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Abstract: Background/Objectives: In the absence of physiological mechanisms to excrete exceeding iron, the
administration of an iron-chelation therapy is necessary. Age and hormones have an impact on the absorption,
distribution, metabolism, and excretion of medications used to treat iron excess, resulting in notable sex and
gender-related variances. Methods: Here we aimed to review the literature on sex and gender in iron overload
assessment and treatment. Results: The development of iron chelators has shown to be a successful therapy for
lowering the body's iron levels and averting the tissue damage and organ failure that follows. Numerous studies
describe how individual factors can impact the chelation treatment, potentially impact the therapeutic response,
and/or result in inadequate chelation or elevated toxicity; however, most of the data do not consider male and
female as different group and, particularly, effect of woman hormonal variation were never considered.
Conclusions: An effective iron chelation treatment should take into account sex and gender differences.
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1. Introduction

Women and men respond differently to treatments: this mainly depends on physiological,
anatomical, and hormonal characteristics. The existence of the differences in therapeutic agent
pharmacokinetics and pharmacodynamics influences the response to treatments. Although this was
already known since 1932, the year in which the first report on the gender difference in the
pharmacology of barbiturates in rats is reported, full awareness of the relevance of the role of gender
pharmacology only came at the end of the last century [1-5]. By pharmacokinetics we mean the study
of the four phases of a medicine transition in our body: absorption, distribution, metabolism, and
elimination. These four stages are primarily influenced by age and hormones, thus showing
significant differences related to sex. Pharmacodynamics, on the other hand, indicates the effect of a
therapeutic agent on bodies and studies the biochemical and physiological effects and their
mechanism of action. There are numerous pharmacodynamics differences depending on sex, mainly
mediated by hormones, genes, and the environment. While, however, the pharmacokinetic
differences are simpler to analyze, the pharmacodynamics differences are more difficult to detect [1].
But both should deserve a worthy study in the preclinical phase in terms of gender differences or the
resulting clinical phase will be limited and approximate.

Here we aimed to review the literature on sex and, if possible, gender in iron overload
assessment and treatment.

2. Iron Metabolism

Iron is a necessary trace element for many living organisms biological functions. Most of the iron
content in mammals bodjies is used for Heme synthesis and therefore erythropoiesis, but a modicum
is also transported to peripheral tissues. Here, iron can be used in different ways depending on the
needs of the specific cell: it can be brought directly to mitochondria and other sites of utilization, or
it can be stored as a ferritin-bound form. The concentration and localization of iron in mammals’
bodies must be correctly balanced, as a quantitative anomaly of this element, such as iron deficiency,
is the cause of IDA (iron deficiency anemia), one the most common worldwide diffused condition [6].
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The etiology of anemia is multifactorial and complex, and the major contributor to the burden of this
disease is iron deficiency, which is responsible for approximately 50% of anemia cases. According to
recent data, 13% of the world population is affected by IDA, which corresponds to about 850
thousand people. Conversely, iron overload could have cytotoxic effects and cause tissue damage.
Specifically, siderosis (also named secondary hemochromatosis) and Hereditary Hemochromatosis
are the diseases characterized by severe iron overload, the first being mainly represented by
Hemoglobinopathy patients iron overload, the latter by Hfe Hemochromatosis, whose frequency is
very high in Caucasian population (allelic frequency 5-10% in Celtic background populations) [7,8] .

Complex molecular pathways strive to obtain iron homeostasis, characterized by a balance
between iron intake from the diet via duodenal enterocytes, iron usage and iron recycling via
macrophages from senescent red blood cells, while an iron reserve is predominantly maintained in
hepatocytes [9,10]. Dietary iron is mainly represented by Heme-iron, in which the metal is part of the
Heme porphyrin, that is found in meat, poultry, and seafood, with considerable bioavailability (25—
30% of this form is absorbed), and non-heme iron, present in vegetables, of which only 1-10% is
absorbed [11]. During digestion, Heme containing proteins present in the meat, Hemoglobin and
Myoglobin, are released in the stomach low pH environment and Heme is made available by the
action of proteases in stomach and intestine. Heme enters into enterocytes through HCP1 and/or two
other putative transporters, the Feline leukemia virus subgroup C receptor 2 (FLVCR2) and the Heme
carrier protein 1/Proton-coupled folate transporter (HCP1/PCFT). Once in the cytoplasm, Heme is
metabolized by heme oxygenase (HO) and iron is released, joining the labile iron pool (LIP) present
in the cytoplasm. A fraction of intact heme can be released directly into the blood stream via heme
transporter FLVCR1. FLVCR1 exports cytoplasmic heme, and it can export heme into the lumen
during increased cellular heme content to protect from heme toxicity [12].

Non-Heme iron is present in the body in two forms: ferric iron Fe3+ and ferrous iron Fe2+. The
two forms are employed in different mechanisms, and they are readily converted in the alternative
form by oxidases and reductases, a mechanism that is mandatory for iron to be transported across
the cell’s membrane. Dietary non-Heme iron in reduced by a duodenal enterocyte specific reductase
called Duodenal Cytochrome B (DCYTB), therefore allowing its passage from the intestinal lumen to
the enterocytes via the iron importer DMT1, where it joins the LIP and if need reaches again the
bloodstream via the iron exporter Ferroportin 1 present on the basolateral membrane of the duodenal
cells [13]. In the bloodstream, Fe2+ is rapidly converted into Fe3+ via the ferroperoxidase Heph
(Hephaestin) and is taken up by free Tf (Transferrin) to be transported to the tissues [14]. Tissues cells
expressing TfR1 (Transferrin Receptor 1) on their plasma membranes introduce the holo-transferrin
(Tf-2Fe3+)/Tfrl complex through clathrin-mediated endocytosis and the iron is released from Tf in
endosome, reduced by Six-transmembrane epithelial antigen of the prostate 3 (Steap3) and released
to the cells’ cytosol via a DMT1 specific isoform. Inside the cells cytoplasm, LIP can be used to
produce iron-sulfur clusters and to synthesize Heme in the mitochondria, to be included in iron-
containing proteins or it can be stored by being bound to Ft (Ferritin) [15]. If cellular iron amount
starts to increase the metal is exported through Ferroportin 1. This intracellular iron homeostasis is
finely tuned by the so-called IRE/IRP post-transcriptional regulatory system [15].

The master regulator of body iron homeostasis is a small hormone called Hepcidin (Hepc),
codified by HAMP gene [16]. Hepcidin is produced mainly by the liver and its hepatic expression is
regulated by body iron demand. In fact, a high demand during iron deficiency reduces HAMP gene
expression, while high iron levels stimulate it. Hepcidin binds the iron exporter Ferroportin 1 (Fpnl)
and the complex is internalized and degraded, hampering the release of iron absorbed by the
enterocytes and its export from stores. Therefore, in iron deficiency condition Hepc amount is
reduced, Fpnl internalization and degradation is decreased, and more iron can be released from
intracellular stores and be used and vice versa. A higher expression of HAMP, and the consequent
iron entrapment in the cells, can also be observed in response to inflammation and infection. This is
thought to occur because lowering the iron levels during an infection can adjuvate the body host’s
defense mechanism, as it hampers the pathogen’s metabolism [17]. Hepcidin expression is regulated
by several effector proteins that exert a positive or a negative effect on Hepc synthesis [18]. In martial
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physiologic condition, Hepc amount in plasma and urine is consistent but in further and rapidly
raises as a response to an increased iron availability. This change is molecularly mediated by a
compound of proteins involved in a signal transduction pathway. Briefly, Hfe (Hereditary
hemochromatosis protein) physiologically binds to TfR1, using certain binding sites that overlap with
Tf/Tfrl binding sites. In case of increased iron levels, Tf saturation raises and Tf-Fe2 forces out Hfe,
binds TfR1 and the complex is internalized. Hfe disassociated from TfR1 and binds two other
proteins: Hjv (Hemojuvelin) and TfR2 (Transferrin Receptor 2). This complex is able to activate the
common BMP-SMAD1/5/8 pathway. A second signal pathway is mediated by BMP2 and BMP6 (Bone
Morphogenetic Proteins 2 and 6), whose expression is dependent on iron levels, causing their
increased synthesis in an iron-abundance situation. These proteins interact with BMP Receptor
(BMPR) and hemojuvelin (Hjv), forming a complex that activates the SMAD pathway. Specifically,
this consists in inducing the phosphorylation of SMAD (Small Mother Against Decapentaplegic)
regulatory proteins SMAD1, SMADS5, SMADS, that in turn binds SMAD4. This complex is then
translocated to the nucleus, where it induces HAMP gene transcription. On the other hand, Hepcidin
expression is downregulated in conditions of iron deficiency. The main effector of this negative
regulation is Matriptase 2 (or transmembrane serine protease 6, TMPRSS6), that senses iron levels
and cleaves Hjv, suppressing its action. This blocks the activation of BMP-SMAD1/5/8 pathway,
ending in a decreased HAMP gene transcription [15]. Lastly, erythropoietic activity, hypoxia and
inflammation influence Hepcidin regulation. Erythroferrone (Erfe) contributes to Hepcidin inhibition
if erythropoiesis is compromised, while Platelet-derived growth factor-BB (PDGEF-BB) has the same
effect on Hepcidin in hypoxic conditions [19]. In inflammatory conditions, Interleukin-6 (IL-6) is a
pro-inflammatory cytokine that induces the HAMP promoter [16].

