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 Abstract: Nonalcoholic fatty liver disease (NAFLD) is a consequence of insulin resistance encompassing a spectrum that extends from simple hepatic steatosis through to nonalcoholic steatohepatitis (NASH), a condition that may progress to cirrhosis with its associated complications. A subset of nuclear receptors act as intracellular sensors for cholesterol metabolites, free fatty acids, and a range of other lipophilic molecules with pivotal roles in energy homeostasis and inflammation. These receptors represent attractive drug targets for the management of NAFLD and NASH as well as related conditions such as type 2 diabetes and the broader metabolic syndrome. To date, human studies have concentrated on peroxisome proliferatoractivated receptor (PPAR) agonists, particularly those directed at PPARγ. However, these drugs have significant limitations, so alternate approaches to nuclear receptor targeting are being explored. Keywords: Nonalcoholic fatty liver disease; nonalcoholic steatohepatitis; liver disease; liver cirrhosis; hepatic fibrosis; nuclear receptors; fibrates; thiazolidinediones; adiponectin; fatty acids; bile acids
 
 NAFLD and NASH Nonalcoholic fatty liver disease (NAFLD) is the most common liver disorder in affluent societies, representing the hepatic metabolic consequence of relative overnutrition and altered diet composition in the setting of reduced physical activity and sedentary behaviors. While infrequently recognized prior to 1980,1 it is now not only an important cause of liver damage in its own right but also a component of, and contributor to, virtually all forms of liver disease that occur in individuals with an elevated fat mass. Thus, NAFLD and hepatic steatosis represent important cofactors in ac-
 
 * To whom correspondence should be addressed. Mailing address: Department of Clinical Pharmacology, Westmead Hospital, Westmead 2145, Australia. Tel:61(2)9845-6086. Fax: 61(2)98458351. E-mail: [email protected]. (1) Ludwig, J.; Viggiano, T. R.; McGill, D. B.; Oh, B. J. Nonalcoholic steatohepatitis: Mayo Clinic experiences with a hitherto unnamed disease. Mayo. Clin. Proc. 1980, 55, 434–438. (2) Powell, E. E.; Johnsson, J. R.; Clouston, A. D. Steatosis: cofactor in other liver diseases. Hepatology 2005, 42, 5–13. 10.1021/mp700110z CCC: $40.75  2008 American Chemical Society
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 celerating disease progression in disorders as diverse as alcoholic liver disease, chronic hepatitis C, and hemochromatosis.2–5 The clinical entity of NAFLD represents a spectrum of liver diseases including nonalcoholic fatty liver (NAFL or simple steatosis) and the sometimes progressive, inflammatory form termed nonalcoholic steatohepatitis (NASH). When progressive, NASH leads to the development of hepatic fibrosis and cirrhosis that may present as subacute liver failure.6 End-stage NASH cirrhosis may require liver trans(3) Naveau, S.; Giraud, V.; Borotto E; Aubert, A.; Capron, F.; Chaput, J. C. Excess weight risk factor for alcoholic liver disease. Hepatology 1997, 25, 108–111. (4) Hui, J. M.; Sud, A.; Farrell, G. C.; Bandara, P.; Byth, K.; Kench, J. G.; McCaughan, G. W.; George, J. Insulin resistance is associated with chronic hepatitis C virus infection and fibrosis progression [corrected]. Gastroenterology 2003, 125, 1695–1704. Erratum in: Gastroenterology 2004, 126, 634. (5) Hui, J. M.; Kench, J.; Farrell, G. C.; Lin, R.; Samarasinghe, D.; Liddle, C.; Byth, K.; George, J. Genotype-specific mechanisms for hepatic steatosis in chronic hepatitis C infection. J. Gastroenterol. Hepatol. 2002, 17, 873–881. VOL. 5, NO. 1, 49–59 MOLECULAR PHARMACEUTICS 49
 
 reviews plantation and occasionally is an etiologic factor for the development of hepatocellular carcinoma.7–9 In addition, it is now recognized that the majority of cases of so-called “cryptogenic” cirrhosis likely represent “burnt out” NASH, since this entity shares many of the pathophysiological associations of the classical disease.10,11 The distinction between NAFL and NASH can only be made on liver biopsy. Since this procedure is associated with a small but definite risk of morbidity and mortality, biopsy is neither feasible, nor practical, for large natural history cohort studies. Hence, the most reliable estimate of prevalence is for NAFLD, which can be diagnosed by excluding other liver disorders, identifying its key metabolic associations and linking these to an imaging modality such as a hepatic ultrasound or magnetic resonance spectroscopy to demonstrate fatty infiltration. Such studies reveal that the prevalence of NAFLD may be as high as 30%. Estimates for NASH are lower and the figures less reliable, principally due to sample size considerations, but vary between 5.7% and 17%.13–15 Natural history studies clearly document significant liver-related morbidity and mortality attributable to NASH, almost exclusively in those that have progressed (6) Caldwell, S. H.; Hespenheide, E. E. Subacute liver failure in obese women. Am. J. Gastroenterol. 2002, 97, 2058–2067. (7) Ratziu, V.; Poynard, T. Hepatocellular carcinoma in NAFLD. In Fatty liVer disease: NASH and related disorders; Farrell, G. C., George, J., Hall, P., McCullough, A. J., Eds.; Blackwell Publishing: Oxford, UK; 2005; pp 263–275. (8) Marrero, J. A.; Fontana, R. J.; Su, G. L.; Conjeevaram, H. S.; Emick, D. M.; Lok, A. S. NAFLD may be a common underlying liver disease in patients with hepatocellular carcinoma in the United States. Hepatology 2002, 36, 1349–1354. (9) Bugianesi, E.; Leone, N.; Vanni, E.; Marchesini, G.; Brunello, F.; Carucci, P.; Musso, A.; De Paolis, P.; Capussotti, L.; Salizzoni, M; Rizzetto, M. Expanding the natural history of nonalcoholic steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma. Gastroenterology 2002, 123, 134–140. (10) Caldwell, S. H.; Oelsner, D. H.; Iezzoni, J. C.; Hespenheide, E. E.; Battle, E. H.; Driscoll, C. J. Cryptogenic cirrhosis: clinical characterization and risk factors for underlying disease. Hepatology 1999, 29, 664–669. (11) Poonawala, A.; Nair, S. P.; Thuluvath, P. J. Prevalence of obesity and diabetes in patients with cryptogenic cirrhosis: a case study. Hepatology 2000, 32, 689–692. (12) Browning, J. D.; Szczepaniak, L. S.; Dobbins, R.; Nuremberg, P.; Horton, J. D.; Cohen, J. C.; Grundy, S. M.; Hobbs, H. H. Prevalence of hepatic steatosis in an urban population in the United States: impact of ethnicity. Hepatology 2004, 40, 1387– 1395. (13) McCullough, A. J. The epidemiology and risk factors of NASH. In Fatty liVer disease: NASH and related disorders; Farrell, G. C., George, J., Hall, P., McCullough, A. J., Eds.; Blackwell Publishing: Oxford, UK, 2005; pp23–37. (14) Younossi, Z. M.; Diehl, A. M.; Ong, J. P. Nonalcoholic fatty liver disease: an agenda for clinical research. Hepatology 2002, 35, 746–752. (15) Dixon, J. B.; Bhathal, P. S.; O’Brien, P. E. Nonalcoholic fatty liver disease: predictors of nonalcoholic steatohepatitis and liver fibrosis in the severely obese. Gastroenterology 2001, 121, 91– 100. 50
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 George and Liddle to advanced fibrosis or cirrhosis.16–20 The mortality rate is probably similar to that of persons with chronic hepatitis C-associated cirrhosis,20,21 and the majority of patients with NASH-related cirrhosis succumb to liver-related causes.21 In persons with NAFLD without cirrhosis, morbidity from cardiovascular disease and type 2 diabetes is high due to shared pathogenic mechanisms.
 
