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Abstract: This review covers chemical carcinogenesis studies in nonhuman primates

performed by the National Cancer Institute, USA, to provide hitherto unavailable information on

their susceptibility to compounds producing carcinogenic effects in rodents. From autopsy

records of 401 breeders and untreated controls, incidences of spontaneous malignant tumors

were found to be relatively low in cynomolgus (1.9%) and rhesus monkeys (3.8%), but higher in

African green monkeys (8%). Various chemical compounds, and in particular 6 antineoplastic

agents, 13 food-related compounds including additives and contaminants, 1 pesticide, 5 N-nitroso

compounds, 3 heterocyclic amines, and 7 ‘‘classical’’ rodent carcinogens, were tested during

the 34 years period, generally at doses 10�40 times the estimated human exposure. Results

were inconclusive in many cases but unequivocal carcinogenicity was demonstrated for IQ,

procarbazine, methylnitrosourea and diethylnitrosamine. Furthermore, negative findings for

saccharine and cyclamate were in line with results in other species. Thus susceptibility to

carcinogens is at least partly shared by nonhuman primates and rodents.
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Introduction

Malignant tumors arise due to accumulation of

genetic and epigenetic changes caused by carcino-

genic agents. Chemical carcinogenesis thus involves

a series of complex events that result in the

conversion of normal to malignant cells. A wide

variety of chemicals have been shown to be capable

of inducing malignant tumors, not only in rodents

but also in species belonging to other animal

orders.1)–3) Rodents are appropriate animal models

for large-scale human carcinogenic risk assessment

because of their relatively low cost, wealth of

data regarding spontaneous tumor incidence, and

the relative rapidity with which experimental

results can be obtained.4),5) However, agents that

are carcinogenic in humans are not always carcino-

genic to rodents; for example, inorganic arsenic is

a human carcinogen but is reported to have no

such effect in rats.6)

Although it is impractical to use large animals,

such as nonhuman primates, for large-scale carcino-

genesis experiments, they represent valuable

model systems for the following reasons: 1) the

close phylogenic relationship to humans, and great-

er similarities with regard to anatomy, physiology,

biochemistry and organ systems, as compared to

rodents; 2) the relatively large organ size makes

it possible to perform repeated diagnostic proce-

dures, such as endoscopic examination, blood

sample collection and biopsy, on the same animal

over a long period; 3) the incidence of spontaneous

tumors is low in comparison with rodents; and

4) the longevity of Old World monkeys, primarily
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found in Africa, makes carcinogenic exposure over

long periods comparable to that in humans. How-

ever, obvious disadvantages are the high cost

associated with the use of nonhuman primates in

long-term carcinogenic studies and the time periods

required.

This review summarizes data on spontaneous

and chemically induced tumors in animals from

studies begun in 1961 at the National Cancer

Institute, NIH, USA and the National Cancer

Research Institute, Japan. This is the largest and

longest running chemical carcinogen testing pro-

gram in nonhuman primates undertaken to date.

The results of the studies have been detailed

elsewhere.4),5) Furthermore, histological findings of

normal tissue and neoplastic lesions in nonhuman

primates were characterized by the authors.7),8)

Here, we focus on chemicals demonstrating carci-

nogenic activity preferentially in rodents, with

comparisons to results with nonhuman primates.

Materials and methods

The monkey colony consisted of three species:

Macaca fascicularis (cynomolgus monkey), Macaca

mulatta (rhesus monkey), and Cercopithecus ae-

thiops (African green monkey). All three species

were bred at the facility since the commencement of

the program in 1961, and served as the primary

source of experimental animals. Purina High Pro-

tein Monkey Chow #5045 was offered twice daily,

and the animals also received a vitamin sandwich

and a portion of apple daily.

The nonhuman primates were housed individ-

ually in stainless steel cages, which provided

appropriate space as required by the Institutional

Animal Welfare Act.

Since the initiation of this chemical carcino-

genesis study, a total of 37 compounds have

been evaluated, comprising 6 antineoplastic agents,

13 food additives, other components, and environ-

mental contaminants, 7 ‘‘classical’’ rodent carcino-

gens, 5 N-nitroso compounds, and 6 miscellaneous

substances. In addition, 8 viruses and 6 vehicles

for test compounds were tested. Results with 5

antineoplastic agents, 2 food additives, 3 HCAs,

2 food contaminants/pesticides, 2 N-nitroso com-

pounds and some classical rodent carcinogens are

reviewed here.

