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carcinogens. The non-genotoxic peroxisome proliferator, 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 induction 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 proliferation, 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 inhibition of growth-related responses in hepatocytes.
Recent studies regarding the biological effects of
fumonisins indicated that they selectively inhibit ceramide 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 toxicological 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 bioactive regulators of cellular growth and differentiation
(Merrill, 1991) the continued disruption of sphingolipid biosynthesis has been implicated in the hepatocarcinogenicity of fumonisins (Schroeder et 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 described by Cawood et al. (1991) to a purity of 98%.
The toxins were dissolved in saline (FB,) and
dimethyl sulfoxide (DMSO)/saline (1: 1) (FB,) and
added in 50-~1 quantities to hepatocyte cultures. The
respective solvents were also added to the control
dishes.
Preparation of heputocyte 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 (IO%), insulin
(20 U/litre),
L-glutamine

et al.

(2 mM), HEPES (10mM) and penicillin (100 U/ml).
After plating, the cells were washed with Hanks’
buffer solution and supplemented with 2 ml serumfree modified WE medium containing L-proline
(2 mM) 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 L-[4,5-‘Hlleucine
(82 Ci/mmol; Amersham, Bucks., UK) in acid-precipitable 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~~) and FB, (50 and 150~~). Without
changing the incubation media, 10 PCi [‘Hlleucine
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 2 ml) and absolute ethanol
(3 x 2 ml). The precipitated
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in

Ia

ii
??

TAG
250,_

b

c

5
ii

200

t

150

100

CE

110

1

5

5

4

50

0

!-IL
150

CTRL
FE,

500

z

2

i

0

(~~1

Fig. 1. (a) Radiolabelling of hepatocytes (m), total lipids
(U) and phospholipid (8) fractions and (b) neutral lipids
(0, TAG and ? ,?CE) after exposure of hepatocytes to 14C
labelled palmitic acid for I 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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Effect on cholesterol synthesis. A similar study was
performed as described earlier but using unlabelled
palmitic acid instead. Total cholesterol and unesterified 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.
Eflect on Sa and So synthesis. The hepatocytes were
plated as described earlier and the medium supplemented with 150 and 500 PM FB, . After the incubation period of 48 hr, the cells were washed with icecold 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 I:8 and
quantified by HPLC as described elsewhere (Riley
et al., 1994) using C20 Sa as an internal standard.

CTRL.

150

500

FB, WI
Fig. 2. Cholesterol
(I, total cholesterol,
IJ, cholesterol
ester and H, free cholesterol)
concentrations
in primary
hepatocytes
exposed to FB, for 24 hr. Values represent
means of three different experiments with triplicate determinations. Values differ significantly
from the control (ctrl)
treatment.
*P i 0.05; tP < 0.01; $P < 0.001 (Proc Mixed
statistical procedure).

1 ml 2% sodium dodecylsulfate containing 2 mM
ethylenediamine tetraacetic acid and 20 mM sodium
bicarbonate for thmedetermination of radioactivity
and protein conceniration. Cytotoxicity of FB, to the
primary hepatocytes was monitored at 24 and 48 hr.
Palmitic acid incorporation. [l-‘4C]Palmitic acid
(55.6 mCi/mmol; Amersham) used in the incubations
was complexed wllth delipidated albumin (Sigma
Chemical Co., St Louis, MO, USA), as described by
the method of Ellsworth et al. (1986). 38pCi
[‘4C]palmitic 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 albumin (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 PM FB,, whereafter the 50 ~1 (1 PCi) of the
albumin-FA complex was added for 60 min to determine [‘4C]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 ~1) was
removed for determination of cellular protein and
radioactivity, while the remainder was retained for
lipid extractions.

Determination of radioactivity

Radioactivity was determined by liquid scintillation counting in Ready Value scintillation cocktail
(Beckman, Capetown, S. Africa) by a Packard
(Downers Grove, IL, USA) Tricarb 460 CD instrument.

SM

PCIPEA

FB, (PM)
Fig. 3. (a) Concentrations
and (b) radiolabelling
of PC (m),
PEA (W) and SM (0) fractions purified from lipid extracts
of primary hepatocytes
exposed to FB, for 24 hr. Values
represent means of three 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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Table I. FA profiles of major membrane

et

al.

phospholipid, PC and PEA, and the neutral lipid, TAG,
to toxic and non-toxic levels of FB,

Control

fractions of primary

FB, (150~~)

hepatocytes

exposed

FB, (500 PM)

FA profile

PC

PEA

TAG

PC

PEA

TAG

PC

PEA

16:O
l8:O
Total

26.1 k 0.4
16.9 f 0.5
43.0 f 0.6

18.1 + 0.2
23.6 + 0.7
41.6 + 0.8

39.8 k 0.6
2.5 k 0.2
42.3 f 0.4

27.2 * 1.2
15.5io.7
42.7 + 0.9

18.1 k 0.2
23.6 k 0.7
41.6 + 0.8

37.4 f 0.6t
2.4 f 0.2
39.7 k 0.6t

27.8 + 0.8t
16.1 f 0.7
43.8 + 1.2

19.0 f 0.8
25.3 f I .2
44.3 + I.9

30.7 f 0. I *
2.8 k 0.4
33.5 * 0.3*

Monounsaturates
16: I
2.0 + 0.1
IS: I
17.0 * 0.4
Total
19.0 f 0.3

0.5 f 0.1
10.2 * 0.3
10.7 f 0.4

8.0 k 0.2
38.0 f 0.2
46.0 f 0.2

I.9 i 0.1
16.9 + 0.5
18.7 + 0.4

0.5 * 0.1
10.2 f 0.3
10.7 k 0.6

7.5 kO.1
38.7 f 0.7
46.2 f 0.7

I.4 * 0.15
13.6 + 0.5$
15.1 *o.g

0.5 * 0.1
9.5 k 0.6
10.0 f 0.9

7.7 f 0.5
39.3 k 0.7
46.9 f 0.7

N6 FA
l8:2n-6
18:3n-6
20: 3n-6
20:4n-6
22 :411-6
22: 511-6
Total

3.4
0.1
0.1
31.5
0.4
3.6
38.8

7.8 k 0.1
0.0
0.2 f 0.01
1.5*0.1
0.3 * 0.1
0.6kO.l
10.4 * 0.3

7.1 f 0.3$
0.0
0.6 k 0.1
26.3 i 0.8t
0.0
1.3 f 0.2
35.3 f 0.9

3.5
0.2
0.2
30.8
0.5
3.6
37.7

10.3 *0.2x
0.1 i 0.1
0.2 * 0.1
I .8 + 0.2
0.2 f0.1
0.6_+0.1
13.1 * 0.51

7.4 i 0.6$
0.0
0.4 * 0.3
28.3 f 0. II
0.0
1.4 f 0.3
37.4 * 0.7:

3.6 f
0.0
0.0
30.3 +
0.4 *
3.3 f
37.6 f

13.5
0.3
0.2
3.0
0.3
0.8
18.1

0.4+0.1
0.6tO.l
1.4 f 0.3

0.4 * 0.0
2.9 f 0.4
3.3 If: 0.4

1.2kO.l
6.8 f I .o
8.1 + 1.2

0.4 * 0.0
0.6 f 0.3
1.0 * 0.3

0.6 f 0. I
3.1 + 0.4
3.7 k 0.6

45.7 k 2.3

N3 FA
l8:3n-3
22: 611-3
Total
Total

PUFA

P/S ratio

6.6
0.1
0.7
25.3
0.2
I .6
34.5

f 0.2
* 0.1
* 0.1
k 0.6
* 0.2
_+ 0.3
f 0.4

* 0.3
f 0.1
+0.1
+ 0.7
f 0.2
+ 0.2
f 0.3

0.4*0.1
3.2 + 0.5
3.6 + 0.5

I.1 i-o.1
7.6 + 0.5
8.9 f 0.7

38.0 + 0.7

46.9 + 0.4

I I.8 k 0.6

38.6 f I .3

0.88 * 0.03

1.2kO.l

0.28 f 0.02

0.90 f 0.05

Values represent means + SD of triplicate
§P <O.OOl;
'P <O.OOOl

analyses. The experiment

*
f
+
+
*
f
+

0.3
0.1
0.1
I.1
0.4
0. I
I .2

I.2 f 0.03

14.1 f 0.6$

41.1 f I.05

0.35 + 0.02

0.94 f 0.05

TAG

0.2

0.3
0.3
0.5
I .2

1.2+0.1
6.8 * 1.0
8.1 k 1.2
45.7 k 2.3
I .03 * 0. I

k 0.2*
* 0
* 0.1
+ 0.51
f0.l
k 0.1
k 0.5’

0.4 * 0.0
I.0 f 0.3
I.5 * 0.3
19.6 If- 0.6t
0.59 f 0.02

was repeated twice with a similar pattern of results. tP < 0.05; $P < 0.01;

Lipid extraction and isolation

Lipids of the cell suspension (1 .&I .2 ml containing
l-l .5 mg protein) were extracted with 24 ml CM (2: 1,
v/v) containing 0.0 1% butylated hydroxytoluene as
antioxidant, as described previously (Smuts et al.,
1992). After evaporation of the solvents the lipid
extract was dissolved in certain volume (100-150 ~1)
of CM (saturated with saline) and an aliquot (10 ~1)
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 et al. (1983) using chloroform-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-(S-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 quantitatively transferred into counting vials and the
radioactivity determined. In the case of the individual
phospholipids, namely sphingomyelin (SM), phosphatidylcholine (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 calorimetric

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 2 hr. The resultant FA methyl esters
were analysed on a Varian model 3700 Gas Chromatograph 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:O
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.
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RESULTS

Incorporation of 14C- and ‘H-labelled precursors

The incorporation of [3H]leucine was not affected
in the fumonisin (F13, 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
protein f SD) and 24 (42,519 f 9645 dpm/hr/mg protein + SD) hr. Treatment of hepatocytes with FB,
for 2 hr (150 PM, 40,969 f 2850 dpm/hr/mg protein + SD; 500 PM, 39,952 dpm/hr/mg protein + SD)
or 24 hr (150 FM, 41,691 & 7650 dpm/hr/mg protein &-SD; 500 PM, 40,806 f 2461 dpm/hr/mg protein + SD) did not significantly alter incorporation of
[3H]leucine. FB, whrch was incorporated at concentrations of 50 and 150 pM, showed a similar pattern
of results. A signijicant reduction was, however,
noticed in the incorporation of [‘4C]palmitic acid in
primary hepatocytes in the presence of 150 (P < 0.01)
and 500~~ FB, (f’ <O.OOOl) (Fig. la). Incorporation of radiolabel in the total lipid fraction (phospholipid and neutral lipids) tended to decrease with
increasing FB, concentration (Fig. la) and was significantly (P < 0.0001) lowered in hepatocytes treated
with 500pm FB,. The total phospholipid fraction

r

400

200

600

0 :

CTFSL

showed a significant (P c 0.05) increase in incorporation of radiolabel hepatocytes treated with 150~~
FB,, while at 500 FM 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. lb). Quantification of the total and free cholesterol levels indicated that FB, (5OOpM) 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 PM FB, total cholesterol was only slightly
decreased (not statistically significant) while free
cholesterol was decreased significantly (P < 0.01).
Synthesis and radiolabeliing 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 PM) of FB, (Fig. 3a). At the lower dose of
FB, (150 PM) 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 /.LMFB, The incorporation of radiolabel into the respective phospholipids closely resembled the increase and/or decrease in their
respective levels (Fig. 3b). The radiolabelling of SM
was not significantly decreased in hepatocytes treated
with 150~PM FB, but was significantly reduced
(P < 0.0001) in the 500 pM FB,-treated hepatocytes.
With respect to PC (P < 0.0001 for 150 and 500 PM
FBJdish) and PEA (P < 0.0001 for 150 and 500 PM
FB,/dish) the radiolabelling was increased as a result
of FB, treatment.

