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Abstract

Objective—Clinical evidence suggests an association between oxidative stress and vascular 

disease, and in vitro studies have demonstrated that reactive oxygen species (ROS) can have 

prothrombotic effects on vascular and blood cells. It remains unclear, however, whether elevated 

levels of ROS accelerate susceptibility to experimental thrombosis in vivo.

Approach and Results—Using a murine model with genetic deficiency in superoxide 

dismutase-1 (SOD1), we measured susceptibility to carotid artery thrombosis in response to 

photochemical injury. We found that SOD1-deficient (Sod1−/−) mice formed stable arterial 

occlusions significantly faster than wild-type (Sod1+/+) mice (P < 0.05). Sod1−/− mice also 

developed significantly larger venous thrombi than Sod1+/+ mice after inferior vena cava ligation 

(P < 0.05). Activation of protein C by thrombin in lung was diminished in Sod1−/− mice (P < 0.05 

vs. Sod1+/+ mice), and generation of activated protein C in response to infusion of thrombin in 

vivo was decreased in Sod1−/− mice (P < 0.05 vs. Sod1+/+ mice). SOD1 deficiency had no effect 

on expression of thrombomodulin, endothelial protein C receptor, or tissue factor in lung or levels 

of protein C in plasma. Exposure of human thrombomodulin to superoxide in vitro caused 

oxidation of multiple methionine residues, including critical methionine 388, and a 40% decrease 

in thrombomodulin-dependent activation of protein C (P < 0.05). SOD and catalase protected 

against superoxide-induced methionine oxidation and restored protein C activation in vitro (P < 

0.05).

Conclusions—SOD prevents thrombomodulin methionine oxidation, promotes protein C 

activation, and protects against arterial and venous thrombosis in mice.
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Introduction

Thrombotic complications, including myocardial infarction, stroke, pulmonary embolism, 

and deep vein thrombosis, are common causes of morbidity and mortality in patients with 

vascular disease. A high incidence of thrombotic events is also seen in cancer patients1 and 

in the aged population.2–4 Despite these well-established clinical observations, the 

mechanisms by which distinct pathologic states contribute to thrombosis remain poorly 

understood. One commonality among many of the prothrombotic conditions is an increase in 

vascular oxidative stress,5 which may generate excess reactive oxygen species (ROS). In 

vitro studies have suggested that ROS such as superoxide can have prothrombotic effects on 

vascular and blood cells, including enhanced platelet activation,6 increased expression or 

activity of tissue factor (TF),7 and dysregulation of anticoagulant pathways,8 all of which 

may predispose to arterial and/or venous thrombosis.

Findings from clinical studies have identified multiple sources for increased ROS in 

cardiovascular disease, including an increase in the expression and/or activity of prooxidant 

enzymes5 such as NADPH oxidase, nitric oxide synthase, and xanthine oxidase and a 

decrease in antioxidant enzymes such as superoxide dismutase (SOD), glutathione 

peroxidase, and catalase.9–14 It remains unclear, to what extent these oxidative mechanisms 

contribute to thrombosis in vivo.

The objective of this study was to determine the contribution of superoxide to the increased 

susceptibility to experimental thrombosis in vivo, using mice genetically deficient in 

superoxide dismutase-1 (SOD1). SOD1 is a copper- and zinc-containing enzyme that is the 

major cytosolic form of SOD, which catalyzes the conversion of superoxide to hydrogen 

peroxide. SOD1 is the predominant isoform of SOD expressed in the vasculature.15 Mice 

with homozygous deficiency of SOD1 (Sod1−/− mice) have increased superoxide in 

vascular tissue.16 Our new findings demonstrate that loss of SOD1 causes increased 

susceptibility to arterial and venous thrombosis in mice, and that SOD protects from 

superoxide-mediated oxidation of thrombomodulin and impairment of the protein C 

anticoagulant system.

Materials and Methods

Materials and Methods are available in the online-only data supplement.

Results

Vascular ROS are increased in mice with SOD1 deficiency

To confirm that mice deficient in SOD1 have increased vascular ROS, we measured tiron-

quenchable lucigenin-enhanced chemiluminescence, a relatively selective indicator of 

superoxide,17 in the aorta. We detected a significant increase in fluorescence in aortic 

sections from Sod1−/− mice compared to Sod1+/+ mice (P = 0.035, Figure 1). This finding 

is consistent with a previous report of increased superoxide levels in the vascular wall.16
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Deficiency of SOD1 enhances susceptibility to both arterial and venous thrombosis

We next examined the effect of SOD1 deficiency on susceptibility to arterial thrombosis. 

