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Abstract. Angiogenesis is required for the growth and metas-
tasis of solid tumors. The anti‑malarial agent dihydroartemisinin 
(DHA) demonstrates potent anti‑angiogenic activity, but the 
underlying molecular mechanisms are not yet fully understood. 
During the process of angiogenesis, endothelial cells migrating 
from existing capillaries may undergo programmed cell death 
after detaching from the extracellular matrix, a process that is 
defined as anchorage‑dependent apoptosis or anoikis. In the 
present study, DHA‑induced cell death was compared in human 
umbilical vein endothelial cells (HUVECs) cultured in suspen-
sion and attached to culture plates. In suspended HUVECs, the 
cell viability was decreased and apoptosis was increased with 
the treatment of 50 µM DHA for 5 h, while the same treatment 
did not affect the attached HUVECs. In addition, 50 µM DHA 
increased the phosphorylation of c‑Jun N‑terminal kinase (JNK) 
in suspended HUVECs, but not in attached HUVECs, for up 
to 5 h of treatment. The JNK inhibitor, SP600125, reversed 
DHA‑induced cell death in suspended HUVECs, suggesting 
that the JNK pathway may mediate DHA‑induced endothelial 
cell anoikis. The data from the present study indicates a novel 
mechanism for understanding the anti‑angiogenic effects of 
DHA, which may be used as a component for chemotherapy.

Introduction

Angiogenesis is an important physiological process, through 
which novel blood vessels develop from existing vessels (1). 

Persistent and uncontrolled angiogenesis is involved in the patho-
genesis of rheumatoid arthritis, atherosclerosis, diabetes, ocular 
retinopathy and tumors (2,3). In particular, tumor angiogenesis 
is crucial for solid tumor growth, invasion and metastasis (4). 
During tumor growth, the production of angiogenic factors, 
including members of the vascular endothelial growth factor 
(VEGF) and fibroblast growth factor (FGF) families, from 
tumor cells results in the induction of capillary spouting and the 
subsequent growth of novel vessels in tumors from surrounding 
host vessels (3,5). As the vessels in the tumor are tortuous, with 
sluggish flow and a lack of surrounding pericytes, tumor cells 
readily invade into novel vessels and form tumor emboli (3). 
In addition, tumor cells seed in distance organs, where they 
undergo secondary angiogenesis. Therefore, the disruption of 
angiogenesis has been considered as an effective therapeutic 
strategy in the treatment of solid tumors (6).

Angiogenesis is a multi‑step process involving endothelial 
cell activation, proliferation, migration, differentiation, matu-
ration and tube formation (3,7). Endothelial cells are central 
for angiogenesis. Previous studies have demonstrated that the 
inhibition of endothelial cell death is an essential prerequisite to 
maintain vascular remodeling and angiogenesis (8). There are 
several types of morphological distinct cell death exhibited by 
endothelial cells (9). Adhesion to the extracellular matrix (ECM) 
is a crucial for survival of endothelial cells (7). During tumor 
angiogenesis, the vascular basement membrane is degraded 
after endothelial cell activation, and then the endothelial cells 
migrate into the subendothelial space without attachment to 
the ECM (8). Similarly to other anchorage‑dependent cells, 
endothelial cells undergo cell death after detachment from the 
underlying ECM, which is defined as anoikis (10).

Anti‑malarial agent dihydroartemisinin (DHA) is a 
semi‑synthetic derivative of artemisinin that is extracted 
from the herbaceous plant, Artemisia  annua  (11). DHA 
exhibits potent antitumor and anti‑angiogenesis effects and 
has therefore emerged as a potential component for cancer 
chemotherapies (12). DHA inhibits endothelial cell proliferation 
and migration via the downregulation of the nuclear factor‑κB 
and extracellular signal‑regulated kinase (ERK) signaling 
pathways  (13‑15). Several studies have suggested that the 
anti‑angiogenic effects of DHA may be partly associated with 
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its role in promoting the apoptosis of endothelial cells (12,16). 
However, the effects of DHA on endothelial cell anoikis have 
not yet been studied.

In the present study, human umbilical vein endothelial cells 
(HUVECs) in suspension were used as a model for anoikis. The 
cells in suspension or attached to culture plates were treated 
with DHA. The cell death of HUVECs in these two models was 
determined. Notably, 5 h treatment of 50 µM DHA significantly 
increased the cell death of HUVECs in suspension, but not 
for HUVECs attached to the plates. In addition, DHA specifi-
cally activated the c‑Jun N‑terminal kinase (JNK) pathway in 
suspended HUVECs, and the inhibition of the JNK pathway 
reversed the cell death of HUVECs in suspension. These results 
suggest that DHA promotes endothelial cell anoikis via the 
activation of the JNK pathway.

