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Abstract

Distress, or negative stress, is known to considerably increase the incidence of
several diseases, including cancer. There is indeed evidence from pre-clinical
models that distress causes a catecholaminergic overdrive that, mainly through
the activation of β-adrenoceptors (β-ARs), results in cancer cell growth and
cancer progression. In addition, clinical studies have evidenced a role of negative
stress in cancer progression. Moreover, plenty of data demonstrates that
β-blockers have positive effects in reducing the pro-tumorigenic activity of
catecholamines, correlating with better outcomes in some type of cancers as
evidenced by several clinical trials. Among β-ARs, β2-AR seems to be the
main β-AR subtype involved in tumor development and progression. However,
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there are data indicating that also β1-AR and β3-AR may be involved in certain
tumors. In this chapter, we will review current knowledge on the role of the three
β-AR isoforms in carcinogenesis as well as in cancer growth and progression,
with particular emphasis on recent studies that are opening new avenues in the use
of β-ARs as therapeutic targets in treating tumors.
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1 Introduction

From an evolutionary point of view, animals need to develop strategies to face
environmental changes that may impact on their lives. In particular, the exposure to a
stressful environment triggers homeostatic responses aiming at facing the deriving
perturbation. In this respect, it is known that the nature of the stress may influence the
nature of the response, with acute stressors mainly inducing positive effects while
chronic stressors leading to deleterious outcomes (Jessop 2019). David Livingstone,
in 1857, had a direct experience of positive responses to stress: “[. . .] I heard a shout.
Starting, and looking half round, I saw the lion just in the act of springing upon me. I
was upon a little height; he caught my shoulder as he sprang, and we both came to
the ground below together. Growling horribly close to me ear, he shook me as a
terrier dog as a rat. The shock produced a stupor similar to that which seems to be felt
by a mouse after the first shake of the cat. It caused a sort of dreaminess, in which
there was no sense of pain nor feeling of terror, though quite conscious of all that was
happening. It was like what patients partially under the influence of chloroform
describe, who see all the operation, but feel not the knife. This singular condition
was not the result of any mental process. The shake annihilated fear, and allowed no
sense of horror in looking round at the beast. This peculiar state is probably produced
in all animals killed by the carnivora and, if so, is a merciful provision by our
benevolent Creator for lessening the pain of death” (Livingstone 1857). In the case
of Dr. Livingstone (we presume, of course), the stressful condition acted on pain
receptors, enkephalins and possible additional players that are not part of the present
story, which is instead based on adrenoceptors. And, particularly, on the response
that adrenoceptors evoke when an individual is exposed to chronic stress conditions,
as chronic stress (distress), may induce illness states.
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2 Stress and Cancer

The homeostatic response to stressors involves two different, although inter-related,
systems: the hypothalamus-pituitary-adrenal axis and the sympathetic nervous sys-
tem. Perceiving stress results in the activation of these pathways, whose
dysregulation is responsible for an increased risk of developing diseases, including
cancer (Flaherty et al. 2019). As recently reviewed, preclinical data seem to point on
a pro-carcinogenic role of stress hormones, although clinical studies remain incon-
clusive about this point, suggesting instead a role of stress in cancer progression
(Mravec et al. 2020a). Among stress hormones, there is extensive evidence that
norepinephrine and epinephrine may modulate both cancer cell biology and the
tumor microenvironment, whose strict relationship with cancer cells is paramount in
cancer progression (Mravec et al. 2020b). It is of note that catecholamines may
modulate tumor cells with opposite effects, giving rise to the recently defined
“cancer catecholamine conundrum” (Wackerhage et al. 2022). In fact, it has been
suggested that, for instance in the context of exercise, catecholamines may have a
positive effect on cancer, possibly linked to the induction of a eustress condition, that
is a stress condition having beneficial effects on health. In this respect, mice bearing
liver cancer raised in condition of enriched environment, a condition known to
produce eustress, showed an increased antitumor immunity and reduced malignant
progression with respect to mice raised in standard condition (Liu et al. 2021).
Similarly, exercise training in mice reduced the growth of melanoma xenotransplant
by about 60% with respect to untrained mice, due to induction of migration and
activation of immune cells into the tumor mass (Pedersen et al. 2016). In contrast,
chronic distress, such as psychosocial stress, has been associated to tumor develop-
ment or to tumor progression, as evidenced both in pre-clinical models and in
humans (see for Ref. Wackerhage et al. 2022). In particular, many studies indicate
that catecholamines stimulate cancer cell growth and cancer progression mainly
acting at β-adrenoceptors (β-ARs) (Mravec et al. 2020b). The first evidence
indicating a role of β-ARs in tumor growth dates back to the late ‘80s, when Schuller
and Cole showed that human lung adenocarcinoma cells proliferate when stimulated
with isoprenaline, an effect blunted by propranolol (Schuller and Cole 1989). After
that, plenty of data demonstrated that norepinephrine stimulates the proliferation of
different types of cancer cells and induces several hallmarks of cancer, including cell
proliferation, cell migration and angiogenesis. In addition, β-blockers reduce the
pro-tumorigenic effect of stress hormones, decreasing tumor growth in preclinical
models and reducing mortality and recurrence in tumor patients (see for Refs.
Mravec et al. 2020a; b, c; Gosain et al. 2020; Dal Monte et al. 2019). However, in
clinical trials the use of β-blockers correlates with better outcomes only in specific
types of cancer, such as melanoma and ovarian cancer, but not in breast, colorectal or
lung cancer (Musselman et al. 2018; Yap et al. 2018). Given that differential β-AR
subtype expression is found in cancer cells, and that the activation of these receptors
in different cancer types has diverse effects on tumor proliferation, migration, and
invasion (Tang et al. 2013), one could speculate that the effectiveness of β-blockers
should depend not only on the tumor subtype, but also on the specific β-blocker. In
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this context, it is easy to understand the importance of deeper investigations on the
usage of specific β-AR antagonists/agonists in order to achieve the best possible
outcome with the minimum risk of adverse events. To accomplish this goal, it is
crucial to unravel the role of each single β-AR in the examined tumor type. Although
β2-AR seems to be the main β-AR involved in tumor development and progression,
there are data indicating that also β1-AR and β3-AR may be involved in certain
tumors. Therefore, in this article, we review literature data, referring to both
pre-clinical and clinical studies, about the involvement of the three β-AR isoforms
in cancer. Figure 1 summarizes the effects that catecholamines, acting at the three
different β-ARs, exert on tumor cells.

