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Abstract 

The Role of Superoxide Dismutase 2 in Modulating sickle Cell Disease Pathology 

 

Atinuke Oyinkansola Modupe Aramide Dosunmu-Ogunbi, PhD 

 

University of Pittsburgh, 2021 

 

Sickle cell disease (SCD) is an inherited hemoglobinopathy resulting from a point mutation 

in the β-globin gene. This substitution leads to polymerization of sickle hemoglobin (HbS) under 

deoxygenated conditions and sickling of red blood cells (RBCs). Sickled RBCs can block the 

microvasculature causing vaso-occlusions and hemolyze releasing free hemoglobin and heme into 

the intravascular space. These processes cause an increase in the production of reactive oxygen 

species (ROS). Despite there being an increase in ROS production, there is a decrease in the 

antioxidant defense system. Superoxide dismutase 2 (SOD2) is an enzymatic antioxidant found 

only within the mitochondria which functions to dismutate superoxide to hydrogen peroxide. 

Given the decrease in antioxidants in SCD and that SOD2 is a known regulator of vascular 

function, this thesis project sought to identify whether SOD2 could modify SCD pathology.  

 

In aim 1, we identified that a common polymorphism of SOD2, SOD2 V16A, is strongly 

associated with clinical indicators of pulmonary hyper`tension in SCD patients. In human 

pulmonary arterial endothelial cells (HPAECs), we found that this polymorphism pathologically 

associates with complex IV of the respiratory chain leading to a decrease in complex activity and 

mitochondrial respiration. HPAECs transduced with SOD2 V16A also had increased ROS 

production which was exacerbated with inhibition of complex III of the respiratory chain. In aim 

2, we found that SOD2 protein expression is decreased in the pulmonary endothelium of SCD 

patients. In addition to this, we discovered that SOD2 protein expression was decreased in whole 
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lung tissue of transgenic sickle mice. Given its significant decrease in sickle conditions, we went 

on to further define the function of SOD2 in the pulmonary endothelium using human pulmonary 

microvascular endothelial cells (HPMVECs). In HPMVECs, SOD2 deficiency led to a disruption 

in barrier function as well as a decrease in migration and proliferation. We found that these reduced 

functions were linked to a reduction in adhesion stemming from dysregulation of fibronectin 

processing. Altogether, we are the first to thoroughly investigate the role of SOD2 within the 

endothelium, and our findings can aide in the development of new therapeutics in the treatment of 

SCD patients. 
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1.0 Introduction 

Hemoglobinopathies are one of the most common inherited diseases worldwide afflicting 

more than 330,000 infants born annually and attributing to 3.4% of deaths in children less than 5 

years of age1. Hemoglobinopathies encompass all inherited diseases of hemoglobin. There are two 

categories of hemoglobinopathies: variants of structural hemoglobin and thalassemia syndromes. 

Within these two categories there is further subcategorization: HbS, HbE, and HbC are the most 

common structural hemoglobin abnormalities1 while α- and β-thalassemias encompass the 

majority of thalassemias1-3. Within these groups there are further subtypes and combined types2. 

Sickle cell disease (SCD) is a type of structurally abnormal hemoglobinopathy4,5.  

There are three types of structurally normal hemoglobin, HbA(2), HbA (adult hemoglobin), 

and HbF (fetal hemoglobin)6, each is a tetramer composed of two α-globins and either two δ-, β-, 

or γ-globins6,7. Fetal hemoglobin (α(2)γ(2)) is the dominant hemoglobin form found in neonates8 

and its high affinity for oxygen plays an essential role for the transport of oxygen between maternal 

and fetal circulations9,10. In older children and adults HbA (α(2)β(2)) predominates with HbA(2) 

(α(2)δ(2)) found at low levels throughout the life cycle8. Structural hemoglobinopathies occur 

when there are mutations in the genes responsible for the regulation of the structure of α-, δ-, β-, 

or γ-globins7. SCD is caused by a point mutation in β-globin5 which results in polymerization of 

sickle hemoglobin (HbS) and sickling of red blood cells (RBC)5,11. 
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1.1 Sickle Cell Disease 

Worldwide 112 per 100,000 children are born with SCD12. Although Africa holds the 

highest disease burden at 1,125 per 100,000 live births12, in the United States SCD is the most 

common genetic disorder afflicting 1 in 500 African Americans13. SCD has a large economic 

impact with nearly $3 billion spent annually on outpatient, inpatient, and emergency room visits14. 

In addition to this direct cost, there is an indirect economic burden of $15,000 lost annually per 

person due to unpaid work productivity15. Furthermore, individuals with SCD have a reduced life 

expectancy of 54 years compared to sex and race/ethnicity matched controls16. Throughout this 

diminished life span, SCD patients suffer from vascular damage resulting in chronic painful crises, 

organ damage, and repeated hospital visits16.  

SCD affects the RBCs which are found throughout the body, meaning no organ system is 

spared from the effects of the disease pathology. For instance, there is an increased risk of 

development of neurological complications such as silent and overt strokes, cognitive difficulties, 

and microstructural injuries17. Increased vascular proliferation within the eye can lead to visual 

impairment and blindness18. In the pulmonary system, acute chest syndrome and pulmonary 

hypertension result in the highest rates of mortality in SCD19. The major cardiovascular 

complications consist of left ventricular diastolic heart disease, sudden death, and dysrhythmia20. 

Renal complications such as chronic kidney disease, hematuria, impaired urine concentrating, 

acute kidney injury, hypertrophy, altered hemodynamics, and distal nephron dysfunction 

contribute significantly to shortened life expectancy of SCD patients21. Lastly, involvement of the 

bones and joints are the most common cause of chronic pain with bone destruction in the femoral 

head and avascular necrosis and involvement of the hip being most typical22. All these chronic 
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complications contribute to the diminished quality of life of SCD patients. While recent 

advancements in care have greatly reduced infant mortality, there is still a paucity of treatment 

options23 highlighting the need for further study into disease modifying pathways. 

SCD is the consequence of a single nucleotide substitution (GTG for GAG) at the sixth 

amino acid of the -globin gene which is located on the short arm of chromosome 1124. This 

nucleotide change inserts nonpolar, hydrophobic valine in place of negatively charged glutamic 

acid on the surface of the -globin chain, leading to the polymerization of deoxygenated, abnormal 

sickle hemoglobin (HbS)5. HbS polymerization deforms the RBC into a sickle, crescent-like shape. 

Repeated sickling of RBCs results in membrane fragility and hemolysis, occlusion of post-

capillary venules, ischemia-reperfusion, and infarction. Vaso-occlusions are the result of decreased 

capability of deformed RBCs to pass through the blood vessels as well as increased adherence of 

blood cells to the endothelium25,26 due to the increased activation of adhesion molecules such as 

vascular cell adhesion molecule-1 (VCAM-1) and integrin αVβ3
27. These pathological events 

augment the generation of free radicals through activation of pro-oxidant enzymes, disruption of 

mitochondrial respiratory chain activity28, hemolysis induced release of free hemoglobin and heme 

that catalyze the Fenton reaction, and RBC autooxidation29-34. Thus, the overproduction of free 

radicals contributes to increased oxidative stress in endothelial cells, RBCs, neutrophils, and 

platelets, which manifests as multi-organ vasculopathy 29-34. 
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1.2 Oxidative Stress in Sickle Cell Disease 

Oxidative stress is defined as the imbalance between reactive oxygen species (ROS), 

reactive nitrogen species (RNS), and antioxidants. ROS are the reduced metabolites of molecular 

oxygen. These products are superoxide anion radical (O2
.-), hydrogen peroxide (H2O2), hydroxyl 

anion (OH-), and hydroxyl radical (.OH)35,36. RNS are the overproduction of nitric oxide (.NO) and 

nitrogen dioxide (.NO2) or peroxynitrite (ONOO-) which is formed from the interaction between 

nitric oxide and superoxide. To combat ROS and RNS, both non-enzymatic and enzymatic defense 

mechanisms have evolved29. The enzymatic antioxidants include superoxide dismutase (SOD), 

catalase, glutathione peroxidase, and peroxiredoxins29. The non-enzymatic antioxidants include 

carotenoids, ascorbic acid, zinc, and riboflavin29. Thus, if an imbalance between reactive species 

is not neutralized by these defense mechanisms, oxidation of biological molecules such as DNA, 

lipids, proteins, and carbohydrates persists, leading to cell dysfunction and death29. 

Despite high oxidative stress, levels of both non-enzymatic37 and enzymatic antioxidants 

are reduced in SCD38,39. A wide range of non-enzymatic antioxidants have been found to be 

deficient in RBCs, platelets, and mononuclear cells of SCD patients including vitamin E and C, 

beta-carotene, omega-3 fatty acids, and plasma retinol37,40. Serum and plasma levels of the 

enzymatic antioxidants SOD, catalase, and glutathione peroxidase are also diminished38-40. The 

reduction of the antioxidant defense system has been associated with increased oxidative damage 

as measured by plasma lipid and RBC membrane peroxidation, DNA damage markers, and protein 

carbonylation38,40. Therapeutic treatments with antioxidants have shown beneficial effects in both 

in vitro 41-43and in vivo 42,44 models of SCD. Validating the preclinical studies, the only two Food 

and Drug Administration (FDA) approved drugs for the treatment of SCD, hydroxyurea and L-
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glutamine, have antioxidant activity. Hydroxyurea inhibits DNA synthesis, and by complex 

mechanisms including epigenetic modifications, post-transcriptional and signaling pathways, it 

increases levels of fetal hemoglobin. As a result, hydroxyurea reduces the occurrence of vaso-

occlusive crises in SCD45. SCD patients taking hydroxyurea have increased antioxidant capacity 

and decreased thiobarbituric acid reactive substances (TBARS), a marker of lipid peroxidation, in 

their plasma46. L-glutamine was recently approved by the FDA and reduces pain crises and the 

number of hospitalizations due to SCD related complications47. The mechanism of action of L-

glutamine is currently not fully understood, but is presumed to reduce oxidative damage in RBCs48. 

Glutamine supplementation is also able to improve antioxidant capacity through regeneration of 

glutathione49. The improvement in pathology with antioxidant supplementation underscores the 

importance of maintenance of the antioxidant defense system in the management of SCD. 

1.3 Endothelial Cell Dysfunction in Sickle Cell Disease 

The endothelium is a primary site of damage in SCD. Hemoglobin, released from 

hemolyzed RBCs, aggravate and activate the endothelium resulting in organ and tissue injury50. 

Autooxidation of free hemoglobin to methemoglobin releases free heme which is also able to incite 

injury to the endothelium51. Free hemoglobin scavenges nitric oxide (.NO) decreasing its 

bioavailibity resulting in vascular dysfunction52,53 and aberrant activation of endothelial cells54. 

Free heme, which acts as a damage-associated molecular pattern molecule (DAMP), binds and 

activates toll-like receptor 4 (TLR4) causing systemic sterile inflammation55,56. Heme binding to 

TLR4 results in the release of inflammatory cytokines which stimulates the production of ROS57. 

Free heme can also trigger the release of neutrophil extracellular traps (NETs) through the 
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activation of neutrophils58 promoting vaso-occlusions55. Under normal conditions, cell free 

hemoglobin and heme are scavenged by haptoglobin and hemopexin, respectively, however in 

SCD this system is overwhelmed50,59,60. Endothelial damage is also caused by the hemolytic 

release of other RBC DAMPs including heat shock protein (Hsp) 7061, ADP62, and RBC 

microvesicles11. 

The vascular endothelium consists of a monolayer of endothelial cells and provides a 

barrier between the blood and organ tissues. The structural heterogeneity of endothelial cells 

allows for the formation of three distinct types of endothelium: continuous, fenestrated, and 

discontinuous63,64. Endothelial cells found in the continuous endothelium are tightly coupled by 

tight junctions and secured to a continuous basal membrane65,66. Only water and small solutes 

(molecular radius, <3nm) are able to pass in between endothelial cells that make up the continuous 

endothelium66. Muscle, lung, skin, heart, and most arteries, veins, and capillaries of the brain 

contain continuous endothelium65. Fenestrated endothelium also has a continuous basal 

membrane, but in addition contain 50-60 nm wide transcellular pores which are needed in tissues 

where filtration occurs such as kidney glomeruli, some renal tubules, gastrointestinal tract, 

endocrine and exocrine glands, and the choroid plexus65,67. The discontinuous endothelium is the 

most permeable due to the presence of 100-200 nm wide fenestrations and a disconnected basal 

membrane65,68. Discontinuous endothelium is found mostly in the sinusoidal beds of the liver, but 

also can be found in bone marrow and in the spleen65,68. The endothelium performs multiple 

functions some more specific to certain vascular beds and organs than others; however in general 

all endothelial cells are involved in regulation of hemostasis69 and vascular tone70, 

permeability71,72, leukocyte trafficking73,74, angiogenesis75,76, and immunity65. All these 

endothelial functions are dysregulated in SCD. 
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Hemostasis refers to the physiologic process by which bleeding at a site of injury can be 

stopped while simultaneously maintaining blood flow in other parts of the circulation77. Normally, 

the anticoagulant surface of endothelial cells maintains blood in its fluid state78. Upon injury to the 

endothelium, exposure of the subendothelial cell matrix triggers a cascade of events which initiates 

formation of a blood clot77,79. Hemostasis is broken into two main components: primary hemostasis 

and secondary hemostasis. In primary hemostasis, platelets self-aggregate and adhere to the site of 

injury to stem blood flow77,80. In secondary hemostasis, a proteolytic coagulation cascade 

generates insoluble fibrin which forms a mesh around the platelet plug to further stabilize it77,81. 

In SCD, both components of hemostasis are increasingly activated.  

Elevated wall shear stress, the force per unit area applied by the wall to the fluid tangential 

to the flow of blood82, disrupts connections between endothelial cells, exposing the underlying 

extracellular matrix (ECM)83. Exposure of the ECM allows for the adhesion of platelets either 

directly via platelet glycoproteins such as glycoprotein (GP) VI and GP Ia/IIa receptors84 or 

through formation of a bridge mediated by von Willebrand factor and platelet membrane receptor 

complex GP Ib-IX-V84,85. This adhesion to the ECM, directly or indirectly, is the first step of 

primary hemostasis85. Wall shear stress and overall vascular tone is regulated by endothelium 

derived nitric oxide86.  

Nitric oxide, a primary regulator of vasoactivity, is produced by the enzymatic degradation 

of L-arginine to L-citrulline in the presence of nicotinamide adenine dinucleotide phosphate 

(NADPH) and molecular oxygen by endothelial nitric oxide synthase (eNOS)87,88. In SCD, 

hemolytic release of hemoglobin, arginase 1, and asymmetric dimethylarginine (ADMA) depletes 

and inhibits nitric oxide54, L-arginine89, and eNOS90, respectively11. Depletion of this vital 

vasodilator impairs maintenance of normal vascular tone resulting in an inability to respond to 
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changes of blood flow which culminates in an increase in wall shear stress in SCD patients86. With 

this increase in wall shear stress, there is increase exposure of the ECM, activation of platelets, 

and primary hemostasis. 

Injury of the endothelium also exposes the blood to the extravascular space which contain 

tissue factor77. Tissue factor starts the coagulation cascade, and therefore secondary hemostasis, 

by cleaving factor X to factor Xa which then cleaves prothrombin to thrombin which can further 

activate platelets as well as generate fibrin promoting clot formation77,91. There is increased 

expression of tissue factor on the SCD endothelium92 and tissue factor procoagulation activity is 

increased in whole blood of SCD patients93. This chronic activation of the coagulation cascade 

leaves SCD patients prone to thrombotic complications94. Therapeutic targeting of the coagulation 

system has shown to be beneficial in reducing short term consequences of SCD, but the benefits 

of long term anticoagulation therapy on reducing end organ damage have yet to be examined95. 

Within the blood vessel the endothelium physically separates the blood from the tissue in 

order to maintain protein and water balance between the interstitial and intravascular 

compartments96,97. The integrity of this barrier varies between organs and even amongst the 

vascular segments of a particular organ96. The barrier is formed laterally through cell-cell junctions 

and baso-laterally through binding to the basement membrane97. The paracellular junction is 

composed of adherens junctions, gap junctions, and tight junctions98,99. In addition to modulating 

the flow of water and solutes between the extravascular and the intravascular compartments, these 

adhesive structures are also involved in signaling cell growth and polarity as well as 

communicating with smooth muscle cells and pericytes97. Adherens junctions mostly consist of 

vascular endothelial (VE)-cadherin whose main function is to regulate permeability through the 

closure of the paracellular space97,100. Gap junctions, formed by proteins in the connexin family101, 
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permit cell to cell communication by organizing into intercellular channels to connect the 

cytoplasm of adjacent cells97,101. Tight junctions, compromised of claudins, occludin, junctional 

adhesion molecules, and zona occludins, form a semipermeable barrier that is size and charge 

selective depending on its composition102. Endothelial cells bind to fibronectin, collagen, actin, 

laminin, and glycosaminoglycans which are proteins found within the ECM103,104. Binding of the 

endothelial cell to the ECM is mediated by focal adhesions which utilize integrins97,105. Members 

of the integrin superfamily are essential for the maintenance of the endothelial monolayer and the 

vascular endothelial lining106. 