3. Iron Level Measurement

Serum ferritin should reflect the organic iron deposit levels. It is measured by a blood collection
and it allows frequent monitoring. However, the results can be influenced by several factors,
including infections and inflammations [20].

Biopsy is the most precise direct method for the assessment of hepatic hemosiderosis. It allows
to evaluate:

- the quantitative determination of siderosis;

- the pattern of metal accumulation in hepatocytes and Kupffer cells;

- the evaluation of inflammation, fibrosis and any cirrhosis.

Hepatic siderosis is measured by cytochemical staining for iron (Perls method), according to the
Scheuer gradation (grades I-IV). The pattern of martial overload at the level of hepatocytes, Kupffer
cells, sinusoids and the main structures of portal spaces can also be evaluated [21].

Many ultrasound elastography approaches have been developed [22]. Transient elastography,
performed using a FibroScan device, uses a low-frequency pulsed excitation able to generate shear
waves in liver tissue. The shear waves velocity has been related to the tissue stiffness [23]. The
comparison between the METAVIR classification (from FO, healthy liver state, to F4, the most severe
stage of fibrosis [24]) and stiffness values, reported by the Fibroscan system, shows an excellent
correlation [25]. The rate of successful measurements was calculated as the ratio between the number
of those validated and total measurements [23]. The results were expressed as a median value of the
total measurements in kPa. Values < 7.0 kPa are indicative for not significant fibrosis [26].

The Superconducting Quantum Interference Device (SQUID) is based on the physical properties
of ferritin and hemosiderin (pigment containing iron, consisting of ferritin molecules and other
structural elements aggregates, which is found in liver, spleen and bone marrow). This non-invasive
method provides a LIC value that can be completely overlapped with that obtained with liver biopsy,
but does not allow the assessment of inflammation and fibrosis. SQUID determines iron
concentration in liver and spleen [27].

Magnetic Resonance Imaging (MRI) is a non-invasive technique based on nuclear magnetic
resonance; to date, quantification of iron with MRI is considered the standard of care in diagnosis
and monitoring of iron overload diseases [28]. It is extremely sensitive in assessing iron concentration
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and distribution throughout the body, therefore not only in liver, but also in other organs, including
heart. Currently there are several MRI methods available [29]. T2* MRI imaging is accomplished
using a breath-hold multiple echo gradient echo pulse sequence to acquire a series of images with
increasing echo times. These sequences can be used in liver and heart. The value of T2* =20 ms
corresponds to the lower limit of normality; lower is the T2* value and higher can be the risk for
serious, and sometimes fatal, cardiac event in a short time [30,31]. Considering liver, MRI T2* normal
values are > 6.3 ms [32].

It is very well established that the amount of iron varies in the two sexes and according to life
period, so much so that, in humans, serum iron (SI) and ferritin (sFt) physiological ranges are
different between men and women (Table 1).

Table 1. Serum iron levels in adult males and females, newborns and children. ! Tables may have a footer.

Serum Iron (mcg/dL) Serum Ferritin (ng/mL)
Adul males 65-176 12-300
Adult females 50-170 12-150
Newborns 100-250 25-200
Children (6m-15y) 50-250 7-140

Furthermore, females have relevant iron oscillation due to their reproductive metabolism during
menstrual cycles and after the menopause. A recently published paper on a significant cohort of
healthy subjects reports that while the serum ferritin values are higher in young males compared to
age-matched females, this difference lessens during ageing. Moreover, in women during the
perimenopause period, ferritin levels soar with age, while this increase is milder in postmenopausal
condition [33].

4. Hepcidin Levels Measurement

Soon after the determination of Hepcidin as a pivotal regulator of iron metabolism and the
finding of this small peptide in urine and plasma [34,35], several attempts to determine Hepc amount
in these biological fluids and to correlate it to the subject’s iron metabolism have been undertaken.
Nowadays, the widely used methodologies are enzyme-linked immunosorbent assay (ELISA) and
Surface-Enhanced Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry (SELDI-TOF-MS).
Specifically, using a set ELISA Kkit, it has been demonstrated a good correlation among urine and
serum Hepc amount as well as serum Ft values. Furthermore, it has been highlighted that the Hepc
amount has a circadian variation that parallels the one of SI [36]. Lastly, it has been demonstrated in
animal models that Hepcidin quickly responds to inflammation irrespective of the anemic condition
of the animals [37]. Sex differences in serum Hepcidin level have been unraveled on a considerable
number of healthy subjects participating to the Nijmegen Biomedical Study [38]. Determining Hepc
amount in the males and females groups stratified by 5 years interval of age, Hepc amount remains
mainly constant in males while Hepcidin concentrations in women mildly increase through
menopause (4.1nM median for women younger than 55 years and 8.5nM for women 55 years of age
and older). Anyway, it must be underlined that serum Hepcidin concentration has significant
variability among subjects, so that the accepted reference ranges are quite wide.

5. Animal Models

Concerning the animal models typically used to investigate iron overload and iron chelation,
differences related to the sex of the animals were not taken into account. However, we decided to
briefly list the models used in the study of iron overload. Rodent models, like mice or rats, can be
treated to iron overload via nutritional manipulation or genetic mutation. High-iron diets or iron
compound injections can cause excessive iron buildup in a variety of tissues, simulating iron overload
illnesses in humans. These animal models allowed to study the pathophysiology of iron overload and
assess the effectiveness of iron chelation therapy [39]. Knockout mice, missing in the genes involved
in iron manage and homeostasis, helped researchers to understand the molecular pathways driving
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iron overload and to create targeted therapeutics [40]. Non-human primates, such as baboons and
macaques, additionally be utilized as models for iron overload and chelation research. These animals
have physiological and genetic similarities to humans, making them pertinent to translational study.
Non-human primate models give a more precise characterization of iron metabolism, chelation
therapy, and potential adverse effects by mimicking human physiology [41]. The zebrafish (Danio
rerio) has developed as a well-known model organism for biomedical research. They have similar
metabolic routes to humans and might be manipulated to produce iron overload circumstances.
Zebrafish models allow researchers to analyze the consequences of iron overload, test prospective
chelators, and probe the underlying molecular pathways in an advantageous and high amounts way
[42]. These animal models have certainly brought advantages for studying the pathophysiology of
iron overload diseases, evaluating the effectiveness of iron chelation therapy and understanding the
underlying molecular pathways. They enable researchers to explore the impacts of iron overload at
several levels, including tissue pathology, gene expression, and metabolic parameters, therefore
advancing the development of tailored therapies for iron-related illnesses. Concerning the rodent
models discussed above, mutant mice models have been generated to replicate iron excess diseases.
Mice with specific mutations in iron metabolism genes, such as Hfe, hepcidin, or transferrin receptors,
can be used to explore the molecular processes behind iron excess and chelation [39]. Additionally,
high-iron dietary regimens helped scientists to monitor iron consumption and investigate the effects
on long-term iron excess. Dietary models are beneficial because they accurately represent dietary iron
overload reported in some human groups, such as those with genetic hemochromatosis or heavy iron
supplementation. In recent years, genetic approaches such as gene knockout or knockdown have
been employed to change different genes related in the iron metabolism processes. By altering genes
involved in iron absorption, storage, and transport. These models allow for the investigation of
specific molecular targets and processes involved in iron homeostasis and chelation [40]. Scientists
can utilize these distinct animal models to explore various aspects of iron overload, such as its origins,
processes, development, and potential therapies. These models enable in-depth research into iron
metabolism, chelation therapy, and the evaluation of new therapeutic methods to address iron excess
illnesses.

