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Summary

Introduction—Diabetes mellitus and obesity are important health issues; increasing in 

prevalence, both in the US and globally. There are only limited pharmacological treatments, and 

although bariatric surgery is effective, new effective pharmacologic treatments would be of great 

value. This review covers one area of increasing interest that could yield new novel treatments of 

obesity/diabetes mellitus. It involves recognition of the central role the G-protein-coupled receptor, 

bombesin receptor subtype 3(BRS-3) plays in energy/glucose metabolism.

Areas covered—Since the initial observation that BRS-3-knockout mice develop obesity, 

hypertension, impaired glucose-metabolism, and hyperphagia, there has been numerous studies of 

the mechanisms involved and the development of selective BRS-3-agonists/ antagonists which 

have marked effects on body weight, feeding, and glucose/insulin homeostasis. In this review each 

of these areas will be briefly reviewed.

Expert opinion—BRS-3 plays an important role in glucose/energy homeostasis. The 

development of potent, selective BRS-3 agonists demonstrates promise as a novel approach to 

treat obesity/diabetic states. One important question that needs to be addressed is whether BRS-3 

agonists need to be centrally-acting. This is particular important in light of recent animal and 

human studies that report transient cardiovascular side-effects with centrally acting oral BRS-

agonists.

1. Introduction

It has been well established by various experimental approaches, including the use of 

selective agonists and antagonists[1,2] and more recently, by receptor knockout studies[1,3–

5], that two original members of the mammalian bombesin receptor(BnR) family, the gastrin 

releasing peptide receptor(GRPR,BB2) and the neuromedin B receptor(NMBR, BB1), play 
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an important role in satiety. A third member of the mammalian BnR receptor family has 

been described[6,7], also a G-protein-coupled receptor, but, as will be reviewed in the next 

section, it is an orphan receptor at present, but because of close homology to the other two 

mammalian BnRs(i.e. the GRPR, NMBR), it is also classified in the BnR family and named 

bombesin receptor, subtype 3(BRS-3, BB3)[6–9]. Until recently because of lack of a native 

ligand, few pharmacological tools existed to explore its role in physiological or 

pathophysiological processes[8–11]. However, this receptor is now receiving considerable 

attention, because mice with the BRS-3 removed by targeted deletion[12], were found to 

become obese, develop mild hypertension and demonstrate impaired glucose metabolism, 

with reduced metabolic rates, increased feeding efficiency and hyperphagia, leading the 

authors[12] to suggest, they could be a new model to study human obesity and associated 

diseases, such as diabetes. Numerous subsequent studies have supported the importance of 

BRS-3 in energy balance, glucose homeostasis, regulation of feeding, as well as a number of 

other processes that can affect these, such as alterations of various behaviors. Furthermore, 

recently, both selective agonists (nonpeptide) and antagonists (peptide) have been described 

which may provide insights into therapeutically important approaches to treat both obesity 

and diabetes. In this short review advances in each of these areas will be briefly covered. 

Before this is undertaken it is important to first understand a few aspects of the mammalian 

BnR family and how the BRS-3-receptor relates to this family, as well as some aspects of the 

specific biology/pharmacology of the BRS-3-receptor.

2. BRS-3 and the mammalian BnR family (Table 1)

2.1.GRP/NMB and their receptors: Cell biology, pharmacology and function

GRP is a 27 amino acid peptide that occurs widely in both peripheral tissues and in the 

central nervous system (CNS)[8,13]. GRP has a COOH terminus, which is the biologically 

active portion, ending in Gly-His-Leu-Met-NH2 (Table 1), and it has very high homology to 

a number of amphibian peptides (Table 1), including bombesin (Table 1), with which it 

shares the same last 7 COOH terminal amino acids. GRP interacts preferentially with the 

GRPR, which is also widely distributed in both peripheral tissue and the CNS, and has an 

650-fold higher affinity for GRPR than NMBR (Table 1,2)[8,9,14,15]. NMB (Table 1), is a 

decapeptide formed from a 30 and 32 amino acid precursor (NMB30, NMB32) and has a 

COOH terminus ending in Gly-His-Phe-Met-NH2 (Table 1),,which shares 6 of the 7 COOH 

terminal amino acid from the amphibian peptide, ranatensin (Table 1)[8,13]. NMB interacts 

preferentially with the NMBR having an 670-fold higher affinity for NMBR than GRPR[14] 

(Table 1,2). The NMBR also occurs widely in peripheral tissues as well as the 

CNS[8,9,13,15]. In the monkey CNS both GRPR and NMBR mRNA were found in the 

hypothalamus, thalamus, amygdala, caudate nucleus, cerebellum, hippocampus and spinal 

cord[15]. In rat CNS binding studies a particularly high density of NMBR was found in the 

central thalamic nuclei and olfactory regions with the highest density of GRPRs in the 

hypothalamus, particularly the suprachiasmatic and paraventricular nuclei, which both agree 

with the mRNA distribution studies of these two receptors in rat brain[16]. Numerous 

studies demonstrate that the GRPR and NMBR are involved in a wide range of physiological 

and pathophysiological processes which include: in the CNS (circadian rhythm, TSH 

release, behavior control, thermoregulation, satiety), in the immune system [effects on 
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macrophages, lymphocytes, leukocytes, dendritic cells], endocrine effects [release of 

numerous hormones/neurotransmitters], GI tract [motility, secretion, growth], as well as 

urogenital tract and respiratory system (Table 1)[8–11,13]. GRPR and NMBR also have 

important pathophysiological roles in such processes as mediation of various pruritic 

disorders, abnormalities of thyroid function, inflammatory disorders, and having profound 

effects on growth and differentiation of a number of important human tumors [colon, 

prostate, lung, head/neck squamous cell, CNS, pancreatic and some gynecologic cancers] 

and in some cases function as autocrine growth factors (Table 1)[8,9,13,17,18].

2.2.BRS-3: Cell biology

In Table 1 various important aspects of the cell biology of BRS-3 are contrasted with the 

GRPR and NMBR and discussed primarily in the sections on BRS-3 below.

BRS-3 has been characterized in humans[7] and a number of other species including mouse, 

rat, sheep, guinea pig and monkeys[6,15,19–22]. The gene for BRS-3 in humans is localized 

to chromosomal regions Xq25–q26 and thus resembles the GRPR in its X chromosome 

localization (Table 1)[6,20]. In humans the BRS-3 contains 399-amino acids (Table 1) and 

hydropathy plots demonstrate it belongs to the G-protein coupled hepta-helical family of 

receptors[6,8]. BRS-3 is included in the BnR family of Bn receptors, even though at present 

it is categorized also as an orphan receptor, because the native ligand is unknown, due to the 

fact that in all species characterized it has high homology to the GRPR and the 

NMBR[6,7,15,19–22]. In the case of the human BRS-3, it has 51% amino acid identities 

with a the hGRPR, and 47% with the hNMBR, demonstrating close similarity to these 

receptors[6–8,10,11,23]. In contrast the human BRS-3 has only a 25% amino acid homology 

with the unrelated human substance P receptor[7].

