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Abstract
Transforming growth factor (TGF)-β1 mediates glycosaminoglycan (GAG) chain hyperelongation on secreted proteoglycans
and these modifications are associated with increased lipid binding in the vessel wall and the development of atherosclerosis. In
vascular smooth muscle cells (VSMCs), TGF-β1 regulated GAG elongation via extracellular signal-regulated kinase (ERK) and
p38 as well as Smad2 linker region phosphorylation. In this study, our aim was to identify the TGF-β1 mediated signalling
pathway involving reactive oxygen species (ROS) and Smad2 linker region phosphorylation that regulate the mRNA expression
of GAG synthesizing enzymes, chondroitin 4-O-sulfotransferase 1 (CHST11) and chondroitin sulfate synthase 1 (CHSY1) which
are the rate limiting enzymes involved in GAG chain elongation. Signalling molecules were assessed by western blotting,
quantitative real-time PCR was used for analysis of gene expression and intracellular ROS level was measured by a fluorescence
based assay. TGF-β1 induced ROS production in VSMCs. Nicotinamide adenine dinucleotide phosphate oxidase (Nox) inhib-
itors, diphenyleneiodonium (DPI) and apocynin blocked TGF-β1 mediated Smad2 linker region phosphorylation. TGF-β1
treatment increased the mRNA levels of CHST11 and CHSY1. Pharmacological inhibition of Nox blocked TGF-β1 mediated
mitogen activated protein kinases (MAPKs) phosphorylation and TGF-β1 stimulated CHST11 and CHSY1 mRNA expression.
These findings demonstrated that TGF-β1 mediated expression of CHST11 and CHSY1 can occur via Nox-dependent pathways
and Smad2 linker region phosphorylation.
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Abbreviations
CHST11 Chondroitin 4-Ο-sulfotransferase 1
CHSY1 Chondroitin synthase 1

DPI Diphenyleneiodonium
ERK Extracellular signal-regulated kinase
GAG Glycosaminoglycan
JNK C-Jun N-terminal kinase
MAPKs Mitogen activated protein kinases.
Nox Nicotinamide adenine dinucleotide phosphate

oxidase
ROS Reactive oxygen species
TGFBR1 Transforming growth factor-β receptor type 1
TGF-β1 Transforming growth factor β1
VSMCs Vascular smooth muscle cells

Introduction

Transforming growth factorβ (TGF-β) is a pleiotropic growth
factor that is strongly implicated in the pathophysiology of
atherosclerosis (Bobik et al. 1999; Yang et al. 2010). In vas-
cular smooth muscle cells (VSMCs), as a model of
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atherosclerosis, TGF-β1 stimulates an increase in the length
of glycosaminoglycan (GAG) chains on the proteoglycan,
biglycan (Little et al. 2002), leading to increased binding of
atherogenic lipoproteins as the manifestation of the response
to retention hypothesis of atherogenesis (Ballinger et al.
2010). GAG chain synthesis requires the combined action of
GAG synthesizing enzymes. Characterizing the signalling
pathways of the genes involved in GAG chain elongation
are of interest as the identification of a pharmacological inter-
vention will inhibit the hyperelongation of the GAG chains
without interfering with the native length of chains
(Anggraeni et al. 2011; Kamato et al. 2013a). GAG chain
elongation occurs through the actions of glycosyltransferases
and sulfotransferase (Silbert and Sugumaran 2002). In human
VSMCs, TGF-β1 and thrombin treatment increase the expres-
sion of glycosyltransferase, chondroitin sulfate synthase 1
(CHSY1) and sulfot ransferase chondroi t in 4-O-
sulfotransferase 1 (CHST11) (Rostam et al. 2016; Kamato
et al. 2016). In a mouse model of atherosclerosis an increase
in the mRNA expression of CHST11 correlated with an in-
crease in plaque formation in vivo. Multiple signalling path-
ways are involved in regulating GAG chain elongation and
regulating the gene expression of the enzymes involved
(Afroz et al. 2018). These signalling pathway represent poten-
tial targets for therapeutic intervention of atherosclerosis.