 Pathogenesis of NAFLD and NASH Over the past decade, significant insights have been gained into the etiology and pathogenesis of NAFLD based on both human data and observations in animal models.22 Unusually, the former has often led the way in directing experimental research, particularly with regard to our understanding of the pathophysiological hallmarks of NAFLD and in the appreciation of the role of adipokines.23–26 In broad terms, the development of NAFLD can be considered as involving both extra- and intrahepatic events. The former comprises the metabolic milieu consequent to the development of an (16) Powell, E. E.; Cooksley, W. G.; Hanson, R.; Searle, J.; Halliday, J. W.; Powell, L. W. The natural history of nonalcoholic steatohepatitis: a follow-up study of forty-two patients for up to 21 years. Hepatology 1990, 11, 74–80. (17) Lee, R. G. Nonalcoholic steatohepatitis: a study of 49 patients. Hum. Pathol. 1989, 20, 594–8. (18) Matteoni, C. A.; Younossi, Z. M.; Gramlich, T.; Boparai, N.; Liu, Y. C.; McCullough, A. J. Nonalcoholic fatty liver disease: a spectrum of clinical and pathological severity. Gastroenterology 1999, 116, 1413–1419. (19) Adams, L. A.; Lymp, J. F.; St. Sauver, J.; Sanderson, S. O.; Lindor, K. D.; Feldstein, A.; Angulo, P. The natural history of nonalcoholic fatty liver disease: a population-based cohort study. Gastroenterology 2005, 129, 113–121. (20) Sanyal, A. J.; Banas, C.; Sargeant, C.; Luketic, V. A.; Sterling, R. K.; Stravitz, R. T.; Shiffman, M. L.; Heuman, D.; Coterrell, A.; Fisher, R. A.; Contos, M. J.; Mills, A. S. Similarities and differences in outcomes of cirrhosis due to nonalcoholic steatohepatitis and hepatitis C. Hepatology 2006, 43, 682–689. (21) Hui, J. M.; Kench, J. G.; Chitturi, S.; Sud, A.; Farrell, G. C.; Byth, K.; Hall, P.; Khan, M.; George, J. Long-term outcomes of cirrhosis in nonalcoholic steatohepatitis compared with hepatitis C. Hepatology 2003, 38, 420–427. (22) Farrell, G. C.; Larter, C. Z. Nonalcoholic fatty liver disease: from steatosis to cirrhosis. Hepatology 2006, 43, S99–S112. (23) Marchesini, G.; Brizi, M.; Morselli-Labate, A. M.; Bianchi, G.; Bugianesi, E.; McCullough, A. J.; Forlani, G.; Melchionda, N. Association of nonalcoholic fatty liver disease with insulin resistance. Am. J. Med. 1999, 107, 450–455. (24) Sanyal, A. J.; Campbell-Sargent, C.; Mirshahi, F; Rizzo, W. B.; Contos, M. J.; Sterling, R. K.; Luketic, V. A.; Shiffman, M. L.; Clore, J. N. Nonalcoholic steatohepatitis: association of insulin resistance and mitochondrial abnormalities. Gastroenterology 2001, 120, 1183–1192. (25) Chitturi, S.; Abeygunasekera, S.; Farrell, G. C.; Holmes-Walker, J.; Hui, J. M.; Fung, C.; Karim, R.; Lin, R.; Samarasinghe, D.; Liddle, C.; Weltman, M.; George, J. NASH and insulin resistance: Insulin hypersecretion and specific association with the insulin resistance syndrome. Hepatology 2002, 35, 373–379. (26) Hui, J. M.; Hodge, A.; Farrell, G. C.; Kench, J. G.; Kriketos, A.; George, J. Beyond insulin resistance in NASH: TNF-alpha or adiponectin. Hepatology 2004, 40, 46–54.
 
 NAFLD and Nuclear Receptors elevated fat mass and reduced physical activity, which sets the stage for the deposition of lipid in the liver. In turn, it should be noted that many of the signals that lead to hepatic fat deposition are also pro-inflammatory and pro-fibrotic in their own right. Perhaps the strongest clinical association of NAFLD is with the rising epidemic of obesity and type 2 diabetes (diabesity). In turn, the pathophysiological correlates appear to be that of insulin resistance, which is almost universal in NAFLD,23–25 and the metabolic syndrome, a disorder closely related to the presence of visceral obesity. Increased fat mass and more particularly altered body fat topography, manifested by visceral obesity, are present in virtually all persons with NAFLD. Visceral adipose tissue is less susceptible to the antilipolytic effects of insulin and in the presence of insulin resistance leads to increased delivery of free fatty acids Via the portal circulation to the liver for esterification to triglycerides, contributing to increased hepatic storage of fat. However, only a minority of free fatty acids reaching the liver arises from the visceral/splanchnic compartment, with the majority coming from the peripheral compartment27,28 as a result of the development of insulin resistance and failure to suppress lipolysis in adipose tissues. It is noteworthy that while insulin resistance is characterized by resistance to the gluco-regulatory actions of insulin, the lipogenic effects of insulin in tissues such as the liver is preserved.29 Recent careful and detailed metabolic studies suggest that in persons with NAFLD, only one-third of liver fat arises from de noVo lipogenesis and dietary fatty acids.30 Triglyceride efflux from the liver in the form of very low-density lipoproteins is also reduced, contributing to development of steatosis in NAFLD.31 Expansion of the adipocyte mass and infiltration of the liver with macrophages32 results in the elaboration of a variety of cytokines and chemokines with effects on energy metabolism, lipid homeostasis, inflammation, and wound healing. Thus, lipid overload modifies the pattern of adi(27) Basu, A.; Basu, R.; Shah, P.; Vella, A.; Rizza, R. A.; Jensen, M. D. Systemic and regional free fatty acid metabolism in type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2001, 280, E1000– E1006. (28) Havel, P. J. Update on adipocyte hormones: regulation of energy balance and carbohydrate/lipid metabolism. Diabetes 2004, 53, S143–S151. (29) Shimomura, I.; Bashmakov, Y.; Horton, J. D. Increased levels of nuclear SREBP-1c associated with fatty livers in two mouse models of diabetes mellitus. J. Biol. Chem. 1999, 274, 30028– 30032. (30) Donnelly, K. L.; Smith, C. I.; Schwarzenberg, S. J.; Jessurun, J.; Boldt, M. D.; Parks, E. J. Sources of fatty acids stored in the liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. InVest. 2005, 115, 1343–1350. (31) Charlton, M.; Sreekumar, R.; Rasmussen, D.; Lindor, K.; Nair, K. S. Apolipoprotein synthesis in nonalcoholic steatohepatitis. Hepatology 2002, 35, 898–904. (32) Bouloumie, A.; Curat, C. A.; Sengenes, C.; Lolmede, K.; Miranville, A; Busse, R. Role of macrophage tissue infiltration in metabolic diseases. Curr. Opin. Clin. Nutr. Metab. Care. 2005, 8, 347–354.
 
 reviews pokines/cytokines elaborated by adipose tissue, including increased production of leptin, tumor necrosis factor-R (TNF), angiotensinogen and free fatty acids, whereas adiponectin which is secreted by peripheral, and more particularly, visceral adipose tissue33 is paradoxically reduced.34–36 The basis for this seemingly contradictory association is unknown. Of the adipokines, TNF is a well-described proinflammatory protein whose expression is increased in the livers of patients with NASH,37 suggesting local autocrine and paracrine effects on the liver. Serum TNF levels however do not appear to be elevated,26 indicating that release of TNF by adipose tissue in NAFLD contributes to the peripheral insulin resistance, without systemic effects on the liver. Serum leptin levels are increased in some,38 but not all reports of patients with NASH.39 In the liver of patients with NASH, elevated leptin levels may serve an adaptive, antisteatotic role, protecting the organ from the effects of “lipotoxicity”.40 However, the presence of hepatic steatosis, despite the presence of hyper-leptinemia, suggests the development of leptin resistance, at least at the level of the hepatocyte.38 In animal models, including a model of steatohepatitis, leptin has been shown to play an important pro-fibrogenic role,41–43 although correlations between serum (33) Motoshima, H.; Wu, X.; Sinha, M. K.; Hardy, V. E.; Rosato, E. L.; Barbot, D. J.; Rosato, F. E.; Goldstein, B. J. Differential regulation of adiponectin secretion from cultured human omental and subcutaneous adipocytes: effects of insulin and rosiglitazone. J. Clin. Endocrinol. Metab. 2002, 87, 5662–5667. (34) Weyer, C.; Funahashi, T.; Tanaka, S.; Hotta, K.; Matsuzawa, Y.; Pratley, R. E.; Tataranni, P. A. Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance and hyperinsulinemia. J. Clin. Endocrinol. Metab. 2001, 86, 1930–1935. (35) Cnop, M.; Havel, P. J.; Utzschneider, K. M.; Carr, D. B.; Sinha, M. K.; Boyko, E. J.; Retzlaff, B. M.; Knopp, R. H.; Brunzell, J. D.; Kahn, S. E. Relationship of adiponectin to body fat distribution, insulin sensitivity and plasma lipoproteins: evidence for independent roles of age and sex. Diabetologia 2003, 46, 459–469. (36) Gavrila, A.; Chan, J. L.; Yiannakouris, N.; Kontogianni, M.; Miller, L. C.; Orlova, C.; Mantzoros, C. S. Serum adiponectin levels are inversely associated with overall and central fat distribution but are not directly regulated by acute fasting or leptin administration in humans: cross-sectional and interventional studies. J. Clin. Endocrinol. Metab. 2003, 88, 4823–4831. (37) Crespo, J.; Cayon, A.; Fernandez-Gil, P.; Hernandez-Guerra, M.; Mayorga, M.; Dominguez-Diez, A.; Fernandez-Escalante, J. C.; Pons-Romero, F. Gene expression of tumor necrosis factor alpha and TNF receptors, p55 and p75, in nonalcoholic steatohepatitis patients. Hepatology 2001, 34, 1158–1163. (38) Chitturi, S.; Farrell, G.; Frost, L.; Kriketos, A.; Lin, R.; Fung, C.; Liddle, C.; Samarasinghe, D.; George, J. Serum leptin in NASH correlates with hepatic steatosis but not fibrosis: a manifestation of lipotoxicity? Hepatology 2002, 36, 403–409. Erratum in: Hepatology 2002, 36, 1307. (39) Chalasani, N.; Crabb, D. W.; Cummings, O. W.; Kwo, P. Y.; Asghar, A.; Pandya, P. K.; Considine, R. V. Does leptin play a role in the pathogenesis of human nonalcoholic steatohepatitis. Am. J. Gastroenterol. 2003, 98, 2771–2776. (40) Unger, R. H.; Orci, L. Diseases of liporegulation: new perspective on obesity and related disorders. FASEB J. 2001, 15, 312–321. VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 51
 
