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Giuseppe D’Ascolad, Gaetano Roccamoe, Basilia Pirainoa, Carmelo Salpietroa and Angela Di Pietro b

aDepartment of Human Pathology of Adult and Developmental Age ‘Gaetano Barresi’, University Hospital of Messina, Messina, Italy;
bDepartment of Biomedical and Dental Sciences and Morphofunctional Imaging, University of Messina, Messina, Italy; cA.S.P. N.5, Messina,
Italy; dU.O.C. Centro Microcitemia, Riuniti Hospital, Reggio Calabria, Italy; eU.O.C. Centro Microcitemia, Sant’Agata Militello, Italy

ABSTRACT
Objectives: Redox imbalance and genotoxic damage are commonly observed in β thalassaemic
patients. The aim of this study was to assess the role of anaemia in oxidative and genotoxic
damage in regularly transfused thalassaemic patients, undergoing iron chelation therapy.
Methods: We studied the relationships of haematological, biochemical and clinical parameters
with oxidative (reactive oxygen species and 8-oxo-7,8-dihydro-2′-deoxyguanosine) and
genotoxic biomarkers (Comet assay and cytokinesis-block micronucleus test) in blood
samples from 105 patients. To reduce the early effect of redox-active iron, samples were
collected when pharmacokinetics of the iron chelators ensured their maximum effectiveness.
The transfusion regimen, cardiac and hepatic magnetic resonance imaging T2* were
evaluated to characterize the patient cohort. Labile plasma iron (LPI) was also assayed.
Results: Haemoglobin level had a significant effect on ROS, %DNA in the tail and micronuclei-
micronucleated cell frequency (p < 0.05). Higher Hb values reduced redox imbalance. LPI,
detectable in 50.5% of patients, was related to the number of apoptotic and necrotic
lymphocytes (p = 0.03), demonstrating the cytotoxic effect of iron.
Discussion: The results highlight that an adequate transfusion regimen is essential to limit
oxidative and genotoxic damage in β-thalassemic patients undergoing chelation therapy.
Conclusion: Owing to the higher risk of cancer in the thalassaemic cohorts, specific
genotoxicity/oxidative biomarkers should be monitored in order to ameliorate and formulate
more personalized disease management.
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Introduction

The pathophysiology of β-thalassaemia is characterized
by anaemia, due to a reduction or absence of β-globin,
and excessive free α-globin that leads to the premature
death of erythrocytes [1] and induces ineffective ery-
thropoiesis. β-Thalassaemia major patients must
receive regular blood transfusions to improve haemo-
globin (Hb) levels, suppress bone marrow activity and
reduce gastrointestinal iron absorption. This treatment
is designed to maintain pre-transfusion Hb levels
between 9.5 and 10 g/dl, in accordance with the guide-
lines for the clinical management of thalassaemia and
the Thalassaemia International Federation [1].

Blood transfusion therapy increases non-transferrin-
bound iron (NTBI) and can lead to multi-organ compli-
cations due to haemosiderosis [2]. Owing to the lack of
active iron excretion, life-long iron chelation therapy
and good compliance are necessary to prevent morbid-
ity and mortality caused by iron overload [1,3]. In
addition to parenterally administered deferoxamine
(DFO), for which poor compliance is common [4],
orally active drugs such as deferiprone (DFP) and

deferasirox (DFX) and combined therapy, such as
DFO + DFP, are currently available [5–7]. In severe hae-
mosiderosis, combination therapy is more effective
than monotherapy due to the ‘shuttle effect’, i.e. the
ability of DFP to increase the NTBI fraction that is che-
latable by DFO [8,9].

