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ABSTRACT

The combined carcinogenic effect of cadmium and dimethylnitrosamine
(DMN) was examined in male Wistar rats, to test whether the previously
observed synergism in mutagenicity between cadmium and 2 Y-niiroso
compounds would be paralleled by a synergism in carcinogenicity. In
experiment 1, 50 five-month old rats received 18 mg DMN/kg i.p.
followed by cadmium i.m. in two injections totaling either 1.5 or 3.0 mg
Cd2*/kg. In experiment 2, 30 weanling rats received five i.m. doses
totaling 6 mg Cd"/kg followed by 18 mg DMN/kg. After 52 weeks, the

incidence of renal tubular neoplasms was significantly increased above
additivity in both experiments (/' = 0.0005 to 0.017). Experiment 1 also
showed a synergistic increase in the incidence of neoplastic (/' = 0.024)
and preneoplastic (/' < 0.01) microscopic liver lesions, of tumors of
organs other than liver and kidney (/' < 0.01 ), of malignant versus benign
tumors (/' = 0.038), and of multiple versus single tumors (/' = 0.0019).
In experiment 2, the incidence of DMN-induced hepatocellular adenomas
was significantly lower than additivity, suggesting an antagonistic, pro
tective effect of cadmium pretreatment. The overall incidence of tumors
of any type was 17.5 versus 67.7% in control (one agent or none) versus
test animals. Malignant tumors included carcinomas, sarcomas, and
lymphomas, involving nine different sites. Cadmium appears to enhance
the initiation of carcinogenesis induced by DMN. Both cadmium and
nitrosamines are known environmental contaminants present in air, food,
water supplies, and tobacco smoke.

INTRODUCTION

We have previously shown (1,2) that cadmium is synergistic
with two V niiroso compounds in the induction of mutations
in bacteria. In Salmonella typhimurium strains, 0.5 mM CdCl2,
which is by itself only weakly mutagenic, increased the muta
genicity of MNU3 and MNNG to a level of up to 30-fold greater

than expected for simple additivity. The synergism was seen in
the repair-proficient strain TA 1975 as well as the repair defi
cient (uvrB~) strain TA 1535 and was observed both in the

reversion of histidine auxotrophy and in the induction of 8-
azaguanine resistance. In this paper we examine whether cad
mium and DMN are also synergistic in inducing cancer in
animals. Results from this study have been presented in abstract
form (3, 4) and are part of a doctoral dissertation (5). DMN
was preferred to the direct acting MNU and MNNG in the
animal experiments because it is known to cause kidney tumors
in rats after a single injection (6, 7) and because it is activated
by rat tissue to the same ultimate electrophile as arises spon
taneously from MNU and MNNG, namely, the methyldiazo-
nium ion [CHjN2+OH~] (8,9). In the rat, DMN is organotropic

for both kidney and liver (8). When given as a single dose, it
characteristically induces epithelial renal tumors in a dose-
related fashion (6, 7). Early in life (8 weeks), it was shown that
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1 in 5 of the DMN-induced tumors was of mesenchymal origin,
while in 5-month old rats the same dose caused only cortical
epithelial tumors (10). DMN is a recognized environmental
contaminant, present for instance in cigarette smoke (11) and
ambient air (12). Cadmium is also widespread in the environ
ment and has been found to contaminate city air (13), soil,
grain crops, and vegetables (14) as well as seafood (15).

Cadmium induces malignant transformation in cultured cells
(16). It can induce sarcomas at s.c. or i.m. injection sites in rats
(17, 18) as well as interstitial cell tumors of the testis (17, 19).
Although the view that cadmium is carcinogenic to man has
been debated, it is now supported by several epidemiological
studies. In England, Potts (20) and Kipling and Waterhouse
(21) reported a high incidence of prostatic cancer associated
with occupational exposure to cadmium. In the United States
Lernen et al. (22) reviewed mortality data for cadmium smelter
workers and found that this group had a significantly higher
than expected overall mortality from cancer of the prostate and
of the respiratory tract. The average period of latency was
approximately 20 years. Finally, Kolonel (23) demonstrated a
strong association between cadmium exposure and the occur
rence of renal cancer. His data were matched for age and
grouped according to the main sources of cadmium exposure,
i.e., diet, cigarette smoking, and occupation. Subjects with a
history of cadmium exposure had a 1.5 to 2.6 times greater risk
for renal cancer than age-matched controls (P < 0.05). In
addition he showed that the combination of smoking and oc
cupational exposure was synergistic, since it increased the in
cidence of renal cancers beyond additivity.

Synergistic effects of carcinogenic polycyclic hydrocarbons
in combination with other carcinogens have been found both in
in vitro morphological transformation assays (16, 24, 25) and
in animal experiments (26-29). Synergisms involving nitrosa
mines have been reviewed by Magee et al. (8). Examples of
synergisms involving heavy metals other than cadmium have
also been reported (28-30).