TGF-β transduces its biological effects from the cell mem-
brane to the nucleus through serine/threonine kinase cell sur-
face receptors and their downstream effectors, Smad transcrip-
tion factors in the process known as canonical signalling
(Wrighton et al. 2009). To date, most studies on TGF-β-
signalling pathways have focused on the rapid phosphoryla-
tion of Smad transcription factors (Smad2 or Smad3) at their
extreme carboxyl terminus at a conserved motif (S-S-X-S) in
the response of TGF-β type 1 receptors (TGFBR1) which are
also known as Activin-like kinase 5 (Alk-5) (Souchelnytskyi
et al. 1997; Massagué et al. 2005). However, recent studies
have shown that the phosphorylation of R-Smads at serine and
threonine residues within the central linker region (known as
non-canonical or non-Smad signalling) can also regulate a wide
range of cellular responses (Li et al. 2009; Jiang et al. 2010;
Kamato et al. 2013b; Burch et al. 2011). In human VSMCs,
TGF-β1 mediates the increase in the expression of CHST11
and CHSY1mRNA expression, which are rate limiting enzymes
for the elongation of GAG chains on biglycan, and this pathway
involves Smad2 linker region phosphorylation (Afroz et al. 2018;
Rostam et al. 2016). Multiple alternate pathways can be involved
in TGF-β1 induced Smad linker region phosphorylation includ-
ing mitogen-activated protein kinase (MAPK) (Kamato et al.
2013b).

Our earliest reports of TGF-β1 mediated Smad2 linker
region phosphorylation to regulate proteoglycan synthesis
were dependent on extracellular signal-regulated kinase
(ERK) and p38 but not c-Jun N-terminal kinase (JNK)

(Burch et al. 2010). This was later also correlated with the
regulation of the rate limiting genes involved in the elongation
of the GAG chain (Rostam et al. 2018; Rostam et al. 2016).
MAPKs signalling pathways are activated by both mitogen
and stress activated pathways (Son et al. 2011). Reactive ox-
ygen species (ROS) is a regulator of signalling molecules
(phosphatases, tyrosine kinases) and MAPKs (Thannickal
and Fanburg 2000). Here we explore whether ROS facilitates
GAG gene expression via enhancing MAPK activation which
leads to the phosphorylation of Smad linker region.

The nicotinamide adenine dinucleotide phosphate oxidase
(Nox) family consists of seven catalytic homologues (Nox1
to Nox5 and two dual oxidases, Duox-1 and Duox-2) that cat-
alyze the reduction of molecular oxygen to superoxide anion by
using NADPH as the reducing agent (Lassègue et al. 2012).
The classical Nox (phagocytic oxidase) is a multi-subunit en-
zyme comprising two membrane-associated catalytic subunits
containing gp91phox (newly termed Nox2) and p22phox and
several cytosolic regulatory components composed of p40phox,
p47phox, p67phox and Rac (Sirker et al. 2011). Four members of
the Nox family, Nox1, Nox2, Nox4 and Nox5 are expressed in
the vascular cells and they are known to be involved in athero-
sclerosis development and progression (Lassègue et al. 2012).
Studies using mice deficient in the cytosolic subunit p47phox or
catalytic subunits Nox1 or Nox2 revealed the role of specific
subunits of Nox in atherogenesis (Barry-Lane et al. 2001;
Miller et al. 2010; Sheehan et al. 2011). Studies also suggest
Nox as a potential therapeutic target for the treatment of ath-
erosclerosis in vitro and in vivo (Drummond et al. 2011).
TGF-β induces Nox to produce ROS, which acts as a mediator
for TGF-β induced downstream signalling (Jiang et al. 2014).
The role of Nox and ROS in atherogenic signalling involving
GAG elongation on biglycan is not known. It is essential to
determine the role of Nox and ROS in TGF-β1 signalling as
this may represent a novel therapeutic target for the treatment
and prevention of atherosclerosis.

We investigated the role of ROS in TGF-β1 signalling in
the context of an atherogenic response – the expression of the
GAG synthesizing genes – in human VSMCs. We report that
TGF-β1 increases ROS levels in VSMCs via its cognate re-
ceptor activation, TGF-β1mediated increase in the expression
of the genes for the enzymes which mediate the elongation of
GAG chains on biglycan is dependent on ROS. ROS thus has
a key role in TGF-β1 signalling.

