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Abstract

Background: Reactive oxygen species are known to contribute to platelet hyper-

activation and thrombosis during aging; however, the mechanistic contribution of the

specific oxidative pathway remains elusive.

Objectives: We hypothesized that during aging, endogenous Nox2-NADPH oxidase

contributes to platelet reactive oxygen species accumulation and that loss of Nox2 will

protect from platelet activation and thrombosis.

Methods: We studied littermates of Nox2 knockout (Nox2-KO) and -wild-type (Nox2-

WT) mice at young (3-4 months) and old (18-20 months) age. Within platelets, we

examined the expression of subunits of NADPH oxidase and enzyme activity, oxidant

levels, activation markers, aggregation, and secretion. We also assessed susceptibility

to in vivo thrombosis in 2 experimental models.

Results: While aged Nox2-WT mice displayed increased mRNA levels for Nox2, aged

Nox2-KO mice showed an increase in Nox4 mRNA. However, neither the protein levels

of several subunits nor the activity of NADPH oxidase were found to be altered by age

or genotype. Both aged Nox2-WT and aged Nox2-KO mice exhibited similar

enhancement in levels of platelet oxidants, granule release, αIIbβ3 activation, annexin V

binding, aggregation and secretion, and a greater susceptibility to platelet-induced

pulmonary thrombosis compared with young mice. In a photochemical injury model,

adoptive transfer of platelets from aged Nox2-WT or Nox2-KO mice to the aged host

mice resulted in a similar time to develop occlusive thrombus in the carotid artery.

These findings suggest that loss of endogenous Nox2 does not protect against age-

related platelet activation and arterial thrombosis in mice.

Conclusion: We conclude that Nox2 is not an essential mediator of prothrombotic

effects associated with aging.
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Essentials

• Age-induced thrombosis is known to be

• We tested if Nox2 contributes to ROS-m

• Loss of Nox2 does not inhibit platelet R

• Targeting of mediators other than Nox2
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K E YWORD S

aging, NADPH oxidase, platelets, reactive oxygen species, thrombosis
mediated via ROS.

ediated prothrombotic phenotype during aging.

OS, activation, or thrombosis in aged mice.

should be considered to limit age-induced thrombosis.
1 | INTRODUCTION

Aging is an established risk factor for thromboembolic events such as

myocardial infarction and stroke [1], but the underlying mechanisms

are poorly defined. Recent studies have reported hyperactivation of

platelets as an important mechanism of aging-related thrombosis

[2–5]. However, the molecular pathways that regulate platelet acti-

vation and thrombosis during aging are incompletely understood.

Since reactive oxygen species (ROS) are important mediators of

physiological platelet activation [6–11], age-induced elevation in ROS

or oxidants within platelets could potentially contribute to platelet

hyperactivity. Consistent with this idea, we and others [2,5,12] have

previously shown a protective role for antioxidant enzymes such as

glutathione peroxidase and superoxide dismutase (SOD) in this phe-

nomenon in aged mice. These reports suggest that during aging,

activation of an oxidative pathway could likely contribute to increased

platelet ROS, thus causing platelet hyperactivity and thrombosis.

Platelets contain diverse oxidative enzymes, including NADPH

oxidase [8,13], cyclooxygenase [14], and xanthine oxidase [15].
However, the mechanistic contributions of these enzymes in platelet

activation during aging remain to be determined. Prior studies in aged

animals have shown a pathological role of the Nox2 subunit of

NADPH oxidase in endothelial dysfunction [16], neovascularization

[17], and cerebral vasculature [18]. There is also growing enthusiasm

to target Nox2 to control platelet hyperactivation and thrombosis,

including aging [13,19–22]. In fact, we previously reported that in

aged mice, exogenous treatment of platelets with the NADPH oxidase

inhibitor apocynin decreased platelet integrin activation [2], building

rationale to consider Nox2-NADPH oxidase as a therapeutic target in

age-associated thrombosis. A potential use of NADPH oxidase in-

hibitors in limiting platelet activation in aged high-risk cardiac patients

with aspirin-resistant platelets has also been suggested [22]. However,

the inclusion of such a pharmacological approach in clinical practice

requires substantial supportive in vivo data in preclinical models.

