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Abstract
The endothelial-to-mesenchymal transition (EndMT) has been demonstrated to be involved in
pulmonary vascular remodeling. It is partly attributed to oxidative and inflammatory stresses in
endothelial cells. In current study, we conducted a series of experiments to clarify the effect of
salvianolic acid A (SAA), a kind of polyphenol compound, in the process of EndMT in human
pulmonary arterial endothelial cells and in vivo therapeutic efficacy on vascular remodeling in
monocrotaline (MCT)-induced EndMT. EndMT was induced by TGFβ1 in human pulmonary
arterial endothelial cells (HPAECs). SAA significantly attenuated EndMT, simultaneously inhibited
cell migration and reactive oxygen species (ROS) formation. In MCT-induced pulmonary arterial
hypertension (PAH) model, SAA improved vascular function, decreased TGFβ1 level and inhibited
inflammation. Mechanistically, SAA stimulated Nrf2 translocation and subsequent heme
oxygenase-1 (HO-1) up-regulation. The effect of SAA on EndMT in vitro was abolished by ZnPP, a
HO-1 inhibitor. In conclusion, this study indicates a deleterious impact of oxidative stress on
EndMT. Polyphenol antioxidant treatment may provide an adjunctive action to alleviate pulmonary
vascular remodeling via inhibiting EndMT.
Key words: salvianolic acid A, endothelial-to-mesenchymal transition, TGFβ1, Nrf2, pulmonary arterial
hypertension, antioxidant

Introduction
Pulmonary arterial hypertension (PAH) is a
progressive syndrome, which is characterized by
pulmonary arterial obstruction and subsequently
increased pulmonary vascular resistance. Increased
afterload causes right ventricular failure and
ultimately death [1, 2]. The typical characteristic of
PAH is structural remodeling of the small pulmonary
arteries [3]. The pathobiology of pulmonary vascular
remodeling has been poorly understood, and
hyperplasia of pulmonary artery smooth muscle cells
and endothelial dysfunction are considered to be the

main causes.
There are various hypotheses for how
pulmonary vascular remodeling develops. The
epithelial-mesenchymal transition (EMT) has been
widely considered as a vital cellular mechanism
involved in embryonic tissue differentiation, tumor
progression, and fibrosis [4]. Recently, endothelialto-mesenchymal transition (EndMT), a special form of
EMT, is deemed to participate in vascular remodeling
in PAH [5-7]. During EndMT, endothelial cells (ECs)
lose their endothelial phenotype, and gain
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mesenchymal
phenotype,
characterized
by
downregulation of endothelial markers like platelet
endothelial cell adhesion molecule-1 (pecam-1, CD31)
and upregulation of mesenchymal markers like
α-smooth muscle actin (α-SMA) and vimentin [8-11].
In this process, stimulation of TGFβ results in loss of
the cell-to-cell conjunction, transforming into a more
spindle, fibroblast-like shape, migrating and invading
into extracellular matrices of diverse composition.
There are many signal conduction pathways and
mechanisms
that
may
participate
in
the
endothelial-to-mesenchymal
transition.
The
TGFβ/Smad pathway is confirmed to play a key role
in the EndMT process [12], and be activated in
animals with monocrotaline (MCT) - and
hypoxia-induced PAH as well as patients with PAH
[13-15]. Recent report indicated that there is an
increase of TGF-β in MCT-induced EndMT and
TGF-β1was also found to induced the EndMT by
application of exogenous TGF-β1[7, 16]. Beyond that,
non-Smad pathways are also activated during
EndMT, including small GTPases such as RhoA,
which implicated in actin and microtubule
cytoskeleton organization [17].
It has been reported that reactive oxygen species
(ROS) induces the EndMT during oxidative stress [18,
19]. For one thing, oxidative stress promotes TGFβ1
secretion, one of the main inducers of EndMT [20]. For
another, it is reported that oxidants could activate
latent TGF-β directly [21]. Furthermore, many
oxidants could activate the NF-κB pathway [22], and
the inflammatory cytokines produced subsequently
are proved to be the direct stimulant of EndMT [8, 23].
NF-E2-related factor 2 (Nrf2), is the main
regulatory factor of the antioxidant response through
regulating expression of a series of antioxidant
enzymes, including heme oxygenase-1 (HO-1) [24,
25]. In response to oxidative stress or electrophiles,
Nrf2 separates from Kelch-like ECH-associated
protein 1 (Keap1), a key Nrf2 inhibitory factor of
Nrf2/HO-1 pathway, translocates into the nucleus
and induces the expression of antioxidant proteins
[26, 27].
It is demonstrated that polyphenol may be a
class of Nrf2 activator. These compounds could bind
with cysteine residue of Keap1 and promote
de-methylation of Nrf2 promoter [24]. A great deal of
researches indicates that polyphenols possess
extensive pharmacological activities in cardiovascular
system [28-31], including adjunctive treatment of
microcirculation protection, endothelial protection,
myocardial
preservation
and
antioxidation.
Especially, salvianolic acid A (SAA) has been gaining
our attention due to its broad pharmacological effects
on oxidative stress and fibrotic diseases [32-38], which
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are closely related with PAH [39-41]. SAA can exert
antioxidant effect through many pathways. First of
all, as a polyphenol compound, SAA has direct radical
scavenging effect [42]. On the other hand, SAA
suppresses expression of NADPH oxidase 4 (Nox4),
the reactive oxygen species-generating enzyme.
Moreover it has been shown that SAA could
upregulate Nrf2/HO-1 signaling pathway to exert its
antioxidant effect [43-45].
In recent years, there has been growing evidence
in effect of oxidative stress on EndMT [20, 46] in
different types of cells. It is not yet known whether
suppressing oxidative stress in pulmonary artery
endothelial cells can attenuate EndMT and
subsequent
pulmonary
arterial
remodeling.
Therefore, in the present study, we used the
polyphenolic natural antioxidant, SAA, to prove the
hypothesis that antioxidant treatment may be an
effective way to attenuate pulmonary vascular
remodeling via inhibiting the EndMT.

