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Introduction
The interaction between iron and DNA into the nucleus 

Iron uptake in mammalian cells has been extensively investigated 
and has revealed a post-transcriptional control mechanism regulating 
the transferrin receptor and ferritin synthesis [1-4]. Cytosolic iron is 
strictly controlled, with most of the spare iron being stored as ferritin 
in a non-reactive form. However, the distribution of cellular iron is still 
unresolved. In particular, little is known about iron localization in the 
nucleus. This is an important question, given the fact that the process of 
DNA oxidation by oxy-radicals is catalyzed by nuclear iron [5], which 
can produces DNA strand breaks even in the presence of physiological 
concentrations of hydrogen peroxide (Supplementary Figure 1). 

Nuclear iron has been found in several forms, either associated 
with ferritin as a heme complex that regulates gene expression, or in 
the nucleus in the form of iron-sulfur clusters associated with DNA 
repair enzymes and transcription factors [1-4]. Furthermore, mimetic 
nucleases, such as FeIII ZnII (-Purple acid phosphatase models) are 
relevant to DNA cleavage and cytotoxic activity [6], which could be 
interesting for cancer chemotherapy. 

In our previous in vitro studies, X-ray absorption spectroscopy was 
used to provide evidence of five oxygen and one nitrogen atoms in the 
inner coordination sphere of Fe(II)-DNA, while Fe III preferentially 
binds only to oxygen atoms [7,8].

Herein, we emphasize the use of elemental mapping analysis to 
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Abstract
DNA oxidation by oxygen-radicals generated via an iron catalyzed Fenton reaction has been extensively 

investigated, but little is known about iron localization in the nuclei of mammalian cells. In vitro studies showed the 
presence of five oxygen and one nitrogen atoms in the inner coordination sphere of the Fe(II)-DNA complex using 
X-ray absorption spectroscopy (XANES and EXAFS). The identification of ferritin in the nucleus of cultured cells, as 
well as iron-protein receptors in the nuclear membrane suggests that iron is actively transported into the nucleus. 
Therefore, pictures from energy-loss spectroscopic imaging (ESI) are included in this mini-review to illustrate the 
distribution of iron in a fibroblast cell line. These fibroblasts were iron-overloaded by being cultured in a medium 
containing Fe(III)-nitrilotriacetate (FeNTA). The elemental mapping of iron and phosphorus was coincident in ultra-
structures and revealed a significant concentration of both in condensed chromatin; by contrast, the elemental 
mapping of nitrogen, used as a control, revealed a homogenous distribution across the entire cell. This observed 
preferential localization was surprising, considering the pro-oxidant status of iron and the importance of maintaining 
genome integrity. Interestingly, recent published works demonstrates that iron chelators such as genistein and 
daidzein, derived from soy isoflavones, can attenuate the expression of genes related to increased cancer risk 
and oxidative damage in the reproductive tract of female mice. In this same sense, mesenchymal stem cells also 
exhibit antioxidant properties by reducing superoxide, lipid peroxidation, and DNA breaks to healthful levels after 
transplantation into the brains of stroke prone spontaneously hypertensive rats. Therefore, we bring attention to the use 
of all potential antioxidants, particularly those with affinity for both iron and DNA, in therapies for several diseases.

illustrate the distribution of iron in the nucleus with electron energy-
loss spectroscopic imaging (ESI). This technique allows specific 
localization of atoms at the ultra-structural level [9,10]. Herein, we 
emphasize the elemental mapping analysis to illustrate the distribution 
of iron in the nucleus by using electron energy-loss spectroscopic 
imaging (ESI). This technique allows specific localization of atoms at 
the ultra-structural level [9,10]. For this purpose, V79 Chinese hamster 
fibroblasts were grown in culture. In order to augment cellular iron 
uptake, 1 mM Fe(III)-nitrilotriacetate (FeNTA) was added to the 
medium for 2 h, as previously described [5]. The cell layers were washed 
three times with 100 µM K-phosphate buffer, pH 7.4, containing 140 
mM NaCl and the cells were fixed for 1 h at room temperature with 
2.5 (v/v) glutaraldehyde plus 1% paraformaldehyde in 0.1 M cacodylate 
buffer, pH 7.3. After rinsing with the same buffer, cells were post-fixed 
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in chromatin grains, in the nucleic acid-enriched nucleoli and in the 
nuclear membrane region. Interestingly, the phosphorus mapping in 
Figure 1C depicts a distribution that is essentially coincident with that 
of iron. Indeed, this is the image that one would expect for cellular 
phosphorus, given its abundant presence in nucleic acids. The intensely 
labeled region in the nuclear periphery is due to condensed chromatin, 
known to be preferentially associated with the nuclear membrane, and 
has little or no contribution from membrane phospholipids. In fact, 
at this magnification the plasma membrane cannot be identified. In 
Figure 1D the nitrogen image is shown as a control, representing an 
atom that is not preferentially distributed in any sub-cellular structure, 
as mapped by ESI.

