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Abstract

It appears that the presence of labile iron pool (LIP, iron not bound to proteins) in cells can result in the pro-
duction of reactive oxygen species namely COH radical which may be responsible for the formation of 8-oxo-7,8-di-
hydro-2N-deoxyguanosine (8-oxodG) in the cellular DNA. This oxidatively modified molecule is regarded as a good
biomarker of cancer risk and a general index of oxidative stress in relation to other diseases. There are numerous
data suggesting that oxidative stress may be involved in the development of cardiovascular diseases and cancer.
It has been observed that heterozygosity for hereditary hemochromatosis (a disease with abnormal iron storage)
is a risk factor for vascular diseases. Previously we have demonstrated higher levels of LIP in a group of athero-
sclerotic patients when compared with the control group. This suggests that LIP may increase the risk of disease
development. The aforementioned condition may lead to oxidative stress, which is manifested by a higher level
of 8-oxodG in blood lymphocytes, and may be one of the factors responsible for the development of cardiovascular
diseases. We have also reported the relationship between LIP and the endogenous level of 8-oxodG in human
lymphocytes of the colon cancer patients. Good correlation has been determined between LIP and oxidatively mo-
dified nucleoside. The results of our studies on piglets supplemented with iron dextran (FeDex) also show an in-
crease in the 8-oxodG level in hepatic DNA. These findings confirm the possibility that iron overload may favor
the persistence of harmful LIP which may catalyze generation of the potentially carcinogenic 8-oxodG moiety in
the cellular DNA.
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Introduction to iron metabolism and generation 
of Reactive Oxygen Species

Iron plays a pivotal role in many crucial biological
processes, because it can serve either as an electron do-
nor or electron acceptor, alternating between ferrous
(Fe2+) and ferric (Fe3+) ion, but this ability makes this
metal both profitable and dangerous. Due to its features
of a transition metal, it is a useful component of many
enzymes and proteins (McCord, 1998) involved in mito-
chondrial respiration, electron transfer, oxygen trans-
port, DNA synthesis and repair. The distribution and
amount of iron in tissues of the human body are shown
in Figure 1.

Due to its features, iron is a precious element for
the organism, and for that reason iron metabolism is
tightly controlled in mammalian cells by proteins such as
transferrin, ferritin or hemosiderin that bind iron. Iron
ions that circulate in the blood plasma are bound to
plasma transferrin, whereas the excess of iron in cells is
accumulated in complex with ferritin (Epsztejn et al.,

1997; Bolann and Ulvik, 1990; Olinski and Jurgowiak,
1996). If necessary, iron can be released as a result of
either ferritin degradation in lysosomes or directly from
native protein. Also, a mitochondrial form of ferritin
exists in cells. An increased concentration of this protein
is observed in the erythroid cells from patients with si-
deroblastic anemia, where mitochondria are overloaded
with iron (Cazzola et al., 2003). Hepcidin, a peptide, has
an influence on iron absorption in enterocytes, while its
recirculation from macrophages plays a special role in
iron metabolism. Excessive synthesis of this peptide
may induce accumulation of iron ions in these cells
(Rossi, 2005).

Iron bound to proteins is safe for organisms and in
this form it is involved in different physiological func-
tions. Inside the cell, iron can also exist in another form,
as a “free” or “labile” iron (LIP, iron not bound to prote-
ins). LIP-associated iron is in a dynamic equilibrium with
sequestered iron forms in cell and is bound to cytosolic
low-molecular weight ligands that have not yet been
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Fig. 1. Iron storage in human body
(adapted and modified from Oliński and Jurgowiak, 2002)

identified. When the amount of iron in the serum exce-
eds the binding capacities of transferrin, then ions of
this metal remain in a pool described as “non transferrin-
bound iron” (NTBI), which may influence the level of cel-
lular labile iron pool. This iron form is catalytically active
and participates in the production of toxic reactive oxy-
gen species (ROS) via Fenton reaction. Interaction of
ROS with cellular components may result in damage to
biomolecules, including DNA, lipids and proteins (Eme-
rit, Beaumont, Trivin, 2001) – see Figure 2, which in
turn may lead to an increased risk of cancer, coronary
heart or neurodegenerative diseases (Olinski and Jurgo-
wiak, 2003; Olinski et al., 2002; Andrews, 2000). The
risk of these pathologies development is higher when
iron concentration exceeds the binding capacities of the
aforementioned proteins.

