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INTRODUCTION

The epithelial-mesenchymal transition(EMT) is an impor-
tant cellular mechanism in embryonic development, tissue 
repair, and disease. A similar process termed the endothelial-
mesenchymal transition (EndMT) involves the transformation 
of vascular endothelial cells to mesenchymal cells (Thiery et 
al., 2003; Garside et al., 2013; Gonzalez et al., 2014).These 
developmental programming mechanisms often result in the 
development of various diseases. At cellular and molecular 
level EndMT is regulated by similar factors and signaling path-
ways under both physiological and pathological conditions 
(Krizbai et al., 2015). EndMT also occurs in various pathologic 

conditions, including cerebral cavernous malformation, car-
diac and kidney fibrosis, vein stenosis, and cancer progres-
sion, in addition, it is also involved in the formation of stem-like 
cells that differentiate into osteoprogenitor cells (Medici et al., 
2010; Yao et al., 2013; Xiao et al., 2015). EndMT coincides 
with genome-wide reprogramming that allows endothelial 
cells to exist in a variety of phenotypic states, which contrib-
utes to disease progression. In tumors, EndMT is an important 
source of cancer-associated fibroblasts (CAFs), which have 
been demonstrated that contribute to the tumor growth and 
metastasis (Allen et al., 2011). Previous studies (Zeisberg et 
al., 2007) have shown that the EndMT process, which is re-
garded as an important mechanism for CAF recruitment to the 
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The endothelial-mesenchymal transition (EndMT) is known to be involved in the transformation of vascular endothelial cells 
to mesenchymal cells. EndMT has been confirmed that occur in various pathologic conditions. Transforming growth factor β1 
(TGF-β1) is a potent stimulator of the vascular endothelial to mesenchymal transition (EMT). Aspirin-triggered resolvin D1 (AT-
RvD1) has been known to be involved in the resolution of inflammation, but whether it has effects on TGF-β1-induced EndMT is 
not yet clear. Therefore, we investigated the effects of AT-RvD1 on the EndMT of human umbilical vein vascular endothelial cells 
line (HUVECs). Treatment with TGF-β1 reduced the expression of Nrf2 and enhanced the level of F-actin, which is associated 
with paracellular permeability. The expression of endothelial marker VE-cadherin in HUVEC cells was reduced, and the expres-
sion of mesenchymal marker vimentin was enhanced. AT-RvD1 restored the expression of Nrf2 and vimentin and enhanced the 
expression of VE-cadherin. AT-RvD1 did also affect the migration of HUVEC cells. Inhibitory κB kinase 16 (IKK 16), which is 
known to inhibit the NF-κB pathway, had an ability to increase the expression of Nrf2 and was associated with the inhibition effect 
of AT-RvD1 on TGF-β1-induced EndMT, but it had no effect on TGF-β1-induced EndMT alone. Smad7, which is a key regulator 
of TGF-β/Smads signaling by negative feedback loops, was significantly increased with the treatment of AT-RvD1. These results 
suggest the possibility that AT-RvD1 suppresses the TGF-β1-induced EndMT through increasing the expression of Smad7 and is 
closely related to oxidative stress. 
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tumor stroma, can be mediated by TGF-β produced in the tu-
mor. Yet, the mechanism of EndMT in tumor is still unclear, but 
is to be expected to involved similar pathways as in fibrosis 
(Van Meeteren et al., 2012).

