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INTRODUCTION
The aflatoxins
were isolated
from peanut
meal in 1961 (61)
during the investigation
of an epizootic
of â€œTurkey Xâ€•disease
in England.
It was shown that these toxins were metabolites
of
some
strains
of Aspergillus
Jiavus
and that they were the
etiologic
agents of the disease in turkeys
(7). Field outbreaks

resulted from feeding peanut meal contaminated
by the mold
metabolites.
Since these discoveries were made, the acute and
chronic

effects

of

metabolites

of toxin-producing

strains

of

Aspergillus flavus have been studied in detail. Investigations
have
@

shown

@fractions,
designated
designated
thin-layer

that

the

metabolites

consist

of

four

major

referred
to
collectively
as
â€œaflatoxinsâ€• and
1 â€˜B2 ,
, and G2 . Individual
fractions
are so
because
of their
fluorescence
and RF values on
chromatographic
plates.
They are toxic to a large

number

of

species,

and

the

carcinogenic
to the rat, ferret,
fraction
is carcinogenic
to trout

mixture

of

metabolites

duck,
and trout.
and rats but less

is

The B1
is known

@

about the other three fractions.

@

This paper will describe
the pathologic
changes
observed
in
the livers of different
species
after
a single dose and after
continuous
administration
of aflatoxin.

Turkey
Histologic
contaminated

changes
with

induced

aflatoxin

in

the

have been

turkey

described

by

feeds

by Suer

and

Ostler (61) and by Wannop (68). Birds dying during the early
stages

of

intoxication

had

severe

periportal

hepatic

Cambridge,

Massachusetts 02139, andMedica.l Research

parenchymal
cell necrosis and venous congestion.
Nodular
regeneration accompanied
the diffuse necrosis of parenchymal
cells and the concomitant
biiary proliferation.
There was little
or no inflammatory
reaction and only a small increase in
collagen. Since these early observations
were reported,
the
pathologic
changes induced
in turkeys by aflatoxin
have
received little attention.
Magwood et al. (39) described an
â€œinducedtoleranceâ€• to aflatoxin poisoning which appeared to
be unrelated to the changes seen in the liver. After 23 weeks
on a toxic diet, the livers were nodular with a dissecting
fibrosis,
biiary
of parenchymal

proliferation,
cell nuclei.

and

marked

variation

in the size

Duckling
Hepatic lesions induced in the duckling by the aflatoxins
form the basis of the bioassay system originally described by
Sargeant et al. (58). The acute LD50 of the aflatoxins has been
estimated

in

a variety

of

solvents,

and

results

from

several

different laboratories
indicate general agreement for the
fraction (see Table 1). Less is known about the other three
fractions.
The lesion induced by a single dose of aflatoxin
was
described
in detail by Butler (12). A periportal
zone of
parenchymal
cell necrosis with the formation of lakes of fat
developed
over
a 48-hour
period.
Extensive
biiary
proliferation,
reaching
a maximum
at three
days, was
associated with the parenchymal
cell necrosis (Fig. 1). The
livers of normal ducklings contain a large amount of lipid on
the

first

day

of

life

as a carryover

from

the

yolk,

but

this

disappears 4â€”5 days after hatching. In ducklings dosed with
aflatoxin, there is a delay in the removal of the lipid, but there
is little or no increase in fat content compared to control
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1Vehicle

Table
(mg/kg)

B1
(4)DimethylformamideB10.364Carnaghan
Propylene glycolFraction
B1LD50
(18)DimethylformamideB21.696Carnaghan
(18)DimethylformamideG10.784Carnaghan
(18)DimethylformamideG23.440Carnaghan
(18)DimethylformamideBl0.350Lijinsky
(29)DimethylformamideG10.914Lijinsky

0.400
Nesbitt et al. (38)
0.560ReferenceAsao et al.
et al
et al.
et al.
et al.
& Butler
& Butler (29)

Acute LD50 dose of aflatoxin in ducklings.
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@

birds. At 14 days postexposure,
there was an increase in
mitotic activity of parenchymal
cells of birds surviving an
LD50 dose.
Levels representing
@â€”the LD50 dose resulted in less
severe lesions, and there was little correlation
between dose

Similar changes have been described

by Loizelier

(33) and by

Raimo et a!. (56).

response to a given dose was observed among individual birds,
and this contributed
to the apparent lack of uniform biiary

Carnaghan et al. (20) studied the experimental
poisoning of
chickens with toxic peanut meal contained in a diet which
assayed about 1.5 ppm of the B1 fraction. Only one animal
fed this diet died, and clinical manifestation
of toxicity was
limited to slower growth. During the first few weeks of the
experiment,
the livers of those fed the aflatoxin-contaminated

proliferation

within

diet were enlargedand pale, and some of them contained

was often

induced

and

degree

of

development
characteristic
lesion
was
administration

with

carbon

biliary

proliferation.

groups.

with

A

A hemorrhagic

doses

greater

wide

variation

peniportal

than

in

necrosis

the LD50 . The

of biliary
proliferation
was at first thought
to be
of and specific
for aflatoxin.
However,
a similar
described
which
was
associated
with
the
of dimethylnitrosamine
and cycasin,
but not

tetrachloride,

thioacetamide,

or the

alkaloids

retrorsine
and indecine.
The observation
that histologic
changes
similar
to those
observed
with
aflatoxin
were induced
by
dimethylnitrosamine
was confirmed
by Carlton
et al. (16).
Asplin
and Carnaghan
(5) described
an acute
disease
in

day-old ducklings fed toxic peanut meal. The birds failed to
grow and there were macroscopic hemorrhages in many of the
organs

and

tissues.

