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a b s t r a c t

Recent studies have shown that stress can substantially facilitate breast cancer metastasis, which can be
reduced by nonselective b1/b2-adrenergic receptor (b1/b2-AR) blocker. However, several side effects
were identified. Thus, it is extremely warranted to explore more effective and better-tolerated b2-AR
blocker. Currently, we demonstrated that baicalin (BA), a major bioactive component of Scutellaria bai-
calensis Georgi, could significantly attenuate stress hormones especially epinephrine (Epi)-induced
breast cancer cell migration and invasion in vitro. Mechanistically, we identified that b2-AR was a direct
target of BA via the drug affinity responsive target stability (DARTS) combined with mass spectrum assay,
and BA photoaffinity probe with pull-down assay, which was further confirmed by a couple of bio-
physical and biochemical assays. Furthermore, we demonstrated that BA could directly bind to the Phe-
193 and Phe-289 of b2-AR, subsequently inhibit cyclic adenosine monophosphate-protein kinase A-focal
adhesion kinase (cAMP-PKA-FAK) pathway, and thus impede epithelial-mesenchymal transition (EMT),
thereby hindering the metastatic progression of the chronic stress coupled with syngeneic and xenograft
in vivo orthotopic and tail vein mouse model. These findings firstly identify BA as a potential b2-AR
inhibitor in the treatment of stress-induced breast cancer metastasis.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer continues to be the primary cause of cancer-induced
fatalities inwomen globally [1]. Although early diagnosis and recent
targeted therapy significantly improved the survival rate of breast
or Pharmacology and Safety
rmacy, Nanjing University of
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r B.V. on behalf of Xi’an Jiaotong
cancer [2,3], the averageduration is approximatelyonly threeyears as
a result of a high rate of cancermetastasis [4]. Accumulating evidence
showed that psychosocial stress is a significant biological factor un-
derlying cancer etiology and progression mediated by excess activa-
tion of the sympathetic nervous system (SNS) releasing
norepinephrine (NE) and epinephrine (Epi) and to a lesser degree by
the hypothalamic-pituitary-adrenal (HPA) axis responsible for the
release of stress hormones [5,6]. Pharmacologically decreasing these
stress hormones or interfering their signal pathway thus becomes a
prior strategy in the search of anti-metastasis drugs [7,8].

b2-adrenergic receptor (b2-AR), encoded by ADRB2, as a major
responder to catecholamines, has been examined as a potential
contributor to stress-induced cancer progression in various cancers
[9,10]. Multiple pre-clinical studies have shown that b-blockers can
University. This is an open access article under the CC BY-NC-ND license (http://

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yinanzhang@njucm.edu.cn
mailto:lixm@njucm.edu.cn
mailto:luyingreen@njucm.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2024.01.002&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2024.01.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2024.01.002


Q. Jia, Y. Zhou, L. Song et al. Journal of Pharmaceutical Analysis 14 (2024) 100934
hinder stress-induced release of NE and Epi, leading to retardation of
pro-growth and pro-metastatic effects [11,12]. To this end, pro-
pranolol was recognized as a neoadjuvant therapy to enter the
clinical trials primarily [11,13]. However, it was found that the non-
selective role of propranolol on the b1-AR led to several side ef-
fects, such as cardiac disorders, rash, fatigue and vitiligo [14].
Therefore, further development of more effective and better-
tolerated treatments is warranted.

Nature has been continuing to be a major source of medicinal
products, and especially providing revolutionized structural leads
in the treatment of serious diseases for millennia [15]. Our group
aims to characterize active natural product and resolve their un-
derlying mechanism in tumor vascular normalization and attenu-
ating the stemness of cancers [16,17]. In the search of anti-
metastasis materials, we noticed Scutellaria baicalensis Georgi has
been intensively recorded to treat cancer and depression-related
symptoms in a variety of traditional pharmacopeia and contem-
porary traditional Chinese medicine clinical practice [18,19]. As the
predominant constituents in the herb, baicalin (BA) has been
known to possess anti-cancer and anti-depression activities
[20,21]. While these studies focused on either tumor cells or neu-
rons independently, the effect of BA on stress-induced breast can-
cer metastasis has not been concerned. To address this, we herein
used Epi as stress hormone in vitro, which was markedly upregu-
lated in chronic unpredictable mild stress (CUMS) and chronic re-
straint stress (CRS) models and promoted the metastasis of breast
cancer cells most significantly among other stress hormones
in vitro. The results showed that Epi-mediated breast cancer cell
migration was reduced by BA. We next identified that b2-AR is
predicted to be the direct target of BA via BA photoaffinity probe
assay and drug affinity responsive target stability (DARTS) assay,
which was further confirmed by a couple of biophysical and
biochemical assays. The mechanistic investigations highlighted BA
impeded epithelial-mesenchymal transition (EMT) by b2-AR-cyclic
adenosine monophosphate-protein kinase A-focal adhesion kinase
(cAMP-PKA-FAK) pathway. The above effects and the underlying
mechanisms of BAwere also verified using syngeneic and xenograft
in vivo orthotopic and tail vein mouse models of breast cancer
combined with CUMS or CRS. These results supported the blockade
of b2-AR as a strategy for reducing metastatic breast cancer.

2. Materials and methods

2.1. Cell culture and reagents

Human breast cancer cell lines (MCF-7 and MDA-MB-231) and
murine mammary carcinoma cell lines (4T1 and EO771) were
preserved in our laboratory and authenticated using the short
tandem repeat DNA profiling method every 6months. The cell lines
were cultured in standard medium (KeyGen BioTech, Nanjing,
China) recommended by the American Type Culture Collection
(Manassas, VA, USA) in a humidified atmosphere with 5% CO2 at
37 �C. Mycoplasma testing was performed every 2 weeks.

BA (Cat# S30647), Epi (Cat# B27670), and NE (Cat# S25926)
were purchased from Shanghai yuanye Bio-Technology Co., Ltd
(Shanghai, China), while ICI 118551 (Cat# HY-13951), cortisol (Cort,
Cat# HY-N0583), salmeterol (SAL, Cat# HY-13951), a selective hu-
man b2-AR agonist, and isoprenaline (ISO, Cat# HY-B0468) were
purchased from MedChemExpress (Monmouth Junction, NJ, USA).

2.2. Ethics statement

The ethical policies and procedures approved by the Ethics
Committee of Nanjing University of Chinese Medicine (Approval
number: 202008A015) were followed in all animal experiments.
2

2.3. Animal model construction and drug administration

Female BALB/c nude mice (6 weeks old) were purchased from
GemPharmatech (Nanjing, China) and restrained in well-ventilated
50 mL conical tubes for 4 h per day to establish the CRS model. For
the CUMS model, female BALB/c and C57BL/6J mice (6 weeks old)
were subjected to various stressors, including food or water
deprivation for 12 h, tail pinch for 1.5 min, cold swim at 4 �C for
5 min, vibration for 15 min, exposure to damp bedding for 24 h, 4 h
of restraint, and 24 h of 45� cage tilt. The stressors were randomly
applied to the mice every day to ensure the unpredictability of the
stressors, and all stressors were repeated throughout the experi-
ment. Before injecting cancer cells, the mice underwent a 7-day
period of stress pre-treatment. For the breast cancer in situ
model, MCF-7, MDA-MB-231, or MCF-7 overexpression of green
fluorescent protein (GFP) and b2 adrenergic receptor (ADRB2)
(MCF-7 ADRB2OE) cells (6 � 106 cells in 100 mL phosphate buffer
saline (PBS)) was introduced into the pre-cleaned 4th mammary fat
pads of BALB/c nude mice, while 4T1 cells overexpressing GFP
(5 � 105 cells in 50 mL PBS) were injected into the pre-cleaned 4th
mammary fat pads of BALB/c mice. Eight days later, BA was
administered by intragastric administration every day at 100mg/kg
and 50 mg/kg until the mice were sacrificed. For the metastatic
mouse model, MDA-MB-231 cells (2 � 106 cells in 100 mL PBS) and
EO771 cells overexpressing GFP (2 � 105 cells in 100 mL PBS) were
intravenously injected into BALB/c nude mice and C57BL/6J mice,
respectively. The mice were daily intragastrically administrated
with BA at 100 mg/kg and 50 mg/kg the next day.

