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Carcinogenic nickel compounds are usually found to be weak mutagens; therefore these compounds may not exert their carcinogenic activity
through conventional genotoxic mechanisms. On the other hand, the activities of many nickel compounds have not been adequately investigated.
We evaluated the genotoxic activities of nickel acetate using conventional chromosome aberration and sister chromatid exchange assays and found
that there was no increase of chromosome aberrations or sister chromatid exchanges, although the highest dose (1000 pM) caused mitotic inhibi-
tion. In addition,.we investigated its effect on DNA repair using our challenge assay. In this assay, lymphocytes were exposed to 0.1 to 100 pM
nickel acetate for 1 hr during the GO phase of the cell cycle. The cells were washed free of the chemical and, 1.5 hr later, were irradiated with two
doses of y-rays (75 cGy per dose separated by 60 min). A significant dose-dependent increase of chromosome translocations was observed
(p<0.05). The increase is more than expected based on additive effects from exposure to nickel or trays individually. In contrast to the increase of
chromosome translocations, there was no increase in chromosome deletions, although there was a nickel dose-dependent reduction of mitotic
indices. Our data suggest that pretreatment with nickel interferes with the repair of radiation-induced DNA damage and potentially cause mistakes
in DNA repair. Furthermore, we suggest that nickel-induced abnormal DNA repair may be a mechanism for its carcinogenic properties. The DNA
repair problems that we observed after exposure to low doses of nickel may be viewed as a type of adaptive response. Contrary to some investiga-
tors who showed that adaptive responses may be beneficial, our data indicated that some responses may cause more problems than expected.
- Environ Health Perspect 102(Suppl 9):73-77 (1994)
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Introduction
It is well recognized by scientists and by
knowledgable lay people that many of our

long-term health problems are due to
chronic exposure to low doses of varying
hazardous agents, including cigarette
smoke and occupational exposures to

known carcinogens (1,2). These exposures

may induce detectable genetic alterations in
the exposed populations, e.g., chromosome
aberrations (3), which are indicative of
long-term consequences. On the other
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hand, the exposure may not cause
detectable genetic damage although the
exposed populations may be at risk for
adverse health outcomes. The latter phe-
nomenon requires special attention and
requires studies to elucidate further the
mechanisms for induction of health effects.
One such mechanism is the induction of
DNA repair problems. Defects in DNA
repair may cause cells to make serious mis-
takes from repairing innocuous DNA
lesions to generating multiple genetic dam-
age, such as chromosome instability. Such
DNA repair errors allow genetic alterations
relevant to the development of cancer to
evolve. Therefore, defects in DNA repair
can cause genetic instability and subse-
quently health effects.

Carcinogenesis is a complicated process
involving multiple and, often, sequential
genetic alterations (4,5) so that errors in
DNA repair may lead ultimately to car-
cinogenesis. Using an in vivo/in vitro
mouse mammary tumor model, we have
documented that the following sequence of
events occurred before the cells became
tumorigenic: chromosome instability, evo-
lution of cells with stabilized but altered
karyotypes, inactivation of the RB tumor
suppressor gene and amplification of the c-
myc oncogene (6-8). We hypothesize that
the induced chromosome instability is due

to induction of DNA repair problems and
we have recently developed a challenge
assay to detect this phenomenon (9). In
this report, the activity of a nongenotoxic
carcinogen, nickel, is presented.

Workers exposed to nickel compounds
have a significantly increased risk for the
development of lung cancers; therefore,
these compounds are classified as human
carcinogens (10-12). The properties of
some of these compounds have been stud-
ied extensively and these findings have
been summarized in several recent reviews
(13-15). Among the different kinds of
nickel compounds, insoluble compounds
are usually more carcinogenic than the solu-
ble ones. Although their carcinogenic prop-
erties are well documented, the mechanisms
for these activities are not established yet.
Due to the problems of establishing
dosimetry for insoluble compounds, many
of the genotoxic studies have been con-
ducted with soluble ones. These reports
indicate that most of the carcinogenic
nickel compounds are inactive or weakly
mutagenic in standard genotoxic assays.