Redox-active free iron and weakly bound iron cata-
lyse the generation of hydroxyl radicals, triggering
radical chain reactions [10–12]. Furthermore, haemoly-
sis contributes to a greater redox imbalance due to
the pro-oxidant action of iron–binding haemoproteins
[13]. The genotoxic properties of pro-oxidant iron,
which can cause oxidative DNA damage, are thought
to explain the relationship between carcinogenesis
and iron overload [14]. Hydroxyl radicals, produced
by the redox-active iron in Fenton chemistry, form
8-hydroxy-guanine adducts, causing DNA point-
mutations and genomic instability. An increased risk of
hepatocellular carcinoma has been observed in heredi-
tary haemochromatosis [15] and in thalassaemia [16].

To date, redox imbalance in thalassaemic patients
has mainly been attributed to iron. Anaemia-induced
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hypoxia is an additional source of oxidative damage
that has been underestimated in thalassaemia. We
observed, for the first time, that redox imbalance was
inversely related to Hb levels in these patients [17].
Overall, we observed that untransfused thalassaemic
patients withmore severe anaemia and lower iron over-
load, had higher levels of reactive oxygen species (ROS)
and lipid hydroperoxides than transfused patients. The
measurement of mitochondrial transmembrane poten-
tial, which was lower in untransfused patients, revealed
that mitochondrial impairment could be the cause of
ROS overproduction [17]. In addition to anaemia-
induced hypoxia [18], several studies have highlighted
that chronic oxidative stress and DNA damage, as
observed in iron deficient anaemia, are due to
decreased anti-oxidant defences [19–21].

Examining a large group of transfusion-dependent
patients, we assessed the role of anaemia in oxidative
and genotoxic damage in thalassaemic patients. The
study aimed to improve the effectiveness of thera-
peutic management of thalassaemic patients and to
identify new biomarkers for monitoring oxidative/gen-
otoxic damage.

Oxidative biomarkers included ROS and 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxo-dG), whereas geno-
toxicity was evaluated by alkaline single cell gel electro-
phoresis (Comet assay) and the cytokinesis-block
micronucleus (CBMN) test.

To better evaluate the pro-oxidant role of anaemia,
minimizing the effect of redox-active iron, the end-
points were assayed on samples collected when phar-
macokinetics of the iron chelators ensured maximum
effectiveness. However, our protocol did not affect
chronic iron-induced cito/genotoxicity that was
‘stored’ in lymphocytes and it could be expressed
after in vitro activation increasing lymphocytic micro-
nuclei (MNi) frequency [22].

Materials and methods

Patients

One hundred and five β-thalassaemic transfusion-
dependent patients were recruited from Messina Uni-
versity Hospital, Riuniti Hospital in Reggio Calabria
and Sant’Agata Militello Hospital, Italy. Patients (58
women and 47 men) under the age of 55 years
(range 26–53) were selected a priori. They gave
informed consent to participate in the study and
approval was obtained from the Ethics Committees of
the hospitals. All patients underwent iron chelation
therapy which was not suspended before sampling.
Drugs were administered as follows: 33 patients were
treated with DFX (30 mg/kg once daily in the
morning per os), 27 with DFO (40 mg/kg per day subcu-
taneously overnight from 8:00 pm until 8:00 am), 17
with DFP (75 mg/kg per os in three daily doses) and

28 with combined DFO + DFP (40 mg/kg of DFO for
three days of the week and 75 mg/kg of DFP in three
daily doses on the remaining four days). A control
cohort was formed by enrolling twenty healthy individ-
uals matched with patients for age and gender.

Five millilitres of blood were collected from each
subject in the morning and, in the patients, immedi-
ately before packed red blood cell (RBC) transfusion,
in order to better assess the effects of anaemia. In
the patient group, samples were collected about 2
hours after taking DFX or DFP and to about 3 hours
after the end of DFO treatment. The transfusion
regimen for each subjects was based on haematologi-
cal parameters; the average interval between transfu-
sions was 15–20 days. The number of total transfused
RBCs (ml/kg/year) was calculated using the equation:

RBCs = Annual blood intake

× 0.65 (haematocrit 65%)/kg bodyweight.

