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BACKGROUND AND PURPOSE
NADPH oxidases (NOXs) contribute to platelet activation by a largely unknown mechanism. Here, we studied the effect of
the novel NOX inhibitor 2-acetylphenothiazine (2-APT) on human platelet functional responses and intracellular signaling
pathways.

EXPERIMENTAL APPROACH
The generation of superoxide ions was assessed by single cell imaging on adhering platelets using dihydroethidium (DHE),
while other reactive oxygen species (ROS) were detected with 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(CM-H2-DCFDA). Whole blood thrombus formation, washed platelet aggregation, integrin aIIbb3 inside-out signalling, Syk
phosphorylation and PKC activation were analysed to understand the functional consequences of NOX inhibition by 2-APT in
platelets.

KEY RESULTS
Superoxide ion generation stimulated by platelet adhesion on collagen and fibrinogen was significantly inhibited by 2-APT in
concentration-dependent manner (IC50 = 306 nM and 227 nM, respectively), whereas cumulative ROS accumulation was not
affected by this pharmacological agent. 2-APT also abolished collagen-dependent whole blood thrombus formation and
washed platelet aggregation in response to collagen but not thrombin. The activation of integrin aIIbb3 and PKC in response
to the GPVI-specific agonist collagen-related peptide (CRP) was significantly reduced, whereas the same responses to
thrombin were not significantly affected by 2-APT. Finally, Syk activation in response to collagen but not thrombin was
inhibited by 2-APT.

CONCLUSIONS AND IMPLICATIONS
Taken together, our results suggest that 2-APT attenuates GPVI-specific signalling and is a novel inhibitor of collagen-induced
platelet responses. Therefore, NOXs could represent a novel target for the discovery of anti-thrombotic drugs.

Abbreviations
2-APT, 2-acetylphenothiazine; CRP, collagen-related peptide; DCFDA, 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein
diacetate; DHE, dihydroethidium; DPI, diphenylene iodonium; eNOS, endothelial NOS; NAC, N-acetylcysteine; NOX,
NADPH oxidase; PRP, platelet-rich plasma; ROS, reactive oxygen species
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Introduction
Platelets are small anucleate cells that play a critical role in
haemostasis. Recent evidence also suggests their involvement
in the stimulation of angiogenesis (Pula et al., 2010) and
tissue repair (Nurden et al., 2008). In addition to these critical
physiological functions, platelets also participate in the
development and progression of life-threatening pathologies,
such as thrombosis (Nieswandt et al., 2011) and atheroscle-
rosis (May et al., 2008). The understanding of platelet regula-
tion is therefore a primary objective in cardiovascular science
and a potential starting point for the development of novel
pharmacological tools.

Besides classical agonist-induced protein phosphorylation
pathways (Harper and Poole, 2010; Stegner and Nieswandt,
2011), platelet activation is also regulated by reactive oxygen
species (ROS). The dependence of platelet activation on ROS
generation is thought to be the basis of platelet inhibition
and anti-thrombotic effect of antioxidants (Freedman, 2008).
Platelets respond to the extracellular redox state (Iuliano
et al., 1997) and generate different ROS upon activation
(Krotz et al., 2004). In particular, superoxide ions from
exogenous sources or endogenously produced by platelets
significantly increased collagen-dependent aggregation and
thrombus formation (Krotz et al., 2002). Amongst superoxide
ion-generating enzymes, NOX2 (or Gp91phox) and different
regulatory subunits of the NOX complex (p22phox, p47phox and
p67phox) have been detected in human platelets (Seno et al.,
2001; Chlopicki et al., 2004; Pignatelli et al., 2004; Dharma-
rajah et al., 2010). Pharmacological inhibition of NOXs
attenuated platelet aggregation in response to different ago-
nists (Krotz et al., 2002; Begonja et al., 2005; Pignatelli et al.,
2006), and the genetic ablation of NOX2 resulted in the
reduction of platelet recruitment to the vascular wall in
hypercholesterolaemic mice (Stokes et al., 2007). Although
the molecular mechanism of platelet regulation by superox-
ide ions is still largely undefined, several possible pathways
have been proposed, including increasing the bioavailability
of platelet-derived ADP (Krotz et al., 2002), scavenging of
endothelial cell- and platelet-derived NO (Clutton et al.,
2004), directly potentiating integrin aIIbb3 activation
(Begonja et al., 2006) or collagen receptor GPVI signalling
(Arthur et al., 2007; 2008).

In this study, we investigated the expression of different
NOX isoforms and discovered that, besides NOX2, NOX1
was also expressed in human platelets. We therefore investi-
gated the effect of the novel NOX1-selective inhibitor
2-acetylphenothiazine (2-APT) on platelet superoxide anion
generation, overall ROS production, thrombus formation,
platelet aggregation and intracellular signalling (Gianni et al.,
2010). 2-APT significantly inhibited superoxide ion forma-
tion but had no effect on overall ROS generation. In parallel,
2-APT significantly inhibited aggregation and thrombus for-
mation in response to collagen and appeared to affect the
signalling of the collagen receptor GPVI. The effect of the
non-selective NOX inhibitor diphenylene iodonium (DPI) on
platelet responses was very similar and not additive to 2-APT.
By contrast, apocynin, despite displaying a very similar effect
on superoxide ions compared with other inhibitors, also
inhibited overall ROS generation and adhesion onto fibrino-
gen, possibly suggesting off-target effects of this inhibitor in

human platelets. Taken together, this study shows that 2-APT
is a potent inhibitor of GPVI signalling and collagen-
dependent platelet activation. Our results suggest that exist-
ing and novel chemical entities inhibiting NOX enzymes
might represent novel antithrombotic agents.