Baseline prothrombin time (PT), partial thromboplastin time (PTT) and platelet count were 

similar in Sod1+/+ and Sod1−/− mice (Table 1). Following photochemical injury of the 

carotid artery, the time to first occlusion was nearly three times faster in Sod1−/− mice (8.5 

± 1.9 minutes) than in Sod1+/+ mice (24.5 ± 8.4 minutes; P = 0.010) (Figure 2A). Similarly, 

the time to stable occlusion was significantly faster in Sod1−/− mice than in Sod1+/+ mice 

(16.2 ± 3.3 vs. 34.0 ± 9.1 minutes, respectively; P = 0.032) (Figure 2B). An inferior vena 

cava (IVC) ligation method was used to assess susceptibility to stasis-induced venous 

thrombosis. Sod1−/− mice developed significantly heavier (14.8 ± 4.4 mg in Sod1−/− mice 

vs. 3.9 ± 2.3 mg in Sod1+/+ mice; P = 0.047) and longer (5.5 ± 1.5 mm in Sod1−/− mice vs. 

1.6 ± 0.8 mm in Sod1+/+ mice; P = 0.044) IVC thrombi compared to Sod1+/+ mice (Figure 

2C, D). These data demonstrate that deficiency of SOD1 increases susceptibility to both 

arterial and venous thrombosis.

SOD1 deficiency does not enhance platelet activation in response to thrombin

In previous work, we have demonstrated that hydrogen peroxide (H2O2), which is generated 

by the action of SOD1 on superoxide, contributes to increased thrombotic susceptibility and 

thrombin-stimulated platelet activation.18 We therefore asked if deficiency of SOD1 alters 

platelet activation. However, in response to thrombin, we did not observe a difference in the 

surface expression of P-selectin or fibrinogen binding to Sod1−/− platelets as compared to 

Sod1+/+ platelets (Figure 3). These data suggest that deficiency of SOD1 in platelets does 

not influence alpha granule release or activation of platelet integrin α2bβ3.

Deficiency of SOD1 does not influence tissue factor (TF) expression or activity

We next investigated the effect of SOD1 deficiency on the expression and activity of TF, a 

major trigger of coagulation and thrombosis.19 Because TF expression has been reported to 

be redox-sensitive,7 real-time qPCR was performed to quantitatively measure levels of TF 

mRNA in lung homogenates. We found, however, that the expression of TF mRNA was not 

altered in Sod1−/− mice (P = 0.3 vs. Sod1+/+ mice) (Supplemental Figure IA). Since de-

encryption of TF leading to its activation is also redox-regulated, we measured TF activity in 

a factor Xa activation assay. Again, we did not detect any difference in TF activity between 

Sod1+/+ and Sod1−/− mice (P = 0.5) (Supplemental Figure IB). These results suggest that 

accelerated thrombosis in Sod1−/− mice is not likely due to oxidative upregulation of TF 

gene expression or activity.

SOD1 deficiency impairs generation of activated protein C (APC)

Thrombomodulin (TM), an endothelial transmembrane glycoprotein, can undergo 

methionine oxidation, limiting its anticoagulant activity to support thrombin-mediated 

generation of APC from protein C.8 Therefore, to determine if the activation of endogenous 

protein C is altered in SOD1-deficient mice, circulating plasma levels of APC were 

measured after intravenous injection of thrombin. Plasma levels of APC were 45% lower in 

Sod1−/− mice compared to Sod1+/+ mice (Figure 4A, P = 0.035). The decreased thrombin-

induced generation of APC in Sod1−/− mice was not due to lower baseline levels of protein 
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C, since plasma protein C levels tended to be higher, rather than lower, in Sod1−/− mice 

compared to Sod1+/+ mice (P = 0.07) (Table 1).

Next, we measured generation of exogenous APC by thrombin in lung homogenates from 

Sod1−/− and Sod1+/+ mice. The data revealed a 40% decrease in TM-dependent APC 

generation in Sod1−/− mice as compared to Sod1+/+ mice (Figure 4B, P = 0.030). These 

findings suggest that deficiency of SOD1 leads to impaired TM anticoagulant activity 

(decreased TM-dependent activation of protein C by thrombin).