 reviews leptin and hepatic fibrosis in human NASH are lacking.38,39 The latter may relate to the long natural history of hepatic fibrosis in NASH in which single-point sampling of serum levels is likely to be inadequate. Adiponectin possesses potent anti-inflammatory properties by modulating the endothelial cell inflammatory response through inhibition of nuclear factor-κB (NF-κB) activation and blockade of TNF release.44,45 Adiponectin also suppresses macrophage function and the proliferation and migration of vascular smooth muscle cells46,47 and induces anti-inflammatory cytokines in leukocytes and modulates lymphopoesis.48 In addition to these potent anti-inflammatory activities, adiponectin plays an important role in lipid physiology being antilipogenic and protecting nonadipose tissues such as the liver from lipid accumulation.49 This effect is mediated by a direct effect of the hormone to increase β-oxidation of free fatty acids and decreasing de noVo free (41) Ikejima, K.; Honda, H.; Yoshikawa, M.; Hirose, M.; Kitamura, T.; Takei, Y.; Sato, N. Leptin augments inflammatory and profibrogenic responses in the murine liver induced by hepatotoxic chemicals. Hepatology 2001, 34, 288–297. (42) Ikejima, K.; Takei, Y.; Honda, H.; Hirose, M.; Yoshikawa, M.; Zhang, Y. J.; Lang, T.; Fukuda, T.; Yamashina, S.; Kitamura, T.; Sato, N. Leptin receptor-mediated signaling regulates hepatic fibrogenesis and remodeling of extracellular matrix in the rat. Gastroenterology 2002, 122, 1399–1410. (43) Leclercq, I. A.; Farrell, G. C.; Schriemer, R.; Robertson, G. R. Leptin is essential for the hepatic fibrogenic response to chronic liver injury. J. Hepatol. 2002, 37, 206–213. (44) Ouchi, N.; Kihara, S.; Arita, Y.; Okamoto, Y.; Maeda, K.; Kuriyama, H.; Hotta, K.; Nishida, M.; Takahashi, M.; Muraguchi, M.; Ohmoto, Y.; Nakamura, T.; Yamashita, S.; Funahashi, T.; Matsuzawa, Y. Adiponectin, an adipocyte-derived plasma protein, inhibits endothelial NF-kappaB signaling through a cAMPdependent pathway. Circulation 2000, 102, 1296–1301. (45) Kobashi, C.; Urakaze, M.; Kishida, M.; Kibayashi, E.; Kobayashi, H.; Kihara, S.; Funahashi, T.; Takata, M.; Temaru, R.; Sato A; Yamazaki, K.; Nakamura, N.; Kobayashi, M. Adiponectin inhibits endothelial synthesis of interleukin-8. Circ. Res. 2005, 97, 1245–1252. (46) Yokota, T.; Oritani, K.; Takahashi, I.; Ishikawa, J.; Matsuyama, A.; Ouchi, N.; Kihara, S.; Funahashi, T.; Tenner, A. J.; Tomiyama, Y.; Matsuzawa, Y. Adiponectin, a new member of the family of soluble defense collagens, negatively regulates the growth of myelomonocytic progenitors and the functions of macrophages. Blood 2000, 96, 1723–1732. (47) Arita, Y.; Kihara, S.; Ouchi, N.; Maeda, K.; Kuriyama, H.; Okamoto, Y.; Kumada, M.; Hotta, K.; Nishida, M.; Takahashi, M.; Nakamura, T.; Shimomura, I.; Muraguchi, M.; Ohmoto, Y.; Funahashi, T.; Matsuzawa, Y. Adipocyte-derived plasma protein adiponectin acts as a platelet-derived growth factor-BB-binding protein and regulates growth factor-induced common postreceptor signal in vascular smooth muscle cell. Circulation 2002, 105, 2893–2898. (48) Wolf, A. M.; Wolf, D.; Rumpold, H.; Enrich, B.; Tilg, H. Adiponectin induces the anti-inflammatory cytokines IL-10 and IL-1RA in human leukocytes. Biochem. Biophys. Res. Commun. 2004, 323, 630–635. (49) Xu, A.; Wang, Y.; Keshaw, H.; Xu, L. Y.; Lam, K. S.; Cooper, G. J. The fat-derived hormone adiponectin alleviates alcoholic and nonalcoholic fatty liver diseases in mice. J. Clin. InVest. 2003, 112, 91–100. 52
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 George and Liddle fatty acid production within hepatocytes.50 Adiponectin plays a more direct role in impairing the development of hepatic fibrosis. Thus, knockout mice develop extensive liver fibrosis after chronic liver injury, and conversely, the administration of adiponectin before and after carbon tetrachloride treatment prevents hepatic fibrosis in wild-type mice.51 These effects suggest a hepatoprotective role for this adipokine in NAFLD. Adiponectin levels are reduced in persons with visceral obesity and type 2 diabetes.52,53 In persons with NAFLD, hepatic steatosis and the presence of hepatic inflammation correlates with the presence of hypo-adiponectinemia, though probably for reasons similar to that discussed for leptin, no correlation was observed with the extent of hepatic fibrosis.26 The roles of other circulating adipokines such as resistin and angiotensinogen released by adipose tissues in contributing to the genesis of NAFL and NASH have not been explored. The intrahepatic consequence of lipid deposition and more especially the transition from hepatic steatosis to steatohepatitis and liver fibrosis has been most extensively studied in animal models. Among the many pathophysiological processes that have been noted to be operative in these models of steatohepatitis and fibrosis and for which human data are either supportive or for which data has not been gathered include oxidative stress, pro-inflammatory cytokine and chemokine release, hepatocellular apoptosis, bacterial overgrowth, microvascular damage, and microsomal, peroxisomal, and mitochondrial injury.13,22,54 As previously discussed, while up to a third of the adult population in affluent nations have evidence of NAFL, only a minority progress to have the inflammatory lesion of NASH. Thus, the development of NASH must also reflect host genetics and disease susceptibility, particularly the balance between proinflammatory and cytoprotective pathways. (50) Yamauchi, T.; Kamon, J.; Minokoshi, Y.; Ito, Y.; Waki, H.; Uchida, S.; Yamashita, S.; Noda, M.; Kita, S.; Ueki, K.; Eto, K.; Akanuma, Y.; Froguel, P.; Foufelle, F.; Ferre, P.; Carling, D.; Kimura, S.; Nagai, R.; Kahn, B. B.; Kadowaki, T. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated protein kinase. Nat Med. 2002, 8, 1288–1295. (51) Kamada, Y.; Tamura, S.; Kiso, S.; Matsumoto, H.; Saji, Y.; Yoshida, Y.; Fukui, K.; Maeda, N.; Nishizawa, H.; Nagaretani, H.; Okamoto, Y.; Kihara, S.; Miyagawa, J.; Shinomura, Y.; Funahashi, T.; Matsuzawa, Y. Enhanced carbon tetrachlorideinduced liver fibrosis in mice lacking adiponectin. Gastroenterology 2003, 125, 1796–1807. (52) Hotta, K.; Funahashi, T.; Arita, Y.; Takahashi, M.; Matsuda, M.; Okamoto, Y.; Iwahashi, H.; Kuriyama, H.; Ouchi, N.; Maeda, K.; Nishida, M.; Kihara, S.; Sakai, N.; Nakajima, T.; Hasegawa, K.; Muraguchi, M.; Ohmoto, Y.; Nakamura, T.; Yamashita, S.; Hanafusa, T.; Matsuzawa, Y. Plasma concentrations of a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1595–1599. (53) Hotta, K.; Funahashi, T.; Bodkin, N. L.; Ortmeyer, H. K.; Arita, Y.; Hansen, B. C.; Matsuzawa, Y. Circulating concentrations of the adipocyte protein adiponectin are decreased in parallel with reduced insulin sensitivity during the progression to type 2 diabetes in rhesus monkeys. Diabetes 2001, 50, 1126–1133. (54) Edmison, J.; McCullough, A. J. Pathogenesis of Non-alcoholic Steatohepatitis: Human Data. Clin. LiVer Dis. 2007, 11, 75–104.
 
