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Biological Action of Mycotoxins!

ABSTRACT

Mycotoxins are ubiquitous, mold-
produced toxins that contaminate a wide
variety of foods and feeds. Ingestion of
mycotoxins cause a range of toxic
responses, from acute toxicity to long-
term or chronic health disorders. Some
mycotoxins have caused outbreaks of hu-
man toxicoses, and at least one
mycotoxin, aflatoxin By, is a presumed
human hepatocarcinogen. As part of a
comprehensive effort to curtail the ad-
verse health effects posed by mycotox-
ins, substantial research has been con-
ducted to determine the mechanism of
action of mycotoxins in animals. This
review presents some of the current
knowledge on the biological action of
four diverse classes of mycotoxins—
aflatoxin B, tricothecenes, zearalenone,
and fumonisin B;—with particular em-
phasis on mechanisms of action.

(Key words: mycotoxin, mold, toxicity,
biological action)

Abbreviation key: AF = aflatoxin (also used
with B;, M, Q;, and P;), AFB;-FAPyr
AFB-formamidopyrimidine adduct, AFB;-
N7-Gua = AFB;-N7-guanine adduct, AFL =
aflatoxicol (used with H; and M,), ELEM =
equine leukoencephalomalacia, FB; = fumoni-
sin By, GSH = glutathione, HCC = hepatocel-
lular carcinoma, ZEN = zearalenone, yGT* =
v-glutamyl-transpeptidase-positive.

INTRODUCTION

Thousands of natural toxins exist that have
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known or potential adverse health effects in
humans and animals. Natural toxins have been
termed “nature’s pesticides” because they often
confer a protective or competitive advantage to
the organism or plant that produces them (2).
Because the diet contains at least 10,000 times
more natural toxins exist compared with syn-
thetic toxins (manmade toxins, such as pesti-
cides or environmental chemicals), natural tox-
ins probably pose the greater threat to human
and animal health (1). One large group of
natural toxins that are nearly universal con-
taminants of food and feed are the mycotoxins,
the toxic secondary metabolites produced by
fungi.

Mycotoxins are a diverse group of chemi-
cals that elicit a wide range of toxic responses
in animals and humans. Pre- or postharvest
contamination of various food crops by
mycotoxigenic fungi is a common problem;
approximately 25% of the world’s food supply
is contaminated by mycotoxins annually (19).
The severity of mycotoxin contamination of
agricultural commodities varies yearly. Exces-
sive moisture in the field and in storage, tem-
perature extremes, humidity, drought, varia-
tions in harvesting practices, and insect
infestation are major environmental factors
that determine the severity of mycotoxin con-
tamination. Although the actual resultant eco-
nomic loss to agriculture is difficult to deter-
mine with accuracy, it is likely to be high.

In domestic animals, such as dairy cattle,
swine, and poultry, mycotoxin contamination
reduces growth efficiency, lowers feed conver-
sion and reproductive rates, impairs resistance
to infectious diseases, reduces vaccination ef-
ficacy, and induces pathologic damage to the
liver and other organs. Many mycotoxins have
been implicated in outbreaks of human dis-
eases. Some are potent animal, and presumed
human, carcinogens. For these reasons,
mycotoxins pose a major threat to public and
animal health, and determination of the biolog-
ical mechanism of action of mycotoxins has
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understandably been the focus of much re-
search. The biological action of four classes of
mycotoxins that represent diverse toxicities to
animals—aflatoxin (AF)B;, tricothecenes,
zearalenone (ZEN), and fumonisin B (FBy)—
are considered in this overview.

AFB4

Aflatoxin B, (Figure 1) represents a group
of mycotoxins produced by strains Aspergillus
Sflavus and Aspergillus parasiticus. Of the
known mycotoxins, AFB; had generated the
greatest concern and has stimulated the most
research effort because of its extreme toxicity
and its widespread occurrence in staple foods
and feeds (such as peanuts, corn, and cotton-
seed). For these reasons, AFB, currently is the
only mycotoxin that is regulated by the FDA.
In foods, the current “action level” (the con-
centration above which the commodity is con-
demned) is 20 ppb of total AF. The action
level for the AFB| metabolite AFM; in milk is
.5 ppb. Other regulatory guidelines for AFB;
include 20 ppb in corn for dairy cows, 300 ppb
in corn for finishing beef cattle and swine, and
100 ppb for breeding stock (24). The permissi-
ble amount of AFB; in cottonseed for beef
cattle, swine, and poultry is 300 ppb (55).
These regulatory levels generally preclude de-
tectable AFB; in the various products from
these animals. Worldwide, established toler-
ances for AFB, in animal feeds range from 10
to 600 ppb (65).

Prevention of Aspergillus infection in foods
and feeds is the most desirable method of
reducing AFB,, although AFB; contamination
often is unavoidable, even with the best
agricultural practices. Therefore, several strate-
gies have been developed to reduce postharvest
product contamination of AFB;. Some of these
methods involve early identification and segre-
gation of grossly contaminated kernels of corn
or peanuts or use of electronic devices to iden-
tify and to reject grains that exhibit fluores-
cence that is due to AFB;. Although these
methods have been useful for peanuts, they
have not been practical for decontaminating
corn and cottonseed (54). Ammoniation has
shown considerable promise as a means of
treating contaminated cottonseed and corn be-
cause it can be used to treat large batches of
product, and, importantly, ammoniation results
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Figure 1. Chemical structure of aflatoxin (AF) AFB;
and DNA adducts of AFB|, AFB{-N’-guanine and for-
mamidopyrimidine (AFB;-FAPyr).
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in nearly complete elimination of AF and as-
sociated toxicity in commodities (54). Am-
moniation has not yet achieved FDA approval
for interstate shipments, but it is in use in
some states. Another experimental strategy is
the use of inorganic absorbent feed additives,
which prevent absorption of mycotoxins in
animals. For example, when added to feeds
contaminated by AFB;, hydrated sodium cal-
cium aluminosilicate, an anticaking agent ap-
proved by the FDA, significantly reduced bi-
oavailability of AFB; and many of the AFB;-
specific toxic effects in pigs (14).

A requisite step in the toxic and carcino-
genic action of AFB; is its conversion to a
variety of metabolites (Figure 2). Metabolism
of AFB, is mediated principally by hepatic and
extrahepatic microsomal cytochromes P-450,
although other conversions have also been
described (16). Most of the metabolic products
are less toxic than parent AFB;, the most
prevalent of which is AFM;, so named for its
appearance in the milk of dairy cows that
consume feed contaminated by AFB;. Other
detoxified metabolites produced from the P-
450 oxidation of AFB; include AFQ; and
AFP; (Figure 2).

