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Abstract

Introduction: Hereditary hemochromatosis is a genetic disorder characterized by dysregu-
lation of iron homeostasis, resulting in excessive intestinal iron absorption and progressive
iron deposition in vital organs. The hepcidin—ferroportin axis plays a central role in
the pathophysiology of the disease, particularly in cases associated with mutations in
the HFE gene. Persistent iron overload may lead to progressive injury in target organs
and functional impairment. Methods: A brief description of the pathological basis of
hereditary hemochromatosis was conducted together with a systematic review of interven-
tional clinical trials registered on ClinicalTrials.gov. Studies with available results were
included regardless of clinical phase or recruitment status. Relevant data regarding ther-
apeutic interventions and iron metabolism parameters were extracted and descriptively
analyzed. Results: Three studies met the inclusion criteria: one evaluating the hepcidin
mimetic Rusfertide (PTG-300), another assessing synthetic hepcidin LJPC-401, and a third
investigating the iron chelator Deferasirox. Discussion: These therapies demonstrated
biological activity in modulating iron metabolism parameters; however, none proved supe-
rior to therapeutic phlebotomy, which remains the standard treatment, in terms of efficacy.
Conclusions: Although emerging pharmacological therapies targeting iron metabolism
show promising biological effects, current clinical evidence remains limited. Therapeutic
phlebotomy continues to represent the first-line treatment for hereditary hemochromato-
sis, and further clinical trials are necessary to determine the potential role of these novel
therapeutic approaches.

Keywords: hereditary hemochromatosis; iron metabolism; clinical trials

1. Introduction

Hereditary hemochromatosis is a genetic disorder of iron metabolism characterized by
inappropriate intestinal iron absorption and progressive deposition in parenchymal tissues,
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primarily affecting the liver, heart, and pancreas. Mutations in key regulatory genes—
particularly HFE, HJV, and HAMP—impair the hepcidin—ferroportin axis and constitute
the molecular basis of the disease [1,2].

Diagnosis is based on biochemical markers such as serum ferritin and transferrin
saturation; however, these parameters reflect already established iron overload rather than
early pathogenic dysregulation. Delayed recognition favors irreversible complications, in-
cluding cirrhosis, diabetes mellitus, and cardiomyopathy. Although advances in molecular
genetics and personalized medicine have expanded the understanding of iron homeostasis
and stimulated the development of targeted therapies, the translation of these advances
into truly disease-modifying interventions remains limited [3,4].

In this context, the present study addresses the pathophysiological foundations of
hereditary hemochromatosis and reviews interventional clinical trials registered on the
ClinicalTrials.gov platform in order to identify emerging pharmacological strategies that
may provide clinically significant benefits in the future.

The pathophysiological mechanisms underlying hereditary hemochromatosis, along
with emerging therapeutic strategies, are illustrated in Figure 1.
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Figure 1. Pathophysiology and emerging pharmacological strategies in hereditary hemochromatosis.

lustration created by the authors with the assistance of an Al-based image generation
(ChatGPT (OpenAl, version GPT-5.3)) tool to summarize the mechanisms of iron overload
and emerging therapeutic approaches.
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1.1. Metabolic Regulation of Iron in Hemochromatosis

Iron homeostasis is tightly regulated to prevent the toxic effects of iron excess while en-
suring its bioavailability for essential physiological functions [5,6]. In hereditary hemochro-
matosis associated with the HFE C282Y mutation, dysfunction of this regulatory system
represents the central pathogenic event.

Under physiological conditions, iron absorption occurs in the duodenum and proximal
jejunum, where iron is absorbed and either stored as ferritin or exported via ferroportin to
bind to transferrin and be distributed systemically [1,5]. Hepcidin, synthesized by hepato-
cytes, is the main regulator of systemic iron balance, promoting the degradation of ferro-
portin and limiting both intestinal iron absorption and iron release from macrophages [7-9].

In C282Y homozygotes, mutation of the HFE gene impairs its interaction with transfer-
rin receptors 1 and 2, interfering with the activation of the BMP/SMAD pathway and result-
ing in inappropriately low hepcidin expression [10,11]. This deficiency allows persistent
ferroportin activity, increased intestinal iron absorption, and progressive iron accumulation
in parenchymal tissues [12-15].

Although erythroferrone physiologically suppresses hepcidin during erythropoiesis [12,16],
in C282Y hemochromatosis, this suppression becomes pathologically sustained due to a
regulatory failure. Iron excess promotes the formation of reactive oxygen species, oxidative
stress, and organ damage, particularly in the liver, heart, and endocrine tissues [13,17].

