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Throughout recorded history diseasses of man and lower ani-
mals have been assocliated with metabolitas of certaln molds
growlng onlloodltuftl. However, an understanding of the rela-
tionahip betwean the diseases, the molds, the food and itse
nutriant content has begqun to deveilop only in recent years. It
has baen known aince the turn of the century that certain fungi
produce toxic matabolites elliciting biologlc responses in both
man and animals., As early as the 19%th century, a disease asso-
clated with the consumption of Adlscolored *yellowed® rice was
racognizged Ln Japan and establlahad as a toxicologlce entity.

This disease has been ldentifiad as the "yellowed rice® syndrome.
Similarly, alimentry toxic aleukia (ATA), associated with over-
winterad wheat, affected both man and animals in Russia; this
disease has been known for many decades. Centuries prior to
these observations, poisoning was often observed in human popula-

tions, assoclated with the lngestion of flour and bread, later
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iidantified as being contaminataed with a fungus; this created

widespread epidemicm of argotism in Europe - known to the
anciants as St. Anthony's fire. Thus, retrospectively, ergot

poisoning was recognized as tha first of many mycotoxicoses.

Daspite the early recognition of ergot poisoning and the
toxicoses associated with yellow rice and overwintered grain, the
mycotoxicoses remained a gensrally neglacted category of diseases
until 1960. A mserious cutbruak of a toxic disease in poultry in
England precipitated scientific investigations which dalinsated
the nature of the disease prusently known as aflatoxicosis. This
outbreak led to the realization that mycotoxins, and especially
aflatoxins, presaented a sericus threat to public health as well
as to animal economy. Large numbers of investigators and vast
.resources ware drawn Iinto investigations of the problem, and, as
a rasult an enormous amount of literature in tha field has accu-
mulated during the past two decades. This large volume of
literature is somewhat misleading by subtly suggesting a long-
standing knowledgs about mycotoxicoses. Actually, tha field of
mycotoxin research is barely out of its infancy and the public is
becoming interested and involved {n more of the ramifications of
mycotoxicosis, Witness the public discussions of thea “"yellow
rain" eptsodes in Southeast Asla and Iin Afghanistan (Marshall,
19821 irrespective of whether public pronouncements are based on
g8rablished facts, such media presentations arouse sclentific and

g=he¢ral public interest and concern.
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Surveys of food and feeds arcund the world have ravealed
that the problem of mycotoxicosis s not limited to any one
geographic area but is a real or potential problem in all areas
where molds grow (Shank, 198l). Virtually all staple food pro-
ducts consumed throughout the world are subject to contamination
by meld toxins. Observations that some of the mycotoxina are
carcinoganic in certain animal species and furthermors that they
are assoclated with a high incidence of liver cancer in some
human populations (UGICC Tachnical_neport No. 17) have added con-
siderable impetus to ressarch efforts. 1In addition, more recent
data showing that anvironmental factors, including the diet and
nutrients, can have significant effacts on response to the toxins
have served to increase further intarest in the disease processes
agsociated with mycotoxins. Means for preventing or alleviating
such diseases are alther at hand or under intensive

investigation,

It is the purpose of this chapter to describe {he {nfluence
of factors and conditjions which modify the raesponse of mammalian
systema to mycotoxins with particular attention to effects of
diet and nutrients. Only those mycotoxins for which there is
evidence of human exposure and for defined adversas effects in man
of in animals will be considered heia. These wil) lnclude the
aflatoxins, where most jnformation is available, the trichothece-

nes, and soma data on ochratoxins and zearalenona,

Trichothecenes

I-2
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The trichothecenes (epoxytrichothecenes) ars a group of
fungal metabolites which possass antibiotic, antifungal, anti-
viral, phytotoxic, and/or cytotoxic propartles (Ueno, 1977). The
structures of repreasentative membars of this class are shown in
Figure 1.

I = hydroxyl or acyl-substituted trichothecenes

II = @-ketotrichothecenes
IIL = 7,8-epoxytricho-hecanes
IV = verrucarins and roridins

V a 7,8~epoxyroridins

The acute toxicity of the trichothecanes are listed in table

The fungl which produce these terpencids (various

Trichothecium, Cephalosporium, Myrothecium, and Pusarium species,

among others} have been implicated in certain diseases of humans,
animals, and plants (Ueno, 1977)., Membars of this group, most
notably T-2 toxin, anguldine and nivalenol, have gained con-
siderable visibility during the past twc years as a consaquence
of allaegations that human and animal populations are being
exposed intentjonally to fungal extracts containing these toxins

in Southeast Asia {(Marshall, 1982).

The 12,11-epoxytrichothecenes are powerful inhibitors of
eucaryotic protein synthesis (Uenoc and Pukushima, 1968; Shank,
1981; Bamberg and Strong, 1971). The trichothecenes inhibit DNA

synthesis in a number of cell systems and in protozoa.
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Trichothecenes have bean subclassified according to the
atags at which proteln synthesis is interrupted (Bamberg, 1976)
Liac et al, 1976}, Specific lnhibltors of the initiation,
elongation, and termination stages have been identified. The
initiation~type inhibitors (I) are gesnerally morse potent than the
elongation (B} or termination (T) types (McLaughlin, et al 1377;
Ueno, 1977). Cundliffe has suggested that a C.l4 acyl substi-
tuent determines I vs. B or T activity {Cundliffe et al, 1974
1977). Wel and McLaughlin (1974) however, have pointed ocut that
C.1% hydroxylated derivatives can be affective initiation 1nh1$1-
tors if C.3 is substituted with an hydroxyl group.

Thus, T-2 toxin, nivalanocl, and angquidine are type I inhibl-
tors, Additional evidence points toward the euvcaryotic ribosome,
specifically the 60S subunit, as being the primary site of action
of the trichothecenes. Although the trichothecenes possess anti-
fungal properties, tha fungl which produce these toxins are
resistant to them. There are suggestions howaver that the

resistance of Myrothecium verrucaria, a fungus which produces a

range of trichothecene mycotoxins including T-2 toxin, may be due
to the”presence of ribosomes which are not subject to inhibition.

In a ‘more recent study Saccharomyces cerevisiae, a yeast normally

sansitive to trichoderma, was transformed into a resistant atrain
by cloning with autonomously replicating plasmids carrying DNA

fragments of the genome of a trichodermin-reslstant yeaat atrain.
1t was concluded that trichodermin resistance in 5. cereviriae is

associated with ribosomal protein L3 {Busby and wWogan, 1981).
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Information regarding the mechanism of action of the
trichothecenes at the molecular level, however, (s essentially
non-existent, The minimum structural features required for
biological activity appear to be the presence of the
12,1)~eapoxytrichothecena lkaleﬁon. Reduction of the epoxida
leads to inactive derivatives while hydrogenation of tho-
9,10-double bonds le¢ads to a substantial loss of activity.
Rearrangement of the trichothecene skeleton to the apotrichothe-~
cene ring system or opening of ring C also leads to loss of acti-
vity. A C.4 hydroxyl or acyloxyl group is required for in
vitro inhibition of peptidyl transferase (Doyle and Bradnsr,
1980). 1In the macrecyclic sarles of verrucarol derivatives, the
macrocyclic ring must be intact for the roridins and verrucarins
to have biological activity. EBpoxidation of the 9,10-double bond
or introduction of an allylic hydroxyl group at C,8 leads to an

increase in potency.

It has been suggested that the mode of .ctlén_ot tha
trichothacenes involve nucleophilic additions to the epoxide
group {Ueno, 1977). Trichothecenes appear to react with enzymes
containing thiol groups at the active site (Ueno and Matsumoto,
197%). It is surprising, therefcore, that T-2 toxin and
4-0-acatyl nivalenol (fusarenon-x) fail to react with glutathione
and dithiothreitol in agueous media. That these compounds are
potaent inhibitors of eucaryotic protein synthesis, howevaer, does

not nacessarily mean that they react irreversibly with ribosomes.
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Indeed, rasults presented by Liao and coworkers suggest that car-
tain trichothecenas are reversible inhibitors (1976). Thesae
workars interrupted protain synthesis in Hala cells by treatmant
with five different trichothecenas. The cells were then washed
with fresh sarum, and were examined to datermine whather protein
-ynthosi- resumad, Reversible inhibition of protein synthesis
was observed with trichodermin and crotocin
(elongation-tarmination inhibitors) but no reversal of the inhi-
bition was observed by using T-2 toxin, anguidine and verrucarin
A (initiation inhibltors). These data imply that the reversible

inhlbitors do not tform covalent interactions with the ribosome.

The data for the "irrevaersiblea® inhibitors is equivocal,
howaver. The data may imply that stable covalent interactions
are established with the ribosome. On the other hand, the
effect may simply be the consequence of very tight, non-covalent
binding to the ribosome such that the trichothecenes are not

anslly washed off,

Relatively little worﬁ on the metabollem of the trichothece-
nes has been reported (Doyle and Bradner, 1980). T-2 toxin and
acetoxynivalenol have heen examined in a number of higher orga-
nlams including broiler chickens, mice, rats, among others {Ueno
et al, 1971; Ueno, 1977). Anguidine went to Phase II clinical
trials as an anticancer agent, but was subsequently abandoned; it

has alao been examined in microorganisms, and in dogs and monkeys

(Anguidine, 1971), the latter only for toxic manjfastationas. The
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oanly transforpations documented thus far have been deacylation
reactlons of the trichothecene estars, which are for microsomal
astsrases. The relative potencies of partlnliy acylated
trichothecenes in the anguidine, nivalenol, and T-2 toxin fami-
lies have been reported (Ohta at al, 1979; Claridge and Schmitg,
1979),

Mirocha and coworkers have reported detaction of eleven
metabolites of T-2 toxin in broiler chickens. 8ince there are at
most séven compounds accessible from T-2 toxin by partial or
complete deacylation reactiona, at least four of these metaboli~-
tes must be compounds which have undergone other chemical trans-
formations {n vivo. The structures of thess compounds are not
yet fully known, not ls it known whether tholnlnotnbolltea are
more potent or toxic than T2 toxin itself. Nonetheless, this
avidence ralses the question whether other trichothecenes
including anguidine and nivalenol undergo chemical transfor-
mations in vivo (other than deacylation) to give biologically

important metabolites.

Occurrence of Trichothecenes -~ Human and Animal Evidence for

nutritional effects,

More than 40 trichothecenes, produced by various species of
Fusarium, Trichoderma, Myrotheclum, Trichotheclum,
Cephalosporium, Stachybotrys, Cylindrocarpon, and

Verticimonosporium, have been studied extenslvely in association
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with the toxlcity of moldy cereal grains. Those currently known
to exist fall into five structural categories as follows:

1. Hydroxyl- or acyl-substituted trichothecenes

2. B-Keto trichothecenes

3. 7,8-Epoxytrichothecenes

4. Verrucarins and roridins

5. 7,B-Epox§roridina

Structures and fungal sgurces of the naturally occurring
trichothecenas are described by Busby and Wogan (198l1). The fact
that there are so many trichothecene mycotoxins is presumably
becausa of the ability of trichothecene-producing Fusarium
strains to acetylate or deacetylate exogenously supplied toxins,

particularly deoxynivalenol and T-2 toxin and their derivat;ves.

Many of the naturally occurring trichothecenes, especially
the verrucarins and roridine, are acutely potent toxina in mam-
mals, with LDsp values in the 0.5 to 1.0 mg/kg range (Bamburg and
Strong, 1%71; Chi et al, 1977; Newberne and Rogers, 198l). Table

1 lists typlcal results of LDgy studies.

vomiting (emesis) was often noted after dosing with the more
toxic trichothecenes., Toxicity was primarily characterized by
affacts of the eplthelial mucosa of the stomach and small
intestine, resulting in mucosal erosion and severe hemorrhagic
gastroenteritis., A radiomimetic component to trichothecene toxi-

city has also been observed in actively dividing tissues. This

2-1
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rasponse is marked by necrosis and karyorrhexis of the thymus,
tes-es, ovary, bone marrow, lymph nodesa, spleen, and intestinal
mucosa (Camargo et al, 1983). The trichothecenes are alsc potent

skin necrotizing agents when applied topically.

There is very little information relative to the possible
carcinogenicity of these important toxins. Rats ingesting a diet
containing 10 ppm T-2 toxin over an B8-month period did not deve-
lop tumors; papillomas were not obssrved in mice after applica-
tion of T-2 toxin and the cocarcinogen croton oil to the skin
(Morases et al, 1969). Applying T-2 toxin to mouse skin with T-2
toxin or diacetoxyscirpenol over a 22-week period falled to pro-
duce lasions (Lindenfelser, 1974). On the cther hand, howaver,
acetoxyscirpendicl was elght times more effective than diace-
toxyscirpencol in inhibiting the growth of transplantable mousae
lymphatic leukemia (Claridge et al, 1978). Aa noted earlier,
diacetoxyscirpenl was tested ag an antitumor agent in clinical
trisls in the U.S. but results were disappointing and the trials

wera discontinued,

Although the disease assfociated with these toxins initially
received many names, (septic angina, alimentary mycotoxlicosis,
alimentary hemorrhagic aleukia, aplastic anemia, hemorrhagic
aleukia, and agranulocytosis), a committe» of the Soviet Health
Ministry concluded that the most appropriata term was Alimentary

Toxic Aleukia (ATA}.
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At first the disease was considered to be infectious, but
neither bacteriological studies nor epldemisclogic invastigations
confirmed the hypothesis. Alternatively, the disease was con-
sidered a vitamin deficiency or a poisoning through bacterially
contaminatad food; naither of these hypotheses waa substantiated.
The ;arious false concepts dalayed racognition of the true nature
of ATA. Eventually it was realized that the disease atemmed from
ingestion of overwintered grains infested by toxic fungi. These
grains formed the staple diet of the peasant population ia agri-

cultural areas of Russia.

ATA occurred with speclial severity during World War II,
reaching a peak in 1944, when the population of the Orenburg
dilatrict alona suffered an alarming number of casualties
(Sarkisov, 1954). The morbidity among the population in this
district excesded 10% and a high mortality occurred in 9 of the
50 counties. Occurrence of the disease was raelated to the par-
ticular situation prevailing in aome partas of the Soviet Union at
that time; because of famine, the population was driven to
collact grains that had been left in the field under tha thick
snow cover of winter. Under ordinary circumstances the wheat
would have been gathered earlier but the shortage of manpower

occasioned by the war prevented harvesting at the proper time.

The role of toxic fungl as an etiologle agent in ATA was
examined extensively in the Institute of Epidemiology and

Microbiology in Moscow. From more than 1000 samples of overwin-

2-2
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terad grains, the institute isolated over 3500 fungal cultures

belonging to 42 genera and 200 species. Among the isolatas, 41

ware Fusarium poae and 57 Fusarium sporotrichioides, all of which
were toxic to animals, Numerous investigationa in different
laboratories supported these results, Between 1343 and 1949,
tria)l plot experimenta determined the most favorabla conditions

for toxin production in overwintered wheat.

Tte axtenaive work conducted in the Soviet Union established
that the disease was caused by toxic metabolites of spacias of
Pusaris which grow on grains harvested after the snow has melted

in the spring.

Treare appearsd to be a nutritional component to the diseases
syndrome in humans. Populations receiving balanced diats were
thuch less sansitive to the toxins than populationa subsisting
mainly on overwintered cereals (Newharns, 1974). Additional fac-
tore influencing the redponge to the toxins included the type of
cereal ingested, the altitude, and the thorough washing of grains
in bolling watar befors grinding, Prosomillat and wheat were the
cereals most likely to be toxic. High altitude appeared to
decreasms the incidencea of the disease in several population
qroups and the deqree of toxicity was considerably diminished by
washing the grains in Boiling watar which, as shown by later stu-

dies, removed some of the toxinsa.

In ATA, several investigators observed changes of the ner-

vous system such as impaired reflexes, general hyperesthesia,
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carebral hemcrrhages, sncephalitis, and destructive lesions in

the sympathetic ganglia.

Tha only prophylactic measure raported to date againast ATA

consists in the elimination of toxlc grain from food.

