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Abstract. In response to recent studies, we investigated an 
association between perioperative β-blockade and breast 
cancer metastases. First, a retrospective study examining 
perioperative β-blocker use and cancer recurrence and 
metastases was conducted on 1,029 patients who underwent 
breast cancer surgery at the City of Hope Cancer Center 
between 2000 and 2010. We followed the clinical study and 
examined proliferation, migration, and invasion in vitro of 
primary and brain-metastatic breast cancer cells in response 
to β2-activation and inhibition. We also investigated in vivo 
the metastatic potential of propranolol-treated metastatic cells. 
For stage II breast cancer patients, perioperative β-blockade 
was associated with decreased cancer recurrence using Cox 
regression analysis (hazard's ratio =0.51; 95% CI: 0.23-0.97; 
p=0.041). Triple-negative (TN) brain-metastatic cells were 
found to have increased β2-adrenergic receptor mRNA and 
protein expression relative to TN primary cells. In response 
to β2-adrenergic receptor activation, TN brain-metastatic cells 

also exhibited increased cell proliferation and migration rela-
tive to the control. These effects were abrogated by propranolol. 
Propranolol decreased β2-adrenergic receptor-activated inva-
sion. In vivo, propranolol treatment of TN brain-metastatic 
cells decreased establishment of brain metastases. Our results 
suggest that stress and corresponding β2-activation may 
promote the establishment of brain metastases of TN breast 
cancer cells. In addition, our data suggest a benefit to periop-
erative β-blockade during surgery-induced stress with respect 
to breast cancer recurrence and metastases.

Introduction

Breast cancer is a common primary tumor type that can 
metastasize to the brain (1). Triple-negative (TN) breast cancer 
is especially aggressive, and approximately 6% of patients 
with TN breast cancer develop brain metastases (2,3). The 
prognosis of patients with TN brain metastases is a dismal 
3 months.

Recent studies demonstrate a beneficial relationship 
between β-adrenergic receptor antagonists and breast cancer 
recurrence and metastases (4-6). Clinical data suggest that 
select β2-receptor antagonist intake by patients for cardiac 
indications was associated with higher recurrence-free and 
overall survival in the TN breast cancer subgroup (4,5). In select 
studies, no significant difference was observed in patients with 
estrogen receptor-positive (ER+) breast cancers or those who 
took β1-adrenergic receptor antagonist (4,5). Similarly, select 
β-receptor antagonists reduced formation of tumor recurrence 
and distant metastases in breast cancer patients (6).

Neurotransmitters have been implicated in the increasing 
metastatic potential of brain metastatic cells (7,8). Modern 
forms of Paget's ‘seed and soil’ hypothesis suggest that cells 
that carry or evolve adaptations to new microenvironments will 
successfully metastasize (9). One potential advantage for brain 
metastastic cells is the expression of functional neurotransmitter 
receptors, such as the β-adrenergic receptors. Epinephrine and 

Inhibition of β2-adrenergic receptor reduces triple-negative 
breast cancer brain metastases: The potential 

benefit of perioperative β-blockade
Cecilia Choy1,2*,  John L. Raytis3*,  David D. Smith4,  Matthew Duenas1, 

Josh Neman5,  Rahul Jandial1,6**  and  Michael W. Lew3**

1Division of Neurosurgery, Beckman Research Institute, City of Hope; 2Irell and Manella Graduate School 
of Biological Sciences, City of Hope; 3Department of Anesthesiology, City of Hope; 4Department of Biostatistics, 

Beckman Research Institute, City of Hope, Duarte, CA 91010; 5Department of Neurosurgery, 
Keck School of Medicine at the University of Southern California, Los Angeles, CA 90089; 
6Department of Biology, University of Southern California, Los Angeles, CA 90089, USA

Received September 30, 2015;  Accepted November 5, 2015

DOI: 10.3892/or.2016.4710

Correspondence to: Dr Rahul Jandial, Division of Neurosurgery, 
Beckman Research Institute, City of Hope, 1500  E. Duarte Road, 
Duarte, CA 91010, USA
E-mail: rjandial@coh.org

Dr Michael W. Lew, Department of Anesthesiology, City of Hope, 
1500 E. Duarte Road, Duarte, CA 91010, USA
E-mail: mlew@coh.org

