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Abstract 

Today, we are witnessing a rising incidence of obesity worldwide. This increase is due to a 

sedentary life style, an increased caloric intake and a decrease in physical activity. Obesity 

contributes to the appearance of type 2 diabetes, dyslipidemia and cardiovascular 

complications due to atherosclerosis, and nephropathy. Therefore, the development of new 

therapeutic strategies may become a necessity. Given the metabolism controlling properties of 

nuclear receptors in peripheral organs (such as liver, adipose tissues, pancreas) and their 

implication in various processes underlying metabolic diseases, they constitute interesting 

therapeutic targets for obesity, dyslipidemia, cardiovascular disease and type 2 diabetes. The 

recent identification of the central nervous system as a player in the control of peripheral 

metabolism opens new avenues to our understanding of the pathophysiology of obesity and 

type 2 diabetes and potential novel ways to treat these diseases. While the metabolic functions 

of nuclear receptors in peripheral organs have been extensively investigated, little is known 

about their functions in the brain, in particular with respect to brain control of energy 

homeostasis. This review provides an overview of the relationships between nuclear receptors 

in the brain, mainly at the hypothalamic level, and the central regulation of energy 

homeostasis. In this context, we will particularly focus on the role of PPARα, PPARγ, LXR 

and Rev-erb. 
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Abbreviations 
 
2DG: 2-deoxy-D-glucose  

ABCA1: ATP binding cassette transporter sufamily A1 

ABCG1: ATP binding cassette transporter sufamily G1 

ABCG5: ATP binding cassette transporter sufamily G5 

ABCG8: ATP binding cassette transporter sufamily G8 

ACC: acetyl-CoA carboxylase  

AgRP: agouti gene–related protein  

ANS: autonomic nervous system  

AMPK: AMP activated protein kinase 

ApoE: apolipoprotein E 

ARC: arcuate nucleus  

BBB: blood-brain barrier 

Bmal1: Brain and muscle ARNt like protein  

CART: cocaine- and amphetamine regulated transcript  

CCK: cholecystokinin  

Clock: Circadian locomotor output cycle kaput  

CNS: central nervous system 

CNTF: ciliary neurotrophic factor 

CPT1: carnitine palmitoyltransferase-1  

CRH: corticotropin-releasing hormone  

Cry: Cryptochrome 

DBD: DNA-binding domain  

DCV: dorsal vagal complex  

DMH: dorsomedial hypothalamus  

DMV: dorsal motor of the vagus nerve  

FAS: fatty acid synthase  

FATP: FA transporters type 1  
GE: glucose-excited 

GI: glucose inhibited 

GLP1: glucagon like peptide-1  

GLUT2: glucose transporter 2 

GLUT4: glucose transporter 4 

GK: glucokinase 

LBD: ligand-binding domain  

LCFA long-chain fatty acid 

LHA: lateral hypothalamic area  

LPL: lipoprotein lipase  

LXR: liver X receptor  

MC3R: melanocortin-3 receptor 

MC4R: melanocortin-4 receptor 

MCD: malonyl-CoA decarboxylase  

MCH: melanin-concentrating hormone  

MnPO: median preoptic nucleus  

MPOA: median preoptic area  

α-, β-, γ-MSH:  Melanocyte stimulating hormones alpha, beta, gamma 

MTII: melanotan II 

NPY: neuropeptide Y  

NR: nuclear receptor 
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NTS: nucleus of the solitary tract 
PPAR: peroxisome proliferator-activated receptor 
PEPCK: phosphoenolpyruvate carboxylase  

Per: Period  

PI3K: phosphatidylinositol 3'-kinase  

PVN: paraventricular nucleus  

RXR: Retinoid X Receptor 
SCN: suprachiasmatic nucleus  
sPVZ: the subparaventricular nucleus  

T2D: type 2 diabetes  
TG: triglycerides  

TRH: thyrotrophin-releasing hormone  

TZD: thiazolidinediones  
VHM: ventromedial hypothalamus  

VLPO: ventrolateral preoptic nucleus   
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1. Introduction to nuclear receptors 

 

The superfamily of nuclear receptors (NR) is formed by 48 members in the human genome. 

NRs are transcription factors generally activated through binding of ligands, often small 

lipophilic molecules including fatty acids, hormones, bile acids and oxysterols. However, 

some NRs have no identified ligands and remain orphans. NRs can be classified either 

according to phylogenetic parameters [1] or by their dimerization, DNA and ligand binding 

properties, which gives rise to four separate classes [2]. Several NR subfamilies comprise 

different receptor subtypes each coded by individual genes (e.g. Retinoid X Receptor 

(RXR), RXR, RXR) which in addition may produce different receptor isoforms by 

alternative splicing (e.g. RXR1, RXR2) [2-3].  

NRs are composed of common structural domains which include a ligand-independent 

activation domain (AF-1), a zinc finger DNA-binding domain (DBD), a hinge domain 

allowing conformational changes, a ligand-binding domain (LBD) and ligand-dependent 

activation domain (AF-2), as well as a C-terminal domain. Some NRs can bind DNA and 

activate transcription of their target genes as monomers, but the majority are active as 

homodimers or heterodimers with RXR [2]. DNA-bound receptors regulate transcription in 

different ways depending on their ligand status. In general, unliganded or antagonist-bound 

receptors are transcriptionnally inactive or they promote transcriptional repression. 

Conversely, agonist-bound receptors promote transcriptional activation. The specificity of the 

complexes formed between the NR and corepressors or coactivators seems to be defined by 

the cell type, the conformational change induced by the ligand and the sequence of the DNA-

binding element. This level of complexity enables fine-tuning of the physiological response 

and explains the differences in gene expression regulation depending on the type of ligand 

activating a given NR.  

