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Abstract

Background: Reactive oxygen species (ROS) contribute to platelet hyperactivation during 

aging. Several oxidative pathways and antioxidant enzymes have been implicated, however, their 

mechanistic contributions during aging remain elusive. We hypothesized that mitochondria are an 

important source of platelet ROS, and that mitochondrial superoxide dismutase (SOD2) protects 

against mitochondrial ROS-driven platelet activation and thrombosis during aging.

Methods: We studied littermates of platelet specific SOD2-knockout (SOD2fl/flPf4Cre, pSOD2-

KO) and control (SOD2fl/fl) mice at young (4–5 months) or old (18–20 months) ages. We 

examined agonist induced platelet activation, platelet-dependent thrombin generation potential 

and susceptibility to in vivo thrombosis.

Results: Platelet αIIbβ3 activation, aggregation, and adhesion were increased to similar extents in 

aged mice of both genotypes compared with young mice. In contrast, the age-dependent increases 
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in mitochondrial and total cellular ROS, calcium elevation, and phosphatidylserine exposure were 

augmented in platelets from pSOD2-KO mice compared with control mice. Aged pSOD2-KO 

mice showed increased platelet-dependent thrombin generation compared with aged control mice. 

In vivo, aged pSOD2-KO mice exhibited enhanced susceptibility to carotid artery and pulmonary 

thrombosis compared to aged control mice. Adoptive transfer of platelets from aged pSOD2-KO 

but not aged control mice increased thrombotic susceptibility in aged host mice, suggesting 

a prothrombotic effect of platelet pSOD2 deficiency. Treatment with avasopasem manganese 

(GC4419), a SOD mimetic, decreased platelet mitochondrial pro-oxidants, cellular ROS levels, 

and inhibited procoagulant platelet formation and arterial thrombosis in aged mice.

Conclusions: Platelet mitochondrial ROS contributes to age-related thrombosis and endogenous 

SOD2 protects from platelet-dependent thrombin generation and thrombosis during aging.

Introduction

Aging is an established risk factor for thromboembolic events such as myocardial infarction 

and stroke.1 Recent studies have reported hyperactivation of platelets as an important 

mechanism of aging related thrombosis,2–4 however the molecular pathways that regulate 

platelet activation and thrombosis remain elusive.

Elevated reactive oxygen species (ROS) are important mediators of physiological platelet 

activation5,6 and age-induced activation of pro-oxidant pathways intrinsic to platelets could 

potentially contribute to platelet hyperactivity. Recent studies have described diverse sources 

of platelet ROS, including NADPH oxidase7 cyclooxygenase8 and xanthine oxidase,9 but 

controversy exists for their precise role particularly for the NADPH oxidase Nox2.10–12 

Moreover, mechanistic contributions for most pro-oxidant pathways in platelet activation 

during aging remain to be determined. Mitochondria are an important source of ROS that 

contribute to excessive platelet activation in pathological conditions such as diabetes and 

sickle cell disease.13–15 Increased platelet mitochondrial respiration has also been observed 

during aging,3,16 suggesting a potential link between mitochondrial ROS production and 

platelet hyperactivation.

Mitochondrial redox homeostasis is regulated by antioxidant enzymes such as superoxide 

dismutase 2 (SOD2), a major mitochondrial antioxidant enzyme that converts superoxide to 

H2O2. We previously showed that overexpression of glutathione peroxidase 1 (Gpx1) that 

reduces H2O2 to water, protects from platelet activation and thrombosis in aged mice, but 

the mechanism of increased ROS generation was not identified.2 An association of platelet 

activation in aged humans (up to 80 yrs. of age) with markedly decreased activity of several 

antioxidant enzymes including SOD activity within platelets was recently described.17 Our 

own group previously reported that platelet SOD2 is dispensable for platelet function 

in young mice, suggesting that low basal production of mitochondrial superoxide within 

platelets at young age is insufficient to induce pathologic changes even with concomitant 

deficiency of SOD2. However, given that mitochondrial dysfunction3,16 and overproduction 

of ROS within platelets2 occur during aging, SOD2 may have a mechanistic role in 

modulating levels of superoxide or its ROS derivatives, thereby regulating platelet activation 

and thrombosis during aging. We tested the hypothesis that deficiency of intra-platelet SOD2 

Sonkar et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increases mitochondrial/cellular ROS and exacerbates platelet activation and thrombosis 

during aging. Using mice with platelet-specific deletion of SOD2 and complementary 

pharmacological and adoptive platelet transfer approaches, we report that platelet SOD2 

is dispensable for age-induced increases in platelet aggregation and adhesion but is an 

important regulator of platelet ROS, Ca2+ elevation, phosphatidylserine exposure, thrombin 

generation and in vivo thrombosis during aging.

Methods

The data that support the findings of this study are available from the corresponding 
author upon reasonable request.

