
Academic Editor: Aurelio Maggio

Received: 15 November 2024

Revised: 6 January 2025

Accepted: 7 March 2025

Published: 25 April 2025

Citation: Santhakumar, S.; Stephen,

L.; Barade, A.; Kulkarni, U.; George, B.;

Edison, E.S. Dysregulation of Iron

Homeostasis in β-Thalassemia and

Impaired Neutrophil Activity. Thalass.

Rep. 2025, 15, 4. https://doi.org/

10.3390/thalassrep15020004

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Dysregulation of Iron Homeostasis in β-Thalassemia and
Impaired Neutrophil Activity
Sreenithi Santhakumar 1,2 , Leo Stephen 1, Aruna Barade 1, Uday Kulkarni 1, Biju George 1 and
Eunice S. Edison 1,*

1 Department of Haematology, Ranipet Campus, Christian Medical College, Vellore 632517, Tamil Nadu, India;
sreenithi.snk@cmcvellore.ac.in (S.S.)

2 Sree Chithra Tirunal Institute for Medical Sciences & Technology, Thiruvananthapuram 695011, Kerala, India
* Correspondence: eunice@cmcvellore.ac.in; Tel.: +91-417-222-4575

Abstract: Background/Objective: Patients with beta-thalassemia are more susceptible to
iron overload and have altered neutrophil function. This study investigated the connections
between iron metabolism in neutrophils, neutrophil functionality, and overall iron status in
individuals with β-thalassemia and sickle cell anemia. Methods: We recruited 18 patients
with β-thalassemia, 5 patients with sickle cell anemia, and 15 healthy controls. Our evalua-
tion included measurements of iron and hepcidin concentrations in the serum, along with
an analysis of neutrophil function, specifically their phagocytic and oxidative burst capa-
bilities. In addition, we examined the expression of iron transport proteins in neutrophils.
Results: Patients with β-thalassemia showed significant iron overload, reduced neutrophil
counts, and decreased oxidative burst activity and phagocytosis. Systemic iron status is
inversely correlated with the phagocytic capacity of β-thalassemia neutrophils. Regression
analysis indicated a significant association between serum iron level, transferrin iron bind-
ing capacity, transferrin saturation, and neutrophil percentage. These findings elucidate the
essential role of systemic iron levels in neutrophil efficacy against infections. Furthermore,
FPN1B and DMT1A mRNA levels were upregulated, and IRP2 was downregulated in the
neutrophils of patients with β-thalassemia major and intermedia compared to controls.
Conclusions: Elevated systemic iron levels were associated with reduced neutrophil counts
and impaired neutrophil function in patients with β-thalassemia. These findings highlight
a critical role of systemic iron overload in neutrophil dysfunction.
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1. Introduction
Beta thalassemia is an inherited disorder caused by impaired synthesis of beta-globin

chains. This defect leads to the accumulation of excess α-globin chains, ineffective ery-
thropoiesis, hemolytic anemia, and secondary iron overload [1]. Patients receive multiple
blood transfusions, causing excess iron deposition in organs, such as the heart and liver,
thereby contributing to the risk of organ failure. Iron overload results in cellular damage,
thereby compromising immune function and increasing the risk of severe infections [2].
Several studies have shown that immune dysfunction is a predisposing factor for poor
outcomes and increased mortality due to infections in beta-thalassemia patients [3,4]. Neu-
trophils are the first line of innate immunity that combats invading pathogens primarily
through reactive oxygen species (ROS) generation, release of granules, and formation of
neutrophil extracellular traps (NETs) [5]. Neutrophil dysfunction has been observed in
beta-thalassemia patients as a result of iron overload due to frequent transfusions [6]. Iron
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accumulation contributes to impaired neutrophil migration and cellular abnormalities in
neutrophils [7,8]. Thus, maintaining the tight regulation of neutrophil iron metabolism
is crucial for preventing iron toxicity. Previous studies have reported that excess iron
triggers ROS production, which damages the neutrophil membranes and impairs phago-
cytic activity. This hinders the oxidative response required for immune defense [9,10].
Interestingly, enhanced phagocytic activity of neutrophils has been reported in patients
with beta-thalassemia major [11]. An earlier study indicated that iron chelation decreased
the phagocytic activity of neutrophils, highlighting the harmful impact of iron overload on
neutrophil function [12]. Although studies have shown adverse effects of iron overload on
neutrophil function, the impact of systemic and neutrophil iron homeostasis on neutrophil
dysfunction is unclear.

