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Summary.-In addition to cobalt, metallic nickel, cadmium and other metals (e.g.
zinc and copper) dissolve when incubated with horse serum at 37°. The dissolving
property of copper in serum resembles that of cobalt, its solubility being increased
greatly in the presence of oxygen, whereas the solubilities of cadmium, zinc and
most preparations of nickel are the same aerobically and anaerobically. In all of
these " metal -sera " the cations are bound, although in different proportions, both by
proteins and by small diffusible molecules.

Although CO2+ ions and cobalt-serum cause limited catalytic oxidation of fresh
serum, most of the oxygen uptake by suspensions of metallic cobalt in serum, or by
more simple model systems, is due to absorption of oxygen by the metal powder;
the consequences of this are discussed.

Metallic cobalt, cadmium and nickel dissolve readily when incubated with sterile
homogenates of rat muscle (and other tissues), the dissolved cations being bound
predominantly by small, diffusible molecules, rather than by the protein components.
Binding by small molecules, in preference to proteins, also occurs when the metals
dissolve in vivo. In both the in vivo and in vitro systems, the metallic ions are not bound
by a specific cation carrier, but are distributed amongst a number of components.
These components have greater affinities for the dissolved metals than serum pro -
teins and seem likely to be the normal cation carriers in vivo. As in serum, solubility
in muscle homogenates is not a specific property of the carcinogenic metals as other,
non-carcinogenic metals also dissolve. The specificity of the former metals, there-
fore, is attributed to the subsequent effects of the dissolved cations after intracellular
incorporation.

IMPLANTS of powdered metallic cobalt
(Heath, 1956), nickel (FTHath 1 14 D-l iii1,
1964a, b) and cadmium (Heath et al.,
1962) are carcinogenic in rat muscle.
These metals slowly disappear from the
injection sites, and there is a period of
several weeks between implantation and
the appearance of premalignant cytological
changes. In initial studies on the dissolu-
tion of the carcinogenic metals in tissues
and body fluids (Heath, Webb and Caffrey,
1969), metallic cobalt was found to dis-
solve slowly when incubated aerobically
with sterile horse serum to form a product
(" cobalt-serum ") in which the cation
was complexed with both proteins and
small molecular components. In cultures
of rat myoblasts, cobalt-serum was not

only less toxic than the equivalent amount
of ionic Co2+, but also produced cytological
changes similar to those observed in the
vicinity of the implanted metal in vivo.
It seemed therefore that, under the latter
conditions, complexes of the dissolved
metal with " biological ligands " might
function in the transport of the cation
into the free myoblasts, which are involved
in the attempted repair of the damaged
muscle and which, under the influence of
the carcinogen, become malignant (Heath,
1960).

On this hypothesis, the initial solutioni
of the metal becomes of particular import-
ance. Further studies, the results of which
are reported in this paper, have therefore
been made on the dissolution of various
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carcinogenic and non-carcinogenic metals
in horse serum, in other model systems
and in muscle autolysates. The last of
these seemed particularly relevant to the
action of the carcinogenic metals, since
these dissolve in vivo in a fluid environ-
ment, the main components of which are

probably the breakdown products of the
damaged muscle. Investigations have also
been made on the effects of oxygen
(previously noted by Heath et al., 1969),
on the solubility of cobalt in serum and
other systems.

MATERIALS AND METHODS

Chemicals and biological materials-.Sterile
horse serum was obtained from the School of
Veterinary Medicine, University of Cam-
bridge. Penicillamine was a gift from Dista
products, Speke, Liverpool; glutathione was
purchased from British Drug Houses Ltd.,
Poole, Dorset; bovine albumin (Fraction V)
from Armour Pharmaceutical Co. Ltd.,
Eastbourne; and triglycine from Sigma
Chemical Co. Ltd., London, S.W.6.

Finely divided metallic cobalt was pre-
pared by reduction of a solution of CoCl 26H 20
(2 g) in 100 ml of 10 mmol/l acetic acid con-

taining 1-59 g of NaBH4. The black precipi-
tate that separated was filtered with suction,
washed with 10 mmol/l acetic acid and with
water and dried in vacuo. The same procedure
was used for the preparation of metallic
nickel from NiCl2 and 63NiCl2. The latter
was obtained from the Radiochemical Centre,
Amersham, and was supplemented with
carrier NiCl2 to give a 0-01 mol/l solution
that contained 1-45 ,tCi 63Ni2+/ml.

