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Abstract

Electron spin resonance spin trapping was utilized to investigate free radical generation from cobalt (Co) mediated reactions
using 5,5-dimethyl-l-pyrroline (DMPO) as a spin trap. A mixture of Co with water in the presence of DMPO generated 5,5-di-
methylpyrroline-(2)-oxy(1) DMPOX, indicating the production of strong oxidants. Addition of superoxide dismutase (SOD) to
the mixture produced hydroxyl radical (*OH). Catalase eliminated the generation of this radical and metal chelators, such as de-
sferoxamine, diethylenetriaminepentaacetic acid or 1,10-phenanthroline, decreased it. Addition of Fe(II) resulted in a several fold
increase in the *OH generation. UV and O, consumption measurements showed that the reaction of Co with water consumed mo-
lecular oxygen and generated Co(II). Since reaction of Co(II) with H,O, did not generate any significant amount of *OH radicals, a
Co(I) mediated Fenton-like reaction [Co(I) + H,O, — Co(II) + *OH + OH™] seems responsible for *OH generation. H,0O, is pro-
duced from O3 via dismutation. O3~ is produced by one-electron reduction of molecular oxygen catalyzed by Co. Chelation of
Co(II) by biological chelators, such as glutathione or f-ananyl-3-methyl-L-histidine alters, its oxidation-reduction potential and
makes Co(II) capable of generating *OH via a Co(II)-mediated Fenton-like reaction [Co(II) + H,O, — Co(IlII) + *OH + OH].
Thus, the reaction of Co with water, especially in the presence of biological chelators, glutathione, glycylglycylhistidine and f-an-
anyl-3-methyl-L-histidine, is capable of generating a whole spectrum of reactive oxygen species, which may be responsible for Co-
induced cell injury. © 1998 Published by Elsevier Science Inc.

Keywords: Cobalt; Reactive oxygen species; Mechanism; Cell injury

1. Introduction

Cobalt (Co) is an essential trace element for mamma-
lian nutrition. It is toxic and carcinogenic at higher con-
centrations [1-4]. The International Agency for Research
on Cancer has classified this metal as possibly carcino-
genic to humans [5]. Occupational exposure to hard
metals, including Co, causes “hard metal diseases”, such
as cancer and asthma [6]. As stated in the National Oc-
cupational Research Agenda (NORA), investigation on
occupational diseases caused by exposure to metals,
such as cobalt, chromium and tungsten, is a NORA mis-
sion and appears on the National Toxicology Program
priority list [6].
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In epidemiological studies, workers exposed to cobalt
in an electrochemical plant producing cobalt and work-
ers exposed to cobalt-containing hard metal compounds
exhibited significantly enhanced risk for lung cancer [7-
9]. In laboratory studies Co(II) caused direct induction
of DNA damage [10,11], DNA-protein crosslinking,
and sister-chromatid exchange [1]. Besides the direct in-
duction of DNA damage, Co(II) has been reported to
interfere with DNA repair processes [1,11]. Co(II) en-
hances the frequency of UV induced mutations and sis-
ter-chromatid exchanges in V79 Chinese hamster cells
[12]. Co(IT) compounds have been shown to have a car-
cinogenic effects in animal studies [1,13]. Cobalt itself
causes little or no DNA damage in vitro although Co(II)
can bind to DNA [14]. While the mechanisms of cobalt-
induced toxicity and carcinogenicity remains to be eluci-
dated, cobalt-mediated free radical reactions have been
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suggested to be involved [10,15]. Co(II) alone does not
efficiently generate hydroxyl radicals ("OH) from H,O,.
However, in the presence of nitrilotriacetic acid as a che-
lating agent, Hanna et al. [16] have reported the forma-
tion of *OH radical from H,0, by Co(Il). Although
nitrilotriacetic acid may not be a significant ligand for
Co(II) in cells exposed to this cation, this study does
suggest that the reactivity of Co(II) toward H,O, could
be enhanced by proper chelation. In a recent study [15],
we have shown that Co(II) can generate *OH and lipid
hydroperoxide-derived free radicals from H,O, and
model lipid hydroperoxides in the presence of biologi-
cally relevant ligands, such as glutathione and anserine.
The cobalt-mediated radical generation from these reac-
tions was suggested to be involved in the mechanism of
Co(II)-related toxicity and carcinogenicity [11,15].