Another endothelial transmembrane protein, the endothelial protein C receptor (EPCR), can 

act in concert with TM to promote protein C activation.20 Therefore, we further investigated 

whether SOD1 deficiency affects the expression of TM or EPCR. No differences in TM 

mRNA (measured by real-time qPCR) or TM protein (measured by Western blotting) were 

detected in the lungs of Sod1−/− mice compared with Sod1+/+ mice (P = 0.4 and P = 0.2, 

respectively) (Figure 5). Similarly, EPCR mRNA levels were comparable in the lungs of 

Sod1−/− and Sod1+/+ mice (P = 0.6) (Supplemental Figure II). These data suggest that the 

decreased generation of APC with SOD1 deficiency is not due to loss of expression of TM 

or EPCR.

Exposure of human TM to superoxide leads to oxidation of methionine 388 and loss of TM 
anticoagulant activity

To determine if SOD can protect TM from methionine oxidation, we exposed recombinant 

human thrombomodulin to hypoxanthine plus xanthine oxidase (X-XO) to generate 

superoxide in vitro. Exposure to superoxide inhibited TM anticoagulant activity, measured 

as TM-dependent APC generation, by 40% (P = 0.0002) (Figure 6A). The inhibitory effect 

of superoxide was partially prevented by the addition of SOD or catalase, and almost 

completely prevented by co-incubation with both SOD and catalase (P = 0.0003 vs. catalase 

alone) (Figure 6A).

Human TM contains four methionine residues in its extracellular domain, and it has been 

demonstrated previously that oxidation of methionine 388 to methionine sulfoxide 

(Met388(O)) causes loss of TM anticoagulant activity.8, 21, 22 We therefore performed nano-

LC-MS/MS to quantify the extent of TM methionine oxidation at Met388. We found that 

exposure to superoxide resulted in a 2.6-fold increase in Met388(O) (P = 0.0003) (Figure 

6B). Oxidation of Met388 was partially prevented by SOD (P = 0.042) and almost 

completely prevented by catalase or co-incubation with SOD and catalase (P = 0.0001) 

(Figure 6B). The other three extracellular methionine residues in human TM (Met42, 

Met205, and Met 291) also underwent oxidation after exposure to superoxide (Supplemental 

Figure III), but these methionine residues are unlikely to affect TM anticoagulant activity 

because they are outside of the critical EGF-like domains of TM required for protein C 

activation (Supplemental Figure IIID).21

Taken together, these data suggest that superoxide induces loss of TM anticoagulant activity 

at least in part via increased oxidation of Met388. The protective effects of both SOD and 

catalase suggest that both superoxide and H2O2 contribute to methionine oxidation and 

inhibition of TM anticoagulant activity.
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Discussion

Despite a large body of literature demonstrating activation of oxidant pathways and 

increased production of ROS in vascular diseases,23 relatively little is known about the role 

of ROS in driving thrombosis in vivo. Several studies have demonstrated increased levels of 

superoxide in blood vessels of humans and animals with atherosclerosis and other vascular 

conditions.24–26 Previous studies using SOD1-deficient mice have implicated superoxide in 

the mechanism of endothelial dysfunction27 and cerebral hypertrophy.28 One major finding 

of the current study is that genetic deficiency of SOD1 increases susceptibility to both 

arterial and venous thrombosis in mice. This finding suggests that superoxide, when present 

in excess, can be considered to be a prothrombotic mediator in vivo. Another key finding 

from our study is that deficiency of SOD1 is associated with an impaired protein C 

anticoagulant response to thrombin. These findings suggest that elevation of superoxide due 

to SOD1 deficiency may lead to thrombosis in part by impairing TM-dependent protein C 

activation.

TM is a cell surface glycoprotein expressed on the luminal surface of endothelial cells.29 

When bound to thrombin, TM functions as a potent anticoagulant by converting circulating 

protein C to APC. APC then proteolytically cleaves activated factors V and VIII to prevent 

thrombin generation. Disruption of the TM/APC anticoagulant pathway in mice results in a 

prothrombotic phenotype. For example, Weiler and colleagues demonstrated that mice with 

TM deficiency have increased susceptibility to carotid artery thrombosis.30 Mice with 

endothelial-specific deficiency of TM exhibit severe thrombosis at an early age and die due 

to consumptive coagulopathy.31 Similarly, mice deficient in EPCR32 or partially deficient in 

PC33 also are prothrombotic. Our new findings that Sod1-deficient mice with decreased 

APC generation have increased susceptibility to arterial and venous thrombosis are 

consistent with these previous observations.

