri | Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy[END_REF][START_REF] Stitt | The IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-induced ubiquitin ligases by inhibiting FOXO transcription factors[END_REF]. Dex positively regulates E3 ligase expression by inhibiting Akt phosphorylation, thereby permitting activation of Foxo1 and 3. In addition, as shown in mice treated with Dex, GCs are able to induce the expression of both transcription factors in muscle [START_REF] Furuyama | Forkhead transcription factor FOXO1 (FKHR)-dependent induction of PDK4 gene expression in skeletal muscle during energy deprivation[END_REF]. The notion that GCs promote a general gene expression program driving protein degradation is further supported by reports on increased expression of relevant genes in response to Dex, such as ubiquitin C, proteasome subunits and cathepsin L (lysosomal protein degradation) [START_REF] Combaret | Glucocorticoids regulate mRNA levels for subunits of the 19 S regulatory complex of the 26 S proteasome in fast-twitch skeletal muscles[END_REF][START_REF] Komamura | Differential gene expression in the rat skeletal and heart muscle in glucocorticoid-induced myopathy: analysis by microarray[END_REF][START_REF] Marinovic | Ubiquitin (UbC) expression in muscle cells is increased by glucocorticoids through a mechanism involving Sp1 and MEK1[END_REF]. Finally, the process by which free muscle amino acids are converted to glutamine for export and utilization in other tissues is enhanced by GCs during stress, through the upregulation of glutamine synthase expression [START_REF] Falduto | Antagonism by glucocorticoids and exercise on expression of glutamine synthetase in skeletal muscle[END_REF].

A novel mechanism involved in GC signaling has been uncovered recently. Expression of the secreted protein myostatin, an inhibitor of muscle growth, was found to be increased in response to Dex both, in rat muscle and in C2C12 myotubes [START_REF] Artaza | Endogenous expression and localization of myostatin and its relation to myosin heavy chain distribution in C2C12 skeletal muscle cells[END_REF][START_REF] Ma | Glucocorticoid-induced skeletal muscle atrophy is associated with upregulation of myostatin gene expression[END_REF]. Myostatin both suppresses protein synthesis and is able to enhance expression of atrogin-1 and MuRF-1 in skeletal muscle in vivo [START_REF] Mcfarlane | Myostatin induces cachexia by activating the ubiquitin proteolytic system through an NF-kappaB-independent, FoxO1dependent mechanism[END_REF][START_REF] Welle | Myofibrillar protein synthesis in myostatin-deficient mice[END_REF]. Notably, expression of atrogin-1 in response to myostatin treatment appeared to be dependent on increased Foxo1 expression and activity [START_REF] Mcfarlane | Myostatin induces cachexia by activating the ubiquitin proteolytic system through an NF-kappaB-independent, FoxO1dependent mechanism[END_REF]. The functional significance of GC-dependent myostatin upregulation was confirmed in myostatin gene deficient mice, which were resistant to Dex-induced muscle atrophy [START_REF] Gilson | Myostatin gene deletion prevents glucocorticoid-induced muscle atrophy[END_REF].

Almon et al. obtained gene expression profiles from skeletal muscle of rats treated with Dex and identified changes in 22 genes associated with the development of insulin resistance [START_REF] Almon | Temporal profiling of the transcriptional basis for the development of corticosteroid-induced insulin resistance in rat muscle[END_REF]. Although functional validation of transcriptional changes remains to be determined, such approaches will be helpful in order to achieve a more global picture of the molecular mechanisms of GC action in muscle. Furthermore, several questions of central importance await answers. For example, the precise mechanisms by which GCs inhibit the Akt pathway remain elusive. The scarcity of established direct transcriptional targets of the GR in muscle cells is remarkable. It is also unclear whether the catabolic effects of GCs on skeletal muscle are dependent on dimerisation, DNA binding and transactivation by the GR. The finding that Dex-mediated protein degradation in myotubes was dependent on the co-activator p300 implies involvement of transactivation in the regulation of this process [START_REF] Yang | Dexamethasoneinduced protein degradation in cultured myotubes is p300/HAT dependent[END_REF]. Characterization of muscle metabolism in mice carrying dimerization-deficient GR alleles [START_REF] Reichardt | DNA binding of the glucocorticoid receptor is not essential for survival[END_REF] might give good clues in this direction.

