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AN ABSTRACT OF THE THESIS OF 

 

Rayan Imad Bou-Fakhredin            for Master of Science 

              Major: Physiology 

 

 

Title: Oxidative Stress in Non-Transfusion Dependent Thalassemia: A Journey from 

NADPH Oxidases to Cytochrome P450 

 

 

Background: Oxidative damage by reactive oxygen species (ROS) is considered to be one 

of the main contributors to cell injury and tissue damage in thalassemia patients. Recent 

studies suggest that ROS generation in non-transfusion-dependent (NTDT) patients occurs 

as a result of iron overload. This increased ROS production in organs has been associated 

with multiple pathological outcomes. It has been proposed that sources of ROS production 

during pathophysiology are disease-specific. Among the different sources of ROS, the 

NADPH oxidases and CYPs 450 have been proposed to be the driving force in certain 

diseases. ROS sources in patients with NTDT remain poorly understood. 

Aim: We aim to identify the exact source of ROS in NTDT. 

Methods: Hbbth3/+ mice were used as a model of NTDT. Eight mice were divided into two 

groups (a control group and a thalassemia group receiving no treatment). A peripheral 

blood smear was used to confirm the diagnosis of thalassemia. Liver tissue iron content 

was measured using high-performance liquid chromatography (HPLC). Assessment of 

superoxide production was done using HPLC for H2O2 production. Enzymatic activity of 

NADPH oxidases was assessed using the NADPH oxidase assay. Detection and 

quantification of NADPH oxidase and CYP450 mRNA levels and protein levels were 

performed by Real-time Polymerase Chain Reaction and western blotting, respectively. 

Epoxyeicosatrienoic Acids (EET) and 20-Hydroxyeicosatetraenoic Acid (20-HETE) 

activity were assessed by HPLC. Degree of expression of CYP450 was also evaluated by 

immunohistochemistry. Statistical analyses were done via an unpaired t-test. p-values < 

0.05 were considered as statistically significant. All experiments were performed on liver 

tissues of Hbbth3/+ mice.  

Results: Increased tissue iron levels were detected in the liver of Hbbth3/+ mice compared 

to control. There was an increased state of oxidative stress and elevated NADPH oxidase 

enzymatic activity in Hbbth3/+ mice. At the mRNA level, no significant changes were 

observed in the expression of NOX1, NOX2 and NOX4 in Hbbth3/+ mice compared to 

control. However, there was a decreased expression of in the protein levels of NOX1, 

NOX2 and NOX4 in Hbbth3/+ mice compared to control. Additionally, no significant 

changes were observed in the expression of CYP1A, CYP2B, CYP4A and CYP4F mRNA 

levels in Hbbth3/+ mice. A significant over-expression of CYP1A, CYP2B, CYP4A and 
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CYP4F protein levels were observed in Hbbth3/+ mice compared to control. There was an 

increase in EET activity, which correlated with the increased expression of its respective 

CYPs (CYP1A and CYP2B). There was also an increase in 20-HETE activity, which 

correlated with the increased expression of its respective CYPs (CYP4A and CYP4F). 

Immunohistochemistry staining of liver tissue sections also showed over expression of 

CYP1A and CYP4A in Hbbth3/+ mice.  

Conclusions: This is the first report indicating that CYP450 is the NADPH oxidase 

dependent ROS-producer responsible for superoxide and H2O2 production in the liver of 

thalassemic (Hbbth3/+) mice. Targeting CYP450 (by activating EET production and 

inhibiting 20-HETE production) merits evaluation as a novel therapeutic approach in 

thalassemia.  
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CHAPTER I 

INTRODUCTION 

A. The Thalassemias: Epidemiology, Molecular Forms and Clinical Classification  

 The thalassemias are among the most common inherited monogenic diseases 

worldwide, and are characterized by defects in the production of adult hemoglobin [1]. The 

epidemiology of various forms of the thalassemias remains poorly recognized. However, 

the disease is vastly prevalent in regions that extend from sub-Saharan Africa, through the 

Mediterranean region and Middle East, to the Indian subcontinent and East and Southeast 

Asia [2-5]. Continued and recent migrations also meant that the thalassemias can now be 

found in Europe and North America, making this disease a global health concern [6-8]. 

 Hemoglobin synthesis is controlled by two multigene clusters. These are known to 

be located on chromosome 16 (encoding the α-like globins) and chromosome 11 (encoding 

the β-like globins) [9]. The genes in such clusters are arranged along the chromosome in 

the order in which they are expressed during development to produce different hemoglobin 

tetramers during embryonic, fetal, and adult life. During fetal life, the predominant form of 

hemoglobin produced is HbF (α2γ2), which is then switched to adult-type hemoglobin HbA 

(α2β2) after birth [10, 11]. Defects in the α-globin or β-globin gene clusters at the molecular 

level form the basis of defective hemoglobin synthesis. This in turn leads to different 

inherited forms of either α-thalassemias or β-thalassemias. The type and severity of these 

clinical forms can also rely on additional and independent intrinsic and extrinsic factors 

[10].  
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 For the purpose of this study, we will focus on β-thalassemia. Patients with β-

thalassemia have been previously categorized as minor, major or intermedia based on their 

α-/β-globin chain imbalance, severity of anemia, and clinical features and presentation. β-

thalassemia minor (trait or carrier) represents the heterozygous inheritance of a β-

thalassemia mutation. These patients are often clinically asymptomatic. Patients with β-

thalassemia major often present to the clinic with severe anemia in infancy and become 

transfusion dependent for the rest of their life, whereas patients with β-thalassemia 

intermedia can present later in life with mild-to-moderate anemia and may occasionally 

require blood transfusion [12-14].  

 A major transition in the classification of the thalassemias has occurred over the 

last decade. While the standard and old classification was based on molecular forms, 

clinicians moved towards a categorization that is based on clinical-management criteria. 