Methods

Human whole blood and platelet isolation
Human blood was drawn from healthy volunteers by median
cubital vein venepuncture under local ethics committee
approval. Sodium citrate was used as anti-coagulant (0.5%
w/v for platelet isolation – 0.1% w/v for whole blood
experiments). Washed platelets were isolated as previously
described (Pula and Poole, 2008). Briefly, platelet rich plasma
(PRP) was separated from whole blood by centrifugation
(200¥ g, 15 min), and platelets were separated from PRP by a
second centrifugation step (400¥ g, 10 min), in the presence
of prostaglandin E1 (40 ng·mL-1) and indomethacin (10 mM).
Platelets were then resuspended in a modified Tyrode’s-
HEPES buffer (145 mM NaCl, 2.9 mM KCl, 10 mM HEPES,
1 mM MgCl2, 5 mM glucose, pH 7.3) at a density of 4 ¥
108 cells·mL-1.

Intracellular superoxide ion and ROS
formation assay
Glass coverslips were coated with either 0.1 mg·mL-1 fibrino-
gen or 0.1 mg·mL-1 fibrillar collagen I from equine tendons
(Horm collagen). Platelets were diluted to a density of 4 ¥
107·mL-1 and dispensed over the coverslip in a live cell
imaging chamber. After 1 min, that we estimated necessary to
permit a sufficient number of platelets to reach the bottom
of the imaging chamber, platelets were treated with 10 mM
dihydroethidium (DHE) for superoxide ion detection
(Robinson et al., 2008) or 20 mM 5-(and-6)-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2-DCFDA) for
overall ROS measurement. Where indicated, NOX inhibitors
or ROS scavengers were added to the live cell chamber
[10 nM-10 mM 2-APT, 0.5 mM apocynin, 100 mM DPI or
1 mM N-acetylcysteine (NAC)]. Oxidation-dependent dye
conversion and fluorescence generation were monitored by
confocal imaging immediately after fluoroprobe addition to
avoid signal saturation by basal levels of ROS and continued
for a period of 10 min (lex 405 nm for DHE and 490 nm for
DCFDA). Images were collected every 10 s using a Zeiss 510
LSM confocal microscope equipped with a 40¥ oil immersion
lens and single cell fluorescence was quantified using Zeiss
LSM Examiner software (Zeiss, Jena, Germany). Single platelet
fluorescence values were utilized to construct response curves
(mean � SEM) and fluorescence values at time point 10 min
were used for the statistical analysis.

Thrombus formation assay
The Bioflux200 system (Fluxion, South San Francisco, CA)
was used to analyse thrombus formation in human whole
blood under flow. Microchannels were coated with
0.1 mg·mL-1 fibrinogen or 0.1 mg·mL-1 collagen I (mono-
meric collagen from calf skin), before blocking with 1% BSA
and washing with modified Tyrode’s buffer. PRP was isolated
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from blood by centrifugation (200¥ g, 15 min) and incubated
for 1 h with Calcein™ (5 mg·mL-1) at 37°C to facilitate throm-
bus visualisation in whole blood. PRP was then added to the
red blood cell fraction to reconstitute whole blood with
physiological blood cell density (including platelets), and
thrombus formation (on collagen) or single platelet adhesion
(on fibrinogen) were visualized by fluorescence microscopy.
Where indicated, NOX inhibitors were added to the blood at
the indicated concentrations 5 min before the start of the
flow assay (0.5 mM 2-APT, 0.5 mM apocynin or 100 mM DPI).
Platelet adhesion under flow conditions was tested on colla-
gen I (shear rate = 1000·s-1) and human fibrinogen (shear rate
= 200·s-1). Representative pictures were taken at time 10 min
and surface area coverage was measured using Bioflux200
Software (version 2.4).

Platelet aggregation assay by
suspension turbidimetry
Washed human platelets at physiological density (i.e. 4 ¥
108·mL-1) were stimulated with 10 mg·mL-1 fibrillar collagen I
from equine tendons (Horm collagen) or 0.1 unit·mL-1

human thrombin. The aggregation experiments were per-
formed over 10 min, with agonist addition at time 1 min, and
recordings continued for further 9 min. Where indicated,
platelets where preincubated with 10 nM–10 mM 2-APT,
0.5 mM apocynin or 100 mM DPI. Aggregation was measured
by turbidimetry at 37°C using a 490D aggregometer (Chrono-
Log Corporation, Havertown, PA), as previously described
(Pula et al., 2005).

Analysis of integrin aIIbb3 activation by
flow cytometry
Washed human platelets (4 ¥ 107·mL-1) were incubated
for 5 min with 0.5% v/v FITC-conjugated PAC-1 antibody
(#340507, BD Biosciences, Franklin Lakes, NJ). Where indi-
cated, NOX inhibitors were co-incubated with the antibodies.
Integrin activation was obtained by 5 min incubation with
5 mg·mL-1 collagen-related peptide (CRP) or 0.1 unit·mL-1

thrombin. Following 1 in 10 dilution in PBS (pH 7.4: 140 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4), plate-
lets were analysed by flow cytometry for FITC staining using
FACSCantoII (Becton and Dickinson, Oxford, UK); and the
results were analysed using FACSDiva software (Becton and
Dickinson).