Yellowed Rice Toxins

While thare 1s no diract aevidence to establish a rela-
tionship batween the mycotoxins assoclated with the “yellowed
rice syndrome,” and nutritional status, there ara suggaestions
that the intoxications in the 15%th and early 20th centuries had a
nutritional component particularly a deficiency of some of the
vitamins. The "yellowed rice disease®” described by the Japansse
(Uraguchi, 1971) caused many human deaths. It was assoclated
with the consumption of moldy rice imported from Southeast Asia.
The Syndroma involved acute cardiac beriberi characterized by
vomiting, ascending paralysis, convulsions and respiratory
arrest. The initlal diagnostic featurea in humans indicated that
a thiamin (vitamin By) deficiency was likely acting in concert
with the moldy rice toxins. However, the Japan@se duplicated the
disease in laboratory animals by dosing them with the toxin

citreoviridin produced by Penicillium citreoviride, raising

questions about real or potential nutrient involvement in the
diseasa, Since the molds associated with the disease and the
toxins they produce are widespread in the anvironment, a brief

discussion fs provided here.
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It was shortly after World War II, when mold metabolites
capable of inducing liver tumors in animals were found by the
Japanese in domestic rice imported from Spain, Egypt, Thailand,
Burma, Italy and the United States (Uraguchi, 1971). Sevaral

shipments were contaminated with a strain of Penicillium islan-

dicum Sopp, the metabolites of which proved to be highly
toxlejliver damage was the major manifestation. This recalled
the episcde among Japanese soldiers in World War II who developed
edoma of the legs in assocdiation with the consumption of rice
contaminated with P, islandicum (Shank, 1976). This mold,
capable of producing the nephrotoxic citrinin, was isolated from

yellow rice imported from Thailand to Japan in 1951.

Although more than 15 kinds of fungl have been incriminated
in moldy or yellowed rice, thia review will cover only the most
important or the best known types: P, islandicum Sopp,

Penicillium citrinum Thom, and Penjiciliium citreoviride Bicurge

(Penicillium toxicarium Miyakel}.

.The Japanese isolated P. islandicum Sopp in 1948 (Tsunoda,
1970)., Tsuncda observed postnecrotic cirrhosis of the liver in
rats fed for one month or less on rice contaminated with P.
islandicum. The literature recounts the work that has since bee:
done with P. _islandicum by chemists, pathologists, cliniclans,
pharmacologists, mycologists, and others (Saito et al, 1971).
Oral administration of a methanol extract taken from the fungus

mat which had been cultured on Czapek solution for 14 days
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induced severe livar damage in mice, mainly centrolobular necro-
gis and fattg degeneration. Purther investigatlions revealed that
the mold metabolitas caused chronic liver damaga, including
cirrhosis and tumors, in rats as well as mice; the end result
depended on the amount of moldly rice which had been consumed.
According to saverity of intoxication, the liver lesions were
categorized as acutae, subacute, and chronic (Miyake and Saito,

1965; Saito, 1970).

Acute intoxicatlon, with atrophy of the liver, is caused by
high levels of toxin givea over a short pariod of time. Animals
fed these high levels bescome inactive, progressively lose both
muscular and cutaneous tone, and finally die after a prolongad
comatose atate similar to hepatic coma in man. Clinical patho-
logy studies reveal several signs of liver damage. In human
patiants, histopathologlc studies raveal mainly fatty degenera-

tion and hemorrhagic centrilobular necrosis of the liver.

The subacute and subchroni¢ intoxicatlons, induced by lowar
congentrations of mold toxins over a longer period of time, causme
moderate c¢entrilobular necrosis with subseguent collapse of the
stroma. These processes lead to fibrosis, liver atrophy, and
bile duct proliferation. If the animal survives for a few weeks,

the liver wmay show signs of regeneration.

Chronic intoxication develops in mice fed small to medium

dosea of moldly rice or mold metabolites. These mice survive the
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ear.y stage of intoxication without showing any signs or
symptoms; they may survive for 6 months or more. Post-mortem
exanination reveals a wide range of liver damage from slight
fZibrosis and cell pleomorphism to cirrhosis and cancer. As with
Tost other toxic conditions, a broad spectrum of clinical and

histopathologic responses is observed.

The liver lesicnsa, including tumors have been described by
Safto et al (1971) and by Enomoto (1959). Histologically, the
changeé range from mild parenchymal cell hyperplasia to differen-
tiated and undifferentiated liver cell carcinoma, Although there
is a high incidence of liver injury, the incidence of mallignant
parenchyma) tumors is relatively low, indicating a low car-

cinogenic potential for metabolites of P. islandicum Sopp.

Among laboratory animals, rabbits are the most susceptible
species in regard to metabolitea of P. islandicum Sopp (Saito et
al, 1971); when fed 1-5% moldy rice, most died within a few days.
Those that survived for longer periods developed postnecrotic
cirrhosis as soon as %0 days after the lnitiation of feeding stu-
dies. Although rhesus monkeys also showed acute toxic damage of
the liver, they developed neither cirrhosis nor tumors as end

results of intoxication with metabolites of P, islandicum,.

Diet profoundly affects the responses of animals to toxins
of P. islandicum (Saito et al, 1971}). Both male and female mice

develop acute toxic effects in a short period c¢f time when fed

*
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rice infected with P. jislandicum, but the response is greatly
enhanced by low protein intake, as illustrated by the following
exanple. The death rate of mice during three weeks of feeding
with an 11% protein diet containing 3% moldly rice was about 44%
in males and about 25% in females. The death rate of mice fed
the same percentage of moldly matserial with a 34% protein diet
was 20% in males and 5% in females. As is the case with wmany
other liver toxins and carcinogens, the male was considerably

more sensltive,

Organs cther than the liver are alsc ilnjured by exposure to
toxic metabolites-of P. islandicum (Ishiko, 1957; Miyake, 1960).
Lesions include atrophy of the thymus, spleen, and fat tissues,
fatty degeneration of renal spithelium, and pancreatic fibrosis

occasionally develops in mice and rats. In addition, tumors ori-

ginate in tissues other than the liver.

One of the toxic agents isolated from the maedia in which P.
islandicum Sopp was grown received the name luteoskyrin
(Kobayashl, 19%8). The material was obtained from the media as
one of saven plgments, including those later named rugulesin and
cyclochlorotine; the lattav has also been referred to as islan-~

ditoxin (Saito et al, 1%71).

Toxing aasociated with "yellowed rice," in addition to

luteoskyrin, include cyclochlorotine, produced by P. isliandicum,

citreoviridin, produced by P. citroviride, and Rugulosin, pro-

duced by P, rugulesum.

3-1
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Toxlcity of luteoskyrin varies with the route of administra-
tion (Saito et al, 1971). In mice, the LDgpy (mg/kg body waight)
is as follows: {ntravencus, 6.65; intraperitoneal, 40.8; sub-
cutaneous, 147 and oral, 221. Repeated sgbcutaneous injection
of less than 1/19 of the LDgy over several days produces the same
lathal effect as a single subcutaneous LDg5g but requires a longer
time. Very young mice are more seansitive than older ones, and

males are more sensitive than famales.

The pathologic effect of luteoskyrin resides primarily in
the livar, being similar in rats, mice, rabbits, and monkays.
The macroscoplc changes of yellow diascolored liver can be seen
within 24 hr after exposure. Marked centrilobular necrosis and
fatty degeneration occur, with some nuclear pleomorphism and
‘hyperchromatosis. Pollowing prolonged exposura, mice develop

liver tumors hut cirrosis has not heen reported,

The patholeogic responss to rugulosin reportedly is almost

identical with that to luteoskyrin.

Although the toxins luteoskyrin, islandotoxin, and cycloch-
lorotine share many pathological effects, their biological
effectas are quite different. Luteoskyrin and islandotoxin cause
liver damage characterized by centrolobular necrosis.
Cyclochlorotine, on the other hand, causes damage in the
peripheral zone, characterized by vacuolation of liver and

endothelial cells and .the appearance of hyaline droplets in the
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cytoplasam. A similar cytotoxic effect results from cysteine

deficlency or from allyl formate administration.

Long~term feeding studies with c¢yclochlorotine and
luteoskyrin in mice have shown that luteoskyrin is a cirrhogenic
agent and may be carclnogenic, although this aspect requires
further study; in limited experiments, a few mice have devaloped

livar tumars.

Citrinin is the major yellowed-rice toxin produced by P.
cltrinum; its chemical structure has been established {(Mathieson

and Whalley, 1964) and its bioaynthesis accomplished.

The LDgg of citrinin has been reported for mice, rats,
rabbits, and gulnea pigs; the subcutanecus LDsy varies among
these apacies from 35 to 67 mg/kg body waight.
Intraperitoneally, the LDgg is 30 mg/kg in mice and about 50

mg/kg in rabbits,

Baesjdes renal damage, citrinin causes acetylcholine or
pilocarpine-like responses, including vasodilation, constriction

of the bronchi, and increased muscular tone.

An additional mold assoclated with yellowed rice was iso-
lated several years ago from rice collected in Taiwan and Japan.

Designated as Penicillium toxicarium Miyake, it was later shown to

be identical with Penicillium citreoviride Biourge, which had

been described earlier by two laboratories (Saito et al, 1971).

3-2
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Teeding studjes proved the contaminated rice to be toxic to rats,
Rice infeated with P, citreoviride was studied for its toxicolo-
gic affacts; more recently, an active fraction has been i{solated,
chemically identified (Saito et al, 1971) and designated as

citreoviridin.

The toxicology of citrecviridin is known for several mam-
malian species. It causes an acute poisoning characterized by an
early onset of progressive paralysls in the hindlegs, vomiting,
convulsions, and a respiratory disorder., At an advanced stage,
cardiovascular disturbances, flaccid paralysis, and hypothermia
occur along with dyspnea, gasping, and coma; resplratory arrest
and death follow. The symptoms in animals resembls closely those
in human patients suffering from acute cardiac beriberi - also
called shoshinkakke~ a common disease throughout Asian countries
during the recent past. The cause of this type of beriberi
remains unknown; there appears to be ample thiamina in the
tissuas of patients, In both man and animals, the disease is
characterized primarily by ascending progressive paralysis. A
nutritional effect is apparent however which is likely a result

of inhibition of utilization of thiamine.

Despite the very sevare clinical symptoms attributable to
citreoviridin, histcpathological changes are minimal or not

detectable at all.

Zearalenone
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Zearalenone is & phanolic rasorcyclic acid lactone (fig. 2).
It is classifiaed according to biosynthetic origin as a noneka-
tide within the group polyketides. 1t possesses potant astroga-
nic propertiss. The compound was recovered originally from

cultures of Gibberella gzeae, the sexual stage of Fugarium roseum.

These cultures had been isolated earlier from moldy corn asso-
ciated with a hyperestrogenic syndrome in pigs (Stob et al, 1i352:
Pathre and Mirocha, 1976y Christensen et al, 1965). Feed con-
taminated with rearalenone caused utarina enlargement and
swalling of the vulva, mammae and nipples in prepubertal female
swine.. Swollen mammas and testlcular atrophy occurred in young
male swine (Mirocha and Christensen, 19743 Mirocha st al, 1977).
Zearalenone is synthesired by strains of Fusaria anlﬁdinq P,

graminerum, F. tricinctum, P. oxysporum, P. sporotrichiocdes, and

F. moniliforme. A period of low temperature (12°-14°C) i=

ragquired for significant toxin formation.

Zearalenone occurs as a natural contaminant in corn, wheat,
barley, ocats and sorghum (Mirocha et 21, 1977; Uenc, 1973). 1In a
(1972) Food and Drug Administration survey for zearalenone con-
tamination about 17% of 223 corn samples contained levels ranging
from 0.1-5.0 ppm {(Eppley et al, 1974). It has been found as a
contaminant in corn in England, Finland and Yugoslavia and in
beers from Zambia (Lovelace and Nyathi, 1977} and Swaziland

{(Martin and Keen, 1978).

The acute toxic effects of zearalenone and its active deri-

vatives, If indeed these can be crnsidered “toxic," appear to be
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izited to hyperestrogenism and its sequelae (Mirocha et al,
1977). Table 2 liats levels of contaminants occurring naturally
which have been assoclated with hyperestrogenism in swine. 1In
field casaes, zearalenone contaminated feed is associated with
stillbirths and splayed legs in swina (Miller et al, 1973) but
controlled experiments {(Patterscn at al, 1977) failed to confirm

the earlier gbservations.

Studies in rats however, confirmed an assoclation of zeara-
lenone with decreased fertility, resorptions and stillbirths in
animals given 10 mg/kg body weight daily (Bailey et al, 1976).
Zearalenone has produced a dose dependent increase in the inci-
dence of skeletal anomalies in rat embryos (Ruddick et al, 1976).
Tha few reported studies relative to mutagenicity have been nega-
tive or, if positive the data have been unconvincing (Wehner et

al, 1978; Kuczuk et al, 1378; Ueno, 1377).

Thare are no reports Iin the literature relative to the
effects of nutrients or nutritional status on the response of
animals to zearalencne or fts active derivatives. The only
accessible data are from some preliminary studies {unpublished)
conducted in cur own laboratory. Mice of the CD-1 strain were
fed either a diet deficient in vitamin Bg or a diet supplemented
with adequate vitamin Bg. Half of each group were given 100
micrograms orally of zearalenone three weeks after the diet was
inztiated and uterine weights recorded two wegks later. ‘The
deficiency prevented uterine enlargement, compared to the

control group treated with zearalenone oaly.
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Zearalenone and its estrogenic congenars ara true estrogens
and thelr physioclogical effects appear to be limited to such

affects.

The Ochratoxing

The ochratoxins are a group of seven compcunds. structurally
ralated as shown in fig. 3. They are isccoumarin derivatives
linked with an amide bond to the amino group of L-B- phenylala-
nine. Ochratoxin A is the most toxic of the group and, most of
the literature deals with this member of the group {(Harwig, 1374,

Steyn, 1977).

Ochratoxins are produced by at least saven species of Peni-
cillia and six specles of Aspergillua. The major producers of
the ochratoxins are P. cyclopium, P, viridicatum and P. palitans
(Krogh, 1977).

Tha ochratoxins have been identifijed in peanuts, corn,
wheat, oats, barley and rye. Thay cause a nephropathy in piga
which is endemic ln Denmark (Krogh, 1977). The disease occurs in
gswine in Europe and North America. Poultry also are affected
with ochratoxin-induced nephropathy which results in a relatively
high rate of condemnation by meat inepectors because of the renal
lesions (Blling et al, 1975). Ochratoxin residues up to about 70
ug/kg have been detected in kidnéy, muscle and fat of pigs and in

muscle meat of poultry,

The acute toxicity of ochratoxin is listed in table 3.

Experimental infection with ochratoxins affect primarily the kid-
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ney and to a lessar extent, the liver. A dietary ievel of 200

pPpb over a 3 to 4 month period produced typical nephropathy.

Ochratoxin A is acutely toxic to mammals and birds, as notad
in table 3, with synergism between ochratoxin A and penicillic

acid or citrinin (Harwig, 1974).

Ochratoxin A ls teratogenic to mice, rats and hamsters pro-
ducing both skeletal and soft tisasue defects. There is no con-
vincing evidence that ochratoxins are carcinogenic {(IARC, 1976}
but cone report from Japan- (Kanlsawa and Suzuki, 1978) suggests
that 40 ppm of ochratoxin A in the diet may i{nduce hepatic and

ranal adenomas.

There are no published reports for mutagenic activity of any

of tha ochratoxins.

There ia a striking similarity in the nephropathy produced
in animalas by ochratoxins and the endemic nephropathy (Balkan
nephropathy) found in rural populaticns in Bulgaria , Romania and
Yuqoélivin (Puchlev, 1974). This disease results in remarkably
reduced size and function of kidneys; it is most commcn in women,
and is slowly progressive to death. Epidemiological evidence of
geographical distribution of the disease and from a survey of
foodstuffs suggests that ochratoxin A and the prevalence of
Balkan nephropathy are correlated in one area of Yugoslavia

(Rrogh et al, 1977).
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There are no reports in the accessible literature for a

nutritional effect on response of animals to ochratoxins.

