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Abstract 

 

This article is a report on a symposium sponsored by the American Society for 

Pharmacology and Experimental Therapeutics and held at the Experimental Biology 12 meeting 

in San Diego, CA.  The presentations discussed the roles of a number of nuclear receptors in 

regulating glucose and lipid homeostasis, the pathophysiology of obesity-related disease states 

and the promise associated with targeting their activities to treat these diseases.  While many of 

these receptors, in particular constitutive androstane receptor  and pregnane X receptor  and 

their target enzymes have been thought of as regulators of drug and xenobiotic metabolism, this 

symposium highlighted the advances made in our understanding of the endogenous functions of 

these receptors.  Similarly, the advances made in our understanding of the mechanisms 

underlying bile acid signaling pathways in the regulation of body weight and glucose 

homeostasis illustrates the importance of using complementary approaches to elucidate this 

fascinating network of pathways.  The observations that some receptors, like the farnesoid X 

receptor can function in a tissue specific manner via well defined mechanisms has important 

clinical implications particularly in the treatment of liver diseases.  Finally, the novel findings that 

agents that selectively activate estrogen receptor β can effectively inhibit weight gain in a high-

fat diet model of obesity identifies a new role for this member of the steroid superfamily.   Taken 

together, this symposium has revealed a number of significant findings that illustrate the 

promise associated with targeting a number of nuclear receptors for the development of new 

therapies to treat obesity and other metabolic disorders. 
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Introduction  

Nuclear receptors are historically defined by virtue of their roles as endocrine or 

environmental sensors (Ai et al., 2009; Markov and Laudet, 2011; Merk and Schubert-Zsilavecz, 

2012).  As transcription factors that directly link their environments with key metabolic 

processes, they are attractive targets for therapeutic interventions.  With respect to metabolic 

disorders that involve perturbations of glucose and lipid homeostasis, work performed in the 

past two decades has focused heavily on targeting the peroxisome proliferator-activated 

receptors (PPARs).  While many PPAR agonists were proven to be clinically efficacious, their 

use became increasingly plagued by side effects.  These events underscored the need to better 

understand how the metabolic processes that control lipid and glucose levels are regulated with 

the goal of developing a new generation of nuclear receptor ligands to manage metabolic 

diseases. Towards this end, the nuclear receptors, CAR (constitutive androstane receptor), PXR 

(pregnane X receptor), FXR (farnesoid X receptor) and ER-β (estrogen receptor β) as well as  

bile activated receptors such as the membrane G protein-coupled receptor (GPCR) that is 

referred to as TGR5, have emerged as attractive candidate receptors.  While CAR, PXR and 

FXR, have been characterized as “xenobiotic” receptors, increasing evidence indicates that 

these receptors also play vital roles in responding to the presence of endogenous agonists.  

These receptors alter the expression levels of drug metabolizing enzymes and transporters and 

thereby metabolically regulate the cellular levels of their cognate agonists.  The targets of these 

finely-tuned, catabolic feedback pathways are typically highly lipophillic substances that interact 

with and activate other receptors (i.e., the GPCR for bile acids, TGR5) and metabolic signaling 

pathways. The emerging roles of the “xenobiotic” receptors and members of the “classical” 

steroid hormone receptor family (i.e., ER-β) in the regulation of glucose and lipid dysfunction 

have thus gained  considerable attention. This symposium was organized to highlight new 

understandings of how these nuclear receptors mediate events associated with lipid dysfunction 
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and obesity-related diseases and how these mechanisms can be exploited to develop new 

therapies.   

 

Endobiotic functions of xenobiotic receptors and xenobiotic enzymes in energy 

metabolism   

 

The PXR and CAR are two closely related and liver-enriched nuclear hormone receptors 

originally defined as xenobiotic receptors.  Recently, an increasing body of evidence suggests 

that PXR and CAR also have endobiotic functions that impact glucose and lipid metabolism, as 

well as the pathogenesis of metabolic diseases (Konno et al., 2008; Gao and Xie, 2010). 

Interestingly, the nuclear receptor target enzymes, such as the estrogen sulfotransferase, also 

play an important role in fat cell differentiation and energy metabolism.  

CAR and PXR in energy metabolism.  In a recent study, we have uncovered an 

unexpected role of CAR in preventing obesity and alleviating type 2 diabetes (Gao et al., 2009).  

Using a high-fat diet -induced obesity model, we showed that treatment of wild-type mice with 

the CAR agonist 1,4-bis [2-(3,5 dichloropyridyloxy)] benzene (TCPOBOP) efficiently prevented 

the onset of obesity or reversed pre-induced obesity.  Treatment with TCPOBOP improved 

insulin sensitivity in both the high-fat diet-induced type 2 diabetic model and the ob/ob mice.  In 

contrast, CAR null mice maintained on chow diet showed spontaneous insulin insensitivity, 

which could not be relieved by TCPOBOP treatment.  The hepatic steatosis in high-fat diet-

treated mice and ob/ob mice was markedly reduced by TCPOBOP treatment. The metabolic 

benefits of CAR activation may have resulted from the combined effect of inhibition of 

lipogenesis, very low density cholesterol secretion and export of triglycerides, and 

gluconeogenesis; as well as increases in brown adipose tissue energy expenditure and 

peripheral fat mobilization. Similar effects of CAR activation in relieving high-fat diet and ob/ob 

models of steatosis and type 2 diabetes (Dong et al., 2009) and gestational obesity and 
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diabetes (Masuyama and Hiramatsu, 2012b; Masuyama and Hiramatsu, 2012a) have been 

independently reported. These results have revealed an important metabolic function of CAR 

and may establish this “xenobiotic receptor” as a novel therapeutic target for the prevention and 

treatment of obesity and type 2 diabetes. The results of animal studies are consistent with the 

clinical observations that phenobarbital, a prototypical CAR activator, is known to decrease 

plasma glucose levels and improve insulin sensitivity in diabetic patients (Lahtela et al., 1985; 

Sotaniemi and Karvonen, 1989).  The spontaneous insulin insensitivity in CAR null mice 

suggests an endogenous function of CAR, which may have been controlled by endogenous 

CAR ligand(s). Thus, an outstanding challenge is to identify endogenous CAR ligands that elicit 

the metabolic functions of CAR in vivo. 

