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Abstract
Thalassemia is a well-known erythrocyte disorder characterized by low or defected hemoglobin synthesis.
β-Thalassemia is common in Jordan and classified into three types according to its severity; minor, intermedia and
major. Blood transfusion is required for the patients with intermedia and major types to sustain life. Iron overload
is the hallmark of β-thalassemia that results from blood transfusion, ineffective erythropoiesis and hepcidin
deficiency. Hepcidin deficiency is documented in β-thalassemia which increases dietary iron absorption and iron
release from its stores. This results in increasing the level of the oxidative stress and the need for the superoxide
dismutase enzyme (SOD). Increased iron absorption competes with the absorption of the two essential components
of the SOD, which are zinc and copper leading to their deficiencies. Zinc and copper dietary intakes also were noticed
to be insufficient in β-thalassemia patients. Therefore, this review aims to summarize the status of hepcidin, SOD,
zinc, and copper levels as well as to shed light on the need for investigating the relationships among them.
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_____________________________________________________________________________
Introduction
Thalassemia is a hereditary hemoglobinopathy characterized by inability of the body to synthesize enough
hemoglobin (CDC, 2021). Thalassemia was classified to alpha (α) and beta (β) types in reference to the deficient part
of hemoglobin: α-globin or β-globin, respectively (CDC, 2021). The global prevalence of thalassemia is 4.4/10,000
(Smith, 2021), while in Jordan it was estimated to be 2-4% for β-type with only six cases of α-type that have been
diagnosed in Jordan (MOH, 2020). β-Thalassemia is classified according to its severity into minor, intermedia, or
major (CDC, 2021). Patients of the latter two forms need a regular blood transfusion and have severe symptoms
(CDC, 2021). The registered number of β-thalassemia cases in Jordan are 1228, of whom 73% are with major form
and 18% with intermedia (Personal communication with the Jordan Ministry of Health, 2021).
Iron overload is the hallmark of β-thalassemia even in non–transfusion-dependent patients (Taher and
Saliba, 2017; Saad et al., 2022). It is related to increased morbidity due to excess iron accumulation in vital organs
causing dysfunction and subsequent mortality (Taher and Saliba, 2017; Abu Shosha, 2016; Choudhary et al., 2017;
Saad et al., 2022). Excess iron leads to generating reactive oxygen species (ROS) due to its ability to gain and lose
electrons, especially if it is involved in oxygen reactions, causing oxidative stress and tissue damage (Pilo et al., 2022).
Globally, about 50,000-100,000 thalassemia patients die every year (Khan et al., 2021). Therefore, compliance with
iron chelation therapy is recommended for these patients (Abu Shosha, 2016) to avoid or postpone organs damage
(Pilo et al., 2022). Unfortunately, despite the use of iron chelators, iron accumulation still happens causing
thalassemia complications (Zarghamian et al., 2020).
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Hepcidin is a hepatic regulatory hormone for the body iron homeostasis, which controls dietary iron
absorption and release of iron stores (D'Angelo, 2013) as shown in figure 1 (Saad et al., 2022). It is found deficient
in thalassemia (D'Angelo, 2013; Taher and Saliba, 2017; Nemeth, 2013). Thus, a condition of additional iron overload
occurs due to enhanced gastrointestinal absorption of iron (Taher and Saliba, 2017) and increased iron release by
macrophages and hepatocytes (D'Angelo, 2013).

Figure 1: Hepcidin regulation on iron homeostasis: hepcidin synthesis is regulated at the transcriptional level by multiple stimuli. Hepcidin
transcription increased with rising intra–extracellular iron concentrations and inflammation. In contrast, hepcidin production is suppressed in
response to higher erythropoietic activity. Iron concentration in plasma is regulated by hepcidin through controlling FPN concentrations in iron
exporting cells (duodenal, enterocytes, hepatocytes, and macrophages from liver and spleen). ↓: resulting in or enhances expression and ⊥:
reduced expression (Saad et al., 2022).

