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Abstract

Psychosocial stress promotes cancer pathogenesis involving angiogenesis through alterations in neuroendocrine-immune
functions that may involve adrenoceptor (AR)-dependent signaling mechanisms in the brain, lymphoid organs, and cancer-
ous cells. Various concentrations of ;- and a,- AR-specific agonists and antagonists were incubated in vitro with estrogen
receptor-positive (ER +) MCF-7, and ER (-) MDA MB-231 cells to examine the secretions of VEGF-A, VEGF-C, and nitric
oxide (NO), and expression of signaling molecules- p-ERK, p-CREB, and p-Akt on the proliferation of breast cancer cell
lines. Cellular proliferation, VEGF-A and NO secretion, expression of p-ERK, p-CREB, and p-Akt were enhanced in MCF-7
cells treated with o;-AR agonist while VEGF-C secretion alone was enhanced in MDA MB-231 cells. Treatment of MCF-7
and MDA MB-231 cells with a,- AR agonist similarly enhanced proliferation and decreased NO production and p-CREB
expression while VEGF-C secretion was decreased in MCF-7 cells and p-Akt expression was decreased in MDA MB-231
cells. a;-AR inhibition reversed cellular proliferation and VEGF-A secretion by MCF-7 cells while o,-AR inhibition reversed
the proliferation of MCF-7 and MDA MB-231 cells and VEGF-C secretion by MCF-7 cells. Taken together, breast cancer
pathogenesis may be influenced by distinct a-AR-mediated signaling mechanisms on angiogenesis and lymphangiogenesis
that are dependent on estrogen receptor status.
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Introduction

Neuroendocrine-immune network through the regulated
release of neurotransmitters and neuropeptides, endocrine
mediators, and immune effectors is crucial to the mainte-
nance of cellular and systemic homeostasis [1, 2]. During
young age, the neuroendocrine-immune network is func-
tionally robust and the redundancy of several compensa-
tory mechanisms confers the ability to overcome stressful
stimuli and thus, maintains functional integrity. However,
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aging increases allostatic load with repeated exposure to
stress and pathogens coupled with the general decline in
the nervous, endocrine, and immune functions and loss of
compensatory mechanisms and collectively contributes to
the development of age-related diseases and cancer [1-3].
In addition to impaired functions of hypothalamic dopamin-
ergic neurons, age-associated loss of cell-mediated immune
functions and a decline in sympathetic neuronal activity in
the secondary lymphoid organs can result in altered produc-
tion of Th1 and Th2 cytokines and NO, and dysregulation of
pro/anti-angiogenic factors that may contribute to mammary
carcinogenesis [1, 4, 5].

