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Excess free iron generates oxidative stress that may contribute to the pathogenesis of various causes of neurodegenera-
tive diseases. Previous studies have shown that one of the primary causes of increased brain iron may be the release 
of excess iron from intracellular iron storage molecules. In this study, we attempted to characterize the oxidative 
damage of DNA induced by the reaction of ferritin with H2O2. When DNA was incubated with ferritin and H2O2, 
DNA strand breakage increased in a time-dependent manner. Hydroxyl radical scavengers strongly inhibited the 
ferritin/H2O2 system-induced DNA cleavage. We investigated the generation of hydroxyl radical in the reaction of 
ferritin with H2O2 using a chromogen, 2,2'-azinobis-(2-ethylbenzthiazoline-6-sulfonate) (ABTS), which reacted 
with ·OH to form ABTS+•. The initial rate of ABTS+• formation increased as a function of incubation time. These 
results suggest that DNA strand breakage is mediated in the reaction of ferritin with H2O2 via the generation of 
hydroxyl radicals. The iron-specific chelator, deferoxamine, also inhibited DNA cleavage. Spectrophotometric 
study using a color reagent showed that the release of iron from H2O2-treated ferritin increased in a time-dependent 
manner. Ferritin enhanced mutation of the lacZ' gene in the presence of H2O2 when measured as a loss of α-comple-
mentation. These results indicate that ferritin/H2O2 system-mediated DNA cleavage and mutation may be attributable 
to hydroxyl radical generation via a Fenton-like reaction of free iron ions released from oxidatively damaged ferritin.
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Introduction

Iron is an element essential to cellular metabolism.1 As long 
as iron is bound to ferritin, cytotoxic reactions are not expected. 
However, when iron is improperly regulated or released from 
ferritin, it is potentially toxic and can lead to cell death. Iron is 
one of the most transition metals involved in hydroxyl radical 
formation, owing to its interaction with hydrogen peroxide th-
rough Fenton-type reactions.2 Mammalian ferritin is a large, 
iron-storage heteropolymer composed of two equivalent subunit 
types, light (FTL) and heavy (FTH) polypeptides, which are 
expressed in most kinds of cells.3-6 Although both types of poly-
peptide subunit share a high degree of conformational similarity, 
they play diverse functional roles. The FTH subunit has a potent 
ferroxidase activity that catalyzes the oxidation of ferrous iron, 
whereas the FTL subunit plays important roles in iron nucle-
ation and protein stability, giving ferritin the dual functions of 
iron detoxification and iron storage.3

It has been reported that iron can be released from ferritin 
by various exogenous.7-10 and endogenous substances via re-
ductive mechanisms.11,12 If iron is released from ferritin, low 
molecular iron complexes may undergo redox reactions result-
ing in cytotoxic damage of macromolecules.13,14 Oxidants, in-
cluding H2O2, have been considered mostly as damaging entities 
that mediate pathogenic processes. H2O2 has been implicated in 
ischemia and reperfusion within the brain,15 cancer16 and neuro-
degenerative disease.17

This study found that the ferritin/H2O2 system resulted in 
DNA strand breakage. The results indicated that ferritin, as a 
source of iron, might facilitate oxidative DNA damage. 

Experimental Section

Materials. pUC19 plasmid DNA was prepared and purified 

from E. coli cultures by using QIAGEN plasmid kit (Santa Cla-
rita, USA). Ampicillin, bathophenanthroline sulfonate, deferox-
amine and ethidium bromide were purchased from Sigma Che-
mical Co. (St. Louis, MO). Ferritin was purchased from Cal-
biochem (Darmstadt, German). The commercial equine spleen 
ferritin was performed by gel filtration chromatography by using 
Superose 6 FPLC column (Pharmacia, Sweden) for a further 
purification. Chelex 100 resin (sodium form) was obtained from 
Bio-Rad. All solutions were treated with Chelex 100 resin to re-
move traces of transition metal ions.

Analysis of DNA cleavage. DNA single strand breakages 
were assayed by measuring the conversion of supercoiled plas-
mid DNA (form I) to nicked circular DNA (form II) and linear 
DNA (form III). pUC19 DNA (0.5 - 1.0 µg) in 10 mM potassium 
phosphate buffer (pH 7.4) was incubated for 3 h at 37 oC with 
different concentrations of H2O2 and ferritin in a total volume 
of 20 µL. The reaction was stopped at ‒80 oC. The loading bu-
ffer (0.25% bromophenolblue, 40% sucrose) was added and 
samples analyzed by electrophoresis in 0.8% agarose in TBE 
buffer (2 mM EDTA, 89 mM boric acid and 89 mM Tris at pH 
8.3). The gel was stained with ethidium bromide. Bands of DNA 
were detected and photographed under UV light in a dark room.

