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1 | INTRODUCTION

A critical initiating step of atherogenesis is sub-endothelial retention

and deposition of atherogenic low-density lipoproteins (LDLs) in the
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Abstract

Endothelin-1 (ET-1) is implicated in the development of atherosclerosis and mediates
glycosaminoglycan (GAG) chain hyperelongation on proteoglycans. Our aim was to
identify the ET-1-mediated signalling pathway involving NADPH oxidase (NOX), p38
MAP kinsae and Smad2 linker region phosphorylation (phospho-Smad2L) regulate
GAG synthesising enzymes mRNA expression (C4ST-1 and ChSy1) involved in GAG
chains hyperelongation in human vascular smooth muscle cells (VSMCs). Signalling
intermediates were detected and quantified by Western blotting and the mRNA
levels of GAG synthesising enzymes were assessed by quantitative real-time poly-
merase chain reaction (QRT-PCR). ET-1 treatment of human VSMCs resulted in an
increase in phospho-Smad2L level. The TGF-B receptor antagonist, SB431542 and
the mixed ETao and ETg receptor antagonist bosentan, inhibited ET-1-mediated
phospho-Smad2L level. In the presence of apocynin and diphenyleneiodonium chlo-
ride (DPI) (NOX inhibitors) and SB239063 (p38 inhibitor) ET-1-mediated phospho-
Smad2L levels were inhibited. The gene expression levels of GAG synthesising
enzymes post-ET-1 treatment were increased compared to untreated controls
(p < 0.01). The ET-mediated the mRNA levels of these enzymes were blocked by the
bosentan, SB431542, SB239063, DPI, apocynin and antioxidant N-acetyl-L-cysteine
(NAC). ET-1-mediated signalling to GAG synthesising enzymes gene expression
occurs via transactivation-dependent pathway involving NOX, p38 MAP kinsae and

Smad2 linker region phosphorylation.

KEYWORDS
endothelin-1, GAG synthesising enzymes, NADPH oxidase, Smad2 linker region,
transactivation

arterial intima by the extracellular matrix molecules, particularly proteo-
glycans. LDLs bind to the chondroitin sulphate (CS) glycosaminoglycan
(GAG) chains on proteoglycans in the intima via an ionic interaction

between basic amino acid residues of apolipoproteins B100 and
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negatively charged sulphate and carboxyl groups on glycosaminoglycan
side chains.!? The structural changes in CS GAG chains of proteogly-
cans is the initial pro-atherogenic step that leads to increase the reten-
tion of atherogenic lipids and progression of atherosclerosis.® The
increase in GAG chain length may be due to increases in the expression
of the enzymes that synthesise the CS GAG chains. Recently, it has been
shown that two Golgi enzymes, chondroitin 4-O-sulfotransferase-1
(C4ST-1) and chondroitin N-acetylgalactosaminyltransferase-2 (ChGn-2),
regulate the CS chain length in the arterial wall during the progression of
atherosclerosis.* Therefore, the pathways controlling the expression and
activity of these enzymes might be a novel therapeutic strategy for the
prevention of atherosclerosis. Endothelin-1 (ET-1) is a potent vasocon-
strictor peptide associated with the development of atherosclerosis via its
actions on all cells of the vasculature.> The expression of ET-1 and its
receptors is up-regulated in vascular cells cultured in vitro and in athero-
sclerotic human arteries.””” Vascular smooth muscle cells (VSMCs)
express ETa and ETg receptors that these receptors are seven transmem-
brane G protein-coupled receptors (GPCRs).® ET-1 acting through its
GPCRs signals a plethora of diverse signalling pathways to activate
pro-atherogenic cellular events such as proliferation, contraction, migra-
tion and extracellular matrix production.>%° Cellular signalling by GPCR
occurs via three major pathways: G protein mediated pathways, signalling
mechanisms through B-arrestin molecules that form scaffold complexes
and the transactivation-dependent pathway of GPCR-activated cell sur-
face kinase receptors which result in regulated gene transcription and
modifications of cellular function.’* Daub et al. in 1996, described that
multiple GPCR agonists such as thrombin, ET-1 and angiotensin Il (Ang II)
can mediate the transactivation of protein tyrosine kinase receptors such
as the epidermal growth factor receptor (EGFR).*? More recently it has
been discovered that GPCRs can also mediate the transactivation of pro-
tein serine/threonine kinase receptors such as that for transforming
growth factor (TGF)-B receptor (T| BRl).13 The action of ET-1 on proteogly-
can synthesis in human VSMCs is blocked by SB431542, suggesting that
ET-1-stimulated proteoglycan synthesis is partially via transactivation of
the T[Ble.14 ET-1 stimulates the synthesis and secretion of proteoglycans
with longer GAG chains which enhanced LDL binding and the signalling
for this response occurs via ET receptor-mediated transactivation of the
TBR1. The involvement of Smad2 transcription factor in this pathway has
been described in human VSMCs.***> Smads are transcription factors
that play a crucial role in the TGF-beta family signalling cascades,
Smad2/3 then complexes with Smad4 for translocation into the nucleus
where they regulate transcription of multiple genes including those asso-
ciated with GAG chains elongation.*> Smad 2/3 and smad4 consist of
three functional domains: The N-terminal DNA binding domain (MH1); a
linker region; and a C-terminal domain (MH2). Recently, Kamato et al.
showed that thrombin stimulation of human VSMCs leads to the trans-
activation of the TBR1 to induce regulation of ChSy-1 and C4ST-1 mRNA
expression involving Smad2 linker region phosphorylation.?>¢ Smad
linker region phosphorylation can be activated by multiple serine/
threonine kinases, including mitogen-activated protein kinase (MAP
kinase) cascades. The stimulation of Smad linker region phosphorylation
by non-TGF- and TPR1 pathways is a clear example of pathway
crosstalk.*>"*® Our earlier study showed that TGF-beta regulated
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proteoglycan synthesis through Smad linker region that phosphorylated
by p38 MAP kinase.?? p38 MAP kinase signalling pathway activated by
Reactive oxygen species (ROS) as molecular signalling. It is known that
NADPH Oxidase (NOX) is one of major source of intracellular ROS in the
cells. Here, we have studied whether NOX has a role in GAG synthesising