MATERIALS AND METHODS

Chemicals. CdCI2 (anhydrous) and DMN (purity greater than 99+%)
were obtained from Aldrich Chemical Company, Inc., Milwaukee, WI
53233. The solutions to be injected were prepared within 1 day of
administration. DMN was prepared as a 3.0% v/v solution in sterile
0.95% NaCl. Cadmium chloride solutions were prepared in sterile
0.95% NaCl and formulated to supply Cd2* at the indicated mg per kg

body weight doses.
Experimental Design. The study used outbred male Wistar rats

(Crl:[WI]BR; Charles River Breeding Laboratories, Wilmington, MA)
in two series of experiments (Table 1). In series 1, 5-month-old rats
were given a single dose of DMN (18 mg/kg, i.p.) followed by CdCl2
i.m. in two injections in the thigh totaling either 1.5 or 3.0 mg Cd2*/

kg, given 4 h and 4 days after DMN. The dose of DMN and the strain
and age of rats were selected according to the study of Murphy ct a/.,
(7), which demonstrated few toxic effects and a renal tumor incidence
of up to 20% within 9 months. This dose can be expected to be activated
within 4 h (31, 32). To increase the chance of detecting an enhancing
effect of cadmium on DMN carcinogenesis, rats were given the highest
cadmium dose compatible with an acceptable acute mortality. Because
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CARCINOGENIC SYNERGISM OF CADMIUM AND DMN IN RATS

Table 1 Experimental groups, doses, and schedules of DMN and cadmium injections
The two experimental series differ in the sequence of DMN and cadmium administration. In serÃes1, DMN is given first, while in series 2 it is given last. SerÃes1

includes two experiments that differ by the total dose of cadmium (l.S versus 3.0 mg/kg). At the onset of the experiment, the rats were 22 and 6 weeks old in series 1
and 2, respectively. Cadmium dose is in mg of Cd2*. The experiments were terminated after 52 weeks.

Series 1(DMNGroups

(no. ofrats)Untreated
(5)"

DMN(20)Cadmium

1 (20)

Cadmium 2(20)DMN

+ cadmium 1 (20)
DMN â€¢cadmium 2(30)Total

(115)-

cadmium)Dosage

and schedule
(mg/kg bodyweight)is

um .11hO*1

mg at h 4
0.5 mg at day 4
2 mg at h 4
1 mg at day 4

(see above)
(see above)SerÃes

2(cadmiumGroups

(no. ofrats)Untreated

(4)
Cadmium(20)DMN

(20)

Cadmium + DMN(30)Total

(74)-.DMN)Dosage

and schedule
(mg/kg bodyweight)1

mg at days 0*, 4, 5, 6

2 mgat day 12
18 mg at day 13(see

above)

" Numbers in parentheses, number of animals in each experimental group.
* Time of first injection.

of the anticipated acute toxicity of the DMN/cadmium combination in
serÃes1, two cadmium dosages were used, and the number of animals
in the group receiving DMN and the high cadmium dose was increased
from 20 to 30. The 4-h and 4-day intervals between DMN and cadmium
injections in series 1 were chosen for the following purpose. Four h
was the earliest time at which DMN could be expected to be fully
activated (31,32), i.e., a time at which cadmium would no longer inhibit
DMN activation (33). The 4-day interval was chosen to coincide with
the peak of kidney proliferation induced by the DMN injection (34).
Comparable cadmium doses have been shown to cause strong and
lasting inhibitions of thymidylate synthetase in rat tissue (35). Series 1
consisted of six groups: untreated control; DMN alone; cadmium alone
(low dose); cadmium alone (high dose); DMN with the low cadmium
dose; and DMN with the high cadmium dose. In series 2, the sequence
of administration of the two carcinogens was reversed and 6-week-old
rats were used. The younger age was chosen to test whether cadmium
and DMN in combination would cause both mesenchymal and epithe
lial renal tumors as reported for DMN alone (10). Six-week-old rats
were given i.m. injections of CdCh in the thigh at days 0, 4, 5, 6 (1 mg
Cd2+/kg), and 12 (2 mg Cd2Vkg), followed by one injection of DMN

(18 mg/kg i.p.) at day 13 (Table 1). The purpose of giving five doses of
cadmium before DMN administration was to achieve a total dose large
enough to detect a possible change in the response of epithelial and
mesenchymal kidney tissue to DMN. It was expected also that this
large dose would inhibit the liver metabolism of the subsequently
administered DMN. Cadmium is known to cause a prolonged inhibition
of drug metabolism in the liver of male rats by inhibiting cytochrome
P-4SO liver microsomal enzymes (33). It was expected that this large
divided dose would be well tolerated because of the induction of
metallothionein. SerÃes2 consisted of four groups: untreated controls;
cadmium alone; DMN alone; and cadmium plus DMN. The study was
designed to test the presence or absence of a synergism in the carcino-
genicity of cadmium and DMN by comparing the tumor incidences
expected for simple additive effects and the tumor incidences observed
in animals receiving combined treatment. This comparison does not
require an untreated control, since the background incidence is included
in the effect of cadmium alone and DMN alone. The untreated control
groups in both series were therefore smaller than any of the treatment
groups. They were included mainly to provide estimates for growth
rates and for age-related changes in renal and hepatic tissues.

The animals (5/cage) were maintained in a windowless room artifi
cially illuminated with a 12-h light-dark cycle, and kept at 23 Â±2*C.

