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Background and Purpose: Recently, p-adrenoceptor blockade has emerged as a
potential strategy to inhibit melanoma growth. It remains to be ascertained whether
B-adrenoceptor stimulation by circulating catecholamines increases melanoma
growth in mice.

Experimental Approach: B16F10 melanoma-bearing mice were used to evaluate
effects of adrenaline and specific adrenoceptor (AR) ligands on tumour volume. AR
expression and effects of AR ligands on cell viability, production of mitochondrial
reactive oxygen species (mROS), and proliferation activity in B16F10 cells, were
determined by biochemical analyses.

Key Results: Real-time polymerase chain reaction (qPCR) analyses revealed that
B16F10 cells express alB-, a2A-, a2B- and p2-ARs. We found that treatment with
the a- and B-AR agonist adrenaline or with the synthetic catecholamine isoprenaline,
which selectively stimulates p-ARs, did not affect melanoma growth. Conversely,
adrenaline reduced tumour growth in mice cotreated with propranolol, a p1p2-AR
antagonist. Adrenaline had no effect in tumour-bearing p1f2-AR knockout mice, in
which p1- and B2-ARs are lacking, but it reduced tumour growth when co-
administered with propranolol suggesting that tumour B2-ARs negatively regulate
adrenaline antitumour activity. Additionally, we found that a1-AR stimulation with
cirazoline yielded a decrease in B16F10 melanoma size. These effects on melanoma
growth were paralleled by reduced cell viability and proliferation activity as well as
increased mROS production in al-AR-stimulated B16F10 cells. Decreased viability,
proliferation and mitochondrial function in B16F10 cells also occurred after a2-AR
stimulation by a2-AR agonist ST91.

Conclusions and Implications: In the B16F10 melanoma model, stimulation of a-AR

subtypes yields in vivo and in vitro anticancer activity.

KEYWORDS
adrenoceptors, catecholamines, melanoma, a-adrenoceptor agonists

Abbreviations: ADR, adrenaline; CIRA, cirazoline; PRA, prazosin; PRO, propranolol; ST91, 2-[2,6-diethylphenylamino]-2-imidazoline; YOH, yohimbine.

Sonia Maccari and Maria Buoncervello equally contributed to this work. Lucia Gabriele and Giuseppe Marano contributed to this work as senior authors.

Br J Pharmacol. 2022;179:1371-1383.

wileyonlinelibrary.com/journal/bph © 2021 The British Pharmacological Society 1371


https://orcid.org/0000-0002-8748-0312
mailto:giuseppe.marano@iss.it
https://doi.org/10.1111/bph.15731
http://wileyonlinelibrary.com/journal/bph
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbph.15731&domain=pdf&date_stamp=2022-01-26

MACCARI ET AL

BRITISH
1372 PHARMACOLOGICAL
SOCIETY

1 | INTRODUCTION

Adrenergic antagonists such as a- and p-adrenoceptor blockers are
pharmacological agents used alone or in combination with other drugs
to treat a variety of clinical conditions such as myocardial ischemia,
heart failure, capillary haemangioma, supraventricular arrhythmias,
migraine and hypertension and to relieve symptoms associated with
benign prostatic hyperplasia. Such therapeutic effects are explained
by the ability of adrenergic antagonists to bind adrenoceptors (ARs),
thus inhibiting the effects of endogenous catecholamines such as
adrenaline (ADR) and noradrenaline (NA). There are three subclasses
of ARs, al, a2 and B, with nine adrenoceptor subtypes in total. The
o-ARs include six subtypes (x1A-AR, a1B-AR, a1D-AR and a2A-AR,
®2B-AR, a2C-AR) whereas the B-ARs have three subtypes ($1-AR,
p2-AR and B3-AR). al-ARs and a2-ARs are virtually ubiquitous in
human tissues. p1-ARs are primarily expressed in the heart, f3-ARs in
several tissues such as ovaries, gall bladder, placenta and urinary blad-
der, whereas p2-ARs are distributed in many organs and tissues,
including the central nervous system. In recent years, a link among AR
stimulation and cancer progression has been found, and the blockade
of B-AR signalling has emerged as a potential therapeutic strategy for
treatment of various cancer types including melanoma, the most
aggressive and life-threatening skin cancer, and recently was tested in
cancer patients, showing marked improvement in tumour biomarker
and long term cancer outcomes (de Giorgi et al, 2018; Haldar
et al., 2020; Ricon et al., 2019; Shaashua et al., 2017). In particular,
treatment with propranolol (PRO), a f1- and p2-AR antagonist, atten-
uates cancer growth both in preclinical models of melanoma and in
patients with melanoma (Barbieri et al., 2012; Bucsek et al., 2017;
Calvani et al., 2019; de Giorgi et al, 2018; Glasner et al., 2010;
Hasegawa & Saiki, 2002; Maccari et al., 2017; Wrobel & Le
Gal, 2015). Moreover, in addition to the beneficial effect of PRO,
some of these preclinical studies showed that there is a relationship
between the levels of circulating catecholamines and melanoma
growth suggesting that p-AR stimulation may enhance melanoma
growth (Barbieri et al., 2012; Bucsek et al., 2017; Glasner et al., 2010).
However, whether -AR stimulation induced by circulating catechol-
amines is responsible for the effect that is inhibited by PRO remains
to be determined.

Activation of sympathetic nervous system in response to diverse
stimuli such as physical activity and psychological stress causes the
release of NA and ADR from postganglionic neurons and the adrenal
medulla, respectively. Once released, these two catecholamines bind
both a- and B-ARs on peripheral tissues and promote the physiological
and metabolic responses that follow stimulation of the sympathetic
nervous system. ARs belong to the guanine nucleotide-binding
G-protein coupled receptor (GPCR) superfamily and are membrane
receptors that activate heterotrimeric G-proteins following the bind-
ing of a ligand. B-ARs activate adenylyl cyclase through Gs-protein,
o2-ARs inhibit adenylyl cyclase through Gi-protein, and al-ARs
increase intracellular Ca%* through Gg-protein. In addition to activat-
ing classical G-protein signalling, recent findings in the molecular biol-
ogy of GPCRs show that these receptors can interact with other

What is already known

e Melanoma is the most aggressive and life-threatening
skin cancer.

e Blockade of B-adrenoceptors (B-ARs) has emerged as a
potential therapeutic strategy for treatment of

melanoma.

What does this study add

e B16F10 melanoma cells express a-adrenoceptors (a1B-,
a2A- and a2B-AR) and p-adrenoceptors (p2-AR).

e B-AR blockade unmasks the antimelanoma activity of
adrenaline. a1-AR stimulation inhibits B16F10 melanoma
growth.

What is the clinical significance

o The results of the present study could help identify new

therapeutic strategies for melanoma treatment.

transduction proteins such as B-arrestins. These are inhibitors of
G-protein signalling promoting receptor desensitization and internali-
zation and also function to activate mitogen-activated protein
kinases, especially ERK1/2, via G-protein-independent signalling
pathways (Smith et al., 2018).

NA and ADR are mixed adrenergic agonists, that is, they are
able to activate all of these AR subtypes, which are often co-
expressed in the same cell. Thus, the response to NA or ADR is
often the result of activation of multiple AR subtypes which could
have opposite biological effects on the same system. The net effect
will depend on catecholamine affinities for AR subtypes, as well as
the AR density. For example, therapeutic doses of ADR increase
blood flow to skeletal muscles via dominant stimulation of B-ARs
which produces vascular smooth muscle relaxation and a decrease
in vascular peripheral resistance. However, after the administration
of PRO which is a f1- and p2-AR antagonist, only vasoconstriction
due to o-AR stimulation occurs (Hoffman, 2001; Shank, 1967).
Therefore, we also evaluated whether PRO, by blocking p1- and
B2-ARs, unmasks the antitumour effect of stimulation of a-AR sub-
types induced by catecholamines.

The objective of this study was threefold. First, determining
whether B-AR stimulation by the catecholamine ADR enhances the
growth of melanoma. Second, because ADR is both a- and B-AR ago-
nist, we tested whether PRO, by blocking p1- and p2-ARs, unmasks
the antitumour effect of stimulation of a-AR subtypes by ADR. Third,
because both host cells and B16F10 tumour cells express $-ARs, mice
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deficient in both p1- and p2-ARs (p12-AR knockout [KO]) were used
to evaluate the importance of host cells versus tumour cells as targets
of B1- and B2-AR stimulation by ADR. To this aim, the B16F10 murine
melanoma model was used (Maccari et al., 2017). The results of the
present study suggest that stimulation of a-AR subtypes negatively
affects the growth of B16F10 melanoma, but p2-AR stimulation extin-
guishes this effect.

