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Abstract
A high level of apoptosis may be responsible for the ineffective haematopoiesis in myelodysplastic syndromes (MDS). Recently, it has been
demonstrated that the erythroid apoptosis of low-risk MDS is initiated at a very early stage in stem cells and is associated with mitochondrial
dysfunction. However, the underlying pathogenetic mechanisms causing malfunctioning of mitochondria and initiation of the intrinsic apoptotic
cascade are not completely clear. Recent studies suggest a close relationship between impaired iron metabolism and pathogenesis of
myelodysplasia. In fact, iron overload, which is apparent in refractory anaemia with and without ring sideroblasts, may lead to the generation
of intracellular free radicals, thereby causing oxidative damage and inducing apoptosis in haematopoietic progenitors. This review summarises
current knowledge supporting the role of iron-related oxidative damage in the pathogenesis of MDS. The relationship between mitochondrial
iron homeostasis impairment and ineffective erythropoiesis in refractory anaemia with ring sideroblasts as well as the various functions of the
cytosolic and mitochondrial ferritins are also discussed.
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Myelodysplastic syndromes (MDS) are clonal diseases of haematopoiesis, i.e. they are conditions where haematopoiesis is maintained
by one or a few abnormal clones of haematopoietic cells. During the
evolution of the disease normal stem cells tend to decrease in
number and to disappear progressively. Disease progression is
multistep, with a series of genetic events that reduce the ability of
the proliferating clone to differentiate and mature. It has been
hypothesised that a high level of apoptosis may be responsible for
the ineffective haematopoiesis in MDS, with the apparent paradox of
peripheral cytopenia associated with hypercellular bone marrow.1–4
This phenomenon is also well documented in vitro, where
haematopoietic progenitors do not form colonies in spite of the
presence of haematopoietic growth factors. This appears
particularly relevant in low-risk MDS, i.e. refractory anaemia (RA)
with and without ring sideroblasts, 5–7 where the pathological
phenotype is predominantly restricted to impairment of the
erythroid cell lineage. By contrast, in the MDS subgroup at high risk
of leukaemic evolution (RA with excess of blasts), the percentages
of apoptotic cells are lower than in normal subjects and similar to
those observed in acute leukaemia.
Apoptosis, triggered by the bone marrow microenvironment and/
or intrinsic cellular defects, is regulated at different levels by numerous
factors, such as oncogenes and their protein products, haematopoietic
growth factors, immunological factors, cell–cell and cell–stromal
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interactions, critical adhesion receptors and various cytokines. These
cytokines – tumour necrosis factor (TNF)-alpha, interferon-gamma and
transforming growth factor-beta – may also be involved through the
liberation of intracellular free radicals, with consequent oxidative
damage of DNA.8,9

Oxidative Stress and Myelodysplastic
Syndrome Pathogenesis
Oxidative stress is the result of an imbalance between the
production, through aerobic respiration, of highly reactive oxygen
species (ROS) and antioxidant defences (see Figure 1 and Table 1). It
can cause cell damage resulting in cell death or altered cell
function, carcinogenesis included, and is associated with ageing and
various disease states. Many sources of evidence suggest a role for
oxidative damage in MDS pathogenesis. Indeed, several studies
have revealed the markers of oxidative stress in some MDS patients.
These markers include:
• an increased plasma concentration of the lipid peroxidation
product malondialdehyde;10
• the presence of oxidised DNA bases in CD34+ bone marrow cells,8 but
also in the more differentiated CD34- bone marrow cell population;11
• the presence of 7,8-dihydro-8-oxoguanine, the most common
oxidative DNA damage product, in the urine12 or in the DNA of
peripheral leukocytes;13
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• elevated levels of ROS in red blood cells and platelets14 with a
consequent decrease in cellular antioxidants such as glutathione
(GSH); and
• higher peroxide levels in CD34+ bone marrow cells.15