 

 PXR is a sister xenobiotic receptor of CAR that shares many functions in xenobiotic 

regulation and related pathophysiology. Compared to CAR, the in vivo effects of PXR activation 

on type 2 diabetes are yet to be reported. Despite its ability to suppress gluconeogenesis 

(Kodama et al., 2004; Kodama et al., 2007), PXR activation is also known to cause hepatic 

steatosis (Zhou et al., 2006; Zhou et al., 2008; Cheng et al., 2012) and increase serum 

corticosteroid levels (Zhai et al., 2007), conditions known to be positively associated with insulin 

resistance. Based on these observations, it may not be a surprise that PXR activation may exert 

an adverse, rather than beneficial, effect on type 2 diabetes, at least in mouse models.  Indeed, 

several known PXR-activating drugs, such as rifampicin, phenytoin and cyclophosphamide, 

have been reported to induce hyperglycemia in patients (Luna and Feinglos, 2001). However, it 

remains to be determined whether PXR is the mediator for the drug-induced hyperglycemia. 

The effects of CAR and PXR on energy metabolism are summarized in Fig. 1A. 

 

Estrogen sulfotransferase (EST/SULT1E1) in fat cell differentiation and type 2 

diabetes.   The concept of endobiotic function of xenobiotic systems on energy metabolism can 
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also be extended to xenobiotic enzymes, such as EST. EST is a phase II drug metabolizing 

enzyme known to catalyze the sulfoconjugation and deactivation of estrogens (Song et al., 

1995). EST is highly expressed in the white adipose tissue of male mice, but the role of EST in 

the development and function of adipocytes remains largely unknown. We have previously 

reported on the transcriptional regulation of EST by the liver X receptor (LXR) (Gong et al., 

2007) and glucocorticoid receptor (GR) (Gong et al., 2008) and the implications of this 

regulation in estrogen homeostasis and hormone-dependent breast cancer growth. In a more 

recent report, we showed that EST played an important role in adipocyte differentiation (Wada 

et al., 2011). EST is highly expressed in 3T3-L1 preadipocytes and primary mouse 

preadipocytes. The expression of EST was dramatically reduced in differentiated 3T3-L1 cells 

and mature primary adipocytes. Overexpression of EST in 3T3-L1 cells prevented adipocyte 

differentiation. In contrast, preadipocytes isolated from EST knockout mice exhibited enhanced 

differentiation. The inhibitory effect of EST on adipogenesis likely resulted from the sustained 

activation of ERK (extracellular signal-regulated kinase)1/2 MAP (mitogen-activated protein 

kinase) pathway and inhibition of insulin signaling, leading to a failure of switch from clonal 

expansion to differentiation. The enzymatic activity of EST was required for the inhibitory effect 

of EST on adipogenesis, because an enzyme-dead EST mutant failed to inhibit adipocyte 

differentiation. In vivo, overexpression of EST in the adipose tissue of female transgenic mice 

resulted in smaller adipocyte size. Taken together, our results suggest that EST functions as a 

negative regulator of adipogenesis. 

In a more recent work, we showed that EST has a sex-specific effect on mouse models 

of type 2 diabetes (Gao et al., 2012). Specifically, loss of Est in female mice improved metabolic 

function in ob/ob, dexamethasone- and high-fat diet-induced mouse models of type 2 diabetes. 

The metabolic benefit of Est ablation included improved body composition, increased energy 

expenditure and insulin sensitivity, and decreased hepatic gluconeogenesis and lipogenesis. 

This metabolic benefit appeared to have resulted from decreased estrogen deprivation and 
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increased estrogenic activity in the liver, whereas such benefit was abolished in ovariectomized 

mice. Interestingly, the effect was sex-specific, as Est ablation in ob/ob males exacerbated the 

diabetic phenotype, which was accounted for by a decrease in islet β cell mass and failure of 

glucose-stimulated insulin secretion in vivo. The loss of β cell mass in ob/ob male mice deficient 

of EST was associated with increased macrophage infiltration and inflammation in white 

adipose tissue. Our results revealed an essential role of EST in energy metabolism and the 

pathogenesis of type 2 diabetes. Inhibition of EST, at least in females, may represent a novel 

approach to manage type 2 diabetes. The effects of EST on fat cell differentiation and energy 

metabolism are summarized in Fig. 1B and Fig. 1C, respectively. 

 

In summary, the above-discussed examples support the notion that the “traditional” 

xenobiotic nuclear receptors and their target xenobiotic enzymes do have important roles in 

endobiotic metabolism, including energy metabolism. It is hoped that the endobiotic functions of 

the xenobiotic receptors and xenobiotic enzymes can be harnessed for the therapeutic 

management of metabolic diseases. 

 

Bile acid activated receptors in regulating lipid and glucose metabolism  

Bile acids as signaling molecules.  Bile acids (BA) are signaling molecules and 

activate multiple cellular signaling pathways involving calcium mobilization, cyclic AMP 

synthesis, and protein kinase C translocation and activation by interacting with   membrane 

GPCR named TGR5 or GPBAR1, muscarinic receptors and nuclear receptors including the 

FXR, PXR, CAR and the vitamin D receptor.  This family of receptors is identified as a whole as 

bile acid activated receptors (Nguyen and Bouscarel, 2008).  

FXR is expressed in the liver, intestine, kidney and adrenal glands and functions as a 

bile acid sensor by regulating the expression of various transport proteins and biosynthetic 
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enzymes crucial to the physiological maintenance of bile acid homeostasis. TGR5, a member of 

the rhodopsin-like superfamily of GPCRs that transduces signals through G proteins (α–βγ 

subunits) is expressed in the ileum and colon.  Both FXR and TGR5 play a role in regulating 

energy and glucose metabolism.  TGR5 ligands decrease blood glucose levels and increase 

energy expenditure. FXR agonism reduces glucose plasma levels and triglycerides synthesis, 

induces insulin release and ameliorates insulin signalling.  However, FXR ligands increase the 

liver expression of the GR and stimulate gluconeogenic pathways in fasting.  Because FXR 

deficiency ameliorates glucose tolerance in rodent model of diabetes, the role of this receptor in 

modulating glucose homeostasis requires further investigations.   

Bile acids are amphipathic molecules synthesized in the liver following oxidation of 

cholesterol and stored in the gallbladder as the main constituent of bile.   Chenodeoxycholic 

acid (CDCA) and cholic acid (CA) are the two primary bile acids in humans and are conjugated 

primarily to glycine and taurine (Fiorucci et al., 2009). The amphipathic chemical structure of bile 

acids is essential for the solubilization of dietary lipids. More than 95% of the bile acid pool is 

reabsorbed from the intestine, predominantly by an active sodium-dependent apical bile acid 

transporter in the terminal ileum and transported back to the liver bound primarily to albumin 

and to a lesser extent to lipoproteins (Keitel et al., 2008; Trauner et al., 2010). A limited pool of 

bile acids that is not reabsorbed in the small intestine undergoes dehydroxylation and 

deconjugation in the large intestine by bacterial enzymes, leading to the formation of the 

secondary bile acids, deoxycholic acid (DCA) from CA, and lithocholic acid (LCA) from CDCA 

(Keitel et al., 2008; Trauner et al., 2010). These bile acids are reabsorbed passively from the 

colon and return to the liver through the portal circulation to exert a feedback control on bile acid 

synthesis. 

