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ROS directly activates transforming growth factor β type 1 receptor
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Background: Widely used NAPDH oxidase (Nox) inhibitor, apocynin is a prodrug that needs to be converted to its
pharmacologically active form by myeloperoxidase. In myeloperoxidase deﬁcient non phagocytic cells such as
vascular smooth muscle cells (VSMCs) apocynin stimulates the production of ROS. ROS is generated by the
activation of many signalling pathways, thus we have used apocynin as a pharmacological tool to characterise
the role of endogenous ROS in activating the transforming growth factor beta receptor (TGFBR1) without the
activation of other pathways.
Methods: The in vitro study utilized human VSMCs. Western blotting and quantitative real time PCR were
performed to assess signalling pathways and gene expression, respectively. Intracellular ROS levels was measured using ﬂuorescence detection assay.
Results: Treatment with apocynin of human VSMCs stimulated ROS production and the phosphorylation of
TGFBR1 and subsequent activation of TGFBR1 signalling leading to the formation of phosphorylated Smad2
which consequently upregulates the mRNA expression of glycosaminoglycan synthesizing enzyme.
Conclusions: These ﬁndings outline a speciﬁc involvement of ROS production in TGFBR1 activation.
Furthermore, because apocynin stimulates Nox and ROS production, apocynin must be used with considerable
care in vitro as its actions clearly extend beyond the stimulation of Nox enzymes and it has consequences for
cellular signalling.
General signiﬁcance: Apocynin can stimulate Nox leading to the production of ROS and the outcome is completely dependent upon the redox properties of the cell.

1. Introduction
G protein coupled receptors (GPCRs) are the most proliﬁc receptor
families in biology [1,2] and they are the targets for largest number of
therapeutic agents reﬂecting their role in multiple pathophysiologies
[3]. The original paradigm of classic GPCR signalling [4] has been
enormously broadened with the acknowledgment of GPCR

transactivation dependent signalling [5]. The paradigm of GPCR
transactivation signalling was originally established in the context of
protein tyrosine kinase receptors (PTKR) stimulation notably epidermal
growth factor receptor (EGFR) [5–7] and has since and recently been
extended to include the transactivation of S/TKR, speciﬁcally transforming growth factor beta type one receptor (TGFBR1) [8–10]. This
transactivation mechanism further extends the responses attributable to
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GPCRs to include ﬁbrosis, atherogenesis and cancer metastases [11,12].
Surprisingly, mechanistic studies have thus far revealed that the biochemical processes of these two GPCR to kinase receptor transactivation pathways are completely distinct [13–16]. It will be necessary to
fully characterise and understand these mechanisms of transactivation
signalling in order to reveal a potential therapeutic target for all of the
diseases in which these transactivation processes are involved. Reactive
oxygen species (ROS) are highly reactive molecules that act as second
messengers to modulate signalling pathways. ROS are involved in GPCR
transactivation of PTKR, however the role of ROS in GPCR transactivation of the TGFBR1 has not yet been explored.
ROS are generated by the action of many growth factors and hormones but studying the role of ROS under these circumstances is
heavily confounded by the many pathways that are concomitantly activated by the relevant growth factor or hormone. We wished to explore
the role of Nox and ROS in transforming growth factor β (TGF-β) signalling in a cellular environment not confounded by the concurrent
activation of multiple other activated pathways as would occur in cells
treated with growth factors to increase ROS. Accordingly, we explored
an earlier observation [17] and examined the role of apocynin in stimulating Nox and generating ROS in human vascular smooth muscle
cells (VSMCs).
Apocynin (4-hydroxy-3-methoxyacetophenone) is a catechol natural
product which can be extracted from the roots of Picrorrhiza kurroa
[18]. Apocynin is very widely used in vitro and in vivo [19,20] as an
inhibitor of NADPH Oxidase (Nox). However, in spite of its wide use as
a Nox inhibitor, convincing data demonstrates that Apocynin stimulates
the production of ROS in non-phagocytic cells [17]. Apocynin stimulated ROS production in vascular ﬁbroblasts which was inhibited by
NADPH inhibitor diphenyleneiodonium (DPI), indicates that the apocynin stimulated ROS was derived from Nox [17]. These studies have
been extended to identify that non-phagocytic vascular cells lack
myeloperoxidase which is required for the dimerization of apocynin
[21]. Taken together these studies identify a role for apocynin as a
stimulator of ROS in non-phagocytic vascular cells and this property
will be used to study the independent role of ROS/Nox activation of the
TGFBR1 in VSMCs.
Our earlier work characterising the mechanism of GPCR activation
of the TGFBR1 demonstrated that GPCRs activate cytoskeletal rearrangement which activates ROCK signalling leading to the activation
of cell surface integrins which bind to the large latent TGF-β complex
[16,22]. In VSMCs this transactivation pathway leads to the phosphorylation of transcription factor Smad2 in the carboxy terminus and
the expression of genes associated with the elongation of glycosaminoglycan (GAG) chains on proteoglycans such as biglycan [23]. Here
we conﬁrmed in detail the earlier studies in relation to apocynin stimulation of ROS in VSMCs, and then explored the role of ROS in the
activation of TGFBR1 signalling. These experiments are conducted in
the context of the role of TGF-β and Smad2 carboxyl-terminal phosphorylation [24–27] in stimulating the hyperelongation of GAG chains
on the proteoglycan biglycan through the expression of the rate limiting
enzyme chondroitin-4-sulfotransferase-1 (CHST11). Hyperelongated
GAG chains on biglycan lead to enhanced binding of low density lipoproteins (LDL) such that this is an in vitro model of atherosclerosis
[28–32]. In this study, we conﬁrmed and extended the observation that
apocynin stimulates Nox leading to an increase in ROS levels; this leads
to an activation of TGF-β signalling producing bone ﬁde cellular responses such as GAG chain elongation.