Pancreatic β β β β-cells

Glucose intolerance, a phenomenon closely associated with the development of type II diabetes, is a consequence of insulin resistance in liver, muscle and adipose tissue on one hand and failure of pancreatic β-cells to compensate hyperglycemia with increased insulin secretion on the other [START_REF] Saltiel | New perspectives into the molecular pathogenesis and treatment of type 2 diabetes[END_REF]. Diabetes mellitus frequently occurs during steroid therapy and Cushing's syndrome and has been associated with reduced β-cell insulin secretion [START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF].

Indeed, it was demonstrated in experiments with cultured β-cells that GCs are able to suppress insulin secretion [START_REF] Lambillotte | Direct glucocorticoid inhibition of insulin secretion. An in vitro study of dexamethasone effects in mouse islets[END_REF]. Furthermore, it was reported that Dex treatment caused decreased stability and protein levels of the glucose transporter Glut2 and this correlated with an inhibition of glucose-stimulated insulin secretion [START_REF] Gremlich | Dexamethasone induces posttranslational degradation of GLUT2 and inhibition of insulin secretion in isolated pancreatic beta cells. Comparison with the effects of fatty acids[END_REF]. Further evidence for the ability of GCs to suppress insulin output was obtained in vivo in experiments with mice overexpressing the GR in pancreatic β-cells. This genetic modification leads to decreased insulin secretion accompanied by reduced glucose tolerance in adult mice and hyperglycemia in aged mice [START_REF] Delaunay | Pancreatic beta cells are important targets for the diabetogenic effects of glucocorticoids[END_REF][START_REF] Davani | Aged transgenic mice with increased glucocorticoid sensitivity in pancreatic beta-cells develop diabetes[END_REF]. In the latter case, enhanced α-adrenergic receptor signaling was reported in GRoverexpressing cells, a finding that has been linked to suppression of insulin release [START_REF] Davani | Aged transgenic mice with increased glucocorticoid sensitivity in pancreatic beta-cells develop diabetes[END_REF].

Additional mechanisms contributing to reduced insulin output involve apoptosis [START_REF] Ranta | Dexamethasone induces cell death in insulin-secreting cells, an effect reversed by exendin-4[END_REF] and increased K+ channel activity [START_REF] Ullrich | Serum-and glucocorticoid-inducible kinase 1 (SGK1) mediates glucocorticoid-induced inhibition of insulin secretion[END_REF]. Ullrich et al. showed that up-regulation of Serum-and Glucocorticoid-inducible Kinase (SGK1) expression by GCs is necessary for increased activity of K+ channels, which in turn can account for inhibition of insulin release in β-cells [START_REF] Ullrich | Serum-and glucocorticoid-inducible kinase 1 (SGK1) mediates glucocorticoid-induced inhibition of insulin secretion[END_REF].

Taken together, multiple pathways controlling insulin secretion by β-cells are influenced by GCs. β-cell-specific inactivation of GR function under disturbed metabolic conditions could provide direct proof for the significance of such effects in the pathogenesis of glucose intolerance and diabetes.

Novel GC effectors

Recently, the upregulation of MAP Kinase Phosphatase 1 (MKP-1) and Tribbles-homologue 3 (TRB3) expression by GCs was described [START_REF] Du | TRB3: a tribbles homolog that inhibits Akt/PKB activation by insulin in liver[END_REF][START_REF] Kassel | Glucocorticoids inhibit MAP kinase via increased expression and decreased degradation of MKP-1[END_REF][START_REF] Lasa | Dexamethasone causes sustained expression of mitogen-activated protein kinase (MAPK) phosphatase 1 and phosphatase-mediated inhibition of MAPK p38[END_REF]. Given the involvement of these signaling proteins in the regulation of several metabolic processes these findings could contribute to the dissection of novel pathways modulating metabolism in response to GCs.