Exposure of the vasculature to free heme induces an increase in vascular permeability 

through the catalysis of ROS107,108. Increased ROS production induces cellular damage and 

dysfunction, and the upregulation of inflammatory pathways, which reduce barrier function 

through the histamine mediated formation of intercellular gaps and the weakening of paracellular 

junctions96,108,109. Ghosh et al found that in transgenic sickle mice the vascular endothelium 

deteriorates with age110. The increased permeability of the vascular endothelium, measured by 

Evan’s blue dye, was increased in multiple organs and aged sickle mice also developed pulmonary 

edema reminiscent of a chronic permeability clinical phenotype seen in SCD patients110. This 

increase in pulmonary vascular permeability also leaves the sickle mice more susceptible to viral 

infection, a contributing factor to acute chest syndrome111. SCD patients have also been found to 

have increased gut permeability inducing intestinal injury and permitting bacteria to enter within 

the systemic circulation112. 

Endothelial cells play active roles in innate and adaptive immunity through their detection 

of foreign pathogens in the bloodstream113. The innate immune system regulates non-specific 

immunity and responds immediately to foreign pathogens114. In response to detection of a foreign 
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pathogen, innate immune cells release cytokines and chemokines to induce recruitment of 

phagocytes to the site of injury to destroy the pathogen114. The adaptive immune system relies on 

interaction with cells of the innate immune system115. Antigen presenting cells present peptide 

antigens via major histocompatibility complex (MHC) class I and class II molecules to 

lymphocytes which then carry out antibody or cell-mediated immune responses113,115.  

Endothelial cells express toll-like receptors (TLRs) and nucleotide oligomerization domain 

(NOD)-like receptors (NLRs) which are pattern recognition receptors that identify pathogen-

associated molecular patterns113. Endothelial cells also express chemokine receptors116 and secrete 

pro-inflammatory cytokines interleukin-8 (IL-8) and IL-1 via activation of TLR4117,118. 

Endothelial cells can also participate in the adaptive immune system by acting as antigen 

presenting cells. Endothelial cells upregulate expression of MHC I and induce expression of MHC 

II upon stimulation113. Expression of these MHC molecules allows endothelial cells to influence 

migration of lymphocytes to sites of inflammation119.  

In SCD, there is an increased incidence of bacterial infections such as osteomyelitis120,121, 

meningitis121,122, urinary tract infections121,123, and pneumonia121,124. While defect of splenic 

function due to damage from having to filter sickled RBCs is the major contributing factor125, 

endothelial cells contribute to the chronic inflamed state through their increased activation by free 

heme and hemoglobin, hypoxia-induced ROS, and direct contact with sickled RBCs11. Free heme 

acts as a DAMP activating TLR4 receptors on endothelial cells125 and triggering NFkB signaling 

and increased expression of adhesion molecules57. Reduced NO bioavailibity by free hemoglobin 

scavenging also induces the expression of endothelial adhesion molecules11. An increase in the 

endothelial adhesion molecules, which include intercellular adhesion molecule 1 (ICAM1), 

vascular cell adhesion protein 1 (VCAM1), E-selectin, P-selectin, leukocyte surface antigen CD47 
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and αVβ3 integrin, are implicit in adherence of erythrocytes and leukocytes11,27. Activated 

endothelial cells also contribute to the chronic inflammatory state by producing the inflammatory 

mediators IL-1β, IL-6 and tumor necrosis factor11,126. 

Angiogenesis refers to the development of new blood vessels from pre-existing blood 

vessels65. While angiogenesis is an essential physiological process during development, repair, and 

reproduction, it can also be pathological65. Endothelial cells normally have a turnover rate of over 

one hundred days; however once activated by angiogenic factors they proliferate rapidly degrading 

ECM and migrating towards the angiogenic cues to create tubular structures65,127. Breakdown of 

the basal lamina and ECM is regulated by matrix metalloproteinases, plasminogen activators and 

inhibitors, and several proteinase families65,128. Upon degradation, the ECM releases numerous 

growth factors which promote angiogenesis, simultaneously inhibitors of angiogenesis are also 

released to tightly control the process65,129. Vascular endothelial growth factor (VEGF) is an 

essential growth factor during the formation of blood vessels and in the newly formed vessel65,129. 

Hypoxic conditions in SCD are generated by vaso-occlusive events as well as by an 

insufficiency in the number of RBCs able to carry oxygen130,131. Hypoxia stimulates the 

upregulation of endothelial hypoxia inducible factor 1 (HIF-1)132, which upregulates the 

transcription of angiogenic genes, including VEGF130. Additionally, other angiogenic mediators 

such as erythropoietin133, placental growth factor134, and angiopoietin-2135 are elevated in SCD 

patients. Clinically, a pro-angiogenic state is associated with pulmonary hypertension, moyamoya 

syndrome, leg ulcers, and proliferative retinopathy136. Hydroxyurea, the first Food and Drug 

Administration (FDA) approved drug for SCD, can downregulate HIF1A expression reducing 

vessel assembly136. 
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1.4 Superoxide dismutase 2 and Sickle Cell Disease 

Superoxide dismutases are a family of enzymatic antioxidant proteins that include three 

isoforms, all with similar activities, that have been identified and described in mammals: copper-

zinc superoxide dismutase (Cu/ZnSOD, SOD1), manganese superoxide dismutase (MnSOD, 

SOD2), and extracellular superoxide dismutase (ECSOD, SOD3). These enzymes specialize in 

eliminating oxidative stress through the rapid (catalytic efficiency of 109 M-1 s-1) dismutation of 

superoxide anion radicals (O2
.- + O2

.- + 2H+ → O2 + H2O2)
137,138 (Figure 1). Hydrogen peroxide is 

then further catalyzed to water by catalase, peroxiredoxins, or glutathione peroxidases. The three 

isoforms differ in chromosomal position, gene encoding, protein structure, cellular localization, 

and co-factor requirements (reviewed in detail in 138). SOD2 is transcribed from sod2 and 

translated as a ~23 kDa homotetramer symmetrically assembled from pairs of N-terminal helical 

hairpins. The helical hairpins along with the C-terminal / domains contribute ligands to the 

formation of the catalytic manganese site within each subunit139. SOD2 is synthesized in the 

cytoplasm and localizes to the mitochondrial matrix where it scavenges and accelerates the 

dismutation of superoxide anion generated by respiratory chain enzymes140. During normal 

erythropoiesis, RBCs lose their mitochondria and other organelles as they mature. This process 

may be impaired in SCD. A study by Jagadeeswaran et al using reticulocyte-identifying 

fluorescence conjugated CD71 and RNA dye thiazole orange showed increased levels of 

mitochondria in RBCs 141. This finding was interpreted as increased retention of mitochondria in 

sickle RBCs, resulting from disrupted hematopoiesis 141. Increased ROS production from RBC 

mitochondria was also observed 141. It is possible that what was observed in the study by 

Jagadeeswaran et al was not a retention of mitochondria, but a stimulation of erythropoiesis by the 
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severe hemolytic anemia resulting in an increase in the production of many young erythroid 

precursors which retain membrane bound organelles such as mitochondria. 

Given the importance of SOD2 in modulating mitochondrial ROS, an understanding of 

how it is regulated, particularly in the context of increased oxidative states, can lead to better 

insights regarding where therapeutic intervention may be beneficial. The human sod2 gene is 

located on the q25.3 band of chromosome 6 and contains many sites for transcriptional 

modification: GC rich motifs, a Foxoa3 binding site, a NF-kB regulatory element and several 

specific protein 1 (SP1) and activator protein 2 (AP-2) sites138. Transcriptional activation of early 

growth response 1 (Egr-1) upregulates mRNA expression of SOD2 through the induced expression 

of platelet-derived growth factor (PDGF)142. Additionally, a variety of proinflammatory cytokines 

such as interleukin (IL)-1, IL-4, IL-6, tumor necrosis factor (TNF)-, interferon (IFN)-, and the 

bacterial endotoxin lipopolysaccharide (LPS) are robust SOD2 activators 143. In particular, IL-1 

and TNF- transcriptionally upregulate expression of MnSOD (SOD2) in rat pulmonary 

endothelial cells, a response that was exacerbated by the addition of LPS 144. Developmental 

regulation of SOD2 was found in mouse kidneys and is associated with mpv17-like protein (M-

LP). Expression levels of both SOD2 and M-LP increase during embryogenesis, peaking in 

adulthood before decreasing with age 145,146. An incidental side effect of microtubule formation 

inhibitor anti-cancer drugs (vinblastine, taxol, and vincristine) is transcriptional upregulation of 

SOD2 through activation of protein kinase C, shown in a human lung adenocarcinoma cell line 

(A549)147. Downregulation of SOD2 is elicited by the AP-2 family transcription factors 148,149. 

Enzymatic activity of SOD2 is regulated post-translationally, with phosphorylation at serine 106 

by Cdk1 increasing enzymatic activity and cell survival,150,151 while loss of SIRT3 leads to 

acetylation of lysine 122 and lysine 68 and inhibition of enzymatic activity152,153. 
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SOD2 expression is also regulated by ROS and RNS. Increased peroxynitrite can cause 

nitration at tyrosine 34 leading to enzymatic inhibition 154, while superoxide radicals upregulate 

SOD2 expression through activation of redox sensitive transcription factors NFB and Nrf2155,156. 

The antagonistic roles that peroxynitrite and superoxide radicals have in regulating SOD2 

expression and activity aides in understanding why mitochondrial antioxidant response in SCD is 

particularly dysregulated. In addition to ROS and RNS having opposed regulatory functions, 

SOD2 activation by superoxide radicals in SCD is impaired. While NFB is activated in SCD, 

57,157 there is diminished Nrf2 activation in transgenic mouse models of SCD, suggesting a 

dysfunctional response by the sickle antioxidant system. Pharmacological activation of the Nrf2 

pathway by treatment with dimethylfumarate (DMF) in transgenic sickle mice is able to increase 

antioxidant expression (hemoxygenase-1 (HO-1), haptoglobin, hemopexin, and ferritin heavy 

chain (FHC)) in the liver and kidneys, as well as prevent progression of disease pathology in the 

liver158. In a study examining the neuroprotective effects of DMF following oxidative stress from 

hydrogen peroxide, DMF significantly upregulated gene expression of SOD2 in rat neural 

stem/progenitor cells159. The positive results obtained with pharmacological activation of the Nrf2 

antioxidant pathway, and specifically upregulation of SOD2, holds promise for the development 

of Nrf2 activators such as DMF for clinical use in SCD. 

SOD2 has been shown to be a vital enzyme in the maintenance of vascular function. Low 

levels of intracellular and extracellular hydrogen peroxide and superoxide contribute to 

physiological biochemical processes such as defense against microorganisms and cell 

signaling160,161. In diseases such as SCD, hypertension, and diabetes, where there is an excess of 

superoxide, regulation of the SOD enzymes plays an important role in attenuating oxidative 

damage to the mitochondria and endothelium. Specifically, adjustments in levels of superoxide 
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have been shown to modulate cell growth, apoptosis, inflammation, gene expression, and vascular 

tone via oxidation of signaling molecules and activation of redox sensitive transcription factors140. 

SOD2 overexpression and excess generation of hydrogen peroxide has been implicated in 

angiogenesis through increased oxidation of phosphatase and tensin homolog deleted from 

chromosome 10 (PTEN)162, cell differentiation through prolonged extracellular signal-regulated 

kinase (ERK1/2) signaling163, and pulmonary hypertension through the activation of hypoxia 

inducible factor (HIF)-1-O2 sensitive pathways164. A deficiency of SOD2 in Apo E deficient mice 

results in mitochondrial damage and impaired vascular relaxation in response to acetylcholine165. 

The endothelial and mitochondrial damage resulting from SOD2 deficiency could not be rescued 

by 4,5-dihydroxy-1,3-benzene disulfonic acid mediated scavenging of superoxide, supporting the 

vital role of SOD2 in maintaining vascular function165. In vascular aging, disruption of vascular 

homeostasis and functional deterioration results from imbalances between pro- and anti-oxidants. 

This vascular aging-related dysfunction is more pronounced in heterozygous SOD2 mice, and is 

associated with increased levels of mitochondrial ROS production and mitochondrial damage 166. 

It has been noted that SCD patients have reduced peripheral blood SOD2 expression167. In SCD, 

increased oxidative scavenging of the vasodilator nitric oxide (NO) is likely a contributory factor 

in accelerating deterioration of vascular function.  

SOD2 expression and activity must be maintained at a balance in order to avoid (1) excess 

superoxide and (2) overproduction of hydrogen peroxide 168. Excess superoxide disrupts cellular 

activity by reacting with NO and targeting iron sulfur clusters 169-171, which can impair NO-

mediated vasodilation, 29 activate mitochondrial uncoupling proteins, and modify complex I of the 

electron transport chain for diminished proton motive force and decreased ATP production169 

170,171. On the other hand, increased hydrogen peroxide through the upregulation of SOD2 
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stimulates prooxidants involved in apoptosis169, as well as targets thiol groups on proteins and 

provides a substrate for oxidant production by Fenton chemistry. The deleterious consequences of 

abnormal SOD2 activity highlights the importance of balance in maintaining healthy vascular 

function and the need for careful patient selection when considering SOD2 therapies. 

In SCD, ischemia-reperfusion increases ROS and RNS generation through the upregulated 

enzymatic activity of xanthine oxidase172-174, NADPH oxidases (NOXs)175-177, and nitric oxide 

synthase, both coupled and uncoupled 178. Limited oxygen availability during ischemia-

reperfusion impairs metabolism and increases mitochondrial ROS production 179. Electron transfer 

between heme iron and oxygen29 occurs at a faster rate in sickle hemoglobin than in non-sickle 

hemoglobin 180,181, predisposing sickle RBCs to autooxidation and lysis. Hemolysis releases excess 

amounts of hemoglobin into plasma, which saturate the scavenging molecules haptoglobin and 

CD16355,182. Unscavenged hemoglobin is free to react with hydrogen peroxide, forming hydroxide 

radicals via Fenton chemistry. It also scavenges NO, limiting its bioavailability 54,55. In the 

proinflammatory milieu of SCD, sickled RBCs have increased adhesion to the vascular 

endothelium via vascular adhesion molecule-1 (VCAM-1), intracellular adhesion molecule-

1(ICAM-1), E-selectin, and P-selectin29,183-185. RBC adhesion to vascular endothelium activates 

the NF-kB pathway and increases oxidative stress as measured by TBARS formation 186. SOD and 

catalase were shown to reduce expression of VCAM-1, decreasing oxidative stress as measured 

by TBARS, in cultured human umbilical vein endothelial cells (HUVEC)186. SOD2 mRNA levels 

are reduced in the peripheral blood of SCD patients, affecting SOD2 protein levels that correlate 

with RBC count, reticulocyte count, platelet count, C-reactive protein, ferritin, brain natriuretic 

peptide values and echocardiographic indications of pulmonary hypertension167. Considering the 

beneficial effect of SOD supplementation on oxidative stress and adhesion in vitro and the 
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deficiency of SOD2 in patients with SCD, the potential for SOD therapy in SCD takes on greater 

meaning. While SOD2 supplementation has the potential to offer great benefit for those SCD 

patients deficient in SOD2, it is important to note that SOD2 overexpression upregulates 

angiogenesis through hydrogen peroxide meditated oxidation of PTEN162. Angiogenic mediators 

such as vascular endothelial growth factor (VEGF), placental growth factor (PGF), and 

erythropoietin (EPO) are reportedly elevated in SCD130. Given the role of SOD2 in promoting 

angiogenesis and the pathological angiogenesis that contributes in some cases to sickle 

pathology130, it is vital to screen potential recipients of SOD2 therapy for markers of increased 

angiogenesis such as VEGF, PGF, and EPO in order to avoid propagating pathological 

angiogenesis.  