NRs play fundamental roles in various biological processes such as embryonic 

development, cell differentiation, cell death or metabolism. Therefore, NR dysfunction has 

important implications for the organism and may cause serious disease. NRs are involved in 

various processes underlying many human metabolic diseases such as type 2 diabetes (T2D), 

dyslipidemia and cardiovascular diseases. The development of specific ligands may thus be of 

interest to combat these diseases.  

 

2. Metabolic functions of NRs in peripheral organs 
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Hormones and metabolites such as fatty acids, bile acids or oxysterols are natural ligands of 

specific NRs. Thus, NRs act as metabolic sensors, enabling the organism to quickly adapt to 

environmental changes. Particularly, within metabolically active organs, NRs are master 

regulators of genes involved in metabolic control, integrating homeostatic control of energy 

and glucose, lipid and bile acid metabolism. In this section, we provide a brief overview of 

the metabolic function of a number of NRs via their actions in the periphery.  

 

2.1. PPARα 

 

PPARα is predominantly expressed in the liver, heart, brown adipose tissue, kidney and 

intestine where it regulates energy homeostasis [4]. The identification of PPARα target genes 

revealed that this NR regulates fatty acid and triglyceride catabolism (fatty acid uptake, 

peroxisomal oxidation, lipoprotein metabolism)[5-10]. PPARα-deficient mice develop 

hypoglycemia, hypoketonemia and fatty liver during fasting [8]. The increased fatty acid 

oxidation in response to PPARα activation with synthetic agonists decreases circulating 

triglyceride levels and reduces lipid stores in liver, muscle, and adipose tissue [11], associated 

with improved insulin sensitivity [12-13]. PPARα stimulation is thus of interest for the 

treatment of dyslipidemia and fibrates, which are synthetic agonists, are clinically used in this 

context [14-16]. 

 

2.2. PPARγ 

 

PPARγ is highly expressed in adipose tissue (see review [17]). PPARγ regulates 

adipogenesis by promoting the expression of specific adipocyte markers such as adipocyte 

lipid binding protein (aP2), phosphoenolpyruvate carboxylase (PEPCK) or lipoprotein lipase 

(LPL) [18-21]. Moreover, PPARγ plays a key role in fatty acid uptake and storage followed 

by esterification into triglycerides (TG) [18-19,22-23]. Furthermore, PPARγ controls glucose 

homeostasis by improving insulin sensitivity in adipose tissue, skeletal muscle, liver and 

pancreas [24-26]. Therefore, synthetic PPARγ agonists (thiazolidinediones (TZD), glitazones) 

are clinically used as insulin sensitizers in the treatment of patients with T2D. However, these 

treatments can also lead to side effects as TZD induce weight gain, bone fractures and 

possibly heart insufficiency in patients and rodent models [27-28]. 

 

2.3. LXRs 
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Two LXR isotypes, LXRα and LXRβ, have been identified. LXRα is highly expressed in 

liver and at lower levels in the intestine and adipose tissue. While LXRβ is ubiquitously 

expressed [29], it is particularly abundant in brain with levels 2 to 5 fold higher than in the 

liver [30]. LXRs, which are important
 
regulators of cholesterol, lipid and glucose metabolism 

[31-35], are activated by oxysterols, oxidized derivatives of cholesterol including 

hydroxycholesterols [36-37], as well as by cholesterol precursor sterols [38-39]. In addition to 

shared functions, LXRα and LXRβ also exert different regulatory
 
functions [32,35,40-42]. 

While a number of genes are regulated by both subtypes, several genes in adipose tissue are
 

regulated selectively by either LXRα or LXRβ [40]. In liver, LXRα appears as the
 
more 

important subtype involved in the regulation of cholesterol
 
metabolism and lipogenesis 

[40][32][42][35]. Although LXRα-deficient mice accumulate toxic levels of hepatic 

cholesterol and
 
develop hypercholesterolemia in response to dietary cholesterol,

 
LXRβ-

deficient mice are resistant to
 

cholesterol-induced fatty liver [32, 35]. When cellular 

oxysterols accumulate, activated LXR induces
 

the transcription of genes involved in 

cholesterol efflux and bile acid metabolism/excretion (e.g. ABCA1, ABCG1, ABCG5, 

ABCG8, ApoE) thus protecting the cell from cholesterol
 
overload. Thus, LXRs are considered 

as cholesterol sensors playing a critical role in the control of lipid and cholesterol metabolism 

(see review [43]). 

 

2.4. Rev-erb 

 

 Rev-erb is a NR expressed in a circadian manner in liver, intestine, muscle, pancreas and 

adipose tissues [44-48]. Indeed, Rev-erb is itself a clock gene participating in the control of 

the circadian rhythm in peripheral organs and plays an important role in synchronization 

processes. Heme is the only known natural ligand of Rev-erb [49], which regulates lipid and 

glucose metabolism [44,50-51], bile acid synthesis [52] and adipogenesis [53-54]. 

Specifically, Rev-erb modulates both systemic and hepatic lipid metabolism by repressing 

the expression of elovl3, a gene encoding a very long chain fatty acid elongase, and liver 

apolipoprotein C-III, a constituent of very low density lipoproteins acting as LPL inhibitor 

[50]. Rev-erb may also affect muscle lipid metabolism and exercise-induced energy 

mobilization [55]. In addition, Lazar et al.[49] have demonstrated that Rev-erb represses 

expression of gluconeogenic genes such as PEPCK, thereby suggesting a role for Rev-erb in 
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glucose metabolism and in the fasting/refeeding transition response. Rev-erb also modulates 

bile acid synthesis and Rev-erb-deficient mice display altered circadian expression of genes 

involved in bile acid metabolism [52]. Together, these data strongly argue for a role of Rev-

erb in the circadian alignment of metabolic processes with both central and peripheral 

circadian outputs.  