Materials and methods

Materials

Ham’s F-12 K (Kaighn’s) medium and fetal bovine serum
(FBS) was purchased from GIBCO (Invitrogen, Carlsbad,
CA, USA). Dulbecco’s Modified Eagle Medium nutrient
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mixture-F12 (DMEM/F12), trypsin-EDTA and antibiotics
(penicillin, streptomycin) were purchased from Bioidea
(Tehran, Iran). The following chemicals were obtained
from Sigma Aldrich (St Louis, MO, USA): SB431542,
apocynin, diphenyleneiodonium chloride (DPI), 2`,7`-
Dichlorofluorescence diacetate (H2DCFDA) dye, HEPES
≥99.5% (titration), sodium chloride (NaCl), sodium hy-
droxide, calcium chloride (CaCl2), magnesium chloride
(MgCl2), D-(+)-glucose, sodium dodecyl sulfate (SDS),
2-mercaptoethanol and dimethyl sulphoxide. Potassium
chloride (KCl) was from Chem-supply Pty Ltd. (SA,
AUS). PierceTM bicinchoninic acid protein assay kit
was purchased from ThermoFisher Scientific (IL, USA).
Human recombinant transforming growth factor-β, anti-
phospho-Smad2 (Ser245/250/255), anti-phospho-p38-
MAPK (Thr180/Tyr182), anti-phospho-ERK (1/2)
(Thr202/Tyr204), anti-rabbit immunoglobulin-G (IgG)-
horseradish peroxidase (HRP) and Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) rabbit monoclonal
IgG antibody were purchased from Cell Signalling
Technology (Beverly, MA, USA). The BioRad Trans-
Blot® Turbo RTA transfer kit, polyvinylidene fluoride
(PVDF) membrane, 30% acrylamide/bis-acrylamide so-
lu t i on , N ,N ,N` ,N` - t e t r ame thy l eh ty l ened i amine
(TEMED), Ammonium persulfate (APS) and Quantity
one imaging software were from BioRad laboratories
(CA, USA). Primers (forward and reverse) for CHST11,
CHSY1 and GAPDH were purchased from Takapouzist
(Tehran, Iran).

Culture of human aortic smooth muscle cells

Human VSMCs were obtained from the Pasteur Institute
(Tehran, Iran). These cells were grown in DMEM/F12
(1:1) culture medium supplemented with 10% FBS and
1% penicillin-streptomycin at 37 °C in 5% CO2. VSMCs
were passaged to provide sufficient numbers for experi-
mentation and cells used in experiments were between
passages 10–20. VSMCs were seeded in 35 mm dishes
at a density of 4 × 105/dish or onto 96 well plate (10,000
cells/plate) overnight in a total volume of 100 μl and
maintained until confluency. Confluent cultures were se-
rum starved in DMEM/F12 or Ham’s F-12 K medium
containing 0.1% FBS and 1% penicillin-streptomycin for
24 h before treatment.

Western blotting

Total cell lysates with concentration of 20 μg were re-
solved by 10% SDS-PAGE and transferred onto PVDF
membranes. Non-specific binding sites were blocked with
3% skim milk or 5% BSA and then incubated at 4 °C
overnight with anti-phospho-Smad2 (Ser245/250/255),

anti-phospho-p38-MAPK (Thr180/Tyr182) and anti-
phospho-ERK (1/2) (Thr202/Tyr204) followed by peroxidase
labeled anti-rabbit IgG and enhanced Chemiluminescence
(ECL) detection. The membranes were then reprobed with
anti-GAPDH. GAPDH was used as loading control.

Image densitometry

The analysis tools of BioRad ImageLab 5.2.1 software
were used to quantify the volume density of the protein
band of interest. The volume of background was
subtracted from each of respective band of interest. The
GAPDH was used as a loading control to quantify pro-
tein. The final density of the band of interest was obtain-
ed by normalizing the intensity of the band of interest
with respective gel loading control GAPDH. The values
were then normalised to basal and values were visualised
in a histogram in GraphPad prism.

