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Antiangiogenesis effect of timosaponin AIII on HUVECs
in vitro and zebrafish embryos in vivo
Zhong-yan Zhou1,2, Wai-rong Zhao1,3, Ying Xiao1, Xiang-ming Zhou1, Chen Huang2, Wen-ting Shi1, Jing Zhang1, Qing Ye1,
Xin-lin Chen1 and Jing-yi Tang1,3

Timosaponin AIII (Timo AIII) is a natural steroidal saponin isolated from the traditional Chinese herb Anemarrhena asphodeloides Bge
with proved effectiveness in the treatment of numerous cancers. However, whether Timo AIII suppresses tumor angiogenesis
remains unclear. In the present study, we investigated the antiangiogenesis effects of Timo AIII and the underlying mechanisms in
human umbilical vein endothelial cells (HUVECs) in vitro and zebrafish embryos in vivo. We showed that treatment with Timo AIII
(0.5–2 µM) partially disrupted the intersegmental vessels (ISVs) and subintestinal vessels (SIVs) growth in transgenic zebrafish Tg(fli-
1a: EGFP)y1. Timo AIII (0.5–4 µM) dose-dependently inhibited VEGF-induced proliferation, migration, invasion, and tube formation of
HUVECs, but these inhibitory effects were not due to its cytotoxicity. We further demonstrated that Timo AIII treatment significantly
suppressed the expression of VEGF receptor (VEGFR) and the phosphorylation of Akt, MEK1/2, and ERK1/2 in HUVECs. Timo AIII
treatment also significantly inhibited VEGF-triggered phosphorylation of VEGFR2, Akt, and ERK1/2 in HUVECs. Moreover, we
conducted RNA-Seq and analyzed the transcriptome changes in both HUVECs and zebrafish embryos following Timo AIII treatment.
The coexpression network analysis results showed that various biological processes and signaling pathways were enriched
including angiogenesis, cell motility, cell adhesion, protein serine/threonine kinase activity, transmembrane signaling receptor
activity, growth factor activity, etc., which was consistent with the antiangiogenesis effects of Timo AIII in HUVECs and zebrafish
embryos. We conclude that the antiangiogenesis effect of Timo AIII is mediated through VEGF/PI3K/Akt/MAPK signaling cascade;
Timo AIII potentially exerts antiangiogenesis effect in cancer treatment.
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INTRODUCTION
Cancer, which poses a major threat to public health worldwide,
is the second leading cause of death in the USA, and the
prevalence and burden of cancer continue to increase in
China as well [1, 2]. Tumor angiogenesis leads to the formation
of new blood vessels that transport oxygen and nutrients; this
process controls tumor growth and metastasis and plays a key
role in the progression of tumors [3, 4]. Tumor cells secreting
angiogenic factors, such as bFGF, vascular endothelial growth
factor (VEGF), TNF-α, and Hif-α, promote the proliferation,
migration, and invasion of endothelial cells and initiate
the growth of new blood vessels from the preexisting
vasculature in tumors [5, 6]. Thus, targeting inhibition of tumor
angiogenesis is considered an important therapeutic strategy in
cancer patients [7].
Timosaponin AIII (Timo AIII, Fig. 1) is a natural steroidal saponin

isolated from Chinese Materia Medica Anemarrhena asphodeloides
Bge and is commonly used to treat depression, hematochezia,
diabetes, cough, hemoptysis, and cardiovascular disease in

traditional Chinese medicine [8, 9]. Timo AIII has multiple
pharmacological activities, including antiinflammatory [10] and
antiplatelet aggregation activities [11], improves learning and
memory [8] and inhibits the passive cutaneous anaphylaxis
reaction and pruritus [12]. Interestingly, Timo AIII induces
hepatotoxicity, and this effect is protected by mangiferin, which
is another component in A. asphodeloides Bge [13]. Moreover,
Timo AIII selectively induces cell death in tumor cells but not in
normal cells and has been suggested to be a novel potential
anticancer compound in recent years [14, 15]. Timo AIII presents
antitumor activity in various cancers, such as non-small cell lung
cancer [16], pancreatic cancer [17], melanoma [18, 19], breast
cancer [20], hepatocellular carcinoma [21], colon cancer [22],
promyelocytic leukemia [23] and so on. In addition, Chen et al.
found that Timo AIII also reverses multidrug resistance in human
chronic myelogenous leukemia [24]. Various molecular mechan-
isms, including proapoptosis, antiproliferation, antimigration,
antiinvasion, induction of ROS and ER stress and autophagy, are
involved in the anticancer activity of Timo AIII [14].
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However, whether Timo AIII inhibits the tumor angiogenesis
process is not clear. In the present study, we explored the
antiangiogenesis effect of Timo AIII and its mechanism of action
using endothelial cell and zebrafish models.

