Received: 14 November 2018

Revised: 16 April 2019

Accepted: 14 May 2019

DOI: 10.1111/bph.14714

RESEARCH PAPER

BRITISH
BJP PHARMACOLOGICAL
SOCIETY

Tanshinol borneol ester, a novel synthetic small molecule
angiogenesis stimulator inspired by botanical formulations for

angina pectoris

Sha Liao'?

| Liwen Han® | Xiaopu Zheng® | Xin Wang® | Peng Zhang® | Jingni Wu

1

Ruimin Liu? | Youlan Fu? | Jiaxin Sun® | Ximeng Kang! | Kechun Liu® | Tai-ping Fan? |

Shao Li® | Xiaohui Zheng?

1Key Laboratory of Resource Biology and Biotechnology in Western China, Ministry of Education, Faculty of Life Science and Medicine, Northwest University, Xi'an,

China

2 Angiogenesis and Chinese Medicine Laboratory, Department of Pharmacology, University of Cambridge, Cambridge, UK

3Biology Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan, China

4Department of Cardiovascular Medicine, The First Affiliated Hospital of Xi'an Jiaotong University Health Science Center, Xi'an, China

5MOE Key Laboratory of Bioinformatics and Bioinformatics Division, BNRist/Department of Automation, Tsinghua University, Beijing, China

Correspondence

Tai-ping Fan, Department of Pharmacology,
University of Cambridge, Cambridge CB2 1PD,
UK.

Email: tpf1000@cam.ac.uk

Shao Li, Tsinghua University, FIT Building,
Room 1-107, Beijing 100084, China.
Email: shaoli@tsinghua.edu.cn

Xiaohui Zheng, College of Life Sciences,
Northwest University, No. 229 Taibai North
Road, Xi'an 710069, China.

Email: zhengxh318@nwu.edu.cn

Funding information

Opening Foundation of Key Laboratory of
Resource Biology and Biotechnology in West-
ern China (Northwest University), Ministry of
Education.; Changjiang Scholars and Innova-
tive Research Team in University, Grant/Award
Number: IRT_15R55; National Key Scientific
Instrument and Equipment Development Pro-
ject of China, Grant/Award Number:
2013YQ170525; National College Students
Innovation and Entrepreneurship Training Pro-
ject, Grant/Award Number: 201810697021,
Scientific Research Plan Projects of Shaanxi
Provincial Education Department, Grant/
Award Number: 17JK0764; Primary R&D Plan
of Shaanxi Province, Grant/Award Numbers:
2018SF-293 and 2017KW-055; National

Abbreviations: CCK-8, Cell Counting Kit-8; DBZ, tanshinol borneol ester; DSS, tanshinol; HCAEC, human coronary artery endothelial cells; HCMEC, human cardiac microvascular endothelial cells;
Hcy, homocysteine; HDF, human dermal fibroblasts; HIF-1, hypoxia inducible factor-1; ISVs, intersegmental vessels; MoA, mechanism of action; NBP, 3-n-butylphthalide; PTK787, vatalanib

Background and Purpose: Tanshinol borneol ester (DBZ) is a novel synthetic
compound derived from Dantonic®, a botanical drug approved in 26 countries outside
the United States for angina pectoris and currently undergoing FDA Phase Il clinical
trial. Here, we investigated the angiogenic effects of (S)-DBZ and (R)-DBZ isomers
in vitro and in vivo.

Experimental Approach: A network pharmacology approach was used to predict
molecular targets of DBZ. The effects of DBZ isomers on proliferation, migration,
and tube formation of human endothelial cells were assessed. For in vivo approaches,
the transgenic Tg (vegfr2:GFP) zebrafish and C57BL/6 mouse Matrigel plug models
were used. ELISA and western blots were used to quantitate the release and expres-

sion of relevant target molecules and signalling pathways.

Key Results: DBZ produced a biphasic modulation on proliferation and migration of
three types of human endothelial cells. Both DBZ isomers induced tube formation in
Matrigel assay and a 12-day co-culture model in vitro. Moreover, DBZ promoted
Matrigel neovascularization in mice and partially reversed the vascular disruption in
zebrafish induced by PTK787. Mechanistically, DBZ enhanced the cellular levels of
VEGF, VEGFR2, and MMP-9, as well as activating Akt and MAPK signalling in
endothelial cells. Selective inhibition of PISK and MEK significantly attenuated its

angiogenic effects.

dihydrochloride; Raf, rapidly accelerated fibrosarcoma; Rap1, Ras-related protein 1; TCM, traditional Chinese medicine; VEGFR2, VEGF receptor 2; vVWF, von Willebrand factor
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Conclusions and Implications:

These data reveal, for the first time, that DBZ

promotes multiple key steps of angiogenesis, at least in part through Akt and MAPK

signalling pathways, and suggest it may be potentially developed further for treating

myocardial infarction and other cardiovascular diseases.

1 | INTRODUCTION

Angiogenesis, the development of new blood vessels from pre-existing
endothelium, is a dynamic multi-step process that includes extracellu-
lar matrix degradation by MMPs, endothelial cell proliferation,
migration, and capillary tube formation (Hanahan & Folkman, 1996).
Excessive angiogenesis leads to cancer, diabetic retinopathy, and ath-
erosclerosis, while inadequate angiogenesis is responsible for chronic
wounds, ulcers, myocardial infarcts, and possibly stroke. While many
anti-angiogenic drugs (e.g., bevacizumab, sorafenib, and sunitinib) are
already in clinical use, no angiogenesis stimulator, except Regranex®
(becaplermin) gel for lower extremity diabetic ulcers, has entered the
market mainly due to the instability of angiogenic proteins (Tirziu &
Simons, 2005). As there are no other FDA-approved pro-angiogenic
agents, there is an urgent need for developing small molecule
angiotherapeutics for occlusive vascular disease, such as myocardial
infarcts and cerebral ischaemia.

According to Newman and Cragg (2016), small molecule natural
products or synthetic compounds based on natural products make
up more than half of all drugs currently used in human medicine and
under preclinical and clinical trial evaluation. Traditional medicinal
herbs have been used for centuries for preventing and treating
diseases across the globe (Zhang & Kelley, 2014) and are valuable
sources for identification of lead compounds and their subsequent
refinement into safe and efficacious drugs, for example, the anti-
malarial artemisinin (Briggs, 2014).

Botanical formulations in traditional Chinese medicine (TCM)
usually consist of several types of medicinal plants, which are thought
to act in synergy to achieve a holistic therapeutic outcome (Lu et al.,
2008; Wang et al., 2008). For example, composite Danshen formula-
tions containing extracts of Salvia miltiorrhiza have been used in China
for the treatment of cardiovascular diseases for four decades. In 1993,
a new formulation Dantonic® (containing standardized extracts of
S. miltiorrhiza and Panax notoginseng plus borneol) was approved by
the China Food and Drug Administration as a prescription medicine
for stable angina pectoris. It is currently undergoing FDA Phase Il
clinical trials for stable angina pectoris (ClinicalTrials.gov identifier:
NCT01659580).

The pharmacologically active ingredients of a phytocomplex such
as TCM compound formulations (fufang) are not always the original
natural molecules but may be their host-specific metabolites or
molecular complexes formed following co-administration of selected
herbs. We have previously discovered an active Dantonic metabolite
(isopropyl 3-(3,4-dihydroxyphenyl)-2-hydroxy-propanoate, IDHP) and
found it was a NO-independent vasodilator, which attenuated cardiac
fibrosis in rats as well (Zheng, Zhao, Zhao, et al., 2007; Yin et al.,

What is already known
e DBZ is a novel synthetic compound derived from a

botanical drug for angina pectoris.

What this study adds
e DBZ promoted multiple key steps of angiogenesis
through Akt and MAPK signalling pathways.