NOX expression, Syk phosphorylation and
PKC activity analysis by immunoblot
For NOX expression analysis, washed platelets were lysed
with RIPA buffer (1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 5 mM EDTA, 50 mM Tris pH 7.4)
containing protease and phosphatase inhibitors. As previ-
ously described (Pula et al., 2006), for PKC activity analysis,
washed platelets were treated with 1 mM EGTA immediately
before stimulation and activated with 5 mg·mL-1 CRP or 0.1
unit·mL-1 thrombin for 5 min under stirring conditions using
a 490D aggregometer (Chrono-Log Corporation). For Syk
phosphorylation analysis, washed platelets were stimulated
by 10 mg·mL-1 fibrillar collagen I from equine tendons (Horm
collagen) or 0.1 unit·mL-1 thrombin in the presence of 1 mM
EGTA. In both cases, cell lysis was achieved with mild cell

lysis (MCL) buffer [20 mM Tris–HCl (pH 7.5), 150 mM NaCl,
1 mM Na2EDTA, 1 mM EGTA, 1% Triton] containing protease
and phosphatase inhibitors. For Syk phosphorylation analy-
sis, lysates were pre-cleared with protein A/G Plus-Agarose for
3 h at 4°C, before overnight incubation with 2 mg·mL-1 anti-
Syk antibody at 4°C. Immunocomplexes were precipitated by
incubation with protein A/G Plus-Agarose for 2 h at 4°C. For
both techniques, proteins were then resolved by SDS-PAGE
and immunoblotted using selective antibodies for different
NOX enzymes (NOX1, #SAB4200097, Sigma-Aldrich Life
Science Poole UK; NOX2, #ab80508, Abcam, Cambridge, UK;
NOX4, #ab62148, Abcam, Cambridge, UK; NOX5, #110400,
Abcam), phosphorylated Syk (#2710, Cell Signalling Technol-
ogy, Danvers, US), Syk (#sc51703, Santa Cruz Biotechnology,
Santa Cruz, CA), phospho-PKC substrate (#2261, Cell Signal-
ling Technology) or actin (#A3853, Sigma-Aldrich Life
Science).

Data analysis
Data are expressed throughout as mean � SEM and presented
using Prism 5 (GraphPad Software, La Jolla, CA). Statistical
significance was analysed by t-test (for comparisons of two
groups) or one-way ANOVA with Bonferroni post test (for mul-
tiple comparisons).

Materials
Research grade reagents for buffer and solution preparation,
human thrombin, 2-APT, Apocynin, DPI and NAC were
obtained from Sigma (Poole, UK). For platelet aggregation
and adhesion, fibrinogen, and collagen I (collagen monomers
from calf skin) were obtained from Sigma (Poole, UK), fibrillar
collagen I from equine tendons (Horm collagen) was pur-
chased from Axis-Shield (Dundee, UK), and CRP was a gift
from Prof A Poole (Physiology and Pharmacology, University
of Bristol, UK) and Prof R Farndale (Biochemistry, University
of Cambridge, UK). For live platelet imaging, DHE and
CM-H2-DCFDA were supplied by Molecular Probes (Life Tech-
nologies, Paisley, UK). FITC-conjugated anti-active integrin
aIIbb3 (PAC-1) antibodies for flow cytometry were purchased
from Becton-Dickinson. For immunoprecipitation and
immunoblot, anti-NOX1/2/4/5 antibodies were from Abcam,
anti-phospho-Syk (Tyr525/Tyr526) was obtained from Cell Sig-
naling Technology (New England Biolabs, Hitchin, UK);
whereas antibodies against Syk were from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA) and Becton-Dickinson. Anti-
actin antibodies and phosphatase inhibitors (cocktail I and II)
were from Sigma, whereas protease inhibitors (mini-
Complete) were from Roche Applied Science (Burgess Hill,
UK).

Results

Although five enzymes belong to the NOX family (NOX1,
NOX2/gp91phox, NOX3, NOX4 and NOX5), only the expres-
sion of NOX2 has been so far tested and reported in human
platelets. Here, we used commercially available antibodies to
test the expression of NOX1, NOX4 and NOX5, besides
NOX2. Protein extracts from HUVECs were used as positive
control for these experiments because they have been shown
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to express NOX1, NOX2, NOX4 and NOX5 (Cai et al., 2003).
As shown in Figure 1, our analysis revealed the expression of
both NOX1 and NOX2, but not NOX4 and NOX5.

Therefore, besides the non-selective NOX inhibitors
apocynin and DPI, we tested the novel inhibitor 2-APT,
which has recently been shown to selectively inhibit NOX1
with submicromolar potency (IC50 = 250 nM), while effective
on NOX2 only at considerably higher concentrations (IC50 =
5 mM) (Gianni et al., 2010). Initially, intracellular generation
of superoxide ion was selectively analysed by single cell fluo-
rescence using DHE at lex 405 nm (Robinson et al., 2008).
Platelet adhesion onto fibrillar collagen I or fibrinogen was
accompanied by sharp increase in superoxide ion generation
with maximal fluorescence reached between 3 and 5 min
from platelet adhesion (Figures 2A and 3A respectively). The
addition of 0.5 mM 2-APT induced a rapid inhibition of super-
oxide ion generation occurring in platelets adhering to col-
lagen or fibrinogen (Figures 2B and 3B, respectively). The
inhibition of superoxide ion generation by 2-APT was
concentration-dependent, with an IC50 of 306 nM and
227 nM on fibrillar collagen I- and fibrinogen-adhering plate-
lets respectively (Figures 2C and 3C). Similarly, apocynin and
DPI inhibited superoxide ion generation upon platelet adhe-
sion to collagen and fibrinogen (Figures 2D and 3D respec-
tively). Interestingly the portion of superoxide ion generation
that was not inhibited by 2-APT also was resistant to non-
selective NOX inhibitors, as shown in experiments in which
platelets were co-incubated with 2-APT and either apocynin
or DPI (Figures 2D and 3D respectively).