MATERIALS AND METHODS
Chemicals
3-(4,5-dimethyl-thiazol-2-yl)−2,5-diphenyl tetrazolium bromide
(MTT), endothelial cell growth supplement (ECGS) and heparin
were purchased from Sigma Aldrich (St Louis, MO, USA). VEGF was
purchased from PeproTech (Rocky Hill, NJ, USA). SU5416 was
purchased from Cayman Chemical (Ann Arbor, MI, USA). Cell
culture reagents were supplied by Thermo Fisher (Waltham, MA,
USA). Antibodies were purchased from Cell Signaling Technology
(Danvers, Massachusetts, USA). Timo AIII (purity by HPLC ≥ 98.0%)
was purchased from Chengdu Must Bio-Technology Co., Ltd
(Chengdu, Sichuan, China).

Ethics statement
All experiments related to zebrafish described in this study were in
accordance with the Animal Experimentation Ethics Committee,
Shanghai University of Traditional Chinese Medicine.

Maintenance and embryo handling of zebrafish
The transgenic zebrafish line Tg(fli-1a: EGFP)y1, which expresses
enhanced green fluorescent protein (EGFP) in endothelial cells,
was kindly provided by Prof. Simon Lee from the University of
Macau. Fish maintenance was performed according to the
Zebrafish Handbook (Westerfield, 2007). In brief, zebrafishes were
kept separately under a 14 h light and 10 h dark cycle and fed
brine shrimp twice a day. Zebrafish embryos were generated by
natural pair-wise mating and incubated at 28.5 °C in embryo
medium. After 24 h of incubation, chorions were removed by a
sharp forceps, and health development embryos were selected for
later use.

Cell viability assay of human umbilical vein endothelial cells
Human umbilical vein endothelial cells (HUVECs) were purchased
from American Type Cell Culture (ATCC, catalog: ATCC® CRL-
1730™) and cultured in F-12K medium supplemented with
0.1 mg/mL heparin, 0.05 mg/mL ECGS, 10% (v/v) FBS and 1%
penicillin/streptomycin at 37 °C in a 95% humidified incubator
with 5% CO2 in air. HUVECs were seeded at a density of 1 × 104

cells/well in a 96-well plate and preincubated until they reached
70–80% confluence. After 24 h of starvation in basal F-12K
medium, HUVECs were treated with various concentrations of
Timo AIII (0.5, 1, 2, 4, and 8 μM) with or without VEGF (50 ng/mL)
for 24 h. HUVECs were treated with DMSO (0.1%) as a vehicle
control and SU5416 (1 µM) as a positive control. The cell viability
of HUVECs was tested by the MTT assay according to the

manufacturer’s instructions. Cell viability was expressed according
to the percentage of the vehicle control.

Real-time endothelial cell proliferation analysis by an RTCA
HUVEC cell growth was detected in real time using a real-time cell
analysis (RTCA) system named xCELLigence (ACEABIO S16,
Hangzhou, China). HUVECs were seeded at a density of 0.5 × 104

cells/well in a specified 16-well plate. HUVECs were settled for 30
min before being placed in an xCELLigence instrument at 37 °C in
a 95% humidified incubator with 5% CO2 in air. After incubation
for 24 h, HUVECs were treated with VEGF (50 ng/mL), Timo AIII
(2 µM), or Timo AIII (2 µM)+ VEGF (50 ng/mL) for another 48 h.
HUVECs treated with 0.1% DMSO served as a vehicle control. The
cell independence, expressed as the cell index, was recorded
every hour.