Sickle cell anemia (SCA) is another inherited disorder caused by a mutation in the
β-globin subunit of hemoglobin and polymerization of hemoglobin S [13]. SCA is charac-
terized by chronic hemolytic anemia and organ damage [14]. Recent studies have reported
immune dysfunction in patients with SCA and increased susceptibility to infections [15,16].
However, neutrophil iron homeostasis and the effects of iron on neutrophil function in SCA
have not yet been studied.

In this study, we evaluated iron parameters in patients with β-thalassemia major,
intermedia, and sickle cell anemia, exploring their association with the neutrophil function.

2. Materials and Methods
2.1. Study Participants

Twenty-three patients diagnosed with β-thalassemia (thalassemia major and tha-
lassemia intermedia) and sickle cell anemia based on clinical and hematological param-
eters were recruited from the Department of Hematology, Christian Medical College,
Vellore, India. Beta-thalassemia patients were classified as major (TM) and intermedia
(TI) based on clinical age at presentation, age at first transfusion, and transfusion require-
ment. β-thalassemia major patients receive blood transfusions at regular intervals, and
intermedia patients occasionally require transfusions [17]. Patients with β-thalassemia
major exhibited one of the following mutations: codon 30 (G > A) or IVS 1-5 (G > C). In
the β-thalassemia intermedia group, the majority had HbE-beta thalassemia. Two patients
carried the promoter mutation −28 (G > A) in a homozygous or compound heterozygous
state. Fifteen healthy individuals with Hb levels > 12 g/dL and ferritin > 15 ng/mL were
included in the control group.

2.2. Hematological and Biochemical Parameters

Complete blood counts (CBCs) were performed on peripheral blood using an auto-
mated hematology analyzer (Sysmex KX21, Kobe Japan). Serum ferritin, iron, soluble
transferrin receptor, and UIBC were analyzed by chemiluminescence immunoassay using
the Advia Centaur, Siemens XPI, Eschborn, Germany Transferrin saturation was calculated
as [serum iron/total iron-binding capacity (TIBC)] × 100. Serum hepcidin levels were
quantified using an enzyme immunoassay method from DRG, GmbH, Marburg, Germany,
according to the manufacturer’s protocol.

2.3. Neutrophil Purification

Neutrophils were isolated from 9 mL of peripheral blood collected in an ethylene-
diaminetetraacetic acid (EDTA) tube using the MACSxpress® Whole Blood Neutrophil
Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The purified population
(>95%) was confirmed by the presence of the surface marker CD62L (BD Pharmingen
555544), which was evaluated by flow cytometry. The acquisition was performed us-
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ing Navios flow cytometry (Beckman Coulter, CA, USA) and analyzed using the Kaluza
software, version 2.1.

2.4. RNA Extraction and Real-Time qPCR

RNA was isolated from neutrophils using the TRIzol method and reverse transcribed
into complementary DNA using the RT2 First Strand Kit (Qiagen, Hilden, Germany). The
relative quantification of genes involved in iron uptake (TFRC), export (FPN1A, FPN1B),
transport (DMT1A, DMT1B), and regulation (IRP2) were measured using real-time PCR.
Real-time PCR was performed on a 7500 QPCR System (Applied Biosystems, Foster City,
CA, USA) using SYBR Green chemistry. All values were normalized to the reference gene
β-actin. The primers used are listed in Supplementary Table S1.