Mice—All animal studies were approved by the institutional animal care and use 

committees at the University of Iowa. Platelet specific SOD2-deficient mice used were 

generated as previously described.18 Mice harboring homozygous SOD2 floxed alleles were 

bred to mice expressing a Pf4 driven cre recombinase (Pf4 cre) from JAX. The Pf4 cre 

mouse may harbor alleles from C57BL6/N and C57BL6/J. Littermates containing floxed 

SOD2 (SOD2fl/fl i.e., control mice) or Pf4Cre floxed SOD2 (SOD2fl/flPf4Cre i.e., pSOD2-

KO mice) were studied. We also studied transgenic mice expressing a chimera of human 

IL4Rα and mutated murine GP1bα in a platelet specific manner (hIL4Rα/GP1bα Tg mice) 

and these chimeric mice were generated on a C57BL6/J background.19 TheC57BL6/J mice 

were obtained from Jackson laboratory. All three mouse colonies were bred and maintained 

in the animal facility at the University of Iowa and fed a NIH-31 Modified Open Formula 

diet (7013, Teklad). Some mice were treated with 10 mg/Kg of avasopasem (GC4419),20 

a superoxide dismutase mimetic or vehicle control (Na-bicarbonate buffer) for 2 weeks (IP 

injection once per day). All experiments were conducted in mice between the ages of 4–5 

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

were included in the study design, but we did not stratify groups by sex since the primary 

goal of the study was not to test the sex-specific effects. Therefore, sex difference and 

interaction were not determined in the study and the data for males and females in each 

group were combined for analysis.

The reported numbers within each group refer to biological replicates. In vivo studies were 

performed according to the current Animal Research: Reporting of In Vivo Experiment 

guidelines (https://arriveguidelines.org/).

Measurement of intra-platelet calcium—Intra-platelet calcium levels (mobilization 

and uptake) were measured in washed platelets using a previously described method with 

minor modifications.21 Briefly, washed platelets (2 ×108/mL) were incubated with 4.5 μM 

Fluo-4 for 30 min in the dark at 37 °C, washed and resuspended in Tyrode buffer containing 

1 mM CaCl2 and a baseline signal was acquired using a BD Accuri C6 flow cytometer 

for 45 seconds, followed by addition of thrombin (0.02 U/mL) to activate platelets and the 

fluorescent signals were acquired continually up to 240 seconds. The cumulative signals 

over time were compared between the groups.

Experimental thrombosis—We used two methods to measure susceptibility to 

thrombosis in vivo. Carotid artery thrombosis was induced by photochemical injury as 
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described previously.10,22 Briefly, the right common carotid artery was transilluminated with 

a 1.5-mV, 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 min after injury or until a stable occlusion developed. Stable occlusion was 

defined as the time at which blood flow remained absent for ≥ 10 min. To assess the 

susceptibility to pulmonary thrombosis, we used a previously described method with minor 

modifications.23 Mice were infused with 0.5 μg/g collagen (Chronolog) retro-orbitally which 

induces platelet activation-dependent pulmonary thrombosis leading to death. After 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.

Statistical analysis—GraphPad Prism software, version 8 was used for statistical 

analysis. For sample size more than 5 per group, a normality testing was performed 

using Shapiro-Wilk test and homogeneity was tested using Bartletts test. After confirming 

homogeneous variances and normality, statistical significance was assessed for means using 

2-sided unpaired Student t test for 2-group comparisons, and multi-group comparisons 

were performed using either one-way analysis of variance (ANOVA), two-way ANOVA or 

two-way ANOVA with repeated measure followed by Tukey’s multiple comparisons test. 

For the data set not showing normal distribution, or if the sample size per group was 5 

or less, Kruskal-Wallis test with Dunn’s post hoc test for multiple group comparisons was 

performed. Survival curves were analyzed using Log-rank (Mantel-Cox) test. Statistical 

significance was defined as P < 0.05. Values are reported as mean ± SE for data showing 

normal distribution and as median with 95% CI for those not showing normal distribution. 

Specific details on how many mice were included in an experiment are given in the 

corresponding figure legends.

Detailed information on the methods for complete blood count, platelet preparation, 

flowcytometric analysis for platelet ROS measurements and activation, platelet aggregation 

and secretion, spreading, clot retraction, platelet-dependent thrombin generation, adoptive 

platelet transfer, real time PCR and immunoblotting is available in the supplemental 

Materials and methods. Please also see the Major Resources Table in the Supplemental 

Materials.

Results

Baseline Hematology:

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

observed between control and pSOD2-KO mice (Table S1). Aging did not alter levels 

of hemoglobin, hematocrit, or white blood cell count, but aged mice of both genotypes 

exhibited significantly increased platelet count compared to young mice, consistent with a 

previous report.2
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Platelet SOD2 mRNA and protein levels, and SOD2 activity

Levels of SOD2 mRNA and protein, and SOD2 activity were quantified in bead purified 

platelets. The mRNA was increased in aged control mice compared to young control mice 

(P < 0.01, Supplementary Figure S1A). Young or aged pSOD2-KO mice showed negligible 

expression of Sod2 mRNA compared to age-matched control mice (P < 0.0001). Platelet 

SOD2 protein levels did not increase during aging in control mice (P = 0.2 vs young 

control), and minimal expression of SOD2 was detected in young or aged pSOD2-KO mice 

(Supplementary Figure S1B & S1C). Similarly, SOD2 activity was significantly less in both 

young and aged pSOD2-KO mice (P < 0.0001 vs control mice, Supplementary Figure S1D), 

and only a modest decrease was observed in aged control mice (P = 0.07 vs young control 

mice). There was modest heterogeneity in the protein expression and activity in aged control 

mice.

Platelet SOD2-deficiency increases mitochondrial pro-oxidants and total cellular ROS in 
aged mice

Three approaches were used to measure intra-platelet pro-oxidant levels. Mitochondria-

derived pro-oxidants in platelets were measured using MitoSox, a mitochondria-targeted 

oxidation sensitive probe derived from dihydroethidium (DHE). The fluorescent signals 

were measured under resting conditions and following activation with increasing doses 

of thrombin and convulxin in combination (Figure 1A & Supplementary Figure S2A - 

S2D). Fluorescent signal increased across the groups with increasing doses of thrombin and 

convulxin, however, only at the highest doses of agonists, did both aged control and aged 

pSOD2-KO mice exhibit significantly increased fluorescence relative to younger mice of the 

respective genotype (P < 0.01). Importantly, aged pSOD2-KO mice had significantly higher 

fluorescent signal relative to aged control mice (P < 0.05).