Endothelial cell migration and invasion assay
The effects of Timo AIII on the migration and invasion of HUVECs
were evaluated using a Matrigel (BD Biosciences, San Jose, CA,
USA) transwell system with 24-well companion plates (8 µm
pores). In the migration assay, HUVECs were directly seeded onto
the upper side of the transwell. In each upper well, HUVECs were
suspended in 200 µL basal F12-K medium at a cell density of 2.5 ×
105 cells/mL that also containing VEGF (50 ng/mL) with or without
various concentrations (0.5, 1, 2, and 4 µM) of Timo AIII. HUVECs
were treated with 0.1% DMSO as a vehicle control and SU5416 as
a positive control. After incubation for 24 h, HUVECs were
removed using cotton swabs from the inner surface of the
transwell insert. Then, the HUVECs on the outside of the transwell
insert were fixed with 4% paraformaldehyde for 15 min at room
temperature (RT) and stained with Hoechst 33342 (10 μg/mL) for
15min. The membranes were washed with PBS and mounted on
microscope slides. HUVECs were excited with UV light and
captured at 4 ×magnification under a fluorescent inverted
microscope. In the invasion assay, the upper and lower sides of
the membrane were precoated with Matrigel. The drug treatment
and observation methods for the following invasion assay were
the same as those for the migration assay. The cell migration and
invasion ability of HUVECs were evaluated by ImageJ to quantify
the cell number in each field.

Endothelial cell tube formation assay
The tube formation assay was performed using a µ-Slide
Angiogenesis system coated with Matrigel. HUVECs
were suspended in 50 µL basal F-12K medium at a density
of 2.5 × 105 cells/mL that also contained VEGF (50 ng/mL)
with or without various concentrations of Timo AIII (0.5, 1, 2,
and 4 µM). HUVECs were treated with 0.1% DMSO as a vehicle
control and SU5416 as a positive control. After 6 h of incubation,
the cells were imaged at ×4 magnification under an inverted
microscope. The number of loop formations was counted in
each field.

Western blotting analysis
HUVECs were incubated with various concentrations (0.5, 1, and
2 µM) of Timo AIII for 24 h. HUVECs were treated with 0.1% DMSO
as a vehicle control. After drug treatment, HUVECs were washed
with ice-cold PBS three times and lysed in lysis buffer containing
0.5 M NaCl, 50 mM Tris, 1 mM EDTA, 0.05% SDS, 0.5% Triton X-100,
and 1mM PMSF. Cell lysates were centrifuged at 12 000 × g for 15
min at 4 °C. The protein concentration was measured using a BCA
assay kit (Pierce, Rockford, IL, USA). Then, protein was denatured
with loading buffer, and 30 µg of total protein from each sample
was separated by SDS-PAGE and transferred to a polyvinylidene
fluoride (0.45 µm) membrane, which was blocked with 5% BSA.
Immunoblots were incubated with primary antibodies, including
antibodies against VEGFR 1 (1:500, CST), phospho-VEGFR 2 (1:500,
CST), VEGFR 2 (1:500, CST), phospho-Akt (1:1000, CST), Akt (1:1000,

Fig. 1 Chemical structure of timosaponin AIII (Timo AIII, PubChem
CID: 10628815)
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CST), phospho-ERK1/2 (1:1000, CST), ERK1/2 (1:1000, CST),
phospho-MEK1/2 (1:1000, CST), MEK1/2 (1:1000, CST), phospho-
P38 MAPK (1:1000, CST), P38 MAPK (1:1000, CST), or GAPDH
(1:2000, CST), at 4 °C overnight. After washing with TBST three
times, the immunoblots were incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:2000, CST) for 2 h
at RT. After the final wash, the immunoblots were visualized using
an enhanced ECL system (Beyotime BeyoECL moon, Shanghai,
China). The membranes were then imaged on an imaging system
(GE AM600, Fairfield, CT, USA), and the intensity of each protein
band was analyzed by ImageJ.