Aflatoxing

Although Aspergillus flavusg is assoclated with most food and

feed contaminations with the aflatoxins only a few strains of A.
flavus actually produce the seconday matabolites, classified
under the generic term aflatoxins, These few strains are the
most important producers of atlatoxiﬂ but other Aspergilli alsc
produce aflatoxins but in much smaller amcunts (Sargeant et al,

1961; 1963},

The majority of the more than 2000 publications about afla-
toxins which have appeared during the last 20 years, raflect an
intense interast in mycotoxins, and more specifically, in afia-
toxins. This interest was initially arcused by the ocutbreak of
turkoé X disease throughout England in 1960 (Sargeant et al,

1961) .,

During the aarly development of antibiotics, a fundamental
discovery was made that scme materials from antiblotle¢-producing
molds were toxic in animal trials. These molds were usually
discarded because they were poor producers of antibiotics and
little attention was paid to their potential for produciné
toxins, Thus, the recognition of mycotoxlns,és a threat to

public health was delayed for two or three decades.

It has long been known that fungi growing on foods and feeds

are ubiquitous, and that they may contaminate virtually every

4-1
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staple foodstuff of either plant or animal origin. The majority
of them grow well within extremely wide ranges of pH and tem-
perature, making moisture conditions the primary environmental
rastriction. On cereal grains and oil seeds, molds grow at
noisture levels which are commonly encountered under storage con-
ditions. These storage molds are mainly species of Aspergilli
and Penicillia. As only one axample, moldy corn toxicosis in
swine, occurs with considerable frequency in the humid
southeastern parts of the United Stataes, and is assoclated with

both Aspergillus and Penicllium molds (Burnside, 1957).

Aspergillus molds were incriminated in the eplzootics of
bovine hyperkeratosis, although later studies indicated that the
disease was more complex; it appeared to result from an interac-
tion of chlorinated cyclic hydrocarbons and nutritional factors,
particularly vitamin A, (Hansel et al, 1951; Sikes and Bridges,
1952 Hoakstra et al, 1954). Forgacs and Carll {1955) isolated
several molds, mostly species of Aspergilli and Penicillia, from
feeds which produced a hemorrhagic disease in poultry. Some of
these were capable of reproducing the hemorrhagic syndrome in
birds. These diseases were then designated as moldy feed toxico-

ses.

The English episode in turkeys brought together microbiolo-
gists and veterinarians who quickly recognized that the toxic
manifestations were caused by the ingestion of certain mold-

contaminated feeds.
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During the period from 1960 to 1962, several reports
appeared (Sargeant et 41l, 1961l; Wolf and Jackson, 1963} about
outbreaks of disease in poultry and fish at diverse geographical
locationa. Pungi in feedahwere suggested to be the likaly
etiologic agents., 1In avian species, the acute disease resulted
in loss of appetite, weakness of wings, and lethargy. Histologic
examination of zi.saues revealed an acute hepatic necrosis and ;
marked bile duct proliferation., Ultimately, the problem was
traced to imported Brazilian peanut meal in the birda' rations,
referred to as Rosetti meal becauﬁe the name of the transport
vegsel wa wsettl. It wasrthen discovered that ducklings,
swine, and cattle had also been poisoned by similarly con~
taminated lots of peanut meal. The Brazilian peanut meal,
however, was not alone in causing toxicity. At about the time
that the turkey X disease broke out, a similar diseass aasociated
with peanuts processed in East Africa, affected ducklings in
Renya (Asplin and Carnaghan, 196l). The early discovery that
ducklinge ware particularly ssnsitive to aflatoxin, as evidanced
by a rapld and extenaive bile duct proliferation, was fortuitous;
this species became the major tool for biclogic assay. Followling
the initial studies of peanut meal poisoning in turkeys and
ducklings, Lancaster et al (1961} reporced that rats developed
liver cell carcinomas when toxic s<anut meal was inc¢luded in
their diet for 30 weeks or lony2r. Sargeant et al (1961) and
Nesbitt et al (1962) identified the toxin-producing organism in

the peanut meal as the saprophytic mold Asperqgillus flavus Link

4-2
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ex Pries, a widely djistributed mold that has been isolated from

virtually every stapla food product in the tropical and semitra-

pical areas of the world {(Wogan, 1973).

Whiles the turkey X disease was at its height, an epizootic
of liver cancer afflicted hatchery-reared rainbow trout in
washlngton and Oregon. Investigations then revealed that liver
carcinoma occurred in fish at many different locations, Trout
rajised in hatcheries had for many years been fed a diet including
vegetable sources of protein with cottonseed meal as the major
source (Sinnhuber, 1968). As a result of many lnvestigations,
the etlology of trout hepatomas was finally traced to con-
taminants in the cottonseed meal, Furthermore, the investigators
discovered the influence of nutritional factors on both the
neoplastic processas (Sinnhuber, 1968) and the resistances to car-~

cinogenic toxins,

In addition to toxicoses in various domestic animals and
liver carcinomas in trout, an observation in laboratory rats
further haightened the interest {n contaminated feed. During
studies comparing the affects of choline-deficient and adequate
diets, Salmon and Newbarna (1963) observed liver carcinoma in
rats foed diets containing peanut meal and adequate levels of cho-
line. Within a relatively short time, several reports (Newberne

t al, 1964; Newberne, 1965) showed that the contaminant in

peanut meal was the same as that produced by a strain of

Aspergillus flavus, isolated from toxic meal in England. The
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contaminants waere ldentified as a complex of metabolites produced
by Aspergillus (Asplin and Carnaghan, 1961; Loosmore and Markson,

1961 Allcroft and Carnaghan, 1963}.

Identification and Characterization of Aflatoxins

The discovery that the toxins had a charactaristic
fluorescence pattern on thin-layer chromatograms greatly facili-
tated their isclation and charactarization, culminating in the
dstermination of the molacular formulas of four components
designated as aflatoxins By, B2, G), and G2; the four componants
ware distinguished by their blue or grean fluorescance and by
their R¢ values on thin-layer chromatograms (Asao et al, 19635).
More recently, related substances have bean isclated 4nd chemi-

cally characterized, the most importaant ones being M;, Mz, By,

and Gz, (Wogan, 1973). The M; and M) fractions, firat isolated
from the milk of cows feading on aflatoxin-contaminated fodder
{(Allcroft and Carnaghan, 1963) were later found in the milk of
laboratory rats. M) and M; possessed the same toxlicity as the
aflatoxins from which they were derived (Purchase, 1967)., On the
other hand, the hydroxylated B;, and G3, derivatives of B; and

Gy described by Dutton and Heathcote (1968) were virtually non-
*oxic, suggesting that contaminated foods may be detoxified by

acid treatment,

The isolation, purification, and identification of the
various fractlions of aflatoxins have been described in detail
(Detroy et al, 1971). The structures are chown in Figure 4 and

metabolic pathways described (Busby and Wogan, 1984).
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The biosynthesis of aflatoxins has been studied extensively.
In the earlier work (Adye and Matsles, 1964) varicus precursors
ware labeled and tested for incorporation into the synthetic pat-
tarn of aflatoxin Bl. Phenylalanine and shikimic acid appeared
implicated as precurscrs (Donkersloot et al, 1968). Although
saveral hypothetical schemes waere devised, the preclse_natﬁte of
the biosynthesis remains to be aestablished. On the other hangd,
procedures for laboratory syntheais of aflatoxins By, Gy, and Mj
have been developed {(Buchl and Weinreb, 1969). The syntheses
were designed primarily for structural verification. The proce-
dures are too complax for routine production of material for

axperimental use.

A total of 12 structurally related compounds with similar
confiqurations have been ldentified; Buchi and Rae (196%)
described in detail both the structure and chemistry of many of
these conpounda, Products of metabolism in the bioclogical
systems also were lnvestigated, These superb chemists continue
to slucidate structures, the activity of which provide challenges
for toxlcolegists, PFollowing isolation, purification and availa-
bility of pure material, many studies have demonstrated the dose

response characteristic of AFB; illustrated in table 4.

Numercous reports have dealt with factors of various types
that modify the carcinogenic and other toxic effects of myco-
to¥ins in experimental animals, These include sex-linked and

andocrine characteristics, and interactions with other environ-
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mental factors. The effects of nutrients deserve particular
attention in view of nutritional deficiencies occurring in thosa
parte of the world, where aflatoxin exposure is most prevalent.
The more recently discovered effect of exposure to (artlificial)
sunlight is also of intarest in this respect since the metabolism
of these compounds may be affected by percutanecus exposure to UV

irradiation {(Newberne &t al, 19743 Joseph-Bravo st al, 1976}.

The mechanisms by which hormones, nutrition, and other fac-"
tors influence aflatoxin carcinogenesis are not kinown. Thay
appear to include effacts on DNA synthesis, cell division and
differentiation, and/or effects on aflatoxin metabolism, and
axcration. Animals with a severely restricted food enargy intaka
do not grow and are less susceptible to the action of many car-
cinogens, compared to normal animals. The retardation of growth
induced by severe protain deficiency, by hypophysectomy or other-
wise may explain feduced tumour incldence under these experimen-
tal conditiona. Conversion of aflatoxin B8; to a bacterial
mutagen is different in microaopal liver prep&rations from rats
fad a marginal lipotrope di?t compared with those from normal
rats . Excration of mutagens in the urine i3 also different in

lipotropa-deficient rats (Suit et al, 1977).

Changes in aflatoxin B] metabolism and reduced levels of
hepatic macro-molecule-bound aflatoxin B; adducts were reported
in rats pretreated with phenobarbital (Garner, 1975; Swenson et

al, 1977), and in hypophysectomized animals (Swenson et al,

—



-3 -

1877). Dietary factors (vitamin A, protein, lipotropea) referred
te later, also modulate AFB; metabolism, in part through effects

O enzyme systema.

Sex-linked differences and endocrine status. Results of a

nunber of studies indicate that in comparison with males, female
rats are more resistant to both acute toxic and carcinogenic
effacts of aflatoxins. A single administration of aflatoxin By
by gavage produced a calculated LDgj of 7.2 mg/kg body waight
(fiducial limits 5.36-8.23) in male rats and 17.9 mg/kg body
welght (fiducial limits 14.4-22.5) in female rats (Butler, 1964).
The sex-dependent fnfluence of vitamin A daficiency on the acute

toxicity of aflatoxins Is discussed later in this section.

In another study (Newberne and Wogan, 1968a), Piacher rats
of both sexes were kept on diets containing aflatoxin Bj levels
of 0.015, 0.3, or 1.0 mg/kg and killed for histological examina-
tion at sequential periods over a lifetime. The sarly uepatic
leslons, considered by some to be precancerous, appeared with
almost the same rate of lncidence and at approximately the same
time in both sexes; however, there was a considerably longer
period between the appearance of the precancercus lesions and
progression to liver carcinomas in females compared to males. At
a dietary level of aflatoxin By of 1 mg/kg of diet, males deve-
loped carcinomas after 35 weeka of exposure while tumors in fema-
les wera observed only after 64 weeks. A similar, but much less

proncunced, sex-linked difference was observed at the 2 lower
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aflatoxin levels. <Calculationa of the approximate total intake
of aflatoxin B] before the appearance of tumours (based on
average intake of food containing a known guantity of aflatoxin)
and the time over which these total amgunts were consumsd are
shown in Table 4. In a study by Ward et al (1973), male rats
{F344, NIH) kept on a diet contalning aflatoxin B} at 2 mg/kg,
died with malignant haemorrhagic liver tumours significantly
earlier than females. Kidney tumours ware cbserved in male but

not female rats exposed to aflatoxins (Butler et al, 1969).

Newberns and Williams (1969) reported that fewer male rats
{Charles River CD) fed for more than a year on a diet containing
aflatoxin By at 0.2 mg/kg and disthylstilbestrol at 4 mg/kg dsve-
loped liver tumours (8/40) than thoss fed the same aflatoxin diet
without the estrogen (2%/35), indicating an important sex hormone

effact.

In a atudy on the influence of hypophysectomy on aflatoxin
carcinogenesis, male albino (MRC) rats were fed a diet contalning
an aflatoxin By level of 4 mg/kg. Eleven of 14 control rats
devaloped liver tumours in 49 weeks whereaa none of 14 hypophy-
aectomized rats developed liver tumors in the same period.
Howavar, tumors of axtrahepatic tisauves (4/14 carcinomas of
retro-orbital lacrimal glanda were obhserved in the hypophysec-

tomi zed aflatoxin-treated rats (Goodall & Butler, 1969).

NUTRITIONAL FACTORS (PGOD COMPONENTS). The influence of

5-1
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autritional factors on the effects and dose-response rela-
tionships of aflatoxina has been reviewed by Newberna (1974,
1976), Newberne and Rcgaears (1976}, Newbarne & Gross (1977); and
Mewberne, (1984). The more ilmportant nutrient effects will be

discussed in the following paragraphs.

{a) Dietary protein and lipotropic agents, Some intarasting
data have come from Rhesus monkeys which ware givan dally dosas
of 100 ug aflatoxin per animal by stomach tube. Two animals, fed
& severealy protein-deficient ration (iI% casein) for 8 weeks
before and during aflatoxin administration, developed fatty liver,
bile duct proliferation and fibrosis, and 4ied with gastroin-
testinal haemorrhage within 30 days of aflatoxin treatment. Two
animals fed a control ration (168 casein) survived in apparent
good health up to the termination of the experiment (35 days of

aflatoxin treatmant) (Madhavan et al., 196%a).

In & study on weanling male rats given 50 ug aflatoxin per
animal par day for 20 days, 2/6 animals, fed a dlet containing 4%
caseln, died on days 18 and 19 of the experiment. Extensive
liver damage was found in these rats and in others in the 4%
casaln group within 20 days of aflatoxin treatment. All 12 ratas
fad a diet containing 20% casein survived similar aflatoxin
dosing with only mild changes in the liver., 1In another study by
Madhavan & Gopalan (1968) 2 gioupl of 12 male rats were fed the 2
diets (5% or 20% casein) for 2 years from weaning and were given,

from the beginning of the experiment, 232 daily doses of 5 ug
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afiatoxin per animal or 225 dally doses of 10 ug aflatoxin per
animal. All 12 animals fed the 20% caseln dist survived tha
pericd of aflatoxin dosing and 50% developed hepatomas; lung
metastases wers cbserved in 2 of thess rats. Five of the 12 anl-
mals fed on the S% casein dlet died during the period of afla-
toxin dosing. No hepatomas but one renal cell carcinoma wara
found in the remaining 7 rata. Both dleta used in thesa sxpari-
ments were supplemented only with 0.01% choline (Madhavan and

Gopalan, 197%).

In experiments by Newberne & Wogan {1968b), rats fad a diet
containing 9% protein developed a higher incidence of liver
tumours (11/1%) in a shorter period of tima (8 months) than rats
fed a diet containing 22% protein (incidencea 7/14 after 10
months). Both groups of rats wera glven a total dose of 375 ug
of aflatoxin By per animal by gastric intubation over 3 weeks, at

the beginning of the experiment.

In studies examining lipotropic effects (methionine, cho-
line, folate and vitamn Bjj) on aflatoxin activity, a dlet margi-
nal in methionine and choline, deficlent in folate, and high in
fat protected male rats against the acute toxlcityvot a single
dose of aflatoxin By; however, susceptibility to the toxic
effects of repeated doses of aflatoxin B) increased, and the car-
cinogenicity of aflatoxin By was enhanced., The experimental diet
(Rogers & Newberne, 1971) contained peanut meal (12%, alcohol

extracted), gelatine (6%), caseln (3% vitamin free) and fibrin



- % -
t1%) as sources of protein, with a supplement of L-cystine
t0.5%). This diet is marginally but not severely daficient in
threonine, tryptophan, and arginine as well as in methionine.
The dlet contained choline chloride (0.2%), and was high in fat
(beef fat 308y corn oll 2%). Tha control diet contained casein
(22%, vitamin free! as the protein source, 15% or 16% oil (corn
or mixed vagetabla oil) and 0.3% choline chloride. Both diats

were adeguate in other easential nutrients.

The marginal lipotrope dist fed for 2 weeks protected rats
against acute aflatoxin By toxicitys; those that died had
hemorrhagic necrosis of the liver with varying degrees of bile
duct proliferation and, some had hemorrhagic necrosis in the
adrenals and kidneys. The surviving rats (killed 2 waeks after
aflatoxin administration) had focal necrosis of livaer parenchymal
cells. Approximately 20% of the rats fed the marginal lipotropa
diet and given a single dose of aflatoxin B) had focal areas of
abnormal hepatocytes which had increased uptaka of }H-thymidine

(Rogers & Newberns, 1971}).