Diet (NIH07) and water were given ad libitum. Rats were assigned to
treatment groups so as to normalize the mean body weights per group
[505 Â±11 (SD) g] for the 22-week-old rats and 192 Â±2 g for the 6-
week-old rats). Each animal bore a unique identification mark and was
observed twice daily, 7 days a week. Palpation for tumors was made
once a month for the first 6 months and once every 2 weeks thereafter.
Observation of abnormalities were updated on a weekly basis. Body
weights were recorded weekly throughout the first 10 weeks, at 4-week

intervals thereafter, and at time of necropsy. Necropsies were performed
immediately after killing (Co.. asphyxiation) or after animals were
found dead. A full set of tissues (53 organs/tissues) were inspected and
preserved, and the weights of kidney, liver, and testes were recorded.
Only the kidney and liver were subjected to routine microscopic ex
amination. The other organs were examined in microscopic sections
only when they presented tumor-suspect lesions. The right kidney was
bisected longitudinally, and the left was cross-sectioned at three levels.
Random sections of the liver were through the middle of the left and
right lateral lobes. All tissues were fixed in 10% neutral buffered
formalin for at least 96 h, embedded in paraplast, sectioned (5 //mi.
and stained with hemotoxylin and eosin and, when necessary, with
special stains. For each animal, 18 individual kidney and 4 liver sections
were examined microscopically.

RESULTS

Mortality and Acute Liver Toxicity

DMN administration alone was associated with a 5% mor
tality in both series within 2 days of administration. Cadmium
treatment alone did not result in any early death in either series
but increased the DMN-related mortality. In series 1 (DMN
given first), the mortality was 10% within 6 days in the group
receiving the low cadmium combination dose and 30% within
3 days in the group receiving the high cadmium combination
dose. In series 2 three cadmium-pretreated rats died (10%) 1
day after DMN administration and one rat died during cad
mium pretreatment. Thus, the acute mortality among animals
receiving the high cadmium combination schedule of series 1
was three times higher than that seen in the combined schedule
of series 2, despite the fact that animals of series 2 received a
twice larger total cadmium dose. This high mortality was as
sociated with the severe hepatotoxicity characteristic of acute
DMN-induced hemorrhagic necrosis. These findings were con
sistent with the significant synergistic increase in six serum
indicators of acute hepatotoxicity found in a separate experi
ment (36). Liver damage was less pronounced in the combina
tion group of series 2. In series 1, one DMN control died 7
weeks into the study and one animal that had received the high
dose of cadmium alone died at week 30. Necropsy of these two
rats did not reveal an obvious cause of death. Four additional
animals of the high-cadmium control group either died or
became moribund and were killed during the last 10 weeks of
the study, and each of them had tumors at the injection site
and was examined for other lesions. Likewise three rats from
the DMN-Iow cadmium and one rat from the DMN-high
cadmium group died or were killed during the last 14 weeks of
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CARCINOGENIC SYNERGISM OF CADMIUM AND DMN IN RATS

the study or, in one case, at week 23. All four deaths were
related to noninjection site tumors. In series 2, two deaths
occurred in the late stage of the study. One rat of the cadmium
control group was killed while moribund at week 48, and one
rat of the DMN control group died the last week of the study
(week 52). Both deaths were related to tumors at sites other
than the injection site. All rats which died or were moribund
and killed from week 30 onward remained as part of the study
for analysis of neoplastia and preneoplastic lesions.

Growth Curves and Organ Weights

The mean body weight of series 1 rats decreased markedly
within 1 week after exposure to either agents alone or in
combination. The weight losses were slightly more than additive
in the groups receiving combined treatment. By the second
week, weight gain resumed at an accelerated rate and mean
weights comparable to those of untreated controls were reached
at weeks 3, 8, and 10 in animals that received DMN alone or
low cadmium alone, high cadmium alone, and combined treat
ment, respectively. At week 50, mean body weights were com
parable for the untreated control group and the two groups
receiving both agents. The schedule of series 2 did not lead to
acute weight loss in any group. The rates of weight gains,
however, were decreased for 1 to 3 weeks after the cadmium
pretreatment and full combined treatment. Only one organ, the
testes, showed a consistent and significant decrease in weight,
measured as a percentage of the final body weight, in all animals
that had received cadmium. In series 1, this decrease was
significantly related to the cadmium dose, and the decrease was
further accentuated by DMN.

Gross Pathology at Terminal Sacrifice

Gross pathological findings associated with treatment were
found in the kidneys, liver, testes, and i.m. injection site. The
kidneys showed the occurrence of cortical cysts and of tumor-
suspect nodules. The incidence of cortical cysts was roughly
comparable in all treatment groups. In series 1 the incidences
of animals with tumor-suspect nodules in the kidney were 0.055
for DMN and 0.025 for low and high cadmium combined versus
0.066 for DMN/low cadmium, and 0.11 for DMN/high cad
mium. There was no gross evidence of renal vein invasion or
distant metastasis. No tumor-suspect nodules were seen in
series 2.

Gross examination of livers did not show any neoplastic
lesions. It showed, however, occasional small telangiectases
(suggesting peliosis), which were flush with the organ surface.
The incidence of these lesions at time of terminal sacrifice
appeared to be associated with exposure to DMN (0.28 for
DMN, 0.33 for DMN/low cadmium, and 0.37 for DMN/high
cadmium versus 0.025 for low and high cadmium combined in
series 1; 0.28 for DMN alone or in combination versus 0.05 for
cadmium alone in series 2). Testes of cadmium exposed animals
were markedly atrophie. Only few atrophie testes contained one
or more small, tumor-like nodules consistent with interstitial
cell adenoma. Four animals receiving the high cadmium dose
alone developed injection site sarcomas (17, 18). No such
tumors were caused by the low cadmium dose alone. Surpris
ingly, no injection site tumors occurred in animals receiving
DMN and cadmium at either dose and in either sequence.
Testicular tumors and injection site sarcomas are known to be
cadmium induced. Because our study considers more specifi
cally the effect of cadmium on DMN carcinogenesis, testicular
tumors and injection site sarcomas were not included in our
tabulations of extrarenai and extrahepatic tumors (Tables 5 to

7). Other tumor-suspect abnormalities occurred in other organs.
They were found most consistently in animals that had received
combined treatment and were examined microscopically as will
be discussed below.