What is the clinical significance
e DBZ may be potentially developed further for treating
myocardial infarction and other cardiovascular diseases.

2015). Tanshinol (DSS, (+) B-(3,4-dihydroxyphenyl) lactic acid) is the
primary ingredient in an aqueous extract of S. miltiorrhiza and exhibits
pleiotropic activities, such as protection of vascular endothelial cells
against homocysteine (Hcy)-induced damage (Chan et al., 2004) and
protection of myocardium from ischaemia/reperfusion injury (Yang
et al., 2015). However, as a hydrophilic molecule, DSS is poorly soluble
in lipidic matrices and difficult to enter cells by crossing the cell mem-
brane (Dong, Wang, & Zhu, 2009). According to the principle of TCM
combinatorial formulations (Qiu, 2007; Zhao et al., 2015), borneol is
believed to improve the bioavailability of principal therapeutic agents
(Cai et al., 2008; Chen et al., 1990; Yang et al., 2009). In our previous
studies in rabbits, the bioavailability of DSS was found to increase, and
the tissue distribution was improved by co-administration of borneol
(Zheng, Zhao, Fang, et al., 2007; Liu et al., 2008).

Inspired by these findings, we developed a drug design strategy
(Combination of Traditional Chinese Medicine Molecular Chemistry;
Zheng, Jia, & Bai, 2015). Using this strategy, biologically active lead
structures or fragments, stemming from different herbs in the “com-
posite formulae” (fufang), were selected or optimized without losing
their functionalities and then constructed into a set of brand new mol-
ecules by chemosynthetic means in the light of compatibility principle
of TCM (Qiu, 2007; Zhao et al, 2015). In a previous study, we
designed and synthesized tanshinol borneol ester (DBZ,1,7,7-
trimethylbicyclo[2.2.1]heptan-2-yl-3-(3,4-dihydroxyphenyl)-2-
hydroxy-propanoate) by chemical combination of tanshinol (DSS) and
borneol (core effective components of Dantonic) as well as a library
of related compounds according to our drug design strategy. Here,
we used a network pharmacological approaches (Li & Zhang, 2013)
to predict the molecular targets of DBZ, validated its pro-angiogenic
activities in vitro and in vivo, of its two isomers, and elucidated their

mechanisms of action.
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2 | METHODS

2.1 | Target prediction and functional enrichment
analysis

In silico prediction of potential targets of DSS, borneol, and DBZ was
conducted by drugCIPHER (Zhao & Li, 2010), a state-of-art network-
based algorithm for global prediction of drug-target interactions. In
principle, this algorithm predicts relationships between compounds
and targets through network-based integration of multiple pharmaco-
logical similarities among drugs and network interactions among
targets. In order to obtain high-confidence results, the top 100 pre-
dicted targets of each compound were selected for the following
mechanism of action (MoA) analysis. To identify the MoA of DSS,
borneol, and DBZ, we investigated the enrichment of the high-
confidence targets of these three compounds and network neighbour
bioactive molecules in literatures of DSS and borneol in the Kyoto
Encyclopedia of Genes and Genomes pathways through the Fisher
exact test (Huang, Sherman, & Lempicki, 2009). We selected signifi-
cantly enriched pathways with P < .05 after Benjamin's correction, as
described in Table S1.

2.2 | Network construction

Previous studies indicated that for a drug considered as a multi-target
therapy, a network approach is adopted to represent and analyse the
complex biological system underlying the drug's actions (Barabasi,
Gulbahce, & Loscalzo, 2011). Based on the high-confidence targets
of DBZ and key proteins in significantly enriched pathways of DBZ,
we constructed a network targeted by DBZ to identify its MoA based
on the protein-protein interactions.

2.3 | Cells and culture conditions

Heterogeneity of the endothelium not only occurs in different organs
but also between the macro- and microvasculature, and these
differences may be reflected in the phenotype of cultured endothelial
cells (Staton, Lewis, & Bicknell, 2007). In the present work, HUVEC,
human coronary artery endothelial cells (HCAEC), and human cardiac
microvascular endothelial cells (HCMEC) were employed to investi-
gate the angiogenic effect of DBZ in vitro. HUVEC, HCAEC, HCMEC,
and normal human dermal fibroblasts (HDF) were all purchased from
PromoCell (Heidelberg, Germany). HUVEC (Cat# 12203) were main-
tained in Endothelial Basal Medium supplemented with Endothelial
Cell Growth Medium SupplementPack (PromoCell), while HCAEC
(Cat# 12221), and HCMEC (Cat# 12285) were maintained in
Endothelial Basal Medium MV supplemented with Endothelial Cell
Growth Medium MV SupplementPack (PromoCell). HDF (Cat#
12300) were maintained in DMEM with 10% FBS (Life Science,
Paisley, UK). All cells were grown at 37°C under a humidified atmo-
sphere with 5% CO.,.
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2.4 | Cell proliferation assay

Cells were seeded in complete medium (basal media containing FBS and
growth supplements) in 96-well plates for Cell Counting Kit-8 (CCK-8)
assays and seeded in six-well plates for trypan blue exclusion assays,
respectively. The next day, complete medium was removed and
renewed with growth supplement-free low serum (0.5% FBS) medium.
After starvation, the medium was replaced with supplement-free
medium with different concentrations of (S)-DBZ and (R)-DBZ, respec-
tively. After a 48-hr incubation, cell viability was measured by CCK-8
(Dojindo, Kumamoto, Japan) according to the manufacturer's instruc-
tions. In another set of experiments, HUVEC were pretreated with
DBZ for 2 hr and then challenged with 5-mM homocysteine (Hcy). After
48-hr incubation, total cells were collected by a brief trypsinization,
and viable cells were counted by trypan blue exclusion using
Countess Il FL Automated Cell Counter (Invitrogen, Carlsbad, USA).

2.5 | Endothelial wound healing assay

Cells were seeded in 24-well plates containing a Thermanox™ plastic
coverslip (Thermo Fisher Scientific, Waltham, USA) in each well pre-
coated with 1.5% gelatin. On reaching confluence, the cover slips
were collected and the cells were wounded using a multi-channel
wounder designed by ourselves (Lauder, Frost, Hiley, & Fan, 1998).
The wounded monolayer was rinsed and then incubated with basal
medium containing 0.5% FBS with various concentrations of test
compounds for 8 hr. Images of the wounds were recorded (40x) with
an inverted microscope (Leica DMI 3000B, Wetzlar, Germany). The
distance between the wound margins and cell number was measured
by ImageJ software v1.60 (NIH, Bethesda, USA).

2.6 | Transwell migration assay of endothelial cells

The migration ability of HUVEC was tested in the Transwell Boyden
Chambers (6.5 mm; Costar Corporation, Cambridge, USA). The polycar-
bonate membranes (8-um pore size) on the bottom of the upper
compartment of the transwells were coated with 0.1% gelatin matrix.
Medium containing vehicle or test compounds was placed in the
bottom wells of the chamber. The upper chamber was loaded with
3 x 10* cells, and the transwell-containing plates were incubated for
4 hr. At the end of the incubation, cells that had migrated to the lower
surface of the filter membrane were fixed with 90% ethanol and stained
with 0.1% crystal violet. Images of migrant cells were captured by a
photomicroscope (Leica DMI 3000B). Cell migration was quantified by
blind counting of the migrated cells on the lower surface of the mem-

brane using ImageJ software v1.60 (NIH), with five fields per chamber.

2.7 | In vitro Matrigel tube formation assay on
HUVEC

HUVEC were plated into 96-well plates coated with growth factor-
reduced Matrigel (BD, Oxford, UK) and incubated for 6 hr at 37°C in
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growth supplement-free medium in the presence of test compounds as
indicated. All images were visualized using a photomicroscope (Leica
DMI 3000B). To quantify tube formation, junctures at which at least

three tubes converged were counted in each well in a blinded manner.