Increased iron absorption and body iron stores disorganize copper homeostasis (Doguer et al., 2018) as well
as affect zinc absorption and transport (Kondaiah et al., 2019). Therefore, it is possible that increasing both iron
absorption and hepatic iron would decrease zinc and copper levels in thalassemia. Moreover, iron chelation therapy
may chelate other metals such as zinc and copper causing their moderate deficiency (Lawson et al., 2016).
Ceruloplasmin insufficiency due to copper depletion leads to increased iron accumulation in brain, liver, pancreas,
and retina (Doguer et al., 2018). Copper is essential in hemoglobin synthesis and as a component of cytosolic
superoxide dismutase (SOD); thus copper is required for erythropoiesis and its deficiency affects the red blood cells
life span (Doguer et al., 2018). Cytosolic SOD is also named Cu/Zn SOD because zinc is an another essential part of it
(Altobelli et al., 2020). Although there is a well-known relationship between hepcidin and iron as well as the
competition between iron and copper/zinc, no studies have investigated the relationships between hepcidin and
zinc or copper status in β-thalassemia.
The cytosolic SOD is very important antioxidant enzyme against the free radicals and oxidative stress
especially in erythrocytes (Younus, 2018). There is a well reported evidence about the important link of SOD in
several red blood cells disorders (Younus, 2018). Active oxidative stress in β-thalassemia is attributed to iron
overload and the published studies showed variable results about alterations in serum antioxidant minerals and
antioxidant enzymes (Shazia et al., 2012). The oxidative stress is highly active even with iron chelation therapy in the
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Jordanian thalassemia patients (Abdalla et al., 2011). That is closely related to increased morbidity and mortality in
thalassemia (Taher and Saliba, 2017). This review aims to summarize the status of hepcidin, SOD, zinc, and copper
as well as to highlight the possible interactions and relationships among them.
Definition and main characteristics of β-thalassemia
β-Thalassemia is an inherited blood disorder characterized by disability to make normal hemoglobin
resulting in anemia (CDC, 2021). The main types of thalassemia are: α-thalassemia and β-thalassemia. The type is
determined by the hemoglobin electrophoresis test, which detects the form of abnormal hemoglobin (CDC, 2021).
β-Type is the most prevalent in Jordan with a rate of 2-4% (MOH, 2020).
β-Thalassemia involves three forms: trait or minor, intermedia, and major (CDC, 2021). The minor form is a mild
anemia without health problems that may be mistaken with iron deficiency anemia and does not need blood
transfusion (CDC, 2021). The intermedia form is featured by a mild to moderate anemia (Hb > 7g/dl) (Rachmilewitz
and Giardina, 2011), with significant health problems (CDC, 2021). β-Thalassemia major is also called Cooley’s
anemia, which is the most severe form with complete lack of β-globin that causes a life-threatening anemia (Hb <
7g/dl) (Rachmilewitz and Giardina, 2011). Therefore, both intermedia and major types of thalassemia require a
lifelong blood transfusion (CDC, 2021).
Iron overload in thalassemia mainly results from the recurrent blood transfusion, as well as ineffective erythropoiesis
and suppressed hepcidin level (Taher and Saliba, 2017). Iron accumulation on the vital organs forms harmful reactive
oxygen species causing organ dysfunction, growth retardation, failed sexual maturation, liver cirrhosis, diabetes,
heart disease, and subsequent death (Abu Shosha, 2016; Choudhary et al., 2017).
Hepcidin in β-thalassemia
Hepcidin binds to the iron exporter protein, ferroportin, on the surface of absorptive and storage cells
causing its degradation controlling iron absorption and its release from the stores (Doguer et al., 2018). Expression
of hepcidin is significantly suppressed in thalassemia because of increased erythropoiesis process (D'Angelo, 2013;
Taher and Saliba, 2017; Nemeth, 2013). The enhanced ineffective erythropoiesis along with iron overload repress
the signal for hepcidin production causing its deficiency (D'Angelo, 2013; Nemeth, 2013).
Hepcidin assessment in β-thalassemia has begun at the first of 21st century in mice and extended to be in human
focusing on its mRNA expression, serum level and urine level. Several studies have compared these markers of
hepcidin with iron biomarkers, especially ferritin, and blood transfusion concluding conflicting results. The main
conclusions involved the importance of recurrent hepcidin measurement in thalassemia to accurately assess and
manage iron overload; hepcidin is remarkably low in thalassemia; and it was suggested to correct its level using the