Because transfusion therapy is the conventional modality of treatment in patients with 

thalassemia, the frequency and extent of transfusion requirements indirectly reflects the 

underlying severity of the disease. The use of blood transfusions in these patients can 

control most of the underlying pathophysiological mechanisms and it can also contribute to 

secondary morbidity [12, 15]. Therefore, thalassemia patients today are commonly 

categorized as having transfusion-dependent thalassemia (TDT) or non-transfusion 

dependent thalassemia (NTDT). Patients with TDT commonly present with severe anemia 

in their early childhood that requires lifelong blood transfusions for survival. NTDT 

patients, on the other hand, usually present with mild/moderate anemia during their late 

childhood or even in adulthood that only necessitates occasional transfusions in certain 
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clinical settings and for the prevention or management of certain disease manifestations 

[16].  

B. Pathophysiology and Associated Morbidity in Non-Transfusion Dependent 

Thalassemia 

 

 The hallmarks of this disease are the α- to β-globin chain imbalance leading to 

ineffective erythropoiesis, chronic hemolytic anemia, and iron overload. These in turn lead 

to multiple morbidities in different organs. Despite being transfusion-independent, NTDT 

patients often experience many clinical complications. In 2006, one of the first studies 

examining the wide scope of clinical morbidities in NTDT patients was conducted in 

Lebanon and Italy. This study clearly identified that NTDT patients could experience 

greater morbidities than previously recognized and that these morbidities are dissimilar 

from those observed in TDT patients [17]. The OPTIMAL CARE study was able to 

confirm the high prevalence of morbidities in NTDT patients, which increases with age 

[17].  

Clinical complications in NTDT patients arise from a combination of multiple 

pathophysiological factors [18, 19]. Ineffective erythropoiesis contributes to anemia and 

tissue hypoxia and may lead to the development of extramedullary hematopoietic 

pseudotumors and leg ulcers [14, 20-22]. Ineffective erythropoiesis and hemolysis also 

lead to a hypercoagulable state, and ultimately to a high incidence of thrombosis and silent 

cerebral infarcts [23-26]. Patients with NTDT are also at risk of pulmonary hypertension. 

This increases with high liver iron concentration (LIC), advancing age, and splenectomy 

[27, 28]. Ineffective erythropoiesis was also found to be associated with low hepcidin 
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levels, which subsequently lead to iron overload. Iron overload in NTDT patients is a 

cumulative process that can lead to significant morbidity (liver, endocrine, vasculature) 

and mortality [29-32]. Unlike in TDT, there exists no indications of cardiac iron overload 

in NTDT patients [33-36].   

Several case reports have suggested that there exists a relationship between iron 

overload and hepatocellular carcinoma (HCC) in hepatitis C-negative NTDT patients, 

suggesting that HCC is a newly emerging adverse complication as a consequence of the 

prolonged survival of thalassemia patients [37-42]. In fact, progress in the management of 

thalassemia have increased the life expectancy of thalassemia patients and improved their 

quality of life. This however has led to the emergence of numerous new morbidities, 

including different types of solid and hematologic malignancies [43]. Studies looking at 

the association between thalassemia and cancer and hematologic malignancies continue to 

be in its early stages. While it is possible that these malignancies are becoming more 

apparent due to the significant increase in lifespan of this population, multiple predisposing 

risk factors do exist and may play a role as well. While the definite mechanism of how 

cancer develops in thalassemia patients is unclear, many possible hypotheses have been 

made. On one hand, iron overload is a risk factor for cancer development in patients with 

NTDT. On the other hand, transfusion-transmitted oncogenic viruses may lead to the 

development of hematologic malignancies.  

Renal dysfunction in NTDT has also been described and is caused by hypoxia, 

anemia, and severe iron overload [44-46]. It is important to note that renal dysfunction in 

NTDT patients can eventually lead to end-stage renal disease [47]. Longitudinal studies 
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investigating the incidence, mechanisms, and consequences of renal abnormalities are 

warranted. Moreover, because of the increased life expectancy of NTDT patients, renal 

function much be closely monitored and followed-up in order to identify those who are at 

risk of severe renal disease.  

All the above-mentioned observations indicate that the diagnosis of NTDT can be 

associated with greater morbidities than previously recognized, suggesting an important 

role for early diagnosis and prompt intervention. 

C. Mechanism of Iron Overload in Non-Transfusion Dependent Thalassemia  

In patients with NTDT, ineffective erythropoiesis leads to increased iron absorption 

and primary iron overload, which is mediated by the hepatic hormone hepcidin. It has been 

hypothesised that an erythroid factor communicates to the liver the need of iron for the 

incoming red cells. This factor would be produced by erythroid cells, especially under 

condition of ineffective erythropoiesis, and its function would be to suppress hepcidin 

synthesis in the liver leading to increased intestinal iron absorption and increased release of 

recycled iron from the reticuloendothelial system. Several erythroid factors have been 

proposed to play a role in iron overload development in NTDT.  These include growth 

differentiation factor 15 (GDF15), twisted-gastrulation 1 (TWSG1) and erythroferrone. 

Erythroferrone, a 340-amino acid soluble protein, directly acts on the liver and inhibits 

hepcidin production [48]. This erythroid factor was the only one that was shown to be 
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increased in animals with β-thalassemia [49, 50]. Figure 1 summarizes the mechanism of 

iron overload development in NTDT.   

 

Figure 1. Mechanism of iron overload in NTDT.  

 

D. Evolutionary Perspective of a Redox Balance and Sources of Reactive Oxygen 

Species 

Reactive oxygen species (ROS) are chemically reactive molecules containing 

oxygen that are formed as a byproduct of cellular metabolic reactions. They comprise 

hydrogen peroxide (H2O2), superoxide free radicals (O2
.-) as well as nitrogen based free 

radical species such as peroxynitrite, nitric oxide and singlet oxygen. ROS are significant 

cellular entities by cause of their contribution to cellular proliferation, signal transduction, 
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host defense, homeostatic preservation and gene expression [51]. ROS are under 

homeostatic and regulatory control by antioxidant defense mechanisms [52]. 