were purchased from ThermoFisher Scientiﬁc (VIC, AUS). The following chemicals were obtained from Sigma Aldrich (NSW, AUS):
SB431542, apocynin, DPI, ML-171, N-Acetyl-Cysteine (NAC), 2`,7`Dichloroﬂuorescence diacetate (H2DCFDA) dye, HEPES ≥99.5% (titration), sodium chloride (NaCl), sodium hydroxide, 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). Human recombinant transforming growth factor-β, anti-phospho-Smad2
(Ser465/467), anti-phospho-Ezrin(Thr567)/Radixin(Thr567)/Moesin
(Thr558), anti-rabbit-immunoglobulin G horseradish peroxidase and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) rabbit monoclonal IgG antibody were purchased from Australian Biosearch (WA,
AUS). The BioRad Trans-Blot® Turbo RTA transfer kit, polyvinylidene
ﬂuoride (PVDF) membrane, 30% acrylamide/bis-acrylamide solution,
N,N,N`,N`-tetramethylehtylenediamine (TEMED), Ammonium persulfate (APS) and Quantity one imaging software were from BioRad laboratories (VIC, AUS). Primers for housekeeping gene 18S and CHST11
gene, Quantitect® reverse transcription kit and QuantiNova™ Sybr®
green PCR (2500) kit were purchased from Qiagen (VIC, AUS).
2.2. Culture of human aortic vascular smooth muscle cells
Human aortic-vascular smooth muscle cells (HA-VSMCs) (ATCC®CRL 1999™) were purchased from In Vitro Technologies Life science
(VIC, AUS). These cells were grown in F-12 K culture medium supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C in 5%
CO2. VSMCs were passaged to provide suﬃcient numbers for experimentation. VSMCs were seeded in 60 mm dishes or onto 96 well plate
and maintained until conﬂuent. Conﬂuent cultures were serum starved
in Ham's F-12 K medium containing 0.1% FBS and 1% penicillinstreptomycin for 48 h before treatment.
2.3. Western blotting
Total cell lysates with concentration of 20 μg were resolved by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto PVDF membranes. Non-speciﬁc binding sites were
blocked with 5% BSA for 1 h at room temperature and primary antibodies were incubated overnight at 4 °C followed by peroxidase labelled
anti-rabbit IgG and enhanced Chemiluminescence (ECL) detection. The
membranes were then reprobed with anti-GAPDH. Bio-Rad gel documentation was used for imaging the blots and densitometry examination was performed using Image Lab imaging software.
2.4. Assessing mRNA gene expression
The mRNA level of CHST11 was determined by quantitative realtime polymerase chain reaction (q-RT-PCR). To measure gene expression, total RNA from cultured cells was extracted using RNeasy Mini kit
(Qiagen) according to the manufacturer's protocol. RNA concentration
and purity were checked using Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientiﬁc). First strand cDNA was synthesized from
500 ng RNA using the Quantitect® reverse transcription kit (Qiagen)
according to the manufacturer's protocol. qRT-PCR was performed
using Qiagen Rotor gene Q and QuantiNova™ Sybr® green PCR kit
(Qiagen) together with speciﬁc primers. Data was normalized to the
18S as the housekeeping gene. All experiments were performed at least
four times and analysis performed in duplicate for each experiment.
The delta-delta cycle-threshold (ΔΔCt) method was used to analyse the
fold change in mRNA expression from qRT-PCR experiments.

2. Materials and methods
2.1. Materials

2.5. Intracellular ROS detection assay
Ham's F-12 K (Kaighn's) medium, antibiotics solution (10,000 U/ml
penicillin, 10,000 μg/ml streptomycin), 0.25% trypsin-EDTA (1×) and
fetal bovine serum (FBS), Pierce™ bicinchoninic acid protein assay kit

Quiescent 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,
2

BBA - General Subjects 1864 (2020) 129463

R. Mohamed, et al.

11 mM D-(+)-glucose and pH 7.4) and incubated for 45 min with 10 μM
H2DCF-DA at 37 °C and 5% CO2. The dye was gently removed and
replaced with Krebs-HEPES buﬀer in the presence and absence of respective. The ﬂuorescence was measured intensity using Ensight
Multimode Plate Reader at excitation/emission = 485/535 nm. The
ﬂuorescence intensity was used to calculate the fold change.
2.6. Statistical analysis
Data was normalized and shown as the mean ± standard error of
the mean (SEM) of four independent experiments performed, unless
stated otherwise. A One-Way Analysis of Variance was used to calculate
statistical signiﬁcance of normalized data as stated, followed by least
signiﬁcant diﬀerence post-hoc analysis. Results considered signiﬁcant
when the probability was < 0.05 (⁎p < 0.05) and 0.01 (⁎⁎p < 0.01).
3. Results
3.1. Apocynin stimulates intracellular ROS production in human VSMCs
Apocynin has been widely utilized in experimental research as a
Nox inhibitor [18]. However, in non-phagocyte cells, apocynin stimulates ROS production [17]. Here, we investigated the role of apocynin
as a modulator of intracellular ROS production in human VSMCs. To
address this question, VSMCs were treated with apocynin (10 μM) over
a 4 h period (0–240 min) (Fig. 1A). Apocynin treated VSMCs rapidly
increase ROS levels with a 1.5-fold (p < 0.01) increase observed at
15 min. Treatment with apocynin gradually increases ROS level with a
peak of 2-fold (p < 0.01) observed at 60 min (Fig. 1A) after which it
gradually declined to 1.5-fold (p < 0.01) at 240 min. Next VSMCs were
treated with apocynin (1–100 μM) for 1 h (Fig. 1B). Treatment with
apocynin dose dependently increased intracellular ROS levels in VSMCs
with a 1.5-fold change (p < 0.01) observed with 3 μM treatment with
an increase of up to 4.1-fold (p < 0.01) when treated with 100 μM
apocynin (Fig. 1B). This data indicates that treatment of VSMCs with
apocynin stimulates ROS production in a time and concentration dependent manner.
3.2. Apocynin stimulates a Nox1-dependent increase in ROS generation in
human VSMCs
The main source of ROS production in VSMCs are Nox enzymes
[33]. Human VSMCs typically express Nox1, Nox2, Nox4 and Nox5
enzymes [34]. To investigate whether or not apocynin mediated ROS
production in VSMCs was generated from Nox, pharmacological Nox
inhibitors were utilized. VSMCs were treated in the presence and absence of the selective Nox1 antagonist, ML-171 (10 μM) [35], the broad
Nox inhibitor, DPI (10 μM) [33] and the ROS scavenger, NAC (5 mM)
followed by apocynin (10 μM) for 60 min (Fig. 2). In these experiments
treatment of VSMCs with apocynin increased ROS levels to 2.1-fold
(p < 0.01) as compared to non-treated control. The increase in apocynin mediated ROS levels were completely inhibited (p < 0.01) in the
presence of ML-171, DPI and NAC. This result shows that apocynin
mediated ROS production in VSMCs is derived from Nox enzymes.

Fig. 1. Apocynin stimulates ROS generation in a time and concentration dependent manner in human vascular smooth muscle cells. (A) VSMCs were
treated with apocynin (10 μM) for 15–240 min. (B) VSMCs were treated with
apocynin (1–100 μM) for 1 h. Histogram represents ﬂuorescence intensity
minus the baseline, expressed as fold per basal level. Results are expressed as
mean ± SEM from four independent experiments and statistical signiﬁcance
was determined by One-way ANOVA followed by least signiﬁcant diﬀerence
post-hoc analysis. ⁎⁎p < 0.01 compared with untreated control.

mediated TGFBR1 phosphorylation represented approximately 80% of
full TGF-β eﬀect (Fig. 3). This data show that apocynin mediated ROS
production activates the TGFBR1 in human VSMCs.