Figure 1: Reactive Oxygen Species
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In addition, an association between reactive oxygen metabolites and
karyotypic abnormalities was demonstrated in a panel of MDS
patients.16 The finding of higher antioxidant enzyme expression in MDS
bone marrow granulocytes supported a model for the role of
oxidative stress in the ineffective haematopoiesis of MDS.17 On the
other hand, a dysfunction of the intrinsic antioxidant and DNA repair
capacity due to genetic lesions proved to be responsible for
inadequate compensatory feedback in some MDS patients. This led to
oxidative DNA damage and favoured genomic instability and the
propensity to chromosomal breaks.13
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Very interestingly, an animal model for genomic instability in MDS
progression was recently provided, showing that the combination
of increased DNA damage and ineffective repair could create an
environment for the acquisition of genetic alterations. Using a twostep mouse model with overexpression of human mutant NRAS and
BCL2 genes, Rassool et al. observed a progressive increase in the
frequency of DNA damage. This damage led to an increased
frequency of error-prone repair of DNA double-strand breaks during
myeloid leukaemic disease progression. There was a concomitant
increase in ROS, in part dependent on the RAS–RAC pathway.
DNA damage and error-prone repair could be decreased or
reversed in vivo by N-acetyl cysteine antioxidant treatment. 18
Another experimental model confirmed that inadequate control of
intracellular levels of ROS may contribute to leukaemia
development. A protein interacting with the antioxidant protein
thioredoxin was found to be overexpressed in human leukaemic
blasts, and the encoding gene was a target for proviral integration
in virus-induced mouse leukaemia. 19
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Reactive oxygen species (ROS) are oxygen derivatives produced by aerobic respiration. The
acceptance of a single electron (e) by an O2 molecule generates the free radical O2(superoxide radical). This radical is then reduced to hydrogen peroxide (H2O2) via superoxide
dismutase (SOD). H2O2 is then converted to water (H2O) by catalase or glutathione
peroxidase (GPX) or reacts with partially reduced iron (Fe2+) to produce the hydroxyl radical
OH- via the Fenton reaction. While O2 and O2- are mild oxidants, H2O2 is a strong oxidant and
OH- is considered the most powerful oxidant.

Table 1: Antioxidant Agents
Antioxidant Enzymes
Manganese superoxide dismutase (MnSOD2)
Catalase
Glutathione peroxidase (GPX)

Various signalling pathways involving the FoxO transcription factors,
the p38 mitogen-activated protein kinase (MAPK) and the ataxia
telangiectasia mutated (ATM) protein,20–22 as reviewed by Ghaffari23 and
Nimer,24 were implicated in the loss of haematopoietic stem cells due
to ROS generation and oxidative stress in a murine model. Through
these pathways, ROS signalling may participate in the regulation of
proliferation and apoptosis of normal and neoplastic haematopoietic
progenitor cells. Interestingly, pharmacological inhibition of MAPK
phosphorylation decreases apoptosis in MDS CD34+ progenitors and
leads to a dose-dependent increase in erythroid and myeloid colony
formation in vitro.22
Thus, although the source of ROS and metabolism of haematopoietic
stem cells is not fully clear, inflammation, overexpression of
proapoptotic cytokines and oncogene activation, as well as bone
marrow stromal defects, may contribute to cause oxidative damage in
MDS patients. However, other factors probably play the crucial role.

Oxidative Damage and Intracellular Ferritins
Iron overload may also lead to ROS generation, impairment of
biological macromolecules and abnormal haematopoiesis.25 In fact, it
contributes to the generation of non-transferrin-bound iron, which is
promptly taken up by cells. Excess free iron in cells, identified as
the labile iron pool (LIP), catalyses the generation of ROS as it is a
substrate of the Fenton reaction. This reaction leads to a consequent
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Non-enzymatic Antioxidants
Reduced glutathione (GSH)
Peroxiredoxin
Ascorbic acid
Carotenoids
Repair Enzymes
Endonucleases
Glycosylases
Polymerases
Ligases

decrease in cellular antioxidants, such as GSH, and oxidation of lipids,
proteins and DNA, thereby causing cell and tissue damage.26,27
It is well known that cytosolic ferritin is used for the purpose of iron
storage inside the cell and that it has the important role of maintaining
the equilibrium between the amount of cytoplasmic LIP needed for
cytosolic and mitochondrial enzyme function and excess iron28 (see
Figure 2). Cytosolic ferritin plays an important role in converting
potentially harmful free iron to less soluble ferric iron by virtue of the
ferroxidase activity of the H subunit. Its expression is regulated
translationally through regulatory elements, and tissue distribution is
variable. In cellular models, the upregulation of the ferritin heavy chain,
induced by the NF-κB transcription factor, suppresses ROS accumulation,
JNK signalling and TNF-alpha-induced apoptosis, suggesting that the
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Figure 2: Physiological Role of Ferritin
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antioxidant activity of ferritin involves iron sequestration.9 The biological
role of the ferritin L chain is little known, except for its ability to facilitate
iron core formation inside the protein shell.
ROS
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Although excess iron is stored primarily in the cytoplasm, the
major iron-consuming organelle is the mitochondrion, where iron is
utilised by Fe/S clusters and heme synthesis (see Figure 2). Since
the organelle is also the major site of ROS production, iron must
be tightly regulated to reduce the Fenton reaction. During the
past decade some progress has been made in the elucidation of
how mitochondria regulate iron homeostasis and toxicity.29,30 A
mitochondrial protein with similar functional properties to ferritin has
been identified.31,32 The protein, named mitochondrial ferritin (FtMt),
presents some peculiarities:

FtMt
Heme synthesis

ROS

Cytosolic ferritin is used for iron storage purposes inside the cell and acts as an iron buffer:
it maintains the equilibrium between the amount of the cytoplasmic labile iron pool (LIP)
useful for cytosolic and mitochondrial enzyme requirement and the excess iron. In
mitochondria, iron is utilised by Fe/S and heme synthesis. Iron storage in mitochondrial
ferritin (FtMt) reduces the Fenton reaction and protects mitochondria from iron-dependent
oxidative damage. ROS = reactive oxygen species.

Figure 3: Bone Marrow Aspirate from a Patient with
Refractory Anaemia with Ring Sideroblasts

A

• it is encoded by an intronless gene;
• it has been found in the genome of various mammals and is
also present in plants and in drosophila; and
• it is an homopolimer and shows ferroxidase activity like H-ferritin.
Its messenger RNA (mRNA) does not contain any functional ironresponsive elements suggesting that the protein expression is not iron
dependent and it is not ubiquitous but cell-specific. Its expression in
cells with high metabolic activity and oxygen consumption suggests a
role in protecting mitochondria from iron-dependent oxidative damage
(see Figure 2). Recent studies have in effect demonstrated that its
major functional role is to act as an antioxidant and, depending on its
level of expression, it can induce cytosolic iron starvation33 with a
consequent reduction in cell proliferation and heme synthesis.34,35
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B

A: Erythroblasts showing peculiar iron stain due to mitochondrial iron overload: Perls positive
granules tend to form a ring surrounding the nucleus (Perls’ reaction, x1,250).
B: Mitochondrial ferritin (FtMt) is detected in granules ringing the nucleus (immunoalkaline
phosphatase reaction, x1,250).
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Little is known about iron regulation in MDS. However, there is
evidence that although due to ineffective erythropoiesis low-risk MDS
patients are transfusion-dependent and transfusion therapy is the
main cause of iron overload, it is not the only contributing factor. Iron
starts to accumulate even without transfusion therapy.36,37 According to
the pathophysiological model of iron-loading anaemias (thalassaemia
and congenital sideroblastic anaemia), this could be due to increased
intestinal iron absorption, which is caused by ineffective
erythropoiesis, hypoxia and, to some extent, suppression of hepcidin
production.36,38 RA with ring sideroblasts (RARS) is a subgroup of MDS
with unknown abnormalities of iron metabolism characterised by
ineffective erythropoiesis associated with iron accumulation in the
mitochondria of immature red cells.39 In a study of the natural history
of RARS, Cazzola et al. found that mild iron overload was commonly
found at presentation, but only caused clinical manifestations of
haemochromatosis in patients who subsequently had a regular need
for blood transfusion. Iron-overload-related complications were the
most common causes of death.40
More recently, Malcovati et al. studied the effect of transfusion
dependency and secondary iron overload, as assessed by serum
ferritin, on the survival of patients with MDS. Interestingly, transfusion
dependency was found to significantly worsen the probability of
surviving and to increase the risk of progressing to leukaemia. The effect
of iron overload was mainly seen among patients with RA and RARS.41,42
Also, in MDS patients undergoing allogeneic stem cell transplantation,
iron overload may be associated with adverse outcome.43 Therefore, in
MDS patients with severe anaemia in whom iron overload due to
ineffective erythropoiesis and multiple blood transfusions will eventually
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result in damage to vital organs there is a rationale for iron chelation
therapy. Oxidative stress mediated by iron overload may induce
apoptosis in haematopoietic progenitors.44 Interestingly, increased
serum non-transferrin-bound iron levels were observed in MDS,10 and a
correlation was found between serum ferritin levels of low-risk MDS
patients and ROS in their erythrocytes and platelets.14
The contribution of iron overload to ineffective haematopoiesis is
evident also by the reduction in transfusion requirement and the
increase in platelet and neutrophil counts following iron chelation
therapy.37 Iron chelation therapy was also able to reduce toxic free
iron species and parameters of oxidative stress as well as ROSmediated hypoxic suppression of hepcidin in low-risk iron-overloaded
patients with MDS.45,46