 ROS are heritable biological adaptations that have evolved concurrently with 

natural and environmental modifications. Such modifications are crucial for our 

understanding since their mechanisms of action provide insights into the evolutionarily 

preferred mechanistic physiologies of the cells.  One strategy of major significance in 

physiological functions is that cellular events revolve around fixed and coordinated set 

points. This phenomenon is physiologically referred to as homeostasis, and ROS are 

tightly counterbalanced by various cellular antioxidants to promote a tight “redox 

homeostasis”. 

Aerobic physiology is largely dependent on oxidative species which are oxygen-

containing, short lived and highly diverse molecules produced by numerous generators and 

enzymes in different cell compartments. ROS are recognized as specific mediators and 

second messengers of cell signaling related to vascular tone, immune responses, cell 

protection and hormonal actions [53-55]. In sync with this homeostatic balance, these 

functions are primarily maintained and counter-balanced by anti-oxidative mechanisms 

which regulate the bioavailability of oxidative species. However, under pathogenic 

conditions, oxidative species appear in conditions where they are produced in aberrant and 

cytotoxic concentrations resulting in oxidative stress.  

Several reports have indicated escalated ROS levels to be directly correlated with 

irreversible oxidation of cellular components (genetic material, proteins and lipids) that 
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eventually contribute to cellular dysfunction and necrosis [56]. This overproduction of 

ROS has been described to play a role in the pathophysiology and pathogenesis of many 

different diseases. Several studies have validated the implications of redox alternations in 

distinct pathologies. However, attempts to reduce bioactive ROS to minimal levels have 

been shown to be fatal and detrimental. This highlights the significance of the redox 

system in cellular physiology and the homeostatic balance between oxidant and antioxidant 

species [57]. Extensive research is currently aiming at identifying the cellular sources of 

ROS production and those specifically altered in a cell and disease specific manner.  

 All types of cells can produce ROS. This is generated from non-enzymatic 

processes such as electron transport chain in the mitochondria and other enzymatic 

reactions including those catalyzed by NADPH oxidases, and cytochrome P450 (CYP450) 

(Figure 2). All these sources are shown to vary in their physiological role and importance 

in organs and related disease [58-60]. Additional sources of ROS include the mitochondria, 

xanthine oxidase, uncoupled nitric oxide synthase (NOS), the cyclooxygenases (COX) and 

lipooxygenases (LIPOX) [61] (Figure 2).  ROS production overwhelms the cellular 

defense mechanisms. Injury thus results in the form of altered metabolism, protein and 

lipid oxidation, activation of extracellular and intracellular transport and signaling 

pathways, and ultimately apoptosis [62]. 
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Figure 2: Sources of Reactive Oxygen Species in Cells 

 

E. The NADPH Oxidase Family  

The Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidases are a family 

of proteins responsible for ROS generation in different biological cell membranes. Seven 

members of the NOX family have been identified in humans and include: NOX1, NOX2, 

NOX3, NOX4 and NOX5, DUOX1 and DUOX2. Each of these NOX family members is 

characterized by different activation mechanisms and different expression levels in various 

tissues [63]. In terms of structural properties, these transmembrane proteins have a lot in 

common: a NADPH-binding site, a flavin adenine dinucleotide (FAD)-binding region, six 
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conserved transmembrane domains, and four highly conserved heme-binding histidines [63]. 

For the scope of this study, the focus will be on three isoforms:  NOX1, NOX2 and NOX4.  

As the focus of our study is on the liver, it is important to mention that hepatocytes 

generate these different NADPH oxidase isoforms as a response mechanism to many 

endogenous and exogenous stimuli. Studies measuring total liver mRNA showed large 

amounts of NOX2 and trace amounts of NOX4 [64, 65]. Other studies conducted on rats 

showed that their hepatocytes expressed NOX1, NOX2, and NOX4 mRNAs [66]. The main 

function attributed to NOX-derived ROS in hepatocytes is apoptosis [66, 67]. One study 

conducted on hepatocytes showed that ROS generation in response to Transforming Growth 

Factor-β (TGF-β) led to apoptosis through NOX activation [68]. The liver is also made of 

many non-parenchymal cells types, including endothelial cells, Kupffer cells, and hepatic 

stellate cells. Hepatic stellate cells express p22phox [69]. Both NOX1 (mRNA) and NOX2 

(mRNA and protein) have also been shown to be expressed in hepatic stellate cells primary 

culture and cell lines [70, 71]. Kupffer cells have also been shown to express NOX2 and its 

subunits [72, 73]. It is believed that one of the mechanisms of hepatic carcinogenesis 

involves NADPH-induced (specifically NOX2) DNA damage and/or mitogenic signaling. 

Increased NADPH oxidase activity has also been implicated in the progression of 

nonalcoholic fatty liver disease [74]. Other studies have shown that NOX2 could play a role 

in liver ischemia/reperfusion injury. ROS generation by Kupffer cells have also been shown 

to generate ROS, presumably NOX2. This has been shown to play an important role in liver 

reperfusion injury after cold preservation [75]. Importantly, NOX2-deficient mice show 

reduced hepatic reperfusion injury [76].  
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F. Cytochrome P450 and Arachidonic Acid Metabolism 

The CYP450s belong to a large family of hemoproteins predominantly involved in 

the metabolism of endogenous and exogenous substances. They are bound to either the 

membranes of the mitochondria or endoplasmic reticulum and are known to play a role in 

redox reactions [77]. Additionally, CYP450s have been shown to be major sources of ROS 

in various tissues, with implications in different disease conditions [78-82]. One of the 

physiologically relevant reactions catalyzed by CYP450 enzymes is arachidonic acid 

metabolism. The activation of phospholipase A2 from the phospholipid membrane induces 

the release of arachidonic acid. Free arachidonic acid is then metabolized by the 

cyclooxygenase, lipooxygenase and moonoxygenase pathways.  

The major products of CYP450-catalyzed arachidonic acid monooxygenase 

pathway are regiospecific and stereospecific epoxyeicosatrienoic acids (EETs) and their 

corresponding dihydroxyeicosatrienoic acids (DHETs), and 20- hydroxyeicosatetraenoic 

acid (20-HETE) [83, 84] (Figure 3). Cytochrome P450-derived eicosanoids are produced 

in a cell and tissue-specific manner, with numerous biological functions. They play a major 

role as second messengers, regulating vascular tone and ion transport [85, 86]. Recently, 

many studies have shown that these eicosanoids also play a role in other critical biological 

processes, including control of cellular proliferation, inflammation, and hemostasis [84, 

87].  