 

3. Central control of metabolism 

 

A growing body of evidence demonstrates that the brain plays a crucial role in the 

regulation and coordination of whole-body energy homeostasis [56-58]. The brain constantly 

collects information about the energy status of the periphery to promote appropriate adaptive 

responses. Afferent signals that convey information about body fuel stores from the periphery 

to the central nervous system (CNS) are subdivided into several categories: (1) adiposity 

signals such as insulin and leptin, which are produced in proportion to nutritional status and 

fat mass; (2) nutrient-related signals, such as glucose, free fatty acids or amino acids; (3) 

satiety signals generated after the ingestion and absorption of food by the gastrointestinal
 

tract; (4) secreted molecules like cholecystokinin (CCK) and glucagon like peptide-1 (GLP-1) 

[59-63]. Noteworthy, all these signals are integrated directly or indirectly by specific 

hypothalamic and autonomic networks described in section 3.2 of this review (Figure 1). 

 

3.1. Responses induced by adiposity and nutrient-related signals  

 

Within the hypothalamus (in particular the arcuate nucleus (ARC)), subsets of neurons are 

responsive to adiposity (insulin, leptin) or nutrient-related signals (glucose, fatty acids) which 

evoke a set of neurochemical and neurophysiological responses, thereby regulating energy 

homeostasis.  

 

3.1.1. Adiposity signal responses 

 

The adiposity signals, leptin and insulin, respectively synthesized by adipose tissue and the 

pancreas, circulate in proportion to body fat [62, 64-67]. They inform the CNS that adipose 

stores increase and that the organism is in a positive state of energy balance. Adiposity signal 

integration is mediated by the well-characterized melanocortin system [68]. This complex 
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signaling network comprises (1) neurons in the ARC expressing either the anorexigen pro-

opiomelanocortin (POMC) and the cocaine- and amphetamine regulated transcript (CART) or 

both the orexigens neuropeptide Y and agouti gene–related protein (NPY/AgRP), (2) brain 

stem POMC neurons situated in the commissural nucleus of the solitary tract (NTS) and (3) 

downstream targets of POMC and AgRP neurons expressing the melanocortin-3 (MC3R) and 

melanocortin-4 (MC4R) receptor (Figure 1). Of the five cloned melanocortin receptors, 

MC3R and MC4R have been identified as important downstream effectors regulating energy 

homeostasis. So far, MC4R seems more involved in energy homeostasis. Melanocyte 

stimulating hormones (α-, β-, γ-MSH) released from POMC neurons activate MCRs, while 

AgRP produced by NPY/AgRP neurons is an endogenous antagonist.  

Both leptin and insulin penetrate into the brain either through the blood-brain barrier (BBB) 

by a saturable receptor-mediated transport or at the level of the median eminence of the 

hypothalamus, one of the seven so-called circumventricular organs characterized by a 

relatively porous blood-brain interface with the ability to extract nutrients and hormones from 

the circulation. Leptin and insulin act through their respective receptors present in CNS 

regions involved in the
 
regulation of food intake and body weight, especially the ARC in the 

mediobasal hypothalamus. Leptin and insulin receptors are expressed on both anorexigenic 

POMC/CART and orexigenic NPY/AgRP neurons (Figure 2A and 2B). Leptin binding 

activates POMC/CART neurons causing the release of α-MSH, which via the melanocortin 

system decreases food intake and increases energy expenditure. By contrast, NPY/AgRP 

neurons are inhibited by leptin binding, decreasing the NPY and AgRP release, the latter of 

which results in an increased melanocortinergic tone [69-73]. Like leptin, insulin upregulates 

arcuate POMC and decreases AgRP gene expression [74]. Both the leptin and the insulin 

signal transduction pathways converge on phosphatidylinositol 3'-kinase (PI3K), regulating 

cell excitability in POMC/CART and NPY/AgRP neurons via ATP-sensitive potassium 

(KATP) channels [75]. However, while insulin hyperpolarizes and thereby silences both 

POMC and AgRP neurons, leptin hyperpolarizes AgRP but depolarizes POMC neurons thus 

increasing their firing rate [70,74,76]. The precise mechanisms underlying the differential 

effects of leptin and insulin on electrophysiological activity through PI3K are still to be 

determined. 

 

3.1.2. Nutrient-related signal responses 
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Like adiposity signals, nutrient-derived compounds (glucose, fatty acids) act as molecules 

signaling the whole body nutritional status and informing the brain of energy reserves. The 

cellular and molecular mechanisms involved in nutrient detection by hypothalamic neurons 

are related to intracellular nutrient metabolism (see review [56,58,77-79]).  

 

3.1.2.1. Glucose sensing 

 

The importance of central glucose sensing in the regulation of feeding behavior was 

proposed more than 50 years ago [80]. By now, food intake, energy expenditure and hepatic 

glucose production are known to be regulated by central glucose sensing (see review:[81]). 