Understanding this specific molecular defect has supported the development of thera-
pies aimed at modulating hepcidin and has reinforced the translational relevance of iron
regulatory pathways [18,19].

1.2. Genetics of HFE C282Y Hemochromatosis

Hereditary hemochromatosis associated with the HFE gene, particularly the C282Y
mutation located on chromosome 6, represents the predominant genetic form of iron over-
load in adults. Homozygosity for C282Y accounts for approximately 80-85% of clinically
significant cases in populations of European ancestry [3,20].

The disease follows an autosomal recessive inheritance pattern. However, clinical
penetrance is incomplete, and phenotypic expression is influenced by sex, environmental
factors, and metabolic cofactors. Men and postmenopausal women show greater clinical
expression due to reduced physiological iron loss [21,22].

The association of hemochromatosis with the HLA system was initially described by
Marcel Simon [23], establishing its hereditary basis. Although mutations in HJV, HAMP,
TFR2, and SLC40A1 explain the non-HFE forms [11,12], these variants are less frequent
and present distinct clinical patterns. In contrast, C282Y hemochromatosis shows slow
progression with onset typically occurring in adulthood.

Advances in next-generation genomic sequencing have expanded the detection of
gene mutations in HFE and enabled the early identification of individuals at risk [24].

1.3. Iron Overload in C282Y Hemochromatosis

In C282Y homozygotes, iron overload results primarily from chronic hepcidin defi-
ciency and increased intestinal iron absorption, differing from the mechanisms observed in
secondary forms of iron overload [25-27].

The main laboratory findings include elevated transferrin saturation—commonly the
earliest abnormality—and progressive increases in serum ferritin levels. Early identification
is essential to prevent irreversible organ damage [5].

Although secondary iron overload occurs in conditions such as transfusion-dependent
anemias and chronic liver disease, C282Y hemochromatosis represents the classical model
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of primary genetic iron overload. Therapeutic phlebotomy remains the first-line treatment,
while iron chelation therapy is reserved for specific situations [2,20].

1.4. Consequences of Iron Overload in C282Y Homozygotes

In C282Y hemochromatosis, iron accumulates predominantly in hepatocytes, pro-
moting oxidative stress through the generation of reactive oxygen species [2,5,19]. Lipid
peroxidation, DNA damage, and mitochondrial dysfunction contribute to progressive
fibrosis and an increased risk of cirrhosis and hepatocellular carcinoma [28,29].

At the cellular level, iron accumulation destabilizes lysosomal and cytosolic com-
partments, activating autophagic and apoptotic pathways depending on the oxidative
burden [28,29]. Clinically, advanced iron overload is associated with hepatic fibrosis,
cardiomyopathy, diabetes mellitus, and endocrine dysfunction [13].

Because organ damage correlates with cumulative iron burden, early diagnosis and
therapeutic intervention are essential in C282Y homozygotes [5].

1.5. Diagnosis of Hereditary Hemochromatosis

Early diagnosis of hereditary hemochromatosis is essential to prevent complications
resulting from iron overload, particularly in target organs. Initial evaluation is based
on accessible laboratory tests. Serum ferritin is widely used as an initial marker, al-
though it has limited specificity; levels > 1000 pg/L are strongly associated with significant
hepatic fibrosis [30,31].

Transferrin saturation, calculated from serum iron and total iron-binding capacity
(TIBC), represents the most sensitive biochemical marker for screening. Values > 45% are
suggestive of iron overload, even in asymptomatic individuals [28,32].

Increased circulating iron availability favors greater erythropoietic incorporation, often
reflected by elevated mean corpuscular volume (MCV) and other hematimetric alterations,
including in non-classical forms, highlighting the systemic impact of iron overload on bone
marrow physiology [33].

Diagnostic confirmation requires molecular genetic analysis to identify variants in
the HFE gene (C282Y, H63D). Mutations in H]V, HAMP, TFR2, and SLC40A1 should be
investigated in atypical cases [34].

Genetic testing also plays a central role in the screening of asymptomatic relatives and
in risk stratification, contributing to clinical management, prevention of complications, and
reproductive counseling [35,36]. In this context, genetic counseling is an indispensable tool,
providing clarification regarding inheritance patterns, indications and interpretation of
tests, and psychosocial support for families at risk [37].

Hepatic magnetic resonance imaging is a non-invasive and accurate method for quan-
tifying iron overload and assessing fibrosis, proving useful both in diagnosis and thera-
peutic monitoring [38]. Liver biopsy remains reserved for specific situations due to its
invasive nature.

