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carcinogens. The non-genotoxic peroxisome prolifer-
ator, clofibrate, was also found to induce ‘resistant’
hepatocytes after prolonged exposure to high dietary
levels (Nagai et al., 1993). At present very little is
known about the mechanisms involved during induc-
tion of initiated cells by non-genotoxic carcinogens in
the liver and whether the characteristic ‘resistant’
phenotype (Roomi et al., 1985) is induced similarly to
that of genotoxic chemicals. It is suggested that the
inhibitory effect of FB, on hepatocyte cell prolifer-
ation, as for many genotoxic carcinogens (Farber
et al., 1989), is a critical factor determining the cancer
promoting activity of fumonisins (Gelderblom et al.,
1993 and 1994). A recent study indicated that FB,
inhibits the mitogenic response of epidermal growth
factor (EGF) in primary hepatocytes (Gelderblom
et al., 1995). However, at present very little is known
about the possible mechanism involved in the inhi-
bition of growth-related responses in hepatocytes.

Recent studies regarding the biological effects of
fumonisins indicated that they selectively inhibit ce-
ramide synthase, a key enzyme in the sphingolipid
biosynthetic pathway (Wang et al., 1991). It was
suggested that the subsequent accumulation of the
sphingoid bases, sphinganine (Sa) and sphingosine
(So), could have an important role in the toxicologi-
cal effects of fumonisins in the kidney and the liver
of rats (Norred et al., 1992b; Yoo et al., 1992). In
addition, as the sphingoid bases are important bioac-
tive regulators of cellular growth and differentiation
(Merrill, 1991) the continued disruption of sphin-
golipid biosynthesis has been implicated in the hepa-
tocarcinogenicity of fumonisins (Schroeder er al.,
1994).

The present study evaluated aspects regarding lipid
biosynthesis in primary hepatocytes to obtain more
information about changes in cellular lipids that
could provide more insight regarding cytotoxicity as
well as in the alteration of growth-related responses
induced by fumonisins.

MATERIALS AND METHODS
Mycotoxin standards

FB, and FB, were extracted and purified as de-
scribed by Cawood et al. (1991) to a purity of 98%.
The toxins were dissolved in saline (FB,) and
dimethyl sulfoxide (DMSQO)/saline (1:1) (FB,) and
added in 50-ul quantities to hepatocyte cultures. The
respective solvents were also added to the control
dishes.

Preparation of hepatocyte cultures

Rat hepatocytes were isolated from male Fischer
rats according to the collagenase perfusion technique
as described by Hayes et al. (1984). Cells were plated
at a density of 2 x 10° (3-cm dishes) and 6 x 10° (5-cm
dishes) viable cells per dish for 3 hr in 2-ml modified
Williams’ E (WE) medium, containing foetal bovine
serum (10%), insulin (20 U/litre), L-glutamine

(2mmM), HEPES (10 mM) and penicillin (100 U/ml).
After plating, the cells were washed with Hanks’
buffer solution and supplemented with 2 ml serum-
free modified WE medium containing L-proline
(2mM) and sodium pyruvate (10 mM) in addition to
the components described above. Cytotoxicity was
measured at 24 and 48 hr by monitoring the release
of lactate dehydrogenase (LDH) in the medium
(Hayes et al., 1984).

Incubations

Leucine incorporation. Protein synthesis was
measured as the incorporation of r-[4,5-*H]leucine
(82 Ci/mmol; Amersham, Bucks., UK) in acid-precip-
itable material by a modification of the procedure of
Garberg and Hogberg (1991). Hepatocytes (3-cm
dishes) were incubated for 2 and 24 hr with FB, (150
and 500 um) and FB, (50 and 150 uM). Without
changing the incubation media, 10 uCi [*H]leucine
was added to the hepatocytes and incubated for
another hour. The incubation media were removed
and the plated cells washed with saline (2 x 2 ml), 5%
trichloroacetic acid (3 x 2ml) and absolute ethanol
(3 x 2ml). The precipitated cells were dissolved in
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Fig. 1. (a) Radiolabelling of hepatocytes (W), total lipids
(B2) and phospholipid () fractions and (b) neutral lipids
(33, TAG and B, CE) after exposure of hepatocytes to '*C
labelled palmitic acid for 1 hr. Hepatocytes were exposed for
24 hr to different FB, concentrations before addition of the
radioactive FA. Values represent means of four different
experiments with triplicate determinations. Values differ
significantly from the control (ctrl) treatment: *P < 0.05;
tP <0.01; }P <0.0001 (Proc Mixed statistical procedure).
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Fig. 2. Cholesterol (I, total cholesterol, [0, cholesterol

ester and A, free cholesterol) concentrations in primary

hepatocytes exposed to FB, for 24 hr. Values represent

means of three different experiments with triplicate determi-

nations. Values differ significantly from the control (ctrl)

treatment. *P < 0.05; +P <0.01; 1P <0.001 (Proc Mixed
statistical procedure).

1 ml 2% sodium dodecylsulfate containing 2 mMm
ethylenediamine tetraacetic acid and 20 mm sodium
bicarbonate for the determination of radioactivity
and protein concentration. Cytotoxicity of FB, to the
primary hepatocytes was monitored at 24 and 48 hr.

Palmitic acid incorporation. [1-*C]Palmitic acid
(55.6 mCi/mmol; Amersham) used in the incubations
was complexed with delipidated albumin (Sigma
Chemical Co., St Louis, MO, USA), as described by
the method of Ellsworth er al. (1986). 38 uCi
[“Clpalmitic acid and 3.5 mg unlabelled palmitic acid
were mixed in 1 ml 95% ethanol containing 1 mg
phenolphthalein. The mixture was titrated to a pH of
9.5 with 1 M sodium hydroxide. After evaporation of
the solvent, the residue was suspended in 1 ml 0.9%
saline at 70°C for 20 min. To prepare the albumin
complex, 1 ml 0.9% saline containing 200 mg albu-
min (pH 7.4) was mixed overnight with 1 ml of the
fatty acid (FA) solution. Hepatocytes were plated
(5-cm dishes) and incubated for 24 hr with 150 and
500 um FB,, whereafter the 50 ul (1 uCi) of the
albumin-FA complex was added for 60 min to deter-
mine ["*C]palmitate uptake by the hepatocytes. The
plated cells were washed three times with saline after
incubation and harvested by scraping with a rubber
policeman into 1.5 ml saline. An aliquot (100 ul) was
removed for determination of cellular protein and
radioactivity, while the remainder was retained for
lipid extractions.

Effect on cholesterol synthesis. A similar study was
performed as described earlier but using unlabelled
palmitic acid instead. Total cholesterol and unes-
terified cholesterol present in chloroform/methanol
(CM) extracts were determined by an enzymatic
iodide method using cholesterol oxidase and esterase
enzymatic preparations (Smuts et al., 1992). The
concentration of cholesterol ester (CE) was obtained
by subtraction.

Effect on Sa and So synthesis. The hepatocytes were
plated as described earlier and the medium sup-
plemented with 150 and 500 um FB,. After the incu-
bation period of 48 hr, the cells were washed with ice-
cold saline and collected in a final volume of 1.5 ml
saline. The sphingolipids were extracted in CM (1:2,
v/v) with a solvent to sample ratio of 1:8 and
quantified by HPLC as described elsewhere (Riley
et al., 1994) using C20 Sa as an internal standard.

Determination of radioactivity

Radioactivity was determined by liquid scintil-
lation counting in Ready Value scintillation cocktail
(Beckman, Capetown, S. Africa) by a Packard
(Downers Grove, IL, USA) Tricarb 460 CD instru-
ment.
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Fig. 3. (a) Concentrations and (b) radiolabelling of PC (),

PEA (B) and SM (O) fractions purified from lipid extracts

of primary hepatocytes exposed to FB, for 24 hr. Values

represent means of three different experiments with tripli-

cate determinations. Values differ significantly from the

control (ctrl) treatment. *P < 0.05; tP < 0.01; {P < 0.0001
(Proc Mixed statistical procedure).
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Table 1. FA profiles of major membrane phospholipid, PC and PEA, and the neutral lipid, TAG, fractions of primary hepatocytes exposed
to toxic and non-toxic levels of FB,

Control FB, (150 um) FB, (500 M)

FA profile PC PEA TAG PC PEA TAG PC PEA TAG
Saturates

16:0 26.1 +0.4 1814+02 398+06 27.2+12 18.1+£02 374406t 278408t 19.0+08 30.7+0.1*

18:0 16.9 1 0.5 23.6+0.7 25402 15.5+0.7 23.6+0.7 24402 16.1 +0.7 253+12 28+04

Total 43.0+06 41.6+08 423+04 427+09 416108 39.7+0.6t 438+12 443+19 335+03*
Monounsaturates

16:1 20401 0.5+0.1 8.0+0.2 1.9+0.1 05+0.1 7.5+0.1 1.440.1§ 0.5+0.1 77405

18:1 170+ 0.4 10.2+0.3 38.0+0.2 16.9 4 0.5 10.2+0.3 387407 13.6 + 0.5% 95+06 393+0.7

Total 19.0+ 0.3 10.7+04 46.0+0.2 18.7+ 04 10.7+0.6 46.2+0.7 151+06§ 100+09 469407
N6 FA

18:2n-6 6.6 +0.2 34+03 7.8+ 0.1 7.1+0.3¢ 35403 103+02* 7.4 +0.6§ 36+0.2 13.5+0.2*

18:3n-6 0.1 +0.] 0.1 +£0.1 0.0 0.0 0.2+0.1 0.1+0.1 0.0 0.0 03+0

20:3n-6 0.7+0.1 0.1 +0.1 0.2 +0.01 0.6+0.1 0.2+0.1 02+0.1 04403 0.0 0.2+0.1

20:4n-6 253406 31.5+0.7 1.5+ 0.1 26.3+0.8f 308z%1.1 1.84+02 283+0.0% 303+03 3.0+ 0.5¢

22:4n-6 0.2+0.2 04402 03+0.1 0.0 0.5+04 0.2+0.1 0.0 04403 03401

22:5n-6 1.6+0.3 36+0.2 0.6+0.1 1.3+0.2 36+0.1 0.6 +0.1 1.4 +03 33405 08+0.1

Total 345+ 04 388403 104+03 353+09 377412 13.1405F 374+07f 37.6+1.2 18.1+0.5*
N3 FA

18:3n-3 04+ 0.1 1.1 +0.1 0.4+0.1 04100 1.2+0.1 04400 0.6 +0.1 1.2+0.1 04400

22:6n-3  3.2+0.5 7.6 +0.5 0.6+0.1 29404 6.8+1.0 06+0.3 3.1+04 68+1.0 1.0+0.3

Total 36+0.5 89+0.7 14403 33404 81+12 1.0+0.3 3.7+06 8.1+12 1.5+0.3

Total PUFA 38.0 +0.7 469 + 0.4 11.8+0.6 38.6+1.3 45.7+23 141 +06f 41.1+1.0§ 457+23 19.6+0.6%

P/S ratio  0.88 + 0.03 12401 0.2840.02 0.90+0.05 1.2+0.03 035+0.02 0.94+0.05 1.034£0.1 0.59+0.02

Values represent means + SD of triplicate analyses. The experiment was repeated twice with a similar pattern of results. +P < 0.05; } P < 0.01;

§P <0.001; *P < 0.0001.

Lipid extraction and isolation

Lipids of the cell suspension (1.0-1.2 ml containing
1-1.5 mg protein) were extracted with 24 mI CM (2:1,
v/v) containing 0.01% butylated hydroxytoluene as
antioxidant, as described previously (Smuts ez al.,
1992). After evaporation of the solvents the lipid
extract was dissolved in certain volume (100150 1)
of CM (saturated with saline) and an aliquot (10 ul)
taken for determination of radioactivity of the
total lipid. The neutral lipid fractions were separated
by thin-layer chromatography as described by
Skipski et al. (1965) using diethyl ether (filtered
through an aluminium oxide 90 column)-petroleum
ether—acetic acid (30:90:1, by vol) as mobile phase.
The phospholipids were finally separated by the
method of Gilfillan er al. (1983) using chloro-
form-methanol-petroleum ether—acetic acid-boric
acid (40:20:30:10: 1.8, v/w) as the mobile phase. The
plates were sprayed with CM (1:1, v/v) containing
2,5-bis-(5-tert-butylbenzoxazolyl-[2]thiphene and the
spots visualized under UV light. The spots of lipids
corresponding with triacylglycerol (TAG), CE and
total phospholipids were marked, scraped and quan-
titatively transferred into counting vials and the
radioactivity determined. In the case of the individual
phospholipids, namely sphingomyelin (SM), phos-
phatidylcholine (PC) and phosphatidylethanolamine
(PEA), both the radioactivity and the respective
concentrations were determined.

Phospholipid and FA analyses

Phospholipid concentrations were determined as
inorganic phosphate by means of a colorimetric

method with malachite green dye after digestion in
saturated perchloric acid at 170°C for 1 hr (Itaya and
Ui, 1966). FA analyses of the major phospholipids
(PC and PEA) and the neutral lipid, TAG,
were performed by gas-liquid chromatography as
described by Smuts et al. (1992). Areas corresponding
with the aforementioned components were scraped
into glass-stoppered tubes and transmethylated
with 2.5 ml methanol-18 M sulfuric acid (95:5, v/v)
at 70°C for 2hr. The resultant FA methyl esters
were analysed on a Varian model 3700 Gas Chro-
matograph using fused silica megabore DB-225
columns (J&W Scientific, Folsom, CA, USA, cat. no.
125-2232). The individual FA methyl esters were
identified by comparison of the retention times
with those of a standard mixture of free FA C14:0
to C22:6.

Statistical analysis

All analyses were performed using the statistical
analysis system program package. In order to correct
for variations in the repeated measurements obtained
from different hepatocytes isolation batches log
transformation was performed to normalize the
measurement data. The Proc Mixed procedure, which
fits a wider class of mixed linear models, was used to
test for significant differences between the means. The
Proc Mixed procedure is a generalization of the GLM
ANOVA procedure with the advantage that data
with several sources of variation, that is, repeated
measurement situations using different hepatocyte
primary cultures as in the present study, can be
analysed statistically.



Fumonisin B, and lipid biosynthesis

RESULTS
Incorporation of "*C- and ’H-labelled precursors

The incorporation of [*H]leucine was not affected
in the fumonisin (FB, and FB,)-treated hepatocytes.
There was no significant difference in the extent of
incorporation of radiolabelled leucine in the control
dishes after 2 (40,712 + 1868 dpm/hr/mg pro-
tein + SD) and 24 (42,519 + 9645 dpm/hr/mg pro-
tein + SD) hr. Treatment of hepatocytes with FB,
for 2hr (150 um, 40,969 + 2850 dpm/hr/mg pro-
tein + SD; 500 uM, 39,952 dpm/hr/mg protein + SD)
or 24hr (150 uMm, 41,691 + 7650 dpm/hr/mg pro-
tein + SD; 500 uM, 40,806 4 2461 dpm/hr/mg pro-
tein + SD) did not significantly alter incorporation of
[*HJleucine. FB, which was incorporated at concen-
trations of 50 and 150 uMm, showed a similar pattern
of results. A significant reduction was, however,
noticed in the incorporation of [*C]palmitic acid in
primary hepatocytes in the presence of 150 (P < 0.01)
and 500 um FB, (P <0.0001) (Fig. la). Incorpor-
ation of radiolabel in the total lipid fraction (phos-
pholipid and neutral lipids) tended to decrease with
increasing FB, concentration (Fig. 1a) and was sig-
nificantly (P < 0.0001) lowered in hepatocytes treated
with 500 um FB,. The total phospholipid fraction
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Fig. 4. (a) Effect of FB, (B, 150 uM and [, 500 uM) on the
release of LDH from primary hepatocytes exposed for
various time intervals. (b) Sa (B) and So ([J) concentrations
in primary hepatocytes exposed for 48 hr to different FB,
concentrations. Values represent means of three different
experiments with triplicate determinations. *Values differ
significantly from the control (ctrl) treatment; P < 0.0001
(Tukey’s Studentized Range method). fll, control.
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showed a significant (P < 0.05) increase in incorpor-
ation of radiolabel hepatocytes treated with 150 um
FB,, while at 500 um FB,, no increase was observed
compared with that of the controls. With respect to
the neutral lipids a significant (P < 0.0001) decrease
in the incorporation of label in both TAG and CE
was noticed at both fumonisin concentrations
(Fig. 1b). Quantification of the total and free choles-
terol levels indicated that FB, (500 uM) significantly
(P < 0.02) lowered total cholesterol by reducing the
level of free cholesterol (P < 0.001) in hepatocytes,
while the CE level remained constant (Fig. 2). At a
level of 150 uM FB; total cholesterol was only slightly
decreased (not statistically significant) while free
cholesterol was decreased significantly (P < 0.01).

Synthesis and radiolabelling of phospholipids

Synthesis of the main membrane phospholipids
was significantly altered as indicated by the respective
increase in the levels of PC (P <0.0001) and PEA
(P <0.0001) and the decrease in the level of SM
(P <0.0001) in hepatocytes exposed to a cytotoxic
dose (500 um) of FB, (Fig. 3a). At the lower dose of
FB, (150 uM) the levels of PC (P <0.05) and PEA
(P < 0.01) were increased and that of SM (P < 0.001)
decreased significantly as described for hepatocytes
treated with 500 uM FB,. The incorporation of radio-
label into the respective phospholipids closely re-
sembled the increase and/or decrease in their
respective levels (Fig. 3b). The radiolabelling of SM
was not significantly decreased in hepatocytes treated
with 150-um FB, but was significantly reduced
(P < 0.0001) in the 500 uM FB,-treated hepatocytes.
With respect to PC (P <0.0001 for 150 and 500 um
FB,/dish) and PEA (P < 0.0001 for 150 and 500 uM
FB,/dish) the radiolabelling was increased as a result
of FB, treatment.

Effect on FA composition of PC, PEA and TAG

Saturated FA: C16:0 and C18:0. A significant
(P < 0.05) increase in C16:0 occurred in PC in hepato-
cytes treated with 500 uM for 24 hr while no effect was
observed in PEA (Table 1). In contrast, there was a
significant decrease in the incorporation of the FA in
TAG in the presence of 150 uM (P < 0.0001) and
500 uM (P < 0.0001) FB,. No significant difference
was obtained in the level of C18:0 in the phospholipids
and/or TAG of hepatocytes treated with fumonisins.
The total saturated FAs were significantly
(P <0.0001) lower in TAG of hepatocytes treated
with both fumonisin concentrations.

Monounsaturated FA: C16: 1 and C18:1. Both FA
were significantly decreased in PC (P <0.001) in
hepatocytes treated with 500 um FB; (Table 1). No
effect was noticed in PEA and TAG in hepatocytes
treated with 150 or 500 uM FB,.

Polyunsaturated FA: C18:2n-6. This FA was sig-
nificantly (P < 0.01 to P <0.001) increased in PC in
the presence of both FB, concentrations. The increase
of the FA was markedly enhanced (P <0.0001) in
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TAG after both treatments while no effect was ob-
served in PEA.

C20:4n-6. A significant increase was noticed in the
PC (P <0.001) and TAG (P < 0.001) fractions of
hepatocytes exposed to 500 um FB,. A significant
increase (P < 0.05) was noticed in PC in hepatocytes
exposed to 150 um, while it was markedly (not signifi-
cantly) higher in TAG. No significant effect was
noticed in the PEA fractions at both concentrations.

As a result of the described changes the total
polyunsaturated FA (PUFA) increased significantly
in PC (P <0.001) and TAG (P < 0.0001) in hepato-
cytes exposed to a cytotoxic dose of FB, (500 um),
while it was significantly (P < 0.0001) increased in
TAG at a non-toxic dose (150 um).

FB, cytotoxicity and alterations in sphingolipid biosyn-
thesis

No cytotoxicity was noticed when FB, was incor-
porated at a concentration of 150 um while at the
higher concentration (500 um) a cytotoxic effect was
noticed at both 24 (P <0.0001) and 48
(P < 0.0001) hr (Fig. 4a). Treatment of hepatocytes
with fumonisins (150 and 500 uM) resulted in a seven-
to 12-fold increase in the concentration of Sa while So
was not significantly altered (Fig. 4b). There was no
significant difference between the Sa levels in hepato-
cytes treated with the different fumonisin concen-
trations. The respective baseline values of So and Sa
after 48 hr were 17.9 + 3.6 and 44.2 + 2.5 pmol/mg
protein + SD, resulting in a Sa/So ratio of 2.6 +0.7.
In the presence of FB, (150 and 500 uM) the Sa/So
ratio was increased 25-28-fold above that of the
controls.

Effects on parameters related to membrane fluidity and
metabolism of FA

The polyunsaturated/saturated FA ratio (P/S
ratio) and the N-6/N-3 ratio were not altered in the
respective lipid fractions (Table 1). The PC/free
cholesterol ratio increased markedly, that is 12.0 and
14.1 in hepatocytes treated with 150 and 500 um,
respectively, compared with the control value of 9.2.
The C20:3/C18:2 ratio was significantly decreased
(P <0.001) at 150 (0.06 +0.01, mean + SD) and
500 um (0.07 + 0.01, mean + SD) compared with that
of the control (0.10+0.01). In the case of the
C20:4/C20:3 ratio both concentrations (150 um
67.5+23.5; and 500 uM 66.7 + 17.9, means + SD)
showed a significant (P < 0.0001) increase compared
with the control value (44.5 + 11.5).

DISCUSSION

The hepatotoxicity of fumonisins in rats has been
implicated to have an important role during cancer
induction by these mycotoxins (Gelderblom et al.,
1992 and 1994). In the present study, primary hepato-
cytes were exposed to a cytotoxic and non-cytotoxic
dose of FB, and FB, to investigate whether certain

biological processes within the cell are affected by
FB,. This could provide better insight into the mech-
anisms likely to be involved in cytotoxicity in primary
hepatocytes.

FB, and FB, did not affect protein synthesis in
primary rat hepatocytes, even when exposed for 24 hr
to a cytotoxic concentration of 500 uM. The present
data indicate that inhibition of protein synthesis by
culture extracts of F. moniliforme-contaminated corn
(Norred et al., 1990) cannot be ascribed to the
presence of FB mycotoxins. In contrast to this, FB,
treatment resuited in a significant reduction in the
incorporation of '*C-labelled palmitic acid in primary
hepatocytes (Fig. 1a). Radiolabelling of total lipids
(phospholipids and neutral lipids) decreased signifi-
cantly in the presence of increasing FB, concen-
tration. A prominent aspect concerning the decrease
in radiolabelling was the significant reduction in
radioactivity incorporated in neutral lipids, namely
CE (P <0.0001) and TAG (P <0.0001) at 150 and
500 um (Fig. 1b). As the level of CE remained
constant it would appear that palmitic acid is compet-
itively incorporated in membraneous compartments
other than this neutral lipid. FB, also significantly
reduced the free cholesterol level (Fig. 2) at 150
(P <0.01) and 500 uM (P =0.001), implying im-
paired synthesis. As free cholesterol occurs mainly as
an integral component of cellular membranes, it is
likely that a decrease in cholesterol will affect the
fluidity of hepatocyte membranes. The increased
PC/free cholesterol ratio in the FB, treated cells may
therefore be indicative of a shift to a more rigid
membrane structure.

As stimulation of PC and PEA synthesis is
not dependent on protein synthesis, FB, could
activate either the microsomal enzymes which
regulate de novo synthesis or the turnover of these
phospholipids. With respect to the latter, the decrease
in SM level is of relevance. It is known that
FB, inhibits ceramide synthase (Wang et al., 1991),
a key enzyme in sphingolipid synthesis, which results
in the accumulation of Sa and thus in a decrease in
ceramide. The synthesis of SM in the liver is catalysed
by two enzymes, namely phosphatidylcholine-
ceramide-phosphocholine transferase and phos-
phatidylethanolamine-ceramide-phosphoethanolamine
transferase (Nikolova-Karakashian et al., 1991).
Therefore, the decrease in SM synthesis could result in
decreased utilization of PC and PEA, which could
explain the increase in their respective levels. The low
cholesterol levels in hepatocytes are likely to decrease
the activities of these enzymes as. cholesterol-enriched
plasma membranes enhance their activities (Nikolova-
Karakashian et al., 1991). In addition, the decrease in
the levels of free cholesterol could be the result of the
decreased level of SM in cellular membranes which
influences cholesterol synthesis and/or metabolism
(Gupta and Rudney, 1991; Merrill and Jones, 1990).
A recent investigation concerning the phospholipid
profiles of J774 macrophages (Smith and Merrill,
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1993) and primary hepatocytes (Wang et al., 1991)
indicated that, as presented in this study, FB, en-
hances incorporation of ['*C]palmitate in PC and
PEA.

The decrease in the radiolabelling of TAG could be
related to an inhibitory effect of FB, on de novo
synthesis. In this regard the inhibitory effect of FB,
on Sa acyltransferase in the sphingolipid biosynthetic
pathway (Wang et al., 1991) could be of relevance,
since TAG synthesis is also catalysed by diacyl-
glycerol acyltransferase. The latter enzyme is regu-
lated by FA as indicated by the fact that C16:0 and
C18:2 stimulate while C20:5 decreases the activity of
the enzyme. In vivo studies showed that conversion of
C18:2 to C20:4 is required for suppression of TAG
synthesis (Strum-Odin et al., 1987). Therefore, alter-
ation of FA profiles within the cell could alter the
activity of diacylglycerol acyltransferase. Conversely,
the decrease in the incorporation of ['*Clpalmitic acid
could have resulted from the selective increase in the
incorporation of C20:4 and C18:2 rather than a
decrease in the synthesis of TAG. The enhanced
incorporation of the latter is likely to result from an
increase in the celiular content of these FA (see later).

Incorporation of [*C]palmitic acid into PC, PEA
and SM reflects changes in phospholipid level
(Fig. 3a,b). However, the FA profiles of the mem-
brane phospholipid, PC, as well as the neutral lipid,
TAG, were altered in the presence of FB,. At a
non-toxic dose of FB, (150 um) changes in FA com-
position were noticed in PC with C18:2 (P <0.01)
and C20:4 (P <0.05) that were significantly in-
creased (Table 1). TAG showed reduced (P < 0.001)
incorporation of C16:0, while C18:2 was signifi-
cantly (P < 0.0001) increased. However, most of the
FA changes occurred in hepatocytes treated with
500-um FB,—that is, when a slight cytotoxic effect
was obtained after 24 hr of exposure (Fig. 4a). These
changes included significant (P < 0.01 to P < 0.0001)
increases in C18:2 and C20:4 in both PC and TAG
(Table 1). When the C20:3/C18:2 and C20:4/C20:3
ratios of PC are considered the former was signifi-
cantly (P <0.001) decreased at both concentrations
of FB,, implying that the A6 desaturase, a rate-limit-
ing enzyme in FA metabolism (Ulman ef al., 1991),
is inhibited. In contrast to this, the C20:4/C20:3
ratio was significantly (P < 0.0001) enhanced in the
presence of 150 and 500 uM-FB,, respectively. This
implies that AS desaturases are activated and/or the
level of C20:4 is increased due to an inhibitory effect
of FB, on the prostanoid synthetic pathway.

The increased incorporation of long-chain unsatu-
rated FA in PC could be regarded as a compensatory
effect to counteract the increase in rigidity due to
decreased free cholesterol. However, apart from the
effect on membrane fluidity, changes in the content of
certain FA in PC, especially C18:2 and C20:4, could
have several important implications for hepatocytes.
A change in unsaturation could modify the respon-
siveness of cells to transformation, expression of a
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specific phenotype or clonal selection which are im-
portant events during chemical hepatocarcinogenesis
(Baldwin and Parker, 1985). Furthermore, alterations
in membrane structure, as indicated by the increase
in PC and PEA and the decrease in SM and choles-
terol levels as well as changes in the FA composition
of PC, could have altered the responsiveness of cells
by the flux of nutrients, release of growth substances
and/or growth inhibitors and normal cell-to-cell
interactions. In this regard, FB, inhibited hepatocyte
cell proliferation in vivo (Gelderblom et al., 1994) and
EGF-induced DNA synthesis in primary hepatocytes
(Gelderblom et al., 1995). It has been suggested that
the inhibitory effect of cell proliferation is a key event
during cancer promotion induced by fumonisins
(Gelderblom ez al., 1992, 1994 and 1995). The in-
crease in FA unsaturation in FB,-treated hepatocytes
could have important implications regarding the con-
trol of cell proliferation, especially prostaglandin
synthesis (Cornwell and Morisaki, 1984). Prostaglan-
dins or oxygen-centred radicals produced during their
biosynthesis may either inhibit or stimulate cell pro-
liferation depending on the cell type and prostaglan-
din concentration. At present it is unclear whether
FB, inhibits cell proliferation indirectly by disruption
of prostaglandin synthesis. However, the inhibitory
effect of the non-steroidal anti-inflammatory drug
ibuprofen on the EGF-induced DNA synthesis
stimulatory response (W. C. A. Gelderblom, unpub-
lished data, 1996) suggests that disruption of
prostanoid biosynthesis could explain the inhibitory
effect of FB, on cell proliferation.

It has been suggested that the accumulation of Sa
in cells could be responsible for the toxicological
effects of fumonisins in animals (Merrill ef al., 1993).
As there is no significant difference in the Sa levels of
hepatocytes exposed to toxic and non-toxic concen-
trations of FB, (Fig. 4b), it appears that inhibition of
sphingolipid biosynthesis and specifically, the sub-
sequent accumulation of Sa, is not solely responsible
for the cytotoxicity of fumonisins in hepatocyte cul-
tures. This was confirmed by a recent study indicating
that the accumulation of Sa was effected maximally
at a FB, concentration of 1 uM in primary hepato-
cytes (Gelderblom et al., 1995). At this FB, concen-
tration no cytotoxicity was observed (Gelderblom
et al., 1995), even after an incubation period of 4 days
(Norred ez al., 1992b). The disruption of sphingolipid
biosynthesis and the subsequent accumulation of Sa
is also not associated with the mitoinhibitory effect of
FB, on the EGF mitogenic response in primary
hepatocytes (Gelderblom et al., 1995). Therefore,
de novo interruption of lipid and FA biosynthesis at
different levels, which are likely to affect the structure
of cellular membranes, appears to be an important
event determining alterations in growth-related re-
sponses induced by fumonisins in primary rat hepato-
cyte cultures. In addition, the accumulation of PUFA
in hepatocytes treated with high doses of FB, could
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also be an important determinant in the induction of
cell death.
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Abstract—The modulating role of fumonisin B; (FB;) on lipid biosynthesis was evaluated in a short-
term (21 day) experiment using male Fischer rats fed high dietary levels (50, 100 and 250 mg FB,/kg)
and in a long-term (2 yr) experiment using male BD IX rats fed low dietary levels (1, 10 and 25 mg
FB,/kg) of FB,. The total serum and liver cholesterol was significantly (P < 0.01) increased in the rats
fed 250 mg FB,/kg diet for 21 days, while the liver phospholipids, sphingomyelin and phosphatidyletha-
nolamine (PF) were significantly decreased (P < 0.01) and increased (P < 0.05), respectively. In the
long-term study, only PE was significantly (P < 0.05) increased in all the FB,-treated animals. Fatty
acid (FA) analysis of PE indicated that C18:2n-6 was significantly increased (P < 0.05 to P < 0.01) in
the FB-treated rats of the short-term study, while it was markedly (not significantly) increased in phos-
phatidylcholine (PC). The same pattern was observed in the PC and PE fractions of the liver of the
FB,-treated rats from the long-term studies, but the changes were not significant due to the small num-
ber (three rats per group) of rats analysed. The levels of C22:5n-6 and C22:6n-3 were also markedly
decreased and increased respectively in the 10 and 25 mg FB,/kg-treated groups. When the FAs were
determined in the total lipids in a larger number of rats (four to six animals per group) the level of
C18:2n-6 was significantly increased in the 10 (P < 0.01) and 25 (P < 0.05) mg FB,/kg-treated groups.
Similar effects were noticed in plasma PC with respect to the C18:2n-6 and C22:5n-6 in both the long-
and short-term treated groups, except that C20:4n-6 was also lower in both cases. The total n-6 FAs
and polyunsaturated FAs were significantly (P < 0.01) and markedly reduced in PC and PE, respect-
ively, of the rats fed the 250 mg FB,/kg diet. In the long-term experiment the n-6/n-3 ratio was signifi-
cantly (P < (.01) decreased in PE and markedly lowered in PC due to a significant (P < 0.05) increase
in the n-3 FAs of both phospholipid fractions. The sphinganine/sphingosine ratio was significantly
(P < 0.05) altered in the liver of the rats fed the 100 and 250 mg FB,/kg diets for 21 days, while in the
long-term study no significant changes were noticed in either the liver or sera. The present data indicate
that FB, affects lipid biosynthesis in rat liver and plasma differently, depending on the dietary level and
duration of treatment. Alterations to the n-3 and n-6 FA biosynthetic pathways, detected in rats fed
relatively low dietary levels of FB,, are likely to be important mediators for FB;-induced effects on hep-
atocyte cell proliferation. © 1997 Elsevier Science Ltd

Abbreviations: ANOVA = analysis of variance; CE = cholesterol ester; CM = chloroform/methanol;
EGF = epidermal growth factor; FAs = fatty acids; FB, = fumonisin B); GSTP = glutathione-S-
transferase placental form; PC = phosphatidylcholine; PE = phosphatidylethanolamine; P/S = polyun-
saturated/saturated; PUFAs = polyunsaturated fatty acids; Sa = sphinganine; SM = sphingomyelin;
So = sphingosine.

INTRODUCTION

The toxicological effects of the fumonisins, myco-
toxins produced by Fusarium moniliforme, have
been investigated in different animal species and cell
culture systems (Abbas er al., 1993; Colvin and
Harrison, 1992; Gelderblom et al., 1991; Kellerman

*Author for correspondence.

et al., 1990; Shier et al., 1991; Voss et al., 1995;
Yoo et al., 1992). Fumonisin B; (FB;) exhibits
moderate toxic effects in both in vivo experiments in
rat liver (Gelderblom et al., 1988 and 1994) and in
vitro to primary hepatocyte cultures (Cawood ef al.,
1994). The carcinogenicity of the fumonisins has
been associated with a hepatotoxic effect, since stu-
dies have indicated that the toxicity is a prerequisite
for cancer initiation (Gelderblom et al., 1994) and a
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chronic toxic hepatitis for the development of liver
cancer (Gelderblom et al., 1991 and 1996a).

As the hepatotoxicity of the fumonisins appears
to be important for cancer development, the bio-
chemical changes associated with the FB;-induced
hepatotoxic effects could, indirectly, also facilitate
the induction of events required for cancer develop-
ment. Of importance are changes in the lipid com-
position of cellular membranes that are likely to
alter the responsiveness of cells to external stimuli
as well as growth-related responses within the cell
(Spector and Burns, 1987). Such changes are associ-
ated with cellular adaptive responses that eventually
could lead to the induction of the cancer phenotype
and/or its subsequent modulation (Farber, 1993;
Farber and Rubin, 1991).

Detailed studies on lipid biosynthesis in primary
rat hepatocytes (Gelderblom ez al., 1996b) indicated
that FB, affects the level and fatty acid (FA) com-
position of the major phospholipids and thus the
structural components of cellular membranes. These
include the accumulation of the membrane phos-
pholipids, phosphatidyicholine (PC) and phosphati-
dylethanolamine (PE), the sphingolipid sphinganine
(Sa) and a decrease in sphingomyelin (SM) and free
cholesterol. Studies regarding the FA composition
of the phospholipids PC and PE and the neutral
lipid triacylglycerol showed an increase in the levels
of the FAs C18:2n-6 and C20:4n-6 suggesting that
FB, alters lipid biosynthesis at different levels in
primary hepatocytes. The decreased SM levels
resulted from the FB,-induced inhibition of cera-
mide synthase, a key enzyme in the synthesis of
sphingolipids (Wang ez al., 1991). The latter effect
of the fumonisins have been implicated in the toxi-
cological and carcinogenic properties of the fungus
F.  moniliforme in different animal species
(Schroeder et al., 1994; Wang et al., 1991).

The present study further evaluates the effect of
FB, on the levels of selected lipids in the liver of
rats fed different dietary levels of FB; for different
periods of time. Detailed analyses of the fatty acid
composition of important membrane phospolipids
will also be presented.

MATERIALS AND METHODS

Chemicals

FB, was purified to a purity of 90-95% accord-
ing to the method of Cawood et al. (1991). Cyq-
sphinganine was a gift from Dr A. H. Merrill,
Atlanta, Georgia, USA, while free FA analytical
standards (C16:0 to C22:6), used for calibration
and identification, were obtained from Nu-Chek-
Prep, Inc (Efamol Special Preparation no. 455). All
the chemical solvents, such as chloroform and
methanol, were of analytical grade and glass dis-
tilled prior to use.
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Animals and diets

Male F344 rats (150 g) fed the modified AIN-76
diet (Gelderblom er al., 1994) were used in short-
term feeding studies, while in the long-term studies
male BD IX rats fed a semi-purified cereal-based
diet (Jaskiewics et al., 1987) were used. Sunflower
oil was used as the source of dietary fat and incor-
porated in the different diets at levels of 5% (AIN-
76) and 3% (semipurified diet), respectively. Gas
chromatographic analyses of sunflower oil indicated
that it consists mainly of C18:2n-6 (65%), while
C18:3n-3 (0.9%) was the only source for the n-3
FAs (data not shown).

The FB,-containing diets were prepared by eva-
porating the mycotoxin, dissolved in methanol, on
a small subsample (200 g) of the diet to allow for
even distribution. After the subsamples were dried
in a fume cupboard for 4 hr, they were mixed with
the control diets to obtain the desired FB, levels
and stored under nitrogen at 4°C. The FB, diets for
the long-term experiment were prepared on a
monthly basis and stored under similar conditions.
All the rats were caged individually in a controlled
environment (23-25°C) with a 12-hr light/dark
cycle. They had free access to feed and water and
were weighed three times per week.

Treatments

Long-term study. The BD IX rats (20 rats per
group) were fed three different diets containing 1,
10 and 25 mg FB,/kg, in addition to the control
diet, for a period of 2 yr. The animals were killed
with sodium pentobarbitone anaesthesia, at which
time part of the liver was stored in saline at —80°C
for biochemical analyses.

Short-term study. Different diets containing 50,
100 and 250 mg FB,/kg were fed to F344 rats (five
rats per group) over a period of 21 days. Rats were
killed by decapitation, and their livers removed,
weighed and stored at —80°C in saline.

Lipid analyses

The liver samples obtained from the short-term
(five rats per group) and long-term experiments
(three rats per group selected randomly) were sub-
jected to detailed lipid analysis. These included the
quantification of the individual phospholipids PC,
PE, SM and total cholesterol, while the FA compo-
sition of PC and PE were determined. Extraction of
the liver tissue was performed as described by
Smuts et al. (1992). In short, part of the liver was
ground to a fine powder in liquid nitrogen and
weighed (approx. 100-150 mg) in glass-stoppered
tubes. The tissue was suspended in 0.5 ml saline and
the lipids extracted with 24 ml chloroform—metha-
nol (C:M; 2:1, v/v) containing 0.01% butylated
hydroxytoluene as antioxidant. The mixture was fil-
tered (sinterglass filters using Whatman glass micro-
fibre filters) and the filtrate evaporated to dryness in
vacuo at 40°C, transferred to glass stoppered tubes
and stored at 4°C under nitrogen until analysed.
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Fatty acid analyses

Lipid extracts of the different samples were frac-
tionated by thin-layer chromatography using
chloroform-methanol-petroleum ether—acetic acid—
boric acid (40/20/30/10/1.8, by vol) as the mobile
phase (Gilfillan er al., 1983). After the plates were
sprayed with CM (1:1) containing 2,5-bis-(5'-tert-
butylbenzoxazolyl-[2')thiophene, the visualized
spots corresponding to the individual phospholipids
(SM, PC and PE) were scraped and quantitatively
transferred to glass-stoppered tubes and the respect-
ive levels determined. Duplicate plates were run
under similar conditions to determine the FA pro-
files of PC and PE. The phospholipid fractions were
transmethylated with 2.5 ml methanol-11.6 M sulfu-
ric acid (95:5, v/v) at 70°C for 2 hr in glass-stop-
pered tubes as described by Smuts et al. (1992). The
resultant FA methyl esters were analysed on a
Varian model 3700 Gas Chromatograph using
fused silica megabore DB-225 columns (J & W
Scientific, Cat. No. 125-2232) and subsequently
identified by comparison of retention times to those
of a standard mixture of free FAs C14:0 to C22:6.
FA profiles of the total liver lipids were also deter-
mined on C:M (2:1) extracts (Folch et al., 1957) of
liver homogenates of the rats (four to six rats per
group selected randomly) fed low dietary levels of
FB, (long-term study). The FA profiles of plasma
PC of the rats from the short-term (five rats per
group) and long-term studies (four rats per group
selected randomly) were determined according to
the method of Smuts er al. (1992).

Phospholipid determination

Phospholipid levels were determined colorimetri-
cally using a malachite green dye (Itaya and Ui,
1966) after digestion with perchloric acid (16 N) at
170°C for approximately 1 hr.

Effect on cholesteroi content

Total cholesterol and unesterified cholesterol on
the CM lipid extracts (long-term study) were deter-
mined by an enzymatic iodide method using choles-
terol oxidase and asterase enzymatic preparations
(Smuts er al., 1992). The concentration of choles-
terol ester (CE) was obtained by subtraction. For
the short-term feeding experiments the total choles-
terol was determined by gas chromatography as by
the method of Ishikawa er al. (1974) using stigmas-
terol as the internal standard.

Effect on Sa and sphingosine (So) synthesis

The liver of the rats were ground to a fine pow-
der as described earlier and subsamples subjected to
sphingolipid (100-150 mg) and protein (10-15 mg)
determinations. The powdered samples were sus-
pended in 4 vol (w/v) 0.05M phosphate buffer (pH
7.0) and a subsample (approx. 25 mg) extracted in
CM (1:2). Sa and So were quantified by HPLC as
described elsewhere (Riley er al., 1994) using C20-
sphinganine as the internal standard. Serum ana-
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lyses of Sa and So of randomly selected rats (seven
to nine rats per group) from the long-term study
were performed as described by Riley et al. (1994).

Protein determination

The powdered liver preparations (10-15 mg) were
solubilized in 5% sodium dodecyl sulfate in 0.5N
NaOH at 37°C and the protein content determined
using a modified method of Lowry with bovine
serum albumin as the protein standard (Markwell
et al., 1978).

Statistical analyses

Data, regarding the body weight gain, relative
liver weight of the rats, FA profiles of the different
phospholipid fractions and serum PC, and liver
sphingolipid analyses from the short-term exper-
iments (five rats per group), were analysed by two-
way analyses of variance (ANOVA) followed by the
Tukey T-test to determine whether the means dif-
fered statistically. The non-parametric Kruskal—
Wallis statistical method was used to determine
whether changes concerning the FA profiles of the
liver phospolipid fractions (three rats per group)
and serum PC (four rats per group) and sphingoli-
pid analyses of the liver (three rats per group) of
the long-term study differed significantly within the
treatment groups. Statistical differences between the
serum Sa/So ratios of the different treatment groups
(seven to nine rats per group) and the total liver
FA profiles (four to six animals per group) of the
long-term study were determined by ANOVA as
already described.

RESULTS

Effect on body weight gains and relative liver weights

Short-term feeding study (F344 rats). The body
weight gain and relative liver weight were signifi-
cantly decreased in the rats fed a dietary level of
250 mg FB)/kg over a period of 21 days (Table 1).
When compared with the control and 50 mg FB,/kg
diet groups significant reductions in the feed intake
profiles (P < 0.05 to P < 0.01) were noticed in the
rats fed the 100 and 250 mg FB,/kg diets.

Long-term feeding study (BD IX rats). The mean
feed consumption profiles over the 24-month treat-
ment period of the control, 1, 10 and 25 mg FB,/kg
diet groups were 3.2+0.8; 3.4+09; 3440.7;
3.5+ 0.6 g/day/100 g body weight, respectively. On
the basis of these values, the estimated mean daily
FB, intake profiles were 0.0005, 0.003 +0.001,
0.03+0.01 and 0.08+00lmg FB;/100g body
weight for the respective groups. Detailed infor-
mation concerning the feed consumption, body
weight gains and relative liver weight will be pub-
lished elsewhere. Except for the relative liver weight,
which was significantly (P < 0.05) reduced in the
FB,-treated rats, there was no significant difference
due to FB; treatment in any of these parameters
over the experimental period
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Table 1. Effect of FB, on feed intake profiles and rat growth parameters

Treatment Feed intake Apparent FB| intake = Body weight gain Liver weight
(mg FB,/kg diet) g/day/100 g body weight mg/day/100 g (g) (% of body weight)
Control 8.1+0.3a — 78.6+ 7.1a 45+0.1a
50 8.4 + 0.4aA 04+0.0 81.4+43a 44+0.2a
100 7.9+0.3b 08+0.0 72.4 + 8.6a 43+0.2a
250 7.6+ 0.3b 1.9+0.1 54.6 + 8.8b 3140.1b

Values are the means + SD of five rats per group. Means in a column followed by the same letter do not differ signifi-
cantly. If the letters differ (lower case) then P < 0.05; if the cases and letters differ then P < 0.01.

Histopathological changes

Short-term studies. The major toxicological effects
induced by the fumonisins over the 21-day treat-
ment period in F344 rats have been described pre-
viously (Gelderblom et al., 1994 and 1996c¢) while
studying the cancer initiating and promoting poten-
tial of the same dietary levels used in the present
study. Similar pathological changes were observed
in the present study, which include single cell necro-
sis in the periportal areas of the rats receiving
50 mg FB;/kg diet. These lesions became more
prominent in the 100 and 250 mg FB,/kg groups
and tended to extend into the liver lobules. There
was also a moderate increase in the proliferation
of duct epithelial cells (‘oval cells’) in the liver of
the rats treated with the 100 and 250 mg FB,/kg
diets. The livers of the 250 mg FB,/kg-treated rats
showed signs of nodular regeneration and fibrosis
which, together with the proliferation of duct
epithelial cells, slightly distorted the architecture of
the liver.