Neural, endocrine, and immune effector molecules bind
to specific receptors on tumor cells and mediate a multi-
tude of cellular responses with implications at the local and
systemic levels. Evidence of adrenergic stimulation and a,-
ARs of the mammary gland were first reported in studies
involved normal bovine mammary gland due to their effects
on milk production [6-8]. a-AR actions are characterized in
several breast tumor and non-tumor cell lines, which were
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associated with increased cell proliferation in vitro and
with increased tumor growth in vivo [9-11]. Studies have
reported a,-AR expression at the RNA and protein levels in
estrogen-sensitive (IBH-6, IBH-7, MCF-7), estrogen-insen-
sitive (MDA-MB-231, HS-578 T), HBL-100 and MCF-10A
human breast cancer cell lines [10]. Adrenergic signaling
influence breast cancer progression through increase in the
tumor cell survival, and altering the tumor microenviron-
ment in angiogenesis and inflammatory responses in in vitro
breast cancer cell lines (MDA-MB-231, HS-578 T) [12].
In female, the neuroendocrine-immune milieu is influenced
by rhythmic alterations in the levels of gonadal hormones
especially estrogen and progesterone. The immunomodula-
tory role of estrogen has been widely shown in vivo although
the direct effects of the hormone on cell-mediated immune
functions in stimulated lymphocytes [13]. The distribution
of a- and p-adrenergic receptors (AR) on bovine mammary
cells, human breast cancers, and breast cancer cell lines indi-
cate that norepinephrine (NE) released from several stress-
associated signals can bind to specific adrenergic receptors
on tumor cells with different affinities and mediate cellular
responses [8, 10, 11, 14, 15]. One of the key pro-angiogenic
molecules, vascular endothelial growth factor (VEGF),
secreted by tumor cells in an autocrine manner is induced
by norepinephrine to influence tumor growth [11, 16]. Simi-
larly, estrogen released from mammary tumor cells and ova-
ries can stimulate cancer cells in an autocrine or paracrine
manner and affect their growth and invasiveness depending
on the presence or absence of ER [5, 17-19]. The expression
of adrenergic receptors in the mammary gland may influence
the response of the gland to sympathetic stimulation. Stress
and sympathetic nervous system activation have been sug-
gested to influence cancer progression, including breast can-
cer [20]. Chronic stress may contribute to an environment
conducive to tumor growth and metastasis, although the
mechanisms involved are complex [21]. Incubation of sple-
nocytes of young male rats with estrogen altered the immu-
nomodulatory effects of ;- and o,- adrenergic agonists in
a receptor subtype-dependent manner suggesting that the
receptor status determines cellular functions [22]. Although
activation of a,-AR on the human breast cancer cells by
agonists and catechol estrogens has been demonstrated to
enhance proliferation and a,-blockade using yohimbine and
rauwolscine prevented tumor growth in mice, the role of
estrogen in modulating a-AR responses and their interactive
effects on carcinogenesis involving angiogenesis and lym-
phangiogenesis have not been fully elucidated [11, 14]. The
onset of age-associated loss of sympathetic noradrenergic
fibers in rodents is much earlier in females compared with
males implicating the degenerative effects of precluding
exposure to estrogen throughout reproductive life and in the
perimenopausal period [19, 23]. Estrogen responsiveness is
a crucial discriminating factor in mammary tumorigenesis;
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hence, it is vital to understand the effects of adrenergic stim-
ulation of estrogen receptor positive and negative tumor cells
on angiogenic and intracellular signaling factors. Activation
of the alpha-adrenergic receptors may stimulate downstream
signaling molecules involved in various pathways such as
the mitogen-activated protein kinase (MAPK) pathway,
cyclic AMP signaling pathway. Signaling molecules such
as p-ERK, p-CREB and p-Akt are part of a broader signaling
cascade in regulating various downstream effectors involved
in cell proliferation, survival, differentiation, metabolism,
angiogenesis, and other cellular processes. Therefore, the
present study was conducted to investigate the synergistic
effects of ER- and AR-signaling in vitro to examine the
role of adrenergic effectors such as ;- and a,- adrenergic
agonists and antagonists on proliferation, VEGF A and C
secretion, and nitric oxide production by ER (+) and ER (-)
breast cancer cell lines. In addition, the levels of molecular
signaling factors such as p-ERK, p-CREB, and p-Akt were
measured to understand the molecular actions of o;- and o,-
AR agonists in ER (+) and ER (—) breast cancer cell lines.

Materials and methods
In vitro breast cancer cell culture

Both ER (+) MCF-7 and ER (-) MDA MB 231 human
breast cancer cell lines were obtained from the repository of
the National Centre for Cell Science (NCCS), Pune, India.
MCEF-7 cells were maintained in DMEM medium, supple-
mented with 2 mM L-Glutamine, 100 units/ml Penicillin,
100 pg/ml Streptomycin, 1.5 g/l sodium bicarbonate, and
10% Fetal Bovine Serum and incubated at 37 °C in a humidi-
fied atmosphere with 5% CO,. MDA-MB-231 cell line was
maintained in L15 medium, supplemented with 2 mM
L-Glutamine,100 units /ml Penicillin, 100 pg/ml Strepto-
mycin, 1.5 g/l sodium bicarbonate, and 10% Fetal Bovine
Serum and incubated at 37 °C in a humidified atmosphere
without CO,. Cells were cultured until they reached 70%
confluence and such sub-confluent flasks were trypsinized
and seeded in 96 well plates (5000 cells/ well) and incubated
for 24 h until the monolayer was formed.