2 | METHODS

2.1 | Animal welfare and ethics statement

Animal studies were performed in compliance with the ARRIVE and
BJP guidelines (McGrath & Lilley, 2015) and the standards required
by the UKCCCR guidelines on the welfare and use of animals in can-
cer research (Workman et al., 2010). Procedures involving animals
were also carried out in compliance with the Italian guidelines for
animal care (DL 116/92) and the European directives (2010/63/EU)
and were approved by the Italian Ministry of Health (code
Nn.744/2016-PR). Animals were deeply anaesthetized with isoflurane
before being killed by cervical dislocation. All efforts were made to
minimize animal suffering. Fifty-nine C57BL/6 male mice weighing
22.7£0.9 g were used in this study and were purchased from
Charles River Laboratories (Calco, Como, Italy). Additionally,
18 B1p2-AR double KO male mice weighing 28.8 + 4.3 g were used.
B1p2-AR KO, originally generated by Rohrer et al. (1999), were pur-
chased from the Jackson Laboratory (Adrb1tm1BkkA g 2tm 1Bk 5 Stock
No. 003810, Bar Harbor, ME, USA) and interbred to generate subse-
guent generations. Genotyping was done on tail DNA by polymerase
chain reaction (PCR) as described (Maccari et al., 2020). Mice were
housed in groups of three adults per cage and maintained in stan-
dardized conditions in our animal facility at 20°C + 2°C room temper-
ature, 40% * 5% relative humidity and a 12-h light/dark cycle with
dawn/dusk effect, water and standard pathogen-free chow diet pro-
vided ad libitum. We did not use female mice which is a limitation of
our study.

2.2 | Cell cultures and reagents

B16F10 cell line (RRID:CVCL_0159) was cultured at 37°C in humidi-
fied atmosphere containing 5% CO,. Low passage B16F10 murine
melanoma cell line, obtained from ATCC, was maintained in DMEM
high glucose medium (EuroClone, West York, UK) supplemented with
10% FBS (EuroClone, West York, UK) in the presence of penicillin and
streptomycin.

2.3 | Melanoma model and treatment

The B16F10 melanoma model, the most frequently used syngeneic

murine melanoma, was established as described (Maccari et al., 2017).

B16F10 mouse melanoma cells (8 x 10° cells) in 200-ul PBS were
injected s.c. into the back of C57BL/6 male mice.

Treatments were started immediately after the injection of the
tumour cells and continued until Day 16, when mice were sacrificed.
Tumour length (L) and width (W) were measured using a calliper, and
the tumour volume was calculated as L x W2 x 0.5.

Mice were randomly allocated to groups of six animals each. The
control group was treated with vehicle (sterile saline) whereas the
other groups received ADR, ADR plus PRO, isoprenaline (ISO) or
cirazoline (CIRA), a selective a1-AR agonist. ADR, ISO and CIRA were
dissolved in sterile saline and administered intraperitoneally (i.p.) at
the dose volume of 5 mlkg™? and at the doses of 0.5, 1.0 and
0.3 mg-kg~t-day™? for 16 consecutive days, respectively. PRO was
dissolved in tap water at the concentration of 0.5 g-L =2, which corre-
sponds to a dose of about 60 mg-kg~t-day~ L. p1p2-AR KO mice were
treated with vehicle (sterile saline), ADR or ADR plus PRO at the
above dosages. Doses for systemic administration of B-AR ligands
were selected on the basis of a detailed literature search. ISO at the

~1 increases heart rate by approximately 100 bpm

dose of 1 mgkg
(Wang et al., 2017) and is apparently well tolerated in mice following
repeated administration (Pérez Pifiero et al., 2012). ADR at the dose
of 0.5 mg-kg~* mobilizes NK cells in mice, an effect that is blocked by
PRO (Pedersen et al., 2016). Furthermore, this dose appears well tol-
erated following repeated administration in mice (Pedersen
et al, 2016). To minimize animal stress, PRO was administered in
drinking water at a dose of about 60 mg-kg~t-day™%. It was used at
the dose that produces plasma concentrations in mice ranging from
59 to 75ng-ml~ which are within therapeutic range (Fabritz
et al., 2010; Musumeci et al., 2011). With regard to CIRA, the dose of
0.3 mg-kg~! was greater than the dose of 0.2 mg-kg~! which abol-
ishes pentylenetetrazole (PTZ)-induced seizures in dopamine
B-hydroxylase KO mice, an effect that is blocked by the administra-
tion of prazosin ((PRA), an ol-AR antagonist (Weinshenker
et al., 2001), but lower than the dose of 0.6 mg-kg™*-day~?! that cau-
ses an approximately 15% increase in cardiac mass when administered

for 14 days in mice (Papay et al., 2013).

24 | RNA solation and quantification

Total RNA was extracted from tissue or cell samples by using TRIzol
(Invitrogen, Monza, Italy) and purified by using RNA purelink mini kit
(Invitrogen, Monza, Italy). The concentration and purity of the RNA solu-
tion were determined by using a NanoDrop spectrophotometer (Fisher
Scientific, Monza, Italy), whereas its overall quality was analysed using
the Agilent 2100 bioanalyser with an RNA LabChip (RNA 6000 Nano kit,
Agilent, Milan, Italy). cDNA was obtained by using the High Capacity
cDNA Archive kit (Applied Biosystems, Foster City, CA, USA). mRNA
expression levels of a-AR subtypes («1A, alB, alD and a2A, a2B, a2C)
and B-ARs (B1-AR and B2-AR) were determined using TagMan gene
expression assays (gene ADRAla cod. Mm 00442668_m1, gene
ADRA1b cod. Mm 00431685_m1, gene ADRA1d cod. Mm
01328600_m1, gene ADRA2a cod. Mm 00845383 _s1, gene ADRA2b
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cod. Mm 00477390_s1 and gene ADRA2c cod. Mm 00431686_s1 for
a-AR subtypes; gene ADRB1 cod. Mm 00431701 _s1 and gene ADRB2
cod. Mm 02524224 s1, for $-AR subtypes; Applied Biosystems, Foster
City, CA, USA). Real-time, quantitative PCR (gPCR) analysis was per-
formed using 7500 RealTime PCR system (Applied Biosystems, Foster
City, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(cod. Mm 99999915 _g1, Applied Biosystems, Foster City, CA, USA) was
used as reference gene and relative expression levels were reported as
ACt. The ACt, that is, the difference between Ct (cycle threshold) of
interest gene and Ct of reference gene, was used for statistical analysis
(Schmittgen & Livak, 2008).

2.5 | Colour power Doppler

B16F10 mouse melanoma cells were injected as described above.
Mice were treated with CIRA at the dose of 0.3 mgkgt. Colour
power Doppler imaging was performed to quantitatively assess
tumour blood flow, using an 18-MHz linear array probe attached to a
Hitachi Aloka ultrasound scanner (Milan, Italy). Care was taken to min-
imize motion artefact during image acquisition by positioning the
transducer parallel to the long axis of the tumour. Post-processing of
tumour images with specific software allowed for the calculations of
colour pixel density (CPD = numbers of colour pixels/total number of
pixels) and vascularity index (VI = sum of colour pixel intensities/total
number of pixels) for regions of interest.

Measurements were acquired before and after CIRA administra-
tion, approximately 10 min after the drug injection. Mean values of
CPD and VI before and after treatment were calculated. CPD is an
indicator of in vivo tumour vascular density, whereas VI is more indic-
ative of blood flow through the tumour.

2.6 | Cell culture and treatments

Mouse melanoma B16F10 cells were cultured as described above and
treated for 48 h with 1 pM of the AR agonist ADR, the B-AR agonist
ISO, the p1p2-AR antagonist PRO, the a1-AR agonist CIRA, the a2-AR
agonist ST91 (2-[2,6-diethylphenylamino]-2-imidazoline) (Jasper
et al, 1998), the al-AR antagonist PRA or the a2-AR antagonist
yohimbine (YOH), alone or in combination. Cells untreated were con-
sidered as control.

2.7 | Cell death assay

Dead cells were quantified by calcein-AM (Thermo Fisher Scientific,
Milan, Italy), a cell-permeant dye used to determine cell viability in
eukaryotic cells. In metabolically active cells only, the nonfluorescent
calcein-AM is converted to green-fluorescent calcein. At the end of
treatments, cells were stained with 2-uM calcein-AM for 30 min in
the dark at 37°C and immediately analysed on a cytometer. Results

were expressed as percentage of cells negative for calcein-AM.

2.8 | Mitochondrial membrane potential

The mitochondrial membrane potential of both control and treated
cells was studied by using tetramethylrhodamine ester 1 M (TMRM,;
Thermo Fisher Scientific, Milan, Italy). JC-1 (Molecular Probes,
Eugene, OR, USA) was also used as described previously (Matarrese
et al, 2005). After staining cells were immediately analysed on a
cytometer. Acquisition of the samples was performed on a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA)
equipped with a 488 argon laser and with a 635 red diode laser and at
least 10,000 events per sample were run. Data were analysed using
the Cell Quest Pro software (BD Biosciences, San Jose, CA, USA).
Results were reported as median fluorescence intensity (MFI).

2.9 | Mitochondrial reactive oxygen species

To detect mitochondrial reactive oxygen species (mROS), B16F10
cells (5 x 10 were incubated with 5-uM MitoSOX (red mitochondrial
superoxide indicator, Thermo Fisher Scientific, Milan, Italy) in com-
plete medium, for 30 min at 37°C. After staining, cells were immedi-
ately analysed on a cytometer. Acquisition of the samples was
performed on a FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA) equipped with a 488 argon laser and with a 635 red diode
laser and at least 10,000 events per sample were run. Data were
analysed using the Cell Quest Pro software (BD Biosciences, San Jose,
CA, USA). Results were reported as MFI.