Fig. 1 Effects of stress-induced catecholamine overdrive on β-ARs expressed by cancer cells. The
increased levels of epinephrine and/or norepinephrine acting at β1-, β2-, and/or β3-ARs promote
tumor cell viability, proliferation, and invasion, also inducing the dedifferentiation of cancer cells
(green arrows). There is however some evidence that in specific cancers β1- and β2-AR activation
may have protective effects against tumor growth (red dashed arrows)
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3 b1-ARs

Since most studies rely on the use of β-AR agonists/antagonists that target both the
β1 and β2-AR subtypes, it is often difficult to extrapolate the specific role of each
subtype in tumor biology over that of β2-ARs. However, evidence has been provided
that β1-ARs may play a role in cancer. The potential involvement of β1-ARs in
tumor progression was first demonstrated in 1990 when Hough and Chuang showed
that β1- and β2-AR mRNAs s were downregulated in C6 rat glioma cells after
exposure to the non-selective β-AR agonist isoproterenol, although its effect on
protein levels of β1- and β2-ARs was not investigated (Hough and Chuang 1990). In
addition, the authors observed that in growing C6 cells β-AR transcripts are
downregulated with time of culture and that β-AR downregulation is accompanied
by contact inhibition, suggesting a possible role of β-ARs in glioma cell prolifera-
tion. In line with this study, Hosoda et al. demonstrated that exposure of C6 cells to
isoproterenol caused a biphasic modulation of β1-AR mRNA expression, with
transcript levels raised by short-term treatment, and decreased by long-term expo-
sure (Hosoda et al. 1994). In particular, it was shown that β1-AR transcriptional
regulation is mediated by cAMP through binding to cAMP responsive elements
present in the human and rat β1-AR gene (Collins et al. 1993; Hosoda et al. 1994). In
addition, the expression of β1-ARs have been found in human melanoma cell lines
and biopsies of benign naevi and melanomas, with a higher expression level in
malignant tumors, suggesting that blockade of β1-ARs may represent a target to slow
down melanoma progression (Moretti et al. 2013). Moreover, Gao et al. in a clinical
cohort study showed that autoantibodies against β1-ARs were higher in de novo
multiple myeloma patients than in normal participants, suggesting that β1-AR
autoantibodies may be used as predictors to identify multiple myeloma patients
(Gao et al. 2018). A recent in silico study concerning functional network analysis
has evidenced that atenolol, a commonly used “cardio-selective” β1-AR blocker that
in the rat is three- to fourfold more potent on β1-ARs than on β2-ARs (Minneman
et al. 1979) and that shows a profile of inverse agonist (Baker et al. 2003; Hopkinson
et al. 2000; Michel et al. 2020), may target several signaling pathways involved in
pancreatic cancer development, suggesting that atenolol may be repurposed as a
novel therapy for this type of cancer (Hermawan et al. 2020).

The specific targeting of β1-ARs has recently proved its efficacy in the treatment
of infantile hemangiomas, a benign vascular tumor in which the pharmacologic
treatment accelerates the shrink away of the tumor in respect with its natural history.
Indeed, even though propranolol is currently the most common treatment for
infantile hemangiomas (Pam et al. 2021), atenolol has lately risen interest in this
field (Alexopoulos et al. 2018; Bayart et al. 2017). In particular, a recent prospective,
multicenter, randomized clinical trial has shown that oral atenolol is equally effective
as propranolol in the treatment of problematic infantile hemangiomas. Nevertheless,
different from propranolol, atenolol can be administered as a daily therapy and,
because of its hydrophilic nature, it is less prone to produce central nervous system-
related adverse events compared to the lipophilic propranolol. In addition, it is also
less likely to produce bronchial related adverse events than propranolol, suggesting
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that oral atenolol may be a valid alternative treatment in infantile hemangioma
patients requiring systemic therapy (Ji et al. 2021). However, since atenolol is not
so selective towards β1-ARs, it is not clear whether the atenolol-induced regression
of infantile hemangioma is a β1-AR-mediated response or, rather, a more general
β-AR-mediated phenomenon. Among new chemicals designed to have a more
specific targeting of β1-ARs, landiolol hydrochloride is a new generation, ultra-
short acting β1-selective antagonist that has been developed in Japan, with a
selectivity for β1-ARs 255 times higher than for β2-ARs and whose short half-life
(4 min) enables rapid recovery after cessation of administration if side effects occur
(Iguchi et al. 1992). Its putative preventive effect against early recurrence after
curative surgery for non-small cell lung cancer is currently being evaluated in a
phase III, multicenter, randomized trial, which was expected to be completed in May
2023. In this study, landiolol has been continuously infused intravenously at
2.5 μg kg-1 min-1 for 72 h from just before surgery (Yamamoto et al. 2019). In
addition, landiolol hydrochloride has already been proven to be effective in improv-
ing relapse-free survival rate, prolonging relapse-free survival and overall survival
when administered at low doses during lung resection surgery for lung malignancies,
suggesting that targeting β1-ARs with landiolol-based therapies may be an adjuvant
to current therapies in combating any resectable cancer (Sakamoto et al. 2019).