enzyme mMRNA expression through p38 MAP kinase activation that
resulted in increased phosphorylation of the Smad linker region. Very little
is known about the effects of GPCR signalling on Smad linker region
phosphorylation in VSMCs. In this study, we have investigated the effect
of GPCR agonist and vasoactive compound ET-1 on the phosphorylation
of the transcription factor Smad2 linker region. ET-1 treatment of human
VSMCs leads to a time-dependent increase in Smad2 linker region phos-
phorylation levels. Additionally, we show that the mechanism of ET-
1-stimulated phosphorylation of Smad2 linker region occurs via
transactivation-dependent pathway involving NOX and p38 MAP kinase.
We also demonstrate that ET-1-mediated signalling to GAG synthesising
enzymes mMRNA expression occurs via phosphorylation of Smads in the

linker region.
2 | RESULTS
21 | ET-1rapidly increases the phosphorylation

of Smad2 linker region in human VSMCs

Previous study showed that the GPCR agonist ET-1 acting through its
receptor, ET receptor, leads to the phosphorylation of the transcrip-
tion factor Smad2 in its extreme carboxy termini, a response normally
associated with TBR1 activation.'* Smad linker region phosphorylation
can occur via the TGF-p or alternatively many other agonists to regu-
late gene transcription.?>2° We performed a time course experiment
(0-6 h) of human VSMCs to study the ET-1 (100 nM) stimulated
Smad2 linker region phosphorylation. There was a rapid increase in
phosphorylation of Smad2 linker region at 0.5 h (3.3-fold) (p < 0.01)
following the addition of ET-1 (Figure 1). Phospho-Smad2L levels was
increased up to 1 h (3-2 fold) (p < 0.01) after which it fell slightly to
2-fold at 4 h. These results demonstrate that phosphorylation of
Smad2 linker region is mediated by the ET-1 signalling pathway in
these cells. ET-1 phosphorylation of Smad2 linker region showed a
temporal response with maximum phosphorylation at 0.5 h. This time
point was chosen in subsequent experiments to investigate phosphor-
ylation of Smad2 linker region (Figure 2).

2.2 | ET-1 mediated Smad2 linker region
phosphorylation occurs via the transactivation of the
EGFR and the TpR1

To explore the pathway of ET-1 transactivation leading to Smad2
linker region phosphorylation, we asked the question whether or not
the transactivation of ET-1 to EGFR or TBR1 leads to phosphorylation
of Smad2 linker region. We utilised the TPR1 inhibitor, SB431542
(10 uM) and the EGFR inhibitor, AG1478 (5 pM). ET-1 (100 nM)
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FIGURE 1 ET-1 promotes phosphorylation of Smad2 linker

region in human vascular smooth muscle cells (VSMCs). Human
VSMCs were incubated with ET-1 (100 nM) for up to 6 h. Total cell
lysate harvested, and total protein (50 pg) were resolved by SDS-
PAGE on a 10% acrylamide gel and then transferred to a PVDF
membrane. The membrane was incubated with anti-phospho-Smad2
(Ser245/250/255) polyclonal antibody (1:1000) followed by
incubation with anti-rabbit IgG secondary antibody (1:10 000) and
ECL detection. GAPDH was as loading control. Histograms represent
band density expressed as fold per basal from three independent
experiments. Statistical significance was determined by one-way
ANOVA, followed by least significant different post hoc analysis.

**p < 0.01 compared with untreated
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increased the phosphorylation of Smad2 linker region (p < 0.05). In
the presence of SB431542, the ET-1 mediated Smad2 linker region
phosphorylation was inhibited with a maximal inhibitory effect
(b < 0.01) (Figure 3A). In the presence of AG1478 the phosphorylation
of Smad2 linker region was inhibited (p < 0.01) (Figure 3B). To investi-
gate if ET-1 can transactivate EGFR and TPR1 to cooperate in gener-
ating increased phosphorylation of Smad2 linker region, both of the
EGFR and TPR1 inhibitors were used in VSMCs treated with ET-1
(100 nM).

2.3 | ET-1mediated Smad2 linker region
phosphorylation involves NOX

In human VSMCs we found that ET-1 increases the phosphorylation
of Smad2 linker region with a peak phosphorylation at 0.5 h. In order
to elucidate the role of NOX in phosphorylation of Smad2 linker
region, two inhibitors of NOX (DPI and apocynin) were used to block
the TGF-p stimulated Smad2 linker region phosphorylation. VSMCs
were stimulated with ET-1 (100 nM) for 0.5 h to ensure the maximal
phosphorylation of Smad2 linker region. ET-1 had a 3.5-fold increase
in the phosphorylation of Smad2 linker region (Figure 3A). Bosentan
(20 pM) prevented the ability of ET-1 to stimulate linker region phos-
phorylation (p < 0.05). Inhibition of NOX with DPI (1 and 10 pM)
totally blocked ET-1 stimulated phosphorylation of Smad2 linker
region (p < 0.01). DPI is an inhibitor for flavoenzymes that widely used

