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ABSTRACT 

Background: Reactive oxygen species (ROS) are one of the main contributors to pathological 

outcomes in β-thalassemia, with their generation being a consequence of iron overload and 

abnormal red blood cell metabolism. We have previously shown that CYP450 mediates ROS 

production in the liver of a mouse model of β-thalassemia through an increase in 20-

hydroxyeicosatetraenoic acid (20-HETE) activity. 

Aim: The aim of this study is to assess the efficacy of N-Hydroxy-N'-(4-butyl-2-methylphenyl)-

formamidine (HET0016), an inhibitor of 20-HETE formation, in reducing 20-HETE-mediated 

oxidative stress and injury in the livers of mice affected by β-thalassemia. 

Methods: Hbbth3/+ mice (The Jackson Laboratory) were used as a model of non-transfusion 

dependent thalassemia (NTDT) and were divided into 3 groups: a control group (N=11) treated 

intraperitoneally (IP) with a 1:1 solution of dimethyl sulfoxide (DMSO) and phosphate-buffered 

saline (PBS), Hbbth3/+ mice treated with a 1:1 solution of DMSO and PBS (N=14), and Hbbth3/+ 

mice treated with HET0016 (N=7). HET0016 was administered in the form of a daily IP injection 

at a dose of 5mg/kg/day for a total duration of four weeks. Enzymatic activity of NADPH 

oxidases was assessed using the NADPH oxidase assay. mRNA expression levels of two 

isoforms of CYP4A, as well as CYP4A protein levels, were measured in the liver using Real-

time Polymerase Chain Reaction (PCR) and western blot, respectively. Degree of expression of 

CYP4A was also evaluated in the liver by immunohistochemistry (IHC). Formalin-fixed paraffin-

embedded liver tissues were also sectioned and stained with Pearl’s Prussian blue stain to detect 

ferric iron (Fe3+). Sirius red stain and measurement of hepatocyte growth factor (HGF) mRNA 



3 
 

expression levels were performed to detect signs of liver injury. To assess the degree of lipid 

peroxidation, an IHC staining for 4-hydroxynonenal (4-HNE) in addition to a malondialdehyde 

(MDA) colorimetric assay was performed. IHC staining for Caspase-3 was conducted to assess 

apoptosis. Finally, the effects of 20-HETE inhibition on the ferroptosis pathway were examined 

by measuring the mRNA and protein expression levels of glutathione peroxidase 4 (GPX4) in 

addition to measuring total glutathione (GSH) levels.  

Results: In Hbbth3/+ mice, there was an increase in intracellular ROS levels and NADPH oxidase 

enzymatic activity. At both mRNA level and protein level, in addition to IHC staining, a 

significant increase was observed in the expression of CYP4A in Hbbth3/+ mice compared to 

control. This significantly decreased after HET0016 administration. Moreover, Hbbth3/+ mice 

showed an increase in the lipid peroxidation markers MDA and 4-HNE, which decreased after 

HET0016 administration. HET0016 also ameliorated liver injury in Hbbth3/+ mice treated with 

HET0016 as shown by a significant decrease in HGF mRNA expression levels and collagen fiber 

content. Increased tissue iron levels were detected in the liver of Hbbth3/+ mice compared to 

controls and this decreased with HET0016 administration. Caspase 3 levels also decreased 

following treatment with HET0016. Finally, HET0016 treated Hbbth3/+ mice showed a significant 

increase in GPX4 at both mRNA and protein level in addition to increased GSH levels, when 

compared to their non-treated counterparts.  

Conclusion: Our preclinical study is the first to assess the efficacy of HET0016 in reducing 20-

HETE-mediated oxidative stress and injury in the livers of mice affected by β-thalassemia. These 

findings lay the groundwork for future and further investigations on the role of 20-HETE induced 
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oxidative stress in β-thalassemia and may pave the way for a new novel therapeutic target in the 

field. 
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INTRODUCTION 

1. The Thalassemias 

1.1. Epidemiology, and Molecular and Clinical Forms  

 The Thalassemias are among the most common inherited monogenic disorders 

worldwide, characterized by defects in the production of adult hemoglobin (1-3). The 

epidemiology of various forms of thalassemia remains underrecognized. However, the disease is 

highly prevalent in regions extending from sub-Saharan Africa through the Mediterranean, the 

Middle East, the Indian subcontinent, and East and Southeast Asia (4-7). Due to ongoing 

migration, the thalassemias are now also found in Europe and North America, making this 

disease a global health concern (8-13).  

 Developmental hemoglobin synthesis is controlled by two multigene clusters located on 

chromosome 16 (encoding the α-like globins) and chromosome 11 (encoding the β-like globins) 

(14) (Figure 1). The genes within these clusters are arranged along the chromosome in the order 

of their expression during development, producing different hemoglobin tetramers during 

embryonic, fetal, and adult life. In fetal life, the predominant form of hemoglobin is HbF (α2γ2), 

which is replaced by adult hemoglobin HbA (α2β2) after birth (3, 15). Defects in the α-globin or 

β-globin gene clusters at the molecular level result in defective hemoglobin synthesis, leading to 

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

clinical forms can be influenced by additional intrinsic and extrinsic factors (15-17). 
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Figure 1. Globin synthesis at the Molecular Level (A) Schematic representation of the organization of the α-globin 

gene cluster on chromosome 16 and the β-globin gene cluster on chromosome 11. (B) Depiction of the sites of 

erythropoiesis and the corresponding pattern of globin gene expression throughout developmental stages. 

Pseudogenes, indicated by ψ, are non-functional and non-expressing. The three exons of each globin gene are 

highlighted in light blue. Reproduced from Taher AT et al. Lancet. 2018.  
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Patients with β-thalassemia have traditionally been categorized as minor, major, or 

intermedia, based on their α-/β-globin chain imbalance, severity of anemia, and clinical 

presentation. Over the past decade, however, there has been a major shift in the classification of 

β-thalassemias. The traditional classification, based on molecular forms, has evolved into a 

system based on clinical management criteria. Since transfusion therapy is the standard and 

conventional treatment modality for β-thalassemia, the frequency and extent of transfusion 

requirements indirectly reflect the disease's severity. The use of blood transfusions in these 

patients can control most of the underlying pathophysiological mechanisms but can also 

contribute to secondary morbidity (18, 19). Therefore, thalassemia patients are now commonly 

classified 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 (19). Patients with TDT typically 

present with severe anemia in early childhood, necessitating lifelong blood transfusions for 

survival (19). In contrast, NTDT patients usually present with mild-to-moderate anemia later in 

childhood or adulthood and only require occasional transfusions in specific clinical situations to 

prevent or manage certain disease complications (20, 21) (Figure 2).   
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Figure 2. Clinical Classification of Thalassemia based on Transfusion requirement.  

Modified from Musallam KM et al. Haematologica 2013. 

 

1.2. Pathophysiology and Associated Morbidity in β-Thalassemia 

Clinical complications in β-thalassemia are primarily related to the underlying 

pathophysiological mechanisms, including ineffective erythropoiesis, chronic hemolytic anemia, 

and iron overload (Figure 3).  

 

Figure 3. Pathophysiology of Patients with Thalassaemia Syndromes. 

Reproduced from Taher AT et al. Lancet. 2018. 
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Given that regular red blood cell (RBC) transfusion therapy is vital to the disease profile 

of patients with TDT, many of the pathogenic mechanisms and associated complications are 

more frequently observed in patients with NTDT. In contrast, adverse effects related to RBC 

transfusions, such as secondary iron overload and subsequent organ dysfunction, are well-known 

contributors to the clinical morbidity profile in well-transfused TDT patients (22-25) (Figure 4). 

 

Figure 4. Comparative Overview of Complications and Morbidity Profile in TDT vs. NTDT.  

Reproduced from Taher AT et al. Blood Cells Mol Dis 2006. 

 

1.2.1. Iron Overload in β-Thalassemia 

 

  Iron overload is of clinical concern in patients with β-thalassemia and can cause 

substantial morbidity and mortality (26, 27). Traditionally, iron burden has been assessed by 

measuring serum ferritin levels; however, advancements in magnetic resonance imaging (MRI) 

have now enabled the precise quantification of iron concentration in a noninvasive manner in 

target organs, allowing for more personalized management.  
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The mechanism of iron overload development differs between TDT and NTDT patients. 

In TDT patients, iron overload development is secondary to red blood cell transfusion. This 

accumulation of iron in organ tissues can become apparent in children with TDT as young as 2 to 

6 years old, and over time, the cumulative iron burden can lead to toxicity and dysfunction in 

various organs, such as the heart, liver, and endocrine glands (19, 28, 29). In NTDT, ineffective 

erythropoiesis and hypoxia lead to a reduction in the production of the hepatic hormone hepcidin, 

resulting in increased intestinal iron absorption and enhanced iron release from macrophages in 

the reticuloendothelial system. Erythroferrone (ERFE), a hormone secreted by erythroblasts in 

response to the activation of the erythropoietin receptor–Janus kinase 2–signal transducer and 

activator of transcription 5 (EPOR–JAK2–STAT5) pathway, serves as the primary erythroid 

regulator of this process. Other erythroid regulators of hepcidin have been proposed, including 

growth differentiation factor 15 (GDF15) and twisted gastrulation 1 (TWSG1) (30). In NTDT 

patients, iron overload gradually increases with age, and concerns about secondary morbidities 

typically arise after the age of 10 to 15 years (31, 32). 

1.2.2. Liver Disease in β-Thalassemia 

 

For the purpose of this project, we will discuss and highlight the pathogenesis of liver 

disease in β-thalassemia. Liver disease is emerging as a significant cause of mortality in patients 

with TDT, particularly as advancements in cardiac iron monitoring and effective iron chelation 

therapy strategies have significantly reduced deaths from heart failure (33). This shift in mortality 

patterns highlights the growing importance of managing hepatic complications in these patients. 

Additionally, liver disease accounts for at least 10% of deaths in patients with NTDT, 
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underscoring its critical role in the overall morbidity and mortality associated with β-thalassemia, 

regardless of transfusion status (34). 

In patients with β-thalassemia, liver disease is primarily driven by iron overload and viral 

hepatitis, which together contribute to chronic inflammation, fibrosis, and cirrhosis, ultimately 

increasing the risk of hepatocellular carcinoma (HCC) (35). In cases of hepatic iron overload, free 

iron or NTBI play a critical role in mediating damage to both hepatic and extra-hepatic tissues 

(36). The accumulation of iron in the liver, particularly within hepatocytes and other liver cells, 

triggers a severe state of oxidative stress and leads to the overproduction of reactive oxygen 

species (ROS). This oxidative stress results in lipid peroxidation and protein damage, 

contributing to hepatic inflammation and cell necrosis. Over time, these processes drive the 

development of fibrosis, which can progress to cirrhosis and ultimately lead to HCC (37). 

Chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), when coupled 

with the hepatotoxic effects of iron overload, significantly elevates the risk of accelerated liver 

fibrosis in patients with β-thalassemia (38). The synergistic impact of persistent viral infection 

and excessive iron deposition exacerbates liver damage, leading to a more rapid progression of 

fibrosis. This combination presents a major challenge in managing liver health in β-thalassemia 

patients, as both factors contribute to the worsening of liver function and increase the likelihood 

of severe hepatic complications.  

Additional factors such as obesity and alcohol consumption can exacerbate liver 

complications in patients with β-thalassemia. These factors contribute to increased steatosis and 

oxidative stress, which, in turn, accelerates hepatic iron accumulation. This cascade of events 

significantly raises the risk of liver fibrosis, cirrhosis, and HCC in these patients (39). The 
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interplay between these lifestyle factors and iron toxicity underscores the importance of 

comprehensive management strategies to mitigate liver disease progression in β-thalassemia. 

1.3. Oxidative Stress in β-Thalassemia 

Although oxidative stress is not the primary etiology of β-thalassemia, it mediates several 

of its pathologies (40, 41). The main causes of oxidative stress in β-thalassemia are the 

degradation of the unstable hemoglobin and iron overload (42). Both of these factors lead to the 

production of free radicals that exceed the cell's antioxidant defenses, resulting in cellular damage 

and organ dysfunction. Additionally, studies have shown that oxidative stress can be exacerbated 

by ineffective erythropoiesis and anemia. Among the symptoms aggravated by oxidative stress 

are increased intravascular and extravascular hemolysis, and dysfunction of critical organs such 

as the heart, liver, and endocrine system.  

