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BASIC SCIENCES

NADPH Oxidases Are Required for Full Platelet 
Activation In Vitro and Thrombosis In Vivo 
but Dispensable for Plasma Coagulation and 
Hemostasis
Dina Vara, Reiner K. Mailer , Anuradha Tarafdar, Nina Wolska , Marco Heestermans , Sandra Konrath,  
Manuela Spaeth, Thomas Renné, Katrin Schröder , Giordano Pula

OBJECTIVE: Using 3KO (triple NOX [NADPH oxidase] knockout) mice (ie, NOX1−/−/NOX2−/−/NOX4−/−), we aimed to clarify 
the role of this family of enzymes in the regulation of platelets in vitro and hemostasis in vivo.

APPROACH AND RESULTS: 3KO mice displayed significantly reduced platelet superoxide radical generation, which was associated 
with impaired platelet aggregation, adhesion, and thrombus formation in response to the key agonists collagen and thrombin. A 
comparison with single-gene knockouts suggested that the phenotype of 3KO platelets is the combination of the effects of the 
genetic deletion of NOX1 and NOX2, while NOX4 does not show any significant function in platelet regulation. 3KO platelets 
displayed significantly higher levels of cGMP—a negative platelet regulator that activates PKG (protein kinase G). The inhibition of 
PKG substantially but only partially rescued the defective phenotype of 3KO platelets, which are responsive to both collagen and 
thrombin in the presence of the PKG inhibitors KT5823 or Rp-8-pCPT-cGMPs, but not in the presence of the NOS (NO synthase) 
inhibitor L-NG-monomethyl arginine. In vivo, triple NOX deficiency protected against ferric chloride–driven carotid artery thrombosis 
and experimental pulmonary embolism, while hemostasis tested in a tail-tip transection assay was not affected. Procoagulatory 
activity of platelets (ie, phosphatidylserine surface exposure) and the coagulation cascade in platelet-free plasma were normal.

CONCLUSIONS: This study indicates that inhibiting NOXs has strong antithrombotic effects partially caused by increased 
intracellular cGMP but spares hemostasis. NOXs are, therefore, pharmacotherapeutic targets to develop new antithrombotic 
drugs without bleeding side effects.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The importance of NOX (NADPH oxidase)-depen-
dent reactive oxygen species for platelet signal-
ing and function has been investigated in an array 

of recent studies.1–7 In addition to their role in healthy 
platelet signaling, there is evidence that NOX activity 
sensitizes platelets and induces a state of hyperrespon-
siveness typical for thrombotic diseases.5,8–11 Although 

the activation mechanisms and the precise roles of NOXs 
in response to different platelet agonists and physiopath-
ological conditions remain to be fully elucidated, NOXs 
are promising antiplatelet drug targets.12–16

Nonetheless, current literature remains inconclu-
sive regarding several aspects of the function of NOXs 
in platelets. There is considerable disagreement on 
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the specific roles of individual NOX family members in 
platelet signaling cascades. Although previous studies 
described a central role for NOX2 in the activation of 
platelets by collagen or collagen-related peptide,6,17,18 
recent data suggest a limited role of this enzyme in the 
activation of platelets and the promotion of arterial throm-
bosis in vivo.19 In accordance with previous studies,7,12 we 
found NOX2 activity to be required for full platelet acti-
vation by thrombin but dispensable for collagen-induced 
responses.5 In parallel, we identified NOX1 to be essen-
tial for collagen signaling.5,7 Also for NOX1, there are 
discrepancies in literature. In parallel to studies showing 
a selective role for this enzyme in the signaling of col-
lagen,7,11,12 NOX1 has also been described as a critical 
mediator for G-protein–dependent signaling of thrombin 
or thromboxane A2.6 Finally, in addition to NOX112 and 
NOX2,20 a recent study reported NOX4 expression in 
human and mouse platelets,6 which may complicate the 
interpretation of existing data. To our knowledge, there 
are no platelet studies on NOX4−/− mice or using selec-
tive NOX4 inhibitors.

A potential weakness in our understanding of the 
role of NOXs in hemostasis and thrombosis is that all 
existing studies are based on single gene-deficient mod-
els (Nox1−/−5,6 or Nox2−/−5–8,19). Due to overlapping bio-
chemical functions of different NOXs, genetic knockout 
of a single NOX can be compensated by coexpressed 
NOX isoenzymes. This is a common phenomenon in 
genetically modified experimental models.21 In addition, 
single-gene knockout models have the important limita-
tion of not being predictive of the effect on hemosta-
sis and thrombosis of current NOX inhibitors, which are 

characterized by poor or lack of selectivity (ie, they inhibit 
multiple NOX family members simultaneously).22,23 Exist-
ing nonselective NOX inhibitors have so far been evalu-
ated on platelets only ex vivo.7,11,12,24

To address the limitations of our understanding of 
the role of NOXs in platelet and hemostasis regulation, 
here we have characterized platelets and coagulation 
responses of mice deficient in NOX1, NOX2, and NOX4 
ex vivo. The transgenic animals used in this study were 
generated by combined genetic deletion of Nox1, Nox2 
(Cybb), and Nox4 and displayed no vascular abnormality 
or health problem in previous studies.25 Taken together, 
this study provides novel mechanistic information on the 
regulation of platelets by NOXs and the role of these 
enzymes in the regulation of hemostasis and thrombosis 
and in vivo. This information is essential for the develop-
ment of NOX inhibitors for cardiovascular use.

METHODS
The data that support this study are available from the corre-
sponding author upon request.