MKP-1 is a MAPK phosphatase that is able to inactivate MAPKs, including Erk, JNK and p38, through dephosphorylation of threonine and tyrosine residues [START_REF] Wu | Mice lacking MAP kinase phosphatase-1 have enhanced MAP kinase activity and resistance to diet-induced obesity[END_REF]. MKP-1 expression was shown to be increased in Dex-treated cells [START_REF] Kassel | Glucocorticoids inhibit MAP kinase via increased expression and decreased degradation of MKP-1[END_REF][START_REF] Lasa | Dexamethasone causes sustained expression of mitogen-activated protein kinase (MAPK) phosphatase 1 and phosphatase-mediated inhibition of MAPK p38[END_REF] as well as in high fat diet-fed mice [START_REF] Reddy | Potential role for mitogen-activated protein kinase phosphatase-1 in the development of atherosclerotic lesions in mouse models[END_REF]. The increased susceptibility of MKP-1 null mice to endotoxemia highlights its role in the suppression of inflammatory responses, possibly downstream of GCs [START_REF] Chi | Dynamic regulation of pro-and anti-inflammatory cytokines by MAPK phosphatase 1 (MKP-1) in innate immune responses[END_REF][START_REF] Hammer | Dual specificity phosphatase 1 (DUSP1) regulates a subset of LPS-induced genes and protects mice from lethal endotoxin shock[END_REF][START_REF] Salojin | Essential role of MAPK phosphatase-1 in the negative control of innate immune responses[END_REF][START_REF] Zhao | MAP kinase phosphatase 1 controls innate immune responses and suppresses endotoxic shock[END_REF].

Interestingly, MKP-1 knockout mice display a metabolic phenotype [START_REF] Wu | Mice lacking MAP kinase phosphatase-1 have enhanced MAP kinase activity and resistance to diet-induced obesity[END_REF]. Amongst other phenotypic changes, decreased hepatic lipid content associated with enhanced liver fatty acid β-oxidation was observed. Since excess GC activity can result in liver steatosis and suppression of fatty acid β-oxidation (see above) one could speculate that some of these effects are mediated by induction of MKP-1 expression.

Du et al. showed that expression of TRB3, a mammalian homologue of Drosophila tribbles, is induced by Dex in hepatocytes as well as in liver of fasted or diabetic db/db mice [START_REF] Du | TRB3: a tribbles homolog that inhibits Akt/PKB activation by insulin in liver[END_REF].

Strikingly, hepatic overexpression of TRB3 in wild type animals led to hyperglycemia and glucose intolerance while liver-specific RNAi-mediated knockdown improved glucose tolerance [START_REF] Du | TRB3: a tribbles homolog that inhibits Akt/PKB activation by insulin in liver[END_REF][START_REF] Koo | PGC-1 promotes insulin resistance in liver through PPAR-alpha-dependent induction of TRB-3[END_REF]. These results could be explained by inhibition of insulin-stimulated Akt signaling as a consequence of direct binding of TRB3 to Akt. The inhibitory interaction between the two proteins could also be demonstrated in skeletal muscle and C2C12 myotubes [START_REF] Koh | Skeletal muscle-selective knockout of LKB1 increases insulin sensitivity, improves glucose homeostasis, and decreases TRB3[END_REF]. In addition, in mice with a muscle-specific disruption of the LKB1 (Serine-Threonine Kinase 1) gene, coding for a kinase upstream of the energy-sensing kinase AMP-activated protein kinase (AMPK), TRB3 down-regulation in muscle was associated with increased insulin sensitivity [START_REF] Koh | Skeletal muscle-selective knockout of LKB1 increases insulin sensitivity, improves glucose homeostasis, and decreases TRB3[END_REF]. These results imply that TRB3 could be partly responsible for inhibition of the insulin/Akt pathway and emergence of insulin resistance in liver and skeletal muscle in response to GCs. An additional function of TRB3, namely in adipose tissue, could also be relevant to GC action. TRB3 expression is induced in adipose tissue during fasting and TRB3 overexpression resulted in increased fatty acid oxidation and protection of mice against diet-induced obesity [START_REF] Qi | TRB3 links the E3 ubiquitin ligase COP1 to lipid metabolism[END_REF]. Mechanistically these effects were attributed to specific TRB3-dependent enhancement of ubiquitin-mediated degradation of ACC, the rate-limiting enzyme in fatty acid synthesis. In conclusion, both MKP-1 and TRB3 represent promising candidates as potential mediators of metabolic GC effects. However, their functional involvement in metabolic pathways downstream of GCs remains to be confirmed.