hepcidin agonists.
Origa et al. (2007) found that thalassemia intermedia had a severe hepcidin deficiency compared to major type due
to role of blood transfusion in the latter form in supplying erythrocytes. Assem et al. (2012) and Huang et al. (2019)
reported same result but by measuring serum hepcidin not urine estimation as in the previous study. Hendy et al.
(2010) reported that hepcidin expression is lower in thalassemia major patients with hepatitis C than those without
it due to suppressed liver function regarding hepcidin synthesis.
Relationship between hepcidin and iron in β-thalassemia
Most of the hepcidin studies investigated the relationship of its level in blood, urine or hepatic mRNA
expression with iron biomarkers, particularly ferritin and found variable correlations. Nemeth (2013) illustrated the
erythropoetic dynamic regulation of hepcidin showing the role of its deficiency during intervals of successive blood
transfusions in iron overload. Both pre- and post-transfusion hepcidin levels were linked inversely with
erythropoiesis (Nemeth, 2013; Huang et al., 2019), but positively with hemoglobin, ferritin and serum iron (Assem
et al., 2012; Huang et al., 2019; Ghazala et al., 2021). Whereas, other researchers did not find any significant
correlation of hepcidin with serum ferritin, hemoglobin, or serum free iron indicating that it may be affected more
by erythropoiesis or iron chelation therapy than iron storage (Zarghamian et al., 2020; Tantiworawit et al., 2021).
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On the other hand, Hendy et al. (2010) showed a positive relationship of hepcidin markers with hemoglobin but it is
negative with ferritin and hepatic iron index.
Ratio of hepcidin to ferritin was lower in intermedia than major types (Assem et al., 2012). Hepcidin/ferritin ratio
was also observed to be very low in thalassemia major children compared to healthy controls suggesting that
hepcidin is not proportionally correlated to iron overload (Jagadishkumar et al., 2018). Growth Differentiation Factor
15 (GDF-15), which is a hepcidin inhibitor, increases in thalassemia (Huang et al., 2019) and decreases after blood
infusion (Ghazala et al., 2021). It was found negatively correlated with hepcidin levels and hemoglobin (Huang et al.,
2019; Ghazala et al., 2021). There are few clinical published studies that examined replacing deficient hepcidin with
hepcidin agonists in β-thalassemic mice; however this has not been investigated yet in humans (Girelli and Busti,
2020). These studies investigated the role of minihepcidins, which are hepcidin agonists, in reducing splenomegaly
and iron overload (especially in the heart, which is fatal), as well as improving erythropoiesis and anemia (Girelli and
Busti, 2020). In addition, other researchers focused on investigating the re-expression of hepcidin through activation
of its signaling pathways as a therapeutic target in thalassemia patients (Saad et al., 2022).
Competitive relationship of iron with copper and zinc
Free iron enters the tissues by several channels, as shown in table 1, but some of them are also entry
channels for zinc and copper (Pilo et al., 2022; Szabo et al., 2021). In iron overload hereditary disorders, iron and
copper compete for absorption at two points leading to copper depletion (Doguer et al., 2018; Szabo et al., 2021).
The First, copper and iron must be reduced to divalent ion before being absorbed by brush-border membrane (BBM)
ferric iron reductase duodenal cytochrome B (DCYTB). Thereafter, they are transported into enterocytes by the
divalent metal-ion transporter 1 (DMT1) and copper alone can be also absorbed by copper transporter (CTP1). These
two transporters may be blocked by the high iron absorption (Doguer et al., 2018; Szabo et al., 2021). Copper
depletion adversely affects the hepatic production of copper containing-ferrous iron oxidase, ceruloplasmin, which
oxidizes iron after its release from tissues, causing further iron accumulation (Doguer et al., 2018).
Zinc and iron inhibit the enteric uptake of each other but not by a competition on DMT1 as copper (Kondaiah et al.,
2019; Szabo et al., 2021). There are two zinc-transporting families: the zinc transporter (ZnT, SLC30) family and the
zinc/iron-regulated transporter-like protein (ZIP, SLC39) family (Kondaiah et al., 2019; Szabo et al., 2021). It has been
demonstrated that there is a competition between zinc and iron on ZIP transporter in the liver; however, this
requires verification (Kondaiah et al., 2019; Szabo et al., 2021). Therefore, it is possible that increasing iron
absorption and hepatic iron decrease zinc and copper levels in thalassemia.
Table 1: Tissues non-conventional channels for free iron
Protein
ZIP14 (ZRT/IRT-like protein 14)
LTCC (L-type calcium channel)