Biochemical studies have documented
that nickel can bind to DNA and protein
in cells in vitro (16,17) and to chromatin
in vivo (18). Such binding to cellular
macromolecules is correlated with the com-
pounds' ability to interfere with DNA syn-
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thesis (16,19). Nickel compounds can
induce slight increases in chromosome
aberrations (16,20) and sister chromatid
exchanges (21,22), and tend to be weak
mutagens (21,23).

Since nickel compounds are not strong
mutagens by themselves, some investigators
feel that they may be potent co-mutagens.
In fact, nickel compounds can enhance the
induction of mutations by methylmethane
sulfonate in bacteria (24). In mammalian
cells, they can enhance the induction of
mutation by ultraviolet light (21), single
stranded DNA breaks by X-rays, and cell
transformation by benzo[a]pyrene (25).
This enhancement activity of nickel com-
pounds may be due to their effect on DNA
repair. On the other hand, no enhance-
ment effect was detected in a CHO/
HGPRT gene mutation assay (26). Never-
theless, the mechanisms for the potential
synergistic effects need to be elucidated.
We have systematically investigated the

cytogenetic effects of a soluble nickel com-
pound, nickel acetate. In addition, we have
used our challenge assay to elucidate cyto-
genetically its effects on DNA repair. We
have chosen to study nickel acetate because
it is a soluble carcinogenic compound
(27-30) and its clastogenic effects have not
been adequately investigated.

The challenge assay is based on our
hypothesis that chemicals that can bind to
cellular macromolecules are able to inter-
fere with normal cellular functions such as
DNA repair processes and can cause mis-
takes in DNA repair (9). The assay is con-
ducted by exposing cells first to the target
chemical (pulse-treatment) and then to ion-
izing radiation. These cells are therefore
challenged to repair the radiation-induced
DNA lesions after chemical exposure so
that repair occurs in the absence of the
chemical. If pretreatment with the target
chemical causes errors in the repair process,
mistakes in repair would occur. One type of
such mistakes is the rejoining ofDNA frag-
ments to the wrong DNA molecules which
leads to the formation of rearranged chro-
mosomes. Since radiation-induced DNA
damage is repaired within a very short time
(during the GO phase of the cell cycle in our
protocol), the observed abnormal chromo-
somes are, therefore, not caused by replica-
tion errors. Thus, we interpret our assay
data to indicate DNA repair problems.

The feasibility of the challenge assay has
been tested with lymphocytes from ciga-
rette smokers. We observed that cells from
smokers have significantly more dicentric
chromosomes than those from nonsmokers
after the challenge with X-rays (31). The

most effective protocol for detecting the
difference was found to be the exposure of
lymphocytes to a double dose of 100 cGy
of X-rays each separated by 60 min.
Therefore, the double exposure protocol
was used in this study. Furthermore, the
exposure doses were reduced from 100 cGy
to 75 cGy per dose since the detection of
effects using low doses is more relevant
than those with higher doses. In this study,
we found that nickel acetate does not cause
chromosome aberrations or sister chro-
matid exchanges in human lymphocytes
even when cytotoxic doses are used. On the
other hand, this compound does induce
abnormal DNA repair.

Materials and Methods
Source ofLymphocytes and Blood
Culture Procedures
Blood samples are obtained from normal
volunteers who are healthy and not occupa-
tionally exposed to known hazardous agents.
Most of the experiments are conducted with
blood samples from two male donors. The
samples are collected by venipuncture in the
presence of sodium heparin as anticoagulant.
After collection of samples, whole blood cul-
tures are set up using phytohemagglutinin as
mitogen and RPMI 1640 culture medium
according to the techniques established in
our laboratory (31). The only exception is
that autologous plasma from each donor is
added to each culture to enhance cell growth
(0.25 ml per 10 ml culture).

Chemicals
Nickel acetate is purchased from Alfa
Products (Danvers, MA). An appropriate
amount of the compound is weighed out
for use in each experiment. The compound
is dissolved in distilled water, filter steril-
ized and diluted with sterile distilled water
to the desired concentrations.

Irradiation Conditions
Blood cultures are irradiated in a Mark I
Cesium-137 Pneumatic Irradiator which is
located in the Department of Radiation
Therapy. The dose rate is set at 80 cGy/min.