In comparison to the GRPR and the NMBR, the distribution of the BRS-3-receptor has not 

been as well studied primarily because the native ligand is unknown and until recently no 

selective ligands were available. The synthetic Bn peptide analog, 

[DTyr6,βAla11,Phe13]Bn(6–14) can be radiolabeled and used for binding studies to localize 

BRS-3 in human tissues because it has high affinity for human BRS-3 (Table 2).[14,24–29]; 

however, it is not useful in rodents, because it has a very low affinity for the mouse or rat 

BRS-3[21,30]. Furthermore, its utility for BRS3 receptor localization is limited because it 

has high affinity for GRPR and NMBR in all species examined[14,24–29]. Using RT-PCR 

the relative abundance of BRS-3 mRNA in different areas of the monkey brain was assessed 

and it was found throughout the CNS with the greatest amounts in the hypothamus and in 

lower amounts in most peripheral tissues with the highest amount in the testis followed by 

lower amounts in the pancreas, thyroid, ovary and pituitary gland (Table 1)[15]. Because of 

its importance in islet cell function (reviewed below) it has been carefully examined in islets 

of different species and BRS-3 mRNA is reported to be present in the islets of mice, human, 

rhesus monkey and dog, but not in rat islets[31]. Detailed immunohistochemical studies for 

BRS-3-receptor localization have been performed in the rat CNS[32]and gastrointestinal 

tract[33], with the former study demonstrating BRS-3 is strongly present in cerebral cortex, 

hippocampal formation, hypothalamus and thalamus in the CNS[32]. In the GI tract BRS-3 

was found throughout the GI tract in nerves and non-neuronal tissues, including enteric and 
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submucosal ganglia, myenteric ganglia and in cell bodies of c-KIT interstitial cells of Cajal, 

which are important in regulating GI motility[33]. Two more recent studies have provided 

additional information on the localization of BRS-3-receptors. One recent study[34]made 

use of the availability of recently described BRS-3 selective ligands, and synthesized a 

specific BRS-3 radiolabeled agonist([3H]Bag-2) to examine the distribution of BRS-3-

receptors in mouse brain. They found[34] moderate to abundant BRS-3 binding in a number 

of hypothalamic nuclei(PVN, DMH, ARC, VMH, PH, Pe, MPA, NHA), forebrain areas, 

caudal brain(PBN, NTS), the amygdala and the thalamus. The strong binding in 

hypothalamic nuclei support the importance of BRS-3 in feed behavior and energy 

metabolism which was first reported in BRS-3 knockout mice which developed obesity, 

hypertension and impairment of glucose metabolism[12]. In a second recent study in rat and 

mouse brain the regional distribution of BRS-3 mRNA localization was examined using in 

situ hybridization and its co-localization with various neurotransmitters was examined[35]. 

BRS-3 was found in many brain regions with the highest concentrations in the amygdala and 

hypothalamus[35]. In terms of co-localization with various brain neurotransmitters, many 

BRS-3 expressing neurons were glutamatergic, a few GABAergic or cholingergic, and also a 

small number co-localize with corticotropin-releasing factor (CRF) and growth hormone-

releasing factor (GHRH) raising the possibility or interaction of BRS-3 with stress- and 

growth-hormone endocrine systems[35]. In these various BRS-3 CNS localization studies, 

all showed high localization in number of hypothalamic nuclei, however in other brain areas 

there was differences. In the case of the immunohistochemical receptor localization, high 

antibody specificity is essential, which can be difficult to achieve in all cases with such 

closely related receptors such as BRS-3, GRPR and NMBR.

The principal signaling cascade for BRS-3, similar to all BnR’s, is the activation of the 

phospholipase C (PLC) cascade resulting in the stimulation of changes in intracellular Ca2+ 

concentrations, the generation of diacylglycerol, and activation of various protein kinases 

C’s (PKCs) (Table 1)[8,10,11,28,36–40]. In the case of GRPR and NMBR, PLC activation 

has been studied in more detail and is primarily accomplished through coupling to the Gq/11 

and G12/13 families of heterotrimeric G-proteins[8,9,41]. Activation of GRPR and NMBR, 

as well as in many cases also BRS-3, have been shown to stimulate a number of other 

signaling cascades including activation of Phospholipase D and A2, small GTP binding 

proteins such as Rho, protein kinase D and various ion channels[8,9,28,41–44].

Similar to other G-protein coupled receptors, numerous studies demonstrate after activation, 

GRPR and NMBR undergo a number of receptor modulatory processes including receptor 

phosphorylation[8,9,45], internalization and recycling[8,9,46–50], down-regulation[8,9,48–

50,50] and desensitization[8,9,48–50]. Similar studies have not been reported with BRS-3-

receptor, although it would be expected because of their close homology to the GRPR and 

NMBR, that similar receptor modulation would be seen with activation of BRS-3.

Two signaling cascades receiving increased attention is the recognition that, similar to many 

growth factor receptors, BRS-3 as well as the other BnR’s, when activated, stimulate a 

number of tyrosine kinase cascades including the MAPK cascade, including the 

transactivation of the epidermal growth factor receptor (EGFR), which is an important 

mediator of many of the growth related effects of each of the BnR’s, especially in neoplastic 
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tissues[8,17,25,36,37,40,42,43,51–58]. Studies on normal and neoplastic tissues demonstrate 

that stimulation of BRS-3, as well as GRPR and NMBR, can result in potent stimulation of 

focal adhesion kinases (p125FAK, PYK-2); MAPK kinases especially ERK; EGFR; Src 

kinases; and paxillin[8–10,37,38,40,43,52,55–57,59]. Transactivation of the EGFR by 

GRPR and NMBR, has been shown to be an important signaling cascade mediating growth 

effects of these receptors on a number of different neoplasms including cancers of the lung 

(especially nonsmall cell tumors), head and neck squamous cells, neuroendocrine cells and 

the prostate[8,17,37,52,56–58,60–62]. Studies with BRS-3 in this area are more limited, 

although recently a number of studies of BRS-3 growth stimulatory effects in lung cancer 

cells report a similar mechanism with its growth stimulatory effects occurring primarily via 

EGFR transactivation[53,57]. In a number of studies the transactivation of EGFR by BRS-3 

and the other mammalian BnRs has been shown to involve activation of phospholipase C, 

Src kinases, stimulation of matrix metalloproteinases and shedding of EGF-related ligands, 

as well as the stimulation of reactive oxygen species[8,9,17,52,54,57].

Recently detailed studies have been reported of the comparative signaling cascades involved 

in BRS-3 activation in myocytes of diabetic, obese and normal subjects[59,63,64], and this 

will be discussed in a later section on role of BRS-3 in obesity, energy metabolism and 

glucose homeostasis.

2.3.BRS-3: Receptor pharmacology

2.3.A. Pharmacology of BR-3 receptor agonists—As pointed out in previous 

sections, the BRS-3-receptor remains an orphan receptor so the natural ligand is at present 

unknown, and therefore there are no structure-function studies of the natural ligand. 

However, it has been possible to examine BRS-3’s pharmacology and cell biology using the 

synthetic peptide agonist, [DPhe6,βAla11,Phe13] Bn(6–14) or its DTyr6 analogue, which 

were discovered to have high affinity/potency for activating the human BRS-3 (Table 2)

[24,27–29,38], however these synthetic Bn analogues have two disadvantages. These include 

a lack of specificity, because they also bind to, and activate in man and all species examined 

GRPR and NMBR, with high affinity and potency (Tables 1,2) and also because they have 

low affinity for rat and mouse BRS-3, the most commonly used laboratory animals[8,21,25–

27,30].