Animals, Blood Collection, and Washed Platelet 
Preparation
3KO (triple NOX knockout) mice were generated by cross-
breeding Nox1−/−,26 Nox2 (Cybb)−/−,27 and Nox4−/−28 mice 
and were backcrossed for at least 10 generations into the 
C57BL/6J background, as described previously.25 Considering 
the complexity of breeding heterozygote animals for 2 X-linked 
genes and 1 autosomal gene (ie, only 1 of 16 offspring mice 
are homozygote mutant or WT [wild type]) and the extensive 
requirement for genotyping of both breeders and offspring, 
homozygote mutant animals were used as breeders for this 
study (ie, Nox1−/−/Nox2−/−/Nox4−/−×Nox1−/y/Nox2−/y/Nox4−/−). 
Age-matched C57BL/6J mice maintained in a parallel colony 
were utilized as WT controls. Both sexes were used indistinctly. 
As a precaution, we made sure that the sex ratio was simi-
lar in the different experimental groups. Blood was collected 
by cardiac puncture according to local ethics regulations. For 
washed platelets, sodium citrate was used as an anticoagulant 

Nonstandard Abbreviations and Acronyms

3KO triple NADPH oxidase knockout mice
CMH  1-hydroxy-3-methoxycarbonyl-2,2,5,5-

tetramethylpyrrolidine
CRP-XL cross-linked collagen-related peptide
ERK extracellular receptor kinase
FeCl3 ferric chloride
GC guanylate cyclase
GP platelet glycoprotein
NOS NO synthase
NOX NADPH oxidase
PGE1 prostaglandin E1
PKC protein kinase C
PKG protein kinase G
PS phosphatidylserine
SHP-2  SH2 domain-containing protein tyrosine 

phosphatase-2
VASP vasodilator-stimulated phosphoprotein
WT wild type

Highlights

• Triple NOX (NADPH oxidase) mice are defective in 
both collagen and thrombin responses.

• NOX4 has a negligible role in platelet regulation.
• cGMP increase and PKG (protein kinase G) activa-

tion are partially responsible for the defective phe-
notypes of 3KO (triple NOX knockout) platelets.

• Despite the refractoriness of 3KO platelets, coagu-
latory responses are not affected and the mice do 
not show increased bleeding.

• Overall, our data suggest that pharmacological inhi-
bition of NOXs can become an effective and safe 
antiplatelet strategy.
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(0.5% w/v). Platelet-rich plasma was separated from whole 
blood by centrifugation (180g, 15 minutes), and platelets were 
separated from platelet-rich plasma by a second centrifugation 
step (600g, 10 minutes), in the presence of PGE1 (prostaglan-
din E1; 40 ng/mL) and indomethacin (10 μM). Platelets were 
resuspended in modified Tyrode buffer at a density of 2×108 
platelets/mL throughout the study. For whole-blood analy-
ses (eg, thrombus formation), heparin- and D-phenylalanyl-L-
prolyl-L-arginine chloromethyl ketone–anticoagulated whole 
blood was used (5 units/mL and 25 μM, respectively). All 
experiments performed with animals were in accordance with 
the German animal protection law and were performed after 
approval by the local authorities (Behörde für Gesundheit und 
Verbraucherschutz Freie und Hansestadt Hamburg, approval 
number 76/16).

Electron Paramagnetic Resonance/Turbidimetry 
Assay
As described in our previous study,5 before adding stimuli, 200 
μmol/L 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine (CMH), 5 μmol/L diethyldithiocarbamate, and 25 
μmol/L deferoxamine were added to washed platelets (density 
adjusted to 2×108 platelets/mL) with continuous stirring. After 
1 minute, stimuli were delivered and aggregation was measured 
for 10 minutes by traditional turbidimetry as %absorbance 
decrease. After 10 minutes, 50 μL of platelet-free supernatant 
were read using an E-scan (Noxygen, Germany). Electron para-
magnetic resonance spectra were recorded using the following 
electron paramagnetic resonance settings: center field, 3492.5 
G; field sweep, 60 G; modulation amplitude, 2 G; sweep time, 
10 s; number of scans, 10; microwave frequency, 9.39 GHz; 
microwave power, 20 mW; conversion time, 327.68 ms; time 
constant, 5242.88 ms. A calibration curve was obtained from 
standard CM● diluted to concentrations of 0, 0.3, 1, 3, 10, and 
30 μmol/L and utilized to estimate the CM● concentration in 
the samples as described in Figure I in the Data Supplement. 
The CMH oxidation rate was obtained using the below formula:

CMH oxidation rate CM volume

platelet density volume t

= [ ] ×
× ×

● /

( iime)

Quantification of Intracellular cGMP by ELISA
Washed platelets were prepared as described above, and the 
levels of cGMP were quantified by competitive ELISA (No. 
KGE003; R&D Systems). Briefly, stimulation was performed 
in 200 μL of washed platelet suspensions (density adjusted 
to 2×108 platelets/mL) with 10 μg/mL collagen or 0.25 u/
mL thrombin for 20 minutes before cell lysis was obtained by 
3 freeze/thaw cycles. Cell lysates were dispensed on 96-well 
microplate in triplicate; primary antibody and cGMP conjugate 
were added and then incubated for 3 hours. After 4 washes in 
washing buffer, the enzymatic substrate was added and incu-
bated for 30 minutes at room temperature. After stop solution 
was added, the absorbance was measured at λ=450 nm.