Long-term studies. A description of the detailed
histopathological changes will be published else-
where. As compared to the aforementioned toxico-
logical effects, rats treated with the 1 mg FB,/kg
dietary level showed no toxic effects. The rats trea-
ted with the 10 mg FB,/kg diet showed only mild
toxic effects, including atrophy of hepatocytes, mild
to prominent anisonucleosis, foci of lipid accumu-
lation, single cell necrosis, proliferation of duct
epithelial cells and hepatocyte nodules (one to two
per liver) in a few rats. In the high-dose group
(25 mg FB,/kg diet) these changes occurred more
frequently, but were still mild. In some rats of the
high-dose treatment group, hepatocyte nodules
(one to five per liver) were noticed macroscopi-
cally, while basophilic and eosinophilic foci were
noticed microscopically. In one rat early signs of
fibrosis was noticed with a slight distortion of the
lobular structure due to focal fibrosis and prolifer-
ation of the bile ductules. There was a single area
of cholangiofibrosis in one of the rats treated with
the high dietary level of FB,. An increase in the
number and size of foci that stained positively for
the placental form of glutathione-S-transferase
(GSTP), a marker for preneoplasia in rat liver
(Rushmore et al., 1987), was noticed in the livers
of the rats that received the 10 and 25 mg FB,/kg
diets.

Lipid analyses

Phospho- and sphingolipids levels. In the short-
term experiments FB, significantly decreased the
levels of SM only in the rats treated with the
250 mg FB/kg diet (Table 2). The level of PC was
not altered, while PE was increased significantly
(P < 0.01) in the 250 mg FB,/kg group. No effect
was noticed on the level of the total phospholipids
(data not shown). The Sa concentration and the Sa/
So ratio were significantly increased (P < 0.05) in
the rats fed dietary levels of 100 and 250 mg FB,/
kg, while the level of So was unaffected. The Sa
concentration was slightly increased (not signifi-
cantly) in the 50 mg FB,/kg diet-treated rats, but
due to variations in both the Sa and So levels the
Sa/So ratio was not affected.

In the long-term experiments there were no
changes in the concentrations of PC and SM, while
PE was increased significantly (P < 0.05) in all the
treated groups. The Sa/So ratio was only slightly
increased in one of the rats (1/3) that received the
25 mg FB,/kg diet due to an increase in the Sa con-
centration. However, serum analyses of Sa and So
(seven to nine animals per group) indicated no sig-
nificant differences (P > 0.05) in the Sa/So ratio
(Table 2) between the different treatment groups.

Cholesterol levels

The total serum and liver cholesterol levels were
significantly increased only in the rats treated with
the high FB,-containing diet (250 mg/kg) over a
period of 21 days. No effect was noticed in the
long-term experiments in the FB, groups. The PC/
free cholesterol ratio was markedly decreased (3.7)
in the 250 mg FB,/kg-treated group as compared
with that of the control and 50 and 100 mg FB;/kg-
treated groups (6.7).

FA profiles of plasma, total liver and selected phos-
pholipid fractions

Short-term experiments. The level of C18:2n-6
increased significantly in the PE phospholipid frac-
tion (Table 3) of the rats fed the 50 (P < 0.05), 100
and 250 (P < 0.01) mg FB,/kg diets. A marked
increase was also noticed in the PC fraction in the
rats fed the 250 and 100 mg FB,/kg diets but the
difference was not significant. The level of C22:5n-6
was significantly decreased in PE of the rats fed
diets containing 100 (P < 0.01) and 250 mg
(P < 0.05) FB,/kg. As described previously this FA
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was also marginally (P < 0.1) lower in the PC phos-
pholipid fraction, while no changes were observed
in the C20:4n-6 level in either of the phospholipids
fractions. A similar response with respect to C18:2n-
6 (P < 0.01) and C22:5n-6 (P < 0.01) was noticed
in the FA profiles of plasma PC (Fig. 1) but, in con-
trast to the liver, the level of C20:4n-6 was also
decreased significantly (P < 0.01) in the rats fed the
100 mg FB,/kg diets. No analysis was performed on
the sera of the rats fed the 250 mg FB,/kg diet.
Long-term experiment. When the total FA profiles
of the rats were monitored (Table 3) using four to
six rats per group the C18:2n-6 level was signifi-
cantly increased (P < 0.01 and P < 0.05) in the
rats that received the 10 and 25 mg FB,/kg diets, re-
spectively, as compared with the control and the
1 mg FB/kg-treated groups. As for the short-term
experiments a similar response with respect to the
n-6 FAs C18:2 and C22:5n-6 was noticed in the
plasma, while C20:4n-6 differed significantly
(P < 0.05) between the groups as it was markedly
lower in the 10 and 25mg FB;-treated groups
(Fig. 1). With respect to the n-3 FAs, C22:5n-3 was
increased in the 10 (0.22+0.08) and 25
(0.25+ 0.04) mg FB,/kg-treated groups as com-
pared with the control group (0.15 £ 0.02). In con-
trast to the plasma, C22:6n-3 was mainly increased

Short-term
30 -
25 _L 150 mg FB,
= 7100 mg FB,

c -
i) 5
9 8
o 5 5 al |
g c18:2 c20: Cc22:5
o
-4 -
o Long-term
‘® 30
3 Bcin
2 25 B1imgrs,
"6 Q 110 mg FB,
\O 20 .::: H M2s mg FB,
< s gd B

10 B 8

5 2 o
ci8:2 C20:4 c22:5

Selected Plasma PC n-6 FAs

Fig. 1. Profiles of specific n-6 FAs in plasma PC of rats

fed different dietary levels of FB, over 21 days (short-

term) using male F344 rats (five rats per group) and 2 yr

(long-term) using male BD IX rats (four rats per group).
The values represent the means + SD.

Table 4. The effect of FB, on the FA and lipid parameters of the major membrane phospholipids in the liver of rats fed FB-containing diets for different time periods

W. C. A. Geiderblom et al.

n-3 FAs n-6/n-3 ratio PUFAs (Tot) P/S ratio

Mono-unsaturated FAs n-6 FAs

Phospholipid Saturated FAs

Treatment

Short-term

49.6 + 0.6a
521+14
49.3 + 1.4a
50.7+ 0.8
498+ 1.0a
46.0 + 1.9A
494+20

520+1.3

478+ 11.5

209+3.8
4554175
19.3+3.7
43.1+88
20.2+5.2

463 + 8.1
192+22

1.1+0.2
24404
1.1+0.2
26+0.6
1.2+03
26408
1.0+0.2
23+1.2

48.5+0.3a

49.7+1.2
482+ 1.2a
48.1+04
48.7+0.9a

494+ 1.0
450+ 1.7A
472+1.1

7.8+0.9
6.9+0.6
85+1.5
75+ 14
8.7+05
8.0+0.7
88+0.7
80+1.2

410+ 1.7

423426
419420
414+1.0
40.1+09
453420

426+1.0
426+2.1

PC
PE
PC
PE
PC
PE
PC
PE
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columns followed by the same letter do not differ significantly. If the letters
-term (2 yr) experiments respectively.

d BD IX male rats were used for the short- (21 days) and long

-term) determinations per experiment. Means in the

differ then P < 0.05, if the letters and cases differ then P < 0.01. F344 an

Values represent the means + SD of five (short-term) and three (long



Effect of fumonisin B, on lipids in rat liver

in the liver PE and PC fractions, while the level of
C22:5n-3 was unaffected. When compared with the
total FA, the levels of C18:2n-6 and C22:5n-6 were
also increased and decreased respectively in both
phospholipids but the changes were only marginally
significant (P < 0.1) due to the small number of
rats (three per group) used in the analyses (Table 3).

The FB,-induced changes to the n-6 and n-3 FA
profiles and the different lipid parameters of the
major phospholipids are summarized in Table 4.
The polyunsaturated FAs (PUFAs) were signifi-
cantly decreased (P < 0.01) in the liver PC fraction
of the 250 mg/kg-treated animals, resulting in a
marked decrease in the polyunsaturated/saturated
FA (P/S) ratio.

In the long-term experiments the n-3 FAs were
significantly (P < 0.01) increased in the PE frac-
tions of the rats trcated with the high FB,-contain-
ing diet. This resulted in a significant decrease
(P < 0.01) in the n-6/n-3 ratio in the PE fraction.
The ratio in PC was also markedly lower, but the
difference was not significant.

DISCUSSION

Although the fumonisins lack genotoxicity, stu-
dies regarding the carcinogenic potential indicate
that FB, closely mimics the properties of genotoxic
carcinogens with respect to the cancer initiation and
promotion phases of cancer induction in rat liver
(Gelderblom ez al., 1988 and 1994). At present very
little is known about the mechanism(s) by which
FB, affects the different stages of cancer develop-
ment in rat liver. As the hepatotoxicity of the fumo-
nisins appears to be a key determinant during FB,-
induced hepatocarcinogenesis (Gelderblom et al.,
1991, 1994 and 1996a), cancer induction by a cyto-
toxic mechanism, as suggested for non-genotoxins
by Cohen and Ellwein (1990), needs to be con-
sidered.

Several presumably cytotoxic FB-induced mech-
anisms were found to interfere with membrane
lipids. Of these the inhibition of the enzyme cera-
mide synthase, a kev enzyme in sphingolipid biosyn-
thesis, has been investigated extensively (Wang
et al., 1991; Yoo et al., 1992) and the FB,-related
accumulation of Sa was found to be associated with
the cytotoxicity of the fumonisins in renal epithelial
cells (LLC-PK,) of the pig in vitro (Yoo et al.,
1992). However, a recent study indicated that the
accumulation of Sa was not associated with FB;-
induced cytotoxicity in primary rat hepatocytes
(Gelderblom er al., 1995a). As PUFAs accumulate
in hepatocytes treated with cytotoxic levels of FB,,
it was suggested that they could be a key factor
determining the cytotoxic effects of the compound
(Gelderblom et al., 1996a).

The disruption of sphingolipid biosynthesis has
also been implicated as a possible mechanism for
cancer induction by the fumonisins (Schroeder et al.,
1994). Studies regarding the carcinogenic potential
of the fumonisins, utilizing a short-term cancer in-
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itiation/promotion bioassay in rat liver, showed
that cancer initiation is effected at relative high diet-
ary level of the compound (250 mg FB,/kg;
Gelderblom et al., 1994) while cancer promotion is
obtained at a dietary level of 50mg FB,/kg
(Gelderblom et al., 1996c) over a period of 21 days.
In the present study the Sa levels and Sa/So ratio
were significantly increased in the livers of the rats
(male F344) fed the high FB, dietary levels (100
and 250 mg FB,/kg) over a similar period of time.
No significant changes were observed in the rats
receiving the 50 mg FB,/kg diet concerning the So
and the complex sphingolipid SM, while the Sa con-
centration was slightly increased. Even when the
Sa/So ratio was significantly altered, for instance in
the rats treated with 100 mg FB,/kg diet due to the
increase in Sa concentration, it did not necessarily
affect the biosynthesis of SM. In the long-term
study (male BD IX rats) the Sa/So ratio was not
significantly altered above the ratio obtained in the
F344 rats treated with the low FB,-containing diet
(50 mg FB,/kg) for 21 days (Table 2). Serum ana-
lyses of the rats (long-term treatment) also did not
reveal any significant changes in the Sa/So ratio
(Table 2). Preneoplastic changes associated with
fumonisin B, treatment were noticed in the livers of
the rats that received the 10 and 25 mg FB,/kg diet-
ary levels. These include the presence of basophilic
and eosinophilic foci and an increase in the number
and size of foci that stained positively for GSTP.
These data suggested that altered sphingolipid
metabolism is not associated with the induction of
these preneoplastic changes induced by FB, in rat
liver. This is in agreement with a recent study indi-
cating that altered sphingolipid is not a prerequisite
for the cancer-promoting potential of FB; in a
short-term cancer initiating/promoting bioassay
(Gelderblom et al., 1996¢). In vitro studies in pri-
mary hepatocytes also show that the disruption of
sphingolipid biosynthesis and the subsequent ac-
cumulation of sphinganine are not associated with
the mitoinhibitory effect of FB, on the epidermal
growth factor (EGF) mitogenic response, a com-
mon property exhibited by many cancer promoters
(Gelderblom et al., 1995a). The present data do not
imply that alterations in sphingolipid metabolism
are not involved in toxicological and/or carcino-
genic properties of FB; in rat liver but merely
suggest that other biological events (as discussed
here) also need to be considered as possible me-
diators for the hepatotoxicity and carcinogenic
effects of the fumonisins in rat liver. It is well
accepted that sphingolipids are potent modulators
of cellular growth and differentiation (Merrill, 1991)
and therefore could still play an important modu-
lating role in the processes underlying the slow evol-
vement of preneoplastic hepatocyte populations,
induced by the fumonisins, into cancer.

The modulating role of FB, on the levels and FA
patterns of selected membrane phospholipids is also
of interest with respect to explaining some of the
biological effects of the fumonisins. When the
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present in vivo data are compared with the earlier
results in primary hepatocyte cultures similarities as
well as differences are revealed. In the short-term
(21 days) study a significant decrease in SM and an
increase in the level of PE was noticed only at the
high-dose level that exhibited advanced toxicologi-
cal lesions. Likewise, a cytotoxic dose was required
to alter the level of phospholipids in vitro with the
exception that the PC level remained unchanged in
vivo. In the long-term feeding study (2 yr) involving
lower doses inducing only mild cytotoxicity, no
changes were noticed in the levels of SM and PC,
while PE was again markedly increased in all the
FB,-treated groups. The increased level of PE in
the short-term study could be explained by the
altered SM synthesis (Gelderblom et al., 1996a) or
as a result of an increased breakdown of Sa into
ethanolamine 1-phosphate, a precursor for PE syn-
thesis (Smith and Merrill, 1995). However, the latter
arguments cannot explain the increase in the PE
level in the liver of the rats treated with low dietary
levels of FB, for 2 yr (Table 2) that failed to alter
sphingolipid biosynthesis. The cholesterol level,
which was reduced in primary hepatocytes, was
increased in the liver and serum of the rats (short-
term study) treated with the 250 mg FB,/kg diet.
This would imply that in vivo the uptake of choles-
terol by the liver and/or the metabolism thereof
seems to be affected. This is in agreement with a
previous study in vervet monkeys where the plasma
cholesterol was also increased after consumption of
low dietary levels of fungal culture material con-
taining FB, (Fincham et al., 1992). In contrast to
the in vitro data, the PC:total cholesterol ratio
decreased (Gelderblom et al., 1996b). This could be
due to a compensatory effect to counteract the re-
duction in the PUFA levels (see later) in PC and
PE in an attempt to retain membrane fluidity. No
analyses were performed to determine the concen-
trations of CEs, as it is known that free cholesterol
constitutes the major fraction of the total choles-
terol.

Regarding the FA profiles, the C18:2n-6 level was
significantly (P < 0.05) increased in PE and
increased markedly in PC in the liver of the rats fed
the 50 mg FB,/kg diet and more in the short-term
study. In the long-term study, C18:2n-6 was also el-
evated in the phospholipids, PC and PE and the
total lipids. As for the latter compartment, this
increase was significant in the 10 (P < 0.01) and 25
(P < 0.05) mg FB,/kg diet groups. In the primary
hepatocytes FB, effected the accumulation of
C18:2n-6 in PC but not in PE (Gelderblom et al.,
1996b). Therefore, in vitro exposure of primary hep-
atocytes for a relative short period of 24 hr mainly
affected the FA profiles of PC, while PE appeared
to be more susceptible to changes after in vivo ex-
posure over longer periods. This could be related to
the relative position of the phospholipid in the lipid
bilayer, where PE tends to occur in the inside of the
membrane relative to PC and, therefore, is not
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easily accessible to changes in FA content (Devaux
and Zachowski, 1994).

The accumulation of C18:2n-6 with a concomi-
tant decrease (P < 0.05 to P < 0.01) in C22:5n-6 in
vivo suggests that FB,; alters the n-6 FA metabolic
pathway presumably by affecting the activity of the
delta 6 desaturase enzyme. This is supported by a
decrease in the C18:3/C18:2 ratio, which is an indir-
ect measure of the activity of the enzyme. A similar
effect was noticed in the FA composition of plasma
PC of the rats from both the short- and long-term
feeding studies. In contrast to the in vitro study,
where C20:4n-6 was significantly increased in the
hepatocytes, the level was not affected in PC or PE
in the liver while it was decreased in plasma PC.
The latter findings further support the described
phenomenon that FB; affected the n-6 FA meta-
bolic pathway, although it is manifested differently
in the various cellular environments with respect to
the dosage used and the duration of the treatment.
In the short-term studies the disruption of the n-6
FA metabolism resulted in a decrease in the total
n-6 FAs and PUFAs at the high dose (250 mg FB,/
kg) where enhanced hepatotoxic effects were
observed. As PUFAs are known to be particularly
good targets for oxidative damage, it has been
suggested (Gelderblom et al., 1996a,b) that their re-
duction could have been caused by oxidative
damage presumably by lipid peroxidation, thereby
facilitating the FB,-associated damage to membrane
integrity. However, in the long-term studies where
only mild hepatotoxic effects were noticed, the total
PUFA levels were unaffected. The n-6/n-3 FA ratio
of PE was significantly lower in the high-dose
group (long-term study) due to an increase in the
n-3 FA content of both phospholipid fractions. The
n-3 FAs are known to be better substrates for the
delta desaturase enzymes as compared with the n-6
FAs (Horrobin, 1992). The resultant production of
different series of eicosanoids and their varying
effects on the control of cell growth (Cornwell and
Morisaki, 1984) could have important implications
on the inhibitory effect of the fumonisins on hep-
atocyte cell proliferation in vivo (Gelderblom et al.,
1994 and 1996¢) and in vitro (Gelderblom et al.,
1995a).

Although the exact mechanism for the inhibition
of cell proliferation is not known at present it has
been proposed as a possible mechanism by which
FB, promotes the outgrowth of initiated hepato-
cytes in the liver of rats (Gelderblom er al., 1996c¢).
In vitro studies in primary hepatocytes indicated
that FB, inhibits the EGF-induced mitogen re-
sponse (Gelderblom et al., 1995a) and the n-6 FA
synthetic pathway (Gelderblom et al, 1996a).
Preliminary investigations showed that the regu-
lation of the synthesis of prostaglandin E, appear
to be involved in the mitoinhibitory effect of FB,
(Gelderblom et al., 1995b) which is in accordance
with the involvement of prostaglandin E; in the
EGF-induced mitogenic response in BALB/c3T3
fibroblasts (Nolan et al., 1988). The present study
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supports further the described hypothesis as FB;-
induced changes to the n-3 and n-6 FA metabolic
pathways that are likely to affect the potential of
hepatocytes to proliferate in vivo by regulating the
synthesis of different prostaglandins.
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Summary The mitoinhibitory effect of fumonisin B, (FB,) on the mitogenic response of epidermal growth factor

([EGF) was investigated in primary hepatocyte cultures with respect to the alterations in the w6 fatty acid metabolic
pathway. Fatty acid analyses of hepatocytes showed that EGF treatment resulted in a significant decrease in the
relative levels of 20:4w6 (arachidonic acid) and an increase in 18:2w6 (linoleic acid). Supplementation of the

hepatocyte cultures with 20:406 in the absence of EGF resulted in an increase in the total ©6 and w6/w3 fatty acid
ratio, Addition of 20:5w3 (eicosapentaenoic acid) resulted in an Increase of the relative levels of the long chain w3 fatty
acids at the expense of the w6 fatty acids. When 20406 and 20:503 was added in the presence of EGF, the

mitogenic response of EGF was increased and decreased respectively. When compared to the fatty acid profiles in the
absence of EGF, the decreased mitogenic response coincided with a decrease of total w6 fatty acids and total
polyunsaturated fatty acids (PUFA). In addition, the saturated and mono-unsaturated fatty acids increased and the
polyunsaturated/saturated (P/S) fatty acid ratio decreased which implied a more rigid membrane structure. Addition of
prostaglandin E, (PGE,) and prostaglandin E, (PGE,) stimulated and inhibited the mitogenic response respectively.
lbuprofen, a known cyclooxygenase inhibitor, and FB, inhibited the EGF-induced mitogenic response in a dose-
dependent manner. The mitoinhibitory effect of FB, on the EGF response was counteracted by the addition of PGE,.
FB, also disrupts the w8 fatty acid metabolic pathway in primary hepatocytes, resulting in the accumulation of C18:2w6
in phospatidylicholine and triacylglicerol. The disruption of the ©8 fatty acid metabolic pathway and/or prostaglandin
synthesis is likely to be an important event in the mitoinhibitory effect of FB, on growth factor responses.

© 1999 Harcourt Publisher Ltd

INTRODUCTION

The control of cell proliferation is known 1o play an
important role in the process of cancer development,' but
it would appear that the relative contribution to carcino-
genesis is both tissue and time specific® In rat liver, cell
proliferation is involved during cancer initiation, the
process of cancer promotion whereby the growth of initi-
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Abbreviations: FB,, fumonisin B,, EGF, epidermal growth factor; PUFA,
polyunsaturated fatty acltd{s); P/S fatty acld ratio; polyunsaturated/saturated
fatty acld ratio; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM,
sphingomyelin; WE, Willlams E medium

ated hepatocytes is selectively stimulated to develop into
nodules and the subsequent cancer progression stage.®
As most hepatocarcinogens inhibit cell proliferation, the
initiated cell has the ability to proliferate in an environ-
ment where the proliferation of normal cells is inhibited.
The latter is regarded as one of the major mechanisms of
cancer promotion in rat liver” Apart from increased cell
proliferation in hepatocyte nodules and/or foci, cancer
promoters can also affect the cell death rates by inhibiting
apeptosis in these lesions leading to the accumulation of
focal and nodular cells and hence their subsequent
growth.® Studies in the colon suggest that changes in the
apoptotic rate, rather than cell proliferation, could be a
better determinant for the development of cancer.”®

The inhibitory effect of FB,, a hepatocarcinogen pro-
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duced by the fungus Fusarium moniliforme, on hepato-
cyte cell proliferation has been implicated in the cancer-
promoting activity of the compound. ¥B, selectively stim-
ulated the outgrowth of diethylnitrosamine (DEN)-initiat-
ed cells in rat liver, presumably via the process of
differential inhibition, as it inhibited regenerative cell
proliferation in the liver induced by partial hepatectomy.’
Studies in primary hepatocytes indicated that FB, closely
mimics the mitoinhibitory effect of many cancer promot-
ers on the epidermal growth factor (EGF)-induced mito-
genic response.” The EGF-induced mitogenic response
was reversibly inhibited at concentrations that were!®2°
times below the cytotoxic dosage. Recent studies indicate
that FB, also inhibits cell proliferation’*'* and induced
apoptosis in a variety of cell culture systems."” The mech-
anisms involved in the inhibitory effect on cell prolifera-
tion and the induction of apoptosis are not known at
present, but the disruption of these processes are likely to
play a major role in the cancer promoting activity of the
furnonisins.

Different mechanisms have been postulated which
attempted to explain the toxicity and carcinogenicity of
the fumonisins. Studies in various cell culture systems
and in vivo in ponies and pigs indicated that FB, inhibits
the de novo synthesis of sphingolipids by inhibiting
ceramide synthase, the key enzyme in the biosynthetic
pathway."!* Ceramnide and sphingosine are known to be
important sphingolipid signalling molecules that ensure
normal cell processes by inter- and intracellular commu-
nication.'®'” Although it has been suggested that the
interruption of sphingolipid biosynthesis could play a
role in ¥B,-induced toxicological effects in different bio-
logical systems, their exact role is unknown. The modu-
lating effect of FB, on phospholipid and fatty acid
synthesis was recently implicated in the toxicity and car-
cinogenicity of the fumonisins.'®'**® Studies in primary
hepatocytes indicated that FB, decreased the concentra-
tion of the complex sphingolipid, sphingomyelin (SM),
due to the inhibition of ceramide synthase, while levels of
sphinganine and the phospholipids, phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) were in-
creased.'%’® Fatty acid analyses of the major membrane
phospholipid, PC, and the neutral lipid, triacylglycerol,
indicated that, depending on the concentration, FB,
increased the relative levels of 18:2w06 and 20:4w6 in the
hepatocytes, which results in a significant increase in the
total PUFA."® In vivo studies indicated that the relative
level of 18:2w6 was increased in the PC and PE in the
liver, while 20:4w6 was significantly lowered in serum
PC."” The total w6 fatty acids and the total PUFA were
decreased in both PE and PC with a concomitant increase
of w3 fatty acids in both phospholipid fractions resulting
in changes in the w6/w3 fatty acid ratio. It was suggested
that FB,-induced changes to the fatty acid metabolic
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pathways could play an important role in the altered

growth responses induced by the fumonisins in primary
rat hepatocytes and in the liver in vivo® Recent studieg
indicated that FB, alters signal transduction pathways
and cell cycle progression by repressing the expression of
protein Ikinase C and AP-1-dependant transcription in
CV-1 (of the African green monkey kidney) cells® inhibit-
ing protein serine/threonine phosphatases in vitro,?* acti-
vated mitogen-activated protein lkinase in Swiss 3T3
fibroblasts® and resulted in the overexpression of cyclin
D1 in hepatic rat tumors.®

The present study investigates the mechanisms
involved in the mitoinhibitory effect of FB, on the EGF
mitogenic response in primary hepatocytes. These
include investigations regarding the modulating role of
selected fatty acids and prostaglandins on the EGF
response. The alterations in the fatty acid metabolic path-
ways induced by FB, will be discussed in relation to the
cancer promoting and other adverse biological effects of
the mycotoxin in rat liver.

MATERIALS AND METHODS
Chemicals

EGF, prostaglandins E, and E, (PGE, and PGE,) and the
20406 and 20:503 fatty acids were obtained from Sigma
Chemical Corporation, and [PH] thymidine from
Amersham, London, UK. FB,, with a purity of 98%, was
dissolved in saline to obtain a specific concentration and
added in 50 pl quantities to each culture dish.

Primary hepatocyte cultures

Primary hepatocytes were prepared from male Fischer
344 rats {160-200 g in body weight) by the collagenase
perfusion technique as described previously.' Cells were
washed and harvested at low speed centrifugation (50 x g)
to minimise contamination with smaller non-parenchy-
mal cells. The viability of the isolated hepatocytes from
repeated isolation batches varied from 90 to 95%. Viable
hepatocytes (2 x 10° per culture dish) were plated on col-
lagen coated dishes (35 mm) in modified Williams E
medium containing fetal bovine serum (10%) for 3 h at
37°C in air/carbon dioxide (95:5). After plating, the cells
were washed with Hanks buffer solution and supple-
mented with serum-free, modified Wiliams E medium
and the plates incubated for 44 h. EGF (50 ng/dish) was
added to the incubating medium after the cells were plat-
ed for the whole incubation period. The pulse labelling
technique, using [*H] thymidine (50 pCi/plate), was used
to determine the labelling index (incorporation of [PH]
thymidine into the DNA) of the hepatocytes exposed to
EGF, quantitatively.® In short, the radiolabel (50 pCi/dish)
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was added to the dishes for a period of 4 h (between
40-44 h). The cells were washed three times with saline
and the specific labelling (dpm/h/mg protein) was deter-
mined in 5% trichloroacetic acid-precipitable material
dissolved in 0.5% sodiumdodecylsulfate (SDS). Protein
determinations were performed according to the method
of Kaushal and Barnes.”

Mitogenic response of EGF: fatty acids changes and
effect of 20:4w6 and 20:503 supplementation

Hepatocyte cultures (4 x 5 cm dishes per treatment) were
incubated for 44 h in the absence or presence of EGF.
Following incubation, the cells were first washed with ice-
cold saline (3 x 2 ml) and then harvested by scraping in
saline (1.5 ml). An aliquot (0.2 ml) was retained for protein
determination” and 1 ml, containing at least 1 mg pro-
tein/ml, was subjected to fatty acid analyses {see below) of
the major phospholipids (PC and PE).

In a separate experiment, the effect of 20:4w6 (10 and
25 uM/dish) and 20:5w3 (10, 25 and 50 pM/dish} on the
mitogenic response of EGF was determined by the addi-
tion of these fatty acids, complexed to delipidated albu-
min. (fatty acid:albumin ratio of 1:4) to the hepatocyte
cultures and the incorporation of [*H] thymidine deter-
mined as described above. A similar study was performed
whereby the hepatocytes were incubated with the indi-
vidual fatty acids (25 uM/dish) and the PC and PE phos-
pholipid fractions subjected to fatty acid analyses, All the
experiments were repeated three times.

Effects of PGE,, PGE, and ibuprofen on the EGF
mitogenic response

The modulation of the EGF mitogenic response by PGE,
and PGE, was monitored by incubating increasing con-
centrations of each prostaglandin (2.5, 5.0, 10 uM/dish) in
the presence or absence of EGF over a period of 44 h. The
modulating role of ibuprofen (2, 5 and 10 pM/dish), a
non-steroidal anti-inflammatory drug that blocks PGE,
synthesis,” and FB, (75 uM) were monitored in a similar
way. Ibuprofen and the different prostaglandins, were dis-
solved in ethanol (95%) and diluted with the growth
medium such that the final ethanol concentration was
0.1%.

FB,~induced mitoinhibitory effect on the EGF response:
effect of PGE,

The mitoinhibitory effect of FB, on the EGF response was
determined by the addition of different concentrations
(25, 75, 150 and 300 pM} of the compound to the cultures
for the whole incubation period. The modulating role of
PGE, on the FB,-induced response was studied by the
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addition of 12.5 uM at the same time as FB, and EGE. The
specific labelling of the hepatocytes was monitored ag
described above.,

Dose-response effects of FB, on hepatocyte fatty acid
profiles

Hepatocyte cultures were incubated with different con-
centrations of FB, (10, 25, 50 and 75 pM/cultured dish) for
44 h. Following the incubation period, the cells were
washed with ice-cold saline and the cells of four disheg
(6 cm id.) were scraped into a total volume of 1.5 m]
saline, which yielded approximately 1-1.5 mg protein.
The hepatocyte/saline mixture was extracted with chiloro-
form/methanol {2:1; 20 times the volume of the agueous
phase) and the extract evaporated to dryness under nitro-
gen at 37°C. The dried extract was further fractionated by
thin layer chromatography (TLC} and PC, PE and the neu-
tral lipid, triacylglycerol (TAG) were subjected to detailed
fatty acid analyses as described previously.'®

Cytotoxicity measurements

The cytotoxicity of the different prostaglandins, ibupro-
fen, 20:406 and 20:503 were measured by monitoring
release of lactate dehydrogenase in the incubation medi-
um after the 44 h incubation period. The fatty acids were
first complexed with delipidated bovine serum albumin
as described above. Cytotoxicity was expressed as a per-
centage of the total amount of lactate dehydrogenase
(LDH) released from control dishes after treatment with
1% Triton X100.7

Statistical analyses

The nonparametric Kruskal-Wallis statistical test and the
standard analysis of vatiance with the Tukey test were
used to analyse the data (7 = 3) in order to determine the
significant differences between the groups. The fatty acid
profiles of the different treatment groups (n > 3) were also
analysed by performing a standard analysis of variance
and the Tukey test, using the Tukey Standardized Range
method to determine whether the differences between
the groups were significant.

RESULTS
Madification of fatty acid profiles of hepatocytes

(i} In the absence of EGF

The most prominent changes in the fatty acid profiles
were noticed in the PC fraction (Table 1) with only mar-
ginal (P> 0.1) changes (data not shown) in the PE frac-
tion. Supplementation of the cultured hepatocytes with
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Fig. 1 Relative levels of selected fatty acids of primary hepatocyte cultures incubated with 20:4w6 and 20:5w3 incorporated In the medium
for a period of 44 h (A and B} in the absence (A & B) or presence (C & D) of EGF. Both fatty acids were added at a concentration of 25
phM/cultured dish and the lipids extracted as described under Materials and Methods. Statistical comparisons were made within a treatment
group; “P < 0.05, **F < 0.01) and between the (-} and (+) EGF treatmenis; a vs A, P < 0.01. Values represent the means of triplicate
determinations and the experiment was repeated three times. The SDs of the mean fatty acid values are presented in Table 1.

20:4w6 increased 20:4w6 (P < 0.01), while 18:1w9 and
18:2w6 were decreased (P<0.01) as compared to the BSA
treated controls (Fig. 1A). When 20:5w3 was added, the
levels of 20:4w6, 18:2w6 and C18:1w9 were not affected
(Fig. 1A) while the levels of 20:5w3 {P < 0.05), C22:503
(P<0.01) and 22:6w3 (P < 0.05), were increased signifi-
cantly (Fig. 1B). Addition of C20:4w6 and C20:5w3 also
significantly reduced (P<0.05 to P<{0.01) and increased
(P < 0.01) the relative levels of C16:0 and C18:0, respec-
tively {Table 1). When the total fatty acid parameters are
considered the monoc-unsaturated fatty acids were
decreased (P<0.01) in the presence of 20:4w6 and 20:503
(Table 2). Addition of 20:4w6 resulted in an increase in
the total w6 fatty acids (P < 0.01), w6/w3 ratio (P < 0.05)
and total PUFA (P < 0.01). Addition of 20:5w3 resulted in
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an increase in the total w3 fatty acids (P < 0.05), PUFA
(P < 0.05) and P/S ratio (P < 0.1) while the w6/w3 ratio
(P<0.01) decreased.

{ii) In the presence of EGF

The most prominent changes in the EGF treated cells, as
compared to the control cells, were an increase (P< 0.01)
in 18:2w6 with a concomitant decrease (P < 0.01) in
20:4w6 (Fig. 1A vs 1C - a vs A). The saturated fatty acids
C16:0 (P < 0.05) and C18:0 (P < 0.05) decreased and
increased respectively in the EGF-treated hepatocytes
(Table 1; indicated with asterisks). Addition of 20:4w6 in
the presence of EGF counteracted the above mentioned
decrease of 20:4w6, as it was significantly (P < 0.01)
increased, with a concomitant reduction (P < 0.01) of
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Tible 1 Fatty acid parameters of phosphatidylcholine (PC) of hepatocytes supplemented with C20:406 (23 uM) and C20:5w3 (25 UM} in the
gowth medium in the presence and absence of epidermal growth factor (EGF)

Treatment ci6:0  C16:1 c18:0 C18: ci18:2 C20:3 C20:4 Ccz2z:4 ca22:5 c20:5 €225 C22:5
(wB) (w8) {6) (0B} {wB) (w3) (w3) (03)
(-} EGF
Contro! 18.55a 1.52 21.02a 18.50a 6.58a 0.71 28.17a 0.08a 1.31 0.16a - 3.88a
(BSA) (2.75)  (0.56) (1.93) (1.34)  {0.89) (0.36) (1.80) (0.10) (0.80) {0.15) - (1.34)
C20:4w6 13.82b 1.7 25127 14.60A  537A  0.51 34.41A 0.36A 1.28 0.03a 0.07a 3.93a
(4.36)  (1.09) (1.08) (1.82)  (0.75)  (0.43) {4.57) (0.04) (0.17)  (0.07) (0.10)  (0.72)
Q0:503 11.78C  1.18 25.15A  16.40a 6.93a 0.80 30.95a 0.19a 117 0.62A 0.33b  5.11A
(3.20)  (0.65) (2.54) (1.35)  (0.62) (0.18) (1.28) (0.01) (0.31) {0.24) (0.19)  (1.33)
{3 EGF
Control 15.72% 1.13 23.31* 19.88 8.48a" 1.01a 25.8%a* 0.13a 1.35 0.18a 0.05a 3.02
(BSA) (2.36)  (047) (1.88) 212y (1.07)  (0.24) (1.09) {0.13) (0.40)  (0.22) (0.09) (0.43)
C20:4w6 15.43 0.84 25.81 15.72 6.23A 0.65b  30.89A 0.42A 1.26 0.08a 0.08a 3.38
(3.77)  (0.48) (1.73) (2.08) (0.89) (0.31) (5.10) (0.02) (0.13) (0.13) (0.10) (0.57)
C20:503 16.37*  2.02 2540 17.90(*) 8452 0.81a 23702 0.17a 1.03 0.65A 0.38A  3.84*
(3.39)  (1.80) (3.74) (1.88)  (0.73)  {0.35) (1.86) (0.02) (0.17)  (0.29) (0.05) (0.82)

Data are means (S.D.}). Statistical analyses (in a column) within the differant treatment groups were performed in either the presence or
absence of EGE: avs A, P < 0.01; a vs b, P < 0.05. Comparisons between the different treatment groups of the (~) and {+) EGF groups: (*)
P<0.05and **P<0.01.

18:206 (Fig. 1C). Treatment of hepatocytes with 20:503 in
the presence of EGF did not significantly alter the 20:406
and 18:2w6 levels (Fig. 1D), while 20:503 and 22:503
were increased (P < 0.01) as described above (Fig. 1D).
However, no significant increase was noticed for 22:6w3
as described in the absence of EGF, presumably due to the
significant (P< 0.05) decrease in C22:6 3 that is noticed in
the presence of EGF (Table 1). When considering the fatty
acid parameters the total w6, w6/w3, and P/S ratics, were
not altered significantly in response to 20:4w6 (Table 2).
Similarly, 20:503 only resulted in @ marginal increase in
the total w3 (P < 0.1), while no significant effect was

Table 2 Total fatty acid parameters of phosphatidylcholine (PC) of
hepatocytes supplemented with C20:4wb (25 uM) and €20:5u3

(25 uM) Int the growth medium In the presence and absence of
epidermal growth factor (EGF)

wb/w3 Total P/S
PUFA ratio

Treatment  Total Tolal Total  Total
saturates mono-unsel w6 FA w3 FA ralio

noticed with respect to PUFA and the P/S ratio. When
comparing incubations with 20:503 in the absence or
presence of EGF (Table 2; changes indicated with aster-
isks) the total saturated fatty acids increased
(P<0.01) due to an increase in C16:0. The w6 fatty acids
and PUFA decreased (P < 0.01), resulting in a decrease
(P<0.01) in the P/S fatty acid ratio. The total monounsat-
urated fatty acids increased (P < 0.01) due to marginal
increases in C16:1 and C18:1 (Table 1). No significant
changes were noticed when comparing the total fatty acid
parameters of cultures treated with 20:4wé in the pres-
ence or absence of EGF.

Effect of ibuprofen, PGE,, PGE; and fatty acids on the
EGF-induced mitogenic response

With the addition of ibuprofen, a known PGE, synthesis
inhibitor ® the EGF-induced synthesis of DNA was inhib-
ited (Fig. 24) in a dose-dependent manner. Supplement-
ation of FB, (75 uM) to the incubation medium inhibited

{-) EGF ‘ -
Control 3958  20.01A 36.36a 4.05a 9.68a 40.41a 1.03a (P< 0.01) the mitogenic response. To further investigate
(8SA) (2.89)  (1.63)  (200) (1.33) (2.50) (2.55) {0.13) the involvement of prostaglandins as mediators of the
Co0:406  38.94  1577B  41.27A 4.03a 10.48aA 45.3b 1.208 . . . . .
(5.16) (189)  [481) (078) (170) (5.22) (0.28) EGF-induced mitogenic response defE‘I‘EfltCOX?CEDTIaUOHS
C20:503  36.94  17.588  30.63(b) 5.85b 7.16bB 45.48b 1.24(b) of PGE, and PGE, were added to the incubation medium
( {(1.87) (1.11)  (1.18) (1.49) (1.76) (1.77) (0.11) (Fig. 2B). An increase (P < 0.05) in the EGF-induced
+) EGF , . .
Contol  39.02  21.01bA 3602 394 10.52a 39.95 1.03 response was noticed at the higher concentrations of
(BSA) {2.79) (254)  (200) (2.00) (3.30) (3.70) (0.17) PGE, that were tested. In contrast PGE, inhibited (P<0.05
C20:408 :”24 "(5555)3 3(3-55A (355 11.282A &2-10 1.04 to P < 0.01) the mitogenic response in a dose-dependent
4.04) 2.4 5.06) (0.68) (2.77) (4.83) (0.22) . ) .
Co0Ew3 4177 19.820% 33.83BT4.72(b) 7.31bB 38.31% 0.2 manner. Arac}ndomc acid (10 pM/dish) Enhamfed
(1.49) (1.61)  (226) (0.76) (149) (1.80) {0.10) (P < 0.05), while 20:5w3 decreased (P < 0.05) the mito-

Data are means (8.D.). Statisticat analyses (in a column} within the different
treatment groups were performed In elther the presence or absence of EGF:
AvsB, P<0.01,avsb, P<0.085 andavs (b}, P < 0.1. Comparisons
hetween the different trealment groups of the (=) and (+) EGF groups:

™ pP<0.01.
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genic response at 25 and 50 uM/dish (Fig. 34).

Role of PGE, on the FB,-induced mitoinhibitory effect

FB, inhibited the mitogenic response of EGF in a dose-
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900

Dpm/h/mg protein (10%)

OBM  BE2.5uM B 5uM B10pM
*

600 1

300

Prostanoid (Uv/dish)

Fig. 2 The effect of FB, and different concentrations of ibuprofen
(A} and prostaglandins E, and E, (B) on the mitogenic response of
EGF In primary hepatocytes (*F < 0.05; **F < 0.01). Values are
means of triplicate deterrninations of two different experiments.

dependent manner (Fig. 44). The inhibitory response was
effected (P < 0.01) from 75 pM FB/dish and higher.
Addition of PGE, {12.5 pM) counteracted the inhibitory
effect obtained at all the concentrations of FB, used.
Fatty acid analyses of hepatocytes exposed to different
concentrations of FB, {10, 25, 50 and 75 pM/dish),

increased (P<0.01) the level of 18:2w6 in PC from 10 pM .

FB,/dish and triacylglycerol {TAG) from 50 pM (Fig. 4B).

Cytotoxicity

Dose-response studies regarding ibuprofen, PGE, and-
PGE, showed no cytotoxic effects at any of the treatments
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800
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B OC20:4w6 BC20:5m3

LHD release
{% of total)

BSA  0uM  25uM 50.M

uh/dish

Fig. 3 Modulating role of different concentrations of 20:4w6 and
20:503 on the EGF mitogenic response in primary hepatocytes (A).
The respective cytotoxicities, expressed as LDH release, of the fatty
acids are lllustrated (B). Values are means of triplicate
determinations and experiments were fepsated thres times

(*P < 0.05; **P <0.01).

used in the present study (data not showri). An increase in
the cytotoxity of 20:4w6 was noticed (P < 0.05) at 25 pM,
while 20:5w3 was found to be less toxic with no signifi-
cant increase in the LDH release at 50 uM (Fig. 3B). FB,
exhibited a low cytotoxic effect and concentrations of
250-300 pM significantly enhanced the release of LDH in
cultures (data not shown) which is in accordance with the
findings of a previous report.'?

DISCUSSION

PUFA and their eicosanocid metabolites, the pro-
staglandins are known to modulate cell profiferation in
many in vivo studies in experimental animals and in vitro
studies utilising different cell culture systems?® The
release of 20:4w6 {arachidonic acid) and its subsequent
metabolism into prostaglandins of the 2-series is a prereg-
uisite for the EGF-induced mitogenic effect in BALB/c 373
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Flg. 4 Role of PGE; (12.5 pM/dish) on the mitoinhibitory response
of FB, In primary hepatocytes (A). The dose-response effect of FB,
on the accumulation of 18:2w6 in the PCfraction and in TAG is
fllustrated in (B). Values are means of triplicate determinations and
are the means of two or three experiments, *P < 0.05; P < 0.01,
(**) differs significantly (F < 0.01) from ™ in the PC group.

fibroblasts®2° In primary hepatocytes, hepatocyte
growth factor (HGF) and EGF causes the release of 20:406
via the activation of phospholipase A, involving the mito-
gen-activated protein (MAP) kinase signalling path-
way.*#? In the present study, the modulating role of fatty
acids and their metabolites, the prostaglandins, on the
EGF response in primary hepatocytes was investigated to
elucidate the mechanisms concerning the FB,-induced
mitoinhibitory effect.'? Investigations from previous stud-
ies showed that FB, alters the fatty acid metabolic path-
ways under various experimental conditions in vitro'®
and in vivo' suggesting that it could interfere with
growth related responses within the cell.