A number of other peptide agonists have been described with reported increased selectivity 

for BRS-3 over GRPR and NMBR, some using [DPhe6,βAla11,Phe13] Bn(6–14) as a 

template (Table 2)[39,65–71]. In general these have relatively low selectivity (i.e.,<150 fold) 

for the BRS-3 over the NMBR or GRPR with the most potent being [DTyr6, 

Apa-4Cl11,Phe13,Nle14]Bn(6–14)(92 –fold selective) Table 2)[65,71–73] and the most 

selective being Ac-Phe, Trp, Ala, His, (tBzl), Nip, Gly, Arg-NH2 (Table 2)[67,71,72].

With the observation that mBRS-3-receptor knockout mice develop obesity, diabetes and 

metabolic disturbances[12],there has recently been increased interest in developing BRS-3 

agonists for possible treatment of obesity [9,34,60,74–78]. Three pharmaceutical companies 

[Merck Research Laboratories, Daiichi Sankyo Co. Ltd, Glaxo SmithKline)] have recently 

reported efforts to develop selective nonpeptide agonists that activate BRS-3 with high 

potency (Table 2)[34,75–79,79–88]. A number of the nonpeptide agonists have selectivity 
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>100-fold for the BRS-3 over the GRPR and NMBR and some >1000-fold selectivity (Table 

2). Only a few of these have been assessed in vivo and those will be discussed in more detail 

in the next section related to energy and glucose homeostasis. Of these different nonpeptide 

agonists the most extensively studied, not only in terms of pharmacology, but also in energy 

and glucose homeostasis in normals and altered states such as obesity, is MK-5046 (Table 

2). MK-5046 [(2S)-1,1,1-trifluoro-2- [4-(1H-pyrazol-1-yl) phenyl]-3-(4-[[1-

(trifluoromethyl) cyclopropyl] methyl]-1H-imidazol-2-yl) propan-2-ol] is an orally active, 

selective and potent BRS-3 agonist with activity in rat, mouse, dog, and human (Table 2)

[25,75,78,79]. MK-5046 has high affinity for human BRS-3-receptor (IC50-18-28nM), 

rhesus (IC50-50nM), mouse, rat and dog BRS-3 (IC50-1.2-6.5nM) and very low affinity for 

GRPR and NMBR (IC50>10,000nM) in humans as well as in other species (Table 2)

[25,30,79]. MK-5046’s interaction/activation of the hBRS-3-receptor had both similarities 

and differs from the nonselective, high affinity BnR universal peptide agonist, 

[DPhe6,βAla11,Phe13]Bn(6–14)[25]. Both MK-5046 and the peptide agonist interacted with 

high and low affinity sites on the hBRS-3, however they differed in aspect of activation of 

hBRS-3[25]. The dose-response curves for phospholipase C were biphasic with MK-5046 

and not with the peptide agonist; they differed in receptor occupation-activation 

relationships with MK-5046 having a greater receptor coupling spareness; in having a 

different pattern of activation of MAPK, p125FAK, Akt and paxillin and they differed in 

their kinetics of cellular activation with MK-5046 demonstrating slower kinetics of 

activation and a longer duration of action[25]. These results[25] demonstrate the peptide and 

MK-5046’s activation of hBRS were not always concordant raising the possibility they 

could lead to different cellular responses. Investigators at Daiichi Sankyo Co. Ltd[76,77] 

recently report a series of chiral diazepine analogues with low brain penetration, which 

function as high affinity BRS-3 agonists. Results assessing affinity of three of these chiral 

diazepine analogues (9G, 9D, compound 17c) are shown in Table 2 demonstrating that they 

function as selective BRS-3 ligands[30,76,77]. As will be discussed in more detail in the 

next section, it is proposed that because of their low brain penetrance, they may lack side-

effects seen in trials with MK-5046, and be potentially useful anti-obesity agents[76,77].

2.3.A. Pharmacology of BRS-3-receptor antagonists—Extensive studies have 

identified six different chemical classes of GRPR antagonists including both peptide 

analogues and non-peptides, and a limited number of NMBR antagonists (Table 2)[8,36,89–

95]. Many of these have high affinity and selectivity for the hGRPR or hNMBR, but do not 

interact with the hBRS3[8,24,28,36,89]. One important finding that arose from these studies 

with GRPR and NMBR is that there are marked species differences in the BnR family in 

their pharmacology as well as the structural requirement of the ligand for cell 

activation[8,14,90–92,96]. While this is only limited comparative species studies on BRS-3 

pharmacology, the results with [DPhe6,βAla11,Phe13]Bn(6–14)[21] showing marked 

different pharmacology between human and rat or mouse BRS-3, as well as lower affinities 

of some nonpeptide analogues for human BRS-3, than rat or mouse BRS-3[79] suggest 

important species differences may exist also for the BRS-3-receptor. This is particularly 

important in evaluating whether a given ligand behaves as a BnR agonist or antagonist, 

because studies especially with GRPR containing tissues from different species, show not 

only can the pharmacophore of rodent receptors differ markedly from human, but the 

González et al. Page 6

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coupling can be markedly different in different species as well as with overexpressing 

transfected receptors[8,90,96–98].

Until recently no potential useful selective antagonists existed for the BRS-3-receptor. Two 

different BRS-3 antagonists have recently been described: ML-18[53] is a peptoid(S-

enantiomer of PD176252, a GRP preferring antagonist[89,99]) and the other is a peptide 

antagonist, Bantag-1(Table 2)[31,34]. ML-18 has both a low affinity and low (<5-fold) 

selectivity for hBRS-3 over GRPR or NMBR (Table 2)[53]. In contrast, Bantag-1 (Boc-Phe-

His-4-amino-5-cyclohexyl-2,4,5-trideoxypentonyl-Leu-(3-dimethylamino)benzylamide N-

methylammonium trifluoroacetate) was reported to be a potent, selective peptide antagonist 

for the BRS-3-receptor in human, rat and mouse[31,34]. In a recent detailed pharmacologic 

study[25] in which the pharmacology of Bantag-1 was studied in both native hBRS-3 and 

transfected hBRS-3 cells, Bantag-1 had a high affinity for hBRS-3(1–1.6nM) and had 

>3000-fold selectivity for hBRS-3 over hGRPR or hNMBR-containing cells (Table 2). 

Furthermore, in this study[25], Bantag-1 was found to be a competitive hBRS-3-receptor 

antagonist, showing no agonist activity at this receptor and causing a parallel rightward-shift 

in the cell activating dose-responses curves by either MK-5046 or the peptide agonist,

[DPhe6 βAla11,Phe13] Bn(6–14). The availability of these selective BRS-3 agonists (Table 2) 

and the peptide antagonist, Bantag-1, should prove to be valuable tools to studying the role 

of BRS-3 in both normal physiological and pathophysiological processes.

3. BRS-3 in obesity; energy and glucose homeostasis and diabetes

3.1. Studies in BRS-3 knockout mice

As discussed above, until recently there were no agonists or antagonists sufficiently potent 

and selective enough available to allow exploration of BRS-3’s role in physiological or 

pathophysiological processes. Much of what is known of its role in physiological or 

pathophysiological process has come from the study of BRS-3 knockout mice. Similar to the 

other mammalian BnRs (i.e. GRPR and NMBR)[2–4,8,9], it was found that BRS-3 knockout 

mice had alterations in feeding including increased feeding efficiency and 

hyperphagia[1,12,70,100–102]. In addition they developed mild obesity, hyperleptinemia, 

demonstrated impaired glucose metabolism, and even though they show reduced metabolic 

rates[1,12,70,100–102], which is not seen in many studies on human obesity, nevertheless, 

some authors[12] suggest, because of the other similarities, they could be a new model to 

study human obesity and associated diseases, such as diabetes. In addition to effects on 

energy and glucose homeostasis, BRS-3 knockout mice demonstrated behavioral 

changes[5,8,9,103,104], which possibly could affect feeding behavior. Specifically, BRS-3 

deficient mice show changes in the taste preference test including elevated preference for 

sweets, and increased aversion for bitterness, while they had a decreased nonaggressive 

social response[5,103]. They also showed decreased spontaneous activity in isolated 

conditions that usually lead to increased activity[5]. In addition, in contrast to the GRPR and 

NMBR knockout animals, which showed no alteration in anxiety tests, BRS-3 knockout 

mice exhibited reduced levels of anxiety[104].

