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Excess free iron generates oxidative stress that may contribute 
to the pathogenesis of various causes of neurodegenerative 
diseases. In this study, we assessed the modification of ferritin 
induced by H2O2. When ferritin was incubated with H2O2, the 
degradation of ferritin L-chain increased with the H2O2 con-
centration whereas ferritin H-chain was remained. Free radical 
scavengers, azide, thiourea, and N-acetyl-L-cysteine suppressed 
the H2O2-mediated ferritin modification. The iron specific che-
lator, deferoxamine, effectively prevented H2O2-mediated ferri-
tin degradation in modified ferritin. The release of iron ions 
from ferritin was increased in H2O2 concentration-dependent 
manner. The present results suggest that free radicals may play 
a role in the modification and iron releasing of ferritin by 
H2O2. It is assumed that oxidative damage of ferritin by H2O2 
may induce the increase of iron content in cells and sub-
sequently lead to the deleterious condition. [BMB reports 
2011; 44(3): 165-169]

INTRODUCTION

Ferritin is composed of 24 subunits forming a cavity that can 
store up to 4,500 atoms of ferric ions (1). The subunits are of 
two types, termed H (heavy) and L (light), which are present in 
varying ratios in different tissues. Subunits of type L contribute 
to the nucleation of the iron core, but lack the ferroxidase ac-
tivity necessary for uptake of ferrous (Fe2+) iron. Subunits of 
type H possess ferroxidase activity and promote rapid uptake 
and oxidation of ferrous iron. 

Reactive oxygen species (ROS) are involved in normal cell 
processes such as cell signaling and proliferation. However, 
when in excess, ROS cause damage to cellular biomolecules 
and are implicated in the etiology of a wide variety of diseases, 
including atherosclerosis, diabetes, neurodegenerative dis-
eases, chronic inflammatory disease, and cancer, as well as in 

ageing (2-6). Iron is necessary for the transport of oxygen and 
the function of enzymes. However, iron also donates electrons 
for the generation of ROS via the Fenton reaction. The toxicity 
of iron in cellular systems is attributable in large part to its ca-
pacity to participate in the generation of ROS, which can di-
rectly damage proteins, DNA and lipids, leading to profound 
cellular toxicity (7). Recently, it has been reported that deposi-
tion of iron in the brain results from the release of iron from 
ferritin (8, 9). Ferritin cores in the substantia nigra (SN) of 
Parkinson’s disease (PD) patients have been shown to be dens-
er and to harbor more iron than those in the SN of healthy sub-
jects (10). 

In this study, we assessed the oxidative damage of ferritin 
caused by H2O2. Our results suggest that the modification of 
ferritin induced by H2O2 may be due to the oxidative damage 
resulting from free radicals generated via the Fenton reaction 
induced by free iron which released from oxidatively damaged 
ferritin. 

RESULTS AND DISCUSSION 

To determine whether the modification of ferritin was induced 
by H2O2, the reaction mixtures containing ferritin and H2O2 
were subjected to SDS-PAGE analysis. SDS-PAGE revealed a 
gradual decline in the intensity of the band corresponding to 
the ferritin L-chain in a H2O2 concentration-dependent man-
ner, whereas the H-chain remained intact after incubation with 
various concentrations of H2O2 (Fig. 1A and B). The partic-
ipation of free radicals in the modification of ferritin by H2O2 
was studied examining the inhibition of free radical scavengers 
during the reaction of the ferritin with H2O2. The modification 
of ferritin was shown to be effectively suppressed in the pres-
ence of azide, thiourea, and N-acetyl-L-cysteine (Fig. 1C and D). 