To measure total cellular ROS in platelets, two redox-sensitive dyes, DHE which is 

highly specific for superoxide and CM-H2DCF-DA a non-specific fluorescent probe for 

pro-oxidants were used. While in resting or unstimulated platelets there were no differences 

for DHE fluorescence between the 4 groups of mice, upon activation with thrombin and 

convulxin a significant increase was observed in aged pSOD2-KO mice (P < 0.05 vs aged 

control and P < 0.01 vs young pSOD2-KO mice, Figure 1B & Supplementary Figure 

S2). The DCF-DA probe did not detect any differences in oxidation of the probe between 

young control and young pSOD2-KO or aged control mice under resting condition, but 

a significant increase in fluorescent signal was observed in aged pSOD2-KO mice (P < 

0.05 vs young pSOD2-KO or aged control mice, Figure 1C–1E, & Supplementary Figure 

S3). Upon stimulation with thrombin or convulxin at several doses, an age-dependent 

increase in fluorescence was observed. Control mice showed a modest effect of age 

where a significant increase compared to young control mice was observed only with the 

highest dose of thrombin used (0.1 U/mL) (Figure 1C Supplementary Figure S2B–S2D). 

In contrast, platelets from aged pSOD2-KO mice showed significant increases compared 

to young pSOD2-KO mice at all doses of thrombin or convulxin (Figure 1C, 1D & 

Supplementary Figure S3B–S3G). Similarly, although both groups of aged mice showed 

increased fluorescence when stimulated with the highest doses of thrombin and convulxin 
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in combination, only aged pSOD2-KO mice exhibited significant increases relative to young 

pSOD2-KO mice (Figure 1E & S3H).

Together, these data indicate that aging increases mitochondrial pro-oxidants (presumably 

derived from superoxide) and total cellular pro-oxidant levels within platelets and this 

phenomenon is amplified in platelets from aged pSOD2-KO mice.

Platelets from aged pSOD2-KO mice exhibit early and sustained elevation in intra-platelet 
calcium

Since Ca2+ mobilization and uptake are important upstream signaling mediators of platelet 

activation, we sought to determine if SOD2 expression modulated intra-platelet calcium 

at baseline or upon thrombin activation. Quiescent platelets from aged control and aged 

pSOD2-KO mice had significantly higher levels of calcium (P < 0.001 vs young control or 

young pSOD2-KO mice respectively, Figure 2A & 2B). Upon stimulation with thrombin, 

all the groups showed elevation in calcium over time and age-dependent increases were 

observed in both control and pSOD2-KO mice (P < 0.05 vs young control or young pSOD2-

KO mice respectively). Interestingly, aged pSOD2-KO mice exhibited an early elevation 

in calcium where the fluorescent intensity during the initial 120 seconds after addition of 

thrombin rose to a significantly higher level in aged pSOD2-KO mice (P < 0.001 or P < 0.01 

compared to young pSOD2-KO or aged control mice, Figure 2C).

Platelets from aged control and pSOD2-KO mice show similar increases in inside-out 
signaling, dense granule secretion, aggregation, and adhesion

We next determined the role of SOD2 in modulating early and late activation responses in 

platelets during aging. First, we examined agonist-induced activation of integrin αIIbβ3 

in platelets (inside-out signaling). Both control and SOD2-KO platelets displayed age-

dependent increases in αIIbβ3 activation in response to thrombin alone and there was no 

further increase when thrombin and convulxin was used simultaneously (Supplementary 

Figure S4A), The increase in αIIbβ3 activation was similar between aged control and 

aged pSOD2-KO mice. Next, we examined platelet aggregation and secretion in response 

to thrombin (Supplementary Figure S4B & S4C). Platelet aggregation and dense granule 

secretion were similar in both groups of young mice but were increased significantly in 

aged control and aged pSOD2-KO mice (P < 0.05 vs young control and P < 0.01 or 0.001 

vs young pSOD2-KO mice respectively). Aggregation and secretion were increased to a 

similar extent in aged control or aged pSOD2-KO mice. Furthermore, platelet adhesion to 

collagen under arterial shear stress was also increased to a similar extent in aged control 

and aged pSOD2-KO mice (P < 0.05 vs young control or P < 0.01 vs young pSOD2-

KO mice respectively (Supplementary Figure S4D–S4F). Together, these findings suggest 

that platelet SOD2 does not modulate age-associated increases in early platelet activation 

responses, including inside-out activation of αIIbβ3, aggregation, dense granule secretion, 

and adhesion.

We next measured platelet spreading and clot retraction, which are late platelet activation 

responses mediated by αIIbβ3 outside-in signaling. We quantified mean fluorescence and 

average cell area of platelets that adhered to a fibrinogen matrix after thrombin activation. 
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No significant differences were observed between the four groups of mice (Supplementary 

Figure S5A–S5F). Clot retraction, measured as reduction in clot volume over time, also was 

similar in all four groups (Supplementary Figure S6A & S6B). These findings suggest that 

late platelet activation responses are not altered by age or platelet SOD2 deficiency.