In the initial studies of BRS-3 knockout mice it was found that in addition to the 

development of obesity, hypertension, impaired glucose metabolism and insulin resistance, 
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they also exhibited a reduced metabolic rate, hyperphagia and increased feeding 

efficacy[12]. At 20–24 weeks, when obesity progressed, blood contents of thyroid hormone 

and glucagon were not modified, but secretion of growth hormone was reduced by 46%, 

while insulin level was elevated significantly, suggesting alterations in glucose transport, 

lipogenesis and lipolysis[12]. At 27–34 weeks, when the weight difference was clear, the 

increased amount of white adipose tissue mass-epididymal, inguinal and retroperitoneal fat 

pads- in BRS-3-deficient mice became relevant[12].

Subsequent studies attempting to elucidate the potential mechanisms for obesity, as well as 

the alterations in glucose/insulin homeostasis in BRS-3 knockout (KO) mice, have been 

conducted (Table 3)[100–102,105,106]. In one study[100] female heterozygous BRS-3-KO 

mice were mated with another model of obesity, male KK-Ay mice, a strain with a mutation 

at the agouti locus, which has been shown to play and important role in appetite/food intake 

regulation[100,107,108]. KK-Ay mice exhibit hyperphagia, hyperinsulinemia, maturity onset 

obesity, and diabetes, due to antagonism to the melanocortin 4 receptor by ectopic 

expression of agouti protein[100,107–109]. Sibutramine, which affects the central 

monoamine system to regulate feeding behavior, markedly decreased food intake in BRS-3-

KO mice and normals, but was much less effective in KK-Ay mice[100,110]. Because 

sensitivity to sibutramine is considered to reflect in an inverse fashion the degree to which 

hyperphagia contributes to the development of obesity in rodents[100,110], the above data 

indicate the obesity in KK-AY mice have a different origin for their obesity than in BRS-3-

KO mice, and that the contribution of hyperphagia to the development of obesity is greater 

in the KK-AY mice than the BRS-3-KO mice[100]. During the period which obesity 

progressed the energy efficiencies of the BRS-3-KO mice was 2.7-fold higher that the wild 

type animals, suggesting that the obesity in these animals was largely dependent on these 

animals having higher energy efficiencies[100]. Hybrid mice were significantly heavier than 

either genotype alone, displayed insulin levels that were higher than those with just the Ay 

gene, and showed impairments in glucose-induced insulin secretion implicating BRS-3 in 

the regulation of plasma insulin concentration sensitivity[100]. The authors[100] 

hypothesize that BRS-3 deficiency induces changes in the autonomic nervous system and 

subsequently affects both insulin secretion and peripheral insulin sensitivity.

In a study of BRS-3-KO mice in which they were allowed to have ad libitum- feeding or 

their caloric intake was matched to wild-type ad libitum-feeding mice over a 21 week 

period, the BRS-3-KO mice had similar body weights to the wild type mice and showed less 

than the 29% increase over controls seen in BRS-3 ad libitum-feeding mice, However, in the 

pair-fed BRS-3-KO mice, the plasma insulin normalized, but it failed to completely reverse 

adiposity and hyperleptinemia[101], suggesting that hyperinsulinemia is not a primary 

deficit in ad libitum-fed KO mice. In this study[101], no differences in feeding suppression 

by GI hormones (CCK, bombesin, GRP) was found in BRS-3-KO mice, although BRS-3-

KO mice had some deficits in the arcuate nucleus energy response signals. This study[101] 

concluded that hyperphagia is a major factor contributing to the increased body weight and 

the hyperinsulinemia in BRS-3-KO mice. It also concluded[101] that because the pair 

feeding did not completely normalize hyperleptinemia or the fat distribution, there also may 

be and underlying metabolic dysregulation that contributes to the development and 

possibility sustaining of the obesity seen in BRS-3-KO animals.
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In addition to hyperleptinemia, BRS-3-KO mice also demonstrate leptin resistance[106], 

which is not seen in GRPR KO mice. Furthermore, BRS-3-KO mice, but not GRPR KO 

mice, have an enhanced feeding response to melanin-concentrating hormone (MCH), 

however this is not a generalized increased responsiveness to orexigenic neuropeptides, 

because no differences in feeding behavior in BRS-3-KO mice from normals, was seen with 

administration of NPY, orexin or agouti-related peptide[106]. The BRS-3-KO mice also 

have increased levels of both prepro-MCH and MCH-R mRNA in their hypothalamus[106]. 

These results led the authors[106] to suggest that the disruption of the BRS-3 gene leads to 

an upregualtion of hypothalamic MCH-R and MCH expression, which in turn leads to 

hyperphagia. Furthermore, it is speculated[106] that the BRS-3-KO upsets homeostatic 

mechanisms by which leptin decreases the expression of MCH-R and that this effect is 

mediated through neural mechanisms that are independent of those activated by other Bn-

related peptides such as GRPR activating via the GRPR.

BRS-3-KO animals have a number of alterations in behavior that could also directly or 

indirectly effect energy homeostasis or feeding behavior (Table 3). [5,103,104,111]. It has 

been documented that food restriction activates the hypothalamic-pituitary-adrenal (HPA) 

axis resulting in an elevation in plasma corticosterone levels[112]; however, this effect was 

not detected in BRS-3-KO mice who were food restricted[101], suggesting a deficit in HPA 

activation or that food restriction is not perceived as a stressor in these animals. The last 

possibility has been pointed out by studies demonstrating a decrease in anxiety-related 

behaviours in BRS-3-KO mice[5,103,104]. When anxiety levels were assessed in an elevated 

plus maze, BRS-3-KO mice showed less anxiety than wild type as well as a decrease in the 

behavioural response to social isolation and a novel environment[5,103,104]. Another 

altered behavioral feature related to BRS-3 gene deletion that could possibly effect feeding 

behavior or energy homeostasis is changes in the sense of taste[111]. BRS-3 deficient mice 

not only showed a stronger preference for sweet taste —saccharin solution—, but also a 

stronger aversive response to quinine solution, relative to wild-type littermates[5,111]. The 

BRS-3-receptor is expressed in the parabrachial nucleus, centromedial nucleus of the 

amygdala and in hypothalamus nuclei such as the paraventricular nucleus[111], all of which 

are known to be involved in taste perception[111]. The authors[111] speculate that the 

obesity that BRS-3-KO mice develop and the functional alterations of taste preference/

learning that is seen in these animals could be related but the exact manner or mechanism by 

which the altered tasted preference is related to the hyperphagia seen in these animals is 

unclear at present.