*
1

6or--I

150

500

Fig. 4. (a) Effect of FB, (m, 15091 and IJ, 500pM) on the
release of LDH from primary
hepatocytes
exposed for
various time intervals. (bj Sa (flj and So (6) concentrations
in orimarv hepatocvtes
exposed for 48 hr to different FB,
concentraiiond.
Vaiues represent means of three differeni
experiments
with triplicate determinations.
*Values differ
significantly
from the control (ctrl) treatment;
P < 0.0001
(Tukey’s Studentized
Range method). ??
, control.
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Effect on FA composition of PC, PEA and TAG

Saturated FA: C16:O and C18:O. A significant
(P < 0.05) increase in Cl 6 : 0 occurred in PC in hepatocytes treated with 500 FM 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 PM (P < 0.0001) and
500 PM (P < 0.0001) FB,. No significant difference
was obtained in the level of Cl8 :0 in the phospholipids
and/or TAG of hepatocytes treated with fumonisins.
saturated
FAs
were significantly
The
total
(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 PM FB, (Table 1). No
effect was noticed in PEA and TAG in hepatocytes
treated with 150 or 500~~ FB,.
Polyunsaturated FA: C18:2n-6. This FA was significantly (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 observed 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 PM FB,. A significant
increase (P < 0.05) was noticed in PC in hepatocytes
exposed to 150 PM, while it was markedly (not significantly) 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 hepatocytes exposed to a cytotoxic dose of FB, (5OOpM),
while it was significantly (P < 0.0001) increased in
TAG at a non-toxic dose (150 P(M).
FB, cytotoxicity and alterations in sphingolipid biosyn thesis
No cytotoxicity was noticed when FB, was incorporated at a concentration of 150 pM while at the
higher concentration (500 pM) a cytotoxic effect was
at both
24 (P <O.OOOl) and
48
noticed
(P < 0.0001) hr (Fig. 4a). Treatment of hepatocytes
with fumonisins (150 and 500 p M) resulted in a sevento 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 hepatocytes treated with the different fumonisin concentrations. The respective baseline values of So and Sa
after 48 hr were 17.9 f 3.6 and 44.2 f 2.5 pmol/mg
protein k SD, resulting in a Sa/So ratio of 2.6 + 0.7.
In the presence of FB, (150 and 500 PM) the Sa/So
ratio was increased 25-28-fold above that of the
controls.
Effects on parameters related to membranejuidity
metabolism of FA

and

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 PM,
respectively, compared with the control value of 9.2.
The C20 : 3/C18 : 2 ratio was significantly decreased
(P <O.OOl) at 150 (0.06 fO.O1, meanf SD) and
500 PM (0.07 + 0.01, mean f SD) compared with that
of the control (0.10 f 0.01). In the case of the
C20 : 4/C20 : 3 ratio both concentrations
(150 PM
67.5 f 23.5; and 500 PM 66.7 f 17.9, means + SD)
showed a significant (P < 0.0001) increase compared
with the control value (44.5 f 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 hepatocytes were exposed to a cytotoxic and non-cytotoxic
dose of FB, and FBr 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 PM. 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 resulted in a significant reduction in the
incorporation of “C-labelled palmitic acid in primary
hepatocytes (Fig. la). Radiolabelling of total lipids
(phosphohpids and neutral lipids) decreased significantly in the presence of increasing FB, concentration. A prominent aspect concerning the decrease
in radiolabelhng was the significant reduction in
radioactivity incorporated in neutral lipids, namely
CE (P < 0.0001) and TAG (P < 0.0001) at 150 and
500~~ (Fig. lb). As the level of CE remained
constant it would appear that palmitic acid is competitively 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 5OOpM (P = O.OOl), implying impaired 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 nouo 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 phosphatidylcholineceramide-phosphocholine
transferase
and phosphatidylethanolamine-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 (NikolovaKarakashian 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 phosphohpid
profiles of 5774 macrophages (Smith and Merrill,

Fumonisin B, and lipid biosynthesis

1993) and primary hepatocytes (Wang et al., 1991)
indicated that, as presented in this study, FB, enhances incorporation of [‘4C]palmitate in PC and
PEA.
The decrease in the radiolabelling of TAG could be
related to an inhibitory effect of FB, on de nova
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 diacylglycerol acyltransferase. The latter enzyme is regulated by FA as indicated by the fact that C16: 0 and
Cl8 : 2 stimulate while C20 : 5 decreases the activity of
the enzyme. In vivo istudies showed that conversion of
C 18 : 2 to C20 : 4 is required for suppression of TAG
synthesis (Strum-Odin et al., 1987). Therefore, alteration of FA profiles within the cell could alter the
activity of diacylglycerol acyltransferase. Conversely,
the decrease in the incorporation of [14C]palmitic acid
could have resulted from the selective increase in the
incorporation of C20 :4 and Cl8 : 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 cellular content of these FA (see later).
Incorporation of [“Clpalmitic acid into PC, PEA
and SM reflects changes in phospholipid
level
(Fig. 3a,b). Howev’er, the FA profiles of the membrane phospholipid, PC, as well as the neutral lipid,
TAG, were altered in the presence of FB,. At a
non-toxic dose of FB, (150 pM) changes in FA composition were noticed in PC with C18:2 (P < 0.01)
and C20:4 (P < 0.05) that were significantly increased (Table 1). TAG showed reduced (P < 0.001)
incorporation of C16: 0, while C18: 2 was significantly (P c 0.0001) increased. However, most of the
FA changes occurred in hepatocytes treated with
SOO-PMFB,-that
is, when a slight cytotoxic effect
was obtained after :!4 hr of exposure (Fig. 4a). These
changes included significant (P < 0.01 to P < 0.0001)
increases in Cl 8 : 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 significantly (P c 0.001) decreased at both concentrations
of FB,, implying that the A6 desaturase, a rate-limiting enzyme in FA metabolism (Ulman et 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 PM-FB,, respectively. This
implies that A5 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 unsaturated FA in PC cou’ld 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 Cl 8 : 2 and C20 : 4, could
have several important implications for hepatocytes.
A change in unsaturation could modify the responsiveness of cells to transformation, expression of a
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specific phenotype or clonal selection which are important 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 cholesterol 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 et al., 1992, 1994 and 1995). The increase in FA unsaturation in FB,-treated hepatocytes
could have important implications regarding the control of cell proliferation, especially prostaglandin
synthesis (Comwell and Morisaki, 1984). Prostaglandins or oxygen-centred radicals produced during their
biosynthesis may either inhibit or stimulate cell proliferation depending on the cell type and prostaglandin 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, unpublished 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 et al., 1993).
As there is no significant difference in the Sa levels of
hepatocytes exposed to toxic and non-toxic concentrations of FB, (Fig. 4b), it appears that inhibition of
sphingolipid biosynthesis and specifically, the subsequent accumulation of Sa, is not solely responsible
for the cytotoxicity of fumonisins in hepatocyte cultures. This was confirmed by a recent study indicating
that the accumulation of Sa was effected maximally
at a FB, concentration of 1 pM in primary hepatocytes (Gelderblom et al., 1995). At this FB, concentration no cytotoxicity was observed (Gelderblom
et al., 1995), even after an incubation period of 4 days
(Norred et 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 nova 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 responses induced by fumonisins in primary rat hepatocyte cultures. In addition, the accumulation of PUFA
in hepatocytes treated with high doses of FB, could
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in the induction

of

cell death.
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Abstract--The modulating role of fumonisin Bl (FB0 on lipid biosynthesis was evaluated in a shortterm (21 day) experiment using male Fischer rats fed high dietary levels (50, 100 and 250 mg FBdkg )
and in a long-term (2 yr) experiment using male BD IX rats fed low dietary levels (1, 10 and 25 mg
FBi/kg) of FBI. The total serum and liver cholesterol was significantly (P < 0.01) increased in the rats
fed 250 mg FBi/kg diet for 21 days, while the liver phospholipids, sphingomyelin and phosphatidylethanolamine (PE) 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 FBFtreated animals. Fatty
acid (FA) analysis of PE indicated that C18:2n-6 was significantly increased (P < 0.05 to P < 0.01) in
the FBi-treated rats of the short-term study, while it was markedly (not significantly) increased in phosphatidylcholi:ae (PC). The same pattern was observed in the PC and PE fractions of the liver of the
FBl-treated rats from the long-term studies, but the changes were not significant due to the small number (three raLs 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 FBl/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 FBi/kg-treated groups.
Similar effects were noticed in plasma PC with respect to the C18:2n-6 and C22:5n-6 in both the longand 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, respectively, of the rats fed the 250 mg FBl/kg diet. In the long-term experiment the n-6/n-3 ratio was significantly (P < 0.01) 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 FBdkg 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 FBI 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 FBI, are likely to be important mediators for FBrinduced effects on hepatocyte cell proliferation. © 1997 Elsevier Science Ltd

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

INTRODUCTION
The toxicological effects of the fumonisins, mycotoxins produced by Fusarium moniliforme, have
been investigated in different animal species a n d cell
culture systems ( A b b a s et al., 1993; Colvin a n d
Harrison, 1992; G e l d e r b l o m et al., 1991; Kellerman
*Author for correspondence.

et al., 1990; Shier et al., 1991; Voss et al., 1995;
Y o o et al., 1992). F u m o n i s i n B1 ( F B 0 exhibits
m o d e r a t e toxic effects in b o t h in vivo experiments in
rat liver (Gelderblom et al., 1988 a n d 1994) a n d in
vitro to primary hepatocyte cultures (Cawood et al.,
1994). The carcinogenicity of the fumonisins has
been associated with a hepatotoxic effect, since studies have indicated t h a t the toxicity is a prerequisite
for cancer initiation ( G e l d e r b l o m et al., 1994) a n d 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 biochemical changes associated with the FB:induced
hepatotoxic effects could, indirectly, also facilitate
the induction of events required for cancer development. Of importance are changes in the lipid composition 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 associated 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 et al., 1996b) indicated
that FBI affects the level and fatty acid (FA) composition of the major phospholipids and thus the
structural components of cellular membranes. These
include the accumulation of the membrane phospholipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), the sphingolipid sphinganine
(Sa) and a decrease in sphingomyelin (SM) and free
cholesterol. Studies regarding the F A 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
FBI alters lipid biosynthesis at different levels in
primary hepatocytes. The decreased SM levels
resulted from the FB:induced inhibition of ceramide synthase, a key enzyme in the synthesis of
sphingolipids (Wang et al., 1991). The latter effect
of the fumonisins have been implicated in the toxicological 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
FBI 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% according to the method of Cawood et al. (1991). C20sphinganine was a gift from Dr A. H. Merrill,
Atlanta, Georgia, USA, while free F A analytical
standards (C16:0 to C22:6), used for calibration
and identification, were obtained from Nu-ChekPrep, Inc (Efamol Special Preparation no. 455). All
the chemical solvents, such as chloroform and
methanol, were of analytical grade and glass distilled prior to use.