It has been reported that oxygen superoxide, and various 
molecules with a low oxidation potential, including neuro-
toxin, 6-hydroxy dopamine might reduce ferritin iron and in-
duce its release even in the absence of protein degradation 
(11). This mechanism produces free radicals and may be in-
volved in pathological conditions such as neurodegeneration. 
In this study, our results indicate that the modification of ferri-
tin by H2O2 lead to protein fragmentation. In this respect, the 
H2O2-mediated ferritin modifications are similar to those re-
ported for the oxidation of other proteins by lipid peroxides 
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Fig. 1. Modification of ferritin by H2O2 and the effect of free rad-
ical scavengers on the protein modification. (A) Ferritin (1 mg/ 
ml) was incubated in 10 mM phosphate buffer (pH 7.4) at 37oC 
for 3 h under various conditions. Lane 1, ferritin control; lane 
2-5, with 0.01, 0.1, 1, and 10 mM H2O2. (B) Relative staining in-
tensity of SDS-PAGE gel was analyzed by densitometric scanning. 
(C) Ferritin (1 mg/ml) was incubated with 1 mM H2O2 in 10 mM 
phosphate buffer (pH 7.4) at 37oC for 3 h in the presence of free 
radical scavengers. Lane 1, ferritin control; lane 2, oxidized ferri-
tin (without free radical scavengers); lane 3, 100 mM azide; lane 
4, 100 mM thiourea; lane 5, 100 mM NAC (N-acetyl-L-cysteine). 
The positions of the molecular weight markers (kDa) are indicated 
on the left. (D) Relative staining intensity of SDS-PAGE gel was 
analyzed by densitometric scanning.

Fig. 2. The effect of an iron chelator on the modification of ferri-
tin by H2O2. (A) Ferritin (1 mg/ml) was incubated with 1 mM 
H2O2 in a 10 mM phosphate buffer (pH 7.4) at 37oC for 3 h in the
presence of an iron chelator, deferoxamine (DFX). Lane 1, ferritin 
control; lane 2, oxidized ferritin (without a chelator); lane 3-5, 1, 
5 and 10 mM DFX. (B) Relative staining intensity of SDS-PAGE 
gel was analyzed by densitometric scanning.(12, 13) and by exposure of proteins to ionizing radiation (14). 

A recent report has revealed that the total iron content of rat 
brain increased by γ-irradiation (15). According to the analysis 
of the band density in the Western blot, the ferritin content de-
creased by 77±15% after γ-irradiation (15). When living cells 
are exposed to γ-ray, a variety of ROS is generated and then in-
duces oxidative damage to biological macromolecules (2). A 
significant part of the initial damage done to cells by ionizing 
radiation is due to hydroxyl radicals. Our results suggest that 
ROS may be involved in the modification of ferritin by H2O2. 

Trace metals such as iron and copper, which are present in 
a variety of biological systems, may interact with active oxy-
gen species, ionizing radiation or microwave radiation to dam-
age macromolecules (2). In some biological cells, the cleavage 
of the metalloproteins by oxidative damage may lead to in-
creases in the levels of metal ions (16, 17). The participation of 
iron in H2O2-mediated ferritin modification was assessed via 
an examination of the protective effects of the iron chelator, 
deferoxamine. When ferritin was incubated with H2O2 in the 
presence of deferoxamine, the degradation of ferritin was pre-
vented in a deferoxamine concentration-dependent manner 
(Fig. 2A and B). These results suggest that iron ions may partic-
ipate in the mechanism of H2O2-mediated ferritin modification.

The reaction of ferritin with various concentrations of H2O2 
resulted in a time- dependent increase in the release of free 
iron ions (Fig. 3). This is because loosely bound iron ions were 

released from the ferritin. Hydroxyl radicals can be formed 
from H2O2 in the presence of transition metal ion such as iron 
or copper through Fenton-like reactions. Therefore, iron ions 
released by H2O2- damaged ferritin may lead to a pro-oxidant 
condition in cells.

In order to determine the target site against the H2O2 on the 
protein, ferritin that had been reacted with H2O2 was then 
evaluated by amino acid analysis following acid and alkaline 
hydrolysis of the modified proteins. Amino acid analysis of the 
H2O2-treated ferritin revealed a significant loss of aspartate, 
glutamate, histidine, leucine, and lysine residues (Fig. 4). This 
suggests that the modification of these amino acids contributes 
to protein degradation and the release of iron ions from 
ferritin. 