*Contributed equally; **Contributed equally

Abbreviations: 231Br, MDA-MB-231Br; ADRB2, β2-adrenergic 
receptor; TN, triple‑negative; BBM, breast-to-brain metastasis; 231, 
MDA-MB‑231

Key words: brain metastasis, breast cancer, β-blockade



choy et al:  Inhibition of β2-adrenergic Receptor Reduces TN Breast-to-Brain Metastases3136

norepinephrine bind to β-adrenergic receptors (10). As early 
as 1989, there was evidence suggesting a relevant role for 
β-adrenergic receptors in tumor progression, where adminis-
tration of isoproterenol (β-adrenergic receptor agonist) to lung 
tumor cells increased cell proliferation, an effect abrogated by 
propranolol (β-adrenergic receptor antagonist) (11).

A standard treatment for patients with breast cancer 
is surgical tumor resection. Stress and the corresponding 
increased β-adrenergic receptor activation from surgeries 
increased the tumor growth and metastasis, in in vivo mouse 
experiments which were abrogated by propranolol  (12,13). 
Stress signaling can be activated by norepinephrine. 
Norepinephrine administration to cancer cells can increase 
migration and invasion, two characteristics of metastasis, 
in addition to endothelium adhesion  (14,15). It has been 
suggested that perioperative β-blockade may play a role in 
reducing cancer recurrence and metastases (16), which has 
been demonstrated in animal models (17). Propranolol inhibits 
norepinephrine‑induced invasion and migration of cancer 
cells (18,19). The possible benefit of β-adrenergic blockade in 
human breast cancer patients during perioperative surgery-
induced stress has not yet been investigated.

We performed a retrospective cohort study to test for an 
association between perioperative β-blocker use and postopera-
tive breast cancer recurrence and metastases. Subsequently, we 
utilized the established MDA-MB-231 (231) primary TN breast 
cancer cells and its brain-trophic derivative, MDA-MB‑231Br 
(231Br), in in vitro and in vivo studies to investigate the effects 
of β2-adrenergic receptor agonists and antagonists on the meta-
static potential of TN breast cancer cells.

Materials and methods

Bioinformatic review and analysis. After IRB approval, female 
breast cancer patients diagnosed with stage II or III primary 
breast cancer who underwent mastectomy or segmentectomy 
at the City of Hope between the years 2000 and 2010 were 
identified through the City of Hope's Cancer Registry. A total 
of 1,029 subjects were included in the study. To determine 
the subjects taking perioperative β-blockers, a large-scale 
string‑parsing query across electronic records of physician 
dictations and pharmacy data was conducted. Anesthesia 
records were neither computerized nor included in this study. 
All brand and generic names of β-blockers not specifically 
intended for glaucoma treatment and available in the United 
States were included in the study. Patients were considered to 
have been on perioperative β-blockers if the computational 
query of medical records, limited to 45 days from the patient's 
date of surgery, indicated β-blocker use. The time to recur-
rence was the primary endpoint during the data collection. 
Recurrence‑free survival was measured from the date of 
surgery to the first recurrence (local or metastasis), death from 
oncological cause, or the date of the last follow-up, whichever 
occurred first. Kaplan-Meier estimates and Cox regression 
were performed to determine the effect that the perioperative 
administration of β-blockers had on cancer recurrence in our 
cohort.

Cell culture. The MDA-MB-231 (231) cell line, its brain‑trophic 
derivative MDA-MB-231Br (231Br), a low passage TN brain 

metastasis cell line COH-BBM3 (BBM3), primary Her2+ 
breast cancer SkBr3 cell line, and low passage Her2-amplified 
brain metastasis cell lines COH-BBM1 (BBM1), COH-BBM2 
(BBM2) were cultured in Dulbecco's modified Eagle's medium 
(DMEM)-F12 media (Life Technologies) supplemented with 
10% fetal bovine serum (FBS; Hyclone), 1% glutamax and 1% 
antibiotic-antimycotic (both from Life Technologies) (7).