Therefore, the objective of our study was to examine whether genetic

loss of Nox2-NADPH oxidase will prevent age-related increased

generation of platelet-derived ROS, platelet hyperactivity, and

thrombosis. Using mice genetically deficient in Nox2 (Cybb-/y), we
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report that the loss of Nox2-NADPH oxidase does not protect against

aging-induced increases in platelet oxidants, platelet activation, ag-

gregation, secretion, or thrombosis in vivo.
2 | METHODS

2.1 | Mice

All animal studies were approved by the institutional animal care and

use committees at the University of Iowa. Male Cybb-/y mice on the

C57BL6/J background were obtained from the Jackson Laboratory

and bred as described previously by us [23] in the animal facility of the

University of Iowa. We generated male littermates of hemizygous

wild-type (WT; Cybb+/y or Nox2-WT) and knockout (KO; Cybb-/y or

Nox2-KO), and the homozygous littermates of female Cybb-/- (Nox2-

KO) and Cybb+/+ (Nox2-WT) for study. Genotyping for the WT and

targeted Cybb alleles was performed by polymerase chain reaction.

We also studied transgenic mice expressing a chimera of human

interleukin 4 receptor (hIL4Rα) and mutated murine GP1bα in a

platelet-specific manner (hIL4Rα/GP1bα Tg mouse, which is referred

to as hIL4Rα transgenic [hIL4Rα Tg] mouse), and these chimeric mice

were generated on a C57BL6/J background [24]. All experiments were

conducted in mice between the ages of 3 and 4 months (young cohort)

or between 18 and 20 months (aged cohort). Both male and female

mice were included in the study design. Mice were studied at 3 to 4

months (young cohort) or 18 to 20 months of age (aged cohort). In vivo

studies were performed according to the current Animal Research:

Reporting of In Vivo Experiment guidelines (https://arriveguidelines.

org/).
2.2 | Complete blood counts and platelet

preparation

For complete blood count (CBC), mice were anesthetized with iso-

flurane and bled via the retro-orbital plexus using EDTA-coated tubes,

and samples were analyzed using ADVIA 120 (Siemens).

To isolate platelets for flow cytometry and aggregation studies,

mice were anesthetized with isoflurane and bled via the retro-orbital

plexus [25,26] using a heparin-coated capillary tube, and blood was

collected into 3.2% sodium citrate (9:1). For mRNA expression, blood

was drawn via carotid artery cannulation into sodium citrate. Platelets

were prepared as described previously [5,23]. Briefly, blood was

diluted with modified Tyrode’s buffer, pH 7.35, centrifuged at 100 × g

for 10 minutes at RT, and platelet-rich plasma was isolated and pro-

cessed to prepare washed platelets where PGE1 (1 μM) was added to

platelet-rich plasma, and samples were centrifuged at 800 × g for 7

minutes to obtain platelet pellets. Pellets were then washed with

modified Tyrode’s buffer in the presence of PGE1 (1 μM) and finally

resuspended in modified Tyrode’s buffer. For mRNA, platelets were

further purified with CD45 and Ter-119 labeled microbeads (Miltenyi

Biotec) as described by us [5,23].
2.3 | Flow cytometry and aggregometry

Levels of platelet-derived prooxidants were measured using fluorescent

dye methods [2,5,23]. Washed platelets (2 × 108/mL) were incubated

with 10 μMof the oxidation-sensitive dye, 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Molecular

Probes), for 10minutesat37 ◦C in thedark. Plateletswere thenactivated

with thrombin for 10minutes, dilutedwith 1XDPBS, and thefluorescent

signal of the oxidized adducts (DCF) wasmeasured byflow cytometry. In

some experiments, platelets were incubated with 500 U/mL pegylated

(PEG)-catalase prior to incubation with CM-H2DCFDA to measure the

peroxide-dependent increase in DCF fluorescence. To measure cellular

superoxide levels, platelets were incubated with 5 μM of dihydroethi-

dium (DHE, Molecular probe) for 10 minutes at 37 ◦C in the dark, then

activated with thrombin + convulxin for 10 minutes; samples were

diluted, and the DCF was measured by flow cytometry. To probe for

mitochondria-derived oxidants, platelets were incubated with 5 μM of

MitoSox (Invitrogen) for10minutes, activatedwith thrombin+ convulxin

for an additional 10 minutes, diluted, and the fluorescent signal was

measured by flow cytometry.

Activation of integrin αIIbβ3 and α-granule secretion was evalu-

ated by quantifying JON/A binding and surface expression of P-

selectin, respectively. Washed platelets (2 × 108/mL) incubated with

10 μL of PE-conjugated JON/A (1:2, BD Biosciences) or FITC-

conjugated rat anti-mouse CD62P (1:5, BD Biosciences) antibody

were activated with human thrombin and fixed in 1% para-

formaldehyde. Surface phosphatidylserine (PS) exposure was

measured by incubating platelets for 15 minutes with annexin V-APC

(1:1, Biolegend), followed by activation with thrombin + convulxin for

10 minutes, and a binding buffer (100 μL) was added at the end. All the

samples were diluted 10-fold in PBS and analyzed using an LSR Violet

flow cytometer (Becton Dickinson).