Extensive

biliary

proliferation

and

parenchymal
cell degeneration
were observed
in the liver; these
changes
were
followed
by cirrhosis
in many
of the birds.
Newberne
et
a!.
(50)
have
shown
that
the
repeated
administration
of purified
aflatoxin
or continuous
feeding
of
Aspergillus
flavus
extracts
or peanut
meal naturally
contami

nated with the aflatoxins produced the same pathologic lesions
seen by earlier workers; they described in detail the develop
ment of the liver lesion up to four weeks. The severity of the
lesion

Two
and
with
days

was

related

to the

amount

of aflatoxin

cells and biliary
proliferation
was
nodular
regeneration
was observed

with large nuclei were arranged in ductular fashion ; these le
sions were seen along with individual cell necrosis. Large aggre
gates of polymorphonuclear
leukocytes and lymphocytes
were
seen in the portal tracts. After six weeks, biiary proliferation,
fibrosis, and lymphocytic
hyperplasia of the portal tracts in
creased. Foci of regenerating
parenchymal
cells were present

with some nuclear enlargement.

still active.
Wide
after four weeks.

After eight weeks exposure,

when the experiment
was terminated,
the parenchymal
cells
were surrounded by areas of bile ducts and fibrous tissue con
taming large focal areas of lymphocytic
hyperplasia.

Cattle
The first report

administered.

days after exposure, there were parenchymal cell necrosis
early biliary proliferation;
the latter progressed in parallel
increased severity of parenchymal
cell necrosis. Seven
after exposure, mitotic figures were present in the paren

chymal
spread

petechial hemorrhages.
Later, there was a progressive nodulari
ty of the surface. Microscopically,
the first change was seen
after 3.5 days and consisted of a periportal fatty infiltration;
this lesion progressed for the next 3â€”4weeks. Associated with
the fatty change were scattered liver cell necrosis, progressive
biliary proliferation,
and an increase in connective tissue. After
four weeks on experiment,
regenerating
parenchymal
cells

of poisoning

in cattle

by Brazilian

peanut

(groundnut)mealwasthat of Loosmoreand Markson(36).
Calves, 3â€”9 months of age, had eaten for at least six weeks a
compounded
food containing 15% Brazilian peanut meal (not
assayed for aflatoxin content). The livers of the animals exhib
ited areas of fibrosis with biiary proliferation
and venoocclu
sive disease similar to that described
in ragwort (Senecio

Madhavan and Rao (37) reported hepatic infarcts in ducklings
given 10â€”40 hg of aflatoxin a day for five days, but this has
not been confirmed by other workers and appears to be un
common.
Carnaghan
(17) described
the development
of

jacobea) poisoning (40). Clegg and Bryson (23) reported an

hepatic

logic alterations in the liver of cattle from India.

parenchymal

aflatoxin,

cell

as a contaminant

tumors

in ducks

in peanut

fed 0.035

ppm

of

meal, for 14 months;

Newberne
(44) observed
similar
tumors
in ducks
after
16
months
exposure
to feed containing
contaminated
peanut
meal. Cirrhosis
was present
in all birds in the latter
experi
ments whether
or not liver cell tumors
developed.

Alicroft and Lewis (3) investigated experimental
poisoning
of calves and older cattle by compounded
food containing 2.0
ppm of aflatoxin. Liver biopsies were taken monthly and post
mortem examination
was performed after four months expo
sure

(28).

Progressive

biiary

proliferation,

an increase

in con

nective tissue, and some degeneration
of centrilobular
hepatic
cells were described. The livers of animals killed after 1 1 weeks
on the diet had complete disruption of the lobular pattern and

Chicken
A spontaneous
disease of young chickens attributed to toxic
peanut meal was reported by Asplin and Carnaghan (5). The
livers of birds were described as firm and pale in color. Histo
logically,
degenerative
and regenerative
changes
were seen,
and, by four weeks, regenerating
nodules
of parenchymal
cells
were present.
In birds fed aflatoxin-contaminated
peanut
meal,
there was a progressive
lymphoid
hyperplasia;
at the end of
four months,
there were no regenerative
nodules,
but large
multiple
focal areas of lymphoid
hyperplasia
were observed.

JANUARY

outbreak
occurring at about the same time in cattle 1.5â€”2
years old, with symptoms and lesions identical to those de
scribed above; the senior author has observed similar patho

an increase

of connective

tissue

which

coursed

throughout

the

liver lobule; many of the central veins were partially or com
pletely obliterated
by fibrous tissue (Fig. 2). Throughout
the
lobule, parenchymal
cells were isolated by strands of connec
tive tissue. Structures resembling small bile ducts were scat
tered throughout
the lobule, and there was a mild necrosis and
pleomorphism
of parenchymal cells (Fig. 3) located away from
the peniportal area, but mitotic figures were not seen in either
the parenchymal or biliary cells of the material examined.
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Table 2

Pig

AnimalLD50
lesionDuckling0.335PeriportalRabbitapprox.0.3MidzonalCat0.55PeriportalPig0.62CentrilobularDogapprox.1.0Centrilob
ofliver
(mg/kg)Zone