TM contains a critical redox sensitive methionine residue (Met388) that, when oxidized, 

limits its ability to activate protein C.8 Therefore, we hypothesized that increased vascular 

superoxide in Sod1−/− mice would promote the oxidative inactivation of TM and thereby 

decrease APC generation. Following thrombin infusion, we observed a significant decrease 

in the levels of plasma APC in Sod1−/− mice compared with Sod1+/+ mice. Similarly, 

exogenous generation of APC by thrombin also was decreased in lung tissue from Sod1−/− 

mice. Importantly, no differences in the expression of TM mRNA or protein, EPCR mRNA, 

or plasma levels of protein C were detected between Sod1+/+ and Sod1−/− mice, which is 

consistent with a post-translational oxidative modification of TM as the likely mechanism of 

decreased APC generation in Sod1−/− mice.

Using nano-LC-MS/MS to quantify methionine oxidation in human TM, we found that 

superoxide-induced inhibition of recombinant human TM anticoagulant activity in vitro was 

associated with significantly increased levels of TM Met388(O). Both oxidation of Met388 

and loss of TM anticoagulant activity were partially prevented by incubation with SOD. 

Interestingly, co-incubation with SOD and catalase conferred an even greater degree of 

protection, with almost complete prevention of superoxide-induced inhibition of TM 

anticoagulant activity and Met388 oxidation, which suggests a role for both superoxide and 
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H2O2 in the redox regulation of TM. An important limitation of these findings is that the 

oxidation status of TM was assessed in a cell-free system. Additional work is needed to 

determine the specific role of SOD in protecting against TM Met388 oxidation in vivo, 

particularly because SOD1 is an intracellular enzyme and TM is a cell-surface protein with 

extracellular oxidation sites. We speculate that deficiency of cytosolic SOD1 may cause the 

accumulation of not only superoxide (a charged anion that cannot cross biological 

membranes) but also other uncharged ROS that can diffuse across the plasma membrane to 

interact with surface proteins such as TM. 34, 35

Three additional TM methionine residues (Met42, Met205, and Met291) also underwent 

oxidation after exposure to superoxide. However, these oxidized methionine residues are 

less likely to affect TM anticoagulant activity because they are outside of the critical EGF-

like domains of TM required for protein C activation and it has been demonstrated that TM 

Met388 is the key methionine residue involved in redox regulation of its anticoagulant 

activity.8, 21, 22 TM also has antifibrinolytic effects through its ability to enhance thrombin-

mediated activation of thrombin activatable fibrinolysis inhibitor (TAFI).36 However, 

oxidation of Met388 on TM has no effect on TAFI activation despite producing a significant 

decrease in protein C activation.37

In a previous study, we reported that H2O2 contributes to a prothrombotic phenotype in aged 

mice.18 Unlike the effects of superoxide seen in Sod1−/− mice, however, the increased 

thrombotic susceptibility induced by H2O2 in aged mice was associated with platelet 

hyperactivation rather than an effect on protein C activation.18 In the current study, we did 

not observe enhanced activation of platelets from Sod1−/− mice, which suggests that platelet 

SOD1 does not directly protect from platelet hyperactivation. It remains possible, however, 

that indirect antioxidant effects of SOD1, such as protection from endothelial dysfunction27 

and diminished nitric oxide bioavailability,38, 39 may help blunt platelet activation and 

protect from thrombosis in vivo. We also considered the possibility that the protective 

antithrombotic effect of endogenous SOD1 may be mediated through decreased TF activity, 

since both the expression and activity of TF are known to be redox regulated.7 However, we 

did not detect any changes in TF mRNA expression or TF activity in Sod1−/− mice.

Clinical studies demonstrate a clear link between increased oxidative stress and vascular 

complications in a number of disease settings. SOD1 gene variants have been associated 

with increased risk of cardiovascular death in patients with type 2 diabetes.40 Relevant to 

our studies in Sod1−/− mice, increased oxidative stress in patients with type 2 diabetes has 

been reported to be associated with decreased levels of APC,41 which may lead to a 

prothrombotic phenotype. Gene variants in other SOD enzymes also have been linked with 

cardiovascular events.42 For example, the SOD3 (the gene encoding extracellular SOD) 

polymorphism R213G is associated with an increased risk for ischemic heart disease.43 