3.3. Apocynin time dependently stimulates phosphorylation of TGFBR1 in
human VSMCs

3.4. Apocynin and hydrogen peroxide stimulate phosphorylation of Smad2
carboxyl-terminal in human VSMCs

In multiple in vitro models, ROS activate TGF-β mediated signalling
pathways [36]. To investigate this response very speciﬁcally, we investigated whether or not endogenous ROS production can phosphorylate the TGFBR1 in our VSMCs model. Human VSMCs were treated
apocynin (10 μM) over a 2 h time period (0–120 min) (Fig. 3). Treatment with apocynin increased the phosphorylation of the TGFBR1 to
1.4-fold (p < 0.05) at 120 min (Fig. 3). VSMCs treated with TGF-β
stimulated TGFBR1 phosphorylation to 1.7-fold (p < 0.01). Apocynin

We observed above that apocynin treated VSMCs activate the
TGFBR1 (Fig. 3). Nox derived ROS production modulates TGFBR1
signalling pathways leading to the phosphorylation of Smads [37].
Hence, we investigated the actions of endogenous (apocynin) generated
and exogenous (hydrogen peroxide) sources of ROS on the Smad signalling pathway in VSMCs. Treatment of VSMCs with apocynin over a
4 h time course increased the phosphorylation of the Smad transcription
factor in the carboxyl-terminal. Treatment with apocynin increased the
3
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Fig. 2. Apocynin stimulates a Nox1 dependent increase in ROS generation in
human VSMCs. VSMCs were treated with apocynin (10 μM) for 1 h in the presence and absence of the selective Nox1 inhibitor, ML-171 (10 μM), non-speciﬁc
Nox inhibitor, DPI (10 μM) or ROS scavenger, NAC (5 mM). Histogram represents ﬂuorescence intensity minus the baseline, expressed as fold per basal.
Results are expressed as mean ± SEM from four independent experiments and
statistical signiﬁcance was determined by One-way ANOVA followed by least
signiﬁcant diﬀerence post-hoc analysis. ⁎⁎p < 0.01 compared with untreated
control and ##p < 0.01 compared with apocynin.

Fig. 3. Apocynin time-dependently stimulates phosphorylation of transforming
growth factor receptor type 1 in human VSMCs. VSMCs were stimulated with
apocynin (10 μM) for 0–120 min or TGF-β (2 ng/ml) for 2 and 5 min.
Membranes were incubated with anti-phospho-TGFBR1 (Thr204) (1:500) and
then followed by incubation with peroxidase labelled anti-rabbit IgG (1:2000)
and ECL detection. Anti-GAPDH was used as a loading control. Normalized data
in each case are shown as mean ± SEM from four independent experiments
and statistical signiﬁcance was determined by One-way ANOVA fooled by least
signiﬁcant diﬀerence post-hoc analysis. ⁎p < 0.05 and ⁎⁎p < 0.01 compared
with untreated control.

Fig. 4. Apocynin promotes carboxyl-terminal phosphorylation of Smad2 in a
time- and concentration-dependent manner in human VSMCs. (A) VSMCs were
stimulated with apocynin (10 μM) for 0–240 min or TGF-β (2 ng/ml) for 15 min.
(B) VSMCs were stimulated with apocynin (1–100 μM) for 2 h or 2 ng/ml TGF-β
for 15 min. (C) VSMCs were stimulated with TBHP (100 μM) for 0–120 min or
TGF-β (2 ng/ml) for 15 min. Membranes were incubated with anti-phosphoSmad2 (Ser465/467) (1:1000) and then followed by incubation with peroxidase
labelled anti-rabbit IgG (1:2000) and ECL detection. Anti-GAPDH was used as a
loading control. Normalized data in each case are shown as mean ± SEM from
four independent experiments and statistical signiﬁcance was determined by
One-way ANOVA fooled by least signiﬁcant diﬀerence post-hoc analysis.
⁎
p < 0.05 and ⁎⁎p < 0.01 compared with untreated control.

phosphorylation of Smad2 within 15 min (p < 0.01) (Fig. 4A) and
continued to gradually increase until a peak stimulation of 2.5-fold
(p < 0.01) was observed at 120 min post treatment. As expected TGF-β
used as a control strongly stimulated Smad2 phosphorylation
(p < 0.01). The 2 h time point was selected for all future pharmacological studies with apocynin. Treatment of VSMCs with apocynin at
various concentrations (1–100 μM) increased the carboxy terminal
phosphorylation of the Smad2 transcription factor (Fig. 4B). Treatment
with apocynin at 1 μM stimulated Smad2 phosphorylation to 1.5-fold
(p < 0.01) and a peak stimulation of 1.8-fold (p < 0.01) was observed
with 10 μM treatment of apocynin (Fig. 4B). Tert-butyl hydrogen peroxide (TBHP) used to investigate the role of exogenous ROS on TGFBR1
pathways. VSMCs were treated with TBHP (100 μM) over a 2 h time
course (Fig. 4C) and Smad2 carboxyl-terminal phosphorylation was
assessed. Treatment of VSMCs with TBHP gradually increased Smad2

phosphorylation with a peak of 3.5-fold (p < 0.01) observed at 60 min
(Fig. 4C). Taken together, these results demonstrate that exposure of
VSMCs to endogenous and exogenous sources of ROS can trigger Smad
dependent TGFBR1 signalling pathways.
4
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Fig. 5. Apocynin mediated phosphorylation of Smad2 at carboxy terminal is a
ROS/Nox dependent pathway in human VSMCs. VSMCs were stimulated with
apocynin (10 μM) for 2 h or TGF-β (2 ng/ml) for 15 min in the presence and
absence of the TGFBR1 antagonist SB431542 (10 μM), ROS scavenger NAC
(5 mM) or Nox inhibitor DPI (10 μM). Membranes were incubated with antiphospho-Smad2 (Ser465/467) (1:1000) and then followed by incubation with
peroxidase labelled anti-rabbit IgG (1:2000) and ECL detection. Anti-GAPDH
was used as a loading control. Normalized data in each case are shown as
mean ± SEM from four independent experiments and statistical signiﬁcance
was determined by One-way ANOVA fooled by least signiﬁcant diﬀerence posthoc analysis. ⁎⁎p < 0.01 compared with untreated control, ##p < 0.01 compared with agonists.