Aflatoxin B; also is reduced by soluble
NADPH-dependent cytosolic enzymes to pro-
duce aflatoxicol (AFL). Because this reaction
is reversible, AFL may be a storage form of
AFB; (56). The chronic and acute toxicity of
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Figure 2. Metabolic scheme of aflatoxin B;. The solid lines represent known pathways; the dashed lines signify

presumed or proposed pathways.

AFL is equal to that of AFB;; thus, this
metabolite is not considered to be a detoxified
metabolite.  Furthermore, the mutagenic
potency of AFL is nearly equal to that of
AFB; (17). Two minor and relatively nontoxic
reduced pentanone metabolites also exist,
AFL-M; and AFL-H;. The former metabolite
also may be formed by the cytosolic reduction
of AFM; (64).

Aflatoxin B; also is metabolized by
cytochromes P-450 to the reputed proximate
carcinogen, the AFB-8,9-epoxide. Presumably
because of its extreme reactivity, the AFB;-
8,9-epoxide has been isolated only indirectly
from biological systems as adducts of
glutathione (GSH) or DNA bases. The AFB;-
8,9-epoxide can be inactivated by GSH, a reac-
tion catalyzed by GSH S-transferase. Inactiva-
tion by GSH is an important AFB; detoxifica-
tion pathway in a number of species, and the
formation of AFB{-GSH protects against the
hepatocarcinogenic effects of AFB; (22, 43).
Detoxification mediated by GST may be an
important determinant in species resistance to
AFB]. Aflatoxin By also may be detoxified via
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conjugation with sulfates and glucuronic acid
(11). The AFB,;-8,9-epoxide also may be cata-
lytically (by epoxide hydrolase) or spontane-
ously hydrolyzed to the AFB;-8,9-dihydrodiol.
The carcinogenic and mutagenic action of
AFB probably is a result of the affinity of the
electrophilic and highly reactive AFB-8,9-
epoxide for cellular nucleophiles, such as
DNA. Activated AFB; binds exclusively to
guanyl residues, and the AFB,-N’-guanine ad-
duct (AFB;-N7-Gua) is the most predominant
(Figure 1). Other adducts have been isolated,
of which the ‘ring-opened” derivative of
AFB;-N7-Gua, = AFB;-formamidopyrimidine
(AFB-FAPyr), is the most common (Figure
1). In hepatic DNA from livers of rats injected
with AFB|, approx1mately 80% of the adducts
present are AFB|-N7-Gua, whereas the AFB;-
FAPyr constitutes approximately 7% (23). The
formation of these adducts is the presumed
first step in the development of heritable muta-
tions from which tumors may arise. Repair of
these genetic lesions occurs in living cells
enzymatically or spontaneously, and the re-
moved adducts is excreted in the urine.
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The ring-opened adduct appears to be more
resistant to DNA repair enzymes. In rats
treated with a single dose of AFB|, the AFB;-
N7-Gua was rapidly removed with an apparent
half-life of 7.5 h, whereas other adducts, such
as AFB|-FAPyr, were removed much more
slowly (20).

Alkylation of DNA with AFB; also may
result in the loss of a DNA base, resulting in
an “apurinic site”. In synthetic oligomers
treated with AFB|, at least twice as many
apurinic sites were detected as AFB-N’-Gua
(13). Which of these genetic lesions ultimately
is responsible for the carcinogenic action of
AFB; is not known. Microsomally activated
AFB; induced GC is converted to TA transver-
sions in a strain of Escherichia coli, presuma-
bly as a result of AFB;-N7-Gua formation
(26). In any event, AFB;-specific mutations
also exist in cellular protooncogenes and other
loci in tumors from animals treated with AFB;
©67).

The metabolism of AFB;, specifically the
balance between activation and detoxification
pathways in an animal, and the formation and
repair of genetic lesions induced by this
mycotoxin appear to be critical determinants of
species sensitivity. Specific relationships have
been derived from a number of comparative
studies in which sensitive species (rat and rain-
bow trout) have been compared with resistant
species (mouse and salmon) with respect to
endpoints that define these processes. For ex-
ample, the in vivo binding of AFB; to hepatic
DNA was 40 times greater in the rat than in
the more resistant mouase (45). A likely mecha-
nism underlying the relative resistance of the
mouse is that it efficiently detoxifies the
AFB-8,9-epoxide via GSH S-transferase (50).

Toxic effects of AFB; are either acute or
chronic, depending in large part on the dose
and duration of exposure. Aflatoxin By is
acutely toxic to a number of cell types, plants,
invertebrates, and various vertebrate species.
Cattle, swine, and poultry are the farm animals
primarily affected by AFB,. Common observa-
tions 1 to 2 d following acute exposure to
AFB; include malaise, loss of appetite, and
eventually lower growth rates. Because many
of these sequelae are not specific for AF, field
diagnoses often are difficult. Approximately .2
ppm of AFB; causes reduced weight gains in
cattle, swine, and poultry; between 2 and 10
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ppm of AFB; resulted in decreased egg
production, hepatic necrosis, hemorrhage, and
death in poultry (57).

In the bovine, acute AFB; decreased rumen
motility (31). In a review on that subject,
studies were described showing that AFB;
reduced cellulose breakdown and production of
VFA and ammonia either in vivo or in artifi-
cial rumen environments (47). Decreases in
feed conversions, breeding efficiency, and milk
production and health problems resulted when
a dairy herd was exposed chronically to corn
contaminated by AF at 120 ppb (31).

The liver is the organ most severely af-
fected by AFBj, and the primary lesions in-
clude hemorrhagic necrosis, fatty infiltration,
and bile duct proliferation. In pigs, guinea
pigs, and dogs, these effects most commonly
occur in the centrilobular region, whereas in
ducklings and rats, the periportal region is the
site of action. Acute toxicities for AFB; have
been tabulated extensively (11). In vertebrate
species, at least a 10-fold variation occurs in
susceptibility to the acute effects of AFB;, and
no species appear to be totally resistant. Poul-
try, rainbow trout, and monkeys are particu-
larly sensitive to the acute effects of AFBy;
oral median lethal doses are .34 to .56, 3.0, and
.81 mg/kg, respectively. The mouse, hamster,
and rat are much less sensitive; these species
have oral median lethal doses of 9.0, 10.2, and
1.3 mg/kg, respectively (56). Significant differ-
ences occurred in potency of AFB; in age,
strain, gender, and route of administration.