 NAFLD and Nuclear Receptors The best studied model for the transition from hepatic steatosis to steatohepatitis is that consequent to the feeding of rodents a diet deficient in methionine and choline and high in sucrose (40%) and fat (10%) (the MCD diet).55,56 Rats and mice fed the MCD diet lose body and liver weight, develop severe steatosis, and subsequently develop necroinflammation, elevations in serum transaminases, and hepatic fibrosis.55–57 The increased oxidation of intrahepatic lipid by microsomal, peroxisomal, and mitochondrial pathways results in the generation of lipid peroxidation products that are damaging to the cell and are intensely pro-inflammatory. In particular, lipid oxidases such as Cyp2e1 (also increased in human NASH), Cyp4a10, and Cyp4a14 have been shown to generate reactive oxygen species in the MCD model. Lipid mediators also incite apoptosis, a frequent finding in humans with NASH.58,59 A variety of cytokines, chemokines, and adhesion molecules are up regulated in MCD-fed mice including IL-6, TNF, TGF-β, ICAM1, VCAM1, and MCP1. In humans, TNF expression is increased in the livers of patients with NASH,37 though circulating levels may not be elevated.26 This and animal data suggest that TNF may not be an obligate requirement for the development of NASH, with oxidative stress mediating inflammatory recruitment directly through activation of transcription factors such as NFκB.60 For a detailed review of other animal models of NASH, including genetic models, the reader is referred to other detailed reviews.61,62
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 reviews critical roles in a diverse range of cellular processes.63 A subset of nuclear receptors that heterodimerize with the retinoid X receptor R (RXRR) are low-affinity receptors for important metabolic intermediates and are key regulators of metabolic and adaptive/defensive processes, particularly in the liver. Ligands for these heterodimers include cholesterol metabolites such as oxysterols and bile acids, free fatty acids, ecosinoids, and a structurally diverse range of xenobiotic compounds. To date, their significance in the development of hepatic steatosis, inflammation, and fibrosis in NAFLD has not been extensively characterized, except for the peroxisome proliferator-activated receptors (PPARs). PPARs. The PPAR family encompasses PPARR, PPARγ, and PPARδ. PPARR is most prominently expressed in liver, kidney, heart, and skeletal muscle64 and can be activated by eicosanoids, free fatty acids, and drugs of the fibrate class.65 Activation results in increased uptake and oxidation of free fatty acids, increased triglyceride hydrolysis and up-regulation of ApoA-I and II. The net effect is increased fatty acid oxidation, decreased serum triglycerides, a rise in highdensity lipoprotein, and an increase in cholesterol efflux.66 PPARR activation also has anti-inflammatory effects via inhibition of cyclooxygenase 2, IL-6 and C-reactive protein,67 effects that are at least in part mediated by reduced expression of p50-NF-κB as well as an increase in IκB-R leading to prevention of p50-NF-κB nuclear translocation.68 Acyl CoA oxidase (AOX) is the rate-limiting enzyme in peroxisomal fatty acid β-oxidation for the preferential metabolism of very long chain fatty acids. Consistent with these activities, Aox-null mice have defective peroxisomal β-oxidation and exhibit steatohepatitis, increased PPARR, Cyp4a10, and Cyp4a14 expression (both PPARR-regulated genes) and raised H2O2 levels by 4–5 months of age.69 As expected, when Aox-null mice are interbred with PparR-null (63) Giguere, V. Orphan nuclear receptors: from gene to function. Endocr. ReV. 1999, 20, 689–725. (64) Willson, T. M.; Brown, P. J.; Sternbach, D. D.; Henke, B. R. The PPARs: from orphan receptors to drug discovery. J. Med. Chem. 2000, 43, 527–550. (65) Forman, B. M.; Chen, J.; Evans, R. M. Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids are ligands for peroxisome proliferator-activated receptors alpha and delta. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 4312–4317. (66) Tobin, J. F.; Freedman, L. P. Nuclear receptors as drug targets in metabolic diseases: new approaches to therapy. Trends Endocrinol. Metab. 2006, 17, 284–290. (67) Lefebvre, P.; Chinetti, G.; Fruchart, J. C.; Staels, B. Sorting out the roles of PPAR alpha in energy metabolism and vascular homeostasis. J. Clin. InVest. 2006, 116, 571–580. (68) Kleemann, R.; Gervois, P. P.; Verschuren, L.; Staels, B.; Princen, H. M.; Kooistra, T. Fibrates down-regulate IL-1-stimulated C-reactive protein gene expression in hepatocytes by reducing nuclear p50-NF-κB-C/EBP-β complex formation. Blood 2003, 101, 545–551. (69) Fan, C. Y.; Pan, J.; Chu, R.; Lee, D.; Kluckman, K. D.; Usuda, N.; Singh, I.; Yeldandi, A. V.; Rao, M. S.; Maeda, N.; Reddy, J. K. Hepatocellular and hepatic peroxisomal alterations in mice with a disrupted peroxisomal fatty acyl-coenzyme A oxidase gene. J. Biol. Chem. 1996, 271, 24698–24710. VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 53
 
 reviews mice, the double knockouts exhibit less steatosis with reduced inflammation, cellular injury, and adenoma development. This effect is possibly a consequence of the inhibition of PPARR-induced CYP4A activity, thereby decreasing the production of toxic dicarboxylic acids.70 PparR-null mice fed the MCD diet display greater levels of steatohepatitis compared to wild-type mice on the same diet.71,72 An intervention study with the PPARR agonist Wy-14643 supports this premise by reducing or reversing MCD dietinduced steatohepatitis and fibrosis in these mice.73 Most importantly, the data highlight the critical role of fatty acid disposal pathways in the pathogenesis of hepatic steatosis and steatohepatitis. PPARγ is most highly expressed in adipose tissue but is also found in vascular endothelium, pancreatic β cells, hepatocytes, hepatic stellate cells, and macrophages. PPARγ activation by fatty acids, prostaglandins, or drugs of the thiazolidinedione class results in terminal differentiation and proliferation of subcutaneous adipocytes. This results in increased fatty acid uptake by adipocytes, thereby preventing lipotoxicity in nonadipose tissues such as the liver and pancreatic beta cells.74,75 Other beneficial effects include increases in plasma adiponectin levels76,77 and adiponectin receptor expression in the liver.78 The overall effect of PPARγ activation is thus an increase in insulin sensitivity and glycemic control, coupled with a reduction in circulating (70) Hashimoto, T.; Fujita, T.; Usuda, N.; Cook, W.; Qi, C.; Peters, J. M.; Gonzalez, F. J.; Yeldandi, A. V.; Rao, M. S.; Reddy, J. K. Peroxisomal and mitochondrial fatty acid beta-oxidation in mice nullizygous for both peroxisome proliferator-activated receptor alpha and peroxisomal fatty acyl-CoA oxidase. Genotype correlation with fatty liver phenotype. J. Biol. Chem. 1999, 274, 19228–19236. (71) Ip, E.; Farrell, G. C.; Robertson, G.; Hall, P.; Kirsch, R.; Leclercq, I. Central role of PPAR-alpha-dependent hepatic lipid turnover in dietary steatohepatitis in mice. Hepatology 2003, 38, 123– 132. (72) Kashireddy, P. V.; Rao, M. S. Lack of peroxisome proliferatoractivated receptor alpha in mice enhances methionine and choline deficient diet-induced steatohepatitis. Hepatol. Res. 2004, 30, 104–110. (73) Ip, E.; Farrell, G.; Hall, P.; Robertson, G.; Leclercq, I. Administration of the potent PPARalpha agonist, Wy-14,643, reverses nutritional fibrosis and steatohepatitis in mice. Hepatology 2004, 39, 1286–1296. (74) Miyazaki, Y.; Glass, L.; Triplitt, C.; Matsuda, M.; Cusi, K.; Mahankali, A.; Mahankali, S.; Mandarino, L. J.; DeFronzo, R. A. Effect of rosiglitazone on glucose and non-esterified fatty acid metabolism in Type II diabetic patients. Diabetologia 2001, 44, 2210–2219. (75) Nolan, J. J.; Ludvik, B.; Beerdsen, P.; Joyce, M.; Olefsky, J. Improvement in glucose tolerance and insulin resistance in obese subjects treated with troglitazone. N. Engl. J. Med. 1994, 331, 1188–1193. (76) Maeda, N.; Shimomura, I.; Kishida, K.; Nishizawa, H.; Matsuda, M.; Nagaretani, H.; Furuyama, N.; Kondo, H.; Takahashi, M.; Arita, Y.; Komuro, R.; Ouchi, N.; Kihara, S.; Tochino, Y.; Okutomi, K.; Horie, M.; Takeda, S.; Aoyama, T.; Funahashi, T.; Matsuzawa, Y. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30. Nature Med. 2002, 8, 731–737. 54
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 George and Liddle free fatty acids. PPARγ activation has also been shown to preserve hepatic stellate cells in a quiescent phenotype and thus prevent or reverse hepatic fibrosis.79 This is not entirely surprising as the quiescent stellate cell has a lipid-rich cytoplasm and thus shares some phenotypic features of adipocytes.80 For these reasons, PPARγ agonists are an attractive therapeutic option as they reverse many of the pathophysiological abnormalities present in NASH as well as have direct antifibrotic effects on the liver. PPARδ is a powerful metabolic regulator with actions on fat, skeletal muscle, liver, and heart. Its activation by fatty acids enhances fatty acid transport and oxidation, improves glucose homeostasis via inhibition of hepatic glucose output, reduces macrophage inflammatory responses, and dramatically increases circulating high density lipoprotein levels.81 Thus, selective PPARδ agonists have the potential to target multiple components of the metabolic syndrome including obesity, dyslipidemia, hyperglycemia, insulin resistance, and possibly NASH.82 In a recent study, bezafibrate a pan-PPAR agonist was evaluated in the MCD model of steatohepatitis.83 Administration of the compound to mice for 5 weeks resulted in reductions in ALT, hepatic steatosis, products of lipid peroxidation, necro-inflammation, and the number of activated stellate cells. At the molecular level, bezafibrate increased the expression of enzymes involved in fatty acid β-oxidation and reduced the production of pro-inflammatory (77) Yang, W. S.; Jeng, C. Y.; Wu, T. J.; Tanaka, S.; Funahashi, T.; Matsuzawa, Y.; Wang, J. P.; Chen, C. L.; Tai, T. Y.; Chuang, L. M. Synthetic peroxisome proliferator-activated receptorgamma agonist, rosiglitazone, increases plasma levels of adiponectin in type 2 diabetic patients. Diabetes Care 2002, 25, 376–380. (78) Sun, X.; Han, R.; Wang, Z.; Chen, Y. Regulation of adiponectin receptors in hepatocytes by the peroxisome proliferator-activated receptor-gamma agonist rosiglitazone. Diabetologia 2006, 49, 1303–1310. (79) Marra, F.; Efsen, E.; Romanelli, R. G.; Caligiuri, A.; Pastacaldi, S.; Batignani, G.; Bonacchi, A.; Caporale, R.; Laffi, G.; Pinzani, M.; Gentilini, P. Ligands of peroxisome proliferator-activated receptor gamma modulate profibrogenic and proinflammatory actions in hepatic stellate cells. Gastroenterology 2000, 119, 466– 478. (80) She, H.; Xiong, S.; Hazra, S.; Tsukamoto, H. Adipogenic transcriptional regulation of hepatic stellate cells. J. Biol. Chem. 2005, 280, 4959–4967. (81) Lee, C. H.; Olson, P.; Hevener, A.; Mehl, I.; Chong, L. W.; Olefsky, J. M.; Gonzalez, F. J.; Ham, J.; Kang, H.; Peters, J. M.; Evans, R. M. PPARdelta regulates glucose metabolism and insulin sensitivity. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 3444– 3449. (82) Barish, G. D.; Narkar, V. A.; Evans, R. M. PPAR delta: a dagger in the heart of the metabolic syndrome. J. Clin. InVest. 2006, 116, 590–597. (83) Nagasawa, T.; Inada, Y.; Nakano, S.; Tamura, T.; Takahashi, T.; Maruyama, K.; Yamazaki, Y.; Kuroda, J.; Shibata, N. Effects of bezafibrate, PPAR pan-agonist, and GW501516, PPARdelta agonist, on development of steatohepatitis in mice fed a methionine- and choline-deficient diet. Eur. J. Pharmacol. 2006, 536, 182–191.
 