The function of SOD2 has been well studied in global and cell type-specific knockout 

models. In mice, complete global deficiency of SOD2 results in early lethality with the 

development of severe cardiomyopathy, anemia, and neural degeneration187. In order to study the 

effect of SOD2 deficiency in hematopoietic cells in vivo over long periods of time, Friedman et al 

transplanted murine fetal liver stem cells deficient in SOD2 into gamma-irradiated metabolically 

normal mice188. Sod2-/- liver stem cells were able to rescue irradiated mice, but unlike Sod2+/- and 

Sod2+/+ liver stem cells, erythrocyte development was impaired, and mice were persistently 

anemic188. SOD2 deficiency resulted in an increased accumulation of oxidized RBC protein, 

decreased RBC survival, and decreased RBC membrane deformability188. Increased rate of 

hemoglobin oxidation, increased heme degradation products, and reduced deformability of RBCs 

189 were also found in a hematopoietic stem cell transplant model of SOD2 deficiency. All of these 

RBC pathologies are characteristic of hemolytic anemias such as SCD188, providing further 

evidence of the antioxidant’s vital role in SCD and other hemolytic anemias. Interestingly, while 
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Friedman et al have shown that SOD2 deficiency is detrimental for RBCs, SOD2 seems 

nonessential for platelet functioning. Fidler et al observed increased mitochondrial ROS in a 

platelet-specific SOD2 knockout mouse model but the increase in ROS did not affect platelet 

activation190. Even in pathological platelet centered immune mechanisms, such as sepsis and 

autoimmune inflammatory arthritis, there was no phenotypic difference between the SOD2 

knockout and wild type models190. These studies indicate that RBCs and not platelets would be a 

target for therapies centered on SOD2 in SCD.  

Several SOD2 gene polymorphisms and their clinical implications have been described 

143,191,192. A valine-16 to alanine (Val-16-Ala) polymorphism associates with clinical 

complications for SCD patients. This polymorphism is correlated with decreased SOD2 activity 

as well as increased vaso-occlusive crises and acute splenic sequestration in children with SCD193. 

Decreased SOD2 enzymatic function with the Val16Ala polymorphism has also been observed in 

cryopreserved human hepatocytes194 and isolated human erythrocytes195. The Val-16-Ala 

polymorphism occurs at a high frequency among various ethnic groups: 0.4521 in Africans, 0.6492 

in Latinos, 0.5375 in South Asians, 0.5162 in Europeans (non-Finnish), 0.1596 in East Asians196, 

and 0.4902 in others. The high frequency of the Val16Ala SOD2 polymorphism and reported 

associations with sickle complications emphasizes the significant role that Val-16-Ala may play 

in contributing to the phenotypic spectrum of SCD. Recently, Ganini et al. have shown that when 

cells and animals are exposed to a high iron/manganese ratio, SOD2 incorporates iron more so 

than manganese, creating a prooxidant peroxidase197. This aberrant iron-bound SOD2 leads to 

oxidative stress and mitochondrial dysfunction both in vitro and in vivo197. In SCD, frequent blood 

transfusions, decreased RBC survival, and increased intravascular hemolysis increase iron 

levels198, thus increasing the iron/manganese ratio. The role of endothelial SOD2 in SCD has yet 
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to be established. Further investigation into the Val-16-Ala SOD2 polymorphism’s antioxidant 

capacity and how the potential incorporation of iron into SOD2 may contribute to different sickle 

pathologies (e.g. pulmonary hypertension, stroke, renal failure, leg ulcers) and response to 

therapeutics will aid in the development of more personalized clinical care. 

While the implications of SOD2 regulation in hemolytic disorders is still a new area of 

investigation, there is an abundance of literature investigating how redox status, and in particular 

SOD2 expression and activity levels, play a role in response to pharmacological treatment of 

leukemias and lymphomas. In adult patients with acute lymphoblastic leukemia (ALL), the Val-

16-Ala SOD2 polymorphism is associated with increased hepatotoxicity following asparaginase-

based treatment199. This increased hepatoxicity with the Val-16-Ala polymorphism suggests that 

asparaginase-based therapies should be used with caution in ALL patients with the 

polymorphism. In cell line models of acute myeloid leukemia (AML), treatments targeting ROS 

production and expression levels of SOD2 have shown efficacy 200,201. Specifically, 

disulfiram/copper was able to increase ROS in AML cell lines by inducing SOD2 and 

suppressing catalase, therefore increasing hydrogen peroxide production200. This suggests that 

SOD2 induction-based therapy may be effective as an AML therapeutic. A phase 2 clinical trial 

investigating the use of Imexon for relapsed follicular and aggressive lymphomas revealed that 

redox related genes such as glutathione peroxidase and SOD2 correlate with clinical 

responses202. This indicates that analysis of pretreatment markers of oxidative stress may aide in 

identifying patients most likely to benefit from treatment with Imexon202. These studies show 

that SOD2 holds promise as a prognostic biomarker in leukemia and lymphoma and suggest it 

may play a role in the pathogenesis of hematologic malignancies. 
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Figure 1 

Sickled red blood cells (RBCs) undergo hemolysis releasing hemoglobin (Hb) and heme. Hemoglobin reacts with 1) 

nitric oxide (NO.) forming nitrate (NO3
-) and 2) hydrogen peroxide (H2O2) producing hydroxide (OH-). Endothelial 

bound xanthine oxidase (XO) generates superoxide (O2
.-) and H2O2. Free heme binds to toll like receptor 4 (TLR4) 

producing reactive species through the activation of the NFB pathway. Superoxide Dismutase (SOD) 3 is found in 

the extracellular compartment and transforms O2
.- to H2O2. 

In the endothelial cell cytoplasm, endothelial nitric oxide synthase (eNOS) uncoupling and NADPH oxidase (NOX) 

2, 4, and 5 produce O2
.- which is dismutated by SOD1. eNOS normally generates NO. which is capable of reacting 

with O2
.- forming peroxynitrite (ONOO-). In the mitochondrial matrix, electrons leaked from complexes I and III of 
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the respiratory chain react with oxygen (O2) forming O2
.-. SOD2 dismutates O2

.- to H2O2 which is further broken 

down to water by catalase. SOD2 expression and activity is maintained at a precise balance. Overexpression of 

SOD2 decreases O2
.- levels and increases H2O2 levels which are then free to target protein thiols. SOD2 

underexpression or dysfunction increase O2
.- levels, increasing nitration and oxidation of iron sulfur clusters and 

decreasing metabolism and ATP production. 

1.5 The Purpose of this Dissertation 

We hypothesized that SOD2 is a genetic modifier of SCD. To test this hypothesis, we had 

two aims. In Aim 1 we determined the function of SOD2 V16A in SCD and in Aim 2 we elucidated 

the role of SOD2 in the endothelium. The goal for this dissertation is to inform the reader of our 

discovery that SOD2 is a novel biomarker regulating SCD pathology. SOD2 has been shown to be 

vital for survival in knockout mouse models with mice succumbing by 3 weeks of age due to 

neuronal degeneration, dilated cardiomyopathy, and severe anemia187. Additionally, SOD2 is 

fundamental for the preservation of vascular tone. Dikalova et al. found that patients with essential 

HTN had a 2.6-fold increase in acetylation of SOD2 attributable to a 1.4-fold decrease in Sirtuin 

3 (SIRT3) expression203. Increased SIRT3 mediated acetylation of SOD2 was found to decrease 

SOD2 enzymatic activity and further elevate blood pressure in an angiotensin II induced HTN 

rodent model203. Additionally, heterozygous knockout of SOD2 in mice has been shown to produce 

spontaneous HTN by 2 years of age204, which can be accelerated to 6 months of age with a high 

salt (2%) diet 204. Moreover, aortas isolated from aged SOD2 deficient mice have shown decreased 

vasorelaxation in response to acetylcholine that associates with increased mitochondrial reactive 

oxygen species formation166. Considering the vascular endothelium is a primary target for damage 
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in SCD and that SOD2 has been shown to regulate vascular tone, we inquired whether SOD2 could 

play a role in further modulating SCD pathology. 

Herein we present our original research currently in revision and review detailing the role 

of SOD2 in the sickle pulmonary endothelium. Studies in Chapter 2 outline our results where we 

show that the common polymorphism for SOD2 which substitutes Valine for Alanine at the 16th 

amino acid position (SOD2V16A) is associated with clinical markers of endothelial dysfunction in 

a cohort of 410 SCD patients. We also show that in cultured human pulmonary arterial 

endothelial cells, SOD2V16A overassociates with Complex IV of the respiratory chain, decreasing 

its activity and oxygen consumption, while also increasing production of mitochondrial O2
- and 

extracellular H2O2. In Chapter 3, we go on to show that SCD patients have a significant 

reduction of SOD2 in both pulmonary endothelial and smooth muscle cells. In vitro experiments 

using cultured human pulmonary microvascular endothelial cells demonstrated that depletion of 

SOD2 results in an increase in cell adhesion and permeability, a decrease in proliferation and 

migration, and dysregulation of integrin proteins. We also found that this endothelial cell 

dysfunction was mediated by disruption in fibronectin processing. In Chapter 4, I discuss what 

questions remain unanswered, future directions for those wishing to continue these studies, and 

the implications of our findings in the management and treatment of SCD patients. 
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2.1 Summary 

Superoxide dismutase 2 (SOD2) catalyzes the dismutation of superoxide to hydrogen 

peroxide in mitochondria limiting mitochondrial damage. The SOD2 amino acid valine-to-alanine 
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substitution at position 16 (V16A) in the mitochondrial leader sequence is a common genetic 

variant among patients with Sickle Cell Disease (SCD). However, little is known about the 

cardiovascular consequences of SOD2V16A in SCD patients or its impact on endothelial cell 

function. Here, we show SOD2V16A associates with increased tricuspid regurgitant velocity (TRV), 

systolic blood pressure, right ventricle area at systole and declined 6-minute walk distance in 410 

SCD patients. Plasma lactate dehydrogenase, a marker of oxidative stress, significantly associated 

with higher TRV. To define the impact of SOD2V16A in endothelium, we introduced the SOD2V16A 

variant into endothelial cells. SOD2V16A increases hydrogen peroxide and mitochondrial reactive 

oxygen species (ROS) production compared to controls. Unexpectedly, the increased ROS was 

not due to SOD2V16A mislocalization but was associated with mitochondrial Complex IV and a 

concomitant decrease in basal respiration and Complex IV activity. In sum, SODV16A is a novel 

clinical biomarker of cardiovascular dysfunction in SCD patients through its ability to decrease 

mitochondrial Complex IV activity and amplify ROS production in the endothelium. 
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2.1.1 Graphical Summary: 

 

2.2 Introduction 

Although sickle cell disease (SCD) is ascribed to a single point mutation in -globin gene, 

the cardiovascular presentation among patients remains highly variable. For example, pulmonary 

hypertension occurs in 6-11% of adult SCD patients and predicts early death205,206 whereas 24% 

of patients exhibit signs of stroke by 45 years of age207. While several factors contribute to 
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cardiovascular deviation among SCD patients, genetic variability, and oxidative stress are key 

elements driving phenotype heterogeneity. 

Mitochondria dysfunction contributes to SCD pathogenesis by increasing reactive oxygen 

species (ROS)28. Mitochondria uncoupling increases superoxide (O2
•-) formation which is 

managed by superoxide dismutase 2 (SOD2), a mitochondrial matrix protein that catalyzes 

dismutation of superoxide to hydrogen peroxide (H2O2). A valine-to-alanine substitution 

(SOD2V16A, rs4880) in the mitochondria leader sequence (MLS), is found in 45% of people with 

African ancestry, 65% of Latinos, 54% of South Asians, and 52% of Europeans196. In SCD, 

SOD2V16A associates with acute splenic sequestration and vaso-occlusive crises in children193 

and increased risk of stroke in adults208. However, the impact of SOD2V16A on cardiovascular 

severity remains unclear and rigorous functional studies defining the impact of SOD2V16A remain 

elusive. This stems from contradictory results suggesting enzymatic activity of SOD2V16A can be 

increased209 or decreased193. We hypothesized that SOD2V16A drives mitochondria dysfunction, 

increases mitochondrial ROS production, and can be used as a prognostic genetic biomarker for 

vasculopathy in SCD patients. 

2.3 Materials and Methods 

Cohort and Genetic Analysis 

SCD patients from the Treatment of Pulmonary Hypertension and Sickle Cell Disease With 

Sildenafil Therapy (walk-PHaSST) trial were recruited for molecular genetic analysis (approved 

under University of Pittsburgh Institutional Review Board Protocol STUDY19060255)210. 
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Genotyping of rs4880 was performed using Taqman genotyping assay (C___8709053_10) and 

methods were performed as described  and adjusted for age, gender, BMI, hemoglobin, pulse rate, 

antihypertensive treatment, -globin deletion and study site211.  

HPAEC Transduction and Transfection with APEX 

Polyhistidine-tagged human SOD2 rs4880 (A) encoding Valine on the 16th amino acid 

position (SOD2WT) or SOD2 rs4880 (G) encoding Alanine on the 16th amino acid position 

(SOD2V16A) was placed on a bicistronic lentiviral vector that also co-expressed GFP as previously 

described212. HPAECs were incubated with the lentivirus and 1 ug/mL polybrene for 8 hours in a 

6 well plate (250,000 cells/well) to achieve a 2-fold increase over endogenous SOD2. Experiments 

were performed 72 hours post lentiviral transduction. HPAECs were transfected with 0.5 ug 

SOD2WT or SOD2V16A conjugated with APEX2 using Nucleofector (Lonza) according to 

manufacturer’s instructions, experiments were conducted 24 hours post transfection. APEX2 

assays were performed as previously described213. 

Respiratory Complex and Oxygen Consumption Assays 

Complex I activity was determined by monitoring the rate of oxidation of 5mM NADH in 

the presence of 5mM coenzyme Q2 at 340 nm in the presence and absence of 1mM rotenone. 

Complex III activity was determined by monitoring the rate of reduction of 15M cytochrome c 

at 550nm in the presence of 8mM ubiquinol. Complex IV activity was determined by measuring 

oxidation of cytochrome c at 550nm. Complex V activity was determined by measuring oxidation 

of 300M NADH at 340nm in the presence and absence of 250M oligomycin. Complex I, II, and 

IV activities were normalized to Complex V activity.  Oxygen consumption was performed using 

a Seahorse as previously described28. 
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Cell Culture and Reagents 

Human pulmonary arterial endothelial cells (HPAECs) were obtained from Lonza. Cells 

were cultured in Endothelial Basal MediumTM-2 supplemented with Endothelial Growth 

MediumTM-2 SingleQuotsTM (Lonza) at 37C and 5% CO2 

Primers Used for Plasmid Construction  

SOD2WT primers: ATCCGCTAGCGCCAGCATGTTGAG (forward) and  

TTGAGCTCGAGCTTAATGGTGATGGTGATGATGAGCGGCCGCCTTTTTGCAAGCCA 

(reverse).  

SOD2V16A primers: CAGCTGGCTCCGGCTTTGGGGTATC (forward) and  

GATACCCCAAAGCCGGAGCCAGCTG (reverse). 

Hydrogen Peroxide Measurement 

HPAECs were transduced with 20 L lentivirus in a 6 well plate then replated onto a 96 

well plate (~10,000 cells/well). The next day cells were placed in assay buffer (25nM HEPES, 

10M EDTA, 100M L-NAME (N(G)-Nitro-L-arginine methyl ester), 1mM Taurine and 0.01% 

BSA in HBSS without phenol red). Catalase (500g/mL) was added to select wells as a negative 

control. Cells were pretreated with 2mM antimycin A with or without 10nm aminotriazole and 

then 20M coumarin boronate (Cayman) was added to all wells and fluorescence (350/450 nm) 

was measured kinetically for four hours. Automatic gain adjustment was set to scale to low wells 

using the wells treated with catalase. The slope of the linear portion of the curve was used to 

determine the rate of hydrogen peroxide production. The slope was calculated after removing 

production detected from catalase negative controls. Following the assay, cells were fixed in 2% 
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PFA for 10 minutes and stained with 0.5% Crystal Violet for 15 minutes. The wells were then 

washed with water to remove excess dye. 1% SDS was then added to the wells for 20 minutes. 

Absorbance was read at 590nm using a BioTek Synergy HT Microplate reader. Slopes calculated 

from the hydrogen peroxide assay were normalize to the total cell number measured by crystal 

violet absorbance. 

SOD Activity 

SOD activity was measured using SOD Activity Assay Kit (Abcam, ab65354). To inhibit 

SOD1 activity 3mM potassium cyanide was added to the cell lysate for 15 minutes214 before 

adding reaction solutions. 

Mitochondrial DNA (mtDNA) Measurements 

Total DNA was extracted as previously described with minor modifications215. Snap-

frozen cells were lysed in proteinase K buffer (100 mM Tris-HCl pH 8.5, 5 mM EDTA, 0.2% 

SDS, 200 mM NaCl), 0.6 mg/mL proteinase K (Fisher Scientific) and 0.01% 2-mercaptoethanol, 

overnight at 55 C. NaCl (1. 27M) was added to precipitate proteins and cell membranes by 

centrifugation at 28,000 RCF for 15 minutes at 4 ̊C. The supernatant was collected and mixed to 

100% ethanol. The nucleic acids were precipitated by centrifugation at 28,000 RCF for 15 

minutes at 4 C. The pellet was washed with 70% ethanol, air-dried overnight in the dark, and 

resuspended in DNases-free water. DNA was treated with 0.4 mg/mL RNase A (Sigma-Aldrich) 

for 2 hours at 37 C to degrade RNAs, then stored at -20 C, and successively quantified by 

AccuBlue Broad Range dsDNA Quantitation kit (Biotium).  

Mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) were measured by duplex 

qPCR using the TaqMan chemistry in a 96-well StepOnePlus™ Real-Time PCR System 
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(Applied Biosystems, Thermo Fisher Scientific). The reaction contained four ng of DNA 

template, Luna Universal qPCR Master Mix (New England Biolabs), two probes and primer set 

(ND1PL for mtDNA and B2M for nDNA, respectively). Thermocycling condition and 

probes/primer set were previously validated216. 

Mitochondrial DNA was normalized to the nDNA by ΔCt method for each sample. The 

mtDNA/nDNA in SOD2V16A was calculated as variation of SOD2WT (arbitrary unit=1), by 2-

ΔΔCt method for each biological replicate.  

Mitochondria Superoxide Measurements 

Transduced HPAECs were trypsinized and resuspend in Ca2+ and Mg2+ free Hank’s 

Balanced Salt Solution (HBSS). 150,000 cells were added to each well of a 96 well plate along 

with 5 M MitoSOX Red (Invitrogen). After addition of MitoSOX, fluorescent signal 

(510nm/580nm) was recorded at 37C for 2 hours. Fluorescent intensities were averaged every 6 

minutes to reduce variation before the log phase slope was calculated to express the reaction rate. 

The results were normalized to protein concentration. 

Electron Microscope (EM) Imaging and Affinity Pulldown of APEX2-SOD2 Constructs 

Transfected HPAECs cells were rinsed and fixed in 1 volume 2% glutaraldehyde, 1 

volume deionized water, and two volumes 0.2M cacodylate on ice for one hour. Following 

fixation cells were washed with 100 mM cacodylate and then incubated with 20 mM glycine 2 

mM CaCl2 in 100mM cacodylate on ice for 5 minutes. After washing cells were incubated in 0.5 

mg/mL 3,3’-diaminobenzidine (DAB) for 30 minutes. After incubation with DAB, H2O2 was 

added to a final concentration of 10mM until brown precipitate was observed. Cells were then 

rinsed with 100mM cacodylate, post-fixed in 1% osmium tetroxide with 1% potassium 
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ferricyanide, rinsed in PBS, dehydrated through a graded series of ethanol and embedded in 

Poly/Bed® 812 (Luft formulations). Semi-thin (300 nm) sections were cut on a Leica Reichart 

Ultracut, stained with 0.5% Toluidine Blue in 1% sodium borate and examined under the light 

microscope. Ultrathin sections (65 nm) were examined on JEOL 1400 Plus transmission electron 

microscope (grant #1S10RR016236-01 NIH for Simon Watkins) with a side mount AMT 2k 

digital camera (Advanced Microscopy Techniques, Danvers, MA) at the Center for Biologic 

Imaging at the University of Pittsburgh. 

For affinity pulldown, transfected cells were incubated with 500M biotin-phenol 

(Cayman) for 30 minutes. APEX2 was activated by adding H2O2 at a final concentration of 

100M for 60 seconds. The reaction was quenched by repeated washing using 10mM sodium 

ascorbate, 10mM sodium azide, 5 mM Trolox (Cayman) in phosphate buffered saline, pH 8. 

Biotinylated proteins were enriched utilizing Dynabeads M-280 Streptavidin (Invitrogen) and 

eluted in 2X Lammeli Buffer by heating the beads before immunoblotting. 

Quantification of APEX Imaging 

To quantify the localization of the SOD2 variants, regions of interest were drawn within 

the mitochondrial matrix and the cytoplasm adjacent to the measured mitochondria matrix. The 

inverse of the raw integrated intensities was taken and the inverse of the intensity within the 

mitochondria matrix was normalized to the inverse of the intensity measured in the cytoplasm.  

Measurement of metabolic pathways  

Oxygen consumption rate (OCR) was measured in HPAECs transduced with either SOD2 

variant using the Seahorse Extracellular Flux (XF96) Analyzer (Seahorse Bioscience, Inc., North 

Billerica, MA) as previously described28,217. HPAECs were transduced in 6 well dishes and grown 
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in Endothelial Basal Medium. 72 hours after transduction 2.2 x104 cells were loaded into each well 

of a standard XF24 plate. 24 hours after replating, the Endothelial Basal Medium was replaced 

with Dulbecco’s Modified Eagle’s Media (DMEM containing 25mM glucose, 2mM glutamine 

and 1mM pyruvate). Once the medium was changed, cells were consecutively treated with 

oligomycin A (2.0 M), FCCP (carbonyl cyanide--trifluoromethoxyphenylhydrazone) (0.5 M), 

Antimycin-A (Ant A) (2 M), and Rotenone (2 M). After addition of each agent the wells were 

mixed and three measurements of OCR were made. After the end of the experiment, measurements 

were normalized to cell number using crystal violet staining. 

ATP-linked OCR is represented as oligomycin A values subtracted from basal respiration. 

Proton leak is the difference of oligomycin A and Rotenone/Antimycin values. Non-mitochondrial 

respiration is the Rotenone/Antimycin values subtracted from basal respiration. Values are 

expressed in terms of a percentage basal respiration for each run. 

Fatty acid oxidation (FAO) was measured by treating cells with 40 mM etomoxir (ETO) 

and subtracting ETO values from basal respiration. Pyruvate metabolism was measured by treating 

cells with 10 mM UK5099 and subtracting UK5099 values from basal respiration. Glutamine 

oxidation was measured by treating cells with 5 mM BPTES and subtracting BPTES values from 

basal respiration. Basal extracellular acidification rate (ECAR) was measured to determine 

glycolytic rate. 

Western Blot Analysis 

Cell lysates were prepared as previously described218. Goat anti-GFP polyclonal antibody 

(Abcam, ab6673), mouse 6X-his tag monoclonal ab (Invitrogen, 37-2900), mouse anti-tubulin 

monoclonal (Sigma, T5168), mouse anti-ATP citrate synthase polyclonal ab (Santa Cruz, 
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5F8D11), mouse total OXPHOS human ab cocktail (Abcam, ab110411, Complex I-subunit 

NDUFB8, Complex II-subunit 30kDa, Complex III-subunit Core 2, Complex IV-subunit II, 

Complex V-subunit alpha), rabbit anti-catalase monoclonal ab (Cell Signaling, D4P7B), mouse 

anti-TOM20 monoclonal ab (Santa Cruz, sc17764), rabbit anti-HIF-2α monoclonal ab (Cell 

Signaling, 7096), mouse anti-eNOS monoclonal ab (BD Transduction Labs, 610308), rabbit anti-

peNOS S1177 polyclonal ab (Cell Signaling, 9571), and mouse anti-actin monoclonal ab (Santa 

Cruz, sc47778) were used in western analyses. 

ATP Quantification 

ATP was quantified using CellTiter-Glo Luminescent Cell Viability Assay (Promega, 

G9241) according to manufacturer’s instructions. 

Measurement of  

Transfected HPAECs were incubated with 10 g/mL JC-1 probe (ThermoFisher Scientific, 

T3168) for 20 minutes at 37C then subjected to 2 color flow cytometry (514/529nm and 

585/590nm) to quantify the proportion of cells containing JC-1 green monomer (indicative of low 

) and JC-1 red aggregates (indicative of high ) . The ratio of cells containing red aggregates 

to green monomer was calculated and expressed relative to SOD2WT transfected HPAECs. 

In vitro wound healing assay 

HPAECs were plated onto 12 well cell culture plates, transduced and grown to confluence. 

Scratches were made to the bottom of the well using a pipet tip and then imaged. Cells were then 

incubated in growth factor free medium for approximately 16 hours and reimaged. Percent wound 

closure was then calculated. Four measurements were made from three wells on three separate 
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days. Results from each day were averaged and SOD2 V16A closure was normalized to SOD2 

WT closure from the respective day. 

Cell Survival 

22,000 SOD2 WT or SOD2 V16A cells were seeded onto a cell culture plate. The next day 

nonadherent cells were washed off and the remaining living cells were fixed and stained with 

crystal violet. Cells were then dissolved with 1% SDS and protein concentration was measured by 

absorbance at 590 nm. SOD2 V16A cell survival was normalized to SOD2 WT value from the 

respective day. 

Nitrite Measurement 

HPAECs were plated and transduced in 6 well cell culture plates. Cells were scraped and 

collected in a nitrite preservation buffer (potassium ferricyanide 801.1 mM, N-ethylmaleimide 

17.6 mM, NP-40 substitute 6%). Samples were then injected in a glass sparger where nitrite was 

reduced to nitric oxide using the tri-iodide method [potassium iodide 1.11% (w/v), iodine 0.72% 

(w/v), acetic acid 77.8% (v/v)]219. The resultant nitric oxide is carried by helium into Sievers 

Nitrite Oxide Analyzer 280i (General Electric). The chemiluminescent signal from the reaction 

between nitric oxide and oxygen was recorded. Nitrite concentrations were calculated using the 

area under the curve and sodium nitrite standards. SOD2 V16A and Ant A treatment nitrite 

measurements were normalized to SOD2 WT values from the respective day. 

SOD2 Immunoprecipitation 

HPAECs were plated onto a 10 cm cell culture dish and then transduced with either SOD2 

WT or SOD2 V16A. 72 hours after transduction, cells were split in two and half the cells were 

treated with 2 M Ant A for 30 minutes at 37 ºC. Cells were then lysed with immunoprecipitation 
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(IP) buffer (1% NP-40, 137 mM NaCl, 2 mM EDTA, 20 mM Tris) supplemented with proteinase, 

phosphatase, and deacetylase inhibitors and rotated at 4 ºC for 20-30 minutes. An aliquot was 

placed aside for whole cell lysate sample and 50 L Dynabeads™ His-Tag Isolation and Pulldown 

(ThermoFisher, 10103D) were added to the rest of the lysate and rotated at 4 ºC overnight. The 

next day, beads were washed 4 times with 0.1% Tween-20. Protein was eluted in 50 L 2x 

Lammeli buffer at 95 ºC for 15 minutes, vortexing every 2-3 minutes. IP samples were run on a 

gel and transferred. Primary antibodies rabbit anti-SOD2 (Abcam, ab13533) and rabbit anti-

Acetylated Lysine (Cell Signaling, 9441) were used in Western analysis. 

Statistics 

Data was expressed as mean  standard deviation from the mean unless otherwise 

specified. The n values represent biological replicates. Student’s t-test was used to determine 

significance using GraphPad Prism version 8 software. A p-value below 0.05 was considered 

significant. 

2.4 Results 

To evaluate the impact of SOD2V16A on cardiovascular phenotypes, we genotyped 410 SS 

genotype SCD patients from the walk-PHaSST trial210. Using multiple linear regression analysis 

across genotype we found that increased tricuspid regurgitant velocity (TRV, marker of pulmonary 

hypertension), systolic blood pressure, and right ventricular area at systole (Figure 2A-C) along 

with decreased 6-minute walk distance (Figure 2D) correlated with the rs4880 genotype. These 

clinical parameters are suggestive of reduced pulmonary and cardiovascular function; and 
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heightened dysfunctional endothelium. These observations were independent of white blood cell 

count (Table 1). A strong trend towards decreased hemoglobin concentration and a significant 

increase in the hemolytic index were observed indicating a potential role for anemia and hemolysis 

(Table 1). Plasma lactate dehydrogenase (LDH), a marker of hemolysis220, also strongly correlated 

with TRV in rs4880G homozygous patients (Figure 2E). Extracellular activity of LDH increases 

due to cell membrane perturbation by lipid peroxidation221. Thus, LDH is used as a clinical 

biomarker of oxidative stress and inflammation220, 221. Historically, elevated LDH levels in SCD 

patients associate with increased TRV and pulmonary hypertension220. Although we did not 

observe increased LDH levels in rs4880G homozygotes (Table 1), these data suggest that rs4880G 

associates with worse cardiovascular outcomes in the presence of oxidative stress and 

inflammation. 

To investigate the impact of endothelial SOD2V16A, we co-expressed either valine or 

alanine SOD2 and green fluorescent protein (GFP) (Figure 2F) in HPAECs. Using GFP as an 

expression control, we found no difference in the exogenous SOD2 protein levels, suggesting that 

SOD2V16A did not affect protein stability (Figure 2F, G). Next, we tested whether SOD2V16A 

impacted enzymatic activity by measuring H2O2 production in HPAECs. While there was no 

difference in H2O2 production at baseline, the SOD2V16A variant exacerbated antimycin A, a 

Complex III inhibitor, induced H2O2 production compared to SOD2WT expressing HPAECs 

(Figure 2H). Inhibiting catalase failed to correct the differences in H2O2 levels between SOD2 

variants (Figure 3A). Furthermore, SOD2V16A did not alter catalase or SOD1 protein expression 

(Figure 3B, C), suggesting that the difference in H2O2 production was independent of catalase and 

SOD1. These results indicate that SOD2V16A exacerbates H2O2 formation in HPAECs under 

stressed conditions. 
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While enzymatic dismutation by SOD is the most efficient method of dismutation, 

superoxide can spontaneously dismutate to H2O2 independent of SOD222. Therefore, we evaluated 

whether an increase in mitochondrial O2
•- production could be the source of increased H2O2. We 

found increased mitochondria O2
•- levels both at baseline and with antimycin A treatment in the 

SOD2V16A transduced HPAECs (Figure 2I). Increased mitochondria O2
•- could indicate 

compromised SOD2 activity. However, when inhibiting SOD1, the only other intracellular SOD 

isoform, we found SOD activity remained the same between the two variants, indicating that 

SOD2V16A did not alter SOD2 activity (Figure 4A, B).  

Since SOD2V16A retained normal activity, we hypothesized that SOD2V16A mislocalizes 

within HPAECs, considering that the V16A mutation resides in the MLS. To examine SOD2 

subcellular location, we fused APEX2, a peroxidase used for electron microscopy and identifying 

protein-protein interactions, to the C-terminus of the two SOD2 variants213. Surprisingly, we 

observed no difference in localization between SOD2-APEX2 variants within the mitochondrial 

matrix (Figure 5A, Figure 4C). Since neither activity nor localization of SOD2V16A was affected, 

the most likely explanation for the elevated mitochondrial O2
•-  is enhanced production. The 

respiratory chain is the predominant source of mitochondrial O2
•- generation. Therefore, we 

investigated whether SOD2V16A disrupted respiratory chain complex formation or activity. 

Although the protein expression of respiratory chain complexes was not affected by SOD2V16A 

(Figure 5B, C), the variant interacted significantly more with Complex IV (Figure 5D, E). 

Specifically, SOD2V16A interacted more with Subunit 2, part of the catalytic domain of Complex 

IV and showed significantly lower Complex IV activity (Figure 5F). Inhibited Complex IV 

activity impairs mitochondrial respiration223. Indeed, we found that basal oxygen consumption was 

lower in SOD2V16A expressing HPAECs, indicating suppressed mitochondrial respiration (Figure 
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5G). Additionally, there was a compensatory increase in glycolysis and fatty acid oxidation 

(Figure 4D, E). 

Despite the compromised Complex IV activity, SOD2V16A expressing HPAECs maintained 

normal ATP production and mitochondrial potential (Figure 6A, B). However, we observed 

increased mitochondrial hyperfusion (Figure 6C, D). This is consistent with the previous 

observation that reduced Complex IV activity results in mitochondria hyperfusion as a mechanism 

to maintain mitochondria function and ATP production224. These data suggest that SOD2V16A 

expressed in HPAECs preserve ATP production by hyperfusing mitochondria but does so at the 

expense of generating more mitochondrial O2
•- . This increase in ROS production however did not 

result in a change in endothelial cell proliferation and migration, cell survival, or HIF-2α 

expression. However, we found increased nitrite production and eNOS activation (Figure 7) 

possibly due to increased H2O2
225. Increased NO reacts with mitochondrial O2

•-  forming 

peroxynitrite which may exacerbate mitochondria dysfunction. In summary, we have shown that 

in vivo SOD2V16A is a strong predictor of cardiovascular dysfunction in SCD patients; in vitro we 

have demonstrated that SOD2V16A overassociates with Complex IV of the respiratory chain 

reducing complex activity and resulting in increased mitochondrial O2
-and extracellular H2O2 

production. 