1.3.1. Oxidative Stress and Hemoglobin Instability  

β-thalassemia is characterized by an unbalanced production of globin chains, leading to 

an excess of free α-globins (43). These unstable α-globins are prone to auto-oxidation, 

denaturation, and subsequent precipitation as hemichromes (44, 45). Hemichromes then attach to 

the cytoplasmic domain of band 3, facilitating oxidative cross-linking through disulfide bonds. 

This process results in the release of both heme and free iron, causing globin proteins to 

precipitate. This initiates a self-amplifying redox reaction that further oxidizes hemoglobin 

molecules, depletes the cell's reducing potential, and triggers phosphorylation responses. These 

events ultimately destabilize the red blood cell membrane and accelerate the removal of RBCs by 

splenic macrophages (43, 46, 47).  
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1.3.2. Oxidative Stress and Ineffective Erythropoiesis 

Ineffective erythropoiesis is a key pathophysiological factor in β-thalassemia. The 

imbalance between α and β globin subunits leads to the accumulation of unbound α-chains during 

erythroblast maturation. These α-chains tend to bind to heme, eventually forming hemichromes 

that precipitate and attach to the plasma membrane. (48, 49). Oxidative stress resulting from 

ineffective erythropoiesis is supported by studies on bone marrow and developing erythroid 

precursor cells in thalassemia. Research on the bone marrow of β-thalassemia patients has 

revealed an increased number of activated macrophages, likely responding to the presence of 

numerous damaged erythroblasts (50, 51). Additionally, oxidative stress induces the expression 

of growth differentiation factor 11 (GDF11), a ligand of the transforming growth factor β (TGF-

β) superfamily, suggesting the existence of an autocrine amplification loop that exacerbates 

ineffective erythropoiesis. (52). In developing thalassemia erythroid precursors, oxidative stress 

has been linked to increased apoptosis, as indicated by the externalization of phosphatidylserine 

(PS). This observation suggests that oxidative stress not only results from ineffective 

erythropoiesis but may also contribute to it (53). 

1.3.3. Oxidative Stress and Anemia  

Chronic anemia in β-thalassemia can lead to tissue hypoxia, which in turn can induce the 

overproduction of ROS. Hypoxia-inducible factor (HIF)-1, a transcriptional activator with an 

oxygen-regulated subunit, plays a critical role in the cell's adaptive response to prolonged 

hypoxia. HIF-1 mitigates ROS production under low oxygen conditions through several 

mechanisms. These include a subunit switch in cytochrome c oxidase, replacing COX4-1 with 

the more efficient COX4-2 subunit in complex IV; the induction of pyruvate dehydrogenase 

kinase 1 (PDK1), which redirects pyruvate away from the mitochondria; the activation of BNIP3, 
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which initiates selective autophagy of mitochondria; and the upregulation of microRNA-210, 

which inhibits the assembly of iron-sulfur (Fe/S) clusters necessary for oxidative phosphorylation 

(54).  

1.3.4. Oxidative Stress and Iron Overload 

Iron overload is another significant contributor to oxidative stress in β-thalassemia (55). 

Under normal conditions, iron in the plasma is bound to transferrin for safe transport. However, 

in patients with β-thalassemia, iron overload overwhelms the transferrin system, leading to the 

production of non-transferrin-bound iron (NTBI) and labile plasma iron (LPI). Both NTBI and 

LPI circulate freely in the plasma and eventually accumulate within susceptible cells. (56, 57). 

Over time, the continuous uptake of NTBI and LPI results in increased levels of storage iron and 

labile cellular iron (58). When the accumulation of this labile iron exceeds the cell’s capacity to 

synthesize new ferritin, a critical concentration is reached. This intracellular labile iron is redox-

active and can catalyze the Fenton and Haber-Weiss reactions, leading to the generation of ROS 

(59). The excessive production of ROS due to iron overload, particularly from NTBI, plays a 

crucial role in inducing cellular dysfunction, apoptosis, and ferroptosis in β-thalassemia. (60-63).  

2. Evolutionary Perspective of a Redox Balance and Intracellular Sources of ROS 

Reactive oxygen species are chemically reactive molecules generated as by-products of 

various cellular metabolic processes. These include hydrogen peroxide (H2O2), superoxide 

radicals (O2•−), and nitrogen-based species like peroxynitrite (ONOO−) and nitric oxide (NO) 

(64, 65). They are important cellular entities involved in processes such as cell proliferation, 

signal transduction, immune defense, homeostasis, and gene regulation (66). 
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Reactive oxygen species have evolved alongside natural and environmental changes, 

serving as heritable biological adaptations. Understanding these evolutionary adaptations has 

provided crucial insights into the roles and mechanisms of ROS. A key aspect of physiological 

function is that cellular activities are regulated by fixed and coordinated set points, a phenomenon 

known as homeostasis (67). Levels of ROS are tightly controlled by cellular antioxidants to 

maintain a redox balance. All cells possess effective antioxidant systems that neutralize and 

eliminate ROS, and several enzymatic pathways in the body can convert ROS into less harmful 

substances (68). 

Reactive oxygen species function as specific mediators and second messengers in cell 

signaling, and can affect vascular tone, immune responses, cellular protection, and hormone 

actions (69-71). These roles are maintained through a balance between ROS and antioxidative 

mechanisms that regulate the bioavailability of oxidative species. However, in pathological 

conditions, an excess of oxidant radicals can lead to oxidative stress, disrupting cellular 

homeostasis and causing damage to organelles, particularly cellular membranes, potentially 

leading to cytotoxicity and organ failure (40). 

Numerous studies have shown that elevated ROS levels are directly linked to irreversible 

oxidation of cellular components, contributing to cell dysfunction and necrosis (72). However, 

reducing ROS levels too drastically can be harmful, as low concentrations of ROS are essential 

for signaling (73). This underscores the importance of the redox system in cellular physiology 

and the need to maintain a delicate balance between oxidant and antioxidant molecules (74). 

Current research is focused on identifying specific sources of ROS production that are altered in a 

cell- and disease-specific manner. 
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All types of cells can generate ROS through various mechanisms. These include non-

enzymatic processes, such as those occurring in the mitochondrial electron transport chain, as 

well as enzymatic reactions involving Nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidases and cytochrome P450 (CYP450). Each of these sources plays distinct physiological 

roles and contributes differently to organ function and related diseases (75-77). Additional 

intracellular ROS sources include the mitochondria, xanthine oxidase, uncoupled nitric oxide 

synthase (NOS), cyclooxygenases (COX), and lipoxygenases (LIPOX) (78) (Figure 5). When 

ROS production exceeds the cellular antioxidant defenses, it leads to cellular damage, in the form 

of disrupted metabolism, oxidation of proteins and lipids, activation of transport and signaling 

pathways, and ultimately, apoptosis (79). 

 

 

 

 

 

 

 

Figure 5. Intracellular Sources of ROS  
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3.  Metabolism Pathways of Arachidonic Acid 

The omega-6 polyunsaturated fatty acid (PUFA), or arachidonic acid (AA), and its 

metabolites have garnered significant interest in recent years due to their roles and involvement 

in inflammatory processes and disease (80). The biological significance of AA stems from its 

metabolism by three distinct enzyme systems: COXs, LOXs, and CYP450 enzymes (Figure 6). 

These systems produce a diverse array of biologically active fatty acid mediators.  

Cyclooxygenases are the enzymes responsible for metabolizing AA into prostanoids, 

which include prostaglandins (PGs) and thromboxane A2 (TXA2). The process begins with the 

release of AA from the plasma membrane by phospholipases, followed by its conversion into 

PGG2 and PGH2 by COX enzymes. These intermediates are then further processed into PGs by 

specific PG synthases. There are two main COX isoforms: COX-1, which is constitutively 

expressed in most cells and primarily produces prostanoids involved in routine physiological 

functions; and COX-2, which is induced by inflammatory stimuli, hormones, and growth factors, 

and is generally regarded as the major source of prostanoids during inflammation and in 

conditions such as cancer. The LOX pathway was the second eicosanoid and inflammatory 

pathway to be targeted for therapeutic intervention. Enzymes within this pathway produce 

leukotrienes (LTs). The third pathway for metabolizing AA is the CYP450 pathway. While the 

CYP enzyme family comprises various subclasses, ω-hydroxylase and epoxygenase activities are 

particularly significant for AA metabolism (80). 
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Figure 6. Overview of the AA Metabolism Pathways. Phospholipase enzymes, such as PLA2, are responsible for 

releasing free AA from phospholipid membrane. The COXs metabolize AA to protanoids, prostacyclin, and 

thromboxane. The LOXs metabolize AA to leukotrienes and HETEs. The P450 epoxygenases metabolize AA to 

midchain HETEs and EETs. All EETs are then further metabolized to less active DHETs by sEH. 

4. A closer Look at Cytochrome P450 Pathway 

CYP450 enzymes are a large family of hemoproteins involved mediating the oxidation 

reactions of many endogenous and exogenous compounds in the human body. These enzymes are 

located in the membranes of mitochondria or the endoplasmic reticulum and are known for their 

role in redox reactions (81). Additionally, CYP450 is a significant source of species ROS in 

various tissues, impacting a wide range of disease conditions. (82-86).  

In the CYP450-catalyzed monooxygenase pathway, the major products include 

regiospecific and stereospecific epoxyeicosatrienoic acids (EETs), their corresponding 

dihydroxyeicosatrienoic acids (DHETs), and 20-hydroxyeicosatetraenoic acid (20-HETE) 
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(Figure 7).  (87, 88). These eicosanoids, derived from CYP450 activity, are produced in a cell- 

and tissue-specific manner and have diverse biological functions. They act as second messengers, 

regulating vascular tone and ion transport (89, 90), and have recently been implicated in critical 

processes such as cellular proliferation, inflammation, and hemostasis (88, 91).  

 

 

 

 

 

 

 

Figure 7. Summary of the CYP450-catalyzed Monooxygenase Pathway. Free AA is metabolized via the CYP450 

enzymes, 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. 

4.1.Classification and Tissue Distribution of the CYP4 Family in Humans 

For this project, we will focus on the ω-hydroxylation of AA, which generates 20-HETE 

and is catalyzed by the CYP4A family of enzymes (88, 89, 92). Although there are more than 11 

subfamilies of CYP4 in different species, only 6 subfamilies of CYP4 genes have been reported 

in humans. The human CYP4 subfamilies are CYP4A, CYP4B, CYP4F, CYP4V, CYP4X, and 

CYP4Z (93). While ω-hydroxylation by CYP4A occurs in various organs, it is particularly 
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prominent in the kidney and liver, where it is associated with significant physiological functions 

(88, 94-97). In humans, two highly homologous CYP4A genes, CYP4A11 and CYP4A22, are 

located on chromosome 1 (98, 99). Moreover, research has shown that CYP4A11 accounts for 

approximately 13% to 33% of 20-HETE production through the ω-hydroxylation of AA in the 

liver and kidney (97). The precise functions of CYP4A22, however, remain largely unexplored.  

Members of the CYP4F subfamily are also known to catalyze ω/ω-1 hydroxylation of 

arachidonic acid, with a predominant role in the kidney (97, 100). This subfamily includes seven 

CYP4F isoforms (CYP4F2, CYP4F3A, CYP4F3B, CYP4F8, CYP4F11, CYP4F12, and 

CYP4F22) encoded by six distinct genes located in the CYP4F gene cluster on chromosome 19. 

Among these, CYP4F2 is the most extensively studied. It has been reported to be predominantly 

found in various tissues and organs, including the liver, kidney, lung, white blood cells, and 

notably in the endoplasmic reticulum (101, 102). 

4.2. Classification and Tissue Distribution of the CYP4 Family in Mice 

The mouse Cyp4a subfamily mainly includes Cyp4a10, Cyp4a1a, Cyp4a12b, and 

Cyp4a14. These are mostly expressed in organs such as the kidney and liver. In mice, the 

expression levels of Cyp4a mRNA in the liver and kidney are also influenced by sex hormones 

and growth hormones (103). Because of this, there are notable gender differences in the 

expression of CYP ω-hydroxylases. Specifically, Cyp4a10 is expressed in both male and female 

mice, while Cyp4a12a is expressed exclusively in males and is regulated by androgens. Cyp4a14, 

on the other hand, shows a strong expression pattern in female mice (104). The mouse Cyp4f 

subfamily includes Cyp4f13, Cyp4f14, Cyp4f15, Cyp4f16, Cyp4f17, Cyp4f18, Cyp4f37, and 
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Cyp4f39, with expressions across various tissues, mainly liver and kidney. Table 1 summarizes 

the different isoforms of the CYP4A and CYP4F expressed in humans and the equivalent 

expressed in mouse, in addition to the organs where they are expressed. 
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Table 1. CYP ω-hydroxylase orthologous genes expressed in various mouse and human 

organs. 