Next, we analysed platelet intracellular redox state with
CM-H2-DCFDA, which is susceptible to oxidation by and can

detect a variety of ROS, including peroxides and hydroxyl
radicals. Although slower than the accumulation of intracel-
lular superoxide ions measured with DHE, the increase in
intracellular ROS was detected in both fibrillar collagen I- and
fibrinogen-adhering platelets (Figure 4Ai and Bi, respectively,
maximal fluorescence at 5–7 min after adhesion). This
response was not inhibited by 2-APT (Figure 4Ai and Bi) or
DPI (data not shown), and only apocynin partially reduced
ROS accumulation measured by CM-H2-DCFDA (Figure 4Aii
and Bii). In contrast, when the ROS scavenger NAC was added
to the adhering platelets, the fluorescence increase was com-
pletely blocked (Figure 4Aii and Bii). The levels of single cell
fluorescence after 10 min in the presence of 2-APT, apocynin,
or DPI were compared by one-way ANOVA with Bonferroni
post test and, although partial, only the inhibition by
apocynin was statistically significant (Figure 4Aiii and 4Biii).

In order to understand the functional role of superoxide
generation and assess the consequence of NOX inhibition by
2-APT on platelet activation, we tested thrombus formation
in human whole blood. As previously described (Gutierrez
et al., 2008; Konopatskaya et al., 2009), we utilized low shear
stress on fibrinogen (200·s-1) and high shear stress on collagen
I (1000·s-1), which led to single platelet adhesion on the
former and large multicellular complex (thrombus) forma-
tion on the latter. Whole blood treatment with 2-APT,
apocynin or DPI resulted in the near-complete prevention of
thrombus formation on collagen [as shown in Figure 5A, with
quantitative analysis in (i) and representative examples in
(ii)], whereas platelet adhesion on fibrinogen was partially
but significantly inhibited only by apocynin but not 2-APT or
DPI [as shown in Figure 5B, with quantitative analysis in (i)
and representative examples in (ii)].

Next, platelet aggregation was studied in a turbidimetric
assay. Washed platelet aggregation was obtained with either
fibrillar collagen I, which activates platelets via receptor
GPVI and integrin a2b1 (Stegner and Nieswandt, 2011), or
thrombin, a critical physiological agonist, which activates
platelet through a signalling pathway distinct from GPVI and
initiated by the activation of protease-activated receptors 1
and 4 (Holinstat et al., 2006). As shown by representative
aggregation time courses (Figure 6Ai and Bi) and quantitative
analysis of five independent experiments (Figure 6Aii and
Bii), 2-APT significantly impaired aggregation in response
to collagen (Figure 6A), but not thrombin (Figure 6B).
Similarly to 2-APT, DPI only inhibited collagen-induced
platelet aggregation, while it did not affect thrombin-
induced aggregation. On the other hand, apocynin signifi-
cantly reduced the aggregation in response to both collagen
and thrombin.

In order to understand the mechanism of action of 2-APT
and the role of NOX-dependent superoxide ions in platelet
activation, we used flow cytometry to test the effect of all
three NOX inhibitors on the activation of integrin aIIbb3,
which is the main platelet aggregation receptor. Platelets were
stimulated by CRP, which selectively activates GPVI but as
distinct from collagen, it does not bind to integrin a2b1 and
does not interfere with the flow cytometry assay, or thrombin
(Pula and Poole, 2008). All three NOX inhibitors significantly
reduced the levels of integrin aIIbb3 activation in response to
CRP (Figure 7Ai), whereas only apocynin inhibited integrin
activation in response to thrombin (Figure 7Aii).

Figure 1
NOX expression in human platelets. Proteins from human platelets
were extracted as described in the methods section and separated by
SDS/PAGE (20 mg·lane-1). HUVEC extracts were used as positive
control for NOX1, NOX2, NOX4 and NOX5. The immunoblotting
was performed with anti-NOX1, anti-NOX2, anti-NOX4 or anti-
NOX5 antibodies (1 mg·mL-1) and a HRP-conjugated anti-rabbit IgG
secondary antibodies. The membranes were also immunoblotted
using an anti-actin antibody (1 mg·mL-1) and an HRP-conjugated
anti-mouse IgG secondary antibodies to confirm equal lane loading.
Enhanced chemiluminescence (ECL) and Hyperfilm™ were used to
detect specific immunobands. The results are representative of three
independent experiments.
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Next, we analysed the effect of 2-APT and the non-
selective NOX inhibitors on the CRP- and thrombin-
dependent activation of PKC, a key player in the signalling of
platelet activation (Harper and Poole, 2010). We utilized a
phospho-PKC substrate antibody that selectively recognises
cellular proteins when phosphorylated at serine residues sur-
rounded by Arg or Lys at the -2 and +2 positions and a
hydrophobic residue at the +1 position. This consensus
sequences has been shown to be phosphorylated by classical
PKC isoforms (cPKCs), amongst which PKCa plays a particu-
larly important role in platelet activation (Konopatskaya
et al., 2009). Whole platelet lysates were analysed by immu-
noblot, resulting in the detection of a cPKC phosphorylation
profile for different experimental conditions (i.e. number and
intensity of the bands are proportional to the levels of cPKC
activation). As shown in Figure 7B (and confirmed by densi-
tometry in Supporting Information Figure S1), stimulation by
CRP (lane 2) or thrombin (lane 6) led to a significant activa-
tion of cPKCs compared to the resting condition (lane 1).
Interestingly, all three NOX inhibitors (lanes 3–5) signifi-
cantly attenuated cPKC activation in response to CRP,

whereas only apocynin (lane 8) showed some inhibitory
effect on thrombin-dependent cPKC activation.