Aged pSOD2-KO mice exhibit platelet mitochondrial hyperpolarization, increased surface 
phosphatidylserine exposure and augmented platelet-dependent thrombin generation

Since elevated calcium and superoxide-derived ROS can influence maintenance of the 

electrochemical gradient across mitochondrial membranes and subsequent exposure of 

phosphatidylserine on the platelet surface,24 we quantified membrane potential using a 

cationic fluorescent probe, TMRM, that accumulates in mitochondria in proportion to 

this gradient. Resting platelets from aged control and aged pSOD2-KO mice showed 

significantly higher staining for TMRM (Figure 3A & Supplementary Figure S7A, P < 

0.05 vs young control or young pSOD2-KO mice, respectively). In the presence of FCCP, 

which chemically uncouples mitochondria, a major loss in fluorescence was observed in all 

groups. However, aged pSOD2-KO mice retained higher fluorescence at the submaximal 

dose of FCCP, compared to all other groups (P < 0.01 vs young pSOD2-KO mice, and P 

< 0.05 vs aged control mice Figure 3A, & Supplementary Figure S7B & S7C). The aged 

control mice also had relatively higher fluorescence compared to young control mice in 

presence of submaximal dose of FCCP (P < 0.05). These findings suggest that mitochondrial 

hyperpolarization increases with age in resting platelets and is retained at higher level in 

the absence of SOD2. We next examined platelet surface annexin V binding and observed 

that resting platelets showed similar bindings in all 4 groups. However, upon activation 

with thrombin and convulxin, platelets from aged pSOD2-KO showed increased exposure 

of phosphatidylserine (P < 0.01 vs young pSOD2-KO and P < 0.05 vs aged control mice 

(Figure 3B, & Supplementary Figure S7D & S7E).

Since anionic phospholipid exposure on the platelet surface can fuel thrombin generation, 

we measured platelet-dependent thrombin generation triggered with exogenous tissue factor 

(Figure 4). The peak of thrombin generation was significantly higher in aged pSOD2-KO 

mice (P < 0.01 vs young pSOD2-KO mice) but not in aged control mice (P = 0.1 vs 

young control mice). Endogenous thrombin potential (ETP, measured as area under the 

thrombin generation curve) was increased significantly in aged control mice compared to 

young control mice (P < 0.05) and was further increased in aged pSOD2-KO mice (P < 

0.05 vs aged control, and P < 0.0001 vs young pSOD2-KO mice). These findings suggest 

that amongst all the groups studied, platelets from aged pSOD2-KO mice have the highest 

potential to generate thrombin ex vivo, and the effect of age in control mice is more modest, 

where ETP is increased but not thrombin peak.

Deficiency of platelet SOD2 increases susceptibility to arterial thrombosis in aged mice

We next examined whether platelet specific SOD2 deficiency in aged mice is sufficient 

to increase susceptibility to arterial thrombosis in vivo. After photochemical injury of the 

carotid artery, both groups of young mice exhibited similar times to first or stable occlusion 

(Figure 5A and 5B). Aged control mice demonstrated only a modest shortening in time to 

first or stable occlusion compared to young control mice (P = 0.1 for both). In contrast, 
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times to stable occlusion were significantly shortened in aged pSOD2-KO mice relative 

to aged control mice or young pSOD2-KO mice (P < 0.05 for both), suggesting that lack 

of platelet SOD2 increases susceptibility to arterial thrombosis in vivo in aged mice. In 

an alternative model of platelet activation dependent pulmonary thrombosis induced by 

collagen infusion, we observed significantly shortened time to death (Figure 5C) or reduced 

percent survival (Figure 5D) in aged pSOD2-KO mice compared to either young pSOD2-

KO or aged control mice (P < 0.05 for both). The time to death or survival in aged control 

mice was similar to young control mice.

To determine whether the impact of platelet SOD2 deficiency on aging-associated 

thrombosis is independent of other age-related vascular factors, we performed adoptive 

platelet transfer experiments in young or aged hIL4Rα/GP1bα transgenic host mice. These 

mice express a chimeric human IL4Rα molecule on the surface of platelets, allowing for 

efficient depletion of circulating platelets using anti-human IL4R antibody followed by 

adoptive transfer of non-chimeric platelets from donor mice.19 In a dose response study, 

we first established that 0.5 mg/Kg of anti-hIL4R could effectively deplete more than 90% 

of endogenous circulating platelets and that infusion of donor platelets (2.5 × 106 /g host 

mouse) could replete the platelet count to > 200 × 103/μL, which is sufficient to develop a 

stable occlusion (Supplementary Figure S8). In experimental thrombosis, adoptive transfer 

of platelets from aged pSOD2-KO mice but no other donor groups tended to accelerate 

the time to occlusions in young hIL4Rα/GP1bα Tg hosts (Figure 6A), and significantly 

accelerated time to first and stable occlusions in aged hIL4Rα/GP1bα Tg hosts (Figure 

6B). Further, we observed that the main effect of host age was significant (P < 0.01 for 1st 

occlusion and P < 0.0001 for stable occlusion). These data suggest a possible interaction 

between platelets from aged pSOD2-KO mice and the aged vasculature in increasing 

susceptibility to arterial thrombosis.

