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BACKGROUND AND PURPOSE
Bleomycin (BLM), one of the most common sclerosants, is often used to treat venous malformations (VMs). The present study
was designed to investigate whether endothelial mesenchymal transition (EndoMT) contributes to the therapeutic effects of
BLM.

EXPERIMENTAL APPROACH
Endothelial and mesenchymal markers of HUVECs were measured by immunofluorescence, real-time quantitative PCR and
Western blot analysis. Cell migration and tube formation assays were performed to evaluate endothelial cell function. Slug
small-interfering RNA and specific inhibitors [Z-VAD-FMK for pan caspases, rapamycin for mammalian target of rapamycin
(mTOR)] were used to investigate the mechanism.

KEY RESULTS
Long term (48 h or longer) treatment with BLM (0.1 mU·mL−1) induced EndoMT in HUVECs, as manifested by a reduction in
the expression of vascular endothelial-cadherin and an up-regulation in the expression of α-smooth muscle actin and
fibroblast specific protein-1, as well as activation of the transcription factor Slug. The size and protein content of the
transformed cells were increased. BLM also enhanced the migration of HUVECs but diminished their tube formation. By
employing rapamycin, we demonstrated that activation of the mTOR pathway is involved in BLM-induced EndoMT in
HUVECs.

CONCLUSIONS AND IMPLICATIONS
Our results show that a Slug-dependent EndoMT process is involved in BLM-induced therapeutic effects on endothelial cells
and, more importantly, indicate the potential role of this process in the sclerotherapy of VMs.

Abbreviations
α-SMA, α-smooth muscle actin; EndoMT, endothelial mesenchymal transition; FSP-1, fibroblast specific protein-1;
mTOR, mammalian target of rapamycin; siRNA, small-interfering RNA; VE-cadherin, vascular endothelial-cadherin;
VMs, venous malformations
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Introduction

Venous malformations (VMs) are the most frequent slow-flow
vascular malformations, which are composed of dilated and
serpiginous channels (Wouters et al., 2010). Pharyngeal or
laryngeal VMs can compromise the airways of individuals
and cause snoring, and even sleep apnoea (McRae et al.,
2013). They can also be life-threatening as they may bleed,
expand or obstruct vital structures (McRae et al., 2013). The
current treatments for VMs include surgical resection, laser
therapy and sclerotherapy (Dompmartin et al., 2010; McRae
et al., 2013). Based on the specific histological characteristics,
represented as enlarged venous channels lined by a single
flattened layer of endothelial cells surrounded by sparse
smooth muscle cells, intralesional sclerotherapy is now
widely accepted as the preferred treatment to diminish the
volume of the disease (Odeyinde et al., 2013).

Bleomycin (BLM) is a gentle and effective sclerosant and
has been widely used to treat vascular malformations, includ-
ing VMs (Muir et al., 2004). The underlying mechanism of
BLM-induced sclerotherapy was traditionally considered to
be the obliteration of enlarged channels induced by endothe-
lium damage as a result of acute or chronic inflammation and
fibrosis (Yamamoto and Katayama, 2011). However, evidence
is now emerging that treatment with BLM affects the adhe-
sion molecules of the endothelium and destroys intercellular
interactions (Horikawa et al., 2006; Ohta et al., 2012). In addi-
tion, it has been found that the expression levels of tight
junction proteins in endothelial and alveolar epithelial cells
are down-regulated during BLM-induced lung injury (Ohta
et al., 2012). However, the precise mechanisms underlying
the above changes induced by BLM still need to be clarified.

BLM is also a common inducer of fibrosis and has been
frequently used for establishing models of pulmonary fibrosis
(Harrison and Lazo, 1987; Mouratis and Aidinis, 2011).
Notably, in a recent study it was found that the pulmonary
endothelial cells within a BLM-induced pulmonary model
had undergone distinct morphological changes, which were
further identified as endothelial mesenchymal transition
(EndoMT) (Hashimoto et al., 2010). EndoMT is a process by
which endothelial cells lose their polarities and cobblestone-
like morphologies, and change into fibroblast-like cells,
express fibroblast proteins and lose their intrinsic endothelial
markers, such as CD31 and vascular endothelial (VE)-
cadherin (Arciniegas et al., 2005; Zeisberg et al., 2007). The
process is similar to epithelial mesenchymal transition (EMT),
which is a common phenomenon during development and
tumorigenesis (Thiery et al., 2009). It has been demonstrated
that both EndoMT and EMT are usually regulated by two
types of transcription factors, the basic helix-loop-helix tran-
scription factors, which include E12/E47 and twist, and the
zinc finger transcription factors, which include Snail, Slug,
Zeb1 and Zeb2 (also called SIP1) (Piera-Velazquez et al., 2011).