RNA-Seq and data analysis
RNA-Seq was performed with the Sequencing Platform BGISEQ-
500 (BGI, Shenzhen, China). Briefly, HUVEC cells or Tübingen (TU)
strain zebrafish embryos (1 dpf) were treated with various
concentrations of Timo AIII for 24 h. Then, the HUVEC cells and

zebrafish embryos were harvested, with three and four repetitive
samples per group, respectively. The total RNA of each sample was
extracted, and a sequencing library was constructed. The
SOAPnuke analysis tool (v1.5.2, -l 15 -q 0.2 -n 0.05) was used to
analyze the sequence quality and filter low-quality reads with
quality scores lower than 20. HISAT2 (v2.0.4) was used to map the
clean reads to the reference genome (Homo Sapiens: UCSC_hg38;
Danio rerio: NCBI_GRCz11). Then, the clean reads were mapped to
the reference transcript by Bowtie2 (v2.2.5), and the expression
values were calculated by RSEM (v1.2.12). DEGseq (parameter: fold
change ≥ 2 and adjusted P value < 0.001) was used to identify
differentially expressed genes (DEGs) between the control and
treatment groups. The transcript level was calculated according to
the fragments per kilobase of transcript per million mapped reads
(FPKM). For gene ontology (GO) analysis of the DEGs, the GO
annotation results were classified into official classifications,
including molecular function, cellular component, and biological

Fig. 2 Timo AIII inhibits ISVs growth in zebrafish. a Transgenic zebrafish Tg(fli-1a: EGFP)y1 expressed EGFP in endothelial cells, and the vessels
were easily observed under a microscope. Twenty-four hpf (hour post fertilization) zebrafish embryos were treated with various
concentrations of Timo AIII (0.5, 1, 2, and 3 µM) for 12 h and then imaged under an inverted microscope. Red asterisks indicate defective ISVs.
b The statistical graph indicates the intact and defective vessel numbers of ISVs in zebrafish. The results are presented as the means ± S.E.M.
*P < 0.05 and ***P < 0.001 versus the control group
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process. The R package function phyper was used to perform
GO enrichment analysis of DEGs. The false discovery rate
(FDR) was calculated for each P value, and FDR < 0.01 was
defined as significantly enriched. The same method was used to
annotate and enrich the results of the KEGG metabolic pathway
analysis of the DEGs. Coexpression network analysis based on
the gene expression profile was conducted using the R package
WGCDNA.

Statistical analysis
Data are presented as the mean ± S.E.M. from at least
three independent experiments. Student’s t-test and analysis of
variance were used to perform statistical evaluations of
the differences between the two groups, and P < 0.05 was
considered significant.

RESULTS
Timosaponin AIII inhibited intersegmental vessels and
subintestinal vessels growth in zebrafish
The transgenic zebrafish line Tg(fli-1a: EGFP)y1, which expresses
EGFP in endothelial cells [25], was employed to test the effect of
Timo AIII on antiangiogenesis. Twenty-four hpf (hours post
fertilization) zebrafish embryos were treated with various con-
centrations of Timo AIII for 12 h, and we found that Timo AIII
inhibited intersegmental vessels (ISVs) growth in the tail of
zebrafish (Fig. 2a). Statistical graphs indicated that Timo AIII dose-
dependently decreased the intact vessel number and increased
the defective vessel number of ISVs (Fig. 2b). Consistently, the
growth of subintestinal vessels (SIVs) was also inhibited after

treatment with Timo AIII for 48 h (Fig. 3a). Timo AIII also decreased
the total area of SIVs (Fig. 3b). These data indicated that Timo AIII
had an antiangiogenic effect in zebrafish.

Timo AIII suppressed endothelial cell proliferation in HUVECs
Endothelial cell proliferation initiates angiogenesis [26]. To detect
the effect of Timo AIII on endothelial proliferation, we employed
HUVECs as our experimental model. We found that Timo AIII
concentration-dependently decreased cell viability and was
cytotoxic in HUVECs (Figs. 4a and S1). Cell viability was
significantly decreased at concentrations of 4 and 8 µM, while
there was no cytotoxicity over the concentration range of ≤2 µM.
In addition, Timo AIII inhibited VEGF-induced cell proliferation at
concentrations of 1, 2, and 4 µM (Fig. 4b). Consistently, we also
found that Timo AIII suppressed VEGF-induced endothelial cell
proliferation using an RTCA system (Fig. 4c). HUVECs were treated
with the selective VEGF receptor (VEGFR) inhibitor SU5416 as a
positive control. These results revealed that Timo AIII significantly
inhibited endothelial cell proliferation.