 NAFLD and Nuclear Receptors and pro-fibrotic cytokines and chemokines including TGFβ1, IL-6, IL1β, MCP1, and TNF and reduced NF-κB activation. Finally, bezafibrate increased the levels of the anti-inflammatory and hepatoprotective protein adiponectin. In another report, administration of the PPARR agonist fenofibrate or the PPARγ agonist rosiglitazone in the Otsuka-LongEvans-Tokushima fat rat for 28 weeks resulted in improvements in steatosis, serum insulin, TNF levels, and increased expression of select genes involved in fatty acid β-oxidation.84 Similar protective effects were demonstrated for the PPARδ agonist GW501516 in the MCD model of steatohepatitis.83 PXR and CAR. Other nuclear receptors have only recently begun to be examined for their role in the pathogenesis or treatment of NASH. Studies in mice and cellbased systems show that the pregnane X receptor (PXR) and the constitutive androstane receptor (CAR) regulate an overlapping set of genes that encode proteins that are involved in oxidative metabolism, conjugation, and the transport of small hydrophobic substrates.85 These genes include those that encode several cytochrome P450s, glutathione S-transferases, UDP-glucuronosyltransferases, sulfotransferases, multidrug resistance proteins, multidrug resistance-associated proteins, and organic anion-transporting polypeptides. A similar cohort of genes has been identified in the human context using primary cultures of human hepatocytes.86 PXR and CAR appear to be important receptors in engaging defensive gene programs within the liver, in particular, adaptation to oxidative stress and in the metabolism and transport of a range of toxic molecules, especially bile acids.87,88 PXR preferentially directs hydroxylation of bile acids,89 while CAR induces sulfation.90 It seems likely that bile acids are the major endogenous ligands for PXR,89 while the endogenous ligand for CAR has not yet (84) Choi, K. C.; Ryu, O. H.; Lee, K. W.; Kim, H. Y.; Seo, J. A.; Kim, S. G.; Kim, N. H.; Choi, D. S.; Baik, S. H.; Choi, K. M. Effect of PPAR-alpha and -gamma agonist on the expression of visfatin, adiponectin, and TNF-alpha in visceral fat of OLETF rats. Biochem. Biophys. Res. Commun. 2005, 336, 747–753. (85) Maglich, J. M.; Stoltz, C. M.; Goodwin, B.; Hawkins-Brown, D.; Moore, J. T.; Kliewer, S. A. Nuclear pregnane x receptor and constitutive androstane receptor regulate overlapping but distinct sets of genes involved in xenobiotic detoxification. Mol. Pharmacol. 2002, 62, 638–646. (86) Maglich, J. M.; Parks, D. J.; Moore, L. B.; Collins, J. L.; Goodwin, B.; Billin, A. N.; Stoltz, C. A.; Kliewer, S. A.; Lambert, M. H.; Willson, T. M.; Moore, J. T. Identification of a novel human constitutive androstane receptor agonist and its use in the identification of CAR target genes. J. Biol. Chem. 2003, 278, 17277–17283. (87) Stedman, C.; Robertson, G.; Coulter, S.; Liddle, C. Feed-forward regulation of bile acid detoxification by CYP3A4: studies in humanized transgenic mice. J. Biol. Chem. 2004, 279, 11336– 11343. (88) Stedman, C. A.; Liddle, C.; Coulter, S. A.; Sonoda, J.; Alvarez, J. G.; Moore, D. D.; Evans, R. M.; Downes, M. Nuclear receptors constitutive androstane receptor and pregnane X receptor ameliorate cholestatic liver injury. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 2063–2068.
 
 reviews been identified, though it has been suggested that both bilirubin and bile acids may indirectly activate CAR and promote their own metabolism and/or elimination.90,91 Recent studies reveal that both PXR and CAR also influence lipid metabolism. Treatment of fasted mice with the potent selective PXR agonist pregnenolone 16R-carbonitrile reduced hepatic fatty acid β-oxidation and ketogenesis by inhibiting FoxA2 regulation of carnitine palmitoyltransferase 1A and 3-hydroxy-3-methylglutarate-CoA synthase 2 while promoting triglyceride synthesis through up-regulation of stearoylCoA desaturase. The net effect was increased hepatic steatosis.92 Similarly, CAR activation by phenobarbital treatment decreased expression of genes involved fatty acid β-oxidation and gluconeogenesis in wild type but not Carnull mice,93 an effect that is in part mediated by CARmediated interference with the actions of hepatocyte nuclear factor-4.94 CAR activation by 1,4-bis-(2-(3, 5-dichloropyridyloxy)) benzene in mice receiving the MCD diet for 8 weeks worsened steatosis, liver inflammation, and fibrosis, consistent with suppression of fatty acid disposal through β-oxidation. Importantly, Car-null mice were partially protected from the hepatic effects of the MCD diet.95 The effects of CAR inverse-agonists, such as androstanol and androstenol,96 in animal models of NAFLD and NASH have (89) Xie, W.; Radominska-Pandya, A.; Shi, Y.; Simon, C. M.; Nelson, M. C.; Ong, E. S.; Waxman, D. J.; Evans, R. M. An essential role for nuclear receptors SXR/PXR in detoxification of cholestatic bile acids. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 3375– 3380. (90) Saini, S. P.; Sonoda, J.; Xu, L.; Toma, D.; Uppal, H.; Mu, Y.; Ren, S.; Moore, D. D.; Evans, R. M.; Xie, W. A novel constitutive androstane receptor-mediated and CYP3A-independent pathway of bile acid detoxification. Mol. Pharmacol. 2004, 65, 292–300. (91) Huang, W.; Zhang, J.; Chua, S. S.; Qatanani, M.; Han, Y.; Granata, R.; Moore, D. D. Induction of bilirubin clearance by the constitutive androstane receptor (CAR). Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 4156–4161. (92) Nakamura, K.; Moore, R.; Negishi, M.; Sueyoshi, T. Nuclear pregnane X receptor cross-talk with FoxA2 to mediate druginduced regulation of lipid metabolism in fasting mouse liver. J. Biol. Chem. 2007, 282, 9768–9776. (93) Ueda, A.; Hamadeh, H. K.; Webb, H. K.; Yamamoto, Y.; Sueyoshi, T.; Afshari, C. A.; Lehmann, J. M.; Negishi, M. Diverse roles of the nuclear orphan receptor CAR in regulating hepatic genes in response to phenobarbital. Mol. Pharmacol. 2002, 61, 1–6. (94) Miao, J.; Fang, S.; Bae, Y.; Kemper, J. K. Functional inhibitory cross-talk between constitutive androstane receptor and hepatic nuclear factor-4 in hepatic lipid/glucose metabolism is mediated by competition for binding to the DR1 motif and to the common coactivators, GRIP-1 and PGC-1alpha. J. Biol. Chem. 2006, 281, 14537–14546. (95) Yamazaki, Y.; Kakizaki, S.; Horiguchi, N.; Sohara, N.; Sato, K.; Takagi, H.; Mori, M.; Negishi, M. The role of the nuclear receptor constitutive androstane receptor in the pathogenesis of non-alcoholic steatohepatitis. Gut 2007, 56, 565–574. (96) Forman, B. M.; Tzameli, I.; Choi, H. S.; Chen, J.; Simha, D.; Seol, W.; Evans, R. M.; Moore, D. D. Androstane metabolites bind to and deactivate the nuclear receptor CAR-beta. Nature 1998, 395, 612–615. VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 55
 