Aflatoxin B, is carcinogenic in a wide vari-
ety of animals. As is the case following acute
exposures, the major target organ is the liver,
although tumors in other organs result from
long-term dietary exposure to AFB;. Aflatoxin
B, at .4 ppb fed over 14 mo resulted in a 14%
incidence of hepatocellular carcinomas (HCC)
in rainbow trout, the animal species known to
be most sensitive to the carcinogenic effects of
this mycotoxin (42). By contrast, tumor inci-
dence was only 5% during a similar time in
Fischer rats exposed to 5 ppm of AFB; (83).

Considerable epidemiological data also sup-
port the hypothesis that dietary AFB; is an
important risk factor for human HCC. In many
geographical areas where incidence of HCC is
high, such as sub-Saharan Africa and South-
east Asia, a linear relationship exists between
AFB; contamination of food and the incidence
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of HCC (78). However, a firm determination
of the role of AFB; in human cancer is con-
founded by the coincidence of hepatitis B virus
infection, which is another reputed factor for
HCC in humans in these regions. Further con-
firming evidence on the role of AFB; in HCC
has been obtained through the use of new,
sensitive methods to detect specific “biomar-
kers” of human exposure to AFB;, such as
adducts of DNA (3, 30), or serum albumin
(63). Measurement of these biomarkers in sam-
ples of blood or urine has allowed direct deter-
mination of actual AFB| exposure in popula-
tions, which is an improvement over random
dietary analysis for AFB; and imprecise die-
tary recall surveys. Thus, the use of biomar-
kers should significantly improve AFB; risk
assessment.

Although the majority of interest in the
possible health effects has correctly focused on
dietary exposure to AFB|, workers in food and
grain production and in harvest, transport, and
processing industries also are exposed to con-
siderable amounts of airborne, respirable grain
dusts contaminated by AFB;. For example,
airborne dust sampled in a corn processing
plant contained 107 ng/m3 AFB), and the daily
occupational exposure to this toxin was esti-
mated to be between 40 and 856 ng (10). In
another survey, concentrations of AFB; in
smaller, more easily retained airborne grain
particles, contained more AFB; than that in
larger grain particles; AFB; in particles under
7 pwm were as high as 1814 ppb, whereas
AFBj, ranging from 7 to 11 um had an aver-
age of 695 ppb (69).

A small number of studies indicate that
exposure to airborne AFB; may adversely af-
fect health of those exposed. For example,
airborne peanut dust contaminated with AFB;
was linked to increases in liver and lung can-
cer in Dutch peanut processing workers rela-
tive to unexposed cohorts (35). An earlier sur-
vey established that these workers were
exposed continually to between .04 and 2.5 ug
of AFBj/wk (77). In laboratory studies, AFB,
was converted to stable metabolites and acti-
vated to mutagenic and DNA binding inter-
mediates by cells of the mammalian respira-
tory epithelium (5, 6, 18). In cultured airway
epithelia from a variety of mammalian species,
AFB; forms AFB{-N/-Gua and AFB,-FAPyr
in patterns similar to those in hepatic systems

(6).
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TRICOTHECENES

Tricothecenes are a group of over 150 struc-
turally related compounds produced by several
genera of fungi, the most important being
Fusarium. Fusarium sporotrichioides and
Fusarium graminearum are the most common
tricothecene producers. In this country,
tricothecenes commonly infect corn grown in
the upper Midwest. Low temperatures, high
moisture, and humidity appear to increase
toxin production. Tricothecenes possess the
tetracyclic 12,13-epoxy-tricothecane skeleton
of the sesquiterpenoids (75). Examples of im-
portant tricothecenes include T-2 toxin,
nivalenol, and deoxynivalenol (Figure 3). Of
these compounds, T-2 toxin has been the most
widely studied, because it was one of the first
tricothecenes discovered in grains, although
deoxynivalenol (vomitoxin) is the most com-
mon contaminant of cereal grains such as
wheat and barley in many countries worldwide
(74).

The toxic potency of several tricothecenes
in laboratory animals has been tabulated (74,
75). The most acutely toxic tricothecene, ver-
rucarin J, had a median lethal dose of .5 mg/kg
i.v. in mice. In mice, toxin T-2 and nivalenol
are nearly equitoxic; median lethal doses are
5.2 and 4.1 mg/kg (i.p.), respectively. The in
vivo toxicity of T-2 toxin and nivalenol are
approximately 10 times that of deoxynivalenol.
In a variety of in vitro systems, T-2 consis-
tently has been the most toxic, followed by
nivalenol and then deoxynivalenol (75).

The tricothecenes produce a wide variety of
toxic effects: acute tricothecene toxicity is
characterized by gastrointestinal disturbances,
such as vomiting, diarrhea, and inflammation.
Dermal irritation, feed refusal, abortion, and
hematological sequelae, such as anemia and
leukopenia, also are common. In cattle, dietary
T-2 toxin at .64 ppm for 20 d resulted in death
and bloody feces, enteritis, and abomasal and
ruminal ulcers (57). In poultry, as low as 5
ppm of tricothecenes resulted in oral necrosis
and reduced BW gains (12). Egg production
and shell quality were decreased when poultry
were fed a diet of 20 ppm of T-2 toxin (57).
Tricothecenes also are toxic when administered
dermally. Toxic reactions, which were similar
to those observed when the tricothecenes were
administered systematically, were observed



SYMPOSIUM: BIOLOGICAL ACTION OF MYCOTOXINS 885

when applied doses ranged from 10711 mol follows a multistage pathogenesis. Shortly af-
(for T-2 toxin, verrucarin A) to 1077 mol ter ingestion of contaminated cereal grains, a
(deoxynivalenol) (75). burning sensation in the mouth, tongue, throat,

Alimentary toxic aleukia, which is the most esophagus, and stomach and gastrointestinal
common human tricothecene mycotoxicosis, disturbances are the initial observations (66). A
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Figure 3. Chemical structures of T-2 toxin, nivalenol, deoxynivalenol, zearalenone, and fumonisin By. AC = Acetate.
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severe leukopenia and granulopenia may then
follow, which may progress to white cell
counts as low as 100 cells/ul of blood (66).
Continuous exposure to trichothecenes then
results in rashes on the skin, which may pro-
gress to severe necrotic lesions.