2.5 Discussion 

Mechanistically, one limitation remains unsolved: how does SOD2V16A with normal 

enzymatic activity and correct subcellular location result in lower Complex IV activity? SOD2 is 
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embedded within the mitochondria supercomplex I:III:IV, stabilizing and protecting the 

supercomplex from mitochondrial O2
- damage226. In this supercomplex, Complex IV requires 14 

subunits to maintain its activity227. Subunit 4 has redox-sensitive cysteine residues that have been 

proposed to regulate Complex IV conformation and activity under oxidative stress228. Elevated 

mitochondrial O2
- likely enhances H2O2 formation leading to thiol oxidation and possible 

conformational changes in Complex IV, reducing its activity. Other possible targets of hydrogen 

peroxide oxidation within Complex IV include heme (a3) and copper (CuB) which make up a 

catalytic site that is also essential for protein folding and assembly229. However, the mechanism 

driving the interaction between SOD2V16A and Complex IV remain elusive and subject to further 

investigation. SOD2 acetylation has been shown to increase mitochondrial O2
- production230, 

however we found no increase in acetylation of SOD2V16A expressing HPAECs at baseline or 

after treatment with antimycin A (Figure 8). 

An alternative hypothesis is that the MLS, which is cleaved once it is translocated in the 

mitochondria, may impact Complex IV activity. Like SOD2V16A, an alanine-to-valine mutation 

in the MLS of myofibrillogenesis 1 is associated with paroxysmal nonkinesigenic dyskinesia 

without affecting protein maturation and mitochondrial localization231. The alanine residue in 

cleaved MLSs may impact composition of amphipathic peptides in the mitochondria and inhibit 

respiration. The exact mechanism of how alanine containing peptides affect mitochondrial 

respiration remains to be investigated though disturbances of the ratio between amphipathic 

peptides and mitochondria have been previously shown to have deleterious effects on 

mitochondria potential and respiration232. 

Importantly, our study may lead to better-informed management of SCD patients by 

uncovering SOD2V16A as a genetic biomarker to determine efficacy to therapeutics. As such, 
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current therapies with antioxidant properties such as L-glutamine233 and hydroxyurea234 may be 

more effective in patients carrying the SOD2V16A polymorphism. Lastly, the SOD2V16A 

polymorphism may help guide precision medicine approaches for SCD particularly those therapies 

that reduce mitochondrial O2
-235. 
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Figure 2 

Superoxide dismutase 2 (SOD2) V16A is associated with clinical markers of endothelial dysfunction and 

increases extracellular hydrogen peroxide and mitochondrial reactive oxygen species production. 

(A) Tricuspid regurgitant velocity (TRV), (B) Systolic blood pressure, (C) right ventricular area at systole, (D) 6-

minute walk distance of Walk-PhaSST cohort by SOD2 16th amino acid genotype, and (E) interaction between lactate 

dehydrogenase and TRV by SOD2 16th amino acid genotype P for interaction of LDH and genotype <0.001. (F) 

Plasmid schematic of SOD2 lentiviral and (G) protein expression between two SOD2 variants. (H) Extracellular 

hydrogen peroxide and (I) mitochondrial reactive oxygen species produced by each SOD2 variant with and without 

antimycin A. Results in (A)-(E) are in mean with standard error of the mean. In (A)-(D), β means measure the change 

of outcome by each minor allele (additive model) and p values are representing the test for trend. In (E), interaction 

between SOD genotype and LDH was tested in a linear regression analysis. P values test the correlation between TRV 

and LDH in each SOD genotype. Results in (G)-(I) are given in mean with standard deviation. AA represents patients 

with the Alanine variant of SOD2, AG represents patients with the Alanine/Valine variant, and GG represents patients 

with the Valine variant. 
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Figure 3 

SOD2 V16A associates with Complex IV of the mitochondria respiration chain resulting in decreased 

Complex IV activity and basal respiration in human arterial pulmonary endothelial cells. (A) Electron 

microscopy images of APEX fused SOD2 variants obtained at 100,000x magnification with JEM 1400Plus TEM. 

(B-C) Western blots and quantification of mitochondria respiration chain complexes in SOD2 variants. (D-E) 

Western blots and fold enrichment calculations of APEC-fused SOD2 variants after biotinylating and streptavidin 

pulldown. (F) Enzymatic activities of complexes I, III, and IV in SOD2 variants normalized to complex V activity. 

(G) Mitochondria respiration of cells transduced with either SOD2 variant. Results are given in mean with standard 

deviation. 
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Table 1 

Baseline clinical parameters of SCD patient cohort. Distribution of clinical and ECHO marker in SS patients by 

SOD2 genotype. Results for LDH values are given as mean (SD). All other results are in mean (SE) unless 

otherwise specified. Hemolytic index is measured by a principal component analysis of four factors: aspartate 

transaminase (AST), LDH, absolute reticulocytes, and total bilirubin. 

  

Supplemental Table 1

AA AG GG
P value for 

linear trend

N = 129 N = 217 N = 64

Age 35 (1.1) 36 (0.8) 38 (1.6) 0.09

History of 

pulmonary 

embolism %

5% 3% 6% 0.82

Hemoglobin 8.9 (1.4) 8.6 (1.1) 8.5 (2.0) 0.06

MCV 94 (1.0) 93 (0.8) 93 (1.4) 0.62

Reticulocyte 

count
26 (1.2) 26 (0.9) 28 (1.7) 0.27

WBC count 9.7 (0.33) 10.4 (0.25) 10.4 (0.46) 0.21

Platelet 

count
375 (11.6) 380 (9.0) 357 (16.4) 0.37

Left 

ventricular 

e/ea'

6.8 (0.26) 7.2 (0.20) 6.8 (0.37) 0.95

Left mass 

index
113 (3.0) 117 (2.3) 116 (4.3) 0.52

Right atrial 

area
19 (0.4) 20 (0.3) 20 (0.6) 0.76

Creatinine 0.9 (0.09) 0.9 (0.07) 0.9 (0.13) 0.82

Hemolytic 

Index
0.4 (0.18) 0.5 (0.12) 0.9 (0.22) 0.037

LDH 493 (368) 473 (294) 506 (258) 0.39

Distribution of clinical and echo marker in SS patients by SOD2 

genotype. Results are in mean (SE) unless otherwise specified. 
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Figure 4 

SOD2 V16A has increased catalase activity without changes in catalase and SOD1 protein in transduced 

HPAECs. (A) Hydrogen peroxide assay utilizing the catalase inhibitor amino triazole demonstrates an increase in 

hydrogen peroxide production inhibitable by catalase in SOD2 V16A transduced cells. (B-C) Western blot and 

quantification of catalase protein in SOD2 variants. (D-E) Western blot and quantification of SOD1 protein in SOD2 

variants. 
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Figure 5 

No change in SOD2 enzymatic activity, localization between SOD2 variants, or other metabolic pathways. (A) 

Schematic of experimental design to specifically measure SOD2 activity. (B) SOD2 specific activity in SOD2 

variants. (C) Quantification of SOD2 APEX EM Imaging. (D, E) Increase in fatty acid oxidation (FAO) and 

glycolysis. 
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Figure 6 

No changes in ATP production or mitochondria potential in SOD2 V16A transduced HPAECs. (A) ATP 

production, (B) mitochondria potential, and (C) mitochondria DNA in transduced HPAECs. (D) Mitochondria area 

normalized to perimeter, EM image taken at 100,000x magnification with JEM 1400Plus TEM. 
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Figure 7 

No change in endothelial cell function between SOD2 variants. (A, B) Representative images and quantification 

of in vitro scratch assay to measure cell proliferation and migration. No difference was appreciated between SOD2 

variants. (C) Cell survival was measured by plating 22,000 transduced cells and assaying for survivability with 

crystal violet the next day. (D, E) Western blot and quantification of HIF-2α protein in SOD2 variants. (F) Nitrite 
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measurements at baseline in transduced cells. (G-I) Western blot and quantification of eNOS and eNOS pSer1177 

protein in SOD2 variants. 
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Figure 8 

Increased mitochondrial superoxide production in SOD2 V16A HPAECs is not attributable to changes in 

acetylation. His-tag beads were used to immunoprecipitated SOD2 WT or SOD2 V16A from transduced HPAECs 

and degree of acetylation was measured by Western blot. No changes in acetylation were detected at baseline or 

after treatment with antimycin A. 

Supplemental Figure 5

Actin (40 kDa)

SOD2 

WT

SOD2 

V16A

SOD2 

WT

SOD2 

V16A

Ant A

Input

Pulldown

S
O

D
2

(2
5
 k

D
a
)

Acetyl-Lys

A

B

SOD2 WT SOD2 V16A SOD2 WT SOD2 V16A
0.0

0.5

1.0

1.5

2.0

R
e
la

ti
v
e
 A

c
e
ty

la
ti

o
n

L
e
v
e
ls

p=0.3561
p=0.4583

Ant A



 52 

3.0 Endothelial Superoxide Dismutase 2 is Decreased in Sickle Cell Disease and Regulates 

Fibronectin Processing 

Atinuke Dosunmu-Ogunbi1,2,3, Shuai Yuan3, Daniel J. Shiwarski4, Joshua W. 

Tashman1,4, Michael Reynolds3, Adam Feinberg4,5, Enrico M. Novelli2,3, Sruti 

Shiva2,3, Adam C. Straub2,3,6 

1 Medical Scientist Training Program, University of Pittsburgh School of Medicine, Pittsburgh, 

PA, USA 

2 Department of Pharmacology and Chemical Biology, University of Pittsburgh School of 

Medicine, Pittsburgh, PA, USA 

3 Heart, Lung, Blood and Vascular Medicine Institute, University of Pittsburgh, Pittsburgh, PA, 

USA 

4 Department of Biomedical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania, 
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5 Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, 

PA, USA 

6 Center for Microvascular Research, Department of Medicine, University of Pittsburgh School 

of Medicine, Pittsburgh, Pennsylvania, USA 

3.1 Summary 

Sickle cell disease (SCD) is a genetic red blood cell disorder characterized by increased 

reactive oxygen species (ROS) and a concordant reduction in antioxidant capacity in the 

endothelium. Superoxide dismutase 2 (SOD2) is a mitochondrial-localized enzyme that catalyzes 

the dismutation of superoxide to hydrogen peroxide. Decreased peripheral blood expression of 

SOD2 is correlated with increased hemolysis and cardiomyopathy in SCD. Here, we report for the 

first time that endothelial cells exhibit reduced SOD2 protein expression in the pulmonary 

endothelium of SCD patients. To investigate the impact of decreased SOD2 expression in the 
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endothelium, SOD2 was knocked down in human pulmonary microvascular endothelial cells 

(hPMVECs). We found that SOD2 deficiency in hPMVECs results in endothelial cell dysfunction, 

including reduced cellular adhesion, diminished migration, integrin protein dysregulation, and 

disruption of permeability. Furthermore, we uncover that SOD2 mediates changes in endothelial 

cell function via processing of fibronectin through its inability to facilitate dimerization. These 

results demonstrate that endothelial cells are deficient in SOD2 expression in SCD patients and 

suggest a novel pathway for SOD2 in regulating fibronectin processing. 

3.2 Introduction 

Sickle cell disease (SCD) is an inherited hemoglobinopathy that results in sickling of 

deoxygenated red blood cells (RBC) due to a point mutation in the beta-globin gene24. In SCD, 

there is an increase in oxidative stress due to augmented reactive oxygen species (ROS) production 

from enzymatic sources such as xanthine oxidase236 and non-enzymatic sources including Fenton 

chemistry237. Paired with this increase in ROS production is a compromised antioxidant system. 

Levels of both enzymatic and non-enzymatic antioxidants are diminished in sickle cell patients 

compared to controls37-39. This reduction in antioxidants leaves reactive species free to target a 

variety of molecules such as cysteines and lipids, leading to endothelial dysfunction, including 

sterile inflammation 29. As such, activated endothelium upregulates surface adhesion molecules 

causing RBC adhesion and microvascular occlusion29. Extensive microvascular occlusions 

contribute to end-organ damage, which in SCD may manifest as acute chest syndrome238, 

pulmonary hypertension239-241, stroke242,243, acute splenic sequestration244, papillary necrosis245,246, 

amongst others determined by the organ affected247. Pulmonary endothelial dysfunction is 
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responsible for pulmonary hypertension, which significantly escalates mortality of SCD patients 

and is thus a cause of clinical concern239,248,249. Both in SCD and other conditions, pulmonary 

hypertension is characterized by increased oxidative stress250 and, in severe cases, a decrease in 

the enzymatic antioxidant superoxide dismutase 2 (SOD2)251. 

SOD2 is a mitochondrial-localized enzymatic antioxidant that functions by dismutating 

superoxide to hydrogen peroxide (H2O2)
140. SOD2 has been shown to play an essential role in 

maintaining vascular function, while SOD2 deficiency increases oxidative damage and disrupts 

vascular homeostasis140,234. In vivo, depletion of SOD2 promotes neointimal formation through the 

attenuation of vascular smooth muscle cell (SMC) proliferation and migration252. Additionally, 

cardiomyocyte depletion of SOD2 in a mouse model results in the development of a dilated 

cardiomyopathy with isolated cardiomyocytes producing more ROS resulting in a disruption in 

oxidative phosphorylation253. However, the role of SOD2 in endothelial cells remains to be 

investigated.  

In SCD, there is reduced peripheral blood expression of SOD2 and this decrease in SOD2 

is associated with increased hemolysis, inflammation, iron overload, oxidative stress, and SCD 

cardiomyopathy254. While reduction of peripheral blood SOD2 has been reported, the study was 

limited due to a small sample size and select patient population. Consequently, there has been little 

investigation into the consequences of reduced SOD2 in SCD. More importantly, it is not clear 

whether vascular endothelial SOD2 is affected in SCD patients. Considering that the endothelium 

is a primary target for oxidative stress in SCD and that SOD2 is decreased in pulmonary vascular 

disease, we hypothesized that endothelial cell expression of SOD2 would be reduced in SCD lungs 

and that suppression of SOD2 protein levels in cultured endothelial cells would lead to 

mitochondria dysfunction and subsequent endothelial cell dysfunction. 
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3.3 Materials and Methods 

Human lung tissue samples 

Human lung samples were explanted from four patients with SCD and no history of lung 

disease. SCD patient samples were obtained through Institutional Review Board (IRB) approved 

protocols at the University of Pennsylvania255. Lung samples were formalin fixed and paraffin 

embedded then cut into 4- to 5-m thick sections. Sections were then used for immunofluorescent 

staining. Patients were 44.2 ± 9.9 years old at the time of death and two were female. Samples 

from four African American controls were obtained under University of Pittsburgh CORID #451. 

Controls were 4313.7 years, two were female. 

Immunofluorescent staining 

Tissue Histology: Lung sections were deparaffinized with xylene followed by rehydration 

by decreasing 100%-70% ethanol washes ending with distilled water. Sections underwent antigen 

retrieval in a heat mediated citric acid-based solution (H-3300, Vector Laboratories) for 20 minutes 

and then cooled at room temperature for 1 hour. Sections were then blocked in 10% horse serum 

(H1270, Millipore Sigma) in PBS for 1 hour at room temperature. Primary antibodies for von 

Willebrand Factor (ab11713, Abcam, 1:100) and SOD2 (ab13533, Abcam, 1:250) were diluted in 

10% horse serum in PBS and incubated on sections at 4°C overnight. After primary antibody 

incubation, cells were washed in PBS and incubated with secondary antibodies donkey anti-rabbit 

Alexa Fluor 596 (A21207, Invitrogen, 1:250), and donkey anti-sheep Alexa Fluor 647 (A21448, 

Invitrogen, 1:250), along with preconjugated smooth muscle α-actin-FITC (ACTA2-FITC; F3777, 

MilliporeSigma, clone 1A4, 1:500) and DAPI (D3571, Thermo Fisher Scientific, 1:250) for 1 hour 

at room temperature. Sections were then washed with PBS and a coverslip was placed on after 
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adding Prolong Gold Antifade with DAPI reagent (P36931, Invitrogen) to each section. Lungs 

sections were imaged using a Nikon A1 Confocal Laser microscope at 40x magnification with 

1096 x 1096 resolution at the Center for Biologic Imaging at the University of Pittsburgh. Z-stacks 

in 0.5m increments were taken. Images in the figures are representative images of the maximum-

intensity projections of the Z-stacks. To quantify levels of SOD2 in the endothelial cell and smooth 

muscle cell layers, regions of interest were drawn from the maximum intensity projection of the 

von Willebrand factor (endothelial cells) and ACTA2 (SMCs) and superimposed onto the 

maximum-intensity projection for SOD2. Raw integrated intensity per area in ImageJ was then 

quantified to represent the amount of SOD2 staining in the endothelial and SMC layers. 