3.5. Apocynin mediated ROS production phosphorylates Smad2 carboxy
terminal in human VSMCs
ROS mediated TGFBR1 signalling stimulates Smad pathways but
little is known by what means ROS may regulate this signalling
pathway. Here we investigated whether or not apocynin stimulation of
Smad2 phosphorylation is occurring via direct or indirect TGFBR1 activation. VSMCs were treated with apocynin for 2 h in the presence and
absence of the selective TGFBR1 antagonist SB431542 [38]. Treatment
of VSMCs with apocynin stimulated Smad2 phosphorylation to 2.5-fold
(p < 0.01) (Fig. 5) and in the presence of SB431542 this response was
completely inhibited (lane 2 vs lane 3)(p < 0.01). To identify the role
of the source of ROS involved in apocynin mediated Smad2 phosphorylation, ROS scavenger NAC and non-selective Nox inhibitor, DPI
were utilized. Treatment with NAC partially inhibited apocynin mediated Smad2 phosphorylation and in the presence of DPI this response
was completely attenuated (p < 0.01) (Fig. 5). TGF-β treated VSMCs
stimulated Smad2 phosphorylation was completely inhibited in the
presence of SB431542 (Fig. 5). ROS/Nox antagonists NAC and DPI had
no eﬀect on TGF-β mediated Smad2 phosphorylation. Taken together,
these results show that apocynin mediated Smad2 phosphorylation is
occurring via the TGFBR1 and is dependent on Nox activity acting
upstream of TGBFR1. However, as expected these agents had no eﬀect
on the direct TGF-β mediated Smad2 phosphorylation.

Fig. 6. Apocynin mediated ROS production activates ROCK signalling in human
VSMCs. (A) VSMCs were stimulated with apocynin (10 μM) for 15 min. (B)
VSMCs were stimulated with apocynin (10 μM) for 15 min or thrombin (10 IU/
ml) for 5 min in the presence and absence of the Nox1 inhibitor ML-171
(10 μM), Nox inhibitor DPI (10 μM), ROS scavenger NAC (5 mM) or ROCK inhibitor Y27632 (10 μM) or with thrombin (10 IU/ml) in the presence and absence of ROCK inhibitor Y27632 (10 μM). Membranes were incubated with
anti-phospho-Ezrin(Thr567)/Radixin(Thr567)/Moesin(Thr558) (1:2000) and
then followed by incubation with peroxidase labelled anti-rabbit IgG (1:2000)
and ECL detection. Anti-GAPDH was used as a loading control. Normalized data
in each case are shown as mean ± SEM from four independent experiments
and statistical signiﬁcance was determined by One-way ANOVA fooled by least
signiﬁcant diﬀerence post-hoc analysis. ⁎⁎p < 0.01 compared with untreated
control, #p < 0.05 and ##p < .01 compared with agonists.

phosphorylation of ERM to 3.6-fold (p < 0.01) as compared to nontreated controls (Fig. 6A). Apocynin mediated ERM phosphorylation
was completely inhibited in the presence of Nox inhibitors, ML-171
(p < 0.01) and DPI (p < 0.05), and the ROS scavenger NAC
(p < 0.01) (Fig. 6B). ROCK inhibitor Y27632 completely inhibited
apocynin stimulated phospho-ERM (Fig. 6B). Treatment with GPCR
agonist thrombin used as a control, showed elevated ERM phosphorylation which was inhibited by the respective antagonist (Fig. 6B).
Together these results show that apocynin mediated ROS production
stimulates ROCK signalling pathways in VSMCs.

3.6. Apocynin mediated ROS production activates ROCK signalling in
human VSMCs
Several studies demonstrate that ROS can activate Rho/ROCK
pathways [39–41] and ROCK signalling pathways is also involved in
TGFBR1 activation [14,42]. As an example we have shown that Rho/
ROCK is involved in GPCR mediated transactivation of TGFBR1
[13,22,43]. To investigate whether or not apocynin was signalling via
ROCK dependent pathways, we measured the immediate downstream
product of ROCK, phosphorylated ezrin/radixin/moesin (pERM).
VSMCs treated with apocynin (10 μM) for 15 min stimulated the
5
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Fig. 8. Apocynin mediated CHST11 mRNA expression in human VSMCs. VSMCs
were stimulated with apocynin (100 μM) for 4, 6 and 8 h or TGF-β (2 ng/ml) for
4 h. Total RNA was harvested and mRNA of CHST11 was analyzed using qRTPCR. 18S was used as a house keeping gene. Results are expressed as
mean ± SEM from four independent experiments and statistical signiﬁcance
was determined by One-way ANOVA followed by least signiﬁcant diﬀerence
post-hoc analysis. ⁎p < 0.05 and ⁎⁎p < 0.01 compared with untreated control.

Fig. 7. Apocynin mediated phosphorylation of Smad2 at carboxy terminal is a
ROCK dependent pathway in human VSMCs. VSMCs were stimulated with
apocynin (10 μM) for 2 h or TGF-β (2 ng/ml) for 15 min in the presence and
absence of the ROCK inhibitor Y27632 (3 μM and 10 μM) or TGFBR1 antagonist
SB431542 (10 μM). Membranes were incubated with anti-phospho-Smad2
(Ser465/467) (1:1000) and then followed by incubation with peroxidase labelled anti-rabbit IgG (1:2000) and ECL detection. Anti-GAPDH was used as a
loading control. Normalized data in each case are shown as mean ± SEM from
four independent experiments and statistical signiﬁcance was determined by
One-way ANOVA fooled by least signiﬁcant diﬀerence post-hoc analysis.
⁎⁎
p < 0.01 compared with untreated control, #p < 0.05 and ##p < 0.01
compared with agonists.

produce a bone ﬁde cellular response by stimulating the mRNA expression of CHST11.
4. Discussion
ROS is a complex second messenger generated by the actions of
many growth factors and hormones, therefore the exploitation of the
signalling pathways of endogenous ROS production has allowed us to
identify a role for ROS in the activation of TGFBR1 without the activation of multiple pathways. We have demonstrated that apocynin
activates Nox and increases ROS levels in human VSMCs leading to
phosphorylation of the TGFBR1. ROS stimulates the phosphorylation of
TGFBR1 and subsequently activates canonical TGFBR1 signalling
leading to an increase in the formation of carboxyl-terminal phosphorylated Smad2. Apocynin stimulated ROS production leads to the
activation of ROCK signalling pathways which mediates TGFBR1 signalling. Apocynin mediated Nox-dependent ROS production upregulates the mRNA expression of CHST11 demonstrating that activating
ROS signalling pathways is suﬃcient to stimulate gene expression in
human VSMCs.
The proposed molecular mechanism of the pharmacological action
(s) of apocynin is not fully understood. Apocynin is involved in the
impairment of Nox activation [18] and has been shown to act as a ROS
scavenger [21]. For apocynin to exert its actions as a Nox inhibitor it
needs to be activated by myeloperoxidase (MPO) and hydrogen peroxide to generate an apocynin dimer which inhibits Nox [51,52]. In
HEK293 cells which do not express MPO, apocynin mediated dimer
formation did not occur however when treated with human derived
MPO apocynin dimer formation was detected [21]. MPO is present in
phagocytic cells but absent in non-phagocytic cells such as VSMCs and
endothelial cells [53,54]. In vascular ﬁbroblasts, apocynin mediated
ROS production was formed from superoxide [17]. Interestingly, in our
VSMCs model apocynin mediated ROS production was inhibited by
broad Nox inhibitor DPI and speciﬁc Nox1 antagonist ML-171 indicating that Nox1 is the source of apocynin stimulated ROS production. Nox1 and Nox2 mainly generate superoxide ROS [33]. However,
in monocyte-like cells apocynin induces hydrogen peroxide [55]. Thus,
apocynin is an inducer of ROS in non-phagocytic cells independent of
the cell type.
Apocynin via Nox 1 stimulates ROS to activate TGFBR1 signalling.
Nox1 is involved in the control of cytoskeletal organization and cellular
migration in transformed kidney ﬁbroblasts [56]. A family of small Rho
GTPases and their downstream target, ROCK, modulate cytoskeletal