The SOD2 mimetic, GC4419, protects from age-associated platelet pro-oxidant generation, 
procoagulant platelet formation, and in vivo arterial thrombosis

We next tested whether a small molecule SOD mimetic (GC4419, which is taken up 

by mitochondria and mimics the activity of SOD2) prevents increased generation of pro-

oxidants, formation of procoagulant platelets and lowers susceptibility to experimental 

thrombosis characteristic of aged pSOD2-KO mice. Washed platelets were incubated with 

either GC4419 or vehicle buffer for 10 minutes prior to platelet activation. Incubation of 

platelets with vehicle buffer showed increased fluorescence for MitoSox, DCF, or annexin V 

binding in only aged pSOD2-KO mice (Supplementary Figure S9A–S9C). GC4419 lowered 

the levels of fluorescence in platelets from aged pSOD2-KO mice to levels similar to those 

in platelets from young mice or aged control mice. In the platelet dependent thrombin 

generation assay, GC4419 also lowered the ETP in aged pSOD2-KO platelets (P < 0.05 vs 

vehicle treated aged pSOD2-KO platelets). To assess protective effect on thrombosis, we 

treated pSOD2-KO mice intraperitoneally for 2 weeks with daily injection of 10 mg/Kg 

GC4419 or vehicle buffer. In the experimental thrombosis assay with collagen infusion, 

treatment with GC4419 did not influence survival time in young pSOD2-KO mice, but aged 

pSOD2-KO mice showed improved survival (Figure S10).
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Since the prothrombotic effect of age in control mice was modest, to assess the 

antithrombotic effect of GC4419 in a validated model of age-dependent increase in 

thrombotic susceptibility, we treated aged C57BL6/J mice,.2,3,17 Aged C57BL6/J mice 

had significantly decreased platelet SOD2 activity despite no alterations in SOD2 protein 

(Figure S11). Compared to platelets from vehicle-treated mice, platelets harvested from 

GC4419-treated aged C57BL6/J mice, showed decreased staining for MitoSox and DCF 

fluorescence upon activation with thrombin and convulxin or thrombin respectively (P < 

0.05 vs vehicle buffer, Figure 7A & 7B). Binding to annexin V was also decreased (P < 0.05 

vs vehicle buffer, Figure 7C) in platelets from GC4419-treated aged C57BL6/J mice. Finally, 

in the carotid artery photochemical injury model, aged C57BL6/J mice treated with vehicle 

buffer occluded more rapidly compared to young mice (P < 0.05, Figure 7D) and treatment 

with GC4419 prolonged the time to occlusion compared to aged vehicle-treated mice (P 

< 0.05). Similarly, a reduced time to death or survival time following collagen induced 

pulmonary thrombosis was observed in aged mice (P < 0.01 vs young C57BL6/J mice) that 

was rescued by GC4419 treatment (Figure 7E & 7F). These data suggest that treatment with 

a SOD2 mimetic protects aged C57BL6/J mice from generation of procoagulant platelets 

and arterial thrombosis.

Discussion

The antioxidant enzyme SOD2 is critical for maintaining mitochondrial redox homeostasis. 

In this study we utilized platelet specific SOD2-deficient mice to determine the contribution 

of SOD2 in platelet hyperactivation and arterial thrombosis during aging. Our study using 

two different aged mouse models reveals several novel findings. First, we observed that 

platelet SOD2 is dispensable for age-dependent increases in inside-out integrin αIIbβ3 

activation, aggregation, dense granule secretion, and adhesion to collagen. Second, we 

found that deficiency of platelet SOD2 exacerbated the effects of aging on intra-platelet 

ROS, calcium elevation, mitochondrial hyperpolarization, annexin V binding, and platelet-

dependent thrombin generation. Third, SOD2 deficiency in platelets increased susceptibility 

to arterial thrombosis in aged mice, an effect that was reproduced by adoptive transfer of 

platelets from aged pSOD2-KO but not aged control mice into aged host mice. Finally, 

we demonstrated that the mitochondrially targeted dismutase mimetic GC4419, decreased 

levels of mitochondrial and total pro-oxidants in platelets from aged mice and inhibited 

procoagulant platelet formation and susceptibility to arterial thrombosis in vivo.

To date the studies of the role of antioxidant enzymes in platelet activation and thrombosis in 

aging are limited and findings are inconsistent. This may be due in part to the inclusion of a 

range of age groups, species/strain differences and/or genomic effects of loxP site insertion 

sequences in genetically engineered mice which are of variable relevance to humans, or 

the presence of comorbidities in human studies. For example, Jain et al17 suggested that a 

decline in the activity of several cellular antioxidant enzymes such as SOD, peroxiredoxin, 

catalase and Gpx1 occurs within platelets in middle aged and older individuals up to 80 yrs 

of age with cardiovascular comorbidities and may adversely impact platelet activity. They 

also observed that expression of catalase and Gpx1 but not SOD1 or SOD2 decline in 12-

month-old mice. In contrast, we previously reported that expression of intra-platelet catalase 

is increased in 18 month old mice,2 and despite no loss in Gpx1, additional overexpression 
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of Gpx1 offered protection from elevation in platelet pro-oxidants, platelet activation and 

thrombosis. This study suggested that overproduction of platelet pro-oxidants occur in aging 

and may require supplemental antioxidants providing the rationale for identifying targetable 

sources of ROS.

Tight regulation of the balance between pro-oxidant generation and scavenging is essential 

for organellar and cellular homeostasis. Mice with complete absence of SOD2 succumb to 

early lethality,25 underscoring the critical protective role of endogenous SOD2-mediated 

ROS scavenging on cellular survival. Given the recognized role of mitochondria in 

regulating platelet activation,13,14 and emerging evidence that platelet activation and 

thrombosis during aging is mediated through a ROS-dependent mechanism,2,17 we 

considered a prothrombotic role for platelet mitochondria derived ROS in aging and sought 

to determine if deficiency of platelet SOD2 would exacerbate effects in aged mice. We 

first examined modulation of ROS levels by SOD2 in platelets. There was no increase in 

mitochondrial pro-oxidants in platelets from young pSOD2-KO mice, which is consistent 

with an earlier report,18 confirming that platelet SOD2 is dispensable in young mice. 