Treatment

Both MCF-7 and MDA-MB-231 cells were incubated with
various concentrations of «;-AR agonist, phenylephrine
(10° M and 10°° M), or a,-AR agonist, clonidine (10°M
and 107° M) with and without an a,-AR-specific antago-
nist, prazosin (10> M) or specific a,-AR antagonist, ida-
zoxan (107> M) for 2, 4, and 6 days. The concentration of
the agonist and antagonist were based on a preliminary
study on splenic lymphocytes to mimic the physiological
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and pharmacological conditions, and also to understand
the dose-dependent response, and time-dependent immedi-
ate and prolonged effects of the adrenergic agents [13, 22].
Plasma levels of epinephrine and norepinephrine ranges
from 0-0.83 nmol/L and 0.41-10 nmol/L, respectively
[24].Significant elevations were observed in acute anxi-
ety, pheochromocytoma, ganglioblastoma, neuroblastoma,
and severe stress [24].

Assessment of cell proliferation

MTT assay was performed to measure the proliferation
of cancer cells. Briefly, the cells were treated with MTT
reagent, incubated for 3 h, and read at 620 nm after com-
pletely solubilizing the formazan product formed in iso-
propanol containing 37% HCI. The proliferation of MCF-7
and MDA MB-231 cells were represented as column
graphs in results section and as line graphs in the supple-
mentary figures section for better visualization.

VEGF-A and VEGF-C secretion

Supernatants were collected and stored at —80 °C for VEGF-
A and VEGF-C secretion using ELISA kits (R&D Systems,
Minneapolis, Minn., USA).

Intracellular signaling pathway markers

Cell pellets were lysed in RIPA buffer containing phenyl-
methylsulfonyl fluoride (PMSF) and orthovanadate. Lysed
samples were analyzed for ERK1/2, p-ERK1/2, CREB,
p-CREB, Akt, and p-Akt using ELISA kits (R&D Systems,
Minneapolis, Minn., USA).

Statistical analysis

Differences between groups were measured using ANOVA
by the SPSS software package. Parameters that attained
significance (p <0.05) with ANOVA were further analyzed
by Fisher’s least significant difference test. Agonist-treated
groups were compared with the respective time-matched
control groups after 2, 4 and 6 days of treatment for statis-
tical significance. The agonist + antagonist-treated groups
were compared with the respective time-matched agonist-
treated groups for statistical significance. All values are
expressed as mean +S.E.M.

Results

Selective enhancement of proliferation of MCF-7
cells by a,-AR agonist

The proliferation of MCF-7 cells was significantly (p <0.05)
enhanced by phenylephrine treatment in day 2 (10 M and
107 M), day 4 and 6 (107 M) (Fig. 1A). This increase was
reversed by co-treatment with the a;-AR-specific antago-
nist, prazosin, on day 2 (Phe 10~ M+ Pz 10> M) and day
4 (Phe 10° M + Pz 107 M) alone. Treatment with prazosin
(107> M) alone for 2, 4, and 6 days significantly (p <0.05)
decreased the proliferation of MCF-7 cells. In ER (-) MDA
MB-231 breast cancer cells, phenylephrine (10~ M) sig-
nificantly (p <0.05) enhanced the proliferation, after 4 and
6 days of treatment, and the effects were not reversed by
co-treatment with the antagonist (Fig. 1B).

Enhancement of VEGF-A and inhibition of VEGF-C
in MCF-7 cells by a,-AR agonist

There was a significant (p < 0.05) increase, in the secretion
of VEGF-A by ER (+) MCEF-7 cells upon stimulation with
phenylephrine after 2 days (10 M), 4 days (107° M) and
6 days (10‘9 M, 10 M) of treatment, and the effects were
reversed upon co-incubation with prazosin 10~ M (Fig. 2A).
Interestingly, treatment with prazosin (107> M) alone signifi-
cantly (p <0.05) decreased VEGF-A secretion by MCF-7
cells, after 2, 4, and 6 days of treatment which was similar
to its effects on proliferation.

Treatment with phenylephrine (10~ M, 107% M) sig-
nificantly (p <0.05) decreased the secretion of VEGF-C by
MCEF-7 cells, after 2 days of treatment, and the effect was
reversed by co-treatment with the antagonist in day 2 (Phe:
10° M) and day 4 (Phe: 10 M and 107° M) (Fig. 2B).