ET-1 (100nM)
= = + AG1478(5uM)
— pSmad2L(Ser245/250/255)
L
! G 7\pDH
47 ET-1 (100nm)
*
3 -
2 -

AG

ET-1 mediated Smad2 linker region phosphorylation occurs via the transactivation of the EGFR and the TBR1. (A) Human vascular

smooth muscle cells (VSMCs) were pre-incubated with the TBR1 inhibitor SB431542 (10 pM) for 30 min and then exposed to ET-1 (100 nM) for
30 min to determine the inhibitory effect for the phosphorylation of Smad2 linker region. (B) Human VSMCs were pre-incubated with the EGFR
inhibitor, AG1478 (5 uM) for 30 min and then exposed to ET-1 (100 nM) for 30 min to determine the inhibitory effect for the phosphorylation of
Smad2 linker region. Cell lysates were collected and harvested and total protein (50 pg) were resolved by 10% acrylamide gel SDS-PAGE and then
transferred to a PVDF membrane. The membrane was then incubated with anti-phospho-Smad2 (Ser245/250/255) polyclonal antibody (1:1000)
followed by incubation with anti-rabbit IgG secondary antibody (1:10 000) and ECL detection. GAPDH was as loading control. Histograms
represent band density expressed as fold per basal from three independent experiments. Statistical significance was determined by one-way
ANOVA, followed by least significant different post hoc analysis. *p < 0.05 compared with control, *p < 0.05 and **p < 0.01 compared with ET-1
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ET-1 mediated Smad2 linker region phosphorylation involves NOX. (A) Human vascular smooth muscle cells (VSMCs) were

pre-incubated with the mixed ET, and ETg receptor antagonist bosentan (20 pM) for 30 min and DPI (1 and 10 pM) for 2 h before being treated
with ET-1 (100 nM) for 30 min. (B) Human VSMCs were pre-incubated with apocynin (1 and 10 pM) for 2 h before being treated with ET-1
(100 nM) for 30 min. Cell lysates were collected and harvested and total protein (50 pg) were resolved by 10% acrylamide gel SDS-PAGE and
then transferred to a PVDF membrane. The membrane was then incubated with anti-phospho-Smad2 (Ser245/250/255) polyclonal antibody
(1:1000) followed by incubation with anti-rabbit IgG secondary antibody (1:10000) and ECL detection. GAPDH was as loading control.
Histograms represent band density expressed as fold per basal from three independent experiments. Statistical significance was determined by
one-way ANOVA, followed by least significant different post hoc analysis. *p < 0.05 and **p < 0.01 compared with control, *p < 0.05 and

# < 0.01 compared with ET-1

to block NOX but is not specific to NOX isoforms. We tested a more
selective NOX inhibitor, apocynin, that by preventing translocation of
p47P"°* (homologue of NOXO1 in NOX1) to plasma membrane inter-
feres with NOX activation and was previously demonstrated to be an
inhibitor of atherosclerotic lesion.?* ET-1 (100 nM) stimulated a
1.5-fold increase in phosphorylation of Smad2 linker region at 0.5 h
(p < 0.05) and this response was completely abolished in the presence

of apocynin (1 and 10 pM; Figure 3B).

24 | ET-1 mediated Smad2 linker region
phosphorylation occurs via p38 MAP kinase

Smad linker region phosphorylation can be activated by multiple ser-

1622 1t is known that

ine/threonine kinases, such as p38 MAP kinase.
in human VSMCs TGF-p mediated Smad2 linker region phosphoryla-
tion requires p38 MAP kinase activity.!® To study the involvement of
p38 MAP kinase in ET-1 induced Smad2 linker region phosphoryla-
tion, human VSMC were treated in the presence or absence of p38
MAP kinase inhibitor, SB239063 (10 and 20 pM). ET-1 (100 nM)
treatment caused a 2.8-fold (p < 0.01) increase in Smad2 linker region
phosphorylation after 0.5 h (Figure 4). Inhibition of p38 MAP kinase
with SB239063 (10 and 20 uM) blocked ET-1 stimulated phosphoryla-
tion of Smad2 linker region (p < 0.01). These data suggest that Smad2
linker region phosphorylation specifically involves p38 MAP kinase
signalling. TGF-B (2 ng/ml, 0.5 h) was used as a positive control. TGF-

B treatment increased Smad2 linker region phosphorylation (p < 0.01)
and this response was prevented in the presence of p38 inhibitor,
SB239063 (10 pM).

2.5 | ET-1 mediated phosphorylation of p38 is
downstream of NOX

To investigate the role of NOX in ET-1-induced p38 MAP kinase acti-
vation, we studied the effects of two NOX inhibitors on ET-1-induced
p38 MAP kinase phosphorylation in human VSMCs. The cells were
pretreated with DPI (10 pM) and apocynin (10 uM) for 2 h before the
addition of ET-1 (100 nM) for 30 min. We found an increase in phos-
phorylation of p38 MAP kinase in human VSMCs treated with ET-1
compared to untreated cells (p < 0.05). ET-1-stimulated p38 MAP
kinase phosphorylation was inhibited by these inhibitors. These data
show that ET-1 mediated phosphorylation of p38 MAP kinase is
downstream of NOX (Figure 5).

