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Ni3S2dust was omitted. After 24 months, the incid'@nce of
sarcomas at the injection site was 63% in the group that
received the combination of Ni3S2and manganese dusts,
compared with incidences of 96 to 100% in the groups that
received Ni3S2alone or in combination with aluminum, cop
per, or chromium dusts (p < 0.001). No sarcomas occurred
atthe injectionsiteincontrolgroupsthatdid not receive
Ni3S2.The remarkable finding that admixture of manganese
dust with Ni3S2depresses the carcinogenicity of Ni3S2after
i.m. administration to Fischer matshas been confirmed and
extended in this investigation.

MATERIALS AND METHODS

Carcinogenesis Study. The experimental animals were
480 male albino Fischer 344 rats (Charles River Breeding
Laboratories, Inc., North Wilmington, Mass.). The rats were
housed,fed,treated,weighed,and examined as described
in a previous study (30). The rats were approximately 2
months old at the time that metal dusts were administered
by i.m.injection.The matswere randomlydividedinto4
groups and 25 subgroups as specified in Table 1. Rats in
Group A were givena singlei.m.injectionofNi3S2dustat1
of 4 dosages (A-i to A-4). Rats in Group B were given a
single i.m. injection of 1 of 6 combinations of Ni352 and
manganese dusts (B-i to B-6). Rats in Group C were given a
single i.m. injection of 1 of 6 combinations of Ni3S2and
chromium dusts(C-itoC-6).ControlmatsinGroup D were
given a single i.m. injection of the vehicle (D-i), or of man
ganese dust at 1 of 4 dosages (D-2 to D-5) or of chromium
dust at 1 of 4 dosages (D-6 to D-9). The injection vehicle was
0.5 ml of penicillin G procaine, 3 x 10@units/mI (Wyeth
Laboratories, Inc. , Philadelphia, Pa.). The Ni3S2dust was
provided by Dr. L. Renzoni (International Nickel Company,
Ltd., Toronto, Canada), and the chromium and manganese
dusts were provided by Dr. L. J. Cralley (National Institute
for Occupational Safety and Health, Cincinnati, Ohio). Ele
mental analyses of the Ni3S2, chromium and manganese
dusts by emission spectmoscopy, and measurements of par
tide size distributions of the dust by electron microscopy
were performed by the Physical and Chemical Analysis
Branch, National Institute for Occupational Safety and
Health (see Table 1). The Ni3S2dust did not contain detecta
ble amounts of NiO or of other nickel sulfides, based upon
X-ray diffraction analyses performed by G. Shoemaker (In
stitute for Material Sciences, University of Connecticut,
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SUMMARY

Nickel subsulfide, Ni3S2, alone or combined with man
ganese on chromium dusts, was administered i.m. to
Fischer matsto study the effects of the metals upon Ni3S2
induction of sarcomas at the injection site. The incidence of
sarcomas within 2 years after injection of Ni3S2(1.2 mg) plus
manganese (1.0 mg) was 7%, versus 77% in matsthat me
ceived only Ni3S2(1.2 mg), and 80% in matsthat received
Ni3S2(1.2 mg) plus chromium (1.0 mg) (p < 0.005). No local
sarcomas occurred in matsthat received the injection vehi
cle, on in matsthat received manganese or chromium with
out Ni3S2.Admixture of manganese diminished the solubil
ity of 63Ni3S2 in rat serum, serum ultmafiltmate, or water, in

vitro. Admixture of manganese with 63Ni3S2did not affect the
mobilization or excretion of 63Niin vivo, nor did it alter the
acute pathological reactions to Ni3S2.6@Niconcentrations in
ultmafibtrates of supemnatant fractions of homogenates of
injection sites averaged 2.8 (5. D. Â±0.7)ng/mI at 5 to 6
months after injection of 63Ni3S2(1.2 mg) plus manganese
(1.0 mg), versus 5.4 Â±2.0 ng/ml after injection of only
63NiS (1 .2 mg) (p < 0.02). This study demonstrates that
admixture of manganese dust and Ni3S2inhibits Ni3S2tumor
igenesis in rats, and reveals that manganese dust affects
the subcellular distribution of 63Niderived from 63Ni3S2,with
out influencing 63Nikinetics as estimated by compartmental
analysis.

INTRODUCTION

The cancinogenicity of nickel compounds in man and
experimental animals has been reviewed in recent articles
(14, 17, 28, 29). In a previous study (30), Fischer rats in 5
experimental groups were given a single i.m. injection of a
penicillin suspension containing nickel subsulfide , Ni3S2,
alone on in combination with equimolar amounts of alumi
num, copper, chromium, on manganese dusts. Rats in 5
control groups were treated identically, except that the
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Survival data and sarcoma incidences

Fischer rats were given a single i.m. injection of 0.5 ml of
containing metal dusts in the specified dosages and combinations.penicillin

suspension,Dosages

of metal dustsNo. of ratswith(mg)
No. of2-yrsur

Groups and vivors/total
subgroups Ni3S,,Â° Mnb Cr@ no. of ratssarcomas

at in
jection site/total

no. ofratsGroup

AA-i
0.68/307/30A-2
1.25/3023/30A-3
2.51/3028/30A-4
5.00/3029/30Group

BB-i
0.6 0.56/150/15â€•B-2
0.6 1.010/150/15dB-3
0.6 2.05/152/15â€•B-4
1.2 0.56/153/i5@B-S
1.2 1.06/15i/iSpB-6
2.5 0.53/i58/15'Group

CC-i
0.6 0.52/154/15C-2
0.6 1.0i/iS8/15C-3
0.6 2.01/158/15C-4
1.2 0.5i/iS8/iSC-S
1.2 1.00/15i2/15C-6
2.5 0.50/1514/15Group