Iron intake was calculated by multiplying the total
transfused RBCs by 1.08 [23]. Pre-transfusion Hb, % reti-
culocytes, serum ferritin, iron, transferrin and percen-
tage of transferrin saturation (%TSAT) were used to
assess the relationships with the assayed endpoints.
Although nucleated red blood cells (NRBC) would be
a more appropriate marker of ineffective erythropoi-
esis, they did not routinely monitored at the time of
sampling. Cardiac and hepatic MRI T2* were con-
sidered to evaluate organ siderosis.

Endpoints

The parameters were analysed in lymphocyte suspen-
sions prepared using previously reported protocols
[17]. Briefly, after separation of blood mononuclear
cells by Lymphoprep Separation MediumTM (Axis-
Shield Oslo, Norway), the buffy layer was collected
and resuspended in 0.8% NH4Cl in 0.1 mM EDTA (pH
7.2) in order to lyse NRBC that could affect results, con-
taminating lymphocytes. After incubation at 37°C for
15 minutes the suspensions were centrifuged and the
purified pellets were aliquoted for later analysis.

Intracellular ROS and oxidative DNA damage were
detected by cytofluorimetric measurement. We used
membrane-permeable lipophilic 2′,7′-dichloro-fluor-
escein-diacetate as a probe for ROS, and fluorescein
isothiocyanate (FITC)-labelled avidin as a probe for
8-oxo-dG [17]. The weighted average of emission
values per 100 cells was calculated for both probes
and the results of FACS analyses were expressed in
arbitrary fluorescence units (AFU). To detect DNA
strand breaks, the Comet assay was performed in dupli-
cate according to the method proposed by Tice et al.
[24]. For each sample DNA unwinding and lysis were
performed for 20 minutes and 1 hour, respectively.
Electrophoresis was carried out for 30 minutes at

2 E. FERRO ET AL.



300 mA and 25 V (0.86 V/cm). Images of at least 100
randomly selected nuclei (ethidium bromide stained)
were analysed.

The CBMN assay allows the evaluation of chromoso-
mal damage or the instability status of lymphocytes by
detecting MNi. MNi, originated from chromosome
breakage and/or aneuploidy, can be the result of
cumulative effects, due to recent or previous exposures
and they are strongly linked to cancer in humans [25].
Apoptotic and necrotic cells were also scored and the
nuclear division index (NDI) was calculated as a
marker of mitotic status. To perform the CBMN assay
lymphocytes were previously stimulated with phytohe-
magglutinin (2%) then treated with cytochalasin B
(4.5 mg/ml) to block cytokinesis [17]. The cells were
fixed, dropped onto microscopic slides and Giemsa
stained. According to CBMN criteria [25], micronu-
cleated cells (MNed), binucleated cells with MNi, and
the MNi frequency were scored in 1000 binucleated
cells for each sample while NDI and necrotic and apop-
totic cells were scored in 500 cells.

Labile plasma iron (LPI) which, unlike the Fe(III)-
transferrin-bound (TBI), catalyses ROS formation, was
analysed following the method devised by Esposito
et al. [26]. This fluorimetric assay measures iron-
specific redox cycling capacity. Redox reactions were
detected by the oxidation of the non-fluorescent
probe dihydrorhodamine (DHR) to its fluorescent
form rhodamine. The assessment of labile forms of
iron, independently of other DHR oxidation mechan-
isms, samples were analysed in parallel by the addition
of the iron chelator DFO which quenches only iron-
induced fluorescence. Briefly, serum samples were
assayed in quadruplicate in 96-well plates by adding
the DHR (50 µM) in reagent solution (pH 7.3) containing
40 µM of ascorbate to regenerate Fe(II) after its oxi-
dation to Fe(III). DFO (50 µM) was added to this solution
in two of the wells. A Fe:NTA (1:7 mM) complex, starting
from freshly prepared ferrous ammonium sulphate and
nitrilotriacetic acid (NTA) (pH 7.0), was used to build a
calibration curve (0.2–4 µM). Emitted fluorescence
was recorded every 2 minutes starting from 15 up to
40 minutes using excitation/emission filters 485/
538 nm (Tecan, Brescia, Italia). The differences
between samples with and without DFO, due to
redox-active iron, were used to calculate fluorescence
units per minute (FU/minute). LPI values (µM) were
extrapolated from the calibration curves.