Accumulating evidence has implicated oxidative stress, mainly in the form of reactive oxygen species (ROS), in the pathogenesis of complications associated with the Metabolic Syndrome.

Increased systemic oxidative stress could be correlated with obesity in both humans and mice [START_REF] Evans | Oxidative stress and stress-activated signaling pathways: a unifying hypothesis of type 2 diabetes[END_REF][START_REF] Furukawa | Increased oxidative stress in obesity and its impact on metabolic syndrome[END_REF]. Notably, antioxidant treatment of diabetic/obese subjects has been partly successful in improving insulin sensitivity, glucose and lipid homeostasis [START_REF] Evans | Oxidative stress and stress-activated signaling pathways: a unifying hypothesis of type 2 diabetes[END_REF][START_REF] Furukawa | Increased oxidative stress in obesity and its impact on metabolic syndrome[END_REF][START_REF] Houstis | Reactive oxygen species have a causal role in multiple forms of insulin resistance[END_REF]. Houstis et al. provided direct evidence for an involvement of ROS in GC-induced insulin resistance in adipocytes [START_REF] Houstis | Reactive oxygen species have a causal role in multiple forms of insulin resistance[END_REF]. Dex treatment of 3T3-L1 cells resulted in elevated levels of ROS generation with a concomitant reduction of insulin sensitivity, which could be partly reversed by various antioxidant treatments. In conclusion, oxidative stress appears to play a causal role in the emergence of insulin resistance and GCs might mediate at least some of their metabolic effects by increasing cellular ROS production.

Outlook

It has been a major objective of this article to describe the plethora of evidence suggesting a causative role of GCs in the development of metabolic disorders. Understanding the precise function of the GR and associated regulatory networks is of great importance for biomedical research. Corticosteroids are widely used for the treatment of inflammatory diseases.

Obviously, the benefits of anti-inflammatory actions of the GR overweight the disadvantage of metabolic and other side effects (Fig. 4A) [START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF]. Despite increased levels of endogenous GCs, septic patients benefit from treatment with low doses of corticosteroids [START_REF] Allary | Glucocorticoids and sepsis[END_REF]. Similarly, clinical trials have led to the conclusion that short term corticosteroid treatment of cachectic patients with advanced cancer can improve their quality of life [START_REF] Tassinari | Progestagens and Corticosteroids in the Management of Cancer Cachexia[END_REF]. Nevertheless, side effects of steroid therapy remain a great hurdle, and research has focused on the development of so-called 'dissociated steroids' [START_REF] Schacke | Mechanisms involved in the side effects of glucocorticoids[END_REF]. These are selective GR agonists (SEGRAs) inducing GR-mediated trans-repression with little or no effect on trans-activation. Since antiinflammatory actions of GCs are predominantly based on trans-repression while many of the side effects on activation, these compounds could prove to be of great value for the treatment of acute or chronic inflammation (Fig. 4A) [START_REF] Schacke | Dissociation of transactivation from transrepression by a selective glucocorticoid receptor agonist leads to separation of therapeutic effects from side effects[END_REF][START_REF] De Bosscher | A fully dissociated compound of plant origin for inflammatory gene repression[END_REF]. The concept of SEGRAs has been validated through a genetic approach, namely by the analysis of mice expressing dimerization-deficient GRs (GRdim). Thus, although certain activating functions of the GR were abolished, its anti-inflammatory effects were mostly preserved during endotoxemia [START_REF] Reichardt | DNA binding of the glucocorticoid receptor is not essential for survival[END_REF].