The EndMT process of endothelial cells, which is often 
stimulated with TGF-β or Notch ligands, and has also been 
induced by Wnt signaling pathways (Zeisberg et al., 2007; Ais-
agbonhi et al., 2011). The Snail family, which has been found 
to involve in the TGF-β induced EndMT. Moreover, the activa-
tion of Smad, MEK, P13K and p38 MAPK are also involved 
in this process. The TGF-β homodimer transduces its signal 
by bringing together two types of serine/threonine kinase re-
ceptors-two type I receptors and two type II receptors (Yan et 
al., 2009). Following ligand binding, the type II receptor phos-
phorylates the types I receptor, which in turn phosphorylates 
the receptor-regulated Smads (R-Smads). Activated R-Smads 
associate with Smad4, a common-partner Smad (Co-Smad), 
and translocate into the nucleus (Inoue, Y et al 2008). TGF-β 
induce ALK5 (TβRI) signaling leads to Smad2 and Smad3 
phosphorylation resulting in inhibition of angiogenesis by in-
hibiting endothelial cells proliferation and migration. In con-
trast, TGF-β induce ALK1 (TβRII) signaling activates Smad1 
and Smad5 leading to cells proliferation and migration (Gou-
mans et al., 2003). Smad7, a negative feedback regulator of 
Smad signaling, is shown to form a stable complex with type I 
receptors, therefore leading to inhibition of R-Smad phosphor-
ylation and the hetero-complex formation between R-Smads 
and Co-Smad (Inoue et al., 2008). Studies have shown (Ryoo 
et al., 2014) that TGF-β1-stimulate renal epithelial transition to 
fibroblastic cells through the Smurf1-Smad7 signaling, which 
is regarded as a molecular signaling linking the Nrf2-GSH 
pathway in human renal tubular epithelial cells.

Tight junction (TJ) is important components of paracellular 
pathways, and their destruction enhances vascular permeabil-
ity (Zhang et al., 2013). The F-actin cytoskeleton plays a major 
role in TJ barrier function and the regulation of paracellular 
pathways in different physiological and pathological states 
(Edens et al., 2000). Study has been reported (Churchman 
et al., 2009) that TGF-β1 activated kinases (TAK) and MAPK 
signaling pathways contribute to Nrf2/ARE activation, and the 
activation of MAPK extracellular signal-regulated kinase (ERK) 
is associated with the disruption of TJ proteins (Kevil et al., 
2000). Thus, we will observe the expression of F-actin to ana-
lyze the effect of TGF-β1 on the paracellular permeability.

The Nuclear factor-like 2 (Nrf2), which play a crucial role 
in oxidative stress and inflammation processes, has a protec-
tive effect on cells against reactive oxygen species and other 
oxidative damage (Zhang et al., 2013). The nuclear factor κB  
(NF-κB) pathway is know to regulate the inflammation response  
and is associated with vascular permeability (Zhang et al., 
2013). Inhibitory κB kinase (IKK) plays a key role in the regu-
lation of NF-κB activation. Our previous research (Shu et al., 
2014) have shown that IKK 16 could inhibite the NF-κB path-
way and up-regulate Nrf2-regulated heme oxygenase 1. Re-
active oxygen species (ROS), which has been proposed as 
potent contributors to TGF-β1-mediated pathology (Kashihara 
et al., 2010), can be regulated by the Nrf2 antioxidant signal-
ing pathway. Therefore, we will combine the NF-κB pathway 
inhibitor IKK 16 to investigate the relationship between TGF-β1 
induced EndMT and Nrf2 antioxidant signaling pathway. 

In our report, we described the relationship between an-
tioxidant signaling pathways and TGF-β1-Smad7 signaling 

pathway in TGF-β1-induced EndMT and demonstrated the 
functionality of pro-resolving lipid mediator AT-RvD1, which is 
known to influence the resolution of inflammation and repair 
of damaged tissues (Cox et al., 2015; Harrison et al., 2015), 
could inhibit the TGF-β1-induced EMT by increasing the ex-
pression of Smad7. The inhibitory effect of AT-RvD1 was as-
sociated with Nrf2 expression. 

MATERIALS AND METHODS

Reagents
Recombinant human TGF-β1 was purchased from Pepro-

tech (Rocky Hill, NJ, USA). Aspirin-triggered resovin D1 was 
purchased from Cayman chemicals (AnnArbor, MI, USA). 
Antibody against VE-cadherin, Nrf2, β-actin and Smad7 were 
obtained from Santa Cruz Biotchnology Inc (Santa Cruz, CA, 
USA). The NF-κB inhibitor IKK 16 and IκBα antibody was pur-
chased form Selleck (Selleck chemicals, Houston, USA) and 
Cell signal Technology (Cell signal Technology, Boston, USA). 
Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s 
medium (DMEM) were obtained from gibco (Carlsbad, CA, 
USA).