DD-1
22/600/60D-2

0.56/150/15D-3
1.02/150/15D-4
2.08/iS0/15D-S
4.010/150/150-6

0.56/150/iSD-7
1.03/150/15D-8
2.03/150/15D-9
4.0 li/iS0/iS

Manganese !nhibition of Nicke! Carcino genesis

Table 1

a Ni3S2 dust, median particle diameter 1.4 jim; nickel, 72%; sulfur, 28%; aluminum,

cobalt, copper, chromium and manganese, <0.01% by weight.
b Manganese dust, median particle diameter 1 .6 @m; manganese 94%; O@, 6%; alumi

num, cobalt, copper, and nickel, <0.02%; chromium, 0.1% by weight.
CChromium dust, median particle diameter 1.4 jim; chromium, 76%;O@,24%; alumi

num, copper, cobalt, and nickel, <0.06%; manganese, 0.2% by weight.
d p < 0.05 for combined Subgroups B-i , B-2, and 6-3 versus Subgroup A-i (x2 test).

,. p < 0.001 versus Subgroup A-2 (x' test).

â€˜p j:;: 0.01 versus Subgroup A-3 (x' test).

Storms,Conn.). Aliquots of each suspension of metal dust in
penicillin were analyzed in the authors' laboratory by atomic
absorption spectrometry for verification of their metal con
tents. The injection of a suspension of metal dust in pen icil
binwas made deep into the musculature at the midlength of
the thigh of the night hind leg . No acute morbidity or mortal
ity occurred in any of the mats. Rats that survived 24 months

after the injection were killed at 26 months of age. All of the
matswere autopsied and their tissues were examined by
light microscopy. Classification of sarcomas was based
upon the histological criteria of Stout and Lattes (26). Sta
tistical comparisons of tumor incidences and survival datawereperformedbythex2testwithYates'correction(1),and
by the actuarial nonpamametmic log-rank test of Peto and
Peto(22).

Preparation of 63Ni3S2.Based upon the results of a pilot
study performed by Dr. C. Cupp (International Nickel Com

pany, Inc. , Suffemn, N. Y.), 63Ni3S2was prepared as follows
by G. G. Rocco (New England Nuclear Corp. , Billemica,
Mass.). Radioactive 63NiCI2,10 g , and sodium acetate, 30 g,
were dissolved in 300 ml of distilled water. Hydrogen sulfide
was slowly bubbled into the nickel solution for 90 mm at 25Â°.
The solutionwas heatedat80Â°for30 mm. The precipitated
63Ni5was collected by filtration through a micropone filter (8

@mmedian pore size), and was washed with 1 liter of hot
(80C) and 1 liter of cold (25C) HCI, (0.1 mole/liter). The
precipitated63NiSwas resuspendedin300 ml of HCI (0.1
mole/liter) and heated at 80Â°for 30 mm, and then was
rewashed with 1 liter of hot and 1 liter of cold HCI (0.1 mole/
liter), and with 1 liter of hot and 1 liter of cold water. The
precipitated 63NiS was transferred to a watch glass and
driedinan oven at120Â°for2 hr.Afterthe @NiSwas ground
with a mortar and pestle, it was placed in an aluminum boat
and heatedat750Â°ina vacuum furnacefor35 mm. The
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cake of 63Ni3S2was cooled in a vacuum desiccator and
ground with a mortar and pestle. The specific activity of the
product (i g) was 50 mCi/g, and the median particle diame
ten was 1.6 pm, based upon measurements by phase-con
tnast microscopy. The 63Ni3S2contained 26% sulfur (by
weight). The 63Ni3S2did not contain detectable amounts of
NiO on of other nickel sulfides, based upon examination by
X-ray diffraction. This preparation of 63Ni3S2was used for in
vivo studies of the effect of manganese upon 63Ni3S2metab
olism. Eighteen months later, the preparation was neexam
med by X-ray diffraction and was found to contain approxi
mately 20% NiO (by weight). The following procedure was
performedintheauthors'laboratorytoeliminatetheNiO.
Two hundred mg of the preparation were mixed with 50 mg
of nesubbimed sulfur and heated in a porcelain crucible at
i2OC under a N2 atmosphere until the sulfur melted. The
mixture was then heated at approximately 750Cfor 24 hr.
Nonmadioactive Ni3S2 (0.8 g) was added and the molten
mixture was heated for 30 mm. The resulting preparation of
63Ni3S2was cooled in a N2atmosphere and was ground with
a mortar and pestle. The specific activity of the 63Ni3S2was 7
mCi/g. The 63Ni3S2did not contain detectable amounts of
NiO on of other nickel sulfides, based upon examination by
X-ray diffraction. This preparation of 63Ni3S2was used for in
vitro studies of 63Ni3S2solubility.

In Vitro Solubility Studies. Blood samples were collected
aseptically from iO male Fischer rats by means of cardiac
puncture, to prepare a pooled specimen (20 ml) of rat se
mum. An aliquot (10 ml) of the pooled serum was ultmafil
tened, as previously described (2), by use of an ultrafiltration
apparatus with CF-50A membrane (Amicon Corporation,
Lexington, Mass.). Duplicate sets of tubes were prepared
thatcontained4 mlof(a)sterilematserum,(b)sterileultrafil
tnate of nat serum, on (c) boiled, distilled, deminemalized
water. Into i tube in each set was weighed 20 mg of 63Ni3S2
dust, and into the 2nd tube in each set was weighed 20 mg
of 63Ni3S2dust plus 18 mg of manganese dust. The tubes
weretightlycappedandplacedinashakingincubatorat37Â°
for 4 days. On each day, the tubes were centrifuged at 1,200
x g for 20 mm to sediment undissolved metallic particles.
Aliquots (25 @l)of the supemnatant fluids were removed
aseptically and transferred to vials for liquid scintillation
counting. The tubes were shaken vigorously to mesuspend
the metallic particles and then were replaced in the incuba
tom.Liquid scintillation spectmometry of 63Niwas performed
as previously described (6). This experiment was repeated 6
times with modifications and variations, including (a)
amounts of 63Ni3S2ranging from 4 to 30 mg/4 ml, with
proportionate variations in the amounts of manganese dust;
(b)periodsof samplingupto 14days;and(c)substitutionof
chromium dust for manganese dust.