The actual mechanisms of these toxic ac-
tions of the tricothecenes are not clear. Investi-
gators studying the mechanisms of toxicity
thus far have focused on the effects of these
mycotoxins on protein and macromolecular
synthesis, membrane function, and immune
parameters. Ueno et al. (76) initially observed
that a number of tricothecene mycotoxins in-
hibited protein synthesis in eukaryotic cells.
The toxin inhibited all steps in protein synthe-
sis (initiation, elongation, and termination) in
intact ribosomes (21). Structure-activity studies
indicated that the C-4 or C-5 positions or the
isovaleryl group at the C-8 position of T-2
were important for inhibition of protein syn-
thesis in vitro because this mycotoxin was
more potent than HT-2, neosolaniol, or T-2
tetrol (72). A substituent at the C-3 position to
T-2, such as an acetyl group, making acetyl T-
2 for example, resulted in a diminution of
inhibition of in vitro protein synthesis. Protein
synthesis inhibition likely is a result of binding
of the toxin to ribosomes. The binding of T-2
to ribosomes is specific and saturable (.3 nM),
and the stoichiometry is one toxin molecule
bound per ribosome (48).

Because T-2 toxin is an amphipathic mole-
cule, it could be incorporated into the lipid or
protein moieties of cellular plasma membranes,
thereby interfering with membrane function
(59). The in vitro treatment of L-6 myoblasts
with 8.5 x 10712 M T-2 toxin reduced the
uptake of Ca, glucose, Leu, and Tyr within 10
min of exposure (9). These effects were in-
dependent of protein synthesis inhibition. Ef-
fects were similar for erythrocytes treated with
T-2 but at a much higher concentration (32).
Recently, human fibroblasts exposed to T-2 (1
uM) accumulated lucifer yellow dye to the
same extent as control cells, indicating that T-2
had no effect on membrane function, at least
with respect to this indicator (40).

The toxin significantly alters several im-
mune parameters, and the major effects appear
to be associated with the cellular immune re-
sponse, specifically including inhibition of the
mitogen response, reductions of protein, DNA,
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and interleukin-2 synthesis in normal spleen
cells treated with concanavalin A (73), thymic
atrophy (60, 74), and reductions in plaque-
forming spleen cells (73). In animals, resis-
tance to many challenges that are dependent on
cellular immune-response was decreased, such
as resistance to mycobacterial infections and
skin grafts in mice (37, 61), Salmonella in
mice (71), and aspergillosis in rabbits (52).
The effects of tricothecenes on the immune
system have been reviewed recently (66).

ZEN

Zearalenone is a phenolic resorcyclic acid
lactone (Figure 3) produced by strains of
Fusarium, primarily by F. graminearum, F.
sporotrichiodes, and others. Zearalenone is a
natural contaminant of corn, wheat, barley,
oats, sorghum, and hay. Toxin production is
promoted by high humidity and low tempera-
tures, as is common in the upper Midwest
during autumn harvest. Zearalenone is a nearly
universal corn contaminant and often occurs in
the same samples with tricothecenes (44). De-
spite its dissimilarity to steroid compounds,
ZEN produces potent hyperestrogenic
responses in susceptible animals. Thus, the
toxicity of this compound is unique among
known mycotoxins.

Swine are most affected by ZEN, but other
animals, such as cattle, poultry, and laboratory
animals, are also affected, but to a lesser de-
gree. Symptoms of ZEN poisoning include
uterine enlargement and swollen vulva and
mammae (51). In pigs, symptoms of hyperes-
trogenism generally appear when contamina-
tion of ZEN in corn exceeds 1 ppm, but it can
occur at concentrations as low as .1 ppm (49).
In ewes, ZEN exposure resulted in declines in
ovulation rate and cycle length and an increase
in duration of estrus but did not affect preg-
nancy rate or embryonic loss (68). Young male
pigs exposed to ZEN undergo symptoms of
“feminization”, such as enlarged nipples and
testicular atrophy (51).

Dairy heifers exposed to ZEN have reduced
conception rates (19). However, transmission
of ZEN or its metabolites into milk appears to
be minimal (58). In rats, decreased growth
rate, food intake, fertility, resorptions, still-
births, abortion, and bone malformations in
fetuses also are sequelae of ZEN ingestion at
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10 mg/kg (4). Egg production in hens is
reduced by ZEN (8).

Zearalenone elicits permanent reproductive
tract alterations. In newborn female mice, ZEN
treatment (1 pg/d for 5 d) resulted in signifi-
cant ovary-dependent reproductive tract altera-
tions at 8 mo posttreatment: the majority of
treated mice lacked corpus lutea and uterine
glands and exhibited squamous metaplasia of
the uterine luminal epithelium (81). Ovariec-
tomized mice treated with ZEN showed none
of these ovary-dependent alterations.

The mechanisms of the estrogenic effect of
ZEN appears to be mediated via binding of
this mycotoxin or its metabolites to the
cytoplasmic estrogen receptor. Trans- and cis-
ZEN and two ZEN derivatives competed with
178-estradiol for binding with the cytosolic
receptor in rat uterine tissue (41). In that study,
the binding affinity of ZEN to the receptors
was only .1 that of estradiol. Translocation of
the ZEN receptor complex into immature rat
uterine nuclei induced synthesis of a protein
with identical properties to that following
translocation of natural estrogen receptor (38).
Interestingly, ZEN appears to have a greater
affinity for estrogen receptors from animals
that are more susceptible to the estrogenic
effects of the mycotoxin. The affinity of ZEN
to uterine and oviduct estrogen receptors fol-
lowed this order: pig, rat, and chicken (25).

FUMONISINS

A group of mycotoxins that were discov-
ered recently have been associated with toxic-
ity and mortality in horses and pigs following
ingestion of corn-based feeds that were con-
taminated by Fusaria. One such animal disease
is the neurotoxic syndrome equine leukoen-
cephalomalacia (ELEM). The ELEM syn-
drome often is epizootic and almost always is
associated with ingestion of moldy corn. Re-
search on the possible effects of Fusarium
contamination of foods and feeds began in
earnest following initial laboratory studies
showing that cultures of  Fusarium
moniliforme, the most common fungal con-
taminant of corn, caused cancer in rats (36).
Shortly thereafter, a group of compounds
named fumonisins were isolated and character-
ized (7, 27). Fumonisin B; is the most toxic
representative of the fumonisins (Figure 3).
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Recently, fumonisins have been linked posi-
tively to ELEM (39, 46), which is character-
ized by facial paralysis, nervousness, lameness,
ataxia, and inability to eat or to drink. The
principal pathologic lesions include severe ce-
rebral edema, focal malacia, and liquefaction
of cerebral white matter. The onset of such
severe symptoms can be as short as a few
hours. Fourteen of 18 horses fed a corn-based
feed contaminated with 37 to 122 ppm of FB;
developed fatal ELEM (82). Hepatic involve-
ment often is coincident with central nervous
system involvement in horses and swine. Two
reports also have described the development of
pulmonary edema, hydrothorax, or both in
swine receiving either intravenous injections of
FB or by ingesting feed contaminated by FB,
(33, 62). In swine, lower doses of FB resulted
in a slowly progressive hepatic necrosis;
higher doses resulted in acute pulmonary
edema coincident with hepatic toxicity (34).
That fumonisins are potent inhibitors of sphin-
gosine biosynthesis in cultured hepatocytes
(80) has been postulated to account for the
hepatotoxic (34) and central nervous system
effects of this toxin (53). Compared with
AFB|, however, FB; is much less toxic to
cultured hepatocytes (29).