Commercial preparations of powdered
metallic cadmium and zinc were obtained
from Hopkins & Williams Ltd., Chadwell
Heath, Essex, and British Drug Houses Ltd.,
London, respectively. All other metal pow-
ders were supplied by Johnson Matthey &
Co. Ltd., London, E.C.i.

Analytical procedures.-Nitrogen was
determined by the Kjeldahl method, diffusible
peptides by the biuret reaction (Aldridge,
1957), lactic acid by the method of Barker
and Summerson (1941) and amino acid with
the ninhydrin reagent of Yemm and Cocking
(1955). Metal analyses were made by atomic
absorption with a Perkin Elmer Model 303
spectrophotometer. Protein solutions were

digested before analysis with Aristar HNO3,
the blanks being treated similarly.

Oxygen consumption was measured in a
Warburg apparatus, usually at 370 C, with
air as the gas phase and a fluid volume of
2 ml. Aseptic conditions were obtained by
the use of special flasks (Type A05-65,
Shandon Scientific Co. Ltd., London, N.W.10)
which contained cotton filter pads below the
ground glass joints. Metal powders were
weighed into the flasks before sterilization,
the serum or other solutions being added
subsequently under aseptic conditions.

Paper chromatography was done on
Whatman No. 1 paper and since metal
complexes were to be separated, only neutral
solvents were used. For one-dimension runs,
the solvent was propan-l-ol-H20 (7: 3).
This solvent was also used as the first solvent,
with water-saturated 2-methylbutan-2-ol as
the second, in two-dimensional separations.
Amino acids were located by spraying with
0-5% (w/v) ninhydrin in butan-l-ol, histidine
being identified specifically on duplicate
chromatograms with diazotized sulphanilic
acid (Smith, 1958). Metals were detected
by exposing the chromatogram to ammonia
vapour and then spraying with a 1% (w/v)
solution of rubeanic acid in ethanol. This
reagent gave a blue colour with Ni2+ and a
yellow brown colour with Co2+, the limit of
detection being 0 03 jug of either cation.

Preparation of metal serum complexes.-
The powdered metals (15 mg) were incubated
aseptically with sterile horse serum (50 ml)
at 370 C in 250 ml Erlenmeyer flasks, fitted
with ground glass stoppers, or gas-washing-
bottle heads. The latter had taps sealed on
both arms. Aerobic and anaerobic incuba-
tions were performed with air and nitrogen,
respectively, as the gas phase. The flasks
were agitated gently at daily intervals. After
termination of the reactions, the contents of
the flasks were centrifuged and the supernat-
ant fractions dialysed in Visking tubing
against 2 or more changes of 10 volumes of
0-154 mol/l NaCl.

Solution of cobalt metal in aqueous albumin.
-Cobalt powder (15 mg) was incubated
aseptically with a 6.2% (w/v) solution of
bovine serum albumin in 20 mmol/l phosphate
buffer, pH 7-2 (15 ml) for 4 weeks at 37° C.
The albumin solution alone as control was
incubated for the same length of time under
the same conditions. At the end of the
incubation period a pink precipitate, identified
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by chemical analysis as Co 3(P04) 28H 20
was present in the experimental flask. After
centrifugation, both solutions were dialysed
against 04154 mol/l NaCl and analysed by the
biuret method. After dialysis, the cobalt-
albumin solution contained 0-76 /ig Co2+/mg
protein.

Reaction of cobalt metal with triglycine.-
Replicate samples (15 mg) of cobalt metal
powder were incubated at 370 C in a series
of sterile universal containers, each contain-
ing a solution (2 ml) of 0-1 mol/l triglycine,
adjusted to pH 7-5 with NaOH, for 7 and
36 hours and for 4 days. At these times the
solutions, which were deep pink in colour,
contained 390, 675 and 1270 ,ug Co2+/ml
respectively. Samples (0-5 ml) of each were
applied to a column (102 x 1-4 cm) of
Sephadex G15 (Pharmacia (Great Britain)
Ltd., London, W.5) and the components
separated by gel filtration with water as
eluant. Fractions (1 ml) were collected and
analysed for Co2+ and amino nitrogen.

Reaction of ionic Co2+ with triglycine.-
This was performed by the method of Gilbert,
Otey and Price (1951). A sample of the
product (1 ml; 240 pg Co2+) at pH 7-4 was
subjected to gel filtration on Sephadex G15,
as described above.