Inhibition of VEGF-A and enhancement of VEGF-C
in MDA MB-231 cells by a,-AR agonist

Stimulation of a;-AR in ER(—) MDA MB-231 cells with
phenylephrine did not alter secretion of VEGF-A after 2,
and 4 days of treatment (Fig. 3A). However, prolonged treat-
ment with phenylephrine for 6 days significantly (p <0.05)
decreased the secretion of VEGF-A by MDA MB-231 cells;
and the effects were reversed by co-treatment with prazosin
(107> M).

VEGEF-C secretion was also not significantly altered after
2 and 4 days of treatment with phenylephrine (Fig. 3B).
However, after 6 days of treatment, phenylephrine signifi-
cantly (p<0.05) enhanced the secretion of VEGF-C by
MDA MB-231 cells in both 10 M and 107° M, although
the effect was not reversed by co-treatment with prazosin.
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Fig. 1 In vitro addition of A
a;- AR agonist, phenylephrine
(Phe), on the proliferation of ER
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MB-231 breast cancer cell lines. 80000 - MCF-7 Phe 10 M
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Differential modulation of NO production in breast
cancer cells by a,-AR agonist

a,;-AR agonist treatment for 2 days did not affect NO pro-
duction (Fig. 4A). However, phenylephrine (10~ M and
10~ M), treatment significantly (p <0.05) enhanced the
production of NO by MCF-7 cells after 4 and 6 days of treat-
ment although co-treatment with the antagonist (Pz 10~ M)
reversed the agonist-mediated increase after 6 days (107° M).

Stimulation of a;-AR on MDA MB-231 cells did not
affect NO production after 2, 4, and 6 days of incubation
(Fig. 4B).

Enhancement of phosphorylation of ERK, CREB,
and Akt in MCF-7 cells by a,-AR agonist

Expression of p-ERK was significantly (p < 0.05) enhanced
in MCF-7 cells treated with phenylephrine for 4 days
(10 M and 107 M) and 6 days (107 M), and reversed upon
co-incubation with prazosin (107 M) (Fig. 5A). Interest-
ingly, co-incubation of MCF-7 cells with prazosin (10 M)
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alone also significantly (p <0.05) decreased p-ERK expres-
sion, after 6 days of treatment (Fig. 5A).

The expression of p-CREB was significantly (p <0.05)
increased in cells treated with 1076 M of phenylephrine after
4 days of treatment, but was not reversed by co-treatment
with antagonist. Treatment of MCF-7 cells with prazosin
alone significantly (p <0.05) decreased p-CREB expression
after 4, and 6 days of co-incubation with prazosin (10~ M)
(Fig. 5B).

Phenylephrine (10~° M) significantly (p <0.05) enhanced
p-Akt expression after 2 days (10° M) and 4 days (107° M,
10% M) of incubation (Fig. 5C). Co-incubation with pra-
zosin, significantly (p < 0.05) decreased p-Akt expression
after 2 days (10°° M), 4 days (10 M), and 6 days (107°M,
10°° M) of treatment. However, treatment with prazosin
alone also significantly (p < 0.05) enhanced p-Akt expres-
sion after 2 and 4 days of incubation.
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Fig.2 Differential VEGF-A
and VEGF-C secretion by AR
agonist, phenylephrine (Phe), in
ER (+) MCF-7 cells. VEGF-A
secretion by MCF-7 cells was
increased on days 2, 4, and 6
after phenylephrine treatment
(2A). VEGEF-C secretion was
significantly decreased (2B)
upon treatment with phenyle-
phrine for 2 days. «;-AR antag-
onist, prazosin (Pz), reversed
the effects on VEGF-A alone.
"p<0.05 compared to respective
time-matched control group;
#p<0.05 compared to respective
time-matched agonist-treated

group.

Fig. 3 Diverse secretion of
VEGF-A and VEGF-C by

a;- AR agonist, phenylephrine
(Phe), in ER (—) MDA MB-231
cells. Treatment of MDA
MB-231 cells with phenyle-
phrine significantly decreased
VEGF-A secretion (3A) and
enhanced secretion of VEGF-C
(3B) after 6 days of incubation.
Phenylephrine-induced decrease
in VEGF-A secretion alone was
reversed by co-treatment with
the antagonist, prazosin (Pz).
*p<0.05 compared to respective
time-matched control group;
#p<0.05 compared to respective
time-matched agonist-treated

group.
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Fig.4 o,;-AR treatment differ- A
entially regulates NO produc-
tion in ER (4+) MCF-7 cells and
ER (-) MDA MB-231 cells. Pro- o m Control
longed incubation with a-AR i Phe 10° M
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Suppression of p-Akt expression in MDA MB-231
cells by a,-AR agonist

Phenylephrine did not significantly alter p-ERK and p-CREB
expression in the presence and absence of prazosin after 2,
4, and 6 days of treatment (Fig. 6A and B).