 The liver plays a major role in maintaining plasma glucose homeostasis by controlling 

the balance between hepatic glucose uptake/utilization and hepatic glucose production (Figure 
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2).  This regulation undergoes dramatic adaptation in the fasting-feeding transition.  In the fed 

state, the liver stores energy from glucose by synthesizing glycogen and fat.  Insulin and 

glucose act in concert to promote the expression of genes orchestrating glucose utilization and 

fatty acid synthesis.  Conversely, when plasma glucose concentrations decrease during fasting, 

the liver generates glucose via gluconeogenesis, a hepatic pathway regulated by the activity of 

two rate limiting enzymes: glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate 

carboxykinase (PEPCK).  The expression of these genes is tightly regulated at the 

transcriptional level by hormones controlling glucose homeostasis with glucagon and 

glucocorticoids strongly promoting and insulin inhibiting hepatic gluconeogenesis via its 

suppression of both G6Pase and PEPCK expression levels.  The expression of PEPCK and 

G6Pase is positively regulated in the fasting state by different transcription factors and co-

activators including the hepatic nuclear factor 4α (HNF4α), GR, the Forkhead box O1 (FOXO1) 

and peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC1-α) (Yabaluri 

and Bashyam, 2010).   

Bile acids exert an important role in regulating glucose metabolism in part via modulation 

of glycogen homeostasis in the liver.   Bile acids stimulate the activity of glycogen synthase, an 

effect that would be instrumental to their ability to reduce glucose plasma levels (Fang et al., 

2007). On the other hand, bile acids activate glycogen phosphorylase and the breakdown of 

glycogen to glucose-1P (Staels and Kuipers, 2007).    Thus, it appears that by activating 

glycogen synthase and glycogen phosphorylase, bile acid-activated receptors exert an 

equivocal role in regulating liver glucose homeostasis.  

The effects exerted by different bile acids on glycogen homeostasis are, at least partially, 

specific for each individual bile acid.  Indeed, ursodeoxycholic acid (UDCA) activates glycogen 

phosphorylase in a dose-dependent manner with an EC50 of  ~ 9 μM and a maximum effect at 

concentrations greater or equal to 100 μM. Other bile acids, LCA, TLCA (taurolithocholic acid), 

and TUDCA (tauroursodeoxycholic acid), but not GUDCA (glycoursodeoxycholic acid), activate 
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glycogen phosphorylase at significantly higher concentrations at (~100 μM), while TCA and CA 

have no effect. On the other hand, TCA and DCA (100 μM) activate glycogen synthase (Fang et 

al., 2007). This suggests that different bile acids differentially regulate glycogen synthesis and 

breakdown to maintain glycogen levels and glucose homeostasis. 

FXR and glucose homeostasis.  FXR is a member of the nuclear receptor superfamily 

and is highly expressed in the liver, intestine, kidney and adrenal glands (Fiorucci et al., 2009). 

The physiological ligand of FXR is CDCA which activates the receptor with an EC50 of 10 μM. 

FXR functions as a bile acid sensor in entero-hepatic tissues, regulating the expression of 

various transport proteins and biosynthetic enzymes crucial to the physiological maintenance of 

bile acid homeostasis (Fiorucci et al., 2009). The link between FXR and glucose homeostasis 

has been suggested by several in vitro and in vivo studies.  First of all, FXR gene expression is 

differentially regulated by insulin and glucose with high concentrations of insulin negatively and 

glucose positively up-regulating FXR expression (Duran-Sandoval et al., 2004). However, 

insulin does not prevent the up-regulation of FXR expression by glucose.  FXR is expressed in 

pancreatic β-cells and regulates insulin signaling (Figure 2A).  In βTC-6 cells, an insulin-

secreting cell line derived from transgenic mice expressing the large T-antigen of simian virus 

40 (SV40) in pancreatic β-cells, FXR induces expression of the glucose regulated transcription 

factor KLF11 (Renga et al., 2010),  which accounts for the effect of FXR on glucose-induced 

insulin gene transcription.  In addition, FXR regulates insulin secretion by non-genomic effects 

by increasing AKT phosphorylation and translocation of glucose transporter-2 (GLUT-2) at the 

plasma membrane of β-cells, as well as GLUT-4 gene expression on hepatocytes (Shen et al., 

2008), thus increasing glucose uptake by these cells (Figure 2A). These FXR mediated effects 

on insulin transcription and secretion occur only during conditions of high glucose (Renga et al., 

2010).  
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Several animal studies have shown that FXR impacts insulin sensitivity, glycogen 

synthesis and gluconeogenesis. Indeed FXR null mice are transiently hypoglycemic while fasted 

(Cariou et al., 2006; van Dijk et al., 2009), exhibit delayed intestinal glucose absorption (van Dijk 

et al., 2009) and a reduced hepatic glycogen content (Cariou et al., 2005; van Dijk et al., 2009).  

However, it is noteworthy that Fxr gene ablation in murine models of genetic (ob/ob) and diet-

induced obesity improves hyperglycemia and glucose tolerance (Prawitt et al., 2011).  By 

contrast, Fxr gene ablation in non-diabetic mice causes peripheral insulin resistance and 

impaired insulin signaling in adipose tissue and skeletal muscle (Cariou et al., 2006; Ma et al., 

2006).  In addition, the pharmacological activation of FXR by GW4064 (a potent synthetic FXR 

agonist) and 6-ethyl-CDCA in murine models of diabetes results in a down-regulation of 

gluconeogenic genes in the liver (Ma et al., 2006; Zhang et al., 2006; Cipriani et al., 2010).  