2.4. Measurement of neurotransmitter and stress hormone

We utilized enzyme linked immunosorbent assay (ELISA) kits
(R&D Systems, Minneapolis, MN, USA) with the manufacturer's
guidelines to measure the concentrations of dopamine (DA) and 5-
hydroxytryptamine (5-HT) in the mouse hippocampus, as well as
Epi, NE, and corticosterone in the serum. Following the collection of
blood samples, the mice were euthanized and their brains were
subsequently removed. The hippocampus was immediately iso-
lated at 4 �C and homogenized in PBS (the volume depends on the
tissue weight). The homogenates were then centrifuged at 5,000 g
for 5 min to obtain the supernatant. Blood samples were centri-
fuged for 20 min at approximately 1,000 g to obtain the serum after
overnight clotting at 4 �C. ELISA was carried out according to the
instructions provided by themanufacturer, and the absorbancewas
measured at 450 nm.

2.5. cAMP quantification

Intracellular levels of cAMP were quantified colorimetrically
using a cAMP ELISA kit (No. 581001, Cayman Chemical, Ann Arbor,
MI, USA). Results are presented as pmol of cAMP per mL of protein.

To determine the binding mode of BAwith b2-AR, MDA-MB-231
and 4T1 cells were grown to confluence in 6-well plates, and
gradient concentration of Epi and SAL were added, respectively.
Following a 15 min interval, each well was supplemented with
100 mM and 10 mM BA and left to incubate for 30 min. Then cAMP
concentration was measured following the above steps.

2.6. Three-dimensional (3D) spheroid assay

To measure the 3D invasion of breast cancer cells, a tissue cul-
ture systemwas employed. The systemwas set up in a glass-bottom
culture dish (Cat# 801002, Nest, Wuxi, China), where cancer cells
were placed in a central 3D matrix which allowed cells to invade
into the outer matrix. 1 � 106 cells/well were suspended in 10 mL of
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culture medium containing matrigel (Cat# 354234, Corning,
Corning, NY, USA) (2:1, V/V). 1 mL of cell suspensionwas added at the
center of the culture dish and allowed to solidify. The outer matrix,
a mixture of matrigel and cell culturemedium (1:2, V/V), was added
to cover the central matrix. After solidification, the setup was
overlaid with culture medium. Cells were allowed to invade into
the outer matrix for 24 h. Images of the systemwere acquired at 0 h
and 24 h by microscope, and the invasion area was quantified.

2.7. Transwell assay

In short, the upper chamber was filled with 0.8 � 105 cells in
200 mL of serum-freemedium, while the lower chamber was loaded
with complete medium containing 10% fetal bovine serum (FBS;
Sigma-Aldrich, St. Louis, MO, USA). The cells were then allowed to
migrate for 24 h. Subsequently, they were fixed, stained with
crystal violet, and counted in three random fields using an inverted
microscope ( � 200) (Zeiss, Oberkochen, BW, Germany).

2.8. Wound healing assay

The previous study was used as a reference to conduct the
wound healing assay [22], and the gap distance was quantitatively
evaluated using Image J software (Media Cybernetics, Silver
Springs, MD, USA).

2.9. Construction of breast cancer cell lines stably expressing GFP or
ADRB2

To establish 4T1 and EO771 cell lines stably overexpressing GFP,
lentivirus infection was used with particles by Genechem
(Shanghai, China) with titers above 1 � 108 TU/mL. Stable expres-
sion of GFP was confirmed through puromycin selection and
observation of green fluorescence. Similarly, MCF-7 cells with sta-
ble overexpression of ADRB2 were constructed using lentivirus
infection, denoted as MCF-7 ADRB2OE, with lentiviral particles from
GenePharma (Shanghai, China) with titers above 1 � 108 TU/mL.
Western blotting analysis confirmed a significant increase in b2-AR
expression. MCF-7 ADRB2OE cells were further infected with len-
tiviral particles expressing GFP to establish MCF-7 ADRB2OE over-
expressing GFP.

2.10. Construction of MDA-MB-231 cells overexpressing F193A- and
F289A-b2-AR

MDA-MB-231 cells with ADRB2 knockout (MDA-MB-231
ADRB2KO) were used to establish MDA-MB-231 overexpressing
F193A- and F289A-b2-AR using plasmid pEGFP-N-ADRB2
expressing the amino acid phenylalanine at position 193 and 289
of b2-AR, which was simultaneously mutated to alanine. Lipofect-
amine®2000 (Cat# 11668, Invitrogen, Carlsbad, CA, USA) was uti-
lized to transfect the plasmid into MDA-MB-231 ADRB2KO cells. The
resulting cells were named MDA-MB-231Mu, and quantitative po-
lymerase chain reaction (qPCR) and Western blotting were
employed to verify the knockdown efficiency of ADRB2. Fluores-
cence microscopy was used to confirm the re-expression of F193A-
and F289A-b2-AR.

2.11. DARTS

To simulate a stress environment, MDA-MB-231 or MDA-MB-
231Mu cells were incubated with Epi (10 mM) for 15min followed by
DARTS [23]. The cells were lysed with M-PER lysis buffer (Cat#
78503, Thermo Fisher, Waltham, MA, USA) containing protease
(Cat# ST506, Beyotime, Beijing, China) and phosphatase inhibitors
3

(Cat# P1082, Beyotime). The lysates were subjected to centrifuga-
tion at 12,000 rpm for 15 min at 4 �C, resulting in the collection of
the supernatant. Subsequently, the supernatant was divided into
two parts and incubated with either BA (500 mM) or dimethyl
sulfoxide (DMSO) (equal volume) at room temperature for
20e30 min. Each lysate was then equally divided into six parts, and
proteolysis was performed without or with different ratios of
pronase (Cat# 10165921001, Roche, Basel, Switzerland) to protein
(1 mg pronase to 100 mg protein at the ratio of 1:100, 1:300, 1:1,000,
1:3,000, and 1:10,000 (m/m)) for 30 min at room temperature. The
reaction was stopped by adding loading buffer and boiling imme-
diately. The resulting samples were loaded onto 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
either gel staining or Western blotting.

To identify the enriched proteins, differential protein bands on
the Coomassie brilliant blue-stained SDS-PAGE gel were excised
and subjected to liquid chromatography tandem-mass
spectrometry (LC-MS/MS) analysis [24] which was conducted on
a LTQ Orbitrap Velos Pro mass spectrometer (Thermo Finnigan,
Waltham, MA, USA) coupled with an EASY-nLC1000 Nano-HPLC
system, following a published protocol [25].
2.12. Screening of BA targets

To identify potential targets of BA in inhibiting chronic stress-
induced breast cancer metastasis, we used DARTS followed by
filtering the genes associated with breast cancer metastasis and Epi
using OMIM (https://omim.org/) and GeneCards (https://www.
genecards.org) databases. The targets were sorted out based on a
screening criterion of 2 times the median of the relevance value in
the GeneCards database, and then integrated with the targets in the
OMIM database. Statistical data detected by LC-MS/MS were used
to screen out proteins with a difference of more than 1.2 between
the BA and solvent control group to identify BA targets. The com-
mon targets of BA, breast cancer metastasis and Epi were then
selected, and the binding affinity of BA to target protein was veri-
fied by molecular docking using AutoDockTools (Alabaster, AL,
USA).
2.13. Cellular thermal shift assay (CETSA)

Lysates from MDA-MB-231 cells or MDA-MB-231Mu cells incu-
bated with Epi (10 mM) for 15 min were collected and subjected to
CETSA [26]. Lysates (5 mg/mL) were incubated with BA (500 mM) or
DMSO at a range of temperatures (42e64 �C for MDA-MB-231 cells
and 42e67 �C for MDA-MB-231Mu cells) for 3 min. Following
centrifugation, the supernatant was collected, mixed with loading
buffer, and boiled immediately. Western blotting was then used to
analyze the samples.
2.14. Micro scale thermophoresis (MST)

To confirm the interaction between BA and b2-AR, purified b2-
AR protein was used in MST. The protein was provided by GZL
Bioscience (Hangzhou, China) via cell-free protein expression and
labelled with red fluorescent dye NT-L118 (NanoTemper, Munich,
Germany) as per the manufacturer's recommendation. We con-
ducted binding assays using a Monolith NT.115 instrument (Nano-
Temper). To improve Kd determination accuracy, labelled-b2-AR
protein was kept at a minimum concentration of 20 nM and
titrated with different concentrations of BA ranging from 38.1 nM
to 12.5 mM.

https://omim.org/
https://www.genecards.org
https://www.genecards.org
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2.15. Bio-layer interferometry (BLI)

Biotinylated of b2-AR was immobilized on the super streptavi-
din (SSA) sensors using 20 mg/mL provided and analyzed using BLI
technique on a ForteBio Octet Red96e instrument (Pall Life Sci-
ences, East Hills, NY, USA). 500 mMBAwas applied on the BA-coated
sensors, and the interaction data was background-subtracted,
normalized, and analyzed using linear regression analysis with
ForteBio Data Analysis 10.0.