Weanling pigs, 6â€”7 kg, were used to determine acute effects
of aflatoxin B1 on this species (45). Oral administration
indi
cated an LD50 of 0.62 mg/kg, and doses of 1.0 to 2.0 mg/kg
resulted in acute death in 18â€”24 hours. Lower doses permit
ted some of the animals to survive and those alive after seven

pig1.4CentrilobularRatNeonate0.56DiffuseWeanling5.5PeriportalWeanling7.4Periportal100

days were sacrificed.
The principal lesions were similar to those seen in other
species, namely, liver damage and hemorrhage. The liver was
swollen, congested, and friable; occasional petechiae were vlsi
ble on the liver surface, and animals surviving beyond 24 hours
often had ascites and hydrothorax.
The gall bladder was edem
atous, and the mucosa was petechiated and ecchymotic, similar
to that observed in dogs. Microscopically,
centnilobular necrosis

gm7.2Periportal150gm17.9PeriportalMouseapprox.9.0Hamster10.2Summary

of LD50values

for afiatoxiii

@.

with a mild fatty change and some hemorrhage was seen (Fig.

@

4). In subacute cases, parenchymal
cell necrosis was less pro
nounced, but the normal lobular appearance of the liver was
accentuated by biliary proliferation.
Field cases of the natural disease (35) and cases of experi
mental disease induced by feeding contaminated
meal (24)
were the same as those induced by multiple administration
of
mixtures of toxins (69). Distortion
of the lobular pattern of
the liver by dissecting fibrosis and biliary proliferation
was
seen microscopically,
and there were scattered areas of degen
erative changes, variation in nuclear size, and nodule formation
in all livers examined (Fig. 5).

Sheep

using contaminated

meal (1.75 ppm of aflatoxin in the diet)

which resulted in one hepatic carcinoma
nasal tumors at four and five years.

at 3.5 years and two

Rats
Following
the recognition
of aflatoxin
poisoning
among
farm animals, the rat has been used extensively to study the
acute toxicity and carcinogenicity
of the aflatoxins. Particular
emphasis has been placed on acute toxicity of the B1 fraction
of the aflatoxin complex. The youngest animals are most sus
ceptible (see Table 2), with sex and route of administration
affecting the response. In most experiments
the rats usually
died between three and seven days after exposure (10) ; mature
females were considerably
more resistant,
a characteristic
which appears to be lost during the latter part of pregnancy
(15).
Lesions induced by an LD50 dose of aflatoxin
include a
periportal zone of necrosis (1 1) which develops during a three

day period after dosing.

This is accompanied

by a marked

biliary proliferation
(Fig. 6). The necrotic debris is removed by
macrophages,
but rapid regeneration
of parenchymal
cells
comparable
to that which follows either partial hepatectomy
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delay in mitotic activity of the parenchymal

cells was studied

by Rogers and Newberne (57), who demonstrated
a two-day
inhibition of mitosis following a dose of 3 mg/kg which also
resulted in a scattered individual cell necrosis.
Two weeks after a single LD50 dose of aflatoxin
, promi
nent biliary proliferation
persisted along with mild mitotic ac

tivity of parenchymal

Sheep appear to be the species most resistant to aflatoxin,
with no field cases reported thus far. Abrams (2) reported that
sheep were not susceptible to low levels of aflatoxin but were
sensitive to doses of 3â€”4 mg twice weekly for 4â€”6 weeks;
however, details of pathologic changes, if any, were not de
scribed. Lewis et al. (31) reported long-term feeding trials

@

(1) or toxic injury due to carbon tetrachloride
is not seen. At
three days postexposure,
only occasional mitoses are seen in
parenchymal
cells, although there is active mitosis of the bil
iary cells, and slow recovery continues for many weeks. The

cells, but the striking feature was the

development
of enlarged hyperchromatic
nuclei. One month
after a single dose, this lesion was often as marked as that seen
after continuous
administration.
Biliary and oval cell prolifera
tion of a magnitude that distorted the normal lobular pattern
was seen in some animals, and many of the parenchymal
cells

had large bizarre nuclei (Fig. 7), some of which were located in
an occasional small regenerative
nodule. The development
of
the lesion following a single dose has not been studied further
in any detail but by 18 months the survivors showed a slight
residual irregularity of parenchymal
nuclear size and a minimal
residual biliary proliferation,
but hepatic tumors were not
seen. Seven of 15 female rats surviving a dose of 7.0 mg/kg B1
developed hepatocellular
carcinoma after two years (18).
Although the nonpregnant,
mature female is less suscepti
ble to the acute effects of the toxin, the lesion when induced
is similar to that in the male. A periportal zone of necrosis
develops along with biliary proliferation.
The main difference
is the greater accumulation
of fat in the female than in the
male. In neither sex is there hemorrhagic
necrosis in the liver.
Prior to the isolation of aflatoxin,
Lancaster et al. (29)
showed that a diet containing meal toxic to poultry also in
duced hepatic carcinomas in rats. Salmon and Newberne (58)
reported a high incidence of hepatomas in rats fed a diet con
taming peanut meal as a source of protein, and the develop
ment of the hepatic lesion induced by feeding contaminated
meals assayed for aflatoxin was described by Butler and Barnes
(14). At high dietary levels (4â€”5 ppm of aflatoxin B1) the
lesion induced was similar to that produced by other carcino
gens, including ethionine, dimethylnitrosamine,
and 4-dimeth
ylaminoazobenzene.
The earliest change was seen at 3â€”4
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weeks; it consisted of a biliary and oval cell proliferation
with
an increasing irregularity
in the size of the parenchymal
cell
nuclei. This lesion progressed and, by 9â€”12 weeks, there was