Immunohistochemistry of paraffin-embedded tissue. Patient 
breast-to-brain metastasis (BBM) tissue specimens were 
obtained with IRB approval, formalin-fixed, and embedded. 
Paraffin blocks were sectioned onto slides (10 µm) and baked 
for 3 h. Wax was removed from the patient BBM tissue speci-
mens and primary breast cancer array slides (US Biomax) by 
xylene, and the tissue was hydrated with a gradient of ethanol 
washes and PBS wash. For antigen retrieval, slides were 
boiled in 10 mM sodium-citrate buffer [Tris sodium citrate 
(J.T. Baker), pH 6.0] for 1 h. Slides were permeabilized in 0.3% 
Tween-20 (Sigma-Aldrich) at 37˚C for 45 min and blocked 
with 1% bovine serum albumin (BSA; Sigma‑Aldrich), 10% 
normal goat serum (NGS; Invitrogen), and 0.3 M glycine 
(Fisher Scientific) at room temperature for 1 h. Primary anti-
bodies in a primary carrier of 1.5% NGS and 1% BSA in PBS 
were applied overnight at 4˚C. Fluorescent secondary anti-
bodies (Jackson ImmunoResearch Laboratories) were applied 
the following day for 1 h at room temperature protected from 
light. Coverslips (Warner Instruments) were placed on slides 
mounted with Immunogold with DAPI (Life Technologies). 
Slides were imaged on a Carl Zeiss LSM confocal microscope. 
Antibodies used were the following: ADRB1 (Cell Signaling 
Technology) and ADRB2 (Thermo Scientific).

qRT-PCR. mRNA was extracted from 1.0x106 231, 231Br, 
BBM1, BBM2, BBM3 or SkBr3 cells using an mRNA extrac-
tion kit (Qiagen). qPCR was performed on a Neurotransmitters 
and Receptors qPCR Array plate (SaBiosciences). Data for 
ADRB2 in the metastasis cell lines were quantified relative 
to their primary breast cancer subtype counterparts after 
normalization to actin, i.e., BBM3 and 231Br were compared 
to 231, and BBM1 and BBM2 were compared to SkBr3.

Western blot analysis. Cells were trypsinized and then 
centrifuged at 1,500  rpm for 5 min. Collected cells were 
homogenized by lysis buffer [glycerol, 3 M KCl and 10% 
NP-40 (all from Sigma‑Aldrich), 1 M Tris (Bio-Rad) and 1 M 
DTT (Sigma‑Aldrich)] in the presence of phosphatase inhibitor, 
EDTA, and protease inhibitor (all from Thermo Scientific) for 
15 min. The tubes were spun down at 12,000 rpm for 10 min 
and the protein in the supernatant was collected. Forty micro-
grams of protein boiled for 5 min with loading buffer [95% 
laemmli, and 5% β-mercaptoethanol (both from Bio-Rad)] 
were loaded onto Mini-PROTEAN TGX gels (Bio-Rad). 
The gel was run at 200 V and transferred onto a membrane 
at 100 V for 1 h. After confirming protein transfer on the 
membrane with Ponceau staining, the membrane was blocked 
for 1 h with blocking buffer (Thermo Scientific). Primary anti-
body diluted in blocking buffer was applied overnight at 4˚C. 
The following day, horseradish peroxidase (HRP)-conjugated 
secondary antibody (Thermo Scientific) was applied for 
1  h at room temperature. Membranes were exposed to 
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SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Scientific) for 5 min. Membranes were scanned by Li-COR 
c-DiGit membrane scanner (Li-COR). Antibodies used were 
as follows: ADRB1 (Cell Signaling Technology), ADRB2 
(Thermo Scientific) and β-actin (Cell Signaling Technology).

Cell proliferation. 231 or 231Br cells (3.0x103/well) were 
seeded on 24-well plates. After 24 h, they were treated with 
one of the following treatments (day 0): propranolol (33.3 µM), 
terbutaline sulfate (16.67 µM), or a combination of propranolol 
and terbutaline sulfate. Cells were counted daily for 5 days.

Migration assays. 231 or 231Br cells (7.0x104/well) were 
plated into a migration assay plate (Ibidi). Twenty-four hours 
after plating, a silicon separator was removed, mimicking 
scratch conditions, and one of the following treatments was 
applied: propranolol (100 µM), terbutaline sulfate (50 µM), 
or a combination of propranolol and terbutaline sulfate. Tiled 
images (2x5) were captured at 0 and 9 h under bright field 
microscopy and phase contrast microscopy at a x5 magnifica-
tion. Quantification at 9 h of migration was carried out through 
ImageJ relative to time  0 under bright field microscopic 
images. Representative qualitative images of the quantified 
areas were displayed by phase contrast images.

