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The beta-3 adrenergic receptor (B3-AR) is by far the least studied isotype of the beta-adrenergic sub-family.
Despite its study being long hampered by the lack of suitable animal and cellular models and inter-species
differences, a substantial body of literature on the subject has built up in the last three decades and the physiology
of B3-AR is unraveling quickly. As will become evident in this work, B3-AR is emerging as an appealing target for
novel pharmacological approaches in several clinical areas involving metabolic, cardiovascular, urinary, and ocular
disease.

beta-3 adrenergic receptor therapeutic target gene

| 1. Gene and Protein

The gene encoding B3-AR has been identified in several species such as rat [2, mouse [, bovine, sheep, goat &,
and dog ¥l In humans, the gene is localized on chromosome 8 and shares a 51% and 46% identity with ;- and
B>-AR amino-acid sequences, respectively. This is mostly limited to the transmembrane domains and membrane-
proximal regions of the intracellular loops, parts of the receptor respectively involved in ligand binding and G-
protein interactions B8l The mouse and human B3-AR are 81% identical, with the highest homology in the
transmembrane domains (94%), and the lowest in the C-terminal tail and third intracellular loop. Consistently, their
C-terminal regions differ in sequence and length, ranging from 6 (human) to 12 (mouse and rat) additional
residues. B3-AR gene also contains introns. The number of exons/introns of the human and rodent genes differs
and can be summarized as follows: the human [3-AR gene is composed of two exons and a single intron while in
mouse, there are three exons and two introns . In both species, exon 1 spans the 5' untranslated region and the
major part of the coding block; however, in humans, exon 2 only contains 19 bp of the coding region (last 6 aa of
the C-terminus) and the 3‘ untranslated region; in mouse it contains 37 coding nucleotides and 31 bp of 3
untranslated region, the remainder of which is carried by exon 3 [, Despite intron presence, no spliced variants

have been described for the human B5-AR gene, whereas two have been characterized in the mouse [El21129]

Bs-AR gene encodes a single 408—amino acid residue—long peptide chain that, together with ;- and (,-AR,
belongs to the G-protein coupled receptor (GPCR) family characterized by seven transmembrane (TM) domains,
with three intracellular and three extracellular loops. The N-terminal region of Bz-AR is extracellular and
glycosylated, whereas the C-terminus is intracellular. Unlike in 31- and B,-AR, it lacks sites for phosphorylation by
protein kinase A (PKA) and [-adrenoceptor kinase (BARK) thereby making [3-AR relatively resistant to
desensitization B2 Among others, this feature contributed in making Bs-AR an interesting therapeutic target

that would potentially be suitable for chronic treatments. From a molecular point of view, desensitization of 3-AR
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might not be mediated by internalization/degradation of the receptor, as for B;-AR 22! but rather by downregulation
of downstream components of the signaling pathway 14 or even mRNA regulation (reviewed in 12). However,
caution must be used when evaluating the data present in literature as results were not always consistent
(reviewed in [1—2]). Transmembrane domains TM3, TM4, TM5, and TM6 are essential for ligand binding, whereas
TM2 and TM7 are involved in Gas activation 3. The disulphide bond between extracellular loops 2 and 3 is also
essential for ligand binding and activity of the receptor. The Cys361 residue in the fourth intracellular loop is
palmitoylated. Palmitoylation has been shown to mediate adenylyl cyclase stimulation by the agonist bound
receptor, possibly by promoting the insertion of several adjacent residues into the membrane and thus forming an

additional intracellular loop, resulting in an active conformation for G-protein coupling (18],

| 2. B3-AR as Therapeutic Target

Since its discovery in the late 1980s, B3-AR has been detected in several human tissues such as myocardium,
retina, myometrium, adipose tissue, gallbladder, brain, urinary bladder, and blood vessels. Its expression has been
recorded both at the mRNA and protein levels, and its activation involves a variety of cellular pathways. A recent
comprehensive quantitative analysis of the human transcriptome reported [3-AR expression to be far more
restricted than previously hypothesized L4; however, significant findings continue to be published. In the following
sections, major tissues in which B3-AR expression has been studied so far, their associated signaling pathways

and clinical implications in humans will be discussed. Figure 1 summarize the data reported in this section.
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Figure 1. Graphic summary of B3-AR localization. Pathways that have been studied and reported in human

tissue/cell lines are in yellow boxes. Pathways studied in mouse but not yet found in humans are in blue boxes.
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*Alternative cAMP-independent pathway. Trp, tryptophan; 5-HT, 5-hydroxytryptamine; MAPK, mitogen-activated

protein kinase; MMPs, metalloproteinases, PKG, protein kinase G; NO, nitric oxide; PKA, protein kinase A.

