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Moreover, Superoxide radicals and H2O2 were not detected
during deposition of ferritin iron (3, 29). It is possible that low
steady-state amounts of these or related species are present,

particularly inside the ferritin shell which is inaccessible to
enzymes.

A possible mechanism of DNA damage by ferritin is the
formation of hydroxyl radicals (-OH) during reduction and
reoxidation of ferritin iron. These latter processes occur contin
uously at the catalytic sites (Reactions A and B) (3, 14, 29). It
has been proposed (3) that ferriciperoxy species are formed
during oxidation-deposition of iron in ferritin (Reaction C).
These peroxy species could react with Fe(ll) or other reduc-
tants to produce hydroxyl radicals in a Fenton-type reaction
(Reaction D) (7, 8, 18).

Fed!!),â„¢,Â«,+ reductant ?Â±Feilend + oxidant (A)

FedObound +* FedOfree (B)

nd + O2 Â«=!Fe(ll).. .O2.. .Fe(ll) ;=Â»Fe(lll)â€”Oâ€”Oâ€”Fe(lll) (C)

Fe(lll)â€”Oâ€”Oâ€”Fedii) + Fe(ll) + 2H2O ^ 3Fe(lll)-OH + â€¢OH (D)

However, â€¢OHis very short lived, and free -OH would be
scavenged by salicylate [salicylate had no protective effect
(Table 5)]. Thus, only secondary radicals or other reactive
species may escape from the ferritin molecule to react with
DNA. It may be these species which are trapped by glutathione
and cysteine.

Chemical studies have demonstrated that mobilization of
ferritin iron by dihydroriboflavin nucleotides(dihydroflavin mon-
onucleotide and dihydroflavin adenine dinucleotide) is rapid
and quantitative (4, 14, 25). Our preliminary studies of the
NADH:FMN system in CHO cells showed that, at millimolar
levels, NADH:FMN was cytocidal (1CT3 M NADH:1CT3 M FMN),
cytostatic (1CT3 M NADH:10~4 M FMN), and clastogenic (1CT4
M NADH:10'3 M FMN) to CHO cells (Table 8). No chromosome

damage was caused by lower concentrations of the reduced
flavins (1Cr4 M NADH:1CT4 M FMN), by NADH alone (10~4 to
1CT2 M), or FMN alone (10~4 to 10~3 M) (Table 8). However,
addition of any of these latter agents (10~4 M NADH:FMN,

NADH, or FMN alone) to ferritin did not alter the frequency of
chromosome aberrations induced by ferritin (data not shown).
NADH:FMN is a hydroxylation system (26). This hydroxylation
property of the reduced flavins makes it difficult to determine
the role of dihydroflavin mononucleotide in the mechanism of
damage by ferritin.

Finally, our results indicate that ferritin concentrations in

Table 8

Effect of NADH and/or FMN on cytotoxicity and chromosome aberrations in
CHO cells

Treatment conditions and data presentation are as described in Table 1

NADH concentration(M)1CT21CT310-00io-3IO'310"'10-0FMNconcentration
(M)000io-310-10-310-io-310""0Chromosomeaberrations0.7

(0.0)0.6
(0.0)0.6
(0.0)0.5
(0.0)0.5

(0.0)ToxicMl42.3(119.2)0.5

(0.0)0.5
(0.0)a

Control, CHO cells exposed to MEM only, not treated with chemicals.

normal human serum (0.01 to 0.1 /Â¿g/ml)and tissues (up to 5
/Â¿g/ml)are below the levels causing chromosome damage in
cells (6, 9, 21). However, in cancer and other pathological
states, serum ferritin concentration can reach 12 jug/ml (21,
23), which is near the lower limit of clastogenic concentration
of ferritin. In addition, an in vitro study showed that ferritin
concentration as low as 0.25 /Â¿g/mlcaused a marked suppres
sion of phytohemagglutinin and concanavalin A-induced blas-
togenesis in human lymphocytes (19). Furthermore, kinetic
studies of ferritin mobilization show that the rate of iron release
is dependent on the age and the fullness of the iron core.
Newly deposited iron is released faster (9). The maximum rate
was found in ferritin molecules which were less than one-third
full (1200 iron atoms per ferritin molecule) (5, 14). This may
imply that ferritins from different sources or with different iron
contents would have varied clastogenic activity. Moreover,
normal physiological levels of glutathione (10~4 to 5 x 10~3

M) (15) are likely to be sufficient in suppressing any cytotoxic
or clastogenic activity of ferritin.
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Fig. 1. Metaphase plate of a CHO cell exposed to MEM only, not treated with chemicals.
Fig. 2. Metaphase plate of a CHO cell exposed to ferritin (30 /ig/ml) for 3 hr and harvested 20 hr posttreatment, showing one chromatid-type interchange.
Fig. 3. Metaphase plate of a CHO cell exposed to Fe(ll):EDTA (2 x 10 3 M), showing chromatid-type interchanges and breaks.

Fig. 4. Metaphase plate of a CHO cell exposed to ferritin (60 /ig/ml), showing multiple exchanges and breaks.
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