In the present study, we showed that continuous treat-
ment with BLM induced changes in endothelial cells that
appeared to be EndoMT. Additionally, our data also suggest
that the transformation induced by BLM was regulated by the
EMT-related transcription factor Slug in an Akt/mammalian
target of rapamycin (mTOR) pathway-dependent manner.
Most importantly, up-regulated expression of Slug was also

detected in human BLM-treated VM specimens. Collectively,
our results show that Slug-dependent EndoMT is involved in
BLM-induced therapeutic effects on endothelial cells and,
more importantly, indicate its potential role in the sclero-
therapy of VMs.

Methods

Regents and antibodies
Culture media and buffers were purchased from Gibco
(Carlsbad, CA, USA). BLM and rapamycin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Z-VAD-FMK was
purchased from Merck (Darmstadt, Germany). Primary anti-
bodies against Akt, phosphorylated Akt, mTOR, phosphor-
ylated mTOR, S6, phosphorylated S6, cleaved-caspase 3,
VE-cadherin and Slug were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Primary antibodies
against α-smooth muscle actin (α-SMA) and fibroblast
specific protein-1 (FSP-1) were purchased from Epitomics
(Burlingame, CA, USA). Primary antibodies against CD34 and
GAPDH were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). For small-interfering RNA (siRNA)-
mediated inhibition, siRNA sequences against human
Slug (5′-CAGACCCATTCTGATGTAAAG-3′) were cloned into
pBRsi-hU6 lentiviral vector systems. The negative control
siRNA and lentiviral vector package were provided by
Genechem (Shanghai, China). The RNA interference effi-
ciency has been confirmed in our previous study (Jia et al.,
2012).

Cell culture
HUVECs were isolated from human umbilical cord veins by
collagenase treatment as previously described (Zou et al.,
2013). HUVECs were cultured in endothelial basal medium
(EBM; Cambrex Bio Science, Walkersville, MD, USA) supple-
mented with 20% fetal bovine serum, SingleQuot (Cambrex
Bio Science), and penicillin-streptomycin-fungizone mixture.
The cells in the present study were used in passages 2–7. Cell
volume was measured by the Vi-CELL cell viability analyser
(Beckman Coulter, Fullerton, CA, USA), and cell content was
measured by bicinchoninic acid (BCA) protein assay kit
(Pierce Chemical, Rockford, IL, USA) according to the manu-
facturer’s recommendations.

Clinical samples and immunohistochemistry
Twenty VMs (including 10 cases without BLM treatment, and
10 cases with BLM treatment) were collected after clinical
surgical resections at the Hospital of Stomatology, Wuhan
University. All specimens were fixed in buffered 4% paraform-
aldehyde and embedded in paraffin. The procedures conform
to the principles outlined in the Declaration of Helsinki. The
study was approved by the review board of the Ethics Com-
mittee of the Hospital of Stomatology, Wuhan University. The
diagnosis of venous malformation was established on the basis
of pathological findings according to the classification system
of vascular lesions proposed by Marler and Mulliken (2001).

Endothelial cell migration assay
Endothelial cell migration was detected by Transwell Boyden
chamber assay (Becton-Dickinson, Franklin Lakes, NJ, USA).
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Briefly, the medium containing a chemoattractant (VEGF,
5 ng·mL−1) was added to the lower chambers, and then
HUVECs (5 × 105) were suspended in 100 μL of serum-free
EBM and seeded obto the upper chambers. After incubation
at 37°C for 12 h, the migrated cells were fixed with methanol,
stained with crystal violet, and then photographed and
analysed.

Tube formation assay
HUVECs (2 × 105 cells) with or without BLM pretreatment
were seeded onto 6 cm culture dishes coated with BD
Matrigel™ Matrix (Becton-Dickinson) and incubated for 24 h
at 37°C. After that, the formation of capillary-like structures
was fixed and stained with PI, then observed using a fluores-
cence microscope (Leica, Solms, Germany); the tubes were
scanned and counted using Image-Pro Plus 5.2 (Media Cyber-
netics, Silver Spring, MD, USA).