2.8 | Co-culture tube formation assay

In the 12-day co-culture model, when human fibroblasts are co-
cultured with endothelial cells, the fibroblasts secrete the necessary
matrix components that act as a scaffold for tube formation (Bishop
et al., 1999). In contrast to the 6-hr Matrigel assay, this 12-day assay
has been shown to produce tubes that contain lumen, and a more
heterogeneous pattern of tube lengths that more closely resemble
capillary beds in vivo (Bishop et al., 1999). Briefly, HDF were switched
over to endothelial complete medium a day before seeding. Cells were
then seeded at a ratio of 1:20 (HUVEC : NHDF) in endothelial
complete medium in 96-well plates. After 2 days, the medium was
replenished, and then on Day 4, medium was changed to low growth
supplement (10%) medium and the drug added. Human recombinant
VEGF-A (20 ng-ml™%; Invitrogen, Paisley, UK) was used as a positive
control. We changed the media and added the test compounds every
2 days. At Day 12, cells were fixed with 10% formalin, incubated with
an rabbit anti-human-von Willebrand factor (vWF) monoclonal 1gG
(1:1,000; Sigma-Aldrich, Gillingham, UK; Cat# F3520, RRID:
AB_259543; Bishop et al., 1999), and then a mouse anti-rabbit alkaline
phosphatase conjugated IgG (1:1,000; Sigma-Aldrich; Cat# A9919).
Following washes, one-Step™ NBT/BCIP kit (ThermoScientific, Lough-
borough, UK) was applied until a suitable signal was developed. Images
of two fields of view were taken per well. The total tube area and
average tube size of VWF-positive endothelial cells forming capillary-

like tubes were quantified by the ImageJ software v1.60 (NIH).

2.9 | ELISA

Cells were seeded in 96-well plates at a density of 1.5 x 10 cells-ml™*.
When they had reached 70-80% confluence, cells were incubated
with test compounds in serum-free, growth factor-free medium for
the indicated times, and medium was collected and analysed for
secreted VEGF level by using a commercially available ELISA kit
(R&D Systems, Minneapolis, USA) according to the manufacturer's
instructions. Absorbance was measured at 450 nm using a microplate
reader (PerkinElmer, Waltham, USA).

2.10 | Western blot analysis

The immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology. HUVEC were
treated with 10 nmol-L™* (S)-DBZ or (R)-DBZ for different time dura-
tions in the time course study. To observe dose-dependent effects
of DBZ, cells were treated with different concentrations of (S)-DBZ
or (R)-DBZ for 60 min or for 24 hr as indicated. For inhibition assays,
cells were pretreated with LY294002 or U0126 respectively for

30 min prior to the addition of DBZ (10 nM). Then cells were rinsed
with ice-cold PBS and lysed in ice-cold RIPA buffer (50-mM TrisCl,
pH 7.4, 150-mM NaCl, 0.1% SDS, 1% sodium deoxycholate, and 1%
Triton-X 100) with the addition of protease and phosphatase inhibitor
cocktail (Abcam, Cambridge, UK; Cat# ab201120). Cell extracts were
centrifuged for 20 min at 4°C and evaluated for protein concentration.
Afterwards, samples were denatured for 5 min at 95°C and subjected
to 10% SDS-PAGE. After electrotransfer on 0.45-um PVDF mem-
branes (GE Healthcare, Buckinghamshire, UK), proteins were blocked
in TBST (Tris-buffered saline with 0.1% Tween-20) with 5% protease
free BSA (Sigma-Aldrich, Cat# B2064) or nonfat dry milk (for B-actin)
and then subjected to a 4°C overnight incubation with the indicated
antibodies followed by 1-hr incubation at room temperature with
HRP-coupled secondary antibodies. Immunoreactive bands of proteins
were detected with ECL-Plus chemiluminescence reagents (GE
Healthcare, Little Chalfont, UK). The Spectram Multicolor Broad Range
protein ladder (ThermoScientific; Cat# 26634) was included on all gels.
All the antibodies were diluted in TBST with 5% BSA or nonfat dry
milk (for B-actin and secondary antibodies), maintained at 4°C and
re-used up to twice within 4 days. The following antibodies were used:
rabbit anti-Akt monoclonal 1gG (1:1,000; Cell Signalling Technology,
Hitchin, UK; Cat# 4691, RRID:AB_915783), rabbit anti-p-Akt
monoclonal 1gG (1:2,000; Cell Signalling Technology; Cat# 4060), rab-
bit anti-PLCy monoclonal 1gG (1:1,000; Cell Signalling Technology;
Cat# 5690, RRID:AB_10695542), rabbit anti-p-PLCy polyclonal 1gG
(1:1,000; Cell Signalling Technology; Cat# 2821, RRID:AB_330855),
rabbit anti-Raf-1 polyclonal 1gG (1:1,000; Cell Signalling Technology;
Cat# 9422, RRID:AB_390808), rabbit anti-p-Raf-1 polyclonal 1gG
(1:1,000; Cell Signalling Technology; Cat# 9421, RRID:AB_330759),
rabbit anti-ERK1/2 monoclonal IgG (1:1,000; Cell Signalling Technol-
ogy; Cat# 4695, RRID:AB_390779), rabbit anti-p-ERK1/2 monoclonal
IgG (1:2,000; Cell Signalling Technology; Cat# 4370, RRID:
AB_2315112), rabbit anti-MMP-9 polyclonal 1gG (1:1,000; Cell Signal-
ling Technology; Cat# 2270, RRID:AB_2144612), rabbit anti-VEGFR2
monoclonal IgG (1:1,000; Cell Signalling Technology; Cat# 9698,
RRID:AB_11178792), mouse anti-B-actin monoclonal 1gG2b (1:1,000;
Cell Signalling Technology; Cat# 3700, RRID:AB_2242334), HRP-
linked goat anti-rabbit 1gG (1:1,500; Cell Signalling Technology; Cat#
7074, RRID:AB_2099233), and HRP-linked horse anti-mouse IgG
(1:2,000; Cell Signalling Technology; Cat# 7076, RRID:AB_330924).
The density of each immunoblot band was scanned by Imagel)
software v1.60 (NIH), and the ratios of phosphorylated protein/total
protein or target protein/B-actin protein were calculated in the corre-
sponding samples from the same blot, respectively, which was used as
a loading control to minimize variances. Data were collected and
analysed from five independent samples, and the investigators were
blinded to the treatment.

2.11 | Animal welfare and ethical statements

Animal studies are reported in compliance with the ARRIVE guidelines

and with the recommendations made by the British Journal of
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Pharmacology (Kilkenny et al., 2010). Zebrafish experiments were
approved by the Animal Ethics Committee in the Biology Institute of
Shandong Academy of Sciences (approval no. BISD-20180011), and
murine Matrigel experiments were approved by the Northwest Uni-
versity Ethics Committee on Animal Research and Welfare (approval
no. NWU-AWC-20190102M). All the animal care and experimental
procedures were carried out in accordance with the regulations of
experimental animal administration issued by the State Committee of
Science and Technology of People's Republic of China on November
14, 1988, and the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (8th Edition, Institute for Laboratory
Animal Research). In particular, humane endpoints were implemented
in this study involving animals based on the National Guideline for
Replacement, Refinement and Reduction of Animals in Research in
China (GB/T 27416-2014). Efforts were made to minimize animal
suffering. Animals were anaesthetized when it was likely they could
be subjected to pain, and they were killed by a method that ensured
the least effect on their welfare.