Similar as in pancreatic β-cells, glucose enters the neurons via the glucose transporter 

(GLUT2), is phosphorylated by glucokinase (GK) and processed via the TCA cycle 

subsequently increasing intracellular ATP levels which inhibit KATP channels. The 

subsequently modified calcium flux results in either cell depolarization or hyperpolarization 

leading to an increase or a decrease in firing activity, respectively [56, 82]. According to the 

neuron’s reaction towards  extracellular glucose concentrations, glucose-excited (GE) and 

glucose-inhibited (GI) neurons are distinguished (Figure 3). Both types are highly enriched in 

regions of the hypothalamus such as the ARC (see section 3.2). After an elevation of glucose 

concentrations, anorexigenic POMC/CART neurons depolarize in the ARC, increasing their 

firing rate (acting as GE neurons), whereas orexigenic AgRP neurons are inhibited by glucose 

[83-84]. The importance of glucose sensing within hypothalamic nuclei and the brain stem for 

the control of food intake, energy expenditure and hepatic glucose production are supported 

by several studies. Thus, intra-hypothalamic glucose infusion decreases food intake and body 

weight [85-87], while 2-deoxy-D-glucose (2DG), a glucose analogue, which cannot be 

metabolized, increases food intake [88-89]. Noteworthy, the brain stem seems to be the 

primary site for the detection of glucose deprivation, since the direct injection of 5-

thioglucose, a 2DG analogue, stimulates food intake [88,90]. Furthermore, the destruction of 

hypothalamic projections from the brain stem to the ARC or paraventricular nucleus (PVN) 

suppresses the effect of 2DG on feeding behavior [91]. In addition, proteins implicated in 

glucose metabolism and sensing modulate feeding patterns or hepatic glucose production. 

GLUT2 inactivation by anti-sense oligonucleotides or targeted gene disruption altered food 

intake. In fasted Glut2-deficient mice, intracerebroventricular glucose injection failed to 

reduce orexigenic NPY and to induce anorexigenic POMC expression [92]. These data 

indicate that GLUT2 is required for the physiological control of feeding by glucose. Further, 



 10 

glucose regulation of firing activity was suppressed in mice lacking AMPKα2, an AMP 

sensor, in either POMC (POMCα2KO) or AgRP/NPY (AgRPα2KO) neurons, indicating a 

role for AMPK in glucose sensing [93].  

 

3.1.2.2. Fatty acid sensing 

 

Several studies have shown that central administration of oleic acid reduces food intake, 

body weight, energy homeostasis and hepatic glucose production [81,94-98]. The intracellular 

metabolization of fatty acids (FA) seems crucial for the electrophysiological activity of 

hypothalamic neurons and thereby for their role in energy homeostasis.  

The role of free FA as signaling molecules in the brain has only recently been studied, 

mainly since lipids were thought not to cross the BBB. Indeed, in a series of studies 

conducted in 1940, Sperry et al. [99] detected no significant concentrations of dietary FA in 

rat brain concluding that brain lipids derive from endogenous synthesis.  However, by now it 

is clear that in addition to intracerebral synthesis, extracerebral sources (dietary fat or 

adipocyte lipolysis) contribute to the pool of brain lipids. FA have recently been shown to 

permeate the BBB. However, the implicated mechanisms are still poorly understood. 

According to some reports, plasma long-chain FA (LCFA) which circulate bound to albumin 

cross the BBB mostly by simple diffusion of the unbound form [100]. In general, the entry 

rate of FA into the brain is relative to the plasma concentration [77]. Other studies argue for a 

mechanism of facilitated FA transport across the BBB [101], supported by the existence of 

FA transporters (FATP) type 1 in the mouse and type 4 in the human CNS [102].  

After crossing the BBB, LCFA are taken up by neurons and glial cells, esterified to LCFA-

CoA and either enter lipid (particularly phospholipid) biosynthesis or, to a much lesser extent, 

β-oxidation [77](Figure 4), depending on the type of LCFA. Rapoport et al.[103] showed that 

50% of imported palmitate is oxidized in the brain, while 80% of arachidonate is incorporated 

into phospholipids. By now the presence of key players of lipid biosynthesis (such as acetyl-

CoA carboxylase (ACC), fatty acid synthase (FAS), malonyl-CoA decarboxylase (MCD)) and 

β-oxidation (such as carnitine palmitoyltransferase-1 (CPT1)) in the hypothalamus 

(particularly in ARC, ventromedial hypothalamus (VMH) and dorsomedial hypothalamus 

(DMH)) are well established [104-106]. In analogy to mechanisms described in peripheral 

tissues, such as skeletal muscle, malonyl-CoA has been proposed as the actual FA-derived 

energy sensor in brain. Malonyl-CoA is produced by ACC from acetyl-CoA, which derives 

from either glucose or FA oxidation, and is thus located at the intersection of glucose and 



 11 

lipid metabolism. Malonyl-CoA potently inhibits CPT1 activity and consequently decreases 

the entry of FA into the mitochondria for β-oxidation. A growing body of evidence suggests 

that malonyl-CoA is a powerful satietogenic signal. Pharmacological and genetic approaches 

have shown that the alteration of FAS expression and activity in the brain modulates feeding. 

Central administration of C75, a FAS inhibitor, suppressed food intake and induced profound 

weight loss [97,107,108] by decreasing the expression of orexigenic (AgRP, NPY) and 

inducing the expression of anorexigenic (CART, POMC) neuropeptides in the ARC [107-

110]. This anorectic effect of C75 required the accumulation of malonyl-CoA in the 

hypothalamus, which may be sensed as a signal of nutrient abundance by critical neurons 

regulating food intake [109,111-112]. Furthermore, the modulation of hypothalamic FA 

metabolism was shown to be part of the adaptive changes observed during the physiological 

regulation of feeding. During fasting, hypothalamic AMP-activated protein kinase (AMPK), 

which phosphorylates and subsequently inactivates ACC, is activated, thus inhibiting 

hypothalamic ACC and FAS activity, whereas refeeding induces opposite changes [96,110-

111,96]. In line with this observation, orexigenic signals, such as cannabinoids, 

glucocorticoids, adiponectin, ghrelin and agouti-related protein (AgRP), activate AMPK and 

inhibit ACC and FAS [114-118]. In contrast, anorexigenic hormones, such as leptin, insulin, 

glucagon-like peptide-1 (GLP-1), ciliary neurotrophic factor (CNTF) and melanocortin 

receptors agonists, such as melanotan II (MTII), inhibit hypothalamic AMPK activating ACC 

and/or FAS [113,119-121]. Thus, the contribution of FA metabolism to the control of food 

intake is established. However, the molecular mechanisms that link FA sensing to the 

electrophysiological function of hypothalamic neurons remain elusive.  