6. Chelation Therapy

In the absence of physiological mechanisms to excrete exceeding iron, the administration of an
iron-chelation therapy is necessary, and this results in a negative net iron balance [43-45]. While for
genetically iron overloaded patients the routine therapy consists in periodical phlebotomy to
normalize serum iron parameters [46], iron chelation is applied to the majority of diseases with
secondary iron overload. Chelation is a chemical reaction in which a metallic atom, acting as Lewis
acid, is bound by a chelating reagent, through more than one coordinating bond. The structure of the
resulting compound constitutes a very stable complex which sees the central atom surrounded by the
chelator. The chelator is often a polydentate binder (specifically, bidentate, tridentate, etc.). Once
chelated, the metal loses its characteristics and then it can be eliminated linked to the chelator. The
goal of chelation therapy in beta-thalassemia patients is to bind and remove iron from the body; it
must also try to satisfy other important needs [47]: the elimination rate must be equal to or greater
than iron input rate with the transfusion, so it is important that the therapy allows a flexible dosage,
it must provide 24-hours chelation coverage, to avoid the iron accumulation and thus to prevent the
adverse effects of its overload; this translates into the need of a molecule with a long half-life, the
route and timing of administration (treatment regimen) must guarantee the maximum adherence to
therapy, the number of days in which patients receive the chelation therapy is more important than
the total dose taken during treatment; thus, the exposure length of chelation therapy is crucial, the
treatment-related adverse effects must be minimal. The main drugs currently used in iron chelation
therapy are deferoxamine, deferiprone, deferasirox (DFX) and luspatercept.

6.1. Deferoxamine
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Deferoxamine (Desferal®) was the first commercial iron chelator, approved in 1970. It is a large
hexadentate molecule with a short half-life (20-30 minutes), which binds iron with high affinity; Fe-
deferoxamine complex is eliminated in urine and faces [48]. Deferoxamine intake requires a slow
parenteral infusion of 8-12 hours, 5 to 7 times a week. This therapy regimen has a significant impact
on adherence and many patients do not get the full benefits from therapy and die early. Moreover, a
24-hours chelation coverage is not possible with the use of deferoxamine due to its short half-life [47].
The deferoxamine-iron chelate is charged and does not readily enter and leave cells. Eventually, this
drug leads to many side effects, such as local reaction at the site of infusion, hypoacusis, ocular
toxicity, retarded growth and skeletal changes [49,50]. It has been determined that treatments that
target iron chelation with deferoxamine and iron dependent cell death (ferroptosis) [51] suppression
with Edaravone, a medication that is clinically licensed for the treatment of ischemic stroke, are
therapeutically promising [52]. Diabetes increases the risk of ferroptosis since it modifies several
pathways implicated in the condition. Iron chelation prevents stroke-induced vasoregression, blood-
brain barrier breach and neuronal damage in male diabetic rats [53,54]. Li et al, in a study on the
impact of deferoxamina therapy on poststroke outcomes in female rats with and without diabetes
observed the following sex-related differences [55]: drug induced deficits in fine motor skills in male
control rats but not in female control rats, working memory deficits at baseline are more pronounced
in female rats than in males, poststroke vascularization was not seen in female diabetic rats as
opposed to male diabetic rats, poststroke vasoregression was not seen in female diabetic rats as
opposed to male diabetic rats and deferoxamina decreased vascular volume and surface area indices
in females but increased them in males. On the other hand, in male diabetic rats, the drug reduced
poststroke microglial activation. Remarkably, in diabetic female rats, deferoxamina enhanced anti-
inflammatory phenotype, suggesting a variety of microglial morphological and functional processes
explain the effects of therapy in both male and female rats. Always considering diabetes, research on
brain microvascular endothelial cells (BMVECs) from both male and female participants showed that
when cells are exposed to high glucose levels as opposed to normal glucose, ferroptosis happens in
response to hypoxia [56]. Iron-responsive element-binding protein 2 (IREB2), a hallmark of
ferroptosis, was notably expressed at considerably higher levels in male cells than in female ones.
Only male cells that were susceptible to the ferroptosis inhibitor Fer-1 showed decreased glutathione
peroxidase expression when ferroptosis was induced with erastin. The cytoprotective effects of
deferoxamina on male and female BMVECs treated with hemin were likewise shown in other tests.
However, in hemin-treated cells, the cytoprotective effects of the drug showed minor sex-dependent
variations linked to the expression of glutathione peroxidase and important proinflammatory
proteins. Lastly, the combined provocative in vitro results imply that iron chelation may be harmful
in non-diabetic circumstances. All things considered, the BMVEC results corroborated the in vivo
evidence demonstrating the therapeutic effectiveness of iron chelation in both males and females.

6.2. Deferiprone

The first oral chelator, deferiprone (Ferriprox®) is a bidentate chelator (3 molecules bond an iron
ion), approved in 1987; the Fe-deferiprone complex is not loaded and therefore can easily cross the
membranes, allowing a rapid removal of the iron accumulation from cells [48]. It is taken orally 3
times a day and has a half-life of 3-4 hours; thus, as deferoxamine, it is not able to guarantee a 24-
hours chelation coverage. Furthermore, treatment with deferiprone has been correlated with rare, but
severe, agranulocytosis, mild neutropenia, abdominal discomfort and erosive arthritis [49,57,58]. A
study on deferiprone-induced agranulocytosis reported that agranulocytosis and neutropenia
appeared to be dose independent and three times more frequent in females than males [59]. Bellanti
and colleagues indicated a statistically significant gender effect on the volume of distribution, which
may ultimately affect peak plasma concentrations, in contrast to data from non-compartmental
analysis [60]. Furthermore, deferiprone dose adjustment is advised for individuals with decreased
creatinine clearance, according to simulated scenarios. For patients with mild, moderate, and severe
renal impairment, doses of 60, 40, and 25 mg kg-1 are suggested based on creatinine clearance values
of 60-89, 30-59, and 15-29 ml min-1, respectively. To conclude, their work highlights the need for
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additional research on the pharmacokinetics of deferiprone in young children and toddlers, for
whom pharmacokinetic data does not yet support current dosing recommendations. Combination
therapy with deferiprone and deferoxamine has been investigated for the removal of cardiac iron and
the normalization of its body stores [61]. Moreover, it has been demonstrated to reverse anomalies of
glucose metabolism and enhance gonadal function more successfully, as it is more effective in
lowering the total body iron burden [62]. Oral glucose tolerance tests revealed considerably lower
mean glucose levels in patients receiving combo medication. Men and women gonadal function and
fertility improved, and some patients were able to conceive successfully [62]. According to research
on animals, deferiprone is teratogenic and embryotoxic. It is recommended that women of
reproductive age receiving deferiprone therapy either refrain from becoming pregnant or, if they
intend to become pregnant, switch to a different iron chelator. Deferiprone should also be avoided
by nursing moms [63].