2.5. Oxidative Burst

In the oxidative burst assay, neutrophils were incubated with dihydro rhodamine 123
(DHR) and stimulated with phorbol 12-myristate 13-acetate (PMA). Oxidation of dihydro
rhodamine to rhodamine by the respiratory burst of the cell results in the formation
of a fluorescent dye. The mean fluorescence intensity of oxidized DHR was analyzed
using a Beckman Coulter (Navios) flow cytometer. The results were analyzed using the
Kaluza software.

2.6. Phagocytosis Activity

The phagocytosis and acidification capacity of human neutrophils were quantified
using the pHrodo Green Staphylococcus aureus BioParticles kit (Thermo Fisher, Carlsbad, CA,
USA). Cell acquisition was performed using a Beckman Coulter (Navios) flow cytometer.
The results were analyzed using the Kaluza software.

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software, version 27. Graphs were
constructed using GraphPad Prism version 8. Appropriate statistical tests were used,
including t-tests for continuous variables and Mann–Whitney and Kruskal–Wallis tests for
nonparametric data. Associations between the iron parameters and gene expression were
evaluated using Spearman’s and Pearson’s correlations. Statistical significance was set at
p < 0.05. The associations were evaluated using univariate linear regression.

3. Results
3.1. Hematological and Biochemical Parameters in the Study Participants

In this prospective study, we investigated a cohort of patients with β-thalassemia
major (n = 6), β-thalassemia intermedia (n = 12), and sickle cell anemia (n = 5). The
mean ages of the TM, TI, and SCA groups were 16 ± 7.8, 24.5 ± 9.5, and 19.6 ± 5 years,
respectively. SCA patients had an average hemoglobin level of 10.1 ± 1.1 g/dL, and healthy
controls had 13.2 ± 1.8 g/dL. The mean neutrophil counts in the TM, TI, SCA, and control
were 3.37 × 103 ± 2.11 cells/µL, 4.52 × 103 ± 1.5 cells/µL, 5.58 × 103 ± 2.4 cells/µL, and
5.48 × 103 ± 1.3 cells/µL, respectively. Neutrophil counts and percentages in patients
with β-thalassemia intermedia were significantly reduced compared to those in controls
(Supplementary Figure S1). Demographic and biochemical parameters are listed in Table 1.

Beta-thalassemia patients were administered iron chelation therapy using Deferasirox,
which is recommended for individuals with serum ferritin levels exceeding 1000 ng/mL.
Deferasirox was started at 20 mg per kg per day and increased to 40 mg per kg per day based
on the ferritin levels performed every 3 months. In this study, six patients with β-thalassemia
major and five patients with β-thalassemia intermedia received iron chelation therapy.
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Table 1. Laboratory parameters of the study cohort.

Cohort Age
(Years) Gender Hb

(g/dL)
MCV
(fL)

Neutrophil
Count

(cells/µL)

Ferritin
(ng/mL)

Hepcidin
(ng/mL)

sTfR
(mg/dL)

TM
(N = 6) 16 ± 7.8 M:1

F:5 8.3 ± 2.1 * 84.1 ± 3.3 3.37 × 103 ± 2.11
1170.2

(229–2144.6)
18.1

(1–48.4)
16.7

(10.5–34.4)

TI
(N = 12) 24.5 ± 9.5 M:8

F:4 8 ± 2.1 * 75 ± 13.2 4.52 × 103 ± 1.5
220

(167–2457.4)
3.7

(1–20)
16

(5.24–30)

SCA
(N = 5) 19.6 ± 5 M:2

F:3 10.1 ± 1.1 75.6 ± 5.1 5.58 × 103 ± 2.4
157.2

(68.3–2907.4)
2.1

(1–16.14)
12

(8.5–13.15)

Control
(N = 15) 28.5 ± 5 M:6

F:9 13.2 ± 1.8 82.6 ± 6.1 5.48 × 103 ± 1.3
29.9

(16–269.4)
1.66

(1–8.2)
4.2

(2.3–7.3)

Values are mean ± SD for age, Hb level, and MCV. Values are the median (range) for ferritin, hepcidin, and
sTfR. TM, β thalassemia Major; TI, β thalassemia intermedia; SCA, sickle cell anemia; M, Male; F: Female;
Hb, hemoglobin; MCV, mean corpuscular volume; sTfR, soluble transferrin receptor; Transfused patients with
β-thalassemia are denoted with an asterisk (*) after the Hb value.