2.16. General chemistry

1H (500 MHz) and 13C (125 MHz) nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AV-500 device (Bruker,
Karlsruher, Germany). The chemical shifts were reported in d (ppm)
with the d 7.26 signal of CDCl3 and d 3.31signal of CD3OD (1H NMR),
and the d 77.16 signal of CDCl3 and d 49.00 signal of CD3OD (13C
NMR) as internal control. The following abbreviations were utilized
to explain the multiplicities: s ¼ singlet, d ¼ doublet, t ¼ triplet,
q ¼ quartet, and m ¼ multiplet. high resolution-electrospray ioni-
zation-mass spectrometry (HR-ESI-MS) assays were performed by a
Thermo Fisher Scientific Q Exactive Plus in the positive mode. If not
specifically stated, all commercially obtainable solvents and re-
agents were utilized as-is without additional purification. The re-
action was monitored by LC-MS/MS or analytical thin-layer
chromatography (TLC) purchased from Jiangyou Chemical Co., Ltd
(Yantai, China). Column chromatography on silica gel (200e300
mesh) was obtained from Haiyang Chemical Co., Ltd (Qingdao,
China). Detailed information for the preparation of 2-(3-(but-3-yn-
1-yl)-3H-diazirin-3-yl)ethan-1-amine [27] is shown as below.

2.17. Preparation of 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-
1-amine (C8)

The procedure of preparation of 2-(3-(but-3-yn-1-yl)-3H-dia-
zirin-3-yl)ethan-1-amine (C8) is shown in Scheme 1.

Synthesis of ethyl 3-oxohept-6-ynoate (C1). A stirred solution of
lithium diisopropylamine (LDA) (2.0 M solution in tetrahydrofuran
(THF), 50 mL) in dry THF (40 mL) was added to ethyl acetoacetate
(6.5 g, 50 mmol, in 10 mL of THF) at �40 �C under an argon at-
mosphere. After stirring for 30 min, propargyl bromide (5.4 mL,
60 mmol) was added in one portion and the resulting solution was
stirred at 0 �C for additional 3 h. The mixture was quenched with
saturated aqueous NH4Cl and extracted with ethyl acetate (EA) for
twice. The combine organic layers were washed with brine, dried
over Na2SO4, filtered, and concentrated. After purification by flash
column chromatography on silica gel using petroleum ether (PE)/
EA (15:1, V/V), the desired product C1 (6 g, 71% yield) was obtained
as a yellow liquid. The spectral data are consistent with previous
publication [28]. TLC (PE/EA¼ 5:1, V/V): Rf¼ 0.45 [KMnO4]. 1H NMR
(500 MHz, CDCl3) d 4.19 (q, J ¼ 7.1 Hz, 2H), 3.46 (s, 2H), 2.81 (t,
J ¼ 7.2 Hz, 2H), 2.47 (ddd, J ¼ 7.8, 6.7, 2.6 Hz, 2H), 1.95 (t, J ¼ 2.7 Hz,
1H), 1.28 (t, J ¼ 7.1 Hz, 3H).
Scheme 1. The procedure of preparation of 2-(3-(but

4

Synthesis of ethyl 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)ace-
tate (C2). C1 (5.0 g, 30 mmol), ethylene glycol (3.7 g, 60 mmol), and
p-toluene sulfonic acid (PTSA) (1.0 g, 6 mmol) were added to
150 mL of toluene. The reaction was equipped with a Dean-Stark
apparatus (Milwaukee, WI, USA) and refluxed overnight at
130 �C. The saturated NaHCO3 was used to dilute the reaction, and
the resulting mixture was extracted twice with EA. The organic
layers were then combined and washed with brine before being
dried over Na2SO4. Finally, the mixture was concentrated. After
purification with flash column chromatography on silica gel using
PE/EA (5:1, V/V), the desired product C2 (5.5 g, 91% yield) was ob-
tained as a colorless liquid. The spectral data are consistent with
previous publication [28]. TLC (PE/EA ¼ 5:1, V/V): Rf ¼ 0.3 [KMnO4].
1H NMR (500 MHz, CDCl3) d 4.15 (q, J ¼ 7.1 Hz, 2H), 4.02e3.94 (m,
4H), 2.65 (s, 2H), 2.32e2.26 (m, 2H), 2.14e2.09 (m, 2H), 1.92 (t,
J ¼ 2.7 Hz, 1H), 1.26 (t, J ¼ 7.2 Hz, 3H).

Synthesis of 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol
(C3). To a stirred suspension of LiAlH4 (3.0 g, 80 mmol) in anhy-
drous ether (100 mL) at 0 �C was added an ethereal solution of C2
(4.3 g, 20 mmol). After stirring for 30 min at room temperature, the
reaction was quenched by adding H2O (3 mL), 5 M NaOH (3 mL),
and H2O (10 mL). The filtered precipitates were washed twice with
EA. The resulting organic solvents were combined and concen-
trated in vacuo, yielding the crude product. The crude product was
then purified using PE/EA (2:1, V/V) on silica gel, resulting in the
isolation of C3 (2.4 g, 70% yield) as a colorless oil. The spectral data
are consistent with previous publication [28,29]. TLC (PE/EA ¼ 2:1,
V/V): Rf ¼ 0.43 [KMnO4]. 1H NMR (500 MHz, CDCl3) d 4.04e3.95 (m,
4H), 3.80e3.72 (m, 2H), 2.61 (br. s,1H), 2.26 (ddd, J¼ 8.0, 6.9, 2.7 Hz,
2H), 1.97e1.87 (m, 5H).

Synthesis of 1-hydroxyhept-6-yn-3-one (C4). To an acetone
solution (42 mL) of C3 (2.4 g, 14 mmol) was added p-TsOH (0.7 g,
3.5 mmol). The mixture was stirred at room temperature for 2 h
before being extracted twice with EA. The resulting organic layers
were washed with brine, filtered, dried over Na2SO4, and then
concentrated. Following purification through flash column chro-
matography with silica gel using PE/EA (2:1, V/V), C4 was obtained
as a colorless liquid with a yield of 80 % (0.4 g). TLC (PE/EA ¼ 2:1, V/
V): Rf ¼ 0.36 [KMnO4]. 1H NMR (500 MHz, CDCl3) d 3.87 (t,
J ¼ 5.4 Hz, 2H), 2.74e2.68 (m, 5H), 2.46 (td, J ¼ 7.2, 2.6 Hz, 2H), 1.96
(t, J ¼ 2.7 Hz, 1H).

Synthesis of 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-ol
(C5). To a flask containing C4 (1.75 g, 14 mmol) was added NH3
(7 M in MeOH; 30 mL, 210 mmol) at �40 �C. The mixture was
stirred at �10 �C for 4 h in a sealed flask. Next, a solution of
hydroxylamine-O-sulfonic acid (2.00 g, 18 mmol) in anhydrous
MeOH (10 mL) was added dropwise over a period of 30 min with
continuous stirring for 1 h at �10 �C. The mixture was left to reach
room temperature overnight. To remove NH3, N2 was gently blown
into the suspension. The resulting precipitates were filtered off and
washed twice with methanol. The combined organic solutions
were evaporated and dissolved in anhydrous MeOH (20 mL). So-
lution of NEt3 (7 mL) and I2 (7.5 g, 58 mmol, in 20 mL MeOH) was
-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (C8).
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added by portion until the color of the reaction remained brown at
0 �C for 1 h. The EA-extracted mixture was subjected to a double
extraction, and the resulting organic layers were combined and
washed with brine, followed by drying over Na2SO4, filtration, and
concentration. The resulting crude product was then purified using
silica gel and PE/EA (4:1, V/V) to yield C5 (676 mg, 35% yield) as a
yellow oil. The spectral data are consistent with previous publica-
tion [28]. TLC (PE/EA ¼ 2/1): Rf ¼ 0.46 [UV | KMnO4]. 1H NMR
(500 MHz, CDCl3) d 3.49 (t, J ¼ 6.2 Hz, 2H), 2.04 (td, J ¼ 7.4, 2.5 Hz,
2H), 2.00 (t, J ¼ 2.6 Hz, 1H), 1.74e1.66 (m, 4H), 1.50 (br. s, 1H).