Histopathological Findings

Histopathological lesions were found in the kidney and liver
as well as in a variety of other organs.

Renal Lesions. Histological examination of kidneys from
series 1 and 2 revealed neoplasms as well as FAH of renal
tubules, both arising from cortical tubules. The occurrence of
neoplasms is summarized in Table 2. Among animals receiving
both DMN and cadmium, the tumor incidences were signifi
cantly increased above expected additivity, (3.4- to 5.6-fold) in
all three groups. Furthermore several animals in these groups
had multiple kidney tumors, bringing the total to 75 tumors in
36 tumor-bearing rats. In controls receiving one agent alone,
only one of five tumor-bearing rats had two tumors. Altogether,
the neoplasms included 63 adenomas and 17 carcinomas. The
adenomarcarcinoma ratios were comparable among animals
subjected to single or combined exposures (4:1 versus 3.7:1).
Adenomas were composed of clear, granular, or "oncocytic"

cells. They were predominantly of the oncocytic type (37) in
series 1 (27 of 49), and of the nononcocytic type (37) in series
2 (14 of 20). Adenocarcinomas were composed of clear or
granular cells or a combination of both. They were distinguished
from adenoma by the presence of microinvasion. Tumor growth
patterns varied from small solid nodules to large masses often
with papillary growth. In series 1, the total number of tumors
among tumor-bearing animals increased with the cadmium dose
(19/10 and 32/11 in the low and high cadmium group, respec
tively), but the difference was not statistically significant. In
series 2 (younger animals) the renal neoplasms did not include
any mesenchymal tumors, contrary to what was expected on
the basis of Hard's study (10). This departure from the expected

one in five distribution was statistically significant (P < 0.025).
The incidence of FAH was high in all DMN and cadmium

controls and within the range of an additive effect in groups
receiving both DMN and cadmium (results not shown). The
concurrence of FAH and neoplasms and of FAH and age-
related chronic nephropathy were both tested statistically. The
first correlation was significant (P < 0.05) while the second was

Table 2 Number of rats with renal neoplasms
The number of rats found to be tumor-bearing 52 weeks after onset of

carcinogenic exposure (including rats which died or were moribund and killed
from week 30 onward) are given together with the total number of animals in the
same experimental group. The frequency of tumor-bearing rats in a group that
received both agents is compared statistically with the frequency that would
correspond to an additive effect in the same number of animals (numbers in
parentheses). These numbers are used to calculate and statistically evaluate the
magnitude of the synergism (enhancement). Evaluation was by Fisher's Exact

Probability Test using nearest whole number.

TreatmentgroupsUntreatedDMNCadmium

1Cadmium
2DMN

+ cadmium 1
Expected foradditivity1*Enhancement'DMN

+ cadmium 2
Expected foradditivity''Enhancement'Series

10/52/181/200/2010/18*

(2.9/18)3.4
xnjTif(2.3/21)4.8

xSeries

20/42/19-0/20l^0'017

(2.7/26)l^0'00055.6

x}
P = 0.003

Â«-./Occurrenceof multiple kidney tumors per tumor-bearing animals. Total

numbers of tumors were 3 in a, 19 in b, 24 in r. and 32 in/
'' Sum of frequencies in two single-treatment groups x number of rats in

combined treatment group.
' Number of tumor-bearing rats found/number of tumor-bearing rats expected

for additivity.
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CARCINOGENIC SYNERGISM OF CADMIUM AND DMN IN RATS

not. FAH was often associated with tubular dilation, piling of
cells, papillary projections (3 to 5 cells layered high), and
sloughing of cells into the lumen. Cell nuclei were generally
hyperchromatic and binucleated cells were not uncommon.

Hepatic Lesions. A microscopic examination of the livers
revealed two major types of lesions, i.e., hepatocellular adeno
mas (38) and altered foci (39). The data on rats bearing hepa
tocellular adenomas are summarized in Table 3. In series 1, the
number of lesion-bearing rats was significantly increased in the
group receiving combined treatment (4.1-fold expected additiv-
ity). In series 2, surprisingly, there were no adenoma-bearing
rats in the group receiving the combined treatment. This ap
parent protective effect was statistically significant (P = 0.025).
Thus, while the sequence in which DMN and cadmium were
administered did not influence the incidence of renal tumors
(0.54 versus 0.58 in series 1 and 2, respectively), it did signifi
cantly influence hepatic tumorigenesis.

It proved useful to distinguish between two morphological
categories of altered foci, those containing acidophilic or clear
cells or both and those containing mostly basophilic cells (39).
There were considerable variations in the number of such foci
per liver section, so that a semiquantitative grouping into rats
with "occasional" and "numerous" foci was carried out. Occa

sional was defined as containing up to 10, and numerous was
defined as containing more than 10 areas/10 fields at a 40-fold
magnification. Table 4 shows that after combined DMN/cad-
mium treatment the incidence of rats with numerous lesions
was significantly increased (5.5- and 2.7-fold in the high cad
mium and the pooled cadmium groups, respectively). There
was a corresponding significant decrease in the number of
animals with occasional lesions in the same experimental
groups, so that this shift towards a higher number of lesions
per liver section was itself highly significant. By contrast, in the
combined treatment group of series 2 (results not shown), the
incidences of animals bearing either occasional or numerous
lesions were smaller than the values expected for additivity by
factors of 0.80 and 0.64, respectively. Thus the combined
administration of the two carcinogens caused two liver lesions
that appeared to be associated: both the incidence of hepato
cellular adenomas and of altered foci of the acidophilic/clear-
cell pattern increased in series 1 and decreased in series 2.