210 | Proliferation assay

Proliferation activity was analysed by Ki-67 nuclear antigen expression
using the phycoerythrin (PE)-mouse anti-human Ki-67 Set according to
the manufacturer's protocol (BD Biosciences, San Jose, CA, USA). All
samples were acquired on a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA) equipped with a 488 argon laser and with
a 635 red diode laser and at least 10,000 events per sample were run.
Data were analysed using the Cell Quest Pro software (BD Biosciences,
San Jose, CA, USA). Results were reported as MFI.

2.11 | Data and statistical analysis

The manuscript complies with BJP's recommendations and require-
ments on experimental design and analysis (Curtis et al., 2018).
Data are expressed as mean * SD and analysed using GraphPad
Prism version 5.03 software program (GraphPad Software Inc., San
Diego, CA, USA) (RRID:SCR_002798). Studies were designed to
generate groups of equal size, using randomization and blinded
analysis. Mice were randomly allocated to the experimental groups
using the Excel Random function. The person performing tumour
size or power Doppler measurements was blinded with regard to

group allocation of animals. All available data were included in the
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analysis and presentation without of removal potential outliers.
The null hypothesis is that stimulation of «-AR subtypes does not
affect growth and function of B16F10 melanoma cells. Descriptive
analysis has been applied to all other outcomes of the study.
Unpaired t test or ANOVA were performed to accept or reject the
null hypothesis. Differences with P <0.05 were considered
significant.

The size of animal groups was selected based on previous studies
with adrenergic drugs in the same model (Maccari et al., 2017). Fur-
thermore, taking into account the results from our preliminary experi-
ments on B16F10 cell survival with adrenergic drugs, for a t test with
Bonferroni correction for multiple comparison, a fivefold difference
between means (8% control group vs. 40% treated group), a SD of
3 and a Bonferroni-adjusted alpha level of 0.005 (0.05/10), five bio-
chemical assays per group guaranteed a power of 80% using G*Power
3.1 (RRID:SCR_013726).

Group size is the number of independent values, and statistical
analysis was done using these independent values. Statistical analysis
was undertaken only for studies where each group size was at least
n=>5.

In multigroup studies with parametric variables, post hoc tests
were conducted only if F in ANOVA achieved the necessary level of
statistical significance and there was no significant variance inhomo-
geneity as assessed by Bartlett's test. Gene expression and cell viabil-
ity measurements were normalized to correct the fluctuations in
target gene expression levels caused by technical variations in the
quantity of total RNA or in the cDNA synthesis or to correct inter-well
variability introduced by cell number, respectively. All gene expression
data have been shown both with and without correction for the

reference gene.

212 | Materials

ADR, ISO, PRO, CIRA, PRA and YOH were purchased from Sigma-
Aldrich (St. Louis, MO, USA), whereas ST91
(2-[2,6-diethylphenylamino]-2-imidazoline) was from R&D Systems
(R&D Systems, Minneapolis, MN, USA). DMEM high glucose medium
and fetal bovine serum (FBS) (EuroClone, West York, UK), phosphate
buffered saline (PBS), penicillin and streptomycin (Sigma-Aldrich, St.
Louis, MO, USA), calcein-AM, tetramethylrhodamine ester (TMRM)
and red mitochondrial superoxide indicator (MitoSOX) (Thermo Fisher
Scientific, Milan, Italy), JC-1 (Molecular Probes, Eugene, OR, USA),
phycoerythrin (PE)-mouse anti-human Ki-67 (BD Biosciences, San
Jose, CA, USA).

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | B16F10 cells express both a- and $-ARs

Given that PRO blocks both f1- and p2-ARs and that catecholamines
such as ADR and NA are mixed o- and B-AR agonists, we evaluated
whether cultured B16F10 tumour cells express p1- and p2-ARs as well
as a-ARs. Heart tissue samples obtained from C57BL/6é mice were used
as positive controls. As shown in Figure 1, gPCR analysis revealed that
under basal conditions B16F10 cells express p2-ARs, which is in line with
the results from previous studies (Calvani et al., 2019; Dal Monte et al.,
2013), as well as a1B-, a2A- and a2B-AR subtypes (Figure 1a,b). Thus,
B16F10 cells express multiple ARs that are target of catecholamines.

3.2 | ADR reduces tumour growth in mice
cotreated with PRO

Because previous studies showed that PRO, a p1- and p2-AR antago-
nist, markedly reduces the growth of B16F10 melanoma, we evaluated
whether treatment with catecholamines, which induce p-AR stimula-
tion, enhances B16F10 melanoma growth. We found that B16F10 mel-
anoma volume slightly decreased in mice treated with ADR (3.29
+0.48 cm®, P > 0.05) or ISO, a selective p-AR agonist (3.38 + 0.41 cm?,
P > 0.05) compared with control mice (3.49 + 0.50 cm®). These results
suggest that B-AR stimulation by circulating catecholamines is not
enough to promote B16F10 melanoma growth (Figure 2a).

Because both host cells and B16F10 cancer cells have al-, a2- and
B-ARs and it has been shown that the response to catecholamines is
determined according to which AR is predominant, we then determined
effects of stimulation of a-AR subtypes on B16F10 melanoma growth.
Because ADR is both a- and p-AR agonist, we evaluated whether PRO,
by blocking p1- and f2-ARs, unmasks the antitumour effect of stimula-
tion of a-AR subtypes by ADR. We found a significant difference
between the control group and the group cotreated with ADR plus PRO
as determined by one-way ANOVA (F(3,19) =443, P<0.05). A
Bonferroni post hoc test revealed that tumour volume reduced by
2.85 cm® between control and ADR plus PRO groups (P < 0.05), by
2.65 cm® between ADR and ADR plus PRO groups (P < 0.05) and by
2.78 cm® between PRO and ADR plus PRO groups (P < 0.05) (Figure 2b).
Minimal differences in tumour volume were observed between the
control (3.49 + 0.50 cm®) and PRO groups (3.42 + 0.17 cm®, P > 0.05)
or the PRO (3.42 £+0.17 cm® and ADR (3.29 = 0.48 cm®, P > 0.05)
groups (Figure 2b). Collectively, these results suggest that stimulation
of a-AR subtypes negatively affects B16F10 melanoma growth
whereas stimulation of f1- and p2-ARs opposes this effect.

3.3 | Tumour cell B2-ARs are involved in ADR
antitumour effects

Because (2-ARs are present on both host and tumour cells,
f1p2-AR KO mice, in which both p1- and p2-AR subtypes are
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FIGURE 1 Gene expression
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mRNA levels of tested genes in
cultured cancer B16F10 cells
were assessed by qPCR. Gene
expression data are reported
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FIGURE 2 ADR reduces tumour growth in
mice cotreated with PRO. (a) Treatment with
natural or synthetic catecholamines had no effect
on melanoma growth. B16F10 tumour-bearing
mice were treated with vehicle (Ctr), adrenaline
(ADR) (0.5 mg-kg~-day~?) or isoprenaline (ISO)
(1 mg-kg~t-day~%). Catecholamines were
administered via i.p. route once daily for 16 days.
Data represent mean tumour volume + SD (h = 6
per group). (b) ADR reduced tumour growth in
mice cotreated with propranolol (PRO), a p1p2-AR
antagonist. ADR was administered via i.p. at the
dose of 0.5 mg-kg~*-day~* whereas PRO in
drinking water at the dose of about

60 mg-kg*-day2. (n = 6 per group; ‘P < 0.05
compared with the Ctr group or ADR group or
PRO group)
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lacking, were used to evaluate the relative importance of host cells
versus tumour cells as targets of ADR. To this aim, wild-type
(WT) and B1p2-AR KO mice were treated with saline or ADR. We
found that there was no significant interaction between the effects
of genotype and ADR treatment on B16F10 melanoma growth as
assessed by two-way ANOVA (F(1,20) = 1.25, P > 0.05). There
were slight differences in tumour growth between WT and KO
mice (3.22+0.55 and 3.19 +0.17 cm® respectively, P > 0.05),
which is in line with results from a previous study (Sereni
et al., 2015), or between ADR-treated WT and ADR-treated KO
mice (3.34+0.58 and 2.92+0.31cm? respectively, P >0.05)
(Figure 3a). In a subsequent experiment, p1p2-AR KO mice were
treated with saline, ADR or ADR plus PRO, a $1p2-AR antagonist.
We found that there was a significant difference between groups
as determined by one-way ANOVA (F(2,15) = 91.5, P < 0.05). A
Bonferroni post hoc test revealed that tumour volume reduced by
2.48 cm® between untreated KO group and ADR plus PRO-treated
KO group (P <0.05) and by 2.21 cm® between ADR-treated KO
group and ADR plus PRO-treated KO group (P < 0.05) (Figure 3b).
Slight differences in tumour volume were observed between KO
and ADR-treated KO groups (3.19 +0.17 and 292 +0.31 cm®,
respectively, P > 0.05) (Figure 3b). Collectively, these results sug-
gest that p2-ARs located on B16F10 melanoma cells negatively
regulate ADR antitumour activity.

34 |
mice

a1-AR stimulation inhibits tumour growth in

To ascertain whether antitumour effects of ADR are related to stimu-
lation of a-AR subtypes, we administered CIRA, a selective al-AR
agonist, at the dose of 0.3 mg-kg~*-dayX. The results showed that
mice treated with CIRA had significantly lower tumour volume (0.93
+0.54 cm?, t(10) = 8.2, P < 0.05) at the end of the experiment com-
pared with untreated mice (3.44 + 0.52 cm®) (Figure 3c).