Previous studies have shown that numerous members of the cytochrome P450 

family can metabolize arachidonic acid to EETs. These include: CYP1A, CYP2B, CYP2C, 
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CYP2E, and CYP2J subfamilies, also known as the epoxigenases [84, 87, 88]. Once EETs 

are formed, they can be metabolized even further through a hydration reaction by soluble 

epoxide hydrolase (sEH), conjugation by glutathione S transferases and esterification to 

glycerophospholipids [87]. The ω-hydroxylation of arachidonic acids produces 20-HETE. 

This reaction is catalyzed by the ω-hydroxylase CYP450, which include CYP4A and 

CYP4F [84, 85, 89]. While the ω-hydroxylation by CYP4A can take place in many organs, 

it is more prevalent in the kidney where it has been associated with important functions 

[84, 90-93]. Members of the CYP4F subfamily are also known to catalyze ω/ω-1 

hydroxylation of arachidonic acid, with a predominant role in the kidney [93, 94].  

Figure 3. Pathways of Arachidonic Acid Metabolism. Free Arachidonic Acid is 

metabolized via the CYP450 enzymes, CYP1A, CYP2B, CYP2C and CYP2J (which 

belong to the epoxigenase family) to produce EETs and by CYP4A or CYP4F enzymes 

(which belong to the hydroxylase family) to produce 20-HETE.  
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G. Physiological Roles of EETs and 20-HETE  

The EETs were initially labelled as vasoactive lipids [95, 96]. Their vasoactive 

properties were related to their role in activating calcium sensitive K+ channels in vascular 

smooth muscles [97, 98]. EETs are also known to be anti-inflammatory, as they were 

shown to inhibit cytokine-induced endothelial cell adhesion molecule expression and 

prevent leukocyte adhesion to the vascular wall [99-101]. Other functional roles for EETs 

in cells have also been identified Many studies have identified including renal Na+ 

excretion, Ca2+ mobilization, epidermal growth factor (EGF) signaling, nociception, 

mitogenic kinase activation, cell replication, vascular endothelial growth factor (VEGF) 

stimulated angiogenesis, nuclear factor kappa B subunit (NFkB) signaling, tumorgenesis 

and metastatic growth [90, 102-105]. As for the role of EETs in the liver, one study 

conducted in mice showed that the induction of non-alcoholic fatty liver disease (NAFLD) 

markedly suppressed CYP epoxygenase expression and activity, and both hepatic and 

circulating levels of EETs. Likewise, in another study also conducted on mice, disruption 

of the Ephx2 gene (the gene encoding sEH) restored hepatic and circulating EET levels and 

significantly attenuated induction of hepatic inflammation and injury.  

Numerous functional roles for 20-HETE have been reported. These include 

regulation of renal Na+/K+ ATPase activity, Ca2+ and Cl- fluxes, vascular remodeling, and 

tumor metastasis. It has also been shown to play a role in hormonal signaling through EGF 

and VEGF, angiotensin, vasopressin, and norepinephrine [90-92, 106, 107]. 20-HETE is 

also plays a role in the hemodynamics and regulation of metabolic activity in the liver 

[108]. Being a potent activator of peroxisome proliferator-activated receptor α (PPARα), 
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20-HETE was also found to play an important role in lipid homeostasis and in controlling 

fat-dependent energy supply and metabolism [109, 110]. In addition, the presence of 20-

HETE in liver disease-abnormalities, such as fibrosis and cirrhosis was also reported in 

some studies [108, 111]. Data from studies conducted on patients with hepatic cirrhosis 

showed that 20-HETE production was increased in the pre-glomerular microcirculation 

zone, and led to the constriction of renal vasculature, reduction of renal blood flow and 

decrease in renal hemodynamics [108, 111].  

H. Role of Reactive Oxygen Species in β-Thalassemia 

 Excess α-globin chains in β-thalassemia form unstable tetramers. These in turn 

dissociate into monomers and then are oxidized to hemichromes that eventually precipitate 

with time. Heme and free iron are then released followed by the precipitation of the globin 

protein, including on the plasma membrane where it is most injurious. The end result of 

this chain of events is the enhanced formation of ROS [112]. One study showed that 

oxidative stress in developing thalassemia erythroid precursors was associated with an 

increase in apoptosis, characterized by externalization of phosphatidylserine (PS). This in 

turn suggested that oxidative stress can also lead to ineffective erythropoiesis [113, 114].  

An additional contributor to oxidative stress in β-thalassemia is excess iron. Long-

term uptake and accumulation of non-transferrin bound iron (NTBI) and labile plasma iron 

(LPI), its redox active component, lead to increased levels of storage iron and labile 

cellular iron [115]. The intracellular LPI is redox active, catalyzing the Fenton and Haber–
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Weiss reactions and thus generating ROS [116].  Therefore, iron-overload associated cell 

damage leads excessive levels of LPI which promote the production of ROS [117, 118].  

 Several clinical manifestations of NTDT can also be credited to a state of chronic 

hypoxia that is created by low hemoglobin levels. Therefore, another source of ROS in 

these patients is the underlying insufficient and uneven oxygen which creates a disturbed 

cellular physiology [119]. The mitochondria is known to be one of the major contributors 

to hypoxia-induced ROS in cells. Reducing agents such as NADH and FADH2, which play 

a role in the electron transport chain where oxygen is an integral part, accumulate due to 

the disruption in the chain. This buildup makes electrons readily available for production 

of ROS [120]. 

