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G-protein coupled receptors (GPCRs) compromise the largest membrane protein superfamily which play vital roles in physio-
logical and pathophysiological processes including energy homeostasis. Moreover, they also represent the up-to-date most 
successful drug target. The gut hormone GPCRs, such as glucagon receptor and GLP-1 receptor, have been intensively studied 
for their roles in metabolism and respective drugs have developed for the treatment of metabolic diseases such as type 2 diabe-
tes (T2D). Along with the advances of biomedical research, more GPCRs have been found to play important roles in the regu-
lation of energy homeostasis from nutrient sensing, appetite control to glucose and fatty acid metabolism with various mecha-
nisms. The investigation of their biological functions will not only improve our understanding of how our body keeps the bal-
ance of energy intake and expenditure, but also highlight the possible drug targets for the treatment of metabolic diseases. The 
present review summarizes GPCRs involved in the energy control with special emphasis on their pathophysiological roles in 
metabolic diseases and hopefully triggers more intensive and systematic investigations in the field so that a comprehensive 
network control of energy homeostasis will be revealed, and better drugs will be developed in the foreseeable future. 
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G protein-coupled receptors (GPCRs), featured by a com-
mon seven-transmembrane (7TM) topology, comprise the 
largest protein superfamily in mammalian genomes [1,2]. 
The natural ligands for GPCRs include a variety of extra-
cellular signals ranging from photons, odors, ions, amines, 
peptides, proteins, lipids, and nucleotides, which activate 
respective GPCRs and the downstream signaling [3]. The 
classical view of GPCR signaling has been intensively re-
viewed before [4]. In brief, the activated GPCR couple to 
heterotrimeric GTP-binding proteins (G proteins), which 
consists of α-, β-, and γ-subunits, and catalyze the exchange 
of guanidine diphosphate (GDP) for guanidine triphosphate 
(GTP) on the α-subunit, which leads to dissociation of Gα 
from the dimeric Gβγ subunits. Based on G protein 
α-subunits, GPCRs are classified into several subfamilies. 
For instance, when GPCR couple to Gαs or Gαi/o proteins, 
adenylate cyclase (AC) will be activated or inhibited, re-

spectively, and the level of 3′,5′-cyclic adenosine mono-
phosphate (cAMP) changes accordingly and so does its 
downstream effectors. However, in the case of Gαq-coupled 
GPCRs, phospholipase C (PLC)-β will be activated and 
catalyzes the formation of inositol-1,4,5-trisphosphate (IP3), 
which then binds and opens the endoplasmic IP3-gated cal-
cium channel, causing the release of calcium into the cyto-
plasm. It has been well-accepted that the desensitization of a 
given GPCR is mediated via the phosphorylation of the ac-
tivated receptor by G protein coupled receptor kinases 
(GRKs) or its second message-activated kinases including 
protein kinase A (PKA) and protein kinase C (PKC), which, 
in turn, promotes the recruitment of β-arrestin, resulting in 
uncoupling of the GPCR from G proteins. Over the past 
decade, increasing evidence has revealed non-canonical 
signaling pathways of GPCRs, e.g., G protein-independent 
β-arrestin-mediated signaling pathways [5]. 

GPCRs are not only essentially involved in the regulation 
of fundamental physiological processes from vision, smell, 
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and taste to neurological, cardiovascular, and endocrine 
functions, but also participate in the pathogenesis of various 
diseases, thus making this superfamily of receptors as the 
most successful category of drug targets [6,7]. However, 
barely 4% of known GPCRs have been successfully devel-
oped into drug targets, thus the rest of GPCR family pro-
vides a great opportunity of new targets for pharmaceutical 
development [8]. 

Energy homeostasis is vital for all kinds of cellular pro-
cesses. An imbalance of energy intake and expenditure 
causes metabolic syndrome and subsequently leads to met-
abolic diseases such as obesity and diabetes mellitus. We 
are in such a time that the metabolic diseases and their car-
diovascular complications have become not only a global 
medical problem but also a social burden due to the over-
whelming prevalence of overnutrition and lack of physical 
activity. There is a compelling need to better understand 
how our body controls energy homeostasis, how it changes 
in disease development, and how we can deal with the chal-
lenge. This review is aimed to summarize our present 
knowledge of GPCRs that play important roles in governing 
energy homeostasis and discuss outstanding questions in the 

field, thus to stimulate more mechanistic and translational 
studies that may lead to better diagnosis and therapeutics for 
metabolic diseases. 