 

3.2. Circuits involved in energy homeostasis 

 

The control of energy homeostasis by the CNS in response to adiposity, nutrient and satiety 

signals is achieved by closely interconnected neuroendocrine and autonomic pathways. The 

involved brain regions are localized in the hypothalamus and the brain stem and constitute 

specific neurocircuits which continuously monitor afferent signals reflecting the organism’s 

energy status. These processes are under the control of three brain networks: (1) a 

hypothalamic network of energy centers controlling energy homeostasis, (2) a hypothalamic 

network of circadian centers controlling the central circadian rhythm and (3) the brain stem 

which connects the autonomic nervous system (ANS) and the hypothalamic networks (Figure 

1). 
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3.2.1. The energy network 

 

The energy network is composed of the arcuate nucleus of the hypothalamus (ARC), the 

lateral hypothalamic area (LHA), the paraventricular nucleus (PVN), the ventromedial 

hypothalamus (VMH) and the dorsomedial hypothalamus (DMH). 

The ARC is considered as the primary integrative center of the hypothalamus, ideally 

situated in the vicinity of the third ventricle and the median eminence. The major integration 

process of the ARC is conducted by the melanocortin system involved in the sensing of 

adiposity and nutrient-related signals [63,122](Schwartz et al., 2000; Spiegelman et al., 2001). 

POMC and NPY/AgRP neurons of the ARC project into other hypothalamic nuclei such as 

the PVN and the LHA, but also into extra-hypothalamic regions. Noteworthy, the nucleus 

tractus solitarus (NTS) and the dorsal motor of the vagus nerve (DMV) also receive 

projections from POMC neurons in the ARC 68.  

The PVN is an important hypothalamic nucleus for the integration of autonomic and 

neuroendocrine information thereby contributing to the regulation of fluid balance and 

cardiovascular homeostasis [123-124]. Its role in the regulation of pituitary hormone secretion 

via the release of neuroendocrine factors such as oxytocin, thyrotrophin-releasing hormone 

(TRH) or corticotropin-releasing hormone (CRH) is well characterized [125], but less is 

known about the impact of melanocortin signals from the PVN on the regulation of energy 

balance. Nevertheless, several studies demonstrate that (1) the PVN is one of the regions most 

densely innervated by POMC and NPY/AgRP neurons which further contains MC4R 

expressing neurons, (2) neurons within the PVN are able to detect and integrate melanocortin 

signals [126], (3) the PVN innervates the NTS which integrates gut-derived satiety signals 

[56]. Noteworthy, the PVN also contains GE and GI neurons participating in glucose sensing. 

These characteristics emphasize the importance of the PVN within the melanocortin system 

and raise the interest in further studies that elucidate its role in the regulation of energy 

metabolism.  

The VMH and DMH are additional hypothalamic regions critical for nutrient-sensing. The 

DMH is a particular hypothalamic nucleus because it is implicated in the integration of both 

circadian rhythm (see section 3.2.2) and energy homeostasis via the melanocortin system 

[127-128]. The VMH receives input from the ARC and subsequently projects it into different 

extra- and hypothalamic nuclei. However, the neurochemical identities of VMH nutrient-

sensing neurons are not well established.  
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Last, the LHA contains two distinct groups of neurons: (1) melanin-concentrating hormone 

(MCH) containing neurons, (2) neurons containing orexins and (3) glucose sensitive neurons. 

These neurons have been suggested to play a significant role in regulating energy balance 

[129] at least in part through interactions with the melanocortin system [130-135] and through 

their projection into the NTS [136]. In addition to their ability to detect nutrient availability, 

LHA neurons receive and integrate sensory inputs and reward/motivation-related information, 

and widely project into several areas in the hindbrain, cortex, limbic system, thalamus and 

spinal cord, enabling them to activate both behavioral and autonomic output systems [137]. 

Finally, in addition to its role in feeding behavior, the LHA is known to be implicated in the 

regulation of wakefulness [138].  

 

3.2.2. The circadian network 

 

 The neuronal centers controlling the central circadian rhythm are closely interconnected 

with the energy network and comprise the suprachiasmatic nucleus (SCN), the 

subparaventricular nucleus (sPVZ), the DMH, the ventrolateral preoptic nucleus (VLPO), the 

median preoptic nucleus (MnPO) and the median preoptic area (MPOA) (Figure 1). The 

master circadian pacemaker has been localized in the SCN, a retinorecipient cluster of +/-

160,000 neurons bilaterally distributed at the base of the third ventricle in the anterior 

hypothalamus. The SCN integrates information mainly from light, but also from scheduled 

food availability and synchronizes the whole body physiology to the day/night alternation. 

The activation of the SCN drives clocks located in other brain regions and peripheral organs 

[139]. Importantly, the SCN projects into the DMH, a gateway structure between the 

circadian and the energy center, which in turn projects particularly into the LHA. The latter is 

involved in the control of wakefulness and feeding through neuroendocrine inputs from the 

ARC where both adiposity and nutrient-related signals are integrated. Of note, both circadian 

and energy centers are closely connected at both neuroanatomical (projections) and 

neuroendocrine levels (Figure 1). At the molecular level, the SCN clock is composed of 

different clock genes: Period (Per), Cryptochrome (Cry), Circadian locomotor output cycle 

kaput (Clock) and Brain and muscle ARNt like protein 1 (Bmal1). In mammals, clock and 

Bmal1 form the positive limb and activate the transcription of various target genes including 

Per and Cry, which in turn repress Clock/Bmal1-mediated gene transactivation, thereby 

forming a negative feedback cycle shutting down their own transcription. This allows a new 

cycle to start.  Emerging evidence demonstrates that genes of the clock machinery directly 
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influence energy homeostasis and that mutations in clock genes lead to metabolic disorders. 

