Received: 17 February 2021

Revised: 29 September 2021

Accepted: 15 December 2021

DOI: 10.1002/med.21874

REVIEW ARTICLE

Medicinal Research Reviews WILEY

B3-Adrenoceptor, a novel playerin the round-trip
from neonatal diseases to cancer: Suggestive

clues from embryo

Luca Filippit ® |
Paola Bagnoli® |

1Department of Clinical and Experimental
Medicine, Neonatology and Neonatal Intensive
Care Unit, University of Pisa, Pisa, Italy

2Department of Experimental and Clinical
Medicine, University of Florence, Florence, Italy

3Department of Biology, Unit of General
Physiology, University of Pisa, Pisa, Italy

Correspondence

Luca Filippi, Department of Clinical and
Experimental Medicine, Neonatology and
Neonatal Intensive Care Unit, University of
Pisa, Italy, Via Roma 67, 56126 Pisa, Italy.
Email: luca.filippi@unipi.it

Funding information

Meyer Foundation, A. Meyer Children's
University Hospital, Florence, Italy; Ente
Cassa di Risparmio di Firenze, Italy; Italian
Ministry of Health, Grant/Award Number:
RF-2011-02351158

Alessandro Pini? |

Maurizio Cammalleri® |

Massimo Dal Monte®

Abstract

The role of the B-adrenoceptors (B-ARs) in hypoxia-driven
diseases has gained visibility after the demonstration that
propranolol promotes the regression of infantile hemangio-
mas and ameliorates the signs of retinopathy of prematurity
(ROP). Besides the role of B2-ARs, preclinical studies in ROP
have also revealed that B3-ARs are upregulated by hypoxia
and that they are possibly involved in retinal angiogenesis. In
a sort of figurative round trip, peculiarities typical of ROP,
where hypoxia drives retinal neovascularization, have been
then translated to cancer, a disease equally characterized by
hypoxia-driven angiogenesis. In this step, investigating the
role of B3-ARs has taken advantage of the assumption that
cancer growth uses a set of strategies in common with em-
bryo development. The possibility that hypoxic induction of
B3-ARs may represent one of the mechanisms through which
primarily embryo (and then cancer, as an astute imitator)
adapts to grow in an otherwise hostile environment, has

grown evidence. In both cancer and embryo, B3-ARs exert
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induced retinopathy; P-gp, P-glycoprotein; ROP, retinopathy of prematurity; Treg, regulatory T cell; UCP-2, uncoupling protein-2; VEGF, vascular
endothelial growth factor; B-AR, B-adrenoceptor.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.

© 2021 The Authors. Medicinal Research Reviews published by Wiley Periodicals LLC.

Med Res Rev. 2022;42:1179-1201. wileyonlinelibrary.com/journal/med | 1179


http://orcid.org/0000-0001-5310-9147
mailto:luca.filippi@unipi.it

ﬂl—W] | Medicinal Research Reviews FILIPPY e 2

similar functions by exploiting a metabolic shift known as the
Warburg effect, by acquiring resistance against xenobiotics,
and by inducing a local immune tolerance. An additional po-
tential role of B3-AR as a marker of stemness has been sug-
gested by the finding that its antagonism induces cancer cell
differentiation evoking that 33-ARs may help cancer to grow
in a nonhospital environment, a strategy also exploited by
embryos. From cancer, the round trip goes back to neonatal
diseases for which new possible interpretative keys and po-

tential pharmacological perspectives have been suggested.
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1 | INTRODUCTION

The present review is aimed at describing the scientific journey followed by a research group formed by physiol-
ogists and neonatologists who have extensively studied the B-adrenergic system and the specific role of some
B-adrenoceptors (B-ARs), over more than 10 years, in a scenario that crosses different medical disciplines and
globally defined as hypoxia-related. The travel started from the discovery of some biological peculiarities typical of
a neonatal disease, where hypoxia drives retinal neovascularization. Such peculiarities were then translated to the
oncology field, an area apparently very distant from the starting point, but equally characterized by hypoxia-driven
angiogenesis. In this virtual journey, different models were used, although following a “fil rouge” connecting all of
them. Here, we will try to explain why B3-AR, one of the three B-ARs, is, in our opinion, this “fil rouge.” Thanks to
the transition to the cancer model, the functional role of B3-ARs became progressively clearer. 3-ARs appeared to
participate not only in cancer progression but also in cancer stemness and dedifferentiation, which appears as
regression toward cells showing embryonal competences. Progressively, many of the primary mechanisms un-
derlying the B3-AR role found a logical sense if interpreted in light of embryo development. The upregulation of 33-
ARs in a hypoxic environment might represent a characteristic that justifies similar functions in both cancer
progression and embryo growth. However, the demonstration that B3-ARs actively participate in processes es-
sential to embryo well-being has thrown new light on the pathophysiological mechanisms of the main diseases
related to prematurity and new therapeutic perspectives seem to emerge. A journey started from neonatal diseases
and extended to cancer, comes back, like a round-trip, to the starting point.

In recent years, the interest in the role played by the B-adrenergic system in many physiopathological condi-
tions has progressively grown. The fortuitous demonstration that the progression of infantile hemangiomas (IHs)
was effectively counteracted by treatment with propranolol (a nonselective p1- and p2-ARs antagonist),’ paved the
way to uncover the involvement of B2-ARs in neovascular processes mediated by vascular endothelial growth
factor (VEGF). This finding also suggested exploring the role of this receptor in additional neonatal diseases,
characterized by some pathogenetic similarities with IH, such as retinopathy of prematurity (ROP).> The studies
performed in a mouse model of ROP provided important and original contributions, the most intriguing of which
was the characterization of the proangiogenic effect of another B-AR, the B3-AR,®>"” which until then had been

studied in different contexts.® *°
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The involvement of the B-adrenergic system in IH, together with the growing interest around the effect of
stress on cancer progression,’'? prompted numerous research groups to investigate the relationships between
catecholamines and cancer growth and vascularization, and the possible anticancer activity of B-blockers. A con-
siderable amount of clinical and experimental data show 32-AR as the B-AR subtype predominantly involved in
mediating the effects of catecholamines in cancer.*'?13 Nevertheless, on the basis of the results obtained in ROP
investigations, a series of studies were planned to verify the potential involvement of B3-ARs in cancer growth. This
shifting focus actually marked the beginning of the journey, starting from neonatal diseases (IHs and ROP) char-
acterized by hypoxia-induced neovascularization and landing to cancer, an apparently different disease with a
similar sustained vascularization favored by a hypoxic environment.