marked biliary proliferation

and many large hyperchromatic

parenchymal
cell nuclei (Fig. 8). Scattered foci of parenchy
mal cells with small uniform nuclei and deeply basophilic cyto
plasm were also observed. Small ill-defined regenerative
nod
ules were also seen, but at no stage was there a marked
increase in fibrous tissue. Cholangiofibrosis
was only rarely

seen. The first hepatic carcinomas seen at 35 weeks were simi

periments used Wistar/Porton

lar to those described for other liver carcinogens (14, 46), but
the diagnosis of a cholangiocarcinoma
could be made in only
one case.
The incidence of tumors was 100% when peanut meal con

studies used Fischer-strain
animals. The aflatoxin content of
the former was chemically assayed while the latter used crys
talline aflatoxin
B1 administered
in doses measured gray
metrically.
The sequential development
of the lesions (induced by puri
fled aflatoxin B1 ) similar to those described for the contami
nated meal (14) are described in detail by Newberne
and
Wogan (49). The carcinomas were typical hepatocellular
car
cinomas, many of which had metastasized
to the lungs. Liver

taming 4â€”5ppm of aflatoxin was fed. Aflatoxin levels as low
as 0.7â€”0.8 ppm resulted in an incidence of 100% also, but
there was a longer latent period (up to 82 weeks). At these low
levels, the early lesions were much less obvious and were seen
only after many weeks on the diet. Lesions included mild oval
cell proliferation
and a few parenchymal
cells with enlarged
nuclei. At a later stage, when carcinomas were observed, there
was no evidence of cirrhosis (Fig. 9).

When purified aflatoxin became available, it was confirmed
that the carcinogenic
contamination
with

have attempted

@

ent difference in susceptibility
in the two groups of experi
ments referred to above. The feeding trials using contaminated
meal at low dose levels showed a sex difference.
Moreover,
there was a reduced incidence in the males exposed to levels of
aflatoxin as a feed contaminant
compared to those adminis
tered purified aflatoxin which was added to the diet. These
observations represent a number of variables inherent in using
different strains of animals, in chemical assay versus gravimet
ric measurement
of dosing, and others. The meal-feeding cx

action of the peanut meal was a result of
aflatoxin
(6). Subsequent
investigations

rats while the purified aflatoxin

drrhosis was not observed in any of the animals, a point of
some importance
since many chemical carcinogens
ated with cirrhosis. The comparative
carcinogenic
the various aflatoxins is not known at present.

are associ
activity of

Guinea Pig

to establish the lowest dose level and minimal

exposure time required to induce hepatic carcinomas.
Using
purified aflatoxin B1 , Wogan and Newberne (71) have shown
that levels as low as 0.015 ppm in continuous feeding results in
100% incidence of hepatic carcinomas. The intubation
of 0.4
mg of aflatoxin
over a period of 14 days resulted in a lower
incidence of carcinomas (17%) and a longer latent period (up
to 82 weeks). A summary of the feeding experiments reported
by Wogan and Newberne is given in Table 3. There is an appar

Paterson

et al. (54) reported

the experimental

induction

of a

disease in guinea pigs similar to a natural outbreak described
by Paget more than a decade earlier (52). The disease was
referred to as â€œexudative hepatitis,â€• an erroneous term, since
the lesions described were not those associated with an inflam
matory process. Histologically,
the livers showed a marked di
latation of the periportal lymphatics
termed â€œtubular dilata
tion of the liver cell columns.â€• Little parenchymal cell necrosis
was seen, and biliary proliferation was not reported. The cx

perimental induction of the disease by feeding a diet contain

14118/22Female

ing 15% peanut meal indicates that the syndrome was related
to aflatoxin contained in the diet. Similar lesions have been
reported by Clegg and Bryson (22) and further strengthen the
case for aflatoxin contamination
of the feed in earlier disease
outbreaks in guinea pig colonies.
Experimentally,
the acute effects of single doses of aflatoxin
B1 in guinea pigs have been studied by Butler (13). The LD50
is 1.4 mg/kg body weight with 95% confidence
limits of
1.05â€”1.8 mg/kg.
No signfficant
sex difference
was ob
served. The LD50 dose induced a centnilobular necrosis after
24 hours which progressively increased in severity to 72 hours
(Fig. 10). Associated with parenchymal
cell necrosis was a
periportal fatty change. The portal tracts were normal after 24
hours except for dilatation of the lymphatics similar to that
described in the feeding experiments.
After 48 hours a few

1644/4Male

mitoses

0.3526/20Female

chymal cells. At 72 hours the mitotic activity of bile duct
epitheium
was prominent, and there was proliferation
of small
ducts. Centnilobular necrosis was well-developed
at this point,
but the periportal fatty change had decreased, and mitosis in
the parenchymal cells had subsided.
Necrotic
areas were replaced after four days by macro
phages, but there was very little evidence of parenchymal cell

3%
toxic
tumorsContaminated
Sex
meal

Table
Aflatoxin
B

diet,
(ppm in diet1)Duration,
wk. (av.)Normal wk. (av.)Liver

(Rossetti)â€•Male
meal
5365/6Female 50
1755/6Female 10
0.58826/33Male5
0.58225/25Female
5
0.1915/30Male
0.110022/44Male

59546/6Male

1
1

50

568312/19Male50
53933/20Male 50
51970/13Purified50
B1bMale aflatoxin

0.37011/11Male

0.0156812/12Female
0.0158213/13Male
days824/24Female

40 @.LgIday10
40 pg/day10

days820/23

Summary of the incidence of hepatic carcinomas in rats.

aw H. Butler and J. M. Barnes, Fd. Cosmet. Toxicol., in press, 1968.
bG. N. Woganand P. M. Newberne, Cancer Res., 27: 2370â€”2376,1967.