Platelet aggregation and release of adenosine triphosphate (ATP)

from dense granules were measured simultaneously using Chrono-lume

Luciferin-Luciferase Reagent (Chrono-log, stock concentration, 0.2 μM

luciferase/luciferin) in an Optical/Lumi-Aggregometer (model 700-2,

Chrono-Log) as described previously [5]. Briefly, washed platelets (2 ×
108/mL) containing 1 mM calcium chloride were incubated with 20 μL of

Chrono-lume reagents for 2minutes at 37 ◦C. After incubation, thrombin

(0.02 U/mL) was added under stirring conditions (1200 rpm) to induce

platelet aggregation. Dense granule secretion (ATP release) was moni-

tored in parallel to aggregation. Aggregation and secretion kinetics were

calculated as percent (%) increase in light transmittance and lumines-

cence, respectively.
2.4 | mRNA, Western blotting, and NADPH oxidase

activity

Bead-purifiedplateletswereprepared for these experiments. ThemRNA

levels for subunits of NADPH oxidase were measured via quantitative

polymerase chain reaction in bead-purified platelets, as described pre-

viously [23]. The subunit-specific primers were purchased from Thermo

https://arriveguidelines.org/
https://arriveguidelines.org/
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Fisher Scientific for Nox1 (Mm00549170_m1), Nox2 (custom designed,

AP9HUHD), Nox4 (Mm00627696_m1), p47Phox (Mm00447921_m1),

p67Phox (Mm00726636_s1), p22Phox (Mm00514478_m1), and β actin

RNA (Mm02619580_g1).

For protein expression, a bicinchoninic acid protein assay was

performed to quantify total protein in platelet lysates. Samples con-

taining 20 μg of protein were run on a 12% sodium dodecyl sulfate gel

and transferred to a PVDF membrane; membranes were blocked us-

ing 5% filtered BSA and then stained overnight at 4 ◦C with primary

antibodies for Nox1 (Novus Biosciences, NBP1-31546), Nox4 (Novus

Biosciences, NB110–58851), p47phox (Santa Cruz, sc-17844),

p67phox (Santa Cruz, sc-374510), or β-actin (Santacruz, Sc-47778)

and blots were developed using standard procedure [5].

NADPH oxidase activity assay was performed following an

established method [27] with minor modifications. Briefly, NADPH

oxidase-induced superoxide generation was measured indirectly via

SOD-inhibitable cytochrome C reduction using NADPH as substrate.

Bead-purified platelets were lysed in RIPA buffer on ice for 30 mi-

nutes, followed by centrifugation for 20 minutes, and protein was

quantified via bicinchoninic acid assay. Platelet protein lysate (25 μg)

was mixed in a reaction mixture of 250 μL containing 78 μmol/L cy-

tochrome C and 100 μmol/L NADPH, with or without 1000 U/mL

SOD. Samples were then incubated in the dark at 37 ◦C for an hour,

and the absorbance at 550 nm was measured. There was no

measurable activity in the absence of NADPH or cytochrome C.

Change in absorbance in the presence and absence of SOD was

calculated and expressed as the amount of superoxide generated.
2.5 | Experimental thrombosis

We used 2 experimental models to assess susceptibility to thrombosis

in vivo. To assess the susceptibility to pulmonary thrombosis, mice were

infusedwith 0.5 μg/g collagen (Chronolog) retro-orbitally, which resulted

in platelet activation-dependent pulmonary thrombosis leading to death

[5]. After the infusion of collagen, mice were monitored for up to 10

minutes for symptoms of thrombotic shock, including bradycardia,

irregular breathing, and death (defined as the absence of a heartbeat for

greater than 60 seconds). If death did not occur within 10 minutes, the

experiment was terminated at that time. Carotid artery thrombosis was

induced by photochemical injury, as described previously [23,28]. Briefly,

the right common carotid arterywas transilluminatedwith a 1.5mV, 540

nm green laser (Melles Griot). Rose bengal (25 mg/kg) was injected via a

femoral vein catheter. Carotid artery blood flow was monitored with a

Doppler flow probe for up to 90 minutes after injury or until a stable

occlusion developed. Stable occlusion was defined as the time at which

blood flow remained absent for ≥10 minutes.
2.6 | Adoptive platelet transfer

Platelet transfer was performed as described previously [5]. Blood was

collected through carotid cannulation and washed platelets were
prepared. The host hIL4Rα Tg mice were injected with 0.5 mg/kg of