Invasion assays. Matrigel (3 mg/ml) was coated onto 0.8-µm 
invasion inserts (Millipore), which were placed each in a well 
of a 24-well plate in a 37˚C incubator and allowed to solidify 
for 1 h. Cells (1.5x105) were placed in the insert in serum-free 
media. Serum-free media with or without drugs were placed in 
the well in the following concentrations: propranolol (100 µM), 
terbutaline sulfate (50 µM), or a combination of propranolol 
and terbutaline sulfate. After 24 h, the inserts were washed in 
PBS, cells were fixed with 4% paraformaldehyde for 10 min at 
room temperature and stained with crystal violet (0.2% in 25% 
methanol) for 15 min at room temperature. Remaining cells 

and Matrigel were swabbed out with Q-tips. Five sections on 
each insert were imaged by bright-field at a x5 magnification 
under a Zeiss Observer Z1 Live Cell microscope and quanti-
fied. Calculations were carried out relative to the invasion of 
the control cells.

In vivo animal models. 231Br cells (5.0x104) labeled with 
firefly-luciferase remained untreated or were pre-treated 
with propranolol (33.3 µM) for 12 h. Cells were injected into 
NOD-SCID mice in the intracardial space under IACUC 
approval (City of Hope IACUC #10044). Tumors were 
monitored weekly by bioluminescence imaging (BLI). Upon 
euthanasia, the brains were dissected, fixed in formalin, and 
sectioned onto slides in 10-µm sections for hematoxylin 
and eosin staining to confirm tumor location. Images were 
acquired and tiled at x5 magnification.

Results

Patients receiving perioperative β-blockers have a lower 
rate of postoperative cancer recurrence and metastases. The 
median age (range) of the patients at diagnosis was 53 years 
(21-92). Sixty-eight percent of our subjects were stage  II 
patients and  91 of these subjects received perioperative 
β-blockers. We found that for stage II patients who received 
perioperative β-blockers the hazard ratio for recurrence and 
metastases calculated with the Cox regression was 0.51. (95% 
CI: 0.23-0.97; p=0.041). The log-rank test for this stage II 
subgroup did not achieve statistical significance at the α=0.05 
level (p=0.0588). The Kaplan-Meier curves appear in Fig. 1. 
There was no statistical difference in post-operative recur-
rence associated with β-blocker usage for stage III breast 
cancer patients. In addition, there was no difference in overall 
survival with β-blocker use for either group.

Figure 1. Patients who were administered β-blockers have decreased tumor 
recurrence. Proportion of patients who did or did not receive β-blockers (BB) 
who were diagnosed with tumor recurrence. Hazard ratio =0.51; 95% CI: 
0.23-0.97; p=0.041, log-rank p=0.0588. Figure 2. Breast-to-brain metastatic (BBM) tissue samples have low 

β1-adrenergic receptor protein expression. Immunohistochemical staining 
and imaging of patient brain metastatic tissues. Her2+ brain metastatic tis-
sues, left. Triple-negative (TN) brain metastatic tissues, right.
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Triple-negative primary breast cancer and brain metastatic 
tissues express ADRB2. We then investigated the effects 
of β-adrenergic receptor activation and blockade on both 
primary breast cancer and brain metastatic cells. Since β1- and 
β2-adrenergic receptor subtypes are frequently targeted by 
β-blockers, we initially analyzed expression of these subtypes 
in formalin-fixed patient brain metastatic specimens. ADRB1 
expression was low in the Her2+ and TN brain metastatic 
tissues (Fig. 2). There was low β2-adrenergic receptor (ADRB2) 
expression in the Her2+ brain metastatic tumors compared 
to the primary Her2+ breast tumors and consistently high 
β2-adrenergic receptor expression in TN primary and brain 
metastatic tumors (Fig. 3A). For this reason, we decided to 
focus our experiments on the β2-adrenergic receptor in the TN 
tumor subtype. For the purposes of our study, we utilized the 
TN primary breast cancer cell line 231 and its brain-derivative 
231Br. The high expression of β2-adrenergic receptor protein 
(ADRB2) in TN primary and metastatic cells was observed by 
western blot analyses (Fig. 3B). Finally, to confirm decreased 
ADRB2 in Her2 brain metastases and increased ADRB2 in 
TN brain metastases compared to their primary breast cancer 
subtypes, we analyzed ADRB2 expression at the mRNA level 
with qRT-PCR. We analyzed 2 separate Her2+ brain metas-
tasis cell lines (COH-BBM1, and COH-BBM2) with an Her2+ 
primary breast cancer cell line (SkBr3) and 2 separate TN 
brain metastatic cell lines (COH-BBM3 and 231Br) with a 