Because CIRA is an a1-AR agonist and therefore a potential vaso-
constrictor, we studied its effects on tumour perfusion by colour
power Doppler. After 10 days of tumour growth, Doppler signal was
evaluated before and after CIRA treatment. As shown in Figure 3c,
CIRA did not affect tumour perfusion as evidenced by perfusion indi-
ces (Figure 3d,e). Together, these results imply that a1-AR stimulation

affects tumour growth without altering tumour perfusion.

3.5 | Stimulation of a-AR subtypes affects cell
viability, mitochondrial function and proliferation
activity of B16F10 cells

Next, we tested the effects of several AR ligands or their combina-
tions on some cell functions of cultured B16F10 cells. Multiple t test
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FIGURE 3

Stimulation of a-AR subtypes inhibits tumour growth in mice. (a) Adrenaline (ADR) does not affect tumour growth in p1$2-AR

knockout (KO) mice, in which both $1- and p2-AR subtypes are lacking (n = 6 per group). WT, wild-type mice. (b) ADR reduced tumour growth in KO
mice cotreated with propranolol (PRO) (n = 6 per group; ‘P < 0.05 vs. KO or ADR-treated KO groups). (c) Cirazoline (CIRA), a selective a1-AR agonist,
inhibits melanoma growth (n = 6 per group; 'P < 0.05 vs. WT group). (d) Representative images of power Doppler assessment of blood flow in
melanoma tumours before and after CIRA treatment. (e) Left panel: colour pixel density (CPD) per cent (CPD = number of colour pixels/total number
of pixels). Right panel: vascularity index (VI = sum of colour pixel intensities/total number of pixels). Five mice underwent non-invasive colour Doppler
imaging to quantitatively assess tumour blood flow, using an 18-MHz linear array. No differences in vascularity indices were seen after CIRA treatment
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comparisons were carried out and tested against a Bonferroni-
adjusted alpha level of 0.005 (0.05/10). First, we found that cell death,
as assessed by calcein-AM staining, significantly increased after treat-
ment for 48 h with a1-AR agonist CIRA (49.4% + 14.8%, t(8) = 6.5,
P < 0.05), a2-AR agonist ST91 (53.4% + 7.0%, t(8) = 14.9, P < 0.05) or
ADR plus PRO (45.1% + 5.5%, t(8) = 15.5, P < 0.05) compared with
control (5.7% + 1.3%) (Figure 4a). Moreover, the al-AR antagonist
PRA significantly inhibited CIRA effects (7.8% + 0.8%, t(8) = 6.3,
P < 0.05), whereas the a2-AR antagonist YOH inhibited ST91 effects
(8.2% £ 1.6%, t(8) = 14.02, P < 0.05). Minimal changes in cell death
were observed in B16F10 cells treated with ADR (6.0% * 1.5%,
P >0.05), ISO (8.7% + 1.5%, P > 0.05), PRA (6.3% * 1.3%, P > 0.05),
YOH (7.9% + 1.0%, P < 0.05) or PRO (7.8% + 1.4%, P < 0.05) com-
pared with control (5.7% + 1.3%) (Figure 4a). Second, because mito-
chondria have been attributed a central role in cell death and are
considered both a source and an important target of ROS damage
(Galadari et al., 2017; Moloney & Cotter, 2018), we have determined

the effects of AR ligands on mitochondrial ROS production in cultured
B16F10 cells. On this cell type, we found that mitochondrial ROS pro-
duction, as assessed by MitoSOX staining, significantly increased after
treatment for 48 h with a1-AR agonist CIRA (220.3 + 9.9 MFI, t(8)
= 32.2, P < 0.05), a2-AR agonist ST91 (263.2 + 6.6 MFI, t(8) = 53.9,
P < 0.05) or ADR plus PRO (306.1 + 5.1 MFI, t(8) = 75.3, P < 0.05)
compared with control (59.2 + 5.2 MFI) (Figure 4b). Moreover, the
al-AR antagonist PRA significantly inhibited CIRA effects (80.3 + 1.6
MFI, t(8) = 33.3, P <0.05), whereas the a2-AR antagonist YOH
inhibited ST91 effects (67.3 + 4.9 MFI, t(8) = 52.9, P < 0.05). Slight or
moderate changes of ROS production were observed in B16F10 cells
treated with ADR (61.9 £ 5.4 MFI, P > 0.05), ISO (61.4 +2.5 MFI,
P >0.05), PRA (65.8+3.5 MFI, P<0.05), YOH (71.6+1.6 MFI,
P < 0.05) or PRO (71.3 £ 5.3 MFI, P < 0.05) compared with control
(59.2 £ 5.2 MFI) (Figure 4b). Third, these alterations were paralleled
by an increased mitochondrial membrane potential (A¥m), that is,

hyperpolarization, considered as a mitochondrial alteration typical of
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FIGURE 4 Decreased cell viability, mitochondrial function and proliferation activity in B16F10 cells after stimulation of a-AR subtypes.

(a) Bar graph showing flow cytometric analysis after cell staining with calcein-AM (which is retained in the cytoplasm of live cells) of B16F10 cells
treated for 48 h with different adrenoceptor ligands. Data represent the percentage of calcein-negative cells (n = 5). MFIl, median fluorescence
intensity; P < 0.05 versus control; *P < 0.05 versus the corresponding a-agonist treatment. (b) Bar graph showing flow cytometric evaluation,
performed by using MitoSOX-red, of mitochondrial ROS production. Data represent the MFl in FL-2 fluorescence channel (n = 5). P <0.05
versus control; *P < 0.05 versus the corresponding a-agonist treatment. (c) Bar graph showing the analysis of mitochondrial membrane potential
(A¥m) obtained by cytofluorimetric analysis performed by using TMRM. Data represent the MFI in FL-2 fluorescence channel (n = 5). P < 0.05
versus control; #P < 0.05 versus the corresponding a-agonist treatment. (d) Bar graph showing the analysis of proliferation activity obtained by
cytofluorimetric analysis performed by using Kié7. Data represent the MFI in FL-2 fluorescence channel (n = 5). 'P < 0.05 versus control;

#P < 0.05 versus the corresponding a-agonist treatment. All drugs were used at the concentration of 1 uM. Control (CTR), adrenaline (ADR),
isoprenaline (ISO), propranolol (PRO), cirazoline (CIRA), ST91, prazosin (PRA), yohimbine (YOH)
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apoptosis preceding mitochondrial depolarization and cytochrome C
release in the cytoplasm (Mahapatra et al, 2017; Matarrese
et al., 2005). In fact, we found that A¥m, as assessed by TMRM
staining, significantly increased after treatment for 48 h with a1-AR
agonist CIRA (124.4 + 7.2 MFI, t(8) = 28.6, P < 0.05), a2-AR agonist
ST91 (178.3+£11.1 MFI, t(8) =29.6, P <0.05) or ADR plus PRO
(177.9 £ 7.6 MFI, t(8) = 42.5, P < 0.05) compared with control (30.0
+ 1.4 MFI) (Figure 4c). Again, the a1-AR antagonist PRA significantly
inhibited CIRA effects (40.0 + 2.3 MFI, t(8) = 24.7, P < 0.05), whereas
the a2-AR antagonist YOH inhibited ST91 effects (41.2 + 1.3 MFI, t
(8) = 27.3, P < 0.05). Minimal changes of A¥Ym were observed in
B16F10 cells treated with ADR (29.5 + 1.9 MFI, P > 0.05), I1SO (29.9
+ 2.5 MFI, P > 0.05), PRA (29.3 £ 1.6 MFI, P > 0.05), YOH (31.5+ 2.2
MFI, P > 0.05) or PRO (30.2 + 1.6 MFI, P > 0.05) compared with con-
trol (30.0 £ 1.4 MFI) (Figure 4c). Fourth, we found that proliferation
activity, as assessed by Ki67 staining, significantly decreased after
treatment for 48 h with a1-AR agonist CIRA (13.4 £ 0.6 MFI, t(8)
=15.9, P <0.05), a2-AR agonist ST91 (13.5 + 0.7 MFI, t(8) = 15.2,
P <0.05) or ADR plus PRO (13.8 +0.2 MFI, t(8) = 16.5, P < 0.05)
compared with control (24.1 + 1.4 MFI) (Figure 4d). Moreover, the
al-AR antagonist PRA significantly inhibited CIRA effects (19.3 + 1.0
MFI, t(8) =11.4, P <0.05), whereas the a2-AR antagonist YOH
inhibited ST91 effects (19.5 £ 0.6 MFI, t(8) = 14.6, P < 0.05). Slight
changes in Ki67 were found in B16F10 cells treated with ADR (22.9
+ 1.9 MFI, P > 0.05), ISO (22.6 £ 2.3 MFI, P > 0.05), PRA (21.8 + 1.7
MFI, P >0.05), YOH (21.4 + 1.3 MFI, P < 0.05) or PRO (21.7+1.0
MFI, P < 0.05) compared with control (24.1 + 1.4 MFI) (Figure 4d).
Collectively, these results indicate that stimulation of al- and «2-AR
subtypes affects both survival rate and mitochondrial function as well

as proliferation activity of cultured B16F10 melanoma cells.