To gain insight into the pathogenesis of the alterations in glucose homeostasis/diabetes that 

occur in BRS-3-KO mice, studies of islet cell function, as well as the action of insulin on 

peripheral targets such as adipocytes in these animals have been performed[100,102,105]. In 

BRS-3-KO mice the number of islets and the size of the islets was decreased compared to 

normals[102], however no alteration in glucose-stimulated insulin secretion or in proinsulin 

biosynthesis was found between the BRS-3-KO mice and the wild type controls[102]. In 

contrast, in adipocytes from BRS-3-KO mice a number of alterations were found compared 

to controls[102]. These differences included the observation that insulin failed to stimulate 

the uptake of deoxyglucose into adipocytes from BRS-3-KO mice in contrast to adipocytes 

from control animals, and that the glucose transporter, GLUT-4, was only minimally 
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detected in membranes from the BRS-3-KO mouse adipocytes after insulin stimulation, in 

contrast to their abundance in control adipocytes[102]. However, using quantitative RT-PCR, 

the mRNA level in BRS-3-KO and control adipocytes were similar for GLUT-4, insulin 

receptor, IRS-1, IRS2, syntaxin 4, SNAP23 and VAMP-2, leading to the conclusion that 

impaired glucose metabolism is occurring in BRS-3-KO mice mainly because of impaired 

GLUT-4 transport in adipocytes[102]. These results combined with the results of the study 

of BRS-3-KO mice crossed with male KK-AY mice, which was reviewed above[100], 

demonstrate the importance of the BRS-3 pathway in regulating plasma insulin 

concentrations and therefore glucose homeostasis.

To identify possible novel obesity related genes in adipose tissue that could be contributing 

to the development of obesity in BRS-3, a differential display analysis was undertaken to 

identify genes that were upregulated or downregulated in BRS-3 adipose tissue[105]. This 

resulted in the cloning of a 3-KB cDNA called Urb (for upregulated in BRS-3 deficient 

mice), yielding a protein of 949 amino acids, which had homology to the sushi protein 

superfamily[105]. In brown adipose tissue, but not white adipose tissue, of BRS-3-KO mice, 

Urb mRNA was increased 4-fold, and was also enhanced in brain, kidney, lung and various 

digestive tissues[105]. Brown adipose tissue is characterized by its thermogenic activity with 

dissipation of energy and providing heat; raising the possibility the Urb could be a candidate 

molecule contributing to the energy phenotype of BRS-3-KO mice[105]. At present the 

exact role of Urb plays in the regulation of body with and energy metabolism is unknown.

3.2. Studies in BRS-3 containing cells

To attempt to better define the mechanisms of the alterations in glucose and metabolic 

homeostasis that occur in BRS-3-KO mice, a number of studies have been reported 

investigating the role of BRS-3 in normal cellular/tissue function and cells/tissues from 

animals or human subjects with pathological conditions such as diabetes and obesity (Table 

3)[31,59,63,64,113]. These investigations include the role of BRS-3 in islet/insulin 

responses, as well as responses of important insulin target tissues such as adipose tissue and 

skeletal muscle myocytes in normals as well as disease states[31,59,63,64,113].

Studies show that human, rhesus, mice, and dog pancreas (but not rat pancreas) all have high 

expression of BRS-3 in their islets[31,114,115]. Using siRNA to silence BRS-3 or using a 

specific antagonist (Bantag-1)[31] reduced glucose-stimulated insulin-secretion, and the 

selective agonist (Bag-1) increased it, in an insulinoma cell line INS-1 832/6), which also 

possessed BRS3 receptors. BAG-1 augmentation of glucose-stimulated insulin-release was 

dependent on activation of phospholipase C, was also seen in isolated wild type islets, but 

not islets from BRS-3-KO-mice[31]. In vivo in normal mice, but not in BRS-3-KO-mice, the 

BRS-3 agonist, Bag-1, reduced plasma glucose levels during an oral glucose tolerance test, 

demonstrating that this was occurring in a BRS-3-receptor-dependent manner[31]. Bag-1 

also increased glucose-stimulated insulin-secretion from human islets. The authors 

concluded that these results demonstrate the important role of BRS-3 in islet regulation and 

glucose homeostasis, with BRS-3 stimulation directly promoting glucose-stimulated insulin-

release, suggesting it may have an important potential role in the treatment of obesity as well 

as in tratment of diabetes mellitus[31]. These suggestions are supported by studies 
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demonstrating that activation of BRS-3 has important effects on both adipose tissue[102]

(reviewed above) and skeletal muscle (myocytes)(reviewed in next section)[59,63,64].

In addition to these effects of BRS-3-receptor activation on glucose/energy homeostasis in 

peripheral tissues, BRS-3-receptors in the CNS, are found in neurons containing orexin A 

and B, which are produced in lateral hypothalamic nuclei and are key regulators of feeding 

behavior, the sleep and wake state, as well as the reward system[113]. A BRS-3-selective 

agonist stimulated increases in cytosolic calcium in the orexin neurons[113] as well as 

caused hyperpolarization of these neurons. However, in the presence of tetrodotoxin, or 

GABA receptor antagonists, the BRS-3 agonist stimulated depolarization and increased 

firing frequency of orexin neurons. The authors concluded that with CNS BRS-3-receptor 

activation, both indirect inhibitions of orexin neurons occur though a GABAergic input, as 

well as direct activation of orexin neurons[113]. Furthermore, the authors suggest that 

inhibition of orexin neuronal activity through the BRS-3 pathway could be a novel approach 

to treatment of obesity[113].

3.3. In vivo Studies on BRS-3

3.3.1 In vivo studies on BRS-3 in animals: feeding/appetite/weight loss studies
—Several selective BRS-3 agonists and the antagonist, Bantag-1, have been studied in 

animals for their effect on body weight/food intake. Cmp MK-7725, a highly selective, 

potent BRS-3 agonist, which is a chiral benzodiazepine sulfonamide analogue[81] (Table 2), 

caused a dose-dependent decrease in food intake and body weight loss in mice, whereas in 

BRS-3-KO mice it had no effect[81]. A more chronic 12-day study in dogs with Cmp 

MK-7725 showed also robust weight loss with no evidence of tachyphlaxis, which was due 

to a combination of reduction in food intake and increase in metabolic rate[81]. Similarly, in 

wild type mice, the selective BRS-3 agonist, Bag-1[34](Table 2) when given orally(by 

gavage), reduced food intake in dose-dependent manner at 1 and 2 hours, and this was not 

seen in BRS-3-KO mice[34]. With Bag-1 treatment, mice demonstrated an increased 

metabolic rate, which persisted for up to 10 hours, which was not seen in BRS-3-KO 

mice[34]. Mice treated for longer periods of time (4 days) demonstrated significant weight 

loss, with significantly lower fat mass, which was not seen in BRS-KO mice, and Bag-1’s 

effectiveness complemented the changes in energy homeostasis caused by alterations in the 

MCR4 and CB1T pathways[34]. Rats treated for longer periods of time also demonstrated a 

continued decreased in food intake[34]. Wild type mice treated with the potent, selective 

BRS-3 agonist, MK-5046[75,79](Table 2) demonstrated decreases in overnight food intake 

and increased metabolic rats after a single dose, which was not seen in BRS-3-KO mice[75]. 