Fatty acid analyses indicated that the EGF-induced
mitogenic response in primary hepatocytes was associat-
ed with a decrease in C20:4w6 (P<0.01) and C16:0 (P<
0.05) with a concomitant increase in 18:2w6 (P < 0.01)
and C18:0 (P< 0.05) (Table 1 and Fig. 1). The decrease in
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20:406 could be related to the increased hydrolyses of
7046 to mediate the subcellular events of EGE. The reg-
son(s) for the accumulation of 18:2w6 and the changes 1o
C16:0 and C18:0 are not known at present. Addition1 of
20:406 to the incubation medium stimulated the BGr
mitogenic response (Fig. 3A), presumably because the
EGF-induced reduction of C20:4w6 (Fig. 1A vs 1C) was
counteracted. The decrease of 18:2w6 following the add;-
tion of 20:4w6 (Fig. 1A} could be due to a negative feed-
back mechanism of the latter on the delta-5 and delta-g
desaturases.™

In contrast, the addition of 20:5w3 inhibited the EGE-
induced mitogenic response (Fig. 3A). Fatty acid analyses
indicated that addition of 20:503 increased the relative
levels of 20:503 (P< 0.01), 22:503 (P < 0.05) and 22:6,3
(P< 0.01) (Fig. 1B). A similar effect was obtained in the
presence of EGF, except that 22:6w3 was not increased
significantly (Fig. 1D). The resultant reduction of the
mitogenic response could possibly be related to an
increased incorporation of w3 fatty acids in the hepato-
cyte membranes at the expense of the w6 fatty acids. It is
kmown that the fatty acid metabolic enzymes have a high-
er affinity for the w3 fatty acids and therefore are more
readily converted to longer chain metabolites and incor-
porated at the expense of the w6 fatty acids in the cellular
membranes.* The enhanced levels of 20:503 could also
facilitate the formation of the 3-series prostaglandins that
are known to be metabolically less active than
prostaglandins of the 2-series, which are derived from
20406

When considering the total fatty acid parameters
{Table 2), the enhancement of the EGF response by
20:4w6 was not associated with a significant increase of
the total w6 fatty acids, w6/w3 ratio and PUFA. However,
these parameters were increased (P<0.05 to P<0.01) in
the absence of EGF. The inhibition of the EGF résponse by
20:5w3 was associated with a decrease in the total o6
fatty acids and PUFA when compared to the parameters
in the absence of EGF (Table 2, statistical changes indicat-
ed with asterics). The total w3 fatty acids were not signifi-
cantly altered as a result of the EGF treatment although
there was a significant change in the individual w3 fatty
acid profiles. This is reflected, as discussed above, by the
fact that the level of 22:603 was not significantly
increased upon the addition of 20:5w3 as was noted in the
absence of EGF {Fig. 1B vs 1D}. This seems to imply that
20:5w3 could be utilised elsewhere as a result of the EGF
treatment and not metabolised to the long-chain 22:6w3
fatty acid product. In addition, there was also an increase
in the degree of saturation, i.e. a decrease in the total w6
fatty acids and PUFA with an increase in total saturated,
mono-unsaturated fatty acids which resulted in a
decrease in the P/S ratio (Table 2). Therefore, a decrease
in the EGF mitogenic response was associated with specif-
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ic changes to the membrane environment of hepatocytes
that are likely to result in a more rigid membrane struc-
ture.

The modulating effects of the different fatty acids on
the EGF-induced mitogenic response appear to occur via
the regulation of prostaglandin production. This became
apparent as the cyclooxygenase inhibitor,* ibuprofen,
inhibits mitogenesis {Fig. 2). Addition of PGE, further
potentiated the EGF-induced mitogenic response while
PGE,, derived from 20:3w6 {dihomo-gamma-linolenic
acid), inhibited the EGF response in a dose-dependent
manner. Recent studies indicated that 20:3w6 inhibits
phosphoiipase A,, the enzyme that mobilizes 20:406, via
its interaction with cAMP®® suggesting that the metabo-
lism of these two fatty acids could affect growth stimula-
tory and/or inhibitory effects within a cell. However, in
cell culture systems, differences exist concerning the
stimulation and/or inhibition of cell proliferation that
depends not only on the nature and concentration of a
specific prostaglandin, but also on the cell type and den-
sity.

Int general it would appear that, at low concentrations,
prostaglandins stimulate, while at higher concentrations
{1 pM or greater) they inhibit cell proliferation in vitro.
Therefore, by manipulating the membrane fatty acid pro-
files and presumably the prostaglandin levels, the mite-
genic signal of growth stimulatory factors, such as EGF,
can be modulated.

Recent investigations indicated that FB, altered the lev-
els and fatty acid profiles of the major phospholipids and
hence the structure of cellular membranes.”®*® These
changes were suggested to be involved in the mitoin-
hibitory effect of FB, on the EGF mitogenic response in
primary hepatocytes.’® The present study provided ewvi-
dence that changes to the w6 fatty acid metabolic path-
way and the subsequent prostaglandin synthesis could
clarify the growth inhibitory effect of FB, on the EGF
mitogenic response in primary rat hepatocytes. This can
be deduced as the addition of PGE, counteracted the
mitoinhibitory effect of FB, (Fig. 4A). The interruption of
fatty acid metabolism and more specifically the inhibition
of PGE, synthesis and the inhibition of growth {mitogen-
esis) in primary hepatocytes by FB, appear to be two
closely related physiological events. At present it is not
known whether FB, affects the activity of the cyclooxyge-
nase, a key enzyme in the synthesis of the 2-series
prostaglandins. However, studies in primary hepatocytes,
indicated that 18:2w6 and 20:4w6 accumulate when
exposed to similar concentration levels that inhibit the
EGF-induced mitogenic response.'%® At cytotoxic con-
centrations (>300 pM) the accumulation of 20:4w6
became more prominent, implying that FB, also altered its
metabolism. As suggested previously, the resultant
increase in the level of 20:4w6 could be due to an
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inhibitory effect on the prostanoid synthetic pathway 18
The accumulation of 18:2w6 could also result from feed-
back regulation of 20:4w6 on the delta 6 desaturage
enzyme. > However, at lower concentrations of FB, where
the EGF response was disrupted (Fig. 24), 20:4w6 was not
increased, despite the fact that 18:2w6 accumulated
(Fig, 4B). The accumulation of 18:2w6 was also effected at
low dietary levels in vivo in rat liver, while the total wes
and 3 fatty acids were decreased. This would imply that
the delta 6 desaturase enzyme, a rate-limiting enzyme in
the fatty acid metabolic pathway could have been affect-
ed by FB,."”” It is not known whether FB, inhibits the delta
6 desaturase enzyme and whether alterations of the
membranal structure and/or the tight binding of FB, to
cellular membranes® alters the activity of the enzyme.
FB, also increased the rigidity of hepatocyte membranes
by decreasing the membranal cholesterol content result-
ing in an increase in the PC/cholesterol ratio, a marker for
membrane fluidity.'® In vivo data also suggested a more
rigid hepatocyte membrane structure following exposure
to FB,, although it is manifested differently.”® The
inhibitory effect of 20:503 on the EGF mitogenic response
in primary hepatocytes was also associated with an
increase in the saturation of membranal fatty acids result-
ing in a decrease in the P/S ratio {Table I) implying a more
rigid membrane structure. Further studies are required to
investigate the FB-induced changes to the fatty acid pro-
files of membrane phospholipids in different cellular
compartments and its affect on the disruption of growth
factor responses in the liver.

The regulation of fatty acid metabolism and its effect
on prostaglandin synthesis is complex. Other effects
induced by ¥B, that are not related to prostaglandin syn-
thesis could also alter the growth responses within the
cell. For instances, the inhibition of ceramide synthase
and the subsequent accumulation of spkﬁngagiine have
been suggested to be involved in FB,-induced initogene-
sis in Swiss 3T3 fibroblasts.!® However, subsequent stud-
ies on the same cells indicated that FB, activated
MAPkinase does not require the accumulation of sphin-
gosine or sphinganine® In primary hepatocytes, these
sphingoid bases are not mitogenic, while their accumula-
tion appears not to be directly involved in the mitoin-
hibitory effect of FB, on the EGF-induced mitogenic
response.’® It was shown that sphinganine accumulates
maximally between 12 and 24 h in hepatocyte cultures
exposed to 1 M FB,* that is far below the concentrations
which inhibit the mitogenic effect of EGF.'® Long- and
short-term feeding studies in rats indicated that cancer
promotion is effected at low levels of FB; which have no
affect on the sphingolipid levels** As the phospholipid
and fatty acid profiles of hepatocyte membranes are
altered significantly'®* it would appear that, as suggested
in the present study, these changes are likely to be
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involved in the mitoinhibitory effect on the EGF mito-
genic response and the cancer promoting activity of FB,.
Apart from the role of fatty acids as membrane struc-
tural components and a source for prostaglandin produc-
tion, they are known to play an important role as lipid
second messengers that regulate cellular growth and
metabolism*** The mediating effect of 20:4w6 in the
cytolytic effects of tumor necrosis factor (TNF)-induced
apoptosis is a classical example, which also involves
ceramide as the key second messenger.?® The suppression
of 20:4w6 cascade-mediated apoptosis by glucocorticoids
has been suggested to act as a tumor promoter in aflatox-
in B, hepatocarcinogenesis involving TGF-B1 and proba-
bly TNF whose functions are mediated in part by
20406 Gamma-linolenic acid (18:3w6) has been
implied in the induction of apoptosis in cell cultures.?
Several mechanisms have been proposed to trigger the
apoptotic response including: (1) the deregulation of
c-myc, (2) the activation of 20:4w6-activated sphin-
gomyelinase with the subsequent release of ceramide,
and (3) the elevation of cAMP due to the production of the
E-series prostaglandins. However, the subsequent role of
20:4a6 and its metabolites that are derived further down
the line in the w6 metabolic pathway from 18:3w6 (Fig. 5),
cannot be excluded in these effects. The present study
implies that the regulation of the fatty acid metabolic
pathways and subsequent prostaglandin synthesis could
play an important role in the regulation of cell prolifera-
tion by FB,. In this regard, a recent study showed that FB,
increased the expression of TGF-B1 and c-myc in hepato-
cytes in vivo, which suggested that these events could
be involved in the apoptotic and cancer-promoting effects
of the compound.®® As mentioned above, the ceramide-
associated signal transduction pathway is also of interest,
as FB, is known to alter the sphingolipid metabolic path-
way by increasing the level of sphinganine and decreas-
ing the level of complex sphingolipids such as
sphingomyelin and ceramide.'>*** A recent study in
murine lymphocyte and human monoblast leukemia
cells indicated that FB, blocks daunorubicin-induced
ceramide elevation and apoptosis.*! As daunorubicin does
not stimulate sphingomyelin hydrolyses via sphin-
gomyelinase, but instead stimulates ceramide synthase,
inhibition of ceramide synthesis by FB, provides further
evidence for a requirement of ceramide to induce apopto-
sis. However, FB, is known to induce apoptosis in many
other cell types and in vivo,'"® suggesting that other path-
ways could exist that affect the apoptotic signals apart
from the disruption of sphingolipid biosynthesis. A novel
pathway involving a cascade of lipid messengers that cou-
ple glycerol phospholipids and sphingolipids has been
suggested® resulting in an interplay and/or cross-
signalling between the fatty acid metabolic pathway
(mainly 20:406) and the sphingomyelin cycle (mainly
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ceramide). Further studies are required to investigate how
these pathways, both affected by FB, are involved in the
growth regulatory effects of FB, in rat liver that everntually
could lead to adverse biological effects such as the mody,.
lation of cell proliferation, apoptosis and caricer promotigp,
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We review the hepatocarcinogenic effects of fungal cultures of Fusarium verticillioides (= Fusarium
moniliforme) strain MRC 826 in male BD IX rats. Subsequent chemical analyses of the fumonisin B
{FB) mycotoxin content in the culture material used and long-term carcinogenesis studies with
purified FB; provide information about dose-response effects, relevance of hepatotoxicity during
FB,-induced carcinogenesis, and the existence of a no-effect threshold. Fumonisin intake levels of
between 0.08 and 0.16 mg FB/100 g body weight (bw)/day over approximately 2 years produce liver
cancer in male BD IX rats. Exposure levels < 0.08 mg FB/100 g bw/day fail to induce cancer,
although mild toxic and preneoplastic lesions are induced. The nutritional status of the diets used in
the long-term experiments was marginally deficient in lipotropes and vitamins and could have
played an important modulating role in fumonisin-induced hepatocarcinogenesis. Short-term studies
in a cancer initiation/promotion model in rat liver provided important information about the possible
mechanisms involved during the initial stages of cancer development by this apparently
nongenotoxic mycotoxin. These studies supported the findings of long-term investigations
indicating that a cytotoxic/proliferative response is required for cancer induction and that a no-effect
threshold exists for cancer induction. The mechanisms proposed for cancer induction are
highlighted and include the possible role of oxidative damage during initiation and the disruption of
lipid metabolism, integrity of cellular membranes, and altered growth-regulatory responses as
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Investigations into the toxigenic properties of
Fusarium verticillioides (= Fusarium monili-
forme) have been the focus of many scientific
endeavors following the classic finding that
the fungus is responsible for natural out-
breaks of equine leukoencephalomalacia
(ELEM) (1,2). Many isolates of F. verticil-
lioides from different origins in southern
Africa were screened on a regular basis at the
Programme on Mycotoxins and Experimental
Carcinogenesis (PROMEC), Medical
Research Council, Tygerberg, South Africa,
in toxicity trials in ducklings and rats (3}.
Comparative toxicity studies of the fungus in
different animal species led to the finding that
the major target organ differs in each species,
whereas certain organs, including the liver
and kidneys, appear to be affected consis-
tently to a greater or lesser degree (4). It was
proposed that the rat served as the best exper-
imental model to screen toxigenic isolates of
F. verticillioides for their potential to induce
different lesions in various animal species.
Several events following these initial studies
have made a major impact on the subsequent
research concerning the toxicologic effects of
this fungus in animals. One of these was the
finding that contamination of corn with
F. verticillioides was positively associated with
the incidence of human esophageal cancer in

the Transkei region of the Eastern Cape
Province, South Africa (5,6). Second, toxicity
screening of different F. verticillioides isolates
obtained from corn cultivated in a high-
incidence area of esophageal cancer induced
hepato- and cardiotoxic lesions in rats (4). The
induction of cirrhosis together with bile duct
and nodular hyperplasia was of particular
interest with respect to the potential carcino-
genic activity of different isolates of the fungus.
The possible link between occurrence of this
fungus on corn and the development of
esophageal cancer has initiated intensive inves-
tigations to characterize the toxic and carcino-
genic principle(s) thar occur in corn, the major
dietary staple of humans in the Transkei.

Toxicity and Carcinogenicity
Studies in Rats

Studies with Cultures of E verticillioides
Strain MRC 826 '

An isolate of F. verticillioides designated strain
MRC 826, obrained from corn grown in a
high-incidence area of esophageal cancer in
Transkei, induced ELEM in horses and pro-
duced the potent mutagenic compound
fusarin C (3,4,7). Chronic feeding studies in
male BD IX rats with a freeze-dried corn cul-
ture (batch MRC 826B) of F. verticillioides at
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dietary levels ranging from 2 to 4% in a
commercial rat feed caused liver cancer in
80% and ductular carcinoma in 63% of the
surviving rars after 450 days (8). An impor-
tant finding was that the hepatocellular carci-
nomas (HCCs) developed in cirrhotic livers
showing nodular hyperplasia. Another promi-
nent lesion was the concurrent development
of cholangio- or adenofibrosis, a lesion that
appears to develop from the proliferation of
hyperplastic epithelial cells, goblet cells, and
Paneth cells. The experiment was conducted
with both oven-dried (MRC 826, batch
9-20) and freeze-dried (MRC 826, batch B)
culrure material and identical lesions were
induced; however, the degree of the effects
was higher with the freeze-dried material. It
was suggested that the causative principle(s)
was partially destroyed during the oven-
drying treatment at 45-50°C. This was of
particular interest because the mutagen
fusarin C, produced by the strain MRC 826,
was highly heat and light labile and not very
toxic acutely (7). Three pertinent issues
received attention in a subsequent chronic
feeding study (9) in rats using the same cul-
ture batch of the fungus (MRC 826, batch
B): whether the hepatocarcinogenicity was
related to the toxic effects of the fungal cul-
ture material; whether the nontoxic mutagen
fusarin C could be related to the carcinogenic
outcome; and whether the diet that was mar-
ginally deficient in certain vitamins and
lipotropes known to have protective effects
against esophageal cancer (10) could sensitize
rats to develop esophageal cancer when fed
low levels of the fungal culture.

We investigated the relative contributions
of fusarin C and roxicity to the carcinogenic
effects of the fungus in the liver by including a
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nontoxic strain of F. verticillioides, designated
MRC 1069, that produces three times more
fusarin C than strain MRC 826 (9). We used
a semisynthetic diet marginally deficient in
some vitamins and micronutrients to evaluate
a possible synergistic effect berween nutri-
tional deficiencies and the fungal culture for
the induction of esophageal cancer (Table 1).
Most lesions found in the rats fed a dietary
level of 0.5% of the culture material of MRC
826, batch B, included a high frequency of
neoplastic nodules (21/21), ductular hyper-
plasia (21/21), adenofibrosis (19/21), cholan-
giocarcinomas (8/21), and HCC (2/21) that
metastasized to the lungs. Liver sections of
85% of the animals showed marked increases
in the presence of gamma glutamyl transpep-
tidase positive (GGT*) foci and/or nodules.
Unlike results in the previous study (8), very
little fibrosis, except in association with ade-
nofibrosis, was noticed in the liver, presum-
ably because of the low dietary levels of the
culture material used. Basal cell hyperplasia
occurred in 12/21 rats fed culture material of
strain MRC 826 (batch B), whereas one rat
developed an esophageal papilloma. Very few
Jesions occurred in the liver of the rats fed
culture material of MRC 1069 despite its
being fed at a dietary level of 5%. Mild duc-
tular hyperplasia was present (18/22); one rat
had 2 focus of cholangiofibrosis and another
presented with a neoplastic nodule. Fatty
acid changes occurred in the treared rats of
both groups. Hepatocytes in the treated and
control rats were prominently loaded with
glycogen, presumably caused by the high car-
bohydrate content of the diet used.

When comparing with the first experiment
(8), we must consider several aspects. A clear
dose—response effect with respect to hepato-
toxicity and carcinogenicity became appar-
ent, suggesting that the hepatotoxicity is
related to cancer development by the fungus
in the liver of rats. Fusarin C was clearly not
involved in the carcinogenicity of the fungus
because culture material F. verticillioides
strain MRC 1069, containing at least 3 times
as much fusarin C and fed at a dietary level
10 times higher than that of MRC 826, pro-
duced only a few neoplastic lesions in the
liver. The basal cell hyperplastic lesions failed
to progress to neoplasia despite the fact that
the diet contained marginal levels of
lipotropes and some vitamins.

Following these long-term studies with
fungal culture material in South Africa, a
feeding study in male Fischer 344 rats
showed that corn naturally contaminared
with F. verticillioides and associated with a
field outbreak of ELEM in the United States
induced nodules, adenofibrosis, and cholan-
giocarcinomas in the liver after 4 to 6 months
(11). Although the corn-only diet was
deficient in many vitamins and lipotropes,
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the lesions were very similar to those
described by Marasas et al. (8), which were
induced by F. verticillioides strain MRC 826
in male BD IX rats fed a nutritionally bal-
anced diet. The early appearance of the
lesions in the liver of the rats obtained by
Wilson et al; (1]) seems related to dietary
deficiencies, as discussed above. This study
further strengthened the hypothesis that the
causative toxic principle(s) responsible for
ELEM in horses and the hepatotoxicity/car-
cinogenicity in rats could be identical. Studies
of the carcinogenic effects of fusarin C in a
short-term cancer initiation/promotion
model indicated that culture material of
F. verticillioides strain MRC 826 exhibited
cancer-promoting activity when using
diethylnitrosamine (DEN) as a cancer ini-
tiator and the induction of GGT-posirive
foci and/or nodules as end points (12).
Subsequently, several other strains of the fun-
gus, isolated from a high-incidence area of
esophageal cancer in Transkei, were screened
for cancer-promoting activity in a modified
version of the resistant hepatocyte rat liver
model (13). As described above, DEN was
used as a cancer initiator while the culture
material of the different strains was fed at a
dietary level of 5% for 21 days during promo-
tion with the induction of GGT-positive foci
used as end point. Three other strains of
F. verticillioides in addition to strain MRC
826 exhibited cancer-promoting activity, and
a significant correlation was found between
toxicity and the cancer-promoting activity. As
discussed above, this study also suggested that
the compound(s) responsible for the toxic
and carcinogenic activity could be identical.

Studies with Fumonisin B, Isolated
from E verticillioides Strain MRC 826

Long-term studies. The fumonisin B (FB)
mycotoxins were originally isolated (14} using
the short-term cancer initiating/promoting
model described above and their chemical
structures were determined (15). Information
about the carcinogenic effects of FBy, the main
fumonisin produced by F. verticillioides,
obtained from a short-term study (/4) sug-
gested that this mycotoxin could effect both
cancer initiation and promotion, and hence
could act as a complete carcinogen. Cancer ini-
tiation and promotion were associated with a
toxic effect characterized with the proliferation
of bile ductules, fibrosis, and nodular regenera-
tion similar to those described for F. verticil-
lioides MRC 826 in male BD IX rats (16,17).
Dosing of horses proved that FB; caused the
neurotic syndrome ELEM (78). These investi-
gations confirmed che previous hypothesis that
the compound responsible for ELEM in horses
was also responsible for hepatotoxicity and
hepatocarcinogenicity in rats (4). These
findings led to carcinogenicity testing of FBy
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in male BD IX rats performed with the culeure
material of strain MRC 826 using a marginally
deficient diet, as described by Jaskiewicz et al.
(9) and Van Rensburg et al. (10).

When male BD IX rats were fed FB; at 50
mg/kg diet, regenerative nodules and cholan-
giofibrosis occurred from 6 months onward
(19). The rats that were sacrificed or that died
from 18 months until 26 months, when the
experiment was terminated, suffered from
micro-and macronodular cirrhosis with large
expansive nodules of cholangiofibrosis.
Histologic changes inside the regenerative
nodules varied and included fatty changes,
hyaline droplet degeneration, necrosis, and
areas with a ground-glass appearance that
stained positive for GGT. Of the rats that
were killed between 18 and 26 months, 66%
developed HCG; in 4 rats this metastasized to
the kidney, heart, and lungs. Cholangio-
fibrosis—manifested as irregular ductlike
structures lined with an epithelium consisting
of large columnar cells and numerous goblet
cells—occurred in 100% of the rats killed
berween 18 and 26 months. Lesions in the
kidneys consisted of diffuse interstitial lym-
phocytic nephritis and mild membranopro-
liferative glomerulonephritis and were more
pronounced in the rats killed at 26 months.
Most of the lesions observed in the liver and
kidneys of the rats fed FB; (19) were also
induced by culture material of strain MRC
826, except that the esophageal basal cell
hyperplasia and cardiac lesions induced by the
culture material (8) were not present. Other
compounds present in the fungal culrure
material may cause these lesions, either sepa-
rately or synergistically with the fumonisins.
However, it was shown that FB caused the
hepatotoxic and hepatocarcinogenic effects of
the fungal culture material in male BD IX
rats. In a subsequent experiment, low dietary
levels of FB were fed to male BD IX rats ro
establish dose—response effects with respect to
cancer development in the liver (20). In shorr,
male BD IX rats were fed a semipurified diet
containing 1, 10, and 25 mg FBy/kg diet over
a period of 24 months. Derailed feed intake
profiles were monitored to calculate FBy
intake profiles during the course of the experi-
ment. No HCC or cholangiofibrotic lesions
were noticed in any of the rats terminated
between 18 months and 24 months. The
major lesions in the liver of the rats fed the
high-dose FB; diet [25 mg FBy/kg (Table 1)],
consisted of anisokaryosis (13/17), neoplastic
nodules (9/17), oval cell proliferation (2/17),
bile duct hyperplasia (3/17), lobular distortion
and portal fibrosis (5/17), and ground-glass
foci (5/17), whereas the livers of all the rats
terminated at 26 months contained positive
foci (11/11) of the placental form of
gluthathione S-transferase (GSTP). In the rats
fed the 10 mg FB/kg diet, fewer lesions
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appeared and only mild toxic lesions occurred
in the livers of the 1 mg FB,/kg dietary group.
The data indicate that a threshold exists and
that a chronic toxic effect is required for FB;-
induced hepatocarcinogenesis. The results of
these toxicity and carcinogenicity studies in
rats, together with estimated exposure levels,
were used to determine risk-assessment
parameters for fumonisins in humans 2n.
Since the discovery of the fumonisins in
1988, sensitive analytic detection techniques
have been developed (22), which have
enabled the retrospective estimation of the FB
intake in the initial long-term experiment
perfomed by Marasas et al. (8) and subse-
quently by Jaskiewicz et al. (9). These calcu-
lated data and comparisons with the
long-term studies in rats, using purified FB,
(19,20), are summarized in Table 2. Cancer
induction by the fumonisins occurs in the
presence of adverse hepatoroxicity, including
cirrhosis, cholangiofibrosis, and oval cell pro-
liferation (Table 2). An average dietary intake
of 0.08 mg FB/100 g body weight (bw)/day
induced mild toxic effects with 50% of the
rats having neoplastic nodules in the liver; an
average intake of 0.16 mg FB/100 g bw/day
causes liver cancer in 55% of BD IX male rats
over a period of approximately 2 years.
Dietary considerations. Comparisons of
the semipurified diet used in the chronic
feeding studies with culture material of MRC
826 (8,9) and FBy (19) and the synthetic
AIN 76 diet (23) used in subsequent experi-
ments (17) are shown in Table 1. The semi-
purified diet was developed by Van Rensburg

Mechanisms in fumonisin-induced hepatocarcinogenesis

et al. (10) to investigate the role of a diet low
in micronutrients on the development of
esophageal cancer in rats. The rationale behind
the study was to evaluate the role of simulated
human diets involving corn and whear, which
are invariably used as a main source of food in
high-incidence areas for esophageal cancer, on
the development of esophageal tumors in
rats. The supplementation of marginally

deficient corn and wheat diets with various
combinations of nicotinic acid, riboflavin,
zinc, magnesium, molydenum, and selenium
reduced the numbers of esophageal papillomas
in rats (10). Indigenous African grains
(sorghum and miller) also significantly reduced
the incidence of esophageal papillomas com-
pared to the corn-based diet (70). The nutri-
tional composition of the semipurified dier

Table 1. Comparison of dietary composition® of AIN 76 diet with the semipurified diet used in fumonisin B feeding

studies.
AIN-76  Semipurified AIN-76 Semipurified
Protein {g/kg) 2143 109 Vitamins?
Soy protein 30 Thiamin (mg) 6.4 39
Casein 200 10 Riboflavin (mg) 6.1 355
Egg albumin 10 Nicotinic acid (mg) KN 32
Corn meal 59 Vitamin B6 (mg) 71 0.6
Methionine 3 1.91 Folate (mg) 2 05
Total CHO (g/kg) 592 659.1 Vitamin B12 (pg) 10 8
Corn starch 2167 750 Pantothene (mg) 16.8 3
Sucrose 2167 Biotin {mg) 0.2 0.1
Glucose 216.7 111.25 Vitamin A (iU} 4,005 16,672
Dextrin 54.3 Vitamin D (IU) 1,000 250
Vitamin E (mg) 79.7 41.33
Total Fat (g/kg) 46.4 476 Vitamin K {(mg) 5 285
Saturated 59 6.33 Choline 2 0.7
MUFA 9.0 117
PUFA 293 270 Minerals®
Sunflower seed oil (g) 50 30 Calcium 5,100 515
Iron 48 17.3
Energy Magnesium 604 488
Kcal 3,779 3,448 Phosphorus 4,264 1,133
KJ 15,820 14,426 Potassium 3,925 2,307
Sodium 1,245 1,028
Fibre (g/kg} 55.4 372 Zine 46 208
Copper 57

Abbreviations: CHO, carbohydrate; KJ, kilojoules. #Composition analyses performed using the MRC Food Composition Tables (80).
bmg/kg or units/kg. “mg/kg AIN-76 (23); semipurified diet (76).

Table 2. Comparison of body weight gains, total 7B intake, and histologic findings between different long-term experiments with culture material of £. verticillioides and purified

FBy in male BD IX rats.

FCM intake FB intake
Body weight FCM (mg/100 g (mg/100g  Duration Total intake Major histologic
Reference Initial {g) Final (g} Gain (g) (% in diet) bw/day) bw/day} (days)  (mg/100 g bw) lesions in the liver
Marasas 63.5+47 790.1+46.8 2266 +47.3 4 0.13 0.69 288 198.33 Cirrhosis (20/20)
stal. (8 2 0.06 0.32 606 195.62 Adenofibrosis {19/20)
Total: 394.95 Ductular carcinoma {10/20)
Control 647 +48 3708+71.8 306.1+70.2 0.0005 894 0.45 HCC (12/20)
Basal cell hyperplasia (11/15)
Jaskiewicz 13947 359.8+78.0 246.0+£776 0.25 0.01 0.04 211 9.08 Neoplastic nodules {18/21)
etal (9 0.50 0.02 0.09 n 26.8 GGT-positive foci (18/21)
0.75 0.02 0.13 81 10.46 Fatty change (21/21)
0.50 0.02 0.08 266 22.90 HCC (2/21)
Total: 70.21 Ductular hyperplasia (21/21)
Control 1136 £ 5.1 4836 +88.4 370.0+87.2 0.0005 869 0.39 Adenofibrosis (19/21)
Cholangiocarcinoma (8/21)
Gelderblom 686+1.9 416.0 + 38.2 34753801 50 mg FBy/kg diet 0.160 780 124.8 Cirrhosis (15/15)
etal. (19 Regenerative nodules (15/15)
Cholangiofibrosis (15/15)
Control 68.1+2.7 517 £ 1088 448.9+107.4 HCC (10/15)
Gelderblom 985+7.1 4451 £ 88.9 346.6 + 89.9 25 mg FBy/kg diet? 0.080 690 55.20  Anisokaryosis {13/17)
etal. (20 98.4+74 4744718 376.0+£71.3 10 mg FB, /kg diet 0.032 690 22.08 Hyperplastic nodules {3/17)
101.4+6.3 4836+114.7 382.2+115.0 1 mg FBy/kg diet 0.003 630 2.2 Oval cell proliferation {2/17)
Control 95.06+9.2 4238+107.7 328.7 £105.2 0.22 g FBy/kg 0.001 890 0.35 Bile duct hyperplasia (3/17)

Portal fibrosis (5/17)
Ground-glass foci (7/17)
GSTP foci {11/11)

FCM, Fusarium culture material. #Histologic changes recorded in the high-dose group {20).
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used in the long-term experiments differs
from that of the AIN 76 (23) developed for
rats in several respects. These differences
included low protein content and marginal to
marked deficiencies in lipotropes (2- to 3-fold
lower), vitamins (2- to 10-fold lower), and
minerals (2- to 10-fold lower). The caloric
contents of the two diets were similar. It is
well recognized that diet plays a major role in
the induction and spontaneous development
of cancer in experimental animals (24). The
semipurified diet used in the long-term
studies, therefore, could have had an impor-
tant influence on the outcome of liver and
esophageal cancer development in the male
BD IX rats—for example, the methionine
content of the semipurified diet was margin-
ally lower whereas the folate levels were four
times lower. Low levels of the lipotropes,
methionine, and choline are involved in
cancer development of many organs includ-
ing the liver (25). In addition to folic acid,
these lipotropes play important metabolic
roles in the utilization of methyl groups (24).

Short-term studies. Several short-term
cancer models, using rat liver, exist to study
the underlying mechanisms of cancer devel-
opment by genortoxic carcinogens (26).
Because FB; is a complete carcinogen in the
liver, subsequent studies were directed to
investigate the cancer-initiating and -promot-
ing potential of this apparently nongenotoxic
mycotoxin. The cancer-promoting activity of
E. verticillioides was first demonstrated in
male BD IX rats (13) and, as discussed above,
used to purify the different structurally
related fumonisin analogues. The basic con-
cepts underlying the processes of initiation
and promotion by fumonisins are discussed
in derail elsewhere (21,27) and are based on
the “resistant hepatocyte” model developed in
the liver by Farber (28). In short, there are
two basic sequences of which the first is the
production or appearance of hepatocytes with
a so-called “resistant” phenotype that makes
them resist the growth-inhibitory or toxic
effects of many carcinogens. Genotoxic car-
cinogens rapidly (within several minutes or
hours) induce this new phenotype (29),
whereas nongenotoxic carcinogens such as
clofibrate (30), FB;, and a choline-deficient
diet (25) induce a similar phenotype but over
a period of several weeks. The induction of
this phenotype is complex, and although a
muration-like event is generally considered an
important step, this supposition is critically
questioned (31). For the ultimate cancer to
develop, the altered or initiated cell first must
be stimulated to grow during promotion or
selection. During chis process, called differen-
rial inhibition, the initiated cell proliferates in
an environment created by the promoter that
inhibits the growth of the surrounding
normal hepatocytes (32).
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Cancer initiation, Initial studies on the
cancer-initiating potential of the FB mycotox-
ins were performed in male Fischer rats fed a
purified basal diet (16). Two different proto-
cols were used. In the first, FB; was fed in the
diet (1 g FBy/kg diet) for 26 days followed by
partial hepatectomy. Selection occurred 2
weeks later by 2-acetylaminofluorene/carbon
tetrachloride (AAF/CCly), and the rats were
sacrificed after an additional two weeks. The
second protocol consisted of partial hepatec-
tomy (PH) followed by single gavage dosages
of FB, at various rime points before or after
PH. The latter regimen is the classic protocol
for evaluating the cancer-initiating potential
of genotoxic carcinogens (28). Histologic
changes induced by feeding FBy in the diet for
26 days were similar to those described for
BD IX rats and included the generation of
carly hepatocyte nodules and mild to moder-
ate bile ducr proliferation. After the promot-
ing treatment, three to five hepatocyte nodules
were visible macroscopically in the liver; the
number of GGT positive foci was also signifi-
cantly increased compared to the controls. In
contrast to this finding, neither FB; nor FB,
exhibited any cancer-initiating activity during
the gavage treatment before or after PH
(second protocol).

Subsequent studies in male Fischer rats fed
the AIN 76 diet focused on dosage studies in
relation to the initiating and promorting
potential of the mycotoxin (17,33). Initiarion
depended on both the dosage and the dura-
tion of the rreatment. A dose of 29.7 mg
FB,/100 g bw over 7 days did not effect initi-
ation, whereas the same dosage over 21 days
did. Initiation by FB; also depended on the
induction of a hepatoroxic effect together wich
compensatory or regenerative cell prolifera-
tion, a prerequisite for initiation (34). FB,
also appears to be a mitoinhibitor of normal
hepatocytes; a dietary treatment of 250 mg
FB,/kg bw for 3 weeks (16) or a single gavage
dose of 50 mg/kg bw (33) inhibits liver regen-
eration induced by PH. Thus, a balance seems
to exist between the induction and inhibition
of hepatocyte regeneration, and the effect on
cancer initiation may depend on which of
these two processes prevails at a specific time.
For example, a total dosage of 29.7 mg
FB,/100 g bw over 7 days is likely to create a
strong inhibitory effect on cell proliferation
and therefore will not support the process of
cancer initiation. However, the same dosage
administered over 21 days is likely to support
regenerative cell proliferation as a result of
FB;-induced hepatotoxicity, which then will
support cancer initiation (17). The latter con-
cept is not new; initiation by many genotoxic
hepatocarcinogens is potentiated either by use
of a toxic dosage that stimulates hepatocyte
regeneration or by the introduction of PH
during the initiating regimen. In combination

with PH, which synchronizes the entry of liver
cells into the S-phase by approximately 18 hr,
cancer initiation by a genotoxic carcinogen
could be effected at very low doses when
introduced at this stage (39). The same holds
true for initiation by the fumonisins, except
that the whole process occurs at a far slower
rate, probably because the FB-induced cell
proliferation is counteracted by its mitoin-
hibitory effect, producing a much smaller
yield of initiated hepatocytes. In addition, a
recent study indicated that FBy induced apop-
tosis (36), which has been suggested to reduce
the number of initiated cells in the liver (37).

Another aspect that could determine the
kinetics of the initiating step is the nature of
the event(s) leading up to the induction of
the initiated hepatocytes as a result of FB,
treatment. The nature of initiation is of par-
ticular interest with respect to FBy because
the compound appears not to exhibit any
mutagenic or genotoxic effects in different 7n
vivo and in vitro tests (16,38). However,
Knasmuller et al. (39) reported that FB as
well as the mycotoxins moniliformin and
deoxynivalenol exhibited clastogenic effects
(chromosomal aberrations) at concentrations
from 1.4 to 144 pM in primary hepatocyte
cultures. At these concentrations FB; reduced
the mitotic index and the induction of
micronuclei markedly to significantly. These
data suggested that FB; might exhibit some
genotoxic effects. It was postulated that lipid
peroxidation could play a role in the chromo-
somal breakage caused by the accumulation
of polyunsaturated fatty acids in primary rat
hepatocytes after exposure to FBy (40).
Because cytotoxic effects and lipid peroxida-
tion occur only at high concentrations of FB;
(> 75 uM), the induction of chromosomal
aberrations at levels of 1.4 and 14 pM need
to be investigated further to clarify whether
FB; is directly or indirectly responsible for
chromosomal strand breaks. The disruption
of sphingolipid metabolism is effected maxi-
mally at these concentrations (41), with the
accumulation of sphinganine known to affect
cell growth and differentiation (42).
However, for the purpose of the present
review, the fumonisins will be regarded as not
causing direct DNA damage (mutations).

As mentioned above, the role of lipid
peroxidation during cancer initiation in rat
liver must be considered (17) because rela-
tively high cytotoxic dosages over long time
periods are required. Recent investigations
indicated that FB; induces lipid peroxidation
in cell membrane preparations (43) and iso-
lated rat liver nuclei (44) and in primary rat
hepatocytes and rat liver in vivo (45). When
egg yolk phosphatidylcholine (PC) bilayers
were used (43), FB, increased the rate of oxi-
dation, free radical production, and lipid per-
oxidation, thereby disrupting membrane
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structure and permeability. These effects were
noticed at high concentration levels—
between 1 and 10 mM FB;—raising some
doubts about inducing similar effects in vivo.
Cawood et al. (46) showed thar when radiola-
beled FB; is used, the compound is tightly
associated with plasma and microsomal
membranes. However, a specific binding site
for the fumonisins has not yet been character-
ized. Nuclear membrane lipid peroxidation
with concomitant DNA strand breaks
occurred in isolated rat liver nuclei treated
with FB; in vitro at concentrations ranging
from 40 to 300 pM (44). The formarion of
hydroxy and the subsequent formation of
peroxyl radicals in the vicinity of nuclear
material was proposed to cause DNA strand
breaks. It was furcher postulated that meral
ions, specifically iron, endogenously associ-
ated with cellular DNA could be important
sites for metal-catalyzed oxidative DNA dam-
age. In vitro studies in primary hepatocytes
showed that lipid peroxidation is effected in a
dose-dependent manner closely associated
with cytotoxicity induced by FB; (45).
Although o-tocopherol prevented lipid per-
oxidation by FBy, cytotoxicty was not com-
pletely abolished, indicating that lipid
peroxidation is not solely responsible for the
cytotoxic effects and could be secondary to
cell cytoroxicity. Except for halogenated
hydrocarbons such as carbon tetrachloride,
oxidative stress and the resultant lipid peroxi-
dation seem to occur as a result of cell injury
induced by toxins (7). At low levels of expo-
sure (75 pM), FB; also enhanced the suscep-
tibility of hepatocytes o undergo lipid
peroxidation induced by cumene hydroperox-
ide, probably via the accumulation of poly-
unsaturated fatty acids in primary hepatocytes
(40). In a recent study in rats fed a dietary
level of 250 mg FB/kg diet, with or without
dietary iron loading, FB; augmented iron-
induced lipid peroxidation in the liver (48).
Observations from in vivo feeding studies
support the results from in vitro studies that
lipid peroxidation occurs in a dose-dependent
manner associated with a hepatoxic effect.
Lipid peroxidation appeared to be a secondary
effect rather than a causative mechanism of
FB;-induced hepatic injury (45). Purification
of membranal fractions indicated that FBy sig-
nificantly (p < 0.05) increased lipid peroxida-
tion in plasma and microsomal membranes at
a dietary level of 250 mg/kg, and it was
enhanced (not significantly) in the mitochon-
drial and nuclear membranal fractions.
Oxidative damage could well be an important
initial event and in addirion to the inhibitory
effect on cell proliferation, could explain the
slow kinetics of the initiating step. Apoptosis
also must be considered because it becomes an
important biologic phenomenon at high
exposure levels of fumonisins (36,49) and
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because it is known to remove the genetically
altered initiated cells in che liver (50).

With respect to the cancer-initiating
potency of FB; (45), cancer initiation of the
choline-deficient diet occurred only after 9
weeks, preceded by lipid peroxidation and a
hepatotoxic effect (25). The peroxisome
proliferator clofibrate (30) also causes cancer
initiation after prolonged feeding of several
weeks. Because FB; is considered a weak or
slow cancer initiator, the compound may
have a strong effect on postiniriation events
such as cancer promotion (17). Because the
fumonisins occur naturally at relatively low
dietary levels compared to the levels that ini-
tiate cancer in rats, future research should
focus on the events related to later phases of
cancer development, including promotion
and progression.

Cancer promotion. As discussed above, the
process of promotion represents an important
phase during which the initiated cells are clon-
ally expanded into hepatocyte nodules by a
process known as differential inhibition
(28,32). Although other mechanisms of the
clonal expansion of the initiated hepatocyte
have been proposed, considerable evidence
exists to support a selection process whereby a
few resistant hepatocytes proliferate in an
environment where the proliferation of nor-
mal cells is inhibited (32). A compound is
called a cancer promoter if it can create such
an environment, and studies of fumonisins
indicate that a similar hypothesis could be
developed for the cancer-promoting property
of these compounds. This growth selection of
resistant hepatocytes has been recognized as a
property of different cultures of £, verticil-
Lioides (12,13) and was successfully used to
develop a bioassay for the purification of the
fumonisins. Initial studies suggested that
hepatotoxicity was associated with the cancer-
promoting potential of this mycotoxin (13). A
recent study showed that cancer promotion,
unlike initiation, was effected at relatively low
dietary levels (50 mg FBy/kg diet) in the
absence of excessive hepatotoxicity (33). The
cancer-promoting activity of FBy was also
associated with an inhibitory effect on hepato-
cyte proliferation. This suggested an induction
of a growth differential whereby the growth of
the resistant initiated cells is promoted and
that of normal cells inhibited. Inhibition of
cell growth occurs in many cell culture sys-
tems (51) and in rat liver in vivo under differ-
ent experimental conditions involving PH. A
dietary level of 250 mg FBy/kg fed over 21
days significantly inhibited regenerative hepa-
tocyte cell proliferation in hepatectomized
male Fischer rats after 24 hr (17). Three days
after PH the level of DNA synthesis was sig-
nificantly higher in the FB;-treated group,
whereas at 7 days there was no difference. FB,
seems to delay hepatocyte regeneration in a
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reversible manner. Even a single gavage dosage
(50 mg/kg bw and higher) 6 hr after PH sig-
nificantly inhibited DNA synthesis. Thus, the
inhibitory effect on cell proliferation is likely
to be an important determinant of cancer pro-
motion in rat liver. Many cancer promoters
such as 2-acetylaminofluorene, phenobarbiral,
orotic acid, and ciprofibrate inhibit the epi-
dermal growth factor (EGF)-induced mito-
genic response in primary hepatocytes (33).
This inhibitory effect—also known as mitoin-
hibition of the EGF response by FB;—has
been used to investigate possible mechanisms
involved during cancer promotion (47).
Binding of EGF to its receptor was not
affected in hepatocytes exposed for 12 hr to
FB,. The inhibitory effect was also reversible;
maximum inhibition seemed to occur late
during the Gl-phase of the cell cycle.
Pretreatment of hepatocytes with FBy only
marginally inhibited the EGF response, indi-
cating that there is very little memory after the
mycotoxin is removed. In vivo and in vitro
experiments suggest that FB; behaves in a
manner similar to most cancer promoters in
inducing a growth differential that selectively
stimulates the outgrowth of initiated cells.

Although a mechanism for cancer initia-
tion has been proposed for FB; (see above),
the process whereby FBy creates a growth dif-
ferential in the liver that selectively favors the
growth of initiated cells still needs to be eluci-
dated. The final part of this review focuses on
a mechanism that is likely to create such a
“promoting” environment to sustain the
process of differential inhibition.

Altered Lipid Biosynthesis
as a Possible Mechanism
for Cancer Promotion by the
Fumonisins: A Hypothesis

General Introduction

The major constituents of cellular membranes
are the phospholipids, which contain fatty
acids as important constituents of the typical
bilayer structure (52). Essential fatcy acids
(EFA) are normally linked to the 2 position of
the glycerol backbone of the phospholipids
and sometimes also to the 1 position. Free
cholesterol is closely associated with the fatry
acids and hence is an important mechanism in
determining membrane fluidity. EFA consists
of the w6 and w3 derived from linoleic acid
(C18:2w6) and a-linolenic acid (C18:3w3)
respectively (Figure 1). A series of alternating
desaturations (which add a double bond) and
elongations (which add two carbon atoms) are
involved in the synthesis of the different long-
chained fatty acid metabolites. The desatura-
tion and elongation are not confined to the
metabolism of EFA; the saturated farry acids
palmitic and stearic can also be converted to
long-chained fatty acids. Apart from the role
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Figure 1. Essential fatty pathways indicating the key
role of AG desaturase enzyme and the fatty acids
involved in the synthesis of different prostaglandins. The
marked fatty acids (boxes) are likely to play a key role in
the development of hepatocyte nodules.

of EFA as structural components of all
membranes, they are precursors of the
cicosanoids, prostaglandins, leukotrienes, and
other oxygenated derivatives.