Animals and diets

Male F344 rats (150 g) fed the modified AIN-76
diet (Gelderblom et al., 1994) were used in shortterm 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 incorporated in the different diets at levels of 5% (AIN76) 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 FBl-containing diets were prepared by evaporating 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 FBI levels
and stored under nitrogen at 4°C. The FBI 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 FB1/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 FBl/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 subjected to detailed lipid analysis. These included the
quantification of the individual phospholipids PC,
PE, SM and total cholesterol, while the FA composition 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. 100-150mg) in glass-stoppered
tubes. The tissue was suspended in 0.5 ml saline and
the lipids extracted with 24 ml chloroform-methanol (C:M; 2:1, v/v) containing 0.01% butylated
hydroxytoluene as antioxidant. The mixture was filtered (sinterglass filters using Whatman glass microfibre 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.

Effect of fumonisin BI on lipids in rat liver

Fatty acid analyses
Lipid extracts of the different samples were fractionated by thin-layer chromatography using
chloroform-methanol-petroleum ether-acetic acidboric acid (40/20/!t0/10/1.8, by vol) as the mobile
phase (Gilfillan et al., 1983). After the plates were
sprayed with CM (1:1) containing 2,5-bis-(5'-tertbutylbenzoxazolyl-[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 respective levels determined. Duplicate plates were run
under similar conditions to determine the F A profiles of PC and PE. The phospholipid fractions were
transmethylated with 2.5 ml methanol-11.6 M sulfuric acid (95:5, v/v) at 70°C for 2 hr in glass-stoppered tubes as described by Smuts et al. (1992). The
resultant F A methyl esters were analysed on a
Varian model 37,30 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.
F A profiles of the total liver lipids were also determined 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
FBl (long-term study). The F A profiles of plasma
PC of the rats frem 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 et al. (1992).
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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 0.5 N
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, F A profiles of the different
phospholipid fractions and serum PC, and liver
sphingolipid analyses from the short-term experiments (five rats per group), were analysed by twoway analyses of variance (ANOVA) followed by the
Tukey T-test to determine whether the means differed statistically. The non-parametric KruskalWallis statistical method was used to determine
whether changes concerning the F A profiles of the
liver phospolipid fractions (three rats per group)
and serum PC (four rats per group) and sphingolipid 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
F A profiles (four to six animals per group) of the
long-term study were determined by ANOVA as
already described.

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

Effect on cholesterol' content
Total cholesterol and unesterified cholesterol on
the CM lipid extracts (long-term study) 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. For
the short-term feeding experiments the total cholesterol was determined by gas chromatography as by
the method of Ishikawa et al. (1974) using stigmasterol as the internal standard.

Effect on Sa and spk,'ingosine (So) synthesis
The liver of the rats were ground to a fine powder as described earlier and subsamples subjected to
sphingolipid (100-150mg) and protein (10-15 mg)
determinations. The powdered samples were suspended in 4 vol (w/v) 0.05 M 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 et aL, 1994) using C20sphinganine as the internal standard. Serum ana-

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 significantly decreased in the rats fed a dietary level of
250 mg FBl/kg over a period of 21 days (Table 1).
When compared with the control and 50 mg FBl/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 FBl/kg diets.
Long-term feeding study (BD IX rats). The mean
feed consumption profiles over the 24-month treatment period of the control, 1, 10 and 25 mg FBl/kg
diet groups were 3.2+0.8; 3.4+0.9; 3.4___0.7;
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 +0.01 mg FBt/100g body
weight for the respective groups. Detailed information concerning the feed consumption, body
weight gains and relative liver weight will be published 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 FBI treatment in any of these parameters
over the experimental period
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Table 1. Effect of FBI on feed intake profiles and rat growth parameters
Treatment
(mg FBjkg diet)

Feed intake
Apparent FBI intake
g/day/100g body weight
mg/day/100g

Control
50
100
250

8.1 _+0.3a
8.4 + 0.4aA
7.9 + 0.3b
7.6 _+0.3b

-0.4 + 0.0
0.8 + 0.0
1,9 + 0.1

Bodyweight gain
(g)

Liver weight
(% of body weight)

78.6 + 7. l a
81.4 + 4.3a
72.4 + 8.6a
54.6 _+8.8b

4.5 + 0. Ia
4.4 + 0.2a
4.3 + 0.2a
3.1 _ 0.1b

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

Histopathological changes

Lipid analyses

Short-term studies. The major toxicological effects
induced by the fumonisins over the 21-day treatment period in F344 rats have been described previously (Gelderblom et al., 1994 and 1996c) while
studying the cancer initiating and promoting potential of the same dietary levels used in the present
study. Similar pathological changes were observed
in the present study, which include single cell necrosis in the periportal areas of the rats receiving
50mg FB1/kg diet. These lesions became more
prominent in the 100 and 250mg FBi/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 250mg FB~/kg
diets. The livers of the 250 mg FBl/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 elsewhere. As compared to the aforementioned toxicological effects, rats treated with the 1 mg FBl/kg
dietary level showed no toxic effects. The rats treated with the 10 mg FBI/kg diet showed only mild
toxic effects, including atrophy of hepatocytes, mild
to prominent anisonucleosis, foci of lipid accumulation, 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 FBl/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 macroscopically, 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 proliferation 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 FBi/kg
diets.

Phospho- and sphingolipids levels. In the shortterm experiments FB1 significantly decreased the
levels of SM only in the rats treated with the
250 mg FBt/kg diet (Table 2). The level of PC was
not altered, while PE was increased significantly
(P < 0.01) in the 250 mg FBl/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 FBI/
kg, while the level of So was unaffected. The Sa
concentration was slightly increased (not significantly) in the 50mg FBa/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 FBl/kg diet due to an increase in the Sa concentration. However, serum analyses of Sa and So
(seven to nine animals per group) indicated no significant 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 FBl-containing diet (250mg/kg) over a
period of 21 days. No effect was noticed in the
long-term experiments in the FBI groups, The PC/
free cholesterol ratio was markedly decreased (3.7)
in the 250 mg FBl/kg-treated group as compared
with that of the control and 50 and 100 mg FB1/kgtreated groups (6.7).

FA profiles of plasma, total liver and selected phospholipid fractions
Short-term experiments. The level of C18:2n-6
increased significantly in the PE phospholipid fraction (Table 3) of the rats fed the 50 (P < 0.05), 100
and 250 (P < 0.01)mg FBi/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 250mg
(P < 0.05) FBt/kg. As described previously this FA

So
54.8 + 23.5a
73.6 -+ 4.9a
79.3 -+ 14.7a
65.1 -+ 25.3a

51.9_+ 1 1 . 2
86.4-+60.2
68.4+10.7
148.0_+113.0

Sa
6.9_+ 2.3a
16.7 -+ 3.9ab
36.6 -+ 13.1b
130.3 -+ 52.0b

10.1 _+8.4
14.7-+ 11.6
12.3_+5.0
82,4_+ 96.8

Short-term
Control
50
100
250
Long-term
Control
1
10
25
0.2_+0.1 (0.8-+0.8)
0.2_+0.1 (0.6+0.6)
0.2-+0.1 (0.7 + 0.9)
0.5_+0.2(1.7+1.5)

Sa/So ratio
0.2 +0.1a
0.2 -+ 0.1'~
0.5 -+ 0.2b " • "2.1 -+ 0.8b
7.1 _+ 1.7
9.2-+0.9
9.1_+3.8
7.4_+3.0

SM
9.8 + 2.3a
7.6 -+ 0.5a
7.6_+ 1.7a
5.5 -+ 0.9A
33.5 _+4.0a
55.9 + 2.7b
69.5 -+ 4.2b
55.9 + 9.4b

PE
44.2_+ 3.4a
49.1 _+3.6a
51.3 -+ 2.9a
56.5_+ 3.1A

Phospholipid
(~ug/mg protein)

197.3_+ 13.2
197.0-+5.4
188.2_+10.4
190.7_+40.9

PC
131.3_+17.7
143.9_+9.5
149.5_+9.1
144.3_+12.4
1.9-+0.3
1.7-+0.3
1.5_+0.4
1.9_+0.3

Serum
1.9_+ 0.1a
nd
nd
2.8 -+ 0.3A

(mmol/litre)

16.8-+ 1.3
19.3_+ 1.23
18.7_+1.2
18.8_+1.3

Liver
19.6_+ 1.0a
21.2 -+ 3.2a
22.2 -+ 3.5a
38.6_+ 6.7A

(mg/100 mg)

Cholesterol (total)

17.7+0.5
18.2_+ 1.5
17.4_+0.9
20.0_+0.4
18.2_+1,1
18.6_+ 1.3
19.2_+ i.2
18.5 -+ 0.9

27.6-+ 5.0
20.2_+ 3.1
18.2_+ !.3
25.6_+3.2
23.8_+3.2
17.2-+ 1.2
22.4-t-2.5
21.5_+2.1
15.3_+ 1.2
22.3_+1.9
27.5_+3.0
13.7_+1.9