The test compounds were generally adminis-

tered per os (po), in a vitamin mixture on a

sandwich, by intraperitoneal (ip) injection, by

intravenous (iv) injection or by nasogastric (ng)

intubation. A total of 55 nonhuman primates

were assigned to control groups receiving only

vehicles for the different compounds, these being

dimethyl sulfoxide (DMSO), hydroxypropyl cellu-

lose (HPC), corn oil, olive oil, saline, distilled water,

vitamin spread, syrup or apple sauce. Periodically,

nonhuman primates were also assigned as controls

with no treatment whatsoever. For most com-

pounds, treatment was initiated at the time of

weaning (approximately 6 months of age) or at 1

year of age.

The dose level was dependent upon the agent

under evaluation. Cancer therapeutic agents were

administered at doses likely to be encountered in

clinical use, while other compounds were adminis-

tered at 10–40 times the estimated human intake

level, or at the maximum tolerated dose that did

not cause severe organ toxicity or weight loss.

Each nonhuman primate received a routine physical

examination by a veterinarian every 6 months.

Various hematological and biochemical tests were

performed every 3 to 6 months, depending on the

compound under evaluation. For early detection of

liver tumors, measurement of serum �-fetoprotein

levels and abdominal laparoscopic examination

of the liver were performed every 3 to 6 months,

followed by histopathological examination of wedge

or needle liver biopsy specimens.

A complete autopsy was performed on all

nonhuman primates which died before the termi-

nation or were sacrificed at the end of the

study. Data on tumor incidences were included

from all animals surviving 6 months or longer after

the first exposure to test compounds. Animals

that died as a result of acute toxicity during the

first 6 months of dosing were eliminated from the

assessment. Such cases were experienced with some

of the compounds examined earlier in the series

of studies. The latent period for tumor development

for all of the compounds investigated was more

than 6 months.

Results

Spontaneous tumors. A total of 401 autopsy

records for breeder and wild monkeys were re-

viewed to determine spontaneous tumor incidences

(Table 1). The incidence of total malignant tumors

was highest (8%) in the African green monkeys, 3 of
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5 malignancies being non-Hodgkin’s lymphomas,

followed by rhesus and cynomolgus monkeys with

incidences of 1.9% and 3.8%, respectively. The

three cynomolgus monkeys with tumors had adeno-

carcinomas of the kidney and colon, and a duct

carcinoma of the breast. Seven rhesus monkeys

developed malignant tumors, including two rhab-

domyosarcomas in limbs. One of two poorly differ-

entiated sarcomas in the peritoneal and perivaginal

areas of unknown origin demonstrated metastasis

to the lung. Two cases of squamous cell carcinomas

in the tongue and bladder, respectively, and an

adenocarcinoma of the bile duct were also observed.

Spontaneous benign tumors were observed in 2

cynomolgus and 11 rhesus monkeys, 6 of the 11

benign tumors in the latter being uterine leiomyo-

mas.5)

Antineoplastic agents. A total of 166 mon-

keys were treated with one of 5 agents, of which 59

survived for 6 months or longer after the first dose.

All 5 of the test agents in this category showed

evidence of carcinogenicity, with tumor incidences

of 6.7–40.9% (Table 2).4),5)

Doxorubicin hydrochloride (Adriamycin). A total

of 30 nonhuman primates (17 rhesus monkeys and

13 cynomolgus monkeys) received doxorubicin

hydrochloride by the iv route. The first group of

10 animals received a dose of 0.2mg/kg for 188

months, the second group received 0.4mg/kg for

185 months, and the third group received 1.0mg/kg

for 114 months, then all were observed without

further treatment. The doxorubicin hydrochloride

was given once a month in all groups. One case of

acute myeloblastic leukemia in rhesus monkeys

after 32 months, and one case of low-grade fibro-

sarcoma at the injection site in the right leg in

a cynomolgus monkey were observed after 134

months in the second group.4),5)

Table 1. Spontaneous tumor rates in the breeder and control animals

Species Total no. of monkeys
No. of monkeys
with malignant tumors

No. of monkeys
with benign tumors

Rhesus
F 153

182
5

7 (3.8%)
10

11 (6.0%)
M 29 2 1

Cynomolgus
F 128

157
1

3 (1.9%)
2

2 (1.3%)
M 29 2 0

African green
F 47

62
1

5 (8.0%)
0

0 (0%)
M 15 4 0

Total 401 15 13

Table 2. Summary of malignant tumor data for monkeys treated with antineoplastic and immunosupressive agents

Agent
No. of

monkeysa)
Route

Daily dose
(mg/kg)

No. of dead with
malignant tumor

Carcinogenicity

Doxorubicin
hydrochloride

10 iv 0.2 0 no

Doxorubicin
hydrochloride

10 iv 0.4 1 no

Doxorubicin
hydrochloride

10 iv 1.0 1 no

Cyclophosphamide 23 po 6.0 1
not

conclusive

Melphalan 20 ng 0.1 2
not

conclusive

Procarbazine 49 sc/po, ip/po, or ip 10 17 yes

MNU 43b) or 44c) po 10 18 yes

a)Number of animals surviving longer than 6 months after the first dose
b)See reference 13
c)See refernce 5
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Delayed cardiotoxicity is well documented in

humans treated with doxorubicin hydrochloride.