Thus, Clock mutant mice are hyperphagic, become obese and develop hyperlipidemia and 

hyperglycemia [140]. Another report shows altered circadian oscillations in plasma glucose 

and triglyceride levels and glucose intolerance in Clock
mut

 Bmal1
-/-

 mice [141]. Finally, a 

recent study indicates that genetic variations of clock may play a role in the development of 

the metabolic syndrome in humans [142]. 

 

3.2.3. The autonomic nervous system 

 

The ANS is involved in the control of energy homeostasis. The ANS represents an 

important neuronal network
 

connecting the CNS with peripheral metabolic processes 

complementary to adiposity signals
 

and nutrient sensing. Kreier et al. (2006)[143] 

demonstrated that the liver, the pancreas,
 
and visceral adipose tissue share a common and 

specific neuronal connection
 
with the CNS. The CNS neuronal circuits which are responsible 

for sensing
 
peripheral signals relevant for energy balance regulation (energy and circadian 

networks, described in section 3.2.1 and 3.2.2) are
 

closely connected with neuronal 

projections to and from metabolically
 
important peripheral organs [144-145]. The PVN links 

the energy balance regulatory system to the ANS [124,146]. More precisely, the PVN is the 

key central structure involved in integrating afferent autonomic information, on the one hand, 

and coordinating neuroendocrine and autonomic motor outputs, on the other hand. The pre-

autonomic neurons in the PVN receive parasympathetic-mediated neuronal information from 

the brain stem, in particular from the NTS, as well as from energy network neurons. The NTS 

is included with the dorsal motor nucleus of the vagus nerve (DMV) in the brain stem dorsal 

vagal complex (DVC). The DVC plays a critical role in the autonomic parasympathetic 

control of energy homeostasis through the activation of the vagus nerve. Neurons of the vagus 

nerve control gastrointestinal motility as well as the function of liver, pancreas and other 

organs whose functions are significantly altered in diabetes. Noteworthy, the NTS can also 

integrate adiposity signals like leptin or insulin from the periphery, partly transmitted by the 

ARC [147], as well as nutrient-related signals such as glucose. Indeed, the brain stem contains 

highly sensitive GE and GI neurons in the DMV and NTS, which may project into and hence 

regulate the activity of hypothalamic neurons that are part of the hypothalamic energy 

network. Finally, a neuroanatomical link between the SCN and peripheral tissues such as 

adipose tissue [148] and the liver [149] has been demonstrated, indicating that the ANS 

directly
 
transfers circadian information to its cellular targets in peripheral

 
organs [150].  
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4. What about NRs in the central control of metabolism? 

 

Recent studies have demonstrated that NRs are expressed within different brain regions 

[151-153]. Despite the presence of most NRs in the CNS, in particular in the hypothalamic 

energy and circadian networks as well as in the brain stem, little is known about their role in 

the central control of energy homeostasis. In the following section, we will focus on the 

PPARs, LXRs and Rev-erbα. Hypothalamic functions of glucocorticoid, thyroid and estrogen 

receptors have been described elsewhere (see review: [154-156]). 

 

4.1. PPARα and PPARγ 

 

Whereas the role of all PPAR isotypes in brain development, neuro-immunology and CNS 

disorders such as Alzheimer’s disease or multiple sclerosis, has been intensively studied 

[157], little is known about their involvement in the central control of energy homeostasis. In 

the brain, PPARα expression has been reported in neurons as well as astrocytes [158]. Gofflot 

et al. (2007)[153] further detected PPARα expression by quantitative PCR in various brain 

regions such as the cortex, brain stem and hypothalamus. At present, only two studies have 

examined the possible role of PPARα in the central control of energy homeostasis. Knauf et 

al. (2006)[159] showed that in the absence of PPARα, whole-body and white adipose tissue 

glucose utilization, GLUT4 expression, fat mass, and insulin sensitivity were
 
increased. 

Adenovirus-mediated PPARα re-expression
 

in the liver did not reverse the phenotype 

demonstrating that the lack of hepatic PPARα did not underlie this phenotype. Conversely, 

intracerebroventricular (icv) administration of the PPARα activator Wy14643 reduced whole-

body and adipose tissue glucose utilization as well as whole-body glucose turnover in wild-

type but not PPARα-deficient mice. Interestingly, another study has suggested a crosstalk 

between PPARα signaling and FA metabolism in the central control of energy homeostasis 

[160]. The conditional inactivation of FAS expression in the hypothalamus led to lean, 

hypophagic mice that exhibit an increased physical activity. FAS deletion was associated with 

an accumulation of malonyl-CoA and an impaired PPARα signaling, which the authors 

suggest to be directly responsible for the observed decrease in food intake. Intrahypothalamic 

and icv administration of Wy14643 restored PPARα signaling in mice with hypothalamic 

FAS deletion, reflected by the induction of hypothalamic CPT1 and MCD expression, leading 

to a decrease in malonyl-CoA content and an elevation of food intake. Altogether, these data 
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suggest that peripheral glucose homeostasis is under the control of PPARα in the brain and 

that hypothalamic FAS is crucial for the regulation of feeding behavior by activating PPARα. 

