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factor β1-induced Nox4 expression and proliferation
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Abstract NADPH oxidase-derived reactive oxygen species
are important for various cellular functions, including prolif-
eration. Endothelial cells predominantly express the Nox4
isoform of NADPH oxidase, but it is not entirely clear how
it is regulated. In this study, we investigated the signalling
pathways involved in transforming growth factor-β1
(TGF-β1)-induced Nox4 expression and the proliferation of
human microvascular endothelial cells (HMECs). TGF-β1
stimulated Nox4 messenger RNA and protein expression in
HMECs. TGF-β1-induced Nox4 also increased hydrogen
pe rox ide p roduc t i on , wh i ch was inh ib i t ed by
diphenyleneiodonium and EUK134. The acute treatment of
HMECs with TGF-β1 enhanced the phosphorylation of
Smad2 and extracellular signal-regulated kinase (ERK) 1/2,
without affecting p38MAPK, Akt, or Jun N-terminal kinase 1/
2 (JNK1/2) pathways. Further, inhibition of Smad2 signalling
using an inhibitor of activin receptor-linked kinase 5
SB431542 reduced TGF-β1-induced Nox4 expression, while

inhibition of ERK1/2 with the inhibitor of mitogen-activated
protein kinase kinase 1/2 U0126 decreased both basal and
TGF-β1-induced Nox4 expression. Inhibition of ERK1/2
phosphorylation with U0126 did not affect Smad2 phosphor-
ylation. Finally, TGF-β1 enhanced endothelial cell prolifera-
tion, which was reduced by U0126 but not by SB431542.
These findings suggest that the non-canonical pathway ERK1/
2 regulates Nox4 expression and may be involved in TGF-β1-
induced proliferation of endothelial cells, which is vital during
angiogenesis and vascular development.
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List of abbreviation
ALK Activin receptor-like kinase
H2O2 Hydrogen peroxide
HMEC Human dermal microvascular endothelial cells
Nox4 NADPH oxidase 4
ROS Reactive oxygen species
TGF-β1 Transforming growth factor β1
MEK1/2 Mitogen-activated protein kinase kinase 1/2
ERK1/2 Extracellular signal-regulated kinase 1/2
JNK1/2 Jun N-terminal kinase 1/2

Introduction

Transforming growth factor-β1 (TGF-β1) is a multifunctional
growth factor that regulates many biological processes, such
as embryonic development, cell proliferation, migration, ex-
tracellular matrix production and differentiation of a variety of
cell types. These diverse TGF-β1 responses are regulated via
activation of multiple downstream signalling pathways. The
canonical pathway induced by TGF-β1 involves two
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transmembrane serine/threonine kinase receptors types I and
II. TGF-β1 is initiated by its binding to its type II receptor and
the subsequent recruitment of the type I receptor, also known
as activin receptor-like kinase 5 (ALK5). The activated ALK5
induces phosphorylation of Smad2/3, which then binds to the
regulatory subunit Smad4. This complex translocates to the
nucleus, where it regulates the transcription of a specific set of
genes involved in cellular functions. In addition to ALK5, endo-
thelial cells also express a type I receptor, known as ALK1,
which induces phosphorylation of Smad1/5 (ten Dijke and
Arthur 2007). Activation of TGF-β receptor signalling is follow-
ed by a less direct, and therefore slower, activation of other
serine/threonine kinases, including the MAPKs, extracellular-
signal regulated kinase 1/2 (ERK), Jun N-terminal kinase
(JNK), p38 kinase, and phosphatidylinositol 3′-kinase
(PI3K) Akt, (Zhang 2009; Heldin and Moustakas 2012)

TGF-β isoforms activates many regulatory pathways in
cardiovascular physiology and disease. One of the major
targets of TGF-β in the vasculature is endothelial cells
(Goumans et al. 2009; Jakobsson and van Meeteren 2013).
Disruption of TGF-β signalling in endothelial cells results in
impaired vasculogenesis in the embryo (Goumans et al. 2009)
and has consequences for postnatal angiogenesis (Pardali et al.
2010). In addition, TGF-β has been implicated in modulating
endothelial cell proliferation, apoptosis, permeability and
morphogenesis (Roberts and Sporn 1989; Myoken et al.
1990; Lee et al. 2007; Lu et al. 2009). There is evidence that
TGF-β1 concentrations are elevated in the plasma of patients
with risk factors for cardiovascular disease, including obesity
and diabetes (Pfeiffer et al. 1996; Scaglione et al. 2003).