Human Organs Cell Type  

Specificity 

Mouse Organs 

4A11 liver, kidney, small 

intestine, lung, heart, skin, 

adrenal, prostate, testis, 

uterus, mammary, placenta 

hepatocytes, proximal 

tubular cells 

4a10 liver, kidney 

4A22 liver, kidney hepatocytes 4a12a 

4a12b 

4a14 

4a29 

4a30b 

4a31 

4a32 

liver, kidney 

liver, kidney, lung 

liver, kidney 

testis, thymus 

colon, testis 

kidney, liver 

kidney, liver 

4F2 liver, small intestine, 

kidney, brain, skin, prostate, 

testis 

hepatocytes 4f13 liver, kidney, lung, heart, 

testis 

4F3 liver, small intestine, 

trachea, kidney, prostate 

hepatocytes 4f14 liver, kidney, brain, testis 

4F8 small intestine, lung, 

stomach, kidney, skin, eye, 

adrenal, prostate, urinary 

bladder, testis, uterus 

urothelial cells, 

glandular cells, 

granulocytes 

4f15 liver, kidney, lung, brain 

4F11 liver, colon, heart, brain, 

skeletal muscle, ovary, 

placenta, kidney 

hepatocytes, ductal 

cells, urothelial cells 

4f16 liver, kidney, lung, brain, 

heart, spleen 

4F12 liver, small intestine, 

stomach, colon, kidney, 

heart, skin, prostate, 

ovary, placenta 

enterocytes, Paneth 

cells, undifferentiated 

cells 

4f17 ubiquitous expression in 

subcutaneous fat pad 

adult, 

ovary and 26 other 

tissues 

4F22 liver, small intestine, 

kidney, brain, skin, skeletal 

muscle, testis, placenta 

granulocytes, 

Suprabasal 

keratinocytes, 

glandular cells, 

spermatogonia 

4f18 

 

4f37 

 

 

4f39 

 

4f40 

liver, kidney, lung, 

spleen, ovary 

duodenum, large 

intestine and 20 other 

tissues 

stomach, testis, bladder, 

kidney, lung 

testis, colon, duodenum 
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5. Role of 20-HETE in Health and Disease 

5.1. Role of 20-HETE in the Liver 

Numerous functional roles for 20-HETE have been reported in the liver. Some studies 

have shown that 20-HETE participates in the regulation of liver metabolic activity and 

hemodynamics (105, 106). Moreover, 20-HETE is a powerful activator of peroxisome 

proliferator-activated receptor-α (PPARα), playing a critical role in lipid homeostasis and the 

regulation of fat-dependent energy supply and metabolism (107, 108). Additionally, it functions 

as a significant inflammatory mediator and may have a substantial impact on inflammatory 

diseases. 

However, 20-HETE has also been implicated in various disease pathologies, including 

liver disorders such as fibrosis, and cirrhosis (105, 109, 110). For example, 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 (105, 109). Another study also 

showed that 20-HETE was significantly increased in mice with carbon tetrachloride (CCl4)-

induced liver fibrosis (110). These results suggest that 20-HETE plays an important role in the 

pathogenesis of hepatic fibrosis and may be a possible target for the clinical treatment of hepatic 

fibrosis. 

5.2. Role of 20-HETE in Inflammation 

Vascular inflammation plays a critical role in the development of various diseases, 

including atherosclerosis, hypertension, and vascular remodeling. CYP ω-hydroxylase and 20-
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HETE have been reported to play an important role in vascular inflammation. This is significant 

for a disease like β-thalassemia, which is characterized by an increase in endothelial cell 

activation, vascular inflammation, and hypercoagulability (111, 112). 

20-HETE has been shown to contribute to vascular inflammation by increasing the 

expression of adhesion molecules and inflammatory cytokines through endothelial cell activation 

(113). One study showed that 20-HETE can activate nuclear factor-kappa B (NF-κB) and 

stimulate the production of inflammatory cytokines in human endothelial cells (114). Recent 

research has also demonstrated that 20-HETE binds to the G-protein coupled receptor 75 

(GPR75), leading to c-Src-mediated activation of the epidermal growth factor receptor (EGFR) 

and triggering the downstream mitogen-activated protein kinase (MAPK) pathway. This cascade 

induces angiotensin-converting enzyme (ACE) expression and causes endothelial dysfunction 

(115, 116). Additionally, in endothelial cells, 20-HETE has been shown to promote the 

production of ROS via NADPH oxidase, which subsequently activates the L-type Ca2+ channel 

(86, 117). In the context of ischemia-reperfusion injury, inhibition of 20-HETE synthesis has 

been shown to reduce oxidative stress and decrease the expression of vascular tumor necrosis 

factor alpha (TNFα), interleukin 1 beta (IL-1β), and interleukin 6 (IL-6) (118, 119). Finally, 20-

HETE has been shown to be involved in promoting tumor angiogenesis and metastasis by 

upregulating vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP-

9) through phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase 1/2 

(ERK1/2) signaling pathways in human non-small cell lung cancer (NSCLC) cells (120). Figure 

8 represents a schematic of all signaling cascades involving 20-HETE in inflammatory diseases. 
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Figure 8. Schematic Representation of Signaling Pathways involving 20-HETE in Inflammatory Diseases.       

↑: up-regulation; ↓: down-regulation. IL, interleukin; LOX, MAPK/ERK, the mitogen-activated protein 

kinase/extracellular signal-regulated kinase; NF-κB, nuclear factor-kappa B; TNF-α, tumor necrosis factor alpha; 

EGFR, epidermal growth factor receptor, VEGF, vascular endothelial growth factor; ROS, reactive oxygen species; 

PI3K, phosphoinositide 3-Kinases. Reproduced from KD Ni et al. Front Pharmacol. 2021 

6. Significance of Single Nucleotide Polymorphisms in Health and Disease 

Single nucleotide polymorphisms (SNPs) represent the most basic form of genetic 

variation, occurring when a single nucleotide is replaced by another. As the most common type of 

genetic polymorphism in the human genome, SNPs are increasingly being studied due to their 

significant impact on disease susceptibility, treatment responses, and overall health (121). They 

are particularly relevant in the context of genetic predisposition to liver diseases, such as HCC, 

non-alcoholic fatty liver disease (NAFLD) (122, 123). SNPs can be found in both coding and 

noncoding regions of DNA. When present in coding regions, they may be silent (synonymous) or 

may change the amino acids encoded by the gene (non-synonymous). Notably, SNPs across the 

genome have been linked to variations in DNA methylation levels—a key epigenetic 
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modification that regulates gene expression without altering the DNA sequence itself. SNPs can 

affect these methylation patterns, influencing gene activity and potentially contributing to disease 

development and progression (124-126). Given their abundance and stability, SNPs are valuable 

for identifying individuals at risk, predicting disease outcomes, and more importantly, assessing 

treatment responses, making them promising candidates for genetic biomarkers. 

7. Molecular Functionality of CYP450 Genetic Polymorphisms 

Numerous studies have reported associations between SNPs and the development of liver 

diseases. Given that 20-HETE is implicated in liver disease abnormalities, it is important to 

investigate how genetic variants in CYP4 genes can contribute to individual differences in 

metabolism and disease susceptibility. Understanding these genetic variations can provide 

insights into how these SNPs can potentially influence the degree of 20-HETE production (127) . 

7.1. Genetic Variants of CYP4A11, CYP4A22 and CYP4F2 

Genetic variants in the CYP4A11 and CYP4F2 genes have been linked to cardiovascular 

conditions such as hypertension (128-130). The national center for biotechnology information 

(NCBI) database currently lists over 3,400 SNPs for CYP4A11 and approximately 5,900 SNPs 

for CYP4F2. However, only a subset of these SNPs has demonstrated significant clinical 

associations with functional changes. Among the well-studied SNPs for CYP4A11 is rs1126742, 

which results in an amino acid substitution from phenylalanine to serine at position 434. This 

variant is associated with reduced synthesis of 20-HETE from arachidonic acid (131, 132). 

Additionally, the CYP4A11 rs9333025 variant has been associated with hypertension and stroke 

(133). For CYP4F2, the rs2108622 variant is a non-synonymous change that alters the amino acid 

sequence from valine to methionine, leading to decreased enzymatic activity related to vitamin K 
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metabolism. Another notable SNP in CYP4F2, rs3093135, has been linked to an increased risk of 

stroke in addition to blood pressure (133, 134). Research on CYP4A22 polymorphisms has been 

limited to specific populations, such as Japanese and French populations (135, 136). Moreover, 

the role of CYP4A22 variants in human diseases remains largely unexplored, due to the gene’s 

low expression levels. 
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AIMS 

Reactive oxygen species are one of the main contributors to pathological outcomes in β-

thalassemia, with their generation being a consequence of iron overload and abnormal red blood 

cell metabolism. We have previously shown that CYP450 mediates ROS production in a mouse 

model of β-thalassemia through an increase in 20-HETE activity (137). In this study, we assessed 

the efficacy of N-Hydroxy-N'-(4-butyl-2-methylphenyl)-formamidine (HET0016), an inhibitor of 

20-HETE formation, in reducing 20-HETE-mediated oxidative stress and liver injury in mice 

affected by β-thalassemia. We specifically aimed at: 

1. Evaluating the impact of HET0016 on complete blood count (CBC) parameters and 

body-to-organ weight ratios. 

2. Assessing the efficacy of HET0016 in reducing CYP4A messenger RNA (mRNA) 

and protein expression levels, as well as 20-HETE levels. 

3. Evaluating the efficacy of HET0016 in decreasing 20-HETE-induced oxidative stress 

and lipid peroxidation. 

4. Examining the potential of HET0016 to reduce various markers of liver injury, 

fibrosis, and cell death by using various molecular, histological and biochemical 

assessments.  
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Additionally, and in order to translate our in vivo findings to humans, we conducted an 

observational study on a cohort of β-thalassemia patients to measure and report 20-HETE levels 

in plasma. We specifically aimed at: 

1. Comparing plasma 20-HETE levels in β-thalassemia patients with those in a cohort 

of healthy individuals, establishing baseline differences. 

2. Correlating 20-HETE levels with various clinical parameters in β-thalassemia 

patients, focusing particularly on markers related to iron metabolism and oxidative 

stress. 

Finally, and to further understand and explore the genetic factors that could influence 20-HETE 

production, we aimed at:  

1. Investigating the impact (if any) of specific functional SNPs in the CYP4A and CYP4F 

genes on 20-HETE levels within our cohort of β-thalassemia patients. 
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MATERIALS AND METHODS 

1. Animal Study 

1.1.Animal Model and Study Design 

All animals (C57BL/6 background) were bred at the Children’s Hospital of Philadelphia, 

PA, USA. We used both male and female Hbbth3/+ mice (The Jackson Laboratory- B6; 129P2-

Hbb-b1tm1Unc Hbb-b2tm1Unc/J). These mice carry a double knock-out of the Hbb-b1 and Hbb-b2 

adult β-globin genes, with a phenotype like that seen in NTDT. They show moderate anemia with 

hemoglobin (Hb) levels ranging from 6 to 9 g/dL.  Thalassemia diagnosis was confirmed through 

genotyping and measurement of Hb levels. The study design is as follows: 

• Group 1: Wild-type animals (C57BL/6J background) were treated with a 1:1 solution of 

dimethyl sulfoxide (DMSO): phosphate-buffered saline (PBS) (n=11). 

• Group 2: Hbbth3/+ animals (C57BL/6J background) were treated with a 1:1 solution of 

DMSO:PBS (n=14). 

• Group 3: Hbbth3/+ animals (C57BL/6J background) were treated with HET0016 (n=7). 

All animal-model experimental protocols used in this study were approved by the 

Institutional Animal Care and Use Committee (ICUC) of the of the Children’s Hospital of 

Philadelphia (CHOP), under protocol number IAC 21-001173, with the title “Novel Approaches 

for the Treatment of Disorders Associated with Inflammation, Abnormal Erythropoiesis and 

Altered Iron Metabolism”. All animals were kept in a temperature-controlled room and on a 

12/12-dark/light cycle and had standard chow and water access and were treated according to the 
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approved protocols and procedures of the facility. On the day of sacrifice, all mice were 

euthanized via cervical dislocation with anesthesia, and blood was collected for analysis and the 

liver was harvested. The liver was then cut into various sections: some were stored at -80°C for 

later analysis, while others were fixed in 4% formaldehyde for subsequent histological 

examination. 