However, it appears paradoxal that FAS, an enzyme activated by feeding, regulates PPARα, a 

NR involved in the response to fasting [160]. Hence, the contribution of PPARα to the central 

control of energy metabolism is far from clear, particularly the impact of PPARα on the 

nutrient-sensing process or the melanocortin system remains so far unknown. 

Similar as for PPARα, there is little information on the role of central PPARγ in the control 

of energy homeostasis. While Gofflot et al. (2004) [153] did not detect PPARγ in mouse brain 

by in situ hybridization and only at weak levels by quantitative PCR (in cortex, brain stem 

and hypothalamus), other studies demonstrated PPARγ immunoreactivity in rat 

hypothalamus, especially in key neuronal subsets regulating energy homeostasis [151]. A 

third study reported neurons as the primary source of PPARγ in mouse hypothalamus, since 

the neuron-specific deletion of PPARγ using the Cre-lox strategy resulted in a decrease of 

PPARγ expression in the hypothalamus [161]. Using immunochemistry, Sarruf et al. 

(2009)[161] confirmed the expression of PPARγ in several hypothalamic nuclei controlling 

energy balance, autonomic function and glucose metabolism particularly the ARC, VMH and 

LHA. PPARγ was found particularly localized within NPY/AgRP and POMC neurons 

suggesting a potential role in the integration of humoral signals. Interestingly, the authors 

demonstrated that PPARγ is also present within dopaminergic neurons of the ventral 

tegmental area (VTA), a brain region involved in the establishment of rewarding properties of 

food and other stimuli. Despite these observations, body weight and food intake were similar 

in mice lacking hypothalamic PPARγ expression fed a regular chow diet suggesting that 

PPARγ is not required for body weight regulation under basal conditions. Nevertheless, given 

its expression profile, the role of PPARγ in the central control of homeostasis awaits further 

investigation. In conclusion, data on the role of hypothalamic PPARs are scarce. Additional 

studies are needed to determine their role in the control of energy homeostasis by the brain, 

including humoral and nutrient sensing as well as the integration of these signals at the central 

level. 

 

4.2. LXRs 

 

LXRs are expressed in the CNS, notably the brain stem, hypothalamus and cortex [153]. As 

mentioned above, LXRs act as molecular sensors of intracellular cholesterol concentrations. 

Cholesterol is essential for the function of all eukaryotic cells, especially for membrane 
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composition, membrane permeability/fluidity, endocytosis [162] and intracellular signaling 

[163-164]. This is particularly important for neurons since they are in need of tightly-

controlled ion balance, endocytosis and intracellular signaling [165]. The regulation of 

neuronal cholesterol content is thus important for synaptic functioning. Any imbalance in 

brain cholesterol levels will have severe consequences and may lead to critical disorders 

[166]. In the brain, oxysterol-activated LXRs exert neuroprotective mechanisms including the 

induction of ApoE and ABCA1 expression, enhancing cholesterol re-distribution and efflux, 

but also the induction of genes governing bile acid synthesis [167]. 

A study has shown that 24-(S)-hydroxycholesterol, a cholesterol metabolite, is a specific 

ligand of LXRs in the brain and mediates LXR-controlled regulation of cholesterol 

availability in the brain [168]. Given the important role of LXRs in cholesterol homeostasis 

which in turn is crucial for brain (patho)physiology, it is not surprising that hypothalamic 

LXRs play a role in hypothalamic cholesterol homeostasis. In addition, a recent study of 

Perez-Tilve et al. (2010)[169] shows a role for the melanocortin system in controlling hepatic 

cholesterol metabolism. Indeed, independent of food intake or body weight the 

pharmacological, genetic or endocrine inhibition of the melanocortin system increases 

circulating HDL cholesterol levels by reducing its uptake by the liver. This effect is mediated 

through vagal modulation of hepatic pathways known to be modulated by the ANS. Thus, it 

would be interesting to further elucidate the potential role of brain LXRs in this newly 

described control system of hepatic cholesterol metabolism implicating the ANS and the 

hypothalamic melanocortin system, especially taking into account the expression of LXRs in 

the brain stem (comprising NTS and DMV) which represents the link between the 

melanocortin system and the ANS. 

 

4.3. Rev-erb  

 

 The NR Rev-erbα improves the robustness circadian clock via an additional feedback loop. 

Clock and Bmal1 activate Rev-erbα transcription resulting in daily fluctuations of Rev-erbα 

expression, which in turn represses Bmal1 [170]. Thus, by their tightly controlled presence on 

the Bmal1 promoter the two NRs Rev-erbα and RORα form a regulatory loop crucial for the 

proper timing of the core clock machinery [44]. Emerging evidence demonstrates that genes 

of the clock machinery such as Clock and Bmal1 directly influence energy homeostasis and 

that mutations in those genes lead to metabolic disorders [140,142]. Interestingly, Rev-erbα 

which is an important metabolic regulator of glucose, lipid
 
and bile acid metabolism in 
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peripheral tissues is expressed in both circadian (SCN) and energy (ARC) networks and also 

in the brain stem [153]. Thus, taking into account its expression in the brain and its peripheral 

metabolic functions, Rev-erbα appears as a good candidate for the integration of energy 

signals within the melanocortin system. 

 

5. Conclusion 

 

The increased prevalence of obesity and type 2 diabetes and related diseases is a critical 

public health concern. Many efforts attempt to improve our understanding of 

pathophysiological mechanisms underlying the development of these disorders with the aim 

to develop new and efficient therapeutic approaches. However, obviously, metabolic 

alterations are not only regulated at the peripheral level. The recent concept of central control 

of energy homeostasis raises the possibility that acting at the level of brain structures afford 

new avenues for therapeutic development.  NRs are potential targets for metabolic disorders. 