These effects appeared to be due, in part, to activation of SHP (small heterodimer partner), a 

canonical FXR target gene.  Thus, in db/db diabetic mice feeding CA induced SHP, which 

disrupted the interaction of PGC1-α with GR, HNF4α and FOXO1, and ultimately decreased 

gluconeogenesis (Borgius et al., 2002; Cipriani et al., 2010).  While results obtained following 

overexpression of SHP have indicated that SHP counter-regulated the activities of key nuclear 

receptors involved in gluconeogenesis, studies using Shp-/- mice have yielded contradictory 

results.  Here, hepatic glucose production was found to be significantly increased in SHP+/+ but 

not in Shp−/− mice in response to fasting.  In addition, the mRNA expression levels of G6Pase 

and PEPCK were found to be lower in ShpHP-/- hepatic cells, which implies that SHP plays a 

positive role in the regulation of gluconeogenesis (Wang et al., 2006).  Further, in contrast with 

that observed in diabetic mice, administration of GW-4064 has resulted in either a stimulation 

(Downes et al., 2003; Stayrook et al., 2005) or repression of PEPCK (Sinal et al., 2000; 

Yamagata et al., 2004; Ma et al., 2006), and may also either decrease or have no impact on 

glucose levels (Stayrook et al., 2005; Ma et al., 2006; Zhang et al., 2006).  These discrepancies 

suggest that the FXR signaling in the liver depends on the activity of additional regulatory 
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factors.  Since the expression of FXR in the liver changes significantly during the fasting-to-

refeeding transition (Duran-Sandoval et al., 2005), it is likely that the activity of FXR is 

modulated by the ability of hepatocytes to sense blood glucose levels and thus FXR agonism 

may elicit differential physiological effects in fasted versus fed organisms. Indeed, we have 

shown that FXR activation exerts opposite effects during fasting or feeding conditions (Renga et 

al., 2012).  Thus, while in fed animals the activation of FXR down-regulates the expression of 

gluconeogenic genes Pepck and G6pase (Figure 2A), the opposite occurs in the fasting state 

(Figure 2B).  In addition, our results demonstrated that in the fasting state the up-regulation of 

PEPCK and G6Pase requires the induction of another  nuclear receptor the GR, a positive 

regulator of gluconeogenesis (Figure 2B) (Renga et al., 2012). During conditions of high energy 

demand such as exercise, energy deprivation or fasting, systemic glucocorticoid concentrations 

increase and their sensing by GR in the liver coordinates the activation of glucose mobilization 

from the liver via gluconeogenesis.  Indeed, mice with conditional disruption of GR in 

hepatocytes exhibit profound hypoglycemia after prolonged fasting and are unable to up-

regulate the expression of gluconeogenic enzymes, such as PEPCK.  Several studies have 

shown that a stronger activation of GR-dependent transcription occurs in various models of 

diabetes (i.e. ZDF rats, db/db and ob/ob mice) while the down-regulation of GR, mRNA and 

activity, via administration of a 11β-hydroxysteroid dehydrogenase type 1  inhibitor, reduces 

weight gain, hyperglycemia and insulin resistance in response to a high-fat diet in mice. The 

expression and activity of the GR is modulated by reciprocal interactions with other members of 

the nuclear hormone superfamily of regulatory factors including the LXR.   By performing a 

detailed characterization of the expression of the GR in mice lacking FXR, we have shown that 

the FXR signaling changes significantly during the fasting-refeeding transition.  Noteworthy, in 

the fasting state, the up-regulation of PEPCK and G6Pase requires the induction of the GR, a 

positive regulator of gluconeogenesis.  Thus, not only do Fxr-/- fasted mice have reduced liver 

expression levels of GR, but also the ablation of the GR by a GR siRNA in hepatocytes 
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abrogates the effects of FXR agonism in vitro.  Furthermore, supporting a reciprocal regulation 

between the two receptors, mice harbouring a disrupted FXR are refractory to GR activation in 

fasting as demonstrated by the fact that dexamethasone treatment fails to increase both 

gluconeogenic genes and blood glucose levels in Fxr-/- mice.  These results indicate that an 

intact FXR signalling is required in order to regulate gluconeogenic genes by GR agonists in 

fasted mice.  

 The indispensable role of the GR in mediating the effects of FXR on gluconeogenic 

genes has been corroborated by in vitro studies using a hepatoma cell line transfected with 

plasmids containing a small interference RNA against the GR.  In these cells, the positive effect 

of FXR activation in terms of induction of PEPCK and G6Pase was modulated, thus supporting 

the role of the GR in mediating the regulatory effects of FXR on these genes.  The identification 

of the GR as a new target of FXR was further confirmed by promoter analysis of both mouse 

and human GR promoters. These studies have revealed that the distal region of the GR 

promoter contains an ER-8 sequence that functions as an  enhancer and mediates the 

transcription of GR in response to FXR activation under fasting (Renga et al., 2012).    

  In summary, the ability of FXR to regulate glucose homeostasis in the liver is largely 

dependent on blood glucose levels and the availability of co-regulatory factors including the GR.  

This observation indicates that FXR plays only a supportive role in glucose homeostasis.  

Whether FXR would be a target in the treatment of diabetes is   at the moment unclear, since in 

conditions of   fasting, FXR activation seems to promote gluconeogenesis and this effect may 

worsen glucose control.  

TGR5 and glucose homeostasis.  The physiological ligands for TGR5 are thought to 

be LCA and TLCA, which activate the receptor with an EC50 of 600 and 300 nM, respectively 

(Maruyama et al., 2002; Kawamata et al., 2003).   TGR5 may play a potential role in type 2 

diabetes, as suggested by a recent finding that oleanolic acid, a TGR5 agonist, lowered serum 

glucose and insulin levels and enhanced glucose tolerance in mice fed a high-fat diet (Sato et 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2012 as DOI: 10.1124/dmd.112.048694

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 48694 

 

15 

 

al., 2007). Moreover, the activation of TGR5 induced the production of glucagon-like peptide-1 

(GLP-1) in an enteroendocrine cell line STC-1 (Katsuma et al., 2005). GLP1 belongs to the 

family of incretins, a group of gastrointestinal hormones secreted by intestinal entero-endocrine 

cells into the blood stream within minutes after eating. The main physiological role of incretins is 

to regulate insulin secretion in response to a meal (Baggio and Drucker, 2007). Confirming the 

data obtained in STC-1 cells, a recent work performed using mice that overexpressed TGR5 

demonstrated that TGR5 overexpression induced intestinal GLP-1 release, improved function of 

liver and pancreas and enhanced glucose tolerance in obese mice (Thomas et al., 2009).  

Despite these data, which imply that TGR5 may be a therapeutic target to treat type 2 diabetes, 

common genetic variations within the TGR5 gene have been shown to be unrelated to the 

development of pre-diabetic phenotypes in a Caucasian population at increased risk for type 2 

diabetes mellitus (Mussig et al., 2009).    