Lipotrope deficlent rats are resistant to the toxicity of a
single dose of aflatoxin B} phyt they are sansitive to repeated
aflatoxin exposure, One half of 136 male rats died, most of them
after receiving B or 9 doses of aflatoxin B} (200 or 225 ug
total). Various degrees of necrcsis were observed in the livers
with extensive proliferation of bile duct cells, The mortality

in rats fed the control diet (6Ff males) was only 4% during rthe
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administration of the total dose of 350 ug of aflatoxin By

(Rogers and Newberne, 1971}.

The anhanced aflatoxin B; carcinogenicity in rats fed margi-
nal lipotrope diats, have been reviswed by Newberne & Gross
{1977) and mors recsantly by Rogers, 1375; Newbarne at al 1382,
Rogars and Newherna, 1980, Figure 5 illustrates the cumulative
probabllity of death from a tumor, calculated here by the methoAd
described by Saffiotti et al. (1972) {.e., from the number of
animals at risk and the numbar of deaths from tumours each wask.
The rats were fed either a compleate diet (diet 1) or a diet low
in lipotropes (diet 2) and given a total dose of aflatoxin B) of
175 ug, over 3 weeks. Hepatocarcinomas developed in B87% of 52
animala fed the marginal lipotrope diet and (n only ll% of 27
rats fed the nutritionally completa diet (P<0.00l). Twenty-saven
psrcent of tumours in rats fed the marginal diet metastasized to
other abdominal organs or the lung; no metastases were detectsd
in rats fed the control diet (Rogers, 1975). The peanut meal <e=d
in these experiments was assayed and d4id not contain detectable
aflatoxins, Similar sffacts hava been obaservad with other car-

clnogens (AAF and DEN).

Purther studies ware carried out to determine how far the
high fat content of the marginal lipotrope diat contributed to
the enhancement of carcinogenesis. Male Figchar rats were fed
the marginal lipotrope diet, the nutritionally complete cont:ol

diet, or the control diet with substitution of the fat from the
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marginal lipotrope diet (30% beef fat, 2% corn oil} for the fat

in tha control diet (15% mixed vegetable oils). Each rat was
given a total of 375 ug of aflatoxin B] intragastrically over 3
waeks and allowed to live until moribund or dead, or untlil 90
weaks after treatment, and then necropsied. Hepatocarcincma
incidence was based on the number of rats that survived untlil the
firat death with hepatocarcinoma, l.e., 27-34 rats per group.
Tumcrs were found in 39% in rats fed the marginal lipotrope diet,
15% in.control rats, and 2ero in rats fed the control diet with
beaf fat (30%) and corn oil {2%) substituted for vegetable oil
{15%). Thus under these conditions the high fat content of the
deficient diet inhibited, rather than contributed to the enhan-
cament of aflatoxin carcinogenesis, It appears that the fat ia

of less conssquance than the lipotropes.

An enhancing effect on aflatoxin carcinoganicity was
observed in experiments in which male rats (Charles River CD
Sprague-Dawlay)} wera fed a low lipotrope dlet contalning 208 iso-
latad soybean protein and supplemented with 0.1t DL-methionine
and 0.1% choline chloride. Aflatoxin By was glven intragastri-
cally during the early weeks of the experiment, a total dose of
140 ug/animal (divided in 24 daily doses of 10 ug, 5 days a
weak). Liver cell carcinomas were obsarved in 5/17 animals fed
this diet. No tumcurs were found in rats given the same dose of
aflatoxin B; and fed the same basal diet supplemented with 0.6%
DL-methionine, 0.6% choline chloride, and viiamin By3 supplement
(Newberne et al., 1968c¢c).

>
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A savere, rather than a marginal lipotrope deficlency may

decresase rathar than increase ths incidence of liver carclnoma in
aflatoxin-treated rats. A dacrease in liver carcinoma was
observed Lln aflatoxin~treatad, msla, Sprague-Dawley rats with
severe lipotrope deficiency particularly if penicillin, at a
level nf 0.1% were added to the diet. The expected penicillin-
induced inhibition of cirrhosis was not cbeerved and the interac-
*ions between penicillin and aflatoxins have not bean slucidated.
T2 i'ats used in these axperimants, {the control, adequate, and
the savere lipotrope-deficient) contained alcohol-~extracted
groundnut meal (25%) and casain (§%) as the protein scurce. No
cyetine or methionine was added; choline and vitamin By were
added to the control diet at levels of 0.3% and 50 ug/kg respec-
tively. When rats were killed 12 months after raceiving a total
dose of 375 uy aflatoxin B; per animal (divided into 15 daily
intragastric dos.y of 25 ug each per animal), hepatomas were
found in 64% (9/14) control animals and in 21% (7/17) lipotrope-
deficient animals. In rats fed diets containing penicillin,
hepatomas ware found in 70% (14/20) of the controla and in only
17% (3/18) of the lipotrope-deficient animals (Newberne & Rogers,
1971).

Vitamin By has minimal lipotropic characteristics. It has
recently bean found in concert with protein to increass tumor
incideance in aflatoxin-treated rats, In a study by Temcharoen et

al, (1978) repeated later, {(Temcharoen, 1983) male Fischer rats
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were fed diets contailning 20% or 5% cassin with or withou: vita-
min By (50 ug/kg diet) for 33 weeks. Table 5 lllustrates such
eflacts. The diets were similar to those used in previous stu-
dies by Wogan & Newberne (1967) and Newbarne and Wogan (1968a)
which contained 0.036% choline chloride. The casein content was
similar to that in diets uased in the study by Madhavan & Gopalan
(1968) mentioned earliar, A mixture of crystalline aflatoxins
(containing aflatoxins By and G approximately in the proportion

of 111 and about 5% of aflatoxins Bz and G)) yasg added to the

diets at the level of 1 mg/kg. As shown in Table 5, vitamin Bj
supplementation increased liver tumor incidence in rats fed a
dist containing aflatoxin and 20% casein. Savera proteln defi~
ciency affected the growth of the animals; the body waeight of
rats fed 5% casalin was reduced to about cone third of the controls
at the termination of the experimant. Liver cirrhosis was
obsarved only in the aflatoxin-treated, protelin-deficient rats,
As suggested by Temcharoen et al. (1978}, a high lncidence of
hyperplastic nodules and cholangiofibrosis in the protein-
depleted, aflatoxin-treated animals may indicate that the car-

cinogenic process was retarded but not eliminated.

{(b) Vitamin A. 1In a study by Reddy et al., (1973), male and
female albino rats fed a vitamin A-deficient diet for 9 weeks
after weaning or fed the same diet with a daily oral supplement
of 30 ug (100 IU) of vitamin A/rat were given a preparation of

crystalline aflatoxins containing aflatoxins B) (448}, G} (44%),
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and B, and Gz (2%) in a single—intraperitoneal dose of 3.5 mg/kg
body weight. High mortality was observed in vitamin A-deficient
males {Table 6). The vitamin A-deficlent females and all the
vitamin A-supplemanted animals had no adverse reactiocas 40 b
after aflatoxin Ilnjection. Histologically, severa liver damage
was obsarved in vitamin A-deficient, aflatoxin-treated male rats,
in contrast to minimal liver damage in female rats and male rats

given vitamin A,

In a study conducted in our laboratories on rats fed diets
containing aflatoxin By in the range of 15-100 ug/kg and defi-
cient, adequate or exceasive in vitamin A over a 2-year period,
the vitamin A-deficlent animals developed a similar incidence of
liver tumours to tha other 2 groups but had an increased inci-
dence of cclon carcinomas (Newberns & Rogers, 1973). Thus, in a
group of 50 male rats (Charles River CD Spraguse-Dawley) exposed
to a dietary level of aflatoxin By of 100 ug/kg and 5 ug vitamin
A (retinyl palmitate) per animal per day, colon tumours and liver
tumours were observed in 6 and 11 rats, raspectively, whereaas
with daily intakes of 50 or 500 ug retinyl palmitate pef rat, no
colon cancers were obsarved and the incidence of liver tumcurs
was 24/50 or 139/50, respectively. The results of a further study
(Newberna & Suphakarn, 1977) are shown in Table 7. Charles River
CD Spragua-Dawley rats were fed a diet containing aflatoxin B at
a level of 1 my/kg (AFB;)} and 3 different dietary levels of vita-

min A {retinyl acetate). Agaln, there was an increased incidence

6-1
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of colon carcinomas in vitamin A-deficient rats. Excessive vita-
min A did not protect against aflatoxin carcinogenasis in either

the liver or the coclon.

Certain mechanistic aspects of aflatoxin-inducad colon
cancer in rats have besn elucidated. We have continuad studias
relative to possible mechanisms with special emphasis on glu-
tathione (GSH)} conjugation, enzyme activities in liver, intesti-
nal and colon mucosa; and biﬁding of APB] to colon epithelial
DNA. The following highlights of the results, i(n prlht elsawhare
(Suphakarn gt al, 1983) are pressnted here in the context of

nutritional influences on aflatoxin toxicity and carcilnogenicity.

Male weanling {21-day-old) Sprague-Dawley rats, 45 + 5 g
body weight ware pair-fed a semisynthatic diet containing either
2.0 ug ratinyl acetate per g dlet (adegquate vitamin A) or con-
taining no added vitamin A, After 7-8 weeks on the dists, the
vitamin A-deprived rats axhibited deficlency symptoms ilncluding
plateaau of weight gain, rough halr coat, and lowsred sarum vita-
min A content. At this point the deficlaency was marginal and the
vitamin-A-deprived rats ware given retinyl acetate (3 ug/rat) in
cottonseed oil, by q;vage, once waekly for the remaindar of the 9
weeks of the experiment, while the various assays andvanalyses

were completed.

To test the effect of marginal vitamin A (3 ug vitamin A/wk)

on enzymes and other parameters after exposure to AFB), the car-



3667

~ 43 -
cinogen, was administared to both experimental and control rats
for 5 successive days (25 ug/day; total of 125 ug/rati. On
complation of the dosing schedule, the following determinations
were made: microsomal protein; the microsomal anzymes
banzo(a)pyrene hydroxylase (BPCE), p~nitroanisole-o-demethylase
(PNA), and B-glucuronidase; reduced glutathione (GSH); and
aflatoxin-GSH conjugate. Colon mucosa was obtained by opening
the colon, gently floocding away intestinal coantents with buffered
saline, and scraping mucosa from the gqut wall with the edge of a
clean glass histology slida. The collected mucosa was than

chilled on ice or frozen until assays waera conducted.

The concentrations of microsomal protein in rat liver or
culon mucosa did not differ between the two diatary groups per
a1it of liver (Table 8) but AFB) treatment significantly
increasaed the microsomal protein content both in liver and in

colon mucosa, a result of the sniyme-inducing capacity of AFB;.

Microsocmal BPOH activity in liver was not significantly dif-
farant betwaan control ;nd vitamin A-deprived rats. Howaver, in
both cases, AFB) treatment tended to increase the activity of
this enzyma. Liver PNA activity per g liver iacreased about the
sama in both groups, as a result of exposure to APB;; per entire
liver, the supplemented group increased more than the deprived

group.

BPOH activity in colon mucosa (Table 9) decreased slightly

in deprived rats and increased slightly in control rats when AFB;

6-2
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was administered; however, this difference was not highly algni-
ficant (p = 0.05)., PNA activity of colon mucosa decreased signi-

flcantly when AFDB] was given to both control and deprived rats.

vitamin A deficlency increased B glucuronidase activity in
the liver and in the small intestinal mucosa of both groups but
decrsased B-glucuronidase activity in the colon contents of the
vitamin-A-deficient rats. When AFPB; was given to deprived rats,
mucosal enzyme activity was maintained in the small intestine and
colon, but was dacreassd in the gut contents at these two
gastrointastinal tract levels. Liver enizyme activity decreasad
in the deprived rats but increased in control rats when thes two

groups were given AFB).

Tha concentration of reduced GSH decrsased in untreated
vitamin A-deficient liver and was further decrsased by exposuras
to AFB] (Table 10). Aflatoxin also reduced the concentration of
the enzyme in control, vitamin A-supplemented livers. Howaver,
deprived groups had more GSE in the colon mucosa and small
intestine than d{d¢ vitamin-A-supplemented rats., It is
interasting that AFB; treatment tended to increass GSH in colon
mucosa in both groups of rats, but decreased GSH in small
intestinal mucosa of both groups. This may be related in some
way to the modified susceptibility of the colon mucosa to

neopalsia.

Results of studies on aflatoxin~GSH conjugates from rats

pretreated with phenocbarbital and fed either vitamin-A-deficient
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or vitamin A-supplementad diets are shown in table 1l1. The
aflatoxin-GSH conjugate levels in the livars of vitamin A- defl-
cient rats ware J-fold higher than those {n control animals, but
thers was no diffarence in the concentration of conjugate in the

colon mucosa,

Binding studies (DNA-AFB;} adducts) were done in the
following manner. With the onset of deficiency symptoms and
decreased serum vitamin A concentrations, groups of
vitamin-A-deficient and normal rats was given 3H-AFB; orally.
They were then sacrificed by cervical dislocation at periods
ranging from 2 to 24 hours after dosing. Colon mucosa (104 mg)
was obtained from each animal by carefully scraping the colon
epithalial cells with a glass microascope slide. The cells ware
homogenized and CsCl gradients fractionated into 0.37%-ml por-
tions with a gradient fractionator while the absorbance of the
effluent stream was continuously monitored at 254 nm. The absor-
bance of pesak fractions was determined at 260 adn 280 nm and the
radioactivities in all fractions ware determined by a scin-

tillation counter.

A sacond expariment was conducted to determine If reple-
nishing vitamin A would modlfy binding characteristica. After
the normal vitamin A-depletion period, a different group of
deprived rats was glven retinyl acetate (150 ug/rat/day)

(Hoffman-LaRocha, Nutley, NJ) for 2 days. A dose of 150 uCi of

3H~AP31 was given to each of these rats 24 hours after the
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second dose of retinyl acetate. They were sacrificed by cervical
dislocation 10, 12 or 15 hours after 3H-AFB) dosing, and DNA

binding studies wera conducted on the colon mucosa.

The DNA of colon mucosa from vitamin-A-deficient rats bound
more aflatoxin than that of normal rats (Tabla 12} with a peak
binding 15 hours after a single oral dose of 3H-AFB;. Retinyl
acetate supplementation significantly decreased DNA binding of
aflatoxin; between supplemented and non-supplemented rats, there
ware 2~ to 4-fold differences in DNA binding at 12 and 15 hours.
At 10 hours DNA binding in supplemented rats increasad slightly,
but not significantly. Tha deprived rats had mora DNA/g of cclon
wmucosa than supplemented rats {ug DNA/g 136 + 243 va 1189 + 195
for deprived and supplemented, respectively). These observations
indicate that vitamin A supplementation to deprived rats for as
short a pericd as 48 hours reduced AFB; binding to a level com-

parable to that of continl rats

Although AFPB; is known primarily as a hepatocarcinogen, as
noted above it also induces colon cancer in rats fed diets dafi-
cient in vitamin A. In prev'.us studies, the increased incldence
of colon tumcrs was usually accompanied by a decreased incldence
of liver tumors {Newberne and Rogers, 1976). Although the data
from the present study do not clarify the mechanisms of colon
tumor ind.ctin., it ia possible that the obssrved decreasa in
microsomal enzyme activity in the coleon or the liver of vitamin

A-deficient animals resulted in a different set of AFB} metabo-
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lites or in the distribution and bindirg ot the proximate car-

cinogen.

Liver and colon BPOH activity varied little betwasn defi-
cient and supplamented groups; tharefors, hydroxylated derivati-
ves of aflatoxin (aflatoxin Baa, aflatoxin M), aflatoxicol, and
aflatoxin Q) are probably present in both dietary groups. 1In
contrast, liver PNA activity was increased by AFB; in both
groups, which could indicate increased production of the metabo--
lite aflatoxin Pjj this assumption, of course, requires experi-
mental validation. APB; can alsc be mstabolized by the mixad
function oxidases to AFR;-2,3-oxide, which interacts covalsntly
with cellular macromolecules and thus alter normal blochemical
processes. Results from the experiments reported here have
clearly eatablished that colon DNA in vitamin-A-deficient rats
binds more aflatoxin than does DNA from normal, supplemented
rats, and that this binding can be raturned to levels equivalent
to thoss of controls by supplementation with vitamin A for as

short a pariod as 48 hours.