Gene expression analysis

The mRNA levels of GAG synthesizing enzymes
(CHST11 and CHSY1) were determined by quantitative
real-time polymerase chain reaction (q-RT-PCR). To mea-
sure gene expression, total RNA from cultured cells was
extracted using RNeasy Mini kit (Qiagen, Iran) according
to the manufacturer’s protocol, and RNA concentration
and purity were checked using Nanodrop 2000 (Thermo
Fisher Scientific). First strand cDNA was synthesized
from 500 ng RNA using the Quanti Tect reverse transcrip-
tion kit (Qiagen, Japan) according to the manufacturer’s
protocol. qRT-PCR was performed using the QuantiFast™
SYBR® Green PCR kit (Qiagen, Iran) together with spe-
cific primers (see Table 1). Data was normalized to the
GAPDH housekeeping gene. All experiments were per-
formed at least three times and analysis performed in du-
plicate for each experiment. The delta-delta cycle-thresh-
old (ΔΔCt) method was used to analyse the fold change
in mRNA expression from qRT-PCR experiments. Ct
values for all samples were recorded in a spreadsheet
and normalised against the endogenous ribosomal
GAPDH as a house-keeping gene. The Ct values of treated
sample of interest was compared with a non-treated

Table 1 Sequences of primers

CHST11 Forward 5′-GGCCCTGCGCAAAG-3′

Reverse 5′-GGGTGTGTGGGTCGATGAG-3′

CHSY1 Forward 5’-CCCGCCCCAGAAGAAGTC-3’

Reverse 5’-TCTCATAAACCATTCATACTTGTCCA
A-3’

GAPDH Forward 5’-CAAGTTCAACGGCACAGTCAAG-3’

Reverse 5’-CATACTCAGCAC CAGCATC ACC-3’
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sample (basal). The following formula outline the analysis
of mRNA expression of the target genes.

ΔCt ¼ Ct gene of interestð Þ–Ct house−keeping geneð Þ
ΔΔCt ¼ ΔCt treatmentð Þ−ΔCt basalð Þ
RQ ¼ 2−ΔΔCt

Intracellular ROS detection assay

VSMCs were washed with 100 μl of Krebs-HEPES buffer
(10 mM HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2,
2 mM CaCl2, 11 mM D-(+)-glucose and pH 7.4) and incubat-
ed for 45 min with 10 μMH2DCF-DA at 37 °C and 5%CO2.
The dye was gently removed and VSMCs were then treated
with or without agonist/antagonist of interest. The fluores-
cence was measured intensity using Ensight Multimode
Plate Reader at excitation/emission = 485/535 nm. The fluo-
rescence intensity was used to calculate the fold change.

Statistical analysis

Data was normalised and shown as the mean ± standard error of
the mean (SEM) of three independent experiments performed,
unless stated otherwise. A One-Way Analysis of Variance was
used to calculate statistical significance of normalised data as
stated, followed by least significant different post-hoc analysis.
Results considered significant when the probability was less
than 0.05 (*p < 0.05) and 0.01 (**p < 0.01).

Results

TGF-β1 stimulates the phosphorylation of Smad2
linker region

Canonical TGF-β1 signalling involves carboxy terminal
phosphorylation of Smad (Derynck and Zhang 2003) but we
have recently described a role for non-canonical Smad linker
region phosphorylation in the expression of genes that are
involved in the elongation of GAG chains on the proteogly-
can, biglycan (Rostam et al. 2016). There are 3 serine residues
and one threonine residue in the Smad2 linker region which
are the target of many different kinases and we used an anti-
body which recognizes the phosphorylation of the cluster of
serine residues (Ser245, Ser250 and Ser255). VSMCs were
treated with TGF-β1 (2 ng/ml) for 30, 60 and 120 min (Fig.
1). TGF-β1 treatment of VSMCs caused an increase in the
phosphorylation of Smad2 linker region to 2.7-fold (p < 0.05) at
30 min. The cellular level of Smad2 linker region phosphoryla-
tion was lower at 60 and 120 min post-TGF-β1 treatment, 2.1-
fold (p < 0.05) and 1.6-fold respectively (Fig. 1). Stimulation
with TGF-β1 at 30 min was used in further experiments.

TGF-β1 treatment increases ROS levels in VSMCs

To study the role of ROS in this signalling pathway the first
question was to assess if TGF-β1 treatment increases ROS
levels in VSMCs. VSMCs were treated with TGF-β1
(2 ng/ml) for 30 min in the presence and absence of the
TGFBR1 antagonist, SB431542 (10 μM) and the Nox inhib-
itor, DPI (20 μM) (Fig. 2). TGF-β1 treatment increased the
steady state level of ROS by 1.2-fold (p < 0.01) in 30 min and
this increase was completely inhibited in cells treated with
either SB431542 or DPI (p < 0.01) (Fig. 2). This data clearly
establishes that TGF-β1 treatment increases intracellular ROS
level in human VSMCs and this effect is mediated via its
receptor and most likely activation of Nox enzymes.