Cell culture
Human umbilical vein vascular endothelial cells line (HU-

VECs) was obtained from ATCC. This cells were cultured in 
DMEM supplemented with 10% fetal bovine serum, strepto-
mycin, and penicillin (HyClone). The cells was grown at 37°C 
in a humidified 5% CO2 atmosphere.

Migration assay using transwell 
Cell migration was determined using 24-well plates with 

transwell chamber inserts (Chemicon International, Atlanta, 
GA, USA), which had membranes coated with matrigel. In the 
upper chambers, 3×104 A549 cells were seeded in fetal bovine 
serum-free culture media, and media with 10% serum were 
added to the lower chambers. After a 24 hr incubation, the 
cells on the upper surface of the membrane were scraped off, 
and the cells that had migrated onto the lower surface of the 
membrane were immersed in 500 μl media with 0.5 mg/ml 
MTT, the results was measured with an MTT cell proliferation 
assay kit (Beyotime, Shanghai, China) at 490 nm absorbance 
using a plate reader.

Measurement of ROS
Cellular ROS levels were determined using a Reactive Oxy-

gen Species Assay kit (Beyotime, Shanghai, China). Cells in 
96-well plates were treated with TGF-β1 or AT-RvD1 for 48 
hr. Then, the cells were incubated with 200 μl DMEM and a 
DCFH-DA fluorescent probe for 30 min at 37°C. The fluores-
cence intensity was measured with a microplate reader at 488 
nm excitation and 525 nm emission wavelengths. Moreover, 
fluorescence microscopy was used to take pictures.

Measurement of F-actin
Cellular F-actin levels were determined using an Actin-

Trakcer Green (Beyotime, Shanghai, China). Cells in 96-well 
plates were treated with TGF-β1 or AT-RvD1 for 48 hr. Then, 
the cells were washed twice with PBS and fixed in 4% para-
formaldehyde solution in PBS for 10 min at room temperature, 
permeabilized twice with 0.1% Triton X-100 in PBS for 5 min. 
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F-actin filaments staining was performed with phalloidin-FITC 
diluted in 3% BSA in PBS for 60 min followed by staining with 
Actin-Trakcer Green. The pictures were photographed by fluo-
rescent microscopy.

Total RNA extraction and RT-PCR analysis
Total RNA was extracted from cells using TRIzol reagent 

(Invitrogen, Carlsbad, USA) according to the manufacturer’s 
instructions. The reverse transcription of 1 mg RNA was car-
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Fig. 1. TGF-β1-induced EndMT increased F-actin levels and AT-RvD1 inhibited this process in HUVEC cells. (A) Cells were pretreated with 
AT-RvD1 for 30 min. The HUVEC cells in 96-well plates were then treated with different concentrations of TGF-β1 (20 ng/ml) for 48 hr. We 
used a reactive oxygen species assay kit and actin-trakcer green, a microplate reader and fluorescence microscope as described in Materi-
als and Methods. (B) Real time PCR of EndMT markers in HUVEC cells was treated with TGF-β1. (C) Western blot analysis on the expres-
sion of Nrf2 and VE-cadherin. β-actin was used as a control. The values were normalized to each control and the means ± SE from three 
independent experiments were presented. *p<0.05 compared with control groups.
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ried out using qRT SuperMix (Vazyme, Nanjing, China). A 
real-time-polymerase chain reaction (RT-PCR) analysis was 
carried out using the ABI Stepone Plus system with the AceQ 
SYBR Green Master Mix (Vazyme, Nanjing, China). The prim-
ers were synthesized by Bioneer, and the primer sequences 
for the human genes were: VE-cadherin, 5’-CCAGAATTT-
GCCCAGCCTA-3’ and 5’-TTACTGGCACCACGTCCTTGTC-3’; 
Vimentin, 5’-TGCCGTTGAAGCTGCTAACTA-3’ and 5’-CCAG- 
AGGGAGTGAATCCAGATTA-3’; Nrf2, 5’-TTCCCGGTCACAT- 
CGAGAG-3’ and 5’-TCCTGTTGCATACCGTCTAAATC-3’; Smad7, 
5’-GGACAGCTCAATTCGGACAAC-3’ and 5’-GTACACCCA-
CACACCATCCAC-3’; β-actin, 5’-AAGACCTGTACGCCAACA-
CAGT-3’ and 5’-AGAAGCATTTGCGGTGGACGAT-3’. Ampli- 
fied expressions of gene transcriptions were normalized to 
β-actin expression. Cycle threshold (∆∆Ct) values were calcu-
lated for each experimental group, which indicated the num-
ber of available template cDNA in each reaction. The gene 
expression levels were compared using values of 2-∆∆Ct.