Given the involvement of GCs in the pathogenesis of metabolic disorders, could pharmacological interference with GR function have therapeutic potential? As discussed above, application of a GR antagonist has been shown to improve metabolic abnormalities under certain conditions. However, complete suppression of GR-mediated anti-inflammatory pathways would probably result in deleterious side effects. Furthermore, it is becoming established that obesity and the Metabolic Syndrome in general are associated with subacute, chronic inflammation, which is likely to contribute to the development of insulin resistance and the progression to advanced disease (Fig. 4A) [START_REF] Shoelson | Inflammation and insulin resistance[END_REF]. In this respect, discovery of GR ligands that suppress GC-dependent metabolic abnormalities while maintaining antiinflammatory properties would be of great interest (Fig. 4B).

Dissection of the regulatory network around the GR can contribute to the development of targeted and specific strategies for pharmacological modulation of GC action. In this direction it will be crucial to characterize physical and functional interaction partners of the GR and the impact of the interaction on regulation of downstream pathways controlling metabolism. 
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 1 Figure 1: GC/GR-regulated metabolic pathways in the liver. Aberrant levels of GCs promote hyperglycemia through the induction of gluconeogenic enzyme genes, PEPCK and G6Pase. Schematic representation of the GRU and associated factors/co-factors within the PEPCK gene promoter shown. In addition, elevated GCs promote very-low-density lipoprotein (VLDL) production and secretion as well as triglyceride synthesis via fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC). Along with the inhibition of free fatty acid (FFA) βOxidation via interference with the activity of Acyl-CoA dehydrogenase (DH), GCs, thereby, trigger hepatic fat accumulation (steatosis) as well as systemically elevated blood lipid levels. Red arrows indicate induction or inhibition of corresponding pathways through the GC/GR axis, respectively.

Figure 2 :

 2 Figure 2: Distinct functions of GCs in peripheral and central fat depots. GCs fulfill antagonizing functions in peripheral and abdominal/central fat depots, respectively, leading to abdominal obesity and insulin resistance. In the periphery, GCs promote lipid breakdown (lipolysis, PEPCK inhibition) and reduced FFA uptake (lipoprotein lipase (LPL) inhibition). In contrast, hypertrophy and differentiation of central adipocytes are enhanced by GCs via the cooperation with PPARγ and C/EBP transcription factors. HSL, hormone-sensitive lipase.

Figure 3 .

 3 Figure 3. GC action on skeletal muscle. GCs regulate glucose utilization and protein turnover via multiple pathways. The physiological processes affected by GCs are displayed in open boxes. Arrows in red indicate GC-mediated actions. The precise mechanisms of signaling downstream of GCs/GR remain unclear for several of the pathways indicated.

Figure 4 .

 4 Figure 4. The interrelation of the GR, inflammation and metabolic dysregulation. Implications for pharmacological intervention. A. GCs are potent inhibitors of inflammatory responses. On the other hand, metabolic dysregulation and disease can be mediated by the GC/GR axis. Inflammation can also contribute to insulin resistance and the pathogenesis of the Metabolic Syndrome. B. Optimal pharmacological manipulation of the GR would result in efficient and balanced suppression of inflammatory responses with the simultaneous inhibition of GC-mediated metabolic abnormalities.
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