TGR5 is a key factor in energy expenditure.  Activation of TGR5 by secondary bile acids 

increases energy expenditure in brown adipose tissue, preventing obesity and resistance to 

insulin (Watanabe et al., 2006). This effect is FXR-independent but TGR5-dependent and has 

been explained by the ability of TGR5 to induce a cyclic-AMP-dependent thyroid hormone 

activating enzyme type 2 iodothyronine deiodinase (D2), in thermogenic tissues (i.e. mouse 

brown fat and human skeletal muscle) via a TGR5-dependent manner. D2 subsequently 

converts thyroxine (T4) to tri-iodothyronine (T3). T3 is predicted to induce uncoupling protein 

(UCP) expression (Watanabe et al., 2006). UCP is known to dissipate the proton gradient in the 

electron transport chain.  This pathway is thought to decrease the synthesis of ATP and in this 

manner, increase energy expenditure, but its relevance has not been confirmed consistently 

and may be gender specific.  Indeed, a further study on the responses of TGR5 null mice to 

high-fat diet has shown that only female TGR5–/– mice on a high-fat diet gained more body 

weight than wild-type mice (reviewed in Fiorucci et al. 2009).  
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Despite observation of a potential role for TGR5 in regulating body weight and glucose 

homeostasis in mice, the therapeutic role of TGR5 as a drug target in obesity and diabetes is 

still not definitely proven. Oleanolic acid, a natural ligand of TGR5 isolated from Olea europaea, 

indeed abolished the weight gain and insulin resistance in a high-fat diet  model of obesity (Sato 

et al., 2007), but whether these effects are TGR5-dependent remains to be determined.  In 

addition to oleanolic acid, other bile acids are also natural ligands for TGR5, including LCA, 

TLCA, DCA, CDCA, and CA (Fiorucci et al., 2009).  However, these ligands are either toxic or 

not sufficiently safe. Among them, CDCA appears to be a promising ligand and has been 

applied in clinical practice (Fiorucci and Baldelli, 2009).   However, high doses of CDCA can 

elevate serum levels of aspartate aminotransferase and alanine aminotransferase in patients 

due to liver damage.    Development of natural or semisynthetic TGR5 ligands may be a future 

direction to be undertaken for clinical trials. One group of the synthetic TGR5 ligands is the 

semi-synthetic steroidal TGR5 agonists, for example, 6α-ethyl-23(S)-methyl-cholic acid, which is 

a derivative of CDCA. The second group is the synthetic non-steroidal TGR5 agonists, which 

may improve metabolic homeostasis, pancreatic insulin secretion, and inflammation (Fiorucci et 

al., 2009). In addition, discovery of new compounds, which can act as TGR5 agonists would be 

of high pharmacological relevance.  In this setting, we have recently shown that ciprofloxacin an 

antibiotic, is a TGR5 agonist.  

In summary, FXR and TGR5 are bile acid regulated receptors and could be novel targets 

for regulating glucose and energy metabolism. Because FXR and TGR5 are expressed in 

different tissues and share common endogenous ligands, it is plausible that   synthetic ligands 

could be develop to simultaneously target the two receptors in different tissues.  These dual 

FXR/TGR5 ligands hold promise in the treatment of obesity and disorders of glucose 

homeostasis.  
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     Tissue specific functions of the FXR in liver and intestine  

The FXR not only plays an essential role in maintaining bile acid homeostasis, but  is 

also critical for liver and GI functions as indicated by observations that mice deficient in FXR 

develop cholestasis, hyperlipidemia as well as liver tumors (Sinal et al., 2000; Chiang, 2004).  

The significant suppression of bile acid synthesis that occurs following activation of FXR 

involves reduction in the expression levels of genes encoding key bile-acid synthetic enzymes 

(e.g., CYP7A1 and CYP8B1) (Kim et al., 2007).  FXR-mediated induction of SHP and intestinal 

fibroblast growth factor 19 (FGF19) in humans and FGF15 in mice has been shown to be 

responsible for this suppression (Goodwin et al., 2000; Inagaki et al., 2005).  However, the 

exact contribution of the FXR/SHP and FXR/FGF15 pathways to this suppression and the 

associated cell-signaling pathway are unclear.  By using novel genetically modified mice, we 

have shown that the intestinal FXR/FGF15 pathway was critical for suppressing both Cyp7a1 

and Cyp8b1 gene expression, but the liver FXR/SHP pathway was important for suppressing 

Cyp8b1 gene expression and had a minor role in suppressing Cyp7a1 gene expression in mice.  

Furthermore, in vivo administration of FGF15 protein to mice led to a strong activation of ERK 

and, to a smaller degree, Jun N-terminal kinase (JNK) in the liver.  In addition, deficiency of 

either the ERK or JNK pathway in mouse livers reduced the basal, but not the FGF15-mediated, 

suppression of Cyp7a1 and Cyp8b1 gene expression.  However, deficiency of both ERK and 

JNK pathways prevented FGF15-mediated suppression of Cyp7a1 and Cyp8b1 gene 

expression (Kong et al., 2012).  In conclusion, the current study clearly elucidates the underlying 

molecular mechanism of hepatic versus intestinal FXR in regulating the expression of genes 

critical for bile-acid synthesis and hydrophobicity in the liver.  These events are outlined in the 

schematic depicted in Figure 3. 

Activation of FXR efficiently induces SHP transcription through head-to-tail chromatin 

looping (Li et al., 2010).  As a unique nuclear receptor with only a ligand binding but not a DNA-
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binding domain, SHP interacts with many transcription factors to inhibit their function.  However, 

the regulation of SHP expression is not well understood.  SHP is highly expressed in the liver, 

and previous studies have shown FXR highly induces SHP by binding to a FXR response 

element (FXRRE) in the promoter of the Nr0b2 gene, which encodes SHP.  The FXR-SHP 

pathway is critical for maintaining bile acid and fatty acid homeostasis. An analysis of genome-

wide FXR binding using chromatin immunoprecipitation (ChIP) coupled to massively parallel 

sequencing (ChIP-seq) (Thomas et al., 2010) identified a novel FXRRE in the 3’-enhancer 

region of the Shp gene. This downstream inverted repeat separated by one nucleotide is highly 

conserved throughout mammalian species.  We hypothesized that this downstream FXRRE is 

functional and may mediate a head-to-tail chromatin looping by interacting with the proximal 

promoter FXRRE to increase SHP transcription efficiency.  In the current study, a ChIP-

quantitative PCR assay revealed that FXR strongly bound to this downstream FXRRE in mouse 

livers.  The downstream FXRRE is important for FXR mediated transcriptional activation 

revealed by luciferase gene transcription activation, as well as by deletion and site-directed 

mutagenesis.  The chromatin conformation capture assay was used to detect chromatin looping, 

and the result confirmed the two FXRREs located in the Shp promoter and downstream 

enhancer interacted to form a head-to-tail chromatin loop.  To date, the head-to-tail chromatin 

looping has not been reported in the liver.  Our results suggest a mechanism by which activation 

of FXR efficiently induces SHP transcription is through head-to-tail chromatin looping.  