However, a better knowledge of their central role is crucial to determine whether their 

peripheral and central action converge towards the same beneficial output in metabolically 

impaired conditions. Clearly, too little is known about the functions of NRs in the brain and 

particularly in regions involved in the control of energy homeostasis despite the known role of 

NRs as molecular sensors of nutritional changes. Therefore, a better and precise knowledge of 

the role of central, and particularly hypothalamic NRs, is crucial to evaluate the benefical 

outcome we can expect by their targeting in the context of T2D and related disorders. 
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Legends 

Figure 1:  Anatomic circuits involved in energy homeostasis 

Schematic representation of the hypothalamic circadian (purple) and energy (blue) networks 

and their link with the ANS (grey). Overlaps are indicated in mixed purple/blue color. The 

master clock of the circadian network is SCN. The key structure of the energy network which 

integrates adiposity (leptin and insulin) and nutrient-related signals (glucose, fatty acids) from 

the periphery is the ARC. Both networks are indirectly connected through the DMH and the 

LHA which are both sensitive towards nutritional and circadian information. The NTS 

receives satiety signals from peripheral organs by vagal afferences and is innervated by the 

PVN and the LHA, hence receiving input from the hypothalamic circadian and energy 

networks. The PVN exhibits also other neuroendocrine projections. Some hypothalamic 

nuclei express MC4R and/or neuropeptide POMC, being part of the melanocortin system. 

AgRP, agouti-gene related protein; ANS, autonomic nervous system; ARC, arcuate nucleus; 

CART, cocaine- and amphetamine related transcript; CRH, corticotropin-releasing hormone; 

DMH, dorsomedial hypothalamus; DMV, dorsal motor nucleus of the vagus nerve; LHA, 

lateral hypothalamic area; MC4R, melanocortin receptor 4; MnPO, median preoptic nucleus; 

MPOA, median preoptic area; MCH, melanin concentrating hormone; NPY, neuropeptide Y; 

NTS, nucleus tractus solitarius; POMC, pro-opiomelanocortin; PVN, paraventricular 

nucleus; SCN, suprachiasmatic nucleus; sPVZ, subparaventricular zone; TRH, thyrotrophin-

releasing hormone; VLPO, ventrolateral preoptic nucleus. 

Figure 2: Integration of adiposity signals in POMC and AgRP neurons. 

The adiposity signals leptin and insulin both increase the expression of POMC in POMC 

neurons (A) and decrease the expression of AgRP in AgRP neurons (B), respectively. In both 

POMC and AgRP neurons, leptin binding to its receptor leads to the recruitment of JAK2, and 

the subsequent phosphorylation of STAT3. Phosphorylated STAT3 translocates into the 

nucleus where it either activates POMC or inhibits AgRP transcription dependent on the type 

of neuron. The binding of insulin to its receptor triggers a phosphorylation cascade mediated 

by IRS resulting in the activation of PI3K/Akt. Phosphorylated Akt enters the nucleus and 

phosphorylates FOXO1, which is present on the promoter of POMC and AgRP, thereby 

diminishing POMC and activating AgRP expression. The inactivation of FOXO1 by 

phosphorylation leads to its exclusion from the nucleus and the subsequent increase of POMC 

and repression of AgRP transcription. In addition to insulin, leptin can also induce the 

PI3K/Akt cascade. In POMC neurons, the insulin- or leptin-mediated generation of PIP3 

further leads to an opening of KATP channels and the consecutive cell hyperpolarization. 

AgRP, agouti-gene related protein; IRS, insulin receptor substrate; JAK2, janus kinase 2; 

KATP, ATP-dependent potassium channel; PI3K, phosphatidyl inositol 3 kinase; PIP2, 

phosphatidyl inositol 2 phosphate; PIP3, phosphatidyl inositol 3 phosphate; POMC, pro-

opiomelanocortin; STAT3, signal transducer and activator of transcription 3. 

Figure 3: Hypothalamic glucose sensing. 

In response to an increase of extracellular nutrient levels such as glucose, the ATP/ADP ratio 

raises leading to different consequences depending on the neurochemical phenotype of the 

neuron. In glucose excited neurons (1), the increased ATP/ADP ratio induces the closure of 

K
+

ATP channels and thus cell depolarization leading to Ca
2+

 entry through voltage-gated 

channels. Finally, intracellular Ca
2+

 increases neuronal activity. In inhibited neurons (2), 

glucose induces hyperpolarization by several mechanisms (such as ATP-induced Na
+
/K

+
-

ATPase, K
+
-ATPase and Cl

- 
channel activation). 
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GLUT, glucose transporter; KATP, ATP-dependent potassium channel; TCA cycle, 

tricarboxylic acid cycle. 

Figure 4: Hypothalamic fatty acid sensing and cross-talk whith hypothalamic glucose 

sensing. 

After uptake into the cell, fatty acids are esterified and enter either lipid biosynthesis or -

oxidation after translocation into mitochondria via CPT1. Mitochondrial oxidation of LCFA-

CoA is controlled by the avaibility of malonyl-CoA, a potent CPT1-inhibitor. Malonyl-CoA is 

produced from acetyl-CoA, end product of the Krebs cycle which is fed by glucose as well as 

fatty acid oxidation, and thereby the cellular sensor of carbohydrate and lipid availability. The 

formation of malonyl-CoA is catalyzed by ACC, which is inhibited by AMPK, itself inhibited 

by glucose. Malonyl-CoA accumulation ACC activation or AMPK as well as CPT1 inhibition 

induces a decrease in food intake.  

ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; CPT1, carnithine 

palmitoyl transferase; FAS, fatty acid synthase; GLUT, glucose transporter; LCFA, long 

chain fatty acid; TCA cycle, tricarboxylic acid cycle. 
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