human CD124 antibody (BD) retro-orbitally to deplete endogenous

platelets. A total of 20 μL of blood was obtained pre- and 30 minutes

post antibody injection for CBC to quantify circulating platelets. After

2 hours, mice were infused with donor platelets (2.5 × 106/g body

weight), and 15 minutes later, a CBC was repeated to ensure repletion

of circulating platelets. This was followed by carotid artery throm-

bosis, as described above.
2.7 | Statistical analysis

GraphPad Prism software, version 9.4.1, was used for statistical

analysis. Normality testing was performed using the Shapiro–Wilk

test. Statistical significance for the data set that showed normal dis-

tribution was assessed by using either an unpaired t-test for 2 group

comparison or a 2-way analysis of variance (ANOVA) followed by

Tukey’s multiple comparisons test for multiple group analysis. Data

sets not showing normal distribution were analyzed by the Kruskal–

Wallis test followed by Dunn’s multiple comparisons. Statistical sig-

nificance was defined as P < .05. Values are reported as mean ± SE or

median with IQR. The survival curve was analyzed using the log-rank

(Mantel–Cox) test.
3 | RESULTS

3.1 | Complete blood count

No alterations in hemoglobin, hematocrit, white blood cell count, or

platelet counts were observed between young Nox2-WT and Nox2-

KO mice (Supplementary Table). Further, aging did not alter levels

of hemoglobin, hematocrit, or white blood cell count. However, aged

mice of both genotypes exhibited significantly increased platelet count

compared with young mice, which is consistent with our previous

reports [2,5].
3.2 | mRNA for subunits of NADPH oxidase is

altered with age, but protein expression and NADPH

oxidase activity do not change

Levels of mRNA for subunits of NADPH oxidase were quantified in

bead-purified platelets. First, we did not detect any mRNA for Nox2 in

young or aged Nox2-KO mice, confirming the loss of Nox2. The mRNA

for Nox2 was found to be significantly increased in aged Nox2-WT

mice (P < .05 vs young Nox2-WT; Figure 1A). Aged Nox2-KO but

not Nox2-WT mice showed an increase in Nox4 expression (P < .05 vs

young Nox2-KO; Figure 1B). Nox1 mRNA showed a modest but

nonsignificant decrease with age in mice of both genotypes

(Figure 1C). Aged Nox2-WT mice also showed a significant decrease in

the regulatory subunits such as p47phox and p67phox (P < .05 vs

young Nox2-WT; Figure 1D, E). Finally, we observed a modest but



F I GUR E 1 mRNA for Nox2 is increased in platelets from aged mice. Levels of mRNA were measured in bead-purified platelets using

quantitative polymerase chain reaction for catalytic subunits (A) Nox2, (B) Nox4, and (C) Nox1, and regulatory subunits (D) p47Phox and (E)

p67Phox of NADPH oxidase and for Nox2-associated subunit (F) p22Phox. Relative expression to young Nox2 wild-type (Nox2-WT) is

presented. Data are presented as median with IQR and analyzed using the Kruskal–Wallis test with Dunn’s multiple comparisons. N = 6 per

group. Nox2-KO, Nox2 knockout.
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nonsignificant decrease with age in the p22phox, a membranous

subunit that associates with NOX subunits for its activity (Figure 1F).

However, examination of protein levels for various subunits of

NADPH oxidase, including Nox1, Nox4, p47phox, and p67phox, did

not show any alterations due to age or genotype (Figure 2A–D).

Further, the NADPH oxidase activity within platelets remained similar

across the groups (Figure 2E).
3.3 | Nox2 is not a mediator of aging-induced

increase in platelet oxidants

Next, we tested how the changes in the expression of NADPH oxidase

subunits alter levels of platelet oxidants. First, using the redox-sensitive

dye CM-H2DCFDA as a fluorescent probe for total cellular oxidants, we

measured DCF fluorescence in the absence and presence of thrombin.

At baseline (or resting state) without thrombin activation, we did not

detect any differences in DCF fluorescence between young Nox2-WT

and young Nox2-KO mice (Figure 3A and Supplementary

Figure S1A); however, both aged groups showed significant but

similar increases in DCF fluorescence (P < .0001 vs young mice of same

genotype). Upon stimulation with 0.02 U/mL and 0.05 U/mL thrombin,

there was a dose-dependent increase in fluorescence that was more

pronounced in aged groups (Figure 3B, C and Supplementary
Figure S1B, C). While we did not detect any differences in DCF fluo-

rescence between young Nox2-WT and Nox2-KO mice at a given dose

of thrombin, both aged groups of mice showed significant increases in

DCF fluorescence from young mice (P < .0001 for both groups at each

dose of thrombin). This age-dependent increase in DCF fluorescence

was similar between Nox2-WT and Nox2-KO mice. Further, pre-

incubation of platelets with PEG-catalase lowered the signal across the

group (Figure 3D and Supplementary Figure S1D), but the PEG-catalase

quenched signal remained high in both the aged groups compared with

young cohorts (P < .0001 for both aged groups), suggesting that much

of the increase in DCF signal with age is due to peroxide.