Altered foci of the basophilic type were less common both in
terms of animals affected and of lesions per liver section. The
distribution of these lesions was strikingly different from the
distribution of the acidophilic/clear cell lesions. There were

Table 3 Number of rats with microscopically detectable hepatocellular adenoma
The livers of rats were examined at week 52 (or at time of death or killing

from week 30 onward). The number of rats bearing microscopic hepatocellular
adenomas was scored by examining random sections through the middle of the
left and right lateral lobes (two sections each). It is compared with the total
number of rats in the same experimental group. The magnitude and statistical
significance of the enhancements were calculated as described in Table 2. In series
2, the incidence of lesion-bearing rats was statistically smaller than additivity, i.e.,
cadmium inhibited the occurrence of DMN induced lesions. Evaluation was by
Fisher's Exact Probability Test using nearest whole number.

TreatmentgroupsUntreated

DMN
Cadmium
DMN + cadmium

Expected for additiv
ity*

Enhancement'Series

1Â°0/5

1/18
0/40
9/39

(2.2/39) f P =0.0244.1

xSeries

20/4

3/19
1/20
0/26 I

(5.4/26)â€¢Â«1P = 0.025

Table 4 Number of series 1 rats bearing preneoplastic hepatic lesions
The livers of rats were examined as described in Table 3. The numbers of

lesion-bearing rats are given together with the total number of rats in the same
experimental groups. The microscopic lesions considered here are altered foci/
areas of acidophilic-clear cells or a mixture thereof. A distinction is made between
incidence of rats bearing occasional versus numerous lesions, whereby the terms
occasional and numerous are defined as containing up to 10 versus more than 10
abnormal areas/10 fields at 40-fold magnification. The magnitude and signifi
cance of the synergisms were calculated as in Tables 2 and 3. Evaluation was by
Fisher Exact Probability Test, or x2 analysis, depending upon the size of the cell

frequencies. Among animals receiving both agents, significantly fewer had occa
sional lesions, while significantly more had numerous lesions. When pooling
together the groups that received the low and high cadmium dose, the incidence
of animals bearing numerous lesions was significantly enhanced (2.7-fold; /' <

0.01).

TreatmentgroupsUntreatedDMNCadmium

1Cadmium
2DMN

+ cadmium 1
Expected foradditiv-ity"EnhancementDMN

+ cadmium 2
Expected for additiv
ity"Enhancement*Occasional

lesions0/513/1811/208/20(Al

/><Â°-000010.26

x<SJ

/><0-000030.38

xNumerous

lesions0/51/184/201/20(4.6/18)}1.7

xTTTZi
1(2.2/21)15.5

xNot

significantP

= 0.003

* Pooling the groups receiving the low and high cadmium dose.
* Sum of frequencies in single-treatment groups x number of rats in combined

treatment group.
' Number of nodule-bearing rats found/number of nodule-bearing rats expected

for additivity.

" Sum of frequencies in two single-treatment groups x number of rats in

combined treatment group.
b Number of lesion-bearing rats observed/number of lesion-bearing rats ex

pected for additivity.

fewer than expected for additivity in series 1 and significantly
more in series 2 (results not shown). Thus the incidence of
these two classes of altered foci changed in opposite directions
in series 1 and 2 and the basophilic foci did not correlate with
the occurrence of hepatocellular adenomas.

Neoplasia at Sites Other than Kidney, Liver, Testes, and i.m.
Injection. A histopathological examination of organs presenting
tumor-suspect lesions revealed a large number of tumors at
sites other than the expected target sites of DMN and cadmium.
Table 5 gives the number of rats bearing tumors of any kind,
except tumors in the testes and at the i.m. injection site. In
series 1, the numbers of animals bearing either one or multiple
tumors were increased significantly. Table 5 also shows that
the enhancements were greater in the category of animals
bearing multiple tumors (6- or 7-fold versus 2.4- or 1.9-fold in
series 1, and 3- versus ÃŒ.4-fold in series 2). The significance of
this difference was tested by further analyzing the group of
tumor-bearing animals (animals bearing one versus multiple
tumors). The difference was significant in series 1 (P = 0.0019),
but not in series 2.

Table 6 gives the number of animals bearing tumors at sites
other than kidney, liver, testes, and injection site. It pools
together the two groups receiving combined treatment at dif
ferent cadmium dose (series 1) and lists separately the fraction
of animals bearing any or malignant tumors. In the animals
subjected to combined exposure, the occurrence of neoplasms
(Table 6A) and more specifically of malignant neoplasms (Table
6B) was increased throughout. The increases were statistically
significant in the experiments of series 1. The overall fraction
of malignant to benign tumors was also significantly increased
in this series (Table 6C).

Table 7 summarizes the sites and pathology of the neoplasms
found in organs other than kidney, liver, testes, and muscle
injection sites, in both series combined, grouping the tumors
separately as benign and malignant. In the pooled controls,
tumors arose in seven different organs. In the animals receiving
combined treatment, tumors arose at those and seven other
sites. Contrasting with 3 carcinomas arising in the pooled
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Table 5 Number of rats bearing neoplastic lesions at any site (except testes and injection site)
The numbers of lesion-bearing rats are entered, and the magnitudes of synergisms are calculated and evaluated as in the preceding tables. Animals bearing multiple

tumors were entered as a special category. In this category the enhancements were greater and of higher significance. Evaluation by Fisher's Exact Probability Test
or x2 analysis depending upon the size of the cell frequencies.