HNF4α is also a nuclear receptor critical for regulating liver development, differentiation 

and function.  The traditional paradigm suggests a linear activation of target gene transcription 

following direct binding of FXR to gene regulatory regions.  However, our study showed that 

FXR activates gene transcription by cooperating with HNF4α to regulate gene transcriptional 

activation in the liver (Manuscript in preparation).  Data obtained from the ChIP-seq of mouse 

livers, showed that nearly 50% of FXR binding sites in liver overlapped with HNF4α binding 

sites.  Binding of HNF4α to shared target sites is upstream and in close proximity to FXR.  
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Genes bound by both FXR and HNF4α are highly enriched in complement and coagulation 

cascades and drug metabolism, implying that these two factors co-regulate these pathways.  

Transcriptional and binding assays suggest HNF4α can moderately increase FXR 

transcriptional activity; however, results showed binding of HNF4α can be either FXR-

dependent or –independent at different shared binding sites.  Co-immunoprecipitation assays 

revealed a direct FXR-HNF4α protein interaction that is dependent on FXR activity.  Therefore, 

this study provides the first evidence of cooperative and independent interactions between FXR 

and HNF4α in regulating liver gene transcription in a genome-wide scale.  

In summary, it is apparent that interactions between tissues, various intracellular 

signaling pathways and transcription factors are important mechanisms by which FXR regulates 

liver and GI function.  This paradigm shift may provide a scientific basis for understanding liver 

biology as well as designing novel and more effective therapies to treat liver and GI diseases. 

 

ER-β Selective Ligands as Novel Therapeutics for Obesity and Metabolic Diseases  

Class I steroid hormone receptors, including the receptors for androgens and estrogens, 

and their respective ligands are critical regulators of lipid metabolism (Mauvais-Jarvis, 2011).  

The importance of this regulation is manifested in post-menopausal women and hypogonadal 

men confronting body weight gain, visceral and gluteal fat accumulation, and muscle and bone 

attrition (Brown et al., 2009). These hormone systems also regulate glucose homeostasis. 

Although testosterone is directly responsible for many of these actions in men, indirect effects 

via its aromatization to estradiol also contribute to its actions. Taken together, these 

observations implicate a pivotal role for estrogens in the maintenance of body composition in 

both men and women. 
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The physiological effects of estrogens are mediated by two ERs, ER-α and ER-β 

(Matthews and Gustafsson, 2003). ER-α and ER-β are approximately 60% homologous in their 

ligand-binding domain and greater than 90% homologous in their DNA binding domain, but 

share very minimal similarity in the N terminal domain.   Although the ligand binding domains 

share only 60% sequence identity, their ligand binding pockets are highly identical 

(Katzenellenbogen, 2011).  With respect to amino acid composition, they differ by only two 

amino acids  where  the Leu 384 and Met 421 of ER-α are replaced by Met 336 and Ile 373, 

respectively, in ER-β. With respect to size, they differ by only 100Å.  Here, the ER-α ligand 

binding pocket is slightly larger than that of  ER-β (i.e., 490 Å versus 390 Å).   Despite the fact 

that these subtle differences are sufficient to develop isoform selective ligands that preferably 

bind to ER-α or ER-β, discriminating the overlapping but distinct physiologic actions of ER-α 

and ER-β continues to be a challenge. 

Since the discovery of ER-β in 1996 by Gustafsson and colleagues, its contribution to 

normal physiology and pathological transformation of tissues has been extensively studied 

(Gustafsson, 1997). Most of these studies recognized ER-β as a benevolent receptor with 

potential to prevent or treat several diseases including inflammation, cancer, neurological 

diseases and others (Harris, 2007). One of the areas with least clarity is the role of ER-β in 

obesity and metabolic diseases.  

Knockout animal studies implicated a role for both ER-α and ER-β in the maintenance of 

body composition. Both isoforms are expressed in adipose tissue, indicating the potential for 

their ligands to elicit direct actions (Foryst-Ludwig and Kintscher, 2010). Earlier studies 

demonstrated that estradiol, through ER-α, reduced lipoprotein lipase gene expression and 

increased hormone sensitive lipase expression in adipose tissue, while AMP-activated kinase 

was increased in muscle (Palin et al., 2003; Rogers et al., 2009).  Additionally, ER-αKO mice 
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are obese, insulin resistant and have de-regulated glucose tolerance. While the body weight 

and metabolism markers of regular rodent chow-fed ER-βKO mice were comparable to that of 

wild type mice, high-fat diet-fed or ovariectomized ER-βKO mice gained body weight and 

accumulated adipose tissue to a greater extent than wild type mice (Foryst-Ludwig et al., 2008). 

These studies provide evidence for the anti-obesity effects of ER-α and ER-β, but suggest that 

their involvement might differ with the etiology of these diseases. 

To address these issues, we synthesized a series of ER-β selective ligands 

isoquinolinones (Figure 4A), displaying 10-100 fold selectively towards ER-β over ER-α (Yepuru 

et al., 2010). Although their binding to and transactivation of ER-β were comparable to estradiol, 

they bound and activated ER-α at much lower potency and efficacy. In addition, these 

molecules did not cross react with other receptors belonging to the nuclear receptor superfamily 

(all class I, PPAR-α, PPAR-γ, retinoid X receptor isoforms, and vitamin D receptor). 

C57/BL6 mice fed with a high-fat diet were treated subcutaneously with vehicle or 30 

mg/kg/day of two ER-β selective ligands (Figure 4) for 12 weeks. The body weights of mice fed 

with a high-fat diet and treated with an ER-β selective agonist were significantly lower than 

vehicle-treated mice fed with high-fat diet and were not different from body weights in the mice 

maintained on normal diet (Yepuru et al., 2010). In addition to the body weight changes, 

favorable changes in other biomarkers of metabolism, including cholesterol, leptin, and glucose 

tolerance, were observed. The effects were so dramatic that the body weight and metabolism 

profile of the mice fed with a high-fat diet and treated with ER-β selective agonists were 

comparable to that of mice maintained on normal diet. These results demonstrate the potential 

of ER-β and its ligands to combat obesity and metabolic diseases effectively. 

Interestingly, ER-β selective ligands did not reduce food consumption of these mice. 