Cell Histology: hPMVECs were grown on glass coverslips, fixed with 2%PFA for 30 

minutes, washed with PBS and then permeabilized in 0.1% Trypsin for 20 minutes. Following 

permeabilization, cells were blocked in 1% BSA in PBS/FBS for 1 hour and then primary antibody 

for fibronectin (E5H6X, rabbit, Cell Signaling, 1:800) was diluted in 1% BSA in PBS/FBS 

overnight at 4°C overnight. After primary antibody incubation, cells were washed and incubated 

in donkey anti-rabbit Alexa Fluor 596 (A21207, Invitrogen, 1:250) and DAPI (D3571, Thermo 

Fisher Scientific, 1:250) for 1 hour at room temperature. Sections were then washed with PBS and 

mounted with Prolong Gold Antifade with DAPI reagent (P36931, Invitrogen). hPMVECs were 

imaged using a Nikon A1 Confocal Laser microscope at 60x magnification with 4x zoom and 1096 

x 1096 resolution at the Center for Biologic Imaging at the University of Pittsburgh. Z-stacks in 

0.5m increments were taken. Images in the figures are representative images of the maximum-

intensity projections of the Z-stacks. 
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Mouse Strain and collection of lung specimens 

All animal studies were done under a protocol approved by the Institutional Animal Care 

and Use Committee of the University of Pittsburgh. Homozygous male sickle and non-sickle 

control Townes mice were obtained from The Jackson Laboratories (Bar Harbor, ME, stock No. 

013071). Mice were aged 3 months before sacrificing and collection of lung tissue. Lung tissue 

was flash frozen in liquid nitrogen, then ground using mortar and pestle before extracting protein 

and RNA for subsequent analysis. Mouse tissue was lysed in ice-cold 1x RIPA lysis supplemented 

with additional protease and phosphatase inhibitors (Sigma-Aldrich). Protein lysate concentrations 

were quantified using a BCA Protein Assay (23225, Thermo Fisher). Tissue was lysed in TRIzol 

reagent (15596026, Thermo Fisher). RNA from lysates were isolated according to the protocol 

from the Direct-zol RNA miniprep plus kit (R2051, Zymo). 

Cell line, tissue culturing, and SOD2 knockdown 

Human pulmonary microvascular endothelial cells (hPMVECs, CC-2527, Lonza) were 

cultured at 37°C in Lonza Endothelial Cell Growth Medium-2 (CC-3156) with EGMTM-2 MV 

Microvascular Endothelial Cell Growth Medium-2 BulletKitTM (CC-4147, Lonza) 

supplementation. Cells were passaged using Gibco Trypsin-EDTA (T4049, Sigma Aldrich) up to 

passage 12. To induce gene knockdown of SOD2, hPMVECs were transiently infected with SOD2 

siRNA (Dharmacon) using Lipofectamine 3000 (L3000001, Thermo Fisher) transfection reagent 

according to the manufacturer’s protocol for 48-72 hours. Control cells were similarly transfected 

with a non-targeting siRNA sequence (Dharmacon). 
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Western blotting 

hPMVECs were cultured in twelve-well dishes until confluent and lysed in Laemmli 

sample buffer containing 1% SDS, 10% glycerol, 31.25 nM Tris-HCl, 0.005% Bromophenol Blue, 

and 2.5% -Mercatoethanol. Lysates were boiled and run on 4%-12% BisTris polyacrylamide gels 

(Life Technologies) and transferred onto nitrocellulose membranes. Membranes were incubated 

in primary antibodies (Table 2) at 4°C overnight. Secondary antibodies (Table 2) were incubated 

for one hour at room temperature. Visualization and analyses were completed with a LI-COR 

Odyssey Imager and Image Studio Software. 

Quantitative reverse transcription PCR 

hPMVECs were cultured in twelve-well dishes until confluent and lysed in TRIzol reagent 

(15596026, Thermo Fisher). RNA from lysates were isolated according to the protocol from the 

Direct-zol RNA miniprep plus kit (R2051, Zymo). Isolated RNA was reverse transcribed to cDNA 

with SuperScript™ IV VILO™ Master Mix (11756050, Thermo Fisher). Quantitative PCR was 

performed using PowerUp SyBr Green Master Mix (A46012, Thermo Fisher) and 1 M target 

primer (Table 3) in a QuantStudio 5 Real-Time PCR System (Thermo Fisher). 

Mitochondria superoxide measurements 

Transfected hPMVECs were tryspinized and then resuspended in Mg2 and Ca2+ free Hank’s 

Balanced Salt Solution (HBSS). In a 96 well plate 150,000 cells and 5 M MitoSOX Red 

(Invitrogen) were added. Fluorescent signal (510nm/580nm) was then recorded at 37C for 2 

hours. In order to reduce variation, fluorescent intensities were averaged every 6 minutes before 

log phase slope was calculated to represent production rate. Results were normalized to protein 

concentration. 
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Respiratory complex activities 

Respiratory complex activity assays were performed as previously described28. Complex 

activities were normalized to ATP citrate synthase activity. 

Measurement of oxygen consumption rate (OCR) 

Oxygen consumption rate (OCR) measurements in hPMVECs were measured using the 

Seahorse Extracellular Flux (XF96) Analyzer (Seahorse Bioscience, Inc., North Billercia, MA). 

hPMVECs were seeded and grown overnight at a density of 2.2 x 104 cells/well in standard XF24 

plates. Next, growth media was replaced with DMEM and hPMVECs were consecutively treated 

with 2.0M oligomycin, 0.5M carbonyl cyanide--trifluoromethoxphenylhydrazone (FCCP), 

and 2.0M Rotenone/ 2.0M Antimycin A. Three measurements of OCR were made over 1.5 

minutes after addition of the agents. OCR readings were normalized to cell number after crystal 

violet staining. 

ATP Measurements 

CellTiter-Glo Luminescent Cell Viability Assay (Promega, G9241) was used to quantify 

ATP according to manufacturer’s instructions. 

Measurement of  

Transfected hPMVECs were incubated with 10 g/mL JC-1 probe (ThermoFisher 

Scientific, T3168) for 20 minutes at 37C then subjected to 2 color flow cytometry (514/529nm 

and 585/590nm). The ratio of red aggregates to green monomers was calculated and expressed 

relative to siNT transfected hPMVECs. 
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Transwell Assay 

hPMVECs were grown to confluency on Transwell inserts (3450, Costar) containing 0.4 

uM pores. 1 mg/mL of albumin-fluorescein isothiocyanate (66 kDa) (A9771, Sigma) was added 

to the media over the cells. After 30 minutes, 1 hour, 2 hours, and 4 hours 100 µL of media was 

extracted from below the Transwell insert and replaced with growth media. Extracted media was 

measured at 495 nm excitation and 519 nm emission peak wavelengths to determine endothelial 

cell monolayer permeability. 

Electric Cell Impedance Sensing 

hPMVECs were plated at 60000/cm2 into 8-well polyethylene terephthalate arrays 

(8W10E+, Applied Biophysics). Measurements of transendothelial electric resistance (TEER) 

were obtained using an electric cell impedance sensing (ECIS) system (Applied Biophysics). Data 

was continuously collected every 63 seconds and recorded by computer and a Capacitance below 

10nF at 64000 Hz was required for hPMVECs to be considered confluent. Baseline TEER was 

recorded for 1 hour and cells were serum starved for 4 hours before challenging hPMVECs with 

hydrogen peroxide or hemin. 

In vitro wound healing assay 

hPMVECs were transfected and grown to confluence in a 12 well tissue culture plate. 

Using a pipet tip two scratches were made within the well and an image was taken. The cells were 

incubated in growth factor free media for approximately 16 hours and then the scratches were 

reimaged. ImageJ was used to measure the area of the scratch at 0 hours and 16 hours and percent 

wound closure was calculated. Four measurements were made from each well and 3 wells were 
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plated for each condition. Figure represents average wound closures from experiments conducted 

on four separate days. 

Adhesion assay 

hPMVECs were transfected and grown to confluence in a 6 well cell culture plate. 2 mM 

ethylenediaminetetraacetic acid (EDTA) was used to remove the cells from the plate and then 

resuspended in serum free media. Approximately 8,000 cells were plated into each well of a 96 

well plate. Two 96 well plates were simultaneously plated with cells and incubated at 37C. After 

20 minutes, one plate was removed from incubation, washed twice with PBS, fixed in 4% PFA, 

and then stained with 0.05% crystal violet. Wells were imaged using a light microscope and cells 

were counted. After 24 hours, the second 96 well plate was removed from incubation and cells 

were fixed in 4% PFA, stained with 0.05% crystal violet, and washed with deionized water. Fixed 

and stained cells were then dissolved with 0.1% SDS and absorbance was read at 610nm. Cell 

number was normalized to absorbance of wells from the 24-hour plate. 5 wells were plated for 

each condition in both the 20 minute and 24 hour 96 well plate. Figure represents average cell 

number from experiments conducted on 3 separate days normalized to the siNT cell number. To 

coat plates in fibronectin, 1 mg/mL fibronectin was added to each well enough to cover the surface 

and incubated at 37C overnight. On the day of the experiment, fibronectin was removed from the 

plate and the plate was allowed to dry completely. 

Fibronectin Image Analysis 

Fibronectin siNT and siSOD2 3D image stacks were analyzed using the FIJI 

implementation of ImageJ (NIH)256. The fibronectin image stacks were loaded into ImageJ and a 

set of custom macros were executed. The first macro maximally projected the stack in Z then 
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segmented the fibronectin signal utilizing Phansalkar auto local thresholding. Bright pixel outliers 

were removed to decrease noise and the images were rotated to horizontally align the fibronectin 

band. The image was cropped to isolate analysis to the region containing the patterned fibronectin 

band of interest. Next, the image was made binary and the segmented particles were analyzed 

using the inbuilt particle analysis tool with circularity and other measures calculated automatically. 

The individual particle data and summary data were exported to Excel files. For 3D fibronectin 

analysis, surface objects were created in Imaris (Bitplane, v 9.5) analysis software for both the 

nucleus and the fibronectin channel. To minimize variability in the analysis across images and 

achieve consistent segmentation, the local contrast method was used for surface creation with a 

minimum value set to 750 for all images. The fibronectin surface was color coded using a statistic 

for sphericity. Image snapshots were captured and surface statistics were exported to Excel files 

for 3D visualization and quantification. Statistical analysis of particle data was then performed 

using GraphPad Prism 9 (GraphPad).  

Patterning Fibronectin Lines 

The fibronectin lines were fabricated using an adaptation the surface-initiated assembly 

technique257,258. Briefly, 20 µm lines with 20 µm were first designed using AutoCAD software. 

The CAD file was then transferred to a transparency photomask (CAD/Art Services, Inc., Bandon, 

OR, USA), where the spaces and the segments of the lines were dark and transparent, respectively. 

Square glass wafers (Fisher No. 12-543-F 45 × 50 × 2 mm) were spin-coated with Photoresist SPR-

220.3 at 5000 rpm for 20 s, baked on a 115 °C hot plate for 90 s, exposed to ultraviolet (UV) light 

through the transparency photomask, baked on a 115 °C hot plate for 90 s, and developed for 1 min 

using MF-26A developer. Sylgard 184 (Dow Corning) polydimethylsiloxane (PDMS) elastomer 

was prepared per manufacturer’s directions by mixing 10 parts base to 1 part curing agent (by 
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weight) using a Thinky-Conditioning mixer (Phoenix Equipment Inc., Rochester, NY, USA) for 

2 min at 2000 rpm followed by 2 min of defoaming at 2000 rpm. PDMS was cast over the patterned 

photoresist-coated glass wafer and placed at 65 °C to cure the PDMS overnight. Square PDMS 

stamps ~1 cm2 were cut out of the ~5 mm thick PDMS layer. 

Prior to stamping, 25 mm circular glass coverslips (Fisher No. 12-545-86 25CIR-1D) 

coverslips were cleaned, spin coated with PDMS, cured overnight, and functionalized using 

UV/Ozone for 15 min. The PDMS stamps were sonicated in 50% ethanol for 30 min, dried with 

nitrogen gas, and coated with a 50 μg/mL human FN solution (Corning). After 1 h of incubation 

at room temperature, the FN-coated PDMS stamps were rinsed in sterile ddH2O, dried with 

nitrogen, and stamped onto the PDMS coated coverslips. After 30 min, the PDMS stamps were 

carefully removed from the glass coverslips, leaving behind a microcontact-printed FN lines on 

the PDMS surface. Incubation with 1% Pluronic F-127 was performed for 15 min to prevent cells 

from adhering to the non-patterned PDMS. Cells were then seed onto the coverslips following 

previously described methods. 

Statistics 

Student’s t test was used to determine significance using GraphPad Prism version 7.03 

software.  

3.4 Results 

To determine SOD2 protein expression levels in the endothelium of patients with SCD, 

lung tissue samples from 4 patients (age 44.29.9 years, 2 female) and 4 race matched controls 
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(4313.7 years, 2 female) were stained with SOD2 (Figure 9A). Immunofluorescent staining 

analysis showed an approximately 40% reduction in SOD2 expression in SCD patient endothelial 

cells compared to controls (2283  88.85 and 5518  401.3, respectively) (Figure 9B). SOD2 

staining in SMC was also decreased by roughly 40% in SCD patients compared to controls (2249 

 86.84 and 5088  405.5, respectively) (Figure 9C). This is the first known finding demonstrating 

a decrease in SOD2 protein expression in the pulmonary endothelial cells and SMCs of patients. 

Next, SOD2 protein expression in the Townes transgenic sickle mouse model was 

investigated. mRNA and protein levels of all three SOD enzymes, as well as catalase in whole 

lung tissue of 3-month-old sickle (SS) and non-sickle (AA) mice, were measured. While there was 

no change in sod2 mRNA expression levels (Figure 10A), there was an approximately 25% 

decrease in SOD2 protein expression in SS mice as compared to age and gender-matched AA 

controls (1.914  0.3504 and 3.833  0.4401, respectively) (Figure 10B, C). In contrast, there 

were no changes in either sod1 or sod3 mRNA or protein expression (Figure 15). There was, 

however, a decrease in catalase mRNA and an increase in protein expression of catalase (Figure 

15). These results, in conjunction with the SCD patient data, demonstrate SOD2 protein expression 

is decreased as a result of sickle pathology. 

To further determine the role of SOD2 in the pulmonary endothelium, siRNA was used to 

knockdown SOD2 in hPMVECs. While SOD2 siRNA decreased both sod2 mRNA and SOD2 

protein expression, there were no compensatory changes in catalase mRNA or catalase protein 

expression, though there was a significant decrease in SOD1 protein expression (Figure 16). Next, 

to determine whether SOD2 knockdown affected ROS production, mitochondrial superoxide was 

measured and was found to be markedly increased in the absence of SOD2 (Figure 11A). We next 

tested mitochondria complex expression and function using a Seahorse extracellular flux 
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technology. Mitochondria respiratory complex protein expression was first quantified, and we 

found that SOD2 knockdown resulted in a decrease in respiratory complex IV protein expression 

(Figure 11B, C). However, reduced complex IV protein expression did not affect complex specific 

activity, mitochondria respiration, or ATP production (Figure 11D-F), although the lack of SOD2 

significantly decreased mitochondrial potential, indicative of damaged mitochondria (Figure 

11G). Taken together, these data show that SOD2 deficiency in hPMVECs causes an amplified 

ROS production, decreasing mitochondria membrane potential but sparing mitochondria 

respiratory capacity. 

A primary endothelial function is to serve as a barrier to confine blood from the interstitial 

space. To determine whether SOD2 regulates endothelial barrier integrity, hPMVECs were plated 

onto porous transwell inserts, and albumin leakage was measured over time. We uncovered that 

SOD2-silenced hPMVECs exhibited significantly increased albumin leakage (Figure 12A). 

Similarly, transendothelial electrical resistance measured by electric cell impedance sensing 

(ECIS) was decreased in SOD2 knockdown cells, indicating barrier disruption (Figure 12B, 

Figure 17A). To ascertain whether SOD2 mediated barrier disruption was due to diminished H2O2, 

siSOD2 hPMVECs were treated with H2O2. Decreased resistance was corrected with the addition 

of 4 μM H2O2 (Figure 12C, Figure 17B), suggesting a role for H2O2 signaling in regulating 

changes in SOD2 mediated permeability pathways. SCD is characterized by episodes of increased 

hemolysis which elevates levels of free hemoglobin and heme in the blood259. Challenging sickle 

mice with extracellular hemin, the oxidized form of heme, triggers acute chest syndrome, a 

pulmonary complication of SCD characterized by increased permeability of the lung 

vasculature260. We investigated whether simulating a hemolytic crisis by challenging siSOD2 

hPMVECs with hemin would exacerbate differences in permeability. However, challenging 
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siSOD2 hPMVECs with hemin did not further exacerbate the differences observed in permeability 

(Figure 17C-E). These findings suggest that SOD2 maintains the endothelial barrier through H2O2 

signaling in a hemin-independent pathway. 