The expression of p-Akt was significantly (p <0.05)
decreased following 2 days (10° M), 4 days ( 10° M) and
6 days (10 M, 107° M) of treatment of MDA MB-231 cells
with phenylephrine although the effect was not reversed
by co-treatment with the antagonist (Fig. 6C). Contrary to
ER (+) cell line MCF-7, co-incubation of ER (—) MDA
MB-231 cells with the prazosin alone did not significantly
affect p-ERK, p-CREB, or p-Akt expressions.

Enhancement of proliferation of MCF-7 and MDA
MB-231 cells by a,- AR agonist

a,-AR agonist, clonidine (10‘9 M), treatment of MCF-7 cells
for 6 days significantly (p < 0.05) increased the proliferation
of ER(+) MCF-7 cells that were not altered by the «,-AR
antagonist, idazoxan (Fig. 7A). Co-treatment with idazoxan
(1075 M) significantly (p <0.05) decreased the proliferation
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of clonidine-treated (107 M) cells after 2 and 4 days. Treat-
ment of MCF-7 cells with idazoxan alone significantly
(p<0.05) decreased proliferation after 4 days of incubation.
Similarly, clonidine significantly (p <0.05) enhanced the
proliferation of ER(-) MDA MB-231 cells after 2, 4, and
6 days (107 M, 10°° M) of treatment (Fig. 7B). Co-incuba-
tion of cells with idazoxan significantly (p <0.05) reversed
the agonist-mediated increase in proliferation after 4 days.

Selective inhibition of VEGF-C secretion in MCF-7
cells by a,-AR agonist

There was no significant effect of clonidine treatment on
VEGF-A secretion by MCF-7 cells after 2, 4, and 6 days
of treatment (Fig. 8 A). Co-treatment of clonidine-treated
MCF-7 cells with idazoxan, and treatment with idazoxan
alone significantly (p <0.05) decreased the secretion of
VEGF A after 2, 4, and 6 days.

However, VEGF-C secretion was significantly (p < 0.05)
decreased after 2 days of incubation with clonidine, which
was not reversed by co-treatment with idazoxan (Fig. 8B).
Prolonged incubation of MCF-7 cells with clonidine
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Fig.5 Effects of a-AR A
signaling in ER (4+) MCF-7
cells through p-ERK (5A),
p-CREB (5B), and p-Akt (5C).

c
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(107% M) for 6 days did not significantly affect VEGF-
C secretion. Interestingly, treatment of MCF-7 cells with
idazoxan alone for 2 and 4 days significantly (p <0.05)
decreased VEGF-C secretion (Fig. 8B).
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Enhancement of VEGF-A and VEGF-C secretion
in MDA MB-231 cells by a,-AR agonist

Treatment with clonidine did not alter VEGF-A secretion
after 2, 4, and 6 days of incubation in the MDA MB-231
cells (Fig. 9A).

However, VEGF-C secretion was significantly (p <0.05)
enhanced upon treatment with o,-AR agonist, clonidine
(10 M) for 6 days, and cells co-incubated with idazoxan

@ Springer



92 Page8of16

Medical Oncology (2024) 41:92

Fig.6 In vitro effects of a;-AR
signaling in ER (—) MDA
MB-231 cells are medi-

ated through downregulation
of p-Akt. p-ERK (6A) and
p-CREB (6B) expression of
MDA MB-231 cells were not
altered by phenylephrine (Phe)
treatment. However, p-Akt
expression (6C) was signifi-
cantly decreased by phenyle-
phrine and the effect was not
reversed after co-treatment
with its antagonist, prazosin
(Pz). “p <0.05 compared to
respective time-matched control
group;*p <0.05 compared

to respective time-matched
agonist-treated group.
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showed a significant (p <0.05) decrease in VEGF-C secretion
after 2 and 6 days of treatment as compared with an agonist-

treated group (Fig. 9B).
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Fig.7 o,-AR stimulation A
increases the proliferation of ER m Control
(+) MCF-7 and ER (—) MDA MCF-7 _ .
MB-231 cells. The proliferation @ 60000 - BClo10*M
of MCF-7 (6 days) (7A; S3A T . @Clo 10°M
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Suppression of NO production in MCF-7 and MDA
MB-231 cells by a,-AR agonist