In Vitro Studies in Primary Hepatocytes

Studies in primary hepatocytes indicate that
the incorporation of 14C palmitic acid
decreased in the total lipids and the neutral
lipids, triacylglycerol (TG), and the choles-
terol esters at a noncytotoxic concentration of
150 M FB; and at cytotoxic concentrations
of 250 uM and higher (40). In contrast, the
incorporation of radiolabel into phospho-
lipids increased with a concomitant increase
in the concentration level of PC and phos-
phatidylethanolamine (PE), whereas the total
cholesterol decreased. The concentration and
labeling of sphingomyelin (SM) decreased,
presumably as a result of the inhibitory effect
on the ceramide synthase, a key enzyme in
the sphingolipid biosynthetic pathway (53).
Farty acid changes were restricted mainly to
PC and TG with a decrease in the relative
levels of C16:0 and the C16:107 fatty acids
and C18:1w9. Changes in polyunsaturated
fatty acids (PUFA) were restricted mainly to
an increase in C18:206 in TG and PC;
(C20:4w6 also increased in both PC and TG.
These changes were observed in cyrotoxic and
noncytotoxic dosage levels. As a result, the
PUFA increased in both PC and TG. The
increases in PC, PE, and PUFA are likely to
counterace the shift to a more rigid mem-
brane structure caused by the decrease in total
cholesterol. The increase of C18:2w6 could
be related to the impairment of the A6 desat-
urase enzyme, the rate-limiting enzyme in
fatty acid merabolism (Figure 1), and the
increase in C20:406 could be caused by the
disruption of prostaglandin biosynthesis by
inhibiting the cyclooxygenase enzyme. This
was supported by the finding chat the inhibi-
tion of monooxygenase by ibuprofen also
inhibits the EGF mitogenic response (54). At
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lower concentrations of FBy, the relative
levels of C20:406 were unaffected, whereas
C18:2w6 still increased, indicating that,
depending on the dosage, different effects
could be induced in primary hepatocytes.
This implies that the disruption of the A6
desaturase could be an important early event
that occurs in hepatocytes exposed to low
concentrations of FB;. The accumulation of
C20:4w6 was effected at dosages that signifi-
cantly inhibit the EGF response (41). The
inhibition of C20:40w6 metabolism by FB;
was further strengthened by the following:
First, the addition of C20:406 and C20:503
to primary hepatocytes in the presence of
EGF respectively stimulates and inhibits the
mitogenic response; second, the mitoin-
hibitory effect of FB; was counteracted by the
addition of prostaglandin E, (54). Changes to
the farty acid profiles of hepatocytes mem-
branes and specifically C20:4006 also effected
the mitogenic response. This was shown by
the addition of C20:5w3, which inhibits the
EGF response presumably by replacing
C20:406 from the membrane phospholipids.
The resulting formation of the prostaglandin
E; series has fewer, even opposite, properties
from those of the prostaglandin Ej series that
are produced from C20:4w6 (51). These
results suggest that C20:4wG6 is central to the
regulation of the EGF response in primary
hepatocytes. This was recognized earlier, as
the disruption of C20:406 metabolism
affects the mitogenic response of EGF and
heparocyte growth factor (HGF) in primary
hepatocytes (35).

In Vivo Studies in Rats

In vivo studies indicate that FBy disrupted
lipid biosynthesis differently from that in the
in vitro studies (56). In contrast to the i vitro
studies, the major changes were associated
with both the PE and the PC phospholipid
fractions, and cholesterol increased in both the
serum and liver. In the short-term studies in
male Fischer rats, a dietary level of 250 mg
FB,/kg increased the PE level, whereas SM
decreased. No effect was noticed in the rats
that received the 50 and 100 mg FB,/kg diets.
However, in long-term studies using BD IX
rats, dietary levels of 1, 10, and 25 mg/kg
increased the PE levels in the liver. Fatty acid
analyses of the PE and PC fractions of the
liver indicated that, as was shown in the in
vitro study, the relative level of C18:2w6
increased in PE and markedly in the PC frac-
tion of the rats from the short-term study.
The level of C20:4w6 was not altered,
although there was a marked decrease in the
PC fraction using the 250 mg/kg dietary level.
C22:5w06, the end product in the n-6 meta-
bolic pathway, was reduced in PE in the liver
of the rats that received the 100 and 250
mg/kg diets. A similar pattern was noticed in
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the liver of rats of the long-term study in both
the PC and PE fractions, but because of the
small numbers of rats (3 per group) used for
analyses, these changes were not significant.
However, analysis of the total fatty acid pro-
files of the liver, using a larger number of rats
per group (4 to 6 animals/group), indicated
that the relative levels of C18:2 increased.
Fatty acid analyses of serum PC of both the
short-term and long-term FB, feeding studies
confirm the observations obtained in the liver:
an increase in C18:2w6 but a decrease in
C20:4w6 and C22:506 in the short-term (50
mg FBy/kg diet and higher) and long-term
(10 mg/FB,/diet and above) experiments.
With regard to the rotal fatty acid parameters,
the monounsaturated fatty acids (MUFA)
increased in PE, whereas the total n-6 and
PUFA decreased in PC. In the long-term
experiment, the MUFA increased in PC while
the n-3 fatty acids increased in PC and PE,
altering the n6/n3 rato. The effect of FB; on
the n-6 fatty metabolic pathway seems to rely
to a greater or lesser extent on the dietary level
of FBy, the length of exposure, the specific cel-
lular phospholipid fraction, and differences
between #7 vitro and in vivo experiments,
Subsequently, the effects of different
dietary dosages (10, 50, 100, and 250 mg
FB/kg diet) of FB; fed for 21 days wete eval-
uated on lipid metabolism in rat fiver micro-
somal membranes (57). These dietary levels
of FB; were used to investigate the cancer-
promoting potential of the fumonisins in
DEN-initiated rats (29). The major changes
associated with the microsomes were
increased levels of PC, phosphatidyl inositol
(PI), PE, and cholesterol. The levels of the
saturated facty acids and MUFA, especially
C18:1®9, increased significantly in the
treated groups (100 mg FB/kg diet and
higher) in all the phospholipids except phos-
phatidyl serine (PS). The relative (%) and
absolute (ug) values of C18:2w6 increased in
the PC, PL, PS, and PE phospholipid frac-
tions. C20:4w6 showed a decrease in the rela-
tive values, whereas the absolute values
remained constant in PC, PI, and PS despite
the fact that the concentration of the phos-
pholipids increased in the high-dosage
groups. In PE, however, the relative value was
not altered. However, the absolute value of
C20:4w6 in PE increased, presumably
because of the prominent increase (> 2x) in
the level of PE compared to that of the other
phospholipids. A similar effect was noted
with C22:406 and C22:506 in PC and PE.
The relative values of the n-3 fatty acid,
C22:6w3, also decreased in a dose-responsive
manner in all the phospholipids; the absolute
values remained the same except PE, where
they significantly increased. The relative levels
of total PUFA were not altered; the absolute
levels increased (PC, PE, and PI) because of
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increased phospholipid concentrations. The
polyunsatured/saturated (P/S) fatty acid ratio
also decreased in the PC phospholipid frac-
tion because of alterations in the PUFA and
saturated fatry acid levels. Changes to mem-
branal environment of FB; also expanded and
included the plasma, mitochondrial, and
nuclear membrane fractions of rat livers
exposed to 250 mg FBy/kg diet for 21 days.
Some differences exist in the lipid profiles of
the different membrane fractions with respect
to the effect of FB; on the levels of choles-
terol and PC and PE. In the plasma mem-
brane and nucleus, only PE significantly
increased; PC, SM, and cholesterol were
unchanged. The mitochondrial membrane
structure was also altered differently from the
plasma membrane. The level of PE increased,
PC and SM decreased, and cholesterol
remained unchanged. The fatty acid patterns
were similar, with minor differences between
PC and PE—e.g., PUFA decreased in PC
(both the relarive and absolute values),
whereas in PE the relative value decreased
and the absolute value increased. The
absolute values of the saturated fatty acids
and MUFA increased, causing a decrease in
the D/S ratio of PC and PE and suggesting 2
less fAluid mitochondrial membrane.

It can be argued that some of these
changes can be related to the heparotoxic
effects induced by FBy in the liver. Apart
from cancer promotion, the toxic effects are
closely related to cancer initiation by the
fumonisins, making it difficult to associate
specific changes in lipid metabolism with
cancer induction at this stage. However, a
characteristic fatty acid pattern seems to
emerge in the livers of rats exposed to dietary
levels of FB that effect both cancer initiation
and promotion. These include the following:
First, an increase in saturated fatty acids and
MUFA (C18:1w9) fractions was observed in
both PC and PE. Second, the relative level of
C18:2w6 increased in PC, whereas the
absolute value was enhanced in PC and PE.
Third, the relative and absolute values of
C20:4w6 tend to decrease in PC and increase
in PE. Fourth, the relative and absolute values
of C22:4w6 and C22:5w6 decreased in PC,
whereas only the relative value of C22:506
decreased in PE. The n-3 farty acid,
C22:603, also decreased in PC but tended to
increase in PE. Fifth, both the relacive and
absolure toral PUFA values decreased in PC
but only the relative levels decreased in PE.
And, sixth, the P/S ratio decreased in both
PC and PE, suggesting a less fluid plasma

membrane structure.
Mechanistic Implications with Respect
to Cancer Promotion

Apart from the role of the PUFA in regulating
many processes in the cells via their production

Mechanisms in fumonisin-induced hepatocarcinogenesis

of different classes of prostaglandins, their role
in determining the structure and function of
cellular membranes also must be considered.
A change in saturation could derermine the
responsiveness of cells to transformation or
the expression of specific phenotypes support-
ing differential growth thar produces clonal
expansion of certain cell types associated with
neoplastic development. With respect to
cancer promotion, the disruption of growth-
stimulatory responses in primary hepatocytes
and regenerating liver could be important in
establishing the growth differential.

Altered lipid parameters associared with
the growth of hepatocyte nodules. Abel et al.
(58) recently investigated the role of different
lipid parameters in the development and/or
progression of hepatocyte nodules at different
time intervals (1, 3, 6, and 9 months). The
concentration of the phospholipid PE
increased, whereas the total cholesterol
increased in the 1- and 9-month nodules.
Despite the fact that PC increased in the 1-
month nodules, the increased level of PE
caused a decrease in the PC/PE ratio in hepa-
tocyte nodules. Farty acid analyses indicated
that C18:109 and C18:2w6 increased in PE
and PC, while C20:406 decreased in PC but
increased quantitatively in PE. The end prod-
ucts of the n-6 and n-3 pathways, C22:506
and C22:603, decreased both qualitatively
and quantitatively in PC, causing a dectease
in PUFA. The lipid profiles of the surround-
ing tissue reflect those of the control tissue. In
regenerative liver (over 7 days after partial
hepatectomy), used as a control for cell prolif-
eration, the fatty acid profiles of PE and PC
are very similar to those of hepatocyte nod-
ules except that C18:109 decreased in PC.
Other differences were the increased mem-
brane fluidity and the tendency of PC to
decrease in regenerating liver. Apart from a
few differences, the lipid parameters associ-
ated with increased cell proliferation in the
hepatocyte nodules closely mimic those of
normal regeneration in the liver. However,
one major difference is that the lipid changes
in the nodules are persistent whereas they are
reversed in regenerating liver. In the hepato-
cyte nodules the altered lipid merabolic pat-
tern, specifically the fatty acid profiles, could
be important in regulating growth in these
lesions. In this regard, the increased levels of
PE and C20:4w6 are of interest because the
farty acid regulates many processes related to
cell growth, such as proliferation and apopro-
sis (58). With respect to cell proliferation in
hepatocyte nodules, the role of C20:4w6 and
its cyclooxygenase prostaglandin E; series
products in the activation of protein kinase C
and mitogen activation protein kinases
should be considered (59). Tang et al. (60)
suggested that the metabolism of C20:4006 is
involved in the evolution of preneoplastic foci
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into nodules and hepatocellular carcinomas in
rat liver. C20:4w6 has also been linked to the
action of transforming growth factor
(TGF)-a. and tumor necrosis factor (INF)-a
(61), which together with the deregulation of
c-mye expression could be important determi-
nants during FB;-induced apoptosis in the
liver of rats.

The decrease in PUFA and the increase in
C18:1w9 in hepatocyte nodules have been
suggested to play important roles in the
lower levels of lipid peroxidation normally
seen in cancerous lesions (62). Cancer cells
have low levels of PUFA and the degree of
depletion i vitro can be an accurate predictor
of its malignancy iz vivo.

Disruption of growth control by FBy. The
effects of FB; on phospholipid and fatty acid
metabolism closely mimic those seen in
hepatocyte nodules, although there are some
differences, as described for nodules and
regenerating liver (see above). The decrease in
farty acid saturation, induced by FBy, implies
a more rigid membrane structure such as
found in hepatocyte nodules. The n-6 fatty
acid pathway is markedly affected with an
accumulation of C18:2w6 and a decrease in
C20:406 as well as in the subsequent prod-
uces C22:4w6 and C22:5w6. This specific
altered farty acid pattern (Figure 1) likely
caused an impaired A6 desaturase enzyme.
This hypothesis was further strengthened by
the fact that another substrate for the enzyme,
C18:1w9, increased and an n-3 fatry acid
product of the enzyme, C22:6w3, decreased.
However, the modulating effect of FB; on this
rate-limiting enzyme in fatty acid metabolism
still needs to be elucidated. The decrease in
PUEA, in addition to the disruption of farry
acid metabolism, could also result from lipid
peroxidation induced by FBj at high-dosage
levels (45). In this regard the accumulation of
C18:1w9 is of interest because C18:1w9
exhibits potent antioxidant activity (62) thar,
in the case of FB;-induced hepatotoxicity,
could provide a specific survival mechanism to
hepatocytes under conditions of stress.

The concentration of PE is markedly
increased in the membrane fractions of the
hepatocyte, increasing the absolute values of
C20:406 within the cell. The latter state—
together with the increased level of C18:1w9,
which implies a lower oxidative status—is
likely to favor cell proliferation, especially in
the initiated hepatocyte cell population
(60,62). This becomes evident with a similar
fatty acid pattern found in hepatocyte nod-
ules (58), presumably sustaining cell prolifer-
ation, whereas in the surrounding and normal
liver it appears to inhibit growth, thereby cre-
ating an environment for the differential inhi-
bition of growth. This is also true for FBy,
which effects this altered lipid profile in the
liver and can inhibit cell proliferation in
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regenerating liver (16,17,33). However, in
such an environment the initiated hepato-
cytes would proliferate into hepatocyte nod-
ules, and some of these might develop into
tumors after continued exposure to FBy. Very
little is known about the nodules induced by
FB; in the liver, but because hepatocyte nod-
ules appear to be very similar with respect to
the resistant phenotype regardless of the ini-
tiator or promoter used (26), the differential
created by FB; is likely to promote cheir
growth. Changes to membrane structure and
fluidicy appear to have important implica-
tions with respect to membranal processes
related to normal growth and differentiation.
In early persistent and late preneoplastic nod-
ules, the binding of EGF, lipoproteins, and
desialylated glycoproteins is markedly
reduced (63). A decreased ligand binding
mighe play a role in the altered responses to
external growth inhibitory and stimulatory
factors that regulate cell proliferation and
other physiologic factors in the liver.

Modulation of growth regulatory molecules
in the liver. The molecular mechanisms
underlying FB1-induced hepatotoxicity and
carcinogenesis have not been examined in
depth. A recent study employing Northern
blot (mRNA) analysis showed increased
hepatic expression of HGF, T GF-0a, and espe-
cially TGF-B1 and c-myc during short-term
feeding of FB, (36). Immunostaining with
LC(1-30) antibody for mature TGF-B1
showed that zone 1 and 2 hepatocytes were
responsible for the increased expression of
TGF-B1. Overexpression of TGF-B1 may be
responsible for the prominent proapoptotic
effects of FBy in the liver. The proto-oncogene
c-mye is a positive regulator of cell proliferation
that is involved in tumor progression (64,65)
and has also been implicated in TGF-B1 sig-
naling (66). Increased expression of c-myc
oncogene and TGF-p1 may cooperate in the
promotion of liver tumors during feeding FBy,
possibly by providing an environment that
selects for the growth of TGF-B1-resistant
transformed liver cells. Oncogenesis due to
overexpression of both c-myc and TGF-a
appears to involve disruption of the Rb/E2F
pathway and deregulation of cell cycle control.
Both c-myc and TGF-at contribute to induc-
tion of cyclin D1 expression and resultant
inactivation of the retinoblastoma tumor sup-
pressor protein, and c-7zyc may directly induce
E2F (67). With respect to apoptosis, overex-
pression of c-myc together with the depletion
of growth factors and/or disruption of growch
signaling pathways could cause imbalances of
cell cycle progression and hence induction
apoptosis (68). In this regard, FB; overex-
pressed c-myc in rat liver (36), whereas it dis-
rupted growth-related responses in different
cell types such as primary hepatocytes (41) and
in the liver in vivo (33).
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Recent evidence shows that FB; stabilizes
cyclin D1, causing accumulation of the pro-
tein in the nucleus of altered hepatocytes in
foci, nodules, adenomas, and carcinomas (69)
in the livers of rats (male BD IX) fed FB,
over a period of two years (19). In male
Fischer rats fed FB; over a period of 21 days
(17), cyclin D1 protein levels in liver also
increased up to 5-fold in a dose-responsive
manner, with no simultaneous increase in
mRNA. The increase in FB;-treated samples
of cyclin-dependent kinase (Cdk)4 complexes
with cyclin D1 and consequently elevated
Cdk4 activity were confirmed by an increased
phosphorylation of the retinoblastoma pro-
tein. Levels of cyclin E and Cdk2 did not dif-
fer between controls and FBj-treated livers
(short term) except for one sample in which a
decrease in both proteins was detected.
Alterations in cyclin D1 were specific to the
livers, and all other tissues were negative for
cyclin D1 overexpression except the kidney.
Kidney showed some positive nuclear staining
in the proximal tubules in both untreated and
treated rats. This finding must be interpreted
with caution in view of the tendency of proxi-
mal tubules often to stain nonspecifically in
immunohistochemistry. Because chronic
interstitial nephritis was present in the kid-
neys and FB{ can have toxic effects in rat
kidneys (70), this may also reflect a role of
cyclin D1 in chis pathology. To test whether
the overexpression of cyclin D1 was a com-
mon property of rat HHC, liver sections
from paraffin-embedded rat HCC caused by
nitroglycerin or diethylnitrosamine/pheno-
barbital (DEN/PB) (71,72) were compared
to those induced by FBy. The cyclin D1
overexpression, characteristic of FB-induced
preneoplastic lesions and HCC, was not
changed in HCC caused by DEN/PB or
nitroglycerin. However, HCCs induced by
nitroglycerin or DEN/PB showed proliferat-
ing cell nuclear antigen staining rates similar
to those in the FB;—induced tumors. These
findings suggest that altered cyclin D1 and
Cdk4, as major cell cycle oncogenes, may be
role players in the carcinogenic effects of
FB,. Presently, we are in the process of deter-
mining which signaling molecules, known to
participate in the regulation of cyclin D1 sta-
bility/degradation, could be affected by FB;.
The modulating effects of FBy on both
sphingolipids and phospholipids could play a
major role in the molecular events involving

cyclin D1 protein stability (69).

Conclusions

The roxicity induced by FBy in the liver
appears to play an important role during the
cancer initiation, and the induction of oxida-
tive damage and lipid peroxidation could be
important initial events. Selective inhibition
seems to be the likely mechanism during

cancer promotion. Changes in the balance of
the different cell regulatory molecules dis-
cussed above are likely to be involved in the
induction of a growth differential that selec-
tively stimulates the growth of initiated cells.
This was shown with the peroxisome prolifer-
ator Wy-14,643, which decreased the level of
HGF in the liver (73). In vitro studies (74)
indicate that HGF stimulates the growth of
normal hepatocytes while inhibiring the
growth of preneoplastic or neoplastic cells.
The reduction of HGF therefore could play
an important role in the promotion of pre-
neoplastic cell growth. Apoprosis is also very
important during the growth of hepatocyte
nodules because cancer promoters such as
phenobarbital are known to decrease the rate
of apoptosis in these lesions (75). FBy can
induce apoptosis in the liver (36,49) and the
disruption of sphingolipid metabolism has
been implicated because it disrupts sphin-
golipid merabolism and therefore ceramide
synthesis (53), an important signaling
molecule for apoptosis. However, fatty acids,
especially C20:406, have been found to
be important second messengers during
TNF-a-induced apoptosis by the release of
ceramide via the stimulation of sphingomyeli-
nase (61). In rat hepatoma cells, C20:4
metabolites were also shown to be involved in
apototic cell death elicited by TGE-B1 (76).
In a recent study in an esophageal cancer cell
line, C20:4w6 and its cyclooxygenase prod-
ucts prostaglandin E, and prostaglandin A,
induced apoptosis, a process that was inhib-
ited by FB; (77). The effect of FB; can be
explained either by the reduction of ceramide
or the regulation of C20:4w6 levels, as dis-
cussed above. In contrast, a recent study indi-
cated that FB; induced apoptosis in
esophageal epithelial cells and neonaral
human keratinocytes (51). It would appear
that, depending on the cell type, the extent to
which different pathways are interrupted
could determine whether the cell would
undergo apoptosis (78). A unique pathway
has been proposed whereby the glycerophos-
pholipids and the sphingolipid cycle interact
to control a variety of cellular processes
including apoptosis, with C20:4w6 and
ceramide as the key role players (61). A simi-
lar interactive pathway is likely to exist for the
fumonisins in the liver to regulate processes
related to cell proliferation and apoprosis
(Figure 2). FBy effects a similar phospholipid
and hence fatty acid pattern in the liver, as
was noted in hepatocyte nodules. However,
subsequent effects on sphingolipid and/or
prostaglandin production seems to inhibit the
growth of normal hepatocytes, which
together with the overexpression of TGFp-1
and c-mye could effect apoptosis. Oxidative
damage and the resultant lipid peroxidative
products could also further enhance apoprosis
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Figure 2. Diagram illustrating the rofe of FB; on lipid,
sphingolipid, and fatty acid metabolism as a model for
the enhanced proliferation in hepatocyte nodules (bold
arrows). Abbreviations: PLA,, phospholipase Ay,
p-LPerox, products of lipid peroxidation. Inhibition of
growth of normal cells seems to be related to the dis-
ruption of the w6 fatty acid metabolic pathway, involv-
ing the AB desaturase enzyme and PGE,. Subsequent
effects regarding the growth regulation (inhibition) in
normal cells included the disruption of growth factor
responses with the induction of apoptosis, involving p-
LPerox, overexpression of c-myc/TGF-B, and the disrup-
tion of sphingolipid metabolism via the inhibition of
ceramide synthase by FB.

in the liver (79); on the other hand, the
increased C18:109 and C20:4w6 fatty acids
and the decrease in PUFA are critical parame-
ters likely to favor cell proliferation (60,62),
especially in the initiated cell population.

The disruption of the phospholipid and
n-6 fatty acid metabolic pathway, producing
changes in the level of C20:4w6, appears to
be critical with respect to cancer promotion,
especially at low dietary levels of FB), where
cancer promotion is effected in the absence of
apoptosis and the disruption of the sphin-
golipid metabolic pathway. Furure studies
will focus on the role of C20:4w6 as a second
messenger molecule, including the regulation
of its release by phospholipase A2 and the
subsequent modulating effects on cell prolif-
eration and apoptosis that could eventually
cause development of the cancer phenotype
in the liver.
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Abstract

Fumonisin B; (FB)), a carcinogenic mycotoxin produced by the fungus Fusarium verticillioides in corn, causes cancer
initiation in rat liver in a similar manner to genotoxic carcinogens although apparently with different kinetics. The present
experiment was designed to evaluate the role of regenerative cell proliferation, effected by partial hepatectomy (PH) and
carbontetrachloride (CCly) and direct mitogen-induced hyperplasia, induced by lead nitrate (PbNOs3), on FB,-induced cancer
initiation. Initiation was effected over a period of 14 days by gavage administration of FB, at different daily doses ranging from
0.14 to 3.5 mg FB,/100 g body weight while the stimuli for cell proliferation were introduced 7 days after the start of the FB,
treatment. Based on the proliferative stimulus used, cancer promotion was effected 3 weeks after completion of the initiating
treatment by 2-acetylaminofluorene (2-AAF) treatment followed by PH or carbon tetrachloride CCl, on day 4. Cancer initiation
by FB, was associated with a hepatotoxic effect and an increase in lipid peroxidation. In contrast to compensatory liver cell
proliferation induced by PH and CCl,, mitogen-induced hyperplasia (PbNQO;) failed to enhance the cancer initiating potential of
FB, suggesting that cancer induction by a non-genotoxic carcinogen is supported by regenerative cell proliferation. Cognizance
of the enhancing role of cell proliferation during cancer initiation by FB, is required in assessing the risks posed by this
mycotoxin to humans. © 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Fumonisin B;; Cancer initiation; Cell proliferation; Risk assessment

1. Introduction During cancer initiation, regenerative hepatocyte

proliferation is presumably required to ‘fix’ the muta-

Hepatocyte proliferation is known to be an impor-
tant parameter in the development of liver cancer
induced by genotoxic carcinogens in the rat [1,2].

* Corresponding author. Tel.: +27-21-938-0286; fax: +27-21-
938-0260.
E-mail address: wentzel.gelderblom@mrc.ac.za
(W.C.A. Gelderblom).

tional event. Proliferation is also a major driving force
in the clonal expansion of initiated cells to form hepa-
tocyte nodules during cancer promotion. With geno-
toxins, the efficacy of initiation is enhanced either by
regenerative cell proliferation as induced by partial
hepatectomy (PH) or a necrogenic dosage of carbon
tetrachloride (CCly). This is in sharp contrast with the
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inefficacy of cell proliferation induced by mitogens
such as lead nitrate (PbNO;) [3,4]. At present it is
not known whether a similar distinct effect on cancer
initiation will be obtained with non-genotoxic chemi-
cal carcinogens.

Fumonisin B; (FB;), a mycotoxin produced by
Fusarium verticillioides (= F. moniliforme), was
characterized as an active liver cancer-promoter
isolated from corn cultures of the fungus [5]. Subse-
quent studies on the dosimetry of FB;-induced cancer
initiation indicated that prolonged exposure at rela-
tively high and toxic dietary dosages is required [6].
It would appear that the absolute level of events (DNA
mutations, etc.), resulting in initiation, occur at a far
slower rate when compared to genotoxic carcinogens.
One possible contribution to the slow kinetics could
be the inhibitory effect of FB; on cell proliferation [7]
resulting in an inhibition and/or delay in the cancer
initiation process [1]. In this regard, pretreatment of
rats with FB; decreased the efficacy of cancer initia-
tion by diethylnitrosamine (DEN) in Sprague—Dawley
rats [8]. Recently, FB; was shown to induce apoptosis
in the liver [9], a protective mechanism whereby
genetically damaged cells are removed, decreasing
the population of initiated cells in the liver [10].

FB, is generally regarded as a non-genotoxin, in
that it lacks activity in mutagenicity [11] and geno-
toxicity assays [6,12] and appears not to bind directly
to DNA. Studies concerning the cancer initiating
activity of FB; indicated that a cytotoxic/proliferative
threshold exists for cancer initiation in rat liver and
levels that fail to induce a toxic effect, lack cancer
initiating activity [6]. This was further supported in
a long-term study indicating that low dietary levels
that cause only mild toxic changes fail to induce hepa-
tocellular cancer in rats [13]. A recent study by Mehta
et al. [14] in Sprague-Dawley rats also suggested that
compensatory cell proliferation in response to cellular
toxicity is a prerequisite for initiation. This is in agree-
ment with the hypothesis set forward by Cohen and
Ellwein [15] that, for non-genotoxic carcinogens, a
cytotoxic/proliferative threshold is likely to exist for
cancer induction. A recent study by Abel et al. [16]
proposed that induction of oxidative stress and the
resultant lipid peroxidation as secondary events of
the FB-induced hepatotoxic effects, could possibly
explain the delayed cancer initiating activity of FB,
as compared to genotoxic carcinogens. A parallel was

drawn with the cancer initiating potential of a choline
deficient diet where hepatocyte cell death and lipid
peroxidation also precede the initiation event [17]. It
would appear that the hepatotoxicity, as proposed
previously [13], could therefore be regarded as an
initial event in FB-induced hepatocarcinogenesis.

In view of the critical role of regenerative cell
proliferation during cancer initiation with genotoxic
carcinogens in rat liver [18], the present study inves-
tigated the role of different modulators of cell prolif-
eration on the cancer initiating potential of FB;.

2. Materials and methods
2.1. Animals

Male Fischer rats, were obtained from IFFA
CREDO, Domaine des ONCINS BP 0109, 69592
L’ARBRESLE Cedex, France. They were approxi-
mately 130-140 g in body weight, were caged in
pairs, maintained on laboratory chow (Biscuit
EXTRALABO, Etablissment. B.P. 59 77482
PROVINS Cedex, France) and cycles of alternating
12-h periods of light and darkness.

2.2. Chemicals and solutions

2-acetylaminofluorene (2-AAF), bromodeoxyuri-
dine (BrdU), 2-thiobarbituric acid and PbNO; were
obtained from Sigma Chemical Co. (Lyon, France).
FB, was purified according to the method of Cawood
et al. [19]. All solvents used were of analytical grade.
The 2-AAF was prepared fresh by dissolving 300 mg
in DMSO (1 ml) and sunflower oil (29 ml) to obtain a
solution of 10 mg/ml. FB; was first dissolved in a
small volume of 0.1 M NaOH and then made up to
the desired volume with distilled water (pH 5.5). Anti-
bodies (rabbit anti rat) against the placental
glutathione S-tranferase (GSTP) were obtained from
DAKO.

2.3. Treatments

2.3.1. Initiation by FB,

Cancer initiation was effected by a repeated gavage
treatment according to the method described by
Gelderblom et al. [6]. Rats were treated on a daily
basis with different doses of FB;, yielding a total
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dose of 2, 6, 20, 30 and 50 mg/100 g body weight (bw)
over a period of 14 days (Fig. 1). These total dosages
represent a daily dosage of 0.14; 0.42; 1.43; 2.1 and
3.5 mg FB /100 g bw, respectively. The body weight
was recorded on a daily basis while the relative liver

weight of a subgroup of animals (three per group),
killed after the 14 day treatment, were determined
and preserved for thiobarbituric acid reactive
substances (TBARS) determination (see below).
Promotion was effected 3 weeks later and consisted

2-AAF/PH
I 2 wks I 3 wks 4 days 2 wks |
[reosucasennaennnsnnues
(2-50 mg FB,/100g bw) %
e
=
PbNO, or CCl, ®
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IIIIIIIIIIIIIIIIIII.I'
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g
=.
=
8
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v 2-AAF/CCL,
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g
2.
[}
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+ 2-AAF/CCL
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'lIIIlIIII.IIIIIIIIII
(Solvent Ctrl)

Fig. 1. Experimental protocols for studying the role of different stimuli of cell proliferation on the cancer initiating potential of FB;. Rats were
treated with different doses of FB, by gavage over a period of 14 days followed by the promoting stimuli after 3 weeks consisting of 2-AAF (3 X
20 mg /kg body weight) on 3 consecutive days and either PH or CCly on day 4. Rats were killed after a further 2 weeks. Stimuli for cell
proliferation were introduced 7 days after commencement of the FB; treatment. Control groups without the FB-initiating treatment were also

included.
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of three gavage dosages of 2-AAF (20 mg/kg) on 3
consecutive days followed by PH on day 4. The latter
was performed under ether anesthesia according to the
original method described by Higgins and Anderson
[20]. The drinking water of the rats was supplemented
with 5% glucose for 24 h postoperatively. Rats were
sacrificed 2 weeks after the promoting treatment and
liver tissue sections preserved in buffered formalin for
GSTP and BrdU staining where applicable. Eight to
ten animals were used in each of the treatment groups.

Different cell proliferative stimuli were introduced
halfway during the 14-day FB, gavage treatment to
monitor the role of cell proliferation on the cancer
initiating potency.

2.3.1.1. Effect of PbNO; and CCl,. Cancer initiation
was effected by gavage treatment of the rats (eight
animals per group) with FB; over a period of 14
days as described above (Fig. 1). The highest dosage
(50 mg FB,/100 g bw) was not included due to its
marked effect on body weight gain. After 7 days of
the FB, treatment, rats of the FB-treated groups as
well as a control received a single dose of either CCly
(0.2 ml/kg bw by gavage) or PbNO; (100 wmol/kg:
i.v. — femoral vein). Promotion was effected by a 2-
AAF/PH treatment, 3 weeks after the initiation
treatment and the experiment was terminated as
described above.

2.3.1.2. The effect of PH. Initiation was effected by
gavage treatment of the rats over a period of 14 days
to obtain the desired total FB; dose indicated in Fig. 1.
Once again the highest dose of FB; was not included
due to its marked affect on the body weight gain (50
mg FB,/100 g bw). After 7 days of the FB, treatment
the rats of each treatment group were subjected to PH.
The drinking water of all the rats was supplemented
with 5% glucose for 24 h postoperatively. Promotion
commenced 3 weeks after the initiation treatment was
terminated. It consisted of a gavage treatment of the
rats with 2-AAF (20 mg/kg on 3 consecutive days)
followed by CCl, treatment (2 ml/kg bw). The CCl,
was dissolved in sunflower oil (1:1) and the animals
treated with 0.4 m1/100 g bw. A control group without
the PH treatment was also included to monitor the
selection potential of the 2-AAF/CCl; promotion
regimen on FB;-induced initiated cells.

2.4. Stimuli for hepatocyte cell proliferation

2.4.1. Effect of PH, PbNO; and CCl,

Rats were subjected to PH and killed 20 h later
having been treated 1 h prior to sacrifice with BrdU
(100 mg/kg; i.p.) dissolved in DMSO:saline (1:3).
Male rats of the same age without PH served as
controls. The effect of PbNO; was examined by inject-
ing 100 pmol/kg (i.v. into the femoral vein) dissolved
in sterile distilled water. The rats were sacrificed after
30 h again following treatment 1 h prior to sacrifice
with BrdU (100 mg/kg; i.p.). Control rats (three per
group) were treated in a similar manner using distilled
water. The CCl, was dissolved in sunflower oil (1:1)
and animals treated with 0.1 and 0.2 ml/100 g bw per
rat (five rats per group). The control rats were treated
with sunflower oil (0.1 ml/100 g bw). Rats were sacri-
ficed 48 h after the CCl, treatment following the BrdU
treatment as described above. The different times
selected for the BrdU treatment following the differ-
ent cell proliferative stimuli coincide with the peak of
DNA synthesis (3). Liver sections, 2—3 wm in thick-
ness, were preserved in buffered formalin for BrdU
antibody staining.

2.5. TBARS

To monitor the effect of FB; on the level of oxida-
tive damage, the liver of the rats were collected
following the 14 day initiating treatment (three
animals per group), frozen in liquid nitrogen and
stored at —80°C. TBARS were determined in the
liver homogenates according to the method described
by Esterbauer and Cheeseman [21]. In short, a liver
homogenate (10%) was prepared in 1.15% KCl in 3
mM EDTA solution containing 0.01% BHT as an
antioxidant. After a further 13X dilution with the
above solution, a subsample (1 ml) was mixed with
two volumes of ice cold 10% trichloroacetic acid
(TCA) to precipitate the proteins. After centrifugation
(3000 rev./min for 10 min), the supernatant (2 ml) was
mixed with an equal volume of the TBA reagent
(0.67% in distilled water) and incubated at 100°C
for 10 min. The mixture was allowed to reach room
temperature, the absorbance was measured at 532 nm
and the lipid peroxidation expressed as nmole malon-
dialdehyde (MDA) equivalents/mg protein using the
molar extinction coefficient of 1.56 X 10° M~ cm ™'
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for MDA. As the assay is not specific for MDA
the term TBARS is used to described the reaction
product

2.6. Autopsies and histochemical analyses

Rats were sacrificed under ether anesthesia and the
livers were observed macroscopically for any
abnormalities. Tissue sections of all the major liver
lobes were preserved in buffered formalin for H&E
and GSTP analyses, respectively. GSTP staining was
performed according to the method of Ogawa et al.
[22] using the avidin-biotin-peroxidase complex
(ABC) and affinity-purified biotin-labeled goat anti-
rabbit IgG serum (Vector Laboratories, Burlingame,
CA). Paraffin wax sections (5 pwm) of the formalin
preserved material were washed with petroleum
benzene and a graded alcohol series before staining
with the reagents in the ABC kit. GSTP-antiserum
was used at a dilution of 1:800. Sections were counter-
stained with Carazzi’s haematoxylin to provide blue
stained nuclei with the GSTP™ cells showing a
reddish-brown pigmentation. Negative controls, omit-
ting the primary antibody, were included to test for the
specificity of anti-GSTP antibody binding. The
number and size of GSTP" foci were monitored by
light microscopy (10-20X magnification). The
GSTP* foci were further categorized into lesions
<10 cells (mini foci) and >10 cells per focus and
expressed as number per cm”. BrdU was detected by
the ABC method using a monoclonal anti-BrdU anti-
body (Sigma Chemical Company) and the labeling
indices scored by counting at least 1000 cells
randomly per liver section (X40).

2.7. Statistical analyses

The Wilcoxon Signed Rank Test, a non-parametric
paired test, was used to test for significant changes
between time periods, within each group. When two
independent groups were tested for significant differ-
ences, the t-test was used for parametric data, and the
Wilcoxon Rank Sum Test for non-parametric data.
The ANOVA and Tukey #-test were used to identify
significant differences between the means of more
than two groups.

3. Results
3.1. Effect on body weight gain

FB, significantly reduced the body weight gains at
doses of 20 mg/100 g bw and higher over a period of
14 days (Fig. 2A). The relative liver weight was also
significantly decreased in the 30 and 50 mg FB /100 g
treated groups.

When compared to the body weight gain of control
rats over a 14 day period, treatment with the different
cell proliferative stimuli, PH and PbNO; administered
at day 7 resulted in a significant reduction (P < 0.05)
in body weight gain (control group in Fig. 2A vs
control groups in Fig. 2B). No significant effect on
the body weight gain was noticed with the CCly
gavage treatment. When treated with the different
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Fig. 2. Effect of FB, treatment on the body weight gains (BWG) with
different FB, doses over a period of 14 days in the absence (A) and
presence (B) of the cell proliferative stimuli. Body weight values are
means = SD of 8-10 animals per group while the relative liver
weights (A) are the mean of three animals per group. *P < 0.05,
#%p < 0.01. In B, * symbolizes a significant (P < 0.05) reduction
in the BWG when compared to the control group (A).
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The effect of different stimuli for cell proliferation on the cancer initiating effect of FB, in rat liver"

Treatment

FB, (mg/100 g bw)

GSTP" lesions (no/cm?)

<10 cells/focus (mini foci)

>10 cells/focus (foci)

FB, (CtrD)* PbNO; CCl, FB, (Ctrl)* PbNO; CCl,

Solvent 0.02 £ 0.03a 0 0 0.02 = 0.03a 0 0.01 £0.02a
2 0.02 £ 0.04a 0 0 0.05 = 0.1a 0.02 £0.0la 0.04 £ 0.04a
6 0.01 £0.02a 0.03 £ 0.06a 0.04 £0.1a 0.03 £0.07a 0.03 £0.0la 0.05 £ 0.05a

20 0.01 £0.03a 0 0.04 £0.1a 0.02 £ 0.06a 0.04 £0.0la 0.09 £ 0.09(a)

30 0.03 £ 0.04a 0.03 £ 0.04a 0.08 £0.1a 0.05 £ 0.06a 0.02 £0.01a 0.11 = 0.06b

50 0.21 £0.33a nd nd 0.55 £0.23A nd nd

* Values are means of 5-8 animals per treatment group. Means followed by the same letter (column) do not differ statistically. When letter
differs then P < 0.05, and when cases differ then P < 0.01. *Normal cancer initiating protocol was used followed by the AAF/PH selection

regimen. nd, not determined; Ctrl, control.

doses of FB, in combination with the cell proliferative
stimuli, there were further significant (P < 0.01)
reductions in the body weight gains at doses 20 and
30 mg FB/100g with CCl, and at 6, 20 and 30 mg
FB,/100g with PH (Fig. 2B) compared to the prolif-
erative stimuli alone (control, Fig. 2B). However,
with PbNO;, FB; doses up to 30 mg/100 g bw did
not lead to any significant reduction in body weight
gain compared to the PbNO; alone.

3.2. Induction of GSTP positive lesions

The results indicated that treatment with FB, signif-
icantly induced the formation of GSTP + mini foci
(<10 cells/focus) and foci (>10 cells/focus) at the

Table 2

highest dose of 50 mg FB/100 g bw, which is equiva-
lent to a daily dosage of 3.5 mg FB,/100 g bw (Table
1). Treatment of the rats with PbNOj; during the initi-
ating treatment period did not alter the cancer initiat-
ing potential of FB, up to a dosage of 30 mg per 100 g
bw. However, the formation of GSTP™ foci (>10
cells/focus) was markedly (not significantly) and
significantly (P < 0.05) increased at the doses of 20
and 30 mg FB/100g bw, respectively, when using
CCl, (Table 1). With PH as the proliferative stimulus
and AAF/CCly as the promoting regimen (Table 2), a
significant increase in the number of GSTP" foci
(>10 cells/focus) was observed only at the 30 mg
FB,/100g bw dose. Analysis of the total number of
GSTP + lesions (minifoci and foci), illustrated in

The modulating role of PH on the cancer initiating properties of FB in rat liver®

Treatment GSTP™ lesions (no/cm?)

FB; (mg/100 g bw) <10 cells/focus (mini foci)

>10 cells/focus (foci)

FB, (Ctr)* PH FB, (Ctrl)* PH
Solvent 0.03 £ 0.04a 0.03 £0.02a 0.01 £0.02a 0.02 £0.02a
2 0.01 = 0.02a 0.01 £0.02a 0 0.01 £0.02a
6 0 0.01 £0.02a 0.01 £0.02a 0.02 £0.02a
20 0 0.03 £ 0.04a 0.01 £0.02a 0.02 £ 0.03a
30 0 0.04 £ 0.04a 0.01 £0.01a 0.10 = 0.06A

* Values are means of 5-8 animals per treatment group. Means followed by the same letter (column) do not differ statistically. When letter
differs then P < 0.05, and when cases differ then P < 0.01. *Normal initiating protocol was used followed by the AAF/CCIl, promoting

regimen; Ctrl, control.



W.C.A. Gelderblom et al. / Cancer Letters 169 (2001) 127-137 133

Fig. 3, showed that both the CCl, and PH, stimuli for
regenerative cell proliferation, enhanced the induction
of GSTP " and therefore the cancer initiating potential
of the higher doses of FB,. No effect was obtained
with PbNO; at any of the FB; doses used.

3.3. Hepatocyte proliferation

The liver of the control rats hardly showed any
labeling with BrdU, whilst levels of labeling, of
approximately 9.5, 20, and 50%, were measured in
the liver of the rats treated with PbNO;, CCly, and
PH, respectively (Fig. 4). Under the present experi-
mental conditions PbNOj; exhibited approximately 2-
and 5-fold lower proliferative indices than CCl, and
PH, respectively.

A

1.290Ctl O2 €6 @20 ®M30 M50 x
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w
SN
92
(&]
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O C
oo 037 OCil B2 N6 M20 830 *
"‘6 E Total dose (mg FB4/100 g bw)
2 E

FB,/CCl4

3.4. Formation of TBARS

A significant (P < 0.001) increase of approxi-
mately 2-fold in the level of TBARS was detected
in the liver of rats that received the 50 mg FB,;/100
g bw dose (Fig. 5).

3.5. Histopathological changes

Histological changes in the liver have been
described elsewhere [6,7] and were mainly evident
in the 30 and 50 mg FB;/100 g bw dose groups.
Briefly, these included degenerative changes such as
single cell necrosis (apoptosis), hydrophic cell swel-
ling and hyaline droplet accumulation. Mild prolifera-
tion in oval cells and increased mitotic figures were
also noticed in the 50 mg FB,/100g body weight dose

B

0144 OCtrl B2 86 B20 =30
Total dose (mg FB4/100 g bw)
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Fig. 3. The dose dependent cancer initiating effect of FB in rat liver (A) and the modulating role of PbNO; (B), CCl, (C) and PH (D) on FB;-
induced cancer initiation. The proliferative stimuli were introduced 7 days after the initiating treatment commenced. AAF/CCl, was used as the
promoting sequence when PH was used as the proliferative treatment during initiation (D). Values are the mean of 8—10 rats per group.
*P < 0.05, for comparisons between FB,/proliferative stimuli and FB,/Ctrl in the same panel. Ctrl, control.
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Fig. 4. Effect of PbNO;, CCl, and PH on the labeling index in the
liver monitored by measuring the incorporation of BrdU label at 30,
48, and 20 h following the proliferative treatment, respectively.
Values are the mean of 5—6 animals per group and at least a total
of 1000 cells were counted in different microscopic fields (40X).
Ctrl, control.

group. After 2-AAF/PH selection, 1-3 nodules (2-5
mm) were visible macroscopically in the livers of
these rats.

4. Discussion

FB-induced cancer initiation is likely to proceed
via a similar pathway to that described for the geno-
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Fig. 5. Dose-response generation of TBARS in the liver of rats
treated with different doses of FB; (gavage) over a period of 14
days. Values are the mean of three rats per group. **P < 0.01.
Ctrl, control.

toxic class of carcinogens with respect to the induc-
tion of initiated hepatocytes and their subsequent
resistance to the mitoinhibitory effect of 2-AAF
resulting in their development into hepatocyte nodules
[6,23]. The only apparent difference appears to be in
the induction kinetics of the initiated hepatocyte
which, in contrast to genotoxic carcinogens, is only
induced after a prolonged exposure of at least 2 weeks
[6]. The biochemical phenotype of the FB;-induced
nodules is not known, although it is likely to be simi-
lar to that induced by genotoxic chemicals [24] as the
nodules also stain positively with two histochemical
markers for preneoplasia, i.e. gamma glutamyl trans-
peptidase and GSTP [6]. A unique feature of early
preneoplastic and cancerous lesions induced by fumo-
nisins in rat liver is the over stabilization of cyclin D1,
suggesting that an epigenetic mechanism could be
involved [25]. The mechanism involved in the genesis
of these FB;-induced initiated cells is not known at
present but a recent study suggests that oxidative
damage as a result of chronic FB;-induced hepatoxic
effects could be involved [16]. Three other studies
also indicated that FB; causes lipid peroxidation in
membranal environments [26], rat liver nuclei [27]
and cells in culture [28]. In the present study a signif-
icant increase in lipid peroxidation, as determined by
the TBARS assay, occurred in the liver of rats
exposed to the high FB; dose (50 mg FB,/100 g
bw). Marked hepatotoxicity as well as cancer initia-
tion was also observed at this dose level, suggesting a
close relationship between hepatoxicity and cancer
initiation as hypothesized in earlier studies [23].
Whether oxidative damage is also responsible for
the genotoxic effects of FB| reported by Knasmuller
et al. [29] in primary hepatocytes is not known at
present. Nevertheless, the majority of studies to date
indicate that FB, is better classified as a non-geno-
toxic hepatocarcinogen.