Besides most part of the paper investigating the role of β1-ARs in cancer point on
a pro-tumorigenic role of their activation, some studies report a possible anti-
tumorigenic role of β1-AR agonism For instance, in surgically resected gastric
cancer specimens, a negative correlation between β1-AR expression and the number
of metastatic lymph nodes has been recently reported, suggesting that a reduced β1-
AR expression is associated with an aggressive behavior and that β1-AR activation
may inhibit tumor progression in gastric cancer (Bae et al. 2019). A similar role of
β1-AR agonism in the tumor microenvironment has also been proposed. For
instance, in sub-population of T cells endowed with a potent antitumor activity
and expressing β-ARs, the β1-AR antagonist bisoprolol partially reduced their
cytotoxicity, suggesting that the cytotoxic activity of these cells at least in part relies
on β1-AR signaling (Baker et al. 2020).

Overall, these studies suggest that β1-AR activation by endogenous
catecholamines may have tumor-inhibiting or -promoting effects depending on
tumor type. What is certain is that, given the encouraging findings coming not
only from pre-clinical studies but also from clinical trials, the possible clinical
usage of specific β1-AR blockers in the treatment of some cancers deserves to be
further investigated. The controversial effects resulting from the activation of β1-
ARs expressed by cancer cells and by T cells belonging to the tumor microenviron-
ment are summarized in Fig. 2.
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4 b2-ARs

There are studies highlighting the crucial role that β2-ARs exert in cancer cells. The
role of selective and non-selective β-blockers has been studied in many preclinical
models of cancer, showing that, in many cases, the capability of non-selective
β-blockers in reducing tumor growth and tumor cell migration is replicated by the
selective blockade of β2-ARs but not of β1-ARs, thus suggesting a major role of β2-
ARs over β1-ARs in tumorigenesis. For instance, in colon carcinoma cells norepi-
nephrine (NE) stimulates cell migration, an effect that is inhibited by propranolol but
not by atenolol, suggesting that in these cells the locomotor phenotype is mediated
by β2-ARs (Masur et al. 2001). In addition, in prostate carcinoma cells expressing
both β1- and β2-ARs, the NE-induced cell migration is abolished by the β2-AR
antagonist ICI-118,551 but only partially prevented by atenolol, indicating that in
these cells NE acts mainly through β2-AR-activated signaling (Lang et al. 2004).
Moreover, in primary cells derived from clear cell renal cell carcinoma β2-AR
blockade with either propranolol or ICI-118,151 similarly interferes with two central
aspects of cancer progression, that is inflammation and oxidative stress (Albiñana
et al. 2022). Furthermore, in triple-negative brain-metastatic breast cells, which are
characterized by high expression of β2-ARs and low expression of β1-ARs, prolif-
eration, migration and invasion are stimulated by selective β2-AR agonism and are
blunted by propranolol, indicating that the metastatic features of these cells mainly
rely on β2-AR activation (Choy et al. 2016). Recently, a fundamental role of β2-ARs
in gastric cancer progression and metastasis has been demonstrated both in vitro, in

Fig. 2 Schematic diagram depicting the effects of β1-AR activation in cancer cells and in T cells of
the tumor microenvironment. The activation of β1-ARs expressed by cancer cells leads to different
results in different cancers, ranging from the induction of cell proliferation and tumor growth (as for
instance in pancreatic cancer or in lung cancer) to the reduction of tumor progression, which seems
to be also reduced by the activation of β1-ARs expressed by T cells of the tumor microenvironment
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several gastric cancer cell lines, and in vivo, in nude mice implanted with human
gastric cancer cells. In vitro, propranolol and ICI-118,551 decreased NE-induced
cancer cell proliferation, invasion and viability, while in vivo they reduced tumor
growth and metastasis. On the contrary, atenolol had almost no effect either in vitro
or in vivo; in particular, atenolol reduced gastric cancer cell proliferation by about
12% only at 50 μM, a concentration that is not selective. Overall, these finding
suggest that pathways downstream β2-AR activation play a major role in progression
and metastasis of gastric cancer and indicate that β2-AR blockers may represent a
new paradigm in complementing the armamentarium presently used against gastric
cancer (Zhang et al. 2019a). Similarly, β2-AR activation seems to be mainly
involved in promoting tumorigenesis, proliferation, invasiveness, and angiogenesis
in lung cancer (see for Ref. Huang et al. 2018) and in hemangioblastomas from von
Hippen-Lindau disease patients (Cuesta et al. 2019).