Timo AIII inhibited VEGF-induced endothelial cell migration in
HUVECs
The migration of HUVECs was evaluated by a classical transwell
assay [27]. HUVECs treated with VEGF significantly increased the
number of migrated cells, while cotreatment with Timo AIII and
VEGF reduced the number of migrated cells in a concentration-
dependent manner (Fig. 5a, b). HUVECs were treated with SU5416,
a VEGFR2 inhibitor that served as a positive control. HUVECs were
stained with the nuclear indicator Hoechst for easy observation. As
shown in Figs. 4a and S1, Timo AIII was not toxic to HUVECs over

Fig. 3 Timo AIII inhibits SIVs growth in zebrafish. a Twenty-four hpf (hours post fertilization) zebrafish embryos were treated with various
concentrations of Timo AIII (0.5, 1, and 2 µM) for 48 h; and then, the SIVs were imaged under an inverted microscope. Zebrafish incubated with
0.1% DMSO served as a vehicle control. b The total area of SIVs was analyzed by ImageJ, and the data are expressed as folds of the control. The
results are presented as the means ± S.E.M. *P < 0.05 and ***P < 0.001 versus the control group
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the concentration range of 0.5–2 µM. These results indicated that
Timo AIII suppressed VEGF-induced endothelial cell migration and
that the cell migration inhibitory effect of Timo AIII was not
associated with its cytotoxicity.

Timo AIII attenuated VEGF-induced endothelial cell invasion in
HUVECs
Invasion plays vital roles in both tumor angiogenesis and
metastasis [28, 29]. The invasion ability of HUVECs was determined
according to the amount of cells that passed through the Matrigel
and membrane barriers in a transwell system. As shown in Fig. 6a,
b, VEGF significantly enhanced the invasion cell number of
HUVECs and Timo AIII obviously suppressed the invasion cell
number under nontoxic concentrations in a dose-dependent

manner. HUVECs were incubated with SU5416 as a positive
control. These results suggested that Timo AIII attenuated VEGF-
induced invasion in HUVECs.

Timo AIII reduced VEGF-induced tube formation in HUVECs
An endothelial cell tube formation assay was used to mimic the
process of neovascularization. In the present study, we found that
VEGF increased the loop number of the network tube structure of
HUVECs, while Timo AIII dramatically inhibited the loop number in
each field (Fig. 7a, b). HUVECs were incubated with SU5416 as a
positive control. In this experiment, HUVECs were also treated with
Timo AIII at nontoxic concentrations from 0.5 to 2 µM (Figs. 4a
and S1), and Timo AIII reduced VEGF-induced tube formation in a
concentration-dependent manner. We also tested the effects of

Fig. 4 Timo AIII inhibits endothelial cell proliferation in HUVECs. a HUVECs were treated with various concentrations of Timo AIII (0.5, 1, 2, 4,
and 8 µM) for 24 h, and cell viability was tested by the MTT assay. b HUVEC cells were cotreated with VEGF (50 ng/mL) and various
concentrations of Timo AIII (0.5, 1, 2, and 4 µM) or SU5416 (1 µM), which served as a positive control, for 24 h, and cell viability was determined
by the MTT assay. c Cell impedance, which was expressed as the cell index and measured by the xCELLigence Real-time cell analysis (RTCA)
system, was used to evaluate the proliferation in HUVECs. HUVECs were treated with VEGF (50 ng/mL), Timo AIII (2 µM), or VEGF (50 ng/mL)+
Timo AIII (2 µM) for 48 h, and cell impedance was detected at 1-h intervals. Data are presented as the percentage of the control group. The
results are presented as the means ± S.E.M. ##P < 0.01 and ###P < 0.001 versus the control group. *P < 0.05, ***P < 0.001 versus the VEGF-
treated group
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VEGF and Timo AIII on cell proliferation during the tube formation
process and found that VEGF treatment with or without Timo
AIII did not significantly affect the cell proliferation of HUVECs
after incubation for 6 h (Fig. 7c). Therefore, we concluded that
the tube formation inhibitory effect of Timo AIII was not
associated with its inhibition of VEGF-induced endothelial cell
proliferation.