Solution of metals in tissue homogenates.-
The tissues were dissected under aseptic
conditions and homogenized in Tyrode solu-
tion (10 ml/g wet weight tissue) with metallic
cobalt, cadmium and nickel (15 mg) in a
M.S.E. homogenizer fitted with a blending
assembly (Cat. No. 77313) and sterile univer-
sal containers (Cat. No. 69344; Measuring &
Scientific Equipment Ltd., London, S.W.1).
The homogenates were incubated at 370 C,
samples being removed at intervals and plated
on nutrient agar as a check of sterility. Any
preparations that showed bacterial contami-
nation were discarded. After incubation (see
" Results " section), the suspensions were
centrifuged (20 minutes, 12,000g) and the
supernatant fractions analysed for the appro-
priate cation. Part of each fraction was
dialysed exhaustively against 0-154 mol/l
NaCl for the determination of the distribution
of the cation between the diffusible and non-
diffusible molecules. This remainder was
dialysed against water (3 x 200 ml) and
the diffusates lyophilized. Approximately
50% of the soluble nitrogen of muscle homo-
genates was recovered in the diffusible com-
ponents.

Implantation of nickel-63 powder into rat
muscle.-Nickel-63 powder (5 ,uCi), suspended
in horse serum (1-0 ml), was injected into
each thigh muscle of six 2-3 month old female
rats of the hooded strain, as described by
Heath (1956). The animals were killed in
pairs at daily intervals after injection, and
muscle from the area of implantation dis-
sected out. The tissue samples were homo-
genized in water, the homogenates centrifuged
(10,000g, 20 minutes) and the supernatant
fractions dialysed against water, the diffusates
being lyophilized. For gel filtration, an
aqueous solution (1 ml, 4-2 x 105 counts/
minute) of one of the products was run on a
Sephadex G15 column with 25 mmol/l phos-
phate buffer, pH 7-2, as eluant. Portions
(0-2 ml) of each fraction (1-0 ml) from the
column were analysed for 63Ni2+.

Determination Of 63Ni2+.-This was car-
ried out as described by Webb and Weinzierl
(1972).

Biological effects of metal complexes.-
These were determined in cultures of embry-
onic rat myoblasts as described by Heath,
Webb and Caffrey (1969).

RESULTS

Solution of carcinogenic and non-carcino-
genic metals in horse serum

The carcinogenic metals nickel and
cadmium dissolved slowly in horse serum
at 370 but, in contrast to cobalt (Heath
et al., 1969), the solution of either was the
same aerobically and anaerobically (Fig.
1). The Ni2+ and Cd2+ concentrations in
nickel and cadmium sera were reduced by
50 % and 80 % respectively on dialysis
against two changes of 10 volumes of
0-154 mol/l NaCl. Under the same condi-
tions 700% of the Co2+ in cobalt serum
remained bound to the protein molecules.

Solubility in serum was not specific
for the carcinogenic metals. Thus, al-
though dissolution of iron in serum was
insignificant (only 0-05 ,ug ionsJml after
28 days), zinc dissolved to give an approxi-
mately 0-5 mmol/l solution after 28 days
under both aerobic and anaerobic condi-
tions, about 300% of the dissolved Zn2+
being removed by dialysis against 0-1.54
mol/l NaCl. The solubility of copper in
horse serum, like that of cobalt, was
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FiCe. 1. Solubility of cadmium ( ) and of nickel ( - ---) metal powders in horse serum
under aerobic (A, OI) and anaerobic (A, *) conditions, in comparison with that of metallic
cobalt ( ) aerobically (0). Experimental details are given in ' Materials and Methods ".
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triglycine. The powdered metals (50 mg) were incubated anerobically with a 20 mmol/l solution
of triglycine (50 ml), adjusted to pH 7-4 with NaOH for 121 and 60 hours respectively, and then
made aerobic.
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Pi(.. 3. Gel filtration on Sephadex G15 of the products formed (a) on solution of metallic cobalt in
0 I mol/l triglycine at pH 7 - 5 an(d (b) by the interaction of ionic Co2+ with triglycine at pH 10- 15.
The experimental details are given in the " Materials and Methods " section. Cobalt ( QO )
was determined by atomic absorption and " peptides " ( * ) by the ninhydrin method,
the results being expressed in arbitrary units (0% absorption and E626 nm, respectively). Inter-
ference by the cation with the ninhydrin reaction was responsible for the apparent low concen-
trations of " peptide " in the Co2+ peaks.

greatly increased in the presence of
oxygen. Under aerobic conditions the
metal dissolved with the formation of
green solution, the Cu2+ concentration of
which (4.2 mmol/l after 28 days) was
reduced by 255% oni dialysis against
0 154 mol/l NaCl.