Although the data available at the beginning of the journey were still scarce and fragmented, the presence of
B3-ARs in different hypoxic scenarios together with their upregulation in response to hypoxia prompted us to
hypothesize that B3-ARs might play a possible common role in different pathologies. But, at the meantime, the
involvement of B3-ARs in promoting embryo competences in cancer cells together with their functional role in germ
cells, in preimplantation embryos, and in the first week of embryogenesis, suggested the idea that the primary
function of B3-ARs would have been to promote embryo proliferation, vascularization, metabolic adaptation, im-
mune tolerance, all functions that are reactivated in cancer through the intervention of B3-ARs. Following this idea,
the attention was focused on the similarities between the mechanisms exploited by cancer to grow in a nonhospital
environment and the strategies adopted by embryos to develop within the maternal womb, which might be
explained, at least in part, by similar functions fulfilled by B3-ARs.

This new awareness regarding the B3-AR role marked the beginning of the return journey. What was dis-
covered in cancer, found a new significance if interpreted in light of embryo protection from a potentially hostile
environment. Many of the apparently harmful functions performed by B3-ARs in cancer appeared to be beneficial
during intrauterine life. Consequently, in line with this thinking, most of the problems related to premature birth
might be possibly attributable to the lack of protective effects of B3-AR during the last weeks of intrauterine life.

This journey, which began in search of possible therapies for neonatal diseases, after stopping in the world of
cancer now is going back to the starting point to exploit new opportunities offered by cancer research in coun-

teracting neonatal diseases.

2 | THE FIRST STEP: FROM IH TO ROP
2.1 | Role of B2-AR

The demonstration that propranolol, a nonselective B-AR antagonist, blocking both B1- and B2-ARs, induces the
regression of a significant percentage of IHs'* derives from the original observation that propranolol, administered
for the cardiac implication to an infant suffering from IH, serendipitously leads to the regression of the he-
mangioma.® Although not completely understood, the therapeutic efficacy of propranolol is probably due to a mix
of actions that includes vasoconstriction, decreased expression of angiogenic factors, mainly VEGF, and apoptosis
of capillary endothelial cells.*”

IHs are the most common pediatric vascular tumors, which start within the first few months of life, show a
phase of endothelial cell proliferation that lasts on 6-18 months and slowly involutes.'® Little is known about the
pathogenesis of IHs, but local hypoxia is considered as a stimulus triggering vascular proliferation, which would
represent a homeostatic response of the hypoxic tissue to the increased production of cytokines such as VEGF;
however, this possibility is presently debated.’” Results obtained with propranolol in children suffering from IHs
and a study demonstrating that the selective B2-AR blocker ICI-118,551 triggers apoptosis in hemangioblastoma
cells '@ indicate that the B adrenergic system, and B2-ARs in particular, are involved in the pathogenetic mechanisms

underlying IHs. In light of these findings, propranolol administration has become the treatment of choice for IHs,
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although its success rate is about 60%-70%,'* suggesting that B1- and p2-ARs are not the only players involved in
triggering the proliferation of endothelial cells.

The antiangiogenic effects of propranolol aroused interest regarding the possible involvement of the
B-adrenergic system in the pathogenesis of additional neonatal diseases characterized by hypoxia-induced angio-
genic processes. In this respect, ROP, a blinding disease affecting premature newborns,*? is similarly characterized
by hypoxia-induced neovascularization that follows a first ischemic phase. The evidence that (i) surgical specimens
of proliferating IHs are characterized by increased levels of hypoxia-inducible factor 1 (HIF-1),°° a transcription
factor responsible for adaptive changes to hypoxia including an increased expression of VEGF, (ii) the notion that
both HIF-1 and VEGF play a main role in ROP?* and (iii) the finding that IHs are associated with the occurrence and
severity of ROP?? points to common pathogenetic mechanisms shared by IHs and ROP.* Therefore, the first step in
the virtual journey from neonatal diseases to cancer was to hypothesize that treatment with propranolol would
efficiently counteract ROP progression. The efficacy of this approach was first demonstrated in the mouse model of
oxygen-induced retinopathy (OIR),® a worldwide model extensively used to mimic ROP. In the OIR model, during
the seventh day of life, newborn pups of the C57BL/6J mouse strain are exposed for 5 days to hyperoxia, which
downregulates the production of proangiogenic factors and promotes a wide vaso-obliteration around the optic
nerve head (hyperoxic or ischemic phase). Then, newborn pups are returned to a normoxic environment for further
5 days. In this period, the avascular retina becomes markedly hypoxic thus promoting the upregulation of proan-
giogenic factors and the induction of severe neovascularization (hypoxic or proliferative phase). This vascular sprout
mimics the tumultuous vascularization observed in human ROP, which can induce retinal tears or detachments.”® In
the OIR model, during the shift from the ischemic to the proliferative phase, an increase in retinal levels of
noradrenaline (NA) was observed,”* indicating overstimulation of the B-adrenergic system and suggesting that B-AR
blockade might counteract hypoxia-associated retinal damage. In this respect, the administration of propranolol,
either systemically or as eye drops, during the hypoxic phase reduced retinal neovascularization by preventing
HIF-1 activation and VEGF upregulation.®>?° In particular, 2% propranolol eye drops provided the retina with an
amount of drug similar to that obtained after its subcutaneous injection at 20 mg/kg, suggesting that topical
application might represent an alternative delivery route, potentially devoid of risks and side effects.”” In addition,
propranolol not only exerted antiangiogenic effects but also counteracted visual dysfunction that characterizes the
OIR model by protecting retinal cells through autophagy stimulation and apoptosis inhibition.? Both antiangiogenic
and neuroprotective effects of propranolol are likely to be mediated by B2-ARs, as its effects were mimicked by the
selective B2-AR antagonist ICl-118,551, but not by the B1-AR antagonist atenolol.?’