After MK-5046 dosing for 14 days, wild type, but not BRS-3-KO mice demonstrated a 5% 

decrease in body weight, and this was primarily due to an effect on increased metabolic rate, 

rather than decreased food intake [75]. Similarly in rats and dogs, MK-5046 caused 

significant weight loss, which was accompanied in both species by a transient increase in 

body temperature and heart rate, with also transient increased blood pressure in rats[75]. A 

subsequent study [84] found that BRS-3 regulation of body temperature is via a central 

mechanism, upstream of sympathetic efferents, and that the lower body temperature seen in 

BRS-3-KO mice[116], is due to altered regulation of energy homeostasis affecting the 

centers of body temperature regulation, rather than due to an intrinsic defect in the brown fat 
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tissue of these animals[84]. Other selective BRS-3 agonists have also been examined for 

their effect on food intake/body weight and were generally less effective than the compounds 

reviewed above. This include the substituted biphenyl imidazole compound 22c[83] which 

when dosed intra-cerebroventricularly in rats, reduced food intake by 29%, however it was 

not effective in diet-induced obese mice orally, likely do to low blood levels. Similarly, the 

2-biaryethylimidazole analogue, compound 9[85](Table 2), had limited oral bioavailability 

and a short half-life in mice. However, with oral dosing after a single dose reduced food 

intake was seen in mice and after 14-day dosing body weight reduction was seen in diet-

induced obese mice[85]. Most of the BRS-3 selective agonists discussed above including 

MK-5046 and MK-7725, are brain penetrant[75–77,81]. Because of the possibility that the 

cardiovascular side-effects seen with MK-5046[75,78] could be due to brain penetrance and 

activation of CNS sympathetic cascades, low brain penetrant BRS-3 selective agonists were 

developed(ie.19d,19g, compound 17c,Table 2)[76,77]. A novel chiral diazepine analogue 

with a labile carboxylic ester with antedrug functionality introduced onto the terminal 

position to yield only a peripheral acting compound, compound 17c(Table 2)[76] was 

selected and tested on food intake in B6 mice. In wild type mice but not BRS-3-KO mice, 

compound 17c demonstrated anorectic activity without cardiovascular side-effects.

The specific, potent BRS-3 receptor antagonist, Bantag-1 (Table 2)[34], when given to rats 

for 12 days, increased food intake 12% over controls and caused a progressive increase in 

body weight gain which reached a 38% increase by 12 days[34]. This increase in body 

weight by Bantag-1 was due to an increase in adipose mass, and thus the BRS-3 antagonist 

reproduced the phenotype seen in BRS-3-KO mice[34]. Because Bantag-1 is a specific 

BRS-3 receptor agonist, this increase in body weight suggests that it is inhibiting an 

endogenous unknown natural agonist, which as yet is unidentified.

3.3.2 In vivo studies on BRS-3 in humans—Only one study[78] has been performed 

using a BRS-3 selective agonist in humans. This was pharmacokinetic and pharmodynamic 

study of the potent, selective BRS-3 agonist, MK-5046[78](Table 2) in healthy(n=17) and 

obese(n=9) male volunteers performed in a double-blind, randomized, placebo-controlled 

manner. Plasma MK-5046 AUC0-∞ and Cmax increased dose proportionately over the 

MK-5046, oral dose range studied (10–160 mg) with a terminal half-life of 1.5–3.5hrs. 

Single doses transiently increased blood pressure and patients reported some adverse events 

including erections, felling hot, cold and/or jittery[78]. No changes in body weight, heart 

rate, hunger/satiety or plasma glucose occurred during this short-term study. It was 

concluded that MK-5046 achieved blood levels that are projected to activate BRS-3 and 

therefore could be suitable for human studies[78].

3.43. Other Studies on BRS-3 in humans—In humans, studies have been performed 

to identify genetic alterations in genes encoding BnR’s and their potential association to 

specific diseases. Specifically, sequencing of the three exons of BRS-3 in104 Japanese obese 

men did not detect any mutations or polymorphisms[117]. These results are in contrast to 

findings with another mammalian BnR gene, the NMBR gene. Two SNPs-rs1414839 y 

rs967790-in the gene encoding the NMBR have been associated with higher weight loss in 

patients undergoing Roux-en-Y gastric bypass surgery[118]. Furthermore, a rs3809508 
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polymorphism of the gene encoding the peptide NMB, as well as other mutations in the 

NMB gene, is associated with increased risk of obesity[119–121].

Lower than normal levels of BRS-3 mRNA/protein were detected in skeletal muscle from 

obese or patients with type 2 diabetes mellitus (T2D)(Table 3)[59,64]. Furthermore, in 

patients simultaneously diagnosed with obesity and type 2 diabetes, much lower BRS-3 

mRNA levels in skeletal muscle are found, than that previously observed in patients affected 

by either T2D or obesity, which suggest a potential synergy in the negative impact of these 

two conditions on BRS—receptor expression[63]. In skeletal muscle myocytes from 

normals, patients with obesity or with type 2 diabetes mellitus, BRS-3-receptor activation 

results in stimulation of glucose transport, MAP kinase, p90SRSKI, protein kinase B, PI3K, 

p70s6 kinase, glycogen synthetase α activity and glycogen synthesis[59,63,64]. In addition 

the myocytes from patients with the two altered metabolic states alone or together, had 

increased sensitivity to BRS-3 stimulated glucose uptake and these intracellular cascades 

(Table 3) [59,63,64]. At present it is unclear whether these changes are related to insulin 

resistance that is commonly seen in these metabolic states, or what part, if any, it plays in the 

pathogenesis of these metabolic states. Nevertheless, these alterations, combined with the 

prominent effect of BRS-3 on energy/glucose homeostasis, insulin secretion and 

metabolism, all support an important role for the BRS-3-receptor in obesity and diabetes 

mellitus.

4. Conclusions

Similar to the two well-established bombesin receptors (BnR)[GRPR and NMBR], recent 

evidence strongly supports a role for the Bn-related orphan receptor, BRS-3 in effecting 

feeding behavior, as well as, even a wider range of physiological and pathological functions 

effecting energy and glucose homeostasis, metabolic rate and insulin regulation (Table 3). 

Each of these areas is reviewed in detail above, and supports the unique role of BRS-3 in 

energy and glucose homeostasis both in its peripheral and central actions. In animal models, 

the lack of the BRS-3 gene unleashes a cascade of hormone dysregulation, which are now 

being defined, which lead to obesity, diabetes, hypertension and various metabolic 

abnormalities. The increased understanding of the cellular signaling cascades involved in 

mediating BRS-3’s actions, as well as, increased insights into the mechanisms invoked, 

coupled with the development of BRS-3 selective agonists and antagonists, which have 

effects on appetite control as well as body weight, and glucose homeostasis, raises the 

increased possibility of pharmacological manipulation of BRS-3 activity, as a potential novel 

approach to the treatment of both body weight disorders much as obesity, as well as type 2 

diabetes.

5. Expert Opinion

Both obesity and diabetes mellitus are serious medical conditions that are major global 

health issues worldwide. It is estimated that 30% of the adult US population has prediabetes 

mellitus with impaired fasting glucose levels or impaired glucose tolerance and that 13% has 

type 2 diabetes mellitus (T2D)[122]. In 2014, the International Diabetes Federation 

estimated 387 million people worldwide have diabetes mellitus, and by 2035 this number 
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will rise to 592 million[123]. T2D, characterized by insulin resistance and relative deficiency 

of insulin, accounts for 90% of all cases of diabetes[124]. This increased occurrence of T2D 

both in the United States and worldwide, is primarily driven by rapidly increasing 

occurrence of obesity, which has almost reached epidemic proportions[125]. Obesity rates 

for children have tripled in the United States and rates for adults have doubled over the last 

thirty years, with the result that greater that two-thirds of adults are now considered obese or 

overweight[124]. Obesity is a multi-system disorder, which is associated with increased 

occurrence of diabetes mellitus, cancer, coronary heart disease and a number of other 

complications, which result in an increased mortality [124]. At present there is only limited 

pharmacological success at treating obesity, with the most effective therapies, being bariatric 

surgical procedures [126–128]. Pharmacological therapies that could treat both obesity and 

diabetes mellitus would be particularly desirable. Although glucagon-like peptides, which 

are widely used to treat the T2D[129,130], and also, have beneficial effects on body 

weight[131], there is still a great need for additional therapies with combined treatment of 

these two major health disorders.