Series1Treatment

groupsUntreatedDMNCadmium

1Cadmium
2DMN

-I-Cadmium 1
Expected foradditivity*Enhancement*DMN

+ cadmium 2
Expected foradditivity*Enhancement*One

ormoretumors1/54/182/203/2014/18

1 n_0009(5.8/18) }p-Â°-Â°Â°2.4

x0721
1 P<005

(7.8/21)11.9
xMultipletumors1/50/180/200/206/18

1 â€ž_nn(m
(0/18)/>6x7/21

t P- 0004(0/21) I 'U-UU4>7

xSeries

2One

ormoretumors0/46/192/20(10.8/26)

} Notsignificant1.4

xMultipletumors0/40/190/20(0/26)

} Notsignificant>3

x

* Sum of frequencies in two single-treatment groups x number of rats in combined-treatment group.
* Number of tumor-bearing rats found/number of tumor-bearing rats expected for additivity.

Table 6 Tumors at sites other than kidney, liver, testes, and injection site
The number of rats bearing any tumor (A) or bearing malignant tumors (B)

are given together with the total numbers of animals in the same experimental
groups. Numbers in parentheses give the corresponding tumor frequencies. The
enhancements are calculated as the ratio of tumor frequencies among animals
receiving both agents and pooled controls. The total number of observed tumors
is further compared to the number of malignant tumors among them to yield the
frequency of malignant tumors (C). Evaluation by Fisher Exact Probability Test
or x1 analysis depending upon the size of the cell frequencies.

Table 7 Type of neoplasms found in organs other than kidney, liver, testes, and
muscle injection site (series 1 and 2 combined)

Series 1 Series 2

A. No. of rats withtumorsPooled
controls

Dual exposures
Enhancement*B.

No. of rats withmalignanttumors

PooledcontrolsDual
exposuresEnhancement*C.

Number of malignant tu
mors among alltumorsPooled

controlsDual
exposureEnhancement*7/63(0.11)1

13/39(0.33)| P<0-01

3_x1/63(0.017)19/39(0.23)

*U'UUU/14.4X1/8

(0.125) L =00389/15(0.60)YU-UJB4.8

x2/43(0.05)1

_.
3/26(0.12)

2.4x2/43(0.05)12/26(0.08)|1.6

x2/2

(1.0)NS2/5(0.4) |Nl0.4

X
* NS, not significant.
* Tumor frequency in rats receiving both agents/tumor frequency in pooled

controls.

control groups, there were 11 malignant tumors arising in the
groups receiving combined treatment, including 6 carcinomas,
2 sarcomas, 2 lymphomas, and one astrocytoma. A carcinoma
of the nasal cavity was the only malignancy to occur in both
the DMN and DMN plus cadmium groups. Only two types of
tumors occurred in the cadmium and cadmium plus DMN
groups, namely, benign hemangioendotheliomas of the mesen-
teric lymph nodes (three cases), and Chromophobe adenomas
of the pituitary (four cases). The most frequent extrarenai and
extrahepatic cancers occurring exclusively in the combined
treatment group were sebaceous carcinomas (three cases) and
lymphomas (two cases).

DISCUSSION

Enhancement of Tumorigenesis at Different Tumor Sites. Fol
lowing our finding that cadmium and two jY-nitroso compounds
(MNU and MNNG) are synergistic in causing mutations in S.
typhimurium tester strains (1,2) and in cultured mammalian
cells,4 this study shows that cadmium and DMN are also

synergistic in inducing tumors in rats. Enhancements signifi
cantly greater than those expected for additivity were demon
strated in the number of animals bearing kidney tumors, the

StudygroupUntreatedDMN

controlTumor

typeOrganB*
Adrenal

MPituitaryB

PancreasM
Nasal turbinÃ¢tesDiagnosisPhenochromocytoma

CarcinomaAcinar

celladenomaPoorly
differentiated carci

noma

Cadmium control

DMN and cadmium
combined

M

Lymph node
Adrenal
Pituitary
Mammary gland
Lung

Hemangioendothelioma (2)*

Pheochromocytoma
Chromophobe adenoma
Fibroadenoma
Alveolar bronchiolar
Adenocarcinoma

Lymph node Hemangioendothelioma
Pituitary Chromophobe adenoma (3)
Adrenal Pheochromocytoma (2)
Adrenal Cortical adenoma
Retroperitoneum Pheochromocytoma
Pancreatic Duct Adenoma

M Nasal turbinÃ¢tes

Mammary gland
Zymbal's gland

Skin
Jugular vein

Brain
Skin
Lymphatic sys

tem
Lymphatic sys

tem
Foreleg

Poorly differentiated carci
noma

Comedocarcinoma
Sebaceous carcinoma (2)
Sebaceous carcinoma
Malignant hemangioen-

dothelioma
Astrocytoma
Basal cell carcinoma
Histiocytic lymphoma (sub

cutis)
Undifferentiated lymphoma

Osteogenic sarcoma

4 R. Mandel and H. J.-P. Ryser, unpublished data.

" B. benign; M, malignant. Tumors are grouped separately in all experimental

groups.
* Numbers in parentheses, number of tumors of a given type.

only tumor type reliably induced by a single injection of DMN
in adult rats (6, 8, 40). While this exposure does not usually
cause visible liver tumors, we found that the added presence of
cadmium (series 1) significantly increased the incidence of
microscopic hepatocellular adenomas and of premalignant al
tered hepatic foci. Synergism was also expressed by a significant
increase in the occurrence of tumors at other sites, of multiple
tumors per animals, and of malignant versus benign tumors.