We next used a relatively specific dye, DHE, to measure total

cellular superoxide levels and MitoSox to measure mitochondria-

derived superoxide. Our data demonstrate an increase in DHE fluo-

rescence in resting platelets in aged mice relative to young mice

(P = .004 for Nox2-WT and P = .002 for Nox2-KO), as well as upon

activation with thrombin (P = .02 for Nox2-WT and P = .02 for Nox2-

KO; Figure 4A, B and Supplementary Figure S2A, B). MitoSox fluo-

rescence did not show an age-dependent increase in resting platelets,

but upon dual stimulation with thrombin + convulxin, both aged Nox2-

WT (P = .002) and aged Nox2-KO (P < .0001) displayed increased

MitoSox signal relative to the young cohort (Figure 4C, D and

Supplementary Figure S2C, D). Together, these data suggest that aging

induces the accumulation of platelet oxidants independent of Nox2.



F I GUR E 2 Protein levels of NADPH oxidase subunits or enzymatic activity in platelets are not altered by Nox2 genotype or age. Protein

levels were measured in bead-purified platelets by Western blotting for catalytic subunits (A) Nox1 and (B) Nox4 and regulatory subunits (C)

p47Phox and (D) p67Phox of NADPH oxidase. The activity of NADPH oxidase was measured in platelet lysate in the presence of cytochrome C

and NADPH, and changes in absorbance in the presence or absence of superoxide dismutase were calculated and expressed as the amount of

superoxide generated. Data are presented as median with IQR for A and C and as mean ± SE for B, D, and E. Data were analyzed using the

Kruskal–Wallis test with Dunn’s multiple comparisons. N = 4 to 8 per group. AKO; aged Nox2 knockout; AW; aged Nox2 wild-type; Nox2-KO,

Nox2 knockout; Nox2-WT, Nox2 wild-type; YKO; young Nox2 knockout; YW, young Nox2 wild-type.
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3.4 | Aged mice exhibit increased platelet granule

release, integrin activation, and PS exposure

independent of Nox2

To determine if genetic deletion of Nox2-NADPH oxidase protects

from activation of platelets during aging, we examined the expression

of granule release, integrin activation, and procoagulant platelet for-

mation in the absence or presence of agonists. At baseline without

agonist stimulation, we did not observe any changes due to age or

genotype in these platelet activation markers (data only shown as a

histogram; Supplementary Figures S3A, S4A, and S5A). By using 2

doses of thrombin (0.02 and 0.05 U/mL), we observed a dose-

dependent increase in mean fluorescence for P-selectin (a marker of

granule release) within each group. Further, aged Nox2-WT mice

showed increased mean fluorescence at both doses compared with

young Nox2-WT mice (P < .05 and P < .0001 for low and high doses,

respectively; Figure 5A, B and Supplementary Figure S3B, C). Aged

Nox2-KO mice also showed an increase in mean fluorescence at both

doses of thrombin compared with young Nox2-KO mice (P < .05 and

P < .0001, respectively), and these increases were similar to that seen

in aged Nox2-WT mice. Activation of αIIbβ3 integrin was also increased

to similar extents in both aged groups compared with respective
young cohorts when activated with either a low or high dose of

thrombin (P < .05 vs young Nox2-WT and P < .01 vs young Nox2-KO;