Increased transferrin saturation (TSAT) levels were found in the TM, TI, and SCA
as compared to healthy donors (p = 0.014, β thalassemia major vs. control; p = 0.001,
β thalassemia intermedia vs. control; p = 0.011, SCA vs. control by the Mann–Whitney U
rank-sum test) (Figure 1a). Notably, transferrin receptor (sTfR) levels were significantly
different among the TM, TI, SCA, and control groups (p = 0.001, Kruskal–Wallis test).

Serum hepcidin levels were significantly lower in the TI group than in the controls
(p = 0.019, TI vs. control by the Mann–Whitney U rank-sum test). We observed a significant
difference in the hepcidin:ferritin ratio (H:F) among TM, TI, SCA, and control groups
(p = 0.001) (Figure 1a). The details of all the patients with iron parameters are presented in
Supplementary Table S2.

3.2. Neutrophils of β-Thalassemia Patients Exhibited Reduced Burst Activity and Phagocytosis

We further analyzed the oxidative burst capacity (OB) of neutrophils from patients
with β-thalassemia major and intermedia. The mean fluorescence intensities (MFIs) of OB in
the TM, TI, SCA, and control were 83 ± 1.4, 62 ± 9.5, 140 ± 31, and 117.4 ± 13.2, respectively.
OB was significantly reduced in the β-thalassemia group (TM and TI) (p = 0.002) compared
to that in healthy donors when exposed to the synthetic agent PMA, as shown in Figure 1b.
However, there were no significant changes in the neutrophil oxidative burst activity in
patients with SCA.

The neutrophil phagocytosis capacities assessed by the mean fluorescence intensity
(MFI) of fluorescein-labeled S. aureus particles were 6.4 ± 2.2 in TM (N = 4), 6.0 ± 1.0 in TI
(N = 6), and 8.6 ± 2.7 in controls (N = 10) after 15 min of incubation. At 30 min, the MFI
increased to 14.4 ± 1.6 in TM, 12.8 ± 3.4 in TI, and 18.8 ± 8.4 in controls. By 45 min, the MFI
further increased to 26.2 ± 3.1 in TM, 21.4 ± 7.1 in TI, and 32.7 ± 13.6 in controls, indicating
a time-dependent increase in phagocytic activity across all groups. Phagocytosis capacity
was significantly lower in the β-thalassemia group (TM and TI) compared to controls after
15 min of incubation (Supplementary Figure S2). The numbers of phagocytosed neutrophils
after 15 min of incubation were 17.6 ± 1.74% in TM, 20 ± 3.5% in TI, and 30.5 ± 11.9% in
the control group. After 30 min of incubation, the counts increased to 44 ± 10.6% in TM,
40 ± 14.3% in TI, and 40 ± 23% in controls. After 45 min, the numbers of phagocytosed
neutrophils reached 70.8 ± 15.3% in TM, 72.2 ± 6.86% in TI, and 83.5 ± 8.9% in the control
group. The recognition capacity of neutrophils toward bioparticles significantly decreased
at 45 min incubation in the β-thalassemia group (p = 0.017) (Figure 1c).
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 Figure 1. Systemic iron overload and neutrophil activity in β thalassemia patients. (a) Serum ferritin,
hepcidin, iron, transferrin saturation, and hepcidin:ferritin ratio in β-thalassemia major, β-thalassemia
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intermedia, sickle cell anemia, and controls. (b) Oxidative burst assay for neutrophils incubated
with DHR and stimulation with PMA on neutrophils isolated from beta-thalassemia patients (red)
and controls (blue). (c) Evaluation of the phagocytosis capacity (number of phagocytized S. aureus
bioparticles) in neutrophils from beta-thalassemia patients (red) vs. controls (blue). (d) Differentially
expressed neutrophil mRNA expression of iron traffickers in beta-thalassemia major (N = 6), beta-
thalassemia intermedia (N = 12), sickle cell anemia (N = 5), and control group (N = 15) quantified
using real-time PCR. The expression level was normalized to β-actin by using the 2−∆∆Ct method.
Statistical significance was calculated using Student’s t-test (two-tailed), and the p-values are denoted
as ns (not significant), * p = 0.05, ** p = 0.001, and **** p = 0.00001. (e) Neutrophil intracellular iron
content quantification by atomic absorption spectrometry (AAS), beta thalassemia (n = 3) versus
control (n = 3). All data are presented as mean ± SD. ns, not significant. Statistical significance was
calculated using Student’s t-test (two-tailed t-test) for normally distributed values and Mann–Whitney
U rank-sum test for non-normally distributed values.