Energy homeostasis is precisely controlled by a large 
number of GPCRs. Their involvement begins even before 
foods enter our mouths as the odorant and visual GPCRs are 
activated, and then the taste GPCRs while eating. But it is 
much more than that as the taste GPCRs distribute not only 
on the taste buds but also throughout the gastrointestinal (GI) 
tract [9,10]. Recent findings have shown that the taste re-
ceptors, the fatty acid receptors and a few newly deor-
phanized GPCRs act as nutrient chemosensing receptors, 
which sense the change of carbohydrates, protein and lipids 
in the gut and induce the secretion of several gut peptide 
hormones, including glucose dependent insulinotropic pep-
tide (GIP), glucagon-like peptide-1 (GLP-1), pancreatic 
polypeptide (PYY) and cholecystokinin (CCK) [10–12]. 
These peptide hormones, which target respective GPCRs, 
play essential roles in energy homeostasis by regulating 
appetite, release of insulin and glucagon, and gut motility 
[13,14]. The most important GPCRs in the energy homeo-
stasis are summarized in Table 1. 

Table 1  GPCRs in energy homeostasis 

Nomenclature 
Endogenous 

ligands 
G protein- 
coupling 

Expression Physiological function 
Chromosome 
location (hu-

man) 

Glucagon 
receptor 

Gluca-
gon>>oxyntomo

dulin=GLP-1 
Gs, Gq 

Liver and kidney with less amounts 
found in heart, adipose tissue, spleen, 

thymus, adrenal glands, pancreas, 
cerebral cortex, and gastrointestinal 

tract 

Stimulate gluconeogenesis and gly-
cogenolysis; increases cardiac glucose 
oxidation and glycolysis, and elicit a 

positive inotropic effect 

17q25 

GLP-1 
receptor 

GLP-1>>GIP=gl
ucagon 

Gs 
Pancreas, hypothalamus, hippocam-
pus, cerebral cortex, kidney, lung, 

heart, muscle, and GI tract 
Increases insulin synthesis and release 6p21 

GIP receptor 
Gastric inhibito-
ry polypeptide 

(GIP) 
Gs 

Pancreas, gut, adipose tissue, heart, 
pituitary, and inner layers of the ad-

renal cortex 

Stimulates insulin and glucagon secretion 
and lipogenesis; inhibits lipolysis in 

adipocytes; enhances fatty acid uptake 
19q13.3 

Ghrelin 
receptor 

ghrelin Gs, Gq 

predominantly expressed in the pitui-
tary and at lower levels in the thyroid 
gland, pancreas, spleen, myocardium 

and adrenal gland 

Stimulate food intake while decrease 
energy expenditure and body fat 

utilization 
3p2526 

Y1 receptor NPY>PYY>>PP Gi 
Brain and colon, kidney, adrenal 

gland, heart, placenta 

Inhibit gut motility, gastric emptying, 
acid and pancreatic exocrine secretion; 
control circadian rhythm and anxiety 

4q31.3q32 

Y2 receptor NPY>PYY>>PP Gq 
Brain and intestine, kidney proximal 

tubules 
4q31 

Y4 receptor PP>NPY=PYY Gi, Gq Brain, coronary artery, and intestines 10q11.2 

Y5 receptor NPY>PYY>PP Gi 
Brain, small intestine and nonepitheli-

al tissue of colon 
4q31q32 

FFA1 
(GPR40) 

long chain car-
boxylic acids 

Gq, Gi, Gs Pancreas, spleen, bone marrow 
Insulin secretion stimulation, stimulating 

incretin release 
19q13.1 

FFA2 
(GPR43) 

short chain fatty 
acids 

Gq, Gi 
 

Pancreas, adipose tissue, muscle, bone 
marrow, spleen, GI tract, skin, lung 

Stimulation of GLP-1 and leptin 
secretion, and adipogenesis, neutrophil 

chemotaxis 
19q13.1 

FFA3 
(GPR41) 

short chain fatty 
acids 

Gi Pancreas, vena cava, intestines Increases leptin production 19q13.1 

FFA4 
(GPR120) 

long-chain FFAs Gq 
Adipose tissue, pancreas, GI tract, 

muscle, pituitary gland 
Regulates the secretion of incretin 

hormone GLP-1 
10q23.33 

GPR84 
Medium- 

chain-length 
fatty acids 

Gi 
Brain, spinal cord, heart, colon, thy-
mus, spleen, kidney, liver, intestine, 

placenta, lung, leukocytes 
Chronic inflammation 12q13.13 
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1  Glucagon receptor 