6.3. Deferasirox

The urgent need for an effective and safe once-daily orally administered iron chelator leads to
the expedited approval of deferasirox (DFX) [64,65]. DFX is a tridentate iron chelator, composed of
two molecules forming a stable complex with an iron ferric atom (Fe3+). The lipophilic active
molecule (ICL670) is highly bound to protein, above all albumin. It induces a mean net iron excretion
per day of 0.119 mg Fe/Kg body (10 mg/Kg/day DEX dose), 0.329 mg Fe/Kg body (20 mg/Kg/day DFX
dose) and 0.445 mg Fe/Kg body (40 mg/Kg/day DFX dose) mg Fe/Kg body, classified under the
clinical relevant range (0.1-0.5 mg/Kg/day) [66]. DEX chelating properties are: high and specific
affinity for Fe3+, oral bioavailability, facilitating use in pediatric patients, high efficiency and
effectiveness, long half-life (8-16 hours), which determines a chelating coverage of 24 hours, allowing
a once-daily dosage, flexible therapeutic regimen and, generally, well tolerated. DFX was approved
as a first-line therapy for blood-transfusion-related iron overload by the Food and Drug
Administration (FDA) in 2005 and the European Medicines Agency (EMA) in 2006. It is indicated in
patients aged > 2 years and with chronic iron overload due to transfusion-dependent or non-
transfusion-dependent thalassemia or anemia. The EMA guidelines states that DFX treatment should
only be initiated after the transfusion of > 100 mL/kg of red blood cells (e.g. 220 units for an individual
weighing 40 kg) or when serum ferritin levels are > 1000 pg/L [67]. The recommended initial daily
dose is 20 mg/Kg, except for those with a higher iron burden (30/mg/Kg), taken on an empty stomach
at least 30 minutes before food. To achieve therapeutic goals, dose adjustments in steps of 5-10
mg/Kg/day, up to 40 mg/Kg/day, can be made [68]. The tablet can be dissolved in water, orange juice
or apple juice and any residue can be resuspended in a smaller volume of drink. DFX should be taken
on an empty stomach, no less than 30 minutes before taking food [48]. DFX is mainly metabolized in
liver (glucuronidation) and eliminated through hepatobiliary excretion in faces [65,69-72]. UDP-
glucuronyltransferase 1A1 (UGT1A1l) is the main UGT isoform responsible for DFX glucuronidation
[64,73-76]; in vitro studies showed the role of cytochrome-P450 (CYP) 1A1, 1A2 and to a lesser extent
2D6 enzymes [69]. Particularly, UGT transforms DEX in M3 (acyl glucuronide) and M6 (2-O-
glucoronide) metabolites; the 6% of the pro-drug is metabolized by CYPs to M1 (5-hydroxy DFX) and
M4 (5’-hydroxy DFX), respectively [72]. DFX and metabolites are mostly excreted in bile through
multidrug resistance protein 2 (MRP2, also known as ABCC2) [69]; breast cancer resistance protein
(BCRP1, also known as ABCG2) may influence drug toxicity [73]. Chirnomas et al. defined as
inadequate responders patients with a rising ferritin trend over 3 consecutive months, at least one
higher than 1500 ng/mL, or a rising LIC, documented by biopsy or non-invasively and on a dose of
more than 30 mg/Kg per day of DFX; instead, adequate responders have a ferritin trend below 1000
ng/mL (evaluating the interval between the LIC at the beginning and at the end of the study)
documented declining liver iron burden by MRI or biopsy and a DFX administration of 30 mg/Kg
per day or less [77]. Based on Chirnomas efficacy definition, we determined an efficacy DFX
concentration at the end of dosing interval (Cthrough) threshold of 20,000 ng/mL and an area under
the curve (AUC) concentrations efficacy (360 pg/mL/h) and non-response (250 pg/mL/h) cut-offs
[78,79]. DEX is well tolerated by adults and children with different chronic anemia. Phase II and III
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studies described and defined the clinical safety profile of DFX in patients of all ages, including
patients younger than 2 years [80]. The most common adverse effects are gastro-intestinal disorders
(diarrhea, abdominal pain, nausea and vomiting) and rash (mild, moderate or severe). In one third
of patients treated a non-progressive increase in serum creatinine values, proportional to the
chelating dose, was observed, which resolves spontaneously and decreases with the reduction of
drug dose. Recent studies also report cases of: cytopenia (agranulocytosis, neutropenia and
thrombocytopenia), acute renal injury (also in pediatric patients), hepatic toxicity, adverse effects
involving hearing and sight. The length of treatment period does not seem to correlate with the
increase in adverse effects [47]. Considering drug pharmacokinetics, De Francia and colleagues
observed difference between sexes: females had mean DFX Cthrough of 16.79 + 17.46 ug/ml, higher
than value reported for males, 12.90 = 13.49 ug/ml [75]. In contrast to previous authors, Mattioli et al.
indicated that gender has no effect on plasma concentrations, but we did discover a trend toward an
inverse relationship between DFX and age [81]. Given that the drop in DFX clearance may be more
than 20%, a close monitoring of liver and kidney functions in DFX-treated patients is necessary [82].
This decrease could put kids at higher risk for drug-induced toxicities, which would seriously impair
the activity and function of already-damaged organs. Adding a bodyweight-based allometric scaling
exponent of 0.75 to the population pharmacokinetic model may improve the prediction of drug
clearance by accounting for differences in organ functioning [83]. This approach has been questioned
by several studies, though, as the exponent value in children can range from 0.6 to 1.11 [84]. In infants,
toddlers, and kids, for example, such variability could be between 0.50 and 1.20 [82].

6.4. Luspatercept

Luspatercept, a recombinant fusion protein and erythroid maturation agent, is the last approved
drug to treat individuals with transfusion-dependent anemia brought on by lower-risk
myelodysplastic syndrome or -thalassemia. It binds and inhibits some transforming growth factor-
 superfamily ligands, such as growth differentiation factor 11. This interferes with Smad2/3
signaling, which is markedly increased in disease situations when erythropoiesis is unsuccessful [85].
Therefore, through the differentiation of late-stage erythroid precursors, or normoblasts, luspatercept
stimulates erythroid maturation in the bone marrow [85]. Moreover, it promotes erythropoiesis and
reduced Smad2/3 signaling [86,87]. Over a dose range of 0.125-1.75 mg/kg, luspatercept
demonstrated linear pharmacokinetics, first-order absorption and elimination [85,88]. The maximum
drug concentration and AUC in serum increased roughly proportionately with increasing dose [85].
The median time to reach the maximum drug concentration was around seven days and after three
doses (a total of nine weeks), a steady state was attained with an accumulation ratio of about 1.5 [85].
In patients with myelodysplastic syndromes, the mean half-life in serum was approximately 13 days,
while in those with (-thalassemia, it was around 11 days [85]. There was a mean apparent total
clearance of 0.52 L/day and 0.44 L/day. Luspatercept will be eliminated in urine since its molecular
mass is greater than the glomerular filtration size exclusion threshold and it will be broken down into
amino acids in a variety of tissues [85]. Luspatercept pharmacokinetics seem not significantly
impacted by patient age, sex, race, 3-thalassemia genotype or ring sideroblasts status, splenectomy
status, mild to moderate kidney impairment or specific baseline laboratory values [85,88]. Body
weight is the only clinical measure that coincides with the volume of distribution and clearance,
which supports the body weight-based dosing strategy [88]. A pediatric study will evaluate the
pharmacokinetic profile in younger patients because this may be a problem in extreme body weights,
especially in pediatric population [89]. In healthy postmenopausal women, luspretercept enhanced
hematological parameters (increased RBC, hemoglobin, and hematocrit levels) [90]. Thirty-two
healthy postmenopausal women participated in a Phase I trial in which they were given two
subcutaneous doses of either luspatercept (0.0625-0.25 mg/kg) or a placebo (3:1 randomization)
separated by two weeks. Curiously, this study cohort was selected because osteoporosis may be well
treated with luspatercept and other comparable compounds (such as sotatercept). Furthermore, it
was unclear how the hypothalamic-pituitary-gonadal axis activin signaling might be inhibited [91].
Assessing the safety, tolerability, pharmacokinetics, and pharmacodynamic consequences of
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increasing luspatercept dosage levels was the aim of this experiment. Three cohorts of eight patients
each were created from the 24 patients, and they were given three increasing doses (0.0625, 0.125, and
0.25 mg/kg). During the research, there were no serious side effects and luspatecept was well
tolerated. Beginning seven days after the injection and continuing for many weeks after therapy, a
dose-dependent rise in hemoglobin concentration was noted in the treated patients. 83.3% of
participants in the highest dose group (0.25 mg/kg) experienced a hemoglobin rise of >1.0 g/dl.
Notably, luspatercept action may seriously harm embryonic development, as demonstrated by
animal studies; for this reason, it must be avoided during pregnancy. The drug should be avoided
during breastfeeding because it is secreted into the milk of nursing rats and is passed through the
placenta of pregnant rats and rabbits [92]. This is likely to happen in humans as well [93,94]. The use
of luspatercept in men and women of reproductive age must be accompanied by appropriate
contraceptive counselling and pregnancy planning because of these reasons, which make it
completely inappropriate during pregnancy.