Aside from its acute effects, FB; also ap-
pears to possess tumor-initiating and tumor-
promoting activity. Initial studies showed that
a diet containing culture material inoculated
with F. moniliforme was carcinogenic in rats
(36). In later studies with purified FBj, a
promotional effect on the incidence of
diethylnitrosamine-induced, ‘y-glutamyltrans-
peptidase-positive (y-GT*) hepatic foci in rats
was noted (27). Short-term dietary FB; in-
duced a high incidence (66%) of HCC (28).
Metastases to the heart, lungs, or kidneys also
were observed. Symptoms of hepatic involve-
ment, such as macronodular cirrhosis and
cholangiofibrosis, also were observed.

In a recent study, Gelderblom et al. (29)
noted that FB; is probably only a modest
initiator of liver tumors, because y-GT* foci
and hepatocellular nodules were observed only
after prolonged feeding of .1% FB; in rats.
Those authors (29) postulated that the carcino-
genic effect of FB; likely involves promotion
and the selection of initiated hepatocytes,
events that occur during the postinitiation
phase of hepatocarcinogenesis.
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The mechanism of fumonisin carcinogenic-
ity does not appear to involve interaction with
DNA. Neither FB; nor FB; elicited unsche-
duled DNA repair in primary rat hepatocyte
cultures treated either in vitro or in vivo (29).
Therefore, the carcinogenic activity of fumoni-
sins may be mediated via epigenetic mechan-
isms, as is the case of peroxisome prolifera-
tors.

Research on the health effects of fumonisins
has essentially only just begun, and informa-
tion on the mechanism of fumonisin toxicity or
on the mechanisms underlying species sensi-
tivity is only beginning to be compiled. More
information is needed to obtain a fuller under-
standing of the extent of the adverse effects of
fumonisins in human and animal health. Be-
cause corn is a staple in many parts of the
world and because Fusarium contamination of
corn is nearly universal, fumonisins likely are
involved in human toxicoses and other health
effects. Corn contaminated by Fusarium has
been epidemiologically associated with human
esophageal cancer in some regions of South
Africa (70).

CONCLUSIONS

Although much information has been ob-
tained regarding the action of several classes of
mycotoxins, future research topics should con-
tinue to address several areas of critical con-
cern. For example, the continued development
of simple, rapid, and more sensitive detection
methods will aid in efforts to prevent contami-
nated commodities from reaching the market.
New kits that allow simple and rapid
mycotoxin detection without the need for ex-
pensive equipment or extensive training re-
cently have been developed.

More information is needed on decontami-
nation strategies. Although ammoniation is ef-
fective for detoxification of AFB, fumonisins
apparently are not affected by this treatment
(80). In addition, little information exists on
the stability of tricothecenes and ZEN to food
processing.

Determination of the actual risk posed to
humans who consume foods contaminated by
mycotoxin is of critical concern. Laboratory
and epidemiological approaches are important
in addressing this question. In the case of
AFB,, comparative species studies have been
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essential to obtain some understanding of the
mechanisms underlying sensitivity and resis-
tance to the carcinogenic effects of this
mycotoxin. Molecular biological approaches
have begun to provide some information on
the role of AFB; in mutations in specific
cancer-causing genes in humans and other
animals. Mechanism studies on the fumonisins
will be advanced with the identification of
appropriate animal models of the toxic effects
observed in domestic animals.

New methods to detect specific biomarkers
in noninvasive samples, such as urine, are
beginning to be an important tool in measure-
ment of actual human exposure in populations
that are particularly at risk. Biomarkers for
other potentially carcinogenic mycotoxins to
which humans are exposed, such as fumoni-
sins, will likewise allow greater determination
of risk. Identification of potentially synergistic
risk factors coincident with mycotoxin ex-
posure, such as other foodborne toxins, infec-
tious agents, and synthetic chemicals, will also
be important in these efforts.

REFERENCES

1 Ames, B. N. 1983. Dietary carcinogens and anti-
carcinogens. Science (Washington, DC) 221:1256.
2 Ames, B. N. 1984, Dietary carcinogens and anti-

carcinogens. Clin. Toxicol. 22:291.

3 Autrup, H., T. Seremet, J. Wakhisi, and A. Wasunna.
1987. Aflatoxin exposure measured by urinary excre-
tion of aflatoxin Bj-guanine adduct and hepatitis B
virus infection in areas with different liver cancer
incidence in Kenya. Cancer Res. 47:3430.

4 Bailey, D. E,, G. E. Cox, K. Morgareidge, and J.
Taylor. 1976. Acute and subacute toxicity of zearale-
none in the rat. Toxicol. Appl. Pharmacol. 37:144.

5Ball, R. W,, and R. A. Coulombe, Jr. 1991. Compara-
tive biotransformation of aflatoxin B in mammalian
airway epithelium. Carcinogenesis (Lond.) 12:305.

6 Ball, R. W., D. W. Wilson, and R. A. Coulombe, Jr.
1990. Comparative formation and removal of aflatoxin
B|-DNA adducts in cultured mammalian tracheal
epithelium. Cancer Res. 50:4918.

7 Bezuidenhout, S. C., A. Wentzel, W.C.A. Gelder-
bloom, C. P. Gorst-Allman, R, M. Horak, W.F.O.
Marasas, G. Spiteller, and R. Vleggar. 1988. Structure
elucidation of the fumonisins, mycotoxins from
Fusarium moniliforme. J. Chem. Soc. Chem. Com-
mun. 743.

8 Branton, S. L., J. W. Deaton, W. M. Hagler, Jr. W. R.
Maslin, and J. M. Hardin. 1989. Decreased egg
production in commercial laying hens fed
zearalenone- and deoxynivalenol-contaminated grain
sorghum. Avian Dis. 33:804.