Methods
Reagents
SAA with a purity of >98% by HPLC analysis
was provided by the Institute of Materia Medica
(Beijing,
China).
SB431542,
Hoechst
33342,
monocrotaline (MCT) and 2’,7’-dichlorofluorescin
diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (Shanghai, China). Antibodies against
CD31, α-SMA, HO-1, Nrf2, 3-nitrotryosine, TGFβ1
and Nox4 were purchased from Abcam (Cambridge,
UK). Antibodies against p-Smad2/3, CD68, RhoA,
p-Cdc42, Cdc42, p-Cofilin, p-Smad1/5 and eNOS
were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibodies against GAPDH and
β-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Cell culture
Human pulmonary arterial endothelial cells
(HPAECs) was obtained from ScienCell (San Diego,
US), maintained in Dulbecco's Modification of Eagle's
Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Grand Island, NY, USA). Cells
were cultured at 37 °C in a 5% CO2 incubator. Cells
between passages 3 and 9 were used for experiments.

Cell viability assay
Cell viability was evaluated using a Cell
Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan)
as previously described [47]. HPAECs were seeded
into 96-well plates (3×103 cells per well) and cultured
in DMEM containing 10% FBS for 24 h. The cells were
then subjected to growth arrest without serum for 24
h and treated with various concentrations of SAA for
http://www.ijbs.com
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48 h. After 3 h incubation at 37 °C, the absorbance at
450 nm was measured using the ELISA reader.

Wound healing assay
Cells (105/ml) were seeded into 24-well culture
plates (0.5 ml/well) until 90% confluence was
reached. After starving in serum-free DMEM for one
day, the cell monolayer was scraped using a standard
200-μL pipette tip. The medium was added with
SB431542 (3 μM), a TGFβ receptor inhibitor, or
various concentrations of SAA (0.3, 1 and 3 μM). At 0,
12 and 24 h after scratching, microphotographs were
taken at the same location.

Transwell invasion assay
The migration of HPAECs was also assessed by
24-well Transwell assay (Corning Inc., NY, USA) as
previously described [48]. Briefly, cells with doses of
SAA or SB431542 were added to the top of chamber.
As the chemoattractant, a total of 600 μL of medium
supplemented with or without TGFβ1 (5 ng/ml) and
the indicated concentration of SAA was added to the
lower chamber. After being incubated at 37 °C for 12
h, cells on the upper chamber was cleaned with a
cotton swab, and the migrated cells on the bottom of
the membrane was fixed with 90% ethanol, and
stained by 0.5% crystal violet. Eight to ten fields per
filter were taken randomly with a light microscope
(Nikon, Japan).

Cell immunofluorescence Staining
The expression of CD31, α-SMA, HO-1 and
nuclear translocation of Nrf2 were determined using
immunofluorescence staining. After treatment, cells
were washed with phosphate buffered saline (PBS)
and fixed with 4% paraformaldehyde. Then, cells
were permeabilized with 0.5% Triton X-100 and
blocked for 1 hours in 3% BSA at 37°C. Cells were
immunostained with primary antibodies overnight at
4 °C, and then incubated with Alexa 488 or Alexa
555-conjugated secondary antibody (diluted 1:500) for
1 hour at room temperature. Nuclei were dyed with
Hoechst 33342. Images were obtained and analyzed
with a HCS Kinetic Scan (Cellomics ArrayScan VTI
HCS) immediately.

Detection of ROS formation
The intracellular generation of ROS, as an index
of oxidative stress, was determined using DCFH-DA.
DCFH-DA is a cell-permeable probe. After diffusing
into cells, it could be metabolized into the
nonfluorescent DCFH, which could be oxidized by
intracellular ROS into highly fluorescent DCF. After
incubation with doses of SAA in the presence or
absence of TGFβ1, HPAECs were rinsed with PBS and
incubated with 5 µM DCFH-DA in serum-free
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medium in a light-free chamber for 30 min. Nuclei
were dyed with Hoechst 33342. Images were obtained
and analyzed with a HCS Kinetic Scan (Cellomics
ArrayScan VTI HCS).

