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Abstract. Anti‑angiogenesis therapy is a novel treat‑
ment method for malignant tumors. Endothelial cell 
(EC) migration is an important part of angiogenesis. 
Dihydroartemisinin (DHA) exhibits strong anti‑angiogenic 
and anti‑EC migration effects; however, the underlying 
molecular mechanisms are yet to be elucidated. The 
TGF‑β1/activin receptor‑like kinase 5 (ALK5)/SMAD2 
signaling pathway serves an important role in the regula‑
tion of migration. The present study aimed to explore 
the effects of DHA treatment on EC migration and the 
TGF‑β1/ALK5/SMAD2 signaling pathway. The effects of 
DHA on human umbilical vein EC migration were assessed 
using wound healing and Transwell assays. The effects of 
DHA on the TGF‑β1/ALK5/SMAD2 signaling pathway 
were detected using western blotting. DHA exhibited an 
inhibitory effect on EC migration in the wound healing and 
Transwell assays. DHA treatment upregulated the expres‑
sion levels of ALK5 and increased the phosphorylation of 
SMAD2 in ECs. SB431542 rescued the inhibitory effect 
of DHA during EC migration. DHA inhibited EC migra‑
tion via the TGF‑β1/ALK5/SMAD2‑dependent signaling 
pathway, and DHA may be a novel drug for the treatment of 
patients with malignant tumors.

Introduction

Angiogenesis is a process in which new blood vessels arise 
from pre‑existing capillaries (1). It is not only fundamental 
to physiological processes, such as the menstrual cycle and 
wound healing (2,3), but also the basis of the pathogenesis of 
tumor growth (4). Angiogenesis promotes tumor progression 
and metastasis (5). Anti‑angiogenic therapy has been approved 
as a novel treatment for malignant tumors, such as medul‑
lary thyroid, non‑small cell lung, renal cell and metastatic 
colorectal cancers (5).

Endothelial cell (EC) migration is the basis of 
angiogenesis (6). In the activation phase of angiogenesis, 
vascular permeability increases, basement membranes are 
degraded and ECs proliferate and migrate into the extracel‑
lular space and form the new capillary buds. These cells stop 
proliferating and migrating in the resolution phase, combine to 
form the basement membrane and facilitate vessel maturation. 
Finally, surrounding the newly formed vessels, mesenchymal 
cells are recruited and differentiate into smooth muscle cells 
and pericytes (1,7).

Dihydroartemisinin (DHA), a derivative of artemisinin, has 
been identified to exert anti‑angiogenic and anti‑EC migration 
effects (8‑10); however, the underlying molecular mechanism 
remains unclear.

TGF‑β1 is the predominant and most ubiquitous member 
of the TGF‑β superfamily and serves a pivotal role during 
angiogenesis (11). TGF‑β1 activates two type‑I receptors 
with opposite effects in EC migration. One of the two type‑I 
receptors is called activin receptor‑like kinase 5 (ALK5). 
This phosphorylates SMAD2 proteins, resulting in inhibition 
of EC migration via the TGF‑β1/ALK5/SMAD2 signaling 
pathway (12). SB‑431542, an ALK5 kinase inhibitor, blocks 
the inhibition of EC migration (13). In contrast to ALK5, 
activin receptor‑like kinase 1 (ALK1), another TGF‑β1 type‑I 
receptor, activates SMAD1/5, resulting in EC migration via the 
TGF‑β1/ALK1/SMAD1/5 signaling pathway (12,14).
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In the present study, it was hypothesized that DHA could 
inhibit EC migration via the TGF‑β1/ALK5/SMAD2 signaling 
pathway. Human umbilical vein ECs (HUVECs) were treated 
with DHA and SB431542, followed by migration assays. The 
effects of DHA treatment on the TGF‑β1/ALK5/SMAD2 
signaling pathway were assessed via western blotting.