The role of oxidative stress in red blood cells (RBCs) has also been widely 

reported. One study found higher baseline level of free radicals in thalassemic RBCs 

compared to normal RBCs [121]. Analysis of other factors of oxidative stress showed that 

RBCs from β-thalassemia patients have increased lipid peroxidation and PS externalization 

and decreased glutathione compared with their normal counterparts. It has been shown that 

increased ROS in RBCs leads to numerous abnormalities in the cell membrane, including 

protein thiol oxidation and protein crosslinking, and lipid peroxidation [122]. The presence 

of high ROS levels also alters and increases the RBC membrane permeability to potassium 

ions [123-125]. Thalassemic RBCs were also shown to have an increased tendency to 

undergo intravascular and extravascular hemolysis [114].  
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I. Aims of the Study and Hypothesis  

Oxidative damage by ROS is considered to be a major contributor to cell injury and 

tissue damage in patients with thalassemia. Recent studies suggest that ROS generation in 

NTDT patients occurs mainly as a consequence of iron overload. This increased ROS 

production has been linked to multiple pathological outcomes in various organs. Sources of 

ROS production in pathophysiology are thought to be disease-specific. Among the 

different sources of ROS, the NADPH oxidases and CYPs 450 have been proposed to be 

the driving force in certain diseases. The aim of this study is to therefore identify the exact 

source of ROS in NTDT.  
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CHAPTER II 

MATERIALS AND METHODS 

A. Animal Model 

 All animals (C57BL/6 background) were bred at the animal care facility of the 

American University of Beirut. We used Hbbth3/+ mice (The Jackson Laboratory-              

B6; 129P2-Hbb-b1tm1Unc Hbb-b2tm1Unc/J) as a model of NTDT. These mice carry a double 

knock-out of the Hbb-b1 and Hbb-b2 adult β-globin genes. Eight mice were divided into 

two groups (one control group, one Hbbth3/+ group receiving no treatment). A peripheral 

blood smear was used to confirm diagnosis of thalassemia. All animal-model experimental 

protocols used in this study were approved by the Institutional Animal Care and Use 

Committee of the American University of Beirut. All animals were kept in a temperature-

controlled room and on a 12/12-dark/light cycle and had standard chow and water access. 

At the day of the sacrifice, all mice were euthanized and sacrificed, and all organs were 

collected accordingly. In our study, the liver was the organ of interest. The liver was 

therefore isolated and cut into different sections; some were frozen in liquid nitrogen and 

stored at -80°C, while the remaining were fixed with 4% formaldehyde for histological 

analysis.  
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B. High Performance Liquid Chromatography (HPLC) 

In order to determine and quantify the liver tissue iron content of our samples, an 

HPLC performed. The basis of this technique was developed by Tesoro et al. and is based 

on the measurement of the chelate ferrioxamine [126]. The chromatography was performed 

on a stainless steel XTerra MS C18 column (Waters; 250 mm × 4.6 mm i.d., 5μm) 

containing a gradient of Tris–HCl buffer (10 mM, pH 5) and acetonitrile. Data from 

Hbbth3/+ mice were represented as fold changes when compared to control counterparts. 

HPLC analysis of dihydroethidium (DHE)-derived oxidation products was used to 

assess cellular superoxide production in liver tissues. This HPLC-based assay separates 

superoxide-specific 2-hydroxyethidium (EOH) from the nonspecific ethidium. For this 

technique, homogenates from liver tissues were washed twice with Hanks’ balanced salt 

solution (HBSS)-diethylenetriaminepentaacetic acid (DTPA) and incubated for 30 min 

with 50 μM DHE (Sigma-Aldrich) in HBSS–100 μM DTPA. Tissues were then collected 

in acetonitrile and centrifuged (12,000 X g for 10 min at 4°C). Samples were then left 

under vacuum to dry and were analyzed by HPLC with fluorescence detectors. 

Quantification of DHE, EOH, and ethidium concentrations was performed by comparison 

of integrated peak areas between both the obtained and the standard curves of each product 

under chromatographic conditions identical to those described above. EOH and ethidium 

concentrations were monitored by fluorescence detection with an excitation wavelength of 

510 nm and emission wavelength of 595 nm. DHE concentration was monitored by UV 

absorption at 370 nm. Results were expressed as the amount of EOH produced (nmol) 
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normalized for the amount of DHE consumed (i.e., initial minus remaining DHE in the 

sample; μmol).  

Levels of EET and 20-HETE were also measured by HPLC in isolated microsomes. 

The process begins by drying [1-14C]-labeled arachidonic acid (50–100 μmol/l) and then 

re-suspending it in a solution containing 30 mmol/l isocitrate, 50μg microsomes, and 0.2 

units of isocitrate dehydrogenase in reaction buffer (100 mmol/l potassium phosphate, pH 

7.4, 5 mmol/l magnesium chloride, and 1 mmol/l EDTA).  After a 5-minute incubation at 

37°C, a solution of NADPH was added to initiate a reaction. Different aliquots were taken 

at 30, 60, and 90 min, and a solution 100% methanol was added to stop the reaction. The 

samples were then centrifuged to collect the pelleted precipitated proteins stored at −20°C. 

A separation process via HPLC was then performed on a C-18 column using an 

acetonitrile/H20 gradient was performed and metabolites were identified by coelution with 

labeled standards [127].  

C. NADPH Oxidase Activity Assay 

NADPH oxidase activity was measured in liver tissues. Proteins were first 

extracted from liver tissues using a douncer and remnants were suspended in a lysis buffer 

(20 mM KH2PO4 (pH 7.0), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EGTA, 

10 μg/ml aprotinin, and 0.5 μg/ml leupeptin). In order to initiate the assay, 25 μg of 

homogenates were added to 50 mM phosphate buffer (pH 7.0) containing 1 mM EGTA, 

150 mM sucrose, 5 μM lucigenin, and 100 μM NADPH (acting as the substrate for the 

NADPH oxidase). The photon emission, expressed as relative light units (RLU), was 
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measured every 20 or 30 seconds for 10 minutes in a luminometer. A buffer blank (<5% of 

the cell signal) was subtracted from each reading. Superoxide production was expressed as 

relative light units/min/mg of protein. Protein content was measured using the Bio-Rad 

protein assay reagent. 