DNA fragmentation assay
The induction of apoptosis by BLM in HUVECs was deter-
mined by analysis of cytoplasmic histone-associated DNA
fragmentation. Briefly, HUVECs at 1 × 104 per well were
plated on 96-well plates and incubated with or without BLM
for 72 h. Then, cytoplasmic histone-associated DNA fragmen-
tation was determined with the cell death detection ELISAPLUS

kit (Roche Applied Science, Penzberg, Germany) according to
the manufacturer’s instructions.

Immunofluorescence analysis for cells
The localization of VE-cadherin and α-SMA was detected by
indirect immunofluorescence analysis. In brief, HUVECs were
grown on glass coverslips with indicated treatment. Then,
cells were washed with PBS, fixed in 100% methanol at −20°C
and blocked in 10% non-immune goat serum for 1 h at
room temperature. After that, cells were incubated with the
primary antibody indicated at a dilution of 1:200 overnight
at 4°C followed by incubation with DyLight488-conjugated
secondary antibody (1:400; Jackson Lab, West Grove, PA,
USA) for 1 h at room temperature. The nuclei were stained
with DAPI, and the coverslips were mounted on a microscope
slide with embedding medium (Invitrogen, Carlsbad, CA,
USA). The cells were observed and photographed with a fluo-
rescence microscope (Leica).

Real-time quantitative PCR
Isolation of total RNA, synthesis of cDNA and real-time quan-
titative PCR were carried out as described previously (Sun
et al., 2010). Briefly, total RNA was isolated with TRIzol
reagent (Invitrogen). Aliquots (1 μg) of RNA were reverse
transcribed to cDNA (20 μL) with oligo(dT) and M-MuLV
reverse transcriptase (Fermentas, Glen Burnie, MD, USA).
One-fifth of the cDNA was used as a template for PCR using
SYBR Premix Ex Taq™ (Perfect Real Time) kits (Takara, Kyoto,
Japan) in an ABI 7500 real-time PCR system (Applied Biosys-
tems, Foster City, CA, USA). GAPDH was selected as an inter-
nal control for each experiment. The primer nucleotide
sequences for PCR are presented in Supporting Information
Table S1.

Western blot analysis
The proteins in corresponding cells were collected, and the
concentration of protein in supernatants was estimated using

the BCA assay (Pierce, Rockford, IL, USA). Subsequently, 30 μg
of protein was separated on 10% SDS-polyacrylamide gels and
was electroblotted on PVDF membranes (Roche Applied
Science). The blots were blocked overnight with 5% non-fat
dry milk and probed with primary antibodies at dilutions
recommended by the suppliers. Immunoblots were detected
by HRP-conjugated secondary antibody (Pierce) using a
chemiluminescence kit (Pierce) and photographed.

Statistical analysis
All values are expressed as the mean ± SEM of three independ-
ent experiments. Data analyses were conducted using Orig-
inPro 8.6.0 (OriginLab Corporation, Northampton, MA,
USA). One-way ANOVA and the Student–Newman–Keuls test
were used for statistical analysis. P < 0.05 was considered
statistically significant.

Results

BLM treatment induces EndoMT
Continuous BLM treatment for 72 h at 0.05 and 0.1 mU·mL−1

caused dramatic changes in HUVECs. The cell morphology
was changed from a cobblestone-like shape to an elongated
and spindle-shape (Figure 1A). Moreover, the intercellular
adhesion molecule VE-cadherin, located at the borders of the
control cells, was significantly down-regulated in the BLM-
treated cells (Figure 1B and C). Correspondingly, an increase
in α-SMA expression was observed in the treated group. Also,
a decreased expression of CD31 and elevated levels of FSP-1
were confirmed by Western blot analysis (Figure 1C). Moreo-
ver, during the transformation the expressions of VE-
cadherin, CD31 and CD34 mRNA were down-regulated, but
the expressions of the mRNA of fibroblast markers, including
α-SMA, FSP-1 and fibrosis proteins fibronectin and collagen I
(Col I), were increased (Figure 1D and E). In addition, the size
of the cells was enlarged and their protein content increased
during the transformation (Figure 1F). Because an increase in
cell size and protein content may also indicate cellular senes-
cence (Hwang et al., 2009), we also investigated this by per-
forming β-galactosidase staining in situ; the results showed no
obvious senescence in BLM-treated cells when compared with
the control group (data not shown). Also, phalloidin–FITC
staining showed that the cytoskeleton of BLM treated
HUVECs was reorganized compared to the control cells
(Figure 1G). All the above results strongly suggest that BLM
treatment induces EndoMT.