As reviewed in this manuscript, possible pharmacological manipulation of the activity of the 

BRS-3-receptor is a very attractive target that could fulfill this requirement of an effect on 

both obesity and diabetes mellitus, because of it central role in both glucose and energy 

homeostasis, as well as its important role in effects on metabolic rate and insulin secretion 

(Table 3). The clearest insight into the physiological and pathophysiological effects of 

altered BRS-3 activity, are best shown in the original study of BRS-3-KO-mice[12], and 

subsequently collaborated in number of more recent studies(Table 3). These studies 

consistently demonstrate that the BRS-3-KO-mice become obese, develop mild hypertension 

and demonstrate impaired glucose metabolism, with reduced metabolic rates, increased 

feeding efficiency and hyperphagia. In the BRS-3-KO-mice the hyperphagia that develops, 

occurs despite the presence of hyperinsulinemia and hyperleptinemia at 23 weeks[12] 

suggesting that peripheral hormonal signals related to appetite may be improperly relayed to 

the brain[106]. These animals have both insulin and leptin resistance[106]. It has been 

suggested[106] that these results in BRS-3-KO animals are in part, because the targeted 

BRS-3 deletion upsets the mechanism by which leptin decreases the central MCH-R, 

resulting in MCH-R overexpression in the hypothalamus of the mutant mice. In BRS-3-KO-

mice, the overall findings were so similar to the human conditions that they lead the authors 

of the initial study[12] to suggest, BRS-3-KO-mice could be a new model to study human 

obesity and associated diseases, such as diabetes. That these changes were indeed due to the 

loss of the BRS-3 receptor and not some other mechanism, are supported by recent studies 

using the BRS-3 receptor antagonist which reproduced and number of these findings, as well 

as numerous studies using potent, selective BRS-3 agonists, which have the opposite 

effects[34,75,83,85].

Subsequent studies reviewed above have strongly supported the importance of BRS-3 in 

energy balance, glucose homeostasis, regulation of feeding, as well as a number of other 

processes that can affect these, such as alterations of various behaviors (Table 3). These 

results as well as the encouraging results with the use of BRS-3 agonists, in numerous 

animals including mice, rats and dogs (Table 3)[34,75,83,85] all attest to the prominent role 

of the BRS-3 receptor in energy and glucose homeostasis and support the approach of using 
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it as therapeutic target for each of these disorders. One area of prominent concern is the side 

effect of BRS-3 activation on the cardiovascular system[75,78,84]. Specifically, MK-5046, 

the best-studied BRS-3 agonist in vivo, demonstrated transient cardiovascular effects in both 

human and mice consisting of increased heart rate and increased blood pressure[75,78,84]. 

With continued treatment this was not seen. This side effect because of possible safety 

concerns is an important issue that needs to be better studied. Is it due to the CNS penetrant 

properties of MK-5046 and the activation of sympathetic nervous system neurons centrally? 

If this is circumvented, by peripheral acting agents, is the BRS-3 agonist still as effective at 

causing weight loss? This is an important issue because many of the BRS-3 agonists 

increase metabolic rate (Table 3) and in some studies, this is the most prominent effect 

contributing to the weight loss Table 3). The recent development of peripherally acting 

BRS-3 agonists without CNS penetration(compounds 9D,G,cmpd 17c, Table 2, Fig. 1)

[76,77], and the demonstration that one of these, compound 17c, (Fig. 1, Table 2) can cause 

weight loss in animals[76], suggests that the peripheral action of BRS-3 may also be 

therapeutic, without a central component. One would expect that the peripheral effects on 

glucose and insulin homeostasis seen with the central acting BRS-3 agonists (Table 3), 

would also be seen with the peripheral acting agonists, but as, of now, this has not been 

studied. Also at present it is not apparent whether the transient cardiovascular changes with 

BRS-3 activation by central penetrant formulations will not be a major determinate to their 

possible use. It is also unknown whether the central activity is essential for potent effects on 

glucose/energy metabolism, or whether equal potency is seen with the peripheral BRS-3 

acting formulations. In conclusion the above results suggest that the use of BRS-3 agonists 

could be a promising novel area to further explore for the treatment of obesity and/or 

diabetes.
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Article Highlights

• BRS-3 remains an orphan, G-protein receptor, but it is included in the 

bombesin receptor family because of its close homology to other mammalian 

members of this family

• Studies of BRS-3 function using pharmacological approaches, molecular 

receptor deletion and in vivo studies have confirmed BRS-3’s important role 

in energy and glucose homeostasis.

• BRS-3 is widely expressed in both the central nervous system (particularly 

the hypothalamic nuclei) and in peripheral tissues including the pancreatic 

islets of dog, mice, rhesus and human (not rat)

• Deletion of BRS-3 results in animals, which are obese, demonstrate impaired 

glucose metabolism, with reduced metabolic rates, increased feeding 

efficiency, hyperphagia, mild hypertension, a number of metabolic 

abnormalities (hyperinsulinemia, hyperleptinemia, decreased growth hormone 

secretion, lower oxygen consumption), and a number of behavior changes. 

BRS-3 receptor antagonists reproduce a number of these effects in wild-type 

mice.

• Development of potent, nonpeptide selective BRS-3 agonists has allowed 

animal and human studies to be performed. These show promise with weight 

loss, decreased feeding, stimulation of insulin release and effects on glucose 

homeostasis. However, transient cardiovascular side-effects are seen with 

central acting formulations, but may be absent in peripheral-acting 

formulations.

González et al. Page 23

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Structures of selective BRS-3 agonists and antagonists
Chemical composition and references are listed in Table legends 1 and 2.
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Table 1

Comparison of characteristics of human BRS-3 to other human bombesin (Bn) receptors

Variable Human bombesin(Bn) receptor subtype

IUPHAR Code BB3 BB1 BB2

Other Names Bn receptor subtype 3, BRS-3 NMB preferring receptor
NMBR

GRP preferring receptor
GRPR

Gene location(Chr) Xq25 6p21 Xp22

Structural information 399 aa 390 aa 384 aa

Natural ligands Unknown NMB>GRP GRP>NMB

Nonselective agonists [DPhe6,βAla11,Phe13] Bn (6–14) DPhe6,βAla11,Phe13] Bn (6–
14)
Bn, litorin, ranatensin, 
alytesin

DPhe6,βAla11,Phe13] Bn (6–14)
Bn, litorin, ranatensin, alytesin

Selective agonists

Low affinity all natural Bn’s
MK5046
Chiral diazepines 9f,9g,17c [D-Tyr6, 
Apa-4Cl11, Phe13, Nle14] Bn 6–14

NMB, NMB30 GRP

Selective antagonists Bantag-1 PD 168368 Ac-GRP20–26 methylester,[D-
Phe6,Cpa14, ψ13–14]Bn6–14, 
JMV641, JMV594, 
BW2258U89

Principal transduction PLC activation, Tyr kinase cascades PLC, Tyr kinase cascades PLC, Tyr kinase cascades