2.1. Urinary System

B3-AR has been localized in kidneys (28 and in the lower urinary tract 19 including ureters 29, urethra [2, prostate
(221 and bladder 28 where it appears to be the predominant subtype 241 although this idea was recently challenged

in a wide transcriptomics analysis across several human tissues 171,

The presence of an atypical B-receptor in human detrusor was first suggested in the 1970s 23261 gnd was
confirmed by evidence that muscle relaxation in pre-contracted samples could not be evoked by stimulation with
B1- and B,-AR agonists but only with B3-AR agonists such as BRL37344A. Consistently, 33-AR antagonists
SR58894A and L748337 both induced a rightward shift in the concentration—relaxation curve of isoproterenol-
treated detrusor muscle preparations 271281 The presence of B3-AR transcript was first reported in human detrusor
smooth muscle cells (28 while the protein was found later on in the detrusor and urothelium 23], Determination of
the relative abundance of each one of the three 3-AR in the bladder muscle by quantitative analysis revealed [35-
AR mRNA to be the most represented (97%) against 1.5% and 1.4% of B;- and B,-AR respectively 24, However,
the physiological significance of this result is limited as the tissue mRNA concentration does not necessarily

correlate with the protein level.

As for the B3-AR signaling pathway in the bladder, several different and not always consistent hypotheses have
been offered. Beta adrenergic signaling often relies on the cAMP/PKA pathway 2Bl gand cAMP is a key player
in smooth muscle relaxation, however the extent of its involvement in this process is still a matter of debate.
Stimulation of non-contracted muscle strips with the B3-AR agonist FR165101 have been shown to induce a
concentration dependent decrease in muscle basal tension and an increase in the cAMP levels. Furthermore, pre-
incubation with adenylate cyclase inhibitor SQ22536 markedly suppressed both of these effects [22. However, Maki
et al. recently reported a milder effect of SQ22536 on human and pig pre-contracted detrusor strips treated with
mirabegron supporting the hypothesis of a cAMP-independent mechanism, potentially via activation of myosin light
chain phosphatase [2l. Along the same line, Frazier et al. previously showed that only Rp-cAMPS, among other
PKA inhibitors had a small significant effect on isoproterenol responses against passive tension on non-contracted
rat bladder strips, not supporting a major role for cAMP and/or PKA in 3-AR-mediated bladder relaxation. They
hypothesized an alternate signaling pathway involving a direct interaction of 3-AR, or its linked Gs, with a different
partner such as the large conductance Ca?* activated K* channel (BKCa) [24l. Both Uchida and Frazier showed
that BKCa selective block had a negative effect on isoproterenol-stimulated pre-contracted rat bladder strips. In
conclusion, these studies support a potential, and somewhat partial role, for cAMP/PKA pathway in -adrenergic-
mediated relaxation from passive tension of rat detrusor muscle; at the same time, they hypothesize a cAMP-
independent mechanism involving BKCa channels in B-adrenergic modulation of smooth muscle active tone in the
urinary bladder. Thus, the contribution of the two mechanisms seems to be dependent on the condition of the
detrusor muscle. Additionally, D’Agostino et al. used electrical field stimulation (EFS) to show that B3-AR activation

strikingly inhibits EFS-evoked contraction and acetylcholine (Ach) release from cholinergic nerves in a
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concentration-dependent manner in human detrusor bladder strips 22l The fact that BKCa channel activation at
prejunctional sites has a hyperpolarizing effect on parasympathetic nerve terminals 28! and that they are potentially
involved in B3-AR signaling 22341 might explain how Bs-AR stimulation reduces neurotransmitter release. B3-AR
modulation of ACh release is also supported by a recent immunohistochemistry study showing B3-AR expression
on the detrusor cholinergic fibers in close proximity to sympathetic bundles innervating the human bladder. This

arrangement is physiologically logical, as adrenergic fibers can release noradrenalin necessary to activate 3-AR
[37]