Mitochondrial and total cellular pro-oxidants in platelets increased with age and was 

exacerbated in pSOD2-KO mice. The larger impact of deficiency of mitochondrial-SOD2 

on total cellular ROS in aged mice likely reflects the highly reactive nature of superoxide, 

which in the absence of SOD2 can quickly generate superoxide-derived pro-oxidants such 

as peroxynitrite or undergo spontaneous dismutation to generate H2O2 that can cross 

mitochondrial membranes and generate lipid peroxides within or outside mitochondria. 

Our study in two different models revealed that Sod2 mRNA and protein levels do 

not necessarily correlate with SOD2 activity and the pro-oxidant effects of aging more 

closely correlate with changes in SOD2 activity. Our findings also implicate additional 

post-translational regulatory mechanisms that might be regulating SOD2. Posttranslational 

modifications that modulate SOD2 activity have been described in other tissues during 

aging,26,27 and future studies should determine specific mechanisms that may reduce platelet 

SOD2 activity within platelets in aging. Despite the differences in SOD2 activity or levels of 

ROS in the two models in this study, our findings suggest that mitochondria are an important 

source of pro-oxidant stress in platelets during aging and supplemental SOD2 could reduce 

platelet oxidative stress.

Aging has been reported to increase early platelet activation responses,2–4,17 although 

the contribution of mitochondrial pro-oxidants to this phenomenon is incompletely 

understood. In the present study we observed age-dependent increases in platelet integrin 

activation, aggregation, dense granule secretion, and adhesion which corroborates previous 

reports.3,17,18,28 Absence of platelet SOD2 in aged mice did not worsen these responses, 

which suggests that platelet SOD2 and mitochondrial pro-oxidant generation are dispensable 

for age-dependent enhancement of early platelet activation responses in this mouse model. 

We also did not observe any significant effects of aging or SOD2 deficiency on platelet 

spreading or clot retraction. In contrast, we observed increases in platelet calcium levels, 

mitochondrial membrane hyperpolarization, and annexin V binding in aged pSOD2-KO 

mice. These results are concordant with prior work demonstrating that a sustained increase 

in calcium within platelets has the potential to alter mitochondrial membrane potential and 

mediate phosphatidylserine exposure,29–31 whereas mitochondrial calcium uptake does not 
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appear to influence integrin activation.24 Our data reveal that the distribution of annexin V 

fluorescence was quite broad, with two distinct populations of annexin V-positive platelets 

existed in the aged groups. These observations suggest that aging may predispose a subset 

of activated platelets to become highly prothrombotic and this effect appeared to be more 

pronounced in aged pSOD2-KO platelets. Since surface exposure of phosphatidyl serine 

mediates platelet procoagulant activity, we measured platelet-dependent thrombin generation 

and observed a significant increase in aged pSOD2-KO mice relative to aged control or 

young mice. These findings support a model in which deficiency of platelet SOD2 during 

aging selectively increases platelet procoagulant activity. An alternative explanation for our 

findings could be that since integrin activation and aggregation are sensitive to lower doses 

of agonists, a threshold may have been achieved in aged control platelets limiting the ability 

to detect any additive effects of deficiency of pSOD2-KO.

To determine if platelet SOD2 deficiency and the subsequent changes in platelet function 

would affect arterial thrombosis in aged mice, we first evaluated susceptibility to develop 

stable occlusion after photochemical injury to the carotid artery. In agreement with our 

previous study,18 young pSOD2-KO mice tended to have somewhat shorter occlusion times 

relative to young control mice. Aged control mice also showed only a modest shortening 

of occlusion time. However, aged pSOD2-KO mice exhibited significant acceleration in 

time to occlusion compared to aged control or young pSOD2-KO mice, indicating a 

critical role of endogenous platelet SOD2 in mitigating age-related arterial thrombosis. A 

limitation of the photochemical injury model is its dependence on ROS-mediated thrombus 

formation which may confound findings in the setting of SOD2-deficiency in our aged 

mice. To overcome this limitation, we utilized an alternative model of pulmonary thrombosis 

where thrombus is developed by collagen-induced platelet activation and time to death 

is recorded as an indicator of the rate of thrombosis. Consistent with increased carotid 

artery occlusion there was rapid death in aged pSOD2-KO mice relative to other groups. 

This increased susceptibility to thrombosis in aged pSOD2-KO mice is consistent with 

the observed increases in ROS, calcium levels, phosphatidylserine exposure, and platelet-

dependent thrombin generation. Overall, a modest or partial prothrombotic effects of age 

observed in our control mice with reference to platelet activation, procoagulant platelet 

formation or in vivo thrombosis compared to a more robust effect observed in C57BL6/J 

mice in this study or in others2,3,17 could be related to the inherent differences between 

mouse colonies, housing conditions and/or genetic effects secondary to the presence of 

loxP sequences. The modest prothrombotic effect seen in aged control mice could also 

be related to the heterogeneity in SOD2 expression specially in the face of increased 

mitochondrial pro-oxidants. These findings do support the notion that there is an overburden 

of mitochondrial pro-oxidants during aging and the physiological SOD2 levels may not be 

sufficient to overcome all the adverse effects of pro-oxidants.