D. Western Blot Analysis  

 Liver tissues were lysed using a radioimmunoprecipitation assay (RIPA) buffer 

containing 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 150 mM 

sodium chloride, 100mM EDTA, 50 mM Tris-hydrochloride, 1% Tergitol (NP40), 1mM 

PMSF, 50mM of Tris-HCl, 1% NP-40, protease inhibitor cocktail, and phosphatase 

inhibitor cocktail. Homogenates were incubated for two hours at 4°C and centrifuged at 

13,600 rpm for 30 min at 4°C. The supernatant containing the proteins was collected and 

stored at -20°C. Protein concentration was measured using the Lowry Protein Assay. For 

immunoblotting, 20-40 μg of proteins were separated on 12.5% polyacrylamide gel 

Electrophoresis (Bio-Rad Laboratory, CA, USA) and transferred to nitrocellulose 

membranes (Bio-Rad Laboratory, CA, USA). After transfer, the membranes were blocked 

with 5% BSA for 1 hour and then incubated overnight with rabbit polyclonal anti-NOX1 

(1:500, Santa Cruz Biotechnology), rabbit polyclonal anti-NOX2/gp91phox (1:500, 

Abcam), rabbit polyclonal anti-NOX4 (1:500, Santa Cruz Biotechnology), mouse 

polyclonal anti-CYP1A (1:500, Detroit R&D), mouse polyclonal anti-CYP2B (1:1000, 

Abcam), rabbit polyclonal anti-CYP4A (1:2000, Abcam), rabbit monoclonal anti-CYP4F 

(1:1000, Abcam). The primary antibodies were then detected using horseradish 
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peroxidase–conjugated IgG (1:1000, Bio-Rad).  Bands were visualized by enhanced 

chemiluminescence. Densitometric analysis was performed using Image J software.  

E. Real-time Polymerase Chain Reaction (PCR) 

 Messenger RNA (mRNA) expression in liver tissue was analyzed by real-time RT-

PCR using the ΔΔCt method and the SYBR green system. Total RNA was extracted from 

the a small piece of liver tissue using TRIZOL reagent (Sigma Aldrich, Steinheim, 

Germany) and was then converted into cDNA using the Revert First Strand cDNA 

Synthesis Kit as per protocol. The cDNA was quantified using RT- PCR Biorad CFX384 

with SYBR green dye and mouse RT2qPCR Primers (Humanizing Genomics, Macrogen, 

Seoul, South Korea), for NOX1, NOX2, NOX4, CYP1A, CYP2B, CYP4A and CYP4F . 

YWAZ was used as the internal reference gene (Table 1).  
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Table 1. Oligonucleotide primer sequences employed for RT-PCR 

 

 

 

 

Primers Sequence 

NOX1 F: 5’-TCGACACACAGGAATCAGGA-3’ 

R: 5’-TTACACGAGAGAAATTCTTGGG-3’ 

NOX2 F: 5’-TCATTCTGGTGTGGTTGGGG-3’ 

R: 5’-CAGTGCTGACCCAAGGAGTT-3’ 

NOX4 F: 5’-TCAGGACAGATGCAGATGCT-3’ 

R: 5’-CTGGAAAACCTTCCTGCTGT-3’ 

CYP1A F: 5’-AGGCTCTTCTCACGCAACTC-3’ 

R: 5’-CTGGGGCTACAAAGGGTGAT-3’ 

CYP2B F: 5’-GCGCATGGAGAAGGAGAAGTC-3’ 

R: 5’-CCTGGAGATTTGGAGACATGC-3’ 

CYP4A F: 5’-TTGCCCAAAGGTATCATGGTC-3’ 

R: 5’-GTTTCCCAATGCAGTTCCTTGAT-3’ 

CYP4F F: 5’-GGGAAACACAGTGCTCCTGA-3’ 

R: 5’-ACTTGGCGTGCATGATGTGTG-3’ 

YWAZ F: 5’-GGTGATGACAAGAAAGGAATTGTG-3’ 

R: 5’-GCATCTCCTTTTTGCTGATTTCA-3’ 
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F. Immunohistochemistry  

 Formalin-fixed liver tissues were embedded in paraffin blocks and cut into 6μm 

sections and fixed on glass slides. The sections where then deparaffinized, immersed in 

xylol/xylene and rehydrated. Necessary washes in distilled water were made. The sections 

were then immersed in a citrate antigen retrieval buffer (0.1 M citric acid, 0.1M Na Citrate, 

2N NaOH droplets and distilled water) for one hour, in a container with boiling water. The 

slides were then left to sit at room temperature to dry and cool. After the necessary washes 

with distilled water and phosphate-buffered saline (PBS) 1X (as per protocol), sections 

were neutralized using Peroxidase Block, and incubated with the protein block. Sections 

were then incubated overnight with the primary antibody solution (Normal goat serum 

(NGS), Triton 1X, Bovine Serum Albumin (BSA), PBS 1X, mouse polyclonal anti-

CYP1A (1:150, Detroit R&D), rabbit polyclonal anti-CYP4A (1:150, Abcam). The next 

day, and after the necessary washes with PBS 1X, sections were incubated with either the 

post-primary (for CYP1A), and with Novolink Polymer (for CYP4A). All sections were 

then incubated under dim light with 3,3'-diaminobenzidine (DAB) working solution (DAB 

Chromogen + Novolink DAB Substrate Buffer). After necessary washes with distilled 

water, the sections were counterstained with 0.1% hematoxylin, rinsed, dehydrated, and 

mounted. Sections were examined under the light microscope and analysis of the sections 

was performed using Image J software.  
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G. Statistical Analysis 

Results were expressed as mean ± standard errors (SE) from multiple independent 

experiments. Statistical significance was assessed by the student’s unpaired t-test. A p-

value <0.05 was considered as statistically significant. When comparing control and 

thalassemic, one asterisk (*) is used to indicate p<0.05. All statistical analyses were 

performed with Prism 6 Software (GraphPad Software). 
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CHAPTER III 

RESULTS 

A- Increased tissue iron levels in the liver of Hbbth3/+ mice 

 The liver tissue iron content was increased in thalassemic mice compared with their 

control littermates (Figure 4). 