There was lass GSH in livers of vitamn A-deficient rats,
than in control rats; this was accompanied by more aflatoxin-GSH
conjugate in the livers of the deficlient animals, accounting in
part for the decreased unconjugated GSH. The decreased GSH would
not permit normal lavels of other GSE conjugates and in this
manner may have contributed to the greater toxicity of AFB; in

deficient rats.
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The increased incidence of colon tumors induced by AFB] in
vicamin A-daficient rats would appear to be related to the role
of vitamin A in the matabolism of the carcinogen. Vitamin A
affects tha binding of AFB} to cellular macromolecules, espe-
cially DNA. The mechanism, whether caused by the rate of afla-

toxin adduct removal, by DNA repair, or otherwise, is not clear.

The ability of modified DNA to repair itself is a factor
that must be considered in attempts to interpret our results.
Repair of DNA in human calls after AFB] sxposure has been
reported; furthermore, AFB] exposure may affect the rate of remo-
val or repalr of DNA, Therefore, vitamin A may reduce car-
cinogenlc potential by altering metabolism, which affacts the
binding of the carcinogen to cellular macromolecules, and thus
influence the induction of colon cancer (and liver cancer!} in
rats. Thase observations suggeat an important modifying role for
vitamin A in expsrimental necplasia and could have significant
implications for human cancer in populations consuming inadequate
amounts of vitamin A and diets contaminated with AFB;. These
conditions are present in many areas of the world where malnutri-

tion, aflatoxin, and liver and colon cancer co-exist,

<) QOthar Nutritional Factors

(1} Selenium

Other nutritional factors influence the manner by which mam-

ralian systems respond to aflatoxin. A single oral dose of afla-
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toxin B} given to rats at 7 mg/kg bodywaight waa less toxic in
animals fed a high selenium (selanite) dist containing selenium
at 1 mg/kg (2-wesak mortality 7/28) than in animals fed diets ade-
quate or marginal in selsnium, containing selenium (selenite) at
0.1 or 3.03 mg/kg fead, respectively (2-waak mcortalities 20/20
and 28/29). However, a further increase in selanivm lntake (5%
mg/kg feed) reaching toxic levels predisposed tha liver to afla-
toxin injury and together with aflatoxin exposure resulted in
kidney lesions (tubular necrosis at the cortico-madullary
junction) (Newberne & Connar, 1974)}. When the level of aflatoxin
exposure was 50 micrograms (10 micrograms daily for 5 days) {n
chronic studies of 12 months, selenium, as selenits, at con-
centraticns of 2 to 5 ppm .nhanced liver injury and the incidence

of hepatocellular carcinoma {table 13}.

The incidence of liver tumours in Sprague-Dawlasy rats gyiven
a total of 500 ug of aflatoxin Bj intragastrically, over a 4-week
period, was not influenced appraciably by dietary selenium (as
selanlte) contents rangknq from 0.03 to 5.0 mg/kg (Grant et al.,
1977} but later studies indicated that 1.0 or 2.0 ppm {(ten and
twenty fold the amount considered adequate) had a protactive
sffeact. These r-sulﬁn will be published elsewhere »ut table 14

lists some of the rasults.

(2) Dietary Fat

Dietary fat influences the response of rat liver to afla-

toxin {Newberne, Weigert & Kula, 197%). -Corn oil, compared to

7-1
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beef fat resulted in a sign.ficant enhancement of liver tumors
[tabla 15). The increased incidenc- of liver tumors associated

with corn oil coincided with increased liver microsomal enzyme

actlvlty}

Interactions of a Nitrosamine With Aflatoxin By

While the occurrence of nitrates in many vegetables and
plant foods has Leen recognized for decades (Naticnal Research
Council, 1981) and acute effects on man and animals established,
only recently have nitrates been scrutinized bacause of potential
for converslon to nitrites with nitrosatlon of dietary amines
and formation of nitrosamines. Nitrates are converted to nitri-
tes in the gastrointestinal tract of man and animals and thus may
participate In nitrosation reactions to form nitrosamines, many
of which are carclnoganic to animals (Lintas et al, 1382 Searle,
1976). PFurthermore, large amounts of nitrites are produced from
a varliety of nitrogen sources in human bodies {Tannenbaum st al.,
1979). Thus, wa cannot prevent axposure to nitrites and,
thereore to some nitrosamines. The fleld of studies relative to
the potential for intsractionas betwasn mycotoxins and nitrosami-

nes is virtually untouched.

Racent work has shown that nitrites alone added to the diet
of rats at varfious levels of concentration Increase the incidence
of lymphoreticular tumors (Shank and Newberne, 1976). A sacond

large study has confirmed these observations (Newberne, 197%).
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These data are the first to indicate that nitrite alona may act
as a carcingen, a co-carcinogen or as a promoter, in addition to

participating in the formation of nitrosaminas.

While we have detected variable amounts of nitrosamines in
some samples of natural product rodent diets, wa believe that it
is premature to assign a level of significance to such con-
tamination. Currently, there is no available svidence that such
low concentrations of nitrosamines cause problems in animal
exparimentation, alone or in concert with other dietary factors.
Howaver, results of some studlies recently complated in our
laboratories (table 16) indicate that diethylnitrosamine (DEN)
must reach 10 ppm in the diet before it influences a response to
AFB;) (Newberne and Conner, 1980). On the other hand,
Angsubhakorn et al. (1981) have dascribed experimants in which
AFB) was followad by dimethylnitrosamine (DMN); this regimen
reaulted in more liver neoplasia than that in rats i{n which DMN
was followed by AFB;. 1In either case however there was a
-ynergastié effect when the two carcinogens ware used, compared

to single exposures,

Clearly, nitrosamines are not as potent as AFB), but effects
of combinations of various nitrosamines and other environmental
contaminants are unknown and should receive the highest priority
for resesarch. Untll further research answers gquestions about low

levels of nitrosamines in feed, we should be aware of con-

tamination but not assign it an inordinate amount of concern. If
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low levels of nitrosamines play & significant role in spontanescus
tumors or in controllad studies, some avidence should have become
apparent by now. We therefors advise cauticn in 1pterpretation
of reasults of surveys or of reporta (Edwards and Fox, 1579) that
suggest that low levels of nitrosamines in experimental animal
feeds warrant discarding valuable data obtained at great cost and

effort. Thes: suggestions are at least prematuras.

Exposure to Artificial Sunlight, Riboflavin and Carotene

An addi+ional instance of the interaction of dlet, toxins
and other environmental factors is presented in the report of
Josaph-Bravo et al. (1976). Pollowing up on observations
(Newberne et al., 1974) that an interesting intaractiocn batwaen
light energy, riboflavin and carotens modified the respunse of
rats to aflatoxin, Joseph-Bravo went on to show that this was due
in part to a difference in metabolism of aflatoxin. 1In the acute
studies weanling male Sprague-Dawley rats ware fed either a
control dliet or a diet marginal in lipotropes and dosed with
elther aflatoxin B; or monocrotaline. Some from each group wera
given an excss of aither riboflavin or carotene prior to admi-
nistration of the toxins and then exposed for 2 hours to artifi-
cial sunlight. The marginal lipotrope diet gavae protéction from
the acute effects of both toxins. Exposure to light enhanced the
toxicity of aflatoxin, and light plua riboflavin synergistically
increased the toxicity. Carotene alone or with light protected

against aflatoxin. Light protected the rats from the acute toxi-
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city of monocrotaline, but riboflavin had no furthar significant
effect. Thase studies indicats interactions between light, vita-
mins and hepatotoxins, suggesting that environmental factors may

influence the potency of drugs and chemicals.

In follow-up studies (Joseph-Bravo, 1376) rats wers given
low levels of aflatoxin 5 days/wk for 3 wks; 30 min after sach
dosing, half of them were irradiatad for 2 hr. 1In soma, levels
of glucose-6-phosphatase and acid phosphatase were datermined 5
days after completion of treatment. Table 17 suggests that,
although atlatoxin induces glucosa-§-phosphatase, UV-irradiation

decreased the enzyme induction.

Remaining rats were killed at 30 or 53 wkas. All underwent
complate nacropsies and histopathologlc examination. 1In the
sscond experiment, rats were dosed with riboflavin and dividaed
into four groups: no further treatment; aflatoxin (LDxg}; irra-
diation (1-2 hr.); or aflatoxin plus irradiation. Blood ribofla-
vin levels were determinad at infurvnll following these
treatments. Data in table 18 is significant in again
1llystrating that APB; depresses nutrient levels in serum, and

usually in tissues.

In the third experiment, the chemical reactions of irra-
diated aflatoxin and/or riboflavin were atudied by ultraviolaet
spactroscopy and thin layer chromatography (TLC). The 53-wk

study showed clearly that light decreased the incidence of
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aflatoxin-induced cancer. The other results may provide an
;xplanntion. Aflatoxin caused blood riboflavin levels to
decraage- an effect enhanced by irradiation, suggesting that pho-
tosansitized riboflavin and aflatoxin form a complex. This
interpretation gains support from studies in vitro that showed
that rib>flavin quenched aflatoxin photodegradation, perhaps by
complexisg with aflatoxin. Thus, low carcinogenic doses of afla-
toxin may complex with endogenous, photosensitized riboflavin,
inhibitiag its degradation into carcinogenic metabolites. A
turther consideration is that, UV energy, acting on AFB) cir-
culating in superficial capillaries of the skin may influence the
molecules directly resulting in a less toxic metabolite, or, con-
versely, enhancing toxicity by promoting the conversion of the
parent compound to more toxic metabolites. In our studies the

former would appear to be the case.

Cyclopropenoid fatty acids (CPFA). Cyclopropenoid

fatty aclds (CPFA) which occur for example in cottonseed oil,
enhanced tumour induction in trout by both aflatoxin B; and afla-
toxin M) (Sinnhuber et al., 196Ba). Young trout were fed a
purified diet which contaised an aflatoxin B] concentration of 4
ug/kg with or without the addition of CPFA at 220 mg/kg diet.
Hepatomas wers found in 27/30 fish fed CPFA and necropsied after
6 months; at 9 months, 20/20 bore hepatomas. Corresponding iaci-
dences of hepatomas in fish that did not receive CPFA were 0/30

and 4/20, respectively {(Sinnhuber et al., 1968b). 1In later
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experimants, fish were fed aflatoxin M at the rate of 4 ug/kg

diet, with or without the addition of CPFA at 100 mg/kg. The
incidences of hepatomas in CPFA-fed fish were 6/40 at 4 months
and 42/63 at 12 months. Corresponding lncidences in fish not fed

CPPA wars 2/40 and 6/40 respectively (Sinnhuber at al., 1374).

On the othar hand, the enhancing effect of CPFA on aflatoxin
hepatocarcinogenesis was not clearly evident in several studies
on rats (Priedman & Mohr, 1968; Lee et al., 1969a; Nixon et al.,-
1974). No significant increass in liver tumours was observed in
Wistar male (M) and female (F) rats when sources of CPFA such as
food qgrade cottonsead oll {(CS0) or Sterculla foetida oll (8FO}
were added at lavels of 108 and 0.04%, respectively, to diets
containing aflatoxin Bj at concentrations of 20 or 100 ug/kg.
Peading these diets for different perids {(geanerally exceeding 500
days) at the aflatoxin level of 20 ug/kg resulted in hepatomas in
4/36 rats (My 2/17; Fs 2/19) with CSO exposure, in 1/37 rats
{(F11/19) with SFO exposure, and in 0/38 rats without CSO or SFO
in the dlet. With an aflatoxin Bj exposure leval of 100 ug/kg
diet, tha incidences of hepatomas in the CSO group, SPO group,
and the group withou CSO or SFO were 15/36 (M: 12/17; F: 3/19),
17/37 (M: 10/17; F: 7/18), and 15/35 (M:7/17; F: 8/18i, respac-
tively. 1In Pischer rats, CSQO was tested only in combination with
tha lower concentration of aflatoxin; with an aflatoxin B; lavel
of 20 ug/kg diet, the hepatoma incidence was 6/31 (M: 4/157 Fi
2/16) with CS0O, and 6/28 (M: 5/13; F: 1/15) without CSO exposure

{Nixon et al., 1974).
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Influence of Factors Other Than Diet

Goodall and Butler (1969) studied the effects of hypophysec-
tomy on rats fed a dlet containing 4 ppm aflatoxin By. All of
the control animals developed liver tumors in 4% weeks, whafoas
none of the hypophysectomized animals developed tumors in the
same pericd of time. Hypophysectomized rats, however, graw
little if any over the period of the experiment, whereas the
other animals grew normally. This discrepancy precluded an ade-
quate interpretation of results, and, insofar as is known the
study has not been repeated. Similar observations were also
made under analogous conditions in experiments with aminofluore-

nes (Shirasu at al., 1366).

Newberne and Williame{(1963} reported that rats fed diets
containing 0.2 ppm aflatoxin B) and 4 ppm diethyltilbestrol dave-
loped fewer liver tumors than those that ware treatsd with afla-
toxin alone. The study included paired-feeding and
feeding-to-waight, Indicating that decreased tumor incidence
assogiated with diethylstilbeatrcl was not the result of
decreased food intake. The specific mechanisms reaponsible for
protection remained obscure. FPurther experiments (Newberne et
al,, 1967) showed that methionine fed at 0,29 of the diet acted
synergistically with aflatoxin B) at 0.4 ppm to induce liver
cancer in rats. However, aflatoxin By alone at dietary levels of
0.4 of 1.5 ppm was more effective in inducing liver tumors than

in combination with urethane at 0.1-0.6% of the diet. Studies in
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which rats were exposed to rubratoxin B and to aflatoxin B
7

indicated a sensitization to rubratoxin, but the evidence for

potentiation of carcinogenasis was equivocal (Wogan et al.,

1971).

Reddy and Svoboda (1972), studying the affect of lasiccar-
pine given to rats with and without aflatoxin, found that the
pyrrolizidine alkaloid (lasiucarpina) was a hepatocarcinoge: in
itself; moreover, it modifled the wo:phologic pattern of iivars
in which tumors developed. It also resulted in & postnecrotic
clrrhosia which is not characteristic of aflatoxi. alcaae.
Newberne and Rogers i1973l found that another pyrrolizidine alka-
loid, monocrotaline, also was carcinogenic for the rat when expo-
sure was chronic, and that it also modified the histologic
structure of liveca in which tumcrs developed as a result of
exposure to both aflatoxin and monocrotaline., As in earlier atu-
dies in which lasiocarpine failed to inhibit the induction of
liver tumors by acetylaminofluorene (Rogere and Newberne, 1971),
monocrotaline falled to prevent the induction of liver cell
tumors by aflatoxin, despite ilts potent antimitotic effect (Bull
et al., 1968). Monocrotaline was more potent as a syncarcinogen

when the diet was low in lipotropes.

McLean and Marghall (197)1) investigatad the influence of
phenobarbkitone on the induction of liver cancer by aflatoxin By .
The afiatoxin was fed tco rats at S5 ppm in the diet for 9 weeks;

during this period the experimental group which received con-

8-1
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tinucusly phencbarbitone and aflatoxin had a lower incidence of
liver tumors and a longer lag time i tumor development in com-
parison to rats fed aflatoxin alona., McLean and Marshall
suggasted that phenobarbitone induced liver microsomal enzymes
that metabolized aflatoxin to & noncarclinogenic form or somehow

accelerated its excretion.

The remainder of this manuscript will describe the effects
on the liver of one of the major disease-producing mycotoxins,

aflatoxin B}, accordinz to specles of animal.