 reviews not yet been explored but could yield useful information regarding the utility of CAR as a drug target for these conditions. In our laboratory, studies in mice fed the MCD diet reveal an increase in serum levels of primary, secondary, and tertiary bile acids as early as 3 days, suggesting that these cholesterol metabolites may influence the early phase of liver injury and contribute to the pathogenesis of NASH. The pattern of hepatic gene expression in these mice suggests predominant activation of PXR and CAR rather than the farnesoid X receptor (FXR, see below) with the net effect being reduced hepatic bile acid uptake and increased bile acid biotransformation to less toxic metabolites and possible PXR- and CAR-mediated adverse effects on lipid homeostasis (London, R.; George, J.; Liddle, C. Unpublished data). However, a human study of bile acid-directed therapy for NASH using ursodeoxycholic acid failed to find any evidence of histological improvement of liver disease after 2 years,97 though it is unclear what impact the change in bile acid pool composition induced by ursodeoxycholic acid would have on nuclear receptor signaling. FXR. FXR is a receptor for bile acids, particularly chenodeoxycholic acid.98 Bile acid activated FXR has several gene targets relevant to bile acid homeostasis. It negatively regulates bile acid uptake into hepatocytes by reducing Na+taurocholate cotransporting polypeptide (Ntcp) expression and is a negative regulator of both CYP7A1, an important rate-limiting step in bile acid synthesis and CYP8B1, which determines the ratio of chenodeoxycholic acid to cholic acid synthesized by the liver.99 FXR has also been recognized as an important regulator of lipid metabolism100 and, therefore, may be relevant to liver diseases that are characterized by accumulation of fat within hepatocytes, such as NASH. Through an interaction with peroxisome proliferative activated receptor, γ, coactivator 1R (PGC-1R) FXR induces expression of genes that increase gluconeogenesis and promote triglyceride clearance and fatty acid β-oxidation concomitantly with a reduction of lipogenic gene transcription.101 Moreover, small heterodimer partner (SHP), a nuclear receptor with corepressor activity that is strongly induced by FXR, interferes with sterol regulatory element binding protein-1c (SREBP-1c) expression by inhibiting the activity (97) Lindor, K. D.; Kowdley, K. V.; Heathcote, E. J.; Harrison, M. E.; Jorgensen, R.; Angulo, P.; Lymp, J. F.; Burgart, L.; Colin, P. Ursodeoxycholic acid for treatment of nonalcoholic steatohepatitis: results of a randomized trial. Hepatology 2004, 39, 770– 778. (98) Parks, D. J.; Blanchard, S. G.; Bledsoe, R. K.; Chandra, G.; Consler, T. G.; Kliewer, S. A.; Stimmel, J. B.; Willson, T. M.; Zavacki, A. M.; Moore, D. D.; Lehmann, J. M. Bile acids: natural ligands for an orphan nuclear receptor. Science 1999, 284, 1365– 1368. (99) Chiang, J. Y. L. Bile acid regulation of gene expression: roles of nuclear hormone receptors. Endocrine ReV. 2002, 23, 443– 463. (100) Kalaany, N. Y.; Mangelsdorf, D. J. LXRS and FXR: the yin and yang of cholesterol and fat metabolism. Annu. ReV. Physiol. 2006, 68, 159–191. 56
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 George and Liddle of the liver X receptor, further reducing hepatic lipogenesis.102 Not surprisingly, therefore, Fxr-null mice exhibit massive hepatic steatosis when challenged with a high cholesterol/high fat diet.103 Somewhat paradoxically, SHPdeletion in leptin deficient ob/ob mice improves insulin sensitivity and reduces hepatic steatosis through increased production of very low-density lipoprotein and therefore export of triglyceride.104 Thus, the effects of FXR on NAFLD are complex and to date the role of FXR as a therapeutic target for NASH has not been explored. However, this receptor is pharmacologically tractable with non-bile acid selective agonists such as GW4064105 and fexaramine106 having been developed. In addition to impacting bile acid and lipid homeostasis, FXR appears to have significant actions on the pathological process of hepatic fibrogenesis. Addition of the semisynthetic bile acid FXR agonist 6-ethyl chenodeoxycholic acid (6ECDCA) to hepatic stellate cells in culture reduces the expression of the pro-fibrotic genes collagen R(1)I, R-smooth muscle actin, tissue inhibitors of metalloproteinase 1 and 2 and TGF-β1, by a SHP-dependent mechanism. Moreover, 6-EDCA treatment reduces hepatic fibrosis in several rat models of liver injury.107,108 The impact of FXR agonists on NASH-associated hepatic fibrosis remains to be explored. LXRs. The LXRs (LXRR and LXRβ) are receptors for oxysterols, particularly 22(R)-hydroxycholesterol, 24(S)hydroxycholesterol, and 24(S),25-epoxycholesterol.109,110 (101) Zhang, Y.; Castellani, L. W.; Sinal, C. J.; Gonzalez, F. J.; Edwards, P. A. Peroxisome proliferator-activated receptorgamma coactivator 1R (PGC-1R) regulates triglyceride metabolism by activation of the nuclear receptor FXR. Genes DeV. 2004, 18, 157–169. (102) Watanabe, M.; Houten, S. M.; Wang, L.; Moschetta, A.; Mangelsdorf, D. J.; Heyman, R. A.; Moore, D. D.; Auwerx, J. Bile acids lower triglyceride levels via a pathway involving FXR, SHP, and SREBP-1c. J. Clin. InVest. 2004, 113, 1408–1418. (103) Sinal, C. J.; Tohkin, M.; Miyata, M.; Ward, J. M.; Lambert, G.; Gonzalez, F. J. Targeted disruption of the nuclear receptor FXR/ BAR impairs bile acid and lipid homeostasis. Cell 2000, 102, 731–744. (104) Huang, J.; Iqbal, J.; Saha, P. K.; Liu, J.; Chan, L.; Hussain, M. M.; Moore, D. D.; Wang, L. Molecular characterization of the role of orphan receptor small heterodimer partner in development of fatty liver. Hepatology 2007, 46, 147–157. (105) Maloney, P. R.; Parks, D. J.; Haffner, C. D.; Fivush, A. M.; Chandra, G.; Plunket, K. D.; Creech, K. L.; Moore, L. B.; Wilson, J. G.; Lewis, M. C.; Jones, S. A.; Willson, T. M. Identification of a chemical tool for the orphan nuclear receptor FXR. J. Med. Chem. 2000, 43, 2971–2974. (106) Downes, M.; Verdecia, M. A.; Roecker, A. J.; Hughes, R.; Hogenesch, J. B.; Kast-Woelbern, H. R.; Bowman, M. E.; Ferrer, J. L.; Anisfeld, A. M.; Edwards, P. A.; Rosenfeld, J. M.; Alvarez, J. G.; Noel, J. P.; Nicolaou, K. C.; Evans, R. M. A chemical, genetic, and structural analysis of the nuclear bile acid receptor FXR. Mol. Cell 2003, 11, 1079–1092. (107) Fiorucci, S.; Antonelli, E.; Rizzo, G.; Renga, B.; Mencarelli, A.; Riccardi, L.; Orlandi, S.; Pellicciari, R.; Morelli, A. The nuclear receptor SHP mediates inhibition of hepatic stellate cells by FXR and protects against liver fibrosis. Gastroenterology 2004, 127, 1497–1512.
 