TGFBR1/Alk-5-mediated ROS signalling pathway
in human VSMCs involves phosphorylated Smad2
linker region

In order to elucidate the role of Nox in the phosphoryla-
tion of Smad2 linker region, two inhibitors of Nox (DPI
and apocynin) were used to assess the effect of TGF-β1
on Smad2 linker region phosphorylation. DPI is a broad-
spectrum inhibitor of Nox; apocynin is a widely used in-
hibitor of Nox but its status as a Nox inhibitor in non-
phagocytic cells is an area of some contention (Vejrazka
et al. 2005; Heumuller et al. 2008). When VSMCs were
treated with TGF-β1 (2 ng/ml) for 30 min Smad2 linker
region phosphorylation was elevated 2.7-fold (p < 0.01)
compared to non-treated controls (Fig. 3a). In the presence

Fig. 1 TGF-β1 promotes phosphorylation of Smad2 linker region in
human VSMCs. VSMCs were stimulated for 0.5, 1 and 2 h with TGF-
β1 (2 ng/ml), harvested and total protein was extracted. Proteins were
resolved by 10% SDS-PAGE and then transferred to PVDF membrane.
Membranes were incubated with anti-phospho-Smad2 (Ser245/250/255)
(1:1000) and then followed by incubation with peroxidase labeled anti-
rabbit IgG (1:10000) and ECL detection. Anti-GAPDHwas used as load-
ing control. Normalized data in each case are shown as mean ± SEM from
three independent experiments and statistical significance was deter-
mined by One-way ANOVA followed by least significant difference
post-hoc analysis. *p < 0.05 compared with untreated control
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of DPI (1–20 μM), the TGF-β1 mediated Smad2 linker
region phosphorylation was inhibited in a partially dose-
dependent manner with a maximal inhibitory effect (ap-
proximating 100% inhibition) at DPI concentration of
20 μM (p < 0.01) (Fig. 3a). The established TGFBR1 in-
hibitor, SB431542 (10 μM), almost completely blocked
the response to TGF-β1 (p < 0.05) (Fig. 3a). Then, we
tested apocynin, a compound which prevents translocation
of p47phox to plasma membrane and interferes with Nox
activation in VSMCs (Kinkade et al. 2013). TGF-β1 treat-
ment caused an increase of Smad2 linker region phosphor-
ylation after 30 min. In the presence of 1 and 10 μM of
apocynin TGF-β1 mediated Smad2 linker region phos-
phorylation was slightly inhibited at the lower concentra-
tion of apocynin and the higher concentration caused par-
tial but statistically significant inhibition (approximating
50%) (p < 0.05) (Fig. 3b). These data suggest that
TGF-β1 mediated Smad2 linker region phosphorylation
involves ROS.

TGF-β mediated MAPKs (ERK and p38)
phosphorylation is Nox-dependent in human VSMCs

We have previously shown that TGF-β1-mediated GAG
hyperelongation on the proteoglycan, biglycan as well as
the stimulation of the expression of the genes for the en-
zymes which are rate limiting for the process of GAG
chain elongation are dependent on MAPK, specifically
p38 and ERK but not JNK in human VSMCs (Burch
et al. 2010; Dadlani et al. 2008). To further unravel the

role of ROS in TGF-β1 mediated Smad2 linker region
phosphorylation we investigate whether MAPK mediated
Smad2 linker region phosphorylation is downstream of
ROS release. The phosphorylation of ERK and p38 were
investigated in the presence and absence of Nox inhibitor,
DPI (20 μM) and putative Nox inhibitor, apocynin
(20 μM) (Fig. 4). TGF-β1 treatment of human VSMCs
caused a 2.9-fold (p < 0.01) increase in the cellular level
of pERK1/2 and this response was almost completely at-
tenuated by both DPI and apocynin (p < 0.01) (Fig. 4a).
TGF-β1 treatment caused a 2.7-fold (p < 0.01) increase in
the level of pp38 which was partially but not statistically
significantly attenuated by DPI but was almost completely
blocked by apocynin (p < 0.01) (Fig. 4b). These data are
consistent with our earlier findings of the stimulatory role