Cancer initiation, resulting from treatment with
genotoxic carcinogens, is enhanced by PH and CCl,
treatments which induce regenerative cell prolifera-
tion, but not by chemicals such as PbNOj;, ethylbro-
mide, etc which induce direct hyperplasia [3,30].
However, it is not known whether increased cell
proliferation also plays a determining role in the
initiation effected by non-genotoxic chemicals such
as the fumonisins. With respect to FB;, it was
hypothesized that the level of cell proliferation, as a
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result of hepatotoxicity, plays a critical role during
initiation, but that it is counteracted by the inhibitory
effect of FB, on cell proliferation in normal liver [6,7].
An important balance therefore seems to exist that, as
a function of time, will determine whether cell prolif-
eration will exceed a critical level to sustain cancer
initiation by the fumonisins [6]. It was therefore of
interest to determine whether an increase in cell
proliferation during the cancer initiating treatment
would support the induction of initiated cells.

Only the two agents inducing regenerative cell
proliferation, namely PH and CCl,, significantly
enhanced the cancer initiating effect of FB; and
even then only at the highest FB; dose used (30
mg FB/100 g bw). The CCly-induced proliferation
also showed a marginal effect on cancer initiation in
the rats that received 20 mg FB,/100 g bw. No direct
comparison between the effect of these two regenera-
tive stimuli, namely PH and CCl,, can be made as
different promoting regimens (AAF/CCly vs AAF/
PH) were used. In contrast to PH and CCl,, the mito-
gen-induced hyperplastic effect of PbNO; failed to
enhance the cancer initiating potential of FB;. Of
the three proliferative stimuli, PH was the most effec-
tive followed by CCl, and PbNOj; in enhancing the
BrdU labeling index in the liver. Whether these
differences in the rate of cell proliferation could
have an effect on initiation is not known at present.
However, PH and CCl, introduced 7 days after
commencing the FB, initiating treatment, did result
in a further reduction in body weight gain (Fig. 2B),
presumably due to an enhanced susceptibility to FB;-
induced hepatotoxic effects. A recent study indicated
that FB| was more toxic in regenerating liver follow-
ing PH [31]. It can be argued that these agents exert
their effects on the cancer initiating potency of FB,
both by enhancing the hepatotoxicity of FB; as well
as increased regenerative cell proliferation. In
contrast, PbNQO; treatment combined with FB,
revealed no significant interaction in terms of
reduced body weight gain (Fig. 2B). As a relation
exists between the reduction in body weight gain
and FBj-induced hepatotoxic effects [6], it would
appear that mitogen-induced cell proliferation
induced by PbNOj; not only failed to enhance FB;-
induced initiation but also did not enhance the hepa-
totoxic effects of FB;. Lemmer et al. [32] indicated
that dietary iron protects against a reduction in the

relative liver weight induced by FB;. Of relevance
was the finding that dietary iron, a known mitogen in
the liver [33], reduced the cancer initiating potency
of FB| under the specified experimental conditions.

Differences therefore seem to exist between regen-
erative and mitogen-induced cell proliferation with
respect to the biological effects of FB; in the liver.
The interaction between CCl, and FB;, both of which
induce oxidative damage in the liver, is of interest
with respect to initiation. Cell death induced by
CCly in zone 4 (central vein) of the lobule resulted
from excessive lipid peroxidation in hepatocyte
membranes [34]. However, in the case of FB,, lipid
peroxidation appears to be a secondary event follow-
ing cell death and has been implicated as a causative
factor in cancer initiation [16]. As the combined effect
of the cell proliferative stimuli and the FB; treatment
on oxidative damage was not measured during the
initiating treatment, it is not known whether lipid
peroxidation contributed to the enhanced cancer initi-
ating potency of FB;.

The differences in the type of cell proliferation
induced by PH and/or CCl, versus that caused by
mitogens such as PbNO; and their respective role
in the initiating events induced by genotoxic carcino-
gens have been well established [4,35]. In the case of
regenerative cell proliferation, the liver is in the
process of regaining its critical mass following injury
and/or removal of a part by PH. When carcinogen
exposure is timed to coincide with the majority of
cells passing through the S- or DNA synthesis phase
of the cell cycle, a maximum number of initiated
cells is produced. However, a single and/or multiple
dose of FB; in conjunction with PH, failed to cause
initiation as compared to the effect of genotoxins
[23]. This finding indicated that the kinetics of the
initiating step induced by FB; is different from the
latter compounds. With respect to mitogen-induced
hyperplasia, the liver is stimulated to produce
increased tissue mass but the original size is restored
after removal of the stimulus due to the elimination
of the excess cells through the process of apoptosis
[4]. As initiated cells seem to be prone to undergo
apoptosis [10] it could well be that, in conjunction
with the delayed cancer initiating potential of FBy,
the initiated cells are more readily removed from the
liver. It is known that FB, also directly induces apop-
tosis in the liver and hence this could be a further
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restriction on the survival of initiated cells [9]. A
recent study indicated that pre-treatment of rats
with dietary FB, significantly reduced the persistence
of DEN-induced GSTP + hepatocytes in the liver
[8].

The present study suggests that regenerative cell
proliferation either supports the process of initiation
and/or renders the liver more susceptible to FB-
induced hepatotoxicity, which facilitates the process
of cancer initiation. As in the case of initiation with
genotoxic carcinogens, mitogen-induced hyperplasia
did not enhance initiation by FB,. The fact that regen-
erative cell proliferation enhances the cancer initiat-
ing potency of FB; has to be taken into account, as in
the case of genotoxins, when determining tolerance
levels and establishing risk assessment parameters
for the fumonisins in humans. This is of particular
interest as the fumonisins co-occur naturally in corn
with aflatoxin B, in areas where people are commonly
infected with hepatitis B virus [36].
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ABSTRACT: Alterations in the membrane structure and func-
tion of hepatocyte membranes by fumonisin B, (FB,) have been
proposed to play an important role in the disruption of growth
regulatory effects and hence to have cancer-promoting ability.
Detailed analyses of lipids in liver microsomal fractions of rats
exposed to different dietary levels of FB; over a period of 21 d,
indicated an increase in PC, PE, Pl, and cholesterol (Chol).
These changes decreased the PC/PE and increased the total
phospholipid/Chol ratios. When considering FA content, the
quantities of total FA increased (P < 0.05) in the major phos-
pholipid fractions as a result of the increased phospholipid lev-
els. However, when considering the relative levels (mg/100 mg
of the total FA) of specific FA, the monounsaturated FA (16:1n-7
and 18:1n-9) and 18:2n-6 increased (P < 0.05), whereas the
long-chain PUFA decreased (P < 0.05) in the main phospholipid
fractions. Enzyme analyses indicated that the activity of the
A6-desaturase was significantly reduced in liver microsomal
preparations in a dose-dependent manner. An increase in the
20:3n-6/20:4n-6 ratio also suggested a decrease in the activity
of the A5-desaturase. Disruption of microsomal lipid metabo-
lism at different levels by FB, could play an important role in
the alteration of growth regulatory effects in the liver.
Paper no. L9036 in Lipids 37, 000-000 (September 2002).

Fumonisin B, (FB,), a naturally occurring mycotoxin pro-
duced by Fusarium verticillioides in corn, alters growth regu-
latory responses in the liver. The inhibitory effect of FB, on
growth-stimulating responses in vitro in different cell culture
systems (1,2) and in vivo in rat liver has been related to the
cancer-promoting activity of the compound (3,4). Studies in
primary rat hepatocytes indicated that FB, increased the level
of PC and PE, whereas sphingomyelin (SM) decreased (5).
Total cholesterol (Chol) levels were decreased, and the rela-
tive levels of 18:2n-6 and 20:4n- increased. Sphingolipid me-
tabolism was disrupted via the inhibition of ceramide syn-
thase (6) resulting in the accumulation of sphinganine and to
some extent sphingosine. The disruptions of lipid metabolism
at different levels involving phospholipid, sphingolipid, and
FA biosynthesis were suggested to be key events in the cyto-
toxicity of the fumonisins to hepatocytes (5). Subsequent in-
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vestigations in primary hepatocytes indicated that FB, inhib-
ited the epidermal growth factor (EGF) mitogenic response, a
common property of many cancer promoters in rat liver (1).
This mitoinhibitory effect was not related to the disruption of
sphingolipid metabolism; and events such as the disruption
of Chol, phospholipid and FA and metabolism or combined
effects seem to play a determining role. Recent findings indi-
cated that the mitoinhibitory effect of FB, was counteracted
by prostaglandin (PG) E,, suggesting that arachidonic acid
(20:4n-6) metabolism is a key determinant (7). Alterations of
FB, on 20:4n-6 and PG-induced effects on cell cycle progres-
sion and apoptosis have been reported (8,9).

When considering the FA profiles in hepatocytes exposed
to FB, it has been suggested that the rate-limiting enzyme in
FA metabolism, A6-desaturase, is impaired (5). In vivo
changes in the lipid profiles include increased Chol and PE
levels and decreased SM in the liver of rats fed a dietary level
of 250 mg FB /kg for 21 d (10). A long-term feeding study in
rats indicated an increased PE level at a dietary level as low
as 1 ppm FB, (10). The relative level of 18:2n-6 was again
significantly increased in PE, and 18:1n-9 was also markedly
increased. The final FA of the n-6 pathway, 22:5n-6, was sig-
nificantly decreased, indicating a disruption of the n-6 meta-
bolic pathway, presumably owing to an impaired A6-desat-
urase enzyme. A similar effect was noticed in plasma PC,
where the relative levels of 20:4n-6 and 22:5n-6 were reduced
while 18:2n-6 accumulated.

It was proposed that changes in lipid metabolism in the
liver, including phospho- and sphingolipids, Chol, and FA
metabolism, play a determining role in the toxicological ef-
fects of the fumonisins (11,12). The interaction of these dif-
ferent lipid parameters is likely to be important in determin-
ing cell survival by altering cell proliferative and/or apoptotic
pathways (13,14). The present study investigated lipid pro-
files of liver microsomal preparations of rats exposed to dif-
ferent dietary levels of FB, and the possible modulating ef-
fect on FA desaturation.

MATERIALS AND METHODS

Reagents. [1-'*C]Linoleic acid (LA; 18:2n-6) and [1-'*C]-
y-linolenic acid (GLA; 18:3n-6) were obtained from DuPont,
Belgium. LA, GLA, NADH, ATP, nicotinamide, coenzyme
A, and BHT [2,6-di-tert-butyl-p-cresol] were ordered from
Sigma Chemical Corporation. FB, was purified according to

Lipids, Vol. 37, no. 9 (2002)



2—19036

the method described by Cawood et al. (15) to a purity of
90-95%.

Treatment of animals. Fischer 344 male rats were fed diets
containing 10, 25, 50, 100, 250, and 500 mg FB,/kg diet over
a period of 21 d, as described previously (3). Rats were ter-
minated by decapitation and the livers collected in ice-cold
saline and frozen at —70°C.

Preparation of microsomal preparations. Liver ho-
mogenates were prepared by a modification of the methods
described by Koba et al. (16) and De Antueno ez al. (17).
Liver was homogenized at 4°C with three parts of a homoge-
nizing buffer consisting of a 0.1 M potasium phosphate buffer
containing 0.25 M sucrose, 0.15 M KCI, 5 mM MgCl,, 1 mM
EDTA, and 1.5 mM GSH using a Potter-Elvehjem homoge-
nizer. The homogenate was first centrifuged at 10,000 x g for
20 min, then the supernatant was collected and centrifuged at
105,000 x g for 1 h. The microsomal pellet was resuspended
in homogenizing buffer using a glass homogenizer to a level
of 10 mg protein/mL and stored at —70°C.

Lipid analyses. The microsomal preparations (2 mg pro-
tein/mL) were extracted with chloroform/methanolBHT
(2:1:0.01; vol/vol/%) according to the method of Smuts ez al.
(18). No lipid analyses were performed on the liver micro-
somal fraction of the rats fed the 500 mg FB,/kg diet. The
phospholipid classes in the extracts were separated by TLC
according to the method of Gilfillan ef al. (19) using
chloroform/methanol/petroleum ether/acetic acid/boric acid
(40:20:30:10:1.8 g, by vol) as developing solvent. The spots
corresponding with the major phospholipids were visualized
under UV light and collected for phospholipid and FA
analyses. Transmethylation of the FA was achieved by
MeOH/H,S0, (95:5) treatment for 2 h at 70°C in glass stop-
pered tubes. FAME were analyzed by GC on a Varian model
3700 gas chromatograph using fused-silica megabore DB-225
columns (J&W Scientific, Folsom, CA). The FA peaks were
identified by comparison of retention times to those of a stan-
dard mixture of free FA 14:0 to 22:6 and quantified using an
internal standard (17:0) and expressed as pg FA/mg protein.

Phospholipid analyses were carried out by the method of
Ttaya and Ui (20) utilizing malachite green. The collected phos-
pholipid fractions were digested in perchloric acid at 170°C for
2 h and diluted in an appropriate volume of H,O. Quantifica-
tion was effected colometrically using phosphate as an external
standard. The total Chol of the chloroform/methanol extracts
was determined by the enzymatic iodine method using Chol
oxidase and esterase enzyme preparations (18).

A6-desaturase assay. Enzyme activity was monitored by
the method of Koba et al. (16). Test tubes containing 0.5 uC
LA (ca. 100 nmol/mL = 100 uM; 20 pL ethanol), 0.25 M su-
crose, 0.15 M KClI, containing NaF (45 mM), NADH (1.0
mM), ATP (1.5 mM), CoA (0.25 mM), nicotinamide (0.5
mM), MgCl, (5 mM), GSH (1.5 mM), and 100 mM phos-
phate buffer (pH = 7.4) in a total volume of 1 mL were prein-
cubated at 37°C for 5 min. The microsomal solution was in-
cubated separately for 5 min at 37°C, and 1 mL (2 mg pro-
tein) added to the incubation mixture to obtain a final protein
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concentration of 1 mg/mL. This mixture was incubated for a
further 30 min at 37°C. The assay was terminated by the ad-
dition of freshly prepared 10% KOH (1.8 N) in ethanol (2
mL), and the mixture was saponified at 100°C for 30 min.
After acidifying with 0.4 mL of 11.6 N HCI (36%), the mix-
ture was extracted with hexane (2 x 5 mL), the hexane was
evaporated (N,), and the samples were transmethylated as de-
scribed above. FAME were extracted with hexane/H,0 (2 x 2
mL hexane + 1 mL H,0), and the hexane layer was evapo-
rated to dryness under nitrogen. After addition of 80 uL of
hexane/chloroform (20:5) the methylated products were frac-
tionated on AgNO,-TLC plates using chloroform/methanol
(50:2) as developing solvent. For the preparation of the
AgNO,-TLC plates, silica gel plates were impregnated with
10% AgNO; in acetonitrile for 15 min, dried at 100°C for 20
min, and kept desiccated in the dark prior to use. The spots
were visualized under UV light after spraying with 0.1%
dichlorofluorescein in chloroform/methanol (1:1 vol/vol).
The spots corresponding with the substrate [1-1%C]18:2n-6
(LA) and the product [1—14C]18:3n-6 (GLA) were scraped
into scintillation vials; scintillation liquid was added, and the
radioactivity determined. The control treatments consisted of
incubations with heat-inactivated microsomes and microso-
mal preparations without the incubation mixture. Enzyme ac-
tivity, which served to monitor the formation of GLA, was
expressed as pmol GLA/min/mg protein.

Statistical analyses. Data were analyzed by two-way
ANOVA using the GLM procedure, and Tukey’s Studentized
Range Test was used to determine whether the means differed
statistically. Values were considered significant if P < 0.05.

RESULTS

Details concerning the effects of the different dietary levels
of FB, on the liver and body weight gains have been reported
previously (3). In short, body weight gain was significantly
reduced in rats fed the 250 mg FB,/kg diet (P < 0.01) and
markedly affected in the animals that received the 100 mg
FB,/kg diet.

Chol and phospholipids. The Chol content of the micro-
somes was significantly (P < 0.01) and marginally (P < 0.1)
increased in the rats fed the 250 and 100 mg FB,/kg diets, re-
spectively (Fig. 1A). Of the different phospholipid fractions
analyzed, no significant effect on the concentration of PS was
noticed as a result of the FB | treatment. In contrast, the levels
of PC, PE, and PI were significantly increased (P < 0.05 to P
<0.01) in the 250 mg FB,/kg dietary group (Tables 1 and 2).
In the case of PE, the concentration was also marginally (P <
0.1) increased in the 100 mg FB,/kg dietary group. The total
phospholipid (TPL) concentration was also significantly (P <
0.05) increased from 100 mg FB,/kg, whereas it was margin-
ally (P < 0.1) increased at dietary levels of 10 and 50 mg
FB,/kg diet (Fig. 1A). When considering the relative levels
of each phospholipid, expressed as a percentage of the TPL
pool, the level of PC remained constant as PE increased mar-
ginally (P < 0.1) and significantly (P < 0.05) at 100 and 250
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FIG 1. (A) Effect of fumonisin B, (FB,) on the cholesterol (Chol), sphin-
gomyelin (SM), and total phospholipid (TPL) levels in liver microsomes
from rats exposed to different dietary levels over a period of 21 d. (B)
Different lipid ratios, that are possible factors modifying membrane flu-
idity. TFA, total FA; TPL, total phospholipids. *P < 0.1, *P < 0.05.

mg/kg dietary levels, respectively (Table 1). The relative lev-
els of PI and PS significantly (P < 0.05) decreased at the 100
and 250 mg FB,/kg dietary levels. As a result of the increase
in the TPL pool, the total FA (TFA) were also increased mar-
ginally (P < 0.1) to significantly (P < 0.05) in the two high-
dose groups, respectively. Owing to the changes in the lipid
parameters of the microsomal membranes, the Chol/TPL ratio
increased and the TFA/TPL and PC/PE ratios decreased in the
100 and 250 mg FB /kg dietary groups (Fig. 1B).

FA profiles. The FA content, expressed as yg/mg protein, of
the different phospholipids is summarized in Tables 1 and 2.

(i) Saturated FA (16:0 and 18:0). The total saturated fats
increased significantly in the PC (P < 0.05) and PE (P < 0.01)
phospholipid fractions in the 250 mg FB,/kg dietary group.
In PC it was also significantly (P < 0.05) increased in the 10
mg FB,/kg dietary group. Both 16:0 and 18:0 increased (P <
0.01) in PE in the high-dose group whereas in PC only 16:0
increased significantly (P < 0.01) in the high-dose group, and
18:0 was markedly increased in all FB -treated groups. No
changes were observed in PS and P1.

(ii) Monounsaturated FA (16:1 and 18:1). A marked to
significant (P < 0.01 to 0.05) increase in the monounsaturated
FA was noticed in all the phospholipid fractions in the livers
of the two high-dose groups of rats (100 and 250 mg FB,/kg
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diet). In PC (P < 0.1) and PE marked increases were also no-
ticed at the 10 and 50 mg FB,/kg dietary levels. Both 16:1
and 18:1 contributed to the increased levels at the two high-
dose levels; 18:1 was marginally (P < 0.1) to significantly (P
< 0.05) increased in PC in all the FB-treated groups.

(iii) PUFA (n-6 PUFA: 18:2n-6, 20:4n-6, 22:4n-6,
22:5n-6). LA (18:2n-6) was significantly (P < 0.1 to 0.01) in-
creased in all the phospholipid fractions in the 100 and 250
mg FB,/kg dietary groups whereas it was markedly higher in
PC and PE in the 10 and 50 mg FB,/kg groups. Arachidonic
acid (20:4n-6) was significantly (P < 0.05) increased in PC at
dietary levels of 10 and 50 mg FB,/kg, but it was similar to
the control levels in the two high-dose groups. No changes
were observed in PS while it was markedly to significantly (P
< 0.1 to 0.01) increased in PE and PI at all dose levels. The
terminal FA in the n-6 pathway, 22:5n-6, was significantly (P
< 0.01) increased in PE at the high-dose level (250 mg
FB/kg). In P1, 22:5n-6 was significantly (P < 0.05 to 0.01)
increased at all the FB, dose levels. The total n-6 FA margin-
ally to significantly increased in PC, PE, and Pl at all the dose
levels whereas PS was not affected.

(-3 PUFA, 22:5n-3, 22:6n-3). The level of 22:6n-3 was
marginally (P < 0.1) to significantly (P < 0.05 to 0.01) in-
creased in the PC, PE, and PI phospholipid fractions at the 10
mg FB,/kg dietary levels. At higher dietary levels it tended to
mimic the level in the microsomes of the control rats despite
the increase in the level of the respective phospholipid. The
total n-3 FA tended to follow the same pattern in PC, PE, and
PI, whereas PS was not affected.

FA parameters. Changes in the levels of the FA profiles
presented above are related to the concentration of the respec-
tive phospholipid. As a result, PUFA were marginally (P <
0.1) to significantly (P < 0.05 to P < 0.01) increased in the
microsomal PC, PE, and PI phospholipid fractions of the FB -
treated animals. The n-6/n-3 FA ratio was also significantly
(P < 0.05) increased in PC and PE at the 100 and 250 mg
FB,/kg dietary levels mainly due to an increase in the n-6 FA.
The polyunsaturated/saturate FA ratio was not altered. The
TFA increased markedly in the microsomes of the rats fed the
10 mg FB,/kg dietary level and significantly at the high-dose
levels as a result of the increased levels of the individual
phospholipids (Tables 1 and 2).

FA desaturation. When considering the activity of the FA
A desaturases the levels of the substrates and products of the
enzyme are relevant. Since the concentration of phospho-
lipids may vary, as in the case of the present study, the rela-
tive amount of each FA, expressed as a percentage of the
TFA, needs to be considered. There was a significant increase
in the relative levels of C16:1n-7, C18:1n-9, and C18:2n-6
and a significant decrease in the long-chain FA, C20:4n-6,
and C22:6n-3 in PC (Fig. 2A) and PE (Fig. 2B) at a dietary
level of 100 mg FB /kg and above. The terminal FA of the
n-6 metabolic pathway, 22:5n-6, significantly (P < 0.05) de-
creased in both PE and PC in the 100 mg FB,/kg dietary
group while no decrease was noticed in the 250 mg FB/kg
dietary group. A similar relative FA pattern was also noticed

Lipids, Vol. 37, no. 9 (2002)
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FIG. 2. The relative levels (% of total) of the FA in the major microso-

mal phospholipids PC (A) and PE (B) of the liver of rats fed different di-
etary levels of FB, for 21 d. *P < 0.05. For abbreviation see Figure 1.

in PS and PI phospholipid fractions (data not shown). When
considering specific FA ratios, using the relative concentra-
tion levels, the 18:2n-6/18:3n-6 ratio decreased significantly
(P < 0.05) in PC whereas the 18:3n-6/20:4n-6 and
20:31-6/20:4n-6 ratios increased significantly (P < 0.05) in
both PC and PE at the two high-dose FB, dietary levels (Fig.
3A). No changes were observed in the 18:3n-6/20:3n-6 ratio
in the PC and PE phospholipid fractions.

Enzyme analyses indicated that the conversion of 1C-LA
to 1C-GLA, catalyzed by the A6 desaturase, was significantly
reduced at dietary levels of 100 mg FB, and higher (Fig. 3).
The activity of the A5 desaturase was not determined.

DISCUSSION

Lipid analyses of the livers of rats exposed to different dietary
levels of FB, indicated that the metabolism of Chol, phospho-
lid, FA, and sphingolipid is altered (10). The present study in-
dicated that the phospholipids were significantly altered in the
rat liver microsomal fraction due to elevated concentrations
of PE, PC, and PI. When considering the relative contribution
of each phospholipid to the TPL pool, PC remained constant
at about 60% whereas PE increased significantly from 20 to
28%. The relative contribution of both PI and PS to the TPL

Lipids, Vol. 37, no. 9 (2002)
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FIG. 3. Alterations of the relative FA ratios associated with changes in
n-6 FA metabolism (A), and the effect of FB, on the activity of the mi-
crosomal A6-desaturase enzyme as a function of different dietary doses

fed to rats over a period of 21 d (B). *P < 0.05. For abbreviation see
Figure 1.

pool tended to decrease, from 12 to 10% and from 4 to 2%,
respectively. It appears that FB, mainly altered the PE phos-
pholipid compartment in rat liver microsomes, resulting in a
significant decrease in the PC/PE ratio. Chol was also signifi-
cantly increased (2.5 times) at the two higher dietary levels
owing to the fact that, despite the increase in TPL, the
Chol/TPL ratio increased significantly. The increase in the
TPL also resulted in the increase in the TFA content. In this
regard the relative level of PUFA decreased significantly in
PC, PE, and PI, and the saturated and monounsaturated FA
compartment significantly increased.

The impact of these altered lipid parameters on membrane
fluidity has been discussed in detail elsewhere (21). These
changes suggest that an increased Chol/TPL ratio, decreased
PC/PE ratio, and accumulation of the relative levels of the sat-
urated FA together with the decrease of the long-chain PUFA
could result in a more rigid microsomal membrane structure.
To what extent the increase in the relative levels of the mono-
unsaturated FA, C18:1n-9, and C18:2n-6 counteracted the im-
pact of the other parameters in maintaining membrane fluid-
ity is unknown. However, in persistent hepatocyte nodules,
similar changes to the same lipid parameters were associated
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with an increase in fluidity (22). No changes in the concen-
tration of the membrane sphingolipid, SM, were noticed as a
result of the FB, treatment. Apparently, the disruption of
sphingolipid metabolism, more specifically, the ceramide syn-
thase by FBy, is not reflected in the microsomes. The TPL/SM
ratio, however, increased significantly owing to the increase
in the PC and PE concentration. As both phospholipids are
involved in the synthesis of SM via PC:ceramide-phospho-
choline and the PE:ceramide-phosphocholine transferases
(23), the accumulation of PC and PE could be related to a de-
creased synthesis of SM due to a reduced level of ceramide
caused by the inhibition of ceramide synthase by FB,. In-
creased microsomal Chol is also known to induce the synthe-
sis of SM by increasing the activities of the two phospholipid
transferase enzymes (23). However, as the level of SM was
not reduced, the above hypothesis does not explain the accu-
mulation of PC and PE, and/or other mechanisms that regu-
late the level of SM in the microsomes may exist. Studies
should be conducted on the modulating effect of FB, on Chol
and phospholipid-metabolizing enzymes.

The increased TPL pool also resulted in an increase in the
TFA concentrations in individual phospholipid fractions. This
occurred at dietary levels as low as 10 mg FB,/kg. However,
at the two higher levels the TFA/TPL ratio decreased mainly
owing to an increase in TPL, whereas TFA levels did not in-
crease to the same extent. The latter have been associated
with the decrease in the relative values of PUFA, owing to the
impaired A6-desaturase and/or increased lipid peroxidation
induced by the hepatotoxic effects of FB, in the liver (4).
Abel et al. (24) indicated that lipid peroxidation was signifi-
cantly enhanced in rat liver microsomes after chronic feeding
at a dietary level of 250 mg FB, /kg over a period of 21 d. Sev-
eral other studies confirmed that FB, induces oxidation dam-
age in membranal environments (25,26). Therefore, despite
the increase in the concentration of the phospholipids, the
PUFA levels, especially the relative levels of 20:4n-6 and
22:6n-3, which are prone to undergo lipid peroxidation, sig-
nificantly decrease in both the PC and PE phospholipid frac-
tions of the rats fed the high-dose FB, levels. It will not be
possible to distinguish between the relative contribution of
lipid peroxidation and an impaired FA desaturation toward
the reduction of PUFA in the microsomes.

The activity of the A5- and A6-desaturase enzymes is af-
fected by many factors including changes in the fluidity of the
microsomal membrane (16), age (27-29), dietary status (30),
different animal species, and different organs in the same
species (16). Studies indicated that, with respect to dietary
Chol and protein, altering the Chol/phospholipid and PC/PE
ratios affects the fluidity of the microsomal membrane as well
as the activity of the enzyme and hence the FA content of the
microsomes (21,31). The FB -induced alteration of FA pat-
terns in the major phospholipid fractions in primary hepato-
cytes and in rat liver suggests an impaired A6-desaturase en-
zyme system (5,10). The present study indicates that FB, sig-
nificantly decreased the activity of the A6-desaturase, resulting
in the accumulation of 18:2n-6 in the major phospholipids.
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When considering the 18:3n-6/20:4n-6 and 20:3n-6/20:4n-6
FA ratios, it appears that the activity of the AS-desaturase also
is impaired. The increase in 18:3n-6 could explain the signifi-
cant decrease in the 18:2n-6/18:3n-6 ratio, i.e., 18:3n-6 was
proportionately higher than 18:2n-6. As no change was ob-
served in the 18:3n-6/20:3n-6 ratio it would appear that the ac-
tivity of the elongase enzyme was not affected.

Whether the disruption of the activity of the FA A desat-
urases is related to a direct interaction with FB, or indirectly
to a disruption of the membranal structure is unknown. The
fact that Cawood et al. (32) indicated that FB, is tightly asso-
ciated with hepatocyte membranes emphasizes the impor-
tance of monitoring the in vitro effects of FB, on the activity
of the enzyme. Whatever the reason, the impairment of the
FA A desaturases and the resultant disruption of FA metabo-
lism are likely to disrupt the membrane integrity of the mi-
crosomes further. When considering the structural changes of
the microsomal membranal environment, one must recognize
that the activities of other important enzymes are also likely
to be altered. Changes in the Chol and phospholipid mem-
brane constituents have been shown to alter the activities of
drug-metabolizing enzymes, such as cytochrome P450
(33—37). In this regard recent studies indicated that the activ-
ity of certain isozymes of the hepatic P450 enzyme system
are selectively inhibited and/or stimulated by FB; (38,39).

Structural changes with respect to Chol, phospholipids,
and FA in the membrane environment of neoplastic cells have
been reported to be important in the progression of these le-
sions into cancer (22). Membranal changes in hepatocyte
nodules are associated with increased Chol and PE, resulting
in an increased Chol/TPL ratio, a decrease in the PC/PE ratio,
and changes in membrane fluidity. The A6-desaturase has
been reported to be impaired in hepatocyte nodules and other
cancerous tissue resulting in a specific FA pattern in the mem-
branal phospholipids (22,40). The increased concentration of
PE and subsequent increased level of 20:4n-6 have been im-
plied to be important stimuli for the altered growth pattern in
these lesions (22). A specific role for 20:4n-6 in the develop-
ment of hepatocyte nodules has been proposed (22,41), sug-
gesting a critical role of this FA in cancer development. Im-
pairment of the A6-desaturase, presumably owing to struc-
tural changes in the membrane, is an early event in the genesis
of hepatocyte nodules (22) and appears to be closely associ-
ated with the altered growth pattern of cancerous lesions. Re-
cently it was proposed that the disruption of the membrane
structure by FB |, and more specifically the effect on PE and
20:4n-6 levels, could be important for the cancer-promoting
ability of this compound in the liver (4,11). Addition of PG
E, counteracts the mitoinhibitory effect of FB, on the EGF
mitogenic response in primary hepatocytes, suggesting the
disruption of 20:4n-6 metabolism (7). FB, also inhibits the
effects of 20:4n-6, PG-E, and PG-A, on apoptosis in
esophageal cancer cells in vitro presumably related to de-
creased ceramide production (9).

Alterations in rat liver microsomal membrane lipid pro-
files and A6- and possibly A5-desaturase activity, leading to

Lipids, Vol. 37, no. 9 (2002)
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altered FA metabolism, could have important implications re-
garding signaling pathways that determine cell survival and
cancer development in the liver.
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The nature of cancer initiation by fumonisin B; (FB;) was investigated in rat liver by monitoring the effect
of phenobarbital (PB) as cancer promoter and evaluating the involvement of spontaneously initiated cells.
APB promoting regimen (0.05% in the diet) stimulated the outgrowth of FB; -induced placental glutathione
S-transferase (GSTP) positive initiated hepatocytes. Reversion of the FB;-induced GSTP* foci was noticed
in the absence of a promoting regimen. Younger rats were shown to be more sensitive to the induction
of GSTP* foci by FB;. Cancer initiation by FB; was associated with a hepatotoxic effect, which was less
pronounced in older rats presumably due to a reduced intake. A specific role of spontaneously initiated
cells and their promotion by FB; into the development of eosinophilic clear cell foci could not be estab-
lished under the present experimental conditions. The ability of different stimuli to selectively promote
the outgrowth of FB; initiated cells further verifies the cancer initiating potency of this apparent non-
genotoxic mycotoxin. The underlying mechanism(s) involved in the genesis of the initiated hepatocytes

is not known at present.

© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Fumonisin By (FB1) is a food-borne mycotoxin produced by the
fungus Fusarium verticillioides that occurs worldwide and causes a
variety of naturally occurring toxicoses in animals, including fatal
illnesses in horses and pigs, and recently shown to induce neu-
ral tube defects in mice (Gelderblom et al., 1988; Marasas et al.,
1988; Harrison et al., 1990; Gelineau-van Waes et al., 2005). Human
dietary consumption of Fusarium-contaminated corn products has
been linked epidemiologically to increased rates of esophageal can-
cer (Rheeder et al., 1992) hepatocellular carcinoma (Ueno et al.,
1997) and neural tube defects (Marasas et al., 2004) in regions of
the world in which corn is the staple grain, such as South Africa,
China and southern USA. Short-term feeding of FB; causes hep-
atotoxic effects, while continued FB; administration leads to a
chronic toxic hepatitis and fibrosis, which progresses to cirrhosis,
and sometimes terminates in hepatocellular carcinoma or cholan-
giocarcinoma (Gelderblom et al., 1991a; Lemmer et al., 2004).

* Corresponding author at: Program on Mycotoxins and Experimental Carcino-
genesis (PROMEC), Medical Research Council, PO Box 19070, Tygerberg 7505, South
Africa. Tel.: +27 21 938 0244.

E-mail address: wentzel.gelderblom@mrc.ac.za (W.C.A. Gelderblom).

0300-483X/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.tox.2008.06.004

FB; is a cancer promoter stimulating the outgrowth of pre-
neoplastic lesions in rat liver (Gelderblom et al., 1996a). However,
this mycotoxin also exhibits weak cancer-initiating properties
(Gelderblom et al., 1994), which is in agreement with long-term
studies indicating that FB; acts as a complete carcinogen. This
would imply that FB; acts similarly to many genotoxic carcino-
gens, although conflicting data exists as to whether the fumonisins
exhibit genotoxic properties. FB; lacks genotoxicity when tested
in several in vitro tests including the Salmonella mutagenicity test
(Gelderblom and Snyman, 1991b; Knasmiiller et al., 1997) and
unscheduled DNA test in primary hepatocytes (Norred et al., 1992;
Gelderblom et al., 1992). However, studies show that FB; induces
micronuclei and chromosomal aberrations in primary hepatocytes
(Knasmdiller et al., 1997) and Hep-G2 cells (Ehrlich et al., 2002). In
addition, FB; causes DNA damage in astrocytes and human fibrob-
lasts (Galvano et al., 2002), and an increased oxidative DNA damage
in rats liver and kidneys (Domijan et al., 2007). The mechanism for
potential genotoxicity of FB; is not known as no direct interaction
with DNA could be demonstrated while it is not metabolized by
liver microsomal and/or cytosolic ensyme preparations to any reac-
tive DNA interactive intermediate(s) (Cawood et al., 1994; Pocsfalvi
et al,, 2001). A potential underlying mechanism linking this non-
mutagenic mycotoxin with the initiation of liver cancer in vivo,
is the FBq-induced hepatotoxic effects associated with the induc-
tion of oxidative damage and lipid peroxidation (Gelderblom et al.,
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1996b; Abel and Gelderblom, 1998). In vitro studies showed that FB;
induced membrane lipid peroxidation and oxidative DNA damage
(Sahu et al., 1998; Abado-Becongnee et al., 1998).

Cancer promotion of FB;-induced initiated cells is effected by
the 2-acetylaminofluorene with partial hepatectomy (2-AAF/PH)
or 2-AAF/carbontetrachloride (CCl4) cancer-promoting regimens
(Gelderblom et al., 1992, 1994) that selectively stimulates the out-
growth of the genetically altered cell population resistant to the
mitoinhibitory effects of 2-AAF (Farber, 1991). FB;-induced cancer
initiation was stimulated by regenerative cell proliferation while
no effect was obtained by mitogenic-induced hyperplasia effected
by lead nitrate (Gelderblom et al., 2001a). The occurrence of spon-
taneously initiated liver tumors in rats also needs to be considered
regarding FB{-induced hepatocarcinogenesis, particularly when it
is regarded as a nongenotoxic carcinogen (Schulte-Hermann et al.,
1993; Kraupp-Grasl et al., 1991). These spontaneously occurring
liver foci occur more frequently in older rats, and account for the
prevalence of pre-neoplastic lesions in the liver of control animals
(Ward and Henneman, 1990).

FB; induced hepatocytes and their subsequent promotion by
phenobarbital (PB), a known cancer promoter in the liver of rats
(Kraupp-Grasl et al., 1991), for either 10 or 30 weeks were inves-
tigated to further characterize the cancer-initiating properties of
FB1. Male Fischer (F344) rats, aged 7, 26 and 52 weeks served to
elucidate the role of spontaneously initiated cells in FB;-induced
hepatocarcinogenesis. The induction of the placental form of glu-
tathione S-transferase (GSTP*) foci was taken as the endpoint for
cancer initiation in the liver

2. Materials and methods
2.1. Chemicals

All reagents were of analytical grade. PB was obtained from Sigma Chemical
Company (St. Louis, MO). FB; was purified by high-performance liquid chromatog-
raphy (HPLC) according to the method described by Cawood et al.(1991) to a purity of
between 92 and 95%. Placental glutathione S-transferase (polyclonal rabbit anti-rat)
antibody was purchased from Novocastra (Newcastle upon Tyne, UK).

2.2. Animals and diets

The study was approved by the Ethics and Research Committee of the South
African Medical Research Council, and the experiments were conducted in accor-
dance with the laws and regulations controlling experiments on live animals in
South Africa. Male Fischer 344 (F344) rats weighing between 150 and 180g (7-8
weeks of age) were housed in wire bottom cages with free access to food and water.
Rats were caged individually in a controlled environment with a 12-h light and dark
cycle, humidity of 45-50% and ambient temperature of 23-25 °C. The AIN-76 control
diet was prepared according to standard guidelines (AIN, 1980) with the exception
that glucose was replaced with a sucrose:dextrose (1:1) mixture. Rats were weighed
three times per week during the treatment protocols.

2.3. Cancer initiation by FB;

2.3.1. Phenobarbital promotion

Male F344 rats (aged 7 weeks) were randomly divided into four groups con-
sisting of 10 animals each: (i) AIN-76 diet only; (ii) PB only; (iii) FBy only; (iv)
FB; followed by phenobarbital (Chart 1A). Cancer initiation was effected by a
3-week dietary treatment of 250 mg FB;/kg that represents the threshold level
for initiation by FBy for the selected period (Gelderblom et al., 1994). Follow-
ing cancer initiation, the rats were allowed to recover by feeding the control
AIN-76 diet for 2 weeks. Cancer promotion was effected using PB, dietary level
0.05% (w/w), administered for periods of either 10 or 30 weeks. Control groups
received either the AIN diet or PB dietary treatment, whereas treatment groups
received the FB; initiating regimen with either the AIN diet or the PB promotion
treatment.

2.3.2. Spontaneously initiated cells

Male F344 rats were stagger-bred to obtain rats of ages of 7, 26 and 52
weeks. Rats were randomly divided into the treatment (n=10) and control groups
(n=5) for each age group and fed FB; (250 mg/kg diet) or AIN diet for 3 weeks
(Chart 1B).

(A) () (5)
ct | | AIN diet |
(5 (%)
| AIN diet |
| ® . o
250 mylkg diet
F0muy deg {0.05%)
(5) (3)
ctrl | | PB |
10.05%)
|~ | |
>
3 10 30

Duration (weeks)

(B) i
— AIN diet )
2
s
k]
g 26 wks
< FB, (10
(250 mgl/kg diet)
52 wks
I [ I
1 2 3
Weeks

Duration (weeks)

Chart 1. Experimental designs to (A) investigate the cancer promoting potential of
phenobarbital on FB;-induce hepatic foci in rat liver and (B) investigate the effect
of age on the generation of FB;-induced hepatic foci. Values in parenthesis indicate
number of rats sacrificed a specific time point.

2.4. Histochemical and histological analyses

Following pentobarbital anesthesia, rats were sacrificed by cervical dislocation
and the livers excised and sectioned (5mm) for processing in buffered formalin.
Immunohistochemical staining for GSTP was performed according to the method
of Ogawa et al. (1980). GSTP* hepatic foci were classified microscopically as “mini”
(<5 cells), “small” (5-20 cells), or “large” (>20 cells). The total number of foci con-
taining >5 cells (small or large) per cm? of the tissue section, the area of which was
determined by image analyses.

2.5. Statistical analysis

The data of this study was analysed using a one-way analysis ANOVA design
where only one main effect was present, either with 3 or 4 group levels. When the
main effect was significant, the post hoc Tukey’s Studentized Range test was used,
testing for multiple pair-wise comparisons between the means of the different levels
of the factor. Where variances were not equal the Welch test was substituted for
the F-test. As the data were unbalanced, the Tukey-Cramer adjustment was made
automatically. Where data was non-parametric, group differences were tested using
the Kruskal-Wallis test, which was followed by the non-parametric Tukey-type test.
For parametric data were only two levels were present, Student’s t-test was used,
by the pooled method for equal variances, and the Satterhwaite method for unequal
variances. Statistical differences were considered at <0.05).

3. Results
3.1. Body weight parameters

Seven-week-old rats subjected to the 3-week FB1/AIN diet and
FB1/PB treatments had significantly (P < 0.05) reduced body weight
gains compared to the control rats (Fig. 1A). The body weight gain
of the FB;/AIN diet and FB;/PB-treated groups were marginally
(P<0.1) increased after 10 weeks compared to the AIN and PB-
control groups, respectively. The PB-treated rats showed a marginal
(P<0.1) reduction in body weight gain after 30 weeks compared to
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Fig. 1. (A) Body weight gain of rats following 3-week FB; induction prior to PB pro-
motion for either 10 or 30 weeks. (B) Liver to body weight ratio (%) of rats following
PB promotion for either 10 or 30 weeks. Data (error bars) represent the mean +S.D.
of 10 animals per group. *Differs significantly (P<0.05) and (*) marginally (P<0.1)
from treatment control groups.

the control rats. The relative liver weight (% of the body weight)
was significantly (P<0.05) increased in the FB;/PB- and PB-treated
rats after 10 weeks compared to the control rats (Fig. 1B). After
30 weeks, the relative liver weights of the FB;-and PB-treated rats
were marginally (P<0.1) reduced compared to the control rats.

3.1.1. Phenobarbital promotion

There was a significant (P<0.05) increase in the total number of
GSTP* foci/cm? (>5 cells per focus) after 10 weeks in the FB; /PB-and
FB1/AIN-treated groups as a result of a marginal (P<0.1) increase
in the number of large foci (>20 cells per focus) (Fig. 2A). After 30
weeks there was a significant (P<0.05) increase in the total num-
ber of GSTP* foci/cm? (>5 cells per focus) in the FB;/PB group as
compared to the FB;/AIN- and PB-control groups mainly due to an
increase in the number of large foci (Fig. 2B). In contrast to the 10-
week treatment regimen, no significant effects were noticed in the
liver of the FB;/AIN-treated rats.

Inter-time comparisons (between 10 and 30 weeks) regarding
the development of the GSTP* lesions between the different groups
showed a marginal (P=0.08) increase in the small (between 5 and
20 cells) foci category and the total number of foci in the control rats
after 30 weeks. In contrast the total number of foci in the FB;/AIN-
treated rats decreased significantly (P<0.05) after 30 weeks. There
were no significant differences in the number of GSTP* lesions
between the 10- and 30-week treatment period for the FB;/PB-
and PB-treated groups.

3.1.2. GSTP* foci

The FB; feeding treatment significantly (P<0.05) reduced the
body weight gain at 7-, 26- and 52-week-old rats as compared to
the controls (Fig. 3A). In the 26- and 52-week-old rats there was an
actual loss in body gain following FB{ exposure.

In the 7-week-old rats there was a significant increase in all
the PGST* focal size categories while it was significantly decreased
in the livers of the 26- and 52-week-old rats (Fig. 3B). The induc-
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Fig. 2. PB cancer promotion of FB;-induced GSTP* hepatic foci. Male F344 rats fed
250 mg FB; /kg diet for 3 weeks were subjected to a 0.1% (w/w) PB dietary regimen
of either (A) 10 weeks or (B) 30 weeks. Data are mean + S.D. (indicated on bars) of 5
animals per group *Differs significantly (P<0.05) and (*) differs marginally (P<0.1)
from the treatment control groups.

tion of mini (P<0.09) and large foci was only marginally (P<0.08)
increased above the control rats in the liver of the 26- and 52-week-
old rats. Of the control rats only the 26-week-old rats exhibited a
marginal (P<0.1) increase in the level of the minifoci (<5 cells per
foci).

3.2. Spontaneously initiated cells

Treatment with FB; (250 mg/kg) AIN diet resulted in marked
hepatotoxic effects histologically, as previously described
(Gelderblom et al., 1988; Lemmer et al., 2004). Briefly, the livers
showed zone 3 (pericentral) injuries with collapse of the reticulin
framework, apoptosis and necrosis of hepatocytes, appearance of
hepatic foci, oval cell proliferation, and early fibrosis (Fig. 4). These
hepatotoxic lesions were present in rats from all three age groups,
but less severe in the 26- and 52-week-old rats (data not shown).