2.6 | ET-1dependent C4ST-1 and ChSy-1 enzymes
mRNA expression involves NOX and p38 mediated
Smad linker region phosphorylation

In VSMCs, ET-1-stimulated elongation of CS GAG chains on proteo-
glycans is partially mediated via ET-1 receptor transactivation of
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FIGURE 4 ET-1 mediated Smad2 linker region phosphorylation

occurs via p38. Human vascular smooth muscle cells (VSMCs) were
pre-incubated with SB239063 (10 and 20 pM) for 30 min and then
exposed to ET-1 (100 nM) or TGF-g (2 ng/ml) for 30 min. The
membrane was then incubated with anti-phospho-Smad (Ser
245/250/255) polyclonal antibody (1:1000) followed by incubation
with anti-rabbit IgG secondary antibody (1:10 000) and ECL
detection. GAPDH was as loading control. Histograms represent band
density expressed as fold per basal from three independent
experiments. Statistical significance was determined by one-way
ANOVA, followed by least significant different post hoc analysis.

**p < 0.01 compared with control, *p < 0.05 and *#p < 0.01 compared
with agonists

TPR1.1* Here we asked the question whether or not the trans-
activation of ET-1 to TBR1 leads to the mRNA expression of GAG syn-
thesising enzymes, specifically C4ST-1 and ChSy-1. Initially we
determined the response of human VSMCs to ET-1 treatment to stim-
ulate the mRNA expression of C4ST-1, the enzyme that transfers a
sulphate group from a donor molecule to N-Acetylgalactosamine
(GalNACc) sugar of the repeating disaccharide units on the elongating
GAG chain.2®*2® Following ET-1 (100 nM) treatment of VSMCs a
2.2-fold increase (p < 0.01) in C4ST-1 mRNA expression was observed
after 6 h (Figure 6A) and in the presence of bosentan (20 pM) was
inhibited. To explore if ET-1 employs transactivation of the TBR1 in
mediating expression of C4ST-1 mRNA levels, we utilised the TpR1
inhibitor, SB431542 (10 pM). In the presence of SB431542, the ET-1
mediated mRNA expression was inhibited with a maximal inhibitory
effect (p < 0.01). These results indicate that in VSMCs ET-1 stimulated
mRNA expression of C4ST-1 involves the ET receptor mediated trans-
activation of the TBR1. To evaluate the role of the p38 MAP kinase
and NOX in ET-1-mediated mRNA expression C4ST-1, we employed
the p38 antagonist (SB239063), the NOX inhibitors (DPI and
apocynin) and ROS scavenger (NAC). All inhibitors had an inhibitory
effect on ET-1 mediated mRNA expression of C4ST-1 (Figure 6A).
Chondroitin polymerisation of the CS GAG chain occurs via the action

of chondroitin synthases, including ChSy-1.2% A similar result was seen

Endothelin-1
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FIGURE 5 ET-1 mediated phosphorylation of p38 is downstream
of NOX. Human vascular smooth muscle cells (VSMCs) were pre-
incubated with NOX inhibitors apocynin (10 pM) and DPI (10 uM) for
2 h and then exposed to ET-1 (100 nM) for 30 min. Cell lysates were
collected and proteins were resolved on 10%SDS-PAGE and
transferred to a PVDF membrane. The membrane was incubated with
anti-phospho-p38 (Thr180/Tyr182) (1:1000) followed by peroxidase-
labelled rabbit IgG secondary antibody (1:1000). Membranes were
reprobed with GAPDH HRP-conjugated antibody. Histograms
represent band density expressed as fold per basal from three
independent experiments. Statistical significance was determined by
one-way ANOVA, followed by least significant different post hoc
analysis, *p < 0.05 basal versus agonist and #**p < 0.01 agonist versus
antagonist

for the mRNA expression of ChSy-1, where ET-1 (100 nM) elicited a
3-fold increase at 6 h and the response in the presence of bosentan
(20 pM), was inhibited (Figure 6B). SB431542 (10 uM) had an inhibi-
tory effect on ET-1 mediated mRNA expression of ChSy-1 (p < 0.01).
These results indicate that in human VSMCs ET-1 stimulated mRNA
expression of ChSy-1 involves the ET receptor mediated trans-
activation of the TPR1. In the presence of SB239063 (20 pM)
(p <0.01), DPI (20 pM), apocynin (20 uM) and NAC (10 mM)
(b < 0.01) the mRNA expression for ChSy-1 was completely inhibited
(Figure 6B). These results suggest that ET-1 may up-regulate C4ST-1
and ChSy-1 mRNA expression via transactivation of TpR1 involving
NOX/ROS, p38 MAP kinase and subsequent phosphorylation of
Smad2 in the linker region (Figure 7).

3 | DISCUSSION

The signalling pathways that are capable of regulating the length of
GAG chains on proteoglycan and biglycan, may represent a potent tar-
get for the prevention of atherosclerosis.?®> Here, we investigate a
new signalling pathway from ET-1 to Smad2 linker region phosphory-
lation which leads to regulate the specific GAG synthesising enzymes
in human VSMCs. ET-1 is a potent vasoconstrictor hormone which is
expressed in atherosclerotic plagues and inhibition ET-1 production
and its signalling is a target for prevention of atherosclerosis.?® The

increase in GAG chain length of proteoglycans secreted by VSMCs
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such that they exhibit increased LDL binding is the critical initiating
factor in the development of atherosclerotic plaque.’?” To better
understand of the complex signalling pathways controlling GAG chain
hyperelongation, we explored the mRNA expression associated with
the enzymes which mediate the elongation of GAG chains. We found
that in human VSMCs treated with ET-1, the expression of ChSy-1
and C4ST-1 was increased. The action of ET-1 to increase these genes
occurs via the ET receptor. The increased expression of these genes is
correlated with the sulfation and GAG chain hyperelongation in vivo.*
Recently, Kamato et al. demonstrated that thrombin stimulation of
human VSMCs leads to the transactivation of the TBR1 to induce reg-
ulation of ChSy-1 and C4ST-1 mRNA expression involving Smad2
linker region phosphorylation.*> We wished to determine the possibil-
ity that the action of ET-1 on C4ST-1 and ChSy-1 gene expression
may also be occurred by this mechanism. Here, to address the role of
ET receptor-mediated transactivation of TBR1 on the mRNA expres-
sion of GAG synthesising enzymes, we assessed the phosphorylation
of Smad2 in the linker region. Following ET-1 stimulation of human