On the basis of these preclinical studies, the efficacy and the safety of propranolol were tested in human
preterm infants with ROP. The efficacy of propranolol administered after ROP diagnosis, either systemically per
05?731 or topically by eye drops was demonstrated in a series of clinical trials.*>* In particular, in a study using oral
propranolol, administered with the same posology as in IH-suffering infants, the drug was demonstrated to be
effective in reducing ROP progression but not sufficiently safe,?® although additional studies did not observe any
side effects of propranolol.?’ ** When propranolol was given as eye micro-drops, no safety concerns were raised,
with propranolol that was effective in slowing down ROP progression when administered at 0.2%, but not at
0.1%.°%3 Interestingly, as outlined by two different meta-analyses of randomized controlled trials, the efficacy of

propranolol in reducing the progression of ROP is about 60%,°*°°

an effect comparable to that observed against
IHs.'* Therefore, in ROP as in IHs, the presence of a similar percentage of nonresponders suggests that players
additional to B1- and B2-ARs may be involved in the pathogenesis of both diseases. This hypothesis is strengthened
by the experimental evidence that propranolol failed to counteract retinopathy when the OIR model was set up in
the 129/56 mouse strain,®® a strain with a higher susceptibility to OIR than the C57BL/6J strain.®” A possible
explanation of the different response to propranolol in the two mouse strains may lay in the predominant hypoxia-
induced expression of B3-AR,° the third member of the B-AR family, which might explain the predisposition of the
129/S6 strain to develop more aggressive neovascularization and, therefore, its resistance to f1- and 2-AR

blockade.*®
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2.2 | Putative role of B3-AR

B3-AR is the last B-AR discovered. Although it was clear from its pharmacological profile that the B-AR family
should contain a third member, the existence of B3-AR was accepted only when it was cloned in 1989.%7 B3-AR was
then finally recognized as a member of the B-AR family in 1994.%C Like the other B-ARs, B3-ARs are members of the
G protein-coupled receptor family and share 50% sequence homology with B1-ARs and 40% sequence homology
with B2-ARs, with main differences in the third intracellular loop and C-terminal tail. At variance of B1- and 32-ARs,
33-ARs lack the phosphorylation sites in the third intracellular loop and C-terminal tail, which render 3-ARs quite
resistant to agonist-induced desensitization, a finding that points to 33-ARs as interesting therapeutic targets for
chronic treatments.®

B3-AR expression has been demonstrated in several organs and tissues, and the functional role of B3-ARs
seems to be tissue-dependent. In this respect, the adipose tissue and the cardiovascular system have been of
paramount importance to investigate the role of B3-ARs.**

In rodent adipose tissue, B3-ARs are abundantly expressed,*? while in humans, their expression is much
lower.**"*> In both human and rodent adipocytes, B3-AR activation stimulates lipolysis and thermogenesis,***¢
thus increasing energy expenditure and suggesting B3-AR agonism as a promising approach for treating metabolic
diseases. B3-AR-induced lipolysis is mediated by the inducible form of the nitric oxide synthase (iNOS) and the
consequent increase in the levels of nitric oxide (NO).*’

In the cardiovascular system, the expression of B3-ARs has been evidenced in the second half of the ‘90s, when
their transcripts have been found to be expressed in the human ventricle.”® In the following years, experimental
evidence demonstrates the localization of B3-ARs to heart*” and to endothelial cells of cardiac vessels in which
their expression is upregulated in diseased conditions.”® > From a functional point of view, B3-AR agonism induces
negative inotropic effects in the myocardium and vasodilation of blood vessels.®>* An effect of B3-AR agonism
against the deleterious effects of catecholamine overdrive has also been evidenced as B3-AR stimulation results in

2455 and anti-fibrotic effects in heart ischemia.’® At variance with B1- or the 2-

anti-hypertrophic heart remodeling
AR coupling to adenylate cyclase through Gs proteins in the heart, 3-ARs couple to guanylate cyclase through Gi
proteins.*® In particular, in the human ventricle, negative inotropic effects of B3-AR activation are mediated through
NO production by the endothelial isoform of NOS (eNOS)°” that together with the neuronal isoform of NOS leads
to increased production of NO ultimately triggering negative inotropy in the heart.”® The growing interest in
the role of B3-AR in the cardiovascular system prompted clinical trials aimed to determine whether B3-AR agonism
may be of therapeutic importance to counteract cardiovascular pathologies.®

In addition to its vasodilatory effect, increased NO production following $3-AR activation seems to exert a
proangiogenic action as demonstrated in a model of limb ischemia induced by diabetes.’” Moreover, B3-AR agonism
induces revascularization through the activation of eNOS/cGMP pathway®® indicating B3-AR involvement in an-
giogenic processes and suggesting that B3-AR blockade may help in preventing pathologic angiogenesis. In this
respect, B3-AR upregulation has been demonstrated in IHs during the early proliferative phase®® although p3-AR
overexpression seems to increase during the involution of IHs, which is compatible with the tissue transition from
proliferating vascular endothelial cells to a fatty residuum.®” The expression of B3-ARs appears to be lower in
biopsies from IH patients responding to propranolol than in biopsies from nonresponders, suggesting a possible
correlation between B3-AR levels and the reduced responsiveness to propranolol.®®

B3-AR expression is restricted in tissues of adult healthy humans, as evidenced by a large-scale RNA sequence
analysis.®* A similarly restricted expression has also been evidenced in rodents.**¢>*® However, in several pa-
thologic states, the expression of B3-ARs is consistently increased indicating a B3-AR potential role in diseases. In
particular, B3-AR upregulation can be observed in hypoxia- and/or hypoperfusion-driven diseases, and the possible
role of hypoxia in inducing B3-AR expression has been recently discussed.®”

In the OIR model, studies on B3-AR expression have given promising results that unleashed experimental works

aimed at investigating the functional role of B3-ARs in hypoxia-driven retinal angiogenesis. Although both g1 and
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2-ARs were unaffected by low oxygen tension, a remarkable increase in B3-AR expression was assessed in the
endothelium of engorged vascular tufts that are formed in response to hypoxia in the inner capillary network
(Figure 1).° B3-AR localization to the endothelium of proliferating retinal vessels is supported by the finding that p3-
ARs are expressed by retinal endothelial cells in which their agonism promote cell migration and proliferation.®®
Additional pharmacological evidence suggests that B3-ARs are localized to retinal vessels where they appear to
regulate the diameter of arterioles.®”

Although the studies in both IH specimens and the OIR model did not allow us to speculate about the
functional role of B3-ARs, their upregulation in proliferating vessels suggested that they might participate in the
angiogenic processes. This hypothesis was supported by several experimental findings. In particular, that hypoxia

triggers catecholamine production”®”?