4. Discussion

Several mechanisms have been proposed to explain the cancer
promoting activity of FB; in rat liver including the disruption of
sphingolipids, phospholipids and fatty acid metabolism (Riley et al.,
2001; Gelderblom et al., 2001b). Long-term studies in rats showed
that FB, is a complete carcinogen in both the liver and kidney, sug-
gesting that FB; induces the different stages involved in the process
of carcinogenesis (Gelderblom et al., 1991a; Howard et al., 2001).
The fumonisins were characterised as liver cancer promoters while
some debate exists whether these compounds can effect cancer ini-
tiation. However, with respect to FB;-induced cancer initiation in
rat liver the following needs to be considered.
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Fig. 3. (A) Effect of FB; feeding regimen (250 mg FB,/kg diet) on the body weight
gain of rats aged 7, 26 and 52 weeks [inset—differences in the body weight gain
between rats fed FB; or control AIN diet for 1, 6 and 12 months]. (B) FB; induction of
GSTP* hepatic foci in rats aged 7, 26 and 52 weeks. Data represent the mean +S.D.
(indicated on bars) of 10 animals in the FB; group and 5 animals in the control AIN
group. *Differs significantly (P<0.05) and (*) marginally (P<0.1) from AIN control
treatment.

(i) FBy initiates cancer in rat liver similarly to the genotoxic
carcinogens, by inducing “resistant” hepatocytes with a
dependence on cell proliferation, although the kinetics differs.
Phenotypically these initiated cells develop into eosinophilic
clear cell foci and nodules that stained positively for GSTP
and y-glutamyl-transferase (GGT). The absolute level of events
(DNA mutations, etc.), resulting in initiation, occurs at a

Fig.4. Degenerative changes such as lipid accumulation and single cell necrosis, oval
cell proliferation and early fibrosis in liver of a 7-week-old rat following a 3-week
250 mg FB;/kg dietary treatment.

far slower rate when compared to genotoxic carcinogens
(Gelderblom et al., 1992, 1994).

(ii) Similarly to genotoxins, cell proliferation associated with
hyperplasia failed to enhance the cancer initiating potential
of FBy, while stimulation of regenerative cell proliferation
enhanced the cancer initiating potency of FB; (Gelderblom et
al., 2001a).

(iii) A no-effect threshold related to hepatotoxicity and hepato-
cyte regeneration exists for cancer initiation, which in turn
is determined by the dosage and the duration of exposure
(Gelderblom et al., 1994, 2001c).

(iv) Studies using male BD IX, Fischer 344 and Sprague-Dawley
rats showed that FBy exhibits cancer-initiating properties
(Gelderblom et al., 1988, 1992; Mehta et al., 1998).

(v) Irreversibility of cancer initiation by FB; was demonstrated as
a 5-week exposure resulted in liver adenomas after 1 year in
male Fischer 344 rats (Lemmer et al., 2004).

(vi) Different cancer promoting stimuli, 2-AAF/PH, 2-AAF/CCly
(Gelderblom et al., 1992; and PB (present study)) promote the
formation of altered pre-neoplastic hepatic lesions.

(vii) FBq lacks peroxisome proliferative activity (Gelderblom et al.,
1996b) while the promotion of spontaneous initiated cells in
older rats seems not to play a role when utilising a short-term
cancer initiating/promoting liver model (present study).

Several other alleged non-genotoxic carcinogen treatment reg-
imens have been shown to effect cancer initiation in rat liver.
These include dietary treatments with the peroxisome prolifera-
tors, ciprofibrate and clofibrate (Rao and Reddy, 1991; Nagai and
Farber, 1999) and a choline deficient diet (Ghoshal and Farber,
1993). The hepatocyte nodules induced by clofibrate exhibited phe-
notypical changes regarding the induction of GSTP, GGT and ATPase,
indistinguishable from that of genotoxic carcinogens. Feeding stud-
ies using ciprofibrate in rats of different ages showed no difference
in the induction of tumors (Rao and Reddy, 1991). The peroxisome
proliferators exhibited similar genotoxic effects to the fumonisins
in rat primary hepatocytes, which included chromosomal aber-
rations and the induction of micronuclei (Reisenbichler and Eckl,
1993). However, FB{-induced changes in the liver are not asso-
ciated with peroxisome proliferation (Gelderblom et al., 1996b).
It would appear that, as in the case of FB{, non-genotoxic treat-
ment regimens induce early pre-neoplastic changes in the liver
similar to those induced by genotoxic carcinogens that should be
taken into account when setting risk assessment parameters. When
the provisional maximal tolerable daily intake (PMTDI) value for
humans was established by the Joint FAO/WHO Evaluation Com-
mittee on Food Additives (JECFA), a no observed effect level (NOEL)
for nephrotoxicity and a safety factor of 100 was employed (Bolger
et al., 2001). Generally a higher safety factor is required reflecting
the carcinogenic characteristics of a compound (Kuiper-Goodman,
1990). Therefore, the cancer initiation potential of the fumonisins
should be considered if the risk assessment parameters are revis-
ited in the future.

Cancer initiation in the liver is associated with the induction
of individual cells with the ability to clonally expand under the
influence of one or more promoting stimuli. When utilizing DEN
as a cancer initiator, “resistant” hepatocytes are induced that have
the ability to proliferate in the presence of different cancer pro-
moting stimuli including, 2-AAF/PH, phenobarbital and orotic acid
(Farber, 1996). The mechanism involved could either be inhibition
of the growth of normal hepatocytes whereby the resistant cells
are allowed to proliferate or the selective stimulation of initiated
hepatocytes (Farber, 1996; Butterworth and Goldsworthy, 1991).
Depending on the promoting regimen used and the mechanism
involved, different subsets of the initiated cells have the capabil-
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ity to develop into altered foci and/or nodules (Dragan and Pitot,
1992). It has been postulated the initiated cells are a heteroge-
neous population that possesses a variety of genetic lesions (Lee
and Cameron, 1993). Cancer promotion by PB consisted in the
development of altered eosinophilic clear cell phenotype stained
positively for GGT while the peroxisome proliferator, nafenopin,
promotes the formation of basophilic foci that stains negatively for
GGT (Kraupp-Grasl et al., 1991). FB; initiated hepatocytes devel-
oped into GGT and GSTP* foci in response to the 2-AAF/PH or
2-AAF/CCl4 cancer-promoting regimens (Gelderblom et al., 1992,
1994, 2001a). The present study indicated that PB, known to select
an initiated population into eosinophilic clear cell foci, could also
selectively promote FB;-induced initiated cells. At 10 weeks no sig-
nificant difference between the number of GSTP* foci between the
FB1- and FBq/PB-treated rats which reflect the cancer promoting
potency of FB; during the 3-week feeding period, despite the fact
that the rats did not receive FBq in their diet for 7 weeks (Fig. 2A).
However, the number of GSTP* cells in the absence of the FB; treat-
ment, 27 weeks after the initial feeding treatment, was significantly
reduced similar to the control levels, presumably due to the sponta-
neous reversion of foci into normal tissue (Fig. 2B). These initiated
cells populations are known to be susceptible to undergo apoptosis
(Schulte-Hermann et al., 1993). Although cancer initiation is irre-
versible, the sustained presence of FB; is required for the selection
of initiated cells and their subsequent development into foci and
nodules (Gelderblom et al., 1996b). The mechanism by which PB
selectively stimulates the outgrowth of FB{-induced initiated cells
is not known at present. As the PB treatment significantly reduced
the rat body and relative liver weight the selective outgrowth of the
initiated cells by a mitoinhibitory effect, similar to FB; promotion,
has to be considered. Previous studies support this finding as PB
inhibited the growth stimulatory effect of EGF in primary hepato-
cyte cultures while prolonged exposure inhibits cell proliferation in
ratliver (Manjeshwar et al., 1992; Barbason et al., 1983; Gelderblom
et al., 1996b).

The promotion of spontaneously induced initiated hepatocytes
resulting in the development of tumors in the liver of older rats
has been proposed as a possible explanation for the induction
of liver tumors by non-genotoxic carcinogens (Schulte-Hermann,
1983). As both eosinophilic and basophilic foci occur sponta-
neously in older rats, the continued presence of a non-genotoxic
carcinogen acting as a cancer promoter would then eventually
result in the development of tumors (Schulte-Hermann et al.,
1989). PB and the peroxisome proliferator, nafenopin were shown
to enhance the development of tumors in older rats by selec-
tively promote different focal subtypes (Kraupp-Grasl et al., 1991).
FB; behaves similarly to PB in selecting eosinophilic clear-foci
in a two-stage cancer initiating promotion model using DEN as
the cancer initiator (Gelderblom et al., 1996a). A chronic feed-
ing study in rats showed that FB; induced both basophilic and
eosinophilic adenomas in the liver staining positively for GSTP
(Gelderblom et al., 2001c; Lemmer et al., 2004). As, FB; did not
effect the proliferation of peroxisomes, it would appear that, as
stated previously, that it induces pre-neoplastic lesions similar to
other genotoxic carcinogens such as aflatoxin B; (Gelderblom et al.,
1992).

The present study showed that FB; is more effective in induc-
ing GSTP* foci in younger rats presumably reflecting its combined
cancer initiation and promoting capacity. The reduced capacity of
FB{-induced formation of GSTP* foci in older rats could be related
to a reduction in feed and therefore, FB; intake. Studies in male
BD IX rats showed that compared to 7- to 8-week-old rats, 8 and
14 months-old rats had a reduced feed intake of approximately 20
and 40%, respectively (Gelderblom et al., 2001c¢). Assuming a simi-
lar scenario in the present study, it would imply that the rats were

exposed to a diet equivalent to 200 and 150 mg FB;/kg, respec-
tively, after 26 and 52 weeks. The reduced hepatotoxic effects
observed at these time points confirmed a reduced FB; intake
over the 3-week period of exposure. As the FBy-induced hepa-
totoxic effect is a prerequisite for initiation (Gelderblom et al.,
2001a), the mild pathological changes in the liver of the aged
rats conform to the low initiating response of FBy. In contrast,
the apparent dietary levels of 150 and 200mg FB/kg diet at
52 weeks should still have resulted in cancer promotion as a
dietary level of 50 mg FB/kg effectively selected the outgrowth
of DEN-initiated cells over 3 weeks (Gelderblom et al., 1996a).
It would appear that FB; failed to promote the growth of spon-
taneously induced initiated hepatocytes into eosinophilic clear
cell foci in older rats and the induction of these foci in younger
rats is related to the combined cancer initiating and promot-
ing potential of FBq, as suggested previously (Gelderblom et al.,
1994).

In female B6C3F; mice, FB; significantly enhanced the inci-
dence of spontaneously induced adenomas and carcinomas in a
2-year feed restricted study in (Howard et al., 2001). Although
FB; is regarded as hepatocarcinogenic in mice, it should be taken
into consideration that it only provides evidence for the promotion
of spontaneous tumors after prolonged dietary treatment. Expo-
sure of rats to lower dietary levels of FB; over a period of 2 years
showed a significant increase of pre-neoplastic foci and nodules
stained positively for GSTP at a dietary level of 10 mg FB/kg diet
(Gelderblom et al., 2001c). In a recent study young male Fischer
344 rats on an initial 5-week feeding (250 mg FB;/kg diet) regi-
men developed liver adenomas 1 year later in the absence of any
additional exposure (Lemmer et al., 2004). This observation pro-
vides additional evidence about the cancer initiating capacity of
FB4, and argues against the role of spontaneously initiated hep-
atocytes. The present study provided further evidence that FB,
initiates cancer in rat liver as PB promotes the selective outgrowth
of these initiated hepatocytes. FB; also failed to enhance the for-
mation of eosinophilic clear cell subtype foci stained positively
for GSTP in older rats under the present experimental condi-
tions. Although the bulk of evidence thus far point towards cancer
initiating capabilities of FB1, the induction of liver GSTP* hepa-
tocyte nodules and/or foci in rats exposed to low dietary levels
for an extended period of time, still cannot rule out the pro-
motion of spontaneous initiated hepatocytes (Gelderblom et al.,
2001c).

Studies on the fumonisins as possible human carcinogens
are focused on the cancer promoting potential via epigenetic
mechanisms involving membrane lipid alterations (Riley et al.,
2001; Gelderblom et al., 2001b). However, the genotoxic prop-
erties of FB; (Ehrlich et al., 2002; Galvano et al., 2002; Domijan
et al., 2007), presumably via indirect mechanisms related to
oxidative damage (Sahu et al, 1998) resulting in the cancer
initiating properties, should be considered. Furthermore syner-
gistic interactions with other carcinogens such as aflatoxin B;
and dietary iron could, depending on the experimental condi-
tions, enhance the carcinogenic potency of FB; (Gelderblom et
al,, 2002; Lemmer et al., 1999). The modulating effects of dietary
constituents could also play an important role in the carcino-
genicity of fumonisins (Gelderblom et al., 2004). Depending on
specific environmental conditions various parameters may influ-
ence the cancer initiating potency of fumonisins that should be
taken into account when assessing the risk of fumonisins to human
health.
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Abstract

The genotoxic effects of three widespread Fusarium toxins, vomitoxin (VOM), moniliformin (MON) and fumonisin B,
(FB,) were investigated in bacterisl tests and in micronuclens (MN) and chromosomal eberration (CA) assays with primary
vat hepatotytes. All three toxins were devoid of activity in gene mutation assays with Selmoneila tiphimurium strains TA98
and TA100 and in SOS chromotests with £. coli sirain Q37 in the presence and absence of metabolic activation. FB | and
VOM gave nogative results in differential DNA repair assays with E. cofi K-12 strains (343 /753, uwrB /recA and
343 /763, uor™ frect); with MON, a marginal effect was seen in the sbsence of metabolic activation mix at relatively high
concentrations {2 55 weg/mll. In metebolicaily competent rat hepatocytes stimulated to proliferate with EGF and
suhphysie!ogical Ca?* concentrations, a decrease of cell division was observed with all three toxins at concentrotions = 10
pg/mE, VOM was strongly cytotoxic at 100 pg,/ml. All thres mycotoxins eaused moderate increases of the MN frequencies
at low concentrations (< | wg/mi), but no clear dose—response effects were seen und at higher exposure jevels the MN
frequencies declined. In the CA experiments with hepatocytes, pronounced dose-dependent effects were observed with all
three foxins. MON caused a 9-fold increase over the spontancous background level after exposure of the cells to 1 pg/ml
for 3 h, with FB, and VOM, the increases were 6- to 7-fold under identical experimental conditions. This is the first report
on clastogenic effects of VOM and FB| in mammalian cells, with MON induction of CAs in V-79 cells hes been described
earlier. Since all three mycotoxins caused CAs al very low concentration levels in liver cells in vitro, it is possible that such
effects may zlso occur in humans and mammals upon consumption of Fusariwm-infected cereals,

Kepwords: Fumonisia B3 Moniliformin; Vomiloxin; Chromosemnt oherration; Primary rat Tiver cell; Mutagenicity; Bacterial mutagenicity
test
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1. Introduction

The mycotoxins fumonisin By (FB,}, vomitoxin
{4-deoxynivalenol, VOM) and moniliformin (MON)
are produced by toxicogenic Fusarium species, and
have been identified in subslantial amounts in cereals
in various continents. Table 1 summarizes the con-
centration ranges of the different myectoxins found
in Furopean ceuntries, the percentage of contami-
nated samples and the Fusarium species by which
they are produced.

The chemical structures of the three compounds

Table 1

Qecurrence of vomitoxin, fumonisin B, and moniliformin in Europe *

giffer substantially (Fig. 1): VOM is a trichothecense
derivative, the siructure of FB, resembles that of
sphingosines and the structure of MON is derived
from cyciobutene,

Although humen foods and animal chows are
aften contaminated with these compounds, and the
acute loxic effects of these toxins are well docu-
mented [1,3-7], information on genotoxic and car-
cinogenic effects of these compounds is limited. A
number of cpidemiological studies in China and
Sowh Africa has indicated that consumption of
Fusarivm-infected food is associated with an in-

Compound Producer Cereals contaminaied  No. of studies Positive samples  Dose range

{2010 number of samples)  (34) {mg/kg)

Vomitoxin F. graminerarm whest, bariey 19 4?2 0.01-500
F. culmarunt maize, 1ye (3817)
Fumonisin B, F. moniliforme ond related species mnize 2

{59) 66 0.01- 10

Maoniliformin ~ F, moniliforme maize 16 ER 005- 1%
{288)

® Data are from IARC [!] ond Smith and Solomons [2}. For Europe, only-two studies on fumonisin B, are available, but, in addition, data
fram 9 US studies are available (283 somples, 79% of them positive, dase range 0.65-150 mg/kgh

Vomitoxin

COH O

COH,—CH; —CH—CH—C—0

[n]
KD o}
Maniliformin
2 CH QH

o] COR

City G— CHy—==CH,—CEH

CHy = GH —~CH =G Hg ~—CH——{CHgz)e —CH ——CH, —CH—GH;—CH— CH—CH——{CHzl,—CHy

CH

CHy

Fumonisin B4

Fig. |. Chemicel structurcs of the three mycotoxins. Yomitesin {VOM), trichothec-9-en-8-one,12,13-tpoxy-1,7, 1 5-tribydroxy-{3e, T )y
fumonisin Bl (FB,), 1,2,3-propanctricarboxylic acid, |, Y-(1.(12-aminc-4.9,1 I-trihydroxy-2-methytridecyi)-2-( 1-methylpentyl)-1,2-
ethanediylester; moniliformin {MON), hydsoxy-cyclobutenedion-sodium salt.
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creased misk of esophageal cancer [1], but it is stil
untclear which mycotoxins are responsible for these
effects, Regarding the carcinogenicity of the three
miycotoxins, FB, hes been shown to be hepatocar-
cinogenic in rats, but the underlying motecular
mechanisms are not well understood [8). For VOM
and MON, no data of long-term studies in laboratory
rodents are available al present.

The aim of the study was to extend the data base
on genotoxic effects of the three compounds. Due to
the causat relation between DNA damage in somatic
cells and cancer, data on motagenic properties of the
loxins will contribute (o a better understanding of the
potentiai carcinogenic effects of these toxins, The
genotoxic potential of the thres mycotoxins was
studied in a panel of bacterial tests, namely in gene
mutation assays with Selmonefla typhimuritm straing
TA9R and TA100, in the SOS chromotest with £.
coli PQ37 which is based on the induction of B-
galactosidase caused by activation of the SOS sys-
tem ond [5,10] and in differential DNA repair assays
in which induction or reparsble DNA damage is
measured by comparing the viability of two E. coli
strains {(E. cofi 3434 /765, nor* /rec* and E. coli
3437753, norB/recA) [11] in the presence and
absence of metabolic activation. Furthermore, the
compounds were tested for induction of chromeso-
mal aberrations (CAs) and micronuclei (MN) in
metabolically competent cultures of primary rat hep-
atocytes [12—14).

The information on mutagenic properties of the
three mycotoxins is limited; a few results in gene
mutation assays with bacterial indicators are avail-
able, in which consistently negative resulis were
obtained; the findings in mammalian mutagenicity
assays are quile controversial (for details see Section
4; Discussion).

2. Materials and methods
2.1. Chemicals

FB, and MON were purified accarding to the
method described by Cawood et al. [£5] and Steyn et
al. [16], respectively, to a purity of 98%. DON was
pudfied from ethyl acetale extracts prepared from
rice cultures of Fusarinm graminearum by subse-

quent chromatographic column sepamtion using sil-
ica gel 60 and Sephadex LH 20. Final purification
was obtained by crystallisation. Stock solutions of all
test compounds were made in sierile dimethylsulf-
oxide (DMSO, Merck, Darmstadt, Germany).
Benzo{ a)pyrene (BaP), aflatoxin B, (AFB)), 4
nitroquincline-N-oxide (4-NQO), ethylnitrosoures
(ENU), 2-nitrofluorene (2-NF) streptozotocin (SZ),
cyclophosphamide (CP), 4-nitrophenyl-B-p-galacto-
pyranoside and 4-nitrophenylphosphate were pur-
chased from Sigma {St. Louis, MA). Areclor 1254
induced rat liver -9 homogenate {protein concentra-
tion, 32 mg/ml) was purchased from Organon
Teknika {Durham, NC).

2.2. Media

Media for the bacterial assays were purchased
from Difco (Detroit, USA), Nutrent Broth Ne. 2
which was used for the cultivation of the Saimonella
straing was from Oxoid (Basingstoke, UK). Minimal
essential medium (MEM) with Earls salts and non-
essential amino acids were from Grand Island Sup-
ply Comp. (Paisly, Scotland). The selective agir
media for Salmonella tests were made as described
by Maron nnd Ames [17]; for DNA repair assays, the
media were composed according to Mehn [11].

2.3. Bacterial indicator strains

Salmonella strains TA98 and TA100 were ob-
tained from B. Ames (Berkeley, CA}, E. coli PQ37
used for the SOS chromotest was provided by M.
Hofnung (Paris, France) and the E. colf strains used
in the differential DNA repair assays (343 /7635,
uprt frect and 343 /753, wvrB/recA) were a gift
of G.R. Mohn (RIVM, Bilthoven, The Netherlands).

2.4, Animals

Female Fisher 344 rats weighing approximately
100 g were obtained from HARLAN, Zeist (The
Netherlands). They were housed in hanging cages at
a temperature of 22 4 2°C and refative humidity of
65 + 10% in o controlled room withra 12-h light—dark
cycle and fed with Jaboratory chow T783 from Tag-
ger AG (Graz, Ausiria). Water was provided ad
libitum. Sawdust, which served as bedding material,
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was cbtained from Chemie Linz AG (Linz, Austria).
The animals were allowed to acclimatize for at least
2 weeks prior {o hepatocyte isolation.

2.5, Genotoxicity tests with bacteria

The gene mulation asszys with Salmonefla 1y-
phimarrium strains were carried out as plate incorpo-
ration experiments according to the protocol of Maron
and Ames [17]: 0.1 ml of stationary phase cells were
plated with 100 I of various concentrations of the
test compounds (dissolved in DMSQ) with and with-
out 0.5 ml 8-9 mix (stzndard recipe) and 2.0 ml of
top agar on selective media plates. The plates were
incubated for 48 h, then the number of His* rever-
tant colonies was counted manually. Per experimen-
tal point, three plates were enumerated.

Differential DNA-repair assays with E. cali
strains were performed ps Hquid preincubation as-
says as described by Knasmiiller et al. [18] The
differential survival of the repair deficient relative to
the repair proficient strain was calculated as de-
scribed {18]. One hundred percent survival indicates
lack of a genotoxic effect, survival rates < 100%
indicate induction of reparable DNA damage.

The 508 chromotest was carried out according o
Qillardet and Hofnung [19) with modifications de-
scribed by Mersch-Sundermann et al. [20]. On the
basis of the absorbance values, the ratio of (-
gelactosidase activities and alkaline phosphatase ne-
tivities (R} were calculated and the induction faclor
(IF) determined {IF = R, /R, where R;, is the ratio
al a cerlain dose and R, is the control ratio; for
details sec Mersch-Sundermann et al. [21]). Per ex-
perimenta) peint three measurements were made in
parallel.

2.6. Experimenis with primary rat hepatocytes

Hepatocytes were isolated from female Fischer
344 rats by the in situ two-step collagenase perfusion
technique [22]. The isolated hepatocyies were plated
at a density of 20000 viable cells /em?® on collagen-
coated 60-mm-diameter plastic culture dishes and
cultured according to Eckl et al, [23].

The test compounds {(dissolved in DMSQ) were
added to the cultures at different concentrations (5
plates per concentration) and incubated for 3 h. Then

the medium was removed, the plates washed twice
with fresh medium and proliferatively stimulated
with EGF (40 ng/ml).

For the determination of the mitotic indices and
the number of cells with micronuclei, the cultures
{twa plates per concentration) were fixed 5t h later
with cold 3;1 methanol—glacial zcelic acid for 5 min
on the Petri dishes, rinsed with distilled water for 2
min and air dried. The fixed cells were stained with
DAPI according to Eckl et al. [24]. To determine the
milotic index and the number of cells with micronu-
clei, 1000 cells per Petri dish were analyzed under a
fluorescence microscope.

For chromosomal aberration, analyses were car-
ried out according to Reisenbichler and Eckl [25]. At
least 20 well-spread metaphases were scored per
experimental point to calculate the means £ 8D fora
single experiment. The number of aberrations is
given per diploid cell (i.e., 42 chromosomes).

2.7. Statistical analysis

Except for SO8 chromotests, one or more repeti-
tive experiments were carried out. The data given in
Tables 2, 3 and 5 and in Fig. 2 are weighted means
and the standard deviations were compuled from the
pooled variance cstimates. Statistical significance was
proven in Saimonelia /microsome asseys and in dif-
ferential DNA repair assays with the Dunneft test, In
experimenis with primary rat hepatocytes, Student’s
r-test for independent variables was used 1o calculate
the levels of significance.

Cone. monikformin (Hgimi)
1] 50 100 150 500
1 L |t —

100
754 \{
I

50

tifferantial surdval (%)

Fig. 2. Induction of reparoble DNA damage in £ coli by
moniliformin in the presence (-} and absence (M) of metabolic
activalion {experimental points give means+SD of two experi-
ments, 3 pletes per experiment),
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3. Results

The results of the genotoxicity assays with bacte-
rizl indicators are summarized in Tables 2-4. it can
be seen that all three mycotoxins were deveid of
activity in the Salmonella/microsome assays {Table
2) in strains TA98 and TAT00 and in the SOS
chromotests {Table 3) with E. coli PQ37 in the
absence and presence of metabelic activation. Also,
in preliminary experiments with Salmonella tester
strains, in which even higher concealrations of the
compounds {up to 2000 wg/plate} were tested, con-
sistently nepative resulls were oblained (data not
shown).

In differential DNA-repair assays with E. coli,
VOM and FB, did not induce reparable DNA dam-

Table 2

age, but with MON, a dose-dependent effect was
seen at the two lower concentrations, only with one
concentration {55 pg/mi)} the results were statisti-
cally significamt (Table 4, Fig. 2). The additien of
S-9 mix resulted in a decrease of this effect.

The results obtained with the three compounds in
experiments with primary cultures of ral hepatocytes
are listed in Table 5. All three compounds were
tested over a broad dose range. The negative control
vatues (M1, MN and CA rates} are in agreement with
those found in earlier experiments [25] CP and
AFB,, which were used as posilive controls, caused
significant increases of MN or CA frequencies as
expected {12,14). All three mycotoxins inhibited cell
division at the higher dose levels (10-100 pg/ml),
with VOM, a pronounced cytotoxic effect was seen

Induction of His* revertanls in Saimonetla strnins TA98 and TA100 by vomitaxin, furmonisin B, and menilifonmin in the presence and

absence of metabolic activation ®

Test compound Dose TAS8 TAI00
(g /plate} Without 5-9 With 5-9 Without 5-9 With $-9
Vomitoxin D.7 214 1 27+ 8 99 4 I [59 £ 10
21 1% s Nt 7 108 £ 10 158 £ 12
6.2 LR 46 8717 149 +12
19 184 & 2647 85+ 17 17224+ 9
55 24+ 4 K 25 L5 159+ 2)
167 W4+ 3 Tk 5 104 + 14 163% 7
500 7+ 3 27+ 4 BB 13 6l o+ 12
Fumenisin By 0.7 e ) 9% 9 874 16 152+ 34
1 204 4 9410 80+ 17 157 + 13
6.2 254 5 54 5 90 & 14 171 + 14
19 28+ 10 32+ 4 87+ 6 155+ 9
55 2B+ 5 6+ 4 92+ 18 166+ 11
1a7 2 64 8 98 £ 10 160+ 12
500 43 4 8% 9 B0+ 17 163 + 14
Meailiformin 0.7 214 9 37+ 6 12+ 3 139+ 29
2t 244 7 B+ 5 2+2 1421 12
6.2 24 4 315 W35 156 + 20
9 0% 5 3% 3 13021 159 + 13
55 26111 32% 4 iz ie 161+ 17
167 23+ 3 35412 96 % 21 169 + 31
500 23+ 1 9% 7 107 £ 20 1621 + 14
Positive control © 400/2 B2 £ 10 H1zx1b 72140 157+23°%
Negative control - 24+ 7 3248 101 £ 1B 552 £ 40

* Values are menns + SO His* revertants/plate of twa represeniztive experiments (3 plates per experimental poin per experiment},

® Sutistically sigoificant {Dunne’s test, p < 0.03).

® ENU {400 pg/pinte) was used as u positive control in tests without metabolic activation; AFB, (2 pg/plote} was used in assays with 8-9

miX.
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with (00 pg/ml; therefore, MN and CAs could not
be determined at this dose level. The resuits of the
MN experiments are inconclusive: the MN frequen-
cies were slightly elevated at the lower concentra-
tions {up to 1 pg/ml) and decreased at the higher
concentrations, bul no clear dose—response effects
could be established and statistically significant ef-
fects were seen only with VOM and FB, ot certain
doses. Qverall, the effects caused by all three myco-
toxins were only moderate and far less pronounced
than that seen in enrlier experiments with other
rdagens, such as peroxisome proliferators [25], lipid
peroxidation products {24] and CP [14].

The results obtained in the CA experiments clearly
indicate that all three Fusarium toxins are clasto-
genic. The CA numbers increased gradually at the
lower dose levels and declined at the highest concen-
trations evaluated (100 pg/ml for MON znd FB,,

Table 3
Effects of the mycotoxins vomitoxin, fumonisin B, aed monili-
fermin in SOS chromolests with £. colf strain PQ 37 °

Compound Conceateation  Induction facter
{wg/essay)  Withoot S-0  With 5-9
Vomiloxin 5 0.934 004 1.04+0.053
16 141+ 0.187 0.59+0.014
50 0.974£ 0,158 0.99+0.070
166 09740122 1,10+ 0.132
500 0.9140.129 09940134
Fumenisin B) 5 122 4+0.123 [.1440.067
11 106+ 0.125 0.98 £¢1.055
50 1.0 £ 162 1LI5£0.040
166 1.05£0.068 10510024
500 11440157 1.05%10.072
Moniliformin 5 0.98 +-0.062 0.96+ 0.065
18 0.97.+0.000 0.9740.065
30 0.92+0.064 0.90+0.053
146 10O £ 0069 1.0240.058
500 .08 +0.196 1.00:%0.087
Positive control € BO6/0.6  29.10£432% 4130385

Negative control  — 10040000 1.0040.000

* Dota indicate means + SD of induction faclors which were calen-
foted on the basis of the ratios of P-galactosidose aclivities vs.
alkaline phosphatase activities. Per expesimentat poind three mea-
surements were made {one experiment).

® Seatistically significant {Dunnett’s test, p < 0.05).

 4-NQO (60 ng/ossay} was used as o positive contral in assays
wilhout activatior, B[a]P {600 ng/assny) was used as a positjve
contro] in wests with metabolic activation.

Table 4
Induction of reparnble DNA damage in E. cofi by vomiloxin,
fumonisin B, and moniliformin

Test compound Concentration  Differenlinl survival {%4)
{pg/ml} Withow With 5-8
5-9 mix mix
Yomitoxin 500 in44 5 91411
167 98+ 7 B34 5
55 106+ 5 1041 5
19 99+ 9 194£12
6.2 102114 167+ 9
2.1 100+ 12 99+ 12
0.7 95+ 6 1024 5
Fumonisin BL 0.7 98+ 3 100+ 6
23 102+ 4 97+12
6.2 105412 104417
19 104+ 5 96+125
55 1024 B 103 +£20
167 1064 6 104411
500 99 6 M+ 7
Maonili forrmin 0.7 101+ 8 7+12
24 103+ 7 956+ 9
6.2 10%4 6 iM+12
19 B14-16 Sl 14
55 671 9°  92%17
167 624 7% 93x1b
540 60+ 2®  82¢ 6°
Positive control < 2/2 154+ 3¢ 5% 3°
Negative control - 100+12 190412

' Values are means + SD of differential survival rates of the two
strains (£, cofi 343 /753, wer™ /frec* vs. E. coli 3437765,
wrB/recA) measured in {wo independent experiments (three
plates per experimental point per experiment), Different concen-
Irations of the test compounds were incubated with mixtures of
the two indicator strains (0.1 ml, 1-2% 107} vishle ceils of each
strin and €.8 ml of PBS or et liver $-9 mix for | h at 37°C,
Subsequemly, the mixtures were diluted (107%) and 0.1-ml
aliqueots plated on Newotral red agar plates. Afler 2 days, she
individun! steain survival was delermined (sec Section 2: Materizls
and methods).

b Statistically sipnificant {Dunnelt’s test, p < 0.05),

487 {2 pg/ml} was used in tesis withoul metabelic nclivation,
AFB, (2 pg/mi} was psed in assays wilh melabolic activation.

10 pg/ml for VOM), probably due to inhibition of
cell division. With VOM, the maximal effect was
seen at I wg/mi at which the CA rate was approxi-
mately 6-fold over the background level, with FB,
the peak was seen with 10 pg/ml (7-fold increase
over the background). The strongest effect was seen
with MON, which caused a ca. 9-fold increase over
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Table 5

Summary of experiments on the induction of micronuclei and chromosomal sberations by vomitosin, fumonisin B, ard meniliformin in

primury cultures of rat kepatocytes

Compound Concentration Mitotic index Micronuclei Chremosoma! abermations
(ug/ml) (]
Vomitoxin 0.001 L0+ 0.1303) 8.19 £ 2.67(N 0.021 + 0.029 (2)
0.010 205 £ 627 (3) 981 = 210(1" 0,044 + 0.076 {3)
0.100 1.73 + 0.58 (3} 9.92+ 571 () 0.149 £ 0,156 (4)
1.040 1.38 3 0.46 (2} 580+ 1.54(2) @200 + 0.071 (3) ®
13,000 1334 003{2)* 6.8+ 109 (2) 0.140 £ 0.078(2) @
100,050 cytoloxic ND NG
Furmonisin B, 0.010 198 £+ 0.15(3) 824+ 1.19{3) 0.025 £ 0.043 (3)
0,100 1.66 =k 0.55 (4) 7.41 £ 1.56 {4} 0.093 £ 0.007 (5)
1000 1.03 £0a0(2)° 812+ 0.18(2}" 0,212 4 0.097 (3) "¢
10.000 133 £ 046 (2) 549+0.72(2) 0,235 + 0.040(3} *
100.000 095 £0.14(2)° 7894 046 ()" 0,145 # 0.047 (2} 4
Moniliformin 8.010 192 £ 0.12 (3) 767+ 1.33(3) 0.000 + 0.000 (2} ©
0,100 1.69 £ 027(4) 7.94 £ 447 (4) 0.149 4 0.186 (5}
1.000 1.07 + 0.46 (2) 841 + 6.14 (2) 0.289 + 0.153 (3} b4
10,000 1.30 + 0.52 (2) 5.87 £3.27(2) 0:285 £ 0,154 (3) ™
100.000 1.10 £ 2,07 (2} " 6.51 + 2.88(2) 0.266 £ 0.106 (3) *
Pasitive control ®
CP 0.025 0.00 + 0.44 {4) © 9,84 +0.80{4) * ND
AFB, 0.031 0.98 + 0,30 (4) ND 0178 £ 0.029(4) ©

Negative control - 1.76 & 0.46 {5}

631+ 127{4) 0.033 + 0,025 (4)

* Primary cultures of tat hepoiocytes were exposed for 3 b to different concentralions of the fest compounds and subsequently cultured in
EGF-supplemented medium, Values are means + SD of MN and CA. In each experiment, 1000 celis were evaluated for the determination of
MN frequencies and of the Mis. For the determination of CAs, at least X0 well-spread metaphases were evpiunied per experimental point.
The number of independent experiments is given in brackets, ND, not determined.

#=4 Sontistically significant {Student’s et for independent variobles, b p <005 ° p<0.008, d significance under the assumption of equat

variances).

the spontaneous rate at 1 and 10 pwg/ml. CAs were
mainly deletions of both the chromoseme and chro-
matid type; besides, dicentric and ring chromosores
were also found.

4. Discussion

The results of the present experiments indicate
that the three mycoloxins are, in general, inactive in
bactecial genotoxicity assays, but cause chromosome
breakage in primary rat hepatocytes at relatively low
concentrations (between 1 and 10 wg/ml). The rea-
sons for the discrepancies of the results seen with all
three mycotoxins in bacterial genotoxicity sssays and
in the CA experiments with metabolically competent
cells might cither be due to differences in the cellular

organisation of the indicator cells and/or due lo
differences in the endpoints used.

The negative results obtained with FB,, MON and
VOM in Ames tests are in agreement with earlier
findings [16-29]. In addition, MON was also re-
ported 1o be devoid of activity in S0S-spot tests with
E. coli K-12 [30] and in recA assays with Bacilfus
subtilis [31].

The data on genoloxic effects of the three myco-
toxins in eukaryotic cells are scarce: MON was
reporied negative in unscheduled DNA synthesis
{UDS) experiments with primary rat hepatocytes by
Norred et al. [32] and no other data on clastogenic
effects or induction of gene mutations in mammalian
cells have been published, according to our knowl-
edge. HPLC purified extracts of VOM from contami-
nated com have been tested in CA experiments with
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V-798 celis by Hsia et &l. [33]. In agreement with
our ebservations, they found that VOM induces aber-
rations {mainly deletions and breaks} at low dose
levels and, as in our experimenis, a maximal effect
was seen with 1.0 wg/ml which declined at higher
dose levels. On the contrzry, VOM did not cause
gene mutations at the HPRT locus in the same
indicator cells [34] and did not induce UDS in
primary rat hepatocytes in the 0.1-1000 pg/ml
dose range [35). Positive results were found in trans-
formation assays with BALB/3T3 mouse embryo
cells and the compound alse inhibited infercellular
gap junctional cornmunication in V-7¢ eells [36,37],
a fenture which is characteristic for many tumor
prometing agemts, These lnter findings indicate po-
tential carcinogenicity of VOM, but as described
above, no data from long-term studies with labora-
tory rodents are available. It has been shown in a
recent study by Rizzo et al. [38] that VOM causes
lipid peroxidation i livers of rats following oral
administration of a single dose (28 mg/kg). This
effect could be inhibited by dietary selenium, vita-
min E and ascorbic acid. Based on these observa-
tions, the authors concluded, that the acute toxic
effects of the mycotoxin are due to the release of
free radicals. These abservations support the assump-
tion that VOM may cause mulations, as free radicals
as well as reaction products of the lipid peroxidation
chain (LP) reaction cause DNA damage [39—41]
These findings may also partly explain the diserep-
ancies seen in the present genotoxicify experiments,
since it is known that bacterial indicators are rela-
tively insensitive towards radical medisted DNA
damage, whereas CA assays with hepatocytes appear
10 be highly sensitive, as exemplified by results
obtained earlier {231

It has been shown that FB, causes liver cancer in
rats and liver foci experiments indicated that the
compound acts as a tumeor initiator as well a5 a
tumor promoter {for review see [8,42]). The lack of
activity in gene mutation assays with Safmonella
[26] and the negative results obtained in UDS expen-
ments with rat hepatocytes [32,42] have led to the
hypothesis that the cancer-initiating effects of the
toxin are not asseciated with DNA damage, but
might be due to promotion of spontaneously initiated
cells [8]. The present resulls, however, indicate that
FB, causes chromosomal breaks in rat liver cells at

low concentrations and strengthen the assumption
that the compound has to be classified as a genotoxic
carcinogen. The mechanisms which lead to the in-
duction of chromosomal aberrations are unclear at
present. Nole in this context that 1t has been recently
[43} found that exposure of primary rat hepatocyles
to FB, causes an accumulation of polyunsaturated
fatty acids (PUFA). Since it has been shown that the
toxic effects of PUFA on mammalian cells are asso-
ciated with an increase in lipid peroxidation it might
be possible that the chromosome-breaking effects of
FB, are cavsaily related to this phenomenon.

The present findings show that all three mycoiox-
ins are clastogenic under in vitro conditions at very
low concentration levels. As the concentrations of
these mycoloxins in Fusarium-infected cereals may
reach several mg/kg (see Table 1), it is conceivable
that internal concentrations in humans might be simi-
Ier to those found effective under the present experi-
mental conditions. For FB |, data from pharmacoki-
netic studies with monkeys, pigs and rats are avail-
able which indicate that after oral administration of a
few mg/kg b.wt, the plasma concentrations reach
several hundred ng/mi [44-46]. Therefore it cannot
be excluded that chremosome breskage effects may
take place under normal expasure conditions in vive
and further experimental work to elucidate this pos-
sibility should be conducted.
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Fumonisin B; (FB,) is a carcinogenic mycotoxin produced
by the fungus Fusarium moniliforme in corn. Feeding of
FB; to rats causes acute liver injury, chronic liver injury
progressing to cirrhosis, and sometimes terminates in
hepatocellular carcinoma or cholangiocarcinoma. This
study describes the histolopathology and changes in gene
expression in the rat liver during short-term feeding of
FB;. Male Fischer rats were fed either FB; 250 mg/kg or
control diet, and were Kkilled weekly for 5 weeks. FB;
caused a predominantly zone 3 ‘toxic’ liver injury, with
hepatocyte death due to necrosis and apoptosis. Hepatocyte
injury and death were mirrored by hepatic stellate cell
proliferation and marked fibrosis, with progressive
disturbance of architecture and formation of regenerative
nodules. Despite ongoing hepatocyte mitotic activity, oval
cell proliferation was noted from week 2, glutathione
S-transferase m-positive hepatic foci and nodules developed
and, at later time points, oval cells were noted inside some
of the ‘atypical’ nodules. Northern blot (mRNA) analysis
of liver specimens from weeks 3 to 5 showed a progressive
increase in gene expression for o-fetoprotein, hepatocyte
growth factor, transforming growth factor alpha (TGF-0)
and especially TGF-f1 and c-myc. Immunostaining with
L.C(1-30) antibody demonstrated a progressive increase in
expression of mature TGF-$1 protein by hepatocytes over
the 5 week feeding period. The overexpression of TGF-$1
may be causally related to the prominent apoptosis and
fibrosis seen with FBi-induced liver injury. Increased
expression of c-myc may be involved in the cancer promot-
ing effects of FB;.

Introduction

The fumonisin B mycotoxins are natural contaminants of
comn infected with the fungus Fusarium moniliforme (1).

Abbreviations: AAF, acetylaminofluorene; AFP, o-fetoprotein; AIN, American
Institute of Nutrition; FB, fumonisin B,; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GSTr, Tt class glutathione S-transferase; H&E, haematoxylin
and eosin; HCC, hepatocellular carcinoma; HGF, hepatocyte growth factor; PH,
partial hepatectomy; TGF-o/B, transforming growth factor alpha/beta.

© Oxford University Press

Ingestion of fumonisin B; (FB;), the major fumonisin
produced by the fungus, causes a variety of toxicoses in
animals, including equine leukoencephalomalacia (2) and
porcine pulmonary edema (3). Human dietary consumption of
Fusarium-contaminated corn products has been epidemiolog-
ically linked to increased rates of esophageal cancer in regions
of the world in which com is the staple grain, such as South
Africa (4) and China (5). In rats, feeding with FB; causes acute
and chronic liver toxicity, bile duct proliferation (‘hyperplasia’),
fibrosis progressing to cirrhosis, cholangiofibrosis and, often,
hepatocellular carcinoma (HCC) and/or cholangiocarcinoma
(1,6,7). These carcinogenic mycotoxins are non-genotoxic, and
appear to act mainly as promoters (and possibly weak initiators)

_of tumors (6,8,9).

In addition to initiated hepatocytes, another group of cells,
the ‘oval cells’, proliferate in the liver during experimental
hepatocarcinogenesis. This non-specific term was introduced
by Farber in 1956 (10), although these cells had been described
previously (11). Oval cells have elongated nuclei, scanty
cytoplasm and appear very early in the development of several
experimental hepatic cancer protocols. Oval cells may either
arise from the biliary epithelium (12,13), or else be derived
from pluripotential hepatic stem cells (14-16). Oval cells were
shown to have the capacity to differentiate to both biliary duct
cells and hepatocytes (17-19). Some authors claim that oval
cells play no role in hepatocarcinogenesis (20,21), while others
have reported that oval cells can give rise to prencoplastic foci
and nodules that can progress to cancer (14,15).

The present study describes the histopathology and changes
in gene expression in the rat liver during short-term feeding
of FB] .

Materials and methods

Chemicals
FB; was purified from corn cultures of Fmoniliforme strain MRC 826 as

“described previously (22). The purity as compared with an analytical standard

by high performance liquid chromatography (23) was in the order of 92-95%.
The monomethylester derivatives of FBy, which are artifacts of the purification
procedure (22), constituted the remainder of the FB; preparation.

Animals and diet

Animal care was according to the criteria outlined in the guide for the care
and use of laboratory animals, prepared by the National Academy of Sciences
(24). Thirty male Fischer 344 rats weighing between 150 and 200 g were
used in all the experiments. The animals were caged individually in a
controlled environment at 23—24°C and 50% humidity with a 12 h artificial
light cycle. Food and water were available ad libitum, and rats were weighed
weekly. All the animals received the AIN-76 diet (25) with the following
modifications: the corn starch was replaced with glucose/sucrose/corn starch
(1:1:1) while sunflower 0il was used instead of corn oil as a fat source. Corn
products were excluded from the control diet in order to prevent any possibility
of contamination by Fmoniliforme. The cellulose was donated by Sappi
Saicor, Umkomaas, Natal, South Africa.

Treatments

The FB-containing diet (250 mg FB/kg diet) was prepared as follows: FB,
stock sample dissolved in methanol (50 ml) was evaporated onto a subsample
(200 g) of the diet, and dried in a fume hood at room temperature for 12 h.
Subsequently, the subsample was thoroughly mixed into the diet (6 kg) to
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obtain the desired concentration of FB;. The control diet was treated in a
similar way using only an equal volume of methanol. Each diet was prepared
in 6 g quantities at a time and stored under nitrogen at 4°C until used.