Interestingly, TGF-β1 has been found to stimulate the
production of reactive oxygen species (ROS) in a variety of
cell types, including endothelial cells, via activation of
NADPH oxidases (Hu et al. 2005; Hecker et al. 2009;
Carnesecchi et al. 2011; Martin-Garrido et al. 2011;
Peshavariya et al. 2014), the only known enzymes whose sole
function is to produce ROS. There are seven isoforms of the
NADPH oxidase catalytic subunit (Nox1 to Nox5 and Duox1
and 2), among which Nox1, Nox2, Nox4, and Nox5 are
expressed by human endothelial cells (Bedard and Krause
2007; Chan et al. 2009). Nox4 is unique in terms of its
constitutive activity and because its major detectable product
is hydrogen peroxide (H2O2) rather than superoxide (Takac
et al. 2011). Recently, we and others have shown that TGF-β1
induces H2O2 formation via Nox4 in several types of vascular
cells, including endothelial, vascular smooth muscle and fi-
broblast cells (Hecker et al. 2009; Carnesecchi et al. 2011;
Martin-Garrido et al. 2011; Peshavariya et al. 2014). These
studies also suggested that TGF-β-induced Nox4 expression
in vascular cells occurs mainly via canonical activation of the
Smad2/3-dependent pathway. However, the effect of
TGF-β1-induced non-canonical pathways, such as MAPKs,
and expression of Nox4 in endothelial cells remain unknown.

In the present study, we explored the regulation of Nox4
via non-canonical pathways in human microvascular endothe-
lial cells. Previously, we and others have shown that Nox4 has
an important role in serum and growth factor-induced endo-
thelial cell proliferation and survival (Datla et al. 2007;
Peshavariya et al. 2009; Craige et al. 2011; Schroder et al.
2012; Peshavariya et al. 2014). Therefore, we also investigat-
ed the effects of TGF-β1-induced non-canonical pathways on
the proliferation of endothelial cells.

Materials and methods

Cell culture

The human microvascular endothelial cells (HMECs) used in
this study were a kind gift from the Centre for Disease Control
and Prevention, Atlanta, GA, USA. The HMECs were cul-
tured in an EGM-MV bullet kit (hydrocortisone, gentamicin,
amphotericin-B, bovine brain extract, human epidermal, hu-
man fibroblast growth factor-basic) with 15 % foetal bovine
serum (FBS; Lonza, Victoria, Australia) in a 5 % CO2 incu-
bator at 37 °C.

Experimental setup

Unless otherwise specified, the cells were treated with
TGF-β1 (10 ng/ml; Sigma-Aldrich, New South Wales, Aus-
tralia) for 6 h before cell harvest. When the effects of the
inhibitors were examined, the cells were pre-treated with
ALK5 inhibitor SB431542 (10 μM; Sigma-Aldrich), MEK
1/2 inhibitor U0126 (10 μM, Sigma-Aldrich), superoxide/
catalase mimetic EUK134 (25 μM; Cayman Chemical Com-
pany, Michigan, USA) and a flavoprotein such as NADPH
oxidase inhibitor diphenyleneiodonium (DPI) (10 μM,
Sigma-Aldrich) for 1 h before stimulating with TGF-β1
(10 ng/ml). In some cases, cells were treated with TGF-β1
(10 ng/ml) from 10 to 120 min.

Gene expression analysis

Endothelial cells (105 cells/well) were seeded in six-well
plates and serum deprived overnight prior to conducting the
experiments. RNA from the treated cells was extracted with
the TRI reagent according to the manufacturer’s instructions
(Ambion, Austin, TX, USA). One hundred nanograms total
RNA was reverse-transcribed to complementary DNA
(cDNA) using TaqMan high-performance reverse transcrip-
tion reagents (Applied Biosystems, Life Technologies, Victo-
ria, Australia) at 25 °C for 10 min and at 37 °C for 2 h,
followed by 85 °C for 5 s in a thermal cycler (BioRad-DNA
Engine; Bio-Rad, New South Wales, Australia). Quantitative
PCR was set up using 5 ng cDNA template from respective
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samples, Taqman gene expression mastermix (Life Technolo-
gies , CA) and predesigned, gene-specif ic Nox4
(Hs01558199_m1) probes and primer sets. Water was used
as no template control. Using StepOne Plus System (Life
Technologies, CA) real-time PCR run was set up as follows:
2 min at 50 °C and then 10min at 95 °C followed by 36 cycles
of 15 s at 95 °C and 1 min at 60 °C. The cycle threshold (CT)
values form all real-time PCR experiments were analysed
using ΔΔCTmethod. The data were normalised to housekeep-
ing gene GAPDH (human 4326317E) and expressed as fold
changes over those in the control treatment group.