This could be due to either the inability of ER-β to promote satiety or the failure of these ligands 
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to cross the blood brain barrier. ER-β selective ligands’ inability to control food intake, which is 

primarily through the central nervous system, is unique compared to other anti-obesity drugs in 

development. Most of the new chemical entities under development (Lorcarserin, Arena 

Pharmaceuticals), Qnexa (Vivus Inc.) and Contrave (Orexigen Ltd.)) reduce body weight by 

suppressing appetite through targets in the central nervous system. Unfortunately, many anti-

obesity drugs belonging to similar classes were eventually withdrawn from the market due to 

cardiovascular side effects (Connolly et al., 1997; Malgarini and Pimpinella, 2011). ER-β 

selective ligands, on the other hand, elicit their effect at the periphery or directly on adipose 

tissue rather than the central nervous system. 

Since long-term activation of ER-α could have unwarranted side effects (such as 

thromboembolism, breast and uterine cancers), we examined the effects of ER-β selective 

agonists on the hypothalamus: pituitary: gonadal axis  in high-fat diet-fed males and uterine 

weight in female ovariectomy-induced weight gain models to ensure the absence of cross-

reactivity with ER-α. The results conclusively demonstrated that the effects were not due to the 

cross reactivity with ER-α as evidenced by the lack of hypothalamus: pituitary: gonadal axis  

activation and uterine weight increase (Yepuru et al., 2010). 

GPCRs constitute the primary therapeutic target for many obesity drugs. Some of 

estradiol’s actions are also mediated by a GPCR, GPR-30 (Revankar et al., 2005). To further 

rule out the possibility that GPCRs could have played a role in the anti-obesity effect of ER-β 

selective agonists, cross reactivity against a panel of known GPCRs was evaluated. ER-β 

selective ligands did not cross react with any of the tested GPCRs, indicating that these ligands 

and their anti-obesity effects are highly selective for ER-β (Yepuru et al., 2010). 

Magnetic resonance imaging of mice in these obesity studies revealed that ER-β ligands 

not only reduced body fat, but also increased, to a greater extent, the muscle mass (Yepuru et 
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al., 2010). This observation is very unique to this class of anti-obesity drugs and has not been 

demonstrated as a function of ER-β or its ligands. Adipocytes and myocytes originate from the 

same mesenchymal stem cells and their interaction has been implicated in the extent and 

nature of adipogenesis and myogenesis (Thanabalasundaram et al., 2012). In addition, they 

share competing signaling pathways as in the case of PR domain containing 16, which 

promotes adipose formation at the expense of muscle formation (Seale et al., 2008). Adipocytes 

store energy obtained from external sources, which is released during metabolic process for the 

utilization by muscle. One of the models demonstrating the role of estrogens in body 

composition (decrease in fat mass and increase in muscle mass) is the aromatase knockout 

mice model. Although aromatase knockout mice have normal body weight initially, as they age, 

their adipose tissue levels significantly increase with a concomitant decrease in muscle mass 

(Brown et al., 2009). These mice also demonstrate a decrease in their ambulatory potential. 

These results corroborate the assertion that estrogens have effect on both adipose and muscle 

tissue. From our studies with ER-β selective agonists, we believe that ER-β is the mediator of 

these effects of estradiol by potentially increasing the metabolism rate, leading to release of 

energy from fat depots for muscle utilization. 

In order to understand the mechanism involved in these effects, gene expression 

changes were measured in white- and brown- adipose tissue and muscle. ER-β ligands 

significantly increased UCP-1 in brown adipose tissue (Yepuru et al., 2010). UCP-1 is a 

mitochondrial protein that uncouples oxygen consumption and ATP synthesis to promote energy 

dissipation as heat (Ricquier, 2005). The expression of UCP-1 was also confirmed at protein 

level in brown adipose tissue.  

Another gene that was up regulated by ER-β selective ligands was Pgc-1 (Yepuru et al., 

2010). PGC-1 was first identified as a binding partner of PPAR-γ in brown adipose tissue and its 
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primary function is oxidative metabolism and mitochondrial biogenesis in muscle. The skeletal 

phenotype of PGC-1KO mice is abnormal. Using in vitro studies, we demonstrated that PGC-1’s 

ability to coactivate PPAR-γ was impaired by ER-β and that this effect was dependent on the 

ability of ligands to bind ER-β. We speculate that ER-β might sequester PGC-1 away from 

PPAR-γ, thereby not only preventing the robust function of PPAR-γ, but also increasing its own 

function. Since PGC-1 is a coactivator of estrogen related receptors, proteins that share 

significant homology with ER-α and ER-β, there is a greater possibility that PGC-1 might be an 

ER-β coactivator. These results with UCP-1, PGC-1 and altered body composition all suggest 

that ER-β is a critical regulator of energy homeostasis. These hypotheses have to be tested in 

appropriate models.  

Some of the most meaningful and robust gene expression changes observed in white 

adipose tissue following administration of ER-β selective agonists were that of Sterol Regulatory 

Element-Binding Protein (SREBP) and fatty acid synthase (Yepuru et al., 2010). SREBP is an 

important transcription factor that activates cholesterol-synthesizing genes. Small molecule 

inhibitors of SREBP are highly desirable due to their potential to treat atherosclerosis (Kamisuki 

et al., 2009). ER-β selective agonists markedly (6-7 fold) decreased SREBP in white adipose 

tissue of animals fed with a high-fat diet compared to vehicle-treated animals. This reduction in 

SREBP with concomitant decrease in fatty acid synthase (8 fold) could be an important pathway 

mediating ER-β’s effect on fat accumulation. Although early studies demonstrated highly 

identical results with estradiol on SREBP-1 and fatty acid synthase, isoform selectivity was 

demonstrated in this study with ER-β selective molecules, emphasizing the need to activate ER-

β for these effects on lipogenic genes and proteins. 

Obesity is associated with an increased risk of developing  non-alcoholic fatty liver 

disease (NAFLD) and non-alcoholic steatohepatitis (NASH). NAFLD affects 10-30% of the 
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general U.S. population and about 75-90% of the morbidly obese population. Biochemically, 

patients with NASH demonstrate an increase in serum transaminases (aspartate 

aminotransferase and alanine aminotransferase), triglycerides, fatty acids and insulin 

resistance. NASH progresses into fibrosis and cirrhosis with 5- and 10-year survival estimated 

as 67% and 59%, respectively. In this study, we demonstrated that animals fed a  high-fat diet 

displayed the biochemical characteristics of NASH, and that these effects were all reversed by 

ER-β selective agonists (Figure 4B).  

These data suggest that there could potentially be another liver specific therapeutic 

utility for ER-β ligands. Although not direct, indirect evidence demonstrates that estrogens 

through ER-α or ER-β might have favorable effects in the liver (Jones et al., 2006). An absence 

of aromatase in men, leads to undesired hepatic accumulation of lipids, which could be reversed 

by estradiol (Jones et al., 2006). The hepatic lipid accumulation observed was characterized by 

increased expression of genes involved in lipid and fatty acid synthesis. The expression of these 

genes was also reversed by estradiol administration (Tian et al., 2012). 