1.2. Drug Preparation, Dose and Mode of Administration 

The solubility of HET0016 is approximately 20mg/mL in DMSO. This was then diluted 

with the aqueous buffer PBS. HET0016 has a solubility of approximately 0.5mg/mL in a 1:1 

solution of DMSO:PBS. The drug was administered daily, and intraperitoneally (IP) at a dose of 

5mg/kg/day for a total duration of 4 weeks. During the treatment phase, all animals were weighed 

once weekly and closely monitored for any potential drug adverse event or toxicities. 

1.3.Hematological parameters 

Blood was collected via retro-orbital puncture under isoflurane anesthesia on two 

occasions: initially at baseline and again at the end of the treatment period. The collected blood 

samples were subsequently analyzed in the Translational Core Lab at CHOP using the XN-

1000V hematology analyzer. 

1.4.Detection of intracellular superoxide using HPLC 

The measurement of dihydroethidium (DHE)-derived oxidation products, indicating ROS 

production in liver tissues, was performed using the High Performance Liquid Chromatography 

(HPLC) method (138, 139). This method is very sensitive and reliable in detecting superoxide 

anions compared to immunofluorescent DHE staining and other ROS detection methods. In brief, 
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liver tissues were first washed twice with Hanks’ balanced salt solution (HBSS) containing 

diethylenetriaminepentaacetic acid (DTPA), then homogenized and incubated for 30 min with 50 

μM DHE (Sigma-Aldrich) in HBSS–100 μM DTPA. After incubation, tissues were collected in 

acetonitrile and centrifuged at 12,000 x g for 10 minutes at 4°C, and then dried under vacuum. 

The samples were subsequently analyzed using HPLC with fluorescence detection. The 

concentrations of DHE, 2-hydroxyethidium (EOH), and ethidium products were quantified by 

comparing the integrated peak areas of the obtained chromatograms with those of standard curves 

for each product, under identical chromatographic conditions. EOH and ethidium were detected 

by fluorescence with excitation at 510 nm and emission at 595 nm, while DHE was monitored by 

ultraviolet absorption at 370 nm. The results were expressed as the amount of EOH produced (in 

nmol) normalized to the amount of DHE consumed (i.e., the initial DHE minus the remaining 

DHE in the sample, expressed in μmol). 

1.5. NADPH Oxidase Activity 

NADPH oxidase activity in the liver tissues  was also measured (21). Briefly, liver tissues 

were homogenized in 200 μL of lysis buffer [20 mM KH2PO4 (pH 7.0), 1 mM EGTA, 1 mM 

phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, and 0.5 μg/ml leupeptin]. Tissues were then 

homogenized using a Dounce homogenizer with 100 strokes on ice. Protein concentrations were 

quantified using Bio-Rad protein assay reagents. For the NADPH oxidase assay, 25μg of the 

homogenate was added to a reaction mixture containing 50 mM phosphate buffer (pH 7.0), 1 mM 

EGTA, 150 mM sucrose, 5 μM lucigenin, and 100 μM NADPH. Photon emission, expressed as 

relative light units (RLU), was measured every 30 seconds for 5 minutes using a luminometer. 

The readings were corrected by subtracting the buffer blank, which constituted less than 5% of 
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the total signal. The results were expressed as RLU per minute (min) per milligram (mg) of 

protein, indicating the level of NADPH activity. 

1.6. Real-time Polymerase Chain Reaction (PCR) and Gene Expression Analysis 

RNA extraction was performed using the Direct-zol™ RNA Miniprep (Zymo Research) 

as per instructions of the manufacturer. Briefly, liver tissues were lysed with TRIZOL reagent 

(Sigma Aldrich, Steinheim, Germany). An equal volume of ethanol (95-100%) was added to the 

sample lysed in TRIZOL. The solution was mixed thoroughly to ensure complete interaction 

between the ethanol and the lysate. The mixture was trasnferred into a Zymo-Spin™ IICR 

Column placed in a Collection Tube. The column was then centrifuged at highest speed to allow 

RNA binding to the column matrix. After centrifugation, the flow-through was discarded and the 

column was placed into a new collection tube. 400 μl of RNA Wash Buffer was added to the 

column and centrifuged. In an RNase-free tube, the DNase I treatment mix was prepared by 

combining 5 μl of DNase I (6 U/μl) with 75 μl of DNA Digestion Buffer. This mixture directly to 

the column matrix and the column was left to incubate at room temperature (20-30°C) for 15 

minutes to allow for the digestion of any contaminating DNA. After the incubation, 400 μl of 

Direct-zol™ RNA PreWash to the column and centrifuged and the flow-through was discarded 

(repeated 2X). Finally, 700 μl of RNA Wash Buffer was added to the column and centrifuged for 

1 minute. This step ensures the complete removal of any residual wash buffer. After 

centrifugation, the column was carefully put into an RNase-free tube. To elute the purified RNA, 

50 μl of DNase/RNase-Free Water was added directly onto the column matrix. This was then 

centrifuged to collect the eluted and pure RNA in an RNase-free tube. 100ng total RNA was 

either converted to cDNA using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Inc) as 
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per protocol and then quantified using RT- PCR Biorad CFX384, or the GoTaq® Probe 1-Step 

RT-qPCR System (Promega Corporation, USA) and run on the 7500 Real Time PCR System 

(ThermoFisher Scientific, USA). The following Taqman probes were used for our gene 

expression analysis: GAPDH (Mm99999915_g1, Thermofischer Scientific), CYP4A10 

(Mm01188913_g1, Thermofischer Scientific), CYP4A14 (Mm00484132_m1, Thermofischer 

Scientific), PPARα (Mm00440939_m1, Thermofischer Scientific), HGF (Mm01135184_m1, 

Thermofischer Scientific), and GPX4 (Mm00515041_m1, Thermofischer Scientific). mRNA 

expression was analyzed by real-time RT-PCR using the ΔΔCt method. All reactions were 

performed in triplicates. Data were normalized to the expression levels of GAPDH (housekeeping 

gene) and results were expressed as fold change compared to control.  

1.7.Western Blot Analysis 

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

Homogenates were incubated for two hours on ice 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 bovine serum albumin (BSA) protein assay. A volume of 25µl 

of samples (containing 50 μg of proteins) were first heated and then loaded on the NuPAGE 4-

12% gradient Bis-Tris Gel (1.5mm) and western blot was run (Invitrogen by ThermoFischer 

Scientific). Samples were then transferred to a nitrocellulose membrane (BioRad, Hercules, CA), 

and the membrane was then blocked with 5% milk for 1 hour. Blots were then incubated 

overnight at 4°C with mouse monoclonal anti-CYP4A (1:1000, sc-271983, Santa Cruz 

Biotechnology Inc, USA), rabbit monoclonal anti-GPX4 (1:1000, ab125066, Abcam, USA), and 

rabbit monoclonal anti-VINCULIN (1:1000, ab129002, Abcam, USA). The primary antibodies 
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were detected using secondary anti-rabbit or anti-mouse horseradish peroxidase-conjugated IgG. 

Bands were visualized by enhanced chemiluminescence developed by the ChemiDoc Imaging 

System (BioRad). Densitometry analysis was performed using ImageJ software. 

1.8. Histology  

Tissues were routinely processed, embedded in paraffin blocks and sectioned at 5μm 

thickness. A standard hematoxylin and eosin (H&E) (Azer Scientific; Catalogue numbers: 

ES36001 and ES36111) stain was performed, as well as a Pearl’s Prussian blue stain (in house 

reagents: 1% Hydrochloric acid, 2% Potassium Ferrocyanide, 0.1% Nuclear Fast Red) for iron 

and a picrosirius red stain (Polysciences; Catalogue numbers: 24901A-500 and 24901B-500) for 

collagen.. The tissue sectioning, histochemical and immunohistochemical staining, and whole 

slide scanning were performed by members of the Penn Vet Comparative Pathology Core 

Facility (RRID:SCR_022438) at the University of Pennsylvania, PA, USA. The scanner used for 

whole slide imaging and the image analysis software was supported by an NIH Shared 

Instrumentation Grant (S10 OD023465-01A1). The Leica BOND RXm instrument used for IHC 

was acquired through the Penn Vet IIZD Core pilot grant opportunity 2022.  

For the image quantification of the Sirius red and Pearl’s Prussian blue stain, a total of 10 

non-overlapping random images per mouse (n=5 per group) were analyzed using ImageJ 

software. The percentage of iron deposits and Sirius Red-positive areas was calculated by 

splitting each image, captured at 20X magnification, into its red, green, and blue (RGB) channels. 

Thresholds were then set to quantify the color intensity corresponding to the area fraction using 

ImageJ. For the 4-hydroxynonenal (4-HNE) staining, immunohistochemistry (IHC) micrographs 
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underwent a color deconvolution process using the ImageJ software, which separates brightfield 

images into channels representing the absorbance of individual dyes, including the brown DAB 

stain. After splitting the channels, the images were converted to grayscale, and the threshold tool 

was applied to determine the fraction of positive areas. Histopathologic anomalies for the H&E 

stained images were assessed using the NAFLD Activity Score (NAS) according to NIH 

guidelines. NAS evaluates liver sections to quantify disease severity based on three key 

components: steatosis, lobular inflammation, and hepatocellular ballooning. 

1.9. Immunohistochemistry  

For the immunohistochemistry performed at the American University of Beirut (AUB), 

formalin-fixed liver tissues were embedded in paraffin blocks, sectioned into 6μm slices, and 

mounted onto glass slides. The sections were then deparaffinized by immersing them in xylene 

and subsequently rehydrated through a graded series of ethanol washes. After rinsing in distilled 

water, the sections were subjected to antigen retrieval by immersion in a citrate buffer (0.1 M 

citric acid, 0.1 M sodium citrate, with drops of 2N sodium hydroxide (NaOH) added to distilled 

water) for one hour in a boiling water bath. Following retrieval, the slides were allowed to cool to 

room temperature and air-dry. Subsequent washes in distilled water and 1X PBS were conducted 

according to protocol. To block endogenous peroxidase activity, the sections were treated with a 

Peroxidase Block solution, followed by incubation with a protein block to reduce nonspecific 

binding. The sections were then incubated overnight with a primary antibody solution containing 

normal goat serum (NGS), 1X Triton, BSA, 1X PBS, and rabbit polyclonal anti-CYP4A antibody 

(diluted 1:150, Abcam). The following day, after thorough washes with 1X PBS, the sections 

were incubated with either the post-primary reagent and Novolink Polymer. The slides were then 
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exposed to 3,3'-diaminobenzidine (DAB) working solution (DAB Chromogen mixed with 

Novolink DAB Substrate Buffer) under dim light to develop the chromogenic signal. After 

additional washing in distilled water, the sections were counterstained with 0.1% hematoxylin, 

rinsed, dehydrated, and mounted for analysis. The stained sections were examined under a light 

microscope (137). 

For the IHC performed in the U.S., 5 µm thick paraffin sections were mounted on 

ProbeOn™ slides (Thermo Fisher Scientific). The immunostaining procedure was performed 

using a Leica BOND RXm automated platform combined with the Bond Polymer Refine 

Detection kit (Leica #DS9800). Briefly, after dewaxing and rehydration, sections were pretreated 

with the epitope retrieval BOND ER2 high pH buffer (Leica #AR9640) for 20 minutes at 98°C. 