PC
PE
PC
PE
PC
PE
PC
PE

Total FAs*
PC
PE
Total FAs
PC
PE
Total FAs
PC
PE
Total FAs
PC
PE

4.4_+ 1.5
1.0_+0.3
0.8_+0.3
4.6-+ 1.1
0.7_+0.6
0.5+0.4
2.5-+0.8
0.6-+0.2
0.2_+0.0
2.5_+0.2
0.8_+0.6
0.2_+0.2

1.0_+0.3
0.6_+ 0,1
l.I 4-0.3
0.7_4-0.2
1.3_+0,3
0.7_+ 0.1
1.0_+ 0.2
0,8 _+0.3

C16:1

21.9_+ 1.5
24.3_+2.8
23.9_+ i.2
18.6-+3.6
21.6_+0.6
26.8_+3.8
16.6-+3.5
22.9_+2.9
26.0_+ 1.8
18.0_+3.4
15.8+3.1
24.0_+0.8

24.9___ 1.1
22.8-+0.7
24.9_+2.7
21.8_ 1.9
23.3-+1.2
21.4_+ 0.9
26.0_+0.7
24.0_+ 1.5

C18:0

18.6_+4.8
6.8_+0.4
5,9_+0.3
20.5_+4.5
7.2_+1.5
4.7_+2.3
18.2_+2.9
7.0_+0.9
5.5_+ 1.8
16.8_+2.4
9.3-+0.5
7.1_+1.0

6.8_+0.6
6.3-+0.5
7.4_+ 1.2
6.8-+ 1.3
7.4_+0.5
7.2_+0.7
7.8_+0.7
7.2-+0.9

C18:1

13.1 _+4,7a
9.3_+ i.2
5.1_+0.9
14.6_+2.9a
15.2_+4.7
6.8_+ 1.5
23.3 -+ 3.3bB
13.4_+1.6
7.0_+ 1.4
20.8 -+ 3.5b
17.5-+5.9
7.9_+1.7

7.7-+0.1
4.5 -+ 0,8a
7.7_+0.8
4,8_+ 0.9b
9.1-+0.2
5.8 -+ 0.6B
9.5_+0.7
7.9-+ 1.8B
-0.6_+ 0.1
0.4_+ 0,1
-0.3_+0.3
0.2_+0.1
-0.4_+0.1
0.3-+0.0
-0.3+0.4
0.2-+0.2

0.1 _ + 0 . 0
0.2_+ 0.1
0.1 _+0.0
0.2_+0.1
0.1 -+ 0.0
0.2_+ 0.1
0.1 +0.9
0.1 _+ 1.2

C18:3
(n-6)

24.3 _ + 2 . 5
31.9+ 1.2
30.4-+0.7
20.7_+3.5
26.1_+4.5
28.7_+ 1.3
20.6_+2.7
29.1 _+ 1.2
31.0_+0.6
22.1_+4.5
22.5_+9.3
29.5_+5.5

33.6_+0.8
29.1 _+0,7
33.8_+ 1.2
28.9-+ 1,2
33.4-+1.0
30.3_+ 1.6
29.5-+0.9
28.9-+ 1.2

C20:4
(n-6)

.
0.7_+0.1
2.4-+0.2
-0.6_+0.1
2.4_+0.2
-0.6_+ 1.8
2.5_+0.5
-1.0_+0.5
3.2_+1.0

0.6_+0.2
2.8_+0.5
0.5 _+0.1
2.5-+0.4
0.7_+ 0.1
3.1 _+0.2
0.9-+0.6
2.1 _+ 1.2

C22:4
(n-6)

.

.
3.6_+0.2
8.9+2.3
~-2.6+0.6
7.2+ 1.8
Z..
2.3_+0.8
6.4+ 1.9
~2.3_+0.1
6.5_+0.4

5.9_+0.4
12.8_+ 1,6a
5.6-+0.4
ll.4_+ 0.9a
4.5_+0.8
9.4_+ 1,4bB
4.6_+ 1.2
7.7 -+ 2.8b

C22:5
(n-6)

.
0.1 - + 0 . 1
0.2+0.3
-0.2-+0.1
0.3+0.2
-0.2_+0.1
0.8+0.1
~0.2+0.1
0.7_+0.1

0.1 _ + 0 . 1
0.1 _+0.1
0.1 _+0.0
0.1 - + 0 . 1
0.1 -+0.1
0.3_+0.1
0.1 _+0.1
0.2_+0.2

C22:5
(n-3)

1.3-+0.3
3.8+0.5
-!.8+0.8
5.1 _+ 1.9
__
i.6_+0.2
4.7+0.6
2.6-+0.8
7.0_+1.6

1.0_+0.2
2.3_+0,4
1.0_+ 0.2
2.5_+0.5
1.1 -+ 0.2
2.3_+ 1.0
1.0_+ 0.3
2.0_+ 1.1

C22:6
(n-3)

'~

7:'
7:
"

o
,~

o
~,

C16:0

Ci8:2
(n-6)

Phospholipid

Values represent the means -+ SD of five (short-term) and three (long-term) determinations per experiment. Means followed by the same letter do not differ significantly. If the letters differ then '~
P < 0.05, if the letters and cases differ then P < 0.01. F344 and BD 1X male rats were used for the short- (21 days) and long-term (2 yr) experiments, respectively. *The FA profiles of the total
liver (long-term study) represent the means -+ SD of four to six animals per teatment group.
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Table 3. Fatty acid profiles of liver phospholipids (PC and PE) of rats treated with different dietary levels of FBI for various time intervals

Values represent means _+SD of five rats per group (short-term) and three rats per group (long-term). Means in a column followed by the same letter do not differ significantly, when letters differ
then P < 0.05, if the cases differ then P < 0.01. Values in parentheses represent the Sa/So ratio of the corresponding serum samples of seven to nine rats per treatment group. BD IX and F344 rn
male rats were used in the 2-yr and 21-day studies, respectively.

Sphingolipid
(nmol/mg protein)

Treatment
(mg FBi/kg diet)

Table 2. Phospholipid, sphingolipid and cholesterol levels of plasma and liver samples of rats treated with different dietary levels of FB~ for 21 days (short-term) and 2 yr (long-term)
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was also marginally ( P < 0.1) lower in the PC phospholipid fraction, while no changes were observed
in the C20:4n-6 level in either of the phospholipids
fractions. A similar response with respect to C18:2n6 ( P < 0.01) a n d C22:5n-6 (P < 0.01) was noticed
in the F A profiles of plasma PC (Fig. 1) but, in contrast to the liver, the level of C20:4n-6 was also
decreased significantly ( P < 0.01) in the rats fed the
100 m g F B , / k g diets. N o analysis was performed on
the sera of the rats fed the 250 m g F B , / k g diet.
Long-term experiment. W h e n the total F A profiles
of the rats were m o n i t o r e d (Table 3) using four to
six rats per group the C18:2n-6 level was significantly increased ( P < 0.01 a n d P < 0.05) in the
rats that received the 10 a n d 25 m g FB~/kg diets, respectively, as c o m p a r e d with the control a n d the
1 m g FB]/kg-treated groups. As for the short-term
experiments a similar response with respect to the
n-6 FAs C18:2 a n d 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 a n d 2 5 m g F B r t r e a t e d groups
(Fig. 1). With respect to the n-3 FAs, C22:5n-3 was
increased
in the
10 ( 0 . 2 2 + 0 . 0 8 )
and
25
(0.25___0.04)mg FB~/kg-treated groups as compared with the control group (0.15 ___0.02). In contrast to the plasma, C22:6n-3 was mainly increased
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Fig. 1. Profiles of specific n-6 FAs in plasma PC of rats
fed different dietary levels of FBI over 21 days (shortterm) 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.
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Effect of fumonisin Bl on lipids in rat liver
in the liver PE and PC fractions, while the level of
C22:5n-3 was unatfected. 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 FBrinduced 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 significantly decreased (P < 0.01) in the liver PC fraction
of the 250mg/kg-treated animals, resulting in a
marked decrease in the polyunsaturated/saturated
FA (P/S) ratio.
In the long-terrrt experiments the n-3 FAs were
significantly (P < 0.01) increased in the PE fractions of the rats treated with the high FB~-containing 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 ,;ignificant.
DISCUSSION

Although the fumonisins lack genotoxicity, studies 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 et al., 1988 and 1994). At present very
little is known about the mechanism(s) by which
FB~ affects the different stages of cancer development in rat liver. A:; the hepatotoxicity of the fumonisins appears to be a key determinant during FBlinduced hepatocarcinogenesis (Gelderblom et al.,
1991, 1994 and 1996a), cancer induction by a cytotoxic mechanism, as suggested for non-genotoxins
by Cohen and Ellwein (1990), needs to be considered.
Several presumably cytotoxic FBl-induced mechanisms were found to interfere with membrane
lipids. Of these the inhibition of the enzyme ceramide synthase, a key enzyme in sphingolipid biosynthesis, has been investigated extensively (Wang
et aL, 1991; Yoo e,~ al., 1992) and the FBl-related
accumulation of Sa was found to be associated with
the cytotoxicity of the fumonisins in renal epithelial
cells (LLC-PKI) of' the pig in vitro (Yoo et al.,
1992). However, a recent study indicated that the
accumulation of Sa was not associated with FBIinduced cytotoxicity in primary rat hepatocytes
(Gelderblom et al., 1995a). As PUFAs accumulate
in hepatocytes treated with cytotoxic levels of FBI,
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 inFCT 35~7 B
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itiation/promotion bioassay in rat liver, showed
that cancer initiation is effected at relative high dietary level of the compound (250mg FBl/kg;
Gelderblom et al., 1994) while cancer promotion is
obtained at a dietary level of 50mg FBl/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 FBI dietary levels (100
and 250 mg FBl/kg) over a similar period of time.
No significant changes were observed in the rats
receiving the 50 mg FBl/kg diet concerning the So
and the complex sphingolipid SM, while the Sa concentration was slightly increased. Even when the
Sa/So ratio was significantly altered, for instance in
the rats treated with 100 mg FB1/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 FBl/kg) for 21 days (Table 2). Serum analyses 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 BI treatment were noticed in the livers of
the rats that received the 10 and 25 mg FBl/kg dietary 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 FBI in rat
liver. This is in agreement with a recent study indicating that altered sphingolipid is not a prerequisite
for the cancer-promoting potential of FBI in a
short-term cancer initiating/promoting bioassay
(Gelderblom et al., 1996c). In vitro studies in primary hepatocytes also show that the disruption of
sphingolipid biosynthesis and the subsequent accumulation of sphinganine are not associated with
the mitoinhibitory effect of FBI on the epidermal
growth factor (EGF) mitogenic response, a common 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 carcinogenic properties of FBI in rat liver but merely
suggest that other biological events (as discussed
here) also need to be considered as possible mediators 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 modulating role in the processes underlying the slow evolvement of preneoplastic hepatocyte populations,
induced by the fumonisins, into cancer.
The modulating role of FBI 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 toxicological 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
FBrtreated 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 synthesis (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 FBI 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 (shortterm study) treated with the 250 mg FBj/kg diet.
This would imply that in vivo the uptake of cholesterol 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 containing FBI (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 reduction in the P U F A levels (see later) in PC and
PE in an attempt to retain membrane fluidity. No
analyses were performed to determine the concentrations of CEs, as it is known that free cholesterol
constitutes the major fraction of the total cholesterol.
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 FB1/kg diet and more in the short-term
study. In the long-term study, C18:2n-6 was also elevated in the phospholipids, PC and PE and the
total iipids. As for the latter compartment, this
increase was significant in the 10 (P < 0.01) and 25
(P < 0.05)mg FBI/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 hepatocytes for a relative short period of 24 hr mainly
affected the F A profiles of PC, while PE appeared
to be more susceptible to changes after in vivo exposure 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