ROS are the products of partial reduction of oxygen.
These species, which include superoxide anion (O2

•!),
hydrogen peroxide (H2O2) and hydroxyl radical (•OH),
are continuously produced in living cells as by-products
of normal metabolism (McCord, 1998; Olinski and Jurgo-
wiak, 1996; Bartosz, 1995). During mitochondrial respi-
ration, up to 1-5 % of oxygen undergoes single electron
transfer that generates the superoxide anion radical in
amounts corresponding to about 2 kg per year for a hu-
man being (Olinski and Jurgowiak, 2003). ROS have
been postulated to play a significant role in the etiology

Fig. 2. Fenton reaction and its repercussions. Generated •OH
radical can damage lipids, proteins and nucleic acids. It may lead

to dysfunctions of the cells and development of diseases

of at least 50 diseases including rheumatoid arthritis,
cancer, atherosclerosis, myocardial infraction, Parkin-
son’s disease and AIDS (Olinski and Jurgowiak, 2003;
Olinski et al., 2002). Reperfusion of ischemic tissues and
chronic inflammation also lead to ROS generation.
Furthermore, UV and ionizing irradiation, a wide variety
of drugs and xenobiotics can also stimulate the forma-
tion of ROS. A variety of carcinogens, including benzene,
aflatoxin and benzopyrene may exert their effect partly
through the generation of ROS during their metabolism.
The superoxide radical is degraded by superoxide dis-
mutase (SOD) and hydrogen peroxide by catalase. Ho-
wever, the reaction of hydrogen peroxide with transition
metal ions, like iron, leads to highly reactive hydroxyl
radical (•OH) and interaction of this radical with cellular
components may result in damage to biomolecules inclu-
ding DNA (Olinski and Jurgowiak, 1999).

There are experimental data which demonstrate the
existence of a free iron pool in the sera of patients with
hemochromatosis -- the disease with abnormally high
iron storage resulting from excessive iron absorption.
Several types of this disease are known: type 1 caused
by inactivation of the HFE gene and four types (2A, 2B,
3, 4) characterized as non-HFE  hereditary hemochroma-
tosis (Roetto and Camaschella, 2005). This disease pre-
disposes to cancer and cardiovascular diseases (CVD).
Epidemiological data also suggest that elevation of the
body iron levels may increase the risk of cancer and
atherosclerosis (Andrews, 2000; Rossi et al., 2000). Our
results suggest a mechanism that may directly link iron
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overload with carcinogenesis and atherosclerosis. Spe-
cifically, iron overload may favor the persistence of
harmful LIP, which may be responsible for LDL oxida-
tion as well as may catalyze generation of the potentially
carcinogenic oxidatively modified DNA bases in the cel-
lular DNA (Gackowski et al., 2001).

Oxidative damage to DNA

In living cells, there is a steady formation of DNA le-
sions arising from normal cellular metabolism as well as
pathophysiological processes and extracellular sources.
A substantial number of these lesions are formed by
endogenous factors that damage DNA on a continuous
basis. A free radical attack upon DNA generates a whole
series of DNA damage, including modified DNA bases.
Certainly, not all ROS can damage DNA directly (Halli-
well and Cross, 1994). For example, H2O2 and O2

•! may
initiate DNA damage by interacting with transition metal
ion, in particular, iron and copper, in Haber-Weiss type
reaction, producing •OH. The hydroxyl radical is one of
the most reactive species responsible for the formation
of a large number of pyrimidine and purine-derived le-
sions in DNA (reviewed in: Dizdaroglu, 1993). Examples
of such lesions are presented in Figure 3. Some of these
modified DNA bases have a considerable potential to da-
mage the integrity of nuclear and mitochondrial genomes
(reviewed in: Floyd, 1990; Jackson and Loeb, 2001). The
levels of oxidative damage to mtDNA are several times
higher than those of nuclear DNA (Sastre et al., 2000).

Fig. 3. Examples of oxidatively modified DNA bases

One of the most widely studied lesions is 7.8-dihydro-
8-oxoguanine (8-oxoGua) and its nucleoside (8-oxodG).
The presence of 8-oxo-7,8-dihydro-2'-deoxyguanosine resi-

dues in DNA leads to GC 6 TA transversions unless re-
paired prior to DNA replication (Cheng et al., 1992).
Therefore, the presence of 8-oxodG in cells may lead to
point mutations. This oxidative DNA adduct is regarded
as a good biomarker of cancer risk from oxidative stress,
for the investigations of effectiveness of dietary antioxi-
dants and as a general index of oxidative stress in relation
to other diseases such as CVD.