There was a significant (p <0.05) decrease in NO produc-
tion by ER (4) MCF-7 cells upon treatment with clonidine
(107° M) after 2 and 6 days of incubation (Fig. 10A). The
effects of the agonist were reversed by co-treatment with ida-
zoxan (107 M) after 2 and 4 days. Idazoxan alone significantly
(p<0.05) enhanced NO production after 2, 4, and 6 days of
treatment.

Treatment of ER(—) MDA MB-231 cells with clonidine
significantly (p <0.05) decreased NO production after 2 days
(10° M) and 4 days (10~ M and 107° M) (Fig. 10B). Co-treat-
ment of clonidine-treated MDA MB-231 cells with idazoxan
(107 M) significantly (p <0.05) reversed the effects of the ago-
nist on NO production after 2, 4, and 6 days. Interestingly, ida-
zoxan alone significantly (p <0.05) enhanced NO production
in ER(-) MDA MB-231 cells after 2 and 4 days of treatment.

Selective inhibition of p-CREB expression in MCF-7
cells by a,-AR agonist

p-ERK and p-Akt expression by ER (+) MCF-7 cells were
not significantly altered by incubation with clonidine for 2,
4, and 6 days (Fig. 1 1A and C).

However, p-CREB expression significantly (p <0.05)
declined upon incubation of MCF-7 cells with cloni-
dine (10 M, 107% M) after 2, 4, and 6 days of treatment
(Fig. 11B). Co-incubation with idazoxan did not reverse the
clonidine-mediated decline in p-CREB expression. However,
the co-treatment with idazoxan, has significantly (p <0.05)
decreased p-ERK expression (Clo: 10 M), and co-treat-
ment of idazoxan alone has significantly (p <0.05) lowered
p-CREB expression. Co-treatment of agonist-treated MCF-7
cells with idazoxan has significantly (p < 0.05) enhanced
p-Akt expression through incubation for all days.

Inhibition of p-CREB and p-Akt expression in MDA
MB-231 cells by a,-AR agonist

There was no significant effect of clonidine on p-ERK
expression by ER (-) MDA MB-231 cells after 2, 4, and
6 days of treatment (Fig. 12A).

p-CREB expression was significantly (p < 0.05) decreased
upon treatment with clonidine after 2 days (10’9 M, 10 M),
4 days (10 M), and 6 days (10~° M) (Fig. 12B). The ago-
nist-mediated decline was reversed by co-treatment with ida-
zoxan (107 M) after 4 and 6 days of co-incubation. p-Akt
expression was significantly (p <0.05) decreased by treat-
ment of ER(-) cells with clonidine for 2 and 4 days, and the
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Fig. 8 Differential secretion of A
VEGF-A and VEGF-C by o,-

AR agonist, clonidine (Clo), in
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effects were not reversed by co-treatment with the antago-
nist (Fig. 12C). Co-incubation of idazoxan alone has signifi-
cantly (p <0.05) decreased p-Akt expression in day 2 and 4.