Similarly, dose-dependent cardiomyopathy was ob-

served in all of the rhesus and cynomolgus monkeys

in the 1.0mg/kg group and 5 of the 0.4mg/kg

group. These animals developed myocardial degen-

eration and died as a result of congestive heart

failure.9) One of the authors (S.T.) performed

histopathological examination of the myocardial

degeneration (unpublished results).

Cyclophosphamide (Cytoxan). For the treat-

ment of human advanced Hodgkin’s disease, com-

bination therapy with anti-cancer agents including

vincristine, nitrogen mustard/cyclophosphamide,

and procarbazine may be performed in a cyclic

manner.10) One report indicated that the agent may

induce rheumatoid arthritis, urinary bladder tu-

mors, and acute nonlymphatic leukemias in treated

patients.11)

In nonhuman primates, initial dosing with

cyclophosphamide by po administration was start-

ed in 1980 with 20 monkeys (10 rhesus, 9 cynomol-

gus and 1 hybrid monkeys) at a dose of 6.0mg/kg

5 days a week. This was discontinued after 11 years

of dosing, when fifteen of the animals were surviv-

ing, among which one rhesus monkey was found

to have a small transitional cell carcinoma of

the urinary bladder, and one rhesus and one hybrid

monkey demonstrated myocardial degeneration

and fibrosis.5)

Melphalan (L-PAM). Dosing of melphalan to

20 nonhuman primates was started in 1975 and

terminated in 1991 after approximately 16 years.

This agent was given by po route at 0.1mg/kg, 5

times a week, and the average cumulative dose

was 2.17 g.

Interestingly, the incidence of endometriosis

was found to be higher than in any of the other

experimental groups in this study. At autopsy 5

cynomolgus monkeys were diagnosed as having

malignant tumors, one being found to have an

endometrial adenocarcinoma, and two demonstrat-

ing poorly differentiated sarcomas in the perineal

and perivaginal area of unknown origin, one meta-

stasizing to the lung. In addition, a prostate

carcinoma (Fig. 1) and a squamous cell carcinoma

of the palate were diagnosed. Six animals were

found to have benign tumors (four with leiomyomas

of the uterus, one with a lung adenoma, and one

with an eccrine cylindroma of the scalp) (unpub-

lished data).

Procarbazine (MIH). Administration of pro-

carbazine was initiated in 1963 and terminated in

1985. This agent was given to 53 newborn animals

by the ip, sc, and/or po routes. Forty-nine animals

survived for 6 months or longer after the initial

dose. Malignant tumors were found in 17 animals,

and the average cumulative dose in these tumor-

bearing animals was 73.7 g. The tumors included 8

cases of acute nonlymphatic leukemia, 2 renal

hemangiosarcomas, 3 osteosarcomas, 1 lymphocytic

lymphoma, 1 osteocytoma, and 1 colon carcinoma.

One animal had two primary tumors, in the

pancreas and the renal pelvis. The most common

cause of death in the remaining animals in this

group was bone marrow atrophy. Another interest-

ing finding was depression of spermatogenesis

(Sertoli-cell-only syndrome), which was found in

18 of 29 male animals.5),12)

N-Methyl-N-nitrosourea (MNU). MNU exerts

direct carcinogenic effects and does not require

enzymatic activation. It was administered at a po

dose of 10mg/kg, incorporated into vitamin sand-

wiches, for 10 years to a total of 4313) or 444),5)

nonhuman primates. Twenty six animals died

without tumors. Malignant tumors were observed

in all the remaining 18 animals, which received an

average cumulative dose of 140.4 g and had an

average latent period of 146.5 months (range, 62–

264 months).5) Invasive squamous cell carcinomas

in the lower third of the esophagus were found in 15

animals; 7 of these animals had a single primary

Fig. 1. Adenocarcinoma of the prostate, demonstrating well

differentiated glandular proliferation of neoplastic cells.

(Cynomolgus male, 296 months old, L-PAM 100mg/kg group).

�245.
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tumor, while the remaining 8 had multiple tumors.