Measurement of hydroxyl radical. ·OH was measured with 
a chromogen, 2,2'-azinobis-(2-ethylbenzthiazoline-6-sulfon-
ate) (ABTS).18 ABTS is water-soluble and has a strong absorp-
tion at 340 nm with a molar extinction coefficient ε340 of 3.66 × 
104 M‒1cm‒1. On oxidation, ABTS forms a stable blue-green 
product presumed to be the cation radical, ABTS+• is conve-
niently followed at λmax at 415 nm (ε415 = 3.6 × 104 M‒1cm‒1).19 
The assay mixture contained 10 mM potassium phosphate buffer 
(pH 7.4) and 50 µM ABTS and 0.1 mM H2O2 and 1.0 µM pro-
tein in a total volume of 1 mL. The reaction was initiated by 
addition of H2O2 and the increase in absorbance at 415 nm was 
measured with a UV-vis spectrophotometer (Shimazu 1601).
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Figure 1. DNA cleavage after incubation with H2O2 and ferritin.  pUC
19 DNA (1 µg) was incubated with H2O2 and ferritin in a 10 mM po-
tassium phosphate buffer (pH 7.4) at 37 oC during various incubation 
periods. The reaction mixture contained 1 mM H2O2 alone (lane 1-5), 
10 µM ferritin alone (lane 6-10), 1 mM H2O2 and 10 µM ferritin (lane 
11-15). Reaction was stopped by ‒80 oC deep freezing. Loading buffer
was added to the samples and analyzed by electrophoresis in 0.8% 
agarose. I, II and III indicate the position of the supercoiled, circular 
and linear DNA plasmid forms, respectively.
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Figure 2. The effect of free radical scavengers on the DNA cleavage 
by the reaction of ferritin with H2O2. pUC 19 DNA was incubated 
with 1 mM H2O2 and 10 µM ferritin in a 10 mM potassium phosphate 
buffer (pH 7.4) at 37 oC for 3 h, in the absence and the presence of 20 
mM scavengers at 37 oC. Lane 1, plasmid DNA alone; lane 2, no addi-
tion of scavenger; lane 3, azide; lane 4, formate; lane 5, mannitol; lane
6, ethanol; lane 7, thiourea. Agarose gel electrophoresis was performed
in 0.8% agarose. I, II and III indicate the position of the supercoiled, 
circular and linear DNA plasmid forms, respectively.

Determination of free iron concentration. The concentration 
of iron ions released from oxidatively damaged ferritin was 
determined by using a bathophenanthroline sulfonate in the 
method described previously.20 The reaction mixture contained 
1 µM ferritin and 1 mM H2O2 and a 10 mM potassium phos-
phate buffer (pH 7.4) in a total volume of 0.5 mL. The reaction 
was incubated for various periods at 37 oC. After the incubation, 
the mixture was then placed into an Ultrafree-MC filter and 
centrifuged at 13,000 rpm for 1 h. The colorimetric reagent was 
added into the filtrate and analyzed by a UV-vis spectrophoto-
meter (Shimadzu, UV-1601) at 535 nm. The final concentrations 
of the color reagent were 1% ascorbate, 0.02% bathophenan-
throline sulfonate and 1% acetic acid-acetate buffer (pH 4.5).

Mutagenecity assay. Plasmid DNA was transformed in Es-
cherchia coli DH5α competent cells. The treated plasmid pUC19 
carrying the lacZ' gene with or without 1 µM ferritin and 0.1 
mM H2O2 was incubated with 50 µL of competent cells at 0 oC 
for 10 min. SOC medium was added, and the cells were incu-
bated at 37 oC for 1 h. Transformed cells were spread on LB 
agar plates containing 0.8 mg of X-gal, 2 mg of IPTG and 0.01% 
ampicillin. The plates were inverted and incubated for 24 h at 
37 oC before counting colonies.