Thrombus Formation Under Physiological Flow 
Assay
Human and mouse blood was anticoagulated with 5 u/mL 
heparin and 40 μmol/L D-phenylalanyl-L-prolyl-L-arginine 

chloromethyl ketone and labeled with 1 μM 3,3′-dihexyloxa-
carbocyanine iodide for 10 minutes. Ibidi Vena8 Fluoro+ flow 
microchips and a Cellix Exigo pump were utilized to ana-
lyze thrombus formation in mouse whole blood under flow. 
Microchips were coated with Horm collagen (0.1 mg/mL) or 
fibrinogen (0.05 mg/mL). Thrombus formation was visualized 
by fluorescence microscopy at a shear rate of 200 or 1000 s−1. 
Surface coverage was analyzed using ImageJ 1.47v (Wayne 
Rasband, National Institutes of Health).

Immunoblotting
Platelet suspensions prepared as described above were stimu-
lated in the presence of 1 mmol/L EGTA and lysed by adding 
lysis buffer (12.5 mmol/L Tris, pH 8.3, 97 mmol/L glycine, 2% 
sodium dodecyl sulphate, 0.5% dithiothreitol, 10% glycerol, and 
0.01% bromophenol blue). Platelet proteins were separated by 
SDS-PAGE, transferred to polyvinylidene difluoride membrane, 
and analyzed by immunoblotting for antiphosphotyrosine anti-
body (4G10, No. 05-321; Millipore), anti-PKC (protein kinase 
C) phospho-substrates (No. 2261; Cell Signaling Technology), 
anti-ERK (extracellular receptor kinase) antibodies (sc-94; 
Santa Cruz Biotechnology), anti-phospho-VASP (vasodilator-
stimulated phosphoprotein; Ser 239; No. 3114; Cell Signaling 
Technology), anti-VASP (No. 3132; Cell Signaling Technology), 
or anti-actin (No. A5441; Merck Millipore). Densitometry was 
performed using ImageJ 1.47v (Wayne Rasband, National 
Institutes of Health). Data are presented as staining intensity 
of the target proteins with loading controls ERK or total VASP.

Flow Cytometry
As described previously,29 washed platelets were stimulated 
with 1 u/mL thrombin or 5 μg/mL CRP-XL (cross-linked col-
lagen-related peptide) and fixed in 1% w/v paraformaldehyde 
for 30 minutes. After diluting 1 in 10 in modified Tyrode buf-
fer, PE-conjugated anti-integrin αIIbβ3 (No. M023-2, JON/A; 
EMFRET), PE-conjugated anti- CD62P (P-selectin; No. M130-
2, Wug.E9; EMFRET), or FITC (fluorescein isothiocyanate)-
annexin V (No. 556419; Pharmingen) were used to stain 
platelets, and fluorescence staining was assessed using a 
FACS Aria III flow cytometer (BD Biosciences).

Pulmonary Thromboembolism Model
As described previously,30 mice were anesthetized by intraperi-
toneal administration of ketamine (120 mg/kg) and xylazine 
(16 mg/kg) in saline (10 mL/kg). Following laparotomy, Horm 
collagen (0.4 mg/kg) and epinephrine (60 μg/kg; Sigma-
Aldrich) were slowly injected into the exposed inferior vena 
cava. After onset of respiratory arrest and while the heart was 
still beating, Evans blue dye (1% in saline) was retro-orbitally 
injected to assess lung perfusion. Time to death by pulmonary 
embolism was analyzed and utilized as a measure of suscepti-
bility to thrombosis.

Carotid Occlusion Model
Carotid occlusion was performed as described previously.31 
Briefly, mice receiving 100 μL metamizol (200 mg/kg) sub-
cutaneously for pain relief were anesthetized by inhalation of 
4% isoflurane and continuously maintained at 1.5% isoflurane. 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.315565
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A flow probe (Transonic Systems; TS420) was fitted around 
the exposed artery to monitor blood flow. Ferric chloride (FeCl3; 
5% w/v) was applied topically to the exposed artery via a 
piece of filter paper (1×1.5 mm) to induce thrombus forma-
tion. After 3 minutes, the filter paper was removed while blood 
flow was continuously recorded until cessation (ie, occlusion) 
or alternatively up to 40 minutes in occlusion-free mice. Time 
to occlusion after FeCl3 challenge was analyzed and utilized as 
a measure of susceptibility to thrombosis.

Tail-Tip Transection Assay
Under isoflurane-induced anesthesia (4% for induction and 
1.5% for maintenance), animals were placed in prone position, 
and a 3-mm segment of the tail was amputated with a scal-
pel. The tail was immediately immersed in prewarmed isotonic 
saline at 37 °C. Bleeding time was measured manually.

Thrombin Formation Assay
The procedure to measure thrombin generation using a fluores-
cent substrate for detection has been described previously.32 In 
short, 20 μL murine platelet-poor plasma (1:1 diluted in 20 μL 
of 20 mmol/L Tris buffer, pH 7.4) was incubated with tissue 
factor (6 pM) or kaolin (10 μg/mL) or no activator to a total vol-
ume of 60 μL containing 4 μM phospholipids (Thrombinoscope 
BV, Maastricht, the Netherlands), 16.6 mM Ca2+, and 2.5 mM 
fluorogenic substrate (ZGGR-AMC; Thrombinoscope BV). 
Thrombin parameters were calculated using Thrombinoscope 
software, version 3.0.0.29 (Thrombinoscope BV).

Statistical Analysis
Data normality and homoscedasticity were tested with Shapiro-
Wilk and Bartlett tests, respectively. For dual comparisons 
(ie, WT versus 3KO) of normal/homoscedastic data, statisti-
cal analysis was performed by unpaired Student t tests. Dual 
comparisons (ie, WT versus 3KO) of non-normal/nonhomosce-
dastic data were analyzed by nonparametric Mann-Whitney U 
test. One-way ANOVA with Bonferroni post test was used for 
multiple comparison tests after testing that data are normal and 
homoscedastic. The statistical software package GraphPad 
Prism, version 8.1.0, for Windows 64 bit was used. Results were 
expressed as the mean±SE (SEM). Differences were consid-
ered significant at P<0.05 (*), 0.01 (**), or 0.001 (***).