7. Conclusions

Patients with sickle cell disease, thalassemia syndrome, and myelodysplastic syndromes who
need daily transfusions may suffer from chronic iron overload. One of siderosis harmful impacts is
the increasing destruction to organs and tissues, which impairs their ability to operate. The
development of iron chelators has shown to be a successful therapy for lowering the body's iron levels
and averting the tissue damage and organ failure that follows. Numerous studies describe how
individual factors can impact the chelation treatment, potentially impact the therapeutic response,
and/or result in inadequate chelation or elevated toxicity; however, most of the data do not consider
male and female as different group and, particularly, effect of woman hormonal variation were never
considered. Moreover, gender differences of the enrolled patients should be highlighted to track the
drugs levels to maximize and ascertain the best dosage for every patient.

Author Contributions: writing—original draft preparation, S.A.; writing—review and editing, S.C., AR. and
S.D.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Franconi, F.; Brunelleschi, S.; Steardo, L.; Cuomo, V. Gender differences in drug responses. Pharmacol Res
2007, 55, 81-95, doi:10.1016/j.phrs.2006.11.001.

2. Franconi, F.; Carru, C.; Malorni, W.; Vella, S.; Mercuro, G. The effect of sex/gender on cardiovascular
pharmacology. Curr Pharm Des 2011, 17, 1095-1107, doi:10.2174/138161211795656918.

3. Franconi, F.; Carru, C; Spoletini, I.; Malorni, W.; Vella, S.; Mercuro, G.; Deidda, M.; Rosano, G. A GENS-
based approach to cardiovascular pharmacology: impact on metabolism, pharmacokinetics and
pharmacodynamics. Ther Deliv 2011, 2, 1437-1453, d0i:10.4155/tde.11.117.

4. Anderson, G.D. Pregnancy-induced changes in pharmacokinetics: a mechanistic-based approach. Clin
Pharmacokinet 2005, 44, 989-1008, doi:10.2165/00003088-200544100-00001.

5. Gandhi, M,; Aweeka, F.; Greenblatt, R.M.; Blaschke, T.F. Sex differences in pharmacokinetics and
pharmacodynamics. Annu Rev Pharmacol Toxicol 2004, 44, 499-523,
doi:10.1146/annurev.pharmtox.44.101802.121453.

6.  Camaschella, C.; Girelli, D. The changing landscape of iron deficiency. Mol Aspects Med 2020, 75, 100861,
doi:10.1016/j.mam.2020.100861.

7.  Sebastiani, G.; Pantopoulos, K. Disorders associated with systemic or local iron overload: from
pathophysiology to clinical practice. Metallomics 2011, 3, 971-986, doi:10.1039/c1mt00082a.

8.  Olynyk, JK., Ramm, G.A. Hemochromatosis. N Engl ] Med 2022, 387, 2159-2170,
doi:10.1056/NEJMra2119758.


https://doi.org/10.20944/preprints202411.2422.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2024 d0i:10.20944/preprints202411.2422.v1

10

9. Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to tango: regulation of Mammalian iron
metabolism. Cell 2010, 142, 24-38, doi:10.1016/j.cell.2010.06.028.

10. Galy, B.; Conrad, M.; Muckenthaler, M. Mechanisms controlling cellular and systemic iron homeostasis.
Nat Rev Mol Cell Biol 2024, 25, 133-155, doi:10.1038/s41580-023-00648-1.

11. Skolmowska, D.; Glabska, D. Analysis of Heme and Non-Heme Iron Intake and Iron Dietary Sources in
Adolescent Menstruating Females in a National Polish Sample. Nutrients 2019, 11, d0i:10.3390/nu11051049.

12.  Chiabrando, D.; Vinchi, F.; Fiorito, V.; Mercurio, S.; Tolosano, E. Heme in pathophysiology: a matter of
scavenging, metabolism and trafficking across cell membranes. Front Pharmacol 2014, 5, 61,
doi:10.3389/fphar.2014.00061.

13. Lane, D.J,; Bae, D.H.; Merlot, A.M.; Sahni, S.; Richardson, D.R. Duodenal cytochrome b (DCYTB) in iron
metabolism: an update on function and regulation. Nutrients 2015, 7, 2274-2296, doi:10.3390/nu7042274.

14. Vulpe, C.D.; Kuo, Y.M.; Murphy, T.L.; Cowley, L.; Askwith, C.; Libina, N.; Gitschier, J.; Anderson, G.J.
Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla
mouse. Nat Genet 1999, 21, 195-199, doi:10.1038/5979.

15. Zhang, C. Essential functions of iron-requiring proteins in DNA replication, repair and cell cycle control.
Protein Cell 2014, 5, 750-760, doi:10.1007/s13238-014-0083-7.

16. Daher, R.; Manceau, H.; Karim, Z. Iron metabolism and the role of the iron-regulating hormone hepcidin
in health and disease. Presse Med 2017, 46, e272-e278, doi:10.1016/j.1pm.2017.10.006.

17. Ganz, T.; Nemeth, E. Hypoferremia of inflammation: Innate host defense against infections. Blood Cells Mol
Dis 2024, 104, 102777, doi:10.1016/j.bcmd.2023.102777.

18. Piperno, A.; Pelucchi, S.; Mariani, R. Inherited iron overload disorders. Transl Gastroenterol Hepatol 2020, 5,
25, d0i:10.21037/tgh.2019.11.15.

19. Papanikolaou, G.; Pantopoulos, K. Systemic iron homeostasis and erythropoiesis. IIUBMB Life 2017, 69, 399-
413, doi:10.1002/iub.1629.

20. Musallam, K.M.; Motta, I; Salvatori, M.; Fraquelli M.; Marcon, A, Taher, A.T.; Cappellini, M.D.
Longitudinal changes in serum ferritin levels correlate with measures of hepatic stiffness in transfusion-
independent patients with beta-thalassemia intermedia. Blood Cells Mol Dis 2012, 49, 136-139,
doi:10.1016/j.bcmd.2012.06.001.

21. Richardson, K.J.; McNamee, A.P.; Simmonds, M.]. Haemochromatosis: Pathophysiology and the red blood
celll. Clin Hemorheol Microcirc 2018, 69, 295-304, doi:10.3233/CH-189128.

22. Cournane, S.; Browne, J.E.; Fagan, A ]. The effects of fatty deposits on the accuracy of the Fibroscan(R) liver
transient elastography wultrasound system. Phys Med Biol 2012, 57, 3901-3914, doi:10.1088/0031-
9155/57/12/3901.

23.  Sandrin, L.; Fourquet, B.; Hasquenoph, J.M.; Yon, S.; Fournier, C.; Mal, F.; Christidis, C.; Ziol, M.; Poulet,
B.; Kazemi, F.; et al. Transient elastography: a new noninvasive method for assessment of hepatic fibrosis.
Ultrasound Med Biol 2003, 29, 1705-1713, d0i:S0301562903010718.