For irradiation, tubes containing blood
cultures are loaded onto a styrofoam-type
holder which can receive six tubes for irra-
diation at one time. The holder is placed in
the center of the cavity of the irradiator and
on top of a rotating platform turning with a
speed of approximately 10 revolutions/min.

Treatment Conditions
Cells are either treated during the GO or
the Gl/S phases of the cell cycle. For treat-

ment during the GO phase, cells are treated
with chemicals and/or radiation before cul-
tures are set up. For treatment at the G 1/S
phases, cells are treated at 24 hr after initia-
tion of cell cultures. Each culture is treated
with 0.1 ml of the appropriate concentra-
tions of nickel acetate.

Chromosome Aberrations and Sister
Chromatid Exchanges. For treatment at
the GO phase of the cell cycle, cells are
treated with chemicals for 1 hr, washed free
of the chemicals (twice with excess amount
of Hank's Ca++ and Mg++ free balanced salt
solution), and then cultures are initiated.
At 16 to 24 hr after initiation, bromo-
deoxyuridine (BrdU) is added to each cul-
ture to achieve a final concentration of 5
pM. At 52 hr after initiation of cultures,
cells are harvested, stained with fluorescent-
plus-Giemsa technique and analyzed for
the presence of chromosome aberrations
according to our standardized technique
(31). Two experiments are performed and
100 cells per experiment are analyzed for
the presence of chromosome aberrations.

For treatment at the G1/S phases of the
cell cycle, cells are exposed to different con-
centrations of the chemical from 28 hr until
harvest time. BrdU is added to cultures at
the same time. At 52 hr after initiation of
cell cultures, cells are harvested for chromo-
some aberration and at 72 hr for sister chro-
matid exchange analyses. Three experiments
are performed and 50 cells per experiment
are analyzed for chromosome aberrations
and for sister chromatid exchanges.

Challenge Assay for DNA Repair.
Cells are treated with different concentra-
tions of the chemical at the GO phase of
the cell cycle for 1 hr and washed free of
the chemical as described earlier. At 1.5 hr
after termination of treatment with chemi-
cal, cells are irradiated with two doses of
y-rays (75 cGy per dose and separated by
60 min). The radiation doses for this
experiment are less than those of our earlier
experiment (31 ) because our emphasis is to
identify biological responses using as
reduced doses of chemical and radiation as
possible. Furthermore, y-rays instead of X-
rays are used because the former machine is
more readily available for us to conduct
studies. Furthermore, the biological effects
of these two kinds of radiation are very
similar. Cell cultures are initiated after the
completion of irradiation. At 52 hr after
initiation, cells are harvested for chromo-
some aberration analyses. Four experiments
are performed and approximately 50 cells
are analyzed from each experiment for a
total of 200 cells for each treatment condi-
tion. Due to the demand for many cultures
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Table 1. Induction of chromosome abnormalities after exposure to nickel acetate in human lymphocytes.

Go exposure' Gl/S exposure'
Concentration, No. cells % chromatid breaks, No. cells % chromatid breaks, No. cells Mean SCE

(PM) analyzed ± SEM analyzed ± SEM analyzed per cell, ± SD

0 200 0.5(0.4) 150 0 150 5.2(0.5)
0.1 NA 150 0 150 4.9(0.3)
1.0 200 1.0(0.6) 150 0.3(0.3) 150 4.9(0.2)

10 200 1.0(0.6) 150 1.0(0.3) 150 5.0(0.4)
100 200 0 150 0 150 4.9(0.1)

1000 NA 0 Ml 0 Ml

Abbreviations: NA, not analyzed; Ml, mitotic inhibition. a Lymphocytes were exposed to the chemical for 1 hr before initiation of culture (GO) or from 28 hr until harvest time
(Gl/S). Chromosome-type abnormalities are rarely observed.