Materials and methods

Cell culture. HUVECs were obtained from American Type 
Culture Collection and cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS; Gibco, Thermo Fisher Scientific, 
Inc.) and antibiotics (100 IU/ml penicillin and 100 µg/ml 
streptomycin). The cells were cultured in humidified air at 
37˚C with 5% CO2. DHA was obtained from Sigma‑Aldrich 
(Merck KGaA), and SB431542 was purchased from Cell 
Signaling Technology, Inc. They were both dissolved at 
10 mM in dimethyl sulfoxide.

Cell proliferation assay. The anti‑angiogenesis effect of DHA 
is dose‑dependent. In our previous study, a concentration of 
25 µM or higher of DHA was demonstrated to reduce the 
growth of HUVECs significantly (15). Therefore, 25 µM of 
DHA was used in the present study. An MTT Cell Proliferation 
Assay kit (cat. no. 1009365; Cayman Chemical Company) was 
used to evaluate cell proliferation. The cells were cultured at 
a density of 5x103 cells/well in a 96‑well plate. The next day, 
25 µM DHA was added to the culture medium. Similarly, 
the control groups were treated with equivalent dimethyl 
sulfoxide. After 24 h, MTT solution (10 µl; 5 mg/ml) was 
added to each well, followed by incubation for 4 h. The culture 
medium was discarded, and dimethyl sulfoxide (150 µl) was 
added. These steps were all performed at 37˚C. Finally, a 
96‑well plate reader (Molecular Devices, LLC) was used to 
analyze colorimetric intensity at a wavelength of 570 nm. Each 
experiment was repeated three times.

Wound healing assay. Fully confluent HUVECs were 
starved for 2 h with 2% FBS (a stress growing condition) at 
37˚C. Wounds were created across the monolayer of cells 
by scratching the surface with a sterile pipette tip. Then, 
25 µM DHA or 20 µM SB431542 was added to the DMEM 
supplemented with 10% FBS, a physiological growing condi‑
tion, in DHA treatment group or SB431542 treatment group, 
as previously described (16). Similarly, the control groups 
were treated with equivalent dimethyl sulfoxide. Eventually, 
images were captured after incubation for 0 and 24 h at 
37˚C. ImageJ software 1.4.3 (National Institutes of Health) 
was used to determine cell migration at the 0 and 24 h time 
points. Cells were viewed using x100 magnification with a 
phase‑contrast microscope (Olympus Corporation), as previ‑
ously described (17).

Transwell assay. Briefly, HUVECs (1x105 cells/well) were 
seeded in the upper chamber in 24‑well plates with 25 µM DHA 
or 20 µM SB431542 in DMEM supplemented with 2% FBS. 
Similarly, the control groups were treated with equivalent 
dimethyl sulfoxide. The bottom chambers were filled with 
500 µl DMEM supplemented with 10% FBS overnight at 37˚C. 

After 24 h of incubation, cells that had migrated through the 
membrane were fixed with 79.2% methanol and stained with 
0.1% crystal violet for 30 min at room temperature. Migration 
was quantified by manually counting the number of stained 
cells at x200 magnification with a phase‑contrast microscope 
(Olympus Corporation).

Western blot analysis. Western blotting was performed as 
previously described (17). GAPDH was used as the loading 
control. The following antibodies were used: Rabbit anti‑TGF‑β 
(1:1,000; cat. no. ab66043; Abcam), rabbit anti‑ALK1 
(1:1,000; cat. no. ab108207; Abcam), rabbit anti‑ALK5 (1:1,000; 
cat. no. sc‑398; cat no. F0315; Santa Cruz Biotechnology, Inc.), 
rabbit anti‑phospho‑SMAD2 (1:5,000; cat. no. ab188334; Abcam), 
rabbit anti‑SMAD2 (1:5,000; cat. no. ab40855; Abcam), rabbit 
anti‑GAPDH (1:8,000; cat. no. I0494‑I‑AP; ProteinTech Group, 
Inc.) and goat anti‑rabbit IgG (1:10,000; cat. no. ab150077; 
Abcam).