Besides their expression by tumor cells, β2-ARs also represent the main β-AR
subtype expressed by cells of the tumor microenvironment, in particular by immune
cells, which are known to be inhibited by catecholamines (Ben-Eliyahu et al. 2000).
Catecholamines may indeed decrease the activation of antitumor natural killer cells
and the overall T cell response, while they may increase the activity of immunosup-
pressive cells (see for Ref. Silva et al. 2022). For instance, in human and murine
macrophages, catecholamines induce the phenotypic shift towards an M2 state,
which characterizes the tumor-associated macrophages, and increase the expression
of pro-tumorigenic genes. In these cells, either propranolol or β2-AR silencing
equally prevented the effect of catecholamines, suggesting that the phenotypic
shift of tumor-associated macrophages that promotes cancer progression may be,
at least in part, associated to β2-AR activation (Qin et al. 2015). In addition,
myeloid-derived suppressor cells, characterized by an immunosuppressive activity
that favors the tumor immune escape, were stimulated by β2-AR activation and
inhibited by either β2-AR blockade or β2-AR deletion. The same study also
demonstrated that co-injecting breast cancer cells and myeloid-derived suppressor
cells in β2-AR knockout mice resulted in a decreased expression of immuno-
suppressive genes, an increased expression of antitumor cytokines and a reduced
tumor growth with respect to wild type mice, suggesting a major role of β2-ARs
in promoting the pro-tumorigenic functions of immunosuppressive cells
(Mohammadpour et al. 2019). On the other hand, a recent bioinformatics analysis
investigating the crosstalk between β2-AR expression and breast cancer-infiltrating
immune cells, revealed that β2-AR expression is positively related with T cells
endowed with antitumor activity and negatively correlated with T cells endowed
with pro-tumorigenic activity. The same study also reported a functional analysis
showing an enrichment in pathways related to the activation of the immune system,
including those downstream β2-AR-regulated transcription factors, suggesting that
β2-AR activation may have promising protective effects in breast cancer and
indicating them as a possible target for boosting immunotherapy (Wei et al. 2021).
In the same line, a clinical study has shown that a high β2-AR expression may be a
favorable prognostic factor in patients with human epidermal growth factor receptor
2 positive breast cancer (Caparica et al. 2020). Overall, this apparent contradiction
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about a role that depresses or, on the contrary, stimulates the activity of the immune
system suggests that further preclinical as well as controlled trials using selective β2-
AR agonists are required.

If in some instances the expression of β2-AR has been proposed as a favorable
prognostic factor in breast cancer (Wei et al. 2021; Caparica et al. 2020), there are
also studies indicating that this receptor could be considered a marker associated
with poor prognosis in other tumors. For instance, a bioinformatic analysis
performed on a dataset containing 300 different gastric cancer samples has revealed
that β2-ARs are highly expressed in diffuse type gastric cancer, a type associated
with an unfavorable prognosis, and that β2-AR expression level is negatively
correlated with disease prognosis (Li et al. 2021). In the same line, β2-AR levels
have been negatively associated with poor overall survival and/or recurrence-free
survival in patients suffering from hepatocellular carcinoma (Chen et al. 2012), oral
squamous cell carcinoma (Krishna et al. 2022), pancreatic ductal adenocarcinoma
(Gong et al. 2022), colorectal cancer (Ogawa et al. 2020), estrogen receptor-negative
breast cancer (Kurozumi et al. 2019) and malignant melanoma (Shimizu et al. 2016),
among others. In addition, there is growing evidence that single nucleotide
polymorphisms (SNPs) of the ADRB2 gene, the gene encoding β2-ARs, may be
associated to cancer susceptibility, prognosis, and response to medical treatment in
patients suffering from some cancers, mainly lung, breast, and pancreatic cancers
(see for Ref. Wang and Jiang, 2021). For instance, in the SNP rs1042711, in which
the replacement of a Cys residue with and Arg leads to β2-AR downregulation
(McGraw et al. 1998), the minor allele C has been found to be associated with an
increased risk by about 67% of developing lung cancer (Mei et al. 2019) and with a
worse drug response in acute lymphoblastic leukemia, characterized by a statistically
significant worse two-year overall survival of about 10% as compared with the major
allele T (Pottier et al. 2010). In addition, the SNP rs1042713 has been found to be
associated with the increased risk of developing lung adenocarcinoma (by about
42%) and breast cancer (by about 16%) in Chinese populations (Du et al. 2019;
Wang et al. 2006), or pancreatic cancer (by about 52%), as evidenced in a
population-based case-control study in Minnesota (Zhang et al. 2014). The same
SNP has also been associated to progression and metastasis of pancreatic cancer,
which is almost doubled than in subjects suffering from pancreatic cancer but not
expressing the SNP (Wenjuan et al. 2013). Interestingly, this SNP is associated with
an increased expression of β2-AR and with its increased agonist sensitivity (Large
et al. 1997; Wenjuan et al. 2013), suggesting a direct role of β2-AR activation by
catecholamines in development and progression of some cancers. On the other hand,
the GG and AG genotypes of the SNP rs1042713 have been found to be associated to
a reduced risk of developing breast cancer in a Chinese population (by about 28%),
in a Japanese cohort (by about 33%), and in Hispanic but not in non-Hispanic white
women in the southwestern United States (by about 26%) (Connor et al. 2012; Du
et al. 2019; Huang et al. 2001). Overall, these data suggest that the possibility to
consider β2-AR expression and/or the presence of β2-AR SNPs as a negative or
positive prognostic factor may depend on the type of tumor, its progression state and
ethnicity. However, most of the studies rely on epidemiological data, therefore
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further elucidation of the molecular mechanisms activated downstream the different
ADRB2 haplotypes coming from preclinical investigations is needed to validate β2-
ARs as a possible biomarker in cancer.