is confirmed by the finding that NA levels were increased by about twofold
in the retina of OIR mice.'® Considering that the affinity of B3-ARs for NA is about seven-fold higher than that of
B2-ARs,”? it is plausible that in the hypoxic retina, in which both NA and B3-AR levels were increased, NA was able
to stimulate angiogenesis not only through B2-ARs (whose levels were unaffected by hypoxia) but also via B3-ARs.
In addition, the finding that 129/S6 OIR mice did not respond to propranolol possibly because of their impressive
hypoxia-induced increase in B3-AR expression (more than 10-fold)*® suggested the possibility that, in the 129/56

strain, the angiogenic response might be driven by B3-ARs thus resulting resistant to 81/82-AR blockade.*® In this
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FIGURE 1 Involvement of the B-adrenergic system in the pathogenesis of retinopathy of prematurity (ROP).
Premature oxygen exposition of preterm newborns induces retinal vascular regression, secondary to the
downregulation of both hypoxia-inducible factor-1 (HIF-1) and vascular-endothelial growth factor (VEGF). This
progressive ischemia is responsible for the shift towards a retina that becomes progressively hypoxic and induces
noradrenaline (NA) overload. During the proliferative phase, hypoxia induces HIF-1 and VEGF upregulation thus
promoting retinal neovascularization. NA, diffused into the retina, activates f2-adrenoceptors (32-ARs) expressed
by Miiller cells and B3-ARs localized to endothelial cells of engorged retinal tufts both contributing to VEGF
production [Color figure can be viewed at wileyonlinelibrary.com]
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respect, the possibility that, in certain conditions, B3-ARs might exert a proangiogenic action overcoming that of 32-
ARs was also suggested by some findings in B1/B2-AR knockout mice that underwent OIR.® In these mice, lack of
1- and B2-ARs rendered them resistant to OIR, which was unable to induce retinal neovascularization. However, if
B3-ARs were activated, retinal angiogenesis was more potently induced than in wild-type mice, recruiting molecular
mechanisms that involve the iNOS-induced production of NO. These findings suggested that B3-ARs are normally
underactivated but, when adequately stimulated, they become fully active and capable to replace B2-ARs in
sustaining the angiogenic drive. In addition, in retinal explants, hypoxia-induced upregulation of VEGF was blunted
by B3-AR blockade or silencing, while it was increased by B3-AR agonism,” thus suggesting a direct role of B3-ARs
in regulating the production of proangiogenic factors in the hypoxic retina. Taken together, although not conclusive,
these pieces of literature pointed to the possibility that B3-ARs may fulfill a proangiogenic role in response to
hypoxia thus opening the question of whether 3-ARs may play a similar function in additional diseases such as

cancer in which hypoxia exerts a paramount role.

3 | FROM THE STUDY OF NEONATAL DISEASES TO CANCER
3.1 | PB3-ARrole in cancer growth and vascularization

The finding that B-AR blockade exerts antiangiogenic activity against IHs and OIR/ROP,*"’ together with the close
relationship between stress-induced catecholamine release and cancer growth>? prompted many research
groups to evaluate the possible benefits of B-blockers in the prevention or reduction of cancer progression. Several
studies, in fact, have demonstrated that stress (related to surgery or psychosocial factors including depression)
accelerates cancer progression and reduces overall survival.”® The relationship between stress and cancer pro-
gression has been explained by the activation of the sympathetic nervous system and the accumulation of stress-

related mediators such as catecholamines in the cancer microenvironment**

indicating B-ARs as major players of
stress-induced cancer-related pathways.”* Several epidemiological studies have explored the possible impact of p-
blockers on cancer-related mortality or malignancy prognosis, but their results are not univocal.”>”¢ However,
clinical and experimental data demonstrate that nonselective B-AR blockers (active against B1- and B2-ARs) provide
greater protection against cancer than selective B1-AR blockers in inhibiting cancer burden and dissemination.”” In
addition, the relationship between the stress and the immune system has been focused mainly on the role of B2-
ARs,”® although an increased expression of the three B-ARs has been observed in cancer models as, for instance,
splenic T-lymphocytes of mice that underwent stress exposure.”’ In more recent years, alongside numerous clinical
studies, experimental investigations have been performed in vitro and in vivo to better clarify the role of the
adrenergic system in cancer growth, and most of these studies have emphasized the central role of B2-ARs.*?
Possible involvement of B3-ARs in tumor progression has only been reported sporadically, in colon cancer,®®
leukemia cells,® vascular,®® and breast cancer.®? However, these studies have laid the ground for additional
investigations aimed at evaluating the putative role of $3-ARs in cancer. The first in vitro and in vivo experiments
were aimed to demonstrate the presence of 3-ARs in B16F10 melanoma cells and then to explore their possible
contribution to cancer growth and vascularization. In vitro, $3-ARs were localized for the first time to melanoma
cells where they were overexpressed in response to hypoxia and regulated VEGF production.®® In addition, p3-AR
blockade or silencing was found to prevent hypoxia-induced VEGF accumulation and to reduce cancer cell pro-
liferation by inducing cancer cell apoptosis. Similarly, in mice bearing B16F10 melanoma cells, B3-AR antagonism
reduced tumor growth and vascularization through the activation of apoptotic processes.®® In analogy with what
was observed in retinal explants in which B3-AR antagonism displayed antiangiogenic effects through NO inter-
mediation, in B16F10 cells, B3-AR blockade prevented melanoma cell proliferation by decreasing the iNOS-induced
production of NO, while B3-AR agonism increased melanoma cell proliferation by activating iNOS.®* Further

evidence from B1/2-AR knockout mice bearing melanoma demonstrated that the intratumor levels of NA were
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significantly higher than in wild-type mice suggesting that $3-ARs might be predominantly activated in the presence
of catecholamine overdrive.®® In addition, the efficacy of B3-AR antagonism was more pronounced in B1/2-AR
knockout than in wild-type mice, with a significant reduction in cancer growth and vascularization, indicating that,
when present, B1- and B2-ARs may at least in part mask B3-AR activity, and suggesting B-AR redundancy in

mediating catecholamine-induced cancer growth.