Synthesis of 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine
(C6). I2 (1.22 g, 4.8 mmol) was added to a solution of imidazole
(819 mg, 12 mmol) and PPh3 (1.16 g, 4.42 mmol) in CH2Cl2 (22 mL)
at 0 �C. A solution of C5 (552 mg, 4 mmol) in CH2Cl2 (5 mL) was
added by dropwise. The reaction mixture was stirred for 4 h while
being protected by aluminum foil. Afterward, the resulting solution
was treated with aqueous Na2S2O3 solution (25 mL) to quench the
reaction, followed by extraction with EA twice. The combined
organic layers were washed with brine, dried over Na2SO4, and
concentrated. The residue was purified using silica gel chroma-
tography with PE/EA (15:1, V/V) to afford the product C6 as a
colorless solid (840 mg, 85%). TLC (PE/EA ¼ 10/1): Rf ¼ 0.48
[KMnO4]. 1H NMR (500 MHz, CDCl3) d 2.87 (t, J ¼ 7.6, 2H), 2.11 (t,
J ¼ 7.6, 2H), 1.99e2.04 (m, 3H), 1.67 (t, J ¼ 7.2, 2H).

Synthesis of 3-(2-azidoethyl)-3-(but-3-yn-1-yl)-3H-diazirine
(C7). NaN3 (312 mg, 4.8 mmol) was added to a solution of C6
(992 mg, 4 mmol) dissolved in N,N-dimethylformamide (DMF)
(8 mL). The reaction was stirred at 70 �C for 5 h. After the reaction
was fully completed, water was added to quench it, and then the
mixture was subjected to EA extraction twice. The organic layers
were combined, washed with brine, dried over Na2SO4, and
concentrated. The residuewas purified by silica gel using PE/EA (10/
1) to afford C7 as a colorless liquid (526 mg, 81% yield). 1H NMR
(500MHz, CDCl3) d 3.22 (t, J¼ 6.1, 2H), 2.15e2.09 (m, 3H),1.69e1.65
(m, 4H).

Synthesis of 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-
amine (C8). To a THF/water solution (10:1 (V/V), 11 mL) of C7
(488 mg, 3 mmol), PPh3 (923 mg, 3,6 mmol) was added at room
temperature. After being stirred for 24 h, the mixture was
quenched with 1 M HCl (10 mL) once the reaction was completed,
and then the resulting mixture was extracted with ether. After
evaporating the volatiles, the residue was neutralized with 1 M
NaOH and concentrated to yield C8 (143 mg, 75% yield). The
spectral data are in accordance with previous publication [27,28].
1H NMR (500 MHz, CDCl3) d 2.52 (td, J ¼ 6.9, 1.0 Hz, 2H), 2.05e1.98
(m, 3H), 1.67e1.59 (m, 6H).
2.18. Synthesis of BA photoaffinity probe

BA (90 mg, 0.2 mmol) was dissolved in anhydrous DMF (10 mL),
and then C8 (33 mg, 0.24 mmol), 1-hydroxybenzotriazole (HOBT)
(41 mg, 0.3 mmol), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDCI) (58 mg, 0.3 mmol), and N,N-
diisopropylethylamine (DIEA) (52 mg, 0.4 mmol) were added. The
resulting solution was stirred for 9 h at 40 �C under nitrogen. Af-
terward, 20 mL of EA was added to the mixture, and the resulting
organic layer was separated and washed successively with satu-
rated NaHCO3 and brine. The dried Na2SO4 was added, and the
organic layer was then concentrated. The crude mixture was pu-
rified using semi-preparative high performance liquid
chromatography (PR-HPLC) (60% MeCN with a flow rate of 8 mL/
min) to yield BA probe (69 mg, 63 % yield) as a yellow solid. 1H NMR
(500 MHz, CD3OD) d 8.02e7.99 (m, 2H), 7.61e7.53 (m, 3H), 7.03 (s,
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1H), 6.79 (s, 1H), 5.21 (d, J ¼ 7.6 Hz, 1H), 4.06 (d, J ¼ 9.3 Hz, 1H),
3.69e3.56 (m, 3H), 3.17 (t, J¼ 6.9 Hz, 2H), 2.17 (t, J¼ 2.7 Hz,1H),1.88
(td, J¼ 7.4, 2.7 Hz, 2H),1.63 (q, J¼ 6.8 Hz, 2H),1.54 (td, J¼ 7.5,1.5 Hz,
2H); 13C NMR (500 MHz, CD3OD) d 169.75, 164.86, 151.22, 150.02,
131.74, 131.16, 128.82, 126.18, 106.52, 104.31, 100.80, 94.42, 82.10,
75.53, 75.15, 72.77, 71.74, 68.88, 33.88, 31.85, 31.73, 26.49, 12.32;
high resolution mass spectrometry (HRMS) (ESI) m/z calc. for
C28H28N3O10 [M þ H]þ 566.1775, found 566.1770. Spectral copies
are shown in Figs. S1eS3 Supplementary data (Multimedia
component 1).

2.19. Pull-down and target validation with BA photoaffinity probe

Pull down experiment was carried out to identify the interaction
between BA and b2-AR with some optimizations based on previous
studies [30,31]. To simulate a stress state, MDA-MB-231 cells were
incubated with Epi (10 mM) for 15 min and then lysed with M-PER
lysis buffer containing protease and phosphatase inhibitors
(Beyotime). The resulting supernatant (1e2 mg/mL protein) was
divided into three parts and treated with either BA (100 mM) or
DMSO at room temperature for 20e30 min. Each part was then
incubated with either BA probe (100 mM) or DMSO (equal volume)
at room temperature for another 20e30 min. In the competition
group, lysates were treated with BA followed by BA probe treat-
ment. The mixture was then subjected to ultraviolet (UV) radiation
at 365 nm on ice for 15 min, followed by incubation with 100 mM
biotin-azide, 2.5 mM sodium ascorbate, 1 mM CuSO4, and 100 mM
tert-butyl 2,2,2-trichloroacetimidate (TBTA) for 1 h at room tem-
perature. Proteins were extracted using cold acetone overnight
at �20 �C, washed with cold methanol and centrifuged at 18,000 g
for 10 min at 4 �C twice. The resulting proteins were then dissolved
in PBS supplemented with 0.4% sodium dodecyl sulfate (SDS) and
incubated with streptavidin beads (Cat# 20357, Thermo Fisher) at
room temperature for 2 h. The beads were washed with PBS con-
taining 0.4% SDS, and the enriched proteins were denatured using
1 � loading buffer at 95 �C for 10 min and loaded onto 10% SDS-
PAGE for Western blotting.

2.20. Prediction of BA binding sites on b2-AR

The docking analysis of BA and b2-AR was performed with
AutoDockTools 1.5.6 software. The crystal structure of human b2-
AR (Protein Data Bank code: 3NY8) was obtained from the
Research Collaboratory for Structural Bioinformatics protein data-
base. Discovery Studio 2019 software combined with the Chemistry
at Harvard Macromolecular Mechanics force field were employed
to predict the binding sites of BA on b2-AR. To identify the specific
binding domain of b2-AR that interacts with BA, we used alanine-
scanning mutagenesis based on the higher mutation energy in
Discovery Studio 2019 software (Webster, TX, USA).