In addition, squamous cell carcinomas were found

in the oral cavity, pharynx, larynx, and stomach.

One animal (cynomolgus monkey) had 3 primary

tumors a squamous cell carcinoma of the esophagus,

an adenocarcinoma of the stomach, and a rhabdo-

myoblastoma of the heart. All of the animals having

squamous cell carcinomas of the esophagus also had

severe dysplasia of non-tumorous areas of the

esophageal mucosa.4),5),13)

Artificial sweeteners. Saccharin. In the

early 1970’s, saccharin was reported to induce

bladder tumors in rats.14) However, the mechanism

of its carcinogenicity was shown to be specific to

rats.15) Thus saccharin was removed from the US

NTP List of Carcinogens in Dec., 2000. Epidemio-

logical studies have shown no evidence of increased

urothelial proliferation associated with ingestion of

sodium saccharin in humans.

For the purpose of clarifying whether saccharin

might be carcinogenic to nonhuman primates, a

long-term (24 years) feeding study was started in

1970. Twenty animals of three species, cynomolgus,

rhesus, African green and hybrid monkeys, 1–10

days of age, were treated with sodium saccharin

mixed in the diet (25mg/kg body weight daily) 5

days a week; this dose corresponds to a daily intake

of 5 cans of diet soda by a 70 kg person. Dosing

started 24 hours after birth and continued for up to

24 years. Sixteen animals served as controls. During

their last 2 years of life, urine was collected from

selected saccharin-treated and control animals and

evaluated for various urinary chemicals and for the

presence of calculi, microcrystalluria, and precip-

itates. Sodium saccharin treatment had no effect on

the urine or urothelium in any of these animals, and

there was no evidence of formation of crystalline

material in the urine. No tumors were detected at

autopsy of the saccharin-treated animals (Table 3).

Since the dose of sodium saccharin administered

to these animals was 10 times the daily intake for

humans by law, the results provided compelling

evidence of no carcinogenic hazard risk for the

primate urinary tract.16)

Cyclamate and cyclohexylamine. In 1970, a

report of increase in the incidence of bladder tumors

in rats dosed with a mixture of cyclamate and

saccharin (10:1) led to a ban on cyclamate as an

artificial dietary sweetener in the UK and the

USA.17) The safety issue was decided based on

cyclamate data from rodent studies, including

possible carcinogenicity, cardiovascular effects,

and testicular toxicity. Cyclamate is metabolized

by the bacterial flora of the gastrointestinal tract

and the extent of conversion to cyclohexylamine is

especially significant.18) This metabolite is more

toxic than the parent compound and has been

shown to produce testicular atrophy in both rats

and dogs.19)

Commencing in 1970, cyclamate was adminis-

tered to cynomolgus, rhesus, and African green

monkeys in the diet at 100mg/kg or 500mg/kg,

5 times per week from birth for up to 24 years.

Twenty-one animals were used in this experiment.

Seven died during the study without any tumors,

and the survivors were in good health until the

study was terminated in 1994. The remaining 8

animals in the 100mg/kg group and 6 in the

500mg/kg were euthanized and necropsied. Kypho-

sis of the spine was observed in 3 monkeys.

Malignant tumors were diagnosed in three animals

at age 24; one was a well-differentiated prostate

carcinoma in the 100mg/kg group and the other

two were a metastatic colon adenocarcinoma and a

hepatocellular carcinoma with lung metastasis

which occurred in the 500mg/kg group (Table 3).

Benign tumors, i.e., an adenoma of the thyroid

gland and a leiomyoma of the uterus, were found

in two females at autopsy. Testicular atrophy

with evidence of decreased spermatogenesis was

observed in 5 of 7 males in the 500mg/kg cyclamate

group, and in 3 of 4 males in the 100mg/kg

group. Terminal measurement of cyclohexylamine

concentrations showed that three of the cyclamate

monkeys were high metabolic converters with

plasma levels comparable to that produce testicular

atrophy in rats. However, only one of the three

high converters showed evidence of testicular

atrophy.20)

The findings of this study suggest that lifetime

exposure to high doses of cyclamate accelerates

the process of age-related testicular atrophy in

three species of animals. Although the tumor

incidence in cyclamate monkeys was higher than

the overall spontaneous tumor rate in the breeders

and normal controls in the 35 years history of

this monkey colony, the three cases of different

types of malignant tumor in old animals are

inconclusive regarding the carcinogenic potential

of cyclamate.
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Cooked foods mutagens and carcinogens.