3.2 | PB3-AR role in cancer microenvironment

A large amount of experimental data associated with epidemiological studies have suggested $2-AR as the B-AR
subtype predominantly involved in mediating the effects of catecholamines in melanoma models,®® although B3-
ARs appear to be highly expressed in human melanoma samples.?” In addition, in human samples of melanocytic
lesions, B3-ARs were found to be expressed in the tumor microenvironment where their expression was directly
correlated with melanoma malignancy.?® Furthermore, B3-AR expression by cancer-associated fibroblasts, en-
dothelial progenitor cells, mesenchymal stem cells, and monocytes was upregulated by either 1% oxygen con-
centration, which is usually adopted to reproduce intratumor hypoxia or the combination of hypoxia with glucose
withdrawal that mimics intratumor ischemic environment. Moreover, B3-ARs were demonstrated to be actively
involved in the NA-driven recruitment of circulating stromal cell precursors. In particular, in human dermal fibro-
blasts, NA stimulation induced melanoma cell motility, while, in a capillary morphogenesis assay, mesenchymal stem
cells increased their ability to form vessel-like structures. Both these activities were significantly reverted by 33-AR
antagonism suggesting for the first time a role for B3-AR in cancer vasculogenesis.?® Additionally, in human
melanoma cells, catecholaminergic stimulus increased the expression of stemness markers, and the ability to form
melanospheres, both activities that were reverted by 3-AR antagonism suggesting a relationship between 3-ARs,
the degree of stemness, and cancer cell dedifferentiation.®® The modulation of dedifferentiation processes by p3-
AR is in line with the finding that hypoxia plays a key role in promoting the loss of differentiated gene expression
and the shift towards a stem cell-like phenotype.®’

The expression of both B2- and B3-ARs in stromal cells, and their involvement in tumor development and
metastatic dissemination was confirmed in a study where prostate cancer growth was severely compromised in
mice chemically sympathectomized and in double B2/B3-AR knockout mice indicating a possible synergistic effect
between different B-ARs.”°

4 | B3-AR AS A COMMON PLAYER IN CANCER AND EMBRYO
41 | Analogies between cancer growth and embryo development

Recently, a number of studies have revealed significant similarities between cancer growth and embryo develop-
ment.” The proliferative activity of cancer cells, as well as the invasive ability of trophoblast cells, show evident
analogies with similar skills.”” Cellular mechanisms used by invasive placental cells during implantation are identical
to those employed by cancer cells to invade and spread within the body and metastasize.”® In addition, trophoblast
cells as well as cancer cells, actively modulate the host immune response to escape from the mother's or the patient
immune system by inducing a similar immune tolerance.”® Finally, a plethora of proteins exclusively expressed
during fetal development are detected in cancer patients and commonly used as oncofetal biomarkers to obtain an
early diagnosis or prognostic indications for a wide variety of cancers, suggesting that cancer may reactivate typical
embryonal competences.”””°

In this respect, B3-AR role in neonatal diseases or in cancer might be interpreted in light of the analogies

between embryo development and cancer growth. In particular, the correlation between B3-AR upregulation and
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hypoxia, the relationship between B3-AR activation and the induction of stemness markers as well as the role

played by B3-ARs in the assembly of the cancer microenvironment, are highly suggestive of a possible involvement
of B3-AR in apparently different events. In particular, the awareness that the cancer microenvironment protects and
promotes cancer growth with efficiency and care similar to those offered by the placenta for embryos prompted us
to evaluate the possibility that B3-ARs could perform similar functions in cancer and embryo. In both scenarios, B3-
AR is likely to represent a common link between hypoxia, cell proliferation, and vascularization.”

Data in the literature provided suggestive elements for imagining a possible role of B3-ARs in embryo. (i)
Catecholamines play a significant role in the first week of embryogenesis, as demonstrated by the high embryo-
lethality observed in mice lacking tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis’’;

7899 and spermatozoa, in which they induce motility°°; (iii) B3-ARs

101

(i) B3-ARs are expressed in mammalian oocytes

are also expressed in preimplantation embryos,”®”? during the early stages of embryogenesis,'°* in embryonal

tissues and in the placenta’®>°%; (iv) B3-ARs are upregulated in human pregnant myometrium where they re-

present the predominant B-AR subtype and participate in the inhibition of spontaneous contractions.'°**%° In
addition, B3-AR agonism induces a moderate vasodilation in the human umbilical artery ring, suggesting that f3-ARs
may exert a role in regulating the fetoplacental circulation.’® These data, although still fragmentary, suggest a
possible role of B3-ARs in fecundation, embryo implant, and growth.

Cancer growth and embryo development share many similarities in terms of molecular mechanisms to sustain
their progression.*°”~1%? |n addition to the striking similarities between invasive trophoblast cells and proliferating
cancer cells, their common ability to induce vasculogenic mimicry represents one of the most intriguing simila-
rities.”>'%” The term “vasculogenic mimicry” refers to the mechanism by which hypoxia promotes cancer cell
transformation to endothelial cell-like structures, able to organize themselves into vascular-like structures,''° a
phenomenon that is similar to what observed when trophoblasts invade maternal spiral arteries to acquire specific
vascular phenotype.**!

Both cancer and embryo usually grow in a similar hypoxic and acidotic environment*%**° due, at least in part,
to their peculiar metabolism. In particular, cancer and embryo share a metabolic shift from mitochondrial oxidative
phosphorylation to aerobic glycolytic metabolism, independent of the environmental oxygen level, the so-called
Warburg effect.** This is a metabolic shift towards glycolysis that is activated even in the presence of oxygen.'*®
This shift allows an increase in the synthesis of nucleic acid through the activation of the pentose phosphate
pathway, which is convenient for highly proliferating cells.**¢**” In addition, the Warburg effect increases the
production of nicotinamide adenine dinucleotide phosphate, the main defense for cancer and embryo towards
oxidative stress.'*®1? Moreover, the Warburg effect induces the production of elevated levels of lactic acid that is
exported outside the cells and favors the nesting of proliferating cells in the surrounding tissue.*?° 22

Both cancer and embryo share common mechanisms able to protect them from exposure to potentially toxic
xenobiotics. In this respect, some specific efflux transporters, widely exploited by cancer cells,*? are extensively
expressed in the placenta.’>* Among the different mechanisms capable of protecting cancer and embryo from the
action of toxic substances, glutathione deserves to be mentioned. Glutathione facilitates excretion of xenobiotic
and endogenous compounds through different mechanisms, the most efficient of which is the formation of glu-
tathione S-conjugates catalyzed by glutathione S-transferase.’> The crucial role of glutathione S-conjugates ex-
plains not only why glutathione is precociously expressed during the embryonal life,*?° but also why, unfortunately,
in cancer patients its formation increases the rate of conjugation and detoxification of chemotherapy agents, thus
decreasing their effectiveness.'?”