Our data are the first to demonstrate the potential benefits of ER-β selective ligands to 

treat obesity and metabolic diseases. We predict that the combined effects of an increase in 

UCP-1 in muscle, sequestering of PGC-1 by ER-β, and a marked decrease in SREBP and fatty 

acid synthase in white adipose tissue tilt the balance in favor of higher muscle mass, increased 

oxidative metabolism, and energy utilization and decreased fat accumulation; all contributing to 

promoting favorable changes in body composition and the lipid profile. Although studies with 

ER-βKO mice are next and needed to unequivocally prove that these effects were mediated by 

ER-β, we ruled out all of the potential proteins with which these ligands could have cross-

reacted to explain the observed effects. From a basic mechanistic perspective, these data help 

support the idea that ER-β is a promising molecular target for the treatment of obesity and 
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metabolic diseases and that ER-β plays an important role in mediating the effects of 

endogenous estrogens on body composition. 

 

Summary and Future Directions  

Within the nuclear receptor superfamily, the regulation of inflammation, lipid dysfunction and 

obesity-related diseases that was once dominated by GR, thyroid hormone receptor and PPARs 

has been substantially expanded to include several other nuclear receptors such as FXR, PXR, 

CAR and ER.  Current understanding of the roles of nuclear receptors FXR, PXR, CAR and ER 

in lipid, energy, drug and energy metabolism, and obesity-related disease and therapeutic 

potential for drug targeting to these receptors was the focus of this symposium.  The xenobiotic 

functions of PXR and CAR are well recognized, but their endobiotic functions in glucose and 

lipid metabolisms are somewhat unexpected.  The role of PXR and CAR in lipid metabolism and 

atherosclerosis is controversial. It appears that CAR and PXR have pleiotropic effects on 

obesity and diabetes.  It seems clear that there is an interaction between drug metabolism and 

lipid metabolism, and nuclear receptors provide a link for cross talk between these two aspects 

of metabolism in the liver.  

The role of FXR in regulation of bile acid and glucose metabolism is also controversial.  

Several recent studies have demonstrated that the liver FXR/SHP mechanism may not play a 

role in inhibiting bile acid synthesis, instead the intestine FXR/FGF15 to liver FGFR4/ERK1/2 

signaling may be responsible for mediating inhibition of bile acid synthesis.   FXR agonists have 

been shown to improve, worsen or have no effect on hyperglycemia and insulin resistance in 

mice.  The direct inhibition of gluconeogenesis and lipogenesis by the FXR/SHP pathway has 

been suggested, but not proven. New data show that in the fed state, bile acid stimulation of 

glycogen synthesis may play a role in the control of blood glucose concentration. In the fasting 
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state, FXR inhibits insulin secretion from pancreatic β cells, but stimulates gluconeogenesis via 

activation of  the GR. Recently bile acid-activated TGR5 signaling has gained much attention as 

the major mechanism for control of glucose and energy metabolism and protection against 

hyperglycemia, diabetes and obesity.  This is particularly relevant for developing bile acid-based 

drugs for treating chronic liver diseases and diabetes and obesity.   

The surprising new function of ERβ in obesity has been uncovered recently (Figure 4). 

ER-β selective agonists have been shown to increase energy metabolism and decrease 

lipogenesis leading to improved lipid profile and reduced weight in high-fat diet-induced obese 

mice.  The emerging role of nuclear receptors in lipid, glucose and energy metabolism has 

gained increasing attention. However, the underlying molecular mechanisms are not clear and 

remain to be elucidated.  Different genetically modified mouse models are useful for uncovering 

novel functions of nuclear receptors.  Screening of selective agonists for nuclear receptors and 

TGR5 would discover potential therapeutic drugs for treating liver diseases, diabetes and 

obesity. 
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Figure Legends 

Figure 1. Endobiotic functions of xenobiotic receptors and xenobiotic enzymes in energy 

metabolism. A. The roles of CAR and PXR on obesity and type 2 diabetes. Activation of 

CAR suppresses both hepatic gluconeogenesis and lipogenesis, likely mediated through 

its inhibitory effect on transcriptional factors such as FOXO1, HNF4α, PGC1α, LXR, and 

SREBP1. The in vivo benefit of CAR activation in relieving metabolic disease has been 

reported. In the liver, PXR has a similar inhibitory effect on gluconeogenesis. However, 

PXR activation may increase fatty acid influx and lipogenesis directly or by activating 

PPARγ, and suppress fatty acid oxidation through suppressing FoxA2. The in vivo 

significance of PXR in metabolic syndrome remains to be demonstrated. B and C. The 

roles of EST on fat cell differentiation (B) and type 2 diabetes (C). In rodent cells, EST 

may inhibit adipocyte differentiation by sustained activation of ERK1/2 MAPK and 

inhibition of insulin signaling, leading to a failure of switch from clonal expansion to 

differentiation. The effect of EST on type 2 diabetes is gender-specific. Loss of EST 

improves and worsens metabolic functions in female and male mice, respectively. 

Figure 2. The role of FXR in regulation of glucose metabolism in mice. A. In the fed state, 

insulin stimulates GLUT-4 recruitment to plasma membrane. Glucose taken up by 

GLUT-4 to hepatocytes stimulates glycogen synthesis.  Insulin signaling activates PDZ 

binding kinase, PBK to phosphorylate and inhibit FOXO1, and results in inhibiting 

G6Pase and PEPCK expression and gluconeogenesis. Glucose is taken up by insulin-

sensitive GLUT-2 to pancreatic β cells. FXR stimulates insulin gene transcription and 

secretion from β cells when glucose levels are high. B. In the fasting state, glucagon 

stimulates gluconeogenesis by activating GR which induces G6Pase and PEPCK. In 

addition, FXR activates GR to stimulate G6Pase and PEPCK, and inhibits insulin gene 

transcription. 
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Figure 3.  The role of hepatic and intestinal FXR in bile acid homeostasis.  The presence of 

bile acids in intestinal enterocytes activates the FXR, which induces expression of 

FGF15.  FGF15 binds and activates hepatic FGFR4 resulting in enhanced ERK and JNK 

signaling, which coordinates with FXR-induced SHP to repress the expression of 

CYP7A1 and CYP8B1. 

Figure 4.  ER-β selected agonists prevent high-fat diet induced fatty liver. A. The structure 

of ER-β selective agonists. B. Effect of ER-β selective agonists on serum alanine 

aminotransferase (ALT) in animals fed with high-fat diet.  
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