Endogenous peroxidase was inactivated with 3% H2O2 for 10 minutes at RT. Nonspecific tissue-

antibody interactions were blocked with Leica PowerVision IHC/ISH Super Blocking solution 

(PV6122) for 30 minutes at RT. The same blocking solution also served as a diluent for the 

primary antibody. Rabbit primary antibodies against cleaved caspase-3 (CST, #9661) and 4 

hydroxynonenal (HNE; Alpha Diagnostic International, #HNE11-S) were used at a concentration 

of 1/4000 and 1/500 respectively. The primary antibody solutions were incubated on the sections 

for 45 minutes at roomctemperature. A biotin-free polymeric IHC detection system consisting of 

HRP-conjugated goat anti-rabbit IgG (Vector Laboratories MP-7444) was then applied for 25 

minutes at RT. Immunoreactivity was revealed with the DAB chromogen reaction. Slides were 

finally counterstained in hematoxylin, dehydrated in an ethanol series, cleared in xylene, and 

permanently mounted with a resinous mounting medium (Thermo Scientific ClearVueTM 

coverslipper). Sections of normal mouse lymphoid tissue and testes were included as positive 



49 
 

controls for Caspase 3 and 4HNE, respectively. Negative controls were obtained either by 

omission of the primary antibody or replacement with an irrelevant isotype-matched rabbit 

monoclonal antibody. All slides were finally scanned at 20X magnification using the Aperio 

Versa 200 whole slide scanner (Leica Biosystems, Buffalo Grove, Illinois). The images were then 

visualized with the Aperio ImageScope software (Leica Biosystems, Buffalo Grove, Illinois). 

1.10. Measurement of 20-HETE Levels 

Hepatic 20-HETE levels were quantified in isolated microsomes using HPLC (140). The 

procedure began by drying [1-14C]-labeled arachidonic acid (50–100 μmol/l) and reconstituting 

it in a reaction mixture containing 30 mmol/l isocitrate, 50 μg microsomes, and 0.2 units of 

isocitrate dehydrogenase in a reaction buffer (composed of 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, 

NADPH was introduced to initiate the reaction. Aliquots were collected at 30, 60, and 90 

minutes, and the reaction was terminated by adding 100% methanol. The samples were then 

centrifuged to pellet the precipitated proteins, which were then stored at −20°C. Separation of the 

metabolites was conducted via HPLC on a C-18 column, utilizing an acetonitrile/water gradient, 

with identification achieved through coelution with labeled standards. 
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1.11. Lipid Peroxidation Assay 

In order to measure lipid peroxidation in liver tissue extracts, we used the Lipid 

Peroxidation malondialdehyde (MDA) Colorimetric Assay (ab118970, Abcam, USA) as per the 

manufacturer’s instructions (141-144). Absorbance was then measured on a microplate reader at 

OD 532 nm and the MDA concentration was calculated using the below equation:  

MDA Concentration = (A / [mg or mL]) x 4 ∗ x D = nmol/ml or nmol/mg 

Where: 

A = Amount of MDA in sample calculated from the standard curve (nmol). 

mg = Original tissue amount used (e.g. 10 mg). 

mL = Original plasma volume used (0.020 mL). 

4* = Correction for using 200 μL of the 800 μL Reaction Mix. 

D = Sample dilution factor if sample is diluted to fit within the standard curve range (prior 

to the reaction well set up). 

 

1.12. Glutathione (GSH) Assay 

The GSH Assay Kit (Colorimetric) (ab239709, Abcam, USA) was used as a colorimetric 

method for analyzing the total glutathione levels in samples using a microtiter plate reader (145-

147). Liver tissues were homogenized and processed as per manufacturer’s instructions. The 

assay is based on the glutathione recycling system by DTNB and glutathione reductase. DTNB 

and GSH react to generate 2-nitro-5-thiobenzoic acid which has a yellow color. Therefore, GSH 

concentration was determined by measuring absorbance at 412 nm. Total GSH levels were 

detrimental as follows: Total GSH = (O.D.sample - O.D.blank)/SlopeSTD Curve. 
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1.13. Caspase 3 Assay 

We assessed caspase-3 activity, a key enzyme in the apoptotic process, using a 

colorimetric caspase-3 activity enzyme-linked immunosorbent assay (ELISA) kit (ab39401, 

Abcam, USA) (148-151). Liver tissue samples were homogenized in Cell Lysis Buffer (pH 7.5), 

and the homogenates were centrifuged at 10,000 x g for 1 minute to obtain the supernatant. A 

50μl aliquot of this supernatant was used to prepare the sample according to the manufacturer’s 

instructions. Protein concentrations were accurately determined using the BCA Protein Assay kit, 

as per the provided protocol. For the assay, 50μl of 2x Reaction Buffer (with 10mM 

dithiothreitol) and 5μl of the 4mM DEVD-p-NA substrate were added to each sample. The 

mixture was incubated at 37°C for 120 minutes. The absorbance was measured at OD 400 nm 

using a microplate reader. Caspase-3 activity levels in each group were expressed as fold change 

relative to the control (wild type) group.  

1.14. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism Software (10.2.3, CA, USA). 

All the data was initially checked for outliers. Normality and Lognormality test was then 

performed to assess the distribution of the data (Shapiro-Wilk normality test, and Kolmogorov-

Smirnov normality test). If the samples followed a normal distribution, an ordinary one way 

analysis of variances (ANOVA) test was performed followed by Tukey’s posttest in order to 

determine the significance, where p value ≤ 0.05 is considered statistically significant. If the data 

did not follow a normal distribution, a non-parametric Kruskal-Wallis test was performed. All of 

the results were expressed as mean ± standard deviation (SD). 
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2. Clinical Study  

2.1.  Study Design and Subjects 

In an observational study we enrolled 50 individuals with β-thalassemia (30 TDT and 20 

NTDT), alongside 20 healthy controls (healthy subjects). For the recruitment of patients, all adult 

β-thalassemia patients who are followed up regularly in the Rare Disease Center of the General 

Medicine Unit at Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico and who have 

provided their consent were recruited.  

2.2. Ethics Statement 

All experiments were conducted according to the ethical policies and procedures 

approved by the ethical committee of Fondazione IRCCS Ca’ Granda Ospedale Maggiore 

Policlinico in Milan, Italy (protocol # 95_2022bis). Informed consent was obtained from all study 

participants for the use of their blood samples and the review of their medical records. This 

included accessing their test results and relevant medical history, as well as clinical and 

demographic information. 

2.3. Sample collection and storage 

Blood samples were collected during the routine follow-up visit of the patients. Some of 

the blood samples were sent to the central lab for analysis of different clinical parameters, 

outlined briefly below: 
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- Hematological parameters: hemoglobin, hematocrit, mean cellular volume (MCV), RBCs, 

RBCs distribution width (RDW), reticulocytes, platelets, white blood count (WBC), 

neutrophils, and lymphocytes. 

- Liver Function Tests: alanine transaminase (ALT), aspartate transaminase (AST), gamma-

glutamyl transferase (GGT), and alkaline phosphatase (ALP). 

- Iron parameters: serum ferritin, transferrin, serum iron, transferrin saturation (TSAT) 

- Renal Function Tests: blood urea nitrogen (BUN), Creatinine  

 

The remaining blood was collected and immediately centrifuged to separate its 

components into plasma, serum and buffy coat. Plasma and serum samples were stored at -80 °C 

until used for different biochemical assays. The buffy coat was carefully isolated, stored at -20 °C 

and reserved for genetic studies. 

2.4. Quantification of NTBI Levels 

Serum NTBI content was measured using HPLC (36). Serum samples were collected and 

stored at -80˚C until analysis. For the assay, 50 μl of 800 mM nitrilotriacetic acid (NTA) solution 

(pH 7.0) was added to 450 μl of serum. The mixture was incubated at room temperature for 20 

minutes, allowing the excess NTA to chelate iron that was non-specifically bound to serum 

proteins and low-molecular-weight ligands, forming a Fe-[NTA] complex. This solution was then 

ultrafiltered using an Amicon Centricon 30 microconcentrator (Amicon Corporation, Lexington, 

MA, USA) at 13,000 x g for 30 minutes. A 20 μl aliquot of the ultrafiltrate was injected into a 

metal-free HPLC system (PerkinElmer® Series 200™ IC titanium pump module; Perkin-Elmer 

Life Science, Boston, MA, USA). 

The HPLC assay was performed on a reverse-phase C18 column (4 μm, 3.9 x 150 mm; 

Waters, Milford, MA, USA) using an isocratic mobile phase consisting of 20% acetonitrile and 3 
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mM CP22 (3-hydroxy-1-propyl-2-methyl-pyridine-4-one) in 5 mM sodium phosphate buffer 

(Na2HPO4-NaH2PO4), adjusted to pH 7.0 (Schrier SL, 1994). CP22 has a high affinity for iron 

and forms an orange-colored Fe-[CP22]3 complex from the Fe-[NTA] complex, which was 

detected at 450 nm. Iron concentrations were determined by comparison with a calibration curve. 

The NTBI retention time under these conditions was 4.6 minutes. 

Iron standards ranging from 0 to 10 μM were prepared from a stock Fe-[NTA] solution 

and diluted with Milli-Q distilled water (Millipore, Bedford, MA, USA). This iron-free water was 

also used as the blank. Standards were routinely run in 1 μM increments, and 20 μl of each 

standard or blank was injected into the HPLC system. The iron content measured in the blank 

was then subtracted from the values obtained for the Fe-[NTA] standards to correct for 

background levels. 

The NTBI assay was also performed on serum samples from healthy control subjects. In 

normal individuals, NTBI values are typically negative, as the assay measures samples alongside 

a corresponding blank containing water and NTA. The small amounts of iron in water, not bound 

by transferrin, result in negative NTBI values after blank subtraction, as transferrin in the samples 

partially captures iron from the Fe-[NTA] complex.  

2.5. Assessment of MDA Levels  

The LPO-586™ assay (OxisResearch™) was used to measure MDA levels in serum 

samples according to instructions by the manufacturer (152-154). This assay is based on the 

reaction of a chromogenic reagent, N-methyl-2-phenylindole (R1), with MDA at 45°C. One 

molecule of MDA reacts with 2 molecules of reagent R1 to yield a stable chromophore with 
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maximal absorbance at 586 nm. Using data from the yielded standard curve, the concentration of 

MDA was calculated.  

2.6. Detection of intracellular superoxide levels using HPLC 

The measurement of DHE-derived oxidation products, indicating ROS production, in 

plasma samples was performed using HPLC (138, 139). This method is very sensitive and 

reliable in detecting superoxide anions compared to immunofluorescent DHE staining and other 

ROS detection methods. In brief, plasma samples were incubated for 30 min with 50 μM DHE 

(Sigma-Aldrich) in HBSS–100 μM DTPA. After incubation, they were centrifuged at 12,000 x g 

for 10 minutes at 4°C, and then dried under vacuum. The samples were subsequently analyzed 

using HPLC with fluorescence detection. The concentrations of DHE, EOH, and ethidium 

products were quantified by comparing the integrated peak areas of the obtained chromatograms 

with those of standard curves for each product, under identical chromatographic conditions. EOH 

and ethidium were detected by fluorescence with excitation at 510 nm and emission at 595 nm, 

while DHE was monitored by ultraviolet absorption at 370 nm. The results were expressed as the 

amount of EOH produced (in nmol) normalized to the amount of DHE consumed (i.e., the initial 

DHE minus the remaining DHE in the sample, expressed in μmol). 

2.7. Measurement of 20-HETE Levels 

Plasma 20-HETE levels in humans were quantified in isolated microsomes using HPLC. 

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

reconstituting it in a reaction mixture containing 30 mmol/l isocitrate, 50 μg microsomes, and 0.2 

units of isocitrate dehydrogenase in a reaction buffer (composed of 100 mmol/l potassium 
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phosphate, pH 7.4, 5 mmol/l magnesium chloride, and 1 mmol/l EDTA). After a 5-minute 

incubation at 37°C, NADPH was introduced to initiate the reaction. Aliquots were collected at 

30, 60, and 90 minutes, and the reaction was terminated by adding 100% methanol. The samples 

were then centrifuged to pellet the precipitated proteins, which were then stored at −20°C. 

Separation of the metabolites was conducted via HPLC on a C-18 column, utilizing an 

acetonitrile/water gradient, with identification achieved through coelution with labeled standards. 

2.8. Assessment of genetic polymorphisms in the CYP4A, and CYP4F genes 

DNA was isolated from the collected buffy coat using the Maxwell® 16 Blood DNA 

Purification Kit (Promega Corporation, USA) according to manufacturer’s protocol (155-157) 

and its concentration was measured using the Nanodrop 1000 (ThermoFisher Scientific, USA). 