JANUARY

were

seen

in the

small

bile ducts

but

not in the paren
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regeneration.

Biliary proliferation

was pronounced

at this stage,

with ductal cells radiating out from the portal area to separate
parenchymal
cells into groups or as single units. At seven days
postexposure,
a few macrophages were observed in the centri
lobular zone, but most of the lobule consisted of normal par
enchymal cells with an occasional mitotic figure. At the pe
riphery of the lobule, many of the parenchymal
cells were
isolated by the continued biliary proliferation
(Fig. 1 1); some
of the parenchymal
cells contained
lipid while others were
undergoing lysis. By ten days the biliary proliferation
was still

marked, but mitotic

figures were not seen and there was a

normal lobular pattern with no residual evidence of necrosis.
Parenchymal
cells were normal and only an occasional mitotic
figur e was observed. Animals studied three months after expo
sure had normal livers, but a few animals appeared to have a
slight increase in the connective
tissue component
located
about the main portal tracts with a small residual component
of proliferated
bile ducts remaining among normal parenchy
mal cells.
The toxic effects of groundnut
meal assayed for aflatoxin
were reported by Butler and Barnes (14). Animals developed
ascites and edema; this had been described
by previous
workers. At a level of approximately
1.5 ppm of aflatoxin in
the diet, survival was between two and four weeks. The liver
contained
varying degrees of biliary proliferation
which cx
tended into the lobules, and the periportal lymphatics
were
dilated (Fig. 12). In the periportal zone, the fat content of the
parenchymal
cells was increased and necrotic parenchymal
cells were scattered throughout
the lobule. At a dietary level
of 0.7â€”0.8 ppm of aflatoxin, the animals lived for up to eight
weeks. Biliary proliferation
was observed in the livers of three
animals, but it was not as prominent as that observed at the
higher dose levels. Scattered throughout
the lobules were areas
of parenchymal
cells undergoing lysis and a concomitant
tu
bule formation
(Fig. 13). The lowest dose level reported was
0.35â€”0.4 ppm of aflatoxin; at this level most animals were
dead by 27 weeks with only one survivor to 44 weeks. During
the course of the feedings, there was a progressive biliary pro
liferation and individual cell necrosis similar to that previously
described. By the 28th week following initiation of the experi
ment, islands of parenchymal
cells appeared as regenerating
nodules in which a few pyknotic
nuclei and an occasional
mitosis were seen. The solitary survivor at 44 weeks had a
coarsely nodular liver containing broad bands of fibrous tissue,
collections of bile ducts, and some regenerative nodules with

bizarre parenchymal cells.
In order to obtain longer survival times, the dose was further
reduced to 0.15 ppm of aflatoxin in the diet. This dose level
resulted in a high mortality, but six animals survived an aver
age of 106 weeks. The longest survival time was 160 weeks.
One of these animals, killed at 127 weeks, had an anaplastic
hepatocarcinoma,
the only hepatic tumor seen in guinea pigs
treated with diets containing aflatoxin (Fig. 14).
Mouse

figure unreliable. In feeding trials mice appear to be resistant
to the chronic toxicity of aflatoxin. Plantonow (55) described
three-month
feeding trials which failed to produce any change.
Newberne (44) fed male white Swiss mice for 16 months on a
peanut meal diet contaminated
with 1 .0 ppm of aflatoxin, and
15% of the mice developed liver tumors; two other strains of
black mice fed a diet containing 1.0 ppm of purified aflatoxin
B1 failed to develop significant liver lesions.
The livers of mice that were fed contaminated
peanut meal
developed liver cell tumors and widespread pleomorphism
of
the nontumorous
liver cell nuclei. Large numbers of the tumor
cells contained
globular, eosinophilic
structures in the cyto

plasm which were periodic acid-Schiff positive (Fig. 15). At
the junction
of normal and neoplastic cells, mitotic figures
were occasionally
seen. None of the tumors observed in the
livers of mice were large and none had metastasized;
whether
these neoplasms were malignant is open to debate.

Dog
Newberne et al. (48) have studied the effects on dogs of
single and repeated doses of aflatoxin.
The LD50 is about
0.5â€”1 mg/kg, with the earliest histologic change appearing as
an increase in fat with congestion of the centrilobular
zone
and parenchymal
cell necrosis (Fig. 16). At seven days there
was a prominent
biliary proliferation.
Although this review
does not consider organs other than the liver, the edema and
hemorrhage seen in the gall bladder are such that they warrant
brief attention. The wall of the gall bladder in dogs exposed to

aflatoxin was greatly thickened and microscopic examination
revealed severe subserosal and submucosal
rhage (Fig. 17).
Experimental
studies and observations
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of field

outbreaks

have shown that the dog is very sensitive to the acute effects
of aflatoxin
(48, 69). Lesions observed in spontaneous
out
breaks of canine toxicosis where afiatoxin has been isolated
from feed samples have been remarkably similar to those seen
in the experimentally
induced disease using crude or purified

aflatoxin.