The effect of oxygen on the solution of metallic
cobalt in serutrn and other corn plexing agents

As aids to the study of the compli-
cated cobalt serum system, a number of
simple models were used. In all of these,
dissolution of cobalt aerobically was
accompanied by the uptake of oxygen.
Fig. 2 provides an illustration of the effect
of oxygen on the solubility of metallic
cobalt in a neutral 20 mmol/l solution of
triglycine. In this experiment, the metal
was incubated anaerobically with the

-283

AN)



SUSAN M. WEINZIERL AND M. WEBt

peptide until equilibrium was reached
(120 hours; 2-35 ,ug ions Co2+/ml), and the
system then made aerobic. Immediately
solution of the metal recommenced, the
content of the dissolved cation being
increased by 224 % after a further 3 hours.
Under the same conditions metallic cad-
mium at first dissolved rapidly and then.
after 2-4 hours, more slowly in the trigly-
cine solution, its solubility being unaffected
by oxygen, whereas metallic nickel re-
mained insoluble.
When cobalt metal was incubated aero-

bically with a neutral solution of trigly-
cine under the conditions described in
the " Materials and Methods " section, the
cobalt dissolved rapidly to give a deep
pink solution within a few hours. Gel
filtration of the product on Sephadex G15
showed that cobalt was present in 3
fractions, and thus in at least 3 complexes
of different molecular weights (Fig. 3a).
One of these was identical with the cobalt
triglycine complex (Fig. 3b) formed by
the reaction of CoCl2 with the tripeptide
by the method of Gilbert, Otey and Price
(1951). The formation of 2 additional
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FiG. 4. Oxygen uptake on solution of cobalt

metal in solutions of glutathione. Finely
divided metallic cobalt (1-5 mg) was in-
cubated aseptically with (a) 2 - 27 mmol/l
(-0-) and (b) 0-227 mmol/l glutathione
(- -A---) in phosphate buffered saline (pH
7-7; 2-0ml) in Warburg flasks at 37°C.
Oxygen uptake was measured manometri-
cally against blanks of the appropriate
concentrations of glutathione alone. At
the end of the incubation period (90 hours)
the concentrations of dissolved Co2+ in (a)
and (b) were 40 0 and 2 - 4 ,ug/ml, respect-
ively.

TIME (hours) at 37°C

FiG. 5. Uptake of oxygen by suspensions of powdered metallic cobalt, nickel and cadmium in
phosphate buffered saline. The metals (1 5 or 15 0 mg) were incubated under aseptic conditions
in phosphate buffered saline (pH 7-4; 2-0 ml). Oxygen uptake was measured manometrically.
The metal powders that were used were cobalt, 1-5 mg (--0--) and 15-0 mg ( O-), and
nickel, 15-0 mg ( O-) both prepared by chemical reduction of the corresponding chlorides,
and commercial preparations of cobalt (1-5 mg, - -A--, and 15-0 mg -A-), nickel (15-0 mg,
* ) and cadmium (15-0mg --V--). At the end of the incubation period (93 or 113 hours)

the concentrations of dissolved cations in all systems were less than 1 /ug/ml.
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complexes on dissolution of metallic
cobalt in triglycine was unlikely to be due
to the difference in pH of the two systems,
since the reaction of ionic Co2+ with the
peptide required the more alkaline condi-
tions. Thus, some hydrolysis of the
peptide bond appeared to accompany the
solution of the metal. This was observed
also when metallic cobalt dissolved in
protein solutions. After incubation of
cobalt powder (15 mg) with a phosphate
(20 mmol/l, pH 7.2) buffered 6% (w/w)
solution of albumin for 28 days at 37TC,
for example, the content of diffusible
peptides was 7 % greater than in the con-
trol solution of albumin alone.

To determine whether sulphydryl com-
pounds were particularly susceptible to
catalytic oxidation by metallic cobalt,
solubility of the latter in a solution of
glutathione (2.27 mmol/l) was investigated.
After 95 hours, however, when the concen-
tration of dissolved Co2+ was 0-67 mmol/l
(Fig. 4), oxygen consumption (16 ,Ig
atoms/,umol glutathione) was in great
excess of that required for oxidation to
the disulphide. Furthermore, in a more
dilute solution of glutathione (0.227
mmol/l), the solubility of the metal was
decreased (to 0 04 mmol/l at 95 hours),
although the rate of oxygen consumption
was initially similar to that in the stronger
solution (Fig. 4), whilst the total oxygen
uptake (27.6 ,ug atoms oxygen), relative
to the concentration of either glutathione
or dissolved Co2+, was increased. Since
in these experiments the amount of
metallic cobalt was constant, it seemed
probable that the metal itself was conti-
nually absorbing oxygen.