 NAFLD and Nuclear Receptors LXRR is expressed predominantly in the liver, kidney, gastrointestinal tract, and adipose tissue, while LXRβ exhibits a more homogeneous distribution being found in most tissues.111 LXRs generally exert actions opposite to that of FXR, promoting cholesterol catabolism by conversion to bile acids, enhancing reverse cholesterol transport, and decreasing sterol absorption from the intestine. Acting through SREBP1c, LXRs promote fatty acid synthesis and increase circulating triglycerides.100 In contrast to actions on fat metabolism, activation of LXRs in diabetic Zucker rats lowers blood glucose through decreased gluconeogenesis through repression of phosphoenolpyruvate carboxykinase.112 Treatment of cultured human primary hepatocytes with the LXR agonist GW3965 results in decreased production very lowdensity lipoproteins, increased storage of lipid, and reduced insulin sensitivity.113 Thus, LXR activation causes changes in insulin sensitivity and lipid metabolism that are likely detrimental in NAFLD and NASH. However, LXR antagonism, a property of some oxysterols,114,115 provides a therapeutic option worthy of further investigation if suitable small molecule LXR antagonists can be successfully developed. RXRs. The three mammalian RXRs (RXRR, RXRβ, and RXRγ) act as heterodimerization partners for a several (108) Fiorucci, S.; Rizzo, G.; Antonelli, E.; Renga, B.; Mencarelli, A.; Riccardi, L.; Orlandi, S.; Pruzanski, M.; Morelli, A.; Pellicciari, R. A farnesoid x receptor-small heterodimer partner regulatory cascade modulates tissue metalloproteinase inhibitor-1 and matrix metalloprotease expression in hepatic stellate cells and promotes resolution of liver fibrosis. J. Pharmacol. Exp. Ther. 2005, 314, 584–595. (109) Janowski, B. A.; Willy, P. J.; Devi, T. R.; Falck, J. R.; Mangelsdorf, D. J. An oxysterol signalling pathway mediated by the nuclear receptor LXR alpha. Nature 1996, 383, 728–731. (110) Janowski, B. A.; Grogan, M. J.; Jones, S. A.; Wisely, G. B.; Kliewer, S. A.; Corey, E. J.; Mangelsdorf, D. J. Structural requirements of ligands for the oxysterol liver X receptors LXRalpha and LXRbeta. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 266–271. (111) Lu, T. T.; Repa, J. J.; Mangelsdorf, D. J. Orphan nuclear receptors as eLiXiRs and FiXeRs of sterol metabolism. J. Biol. Chem. 2001, 276, 37735–37738. (112) Cao, G.; Liang, Y.; Broderick, C. L.; Oldham, B. A.; Beyer, T. P.; Schmidt, R. J.; Zhang, Y.; Stayrook, K. R.; Suen, C.; Otto, K. A.; Miller, A. R.; Dai, J.; Foxworthy, P.; Gao, H.; Ryan, T. P.; Jiang, X. C.; Burris, T. P.; Eacho, P. I.; Etgen, G. J. Antidiabetic action of a liver x receptor agonist mediated by inhibition of hepatic gluconeogenesis. J. Biol. Chem. 2003, 278, 1131–1136. (113) Kotokorpi, P.; Ellis, E.; Parini, P.; Nilsson, L. M.; Strom, S.; Steffensen, K. R.; Gustafsson, J. A.; Mode, A. Physiological differences between human and rat primary hepatocytes in response to liver X receptor activation by 3-[3-[N-(2-chloro-3trifluoromethylbenzyl)-(2,2-diphenylethyl)amino]propyloxy] phenylacetic acid hydrochloride (GW3965). Mol. Pharmacol. 2007, 72, 947–955. (114) Davies, J. D.; Carpenter, K. L.; Challis, I. R.; Figg, N. L.; McNair, R.; Proudfoot, D.; Weissberg, P. L.; Shanahan, C. M. Adipocytic differentiation and liver x receptor pathways regulate the accumulation of triacylglycerols in human vascular smooth muscle cells. J. Biol. Chem. 2005, 280, 3911–3919.
 
 reviews nuclear receptors including PPARs, PXR, CAR, FXR, and LXRs and have central roles in a diverse range of cellular processes extending from fetal development and cell survival to homeostasis. RXR heterodimers are classified as either permissive (e.g., PPARs, LXR, and FXR) or nonpermissive (e.g., PXR and CAR) depending on whether the heterodimer can be activated by RXR ligands or not.116 RXRR is expressed in the liver, kidney, intestine, and adipose tissue and is the predominant partner for nuclear receptors involved in lipid and bile acid metabolism. Collectively, RXRselective ligands are referred to as rexinoids and include the putative endogenous ligand 9-cis retinoic acid. Administration of the rexinoids LGD1069 to ob/ob mice or LG268 to db/db mice results in reduced blood glucose and increased insulin sensitivity, this pattern being consistent with predominant activation of PPARγ/RXRR.117,118 However, rexinoids also cause elevated serum triglycerides, likely reflecting actions on other RXR-heterodimeric partners, including LXR/ RXR. Because of their pleomorphic actions there has been a focus on the development of rexinoids that have relative heterodimeric selectivity and display a favorable pharmacological profile for the treatment of type 2 diabetes and associated conditions (reviewed in ref 119). While potentially useful, the utility of this approach remains to be determined. ERRr. Estrogen-related receptor R (ERRR) is an orphan nuclear receptor that is expressed predominantly is tissues that preferentially metabolize fatty acids. Unlike the nuclear receptors covered earlier in this review, ERRR binds to DNA as a homodimer or as a heterodimer with other ERRs.120 It can act as a conduit for PGC-1R target gene activation and is transcriptionally activated by its own expression in a positive feedback loop. In this setting, ERRR appears to be a significant regulator of mitochondrial biogenesis and aids recruitment of PGC-1R at target genes.121 PGC-1R is a major mediator of adaptive mitochondrial oxidation, is relatively deficient in type 2 diabetes, and has a role in protection from reactive oxygen species. Several nuclear receptors are target (115) Kase, E. T.; Thoresen, G. H.; Westerlund, S.; Hojlund, K.; Rustan, A. C.; Gaster, M. Liver X receptor antagonist reduces lipid formation and increases glucose metabolism in myotubes from lean, obese and type 2 diabetic individuals. Diabetologia 2007, 50, 2171–2180. (116) Shulman, A. I.; Larson, C.; Mangelsdorf, D. J.; Ranganathan, R. Structural determinants of allosteric ligand activation in RXR heterodimers. Cell 2004, 116, 417–429. (117) Mukherjee, R.; Davies, P. J.; Crombie, D. L.; Bischoff, E. D.; Cesario, R. M.; Jow, L.; Hamann, L. G.; Boehm, M. F.; Mondon, C. E.; Nadzan, A. M.; Paterniti, J. R., Jr.; Heyman, R. A. Sensitization of diabetic and obese mice to insulin by retinoid X receptor agonists. Nature 1997, 386, 407–410. (118) Shen, Q.; Cline, G. W.; Shulman, G. I.; Leibowitz, M. D.; Davies, P. J. Effects of rexinoids on glucose transport and insulinmediated signaling in skeletal muscles of diabetic (db/db) mice. J. Biol. Chem. 2004, 279, 19721–19731. (119) Pinaire, J. A.; Reifel-Miller, A. Therapeutic potential of retinoid x receptor modulators for the treatment of the metabolic syndrome. PPAR Res. 2007, 2007, 94156. (120) Giguere, V. To ERR in the estrogen pathway. Trends Endocrinol. Metab. 2002, 13, 220–225. VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 57
 
 reviews genes for PGC-1R including PPARγ.122 ERRR-null mice exhibit reduced body weight due to reduced peripheral fat deposits and are highly resistant to obesity induced by a high fat diet.123 The role of ERRR in animal models of NAFLD and NASH has not been investigated. While there is no known endogenous ligand for this receptor and the ligandbinding pocket is normally obstructed by sidechains, a recent study suggests that pharmacological manipulation may be possible.124
 