TN primary breast cancer cell line (231). Her2+ brain meta-
static cells expressed a 16-fold decrease in ADRB2 compared 
to primary Her2+ cells and TN brain metastatic cells with a 
2-fold increase compared to primary TN cells (Fig. 3C).

β2-adrenergic receptor agonists promote proliferation 
of brain metastatic cells. We investigated the effects of 
β2-adrenergic receptor activation on characteristics of metas-
tasis, namely proliferation, migration and invasion (20,21). 
Studies have shown that terbutaline sulfate, a β2-adrenergic 
receptor agonist, increases tumor weights similar to those 
under stress  (22,23). Hence we used terbutaline sulfate to 
mimic stress conditions in vitro. Clinical data suggest a β1 
to β2 ratio activity of propranolol to be 1:2, and its clinical 
effects may be duration-dependent  (5). Propranolol also 
antagonized noradrenaline-induced β2-adrenergic receptor 
activation 2 to 3 times more than β1-adrenergic receptors (24), 
thus we utilized this commonly used antagonist to inhibit 
β2-adrenergic receptors.

We performed a proliferation assay over a 5-day period. 
Terbutaline sulfate significantly increased proliferation in 
brain metastatic cells (p<0.0001). Propranolol decreased the 
rate of cell proliferation compared to the control cells and also 
eliminated the effects of terbutaline sulfate when co-adminis-
tered to cells in vitro (p<0.0001) (Fig. 4A). 231 cells were not 
sensitive to terbutaline sulfate. They were, however, sensitive 

Figure 3. Triple-negative primary breast and brain metastatic tumors express β2-adrenergic receptor. (A) Confocal images of Her2+ and triple‑negative (TN) 
primary breast tumor tissue from Her2+ (left) and TN tissue specimens (right). 1, primary breast cancer; BBM, breast-to-brain metastasis. Magnification, x40. 
Her2 (green), β2-adrenergic receptor (red), DAPI. (B) Western blot analysis of β2-adrenergic receptor protein in TN MDA-MB-231 (231) and MDA-MB-231Br 
(231Br) cells. (C) qRT-PCR data of ADRB2 levels in Her2+ brain metastatic relative to Her2+ primary breast tumors (left), or TN brain metastatic relative to 
TN primary breast tumors (right).
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to propranolol and displayed decreased cell proliferation when 
compared to the control cells  (p<0.0001), including when 
combined with terbutaline sulfate (Fig. 4B).

β2-adrenergic receptor agonists promote migration of brain 
metastatic cells. We proceeded to observe another character-
istic of metastasis, migration. After creating a scratch in the 
plate, we imaged the scratch after 9 h. At the concentrations 
utilized for this migration assay, we observed significant 

migration (p<0.0001) in 231Br cells treated with terbutaline 
sulfate. Approximately 50% of the scratch was filled after 9 h 
with terbutaline sulfate, and propranolol lessened these effects 
to ~80% compared to the control migration (p<0.01) (Fig. 5A). 
At 9  h, there was no significant difference in migration 
between the control and the propranolol-treated 231Br cells, 
as expected from data in a previous study (25). In 231 cells, no 
drug treatments at the utilized concentration made any signifi-
cant difference in the migration into the scratch (Fig. 5B).

Figure 4. β2-adrenergic receptor agonists promote proliferation of brain metastatic cells. Cell proliferation curves of 231Br (A) and 231 cells (B) incubated 
as control (black), or with terbutaline sulfate (green), propranolol (red), or propranolol and terbutaline sulfate (blue). Cells were incubated for 5 days and the 
number was counted every day. Mean ± SEM. ****p<0.0001.