4 | DISCUSSION

In recent years, inhibition of $-AR signalling has emerged as a poten-
tial strategy to inhibit melanoma growth. However, whether or not
B-AR stimulation by circulating catecholamines enhances the growth
of melanoma remains to be ascertained. In this study, we show that
both ADR, an endogenous catecholamine, and ISO, a synthetic cate-
cholamine that selectively binds p-ARs, do not enhance B16F10 mela-
noma growth in mice. Because catecholamines do not cross the
blood-brain barrier, these results collectively suggest that stimulation
of B-ARs in both tumour and peripheral tissues does not promote
B16F10 melanoma growth.

A second, equally important result of this study is that stimulation
of the a-adrenergic system negatively influences the growth of
B16F10 melanoma, but p-AR stimulation extinguishes this effect. In
fact, we found that ADR alone does not affect tumour growth
whereas combined treatment with ADR plus PRO, a $1p2-AR antago-
nist that binds B-ARs and blocks their activation, markedly reduces
tumour growth as well as survival, proliferation activity and mitochon-
drial function of B16F10 cultured cells. Also, we found that a1-AR
stimulation with CIRA, an al-AR agonist, inhibits melanoma growth

by about 70% and that stimulation of al- and «a2-AR subtypes
reduces survival, proliferation activity and mitochondrial function of
B16F10 cultured cells.

Our study extends the results of previous research showing that
the adrenergic system is involved in B16F10 melanoma growth. In
particular, chronic stress induced by cold or immobilization is associ-
ated with an increase in the levels of circulating catecholamines, that
is, ADR and NA, and an enhanced growth of melanoma (Barbieri
et al., 2012; Bucsek et al., 2017; Glasner et al., 2010; Hasegawa &
Saiki, 2002). Under these conditions, treatment with the p-blocker
PRO reduced the deleterious effects of chronic stress on tumour
growth suggesting that stimulation of p1- and/or p2-ARs located in
the central nervous system and/or in peripheral tissues promotes mel-
anoma growth. However, considering that catecholamines are mixed
adrenergic agonists, that is, al-, 2- and B-AR agonists, and are unable
to cross the blood-brain barrier, another possibility is that treatment
with PRO may have unmasked the antitumour effects of peripheral
a-adrenergic system stimulation by circulating catecholamines. This
hypothesis is supported by the results of the present study. Indeed,
we found that chronic administration of ADR or ISO for 16 consecu-
tive days does not affect tumour growth whereas the co-
administration of ADR with PRO causes a relevant reduction in
B16F10 melanoma growth suggesting that stimulation of p1- and
B2-ARs located in peripheral tissues negatively regulates ADR anti-
tumour activity.

Because al- and a2-AR subtypes are present in both B16F10
melanoma cells, as evidenced by gPCR results, and the host, where
they participate in the regulation of numerous functional processes
including the regulation of blood flow, antitumour effects of ADR
could be attributed to stimulation of host a-ARs, tumour a-ARs or
both. The results of our study suggest that the antitumour effects of
ADR are due to the stimulation of tumour a-AR subtypes. In fact, we
found that ADR markedly reduced tumour growth in mice cotreated
with PRO, a B1p2-AR antagonist, which binds both host and tumour
B-ARs and blocks their activation. Conversely, ADR had no effect on
melanoma growth when it was administered in p1$2-AR KO mice in
which the host lacks both p1- and B2-ARs, but it again reduced
tumour growth when co-administered with PRO suggesting that
tumour B2-ARs negatively regulate ADR antitumour activity. These
results agree with the results obtained in the in vitro study on
B16F10 melanoma cells. Indeed, we observed that decreased survival,
proliferation activity and mitochondrial function in B16F10 cultured
cells also occurred after treatment with ADR plus PRO, CIRA, an
al-AR agonist, or ST91, an «2-AR agonist.

The present study also extends the current knowledge of AR
crosstalk by demonstrating that p-AR activation negatively regulates
effects mediated by stimulation of al- and «2-AR subtypes on
B16F10 melanoma cells. Crosstalk involving ARs has already been
reported. For example, in rat neonatal cardiomyocytes, stimulation of
al-AR is able to inhibit p-AR-mediated cAMP accumulation (Barrett
et al.,, 1993). Using transgenic mouse models, it has been found that
overexpression of al-AR causes B-AR desensitization (Rorabaugh

et al., 2005). Also, in previous research, we found that stimulation of
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B-ARs with ISO, a B-AR agonist, inhibits the fetal gene expression
induced by al-AR agonist phenylephrine and more generally that
cAMP-mediated p-adrenergic signalling negatively regulates Gq cas-
cade activation-induced fetal gene expression in cultured
cardiomyocytes (Patrizio et al., 2008). Whether this mechanism also
occurs in B16F10 melanoma cells with the activation of Gq which
negatively regulates the growth of cancer cells, it remains to be
determined.

Crosstalk also occurs between Gs- and Gi-protein pathways. In
fact, we found that ADR has no effect on survival, proliferation activ-
ity and mitochondrial function of cancer cells whereas ST91 does.

ST91 is an a2-AR agonist that activates the Gi-protein pathway.
This interaction is well known. In fact, the p2-ARs are coupled with
the Gs-protein, whereas the a2-ARs are coupled to the Gi-protein.
The Gs-protein coupled pathway stimulates adenylyl cyclase, which
catalyses the formation of cAMP, but stimulation of the Gi-protein
coupled pathway causes a reduction in cCAMP.

al-AR agonists are substances that cause vasoconstriction and,
through this mechanism, can alter the blood flow to organs and tis-
sues including the tumour. However, because the intratumour vascu-
lature is structurally and functionally abnormal with vessels lacking
anatomic elements required for normal vasoactive responses, a direct
effect on tumour blood flow is extremely unlikely. An indirect effect is
more likely and can be generated by vasoconstriction in healthy
peritumoural tissues, which increases tumour blood flow. In fact, sev-
eral studies indicate that the tumour behaves as a passive resistance,
that is, tumour flow is inversely related to that in the host periphery
(Isenberg et al., 2008; Zlotecki et al., 1995). This means that vasocon-
striction of healthy peritumoural tissues could increase tumour flow
through inverse steal effects. Given that the abnormal tumour envi-
ronment is an important contributor to tumour growth, the increase in

flow and the consequent reduction of intratumoural hypoxia could

influence B16F10 melanoma growth. Therefore, we evaluated
whether administration of the a1-AR agonist CIRA is capable of alter-
ing the tumour blood flow. The analysis of the blood flow using the
power Doppler technique shows that the al-agonist at the dose used
in this study does not affect vascularity index suggesting that the anti-
cancer effect is not attributable to alterations in the tumour
blood flow.

A few additional features of our experiments are worth com-
menting on. First, agonists of al1- and a2-AR subtypes can increase vas-
cular tone and, in turn, arterial blood pressure. However, both CIRA
and ST91 appear to be well tolerated after oral administration. For
example, ST91 does not increase blood pressure when administered
orally to humans (Saunamaki, 1974). In mice, CIRA was administered in
drinking water at the concentration of 10 mg-L™! for 2 to 9 months,
during which no adverse effects were noted with this treatment (Papay
et al., 2013). Second, ADR can activate all nine AR subtypes and, in the
presence of PRO, a p1- and p2-AR antagonist, is likely to activate not
only subtypes of a-ARs but also p3-ARs. Because p3-AR stimulation
may produce effects opposite to those of f1- and p2-AR stimulation
(Gauthier et al., 1996), we cannot exclude that the stimulation of the
B3-AR in the presence of 1- and p2-AR blockade may contribute to
the anticancer activity of the combined treatment with PRO plus ADR.
The extent of this potential contribution remains to be determined.
Third, in the present study, we show that p2-AR stimulation counter-
acts the effects of a1-ARs but has no effect in its own. These results
are in agreement with data from previous studies showing that ISO
does not promote the in vitro growth of B16F10 melanoma cells
(Maccari et al.,, 2017) and that treatment with terbutaline, a p2-AR ago-
nist, does not affect B16F10 tumour growth in mice (Calvani
et al., 2019). In addition, it has been found in neonatal cardiomyocytes
that B-AR stimulation with ISO inhibits atrial natriuretic peptide and

B-myosin heavy chain gene expression induced by the stimulation of

(a)

(b) (c)