Timo AIII affected VEGF/PI3K/Akt/MAPK signaling in HUVECs
Endothelial cell proliferation, migration, and invasion are drama-
tically regulated by the VEGF/VEGFR/MAPK signaling pathway
[25, 30]. As shown from the Western blotting results presented in
Fig. 8a, Timo AIII downregulated the protein levels of VEGFR 1 and
2. The phosphorylation levels of Akt, MEK1/2, and ERK1/2 were
attenuated by treatment with Timo AIII, while the phosphorylation
levels of P38 and JNK were not significantly changed (Fig. 8b–f).
Timo AIII also decreased the expression of JNK (Fig. 8d). In
addition, Timo AIII suppressed the phosphorylation of VEGFR2,
Akt, and ERK1/2 triggered by VEGF (Fig. 9a–c). These results
suggested that the underlying mechanism of the antiangiogenic
effect of Timo AIII might be related to the inhibition of the VEGF/
PI3K/Akt/MAPK signaling pathway.

Transcriptome analysis of Timo AIII-regulated gene expression in
HUVECs and zebrafish embryos
To further clarify the underlying mechanism of the antiangio-
genesis effect of Timo AIII, we conducted RNA-Seq to examine
the genome-wide transcriptional changes between the Timo
AIII-treated group and the control group in both HUVECs and TU

strain zebrafish embryos. The DEGs between the control group
and the Timo AIII-treatment group were identified in both
HUVEC cells and zebrafish. In addition, we performed coexpres-
sion network analysis based on the expression profile normal-
ized by the FPKM using the R package WGCDNA. Network
analysis indicated that 30 and 33 modules were constructed in
Timo AIII-treated HUVEC cells (Fig. S4a) and zebrafish (Fig. S4b),
respectively. Among them, we detected many significant trait-
related modules (Fig. S4a, b). GO and KEGG enrichment analyses
of the highly connected genes in these trait-related modules
demonstrated that many processes and pathways were sig-
nificantly enriched, including angiogenesis, cell motility, cell
adhesion, protein serine/threonine kinase activity, transmem-
brane signaling receptor activity, growth factor activity, etc.
(Fig. S4c–e). These findings were consistent with our experi-
mental results that showed Timo AIII inhibited angiogenesis in
endothelial cells and zebrafish.

DISCUSSION
The present study explored the antiangiogenesis effect of Timo
AIII (Fig. 1) on HUVECs in vitro and zebrafish in vivo. In zebrafish,
we found that Timo AIII inhibited the growth of ISVs and SIVs in a
concentration-dependent manner. In HUVECs, we demonstrated
that Timo AIII attenuated cell proliferation, migration, invasion,
and tube formation. The underlying mechanism might involve the
VEGF/PI3K/Akt/MAPK signaling pathway. This study was the first to
investigate the potential antiangiogenic properties of Timo AIII.
Angiogenesis plays vital roles in tumor growth and metastasis.

Timo AIII was proposed to be a potential natural compound for

Fig. 5 Timo AIII inhibits VEGF-induced migration in HUVECs. The
migration ability of HUVECs was measured by a classical transwell
migration assay. a HUVECs were treated with VEGF (50 ng/mL) and
various concentrations (0.5, 1, 2, and 4 µM) of Timo AIII for 24 h.
HUVECs incubated with 0.1% DMSO served as a vehicle control and
with SU5416 (1 µM) as a positive control. The nuclei of HUVECs were
stained with Hoechst 33342 and produced blue fluorescence when
excited by the UV light. Representative images show the migration
ability of HUVECs under the different treatment conditions. b The
statistical graph shows the quantitative analysis of HUVEC migration.
Data are presented as the cell number per field. The results are
presented as the means ± S.E.M. ###P < 0.001 versus the control
group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus the VEGF-
treated group