Heterocyclic amines (HCAs). In 1986, highly

mutagenic HCAs were isolated from broiled, fried,

and barbecued meat and fish.21) These HCAs were

subsequently shown to be carcinogenic in various

organs in rodents following oral administration.22)

Three HCAs, i.e., 2-amino-3-methylimidazo[4,5-f]

quinoline (IQ), 2-amino-3,8-dimethylimidazo(4,5-

f)quinoxaline (MeIQx), and 2-amino-1-methyl-6-

phenylimidazo(4,5-b)pyridine (PhIP), were evalu-

ated in nonhuman primates by ng intubation at

doses of 10 and 20mg/kg, 5 days a week. Of the

three HCAs, IQ was found to be a potent hepatic

carcinogen in cynomolgus monkeys. Liver tumors

were thus found in 9 of 20 animals (45%) in the

10mg/kg group and in 17 of 20 animals (85%) in the

20mg/kg group. The average cumulative doses

were 38.2 g and 43.9 g, respectively, and average

latent periods were 59.1 and 44.8 months. Most of

the liver tumors were diagnosed as hepatocellular

carcinomas (Fig. 2). The extent of tumor involve-

ment ranged from a single nodule to almost

complete replacement of the liver with nodules.

Hepatocellular carcinomas with metastases to the

lung and omentum were found in 6 tumor-bearing

animals.23)

MeIQx is carcinogenic towards rodents, induc-

ing liver and lung tumors, lymphomas, and leuke-

mia in CDF1 mice, and liver, Zymbal gland, and

skin tumors in F344 rats.21) In a study which began

in 1988, 20 cynomolgus monkeys received this agent

at doses of 10 or 20mg/kg, by nasogastric intuba-

tion as with IQ, 5 times a week for a period of 84

months, and were autopsied 8 months thereafter.

However, no neoplastic or preneoplastic lesions

were observed.24)

The specific mutagenic activity of PhIP in tests

using Salmonella typhimurium TA98 is much lower

than that of IQ and MeIQx, but it is present at up

to 10-fold higher levels in cooked beef. PhIP has

been reported to show carcinogenicity in various

organs, including breast, colon and prostate cancers

in rodents.21) Dosing of cynomolgus monkeys with

PhIP by nasogastric intubation was started in 1990,

groups of 10 monkeys received PhIP at levels of 10

and 20mg/kg, 5 days a week. At the end of the

observation period at 82 months, no macroscopic

lesions in the intestines or treatment-related histo-

Table 3. Summary of malignant tumor data for monkeys treated with saccharin, cyclamate, DDT and heterocyclic amines

Agent
No. of

monkeysa)
Route

Daily dose
(mg/kg)

No. dead with
malignant tumor

Carcinogenicity

Saccharin 20 po 25 0 no

Cyclamate 10 po 100 1 no

Cyclamate 11 po 500 2 no

DDT 25 po 20 2
not

conclusive

1Q 20 ng 10 9 yes

1Q 20 ng 20 17 yes

MeIQx 10 ng 20 0 no

MeIQx 10 ng 10 0 no

PhIP 10 ng 20 0 no

PhIP 10 ng 10 0 no

a)Number of animals surviving longer than 6 months after the first dose

Fig. 2. Trabecular hepatocellular carcinoma, characterized

by channels lined with discontinuous layers of endothelial

cells (Cynomolgus male, 61 months old, IQ 100mg/kg group).

�185.
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pathological findings in other organs were observed

in these animals (Tsuda, H. personal communica-

tion).

Naturally occurring compound and pes-

ticide. Aflatoxin B1 (AFB1). Carcinogenicity

studies of AFB1 in cynomolgus and rhesus monkeys

were commenced in 1966. Oral dosing was started at

2 weeks of age. During the first month, AFB1 was

given two to three times weekly at 0.05mg/kg. The

dose was then raised steadily up to 0.8mg/kg over

the next 6 months, using the same dosing frequency.

A second group of newborn animals received AFB1

ip injection, starting at 0.2mg/kg once weekly and

reaching 0.25mg/kg at 2 months of age. The third

group was dosed by both po and ip routes. Twenty-

eight of the animals in the first group survived for

more than 6 months, 18 of which developed malig-

nant tumors. In the second and third groups, 5

animals survived for more than 6 months in each

group, all of which developed malignant tumors.

Dosing of AFB1 was continued until the end of

the observation period of 18 years. A third of the

animals with malignancies had more than one

primary tumor. A total of 29 tumors4),5) were found

in 23 animals, including 10 bile duct carcinomas,5) 3

hepatocellular carcinomas,5) 3 adenocarcinomas

of the pancreas,5) 7 hemangiosarcomas of the liver,5)

3 osteosarcomas,5) 2 transitional cell carcinomas

of the urinary bladder,5) and 1 fibrosarcoma in the

pelvic area.