The dose of 18 mg/kg DMN alone caused a kidney tumor
incidence of 10.8%, which falls within the range of published
data (7). A single (lipomatous) renal tumor occurred in 60 rats
receiving cadmium alone. This contrasts with a 55.4% incidence
of kidney tumors among animals that had received DMN and
cadmium in either sequence. The incidences of tumors at sites
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other than kidney and liver were 8.5% in controls (one agent
or none) versus 24.6% in animals that had received both agents
in either sequence. The incidences of tumors at any site in the
same control and test groups were 17.5 versus 67.7%, more
specifically 15.5 versus 74.4% in series 1 and 20.5 versus 57.7%
in series 2. While both cadmium and DMN are known to
accumulate in the kidney, only DMN is known to cause exper
imental renal tumors. Nitrotrosamines have been associated
with a variety of other experimental tumors, often occurring at
multiple and odd sites (8). Three of six carcinomas observed
after combined treatment were sebaceous carcinoma; two of
those were of the ear duct and one of the skin. Other localization
included a carcinoma of the nasal cavity, a hemangiosarcoma
of the jugular vein, a retroperitoneal pheochromocytoma, an
astrocytoma, and an osteogenic sarcoma of the foreleg. Several
of the above tumor sites are characteristic of nitrosamine car-
cinogenesis, supporting the view that, in our experiments, cad
mium enhances the effect of DMN. The same conclusion was
drawn from our prior data on synergism in the mutagenicity of
MNU (MNNG) and cadmium in bacteria (1). Our data provide
no evidence that DMN enhances cadmium-induced tumors. In
fact no injection site sarcomas were observed in animals receiv
ing both DMN and cadmium, while four such tumors occurred
in rats receiving the high cadmium dose alone.

Effect of Sequence of Cadmium and DMN Administration.
The use of younger animals in the group receiving cadmium
first was to test whether combined treatment would influence
the 1:4 ratio of mesenchymahepithelial kidney tumors seen in
that age group following one dose of DMN (10). The younger
animals failed to show any mesenchymal kidney tumors. Their
absence (0 of 3) among kidney tumors in rats receiving DMN
alone is not inconsistent with published data. Their absence (0
of 24) among tumors in rats that had received the combined
treatment, however, is statistically different from the expected
4.8 of 24 value (P < 0.025 in Fisher's Exact Test). Cadmium

thus caused a shift in tumor types towards purely epithelial
tumors, an effect that can also be seen as akin to synergism.

While the sequence of cadmium and DMN administration
had no effect on the incidence of kidney tumors, it had major
effects on the occurrence of hepatic lesions including acute
toxicity, hepatocellular adenomas, and altered foci of the aci-
dophilic/clear cell type. It had a lesser effect on the occurrence
of tumors at sites other than kidney and liver. The protecting
effect of cadmium pretreatment on DMN-induced liver lesions
suggests that cadmium influenced the hepatic metabolism of
DMN. Cadmium is known to inhibit hepatic drug metabolism
by inhibiting cytochrome P-450-dependent microsomal en
zymes (33), which are also involved in the activation of DMN
(8, 9). It was expected on the basis of published data (31, 32)
that DMN would be activated by the time of the first cadmium
injection. In view of the long-lasting effect of injected cadmium
on hepatic drug metabolism (33), one could expect a protracted
effect of cadmium on the hepatic activation of DMN lasting
beyond the time of DMN injection. Thus, a cadmium-induced
inhibition of the liver metabolism of DMN was likely to occur
in the animals of series 2 only. Our results are consistent with
this prediction. The observation that DMN when given first
caused severe liver toxicity as well as microscopic neoplastic
liver lesions suggests that both effects were due to active DMN
metabolites at their site of generation. Conversely, the marked
decrease of the same two DMN effects after cadmium pretreat
ment suggests that less DMN was metabolized by the liver and
that less hepatotoxic and carcinogenic DMN metabolites were
generated. This observation is reminiscent of the protective

effects of aminoacetonitrile (41), ethyl alcohol (42), and disul-
firam (43) on the hepatocarcinogenicity of nitrosamines, effects
which have been attributed to inhibition of the hepatic activa
tion of the carcinogens.

While DMN is rapidly eliminated by a healthy liver, it can
be anticipated that its elimination by a cadmium-pretreated
liver is delayed and that higher DMN concentration will reach
the kidney. The increased DMN burden to the kidney together
with the known susceptibility of this organ to DMN may
explain why cadmium pretreatment increased the incidence of
kidney tumors. A similar increase, associated with decreased
liver damage, was observed in protein-deficient rats given DMN
(44). It is known that DMN is also activated by extrahepatic
tissues, although to a lesser extent (32). The respective organ-
otropisms of cadmium and DMN, the increased circulating
DMN burden, the different rates of DMN activation, the dif
ferent cadmium sensitivities of these activations, and possibly
the different rates of repair of DMN damage in different organs
are all factors that may have influenced the outcome of our
experiments and may have summed up differently for the kid
ney, and liver, and other organs in cadmium-pretreated rats.
Because series 2 used younger rats, the question arises whether
our data on tumor incidence are influenced by age-related
factors. It is known that the cytochrome P-450 system matures
before rats reach the age of 2 months, the time at which the
animals of series 2 received their DMN injection (10). The
lesser effect of DMN on the liver of rats in series 2 thus is not
due to an age-related change in the activity of the hepatic drug-
metabolizing system.