easily accessible to changes in F A content (Devaux
and Zachowski, 1994).
The accumulation of C18:2n-6 with a concomitant decrease (P < 0.05 to P < 0.01) in C22:5n-6 in
vivo suggests that FB1 alters the n-6 F A 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 indirect measure of the activity of the enzyme. A similar
effect was noticed in the F A 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 FBI affected the n-6 F A metabolic 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
F A metabolism resulted in a decrease in the total
n-6 FAs and PUFAs at the high dose (250 mg FBI/
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 reduction could have been caused by oxidative
damage presumably by lipid peroxidation, thereby
facilitating the FBl-associated damage to membrane
integrity. However, in the long-term studies where
only mild hepatotoxic effects were noticed, the total
P U F A levels were unaffected. The n-6/n-3 F A ratio
of PE was significantly lower in the high-dose
group (long-term study) due to an increase in the
n-3 F A 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 hepatocyte cell proliferation in vivo (Gelderblom et al.,
1994 and 1996c) 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
FBI promotes the outgrowth of initiated hepatocytes in the liver of rats (Gelderblom et al., 1996c).
In vitro studies in primary hepatocytes indicated
that FBI inhibits the EGF-induced mitogen response (Gelderblom et al., 1995a) and the n-6 FA
synthetic pathway (Gelderblom et al., 1996a).
Preliminary investigations showed that the regulation of the synthesis of prostaglandin E2 appear
to be involved in the mitoinhibitory effect of FBt
(Gelderblom et al., 1995b) which is in accordance
with the involvement of prostaglandin E2 in the
EGF-induced mitogenic response in BALB/c3T3
fibroblasts (Nolan et al., 1988). The present study

Effect of fumonisin Bt on lipids in rat liver
supports further the described hypothesis as F B l induced changes to the n-3 a n d n-6 F A metabolic
pathways that are likely to affect the potential of
hepatocytes to proliferate in vivo by regulating the
synthesis o f different prostaglandins.

REFERENCES

Abbas H. K., Gelderblom W. C. A., Cawood M. E. and
Shier W. T. (1993) Biological activities of fumonisins,
mycotoxins from ~rusarium moniliforme, in jimsonweed
(Datura stramonium L.) and mammalian cell cultures.
Toxicon 31, 345-353.
Cawood M. E., Gelderblom W. C. A., Vleggaar R.,
Behrend Y., Thiel P. G. and Marasas W. F. O. (1991)
Isolation of the fiJmonisin mycotoxins: a quantitative
approach. Journal of Agricultural and Food Chemistry
39, 1958-1962.
Cawood M. E., Gelcterblom W. C. A., Alberts J. F. and
Snyman S. D. (1994) Interaction of 14C-labelled fumonisin B mycotoxins with primary hepatocyte cultures.
Food and Chemical Toxicology 32, 627-632.
Cohen S. M. and Elhvein L. B. (1990) Cell proliferation in
carcinogenesis. Science 249, 1007-1011.
Colvin B. M. and Harrison L. R. (1992) Fumonisin
induced pulmonary edema and hydrothorax in swine.
Mycopathologia 11'7, 79-82.
Cornwell D. G. and Morisaki N. (1984) Fatty acid paradoxes in the control of cell proliferation: prostaglandins,
lipid peroxides and cooxidation reactions. In Free
Radicals in Biology VI. Edited by W. A. Pryor. pp. 95148. Academic Press, Orlando, FL.
Devaux P. F. and Zachowski A. (1994) Maintenance and
consequence of membrane phospholipids. Chemistry and
Physics of Lipids 73, 1-2.
Farber E. (1993) Is carcinogenesis fundamentally adversarial confrontational or physiologic-adaptive?. Journal of
Investigative Dermatology 100, 251s-253s.
Farber E. and Rubin H. (1991) Cellular adaptation in the
origin and development of cancer. Cancer Research 51,
2751-2761.
Fincham J. E., Marasas W. F. O., Taljaard J. J., Kriek
N, P., Badenhorst C. J., Gelderblom W. C. A., Seier
J. V., Smuts C. M., Faber M., Weight M. J., Slazus W.,
Woodroof C. W., Van Wyk M. J., Kruger M. and Thiel
P. G. (1992) Atherogenic effects in a non human primate of Fusarium moniliforme cultures added to a carbohydrate diet. A therosclerosis 94, 13-25.
Folch J., Lees M. an(] Stanley G. H. S. (1957) A simple
method for the isolation and purification of total lipids
from animal tissues. Journal of Biological Chemistry
226, 497-509.
Gelderblom W. C. A., Jaskiewics K., Marasas W. F. O.,
Thiel P. G., Horak R. M., Vleggaar R. and Kriek
N. P. J. (1988) Fumonisins--novel cancer promoting activity produced by Fusarium moniliforme. Applied and
Environmental Microbiology 54, 1806-1811.
Gelderblom W. C. A., Cawood M. E., Snyman S. D. and
Marasas W. F. O. (1994) Fumonisin Bz dosimetry in relation to cancer initiation in rat liver. Carcinogenesis 15,
209-214.
Gelderblom W. C. A., Kriek N. P. J., Marasas W. F. O. and
Thiel P. G. (1991) Toxicity and carcinogenicity of the
Fusarium moniliforme metabolite, fumonisin Bl, in rats.
Carcinogenesis 12, 1247-1251.
Gelderblom W. C. A., Snyman S. D., Van der Westhuizen
L. and Marasas W. F. O. (1995a) Mitoinhibitory effect
of fumonisin Bi on rat hepatocytes in primary culture.
Carcinogenesis 16, 625-631.
Gelderblom W. C. A., Snyman S. D., Abel S. and LebepeMazur S. (1995b) R.egulation of prostaglandin biosynthesis as a possible mechanism for the mitoinhibitory
effect of the non-genotoxic hepatocarcinogen, fumonisin

655

Bl. Proceedings of the American Association for Cancer
Research 36, 1054.
Gelderblom W. C. A., Smuts C. M., Abel S., Snyman
S. D., Cawood M. E. and Van der Westhuizen
L. (1996a) Effect of fumonisin Bl on protein and lipid
synthesis in primary rat hepatocytes. Food and Chemical
Toxicology 34, 361-369.
Gelderblom W. C. A., Snyman S. D., Abel S., LebepeMazur S., Smuts C. M., Van der Westhuizen L.,
Marasas W. F. O., Victor T. C., Knasmiiller S. and
Huber W. (1996b) Hepatotoxicity and carcinogenicity of
the fumonisins in rats: a review regarding mechanistic
implications for establishing risk in humans. In
Fumonisins in Food. Edited by L. S. Jackson, J. W. de
Vries and L. B. Bullerman. pp. 279-298. Plenum, New
York.
Gelderblom W. C. A,, Snyman S. D., Lebepe-Mazur S.,
Van der Westhuizen L., Kriek N. P. J. and Marasas W.
F. O. (1996c) The cancer promoting potential of fumonisin Bl in rat liver using diethylnitrosamine as a cancer
initiator. Cancer Letters 109, 101-108.
Gilfillan A. M., Chu A. J., Smart D. A. and Rooney
S. A. (1983) Single plate separation of lung phospholipids including desaturated phosphatidylphosphatidylcholine. Journal of Lipid Research 24, 1651-1656.
Horrobin D. F. (1992) Nutritional and medical importance of gamma-linolenic acid. Progress in Lipid
Research 31, 163-194.
Ishikawa T. T., Macgee J., Morrison J. A. and Glueck
C. J. (1974) Quantitive analysis of cholesterol in 5 to
20 TI of plasma. Journal of Lipid Research 15, 286-291.
Itaya K. and Ui M. (1966) A new micromethod for the
colorimetric determination of inorganic phosphate.
Clinical Chimica Acta 14, 361-366.
Jaskiewics K., Van Rensburg S. J., Marasas W. F. O. and
Gelderblom W.C.A. (1987) Carcinogenicity of Fusarium
moniliforme culture material in rats. Journal of the
National Cancer Institute 78, 321-325.
Kellerman T. S., Marasas W. F. O., Thiel P. G.,
Gelderblom W. C. A., Cawood M. and Coetzer
J. A. W. (1990) Leukoencephalomalacia in two horses
induced by oral dosing of fumonisin BI. Onderstepoort
Journal of Veterinary Research 57, 269-275.
Markwell M. A. K., Haas S. M., Bieber L. L. and Tolbert
N. E. (1978) A modification of the Lowry procedure to
simplify protein determination in membrane and lipoprotein samples. Analytical Biochemistry 87, 206-210.
Merrill A. H., Jr (1991) Cell regulation by sphingosine
and more complex sphingolipids. Journal of Bionergetics
and Biomembranes 23, 83-104.
Nolan R. D., Danliowicz R. M. and Eling T. E. (1988)
Role of arachidonic acid metabolism in the mitogenic
response of Balb/c 3T3 fibroblasts to epidermal growth
factor. Molecular Pharmacology 33, 650-656.
Riley R. T., Wang E. and Merrill A. H., Jr (1994) Liquid
chromatographic determination of sphinganine and
sphingosine: use of the free sphinganine-to-sphingosine
ratio as a biomarker for consumption of fumonisins.

Journal of the Association of the Official Analytical
Chemist 77, 533-540.
Rushmore T. H., Ghazarian D. M., Subrahmanyan V.,
Farber E. and Ghoshal A. K. (1987) Probable free radical effects on rat liver nuclei during early hepatocarcinogenesis with a choline-devoid low methionine diet.
Cancer Research 47, 6731-6740.
Schroeder J. J., Crane H. M., Xia J. X., Liotta D. C. and
Merrill A. H., Jr (1994) Disruption of sphingolipid
metabolism and stimulation of DNA synthesis by fumonisin Bl. A molecular mechanism for carcinogenesis associated with Fusarium moniliforme. Journal of
Biological Chemistry 269, 3475-3481.
Shier W. T., Abbas H. K. and Mirocha C. J. (1991)
Toxicity of the fumonisins Bi and B2 and Ahernaria
alternata f.sp. lycopersici toxin (AAL) in cultured mammalian cells. Mycopathologia 116, 97-104.