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

Results and Discussions

When pUC19 DNA was incubated with 0.1 mM H2O2 or 
1 µM ferritin alone, it did not cause significant strand breakages 
(Fig. 1 lanes 1-10). However, a substantial increase in the propor-
tion of nicked circular form (form II) and linear form (form III) 
occurred with concomitant loss of the supercoiled one (form I) 
in a time-dependent manner when DNA was incubated in a mix-
ture of H2O2 and ferritin (Fig. 1, lanes 11-15). This indicates 
that both ferritin and H2O2 were required to produce strand 
breaks in DNA. Deoxyribose and ribose are fragmented by ·OH, 
yielding dozens of products. All positions are susceptible to 
hydrogen abstraction by ·OH, forming carbon radicals. In the 
presence of O2 these concert rapidly to sugar peroxyl radicals, 
which undergo a series of reactions including disproportionate, 

rearrangement, elimination of water and C-C bond fragmen-
tation, to yield a variety of carbonyl products. Some sugar pro-
ducts remain within DNA or constitute end groups of broken 
DNA strands, whereas others are released.21 It has been reported 
that H2O2 generates ROS through redox cycling that can be 
facilitated by transition metal ions, such as cooper and iron.2 
The present result suggested that ferritin might facilitate H2O2- 
induced DNA damage.

The role of free radicals in DNA damage caused by the 
ferritin/H2O2 system was studied by examining the protective 
effect of free radical scavengers. When plasmid DNA was incu-
bated with H2O2 and ferritin in the presence of azide, formate, 
mannitol, ethanol, and thiourea at 37 oC for 3 h, all scavengers 
significantly prevented DNA cleavage (Fig. 2). The sugar al-
cohol mannitol, azide and ethanol often used hydroxyl radical 
scavengers in laboratory experiments, but these scavengers 
can react with other species of oxygen radicals.2 In this study, 
·OH generation occurring during the reaction of ferritin with 
H2O2 was assessed by using a chromogen, 2,2'-azinobis-(2- 
ethylbenzthiazoline-6-sulfonate) (ABTS), which reacts with 
·OH to form ABTS+•.22,23 When ABTS was incubated with 
ferritin and H2O2, ABTS+• formation monitored for 30 min in-
creased in a time-dependent manner (Fig. 3). However ABTS+• 

formation did not occur when ABTS was incubated with 1 µM 
ferritin or 0.1 mM H2O2 alone. The result suggests that ·OH 
may participate in the ferritin/H2O2-mediated DNA cleavage.

The H2O2 in vivo is probably a direct product of O2
‒. dis-

mutation and various oxidase reactions. The rates of H2O2 and 
O2
‒. formation under physiological conditions have been mea-

sured. Considering the volume actually used and the amount of 
products formed, one obtains a rate 90 µM H2O2/min in liver24 
and 340 µM O2

‒./min in glucose fed Escherichia coli cells.25 The 
local concentration of H2O2 in the immediate vicinity of SOD 
must be much larger than these values. The production of O2

‒. 
will be much larger as the concentration of oxygen increases 
during exposure to hyperoxia or when the respiratory chain 
becomes inhibited leading to an increased concentration of redu-
cing equivalents.26 Recently it has been reported that hyperoxia 
induced H2O2 production increased in human U87 glioblastoma 
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Figure 3. The rates of hydroxyl radical formation determined by using
a chromogen, ABTS. 50 µM ABTS was incubated with 0.1 mM H2O2
and 1 µM ferritin in a 10 mM potassium phosphate buffer (pH 7.4) at 
37 oC during various incubation periods. The reaction mixture con-
tained 0.1 mM H2O2 alone (■), 1 µM ferritin alone (▲), 0.1 mM H2O2
and 1 µM ferritin (●).
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Figure 4. The effect of an iron chelator on the DNA cleavage by the 
reaction of ferritin with H2O2. pUC 19 DNA was incubated with 10 µM
ferritin and 1 mM H2O2 in potassium phosphate buffer (pH 7.4) at 37 oC
for 3 h in various concentrations of deferoxamine (DFX). Lane 1, 
plasmid DNA alone; lane 2, no addition of DFX; lane 3, 1 mM DFX; 
lane 3, 5 mM DFX; lane 4, 10 mM DFX. Agarose gel electrophoresis 
was performed in 0.8% agarose. I, II and III indicate the position of 
the supercoiled, circular and linear DNA plasmid forms, respectively.
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Figure 5. The iron release in the ferritin and H2O2 system. 1 µM Ferritin
was incubated with (●) or without (▲) 1 mM H2O2 in a 10 mM phos-
phate buffer at pH 7.4. After incubation, the mixture was then placed 
into Ultrafree-MC filter and centrifuged at 13,000 rpm for 1 h. The 
colorimetric reagent was added into the filtrate for analysis by UV-vis
spectrophotometry (Shimadzu, UV-1601) at 535nm. The final concent-
rations of the color reagent were 1% ascorbate, 0.02% bathophenan-
throline sulfonate and 1% acetic acid-acetate buffer (pH 4.5).

cells.27 Thus, at least 0.1 mM/min H2O2 will be produced con-
tinuously under physiological conditions and at a much higher 
rate under adverse conditions such as hyperoxia or ischemia 
and referfusion.