Table 2. Induction of chromosome translocations by a combination of nickel acetate followed by y-rays.8
Concentration, t-rays, Dicentric frequencies per 100 cells (no. cells analyzed)

PM cGy Experiment 1 Experiment 2 Experiment 3 Experiment 4

0 75 + 75 14.0 (50) 14.0 (50) 16.0 (50) 22.0 (50)
0.1 75 + 75 12.0 (50) 13.0 (70) 10.0 (30) 20.0 (50)
1.0 75 + 75 20.0(50) 17.6(34) 22.7(66) 26.0(50)

10 75 + 75 25.0 (64) 19.4 (36) 32.5 (40) 20.0 (60)
100 75+75 23.7(59) 12.2(41) 23.8(21) 19.0(79)

a Lymphocytes were exposed to the chemical for 1 hr at GO, washed and irradiated 1.5 hr later with two doses of y-rays separated by 60 min. Cultures were initiated after the
treatment.

Table 3. Induction of infidelity of DNA repair by nickel acetate in human lymphocytes8

Concentration, -trays, No. cells % chromosome % chromosome % changes from
pM cGy Ml analyzed delet., ± SD transl., ± SD expected

0 75 + 75 17 200 9.8 (2.6) 16.5 (3.8)cd
0.1 75 + 75 13 200 9.8 (2.2) 13.8 (4.3)d -16.4
1.0 75 + 75 7 200 10.5 (2.6) 21.6 (3.6)cd 30.9

10 75 + 75 8 200 9.5 (2.6) 24.2 (6.1 ) 46.7
100 75 + 75 6 20Q 9.0(3.2) 19.8 (5.5)C 20.0

"Treatment conditions are similar to those of Table 2. bMI = mitotic index (number of metaphase cells from 10,000 cells analyzed). CSignificant dose-dependent increase (p<0.05;
analysis of variance). d Significantly different from each other (p<0.05; contrast analysis). eSignificantly different from each other (p<0.05; contrast analysis).

for each experiment, one tube of lympho-
cyte culture is used for each treatment in
each experiment. For the challenge assay,
the cells are treated with chemicals and
radiation, and washed and centrifuged
many times. Many cells are lost from the
extensive manipulation. Sometimes not
enough cells are recovered for analysis of
50 well-spread metaphase cells. In these
cases, additional cells are scored from other
experiments in order to fill the deficiencies.

Results
A summary of the frequencies of chromo-
some aberrations and sister chromatid
exchanges is presented in Table 1. The
cytogenetic effects of nickel acetate are
tested with concentrations ranging from
0.1 to 1000 pM for 1 to 48 hr of exposure.
As shown in the table, none of the expo-
sure conditions induced any increase of

chromosome aberrations nor sister chro-
matid exchanges. At 1000 pM concentra-
tion, nickel acetate is cytotoxic as indicated
by the inhibition of mitosis.

Our challenge assay is used to investi-
gate whether exposure to nickel acetate can
cause mistakes in DNA repair and lead to
the formation of abnormal chromosomes.
The frequencies of dicentric chromosomes
obtained from four independently con-
ducted studies are summarized in Table 2.
As shown in the table, the collected data
are rather consistent from one experiment
to another. Additional data from these four
experiments are summarized in Table 3. As
shown in the table, the chemical induces a
significant dose-dependent increase of
chromosome-type rearrangements (p<0.05)
as determined by the analysis of variance
procedure although the response falls off at
high doses of nickel acetate (100 pM). In

addition, the translocation frequencies in
cells treated with 0.1, 1.0, and 10 pM
nickel acetate are significantly different
from each other (p<0.05; contrast analysis).
The frequencies for those cells treated with
10 pM of the chemical is significantly dif-
ferent from the control (p<0.05; contrast
analysis). The observed phenomenon is
induced by nickel acetate with concentra-
tions that are not clastogenic by them-
selves. On the other hand, no change in
chromosome-type deletions is observed. In
addition, there is a nickel dose-dependent
reduction of mitotic indices.

Discussion
Carcinogenic nickel compounds are found
to be weakly mutagenic in a variety of short-
term assays, therefore, these compounds
may not exert their carcinogenic activities
using conventional genotoxic mechanisms.

Volume 102, Supplement 9, November 1994 75



AU ETAL.

A unique observation is that these com-
pounds appear to affect heterochromatin
preferentially. Nickel-transformed Chinese
hamster embryo cells have nonrandom dele-
tion of the heterochromatin in the
Xchromosome (32). On the other hand,
other investigators have shown that nickel
compounds can enhance the activities of
mutagenic agents (21,24,25). However, the
mechanisms for expression of these phe-
nomena have not yet been elucidated.