In order to confirm the role of NOXs in collagen signal-
ling, we tested collagen- and thrombin-dependent activation
of Syk, a key protein kinase for the early stages of GPVI
signalling (Getz et al., 2011). As the activation of Syk is
accompanied by phosphorylation of Tyr525/526, we utilized
phosphorylation-specific antibodies to detect the active state
of this kinase after its immunoprecipitation (Pula et al.,
2005). Interestingly, collagen- but not thrombin-dependent
phosphorylation of Syk was significantly attenuated by all
three NOX inhibitors, as shown in Figure 7Ci and Cii, respec-
tively, and in the densitometric analysis shown in Supporting
Information Figure S2.

Discussion

In this study, we have demonstrated that 2-APT inhibits
collagen-dependent platelet aggregation and thrombus for-
mation at concentrations known to be selectively effective on

Figure 2
Inhibition of superoxide ion generation by 2-APT in human platelets adhering to collagen. Intracellular superoxide ion generation was tested by
DHE-dependent single cell fluorescence imaging of platelets dispensed over collagen-coated glass. DMSO (0.1% v/v) or 2-APT (0.5 mM) was
added at the 5 min time point, for which representative time courses are shown in panels A and B respectively. Following treatment with different
concentrations of 2-APT (10 nM to 10 mM), the superoxide generation in collagen-adhering platelets was measured and expressed as % of the
response in the absence of the inhibitor. The results from three independent experiments were plotted using a variable slope sigmoidal
dose–response algorithm, resulting in an IC50 value of 306 nM (C). Non-selective NOX inhibitors apocynin (0.5 mM) and DPI (100 mM) were
tested alone or in addition to 2-APT (0.5 mM), and mean (� SEM) single cell fluorescence counts at time point 10 min are shown in panel D.
**P < 0.01; one-way ANOVA with Bonferroni post test; n = 6.
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NOX1 in a recombinant human cell line (Gianni et al., 2010).
Although platelet expression of NOX2 (or Gp91phox) and dif-
ferent regulatory subunits of the NOX complex (p22phox,
p47phox, and p67phox) has been described (Seno et al., 2001;
Chlopicki et al., 2004; Pignatelli et al., 2004; Dharmarajah
et al., 2010), the expression of NOX1 had not been reported
before this study. In agreement with our pharmacological
results, for the first time, we demonstrated that NOX1 is
expressed in human platelets at levels comparable with those
in endothelial cells (HUVECs), which have previously been
shown to express this enzyme (Dworakowski et al., 2008). In
our experiments, submicromolar concentrations of 2-APT (as
opposed to high micromolar concentrations for apocynin
and DPI) impaired collagen-dependent functional responses
(aggregation and thrombus formation) and significantly
inhibited the formation of superoxide ions, which therefore
appear to play a key role in platelet activation. Although we
cannot reach any conclusion on which NOX enzyme
between NOX1 and NOX2 plays the most significant role in
platelet activation at this stage, we provide novel and intrigu-
ing data suggesting that NOX activity plays a significant role

in the activation-dependent generation of superoxide ions
and the collagen-dependent activation of platelets via the
GPVI receptor. In view of the recent development of novel
and selective NOX inhibitors (Drummond et al., 2011), our
observations open new possibilities for the development of
novel antithrombotic treatments that target NOX1.

We also tested the effect of the two structurally unrelated
non-selective NOX inhibitors apocynin and DPI on human
platelet functional responses and signalling. All three tested
inhibitors abolished superoxide ion generation, suggesting
that they effectively inhibited NOX activity. Moreover, all
three inhibitors significantly impaired signalling and platelet
functional responses induced by collagen, suggesting a key
role for NOXs in collagen-dependent platelet activation.
Original observations of a potentiatory effect of superoxide
ions on platelet activation are over three decades old (Handin
et al., 1977). More recently, superoxide ions have been
suggested to stimulate platelet hyperactivity in anoxia/
reoxygenation conditions (Leo et al., 1997) and hypercholes-
terolemia (Stokes et al., 2007). Although the regulation of
platelet activation by superoxide ions and other ROS is

Figure 3
Inhibition of superoxide ion generation by 2-APT in human platelets adhering to fibrinogen. Intracellular superoxide ion generation was tested by
DHE-dependent single cell fluorescence imaging of platelets dispensed over fibrinogen-coated glass. DMSO (0.1% v/v) or 2-APT (0.5 mM) were
added at the 5 min time point, for which representative time courses are shown in panels A and B respectively. Following treatment with different
concentrations of 2-APT (10 nM to 10 mM), the superoxide generation in fibrinogen-adhering platelets was measured and expressed as % of the
response in the absence of the inhibitor. The results from three independent experiments were plotted using a variable slope sigmoidal
dose–response algorithm, resulting in an IC50 value of 227 nM (C). Non-selective NOX inhibitors apocynin (0.5 mM) and DPI (100 mM) were
tested alone or in addition to 2-APT (0.5 mM), and mean (� SEM) single cell fluorescence counts at time point 10 min are shown in panel D.
**P < 0.01; one-way ANOVA with Bonferroni post test; n = 6.
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largely accepted, the molecular mechanisms underlying this
phenomenon remain elusive. Initial observations of ROS gen-
eration upon platelet activation were conducted by extracel-
lular measurements (Iuliano et al., 1997), whereas only
relatively recently it has become possible to collect informa-
tion on the intracellular generation of ROS in platelets
(Begonja et al., 2005). NOXs are associated with intracellular
or plasma membranes and depending on their localisation
they can generate intracellular or extracellular superoxide
ions (Drummond et al., 2011). There are discrepancies in pub-
lished reports on whether NOX activation in human platelets
leads to intracellular or extracellular superoxide ion genera-
tion. In some studies, thrombin stimulated intracellular but
not extracellular NOX-dependent ROS generation (Krotz
et al., 2002; Begonja et al., 2005), whereas in other studies,
thrombin stimulated extracellular NOX-dependent ROS gen-
eration (Chlopicki et al., 2004). Our experiments with
luminol and platelet supernatants appear to be in agreement

with the latter position (Supporting Information Figure S3).
Similarly, collagen induced extracellular NOX-dependent
ROS formation in certain reports (Krotz et al., 2002; Chlopicki
et al., 2004), whereas it induced intracellular NOX-dependent
ROS formation in other reports (Begonja et al., 2005; Bakdash
and Williams, 2008). Although these discrepancies are diffi-
cult to explain, some of the problems in interpreting these
reports derive from the use of different probes in different
studies (e.g. DCFDA, L-012, luminol or lucigenin) and from
the fact that the experimental systems in these studies were
unable to selectively detect superoxide anions.