© ADR © ADR
1SO P P
A )
@ © t (@) P P (PRO)
A o o) O o
© P
A (@) ® © @)
A A @) P (@] B
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| — Cell membrane - Cell membrane

| = Cell membrane

No effect on
tumour growth

No effect on

tumour growth

Reduction of
tumour growth

FIGURE 5 Adrenergic regulation of B16F10 melanoma growth. The proposed mechanism is that a1-AR stimulation reduces tumour growth
whereas p2-AR stimulation indirectly regulates tumour growth by inhibiting a1-AR signalling. (a) p2-AR stimulation with isoproterenol (ISO) does
not affect tumour growth when a1-AR stimulation is lacking. (b) The net effect of the simultaneous stimulation of both a1-ARs and p2-ARs with

the mixed adrenoceptor agonist adrenaline (ADR) on tumour growth is negligible. (c) Adding the p-blocker propranolol (PRO) to ADR unmasks
antimelanoma activity of the a1-AR stimulation by removing the inhibitory brake of the p2-AR stimulation
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al-ARs but I1SO alone does not affect their expression (Patrizio
et al.,, 2008). A possible interpretation of our results is that 2-AR stim-
ulation indirectly regulates B16F10 tumour growth by inhibiting the
antitumour activity of al-AR stimulation. The proposed mechanism is
illustrated in Figure 5. The exact point at which p2-AR signalling path-
way feeds into the a1-AR signalling pathway remains to be established.
Fourth, several studies have reported that PRO has antimelanoma
effects (Barbieri et al., 2012; Bucsek et al., 2017; Calvani et al., 2019;
de Giorgi et al., 2018; Glasner et al., 2010; Hasegawa & Saiki, 2002;
Maccari et al., 2017; Wrobel & Le Gal, 2015). In the present study we
used PRO at the dose of about 60 mg-kg™*-day~* and found it to have
no anticancer effects in the B16F10 melanoma model. This result is in
agreement with our previous study showing that high-dose PRO has
no antimelanoma effects (Maccari et al., 2017). A possible explanation
of this paradoxical effect of PRO on B16F10 tumour growth is that its
antitumour activity depends on the levels of circulating catecholamines.
If the B-adrenergic tone is high, the effects of PRO will be evident. On
the contrary, if the B-adrenergic tone is low, the effects will be negligi-
ble. For example, it is well known that the effects of PRO on cardiac
output and heart rate are more dramatic during exercise, that is, when
the adrenergic tone increases. Under our experimental conditions, it is
possible that the -adrenergic tone is relatively low after chronic con-
tinuous administration of PRO and consequently PRO effects on
B16F10 tumour growth are not evident. However, these again appear
after coadministration of the catecholamine ADR. This hypothesis
would be in accordance with the observation that PRO can cause a
reduction in central sympathetic nervous activity (Lewis &
Haeusler, 1975).

In conclusion, the results of the present study suggest that stimu-
lation of a-AR subtypes negatively affects the growth of B16F10 mel-
anoma, but p2-AR stimulation extinguishes this effect.

ACKNOWLEDGEMENT
We would like to thank Dr. A. Bega for his invaluable assistance in

power Doppler measurements and analysis.

AUTHOR CONTRIBUTIONS

G.M,, P.M. and L.G. designed the experiments and wrote the paper.
S.M,, PM,, LG, B.A, L.C. and M.B. carried out the experiments and
analysed the data. T.S., D.M. and S.F. contributed to the pharmacolog-

ical studies in animals.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC
RIGOUR

This Declaration acknowledges that this paper adheres to the prin-
ciples for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design & Analysis, and
Animal Experimentation, and as recommended by funding agen-
cies, publishers and other organisations engaged with supporting

research.

BRITISH
PHARMACOLOGICAL 1381
SOCIETY

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Giuseppe Marano "= https://orcid.org/0000-0002-8748-0312

REFERENCES

Alexander, S. P. H., Christopoulos, A. Davenport, A. P., Kelly, E.,
Mathie, A., Peters, J. A, Veale, E. L., Armstrong, J. F., Faccenda, E.,
Harding, S. D., Pawson, A. J, Southan, C., Davies, J. A,
Abbracchio, M. P., Alexander, W., Al-hosaini, K. Bick, M.,
Barnes, N. M., Bathgate, R,, ... Ye, R. D. (2021). The Concise Guide to
Pharmacology 2021/22: G protein-coupled receptors. British Journal of
Pharmacology, 178(S1), S27-5156. https://doi.org/10.1111/bph.
15538

Barbieri, A., Palma, G., Rosati, A., Giudice, A., Falco, A., Petrillo, A.,
Petrillo, M., Bimonte, S., Benedetto, M. D., Esposito, G., Stiuso, P.,
Abbruzzese, A., Caraglia, M., & Arra, C. (2012). Role of endothelial nit-
ric oxide synthase (eNOS) in chronic stress-promoted tumour growth.
Journal of Cellular and Molecular Medicine, 16(4), 920-926. https://doi.
org/10.1111/j.1582-4934.2011.01375.x

Barrett, S., Honbo, N., & Karliner, J. S. (1993). Alpha;-adrenoceptor-
mediated inhibition of cellular cAMP accumulation in neonatal rat ven-
tricular myocytes. Naunyn-Schmiedeberg's Archives of Pharmacology,
347(4), 384-393. https://doi.org/10.1007/BF00165388

Bucsek, M. J., Qiao, G., MacDonald, C. R, Giridharan, T., Evans, L,
Niedzwecki, B., Liu, H., Kokolus, K. M., Eng, J. W., Messmer, M. N,
Attwood, K., Abrams, S. |, Hylander, B. L., & Repasky, E. (2017).
B-Adrenergic signaling in mice housed at standard temperatures sup-
presses an effector phenotype in CD8™ T cells and undermines check-
point inhibitor therapy. Cancer Research, 77(20), 5639-5651. https://
doi.org/10.1158/0008-5472.CAN-17-0546

Calvani, M., Bruno, G., Dal Monte, M., Nassini, R., Fontani, F., Casini, A,,
Cavallini, L., Becatti, M., Bianchini, F., De Logu, F. Forni, G, la
Marca, G., Calorini, L., Bagnoli, P., Chiarugi, P., Pupi, A, Azzari, C.,
Geppetti, P., Favre, C, & Filippi, L. (2019). Bs-Adrenoceptor as a
potential immuno-suppressor agent in melanoma. British Journal of Phar-
macology, 176(14), 2509-2524. https://doi.org/10.1111/bph.14660

Curtis, M. J., Alexander, S. P. A,, Cirino, G., Docherty, J. R., George, C. H.,
Giembycz, M. A, Hoyer, D., Insel, P. A, lzzo, A. A, Ji, Y.,
MacEwan, D. J., Sobey, C. G., Stanford, S. C., Teixeira, M. M.,
Wonnacott, S., & Ahluwalia, A. (2018). Experimental design and analy-
sis and their reporting Il: Updated and simplified guidance for authors
and peer reviewers. British Journal of Pharmacology, 175(7), 987-993.
https://doi.org/10.1111/bph.14153

Dal Monte, M., Casini, G., Filippi, L, Nicchia, G. P., Svelto, M., &
Bagnoli, P. (2013). Functional involvement of B3-adrenergic
receptors in melanoma growth and vascularization. Journal of
Molecular Medicine, 91(12), 1407-1419. https://doi.org/10.1007/
s00109-013-1073-6

de Giorgi, V., Grazzini, M., Benemei, S., Marchionni, N., Botteri, E.,
Pennacchioli, E., Geppetti, P., & Gandini, S. (2018). Propranolol for off-
label treatment of patients with melanoma: Results from a cohort
study. JAMA Oncology, 4(2), e172908. https://doi.org/10.1001/
jamaoncol.2017.2908

Fabritz, L., Damke, D., Emmerich, M., Kaufmann, S. G,, Theis, K., Blana, A.,
Fortmdller, L., Laakmann, S., Hermann, S., Aleynichenko, E.,
Steinfurt, J., Volkery, D., Riemann, B., Kirchhefer, U., Franz, M. R,
Breithardt, G., Carmeliet, E., Schafers, M., Maier, S. K. G, ...
Kirchhof, P. (2010). Autonomic modulation and antiarrhythmic therapy
in a model of long QT syndrome type 3. Cardiovascular Research, 87(1),
60-72. https://doi.org/10.1093/cvr/cvq029

85U8017 SUOWWIOD SAIEaID 3(dedl|dde auyy Aq peusenoh a2 sopile O ‘85N JO Sa|Nn J0j Aiq1T 8UlUO /8|1 UO (SUOTHPUOD-PUR-SLULIBIALIOD™AB| 1M Ale.d 1 jBu 1 [UO//SdNLY) SUORIPUOD Pue SWLB L 8L 88S *[5202/20/TT] uo AriqiTauliuo A 1M eues 1palotedns S| Aq TE2ST Uda/TTTT 0T/I0p/w0o A3 1M Aeiqpuljuo sqndsdd//:sdny wouy papeojumoq ‘2 'zz0z ‘T8ES9LYT


https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14207
https://bpspubs.onlinelibrary.wiley.com/doi/10.1111/bph.15232
https://orcid.org/0000-0002-8748-0312
https://orcid.org/0000-0002-8748-0312
https://doi.org/10.1111/bph.15538
https://doi.org/10.1111/bph.15538
https://doi.org/10.1111/j.1582-4934.2011.01375.x
https://doi.org/10.1111/j.1582-4934.2011.01375.x
https://doi.org/10.1007/BF00165388
https://doi.org/10.1158/0008-5472.CAN-17-0546
https://doi.org/10.1158/0008-5472.CAN-17-0546
https://doi.org/10.1111/bph.14660
https://doi.org/10.1111/bph.14153
https://doi.org/10.1007/s00109-013-1073-6
https://doi.org/10.1007/s00109-013-1073-6
https://doi.org/10.1001/jamaoncol.2017.2908
https://doi.org/10.1001/jamaoncol.2017.2908
https://doi.org/10.1093/cvr/cvq029