Statistical analyses

Analyses were performed using the software Statistica
(StatSoft®, version 10). Lilliefors and Shapiro–Wilk nor-
mality tests were used to assess data distribution pat-
terns. Continuous variables were expressed either as
mean ± standard deviation (SD) or as median and per-
centiles; the non-parametric Mann–Whitney or

Kruskal–Wallis tests were used in addition to the Spear-
man test. Multivariate regression analysis was per-
formed using a priori models.

Results

Haematological parameters and iron status

Table 1 reports thebiochemical andhaematological par-
ameters, blood and iron intake per year, and cardiac and
hepaticMRI T2* in the patient cohort, formedby 105 reg-
ularly transfused thalassaemic patients (age 35.4 ± 8.72
years). The values highlight the very high intra-group
variability observed for many of the parameters con-
sidered (in particular ferritin and transferrin values), as
confirmed by SD, skewness and kurtosis values. In
addition, the Shapiro–Wilk test showed that several
data sets were not normally distributed.

Although the transfusion treatment was adequate for
the majority of patients, 18.9% had pre-transfusion Hb
values below the recommended range (9.5–10 g/dl). In
this group erythropoiesis enhancement was not effec-
tively blocked, as confirmed by the higher number of
reticulocytes in comparison to those with Hb values
>10 g/dl (5.91 ± 7.28 vs. 1.31 ± 2.26, Z = 7.91, p < 0.0001).

As shown byMRI T2*, 21.0% of the patients hadmyo-
cardial siderosis and 36.8% had hepatic siderosis (<20
and <6.3 ms, respectively). Heart and hepatic MRI T2*
were inversely related to serum ferritin (r =−0.33, p =
0.02 and r =−0.48, p < 0.001, respectively); the latter
was also inversely related to %TSAT (r =−0.27, p = 0.03).

There were no differences between iron chelation
treatments for biochemical and haematological par-
ameters, blood and iron intake, cardiac or hepatic
MRI T2* (data not shown).

LPI values are not reported in the table since the
assay gave results below the detection limit (0.2 µM)
in a high percentage of patients. As expected consider-
ing the short interval between chelating treatment and
blood withdrawal, only 50.5% of patients had detect-
able LPI (median value in this subgroup: 0.43, interquar-
tile range: 0.29–1.21).

The LPI was >2 µM in 5 patients, probably due to
poor compliance with chelation therapy. Moreover,
30 sera samples from both patients and controls gave
negative values of LPI. This did not allow statistical
analysis to be performed for the entire patient group
by correlating the LPI values to the other endpoints
investigated. In the patients with detectable LPI, were
no differences on the basis iron chelation treatments
for (data not shown). Control group sera with detect-
able LPI (45%) were consistently below 0.3 µM.

Oxidative and genotoxic damage

Figure 1 shows the results of oxidative and genotoxicity
biomarkers. In comparison to controls, higher values of
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biomarkers were obtained in thalassaemic patients.
The graphs highlight the high intra-group variability
in patients, suggesting that, due to the complexity of
the disease, several variables influenced the endpoints
assayed. Moreover, in the patient group, ROS and 8-
oxo-dG values were directly related to MNi, MNed
and TDNA% (p < 0.01), underlining the inter-relations
between oxidative damage and genotoxicity.