3.7. Apocynin via ROCK dependent pathways leads to phosphorylation of
Smad2 carboxy terminal
GPCR transactivation dependent signalling via cytoskeletal rearrangement and ROCK dependent pathways can transactivate the
TGFBR1 pathway to stimulate Smad signalling [9,13,14,44]. Having
shown that apocynin activates ROCK dependent pathways (Fig. 6), we
utilized the ROCK inhibitor, Y27632, to investigate the role of ROCK in
apocynin mediated Smad2 phosphorylation.
Treatment of VSMCs with apocynin stimulated Smad2 phosphorylation to 2.4-fold (p < 0.01) and this response was inhibited by 50%
(p < 0.05) in the presence of 3 μM and 10 μM of Y27632 and completely inhibited (p < 0.01) by SB431542 (Fig. 7). TGF-β stimulated
Smad2 phosphorylation was unaﬀected by ROCK inhibitor and as expected was completely inhibited in the presence of the TGFBR1 antagonist. This data demonstrates apocynin stimulates the TGFBR1 and
Smad signalling via ROCK dependent pathways.
3.8. Apocynin mediated ROS production stimulates the mRNA expression of
CHST11 in human VSMCs
Apocynin via Nox dependent pathways stimulates ROS and activates key elements which activate the TGFBR1/Smad signalling cascade. We were interested in investigating whether apocynin stimulation
of this pathway produces suﬃcient cellular activation to induce phenotypic change as evidenced by altered gene expression. In VSMCs TGFβ is pro-atherogenic through its actions on the elongation of glycosaminoglycan (GAG) chains on proteoglycans [45–47]. In this context we
explored the expression of the rate limiting enzyme involved in GAG
chain elongation CHST11 [16,48–50]. VSMCs were treated with apocynin (100 μM) for 4, 6 and 8 h or TGF-β (2 ng/ml) for 4 h. Treatment
with apocynin increased the expression of CHST11 to 1.6-fold
(p < 0.01) at 4 h this stimulation was observed for up to 8 h
(p < 0.01). TGF-β used as a control mediated a 3.9-fold (p < 0.01)
increase in the expression of CHST11 (Fig. 8A). This data indicates that
apocynin activated ROS signalling pathways stimulating TGFBR1 can
6
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reorganization [13,57–60]. ROCK signalling is involved in GPCR
mediated transactivation of the TGFBR1 [13,14]. In mouse lung epithelial cells, thrombin and lysophosphatidic acid stimulated TGFBR1
signalling is dependent on ROCK and integrin signalling pathways [61].
In VSMCs, thrombin stimulated Smad2 carboxy terminal phosphorylation is inhibited by ROCK antagonist, thus demonstrating a role for
ROCK signalling in TGFBR1 activation [13]. We show that endogenous
production of ROS by apocynin stimulates ROCK signalling pathways
which stimulates TGFBR1 pathways in VSMCs. The role of ROCK is well
characterised in GPCR transactivation of the TGFBR1 [14,16,22], thus
this work identiﬁes a potential role of ROS in transactivation of the
TGFBR1.
GPCRs are involved in transactivation of PTKR and S/TKR pathways
[13,16,62–64]. However, most GPCR agonists generate ROS which are
confounding in other signalling pathways. Using apocynin as a ROS
agonist we investigated the role of ROS and Nox in activating the
TGFBR1 in the absence of the activation of concurrent growth factor
signalling pathways. In VSMCs treated with TGF-β there is a marked
increase in GAG elongation on the proteoglycan, biglycan, [8] accompanied by an increase in the genes involved in GAG chain elongation
[49,50]. Thrombin via transactivation of the TGFBR1 is involved in
GAG chain elongation [8,13] and GAG gene expression [16,25]. Collectively these results show that the TGF-β signalling pathways are
involved in GAG gene expression and functional GAG elongation [23].
Similarly, apocynin mediated TGFBR1 activation resulting in the upregulation of the GAG synthesizing enzyme expression. Thus, increasing
Nox-dependent ROS level is suﬃcient to generate bone ﬁde cellular
responses such as GAG chain elongation.
Apocynin is widely used in studies of inﬂammation [65], atherosclerosis [66], neurodegenerative conditions [67] and in lung injury
[68]. Apocynin dimerization occurs in the presence of MPO [51,52],
non-phagocytic cells lack the expression of this enzyme [17], therefore,
the application of apocynin in an in vivo model will diﬀer to its use in
vitro. In an animal model of atherosclerosis, apocynin is used as a Nox
inhibitor [66,69], however, the situation is diﬀerent from an in vitro
setting as phagocytic cells in the vessel wall will produce and release
MPO which will be taken up by the non-phagocytic cells. In an in vitro
setting apocynin is a powerful tool to investigate the role of ROS dependent signalling pathways. Studying ROS production in the absence
of growth factor activated signalling pathways has allowed us to directly study the mechanisms involved in ROS mediated TGFBR1 activation. The identiﬁcation of Nox/ROS pathways in activating TGF-β
mediated Smad signalling allows future signalling studies to investigate
the role of ROS in GPCR transactivation of the TGFBR1. An established
role for ROS in GPCR transactivation of the EGFR and this newly
emerging data for potential involvement of ROS in TGFBR1 transactivation identiﬁed the importance of a deeper understanding of the role
of ROS in GPCR transactivation dependent signalling and as such ROS
would represent the ﬁrst common mechanism and hence the ﬁrst potential target to prevent all transactivation dependent signalling.
In conclusion, this work shows that apocynin can stimulate Nox
leading to the production of ROS. In other cell types apocynin inhibits
Nox and ROS production. The outcome is completely dependent upon
the presence and absence of MPO. In the context of apocynin stimulated
Nox and increased ROS we have shown that ROS alone is enough to
stimulate gene expression. These results impact on the use of apocynin
in pharmacological and therapeutic studies.