VSMCs, there was a rise in Smad2 linker region phosphorylation

occurring as early as 30 min which was blocked by the TpR1 antago-
nist SB431542 with maximum inhibition. This data indicates that ET-
1-mediated Smad2 linker region phosphorylation is mediated by
transactivation of the TGF-f receptor. The expression of C4ST-1 and
ChSy-1 stimulated by ET-1 were blocked by SB431542, strongly con-
firming that ET-1-mediated GAG synthesising enzymes mRNA expres-
sion can occur through the TGF-f receptor transactivation. These
results suggest that ET-1 acting through its receptor leads to the
transactivation of TGF-p receptor to induce regulation of ChSy-1 and
C4ST-1 mRNA expression involving Smad linker region phosphoryla-
tion. Smad2 linker region contributes to GAG synthesising enzyme
ChSy-1 and C4ST-1 mRNA expression but the upstream mediators
differ.® The linker region of Smad phosphorylated via the multiple
alternate pathways, including MAP kinases that can be activated by
TGF-B and many other growth factors.?® Several studies have demon-
strated that activation of GPCRs via ET-1 could activate MAP kinases
cascades to regulate various cellular responses including growth, pro-
liferation, and cellular hypertrophy in several cell types.??2° In human
VSMCs, ERK and p38 are regulators of the mRNA expression of the
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FIGURE 7 Schematic diagram illustrating the proposed ET-1

signalling pathway involving NOX and phospho-p38 intermediates
and Smad linker region to stimulate ChSy-1 and C4ST-1 mRNA
expression. ET-1-mediated phosphorylation of Smad2 linker region in
human VSMCs is mediated by transactivation of TBR1. Stimulation of
Smad?2 linker region phosphorylation through NOX/ p38 MAP kinase
leading to ChSy-1 and C4ST-1 mRNA expression

target genes ChSy-1 and C4ST-1 that are the key enzymes to GAG
elongation.*®? Our findings indicate that the activation of p38 MAP
kinase by ET-1 leads to the phosphorylation of Smad2 linker region
transcription factor which is involved in the expression of C4ST-1 and
ChSy-1 in human VSMCs. A number of studies reported that the acti-
vation of p38 MAP kinase cascade can occur via NOX/ROS in intra-
cellular signal transduction pathways.>®? Furthermore, one previous
study has demonstrated an increase in phosphorylation of p38 MAP
kinase in NOX4-overexpressing human endothelial cells.>® Our experi-
ments support that NOX is involved in ET-1-induced p38 MAP kinase
phosphorylation in human VSMCs. NOX is upstream of p38 MAP
kinase because NOX inhibitors were able to block p38 MAP kinase
phosphorylation. Among NOX isoforms (NOX1-5, Duox1/2), NOX1
and NOX4 isoforms are highly expressed in the VSMCs which are par-

1.34 To address

ticipated in the oxidation processes in the vascular wal
the role of NOX in ET-1 mediated expression of C4ST-1 and ChSy-1,
we used NOX inhibitors in this response. The ET-1-stimulated expres-
sion of C4ST-1 and ChSy-1 was blocked in presence of NOX inhibi-
tors in the present study. Since NAC scavenges ROS, the present
findings also suggest that GAG synthesising enzymes mRNA expres-
sion is sensitive to ROS. These clearly demonstrate that NOX is
involved in the expression of genes associated with GAG hyper-
elongation via the activation of p38 MAP kinase and Smad2 linker
region. Other signalling pathways may also be involved in this process
and further studies are necessary to explore these possibilities.

We have identified a highly specific signalling pathway from ET-1
to Smad2 linker region phosphorylation via transactivation of the
TBR1 which results to ChSy-1 and C4ST-1 mRNA regulation in human
VSMCs. Our study shows a novel pathway of redox-sensitive

signalling via NOX and p38 MAP kinase in this pathway. Smad linker
region phosphorylation is a major contributor to ET-1 signalling to
induce mRNA expression of GAG synthesising enzymes ChSy-1 and
C4ST-1 that are closely associated with GAG chain elongation. These
findings provide a better understanding of the signalling pathways
controlling GAGs hyperelongation on proteoglycans and controlling
these changes may be a therapeutic target for the prevention of

atherosclerosis.

4 | MATERIALS AND METHODS

4.1 | Materials

Dulbecco's Modified Eagle Medium nutrient mixture-F12 (DMEM/F12),
antibiotics (penicillin, streptomycin) and trypsine-EDTA were obtained
from Bioidea (Tehran, Iran). Fetal bovine serum (FBS) was purchased
from Gibco (Invitrogen, Carlsbad, CA, USA). The following chemicals
were obtained from Sigma Aldrich (St Louis, MO, USA): SB239063,
SB431542, apocynin, diphenyleneiodonium chloride (DPI), N-acetyl-L-
cysteine (NAC), bosentan, endothelin-1. Anti-rabbit immunoglobulin-G
(IgG)-horseradish peroxidase (HRP) antibody obtained from Sigma
Aldrich. Human recombinant transforming growth factor-p, Phospho-
p38 MAPK (Thr180/Tyr182) Antibody and anti-phospho-Smad2
(Ser245/250/255) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) rabbit monoclonal IgG antibody was obtained from Abcam
(Cambridge, MA, USA). Primers (forward and reverse) for C4ST-1,
ChSy-1 and GAPDH were purchased from Takapouzist (Tehran, Iran).