A novel frontier about the role of β2-ARs in cancer is the possible use of
promising combinatory approaches in which β2-AR antagonists, either
non-selective or selective, are associated to conventional anticancer therapies to
synergize with them and overcome phenomena of drug resistance. For instance, in
non-small cell lung cancer, the treatment with the VEGF receptor 2 inhibitor apatinib
led to β2-AR upregulation, while activation of the receptor downstream signaling
caused the therapeutic resistance to apatinib. However, the treatment of human
non-small cell lung cancer cells with a combination of apatinib and either
ICI-118,551 or propranolol enhanced cell sensitivity to apatinib, thus increasing its
antitumor effect. The same approach has shown that, in nude mice xenografted with
human non-small cell lung cancer cells, the combination of apatinib and propranolol
greatly enhances the efficacy of apatinib, leading to a reduction of the xenograft
volume that is about threefold larger than that following apatinib or propranolol
alone (Xu et al. 2022). Propranolol has also been demonstrated to be effective in
enhancing the effect of the chemotherapeutic drug Irinotecan in counteracting the
growth of colorectal cancer in a syngeneic mouse model (Lin et al. 2023) and in
sensitizing human chemotherapy-resistant prostate cancer cells reducing the resis-
tance to docetaxel (Zhang et al. 2023). Similar results have been obtained in human
head and neck squamous cell carcinoma cell lines, in which the combined treatment
with the mitogen activated protein kinase (MAPK) inhibitor U0126 and ICI-118,551
was more effective than the single treatments in inducing cell death, thus suggesting
that the most adopted therapy for this cancer, which relies on MAPK inhibition and
often leads to drug resistance, may be complemented by β2-AR antagonists (Mele
et al. 2020). These findings suggest that in comparison with traditional monotherapy,
the combination with β2-AR blockers may represent a promising therapeutic strat-
egy, by improving the efficacy of classic chemotherapeutics and reducing drug
toxicity. However, whether the combinatorial approach with β2-AR blockers and
conventional chemotherapeutic agents may be used to enhance the anticancer effects
in a wide range of malignancies requires further preclinical studies before translation
in the clinics. In the meantime, supported by preclinical findings, the combination of
propranolol with the checkpoint inhibitor pembrolizumab has been tested in a phase
I clinical trial that demonstrated the safety of the combination and gave preliminary
results on the antitumor efficacy in patients with metastatic melanoma (Gandhi et al.
2021). The effects resulting from the activation of β2-ARs expressed by cancer cells
and by immune cells belonging to the tumor microenvironment are summarized in
Fig. 3.
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5 b3-ARs

Although the interest regarding the role of the adrenergic system in the progression
of tumors has been focused mainly on β2-ARs, in recent years awareness of a
possible involvement of β3-ARs has progressively grown. On the other hand,
while the use of beta blockers as co-adjuvant in treating cancer patients gave
evidence supporting the role of β2-ARs in several malignancies (Gales et al.
2022), the possible involvement of β3-ARs is mainly based on preclinical results
obtained in vitro and animal models.

The first reports concerned the identification of β3-AR mRNA in different tumors
including colon cancer (Perrone et al. 2008), vascular tumors (Chisholm et al. 2012),
and human leukemia cells (Lamkin et al. 2012). In addition, the Trp64Arg β3-AR
polymorphism was associated to an increased susceptibility in developing colon or
endometrial cancer by about 1.5–3 times (Babol et al. 2004; Takezaki et al. 2001).

Alongside studies exploring the role of stress and the involvement of the adren-
ergic system in the progression of human melanoma, in vitro and in vivo
experiments demonstrated the presence of β3-ARs in mouse melanoma cells and
explored a possible contribution of β3-ARs in melanoma growth and vascularization
in a mouse model. This idea arose after demonstrating that β3-ARs were involved in
hypoxia-induced vascularization processes (Dal Monte et al. 2013a).

The presence of β3-ARs on the cellular surface, the up-regulation of their
expression under hypoxia (a strategy to reproduce the environment of the growing

Fig. 3 Schematic diagram depicting the effects of β2-AR activation in cancer cells and in immune
cells of the tumor microenvironment. The activation of β2-ARs expressed by cancer cells, through
the stimulation of oxidative stress and inflammatory processes, induces cell proliferation and
angiogenesis, contributing to cancer cell survival, which is also directly stimulated by activated
β2-ARs. Overall, all these processes trigger tumor growth. In addition, β2-AR activation leads to the
acquisition of a locomotor phenotype by cancer cells that migrate and spread to distant sites,
acquiring metastatic features. Moreover, the activation of β2-ARs expressed by immune cells of
the tumor microenvironment participates, by inducing phenomena of immune-tolerance, to cancer
cell invasion of surrounding tissues
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melanoma in vivo) and their involvement in the induction of VEGF production were
demonstrated in mouse melanoma B16F10 cells. The blockade of β3-ARs with
SR59230A or L-748,337, or their silencing with selective siRNAs reduced mela-
noma cell proliferation, induced their apoptosis, and prevented hypoxia-induced
VEGF up-regulation. Moreover, in mice bearing mouse melanoma B16F10 cells,
the pharmacologic antagonism of β3-ARs with the same drugs reduced melanoma
growth and its vascularization thanks to a significant downregulation of VEGF (Dal
Monte et al. 2013b). Although SR59230A, the widely used β3-AR antagonist, is not
selective for β3-ARs (Vrydag and Michel 2007), the results obtained with the
selective antagonist L-748,337 in vivo and with the siRNA approach in vitro point
on a specific functional role of β3-ARs in melanoma growth. These effects of
SR59230A and L-748,337 were mediated by the inhibition of the expression of
the inducible form of nitric oxide synthase and the promotion of apoptosis (Dal
Monte et al. 2013b, 2014). These results were confirmed in β1/2-AR knockout mice
bearing melanoma, where the treatment based on L-748,337 was again particularly
effective in reducing tumor proliferation and vascularization. Interestingly, in this
model intratumor level of NE was statistically higher than in controls suggesting a
synergy between β3-ARs and catecholamines in melanoma growth (Sereni et al.
2015). β3-AR expression in tumor cells was demonstrated to be a poor prognostic
factor also in different human cancers, such as melanoma (Calvani et al. 2015),
non-small cell lung carcinoma (Zheng et al. 2020) and in breast cancer (Zhou et al.
2022).