Since nickel compounds are capable of
binding to cellular DNA and proteins
(16-18), they can cause abnormal expres-
sion of cellular functions. We hypothesize
that one of those functions is fidelity of
DNA repair. Using a challenge assay, we
have shown that noncytotoxic and nonclas-
togenic doses of nickel acetate induce sig-
nificant increase of rearrangement-type
chromosome aberrations (p<0.05; Table 3).
On the other hand, the frequency of dele-
tion-type chromosome aberrations is
unchanged after exposure to different com-
binations of nickel and y-rays. The latter
observation suggests that the amount of
DNA strand breaks induced by y-rays may
not have been increased significantly by
prior exposure to different concentrations
of nickel. The increased frequency of
rearranged chromosomes is therefore
caused by problems in repair of radiation-
induced DNA damage. One of the causes
for the problem is the inability to rejoin
radiation-induced DNA fragments so as to
reform the original DNA molecules. This
can be caused by interference from com-
plexes formed between nickel and DNA
and between nickel and repair enzymes.
Another possibility is due to nickel-
induced delay of DNA repair. Delay in
repair may allow a significant amount of
damage induced by the first dose of radia-
tion to interact.with damage induced by
the second dose of radiation (60 min later).
The phenomenon is well documented in
experiments which showed that inhibition
of DNA repair by ara-C after exposure to
X-rays causes significant increase of
rearrangement-type chromosome aberra-
tions (33,34). Both mechanisms may exist
for nickel under our experimental condi-
tions. Therefore, we interpret our data to
be indicative of infidelity of DNA repair
caused by exposure to nickel.
A wide range of concentration of nickel

acetate (from noncytotoxic to cytotoxic
doses) is tested in our assay. The shape of
the dose-response curve (last two columns
of Table 3) reflects the biological effects
from exposure to these different doses of
nickel. Although we have not conducted

mechanistic studies to elucidate the cause
of the response, there are data from the lit-
erature to explain our observed phenome-
non. It is possible that nickel induces an
adaptive cellular response (35). The study
showes that after exposure of cells to a low
dose of a DNA damaging agent, cells
become resistant to damage from exposure
to a high dose of another agent. Induction
ofDNA repair enzymes is a possible expla-
nation for this phenomenon. Our data
indicate that the induced adaptive response
may not always be beneficial.

Exposure to the highest dose of nickel
leads to a translocation frequency lower
than that from the second highest dose.
This response may be due to toxicity of
nickel to lymphocytes. It may, on the other
hand, be due to reduced intranuclear con-
centration of nickel at this extracellular
dose. For example, in an in vivo study, the
tissue concentrations of nickel increase
with time, as expected, after exposure to
increasing doses of nickel carbonate (18).
However, at certain tissue concentrations
of nickel, the concentrations in cell nuclei
are actually reduced. This study suggests
that the nucleus has specific mechanisms to
remove nickel after certain extracellular
concentrations of nickel are reached. The
same mechanism may exist in lymphocytes
in our study.

Infidelity of DNA repair is probably an
important causal mechanism in the devel-
opment of cancer. Mistakes in the repair of
spontaneous or induced DNA lesions may
convert generally innocuous DNA damage
into a major defect that can cause long-
term health effects. It is conceivable that
infidelity of DNA repair creates instability
of the genome which permits genetic alter-
ations significant in the development of
cancer to occur. In fact, the observation of
altered p53 genes in cells exposed to
nongenotoxic nickel is consistent with our
suggested activity of nickel (36). The well
documented increase of cancer risk among
patients with DNA repair defects and/or
chromosome instability syndromes is also
consistent with the hypothesis. Therefore,
infidelity ofDNA repair may contribute to
the production of multiple and sequential
genetic alterations within the same cell for
clonal adaptation and progression of
abnormal cells. This is the hallmark for
development of cancer (4,5,37,38). Our
data suggest that nickel acetate, and per-
haps other carcinogenic nickel compounds,
can cause DNA repair problems and that
this activity may be one of the mechanisms
responsible for their carcinogenic proper-
ties. Our suggestion is also consistent with

the observation of chromosome abnormali-
ties in mouse tumors induced by nickel
compounds which are not clastogenic (39).