Materials and methods

Cell culture. HUVECs were purchased from Lonza Group Ltd. 
(Basel, Switzerland) and were cultured in endothelial basal cell 
medium‑2 supplemented with EGM‑2‑MV bullet kit (Lonza 
Group Ltd.) and antibiotics (100 international units/ml penicillin 
and 100 µg/ml streptomycin). The cells were cultured at 37˚C 
in a humidified atmosphere containing 5% CO2. The HUVECs 
grown on culture plates were used as attached cells. A group of 
confluent cells were trypsinized for 2 min and detached to form 
single cell suspension. These cells were cultured in suspen-
sion by slow rotation in culture flasks and collected at 5 h as 
suspended HUVECs. DHA (Sigma‑Aldrich, St. Louis, MO, 
USA) and the JNK inhibitor, SP600125 (Cell Signaling Tech-
nology, Inc., Danvers, MA, USA), were dissolved in dimethyl 
sulfoxide (DMSO).

Trypan blue exclusion assay. Cell viability was assessed at 
5 h after 50‑µM DHA treatment. The single cell suspensions 
were prepared and diluted 1:1 with 0.4% trypan blue (w/v in 
0.9% NaCl; Santa Cruz Biotechnology, Dallas, TX, USA). The 
dye‑free cells were calculated under a light microscope.

Flow cytometry. The cell death of HUVECs induced by DHA 
was detected by using Annexin V‑fluorescein isothiocyanate 
(FITC) and propidium iodide (PI) staining (NeoBioscience, 
Shenzhen, China), according to the manufacturer's instructions. 
Briefly, single cell suspensions from attached or suspended 
HUVECs were prepared, washed with phosphate‑buffered 
saline (PBS) and resuspended in binding buffer containing 
Annexin V‑FITC (0.25%) and PI (1  µg/ml). An aliquot of 
1x105 cells were examined using a FACSAria II flow cytom-
eter (BD Biosciences, San Jose, CA, USA). The percentages of 
positive cells were analyzed using the FACSDiva version 6.0 
acquisition and analysis software (BD Biosciences).

Western blotting. HUVECs were collected and washed with 
cold PBS, then lysed in radioimmunoprecipitation assay buffer 
[20 mM Tris (pH 7.5), 150 mM NaCl, 50 mM NaF, 1% NP40, 
0.1% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM 
ethylenediaminetetraacetic acid, 1 mM phenylmethane sulfonyl 
fluoride and 1 mg/ml leupeptin]. Protein concentrations were 
determined using bicinchoninic acid assay (Bio‑Rad Laborato-
ries, Inc., Hercules, CA, USA). Equal amounts of protein were 

separated by 8% SDS‑polyacrylamide gel electrophoresis and 
transferred to the polyvinylidene fluoride (PVDF) membrane. 
After being blocked with 5% skimmed milk overnight, the 
PVDF membranes were incubated with primary antibodies in 
PBS‑Tween at 4˚C. The primary antibodies used were rabbit 
monoclonal anti-phosphorylated‑ (p‑)JNK (1:500; 4668; Cell 
Signaling Technology, Inc.), rabbit polyclonal anti-JNK (1:500; 
9252; Cell Signaling Technology, Inc.) and rabbit polyclonal 
anti‑glyceraldehyde 3‑phosphate dehydrogenase (GAPDH; 
1:5,000; SAB2100894, Sigma‑Aldrich). Immunoreactivity was 
visualized by using a horseradish peroxidase‑conjugated goat 
anti-rabbit immunoglobulin G secondary antibody (1:2,000; 
7074; Cell Signaling Technology, Inc.) and a chemilumines-
cence kit (Pierce ECL; Thermo Fisher Scientific, Inc., Waltham, 
MA USA). The densitometry analyses were performed using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA). GAPDH levels were used as controls for protein loading.