Another critical cellular function of the endothelium is the ability to proliferate and migrate 

during wound healing. One complication of SCD is the development of intractable and slow 

healing skin ulcers261, indicating that there may be dysfunction in the endothelium’s ability to 

proliferate and migrate. The scratch assay was used to measure wound closure in siSOD2 

hPMVECs, and was found to be approximately half of siNT hPMVECs (Figure 12D, E), 

suggesting SOD2 is required for endothelial proliferation and migration. These data demonstrate 

that SOD2 is essential in the maintenance of multiple endothelial cell functions. 

The assembly and turn-over of focal adhesions play essential roles in endothelial barrier 

integrity, proliferation, and migration262,263. Therefore, we examined whether SOD2 affects 

endothelial cell adhesion. First, adhesion of siSOD2 hPMVECs to uncoated cell culture plates was 

measured and was found to be decreased by 20% (Figure 13A, B). Integrins are essential 

mediators of cell-matrix adhesion264. Interestingly, siSOD2 hPMVECs showed a significant 

decrease in integrin β3 protein expression and a significant increase in integrin β4 protein 

expression (Figure 13C, D). Given that integrin β3 mediates cell adhesion to fibronectin265 and 

that the initial stage of cell attachment is mediated by integrins266 we hypothesized that precoating 

cell culture plates with fibronectin would exacerbate differences observed in adhesion (Figure 18). 

Instead of observing a greater difference in adhesion, precoating plates with fibronectin completely 

corrected the defect in adhesion (Figure 13A, B). Collectively, these results show that silencing 

of SOD2 disrupts cellular adhesion as well as diminishes integrin β3 protein expression and that 
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pre-coating cell culture plates with fibronectin reverses the defect in adhesion, highlighting a 

potential disruption in siSOD2 hPMVECs produced fibronectin.  

Considering that adhesion deficiency in SOD2-silenced endothelial cells was corrected 

upon fibronectin addition, we hypothesized that SOD2 might be involved in fibronectin synthesis 

and assembly. No changes in fibronectin mRNA expression or total fibronectin protein expression 

were observed between siNT and siSOD2 hPMVECs (Figure 19A-C). However, there was a 

significant decrease in the dimer to monomer ratio in siSOD2 hPMVECs (Figure 14A, B), 

indicating that there is reduced assembly of dimerized fibronectin, an essential step in the 

formation of fibronectin fibrils and integration into the extracellular matrix (ECM)104. Meanwhile, 

confocal microscopy showed a reduction in the formation of fibronectin bundles seen in siNT 

hPMVECs (Figure 14C). 3D rendering of the confocal images revealed that in SOD2 deficient 

hPMVECs, fibronectin is arrested within the cell (Figure 14D). Measurement of fibronectin 

circularity and spherecity showed that fibronectin within SOD2 KD hPMVECs was more globular 

as opposed to linear (Figure 14E, F). These results show that SOD2 plays a role in fibronectin 

matrix assembly. 

3.5 Discussion 

Decreased SOD2 protein expression has been characterized in various disease states such 

as SCD254, pulmonary hypertension251, and chronic kidney disease267. Given the evidence that 

therapeutic upregulation of SOD activity attenuates vascular dysfunction268,269, we hypothesized 

that SOD2 expression may be essential in modulating disease pathogenesis in conditions in which 

the vasculature is a primary target such as SCD. While it has been well established that there is an 
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increase in oxidative stress in SCD with dysregulation of both enzymatic and non-enzymatic 

antioxidants37-39,234, there is no evidence demonstrating organ downregulation of antioxidants. Our 

study shows for the first time that there is significant downregulation in both endothelial and SMC 

SOD2 protein expression in the lung tissue of SCD patients. We have also shown that this decrease 

in SOD2 protein expression is recapitulated in the Townes transgenic mouse model of SCD in 

whole lung tissue. These findings established the premise for further studies investigating the 

functional effect of decreased endothelial expression of SOD2. 

We silenced SOD2 protein expression in hPMVECs and examined mitochondrial function. 

The significant increase in mitochondrial superoxide production with silencing of SOD2 (Figure 

11A) demonstrated an essential role of SOD2 in modulating ROS levels within the mitochondria. 

Regardless of a 50% increase in mitochondria superoxide production, there were no deleterious 

effects on respiratory complex activity, mitochondrial respiration, or ATP production (Figure 

11D-F) despite other studies having shown that oxygen consumption rate is decreased in SOD2 

null HEK293T cells270 and chondrocytes271. The preservation of oxygen consumption could be 

attributed to the more glycolytic nature of endothelial cells272. We did, however, observe a decrease 

in mitochondrial membrane potential (Figure 11G), which would imply the presence of 

mitochondrial damage273. Given that this impairment in mitochondrial transmembrane potential 

formation was not significant enough to decrease ATP production, there may be other pathways, 

such as glycolysis, that are able to compensate for the lack of SOD2 to maintain ATP production. 

Although the effects on mitochondria function were moderate, we observed significant 

endothelial dysfunction. Both albumin flux and ECIS showed that knockdown of SOD2 in 

hPMVECs increased endothelial permeability at baseline (Figure 12A, B, Figure 17A). As far as 

we know, this is the first study to demonstrate that SOD2 is required to maintain endothelial barrier 
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integrity. The impaired endothelial barrier function was reversed by H2O2 (Figure 12C, Figure 

17B). It has been well established that H2O2-mediated oxidation of cysteine residues is a crucial 

part of intracellular signaling274. The reversibility of impaired endothelial barrier function with 

H2O2 demonstrates that redox signaling, possibly through the modification of oxidizable amino 

acid residues such as cysteine, is implicit in SOD2-mediated permeability regulatory pathways. 

Plasma heme levels are elevated in SCD275. Hemin, the oxidized form of heme, is a known 

disruptor of endothelial barriers and has been implicated in the progression of SCD clinical 

complications such as acute chest syndrome 260,276,277. We investigated whether SOD2 knockdown 

exacerbates hemin-induced permeability. We found no difference with hemin treatment in siSOD2 

hPMVECs compared to siNT hPMVECs (Figure 17C-E). One limitation of this study is the 

inability to monitor the effects of chronic stimulation with hemin, which would more closely model 

chronic hemolysis in SCD. In addition to increased permeability, endothelial migration and 

proliferation, measured through the in vitro wound healing assay, were also reduced by SOD2 

siRNA (Figure 12D, E). SMC mitochondria relocate to the leading edge of the cell to facilitate 

mobility and migration278. SOD2 may modulate cell migration and proliferation by facilitating 

H2O2 production at the leading edge. Future studies examining the spatial and temporal control of 

H2O2 production via SOD2 regulation are warranted.  

Permeabiltiy, proliferation, and migration are all cellular functions reliant on sufficient 

integrity of focal adhesions279,280. We have shown that SOD2 deficient hPMVECs have reduced 

adhesion to uncoated cell culture plates (Figure 13A, B). SOD2 depleted hPMVECs also had 

reduced integrin β3 protein expression (Figure 13C, D). Considering that integrin β3 facilitates 

adhesion to fibronectin265, we expected that precoating cell culture plates with fibronectin would 

increase adhesion differences. Surprisingly, fibronectin precoating corrected adhesion deficiency 
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in SOD2 knockdown cells (Figure 13A, B). This would imply that the defect in focal adhesion 

was due to a disturbance with cell-produced fibronectin and that decreased integrin β3 protein 

expression was most likely a result of an issue with fibronectin. Indeed, siSOD2 hPMVECs had a 

reduction in the ratio of dimerized to monomeric fibronectin (Figure 14A, B), suggesting that 

SOD2 facilitates fibronectin dimerization. This disruption in fibronectin processing was visually 

appreciable (Figure 14C). Upon performing 3D rendering of the images, we observed that SOD2 

is not only necessary for fibronectin dimerization but also needed for proper localization to the 

outside of the cell (Figure 14D). Further analyses revealed that fibronectin in siSOD2 hPMVECs 

was more circular (Figure 14E, F). This measurement further supports the finding that SOD2 is 

needed for the dimerization and thereby the polymerization of fibronectin. Fibronectin has multiple 

domains to facilitate interactions with other ECM proteins, the cell, and other fibronectin 

proteins104. Dimerized fibronectin is assembled intracellularly through oxidation of cysteine 

residues in the C110 region on the carboxy terminus281,282. Upon secretion and binding to cell 

surface receptors, dimers interact through disulfide bonds to cross-link into multimers281. Ablation 

of these C-terminal cysteine residues results in complete failure to dimerize, though the resultant 

monomeric fibronectin can still be secreted282. Lysyl oxidase has been identified as a catalyst for 

covalent cross-linking in fibrillar collagen as well as elastin283. Lysyl oxidase has also been shown 

to bind with a strong affinity to C-terminal fragments of cellular fibronectin, suggesting that it may 

catalyze fibronectin dimer formation 283. No other peroxidases or oxidases have been implicated 

in directly or indirectly modulating fibronectin dimerization. Given the fact that mitochondria 

relocate to the leading edge of cells to facilitate migration 278 and that fibronectin fibrillogenesis, 

which is reliant on fibronectin dimerization, is essential for promoting directionality in cellular 

migration284, it is probable that H2O2 signaling from the mitochondria affects fibronectin 
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processing. We propose that decreased H2O2 formation through knockdown of SOD2 destabilizes 

fibronectin dimers by decreasing oxidation of cysteine residues, thereby disrupting cellular 

migration. Failure of fibronectin dimerization would also decrease cellular adhesion104 and disrupt 

endothelial barrier function279. Future studies are needed to verify whether mitochondria interact 

with fibronectin during dimerization and if impaired dimerization leads to physiological and 

pathophysiological consequences in vivo and in SCD. 

In conclusion, we have shown for the first time that there is a decrease in endothelial cell 

SOD2 expression in SCD and that reduction in endothelial SOD2 protein expression results in 

disruption of fibronectin dimerization and secretion. This disruption of fibronectin processing 

consequently leads to decreased adhesion, migration, and proliferation, integrin protein 

dysregulation, as well as an increase in permeability. Taken together, these data suggest that further 

investigation into therapeutic treatments targeting SOD2-mediated changes in ECM protein 

assembly may be beneficial in SCD.  
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Figure 9 

Sickle cell patients have a reduction in endothelial and smooth muscle SOD2 protein expression. (A) SOD2 

expression was measured by immunofluorescence in lung sections from 4 patients with SCD and 4 controls without 

overt lung disease. Expression of SOD2 (red; smooth muscle cell stained green, von Willebrand factor stained white 

and DAPI stained blue) was increased in SCD patients compared to controls. (B, C) Quantification of endothelial 

cell or smooth muscle cell SOD2 protein expression. 3-4 regions of interests were quantified for each patient and 

control sample and an average was taken and graphed. Values are means ± SD. P-values determined by two tailed 

Student’s t test. Dotted line represents endothelial cell layer. 
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Figure 10 

Townes transgenic SS mice compared to AA mice have decreased SOD2 protein expression in whole lung lysate. 

(A-C) Whole lung tissue of SS Townes mice (n=5) had no changes in mRNA, but increased SOD2 protein expression 

compared to AA Townes mice (n=5). Quantification of SOD2 band density/actin band density from western blot. Data 

shown are individual values with means ± SD. P-values determined by two tailed Student’s t test. 
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Figure 11 

siSOD2 hPMVECs have increased mitochondrial superoxide production and decreased mitochondrial 

membrane potential. hPMVECs were transfected with non-targeting siRNA (siNT) or SOD2 siRNA to knockdown 

sod2 mRNA and protein expression. Following 48 hours, experiments were conducted. (A) Mitochondria 

superoxide production in siNT and siSOD2 hPMVECs (n=3). (B) Cells were lysed and Western blotted for 

mitochondria respiratory complex proteins. (C) Quantification of Western blot (n=5). (D) Respiratory chain 

complex specific activity normalized to ATP citrate synthase activity in siNT and siSOD2 hPMVECs (n=3). (E) 

Mitochondria oxidative consumption (n=3), (F) Total ATP (n=3) and (G) Mitochondria potential (n=3) in siNT and 

siSOD2 hPMVECs. Data shown represent averaged values for each day of experimentation with means ± SD. P-

values determined by two tailed Student’s t test. 
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Figure 12 

siSOD2 hPMVECs demonstrate increased permeability and decreased proliferation and migration. (A) siNT 

or siSOD2 hPMVECs were grown to a confluent monolayer on transwell filters. Albumin-fluorescein isothiocyanate 

was added to each well and medium from beneath the filter was collected at 1 hour and fluorescent intensity was 

measured (n=3). (B) siNT or siSOD2 cells were grown to a confluent monolayer on ECIS chips and baseline resistance 

was measured for one hour (n=5). (C) After serum starvation hPMVECs were treated with 4μM H2O2 while measuring 

resistance (n=3). (D, E) Images and quantification of siNT and siSOD2 hPMVECs wound healing assay. Images were 

taken 0 hours and 16 hours after wounding (n=4). Data shown represent averaged values for each day of 

experimentation with means ± SD. P-values determined by two tailed Student’s t test. 
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Figure 13 

Decreased adhesion and integrin protein dysregulation in siSOD2 hPMVECs. (A) Representative images show 

attached viable siNT or siSOD2 hPMVECs in uncoated plates and plates coated with fibronectin. (B) Graphs 

demonstrate the number of cells per high power field (n=3). (C) Western blot image of integrins α4, α5, αV, β1, β3, 

β4, β5, and actin protein expression. (D) Shows quantification of Western blot above (n=3). Data shown represent 

averaged values for each day of experimentation with means ± SD. P-values determined by two tailed Student’s t 

test.
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Figure 14 

SOD2 knockdown disrupts fibronectin processing and trafficking. (A) Shows a Western blot image of nonreduced 

and reduced fibronectin and total protein. (B) Quantification of dimerized to monomeric fibronectin from above image 

(n=3). (C) siNT or siSOD2 hPMVECs were plated onto PDRS coverslips stamped with lines of fibronectin and then 

stained for fibronectin in green and nuclei in blue. (D) 3D rendering of confocal images showing fibronectin 
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distribution and organization. (E) 3D rendering of confocal images showing degree of spherecity of fibronectin, 0 

indicating a perfect line and 1 indicating a perfect sphere (F) Quantification of fibronectin circularity (n=23). Data 

shown represent values with means ± SD. P-values determined by two tailed Student’s t test. 

 

 

Figure 15 

Townes transgenic mice show an increase in catalase protein expression in whole lung lysate and no other 

derangements in antioxidant protein expression. (A) Western blot of SOD1, SOD3, and catalase protein expression 

in SS (n=5) and AA (n=5) Townes transgenic mice. (B) SOD1, (C) SOD3, and (D) Catalase mRNA and protein 

expression quantification. Data shown represent values with means ± SD. P-values determined by two tailed Student’s 

t test. 
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Figure 16 

Knockdown of SOD2 in hPMVECs has no effect on SOD1 or catalase expression. (A) Quantification of sod1, 

sod2, and catalase mRNA in siSOD2 hPMVECs. (B, C) Quantification and western blot image of SOD1, SOD2, 

and catalase protein in siSOD2 hPMVECs (n=5). Data shown represent averaged values for each day of 

experimentation with means ± SD. P-values determined by two tailed Student’s t test.  
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Figure 17 

No difference in permeability in siSOD2 hPMVECs with treatment with 2μM hemin. (A) siNT and siSOD2 

hPMVECs ECIS tracings of baseline resistance over two and a half hours (n=7-8), (B) After treatment with 4μM H2O2 

(n=3), and (C) With treatment with 2μM hemin (n=3). (D) Maximum change in resistance and (E) Percent recovery 

after treatment with 2μM hemin. Data shown represent averaged values for each day of experimentation with means 

± SD. P-values determined by two tailed Student’s t test. 
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Figure 18  

Schematic of adhesion assay using uncoated and fibronectin coated cell culture plates. (A) To perform the 

adhesion assay, hPMVECs are removed from a plate using EDTA and then replated into wells of a 96 well cell culture 

plate. After waiting 20 minutes nonadherent hPMVECs are washed off with PBS and the remaining cells are stained 

with crystal violet. As a control another 96 well cell culture plate is plated at the same time and cells are grown for 24 

hours. hPMVECs counted in the 20 minute plate are normalized to the protein from the 24 hours plate. Within 20 

minutes, the adhesion process undergoes two phases. In phase I the cells initially attach to the plate via electrostatic 

interactions, this is sedimentation. Because cells are removed with EDTA, the cells have on their outer membrane 

integrins as well as some extracellular matrix (ECM) proteins. The second phase of adhesion is when integrins bind 

B

A
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to ECM proteins. Since the plates we use are uncoated, hPMVECs will use ECM proteins carried on its outer 

membrane or secrete its own for integrin proteins to bind to. (B) After sedimentation, cells should be able to more 

efficiently bind to fibronectin coated cell culture plates by using β3 integrins. Because we obesrved a decrease in 

β3integrin protein expression in siSOD2 hPMVECs, they will not be able to use the fibronectin coating as efficiently 

as the siNT hPMVECs which have normal levels of β3 integrin. 
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Figure 19 

Total fibronectin protein is unchanged in siSOD2 hPMVECs. (A) Fibronectin mRNA from siNT and siSOD2 

hPMVECs (n=3-4), (B) Western blot of total fibronectin and actin from siNT and siSOD2 hPMVECs. (C) 

Quantification of total fibronectin (n=4). Student’s t test was used to determine significance for all measurements. 