Experimental

The 30 animals were randomly allocated into a group of 20 (treatment group)
and a group of 10 (control group), and fed for up to 5 weeks with 250 mg
FB/kg or control AIN diet, respectively. Four rats from the treatment group
and two rats from the control group were killed weekly till the end of 5
weeks. The livers were harvested, and slices of liver were fixed in 10% neutral
buffered formalin for light microscopy and immunohistochemistry. The
remaining liver was snap frozen in liquid nitrogen and stored at ~70°C for
mRNA analysis. Liver specimens from day 9 post partial hepatectomy
combined with acetylaminofluorene (AAF-PH regimen) from another study
(26) were included to serve as positive controls for oval cell proliferation.
Maximal oval cell proliferation is known to occur at this time point post
AAF-PH (27). '

Light microscopy

For routine light microscopy, slices of liver 4-5 mm in thickness were
immersion fixed in 10% neutral buffered formalin for 24 h before process-
ing, embedding in paraffin wax and sectioning at 4 um. Stains included
haematoxylin and eosin (H&E), sirius red for collagen, and Gordon and
Sweet’s method for reticulin. Coded sections were examined for evidence
of hepatocyte injury, apoptotic bodies, fatty change, mitoses, architectural
distortion, fibrosis, regenerative nodules and oval cell proliferation. Cells
undergoing apoptosis were detected in situ by TUNEL specific labeling of
nuclear DNA strand breaks, as described by Gavrieli ef al. (28).

Immunohistochemistry

Staining with Desmin D33 (Dako, Copenhagen, Denmark) for hepatic stellate
(Ito) cells, and with rabbit polyclonal glutathione S-transferase T (GSTm;
Novacastra, Newcastle-Upon-Tyne, UK) for enzyme-altered hepatic foci and
preneoplastic nodules was performed on paraffin sections. After sequential
layering with biotinylated rabbit anti-mouse or swine anti-rabbit (Dako) 1:250
dilution as link antibodies, peroxidase conjugated Streptavidin (Dako) 1:500
was applied for 30 min at room temperature. The OV-6 mouse monoclonal
antibody, which stains both oval cells and bile duct cells, was a generous gift
from Professor Stewart Sell (Albany, NY). Acetone fixed cryostat sections
were brought to room temperature and stained by means of a standard two-
stage indirect peroxidase conjugated technique (Dako P161). Antibody to
mature TGF-B1 protein was a generous gift from Dr K. Flanders (National
Cancer Institiute, Bethesda, MD). Immunohistochemical staining for trans-
forming growth factor beta-1 (TGF-B1) protein was performed on 5 pm
deparaffinized sections with an indirect immunoperoxidase antiserum detection
protocol (Elite kit; Vector Laboratories). Mature TGF-B1 protein was detected
by the rabbit polyclonal LC(1-30) antibody, as described previously (29).

Probes

Antisense riboprobes labeled with [?2P]CTP were utilized for each of the
following, A 429 bp piece of the 5’ end rat o-fetoprotein (AFP) cDNA
subcloned into pGEM-4Z (kindly provided by Dr Thomas D.Sargent, National
Institute of Child Health and Human Development, Bethesda, MD) was
linearized by Psfl and transcribed by SP6 RNA polymerase (30). A 600 bp
cDNA fragment encoding the 3’ end of rat hepatocyte growth factor (HGF)
subcloned into the pBluescript SK vector (kindly provided by Dr Brian Carr,
University of Pittsburgh School of Medicine, Pittsburgh, PA) was linearized
by HindIll and transcribed by T3 RNA polymerase. A 335 bp fragment of
rat TGF-0. cDNA was obtained by RT-PCR and cloned as described previously
(31). EcoRV and SP6 RNA polymerase were used for its linearization and
in vitro transcription. A 985 bp fragment of rat TGF-B1 cDNA cloned in
pBluescript II KS+ vector (kindly provided by Dr Su Wen Qian, National
Cancer Institute, Bethesda, MD) was linearized by Xhol and transcribed by
T3 RNA polymerase. Mouse ¢cDNA for c-myc subcloned into pGEM4 was
linearized by EcoRI and transcribed by T7 RNA polymerase. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) cDNA probe labeled with [*?P1dCTP
by the random primer extension method was used as an internal control (32).

RNA isolation and northern blot analysis

RNA was extracted from rat liver with guanidium thiocyanate followed by
centrifugation in cesium chloride solution. Poly(A)" RNA was selected by
oligo(dT)—cellulose chromatography. Ten micrograms of poly(A) RNAs per
lane were electophoresed on 0.8% agarose gels containing 2.22 mol/l formalde-
hyde and were later transferred to nylon filters. After UV cross-linking, the
filters were hybridized with riboprobes at 60°C and at 42°C with ¢cDNA
probes. Blots were washed twice each with 1X standard sodium citrate/0.1%
sodium dodecyl sulfate (SSC/SDS) at room temperature, 0.1X SSC/SDS at
room temperature, and 0.1X SSC/SDS at 60°C. Autoradiography was per-
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formed on Kodak X-OMAT AR film (Rochester, NY) at —=70°C using an
intensifying screen.

Results

Light microscopy and immunohistochemistry

Staining with H&E showed that FB; 250 mg/kg diet caused a
toxic injury in livers of all treated animals. At week 1,
necroinflammatory lesions were confined to zone 3 of the
liver acinus. Hepatocyte death was due to both necrosis and
apoptosis, and numerous apoptotic bodies and a mild infiltrate
of mononuclear cells were seen (Figure 1A). Loss of hepato-
cytes, due to fragmentation of the apoptotic cells, was accom-
panied by collapse of the reticulin framework. Scattered
mitoses and mild to moderate macrovesicular fatty change in
hepatocytes were also present. By week 2, oval cell prolifera-
tion was just discernible in the portal tracts (Figure 1B) and
apoptosis was apparent in all zones of the liver together with
mild and variable fatty change. Apoptosis continued to be seen
in all zones of the liver at weeks 3, 4, and 5, and was confirmed
by the TUNEL method (Figure 1C). Frequent hepatocyte
mitoses were also seen in all zones at each time point. By
week 5, marked oval cell proliferation, seen as single small
epithelial cells, cords. of cells and small ductules, was seen in
all portal tracts with extension into the adjacent hepatic
parenchyma (Figure 1D). By week 4, there was considerable
distortion of the architecture due to the presence of bands of
fibrous tissue linking terminal hepatic venules to mildly fibrotic
portal tracts, and early regemerative nodule formation. The
architectural distortion progressed and by week 5 the features
were those of a developing cirrhosis (Figure 1E and F).
Numerous desmin positive hepatic stellate cells were seen in
the injured zone 3 regions at week 1 (Figure 2A). At all
subsequent time points, stellate cells were seen in the portal
tracts and were also scattered through zones 1, 2 and 3.
However, hepatic stellate cell proliferation appeared to be
maximal at 3 weeks, whereafter the overall numbers appeared
to decrease, but with a predominance in the portal tracts and
zone 1 (Figure 2B).

Positive staining with OV-6 “confirmed that the small
epithelial cells, seen as single cells, cords and ductules (Figure
1B) were oval cells (Figure 2C). Maximal proliferation of oval
cells was seen during weeks 3-5 (Figure 2D). Initially, the
oval cells stained with GSTm, but at 4 weeks following
treatment with FB;, many oval cells did not express GSTx
(Figure 2E).

After 1 week, single GSTm-positive hepatocytes were
scattered throughout the acini, and by week 2 there were
GSTr-positive enzyme-altered hepatic foci, varying from one
to three per section of liver. The GSTm-positive hepatic foci
increased in number and size from weeks 3 to 5. Some foci
were close to the terminal hepatic venules while others abutted
on the portal tracts. By weeks 4 and 5 some rats had developed
large atypical nodules in the liver, which were readily seen in
the H&E sections and confirmed by GSTr staining. Of note
was the close relationship of some hepatic foci and nodules
to portal tracts that contained the proliferating oval cells, and
the presence of cells with morphological features of oval cells
inside several of these atypical nodules (Figure 2F).

Expression of AFP, HGF and TGF-c

Transcripts for AFP were not detected in normal liver. Feeding
with FB; 250 mg/kg resulted in a progressive increase in the
expression of the 2.1 kb AFP transcripts from weeks 3 to 5.
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Fig. 1. Liver pathology in the fumonisin-fed rat. (A) Liver at week 1 showing a terminal hepatic venule (center right), numerous apoptotic bodies (arrows),
focal hepatocyte drop-out and a sparse infiltrate of mononuclear cells in zone 3. H&E, objective X20. (B) Liver at week 2 showing mild oval cell
proliferation seen as a cord of small epithelial cells and a small ductule (center top) in a portal tract and a sparse infiltrate of mononuclear cells. H&E,
objective X 10. (C) Liver at week 3 showing a terminal hepatic venule (center) and numerous apoptotic hepatocytes scattered throughout the parenchyma.
TUNEL method, objective X 10. (D) Liver at week 5 showing moderately fibrotic portal tracts which are linked by bands of fibrous tissue, and numerous
small, proliferating ductules (arrows). (E) Liver at week 5 showing loss of the normal acinar architecture due to the presence of regenerative nodules of
hepatocytes which are partially or completely surrounded by bands of fibrous tissue. Gordon and Sweets stain for reticulin, objective X4. (F) Liver at week 5

showing the features of an early/developing cirrhosis. Sirius red, objective X10.

The peak level of AFP expression was, however, much less
than that seen at day 9 post AAF-PH (Figure 3).

Transcripts for HGF were also not detected in normal liver.
Feeding with FB; 250 mg/kg resulted in a moderate but
sustained increase in expression of HGF from weeks 3 to 5.
HGF expression in FB;-fed animals was much less than that
seen at day 9 post AAF-PH (Figure 3).

There was no expression of TGF-o mRNA in normal liver.
Short-term feeding with FB, 250 mg/kg resulted in a moderate
and fluctuating increase in expression of TGF-o to levels that
were similar to that seen at day 9 post AAF-PH (Figure 3).

Expression of TGF-BI and c-myc

Some expression of TGF-f1 mRNA was detected in normal
liver. Feeding with FB; 250 mg/kg resulted in a marked and

progressive increase in expression of TGF-B1 from weeks 3
to 5. The maximum level of expression of TGF-B! in FB;-fed
rats greatly exceeded that seen at day 9 post AAF-PH
(Figure 4).

Transcripts for c-myc were detectable at a low level in
normal liver. Feeding with FB, 250 mg/kg resulted in a marked
increase in expression of c-mye, with maximum levels being
expressed at week 4. This level of expression of c-myc was
similar to that seen at day 9 post AAF-PH (Figure 4).

Immunostaining for TGF-f31 protein

Staining with LC(1-30) antibody demonstrated a progressive
increase in expression of mature TGF-B1 protein in the rat
liver over the 5 week FB, feeding period (Figure 5B-D).
Expression of TGF-f1 protein by hepatocytes was initially
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focal (Figure 5B), but with continued feeding the protein was
abundantly expressed in most hepatocytes (Figure 5C and D).
TGF-B1 protein was not detected in zone 3 hepatocytes, which
showed evidence of frequent mitoses and apoptosis. Oval cells,
stellate cells and Kuppfer cells were consistently negative for
TGF-B1 protein.

Discussion

FB, has been shown to be hepatotoxic (1) and hepatocarcino-
genic (6) in rats. The principal pathological change in rats
treated with FB; in the diet (1000 mg/kg) in short-term
toxicity tests (21-33 days) is progressive toxic hepatitis

characterized by hepatocellular necrosis, bile duct prolifera-
tion (‘hyperplasia’) and fibrosis (1). During a chronic feeding
study over a period of 26 months with FB; 50 mg/kg,
animals developed a chronic toxic hepatitis that progressed
to cirrhosis and cholangiofibrosis, and which terminated in
hepatocellular carcinoma and cholangiocarcinoma, respect-
ively (6). In a preliminary study, Voss et al. (7) reported
that FB, was hepatotoxic in rats fed a diet containing 150
mg/kg for 4 weeks and also nephrotoxic at 15-50 mg/kg.
Scattered single cell necrosis, bile duct proliferation and an
increase in mitotic cells were described. The scattered
single cell necrosis was subsequently confirmed as

apoptosis (33).

Fig. 2. Immunohistochemical studies of livers from FB;-fed rats. (A) Liver at week 1 showing numerous desmin positive hepatic stellate cells which are
Jocated in the zone 3 region of the liver (arrows) with a similar distribution to the liver injury shown in Figure 1. P-A-P, objective X20. (B) Liver at week 3
showing numerous desmin positive hepatic stellate cells which are located in the portal tracts and zone 1 regions (arrows). Numerous proliferating oval cells
are also seen in the portal tracts, and the hepatocytes show mild fatty change. Objective X10. (C) Liver at week 2 showing small numbers of OV-6 positive
single cells and small ductules in the portal tracts. The OV-6 positive cells correspond to the small epithelial cells and ductules of the type seen in Figure 1B.
Objective x10. (D) Liver at week 5 showing numerous proliferating oval cells, which are seen as single cells and small ductules that are OV-6 positive,
located in the portal tracts and adjacent liver parenchyma. The OV-6 positive cells correspond to the small ductules seen in Figure 1D. Objective X4.

(E) Liver at week 5 showing an atypical nodule composed of GSTr-positive hepatocytes which is located next to a portal tract (left). Proliferating oval cells,
which are GSTT negative, are seen in the portal tract and within the nodule (arrow). Objective X20. (F) Higher magnification of the liver in Figure 2E
showing oval cells (arrow) with a group of GSTr-positive hepatocytes. Objective X40.
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In this short-term feeding study, FB; 250 mg/kg caused
toxic liver injury, initially with apoptosis in zone 3, followed
by apoptosis and mitoses in all zones of the liver, progressive
hepatic fibrosis and regenerative nodule formation and develop-
ment of enzyme-altered hepatic foci and atypical nodules. The
bile duct proliferation (hyperplasia) previously described by
Gelderblom ez al. (1) was confirmed in this study as prolifera-
tion of OV-6 positive oval cells, radiating from portal tracts
into the adjacent liver parenchyma. Oval cell proliferation
occurred despite clear evidence of continued hepatocyte
regeneration at all time points. Proliferation of adult
hepatocytes has been noted in other models for oval cell
activation, including galactosamine (34) and dipin (35). FB,
has been reported to cause a dose-dependent inhibition of
PH-induced incorporation of [*H]thymidine in hepatocytes
(36), and bile ductular hyperplasia has been noted at FB,
dosages of 50 mg/kg diet (unpublished data). FB;-induced
oval cell proliferation does not appear to be an ‘all-or-nothing’
phenomenon, which occurs only when hepatocyte regeneration
is absent. Thus, complete mitoinhibition of hepatocytes does
not appear to be an absolute requirement for the activation
of the progenitor cell compartment, and other factors (e.g.
functional impairment of hepatocytes) may conceivably also
play a role.

Immunohistochemical staining demonstrated marked
proliferation of desmin positive hepatic stellate cells from
week 2, which appeared to mirror the distribution of the
hepatocyte injury as well as the development of hepatic fibrosis.
Hepatic stellate cells are perisinusoidal non-parenchymal cells
which in normal liver are non-proliferative and are the main
storage site for vitamin A (37). Following liver injury of any

E %{ zF
=28 £ 4
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HGF
TeFa
Fig. 3. Analysis of expression of poly(A)" RNA (10 g per lane) for AFP,
HGF and TGF-0. by northern blotting during weeks 3-5 of FB; feeding.

Timed rat liver specimens from day 9 post AAF-PH served as positive
controls.

TGFR
o-mye

GAPDH

Fig. 4. Analysis of expression of poly(A)* RNA (10 pg per lane) for
TGF-B1 and c-mye by northern blotting during weeks 3-5 of FB; feeding.
Timed rat liver specimens from day 9 post AAF-PH served as positive
controls. GAPDH poly(A)* RNA was used as loading control.

Fumonisin Bj-induced liver injury

kind, stellate cells undergo ‘activation’ and transformation
with loss of intracellular retinoid, enhanced production of
extracellular matrix proteins, increased contractility and secre-
tion of a variety of growth factors and cytokines which act in
an autocrine and paracrine fashion on cells in the liver
(27). Hepatic stellate cells thus play a major role in hepatic
fibrogenesis (37).

There is currently no information on changes in hepatic
gene expression during feeding of FB,. Feeding with FB, 250
mg/kg resulted in increased expression of HGF, TGF-o. and
AFP transcripts at weeks 3, 4 and 5, which coincided with
desmin positive stellate cell and OV-6 positive oval cell
proliferation. AFP expression was used as a marker for oval
cell proliferation (38). HGF and TGF-o are important growth
factors in the liver, and are involved in both normal liver
regeneration (39,40) and activation/proliferation of the oval
cell compartment (16,41). Expression of transcripts for HGF
and TGF-« during feeding of FB; was less than that seen at
day 9 post AAF-PH (maximal oval cell proliferation). The
moderately increased but sustained expression of genes for
liver growth factors during feeding with FB; presumably
reflects ongoing hepatotoxicity. This contrasts with the AAF—
PH model, in which massive but transient liver injury and
growth factor expression occurs.

FB, feeding resulted in marked overexpression of TGF-Bl1
in rat liver. Contrary to what was anticipated, TGF-B1 protein
was expressed almost exclusively by hepatocytes, while stellate
cells and oval cells were persistently negative. Immunostaining
demonstrated a progressive increase in the numbers of hepato-
cytes expressing mature TGF-B1 protein during FB; feeding,
and by 3 weeks most hepatocytes in the liver lobule were
stained by LC(1-30) antibody. However, zone 3 hepatocytes
remained persistently negative for TGF-B1 protein, and many
of these hepatocytes were undergoing mitosis or apoptosis.
The markedly increased levels of ‘TGF-Bl expression by
hepatocytes may be responsible for the marked apoptosis and
fibrosis seen in the FB,-fed rat.

The prominent pro-apoptotic effects of FB, in rat liver are
intriguing, and contrast with the in vitro effects of this
mycotoxin on chemotherapy-mediated tumor cell destruction
(42). FB, has been found to have specific, potent activity as
an inhibitor of sphingolipid biosynthesis by blocking the
conversion of sphinganine to ceramide (43—45). Ceramide is
a recently identified lipid second messenger that is believed
to be one of the immediate signals for cell death generated in
tumor cells treated with the chemotherapeutic agent, dauno-
rubicin (46). The production of ceramide and the ensuing onset
of apoptosis in murine leukemia cells cultured in the presence
of daunorubicin is prevented by pretreatment with FB, (42).
The molecular mechanisms of action of FB; are thus complex,
and it appears that this fungal toxin may act as either
an inhibitor or promoter of apoptosis, depending on the
experimental situation (47).

At later time points in this study, we noted the close
relationship of some ‘premalignant” hepatic foci and nodules
to portal tracts that contained proliferating oval cells and
ductules, and the presence of oval cells and ductules inside
several of these nodules. It is possible that some of these
oval cells were in fact adjacent to (‘swirling around®) the
premalignant nodules, depending on the plane of section of
the liver specimens. These cells showed typical morphological
features of oval cells, but did not express GSTm, thus aiding
their recognition within the GSTr-positive nodules.
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Fig. 5. Mature TGF-B1 protein in timed liver specimens from FB;-fed rats, detected by staining with LC(1-30) antibody. (A) Control, with omission of the
primary antibody. (B) Liver at 1 week, showing patchy expression of TGF-B1 by hepatocytes. (C) Liver at 2 weeks, showing expression of TGF-B1 by most
hepatocytes in zones 1 and 2. (D) Liver at 3 weeks, showing extensive expression of TGF-B1, but persistent lack of staining by zone 3 hepatocytes. DAB,
objective X 10. (Straight arrows indicate central veins; curved arrows indicate portal tracts.)

Feeding of FB, also resulted in overexpression of c-myc,
an important nuclear oncogene. The myc oncoproteins act as
sequence-specific transcription factors that regulate a variety
of genes important in normal cellular growth and differentia-
tion processes (48,49). Deregulation of c-myc expression is
frequently observed in experimentally induced HCC in rodents,
as well as in primary human tumors (50-53). Transgenic mice
chronically overexpressing c-myc develop liver tumors, and
this process is accelerated by concomitant overexpression of
TGF-0. (54). Mechanisms of oncogenesis in c-myc/TGF-o
double transgenic mice appear to involve disruption of the
Rb/E2F pathway and deregulation of cell cycle control (55).
Both transgenes contribute to induction of cyclin D1
expression and resultant inactivation of Rb, and c-myc may
directly induce E2F (55). Short-term feeding of FB; has
recently been shown to cause overexpression of cyclin DI
(56), and it would be important in the future to study the co-
expression of c-myc, cyclin DI and E2F in rat liver during
FB,-induced carcinogenesis.

Conclusion

Short-term feeding with FB; causes a severe toxic liver
injury characterized by hepatocyte death due to apoptosis and
necrosis, hepatic stellate cell proliferation, fibrosis, oval cell
proliferation and the appearance of premalignant hepatic foci
and nodules. Oval cells closely related to foci and nodules
appeared to be undergoing phenotypic changes, and long-term
FB, feeding studies are required to determine the ultimate fate
of these oval cells. The markedly increased expression of TGF-
Bl by hepatocytes may be causally related to the prominent
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apoptosis and fibrosis seen in FBj-induced liver injury, and
overexpression of c-myc may be involved in the cancer
promoting effects of FBj. The FB;-fed rat is an attractive
model for the study of liver injury, apoptosis, fibrosis, oval
cell proliferation and hepatocarcinogenesis.
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Fumonisin B, (FB,) is a worldwide corn contaminant and
has been epidemiologically linked to the high incidence of
human esophageal cancer in South Africa and China. FB;
is hepatocarcinogenic in rats by an unknown mechanism.
Inhibition of ceramide synthase and disruption of mem-
bramne phospholipids have been shown to be mechanisms
of toxicity. Here we show overexpression of cyclin D1
protein in both preneoplastic and neoplastic liver specimens
obtained from a long-term feeding study of FB; in rats. In
rats fed FB; short-term, cyclin D1 protein levels in liver
were increased up to five-fold in a dose-responsive manner.
Northern blot analysis demonstrated no increase in mRNA
levels of cyclin D1. 2D electrophoresis of cyclin D1 protein in
FB,-treated samples showed a distinct pattern of migration
(presence of less negatively charged form of the protein)
that differed from controls. Recently, it has been shown
that phosphorylation of cyclin D1 by glycogen synthase
kinase 30 (GSK-3J) on a single threonine residue (Thr-286)
positively regulates proteosomal degradation of cyclin D1.
In FBy-treated samples we detected GSK-3§ phosphoryl-
ated on serine 9; activated protein kinase B (Akt) appears to
be responsible for this activity-inhibiting phospherylation.
These findings suggest that overexpression of cyclin D1
results from stabilization due to a lack of phosphorylation
mediated by GSK-3P. We also observed an increase in
cyclin dependent kinase 4 (Cdk4) complexes with cyclin
D1 in FBy-treated samples; additionally, elevated Cdk4
activity was shown by increased phosphorylation of the
retinoblastoma protein. In summary, the activation of Akt
leads to increased survival, inhibition of GSK-3§ activity

Abbreviations: Akt, protein kinase B; Cdk4, cyclin dependent kinase 4; DEN,
N-nitrosodiethylamine: FBy, fumonisin FB; GSK3p, glvcogen synthase kinase
3f; HCC, hepatocellular carcinoma; IEF. isoelectric focusing: THC, immuno-
histochemistry; MAPK, mitogen-activated protein kinase; PB. phenobarbital:
PCNA, proliferating cellular nuclear antigen: PI3K. phosphatidylinositol-3-
OH kinase; pRb. retinoblastoma protein: Ser®, serine 9; SSCP, single-strand
conformation polymorphism.
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and post-translational stabilization of cyclin D1, all evenis
responsible for disruption of the cell cycle G/S restriction
point in hepatocytes. This is the first report suggesting the
mechanism by which FB, acts as a carcinogen.

Introduction

The mycotoxin fumonisin B, (FB;) is carcinogenic in rat liver,
causing primary hepatocellular carcinomas (HCCs) when fed
chronically at 50 mg/kg of diet (1). It is produced by the
ubiquitous fungus, Fusarium moniliforme, a worldwide con-
taminant of major grain crops, especially abundant in corn and
corn-based products for both animal and human consumption
(2). FB; may be a contributing factor in the development of
esophageal cancer in people of South Africa and China (3). It
has been shown to be present in corn-based food products in
the USA at levels up to 2.7 p.p.m., and in some cases is
present together with the hepatocarcinogenic aflatoxin (4).

A mechanism for FB; toxicity involves disruption of
sphingolipid metabolism by inhibition of the enzyme M-
acyltransferase (ceramide synthase), responsible for the conver-
sion of sphinganine to sphingosine. This enzymatic inhibition
leads to a decrease in cellular ceramide levels (5). In vitro
studies in primary hepatocytes (6) and in vivo studies in rat
liver (7) suggest that the disruption of phospholipid, cholesterol
and fatty acid metabolic pathways might also be important
factors in effecting FB-induced hepatotoxicity. Intracellular
effects of FB; have been studied mainly in non-hepatocyte cell
culture and tissue slice models and have included alterations in
cell morphology (8), cell—cell interaction (9), mitogen-activated
protein kinase (MAPK) activity (10), protein kinase C expres-
sion (4) and apoptosis (11). In a cancer target tissue, rat
hepatocytes, FB; was found to inhibit proliferation via G,
arrest and cause apoptosis in the majority of normal hepato-
cytes, whereas a small minority of hepatocytes survived by
escaping from Gy arrest (12). It has been hypothesized that
tumor development could be a result of FB; mimicking
genotoxic carcinogens in inducing hepatotoxicity, resulting in
compensatory cell proliferation (survival). Clonal outgrowth
of initiated cells resistant to the cytotoxic effects of FB,
would then occur amidst the non-proliferative background of
surrounding normal cells (13).

Progression through the cell cycle from Gy to S phase is
controlled by a restriction point (R) which is limited by the
activity of several proteins: the tumor suppressors retinoblas-
toma (pRb) and p53, the growth factor TGFB, the cyclins D,
E and A, their corresponding kinases Cdk2, Cdk4, Cdk5 and
Cdk6, and the inhibitors of these cyclin-dependent kinases:
the Ink4 family (p15, p16, p18, p19) and Waf/Kip family (p21,
p27, p57) (14). The majority of human cancers have been
reported to have alterations in the function of one or more of
these cell cycle regulatory proteins. Cyclin DI is a key
regulatory protein in the Rb pathway, which controls transition
through the restriction point, and is responsible, together with
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its main catalytic partners, Cdk4/Cdk6, for pRb phosphoryla-
tion (15). This process is negatively regulated by the Cdk
inhibitors pl6W&*, p27¥P1 and p21WAFL Cyclin D1 is a highly
respansive sensor of the growth factor environment of the cell
and it is targeted for degradation when mitogenic factors are
absent in the cell’s milieu (16). When overexpressed due to
gene amplification, gene rearrangement, protein stabilization
or other mechanisms, cyclin D1 acts as an oncogene by
enhancing cell transformation, either alone (17) or in combina-
tion with activated ras (18), thereby shortening the G, phase
of the cell cycle. Deregulated function of cyclin D1, often
resulting from overexpression of the protein, has been docu-
mented in numerous human cancers, including HCC (19,20).
Recent evidence indicates that cyclin D1 may also be regulated
through the p21 ras/mitogen activated protein kinase (MAPK)
pathway (21,22). Interestingly, it has been demonstrated in
only afew cell types (e.g. human mammary epithelial cells) that
overexpression of cyclin D1 can inhibit cell-cycle progression
rather than stimulate growth (23). Cyclin D1 protein expression
isregulated during the cell cycle both transcriptionally and post-
transcriptionally with differences being cell-type-dependent.
Unlike other cyclins (E, A and B) which are regulated by a
ubiquitin-dependent proteosomal pathway (24), the regulation
of cyclin D1 protein level/activity as a function of cell cycle
phase has not yet been clearly defined.

Recently, it was reported that glycogen synthase kinase-3[3
(GSK-3B) phosphorylates cyclin D1 on Thr-286, thereby
triggering rapid cyclin D1 turnover (25). It was also shown
that a mutant cyclin D1 protein refractory to phosphorylation
by GSK-3f remained present in the nucleus throughout the
entire cell cycle. GSK-3f is a ubiquitously expressed protein-
serine/threonine kinase whose activity is inhibited upon
phosphorylation of serine 9 (Ser®) by Akt (protein kinase B)
(26). Akt is a part of the anti-apoptotic phosphatidylinositol 3
kinase (PI3K)/Akt cell survival pathway (27). It can be
activated by different stimuli involved in cellular survival
(such as insulin, growth factors, cytokines) or inhibited by the
pro-apoptotic lipid molecule ceramide (28,29). Akt is activated
by phosphorylation predominantly at two regulatory sites
(Thr308 and Ser473) (30). The mechanism by which ceramide
inhibits Akt phosphorylation remains unclear.

Although several mechanisms for FB,-associated liver tox-
icity have been proposed, very little supportive data exist
to explain its carcinogenic effects. This investigation was
undertaken to determine whether the overexpression of cyclin
D1, which disrupts the G; checkpoint in hepatocytes, may be
an early event and a part of the mechanism(s) responsible
for FB;-induced hepatocarcinogenesis. Our data indicate that
activation of Akt and consequent inhibition of GSK-3p activity
could be responsible for the detected overexpression and post-
translational modification of cyclin D1. These molecular events
may play a major role in FB-induced carcinogenesis and
provide possible links between the toxic and carcinogenic
effects of FB;.

Materials and methods

Short-term FB; study

F344/NCr rats were fed 0, 50, 100 or 250 mg FB/kg diet over a period of
21 days using a purified (AIN 70) diet as described previously (31). Half of
each liver sample was kept at —80°C prior to analyses. while the other half
was paraffin-embedded. A total of 14 paraffin-embedded livers were analyzed
by immunohistochemistry (IHC) (nine FB-treated and five controls), whereas
a total of eight liver protein lysates were analyzed by both western analysis
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and immunoprecipitation (six FB,-treated and two controls) and an additiona]
nine liver protein samples were lysed in kinase buffer (six FBy-treated ang
three controls) for GSK-3B and Akt kinase activity assays.

Long-term carcinogenic studies

Tumors were generated by chronically feeding FB; (50 mg/kg of diet) 1o
BD IX rats (1) and nitroglycetin (32) or N-nitrosodiethylamine (DEN)/
phenobarbital (PB) to F344/NCr rats (33). A total of 15 paraffin-embedded
FBj-treated rat hepatic specimens (10 carcinomas, three adenomas and two
livers with preneoplastic foci), seven control livers and 12 HCCs induced by
the other two carcinogens were analyzed.

Genomic DNA, RNA and protein isolation

DNA was recovered from seven paraffin-embedded controls and 15 liver
specimens from FB; long-term treated rats as described previously (34), with
the exception that only a single wash with acetone was used following octane
extraction. One-half of each of the frozen livers from the short-term FB,-
feeding study was used for RNA analysis following RNA extraction with
TRIZOL (Gibco BRL, Gaithersburg, MD), and protein samples were prepared
from the other half of the same livers. For protein analysis (western blot
analysis, immunoprecipitations and kinase assays), tissues were frozen in
liquid nitrogen. Powders of frozen tissue samples for analysis by both western
blot and immunoprecipitation were dissolved in lysis buffer (10 mM Tris pH
7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 0.25 TIU/ml aprotinin and 1 mM sodijum
orthovanadate). Liver tissue samples used for both GSK-3p and Akt kinase
analysis were lysed in a kinase buffer (50 mM HEPES pH 8.0, 150 mM
NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween-20 and protease and
phosphatase inhibitors as described above). The Bio-Rad (Richmond, CA)
protein assay was used for protein quantification.

K-ras and H-ras mutation analysis

Genomic DNA, from liver specimens from the long-term study with FB,, was
examined for mutations in the K-ras and H-ras genes (exons | and 2)
by single-strand conformation polymorphism (SSCP) analysis, restriction
fragment length polymorphism analysis and sequencing, as described previ-
ously (32,35). The PCR conditions for H-ras exon 1 were 92, 58 and 72°C
for 30 s each (30-35 cycles) and for H-ras exon 2 were 95, 53 and 72°C for
30 s each (30-35 cycles). The exon 1 primers were: 5'-GCA ACC CCT GTA
GAA GC-3' and 5'-TCA TAC TCG TCC ACA AAA TG-3'. The exon 2
primers were: 5'-CCC TTA AGC TGT GTT CTT TTG-3' and 5'-CTG TGC
GCA TGT ACT GGT-3'. The sequencing primer for H-ras exon 2 was 5'-
CAG GTA GTC ATT GAT GGG GA-3'. ‘Cold SSCP’ analysis for H-ras
exon | mutation detection was conducted as described (36). The denaturant
methyl mercury hydroxide (MeHgOH) was omitted for exon 2 analysis, and
additional PCR primers were included (2 ul of 2 uM stock per final 20 pl
reaction volume) to allow visualization of mutant mobility shifts caused by
primer—single-strand PCR product heteroduplexes. The mixture was heated to
95°C, then the primers were allowed to anneal to the single strands at room
temperature for 5 min prior to gel loading. Gels were electrophoresed at 300
V for 3.5 h at 8°C (buffer temperature). Positive mutant controls were used
to optimize conditions for mutation detection. In all cases, confirmation of
SSCP analyses was made by repeating PCR from the original template for
PCR products with mobility shifts on initial SSCP. Mutations were identified
by cycle sequencing using o.-*?P-labeled dideoxynucleotides (Thermo Sequen-
ase Kit; Amersham Pharmacia Biotech, Cleveland, OH).

Immunohistochemical staining

Paraffin-embedded liver sections (5 um) from both short-term (nine FB,-
treated and five control livers) and long-term FB-treated rats (10 carcinomas,
three adenomas and two livers with neoplastic nodules), and from seven
normal livers (corresponding control rats), were used for immunohistochemical
analysis. In addition, kidney, prostate, heart, thyroid, intestine, salivary gland,
adrenal gland, lung, brain, spleen and testes from the same apimals treated
with FB, and from the corresponding control animals were examined. A total
of 12 HCCs induced by two other carcinogens (nitroglycerin and DEN/
phenobarbital) were also included in this IHC analysis. Freshly cut tissue
sections were microwaved twice in 10 mM sodium citrate (pH 6.0) for 5 min
to expose the antigen. Goat serum was used to suppress non-specific binding.
Tissue sections were incubated at 4°C overnight with a 1:1000 dilution of
rabbit polyclonal anti-human cyclin D antibody which recognizes only form
[a] of cyclin D1 and has some cross-reactivity with cyclin D2 (Upstate
Biotechnology. Lake Placid, NY) (37,38). The sections were then washed in
buffer and incubated with biotinylated anti-rabbit secondary antibody for 30
min. Sections for PCNA staining were microwaved in water, blocked wit!
horse serum and incubated with a 1:1600 dilution of mouse monoclonal and
PCNA antibody (clone PCI0, Dako Corp., Carpinteria, CA), followed by
anti-mouse I1gG. Diaminobenzidine from the Vectastain Elite ABC kit (Vector




Laboratories, Burlingame, CA) was used for final detection. As a staining
control, primary antibodies were omitted on one slide from each staining
series. All the liver tissues were evaluated by a blinded observer. Nuclear
staining was graded as follows: zero to very few cells staining (0), weak (1),
moderately positive (2) and very strongly positive (3) compared with normal
tissues. The tissues were also evaluated for cyclin D1 cytoplasmic staining.

Western blot

An aliquot of 100 pg of total liver protein was used for each analysis. The
samples were run on 12% SDS-PAGE gels for analysis of cyclin D, Cdk2
and cyclin E. The samples for pRb analysis were run on 8% SDS-PAGE gels.
Proteins were electroblotted to Immobilon-P PVDF membranes (Millipore
Corp., Bedford, MA). The membranes were then stained with Ponceau protein
stain (Sigma, St Louis, MO) to confirm equal sample loading. Primary
antibodies used were: anti-human cyclin D rabbit polyclonal IgG (UBI), rabbit
polyclonal cyclin E (M-20), Cdk4 (C-22; Santa Cruz Biotechnology, Santa
Cruz, CA), Cdk2 (UBI) and anti-human pRb (PMG3-245) mouse monoclonal
(kind gift of Dr Wen-Hwa Lee, University of Texas, San Antonio, TX). The
positive control used for cyclin D1 western blot analysis was EGF-stimulated
A43] cell lysate (UBI). Membranes first probed for cyclin D were subsequently
stripped and probed for Cdk4 (C-22). The secondary antibodies used were
horseradish peroxidase-labeled anti-mouse or anti-rabbit antibodies (Amer-
sham Co., Arlington Heights, L), with an enhanced chemiluminescence
detection kit and X-ray film (Amersham) used for detection,

Isoelectric focusing (IEF) and 2D electrophoresis

IEF was performed by using IEF gels pH 3-10 (pl performance range of 3.5~
8.5; Novex, San Diego, CA). A total of 100 g of protein lysate, as used for
cyclin D1 expression analysis by western blotting, from all control and FB -
treated livers (short-term experiment) was mixed (1:2) with IEF sample buffer
(Novex) and loaded on the gels. Gels were run according to the manufacturer’s
instructions. Before running in the second dimension, gels were stained with
Coomassie blue dye and later destained. IEF gel slices were cut and loaded
on 12% 2D gels (Novex) in such a way that in both control and experimental
samples the upper part of the IEF gel (more basic pH) was positioned toward
the left part of the 2D gel next to the well for the marker. The more acidic
part of the slice was positioned toward the right side. The protein marker
used was prestained Kaleidoscope marker (Bio-Rad, Richmond, CA). Samples
were run in a way that the gel with one FBj-treated protein sample was
always paralle] to the gel with one control sample as a sandwich in the gel
box (Novex) and gels were run according to instructions provided by the
manufacturer (Novex). After electroblotting, membranes (Immobilon-P) were
blocked with 2% BSA, washed three times with PBST, and probed with a
monoclonal antibody (clone DCS-6; Neomarkers, Fremont, CA) that recognizes
both forms [a] and [b] of cyclin D1 (38). The secondary antibody used was
horseradish peroxidase-labeled anti-mouse (Amersham). Protein detection
was performed using an enhanced chemiluminescence kit and X-ray film
(Amersham).

Determination of GSK-3 and Akt kinase activity

Western blots of 25 pg of total protein were performed as described above.
The samples were run on 8% SDS-PAGE gels (Novex) for Akt, and 10%
SDS-PAGE gels for GSK-3p. For Akt analysis we used phospho- and non-
phospho cell extracts from NIH 3T3 cells prepared following PDGF treatment
at 50 ng/ml for 20 min (New England Biolabs, Beverly, MA); these lysates
were loaded on Akt gels and served as both positive and negative controls.
In order to determine the expression and phosphorylation status/activity of
Akt, membranes were probed with a primary antibody recognizing Akt
independent of its phosphorylation status, and an antibody which detects
Thr308 phosphorylated Akt protein (one of the residues of Akt targeted by
activating phosphorylation). Both Akt antibodies were purchased from New
England Biolabs. For detection of GSK-3[ protein levels, mouse monoclonal
antibody (0011-A) was used (Santa Cruz). The antibody which specifically
recognizes the serine 9 phosphorylated form of GSK-3B, which is the site at
which Akt phosphorylation inactivates GSK-3B, was used to detect the
phosphorylated GSK-3p protein (BioSource International, Camarillo, CA).
The secondary antibodies used were horseradish peroxidase-labeled anti-
mouse or anti-rabbit TgG (Amersham). Protein detection was performed using
an enhanced chemiluminescence kit and X-ray film (Amersham).

Immunoprecipitation and immunoblotting analysis of cyclin D-Cdk4 complexes
An aliquot of 5 pg of anti-cyclin D (UBI) was incubated with 500 pg of total
liver protein lysate at 4°C overnight. The immune complexes were then
captured with 50 il of packed protein A~agarose beads (Boehringer Mannhein,
Indianapolis, IN) while rocking at 4°C for 2 h. After three washes with cold
Tysis buffer. the beads were resuspended in 20 pl of 2% Laemmli sample
buffer. Samples were run on 12% SDS-PAGE gels and transferred to
membranes, which were blocked with 2% BSA and probed with primary

FB stabilizes cyclin D1 by pest-translational modification

antibody for Cdk4 (C-22), followed by secondary anti-rabbit polyclonal
antibody (Amersham). Detection was performed as described above.

Cdk4 kinase assay

A total of 500 pg of total protein was immunoprecipitated with 2 ng of Cdk4
antibody (C-22) and kinase activity assay was performed as described
previcusly (39). The plasmid for the fusion protein GST-Rb (amino acids
375-928) was the generous gift of Dr Mark E.Ewan (Dana Farber Cancer
Institute, Boston, MA). Labeled products were separated on denamring 89,
polyacrylamide gels (Novex). Gels were fixed in 15% methancl/10% acetic
acid, dried and bands with phosphorylated GST-pRb were visualized by
autoradiography. In addition, western blot analysis was performed to confirm
Cdk4 protein levels using 20 ul of the two controls and two samples from
each animal treated with 250 p.p.m. of FB; from the same aliquots used to
assess Cdk4 kinase activity.

Northern blot analysis

An aliquot of 20 ug of total RNA was electrophoresed on a 1% agarose/
formaldehyde gel and transferred to a Gene Screen Plus nylon membrane (Du
Pont NEN Research Products, Boston, MA). A 1.3 kb fragment of the mouse
cyclin D1 ¢DNA (the kind gift of Dr Charles J.Sherr, St Jude Children’s
Research Hospital, Memphis, TN), labeled by random priming with [o-
32PIdATP (3000 Ci/mmol) (Lofstrand Labs Limited, Gaithersburg, MD), was
used to probe the membranes. After stripping, the membranes were probed
with a rat 18S ribosomal RNA probe (DNA oligomer, RAT 18SHP) (40). The
intensity of the bands detected by both northern and western blot analysis
was quantified using a Molecular Dynamics enhanced-laser densitometer.

Results

Early cyclin DI overexpression caused by short-term exposure
to FB]

We hypothesized that FB; acts as a carcinogen by disrupting the
G//S checkpoint in rat hepatocytes resistant to its mitoinhibitory
effects, due to an overexpression of cyclin D1 protein. To test
whether cyclin D1 overexpression is an early event during
FB, hepatocarcinogenesis, rats were fed FB; doses for 21
days. Half of each liver was frozen for immunoblot analysis,
while the other half was paraffin-embedded for IHC. Cyclin
D1 was found to be overexpressed in FBi-treated livers, as
detected by IHC, compared with control livers where little
staining was observed (Figure 1). About two-thirds of all
hepatocyte nuclei in treated rats showed some staining for
cyclin D1, whereas ~5-10% were intensively stained: Consec-
utive sections from the same blocks were stained for PCNA,
a marker for proliferating cells. In control liver sections, only
a few cells were stained, whereas in experimental liver sections
the number of PCNA positive cells exceeded those positive
for cyclin D1 (data not shown). In addition, we confirmed the
overexpression of cyclin D1 by western analysis, detecting an
overexpression of ~36 kDa cyclin DI protein in a FB; dose-
dependent manner (up to 5-fold) in experimental total protein
lysates compared with control (Figure 2). Furthermore, in
western analysis a 34 kDa protein was detected and was
considered to be cyclin D2, since the antibody used for
detection of cyclin D1 cross reacts with cyclin D2 and this
molecular weight has been reported previously for cyclin D2
(37). Cyclin D2 levels were somewhat higher in most FB,
samples compared with non-treated controls, but did not show
a dose—response.

Other proteins of the pRb pathway (Cdk4, pRb, cyclin E
and Cdk2) were analyzed by immunoblot (Figure 2). Levels
of Cdk4 were not altered by FB, treatment. The pRb antibody
recognized several bands ranging from ~105 to ~115 kDa.
pRb was present in a slower migrating (hyperphosphoryiated)
form in some of the livers from animals treated with high
doses of FB; (100 or 250 p.p.m.); it is noteworthy that these
were livers in which levels of cyclin D1 were especially high.
Levels of cyelin E and Cdk2 were not changed between conirol
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Fig. 1. Immunohistochemical staining for cyclin D1 in control and FB;-treated livers from short-term exposure study. In control livers only a few cells were
stained (A), whereas in FBy-treated (100 p.p.m.) livers many nuclei were stained (B).
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Fig. 2. Western immunoblot analysis for cyclins D1, D2 and E, Cdk4, Cdk2
and pRb in livers from control rats and rats fed FB, for 21 days. The
loading sequence for all gels was, in each case (right to left): two controls,
two at 50 p.p.m., two at 100 p.p.m. and two at 250 p.p.m. FB; (see label at
bottom of figure). The positions of relevant molecular weight markers, in
kDa, are indicated at the right and the positions of bands of interest with
arrows at the left. These results are representative of three identical,
independent assays using the same lysates.

and FB-treated livers with the exception of a single sample
(250 mg/kg of diet) in which a decrcase in both proteins
was detected.

Cyclin D1 protein stability as a post-translational event
Northern blot analysis was performed in order to test whether
the levels of the mRNA were increased in the FB;-treated
samples in which the overexpression of cyclin D1 protein was
detected. Both RNA and protein samples were taken from the
same liver lobe. An ~4 kb cyclin D1 transcript was detected
in all samples with no consistent change in cyclin DI mRNA
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Fig. 3. Northern blot analysis for cyclin D1 mRNA from FB;-treated and
control livers. The blot was probed with a 1.3 kb mouse cyclin D1 ¢cDNA
probe, then stripped and probed with a rat cDNA probe for 18S ribosomal
RNA as an internal control for RNA loading. Data are representative of two
identical assays.

expression between control and experimental samples (Figure
3). To test whether the overexpression of cyclin D1 protein is
due to post-translational events, the same protein lysates in
which its stabilization was detected (Figure 2) were analyzed
by IEF and 2D electrophoresis followed by probing of mem-
branes with a monoclonal antibody for cyclin D1 (DCS-6).
Although this antibody is directed against human cyclin D1,
the epitope of the DCS-6 antibody is at the C-terminal portion
of the cyclin box, an area with 100% conservation between
rat and human cyclin D1 (41). 2D gels from control samples
showed two distinct closely-running spots in the middle of the
membranes at ~36 kDa, corresponding to the expected size
for the cyclin D1 protein (Figure 4, left panel). These represent
the two forms of the cyclin D1 [a] and [b] recently reported
to be detected by the DCS-6 antibody (Neomarkers) (38). This
monoclonal antibody does not possess cross-reactivity to cyclin
D2. On membranes from gels for all six protein samples from
FB,-treated livers (representative blot, Figure 4, right panel),
we detected one form of cyclin D1 in the same position as
the Iower spot in the control membranes. In the FB-treated
samples, the upper spot (detected in controls) was not seen;
instead, an additional spot lying toward the right portion of
the membrane was detected. Clearly, in the experimental
samples, the upper form [a] of cyclin D1 became less negatively
charged and was shifted to the right. In contrast, two spots
were also found for cyclin E, but these did not vary in position
in control compared with FBj-treated livers (data not shown).
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Fig. 4. Representative 2D gel electrophoresis of cyclin D1. One-hundred micrograms of the same protein lysates used for determination of cyclin D1
expression levels (Figure 2) were separated via IEF on gels run according to the manufacturer’s instructions (Novex). Gel slices containing the separated
proteins were positioned for running in the second dimension, with the top (containing the more negatively charged, rapidly migrating proteins in the first
scparation) positioned next to the protein marker (left of each panel). After the second electrophoresis, the proteins were electroblotted to Immobilon-P
membranes and probed with a monoclonal antibody to cyclin D1. Data are representative of two identical assays.