4.2 | Culture of human aortic smooth muscle cells

Human VSMCs were obtained from the Pasteur Institute (Tehran,
Iran). These cells were maintained in DMEM/F12 (1:1) culture
medium with 10% (v/v) FBS and 1% penicillin-streptomycin at 37 °C
under 5% CO,. For experiments, VSMCs were seeded into 35 mm dis-
hes (GRT-PCR and Western blot experiments) at a density of 4 x 10°/
well and grown to confluency and then confluent cultures were serum
starved for 24 h by incubation in DMEM/F12 medium containing
0.1% (v/v) FBS and 1% penicillin-streptomycin before experimenta-
tion. VSMCs were pre-incubated with inhibitors (bosentan (20 uM),3>
SB431542 (10 pM)*® and SB239063 (20 pM) for 30 min, NAC
(10 mM)*” for 1 h, DPI (20 uM) and apocynin (20 uM)*” for 2 h and
then exposed to ET-1 (100 nM)**38 or TGF-p (2 ng/ml).3? VSMCs
used in experiments were between passages 10-20. Treatment condi-

tions are described in detail in the figure legends.

4.3 | Quantitative RT-PCR

The mRNA levels of GAG synthesising enzymes C4ST-1 and ChSy-1
were determined by quantitative real-time polymerase chain reaction
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(g-RT-PCR). To measure gene expression, total RNA from cultured
human VSMCs was extracted using RNeasy Mini kit (Yektatajhiz, Iran)
according to the manufacturer's protocol, and RNA concentration and
purity was checked using Nanodrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). The first strand of cDNA was synthesised from
500 ng RNA using the cDNA synthesis kit (TAKARA, Shiga, Japan)
according to the manufacturer's protocol.

Q-RT-PCR to determine the levels of human ChSy-1, C4ST-1 and
housekeeping GAPDH mRNAs was performed using the SYBR Green
gPCR Master Mix (Yektatajhiz, Iran) together with specific primers of
the following sequences.

C4ST-1 Forward: 5'-GGCCCTGCGCAAAG-3,

Reverse: 5'-GGGTGTGTGGGTCGATGAG-3/,

ChSy-1 Forward: 5'-CCCGCCCCAGAAGAAGTC-3,

Reverse 5-TCTCATAAACCATTCATACTTGTCCAA-3,

GAPDH Forward: 5’CAAGTTCAACGGCACAGTCAAG-3/,
5'-CATACTCAGCACCAGCATCACC-3'. Data was
normalised to the GAPDH housekeeping gene. All experiments were

Reverse:

performed at least three times and analysis performed in duplicate for

each experiment.

44 | Western blotting

VSMCs were pre-treated with inhibitors followed by stimulation by
Et-1 and TGF-p or left untreated as control. Cells were lazed in RIPA
buffer containing protease inhibitor cocktail on ice and protein
extracted at 12 000 x g for 15 min at 4°C, protein concentrations
measured with the Bradford assay. Total cell lysates with concentra-
tion of 50 pg of proteins were resolved on 10% polyacrylamide gels
SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF)
membranes. Membranes were blocked with 3% skim milk at room
temperature for 1 h and then incubated at 4°C overnight with pri-
mary anti-phospho-Smad2 (Ser245/250/255) rabbit polyclonal anti-
body (1:1000 dilution) followed by HRP-conjugated secondary
antibody and enhanced chemiluminescence (ECL) detection. The
membranes were then reprobed with anti-GAPDH polyclonal anti-
body (1:5000 dilution) followed by HRP-conjugated secondary anti-
body (1:10 000 dilution) and then ECL detection. The membranes
were reprobed with anti-GAPDH polyclonal antibody (1:5000 dilu-
tion) followed by HRP-conjugated secondary antibody (1:10 000
dilution) and then ECL detection kit. GAPDH was used as loading

control.

4.5 | Statistical analysis

All data are averaged from three or more independent experiments.
All results were normalised and reported as the mean + standard
error of the mean (SEM) and statistical significance was analysed
using one-way ANOVA followed by post hoc Tukey's test. p < 0.05
or p < 0.01 were accepted as statistically significant difference of

levels.

B crderainend | WILEY-_L7Y

ACKNOWLEDGEMENTS

This work was supported by the Ahvaz Jundishapur University of
Medical Sciences (Grant no. HLRC-9412). Open access publishing
facilitated by The University of Queensland, as part of the Wiley - The

University of Queensland agreement via the Council of Australian
University Librarians.

CONFLICT OF INTEREST

The authors declare the absence of any conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on
request from the authors.

ORCID

Danielle Kamato "> https://orcid.org/0000-0002-1089-2829

REFERENCES

1. Ballinger ML, Nigro J, Frontanilla K, Dart AM, Little PJ. Regulation of
glycosaminoglycan structure and atherogenesis. Cellular and Molecular
Life Sciences CMLS. 2004;61(11):1296-1306.

2. Tabas I, Williams KJ, Borén J. Subendothelial lipoprotein retention as
the initiating process in atherosclerosis: update and therapeutic impli-
cations. Circulation. 2007;116(16):1832-1844.