Western blot analysis

Cells (105 cells/well) were cultured in six-well plates, and
pro te in was ext rac ted as previous ly descr ibed
(Peshavariya et al. 2014). Primary rabbit polyclonal anti-
Nox4 (1:1000; Abcam), pSmad2 (1:1000; Calbiochem),
total Smad (1:1000, Abcam), rabbit polyclonal pERK1/2
(1:1000; Cell Signalling), mouse monoclonal total
ERK1/2 (1:1000; Cell Signalling), rabbit polyclonal
pp38MAP (1:1000; Cell Signalling), mouse monoclonal
total p38MAP (1:1000; Cell Signalling), rabbit polyclonal
pJNK1/2 (1:1000; Cell Signalling), rabbit polyclonal total
JNK1/2 (1:1000; Cell Signalling), rabbit polyclonal pAkt
(1:1000; Cell Signalling), rabbit polyclonal total Akt
(1:1000; Abcam), and mouse monoclonal β-actin
(1:4000; Sigma-Aldrich) antibodies were used. Proteins
were detected using an enhanced chemiluminescence de-
tection kit (GE Healthcare, New South Wales, Australia)
with horseradish peroxidase conjugated to the appropriate
secondary antibodies (Bio-Rad). Gene Genius Imaging
System from Syngene was used to capture the images.

Amplex red assay

Extracellular H2O2 levels were detected using an
Amplex® Red assay kit (Molecular Probes, Life Technol-
ogies, Victoria, Australia) according to the manufacturer’s
instructions. Serum-deprived cells (104 cells/well) were
seeded in a black 96-well plate and treated with and
without TGF-β1 (10 ng/ml) for 6 h. Following the treat-
ments, the cells were treated with phenol-free RPMI me-
dia containing Amplex® Red reagent (10 μM) and horse-
radish peroxidase (0.1 U/ml). Fluorescence was then mea-
sured with excitation and emission at 550 and 590 nm,
respectively, using a Polarstar microplate reader (BMG
Labtech, Germany) at 37 °C. Fluorescence values were
normalised to cell numbers determined by Alamar® Blue
cell viability assay according to the manufacturer’s in-
structions (Life Technologies, Victoria, Australia).

Cell proliferation assay

Cell proliferation was measured by DNA content-based
CyQUANT® NF Proliferation Assay. Serum-deprived cells
(104 cells/well) were seeded in a 24-well plate and treated for
48 h with low serum containing (1 % FBS) EGM-MV media
(hydrocortisone, bovine brain extract, human epidermal, hu-
man fibroblast growth factor basic) and TGF-β1 (10 ng/ml).
Following the incubation, a CyQUANT® NF Proliferation
Assay solution (250 μl) was added to each well and incubated
for 1 h at 37 °C/5 % CO2. Fluorescence was measured with
excitation and emission wavelengths of 480 and 520 nm,
respectively, using the Polarstar microplate reader, at 37 °C.

Results

TGF-β1-induced Nox4 expression and activity in endothelial
cells

We previously showed that TGF-β1-stimulated Nox4 expres-
sion in endothelial cells derived from different vascular beds
(Peshavariya et al. 2014) and confirmed here that TGF-β1
increased the expression of Nox4 messenger RNA (mRNA)
(Fig. 1a) and protein (Fig. 1b). Importantly, TGF-β1 also
stimulated H2O2 production after Nox4 induction, and this
was blocked by DPI (1 μM) and the superoxide/catalase
mimetic EUK 134 (10 μM).

TGF-β1-induced canonical and non-canonical pathways
in endothelial cells

One of the earliest events of TGF-β1 signalling is to activate
canonical and non-canonical pathways. TGF-β1 induced the
canonical pathway and enhanced the phosphorylation of
Smad2 within 10 min of treatment, effects that were sustained
up to 60 min without affecting total Smad2 levels (Fig. 2a).
Similarly, TGF-β1 activated the non-canonical pathway and
increased the phosphorylation of ERK1/2 within only 10 min
of treatment, and these returned to basal levels within 30 min
(Fig. 2b). However, TGF-β1 did not change phosphorylation
of p38 MAPK, Akt, or JNK1/2. These findings suggest that
TGF-β1 activates both Smad2 and ERK1/2 pathways in en-
dothelial cells and both may be involved in the regulation of
Nox4 expression.