At present, most of the studies concerning the cobalt-
mediated free radical generation have focused on Co(II).
There is only limited study of free radical generation me-
diated by cobalt metal [17]. The goal of the present study
is to investigate the possible free radical generation by
cobalt metal and elucidate possible mechanisms of gen-
eration.

2. Materials and methods
2.1. Materials

Cobalt metal powder (trade name, Xtra Fine Cobalt)
was obtained from Newcomer Products (Latrobe, PA).
The material is used as the metal binder in the industrial
production of WC-Co hard metals. Xtra Fine Cobalt
was analyzed at 99.3 purity of Co (O,, 0.6%; Ni, 0.1%;
C, 0.3%; Na, 0.2%; Si, 0.01%; Ca, 0.01%; Mg, 0.01%;
Mn, 0.01%; Cu, 0.01%; Fe, 0.01%; Mg, 0.01%). The
range of particle size is 0.1-1.5 um. Cobalt suspension,
instead of solution, is used.

Diethylenetriaminepentaacetic acid (DTPA), desfer-
oxamine, 1,10-phenanthroline, 5,5-dimethyl-1-pyrro-
line N-oxide (DMPO), glutathione (GSH), glycylglycyl-
histidine (Gly-Gly-His) and p-ananyl-3-methyl-L-
histidine (anserine) sodium formate, H,O,, and FeCl,
were purchased from Sigma (St. Louis, MO). Superox-
ide dismutase (SOD) was purchased from Boehringer
Mannheim (Indianapolis, IN). The spin trap, DMPO,
was purified by charcoal decolorization and vacuum dis-
tillation. DMPO solution thus purified did not contain
any ESR detectable impurities. Chelex 100 chelating res-
in was purchased from Bio-Rad Laboratories (Rich-
mond, CA). The phosphate buffer (pH 7.4) was treated
with chelex 100 to remove transition metal ion contam-
inants.

All ESR measurements were conducted using a Var-
ian E9 ESR spectrometer and a flat cell assembly. Hy-
perfine couplings were measured (to 0.1 G) directly
from magnetic field separation using potassium
tetraperoxochromate (K;CrOg) and 1,1-diphenyl-2-pi-
crylhydrazyl (DPPH) as reference standards. The rela-
tive radical concentration was estimated by multiplying

half of the peak height by (AH,,)?, where AH,, repre-
sents peak-to-peak width. An EPRDAP 2.0 program
was used for data acquisitions and analyses.

Reactants were mixed in test tubes in a final volume
of 450 pl. The reaction mixture was then transferred to a
flat cell for ESR measurement. The concentrations given
in the figure legends are final concentrations. All exper-
iments were performed at room temperature and under
ambient air.

2.2. Oxygen consumption measurements

Oxygen consumption measurements were carried out
using Gilson oxygraph. Measurements were made on a
system containing 10 mg/ml cobalt particles and 5 pg/
ml SOD in pH 7.4 phosphate buffer.

2.3. Scanning electron microscope measurements

For scanning electron microscopy measurements the
cobalt particles were scattered on double-side carbon
tape, then sputter coated with gold/palladium and im-
aged on a JEOL 6400 scanning electron microscope.

3. Results

Fig. 1 contains the scanning electron microscope im-
age of cobalt particles. As shown by this figure, the par-

Fig. 1. Scanning electron microscope image showing Xtra Fine Cobalt
particles.
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ticle sizes are distributed in the range of 0.1-1.5 pm.
Fig. 2 shows a typical ESR spectrum obtained from an
aqueous solution of 10 mg/ml cobalt particles at pH
7.4. The spectrum is centered at g=2.0065, which indi-
cates oxygen involvement. Computer stimulation shows
that the hyperfine splittings are ay = 7.1 G and ay =4.2,
where an and ay denote hyperfine splitting constants of
nitroxyl nitrogen and the two a-hydrogens, respectively.
According to the lineshape and the hyperfine splittings,
the spectrum in Fig. 2 was assigned to 5,5-dimethyl-
pyrrolidone-(2)-oxy-(1) (DMPOX), whose structure is
shown below [18,19]:
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The DMPOX formation reached its saturation level
in about 20 min, showing a relative fast reaction.