Scarce and controversial information regarding B3-AR presence in the kidney has been reported up to date, with
some publications describing functional and transcriptional evidence (281391401 while some others fail to report its
presence at all 17, Recently, we provided evidence regarding the localization of B3-AR to the vasopressin-sensitive
segments of the mouse nephron. The agonist BRL37344 was used on freshly isolated kidney tubules and slices
from wt and B3-AR knock out (KO) mice to demonstrate 3-AR coupling to Gs/adenylyl cyclase and its positive
effects on key water and solute transporters, such as Aquaporin 2 (AQP2) and Na-K-2Cl (NKCC2). All effects
reported were blocked upon pre-incubation with the antagonist L748337 or PKA inhibitor H89, suggesting a
potential activation of the cAMP/PKA axis. Ex vivo findings are strengthened by in vivo data, showing that KO mice
for B3-AR are mildly polyuric and highlighting a role for 33-AR in renal homeostasis. Interestingly, administration of
BRL37344 to a mouse model of X-linked nephrogenic diabetes insipidus (NDI), known to be heavily polyuric,
completely reverted the phenotype within 1 h from injection 28], In light of these findings, it is tempting to speculate
on the use of B3-AR as therapeutic target in conditions where water-solute homeostasis and/or vasopressin

signaling are impaired (see Section 6).

B3-AR are also present in the lower urinary tract where they undergo pathophysiological changes in expression
upon the initiation of lower urinary tract symptoms due to ureteral stenosis 29, chronic kidney disease, end stage
renal disease, or certain carcinomas 44, The Bs-AR agonist mirabegron for the oral pharmacotherapy of patients
affected by overactive bladder syndrome (OAB) is currently the most promising agent in over 30 years. This drug
has been extensively studied, with a good number of Phase Il and Phase lll trials all over the world, exhibiting a
good balance between efficacy and tolerability in all of them 2. |t was licensed for the treatment of OAB and
approved for use in Japan in 2011 (Betanis), USA and Canada in 2012 (Myrbetriq), and Europe in 2013 (Betmiga).
Safety and tolerability of mirabegron in the treatment of OAB have been extensively reviewed by Michel et al. 3],
Several repurposing studies are currently exploring potential uses for mirabegron in the treatment of heart and
metabolic conditions. Other molecules have made it to Phase Il clinical trials: ritobegron however appears to have
been discontinued (Clinicaltrials.gov, NCT01003405) while the new potent and selective 33-AR agonist, vibegron,

has recently passed the later stages 24! and has been approved in Japan for the treatment of OAB 42!,

2.2. Adipose Tissue

B3-AR is abundantly expressed in rodent white (WAT) and brown (BAT) adipose tissue where it mediates lipolysis
and thermogenesis 248l |n humans, B3-AR mMRNA levels appeared to be much lower in these tissues. The

transcript was mainly identified in infant peri-renal BAT and in various deposits of WAT in the adults 47 while its
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presence at the protein level was published later through the use of a monoclonal antibody directed against the
human receptor 48149 Of note, one of the greatest obstacles in the study of B3-AR role and function in humans is
represented by the little presence of BAT in adults; however, studies in the last decade are overturning these
findings, showing proof for a metabolic role of BAT in healthy adults BB, Similarly, to rodents, selective activation

of B3-AR stimulates lipolysis in human isolated white adipocytes (221531,

A major trigger of both lipolysis and thermogenesis is the sympathetic nervous system. From a molecular point of
view, noradrenaline (NA) released by sympathetic nerve endings binds to 33-AR, which couples to the a-subunit of
Gs-proteins and triggers the activation of the cAMP-PKA axis. Final targets of this cascade include lipid droplet
proteins, like hormone-sensitive lipase (HSL) and perilipin, that start the lipolytic process in white adipocytes.
However, B3-AR signaling in adipocytes is promiscuous in that HSL activation can also be triggered by B3-AR
coupling to Gi and consequent initiation of the ERK1/2 MAP kinase cascade 2433l The net result is the release of
free fatty acids (FFAs) derived from the hydrolysis of triglycerides stored in the lipid droplet. In brown adipocytes
FFAs activate Uncoupling-Protein 1 (UCP1) in the mitochondria, triggering thermogenesis. Of note, (B3-AR
activation can also lead to lipolysis by increasing the transcription/expression of the inducible nitric oxide synthase