ERK1/2 pathway regulates Nox4 expression in endothelial
cells

In accordance with our previous study, inhibition of TGF-β1-
activated canonical pathways using the ALK5 inhibitor re-
duced Smad2 phosphorylation and Nox4 expression in
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HMECs (Figure S1) (Peshavariya et al. 2014). Given that
TGF-β1 is involved in the early activation of ERK1/2, we
decided to test the effect of MEK1/2 inhibitor U0126 on
Smad2 phosphorylation and Nox4 expression. U0126 re-
duced TGF-β1-induced phosphorylation of ERK1/2 without
affecting the phosphorylation of Smad2 (Fig. 3a). Next, we
examined the effect of U0126 on Nox4 expression and found
that ERK1/2 inhibition decreased both the basal and TGF-β1-
induced expression of Nox4 mRNA (Fig. 3b) and protein
(Fig. 3c). Interestingly, the TGF-β1-induced Nox4 response
was substantially lower but still present after the inhibition of

ERK1/2 (Fig. 3b, c). Thus, ERK1/2 activity is required for
basal Nox4 expression in endothelial cells.

TGF-β1-induced ERK1/2 regulates proliferation
of endothelial cells

Finally, we examined the effects of ALK5 inhibitor SB431542
and MEK1/2 inhibitor U0126 on TGF-β1-induced endotheli-
al cell proliferation. The inhibition of canonical Smad2 sig-
nalling pathway using SB431542 did not inhibit either basal
or TGF-β1-induced proliferation of HMECs (Fig. 4a). In

Fig. 2 Effect of TGFβ1 on cell
signalling pathway in HMECs.
Effects of TGFβ1 (10 ng/ml) on
phosphorylation of Smad2 (a),
ERK1/2 (b), P38 MAPK (c), Akt
(d) and JNK1/2 (e). Quantitative
densitometry data expressed in
arbitrary unit (AU; measured by
ImageJ software) are indicated by
the bar graphs below. The
combined density of ERK1 and
ERK2 bands was taken for
quantitation. Similarly, in case of
JNK1 and JNK2, the combined
density of top and bottom bands,
respectively, was taken for
quantitation. All data are mean±
SEM. *P<0.05 from control
(Ctrl)

Fig. 1 TGFβ1 increases Nox4 mRNA and protein levels and H2O2

generation in HMECs. a TGFβ1 (10 ng/ml) induced Nox4 mRNA
levels at 6 h in HMECs. b TGF-β1 (10 ng/ml) enhanced Nox4 protein
levels compared to the control in HMECs, as shown in a representative
Western blot. c Treatment of HMECs with TGFβ1 (10 ng/ml) induced

H2O2 formation, which was blocked by the flavin inhibitor
diphenyleneiodonium (DPI; 1 μM) and the superoxide /catalase
mimetic EUK 34 (10 μM) at 6 h. All data are mean±SEM from three
to five experiments. *P<0.05 from control (Ctrl) and dagger from
TGFβ1
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contrast, U0126 decreased the TGF-β1-induced proliferation
of HMECs (Fig. 4b). These findings suggest that TGF-β1-
induced early activation of ERK1/2 signalling is required for
endothelial cell proliferation.

Discussion

TGF-β1-induced signalling pathways are important for the
regulation of several genes involved in endothelial cell func-
tions, such as proliferation, wound healing and angiogenesis.
In the present study, we showed that TGF-β1-induced

canonical Smad2 and non-canonical ERK1/2 pathways are
both involved in regulation of Nox4 expression in microvas-
cular endothelial cells. Activation of the TGF-β1-mediated
non-canonical ERK1/2 pathway is crucial for endothelial cell
proliferation.

It is well known that TGF-β1 mediates the activation of
canonical and non-canonical pathways in a variety of cells,
including endothelial cells (Vinals and Pouyssegur 2001; Lee
and Blobe 2007; Zhang 2009; Joko et al. 2013). Interestingly,
we observed in our study that the TGF-β1-activated phos-
phorylation of Smad2 occurred 10 min post-treatment and
remain active for 1 h, whereas the phosphorylation of
ERK1/2 reached its peak within 10 min and returned to basal

Fig. 3 TGFβ1stimulated
ERK1/2 activation, which is
required for Nox4 expression. a
MEK1/2 inhibitor U0126 blocked
phosphorylation of ERK1/2
without affecting Smad
phosphorylation. Inhibition of
ERK1/2 reduced both basal and
TGFβ1 (10 ng/ml) induced Nox4
mRNA (b) and Nox4 Protein (c)
expression in HMECs. All data
are mean±SEM from three to five
experiments, *P<0.05 from
control (Ctrl) and dagger from
TGFβ1 whereas number sign
from U0126