BLM promotes endothelial cell migration but
impaired tube formation
We next measured the functions of these transformed cells by
transwell migration assays and tube formation assays respec-
tively. The results revealed that the migration ability of these
transformed cells was significantly enhanced (Figure 2A), but
their ability to form and maintain networks were obviously
weakened (Figure 2B).

Slug is the key transcription factor that
mediates BLM-induced EndoMT
Considering the essential roles of transcription factors,
including Twist, Snail and Slug, in EndoMT and EMT
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(Piera-Velazquez et al., 2011), the mRNA and protein expres-
sion levels of these transcription factors were then measured.
Among the transcription factors tested, both the mRNA and
protein levels of expression of Slug were found to be signifi-
cantly increased, when compared with the slightly elevated
expression of Snail and Twist (Figure 3A and B). In addition,
the immunofluorescence analysis showed that amount of

Slug located in the nucleus was increased in the BLM-treated
endothelial cells (Figure 3C).

To validate the essential role of Slug in BLM-induced
EndoMT, the expression of Slug was depleted by using a
lentivirus siRNA against Slug (Figure 3D). The Slug-depleted
HUVECs retained their cobblestone-like shape after BLM
treatment, but did not transform to a fibroblast-like

Figure 1
BLM induces EndoMT in HUVECs. (A) Spindle-shaped appearance of HUVECs after treatment with indicated concentrations of BLM at 48 and 72 h.
(B) The down-regulation of VE-cadherin and up-regulation of α-SMA in BLM-treated HUVECs (0.1 mU·mL−1 for 72 h). (C) The down-regulation
of VE-cadherin and CD31, and up-regulation of FSP-1 and α-SMA protein expression levels were detected in the BLM-treated HUVECs after 72 h.
(D) The mRNA expression levels of VE-cadherin, CD31 and CD34 were down-regulated. (E) The mRNA expression levels of FSP-1, α-SMA,
fibronectin and collagen I were up-regulated. (F) The enlarged cell size (left panel) and increased protein content (right panel), respectively, were
also noted during the transformation. (G) Cytoskeleton changes during the transformation were visualized by staining of FITC-phalloidin
(50 ng·mL−1). The nuclei were stained by DAPI. The results of PCR are presented as a relative ratio to control group. The total or relative values
for each quantitative analysis were labelled on the bar diagrams. All data are presented as mean ± SEM from three different experiments performed
in duplicate. *P < 0.05; **P < 0.01 versus the control group.
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appearance (Figure 3E). Also, the down-regulation of VE-
cadherin and up-regulation of α-SMA were not detected in
the Slug-depleted cells treated with BLM for 72 h; this was
further confirmed by Western blot analyses and immuno-
cytofluorescence assays (Figure 3D and E). However, knock-
down of Slug did not prevent the increase in cell size and
protein content induced by BLM treatment indicating that
other mechanisms are involved. In summary, we demon-
strated that Slug, a member of zinc finger transcription
factors family, played an essential role in BLM-induced
EndoMT.

BLM-mediated EndoMT is not due to the
induction of apoptosis
Even low concentrations of BLM were shown to have apop-
totic effects on HUVECs (Figure 4A). It has been reported that
apoptotic endothelial cells induced by BLM could secrete
connective tissue growth factor (CTGF), a cytokine that
induces an EMT-like process in a caspase-dependent manner
(Laplante et al., 2010; Jiang et al., 2013). Consistently, an
increased expression of CTGF was also observed in our
present study by quantitative real-time PCR (Figure 4A). To
investigate a possible role of secreted CTGF in the transfor-
mation of these cells, Z-VAD-FMK, a pan inhibitor of caspases,
was used to block the production of this cytokine (Figure 4B).
Z-VAD-FMK did not affect the reduction in VE-cadherin
induced by BLM treatment (Figure 4C). The immunofluores-

cence assays also demonstrated that Z-VAD-FMK failed to
affect the morphology of the BLM-treated cells or their
expression of α-SMA or VE-cadherin (Figure 4D). Therefore,
we concluded that BLM-mediated EndoMT is not due to the
induction of apoptosis and CTGF secretion.