Finally, in both cancer and embryo, the host environment (the oncologic patient and the mother, respectively)
actively modulates the immune response to tolerate a “foreign body.”*°” Several mechanisms and different immune
subpopulations are commonly involved in the promotion of immune tolerance. Among these, regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs) are recruited and activated in cancer or at the fetal-maternal

interface®® '** to suppress the activity of cytotoxic T cells and natural killer (NK) cells.
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3,5,83,88,132 and the as-

The expression of 33-ARs in cancer and embryo, their upregulation under hypoxia
sumption that cancer and embryo rely on the hypoxic environment,''?**? legitimated the hypothesis that p3-AR
overexpression might represent one of the mechanisms by which embryo originally (and cancer subsequently)
adapts their growth in an otherwise hostile environment.”

To verify the putative common role played by B3-ARs in cancer and embryo, the possibility that B3-AR-based

strategies primarily predisposed to favor embryo development were also adopted by cancer was investigated.

4.2 | PB3-ARs and Warburg effect

Limiting oxidative stress preserves embryo (and, unfortunately, cancer) from oxidative stress-induced cell death,**

while the reduction of extracellular pH promotes the disaggregation of surrounding tissues and facilitates the

infiltration of trophoblast or cancer cells.**#"1%¢

Following early studies demonstrating that B3-AR antagonism exerts antiproliferative effects in cancer,®>%®

a
subsequent study addressed the possible role of B3-ARs in the metabolic shift in cancer and embryo. In both cases,
33-AR agonism induced an accelerated glycolysis, as confirmed by the increased glucose uptake and lactate export,
in line with Warburg effect induction.*®” In particular, B3-AR activation upregulated the expression of proteins that
play a critical role in the Warburg effect. In addition, in both cancer and embryonic stem cells, $3-AR agonism
increased the expression of uncoupling protein-2 (UCP-2), a protein that uncouples the activity of the respiratory
chain from ATP synthesis, thus favoring the Warburg effect, as also demonstrated in leukemia cells.**>®* Moreover,
33-AR agonism reduced oxidative stress in both cancer and embryo, an effect that was abolished by the B3-AR
blockade.'®” Overall, these findings demonstrate that B3-ARs have a prominent role in activating the Warburg

effect, thus inducing a metabolic advantage for cancer and embryo cells.

4.3 | PB3-ARs and chemoresistance

Chemoresistance is an important challenge in cancer treatment and plays a major role in determining the clinical
outcome of cancer patients by promoting recurrence, metastasis and by increasing the mortality risk. Chemore-
sistance is often a mix of multiple factors, including the deregulated expression/activity of membrane transporters
involved in drug efflux."®’ In this respect, hypoxia is known to promote chemoresistance by enhancing the ex-
pression of drug transporters in several malignancies.**°~*** Considering that B3-AR agonism increases glutathione

% and that glutathione plays an important role in xenobiotic detoxication in both cancer'?” and

synthesis™*
embryo,*?¢ the possibility exists that B3-ARs may play an active role in promoting chemoresistance.

B3-AR role in chemoresistance was demonstrated in human myeloid leukemia cell lines, in particular in leukemia
cells resistant to doxorubicin, a chemotherapy drug.'“® In chemoresistant cells, both B3-ARs and the membrane

transporter P-glycoprotein (P-gp), which is involved in drug efflux,*¢

increased in their expression. In addition,
3-AR blockade reinstated the sensitivity to doxorubicin, likely through downregulating P-gp levels. Moreover,
33-AR blockade reduced the expression of UCP-2 and HIF-1 suggesting a strict link between hypoxia, Warburg

effect, and chemoresistance.**”

4.4 | B3-ARs and immune tolerance
Immune tolerance is one of the main mechanisms that preserve life and that is shared by cancer and embryo.*#”*4®
In fact, cancer develops several mechanisms to evade effective immune surveillance and similar mechanisms are

used by the fetus to develop in the uterine environment.**?*°% In this respect, hypoxia is considered one of the
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most important regulators of cancer immune escape®! through the activation of Treg cells
resistance of cancer cells to cytotoxic T lymphocytes.’>® As pan B-AR agonism has been reported to promote
immune suppression in metastatic melanoma patients,>* a possible role of B3-ARs was investigated.

In two complementary studies, the immune tolerant role of B3-ARs was evaluated in cancer and during
pregnancy. The first study was addressed to study the possible relationship between B3-ARs and cancer immune
tolerance.*®” In particular, the ability of immune cells to kill cancer cells was found to significantly increase when
both immune and cancer cells were pre-exposed to the B3-AR blockade. In addition, in a mouse model of mela-
noma, B3-AR blockade or B3-AR silencing reduced tumor growth by triggering the switch from an immune-
suppressive to an immune-competent tumor microenvironment, thus supporting the hypothesis that $3-ARs play a
role in promoting cancer immune tolerance.'>®

In a second study, the role of B3-ARs in the maintenance of prenatal inmune tolerance was investigated.'*® In
pregnant mice, B3-AR blockade increased the number and the cytotoxicity of NK cells, while attenuating the
infiltration of MDSCs and Treg cells in the mouse placenta. A similar phenomenon was observed in the decidua
where maternal B3-AR blockade induced a surge of immune-competent CD8 cells, concomitant with a reduction of
immune tolerant decidual NK cells, indicating that B3-ARs might guarantee a halo of immune tolerance within the
fetal-maternal interface by modulating the same immune cells as in cancer.’>®

Globally, these results suggest the possibility that hypoxia may promote the biological shift towards a tolerant
immunophenotype through the upregulation of 3-ARs, and that this trick may be used by both embryo and cancer
to create an aura of immune tolerance in a previous immune-competent environment. In this light, the cancer
microenvironment may be considered a sort of “tumor placenta” and cancer as a disease that exploits the same
tricks allowing the embryo to grow, by reactivating fetal competences through the intervention of 3-ARs.