The formation of DMPOX indicates that Co(I)-OO*
is likely to be generated as a radical intermediate. The
spectrum in Fig. 2 shows that only DMPOX is detected.
It is possible that Co(I)-OOre itself is not converted to
H,0,, a precursor of *OH radical. SOD was added to
a reaction mixture containing Co and DMPO and this
enzyme catalyzed the decomposition of Co(I)-OO* to
H,0,. As shown in Fig. 3(a), a reaction mixture con-
taining Co, DMPO and SOD generated a 1:2:2:1 quartet
with splittings of ay =ay = 14.9 G, where ay and ay de-
note hyperfine splittings of the nitroxyl nitrogen and «-
hydrogen. Based on these splittings and 1:2:2:1 line-
shape [20,22], this spectrum was assigned to DMPO/
*OH, thus providing evidence of *OH generation.

The DMPO/*OH signal reached its saturation level in
about 10 min. Addition of catalase eliminated the ESR
signal (Fig. 3(b)), showing an important role of H,O,
in *OH generation. Metal chelators, desferoxamine,
DTPA or 1,10-phenanthroline also eliminated the signal

(Fig. 3(c)~(d)).
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Fig. 2. ESR spectrum, recorded 5 min after reaction initiation, from a
pH 7.4 phosphate buffer solution containing 10 mg/ml cobalt particles
and 50 mM DMPO. The ESR spectrometer settings were: receiver
gain, 2.5 x 10°; time constant, 0.3 s; modulation amplitude, 0.25 G;
scan time, 8 min; magnetic field, 3470 = 100 G.
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Fig. 3. ESR spectra, recorded 3 min after reaction initiation, from a
pH 7.4 phosphate buffer solution of 50 mM DMPO and the following
reactants: (a) 10 mg/ml cobalt particles and 5 pg/ml SOD; (b) 10 mg/ml
cobalt particles, 5 pg/ml SOD and 2000 U/ml catalase; (c) 10 mg/ml co-
balt particles, 5 pg/ml SOD and 0.5 mM desferoxamine; (d) 10 mg/ml
cobalt particles, 5 pg/ml SOD and 0.5 mM DTPA; (e) 10 mg/ml cobalt
particles, 5 pg/ml SOD and 5 mM 1,10-phenanthroline. The ESR spec-
trometer settings were: receiver gain, 2.5 X 10°; time constant, 0.3 s;
modulation amplitude, 0.25 G; scan time, 8 min; magnetic field,
3470 + 100 G.

The inhibitory effect of catalase on Co-mediated *OH
radical generation indicates that H,O, is generated in
the mixture containing Co and SOD and plays a key role
in *OH generation. If this is the case, addition of Fe(II)
to the Co/SOD mixture would result in enhanced gener-
ation of °*OH radical via the Fenton reaction
(Fe(Il) + H,O, — Fe(IIl) + *OH + OH™). As shown
in Fig. 4(a), a mixture of Co, Fe(II) and SOD generated
a strong DMPO/*OH signal. Since DMPO/*OH adduct
could, in principle, be produced from sources other than
*OH trapping, we performed spin trapping competition
experiments in which the *OH radical abstracts a hydro-
gen atom from formate, with the trapping of a new rad-
ical. As expected, addition of sodium formate decreased
the intensity of the DMPO/*OH signal and resulted in
the appearance of a new spin adduct signal with the
splitting constants ay =15.7, 18.7 G (Fig. 4(b)). These
splitting constants are typical of those of the DMPO/
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Fig. 4. ESR spectra, recorded 3 min after reaction initiation, from a
pH 7.4 phosphate buffer solution of 50 mM DMPO and the following
reactants: (a) 10 mg/ml cobalt particles, 5 pg/ml SOD and 0.2 mM
Fe(II); (b) 10 mg/ml cobalt particles, 5 pg/ml SOD, 0.2 mM Fe(II),
and 25 mM sodium formate; (c) 10 mg/ml cobalt particles, 5 pg/ml
SOD, 0.2 mM Fe(II), and 2000 U/ml catalase; (d) 10 mg/ml cobalt par-
ticles, 5 pg/ml SOD, 0.2 mM Fe(I1), and 2 mM H,0,; (¢) 10 mg/ml co-
balt particles and 0.2 mM Fe(II). The ESR spectrometer settings were
the same as those described in the legend to Fig. 3.