To evaluate the roles of anaemia in the assayed end-
points, patients were grouped on the basis of Hb (<10
vs. ≥10 g/dl). As shown in Table 2, highly significant
differences were observed in the two subgroups
since a small decrease (10.9%) in Hb (9.29 ± 0.44 g/dl
vs. 10.43 ± 0.3 g/dl) remarkably increased oxidative
and genotoxic damage. NDI values (a marker of prolif-
erative activity) and cytotoxicity (measured by the
number of necrotic and apoptotic cells) were also
affected by the severity of anaemia.

A decrease in lymphocytic ROS was observed in
patients with more severe hyperferritinemia and ROS
were inversely related to ferritin levels (r =−0.39; p <
0.001). However, this correlation was non-causal but
attributable to better anaemia control, as shown by
Hb values that were, on average, 3% lower in the
patients with more severe hyperferritinemia (values
>500 ng/ml). Although a more intensive blood transfu-
sion therapy increased iron load, it also reduced

anaemia-induced oxidative and genotoxic damage.
Despite the predictive role for siderosis, as reported
above, ferritin was inversely related to percentage of
DNA in the tail (%TDNA), MNi and MNed (r =−0.26, p
= 0.049; r =−0.32, p = .008; r =−0.29, p = 0.039) while
it was directly related to NDI (r = 0.31, p = 0.022).
These non-causal relationships strengthened the role
of Hb levels in oxidative and genotoxic damage in
transfused thalassaemic patients.

The short interval between chelating treatment and
blood withdrawal did not allow us to assess the pro-
oxidant effect of free and/or labile-bound iron which
might occur at points during the day. In the subgroup
with detectable LPI values, no significant correlations
were observed between LPI and oxidative and geno-
toxicity endpoints. Instead, LPI was related to apoptotic
and necrotic lymphocytes (r = 0.28; p = 0.03), revealing
the cytotoxicity of labile iron. Moreover, as demon-
strated by the significant LPI association with reticulo-
cytes (%) (r = 0.3; p = 0.04), the degree of anaemia
was more severe in patients with higher LPI levels.
Similar results were obtained for transferrin level, %
TSAT and serum iron; the latter seemingly was more
predictive of iron genotoxicity, showing direct relations
with %TDNA and TM (p < 0.05 for all percentiles; data
not shown). There were no differences between iron
chelation treatments oxidative and genotoxicity bio-
markers (data not shown).

Hypersplenism and biological variables

Overall, the observed variability revealed a large
number of confounding factors, due to the complexity
of the disease.

Hypersplenism, a common condition in β-thalassae-
mia patients, was partially responsible for the variability
in the assayed endpoints, causing premature and rapid
removal of damaged blood cells. This increases the
need for blood transfusion to counteract the worsening
of anaemia. After stratification of patients into splenec-
tomized (S) and non-splenectomized (NS), it emerged

Table 1. Biochemical and haematological parameters, blood and iron intake per year, cardiac and hepatic MRIT2* in the patient
cohort.