Reverse transcription‑quantitative (RT‑q)PCR. As previously 
described (18), following the addition of DMSO and DHA, 
HUVECs were cultured for 24 h. HUVECs were washed twice 
using ice‑cold PBS. The RNAiso Plus kit (Takara Bio, Inc.) 
was used to extract total RNA. cDNA was generated using 
a reverse transcriptase kit (ChamQ Universal SYBR qPCR 
Master Mix; cat. no. Q711‑02/03; Vazyme Biotech Co., Ltd.). 
The total RNA (~1,000 ng), 4 x g DNA wiper Mix (4 µl) 
and RNase‑free ddH2O were incubated for 2 min at 42˚C 
in A200 Gradient Thermal cycler (Thermo Fisher Scientific, 
Inc.). After adding 5xHiScriptIII qRT SuperMix into the 
aforementioned mentioned mixture, cDNA was constructed 
at 37˚C 15 min and 85˚C for 5 sec. cDNA was amplified using 
a Taq DNA polymerase kit (Tiangen Biotech Co., Ltd.). The 
qPCR reaction consisted of three steps: Pre‑denaturation 
(95˚C for 30 sec), cyclic reaction (95˚C for 10 sec; 60˚C for 
30 sec; repeated x40) and melting curve (95˚C for 15 sec; 
60˚C for 60 sec; and 95˚C for 15 sec). The primer sequences 
were as follows: ALK5 forward, 5'‑GCC GTT TGA CTG 
AAG GCT G‑3' and reverse, 5'‑GGG CAT CCC AAG CCT 
CAT C‑3'; and GAPDH forward, 5'‑TGA TGA CAT CAA GAA 
GGT GGT GAA G‑3' and reverse, 5'‑TCC TTG GAG GCC ATG 
TGG GCC AT‑3'.

Statistical analysis. Data were expressed as mean ± standard 
error (SE). n=3, indicated that each experiment was repeated 
3 different times. Densitometric analysis of western blots was 
performed using Image J software 1.4.3 (National Institutes 
of Health). An unpaired Student's t‑test or one‑way ANOVA 
followed by the Tukey's multiple comparisons test was used 
for statistical analysis. Statistical analyses were performed 
using GraphPad Pro Prism 5.0 (GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

DHA reduces EC migration. To verify the effects of DHA 
on EC migration, Transwell and wound healing assays 
were performed. The numbers of HUVECs that migrated 
through the polycarbonate membrane in the Transwell assay 
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were significantly reduced (33.25%; P<0.01; Fig. 1A and B). 
Furthermore, the area of the wound in the DHA treatment 
group was significantlyreduced in the wound healing assay 
(43.42%; P<0.05; Fig. 1C and D). It was also demonstrated 
that relative cell proliferation was significantly decreased in 
the DHA‑treated groups in the MTT assay (4.70%; P<0.05; 
Fig. 1E). These data suggested that inhibitory effects of 
DHA on migration were more significant than those on 
proliferation.

DHA treatment increases the expression levels of ALK5. In 
order to examine the activation of two different TGF‑β1 type‑I 
receptors in ECs, the protein expression levels of ALK1 and 
ALK5 were analyzed. The present study revealed significant 
upregulation of ALK5 protein expression in the DHA treat‑
ment group after 16 h of DHA treatment compared with 
control group (164.31%; P<0.01; Fig. 2A and B). However, 
ALK1 protein expression remained unchanged in the DHA 
treatment group (Fig. 2C and D). Additionally, the mRNA 
expression levels of ALK5 were examined, and DHA treat‑
ment upregulated ALK5 expression at the transcriptional level 
in the DHA treatment group (28.97%; P<0.05; Fig. 2E). These 

data demonstrated that DHA‑induced upregulated ALK5 
expression and may not affect the ALK1/SMAD1/5 signaling 
pathways.