Kinetics of 63N13S2Metabolism. Kinetic studies were per
formed in a group of 4 male Fischer mats(age 2 months at
time of injection), that were given a single i.m. injection of
63Ni3S2dust (i .2 mg) suspended in 0.5 ml of penicillin G
procaine, and in a similar group of 4 matsthat were given a
single i.m. injection of 63Ni3S2dust (i .2 mg) in combination
with manganese dust (1.0 mg). The matswere housed in
metabolism cages. Weekly collections of urine and feces
were obtained during 8 consecutive weeks after the injec

tion,and againat14,20,and 31 weeks.Two ratsineach
group were killedat22 weeks and theremaining2 matsin
each group were killed at 31 weeks after the injection. The
amounts of 63Nithat were excreted in urine and feces, and
the amounts of 63Nithat remained at the injection site and in
the lungs, liver, spleen, and kidneys, were measured by
liquid scintillation counting, as previously described (19,
20). The amount of 63Nimeasured in weekly collections of
excneta (urine and feces) could be described in each matby a
mathematical expression of the following type:

R]@_1= y' eÂ°â€•+ y2 eÂ°@'(1 < t < 31 weeks)

in which t is time (weeks) and RJ@_1represents the amount of
63Ni(dpm) excretedduring any i-week interval;a1,a2,y1,y2
are constants that were evaluated by a computerized curve
fitting procedure adapted from that of Hooke and Jeeves
(1i ). Mathematical expressions describing the cumulative
excretion of 63Nias a function of time were derived from the
equation, and were used to evaluate the total excretion of
63Niat any particular time. The injected dose of 63Ni3S,for
each rat was estimated a posteriori by adding the amount of
63Ni remaining in the tissues of the animal at the time of
death to the cumulative excretion of 63Niin urine and feces.
Student's t test (1) was used for statistical comparisons of
the excretions, concentrations, and pool sizes of
63Niinthe 2 groups of mats.

Fractlonations of 63Nlat the Injection Site. Studies of the
localization of 63Niat the injection site were performed in a
group of i2 male Fischer rats (age 2 months at the time of
injection) that were given single i.m. injections in the thigh
of the right hind leg of 63Ni3S2dust (1.2 mg) suspended in 0.5
ml of penicillin G procaine, and in a similar group of 12 mats
that were given single i.m. injections of63Ni3S2dust (1.2 mg)
in combination with manganese dust (1.0 mg). At 20 to 22
weeks after the injection, the mats in both groups were
anesthetized with diethyl ether and exsanguinated by de
capitation. Skin was removed from the might hind leg, and
the thigh musculature at the site of injection was dissected.
Each injection site was identified and completely excised en
bloc, including muscles, and fibrous and connective tissue.
Samples of tissues (5.5 to 6.5 g) from 6 matsin each group
were analyzed individually for their contents of 63Ni. The
tissue samples were digested with nitric, sulfuric, and per
chbonicacids, and 63Niwas chelated with ammonium pymmoli
donedithiocambamate and extracted into 6 ml of MIBK,5 as
previously described (27). The MIBK extracts were placed in
scintillation counting vials, and the MIBK was evaporated
overnight in a water bath at 37Â°under a stream of nitrogen.
The residues were decolomized with 2 drops of hydrogen
peroxide (30% aqueous solution) and 2 drops of acetone,
and evaporation was continued to dryness. Liquid scintilla
tion counting of 63Niwas performed as previously described
(6).

The tissue samples containing the injection sites from the
remaining 6 matsin each group were minced with a scalpel
and homogenized individually in 10 ml of distilled water,
with a motor-driven glass homogenizer (Duall Model,

S The abbreviation used is: MIBK, methyl isobutyl ketone.
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Kontes Biochemical Products, Vineland, N. J.) immersed in
an ice bath. The homogenates were diluted to 25 ml with
distilled water. Duplicate aliquots (4.5 ml) of each homoge
nate were centrifuged at 100,000 x g for 1 hr at 4Â°,with a
preparative ultmacentmifuge (Spinco Division, Beckman In
struments, Inc. , Palo Alto, Calif.) with swinging bucket rotor
No. SW 50.1 . The supemnatants (which comprised approxi
mately 88% of the volume of the centrifuged homogenate)
were decanted from the centrifuge tubes. The pellets that
contained undissolved metallic particles and cellular frag
ments were discarded. Abiquots (2 ml) of the supemnatants
were subjectedtoultrafiltrationas previouslydescribed(6)
by use of an ultrafiltration apparatus with CF-50A mem
bnane (Amicon Corporation, Lexington, Mass.). Radioactiv
ity of 63Ni in the tissue homogenates, supemnatants, and

ultmafiltmateswas measured by means of liquid scintillation
counting, as previously described (6). Measurements of the
concentrations of proteins and total solids of the homoge
nates,supennatants,and ultmafiltmateswere performed,as
previously described (21, 25), to monitor the constancy of
the homogenization and ultracentnifugation steps and to
detect leakage of proteins through the ultrafiltration mem
branes.