2.12 | Animals

Transgenic zebrafish (Tg [vegfr2:GFP]) that express GFP in the
developing vasculature were obtained from the Biology Institute of
Shandong Academy of Sciences (donated by Prof. Jingwei Xiong,
Institute of Molecular Medicine, Peking University) and were main-
tained in 3-L polystyrene aquarium tanks (15 zebrafish per tank) with
constant aeration and flow water systems at 28.5°C under a 14-hr
light/10-hr dark photoperiod. Food with brine shrimp was fed twice
per day. For breeding, adult zebrafish were placed in 1.5-L breeding
tanks overnight and were separated by a transparent barrier that
was removed on the following morning.

Male C57BL/6 mice (7-8 weeks of age, 22 + 2 g) were purchased
from the Experimental Animal Centre in Xi'an Jiaotong University
(Shaanxi, China). The mice were acclimatized for 1 week after arrival
and maintained under specific pathogen-free conditions. Animals
were housed in polycarbonate cages of 18 cm x 35 cm (two mice
per cage) with standard sawdust as bedding and maintained under
controlled conditions of temperature at 22-24°C, humidity at
60 + 5%, and alternating light/dark cycles (lights were on between
7:00 hr and 19:00 hr) and fed with standard laboratory chow and
water ad libitum. Caging equipment was sterilized, and the food
irradiated, and water filtered. A total of 48 mice were used in the

experiments described here.

2.13 | In vivo zebrafish assays

Zebrafish embryos were generated by natural pair-wise mating (12-
14 months old) and raised in culture water (containing 5.00-mM
NaCl, 0.17-mM KCI, 0.44-mM CaCl,, 0.16-mM MgSO,). Healthy,
hatched zebrafish embryos were picked out and staged by time and
morphological criteria (Cannon, Upton, Smith, & Morrell, 2010).

Randomization was used to assign embryos to different experimental
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groups and to the drug treatment. Experiments were performed in
24-well microplates with 10 embryos per well. PTK787 (vatalanib
dihydrochloride, MedChem Express, Monmouth Junction, USA), 3-n-
butylphthalide (NBP, positive control), (S)-DBZ, (R)-DBZ, DSS, and
borneol were dissolved in DMSO and then further diluted in culture
water to the required concentrations; 24 hr post-fertilization (hpf)
embryos in culture water were treated with test compounds for
24 hr at 28.5°C with a 14-hr light/10-hr dark cycle. Control embryos
were treated with the equivalent amount of DMSO solution (final
concentration: 0.1% DMSO [v/v]). To characterize the intersegmental
vessels (ISVs), embryos were dechorionated with 1 mg-ml’1 of
Pronase E (Solarbio, Shanghai, China) before treatment. Embryos
were anaesthetized with 0.02% tricaine methanesulfonate and
photographed under a fluorescence microscope (Olympus SZX16,
Tokyo, Japan). The length of ISVs between the trunk and tail of each
embryo was measured with the ImageJ software v1.60 (NIH) by a user
blinded to the exposure groups. A total of 90 embryos were evaluated
for each experimental condition, and each experiment was repeated
five times. No adverse event was observed in each experimental

group.

2.14 | In vivo Matrigel plugs assays

We used the C57BL/6 mouse Matrigel plug model of angiogenesis
introduced by Zudaire and Cuttitta (2012) and Murray (2001). This
widely used model is particularly useful for studying neovasculariza-
tion as it provides a more natural environment for endothelial cell
recruitment and capillary formation (Zudaire & Cuttitta, 2012) and
provides the opportunity for quantifying the effect of angiogenic stim-
ulators and inhibitors more easily than others (CAM and rabbit corneal
assay; Jain, Schlenger, Hockel, & Yuan, 1997). The drug can either be
placed in the plug together with the test factor by mixing with the
Matrigel matrix or be given to the host animal (Nowak-Sliwinska
et al., 2018). To investigate whether systemic administration of DBZ
exhibits pro-angiogenic effect, 48 mice were randomly assigned into
six groups (eight mice per group), and the group size was based on
the consensus guidelines for the use and interpretation of angiogene-
sis assays (Nowak-Sliwinska et al., 2018), our previous studies, and
power calculations (The power analysis was performed using G*power
software suggests at least n = 5 are needed [a = .05, power
(1-B) = 0.90, effect size = 0.892]). An aliquot (500 wl) of phenol red
free GFR-Matrigel (BD, Bedford, USA) was injected s.c. into both groin
areas of mice after anaesthesia with 1.25% avertin (0.2 mI10 g%, i.p.
injection) and monitored by surveillance of reflex absence. Matrigel
plugs premixed with bFGF (150 ng-ml™%; PeproTech, Rocky Hill, USA)
and heparin (64 u-ml™®) served as a positive control. Then mice
were administered either vehicle (0.2% poloxamer 188 [BASF,
Ludwigshafen, Germany] solution for control and positive control
groups) or different doses of DBZ (0.2, 1, 5, and 25 mg-kg™* in the
vehicle) once a day (10:00 am) by i.p. injections for eight consecutive
days, respectively. For each group, a cage was randomly selected from

the pool of all cages. The randomized treatment administrations were
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performed to simultaneously assess the effect of different treatments
and avoid time-variable environmental influences. The doses of DBZ
used in the experiments were based on a pilot study and the Good
Laboratory Practice toxicology studies in mice by i.v. injection
(LDso = 460.700 + 26.107 mg-kg ) by National Beijing Center for
Drug Safety Evaluation and Research. After 8 days, mice were killed
in a CO, chamber. All efforts were made to minimize the number of
animals used and their suffering. No adverse event was observed in
each experimental group. The Matrigel plugs from both groin areas
were removed, weighed, and homogenized (one plug per mouse) in
1-ml deionized H,O on ice and cleared by centrifugation at
10,100x g for 5 min at 4°C. The supernatant was collected, and the
haemoglobin content was determined using the Drabkin reagent kit
according to the manufacturer's protocol (Sigma-Aldrich, St Louis,
USA). The absorbance was measured in a microplate reader
(PerkinElmer, Waltham, USA) at 540 nm and normalized to the plug
weight.

To further investigate the potential angiogenic effect of DBZ
in vivo, haematoxylin and eosin (H&E) staining and immunofluores-
cence staining were performed. Briefly, the Matrigel plugs (one plug
per mouse) were fixed in 4% paraformaldehyde solution, processed,
embedded, sectioned, and either H&E stained, or blocked (TBS with
10% donkey serum, 1% BSA, 0.3-M glycine, and 0.3% Triton-X 100)
and incubated with primary antibody: rabbit polyclonal anti-CD31
IgG (1:150; Abcam, Cambridge, UK; Cat# ab28364, RRID:
AB_726362). Negative controls were incubated without primary anti-
bodies. Sections were then stained with donkey anti-rabbit IgG H&L
secondary antibody Alexa Fluor 488 (1:800; Abcam; Cat# ab150073,
RRID:AB_2636877) and counterstained with DAPI (5 pg-ml™%; Roche,
Mannheim, Germany; Cat# 10236276001). All the antibodies were
diluted in TBS containing 1% BSA and not re-used. The H&E images
were obtained on an Invitrogen EVOS M5000 microscopy, and immu-
nofluorescence images were obtained by a laser-scanning confocal
microscope (FV1000, Olympus, Japan) equipped with FV10-ASW 4.0
VIEW (Olympus), and the investigators were blinded to the treatment.
The immunoreactive areas were quantified using Imagel) software
v1.60 (NIH), and the histological analyses and the data analyses were
blinded to the treatment.