The Akt/mTOR pathway is involved in
BLM-induced EndoMT
Previous studies have indicated that the function of Slug can
be modulated by several signalling pathways, including the
Akt pathway (Lau and Leung, 2012). Hence, we determined
the activation of the Akt signalling pathway by Western
blot analysis and showed that the activation of Akt and its
downstream signals mTOR and S6 was upregulated in the
BLM-treated transformed cells (Figure 5A). Next, rapamycin
(100 nM), a specific inhibitor of mTOR, was used to validate
the role of mTOR in BLM-induced EndoMT. As shown
(Figure 5B), after inhibition of the mTOR pathway by rapamy-
cin, BLM failed to transform HUVECs; this was confirmed by
the immunofluorescence analysis (Figure 5C). The Western
blot analysis also revealed that the expression of VE-cadherin
was maintained at a high level, and the increase in α-SMA
expression was also prevented in the rapamycin-treated cells
(Figure 5B). Rapamycin also prevented the increase in cell size
and protein content induced by BLM. In addition, the cell
apoptosis induced by BLM was enhanced in rapamycin-
treated cells, manifested as an enhanced cleavage of caspase 3

Figure 2
BLM promotes endothelial cell migration but impairs tube formation. (A) The enhanced cell migration was determined by transwell migration
assays. The numbers of migrated cells were quantified in the right panel. (B) The weakened formation of capillary-like structures was measured
by tube formation assays. The formation of capillary-like structures was analysed relative to the control group. The total or relative values for each
quantitative analysis are labelled on the bar diagrams. All data are presented as mean ± SEM from three different experiments performed in
duplicate. *P < 0.05; **P < 0.01 versus the control group.
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(Figure 5B). Cell migration and tube formation were also meas-
ured after rapamycin treatment, and it was found that the
enhanced migration was significantly reversed by rapamycin,
although tube formation was still diminished (Figure 5D and
E). All of the above findings suggested that the Akt/mTOR
pathway plays an important role in BLM-induced EndoMT.

Slug was detected in BLM-treated venous
malformations
For clinical significance, we next investigated whether BLM
treatment could induce EndoMT in human VM samples. The
specimens of VMs with or without BLM treatment were col-
lected and the expression levels of CD34, α-SMA and Slug
were measured using immunohistochemistry. Representative
immunohistochemical results for the cases selected are shown
in Figure 6. Histologically, compared with untreated lesions,
the VMs treated with BLM showed decreased venous lumen
and thickened lumen walls composed of multilayer shaped
cells. Also, in most of BLM-treated VMs, the abnormal venous
channels were inapparent or smaller, whereas the thickness of
the mesenchymal tissue between channels was significantly
increased in BLM-treated VMs. From the immunohistochem-

istry, in the untreated group, the expression of CD34 was
demonstrated to be continuous and localized at the intima of
the vessels, whereas in most of the BLM-treated cases, the
continuous expression of CD34 was damaged and replaced by
increased expression of α-SMA around the vessels, which had
even invaded the endothelial layers. Most importantly, the
nuclear location of Slug was observed in the inner layer of the
vessels in most of BLM-treated VM samples (6/10), compared
with the negative staining of Slug in all untreated lesions
(0/10), suggesting the occurrence of EndoMT.

Discussion and conclusions

Previous studies have indicated that BLM, one of the most
common sclerosants used to treat VM, invariably causes
fibrosis of the lesions (Dompmartin et al., 2010). BLM not
only induces the apoptosis of endothelial cells but also causes
dramatic changes in the expression of adhesion molecules
(Horikawa et al., 2006). The expression of E-selectin, one of
the adhesion molecules that regulates the homing of lym-
phocytes in acute inflammation, was found to be upregulated