Fig. 4 ERK1/2 activation required for TGFβ1-stimulated HMEC
proliferation TGFβ1 (10 ng/ml) increased the cell proliferation of
HMECs measured by the cellular DNA content-based CyQUANT® NF
proliferation method. a AKL5 inhibitor SB431542 (10 μM) does not
inhibit TGFβ1-induced cell proliferation, whereas b inhibition of

ERK1/2 activation by UO126 (10 μM) suppresses TGFβ1-induced cell
proliferation. Fluorescent value is expressed as RFU, and data are
expressed as mean±SEM from four to eight experiments. *P<0.05
from control (Ctrl)
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level by 30 min. In contrast, TGF-β1 did not activate the
phosphorylation of p38 MAP, JNK1/2 or Akt up to 120 min.
Early activation of the ERK1/2 pathway might prolong acti-
vation of Smad via phosphorylation at the linker site of Smad
and enhance its stability (Kamato et al. 2013). However, we
did not observe any destabilisation of pSmad2 in the presence
of MEK1/2 inhibitor U0126 following TGF-β1 stimulation
compared to untreated cells (Fig. 3a). In addition, it has been
shown that ALK5 inhibitor SB431542 selectively inhibits
phosphorylation of Smad2/3 without interfering in MAP ki-
nase signalling pathways, such as ERK1/2 (Laping et al.
2002). These findings suggest that TGF-β1-mediated Smad2
and ERK1/2 signalling pathways are regulated independently
in endothelial cells and that early activation of ERK1/2 does
not interfere with Smad2 activity.

We and others have demonstrated that inhibition of the
Smad2/3 signalling pathway using ALK5 inhibitor
SB431542 decreased TGF-β1-induced Nox4 expression
(Hecker et al. 2009; Peshavariya et al. 2014) but not expression
at rest. Surprisingly, inhibition of MEK1/2 by U0126 de-
creased the basal expression of Nox4 and TGF-β1 had less
of an effect on HMECs than untreated cells. It has also been
demonstrated that TGF-β1 regulates basic fibroblast growth
factor (bFGF) expression via ERK1/2-mediated induction of
AP-1 binding to bFGF promoter in human lung fibroblasts
(Finlay et al. 2000). A recent study also indicated that the
human NOX4 promoter has close AP-1 to Smad binding sites
and that deletions of either of these sites result in attenuation of
TGF-β1-induced NOX4 promoter activity, suggesting that
AP-1/Smad binding sites are required for Nox4 expression
(Bai et al. 2014). It is plausible that AP-1 and Smad binding
sites synergistically regulate NOX4 promoter activity in the
presence of TGF-β1 and that inhibiting ERK1/2 may reduce
AP-1 binding activity and basal and TGF-β1-induced Nox4
expression in endothelial cells. Our results are consistent with a
previous report that indicated that oxidised low-density lipo-
protein (OxLDL) required activation of the ERK1/2 pathway
for Nox4 expression in human monocyte-derived macrophage
and that inhibition of the ERK1/2 pathway reduced OxLDL-
induced Nox4 expression in these cells (Lee et al. 2010).

TGF-β1 is a well-known inducer of Nox4 expression and
TGF-β1-induced Nox4 has roles in a number of pathophysi-
ological processes such as angiogenesis (Peshavariya et al.
2014), inflammation (Lee et al. 2010), cancer progression,
(Sampson et al. 2011; Boudreau et al. 2012) and fibrosis
(Hecker et al. 2009; Carnesecchi et al. 2011). These studies
highlight that TGF-β1 induces Nox4 expression via Smad2/3-
dependent canonical pathways, but the effects on cellular
functions are highly cell context dependent. For instance
TGF-β1-induced Smad2/3 and Nox4 are involved in the
proliferation of lung fibroblast (Hecker et al. 2009) and pul-
monary vascular smooth muscle (Sturrock et al. 2006) and
endothelial cells (Peshavariya et al. 2014). On the other hand,