All amino acid residues of proteins are susceptible to oxida-
tive modification by ROS, even though methionine, cysteine, 
tyrosine, phenylalanine, and tryptophan are the most sensitive 
targets (18). However, it has been suggested that each form of 
ROS elicited a different pattern of protein oxidation (19). In 
this study, H2O2 led to a significant loss of aspartate, gluta-
mate, histidine, leucine, and lysine residues of ferritin. The re-
lease of iron ions from ferritin may be closely associated with 
the loss of glutamate and histidine residues because both ami-
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Fig. 3. The release of iron from ferritin by H2O2. The reaction 
mixture contain ferritin (1 mg/ml), various concentrations of H2O2

[0.01 mM (◆), 0.1 mM ((■), 1 mM (▲), 10 mM (●)] in a 10 
mM phosphate buffer at pH 7.4. After the incubation, the mixture 
were then placed into an Ultrafree-MC filter and centrifuged at 
13,000 rpm for 1 h. The colorimetric reagent was added into the 
filtrate for analysis by a uv/vis spectrophotometer (Shimadzu, UV- 
1601) at 535 nm. The final concentrations of the color reagent 
were 1% ascorbate, 0.02% bathophenanthroline sulfonate and 1% 
acetic acid-acetate buffer (pH 4.5).

Fig. 4. Modification of amino acid residues in ferritin by H2O2. 
Ferritin was incubated without (gray bar) or with 1 mM H2O2

(black bar). After incubation for 3 h, the amino acid composition 
of acid and alkaline hydrolysates was determined as described un-
der Materials and methods.

no acids are essential for iron binding. X-ray crystallographic 
data of the mouse L-chain has uncovered a metal-binding site 
on the cavity surface, which contains the residues Glu57, 
Glu60, Glu61, and Glu64, and one in the hydrophilic 3-fold 
channel that contains His118, Glu134, Asp131, and His136 
(20). Our results suggested that iron binding sites might be 
modified when ferritin reacts with H2O2. As a consequence of 
this oxidative modification, most of the iron contained within 
the molecule would be liberated from the ligand, and released 
from the oxidatively-damaged protein. 

H2O2 production, mainly via O2
−., has been frequently ob-

served in mitochondria and microsomes. There are also sev-
eral enzymes that produce H2O2 without the intermediacy of 
O2
−.. Normally, the level of cellular H2O2 can be kept rela-

tively low through the action of mitochondrial glutathione per-
oxidase and cytosolic catalase. However, under certain con-
ditions like ischemia reperfusion injury or inflammation, ex-
cess amounts of H2O2 are produced (21, 22) and can react 
with the metalloproteins in cells, to form protein radicals. 
Thus, H2O2-induced structural and functional modifications of 
ferritin may lead to oxidative stress and pathological complica-
tions of free radical-mediated diseases.

In conclusion, the present results suggested that H2O2 led to 
the modification of ferritin and iron release from the protein, 
involving free radical generation. Iron released from ferritin 
may lead to progressive neurodegeneration of the brain 
through oxidative stress. Therefore, the H2O2-mediated ferritin 
modification, in part, may provide an explanation for the 

pathogenesis of neurodegenerative disorders. 

MATERIALS AND METHODS

Materials
Equine spleen ferritin (Calbiochem) was further purified by gel 
filtration chromatography. N-Acetyl-L-cysteine, thiourea, and 
deferoxamine were purchased from Sigma (St. Louis, MO, 
USA). Chelex 100 resin (sodium form) was obtained from 
Bio-Rad (Hercules, CA, USA). All solutions were treated with 
Chelex 100 resin to remove traces of transition metal ions.

Protein modification
Protein concentrations were determined via the BCA method 
(23). Modification of ferritin (1 mg/ml) was conducted by the 
incubation with H2O2 in phosphate buffer (pH 7.4) at 37oC. 
After the incubation of the reaction mixtures, the mixtures 
were put onto Microcon (Millipore) and centrifuged for 1 h at 
13,000 rpm to remove the H2O2. The mixture was then wash-
ed with Chelex 100-treated water and centrifuged for 1 h at 
the same speed to remove any remaining H2O2. This process 
was repeated four times. The filtrate was then dried with a 
freeze dryer and dissolved with 10 mM potassium phosphate 
buffer (pH 7.4). The protection by free radical scavengers 
against H2O2-mediated ferritin modification was induced by 
the 5 min of preincubation of ferritin with free radical scav-
engers at room temperature, and the mixture was reacted with 
H2O2 for 3 h at 37oC. The unreacted reagent was then washed 
through a Microcon filter (Millipore).