Animal experimental protocol
All of the animal experimental procedures were
approved by the Institute of Animal Care and Use
Committee at Chinese Academy of Medical Sciences.
All the rats received a standard rodent chow and tap
water, and were under a regular 12 h/12 h light/dark
schedule in a temperature-controlled room at 22±3°C.
For induction of pulmonary hypertension, rats
received a single subcutaneous injection of 50 mg/kg
monocrotaline (day 0). MCT was dissolved in 1 M
HCl at a concentration of 40 mg/ml, adjusted to pH
7.4 with 1 M NaOH solution and diluted with distilled
water. Adult male Wistar rats (purchased from Vital
River Laboratory Animal Center (Beijing, China), 180
to 200g body weight) were randomly divided into five
indicated groups: control group (injected with saline),
model group (injected with MCT), SAA-treated
groups (gavaged with SAA (0,3, 1 and 3 mg/kg) ten
days after MCT injection when the vascular
remodeling had already been established). At the end
of the 28-days exposure period, rats were sacrificed
for experimental measurements.

Morphologic, immunohistochemical and
immunofluorescence analysis in lung tissue
Lungs were excised, washed with PBS solution,
and fixed by 4% paraformaldehyde for 24 h. Then,
specimens were embedded in paraffin and cut into
sections 3-4 μm thick. Some lungs were frozen in
liquid nitrogen immediately for immunofluorescence
staining. A part of sections was processed for HE
stainning,
as
described
previously
[49].
Immunohistochemical
staining
CD68
and
3-nitrotyrosine were performed to evaluate the
quantity of macrophage and the oxidative stress
status in lung. Elastic Van Gieson (EVG) staining and
immunofluorescence staining for α-SMA were
performed to calculate medial wall thickness of the
pulmonary arterioles. Photomicrographs were
obtained with microscope and analyzed using the
software of Image Pro Plus 6.0 (Media Cybernetics
Inc., Rockville, MD, USA).

Isometric tension studies
The vasodilation of isolated pulmonary artery
rings was measured using multiwire myograph
system, according to previous research [50]. After the
animals were sacrificed, the lungs were isolated and
bathed in a Krebs-Henseleit solution [NaCl, 120 mM;
KCl, 4.8 mM; KH2PO4, 1.2 mM; NaHCO3, 25 mM;
glucose, 11 mM; CaCl2, 2.5 mM; MgCl2, 1.4 mM; and
http://www.ijbs.com
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ethylenediaminetetraacetic acid (EDTA), 0.01 mM].
The secondary branches of the pulmonary arteries
were carefully dissected, cleaned up any connective
tissue and cut into rings with an approximate length
of 3 mm. Arterial segments were mounted in the
myograph. During the course of the whole
experiment, the solution was continuously bubbled
with 95% O2 and 5% CO2 to maintain a pH of 7.4. After
30min equilibration period, the artery rings were
precontracted by 10 nM endothelin-1 (ET-1). The
cumulative dose–response curves were elicited by the
cumulative application of acetylcholine (ACh:
10−8-10−4 M) or sodium nitroprusside (SNP: 10−8-10−5
M). The results were expressed as the percent
relaxation of the maximum contractile tension to ET-1
(10 nM).

ELISA assay
Malondialdehyde
(MDA;
SenBeiJia
Biotechnology, Nanjing, China) and glutathione
peroxidase (GSH-Px; Cusabio, Wuhan, China) levels
in serum were quantified using the commercially
available rat ELISA kit according to manufacturer's
instructions. A piece of lung tissue was cut out and
grinded on ice with 1 mL PBS. Proinflammatory
cytokines in lung, including TNF-α and IL-1β, were
evaluated according to the instructions of detection
kits (Cusabio, Wuhan, China). Lungs were dissected
out and frozen in liquid nitrogen immediately.

Western blotting
The HPAECs or lungs in different groups were
lysed with RIPA lysis buffer (Cell Signaling
Technology, Danvers, USA) supplemented with
protease inhibitors and subsequently centrifuged at
12,000 rpm for 10 min at 4°C. Protein concentration in
the homogenates was estimated using the
bicinchoninic acid protein assay. Equal amounts (50
μg) of protein were separated by 10% SDS-PAGE and
electrotransferred to polyvinylidene difluoride
membranes. The membranes were then blocked by
5% bovine serum albumin with 0.1% Tween-80 and
incubated with appropriate primary antibodies
overnight at 4°C. Then, the bands were
immunoblotted with appropriate primary antibodies
and were later incubated with anti-rabbit or
anti-mouse horse radish peroxidase-conjugated
secondary antibodies. Membranes were exposed to a
mixture of enhanced chemiluminescence (ECL)
solution and detected by ChemiDoc-It Imaging
System (UVP, US). Quantitation of protein band was
performed by Quantity One software (Bio-rad, US).

Statistical analysis
Statistical analysis was performed using SPSS
software (version 21.0; SPSS Inc., Chicago, IL, USA).
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The results were expressed as the mean ± standard
error of the mean (SEM). All data were submitted to
one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. Differences were
considered statistically significant at p-values less
than 0.05.