Considerable oxygen absorption oc-
curred when different amounts of cobalt
powder were incubated in air in phosphate
buffered saline. The extent of absorption
was dependent on the quantity and
particle size of the metal (Fig. 5), being
greatest with the finely divided cobalt.
After incubation, the residual cobalt
powders appeared to have a slight green
surface tinge. Powdered metallic nickel
and cadmium showed negligible oxygen

21

absorption, although some uptake
occurred with finely divided nickel that
was prepared by reduction of the chloride
(Fig. 5). As observed previously (Heath
et al., 1969) metallic cobalt, cadmium and
nickel are essentially insoluble in phos-
phate buffered saline and, in the present
experiments, the concentrations of free
cations in solution were less than 1 /ug/ml.

Finely divided metallic cobalt,
obtained by chemical reduction of CoCl2
(see " Materials and Methods " section)
dissolved more rapidly in serum than did
the commercial preparations that were
used previously (Heath et al., 1969),
solution being accompanied by a high
rate of oxygen consumption (e.g. 38-2 ,ug
atoms oxygen/ml serum after 95 hours).
Although this appeared to be independent
of the concentration of Co2+ in solution
(i.e. 2-85 and 4-25 ,ag ions/ml) Fig. 6), the
slow, essentially insignificant oxygen con-
sumption by serum alone was increased to
6-4 ,Ig atom/ml by the addition of either
ionic Co2+ or the " cobalt-serum " com-
plex (Fig. 7). Thus, some catalytic oxida-
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FIG. 6.-Oxygen uptake on solution of cobalt
metal in horse serum. Finely divided
metallic cobalt (1 . 5 mg) prepared by reduc-
tion of CoCl2, was incubated at 370 C in
each of 2 Warburg flasks with sterile horse
serum (2 * 0 ml). Oxygen consumption was
measured manometrically over a period of
95 hours. After this time the concentration
of Co2+ in solution in flask 1 (-O-) was
171 ,ug/ml and in flask 2 (--A--) 255 ,tg/ml.
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FIG. 7.-Oxidation of serum produced by
either C02+ ions, or the cobalt-serum com-
plex. (a) Ionic C02+. Sterile solutions
(0.25 ml) of CoCl2 in 0-9% (w/v) NaCl
were added aseptically to horse serum
(2.0ml) in Warburg flasks to give final
C02+ concentrations of 45 -55g/ml (--A---)
and 89-0 pg/ml (-A-). The blank flask
contained 0 25 ml of saline and 2 0 ml of
serum. (b) Cobalt-serum. Volumes of 0- 5
ml (-0-) and 0.2 ml (O-) of a prepa-
ration of cobalt-serum (171 jug Co2+/ml)
were added aseptically to Warburg flasks
that contained 1- 5 ml and 1 8 ml of horse
serum, the final concentrations of bound
C02+ being 42-8 and 17.1 ,ug/ml respectively.
The blank flask contained 2.0 ml serum.
Oxygen uptake was followed manometri-
cally for 106 hours at 370C.

tion of the organic components of the
serum by the dissolved cation was prob-
able although, as in the more simple
systems, the main uptake of oxygen
occurred through adsorption of oxygen
by the metal powder, or by oxide on its
surface.

Solubility of cobalt, nickel and cadmium in
tissue homogenates

Implants of radioactive nickel powder
dissolved rapidly in rat skeletal muscle
in vivo. Twenty-four hours after implant-
ation, the muscle appeared macroscopi-