The integration of laboratory, genetic, imaging, and clinical data—including detailed
medical and family history—is fundamental for diagnostic planning and the implementa-
tion of a specific therapeutic approach [39].

1.6. Therapeutic Approaches in Hemochromatosis

Hereditary hemochromatosis (HH) requires effective control of iron overload to pre-
vent organ complications. Phlebotomy remains the first-line therapy and is performed
during the induction phase (until ferritin < 50 pg/L and transferrin saturation < 30%) and
the maintenance phase (ferritin < 100 ug/L), with proven efficacy in preventing hepatic
and systemic damage [40,41].
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Erythrocytapheresis represents a more efficient alternative for iron removal; how-
ever, it is associated with higher costs. In cases where phlebotomy is contraindicated,
iron chelators such as deferoxamine, deferiprone, and deferasirox are used, the lat-
ter being approved by international regulatory agencies, although it is associated with
adverse effects [40-42].

Adjuvant measures include proton pump inhibitors to reduce iron absorption and
dietary recommendations involving restriction of alcohol consumption and avoidance of
iron or vitamin C supplementation [43].

Non-classical genetic forms, such as juvenile hemochromatosis and ferroportin dis-
ease, require individualized management and may demand more intensive therapy
or complementary [44].

2. Methods

A systematic search was conducted in the ClinicalTrials.gov database to identify interven-
tional clinical trials investigating emerging therapeutic strategies for hereditary hemochromatosis.

2.1. Inclusion Criteria

Interventional clinical trials registered in the ClinicalTrials.gov database that inves-
tigated emerging therapeutic strategies for the treatment of hereditary hemochromatosis
were included.

Studies registered up to 30 May 2024 were considered, regardless of the clinical trial
phase. No restrictions were applied regarding publication language or recruitment status.

2.2. Exclusion Criteria

Observational studies, narrative reviews, editorials, letters to the editor, and case
reports were excluded. Studies that did not address hereditary hemochromatosis, did not
investigate emerging therapeutic interventions related to iron metabolism, or were not
registered in the ClinicalTrials.gov database were also excluded, as well as duplicate or
repeated records.

The research question was formulated according to the PICO framework, which can
be observed in Table 1 below.

Table 1. PICO framework used to evaluate studies on emerging pharmacological therapies in adults
with hereditary hemochromatosis, detailing the population of interest, the investigated intervention,
the comparison with standard treatments, and the key outcomes of interest.

PICO Element

Description

Population (P)

Adults with a confirmed diagnosis of hereditary hemochromatosis.

Intervention (I)

Emerging pharmacological therapies targeting iron metabolism, including hepcidin
mimetics, synthetic hepcidin, and iron chelators.

Comparison (C)

Standard treatment (phlebotomy) or placebo, depending on the study design.

Outcomes (O)

Changes in iron metabolism parameters, particularly transferrin saturation, serum ferritin
levels, reduction in the need for therapeutic phlebotomies, and reported adverse events.

Study selection followed the stages of title screening, abstract review, and full-text
assessment in accordance with PRISMA guidelines. For each eligible study, data were
extracted regarding methodological design, investigated drug, eligibility criteria, primary
and secondary outcomes, adverse events, and the main clinical and laboratory results.

The study selection process is detailed in the flowchart presented in Figure 2.
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Figure 2. PRISMA flowchart of the selection process for studies on emerging treatments for

hereditary hemochromatosis.

The study was conducted in accordance with PRISMA 2020 guidelines (see
Supplementary Materials: PRISMA Checklist).

2.3. PROSPERO Registration

The protocol for this systematic review was registered in the International Prospective
Register of Systematic Reviews (PROSPERO) under registration number CRD4201333214.
The registered title is “Hereditary Hemochromatosis: Pathophysiological Basis and Emerg-
ing Therapeutic Approaches—A Systematic Review of Clinical Evidence.” The record was
created on 5 March 2026 and last updated on 5 March 2026.

2.4. Guideline Statement

For the development of this study, a systematic review was conducted following the
methodological principles recommended by the JBI Manual for Evidence Synthesis. The
research question and eligibility criteria were structured according to the PICO framework
(Population, Intervention, Comparison, Outcomes). The review was reported in accordance
with the PRISMA 2020 (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines.

3. Results

Open-label Study with PTG-300 in Individuals with Hereditary Hemochromatosis
(Protagonist Therapeutics, Inc., Newark, CA, USA).

A phase 2, multicenter, open-label, single-arm clinical trial conducted between March
2020 and February 2022 in the United States and Canada evaluated the safety and efficacy of
the mimetic peptide PTG-300 (Rusfertide) in individuals with hereditary hemochromatosis
due to the HFE mutation [19,45,46].