Genotyping was then assessed by RT-PCR on the 7500 Real Time PCR System (ThermoFisher 

Scientific, USA), using the GoTaq® Probe System (Promega Corporation, USA) and specific 

TaqMan™ SNP Genotyping Assay probes (ThermoFischer Scientific,USA), the characteristics of 

which are listed in Table 2. Allelic discrimination analysis was performed with the GT module 

software of  ThermoFisher Cloud  (2020.1.4-Q1-20-build1). 
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Table 2. Characteristics of the TaqMan™ SNP Genotyping Assay Probes used based 

known functional SNPs of CYP4A and CYP4F genes 

Gene  SNP Type Polymorphism  Location on 

Chromosome 

CYP4A11 rs1126742 Intron A/G 1p33 

CYP4A11 rs9333025 Intron C/T 1p33 

CYP4F2 rs3093135 Intron A/T 19p13.12 

CYP4F2 rs2108622 Intron C/T 19p.13 

 

2.9. Statistical Analysis 

Discrete and continuous variables were presented as absolute frequencies and relative 

percentages, or as means (± SD) or medians (minimum-maximum), respectively. The pairwise 

Spearman correlation was calculated to assess the relationships between plasma 20-HETE levels 

and other factors, including oxidative stress markers and iron parameters. Differences in the 

distribution of factors were evaluated using the nonparametric Wilcoxon-Mann-Whitney test for 

two groups and the Kruskal-Wallis test for three or more groups. Additionally, the distribution of 

the same parameters between healthy individuals and patients with β-thalassemia was analyzed 

using the Wilcoxon-Mann-Whitney and Kruskal-Wallis tests. All analyses were conducted using 

Stata 18 (StataCorp, 2023. Stata Statistical Software: Release 18. College Station, TX: StataCorp 

LLC). 
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RESULTS 

1. Animal Study 

1.1.HET0016 administration reduced liver-to-body weight ratio in Hbbth3/+ mice without 

affecting spleen-to-body weight ratio or hematological parameters 

The administration of HET0016 in Hbbth3/+ mice led to a significant reduction in the liver-

to-body weight ratio (Figure 9-A). Additionally, the liver of HET0016-treated Hbbth3/+ mice 

displayed a slightly healthier and brighter-looking red color compared to their untreated 

counterparts (Figure 9-B). However, despite the observed effect on liver, HET0016 

administration did not lead to any changes in the spleen-to-body weight ratio or overall spleen 

size in Hbbth3/+ mice (Figure 9-C-D). Furthermore, the hematological parameters, including 

hemoglobin, hematocrit, red blood cell count, nucleated red blood cells, reticulocytes, platelets, 

mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin 

concentration, and coefficient of variation in red cell distribution width, did not improve, and 

remained unaffected by HET0016 treatment (Figure 9-E-M).  
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Figure 9: HET0016 administration reduced liver-to-body weight ratio in Hbbth3/+ mice without affecting 

spleen-to-body weight ratio or hematological parameters. (A-B) Liver-to-body weight ratio and representative 

image of the gross appearance of the livers, (C-D) spleen-to-body weight ratio and representative images of the gross 

appearance and size of the spleens, and (E-N) RBC parameters. Values represented as mean ± SD. WT (n=6), 

Hbbth3/+ (n = 6) and Hbbth3 /+ + HET0016 (n=7); Groups were tested either using the ordinary one way-ANOVA test 
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or the non-parametric one way-ANOVA analyses (Kruskal Wallis Test); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

****p ≤ 0.0001;ns: non-significant. 

1.2. HET0016 administration reduced intracellular ROS levels and NADPH Oxidase 

activity in Hbbth3/+ mice 

Superoxide production in liver tissues was significantly increased in Hbbth3/+ mice 

compared to their control littermates. This increase was mitigated by HET0016 administration 

(Figure 10-A). Additionally, the rise in ROS levels was associated with increased NADPH 

oxidase activity, which also showed a significant reduction following HET0016 treatment 

(Figure 10-B). 

 

 

 

 

 

Figure 10: HET0016 administration reduced intracellular ROS levels and NADPH Oxidase activity in Hbbth3/+ 

mice. (A) HPLC analysis and quantification of EOH/DHE ratios (nmol/umol), and (B) NADPH-dependent 

superoxide generation (RLU/min/mg protein) measured in liver tissues of the different groups of mice. Values 

represented as mean ± SD. WT (n=5-6), Hbbth3/+ (n = 5-6) and Hbbth3 /+ + HET0016 (n=5-7); Groups were tested 

using the ordinary one way-ANOVA test * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001; ns: non-significant 
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1.3. HET0016 decreased Cyp4a10, and Cyp4a14 mRNA expression levels, Cyp4a14 

protein levels, and 20-HETE levels in Hbbth3/+ mice 

Significant changes were observed in the mRNA expression levels of Cyp4a10 and 

Cyp4a14 in Hbbth3/+ mice compared to controls, with both decreasing following HET0016 

administration (Figure 11-A-B). Additionally, there was a statistically significant increase in 

CYP4A14 protein levels in the livers of Hbbth3/+ mice compared to controls, which also decreased 

with HET0016 treatment (Figure 11-C-D). The efficacy of HET006 in reducing CYP4A levels 

in the liver was further confirmed through IHC staining (Figure 11-E). Finally, 20-HETE 

activity was elevated in Hbbth3/+ mice relative to controls, which is consistent with the increased 

expression of their corresponding CYPs, and this activity was significantly reduced with 

HET0016 administration (Figure 11-F). 
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Figure 11: HET0016 decreased Cyp4a10, and Cyp4a14 mRNA expression levels, Cyp4a14 protein levels, and 

20-HETE levels in Hbbth3/+ mice. (A-B) Cyp4a10, and Cyp4a14 mRNA expression levels calculated as a fold 

change using the ΔΔCt method, (C) Representative western blot showing the expression of CYP4A in addition to 

CYP4A/VINCULIN quantification, (D) Representative figure of IHC staining for CYP4A at 4X and 10X and (E) 

Assessment of 20-HETE activity (metabolite produced by CYP4A) by HPLC. Values represented as mean ± SD. 

WT (n=11), Hbbth3/+ (n = 15) and Hbbth3 /+ + HET0016 (n=7); Groups were tested using either the ordinary one way-

ANOVA test or the non-parametric one way-ANOVA analyses (Kruskal Wallis Test); * p ≤ 0.05, ** p ≤ 0.01, *** p 

≤ 0.001, ****p ≤ 0.0001; ns: non-significant 

1.4. Treatment with HET0016 decreased lobular inflammation, and ballooning of 

hepatocytes in Hbbth3/+ mice 

Hematoxylin and eosin staining of liver tissues from Hbbth3/+ mice revealed signs of 

interstitial and perivascular inflammation in addition to hepatocytic ballooning. These 

pathological features were markedly improved following treatment with HET0016 (Figure 12). 

Quantitative analysis of these histological changes, as reflected in the NAS activity score, further 

confirmed the therapeutic effect of HET0016 (Table 3).  
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Figure 12. Treatment with HET0016 decreased lobular inflammation, and ballooning of hepatocytes. 

Representative images taken at 10X and 20X are shown. 

Table 3. The calculated NAFLD activity score (NAS). WT (n=5), Hbbth3/+ (n = 5) and Hbbth3/+ 

+ HET0016 (n=5).  

Groups 
Steatosis 

(0-3) 

 

Lobular 

Inflammation 

(0-3) 

 

 

Hepatocellular 

Ballooning  

(0-2) 

Total NAS  

Score 

(0-8) 

WT 0 0 0 0 

Hbbth3/+ 0 2 2 4 

Hbbth3/+ + HET0016 0 1 1 2 
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1.5. Treatment with HET0016 reduced fibrosis, and lipid peroxidation in Hbbth3/+ mice 

Sirius red staining, which is used to detect and visualize collagen fibers, indicated 

significant interstitial and perivascular fibrosis in the liver of Hbbth3/+ mice. This fibrosis was 

substantially reduced with HET0016 administration (Figure 13-A-B). Decreased mRNA 

expression levels of the liver injury marker HGF in Hbbth3/+ mice treated with HET0016 also 

confirmed these findings (Figure 13-C). We then assessed the impact of HET0016 on the 

accumulation of lipid peroxides in the liver of Hbbth3/+ mice. Treatment with HET0016 

significantly attenuated increased levels of the lipid peroxidation markers MDA and 4-HNE in 

Hbbth3/+ mice (Figure 13-D-F).  
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Figure 13: Treatment with HET0016 reduced fibrosis, and lipid peroxidation in Hbbth3/+ mice. (A) 

Representative figure of Sirius red stain at 10X and 20X, and (B) Corresponding quantification of images 

(n=5/group), (C) HGF mRNA expression levels calculated as a fold change using the ΔΔCt method, (D) MDA 

Assay, (E) Representative of IHC staining for 4-HNE at 10X and 20X and (F) corresponding  quantification of 

images (n=5/group). Values represented as mean ± SD. WT (n=11), Hbbth3/+ (n = 15) and Hbbth3 /+ + HET0016 (n=7); 

Groups were tested using the ordinary one way-ANOVA test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 

0.0001; ns: non-significant 

1.6. Treatment with HET0016 reduced apoptosis in Hbbth3/+ mice 

The observed increase in markers of inflammation, fibrosis, and lipid peroxidation in the 

liver can be strongly associated with enhanced apoptosis and cell death. Notably, treatment with 

HET0016 significantly reduced apoptosis in Hbbth3/+ mice, as demonstrated by the 

immunohistochemistry results in Figure 14-F and further confirmed by the Caspase-3 activity 

assay shown in Figure 14-G. These findings suggest that HET0016 could effectively mitigate the 

apoptotic pathways linked to liver injury in Hbbth3/+ mice. 
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Figure 14. Treatment with HET0016 reduced apoptosis in Hbbth3/+ mice. (A) Representative figure of 

IHC staining for Caspase 3 at 10X and 20X, and (B) Caspase 3 activity. Values represented as mean ± SD. WT 

(n=6), Hbbth3/+ (n = 6) and Hbbth3/+ + HET0016 (n=7); Groups were tested using the ordinary one way-ANOVA test. 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001; ns: non-significant 

1.7. HET0016 decreases iron and inhibits ferroptosis in Hbbth3/+ mice 

We then assessed the effect of HET0016 on iron using Perls’ Prussian blue staining. The 

number of iron-positive cells was counted and compared across the different mouse groups. As 

shown in Figure 15-A-B, treatment with HET0016 significantly reduced iron in the liver of 

Hbbth3/+ mice. This finding prompted us to look at the ferroptosis pathway. Specifically, we 

examined the effects of 20-HETE inhibition on the mRNA and protein expression levels of 

glutathione peroxidase 4 (GPX4), a central regulator that serves to inhibit ferroptosis. As shown 

in Figure 15-C-E, HET0016 significantly increased GPX4 expression. Moreover, treatment with 

HET0016 attenuated the decreases in total GSH levels, which acts as a cofactor of GPX4 (Figure 

15-F).  
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Figure 15. HET0016 decreases iron and inhibits ferroptosis in Hbbth3/+ mice. (A) Representative figure 

of Pearl’s Prussian blue stain at 10X and 20X, and (B) Corresponding quantification of images (n=5/group), (C) 

GPX4 mRNA expression levels calculated as a fold change using the ΔΔCt method, (D-E) Representative western 

blot showing the expression of GPX4 in addition to GPX4/VINCULIN quantification, and (F) Total GSH Levels. 

Values represented as mean ± SD. WT (n=11), Hbbth3/+ (n = 15) and Hbbth3/+ + HET0016 (n=7); Groups were tested 

using the ordinary one way-ANOVA test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001; ns: non-significant 
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2. Clinical Study 

2.1. Clinical Characteristics of the Study Subjects  

The analysis of clinical characteristics related to iron and oxidative stress in our study 

subjects is presented in Table 4, highlighting the key differences among them. As shown, 

patients with β-thalassemia had significantly higher 20-HETE levels when compared to healthy 

individuals.  

Table 4. Comparisons of Clinical Characteristics and 20-HETE levels between healthy 

subjects and β-Thalassemia patients.  

 

*Values represented as mean ± SD. **Values are presented as median and range.   

 

 

Clinical 

Parameters 

Healthy  

Subjects 

(n=20) 

β-Thalassemia 

Patients 

(n=50) 

p-value 

Iron (mcg/dL)* 98.0 ± 33.5 224.2 ± 69.2 < 0.001 

Serum Ferritin (mg/L)** 68.5 (22-374) 1222.8 (131-10,614) < 0.001 

Transferrin (mg/dL) 266.4 ± 33.2 181.0 ± 26.0 < 0.001 

TSAT (%) 26.2 ± 9.3 88.0 ± 24.7 < 0.001 

NTBI (μM)* -0.8 ± 0.5 2.2 ± 2.1 < 0.001 

MDA (μM)* 0.5 ± 0.2 0.9 ± 0.4 < 0.001 

ROS-DHE* 126.8 ± 37.6 795.6 ± 138.4 < 0.001 

20-HETE* 13.6 ± 2.5 26.0 ± 4.0 < 0.001 
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A sub analysis study on the cohort of β-thalassemia patients on certain treated modalities 

for their basic disease or for the prevention of certain complications also revealed differences 

among 20-HETE levels. These have been summarized in Table 5.  