Total protein extraction and western blot analysis
The total protein extracted from cells was analyzed using a 

radio immunoprecipitation assay (RIPA) and PMSF (Beyotime, 
Shanghai, China). Protein concentrations were measured us-
ing the BCA method. The protein samples were separated 
by electrophoresis on 6-10% SDS-polyacrylamide gels and 
transferred to polyvinylidene fluoride (PVDF) membranes (In-
vitrogen, Carlsbad, USA). The membranes were blocked with 
5% skim milk for 2 hr and then incubated with the appropriate 
antibodies against Nrf2, Smad7 and β-actin et al in 4% BSA at 
4°C overnight. The membranes were further incubated for 2 hr 
with a peroxidase-conjugated secondary antibody (Beyotime, 
Shanghai, China) at room temperature, and the results were 
detected using a ChemiDoc system (Bio-Rad) and analyzed 
by Image J software.

Statistical analysis 
All data were expressed as the means ± s.e.m. and were 

analyzed with One-way analysis of variance (ANOVA) follow
ed by Newman-Keuls Multiple Comparison Test (GraphPad 
Prism, USA). Data were recorded from at least three inde-
pendent experiments. Statistical significance was defined at 
*p<0.05.

RESULTS

TGF-β1-induced EndMT increased F-actin levels and  
reduced the expression of Nrf2 in HUVEC cells 

TGF-β1-induced EndMT in HUVEC cells enhanced the ex-
pression of the mRNA of mesenchymal markers, such as vi-
mentin, and reduced the expression of the endothelial marker 
VE-cadherin (Fig. 1B). These findings were consistent with 
previous studies (Kaneda et al., 2011; Choi et al., 2015). The 
ROS levels were not changed but the F-actin levels were sig-
nificantly increased in HUVEC cells by incubation with TGF-β1 
(Fig. 1A). The migration of HUVEC cells were enhanced by 
TGF-β1 (Fig. 2). Nrf2 play a critical role in anti-oxidative stress 
process, and TGF-β1 could reduce its expression in renal epi-
thelial cells (Kobayashi et al., 2005; Ryoo et al., 2014). The ef-
fect of TGF-β1 in HUVEC cells was also confirmed by western 
blot analyses (Fig. 1C). In addition, the expression of Smad7, 
which plays a crucial role in the regulators of TGF-β1/Smad 

signaling by negative feedback loops (Yan et al., 2009), was 
increased by TGF-β1 incubation (Fig. 1B). These results sug-
gested that TGF-β1-induced EndMT increased the F-actin lev-
els and reduced the expression of Nrf2 in HUVEC cells 

AT-RvD1 inhibited TGF-β1-induced EndMT and F-actin 
levels by increasing the expression of Nrf2 and Smad7