Lesions induced

experimentally

were similar to

those reported for â€œhepatitis Xâ€•(43), a toxic disease of kennel
dogs of the southeastern
United States, reported in 1955. At
necropsy
the animals fed commercial
dog feed containing
toxic peanut meal were jaundiced,with
swelling and yellowish
discoloration
of the liver and edema of the gall bladder identi
cal to that seen with crude or purified afiatoxin. Histologi
cally, fatty change with centnilobular
parenchymal
necrosis
and biliary proliferation
were seen similar to the acute single
dose lesions induced experimentally.

Cat
Adult

mixed-breed

cats exhibited

a sensitivity

to purified

aflatoxin B1 similar to the rabbit, dog, and guinea pig with a
single dose LD50 of 0.55 mg/kg. Most acute deaths occurred
in 48â€”72 hours; grossly the liver was swollen, pale, and friable

with occasional petechial
There is no detailed account of the acute lesions induced by
aflatoxin in mice. The LD50 has been estimated as about 9
mg/ kg. However, a problem with solvent toxicity makes this

edema and hemor

hemorrhages.

Microscopically,

the

immediate periportal zone was pale because of decreased stain
ing of parenchymal
cells, and there was very little lipid accu
mulation (Fig. 18). AnimalS sacrificed in terminal stages had
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pale liver cell nuclei with a â€œwashedoutâ€•appearance and little
stainable chromatin;
glycogen accounted
for part of the ob
served nuclear change (Fig. 19). There was a mixed leukocytic
infiltration
in the periportal zones, and bile duct hyperplasia
was observed in the livers of cats surviving beyond 72 hours.

Rabbit
The rabbit appears to be even more sensitive to the acute
effects of aflatoxin than other mammalian species (Table 2).
The LD50 for Dutch belted males and females was about 0.3
mg/kg with no significant difference between sexes or route of
administration
(i.p. or p.o.). Microscopically,
there were hemor
rhage and parenchymal
cell necrosis in the midzone areas of
the lobule (Fig. 20), and scattered single-cell necrosis was seen
in the centnilobular
area. Animals surviving the immediate
lethal effects of the single dose of aflatoxin developed the
mild-to-moderate
bile duct hyperplasia seen in other species.
Feeding experiments have not been reported in the rabbit.
Monkey
Monkeys have been shown to be susceptible to the acute
toxicity of both purified afiatoxin and contaminated
peanut
meal. Doses of 500 lsg for 18 days followed by doses of 1
mg/day to rhesus monkeys resulted in deaths at 32 and 34
days. At higher dose levels, deaths occurred earlier. Histologi
cally, the livers showed fatty infiltration, biliary proliferation,
and portal fibrosis (38). Cuthbertson
et al. (24) studied the
effects
of contaminated
peanut
meal on cynomologus
monkeys and described liver cell damage and biliary prolifera
tion at dietary levels of 5 ppm of aflatoxin. At lower dietary
levels (1.8 ppm of aflatoxin), animals survived three years. One
animal had a coarse nodular cirrhosis, while the other monkey
exhibited irregular size of parenchymal cell nuclei (Fig. 21).
Other Species

combined aflatoxin
and
has been estimated at between
0.5 and 1 .0 mg/kg; the principal lesion described was a hem
orrhagic necrosis. Feeding experiments
resulted in biliary pro
liferation, with some cyst formation
after six months. Asso
elated with this was a nodular proliferation
of parenchymal
cells (Fig. 22) and subsequent
development
of parenchymal
cell carcinoma.
DISCUSSION
The first significant reports of what appears to have been
aflatoxin poisoning in domestic animals were those of New
berne et aL (43) and Burnside et a!. (10). The disease in dogs

was referred to as â€œhepatitisXâ€•and was traced to the diet
which contained

peanut

disease was reproduced

meal (Newberne

et a!.). Although

the

by feeding the toxic feed, the exact

nature of the etiologic agent was not revealed. During the same
period, Burnside et a!. isolated toxin-producing
strains of

Aspergillus flavus and Penicillium rubrum from an outbreak of
toxicosis in swine fed moldy corn. Emphasis at the time was
placed on the P. rubrum culture, while studies of A. flavus
were not pursued further. Le Breton et a!. (30) mention a high
incidence of liver tumors in a colony of rats in Morocco fed a
diet containing peanut meal. It has been pointed out (43) that
â€œhepatitis Xâ€•has now been shown to be related, at least in
part, to aflatoxin-contaminated
peanut meals in the diet. Paget
(52) has described a disease of rather sporadic incidence in
guinea pigs which has been shown to be similar to that pro
duced by peanut meals known to be contaminated
by afla

toxin. Schoental (61) showed that the Medical Research Coun
ci (MRC) guinea pig diet would induce hepatic carcinoma in
rats. Thus, it appears that aflatoxin has a much longer history
than current research work indicates.
Since the aflatoxins were first isolated (60), there has been
considerable
progress in the investigation
of the carcinogen
icity and acute toxicity from both the structural and biochem
ical aspects. The structures have been elucidated (4) and race

mic mixtures synthesized

(9). The acute lesion in the rat has

in preparation)
have demonstrated
that ferrets are extremely
sensitive to toxic peanut meal diets. A diet containing 20% of
a toxic peanut meal resulted in the development
of liver tu
mors in five of seven male ferrets after 24â€”37 months. Dc
creasing the dietary level of the toxic meal to 3% resulted in

been investigated by many workers; its striking features are the
periportal distribution
of parenchymal
cell necrosis, bile duct
proliferation,
slow recovery, and, in some cases, eventual de
velopment of hepatic carcinoma. It has been suggested that the
carcinogenic action of aflatoxin B1 in the rat results from a
capacity to bind to DNA, a characteristic
similar to that of
actinomycin
D (23, 65). However, lethal doses of actinomycin

100% incidence of liver tumors.