*COO~ [20-22], providing evidence for the *OH radical
generation in the original reaction. Addition of catalase
suppressed the radical generation (Fig. 4(c)) and H,O,
enhanced it (Fig. 4(d)). The formation of *OH radical
generation depended on the presence of SOD. In the ab-
sence of SOD, a mixture of Co and Fe(II) did not gen-
erate any observable DMPO/*OH signal (Fig. 4(e)).
Oxygen consumption measurement shows that a co-
balt suspension rapidly consumed molecular oxygen

35
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Fig. 5. (a) Oxygen consumption of a pH 7.4 phosphate buffer solution
containing 10 mg/ml cobalt particles; (b) same as (a) but with 5 pg/ml
SOD added.

(Fig. 5(a)). Addition of SOD decreased the oxygen con-
sumption due to SOD-catalyzed dismutation of O35 to
generate O, (205~ + 2H'* — H,0, + O,) (Fig. 5(b)).

Fig. 6 shows the *OH generation from a mixture of
Co(II) and H,0, and the effect of several biologically
available chelators. As shown in this figure, GSH,
Gly-Gly-His or anserine significantly enhanced the
*OH radical generation.

A UV absorption spectrum of Co(II) was obtained
(data not shown) from a pH 7.4 phosphate buffer solu-
tion containing 10 mg/ml cobalt particles and 0.5 mM
desferoxamine. The function of desferoxamine is to sta-
bilize the Co(II) generated from the oxidation of Co by
molecular oxygen.
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Fig. 6. Effect of biologically available peptides on relative radical con-
centration generated from a pH 7.4 phosphate buffer solution contain-
ing 10 mg/ml cobalt particles, 5 pg/ml SOD and 1.0 mM of GSH, Gly—
Gly-His or anserine as indicated. Values are means of + of three exper-
iments. Asterisks indicate a significant elevation of *OH generation.
Tetraperoxochromate (K;CrOg) and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) was used as reference standards. The relative radical concen-
tration was estimated by multiplying half of the peak height by
(AH,,)*, where AH,,, represents peak-to-peak width.
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4. Discussion

The results obtained in the present study show that
reaction of metallic Co in aqueous suspension with dis-
solved oxygen is able to generate a strong oxidant as
shown by the formation of DMPOX. According to Ro-
sen and Rauckman [19], the DMPOX signal is indirect
evidence for peroxy radical (ROO") generation and its
trapping by DMPO. While further studies are required
to elucidate the detailed mechanism, the steps outlined
in Fig. 7 may best explain the pathways of DMPOX for-
mation.

When SOD was present, Co in suspension is able to
react with dissolved oxygen to generate *“OH radical as
measured by ESR spin trapping. The generation of
*OH radical is likely to involve the reaction of Co(I) with
H,O, [Co() + H,0, — Co(l) +°*OH + OH"] as
shown by the following. (i) Reaction of Co(0) with water
did not generate *OH radical, showing that the reaction,
Co(0) + H,O, — Co(I) + *OH + OH™, did not occur at
a significant rate. (ii) In the presence of SOD, Co(I1)-OO*
decomposed to generate Co(I) and H,0,, leading to the
generation of *OH radical. (iii) Catalase, which scaveng-
es H,O, inhibited the *OH generation.

The results obtained in the present study also show
that in the presence of SOD, Co is able to generate
H,0,. This is important because H,O, can react with
various metals to generate *OH radicals via the Fenton
or Fenton-like reaction. For example, as shown in the
present study, reaction of Fe(Il) with Co-generated
H,0,; produced *OH radicals. In cellular systems, H,O,
may also react with Cu(I)/Cu(Il) to generate *“OH radi-
cal.