To elucidate the mechanism involved in the effects of as-
pirin-triggered resolvin D1 on the TGF-β1-induced process, 
different concentrations of AT-RvD1 were used to interfere 
with cells 30 min before the TGF-β1 was added. AT-RvD1 
treatment blocked the expression of the mesenchymal marker 
vimentin and restored the expression of VE-cadherin. The 
effects of AT-RvD1 on the TGF-β1-treated VE-cadherin and 
vimentin of HUVEC cells were confirmed by RT-PCR (Fig. 
3B). Moreover, AT-RvD1 could reduce the F-actin levels of 
TGF-β1-treated HUVEC cells but had no effect on the levels 
of ROS (Fig. 1A). The reduced expression of Nrf2 in TGF-β1-
treated HUVEC cells was restored by AT-RvD1 (Fig. 3B, 3C). 
AT-RvD1 enhanced the expression of Nrf2 would be one of a 
reason for the higher expression of Smad7. Furthermore, AT-
RvD1 clearly reduced the concentration-dependent TGF-β1-
induced migration properties of the TGF-β1-treated HUVEC 
cells (Fig.  2). Our previous research (Shu et al., 2014) had 
shown that IKK 16 could inhibite the NF-κB pathway and up-
regulated Nrf2-regulated heme oxygenase 1. So we would in-
vestigate the effect of IKK16 on TGF-β1-induced EndMT. Our 
studies had shown that the IKK16 enhanced the expression 
of Nrf2 but it had no obviously effect on the TGF-β1-induced 
EndMT. We next sought to explore the relationship between 
IKK16 and Nrf2 and determined whether the Nrf2 expression 
was associated with NF-κB pathway. The inhibitor of nuclear 
factor kappa B (IκB) α protein is the main regulator of NF-
κB pathway, we found that IKK 16 had the ability to enhance 
the expression of IκBα and Nrf2 (Fig. 4) but it had no effect 
on Smad7 expression (Fig. 3A, 3B). In addition, the AT-RvD1 
could also enhance the expression of IκBα (Fig. 4).

Fig. 2. The effects of AT-RvD1 on TGF-β1-induced cell migration. 
Cells were pretreated with AT-RvD1 for 30 min. The HUVEC cells 
in24-well plates with transwell chamber inserts were then treated 
with different concentrations of TGF-β1 (20 ng/ml) for 48 hr. The 
result was measured with an MTT cell proliferation assay kit at 490 
nm absorbance using a plate reader. The results showed that AT-
RvD1 inhibited TGF-β1-induced cell migration.
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DISCUSSION

Endothelial-to-Mesenchymal Transition (EndMT) is a form 
of the more widely known and studied Epithelial-to-Mesenchy-
mal Transition (EMT). Like EMT, EndMT can also be induced 
by TGF-β1 (Van Meeteren et al., 2012). Our results had shown 
that TGF-β1-induced EndMT in HUVEC cells enhanced the 
expression of the mRNA of mesenchymal markers, such 
as vimentin, and reduced the expression of the endothelial 
marker VE-cadherin. The ROS levels were not changed but 

the F-actin levels were significantly increased in HUVEC cells. 
The ROS levels were associated with oxidative stress and the 
Keap1-Nrf2 antioxidant signaling pathways. Treatment with 
TGF-β1 enhance the levels of ROS and suppress Nrf2 activity 
in human renal tubular epithelial HK2 (Ryoo et al., 2014). The 
EndMT process leads to the loss of endothelium and subse-
quently causes the badly perfuse tissue and tissue damage 
(Benton et al., 2009; Van Meeteren et al., 2012). Previous 
studies (Lee et al., 2013) have shown that RvD1 and RvD2 
both suppress TGF-β1-induced EMT in lung cancer cells, and 
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Fig. 3. AT-RvD1 inhibited TGF-β1-induced EndMT by increasing the expression of Nrf2 and Smad7 and the effect of IKK16 on this process. 
(A) Cells were pretreated with IKK 16 (10 mmol/ml) for 1 hr. The HUVEC cells were then treated with TGF-β1 as mentioned. The effects of 
the Nrf2 and Smad7 gene expressions by IKK 16 in the TGF-β1-induced EndMT process had been shown. (B) Cells were treated with an 
IKK 16 (10 mmol/ml) for 1 hr. The cells were then cultured with TGF-β1 (20 ng/ml) and AT-RvD1 (20 ng/ml). After incubation, the gene ex-
pressions of Nrf2 and Smad7 were determined by RT-PCR. The effects of the Nrf2 and Smad7 gene expressions by AT-RvD1 in the TGF-
β1-induced EndMT process had been altered. (C) The protein expression of Nrf2 and Smad7 were changed by AT-RvD1 and IKK 16.
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RvD1 inhibit the TGF-β1-induced EMT via the ALX/FPR2 and 
GPR32 receptors. Specialized pro-resolving lipid mediators, 
such as lipoxin and resolving have the ability to prevent ex-
cessive neutrophil trafficking to inflammation sites and thereby 
promote damaged tissue recovery (Serhan et al., 2002; Spite 
et al., 2009; Wu et al., 2010). Aspirin-Triggered Resolvin D1 is 
a potent pro-resolution metabolite of DHA which can curb the 
inflammatory effects in various acute injuries (Cox et al., 2015; 
Harrison et al., 2015), yet the effect of AT-RvD1 on TGF-β1 in-
duced EMT and EndMT has not been investigated. Therefore, 
we investigated the effects of the available aspirin-triggered 
resolvin D1 on the TGF-β1-induced EndMT of HUVEC cells.