Statistical analyses. Each experiment was performed at least 
3  times. Statistical analyses were performed using SPSS 
version 11.5 (SPSS, Inc., Chicago, IL, USA). The results are 
presented as the mean ± standard deviation. A Student's t‑test 
was used for statistical comparisons between two groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

DHA inhibits the cell viability of suspended endothelial cells. 
The effects of DHA on the cell viability of HUVECs were eval-
uated by trypan blue exclusion assay. After 5 h in suspension, 
the cell viability of HUVECs in the non‑treatment group was 
significantly decreased compared with the attached HUVECs 
(88.3±4.6% vs. 73.6±3.1%; P=0.03). The percentage of viable 
cells in attached HUVECs was not affected by 50 µM DHA after 
5 h incubation (88.3±4.6% vs. 90.7±6.1%; P=0.23) (Fig. 1A). 
However, the percentage of viable cells in suspended HUVECs 
was significantly decreased after the same DHA treatment 
(73.6±3.1% vs. 58.7±8.1%; P=0.02) (Fig. 1B). Therefore, DHA is 
likely to inhibit the cell viability of suspended endothelial cells 
but not attached endothelial cells.

DHA induces apoptosis in suspended endothelial cells. To 
investigate the apoptotic status of the unviable cells, HUVECs 
with DHA treatment were analyzed by flow cytometry with 
Annexin V and PI staining. Consistent with viability assays, 
increased apoptosis was observed in suspended HUVECs 
compared with attached HUVECs in the non‑treatment 
group (15.9±2.1% vs. 27.1±3.5%; P=0.04), suggesting that the 
suspended endothelial cells undergo anoikis. DHA did not 
alter apoptosis in attached HUVECs (15.9±2.1% vs. 16.3±1.7%; 
P=0.31) (Fig. 1C), but induced a significant increase of the apop-
tosis in suspended HUVECs (27.1±3.5% vs. 39.3±4.4%; P=0.02) 
(Fig. 1D). This indicates that DHA specifically enhances anoikis 
in endothelial cells.

DHA activates the JNK pathway in suspended endothelial cells. 
JNK is one of the major components of the mitogen‑activated 
protein kinase cascade, and participates in cell death signaling 
pathways (17). Studies have suggested that the JNK pathway 
may mediate anoikis in epithelial cells (18,19). Therefore, the 
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present study examined the activation of JNK in DHA treated 
HUVECs by western blotting. As shown in Fig. 2A and B, 
for up to 5 h incubation with 50 µM DHA, the level of p‑JNK 
remained unchanged in attached HUVECs (P=0.13). However, 
the same treatment of DHA significantly increased p‑JNK in 
suspended HUVECs (P=0.01) (Fig. 2C and D), suggesting that 
DHA activates JNK pathway in suspended endothelial cells but 
not in attached endothelial cells.

JNK inhibitor SP600125 reverses HUVEC anoikis induced by 
DHA. SP600125 is a cell‑permeable and selective inhibitor of 
the JNK pathway (20). To further verify the role of the JNK 
signaling pathway in the cell death of suspended HUVECs, 
10  µM SP600125 was applied to suspended HUVECs for 
1 h prior to DHA treatment. Fig. 3A indicates that SP600125 
successfully prevented the increase of p‑JNK. SP600125 
treatment abrogated the decrease of viable cells in suspended 
HUVECs treated with DHA (74.6±4.5% vs. 78.9±6.6%; P=0.19) 
(Fig. 3B). SP600125 also attenuated DHA‑induced apoptosis 
in suspended HUVECs (28.6±2.5% vs. 30.3±4.9%; P=0.12) 
(Fig. 3C). These results suggest that JNK signaling pathway 
mediates DHA induced anoikis in endothelial cells.

Discussion

DHA possesses strong anti‑angiogenic activities, but the 
molecular mechanisms are not yet fully understood (13,14,21). 

The present study examined the effects of DHA on endothe-
lial cell death in attached and suspended HUVECs. After 
5 h incubation, 50 µM DHA induced cell death in suspended 
endothelial cells, but not in attached endothelial cells. In addi-
tion, DHA increased the expression of p‑JNK, and blocking the 
JNK pathway abrogated DHA‑induced cell death in suspended 
endothelial cells. The present study indicates that DHA induces 
endothelial cell anoikis via activation of the JNK pathway.

Anoikis is induced by lack of correct cell or ECM attachment, 
and anoikis resistance is important for tumor metastasis (10). 
During tumor angiogenesis, a group of endothelial cells 
migrate across the basement membrane, leading to insufficient 
cell‑matrix interactions and subsequent anoikis (1). Consistent 
with the findings of other reports, the present study revealed the 
additional occurrence of cell death in untreated endothelial cells 
in suspension, a model in which endothelial cells are completely 
detached from the ECM. Endothelial cell anoikis is crucial for 
tumor angiogenesis and presents a target for anti‑angiogenic 
therapy. In the current study, treatment with a low concentra-
tion of DHA (50 µM) for a short‑term exposure time (5 h) was 
observed to induce cell death in suspended HUVECs. The same 
treatment did not affect cell survival of attached HUVECs. 
This suggests that DHA inhibits angiogenesis, which is at least 
partially due to the induction of endothelial cell anoikis.

