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Fumonisins are produced by Fusarium moniliforme (= F. verticillioides) and other Fusarium that
grow on corn worldwide. They cause fatal toxicoses of horses and swine. Their effects in humans
are unclear, but epidemiologic evidence suggests that consumption of fumonisin-contaminated corn
contributes to human esophageal cancer in southern Africa and China. Much has been learned from
rodent studies about fumonisin B4 (FB4), the most common homologue. FB; is poorly absorbed and
rapidly eliminated in feces. Minor amounts are retained in liver and kidneys. Unlike other
mycotoxins, fumonisins cause the same liver cancer promotion and subchronic (studies < 90 days)
liver and kidney effects as F. moniliforme. FB; induces apoptosis of hepatocytes and of proximal
tubule epithelial cells. More advanced lesions in both organs are characterized by simultaneous cell
loss (apoptosis and necrosis) and proliferation (mitosis). Microscopic and other findings suggest that
an imbalance between cell loss and replacement develops, a condition favorable for carcinogenesis.
On the molecular level, fumonisins inhibit ceramide synthase, and disrupt sphingolipid metabolism
and, theoretically, sphingolipid-mediated regulatory processes that influence apoptosis and mitosis.
Liver sphingolipid effects and toxicity are correlated, and ceramide synthase inhibition occurs in liver
and kidney at doses below their respective no-observed-effect levels. FB; does not cross the
placenta and is not teratogenic in vivo in rats, mice, or rabbits, but is embryotoxic at high, maternally
toxic doses. These data have contributed to preliminary risk evaluation and to protocol development
for carcinogenicity and chronic toxicity studies of FB; in rats and mice. Key words: developmental
toxicology, fumonisins, Fusarium moniliforme (= F. verticillioides), hepatotoxicity, nephrotoxicity,
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Fumonisins are produced by Fusarium
moniliforme Sheldon (= F. verticillioides), F.
proliferarum, and other Fusarium species
(I1-4). They were discovered by Gelderblom
et al. (5) in 1988, and their natural occur-
rence in corn was demonstrated soon there-
after (6—10). Fumonisin B; (FB,) is the most
common homologue (Figure 1); however, a
growing number of other homologues and
derivatives have been described. Fumonisins
have worldwide distribution in corn and
occur in corn-based feeds and foods. A com-
prehensive review of this subject by Dutton
has been published (717). Equine leuko-
encephalomalacia (ELEM) and porcine pul-
monary edema, fatal toxicoses associated with
the consumption of (F. moniliforme) moldy
feed by horses (12,13) and swine (13), respec-
tively, have been experimentally reproduced
using purified FB; (14-18).

The impact of fumonisins on human
health remains unclear but is of concern.
Consumption of F. moniliforme-molded,
home-grown corn has been correlated with
high esophageal cancer rates in areas of south-
ern Africa (/9-21) and central China (22), and
comparatively high fumonisin concentrations
are found in the corn from these high
esophageal cancer areas (4,23-28). It has also

been suggested that fumonisins are a risk factor
for liver cancer (29), and FB,, like some F.
moniliforme isolates (30,31), was hepatocar-
cinogenic when fed (50 ppm) to male BD IX
rats (32). Studies are limited, but hepatotoxicity
and atherogenic serum lipid profiles, perhaps
secondary to liver dysfunction, were found in
nonhuman primates fed diets containing
fumonisin (13,33,34). Finally, a possible link
between fumonisin exposure and neural tube
defects in humans has been proposed (35).

In vivo investigations using rodents and
rabbits have contributed significantly to
F. moniliforme and fumonisin research.
Fumonisins were discovered using an iz vivo
liver bioassay (5). Data from subchronic toxi-
city studies have been used in preliminary risk
evaluations (36,37), have been useful for
developing protocols for chronic studies, and
have otherwise increased our understanding
of these compounds. An overview of toxicity
and other important data obtained during in
vivo investigations follows.