3. Nakashima Y, Fujii H, Sumiyoshi S, Wight TN, Sueishi K. Early human
atherosclerosis: accumulation of lipid and proteoglycans in intimal
thickenings followed by macrophage infiltration. Arterioscler Thromb
Vasc Biol. 2007;27(5):1159-1165.

4. Anggraeni VY, Emoto N, Yagi K, et al. Correlation of C4ST-1 and
ChGn-2 expression with chondroitin sulfate chain elongation in ath-
erosclerosis. Biochem Biophys Res Commun. 2011;406(1):36-41.

5. lvey ME, Osman N, Little PJ. Endothelin-1 signalling in vascular
smooth muscle: pathways controlling cellular functions associated
with atherosclerosis. Atherosclerosis. 2008;199(2):237-247.

6. Winkles JA, Alberts GF, Brogi E, Libby P. Endothelin-1 and endothelin
receptor mRNA expression in normal and atherosclerotic human
arteries. Biochem Biophys Res Commun. 1993;191(3):1081-1088.

7. Hao L, Wang XG, Cheng JD, et al. The up-regulation of endothelin-1 and
down-regulation of miRNA-125a-5p,-155, and-199a/b-3p in human ath-
erosclerotic coronary artery. Cardiovasc Pathol. 2014;23(4):217-223.

8. Pernow J, Shemyakin A, Bohm F. New perspectives on endothelin-1
in atherosclerosis and diabetes mellitus. Life Sci. 2012;91(13-14):
507-516.

9. Wynne BM, Chiao C-W, Webb RC. Vascular smooth muscle cell sig-
naling mechanisms for contraction to angiotensin Il and endothelin-1.
J Am Soc Hypertens. 2009;3(2):84-95.

10. Ergul A. Endothelin-1 and diabetic complications: focus on the vascu-
lature. Pharmacol Res. 2011;63(6):477-482.

11. Burch ML, Osman N, Getachew R, et al. G protein coupled receptor
transactivation: extending the paradigm to include serine/threonine
kinase receptors. Int J Biochem Cell Biol. 2012;44(5):722-727.

12. Daub H, Weiss FU, Wallasch C, Ullrich A. Role of transactivation of
the EGF receptor in signalling by G-protein-coupled receptors.
Nature. 1996;379(6565):557-560.

13. Sharifat N, Mohammad Zadeh G, Ghaffari M-A, et al. Endothelin-1
(ET-1) stimulates carboxy terminal Smad2 phosphorylation in vascular
endothelial cells by a mechanism dependent on ET receptors and de
novo protein synthesis. J Pharm Pharmacol. 2017;69(1):66-72.

14. Little PJ, Burch ML, Getachew R, Al-Aryahi S, Osman N. Endothelin-1
stimulation of proteoglycan synthesis in vascular smooth muscle is


https://orcid.org/0000-0002-1089-2829
https://orcid.org/0000-0002-1089-2829

718 | Wl LEY@ Swmca\ and'Eip'e::‘njrltil’ rology

15.
16.

17.
18.

19.
20.

21.

22.
23.

24.

25.

26.
27.

28.

BABAAHMADI-REZAEI €T AL.

mediated by endothelin receptor transactivation of the transforming
growth factor- type | receptor. J Cardiovasc Pharmacol. 2010;56(4):
360-368.

Kamato D, Thach L, Getachew R, et al. Protease activated receptor-1
mediated dual kinase receptor transactivation stimulates the expres-
sion of glycosaminoglycan synthesizing genes. Cell Signal. 2016;28(1):
110-119.

Rostam MA, Kamato D, Piva TJ, Zheng W, Little PJ, Osman N. The
role of specific Smad linker region phosphorylation in TGF-p mediated
expression of glycosaminoglycan synthesizing enzymes in vascular
smooth muscle. Cell Signal. 2016;28(8):956-966.

Mori S, Matsuzaki K, Yoshida K, et al. TGF-f and HGF transmit the
signals through JNK-dependent Smad2/3 phosphorylation at the
linker regions. Oncogene. 2004;23(44):7416-7429.

Hough C, Radu M, Doré JJ. Tgf-beta induced erk phosphorylation of
smad linker region regulates smad signaling. PloS One. 2012;7(8):
e42513.

Burch ML, Yang SN, Ballinger ML, Getachew R, Osman N, Little PJ.
TGF-p stimulates biglycan synthesis via p38 and ERK phosphorylation
of the linker region of Smad2. Cell Mol Life Sci. 2010;67(12):2077-
2090.

Matsuzaki K, Kitano C, Murata M, et al. Smad2 and Smad3 phosphor-
ylated at both linker and COOH-terminal regions transmit malignant
TGF-p signal in later stages of human colorectal cancer. Cancer Res.
2009;69(13):5321-5330.

Kinkade K, Streeter J, Miller FJ. Inhibition of NADPH oxidase by
apocynin attenuates progression of atherosclerosis. Int J Mol Sci.
2013;14(8):17017-17028.

Matsuzaki K. Smad phospho-isoforms direct context-dependent TGF-
B signaling. Cytokine Growth Factor Rev. 2013;24(4):385-399.

Klippel M. The roles of chondroitin-4-sulfotransferase-1 in develop-
ment and disease. Prog Mol Biol Transl Sci. 2010;93:113-132.
Izumikawa T, Uyama T, Okuura Y, Sugahara K, Kitagawa H. Involve-
ment of chondroitin sulfate synthase-3 (chondroitin synthase-2) in
chondroitin polymerization through its interaction with chondroitin
synthase-1 or chondroitin-polymerizing factor. Biochem J. 2007;
403(3):545-552.