Serial Sacrifice Study. Histological examinations of the
site of injection were performed upon 87 male Fischer mats
(age 2 months at time of injection) that were randomly
divided into 4 experimental groups. Twenty-four mats in
Group W were given bilateral injections of Ni:)S) dust (1.2
mg) suspended in 0.5 ml of penicillin G procaine deep into
the thigh musculature of both hind begs.Twenty-four rats in
Group X received similar bilatemial injections of manganese
dust (i .0 mg). Twenty-four rats in Group Y received similar
bilateral injections of Ni3S2(1.2 mg) plus manganese dust
(1.0 mg). Fifteen matsin Group Z (controls) received bilateral
injections of 0.5 ml of the penicillin vehicle. Ten or 11 rats (3
matsin Groups W, X, and Y, and 1 or 2 matsin Group Z) were
killed at each of the following intervals after the injection: 1
day, 2 days, 1 week, 2 weeks, 4 weeks, 6 weeks, 8 weeks,
and 10 weeks. The injection site in the mightthigh was cut in
half, and 1 portion was fixed in formalin for histological
examination by light microscopy. The 2nd portion was
diced in cacodylate-buffemed p-formaldehyde at 0 to 4Â°,and
postfixed in s-coblidine-buffered 2% Os04. Tissues from 1 to
2 ratsin each group at each intervalafterinjectionwere
embedded, sectioned, and stained for electron microscopy
as described previously (8). The grids were examined by use
of a Philips-300 electron microscope at 60 kV. The injection
site in the left thigh was excised en bloc and frozen at â€”20Â°.
The frozen samples of the injection sites that were collected
at intervals of 1, 6, 8, and 10 weeks after the injection were
subjected to acid digestion and were analyzed for nickel
content by atomic absorption spectmometmyas previously
described (27), and for manganese content by the atomic
absorption technique of Mahoney et al. (15).

RESULTS

Carcinogenesis Study. As indicated in Table 1, no sarco
mas occurred at the injection site in any of the 180 control
mats(Group D, Subgroups D-1 to D-9). Dose-response mela

tionships for the cumulative incidences of sarcomas at the
injection site and for cumulative mortality curves are shown
in Chart 1 for matsin Group A, which received Ni3S2alone,
and for control rats in Subgroup D-i (vehicle controls).

ln'Chart 2 are shown the cumulative incidences of sarco
mas at the injection site and the cumulative mortality curves
for Subgroups A-3, B-6, and C-6, which received 2.5 mg of
Ni3S2dust either singly (A-3), on in combination with 0.5 mg
of manganese dust (B-6) or chromium dust (C-6). In confim
mation of the findings of the previous study, addition of
manganese dust to Ni3S2dust reduced the incidence of
sarcomas at the injection site from 93% (Subgroup A-3,
Ni3S2alone) to 53% (Subgroup B-6, Ni3S, and manganese; p
< 0.01 by the log-rank test). Addition of chromium dust to

Ni3S2had no effect upon the observed incidence of sarco
mas at the injection site (93% in Subgroup C-6, Ni3S2plus
chromium).

In Chart 3 are shown the cumulative incidences of sanco
mas at the injection site and the cumulative mortality curves
in Subgroups A-2, B-5, and C-5, which received 1.2 mg of
Ni:152dust either singly (A-2) or in combination with 1.0 mg
of manganese dust (B-5) or chromium dust (C-5). Combined
administration of Ni3S2and manganese dusts in Subgroup
B-S resulted in a sarcoma incidence of only 7% versus
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Chart 1. Dose-response relationships for cumulative incidences of sarco
mas at the injection site and cumulative mortality data in 4 subgroups (A-i to
A-4) of 30 Fischer rats that received i.m. injections of Ni3S2at 4 dosages, and
in a control subgroup (D-i) of6O Fischer rats that received i.m. injections of
the vehicle (penicillin suspension). Subgroup A-i = 0.6 mg Ni352 (C);
Subgroup A-2 = 1.2 mg Ni3S2 (0); Subgroup A-3 = 2.5 mg Ni3S2 (â€¢);
Subgroup A-4 = 5.0 mg Ni3S@(0); Subgroup D-i = vehicle controls (x). No
sarcomas occurred at the injection site in Subgroup D-1.
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brosancomas, and i liposamcoma. Themewere no significant
differences between the proportions of sarcomas at the
injection site that developed distant metastases in Groups
A, B, and C, based upon the x2 test. Metastases to lungs,
mediastinal lymph nodes, diaphragm, liven, spleen, or metro
penitoneal lymph nodes were found in 60% of the sarcoma
beamingrats.

Primary malignant tumors that were found at locations
other than the injection site were as follows: Group A (Ni3S,
alone), i squamous cell carcinoma of mouth (Subgroup A-
1), and i leukemia (Subgroup A-2); Group B (Ni35, plus
manganese); 4 lymphomas (2 in Subgroup B-4 and 1 each in
Subgroups B-3 and B-6); Group C (Ni3S2plus chromium), 1
pulmonary carcinoma (Subgroup C-3); Group D (controls),
1 myxoid sarcoma of stomach (Subgroup D-i ), 1 osteogenic
sarcoma (not at injection site, Subgroup D-8), 3 lymphomas
(2 in Subgroup D-i, and 1 in Subgroup D-9), and 3 leuke
mias (1 each in Subgroups D-i , D-3, and D-6). When these
data were subjected to actuarial analysis by the log-rank
test, no significant differences were found among the mci
dences of primary tumors that developed distant from the
injection site in any of the groups on subgroups.

In Vitro Solubility Studies. In Chart 4 are shown the
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INTERVAL AFTER INJECTION (MONTHS)

Chart 3. Cumulative incidences of sarcomas at the injection site and
cumulative mortality data for 30 rats in Subgroup A-2 that received i.m.
injections of 1.2 mg of Ni3S2(0); for 15 rats in Subgroup B-5 that received
i.m. injections of 1.2 mg of Ni3S2plus 1.0 mg of manganese (tx); and for 15
rats in Subgroup C-5 that received i.m. injections of 1.2 mg of Ni3S2plus 1.0
mg of chromium (A). The cumulative sarcoma incidence in Subgroup B-S
was significantly less than in Subgroup A-2 (p < 0.005, log-rank test), and the
cumulative mortality in Subgroup B-Swas significantly less than in Subgroup
A-2 (p < 0.05, log-rank test).
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Chart 2. Cumulative incidences of sarcomas at the injection site and
cumulative mortality data for 30 rats in Subgroup A-3 that received i.m.
injections of 2.5 mg of Ni3S@(U); for 15 rats in Subgroup B-6 that received
i.m. injections of 2.5 mg of Ni3S@plus 0.5 mg of manganese (a); and for 15
rats in Subgroup C-6, that received i.m. injections of 2.5 mg of Ni3S2plus 0.5
mg of chromium (A). The cumulative sarcoma incidence in Subgroup B-6
was significantly less that in Subgroup A-3 (p < 0.01 , log-rank test), and the
cumulative mortality in Subgroup B-6 was significantly less than in Subgroup
A-3 (p < 0.05, log-rank test).