9 Bunner, D. L., and E. R. Morris. 1988. Alteration of
multiple cell membrane functions in L-6 myoblasts by



SYMPOSIUM: BIOLOGICAL

T-2 toxin: an important mechanism of action, Toxicol.
Appl. Pharmacol. 92:113.

10 Burg, W. R,, O. L. Shotwell, and B. E. Saltzman.
1981. Measurements of airborne aflatoxins during
handling of contaminated corn. Am. Ind. Hyg. Assoc.
42:1.

11 Busby, W. F,, and G. W. Wogan. 1984, Aflatoxins.
Page 945 in Chemical Carcinogens. Vol. 2. ACS
Monogr. 182. C. E. Searle, ed. Am. Chem. Soc,
Washington, DC.

12 Chi, M. 8., and C. J. Mirocha. 1978. Necrotic oral
lesions in chickens fed diacetoxyscirpenol, T-2 toxin
and crotocin. Poult. Sci. 5§7:807.

13 Chu, Y.-H., and R. Saffhill. 1983. Errors in DNA
synthesis induced by aflatoxin B; modification of
poly(dC-dG). Carcinogenesis (Lond.) 4:643.

14 Colvin, B. M., L. T. Sangster, K. D. Haydon, R. W.
Beaver, and D. M. Wilson. 1989. Effect of high-
affinity aluminosilicate sorbent on prevention of
aflatoxicosis in growing pigs. Vet. Hum. Toxicol. 31:
46.

15 Cook. W. O, J. L. Richard, G. D. Osewiler, and D.
W. Trampel. 1986. Clinical and pathologic changes in
acute bovine aflatoxicosis: rumen motility and tissue
and fluid concentrations of aflatoxins B; and M;. Am.
J. Vet. Res. 47:1817.

16 Coulombe, R. A. 1991. Page 113 in Mycotoxins and
Phytoalexins. R. P. Sharma, and D. K. Salunkhe, ed.
CRC Press, Boca Raton, FL.

17 Coulombe, R. A., D. W. Shelton, R. O. Sinnhuber,
and J. E. Nixon. 1982. Comparative mutagenicity of
aflatoxins wsing a Salmonella/tront hepatic enzyme
activation system. Carcinogenesis (Lond.) 3:1261.

18 Coulombe, R. A., D. W, Wilson, D.P.H. Hsieh, C. G.
Plopper, and C. J. Serabjit-Singh. 1986. Metabolism
of aflatoxin B, in the upper airways of the rabbit: the
role of the nonciliated tracheal epithelial cell. Cancer
Res. 46:4091.

19 Council for Agricultural Science and Technology.
1989. Pages 21 and 43 in Mycotoxins: economic and
health risks. Task force Rep. No. 116. Counc. Agric.
Sci. Technol., Ames, IA.

20 Croy, R. G., and Wogan, G. N. 1981. Temporal
patterns of covalent DNA adducts in rat liver after
single and multiple doses of aflatoxin Bj. Cancer Res.
41:197.

21 Cundliffe, E., and J. Davis. 1977. Inhibition of initia-
tion, elongation and termination of eukaryotic protein
synthesis by tricothecene fungal toxins. Antimicrob.
Agents Chemother. 11:491.

22 Degen, G. H., and Newmann, H. G. 1981. Differences
in aflatoxin Bj-susceptibility of rat and mouse are
correlated with the capability in vitro to inactivate
aflatoxin Bj-epoxide. Carcinogenesis (Lond.) 2:299.

23 Essigman, J. M, R. G. Croy, R. A. Bennett, and G. N.
Wogan. 1982, Metabolic activation of aflatoxin By:
patterns of DNA adduct formation, removal and ex-
cretion in relation to carcinogenesis. Drug Metab.
Rev. 13:581.

24 Ezzell, C. 1988. Aflatoxin contamination of US com
[news). Nature (Lond.) 335:757.

25 Fitzpatrick, D. W, C. A. Picken, L. C. Murphy, and
M. M. Buhr. 1989. Measurement of the relative bind-
ing affinity of zearalenone «-zearalenol, and @-

ACTION OF MYCOTOXINS 889
zearalenol for uterine and oviduct estrogen receptors
in swine, rats and chickens: an indicator of estrogenic
potencies. Comp. Biochem. Physiol. C Comp. Phar-
macol. Toxicol. 94:691.

26 Foster, P. L., E. Eisenstadt, and J. H. Miller. 1983.
Base substitution mutations induced by metabolically
activated aflatoxin B;. Proc. Natl. Acad. Sci. USA 80:
2695.

27 Gelderblom, W. C., K. Jaskiewicz, W. F. Marasas, P.
G. Thiel, R. M. Horak, R. Vlegger, and N.P.J, Kriek.
1988. Fumonisin—novel mycotoxins with cancer—
promoting  activity produced by  Fusarium
moniliforme. Appl. Environ. Microbiol. 54:1806.

28 Gelderblom, W. C., N.P.J. Kriek, W.F.O. Marasas,
and P. G. Thiel. 1991. Toxicity and carcinogenicity of
the Fusarium moniliforme metabolite, fumonisin By,
in rats. Carcinogenesis (Lond.) 12:1247.

29 Gelderblom, W.C A, E. Semple, W.F.O. Marasas, and
E. Farber. 1992. The cancer-initiating potential of the
fumonisin B mycotoxins. Carcinogenesis (Lond.) 13:
433,

30 Groopman, J. D., and T. W. Kensler. 1987. The use of
monoclonal antibody affinity columns for assessing
DNA damage and repair following exposure to
aflatoxin B;. Pharmacol. Ther. 34:321.

31 Guthrie, L. D., and D. M. Bedell. 1979. Effects of
aflatoxin in com on production and reproduction in
dairy cattle. Proc. Annu. Mtg. US Anim. Health As-
soc. 83:202.

32 Gyonggyossy-Issa, M.I.C., V. Khanna, and G. G.
Khachatourians. 1986. Changes induced by T-2 toxin
in the erythrocyte membrane. Food Chem. Toxicol.
24:311.

33 Harrison, L. R., B. M. Colvin, J. T. Greene, L. E.
Newman, and J. R. Cole, Jr. 1990. Pulmonary edema
and hydrothorax in swine produced by fumonisin By,
a toxic metabolite of Fusarium moniliforme. J. Vet.
Diagnos. Invest. 2:217.