RESULTS
Functional Characterization of 3KO Platelets In 
Vitro
First, we confirmed the absence of hematological abnor-
malities of 3KO mice by full blood cell counts (Table I in 
the Data Supplement). After the levels of surface recep-
tors in 3KO platelets were confirmed normal (Figure II 
in the Data Supplement), platelet function was studied 
using a combined electron paramagnetic resonance/
turbidimetry assay that measures simultaneously super-
oxide radical formation and platelet aggregation (spin 
probe chemistry and calibration curve are shown in Fig-
ure I in the Data Supplement).5 Stimulation with collagen 

led to a significant increase in superoxide radical gen-
eration in WT controls (from 7.2±1.0 to 24.4±2.7 atto-
moles of CMH oxidized per platelet per minute) but not 
in 3KO mice (from 7.2±0.8 to 9.2±0.8 attomoles of CMH 
oxidized per platelet per minute; Figure 1A). Similarly, 
thrombin increased superoxide radical generation in WT 
platelets (from 7.2±1.0 to 22.1±3.9 attomoles of CMH 
oxidized per platelet per minute) but not in 3KO platelets 
(from 8.9±0.5 to 12.4±0.7 attomoles of CMH oxidized 
per platelet per minute; Figure 1B). Platelet aggregation 
in response to 3 μg/mL collagen (Figure 1C) or 0.1 unit/
mL thrombin (Figure 1D) was ablated in 3KO compared 
with WT control mice. The comparison with single NOX 
gene knockouts (Nox1−/−, Nox2−/−, and Nox4−/−) showed 
that 3KO displays inhibition of collagen responses similar 
to Nox1−/− mice (aggregation in Figure 2A and thrombus 
formation in Figure 2C) and thrombin responses simi-
lar to Nox2−/− mice (aggregation in Figure 2B). Genetic 
deletion of Nox4 did not show any noticeable functional 
impairment (Figure 2A through 2C) and only a marginal 
reduction of superoxide radical output in response to 
collagen but not thrombin (Figure IIIA in the Data Sup-
plement). The effect of triple NOX1, NOX2, and NOX4 
deficiency can be recapitulated in human platelets with 
the pan NOX inhibitor VAS2870, which significantly 
inhibits agonist-induced superoxide radical output (Fig-
ure IIIB in the Data Supplement) and platelet aggre-
gation in response to collagen (Figure IIIC in the Data 
Supplement) or thrombin (Figure IIID in the Data Supple-
ment). Moreover, the pan inhibition with VAS2870 has 
similar effects on superoxide radical generation, platelet 
aggregation, and thrombus formation in C57BL6/J (the 
background of the 3KO mice) and BALB/c mice (Figure 
IV in the Data Supplement).