Turkey

Histologic changes inducad in the turkey by feeds con-
taminated with aflatoxin have bean described by Siller and Ostler
{1961) and by Wannop {1961}, Birds dylng during the sarly stagaes
of intoxication had severa periportal hepatic parenchymal cell
necrosis and venous congsestion. HNodular regeneration accompaniad
the diffuse necrosis of parenchymal cells and the concomitant
biliary proliferation., There waz little or no inflammatory reac-
tion and only a small increase in collagen. 8Since these early
observations were reported, the pathologic changes induced in
turkeys by aflatoxin have received little attention. Magwoocd et
al., (1966) described an "induced tolerance" to aflatoxin
poisoning which appearad to be unrelated to the changes seen in
the liver, After 23 weeks on a toxic diet, the livera were -odu-
lar with a dissecting fibrosis, biliary proliferation, and marked

variation in the size of parenchymal cell nuclei.
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Duckling

Hepatic leslons induced in the duckling by the aflatoxins
form the basis of the bloassay system originally described by
Sargeant ot al, (1963)., The acute LDgpy of the aflatoxins has
besn sscimacted in a variety of solvents, and results from several
different laberatories indicate general agreemant for the Bj
fraction (see Table 1). Less is known about the other three

fractions.

The lesion induced by a single dose of aflatoxin B) was
described in detail by Butler {(1964). A periportal zone of
parenchymal cell necrosis with the formation of lakes of fat
developed ovar a 48-hour period. Extenaive biliary prolifera-
tion, reaching a maximum at three days, was associated with the
pareachymal cell necrosla (#ig. 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 4-5 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 birds. At 14 days
postexposure, there was an increase in mitotic activity of

parenchymal cells of birda surviving an LDgy dose.

Levels representing -} the LDgy dose resulted in less
severe lesions, and there was little correlation between dose and

degree of biliary proliferation. A wide variation in response to

8-2



- 80 -
a given dose was observed among individual birds, and this
contributed to the apparent lack of uniform biliary proliferation
within groups. A hemorrhagic periportal necrosis was often
induced with doses greatar than the LDgg. The devslopment of
biliary proliferation was at first thought to bes characteristic
of and specific for aflatoxin. Howaver, a similar leslon was
describad which was assoclated with the administration of
dimethylnitrosamine and cycasin, but not with carbon tetrach-
loride, thioacetamide, or the alkaloids retrorsine and indecine.
The observation that histologic changes similar to thosa observed
with aflatoxin were lnduced by dimethylnitrosamine was confirmed

by Carlton et al. (1966).

Asplin and Carnaghan (1961) described an acute disease in
.day-old ducklings fed toxic peanut meal. The birds falled to
grow and there were macroscopic hemorrhages in many of the organa
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 al.
(1964) have shown that the repeated adaministration of purlfiad
aflatoxin or continuous feeding of Aspergillus flavus extracts
or peanut meal naturally contaminatad with the aflatoxins pro-
duced the same pathologic leaions seen by earlier workers; they
described in detail the development of the liver lesion up to
four weeks. The saeverity of the lesion was related to the amount

of aflatoxin administered. Two days after exposure, there were
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parenchymal cell necrosis and early biliary proliferation; the
lattar prograssed in parallel with lncreased saverity of
parenchymal cell necrosis. Seven days after exposure, mitotic
flgures were present in the parenchymal cells and blliary proli-
faration was still active, Widespread nodular regeneration was
observed aftear four weeks, Madhavan and Rao (l1966) reported
hepatic infarcts in ducklings given 10-40 ug of aflatoxin a day
for five days, but this has not been confirmed by othar workars
and appears to be uncommon. Carnaghan (1965) described the deve-
lopment of hepatic parenchymal cell tumors in ducks fed (0.035 ppm
of aflatoxin, as a contaminant in peanut meal, for 14 months;
Newbarne (13965} observed similar tumors in ducks aftey 16 months
axposurs to fead containing contaminated peanut meal. Cirrhosis
was present in all birds in the latter experiments whether or not

liver cell tumors developed.
Chicken

A spontansous disease of young chickens attributed to toxic
peanut meal was reported by Asplin and Carnaghan (13961). The '
livers of birds were described as firm and pale in color.
Histologically, degenarative and ragensrative changes were seen,
and, by four weeks, regenerating ncdules of parenchymal cells
ware present. In birds fed aflatoxin-contaminated peanut meal,
theres was a progressive lymphoidbhyperplasia| at the end of four
months, thera were no regenarative nodules, but large multiple

focal areas of lymphoid hyperplasia wara observed. Similar
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shanges have been described by Loizelier (1963) and by Raimo et

al, (1962},

Carnaghan et al. (1966) studied the experimental poisoning
of chickens with toxic peanut meal contained in a diet which
agssayed about 1.5 ppm of the B} fraction. Only one animal fed
this diet died, and clinical manifestation of toxicity was
limited to slower growth, During the firat few weeka of the
experiment, the livers of thoss fed the aflatoxin-contaminated
diet weare enlarged and pale, and some of them contained petachial
hemorrhages, lLater, there was a progressive nodularity 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 3-4 weeka. Associated with the
fatty change were scattered llver cell necrosis, progressive
biliary proliferation, and an increase in connective tissue.
After four weeks on experiment, regenerating parenchymal cells
with large nuclel were arranged in ductular fashion; these
lesions were seen along with individual cell necrosis. Large
aggregates of polymorphonuclear laeukocytes and lymphocytes were
seen in the portal tracts. After six weeks, biliary prolifera-
tion, fibrosis, and lymphocytic hyperplasia of the portal tracts
increased. Focl of regenerating parenchymal cells ware present
with some nuclear enlargement. After eight weeks exposure, when
the experiment was terminated, the parenchymal cells were
surrounded by areas of bile ducts and fibrous' tissue containing

large focal areas of lymphocytic hyperplasia.
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Cattle

Tha first report of polacning in cattle by Brazilian peanut
{groundnut) meal was that of Loosmore and Markaon (1961).
Calves, 3-9 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 exhibited
areas of fibrosis with biliary proliferation and venoocclusive
disease similar to that described in ragwort {Senecic jacobea)
poisoning (Markson, 1960)., Clegg and Bryson (1962) reported an
outbreaak occurring at about the same time in cattle 1.5-2 years
old, with symptoms and lesions i{dentical to those described
above) the senior author has observed similar pathdlogic altera-

tions in the liver of cattle from India.

Allcroft and Lewis (1963) investigated experimsntal
poisoning of calves and older cattle by compounded food con-
taining 2.0 ppm of aflatoxin. Liver biopsies were taken moanthly
and post-mortem axamination was performed aftar four montha expo-
sure (Hill, 1963). Progresasive biliary proliferation, an
increase in connective tissue, and some degeneration of centrilo-
bular hepatic cells were desscribed. The livers of animala killed
after 11 weaks on the dist had complete disruption of the lobular
pattern and an increase of connective tissue which coursed
throughout the liver lobule; many of the central veinas were par-
tially or complately oblitaratad by fibrous tissue (Fig., 7).

Throughout the lobule, paranch/mal cells wers isolated by strands
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=2 connactive tissua. Structures resembling small bile ducts
were scattered throughout the lobule, and there was a mild necro-
sis and pleomorphism of parenchymal cells (Fig. 3) located away
from the psriportal area, but mitotic figures were not seen in

either the parenchymal or biliary cells of the material examined.

2ig

Weanling pigs, 6-7 kg, were used to determine acute effects
of aflatoxin B; on this species (Newbarne, 1967). Oral admi-
nistration indicated an LDsy of 0.62 mg/kg, and doses of 1.0 to
2.0 mg/kg resulted in acute death in 18-24 hours. Lower doses
persitted some of the animals to survive and those alive aftar

saven days were sacrificed.

The principal leslons were similar to those seen in othar
apecies, namely, liver damage and hemorrhage. The liver was
swollen, congested, and friable; occasional petschiae were
visible on the liver surface, and animals surviving beyond 24
hours often had ascites and hydrothorax. The gall bladder was
edematous, and the mucosa was petachiated and ecchymotic, similar
to that observed in doga., Microscopically, centrilebular necro-
sis 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.

I

¥ield cases of the natural disease (Loosmore et al., 1961)

and cases of axperimental disease induced by feeding contaminated
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ieal (Cuthbertson et al., 1967) were the same as those induced by
multiple administration of mixtures of toxins (Wilson, 1967).
Distortion of the lobular pattern of the liver by disaecting
fibrosis and biliary proliferation was seen microacopically, and
thers were scattered areas of degenerative c¢hanges, variation in
nuclear size, and nodule farmatlon in all livers examined (Fig.

5.

Sheep

Sheep appear to be the species most reslatant to aflatoxin,
with no field casas reported thus far. Abrams (1965) reported
that sheep were not susceptible to low levels of aflatoxin but
were sensitive to doses of 3-4 mg twice weakly for 4-6 weeks;
hoﬁevar, detalls of pathologic changes, if any, wers not
described. Lewls et al. (1967) reported long-term feeding trials
using contaminated meal {(1.75 ppm of aflatoxin in the diet) which
resulted in one hepatlc carcinoma at 3.5 years and two nasal

tumors at four and five years.
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 aflatoxina. Particular
emphasis has been placed on acute toxicity of the By fraction of

the aflatoxin complex, The youngest animals are most Susceptible
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(see Table 2), with sex and route of administration affecting the
responsa. In most experiments the rats usually died between
three and seven days after exposurs {(Burnside, 1957}); mature
females ware considerably more resistant, a characteristic which
appears to be lost during the latter part of pregnancy (Butler,

1956} .

Lesions induced by an LDgy dose of aflatoxin Bj include a
pariportal zone of necrosis (Butler, 1964) which davelops auring
a threes-day periocd after dosing. This is accompanied by a marked
biliary proliferation (Fig. 6). The necrotic debris is removed
by macrophages, but rapid regeneratlion of parenchymal cells com-
parable to that which follows either partial hepatectomy
(Abercrombie, 1951} or toxic injury due to carbon tetrachloride
.is not seen., At three days postexposure, only occasional mitoses
are seean in parenchymal cells, although there il.nctiva mitosis
of the biliary cells, and slow recovery continues for many weeks.
The delay in mitotic activity of the parenchymal cells was
studied by Rogers and Newberne (Rogers, 1967), 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 LDgg dose of aflatoxin B8;, promi-
nent biliary proliferation persisted along with mild mitotic
activity of parenchymal 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
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continuous administration. Biliary and oval cell proliferation
of a magnituds that distorted the normal lobular pattern was seen
in some animals, and many of the parenchymal cellz had large
bizarre nuclal (FPig. 7}, some of which were locatad in an qcca-
sional small regenerative nodule, Tha 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 prolifaration, but hepatic tumors were not seen. Seven
of 15 female rats surviving a dose of 7.0 mg/kg B) developed

hepatocellular carcinoma after two years (Carnaghan, 1967).

Although the nonpregnant, mature female ls less suscaptible
to the acute affects of the toxin, the lesion when induced is
similar to that in the mala. A periportal zone of necrocsis deve-
lopa along with biliary proliferation. The maipn difference is
the greater accumulation of fat in the female than in the male.

In neither sax is there hemorrhagic necrosis in the liver.

Prior to the isolation of aflatoxin, Lancaater et al. (1961)
showed that a diet containing meal toxic to poultry also induced
hepatic carcinomas in rats. Salmon and Newberne (1963) reported
a high incldence of hepatomas in rats fed a diet containing
peanut meal as a source of protein, and the development of the
hepatic lesion induced by feeding contaminated meals assayed for
aflatoxin was described by Butler and Barpes (1963). At high

dietary levels (4~5 ppm of aflatoxin B}) the lesion induced was

9-2
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similar to that produced by othar carcinogens, including
ethionine, dimethylnitrosamine, and 4-dimethylaminocazobenze. ..
Tne earliest change was seaen at 3-4 waeks; it consisted of a
biliary and oval cell proliferation with an increasing irregu-
larity in the size of the parenchymal cell nuclel. This lesion
progressed and, by 9-12 weeks, there was marked biliary proli-
feration and many large hyperchromatic parsnchymal cell nuclei
(Fig. B8)}. Scattered foci of parenchymal cells with amall uniform
nuclei and deeply basophllic cytoplasm were also observed. Small
ill-defined regenerative nodules were also sesen, but at no stage
was thers a marked increase in fibrous tissue. Cholangicfibrosis
was only rarely seen. The firat hepatic carcinomas sean at 35
weeka ware similar to those described for other liver carcinogens
(Butler et al., 1963; Newberne, 1964}, but the diagnosis of a

cholangiocarcinoma could be made in only one case.

The incidence of tumors was 100V when peanut meal containing
4-5 ppm of aflatoxin was fed. Aflatoxin levels as low as 0.7-0.8
ppm resulted in an incidence of 100% alsc, but thsre was a longar
latent period (up to 82 weaks). At these low levels, the early
lesions were much lesas obvious and were sean only aftar many
weeks on the diet, Lasions fncluded mild oval cell proliferation
and a few parenchymal cells with enlarged nuclei. At a later
stage, when carcinomas were observed, there was no evidenca of

cirrhesis (Fig. %),

When purified aflatoxin became available, it was confirmed

that the carcineogenic action of the peanut meal was a result of
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contamination with aflatoxin {(Barnes, 1964). Subsequent lnvesti-
gations have attempted to establish the lowest dose level and
minimal exposure time required to lnduce hepatic carcinomas.
Using purifiad aflatoxin B), Wogan and Newberns (1967) have shown
that levels as low as 0,015 ppm in continuous fesding results in
100% incidence of hepatic carcinomas. The intubation of 0.4 mg
of aflatoxin B; over a period of 14 days rsaulted in a lower
incidence of carcinomas (17%) and a longer latent periocd (up to
82 waeks). A summary of the feeding experimenta reported by
Wogan and Newberne is given in Table 3. Thers is an apparent
diffaerence in susceptibility in the two groups of experiments
rafarred to abova. The feading trials using contamingted meal at
low dose levels showed a sex difference. Moreover, there was a
reduced incidence in the malea exposed to levels of aflatoxin as
a feed contamihant compared to those adminlstered purlfied afla-
toxin which was added to the diet. Thase observations represent
a number of variables inharent in using differsnt strains of ani-
mals, in chemical assay versus gravimetric measurement of dosing,
and others. The meal-feeding experiments used Wistar/Porton rats
while the purified aflatoxin studies used Piacher-strain animals.
The aflatoxin content of the former was chemically assayed while
the latter used crystalline aflatoxin B; administered in doses

measured gravimetrically.

The sequential development of the lesions (induced by

purified aflatoxin B)) similar to those described for the con-
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taminated meal (Butler et al., 1963) are described in detail oy
Newbarne and Wogan (1368). The carcinomas were typical hepato-
cellular carcinomas, many of which had metastasized to the lungs.
Liver cirrhosis was not obaerved in any of the animals, a point
of some importance since many chemical carcinogens are associated
with cirrhosis. The comparative carclnogenic activity of the

various aflatoxins is not known at present.

Guinea Pig

Paterson et al. (1962) reported the experimental induction
of a diseass in guinea pigs similar to a natural outbreak
described by Paget more than a decade esarlier (1954). The
disesase was referred to as “"exudative hepatitis,"™ an erroneous
term, since the lesions described wers not those assoclated with
an inflammatory process. Histologically, the livers showed a
marked dilatation of the periportal lymphatics termed “tubular
dilatation of the liver cell colwmns.” Little parenchymal cell
necrosis was seen, and billary proliferation was not reported.
The experimental induction of the disease by feeding a diet con-
taining 15% peanut meal indicates that the syndrome was related
to aflatoxin contained in the diet., Similar lesions have been
reported by Clegg and Bryaon (1962) and further strengthen the
case for aflatoxin contamination of the feed in earlier disease

outbreaks in guinea pig ctolonies.

Experimentally, the acute effects of slnble doses of afla-

toxin By in guinea pigs have been studied by Butler (1966). The
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LDgp i8 1.4 mg/kg body weight with 95% confidence limits of
1.05-1.8 mg/kg. No significant sex difference waa obsarved. The
LDgy dose induced a centrilobular necrosia aftar 24 hours which
progresaively increasad in sevarity to 72 hours (Fig. 10).
Associatad with parenchymal cell necrosls was a periportal fatty
change. The portal tracts were normal after 24 hours except for
dilatation of the lymphatics aimilar to that dascribed in the
feeding experiments. After 48 hours a few mitoses were seen in
the small blle ducts but not in the parenchymal cells. At 72
hours the mitotlc activity of bile duct epithelium was prominent,
and there was proliferation of small ducts. Centrilobular necro-
als was well-developed at this point, but the pariportal fatty
change had decreasad, and mitosis in the parenchymal cells had
subaided.