Mean ± SD Minimum–Maximum
Confidence
−95.0%

Confidence
+95.0% Skewness Kurtosis p Shapiro–Wilk

Serum ferritin, ng/ml 1217.9 ± 1350.8 73.0–6882.2 898.1 1537.6 2.19 5.16 0.00
Serum iron, µg/dl 244.8 ± 64.5 89.0–424.0 229.5 260.1 0.30 0.55 0.37
Transferrin, mg/dl 174.4 ± 41.9 110.1–339.0 164.2 184.6 1.83 4.87 0.00
%TSAT a 101.5 ± 24.8 44.0–158.0 95.4 107.5 −0.09 −0.27 0.76
Pre-transfusion Hb, g/dl 9.90 ± 0.65 8.10–11.10 9.74 10.05 −0.50 −0.26 0.04
CRP, mg/l 4.76 ± 7.75 0.10–52.00 2.84 6.68 4.40 22.77 0.00
ESR, mm 20.15 ± 16.40 2.0–89.0 15.38 24.91 1.78 5.34 0.00
Reticulocytes, % 2.81 ± 4.84 0.00–28.20 1.34 4.28 3.83 17.82 0.00
Cardiac MRI T2b, ms 27.36 ± 12.82 5.00–53.00 23.90 30.83 −0.21 −1.00 0.04
Hepatic MRI T2c, ms 11.11 ± 8.70 0.70–33.00 8.75 13.46 0.73 −0.28 0.00
Total RBCs transfused, ml/kg/year 130.9 ± 28.6 70.3–202.2 124.0 137.8 0.22 −0.29 0.41
Iron intake, mg/kg/year 141.4 ± 30.9 75.9–218.4 133.9 148.8 0.22 −0.29 0.41
a%TSAT was calculated according: http://www.emocromatosi.it/test.asp.
bCardiac iron overload was defined by MRI T2*global values as: mild (14–20 ms), moderate (10–14 ms) or severe (<10 ms).
cHepatic iron overload was defined by MRI T2* values as: mild (6.3–2.7 ms), moderate (2.6–1.4 ms) or severe (<1.4 ms).

Table 2. Oxidative and genotoxic damage in patients grouped
according the levels of Hb (g/dl).

Variables

Hb < 10
Retic. % 2.8
(1.7–6.9)
N°51

Hb ≥10
Retic. % 0.42 (0.2–1.3)

N°54 p

ROS 38.7 (19.6–63.3) 24.0 (16.8–54.6) 0.018
8-oxo-dG 34.3 (19.6–45.9) 26.6 (19.4–38.1) 0.042
MNi 21.0 (13.0–26.0) 13 (8–16) 0.0005
MNed 20 (13–24) 13 (9–17) 0.0008
NDI 2.0 (1.7–2.2) 2.28 (1.9–2.5) 0.026
Apoptotic +
Necrotic cells

42 (31–56) 34 (21–43) 0.038

TDNA% 18.0 (10.3–29.7) 8.3 (5.8–10.0) 0.001

The values are reported as median and in the brackets is reported the inter-
quartile interval.
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that the hypersplenism prevalence in the US group led
to higher blood consumption (S: 118.1 ± 23.7 vs. NUS:
149.6 ± 25 ml/kg/year; Z = 4.45, p < 0.001). The increase
in iron intake in NS patients led to higher ferritin levels
(S: 1026.9 ± 1311.2 vs. NS: 1494.4 ± 1381.9 ng/ml; Z =
2.32, p = 0.02) and, although not statistically significant,
to lower hepatic MRI T2* levels (S: 12.0 vs. US: 9.91 ms).
In addition, due to the premature removal of damaged
lymphocytes caused by hypersplenism, cyto- and gen-
otoxicity biomarkers were underestimated. Bivariate
analysis showed a significant difference between S
and NS patients regarding 8-oxo-dG (S: 13.6 ± 6.0 vs.
NS: 7.2 ± 3.9 AFU; Z =−2.2; p < 0.05). Other differences,
although not significant, were also found for intracellu-
lar ROS, MNi frequency, apoptotic and necrotic cells.

Further factors that influenced the assayed par-
ameters in the patient cohort were biological variables
such as gender and age. A greater number of necrotic
cells were observed in males than in females (median
value 8.1 vs. 4.4; p < 0.05) whereas, as expected, MNi

rose with increasing age (>30 vs. ≤30 median value:
20.9 vs. 15.5; p = 0.02).