Characterization of 3KO Platelet Signaling In 
Vitro
The activation of tyrosine kinase signaling cascades, which 
is fundamental for platelet activation,33,34 is significantly 
impaired in 3KO platelets stimulated by either collagen 
or thrombin, although a marginal response to thrombin 
remains (Figure 3A, top). In parallel, the activation of PKC, 
which is another pivotal component of the signaling of 
platelets,35,36 is lost in 3KO platelets in response to collagen 
but is preserved in response to thrombin (Figure 3A, mid-
dle). PKC activation was detected with antibodies against 
the phosphorylated classical PKC target sequence (ie, 
(R/K)-X-pS-hydhophobic-(R/K)),37 while tyrosine phos-
phorylation was tested using antibodies raised against 
phosphorylated tyrosine residues (clone 4G10). Multiband 
patterns shown in Figure 3A indicate multiple PKC- and 
tyrosine-phosphorylated proteins following platelet activa-
tion by either collagen or thrombin, respectively. Then, we 
assayed the activation of integrin αIIbβ3 by flow cytom-
etry (Figure 3B). In these experiments, CRP-XL was used 
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Figure 1. Triple NOX (NADPH oxidase) 1, 2, and 4 deficiency attenuates superoxide radical generation (A and B) and platelet 
aggregation (C and D) in response to collagen or thrombin.
Superoxide radicals in response to 3 µg/mL fibrillar Horm collagen (A) or 0.1 unit/mL human thrombin (B) were measured by electron 
paramagnetic resonance spectroscopy (EPR). Representative EPR spectrograms (top) and quantitative analysis (bottom) are shown. 
Statistical analysis was tested by analyzed by 1-way ANOVA with Bonferroni post test. In parallel, aggregation in response to 3 µg/mL fibrillar 
Horm collagen (C) or 0.1 unit/mL human thrombin (D) was measured by turbidimetry. Representative aggregation traces (top) and quantitative 
analysis (bottom) are shown. Statistical analysis was tested by unpaired Student t test. 3KO indicates triple NOX knockout; CMH, 1-hydroxy-
3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine; Coll., collagen; ESR, electro spin resonance; ns, nonsignificant; Rest., resting; Throm., 
thrombin; and WT, wild type. ***P<0.05, **P<0.01, ***P<0.001.
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Figure 2. Comparison of aggregation and thrombus formation responses of 3KO (triple NOX [NADPH oxidase] knockout) and 
single NOX knockout mice (Nox1−/−, Nox2−/−, and Nox4−/−).
Aggregation in response to 3 µg/mL fibrillar Horm collagen (A) or 0.1 unit/mL human thrombin (B) was measured by turbidimetry. 
Representative aggregation traces (top) and quantitative analysis (bottom) are shown. For thrombus formation under flow (C), heparin- and 
D-phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK)–anticoagulated whole blood was incubated with 1 µM 3,3′-dihexyloxacarbocyanine 
iodide (DiOC6) for 10 min, and thrombus formation was tested on collagen at intermediate shear stress (1000 s−1). Where indicated, WT (wild 
type) platelets were pretreated with 10 µM VAS2870 (VAS) for 10 min. Statistical analysis was performed using 1-way ANOVA with Bonferroni 
post test. ns indicates nonsignificant. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Triple NOX (NADPH oxidase) 1, 2, and 4 deficiency impairs different components of the intracellular signaling of platelets.
The intracellular signaling of 3KO (triple NOX knockout) platelets was tested by immunoblotting protein extracts from resting (R), 10 µg/mL collagen 
(C)-stimulated, or 0.1 u/mL thrombin (T)-stimulated platelets (A). Tyrosine phosphorylation (top) and PKC (protein kinase C)-dependent phosphorylation 
(bottom) were tested. While anti-ERK (extracellular receptor kinase) was used as a loading control (bottom). Densitometry analysis was performed 
using ImageJ 1.47v (Wayne Rasband, National Institutes of Health) and is expressed as the ratio between the immunoreactivity intensity above 60 kDa 
for 4G10 and phosphorylated-PKC substrate blots and the intensity of ERK1/2 bands in the loading control blots for the same condition. Integrin αIIbβ3 
activation and P-selectin surface expression (ie, a marker of degranulation) were tested by flow cytometry with JON/A (B) and anti-CD62P antibodies 
(C), respectively. Platelets were resting (R), activated by 5 µg/mL CRP-XL (C [cross-linked collagen-related peptide]) or activated with 1 u/mL thrombin 
(T). Statistical analysis was performed by 1-way ANOVA with Bonferroni post test with n=4 for A and C and n=5 for B.). CD62P indicates P-selectin; 
CRP, CRP-XL; ns, nonsignificant; p-PKC, phosphorylated PKC substrates; and WT, wild type. *P<0.05, **P<0.01, ***P<0.001.
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instead of collagen, which is a GP (platelet glycoprotein) 
VI–specific agonist compatible with flow cytometry (the 
fibrillar nature of collagen is problematic in these experi-
ments).38 The levels of αIIbβ3 activation in response to 
CRP-XL (5 μg/mL) or thrombin (0.1 u/mL) were sig-
nificantly reduced in 3KO compared with WT. In accor-
dance, triple NOX deficiency impaired platelet adhesion 
on fibrinogen (the main ligand for integrin αIIbβ3), which 
was tested in 3,3′-dihexyloxacarbocyanine iodide–stained 
blood at low shear stress, 200 s−1 (Figure VA in the Data 
Supplement). In contrast, fibrinogen-dependent plate-
let adhesion under intermediate shear stress (1000 s−1) 
was not affected, which suggests that platelet adhesion in 
these conditions is driven by surface receptors other than 
integrin αIIbβ3 (eg, von Willebrand factor receptors; Figure 
VB in the Data Supplement). Combined PKC/Src kinase 
inhibition abolished platelet adhesion to fibrinogen at high 
shear stress (Figure VC in the Data Supplement). Next, 
we investigated platelet degranulation by flow cytometry 
using an anti–P-selectin antibody (ie, CD62P; Figure 3C). 
As for integrin αIIbβ3 activation, degranulation in response 
to collagen or thrombin was significantly impaired in 3KO 
platelets. As platelet responsiveness is negatively regu-
lated by cyclic nucleotides,39 we analyzed the intracellular 
levels of cGMP in WT and 3KO platelets and found that 
the levels in 3KO platelets were consistently higher (from 
12.3±1.8 to 42.6±4.8 pmol per 109 platelets in resting 
conditions; Figure 4A). Despite an increasing trend, the 
stimulation of platelets with 10 μg/mL collagen or 0.25 u/
mL thrombin for 20 minutes did not lead to a statistically 
significant change in intracellular cGMP. Pharmacological 
inhibition of NOXs with the pan inhibitor VAS2870 recapit-
ulated in human platelets the increase in cGMP observed 
in 3KO mice, while inhibition of single NOX isoforms 
(either NOX1 or NOX2) with selective inhibitory peptides 
did not significantly affect intracellular cGMP (Figure VI in 
the Data Supplement).

As the adaptor molecule VASP is known to be phos-
phorylated by protein kinase G, we utilized an antibody 
that recognizes murine VASP when phosphorylated on 
serine 238 to assess the activation levels of PKG (pro-
tein kinase G; Figure 4B). 3KO mice displayed signifi-
cantly higher levels of VASP phosphorylation compared 
with WT in resting and collagen-stimulated conditions, 
while following thrombin stimulation the level of VASP 
phosphorylation was not statistically different in the two 
mouse strains. Therefore, we assessed whether PKG 
inhibition can reverse the phenotype of 3KO mice. The 
PKG inhibitor KT5823 (1 μM) or Rp-8-pCPT-cGMPs (5 
μM) significantly but partially reversed the inhibition of 
aggregation (Figure 4C and 4D) and thrombus forma-
tion (Figure 4E) of 3KO platelets, while inhibition of NOS 
(NO synthase) with L-NG-monomethyl arginine (20 μM) 
had no effect on 3KO platelet responses. PKG inhibition 
does not increase aggregation (Figure 4C and 4D) and 
thrombus formation (data not shown) in WT platelets.