Fig. 3 Nox-dependent signalling regulates TGFBR1/Alk-5 mediated
Smad2 linker region phosphorylation in human VSMCs. a VSMCs
were treated with TGF-β1 (2 ng/ml) for 30 min in the presence and
absence of the TGFBR1 antagonist, SB431542 (SB) (10 μM) and the
Nox inhibitor, DPI (1–20 μM) b VSMCs were treated with TGF-β1
(2 ng/ml) for 30 min in the presence and absence of the Nox inhibitor,
apocynin (1 and 10 μM). Membranes were incubated with anti-phospho-
Smad2 (Ser245/250/255) (1:1000) followedwith peroxidase labeled anti-
rabbit IgG (1:10000) and ECL detection. Anti-GAPDH was as loading
control. Normalised data in each case are shown as mean ± SEM from
three independent experiments and statistical significance was deter-
mined by One-way ANOVA followed by least significant difference
post-hoc analysis. *p < 0.05 and **p < 0.01 compared with untreated con-
trol, #p < 0.05 and ##p < 0.01 compared with TGF-β1

Fig. 2 TGF-β1 stimulates a Nox-dependent increase in ROS in hu-
man vascular smooth muscle cells. VSMCs were treated with TGF-β1
(2 ng/ml) for 30 min in the presence and absence of the TGFBR1 antag-
onist, SB431542 (10 μM) and the Nox inhibitor, DPI (20 μM).
Histogram represents fluorescence intensity minus the baseline,
expressed as fold per basal. Results are expressed as mean ± SEM from
three independent experiments and statistical significance was deter-
mined by One-way ANOVA followed by least significant difference
post-hoc analysis. **p < 0.01 compared with untreated control and
##
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of TGF-β1 on ERK and p38 but we now show that these
responses are blocked by ROS inhibitors and are therefore
downstream of Nox in the signalling pathway.

TGF-β1 stimulated GAG synthesizing enzymes mRNA
expression is ROS dependent

We then investigated the involvement of Nox enzymes in the
TGF-β1 mediated expression of GAG synthesizing enzymes.
VSMCs were treated with TGF-β1 (2 ng/ml) for 6 h resulting
in an up-regulation of the mRNA expression of CHST11 to
2.2-fold (p < 0.01) compared to untreated cells. The TGF-β1
mediated CHST11 mRNA expression was completely
blocked by DPI (20 μM) (p < 0.01) and apocynin (20 μM)

(p < 0.05) (Fig. 5a). The TGFBR1 inhibitor, SB431542
abolished TGF-β1-stimulated CHST11 mRNA expression
(p < 0.01). Similarly, VSMCs were treated with TGF-β1
(2 ng/ml) for 6 h result in an increase in the mRNA expression
of CHSY1 to 2.3-fold (p < 0.01) compared to untreated cells
and treatment of VSMCs with DPI (20 μM), apocynin
(20 μM) and SB431542 (10 μM) completely blocked the
TGF-β1 mediated CHSY1 mRNA expression (p < 0.01)
(Fig. 5b). These findings indicate that Nox and most
likely ROS are involved in of TGF-β1 stimulation of
the mRNA expression of GAG synthesizing enzymes.
Taken together the data presented in this manuscript is
consistent with our earlier reports of the role of pERK1/2
and pp38 on Smad linker region phosphorylation and the
expression of mRNA for GAG elongation enzymes
(CHST11 and CHSY1) but we now show a role for
Nox in these responses.