The JNK pathway, which appears to be activated by detach-
ment from the ECM, is critical for tumor cell apoptosis (22). 
However, its role in anoikis has been controversial. Several studies 

Figure 1. Viability and apoptosis of HUVECs treated with DHA. Percentages of viable cells from (A) attached or (B) suspended HUVECs treated with 50 µM 
DHA for 5 h; n=4. *P<0.05 vs. DHA (‑). Representative images of (C) attached or (D) suspended HUVECs treated with 50 µM DHA for 5 h by flow cytometry 
analysis with Annexin V/PI‑staining. DHA, dihydroartemisinin; HUVEC, human umbilical vein endothelial cell; n.s., non‑significant; PI, propidium iodide; 
FITC, fluorescein isothiocyanate.
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have reported that the activation of the JNK signaling pathway 
mediates anoikis in cancer cell lines (19,23,24). In addition, B cell 
lymphoma‑2 has been found to suppress the suspension‑induced 
activation of JNK signaling, which requires the proteolytic func-
tion associated with interleukin‑1‑β‑converting enzyme (18). 
Conversely, the study by Khwaja et al (25) reported that the 

JNK pathway is not associated with anoikis in epithelial cells. 
In the present study, DHA was demonstrated to promote anoikis 
in suspended HUVECs through activation of the JNK signaling 
pathway. In endothelial cells, detachment results in a rapid rise 
in the level of reactive oxygen species (ROS), which modulate 
the activity of the JNK signaling pathway (26). DHA increases 

Figure 3. JNK inhibitor, SP600125, reverses the viability and apoptosis of suspended HUVECs induced by DHA. (A) Representative immunoblots of p‑JNK 
and JNK in suspended HUVECs treated with DHA and SP600125. (B) Percentage of viable cells from suspended HUVECs treated with DHA and SP600125; 
n=4. (C) Representative images of flow cytometry analyses of Annexin V/PI‑staining in suspended HUVECs treated with DHA and SP600125. DHA, dihydro-
artemisinin; JNK, c‑Jun N‑terminal kinase; p‑JNK, phosphorylated‑JNK; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase; HUVEC, human umbilical 
vein endothelial cell; n.s., non‑significant; PI, propidium iodide; FITC, fluorescein isothiocyanate.

Figure 2. DHA activates JNK signaling pathway in suspended HUVECs. (A) Representative immunoblots and (B) densitometry analysis of p‑JNK and JNK 
in attached HUVECs treated with 50 µM DHA for 5 h; n=3. (C) Representative immunoblots and (D) densitometry analysis of p‑JNK and JNK in suspended 
HUVECs treated with 50 µM DHA for 5 h; n=3. **P<0.01 vs. DHA (‑). DHA, dihydroartemisinin; JNK, c‑Jun N‑terminal kinase; p‑JNK, phosphorylated‑JNK; 
GAPDH, glyceraldehyde 3‑phosphate dehydrogenase; HUVEC, human umbilical vein endothelial cell; n.s., non‑significant.
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the level of ROS in several cancerous cell lines (27,28). Another 
artemisinin derivative, artesunate, significantly inhibits corneal 
neovascularization by inducing ROS‑dependent apoptosis in 
vascular endothelial cells (29). Therefore, DHA may induce an 
increase in ROS and then activate then JNK signaling pathway 
in suspended HUVECs.

The JNK pathway may also interact with focal adhesion 
kinase (FAK) signaling in mediating anoikis. FAK is a key 
component of cell‑substratum adhesions, and disruption of FAK 
signaling results in a loss of substrate adhesion and anoikis in 
endothelial cells (30). Glucocorticoids induce osteocyte anoikis 
by blocking FAK signaling and activating JNK. In addition, 
FAK blocks the ras‑related C3 botulinum toxin substrate 1/JNK 
pathway in vascular smooth muscle cells (31). However, in lung 
adenocarcinoma cells, FAK regulates anoikis independently 
of the JNK pathway (32). DHA directly decreases the level 
of p‑FAK in ovarian cancer cells (33). Thus, the role of FAK 
signaling in DHA induced anoikis requires further investiga-
tion.

In summary, the present study demonstrates that DHA 
induces endothelial cell anoikis, which is mediated by the 
activation of the JNK pathway. DHA may be considered as a 
promising angiogenesis inhibitor for clinical application. The 
findings of the present study will aid the current understanding 
of the molecular mechanisms underlying the anti‑angiogenic 
effects of DHA.
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