Characterization of Hemostasis and 
Thrombosis in 3KO Mice
Next, we assessed whether the impairment of platelet 
activation observed in vitro had an impact on thrombosis 
in vivo. The susceptibility to thrombosis was tested in a 
collagen/epinephrine-induced lethal pulmonary throm-
boembolism model.40,41 As shown in Figure 5A, 3KO mice 
survive significantly longer after challenge compared with 
WT controls (332±80 versus 142±24 s, n=7, P=0.032). 
To confirm pulmonary embolism, we determined lung 
perfusion by intravenous administration of Evans blue 
dye (1% w/v). Perfused lung areas turned blue, whereas 
occluded parts remained a natural pinkish color. These 
data revealed improved perfusion of lung tissue in 3KO 
mice compared with WT mice. Next, we utilized a previ-
ously described model of arterial thrombosis based on 
the induction of carotid occlusion by FeCl3.

31 As shown 
in Figure 5B, 3KO mice displayed a significant protec-
tion against carotid occlusion compared with WT con-
trols (34.3±5.6 versus 8.8±1.3 minutes, n=6, P=0.035). 
Notably, the difference in carotid occlusion time between 
3KO and WT mice is likely to be underestimated as 
the occlusion time limit of 40 minutes imposed by ani-
mal ethics was reached by 5 of 6 3KO mice, compared 
with 0 of 6 WT mice. To confirm that NOX deficiency in 
platelet rather than other cells was responsible for the 
reduction in thrombosis, we performed platelet transfer 
experiments as described previously.42 Thrombocytope-
nia was induced in WT mice by venous administration 
of the R300 antibody, and 12 hours later, platelets from 
either WT or 3KO were injected into the thrombocytope-
nic mice. Carotid occlusion assays were then performed 
as described. No thrombus formation was detected in 
thrombocytopenic mice receiving 3KO platelets, while 
abundant platelet deposition and thrombus formation 
were observed in mice receiving WT platelets (Figure VII 
in the Data Supplement). Finally, to understand the effect 
of NOX deficiency on the hemostatic response in vivo, 
bleeding times of 3KO mice were determined using tail-
tip transection experiments. Bleeding time in 3KO mice 
was not increased compared with WT animals (390±48 
versus 423±58 s, n=4; Figure 5C).

To understand whether normal coagulation occurs 
normally in 3KO mice and sustains hemostasis, we first 
tested platelet phosphatidylserine (PS) externalization 
(which is a key procoagulatory response).43 PS exter-
nalization resulted impaired in 3KO compared with WT 
platelets only in response to collagen but not thrombin 
(Figure 6A), which may indicate differential roles for 
NOXs in collagen and thrombin signaling. In parallel, we 
tested whether the triple NOX deficiency has any effect 
on the coagulation cascade. For this reason, we ana-
lyzed the generation of thrombin in platelet-poor plasma 
in response to the activation of extrinsic (tissue factor) 
or intrinsic (kaolin) coagulation pathways (Figure 6B 
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Figure 4. Triple NOX (NADPH oxidase) 1, 2, and 4 deficiency attenuates platelet signaling by increasing cGMP levels.
For cGMP quantification (A), WT (wild type) and 3KO (triple NOX knockout) mouse washed platelets were left unstimulated (resting [R]) or 
stimulated with 10 µg/mL collagen (C) or 0.25 u/mL thrombin (T) for 20 min before cell lysis was obtained by 3 freeze/thaw cycles. cGMP 
was then quantified in the lysates following supplier instructions and expressed in pmol per 109 platelets. For immunoblotting (B), the same 
conditions as above were tested. Densitometry analysis was performed using ImageJ 1.47v (Wayne Rasband, (Continued )
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and 6C, respectively). No differences between 3KO 
and WT platelet-poor plasma were detected, suggest-
ing that NOX deficiency has no impact on the coagula-
tion cascade.

DISCUSSION
Despite observing ≈20% residual aggregation of platelets 
in 3KO mice, our data unequivocally suggest that NOXs 
are required for complete platelet aggregation by collagen 
or thrombin. This is in agreement with our recent study with 
single NOX1−/− and NOX2−/− knockout mice5 and other 
studies suggesting that either NOX1 or NOX2 is required 
for full platelet aggregation.1–3,6,12 This observation is also 
in agreement with a recent study showing that small mol-
ecules inhibiting NOX2 activation by Rac1 (Ras-related 
C3 botulinum toxin substrate 1) affect both collagen- and 
thrombin-dependent platelet responses.14 As Rac1 posi-
tively regulates both NOX144 and NOX2,45 these data are 
in accordance with our results presented in this article.

Thrombus formation on collagen and platelet adhe-
sion on fibrinogen were tested in whole blood flow 
assays, which is the most physiologically relevant ex vivo 
model of thrombosis.46 3KO platelets displayed signifi-
cantly impaired thrombus formation on collagen-coated 
surfaces at arterial shear stress (1000 s−1). This is in 
agreement with our data and previous studies showing 
a central role for NOXs in collagen signaling.5–7,10,12,14,15,47 
The exact identity of the NOX family member(s) involved 
in GP VI signaling remains undetermined, with some 
studies suggesting NOX15,7 and other NOX2.6,47 Our 
current data are clearly supporting the hypothesis that 
NOX1 is required for collagen signaling, while NOX2 is 
required for thrombin signaling (despite an involvement of 
NOX1). Interestingly, platelet adhesion on fibrinogen was 
inhibited at low (200 s−1) but not at intermediate shear 
stress (1000 s−1). As integrin αIIbβ3 is the main receptor 
for fibrinogen at low shear stress (<900 s−1),48 while GP 
1b is required for adhesion at higher shear stress,49 our 
data suggest that only the former receptor is regulated 
by NOX-dependent superoxide radical formation. The 
dependence of integrin αIIbβ3 on NOX activity has pre-
viously been described in vitro.2 In agreement with these 
observations, our flow cytometry results using an anti-
body specific for active αIIbβ3 (ie, JON/A) suggest that 
the activation of this integrin is significantly impaired in 
the absence of NOXs in 3KO mice in response to either 
collagen or thrombin.