Moreover, expression of this variant has been linked to increased cardiovascular and 

cerebrovascular death in diabetic patients.44 Similarly, an A16V polymorphism in SOD2 is 

associated with increased cardiovascular events.45

Together with the data from Sod1−/− mice reported herein, these studies strongly suggest 

that oxidative stress leads to increased thrombotic susceptibility and that SOD is required for 
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redox regulation of hemostatic pathways. It is likely that endogenous SOD protects against 

thrombosis by modulating multiple oxidation-sensitive pathways, including the superoxide-

mediated oxidation of TM and impairment of APC generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Using mice deficient in superoxide dismutase, this study provides in vivo evidence that 

superoxide modulates the thrombomodulin / protein C anticoagulant pathway and 

protects against thrombosis. These data have important clinical implications for vascular 

diseases characterized by increased oxidative stress and thrombotic susceptibility. 

Strategies to reduce the inhibitory effect of oxidative stress on thrombomodulin 

anticoagulant activity may represent an approach to prevent thrombosis.
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Figure 1. 
Vascular ROS are increased in Sod1−/− mice. ROS levels were determined in aortic 

segments as tiron-quenchable lucigenin-enhanced chemiluminescence (relative light units 

(RLU)/sec/mg weight). Values are mean ± SEM (n = 5–6 mice per group).
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Figure 2. 
Deficiency of SOD1 enhances susceptibility to arterial and venous thrombosis. The time to 

first (A) and stable (B) occlusion were measured in carotid arteries after photochemical 

injury (n = 11 to 15 mice per group). The weight (C) and length (D) of thrombi that 

developed in the IVC 48 hours following ligation was measured. Values are mean ± SEM 

(n=10 to 11 mice per group).
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Figure 3. 
SOD1 deficiency does not enhance platelet activation in response to thrombin. P-selectin 

surface expression (A) and fibrinogen surface binding (B) were measured in unstimulated or 

thrombin-activated platelets using flow cytometric analysis. Values are mean ± SEM (n = 5 

to 6 mice per group).
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Figure 4. 
SOD1 deficiency impairs generation of APC from thrombin in vivo and in vitro. (A) 

Following thrombin infusion, levels of APC were measured in plasma by enzyme capture 

ELISA. (B) Activation of protein C was measured in lung lysates in presence of exogenous 

thrombin and protein human C. Values are mean ± SEM (n = 5 to 6 mice per group).
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Figure 5. 
Deficiency of SOD1 does not influence levels of TM mRNA or protein in mice. (A) mRNA 

levels for TM in lung homogenates were determined by qRT-PCR. Levels were normalized 

to GAPDH, and data are displayed as fold-change relative to control (Sod1+/+ mice). 

Comparisons of normalized expression values (ΔCt) employed the conventional ΔΔCt fold 

change method. The Ct values for TM were 19.8±0.18 in Sod1+/+ vs. 19.6±0.13 in Sod1−/− 

mice. P = 0.4 vs. Sod1+/+ mice (n=5 to 6 mice per group). (B) Protein levels of TM and β 

actin were determined in lung lysates by Western blotting. Immunoreactive bands were 

quantified by densitometry. P = 0.2 vs. Sod1+/+ mice. Values are mean ± SEM (n = 4 mice 

per group). (C). A representative Western blot image showing detection of both dimer and 

monomer forms of TM.
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Figure 6. 
Superoxide-induced inhibition of TM anticoagulant activity and oxidation of TM Met388. 

Recombinant human TM (containing only the extracellular domain) was incubated with or 

without 5 mU/ml xanthine oxidase and 1 mM hypoxanthine (X-XO) in the presence or 

absence of 50 U/ml PEG-SOD and/or 250 U/ml PEG-catalase. (A) TM activity was 

measured in a protein C activation assay (n = 6). (B) The content of TM Met388(O) was 

determined by nano-LC-MS/MS (n = 4).
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Table 1

Platelet count, hemostasis assays and plasma protein C levels in Sod1+/+ and Sod1−/− mice.

Sod1+/+ mice
n = 4

Sod1−/− mice
n = 4 P-value

Platelet count (×103/μl) 859 ± 48 945 ± 89 0.40

Prothrombin time (minutes) 11.8 ± 0.5 11.7 ± 0.3 0.93

Partial thromboplastin time (minutes) 42.5 ± 5.2 36.1 ± 1.8 0.28

Protein C (ng/mL) 21.0 ± 3.0 36.4 ± 8.4 0.13

Values represent mean ± SEM.
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