Data shown represent values with means ± SD. P-values determined by two tailed Student’s t test. 
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Table 2 Catalogue of primary and secondary antibodies 

Antibody Species Catalog No Company 

SOD1 Rabbit 2770 Cell Signaling 

SOD2 Rabbit ab13533 Abcam 

SOD3  Mouse sc-271170 Santa Cruz 

Biotechnology 

Catalase Rabbit 12980 Cell Signaling 

Fibronectin Rabbit E5H6X  Cell Signaling 

Integrin Anitbody 

Sampler Kit 

Rabbit 4749 Cell Signaling 

Total OXPHOS 

Human WB 

Antibody Cocktail 

Mouse ab110411 Abcam 

Actin Mouse sc-47778 Santa Cruz 

Biotechnology 

IRDye® 680RD 

Donkey 

Mouse 926-68072 Li-Cor 

IRDye® 800CW 

Donkey 

Rabbit 926-32213 Li-Cor 

Revert 700 Total 

Protein Stain Kit 

N/A 926-11010 Li-Cor 
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Table 3 Catalogue of PCR primers used 

Gene Name Species Sequence 

Catalase Fwd Mouse CTCGTTCAGGATGTGGTTTTC 

Catalase Rev Mouse CTTTCCCTTGGAGTATCTGGTG 

Catalase Fwd Human CAGATAGCCTTCGACCCAAG 

Catalase Rev Human GTAGGGACAGTTCACAGGTATATG  

SOD1 Fwd Mouse TGTGTCCATTGAAGATCGTGTG 

SOD1 Rev Mouse TCCCAGCATTTCCAGTCTTTG  

SOD1 Fwd Human GTCCTCACTTTAATCCTCTATCCAG 

SOD1 Rev Human AGTCACATTGCCCAAGTCTC 

SOD3 Fwd Mouse GAGAGCCAGACAAAGGAGC 

SOD3 Rev Mouse CCTGGAGACATCTATGCGTG 

SOD3 Fwd Human CTCTTGGAGGAGCTGGAAAG  

SOD3 Rev Human CATGTCTCGGATCCACTCC 

SOD2 Fwd Mouse TGCTCTAATCAGGACCCATTG 

SOD2 Rev Mouse CATTCTCCCAGTTGATTACATTCC 

SOD2 Fwd Human CCTGGAACCTCACATCAACG 

SOD2 Rev Human GCTATCTGGGCTGTAACATCTC 
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4.0 Conclusions and Future Directions 

4.1 Conclusions of Our Work 

Within this dissertation, the work of myself and my colleagues has demonstrated several 

new findings which have critical basic science and clinical applications for the fields of sickle 

cell disease, fibronectin regulation and antioxidant biology. Our hypothesis was to identify 

SOD2 as a biomarker modulating sickle cell disease pathology. To this end in Aim 1, we have 

investigated the polymorphism SOD2 V16A which is found in approximately 40% of the general 

population. We found that this SNP was associated with pulmonary and cardiac dysfunction in 

sickle cell patients. Further investigation revealed that SOD2 V16A overassociates with complex 

IV of the respiratory chain in cultured HPAECs, decreases complex IV activity and basal 

respiration. This also resulted in an increase in reactive oxygen species production at baseline 

and exacerbated ROS production when the mitochondria respiratory complex was stressed with 

antimycin A. In Aim 2 we next investigated the role of SOD2 in the endothelium and found that 

SOD2 is greatly diminished within pulmonary endothelial and smooth muscle cells of SCD 

patients. The Townes sickle transgenic mouse model also had diminished SOD2 protein 

expression within whole lung protein lysates, a finding that was unique to SOD2 and not found 

with SOD1 or SOD3 highlighting a unique role for SOD2 in SCD. In vitro investigations using 

SOD2 knockdown HPMVECs revealed that SOD2 is necessary for the maintenance of 

endothelial cell permeability and is a key driver of proliferation and migration. These processes 

were found to be linked to decreased adherence of siSOD2 HPMVECs due to a disruption in 
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fibronectin dimerization most likely due to reduced H2O2 signaling. Taken together our work 

demonstrate a novel role of SOD2 as a modulator of SCD pathophysiology.  

Future directions for Aim1 should be to generate a sickle mouse model with the SOD2 

V16A polymorphism to determine whether the complications found in the SCD patient population, 

increased tricuspid regurgitant velocities, increased systolic blood pressure, decreased exercise 

tolerance, and increased right ventricular hypertrophy, can be recapitulated in the mouse model. 

Generation of a mouse model would allow for the ability to test therapeutics that could be then 

used in a patient population. Also, further investigation into the mechanisms by which SOD2 

V16A overassociates with complex IV of the respiratory chain should be conducted. Namely, the 

role of the mitochondrial leader sequence after it has been cleaved from SOD2. Either variant’s 

sequence could be overexpressed in HPAECs and the localization of SOD2WT and production of 

ROS determined. Future directions for Aim 2 should be pointed towards the investigation of the 

in vivo consequences of endothelial SOD2 depletion in mouse models. Based upon our data in 

Chapter 3 showing decreased migration and proliferation and fibronectin dysregulation in SOD2 

deficient hPMVECs, it is hypothesized that endothelial SOD2 deficient mice may also experience 

deficiencies in migration and proliferation which could be assayed using the in vivo wound healing 

assay. However, fibroblasts are the primary secretor of fibronectin during wound healing285 

therefore it is possible that any deficiencies in endothelial fibronectin assembly can be 

compensated for by fibroblasts. SOD2 null mice succumb by three weeks of age primarily due to 

the development of cardiomyopathies187 suggesting that SOD2 is highly expressed in SMCs. We 

also observe a significant decrease in SMC expression of SOD2 in SCD patients in Chapter 3. 

Thus, there would be translational and clinical significance in exploring the consequences of SMC 

SOD2 depletion in vitro and in vivo.   
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4.2 Additional Mechanisms by which SOD2 could be Modulating SCD Pathology 

Oxidative stress is a well-established component of various diseases such as diabetes286, 

cancer287, chronic kidney disease288, cardiovascular disease289, and neurodegenerative 

diseases290,291. Given its localization to the mitochondria, SOD2 is a critical part of the antioxidant 

defense system in metabolically active tissues292. The most metabolically active tissues in healthy 

adults are the brain, heart, kidneys, and liver293, however sickle patients have a 15%-20% increase 

in overall energy expenditure294. This increased resting energy expenditure escalates metabolic 

demand in all tissues and the mitochondria within them, increasing electron leak from the 

respiratory chain and superoxide formation295. Indeed, SCD patients have reportedly an increase 

in mitochondrial superoxide production in reticulocytes296 and platlets297. Additionally, hemin can 

directly lead to mitochondrial dysfunction within endothelial cells298. These findings further 

highlight the role of SOD2 in modulating SCD pathology, most likely through management of 

mitochondrial ROS.  

Armenis et al254 found that in a group of 21 sickle cell patients, peripheral blood expression 

of SOD2 was reduced by 25% compared to matched controls. This reduction is SOD2 correlated 

with platelet count, reticulocyte count, red blood cell count, and ferritin254. Interestingly, those 

SCD patients with elevated tricuspid regurgitant velocities, an echocardiographic indication of 

pulmonary hypertension, had lower SOD2 expression levels than SCD patients with lower 

tricuspid regurgitant velocities254. This finding further supports our data in Chapter 2 where we 

found that a polymorphism of SOD2, SOD2 V16A, was associated with increased tricuspid 

regurgitant velocities. Furthermore, in a heritable type of pulmonary arterial hypertension the 

enhancer region of SOD2 is hypermethylated downregulating its expression299. This genetic 
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reduction of SOD2 creates apoptosis-resistant, proliferative pulmonary artery smooth muscle cells 

through the impairment of H2O2 redox signaling and activation of HIF-1α299. SOD2 protein 

expression is also decreased in an obstructive sleep apnea/chronic intermittent hypoxia (OSA/CIH) 

model of pulmonary hypertension300. The mechanism by which loss of SOD2 promotes OSA/CIH-

mediated pulmonary hypertension was found to be due to superoxide activation of the nod-like 

receptor pyrin domain containing 3 (NLRP3) inflammasome complex and over proliferation of 

apoptosis-resistant pulmonary arterial smooth muscle cells300. These data can serve to inform us 

on potential mechanisms by which loss of SOD2 leads to the development of pulmonary 

hypertension in SCD patients. 

SOD2 has also been implicated in wound healing. Negative pressure wound therapy is a 

treatment used for large, persistent wounds as well as complicated, acute wounds301. In this 

therapy, wounds are completely sealed, and a negative pressure is applied301. Healing is thought 

to be promoted through promotion of blood circulation301. Wound tissue derived from patients 

undergoing this treatment have an increase in SOD2 protein and enzymatic activity with no 

changes in SOD1 protein or catalytic activity302. Topical treatment of wounds on mice with an 

SOD2 mimetic accelerated wound closure detailing a role for SOD2 and mitochondria in 

promoting wound healing302. Notably, upregulation of SOD2 is linked to aggressive breast 

carcinomas by promoting cell migration and proliferation303,304. SOD2 has also been implicated in 

the regulation of vascular smooth muscle cell migration and proliferation in a balloon-injured rat 

carotid arteries252. Taken together these data suggest that topical treatment of skin ulcers with 

SOD2 mimetics may accelerate wound healing in SCD patients by repleting SOD2 locally to 

promote revascularization. 
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4.3 Other Genetic Modifiers of SCD 

The study of genetic modifiers of SCD is not novel. Others have identified that the clinical 

heterogeneity found amongst SCD is indicative of other potential genotypic factors playing a role 

in modulating the disease presentation. A primary contributing genetic factor is homozygosity or 

heterozygosity for HbS and other hemoglobin variants such as β thalassemia or HbC, sickle 

heterozygous patients typically have milder symptoms due to a reduction in the concentration of 

HbS305. However, even amongst homozygous HbS SCD patients there is great variance in 

presentation.  

While fetal hemoglobin (HbF) is found primarily within neonates switching to 

predominately adult hemoglobin within the first two months of life, SCD patients typically have a 

delayed switch and HbF levels are frequently elevated throughout life305. The degree by which 

HbF is elevated is variable and depends upon other genetic factors306. Genotype-phenotype 

association studies have shown that elevated HbF concentrations are associated with increased 

longevity307, reduced rate of vaso-occlusive crises308 and acute chest syndrome238, and fewer leg 

ulcers309 in SCD patients. A genetic condition termed gene deletion hereditary persistence of HbF 

(HPFH) in which the fetal hemoglobin genes are not effectively silenced results in the persistent 

production of HbF310. SCD patients who carry this genotype (HbS-HPFH) are typically 

asymptomatic due to HbF’s ability to disrupt HbS polymerization305. One of the effects of 

hydroxyurea is stimulation of production of HbF though this effect can vary from nonexistent to a 

10-fold increase305. Variation in HbF response to hydroxyurea is also thought to be related to 

genetic modifiers in hydroxyurea metabolism and erythroid progenitor proliferation pathways311.

Co-inheritance of α-thalassemia with SCD, which occurs in approximately 30% of SCD 
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patients312, begets a reduction of intracellular HbS concentration diminishing HbS-induced 

hemolysis305. This reduction in hemolysis translates clinically as a reduced risk of stroke313, leg 

ulcers309, and splenic sequestration314. Unfortunately, these patients often have an increased risk 

of painful episodes315 and osteonecrosis316 due to an increase in blood viscosity305. 

Genome wide sequencing has brought to light the extent of human genetic variability. 

Employing this and similar techniques to survey variations in biological pathways and how they 

associate with disease severity has highlighted several candidate genes and pathways that warrant 

further investigation. Wonkam et al identified that glutamate and oxidative stress biosynthesis 

pathways were enriched in SCD patients aged over 40 while genes associated with increased 

complement and blood coagulation cascade activity were significant in SCD patients who had 

experienced at least one episode of stroke317. Another study investigating genetic polymorphism 

in children with SCD and risk of stroke also revealed multiple candidates including TNF (-308), 

VCAM1 (-1594), and ILR4 503P318. SNPs in the TGF-beta/BMP signaling pathway which 

regulates angiogenesis and wound healing were associated with leg ulcers309. Identification of 

these new genetic modifiers not only creates a new potential druggable target, but also identifies 

what clinical complications clinicians needs to screen and monitor more frequently in each patient.  

4.4 Antioxidants in Therapeutics and Opportunities Moving Forward 

Despite the evidence of increased ROS in disease processes, the use of antioxidants in 

therapeutics is complicated by the necessity of maintaining physiological levels of oxygen and free 

radicals 319. The current status and future directions of the clinical use of antioxidant drugs have 

been reviewed elsewhere 320. Briefly, excitement in the 1980s and 1990s surrounding the use of 
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antioxidant therapies to modulate disease processes was dampened as the newly developed drugs 

struggled to make it past clinical trials. The few notable antioxidants that have been approved for 

clinical use include N-acetylcysteine for acetaminophen overdose and dry eye syndrome, -lipoic 

acid for diabetic nephropathy, and the flavonoids baicalein and catechins for use in 

osteoarthritis320. Explanations for why antioxidant therapy has not been as resounding a success as 

it was hoped to be include the following: 1) oxidative stress may not be the only or the primary 

cause of the disease; 2) patients may not equally benefit from antioxidant therapy; 3) the target is 

not well selected; and 4) the antioxidant chosen may have poor selectivity for the target320. It is 

then crucial for more focused research to describe how specific antioxidants play a role in 

modulating diseases.  

There are currently no studies investigating the benefits of SOD2 therapy in SCD. The use 

of SOD2 targeted therapeutics has, however, been studied for over 30 years. Therapies aimed at 

alleviating oxidative stress and superoxide levels through increasing SOD2 have been studied in 

inflammation reduction, protection from irradiation, transplantation immunosuppression, and 

fibrosis321-323. In 1983, it was shown that in patients undergoing radiation, lysosome encapsulated 

SOD was able to prevent inflammation and fibrosis321. In 1994, intravenous administration of 

human recombinant SOD decreased the number of acute and chronic rejection events in recipients 

of cadaveric renal transplants. More recently in 2013, oral administration of human recombinant 

SOD2 reduced liver fibrosis and portal pressure in cirrhotic rats 322,323. Administration of SOD2 as 

a drug has been complicated by the short 6-minute half-life of the enzyme due to rapid renal 

clearance324. In order to circumvent this limitation, SOD2 plasmid containing liposomes325 and 

small molecule mimetics326,327 are being developed. The recent availability of improved 
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formulations of SOD2 extends its therapeutic potential; this along with the history of efficacy 

paves the way for clinical trials in SCD. 

Increased reactive oxygen species and decreased antioxidant capacity in SCD overwhelms 

RBCs and mitochondria and damages endothelial cells and tissues, promoting pathology. SOD2, 

a significant component of the enzymatic antioxidant defense system, is both transcriptionally and 

post-transcriptionally regulated. Upregulation of SOD2 in SCD comes with increased ROS, 

though this response is impaired due to decreased Nrf2 activation and posttranslational 

downregulation of SOD2 by RNS. The importance of increasing the antioxidant response, in 

particular SOD2, is underscored by increased clinical complications found with the decreased 

SOD2 activity of the Val-16-Ala polymorphism 193. The role of SOD2 in maintaining vascular 

homeostasis 166 also contributes to the vital part it plays in modulating SCD pathology. Further 

exploration of the events that lead to SOD2 activity regulation in SCD will provide a clearer 

understanding of SOD2’s role in the progression of SCD pathology and potentially produce 

improvement in clinical outcomes. In particular, the importance of SOD2 in the vascular wall has 

not been thoroughly investigated. We anticipate that SOD2 supplementation would confer 

protection to the endothelium during acute and chronic oxidative stress events, potentially reducing 

the incidence of pulmonary hypertension associated with SCD. 

In this era of precision medicine, it is important to consider disease in context of the patient 

and their own innate antioxidant defense systems. Increased oxidative stress is commonly found 

in a wide array of diseases and the antioxidant response between patients is not uniform. 

Investigation of the patient’s own antioxidant expression levels and known polymorphisms that 

may alter activity levels will lead to more informed clinical decision making. 
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