In this study, we provide information on the possible 
mechanism linking NOX activity to intracellular levels of 
cGMP, which negatively regulates platelets via activation 
of the protein kinase PKG. In 3KO platelets, we observed 
a statistically significant 4-fold increase in the intracel-
lular levels of this negative regulator of platelet activity.50 
Our data with PKG inhibitors (KT5823 and Rp-8-pCPT-
cGMPs) suggest that the increase in cGMP and con-
sequent activation of PKG play a key role in the loss of 
responsiveness of 3KO platelets. Nonetheless, alterna-
tive and parallel mechanisms of regulation also exist, as 
the rescue with PKG inhibitors is incomplete and single 
NOX isoform inhibition does not affect cGMP (possibly 
due to compensation between NOXs) while inhibiting 
platelet responses (at least partially). The existence of 
parallel NOX-dependent mechanisms regulating platelet 
responsiveness explains the different agonist selectivity 
of NOX1 and NOX2 ablation or inhibition (Figure 2). Con-
trarily to previous results showing that KT5823 could not 
rescue platelet inhibition induced by NO-releasing com-
pounds,51 this inhibitor was effective in our experiments. 
This difference may be due to the different method used 
to increase cGMP (ie, NO-releasing agent in the above-
mentioned study versus NOX inhibition in our case) or to 
the different concentration of inhibitor used. In fact, we 
used 1 μM KT5823, which effectively inhibits PKG with-
out affecting other kinases, while the abovementioned 
study describes the use of 5- to 10-μM KT5823, which 
are concentrations at which this inhibitor also affects 
PKC and presumably directly inhibits platelets. Impor-
tantly, a different PKG inhibitor (ie, Rp-8-pCTP-cGMPs) 
also significantly increased 3KO platelet responsive-
ness in our experiments, although to a lower level than 
KT5823. The difference between these two inhibitors 
could suggest parallel nonselective PKG-independent 
effects of KT5823. As NO is known to positively regu-
late soluble GC (guanylate cyclase) and increase cGMP 
levels,39 we tested an inhibitor of NOS (ie, L-NG-mono-
methyl arginine). The absence of any effect of NOS inhi-
bition on 3KO platelet responsiveness suggests that the 
effect of NOXs on cGMP is NO independent, which is 
in line with reports of little or no expression of NOS in 
platelets.52 Alternative mechanisms of soluble GC activa-
tion by oxidant molecules described in other cell types 
are likely to underlie the effect of platelet NOXs on intra-
cellular cGMP.53,54

We could not detect a decrease in the constitutive lev-
els of superoxide generation for 3KO mice (Figure 1A 

Figure 4 Continued. National Institutes of Health) and is expressed as the ratio between the immunoreactivity intensity for p-VASP (Ser238) 
and total VASP (vasodilator-stimulated phosphoprotein). Aggregation in response to 3 µg/mL fibrillar platelet aggregation in response by Horm 
collagen (C) or 0.1 unit/mL human thrombin (D) and collagen-induced thrombus formation under physiological flow (1000 s−1) are shown in (E). 
Where indicated, platelets were preincubated with 1 µM KT5823 (KT), 5 µM Rp-8-pCPT-cGMPs (Rp), and 20 µM L-NG-monomethyl arginine 
(L-NMMA) or vehicle solution (0.1% dimethyl sulfoxide) for 30 min. For aggregation, representative traces (top) and quantitative analysis 
(bottom) are shown. For thrombus formation, representative pictures (left) and quantitative analysis (right) are shown. Data are analyzed by 
1-way ANOVA with Bonferroni post test for A (n=5), C (n=4), D (n=4), and E (n=5), while nonparametric Kruskal-Wallis assay with Dunn post-
test for B (n=4). ns indicates nonsignificant; p-VASP, phosphorylated VASP; and R, rest. *P<0.05, **P<0.01, ***P<0.001.
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and 1B). This could be due to sensitivity limitations in the 
electron paramagnetic resonance method or to the con-
tribution of alternative enzymatic sources of superoxide 
anions (eg, respiration complexes in the mitochondria). It 
seems reasonable to assume that, due to their extremely 
short half-life, the cellular effects of superoxide anions 
heavily depend on the supramolecular interactions and 
cell compartmentalization of their enzymatic sources. 
Therefore, only NOX-dependent superoxide anions may 
be generated with the correct spatial-temporal patterns 
to affect cGMP levels.

In our immunostaining experiments, we detected some 
differences in the effect of triple NOX deficiency on col-
lagen and thrombin signaling. Residual PKC activation 
and tyrosine phosphorylation responses were observed 
in platelets stimulated by thrombin but not collagen 
(Figure 3), which suggests differential involvement of 
NOXs in the signaling of collagen and thrombin (ie, more 
proximal to the stimulus for collagen and more distal for 
thrombin). In addition to the effect on cGMP and PKG 
described above, one plausible molecular mechanism 

underlying the effect of NOXs on collagen responses 
may involve the NOX-dependent oxidization and inhibi-
tion of SHP-2 (SH2 domain-containing protein tyrosine 
phosphatase-2), which has been suggested.15,55–57 The 
modulation of SHP2 in addition to PKG would explain 
more pronounced effects on collagen signaling, which 
is strongly affected by this protein phosphatase.15,55 
The extensive inhibition of collagen receptor signaling 
accompanied by a more modest impairment of throm-
bin responses was mirrored in flow cytometry experi-
ments for agonist-induced externalization of P-selectin 
(a marker of platelet degranulation; Figure 3C) and PS 
(a marker of platelet procoagulant activity; Figure 6A). In 
these experiments, triple NOX deficiency impaired the 
externalization of P-selectin and PS only in response to 
CRP-XL—a peptide stimulating the main collagen recep-
tor GP VI.38 This reagent was used as the fibrillar nature 
of collagen makes it problematic to use in flow cytometry 
experiments. In contrast, both P-selectin and PS exter-
nalization in response to thrombin were not affected 
by NOX triple deficiency. This suggests that NOXs are 