 

Figure 4. Increased tissue iron levels in the liver of Hbbth3/+ mice. Assessment of tissue 

iron content using HPLC. Values are the means ± SE from 4 different mice in each group 

(n=4). *, p < 0.05 versus control. 
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B- Reactive Oxygen Species production in Hbbth3/+ mice is induced through the 

NADPH oxidases 

Superoxide generation in liver tissues was increased in thalassemic mice compared 

with their control littermates (Figure 5A). Concurrently, this iron-overload induced ROS 

generation was accompanied by an increase in NADPH oxidase activity (Figure 5B).  

 

 

 

 

 

 

 

 

Figure 5. Enhancement of superoxide production and NADPH oxidase activity in 

liver tissues isolated from Hbbth3/+ mice. (A) Superoxide generation evaluated using 

HPLC. (B) NADPH-dependent superoxide generation assessed by lucigenin-enhanced 

chemiluminescence. Values are the means ± SE from 4 different mice in each group (n=4). 

*, p < 0.05 versus control. 
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C- Decreased expression levels of the NOX isoforms in Hbbth3/+ mice 

  After seeing an increase in the NADPH oxidase activity in thalassemic mice as 

compared to their control littermates, mRNA levels and protein levels of three isoforms of 

the NADPH oxidases (NOX1, NOX2 and NOX4) were measured by real-time PCR and 

western blot. At the mRNA level, no significant changes were observed in the expression 

of NOX1, NOX2 and NOX4 in Hbbth3/+ mice compared to control (Figure 6A-C). 

However, at the protein level, there was a decreased expression of all three NOX isoforms 

in the thalassemic group compared with controls (Figure 6D-F).  
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Figure 6. Decreased expression levels of the NOX isoforms in Hbbth3/+ mice. Relative 

mRNA levels of (A) NOX1, (B) NOX2, (C) NOX4. Representative Western blot of (D) 

NOX1, (E) NOX2, (F) NOX4 and HSC70 levels with the respective densitometric 

quantification in liver tissues of control and Hbbth3/+ mice. Values are the means ± SE from 

4 different mice in each group (n=4). *, p < 0.05 versus control.  
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D- Over expression of CYP1A, CYP2B, CYP4A, and CYP4F in Hbbth3/+ mice  

A second family of ROS that is NADPH dependent is the CYP450. This is because 

CYPs of the monooxygenase subfamily is made of different components. These include a 

heme-based catalytic center, an NADPH reductase subunit and an NADH/NADPH oxidase 

as cofactors. No significant changes were observed in the expression of CYP1A, CYP2B, 

CYP4A and CYP4F mRNA levels in Hbbth3/+ mice compared to control. On the other 

hand, there was a statistically significant increase in CYP1A, CYP2B, CYP4A and CYP4F 

protein levels in livers of Hbbth3/+ mice compared to control (Figure 7A-H). 

Immunohistochemistry staining of liver tissue sections also showed over expression of 

CYP1A and CYP4A in Hbbth3/+ mice compared with their control littermates (Figure 7I-

L). 
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Figure 7. Over expression of CYP1A, CYP2B, CYP4A, and CYP4F in Hbbth3/+ mice. 

Relative mRNA levels of (A) CYP1A, (B) CYP2B, (C) CYP4A, and (D) CYP4F. 

Representative Western blot of (E) CYP1A, (F) CYP2B, (G) CYP4A, and (H) CYP4F and 

HSC70 levels with the respective densitometric quantification in liver tissues of control 

and Hbbth3/+ mice. Immunohistochemistry staining of liver tissue sections at 20X for (I) 

CYP1A expression in control mouse, (J) CYP1A expression Hbbth3/+ mouse, (K) CYP4A 

expression in control mouse, and (L) CYP4A expression in Hbbth3/+ mouse. Scale 

bar represents 40μm.Values are the means ± SE from 4 different mice in each group (n=4). 

*, p < 0.05 versus control. C.V: Central vein; H: Hepatocyte; S: Sinusoid 
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E- Increase in EET and 20-HETE activity in Hbbth3/+ mice 

The activities of EET and 20-HETE, which are the metabolites produced by these 

cytochromes, were tested using HPLC. There was an increase in both EET and 20-HETE 

activity in thalassemic mice compared with their control littermates, which correlated with 

the increased expression of their respective CYPs seen earlier (Figure 8A-B). 

 

 

 

 

 

 

 

Figure 8. Increase in EET and 20-HETE activity in Hbbth3/+ mice. (A) Assessment of 

EET activity (metabolite produced by CYP1A and CYP2B) by HPLC. (B) Assessment of 

20-HETE activity (metabolite produced by CYP4A and CYP4F) by HPLC. Values are the 

means ± SE from 4 different mice in each group (n=4). *, p < 0.05 versus control. 
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CHAPTER IV 

DISCUSSION 

Oxidative damage by ROS is a major contributor to cell injury and tissue damage 

in patients with thalassemia [128]. Recent studies suggest that ROS generation in NTDT 

patients occurs as a result of iron overload [129]. This increased ROS production in organs 

has been associated with multiple pathological outcomes. Sources of ROS production in 

pathophysiology have been proposed to be disease-specific. Despite all the advances in the 

thalassemia field, no study in the literature was able to provide evidence-based data 

identifying the exact sources of ROS in NTDT.  

Our in vivo results showed that superoxide generation in liver tissues is increased in 

thalassemic mice compared with their control littermates. Concurrently, this iron-overload 

induced ROS generation was accompanied by an increase in NADPH oxidase activity. The 

NOX family members are transmembrane proteins responsible for transporting electrons 

across biological membranes to reduce oxygen to superoxide. Different NOX isoforms 

have been described, with different structures and functions. After seeing an increase in the 

NADPH oxidase activity in thalassemic mice as compared with their control littermates, 

protein levels of three isoforms of the NADPH oxidases (NOX1, NOX2 and NOX4) were 

measured by western blot. We then were able to show that protein levels of three isoforms 

of the NADPH oxidases (NOX1, NOX2 and NOX4) were decreased in the thalassemic 

group compared with controls. This finding was key, as to our knowledge, we are the first 
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to rule out the role of NADPH oxidases in the liver of Hbbth3/+ mice. Whether or not there 

is a potential role for NADPH oxidases in other organs is yet to be investigated.  