Gene
SLC39A14

Organ/Tissue
Liver (Hepatocytes)
Pancreas (Acinar cells/β-cells)
Heart (Cardiomyocytes)

Cav
1.2/1.3

TTCC (T-type calcium channel)
DMT1 (divalent metal-ion transporter

Cav 3.1
SLC1 1A2

ZIP 8 (ZRT/IRT-like protein 8)
TRPC6 (transient receptor potential
cation channel subfamily C member 6

SLC39A8
TRPC6

1)

Heart (Cardiomyocytes)
Central nervous system (CNS)
(Astrocytes, Microglia)
Enterocytes
CNS (Neurons)
CNS (Astrocytes)

Serum zinc and copper in β-thalassemia
Zinc and copper as well as other micronutrients have been assessed in β-thalassemia patients by many
researchers focusing on serum levels while few of them assessed their dietary intakes. Zinc deficiency, hypozincemia
is well documented in thalassemia (Zekavat et al., 2018; Aung et al., 2021; Hasan et al., 2021). However, Yeni et al.
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(2019) found a normal serum zinc status among thalassemia children without a significant difference compared to
healthy controls.
Studies on copper status in thalassemia patients gave various results. Zekavat et al. (2018) and Nandy et al.
(2020) found that copper was not deficient, whereas Fung et al. (2014) found that copper status was decreased
compared to heathy controls or normal levels. Mashhadi (2013) reported copper deficiency in 32% of the study
sample with thalassemia major and 50% of them have normal serum copper. In addition, Fahmy et al. (2019)
observed low serum zinc and copper in 6.7% and 13.3% of the study sample respectively, and copper was high in
>30%. Munira and Begum (2019) also found hypozincemia in 3.3% and hypercupremia in 13.3% of the study patients.
On the other hand, Nimkarn et al. (2021) concluded that zinc and copper deficiencies are common in thalassemia
patients aged more than 10 years and are related to its severity.
Relationship between iron and serum levels of zinc and copper
No significant correlation was noticed between ferritin and serum zinc (Zekavat et al., 2018; Karunaratna
et al., 2018; Yeni et al., 2019) or with copper (Zekavat et al., 2018). However, Mohammed and Abd-El Rasoul (2020)
and Hasan et al. (2021) reported a significant negative relationship between ferritin and serum zinc, with no
significant relationship with serum copper (Mohammed and Abd-El Rasoul, 2020). Zinc was also negatively related
to liver iron concentration (Fung et al., 2014; Goldberg et al., 2018). Chelation therapy was not linked to serum zinc
(Zekavat et al., 2018; Aung et al., 2021; Hasan et al., 2021) or copper levels (Zekavat et al., 2018). While, Erdoğan et
al. (2013) observed an increased urinary excretion of zinc in chelation-dependent thalassemia groups compared to
healthy one. These relationships require further verification.
Dietary assessment of zinc and copper in β-thalassemia patients
Only three available published studies compared the dietary intake with serum levels of these two metals
in β-thalassemia (Fung et al., 2014; Goldberg et al., 2018; Zekavat et al., 2018). All of these studies recommended
further research in order to explain their variable results.
Fung et al. (2014) detected insufficient intake of zinc and copper in β-thalassemia patients, which is less than the
estimated average requirements, although protein intake was adequate. Goldberg et al. (2018) also evaluated a
lower dietary intake of zinc as compared with Institute of Medicine (IOM) recommendations. In addition, zinc and
copper intakes were estimated to be lower in thalassemic patients compared to healthy controls in the study of