Fig. 5 TGF-β1 mediated mRNA expression of GAG genes (A)
CHST11 and (B) CHSY1 is mediated via Nox dependent pathways.
VSMCs were pre-incubated with the following inhibitors: Nox inhibitors
DPI (20 μM) and apocynin (20 μM) for 2 h and TGFBR1 antagonist,
SB431542 (10 μM) for 30 min before being treated with TGF-β1
(2 ng/ml) for 6 h. Total RNA was harvested and the mRNA of a
CHST11 and b CHSY1 were analyzed using qRT-PCR. GAPDH was
used as a house keeping gene. Results are expressed asmean ± SEM from
three independent experiments and statistical significance was deter-
mined by One-way ANOVA followed by least significant difference
post-hoc analysis. **p < 0.01 compared with untreated control, #p < 0.05
and ##p < 0.01 compared with TGF-β1
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Fig. 4 TGF-β mediated MAPK (ERK and p38) phosphorylation is
Nox-dependent signalling in human VSMCs. VSMCs were pre-
incubated with DPI (20 μM) and apocynin (20 μM) for 30 min before
being treated with TGF-β (2 ng/ml) for 5 min. Membranes were incubat-
ed with a Anti-phospho-ERK (1/2) (Thr202/Tyr204) (1:4000) followed
by followed by peroxidase labeled anti-rabbit IgG (1:2000). b Anti-
phospho-p38-MAPK (Thr180/Tyr182) (1:1000) followed by followed
by peroxidase labeled anti-rabbit IgG (1:2000) and ECL detection.
Anti-GAPDH was as loading control. Normalized data in each case are
shown asmean ± SEM from three independent experiments and statistical
significance was determined by One-way ANOVA followed by least
significant difference post-hoc analysis. **p˂0.01 compared with untreat-
ed control, #p˂0.05 and ##p˂0.01 compared with TGF-β



Discussion

We provide a clear but preliminary demonstration of the role
of Nox and ROS in TGF-β1 signalling; specifically, non-
canonical Smad linker region phosphorylation and down-
stream expression of the genes for the enzymes which are rate
limiting in the process of GAG elongation on the proteogly-
can, biglycan. We provide an insight into a specific signalling
pathway from TGF-β1/TGFBR1 to Nox to MAPKs and then
Smad linker region phosphorylation leading to the expression
of mRNA linked to chondroitin sulfate GAG chain synthesiz-
ing enzymes, CHST11 and CHSY1 in human VSMCs.

Carboxy terminal phosphorylation of Smad2 and Smad3
occurs as a direct result of the kinase activity of TGFBR1.
Phosphorylated Smad2/3 can interact with Smad4 and then
these activated complexes translocate into the nucleus to reg-
ulate transcription of target genes (Massague 2003). In con-
trast to carboxy terminal phosphorylation, Smad2 linker re-
gion phosphorylation occurs via activation of multiple serine/
threonine kinase intermediates (Rezaei et al. 2012; Kamato
et al. 2014; Burch et al. 2010; Rostam et al. 2016; Kamato
et al. 2013b). The role of Smad2 linker region phosphoryla-
tion in cell biology is expanding. Whereas all previous studies
of Smad linker region phosphorylation have involved direct
activation of TGFBR1 (Rostam et al. 2016) or indirect activa-
tion of TGFBR1 resulting from transactivation by a G protein-
coupled receptors (GPCR) (Kamato et al. 2016) such it is
accompanied by TGFBR1 mediated Smad carboxy terminal
phosphorylation. We have recently reported that, in
keratinocytes, GPCR activation results in Smad2 linker region
phosphorylation without carboxy terminal phosphorylation
(Talati et al. 2018). This new data indicates that linker region
phosphorylation is a signalling pathway in its own right and
thus a re-evaluation of the role of Smad carboxy terminal
phosphorylation in cellular signalling is warranted (Derynck
and Zhang 2003; Massagué et al. 2005).

Several reports suggest the Nox signalling pathways may
be connected with the phosphorylation of Smad2 and Smad3
(Yang et al. 2013; Cucoranu et al. 2005; Choi et al. 2014). In
human cardiac fibroblasts, Nox4 is an essential mediator of
Smad2/3 transcription factor phosphorylation and activation
in response to TGF-β (Cucoranu et al. 2005). In our work we
used an antibody for phosphorylated Smad2 linker to observe
the role of ROS signalling in human VSMCs. We observed
that blocking Nox with inhibitors, DPI and apocynin, did not
alter the levels of Smad2 phosphorylation at the carboxy ter-
minal (data not shown), demonstrating as expected that Nox is
not involved in a direct inhibition of TGFBR1. Our results
showed that DPI and apocynin dose dependently block the
phosphorylation of Smad2 in its linker region. These results
demonstrate clearly that TGF-β1 stimulated phosphorylation
of Smad2 linker region involves ROS. Smad linker region
phosphorylation occurs via the upstream activation of serine/