4.5 | B3-ARs and differentiation

Stem cells self-renew and differentiate in response to factors that control stem cell fate; in this context, a key factor
controlling stem cell phenotype is oxygen, with hypoxia participating in maintaining the undifferentiated state, while
increasing oxygen tension promoting stem cell differentiation. During hypoxia, HIF-1 leads to the transcription of
stemness and proliferation markers, upregulates the expression of proteins and enzymes that drive the Warburg
shift, reduces the activity of mitochondria, and induces angiogenic processes through the production of VEGF, all of
which are metabolic activities involved in maintain cancer cell stemness.**’

As the upregulation of hypoxia-sensing proteins is crucial to prevent cell differentiation, $3-AR role in the differ-
entiation process became of crucial interest if one considers this receptor as a sort of marker of stemness. Among 3-ARs,
B1-AR activation with metoprolol has been found to increase migration and proliferation of cardiac stem cells by
stimulating the retention of an undifferentiated profile.®® The additional finding that B3-ARs are gradually down-
regulated during embryogenesis,’®! in concomitance with increasing oxygen tension, suggests the possibility that a
progressive reduction of B3-AR expression may be linked to cell differentiation. To substantiate the hypothesis that
33-ARs are involved in the maintenance of cell stemness, a series of studies on cancer cell differentiation were performed.

In a mouse model of melanoma, the pharmacological blockade of B3-ARs reduced the expression of cancer
stem cell markers and induced a differentiated phenotype of hematopoietic and mesenchymal stem cells.*? In
particular, hematopoietic progenitor cells, differentiated in a hematopoietic niche, have been shown to develop
within the tumor mass. In addition, trans-differentiation from mesenchymal stem cells to preadipocytes has been
also demonstrated,'*? in line with previous data from hemangioma stem cells treated with propranolol.*¢°

In mice bearing Neuro2A neuroblastoma cells, either B3-AR blockade or $3-AR silencing inhibited the growth
of neuroblastoma and its progression. In particular, as in the melanoma model, 3-AR blockade reduced the
expression of stemness markers, but increased the expression of differentiation markers. In addition, neuro-

blastoma cell differentiation following B3-AR antagonism has been substantiated by increased neurite formation.*¢*
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These findings together are indicative of a relationship between B3-ARs and the undifferentiated state of
cancer, suggesting the possibility that similar relationships might also exist in the embryo. In this perspective, the
antagonism of 33-ARs might represent a new therapeutic approach to counteract the proliferation of cancer, its

metabolic shift, chemoresistance, immune tolerance and to promote its differentiation (Figure 2).

5 | FUTURE PERSPECTIVES FOR NEONATAL DISEASES
5.1 | Return journey to neonatal diseases

The journey, which started from neonatal diseases and landed to cancer, was at the beginning focused to evaluate a
possible role of B3-ARs in neovascularization processes induced by hypoxia. However, studies performed in cancer
demonstrated the pleiotropic roles of B3-ARs, which appear to be involved in common mechanisms to favor similar
skills in cancer and embryo.

The awareness that 33-ARs support cancer growth by reactivating embryonal competences, suggested that f3-ARs
might play a relevant role during intrauterine life. This awareness “de facto” represented the start of the return journey.
While in the outward journey the interest was focused on the possible role of B3-AR upregulation in the hypoxic
environment and consequently on the possible advantage in B3-AR antagonism, in the return journey the attention was
specularly addressed towards the physiologic function of B3-ARs during the intrauterine life, and the possible advantage
in their agonism, especially for preterm newborns presumably deprived, at least in part, of B3-AR function.

In this respect, the expression of 33-ARs might be favored by the hypoxic intrauterine environment where
33-ARs may contribute to embryonal and fetal development, for example by promoting prenatal vascular mimicry
or maintaining specific embryonal or fetal peculiarities.

t113

Embryo growth takes place in a physiologically hypoxic environmen and hypoxia is essential to promote

embryo development.’®? Under hypoxia, as within the maternal womb, HIF-1 regulates the expression of a series of
proangiogenic factors, that are determinant to support vascular mimicry.*® In the meantime, low fetal oxygen

tension sustains the patency of the ductus arteriosus (DA), an extracardiac fetal shunt connecting the main

Proliferative capacity
Neovascularization

Gy — Warburg effect \

Immune tolerance

Inductlon of stemness

FIGURE 2 Similarities in the role of B3-AR in promoting cancer growth and embryo development. f3-ARs
increase cell proliferative capacity thanks to their antiapoptotic action and stimulate neovascularization that is
necessary to cancer growth and placentation. In addition, B3-ARs ensure the metabolic shift that guarantees a
proliferative advantage to cancer and embryo, chemoresistance and immune tolerance, all functions indispensable
for cancer growth and embryo development. Finally, hypoxia and 3-ARs may act jointly to orient cancer cells and
embryo towards an undifferentiated state [Color figure can be viewed at wileyonlinelibrary.com]
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pulmonary trunk to the descending aorta to divert most of the right ventricular blood output away from the

vasoconstricted pulmonary circulation to the systemic circulation.’®* At birth, newborns are suddenly exposed to a
significantly more oxygenated atmosphere if compared with the intrauterine environment. After exposition to
oxygen-rich environment, HIF-1 is rapidly hydroxylated by oxygen-sensitive prolyl hydroxylase domain-containing
proteins, ubiquitinated by the von Hippen-Lindau protein and, finally, degraded by the proteasome, inducing the
downregulation of proangiogenic factors and the stop of vascular mimicry.'°>1%® At the same time, at birth,
neonatal oxygen tension rapidly increases inducing a prompt DA closure within 24-72 h.*¢”

In term newborns, in which the vascularization processes had already been completed in utero, the exposition
to relative hyperoxia reverts the patency of DA and promotes its closure.'*® Considering that B3-ARs are upre-
gulated by hypoxia and induce vasodilatation through the NO pathway, it was plausible to hypothesize participation
of B3-ARs in caliber modulation of DA.

In a recent study,®?

B3-ARs were found to be highly expressed in mouse DA during intrauterine life, whereas
they were less expressed in DA harvested from newborns early after delivery. With the aim to demonstrate that B3-
ARs expressed by fetal DA participated in the maintenance of DA patency, pregnant dams were given acute or
chronic administration of B3-AR antagonists, previously demonstrated to cross the placental barrier. While acute
administration of the antagonist at the lowest dose did not reduce the lumen size in fetuses, the highest dose
induced severe constriction and increased wall thickness.*®” Overall, this study supports the hypothesis that B3-
ARs are involved in the maintenance of DA patency, suggesting the possibility that they may participate in in-
trauterine functions, which ensure fetal well-being. In addition, B3-AR levels were found to downregulate during
the shift from hypoxic to a relatively hyperoxic environment, an observation that is in line with findings from
peripheral blood mononuclear cells where B3-ARs, upregulated by hypoxia, were significantly downregulated after
re-exposition to normoxia.*®?