incidences of 77 and 80%, respectively, in Subgroups A-2
(Ni3S2alone) and C-5 (Ni3S2plus chromium) (p < 0.005 by
the log-rank test). For mats in Subgroup B-5 (Ni3S2 plus
manganese), the mortality within 2 years was 60% versus
mortality figures of 83 and 100%, respectively, for rats in
Subgroups A-2 (Ni3S2alone) (p < 0.05) and C-S (Ni3S2plus
chromium) (p < 0.Oi by the log-rank test). The 2-year mom
tality of 60% for rats in Subgroup B-S (Ni3S2 plus man
ganese) did not difter significantly from the 2-year mortality
of 63% for control mats(Subgroup D-i).

There were no significant differences between the pro
portions of various histological types of sarcomas that oc
cumnedin Groups A, B, and C, based upon the x2 tests. Of
the 87 sarcomas that developed at the site of injection of
Ni3S2dust in matsin Group A, themewere 55 mhabdomyosar
comas, 18 undifferentiated sarcomas, 9 fibmosancomas, 4
liposarcomas, and 1 hemangiosancoma. Ofthe i4 sarcomas
that developed at the site of injection of Ni3S2and man
ganese dusts in Group B, there were 8 nhabdomyosarco
mas, 3 undifferentiated sarcomas, and 3 fibrosancomas. Of
the 54 sarcomas that developed at the site of injection of
Ni3S2and chromium dusts in rats in Group C, there were 24
rhabdomyosancomas, i6 undifferentiated sarcomas, i3 fi
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tional experiments, which consistently demonstrated that
manganese dust reduced the mates of solubibization of
63Ni3S2in matserum , serum ultrafiltrate, and water, whereas
chromium dust had no significant effect upon the matesof
solubilization of 6@Ni3S2.

Kinetics of 63N13S2Metabolism. In Chart S are shown the
cumulative total excretions of 63Niin urine plus feces in a
group of 4 rats that received i.m. injection of 63Ni3S2(1.2
mg), and in a group of 4 rats that received i.m. injection of
63Ni3S2(1.2 mg) in combination with manganese (1.0 mg).
No significant differences were observed between these 2
groups of rats in the excretions of 63Niin urine or feces at
any of the weekly intervals, or in the cumulative excretions
of 63Niin urine or feces, based upon statistical comparisons
by t test. Thecumulative excretion of 63Ni in urine during 8
weeks after the injection averaged 67% (S.D. Â±2)of the
dose in matsthat received 63Ni3S,alone, which did not differ
significantly from the corresponding value of 60 Â±5% of the
dose in matsthat received 63Ni3S2plus manganese. The cu
mulative excretion of 63Niin feces during 8 weeks after the
injection averaged 7 Â±2% of the dose in matsthat received
Ni3S2alone, which did not differ significantly from the come
sponding value of 7 Â±4% of the dose in matsthat received
63Ni,S2plus manganese. The residual 63Niat the injection
site was 17 and 13% of the dose, respectively, in 2 matsthat
were killed at 22 weeks after injection of 63Ni1S2alone,
compared to values of 18 and 13% of the dose in 2 rats that
were killed at 22 weeks after injection of 6'Ni3S2plus man
ganese. The residual 63Niat the injection site was 14 and
13% of the dose, respectively, in 2 matsthat were killed at 31
weeks after injection of 63Ni,S2alone, compared to Values of
25 and 19% of the dose in 2 matsthat were killed at 31 weeks
after injection of 63Ni3S2plus manganese. In all of the matsin
both groups, the amounts of 63Ni in kidneys, lungs, liver,
and spleen at 22 or 31 weeks after injection totalled less
than0.1% ofthedose.

Compartmental analyses of â€œâ€˜Nikinetics in the 2 groups of
rats were performed and 63Nikinetics was described by a 3-

z
0

U

INTERVALAFTERINJECTION (WEEKS)
Chart 5. Effect of manganese dust upon the excretion of @â€˜Niin urine plus

feces after i.m. injection of @â€˜Ni3S2in Fischer rats. 0, data obtained in 4 rats
that received an injection of @â€˜Ni3S2alone (1.2 mg). @,data obtained in 4 rats
that received an injection of @Ni3S2(1.2 mg) plus manganese dust (1.0 mg).
The standard deviations are indicated above or below each point.
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Chart 4. Effects of manganese dust upon the rates of solubilization of
@Ni3S2inratserum, inratserum ultrafiltrate,and inwater.D, data obtained

when @Ni3S,(S mg/mI) was added to the respective liquids and the mixtures
were incubated in vitro at 37Â°;A, data obtained when â€˜@Ni3S2(S mg/mI) and
manganese dust (4.5 mg/mI) were added to the respective liquids and the
mixtures were incubated in vitro at 37'.

results of the experiment in which 6:lNi3S2(20 mg) was incu
bated in 4-mI samples of rat serum, serum ultrafiltrate, or
water, alone or in the presence of manganese dust (18 mg).
The 63Ni,S2became dissolved in the rat serum more rapidly
than in the serum ultrafiltrate, and much more rapidly than
in water. Addition of manganese dust reduced the matesof
solubilization of 63NiS in serum, ultrafiltrate, and water.
After incubation in matserum for 4 days, 10.5% of the â€œ3Ni,59
was dissolvedinthe absence of manganese dust versus
7.5% in the presence of manganese dust. After incubation
inserum ultmafiltratefor4 days,5.6% of the 6'Ni3S2was
dissolved in the absence of manganese dust versus 2.2% in
the presence of manganese dust. After incubation in water
for4 days,3.8% ofthe63Ni3S2was dissolvedintheabsence
of manganese dust versus 0.2% in the presence of man
ganesedust.