DHA treatment increases SMAD2 phosphorylation. When 
the TGF‑β1/ALK5/SMAD2 signaling pathway is activated, 
ALK5 phosphorylates SMAD2. The phosphorylated SMAD2 
is translocated into the nucleus and activates the expression 
of target genes (19). Western blot analysis revealed that the 
levels of phosphorylated SMAD2 in the DHA treatment 
group were increased following DHA treatment (97.49%; 
P<0.05; Fig. 3A and B). Additionally, the expression levels of 
SMAD2 remained unchanged in the DHA treatment group. 
In the presence of SB431542, the increased levels of phos‑
phorylated SMAD2 due to DHA were partially abrogated in 
the DHA and SB431542 treatment groups (39.17%; P<0.01; 
Fig. 3A and B).

SB431542 rescues DHA‑induced repression. SB431542 is an 
effective inhibitor that represses ALK5/SMAD2 phosphoryla‑
tion (13). In the presence of SB431542, DHA did not inhibit EC 
migration, and the reduction in EC migration by DHA was rescued 

Figure 1. Cell migration and proliferation of HUVECs treated with DHA. (A) Representative cell staining images following the Transwell migration assay. 
(B) Relative number of cells migrating through the Transwell membrane. n=3. **P<0.01. (C) Representative images of the wound healing assay. Slim line 
indicates 0 h and the thick line indicates 24 h. (D) Relative migrated area following the wound healing assay. n=3.*P<0.05. (E) Relative cell proliferation in 
MTT assay. n=3. *P<0.05, **P<0.01 vs. Control. DHA, dihydroartemisinin. 
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in the DHA and SB431542 treatment groups in the Transwell and 
wound healing assays (Fig. 4A and B). The data demonstrated that 
the blockade of the TGF‑β1/ALK5/SMAD2 signaling pathway 
mediated the anti‑EC migration effects of DHA.

Discussion

Abnormal angiogenesis serves a crucial role in tumor survival, 
growth, invasion and metastasis (5). Anti‑angiogenic agents, 
such as tyrosine kinase inhibitors, monoclonal antibodies 
and fusion peptides, are increasingly being used as treat‑
ments for certain malignant tumors (20,21). However, the 
targeting of single angiogenic molecules is insufficient against 
the countless stimulators produced by tumors and their 
microenvironment.

DHA has been identified to exhibit remarkable activities, 
such as inhibiting angiogenesis, and inhibiting tube forma‑
tion and EC migration (15,17,22). The present study aimed 
to examine whether DHA inhibited EC migration via the 
TGF‑β1/ALK/SMAD signaling pathway. EC migration is a 
directional movement caused by chemotactic, haptotactic and 
mechanical stimuli, and it is an important part of angiogen‑
esis (6). The dynamic and multistep process of EC migration 
includes cell sensing, extension, attachment, contraction, 
rear release and recycling movement. The whole process is 
affected by cytoskeletal recombination, chemokines, extracel‑
lular matrix, integrin chemotaxis, mechanical stimulation and 
signaling pathways (23). In our previous study, DHA exhibited 
dose‑dependent anti‑angiogenic effects, and treatment with 
≥25 µM DHA markedly reduced the proliferation of ECs (15). 

Figure 2. Effect of DHA on the expression of two distinct TGF‑β1 type I receptor. (A) Representative immunoblot of ALK5 treated with DHA. 
(B) Densitometric analysis of the blots of ALK5 treated with DHA. n=3. **P<0.01. (C) Representative immunoblot of ALK1 treated with DHA. 
(D) Densitometric analysis of the blots of ALK1 treated with DHA. n=3. ns, non‑significant.  (E) Relative ALK5 mRNA expression in HUVEC treated with 
DHA. n=3. *P<0.05. ns, non‑significant; ALK, activin receptor‑like kinase; DHA, dihydroartemisinin. 

Figure 3. Effect of DHA and SB431542 on the activation of TGF‑β1/ALK5/SMAD2 in endothelial cells. (A) Representative immunoblot of SMAD2, 
phospho‑SMAD2, and GAPDH of HUVECs treated with DHA and SB431542. (B) Densitometric analysis of the blots of phospho‑SMAD2 and SMAD2 
treated with DHA and SB431542.n=3. *P<0.05; **P<0.01. p‑, phosphorylated‑; DHA, dihydroartemisinin; ALK, activin receptor‑like kinase. 
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Consistent with our previous studies (15,17), DHA treatment 
in the present study not only inhibited proliferation, but also 
inhibited migration. It was demonstrated that the inhibitory 
effects of DHA on migration were more significant than the 
effect on proliferation in the present experiments.