Assessment of oxidative and genotoxic damage
by multivariate analysis

Multivariate analysis using the a priori models of mul-
tiple regression was carried out to better evaluate the
independent variables most responsible for oxidative/
genotoxic damage. The model included six continuous
covariates (Table 3) and the results indicated a pivotal
protective role of Hb level and consequently, of
blood transfusion. Owing to the confounding effect
of hypersplenism, the amount of RBCs transfused was
not considered in the regression model. %TDNA was
inversely related to Hb values and the effect was
observed indiscriminately throughout the lymphocyte
population (all percentiles) of each patient. Moreover,
higher Hb values improved lymphocyte proliferation,
as assessed by NDI. None of the covariates included

Figure 1. Results of bivariate analysis by Mann–Whitney test to compare lymphocytic oxidative damage and genotoxic effect in
patient cohort and health controls. (a) ROS as assessed in function of DCF emission values (p = 0.0001). (b) 8-oxo-dG as assessed
in function of emission values of Avidin-FITC emission values (p < 0.0001). (c) Oxidative DNA damage to Comet assay evaluated by
%TDNA (p = 0.01). (d) MNi frequency (p = 0.027). (e) NDI used as markers of proliferative activity (p = 0.001).

Table 3. Multiple regression analysis for oxidative and genotoxic effects.

Covariates ROS 8-Oxi-dG MNi NDI
Necrotic and
apoptotic cells TDNA%25th TDNA%50th TDNA%75th

a 0.348 (0.047) 0.402 (0.046) 0.381 (0.005) 0.419 (0.001) 0.494 (0.045) 0.688 (0.0003) 0.368 (0.007) 0.317 (0.024)
Age 0.516 (0.003)
Hb −0.468 (0.045) −0.457 (0.048) −0.533 (0.001) 0.328 (0.03) −0.371 (0.01) −0.337 (0.036) −0.449 (0.045)
Ferritin
Serum iron 0.358 (0.041)
Cardiac
siderosis

−0.350 (0.047)

Hepatic
siderosis

−0.296 (0.041) −0.383 (0.043)

For each covariate are reported β value and, in the bracket, p value.
aR2 adjusted obtained by a priori model.
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in the model to evaluate iron overload contributed sig-
nificantly to genotoxicity endpoints. However, serum
iron and hepatic and cardiac siderosis were signifi-
cantly related to cytotoxicity, increasing the number
of apoptotic and necrotic lymphocytes. Moreover,
hepatic siderosis significantly depressed lymphocyte
proliferation.

Discussion

The results, obtained reducing the effect of redox-
active iron, underline the impact of anaemia on oxi-
dative and genotoxic damage in transfused thalassae-
mic patients. The significant inverse relationship
between Hb and oxidative damage highlights the pro-
tective role of blood transfusions which maintain suffi-
ciently high Hb levels to counteract oxidative damage.
As assessed previously [17], free radical overproduction
can be due to mitochondrial impairment, i.e. to the
imbalance between O2 and electron flow caused by
anaemia-induced tissue hypoxia [27,28]. In addition,
anaemia may cause redox imbalance due to a decrease
in anti-oxidant enzymes such as catalase, superoxide
dismutase and glutathione peroxidase [19,20].

Thanks to the effect of iron chelation therapy, the
LPI values observed in this study were generally low
(0–0.4 µM), and overlapped with the values reported
in well-chelated thalassaemic patients [29]. As
observed in other studies [30–32], some sera gave
negative LPI values. This could be attributed to the
removal of contaminant Fe by the Fe-binding activity
in the sera [32]. Although the aim of our study was to
assess the anaemia-induced cito/genotoxicity, it is
also noteworthy that chelating treatment could not
ensure a complete removal of the redox-active iron.
Depending on the pharmacokinetics of the chelator
and the patient’s iron status, daily LPI recrudescence
may occur during the washout period of the drugs
[33]. This can occur in particular when monotherapy
with DFO or DFP is used, causing daily and nightly
LPI increases, respectively [33].

On this basis, chelation therapy does not entirely
prevent organ failure due to the cytotoxic effect of
iron overload. The significant increase in apoptosis
and necrosis, observed in our study in lymphocytes,
could be responsible for the higher incidence of hepa-
tocellular carcinoma in thalassaemic patients [16]. By
increasing cell turnover, iron cytotoxicity could
promote the multistep process of carcinogenesis in
the liver [10,11,34], as observed in hereditary haemo-
chromatosis [14,15,35]. This disease is broadly
adopted as a model to evaluate the impairment of
iron homeostasis caused by secondary siderosis, that
characterizes thalassaemia.