Figure 5C, D and Supplementary Figure S4B, C). Finally, to assess

procoagulant platelet formation, we measured PS exposure on the

platelet surface via annexin V binding upon activation with a combi-

nation of low or high doses of thrombin and convulxin. Aged mice of

both genotypes showed significant enhancement in annexin V binding

(P < .05 for both doses in aged vs young WT-Nox2 and P < .05 with

high dose only in aged vs young Nox2-KO; Figure 5E, F and

Supplementary Figure S5B, C).
3.5 | Aging-induced enhancement of platelet

aggregation and ATP release is independent of Nox2

Next, we examined platelet aggregation and secretion simultaneously

in response to thrombin (Figure 6A). Upon thrombin activation in

young mice, platelet aggregation and dense granule secretion were

not found to be altered due to Nox2 deficiency (Figure 6B, C). A

significant increase in aggregation was observed in aged Nox2-WT

and aged Nox2-KO mice up to 4 minutes compared with young co-

horts (P < .0001 vs young Nox2-WT, and P < .01 or P < .0001 vs



F I GUR E 3 Age-induced increase in

cellular oxidants in mice is not prevented by

Nox2 deficiency. Washed platelets were

prepared from young or aged mice deficient

in Nox2 (Nox2-KO) or wild-type littermates

(Nox2-WT). Levels of intracellular reactive

oxygen species detected by oxidation of

CM-H2DCF (DCF fluorescence) were

measured in platelets at (A) baseline (resting

platelets) and upon stimulation with (B) 0.02

U/mL, (C) 0.05 U/mL thrombin, or (D) 0.05

U/mL thrombin ± pegylated (PEG)-catalase.

All the samples were analyzed by flow

cytometry, and mean fluorescence intensity

(MFI) was measured. Data for A–C are

presented as MFI (N = 8 to 9 per group).

Data for D are presented as fold change

from average young Nox2-WT, where MFI

obtained with PEG-catalase treatment was

subtracted to show a peroxide-dependent

increase in DCF fluorescence (N = 5 per

group). Data are presented as mean ± SE

and analyzed using 2-way ANOVA with

Tukey’s analysis for multiple comparisons.

F I GUR E 4 Age-induced increase in

cellular and mitochondrial superoxide in

mice is not prevented by Nox2 deficiency.

Washed platelets were prepared from young

or aged mice deficient in Nox2 (Nox2-KO) or

wild-type littermates (Nox2-WT). Levels of

intracellular superoxide were detected by

oxidation of dihydroethidium (DHE) in

platelets at (A) baseline (resting platelets) or

upon stimulation with (B) 0.05 U/mL

thrombin + 50 ng/mL convulxin. The levels

of superoxide in platelet mitochondria were

detected by MitoSox staining at (C) baseline

or upon stimulation with (D) 0.05 U/mL

thrombin + 50 ng/mL convulxin. All the

samples were analyzed by flow cytometry

and mean fluorescence intensity (MFI) was

measured. N = 8 to 9 per group. Data are

presented as mean ± SE and analyzed using

2-way ANOVA with Tukey’s analysis for

multiple comparisons.
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F I GUR E 5 Increased platelet activation in aged mice is not mediated through Nox2-NADPH oxidase. Washed platelets were prepared from

young or aged mice deficient in Nox2 (Nox2-KO) or wild-type (Nox2-WT) littermates, suspended in Tyrode’s buffer with fluorescent antibody/

dye, stimulated with agonists, fixed, and respective fluorescence was measured by flow cytometry. Granule release (P-selectin) and activation of

αIIbβ3 were measured upon stimulation with (A and C) 0.02 U/mL thrombin or (B and D) 0.05 U/mL thrombin, respectively. Annexin V binding

was quantified upon simultaneous activation with (E) 0.05 U/mL thrombin + 50 ng/mL convulxin or (F) 0.1 U/mL thrombin + 100 ng/mL

convulxin. Data are presented as mean ± SE and analyzed with 2-way ANOVA with Tukey’s test for multiple comparisons. N = 7 to 9 per group.

MFI, mean fluorescence intensity.
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young Nox2-KO, respectively). This was followed by deaggregation;

however, the extent of aggregation remained higher in both aged

groups by 6 minutes compared with young cohorts (P < .0001 for both

genotypes). The release of ATP from thrombin-activated platelets also

increased up to 2 minutes and declined thereafter in all groups, but

the level of release remained higher in aged Nox2-WT and aged Nox2-

KO mice throughout the duration of the assay (P < .01 or P < .0001 vs

young Nox2-WT, and P < .05 or P < .001 vs young Nox2-KO,

respectively). There were no differences observed in the magnitude of

aggregation or secretion between aged Nox2-WT and aged Nox2-KO

mice at any time during the assay.
3.6 | Nox2 does not mediate platelet-dependent

arterial thrombosis in aged mice

Lastly, we examined whether Nox2 deficiency in aged mice is suffi-

cient to protect from susceptibility to in vivo thrombosis. In a model of

platelet-dependent pulmonary thrombosis induced by collagen infu-

sion, we observed significantly shortened time to death in aged Nox2-

WT and aged Nox2-KO mice compared with young Nox2-WT and

young Nox2-KO mice, respectively (P < .05 for both; Figure 7A). The
time to death in aged Nox2-WT and aged Nox2-KO mice were not