Glucagon, the counter-regulatory hormone of insulin, is 
primarily produced by the α-cells of the islets of Langerhans. 
In addition, glucagon can be converted from proglucagon 
by a processing enzyme, prohorbsmone convertase 2 (PC2), 
in the hypothalamus. Two decades ago, both rat and human 
glucagon receptor (GR) genes were cloned [15,16]. The 
crystal structure of human glucagon receptor, a prototypical 
Class B GPCR, was successfully resolved at 3.4 Å resolu-
tion last year [17]. Binding of glucagon to its receptors ac-
tivates both Gs and Gq signaling pathways which regulate 
glucose metabolism and energy homeostasis [18]. It is 
noteworthy that in addition to glucagon, oxyntomodulin and 
GLP-1 can also bind to GR with a 10-fold lower affinity as 
compared to glucagon [16]. The major biological function 
of glucagon is to stimulate hepatic glucose output through 
both gluconeogenesis and glycogenolysis, while it also in-
creases cardiac glucose oxidation and glycolysis, and elicits 
a positive inotropic effect. Moreover, glucagon increases 
satiety in the hypothalamus, augments glomerular filtration 
and water reabsorption in the kidneys, and decreases gut 
motility [19], thus suppressing food intake. Human popula-
tion genetic studies have revealed a loss of function muta-
tion of GR, a single heterozygous Gly40Ser, which is asso-
ciated with late-onset type 2 diabetes mellitus (T2D) [20]. 
While global deletion of GR increases fetal lethality and 
causes islet α- and -cell hyperplasia in mice [21], 
GR-deficient mice are resistant to diet-induced obesity and 
streptozotocin-mediated beta cell loss and hyperglycemia 
[22], indicating a therapeutic potential of GR in the treat-
ment of diabetes. 

2  GLP-1 receptor 

On the opposite side of glucagon are the incretins, a group 
of gastrointestinal hormones, which decrease blood glucose 
level via stimulating release of insulin. Glucagon-like pep-
tide-1 (GLP-1) and glucose-dependent insulinotropic poly-
peptide (GIP) are two well-characterized incretins [23]. 
GLP-1 is derived from the transcription product of the 
proglucagon gene [24] mainly in the intestinal L cells that 
secret GLP-1 as a gut hormone. There are two biologically 
active forms of GLP-1, including GLP-1-(7-37) and 
GLP-1-(7-36). Remarkably, GLP-1 stimulates insulin secre-
tion and inhibits glucagon secretion, accounting for over 
70% of the insulin response following an oral glucose chal-
lenge [25,26].  

GLP-1 induced insulinotropic effect is mediated by 
GLP-1 receptor (GLP1R), resulting in activation of adenyl-
ate cyclase in response to an increase in extracellular glu-
cose level [27]. Specifically, GLP-1 binds specifically to 
GLPR1 with a greater affinity compared to other related 

peptides such as GIP and glucagon which are also able to 
bind to GLP1R [28]. Stimulation of GLP1R leads to activa-
tion of Gs-adenylyl cyclase-cAMP-PKA pathway, resulting 
in increased insulin synthesis and release in pancreatic cells 
[29]. GLP1R is also expressed in the brain where it is   
involved in the control of appetite [30]. GLP1R mice  
exhibit impaired insulin secretion upon oral glucose chal-
lenge [31].  

The active form of GLP-1 has a half-life of only 1–2 min, 
as it is rapidly inactivated by the enzyme dipeptidyl-   
peptidase 4 (DPP4) [32], which hampers its application in 
the treatment of T2D. Over the past decade, stabilized 
GLP1 mimetics such as extendin and DPP4 inhibitors have 
been developed and become one of the most important 
therapeutics of T2D in clinic [27]. GLP-1-based therapy 
exceeds the other T2D treatment, because it targets both 
defective insulin secretion and augmented glucagon release. 

3  GIP receptor 

The other incretin, GIP, also known as gastric inhibitory 
polypeptide, is a 42-amino acid polypeptide synthesized by 
K cells in the proximal small bowel [33,34]. It was origi-
nally implicated as an inhibitor of gastric acid secretion and 
gastrin release, but subsequently was demonstrated to po-
tently stimulate insulin release in the presence of elevated 
glucose. GIP is the first released intestine hormone in re-
sponse to an enteral dose of glucose followed by GLP-1 
release from L-type enteroendocrine cells of the ileum and 
colon [35]. Although GIP contributes at least as much as 
GLP-1 to the incretin effect under physiological conditions, 
it is not true in T2D. While pharmacological levels of 
GLP-1 or its DPP-IV-resistant analogues promote insulin 
secretion in T2D, the elevation of GIP levels fails to induce 
a similar insulinotropic effect [36,37]. In addition to its in-
cretin effects, GIP also stimulates glucagon secretion from 
pancreatic β-cells, stimulates lipogenesis, inhibits lipolysis 
in adipocytes, and enhances fatty acid uptake. Due to these 
counterproductive effects, the clinical utility of GIP receptor 
agonists is limited. 