In another experiment, 63Ni,S2(3.7 mg) was incubated in
4-mb samples of matserum alone,or inthe presenceof
manganese or chromium dusts (3.1 mg). After incubation at
37Â°for 2 weeks, 35% of the 63Ni3S2was dissolved in serum in
the absence of manganese or chromium dusts. In contrast,
20% of 63Ni,S2was dissolved in the presence of manganese
dust, and 38% of 63NiS was dissolved in the presence of
chromium dust.Similarresultswere obtainedin4 addi

DURATION OF INCUBATION ( DAYS)
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Table2Compartmental
analyses' of @â€œNikinetics in Fischer ratsb afteri.m.injection

of @â€˜Ni,S2alone or combined withmanganeseParameter

63Ni3S2alone' 63Ni3S2+Mnâ€•Pool

1%
of dose (C,) 63 Â±8' 55 Â±12tie
(days) (0,) 14 Â±1 15 Â±1Pool

2%
of dose (C2) 27 Â±6 30 Â±6tie

(days) (02) 60 Â± 24 55 Â±18Pool

3%
of dose (C3) ii Â±2 iS Â±8ti,2

(days)@

F. W. Sunderman, Jr., et a!.

compartment model, according to the equation given at the
bottom of Table 2. The half-life of Pool 1 was approximately
2 weeks, the half-life of Pool 2 was approximately 8 weeks,
and the third pool comprised 6@Nithat was quasipenma
nently deposited at the injection site. As shown in Table 2,
there were no significant differences between the half-lives
on pool sizes in the group of rats that received an injection
of 63Ni3S2plus manganese and those in the group of rats that
received only 63Ni3S2.

Fractionations of 63Niat the Injection Site. In 6 rats that
were killed at 20 to 24 weeks after i .m. injection of 63Ni3S2
dust alone (1.2 mg), the amount of 6@Nithat remained at the
injection site averaged 19% (S.D. Â±4)of the dose of 63Ni3S2.
In 6 rats that were killed at 20 to 24 weeks after i.m. injection
of 63Ni3S2dust (1.2 mg) in combination with manganese dust
(i .0 mg), the amount of 63Nithat remained of the injection
site averaged 16 Â±3% of the dose of @Ni3S2.These results
were in close agreement with measurements of residual 63Ni
at the injection site that were obtained in the study of 63Ni
kinetics, and they demonstrated that there was no signifi
cant difference between the residual 6@Niat the injection site
at 20 to 24 weeks after i.m. injection of 63Ni3S2alone on in
combination with manganese dust.

The concentration of 63Ni in supennatant fractions pre
pared by ultracentnifugation of homogenates of the injec
tion sites averaged 8.4 ng/mb (S.D. Â±3.2)in samples from 6
rats that were killed at 20 to 24 weeks after i .m . injection of
63Ni3S2dust alone (i .2 mg), versus an average 63Niconcen
tnation of 5.8 Â±0.7 ng/ml in 6 rats that received an injection
of 63Ni3S2(i .2 mg) plus manganese (1.0 mg). The difference
between these mean values was not statistically significant,
based upon the t test. The proportion of total 63Niin each
homogenate that was recovered in the supernatant fraction
averaged 0.i 8% (S.D. Â±0.06)in matsthat received an injec
tion of 63Ni3S2dust alone, versus an average of 0.i 7 Â±0.03%
in rats that received a combined injection of 63Ni3S2dust and
manganese dust.

The concentration of 63Niin ultrafiltrates of the supenna
tant fractions averaged 5.4 ng/mI (S.D. Â±2.0)in samples
from 6 mats that were killed at 20 to 24 weeks after an
injection of 63Ni3S2dust alone, versus an average concentra
tion of Â°3Niof 2.8 Â±0.7 ng/mI in ultrafiltnates from 6 rats that
had received a combined injection of 63Ni3S2and man
ganese dusts (p < 0.02 by t test). In samples from 6 rats that
had received 63Ni3S2alone, 64 Â±7% of 63Niin the supemna
tant fraction was ultrafiltrable versus 48 Â±14% in samples
from 6 rats that had received 63Ni3S2plus manganese (p <
0.05 by t test). Therefore, the concentrations and propor
tions of ultrafiltrabbe Â°3Niwere significantly higher in super
natant fractions of homogenates of the injection sites in rats
that had received an injection of 63Nidust alone, compared
to results in rats that had received an injection of 63Ni3S,
plus manganese. This difference could not be attributed to
differences in the concentrations of proteins on total solids
in the supemnatant fractions, since the protein concentna
tionswere 0.70Â±0.i2mg/mb versus0.65Â±0.07mg/mI and
the concentrations of total solids were 1.6 Â±0.4 mg/mI and
i .4 Â±0.2 mg/mI, respectively, in the supennatant fractions
from the 6 rats that had received Ni3S2alone, and from the 6
matsthat had received Ni3S2plus manganese.

a 63Ni retention (% of dose)

â€”0.693 â€”0.693@,@ C3
=C,e@ t+C@e

whereC,, C2,and C3= pool sizes; 0, and 02= half-lives.
b There were 4 rats in each group. No significant differences were

found between the kinetic parameters in the 2 groups (t test).
C Ni352 dust (1 .2 mg).

d Ni3S2 dust (1 .2 mg) plus manganese dust (1 .0 mg).

r Mean Â± S.D.