2.15 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). Data are presented as mean + SD
for n > 5. In each experiment, n represents the number of indepen-
dent experiments (in vitro and zebrafish assays) and the number of
mice per group (in vivo Matrigel plug assays). Technical replicates were
only used to ensure the reliability of single values. The n value
included for statistical tests is shown in the figure legend. This is
adopted based on our previous results (Leung et al., 2007; Sengupta
et al., 2004) and power analysis (G*power 3.1.9.3 software; RRID:
SCR_013726) and also for the purpose of carrying out statistical

analysis according to the guidelines of BJP (Curtis et al., 2018). All sub-
jects were randomly assigned into groups resulting in equal sample
sizes by an online randomizer (GraphPad QuickCalcs: https://www.
graphpad.com/quickcalcs/randomizel.cfm), and all treatments were
randomized to avoid systematic bias. All the quantifications and data
analysis were blinded; thus, the analyst did not know the origin of the
data during quantification of samples and statistical analysis. No data
points were excluded from the analysis in any experiment. Data
normalization was undertaken to control for sources of variation of
baseline parameters and to allow comparison of the magnitude of
drug effects in different conditions. All analyses were performed
using GraphPad Prism 7.0 software (GraphPad Software, La Jolla,
CA, USA). The normality of the data distribution was tested by the
Shapiro-Wilk test and Kolmogorov-Smirnov normality test. Statistical
significance was determined using Student's unpaired two-tailed t
test or unpaired t test with Welch's correction when comparing two
groups, and one-way ANOVA followed by Dunnett's post hoc test
(only if F was significant, and there was no significant variance inho-
mogeneity) or Kruskal-Wallis test with Dunn's post hoc test when
comparing multiple groups. A P value of less than .05 was considered
significant.

2.16 | Materials

(S5)-DBZ and (R)-DBZ (United States patent no. 8017786) were synthe-
sized by us, using the method described by Bai et al. (2014). Other
chemicals were all obtained from Sigma-Aldrich unless otherwise

specified.

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a, 2017b).

3 | RESULTS

3.1 | Insilico prediction and network analysis of
potential targets and function of DBZ

Comprehensive targets are used to determine the biological activities
of herbal compounds by mapping them on signalling pathways
(Besnard et al., 2012). In this study, a computational workflow based
on network pharmacology methods was applied to predict potential
targets and characterize their mechanism of combinational actions of
DBZ. It is regarded as a representative method of emerging network
pharmacology (Barabasi et al., 2011) and has been successfully applied
in analysis of the MoA for TCM (Liang, Li, & Li, 2014). Potential regu-
lated pathways based on potential target of DBZ, DSS, and borneol
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are described in Figure 1a and Table S1. Except common pathways
such as “HIF-1 signalling pathway,” “FoxO signalling pathway,” “Apo-
ptosis,” and “Focal adhesion,” DBZ has its specific pathways including
“VEGF signalling pathway,” “Rap1 (Ras-related protein 1) signalling
pathway,” and “Tight junction.”

The genes or proteins involved in these pathways were mapped in
the protein-protein interaction network. As shown in Figure 1b, the
DBZ potential targets as “seed nodes” to connected subnetwork.
PIK3CA, AKT1/2, CREBBP, IGF1R, and SRC (rank top 5% in the target
list) as key genes are highly connected nodes within the regulatory
network of DBZ. Our work demonstrated that potential targets of
DBZ could regulate the VEGF signalling pathway related biological pro-
cess to mediate the angiogenic activities of DBZ (Figures 1b and 7g).
Therefore, we examined the potential effects of DBZ on angiogenesis

in vitro and in vivo.

3.2 | Effects of (S)-DBZ and (R)-DBZ on endothelial
cell proliferation and motility

As determined by the CCK-8 assay, (R)-DBZ stimulated proliferation
on HUVEC, HCMEC, and HCAEC after 48-hr treatment, whereas
(S)-DBZ exerted no promoting effect (Figure S1). However, both
(S)-DBZ and (R)-DBZ inhibited HUVEC proliferation at the highest
concentration (1,000 nM; Figure S1C); thus, we choose 100 nM as
the maximum concentration in further studies. In trypan blue assays,
both (S)-DBZ and (R)-DBZ showed significant protective effect on
HUVEC viability against Hcy-induced injury (Figure S2A-D).

Next, we studied the effects of DBZ on the migratory and invasive
properties of endothelial cells using wound healing and Transwell
assays, respectively. In wound healing assays, the distance between
the wound margins of HUVEC and the number of migrated HCMEC
were determined. As shown in Figure 2a,b, both (S)-DBZ and (R)-
DBZ treatment for 8 hr significantly increased the wound closure on
HUVEC compared to the control. Besides, both (S)-DBZ and (R)-DBZ
caused significantly higher number of HCMEC migrating into the

wounds compared to the control (Figure 2¢,d). In transwell chamber

assays, both (5)-DBZ and (R)-DBZ significantly induced migration of
HUVEC from the upper chamber to the lower chamber (Figure 2ef),
which was a biphasic modulation, and the effect was greatest when
(5)-DBZ and (R)-DBZ was at 1 nM, respectively. Above all, both
(5)-DBZ and (R)-DBZ could increase motility in human endothelial

cells.

3.3 | Induction of capillary-like tube formation by
(S)-DBZ and (R)-DBZ in HUVEC

To explore the effect of DBZ on the formation of tubular structures
by endothelial cells, we first used the in vitro Matrigel-based assay.
A very low level of tube formation was observed when HUVEC
were seeded on growth factor-reduced Matrigel in low serum
medium for 6 hr, whereas morphological changes were observed
after treatment with (S)-DBZ (Figure 3a). Quantitative analysis indi-
cates that (S)-DBZ significantly stimulated HUVEC to form more
branching points compared to the control group, reaching a maxi-
mum at 10 nM. Similarly, (R)-DBZ-induced HUVEC to form more
extensive capillary-like networks on Matrigel compared to control

group (Figure 3b).

3.4 | Effects of (S)-DBZ, (R)-DBZ, DSS, and borneol
on tube formation in a co-culture model

In a 12-day HUVEC and fibroblasts co-culture model, the endothelial
cells rely on the fibroblasts to form tubes, and the growth factor pro-
file is much more characterizable than that of Matrigel. As shown in
Figure 3c,d, both (5)-DBZ and (R)-DBZ treatment significantly
enhanced capillary-like tube formation in the co-culture model
compared to vehicle control and up to a peak at 1 nM, respectively.
Those observational findings were confirmed by the quantitative
results of the total tube area and average tube size. A significant
increase in tube formation was also observed in VEGF-treated cells
which served as a positive control. In contrast, DSS showed less
potent effect on tube formation compared to (S)-DBZ and (R)-DBZ,
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healing was evaluated by measuring the distance between the wound margins (HUVEC) or by counting cell numbers (HEMEC). Effects of (S)-DBZ
(E) and (R)-DBZ (F) on the invasive potential of HUVEC were examined using transwell invasion chambers. Representative photomicrographs
showing the stained cells on the lower side of membranes. Human recombinant VEGF-A (20 ng:ml™%) was used as a positive control. Results are
expressed as the mean percentage of control mean (means + SD, n = 6 independent experiments performed in duplicate for wound healing assays,
n = 6 independent experiments performed in triplicate for transwell migration assays). *P < .05 compared with Ctrl group. Statistical analyses were
performed by one-way ANOVA followed by Dunnett's post hoc test or Student's unpaired two-tailed t test. HCMEC, human coronary artery
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and borneol had no effect on tube formation at all (Figure 3e). All compounds. Furthermore, both (5)-DBZ and (R)-DBZ significantly
these data indicated that chemical linkage of DSS and borneol to protected HUVEC against Hcy-induced vascular disruption in co-
form DBZ greatly enhanced the pro-angiogenic activity of parent culture models (Figure S2E,F).
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(R)-DBZ on the capillary tube formation of HUVEC were examined by plating HUVEC on the Matrigel. After 6 hr, tubular structures were
photographed, and the number of tube junctures was counted. Co-cultures of human endothelial cells and dermal fibroblasts were treated with (c)
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3.5 | Effects of (S)-DBZ and (R)-DBZ on VEGF
secretion, VEGFR2, and MMP-9 protein expression in
HUVEC

Because VEGF is known to be a key activator of angiogenesis, we
examined whether this growth factor is up-regulated by DBZ. As deter-
mined by ELISA, treatment with (S)-DBZ or (R)-DBZ for 48 hr increased
the level of VEGF protein secretion in the culture medium, with
(R)-DBZ being more potent than (S)-DBZ (Figure 4a,b). As shown in
Figure 4c,d, the expression of VEGFR2 was significantly increased after
incubation with different concentrations of (S)-DBZ and (R)-DBZ,
reaching the maximum at a concentration of 100 nM and 1 nM, respec-
tively. In addition, both (S)-DBZ and (R)-DBZ significantly promoted the
MMP-9 expression compared to the control (Figure 4ef). Hence, these
results suggest that the up-regulation of expression of these proteins
caused by DBZ could contribute to its pro-angiogenic effects.