cally normal and nickel powder was still
present at the injection site. After 3 days,
however, the metal had disappeared and
the muscle was haemorrhagic. In homo-
genates of muscle that were prepared at
1, 2 and 3 days after implantation of the
radioactive nickel, about 80 % of the
dissolved 63Ni2+ was found to be distri-
buted among the small diffusible tissue
components. When nickel metal was
incubated with a sterile homogenate of
rat muscle in Tyrode solution (1 g tissue/lo
ml Tyrode), a concentration of about
1-4 mmol/l Ni2+ was obtained in the
soluble fraction after 3 weeks. On dialysis
of this fraction against 15 volumes of
water, over 90 % of the nickel was recov-
ered in the diffuse. Gatel filtration of a
sample of these small diffusible molecules
from both the in vivo and in vitro experi-
ments gave a similar pattern of nickel
distribution (Fig. 8). Cobalt dissolved
readily in a rat muscle homogenate (over
5 ,ug ions/ml in 2 weeks), its solubility in
this system being greater than in horse
serum. Other metals (copper, cadmium
and zinc) also dissolved under these
conditions, the solubility of cadmium
being about 0-6 mmol/l in 2 weeks. As
with cobalt, over 90 % of the dissolved
cations were bound to the small diffusible
molecules.
The 3 carcinogenic metals also dissolved

in homogenates of other tissues (Table I).
Cobalt and nickel both dissolved to the
same extent in homogenates of rat liver,
heart and kidney. Cadmium, however,
dissolved only slowly in suspensions of rat
heart and kidney, but very rapidly in
homogenates of the liver. In all prepara-
tions, about 95 % of the dissolved metal
was bound by the small diffusible mole-
cules.

Exchange reactions
When dialysed cobalt serum (12 ml;

2 ,tg ions Co2+/ml) was added to a solution
of penicillamine (2 mg/ml) in 50 mmol/l
tris buffer, pH 7-2, there was an immediate
exchange of Co2+, as shown by an instant-
aneous colour change to yellow. On

286



INTERACTION OF CARCINOGENIC METALS

20

0
x

E
C

.E

0
-

~o

15
c
0-

0-o
0

1:L+

10

5

IL
0 1 90 IOU 110 120 130 140 150

FRACTION NO.
FIG. 8. Gel filtration on Sephadex G15 of the diffusible products from the dissolution of metallic

nickel-63 in rat muscle in vivo (-- --) and of metallic nickel in a muscle homogenate in vitro
(O-). For experimental details see " Materials and Methods ". The samples applied to the
column contained 4-2 x 105 counts/minute 63Ni2+ and 175-5 ,ug Ni2+ iespectively.

subsequent dialysis, about 60 % of the
cobalt was recovered bound to the diffu-
sible penicillamine molecules. Addition
of dialysed cobalt serum (6 ml, 2 ,ag ions
Co2+/ml) to a solution of the diffusible
components of a rat muscle autolysate
(8 ml, 1 mg N/ml) also resulted in the
redistribution of the cation, 60 % of which
became bound to the small molecules.
These values were not altered significantly
after incubation of the mixtures, sterilized
by filtration through a Millipore (0.45 ,um

pore size) membrane, for up to 18 days.
In the reverse experiment, 85-90 % of the
cobalt remained bound to the small
molecules of rat muscle diffusate (6 ml,
4-8 ,ug ions Co2+/ml) when the latter was
mixed with dialysed serum (6 ml, 10 mg
N/ml).

Distribution of cobalt and nickel among the
diffu,sible components of rat mu,scle homo-
genate

At least 8 ninhydrin-positive spots, of

-4 . . I I I I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE I.-Solution of Metallic Cobalt, Cadmium and Nickel in Homogenates
of Rat Tissue

Homogenates of the different tissues were prepared in Tyrode solution (1 g wet weight tissue/10 ml)
and incubated with each of the 3 metals as outlined in " Materials and Methods ". After incubation at
370 C for 18 days*, the suspensions were centrifuged (20 minutes, 12 000g) and the supernatant fractions
analysed for the appropriate cation. Portions of each were dialysed exhaustively against 0- 154 mol/l
NaCl and the non-diffusible fractions also analysed. The percent diffusible cation was calculated from
these results, after correction for any volume change during dialysis.

Soluble fraction from homogenate of

Muscle

Cation Diffusible
concentra- cation

tion
(mmol/l) (%)
5-06 90
0o53 90
1*45 98

Liver

Cation Diffusible
concentra- cation

tion
(mmol/l) (%)
2- 26 98
4- 39 98
2-52 98

Heart

Cation Diffusible
concentra- cation

tion
(mmol/l) (%)
2-24 96
0-25 91
2-18 97

Kidney

Cation Diffusible
concentra- cation

tion
(mmol/l) (%)
2-17 98
0-33 97
1-93 99

* Homogenates of muscle were incubated with metallic cobalt for 14 days, and with the metals, nickel
and cadmium, for 21 days.