AT-RvD1 suppressed the TGF-β1-induced expression of 
vimentin and restored the endothelial marker VE-cadherin in 
HUVEC cells. Moreover, AT-RvD1 also inhibited the TGF-β1-
induced migration of HUVEC cells. Previous studies (Lee et 
al., 2013) have shown that RvD1 inhibite the TGF-β1-induced 
EMT by reducing the expression of ZEB1. LXA4, another me-
diator of resolution, has also been reported to inhibit the EMT 
process by CTGF induction (Wu et al., 2010). In HUVEC cells, 
RvD1 can inhibit the NF-κB pathway to protect against impair-
ment of endothelial barrier function induced by LPS through 
up-regulating the expression of TJ protein, which is associ-
ated with vascular permeability (Zhang et al., 2013). So we 
used the NF-κB pathway inhibitor IKK 16 to clarify the possible 
mechanism. Research findings had shown that it had no sig-
nificantly effect on TGF-β1-induced EndMT, but the expression 
of Nrf2 was enhanced. These results had shown that the NF-
κB signaling pathway might not considered to be one of the 
main mechanisms and the effect of AT-RvD1 in suppressing 
the TGF-β1-induced EndMT of HUVEC cells by other ways.

Reactive oxygen species (ROS) have been reported to pro-
mote the TGF-β1-induced EMT genetic changes (Kashihara 
et al., 2010). However, high concentrations of ROS can also 
damage cellular components and compromise cell viability 
(Anastasiou et al., 2011). The F-actin cytoskeleton detemines 
cell shape and participates in the regulation of TJ proteins 

and is associated with paracellular permeability (Zhang et al., 
2013). Our results had shown that the levels of ROS could not 
be changed by AT-RvD1, but the morphological changes were 
reversible. The cultured HUVEC cells are polygonal with the 
cobblestone morphology (Jaffe et al., 1973; Emmanuel et al., 
2013). TGF-β1 induced elongation and streamlining of endo-
thelium could be reversed by AT-RvD1.These were possible 
associated with the expression of F-actin. We also examined 
the expression of Nrf2, which is one of the key proteins in-
volved in antioxidant signaling pathways. The expression of 
Nrf2 could be suppressed by TGF-β1 but AT-RvD1 partially 
raised it expression. Studies has been reported (Church-
man et al., 2009) that TGF-β1 activated kinases (TAK) and 
MAPK signaling pathways contribute to Nrf2/ARE activation 
and subsequent induction of protective antioxidant defence 
genes such as HO-1 in aortic smooth muscle cells, but with 
the increasing expression of Smad7, the effect of TGF-β1 is 
weakened and inhibite TGF-β1-mediated induction of HO-1 
expression. In addition, treatment with TGF-β1 enhance the 
levels of ROS and suppress Nrf2 activity in human renal tu-
bular epithelial HK2 (Ryoo et al., 2014), and the protein level 
of Smad7 is elevated by the activation of Nrf2. These finding 
suggested that there was a relationship between Nrf2 anti-
oxidant signaling pathways and the TGF-β1/Smad pathway 
on the trans-differentiation process. Smad7, as an important 
negative regulator factors, will plays a key role in the process.