34 Haschek, W. M., G. Motelin, D. K. Ness, K. S.
Harlin, W. F. Hall, R. F. Vesonder, R, E. Peterson,
and V. R. Beasley. 1992. Characterization of fumoni-
sin toxicity in orally and intravenously dosed swine.
Mycopathologia 117:83.

35 Hayes, R. B., J. P. VanNieuwenhuize, J. W. Raat-
gever, and F. J. Ten Kate. 1984, Aflatoxin exposures
in the industrial setting: an epidemiological study of
mortality. Food Chem. Toxicol. 22:39.

36 Jaskiewicz, K., S. J. van Rensburg, W. F. Marasas,
and W. C. Gelderblom. 1987. Carcinogenicity of
Fusarium moniliforme culture material in rats. J. Natl.
Cancer Inst. 78:321.

37 Kanai, L., and E. Kondo. 1984. Decreased resistance
to mycobacterial infection in mice fed a tricothecene
compound (T-2 toxin). Jpn. Med. Sci. Biol. 37:97.

38 Kawabata, Y., F. Tashiro, and Y. Ueno. 1982. Synthe-
sis of a specific protein induced by zearalenone and its
derivatives in rat uterus. J. Biochem. (Tokyo) 91:801.

39 Kellerman, T. S., W. F. Marasas, P. G. Thiel, W. C.
Gelderblom, M. Cadwood, and J.A.W. Coetzer. 1990.
Leukoencephalomalacia in two horses induced by oral
dosing of fumonisin B;. Onderstepoort J. Vet. Res.
57:269.

40 Kim, Y.-W., R. P. Sharma, and Y. Elsner. 1991.
Effects of T-2 toxin and its congeners on membrane

Joumnal of Dairy Science Vol. 76, No. 3, 1993



890 COULOMBE, JR.

functions of cultured human fibroblasts. Mycotoxin
Res. 7:19.

41 Klang, D. T, B. J. Kennedy, S. V. Pathre, and C. J.
Mirocha. 1978. Binding characteristics of zearalenone
analogs to estrogen receptors. Cancer Res. 38:3611.

42Lee, D. J, J. H Wales, J. L. Ayres, and R. O.
Sinnhuber. 1968. Synergism between cyclopropenoid
fatty acids and chemical carcinogens in rainbow trout
(Salmo gairdneri). Cancer Res. 28:2312,

43 Lotlikar, P. D., E. C. Jhee, S. M. Insetta, and M. S.
Clearfield. 1984. Modulation of microsome-mediated
aflatoxin B; binding to exogenous and endogenous
DNA by cytosolic glutathione S-transferases in rat and
hamster livers. Carcinogenesis (Lond.) 5:269.

44 Luo, Y., T. Yoshizawa, and T. Katayama. 1990. Com-
parative study on the natural occurrence of Fusarium
mycotoxins (tricothecenes and zearalenone) in com
and wheat from high-and low-risk areas for human
esophageal cancer in China. Environ. Microbiol. 56:
3723.

45 Lutz, W. K., W. Jaggi, J. Liithy, P. Sagelsdorff, and C.
Schiatter. 1980. In vivo covalent binding of aflatoxin
B, and aflatoxin M, to liver DNA of rat, mouse and
pig. Chem. Biol. Interact. 32:249.

46 Marasas, W. F., T. S. Kellerman, W. C. Gelderblom,
J.AW. Coetzer, P. G. Thiel, and J. J. van der Lugt.
1988. Leukoencephalomalacia in a horse induced by
fumonisin B, isolated from Fusarium moniliforme.
Onderstepoort J. Vet. Res. 55:197.

47 Mertens, D. R. 1977. Biological effects of mycotoxins
upon rumen function and lactating dairy cows. Page
118 in Interactions of Mycotoxins in Animal Produc-
tion. Natl. Acad. Sci., Washington, DC.

48 Middlebrook, J. L., and D. L. Leatherman. 1989.
Binding to T-2 toxin to eukaryotic cell ribosomes,
Biochem. Pharmacol. 38:3103.

49 Mirocha, C. J,, 8. V. Pathre, and C. M. Chrisensen.
1977. Zearalenone Page 355 in Mycotoxins in Human
and Animal Health, J. V. Rodricks, C. W. Hesseltine,
and M. A. Mehiman, ed. Pathotox Publ., Park Forest,
IL.

50 Monroe, D. H,, and D. L. Eaton. 1988. Effects of
modulation of hepatic glutathione on biotransforma-
tion and covalent binding of aflatoxin By to DNA in
the mouse. Toxicol. Appl. Pharmacol. 94:118.

51 Newbemne, P. M. 1987. Interaction of nutrients and
other factors with mycotoxins. Page 177 in Mycotox-
ins in Food. P. Krough, ed., Academic Press, London,
Engl.

52 Niyo, K. A,, and J. L. Richard. 1986. Effect of T-2
toxin mycotoxin on phagocytosis of Aspergillus
Jumigatus conidia by rabbit alveolar machophages.
Page 74 in Proc. 1st Int. Vet. Immunol. Symp. Univ.
Guelph, ON, Can.

53 Norred, W. P., E. Wang, H. Yoo, R. T. Riley, and A.
H. Merrill, Jr. 1992. In vitro toxicology of fumonisins
and the mechanistic implications. Mycopathologia
117:73.

54 Park, D. L., L. S. Lee, R. L. Price, and A. E. Pohland.
1989. Review of the decontamination of aflatoxins by
ammoniation: current status and regulation. J. Offic.
Anal. Chem. 71:685.

55 Park, D. L., and A. E. Pohland. 1986. Rationale for
the control of aflatoxin in animal feeds. Page 473 in

Journal of Dairy Science Vol. 76, No. 3, 1993

Mycotoxins and Phycotoxin. P. Steyn, and R. Vleg-
gaar, ed. Elsevier Sci. Publ., Amsterdam, Neth.

56 Patterson, D. S. 1973. Metabolism as a factor in
determining the toxic action of the aflatoxins in differ-
ent animal species. Food Cosmet. Toxicol. 11:287.

57 Pier, A. C, J. L. Richard, and S. J. Cysewski. 1980.
The implications of mycotoxins in animal disease. J.
Am. Vet. Med. Assoc. 176:719.

58 Prelusky, D. B., P. M. Scott, H. L. Trenholm, and G.
A. Lawrence. 1990. Minimal transmission of zearale-
none to milk of dairy cows. J. Environ. Sci. Health
Part B Pest. Food Contam. Agric. Wastes 25:87.