Analysis of ferritin modification
The samples (15 μl) were treated with 5 μl of 4× concentrated 
sample buffer (0.25 M Tris, 8% SDS, 40% glycerol, 20% 
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β-mercaptoethanol, 0.01% bromophenolblue) and boiled for 
10 min at 100oC prior to electrophoresis. Each sample was 
subjected to SDS-PAGE as described by Laemmli (24), using 
an 18% acrylamide slab gel. The gels were stained with 0.15% 
Coomassie Brilliant Blue R-250. 

Determination of free iron ions concentration
The concentration of iron ions released from oxidatively dam-
aged ferritin was determined by using a bathophenanthroline 
sulfonate in the method described previously (25). The re-
action mixture contained ferritin (1 mg/ml), various concen-
trations of H2O2 and 10 mM potassium phosphate buffer (pH 
7.4) in a total volume of 0.5 ml. The reaction was initiated by 
addition of H2O2 and incubated for 0-3 h at 37oC. After the in-
cubation, the mixture were then placed into an Ultrafree-MC 
filter and centrifuged at 13,000 rpm for 1 h. The colorimetric 
reagent was added into the filtrate for analyzed by a UV/Vis 
spectrophotometer (Shimadzu, UV-1601) at 535 nm. The final 
concentrations of the color reagent were 1% ascorbate, 0.02% 
bathophenanthroline sulfonate and 1% acetic acid-acetate buf-
fer (pH 4.5).

Amino acid analysis
Aliquots of oxidized and native ferritin preparations were hy-
drolyzed at 110oC for 24 h after addition of 6 N HCl. Since 
acid hydrolysis destroys tryptophan, the tryptophan content of 
oxidized and native ferritin preparations was determined by 
means of alkaline hydrolysis as described previously (26). The 
amino acid content of acid and alkaline hydrolysates was de-
termined by HPLC separation of their phenylisothiocyanate- 
derivatives by using Pico-tag column and 2,487 UV detector 
(Waters, USA).

Statistical analysis
Values are expressed as the means ± S.D. of three to five sep-
arate experiments. Statistical differences between means were 
determined by the Student t-test.

Acknowledgements
This work was supported by a Korea Research Foundation 
Grant funded by the Korea Government (Ministry of Educati-
on, Science and Technology) (The Regional Core Research 
Program/Chungbuk BIT Research-Oriented University Consor-
tium).

REFERENCES

1. Knovich, M. A., Storey, J. A., Coffman, L. G., Torti, S. V. 
and Torti, F. M. (2009) Ferritin for the clinician. Blood 
Rev. 23, 95-104.

2. Halliwell, B. and Gutteridge, J. M. C. (2007) Free Radicals 
in Biology and Medicine (Fourth Edition), Oxford Univer-
sity Press, London, UK.

3. Galkina, E. and Ley, K. (2009) Immune and inflammatory 
mechanisms of atherosclerosis. Annu. Rev. Immunol. 27, 

165-197.
4. Maynarol, S., Schurman, S. H., Harboe, C., de Souta- 

Pinto, N. C. and Bohr, V. A. (2009) Base excision repair of 
oxidative DNA damage and association with cancer and 
aging. Carcinogenesis 30, 2-10.

5. Pflueger, A., Avramowitt, D. and Calvin, A. D. (2009) Role 
of oxidative stress in contrast-induced acute kidney injury 
in diabetes mellitus. Med. Sci. Monit. 15, 125-136.

6. Galaris, D. and Pantopoulos, K. (2008) Oxidative stress 
and iron homeostasis: mechanistic and health aspects. 
Crit. Rev. Clin. Lab. Sci. 45, 1-23.

7. Torti, F. M. and Torti, S. V. (2002) Regulation of ferritin 
genes and protein. Blood 99, 3505-3516.

8. Thomas, M. and Jankovic, J. (2004) Neurodegenerative 
disease and iron storage in the brain. Curr. Opin. Neurol. 
17, 437-442.

9. Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R. and 
Crichton, R. R. (2004) Iron, brain ageing and neuro-
degenerative disorders. Nat. Rev. Neurosci. 5, 863-873.