656

W . C . A . Gelderblom et al.

Smith E. R. and Merrill A. H., Jr (t995) Differential roles
of de novo sphingolipid biosynthesis and turnover in the
"burst" of free sphingosine and sphinganine and their
l-phosphate and N-acyl-derivatives, that occurs upon
changing the medium of cells in culture. Journal of
Biological Chemistry 270, 18749-18758.
Smuts C. M., Kruger M., Van Jaarsveld P. J., Fincham
J. E., Schall R., Van der Merwe K. J. and Benad6
A. J. S. (1992) The influence of fish oil supplementation
on plasma lipoproteins and arterial lipids in vervet monkeys with established atherosclerosis. Prostaglandins
Leukotrines and Essential Fatty Acids 47, 129-138.
Spector A. A. and Burns C. P. (1987) Biological and
therapeutic potential of membrane lipid modification in
tumors. Cancer Research 47, 4529-4537.

Voss K. A., Chamberlain W. J., Bacon C. W., Herbert
R. A., Waiters D. B. and Norred W. P. (1995)
Subehronic feeding study of the mycotoxin fumonisin
B1 in B6C3F1 mice and Fischer 344 rats. Fundamental
and Applied Toxicology 24, 102-110.
Wang E., Norred W. P., Bacon C. W., Riley R. T. and
Merrill A. H., Jr (1991) Inhibition of sphingolipid biosynthesis by fumonisins. Implications for diseases associated with Fusarium moniliforme. Journal of Biological
Chemistry 266, 14486-14490.
Yoo H. S., Norred W. P., Wang E., Merril A. H., Jr and
Riley R. T. (1992) Fumonisin inhibition of de novo
sphingolipid bioynthesis and cytotoxicity are correlated
in LLC-PKI cells. Toxicology and Applied Pharmacology
114, 9-15.

Cancer Letters 169 (2001) 127±137

www.elsevier.com/locate/canlet

Cancer initiation by fumonisin B1 in rat liver ± role of
cell proliferation
W.C.A. Gelderblom a,*, D. Galendo b, S. Abel a, S. Swanevelder c,
W.F.O. Marasas a, C.P. Wild d
b

a
Programme on Mycotoxins and Experimental Carcinogenesis, P.O. Box 19070, Tygerberg 7505, South Africa
Unit of Gene-Environment Interactions, International Agency for Research on Cancer, 150 Cours Albert-Thomas, 69372 Lyon, France
c
Biostatistic Unit, Medical Research Council, PO Box 19070, Tygerberg 7505 South Africa
d
Molecular Epidemiology Unit, Epidemiology and Health Services Research, Algernon Firth Building, School of Medicine,
University of Leeds, Leeds, LS2 9JT, UK

Received 18 December 2000; received in revised form 30 March 2001; accepted 2 April 2001

Abstract
Fumonisin B1 (FB1), 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 (CCl4) and direct mitogen-induced hyperplasia, induced by lead nitrate (PbNO3), on FB1-induced cancer
initiation. Initiation was effected over a period of 14 days by gavage administration of FB1 at different daily doses ranging from
0.14 to 3.5 mg FB1/100 g body weight while the stimuli for cell proliferation were introduced 7 days after the start of the FB1
treatment. Based on the proliferative stimulus used, cancer promotion was effected 3 weeks after completion of the initiating
treatment by 2-acetylamino¯uorene (2-AAF) treatment followed by PH or carbon tetrachloride CCl4 on day 4. Cancer initiation
by FB1 was associated with a hepatotoxic effect and an increase in lipid peroxidation. In contrast to compensatory liver cell
proliferation induced by PH and CCl4, mitogen-induced hyperplasia (PbNO3) failed to enhance the cancer initiating potential of
FB1 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 FB1 is required in assessing the risks posed by this
mycotoxin to humans. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
Keywords: Fumonisin B1; Cancer initiation; Cell proliferation; Risk assessment

1. Introduction
Hepatocyte proliferation is known to be an important parameter in the development of liver cancer
induced by genotoxic carcinogens in the rat [1,2].
* Corresponding author. Tel.: 127-21-938-0286; fax: 127-21938-0260.
E-mail address: wentzel.gelderblom@mrc.ac.za
(W.C.A. Gelderblom).

During cancer initiation, regenerative hepatocyte
proliferation is presumably required to `®x' the mutational event. Proliferation is also a major driving force
in the clonal expansion of initiated cells to form hepatocyte nodules during cancer promotion. With genotoxins, the ef®cacy of initiation is enhanced either by
regenerative cell proliferation as induced by partial
hepatectomy (PH) or a necrogenic dosage of carbon
tetrachloride (CCl4). This is in sharp contrast with the
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inef®cacy of cell proliferation induced by mitogens
such as lead nitrate (PbNO3) [3,4]. At present it is
not known whether a similar distinct effect on cancer
initiation will be obtained with non-genotoxic chemical carcinogens.
Fumonisin B1 (FB1), a mycotoxin produced by
Fusarium verticillioides (  F. moniliforme), was
characterized as an active liver cancer-promoter
isolated from corn cultures of the fungus [5]. Subsequent studies on the dosimetry of FB1-induced cancer
initiation indicated that prolonged exposure at relatively 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 FB1 on cell proliferation [7]
resulting in an inhibition and/or delay in the cancer
initiation process [1]. In this regard, pretreatment of
rats with FB1 decreased the ef®cacy of cancer initiation by diethylnitrosamine (DEN) in Sprague±Dawley
rats [8]. Recently, FB1 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].
FB1 is generally regarded as a non-genotoxin, in
that it lacks activity in mutagenicity [11] and genotoxicity assays [6,12] and appears not to bind directly
to DNA. Studies concerning the cancer initiating
activity of FB1 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 hepatocellular 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 agreement 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 FB1-induced hepatotoxic effects, could possibly
explain the delayed cancer initiating activity of FB1
as compared to genotoxic carcinogens. A parallel was

drawn with the cancer initiating potential of a choline
de®cient 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 FB1-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 investigated the role of different modulators of cell proliferation on the cancer initiating potential of FB1.
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 approximately 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-acetylamino¯uorene (2-AAF), bromodeoxyuridine (BrdU), 2-thiobarbituric acid and PbNO3 were
obtained from Sigma Chemical Co. (Lyon, France).
FB1 was puri®ed 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 sun¯ower oil (29 ml) to obtain a
solution of 10 mg/ml. FB1 was ®rst dissolved in a
small volume of 0.1 M NaOH and then made up to
the desired volume with distilled water (pH 5.5). Antibodies (rabbit anti rat) against the placental
glutathione S-tranferase (GSTP) were obtained from
DAKO.
2.3. Treatments
2.3.1. Initiation by FB1
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 FB1, 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 FB1/100 g bw, respectively. The body weight
was recorded on a daily basis while the relative liver
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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

Fig. 1. Experimental protocols for studying the role of different stimuli of cell proliferation on the cancer initiating potential of FB1. Rats were
treated with different doses of FB1 by gavage over a period of 14 days followed by the promoting stimuli after 3 weeks consisting of 2-AAF (3 £
20 mg /kg body weight) on 3 consecutive days and either PH or CCl4 on day 4. Rats were killed after a further 2 weeks. Stimuli for cell
proliferation were introduced 7 days after commencement of the FB1 treatment. Control groups without the FB1-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
sacri®ced 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 FB1 gavage treatment to
monitor the role of cell proliferation on the cancer
initiating potency.
2.3.1.1. Effect of PbNO3 and CCl4. Cancer initiation
was effected by gavage treatment of the rats (eight
animals per group) with FB1 over a period of 14
days as described above (Fig. 1). The highest dosage
(50 mg FB1/100 g bw) was not included due to its
marked effect on body weight gain. After 7 days of
the FB1 treatment, rats of the FB1-treated groups as
well as a control received a single dose of either CCl4
(0.2 ml/kg bw by gavage) or PbNO3 (100 mmol/kg:
i.v. ± femoral vein). Promotion was effected by a 2AAF/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 FB1 dose indicated in Fig. 1.
Once again the highest dose of FB1 was not included
due to its marked affect on the body weight gain (50
mg FB1/100 g bw). After 7 days of the FB1 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 CCl4 treatment (2 ml/kg bw). The CCl4
was dissolved in sun¯ower oil (1:1) and the animals
treated with 0.4 ml/100 g bw. A control group without
the PH treatment was also included to monitor the
selection potential of the 2-AAF/CCl4 promotion
regimen on FB1-induced initiated cells.

2.4. Stimuli for hepatocyte cell proliferation
2.4.1. Effect of PH, PbNO3 and CCl4
Rats were subjected to PH and killed 20 h later
having been treated 1 h prior to sacri®ce 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 PbNO3 was examined by injecting 100 mmol/kg (i.v. into the femoral vein) dissolved
in sterile distilled water. The rats were sacri®ced after
30 h again following treatment 1 h prior to sacri®ce
with BrdU (100 mg/kg; i.p.). Control rats (three per
group) were treated in a similar manner using distilled
water. The CCl4 was dissolved in sun¯ower oil (1:1)
and animals treated with 0.1 and 0.2 ml/100 g bw per
rat (®ve rats per group). The control rats were treated
with sun¯ower oil (0.1 ml/100 g bw). Rats were sacri®ced 48 h after the CCl4 treatment following the BrdU
treatment as described above. The different times
selected for the BrdU treatment following the different cell proliferative stimuli coincide with the peak of
DNA synthesis (3). Liver sections, 2±3 mm in thickness, were preserved in buffered formalin for BrdU
antibody staining.
2.5. TBARS
To monitor the effect of FB1 on the level of oxidative 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 2808C. 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 13£ 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 1008C
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 malondialdehyde (MDA) equivalents/mg protein using the
molar extinction coef®cient of 1:56 £ 105 M 21 cm 21
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for MDA. As the assay is not speci®c for MDA
the term TBARS is used to described the reaction
product
2.6. Autopsies and histochemical analyses
Rats were sacri®ced 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 af®nity-puri®ed biotin-labeled goat antirabbit IgG serum (Vector Laboratories, Burlingame,
CA). Paraf®n wax sections (5 mm) 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 counterstained with Carazzi's haematoxylin to provide blue
stained nuclei with the GSTP 1 cells showing a
reddish-brown pigmentation. Negative controls, omitting the primary antibody, were included to test for the
speci®city of anti-GSTP antibody binding. The
number and size of GSTP 1 foci were monitored by
light microscopy (10±20£ magni®cation). The
GSTP 1 foci were further categorized into lesions
,10 cells (mini foci) and .10 cells per focus and
expressed as number per cm 2. BrdU was detected by
the ABC method using a monoclonal anti-BrdU antibody (Sigma Chemical Company) and the labeling
indices scored by counting at least 1000 cells
randomly per liver section (£40).
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3. Results
3.1. Effect on body weight gain
FB1 signi®cantly 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
signi®cantly decreased in the 30 and 50 mg FB1/100 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 PbNO3 administered
at day 7 resulted in a signi®cant reduction (P , 0:05)
in body weight gain (control group in Fig. 2A vs
control groups in Fig. 2B). No signi®cant effect on
the body weight gain was noticed with the CCl4
gavage treatment. When treated with the different