In melanoma, the expression of β3-ARs was demonstrated not only in cancer
cells, but also on the membrane of many cells constituting the tumor microenviron-
ment, such as cancer-associated fibroblasts, endothelial progenitor cells, mesenchy-
mal stem cells, and monocytes. In all these human cells β3-ARs were upregulated by
hypoxia and, for the first-time, specific functions were attributed to β3-ARs such as
the ability to stimulate the NE-mediated recruitment of circulating stromal cell
precursors to favor the invasiveness of melanoma cells and to promote cancer
stemness. Indeed, in human melanoma cells, a catecholaminergic stimulus increased
both the expression of stemness markers, such as CD20 and CD133, and the ability
to form melanospheres through the activation of β3-ARs (Calvani et al. 2015).

In a series of subsequent studies, some of the functions of β3-ARs were better
elucidated. β3-ARs were demonstrated to be involved in the metabolic rearrange-
ment of human melanoma stem cells by promoting an accelerated glycolysis
(Warburg effect), as suggested by the increased glucose uptake and lactate export
(Calvani et al. 2018). Interestingly, β3-AR activation with the agonist BRL37344
can promote this metabolic switch by upregulating the expression of some
key-enzymes involved in glycolysis such as hexokinase 2, or transmembrane
proteins such as monocarboxylate transporter-4, but also by reducing mitochondrial
activity through the induction of the specific uncoupling protein 2 (UCP-2), which
uncouples the activity of the respiratory chain from ATP synthesis (Calvani et al.
2018). In fact, UCP2 activation by β3-ARs simultaneously induces a significant
reduction of ATP synthesis, a decrease of mitochondrial reactive oxygen species
(ROS) content, and an increase of lactate production/export in the
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microenvironment. Limiting ROS production preserves the cancer cells from oxida-
tive stress that causes cell death (Aggarwal et al. 2019), while the reduction of
extracellular pH promotes the disaggregation of surrounding tissues and facilitates
the infiltration of the tumor (De la Cruz-López et al. 2019).

A recent study suggested the involvement of β3-ARs in the induction of
chemoresistance. In this study performed on human myeloid leukemia cell lines,
the exposition of a leukemic doxorubicin-resistant cell line to hypoxia increased at
the same time the expression of β3-ARs and the cell chemoresistance. On the other
hand, SR59230A reverted such doxorubicin resistance, suggesting that the levels of
β3-ARs and chemoresistance were not simply associated but closely related phe-
nomena (Calvani et al. 2020a). Although this preliminary study needs further
confirmation, some mechanisms promoting chemoresistance have been suggested:
in K562 human myeloid leukemia cells β3-ARs modulate the expression of
P-glycoprotein (an efflux protein encoded by the multiple drug resistance gene),
UCP-2 levels, and hypoxia-inducible factor-1 (HIF-1) expression (Calvani et al.
2020a), proteins that are actively involved in chemoresistance induction in myeloid
neoplasms (Zhang et al. 2019b). Additional mechanisms involved in
chemoresistance are likely to be under regulation of β3-ARs. In this respect, it is
important to note that NE, through the activation of β3-ARs, increases intracellular
concentration of glutathione (Yoshioka et al. 2016), whose major function is the
detoxification of xenobiotics in cancer (Traverso et al. 2013).

Considering that cancer relies on a hypoxic immune-tolerant context (Facciabene
et al. 2011), the assumption that hypoxic induction of β3-ARs in tumor infiltrating
lymphocytes could affect tumor immunoediting was investigated in a syngeneic
mouse model of melanoma, with the hypothesis that β3-ARs should be able to
promote an immune-tolerance confined to the site of intense proliferation, without
systemic immunological effects. The data showed that the treatment with SR59230A
or β3-AR silencing reduced tumor growth promoting the switch from an immuno-
suppressive (rich in regulatory T cells, myeloid-derived suppressor cells, M2
macrophages and N2 neutrophils) to an immunocompetent tumor microenvironment
(with higher presence of natural killer cells, CD8 cells, M1 macrophages, and N1
neutrophils), within the tumor mass. These data supported the hypothesis that β3-
ARs play a role in the promotion of immune-tolerance of cancer (Calvani et al.
2019).

Considering that β3-AR expression is modulated by oxygen levels and that
hypoxia promotes immune-tolerance (Facciabene et al. 2011), our hypothesis is
that hypoxia may promote the shift towards a tolerant immunophenotype through
the upregulation of β3-ARs, which may be the trick adopted by cancer cells to create
an aura of immune-tolerance in an immune-competent environment (Calvani et al.
2019). The observation that many of the functions exerted by β3-ARs in tumor
models were replicated in embryonic cells (Calvani et al. 2020a) and in placental
tissues (Calvani et al. 2020b) suggested the hypothesis that the tumor microenviron-
ment reactivates fetal competences, including local immunosuppression, predomi-
nantly through the activation of β3-ARs (Filippi et al. 2022). In essence, β3-ARs,
hypoxia and stemness appear to be closely related, as confirmed by the recent
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demonstration of the genetic link that binds HIF-1 and β3-ARs (Amato et al. 2022).
In the earliest stages of fetal development, the low oxygen tension is necessary to
initiate the embryonic stem cell proliferation, and this physiologic hypoxia is strictly
associated with high levels of HIF-1 and β3-ARs. At the same time, it is well-known
that during embryo development oxygen levels represent the signal to induce tissue
differentiation (Fathollahipour et al. 2018; Simon and Keith 2008). The close
relationship between oxygen, HIF-1 and β3-ARs suggested that oxygen might
regulate embryo differentiation through the modulation of β3-ARs. As pregnancy
progresses, the progressively increasing levels of oxygen could induce a gradual
down-regulation of β3-ARs during embryogenesis (Fujinaga and Scott 1997) favor-
ing embryonic differentiation. Therefore, in light of this hypothesis, β3-AR antago-
nism of highly undifferentiated tumors expressing high levels of β3-ARs was
hypothesized to be the biological sign able to promote cancer differentiation.
However, even considering the different role that β3-ARs exert in adult mice and
in humans, the translational perspective of studies performed in preclinical models
needs to be further assessed.