Our challenge assay is designed with
the intention of using it in population
monitoring studies. Therefore, cells are
treated with chemicals during the GO phase
of the cell cycle in order to mimic in vivo
exposure to chemicals. As part of our in
vitro assay, cells are then exposed to radia-
tion in the absence of chemicals. As
demonstrated by our study with lympho-
cytes from cigarette smokers (31), these
lymphocytes are exposed to cigarette smoke
in vivo and then to radiation in vitro. In
that study, our data indicate that exposure
to cigarette smoke causes DNA repair
problems. After the challenge assay is better
characterized, it may be used to detect
DNA repair problems in cells from workers
who are occupationally exposed to poten-
tially hazardous agents.

REFERENCES

1. Doll R. Health and the Environment
in the 1990s. Am J Public Health 82:
933-942 (1992).

2. Landrigan PJ. Commentary: Environ-
mental disease a preventable epidemic.
Am J Public Health 82: 941-943
(1992).

3. Au WW. Monitoring human popula-
tions for effects of radiation and chem-
ical exposures using cytogenetic
techniques. Occup Med State Art Revs
6:597-612 (1991).

4. Weinberg RA. Oncogenes, antionco-
genes, and the molecular bases of mul-
tistep carcinogenesis. Cancer Res
49:3713-3721 (1989)

5. Fearon ER, Vogelstein B. A genetic
model for colorectal tumorigenesis.
Cell 61:759-767 (1990)

6. Au WW, Anwar WR, Hanania EG.
Chromosome and associated changes
in malignant transformation of mouse
mammary cells. Cancer Res (in press).

7. Hanania EG, Au WW, Ullrich RL,
Papaconstantinou J. The involvement
of the retinoblastoma gene in a mouse
mammary tumor model. Cancer Res
4:67-76 (1994).

8. Hanania EG, Au WW. Ullrich RL.
Papaconstantinou J. The antiprolifera-
tive effects of the murine retinoblas-
toma gene. Gene Therapy (in press).

9. Au WW. Abnormal chromosome
repair and risk to develop cancer.
Environ Health Perspect (in press).

10. National Research Council.
Committee on Medical and Biological
Effects of Environmental Pollutants.
Nickel. Washington, DC:National
Academy of Sciences, 1975;4,62,
144-174.

11. EPA. Health Assessment for Nickel

76 Environmental Health Perspectives



TOXICOLOGICAL INTERACTIONS

Compound. 1986.
12. IARC. Chromium, Nickel and Welding. IARC Monographs

on the Evaluation of Carcinogenic Risks to Humans, Vol 49.
Lyon: International Agency for Research on Cancer,
1990;262,318-356.

13. Sunderman FW Jr. Mechanistic aspects of nickel carcinogenic-
ity. Arch Toxicol Suppl 13:40-47, 1989.

14. Coogan TP, Latta DM, Snow ET, Costa M. Toxicity and car-
cinogenicity of nickel compounds. Crit Rev Toxicol
19:341-383 (1989).

15. Costa M. Molecular mechanisms of nickel carcinogenesis.
Annu Rev Pharmacol Toxicol 31:321-337 (1991).

16. Nishmura M, Umeda M. Induction of chromosomal aberra-
tions in cultured mammalian cells by nickel compounds. Mutat
Res 68:337-349 (1979).

17. Patierno SR, Costa M. DNA-protein crosslinks induced by
nickel compounds in intact cultured mammalian cells. Cancer
Biochem Biophys 9:113-126 (1987).

18. Ciccarelli RB, Wetterhahn KE. Nickel-bound chromatin,
nucleic acids, and nuclear proteins from kidney and liver of rats
treated with nickel carbonate in vivo. Cancer Res
44:3892-3897 (1984).

19. Sirover MA, Loeb LA. Metal-induced infidelity during DNA
synthesis. Proc Natl Acad Sci USA 73:2331-2336 (1976).

20. Sen P, Costa M. Induction of chromosomal damage in Chinese
hamster ovary cells by soluble and particulate nickel com-
pounds: preferential fragmentation of the heterochromatic long
arm of the X-chromosome by carcinogenic crystalline NiS par-
ticles. Cancer Res 45:2320-2325 (1985).