To examine the impact of platelet SOD2 deficiency on thrombosis in aged mice 

independently from effects of aging on the vasculature, we undertook a rigorous adoptive 

platelet transfer approach to assess the effects of control or SOD2-deficient platelets on 

thrombosis in young or aged host hIL4Rα/GP1bα Tg mice. Both the age of the host 

mice and the transfer of platelets from aged pSOD2-KO mice appear to influence the time 

to occlusion of the carotid artery. However, significant acceleration in carotid occlusion 
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occurred when platelets from aged pSOD2-KO mice were transferred to aged hIL4R Tg 

hosts. Together with the findings of procoagulant platelet formation, these observations 

support the notion that though aged pSOD2-KO platelets confer a prothrombotic effects, 

the in vivo thrombotic susceptibility is increased significantly in the presence of aged 

host vasculature. Since other components of vasculature may also play an important role 

in age-associated thrombosis, future studies should examine independent effects of these 

components such as the vessel wall and other cellular or non-cellular components of the 

blood and vasculature.

Finally, we observed that in vitro use of a SOD2 mimetic lowered platelet pro-oxidants 

and inhibited formation of procoagulant platelets and in vivo treatment with SOD2 mimetic 

protected aged pSOD2-KO mice from enhanced thrombosis. Further, in vivo treatment 

with SOD2 mimetic in aged C57BL6/J mice also lowered platelet pro-oxidants, inhibited 

formation of procoagulant platelets and decreased susceptibility to thrombosis. The potential 

for dismutase mimetics in lowering thrombotic susceptibility was previously reported where 

an alternative analogue of GC4419 (SC-52608) limited the platelet dependent growth of 

thrombus in carotid artery in a cyclic flow model.32 Together, these findings suggest 

that approaches targeted to increase SOD2 activity could lower the prothrombotic burden 

associated with age. These findings are novel and clinically important given that GC4419 is 

being tested in early phase clinical trials (NCT03340974 and NCT02508389) and a phase 

3 clinical trial (NCT03689712) to mitigate radiation-induced mucositis in head and neck 

cancer. The use of GC4419 could potentially be extended into future trials in aged humans at 

high risk of thrombotic complications. Despite some differences in the phenotypes between 

the two models we studied, the use of a comprehensive approach spanning pharmacological, 

genetic, and adoptive platelet transfer methods, demonstrates that endogenous platelet SOD2 

limits pathways that promote platelet-dependent thrombin generation and thrombosis in 

aged mice.

We conclude that platelet SOD2 plays a distinct role in modulating procoagulant platelet 

response during aging. Platelet SOD2 appears to be an important regulator of calcium 

elevation, mitochondrial hyperpolarization, surface phosphatidylserine exposure, thrombin 

generation, and arterial thrombosis. While SOD2 expression/activity in platelets may vary 

between mouse models, given that older humans have decreased total SOD activity, our 

findings may have important clinical implications. A missense variant in SOD2 (valine 

to alanine at position 16) reduces SOD2 activity.33 This polymorphism is present at high 

frequency among certain ethnic groups, including 45% of people with African ancestry 

where it is associated with increased vascular complications in sickle cell disease.34,35 This 

polymorphism and some others related to decreased SOD2 activity also have been linked 

to age-associated cardiovascular disease in several other ethnic groups,36–39 therefore, these 

findings could also be relevant to cardiovascular diseases in the general aging population. 

Hence, targeted therapies to increase platelet mitochondrial antioxidant capacity may have 

the potential to protect from aging-associated platelet activation, thrombosis, and their 

cardiovascular consequences.
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Analysis of variance

CM-H2DCF-DA
Chloromethyl Dichloro-dihydro-fluorescein diacetate

DCF
Dichloro-dihydro-fluorescein

DHE
Di hydro ethidium

ETP
Endogenous thrombin potential

GC4419
avasopasem manganese

Glutathione peroxidase
Glutathione Peroxidase

GP1bα
Glycoprotein 1bα
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hIL4Rα
Human Interleukin 4 receptor α

KO
Knockout

NADPH
Nicotinamide adenine dinucleotide phosphate

ROS
Reactive oxygen species

SOD2
superoxide dismutase

Tg
Transgenic
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Novelty and Significance:

SOD2 maintains mitochondrial redox homeostasis but its contribution to platelet 

activation and thrombosis in aging is unknown. In a rigorous study design that included 

a mouse model with platelet-specific deletion of the SOD2, adoptive platelet transfer 

approaches and use of a pharmacological agent, we made the novel observation 

that endogenous platelet SOD2 protects from age-associated platelet activation and 

thrombosis. These findings are clinically informative since a missense variant in SOD2 

in several ethnic group correlates with age-associated cardiovascular disease; hence 

these findings could be relevant to the cardiovascular consequences in the general 

aging population. Therefore, our work advances the field significantly and suggests that 

targeted therapies to increase platelet mitochondrial antioxidant capacity may have the 

potential to protect from aging-associated platelet activation and thrombosis, particularly 

in those at increased risk.
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Highlight:

1. Platelet SOD2 deficiency in aged mice amplifies intra-platelet ROS 

generation, calcium elevation and phosphatidylserine exposure.

2. Endogenous platelet SOD2 protects from increased thrombin generation and 

thrombosis in aging.