Necrotic areas were replaced after four days by macrophages,
but there was very little evidence of parenchymal cell regenera-
tion. B8illary prolifsration was pronounced at this stage, with
ductal cells radiating out from the portal area to saparate
parenchymal cells into groups or as single units., At seven days
postexposure, a few macrophages were observed in the centrilobu-
lar zone, but most of the lobule consisted of normal parenchymal
cells with an occasional mitotic figure., At the periphery of the
lobule, many of the parenchymal cells were {solated by the con-
tinued blliary proliferation (Fig. ll); some of the parenchymal

cells contained lipid while others were undergoing lysias. By ten
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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 figure was observed. Animala
studied three months after exposure had normal livers, but a few
animals appeared to have a slight incresaae in the connsctive
tissue component located about the main portal tracts with a
small residual component of proliferated bile ducts remaining

among normal parenchymal cells.

The toxlc effects of groundnut meal assayed for aflatoxin
ware reportad by 8utlar and Barnes (1963). 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 billary proliferation which extended into tha
lobules, and the periportal lymphatics were dilated (Pig. 12).
In the periportal zeone, tha fat content of the parenchymal cells
was fncreased and necrotlc parenchymal cells were scattered
throughout the lobule, At a dietary level of 0.7-0.8 ppm of
aflatoxin, the animals lived for up to eight weeks. Biliary pro-
liferation 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
underqoing lysis and a concomitant tubule formation (Fig. 13}.

The lowest dose level reported was 0.35-0.4 ppm of aflatoxin; at
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this level most animals ware dead by 27 weeksa with only one sur-
vivor to 44 weeks. During the course of the feedings, thera was
a progressive biliary proliferation and individual cell necrosis
gimilar to that previously described. By the 28th week following
fnitiation of the experiment, 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 tc obtain longer aurvival times, the dose was
furthetr reduced to 0.15 ppm of aflatoxin in the diet. This dose
level resulted in a high mortality, but six animals survived an
average of 106 weeks. The lcongest survival time was 160 weeks,
Cne of these animals, killed at 127 weeks, had an anaplastic
hepatocarcinoma, the only hepatic tumor seen in gulnea pigs

treated with diets containing aflatoxin (Fig. 14).
Mouse

There is no detailed account of the acute lesions induced by
aflatoxin in mice., The LDgy3 has been estimated as about 9 mg/kg.
However, a problem with solvent toxicity makes this figure unre-
liable, 1In feeding trials mic¢e appear to be resistant to the
chronic toxicity of aflatoxin. Plantonow (1964) described three-

month feeding trials which failed to produce any change.

0.1
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Newberne (1965) fed male white Swiss mice for 16 months on a
peanut meal diat contaminated with 1.0 ppm of aflatoxin, and 15%
of the mice developed liver tumors; twc other strains of black
mica fed a diet containing 1.0 ppm of purified afiatoxin B)

failed to develop significant liver lesions.

Tha livers of mice that ware fed contaminated peanut meal
dsvelopad liver cell tumors and widespread pleomorphism of the
nontumorous liver cell nuclei. Large numbars of the tumor cells
contained globular, sosinophilic structures in the cytoplasm
which were periodic acid-Schift positive (Fig. 1%). At the junc-
tion of normal and neoplastic cells, mitotic figures were occa-
slonally seen, None. of the tumors observed in the livers of mice
wares large and none had metastasizeds whether these neoplasms

ware malignant is open to debata.

Dog

Newbarne et al. {(1966) have studied the effects on dogs of
single and repeated doses of aflatoxin. The LOgg is about 0.5-1
mg/kg, with tha earliest histologic change appearing as an
increase in fat with congestion of the centrilobular zone and
parenchymal cell necrosis (Flg. 16). At seven days there was a
prominent biliary proliferation. Although this review doeas not
consider organs other than the liver, the edema and hemorrhage
seen in the gall bladder are such that they warrant brief atten-~

tion. The wall of the gall bladder in dogs exposad to aflatoxin
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was greatly thickened and microscopic examination revealed severe

subssrosal and submucosal edema and hemorrhage {Fig. 17).

Experimental studies and obsarvations of field outbreaks
have shown that the dog is very sensitive to ths acute effacts of
aflatoxin (Newberna, 1966; Wilson, 1967). Lesions observed in
spontaneous outbreaks of canine toxicosis where aflatoxin has
been isclated from feed samples have been rumarkably similar to
thosa seen in the exparimentally induced disesse using crude or
purified aflatoxin. Lesiona induced experimentally were similar
to those reported for "hapatitis X" (Newberne, 1955}, & toxic
disease of kennel dogs of the socutheastern United States,
reported in 1955. At necropsy the animals fed commercial dog
faed containing toxic peanut meal were jaundiced, with swelling
and yellowish discoloration of the liver and edema of the gall
biaddar ldentical to that seen with cruda or purified aflatoxin.
distologically, fatty change with centrilobular parenchymal
necrosis and billiary proliferation were sen similar to the acute

singla-dose lesions induced experimentally.
Cat

Adult mized-breed cats exhibited a sensitivity to purified
aflatoxin B) similar to the rabbit, dog, and guinea pig with a
alngle dose LDggy of 0.55 mg/kg. Most acute deaths occurred in
38-72 hours; grossly the liver was swollen, pale, and friable

with occasional petechial hemorrhages. Microscopically, the

10-2
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immedlate periportal zone was pale because of decreased staining
of parenchymal cells, and there was very little lipild accumula-
tion {(Fig. 18). Animals sacrificed {n terminal stagess hagd pale
liver cell nuclel with a "washad ocut® appearance and little
stainable chromatin: glycogen accounted for part of the observed
nuclear change (Fig. 1%). Therae was a mixed leukocytic infiltra-
tion in the periportal zones, and bile duct hyperplasia was

obsarved in the livers of cats surviving beyond 72 hours.

Rabbit

The rabbit appears to be aven more sensitive to the acute
sffects of aflatoxin than other mammallan species {(Table 2). The
LD5q for Dutch belted males and females was about 0.3 mg/kg with
no significant difference betwean sexes or route of administra-
tion (i.p. or p.o.}. Microscopically, there were hemorrhage and
parenchymal cell necrosis in the midzone areas of tha lobule
(Pig, 20), and scattered single-cell necrosis was seen in the
cantrilobular area. Animals surviving the immediate lethal
effoects 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 toxi-

city of both purified aflatoxin and contaminated peanut meal .
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Doses of %00 ug for 18 days followed by doses of 1 mg/day to rhe-
sus monkeys rasulted in deaths at 32 and 34 days. At higher dose
levels, deaths occurred earller. Histologically, the livars
showed fatty infiltration, billary proliferation, and portal
fibroais (Madhavan, 1965). Cuthbertson et al. (1967} studied the
affacts of contaminated peanut meal on cynomologus monkeys and
dascribed liver cell damage and blliary proliferation at dlietary
lavels of 5 ppm of afliatoxin. At lower dietary lavels (1.8 ppm
of aflatoxin}, animals survived three years. One animal had 1
coarse nodular cirrhosis, while the other monkey exhibited lrre-

gular size of parenchymal cell nuclel (Pig. 21).

Other Specles

Although single dose experiments have not been reported,
Allcroft and Lancaster (personal communication, manuscript in
preparation) have demcnstrated that ferrets are extremely sen-
sitive to toxic peanut meal dieta. A diet containing 20% of a
toxic peanut meal resulted in the devalopment of liver tumors in
five of seven male faerrets after 24-37 montha. Decreaslng the
dietary level of the toxic meal to 3% resulted in 100% incidence

of liver tumors.

The acute LOgy of aflatoxin By for hamsters has been
reported as 10.2 mg/kg (Wogan, 1966), but no information is
avallable as to the pathologic changes induced. Results of pre-

liminary feeding experiments reported by Chesterman and Pomerance
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{1965) were inconclusiva. At a dietary level of 2 ppm of afla-
toxin, the animals failed 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
biliary proliferation. The eticlogy of this lesion is not

understood and implies other complicating factors.

The acute and chronic toxic effects in trout have been
investigated by Halver (1965) following a high incidence of hepa-
tic tumors in hatchery-raised trout in 1960. The acute LDgg of
combined aflatoxin B) and G} has been estimated at between 0.5
and 1.0 mg/kg; the principal lesion dascribed was a hemorrhagic
necrosis, Peading expariments resulted {(n biliary prollferation,
with some cyst formation after six montha. Rsscciated with this
was & nodular prolifaration of parenchymal cells (Fig. 22) and

subsequent developmant of parenchymal cell carcinoma.
DISCUSSION

The first significant reports of what appears to have been
aflatoxin polsoning in domestic animals were those of Newberne et
al. (195%) and Burnside et al. (1957). The diseases ln dogs was
referred to as "hepatitias X" and was traced to the diet which
contained peanut meal (Newberne et al,}. Although the disease
was reproduced by feeding the toxic feed, the exact nature of the
etjologic agent was not ravealed. During the same period,

Burnside et al, isolated toxin-producing stralns of Aspergillus
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flavus and Penficillium rubrum from an outbraak of toxicosis in
swina fed moldly corn. Emphasis at the time was placed on the P.
rubrum culture, while studies of A. flavus were not pursuad
further, Le Breton et al. (1962) mention a high incidence of
liver tumors in a colony of rats in Morocco fad a diet containing
peanut meal., It has besn pointed out (Newberne, 1953) that
"hepatitis X" has now been shown to be related, at least in part,
to aflatoxin-contaminated peanut meals in the diet. Paget (1954{
has described a disease of rathar sporadic incidence in guinea
plgs which has been shown to be similar to that produced by
peanut meals known to be contaminated by aflatoxin. Schosntal
(1961) showed that the Medical Research Council (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.

S8ince the aflatoxins were first isolated (Sargeant, 1961),
there has been considerable progress in the investigation of the
carcinoganicity and acute toxicity from both the structural and
biochemical aspects. The structures have bean elucldated (Asao,
1965) and racemic mixtures syntheslized (Buchi, 1966). The acute
lesion in the rat has been investigated by many workaers; lts
striking features are the periportal distributlion of parenchymal
cell nacrosis, bile duct proliferation, slow recovery, and, in
some cases, eventual development of hepatic carcinoma. It has

been suggested that the carcinogenic action of aflatoxin By in
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the rat results from a capacity to bind to DNA, a characteristic
similar to that of actinomycin D (Clifford, 1967; Sporn, 1966).
However, lethal doses of actinomycin D do not produce hepatic
parenchymal cell necrosis. In all species studied, the organ
most affected is the liver, although other organs, particularly
the kidney, show signs of damage. The distribution of the hepa-
tic leslon is not consistent from species to species, i.e., rat
and duckling, periportal; guinea pig and swine, centrilobular;
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 LDgg dose of aflatoxin
By, varying from 0.3 mg/kg for ducklings to 16 mg/kg for mature
femalea rats (Table 2). 1In species for which data are available,

the young appear to be more susceptible than mature animals.

The most striking and important feature of the investiga-
tiong described in this review i3 the carcinogenic action of the
aflatoxins in fish, birds, and mammals. When one considers that
doses of 0.015 ppm of By in continuous feeding or a total of 0.4
mg over 14 days resulted in a high incidence of hepatic car-
cinoma, and when these doses are compared with other hepatocar-
cinogens, it becomes clear that aflatoxin is the most potent
liver carcinogen so far recognized. One further interesting

result has been the demonstration that choline deficiency itself
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does not appear to be sufficient to induce hepatic carcinoma
{Newbarne, 1966), nor is cirrhosis a prerequisite or concomitant
of aflatoxln carcinogenesis. Choline deficiency can induce a
cirrhotic liver in the rat, but in recent axperiments carcinoma
did not result unless aflatoxin or some other hepatocarcinogen
was included in the diet (MNew)erne, 1964). 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 £ooda‘has stimulated many programs of investigation
in those areas with a high incidence of hepatic carcinoma. These
have taken two main formai {(a) epidemiologic studies to compare
the pattern of disease In high and low incidence areas, and (b}
surveys of food for aflatoxin conteant. It has bean ehown
(Loizeller, 1963; Schoental, 1961) that the toxin-producing
atrains of tha fungus will grow on substrates which are being
usad as proteln supplements for children, but at present there is
no direct evidencs that man ia susceptible to the aflatoxins,

The broad spectrum of animals that are susceptlble makes it
reasonable to conclude that aflatoxin is a potential hazard to
man. However, the assumption that man responds to aflatoxin
exposure in a manner similar or idzuctical to that observed in
animals i3 made on very tenuous grounds, We recognize that the

associaticn of liver disease, including carcinoma, with potential

IL-1
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aZjatoxin exposure in certain population groups is highly
sugjestive, 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 aflatoxins
are not praesently available; such information should derive‘from
proparly desjigned epidemiologic survays, some of which are now In
progreas in areas where the ingestion of aflatoxin-contaminated
foodstuffs may later be correlated with liver carcinoma in the
indigenous population. For the p:eaonﬁ, howevar, we must await
factual avidence and procaed with caution in assigning the afla-

toxins a role in worldwide liver carcinoma.

The spidemiologic characteristics of primary livar carcinoma
in Africa have been described in at least two reports (Oettle,
1964) Steiner, 1961), There are wide variations within general
areas of high incidence, with the highest rate or primary hepato-
cellular carcinoma reported in black male Africans, particularly
those from Mozambigue Bantu tribes (Higginson, 1963). It is
intaresting that the incidence in the Mozambique group is about
500 times that reported ln the U.S. population for a comparable
age group (25-34 years) and 15 times that observed in natives in

nearby Johannesburg.

In india there is a highly variable incidence of liver
cancer (Paymaster, 1964), with a decrease in the northern and
western areas of the country. There are also indicatlons for an

increase in liver cancer in the male population of Sputheést
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Asia, Observations in Thailand, the Philippines and Malaya
{Marsden, 1958), Indonesia {(Bonne, 1935), South China {(Yeh,
1954}, Hong Kong (where about 310% of autopsies are reported to
hava liver carcinoma) (W.C. Chan, persona)l communication}, and
Singapore (Shanmugaratnam, 1956) serve to reinforce the fesling
among pathologists and epidemiclogists that there is a trend
toward incrsased liver cancer in many areas of tha world. 1In
Singapore the highest incidence of liver carcinoma i{s found in
individuals who come from South China, who may have been exposed

to environmantal hazards in the early yaars of their lives.

The facts tha; aflatoxin-producing strains of molds are
found in so many araas of the world and, tufthermore, that clima-~
tic conditlons favor the growth of molds in many areas wherae
livar carcinoma occurs in & high incidence lend support to the
hypothesis that the aflatoxina are involved in the etioclgy of
primary liver cancer. We have pointed out previously {(Newberne,
1964; 1965) that feed grade samples of peanut meal purchased on
the open market have been highly contaminated with aflatoxin
(1.0-5.0 ppm). Bven more significant is the extramely important
report by Wogan (1968) that aflatoxins have been detaected at
biologically significant levels in food samples collected from
many parts of the world, particularly Africa and Asla. Table 4
lists food products found to contaln significant amounts of afla-
toxin and confirms that most major food commodities are subject

to aflatoxin contamination. Although specific levels of afla-

I1-2
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toxin content were not reported, clearly the potential hazards of
tne aflatoxins are evident, and they must be accorded proper
attention in attempts to elucidate eticlogic factors related to

primary liver cancer in many population groups around the world.

CONCLUSION

It seems clesar that the mycotoxins are variable but
generally highly toxic; some are also carcinogenic toc some animal
spacies and to human populations. The convincing data relative
to diseass and to mycotoxin exposure, and in particular, afla-
toxin, ta & triad of problems in map {(mycotoxins, malnutrition,
and infectious disease) leave little doubt that mycotoxins are a
worldwide problem. The fact that the toxins occur in areas of
the world where malnutrition per se is a special problem make
chis a subject of particular importance to publi~ health authori-

ties.
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Liver of duckling killed 3 days after a single LD5g dose

of aflatoxin By, MNote biliary proliferation and lakes
of fat, H and E,x 130.