24. Bedossa, P.; Poynard, T. An algorithm for the grading of activity in chronic hepatitis C. The METAVIR
Cooperative Study Group. Hepatology 1996, 24, 289-293, doi: 10.1002/hep.510240201.

25. Castera, L.; Forns, X.; Alberti, A. Non-invasive evaluation of liver fibrosis using transient elastography. |
Hepatol 2008, 48, 835-847, d0i:10.1016/j.jhep.2008.02.008.

26. Tsochatzis, E.A.; Gurusamy, K.S.; Ntaoula, S.; Cholongitas, E.; Davidson, B.R.; Burroughs, A.K.
Elastography for the diagnosis of severity of fibrosis in chronic liver disease: a meta-analysis of diagnostic
accuracy. | Hepatol 2010, 54, 650-659, doi: 10.1016/j.jhep.2010.07.033.

27. Sharma, S.D.; Fischer, R.; Schoennagel, B.P.; Nielsen, P.; Kooijman, H.; Yamamura, J.; Adam, G.; Bannas, P.;
Hernando, D.; Reeder, S.B. MRI-based quantitative susceptibility mapping (QSM) and R2* mapping of liver
iron overload: Comparison with SQUID-based biomagnetic liver susceptometry. Magn Reson Med 2016, 78,
264-270, d0i:10.1002/mrm.26358.

28. Wood, J.C. Guidelines for quantifying iron overload. Hematology Am Soc Hematol Educ Program 2015, 2014,
210-215, doi:10.1182/asheducation-2014.1.210.

29. Fovargue, D.; Nordsletten, D.; Sinkus, R. Stiffness reconstruction methods for MR elastography. NMR
Biomed 2018, €3935, doi:10.1002/nbm.3935.

30. Pennell, D.J; Porter, ].B.; Piga, A.; Lai, Y.R.; El-Beshlawy, A.; Elalfy, M.; Yesilipek, A.; Kilinc, Y.; Habr, D.;
Musallam, K.M.; et al. Sustained improvements in myocardial T2* over 2 years in severely iron-overloaded
patients with beta thalassemia major treated with deferasirox or deferoxamine. Am | Hematol 2014, 90, 91-
96, doi:10.1002/ajh.23876.

31. Anderson, L.J.; Holden, S.; Davis, B.; Prescott, E.; Charrier, C.C.; Bunce, N.H.; Firmin, D.N.; Wonke, B.;
Porter, J.; Walker, ].M.; et al. Cardiovascular T2-star (T2*) magnetic resonance for the early diagnosis of
myocardial iron overload. Eur Heart | 2001, 22, 2171-2179, d0i:S0195668X01928222.

32. Wood, ].C; Enriquez, C.; Ghugre, N.; Tyzka, ].M.; Carson, S.; Nelson, M.D.; Coates, T.D. MRI R2 and R2*
mapping accurately estimates hepatic iron concentration in transfusion-dependent thalassemia and sickle
cell disease patients. Blood 2005, 106, 1460-1465, doi:10.1182/blood-2004-10-3982.


https://doi.org/10.20944/preprints202411.2422.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2024 d0i:10.20944/preprints202411.2422.v1

11

33. Merlo, F.; Groothof, D.; Khatami, F.; Ahanchi, N.S.; Wehrli, F.; Bakker, S.J.L.; Eisenga, M.F.; Muka, T.
Changes in Iron Status Biomarkers with Advancing Age According to Sex and Menopause: A Population-
Based Study. | Clin Med 2023, 12, d0i:10.3390/jcm12165338.

34. Nicolas, G.; Viatte, L.; Bennoun, M.; Beaumont, C.; Kahn, A.; Vaulont, S. Hepcidin, a new iron regulatory
peptide. Blood Cells Mol Dis 2002, 29, 327-335, doi:10.1006/bcmd.2002.0573.

35. Roetto, A.; Papanikolaou, G.; Politou, M.; Alberti, F.; Girelli, D.; Christakis, J.; Loukopoulos, D.;
Camaschella, C. Mutant antimicrobial peptide hepcidin is associated with severe juvenile
hemochromatosis. Nat Genet 2003, 33, 21-22, d0i:10.1038/ng1053.

36. Gangz, T.; Olbina, G.; Girelli, D.; Nemeth, E.; Westerman, M. Inmunoassay for human serum hepcidin. Blood
2008, 112, 4292-4297, doi:10.1182/blood-2008-02-139915.

37. Bondi, A.; Valentino, P.; Daraio, F.; Porporato, P.; Gramaglia, E.; Carturan, S.; Gottardi, E.; Camaschella, C.;
Roetto, A. Hepatic expression of hemochromatosis genes in two mouse strains after phlebotomy and iron
overload. Haematologica 2005, 90, 1161-1167.

38. Galesloot, T.E.; Vermeulen, S.H.; Geurts-Moespot, A ].; Klaver, S.M.; Kroot, ].].; van Tienoven, D.; Wetzels,
J.E.; Kiemeney, L.A.; Sweep, F.C.; den Heijer, M.; et al. Serum hepcidin: reference ranges and biochemical
correlates in the general population. Blood 2011, 117, e218-225, doi:10.1182/blood-2011-02-337907.

39. Dos Santos, L.; Bertoli, S.R; Avila, R.A.; Marques, V.B. Iron overload, oxidative stress and vascular
dysfunction: Evidences from clinical studies and animal models. Biochim Biophys Acta Gen Subj 2022, 1866,
130172, doi:10.1016/j.bbagen.2022.130172.

40. Fleming, R.E.; Feng, Q.; Britton, R.S. Knockout mouse models of iron homeostasis. Annu Rev Nutr 2011, 31,
117-137, doi:10.1146/annurev-nutr-072610-145117.

41. Wolfe, L.C; Nicolosi, R.J.; Renaud, M.M.; Finger, J.; Hegsted, M.; Peter, H.; Nathan, D.G. A non-human
primate model for the study of oral iron chelators. Br | Haematol 1989, 72, 456-461, doi:10.1111/j.1365-
2141.1989.tb07732.x.

42. Nasrallah, GK.; Younes, N.N.; Baji, M.H.; Shraim, A.M.; Mustafa, I. Zebrafish larvae as a model to
demonstrate secondary iron overload. Eur | Haematol 2018, 100, 536-543, doi:10.1111/ejh.13035.

43. Chaudhary, P.; Pullarkat, V. Deferasirox: appraisal of safety and efficacy in long-term therapy. ] Blood Med
4,101-110, doi:10.2147/JBM.S35478

44. Lai, Y.R; Liu, R.R; Li, CF; Huang, S.L.; Li, Q.; Habr, D.; Martin, N.; Shen, Z.X. Efficacy of Deferasirox for
the treatment of iron overload in Chinese thalassaemia major patients: results from a prospective, open-
label, multicentre clinical trial. Transfus Med 2013, 23, 389-396, doi:10.1111/tme.12077.

45. Naderi, M.; Sadeghi-Bojd, S.; Valeshabad, A.K; Jahantigh, A.; Alizadeh, S.; Dorgalaleh, A.; Tabibian, S,;
Bamedi, T. A prospective study of tubular dysfunction in pediatric patients with Beta thalassemia major
receiving deferasirox. Pediatr Hematol Oncol 2013, 30, 748-754, d0i:10.3109/08880018.2013.823470.

46. Adams, P.C; Jeffrey, G.; Ryan, ]. Haemochromatosis. Lancet 2023, 401, 1811-1821, doi:10.1016/50140-
6736(23)00287-8.

47. Cappellini, M.D. Exjade(R) (deferasirox, ICL670) in the treatment of chronic iron overload associated with
blood transfusion. Ther Clin Risk Manag 2007, 3, 291-299.

48. Neufeld, E.J. Oral chelators deferasirox and deferiprone for transfusional iron overload in thalassemia
major: new data, new questions. Blood 2006, 107, 3436-3441, d0i:10.1182/blood-2006-02-002394.