Absorption, Biodistribution,
and Pharmacokinetics

Fumonisins are poorly absorbed and rapidly
eliminated; small amounts accumulate in liver

and kidneys (Table 1). Norred et al. (38)
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recovered 80% of the radiolabel from feces
within 48 hr and < 3% from urine within 96
hr after giving a single oral dose of [14C]FB,
(0.045 pCi) to rats. Small but relatively con-
stant amounts of radiolabel were found in liver
(about 0.4% of the dose) and kidney (about
0.1% of the dose) up to 96 hr postdosing.
After administering the same dose for 3 con-
secutive days to rats, more than 75% of the
[14C] was excreted in feces and about 4% in
urine within 72 hr of the last dose. Liver- and
kidney-specific activities peaked 24 hr after the
last dose, but persisted for another 48 hr. Like
FB,, fumonisin B, (FB,) is also rapidly cleared
from plasma and excreted (82% within 72 hr,
mostly during the first 24 hr), predominantly
in the feces (39). Only about 1% of the dose
was recovered in the urine.

Liver and kidney accumulated relatively
high amounts of ['4C]FB, following
intraperitoneal (ip) or intravenous (iv) dosing
to rats (Table 1). Up to 66% of the radiolabel
appeared in feces, suggesting that FB; (or
possibly a metabolite) is excreted in bile. This
was confirmed by Shephard et al. (40) who,
within 4 hr of giving 7.5 mg/kg body weight
(bw) [*“C]FB, ip to cannulated rats, recov-
ered about 67% of the dose as unchanged
FB, in the bile. In contrast, only 0.2% of the
radiolabel was recovered in bile following oral
administration of the same dose (7.5 mg/kg
bw ["“C]FB,), further suggesting that gas-
trointestinal absorption of FB; by rats is low.

Little pharmacokinetic data is available.
Shephard et al. calculated time of plasma
maximum concentration (7},,,) of about 20
min, peak plasma concentration (C,,,) of 8.6
pg/mL, and a serum elimination half-life
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Figure 1Chemical structure of FB;.

(T1/2) of approximately 18 min for rats
following a single ip injection of 7.5 mg/kg
FBl (41) Tmax’ Cmax’ and T1/2 0f FBZ are
similar (Table 1). There have been no reports
of fumonisin metabolism by the liver, kidney,
or other tissues, although the intestinal flora
of the rat, like that of the nonhuman primate
(42), hydrolytically removes the tricarballylic
acid groups from fumonisin’s hydrocarbon

backbone (43).

Toxicology: Subchronic Effects
of Fumonisins in Rats

Fumonisins, F moniliforme, and
in Vivo Toxicity

Fumonisins are fungal products. Therefore,
the relationship between fumonisin toxicity
and toxicity of the fungi should be kept in per-
spective. Not all fungi identified as F. monili-
Jforme are toxic. For example, culture material
(0, 4, 8, or 16% w/w in the diet) of isolate
MRC 826 caused significant dose-related toxi-
city and liver pathology (kidney was not exam-
ined) when fed to rats for 4 weeks, whereas
isolate RRC 415 culture material was without
effect (44). Similarly, only 3 of 11 F. monili-
forme isolates induced y-glutamyl transpepti-
dase (GGT)-positive liver foci in rats (45).
MRC 826 culture material (0.5% in the diet),
but not a 10-fold higher dietary concentration
of isolate MRC 1069 culture material, caused
hepatocarcinomas in rats (30). It has been
shown that MRC 826 is a fumonisin producer
(46), but that both MRC 1069 (30) and RRC
415 (47) produce predominantly fusarin C.
Additionally, F. moniliforme produces
other biologically active, potentially toxic
compounds including fusariocins (48), the
mutagen fusarin C, other fusarins (49,50),
and fusaric acid (51). None of these have
reproduced the in vivo effects of toxic F.
moniliforme isolates (30,52-54). Conversely,
the link between F. moniliforme and fumon-
isin has been independently established by
several research groups; that s, the in vivo tox-
icities of corn (involved in ELEM outbreaks)
naturally contaminated with F. moniliforme
(9,55), culture materials of (toxic) F. monili-
forme isolates, polar culture material extracts,
and purified FB; are qualitatively the same
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Table 1Selected studies on the bioavailability of fumonisins in rats following iv or ip dose administration.