The analogy, although only partial, between heredi-
tary haemochromatosis and thalassaemia led to the
undervaluation of the effects of chronic anaemia in

the latter. Excluding hepatocellular carcinoma, malig-
nancies were once considered rare in β-thalassaemia,
but the frequency of leukaemia and other cancers is
now rising [36,37]. The greater incidence of tumours
is not necessarily linked to iron overload; it could also
be attributable to anaemia-induced ROS overproduc-
tion which, until recently, has been underestimated in
thalassaemia.

Contrary to the widely accepted thesis that iron
overload is the main contributory factor in oxidative
impairment [38], this is, to the best of our knowledge,
the first study highlighting the role of anaemia in oxi-
dative/genotoxic damage of poly-transfused thalassae-
mic patients subjected to iron chelation. Owing to the
short half-life of ROS and of DNA oxidative damage,
which is quickly eliminated by efficient enzymatic
repair systems [39], our results of the ROS, 8-oxo-dG
and Comet assays may be attributed almost entirely
to anaemia.

Despite the strong associations observed in our
patient group between MNi frequency, ROS, 8-oxo-dG
and TDNA%, the high percentage of MNi could also
be caused by LPI recrudescence. This is attributable
to an MNi feature that, unlike the other assayed end-
points, underlines previous genotoxic damage which
has gone unrepaired and then been transmitted to
daughter cells [22].

Our data highlight how even small Hb increases (i.e.
∼11%) are sufficient to significantly reduce oxidative
and genotoxic damage. They indicate the importance
of a regular transfusion regimen coupled to iron chela-
tion therapy that complies strictly with the guidelines
for thalassaemia management [40]. In this regard it is
useful to underline that 18.9% of the assayed patients
had pre-transfusion Hb values below the rec-
ommended range.

In addition to the oxidative/genotoxic effect of
chronic anaemia, we assessed the contribution of
hypersplenism, a complication common in β-thalassae-
mia, to anaemia of these patients [1]. Our results, con-
sistent with a recent study [41], demonstrated the
protective effect of splenectomy that allows anaemia
and siderosis containment in thalassaemia. The eradi-
cation of splenic haemocatheresis ensures higher Hb
levels, reducing the need for RBC transfusion and, con-
sequently, decreasing ferritin and iron load. This effect
was further supported by the higher values of hepatic
MRI T2* found in splenectomized versus non-splenec-
tomized patients.

Conclusion

Despite the complexity of β-thalassaemia and the
many confounding factors, our study indicates that
appropriate blood transfusion therapy is essential to
restrain oxidative and genotoxic damage. The
increased life expectancy from improved disease
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management might make the onset of cancer more
likely [37,42]. The significantly higher risk of haematolo-
gical malignancies, recently observed in the thalassae-
mic cohorts [43], corroborate our results that showed a
strong link between severe anaemia and genotoxicity.
Considering the relationship between genotoxicity
and carcinogenesis [44], a transfusion regimen
designed to maintain pre-transfusion Hb levels as
close as possible to 10 g/dl is essential for the correct
management of transfused β-thalassaemia patients.
The increase in iron load, due to an appropriate trans-
fusion treatment, is partially offset by reduced intesti-
nal iron absorption, which is hypoxia-activated [18,45].

The prevention of oxidative/genotoxic damage
should not overshadow the role of iron overload that
has to be efficiently contained by life-long chelation
therapy. The effectiveness of chelation therapy should
be periodically evaluated to minimize LPI recrudescences
that may occur during the washout period of the drugs.

Finally, specific genotoxicity/oxidative biomarkers
should be monitored in order to ameliorate and formu-
late more personalized disease management for thalas-
saemic patients.
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