Results
SAA suppresses TGFβ1-induced EndMT in
HPAECs and the canonical Smad2/3 signaling
pathway
There was no significant impact on cell viability
after exposure to SAA (0.1-10 μM) (Fig 1B). To
examine the effect of SAA on TGFβ1-induced EndMT
in HPAECs, expression of the endothelial cell marker
CD31 and the mesenchymal marker α-SMA were
detected. The reduction of CD31 and increase of
α-SMA could be seen in TGFβ1-induced transition
(Fig 1C-E). However, the phenomenon was
attenuated after pre-incubation of doses of SAA and
ALK5 inhibitor SB431542. Furthermore, as the
canonical pathway, phosphorylation of Smad2/3 was
increased after TGFβ1 treatment. Similarly, SAA
treatment alleviated the change above (Fig 1F).

SAA inhibits cell migration and activation of
Rho-GTPases pathway
In the wound healing assay, SAA suppressed
migration of HPAECs exposed to TGFβ1 at 12 and 24h
(Fig 2A-C). The migration was further evaluated
using transwell assay. As shown in Fig 2D and E, the
migrated cell number was significantly higher after 12
h in TGFβ1-treated group than in controls (12.1 ± 0.6
versus 88.3 ± 10.6 cells per field), and SAA
significantly inhibited this effect (62.6 ± 2.4, 47.3 ± 5.7
and 32.2 ± 2.4 versus 88.3 ± 10.6 cells per field for 0.3, 1
and 3 μM SAA).
Compared with control group, p-Cdc42 and
RhoA levels were significantly increased in the
TGFβ1-treated HPAECs (Fig 2F and 2G). On the
contrary, SAA (0.3, 1 and 3 μM) treatment prevented
the TGFβ1-induced Cdc42 phosphorylation and RhoA
expression. The phosphorylation of cofilin, as the
main downstream signaling molecule of the
above-mentioned two Rho-GTPases, increased in
model group, whereas in SAA (0.3, 1 and 3 μM)
treated HPAECs, the activation of cofilin was
significantly reduced (Fig 2H).

SAA upregulates Nrf2/HO-1 pathway and
reduces the intracellular ROS level
We next conducted an experiment to determine
the effect of SAA on ROS formation induced by
TGFβ1 in HPAECs. ROS formation in model group
increased significantly compared to control group,
http://www.ijbs.com
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whereas SAA reversed efficiency of TGFβ by reducing
ROS production to nearly basal level (Fig 3B).
To explore the influence of SAA on Nrf2/HO-1
pathway, nuclear translocation of Nrf2 in HPAECs
was determined. After SAA (0.1-3μM) treatment for
6h, nuclear translocation of Nrf2 was increased in
HPAECs (Fig 3C and 3D). Consistent with the Nrf2
activation, SAA potently increased the expression of
HO-1, even as HO-1 level increased after stimulation
by TGFβ1 (Fig 3E and 3F).

SAA decreases TGFβ1 level and
endothelial-mesenchymal transition in lung of
PAH rats
As the main inducement of EndMT, the TGFβ1
level was determined in lung tissue of MCT-induced
PAH rats. MCT significantly stimulated TGFβ1 level
compared to the control group, which was accorded
with previous studies about MCT-induced PAH
model. Whereas SAA treatment, especially the
3mg/kg group, decreased TGFβ1 expression nearly to
basal level (Fig 4A and B).
Compared with the control group, the fibroblast
marker, α-SMA markedly increased and the
endothelial markers CD31 decreased in lung of PAH
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rats. Accordance with the results of cell experiments,
upon SAA treatment, the α-SMA level was
significantly down-regulated and CD31 expression
was up-regulated (Fig. 4C and D). As shown in Fig 4E,
phosphorylation of Smad2/3 in lung was attenuated
by SAA treatment. Meanwhile, the Smad1/5
activation was upregulated in SAA-treated groups in
a dose-dependent manner (Fig 4F).

SAA restores pulmonary vascular remodeling
and improves vascular relaxation in
MCT-treated rats.

In order to evaluate remodeling of different
types of pulmonary arteries, the wall thickness of
muscular artery and non-muscularized artery,
classified according to their diameters in different
range, was calculated. MCT treatment caused a
significant pulmonary vascular remodeling as
indicated by increased medial wall thickness, while
the vascular remodeling was alleviated with SAA
treatment (Fig 5 A-D), especially in arteries with
diameter less than 150 µm as compared to the model
group. Whereas for arteries with diameter lager than
150 µm, only the high-dose group had a mirror effect.