Table 5. 20-HETE levels among β-thalassemia patients on certain treatment modalities. 

 

 

 

 

Values represented as mean ± SD. 

 

 

 

 

Treatment 

Modality  

20-HETE  p-value 

Splenectomy 

Yes (n=30) 

No (n=20) 

 

26.3 ± 3.8 

25.5 ± 4.2 

 

0.458 

Hydroxyurea 

Yes (n=9) 

No (n=41) 

 

23.8 ± 2.6 

26.5 ± 4.1 

 

0.055 

Transfusion 

Yes (n=40) 

No (n=10) 

 

27.1 ± 3.6 

21.6 ± 1.4 

 

< 0.001 

Chelation 

Yes (n=39) 

No (n=11) 

 

23.0 ± 0.0 

26.8 ± 3.9 

 

0.002 

Medications  

(aspirin, ACE inhibitors, 

ARBs, beta blockers, insulin) 

Yes (n=27) 

No (n=23) 

 

 

 

25.1 ± 3.3 

27.1 ± 4.5 

 

 

 

0.080 
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Furthermore, correlation studies in β-thalassemia patients revealed a strong association 

between 20-HETE levels and ROS-DHE levels, as well as a moderate correlation between 20-

HETE levels and iron levels. (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Correlation of 20-HETE with iron parameters and markers of oxidative stress. Representative figure 

showing a strong correlation between 20-HETE and (A) ROS-DHE levels, as well as a moderate correlation between 

20-HETE and (B) iron levels in β-thalassemia patients. (n=50). 

 

 

A) 
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2.2. 20-HETE levels and its association with genotype distribution  

As shown in Table 6, there were no significant associations between 20-HETE levels and any of 

the four polymorphisms tested (in all p value > 0.05).  

Table 6. Association of 20-HETE Levels with Genotype Distribution in Patients 

 20-HETE p-value 

rs9333025 

CC (n=37) 

CT (n=13) 

 

 

26.3 + 4.3 

25.9 + 3.1 

 

0.9695 

rs1126742 

AA (n=35) 

AG (n=14) 

GG (n=1) 

 

 

25.7 + 4.1 

26.9 + 3.8 

22.8 + 0.0 

 

0.4922 

rs3093135 

AA (n=26) 

AT (n=22) 

TT (n=2) 

 

 

27.0 + 3.9 

24.7 + 4.0 

26.7 + 0.4 

 

0.1442 

rs2108622 

CT (n=21) 

CC (n=24) 

TT (n=5) 

 

26.3 + 3.9 

25.7 + 4.2 

26.0 + 3.7 

 

0.8098 

                             *Values represented as mean ± SD 
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DISCUSSION 

Oxidative damage caused by ROS plays a crucial role in the cell injury and tissue damage 

observed in β-thalassemia patients. Recent studies have also shown that ROS generation in β-

thalassemia is multifactorial, involving several mechanisms that contribute to its harmful effects 

(40, 41). Elevated ROS levels in various organs have been linked to numerous pathological 

outcomes, including inflammation, fibrosis, and apoptosis. Moreover, the sources of ROS 

production in pathophysiology have been proposed to be tissue and disease specific. Despite all 

advancements in the understanding of β-thalassemia, and to our knowledge, no study to date has 

identified specific sources of ROS, highlighting a critical gap in the field. 

Iron chelation therapy is a cornerstone treatment for β-thalassemia. By sequestering both 

intracellular and extracellular iron, which catalyzes the production of harmful free oxygen 

radicals, iron chelators have emerged as effective general antioxidants by helping reduce 

oxidative stress and limit subsequent damage. However, while ROS are often implicated in injury 

and disease processes, they are also essential for normal cellular functions, including gene 

transcription, cell proliferation, and the regulation of blood flow and blood pressure. This dual 

role of ROS, balancing between necessary physiological functions and pathological damage, 

helps explain why attempts to treat ROS-related diseases using general antioxidants have often 

been unsuccessful. In some cases, the use of general antioxidants has even led to adverse 

outcomes, as they may disrupt vital ROS-dependent processes. This complexity underscores the 

need for more targeted therapeutic strategies in managing oxidative stress in red cells disorders 

and hemoglobinopathies in general, and in diseases like β-thalassemia specifically. In light of 
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this, we provide significant insights in this study for the first time into the role of CYP450 and 

the metabolite 20-HETE in oxidative stress production in β-thalassemia.  

HET0016 has been explored for its effects on body weight and body-to-organ weight 

ratios, which are crucial indicators of systemic and organ-specific responses to disease and 

therapeutic interventions (158). By inhibiting 20-HETE, HET0016 has shown potential in 

reducing organ hypertrophy. In our study, the administration of HET0016 in Hbbth3/+ mice 

resulted in a notable reduction in the liver-to-body weight ratio. This was accompanied by visible 

improvements in the overall gross appearance of the liver. These findings suggest that HET0016 

could have beneficial effects on liver health in Hbbth3/+ mice, likely through mechanisms related 

to its inhibitory effects on 20-HETE, which is known to contribute to liver inflammation, 

oxidative stress, and fibrosis. Thus, the reduction in liver weight could indicate a potential 

alleviation of liver hypertrophy or hepatomegaly, a common complication oberserved in β-

thalassemia patients (159). In fact, one study by Park et al looked at the effect of HET0016 on 

diabetic pathophysiology in high fat diet (HFD) mice and also showed a reduction in liver size 

following treatment with HET0016 at a dose of 5 mg/kg/day intraperitoneally for 12 weeks 

(158). Similarly, a study by Yang et al. showed that HET0016 substantially improved alcoholic 

steatosis and alcohol-induced liver injury including the overall gross appearance of the organ 

(160).  

Despite the positive effects on the liver, HET0016 administration did not affect the 

spleen-to-body weight ratio or spleen size, highlighting a degree of organ-specificity in the drug's 

mechanism of action. This is consistent with the fact that splenomegaly in β-thalassemia is 

primarily driven by ineffective erythoproesis and chronic hemolysis, mechanisms that may not be 
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directly influenced by 20-HETE inhibition. Furthermore, the absence of changes in hematological 

parameters indicate that HET0016 does not directly influence the anemic condition characteristic 

of β-thalassemia. The persistence of these hematological abnormalities after treatment suggests 

that while 20-HETE inhibition can mitigate liver pathology, it does not seem to correct the state 

of ineffective erythropoiesis or hemolysis-driving anemia in β-thalassemia. This is not 

surpridsing givren the mechanism of action of the drug which primarily acts on the liver and 

kidney. Whether long-term adminsitration of HET0016 in Hbbth3/+ mice could positively affect 

hematopoiesis and RBC lifespan and indirectly ameliorate CBC values remains to be determined.  

Although ROS play an important role in cell signaling, their overproduction under 

pathological conditions like β-thalassemia can be associated with inflammation and injury. The 

observed increase in superoxide production in the liver tissues of Hbbth3/+ mice compared to their 

control counterparts highlights the significant state of oxidative stress present in β-thalassemia. 

The increase in NADPH oxidase activity, a key enzyme complex responsible for ROS generation, 

further highlights the role of oxidative stress in liver pathology in Hbbth3/+ mice. The ability of 

HET0016 to significantly reduce both superoxide production and NADPH oxidase activity in our 

study suggests that the drug exerts its protective effects by modulating oxidative stress pathways. 

By inhibiting 20-HETE, HET0016 likely attenuates NADPH oxidase activity, leading to a 

reduction in ROS levels and mitigating the downstream effects of oxidative stress on the liver. In 

line with our findings, other studies have also demonstrated the impact of HET0016 in decreasing 

intracellular ROS production and NADPH oxidase activity in the context of other diseases and 

across different organ systems (161). These findings paved the way for further investigation into 

a source of ROS that is NADPH-dependent, the CYP450.  
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Changes in the mRNA expression of Cyp4a10 and Cyp4a14 in mice are indicative of the 

upregulated CYP450 pathway. In our present study, the mRNA expression of both genes was 

significantly reduced in the liver following HET0016 administration. Moreover, the increased 

protein levels of CYP4A14 in the livers of Hbbth3/+ mice compared to controls confirmed the 

dysregulation of this pathway at both the transcriptional and translational levels. The use of IHC 

to confirm this decrease in CYP4A expression after HET0016 treatment further validated our 

results. A previous study has shown the involvement and important function of CYP4A in the 

pathogenesis of liver conditions like nonalcoholic steatohepatitis (162). A more recent study also 

showed that the adminsitration of HET0016 significantly decreased the mRNA and protein 

expression of both Cyp4a10 and Cyp4a14 in mouse models with alcohol-induced steatosis (160). 

Additionally, CYP4A protein levels were found to be elevated in patients with alcoholic liver 

disease compared to healthy controls (160). Finally, the increased 20-HETE activity in Hbbth3/+ 

mice was also aligned with the upregulation of the corresponding Cyp4a genes. The significant 

decrease in hepatic 20-HETE levels in Hbbth3/+ mice following HET0016 treatment highlights the 

drug's potential in ameliorating the harmful effects of 20-HETE overproduction, thereby reducing 

liver injury. To note, only one other study to date in the context of hemoglobinopathies has 

implicated the role of 20-HETE in disease pathology. Vitturi et al. reported a significant 

upregulation of Cyp4a12a, another CYP450 enzyme responsible for 20-HETE production, in the 

kidneys of sickle cell disease (SCD) compared to control mice. This upregulation was linked to 

increased vascular congestion and renal thrombosis. Additionally, both renal CYP4A12a levels 

and plasma 20-HETE were significantly elevated following heme-induced acute kidney injury 

(AKI) in SCD mice, which correlated with enhanced expression of the renal angiotensin II 

receptor 1 (ATIIR1), suggesting increased vasoconstrictive activity (163).  
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The findings from the histological analysis performed on the liver tissues from Hbbth3/+ 

mice also provided us with valuable insights into the role of HET0016 in mitigating liver injury. 

Firstly, H&E staining revealed signs of interstitial and perivascular inflammation, along with 

hepatocytic ballooning, all of which are indicative of liver damage from excess iron 

accumulation. These pathological features were notably improved following treatment with 

HET0016, suggesting that the compound can effectively target inflammatory processes in the 

liver. The NAS activity score further validated these improvements, highlighting the therapeutic 

potential of HET0016 in decreasing liver inflammation. Similarly, histological analysis with 

H&E staining also confirmed the protective effects of HET0016 on alcohol-induced lipid 

accumulation and in the liver of db/db mice in other studies (158, 160). Secondly, sirius red 

staining revealed signs of interstitial and perivascular fibrosis in untreated Hbbth3/+ mice. This was 

significantly reduced following HET0016 administration. This reduction in fibrotic tissue is a key 

finding, as fibrosis is a marker of chronic liver injury, and its presence could indicate potential 

signs of progression to more severe liver disease conditions. Decreased mRNA expression of 

HGF, a marker of liver injury, in the HET0016-treated group further supported our findings on 

the impact of HET0016 on liver repair mechanisms. Finally, the ability of HET0016 to decrease 

lipid peroxidation, as shown by the significant decrease in both MDA and 4-HNE levels, is 

another critical finding in our study. Lipid peroxidation is a known contributor of oxidative stress 

and liver damage, and its attenuation suggests that HET0016 can effectively reduce oxidative 

damage in the liver. This reduction in oxidative stress, combined with the observed decrease in 

inflammation and fibrosis, points to a multifaceted protective role of HET0016 in liver 

pathology. The role of HET0016 in decreasing lipid peroxidation has also been previously 
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reported. For example, Han et al. reported lower levels in both MDA and 4-HNE content in the 

brain of mice 3 days after intracerebral hemorrhage and treated with HET0016 (164).  

The strong association between increased oxidative stress, inflammation, and fibrosis with 

apoptosis and cell death in liver tissues also prompted us to look into this phenomenom. 