49. Galanello, R; Origa, R. Beta-thalassemia. Orphanet | Rare Dis 2010, 5, 11, d0i:10.1186/1750-1172-5-11.

50. Cunningham, M.].; Macklin, E.A.; Neufeld, E.J.; Cohen, A.R. Complications of beta-thalassemia major in
North America. Blood 2004, 104, 34-39, d0i:10.1182/blood-2003-09-3167

51. Zhou, Q.; Meng, Y.; Le, J.; Sun, Y,; Dian, Y.; Yao, L.; Xiong, Y.; Zeng, F.; Chen, X,; Deng, G. Ferroptosis:
mechanisms and therapeutic targets. MedComm (2020) 2024, 5, €70010, doi:10.1002/mco02.70010.

52. Fang, X.L,; Ding, S.Y.; Du, X.Z.; Wang, ].H.; Li, X.L. Ferroptosis-A Novel Mechanism With Multifaceted
Actions on Stroke. Front Neurol 2022, 13, 881809, d0i:10.3389/fneur.2022.881809.

53. Li, W.; Valenzuela, ].P.; Ward, R.; Abdelbary, M.; Dong, G.; Fagan, S.C.; Ergul, A. Post-stroke
neovascularization and functional outcomes differ in diabetes depending on severity of injury and sex:
Potential link to hemorrhagic transformation. Exp Neurol 2019, 311, 106-114,
doi:10.1016/j.expneurol.2018.09.013.

54. Abdul, Y,; Li, W,; Ward, R.; Abdelsaid, M.; Hafez, S.; Dong, G.; Jamil, S.; Wolf, V.; Johnson, M.H.; Fagan,
S.C; et al. Deferoxamine Treatment Prevents Post-Stroke Vasoregression and Neurovascular Unit
Remodeling Leading to Improved Functional Outcomes in Type 2 Male Diabetic Rats: Role of Endothelial
Ferroptosis. Transl Stroke Res 2021, 12, 615-630, d0i:10.1007/s12975-020-00844-7.

55. Li, W.; Abdul, Y.; Chandran, R.; Jamil, S.; Ward, R.A.; Abdelsaid, M.; Dong, G.; Fagan, S.C.; Ergul, A.
Deferoxamine prevents poststroke memory impairment in female diabetic rats: potential links to
hemorrhagic transformation and ferroptosis. Am ] Physiol Heart Circ Physiol 2023, 324, H212-H225,
doi:10.1152/ajpheart.00490.2022.


https://doi.org/10.20944/preprints202411.2422.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2024 d0i:10.20944/preprints202411.2422.v1

12

56. Sakamuri, S.S5.V.P.; Sure, V.N.; Katakam, P.V.G. Iron chelation therapy to prevent poststroke cognitive
impairments: role of diabetes and sex. Am | Physiol Heart Circ Physiol 2023, 324, H210-H211,
doi:10.1152/ajpheart.00004.2023.

57. Pennell, D.J.; Berdoukas, V.; Karagiorga, M.; Ladis, V.; Piga, A.; Aessopos, A.; Gotsis, E.D.; Tanner, M.A.;
Smith, G.C.; Westwood, M.A; et al. Randomized controlled trial of deferiprone or deferoxamine in beta-
thalassemia major patients with asymptomatic myocardial siderosis. Blood 2006, 107, 3738-3744,
doi:210.1182/blood-2005-07-2948.

58. Taher, A.; Sheikh-Taha, M.; Sharara, A.; Inati, A.; Koussa, S.; Ellis, G.; Dhillon, A.P.; Hoffbrand, A.V. Safety
and effectiveness of 100 mg/kg/day deferiprone in patients with thalassemia major: a two-year study. Acta
Haematol 2005, 114, 146-149, doi:10.1159/000087888.

59. Tricta, F.; Uetrecht, J.; Galanello, R.; Connelly, J.; Rozova, A.; Spino, M.; Palmblad, ]. Deferiprone-induced
agranulocytosis: 20 years of clinical observations. Am | Hematol 2016, 91, 1026-1031, doi:10.1002/ajh.24479.

60. Bellanti, F.; Danhof, M.; Della Pasqua, O. Population pharmacokinetics of deferiprone in healthy subjects.
Br ] Clin Pharmacol 2014, 78, 1397-1406, doi:10.1111/bcp.12473.

61. Farmaki, K.; Tzoumari, I; Pappa, C.; Chouliaras, G.; Berdoukas, V. Normalisation of total body iron load
with very intensive combined chelation reverses cardiac and endocrine complications of thalassaemia
major. Br | Haematol 2010, 148, 466-475, d0i:10.1111/j.1365-2141.2009.07970.x.

62. Farmaki, K.; Tzoumari, I.; Pappa, C. Oral chelators in transfusion-dependent thalassemia major patients
may prevent or reverse iron overload complications. Blood Cells Mol Dis 2011, 47, 33-40,
doi:10.1016/j.bcmd.2011.03.007.

63. Galanello, R. Deferiprone in the treatment of transfusion-dependent thalassemia: a review and perspective.
Ther Clin Risk Manag 2007, 3, 795-805.

64. Novartis Pharmaceuticals. Exjade (deferasirox) tablets for oral suspension [prescribing information]. East
Hanover (N]): Novartis Pharmaceuticals 2006.

65. Cappellini, M.D.; Cohen, A.; Piga, A.; Bejaoui, M.; Perrotta, S.; Agaoglu, L.; Aydinok, Y.; Kattamis, A.; Kilinc,
Y.; Porter, J.; et al. A phase 3 study of deferasirox (ICL670), a once-daily oral iron chelator, in patients with
beta-thalassemia. Blood 2006, 107, 3455-3462, doi:10.1182/blood-2005-08-3430.

66. EPAR, E. Exjade (deferasirox) Prescribing Information. Novartis Pharmaceuticals Corporation. 2007.

67. Vichinsky, E.; Onyekwere, O.; Porter, J.; Swerdlow, P.; Eckman, J.; Lane, P.; Files, B.; Hassell, K.; Kelly, P.;
Wilson, F.; et al. A randomised comparison of deferasirox versus deferoxamine for the treatment of
transfusional iron overload in sickle cell disease. Br ] Haematol 2007, 136, 501-508, doi:10.1111/j.1365-
2141.2006.06455.x.

68. Novartis. Exjade (deferasirox) tablets for oral suspension [prescribing information]. East Hanover (NJ):
Novartis Pharmaceuticals 2006.

69. Bruin, G.J.; Faller, T.; Wiegand, H.; Schweitzer, A.; Nick, H.; Schneider, ]J.; Boernsen, K.O.; Waldmeier, F.
Pharmacokinetics, distribution, metabolism, and excretion of deferasirox and its iron complex in rats. Drug
Metab Dispos 2008, 36, 2523-2538, doi:10.1124/dmd.108.022962

70. Hershko, C.; Konijn, A.M.; Nick, H.P.; Breuer, W.; Cabantchik, Z.I; Link, G. ICL670A: a new synthetic oral
chelator: evaluation in hypertransfused rats with selective radioiron probes of hepatocellular and
reticuloendothelial iron stores and in iron-loaded rat heart cells in culture. Blood 2001, 97, 1115-1122.

71. Nick, H.; Acklin, P.; Lattmann, R.; Buehlmayer, P.; Hauffe, S.; Schupp, J.; Alberti, D. Development of
tridentate iron chelators: from desferrithiocin to ICL670. Curr Med Chem 2003, 10, 1065-1076.

72. Waldmeier, F.; Bruin, GJ.; Glaenzel, U, Hazell, K. Sechaud, R.; Warrington, S.; Porter, ].B.
Pharmacokinetics, metabolism, and disposition of deferasirox in beta-thalassemic patients with
transfusion-dependent iron overload who are at pharmacokinetic steady state. Drug Metab Dispos 2010, 38,
808-816, doi:10.1124/dmd.109.030833

73. Mao, Q.; Unadkat, J.D. Role of the breast cancer resistance protein (ABCG2) in drug transport. AAPS ] 2005,
7, E118-133, doi:10.1208/aapsj070112.