While these findings did not provide any evidence on the role of NADPH oxidases, 

it did pave the way for further investigation into another source of ROS, the CYP450 

family. The CYP450s are a large family of hemoproteins that are primarily responsible for 

metabolism of endogenous, and exogenous molecules. They are bound to the membranes 

of either the mitochondria or endoplasmic reticulum and are known to play a role in redox 

reactions. Additionally, CYPs are reported to be major sources of ROS in numerous tissues 

with implications in different disease conditions. Enzymes of the CYP1A, CYP2B, 

CYP4A and CYP4F subfamilies have not been investigated nor reported in the NTDT. 

Subsequently, we first examined whether these CYPs could be expressed in thalassemic 

mice.  The present study is the first to demonstrate the over-expression of CYP1A, 

CYP2B, CYP4A and CYP4F protein levels in livers of Hbbth3/+ mice. We also 

demonstrated CYPA and CYP4A overexpression by immunohistochemistry.   

Major products of CYP450-catalyzed arachidonic acid monooxygenase pathway 

include EETs and 20- 20-HETE [83, 84]. These metabolites have numerous biological 

functions and are produced in a cell and tissue-specific manner. The modification EETs 

and 20-HETE formation and degradation may potentially provide therapeutic benefits, 

given that these two metabolites have multiple and opposing functions, depending on their 

degree of expression and location of their production [127, 130-132]. In our study, we 

tested for the activity of EET and 20-HETE, and we saw that there was an increase in both 

EET and 20-HETE activity in Hbbth3/+ mice, which correlated with the increased 
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expression of their respective CYPs that we saw earlier. We believe that in Hbbth3/+ mice, 

20-HETE may play an injurious role, whereas EET may have a protective role.  Moreover, 

there is a cross talk happening between EET and 20-HETE. As a result of the increase in 

20-HETE, we see an accompanied increase in EET production, which is trying to 

compensate for the 20-HETE increase. However, this increase in EET production is not 

enough to restore 20-HETE levels back to normal. 

In summary, our data is the first to report that CYP450 is the NADPH oxidase 

dependent ROS-producer responsible for superoxide and H2O2 production in in the liver of 

Hbbth3/+ mice. One limitation of the study is the number of mice. It is important to replicate 

our work on a large cohort of mice. Another limitation is the fact that our study was 

conducted on solely one organ. It would have also been better if we had replicated our 

work in the context of a different organ, such as a kidney, which is also very much affected 

by iron overload in patients with NTDT. Whether or not, we would have seen similar 

results in other target organs yet to be determined. However, the liver was chosen to be 

studied as it is the major storage organ and it reflects total body iron levels.  

In order to strengthen our study, we aim to undertake some further work. Our 

future work on animal models will involve the addition of different treatment cohorts and 

inhibit specific types of CYP450. Specifically, we aim to activate EET production 

(produced by CYP1A and CYP2B) and inhibit 20-HETE production (produced by CYP4A 

and CYP4F). In order to perform this, we will have different groups of mice. One group 

will be a control group (C57BL/6), and one group will be made of Hbbth3/+ mice who will 

receive no treatment. Our treatment cohort of Hbbth3/+ mice will be divided into 4 groups: 
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one group will receive AUDA, one group will receive HET0016, one group will receive 

AUDA + HET0016, and the last group will receive AUDA+HETE0016 + iron chelator 

(deferiprone or deferasirox). AUDA is an inhibitor of soluble epoxide hydrolase (sEH) 

enzyme which is responsible for the metabolism of EET. HET0016 is a potent and 

selective inhibitor of 20-HETE.Treatment duration will be for about 6 weeks and at the end 

of treatment, all mice will be sacrificed and organs will be collected. We aim to assess 

improvements in physiological parameters such as iron parameters, ineffective 

erythropoiesis, RBC lifespan, anemia, splenomegaly, hypoxia, and apoptosis. We will also 

take a cohort of thalassemia patients in order to confirm the presence of oxidative stress 

markers in fluids (e.g. venous blood and urine) and blood cells, identify possible genetic 

polymorphisms and correlate the markers of oxidative stress with genetic polymorphisms 

to gender variability and aging. Having provided evidence of CYP450 involvement, the 

future directions of this project also aim to investigate the crosstalk of CYP450 these 

enzymes and their metabolites with other signaling pathways. Specifically, we aim to look 

at the PI3K/AKT/mTOR pathway.  

Challenges and limitations of the currently available conventional therapies in 

thalassemia and a thorough understanding of the pathophysiology and overall disease 

burden of thalassemia has aided clinicians and scientists to optimize disease management 

approaches. It has also stimulated research towards development of numerous novel 

therapeutic targets in the field, with ultimate goals of prolonging longevity, reducing 

symptom burden, improving treatment compliance and adherence for a better quality of 

life. Throughout the extensive work and investigation that will be done over the next few 
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years, we hope to show that targeting CYP450 (by activating EET production and 

inhibiting 20-HETE production), and using it in combination with iron chelation therapy 

will lead to better outcomes for thalassemia patients. Iron chelators can act as general 

antioxidants [133]. This is because they can remove both intra- and extracellular-iron 

species that generate free oxygen radicals. Although ROS are associated with injurious 

processes, their presence is essential for cellular functions such as gene transcription and 

cell proliferation, and in maintaining proper blood flow and blood pressure homeostasis 

[52, 134-138]. These physiological functions of ROS, among other reasons, explain why 

numerous attempts to treat ROS-associated diseases with general antioxidants have not 

only failed but have also caused deleterious effects [139, 140]. However, now that we have 

managed to identify one specific source of ROS, we can directly target the source. We 

therefore strongly believe that the field of oxidative stress could prove to be the next novel 

therapeutic approach in the thalassemia realm.  
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