 Human Studies of Nuclear Receptor Ligands in NASH The thiazolidinediones (troglitazone, rosiglitazone, and pioglitazone) are highly effective insulin-sensitizing agents;125,126 however, their utility in NAFLD is limited clinically by weight gain, a direct consequence of the increase in adipose tissue mass caused by these agents.127,128 In an open label trial of 30 patients with NASH, rosiglitazone 4 mg twice daily for 48 weeks resulted in significant improvements in liver biochemistry and indices of insulin resistance.129 In almost half of the patients where a repeat biopsy was available there were such marked reductions in steatosis and (121) Schreiber, S. N.; Emter, R; Hock, M. B.; Knutti, D.; Cardenas, J.; Podvinec, M.; Oakeley, E. J.; Kralli, A. The estrogen-related receptor alpha (ERRalpha) functions in PPARgamma coactivator 1alpha (PGC-1alpha)-induced mitochondrial biogenesis. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 6472–6477. (122) Soyal, S.; Krempler, F.; Oberkofler, H.; Patsch, W. PGC-1alpha: a potent transcriptional cofactor involved in the pathogenesis of type 2 diabetes. Diabetologia 2006, 49, 1477–1488. (123) Luo, J.; Sladek, R.; Carrier, J.; Bader, J. A.; Richard, D.; Giguere, V. Reduced fat mass in mice lacking orphan nuclear receptor estrogen-related receptor alpha. Mol. Cell. Biol. 2003, 23, 7947– 7956. (124) Kallen, J.; Lattmann, R.; Beerli, R.; Blechschmidt, A.; Blommers, M. J.; Geiser, M.; Ottl, J.; Schlaeppi, J. M.; Strauss, A.; Fournier, B. Crystal structure of human estrogen-related receptor alpha in complex with a synthetic inverse agonist reveals its novel molecular mechanism. J. Biol. Chem. 2007, 282 (32), 23231– 23239. (125) Kipnes, M. S.; Krosnick, A.; Rendell, M. S.; Egan, J. W.; Mathisen, A. L.; Schneider, R. L. Pioglitazone hydrochloride in combination with sulfonylurea therapy improves glycemic control in patients with type 2 diabetes mellitus: a randomized, placebocontrolled study. Am. J. Med. 2001, 111, 10–17. (126) Rosenstock, J.; Einhorn, D.; Hershon, K.; Glazer, N. B.; Yu, S. Pioglitazone 014 Study Group. Efficacy and safety of pioglitazone in type 2 diabetes: a randomised, placebo-controlled study in patients receiving stable insulin therapy. Int. J. Clin. Pract. 2002, 56, 251–257. (127) Carey D. G., Cowin G. J., Galloway G. J., Jones N. P., Richards J. C., Biswas N., Doddrell D. M. Effect of rosiglitazone on insulin sensitivity and body composition in type 2 diabetic patients [corrected]. Obes. Res, 2002, 10, 1008–1015. Erratum in: Obes. Res. 2002, 10. (128) Miyazaki, Y.; Mahankali, A.; Matsuda, M.; Mahankali, S.; Hardies, J.; Cusi, K.; Mandarino, L. J.; DeFronzo, R. A. Effect of pioglitazone on abdominal fat distribution and insulin sensitivity in type 2 diabetic patients. J. Clin. Endocrinol. Metab. 2002, 87, 2784–2791. 58
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 George and Liddle necro-inflammatory scores that they no longer met histological criteria for a diagnosis of NASH. Improvements in pericellular fibrosis but not in fibrosis stage were also noted. In another controlled trial, pioglitazone and vitamin E were compared to vitamin E alone in 20 patients with NASH.130 After 6 months follow-up, all patients had significant improvements in liver biochemistry, but posttreatment histology in the vitamin E group only demonstrated a minor reduction in steatosis. The pioglitazone group had reduced inflammation, pericellular fibrosis, and a significant further reduction in steatosis. No weight gain was seen in either group. In a more recent controlled trial, 55 patients with NASH were randomized to a hypocaloric diet plus pioglitazone 45 mg per day or diet plus placebo for 6 months.131 When compared to placebo, the pioglitazone group showed improvements in insulin resistance, HbA1c levels, and liver enzymes. Significant decreases in circulating TNF and elevations in adiponectin levels were also noted. On liver histology, reductions in steatosis and necro-inflammatory scores were evident in the group receiving the PPARγ agonist. However, there was no significant change in fibrosis stage with pioglitazone, possibly due to the short duration of follow-up. Weight gain was the principle adverse effect with a mean increase of over 2 kg. Larger trials of longer duration are currently underway to assess the long-term benefits and safety of these agents. Trials of PPARR agonists such as the fibrates in human NASH have been disappointing, despite their theoretical attractiveness and their effectiveness in animal models. PPARR expression in human liver is relatively low compared with rodents. Moreover, PPARR almost exclusively controls AOX expression in rodents, which is not the case in humans; therefore, PPARR activation in humans has little impact on fatty acid β-oxidation.132 In a pilot study, 12 months treatment with clofibrate in 16 patients with NASH and elevated triglycerides had no impact on liver enzyme elevation or triglyceride levels. Likewise, histological improvement was not observed.133 A 4-week study of gemfibrozil showed improvement in transaminases irrespective of (129) Neuschwander-Tetri, B. A.; Brunt, E. M.; Wehmeier, K. R.; Oliver, D.; Bacon, B. R. Improved nonalcoholic steatohepatitis after 48 weeks of treatment with the PPAR-gamma ligand rosiglitazone. Hepatology 2003, 38, 1008–1017. (130) Sanyal, A. J.; Mofrad, P. S.; Contos, M. J.; Sargeant, C.; Luketic, V. A.; Sterling, R. K.; Stravitz, R. T.; Shiffman, M. L.; Clore, J.; Mills, A. S. A pilot study of vitamin E versus vitamin E and pioglitazone for the treatment of nonalcoholic steatohepatitis. Clin. Gastroenterol. Hepatol. 2004, 2, 1107–1115. (131) Belfort, R.; Harrison, S. A.; Brown, K.; Darland, C.; Finch, J.; Hardies, J.; Balas, B.; Gastaldelli, A.; Tio, F.; Pulcini, J.; Berria, R.; Ma, J. Z.; Dwivedi, S.; Havranek, R.; Fincke, C.; DeFronzo, R.; Bannayan, G. A.; Schenker, S.; Cusi, K. A placebo-controlled trial of pioglitazone in subjects with nonalcoholic steatohepatitis. N. Engl. J. Med. 2006, 355, 2297–2307. (132) Kane, C. D.; Francone, O. L.; Stevens, K. A. Differential regulation of the cynomolgus, human, and rat acyl-CoA oxidase promoters by PPARalpha. Gene 2006, 380, 84–94.
 
 reviews
 
 NAFLD and Nuclear Receptors initial triglyceride level.134 Larger trials of PPARR agonists have not eventuated, as other drug targets have appeared more promising. Dual PPARR/γ agonists are attractive as therapy for NAFLD, NASH, and the metabolic syndrome as they have the potential to improve insulin resistance, reduce circulating free fatty acids and avoid the weight gain associated with pure PPARγ agonists. A number of such dual PPARR/γ agonists have been developed including muraglitazar, tesa(133) Laurin, J.; Lindor, K. D.; Crippin, J. S.; Gossard, A.; Gores, G. J.; Ludwig, J.; Rakela, J.; McGill, D. B. Ursodeoxycholic acid or clofibrate in the treatment of non-alcohol-induced steatohepatitis: a pilot study. Hepatology 1996, 23, 1464–1467. (134) Basaranoglu, M.; Acbay, O.; Sonsuz, A. A controlled trial of gemfibrozil in the treatment of patients with nonalcoholic steatohepatitis. J. Hepatol. 1999, 31, 384. (135) Balakumar, P.; Rose, M.; Ganti, S. S.; Krishan, P.; Singh, M. PPAR dual agonists: Are they opening Pandora’s Box? Pharmacol. Res. 2007, 56 (2), 91–98. (136) Etgen, G. J.; Oldham, B. A.; Johnson, W. T.; Broderick, C. L.; Montrose, C. R.; Brozinick, J. T.; Misener, E. A.; Bean, J. S.; Bensch, W. R.; Brooks, D. A.; Shuker, A. J.; Rito, C. J.; McCarthy, J. R.; Ardecky, R. J.; Tyhonas, J. S.; Dana, S. L.; Bilakovics, J. M.; Paterniti, J. R., Jr.; Ogilvie, K. M.; Liu, S.; Kauffman, R. F. A tailored therapy for the metabolic syndrome: the dual peroxisome proliferator-activated receptor-alpha/gamma agonist LY465608 ameliorates insulin resistance and diabetic hyperglycemia while improving cardiovascular risk factors in preclinical models. Diabetes 2002, 51, 1083–1087. (137) Fievet, C.; Fruchart, J. C.; Staels, B. PPARalpha and PPARgamma dual agonists for the treatment of type 2 diabetes and the metabolic syndrome. Curr. Opin. Pharmacol. 2006, 6, 606– 614. (138) Kendall, D. M.; Rubin, C. J.; Mohideen, P.; Ledeine, J. M.; Belder, R.; Gross, J.; Norwood, P.; O’Mahony, M.; Sall, K.; Sloan, G.; Roberts, A.; Fiedorek, F. T.; DeFronzo, R. A. Improvement of glycemic control, triglycerides, and HDL cholesterol levels with muraglitazar, a dual (alpha/gamma) peroxisome proliferator-activated receptor activator, in patients with type 2 diabetes inadequately controlled with metformin monotherapy: A double-blind, randomized, pioglitazone-comparative study. Diabetes Care 2006, 29, 1016–1023. (139) Carmona, M. C.; Louche, K.; Nibbelink, M.; Prunet, B.; Bross, A.; Desbazeille, M.; Dacquet, C.; Renard, P.; Casteilla, L.; Penicaud, L. Fenofibrate prevents Rosiglitazone-induced body weight gain in ob/ob mice. Int. J. Obes. (London) 2005, 29, 864– 871. (140) Conlon, D. Goodbye Glitazars. Br. J. Diabetes Vasc. Dis. 2006, 6, 135–137.
 
 glitazar, naveglitazar, and netoglitazone.135 As expected, in early trials, these agents have reduced circulating triglycerides, increased high-density lipoprotein levels, and improved insulin sensitivity.136–138 Amelioration in the PPARγ-mediated weight gain via a PPARR-associated decrease in food intake and lipid oxidation has been demonstrated in animals.136,139 These results are yet to be replicated in humans. Safety concerns have led to the recent withdrawal of muraglitazar and tesaglitazar from phase III trails due to an increased incidence of heart failure and elevations in serum creatinine, respectively.140
 
 Summary Given their pivotal roles in lipid metabolism, energy homeostasis, and inflammation, nuclear receptors are attractive therapeutic targets for the management of NASH and the insulin resistance that precipitates NAFLD. While PPARR and PPARγ agonists have translated through to small human studies, to date most nuclear receptors targets have only been investigated in animal- or cell-based models. Of most interest is compounds that act as agonists for two or all three of the PPARs, though FXR is deserving of more intensive investigation. The challenge is to define both the optimal target(s) and the correct balance in receptor selectivity and binding affinity to ensure efficacy while minimizing untoward side effects.
 
 Abbreviations Used 6-ECDCA, 6-ethyl chenodeoxycholic acid; AOX, acyl CoA oxidase; CAR, constitutive androstane receptor; FXR, farnesoid X receptor; ERRR, estrogen-related receptor R; IL6, interleukin-6; LXR, liver X receptor; MCD, methionine and choline deficient; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NF-κB, nuclear factor-κB; PGC-1R, peroxisome proliferative activated receptor, gamma, coactivator 1R; PPAR, peroxisome proliferator-activated receptor; PXR, pregnane X receptor; RXR, retinoid X receptor; SHP, small heterodimer partner; SREBP-1c, sterol regulatory element binding protein-1c; TNF, tumor necrosis factor-R. Acknowledgment. We thank Dr. Roslyn London, Storr Liver Unit, for the provision of unpublished data that has been referred to in this manuscript. MP700110Z
 
 VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 59
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