RF values from 0O075 to 0O6, were detected
in normal muscle diffusate, cobalt-muscle
diffusate and nickel-muscle diffusate, by
paper chromatography for 16 hours with
propan-l-ol-H 20 as solvent. Certain of
these were resolved into 2 or 3 components
by two-dimensional chromatography with
2 methyl-butan-2-ol as the second solvent.
As, in both the nickel- and cobalt-muscle
diffusates, the cations were associated
with all ninhydrin-positive components,
identification of the individual amino
acids (and peptides) was not attempted.
In each chromatogram, however, a parti-
cularly high concentration of the cation
was bound by a single component,
characterized as histidine. Significant
amounts of both metals also remained at
the origin and occurred at RF 0*4 (in
propan-l-ol-H 20). Neither of these areas
contained amino acids, but both had
absorbance in the u.v. region (Amax 244
and 265 nm, and 268 nm, respectively)
and probably contained mixtures of nucleo-
tides, and nucleosides or free bases.

Although the muscle diffusate con-
tained large amounts of lactate (4-5 mg/g
wet weight original tissue), this seemed of
minor importance in relation to the
dissolution of the carcinogens. Metallic
cobalt, for example, dissolved when incu-
bated with sterile 0 33 mol/l sodium lac-

tate in Tyrode solution (5.2 ,tg ions
Co2+/ml after 14 days), but metallic
nickel remained insoluble.

Effects of metal complexes in cultures of rat
myoblasts

In actively growing cultures of rat
myoblasts " nickel serum " and " nickel-
muscle-diffusate ", at concentrations to
give 10 ,tg Ni2+/ml, and " cobalt-muscle-
diffusate " (_ 3.3-50 ,ug Co2+/ml medium)
produced cytological changes similar to
those produced by cobalt-serum (Heath
et al., 1969), the alterations in nuclear
morphology being particularly conspicu-
ous after 12-14 days. The biological
effects of the corresponding complexes of
cadmium have not been determined.

DISCUSSION

In previous work (Heath et al., 1969)
it was found that the carcinogenic metal,
cobalt, dissolves when incubated asepti-
cally with horse serum to yield a solution
in which the Co2+ cation is complexed
with both proteins and small molecular
weight components. In contrast to the
free Co2+ cation, this cobalt-serum is not
only less toxic for myoblasts in vitro, but
also produces in these cells cytological
changes similar to those seen in the

Cobalt
Cadmium
Nickel
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neighbourhood of metal implants in vivo.
The present results show that in addi-

tion to cobalt, various metals, including
the carcinogens, nickel and cadmium,
also dissolve in horse serum. With the
exception of copper, dissolution of these
metals, unlike that of cobalt, is unaffected
by the absence of oxygen.

In aqueous media it is probable that
particles of finely divided metals are

covered with surface films of oxides,
hydroxides and/or basic carbonates and
sulphates. Initially, therefore, the solu-
bility of a metal in serum or other com-
plexing agent could depend amongst other
factors on the solubility products of its
surface components. The rate of solution
of cadmium in triglycine (Fig. 2) shows an

abrupt discontinuity after about 4 hours,
which may indicate the removal of a

more soluble surface film. If solution of
metals in biological fluids occurs via the
intermediary formation of hydrated oxides
for example, the concentrations of Co2+,
Ni2+ and Fe3+ in equilibrium with the
corresponding metals at pH 7 0 would be
1-6 x 10-4 mol/l, 8 9 x 10-5 mol/l and
3-8 x 10-17 mol/l, since the solubility
products of Co(OH) 2, Ni(OH) 2 and
Fe(OH)3 are 1 6 x 10-18, 8.9 x 10-19
mol/l and 3-8 x 10-38 mol/l, respectively.
Addition of an agent (e.g. protein) which
chelates the free cation, disturbs the
equilibria and the surface hydroxides
dissolve. On the assumption that the
velocity constants (KF) for the forward
reaction

KF
Mn+ + protein- Mn+ protein + nOH-
(or nH 20, if chelation involves the
elimination of H+)
do not vary by more than a few orders of
magnitude, then the rate of solution (i.e.
KF [Mn+] [protein]) would be much greater
for either Co2+ or Ni2+ than for Fe3+ and
thus, as observed experimentally, metallic
cobalt and nickel would dissolve in serum
at an appreciable rate, whereas iron would
not.