Correlation between Premalignant, Benign, and Malignant Le
sions. The classification of renal neoplasms as benign versus
malignant was based on the presence or absence of invasive
growth. The criterium of lesion size, which had been proposed
by several authors (45, 46) was not found to be valid in this
study, since lesions smaller than 0.4 cm in diameter did on
occasion show microinvasion of the surrounding parenchyma.
While the addition of cadmium did not change the ratio of
malignant to benign tumors of the kidney, it increased that
ratio 4.8-fold among the extrarenai and extrahepatic tumors of
series 1 (see Table 6C). Evidence of mÃ©tastaseswas found in
two tumors in animals that received combined treatment (DMN
first).

The FAH of the kidney, which has been described under
various terms by others following DMN treatment (37, 47),
showed a significant correlation (P < 0.05) with the occurrence
of kidney neoplasms. The enhancement of FAH by cadmium,
however, was only additive, suggesting that the FAHs occurring
in the combined-treatment group may have a greater potential
to progress towards neoplasias. The distribution of acidophilic/
clear cell foci in the liver also showed a correlation with the
occurrence of hepatocellular adenomas: both were increased
after the combined exposure in series 1 and decreased after the
combined exposure of series 2. By contrast, basophilic lesions
were significantly increased in the group of animals that failed
to develop liver adenomas (5), indicating that their occurrence
is not related to tumorigenesis.

Possible Mechanisms of Synergistic Action. This study was
not set up to determine whether cadmium acts as an initiator
or a promoter of carcinogenesis. A different experimental pro
tocol with a long interval between DMN and cadmium admin
istration would have been required for that purpose. Because of
its protracted effect, cadmium can influence the DMN-induced
lesions in series 2. Because of the short interval between DMN
and cadmium injections in series 1 (4 h), cadmium can still
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participate in DMN-induced carcinogenic initiation. The dis
tinction is further complicated by the effect of cadmium on
carcinogen activation. The lack of enhancement of liver tumor-
igenesis in series 2 and its occurrence in series 1 could have
erroneously suggested that cadmium acted as a promoter. It
has been suggested that the enhancement by cadmium of
benzo(a)pyrene-initiated morphological transformation of cul
tured cells in vitro might represent a promoting effect (25). The
enhancement, however, was of the same order when cadmium
was given with or following benzo(a)pyrene and cadmium alone
had a weak transforming effect that was itself enhanced by 12-
O-tetradecanoylphorbol-13-acetate (25). It is plausible, there
fore, that in that case as in ours, cadmium acted on the initiation
process. The major argument in favor of this view is provided
by the comparison of the mutagenic and carcinogenic effects of
cadmium and yV-nitroso compounds: they were first found to
be synergistic in causing mutations in bacteria and mammalian
cells and therefore are both capable of acting together in causing
DNA lesions of a kind that is commonly associated with car
cinogenic initiation. Since we now know that this synergism
extends to carcinogenesis, we assumed that the correlation is
not coincidental and that further efforts to clarify the mecha
nisms of this cadmium effect should focus on the molecular
events of initiation.

Looking at possible mechanisms, it appears unlikely that
cadmium would enhance the activation of/V-nitroso compounds
since the two jV-nitrosamides tested in the bacterial system
(MNU and MNNG) do not require activation and since cad
mium pretreatment inhibited rather than enhanced the hepatic
activation of DMN. The question whether cadmium acts by
enhancing the effect of DMN or vice versa also appears to be
clarified both by our bacterial and animal data, in particular by
the following facts: (a) carcinogenic nitrosamines are much
more potent than cadmium in inducing mutation and neoplasia;
(h) the synergism in mutagenesis appeared to be a function of
the level of nitrosamide-induced mutations (1); (c) the organo-
tropism in the carcinogenic synergism appears to be essentially
that of DMN.

In conclusion, our data provide a useful model for the study
of weak carcinogens that might enhance DMN-induced iunior
Â¡genesis.They point out that the sequence in which two carcin
ogens are administered may influence the yield and localization
of tumors and provide an example where hepatocarcinogenesis
is decreased presumably because one of the synergistic partners
inhibits the hepatic activation of the other. On a more general
level the data show that a synergism first demonstrated in the
induction of mutations in bacteria could also be found in animal
carcinogenesis. Thus, they extend the value of bacterial muta
genesis tests to the screening of synergistic effects in carcino
genesis. Our data show that a heavy metal, the carcinogenicity
of which had long been debated, can become strongly carcino
genic when given in association. This finding is relevant to the
problem of determining permissible doses of environmental
carcinogens and underlines the necessity of considering poten
tial synergisms when determining their allowable levels. The
described synergism has public health relevance, since both
agents studied are environmental and/or occupational pollu
tants. It is of particular interest that cadmium (48) as well as
DMN and other nitrosamines (11,49, 50) are present in tobacco
and cigarette smoke and that smoking was a factor in the
enhancement of kidney tumors among workers exposed to
cadmium (23). This finding suggests that the synergism de
scribed here may operate in smoke-related carcinogenesis.
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