In this study, we utilized DHE at an absorbance wave-
length (405 nm) that has been shown to selectively detect
intracellular superoxide anions (Robinson et al., 2006; 2008).
Therefore, we were able to selectively detect a rapid intracel-
lular generation and accumulation of superoxide anions in
response to platelet adhesion to either collagen or fibrinogen.
This response was significantly impaired by three structurally

Figure 4
2-APT does not inhibit the overall ROS generation in platelets adhering to collagen or fibrinogen. Human platelets adhering to collagen (A) or
fibrinogen (B) were tested for ROS generation using the non-selective redox probe CM-H2-DCFDA. 2-APT (0.5 mM) was added at the 5 min time
point, for which representative time courses are shown in panel (i). Representative time courses obtained by adding the non-selective NOX
inhibitor apocynin (0.5 mM, t = 500 s) and the ROS scavenger NAC (1 mM, t = 700 s) are shown in panel (ii). The effect of 0.5 mM 2-APT, 0.5 mM
apocynin or 100 mM DPI on ROS accumulation was measured as single cell fluorescence counts at 10 min. Data shown in panel (iii) are means
(� SEM); n = 5. *P < 0.05; one-way ANOVA with Bonferroni post test.
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unrelated NOX inhibitors, which suggested that NOXs are
the main source of superoxide anions in activated human
platelets. In addition, our experiments with CM-H2-DCFDA
demonstrated that platelet adhesion to collagen or fibrinogen
also stimulated the intracellular accumulation of ROS, which,
in agreement with previous studies, was completely inhibited
by the addition of the ROS scavenger NAC (Krotz et al., 2002).
Although there are no previous reports of ROS generation in
platelets adhering to fibrinogen, the intracellular ROS genera-
tion that we observed on collagen has already been reported
(Begonja et al., 2005; Bakdash and Williams, 2008). In con-
trast to previous studies (Begonja et al., 2005), apocynin only
partially inhibited collagen-dependent ROS accumulation in
our experiments, whereas the other non-selective NOX
inhibitor DPI did not inhibit ROS accumulation. This conflict
may be due to the differences in the protocols used in the two
studies. Our experiments were performed on platelets adher-

ing to adsorbed substrates, whereas Begonja and colleagues
performed their experiments in suspension. As a conse-
quence, shear stress did not affect ROS generation in our
experiments, whereas the effect of adhesion-dependent
cytoskeletal rearrangements and receptor clustering on intra-
cellular signalling and ROS generation were underestimated
in Begonja’s study. Importantly and similarly to DPI, 2-APT,
which effectively inhibited superoxide ion formation in our
DHE experiments, did not inhibit intracellular ROS genera-
tion in the CM-H2-DCFDA experiments. Taken together, the
data presented here suggest that NOX-dependent superoxide
anion generation was not the main source of intracellular
ROS in platelets (at least in our experimental conditions). In
fact, alternative sources of ROS have previously been sug-
gested for human platelets, such as xanthine oxidase,
endothelial NOS (eNOS), PLA2 and COXs (Caccese et al.,
2000; Freedman et al., 2000; Wachowicz et al., 2002). Another
conclusion suggested by our experiments is that the inhibi-
tion of ROS accumulation by apocynin in adhering platelets
can be due to the off-target antioxidant effects of this inhibi-
tor, which were recently reported (Heumuller et al., 2008;
Dharmarajah et al., 2010). In this respect, our data suggest
that the use of apocynin in platelet studies can be problem-
atic and should always be accompanied by other NOX
inhibitors.

The functional consequences of NOX inhibition were
investigated in a whole blood thrombus formation assay
under flow conditions. Our results showed that the non-
selective NOX inhibitors apocynin and DPI significantly
reduced thrombus formation on collagen I. In addition, we
also showed that 2-APT had a similar effect and strongly
inhibited thrombus formation on collagen-coated surfaces.
These observations suggest that collagen-dependent platelet
adhesion is positively regulated by NOX-dependent superox-
ide ion generation, which was suggested in previous studies
(Begonja et al., 2005). Platelet adhesion on fibrinogen-coated
surfaces was also tested. A lower shear rate (200·s-1) was
chosen because of the low resistance to tensile stress of
the interaction between fibrinogen and integrin aIIbb3 on
the surface of platelets (Savage et al., 1996). As previously
reported, whole blood flow in these conditions led to single
platelet adhesion rather than thrombus formation (Gutierrez
et al., 2008). DPI and 2-APT did not affect the rate of platelet
adhesion, whereas apocynin consistently but only partially
inhibited platelet adhesion. It is difficult to interpret these
data and there is no previous published study on NOX inhi-
bition of platelet adhesion on fibrinogen under flow. None-
theless, in view of the efficacy of 2-APT and DPI at inhibiting
superoxide ion generation and their complete lack of effect
on platelet adhesion on fibrinogen, NOX enzymes do not
seem to play a relevant role in platelet adhesion to this
substrate. Similarly to our conclusion regarding CM-H2-
DCFDA experiments, the apocynin-dependent inhibition of
platelet adhesion on fibrinogen is likely to depend on off-
target effects of this inhibitor rather than genuine NOX inhi-
bition, because it was not observed with the other NOX
inhibitors tested. The limited specificity of apocynin in plate-
let studies has been reported (Heumuller et al., 2008; Dhar-
marajah et al., 2010).