TGF-β1-induced endothelial cell proliferation is poorly un-
derstood. Several factors might influence the effect of
TGF-β1-induced endothelial cell proliferation, such as culture
conditions, expression level of endothelial-specific TGF-β
type III receptor endoglin, origin of the endothelial cells, and
activation of Smad-independent MAPK pathways. While in
our study it appears that no involvement of the canonical
Smad2 pathway using ALK5 inhibitor SB431542 on endo-
thelial cell proliferation, MEK1/2 inhibitor U0126 abolished
the TGF-β1-induced proliferation of HMECs. Consistent
with this observation, Vinals et al. showed that in microvas-
cular endothelial cells, TGF-β1 induced the autocrine secre-
tion of TGF-α, a pro-survival and pro-angiogenic factor, via
Smad-independent MAPK and PI3K pathways (Vinals and
Pouyssegur 2001). It should be noted that ERK1/2 has a well-
established role in cell proliferation and survival (Chambard
et al. 2007; Mebratu and Tesfaigzi 2009). In addition, recent
reports have suggested that induction of Nox4-derived
H2O2 formation activates several pro-survival signalling
activities, such as induction of HO-1(Schroder et al.
2012), VEGF (Zhang et al. 2010) and eNOS (Craige
et al. 2011; Peshavariya et al. 2014) expression, and it
regulates endothelial cell survival and angiogenesis. In-
deed, we previously showed that TGF-β1 required Nox4
for in vitro and in vivo angiogenesis (Peshavariya et al.
2014). We have also illustrated the pro-apoptotic effect of
TGF-β1-induced Nox4 in Human umbilical vein endothe-
lial cells (HUVECs) and how it induced phenotypic
changes to arterial endothelial cells, which are the main
cells involved in angiogenesis (Yan et al. 2014). It has
become evident that early activation of the pro-apoptotic
mediators, such as caspase-3, caspase-8 and cytochrome
C, are required for angiogenesis and inhibition of caspases
reduces angiogenesis both in vitro and in vivo (Segura
et al. 2002). Thus, it is likely that the Smad-independent
ERK1/2 pathway regulates Nox4 expression and may be
involved in the TGF-β1-induced proliferation of endothelial
cells, which might have a significant impact on angiogenesis
and vascular development. Understanding these novel
TGF-β1-mediated canonical and non-canonical mechanisms
is critical in the regulation of Nox4-depedent redox signalling
andmay have broader implications in endothelial function and
the pathophysiology of cardiovascular diseases.

Acknowledgements This study is supported by the National Health
and Medical Research Council (NHMRC). NYH is supported by an
international scholarship from King Abdulaziz University, Jeddah, Saudi
Arabia. HMP is supported by a Heart Foundation Grant-in-Add (G
12M6726) Australia. GJD is a Principal Research Fellow at NHMRC.
FJ is supported by the Natural Science Foundation of China (81070164).
The Centre for Eye Research Australia and O’Brien Institute acknowl-
edge the Victoria State Government’s Department of Innovation, Industry
and Regional Development’s Operational Infrastructure Support
Program.

324 Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:319–326



Conflicts of interest The authors declare no conflict of interest.

References

Bai G, Hock TD, Logsdon N, Zhou Y, Thannickal VJ (2014) A far-
upstreamAP-1/Smad binding box regulates humanNOX4 promoter
activation by transforming growth factor-beta. Gene 540:62–67

Bedard K, Krause KH (2007) The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol Rev
87:245–313

Boudreau HE, Casterline BW, Rada B, Korzeniowska A, Leto TL (2012)
Nox4 involvement in TGF-beta and SMAD3-driven induction of
the epithelial-to-mesenchymal transition and migration of breast
epithelial cells. Free Radic Biol Med 53:1489–1499

Carnesecchi S, Deffert C, Donati Y, Basset O, Hinz B, Preynat-Seauve O,
Guichard C, Arbiser JL, Banfi B, Pache JC, Barazzone-Argiroffo C,
Krause KH (2011) A key role for NOX4 in epithelial cell death
during development of lung fibrosis. Antioxid Redox Signal 15:
607–619

Chambard JC, Lefloch R, Pouyssegur J, Lenormand P (2007) ERK
implication in cell cycle regulation. Biochim Biophys Acta 1773:
1299–1310

Chan EC, Jiang F, Peshavariya HM, Dusting GJ (2009) Regulation of cell
proliferation byNADPH oxidase-mediated signaling: potential roles
in tissue repair, regenerative medicine and tissue engineering.
Pharmacol Ther 122:97–108

Craige SM, Chen K, Pei Y, Li C, Huang X, Chen C, Shibata R, Sato K,
Walsh K, Keaney JF Jr (2011) NADPH oxidase 4 promotes endo-
thelial angiogenesis through endothelial nitric oxide synthase acti-
vation. Circulation 124:731–740

Datla SR, Peshavariya H, Dusting GJ, Mahadev K, Goldstein BJ, Jiang F
(2007) Important role of Nox4 type NADPH oxidase in angiogenic
responses in human microvascular endothelial cells in vitro.
Arterioscler Thromb Vasc Biol 27:2319–2324