TGF‑β1 is primarily synthesized by platelets, dendritic 
cells, epithelial cells, fibroblasts, lymphocytes and macro‑
phages/monocytes (24). TGF‑β1 is released from cells or 
extracellular matrix‑binding protein as an inactive precursor. 
In the blood and tissues, TGF‑β1 is almost undetectable in 
its active form (25). DHA may regulate TGF‑β1 activity by 
increasing its synthesis and bioavailability, as reported in 
previous studies (26).

TGF‑β1 serves a pivotal role during angiogenesis (11,27). 
It induces ALK1 activation, resulting in increased migration, 
and activates ALK5, resulting in inhibition of the migration of 
ECs (7). In ECs, the coexistence of the ALK1/SMAD1/5 and 
the ALK5/SMAD2 signaling pathways is dependent on the 
pattern of genes activated in a given circumstance (28). ALK1 
signaling requires intact ALK5 for activation via TGF‑β1 (14). 
ALK5 is required in order to recruit ALK1 into a heteromeric 
complex with type‑II TGF‑β receptor, and ALK5 promotes 
ALK1 kinase activity and SMAD1/5 phosphorylation. 

Additionally, SB‑431542 has been demonstrated to abrogate 
both TGFβ‑induced SMAD2 and SMAD1/5 activation (14). 
More specifically, ALK5/SMAD2 is directly antagonized 
by ALK1 (14). ALK1 negatively regulates TGF‑β1 signaling 
by ALK5 through a promoter construct, p3TP‑Lux, which 
contains multiple copies of the TGF‑β1 response elements in 
human hepatoblastoma cell line (HepG2) cells (29). Moreover, 
overexpression of wild‑type or constitutively active (ca) ALK1 
inhibited TGF‑β‑ or caALK5‑induced12‑luc reporter in mouse 
embryonic endothelial and HepG2 cells (14). However, in the 
present study, no significant changes in ALK1 expression 
levels in ECs treated with DHA were observed. DHA treat‑
ment upregulated the expression levels of ALK5 and increased 
the phosphorylation of SMAD2. In the presence of SB431542, 
DHA did not activate the TGF‑β1/ALK5/SMAD2 signaling 
pathway or induce a decrease in EC migration. The current 
findings suggested that DHA inhibited EC migration via the 
TGF‑β1/ALK5/SMAD2‑dependent signaling pathway and 
may not influence the ALK1 signaling pathways.

The TGF‑β1/ALK5/SMAD2 signaling pathway has been 
reported to be upregulated by artemisinin and its deriva‑
tives (30). It may downregulate different cytokines, such as the 
Rho small GTPases, cell division cycle 42 and phosphoinositide 

Figure 4. Effects of SB431542 on DHA‑induced repression of migration. (A) Representative cell staining images following the Transwell migration assay. 
(B) Representative images of the wound healing assay. (C) Transwell migration assay for HUVECs treated with SB431542 in the absence or presence of DHA. 
n=3. (D) Wound healing assay for HUVECs treated with SB431542 in the absence or presence of DHA. n=3. ns, not significant; DHA, dihydroartemisinin. 
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3‑kinase, to inhibit EC sensing of the motile stimuli, formation 
of protruding lamellipodia, cellular extension, attachment and 
contraction in order to inhibit EC migration (31‑36).

In conclusion, the present results demonstrated that 
treatment with DHA inhibited EC migration via the 
TGF‑β1/ALK5/SMAD2 signaling pathway. These experiments 
may offer novel insights into the anti‑angiogenic effects of DHA 
against malignant tumors. DHA may represent a novel drug that 
may improve the survival rate of patients with malignant tumors.
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