The average cumulative dose for the tumor-

bearing animals was 885mg. The observation

periods were 48–7425) or 48–2105) months. The

tumor incidence was considerably higher in females

than in males. Among the 15 animals without

tumors, 6 died as a result of toxic hepatitis, 4

developed cirrhosis, and 3 had hyperplastic nodules

in the liver at the time of death.5),25)

DDT. DDT has been used extensively

throughout the world for agricultural pesticide

and, recently, vector control of malaria. DDT is

known to induce liver tumors in mice, rats and

hamsters.26),27) DDT treatment was begun to a

group of 15 nonhuman primates in 1969 and to

another group of 10 in 1975 (Table 2).5) The dosage

in both cases was 20mg/kg by po route 5 times per

week for a period of 130 months. At the end of the

observation period (16–22 years), 15 animals were

alive and in good health. Of the 10 animals that

died, one developed a hepatocellular carcinoma

after an observation period of almost 20 years and

a total dose of 292 g and one had a carcinoma of

the prostate (Table 3). Some animals showed

severe tremors and convulsions immediately prior

to death. One animal died as a result of toxic

hepatitis 4.5 years after the first dose of DDT, and

two developed diabetes mellitus after 14 and 17

years, respectively. One animal was diagnosed with

a Sertoli-cell-only syndrome of the testis.12) The

results of the long-term DDT administration study

in cynomolgus and rhesus monkeys emphasized the

neurotoxic effects of DDT, although the findings

also suggested hepatotoxicity. The two cases of

different types of malignant tumors occurring in

aged animals do not allow an unequivocal conclu-

sion with respect to carcinogenetic effects of DDT in

nonhuman primates.5),28)

N-nitroso compounds. Dosing of monkeys

with DENA, DMNA, DPNA, MNNG and PIP, was

begun in 1962. With the exception of DMNA and

MNNG, all of these compounds were shown to be

unequivocal hepatocarcinogens in rats, as shown

in Table 4.5)

DENA. DENA was the most potent and con-

sistent liver carcinogen of all the compounds tested

in the monkey colony, with an incidence of hepatic

carcinomas of almost 100% within 2 years. DENA

was given by po and ip routes, but the latter

resulted in the shorter latent period (minimum of 6

months). DENA was used as a model hepatocarci-

nogen to study the relationship between cumulative

dose and latent period for tumor formation and the

dose-dependence. Histologically, toxic hepatitis,

cirrhosis and adenomatous hyperplasia were ob-

served in animals that survived longer than 6

months. Liver tumors induction showed a linear

dose-dependence.5),29)

MNNG. MNNG was incorporated into gelatin

and inserted into the colons of three monkeys. One

of the 3 animals developed an adenocarcinoma of

the sigmoid-rectal region. In another experiment,

20 animals were dosed with MNNG by the po route

at 4mg/kg, and the average cumulative dose was

34.8 g with an average observation period of 206

months (71–238 months). In this study, no malig-

nant tumors were found and only one case of liver

adenoma was noted in the longest surviving animal.

Summaries of the results for DMNA, DPNA and

PIP have been described in earlier publications.4),5)

The data overall are summarized in Table 4.
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Classical rodent carcinogens. The classical

rodent carcinogens investigated included 4-di-

methylaminoazobenzene (butter yellow), 2-acetyl-

aminofluorene (2-AAF), 2,7-bis-acetylaminofluorene

(2,7-AAF), and 3-methylcholanthrene (3-MC).

These compounds were the first chemicals to be

evaluated in the monkey colony in 1961 and

1962. The animals were dosed by the po route for 5

years at levels comparable to those given to rodents.

The daily doses, average cumulative doses, and

observation periods and tumorgenicity are shown

in Table 5. Only one animal had a malignant tumor

in each treatment group. The tumors were a

bronchioalveolar carcinoma in the butter yellow

group, an adenocarcinoma of the nipple in the

2-AAF group and a medullary carcinoma of the

mammary gland in the 2,7-AAF group. Thus the

results preclude any conclusion concerning carcino-

genicity in nonhuman primates. In the 3-MC group,

the average cumulative dose was 73.0mg and the

average observation period was 191 months. No

tumors were found.5)

Discussion

Experimental data obtained from rodents have

been extrapolated to infer carcinogenic risk to

humans.1) However, agents that are carcinogenic

in man do not necessarily have similar effects in

rodents and vice versa so that nonhuman primates

are generally considered important animals for

assessment of human carcinogenic risk (Table 6).