Several other modified bases such as 2-hydroxyade-
nine (2-OH-Ade), 8-hydroxyadenine (8-OHAde), 5-hydro-
xycytosine (5-OH-Cyt), and 5-hydroxyuracil (5-OH-Ura)
have also been shown to possess miscoding potentials
and may be premutagenic as well (reviewed in: Wallace,
1998), but their biological properties are not yet fully
recognized.

Labile iron pool and atherosclerosis

The possibility that iron overload may play an impor-
tant role in CVD was put forward in 1981 by J. L. Sulli-
van (Sullivan, 1981). Now there are increasing epidemio-
logical evidences concerning the role of iron in athero-
sclerosis (Kiechl et al., 1997; de Valk and Marx, 1999).
Interestingly, it was found that heterozygosity for type 1
hereditary hemochromatosis is a risk factor for vascular
diseases (Kiechl et al., 1994). There are also some evi-
dences that iron depletion protects from atherosclerosis
and CVD (Roest et al., 1999). In this context, it is inte-
resting to note that in premenopausal women the inci-
dence of atherosclerosis and CVD is less than half that
of age-matched men (McCord, 1998; Emerit, Beaumont
and Trivin, 2001). One of the possible explanations for
this finding may be that depletion of iron stores by regu-
lar menstrual blood loss may be a source of protection of
premenopausal subjects.

Our data also suggest that iron metabolism may have
some influence on atherosclerosis development. In agre-
ement with previous studies, we have found that ferritin
concentration was higher in atherosclerotic patients than
in the control group (although these changes were statisti-
cally insignificant) (Gackowski et al., 2001). In this con-
text, it should be noted that increased ferritin concentra-
tion generally reflects iron stores but may also be rela-
ted to high alcohol consumption, cancer and inflamma-
tion (Looker and Johnson, 1998). In our study, we also
decided to analyze labile iron pool (LIP) in human lym-
phocytes – which is involved in the production of harm-
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ful ROS. Interestingly, LIP in lymphocytes of the athero-
sclerotic patient group was about two times higher than
that in the control group.

Moreover, we found that the level of 8-oxodG in lym-
phocytes of atherosclerotic patients was significantly hi-
gher than in DNA of the control group (12.78 and 9.80
lesions/106dG respectively. In another study which invol-
ved healthy people (Nakano et al., 2003), a positive cor-
relation between urinary 8-oxodG and serum ferritin was
shown, which suggested that iron status may influence
the generation of 8-oxodG, in vivo. Experimental eviden-
ce suggests that urinary excretion of 8-oxodG represents
repair processes, namely removal of oxidatively modified
base/nucleoside at the level of whole body (Olinski et al.,
2003).

These changes may have some influence on the de-
velopment of atherosclerosis in the following way. The
plaques of the arterial walls, among other components,
contain lymphocytes (Gackowski et al., 2001). Since
8-oxodG has mutagenic properties and is a block to
transcription in mammalian cells (Le Page, 2000), it is
possible that lymphocytes with higher amount of this
modified base trapped into the plaque, can more easily
be involved in initiation-promoting process. There are
suggestions that this process may be responsible for the
formation of the atherosclerotic lesion. Thereafter, the
higher amount of trapped cells can lead to more advan-
ced lesions. Moreover, there are some experimental
data which strongly suggest that the elevated level of
8-oxodG found in the lesion of the aorta walls of athero-
sclerotic patients, may be one of the events directly in-
volved in the development of the disease (Collins et al.,
1998).

Our data confirms the hypothesis that higher levels
of LIP may increase the risk of the atherosclerosis de-
velopment. Progress of this pathology is associated with
inflammatory condition and oxidative stress, which is, in
turn, manifested by a higher level of 8-oxodG in blood
lymphocytes. It is possible that this condition may be a
factor responsible for the development of atherosclero-
sis (Gackowski et al., 2001).

Body iron stores and cancer

Iron-induced free radical damage to DNA seems to
be important for the development of cancer. Tumor cells
are known as the rapidly growing cells in response to

iron (Ullen et al., 1997). Carcinogenicity of iron overload
was demonstrated clearly in many animal experiments
(Campbell, 1940; Richmond, 1959; Li et al., 1987; Liu
and Okada, 1994).

Body iron stores and dietary iron intake have been
shown to be positively correlated with the risk of human
colon cancer (Nelson et al., 1994; Stevens et al., 1998).
In our study, carcinoma patients showed statistically sig-
nificant lower values of transferrin saturation, total iron
binding capacity and serum iron level when compared
with the control group (Gackowski et al., 2002A). Func-
tional iron deficiency can occur during the cancer and
chronic inflammation states and is often associated with
relatively high iron levels in the liver as an effect of en-
hanced hepcidine biosynthesis (Weiss, 2009).