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

Fig. 2. Effect of FB1 treatment on the body weight gains (BWG) with
different FB1 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 signi®cant (P , 0:05) reduction
in the BWG when compared to the control group (A).
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Table 1
The effect of different stimuli for cell proliferation on the cancer initiating effect of FB1 in rat liver a
Treatment

GSTP 1 lesions (no/cm 2)

FB1 (mg/100 g bw)

,10 cells/focus (mini foci)

Solvent
2
6
20
30
50

.10 cells/focus (foci)

FB1 (Ctrl)*

PbNO3

CCl4

FB1 (Ctrl)*

PbNO3

CCl4

0.02 ^ 0.03a
0.02 ^ 0.04a
0.01 ^ 0.02a
0.01 ^ 0.03a
0.03 ^ 0.04a
0.21 ^ 0.33a

0
0
0.03 ^ 0.06a
0
0.03 ^ 0.04a
nd

0
0
0.04 ^ 0.1a
0.04 ^ 0.1a
0.08 ^ 0.1a
nd

0.02 ^ 0.03a
0.05 ^ 0.1a
0.03 ^ 0.07a
0.02 ^ 0.06a
0.05 ^ 0.06a
0.55 ^ 0.23A

0
0.02 ^ 0.01a
0.03 ^ 0.01a
0.04 ^ 0.01a
0.02 ^ 0.01a
nd

0.01 ^ 0.02a
0.04 ^ 0.04a
0.05 ^ 0.05a
0.09 ^ 0.09(a)
0.11 ^ 0.06b
nd

a
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 FB1 in combination with the cell proliferative
stimuli, there were further signi®cant (P , 0:01)
reductions in the body weight gains at doses 20 and
30 mg FB1/100g with CCl4 and at 6, 20 and 30 mg
FB1/100g with PH (Fig. 2B) compared to the proliferative stimuli alone (control, Fig. 2B). However,
with PbNO3, FB1 doses up to 30 mg/100 g bw did
not lead to any signi®cant reduction in body weight
gain compared to the PbNO3 alone.
3.2. Induction of GSTP positive lesions
The results indicated that treatment with FB1 significantly induced the formation of GSTP 1 mini foci
(,10 cells/focus) and foci (.10 cells/focus) at the

highest dose of 50 mg FB1/100 g bw, which is equivalent to a daily dosage of 3.5 mg FB1/100 g bw (Table
1). Treatment of the rats with PbNO3 during the initiating treatment period did not alter the cancer initiating potential of FB1 up to a dosage of 30 mg per 100 g
bw. However, the formation of GSTP 1 foci (.10
cells/focus) was markedly (not signi®cantly) and
signi®cantly (P , 0:05) increased at the doses of 20
and 30 mg FB1/100g bw, respectively, when using
CCl4 (Table 1). With PH as the proliferative stimulus
and AAF/CCl4 as the promoting regimen (Table 2), a
signi®cant increase in the number of GSTP 1 foci
(.10 cells/focus) was observed only at the 30 mg
FB1/100g bw dose. Analysis of the total number of
GSTP 1 lesions (minifoci and foci), illustrated in

Table 2
The modulating role of PH on the cancer initiating properties of FB1 in rat liver a
Treatment

GSTP 1 lesions (no/cm 2)

FB1 (mg/100 g bw)

,10 cells/focus (mini foci)

.10 cells/focus (foci)

FB1 (Ctrl)*

PH

FB1 (Ctrl)*

PH

0.03 ^ 0.04a
0.01 ^ 0.02a
0
0
0

0.03 ^ 0.02a
0.01 ^ 0.02a
0.01 ^ 0.02a
0.03 ^ 0.04a
0.04 ^ 0.04a

0.01 ^ 0.02a
0
0.01 ^ 0.02a
0.01 ^ 0.02a
0.01 ^ 0.01a

0.02 ^ 0.02a
0.01 ^ 0.02a
0.02 ^ 0.02a
0.02 ^ 0.03a
0.10 ^ 0.06A

Solvent
2
6
20
30

a
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/CCl4 promoting
regimen; Ctrl, control.
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Fig. 3, showed that both the CCl4 and PH, stimuli for
regenerative cell proliferation, enhanced the induction
of GSTP 1 and therefore the cancer initiating potential
of the higher doses of FB1. No effect was obtained
with PbNO3 at any of the FB1 doses used.
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3.4. Formation of TBARS
A signi®cant (P , 0:001) increase of approximately 2-fold in the level of TBARS was detected
in the liver of rats that received the 50 mg FB1/100
g bw dose (Fig. 5).

3.3. Hepatocyte proliferation

3.5. Histopathological changes

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 PbNO3, CCl4, and
PH, respectively (Fig. 4). Under the present experimental conditions PbNO3 exhibited approximately 2and 5-fold lower proliferative indices than CCl4 and
PH, respectively.

Histological changes in the liver have been
described elsewhere [6,7] and were mainly evident
in the 30 and 50 mg FB1/100 g bw dose groups.
Brie¯y, these included degenerative changes such as
single cell necrosis (apoptosis), hydrophic cell swelling and hyaline droplet accumulation. Mild proliferation in oval cells and increased mitotic ®gures were
also noticed in the 50 mg FB1/100g body weight dose

Fig. 3. The dose dependent cancer initiating effect of FB1 in rat liver (A) and the modulating role of PbNO3 (B), CCl4 (C) and PH (D) on FB1induced cancer initiation. The proliferative stimuli were introduced 7 days after the initiating treatment commenced. AAF/CCl4 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 FB1/proliferative stimuli and FB1/Ctrl in the same panel. Ctrl, control.
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Fig. 4. Effect of PbNO3, CCl4 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 ®elds (40£).
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
FB1-induced cancer initiation is likely to proceed
via a similar pathway to that described for the geno-