2.21. Behavior tests

Animal behaviors were assessed by investigators who were
blinded to group allocation. To conduct the sucrose preference test,
mice were granted access to both 1% sucrose solution and water
concurrently. The preference for sucrose was computed by deter-
mining the proportion of the consumed sucrose solution in relation
to the entire liquid intake. For the light-dark test, mice were placed
in the dark box of a light-dark test device (Clever Sys Inc., Virginia,
VA, USA). The light box was lit to a brightness of 400 lux. Each
animal's duration spent in the light box, as well as entries made
into both the light and dark boxes, was recorded for 5 min. An
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animal entry to the box was defined as a mouse placing all four
limbs onto the floor of either the dark or light box. The open field
test was carried out in an open field apparatus with dimensions of
40 cm length � 40 cm width � 30 cm high, with a digital camera
mounted directly above it. Mice were given time to adapt to the
environment before being monitored. The small animal recording
behavior analysis system I Topscanlite (Clever Sys Inc.) was set up
the central and peripheral regions. Total distance traveled (mm),
movement distance in the center (mm), time spent in the center (s),
and frequency of crossing the center were monitored during a 5-
min test session.
2.22. Ex vivo imaging system

To perform optical imaging, we used the IVIS Spectrum fluo-
rescence imaging system (PerkinElmer, Waltham, MA, USA) to scan
the excised lung tissues of mice. The system was equipped with
filters for ex480/em520 visualization, and data acquisition and
analysis were carried out using the manufacturer's Living Image
3.2© software.
2.23. Western blotting analysis

Western blotting assay was carried out according to our previ-
ous study [32]. The following primary antibodies were used in this
study: N-cadherin (1:500, Cat # sc-59987, Santa Cruz, Dallas, TX,
USA), E-cadherin (1:500, Cat # AF0131, Affinity, Shanghai, China),
Vimentin (1:500, Cat # sc-6260, Santa Cruz), p-FAK (1∶500, Cat #
AF3398, Affinity), p-SRC (1:500, Cat # sc-81521, Santa Cruz), RhoA
(1:500, Cat # sc-418, Santa Cruz), FAK (1:500, Cat # sc-1688, Santa
Cruz), SRC (1:500, Cat # sc-8056, Santa Cruz), b2-AR (1:500, Cat #
AF6117, Affinity; 1:1000, ab61778, Abcam, Cambridge, MA, USA),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:500,
Cat # 10494-1-AP, Proteintech, Wuhan, China).
2.24. Hematoxylin-eosin (HE) staining

Tissue specimens were prepared for analysis by sectioning at
4 mm thickness and deparaffinizing in xylene followed by rehy-
dration in a gradient ethanol solution and tap water. After being
sectioned, the samples were subjected to hematoxylin reagent
staining for 3 min, then briefly destained in 1% hydrochloric acid-
alcohol solution for 3 s, and finally rinsed using running tap wa-
ter. Next, the samples were counterstainedwith eosin for 5min and
dehydrated before being mounted for observation. Finally, image
acquisition was performed using Mantra quantitative pathology
workstation (PerkinElmer).
2.25. Immunohistochemistry (IHC)

Paraffin-embedded tissue specimens were cut into 5 mm thick-
ness and subjected to deparaffinization with xylene, rehydration,
and antigen retrieval in sodium citrate. To block endogenous
peroxidase, the sections were treated accordingly. Primary anti-
bodies against Ki67, E-cadherin, N-cadherin, p-FAK, p-SRC, or RhoA
(1:50 dilution) were added and incubated overnight at 4 �C, fol-
lowed by the appropriate secondary antibody. The sections were
subjected to staining using a DAB kit (ZSGB-BIO, Beijing, China)
until the desired level of stain intensity was attained. After coun-
terstaining with hematoxylin, the sections were dehydrated, and
mounted. Image acquisition was performed using Mantra Quanti-
tative Pathology workstation (PerkinElmer), and Image J software
was used to analyze protein expression levels.
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2.26. Immunofluorescence (IF) assay

IF assay was carried out according to our previous study [32].
The following primary antibodies were used in this study: E-cad-
herin (1:100, Cat # AF0131, Affinity), N-cadherin (1:100, Cat # sc-
59987, Santa Cruz), matrix metalloproteinase 2 (MMP2) (1:1000,
Cat # 3853, Cell Signaling Technology, Danvers, MA, USA), p-FAK
(1:1000, Cat # 9330, Cell Signaling Technology), or p-PXN (1:1000,
Cat # 2451, Cell Signaling Technology). And the corresponding
secondary antibodies were used: goat anti-rabbit IgG H&L (Alexa
Fluor® 488) (1:1000, ab150077, Abcam) or goat anti-mouse IgG
H&L (FITC) (1:1000, ab6785, Abcam). Finally, the cells were visu-
alized by a fluorescence microscope (Zeiss, Jena, Germany).

2.27. Concentration detection of BA in tumors

4T1 cells were inoculated to establish an in situ mouse model of
breast cancer. When tumors reached 100 cm3, BAwas administered
by intragastric administration at 100 mg/kg. Then the mice were
sacrificed at 10 min, 30 min, 1 h, 4 h, 7 h, and 10 h, and the tumors
were harvested. The tumors were subjected to LC-MS/MS (AB
SCIEX, Framingham, MA, USA) to detect the concentration of BA in
tumors at different time points.

2.28. Statistical analysis

GraphPad Prism 8.0 (La Jolla, CA, USA) was utilized for statistical
analysis. Pairwise comparison was conducted using two-tailed
unpaired t-tests, while one-way analysis of variance (ANOVA) was
utilized for comparisons among multiple groups. Statistical signif-
icance was set at P < 0.05. The results were presented as
mean ± standard deviation (SD).

3. Results

3.1. BA suppressed stress hormone Epi-mediated breast cancer cell
migration and invasion in vitro

To evaluate the role of BA in chronic stress-induced breast
cancermetastasis, we initially constructed in vitro stress hormones-
induced breast cancer metastasis model. Since psychosocial stress-
induced cancer progression was mainly mediated by the excess
activation of the SNS releasing Epi and NE and to a lesser degree by
the HPA axis releasing stress hormones [5,6], the levels of NE, Epi,
and corticosterone (the primary glucocorticoid stress hormone in
rodents that is equivalent to Cort in humans [33]) in serum were
firstly measured. Their contents were indeed increased in CRS- and
CUMS-induced breast cancer metastatic mice model (Figs. 1A and
B). The ability of these neurotransmitters and stress hormone on
the metastatic progression of breast cancer cell displayed that Epi
had the most deleterious results (Fig. S1). We used Epi-induced
metastasis model of breast cancer cell to measure the inhibitory
effect of BA. Notably, BA not only suppressed the migration ability
of breast cancer cells on plane wound healing and transwell
migration assays (Figs. 1CeF), but also significantly suppressed the
invasion ability on a 3D spheroid assay in a concentration-
dependent manner (Figs. 1G and H).

3.2. BA directly targets b2-AR

To investigate the underlying mechanisms of BA contributing to
the inhibition of cell migration ability, we performed DARTS assay
[23,34] by using the lysate of MDA-MB-231 cells pre-treated with
Epi (Fig. S2). Further combined analysis with the genes related to
breast cancer metastasis and Epi via mining of GeneCards and



Fig. 1. Baicalin (BA) can suppress stress hormone epinephrine (Epi)-promoted migration and invasion of breast cancer cells in vitro. (A, B) The levels of stress hormones norepi-
nephrine (NE), Epi, and corticosterone in serum were detected in chronic restraint stress (CRS) (A) (n ¼ 5) and chronic unpredictable mild stress (CUMS) (B) (n ¼ 6) induced breast
cancer metastatic mice model. (C, D) Wound healing assay was performed to evaluate the effects of BA on stress hormone Epi-induced migration ability of MDA-MB-231 cells (C),
which were quantified in (D). (E, F) Transwell migration analysis was conducted to determine the effects of BA on Epi-enhanced migration ability of MDA-MB-231 cells (E), which
were quantified in (F). (G, H) A 3D tumor spheroid invasion assay was constructed to detect the effects of BA on Epi-promoted invasive ability of MDA-MB-231 cells (G), which were
quantified in (H). #P < 0.05, ##P < 0.01 vs. control or DMSO; **P < 0.01, ***P < 0.001 vs. Epi; ns: no significance, n ¼ 3. DMSO: dimethyl sulfoxide.
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OMIM database, six overlapping proteins (low molecular weight
phosphotyrosine protein phosphatase (LMW-PTP), b2-AR, RAC-
alpha serine/threonine-protein kinase (PKB), DNA-(apurinic or
apyrimidinic site) endonuclease (APEN), cytochrome c (CYCS), and
mitogen-activated protein kinase 1 (MAPK1)) were identified
(Fig. 2A, and Tables S1eS3). Then the minimum binding energy
with BA was further determined by AutoDockTools. It was found
that b2-AR exhibited the lowest binding energy (�7.37) (Fig. 2B),
which hints that b2-AR was the strongest candidate target of BA
within BA-mediated suppressive effects on stress hormone-
promoted migration of breast cancer cell. To evaluate the direct
binding of BA to b2-AR, we synthesized BA photoaffinity probe
(Fig. 2C) and determined its effects on breast cancer cell viability
andmigration. As shown in Figs. S3AeC, BA photoaffinity probe had
little effect on breast cancer cell viability and displayed similar ef-
fects on Epi-promoted migration of breast cancer cell with BA. And
pull-down experiments indicated that b2-AR was pulled down by
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BA probe (Fig. 2D). Gradient concentrations of pronasewere used to
verify the proteolytic inhibition of BA (Figs. 2E and F).