10. Wallis, L. I., Paley, M. N., Graham, J. M., Grunewald, P. 
A., Wignall, E. L., Joy, H. M. and Griffiths, P. D. (2008) 
MRI assessment of basal ganglia iron deposition in 
Parkinson’s disease. J. Magn. Reson Imaging 28, 1061- 
1067.

11. Double, K. L., Maywald, M., Schmittel, M., Riederer, P. 
and Gerlach, M. (1998) In vitro studies of ferritin iron re-
lease and neurotoxicity. J. Neurochem. 70, 2492-2499.

12. Schuessler, H. and Schilling, K. (1984) Oxygen effect in 
the radiolysis of proteins. Part 2. Bovine serum albumin. 
Int. J. Radiat. Biol. 45, 267-281.

13. Hunt, J. V. and Dean, R. T. (1989) Free radical-mediated 
degradation of proteins: the protective and deleterious ef-
fects of membranes. Biochem. Biophys. Res. Commun. 
162, 1076-1084.

14. Stadtman, E. R. and Berlett, B. S. (1997) Reactive oxy-
gen-mediated protein oxidation in aging and disease. 
Chem. Res. Toxicol. 10, 485-494.

15. Robello, E., Galatro, A. and Puntarulo, S. (2009) Labile 
iron pool and ferritin content in developing rat brain gam-
ma-irradiated in utero. Neurotoxicology 30, 430-435.

16. Kim, K. S., Choi, S. Y., Kwon, H. Y., Won, M. H., Kang, T. 
C. and Kang, J. H. (2002) Aggregation of α-synuclein in-
duced by the Cu,Zn-superoxide dismutase and hydrogen 
peroxide system. Free Radic. Biol. Med. 32, 544-550.

17. Kang, J. H. (2009) Ferritin enhances salsolinol-mediated 
DNA strand braekage: protection by carnosine and related 
compounds. Toxicol. Lett. 188, 20-25.

18. Davies, K. J., Delsignore, M. E. and Lin, S. W. (1987) 
Protein damage and degradation by oxygen radicals. II. 
Modification of amino acids. J. Biol. Chem. 262, 9902- 
9907.

19. Kang, J. H, Kim, K. S, Choi, S. Y., Kwon, H. Y. and Won, 
M. H. (2001) Oxidative modification of human cer-
uloplasmin by peroxyl radicals. Biochem. Biophys. Acta 
1568, 30-36.

20. Granier, T., Langlois d’Estaintot, B., Gallois, B., Chevalier, 
J. M., Precigoux, G., Santambrogio, P. and Arosio, P. 
(2003) Structural description of the active sites of mouse 
L-chain ferritin at 1.2 A resolution. J. Biol. Inorg. Chem. 8. 
105-111.



Oxidative modification of ferritin by H2O2

Jung Hwan Yoona, et al.

169http://bmbreports.org BMB reports

21. Flaherty, J. T. and Weisfeldt, M. L. (1988) Reperfusion 
injury. Free Radic. Biol. Med. 5, 409-419.

22. Zweier, J. L., Kuppusamy, P., Williams, R., Rayburn, B. K., 
Smith, D., Weisfeldt, M. L. and Flaherty, J. T. (1989) Mea-
surement and characterization of postischemic free radical 
generation in the isolated perfused heart. J. Biol. Chem. 
264, 18890-18895. 

23. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., 
Gartner, F. H.,  Provenzano, M. D., Fujimoto, E. K., 
Goeke, N. M., Olson, B. J. and Klenk, D. C. (1985) 
Measurement of protein using bicinchoninic acid. Anal. 
Biochem. 150, 76-85.

24. Laemmli, U. K. (1970) Cleavage of structural proteins dur-
ing the assembly of the head of bacteriophage T4. Nature 
227, 680-685.

25. Pieroni, L., Khalil, L., Charlotte, F., Poynard, T., Piton, A., 
Hainque, B. and Imbert-Bismut, F. (2001) Comparison of 
bathophenanthroline sulfonate and ferene as chromogens 
in colorimetric measurement of low hepatic iron con-
centration. Clin. Chem. 47, 2059-2061.

26. Hugli, T, E. and Moore, S. (1972) Determination of the 
tryptophan content of proteins by ion exchange chroma-
tography of alkaline hydrolysates. J. Biol. Chem. 247, 
2828-2834.