3.3. Iron Metabolism in Neutrophils of β-Thalassemia

Gene expression was assessed for iron transporters, such as dimetal transporter
(DMT1A) with iron-responsive element (IRE), DMT1B lacking IRE, ferroportin-FPN1A
with IRE, FPN1B lacking IRE, transferrin receptor (TFRC), and cellular iron regulator IRP2,
in the neutrophils of the β-thalassemia major (N = 6), β-thalassemia intermedia (N = 12),
sickle cell anemia (N = 5), and controls (N = 15).

The mRNA expression of FPN1B, DMT1A, and IRP2 in neutrophils was differentially
expressed in both β-thalassemia major (p = 0.001, p = 0.003, and p = 0.001, respectively) and
β-thalassemia intermedia (p = 0.001, p = 0.001, and p = 0.001, respectively) compared to
controls (Figure 1d). Furthermore, SCA patients did not demonstrate statistically significant
differences in the expression of these genes compared to controls. There were no significant
differences in mRNA expression among the TM, TI, and SCA groups, as determined by
one-way ANOVA followed by Bonferroni post hoc tests.

Using atomic absorption spectrometry, we measured the neutrophil iron content in
β-thalassemia intermedia patients. Our results revealed a significant decrease in intracel-
lular iron content in β-thalassemia patients as compared to healthy donors (p = 0.018), as
illustrated in Figure 1e.

3.4. Association of Systemic Iron Status with Neutrophil Function and Neutrophil Iron Metabolism

For statistical analysis, we combined β-thalassemia major and intermedia into a single
cohort (N = 18) for correlation with mRNA expression and regression analysis because
of the limited sample size. We correlated iron biomarkers with neutrophil function to
determine whether iron status is associated with the modulation of neutrophil activity. We
found a negative association of serum ferritin and transferrin saturation with neutrophil
phagocytosis capacity (r = −0.714; p = 0.045 and r = −0.857; p = 0.014, respectively)
(Supplementary Figure S3).

We observed a negative association between serum iron and hepcidin levels in the
β-thalassemia cohort (r = −0.679, p = 0.022). Transferrin saturation was negatively as-
sociated with the percentage of neutrophils (n = 18) (r = −0.675, p = 0.002). In addition,
positive associations of serum hepcidin levels and total iron binding capacity (TIBC) with
neutrophils percentage were observed in the β-thalassemia cohort (r = 0.556, p = 0.031 and
r = 0.770; p = 0.015, respectively) (Supplementary Figure S3).