H,O, is also involved in a variety of pathological
processes. It can induce activation of activator protein-
1 (AP-1) and nuclear transcription factor kB (NF-kB)

Co + 0-0 ---> Co(I)-00’

./

N+ Co(I)-00° — I~|I 00Co(I)
5 s

DMPO DMPO-00Co(I)

~
H B

_E_jo r ~

1\II- 0—-0—Co(l) III 0 +:Co(l)

(0] (0]

DMPO-00Co(I) DMPOX

Fig. 7. Schematic representation of possible mechanism of DMPOX
generation from cobalt-mediated reactions.

[23,24]. Ap-1 and NF-xB regulate various cytokines
and oncogenes [24-26]. It is possible that Co-mediated
H,O, generation may significantly be involved in the
mechanism of Co-induced toxicity and carcinogenicity.

Previous studies have shown that Co(II) itself is un-
able to generate *OH radical [15,16]. In the presence of
proper chelators, the reactivity of Co(II) toward H,0,
can be modulated [15,16]. Co(II) is capable of generat-
ing *OH radicals in the presence of such chelators. The
results obtained in the present study show that GSH,
Gly-Gly-His or anserine enhance the Co-mediated
*OH generation. It may be noted that GSH and anserine
have been classified as endogenous antioxidants [27].
The present study shows that these peptides are able
to enhance the generation of *OH radical. In this situa-
tion, these peptides may function as pro-oxidants. GSH
is the major non-protein thiol in cellular systems, where
it may reach concentrations as high as 10 mM [28]. Like-
wise, anserine has been reported to be present in the
range of 1-20 mM in the skeletal muscles of many ver-
tebrates [29]. Thus GSH and anserine as well as other bi-
ologically available peptides may be the likely cellular
chelators for Co(II) in its reaction toward H,O, to gen-
erate *OH radicals. Hence, in the presence of Co(II), the
function of cellular antioxidants, such as GSH and ans-
erine, against reactive oxygen species may be significant-
ly attenuated. They may, in fact, be diverted or
converted into agents that actually accelerate oxidant
formation. This change from antioxidants to pro-oxi-
dants may which result in cellular damage mediated by
Co and other transition metals such as nickel.

In contrast to GSH, Gly-Gly-His and anserine, sev-
eral typical metal chelators, such as desferoxamine,
DTPA or 1,10-phenanthroline inhibited Co-mediated
*OH generation from H,O,. It may be noted that chela-
tion has been used to prevent cellular damage induced
by various metals. For example, 1,10-phenanthroline is
a membrane-permeable chelating agent, which has been
reported to inhibit Cr(V)- and Cr(IV)-mediated free rad-
ical generation and H,O,-induced DNA damage [30,31],
mutation and transformation. Desferoxamine is widely
used for the prevention and treatment of iron overload
[32,33] as well as for combating the toxic effect of vana-
dium [32,34]. It appears that proper chelation may pre-
vent or attenuate Co-mediated cellular damage.

In conclusion, in aqueous suspension, Co is able to
reduce molecular oxygen to generate Co(I)-bound Oj
radical adduct, which exhibits a strong oxidizing proper-
ty. In the presence of SOD, this adduct generates H,O,
which reacts with Co(I) to produce *OH radical via
Co(I)-mediated Fenton-like reaction [Co(I) + H,O, —
Co(II) + "OH + OH™]. Proper chelation of Co(II) gen-
erated by molecular oxygen oxidation of Co metal using
biological chelators, such as GSH, Gly-Gly-His and
anserine, alters the oxidation—-reduction potential of this
metal and makes it capable of generating *“OH via a
Co(Il)-mediated Fenton-like reaction [Co(II) + H,O,
— Co(IIT) + *OH + OH™). Thus, the reaction of Co
with water, especially in the presence of biological chela-
tors, such as GSH, Gly-Gly-His and anserine, is capa-
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ble of generating a whole spectrum of reactive oxygen
species. These species can cause cellular injury through
various mechanisms, such as DNA damage, protein
modification, induction of oncogene expression, and nu-
clear transcription factor activation. Thus, Co-mediated
free radical reactions may play an important role in the
mechanisms of the occupational diseases caused by these
metals.
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