59 Pritchard, J. B. 1979. Toxic substances and cell mem-
brane function. Fed. Proc. 38:2220.

60 Richard, J. L., S. J. Cysewski, A. C. Pier, and G. D.
Booth. 1978. Comparison of effects of dietary T-2
toxin on growth, immunogenic organs, antibody for-
mation and pathologic changes in turkeys and chick-
ens. Am. J. Vet. Res. 39:1674.

61 Rosenstein, Y., C. Larfarge-Frayssinet, G. Lespinate,
F. Loisillier, P. Lafont, and C. Frayssinet. 1979. Im-
munosuppressive activity of Fusarium toxins. Effects
on antibody synthesis and skin grafts of crude ex-
tracts. T-2 toxin and diacetoxyscipenol. Immunology
36:111.

62 Ross, P. F, P. E. Nelson, J. L. Richard, G. D.
Osweiler, L. G. Rice, R. D. Plattner, and T. M.
Wilson. 1990. Production of fumonisins by Fusarium
moniliforme and Fusarium proliferatum isolates as-
sociated with equine leukoencephalomalacia and a
pulmonary edema syndrome in swine. Appl. Environ.
Microbiol. 56:3225.

63 Sabbioni, G., P. L. Skipper, G. Biichi, and S. R.
Tannenbaum. 1987. Isolation and characterization of
the major serum albumin adduct formed by aflatoxin
B in vivo in rats. Carcinogenesis (Lond.) 8:819.

64 Salhab, A. S, F. P. Abramson, G. W. Geelhoed, and
G. S. Edwards. 1977. Aflatoxicol My, a new metabo-
lite of aflatoxicol. Xenobiotica 7:401.

65 Schuller, P. L., H. P. vanEgmond, and L. Stoloff.
1986. Limits and regulations on mycotoxins. Page 111
in Proc. int. Symp. Mycotoxins. Natl. Res. Ctr., Cairo,
Egypt.

66 Sharma, R. P.,, and Y.-W. Kim. 1990. Tricothecene
mycotoxins. Page 339 in Mycotoxins and Phytoalex-
ins in Human and Animal Health. R. P. Sharma and
D. K. Salunkhe, ed. CRC Press, Boca Raton, FL.

67 Sinha, S., C. Webber, C. J. Marshall, M. A. Knowles,
A. Proctor, N. C. Barrass, and G. E. Neal. 1988.
Activation of ras oncogene in aflatoxin-induced rat
liver carcinogenesis. Proc. Natl. Acad. Sci. USA 85:
3673.

68 Smith, J. F, M. E. diMenna, and L. T. McGowan.
1990. Reproductive performance of Coopworth ewes
following oral doses of zearalenone before and after
mating. J. Reprod. Fertil. 89:99.

69 Sorenson, W. G., J. P. Simpson, M. J. Peach, T. D.
Thedell, and S. A. Olenchock. 1981. Aflatoxin in
respirable corn dust particles. J. Toxicol. Environ.
Health 7:669.

70 Sydenham, E. W_, P. G. Thiel, W.F.O. Marasas, G. S.
Shephard, D. J. Van Schalkwyk, and K. R. Koch.
1990. Natural occurrence of some Fusarium mycotox-
ins in corn from low and high esophageal cancer



SYMPOSIUM: BIOLOGICAL ACTION OF MYCOTOXINS 891

prevalence areas of the Transkei, southern Africa. J.
Agric. Food Chem. 38:1900.

71 Tai, J.-H. and J. J. Pestka. 1989. Impaired murine
resistance to Salmonella typhimurium following oral
exposure to the tricothecene T-2 toxin. Food Chem.
Toxicol. 26:691.

72 Thompson, W. L., and R. W. Wannemacher. 1986.
Structure-function relationships of 12,-13-
epoxytricothecene mycotoxins in cell culture: compar-
ison to whole animal lethality. Toxicon 24:985.

73 Tomar, R. S., B. R. Blakeley, and W. E. DeCoteau.
1988. In vitro effects of T-2 toxin on the mitogen
responsiveness and antibody-producing ability of hu-
man lymphocytes. Toxicol. Lett. 40:109.

74 Ueno, Y. 1984. Toxicological features of T-2 and
related tricothecenes. Fund. Appl. Toxicol. 4:124.
75 Ueno, Y. 1987. Tricothecenes in Food. Page 136 in
Mycotoxins in Food. P. Krough, ed. Academic Press,

London, Engl.

76 Ueno, Y., M. Nakajima, K. Sakai, K. Ishii, N. Sato,
and N. Shimada. 1973. Comparative toxicology of
tricothecene mycotoxins: inhibition of protein synthe-
sis in animal cell. J. Biochem. 74:285.

77 VanNiewenhuize, J. P, R.F.M. Herber, A. deBruin, P.
B. Meyer, and W. C. Duba. 1973. Aflatoxinen:
epidemiologisch onderzoek narr carcinogeniteit bij

langurige “low-level” exposite van een fabriek-
spopulatie. Trans. Soc. Geneesk 51:754.

78 VanRensburg, S. J., P. Cook-Mozarrari, D. J. Van
Schalkwyk, J. J. Van Der Watt, T. J. Vincent, and I. F.
Purchase. Hepatocellular carcinoma and dietary
aflatoxin in Mozambique and Transkei. Br. J. Cancer.
51:713.

79 Voss, K. A, W. P. Norred, and C. W. Bacon. 1992.
Subchronic toxicological investigations of Fusarium
moniliforme-contaminated com, culture material, and
ammoniated culture material. Mycopathologia 117:97.

80 Wang, E., W. P. Norred, C. Bacon, R. T. Riley, and
A. H. Merill. 1991. Inhibition of sphingosine bi-
osynthesis by fumonisins. J. Biol. Chem. 266:14486.

81 Williams, B. A., K. T. Mills, C. D. Burroughs, and H.
A. Bern. 1989. Reproductive alterations in female
CS57BL/Crgl mice exposed neonatally to zearalenone,
an estrogenic mycotoxin. Cancer Lett. 46:225.

82 Wilson, T. M., P. F. Ross, L. G. Rice, G. D. Osweiler,
H. A. Nelson, D. L. Owens, R. D. Plattner, C. Reg-
giardo, T. H. Noon, and J. W. Pickrell. 1990. Fumoni-
sin By levels associated with an epizootic of equine
leukoencephalomalacia. J. Vet. Diag. Invest. 2:213.

83 Wogan, G. N., S. Paglialunga, and P. M. Newbeme.
1974. Carcinogenic effects of low dietary levels of
aflatoxin B in rats. Food Cosmet, Toxicol. 12:681.

Journal of Dairy Science Vol. 76, No. 3, 1993