Besides adhesion experiments, collagen was also used for
the stimulation of platelet aggregation in suspension. In

Figure 5
2-APT inhibits thrombus formation on collagen but does not affect
platelet adhesion to fibrinogen. Human PRP was isolated from anti-
coagulated blood and incubated for 1 h with Calcein™ (5 mg·mL-1).
After reconstitution of whole blood by mixing labelled PRP and the
red blood cell fraction, thrombus formation on collagen (A) or plate-
let adhesion on fibrinogen (B) (shear stress 1000·s-1 and 200·s-1,
respectively) were tested in the presence of 0.1% v/v DMSO (ctrl),
0.5 mM 2-APT, 0.5 mM apocynin or 100 mM DPI for 10 min. Values
of % surface area coverage (mean � SEM, n = 5) are presented in
panel (i), whereas representative pictures of the microchannels after
10 min of flow are shown in panel (ii). Images are representative of
five independent experiments. *P < 0.05, **P < 0.01; one-way ANOVA

with Bonferroni post test.

BJP2-acetylphenothiazine inhibits human platelets

British Journal of Pharmacology (2013) 168 212–224 219



accordance to our results in the thrombus formation assay,
NOX-dependent superoxide formation appeared to be critical
for collagen-dependent platelet aggregation, as all three
NOX inhibitors significantly reduced platelet aggregation in
response to this agonist. Similar observations obtained with
non-selective NOX inhibitors have been published before this
study (Krotz et al., 2002; Chlopicki et al., 2004). Interestingly,
also for platelet aggregation apocynin displayed different
properties compared to 2-APT and DPI and was the only
inhibitor able to inhibit thrombin-induced aggregation.
This observation further suggests that apocynin has signifi-
cant off-target effect on platelets compared with 2-APT and
DPI.

Integrin aIIbb3 and cPKC activation in response to CRP
or thrombin and Syk phosphorylation in response to colla-
gen or thrombin were investigated to understand the
molecular mechanisms underlying platelet inhibition by
2-APT and to understand the role of NOX activity in platelet
regulation. Integrin aIIbb3 activation was analysed by flow
cytometry using an activation-dependent antibody as

previously described (Pula et al., 2006), whereas GPVI signal-
ling was assessed by Syk immunoprecipitation followed
by phospho-specific immunoblotting (Pula et al., 2005).
Integrin aIIbb3 activation in response to collagen was sig-
nificantly reduced by all NOX inhibitors (including 2-APT).
As GPVI-dependent activation of integrin aIIbb3 and its
consequent binding to fibrinogen are critical steps for plate-
let aggregation in response to different agonists including
collagen (Stegner and Nieswandt, 2011), integrin inhibition
by 2APT (and non-selective NOX inhibitors) explain the
impairment of collagen-dependent platelet aggregation in
our experiments. Interestingly, only apocynin but not 2-APT
or DPI inhibited thrombin-induced integrin aIIbb3 activa-
tion, suggesting that NOX activity is not necessary for
integrin activation in response to agonists other than colla-
gen. These results are partially in contrast with data previ-
ously published by other investigators (Begonja et al., 2005),
which showed inhibition of integrin aIIbb3 activation in
response to thrombin by both apocynin and DPI. Despite
some minor differences in the experimental conditions used

Figure 6
2-APT inhibits collagen-dependent aggregation. Washed platelets were pre-incubated for 5 min with vehicle solution (0.1% v/v DMSO), 0.5 mM
2-APT, 0.5 mM apocynin or 100 mM DPI. Aggregation was measured after stimulation (indicated on the graphs by arrows) by 10 mg·mL-1 fibrillar
collagen I (A) or 0.1 unit·mL-1 thrombin (B) and monitored for 9 min by turbidimetry. Representative aggregation traces in the presence of the
inhibitors are shown in panel (i). Platelet aggregation was quantified as % decrease in platelet suspension absorbance (means � SEM) at the final
time point as shown in panel (ii). **P < 0.01; one-way ANOVA with Bonferroni post test; n = 5.
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in the two studies (i.e. thrombin concentration, stimulation
and buffer composition), this discrepancy remains difficult
to explain.

Our results for cPKC activity utilized the GPVI-specific
agonist CRP as a stimulus and confirmed that GPVI-
dependent signalling depends on NOXs, whereas thrombin
signalling is only inhibited by apocynin, possibly as a con-
sequence of off-target effects. Considering the importance of
cPKCs in the activation of platelets (Konopatskaya et al.,

2009; Harper and Poole, 2010), we believe that these find-
ings are particularly relevant for our understanding of how
NOX inhibition by 2-APT affects collagen-dependent platelet
activation. Moreover, previous observations of a direct role
of cPKCs in the activation of integrin aIIbb3 (Cifuni et al.,
2008) are likely to link our results on integrin aIIbb3 and
cPKC activation (i.e. collagen-dependent cPKC activation is
reduced by 2-APT, which results in a decreased integrin
aIIbb3 activation). Although the direct dependence of