21. Hartwig A, Beyersmann D. Enhancement of UV-induced
mutagenesis and sister-chromatid exchanges by nickel ions in
V79 cells: evidence for inhibition of DNA repair. Mutat Res
217:65-73 (1989).

22. Newman SM, Summitt RL, Nuner LJ. Incidence of nickel-
induced sister chromatid exchange. Mutat Res 101:67-75
(1982).

23. Morita H, Umeda M, Ogawa H-I. Mutagenicity of various
chemicals including nickef and cobalt compounds in cultured
mouse FM3A cells. Mutat Res 261:131-137 (1991).

24. Dubins JS, LaVelle JM Nickel(II) genotoxicity: potentiation of
mutagenesis of simple alkylating agents. Mutat Res
162:187-199 (1986).

25. Christie N. The synergistic interaction of nickel(II) with DNA
damaging agents. Toxicol Environ Chem 22:51-59 (1989).

26. Little JB, Frenial JM, Coppey J. Studies of mutagenesis and
neoplastic transformation y bivalent metal ions and ionizing
radiation. Teratogen Carcinog Mutagen 8:287 (1988).

27. Stoner GD, MB Shimkin, Troxell MC, Thompson TL, Terry

LS. Test for carcinogenicity of metallic compounds by the pul-
monary tumor response in strain A mice. Cancer Res
36:1744-1747 (1976).

28. Poirier LA, Theiss JC, Arnold LJ, Shimkin MB. Inhibition by
magnesium and calcium acetates of lead subacetate-and nickel
acetate-induced lung tumors in strain A mice. Cancer Res
44:1520-1522 (1984).

29. Pott F, Rippe RM, Roller M, Csicsaky M, Rosenbruch M,
Huth F. Tumours in the abdominal cavity of rats after
intraperitoneal injection of nickel compounds. In:
Proceedings of the International Conference on Heavy Metals
in the Environment, 12-15 September 1989, Geneva:World
Health Organization, 1989:vol 2,127-129.

30. Pott F, Ziem U, Reiffer F-J, Huth F, Ernst HU.
Carcinogenicity studies on fibres, metal compounds and some
other dusts in rats. Exp Pathol 32:129-152 (1987).

31. Au WW, Walker DM, Ward JB Jr, Whorton E, Legator MS,
Singh V. Factors contributing to chromosome damage in lym-
phocytes of cigarette smokers. Mutat Res 260:137-144 (1991).

32. Conway K, Costa M. Nonrandom chromosomal alterations in
nickel transformed Chinese hamster embryo cells. Cancer Res
49:6032-6038 (1991).

33. Natarajan AT, Darroudi F, Mullenders LHF, Meijers M. The
nature and repair of DNA lesions that lead to chromosomal
aberrations induced by ionizing radiations. Mutat Res
160:231-236 (1986).

34. Preston RJ. Mechanisms of induction of specific chromosomal
alterations. In: DNA Damage and Repair in Human Tissues
(Sutherland BM, Woodhead AD, eds). New York:Plenum
Press, 1990;329-336.

35. Wolff S, Afzal V, Wiencke JK, Olivieri G, Michaeli A. Human
lymphocytes exposed to low doses of ionizing radiations
become refractory to high doses of radiation as wel as to chem-
ical mutagens that induce double-strand breaks in DNA. Int J
Radiat Biol 53:39-48 (1988).

36. Mxhle L, Metcalf RA, Ryberg D, Bennett WP, Harris CC,
Haugen A. Altered p53 gene structure and expression in human
epithelial cells after exposure to nickel. Cancer Res 52:218-221
(1992).

37. Loeb LA. Mutator phenotype may be required for multistage
carcinogenesis. Cancer Res 51:3075-3079 (1991).

38. Farber E, Rubin H. Cellular adaptation in the origin and devel-
opment of cancer. Cancer Res 51:2751-2760 (1991).

39. Christie NT,Tummolo DM, Biggart NW, Murphy EC Jr.
Chromosomal changes in cell lines from mouse tumors induced
by nickel sulfide and methylcholanthrene. Cell Biol Toxicol
4:427-445 (1988).

Volume 102, Supplement 9, November 1994 77