threonine kinases. In TGF-β1 treated VSMCs Smad2 linker
region phosphorylation was dependent on ERK and p38 but
not JNK. Smad2 linker region phosphorylation lead to the
synthesis of proteoglycan biglycan (Burch et al. 2010) and
an increase in the gene expression of the enzymes involved
in the elongation of the GAG chain (Rostam et al. 2016). A
previous study on pancreatic carcinoma cells revealed an in-
volvement of Nox in the regulation of TGF-β1 stimulated
biglycan expression involving p38 activation. (Groth et al.
2005) reported that Rac-1, a cytosolic subunit of the Nox
complex, is an important signalling intermediate in
TGF-β1-induced biglycan expression, and shows that
DPI, as a pharmacologic inhibitor of Nox, suppressed
biglycan expression.

Pharmacological inhibition of Nox enzymes blocked
TGF-β1 mediated phosphorylation of ERK and p38. In addi-
tion, H2O2 increased the phosphorylation of p38 in VSMCs
(Burch et al. 2010) and ERK in renal tubular epithelial cells
(Rhyu et al. 2005). In human pancreatic carcinoma cells, DPI
suppressed TGF-β induced biglycan expression and p38
phosphorylation (Groth et al. 2005). Similarly, in rat VSMCs
angiotensin II mediated phosphorylation of p38 and not ERK
is inhibited by Nox inhibitor DPI (Touyz et al. 2003). ROS
scavenging in human bronchial epithelial cells inhibited
TGF-β mediated phosphorylation of p38, JNK and ERK
(Ge et al. 2016). In our in vitro model of atherosclerosis
ERK and p38 but not JNK are involved in proteoglycan syn-
thesis and GAG chain elongation (Burch et al. 2010). Taken
together our results shown that ROS scavenging effectively
suppressed TGF-β1 mediated Smad2 linker region phosphor-
ylation and GAG chain elongation, which demonstrates a role
of ROS upstream of MAPK pathway.

Proteoglycan synthesis in VSMCs is of interest, because
the binding of atherogenic lipoproteins to modified proteogly-
cans in the blood vessel wall is an initiating event in the de-
velopment of atherosclerosis (Little et al. 2002; Ballinger et al.
2004; Grande-Allen et al. 2007; Burch et al. 2011). Recent
studies indicate that stimulation of VSMCs with TGF-β1
leads to increase in biglycan expression and GAG synthesiz-
ing enzymes expression involving the phosphorylation of
Smad2 linker region. GAG synthesizing enzymes (CHST11
and CHSY1) are responsible for sulfation and GAG chain
hyperelongation (Afroz et al. 2018; Rostam et al. 2018;
Rostam et al. 2016). The mRNA expression of these genes
increases in atherosclerotic lesions in vivo (Anggraeni et al.
2011). From the results obtained in this study, Nox inhibitors
(DPI and apocynin) inhibited the mRNA levels of these en-
zymes indicating an involvement of Nox-dependent sig-
nalling in regulating the mRNA expression of GAG syn-
thesizing enzymes. Our findings provide a deeper under-
standing of the complex signalling pathways controlling
GAG synthesizing enzymes and which adds further in-
sight into the atherosclerotic process. However; other
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studies are necessary to elucidate the molecular mecha-
nisms of Nox functions in TGF-β1 induced activation of
Smad2 linker region and the mRNA expression of GAG
synthesizing enzymes in human VSMCs.

Conclusions

TGF-β1 acting through its receptor leads to the phosphor-
ylation of the transcription factor Smad2 linker region, a
response associated with TGF-β1-mediated mRNA ex-
pression of GAG synthesizing enzymes CHSY1 and
CHST11 that are closely associated with GAG chain elon-
gation in human VSMCs. Our study shows that ROS is a
key mediator in this pathway. Pharmacological inhibition
of Nox blocked TGF-β1-mediated the levels of Smad2
linker region phosphorylation. These findings provide a
better understanding of the signalling pathways control-
ling the length of GAG on proteoglycans, which facilitate
increased lipoprotein binding in the vessel wall and the
development of atherosclerosis. The demonstration of the
role of ROS in TGF-β1 signalling further extends the
pathophysiological roles of TGF-β1 but also provides an-
other potential therapeutic target to prevent ROS-mediated
ageing of human biological systems.
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