Possible functions of the iron-chromatin DNA interaction
Iron-containing repair enzymes [4,11] and iron-containing 

transcription factors [12] have been identified in bacteria and heme 
is involved in transcriptional activation in yeast [13]. However these 
elements are unlikely to account for the iron-enriched mammalian 
chromatin.

Indeed, the function of iron bound to chromatin is a matter of 
controversy. For instance, one possibility is that iron, like copper, is an 
important element in the maintenance of chromosome structure [14]. 
As expected, preferential sites of iron-DNA interaction were localized 
in upstream regulatory regions of many genes involved in oxidative 
stress [15]. In another in vitro study concerned with Fe2+ mediated 
Fenton reactions at human telomere inserts, 7 fold more strand 
breakage occurred in the telomeres than in a similar-sized coding 
control fragment [16]. These results were interpreted to mean that 
telomeric DNA may protect coding DNA from oxidative damage and 
might also link oxidative damage and iron load to telomere shortening 
and aging.

Thus, the observed preferential localization revealed by the ISI 
technique in fixed cultured cells is somewhat surprising, considering 
the pro-oxidant status of iron and the importance of maintaining 
genome integrity. Interestingly, we recently demonstrated that bone 
marrow mesenchymal stem cells exhibit antioxidant properties by 
reducing superoxide, lipid peroxidation and DNA breaks to healthful 
levels after transplantation to the brains of stroke prone hypertensive 
rats [17]. In the same sense, iron chelators, such as soy isoflavones 
extracts or their purified derivatives genistein and daidzein [18,19], 
counteract oxidative damages [20] and attenuate the expression of 
genes related to cancer risk [21] in the reproductive tract of female 
mice. We do not know if iron-chromatin or iron-isoflavone complexes 
are implied in the case of menopausal cancer preventive therapies. 
However, the previously observed localization of iron and DNA in 
the nucleus of neuronal cells by confocal microscopy [22] suggests the 
possible involvement of neural iron-chromatin in the case of stroke 
associated with oxidative stress [17]. An interesting and current state 
of the art study also demonstrates that low doses of added extracellular 
iron stimulates cellular responses, which are significant enough to 
modify the vascular endothelium, and induces gene expression of 
DNA damage repair enzymes and p53 stabilization [23]. Given that the 
required amounts of iron decrease during ageing, the fine control of body 
iron stores would be a wise strategy for control of carcinogenesis [24,25].

Therefore, we direct attention to all potential antioxidants, 
particularly those with affinity both to iron and DNA, in therapies for 
several diseases.
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in 1% osmium tetraoxide in cacodylate buffer for 1 h, and stained 
overnight in 0.5% (w/v) aqueous uranyl acetate, at 4°C. Samples were 
then washed, dehydrated in ethanol, and embedded in Spurrs resin. 
Sections approximately 100 nm thick were stained with uranyl acetate 
and lead citrate and examined in a Zeiss CEM902 transmission electron 
microscope integrated with a Castaing-Henry electron spectrometer. 
The images were collected on a silicon intensifier target that interfaced 
with a digital image analysis system. The microscope was operated at 80 
kV and the objective aperture was set to 30 µm for the bright field and 
to 90 µm for the ESI. Both the bright field (zero-loss filtered) and the 
ESI were obtained with E=20 eV width at the spectrometer slit. 

Elemental mapping was done with computer-assisted image 
processing (CEM20 program using the ELEMECZ routine). Image 
subtraction, background correction and contrast inversion were 
performed with the software IBAS rel-2.0 (Kontron). The elements 
mapped were Iron (energy loss threshold at 708 eV), Phosphorus (132 
eV) and Nitrogen (401 eV). Dark areas in the elemental maps are richer 
in the mapped element. The images were recorded in 35 mm slides 
within a Montage film recorder. 

Elemental mapping analysis

Figure 1 shows the distribution of iron in the nucleus using electron 
energy-loss spectroscopic imaging (ESI). A typical set of elemental 
mapping images of 100 nm thick sections of fibroblasts. Figure 1A is the 
digital bright field image (zero loss-filtered) of a section in which the 
characteristic spindle shape of the fibroblasts is shown and the elliptical 
nucleus is clearly defined. Figure 1B-1D corresponds to elemental 
mapping of iron, phosphorus and nitrogen. In these elemental 
maps, element-rich areas are dark, while element-poor regions are 
clear. In Figure 1B, at this magnification the iron mapping reveals a 
homogenous distribution of this element in the cytosol. In contrast, 
iron is discretely distributed in the nucleus, being clearly concentrated 

Figure 1: Elemental mapping by electron energy-loss spectroscopic imaging 
(ESI) in fibroblasts; 1 mM FeNTA was added to the medium and the cells were 
incubated for 2 h. A: bright field (zero-loss filtered); B: iron; C: phosphorus; D: 
nitrogen. Bar=1.2 µm.
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