Osman N, Ballinger ML, Dadlani HM, Getachew R, Burch ML,
Little PJ. p38 MAP kinase mediated proteoglycan synthesis as a tar-
get for the prevention of atherosclerosis. Cardiovasc Hematol Disord
Drug Targets. 2008;8(4):287-292.

Bossard M, Pumpol K, van der Lely S, et al. Plasma endothelin-1 and
cardiovascular risk among young and healthy adults. Atherosclerosis.
2015;239(1):186-191.

Nakashima Y, Wight TN, Sueishi K. Early atherosclerosis in humans:
role of diffuse intimal thickening and extracellular matrix proteogly-
cans. Cardiovasc Res. 2008;79(1):14-23.

Yoshida K, Matsuzaki K, Mori S, et al. Transforming growth factor-p
and platelet-derived growth factor signal via c-Jun N-terminal kinase-
dependent Smad2/3 phosphorylation in rat hepatic stellate cells after
acute liver injury. Am J Pathol. 2005;166(4):1029-1039.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Lin C-C, Hsieh H-L, Shih R-H, Chi P-L, Cheng S-E, Yang C-M. Up-
regulation of COX-2/PGE 2 by endothelin-1 via MAPK-dependent
NF-kB pathway in mouse brain microvascular endothelial cells.
Cell Commun Signal. 2013;11(1):1-14.

Romero M, Jiménez R, Sanchez M, et al. Vascular superoxide produc-
tion by endothelin-1 requires Src non-receptor protein tyrosine
kinase and MAPK activation. Atherosclerosis. 2010;212(1):78-85.

Lee I-T, Shih R-H, Lin C-C, Chen J-T, Yang C-M. Role of
TLR4/NADPH oxidase/ROS-activated p38 MAPK in VCAM-1
expression induced by lipopolysaccharide in human renal mesangial
cells. Cell Commun Signal. 2012;10(1):33.

Bataller R, Schwabe RF, Choi YH, et al. NADPH oxidase signal trans-
duces angiotensin Il in hepatic stellate cells and is critical in hepatic
fibrosis. J Clin Invest. 2003;112(9):1383-1394.

Goettsch C, Goettsch W, Muller G, Seebach J, Schnittler H-J,
Morawietz H. Nox4 overexpression activates reactive oxygen species
and p38 MAPK in human endothelial cells. Biochem Biophys Res
Commun. 2009;380(2):355-360.

Hilenski LL, Clempus RE, Quinn MT, Lambeth JD, Griendling KK. Dis-
tinct subcellular localizations of Nox1 and Nox4 in vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol. 2004;24(4):677-683.
Babaahmadi-Rezaei H, Kheirollah A, Rashidi M, Seif F, Niknam Z,
Zamanpour M. EGF receptor transactivation by Endothelin-1
increased CHSY-1 mediated by NADPH oxidase and phosphorylation
of ERK1/2. Cell J. 2021;23(5):510.

Babaahmadi-Rezaei H, Little PJ, Mohamed R, et al. Endothelin-1
mediated glycosaminoglycan synthesizing gene expression involves
NOX-dependent transactivation of the transforming growth factor-p
receptor. Mol Cell Biochem. 2022;477(4):981-988.

Mehr RN, Kheirollah A, Seif F, Dayati P, Babaahmadi-Rezaei H. Reac-
tive oxygen species and p38MAPK have a role in the smad2 linker
region phosphorylation induced by TGF-p. Iran J Med Sci. 2018;
43(4):401.

Seif F, Little PJ, Niayesh-Mehr R, Zamanpour M, Babaahmadi-
Rezaei H. Endothelin-1 increases CHSY-1 expression in aortic endo-
thelial cells via transactivation of transforming growth factor f type |
receptor induced by type B receptor endothelin-1. J Pharm Pharmacol.
2019;71(6):988-995.

Mohamed R, Dayati P, Mehr RN, et al. Transforming growth factor-f1
mediated CHST11 and CHSY1 mRNA expression is ROS dependent in
vascular smooth muscle cells. J Cell Commun Signal. 2019;13(2):225-233.

How to cite this article: Babaahmadi-Rezaei H, Mohamed R,
Dayati P, et al. Endothelin-1 dependent expression of GAG
genes involves NOX and p38 mediated Smad linker region
phosphorylation. Clin Exp Pharmacol Physiol. 2022;49(7):
710-718. doi:10.1111/1440-1681.13650


info:doi/10.1111/1440-1681.13650

	Endothelin-1 dependent expression of GAG genes involves NOX and p38 mediated Smad linker region phosphorylation
	1  INTRODUCTION
	2  RESULTS
	2.1  ET-1 rapidly increases the phosphorylation of Smad2 linker region in human VSMCs
	2.2  ET-1 mediated Smad2 linker region phosphorylation occurs via the transactivation of the EGFR and the TβR1
	2.3  ET-1 mediated Smad2 linker region phosphorylation involves NOX
	2.4  ET-1 mediated Smad2 linker region phosphorylation occurs via p38 MAP kinase
	2.5  ET-1 mediated phosphorylation of p38 is downstream of NOX
	2.6  ET-1 dependent C4ST-1 and ChSy-1 enzymes mRNA expression involves NOX and p38 mediated Smad linker region phosphorylation

	3  DISCUSSION
	4  MATERIALS AND METHODS
	4.1  Materials
	4.2  Culture of human aortic smooth muscle cells
	4.3  Quantitative RT-PCR
	4.4  Western blotting
	4.5  Statistical analysis

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