3.6 | (S)-DBZ and (R)-DBZ activated Akt and MAPK
pathways

Akt (also known as PKB) and ERK1/2, one of the major targets of the
MAPK signalling pathway, have been implicated in the regulation of
angiogenesis for different functions including cell proliferation, migra-
tion, and survival (Hoeben et al., 2004). As shown in Figure 5a,b, both
(5)-DBZ and (R)-DBZ stimulated the phosphorylation of Akt in a time-
dependent manner. The ratios of p-Akt/Akt were significantly
enhanced after treatment with DBZ as well. (S)-DBZ (10 nM) treat-
ment significantly increased the phosphorylation from 30 min and
reached a maximum level at 120 min, whereas the phosphorylation
being detected at 60 min in (R)-DBZ (10 nM) treated cells. Further-
more, phosphorylation of Akt in HUVEC was enhanced after incuba-
tion with different concentrations of (S)-DBZ (Figure 5c) or (R)-DBZ
(Figure 5d).
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Statistical analyses were performed by one-way ANOVA followed by Dunnett's post hoc test or Kruskal-Wallis test with Dunn's post hoc test

In the MAPK signalling pathway, (S)-DBZ increased phosphoryla-
tion of PLCy and its downstream target Raf-1 and ERK1/2 in a time-
dependent manner (Figure 6a). In (R)-DBZ-treated group, the
phosphorylation of PLCy and ERK1/2 peaked at 15 min and dropped
at 30 min, and then the phosphorylation increased again, whereas the
Raf-1 activation was observed at 5 min with a peak at 15 min and
decreasing to near basal levels at 120 min (Figure 6b). On the other
hand, phosphorylations of PLCy, Raf-1, and ERK1/2 were enhanced
after incubating with different concentrations of (S)-DBZ or (R)-DBZ
and up to a peak at 10 nM, respectively (Figure 6c,d).

Furthermore, the phosphorylation of Akt and ERK1/2 induced by
(S)-DBZ or (R)-DBZ (10 nM) was abolished after pretreatment with

LY294002 (a PI3K inhibitor) or U0126 (a MEK inhibitor), respectively
(Figure 7a-d). Altogether, these results demonstrate that both
(5)-DBZ and (R)-DBZ activated PI3K/Akt and MAPK signalling
pathways.

3.7 | Blockage of the PI3K/Akt or MAPK pathways
inhibited the tube formation induced by DBZ

In previous studies, we identified that both (S)-DBZ and (R)-DBZ could
activate PIBK/Akt and MAPK pathways. To assess whether Akt and

ERK are required for DBZ-induced angiogenesis, cells were pretreated



LIAO et AL m@ Eﬁ%ﬂcmomcm—l—mss
SOCIETY
(a) (b)
(SDBZ 0 5 15 30 60 120min (RF-DBZ 0 5 15 30 60 120min
p-Akt L e .y KPP p-Akt wom wam (KD2)
—50 . —50
Akt '.-..-._50 Akt ------_50
3 0min 4.0 1 0min
< 3 5min < * y 1 5min
g =1 15 min 3 30 = 15 min
= B2 30 min E B 30 min
& B 60 "Il? 5 2.0 [l 60 min
s B 120 min 5 B 120 min
2 2 10
[} [<]
'S w
0.0
p-Akt / Akt p-Akt / Akt
(S)-DBZ (R)-DBZ
(c) (d)
Ctrl 001 01 1 10 100 nM Ctrl 001 01 1 10 100 nM
. (kDa) kDa)
p-Akt T - -Akt - (
s P - — o
Akt — - - 5 Akt o - ——
— —50
6.0 * 4.0 *
c c
© ©
(S ] ) = 030
go * * £3520
<% <%
® AP €
0.0 0
ctl 001 01 1 10 100 ctl 001 01 1 10 100
(S)-DBZ (nM) (R)-DBZ (nM)
FIGURE 5 (S)-DBZ and (R)-DBZ increased the phosphorylation of Akt in HUVEC. HUVEC were incubated with (a) (S)-DBZ and (b) (R)-DBZ

(10 nM) for the indicated times or with (c) (S)-DBZ and (d) (R)-DBZ in different concentrations for 60 min. Expressions of p-Akt and Akt were
analysed by western blotting and quantified by densitometry. Results are expressed as means + SD (n = 5 independent experiments). *P < .05
compared with Ctrl group. Statistical analyses were performed by one-way ANOVA followed by Dunnett's post hoc test

with LY294002 or U0126 for 30 min prior to performing the angio-
genesis assays as before. LY294002 or U0126 partially inhibited the
tube formation on Matrigel induced by (S)-DBZ or (R)-DBZ, respec-
tively (Figure 7e). Similar results were observed in the HUVEC and
HDF co-culture tube formation assay (Figure 7f). These experimental
observations demonstrate that Akt and ERK1/2 signalling pathways
are critical for DBZ-induced angiogenesis in vitro. Therefore, the net-
work analysis of DBZ based on predicted targets and the experimen-
tally relevant observations validated each other independently

(Figure 7g).

3.8 | (S)-DBZ and (R)-DBZ attenuated the
PTK787-induced inhibition of angiogenesis in
zebrafish

Since DBZ enhanced multiple key steps of angiogenesis on endothelial
cells in vitro, experiments were performed to determine whether it
can promote angiogenesis in vivo. Firstly, we employed Tg (vegfr2:
GFP) zebrafish embryos for easy monitoring of neovascularization in
the I1SVs. PTK787 was used to produce a chemically induced blood
vessel damage model to investigate the pro-angiogenic effect of
DBZ under this circumstance and NBP served as a positive control
(Wu et al., 2015; Zhang et al., 2012). As a potent inhibitor of VEGF

receptor TKs, PTK787 displayed an anti-angiogenic property in a
dose-dependent manner (Wood et al., 2000). As seen in Figure 8a,b,
PTK787 (0.3 uM) alone reduced ISV growth. (S5)-DBZ in the dose of
5 UM administrated with PTK787 significantly rescued ISV formation
in zebrafish compared to PTK787 alone group. (R)-DBZ (10 uM) also
significantly attenuated PTK787-induced blockade of ISV formation
in zebrafish. However, neither DSS nor borneol had any effect on
the ISVs in zebrafish at the applied doses in PTK787-damaged models
(Figure S3).