Finlay GA, Thannickal VJ, Fanburg BL, Paulson KE (2000)
Transforming growth factor-beta 1-induced activation of the ERK
pathway/activator protein-1 in human lung fibroblasts requires the
autocrine induction of basic fibroblast growth factor. J Biol Chem
275:27650–27656

Goumans MJ, Liu Z, ten Dijke P (2009) TGF-beta signaling in vascular
biology and dysfunction. Cell Res 19:116–127

Hecker L, Vittal R, Jones T, Jagirdar R, Luckhardt TR, Horowitz JC,
Pennathur S,Martinez FJ, Thannickal VJ (2009) NADPH oxidase-4
mediates myofibroblast activation and fibrogenic responses to lung
injury. Nat Med 15:1077–1081

Heldin CH, Moustakas A (2012) Role of Smads in TGFbeta signaling.
Cell Tissue Res 347:21–36

Hu T, Ramachandrarao SP, Siva S, Valancius C, Zhu Y, Mahadev K, Toh
I, Goldstein BJ, Woolkalis M, Sharma K (2005) Reactive oxygen
species production via NADPH oxidase mediates TGF-beta-
induced cytoskeletal alterations in endothelial cells. Am J Physiol
Ren Physiol 289:F816–F825

Jakobsson L, van Meeteren LA (2013) Transforming growth factor beta
family members in regulation of vascular function: in the light of
vascular conditional knockouts. Exp Cell Res 319:1264–1270

Joko T, Shiraishi A, Akune Y, Tokumaru S, Kobayashi T, Miyata K,
Ohashi Y (2013) Involvement of P38MAPK in human corneal
endothelial cell migration induced by TGF-beta(2). Exp Eye Res
108:23–32

KamatoD, BurchML, Piva TJ, Rezaei HB, RostamMA, Xu S, ZhengW,
Little PJ, Osman N (2013) Transforming growth factor-beta signal-
ling: role and consequences of Smad linker region phosphorylation.
Cell Signal 25:2017–2024

Laping NJ, Grygielko E, Mathur A, Butter S, Bomberger J, Tweed C,
Martin W, Fornwald J, Lehr R, Harling J, Gaster L, Callahan JF,
Olson BA (2002) Inhibition of transforming growth factor (TGF)-
beta1-induced extracellular matrix with a novel inhibitor of the
TGF-beta type I receptor kinase activity: SB-431542. Mol
Pharmacol 62:58–64

Lee NY, Blobe GC (2007) The interaction of endoglin with beta-arrestin2
regulates transforming growth factor-beta-mediated ERK activation
and migration in endothelial cells. J Biol Chem 282:21507–21517

Lee YH, Kayyali US, Sousa AM, Rajan T, Lechleider RJ, Day RM
(2007) Transforming growth factor-beta1 effects on endothelial
monolayer permeability involve focal adhesion kinase/Src. Am J
Respir Cell Mol Biol 37:485–493

Lee CF, Qiao M, Schroder K, Zhao Q, Asmis R (2010) Nox4 is a novel
inducible source of reactive oxygen species in monocytes and
macrophages and mediates oxidized low density lipoprotein-
induced macrophage death. Circ Res 106:1489–1497

Lu Q, Patel B, Harrington EO, Rounds S (2009) Transforming growth
factor-beta1 causes pulmonary microvascular endothelial cell apo-
ptosis via ALK5. Am J Physiol Lung Cell Mol Physiol 296:L825–
L838

Martin-Garrido A, Brown DI, Lyle AN, Dikalova A, Seidel-Rogol B,
Lassegue B, San Martin A, Griendling KK (2011) NADPH oxidase
4 mediates TGF-beta-induced smooth muscle alpha-actin via
p38MAPK and serum response factor. Free Radic Biol Med 50:
354–362

Mebratu Y, Tesfaigzi Y (2009) How ERK1/2 activation controls cell
proliferation and cell death: is subcellular localization the answer?
Cell Cycle 8:1168–1175

Myoken Y, Kan M, Sato GH, McKeehan WL, Sato JD (1990)
Bifunctional effects of transforming growth factor-beta (TGF-beta)
on endothelial cell growth correlate with phenotypes of TGF-beta
binding sites. Exp Cell Res 191:299–304

Pardali E, Goumans MJ, ten Dijke P (2010) Signaling by members of the
TGF-beta family in vascular morphogenesis and disease. Trends
Cell Biol 20:556–567

Peshavariya H, Dusting GJ, Jiang F, Halmos LR, Sobey CG, Drummond
GR, Selemidis S (2009) NADPH oxidase isoform selective regula-
tion of endothelial cell proliferation and survival. Naunyn
Schmiedeberg's Arch Pharmacol 380:193–204