Figure 5. β2-adrenergic receptor agonists promote migration of brain metastatic cells. Representative phase-contrast images (top) of scratches generated 
through 231Br (A) and 231 cells (B) and subsequent closure from migration. Quantification (bottom) of the non-migrated space at 9 h (gray bars) from 
bright-field images relative to time 0 (black bars). Mean ± SEM. Ctrl, control; Prop, propranolol; T.S., terbutaline sulfate; T.S. + Prop, terbutaline sulfate + pro-
pranolol. Quantification based on ImageJ. **p<0.01, ****p<0.0001.
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Propranolol decreases β2 agonist-promoted invasion in brain 
metastatic cells. The effects of the β2-adrenergic receptor 
agonists and antagonists on the third characteristic of metas-
tasis, invasion, was analyzed through an invasion assay. Cells 
were placed on an invasion insert coated with Matrigel and 
allowed to invade for 24 h. There was a significant difference 
(p<0.05) in invasion between 231Br cells treated with propran-
olol and 231Br cells treated with terbutaline sulfate (Fig. 6A). 
There was also a significant decrease in 231Br cell invasion 
following treatment with propranolol +  terbutaline sulfate 
(p<0.05) compared to cells treated with terbutaline sulfate. In 
the primary 231 breast cancer cells, there was no significant 
difference in cells treated with propranolol and/or terbutaline 

sulfate compared to the control cells at the concentrations used 
for 24 h (Fig. 6B).

Effects of propranolol on brain metastasis development 
in vivo. Finally, we investigated the effects of propranolol 
in vivo. 231Br cells labeled with firefly luciferase (231Br‑FF) 
with or without a 12-h non-cytotoxic pre-treatment of propran-
olol were injected into female NOD/SCID mice and monitored 
for brain metastases by bioluminescence imaging (BLI). 
231Br cells pretreated with propranolol established brain 
metastasis at significantly decreased rates (p<0.001) compared 
to the control cells (Fig. 7A and B). By day 27, the BLI showed 
increased brain metastases in the control cells when compared 

Figure 6. Propranolol decreases β2 agonist-promoted invasion in brain metastatic cells. Quantification of 231Br (A) and 231 (B) cells cultured for 24 h in 
invasion inserts. Invaded cells were imaged and counted relative to the control cells. Mean ± SEM. Ctrl, control; Prop, propranolol, T.S., terbutaline sulfate; 
T.S. + Prop, terbutaline + propranolol. *p<0.05.

Figure 7. Pre-treatment with propranolol decreases metastasis to the brain. (A) Representative images of bioluminescence imaging (BLI) of brain metastases of 
NOD/SCID mice injected with 231Br-FF cells in the intracardiac space. Ctrl, control; Prop, propranolol. (B) Bioluminescence of the brain over 27 days (n=5). 
Mean ± SEM. ***p<0.001. (C) Hematoxylin and eosin staining of coronal sections from mice injected with 231Br-FF control cells (left) or cells pre-treated with 
propranolol (right). T, tumor. x5 magnification tiled. 
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with the cells pre-treated with propranolol. In fact, the cells 
pre-treated with propranolol had higher qualitative BLI inten-
sity in the lung, indicating increased lung metastasis. Tumor 
formation in the brain for mice injected with control 231Br-FF 
cells was confirmed by staining with hematoxylin and eosin 
(H&E) (Fig. 7C, left). Lack of tumor formation in the brain for 
mice injected with 231Br-FF cells pre-treated with propranolol 
was also confirmed by H&E staining (Fig. 7C, right).

Discussion

We found that stage II breast cancer patients who were admin-
istered β-blockers at the time of their tumor resection surgery 
had decreased postoperative cancer recurrence and metastases 
using Cox regression, and we suspect that statistical signifi-
cance with the Kaplan-Meier estimate was limited by sample 
size. We found no difference in overall survival associated 
with perioperative β-blocker use. It should be noted that the 
patients were considered to be on perioperative β-blockers 
if computer-based review of electronic medical records indi-
cated β-blocker use within 45 days of surgery. The review did 
not include anesthesia records. Overall, our results showed 
a potential beneficial association between β-blocker use and 
breast cancer recurrence and metastases in accordance with 
previous studies (4-6). Based on these findings, we explored 
cellular and biological mechanisms.