Figure 1. SAA inhibits EndMT in HPAECs and the Smad2/3 phosphorylation. (A) The chemical structure of salvianolic acid A. (B) The cells were pretreated with
different concentrations of salvianolic acid A (0.1 to 10 μM) for 48 hours. Cell viability was determined by CCK-8 assays (n=5). (C) Representative fluorescent
microscopy images of CD31 and α-SMA staining in HPAECs. Red fluorescence represents CD31, green fluorescence represents α-SMA, and nuclei were visualized
by Hoechst 33342 staining. (D, E) Relative density analysis of the CD31 and α-SMA protein bands by western blot with GAPDH as control (n=3). (F) Normalized band
intensity quantification showing the phosphorylation of Smad2/3. (n=3). #p < 0.05 vs. HPAECs without SAA or TGFβ1 treatment, *p < 0.05 and **p < 0.01 vs.
TGFβ1-induced HPAECs without SAA treatment. Data are expressed as X-fold induction compared to normal control.
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Figure 2. Effect of SAA on cell migration and Rho-GTPases pathway. (A) Representative images show invading HPAECs after 2 h treatment with different SAA
concentrations (0.3, 1, and 3 μM). Serum-starved HPAECs were wounded by a pointed tip. Confluent HPAEC monolayers were treated with TGFβ1 for 12 and 24
h, and then photographed by inverted microscope, the migration distance was calculated. Bar graph shows the migration distance of HPAECs in response to different
doses of SAA after 12h (B) and 24 h (C). The migration was also analyzed by transwell assay with SAA (0.3, 1, and 3 μM) or SB431542 (3 μM). (D) Representative
images of migrated HPAECs in transwell chamber assay after treatment with or without TGFβ1 in the presence or absence of SAA for 12 h. (E) The figure indicates
the number of migrated cells. Cells were counted in 8-10 randomly chosen microscope fields per filter. (F-H) Western blot analysis of RhoA protein expression,
phosphorylation of Cdc42 and Cofilin protein expression in HPAECs in the different groups. #p < 0.05 and ###p < 0.001 vs. HPAECs without SAA or TGFβ1
treatment, *p < 0.05, **p < 0.01 and ***p < 0.01 vs. TGFβ1-induced HPAECs without SAA treatment. Data are expressed as X-fold induction compared to normal
control in western blot.

Impairment of relaxing function plays a key role
in vascular remodeling. To evaluate MCT-induced
impairment of endothelium-dependent relaxation in
pulmonary artery rings isolated from different
groups, the concentration-response to Ach (10−8-10−5
M) was recorded. MCT caused a significant decrease
in the responsiveness to Ach, which was partially
normalized by SAA (0.3 and 3 mg/kg). To elucidate
MCT-induced
impairment
of
endotheliumindependent relaxation, the concentration-response to
SNP (10−8-10−4 M) was recorded. The relaxant effect of
SNP was significantly impaired in MCT-treated rats.
But there was no obvious improvement in
SAA-treated groups, as compared to the model group.

Since the distinction, it was supposed that SAA
improved vasodilatation function in a partially
endothelium-dependent manner.

SAA attenuates oxidative stress level and
upregulated Nrf2/HO-1 pathway in lung of
PAH rats
Superoxide free radicals could react with nitric
oxide to generate peroxynitrite. The expression of
nitrotyrosine in lung tissue of MCT-induced PAH rats
partly reflected oxidative damage in PAH rats. The
change could be alleviated in SAA treated groups.
The administration of SAA caused a significant
decrease in serum MDA level and an increase in
http://www.ijbs.com
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serum GSH-PX level as compared to MCT-treated
rats. Protein level of Nox4, the major source of ROS
production, and HO-1, were significantly increased in
model group compared to the control group, whereas
the Nrf2 expression decreased. MCT-induced Nox4
protein expression was slightly attenuated by
SAA-treatment, but the difference between model
group and SAA-treated groups was not statistically
significant. Furthermore, the expression of Nrf2 and
HO-1 was elevated after SAA supplementation.

SAA attenuates inflammation in lung tissue of
MCT-induced PAH rats
In the lungs of MCT-treated rats, the number of
CD68-positive cells was significantly increased (Fig
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7A). SAA treatment prevented infiltration of
CD68-positive cells. ELISA results show that the
TNF-α and IL-1β levels in lung tissues were higher in
the model group than in the control group. Notably,
the SAA-treated groups showed a decrease after 18
days of administration. Furthermore, we also
examined the effects of SAA on NF-κB signaling
pathway. As shown in Fig 7B, MCT increased the
phosphorylation of NF-κB and IKK and decreased
that of IκBa in the lung tissues of rats as compared to
control rats. However, SAA alleviated this trend,
demonstrating that SAA can suppress the activation
of NF-κB signaling pathway in lungs of PAH rats.

Figure 3. Effect of SAA on ROS formation and activation of Nrf2/HO-1 pathway. (A and B) Production of ROS in HPAECs was determined by DCFH-DA assay. The
HPAECs were pretreated with different concentrations of SAA for 2h prior to treatment with TGFβ1. The bar graph shows the statistic results of fluorescence
intensity. (C and D) Immunofluorescence analysis of Nrf2 nuclear translocation. HPAECs were treated with different doses of SAA (0.1, 0.3, 1 and 3 μM) for 6 hours.
Anti-Nrf2 antibodiy was used as primary antibodies, followed by Alexa Fluor 488-conjugated secondary antibody. Nuclei were stained with Hoechst 33342, and then
visualized by Cellomics array scan. (E and F) Immunofluorescence staining of HO-1 during TGFβ1-induced EndMT in HPAECs. (E) Representative images of HO-1,
which were photoed by a high-content cytometer. The green fluorescence represents HO-1. (F) The statistic result shows the expression level of HO-1 with different
doses of SAA in the absence or presence of TGFβ1 treatment. ##p < 0.01 and ###p < 0.001 vs. HPAECs without SAA or TGFβ1 treatment, *p < 0.05, **p < 0.01 and
***p < 0.01 vs. TGFβ1-induced HPAECs without SAA treatment. Data are expressed as X-fold induction compared to normal control.
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Figure 4. Effect of SAA on EndMT in lungs of PAH rats. (A) Photomicrographs of serial sections of rat lung from animals treated with different doses of SAA exposed
to MCT for 4 weeks. Sections were stained for TGFβ1. (B-F) Relative density analysis of the TGFβ1, CD31, α-SMA, p-Smad2/3, and p-Smad1/5 protein bands by
western blot (n=3). #p < 0.05, ###p < 0.001vs. lungs without SAA or MCT treatment, *p < 0.05 **p < 0.01 vs. lungs of PAH rats without SAA treatment. Data are
expressed as X-fold induction compared to normal control.