Also, 2D electrophoresis of the same samples did not reveal
any differences in the migration pattern of the Cdk4 protein
(data not shown), thus confirming the specific effects of FB,
treatment on post-translational modification of cyclin D1.
Inhibition of GSK-3f3 by activated Akt in FB-treated livers
Recently, GSK-3[ has been shown to be a specific kinase that
phosphorylates cyclin D1 on Thr-286, thus triggering its rapid
degradation (25). Upon phosphorylation by activated Akt on
Ser?, GSK-3p kinase activity is inhibited (26). In order to test
if the detected post-translational modification of cyclin D1
documented by the presence of a less negatively charged form
of cyclin D1 (possibly a form with fewer phosphorous groups)
in FB-treated samples is linked to inhibition of GSK-3B, the
same liver specimens were analyzed for both the expression
level and phosphorylation status of GSK-383. We detected ~50
kDa GSK-3j protein expressed in both control and FB;-treated
samples to an equal extent (Figure 5A). However, in FB;-
treated samples, the protein migrated more slowly compared
with control samples. In addition, more phosphorylated GSK-
3P protein was detected (~2-fold increase in rats fed 50 p.p.m.
of FB;; ~1.5-fold increase in rats fed 100 p.p.m.), indicative
of its possible inactivation (Figure 5B). However, we did not
detect a dose—response-related phosphorylation of GSK-3f3
(Figure 5C), possibly due to the limitations of the analysis (it
is difficult to evaluate the linearity of kinase activation by
using this approach and further complication arises when using
protein from tissue samples). Because Akt has been shown to
inhibit GSK-3B by phosphorylation, we predicted that FB,
would activate Akt, possibly due to its toxic action on both
sphingolipids and phospholipids. This could lead to alterations
of the signaling molecules involved in the control of Akt
activation (29). Because GSK-3B3 is a target of activated
Akt, we analyzed the same lysates for both expression and
phosphorylation status of Akt. Akt protein was detected at
~60 kDa and total levels of Akt were similar in both FB-
treated livers and controls (Figure 6A); however, in FB,-treated
livers, a slower migrating Akt was detected. Furthermore, more
phosphorylated Akt (on Thr 308) was detected in FB)-treated
samples (4-fold increase in rats fed 50 p.p.m. and 7-fold

increase in rats fed 100 p.p.m.) (Figure 6B), indicative of

dose-dependent activation of Akt kinase.

Increased cyclin D—Cdk4 complex formation and Cdk4 activity
in FB-treated livers

Cyclin D-containing complexes were immunoprecipitated and
immunoblots were then probed with an antibody against Cdk4.

FB4
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Fig. 5. Western immunoblot analysis for expression levels and activity of
total GSK-3p in livers from control rats and rats fed FBy (50 p.p.m. and
100 p.p.m.) for 21 days. The band at ~50 kDa represents total GSK-3f3
detected using an antibody recognizing GSK-3p protein independent of its
phosphorylation status (A). More highly phosphorylated (inactivated by
phosphorylation on Ser®) GSK-3B protein was detected in FB-treated
samples (B). In rats fed 50 p.p.m. of FB; the increase in phosphorylated
GSK-3f was ~2-fold, whereas in rats fed 100 p.p.m. of FB;, the increase
was only 1.5-fold (C). Data are representative of two identical assays.
R.S.U., relative scan units.

Cyclin D-Cdk4 complexes were more prominent in the FB -
treated samples than in control samples (Figure 7A). This
increase was due to overexpression of cyclin D1, because the
total levels of the Cdk4 were not changed in the FB,-treated
livers (Figure 2). To investigate whether the increased levels
of c¢yclin D1 upregulated Cdk4 activity, we performed an
in vitro kinase assay for Cdk4 activity using recombinant GST-
pRb fusion protein as the kinase substrate. Cdk4 from FB-
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FB,
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100 ppm

AKT

AKT-P

Fig. 6. Western immunoblot analysis for expression and phosphorylation
status of Akt in livers from controls and FB-treated rats. (A) Akt protein
was detected at ~60 kDa in controls,whereas a slower migrating protein
form was detected in FB-treated livers. (B) More highly phosphorylated
Akt (Thr 308; one of the Akt activation sites in vivo) was detected in livers
from rats treated with 50 p.p.m. (4-fold) and 100 p.p.m. (7-fold) FB, as
compared with controls. Data are representative of two identical assays.

A Complex of CyclinD/Cdk4

B Cdk4 Activity

L I L Ji 1
Control 60 ppm 100 ppm 250 ppm
FB, FB, FB,

C _ Expression of Cd

| FSESR— | SRS
Control 250 ppm
FB,

Fig. 7. Complex formation, activity and amounts of Cdk4. (A) Cyclin D1
was immunoprecipitated from the protein lysate, separated by gel
electrophoresis, blotted to membrane and the membrane was probed with an
antibody to Cdk4. (B) Cdk4 kinase activity in the liver lysates was
measured by immunoprecipitating Cdk4 from the lysates, incubating with
fusion protein (GST-pRb) in the presence of 3P, separating the products in
denaturing gels, and detecting phosphorylated Rb by autoradiography. (C)
The Cdk4 immunoprecipitates used in the kinase activity assay were
additionally analyzed by western blot and equal levels of Cdk4 expression
in two control and high-dose FB; samples were observed. All data represent
two identical assays.

treated livers had much higher kinase activity compared with
Cdk4 in centrol livers where no visible GST-pRb phosphoryla-
tion could be detected (Figure 7B), in spite of the presence of
small amounts of cyclin D/Cdk4 complexes and equal levels
of Cdk4 protein in both control and experimental samples
(Figures 2 and 7C). The reason why Cdk4 activity does not
parallel the increase in cyclin D1 dose-dependent overexpres-
sion is not clear. It is possible that linearity of the assay was
exceeded. In other words, the assay is in the area of the curve
where it is impossible to see a dose-response. The absence of
a detectable level of kinase activity in control samples could
be predicted, since it is likely that the activation of cyclin
D1/Cdk4 complexes is very critically restricted in normal,
quiescent adult rat hepatocytes.

COverexpression of cyclin DI protein in FB-induced tumors
Immunohistochemical staining was performed in order to
analyze the level of cyclin D1 expression in tumors from
a long-term FBj-feeding study and to determine both the
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liver cell type overexpressing cyclin DI as well as is
subcellular localization. Staining in normal livers was limited
to the nuclei of a few hepatocytes (Figure 8A), while an
increase in the number of cells with weak nuclear staining
(grade 1) was seen in preneoplastic foci which previously
stained positive for y-glutamyltranspeptidase (Figure 8B) (1).
All benign tumors showed evidence of grade 2 and all
HCCs showed strong grade 3 nuclear staining for cyclin D
(Figure 8C and D). The intensity of the staining was
correlated with the grade of the lesion. These findings suggest
that cyclin D1 deregulation is involved in development of
early lesions as well as in malignant conversion. Highly
cirrhotic and necrotic areas within the HCCs and focal
aggregates of lymphocytes, common within the connective
tissue septa, were both found to be negative for cyclin D1,
Cyclin D1 overexpression was detected in the epithelial
cells of the bile ducts in two tumors with lesions typical
of cholangiofibrosis (data not shown).

Absence of cyclin DI overexpression in other tissues
Alteration in cyclin D1 expression was a liver-specific
finding as all other tissues examined lacked cyclin D1
overexpression with the possible exception of the kidney
(data not shown). Kidney showed some positive nuclear
staining in the proximal tubules in both untreated and treated
rats. This finding must be interpreted with caution due to
the tendency of the proximal tubules to stain non-specifically
in THC. Because chronic interstitial nephritis was present in
the kidneys and FB; has been shown to have toxic effects
in rat kidneys (42), this finding may also reflect an actual
role of cyclin DI in this pathology.

Specificity of the FB; effect on cyclin DI in hepatocytes

To test whether the overexpression of cyclin D1 was a
common property of rat HCCs induced by other carcinogens,
fiver sections from paraffin-embedded rat HCC caused by
nitroglycerin or DEN/PB (32,33) were compared with those
induced by FB,. Tissues from all three studies were
processed identically. The cyclin D1 overexpression, which
was characteristic of FBj-induced HCC (Figure 9A), was
not seen in HCC caused by either DEN/PB (Figure 9B) or
nitroglycerin (Figure 9C).

To test whether increased cyclin D1 expression was
merely a reflection of the rate of cell proliferation, the
tissues were stained for PCNA and cyclin D1 in consecutive
sections for all experimental and control livers. In control
livers, staining for both antigens was detected in only a
few cells (graded as 0). In preneoplastic foci in the FB;-
treated livers, the PCNA-positive cells exceeded the number
of those positively staining for cyclin D1 by ~2-fold; in
benign and malignant FB,-induced tumors, the same areas
stained positively for both antigens, with cyclin D1 slightly
exceeding the PCNA-positive staining cells (data not shown).
HCC induced by nitroglycerin or DEN/PB showed PCNA
staining rates similar to those in the FB; tumors (Figure
9D-F). Thus, although a high rate of cell proliferation is a
common property of the HCCs induced in each of the three
different induction models, only FB-induced HCCs exhibited
overexpressionn of cyclin D1.

Absence of K-ras and H-ras activating mutations

To test whether mutations in ras oncogenes could be driving
the cyclin D1 protein overexpression, we analyzed all experi-
mental and control samples for K-ras and H-ras mutations.
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Fig. 8. Immunohistochemical staining for cyclin D1 in control and FB-exposed rat livers. (A) In control livers, only occasional nuclei (arrow) show light
staining for cyclin D1. (B) A preneoplastic focus in the center of the picture shows increased numbers of nuclei with moderate cyclin D1 staining (arrow).

(C) A liver adenoma with most nuclei stained for cyclin D1. (D) In HCCs, the majority of the nuclei stain with greater intensity (dark brown) than liver
adenomas.

Fig. 9. Comparison of cyclin D1 staining in tumors from FB-treated livers versus tumors from other treatments (includes analysis of levels of PCNA in these
livers). (A) Strong nuclear staining is apparent in a FBj-caused rat liver tumor, whereas staining was absent from tumors caused by DEN/PB (B) and only a
few nuclei (arrow) stained in carcinomas induced by nitroglycerin (C). The intensity of staining for PCNA in the HCCs induced by the three carcinogens:
FB; (D), DEN/PB (E) and nitroglycerin (F) is very similar,
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Only two samples with third position A—T transversions were
found in codon 61 of exon 2 of H-ras (data not shown), thus
ruling out activating mutations in ras as a major contributor
to the observed cyclin D1 overexpression.

Discussion

To date, fumonisin B, hepatocarcinogenicity in rats occurs by
an unknown mechanism. The present study reveals that FB,
treatment results in cyclin D1 overexpression via protein
stabilization due to post-translational modification(s) without
effect on cyclin D1 mRNA levels. In addition to cyclin D1
stabilization, we detected Akt activation resulting in phospho-
rylation and inhibition of GSK-3(. These findings indicate
that the activation of a major survival molecule (Akt) and its
downstream effectors leads to alteration of cell cycle progres-
sion in hepatocytes; therefore, this could prove to be a
mechanism or part of a mechanism responsible for FB,
carcinogenesis.

Our 2D gels electrophoresis patterns indicated that a less
negatively charged form of cyclin D1 predominated in FB;-
treated livers as compared with control livers from a short-
term FB; feeding study where both forms detected were of
similar charge. It is likely that the two spots detected were [a]
and [b] forms of cyclin D1, as reported by Sawa et al. (38).
Cyclin DI form [a] associates in a ternary complex with
PCNA, WAF-1 and Cdk4. It has been known for some time
that cyclin D1 contains a C-terminal PEST sequence (24).
Removal of the PEST sequence from yeast G; cyclins prolongs
their half-life (43). Cyclin D1 form [a], not form [b], contains
a PEST-rich region which is probably responsible for its rapid
turnover (38). One interpretation of our findings is that the
cyclin D1 spot, which has an altered position by 2D gels
electrophoresis after FB; treatment, is the form [a] which
recently has been implicated in controlling cell cycle entry
(38). Tt appears that FB; treatment causes post-translational
modification of cyclin D1 form [a] in such a way as to make
it less negatively charged (possibly less phosphorylated), thus
leading to an increase in its stability. Efforts to identify the
exact nature of this post-translational change are currently in
progress. Also, additional confirmation of the involvement of
form [a] is derived by detection of overexpressed cyclin D1
in FBi-treated samples by western blotting (Figure 2) using
an anti-cyclin D1 polyclonal Ab (UBI) reported to recognize
only form [a] of cyclin D1 (38). We used the same antibody
(UB]) in the analysis of binding between cyclin D1 and Cdk4;
therefore, it appears that the [a} form of cyclin D1 is responsible
for cyclin D1/Cdk4 binding in our studies and is responsible
for the pRb phosphorylation we detected.

A lack of correlation between cyclin D1 protein and mRNA
expression has been reported in some human cell lines and
tumors (20,44). There is frequently a correlation between cyclin
D1 gene amplification and cyclin D1 protein overexpression in
human hepatic, esophageal and head and neck cancer, whereas
in breast cancer, amplification is detected in only 13% of the
tumors despite evidence that >50% exhibit cyclin D1 protein
overexpression. Similar findings have been reported in sar-
comas, colon cancers and melanomas (20), further implicating
post-translational modification of cyclin D1 as a mechanism
for overexpression.

Recently, cyclin D1 has been shown to be regulated post-
transcriptionally by GSK-3 (25,45), calpain (46) and retinoic
acid (47). GSK-3B has been shown to phosphorylate cyclin
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D1 specifically on Thr-286, thus triggering rapid turnover
of the protein. Defective GSK-3f kinase activity could be
responsible for the high stability of cyclin D1 (which remains
in the nucleus throughout the cell cycle) (25). Because the
activity of GSK-3B can be inhibited by signalling through a
pathway that involves Ras/PI3K/Akt (25) (a major survival
pathway in cells), the involvement of some of these molecules
in the regulation of GSK-3p activity and cyclin D1 stability
was analyzed. We detected more phosphorylated and activated
Akt in FB-treated livers as compared with control livers, and
have reasoned that this alteration is responsible for the inhibi-
tion of GSK-3[3 as well as the less negatively charged state of
the [a] form of cyclin DI (possibly less phosphorylated).

Also, because cyclin D1 protein overexpression has been
linked to both the ras/MAPK (21,22) and PI3K pathways (25),
and K-ras is frequently mutated in rat liver tumors (48), we
tested our samples for mutations in ras oncogene. Only two
mutations in codon 61 of exon 2 of the H-ras oncogene were
found; therefore, a potential role for ras-activating mutations
in the overexpression of cyclin D1 in our FB; experimental
samples is very limited. This is in agreement with previous
reports involving human esophageal cell lines and primary
esophageal cancers where cyclin D1 overexpression is detected
frequently (49,50), whereas activating mutations in ras onco-
genes are rare to non-existent (51).

Recent evidence suggests that cyclin D1 expression from a
heterologous promoter can lead to apoptosis in serum-starved
rat fibroblasts; potentially, this outcome may involve phospho-
rylation of pRb (52). FB; has been reported to be capable of
inducing apoptosis in rat liver cells (11). It appears that the
absolute level of cyclin D1 expression can determine whether
cells will undergo transformation (moderate overexpression)
or apoptosis (high overexpression).

In the majority of cell types, activated Akt has been
shown to inhibit apoptosis through inhibition of pro-apoptotic
molecules: Bad, caspase 9, caspase 3 and Fas/CD95 (53,54).
Activated Akt detected in FBj-treated liver could potentially
be responsible for the inhibition of apoptosis in those hepato-
cytes that are resistant to FB; toxicity (those that probably
give rise to tumor development), whereas the majority of
hepatocytes are sensitive to FBj-induced apoptosis due to its
toxicity. Although it is not completely clear which molecules
are participating in its activation, Akt has been reported to be
negatively regulated by the tumor suppressor gene PTEN (55),
and the lipid signalling molecule ceramide (29). FB; has been
shown to inhibit ceramide synthase both in vitro and in vivo,
therefore leading to a decrease in cellular ceramide levels and
an increase in intracellular sphinganine (5). These events could
potentially contribute to the detected activation of Akt in
our study. Additionally, due to the effects of FB, on total
phospholipids and fatty acids in hepatocytes (6,7), it is possible
that FB, is altering molecules involved in the activation/
deactivation of Akt (PI3K, PDK1, PDK2 or tumor suppressor
gene PTEN) (53,55).

The ability of FB, to cause a relatively early dose-dependent
increase in cyclin D1 protein expression was shown by both
IHC and immunoblot analysis of livers from rats exposed to
FB, for only 3 weeks. Although levels of Cdk4 protein were
not increased by FB; treatment, the amount of cyclin DI-
Cdk4 complex formed as well as Cdk4 kinase activity were
greatly elevated as shown by increased phosphorylation of a
GST-pRb substrate. These findings are in agreement with
previous reports in which the expression level of cyclin D1,



regardless of Cdk4 level, is rate limiting for complex formation
and is responsible for Cdk4 kinase activity (49). In addition,
more hyperphosphorylated forms of pRb were detected in vivo
in some samples with high cyclin D1 levels. The key role of
cyclin D1 was further underscored by lack of alteration in the
level of proteins involved in control of the late Gy phase of
the cell cycle (cyclin E and Cdk2). Although cyclin E is
sometimes overexpressed in rodent and human tumors (56,57),
the overexpression of cyclin D1 and consequent hyperphospho-
rylation of pRb occur more frequently (20).

The effects of FB, on cyclin D1 during short term exposure
were further substantiated by results from FB; chronic treat-
ment: clear association of its nuclear overexpression with liver
neoplasia (especially in progression to carcinoma). This was
evidenced by immunohistochemical analysis of pre-neoplastic
foci, adenomas and carcinomas in the livers of rats chronically
fed FB; (50 mg/kg diet) over a period of 20-26 months (1).
The overexpression of cyclin D1 was specific to the liver as
a targeted organ, with few to no cells stained in the control
livers nor in the 12 other tissues analyzed from the same rats
(with the possible exception of kidney which is also a target
for the toxic effects of FB)). In the majority of the experimental
rats, proximal tubules of the kidney stained intensively for
cyclin D1. However, it is difficult to interpret this finding,
because in some of the control rats, we detected a similar
staining, although less intense.

Notably, rat HCCs induced by two other carcinogens failed
to show overexpression of the protein when stained for cyclin
D1 in parallel with the FB; tumors despite similar cell
proliferation as indicated by PCNA staining. Thus, the effect
on cyclin D1 was unique to FB;. There are a few chemical
carcinogens reported to have an effect on cyclin D1 overexpres-
sion in rodent tumors similar to that of FB;: in mouse skin
tumors, dimethylbenz[a]anthracene was used as an initiator
followed by 12-O-tetradecanoylphorbol-13-acetate as the pro-
moter (56,58) and N-methyl-N-nitrosourea in rat mammary
carcinomas (59). However, to our knowledge, there are no
other reports of a chemical liver carcinogen affecting cyclin
D1 post-translationally.

We hypothesize that there are several possible mechanisms
by which FB is causing cyclin D1 post-translational modifica-
tion(s). (i) Although there are no activating mutations in the
ras oncogenes, it is possible that FB;, by affecting the
metabolism of sphingolipids (5), phospholipids and fatty acids
(7), important constituents of cellular membranes, could
increase p21 ras membrane association or signaling through
the PI3K pathway (ultimately impacting on Akt and GSK-3[3,
signaling molecules involved in cyclin D1 degradation). In
addition to these effects, it is possible that FB; is affecting the
Raf/MEK/MAPK pathway and possibly influencing signals
involved in cyclin D1 synthesis and assembly. (ii) Independent
of ras, FB; might alter the function of some proteins and
signalling molecules in the control of the activation or inactiva-
ton of Akt. (iil) In addition to its effects on cyclin D1 protein
stability/degradation or post-translational modifications due to
the inhibition of GSK3-B, it is possible that FB; can affect
some additional proteins responsible for cyclin D1 degradation
and transtation. Cwrrently, we are investigating all of these
possibilities.

In conclusion, dietary FB; specifically causes activation of
Akt, inhibition of GSK-3B and overexpression of cyclin DI
related to post-translational modification(s). This causes a
consequent increase in Cdk4 kinase activity, resulting in

FB; stabilizes cyclin D1 by post-translational modification

hyperphosphorylation of pRb and alteration in cell-cycle pro-
gression (G4/S) of rat hepatocytes. Our data contribute signi-
ficantly to the understanding of the carcinogenic mechanism
of FBy, a common environmental contaminant, recently shown
to be carcinogenic in both rats and mice by the National
Center for Toxicological Research of the US Food and Drug
Administration (60).
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Abstract—The fumonisins and toxins produced by Alternaria alternata f. sp. lycopersici (AAL toxins)
are structurally related mycotoxins that disrupt sphingolipid biosynthesis by inhibiting the rate-limiting
enzyme, ceramide synthase. Rat primary hepatocytes were exposed to fumonisin By (FBy), its N-acetyl
analogue, FA|, its fully hydrolysed analogue, AP, and the AAL toxins (TA and TB) at concentrations
of 1 uM for 40 hr in culture. The extent to which these compounds disrupt sphingolipid biosynthesis in
hepatocytes in vitro was investigated by analysing the sphingosine (So) and sphinganine (Sa) levels by
HPLC. The inhibition of ceramide synthase was irreversible as the Sa:So ratio was maximally increased
by FBy after 24 hr of exposure and the subsequent removal of FB; had no effect on the ratio as com-
pared with the 40-hr incubation period in the presence of FB;. The Sa concentration was significantly
(P < 0.01) increased in all the cultures treated with the different structurally related compounds, while
only AP, increased the So concentration significantly (P < 0.05) above the control. As AP; was found
to be less effective in disrupting sphingolipid biosynthesis it would appear that the tricarballylic (TCA)
moiety is required for maximal inhibition of ceramide synthase. The presence of an amino group
appears not to be a requisite for activity, since FA; increased the Sa:So ratio to the same extent as
FB,. The AAL toxins TA and TB increased the Sa concentration significantly (P < 0.01) above that of
FB; and FA,, while the Sa:So ratios were altered to the same extent. The structural requirements for
the induction of cytotoxicity differ from those required for ceramide synthase inhibition as TA and TB
were significantly (P < 0.05 to P < 0.01) less toxic to primary hepatocytes than FB; at all the concen-
trations tested. © 1998 Elsevier Science Ltd. All rights reserved

Abbreviations: AP; =minopentol; DMSO = dimethyl sulfoxide; EGF = pidermal growth factor; LDH =
lactate dehydrogenase; FA| =fumonisin A; FB;=fumonisin B;; FB,,=fumonisin B,; OPA = o-phthaldi-
aldehyde; Sa = sphinganine; So = sphingosine; TCA = tricarballyic acid.

INTRODUCTION Africa (Rheeder et al., 1992), evidence for a con-

Fumonisins are mycotoxins produced by Fusarium tributory role in the development of this disease in

moniliforme Sheldon, a fungus that occurs world- experimental animals is lacking. The AAL toxins,

wide on maize (Shephard et al., 1996). Fumonisin of which TA and TB are the main forms (Fig. 1),
B, (FB,) (Fig. 1) is the most abundant of the var- are structurally related phytotoxins produced by
Alternaria alternata (Fr.) Keissler f. sp. lycopersici,

a fungus that causes stem canker disease in certain
susceptible tomato cultivars (Bottini et al., 1981;
Gilchrist and Grogan, 1976; Shephard ez al., 1993).
AAL toxin (TA) is cytotoxic to certain rat and dog
tissue culture cells, whereas its N-acetylated ana-
logue is not (Mirocha et al., 1992). At present it is
not known whether biological effects similar to
those occurring with the fumonisins could be
induced in vivo by the AAL toxins in the different
animal species (Abbas et al., 1994). Certain in vitro

ious analogues that have been isolated (Shephard
et al., 1996). FB; causes various syndromes in
different animal species: leukoencephalomalacia in
horses (Kellerman et al., 1990; Marasas et al.,
1988), pulmonary oedema in pigs (Harrison et al.,
1990) and hepatocarcinoma in rats (Gelderblom
et al., 1991). Although the occurrence of the fumo-
nisins has been statistically associated with a high
incidence of human oesophageal cancer in southern

*Author for correspondence.

0278-6915/98/$19.00 +0.00 © 1998 Elsevier Science Ltd. All rights reserved. Printed in Great Britain
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Fig. 1. Chemical structures of fumonisin B, sphingosine, fumonisin A, the hydrolysis product of FB,,
AP and the individual isomers of the AAL toxins, designated TA| and TB;. The isomers esterified at
C-14 are called TA, and TB, (see Materials and Methods).

biological effects such as cytotoxicity and phyto-
toxicity are known to be similar.

Structural differences within the fumonisin group
of mycotoxins have been utilized to study structure—
activity relationships with respect to specific biologi-
cal effects (Abbas et al., 1993 and 1994; Gelderblom
et al., 1993; Shier et al., 1991). FB,, as well as TA and
TB, have been shown to be cytotoxic to certain mam-
malian cell lines. There were variations in sensitivities
to fumonisins and AAL toxins among cell lines tested,
depending on the tissue of origin and possibly the
degree of differentiation (Shier et al., 1991). When
monitoring the inhibitory effect on cell proliferation
in Madin—Darby canine kidney (MDCK) cells and a
rat hepatoma cell line (H4TG), FA (N-acetyl deriva-
tive of FB;) exhibited little or no activity while AP; (a
hydrolysis product of FB;) showed similar or greater

effects than FB;, fumonisin B, (FB,) and fumonisin
B; (FB3) (Abbas ef al., 1993). In primary hepatocytes,
FA, exhibited a lower and AP; a higher cytotoxicity
than FB; and FB, (Gelderblom e al., 1993). In plants,
FB; and TA caused higher leaf necrotizing activity
on detached tomato leaves than FA; and AP,
(Lamprecht et al., 1994). FB, FB, and FB; exhibited
cancer-initiating activity in an in vivo cancer initiat-
ing/promoting model in rat liver, while AP; and FA;
lack activity (Gelderblom ez al., 1993).

Fumonisins (Wang et al., 1991) and AAL toxins
(Merrill et al., 1993b) inhibit sphingosine N-acyl-
transferase (ceramide synthase), a key enzyme in
the sphingolipid biosynthetic pathway in animal
cells. The inhibition of this enzyme leads to an el-
evation of sphingosine (So) and sphinganine (Sa)
levels in cells, although Sa levels rise to a much



Sphingolipid biosynthesis inhibition by FB; 499

greater extent than the So levels, thus resulting in
an increase in the Sa:So ratio (Riley et al., 1994).
FB, disrupted the sphingolipid profiles in the fol-
lowing cell culture systems: rat primary hepatocytes
(Gelderblom et al., 1995; Wang et al., 1991), a renal
epithelial cell line, LLC-PK; (Yoo et al., 1992),
Swiss 3T3 fibroblasts (Schroeder et al., 1994) and
mouse cerebellar neurons (Merrill et al., 1993a).
AAL toxin and FB, also disrupt sphingolipid bio-
synthesis in plants (Abbas et al., 1995).

In the present study the structural requirements
for ceramide synthase inhibition was investigated by
comparing the effect of structurally related com-
pounds (FB;, FA;, AP;, TA and TB) on the Sa:So
ratio as well as the Sa and So concentrations in rat
primary hepatocyte cultures. The extent to which
sphingolipid biosynthesis was affected was corre-
lated with the respective cytotoxicities of the struc-
tural analogues in vitro. The reversibility of the
inhibitory effect was investigated to obtain more in-
formation about the biological significance of sphin-
golipid inhibition in primary hepatocytes.

MATERIALS AND METHODS

Mycotoxin standards and chemicals

FB,, FA; and AP, were purified as described pre-
viously by Cawood et al. (1991) and Gelderblom
et al. (1993). The chemical purity of the structural
analogues were determined by '*C-NMR, HPLC
and TLC as described by Cawood et al. (1991). TA
and TB were purified as described by Shephard
et al. (1993) and, in solution, consisted of a natural
equilibrium of two isomers where either the C-13
(TA{ and TB;) or the C-14 (TA, and TB,) hydroxyl
group is esterified. Solutions of the individual toxins
were prepared either in saline for FB;, TA and TB
or in dimethyl sulfoxide (DMSO):saline (1:1) for
AP, and FA,. Sa and So were obtained from Sigma
Chemical Company (St Louis, MO, USA). Cy-Sa
was a generous gift from Professor A.H. Merrill, Jr,
Department of Biochemistry, Emory University
School of Medicine, Atlanta, GA, USA.

Preparation of hepatocyte cultures

Primary hepatocytes were prepared from male
Fischer 344 rats, weighing 150-200 g, by a colla-
genase perfusion technique (Hayes et al., 1984).
The viability of the hepatocyte preparations varied
between 90 and 95% when using trypan blue
exclusion. The cells were seeded (6x10° cells/
plate; 60 mm) in collagen-coated dishes in triplicate
for 3 hr in modified Williams’ E medium contain-
ing foetal bovine serum (10%), insulin (20 Uj/litre),
L-glutamine (2 mMm), HEPES (10 mM), penicillin
(100 U/ml) and streptomycin (100 pg/ml). The cells
were washed with Hanks’ buffer solution and sup-
plemented with serum-free, modified Williams’ E
medium containing L-proline (2 mM) and sodium

pyruvate (10 mM) and incubated at 37°C. The trea-
ted plates and the controls (except the 0 hr control)
were incubated for 40 hr.

Sphinganine:sphingosine ratios in rat primary hepato-
cyte cultures

The plated cells were washed with ice-cold saline
(2 ml; three times) prior to being harvested (0.5 ml
saline; three times) by scraping with a rubber
policeman. An aliquot (0.1 ml) was removed for
protein determination (Kaushal and Barnes, 1986).
The Sa and So concentrations were determined by
HPLC with C5-Sa as an internal standard, accord-
ing to the method of Riley ez al. (1994) with minor
modifications. The lipids were extracted from the
remainder of the hepatocyte cell suspension by incu-
bation with methanol:chloroform (2:1) (containing
0.01% butylated hydroxytoluene as an antioxidant)
under nitrogen at 37°C for 1 hr. Thereafter the mix-
ture was washed twice with alkaline water, the
phases separated by centrifugation and the chloro-
form fraction dried under nitrogen gas below 40°C.
The residue was hydrolysed to release the free So
by redissolving it in 0.1 M methanolic potassium
hydroxide:chloroform (4:1), and incubated at 37°C
for 1hr. After washing with alkaline water, the
chloroform phase was dried under nitrogen below
40°C.

HPLC quantification

The dried residues were stored at —20°C over-
night. Prior to analysis, the residues were redis-
solved in 250 ul methanol, sonicated and derivatized
with 50 ul o-phthaldialdehyde (OPA) reagent as pre-
viously described (Riley et al., 1994). A 25-75 ul
aliquot was injected into the HPLC which consisted
of a Waters (Milford, MA, USA) Model 510 sol-
vent delivery system, Waters U6K injector, Waters
Radial-Pak™ cartridge packed with Nova-Pak Cig
(4 um, 100 x 8 mm), Autochrom APEX Integration
Chromatography Workstation and Perkin—Elmer
(Norwalk, CT, USA) 650 S fluorescence detector
(excitation 335 nm and emission 440 nm). The iso-
cratic mobile phase of methanol:0.005 M potassium
phosphate buffer, pH 7.0 (91:9) was pumped at a
flow rate of 2 ml/min.

Treatment of hepatocyte cultures

FB;. The hepatocyte control and treated cultures
were incubated in triplicate. The control cultures,
0 hr (harvested before incubation) and 40 hr, were
incubated with media containing saline without
FB,. The treatment groups, 12 hr, 24 hr and 40 hr,
were incubated as described above with media con-
taining 1 um FB; for 40 hr. After 12 hr and 24 hr,
respectively, the media of the corresponding cul-
tures containing the FB; were replaced with media
without FB;.
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Table 1. The effect of FB; exposure, for various time intervals, on Sa and So concentrations in rat primary
hepatocyte cultures after a 40-hr incubation period

Sphinganine (Sa) Sphingosine (So) Ratio
Treatment (pmol/mg protein) (pmol/mg protein) (Sa:So)
Control (40 hr) 1.73+0.27 a 16.5+18a 0.11+0.02a
Control (0 hr) 0.56 +£0.08 B 127+04 b 0.04 £0.01 b
FB; (12 hr) 199.3+99 C 11.7£08 C 17.1£0.7C
FB,; (24 hr) 249.7+ 142D 11.6+10C 21.8+3.0 D
FB, (40 hr) 2247+3.1C 13.1+12¢ 174+15C

Values represent means + SD of triplicate determinations. Control (40 hr) was separately compared with
control (0 hr) and with the individual FB, treatment groups (12 hr, 24 hr and 40 hr). Values in a column
followed by different letters (lower and upper case) differ significantly (P < 0.05) from the control (40 hr);
if both the letters and the cases differ, then P < 0.01. Values followed by the same letter (lower or upper

case) do not differ significantly (P > 0.05).

Structurally  related compounds. The hepato-
cyte control and treated cultures were incubated in
triplicate. The hepatocyte control cultures were
incubated in media with either saline or DMSO:
saline (1:1). The primary hepatocytes were incu-
bated in media containing 1 um each of the myco-
toxins FB;, FA,, AP,;, TA and TB for 40 hr.

Cytotoxicity determination

Detailed studies on the comparative cytotoxicity
of AP;, FA;, FB;, FB, and FB; have been pub-
lished elsewhere (Gelderblom et al., 1993). In the
present study the cytotoxicity of different concen-
trations (75, 250 and 500 um) of FB;, TA and TB
were compared over a 40-hr incubation period. The
release of lactate dehydrogenase (LDH) in the
culture medium was monitored by the method of
Hayes et al. (1984). Cytotoxicities of the com-
pounds were expressed as LDH release in the med-
ium calculated as a percentage of the total LDH
release in the control cells after treatment with
Triton X100.

Statistical analysis

All the data were subjected to analysis of var-
iance (ANOVA; one-way), while the Tukey student-
ized range test was used to determine the statistical
differences between means of the different treatment
groups.

RESULTS
The effect of FB; on sphingolipid biosynthesis
(Table 1)
Relatively small, but statistically significant,

increases in the Sa concentration (P < 0.01), So
concentration (P < 0.05) and Sa:So ratio
(P < 0.05) were observed between the 0hr and
40 hr control hepatocyte cultures. In the hepato-
cytes incubated with FB; for 12, 24 and 40 hr the
Sa level increased significantly (P < 0.01) over the
controls with a maximum accumulated at 24 hr.
The corresponding So levels were significantly
decreased (P < 0.01 at 12 and 24 hr; P < 0.05 at
40 hr) and therefore the Sa:So ratios were signifi-
cantly (P < 0.01) increased over the control after
40 hr of incubation. Within the treated groups the
maximal change in the Sa:So ratio (P < 0.05, com-
pared with 12 and 40 hr period) was obtained at
24 hr, while there was no significant difference in
the ratios between the 12 and 40 hr exposure treat-
ments.

The effect related

(Table 2)

There were no marked differences in the So con-
centrations and Sa:So ratio profiles of the control
hepatocyte cultures incubated for 40 hr with the
carrier solvents, saline or DMSO:saline (1:1), while
the Sa levels decreased significantly (P < 0.01)

of  structurally compounds

Table 2. The effect of structurally related compounds on sphingolipid profiles

Sphinganine (Sa)

Sphingosine (So) Ratio

Treatment (pmol/mg protein) (pmol/mg protein) (Sa:So)
Hepatocytes incubated with saline
Control (saline) 1.73+£0.27 a 16.5+18a 0.11+0.02 a
FB,; 22474+3.1b 131+12a 1741150
TA 3124497 ¢ 190+0.8a 16.6 +0.2 b
TB 357.9+10.3d 252+ 112a 16.0+57b
Hepatocytes incubated with DM SO:saline (1:1)

Control (DMSO:saline) 0.96+0.03 ¢ 13.6+1.2b 0.07+0.01 ¢
FA, 305.1 +£10.2 dA 23.1+0.1b 13340.5d
AP, 153.5+ 18.8 ¢eB 37.8+10.5¢ 424+06¢

Values represent means + SD of triplicate determinations. Statistical comparisons between control and indi-
vidual toxins were made within the different groups using saline and DMSO:saline as the control solvents.
Values in a column followed by the same letter are not significantly different from the control (P > 0.05),
if the letter differs (upper cases) then P < 0.05, if the letters (lower case) differ then P < 0.01.
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Fig. 2. The cytotoxic effect of FB;, TA and TB on rat primary hepatocyte cultures expressed as the

amount of LDH released (% of total). Values represent means + SD of triplicate determinations.

Values differ significantly from the control treatment: *P < 0.05; **P < 0.01. The cytotoxicity of TA

and TB differs significantly (**P < 0.01) from FB; at 250 and 500 um while TB was significantly
(*P < 0.05) lower than TA at 500 um.

with the DMSO:saline (1:1) as the carrier solvent.
In comparing the different compounds where
saline was the solvent, the Sa levels increased sig-
nificantly (P < 0.01) over the control value in the
order TB>TA>FB; (P < 0.01, between the indi-
vidual treatment groups). There were no signifi-
cant differences (P > 0.05) in the So level in the
saline group. The resulting Sa:So ratio increased
significantly (P < 0.01) over the control with no
significant difference between the ratios for FBy,
TA and TB, due to the increase in the corre-
sponding So concentrations. Within the group of
analogues (AP; and FA;) with DMSO:saline (1:1)
as solvent, a significant (P < 0.01) increase in the
concentration of So was obtained with AP;, and
the Sa concentration and Sa:So ratio of AP; and
FA, increased significantly (P < 0.01) over the
control.

In comparing the AP; and FA; data with the
results of the other analogues, FA| exhibits a simi-
lar effect on the Sa levels as compared with FBy,
TA and TB, although it was significantly higher
than FB; (P < 0.01) and lower (P < 0.01) than
TB. The Sa level of AP, was significantly lower
(P <0.01) as compared with the other com-
pounds, while the So level of AP, increased signifi-
cantly (P < 0.05) above those of the other
treatments. Hence, the mean Sa:So ratio increased
from the average baseline value of 0.1 to 4.2 after
exposure to AP;, which was significantly
(P < 0.01) lower as compared with the mean value
of 15.8 obtained after exposure to FB;, FA|, TA
and TB.

Comparative cytotoxicity TA and TB

(Fig. 2)

A typical dose—response effect was obtained with
all the toxins. FB; exhibited the highest cytotoxicity

of FBy,

at concentrations of 75 (P < 0.05), 250 (P < 0.01)
and 500 uMm (P < 0.01) as compared with the con-
trol. TA and TB exhibited similar cytotoxicities at
250 um (P < 0.01) as compared with the control,
while TA tended to be slightly (P < 0.05) more
toxic than TB at 500 uMm.

DISCUSSION

FB; concentrations from 5 to 500 um did not
increase the Sa:So ratio in hepatocyte cultures sig-
nificantly above that which was achieved with 1 um
FB; (Gelderblom et al., 1995). Wang et al. (1991)
found that the Sa concentration increased 110-fold
in rat hepatocyte cultures after incubation with
1 um FB; for 4 days. In the present study, a maxi-
mum increase in the Sa concentration was observed
after 12 to 24 hr after exposure to 1 um FB, that
represent 115- to 144-fold increase as compared
with the control value. The removal of FB; from
the incubation media, even after 12 hr, did not
result in a decrease in the Sa concentration and
hence in the Sa:So ratio compared with that of the
cells exposed to FB; for 40 hr (Table 1). Therefore,
the inhibition of ceramide synthase is either persist-
ent or the Sa does not easily diffuse out of the cells
(Merrill et al., 1993b). It seems that the inhibition
of sphingolipid biosynthesis by the fumonisins is an
early event that cannot solely be associated with the
adverse biological effects induced by FB; in primary
hepatocytes. This can be deduced from the finding
that the inhibitory effect of FB; on the epidermal
growth factor (EGF) mitogenic response in primary
hepatocyte cultures is reversible on removal of the
toxin (Gelderblom et al., 1995). In addition, no
direct involvement of the sphingolipids, sphinganine
or sphingosine on the EGF response in primary
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hepatocytes was noted. The inhibitory effect of the
EGF response in primary hepatocytes is a common
property of many liver cancer promoters, including
FB; (Gelderblom et al., 1996a). The present finding
concerning the irreversibility of ceramide synthase
inhibition further supports the hypothesis that the
disruption of sphingolipid biosynthesis seems not to
be a key event in the inhibition of growth stimu-
latory effects in primary hepatocytes. A similar type
of response was noticed in LLC-PK; cells, a pig
renal epithelial cell line, where FB; (35 um) inhib-
ited cell proliferation, as measured by protein con-
tent, and increased the Sa:So ratio over a 48-hr
period (Yoo et al., 1992). Those LLC-PK; cells,
which survived FB; exposure, resumed normal cell
growth after removal of the FB;, indicating that the
FB;-induced inhibition of cell proliferation is also
reversible in these cells.

FB; is not cytotoxic to primary hepatocytes when
exposed for 4 days to concentrations of 1 um
(Wang et al., 1991). Even at higher concentrations
(50 to 250 um), fumonisins exhibit a low to moder-
ate cytotoxicity in primary hepatocytes as measured
by LDH release (Gelderblom et al., 1993). As FA,
is less cytotoxic than FB; at concentrations of 125—
1000 M, it was suggested that the free amino-group
plays a role in the in vitro cytotoxicity (Gelderblom
et al., 1993). On the other hand, AP, is known to
be more cytotoxic to primary rat hepatocytes than
FB, (Gelderblom et al., 1993). In the present study,
AP increased the Sa level and the Sa:So ratio to a
much lesser extent than FB;. This indicated that the
tricarballylic (TCA) moieties are required for maxi-
mal inhibition of ceramide synthase. TA and TB,
which are also less toxic than FBj, significantly
(P < 0.01) increased the Sa concentration above
that of FB; although the Sa:So ratios were very
similar due to variations in the So concentrations.
It would therefore appear that a single TCA group
is also sufficient for maximal ceramide synthase in-
hibition under the present conditions. Despite the
significant (P < 0.01) increases in Sa levels induced
by FA| when compared with FB;, the Sa:So ratio is
of the same order due to variations in the So con-
centration. As compared with the presence of the
TCA groups, it seems that the presence of a free
amino-group is not a requisite for enzyme inhi-
bition. Although the structural basis for the inhi-
bition of ceramide synthase is not known, two
possible modes of inhibition have been postulated
(Merrill et al., 1993b). The structural similarity in
the head group of the toxins and the sphingoid
bases (Fig. 1) allows the enzyme to recognize them
as substrates or, alternatively, the tricarballylic acid
moieties interact with the binding site for the fatty
acid moiety. The inhibition occurring with AP, in-
dicates that the former is the most probable mode,
although the presence of a tricarballylic acid moiety
seems to further enhance the interactions with the
enzyme.

Regarding FB; and AP, the absence of the TCA
moieties increased the cytotoxic effect in primary
hepatocytes, possibly due to a decrease in the po-
larity of the molecule (Gelderblom ez al., 1993). In
the case of TA and TB the presence of a single
TCA moiety seems not to correlate with cytotox-
icity as TA is more cytotoxic than TB while both
toxins are less cytotoxic than FBj. In this regard,
other structural differences between the fumonisins
and TA and TB also could play a contributing role.
The contrasting results between cytotoxicity and the
elevation of Sa levels and Sa:So ratios in primary
hepatocytes indicate that the cytotoxicity of these
compounds is not solely due to inhibition of cera-
mide synthase and the subsequent changes in sphin-
goid base concentrations. The lack of direct
association of cytotoxicity and the inhibition of
sphingolipid biosynthesis in rat hepatocytes has pre-
viously been reported. Hepatocytes exposed to both
toxic and non-toxic concentrations of FB; interrupt
sphingolipid biosynthesis to the same extent as the
concentration (1 uM) used in the present study
(Gelderblom et al., 1995 and 1996b). It would
appear that the structural requirements for cytotox-
icity and inhibition of ceramide synthase differ in
primary hepatocytes. In contrast to this, studies on
LLC-PK,; cells have shown a direct correlation
between FBi-induced cytotoxicity and inhibition of
sphingolipid biosynthesis (Yoo et al., 1992). These
differences may be related to the lower cytotoxicity
and greater sensitivity to sphingolipid disruption by
FB, in primary hepatocytes as compared to the
LLC-PK, renal cells.

In vivo studies on the cancer-initiating potential
of the structural analogues, AP, and FB;, FB, and
FB; indicated that only the fumonisin B mycotoxins
exhibited activity in a short-term carcinogenesis
model in rat liver (Gelderblom et al., 1993). The
present investigation showed that differences exist
in the structural requirements for the induction of
cytotoxicity in primary hepatocytes and the inhi-
bition of ceramide synthase. Future studies into the
mechanism of action of the fumonisins and AAL
toxins concerning their biological effect on and role
in ceramide synthase inhibition might enhance
current knowledge.
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