The reason for the long-term program described

here (initiated in 1961) was the lack of information

on susceptibility of nonhuman primates to suspect-

ed human carcinogens and established rodent

carcinogens.2)

A number of widely used chemotherapeutic

agents were previously reported to be carcinogenic

in rodents.30) Of the five chemotherapeutic agents

that were evaluated in the present study, procar-

Table 4. Data for malignant tumors in monkeys treated with N-nitroso compounds

Average No. dead with
Agent

No.
Monkeys

Route
Daily Dose
(mg/kg) Cumulative dose

(g)
Observation period

(months)

malignant
tumor

Carcino-
genicity

DENA 40 po 10 ! 40 2.18 31 yes

DENA 128 ip 10 ! 40 112 yes

DPNA 6 ip 40 6.97 29 6 yes

PIP 10 ip 40 26.69 141 6 yes

PIP 12 po 400 51.47 87 11 yes

MNNG 20 po 4 34.8 206 0 no

MNNG 3 ireca) 4 8.5b) 73 1
not

conclusive

DMNA 7 ip 7.25 7 54 0 no

a) Intrarectal administration; b) Total dose of MNNG

Data, modified from Thorgeirsson et al.

Table 5. Data for malignant tumors in monkeys treated with classical rodent carcinogens

Average No. dead with
Agent

No. of
Monkeysa)

Route
Daily Dose
(mg/kg) Cumulative dose

(g)
Observation period

(months)

malignant
tumor

Carcino-
genicity

4-dimethylamino-
azobenzene

7 po 120 15.27 240 1 no

2-acetylamino-
fluorene

13 po 120 139.9 240 1 no

2,7-bisacetyl-
aminofluorene

14 po 100 97.8 202 1 no

3-MC 18 po 120 73a) 191 0 no

a) Number of animals surviving longer than 6 months after the first dose
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bazine (MIH) and MNU were shown to have

carcinogenic potency. Thus acute non-lymphatic

leukemia was found in 8 of 17 animals in the group

treated with procarbazine, while squamous cell

carcinomas of the esophagus were observed in 18

of 26 animals treated with MNU.13) Clinically,

procarbazine was used as a single antineoplastic

agent for Hodgkin’s disease prior to the introduc-

tion of the MOPP (mechlorethamine, oncovin,

procarbazine and prednisone) regimen and is known

to prolong survival in the patients.10) Although an

increased incidence of myelogenic leukemia was

reported in procarbazine-treated individuals,31) it

was not possible to determine whether the drug was

actually responsible for the secondary malignancies.

The finding that almost half of the nonhuman

primates treated with procarbazine developed

leukemia, however, provided strong support for an

etiological link in Hodgkin’s disease patients.

MNU, in combination with cyclophosphamide,

was used previously in the Soviet Union for treat-

ment of Hodgkin’s disease and undifferentiated

carcinoma of the lung.32) However, MNU was shown

to induce squamous cell carcinomas of the upper

gastrointestinal tract in more than one-third of

the nonhuman primates. This suggests that MNU

exerts direct carcinogenic effects in the upper

gastrointestinal tract following oral administration.

Since chronic inflammation was commonly ob-

served in the esophagus causing increase in cell

proliferation, one may suspect that it was a factor

contributing to tumor development in the esoph-

agus of the MNU-treated animals.5) Other interest-

ing findings in the MNU-treated animals included

endometriosis in 7 of 24 females and one case of

ovarian cyst in this group. The high incidence of

endometriosis in the MNU group may be related to

hormonal dysfunction in these animals.

Melphalan has been used as a chemotherapeu-

tic agent, but was shown to be associated with an

increased incidence of acute leukemias and multiple

myelomas in patients. In the nonhuman primates

studied, various benign and malignant tumors

developed in the melphalan group, but none of

them were leukemias. The high incidence of endo-

metriosis associated with long-term melphalan

treatment may suggest an endocrine effect. Since

the etiology of endometriosis has not yet been

clearly elucidated, the melphalan treated-animal

may serve as an important experimental model for

the human disease.33),34)

Cyclophosphamide has been used for prolonged

treatment of rheumatoid arthritis and malignancies

and as an immunosuppressive agent. Treatment

Table 6. Tumorigenicity in humans, nonhuman primates and rodents

Agents
Human
(IARC Evaluation)