Figure 5. Effect of SAA on vascular remodeling and vascular relaxation. (A) EVG staining and immunofluorescence staining with antibodies against α-SMA were
performed. Pulmonary arterioles were classified into three categories according to the diameter: (B) < 50 μm, (C) 50–150 μm and (D) >150 μm. The medial wall
thickness of pulmonary arterioles was determined by calculating the ratio of the area of the media to that of the whole vessel. Concentration–response curves shows
endothelium-dependent relaxation in response to Ach (E) and endothelium-independent relaxation in response to SNP (F) from different experimental groups at day
28 in pulmonary artery rings of MCT-treated rats treated with or without SAA. All rings were precontracted submaximally with ET-1 (10 nM) to obtain a stable
plateau. ##p < 0.01, ###p < 0.001vs. lungs without SAA or MCT treatment, *p < 0.05, *p < 0.01 and ***p < 0.001 vs. lungs of PAH rats without SAA treatment. Data
are expressed as X-fold induction compared to normal control.
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Figure 6. SAA prevents MCT-induced oxidative stress in vivo. (A) Typical immunohistochemical analysis using lung tissue from the different groups was conducted
to show changes of nitrotyrosine. (B)Lipid peroxide accumulation was quantified using MDA assay. (C) Measurements of GSH-PX activities in serum. (D-G) Relative
density analysis of the Nrf2, HO-1, Nox4 and eNOS protein bands by western blot (n=3). #p < 0.05, ##p < 0.01, ###p < 0.001vs. lungs without SAA or MCT treatment,
*p < 0.05, **p < 0.01, ***p < 0.001 vs. lungs of PAH rats without SAA treatment. Data are expressed as X-fold induction compared to normal control.

Figure 7. Effects of SAA on inflammation in the lung. Inflammation in lung was evaluated using ELISA and immunohistochemistry of CD68 in the formalin-fixed lung
tissues. (A) Representative images for immunohistochemical staining for macrophage marker CD68 and H&E staining. (B) Quantity of CD68 positive cells was
calculated from 9 separate images of different fields. (C and D) The level of the inflammation markers TNF-α and IL-1β in the PAH lungs. (E-G) Western blot analysis
of phosphorylation of NF-κB, IκBα and IKK in different groups. #p < 0.05, ##p < 0.01, ###p < 0.001vs. lungs without SAA or MCT treatment, *p < 0.05, **p < 0.01, ***p
< 0.001 vs. lungs of PAH rats without SAA treatment. Data are expressed as X-fold induction compared to normal control.
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Figure 8. HO-1 is involved in the cytoprotection of SAA against TGFβ1-induced EndMT. (A) Representative images show that pharmacological inhibition of heme
oxygenase-1 with ZnPP eliminated the protective effect of SAA against TGFβ1-induced EndMT. Cells were pretreated with SAA alone or SAA combination with ZnPP
for 2 h followed by TGFβ1 for a further 48 h. The expression of CD31 (B) and α-SMA (C) was measured by immunofluorescent staining. The ROS level (D) in
HPAECs was determined by DCFH-DA assay. *p < 0.05, **p < 0.01 and ***p < 0.01. Data are expressed as X-fold induction compared to normal control.

Effect of SAA on EndMT is depended on HO-1
induced by Nrf2
After TGFβ1 treatment, the expression of α-SMA
was dramatically increased in HPAECs exposed to
TGFβ1 than those without it, and SAA treatment
ameliorated this change. However, the protective
effects of SAA were abolished by HO-1 inhibitor
ZnPP. Similarly, SAA treatment significantly
increased CD31 level compared to cells with TGFβ1
treatment, while ZnPP reversed the increase of the
CD31 caused by SAA. Beyond that TGFβ1 treatment
significantly increased ROS levels in HPAECs and the
change was prevented by SAA. The antioxidant effect
of SAA was partially alleviated by Zn-PP (Fig 8C).
However, there was no significant difference between
these two groups.