The GIP receptor (GIPR) is widely expressed in various 
tissues including pancreatic β-cells, adipose tissue, and the 
brain [23,38]. GIPR belongs to subfamily 1B of the GPCR 
superfamily. All receptors of this subfamily are featured by 
a large extracellular N terminus that contains six highly 
conserved cysteine residues forming three disulfide bridges, 
a serpentine domain with seven transmembrane helices, and 
a short intracellular C terminus [3,39]. Activation of GIPR, 
a Gs-coupled receptor, evokes the adenylyl cyclase-cAMP- 
PKA signaling pathway. GIPR mice are resistant to 
high-fat diet-induced obesity and insulin resistance. More-
over, crossing GIPR with obese ob/ob (Lepob/Lepob) 
mice ameliorates obesity and metabolic defects [38]. In 
contrast, mice with double knockout of both GLP1 and GIP 
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receptors exhibit significantly impaired glycemic excursion, 
while the individual receptor knockout mice only show a 
modest phenotype [40]. These studies have demonstrated 
that GLP1 and GIP have a synergistic effect on energy ho-
meostasis. 

4  Ghrelin receptor 

GH secretagogue receptor 1 (GHSR-1) was first identified 
in swine pituitary and hypothalamus by its ability to bind 
artificial compounds with growth hormone (GH)-releasing 
activity (hexarelin or GHRP6) in 1996 [41]. It was not until 
1999 when Kojima et al. [42] identified the cognate ligand 
for it from rat stomach extracts, as the 28 amino acid pep-
tide ‘ghrelin’. Ghrelin, secreted mainly by the stomach and 
pancreas [43], is regarded as a ‘hunger’ hormone, as plasma 
levels of ghrelin peaks directly at meal initiation, followed 
by a postprandial decrease to baseline within the first hour 
after a meal [44]. Ghrelin is presently the only known cir-
culating gut hormone which can promote a positive energy 
balance by stimulating food intake while decreasing energy 
expenditure and body fat utilization [45]. Both peripheral 
and central administration of ghrelin potently promotes 
body weight gain and adiposity through a stimulation of 
food intake while decreasing energy expenditure and body 
fat utilization [46]. Thus, it has been defined as a counter-
part of leptin. 

Ghrelin and GHS-R1 are involved in many important 
physiological processes, such as the central regulation of 
food intake and energy homeostasis, regulation of cardio-
vascular functions, stimulation of gastric acid secretion and 
motility, modulation of cell proliferation and survival, and 
inhibition of inflammation and regulation of immune func-
tion [45,47]. The active form of GPSR is GHSR1a, which 
coupled to both Gq and Gs signaling pathways [48]. In the 
arcuate nucleus (ARC), GHSR1a is co-expressed with other 
anabolic neuropeptides, NPY and agouti-related peptide 
(AgRP), which potently stimulate food intake while de-
creasing energy expenditure [49]. As a result, ghrelin-  
mediated activation of GHSR1a entails an increased expres-
sion and release of NPY and AgRP in the ARC, which, in 
turn, leads to the activation of anabolic downstream path-
ways and ultimately results in the stimulation of food intake 
and a decrease of energy expenditure [50,51]. Because of its 
orexigenic, adipogenic and diabetogenic activities, ghrelin 
and its receptors have emerged as an attractive target for the 
treatment of obesity and T2D.  

5  Y receptors 

The neuropeptide Y system, comprising neuropeptide Y 
(NPY), peptide YY (PYY), pancreatic polypeptide (PP) and 
the corresponding Y receptors (Y1, Y2, Y4, Y5 and Y6), is 

well known for its role in the regulation of energy homeo-
stasis and associated processes [52,53]. NPY, PYY and PP 
have been classified into a family of homologous peptides 
because of their sequence homology and common tertiary 
structural motif, a hairpin fold [54]. NPY is widely distrib-
uted in the sympathetic nervous system [55] and hypotha-
lamic nuclei [56]. PYY and PP are both gut-derived, with 
PYY being mainly produced by the endocrine L cells of the 
intestines, stomach and pancreas [57], and PP being primar-
ily produced in F type cells of the pancreas [58]. Just like 
GLP-1, both NPY and PYY are also processed by the spe-
cific protease-dipeptididyl peptidase-IV (DPPIV) [59]. 