We investigated the effects of β2-adrenergic receptor 
agonists and antagonists on TN primary breast cancer and 
breast cancer brain metastatic cells. Regulation of metas-
tasis development may stem from the body's own signaling 
substances, for example, the physiological levels of norepi-
nephrine  (26). Our previous research indicates that there 
is a bi-directional interaction between tumor cells and the 
physiological brain microenvironment. We continued our 
investigation into the effects of β2-adrenergic receptor 
targeting on three characteristics of metastasis: proliferation, 
migration and invasion. The data generated in this study 
further support the hypothesis that the brain microenviron-
ment has the potential to aid the establishment of brain 
metastases.

Our initial studies showed high protein expression of the 
β2-adrenergic receptor in both TN primary and brain metas-
tasis cells. Upon further investigation, at the concentrations 
of β2-adrenergic receptor agonists and antagonists utilized, 
brain metastatic cells responded to propranolol (β1  and 
β2-adrenergic receptor antagonist) by decreasing metastatic 
potential and to terbutaline sulfate (β2-adrenergic receptor 
agonist) by increasing metastatic potential. The primary breast 
cancer cells failed to show any response. External stress, such 
as surgery can stimulate epinephrine and norepinephrine 
release, which can increase metastatic ability (22). To mimic 
the response noted in surgical stress in vitro, we used terbu-
taline sulfate to activate the β2-adrenergic receptor (22,27). 
Treatment with terbutaline sulfate significantly increased cell 
proliferation and migration compared to the control brain 
metastatic cells. Terbutaline sulfate significantly increased 
cell invasion in the brain metastatic cells compared to the 
cells treated with propranolol. Combination treatment with 
propranolol and terbutaline sulfate abrogated the increased 
effects of terbutaline in regards to all three characteristics of 

metastasis in the brain metastatic cells, but not its primary 
breast cancer counterpart. In vivo, there was a significant 
decrease in brain metastasis in mice injected with cells pre-
treated with propranolol at a non‑cytotoxic concentration and 
time of treatment.

There are discrepancies regarding the effects of 
β2-adrenergic receptor agonism or antagonism on cancer cells. 
Although other studies, including this study, have shown that 
β2-adrenergic receptor agonism increases metastatic poten-
tial (28-30), other studies indicate that β2-agonism increases 
apoptosis and tumor regression when using pirbuterol, a 
β2-adrenergic receptor agonist (31). This could be attributed 
to pathway specificity, whereas some agonists can block the 
Ras/Raf-1/Mek-1/Erk1/2 pathway (31), and some may inhibit 
the cAMP/PKA pathway (29).

Our results indicate that β2-adrenergic receptor treatment 
affects brain metastatic cells, or at the least brain metastatic 
cells have increased sensitivity to these treatments, potentially 
due to the adaptations metastatic cells have for the brain micro-
environment. One reason for the differences in sensitivity 
of a primary breast cancer cell line and its brain metastatic 
cell line counterpart could be attributed to a pathway switch 
between the cells in a primary vs. a secondary microenviron-
ment (13,22). Changes in the expression levels of β-adrenergic 
receptor subtypes were also noted in more aggressive deriva-
tives of breast cancer cells, of which metastasis is one (32). 
Supporting our theory that brain metastatic cells have increased 
sensitivity to β2-adrenergic receptor targeting, propranolol 
alone in previous research inhibited norepinephrine-induced 
lymph node metastases in prostate cancer cells, but there were 
no effects on primary tumors (33). These could explain the 
decrease in the sensitivity of primary breast cancer cells to 
treatments targeting a neurotransmitter receptor.

We demonstrated a potential beneficial association between 
perioperative β-blockade and breast cancer recurrence and 
metastases. Such an association has been demonstrated 
for other cancer types in animal models  (17). In addition, 
we showed that β2-adrenergic receptor activation of TN 
breast-to-brain metastatic cells increased in vitro prolifera-
tion, migration and invasion. These effects were blocked by 
propranolol. Propranolol also decreased establishment of brain 
metastases in vivo. Our findings add to a growing body of 
evidence that suggests a complex relationship between breast 
cancer metastases and β-adrenergic activation and inhibition. 
Further studies into this relationship and to the possible thera-
peutic applications of selective β2 antagonists are warranted. 
Eventually it may be possible to identify a subset of TN breast 
cancer patients who may benefit from therapeutic blockade of 
stress-induced catecholamine release during the perioperative 
period.
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