In the β-thalassemia cohort, serum ferritin was negatively associated with mRNA
expression of FPN1A (r = −0.690, p = 0.009) and positively associated with FPN1B (r = 0.564,
p = 0.045). Soluble transferrin receptor was positively correlated with mRNA expression
of FPN1B (r = 0.648, p = 0.017) (Supplementary Figure S3). Regression analysis depicted a
negative association between neutrophils and serum iron levels (β = −0.017, p = 0.051).
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4. Conclusions
Beta thalassemia and sickle cell anemia are life-threatening global health concerns,

with India alone accounting for nearly 25% of β thalassemia cases and 14.5% of SCA cases
worldwide [18,19]. Iron overload and severe anemia contribute to various complications,
including immune dysfunction [7,20]. Iron is essential for neutrophil function. Iron stores
must be tightly regulated because they are highly reactive [21]. However, iron regulation in
neutrophils in patients with β-thalassemia has not been studied. Using neutrophils isolated
from patients with β-thalassemia, we studied the impact of iron status on neutrophil iron
metabolism and function.

In this study, we observed a reduced neutrophil percentage in β-thalassemia patients,
similar to the findings of previous studies [8,22]. Several studies have reported impaired
phagocytosis in β thalassemia patients [7,22]. Similarly, neutrophils from the β-thalassemia
cohort showed a reduced phagocytic response to fluorescently labeled bacteria, as assessed
using pHrodo™ S. aureus Bioparticle, compared to controls. This indicates a compromised
ability to effectively engulf and control bacterial infections in patients with β-thalassemia.

Besides phagocytosis, another function used by neutrophils to fight pathogens is
oxidative burst activity [23]. In our study, neutrophils isolated from β-thalassemia pa-
tients showed a significant reduction in ROS production compared to the controls when
stimulated with the synthetic agent PMA. This finding confirms decreased neutrophil
activity and microbial control. However, the oxidative burst activity remained unaffected
in SCA patients. Additionally, our study found that β-thalassemia intermedia patients had
lower intracellular iron content in neutrophils, which could be a contributing factor to the
observed functional impairments. Iron deficiency has previously been linked to impaired
ROS production in neutrophils [24], and our findings corroborate this, highlighting the
pivotal role of iron in neutrophil function.

Our study is the first to characterize iron metabolism in neutrophils of β thalassemia
patients. In response to cellular iron deficiency, DMT1A, FPN 1B, and IRP2 mRNA expres-
sions were differentially expressed in patients with β-thalassemia. The FPN1B transcript,
which lacks the IRE region, is not inhibited by neutrophil iron deficiency. Studies have
shown that during iron deficiency, increased FPN1B mRNA expression and reduced IRP1/2
activity lead to higher ferroportin expression in enterocytes, facilitating iron transfer [25].
A similar mechanism in neutrophils can explain the observed iron depletion; however,
investigation into the factors regulating ferroportin expression in these cells is required.
Another possible explanation for the decreased iron content observed in beta-thalassemia
patients can be the effect of chelation therapy, which targets intracellular iron levels.

Together, this study demonstrates that increased systemic iron status is associated
with reduced neutrophil counts and aberrant neutrophil function in β thalassemia patients.
In iron-deficient neutrophils, iron transporters were upregulated. These findings warrant
further investigation in a larger cohort to understand how neutrophil iron homeostasis
contributes to immune dysfunction. Exploring the role of iron chelation with neutrophils
can lead to more effective therapies for β-thalassemia patients.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/thalassrep15020004/s1, Table S1: qPCR Primers; Table S2: Detailed
hematological and iron parameters for each patient. Red text indicates β thalassemia Major, blue text
indicates β thalassemia intermedia, green text indicates sickle cell anemia and black text indicates
controls; Supplementary Figure S1: Boxplot of neutrophil count and percentage in Beta thalassemia
major, intermedia, sickle cell anemia and controls. p-value denoted for each group in comparison to
control for both neutrophil count and neutrophil percentage. Statistical significance was calculated
using Student’s t-test (two-tailed); Supplementary Figure S2: Evaluation of the phagocytosis capacity
(number of phagocytised S aureus bioparticles) in neutrophils from beta thalassemia patients (red) vs.

https://www.mdpi.com/article/10.3390/thalassrep15020004/s1
https://www.mdpi.com/article/10.3390/thalassrep15020004/s1
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controls (blue); Supplementary Figure S3: Association of iron parameters with neutrophil function
and neutrophil iron exporters.
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