Figure 7
2-APT inhibits GPVI signalling. Integrin aIIbb3 activation in response to 5 mg·mL-1 CRP (i) or 0.1 unit·mL-1 thrombin (ii) was monitored by flow
cytometry using an activation-dependent FITC-conjugated antibody (PAC1) (A). Values are % fold increase over resting platelet (no stimulation)
and are means � SEM (n = 5). **P < 0.01; one-way ANOVA with Bonferroni post test; n = 6 In (B), classical PKC isoform (cPKC) activation was tested
by phospho-specific immunoblotting. cPKC-specific phosphorylation profiles showing the number and levels of proteins phosphorylated by these
kinases are shown. Platelet activation was obtained by either CRP (5 mg·mL-1) or thrombin (0.1 unit·mL-1) following preincubation for 5 min with
vehicle solution (0.1% v/v DMSO), 0.5 mM 2-APT, 0.5 mM apocynin or 100 mM DPI. Arrows numbered 1 to 4 indicate the bands analysed by
densitometry in Supporting Information Figure S1. The results are representative of six independent experiments. In (C), Syk activation was also
assessed by phospho-specific immunoblotting. Following treatment with NOX inhibitors at the same concentrations indicated above for 5 min,
platelet stimulation was obtained with 10 mg·mL-1 collagen (i) or 0.1 unit·mL-1 thrombin (ii) in the presence of 1 mM EGTA for 5 min in continuous
stirring (700 r.p.m.). Platelet lysis was performed in MCL buffer, and Syk was immunoprecipitated with 2 mg·mL-1 anti-Syk antibody in the
presence of Protein A/G Plus agarose. The immunoprecipitates were resolved by SDS-PAGE and immunostained with anti-phospho-Syk (Tyr525/526)
and anti-Syk antibodies. The results are representative of five independent experiments. IB, immunoblotting; IP, immunoprecipitation;
Subs., substrate.
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integrin aIIbb3 activation on ROS generation has been pro-
posed (Irani et al., 1998; Krotz et al., 2004), our results on
platelet adhesion on fibrinogen and thrombin-dependent
integrin aIIbb3 (neither of which were inhibited by 2-APT
and DPI) suggest that in human platelets, NOX inhibitors
affect integrin aIIbb3 activation indirectly and only as a con-
sequence of the attenuation of collagen-induced signalling.
In view of our results showing attenuation of collagen-
dependent Syk activation (a protein kinase critically
involved in the early events downstream of GPVI activation)
and a previous report that GPVI activation depended on
disulphide-dependent dimerization (Arthur et al., 2007), the
most likely molecular mechanism underlying the inhibition
of collagen-induced responses of platelets by 2-APT is the
decrease of superoxide anions available for the catalysis of
disulphide bridge formation and consequent dimerization of
GPVI receptors (Arthur et al., 2008). Notably, although pre-
vious studies reported the dependence of the other major
platelet collagen receptor, integrin a2b1, on ROS (Lahav
et al., 2003), the use of the GPVI-specific agonist CRP for our
integrin aIIbb3 and cPKC activation experiments confirmed
that, in our experimental conditions, NOX inhibition
directly affected GPVI signalling.

In summary, this study describes 2-APT as a novel and
potent inhibitor of collagen-dependent platelet responses.
The direct inhibition of the early events in the signalling
cascade of the collagen receptor GPVI is likely to be respon-
sible for the effects of 2-APT on platelets. We also demon-
strated for the first time the expression of NOX1 in human
platelets. Although we cannot reach any definitive conclu-
sion on whether 2-APT affects platelet activity by inhibiting
NOX1 or NOX2, our data suggest that NOXs are important
regulatory enzymes in human platelets. In view of the impor-
tance of GPVI activation and signalling in the development
of cerebral and heart thrombosis (Ollikainen et al., 2004;
Kleinschnitz et al., 2007) and the potential of GPVI as a target
for the development of antithrombotic drugs with lower risk
of haemorrhagic side effects (Mangin et al., 2012), this study
might indicate a novel direction for cardiovascular drug
discovery.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Densitometric analysis of phospho-PKC substrate
immunoblotting of platelets treated with NOX inhibitors and
stimulated with either 5 mg·mL-1 CRP or 0.1 unit·mL-1

thrombin. Whole platelet lysates were separated by SDS-
PAGE and immunoblotted with an antibody recognizing pro-
teins phosphorylated by classical PKC isoforms within the
consensus Arg/Lys-X-Ser-j-Arg/Lys (with j = hydrophobic
amino acid). Densitometry was performed on five bands indi-
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cated in Figure 7B using ImageJ 1.45s (W Rasband, NIH, USA).
Data are expressed as arbitrary intensity units and statistical
analysis was performed using one-way ANOVA with Bonferroni
post test (n = 6).
Figure S2 Densitometric analysis of Syk immunoprecipita-
tion and phospho-specific immunoblotting. Platelets treated
with NOX inhibitors or vehicle solution (0.1% v/v DMSO)
and stimulated with 10 mg·mL-1 fibrillar collagen I from
equine tendons (i) or 0.1 unit·mL-1 thrombin (ii). Following
SYK immunoprecipitation the immunoprecipitates were
separated by SDS-PAGE and immunoblotted with an anti-
body recognizing SYK in its phosphorylated at Tyr525/526 resi-
dues. Densitometry was performed using ImageJ 1.45s (W

Rasband, NIH, USA). Data are expressed as arbitrary intensity
units and statistical analysis was performed using one-way
ANOVA with Bonferroni post test (n = 5).
Figure S3 Extracellular ROS generation measured by
luminol-based luminometry. Platelets were dispensed over
collagen- or fibrinogen-coated coverslips and allowed to
adhere for 15 min. Supernatants were then collected and
25 mM luminol was added. Following incubation for 15 min
at 37°C, samples were analysed by visible light luminometry
using a plate reader (Fluostar Optima, BMG Labtech,
Ortenberg/Germany). Data are representative of four inde-
pendent experiments and were analysed by one-way ANOVA

with Bonferroni post test (*P < 0.05).
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