Principal Receptor location CNS (restricted)(Hi-hypothalamus), 
testis, pancreatic islets, GI tract
Some tumors

CNS (Hi olfactory bulb), GI 
and urogenital tract, testis, 
some tumors

CNS (hi-hypothalamus, 
amygdala), GI and urogenital 
tract, pancreas, respiratory tract, 
many tumors

Tissue functions glucose/insulin regulation energy 
homeostasis, satiety; lung development 
and response to injury: in, cells of Cajal 
proposed involved GI motility, some 
tumor growth

CNS (regulate TSH release, 
satiety), GI tract (motility); 
regulate stress responses, 
tumor growth-autocrine 
growth factor.;

CNS (satiety, thermoregulation, 
regulate circadian rhythm,); 
regulate secretions [pancreas, 
gastric acid, islets]). GI tract 
(hormone release, motility), 
immunologic (chemo-attractant, 
lymphocyte function); fetal 
development (lung), tumor 
growth-autocrine growth factor. 
Mediate pruritis

Data are principally from [8,10,14,25,65,77,79,89,90]

Abbreviations: NMB, neuromedin B; GRP, gastrin-releasing peptide; PLC-phospholipase C; Tyr kinase, tyrosine kinase cascades.

Agonist/Antagonist structures: structureMK-5046,(2S)-1,1,1-trifluoro-2-[4-(1H-pyrazol-1-yl)phenyl]-3-(4-[[1-
(trifluoromethyl)cyclopropyl]methyl]-1H-imidazol-2-yl)propan-2-ol[79];9f, [(5R)-4-((3-[(6-methylpyridin-3-yl)oxy]phenyl)acetyl)-8-
(trifluoromethyl)-2,3,4,5-tetrahydro-1H-pyrido[2,3-e][1,4]diazepin-5-yl]acetic acid [77]; 9g, [(5R)-4-([3-(2-methylpropoxy)phenyl]acetyl)-8-
(trifluoromethyl)- 2,3,4,5-tetrahydro-1H-pyrido[2,3-e][1,4]diazepin-5-yl]acetic acid (9g)[77];17c, 2-[(5R)-4-[2-[3-(3-
Methylbutanoyloxy)phenyl]acetyl]-8-(trifluoromethyl)-1,2,3,5-tetrahydropyrido[2,3-e][1,4]diazepin-5-yl]acetic acid [76]; Bantag-1, Boc-Phe-
His-4-amino-5-cyclohexyl-2,4,5-trideoxypentonyl-Leu-(3-dimethylamino) benzylamide N-methylammonium trifluoroacetate [31,34]; PD168368, 
(3-(1H-indol-3-yl)-2-methyl-2-[3(4-nitro-phenyl)- ureido]-N-(1-pyridin-2-yl-cyclohexylmethyl)-propionamide) [27,99,132]. Alytesin, pGlu-Gln-
Arg-Leu-Gly-Thr-Gln-Trp-Ala-Val-Gly-His-Phe-Met-NH2 ; Bn, pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Phe-Met-NH2 ; GRP, 

Ala-Pro-Val-Ser-Val-Gly-Gly-Gly-Thr-Val-Leu-Ala-Lys-Met-Tyr-Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2 ;Litorin, pGlu- Gln-
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Trp-Ala-Val-Gly-His-Phe-Met-NH2 ; NMB, Gly-Asn-Leu-Trp-Ala-Thr-Gly-His-Phe-Met-NH2; ; Ranatensin, pGlu-Val-Pro-Gln-Trp-Ala-Val-

Gly-His-Phe-Met-NH2 ; pGlu denotes pyroglutamate
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Table 3

Summary of the physiological, pathophysiological effects of BRS-3.

A. Changes in BRS-3-KO-mice:
Develop obesity[5,12,84,100,101,103,106,110]
Hypertension (systolic and diastolic)[12]
Glucose intolerance/hyperglycemia[12,100]
Increased feeding efficiency[12]
Hyperphagia[12,84,100,101,103,110]
Hyperinsulinemia[12,100,101,106]
Plasma Total cholesterol and triglycerides are increased[100]
Decreased growth hormone secretion[12]
Abnormal OGTT with higher insulin and glucose[12,100]
In basal state mutant mice have lower oxygen consumption and lower metabolic rate[12,84,103]
Hyperleptinemia suggesting leptin sensitivity is reduced in mutant mice[12,101]
Hyperresponsiveness to palatable and aversive taste stimuli[5,111]
Decreased social behavior[5,103,104]
Mutant mice show reduced anxiety, non-aggressive social behavior, increased risk assessment[5,104]
Mutant mice have enhanced hyperphagia response to melanin-concentrating hormone(MCH)[106]
Level of MCH-R and prepro-MCH mRNAs elevated in hypothalamus[106]
Develop both leptin resistance and insulin resistance[106]
The anorexigenic peptide, CART had greater effect in mutant mice[106]
Body temperature of mutant mice slightly lower[84,106,116]
Mutant mice weight gain(36 wks) accompanied by gain in subcut and epididmyl fat, and brown fat[101]
The gene, Urb(upregulated in BRS-3-deficient mice) in brown adipose tissue was 4-fold higher in BRS-3 mutant mice and was also increased in 
brain, digestive tissues, kidney and lung[105]

B. Energy homeostasis: important areas of no change in BRS-3-KO-mice:
Brown-fat thermogenesis was not unchanged from control animals[12]
No change in physical activity of mutant mice[12]
Feeding response to bombesin similar in wild type and mutant mice[5,106]
No different in mutant and wild type mice in cumulative food intakes after administration of neuropeptide Y, orexins, and agouti-related 
protein(AGRP)[106]
No different in mutant and wild type mice in inhibition of cumulative food intakes after α MSH[106]
Body temperature of mutant mice decreased with Bn administration in a similar fashion[106]
Mutant mice had similar sensitivity to sibutramine, a cmpd commonly used for human obesity[100,110]
No difference in corticosterone levels between wild type and mutant mice[101]
No difference in the sensitivity to an inhibitory dose of CCK on intake in mutant mice[101]

C. Other important functions of BRS-3 related to energy/glucose homeostasis
BRS-3 pathway contributes to the regulation of plasma insulin concentrations[100]
BRS-3 antagonist, Bantag-1, increases food intake and body weight in wild type mice[34] and BRS-3 agonists decrease both and increase 
metabolic rate[34,75,79,83,86]
BRS-3 agonist’s decreased body weight in NPY-1-,,AGRP-1-,,MCR-1-,Cnr1-1-, Leprdb/db mice[34]
BRS-3 found in human, mice, rhesus, dog islets(not rat) and β-cell lines; silencing BRS-3 decreases glucose stimulated insulin secretion, but 
had no effect on GLP-1 stimulated insulin release[31].
BRS-3 agonists augment insulin release from human isolated islets[31]
BRS-3 agonists reduced glucose levels during OGTT in mice[31]
With chronic dosing in wild type mice the BRS-3 agonist, MK-5046-inducd weight loss was mediated primarily by increased metabolic rate 
rather than decreased food intake[75]
BRS-3 agonist, MK-5046 also increases body temperature, heart rate, blood pressure[75,78,84]
Skeletal muscle myocytes express BRS-3, which is BRS-3, is underexpressed in human myocytes from patients with diabetes, obesity or 
both[59,63,64]
Skeletal muscle myocytes showed increased sensitivity to activation BRS-3(increased for glucose transport, MAPK, p90RSK,PKB,p70s6K ) 
from patients with diabetes, obesity or both[59,63,64]
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