Liver of cow fed toxic peanut meal for ll weeka. HNote
fibrosis of central vein and biliary proliferation.
Picro-Mallory, x 160.

Same liver as Fig. 2 showing irregularity of parenchymal
nuclear size. H and E, x 400.

Liver from pig killed 18 hours following a single dose
of aflatoxin By (2 mg/kg). Centrilobular hemorrhage aad
necrosis are characteristic of the acute respoanse. H
and E, x 160,

Liver from pig fad toxic peanut meal for 26 weeks.
Section illustrates a small regenerative nodule, fibro-
8is and pleomorphism of parenchymal call nuclai. E and
E, x 160,

Liver of rat killed 2 days aftar a single LDgp5 dose of
aflatoxin By. Periportal necrosis and bile duct
hyperplasia are illustrated. H and E, x 160.

Liver of rat killed. l month after a single LDgg dose of
aflatoxin By.,. Note residual biliary proliferation and
irregularity of parenchymal cell nuclei., H and E, x
160. .

Liver of rat fed toxic peanut meal (5 ppm) for 10 weeks,
{llustrating hiliary proliferation, irregularity of
parenchymal nuclear size, and foci of small parenchymal
cells (arrow). H and E, x 180.

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.

Liver of guinea pig killed 2 days after a single LD
dose of aflatoxin Bj. Centrilobular necrosis is pr?ma:y
change. H and B, x 135.

Liver of guinea pig killed 7 days after a single dose of
aflatoxin By. Note biliary proliferation radiating from
periportal zone, H and E, x 135,

. Liver of guinea pig fed toxic peanut meal (2 ppm) for 2

weeks, Dilation of periportal lymphatics is usuvally
severe in this species. H and B, x 135.

Liver of guinea pig fed toxic peanut meal (1 ppm) for 7
weeks, Biliary proliferation and parenchymal cell
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17.

18.

19,

20.
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necrosis with pseudotubule formation are major morpholo-
gic alterations. H and E, x 135.

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.

Liver of mouse fed aflatoxin for 64 weeks. Note area of
hepatoma compressing normal liver at left of photograph.
H and E, x 140.

Liver of dog 5 days after a single dose of aflatoxin.
Centrilobular necrosis and fatty change are charac-
teristic for this species. H and E, x 190.

Gallbladder 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,

Liver of cat killed 2 days after a single dose of afla-
toxin B (0.75 mg/kg). There is early necrosis of peri-
portal parenchymal cells. H and E, x 160.

Same liver as Fig. 18, illustrating margination of
nuclear chromatin of the parenchymal cells. H and E, x
360.

Liver of rabbit killed 5 days after a single dose of
aflatoxin (0.5 mg/kg). Note sharp delineation at mid-
zonal area with hemorrhagic necrosis and with lysis of
cells in the centrilobular area. H and E, x 170.

Liver of monkey fed toxic peanut meal (1.8 ppm} for 3
years. There are a coarse nodular cirrhesis and large,
bizarre parenchymal cells. R and E, x 135.

Liver of trout at junction of proliferating liver cell
carcinoma and more normal parenchyma. H and E, x 390,

Gross appearance of rat liver tumor induced by afla-
toxin,
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Table 1

Acute Toxicity of Naturally Occurring Trichothecenesa

Compound LDgp Route of Animal
{mg/xg body weight) Administration

T-2 toxin 3.04 intraperitoneal mouse
T-2 toxin 3.8 peroral rat

T=-2 toxin 6.1 peroral trout
T-2 toxin 5.25 peroral one-day

0ld chickb

nivalenol 4.0 intraperitoneal mouse
diacetoxyscirpencl 10.0 intravenous mouse
diacetoxyscirpencl 0.75 intraperitoneal rat
dlacetoxyscirpenol 7.3 peroral rat

aFrom: Bamburg & Strong (1971).

brrom: Chi et al (1977).
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Table 2

Zearalenone Feed Contamination Associated With

Swine Hyperestrogenism

Sample Type Contamination

Level, mg/kg

Corn Kernels 0.1 - 0.15
Dry Sow Ration 0.15
Farrowing Ration 0.06
Lactation Ration 1.00
Gestation Ration 0.50
Mixed Feed Corn 0.12
Pelletted Feed 6.80

(From Mirocha et al, 1977, abridged).
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Acuts Toxicity of Ochratoxin A

~ I21 -
Table 3

Spezies IPggp Route of
mg/kg/BW Administration
Rat, male 30.3 peroral
Rat, female 21.4 percral
Guinea pig, male 9.1 peroral
Guinea pig, female 8.1 peroral
Mouse, female 22.0 intraperitoneal
wWhitea leghorn 3.4 peroral
Turkey 5.9 peroral
Mals Beagle dog 9.0 paroral
Pig, female 6.0 peroral

From Mycotoxins, UNEP, WHO, 1979, abridged.

16-1
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Table 4

Incidence of Liver Carcinomas in Rats Fed Aflatoxin Bp

aflatoxin Time of Duration of Rumber of Rumber of
lavel appearance experiment animals with
tppd) of earliest {(weeks) at risk® nepato-
tumor (weaks) callular
carcinoma
0 - 74-109 18k 0
1 104 78-105 22 ) 2
5 913 65-93 22 1 -
15 96 69-96 21 4
1] 82 71-97 25 20
100 54 54-88 20 28

Aanimals surviving longer than 50 weeks.
banimals surviving for maximum period.

(Adapted from Wogan et al., 1574).
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Table 5

Dietary Protein, Vitamin Bj; and Aflatoxin-Induced

Liver Cancer in Rats

Group Cirrhosis Liver Tumors
Control, 5% casain 0/6 0/
Control, 5% caseln + By 0/12 0/12

5% casein + aflatoxin 21/23 3/23

5% casein + aflatoxin + Bys 12/24 1/24

20% caseiu _ /9 0/9

20% casein + B2 0/10 0/10

20% casein + aflatoxin 0/24 1/24

20% casein + aflatoxin + By, 0/25 6/25
(Modified from Temcharoen et al, 1378},
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Table 6

Vitamin A and Acute Aflatoxicosis

Sex Vitamin A No. Vitamin A Content 40 hr.
Supplement Rats liver, I.0./ Mortality

I.0./day whole liver '

Male ¢ 6 6 + 6 100%

100 € 2128 # 153 01

Penale 0 6 19 + 3 0%

100 6 2300 * 112 (13
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Table 7

Vitamin A, Aflatoxin and Hap&toéolon Cancer

Dietary
Vitamin A No. Rats Tumor Incidence
mg/kg AFB] at Risk Liver Colon
Control

3.0 ] 24 0.0 0.0
3.0 + 24 87.5% 4.1
Low

0.3 0 10 0.0 0.0
0.3 + 66 89.4 28.8
Righ

30.0 0 23 0.0 0.0
30.0 + 26 82.3 1.7

From Newberne and Suphakarn, 1977, abridged.

16-3



-~ IZ6 -
Table 8
Microsomal Protein in 12-Week-0ld Rats Fed

Semigynthetic Diets Since Weaning?

Microsomal Protein

in liver in colon mucosa

Treatment group (ug/mg) ug/mg}
Vitamin-A-deficient 14.97 +'1.18 1.67 + 0.29
Vitamin-A-deficient

plus 125 ug AFB; : 19.42 + 1.970  3.94 % 0.52b
Control 14.85 + 0.87 2.57 + 0.33
Control plus 125 ug AFB] 20.91 + 2.21%  3.72 # 4.31b

a: Values are means + SEX. There ware seven to nine rats/group.
bt Significant difference, p = 0.001.

_ (Prom Suphakarn et al., 1983, abridged).
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Table 9

Microsoma)l BPOH and PNA Activity in Rat Colon Mucosa?

Number BPOH PNA
Treatment Group of Rats (umol/g/hr) {nmoi/g/hr)
Vitamin~A-deficient 7 114 + 15.87 63.0 + 13.2
Vitamin-A-deficient 9 96 + 14.00 40,8 + 2.4b
plus 125 ug AFB;
Control ? 102 + 22.67 §3.0 + 15.6
Coatrol plus
125 ug AFB; 7 : 114 + 22,67 44.4 + 4.2

a: Values are means + SEM,

b: Significant difference, p = 0.05.

(From Suphakarn et al., 1983, abridged).
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Table 10

Concentration of Reduced GSE in Rat Tissuesa

Concentration of reduced GSE (ug/g)

in small
in in intestinal

Treatment group liver colon muccsa mucosa
Vitamin-A-deficiant 730+60.33b 120+ 8.66F 412+40.70
Vitamin-A~deficient 521%120.90 160:;4.i7d 381+27.73
plus 125 ug AFBy
Control 1541+72.45P $0+5.48¢ 331+19.34
Control plua
125 ug AFBy 11423}3.00b 12549.50¢ 317+18.25

a: Values are means + SEM. There were 1ll-16 rats/group.
b: p = 0.00%1.
c: p=0,001.
d4: p = 0.05,

From Suphakarn et al, 1983, by permission.
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Table 11.
Aflatoxin-GSE Conjugate of Phenobarbital~-Treated (Induced) Rats

Fed Vitamin-A-Deficient or Adequate Diet?d

Aflatoxin-GSH conijugate

in liver in colon mucosa
Treatment Group {nmol/g/hr) (nmol /g/hr)
Vitamin-A-deficient 0.25(0.240-0.256)b 0.13¢(0.118-0.131)
Control 0.08(0.061~-0.091)Pb 0.17{(0.130-0.214)

aiValoss are means, with ranges given in parentheses. There were
10 rats/group, each pretreated with phenobarbital (35 mg/kg
body weight), 4 daily doses by gavags, prior to determinations.
Each value in the table is from a pool sample of five rats.

biSignificant difference, p = 0.01.
(From Suphakarn et al, 1983, by permission.
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Table 12
DNA Binding of AFBj} in Colon Mucosa of Rats

Receiving Vitamin-A-Deficient or Adequate Diet2

DNA binding

Hours after Vitamin=-A-deficient Centrol

AFBy dosing (nonsupplemented) (supplemented) {nonsupplemented)

2 0.027-0.0233 0.016-0,025
4 0.035-0.056 0.051-0.082
8 0.053-0,092 0.054-0.073
10 0.,090-0,.289b 0.251-0,373b 0.139-0.151
12 0.127-0.406b 0.051-0,172b 0.046-0.383
15 0.266-0.725b 0.064~0,121b 0.260-0.552
24 0.036-0.077 0.023-0.074

a: Valuas are ranges, expressed as picomoles DNA-bound AFB]/Azg0
unit. There weras eight rats in the 12-hour group and two rats
in each of the other groups.

b: p<0.05.

{Prom Suphakarn et al, 1983, by permission).
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Table 13

Selenium and Aflatoxin-Induced Liver Cancer in Rats

Dietary

Selenium Rodular Hepatocellular
Content Hyperplasia Carcinoma
{ppm)

0.10 0 0/20

1.00 0 0/20

2.00 - 1/20 0/20

3.50 3/20 . 0/20

5.00 20/20 14/20

{From Newbesrne and McConnell, 1980).
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Tabla 14

Protactive Effects of Sodium Selenite in Aflatoxin-Treated Ratsl

Selenium Content Incidence of

of Water (ppm) Hepatocellular Carcinoma
No. t

0.05 16/19 84

0.10 11/20 55

0.50 10/1% 53

1.00 4/18 22

2.00 3/19 16

3.50 10/18 55

5.00 - 18/19 95

1 Male Fischar rats given varicus levels of sodium selenite from
veaning. After three weeks on study all rats dosed with 25
micrograms AFR; daily, 5 days per week, three weeks. All ani-

mals surviving sacrificed after 14 months.
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Tabla 15

Dietary Pat and Aflatoxin (AFB)) Carcinogenicity

traatment treatment treatment

Corn Oil Beef Fat Incidence of
During Pollowing During Following Liver Tumors

treatment After 14 Months

with AFBy with AFB) with AFBy with AFB)
No. 3
0 0 + + 32 53
0 0 0 + 28 51
* + 0 0 60 100
0 + ] 8 a8 66
(From Mewberne et al, 1979).



Table 16

Effects of Diethylnitrosamine (DEN) Exposure After

Administration of Aflatoxin Bj(AFBj)l

Treatment Hepatocellular Angiosarcoma Squamousa
Carcinoma Lung Carcinoma
AFB; DEN Stomach

{375 ug) (ppm}

- 0 0/3% 0/39 0/39
+ 0 1/39 0/39 9/39
- 40 2/38 0/38 0/38
+ 5 2/40 0/40 0/40
+ 10 8/40 0/40 . 0/40
+ 25 10/39 1739 2/39
+ 40 30/38 1/38 __ 8/38

{lProm Newberna, and Conner, 1980, abridged, by permission.
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Table 17

aAflatoxin and UV-lrradiation tartificial sunlight} Effects

on Liver Activity of Glucose-6-Phosphatase

Treatmeant

~MSO

SMSO + APBy

DMSO + AFB;

+ irradiation

Glucose~6-phosphatase

(unol/mg protain)
154 + 0.04

352 + 46.62

309 + 6.8

(Prom Jossph-Bravo et al, 197§, abridged, by permission}.



-~ 136 ~
Table 18

Influence of AFB; and Artificial Sunlight on

Riboflavin Blood Levels

Treatment Riboflavin Levels
{additions) ug /100 ml Blood
Riboflavin 37.8 + 6.6
Riboflavin + aflatoxin 27.6 + 10.0

Riboflavin. + aflatoxin

+ artificial sunlight 170.0 #

{From Joseph-Bravo et al, 1976, abridged,

by permission}.
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Tapie 19
Venicle Fraction LDgg Reference
(mg /kg)

B; 0.400 Nesbitt et al. (38)
Propy.lene glycol By 0.560 Asao et al, (4§
Dimethylformamide By 0.364 Carnaghan et al.{l8)
Dizethylformamide B3y 1.696 Carnaghan et al. (18)
Dimethylformamide Gy 0.784 Carnaghan et al. {18)
Dimethylformanide Gy 3.440 Carnaghan et al. {18)
Dimethylformamide B 0.350 Lijinsky & Butler (29)
Dimethylformamide G 0.914 Lijinsky & Butler (29)

Acute LDsp dose of aflatoxin in ducklings.

o ey i -
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Table 20

Animal LDsg (mg/kg) Zone of liver lesion
Duckling 0.335 Periportal
Rabbit approx 0.3 Midzonal
Cat 0.55 Periportal
Pig 0.62 Centrilobular
Dog approx 1.0 Centrilobular
Guinea pig 1.4 Centrilobular
Rat

Neonate 0.56 Diffuse

Weanling 5.5 Pariportal

Weanling 7.4 Periportal

100 gm 7.2 Periportal

150 gm 17.9 Pariportal
Mouse approx 9.0 '
Hamstar 10.2

Summary of LDgy values for aflatoxin B).
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Tabie 21
% toxic Aflatoxin By Duration Normal diet, Liver
Sex meal (ppm in diet) wk.(av.) wk.(av,} tumors

Contaminated meal (Rossetti)?

Male 50 5 36 5/86
Female 10 1 75 5/6
Female 5§ 0.5 88 26/33
Male 5 0.5 82 25/25
Female 1 0.1 ‘ 91 5/30
Male 1 0.1 100 22/44
Male 50 5 9 54 6/6
Male 50 S § 83 ‘ 12/19
Male 50 s 3 93 3/20
Male S0 H 1 87 0/13
Purified aflatoxin B3P

Male 1 41 18/22
Female 1 64 /4
Male 0.3 52 6/20
Female 0.3 70 11711
Male 0.015 68 12/12
Female 0.015 82 13/13
Male 40 ug/day 10 days 82 4/24
Famale 40 ug/day 10 days 82 0/23

Sumary of the incidence of hepatic carcinomas in rats.

4 y B, Butler and J.M. Barnes, Pd. Cosmet. Toxicol., in press,

1968,
D G.N. wogan and P.M. Newberne, Cancer Res., 27:2370-2376, 1967.
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Table 22
Jariey Cowpeas Sasams
32ans Millet Sorghum
Zzrn Peas Soybeans
Cassava Peanuts Sweet Potatces
Cottonseed ' Rice Whsat

Isolated samples of food materials found to contain biologically

significant amounts of aflatoxin.
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