Trace metals such as copper and iron, which are present in 
biological systems, may interact with hydrogen peroxide, and 
which causes damage biological molecules including DNA.28-33 
In cultured cells, raising the level of iron in the culture medium 
leads to increases in steady-state levels of oxidative DNA da-
mage.34 Previous studies have suggested that iron ions could 
stimulate a Fenton-like reaction to produce hydroxyl radicals, 
which mediates DNA strand breakage.35,36 We investigated the 
participation of iron ions in the H2O2/ferritin-mediated DNA 
strand breakages. When DNA reacted with H2O2 and ferritin in 
the presence of the iron-specific chelator, deferoxamine, DNA 
strand breakage was significantly inhibited (Fig. 4). The results 
indicated that iron ions were involved in the DNA cleavage by 

the ferritin/H2O2 system.
H-ferritin subunits have an active ferroxidase site and occur 

in multiple forms, in humans, animals, plants and bacteria. L-fer-
ritin subunits have a degenerate ferroxidase site and the gene 
duplication to encode L-ferritin subunits is found only in verte-
brate animals. It was shown that the co-presence of both subunits 
in hybrids make the molecule more efficient for iron incor-
poration, because of the combined action of the ferroxidase 
centers on H-chains and of the effective nucleation centers on 
L-chains.37 X-ray crystallographic data of the mouse L-chain 
showed that a metal-binding site on the cavity surface, involving 
residues Glu57, Glu60, Glu61, and Glu64, and in the hydrophilic 
3-fold channel involving His118, Glu134, Asp131 and His13638 
In the present study, the incubation of H2O2 and ferritin led to 
the release of iron from the protein (Fig. 5). Thus, it is suggested 
that iron binding sites were modified during the reaction of 
ferritin with H2O2. Consequently, iron became almost free from 
the ligand and was released from the oxidatively-damaged 
protein.

It has been previously reported that the mutagenic spectrum 
of oxygen free radicals is produced by the aerobic incubation of 
single-strand M13mp2 DNA with iron.39 The biological con-
sequences of DNA damage induced by ferritin/H2O2 were in-
vestigated. pUC19 plasmid DNA was treated with or without 
ferritin and H2O2. Damaged DNA was transfected into E. coli 
(DH5α) competent cells, and mutant cells within the nonessen-
tial lacZ' α-gene for β-galactosidase were identified by decreas-
ed α-complementation. E. coli harboring active β-galactosidase 
produces dense blue colonies, whereas mutation within the lacZ' 
α segment of pUC19 plasmid DNA induced the expression of 
substantially less active β-galactosidase and yielded light blue 
or white colonies. The frequency of mutants obtained with 
ferritin/H2O2 was approximately six-fold greater than that ob-
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Table 1. Mutagenicity of ferritin/H2O2 treated pUC19 plasmid in E. coli

Treatment Relative mutation
 frequency (fold)a

pUC19 1.0
pUC19 + H2O2 1.5 ± 0.2
pUC19 + ferritin 1.9 ± 0.4
pUC19 + ferritin/H2O2 5.9 ± 0.6

aMutation frequency was calculated as the ratio between the mutant colo-
nies and total colonies. The results are expressed as a relative mutation 
frequency and represent the mean ± S.D. from triplicate measurements.

tained with untreated DNA (Table 1). Our results indicated that 
a multiplicity of DNA lesions produced by the ferritin/H2O2 
system in vitro is promutagenic and could be a source of spon-
taneous mutations.

In conclusion, the present results indicated that DNA clea-
vage and mutation were induced by the reaction of ferritin with 
H2O2 involving hydroxyl radicals that were generated by the 
Fenton-like reaction. Our study suggested that DNA damage by 
the ferritin/H2O2 system could be relatively favored in diseases 
where ferritin concentration is elevated.
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