Fig. 6 Timo AIII inhibits VEGF-induced invasion in HUVECs. The
invasion ability of HUVECs was measured by a transwell system
coated with Matrigel. a HUVECs were treated with VEGF (50 ng/mL)
and various concentrations (0.5, 1, 2, and 4 µM) of Timo AIII for 24 h.
HUVECs incubated with 0.1% DMSO served as a vehicle control and
with SU5416 (1 µM) as a positive control. HUVECs were stained with
Hoechst 33342. Representative images show the invasion ability of
HUVECs under different treatment conditions. b The statistical graph
shows the quantitative analysis of HUVEC invasion. Data are
presented as the cell number per field. The results are presented
as the means ± S.E.M. ###P < 0.001 versus the control group; **P <
0.01 and ***P < 0.001 versus the VEGF-treated group
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anticancer drug development in recent studies [14]. Although the
anticancer effect of Timo AIII has been demonstrated in various
types of cancers, the antiangiogenesis effect of Timo AIII has not
been elucidated. In our previous studies, our group established
the transgenic zebrafish line Tg(fli-1a: EGFP)y1 and HUVECs as
effective models for antiangiogenesis compound screening and
studying its underlying mechanism [25, 30]. In the present study,
we found that Timo AIII inhibited ISVs and SIVs growth in zebrafish
embryos in a dose-dependent manner (Figs. 2 and 3). These
results provide evidence for the antiangiogenesis effect of Timo
AIII in vivo.
In previous studies, Timo AIII inhibited cell proliferation,

migration, and invasion at concentrations of 1, 3, 6, and 9 µM in
the lung cancer cell line A549 [16]. Timo AIII suppressed the
metastasis of renal carcinoma cells at concentrations of 4, 6,
and 10 µM [31]. Timo AIII attenuated the oncogenic phenotype
of breast cancer cells at concentrations of 2 and 4 µM [32]. Thus,
the concentrations of Timo AIII used in the anticancer studies
varied depending on the cancer types and experimental
conditions.
Endothelial cells play critical roles in vascular functions,

including angiogenesis [26, 33, 34]. Endothelial cell prolifera-
tion initiated the growth of new blood vessels, and Timo AIII
inhibited the proliferation of HUVECs (Fig. 4a). VEGF is an
angiogenesis driver and plays a vital role in the process of
tumor angiogenesis [30]. Timo AIII reduced VEGF-induced

endothelial cell proliferation in HUVECs regardless of its
cytotoxicity (Fig. 4b). Consistently, an RTCA system, which
can detect the impendence of attached cells, also indicated
real-time inhibition of endothelial cell proliferation by Timo AIII
(Fig. 4c). In addition, endothelial cell migration and invasion
were detected by a classic transwell system. We found that
Timo AIII suppressed VEGF-induced endothelial cell migration
and invasion in HUVECs over the range of nontoxic concentra-
tions of Timo AIII (Figs. 5 and 6). These results were consistent
with the antiproliferation, antimigration, and antiinvasion
effects of Timo AIII found in various types of cancer cells
[16, 20]. The tube formation of endothelial cells, which
mimicked 3-D network vascular growth, was measured by an
easily operated µ-Slide coated with Matrigel. Timo AIII
disrupted the tube formation of HUVECs (Fig. 7a, b), while
Timo AIII and VEGF did not affect cell proliferation in HUVECs
(Fig. 7c). HUVECs treated with the specific VEGFR inhibitor
SU5416 served as positive controls in these experiments. Thus,
we concluded that Timo AIII reduced endothelial cell prolifera-
tion, migration, invasion, and tube formation and had an
antiangiogenic effect in HUVECs in vitro. However, Timo AIII
was not cytotoxic and did not affect cell apoptosis or the cell
cycle in HUVECs (Fig. S2 and Table S1). We also tested the
cytotoxicity of Timo AIII on the rat aortic smooth muscle cell
line A7r5 and found that Timo AIII did not significantly inhibit
cell proliferation at concentrations of 0.5, 1, and 2 µM (Fig. S3).