In a recent study performed in a syngeneic mouse model of melanoma,
SR59230A was able to reduce the expression of cancer stem cell markers and induce
a differentiated phenotype of hematopoietic subpopulations and mesenchymal stem
cells within the tumor (Calvani et al. 2020c). In detail, the study showed the
development of a hematopoietic niche within the tumor mass, following the recruit-
ment of hematopoietic progenitor cells that had already started the differentiation
process in the bone marrow. Within the tumor mass it was also possible to demon-
strate a process of trans-differentiation from mesenchymal stem cell to
pre-adipocytes, which explains the yellowish and greasy tumor appearance. This
finding was in line with the effect of the treatment of infantile hemangiomas with
propranolol, where β-blockade promoted the adipogenic trans-differentiation of
hemangioma stem cells (Ma et al. 2014). A similar effect was demonstrated in the
human breast cancer MCF-7 cell line where β3-AR activation prevented the trans-
differentiation of MCF-7 cells into adipocyte-like cells (Zhou et al. 2022).

In a study performed in mice bearing murine Neuro2A neuroblastoma cells,
treatments with SR59230A or with β3-AR siRNAs inhibited the growth of neuro-
blastoma and its progression (Bruno et al. 2020). These data were in agreement with
a previous study demonstrating the ability of SR59230A and of β3-AR silencing to
inhibit neuroblastoma cell proliferation through the suppression of the mTOR
pathway (Deng et al. 2019). Experiments performed on human neuroblastoma
cells demonstrated that SR59230A reduced the expression of stemness markers,
such as the capability to form neurospheres and the levels of the stem cell marker
CD34, while it increased neurite formation. Similar results were observed in mice
bearing syngeneic neuroblastoma tumor cells, where SR59230A decreased the
expression levels of the early neuronal differentiation markers and increased the
intermediate and late neuronal differentiation markers (Bruno et al. 2020). More
recently, in a murine syngeneic model of neuroblastoma, SR50230A was
demonstrated to be effective in reactivating the host immune response in the tumor
microenvironment, leading to a decrease in tumor growth through the involvement
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of the programmed death 1/programmed death ligand-1 signaling axis. The same
study, also showed that in specimens from neuroblastoma patients, the high expres-
sion of the ADRB3 gene is associated with a reduction in event-free survival
probability and in overall survival probability in respect to the low expression of
the receptor (from 70% to 50% and from 80% to 60%, respectively) (Bruno et al.
2023). In conclusion, these data suggest a strong relationship between the expression
of β3-ARs and the undifferentiated state of cancer, and the possibility to promote
tumor cell differentiation antagonizing these receptors. This possibility opens very
promising therapeutic scenarios because the differentiation grade of tumors is
closely correlated with the biology of their malignancies, being the undifferentiated
tumors the most aggressive and malignant (Bao et al. 2013). At the same time, these
results confirm the role played by β3-ARs in promoting stemness and undifferenti-
ated state, both in embryo and in cancer.

Currently, the antagonism of β3-ARs may represent a new therapeutic approach
to counteract the proliferation of cancer, its metabolic shift, chemoresistance,
immune-tolerance and to promote its differentiation. The effects resulting from the
activation of β3-ARs expressed by cancer cells and by cells belonging to the tumor
microenvironment are summarized in Fig. 4.

Fig. 4 Schematic diagram depicting the effects of β3-AR activation in cancer cells and in cells of
the tumor microenvironment. The activation of β3-ARs expressed by cancer cells, through the
induction of Warburg effect leads to the acidification of the surrounding tissue that favors tumor
infiltration and growth. Through: (i) the reduction of oxidative stress-dependent apoptosis, which is
a consequence of the Warburg shift, (ii) the induction of chemoresistance derived from an increase
in the activity of drug efflux pumps, (iii) The activation of angiogenic processes, (iv) the dediffer-
entiation of cancer cells and (v) the induction of stemness-related immune-tolerance, β3-AR
agonism favors cell survival and tumor growth. In addition, also the activation of β3-ARs expressed
by cells of the tumor microenvironment participates, directly and indirectly, to tumor growth
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6 Conclusions and Future Perspectives

Distress conditions may importantly affect the development of cancer and its
progression. In particular, stress-induced catecholamine overdrive stimulates carci-
nogenesis and tumor growth, as shown by results from pre-clinical and clinical
studies indicating that β-ARs expressed by tumor cells and in the tumor microenvi-
ronment are the target mediating these effects of epinephrine/norepinephrine.
Although β2-ARs have been recognized as the main β-AR subtype involved in the
pro-tumorigenic effects of catecholamines, there is growing evidence that also β1-
and β3-ARs may have a role in tumor biology, thus indicating the perspective of
β-ARs as intriguing targets to fight cancer.

Although some reports indicating that β1-AR activation may have an anticancer
potential, these β-AR subtypes seem to have a role in the growth of certain tumors,
such as infantile hemangiomas, highlighting the role of β1-AR blockers in the
treatment of specific malignancies. However, additional studies are required to better
define the potential tumorigenic role of these receptors.