Figure 5. Triple NOX (NADPH 
oxidase) 1, 2, and 4 deficiency 
protects against pulmonary 
thromboembolism (A) and arterial 
thrombosis (B) without affecting 
hemostasis (C) in vivo.
Pulmonary thromboembolism was 
induced by intravenous injection of 
a 0.4-mg/kg collagen and 60 µg/kg 
epinephrine into the vena cava (A). Time 
for thromboembolic death was measured 
and plotted (mean±SEM, n=7). Carotid 
occlusion was induced by application 
of 5% w/v ferric chloride (B). Occlusion 
times detected by Doppler ultrasound 
scanning for 3KO (triple NOX knockout) 
and WT (wild type) animals are plotted 
(mean±SEM, n=6). Bleeding time 
upon tail-tip transection is shown in C 
(mean±SEM plot, n=6). As data are not 
homoscedastic in A and B (ie, significantly 
different SD), statistical analysis was 
performed by nonparametric Mann-
Whitney U test. Data in C are normally 
distributed and homoscedastic; therefore, 
parametric Student t test was used 
for the statistical analysis. ns indicates 
nonsignificant. *P<0.05, **P<0.01, 
***P<0.001.
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intrinsically required for collagen signaling via the GP VI 
receptor, and without these enzymes, there is complete 
abolishment of any platelet response by this agonist. By 

contrast, thrombin remains able to induce a variety of 
platelet responses in addition to PKC activation and tyro-
sine phosphorylation, including degranulation (leading to 

Figure 6. Triple NOX (NADPH oxidase) 1, 2, and 4 deficiency does not affect the procoagulant activity of platelets (A) or 
coagulation response in plasma (B and C).
Phosphatidylserine externalization (A) was tested by flow cytometry. Platelets were resting (R) or activated by 5 µg/mL CRP-XL (C [cross-linked 
collagen-related peptide]) or activated by 1 u/mL thrombin (T) in the absence of shear stress for 40 min and then fixed (1% PFA) and labeled 
with FITC-annexin V. Representative histograms are shown in top (WT [wild type] in blue, 3KO [triple NOX knockout] in red, and unstimulated 
in dotted black), and statistical analysis is shown bottom (n=5). Statistical analysis was performed by 1-way ANOVA with Bonferroni post 
test. Thrombin generation in platelet-poor plasma in response to either 6 pM tissue factor (B) or 10 µg/mL kaolin (C) is shown (representative 
thrombin generation peaks in the left; mean±SEM for the area under the curve in the right; n=6 for tissue factor and n=8 for kaolin). For 
both B and C, the statistical analysis was performed by unpaired Student t test. CRP indicates CRP-XL; FC, flow cytometry; FITC, fluorescein 
isothiocyanate; and ns, nonsignificant. *P<0.05, **P<0.01, ***P<0.001.
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P-selectin externalization) and PS exposure (which is crit-
ical for the procoagulant activity of platelets). These data 
suggest that NOXs act early in the signaling cascade of 
collagen, while they affect distal signaling events in the 
activation of platelets by thrombin (as described in the 
Graphic Abstract). This has been suggested previously.7

In our experiments, the platelet impairment caused 
by triple NOX genetic deletion led to a significant pro-
tection of 3KO animals from arterial thrombosis in 
carotid occlusion experiments and lung thromboem-
bolism. Only few previous studies analyzed the role 
of NOXs in thrombotic responses in vivo, and again, 
there is lack of agreement in the literature. A previ-
ous study showed impairment of carotid occlusion in 
NOX2−/− mice,6 while a more recent study suggested 
lack of effect of NOX2 genetic deletion on carotid 
occlusion.19 We recently published a study that agrees 
with the latter study and failed to detect any effect 
of NOX2 genetic deletion on carotid occlusion time, 
while NOX1 deletion was associated with a significant 
protection against this type of experimental thrombo-
sis.58 Although it is difficult to conciliate these stud-
ies, differences in animals, conditions, and methods 
may be responsible for this discrepancy. In the current 
study, we provide definitive support for a role of NOXs 
as a family of enzymes in the regulation of thrombosis 
in vivo. In addition, we show that 3KO mice lacking 
platelet NOXs are protected against venous thrombo-
sis in a model of lung thromboembolism (Figure 5A) 
while hemostasis is not affected (Figure 5C). Adoptive 
platelet experiments shown in Figure VII in the Data 
Supplement demonstrate that the effect on carotid 
occlusion depends on the silencing of NOXs in plate-
lets rather than other blood or vascular cells. Taken 
together, our data support the use of current nonse-
lective NOX inhibitors to prevent thrombosis without 
impairing the hemostatic response. Although non–
platelet-specific NOX inhibition may have additional 
beneficial effects in cardiovascular disease (ie, reduc-
tion of inflammation and blood pressure59,60), consider-
ing the role of NOXs in the immune response,4 future 
studies will need to address the risk associated with 
NOX pharmacological inhibition, especially in long-
term treatment studies both in experimental animals 
and human subjects.
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