Discussion

The cellular proliferation, secretion of pro-angiogenic fac-
tors, and activation of signaling molecules were differen-
tially modulated by «;-AR and a,-AR agonists in ER (+)
MCF-7 and ER (—) MDA MB-231 cells in vitro in the pre-
sent study. It also demonstrated that a;-AR agonist, phe-
nylephrine, selectively enhanced the proliferation of ER(+)
breast cancer cell line MCF-7, alone by enhancing the secre-
tion of VEGF-A and NO, and activating p-ERK, p-CREB,
and p-Akt signaling pathways. Although the direct effects of
a;-AR stimulation on tumor cell proliferation and expression
of pro-angiogenic factors have not been extensively stud-
ied, a; expression was correlative with increased prolifera-
tion, decreased apoptosis, poor cancer-specific survival, and
increased tumor recurrence [15]. The lack of a;-AR effects
on ER(—) MDA MB-231 cells may, perhaps, be due to either
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differences in the distribution of receptor subtypes or the
ER-induced signaling mechanisms on cell survival.
Phenylephrine, o;-AR agonist, enhanced VEGF-A and
NO in ER(+) MCF-7 cells that may have been the result
of binding of VEGF-A to its high-affinity receptor, VEGF-
R2, leading to an increase in NO production through the
PI3K/p-Akt pathway and thereby, enhancing cellular sur-
vival by inhibiting pro-apoptotic pathways [25-27]. In addi-
tion to PI3K/Akt pathway. VEGF-A binding to VEGF-R2 in
endothelial cells has been shown to trigger PKC-mediated
phosphorylation of sphingosine, leading to activation of
H-Ras, c-Raf-1, and ERK1/2 and inducing phosphorylation
of CREB in human umbilical vein endothelial cells [28—30].
This is in agreement with our study where phenylephrine
treatment of ER(+) MCEF-7 cells enhanced VEGF-A and NO
production through enhanced p-Akt, p-ERK, and p-CREB
expression. Phenylephrine-induced increase in the secretion
of VEGF-C in ER(—) MDA MB-231 cells may promote lym-
phangiogenesis through its binding to VEGF-R3 receptors
and activate the adapter proteins Shc, Grb2-Sos, and mediate
ER1/2 phosphorylation in a Ras-dependent and -independent
mechanisms in lymphatic endothelial cells [31]. Also, MDA
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Fig.9 Effects of a,-AR agonist, A
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and VEGF-C secretion in ER
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MB-231 cells transfected with the exon-deleted version of
estrogen receptor (ER)-a enhanced the secretion of VEGF
in MDA MB-231 cells, thereby indicating the role of ER
in activating VEGF signaling in breast cancer cells [32].
Understanding the role of adrenergic receptors in angiogen-
esis is relevant in the context of diseases such as cancer
where angiogenesis is a critical process for tumor growth
and metastasis. In vitro studies have shown that alpha-adren-
ergic stimulation regulates neo-angiogenesis in the endothe-
lial cells from Wistar-Kyoto rats [33].

In the present study, incubation of breast cancer cells
with a,-AR agonist, clonidine, similarly enhanced the pro-
liferation of ER(+) MCF-7 and ER(—) MDA MB-231 cells
in vitro. The pro-proliferative effects of «,-AR agonist, cloni-
dine, have been demonstrated in DMBA-induced mammary
tumors in rats, mouse mammary tumors, and MCF-7 breast
cancer cell lines [9, 11, 34]. However, in vivo treatment of
mice with 4T1, metastatic adenocarcinoma cell line, with
highly selective a,-AR agonist, dexmedetomidine, increased
tumor growth and lung metastasis without altering VEGF
or IL-6 levels in the tumor that may be related to the stro-
mal factors in the tumor environment [35]. Also, clonidine

has been shown to inhibit IL-1f-induced VEGF secretion
in human retinal pigment epithelial cells by suppression
of intracellular signaling cascades such as p38MAPK and
MEK1/2 [36]. In agreement with these findings, activation
of a,-AR signaling in MCF-7 cells did not alter VEGF-A
secretion, decreased VEGF-C and NO production, down-
regulated p-CREB expression, and did not alter p-ERK
and p-Akt expression. Similar findings were observed in
ER(-) MDA MB-231 cells where no significant change was
observed in VEGF-A, VEGF-C, and p-ERK expression and
decreased NO, p-CREB, and p-Akt expression. The decline
in the expression of p-CREB by clonidine may be due to its
distinctive inhibitory effects on cAMP levels [9].