MACCARI ET AL

BRITISH
1382 PHARMACOLOGICAL
SOCIETY

Galadari, S., Rahman, A., Pallichankandy, S., & Thayyullathil, F. (2017).
Reactive oxygen species and cancer paradox: To promote or to sup-
press? Free Radical Biology & Medicine, 104, 144-164. https://doi.org/
10.1016/j.freeradbiomed.2017.01.004

Gauthier, C., Tavernier, G., Charpentier, F., Langin, D., & Le Marec, H.
(1996). Functional p3-adrenoceptor in the human heart. Journal
of Clinical Investigation, 98, 556-562. https://doi.org/10.1172/
JCl118823

Glasner, A., Avraham, R., Rosenne, E., Benish, M., Zmora, O., Shemer, S.,
Meiboom, H., & Ben-Eliyahu, S. (2010). Improving survival rates in two
models of spontaneous postoperative metastasis in mice by combined
administration of a B-adrenergic antagonist and a cyclooxygenase-2
inhibitor. Journal of Immunology, 184(5), 2449-2457. https://doi.org/
10.4049/jimmunol.0903301

Haldar, R., Ricon-Becker, I., Radin, A., Gutman, M., Cole, S. W., Zmora, O.,
& Ben-Eliyahu, S. (2020). Perioperative COX2 and beta-adrenergic
blockade improves biomarkers of tumor metastasis, immunity, and
inflammation in colorectal cancer: A randomized controlled trial. Can-
cer, 126(17), 3991-4001. https://doi.org/10.1002/cncr.32950

Hasegawa, H., & Saiki, I. (2002). Psychosocial stress augments tumor
development through p-adrenergic activation in mice. Japanese Journal
of Cancer Research, 93(7), 729-735. https://doi.org/10.1111/j.1349-
7006.2002.tb01313.x

Hoffman, B. B. (2001). In L. S. Goodman, J. G. Hardman, L. E. Limbird, &
A. G. Gilman (Eds.), Goodman & Gilman's the pharmacological basis of
therapeutics (p. 221). McGraw-Hill.

Isenberg, J. S., Hyodo, F., Ridnour, L. A., Shannon, C. S., Wink, D. A,
Krishna, M. C., & Roberts, D. D. (2008). Thrombospondin 1 and vaso-
active agents indirectly alter tumor blood flow. Neoplasia, 10(8), 886-
896. https://doi.org/10.1593/neo.08264

Jasper, J. R, Lesnick, J. D., Chang, L. K., Yamanishi, S. S., Chang, T. K,
Hsu, S. A, Daunt, D. A., Bonhaus, D. W., & Eglen, R. M. (1998). Ligand
efficacy and potency at recombinant a, adrenergic receptors: Agonist-
mediated [3°S]GTPyS binding. Biochemical Pharmacology, 55(7), 1035-
1043. https://doi.org/10.1016/50006-2952(97)00631-X

Lewis, P. J., & Haeusler, G. (1975). Reduction in sympathetic nervous activ-
ity as a mechanism for hypotensive effect of propranolol. Nature,
256(5516), 440. https://doi.org/10.1038/256440a0

Maccari, S., Buoncervello, M., Rampin, A., Spada, M., Macchia, D.,
Giordani, L., Stati, T., Bearzi, C., Catalano, L., Rizzi, R., Gabriele, L., &
Marano, G. (2017). Biphasic effects of propranolol on tumour growth
in B16F10 melanoma-bearing mice. British Journal of Pharmacology,
174(2), 139-149. https://doi.org/10.1111/bph.13662

Maccari, S., Pace, V., Barbagallo, F., Stati, T., Ambrosio, C., Gro, M. C,,
Molinari, P., Vezzi, V., Catalano, L., Matarrese, P., Patrizio, M., Rizzi, R.,
& Marano, G. (2020). Intermittent p-adrenergic blockade down-
regulates the gene expression of -myosin heavy chain in the mouse
heart. European Journal of Pharmacology, 882, 173287. https://doi.org/
10.1016/j.ejphar.2020.173287

Mahapatra, G., Varughese, A, Ji, Q. Lee, |, Liu, J., Vaishnav, A., Sinkler, C.,
Kapralov, A. A., Moraes, C. T., Sanderson, T. H., Stemmler, T. L.,
Grossman, L. I, Kagan, V. E., Brunzelle, J. S., Salomon, A. R,
Edwards, B. F. P, & Huittemann, M. (2017). Phosphorylation
of cytochrome c threonine 28 regulates electron transport chain
activity in kidney: Implications for AMP kinase. The Journal of
Biological Chemistry, 292(1), 64-79. https://doi.org/10.1074/jbc.
M116.744664

Matarrese, P., Tinari, A., Mormone, E., Bianco, G. A., Toscano, M. A,
Ascione, B., Rabinovich, G. A., & Malorni, W. (2005). Galectin-1 sensi-
tizes resting human T lymphocytes to Fas (CD95)-mediated cell death
via mitochondrial hyperpolarization, budding, and fission. The Journal
of Biological Chemistry, 280(8), 6969-6985. https://doi.org/10.1074/
jbc.M409752200

McGrath, J. C., & Lilley, E. (2015). Implementing guidelines on reporting
research using animals (ARRIVE etc): New requirements for

publication in BJP. British Journal of Pharmacology, 172(13), 3189-
3193. https://doi.org/10.1111/bph.12955

Moloney, J. N., & Cotter, T. G. (2018). ROS signalling in the biology of can-
cer. Seminars in Cell & Developmental Biology, 80, 50-64. https://doi.
org/10.1016/j.semcdb.2017.05.023

Musumeci, M., Maccari, S., Sestili, P. Signore, M., Molinari, P,
Ambrosio, C., Stati, T., Colledge, W. H., Grace, A. A,, Catalano, L., &
Marano, G. (2011). Propranolol enhances cell cycle-related gene
expression in pressure overloaded hearts. British Journal of Pharmacol-
ogy, 164(8), 1917-1928. https://doi.org/10.1111/j.1476-5381.2011.
01504 .x

Papay, R. S., Shi, T., Piascik, M. T., Naga Prasad, S. V., & Perez, D. M.
(2013). a1A-adrenergic receptors regulate cardiac hypertrophy in vivo
through interleukin-6 secretion. Molecular Pharmacology, 83(5), 939-
948. https://doi.org/10.1124/mol.112.084483

Patrizio, M., Vago, V., Musumeci, M., Fecchi, K., Sposi, N. M., Mattei, E.,
Catalano, L., Stati, T., & Marano, G. (2008). cAMP-mediated beta-
adrenergic signaling negatively regulates Gqg-coupled receptor-
mediated fetal gene response in cardiomyocytes. Journal of Molecular
and Cellular Cardiology, 45(6), 761-769. https://doi.org/10.1016/j.
yjmcc.2008.09.120

Pedersen, L., Idorn, M., Olofsson, G. H., Lauenborg, B., Nookaew, I.,
Hansen, R. H., Johannesen, H. H., Becker, J. C., Pedersen, K. S.,
Dethlefsen, C., Nielsen, J., Gehl, J., Pedersen, B. K., thor Straten, P., &
Hojman, P. (2016). Voluntary running suppresses tumor growth
through epinephrine- and IL-6-dependent NK cell mobilization and
redistribution. Cell Metabolism, 23(3), 554-562. https://doi.org/10.
1016/j.cmet.2016.01.011

Pérez Pifero, C., Bruzzone, A., Sarappa, M. G,, Castillo, L. F., & Luthy, I. A.
(2012). Involvement of a2- and p2-adrenoceptors on breast cancer cell
proliferation and tumour growth regulation. British Journal of Pharma-
cology, 166(2), 721-736. https://doi.org/10.1111/j.1476-5381.2011.
01791.x

Ricon, I., Hanalis-Miller, T., Haldar, R., Jacoby, R., & Ben-Eliyahu, S. (2019).
Perioperative biobehavioral interventions to prevent cancer recur-
rence through combined inhibition of beta-adrenergic and cyclooxy-
genase 2 signaling. Cancer, 125(1), 45-56. https://doi.org/10.1002/
cncr.31594

Rohrer, D. K., Chruscinski, A., Schauble, E. H., Bernstein, D. &
Kobilka, B. K. (1999). Cardiovascular and metabolic alterations in mice
lacking both B1- and p2-adrenergic receptors. The Journal of Biological
Chemistry, 274(24), 16701-16708. https://doi.org/10.1074/jbc.274.
24.16701

Rorabaugh, B. R., Gaivin, R. J., Papay, R. S., Shi, T., Simpson, P. C,, &
Perez, D. M. (2005). Both a1A- and a1B-adrenergic receptors crosstalk
to downregulate p1-ARs in mouse heart: Coupling to differential PTX-
sensitive pathways. Journal of Molecular and Cellular Cardiology, 39(5),
777-784. https://doi.org/10.1016/j.yjmcc.2005.07.015

Saunamaiki, K. 1. (1974). Effect of the imidazoline-derivative ST-91 on heart
rate and blood pressure in healthy man. British Journal of Clinical Phar-
macology, 1(3), 197-202. https://doi.org/10.1111/j.1365-2125.1974.
tb00236.x

Schmittgen, T. D., & Livak, K. J. (2008). Analyzing real-time PCR data by
the comparative C; method. Nature Protocols, 3(6), 1101-1108.
https://doi.org/10.1038/nprot.2008.73