To further verify BA directly binds to b2-AR and inhibits its ac-
tivity, CETSA results showed that BA treatment efficiently protected
b2-AR from temperature-dependent degradation (Figs. 2G and H),
whereas the MST assay calculated the Kd value of BA to b2-AR was
6.9 mM (Fig. 2I). BLI also confirmed BA directly bound to b2-AR
(Fig. 2J).

3.3. BA binds to the Phe-193 and Phe-289 of b2-AR

Molecular docking results showed that BA can bind with b2-AR
(Fig. S4), and that several amino acid sites in the binding pocket of
ICI118551 with b2-AR, including Tyr-316, Asn-312, Asp-113, Phe-
289, Phe-193 and Tyr-308 might be the binding sites of BA
(Fig. 3A). Based on the virtual dynamic simulation, Phe-289, Asn-
312, and Phe-193 mutated into alanine were indicative to have



Fig. 2. Baicalin (BA) could target b2-adrenergic receptor (b2-AR). (A) The Venn diagram showed the targets of BA, epinephrine (Epi), and breast cancer metastasis, highlighting six of
the overlapping targets (LMW-PTP: Low molecular weight phosphotyrosine protein phosphatase; PKB: RAC-alpha serine/threonine-protein kinase; APEN: DNA-(apurinic or
apyrimidinic site) endonuclease; CYCS: Cytochrome c; MAPK1: Mitogen-activated protein kinase 1). (B) The binding energy of BA to the six potential target proteins in (A) using
AutoDockTools. (C) Structure of BA photoaffinity probe and the course of pull-down experiment using BA photoaffinity probe. (D) Pull-down experiments were performed to detect
the interaction between BA photoaffinity probe and b2-AR protein. Competition group: BA and BA probe. (EeJ) drug affinity responsive target stability (DARTS) (E, F), cellular
thermal shift assay (CETSA) (G, H), micro scale thermophoresis (MST) (I), and bio-layer interferometry (BLI) (J) were conducted to evaluate the direct binding of BA to b2-AR.
#P < 0.05 vs. DMSO, n ¼ 3. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DMSO: dimethyl sulfoxide.
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high mutation energy (Fig. 3B). Considering the p-p stacking be-
tween flavonoid scaffold and phenyl moieties, we speculated that
Phe-193 and Phe-289 are the binding sites of BA and responsible
for BA-mediated effects on stress hormone-induced breast cancer
cell migration. First, simultaneous mutations of F193A and F289A
exhibited the highest mutation energy (2.61 kcal/mol) in various
combination of above key residues (Fig. 3C). Next, DARTS and
CETSA assays illustrated that BA did not bind to the b2-AR with
both Phe-289 and Phe-193 mutated to alanine (Figs. 3DeG).
Finally, transfection of b2-AR with Phe-289 and Phe-193 mutation
plasmid to the MDA-MB-231 ADRB2KO cells not only greatly
diminished the BA-caused inhibition of the cell migration and
invasion induced by Epi treatment (Figs. 3HeM), but also weak-
ened the suppression of cAMP level by BA treatment in the cell
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model with wild type of b2-AR (Fig. 3N). Taken together, these
results validated that Phe-193 and Phe-289 are the key residues in
the binding domain.

3.4. BA restrained b2-AR activation and breast cancer cell migration
mediated by b2-AR activation in vitro

We further explorewhether BA could induce b2-AR inactivation.
Expectedly, upregulation of cAMP upon activation of b2-AR using
nonselective b2-AR agonist ISO or the specific b2-AR agonist SAL
was reversed by the treatment of BA in MDA-MB-231 and 4T1 cells,
respectively (Figs. 4A and B), while BA alone had no effect on the
intrinsic activity of b2-AR (Fig. 4A) and the protein level of b2-AR
had no change in these assays (Figs. 4CeF).



Fig. 3. Baicalin (BA) binds to Phe-193 and Phe-289 sites of b2-adrenergic receptor (b2-AR). (A) The binding pockets and the interacting amino acids of BA with b2-AR by molecular
docking. (B, C) The mutation energy of b2-AR was calculated for b2-AR with single amino acid mutation (B) and double mutations (C) using virtual mutations. (DeG) Drug affinity
responsive target stability (DARTS) (D, E) and cellular thermal shift assay (CETSA) (F, G) assays were performed to evaluate the binding of BA to b2-AR with F289A and F193A
mutations. (HeM) b2-AR-null MDA-MB-231 cells overexpressing b2-AR with F289A and F193A mutations were treated with epinephrine (Epi) plus BA or not, and subjected to
wound healing (H), transwell migration (I), and 3D tumor spheroid invasion (J) assays, which were quantified in (K), (L), and (M), respectively. (N) Cyclic adenosine monophosphate
(cAMP) level was examined in MDA-MB-231 and MDA-MB-231Mu cells treated with Epi plus BA or not. ##P < 0.01, ###P < 0.001 vs DMSO; **P < 0.01 vs. Epi; ns: no significance.
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Furthermore, Epi elicited a sigmoidal dose-response of cAMP
level with a pEC50 of �7.5. In the presence of BA, the Epi pEC50
increased to �6.4, and the maximal cAMP efficacy (Emax) reduced
(Fig. 4G). In agreement with this, cAMP level increased with BA plus
the gradual increase of SAL, but it could not reach the maximum
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level of using SAL alone (Fig. 4H), suggesting BA inhibits b2-AR
function in a noncompetitive manner.

Next, we explore whether BA halted b2-AR activation-induced
breast cancer cell migration. It has been reported that b2-AR acti-
vation could promote breast cancer metastasis, and therefore we



Fig. 4. Baicalin (BA) prohibits b2-adrenergic receptor (b2-AR) activation and breast cancer cell migration mediated by b2-AR activation in vitro. (A, B) Cyclic adenosine mono-
phosphate (cAMP) level was measured in MDA-MB-231 (A) and 4T1 (B) cells incubated with BA, isoprenaline (ISO)/salmeterol (SAL), or BA plus ISO/SAL, respectively. ##P < 0.01,
###P < 0.001 vs. control; *P < 0.05, ***P < 0.001 vs. ISO or SAL, n ¼ 3. (C, D) b2-AR protein expression was detected in MDA-MB-231 cells treated with ISO as well as BA or not (C), and
quantified (D). (E, F) b2-AR protein expression was detected in 4T1 cells treated with ISO, BA, or BA plus ISO (E), and quantified (F). (G) cAMP level was examined in MDA-MB-
231 cells incubated with epinephrine (Epi), or BA plus the increasing concentration gradients of Epi. (H) cAMP level was determined in 4T1 cells treated with SAL, and BA plus the
increasing concentration gradients of SAL. (I, J) b2-AR protein expression was detected in different types of cells. ***P < 0.001 vs. MDA-MB-231; **P < 0.01 vs. EO771, n ¼ 3. (K , L)
MCF-7 cells with b2-AR overexpression were subjected to detection of migration ability upon treated with ISO as well as BA or not (K), and quantified (L). (M, N) A 3D-tumor
spheroid invasion assay was constructed to detect invasive ability of MCF-7 cells with b2-AR overexpression (M), which was quantified in (N). ##P < 0.01, ###P < 0.001 vs. control;
*P < 0.05, ***P < 0.001 vs. ISO, n ¼ 3.
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initially analyzed b2-AR expression in different cell types. It is
strikingly to find that b2-AR was lowly expressed in MCF-7 and
EO771 cells, which responsively showed feeblemetastatic ability. In
contrast, we detected that relative high level of b2-AR expression
agreed to high potential of metastasis, such as MDA-MB-231 and
4T1 cells (Figs. 4I and J). Thus, we knocked ADRB2 out from MDA-
MB-231 cells and overexpressed ADRB2 inMCF-7 cells, respectively
(Fig. S5A). As expected, ectopic expression of b2-AR increased the
migration and invasive ability of MCF-7 cells, while knockout of b2-
AR resulted in the opposite effect in MDA-MB-231 cells
(Figs. S5BeE).