PYY and NPY inhibit gut motility, gastric emptying, ac-
id and pancreatic exocrine secretion and are potent vaso-
constrictors [60]. In the intestine, the Y1, Y2 and Y5 recep-
tor subtypes have similar affinity for PYY and NPY. The 
Y1 receptor was the first Y receptor to be cloned [61] and 
was recognized as a “feeding receptor” to mediate 
NPY-induced hyperphagia [62]. A recent study has shown 
that leptin could stimulate the NPY neuron activity in the 
hypothalamus in diet-induced obese mice, indicating the 
role of NPY in leptin-mediated appetite control [63]. Sever-
al Y receptor antagonists targeting Y1, Y2, Y4 and Y5 were 
shown to cause weight loss or protection against di-
et-induced obesity in rodent models [64,65]. Furthermore, 
ablation of both Y2 and Y4 receptors in ob/ob mice attenu-
ated the hyperphagia-caused obesity [66]. PP, which is a 
preferential agonist at Y4 receptors, is released postprandi-
ally from endocrine cells in pancreatic islets and causes a 
negative energy balance by decreasing food intake and gas-
tric emptying and by increasing energy expenditure. 
Knockout of the Y4 gene leads to an increase in nocturnal 
feeding [67], while transgenic overexpression of PP in mice 
reduces food intake and body weight gain [68].  

6  Cannabinoid receptors 

The first cannabinoid (CB) receptor was first cloned from 
rat cerebral cortex in 1990, which we now refer to as CB1 
[69], and three years later, in 1993, a second cannabinoid 
receptor, CB2, was identified in a human promyelocytic 
leukemic cell line [70]. The CB1 receptor is expressed 
mainly in the brain (central nervous system, CNS), but also 
in the lung, liver and kidney [71]. The CB2 receptor is ex-
pressed mainly on T cells of the immune system, macro-
phages and B cells, and hematopoietic cells [72]. Both re-
ceptors exhibit their effects mainly through activation of Gi 
[73], while CB1 receptors can signal through Gs proteins 
alternatively [74,75]. In the liver, activation of the CB1 re-
ceptor is known to increase de novo lipogenesis [76]. Tet-
rahydrocannabinol (THC) from the cannabis plant acts via 
CB1 receptors in the hypothalamic nuclei to directly in-
crease appetite [77]. The amount of endocannabinoids pro-
duced is inversely correlated with the amount of leptin in 
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the blood [78]. When subjected to a high-fat diet, CB1 
knockout mice tend to be about 60% leaner and slightly less 
hungry than the wild type [79]. Furthermore, inactivation of 
CB1 receptors reduces plasma insulin and leptin levels. 
Rimonabant, the first selective CB1 receptor blocker, was 
approved by the European Commission for the treatment of 
obesity and overweight [80,81], but was withdrawn from 
the market due to the risk of serious psychiatric problems. 
The study on the CB2R null mice showed that it influences 
the development and progression of atherosclerotic lesions 
by mediating the apoptotic response of macrophages to 
oxLDL [82]. 

The first of these “endocannabinoids” to be identified 
were N-arachidonoylethanolamine (anandamide) and 2- 
arachidonoyl glycerol (2-AG) [83]. Accumulating evidence 
suggests the involvement of endocannabinoid system in 
energy metabolism [84,85]. For instance, patients with T2D 
exhibit increased 2-AG levels in visceral, but not subcuta-
neous adipose tissue as compared to controls [86]. Further-
more, CB1activation induced glucose uptake and GLUT4 
translocation in human primary adipocytes [87]. 

It has been proposed that additional cannabinoid recep-
tors exist as the actions of compounds, such as abnormal 
cannabidiol that produces cannabinoid-like effects on blood 
pressure and inflammation, do not activate either CB1 or 
CB2. A few orphan receptors, namely GPCR18, GPR55, 
and GPR119, have been implicated as CB3 due to their se-
quence homology or their ability to interact with canna-
binoids [85,8890]. Among them, the association between 
GPR119 and metabolism is evidenced by its abundant ex-
pression in the pancreas and gastrointestinal tract and its 
inhibitory effects on food intake and body weight gain in 
rats, probably through the regulation of incretin and insulin 
secretion [9092]. 