Figure 3
Slug is the key transcription factor that mediates BLM-induced EndoMT. (A) The increased protein expression levels of Snail, Slug and Twist were
analysed by Western blot. (B) The increased mRNA expression levels of Snail and Slug (but not Twist) were measured by quantitative real-time PCR.
(C) Nuclear location of Slug was detected by immunofluorescence analysis. (D) The depletion of Slug using RNA interference prevented the
reduction in VE-cadherin and up-regulation of α-SMA in the BLM-treated cells. (E) Morphological changes and the VE-caderin expression and
localization were analysed by immunofluorescence. The results of PCR are presented as relative ratio to the control group. The total or relative
values for each quantitative analysis are labelled on the bar diagrams. All data are presented as mean ± SEM from three different experiments
performed in duplicate. *P < 0.05; **P < 0.01 versus the control group.
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in BLM-treated endothelial cells (Horikawa et al., 2006). In
addition, BLM is also widely used as an inducer of pulmonary
fibrosis in rodent models, and the effect of BLM on endothe-
lial cells has been studied in these models. Furthermore, in an
in vitro study focusing on the effects of BLM on bovine pul-
monary artery endothelial cells, it was shown that BLM
induces cytoskeleton re-arrangement and alterations in the
levels of tight junction proteins, such as ZO-1 and claudins

(Ohta et al., 2012), which are considered to play important
roles in maintaining the morphology of these cells and regu-
lating permeability (Feng et al., 2011). It has also been noted
that during BLM-induced pulmonary fibrosis, endothelial
cells can change into fibroblasts by a transformation process
known as EndoMT (Hashimoto et al., 2010). However, the
precise mechanisms underlying BLM-induced EndoMT are
yet to be elucidated. In the present study, we showed that

Figure 4
BLM-mediated EndoMT is not due to the enhanced induction of apoptosis. (A) An increased expression of cleaved-caspase 3 was determined in
HUVECs treated with BLM (0.1 mU·mL−1) for 72 h (top panel), and an augmentation of DNA fragmentation of BLM-treated HUVECs was observed
after BLM treatment (lower panel). (B) The relative expression of CTGF mRNA in HUVECs induced after BLM treatment. HUVECs were treated with
BLM at a concentration of 0.1 mU·mL−1 for 72 h in the presence of Z-VAD-FMK (Z-VAD, 10 μM). (C) Z-VAD suppressed the activity of caspase 3
but showed no effect on the expression level of VE-cadherin protein. (D) Morphological changes and immunofluorescent staining of VE-cadherin
and α-SMA were also detected. The total or relative values for each quantitative analysis are labelled on the bar diagrams. All data are presented
as mean ± SEM from three different experiments performed in duplicate. *P < 0.05; **P < 0.01 versus the control group; #P < 0.05 versus
BLM-treated group.
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BLM treatment induced endothelial cells to undergo an
EndoMT-like process in an mTOR-dependent manner, and
showed that Slug is likely to be involved in this process. More
importantly, we also revealed the EndoMT-like process in
BLM-treated VM samples from patients. To our knowledge,
this study is the first to implicate the EndoMT-like process in
the sclerotherapy of VMs.

EndoMT is a process by which endothelial cells lose their
endothelial characteristics and gain those of fibroblast.
During this process, endothelial markers such as CD31 and
VE-cadherin are down-regulated, whereas the expression of
fibroblasts markers, which include FSP-1 and α-SMA, are
significantly up-regulated (Piera-Velazquez et al., 2011).
EndoMT was first shown to occur during embryonic pulmo-

nary artery development where the cells are involved in
intimal formation and in pulmonary vascular remodelling
(Arciniegas et al., 2005). There is also evidence suggesting that
EndoMT may play an important role in the development of
renal, pulmonary and cardiac fibrosis in several pathological
conditions (Harrison and Lazo, 1987; Muir et al., 2004; Li
et al., 2010). Similar to EMT, the TGF-β signalling pathway
has also been shown to have an important role in EndoMT
(Koitabashi et al., 2011; Yoshimatsu and Watabe, 2011). TGF-
β2, but not TGF-β1, is considered to be a strong inducer of
EndoMT (Medici et al., 2011). In addition, several signalling
pathways have been shown to be involved in TGF-β2-
mediated EndoMT, including Smad, MAPK/ERK, PI3K and
p38 MAPK (Medici et al., 2011). In the present study, the