Inhibitory Smads, including Smad6 and Smad7, are key 
regulators of TGF-β/bone morphogenetic protein (BMP) sig-
naling by negative feedback loops (Yan et al., 2009). Smad7 
is a general antagonist of TGF-β family, while Smad6 is spe-
cific for BMP signaling. Smad7 can antagonize TGF-β family 
signaling mainly through some kinds of mechanisms (Yan et 
al., 2009). Smad7 can form a stable complex with type I re-
ceptors, and then lead to inhibition of R-Smad phosphoryla-
tion and the hetero-complex formation between R-Smads and 
Co-Smad. On the other hand, the HECT type of E3 ubiquitin 
ligases Smurf1 and Smurf2 can be recruited, Smad7 binds 
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Fig. 4. The effect of IKK 16 on the TGF-β1-induced EndMT process in HUVEC cells. Cells were treated with an IKK 16 (10 mmol/ml) for 1 
hr. The cells were then cultured with TGF-β1 (20 ng/ml) and AT-RvD1 (20 ng/ml). After incubation, the protein expression of Nrf2 and IκBα 
were determined by Western blot. Our studies had shown that the IKK16 enhanced the expression of Nrf2 and was associated with the in-
hibitory effect of AT-RvD1 on TGF-β1-induced EndMT.
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to Smurfs in the nucleus and translocates into the cytoplasm 
in response to TGF-β and recruits the ubiquitin ligases to the 
activated type I receptors, leading to the degradation of the re-
ceptor through the proteasomal pathway (Ng et al., 2005; Yan 
et al., 2009). In our studies, we found that the expression of 
Smad7 was enhanced on TGF-β1-induced EndMT, this might 
indicate that HUVEC cells promoted the expression of Smad7 
to play an inhibitory effect on TGF-β1-induced EndMT. The 
purpose was to maintain cells survival but could not prevent 
the trans-differentiation of HUVEC cells.

Our previous research (Shu et al., 2014) have shown that 
the inhibition of NF-κB signaling pathway is associated with 
up-regulated Nrf2-regulated heme oxygenase 1. In our cur-
rent study, IKK 16 also increased the expression of Nrf2 but 
it had no effect on TGF-β1-induced EndMT. Our studies had 
also shown that AT-RvD1 enhanced the expression of Smad7 
and reduced the gene expression of Smurf1. A recent study 
(Ryoo et al., 2014) demonstrate that pure activation of Nrf2 
can modulate the TGF-β1/Smad signaling, the protein level 
of Smad7 is elevated and diminish the expression of Smurf1, 
indicating that Smurf1-Smad7 may be a molecular signaling 
linking the Nrf2 pathway to TGF-β1-induced EMT changes. 
Smad7 has also been reported to enhance the transcription of 
IκB, which is a key inhibitor of NF-κB signaling pathway (Ng et 
al., 2005). It is also disrupt the TRAF-TAK1-TAB2/3 complex, 
thus inhibiting NF-κB signaling (Yan et al., 2009). So we sug-
gested that the inhibitory effect of AT-RvD1 on the expression 
of IκBα was possible associated with Nrf2. To explored the re-
lationship between Smad7 and Nrf2 and determined whether 
the Nrf2 expression was associated with the IκBα expression, 
we observed the influence on the Nrf2 and IκBα expression 
by IKK 16. Our results suggested that IKK-16 had the abil-
ity to enhance the expression of IκBα and Nrf2. This results 
indicated a hypothesis that the high expression of Smad7 up-
regulated the expression of Nrf2 possibly through inhibiting 
the NF-κB signaling pathway and formed a positive feedback 
loops by the Nrf2 activation. 

There are a few limitations to our experiments. We illustrate 
that there is a relationship between Nrf2 antioxidant signaling 
pathways and TGF-β1/Smad pathway; however, the complex 
dynamics are very complicated and require further investiga-
tion. In addition, the effect of AT-RvD1 has not been confirmed 
for in vivo animal models. We will focus our efforts on explor-
ing the other mechanisms responsible for the expression of 
Smad7 as affected by AT-RvD1 and also carry out animal ex-
periments.

Our results suggest the possibility that AT-RvD1 suppress-
es the TGF-β1-induced EndMT through increasing the expres-
sion of Smad7 and is closely related to oxidative stress.
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