3.9 | DBZ promoted the neovascularization in
Matrigel plugs in mice

We performed a mouse Matrigel plug assay to determine whether sys-
temic administration of DBZ exhibits pro-angiogenic effects. The gross
view of the plugs harvested after 8 days of implantation showed that
nearly transparent grafts in the vehicle-treated control group, while
reddish grafts were observed in the DBZ-treated groups (Figure 8c).
Quantitative analysis of functioning vessels by haemoglobin determi-
nation revealed that DBZ (0.2, 1, and 5 mg-kg™?) produced significant
increases in blood content compared with vehicle control, while no
significant increase in haemoglobin content at the highest dose
(25 mg-kg™1); Matrigel plugs premixed with bFGF and heparin, which
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1, Raf-1, p-ERK1/2, and ERK1/2 were analysed by western blotting and quantified by densitometry. Results are expressed as means + SD (n = 5
independent experiments). *P < .05 compared with Ctrl group. Statistical analyses were performed by one-way ANOVA followed by Dunnett's

post hoc test or Kruskal-Wallis test with Dunn's post hoc test

served as a positive control, induced a strongest angiogenic reaction
(Figure 8d). Histological analyses via H&E staining showed that almost
no vessel-like structures were observed in the vehicle control group
plugs; newly formed vessels and vessel-like structures, as well as blood
vessels containing red blood cells (yellow arrowheads) were clearly
visible in DBZ-treated groups and positive control group (Figure 8e).
Notably, haemorrhage was shown in positive control plugs by the
numerous undefined borders of the vessels and extravascular red
blood cells, which revealed that the vessels treated with bFGF and
heparin are leaky. In addition, the neovascularization promoted by
DBZ treatment was confirmed by immunostaining for CD31, an endo-
thelial marker (Figure 8f,g). Taken together, these data identify DBZ as
a novel small molecule angiogenesis stimulator that functions both

in vivo and in vitro.

4 | DISCUSSION

Here, we show for the first time that the novel synthetic compound
DBZ promoted angiogenesis both in vitro and in vivo. Mechanistically,
the DBZ-induced activation of Akt and ERK1/2 as well as the angio-
genic process were abolished by the PI3K and MEK inhibitors, respec-
tively, suggesting that the PI3K/Akt and PLCy/Raf-1/MEK/ERK
signalling pathways play critical roles in DBZ-induced angiogenesis.
In the present study, differential effects of the two DBZ isomers on
angiogenesis were also observed, especially on cell proliferation, VEGF
secretion, MAPK pathway activation, and tube formation in co-culture
models, with (R)-DBZ being more potent than (S)-DBZ. Therefore, it is
attractive to further explore the pharmacological differences and

underlying mechanism between the two isomers of DBZ.
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FIGURE 7 Effect of PI3K inhibitor LY294002 and MEK1/2 inhibitor U0126 on DBZ-induced angiogenesis. HUVEC were pretreated with the
indicated inhibitors for 30 min before the addition of (S)-DBZ or (R)-DBZ (10 nM). After another 60-min incubation, the levels of
phosphorylated and total (a, b) Akt or (c, d) ERK1/2 were detected by western blotting. Results are expressed as means + SD (n = 5 independent
experiments). (e) Matrigel tube formation was measured in HUVEC incubated with (S)-DBZ or (R)-DBZ (10 nM) for 6 hr. (f) Tube formation was
measured in HUVEC-HDF co-culture system stimulated with (S)-DBZ or (R)-DBZ (10 nM) that were pretreated with LY294002 or U0126. Results
are expressed as means + SD (n = 5 independent experiments performed in triplicate for Matrigel assays; n = 5 independent experiments with five
wells each for co-culture assays). *P < .05 versus (S)-DBZ or (R)-DBZ. Statistical analyses were performed by one-way ANOVA followed by
Dunnett's post hoc test. (g) DBZ can regulate proteins in the VEGF-related signalling pathway. Red arrows point to potential targets of DBZ
identified by in silico prediction, and some key proteins (blue circles) in the VEGF-related signalling pathway were validated experimentally



LIAO ET AL

3156 BRITISH
PHARMACOLOGICAL
SOCIETY

(9)

R PO

y

PI3K/Akt
signaling pathwa!

el

H Adhesion
9 MAPK}A}KZB}
Nitric Oxide ell
Cell Survival Production

FIGURE 7 Continued

As we know, VEGF plays the most prominent role in initiating the
process of angiogenesis. Therefore, it is interesting to explore whether
the pro-angiogenic effects of DBZ is VEGF dependent. On the one
hand, although we observed DBZ-induced increase of VEGF secretion
by HUVEC, it occurred only with prolonged treatment up to 24 hr. On
the other hand, our findings that DBZ rapidly induced activation of
Akt and MAPK pathways suggest a non-genomic rather than genomic
action. Moreover, data from our wound healing assay (8 hr), transwell
assay (4 hr), as well as Matrigel tube formation assay (6 hr) all indicated
that DBZ could promote endothelial cell migration and tube formation
many hours before inducing VEGF secretion. Thus, the above findings
indicate that DBZ could exert its angiogenic effect through a VEGF-
independent mechanism.

To investigate the angiogenic activity of DBZ in vivo, we used a
transgenic zebrafish model expressing GFP under the control of the
VEGF receptor 2 promoter (vegfr2: GFP; Cross, Cook, Lin, Chen, &
Rubinstein, 2003). Zebrafish as a model organism exhibits genetic
and functional conservation across angiogenic pathways. The major
modulators of angiogenesis and tyrosine-kinase domains of VEGFR2
are conserved (Chan, Bayliss, Wood, & Roberts, 2002; Liang et al.,
2001). Thus, the potent VEGFR TK inhibitor PTK787 was used in
zebrafish model, which inhibited autophosphorylation of kinase insert
domain-containing receptor and therefore effectively blocked angio-
genesis (Bayliss et al., 2006; Wood et al., 2000). When the VEGFR
was impaired, the downstream component may stay at low activity.
This well-established chemically induced blood vessel damage model
can also mimic certain pathological conditions relating to angiogenesis
deficiencies (Mu et al., 2017; Wu et al., 2015). It was found that DBZ
could partially restore PTK787-induced blockade of ISV formation in
zebrafish. This observation can either be interpreted as DBZ's pro-
angiogenic activity or protective effect against vascular disruption
induced by PTK787. Chan et al. reported that the PTK787-induced
VEGFR defect can be ameliorated by up-regulating the activity of a
downstream effector Akt, allowing for normal endothelial cell func-
tions in migration and survival (Chan et al, 2002). Besides, they

observed a modest rescue in the number of ISVs in zebrafish in the
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presence of PTK787 by activating Akt downstream element eNOS
(Chan et al., 2002). Similarly, DBZ, which can activate Akt pathway
in HUVECs, allowed blood vessels to form in the presence of
PTK787. Therefore, we hypothesize that DBZ rescue the chemically
induced VEGFR defect in zebrafish by activating a downstream effec-
tor of VEGF signalling.

Notably, there is a discrepancy of DBZ effective concentrations
between in vitro and zebrafish assays. We speculate that the different
sensitivity to DBZ may be partially due to the damaged vessel model
we used in the zebrafish assay. In addition, it is worthy of note that
the zebrafish model used in this study is based on embryonic develop-
ment, and both zebrafish model and mouse Matrigel plug model are
not a real pathology model. Thus, further study on more relevant
pathological vascular injury model or ischaemic model is required for
investigating the equilibrium effect and effective doses of DBZ on
angiogenesis in vivo.