7  Fatty acid receptors 

The free fatty acid receptors (FFARs) are G protein-coupled 
receptors (GPCRs) activated by free fatty acids (FFAs) [93]. 
GPR41 and GPR43, also known as FFAR3 and FFAR2, 
respectively, are activated by short-chain fatty acids, and 
GPR84 is activated by medium-chain FFAs, while GPR40 
and GPR120 (also known as FAA1 and FAA4 respectively) 
by medium- and long-chain ones [93,94]. Stimulation of 
FFARs elicits multiple biological functions, including se-
cretion of insulin and incretin hormones and adipocyte dif-
ferentiation as well [93,95].  

It has been shown that prolonged exposure to elevated 
FFAs results in impaired insulin secretion by inhibiting in-
sulin biosynthesis [96,97]. However, recent evidence indi-
cates that not all FFAs inhibit insulin secretion. For instance, 
FFAR1, also known as GPR40, is predominantly expressed 
in pancreatic β-cells and elevates insulin secretion upon 
medium- and long-chain FFA stimulation. A series of novel 

agonists for GPR40 have been identified, with some as po-
tential new drugs for T2D [98]. Furthermore, GPR41, 
GPR43 and GPCR120 promote the secretion of incretins 
and other energy control hormones such as leptin, adiponec-
tine, and PYY [99103]. GPR84 signaling is likely involved 
in chronic inflammation [104,105]. But the exact physio-
logical role of GPR84 merits future investigated.  

8  Other GPCRs 

In addition to the aforementioned GPCRs, there are many 
other GPCRs involved in the energy homeostasis regulation. 
In particular, the multimeric amylin receptors are atypical 
GPCRs that are actually formed by the interaction of calci-
tonin receptor with receptor activity-modifying proteins 
(RAMPs) [106]. Amylin is cosecreted with insulin from the 
pancreatic β-cells and plays an important role in nutritional 
status via inhibiting food intake, gastric emptying and 
post-prandial glucagon secretion [107,108]. The Cholecys-
tokinin A (CCKA) receptor is located mainly on pancreatic 
acinar cells, whereas Cholecystokinin B (CCKB) receptor is 
enriched mostly in the brain and stomach. CCKB receptor 
also binds to gastrin, a gastrointestinal hormone involved in 
stimulating gastric acid release and growth of the gastric 
mucosa. The CCK receptors are involved in the regulation 
of nociception, anxiety, memory and hunger [109,110]. 
Cholic acid (CA) administration can completely prevent 
high fat diet-induced changes in adipose mass and mor-
phology, and reverse diet-induced obesity [111].  

Moreover, recent studies have made the list of GPCRs in 
energy regulation even longer. Leucine-rich repeat-    
containing G-protein coupled receptor 4 (LGR4) was re-
ported to play vital roles in metabolism as the LGR4 null 
mice manifested increased energy expenditure and brown 
adipocyte differentiation from epididymal white adipose 
tissue (WAT) [112], GPR83, which is colocalised with 
ghrelin receptor, was shown to regulate systemic energy 
through both ghrelin-dependent and ghrelin-independent 
pathways [113]. The activation of TGR5, a bile acid (BA) 
receptor, significantly blunts high-fat diet induced obesity in 
mice [114]. Additionally, in pancreatic β-cells, activation of 
M3 muscarinic receptors induces insulin release during the 
pre-absorptive phase of feeding [115], while stimulation of 
sweet taste receptors (T1R2/T1R3) regulates not only the 
release of GLP-1 in the intestine [116] but also adipocyte 
differentiation and metabolism [117]. 

In summary, various GPCRs are involved in the regula-
tion of energy homeostasis from nutrient sensing, appetite 
control to glucose and fatty acid metabolism. In particular, 
three classes of GPCRs, including peptide receptors (GR, 
GLP1R, GIPR, NPY receptors, PYY receptors), fatty acid 
receptors, and emerging orphan GPCRs, play important 
physiological and pathophysiological roles in regulating 
food intake and energy expenditures. These studies not only 
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shed new light on our understanding of energy homeostasis, 
but also open new avenues for the treatment of metabolic 
diseases including obesity and T2D. However, more sys-
tematic approaches including systems biology and omics 
should be innovatively adopted into the field of metabolic 
research and medicine, so that a comprehensive network 
control of energy homeostasis will be revealed, and safer 
and more effective drugs will be developed in the foreseea-
ble future.  
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