D do not produce hepatic parenchymal cell necrosis. In all

The acute LD@ of aflatoxin B1 for hamsters has been re
ported as 10.2 mg/kg (70), but no information
is available as
to the pathologic
changes induced. Results of preliminary
feeding experiments
reported by Chesterman and Pomerance
(22) were inconclusive. At a dietary level of 2 ppm of aflatoxin,

species studied, the organ most affected is the liver, although
other organs, particularly
the kidney, show signs of damage.
The distribution
of the hepatic lesion is not consistent from
species to species, i.e., rat and duckling, periportal; guinea pig
and swine, centnilobular; dog, periportal and centrilobular;
and
rabbit, mid-zonal. In contrast, most other hepatotoxins,
such
as carbon tetrachloride,
regularly induce a centrilobular
lesion
in both rats and guinea pigs.
There is a wide range in the acute LD@ dose of aflatoxin

Although

single dose experiments

have not been reported,

Alicroft and Lancaster (personal communication,

manuscript

the animalsfailed to grow and died after 8 weeks.However,
both the dosed and control animals showed the same well
developed cirrhosis with regenerative nodules, fibrosis, and bil
iary proliferation.
The etiology of this lesion is not understood
and implies other complicating factors.
The acute and chronic toxic effects in trout have been in
vestigated by Halver (25) following a high incidence of hepatic
tumors in hatchery-raised
trout in 1960. The acute LD@ of

JANUARY

B1, varying from 0.3 mg/kg for ducklings to 16 mg/kg for
mature female rats (Table 2). In species for which data are
available, the young appear to be more susceptible than ma

ture animals.
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The most striking and important feature of the investigations
described in this review is the carcinogenic action of the afla
toxins in fish, birds, and mammals. When one considers that
doses of 0.015 ppm of B1 in continuous
feeding or a total of
0.4 mg over 14 days resulted in a high incidence of hepatic
carcinoma,
and when these doses are compared with other
hepatocarcinogens,
it becomes clear that aflatoxin is the most
potent liver carcinogen so far recognized. One further interest
ing result has been the demonstration
that choline deficiency
itself does not appear to be sufficient to induce hepatic carci
noma (47), nor is cirrhosis a prerequisite
or concomitant
of
aflatoxin carcinogenesis.
Choline deficiency can induce a cir
rhotic liver in the rat, but in recent experiments carcinoma did
not result unless aflatoxin or some other hepatocarcinogen
was
included in the diet (46). Even at high doses, aflatoxin alone
seldom induced cirrhosis in the rat. In most of the tumor
bearing animals, the carcinomas arise in liver with otherwise
normal lobular patterns.
The recognition of the possible hazard to humans consuming
contaminated
foods has stimulated many programs of investi
gation in those areas with a high incidence of hepatic car
cinoma. These have taken two main forms: (a) epidemiologic
studies to compare the pattern of disease in high and low
incidence areas, and (b) surveys of food for aflatoxin content.
It has been shown (33, 61) that the toxin-producing
strains of
the fungus will grow on substrates which are being used as
protein supplements
for children, but at present there is no
direct evidence that man is susceptible to the aflatoxins. The
broad spectrum of animals that are susceptible makes it rca
sonable to conclude that aflatoxin is a potential hazard to
man. However, the assumption that man responds to aflatoxin
exposure in a manner similar or identical to that observed in
animals is made on very tenuous grounds. We recognize that
the association
of liver disease, including carcinoma,
with

potential

aflatoxin

exposure

in certain population

groups is

highly suggestive, and it provides an attractive hypothesis for
use in attempting
to explain the variation in the incidence of
liver cancer. Reliable estimates of human exposure to the afla
toxins are not presently
available; such information
should
derive from properly designed epidemiologic
surveys, some of
which are now in progress in areas where the ingestion of
aflatoxin-contaminated
foodstuffs may later be correlated with
liver carcinoma in the indigenous population. For the present,
however, we must await factual evidence and proceed with
caution in assigning the aflatoxins a role in worldwide liver
carcinoma.
The epidemiologic
characteristics
of primary liver carcinoma
in Africa have been described in at least two reports (51, 66).
There are wide variations within general areas of high inci
dence, with the highest rate of primary hepatocellular
carcino
ma reported in black male Africans, particularly
those from
Mozambique
Bantu tribes (27). It is interesting that the inci
dence in the Mozambique
group is about 500 times that re
ported in the U. S. population
for a comparable
age group
(25â€”34 years) and 15 times that observed in natives in nearby
Johannesburg.
In India there is a highly variable incidence of liver cancer

(53),witha decrease
in thenorthernandwestern
areasof the
country.
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There

are also indications

for an increase

in liver

cancer in the male population of Southeast Asia. Observations
in Thailand, the Philippines and Malaya (41), Indonesia (8),
South China (73), Hong Kong (where about 30% of autopsies
are reported to have liver carcinoma)
(W. C. Chan, personal
communication),
and Singapore (63) serve to reinforce the
feeling among pathologists and epidemiologists
that there is a
trend toward increased liver cancer in many areas of the world.
In Singapore the highest incidence of liver carcinoma is found
in individuals who come from South China, who may have
been exposed to environmental
hazards in the early years of
their lives.
The facts that aflatoxin-producing
strains of molds are found
in so many areas of the world and, furthermore,
that climatic
conditions
favor the growth of molds in many areas where
liver carcinoma occurs in a high incidence lend support to the
hypothesis that the aflatoxins are involved in the etiology of
primary liver cancer. We have pointed out previously (44, 46)
that feed grade samples of peanut meal purchased on the open
market
have been highly contaminated
with aflatoxin