74. lyer, L.; Das, S.; Janisch, L.; Wen, M.; Ramirez, J.; Karrison, T.; Fleming, G.F.; Vokes, E.E.; Schilsky, R.L.;
Ratain, M.J. UGT1A1*28 polymorphism as a determinant of irinotecan disposition and toxicity.
Pharmacogenomics ] 2002, 2, 43-47.

75. De Francia, S.; Massano, D.; Piccione, F.M.; Pirro, E.; Racca, S.; Di Carlo, F.; Piga, A. A new HPLC UV
validated method for therapeutic monitoring of deferasirox in thalassaemic patients. ] Chromatogr B Analyt
Technol Biomed Life Sci 2012, 893-894, 127-133, doi:10.1016/j.jchromb.2012.02.047

76. Lee, ].W.; Kang, H.]; Choi, ]J.Y,; Kim, N.H.; Jang, M.K; Yeo, C.W.; Lee, S.S.; Kim, H.; Park, ].D.; Park, K.D,;
et al. Pharmacogenetic study of deferasirox, an iron chelating agent. PLoS Omne 2013, 8, e64114,
doi:10.1371/journal.pone.0064114

77. Chirnomas, D.; Smith, A.L.; Braunstein, J.; Finkelstein, Y.; Pereira, L.; Bergmann, A K.; Grant, F.D.; Paley,
C.; Shannon, M.; Neufeld, E.J. Deferasirox pharmacokinetics in patients with adequate versus inadequate
response. Blood 2009, 114, 4009-4013, doi:blood-2009-05-222729


https://doi.org/10.20944/preprints202411.2422.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2024 d0i:10.20944/preprints202411.2422.v1

13

78. Cusato, J.; Allegra, S.; Massano, D.; De Francia, S.; Piga, A.; D'Avolio, A. Influence of single-nucleotide
polymorphisms on deferasirox C trough levels and effectiveness. Pharmacogenomics | 2014, 15, 263-271, doi:
10.1038/tpj.2014.65.

79. Cusato, J.; Allegra, S.; De Francia, S.; Massano, D.; Piga, A.; D'Avolio, A. Role of pharmacogenetics on
deferasirox AUC and efficacy. Pharmacogenomics 2016, 17, 561-572, doi:10.2217/pgs-2015-0001.

80. Vichinsky, E. Clinical application of deferasirox: practical patient management. Am | Hematol 2008, 83, 398-
402, doi:10.1002/ajh.21119.

81. Mattioli, F.; Puntoni, M.; Marini, V.; Fucile, C.; Milano, G.; Robbiano, L.; Perrotta, S.; Pinto, V.; Martelli, A.;
Forni, G.L. Determination of deferasirox plasma concentrations: do gender, physical and genetic
differences affect chelation efficacy? Eur | Haematol 2015, 94, 310-317, doi:10.1111/ejh.12419.

82. Galeotti, L.; Ceccherini, F.; Fucile, C.; Marini, V.; Di Paolo, A.; Maximova, N.; Mattioli, F. Evaluation of
Pharmacokinetics and Pharmacodynamics of Deferasirox in Pediatric Patients. Pharmaceutics 2021, 13,
do0i:10.3390/pharmaceutics13081238.

83. Park, W.S;Han,S;Lee, ].; Hong, T.; Won, J.; Lim, Y.; Lee, K;; Byun, H.Y.; Yim, D.S. Use of a Target-Mediated
Drug Disposition Model to Predict the Human Pharmacokinetics and Target Occupancy of GC1118, an
Anti-epidermal Growth Factor Receptor Antibody. Basic Clin Pharmacol Toxicol 2017, 120, 243-249,
doi:10.1111/bcpt.12675.

84. Wang, C.; Allegaert, K.; Peeters, M.Y.; Tibboel, D.; Danhof, M.; Knibbe, C.A. The allometric exponent for
scaling clearance varies with age: a study on seven propofol datasets ranging from preterm neonates to
adults. Br | Clin Pharmacol 2014, 77, 149-159, doi:10.1111/bcp.12180.

85. Kang, C.; Syed, Y.Y. Luspatercept: A Review in Transfusion-Dependent Anaemia due to Myelodysplastic
Syndromes or 3-Thalassaemia. Drugs 2021, 81, 945-952, doi:10.1007/s40265-021-01527-9.

86. Suragani, R.N.; Cawley, S.M.; Li, R.; Wallner, S.; Alexander, M.].; Mulivor, A.W.; Gardenghi, S.; Rivella, S.;
Grinberg, A.V.; Pearsall, R.S.; et al. Modified activin receptor IIB ligand trap mitigates ineffective
erythropoiesis and disease complications in murine [-thalassemia. Blood 2014, 123, 3864-3872,
doi:10.1182/blood-2013-06-511238.

87. Suragani, R.N.; Cadena, S.M.; Cawley, S.M.; Sako, D.; Mitchell, D.; Li, R.; Davies, M.V.; Alexander, M.J.;
Devine, M.; Loveday, K.S.; et al. Transforming growth factor-3 superfamily ligand trap ACE-536 corrects
anemia by promoting late-stage erythropoiesis. Nat Med 2014, 20, 408-414, d0i:10.1038/nm.3512.

88. Chen, N.; Kassir, N.; Laadem, A.; Giuseppi, A.C.; Shetty, J.; Maxwell, S.E.; Sriraman, P.; Ritland, S.; Linde,
P.G.; Budda, B.; et al. Population Pharmacokinetics and Exposure-Response Relationship of Luspatercept,
an Erythroid Maturation Agent, in Anemic Patients With B-Thalassemia. | Clin Pharmacol 2021, 61, 52-63,
d0i:10.1002/jcph.1696.

89. Longo, F.; Motta, I; Pinto, V.; Piolatto, A.; Ricchi, P.; Tartaglione, I.; Origa, R. Treating Thalassemia Patients
with Luspatercept: An Expert Opinion Based on Current Evidence. | Clin Med 2023, 12,
doi:10.3390/jcm12072584.

90. Attie, KM.; Allison, M.].; McClure, T.; Boyd, L.E.; Wilson, D.M.; Pearsall, A.E.; Sherman, M.L. A phase 1
study of ACE-536, a regulator of erythroid differentiation, in healthy volunteers. Am | Hematol 2014, 89,
766-770, doi:10.1002/ajh.23732.

91. Lotinun, S.; Pearsall, R.S.; Davies, M.V.; Marvell, T.H.; Monnell, T.E.; Ucran, J.; Fajardo, R.J.; Kumar, R.;
Underwood, K.W.; Seehra, ].; et al. A soluble activin receptor Type IIA fusion protein (ACE-011) increases
bone mass via a dual anabolic-antiresorptive effect in Cynomolgus monkeys. Bone 2010, 46, 1082-1088,
doi:10.1016/j.bone.2010.01.370.

92. Patel, B.; Moosavi, L. Luspatercept. Available online: https://www.ncbi.nlm.nih.gov/books/NBK560635/
(accessed on oct 6).

93. Zaccheddu, E.; Zappu, A.; Barella, S.; Clemente, M.G.; Orecchia, V.; Pilia, M.P.; Piras, S.; Pitturru, C,;
Scarano, M.; Origa, R. Unplanned pregnancy in women with beta-thalassaemia treated with luspatercept.
Br ] Haematol 2024, 204, 2505-2507, d0i:10.1111/bjh.19480.

94. Origa, R,; Comitini, F. Pregnancy in Thalassemia. Mediterr | Hematol Infect Dis 2019, 11, 2019019,
doi:10.4084/MJHID.2019.019.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202411.2422.v1

	1. Introduction
	2. Iron Metabolism
	3. Iron Level Measurement
	4. Hepcidin Levels Measurement
	5. Animal Models
	6. Chelation Therapy
	6.1. Deferoxamine
	6.2. Deferiprone
	6.3. Deferasirox
	6.4. Luspatercept

	7. Conclusions
	References