These above engineered cell lines were used to study whether
BA suppressed b2-AR activation-mediated breast cancer cell
metastasis. We found that BA significantly suppressed b2-AR
activation-induced migration in MDA-MB-231 cells, while did not
affect the ability of cell migration and invasion in the absence of b2-
AR agonist ISO (Figs. S5FeI). Notably, such effect did not appear in
MCF-7 cells with almost no b2-AR expression (Figs. S5FeI). We
further evaluated these effects in MCF-7 cells with b2-AR
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overexpression and found that overexpression of b2-AR resensi-
tized cells to the treatment of b2-AR agonist, while ISO-induced the
migration and invasion ability was reversed by BA treatment (Figs.
4I and J). Briefly, these results confirmed that BA halted b2-AR
activation and thus inhibited b2-AR activation-induced breast
cancer cell migration and invasion in vitro.

3.5. BA hampering EMT in b2-AR activation-induced breast cancer
cell migration

Interestingly, we found that the morphology of MDA-MB-
231 cells changed from long spindle shape into spherical shape
upon b2-AR knockout, and the activation of b2-AR transformed the
cell morphology of 4T1 cells from tight junction into pseudopodia
and long spindle shape (Fig. 5A). Additionally, linked omics data-
base (www.linkedomics.org/login.php) showed that most genes
related to b2-AR can be enriched in the function of extracellular
matrix structure (Figs. 5B, and S6AeC), which was verified by the
expression of matrix metalloproteinase (MMP) family members

http://www.linkedomics.org/login.php


Fig. 5. Baicalin (BA) impeded b2-adrenergic receptor (b2-AR) activation-induced breast cancer cell migration via hampering epithelial-mesenchymal transition (EMT). (A)
Representative images of 4T1 cells with or without isoprenaline (ISO) treatment, and MDA-MB-231 cells with or without b2-AR knockout. (B) Linked omics database was used to
analyze the most related genes to b2-AR. (C) The correlation between b2-AR and matrix metalloproteinase (MMP) family members expression was analyzed using The Cancer
Genome Atlas (TCGA) datasets. (D, E) The protein expression levels of EMT markers (E-cadherin, N-cadherin, MMP2, and Vimentin) were detected in 4T1 cells treated with BA,
salmeterol (SAL), or SAL plus BA (D), and quantified (E). #P < 0.05, ##P < 0.01 vs. DMSO; *P < 0.05, **P < 0.01, ***P < 0.001 vs. SAL; ns: no significance, n ¼ 3. (F) Immunofluorescence
(IF) assay was carried out to detect EMT markers' expression in the cells described in (D).
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using The Cancer Genome Atlas (TCGA) datasets (Fig. 5C). These
results prompted us to consider whether EMT process was engaged
in BA-mediated suppression on b2-AR activation-induced breast
cancer cell migration. As expected, upregulation of EMT markers,
N-cadherin, MMP2 and Vimentin, and downregulation of E-cad-
herin induced by b2-AR agonist were abrogated by BA treatment
(Figs. 5D and E). IF assay obtained a consistent result (Fig. 5F).

3.6. BA reduced chronic stress-induced breast cancer metastasis
in vivo

To assess whether the inhibitory effects of BA on stress
hormone-induced breast cancer cell migration existed in vivo, we
generated depression models by applying CUMS and CRS, both of
which have been widely used as animal models of depression. The
establishments of these two depression models were evidenced by
the decrease of sucrose preference, reduced time in the light box in
light-dark box test, and shorter central time spent in the open field
test as well as reduced concentration of DA and 5-HT in hippo-
campus (Fig. S7). LC-MS/MS was employed to test the concentra-
tion of BA in tumors and showed that the peak concentration of BA
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in tumor was 276 ng/g 1 h after BA treatment (Fig. S8). Mouse
breast cancer cell line 4T1 with GFP tracker were inoculated to the
CUMS mice to monitor the metastasis of breast cancer cells
(Fig. 6A). By using ex vivo imaging system, we found that BA (50 and
100 mg/kg) significantly suppressed CMUS-induced orthotopic
metastasis of 4T1 cells to the lung tissue (Figs. 6B and C). HE
staining and IHC experiment obtained a consistent result, which
was evidenced by the decreased number of lung metastatic nodes
and Ki67-positive cell ratio (Figs. 6DeF). Similar results were ob-
tained in the human breast cancer cell line MDA-MB-231 ortho-
topic breast tumor combined with CRS model (Fig. 7). Furthermore,
breast cancer metastatic model using tail vein injection displayed a
consistent result, as evident by the fact that BA significantly
retarded CRS-promoted metastasis of MDA-MB-231 cells to the
lung and liver using HE and IHC for Ki-67 staining assays
(Figs. S9AeG). Besides, ex vivo imaging system, HE and IHC for Ki-67
staining indicated that BA attenuated CUMS-induced metastasis of
EO771 cells to the lung (Figs. S9HeM). Moreover, we verified that
BA alone did not alter orthotopic breast cancer metastasis of MDA-
MB-231 cells (Fig. S10). In brief, these results implied that BA
reduced chronic stress-induced breast cancer metastasis in vivo.



Fig. 6. Baicalin (BA) reduced chronic unpredictable mild stress (CUMS)-induced metastasis in situ tumor model constructed by mouse breast cancer cell line 4T1. (A) Time course of
CUMS, tumor implantation and administration of BA. (B) Illustrative examples of ex vivo imaging of metastatic sites in lung tissues. (C) Statistics of total radiant efficiency in (B). (D)
Representative images of lung, and hematoxylin-eosin (HE) and immunohistochemistry (IHC) for Ki-67 staining in lung. Black arrow: obvious metastases. (E) Metastatic nodes in
lung tissues were quantified. (F) Ki67 positive cells were quantified in lung tissues. ###P < 0.01 vs. control; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model. Control group, n ¼ 8, CUMS
group, n ¼ 10, BA 50 mg/kg group, n ¼ 8, BA 100 mg/kg group, n ¼ 7.

Fig. 7. Baicalin (BA) reduced chronic restraint stress (CRS)-induced metastasis in situ tumor model derived from human breast cancer cell line MDA-MB-231. (A) Time course of the
effects of BA on breast cancer metastasis in situ CRS tumor model. (B) Representative images of lung, and liver, and hematoxylin-eosin (HE) and immunohistochemistry (IHC)
staining for Ki-67 in lung (upper) and liver (lower). Black arrow: obvious metastases. (C) Metastatic nodes in lung and liver tissues were quantified. (D) Ki-67 positive cells
were quantified in lung and liver tissues. ##P < 0.01, ###P < 0.001 vs. control; *P < 0.05, **P < 0.01 vs. model. n ¼ 5.
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Fig. 8. Baicalin (BA) attenuates chronic stress-induced breast cancer metastasis by suppressing b2-adrenergic receptor (b2-AR) activation in vivo. (A) Illustrative examples of ex vivo
imaging of metastatic sites in lung tissues in intravenous metastatic model derived from MCF-7 cells with b2-AR and green fluorescent protein (GFP) overexpression treated with
isoprenaline (ISO) alone or plus BA, or with chronic restraint stress (CRS) alone or combined with BA. (B) Representative images of lung, and liver, and hematoxylin-eosin (HE) and
immunohistochemistry (IHC) staining for Ki-67 in lung and liver. (C) Metastatic nodes in lung and liver tissues were quantified. (D) Ki-67 positive cells were quantified in lung and
liver tissues. ##P < 0.01, ###P < 0.001 vs. control; △P < 0.05, △△P < 0.01 vs. ISO; *P < 0.05, **P < 0.01 vs. CRS. n ¼ 5.
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3.7. BA impeded chronic stress-induced breast cancer metastasis
via suppressing b2-AR activation in vivo

To evaluate whether BA hampered chronic stress-induced
breast cancer metastasis in vivo also via inhibiting b2-AR activa-
tion, MCF-7 cells (almost no b2-AR expression) and b2-AR-over-
expressedMCF-7 cells were inoculated to establish an in situmouse
model of breast cancer metastasis. Using ex vivo imaging system, it
was found that BA significantly suppressed ISO- or chronic stress-
induced orthotopic breast cancer metastasis on the b2-AR-over-
expressed MCF-7 mice (Fig. 8A). HE staining and IHC experiments
obtained a consistent result, which was evidenced by the decreased
number of metastatic nodes and Ki67-positive cell ratio in lung and
liver (Figs. 8BeD). However, no such effect was seen in the mice
with normalMCF-7 cells which express little b2-AR (Fig. S11). These
results indicated that BA restrained chronic stress-mediated breast
cancer metastasis via inhibiting b2-AR activation in vivo.