Serial Sacrifice Study. In Figs. i to 6 are illustrated the
morphological reactions observed at the injection site in
matsthatwere killedatintervalsafteri.m.injectionofNi,S,
(i .2 mg), alone or in combination with manganese (1.0 mg).
Muscle cell necrosis was present in central portions of the
injection site at i and 2 days and, to a lesser degree, at 1
week after the injection. Infitnation of pobymonphonuclean
cells was most prominent at 1 and 2 days and subsided
thereafter. Infiltration of mononuclear cells (macnophages
and lymphocytes) developed by 1 week and persisted
throughout the period of study (i.e., until iO weeks). Rege
nerative responses of muscle cells, with proliferation of
sancolemmal nuclei, were maximal at 1 week, but were
detectable at all subsequent examinations. Proliferation of
fibroblasts and angioblasts were readily apparent by 1 week
after the injection, and was most noteworthy at 4 to 8
weeks. Extracellulam particles that were presumed to repre
sent Ni3S2were abundant at i and 2 days after the injection
and were present in lesser amounts throughout the period
of study. Commencing at i week after injection, the parti
des were predominantly intracellular. Electron microscopic
examination of blocks from the center and periphery of the
injection site at serial intervals after injection furnished
confirmation of the light-microscopic findings. Electron mi
cmognaphsof the injection site at 4 to 8 weeks after injection
revealed intracellular electron-dense particles within fibro
blastsand macnophages,as wellas extmacellulanelectron
dense particles, which were frequently surrounded by colla
gen fibers.

The morphological responses at the site of injection of
the combination of Ni3S2dust (1.2 mg) and manganese dust
(1.0 mg), were indistinguishable in their character, inten
sity, and duration from those that occurred at the site of
injection of Ni352alone. Combined administration of Ni3S2
and manganese dusts did not appear to affect the relative
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Wkafterin

Ni at injectionsite (% of dose)Mn at injectionsite (% ofdose)GroupWGroupYGroupXGroupYjection(Ni3S2

alone)(Ni3S2 + Mn)(Mn alone)(Ni3S2 +Mn)164

(63-65)â€•60 (41 -80)29 (13-53)42(29-71)625
(22-29)24 (20â€”27)9 (8-14)24(13â€”34)822
(21-24)20 (18-22)9 (6â€”14)19(14-29)10i8
(12-23)17 (14-19)8 (Sâ€”il)8 (6-10)

Manganese Inhibition of Nickel Carcino genesis

distributionor abundance of intracellularor extracellular
particles. The morphological responses at the injection site
in matsthat received manganese dust alone (1.0 mg) were
similar in character but less intense and shorter in duration
than the responses in matsthat received Ni,S, dust alone, or
in combination with manganese dust. Themewas relative
paucityofextracellularand intracellularparticlesatthesite
of injection of manganese dust alone. In control matsthat
received an injection of the penicillin vehicle, the inflamma
tory reactions at the injection site were similar in character
but much shorter in duration and much less intense than
the reactions occurring in the matsthat received the metallic
dusts.Extracellularor intracellularparticleswere notob
served at the injection site in any of the control rats.

The amounts of manganese and nickel that remained at
the sites of injection were estimated by atomic absorption
spectmometry of tissue samples obtained at 1, 6, 8, and 10
weeks after the injection (Table 3). Manganese and nickel
were not detected in the tissue samples from control mats
that received an injection of the penicillin vehicle. The
amounts of manganese that remained at the injection site at
1, 6, and 8 weeks after an injection of manganese dust
alone, appeared to be smaller than the amounts that me
mained after an injection of the combination of Ni3S2and
manganese dusts. However, these data are inconclusive
owing to the small number of rats tested at each interval.
The results of analyses of residual nickel at the sites of
injection of Ni3S2dust were in close agreement with the
measurements of residual 63Niafter i.m. injection of 63Ni,S2.
These data support the conclusion that admixture of man
ganese dust with Ni3S2did not affect the retention of nickel
at the site of injection.

DISCUSSION

The results of this investigation substantiated our pre
vious finding that admixture of manganese dust with Ni,S2
dust significantly inhibits the carcinogenicity of Ni,S2 after
i.m.administrationto Fischermats,whereas admixtureof
chromium dust with Ni352had no inhibitory effect (30). The
observations in this study that manganese dust decreased

theratesofsolubilizationof Ni3S,invitroinmatserum,in
serum ultmafiltmate,and inwaterareconsistentwitha report
by Cmalley (5) that manganese dust markedly diminished the
in vitro solubility of nickel dust in bovine serum. Interfen
ence of manganese dust in the solubibization of Ni3S2 in
water is presumed to result from an electromotive displace
ment reaction, as hypothesized by Cmalley(5). Interference
of manganese dust in solubilization in vitro of Ni3S2in serum
and in serum ultmafiltmatemay also be mediated by competi
tion of Mn(II) and Ni(II) for binding to serum albumin and to
serum ultmafilterable ligands (e.g., histidine, aspartic acid,
and ATP). Thus, Nandedkaretal. (16) have reported compe
tition of Mn(ll) and Ni(lI) for in vitro binding to identical sites
on rabbit and human serum albumins. Competition of Mn(ll)
and Ni(ll) for binding sites in muscle cells has been pro
posed by Donskikh and Mukamov (7), based upon antago
nistic effects of Mn(lI) and Ni(ll) upon action potentials of
myocardialfibers(3,7).