The authors declare that there is NO Conﬂict of Interest associated
with this paper.
References
[1] M.J. Marinissen, J.S. Gutkind, G-protein-coupled receptors and signaling networks:
emerging paradigms, Trends Pharmacol. Sci. 22 (2001) 368–376.
[2] C. Mccudden, M. Hains, R. Kimple, D. Siderovski, F. Willard, G-protein signaling:
back to the future, Cell. Mol. Life Sci. 62 (2005) 551–577.
[3] H. Gavras, H.R. Brunner, G.A. Turini, G.R. Kershaw, C.P. Tiﬀt, S. Cuttelod,
I. Gavras, R.A. Vukovich, D.N. Mckinstry, Antihypertensive eﬀect of the oral angiotensin converting-enzyme inhibitor SQ 14225 in man, N. Engl. J. Med. 298
(1978) 991–995.
[4] R.J. Lefkowitz, Seven transmembrane receptors—a brief personal retrospective,
Biochimica. Biophysica Acta (BBA)-Biomemb. 1768 (2007) 748–755.
[5] H. Daub, F.U. Weiss, C. Wallasch, A. Ullrich, Role of transactivation of the EGF
receptor in signalling by G-protein-coupled receptors, Nature 379 (1996) 557–560.
[6] E.J. Filardo, Epidermal growth factor receptor (EGFR) transactivation by estrogen
via the G-protein-coupled receptor, GPR30: a novel signaling pathway with potential signiﬁcance for breast cancer, J. Steroid Biochem. Mol. Biol. 80 (2002)
231–238.
[7] N. Prenzel, E. Zwick, H. Daub, M. Leserer, R. Abraham, C. Wallasch, A. Ullrich, EGF
receptor transactivation by G-protein-coupled receptors requires metalloproteinase
cleavage of proHB-EGF, Nature 402 (1999) 884–888.
[8] M.L. Burch, M.L. Ballinger, S.N. Yang, R. Getachew, C. Itman, K. Loveland,
N. Osman, P.J. Little, Thrombin stimulation of proteoglycan synthesis in vascular
smooth muscle is mediated by protease-activated receptor-1 transactivation of the
transforming growth factor beta type I receptor, J. Biol. Chem. 285 (2010)
26798–26805.
[9] D. Kamato, M.L. Burch, N. Osman, W. Zheng, P.J. Little, Therapeutic implications of
endothelin and thrombin G-protein-coupled receptor transactivation of tyrosine and
serine/threonine kinase cell surface receptors, J. Pharm. Pharmacol. 65 (2013)
465–473.
[10] P.J. Little, M.L. Burch, R. Getachew, S. Al-aryahi, N. Osman, Endothelin-1 stimulation of proteoglycan synthesis in vascular smooth muscle is mediated by endothelin receptor transactivation of the transforming growth factor-[beta] type I
receptor, J. Cardiovasc. Pharmacol. 56 (2010) 360–368.
[11] D. Kamato, V.V. Bhaskarala, N. Mantri, T.G. Oh, D. Ling, R. Janke, W. Zheng,
P.J. Little, N. Osman, RNA sequencing to determine the contribution of kinase receptor transactivation to G protein coupled receptor signalling in vascular smooth
muscle cells, PLoS One 12 (2017) e0180842.
[12] P.J. Little, GPCR responses in vascular smooth muscle can occur predominantly
through dual transactivation of kinase receptors and not classical galphaq protein
signalling pathways, Life Sci. 92 (2013) 951–956.
[13] M.L. Burch, R. Getachew, N. Osman, M.A. Febbraio, P.J. Little, Thrombin-mediated
proteoglycan synthesis utilizes both protein-tyrosine kinase and serine/threonine
kinase receptor transactivation in vascular smooth muscle cells, J. Biol. Chem. 288
(2013) 7410–7419.
[14] R. Chaplin, L. Thach, M.D. Hollenberg, Y. Cao, P.J. little, D. Kamato, Insights into
cellular signalling by G protein coupled receptor transactivation of cell surface
protein kinase receptors, J Cell Commun Signal 11 (2017) 117–125.
[15] D. Kamato, H. Ta, R. Afroz, S. Xu, N. Osman, P.J. Little, Mechanisms of PAR-1
mediated kinase receptor transactivation: smad linker region phosphorylation, J
Cell Commun Signal, 2019.
[16] D. Kamato, L. Thach, R. Getachew, M. Burch, M.D. Hollenberg, W. Zheng,
P.J. Little, N. Osman, Protease activated receptor-1 mediated dual kinase receptor
transactivation stimulates the expression of glycosaminoglycan synthesizing genes,
Cell. Signal. 28 (2016) 110–119.
[17] M. Vejrazka, R. Micek, S. Stipek, Apocynin inhibits NADPH oxidase in phagocytes
but stimulates ROS production in non-phagocytic cells, Biochim. Biophys. Acta
1722 (2005) 143–147.
[18] J. Stefanska, R. Pawliczak, Apocynin: molecular aptitudes, Mediat. Inﬂamm. 2008
(2008) 106507.
[19] R.M. Touyz, Apocynin, NADPH oxidase, and vascular cells: a complex matter,
Hypertension 51 (2008) 172–174.
[20] H.C. Williams, K.K. Griendling, NADPH oxidase inhibitors: new antihypertensive
agents? J. Cardiovasc. Pharmacol. 50 (2007) 9–16.
[21] S. Heumuller, S. Wind, E. barbosa-sicard, H.H. Schmidt, R. Busse, K. Schroder,
R.P. Brandes, Apocynin is not an inhibitor of vascular NADPH oxidases but an
antioxidant, Hypertension 51 (2008) 211–217.
[22] P.J. Little, M.D. Hollenberg, D. Kamato, W. Thomas, J. Chen, T. Wang, W. Zheng,
N. Osman, Integrating the GPCR transactivation-dependent and biased signalling
paradigms in the context of PAR-1 signalling, Br. J. Pharmacol. 173 (2015)
2992–3000.
[23] R. Afroz, Y. Cao, M.A. Rostam, H. Ta, S. Xu, W. Zheng, N. Osman, D. Kamato,
P.J. Little, Signalling pathways regulating galactosaminoglycan synthesis and
structure in vascular smooth muscle: Implications for lipoprotein binding and
atherosclerosis, Pharmacol. Ther. 187 (2018) 88–97.
[24] R. Derynck, Y.E. Zhang, Smad-dependent and smad-independent pathways in TGFbeta family signalling, Nature 425 (2003) 577–584.
[25] D. Kamato, M. Burch, Y. Zhou, R. Mohamed, J.L. Stow, N. Osman, W. Zheng,
P.J. Little, Individual smad2 linker region phosphorylation sites determine the