Figure 4: Possible Pathogenetic Mechanism
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Iron Overload and Mitochondrial Dysfunction in
Refractory Anaemia with Ring Sideroblasts
As regards RARS pathogenesis, several studies highlight the
association between impaired iron homeostasis and mitochondrial
dysfunction. It is well known that mitochondrial DNA lesions in genes
encoding enzymes of the electron transport chain are involved in both
acquired and inherited sideroblastic anaemia and pathways, including
mitochondrial oxidative phosphorylation. Thiamine metabolism and
iron–sulphur biosynthesis have been identified as primary defects in
the hereditary forms.47 These defects result in pathological iron
deposition within mitochondria.
Interestingly, in RARS it was observed that the iron deposited in the
perinuclear mitochondria of ringed sideroblasts is present in the form
of FtMt48 (see Figure 3). Initial data suggested that the expression of
FtMt in these cells was a response to mitochondrial iron accumulation.
However, the finding that bone marrow cells from patients with RARS
start to express FtMt in the early stages of erythroid differentiation,
before evident iron accumulation, 49 indicated a more complex
mechanism of gene regulation.
FtMt overexpression in RARS erythroid progenitors was paralleled by
an upregulation of genes involved in the process of erythroid
differentiation and was associated with cytochrome C release, with
subsequent initiation of the intrinsic apoptotic pathway and increased
sensitivity to death ligands triggering the extrinsic pathway.49 Even if
further studies are needed to clarify whether FtMt overexpression is
the cause or the result of mitochondrial iron deposition and whether
FtMt is expressed in all conditions of mitochondrial iron excess,
findings suggest that, initially in RARS, the iron accumulation in FtMt
may be protective. It may preserve mitochondrial DNA integrity and
increase cell resistance to oxidative damage. In the absence of iron
utilisation for heme synthesis, FtMt may potentially degrade to a
haemosiderin-like molecule that is redox-active, leading to
subsequent mitochondrial damage, impairing heme synthesis and
altering the balance between cell growth and death (see Figure 4). The
recent finding that FtMt overexpression in a neoplastic cell line
sensitises cells to oxidative stress via an iron-mediated mechanism
and increases apoptosis levels supports this suggestion.50
Other recent studies have demonstrated that CD34+ cells from patients
with RARS have a peculiar gene expression profile characterised by
upregulation of mitochondria-related genes, in particular those of heme
synthesis.51 On the other hand, some genes are downregulated. An
example of this is ABCB7, which encodes a transporter of iron from the
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In refractory anemia with ring sideroblasts (RARS), the aberrant expression of mitochondrial
ferritin (FtMt) may reflect a defence mechanism of the cell against the oxidative damage
caused by excess iron. In the absence of iron utilisation for heme synthesis, further excessive
iron accumulation may cause FtMt degradation, damage mitochondria and trigger apoptosis.

mitochondria to the cytoplasm.52 All these findings suggest that
mitochondrial dysfunction, in particular excessive ROS production and
excess iron accumulation, plays a critical role in the physiopathological
mechanism of anaemia in RARS.53 Experimental data support this
suggestion. In a crimsonless (crs) zebrafish mutant, the mutation of a
mitochondrial heat shock protein (HSPA9B) produces oxidative stress
and apoptosis in blood cells.54 Superoxide dismutase (SOD2) deficiency
induces the phenotype of sideroblastic anaemia in chimaeric mice, as
the mitochondrial enzyme SOD2 is the principal defence against the
toxicity of superoxide anion radicals.55

Future Directions
Over the past decade substantial progress has been made in the
elucidation of the mechanisms by which mitochondria protect
themselves from iron excess and associated oxidative damage.
However, further studies are needed to fully clarify the possible
pathogenetic role of iron-induced oxidative damage in the
ineffective erythropoiesis of MDS. Further studies should also
identify the signalling pathways implicated in the loss of
haematopoietic progenitors due to ROS generation and oxidative
stress. The results of these studies might also be important from a
clinical point of view, as they might provide the rationale for
therapeutic strategies based on the combination of iron chelators
and antioxidants for MDS patients. A prolonged high-dose use of
these agents may inhibit apoptosis and promote cell differentiation
by reducing abnormal cytosolic or mitochondrial iron accumulation
and, consequently, oxidative damage. n
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