(1.0â€”5.0
ppm). Even more significant is the extremelyimpor
tant report by Wogan (72) that aflatoxins have been detected
at biologically significant levels in food samples collected from
many parts of the world, particularly Africa and Asia. Table 4
lists food products found to contain significant amounts of
aflatoxin and confirms that most major food commodities
are
subject to aflatoxin contamination.
Although specific levels of
aflatoxin content were not reported, clearly the potential haz
ards of the aflatoxins are evident, and they must be accorded
proper attention
in attempts to elucidate etiologic factors re
lated to primary liver cancer in many population
groups
around the world.
4Barley

Table

Beans
Corn

Millet
Peas

Cassava
CottonseedCowpeas

Peanuts
RiceSesame

Sorghum
Soybeans
Sweet Potatoes

Wheat

Isolated samples of food materials found to contain biologically
icant amounts of aflatoxin.
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@

Fig. 1. Liver ofduckling
killed 3 days after a single LD50 does ofaflatoxin
B1. Note biiary proliferation and lakes of fat. H and E, x 130.
Fig. 2. Liver of cow fed toxicpeanut
meal for 11 weeks. Note fibrosis of central vein and biliary proliferation. Picro-Mallory, X 160.
Fig. 3. Same liver as Fig. 2 showing irregularity of parenchymal nuclear size. H and E, x 400.
Fig. 4. Liver from pig killed 18 hours following a single dose ofaflatoxin
B1 (2 mg/kg). Centrilobular
hemorrhage and necrosis are characteristic
of the acute response. H and E, x 160.
Fig. 5 . Liver from pig fed toxic peanut meal for 26 weeks. Section illustrates a small regenerative
nodule, fibrosis, and pleomorphism
of
parenchymal cell nuclei. H and E, x 160.
Fig. 6. Liver of rat killed 2 days after a single LD50 dose of aflatoxin
. Periportal necrosis and bile duct hyperplasia are illustrated. H and E, x
160.
Fig. 7. Liver of rat killed 1 month after a single LD50 dose of aflatoxin B1. Note residual biliary proliferation
and irregularity of parenchymal
cell nuclei. H and E, x 160.
Fig. 8. Liver of rat fed toxic peanut meal (5 ppm) for 10 weeks, illustrating biiary proliferation,
irregularity of parenchymal nuclear size, and
foci of small parenchymal cells (arrow). H and E, x 180.
Fig. 9. Area of trabecular hepatocellular
carcinoma from a rat fed toxic peanut meal (5 ppm) for 12 weeks followed by 54 weeks of normal diet.

H and E, x 130.
Fig. 10. Liver ofguinea pig killed 2 days after a single LD50 dose ofaflatoxin
B1. Centrilobular
necrosis is primary change. H and E, X 135.
Fig. 11. Liver of guinea pig killed 7 days after a single dose ofaflatoxin
B1. Note biliary proliferation radiating from periportal zone. H and E, x
135.
Fig. 12. Liver of guinea pig fed toxic peanut meal (2 ppm) for 2 weeks. Dilation of periportal lymphatics is usually severe in this species. H and

E, X 135.
Fig. 13. Liver of guinea pig fed toxic peanut meal (1 ppm) for 7 weeks. Biliary proliferation
and parenchymal cell necrosis with pseudotubule
formation are major morphologic alterations. H and E, x 135.
Fig. 14. Area of hepatocellular
carcinoma from a guinea pig fed toxic peanut meal (0.2 ppm) for 127 weeks. A moderate vascular component is

seen in this animal similar to that observed in rats. H and E, x 135.
Fig. 15. Liver of mouse fed aflatoxin for 64 weeks. Note area of hepatoma compressing normal liver at left of photograph. H and E, x 140.
Fig. 16. Liver of dog 5 days after a single dose of aflatoxin.

Centrilobular

necrosis and fatty change are characteristic

for this species. H and E, X

190.
Fig. 17. Gall bladder of dog killed 2 days after a single dose of aflatoxin. There is extensive hemorrhage of the mucosa and edema of muscle
layers and subserosa. H and E, x 12.
Fig. 18. Liver of cat killed 2 days after a single dose of aflatoxin B (0.75 mg/kg). There is early necrosis of periportal parenchymal cells. H and

E, x 160.
Fig. 19. Same liver as Fig. 18, illustrating margination of nuclear chromatin of the parenchymal cells. H and E, x 360.
Fig. 20. Liver of rabbit killed 5 days after a single dose of aflatoxin (0.5 mg/kg). Note sharp delineation at midzonal
necrosis and with lysis of cells in the centrilobular
area. H and E, x 170.

area with hemorrhagic

Fig. 21. Liver of monkey fed toxic peanut meal (1.8 ppm) for 3 years. There are a coarse nodular cirrhosis and!arge, bizarre parenchymal cells. H
and E, x 135.
Fig. 22. Liver of trout at junction of proliferating liver cell carcinoma and more norma! parenchyma. H and E, x 390.
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