Funding
RM was supported by the University of Mosul, Iraq. Support was
received from the University of Queensland through a personal support
package to PJL and by the University of Queensland Early Career Grant
(DK) (Grant no. 1832825). DK is supported by National Health and
Medical Research Council-Peter Doherty (1160925) and National Heart
Foundation (102129) Fellowships.
7

BBA - General Subjects 1864 (2020) 129463

R. Mohamed, et al.

[26]

[27]
[28]

[29]

[30]

[31]
[32]

[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

expression of proteoglycan and glycosaminoglycan synthesizing genes, Cell. Signal.
53 (2019) 365–373.
D. Kamato, M.L. Burch, T.J. Piva, H.B. Rezaei, M.A. Rostam, S. Xu, W. Zheng,
P.J. Little, N. Osman, Transforming growth factor-beta signalling: role and consequences of Smad linker region phosphorylation, Cell. Signal. 25 (2013)
2017–2024.
J. Massague, TGF-beta signal transduction, Annu. Rev. Biochem. 67 (1998)
753–791.
M.L. Ballinger, N. Osman, K. Hashimura, J. de Hann, K. Jandeleit-dahm, T.J. Allen,
L.R. Tannock, J.C. Rutledge, P.J. Little, Imatinib inhibits vascular smooth muscle
proteoglycan synthesis and reduces LDL binding in vitro and aortic lipid deposition
in vivo, J. Cell. Mol. Med. 14 (2010) 1408–1418.
R. Getachew, M.L. Ballinger, M.L. Burch, J.J. Reid, L.M. Khachigian, T.N. Wight,
P.J. Little, N. Osman, PDGF beta-receptor kinase activity and ERK1/2 mediate
glycosaminoglycan elongation on biglycan and increases binding to LDL,
Endocrinology 151 (2010) 4356–4367.
K. Grande-allen, N. Osman, M. Ballinger, H. Dadlani, S. Marasco, P. Little,
Glycosaminoglycan synthesis and structure as targets for the prevention of calciﬁc
aortic valve disease, Cardiovasc. Res. 76 (2007) 19–28.
P.J. Little, N. Osman, K.D. O'brien, Hyperelongated biglycan: the surreptitious initiator of atherosclerosis, Curr. Opin. Lipidol. 19 (2008) 448–454.
P.J. Little, M.A. Rostam, T.J. Piva, R. Getachew, D. Kamato, D. Guidone,
M.L. Ballinger, W. Zheng, N. Osman, Suramin inhibits PDGF-stimulated receptor
phosphorylation, proteoglycan synthesis and glycosaminoglycan hyperelongation
in human vascular smooth muscle cells, J. Pharm. Pharmacol. 65 (2013)
1055–1063.
K. Bedard, K.H. Krause, The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology, Physiol. Rev. 87 (2007) 245–313.
A. Konior, A. Schramm, M. Czesnikiewicz-GUZIK, T.J. Guzik, NADPH oxidases in
vascular pathology, Antioxid. Redox Signal. 20 (2014) 2794–2814.
M. Gimenez, B.M. Schickling, L.R. Lopes, F.J. Jr Miller, Nox1 in cardiovascular
diseases: regulation and pathophysiology, Clin. Sci. (Lond.) 130 (2016) 151–165.
R.M. Liu, L.P. Desai, Reciprocal regulation of TGF-beta and reactive oxygen species:
A perverse cycle for ﬁbrosis, Redox Biol. 6 (2015) 565–577.
I. Cucoranu, R. Clempus, A. Dikalova, P.J. Phelan, S. Ariyan, S. Dikalov, D. Sorescu,
NAD (P) H oxidase 4 mediates transforming growth factor-β1–induced diﬀerentiation of cardiac ﬁbroblasts into myoﬁbroblasts, Circ. Res. 97 (2005) 900–907.
N. Laping, E. Grygielko, A. Mathur, S. Butter, J. Bomberger, C. Tweed, W. Martin,
J. Fornwald, R. Lehr, J. Harling, Inhibition of transforming growth factor (TGF)β1–induced extracellular matrix with a novel inhibitor of the TGF-β type I receptor
kinase activity: SB-431542, Mol. Pharmacol. 62 (2002) 58–64.
S.R. Bailey, S. Mitra, S. Flavahan, N.A. Flavahan, Reactive oxygen species from
smooth muscle mitochondria initiate cold-induced constriction of cutaneous arteries, Am. J. Physiol. Heart Circ. Physiol. 289 (2005) 243–250.
L. Jin, Z. Ying, R.C. Webb, Activation of rho/rho kinase signaling pathway by reactive oxygen species in rat aorta, Am. J. Phys. Heart Circ. Phys. 287 (2004)
H1495–H1500.
K. Noma, C. Goto, K. Nishioka, D. Jitsuiki, T. Umemura, K. Ueda, M. Kimura,
K. Nakagawa, T. Oshima, K. Chayama, Roles of rho-associated kinase and oxidative
stress in the pathogenesis of aortic stiﬀness, J. Am. Coll. Cardiol. 49 (2007)
698–705.
P. Dayati, H.B. Rezaei, N. Sharifat, D. Kamato, P.J. Little, G protein coupled receptors can transduce signals through carboxy terminal and linker region phosphorylation of Smad transcription factors, Life Sci. 199 (2018) 10–15.
N. Sharifat, G. Mohammad Zadeh, M.A. Ghaﬀari, P. Dayati, D. Kamato, P.J. Little,
H. Babaahmadi-Rezaei, 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. 69 (2017) 66–72.
D. Kamato, B.H. Do, N. Osman, B.P. Ross, R. Mohamed, S. Xu, P.J. Little, Smad
linker region phosphorylation is a signalling pathway in its own right and not only a
modulator of canonical TGF-beta signalling, Cell. Mol. Life Sci. (2019) Epub ahead
of print.
D. Kamato, H. Babaahmadi rezaei, R. Getachew, L. Thach, D. Guidone, N. Osman,
B. Roufogalis, C.C. Duke, V.H. Tran, W. Zheng, P.J. Little, (S)-[6]-Gingerol inhibits
TGF-beta-stimulated biglycan synthesis but not glycosaminoglycan hyperelongation
in human vascular smooth muscle cells, J. Pharm. Pharmacol. 65 (2013)
1026–1036.
R. Mohamed, P. Dayati, R.N. Mehr, D. Kamato, F. Seif, H. Babaahmadi-rezaei,
P.J. Little, Transforming growth factor-beta1 mediated CHST11 and CHSY1 mRNA
expression is ROS dependent in vascular smooth muscle cells, J Cell Commun
Signal. 13 (2018) 225–233.
Y. Zhang, A. Koradia, D. Kamato, A. Popat, P.J. Little, H.T. Ta, Treatment of