Peshavariya HM, Chan EC, Liu GS, Jiang F, Dusting GJ (2014)
Transforming growth factor-beta1 requires NADPH oxidase 4 for
angiogenesis in vitro and in vivo. J Cell Mol Med 18(6):1172–1183

Pfeiffer A, Middelberg-Bisping K, Drewes C, Schatz H (1996) Elevated
plasma levels of transforming growth factor-beta 1 in NIDDM.
Diabetes Care 19:1113–1117

Roberts AB, Sporn MB (1989) Regulation of endothelial cell growth,
architecture, and matrix synthesis by TGF-beta. Am Rev Respir Dis
140:1126–1128

Sampson N, Koziel R, Zenzmaier C, Bubendorf L, Plas E, Jansen-Durr P,
Berger P (2011) ROS signaling by NOX4 drives fibroblast-to-
myofibroblast differentiation in the diseased prostatic stroma. Mol
Endocrinol 25:503–515

Scaglione R, Argano C, di Chiara T, Colomba D, Parrinello G, Corrao S,
Avellone G, Licata G (2003) Central obesity and hypertensive renal
disease: association between higher levels of BMI, circulating
transforming growth factor beta1 and urinary albumin excretion.
Blood Press 12:269–276

Schroder K, Zhang M, Benkhoff S, Mieth A, Pliquett R, Kosowski J,
Kruse C, Luedike P, Michaelis UR, Weissmann N, Dimmeler S,
Shah AM, Brandes RP (2012) Nox4 is a protective reactive oxygen
species generating vascular NADPH oxidase. Circ Res 110:1217–
1225

Segura I, SerranoA, De Buitrago GG, GonzalezMA, Abad JL, Claveria C,
Gomez L, Bernad A, Martinez AC, Riese HH (2002) Inhibition of
programmed cell death impairs in vitro vascular-like structure

Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:319–326 325



formation and reduces in vivo angiogenesis. FASEB J Off Publ Fed
Am Soc Exp Biol 16:833–841

Sturrock A, Cahill B, Norman K, Huecksteadt TP, Hill K, Sanders K,
Karwande SV, Stringham JC, Bull DA, Gleich M, Kennedy TP,
Hoidal JR (2006) Transforming growth factor-beta1 induces Nox4
NAD(P)H oxidase and reactive oxygen species-dependent prolifera-
tion in human pulmonary artery smooth muscle cells. Am J Physiol
Lung Cell Mol Physiol 290:L661–L673

Takac I, Schroder K, Zhang L, Lardy B, Anilkumar N, Lambeth JD, Shah
AM, Morel F, Brandes RP (2011) The E-loop is involved in hydro-
gen peroxide formation by the NADPH oxidase Nox4. J Biol Chem
286:13304–13313

ten Dijke P, Arthur HM (2007) Extracellular control of TGFbeta signal-
ling in vascular development and disease. Nat Rev Mol Cell Biol 8:
857–869

Vinals F, Pouyssegur J (2001) Transforming growth factor beta1
(TGF-beta1) promotes endothelial cell survival during in vitro
angiogenesis via an autocrine mechanism implicating TGF-
alpha signaling. Mol Cell Biol 21:7218–7230

Yan F, Wang Y, Wu X, Peshavariya HM, Dusting GJ, Zhang M,
Jiang F (2014) Nox4 and redox signaling mediate TGF-beta-
induced endothelial cell apoptosis and phenotypic switch. Cell
Death Dis 5:e1010

Zhang YE (2009) Non-Smad pathways in TGF-beta signaling. Cell Res
19:128–139

Zhang M, Brewer AC, Schroder K, Santos CX, Grieve DJ, Wang M,
Anilkumar N, Yu B, Dong X, Walker SJ, Brandes RP, Shah AM
(2010) NADPH oxidase-4 mediates protection against chronic load-
induced stress inmouse hearts by enhancing angiogenesis. Proc Natl
Acad Sci U S A 107:18121–18126

326 Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:319–326


	Smad-independent...
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Experimental setup
	Gene expression analysis
	Western blot analysis
	Amplex red assay
	Cell proliferation assay

	Results
	TGF-β1-induced Nox4 expression and activity in endothelial cells
	TGF-β1-induced canonical and non-canonical pathways in endothelial cells
	ERK1/2 pathway regulates Nox4 expression in endothelial cells
	TGF-β1-induced ERK1/2 regulates proliferation of endothelial cells

	Discussion
	References