(iNOS) and thus nitric oxide levels in a PKA-dependent fashion 28],

B3-AR activation was recently found to be involved in the generation of hyperthermia arising from WAT, instead of
the more classically thermogenic BAT, with simultaneous WAT remodeling and increased beiging in mice with
impairment in triglyceride storage capabiliies B4, B;-AR KO mice also showed impaired cold-induced
thermogenesis with a reduction in white adipocyte beiging 8. This is consistent with recent findings that Bs-AR
activation induces trans-differentiation of mature white adipocytes but that cold-induced beiging occurs via [3;-AR
B9 In contrast, others argued that B3-AR is dispensable for thermogenesis, showing that adaptive response to cold

is not affected in KO mice 89,

Regardless of these effects, B3-AR KO mice lack a major phenotype, with only moderate fat accumulation in
females vs. males and no altered adipose-related functional response to B-agonists . KO mice also show a
compensatory over-expression of 31-AR in WAT and BAT and they are able to survive cold exposure through ;-
AR mediated thermogenesis and UCP1 increase 8162 More recent findings, however, reported that Bz-AR KO
mice generated on the same background show an increased susceptibility to high fat diet, developing more severe
obesity with white adipocyte hypertrophy and inflammation in comparison to wild type mice 3. Consistently, Hong
at al showed that the ERK-B3-AR axis is a key player in obesity-driven increases in lipolysis and that administration
of MEK inhibitors is efficient in blunting both in vivo lipolysis in diet-induced obese mice and ex vivo lipolysis

induced by B3-AR agonist treatment on human and murine WAT explants [64],

Lipid and carbohydrate metabolism are influenced by 33-AR agonists with normalizing effects on hyperinsulinemia,
increases in resting energy expenditure (REE) and decreases in circulating FFAs, fat/non-fat mass ratio and body
weight gain in rats or in obese mice 381671 |n humans, B3-AR expression level is reduced in obese patients 49,

These observations raised interest in the development of compounds for the treatment of obesity and type 2
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diabetes [€8l69 pyt clinical studies 91 were disappointing due to poor selectivity of the drugs for the human -

AR and different contributions of white and brown adipocytes in rodents and humans 2],

No agonist has yet progressed beyond phase Il clinical trials. It is unclear whether this is because of the lack of
compounds with suitable drug properties (e.g., oral bioavailability), because of a lesser role for 3-AR in modulating
adipogenesis in humans than in rodents or due to the little presence of BAT in adults, although this concept has
been challenged in the last decade BUBRL, However, there is still active speculation in regard to B3-AR as a target
for metabolic conditions. A short review by Jonathan Arch. discusses this long-standing issue, proposing some
alternatives like combined administration of 33-AR agonists and other compounds aimed at increasing BAT amount
in patients 23l A recent study investigated the repurposing of mirabegron, determining its ability to stimulate BAT
activity and REE in healthy subjects /4. Despite study limitations of size and gender, these findings show that
administration of supra-therapeutic doses of mirabegron leads to an increase in REE via cardiovascular stimulation
and BAT activation but also causes unwanted cardiovascular effects, likely due to B;1-AR off-target binding. Finally,
even in cases where weight reduction is not achieved, B3-AR stimulation could generally exert positive metabolic
effects 4], This study might contribute to the re-opening of a debate about B3-AR role as a possible candidate for
the treatment of obesity and metabolic diseases, highlighting the necessity for the development of more subtype-

selective agonists so as to limit side effects to a minimum.

Along the same line and based on all these pre-clinical and clinical considerations, new beta-phenylethylamine
compounds were recently synthetized and tested in rats with alloxan-induced type Il diabetes. All of these
compounds markedly decreased levels of total cholesterol, LDL cholesterol, and triglycerides and increased the
values of antiatherogenic HDL cholesterol. Moreover, the effects were significantly more intense than the reference
substance BRL37344 73l In light of these considerations it appears that, although theoretically appealing, the
amount of data that is currently available is not enough for 33-AR agonists to proceed into a clinical stage and more

insights into the receptor physiology are ultimately needed for this purpose.
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