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]
[58]
[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

[69]

8

atherosclerotic plaque: perspectives on theranostics, J. Pharm. Pharmacol. 71
(2019) 1029–1043.
T. Izumikawa, Y. Okuura, T. Koike, N. Sakoda, H. Kitagawa, Chondroitin 4-O-sulfotransferase-1 regulates the chain length of chondroitin sulfate in co-operation
with chondroitin N-acetylgalactosaminyltransferase-2, Biochem. J. 434 (2011)
321–331.
M.A. Rostam, D. Kamato, T.J. Piva, W. Zheng, P.J. Little, N. Osman, The role of
speciﬁc smad linker region phosphorylation in TGF-beta mediated expression of
glycosaminoglycan synthesizing enzymes in vascular smooth muscle, Cell. Signal.
28 (2016) 956–966.
M.A. Rostam, A. Shajimoon, D. Kamato, P. Mitra, T.J. Piva, R. Getachew, Y. Cao,
W. Zheng, N. Osman, P.J. Little, Flavopiridol inhibits TGF-β-stimulated biglycan
synthesis by blocking linker region phosphorylation and nuclear translocation of
smad2, J. Pharmacol. Exp. Ther. 365 (2018) 156–164.
J.M. Simons, B. A't Hart, T.R.I.V. Ching, H. van Dijk, R.P. Labadie, Metabolic activation of natural phenols into selective oxidative burst agonists by activated
human neutrophils, Free Radic. Biol. Med. 8 (1990) 251–258.
J. Stolk, W. Rossie, J.H. Dijkman, Apocynin improves the eﬃcacy of secretory
leukocyte protease inhibitor in experimental emphysema, Am. J. Respir. Crit. Care
Med. 150 (1994) 1628–1631.
G.M. Rosen, S. Pou, C.L. Ramos, M.S. Cohen, B.E. Britigan, Free radicals and phagocytic cells, FASEB J. 9 (1995) 200–209.
C.C. Winterbourn, M.C. Vissers, A.J. Kettle, Myeloperoxidase, Curr. Opin. Hematol.
7 (2000) 53–58.
C. Riganti, C. Costamagna, A. Bosia, D. Ghigo, The NADPH oxidase inhibitor
apocynin (acetovanillone) induces oxidative stress, Toxicol. Appl. Pharmacol. 212
(2006) 179–187.
M. Shinohara, W.-H. Shang, M. Kubodera, S. Harada, J. Mitsushita, M. kato,
H. Miyazaki, H. Sumimoto, T. Kamata, Nox1 redox signaling mediates oncogenic
ras-induced disruption of stress ﬁbers and focal adhesions by down-regulating rho,
J. Biol. Chem. 282 (2007) 17640–17648.
M. Amano, M. Nakayama, K. Kaibuchi, Rho-kinase/ROCK: a key regulator of the
cytoskeleton and cell polarity, Cytoskeleton 67 (2010) 545–554.
S. Hanna, M. El-sibai, Signaling networks of rho GTPases in cell motility, Cell.
Signal. 25 (2013) 1955–1961.
H. Otani, K. Yoshioka, H. Nishikawa, C. Inagaki, T. Nakamura, Involvement of
protein kinase C and RhoA in protease-activated receptor 1-mediated F-actin reorganization and cell growth in rat cardiomyocytes, J. Pharmacol. Sci. 115 (2011)
135–143.
D. Spiering, L. Hodgson, Dynamics of the rho-family small GTPases in actin regulation and motility, Cell Adhes. Migr. 5 (2011) 170–180.
R.G. Jenkins, X. Su, G. Su, C.J. Scotton, E. Camerer, G.J. Laurent, G.E. Davis,
R.C. Chambers, M.A. Matthay, D. Sheppard, Ligation of protease-activated receptor
1 enhances alpha(v)beta6 integrin-dependent TGF-beta activation and promotes
acute lung injury, J. Clin. Invest. 116 (2006) 1606–1614.
M.L. Burch, N. Osman, R. Getachew, S. Al-aryahi, P. Poronnik, W. Zheng, M.A. Hill,
P.J. Little, G protein coupled receptor transactivation: extending the paradigm to
include serine/threonine kinase receptors, Int. J. Biochem. Cell Biol. 44 (2012)
722–772.
D. Kamato, M.A. Rostam, R. Bernard, T.J. Piva, N. Mantri, D. Guidone, W. Zheng,
N. Osman, P.J. Little, The expansion of GPCR transactivation-dependent signalling
to include serine/threonine kinase receptors represents a new cell signalling frontier, Cell. Mol. Life Sci. 72 (2015) 799–808.
N. Talati, D. Kamato, T.J. Piva, P.J. Little, N. Osman, Thrombin promotes PAI-1
expression and migration in keratinocytes via ERK dependent smad linker region
phosphorylation, Cell. Signal. 47 (2018) 37–43.
S. Hougee, A. Hartog, A. Sanders, Y.M. Graus, M.A. Hoijer, J. Garssen, W.B. van den
berg, H.M. van beuningen, H.F. Smit, Oral administration of the NADPH-oxidase
inhibitor apocynin partially restores diminished cartilage proteoglycan synthesis
and reduces inﬂammation in mice, Eur. J. Pharmacol. 531 (2006) 264–269.
K. Kinkade, J. Streeter, F.J. Miller, Inhibition of NADPH oxidase by apocynin attenuates progression of atherosclerosis, Int. J. Mol. Sci. 14 (2013) 17017–17028.
Q. Wang, K.D. Tompkins, A. Simonyi, R.J. Korthuis, A.Y. Sun, G.Y. Sun, Apocynin
protects against global cerebral ischemia–reperfusion-induced oxidative stress and
injury in the gerbil hippocampus, Brain Res. 1090 (2006) 182–189.
J.M. Dodd-o, D.B. Pearse, Eﬀect of the NADPH oxidase inhibitor apocynin on
ischemia-reperfusion lung injury, Am. J. Phys. Heart Circ. Phys. 279 (2000)
H303–H312.
Y. Liu, B.P. Davidson, Q. Yue, T. Belcik, A. Xie, Y. Inaba, O.J. Mccarty,
G.W. Tormoen, Y. Zhao, Z.M. Ruggeri, Molecular imaging of inﬂammation and
platelet adhesion in advanced atherosclerosis eﬀects of antioxidant therapy with
NADPH oxidase inhibition, Circulation 6 (2013) 74–82.