Imbalance in the angiogenic and anti-angiogenic mediators triggers
angiogenesis, which may be physiological in the normal state or path-
ological as in atherosclerosis. Physiological angiogenesis is instrumen-
tal for restoration of vessel wall normoxia and resolution inflammation,
leading to atherosclerosis regression (Moreno, Sanz, & Fuster, 2009).
However, pathological angiogenesis plays a role in atherosclerotic
plaque growth and instability (Moreno, Purushothaman, Sirol, Levy,
& Fuster, 2006; Caroline Camaré, Pucelle, Negre-Salvayre, & Salvayre,
2017). In vivo Matrigel assays showed that systemic administration of
DBZ at low doses (0.2, 1, and 5 mg-kg™*-day %) induced vascularization
in Matrigel plug in C57BL/6 mice (Figure 8c-g). Interestingly, we also
found DBZ (20 and 40 mg-kg 1-day™?) markedly reduced atheroscle-
rotic lesion formation and attenuated the progression of pre-
established atherosclerotic plaques in ApoE™~ mice by inhibiting
inflammation, macrophage migration, leukocyte adhesion, and foam
cell formation (Wang et al., 2017). The discrepancy between DBZ's
pro-angiogenic effect and anti-atherosclerosis effect is very likely to
be due to a dose-dependent pleiotropic modulation in response to
different microenvironments and ongoing pathophysiology. This

postulate is also supported by the differential effects of DBZ on
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FIGURE 8 DBZ restored the PTK787-induced ISV angiogenesis impairment in zebrafish embryos (a, b) and promoted vascularization in Matrigel
plugs in mice (c-g). (a) Lateral view of vehicle control embryos and embryos treated with PTK787, PTK787 with NBP, PTK787 with (S)-DBZ (1, 5,
and 10 uM), and PTK787 with (R)-DBZ (1, 5, and 10 uM) for 24 hr. NBP was used as a positive control. ISVs are indicated by the white arrows. (b)
Quantification of total length of ISVs induced by (S)-DBZ and (R)-DBZ. Data are presented as the means + SD (10 fish embryos per well from five
time-independent experiments; n = 5). Statistical analyses were performed by one-way ANOVA followed by Dunnett's post hoc test. P < .05
versus PTK787-treated group. NBP, butylphthalide. (c) Representative pictures of Matrigel plugs. Matrigel premixed with bFGF (150 ng-ml™* in
PBS) plus heparin (64 u-ml™* in PBS) (F + H, positive control), or containing the same volume of PBS alone, was injected s.c. into C57BL/6 mice.
Vehicle and DBZ (0.2, 1, 5, or 25 mg-kg *-day %) were administered i.p. Plugs were removed after 8 days and photographed. (d) Haemoglobin levels
in the Matrigel plug were quantified using the Drabkin reagent kit and were normalized to the plug weight. Data are presented as the means + SD
(n = 8 plugs from eight mice per group). (e) Sections of Matrigel plugs were stained by H&E and photographed. The yellow arrowhead shows blood
vessels containing red blood cells. The scale bar represents 150 um. (f) Representative immunofluorescence images of Matrigel plug sections
labelled with anti-CD31 antibody and counterstained with DAPI (magnification: 200x). (g) Quantification of CD31+ area of new microvessels show
that DBZ (0.2, 1, and 5 mg-kg™*-day™%) increased microvessel formation significantly compared with the vehicle control. Data are presented as the
means + SD (n = 8 mice per group). Statistical analyses were performed by one-way ANOVA followed by Dunnett's post hoc test or unpaired t test
with Welch's correction. *P < .05 versus vehicle control group
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endothelial cells and monocytes at different concentration ranges oxidized LDL-induced foam cell formation (Wang et al, 2017).

in vitro. At relatively low concentrations of 107 to 10”7 M, DBZ pro- Besides, DBZ showed significant protective effects on vascular

duced an angiogenic phenotype in human endothelial cells. However,
at higher concentrations of 5-20 x 107 M, DBZ inhibited atheroscle-

rosis by suppressing LPS-stimulated macrophages migration and

endothelial cell viability and tube formation against Hcy-induced injury
(Figure S2A-D), which has beneficial effect on atherosclerosis as well.

Interestingly, statins, the gold standard for preventing and treating
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atherosclerotic cardiovascular diseases, also has other benefits (e.g.,
angiogenic modulating effects) apart from their lipid-lowering effects
(Elewa, Elremessy, Somanath, & Fagan, 2010). It has a biphasic dose-
dependent effect on angiogenesis characterized by a pro-angiogenic
effect at low doses and anti-angiogenic effect at high doses
(Katsumoto et al., 2005; Skaletz-Rorowski & Walsh, 2003; Zhu et al.,
2008). Similar case was showed in ginsenoside 20(R)-Rgsz, which
reduced angiogenic activity of HUVEC at nanomolar level, whereas
induced angiogenesis at micromolar level (Kwok et al., 2012). It is
not surprising that a single compound can act on different targets at
different concentrations. Genistein, the soy phytoestrogen, can
activate oestrogen receptor at low concentration (<mM) and inhibit
adipogenesis; however, at high concentration (>mM), it promotes adi-
pogenesis through acting as a ligand of PPARy (Dang, Audinot,
Papapoulous, Boutin, & Lowik, 2003). Therefore, we supposed that
the pleiotropic activity of DBZ at low and high doses may be due to
the different targets involved.

As we know, many single herbal compounds target multiple com-
ponents of the dysregulated network of genes involved in diseases,
leading to multiple pharmacological activities resulting from different
molecular mechanisms. The potential targets of DBZ by in silico study
not only revealed an effect on angiogenesis but also identified,
previously observed, multiple pharmacological activities of DBZ. In
our previous studies, DBZ was found to be a PPARy agonist, by in
silico prediction (PPARy was ranked in the top 5% in the target list
of DBZ), which was validated experimentally (Xu et al., 2017). In this
study, for instance, based on our predicted results, we also found that
the platelet activation pathway was involved and P2Y,, receptors
(P2RY12) were ranked in the top 5% in the target list of DBZ. Thus,
it would be interesting to further explore its effect on platelet aggre-
gation and thrombosis.

Inspired by the combinatorial therapy and the successful use of
composite Danshen formulations in the clinic, DBZ was designed by
the chemical combination of DSS and borneol (Figure S1). Co-culture
data showed that DSS only at 1 nM induced tube formation and bor-
neol exerted no effect, whereas both (S)-DBZ and (R)-DBZ were more
potent in promoting tube formation than the parent compounds.
Moreover, an in vivo study also revealed that (S)-DBZ and (R)-DBZ
could reverse PTK787-induced inhibition of angiogenesis (or vascular
disruption) in zebrafish embryos, whereas DSS or borneol exerted no
such effect. All these findings strongly indicate that DBZ is biochemi-
cally and functionally distinct from its parent compounds. Besides the
promoting effect of borneol on bioavailability, one difference between
DBZ and DSS in structure is that DBZ is composed of one phenolic
ring and a C-6 ring linked by an esteric bond, whereas DSS is a pheno-
lic compound only. We infer that the conjugated form of phenolic ring
from DSS with C-6 ring from bornel linked by esteric bond may be
critical in DBZ-induced pro-angiogenic activity. Therefore, the rela-
tionship between the structure and biological differences of DSS and
DBZ needs to be further elucidated.

This study revealed, for the first time, that the two isomers of the
novel compound DBZ can induce key features of angiogenesis in vitro,

including endothelial cell proliferation, migration, and tube formation,

and at least in part through activating Akt and MAPK signalling path-
ways. Further studies are still needed to explore and verify the direct
targets and other signalling pathways involved in DBZ-induced angio-
genesis. It is remarkable that both (S)-DBZ and (R)-DBZ were not only
more potent in promoting vascular tube formation in vitro than their
parent compounds (i.e., DSS and borneol) but could also reverse
PTK787-induced inhibition of angiogenesis (or vascular disruption)
and promote neovascularization in mice Matrigel plugs in vivo. Pre-
dicted by network target analysis and validated experimentally, DBZ
has been confirmed as a unique angiogenesis stimulator. Collectively,
these data suggest that it has the potential to be developed further
for treating myocardial infarction, stroke, and other cardiovascular

diseases.
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