3. Targeted therapy that increases platelet mitochondrial antioxidant capacity 

could potentially protect from aging-associated platelet procoagulant platelet 

formation and thrombosis.
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Figure 1. Platelet SOD2 deficiency increases mitochondrial oxidants as well as total cellular ROS 
within platelets in aged mice.
Washed platelets were prepared from young or aged mice deficient in platelet SOD2 

(pSOD2-KO) or littermate controls. A. Mitochondrial pro-oxidant was detected by 

incubating platelets with 10 μM of MitoSox either at resting condition (RP) or in the 

presence of thrombin (Thr) and convulxin (Con). B. Levels of intracellular prooxidant 

detected by oxidation of dihydroethidium (DHE Fluorescence) measured in platelets at 

resting state (RP) or upon stimulation with thrombin and convulxin. C-E. Levels of 

intracellular ROS detected by oxidation of CM-H2DCF (DCF Fluorescence) was measured 

in platelets at resting state (RP) or upon stimulation with thrombin or convulxin or both. All 

the samples were analyzed by flow cytometry. Data for A and B are presented as median 

with 95% CI and analyzed by Kruskal-Wallis test with Dunn’s post hoc test for multiple 

group comparisons within each treatment group. Data for C-E are presented as mean ± SE 

and analyzed using two-way ANOVA with Tukey’s analysis for multiple group comparisons 

within each treatment. All the comparisons shown are for equivalent doses of agonists. N = 

4–10 per group.
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Figure 2: Platelets from aged pSOD2-KO mice exhibit early and sustained increases in calcium.
Washed platelets from young or aged mice deficient in platelet SOD2 (pSOD2-KO) or 

littermate control mice were loaded with Fluo-4 dye, resuspended in m-Tyrode buffer 

containing 1 mM calcium chloride and analyzed on BD Accuri C6 flow cytometer at 

baseline (0 to 45 sec) and upon activation with thrombin (45 to 240 sec) in real time. 

A. Cumulative tracings of calcium levels (0–240 sec). B. Quantification of cumulative 

fluorescent signals at baseline (0–45 sec) and during thrombin activation (from 45–240 sec). 

C. Quantification of cumulative fluorescent signals (45 sec to 120 sec). N = Cumulative 

data from 5–7 mouse in each group. Data are presented as Mean ± SE and analyzed for 

cumulative signal using two-way ANOVA with Tukey’s multiple comparison test.
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Figure 3. Platelets from aged pSOD2-KO mice show exacerbated mitochondrial 
hyperpolarization and enhanced annexin V binding.
Washed platelets were prepared from young or aged mice deficient in platelet SOD2 

(pSOD2-KO) or littermate controls and respective fluorescence upon treatment was 

measured by flow cytometry and normalized to respective young control without treatment. 

A. TMRM fluorescence was measured in resting platelets in the presence and absence of 

FCCP. B. Annexin V binding was quantified in resting and thrombin and convulxin activated 

platelets. Data are presented as median with 95% CI and analyzed by Kruskal-Wallis test 

with Dunn’s post hoc test for multiple group comparisons within each treatment group. N = 

5 per group.

Sonkar et al. Page 21

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Platelet dependent thrombin generation is increased in aged pSOD2-KO mice.
Platelet rich plasma was prepared from young and aged platelet-specific pSOD2-KO mice or 

control littermates, triggered with tissue factor and thrombin generation was analyzed using 

Calibrated Automated Thrombogram (CAT, Diagnostica Stago). A. Representative thrombin 

generation curves, B. thrombin peak and C. endogenous thrombin potential (ETP). Data are 

presented as mean ± SE and analyzed with two-way ANOVA with Tukey’s test for multiple 

comparisons. N = 6 per group.
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Figure 5: Deficiency of platelet SOD2 increases susceptibility to thrombosis in aged mice.
The time to first (A) and stable occlusion (B) of the carotid artery following photochemical 

injury, and (C) time to death after collagen infusion, was measured in young and aged 

platelet-specific pSOD2-KO mice or control littermates. Data for A and B are presented 

as mean ± SE and analyzed using two-way ANOVA with Tukey’s analysis for multiple 

group comparisons. Data for C is presented as median with 95% CI and analyzed by 

Kruskal-Wallis test with Dunn’s post hoc test for multiple group comparisons. D. Survival 

curve after collagen infusion and is analyzed using Log-rank (Mantel-Cox) test. N = 8–13 

per group.
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Figure 6: Adoptive transfer of platelets from aged pSOD2-KO mice increase susceptibility to 
arterial thrombosis in an aged host milieu.
The time to first (A) and stable occlusion (B) of the carotid artery following photochemical 

injury was measured in young or aged hIL4Rα/GP1bα Tg hosts receiving donor platelets 

from young or aged control or pSOD2-KO mice. Data are presented as mean ± SE and 

analyzed using two-way ANOVA with Tukey’s analysis for multiple group comparisons 

within a host group. N = 9–12 per group.
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Figure 7: In vivo treatment with GC4419 protects aged C57BL6/J mice from agonist induced 
generation of ROS, phosphatidylserine exposure, and arterial thrombosis.
Young or aged C57BL6/J mice were treated with (+) GC4419 (10 mg/Kg daily, IP) or 

vehicle buffer (− GC4419) for 2 weeks. Washed platelets were prepared and activated with 

0.1 U/mL thrombin and 100 ng/mL convulxin and analyzed via FACS. A. Mitochondrial 

pro-oxidants detection using MitoSox. B. Levels of intracellular ROS detected by oxidation 

of CM-H2DCF (DCF Fluorescence). C. Annexin V binding. The fluorescent signals for 

A-C were normalized to respective young control mice receiving vehicle buffer. D. Time to 

stable occlusion of the carotid artery following photochemical injury. E. Time to death after 

infusion with 0.5 μg/g collagen. F. Survival curve of E. Data for A-C and E are presented 

as median with 95% CI and analyzed by Kruskal-Wallis test with Dunn’s post hoc test for 

multiple group comparisons. Data for D are presented as mean ± SE and analyzed using 

two-way ANOVA with Tukey’s analysis for multiple group comparisons. Data for F is 

analyzed using Log-rank (Mantel-Cox) test. N = 4–12 per group.
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