A paramount role of β2-ARs in many tumors has been recognized, and β2-AR
blockade has been demonstrated to be effective in counteracting tumor growth in
pre-clinical models. In addition, several studies have shown that the previous use of
β-AR blockers in tumor patients increases survival and reduces recurrence and
metastasis rates. In this respect, several studies have demonstrated that β-AR
blockers targeting both β1- and β2-ARs exert their antitumor effects acting mainly
at β2-ARs. The finding that β2-ARs are expressed not only by tumor cells but also by
cells of the tumor-microenvironment, the possibility that β2-ARs or particular SNPs
of these receptors may be recognized as biomarkers of specific tumors, and the
evidence that β2-AR blockade may synergize with conventional antitumor drugs in a
combinatorial approach to tumor treatment reveal that there may be still unexplored
or only partially understood uses of β2-AR-targeting molecules, which may be
useful to counteract cancer growth and progression. Then, although further
investigations are required to clarify the molecular mechanisms mediating β2-AR
blocker effects in different tumors and to assess the importance of a minority of
studies, based on bioinformatics, reporting a possible protective role of β2-ARs in
some tumors, the use of β2-AR blockers seems to be not so far from moving from the
bench to the bedside.

Regarding the less studied β-ARs, β3-ARs, during the last decade they have been
demonstrated to be involved in tumor growth to the point that their expression can be
considered a poor prognostic factor in specific human cancers such as neuroblas-
toma. Being expressed by tumor cells, as well as in the tumor microenvironment,
blocking these receptors in animal models has been proven to be effective in
reducing the growth of melanoma and neuroblastoma, suggesting a potential use
of β3-AR blockers in tumor treatment. In this respect, the restricted expression in the
human body of β3-ARs with respect to that of β1- and β2-ARs should be of
advantage in treating tumor patients since off-target effects of β3-AR blockers
may be, in principle, less than those of β1- and β2-AR antagonists. However, it is
difficult to imagine the use of β3-AR blockers in tumor patients in a near future,
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since the currently available β3-AR blockers have problems of selectivity and
specificity and are not marketed for human use. On the other hand, the finding
obtained from pre-clinical studies are so encouraging that they may pave the way to
future clinical trials essaying the available β3-AR blockers (and, hopefully, newly
synthetized ones) as treatment for selected cancers. Of note, the finding that β3-AR
activation stimulates tumor cell dedifferentiation, reactivating embryo competences,
is opening a new way that may be of importance in studying tumor biology. On the
other hand, the fact that β3-AR blockade is effective in hampering tumor growth and
that β3-AR activation has an opposite effect, may represent the other side of the coin
of the increasing use of β3-AR agonists in the treatment of overactive bladder, the
only use for which β3-AR-acting drugs are approved in humans.

7 Antitumor Effect of the Catecholaminergic System Beyond
b-ARs: Is There a Role for a2-ARs?

Among ARs, β-ARs are the main subtypes studied for their role in tumor biology.
However, some evidence about a role for α-ARs has been produced and, although
this role has not been thoroughly examined, the expression level of α-ARs has been
linked to poor prognosis in human breast cancer (Powe et al. 2011). Among α-ARs,
α2-ARs have been identified for a potential role in regulating the growth of different
tumors, although results from different studies seem to be contradictory. In fact, it
has been demonstrated that α2-AR agonism with dexmedetomidine or clonidine
promotes proliferation and migration in human breast cancer cell lines (Castillo et al.
2017; Vazquez et al. 2006; Xia et al. 2016). In addition, dexmedetomidine treatment
results in an increase in tumor growth and metastasis formation in syngeneic mouse
models of breast cancer (Lavon et al. 2018; Szpunar et al. 2013), as well as in
syngeneic mouse models of lung carcinoma and colon adenocarcinoma (Lavon et al.
2018). On the contrary, the α2-AR agonist UK14,304 inhibits the growth of human
cholangiocarcinoma cells (Kanno et al. 2002), while α2-AR agonism with ST91
attenuates tumor growth in a syngeneic mouse model of melanoma (Maccari et al.
2022). A possible explanation of these conflicting results may lie in the models, in
the tumors and/or in the drug and in their doses used in the different studies, and
points on the need of additional studies in order to obtain definitive data about the
pro- or anti-tumorigenic role of α2-AR activation. In this respect, a very recently
published paper seems to put a full stop on the matter. Zhu and co-authors (2023)
indeed demonstrated that α2-AR agonists (guanabenz, clonidine, and guanfacine)
exert an impressive antitumor effect in either syngeneic or allogeneic mouse models
of different cancers. The effects of α2-AR agonists were blocked by α2-AR
antagonists and were not observed in α2-AR knockout mice, indicating (i) the
selectivity of these effects and (ii) that these effects are not exerted on tumor cells
but on host cells belonging to the tumor microenvironment. Overall, this work
demonstrated that α2-AR agonism acts directly on macrophages that, in turn,
would stimulate the adaptive immune response of T lymphocytes. Of note, α2-AR
agonists not only strongly reduced tumor growth when used as monotherapy but
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were also able to synergize with immune checkpoint blockers leading to a complete
tumor rejection in many mice. Finally, the authors showed that in patients suffering
from lung adenocarcinoma there is a high statistically significant association
between a high expression of α2-ARs and both the progression-free survival and
the overall survival, suggesting the translatability of the results of this study to
patients. It is obvious that the translational implications of this study need to be
carefully verified, and the definition of the doses of α2-AR agonists to be used in
humans may be only the starting point of this path. However, the fact that some α2-
AR agonists are clinically available, that their safety profile is known and that they
have been used for many years in treating hypertension, may accelerate the devel-
opment of treatments (either mono- or combined therapies) for specific human
cancers.
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