PTG-300 is a hepcidin analog that inhibits ferroportin—the only known cellular path-
way for iron export—thereby blocking intestinal iron absorption and the release of iron
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from hepatic stores and macrophages. This hepcidin-mimetic action provides therapeutic
potential in iron overload disorders such as hereditary hemochromatosis [45].

Sixteen patients (10 men and 6 women) were included, with a mean age of 62.5 years.
A sub-study involving approximately six participants was also conducted [45].

The primary endpoint was the change in transferrin saturation and serum iron levels
up to week 24. Secondary endpoints included the frequency of phlebotomy and quality-of-
life indicators assessed by the Short Form Health Survey (SF-36) and the Patient Global
Impression of Change (PGI-C) [46,47].

Table 1 presents further details and the results of the study.

Open-Label Phase I/II Dose-Escalation Study with Six-Month Extension Evaluating
Deferasirox (ICL670) in Patients with Iron Overload Due to Hereditary Hemochromatosis—
Novartis Pharmaceuticals, Basel, Switzerland.

Between August 2006 and March 2009, a phase I/1I clinical trial was conducted
in patients with hereditary hemochromatosis who were homozygous for the Cys282Tyr
(C282Y) mutation in the HFE gene, presenting serum ferritin levels between 300 and
2000 ng/mL, transferrin saturation > 45%, and no history of cirrhosis. Conducted in the
United States, Australia, Canada, France, Germany, and Italy, the study evaluated the safety
and efficacy of deferasirox] [48].

Table 2 presents the detailed characteristics and results of this study.

Table 2.
Hereditary Hemochromatosis.

Comparative Analytical Overview of Emerging Pharmacological Therapies in

A. Study Design Analysis

LJPC-401 (Synthetic

Parameter PTG-300 (Rusfertide) [45]  Deferasirox (ICL670) [48] . 1
Hepcidin) [49]
Phase Phase 2 Phase I/11 Phase 1/2
. . . Randomized,
Design Open-label, single-arm Open-label, dose-escalation placebo-controlled
Population (n) 16 49 70
Duration Up to 31 weeks Up to 48 weeks 16 weeks
Route of Administration Subcutaneous Oral Subcutaneous
Sponsor Protagonist Therapeutics Novartis La Jolla Pharmaceutical
Company
B. Mechanism of Action
Parameter PTG-300 [45] Deferasirox [48] LJPC-401 [49]

Therapeutic Class
Pharmacological Target
Pathophysiological Level
of Action
Disease-Modifying
Potential

Iron chelator
Binding to ferric iron (Fe3*)

Hepcidin analogue
Ferroportin inhibition

Synthetic hepcidin
Ferroportin inhibition

Upstream regulation Downstream removal Upstream regulation

Theoretical Indirect High potential

C. Clinical Impact

Clinical Outcome

PTG-300 [45] Deferasirox [48] LJPC-401 [49]

Transferrin Saturation
Ferritin Reduction
Reduction in Phlebotomy
Requirement
Serious Adverse Events
Overall Clinical Signal

—6.1% Not a primary endpoint Up to —79.7%
Minimal Progressive reduction Significant reduction
No Therapeutic alternative Potential reduction
1 (unrelated) Hepatic/renal alterations 4 (including placebo)
Modest impact Biochemical control Robust iron suppression

https:/ /doi.org/10.3390/futurepharmacol6020022


https://doi.org/10.3390/futurepharmacol6020022

Future Pharmacol. 2026, 6, 22

8of 12

Phase II, Multicenter, Randomized, Placebo-Controlled, Single-Blind Study with
LJPC-401 for the Treatment of Iron Overload in Adult Patients with Hereditary
Hemochromatosis—La Jolla Pharmaceutical Company, Waltham, MA, USA.

The primary objective of the study was to compare the effect of weekly administration
of LJPC-401 [49], a synthetic human hepcidin, versus placebo on transferrin saturation
(TSAT) in adults with hereditary hemochromatosis.

The study was initiated in November 2017 and completed in October 2019, en-
rolling 70 participants. It was conducted in the United States, Australia, France, and the
United Kingdom [49].

The results are presented in Table 2 below.

4. Discussion

The comparative evaluation of currently available interventional clinical trials reveals
that pharmacological innovation in hereditary hemochromatosis remains at an early stage of
development. All identified studies were limited to phase 1/2 or phase 2 designs, with small
sample sizes (n = 16-70) and relatively short follow-up periods (1648 weeks) [45,46,48,49].
The absence of confirmatory phase 3 trials reinforces the preliminary nature of these
therapeutic strategies and limits extrapolation to long-term clinical outcomes.