Sereni, F., Dal Monte, M., Filippi, L., & Bagnoli, P. (2015). Role of host p1-
and p2-adrenergic receptors in a murine model of B16 melanoma:
Functional involvement of p3-adrenergic receptors. Naunyn-
Schmiedeberg's Archives of Pharmacology, 388(12), 1317-1331.
https://doi.org/10.1007/s00210-015-1165-7

Shaashua, L., Shabat-Simon, M., Haldar, R., Matzner, P., Zmora, O,
Shabtai, M., Sharon, E., Allweis, T., Barshack, |., Hayman, L., Arevalo, J.,
Ma, J., Horowitz, M., Cole, S., & Ben-Eliyahu, S. (2017). Perioperative
COX-2 and p-adrenergic blockade improves metastatic biomarkers in
breast cancer patients in a phase-ll randomized trial. Clinical Cancer

85U8017 SUOWWIOD SAIEaID 3(dedl|dde auyy Aq peusenoh a2 sopile O ‘85N JO Sa|Nn J0j Aiq1T 8UlUO /8|1 UO (SUOTHPUOD-PUR-SLULIBIALIOD™AB| 1M Ale.d 1 jBu 1 [UO//SdNLY) SUORIPUOD Pue SWLB L 8L 88S *[5202/20/TT] uo AriqiTauliuo A 1M eues 1palotedns S| Aq TE2ST Uda/TTTT 0T/I0p/w0o A3 1M Aeiqpuljuo sqndsdd//:sdny wouy papeojumoq ‘2 'zz0z ‘T8ES9LYT


https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1172/JCI118823
https://doi.org/10.1172/JCI118823
https://doi.org/10.4049/jimmunol.0903301
https://doi.org/10.4049/jimmunol.0903301
https://doi.org/10.1002/cncr.32950
https://doi.org/10.1111/j.1349-7006.2002.tb01313.x
https://doi.org/10.1111/j.1349-7006.2002.tb01313.x
https://doi.org/10.1593/neo.08264
https://doi.org/10.1016/S0006-2952(97)00631-X
https://doi.org/10.1038/256440a0
https://doi.org/10.1111/bph.13662
https://doi.org/10.1016/j.ejphar.2020.173287
https://doi.org/10.1016/j.ejphar.2020.173287
https://doi.org/10.1074/jbc.M116.744664
https://doi.org/10.1074/jbc.M116.744664
https://doi.org/10.1074/jbc.M409752200
https://doi.org/10.1074/jbc.M409752200
https://doi.org/10.1111/bph.12955
https://doi.org/10.1016/j.semcdb.2017.05.023
https://doi.org/10.1016/j.semcdb.2017.05.023
https://doi.org/10.1111/j.1476-5381.2011.01504.x
https://doi.org/10.1111/j.1476-5381.2011.01504.x
https://doi.org/10.1124/mol.112.084483
https://doi.org/10.1016/j.yjmcc.2008.09.120
https://doi.org/10.1016/j.yjmcc.2008.09.120
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1111/j.1476-5381.2011.01791.x
https://doi.org/10.1111/j.1476-5381.2011.01791.x
https://doi.org/10.1002/cncr.31594
https://doi.org/10.1002/cncr.31594
https://doi.org/10.1074/jbc.274.24.16701
https://doi.org/10.1074/jbc.274.24.16701
https://doi.org/10.1016/j.yjmcc.2005.07.015
https://doi.org/10.1111/j.1365-2125.1974.tb00236.x
https://doi.org/10.1111/j.1365-2125.1974.tb00236.x
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1007/s00210-015-1165-7

MACCARI ET AL

Research, 23(16), 4651-4661. https://doi.org/10.1158/1078-0432.
CCR-17-0152

Shank, R. G. (1967). The peripheral vascular effects of propranolol and
related compounds. British Journal of Pharmacology and Chemotherapy,
29(2), 204-217. https://doi.org/10.1111/j.1476-5381.1967.
th01953.x

Smith, J. S., Lefkowitz, R. J., & Rajagopal, S. (2018). Biased signalling:
From simple switches to allosteric microprocessors. Nature Reviews.
Drug Discovery, 17(4), 243-260. https://doi.org/10.1038/nrd.
2017.229

Wang, Y. Y. Mesirca, P, Marqués-Sulé, E. Zahradnikova, A. Jr.,
Villejoubert, O., D’Ocon, P., Ruiz, C., Domingo, D., Zorio, E.,
Mangoni, M. E., Benitah, J.-P., & Goémez, A. M. (2017). RyR2R420Q
catecholaminergic polymorphic ventricular tachycardia mutation
induces bradycardia by disturbing the coupled clock pacemaker mech-
anism. JCI Insight, 2(8), €91872. https://doi.org/10.1172/jci.insight.
91872

Weinshenker, D., Szot, P., Miller, N. S., & Palmiter, R. D. (2001). Alpha
(1) and beta(2) adrenoreceptor agonists inhibit pentylenetetrazole-
induced seizures in mice lacking norepinephrine. The Journal of Phar-
macology and Experimental Therapeutics, 298(3), 1042-1048.

Workman, P., Aboagye, E. O., Balkwill, F., Balmain, A., Bruder, G.,
Chaplin, D. J, Double, J. A., Everitt, J., Farningham, D. A,
Glennie, M. J,, Kelland, L. R., Robinson, V., Stratford, I. J., Tozer, G. M,,

BRITISH
PHARMACOLOGICAL 1383
SOCIETY

Watson, S., Wedge, S. R, & Committee of the National Cancer
Research Institute. (2010). Guidelines for the welfare and use of ani-
mals in cancer research. British Journal of Cancer, 102(11), 1555-1577.
https://doi.org/10.1038/sj.bjc.6605642

Wrobel, L. J., & Le Gal, F. A. (2015). Inhibition of human melanoma growth
by a non-cardioselective p-blocker. The Journal of Investigative Derma-
tology, 135(2), 525-531. https://doi.org/10.1038/jid.2014.373

Zlotecki, R. A., Baxter, L. T., Boucher, Y., & Jain, R. K. (1995). Pharmaco-
logic modification of tumor blood flow and interstitial fluid pressure in
a human tumor xenograft: Network analysis and mechanistic interpre-
tation. Microvascular Research, 50(3), 429-443. https://doi.org/10.
1006/mvre.1995.1069

How to cite this article: Maccari, S., Buoncervello, M.,
Ascione, B., Stati, T., Macchia, D., Fidanza, S., Catalano, L.,
Matarrese, P., Gabriele, L., & Marano, G. (2022).
a-Adrenoceptor stimulation attenuates melanoma growth in
mice. British Journal of Pharmacology, 179(7), 1371-1383.
https://doi.org/10.1111/bph.15731

85U8017 SUOWWIOD SAIEaID 3(dedl|dde auyy Aq peusenoh a2 sopile O ‘85N JO Sa|Nn J0j Aiq1T 8UlUO /8|1 UO (SUOTHPUOD-PUR-SLULIBIALIOD™AB| 1M Ale.d 1 jBu 1 [UO//SdNLY) SUORIPUOD Pue SWLB L 8L 88S *[5202/20/TT] uo AriqiTauliuo A 1M eues 1palotedns S| Aq TE2ST Uda/TTTT 0T/I0p/w0o A3 1M Aeiqpuljuo sqndsdd//:sdny wouy papeojumoq ‘2 'zz0z ‘T8ES9LYT


https://doi.org/10.1158/1078-0432.CCR-17-0152
https://doi.org/10.1158/1078-0432.CCR-17-0152
https://doi.org/10.1111/j.1476-5381.1967.tb01953.x
https://doi.org/10.1111/j.1476-5381.1967.tb01953.x
https://doi.org/10.1038/nrd.2017.229
https://doi.org/10.1038/nrd.2017.229
https://doi.org/10.1172/jci.insight.91872
https://doi.org/10.1172/jci.insight.91872
https://doi.org/10.1038/sj.bjc.6605642
https://doi.org/10.1038/jid.2014.373
https://doi.org/10.1006/mvre.1995.1069
https://doi.org/10.1006/mvre.1995.1069
https://doi.org/10.1111/bph.15731

	α-Adrenoceptor stimulation attenuates melanoma growth in mice
	1  INTRODUCTION
	  What is already known
	  What does this study add
	  What is the clinical significance
	2  METHODS
	2.1  Animal welfare and ethics statement
	2.2  Cell cultures and reagents
	2.3  Melanoma model and treatment
	2.4  RNA isolation and quantification
	2.5  Colour power Doppler
	2.6  Cell culture and treatments
	2.7  Cell death assay
	2.8  Mitochondrial membrane potential
	2.9  Mitochondrial reactive oxygen species
	2.10  Proliferation assay
	2.11  Data and statistical analysis
	2.12  Materials
	2.13  Nomenclature of targets and ligands

	3  RESULTS
	3.1  B16F10 cells express both α- and β-ARs
	3.2  ADR reduces tumour growth in mice cotreated with PRO
	3.3  Tumour cell β2-ARs are involved in ADR antitumour effects
	3.4  α1-AR stimulation inhibits tumour growth in mice
	3.5  Stimulation of α-AR subtypes affects cell viability, mitochondrial function and proliferation activity of B16F10 cells

	4  DISCUSSION
	ACKNOWLEDGEMENT
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	  DATA AVAILABILITY STATEMENT

	REFERENCES