In our above-mentioned work (Gackowski et al.,
2002a), it was reported that mean values of LIP in
lymphocytes of the patient group were higher than in the
control ones, but these differences were not statistically
significant. Rather insignificant differences in LIP and
ferritin concentrations observed in this study may be
explained, at least in part, by a large individual variability
of those parameters. Such huge individual differences in
ferritin concentration have also been reported by others
(Nelson et al., 1994). Since this was the first in vivo stu-
dy of LIP in human lymphocytes, it was difficult to com-
pare the obtained results with other data reported in lite-
rature. However, the concentration found in our study is
comparable to the levels estimated for different types of
mammalian cultured cells (Lipinski et al., 2000). It is
possible that higher concentrations of LIP in the lympho-
cytes of patients with carcinoma may be explained by the
distinctive behaviour of ferritin observed in our report,
i.e. high level of intracellular LIP may cause an increase
in ferritin synthesis and determine high plasma concen-
trations of ferritin. Since LIP can influence the produc-
tion of ROS, our results support a recent observation
that oxidative stress may be responsible for impaired
lymphocyte function in cancer patients (Schmielau and
Finn, 2001).

Usually, in malignant diseases plasma iron level falls
due to cytokines activity (Halliwell and Gutterige, 1999).
Our observations support an interesting hypothesis
which suggests that the observed changes lead to the
restriction of iron availability for tumour cells thus slo-
wing tumor growth (Weinberg, 1996).
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Iron supplementation and level 
of oxidatively damaged DNA

Iron supplementation is a frequently practised treat-
ment in the occurrence of iron deficiency anaemia (IDA),
which is most prevalent during the neonatal period and in
early childhood. IDA is probably the most prevalent
micronutrient deficiency disorder in newborn piglets,
due to their rapid growth (Svoboda and Drabek, 2005).
Intramuscular administration of large amounts of iron
compounds can cure those deficiencies. However, iron
overload is dangerous, because unbound ions are cataly-
tically active. As it was mentioned above, in our previous
study, we observed a strong correlation between iron
content and the levels of oxidatively modified nucleoside
in lymphocytes’ DNA (Gackowski et al., 2002b). There-
fore, besides the efficacy in curing iron deficiency, one
of the main criteria for selecting an iron supplementa-
tion protocol is that the supplemental iron should pro-
duce minimal toxicity.

In our recent studies (Lipinski et al., 2010), anaemic
neonatal pigs were supplemented with iron dextran
(FeDex). They were allotted to one of three different ex-
perimental groups on the basis of body weight (b.w.) at
the given experimental age, control piglets receiving no
iron supplementation; piglets intramuscularly injected in
the neck with 100 mg Fe/kg b.w. on day 3 postpartum
(traditional supplementation); piglets injected with
40 mg Fe/kg b.w. on day 3 and again on day 10 postpar-
tum (modified supplementation). The results demonstra-
ted that points with the highest iron concentrations were
related to the highest 8-oxodG levels. Furthermore, the
modified iron supplementation was linked with a signi-
ficantly smaller increase in 8-oxodG level in hepatic DNA
when compared with the traditional protocol.

Although the oxidative stress observed in newborn
piglets may be, partly, as a result of a sudden increase in
oxygenation after birth (Dziaman et al., 2007), the intra-
muscular injection resulted in elevated amounts of iron
in the colon and subsequent increase in oxidative stress,
as measured by increased levels of 8-oxodG in colon DNA
and increased urinary excretion of 8-oxoGua (Langie et
al., 2010). Similar observations upon injection with
FeDex were previously reported in rats (Wellejus, Poul-
sen, Loft, 2000).

In the study with young children (1-4 years old) with
IDA that were orally supplemented with Fe3+ preparation
for 12 weeks, an increase in the oxidative damage to

DNA was observed. However, this growth was free from
the corresponding changes in the serum level of iron and
ferritin. These changes could have been a result of an in-
creased oxidative stress due to an accelerated metabolic
rate by the rehabilitation of oxygenation in the organism
(Aksu et al., 2010).

It appears that misregulation of iron administration
influences organism’s homestasis. The presence of an
excessive amount of iron in cells or/and extracellular
spaces can result in the production of ROS and induction
of oxidatively damaged DNA. Specifically, iron overload
may favor the persistence of harmful LIP, which may
catalyze the generation of potentially carcinogenic
8-oxodG moiety in the cellular DNA.
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