3.8. BA suppressed EMT in chronic stress-induced breast cancer
metastasis in vivo via the b2-AR-cAMP-PKA-FAK pathway

We further explored the mechanism underlying BA alleviating
chronic stress-induced breast cancer metastasis in vivo. As
confirmed in vitro, IHC analysis showed that both the upregulation
of N-cadherin, a mesenchymal marker, and MMP2, and down-
regulation of E-cadherin, an epithelial marker, induced by CUMS
was rescued by the treatment of BA (Figs. 9A and B).

Previous study showed that FAK activation could induce an
invasive phenotype of cancer via the b2-AR-cAMP-PKA signaling
pathway during depression [10]. The underlying mechanism in-
dicates that the b2-AR-dependent activation of SRC directed FAK
phosphorylation and further tumorigenesis [35,36]. We wondered
whether the suppression of EMT process by the treatment of BA is
13
associated with the deactivation of SRC and FAK phosphorylation in
breast cancer. As expected, the expression of p-SRC, and the
downstream effectors p-FAK and p-PXN were significantly
decreased with co-treatment of BA in the chronic stress-induced
breast cancer metastasis mice model (Figs. 9C and D, and S12A
and B). b-AR agonists and CRS-mediated increase of p-SRC, p-FAK
and p-PXN was also abolished by BA treatment (Figs. 9E and F). The
repeated assay in b2-AR-null MDA-MB-231 cells showed negative
results on these biomarkers (Fig. S12C). Notably, H89, an inhibitor
of PKA, was also found to block the EMT process and FAK activation
induced by b2-AR (Fig. S12D). Therefore, our results demonstrate
that BA inhibited chronic stress-induced EMT and metastasis of
breast cancer by inhibiting the cAMP-PKA-FAK pathway.

4. Discussion

Studies conducted on both animals and humans have shown
that chronic stress is associated with the advancement of preex-
isting breast cancer [37,38]. Although few consistent relationships
between stress and the initial incidence of breast cancer have been
found [39,40], metastasis induced by stress was principally pre-
sented with growth of evidences. The primary contributor was
attributed to the activation of b2-AR and to a lesser degree by HPA
axis [41]. By focusing on b2-AR signaling pathway, our results
observed that the expression level of b2-AR harmonized with
metastatic potency and overexpression/knockout of b2-AR render
to/deprive of the invasive ability of breast cancer cell. Meanwhile,
the growth of primary tumors did not show any notable effect
following the activation of b2-AR induced by stress. To find an
alternative therapy from natural product library, our results
showed that BA led to a significant decrease of stress-induced
breast cancer metastasis in response to b2-AR stimulation, but it
had limited impact on breast cancer metastasis in the absence of



Fig. 9. Baicalin (BA) suppressed epithelial-mesenchymal transition (EMT) in chronic stress-promoted breast cancer metastasis in vivo via the b2-adrenergic receptor-cyclic
adenosine monophosphate-protein kinase A-focal adhesion kinase (b2-AR-cAMP-PKA-FAK) pathway. (A, B) The ratio of E-cadherin positive, N-cadherin positive, and matrix
metalloproteinase 2 (MMP2) positive cells was measured in tumors derived from 4T1 in situ chronic unpredictable mild stress (CUMS) tumor model in the presence or the absence
of BA by immunohistochemistry (IHC) analysis (A) and quantified (B). (C, D) The ratio of p-FAK positive and p-SRC positive cells was measured in tumors derived from 4T1 in situ
CUMS tumor model with or without BA treatment by IHC analysis (C) and quantified (D). n ¼ 6. (E , F) p-FAK and p-PXN levels were examined in in situ tumors derived from 4T1
cells treated with isoprenaline (ISO) plus BA or not, and chronic restraint stress (CRS model) of 4T1 cells treated with different concentrations of BA (E), and quantified (F). n ¼ 3.
##P < 0.01, ###P < 0.001 vs. control; *P < 0.05, **P < 0.01, ***P < 0.01 vs model; △△△P < 0.001 vs. ISO. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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stress. To our knowledge, this is the first study revealing BA's role
against chronic stress-induced breast cancer metastasis.

It was reported that b1/2AR-blocker propranolol has been
clinically studied in the prevention of breast cancer metastasis [13].
And our study also demonstrated that propranolol exhibited
inhibitory effect on Epi -caused metastasis of breast cancer cells
(Fig. S13), which was similar with BA. However, the side effects of
non-selective blocker may result in cardiac disorders, rash, fatigue
and vitiligo in long-term use [42]. Our results revealed that BA
blocked b2-AR activation by binding to allosteric sites of Phe193
and Phe289. The binding pocket is distinct from the position
binding with endogenous b2-AR agonists NE and Epi. Further study
confirmed that BA inhibited b2-AR function in a noncompetitive
manner with a negligible influence on the intrinsic activity of b2-
AR. More importantly, we mechanistically verified that the cAMP-
PKA-FAK pathway, the downstream signaling pathway of b2-AR,
is indeed responsible for b2-AR-mediated inhibition on chronic
stress-induced metastasis. These findings suggest a possible design
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of new selective b2-AR blocker and the underlying mechanism that
could be adopted in the medicinal evaluation of the blocker.

Scutellaria baicalensis Georgi is one of the most well-known
traditional herbs in Chinese medicine and popularly applied in
China for 2000 years. Recent clinical trials with PHY906 (a four-
herb traditional decoction containing Scutellaria baicalensis Geori)
have proved to increase life span of patients and the therapeutic
index of primary cancer treatments, such as chemotherapy and
radiation [43,44]. BA, the most abundant and main bioactive con-
stituent, has been pharmacologically studied and found several
direct targets in multiple diseases including cancer. For instance,
Huang L et al. [45] confirmed that BA could relieve neuropathic pain
by regulating a2-adrenoceptor levels in rats following spinal nerve
injury. Cai R et al. [46] found that BA could block colon cancer cell
cycle and inhibits cell proliferation by targeting CDK16. In addition,
it was reported that BA could induce cellular senescence in human
colon cancer cells via upregulation of DEPP [47]. However, these
studies focused on either tumor cells or nerves alone, the effect of
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BA on stress-induced breast cancer metastasis has not been con-
cerned. The present study revealed that BA exerts a protective effect
against chronic stress-promoted breast cancer metastasis via
directly binding to b2-AR and antagonized the activation of b2-AR
on tumors. Previous study also reported that BA displayed anti-
depressant effect through reducing serum corticosterone level in
mice model [48], which may contribute to delay stress-induced
cancer metastasis [49]. Besides b2-AR, several other proteins
(LMW-PTP, PKB, APEN, CYCS, andMAPK1) have also been identified
in our DARTS and LC-MS/MS assay, amongwhichMAPK1, APEN and
PKB have been previously found to be involved in the suppression
on tumor [50e52]. It needs further investigation whether these
targets are engaged in cancer metastasis in the context of chronic
stress. The good news is BA showed good biocompatibility up to
100 mg/kg group in our present study as also reported in previous
studies [53]. Considering the herbal extracts of Scutellaria baica-
lensis Georgi have little safety concerns aroused in ancient and
contemporary medicinal practice, we believe that BA may have
been a new natural candidate for the co-treatment of chronic
stress-induced breast cancer metastasis.
5. Conclusions

Taken together, these discoveries emphasize the role of stress in
the advancement of cancer and suggest that BAmay serve as a new
complementary approach to reduce the spread of breast cancer
caused by chronic stress. Additionally, this study provides a novel
perspective for exploring b2-AR antagonist without the structure of
b-Amino alcohol.
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