Solution of soluble metals would be
increased under conditions that, once the

surface film had been removed, the
under-lying metal was re-oxidized. The
increased solubility of both cobalt and
copper in serum under aerobic conditions
could be due to re-oxidation of the metal
surface, which would depend upon its
physical and chemical properties. In
this connection, it may be significant that
the solubility in serum of finely divided
metallic nickel, produced by the chemical
reduction of NiCl2, is increased in the
presence of oxygen, whereas that of the
coarser, commercial preparation is not.
Such reasoning, however, is inadequate to
explain all the experimental facts and in
particular fails to account for the insolu-
bility of nickel in a neutral solution of
triglycine, in which cobalt and cadmium
dissolve readily. At present, therefore,
there is no satisfactory explanation for
the mechanisms of solution of metals in
biological fluids such as serum. Undoubt-
edly, the process is complex and may
involve a number of contributory reactions.
Perlstein, Alassi and Cheng (1971), for
example, have observed that preparations
of Raney nickel (including those made by
reduction of (CH3CO0)2Ni with NaBH4),
under defined conditions, cause desul-
phurization of both free and protein-
bound cysteine to alanine. A similar
reaction may occur at least with cobalt
powder, since Heath et al. (1969) observed
that granules of the metal, which remained
undissolved after incubation with horse
serum, evolved H 2S on treatment with
dilute HCI.

Although metallic cobalt powder does
not dissolve when incubated in phosphate
buffered saline in the absence of a chelat-
ing agent, it takes up a large amount of
oxygen and, after completion of the
reaction, often appears to have a brown
or green tinge on its surface. Cobalt
oxides are known to adsorb oxygen super-
ficially to a composition of Co304 and
beyond, whilst Co(OH)2 can form CoO.OH.
Solution of either of these in serum would
give rise to complexes of trivalent cobalt.
In addition, it is also possible that Co2+
complexes in solution may be oxidized to
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form peroxo-bridged compounds or, more
probably the stable Co3+ complexes. Such
reactions would contribute both to the
oxygen uptake that is observed when the
metal dissolves aerobically in serum and
also to the increased solubility of cobalt in
the presence of air. One of the features
of the chemistry of cobalt is the very
ready formation of Co3+ complexes in
the presence of chelating agents and
molecular oxygen. These complexes, which
are considerably more stable than are
those of Co2+, can be formed from the
latter in 2 ways:

(1) CoL2+ + 4°2 +2H2O
CoL3+ + OH-

(2) CoL6+ + 2 + H+
CoL3+ .02H

Several examples of the second reaction
which results in the production of free
radicals, are known, and these always
involve the oxidation with molecular
oxygen of a metal variable valency
(Harris, Herp and Pigman, 1971). Forma-
tion of free radicals in this way is known
to cause cleavage of polysaccharides
(Harris et al., 1971) and it is possible that
in the cobalt-serum system a similar
process is responsible for the hydrolysis
of peptide bonds, as has been observed in
solutions of proteins (e.g. albumin) and a
simple peptide (e.g. triglycine, Fig. 3).

Although the mechanisms of solution
of the metals in tissue homogenates may
be basically similar to those involved in
the serum systems, the processes may be
modified by the fact that, at least in freshly
prepared homogenates, biological oxida-
tions and reductions occur and there is a
continual turnover of electron acceptors.
Usually, cobalt is more soluble than nickel
or cadmium, but there is some tissue
specificity since, in homogenates of liver,
cadmium is the most soluble of the 3
metals.

In homogenates of muscle, as in those
of other tissues, dissolved cobalt, cadmium
and nickel ions are bound by the small
diffusible molecules, rather than by the
protein components. The same seems

to be true when the metals dissolve in vivo,
since the products of the solution of
nickel-63 in the thigh muscle of the living
animal are similar to those obtained when
the metal is incubated with an homogenate
of the tissue in vitro. The metal ions are
not bound by a single specific component,
but are distributed among a number of
compounds. This distribution appears
to be comparable at least for nickel and
cobalt. These observations, coupled with
the results of the exchange reactions,
which show that the small molecular
components of a sterile autolysate have a
greater affinity for dissolved metals than
serum proteins, suggest that when the
metal ions are incorporated into cells in
vivo, these diffusible complexes are the
normal carriers of the cations. In both
serum and muscle homogenates, solubility
is not confined specifically to the carcino-
genic metals, as other, non-carcinogenic
metals also dissolve. The specificity of
the former metals, therefore, would appear
to reside in the subsequent effects of the
dissolved cations, once these are incor-
porated intracellularly.

This work was supported by the
Medical Research Council. The authors
thank Mr G. Payton for his assistance and
cooperation in the experiments that
involved the implantation of metallic
nickel into live rats.
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