In this study, 63Nikinetics was measured in matsthat were
given an i.m. injection of 63Ni,S2alone or in combination
with manganese dust, to test the hypothesis that man
ganese might prevent Ni3S2camcinogenesis by suppressing
the gradual solubilization of Ni3S2at the site of injection.
These measurements did not reveal any significant influ
ence of manganese dust upon the half-lives or pool sizes of
63Nicompartments or upon the cumulative excretions of 63Ni
inurineand feces.Moreover,combined administrationof
manganese dust with nonradioactive Ni3S2 dust did not
affect the total amounts of nickel remaining at the site of
injection at any of the intervals that were studied. Admixture
of manganese dust with Ni,S2 dust did not cause any dis
cemniblealterations in the pathological responses produced
by Ni,S2 at the injection site. A significant (48%) reduction
was observed in the mean concentration of 63Niin ultmafil
trates of the supemnatant fraction of homogenates of the
injection sites of rats that were killed at 5 to 6 months after
an i.m. injection of63Ni3S2plus manganesedusts, compared
to results in rats that received only 63Ni3S2.This notable
finding may furnish an avenue to elucidate the biochemical
mechanisms whereby manganese dust antagonizes Ni3S2
camcinogenesis. In an earlier paper (30), we speculated that
manganese may antagonize nickel inhibition of nucleolan

Table 3

Measurements of nickel and manganese at injection site by atomic absorption

Rats in Group W were given bilateral i.m. injections of Ni3S2 alone (1.2 mg); rats in
Group X were given bilateral rn. injections of manganese alone (1 .0 mg); rats in Group Y
were given bilateral i.m. injections of Ni3S2 (1 .2 mg) plus manganese (1 .0 mg). Three rats
in each group were killed at each of the specified intervals after injection, and the residual
nickel and/or manganese at the injection site in the left thigh was measured by atomic
absorption. Each value is the mean. Statistical tests were not performed, owing to the
small number of rats tested at each interval.

a Numbers in parentheses, range.
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RNA polymerase activity in rhabdomyocytes. Experimental
testing of this hypothesis is in progress in our laboratory.

Gunn et a!. (9, 10) reported that administration of Zn(lb)
suppresses the induction of testicular leydigiomas after par
entemal injection of Cd(II) in matsand mice. Sundemman (29)
suggested that the inhibitory effect of Zn(ll) upon Cd(ll)
tumonigenesis may be related to Zn(ll) induction of metalbo
thionein, a cysteine-mich protein that binds Cd(ll), Hg(lb),
Zn(ll), and Cu(ll). Metalbothionein is present in many mam
malian tissues, and it may play a molein the detoxification
and excretion of certain metals (12, 18, 23). However, since
Sabbioni and Malafante (24)did notdetectin vivo binding of
54Mn(ll) or 63Ni(II)to metallothionein in rat liver, it appears
unlikely that metabbothionein is involved in manganese inhi
bition of Ni3S2carcinogenesis. Bmadaet al. (14), Kamamoto
et a!. (13), and Yamane and Sakai (31) have summarized the
evidence that addition of Cu(II) to the diet of matsinhibits
hepatic carcinogenesis after p.o. administration of ethio
nine or aminoazo dyes. Bmadaet a!. (4) found that Cu(II)
inhibits the metabolism of ethionine in the intestinal lumen
and alters the ratios of urinary metabolites of ethionine.
Yamane and Sakai (31) compared the effects of dietary
administration of several metal ions upon hepatic carcino
genesis by 3'-methyb-4-(dimethylamino)azobenzene in rats,
and found that carcinogenesis was most markedly inhibited
by Cu(Il), followed by Mn(bI) and Ni(ll). Yamane and Sakai
(31) observed a direct correlation between the inhibitory
effects of these metals upon hepatic carcinogenesis and the
stimulatony effects of these metals upon aminoazoreduc
tase activity in hepatocytes.

Based upon this investigation and the reports that have
been cited (4, 9, 10, 13, 30, 31), themeare now at least 4 well
documented experimental systems in which metal com
pounds have been shown to inhibit chemical camcinogene
sis. Metal inhibition of carcinogenesis appears to be me
diated by different effects in each of these experimental
systems. We concur with the view of Brada et a!. (4) that
investigations of the inhibitory effects of metals upon tumor
induction may provide penetrating insight into the mecha
nisms of cancinogenesis. In this study, i.m. injection of
chromium and manganese dusts did not induce any tumors
in mats.The back of carcinogenicity of these metals under
the experimental conditions is noteworthy, in view of the
recognized camcinogenicity of several chromate corn
pounds inrodents(29).
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Fig. 1. Photomicrograph of injection site at 1 day after i.m. injection of Ni3S2(1.2 mg). Dense particles are present in adipose tissue (arrows). There is a
mixed infiltration of inflammatory cells, and some necrosis in the fat. H & E, x 400.

Fig. 2. Photomicrograph of injection site at 2 weeks after i.m. injection of Ni3S2(1.2 mg). Intracellular and extracellular dense particles may be noted
(arrows).The inflammatoryinfiltrateconsistsof lymphocytesand macrophages,and fibroblasticproliferation is present.H & E, x 400.

Fig. 3. Photomicrograph of injection site at 8 weeks after i.m. injection of Ni3S@(1.2 mg). Marked fibroblastic proliferation surrounds degenerated muscle
fibers (upper left and right). Intracellular dense particles are readily seen (arrows). H & E, x 400.

Fig. 4. Electron micrograph of fibroblast in injection site at 4 week after i.m. injection of Ni3S2(1.2 mg). An electron-dense particle is present within the
cytoplasm (arrow). Uranyl acetate-lead citrate stain , x 6100.

Fig. 5. Electron micrograph of macrophage in injection site at 6 weeks after i.m. injection of Ni3S, (1.2 mg) plus manganese (1.0 mg). An electron-dense
particle within the cytoplasm is indicated by an arrow. Similar electron-dense structures were present in macrophages in the injection site of rats that received
only Ni3S2(1.2 mg). Uranyl acetate-lead citrate, x 6100.

Fig. 6. Electron micrograph of tissue from injection site at 6 weeks after i.m. injection of N13S2(1.2 mg). An electron-dense particle (arrow) appears to be
situated in extracellular debris adjacent to a small blood vessel. Uranyl acetate-lead citrate, x 7300.
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