a,-AR blockade using prazosin significantly decreased
the proliferation and VEGF-A secretion by ER(+) MCF-7
cells, although it did not alter proliferation and VEGF secre-
tion in ER(—) MDA MB-231 cells. These findings were
supported by results from another study where treatment of
MCEF-7 cells with prazosin reversed epinephrine-mediated
increase in proliferation [9]. Similarly, the a,,-AR antagonist,
idazoxan, significantly decreased the proliferation of MCF-7
and MDA MB-231 cells and VEGF-C secretion by MCF-7
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Fig. 10 Decline in NO produc- A MCF-7 m Control
tion by treatment with o,-AR Clo 10° M
agonist, clonidine (Clo), in ER
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cells in the present study. Such effects were found in experi-
mentally induced mammary tumors in animals where «,- AR
blocker, rauwolscine, significantly diminished tumor growth
in vivo and in vitro [11, 37]. Another o,-AR blocker, yohim-
bine, also inhibited cellular proliferation of cancer cells by
decreasing agonist-mediated increase in the intracellular
levels of cAMP in MCF-7 cells and by inducing apopto-
sis in PC-2 and PC-3 pancreatic cancer cell lines [9, 38].
Interestingly, breast cancer cells (MCF-7, MDA MB-231,
and MDA MB-453) co-cultured with endothelial cells and
treated with norepinephrine showed enhanced VEGF-A
expression through activation of Notch signaling pathway
mediated by norepinephrine-activated 2-AR-PKA-mTOR
pathway [39]. ARs have been shown to enhance tumor angi-
ogenesis through peroxisome proliferator-activated receptor
gamma (PPARY) signaling mechanism in animal models of
breast cancer. [40].

Collectively, a;-AR agonist enhanced the proliferation
and expression of pro-angiogenic factors in vitro through
ERK/CREB/Akt pathways in ER(+) breast cancer cells

@ Springer

while only VEGF-C, a lymphangiogenic factor, was
enhanced in ER(—) breast cancer cells. The findings are
highly relevant in-context to the involvement of alpha-adr-
energic receptor in the modulation of tumor angiogenesis.
a,-AR agonist on the other hand similarly enhanced prolif-
eration and inhibited expression of pro-angiogenic factors
in ER(+) and ER(—) breast cancer cells possibly through
specific intracellular signaling pathways. ;- and o,-AR
antagonists had distinct effects on cancer cell proliferation,
expression of pro-angiogenic factors, and intracellular tar-
gets suggesting specific receptor-mediated effects. These
results imply a differential role for sympathetic interac-
tions in influencing outcomes in hormone-responsive and
non-responsive breast cancers from which parallels can
be drawn to develop treatment strategies by targeting adr-
energic modulation of angiogenic factors affecting tumor
growth. Further studies are required to explore the use of
adrenergic receptor agents either alone or as part of com-
bination therapy in the prevention and treatment of breast
cancer in women.
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Fig. 11 Selective downregu-
lation of p-CREB signaling

by a,-AR agonist, clonidine
(Clo), in ER (+) MCEF-7 cells.
p-ERK (11A) and p-Akt (11C)
expression by MCF-7 cells

was not significantly altered by
incubation with a,-AR agonist,
clonidine. However, there was a
decrease in p-CREB expres-
sion following treatment with
clonidine and idazoxan (Iz;
11B) in MCF-7 cells. “p<0.05
compared to respective time-
matched control group; *p<0.05
compared to respective time-
matched agonist-treated group.

A
MCE-7 m Control
BClo10° M
0.8 - EClo 107°M
-g 0.6 4 \
250 § :
S2 | \
E;_ 0.2 # §

(-) Antagonist | (+) 10°M Iz

(-) Antagonist | (+) 10°M Iz

Day 2 Day 4 Day 6
B
MCE-7 m Control
8Clo10° M
0.75 BClo 10 M
c
S i
7] * *
8 051
£
3% * x
mE 0.25 *
w
o
o
Y 0
(-) Antagonist | (+) 10° M Iz | (-) Antagonist | (+) 107° M Iz | (-) Antagonist | (+) 10°M Iz
Day 2 Day 4 Day 6
C
MCE-7 = Control
Clo 10 M
0.75 - BClo 10°M
. # _#
]
g’—‘ 0.5 - *
&5
2025
-
<
a
0
(-) Antagonist| (+) 107° M Iz | (-) Antagonist | (+) 107 M Iz | (-) Antagonist| (+) 10°M Iz
Day 2 Day 4 Day 6

@ Springer



92 Page 140f 16

Medical Oncology (2024) 41:92

Fig. 12 Effects of a,- agonist, A
clonidine (Clo), on the expres-
sion of intracellular signaling
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