Interestingly, HET0016 significantly reduced apoptosis, as shown by both IHC and the Caspase-3 

activity assay. This reduction in apoptosis is likely a direct consequence of HET0016’s ability to 

lower oxidative stress and inflammation, which are key drivers of cell death in liver disease. Park 

et al. also showed that HET0016 restored the diminished insulin signaling in diabetic mice fed 

with HFD and rescued the increase of apoptosis in HFD livers (158). In this context, and to better 

understand its therpaeutic potential, future research should focus on elucidating the exact 

molecular mechanisms by which HET0016 modulates apoptosis in the liver, including its 

interactions with specific regulators and signaling molecules.  

Finally, interesting findings have emerged in our in vivo study on the effect of HET0016 

on iron. We assessed the effect of HET0016 on iron levels in Hbbth3/+ mice using Perls' Prussian 

blue staining and measure and quantified the number of iron-positive cells. Our results 

demonstrated a significant decrease in liver iron content following HET0016 treatment, 

suggesting that HET0016 could effectively mitigate iron accumulation in the liver. Similarly, 

Han et al also succefully showed that HET0016 significantly reduced iron in brain sections of 

mice at 3 and 7 days post-intracerebral hemorrhage (164).  

The reduction in iron prompted us to look into the ferroptosis pathway, a form of 

programmed cell death associated with iron and oxidative stress. We assessed the effects of 20-
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HETE inhibition on the expression of GPX4, a key enzyme in the inhibition of ferroptosis. Our 

findings showed that treatment with HET0016 led to a significant increase in GPX4 expression. 

GPX4 plays a crucial role in protecting cells from ferroptosis by reducing lipid peroxidation, and 

its increased expression supports the protective effects of HET0016. Additionally, we observed 

that HET0016 treatment helped to preserve total glutathione levels, an important cofactor for 

GPX4. This preservation of GSH levels further suggests that HET0016 not only reduces iron 

levels but also enhances the cellular defense against ferroptosis. Similarly, Han et al also showed 

that 20-HETE promotes ferroptosis and that treatment with HET0016 prevcents this from 

happening by increasing GPX4 expression and total GSH levels (164). 

Our in vivo study, while providing valuable insights, has some limitations that must be 

acknowledged. First, the sample size was small, which may have reduced the statistical power 

and generalizability of some of our findings. Second, the three study groups were very 

heterogenous, and not age- and sex-matched. Without proper matching, these factors may 

introduce some confounding variables, potentially skewing the results and limiting the ability to 

make definitive conclusions. Additionally, within each group itself, there was also an unequal 

and heterogenous distribution of animals in terms of age and sex, further complicating direct 

comparisons and increasing variability in the data at times. Moreover, we did not conduct a 

pharmacokinetic study, which limited our ability to determine the optimal dose and treatment 

duration of HET0016. The chosen dose and duration were based on previous studies in the 

literature, but this approach lacks the rigor of a tailored dosing regimen that accounts for the 

specific physiological characteristics of the Hbbth3/+ mice. Another potential limitation is the 

method of drug administration. HET0016 was administered daily via an IP injection. The 
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repeated IP injections may have also contributed to increased local inflammation, which may 

have confounded the study's assessment of inflammation because of the treatment rather than the 

injection process itself. Lastly, we did not have a group of wild type/control mice treated with 

HET0016 to compare the effects of the drug specifically against a baseline and unaltered state, 

evaliuate non-specific effects, and gain insights into how the drug could impact normal 

physiological processes.  

In light of the above-mentioned limitations, future studies should aim to address these 

issues by using larger, more well-matched and homogenous mouse groups, in addition to 

conducting a pharmacokinetic analysis to refine the dosing and consider alternative methods of 

drug administration such as subcutaneous injections to minimize confounding variables. Further 

studies in Hbbth3/+ mice should also look at the effect of HET0016 in other organs such as a 

kidney and assesss the role of CYP4A in the pathogenesis of renal injury. In fact, renal renal 

injury is a significant complication in β-thalassemia patients and has been attributed to iron 

overload, chronic anemia and the use of some iron chelators (165-167). Some studies have shown 

that alterations in CYP4A and its metabolite 20-HETE play a key role in kidney injury in diabetic 

rats by upregulating TGF-β1 protein expression and levels. This increase, however, was 

prevented with the use of HET0016 (168). We speculate that in Hbbth3/+ mice, CYP4A and 20-

HETE production may represent a key pathophysiological mechanism driving ROS activation via 

TGF-β1, ultimately leading to liver cell injury. This, however, remains unknown in β-thalassemia 

and the signaling pathways that contribute to liver injury in Hbbth3/+ mice warrants further 

investigation. Previous research has also shown that 20-HETE affects the MAPK pathway, which 

is associated with ferroptosis and mainly involves ERK, p38 MAPK, and c-Jun NH2-terminal 
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kinase (164). The exact mechanism by which HET0016 inhibits ferroptosis in Hbbth3/+ mice 

requires further investigation.  

Another aspect not touched upon in our in vivo study is the role of EET.  Thus, a future 

direction for research should focus on investigating the role of EETs in the pathogenesis of liver 

injury in Hbbth3/+ mice, particularly in relation to 20-HETE levels upon inhibition with HET0016. 

To note, EETs are known to have anti-inflammatory and vasodilatory properties (169-171). 

Moroever, and based on data from previous studies, 20-HETE has often been reported to play an 

injurious role, whereas EET have been reported to play a protective role against diabetic renal 

injury (172) .  Moreover, there exists a cross talk between EET and 20-HETE. Given this 

interplay between EETs and 20-HETE in regulating oxidative stress, inflammation, and fibrosis, 

it would be valuable to explore how modulation of these two metabolites affects liver injury in β-

thalassemia. Studying the balance between these eicosanoids could reveal even more novel 

insights into the mechanisms of liver damage and provide opportunities for more targeted 

therapeutic strategies. Finally, and since HET0016 decreased iron levels in our study, the 

administration of HET0016 in combination with iron chelation therapy to Hbbth3/+ mice could 

represent another promising strategy to explore any potential additive or synergistic effects and 

further enhance a positive outcome on the liver.  

In the second part of the project, we aimed to translate our findings into a clinical context 

by first measuring 20-HETE levels in a cohort of 50 β-thalassemia patients and 20 healthy 

controls. Our study, and for the first time, revealed that plasma 20-HETE levels were 

significantly elevated in β-thalassemia patients compared to healthy controls (p-value < 0.001). A 

similar study by Vittori et al in 2023 also revealed plasma 20-HETE levels to be signifcantly 
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elevated in SCD patients (n=9-11; p<0.01) compared to normal individuals (163). A sub-analysis 

of the data then revealed that in our cohort of β-thalassemia patients, 20-HETE levels were 

strongly correlated with ROS-DHE levels and exhibited a moderate correlation with iron levels. 

We then evaluated the impact of various treatment modalities and medications on 20-HETE 

levels in this patient group. Our findings indicated that 20-HETE levels were significantly higher 

in patients who received transfusions compared to those who did not (p-value < 0.001). 

Additionally, 20-HETE levels were lower in patients treated with hydroxyurea (p-value = 0.052), 

and those undergoing chelation therapy (p-value = 0.002). Interestingly, in patients taking at least 

one of the following medications: aspirin, ACE inhibitors, angiotensin II receptor blockers 

(ARBs), beta blockers, or insulin, 20-HETE levels were lower (p-value = 0.08). As the number of 

patients in our study taking one or more of these medications was very small, we were not able to 

stratify the patients per each medication and perform the statistical analysis. However, it is 

evident from the literature that these medications have an effect on 20-HETE levels. For 

example, ACE inhibitors can reduce the production of angiotensin II, which is known to 

stimulate the synthesis of 20-HETE. By inhibiting ACE, these drugs may lead to decreased levels 

of 20-HETE, contributing to their protective cardiovascular effects. Similarly, ARBs block the 

action of angiotensin II, which may also result in reduced 20-HETE production. By preventing 

angiotensin II from exerting its effects, ARBs can also help modulate vascular tone and improve 

renal function. As for aspirin, one study showed that aspirin is associated with higher levels of 

20-HETE in diabetic kidney disease (173). Aspirin inhibits COX enzymes, thereby limiting the 

synthesis of prostaglandins and thromboxane A2. This inhibition shifts AA metabolism from the 

COX pathway to the CYP450 pathway, potentially leading to increased production of 20-HETE 

(174). Finally, insulin treatment has been shown to increase urinary 20-HETE/creatinine ratio in 
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patients with diabetic kidney disease (p < 0.001) (173). Finally, we investigated the impact of 

specific functional SNPs in the CYP4A and CYP4F genes on 20-HETE levels within our cohort 

of β-thalassemia patients. We found no significant associations between 20-HETE levels and any 

of the four SNPs tested (in all p value > 0.05). Similarly, Liao et al. investigated the association 

of four SNPs in the CYP4A and CYP4F genes (rs2269231, rs9333025, rs2108622, and 

rs3093135) and 20-HETE levels in 218 patients with ischemic stroke. While they found no 

significant associations between 20-HETE levels and any of the four variant SNPs, a stratified 

analysis based on different genotype combinations revealed that ischemic stroke patients carrying 

the genotype combination of rs9333025 GG and rs2108622 GG had higher 20-HETE levels than 

ischemic stroke patients with other combinations of the two variants (133). Whether the 

combination of different functional SNPs could affect the degree of production of 20-HETE in β-

thalassemia remains to be investigated. A limitation of our study is the small sample size. A 

larger cohort will yield more robust and significant data. Additionally, our study groups were not 

fully age-matched or sex-matched, and this could have introduced variability in the results. 

Larger and better designed studies are needed in this context. Future research should also aim to 

measure both plasma and urinary 20-HETE levels. For example, the role of urinary 20-HETE as a 

non-invasive prognostic and diagnostic marker for diabetic kidney disease has been suggested 

(173). This could be relevant or of interest to look at since many β-thalassemia patients 

experience comorbidities such as renal dysfunction and diabetes. Investigating 20-HETE in this 

context could provide valuable insights into its potential as a biomarker as well. Furthermore, the 

effects of specific medications—such as aspirin, ACE inhibitors, ARBs, beta blockers, and 

insulin—on plasma and urinary 20-HETE levels in β-thalassemia patients warrant additional 

investigation. Finally, investigating the role of 20-HETE in endothelial cell dysfunction and 
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inflammation in β-thalassemia patients may hold significant promise. Given that 20-HETE is 

involved in the regulation of vascular tone and inflammatory responses, its dysregulation may 

contribute to the endothelial cell dysfunction, a phenomenom commonly observed in β-

thalassemia patients (175-180). Investigating the pathways through which elevated 20-HETE 

levels may promote inflammatory processes and impair endothelial cell function could uncover 

major insights into the pathophysiology of vascular complications that are associated with β-

thalassemia. Furthermore, exploring the interplay between 20-HETE and other inflammatory 

mediators may identify potential biomarkers for early detection and monitoring of vascular 

health. 
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CONCLUSION 

In summary, our in vivo study is the first to assess the efficacy of HET0016 in reducing 

20-HETE-mediated oxidative stress and injury in the livers of mice affected by β-thalassemia. 

The downregulation of Cyp4a10, Cyp4a14, and 20-HETE activity in Hbbth3/+ mice with 

HET0016 treatment highlights the therapeutic potential of targeting the 20-HETE pathway in 

mitigating liver damage associated with β-thalassemia. These findings suggest that HET0016 

could serve as an effective treatment strategy to alleviate liver dysfunction by modulating the 

dysregulated CYP450 enzymes responsible for 20-HETE production. Further research is 

warranted to better characterize and explore the broader implications of inhibiting this pathway in 

mice with β-thalassemia, in addition to its relation to the EET pathway, and its potential as a 

treatment for other complications of the disease. We have also showed for the first time that 

plasma 20-HETE levels are elevated in β-thalassemia patients compared to healthy controls. 20-

HETE levels also strongly correlated with iron and ROS levels. Future research on 20-HETE in 

β-thalassemia patients may hold significant promise for enhancing our understanding of the 

disease. Investigating the role of 20-HETE as a biomarker could lead to more tailored therapeutic 

strategies, particularly in managing iron overload and oxidative stress. Additionally, exploring 

the potential influence of different SNPs on 20-HETE production may uncover new insights for 

clinicians. Longitudinal studies are essential to establish causal relationships and assess the 

impact of various treatment modalities and medications on 20-HETE levels. Ultimately, 

integrating these findings into clinical practice could pave the way for more effective 

management strategies and improved quality of life for patients with β-thalassemia. 
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