Therefore, as in the outward journey in which the association between hypoxia and B3-ARs upregulation
suggested to explore a possible involvement of B3-ARs in neovascularization, in the return journey, the possible
association between relative hyperoxia and 3-AR downregulation might legitimate to explore the hypothesis of an
involvement of $3-AR reduced expression in vascular regression.

In preterm newborns, the vascularization processes are still incomplete and the vascular regression after a
precocious exposition to a relative hyperoxic environment constitutes the anatomical substrate of the main dis-
eases related to prematurity. The putative demonstration that vascular regression might be mediated by $3-AR
downregulation, might open the perspective for a new interpretation of prematurity-related diseases and shed new

light on possible therapeutic opportunities.

5.2 | Perspectives for preterm newborns

As in term newborns, in preterm newborns, the exposure to a relative hyperoxia at birth induces a sharp reduction in
HIF-1 levels*®® and, therefore, a collapse of both HIF-1-dependent and placenta-dependent proangiogenic factors.”°
However, in preterm newborns, the abrupt transition from intra- to extra-uterine life produces a sudden arrest of
vascularization (if not even an apparent regression) in districts with immature vascularity. Vascularization arrest is more
pronounced the more premature the newborn is and the greater is its need for oxygen supplementation.*”* Around
these poorly vascularized scenarios, the foundations are laid for the development of the main diseases related to
prematurity. It is well-known, for example, that premature exposure to a relatively hyperoxic environment induces the
partial and temporary regression of the still incomplete retinal vascularization that is responsible for the first ischemic
phase of ROP.>’? A similar phenomenon occurs in the lungs, where high oxygen levels induce alveolar hypoplasia and

73 typical events of the so-called “new” bronchopulmonary dysplasia of a preterm

abnormal vascular organization,
newborn.’”* However, in preterm newborns, especially of very low gestational age, retina and lungs are not the only

districts with immature vascularity. In fact, the vascularization of additional districts including the central nervous system
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(CNS) or the gut requires a physiologically hypoxic environment rich in HIF-1.27>'7¢ In this respect, human autoptic
studies demonstrate that the vascularity of the CNS white matter from 16 to 32 weeks of gestational age is rudi-
mental.’”” Therefore, vascular immaturity at birth and vascular regression after exposure to a relative hyperoxia might
explain why other typical ischemic diseases such as periventricular leukomalacia in CNS or necrotizing enterocolitis in
the gut electively affect premature infants. The demonstration that in these scenarios vascular responses to relative
hyperoxia are coupled to B3-AR downregulation might pave the way for novel pharmacological attempts aimed at
counteracting the ischemic effect of early exposure to oxygen in preterm newborns. In this respect, B3-AR agonism
might ensure normal vascularization processes despite the exposition to relative hyperoxia and might represent a novel
therapeutic opportunity for preterm newborns (Figure 3).

Before concluding this intriguing round-trip, started from the study of some specific neonatal diseases, passed
through cancer, and now directed again to prematurity-related diseases, there are still some essential stops. The
next stop will be to evaluate B3-AR involvement in vascularization processes during the intrauterine life in ex-
perimental models. Then, whether relative hyperoxia after birth induces severe neonatal diseases through B3-AR

downregulation and whether B3-AR activation might prevent disease onset, will be also studied. This study will be

ﬁ B3-ARs, VEGF and NO

Vasodilation and
Neovascularization

@ B3-ARs, VEGF and NO

i ‘f) Vasoconstriction and

Vessel Regression

High postnatal O, levels
&= | Down-regulation of B3-ARs
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Ductus Arteriosus

I Preterm newborn F\
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First phase of ROP Periventricular Leukomalacia | L . \
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FIGURE 3 Possible involvement of B-adrenoceptors (3-ARs) in the pathogenesis of prematurity-related
diseases. B3-AR upregulation under hypoxia causes vascular endothelial growth factor (VEGF)-induced neovessel
proliferation and vasodilation through the nitric oxide (NO) pathway. Conversely, exposure to normoxia (sensed as
relative hyperoxia) determines vasoconstriction and vessel regression possibly through the downregulation of
33-ARs. In the ductus arteriosus, in particular, 3-ARs are downregulated after birth thus favoring its closure. The
exposure to relative hyperoxia stops vascularization or even induces vascular regression, anatomical conditions
common to the main pathologies related to prematurity. Whether vascular regression would be mediated by 3-AR
downregulation, then the perspective exists that B3-AR activation might prevent disease progression [Color figure
can be viewed at wileyonlinelibrary.com]
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applied to verify the possibility of targeting B3-ARs to prevent the ischemic phase of ROP, the vascular regression
responsible for bronchopulmonary dysplasia, the cerebral or intestinal ischemia, responsible for periventricular
leukomalacia and necrotizing enterocolitis, respectively.

6 | CONCLUSIONS

In conclusion, the findings from the studies here reported open new scenarios towards understanding the pa-
thogenic mechanisms underlying diseases in which vascularization is affected by fluctuating oxygen levels. The
perinatal period, characterized by the transition from a relatively hypoxic intrauterine environment to the normoxic
extrauterine life, offers an extraordinary point of observation for future approaches in the treatment of oncologic
and neonatal diseases.

Travelers usually dream of the next adventure even before concluding a trip. Unfortunately, drugs with specific
antagonistic activity against f3-ARs are not yet available for humans, and therefore the prospect of antitumor trials
with selective B3-AR blockers appears futuristic. On the contrary, if the current journey will end with the de-
monstration that in animal models exposed to hyperoxia, early treatment with B3-ARs agonists may avoid vascular
regression, the way will be opened for human trials with the objective to prevent a number of prematurity-related
diseases. In this perspective, the pharmaceutical armamentarium for B3-AR agonism is relatively equipped and
B3-AR agonists are also being tested in repurposing trials for cardiovascular and metabolic conditions.®”%"%
In addition, recently mirabegron, a selective B3-AR agonist, has been demonstrated safe and well-tolerated in

180,181

children and even approved for the pediatric population.'&?

In this sense, we can at least begin to dream of the next trip.
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