Zekavat et al. (2018).
Fung et al. (2014) also found that more than 86% of those who have deficient serum zinc or copper were
related to their lower consumption of these metal food sources (Fung et al., 2014). These authors summarized the
role of iron overload as negatively affecting the serum levels of micronutrients, which cannot be supported by dietary
intake. Serum zinc and copper were low even in those consuming their adequate dietary requirements (Goldberg et
al., 2018). Therefore, it was suggested that these two nutrients are functionally deficient due to endogenous
utilization at higher rates or sequestration within the iron overloaded-liver (Goldberg et al., 2018).
Status of SOD in β-thalassemia
The enzyme SOD has been assessed in β-thalassemia along with other antioxidant enzymes and
micronutrients elaborating a deficiency that linked to the active oxidative stress. No available studies in literature
have investigated the correlation between SOD and serum zinc or copper. Superoxide (O 2 −) is the first oxidant
produced in the body reflecting the importance of SOD especially in erythrocytes, which carry the oxygen (Shazia et
al., 2012). This produces hydrogen peroxide (H2O2) that can be metabolized by the other antioxidant enzymes (Shazia
et al., 2012).
The cytosolic SOD was observed to be significantly lower in thalassemia patients compared to healthy
controls (Nafady et al., 2017; Choudhary et al., 2017; Ibrahim et al., 2018). However, Mohammed and Abd-El Rasoul
(2020) as well as Abdalla et al. (2011), who conducted the only study in Jordan to assess SOD, found significant
increase in SOD levels in thalassemia children. Whereas, its activity was observed to be high and inversely linked
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with thalassemia severity (Al-Mudalal et al., 2005). On the other hand, SOD intensity was significantly lower (162.41
u/ml) than the normal cutoff point (164-264 u/ml, P = 0.001) in the study of Rujito et al. (2015).
Relationship between SOD and iron
It was detected that SOD is inversely related to age (Nafady et al., 2017) and ferritin level in order to
compensate with iron overload and enhanced oxidation (Nafady et al., 2017; Ibrahim et al., 2018). However,
Maskoen et al. (2018) reported that SOD was not significantly correlated to serum ferritin but it was deficient in 50%
of the studied patients indicating its role in the oxidative stress. As far as we know, there is no published study that
correlated hepcidin to SOD, serum zinc, or serum copper; serum SOD to serum zinc or copper; hepcidin to dietary
intake of zinc or copper; or serum SOD to dietary intake of zinc or copper. Therefore, it is thought important to
investigate these relationships.
Conclusion
β-Thalassemia is a well-known blood disorder in Jordan. Ineffective erythropoiesis in this disease leads to
hepcidin deficiency that has a role in iron overload by increasing iron dietary absorption and release from the stores.
To alleviate hepcidin deficiency, hepcidin agonists are being studied a therapeutic target. Recurrent blood
transfusion and the consequent iron overload contribute to active state of oxidative stress, which increases the need
for SOD. In addition, iron has a competitive relationship with the two essential elements of SOD, i.e. zinc and copper
leading to their deficiencies. SOD, zinc and copper as well as the dietary intakes of these mineral elements have been
found to be low in some studies of β-thalassemia.
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