Importantly, none of the investigated agents demonstrated superiority over thera-
peutic phlebotomy, which remains the standard treatment due to its proven efficacy in
reducing iron overload, preventing complications, and improving morbidity and survival.

Furthermore, the evaluated interventions focused predominantly on biochemical
endpoints such as transferrin saturation (ITSAT) and serum ferritin rather than robust and
clinically meaningful outcomes, including regression of hepatic fibrosis, reduction in the
risk of hepatocellular carcinoma, prevention of cardiomyopathy, or sustained reduction in
phlebotomy requirements.

From a pharmacodynamic perspective, substantial heterogeneity was observed in
the magnitude of the therapeutic effect. LJPC-401 (synthetic hepcidin) produced the most
pronounced reduction in transferrin saturation (up to —79.7%), suggesting substantial
suppression of ferroportin-mediated iron export and a more effective correction of the
hepcidin—ferroportin axis [49]. By acting upstream in the pathophysiological cascade, this
strategy more directly targets the central molecular defect in HFE-associated disease.

In contrast, PTG-300 (rusfertide), despite functioning as a hepcidin mimetic, demon-
strated only a modest reduction in transferrin saturation (—6.1%) [45]. This difference may
reflect dose limitations, pharmacokinetic properties, variability in receptor activation, or
insufficient treatment duration. Moreover, PTG-300 did not significantly reduce the need
for phlebotomy, limiting its immediate clinical relevance as monotherapy:.

The trial evaluating deferasirox (ICL670) demonstrated progressive reductions in
serum ferritin levels, consistent with its established iron-chelating mechanism [46,48].
However, as a downstream intervention, deferasirox does not restore hepcidin regula-
tion nor correct ferroportin hyperactivity, functioning only to remove accumulated iron.
Thus, its clinical role appears complementary rather than disease-modifying, particularly
in patients with contraindications to phlebotomy, intolerance to the procedure, or poor
Venous access.

When interpreting these findings, the mechanistic hierarchy of the interventions
should be considered. Therapies acting upstream to restore physiological regulatory path-
ways theoretically present greater disease-modifying potential. However, this theoretical
advantage still requires validation through long-term clinical outcomes.

From a safety perspective, serious adverse events were limited in the publicly available
data, with no emphasis on irreversible complications directly attributable to the investi-
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gational drugs. Nevertheless, small sample sizes and short study durations prevent an
adequate evaluation of long-term safety.

Collectively, current evidence suggests that emerging pharmacological agents may
represent alternative or adjunctive therapies in specific clinical scenarios but do not yet
support replacing phlebotomy as the standard therapy. Progress in this field requires multi-
center, randomized, placebo-controlled trials with larger samples and adequate statistical
power to evaluate clinically meaningful outcomes such as fibrosis regression, sustained
reduction of TSAT, reduction of organ complications, and improvement in quality of life.

Until such data become available, phlebotomy remains the cornerstone of treatment
for hereditary hemochromatosis, and emerging approaches should be considered investiga-
tional strategies within a precision medicine framework.

5. Conclusions

Current evidence indicates that none of the investigated pharmacological therapies
demonstrated a clinically significant impact on reducing the frequency of therapeutic
phlebotomies. This finding reinforces that emerging agents do not yet represent substitute
alternatives to the standard treatment for iron overload. Furthermore, the reduction in
phlebotomy requirements was not established as a primary endpoint in the analyzed
trials, indicating that these interventions were designed as adjunctive strategies rather than
replacements for conventional therapy.

Although variable biochemical modulation was observed across the studies—particularly
regarding transferrin saturation and serum ferritin—these improvements in surrogate
markers did not translate into long-term clinical benefits. In the absence of robust data
demonstrating regression of hepatic fibrosis, reduction in the risk of hepatocellular carci-
noma, impact on cardiomyopathy, or sustained normalization of iron parameters without
phlebotomy, the therapeutic paradigm remains based on periodic iron removal through
established methods.

The effective advancement of these therapies will depend on the development of
multicenter, randomized trials with adequate statistical power and clinically meaningful
endpoints beyond biochemical correction. Further investigations into the pathophysiolog-
ical mechanisms of iron metabolism may facilitate the identification of new therapeutic
targets with greater efficacy, safety, and long-term applicability.

In summary, although pharmacological innovation in hereditary hemochromatosis
represents an important translational milestone, therapeutic phlebotomy remains the cor-
nerstone of treatment. Emerging strategies should currently be considered investigational
or adjunctive approaches, pending robust clinical validation before any redefinition of the
therapeutic paradigm.
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