different. Next, in a complementary photochemical injury model, we

set out to compare the ability of aged Nox2-WT and Nox2-KO mice to

induce occlusive thrombus in vivo in the carotid artery. Unfortunately,

aged Nox2-KO mice did not survive the ventilation procedure in this

assay. So, we used an alternative strategy (as previously described by

us) [5] where we compared the ability of isolated platelets from aged

Nox2-WT or aged Nox2-KO mice to develop occlusive thrombi in vivo

following adoptive transfer into the aged host hIL4Rα Tg mice. We

observed that platelets from either aged Nox2-WT or aged Nox2-KO

mice took a similar time to develop either first or stable occlusive

thrombus in the carotid artery after photochemical injury in host

hIL4Rα Tg mice (Figure 7B).
4 | DISCUSSION

The oxidative enzyme NADPH oxidase is a major mediator of ROS

generation in the vasculature, and Nox2 is one of the key catalytic

subunits [29]. Since ROS mediates platelet activation, and excessive

ROS production during aging could lead to hyperactive platelets and

thrombosis [2,5,12], there is growing interest in targeting Nox2 to



F I GUR E 6 Platelets from aged Nox2 wild-type (Nox2-WT) and aged Nox2 knockout (Nox2-KO) mice show similar increases in aggregation

and secretion. Washed platelets were prepared from young or aged Nox2-KO and Nox2-WT littermates. (A) Representative tracings for

simultaneous aggregation and secretion curves from 4 mice representing each group, where the aggregation curve goes down with an increase

in light transmission and the secretion curve goes up with an increase in luminescence. Aggregation curves: black for young Nox2-WT, dark

green for young Nox2-KO, dark blue for aged Nox2-WT, and dark red for aged Nox2-KO. Secretion curves: light gray for young Nox2-WT,

fluorescent green for young Nox2-KO, light blue for aged Nox2-WT, and orange for aged Nox2-KO mice. (B and C) Quantification of percent

aggregation and secretion, respectively, at different time points. Data for B and C are presented as mean ± SE and analyzed using 2-way ANOVA

with Tukey’s test for multiple comparisons. N = 7 to 11 per group.
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lower the thrombotic burden in this setting [19–21]. We set out to

determine the contribution of Nox2-NADPH oxidase in age-induced

platelet ROS/oxidant generation, activation, and thrombosis using

mice genetically lacking Nox2-NADPH oxidase. Our novel findings

suggest that genetic deficiency of Nox2-NADPH oxidase in mice does

not protect from age-induced platelet-oxidant generation, platelet
F I GUR E 7 Deficiency of Nox2 does not protect from age-induced inc

thrombosis after collagen infusion is shown as a survival curve, and data fo

test. (B) Time to first and stable occlusion in host human interleukin 4 rece

Nox2 wild-type (Nox2-WT) or aged Nox2 knockout (Nox2-KO) mice. **P

young and aged Nox2-KO, and the solid black line indicates a difference be

mean ± SE and analyzed with an unpaired t-test. N = 6 to 10 per group.
activation, or thrombosis. The strength of our study includes a

comprehensive examination of NADPH oxidase subunits and activity,

the use of multiple fluorescent dyes to probe for platelet oxidant

levels, examination of several markers of platelet activation encom-

passing granule release, integrin activation, and PS exposure with 2

doses of agonists, the inclusion of 2 models of in vivo thrombosis, and
reased susceptibility to thrombosis. Susceptibility to (A) pulmonary

r the survival curve were analyzed using the log-rank (Mantel–Cox)

ptor transgenic mice after adoptive transfer of platelets from aged

< .01, where the dotted black line indicates a difference between

tween young and aged Nox2-WT mice. Data for B are presented as
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the use of an adoptive platelet transfer approach to compare exclusive

effects of Nox2-WT and Nox2-KO platelets in potentiation of in vivo

thrombosis in the aged host mice. Using this rigorous approach, our

data may argue against the idea that targeting Nox2-NADPH oxidase

has the potential to limit thrombotic burden during healthy aging.

In a prior study, we observed that platelets isolated from aged

mice, when treated with NADPH oxidase inhibitor apocynin, signifi-

cantly diminished the age-induced platelet integrin activation [2],

suggesting NADPH oxidase as one possible mediator of platelet

activation during aging. Another study showed that in the platelets

from aged aspirin-resistant patients, expression of Nox2 and p67phox

subunits and NADPH-driven production of ROS tended to increase,

and aggregation of platelets was significantly decreased by NADPH

oxidase inhibitors (apocynin and diphenylene iodonium), whereas

these inhibitors had no effect on aspirin-sensitive platelets [22]. These

data suggested a therapeutic potential of NADPH oxidase inhibitors in

limiting platelet activation and possibly thrombosis in high-risk aged

cardiac patients that needs to be validated in the in vivo models.