Discussion
One of the main goals of this experiment was to
verify the important role of oxidative stress in

pulmonary endothelial-mesenchymal transition, and
evaluate the protective effect of SAA, a phenolic
antioxidant, as complementary therapeutics in
pulmonary vascular remodeling.
In this study, we proved that SAA, a polyphenol
Nrf2 activator, suppresses TGFβ1-induced EndMT via
activating Nrf2/HO-1 pathway and reducing
intracellular ROS generation. Furthermore, in
monocrotaline-induced PAH model, SAA attenuates
EndMT in lung and alleviates pulmonary vascular
remodeling in treatment strategy, which may be
related with activation of Nrf2/HO-1 signaling
pathway and inhibition of oxidative stress.
In previous studies we have shown that
prophylactic administration of SAA slowed the
progression of pulmonary vascular remodeling, and
may be associated with the Smad signaling pathway
[32]. More recent evidence also reveals that SAA
alleviates hypertension through inhibiting oxidative
stress and TGF-β signal transduction pathway [34].
In MCT-induced PAH model, experimental
http://www.ijbs.com
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design can be divided into prevention strategy and
treatment strategy. The former starts medication
before or on the same day of MCT injection. The latter
doesn’t start treatment until pathological features of
PAH appear. Despite more obvious effect of
prevention strategy in animal model, it does not apply
to clinical practice. To evaluate the therapeutical
effects, the administration of SAA was started on day
10 after MCT injection. SAA could inhibit remodeling
in peribronchial or intra-alveolar vessels. For studies
in wire myograph, acetylcholine is employed to
investigate endothelium-dependent relaxation effect,
whose mechanism was to activate the M receptor on
the endothelial cells. SNP, as a nitric oxide donor, is
used for investigating endothelium-independent
relaxation effect [51]. SAA treatment significantly
normalized endothelium-dependent relaxation of
main pulmonary arteries, while the endotheliumindependent relaxation response was not affected.
These results indicate that SAA may improve diastolic
function of pulmonary arteries by protecting vascular
endothelium.
EndMT is a phenotypic change during which
endothelial cells lose endothelial phenotype and gain
more invasive and migratory properties. Ranchoux et
al [7] demonstrated that EndMT is involved in
pulmonary
vascular
remodeling.
Therefore,
researching the underlying cellular and molecular
mechanisms inhibiting EndMT is crucial to enhance
the effectiveness of the prevention and treatment
against pulmonary arterial hypertension. The PAH
model could be well established via a single injection
of MCT, a plant-derived alkaloid. Recent studies
indicate that EndMT is a major cause of pulmonary
artery remodeling in MCT-induced PAH in rats [16].
Using double immunofluorescence staining and
semi-quantitative analysis, Nikitopoulou et al found
that endothelial markers are downregulated and
mesenchymal
markers
are
upregulated
in
MCT-induced pulmonary hypertension [52]. Ghosh et
al found that treatment with SB431542, the TGFβ
receptor
inhibitor,
could
completely
block
TGFβ-induced EndMT [53]. Consistent with these
previous reports, EndMT phenomena can be
obviously observed in lung tissues of rats injected
with MCT in our study. SAA treatment significantly
increased the expression of endothelial cell marker,
CD31, and decreased the level of mesenchymal cell
marker, α-SMA. In order to further prove our in vivo
observations, we conducted in vitro experiments in
HPAECs incubated with TGFβ1, a classical inducer of
EndMT. Similar to our in vivo study, treatment with
TGFβ1 resulted in down-regulation of CD31 and
up-regulation of the mesenchymal marker α-SMA.
These changes could be effectively attenuated by SAA
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treatment.
In the process of EndMT, upregulation of
transcription factor including Slug and Snail due to
stimulation of TGFβ results in increased migration
and invasion into extracellular matrices of diverse
composition. TGFβ could induce cytoskeleton
reorganization through activating Small Rho
GTPases. Cytoskeleton reorganization is the
prerequisite for cell migration and adhesion. It is also
found that inhibition of Rho/ROCK pathway
remarkably inhibits EndMT and decreases the
endothelial permeability [54]. The migration is based
on losing cell-cell contact mediated by membrane
proteins such as CD31 and VE-cadherin [19], which is
in keeping with the above results. Firstly, classical
wound healing assay was employed to analyze cell
migration. The results showed that SAA could
decrease the mean migration distance induced by
TGFβ1. To clarify this result further, free from the
influence by cell proliferation, we chose transwell
invasion assay to evaluate cell migration. In
accordance with scratch assay, SAA treatment
reduced the number of migrated cell compared with
the model group. Furthermore, studies indicate that
TGFβ could induce reorganization of actin
cytoskeleton, which is the foundation of
morphological change and cell migration, requires
activation of small GTPases Cdc42 and RhoA [17, 55].
Based on the observation that SAA inhibits cell
migration, we took an in-depth study on the
expression of small GTPases Cdc42 and RhoA, and
the phosphorylation of cofilin, their downstream
effector. In accordance with pharmacodynamic
results, SAA could inhibit RhoA expression,
phosphorylation of Cdc42 and cofilin in a
dose-dependent manner
Imbalance in redox signaling is associated with
pathological process including hypertension and
pulmonary vascular remodeling [56, 57]. It has been
reported that ROS plays a key role in promoting the
TGF-β1-induced EMT genetic changes [58].
Toshio Suzuki found that EndMT of pulmonary