Nonhuman
primates

Rodents

Doxorubicin
hydrochloride

Probably yes (2A) not conclusive yes

Cyclophosphamide yes (1) not conclusive yes

Merphalan Possibly yes (2B) not conclusive yes

Procarbazine yes (1) yes yes

MNU Probably yes (2A) yes yes

Saccharin no no yes

Cyclamate no no yes

DDT yes (2B) not conclusive yes

IQ Probably yes (2A) yes yes

MeIQx Possibly yes (2B) no yes

PhIP Possibly yes (2B) no yes

4-Dimethylamino-
azobenzene

Possibly yes (2B) no yes

2-Acethylamino-
fluorene

not available no yes

2,7-Bisacethylamino-
fluorene

not available no yes

3-MC not available no yes
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for long periods has been reported to result in the

development of secondary malignancies, such as

leukemias and bladder cancer.32),35) In the long-term

study described here, cyclophosphamide was ad-

ministered to nonhuman primates for 11 years but

only one small transitional cell carcinoma of the

urinary bladder was found. This can not constitute

evidence of carcinogenic effects in humans.11)

The monkey data support epidemiological

findings which failed to show an increased incidence

of urinary tract tumors in humans following chronic

saccharin consumption. Since urine analysis of

saccharin-treated primates revealed a similar com-

position to that of human urine, contrasting with

much higher protein concentrations in the urine of

rats and mice, this may help explain the apparent

difference in carcinogenic activity between primates

and rodents.16) Life-time feeding with sodium cy-

clamate to nonhuman primates did not affect the

general health and there was no clear evidence of

carcinogenicity. The testis is the most sensitive

organ to the toxic effects of cyclohexylamine in rats,

according to reports by the Scientific Committee for

Food of the Commission of the European Commun-

ities. The metabolic status was calculated from

cyclohexylamine levels in plasma and urine of

the monkeys after 14 and 24 years of dosing, but

differences were noted between the two time points

in some of the animals. Focal germ cell aplasia

(Sertoli-cell-only syndrome) was observed in two

of eleven cyclamate-treated animals in the higher

dose (500mg/kg) group but none in the lower

dose (100mg/kg) or control groups. Because of the

focality of these testicular lesions and fluctuations

in the cyclamate metabolism in the animals with

testicular abnormalities, the role of cyclohexyl-

amine could not be established.19),20)

Compounds listed as food contaminants, pesti-

cides and HCAs, like azodyes, AFB1, sterigmato-

cystin, and cycasin, have been reported previously

to be carcinogenic,5) most targeting the liver.

However, only one malignant tumor was observed

in each of the groups of monkeys treated with DDT,

butter yellow, and 3-MC, despite long-term contin-

uous exposure to these agents for 22 years. Far

clearer results were obtained with one of the three

HCAs tested. The HCAs IQ, MeIQx, and PhIP are

found in fried, broiled, and grilled meat, and have

been shown to be carcinogenic to various organs

in rodents. Mutagenic activity in the Ames test

was found to weaker for PhIP than for IQ and

MeIQx.21),22) Only IQ proved to be an unequivocal

hepatocarcinogen in nonhuman primates but not

MeIQx.23),24)

Humans and other primates show marked

similarities in drug metabolism, but recent studies

on metabolic activation of HCAs in cynomolgus

monkeys have indicated species-related differences

in cytochrome P-450-mediated metabolic activation

of HCAs.36)–39) For example, low metabolic ativa-

tion of MeIQx by CYP3A and CYP2C, under a

low constitutive level of CYP1A, can explain

the low hepatocarcinogenic effects of MeIQx in

cynomolgus monkeys.24) In contrast, the human and

rat which poorly express liver CYP1A1 are known

to constitutively induce liver CYP1A2.40) Further-

more, such species specificity of susceptibility to

HCA carcinogenesis may be related to differences

in phase II activation.41) In humans, the hepatic

microsomal fraction activates IQ as well as

MeIQx and PhIP, and intake of fried meat was

shown to increase CYP1A2 activity in healthy

volunteers.42)

Thus, the 34 years chemical carcinogenesis

program using nonhuman primates, beginning in

1961, has generated a wealth of valuable knowledge

concerning potential human carcinogens. One goal

was to determine whether rodent carcinogens are

also carcinogenic in nonhuman primates much

closer to man in terms of the evolutionary tree.

Among 15 selected rodent carcinogens, procarba-

zine, MNU and IQ were carcinogenic in both

rodents and nonhuman primates (Table 6). Togeth-

er with the data for DENA carcinogenicity, these

point to shared susceptibility to some, but not all,

agents. Furthermore, the recent experiments on

carcinogenic effects of antineoplastic agents and

HCAs are of particular interest to human risk

assessment. The lack of carcinogenicity of saccharin

and cyclamate following investigation for 24 years

is of major significance in these series of experi-

ments.
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