Strain (sex) Dosing Findings Reference
BD IX (male) 7.5 mg/kg [1“C]FB,,  After 24 hr: 66% of dose recovered in feces; 32% (120)
single dose, ip recovered in urine; 1% found in liver; traces remained
in kidney and blood cells.
Wistar (male), 7.5 mg/kg [1“C]FB,,  After 24 hr: about 67% of dose recovered in bile, mostly (121)
bile duct cannulated ~ single dose, ip (approximately 60% of dose) within the first 4 hr.
Sprague-Dawley 0.0045 pCi [*#CIFB,,  14C appears in gastrointestinal tract (peaking at approxi- 39
(male) single dose, iv mately 10% of dose after 1 hr); feces (approximately 35%
of dose recovered after 96 hr); urine (approximately 10%
recovered after 12-96 hr); liver (approximately 45 and
25% of dose found after 1 and 96 hr, respectively); and
kidney (approximately 10% of dose from 10 min to 96 hr).
Sprague-Dawley 0.145 uCi [CJFBy,  After 1 hr: about 45% of dose recovered in gastrointestinal ~ (706)
(female), pregnant  single dose, iv tract, mostly in feces; liver and kidney contain about 14.5
onGD 15 and 4.0% of dose, respectively; only 1.2% of dose found
in blood.
BD IX (males) 7.5 mg/kg FB,, Trnax @pproximately 20 min; Ciax = 3.5 pg/mL; serum Typ of (39
single dose, ip approximately 26 min. Concentration peaks in plasma 10 min

after injection, followed by rapid elimination; approximately

1 and 84% of dose recovered from urine and feces,
respectively, through 72 hr, mostly within first 24 hr.

(5,32,45,56-61). FB,, fumonisin B3 (FB3),
and probably also hydrolyzed FB; (HFB))
exert the same 7 vivo effects (62—64).

Hepatotoxicity

Histopathologic effects in rats, which have
been referred to by various terms such as
hepatopathy, hepatosis, or toxic hepatitis,
have been reported by several research groups.
Their descriptions are consistent, differing
only in detail and nomenclature (5,56-58,
61,65-67). The initial finding is small,
rounded, eosinophilic hepatocytes that appear
to have pulled away from neighboring cells.
The chromatin of these cells is irregularly
condensed and marginated or may be frag-
mented. Inflammatory response is absent to
minimal. Although their appearance is consis-
tent with apoptosis, these cells were com-
monly described as single-cell necrosis until
their apoptotic nature was histochemically
confirmed by Tolleson et al. (67) and
Howard et al. (68,69). This does not mean,
however, that necrosis (oncotic necrosis in the
traditional sense, as opposed to programmed
cell death or apoptosis) does not play a role in
fumonisin-induced hepatotoxicity. Necrotic
hepatocytes are also present early-on. Serum
chemical indications of hepaocellular injury,
including increased alanine and aspartate
transaminase, alkaline phosphatase, and lac-
tate dehydrogenase activities, as well as
increased cholesterol and triglyceride concen-
trations (Figure 2), are routine, early findings.
As tissue injury progresses, both apoptotic
and necrotic cells increase in number, mitotic
figures appear with increasing frequency,
hepatocellular cytoplasm becomes increas-
ingly vacuolated, and cytomegaly with vari-
ability in cell and nuclear size becomes
obvious. Bile duct and oval cell proliferation,
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Figure 2Selected serum chemical effects of FB;.
Abbreviations: ALT, alanine aminotransferase; AST,
aspartate aminotransferase. Serum ALT and AST activi-
ties, international units/deciliter cholesterol, and mil-
ligrams per deciliter triglycerides were significantly
increased (p < 0.05) in male Sprague-Dawley rats fed
150 ppm FB for 4 weeks. Data from Voss et al. (58).

foci of cellular alteration, cholangiomatous
lesions, and fibrosis occur in long-standing or
advanced lesions, giving a picture of nodular
regeneration or cirrhosis (32). Females are
generally more sensitive than males (Table 2).
Along with the aformentioned clinical chemi-
cal indicators, which continue to rise, serum
GGT activity and bilirubin concentration
increase as liver injury becomes more severe.
Fumonisins induced both GGT and the
placental form of glutathione S-transferase
(GSTP)-positive foci in BD IX and Fischer
rats (5,62,70,71). Foci induction in diethyl-
nitrosamine-pretreated Fischer rats was dose
related, and GSTP was a more sensitive
marker than GGT (Figure 3) (70). From these
and other data, Gelderblom et al. (72) pro-
posed that FB; was a tumor promoter at doses
not causing significant liver pathology, but
when given at overtly hepatotoxic doses, it was
also a weak initiator. FB; (50 ppm) caused
marked nonneoplastic changes (cirrhosis) and
hepatocellular carcinomas when fed to BD IX
males for 20 months or more (32). Relatively
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