vascular endothelial cells is involved in the
development of acute lung injury, partly mediated by
ROS formation, and the process is closely affected by
NAD(P)H oxidase-dependent ROS production [59].
The possible molecular mechanism, at least in part, is
that oxidative stress increases the expression and
secretion of TGFβ1 and TGFβ2 [20]. Furthermore,
TGFβ-induced EndMT is partly influenced by ROS
formation via stimulating miR-21 synthesis [60], and
oxidative stress results in fibrosis in various kinds of
cells. Thus, ROS is identified as the major mediator of
EndMT, EndMT-related fibrosis and vascular
remodeling. In HPAECs with TGFβ1 treatment, the
http://www.ijbs.com
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increase of ROS formation could be attenuated by
different doses of SAA, as well as SB431542.
In terms of the mechanism underlying the
protective effects of SAA on oxidative stress and
EndMT, we subsequently turn our attention to
Nrf2/ARE pathway. Nrf2/ARE pathway plays a key
role in cellular redox homeostasis. Nrf2 dissociates
from Keap1 due to different stressors, including
endogenous substances, radiation and ROS, and
subsequently
translocate
into
nucleus.
The
accumulation of Nrf2 in nucleus promotes
transcription of a wide variety of cytoprotective
genes. Recent studies reported that SAA protects from
oxidative stress via activating the Nrf2/HO-1 axis in
epithelial cells [61]. Furthermore, SAA could improve
the recovery of neurological function after SCI via the
miR-101/Nrf2/HO-1 signaling pathway [62]. In the
present study, the translocation of Nrf2 into nucleus
was increased after SAA treatment in HPAECs and
the Nrf2 expression was up-regulated in lung tissues
of SAA treated rats compared with the model group,
implying the activation of Nrf2 function.
HO-1 is a stress-inducible antioxidant enzyme at
down-stream signal transduction of Nrf2. HO-1
catalyzes the degradation of heme to bilirubin, carbon
monoxide (CO), and ferrous iron. The antioxidative
effect of HO-1 is related to the production of these
enzymatic products [63]. Similarly, in the current
study, we found that SAA application increased the
HO-1 protein expression both in vivo and in vitro.
More importantly, inhibition of HO-1 by ZnPP
significantly abolished the inhibitory effects of SAA
on TGFβ1-induced EndMT in HPAECs, indicating
that these protective effects of SAA on EndMT were
mediated by Nrf2/HO-1 signaling pathway.
In terms of the regulation of EndMT, it is
reported that the Nrf2/HO-1 signaling pathway may
also interact with TGFβ/Smad signaling. In a major
advance in 2007, Yan et al. found that HO-1 induced
through a Smad-dependent signaling pathway
protect HK-2 (human proximal tubule cell line) from
H2O2-induced oxidative damage [64]. Moreover, a
recent literature on this area [65] found that there may
be a kind of protein-protein interaction between Nrf2
and Smad, through which the TGFβ1-related gene
expression was suppressed. Although the precise
mechanisms remain to be explored, the present
research may provide insights into the role of
Nrf2/HO-1 pathway in EndMT and suggest a new
way for application of polyphenols.
NAPDH oxidases (Noxs) are a group of
heme-containing transmembrane proteins and
important ROS producers for both phagocytic and
non-phagocytic cells. Not only has that, accumulating
evidence indicated that Nox4 plays a pivotal role in
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mediating TGFβ signaling pathway [66]. After MCT
injection for 4 weeks, the Nox4 level was increased in
rat lungs, and treatment with SAA prevented
MCT-induced Nox4 expression. As the primary
source of NO formation, there was a reduction of
eNOS formation in lung tissues of rats in model group
compared with control group, which was in line with
previous study [17]. In addition to vasodilative effect,
eNOS-derived NO is also an antioxidant due to its
inhibitory effect on NADPH oxidase activity [67].
Furthermore, our results show that the level of
3-nitrotyrosine (a product of tyrosine nitration by
peroxynitrite) decreased with SAA treatment. This
may be the result of SAA eliminating the
overproduction
of
superoxide
anions
and
subsequently reducing the peroxynitrite level in vivo.
EndMT could be induced by inflammatory
cytokines including TNFα and IL-6. Recent evidence
suggests that NF-κB signaling pathway regulates this
critical phenotype switch in the pathogenesis of PAH.
Transfection of IκBα (AA) mutant plasmid could
reverse the EndMT process [68]. What's more, there is
an interactive relationship between inflammation and
oxidative stress. An example in that some
inflammatory cytokines can cause oxidative stress via
inducing NADPH oxidases enzymes that lead to ROS
production [69]. As well, there was evidence that
oxidative stress might also activate NF-κB pathway
[70]. In accordance with the previous evidence,
activation of NF-κB signal pathway was shown in
MCT-induced PAH model. SAA decreased NF-κB p65
and IKK phosphorylation in lung.
Recently, the molecular mechanism of phenolic
Nrf2 activators has been unraveled. Due to the
electrophilicity and reactivity to sulfhydryl group,
they could directly disrupt Protein–Protein
interactions between Keap1 and Nrf2 or promote the
de-methylation of Nrf2 promoter [71]. Even though
the present study demonstrates the protective effect of
SAA on EndMT in vivo and in vitro, and its
association with Nrf2/HO-1 signaling pathway.
Further studies are needed to determine exactly how
SAA affects the Nrf2/HO-1 pathway.
In summary, SAA could attenuate EndMT,
showing as CD31 up-regulation and α-SMA
down-regulation, suppress oxidative stress and
alleviate pulmonary vascular remodeling. The
Nrf2/HO-1 signaling pathway may be involved in the
underlying mechanism.
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