Figure 5
The Akt/mTOR pathway is involved in BLM-induced EndoMT. (A) The expressions of Akt, p-Akt, mTOR, p-mTOR, S6 and p-S6 proteins in HUVECs
after BLM treatment (0.1 mU·mL−1 for 72 h) were increased. (B) Rapamycin (Rap, 100 nM) prevented the increased expression of p-mTOR, mTOR,
p-S6, S6 and α-SMA , restored the expression of VE-cadherin suppressed by BLM (0.1 mU·mL−1 for 72 h), but showed no obvious effects on the
expression of cleaved-caspase 3. (C) Rapamycin prevented BLM-induced morphological changes and VE-cadherin suppression. (D) Rapamycin
inhibited the enhanced cell migration of HUVECs induced by BLM, and a quantitative analysis was performed. (E) The formation of capillary-like
structures was measured by tube formation assays, and quantitative analysis was performed. The total or relative values for each quantitative
analysis are labelled on the bar diagrams. All data are presented as mean ± SEM from three different experiments performed in duplicate.
*P < 0.05; **P < 0.01 versus the control group; ##P < 0.01 versus BLM-treated group.
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corresponding inhibitors for these pathways were used to
explore their involvement in BLM-induced EndoMT. Our
results excluded the participation of MAPK signalling path-
ways and confirmed that mTOR, one of the most important
downstream signals of the PI3K/Akt pathway, has an essential
role in the BLM-induced EndoMT. This is consistent with
recent findings where it was shown that BLM activates the
Akt/mTOR signalling pathway and stimulates the synthesis of
ECM proteins by fibroblasts (Goc et al., 2011), indicating the
importance of Akt/mTOR pathway in fibrogenic events. In a
previous study it was suggested that during BLM-induced
apoptosis (Laplante et al., 2010), CTGF, an inducer of EMT
and fibrosis, is significantly up-regulated in a caspase-
dependent manner (Jiang et al., 2013), therefore, we deter-
mined the potential involvement of apoptotic endothelial
cells in BLM-induced EndoMT. By using Z-VAD-FMK, a pan
inhibitor of caspases that significantly decreased the expres-
sion of CTGF in BLM-treated endothelial cells, we concluded
that BLM-mediated EndoMT is not due to the increased
induction of apoptosis and CTGF secretion.

Rapamycin has been demonstrated to prevent interstitial,
cardiac and pulmonary fibrosis in animal models (Korfhagen
et al., 2009; Yu et al., 2013). Moreover, in a skin fibrosis
model, treatment with rapamycin was effective at reducing
the thickness of skin during the fibrotic process induced by
BLM (Yoshizaki et al., 2010). This reduction in fibrosis caused
by rapamcyin was considered to be associated with its ability
to reduce inflammation (Tulek et al., 2011). However, there is
now increasing evidence that rapamycin and its derivatives
induce their effects through specific inhibition of mTOR
(Lian et al., 2012). Moreover, the Akt/mTOR pathway is
usually activated during the EMT process, especially in the
presence of cytokines, such as TGF-β and EGF (Lamouille and
Derynck, 2007; Sabbah et al., 2008). Previous studies have

suggested that several EMT-related transcription factors could
be regulated by mTOR, including Snail and Slug (Lamouille
et al., 2012; Palma-Nicolás and López-Colomé, 2013). By
promoting the biosynthesis of transcription factors, mTOR
participates in the regulation of these factors. In our experi-
ments, it was noticed that rapamycin significantly down-
regulated the expression of Slug, as demonstrated by the
ability of rapamycin to prevent the BLM-induced transforma-
tion of cell phenotype (Ruvinsky and Meyuhas, 2006).

It is well known that BLM is in contact with the intimal
endothelial cells during intralesional sclerotherapy with
BLM. Consistently, the number of fibroblasts positive for
α-SMA, as detected histologically, was shown to be increased
in BLM-treated VM tissues compared with untreated tissues.
Most importantly, a positive nuclear location of Slug was
obviously apparent in the intima of most of the BLM-treated
VM specimens, suggesting that the fibroblasts arising in the
treated tissue partially originate from endothelial cells, con-
sistent with previous reports regarding BLM-induced pulmo-
nary fibrosis models (Hashimoto et al., 2010).

Taken together, our results demonstrate, for the first time,
the possible involvement of Slug-dependent EndoMT in
BLM-induced therapeutic effects in endothelial cells and,
more importantly, indicate its potential role in the sclero-
therapy of VMs. Specific targeting of the EndoMT-like process
could further advance the development of novel sclerosants.
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Figure 6
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damaged and replaced by increased expression of α-SMA around the vessels, and α-SMA had even invaded across the endothelial layers; the
nuclear location of Slug (6/10) was observed in the inner cells of the lumen in BLM-treated VMs.
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