Moreover, pharmacological NOX inhibitors have limited isoform

selectivity, so they do not provide a clear understanding of the

contribution of individual NOX subunits in each disease state.

Therefore, animal models with isoform-specific deletion are critical

tools to address the mechanistic role of distinct NADPH oxidase

subunits in causing platelet activation or thrombosis in aging.

While the mechanistic role of NADPH oxidase in mediating

platelet activation and thrombosis in young mice has raised some

controversy in the recent past [13,23,30,31], it may still be an

important mediator in age-induced platelet activation and thrombosis.

This idea is consistent with previous findings demonstrating that while

the antioxidant SOD2 is dispensable for platelet activation in young

mice [32], the loss of SOD2 with age exacerbates platelet activation

and thrombosis [5]. Therefore, in the present study, we tested the

exclusive role of Nox2 in age-induced platelet activation and throm-

bosis by using mice genetically deficient in Nox2. Washed platelets

from the Nox2-WT mice capitulated the aging phenotype and

exhibited an increase in platelet oxidants, activation, aggregation, and

secretion, as has been shown previously in other aging models by us

and other groups [2,3,5,12]. We also observed increased levels of

mRNA for Nox2 in the platelets from aged WT mice. However, the

aged Cybb-/y mice were not protected from increased platelet-oxidant

generation or platelet hyperactivity. We considered that the absence

of protection in aged Nox2-KO mice was due to a compensatory in-

crease in Nox4 mRNA that would have maintained prothrombotic

effects despite the loss of Nox2. This idea can be addressed in future

studies by treating aged mice with NADPH oxidase inhibitor. This

notion is also consistent with a study demonstrating that simultaneous

inhibition of Nox1, Nox2, and Nox4 is required to inhibit NADPH

oxidase-derived ROS generation in platelets [8]. To address this

question further, we measured the protein levels of subunits and did

not observe any alterations in Nox1, Nox4, p47Phox, or p67phox

subunits due to age or genotype. This discrepancy in mRNA and

protein levels for subunits may indicate a possible alteration in protein

trafficking, turnover, or shedding for these subunits in our model.
Importantly, NADPH oxidase activity in the platelets did not show any

age- or Nox2-dependent alterations, and this finding aligns with pro-

tein expression data. Overall, our data suggest that Nox2 is not an

essential mediator for platelet-oxidant generation or activation during

murine aging.

Though platelets are considered a major mediator of arterial

thrombosis, vessel walls, circulating factors, or shear stress may also

contribute significantly, and Nox2 may modulate these factors.

Therefore, we next tested the prothrombotic effects due to the loss of

Nox2-NADPH oxidase in the in vivo models of experimental throm-

bosis. In an experimental model of collagen-induced platelet

activation-dependent pulmonary thrombosis, compared with young

Nox2-WT mice, the aged Nox2-WT mice died more rapidly after

collagen infusion, and the deficiency of Nox2 did not protect aged

mice from this early mortality. Further, we used the adoptive platelet

transfer approach to compare the exclusive potential of platelets from

aged Nox2-WT and aged Nox2-KO mice in developing thrombosis

in vivo. We observed that platelets from either aged Nox2-WT or aged

Nox2-KO mice when transfused to aged host hIL4Rα Tg mice, took a

similar time to develop a stable thrombus in the injured carotid artery.

So, using 2 in vivo models, our data do not support a critical role for

Nox2 in arterial thrombosis.

Finally, though our data in mice do not suggest a role for Nox2 in

platelet activation or arterial thrombosis in aging, it does not rule out a

potential role for Nox2-derived platelet oxidants in the presence of a

cardiovascular risk factor such as obesity [33] hyperlipidemia [34],

smoking [35], or COVID-19 [36] and should be investigated rigorously

in future studies. In summary, we demonstrate that in the absence of

any cardiometabolic disease in aged mice, Nox2 is not the essential

mediator for platelet activation or thrombosis. Therefore, oxidative

mechanisms of ROS generation other than Nox2 should be considered

in otherwise healthy-aged mice. We have previously shown that

mitochondria-derived oxidants contribute to the prothrombotic

phenotype in aging [5], and in the present model, we also demonstrate

an age-induced increase in platelet mitochondria-derived mito-oxi-

dants. Others have also shown aberrant platelet mitochondrial

phenotype with age [3,12,37]; therefore, future studies could examine

the roles of specific mitochondrial-metabolic pathways in regulating

age-associated increase in platelet-oxidant generation, platelet acti-

vation, and arterial thrombosis.
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