Fig. 7 Timo AIII inhibits endothelial cell tube formation in HUVECs. The tube formation ability of HUVECs was examined by a µ-Slide coated
with Matrigel. a HUVECs were treated with VEGF (50 ng/mL) and various concentrations (0.5, 1, and 2 µM) of Timo AIII for 6 h. HUVECs
incubated with 0.1% DMSO served as a vehicle control and with SU5416 (1 µM) as a positive control. HUVECs were imaged under an inverted
microscope. Representative images show the tube formation ability of HUVECs under different treatment conditions. b The statistical graph
shows the quantitative analysis of HUVEC tube formation. Data are presented as the loop number per field. c HUVECs were treated with VEGF
(50 ng/mL) and various concentrations (0.5, 1, and 2 µM) of Timo AIII for 6 h. Cell viability was tested by the MTT assay. The results are
presented as the means ± S.E.M. #P < 0.05 versus the control group; **P < 0.01 and ***P < 0.001 versus the VEGF-treated group
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These results were consistent with the results in endothelial
cell HUVECs.
Previous studies revealed that Timo AIII induced apoptosis though

the activation of the caspase cascade via the JNK1/2 pathway [23].
Timo AIII reduced hepatocyte growth factor-induced invasion by
ERK inhibition in a breast cancer cell line [20]. Thus, the MAPK
signaling pathway might also be recruited in mechanism of the
antiangiogenesis effect of Timo AIII in endothelial cells. Furthermore,

activation of MAPK signaling mediated by VEGF and VEGFR is an
essential mechanism in angiogenesis [25]. In this study, Timo AIII
downregulated the protein levels of VEGFR 1 and 2 (Fig. 8a). Timo
AIII suppressed the phosphorylation of Akt, MEK1/2, and ERK1/2 but
not P38 and JNK in HUVECs (Fig. 8b–f). Timo AIII also decreased the
expression of JNK (Fig. 8d). Moreover, VEGF stimulated the
phosphorylation of VEGFR2, Akt, and ERK1/2, and Timo AIII also
attenuated these processes (Fig. 9a–c). Cotreatment with Timo AIII

Fig. 8 Timo AIII attenuates the VEGF/PI3K/Akt/MAPK signaling pathway in HUVECs. a–f HUVECs were treated with various concentrations of
Timo AIII (0.5, 1, and 2 µM) for 24 h. HUVECs incubated with 0.1% DMSO served as a vehicle control. Phosphorylated and total proteins were
detected by Western blotting using the specific antibodies. The ratio of phosphorylated and total proteins was calculated. Data are presented
as the fold of the control group. The results are presented as the means ± S.E.M. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the control group
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and VEGF did not decrease the expression of VEGFR2 (Fig. 9a), while
treatment with Timo AIII alone decreased VEGFR2 expression
(Fig. 8a) in HUVECs. These results might be due to the complicated
regulation of VEGF in endothelial cells. These results revealed that
Timo AIII inhibited the VEGF/PI3K/Akt/MAPK signaling pathway in
endothelial cells, which might be the underlying mechanism of the
antiangiogenesis effect of Timo AIII. In addition, the transcriptome
data indicated that several cellular processes and pathways,
including angiogenesis, cell motility, cell adhesion, protein serine/
threonine kinase activity, transmembrane signaling receptor activity,
and growth factor activity, were related to the treatment of HUVECs
and zebrafish embryos with Timo AIII (Fig. S4). These results further
confirmed the antiangiogenesis effect of Timo AIII.

CONCLUSION
In summary, Timo AIII partially disrupted SIVs and ISVs growth in
zebrafish embryos. Timo AIII inhibited endothelial cell prolifera-
tion, migration, invasion, and tube formation in HUVECs. The
underlying mechanism of the antiangiogenesis effect of Timo AIII
might be involved in the inhibition of the VEGF/PI3K/Akt/MAPK
signaling pathway. For the first time, we demonstrated the

antiangiogenesis effect of Timo AIII in HUVECs in vitro and
zebrafish in vivo.
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proteins were detected by Western blotting using the specific antibodies. The ratios of phosphorylated and total proteins were calculated.
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