Fig. 5. Dose-response generation of TBARS in the liver of rats
treated with different doses of FB1 (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 induction 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 FB1-induced
nodules is not known, although it is likely to be similar to that induced by genotoxic chemicals [24] as the
nodules also stain positively with two histochemical
markers for preneoplasia, i.e. gamma glutamyl transpeptidase and GSTP [6]. A unique feature of early
preneoplastic and cancerous lesions induced by fumonisins 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 FB1-induced initiated cells is not known at
present but a recent study suggests that oxidative
damage as a result of chronic FB1-induced hepatoxic
effects could be involved [16]. Three other studies
also indicated that FB1 causes lipid peroxidation in
membranal environments [26], rat liver nuclei [27]
and cells in culture [28]. In the present study a significant increase in lipid peroxidation, as determined by
the TBARS assay, occurred in the liver of rats
exposed to the high FB1 dose (50 mg FB1/100 g
bw). Marked hepatotoxicity as well as cancer initiation 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 FB1 reported by Knasmuller
et al. [29] in primary hepatocytes is not known at
present. Nevertheless, the majority of studies to date
indicate that FB1 is better classi®ed as a non-genotoxic hepatocarcinogen.
Cancer initiation, resulting from treatment with
genotoxic carcinogens, is enhanced by PH and CCl4
treatments which induce regenerative cell proliferation, but not by chemicals such as PbNO3, ethylbromide, 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 FB1, 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 FB1 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 proliferation 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 CCl4, signi®cantly
enhanced the cancer initiating effect of FB1 and
even then only at the highest FB1 dose used (30
mg FB1/100 g bw). The CCl4-induced proliferation
also showed a marginal effect on cancer initiation in
the rats that received 20 mg FB1/100 g bw. No direct
comparison between the effect of these two regenerative stimuli, namely PH and CCl4, can be made as
different promoting regimens (AAF/CCl4 vs AAF/
PH) were used. In contrast to PH and CCl4, the mitogen-induced hyperplastic effect of PbNO3 failed to
enhance the cancer initiating potential of FB1. Of
the three proliferative stimuli, PH was the most effective followed by CCl4 and PbNO3 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 CCl4 introduced 7 days after
commencing the FB1 initiating treatment, did result
in a further reduction in body weight gain (Fig. 2B),
presumably due to an enhanced susceptibility to FB1induced hepatotoxic effects. A recent study indicated
that FB1 was more toxic in regenerating liver following PH [31]. It can be argued that these agents exert
their effects on the cancer initiating potency of FB1
both by enhancing the hepatotoxicity of FB1 as well
as increased regenerative cell proliferation. In
contrast, PbNO3 treatment combined with FB1
revealed no signi®cant interaction in terms of
reduced body weight gain (Fig. 2B). As a relation
exists between the reduction in body weight gain
and FB1-induced hepatotoxic effects [6], it would
appear that mitogen-induced cell proliferation
induced by PbNO3 not only failed to enhance FB1induced initiation but also did not enhance the hepatotoxic effects of FB1. Lemmer et al. [32] indicated
that dietary iron protects against a reduction in the
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relative liver weight induced by FB1. Of relevance
was the ®nding that dietary iron, a known mitogen in
the liver [33], reduced the cancer initiating potency
of FB1 under the speci®ed experimental conditions.
Differences therefore seem to exist between regenerative and mitogen-induced cell proliferation with
respect to the biological effects of FB1 in the liver.
The interaction between CCl4 and FB1, both of which
induce oxidative damage in the liver, is of interest
with respect to initiation. Cell death induced by
CCl4 in zone 4 (central vein) of the lobule resulted
from excessive lipid peroxidation in hepatocyte
membranes [34]. However, in the case of FB1, lipid
peroxidation appears to be a secondary event following 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 FB1 treatment
on oxidative damage was not measured during the
initiating treatment, it is not known whether lipid
peroxidation contributed to the enhanced cancer initiating potency of FB1.
The differences in the type of cell proliferation
induced by PH and/or CCl4 versus that caused by
mitogens such as PbNO3 and their respective role
in the initiating events induced by genotoxic carcinogens 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 FB1 in conjunction with PH, failed to cause
initiation as compared to the effect of genotoxins
[23]. This ®nding indicated that the kinetics of the
initiating step induced by FB1 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 FB1,
the initiated cells are more readily removed from the
liver. It is known that FB1 also directly induces apoptosis 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 FB1 signi®cantly reduced the persistence
of DEN-induced GSTP 1 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 FB1induced 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 FB1. The fact that regenerative cell proliferation enhances the cancer initiating potency of FB1 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 a¯atoxin B1 in areas where people are commonly
infected with hepatitis B virus [36].
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a b s t r a c t
The nature of cancer initiation by fumonisin B1 (FB1 ) was investigated in rat liver by monitoring the effect
of phenobarbital (PB) as cancer promoter and evaluating the involvement of spontaneously initiated cells.
A PB promoting regimen (0.05% in the diet) stimulated the outgrowth of FB1 -induced placental glutathione
S-transferase (GSTP) positive initiated hepatocytes. Reversion of the FB1 -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 FB1 . Cancer initiation by FB1 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 FB1 into the development of eosinophilic clear cell foci could not be established under the present experimental conditions. The ability of different stimuli to selectively promote
the outgrowth of FB1 initiated cells further veriﬁes the cancer initiating potency of this apparent nongenotoxic 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 B1 (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 neural 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 cancer (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 FB1 causes hepatotoxic effects, while continued FB1 administration leads to a
chronic toxic hepatitis and ﬁbrosis, which progresses to cirrhosis,
and sometimes terminates in hepatocellular carcinoma or cholangiocarcinoma (Gelderblom et al., 1991a; Lemmer et al., 2004).
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FB1 is a cancer promoter stimulating the outgrowth of preneoplastic 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 FB1 acts as a complete carcinogen. This
would imply that FB1 acts similarly to many genotoxic carcinogens, although conﬂicting data exists as to whether the fumonisins
exhibit genotoxic properties. FB1 lacks genotoxicity when tested
in several in vitro tests including the Salmonella mutagenicity test
(Gelderblom and Snyman, 1991b; Knasmüller et al., 1997) and
unscheduled DNA test in primary hepatocytes (Norred et al., 1992;
Gelderblom et al., 1992). However, studies show that FB1 induces
micronuclei and chromosomal aberrations in primary hepatocytes
(Knasmüller et al., 1997) and Hep-G2 cells (Ehrlich et al., 2002). In
addition, FB1 causes DNA damage in astrocytes and human ﬁbroblasts (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 FB1 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 reactive DNA interactive intermediate(s) (Cawood et al., 1994; Pocsfalvi
et al., 2001). A potential underlying mechanism linking this nonmutagenic mycotoxin with the initiation of liver cancer in vivo,
is the FB1 -induced hepatotoxic effects associated with the induction of oxidative damage and lipid peroxidation (Gelderblom et al.,
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1996b; Abel and Gelderblom, 1998). In vitro studies showed that FB1
induced membrane lipid peroxidation and oxidative DNA damage
(Sahu et al., 1998; Abado-Becongnee et al., 1998).
Cancer promotion of FB1 -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 outgrowth of the genetically altered cell population resistant to the
mitoinhibitory effects of 2-AAF (Farber, 1991). FB1 -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 spontaneously initiated liver tumors in rats also needs to be considered
regarding FB1 -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).
FB1 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 investigated 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 FB1 -induced
hepatocarcinogenesis. The induction of the placental form of glutathione 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). FB1 was puriﬁed by high-performance liquid chromatography (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 accordance with the laws and regulations controlling experiments on live animals in
South Africa. Male Fischer 344 (F344) rats weighing between 150 and 180 g (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 FB1
2.3.1. Phenobarbital promotion
Male F344 rats (aged 7 weeks) were randomly divided into four groups consisting of 10 animals each: (i) AIN-76 diet only; (ii) PB only; (iii) FB1 only; (iv)
FB1 followed by phenobarbital (Chart 1A). Cancer initiation was effected by a
3-week dietary treatment of 250 mg FB1 /kg that represents the threshold level
for initiation by FB1 for the selected period (Gelderblom et al., 1994). Following 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 FB1 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 FB1 (250 mg/kg diet) or AIN diet for 3 weeks
(Chart 1B).

Chart 1. Experimental designs to (A) investigate the cancer promoting potential of
phenobarbital on FB1 -induce hepatic foci in rat liver and (B) investigate the effect
of age on the generation of FB1 -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 (5 mm) 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 containing >5 cells (small or large) per cm2 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 FB1 /AIN diet and FB1 /PB-treated groups were marginally
(P < 0.1) increased after 10 weeks compared to the AIN and PBcontrol 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 FB1 induction prior to PB promotion 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 FB1 /PB- and PB-treated
rats after 10 weeks compared to the control rats (Fig. 1B). After
30 weeks, the relative liver weights of the FB1 -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/cm2 (>5 cells per focus) after 10 weeks in the FB1 /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 number of GSTP+ foci/cm2 (>5 cells per focus) in the FB1 /PB group as
compared to the FB1 /AIN- and PB-control groups mainly due to an
increase in the number of large foci (Fig. 2B). In contrast to the 10week treatment regimen, no signiﬁcant effects were noticed in the
liver of the FB1 /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 FB1 /AINtreated 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 FB1 /PBand PB-treated groups.
3.1.2. GSTP+ foci
The FB1 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 FB1 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-

Fig. 2. PB cancer promotion of FB1 -induced GSTP+ hepatic foci. Male F344 rats fed
250 mg FB1 /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-weekold 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 FB1 (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 FB1 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 FB1 is a complete carcinogen in both the liver and kidney, suggesting that FB1 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 initiation. However, with respect to FB1 -induced cancer initiation in
rat liver the following needs to be considered.
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(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Fig. 3. (A) Effect of FB1 feeding regimen (250 mg FB1 /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 FB1 or control AIN diet for 1, 6 and 12 months]. (B) FB1 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 FB1 group and 5 animals in the control AIN
group. *Differs signiﬁcantly (P < 0.05) and (*) marginally (P < 0.1) from AIN control
treatment.

(i) FB1 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 ␥-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 FB1 /kg dietary treatment.

far slower rate when compared to genotoxic carcinogens
(Gelderblom et al., 1992, 1994).
Similarly to genotoxins, cell proliferation associated with
hyperplasia failed to enhance the cancer initiating potential
of FB1 , while stimulation of regenerative cell proliferation
enhanced the cancer initiating potency of FB1 (Gelderblom et
al., 2001a).
A no-effect threshold related to hepatotoxicity and hepatocyte regeneration exists for cancer initiation, which in turn
is determined by the dosage and the duration of exposure
(Gelderblom et al., 1994, 2001c).
Studies using male BD IX, Fischer 344 and Sprague–Dawley
rats showed that FB1 exhibits cancer-initiating properties
(Gelderblom et al., 1988, 1992; Mehta et al., 1998).
Irreversibility of cancer initiation by FB1 was demonstrated as
a 5-week exposure resulted in liver adenomas after 1 year in
male Fischer 344 rats (Lemmer et al., 2004).
Different cancer promoting stimuli, 2-AAF/PH, 2-AAF/CCl4
(Gelderblom et al., 1992; and PB (present study)) promote the
formation of altered pre-neoplastic hepatic lesions.
FB1 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 regimens have been shown to effect cancer initiation in rat liver.
These include dietary treatments with the peroxisome proliferators, 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 phenotypical changes regarding the induction of GSTP, GGT and ATPase,
indistinguishable from that of genotoxic carcinogens. Feeding studies 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 aberrations and the induction of micronuclei (Reisenbichler and Eckl,
1993). However, FB1 -induced changes in the liver are not associated with peroxisome proliferation (Gelderblom et al., 1996b).
It would appear that, as in the case of FB1 , non-genotoxic treatment 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 Committee 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 revisited 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 promoting 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 heterogeneous 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). FB1 initiated hepatocytes developed 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 FB1 -induced initiated cells. At 10 weeks no signiﬁcant difference between the number of GSTP+ foci between the
FB1 - and FB1 /PB-treated rats which reﬂect the cancer promoting
potency of FB1 during the 3-week feeding period, despite the fact
that the rats did not receive FB1 in their diet for 7 weeks (Fig. 2A).
However, the number of GSTP+ cells in the absence of the FB1 treatment, 27 weeks after the initial feeding treatment, was signiﬁcantly
reduced similar to the control levels, presumably due to the spontaneous 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 irreversible, the sustained presence of FB1 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 FB1 -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 FB1 promotion,
has to be considered. Previous studies support this ﬁnding as PB
inhibited the growth stimulatory effect of EGF in primary hepatocyte cultures while prolonged exposure inhibits cell proliferation in
rat liver (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 spontaneously 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 selectively promote different focal subtypes (Kraupp-Grasl et al., 1991).
FB1 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 feeding study in rats showed that FB1 induced both basophilic and
eosinophilic adenomas in the liver staining positively for GSTP
(Gelderblom et al., 2001c; Lemmer et al., 2004). As, FB1 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 B1 (Gelderblom et al.,
1992).
The present study showed that FB1 is more effective in inducing GSTP+ foci in younger rats presumably reﬂecting its combined
cancer initiation and promoting capacity. The reduced capacity of
FB1 -induced formation of GSTP+ foci in older rats could be related
to a reduction in feed and therefore, FB1 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 similar scenario in the present study, it would imply that the rats were
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exposed to a diet equivalent to 200 and 150 mg FB1 /kg, respectively, after 26 and 52 weeks. The reduced hepatotoxic effects
observed at these time points conﬁrmed a reduced FB1 intake
over the 3-week period of exposure. As the FB1 -induced hepatotoxic 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 FB1 . In contrast,
the apparent dietary levels of 150 and 200 mg FB1 /kg diet at
52 weeks should still have resulted in cancer promotion as a
dietary level of 50 mg FB1 /kg effectively selected the outgrowth
of DEN-initiated cells over 3 weeks (Gelderblom et al., 1996a).
It would appear that FB1 failed to promote the growth of spontaneously 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 promoting potential of FB1 , as suggested previously (Gelderblom et al.,
1994).
In female B6C3F1 mice, FB1 signiﬁcantly enhanced the incidence of spontaneously induced adenomas and carcinomas in a
2-year feed restricted study in (Howard et al., 2001). Although
FB1 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. Exposure of rats to lower dietary levels of FB1 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 FB1 /kg diet
(Gelderblom et al., 2001c). In a recent study young male Fischer
344 rats on an initial 5-week feeding (250 mg FB1 /kg diet) regimen developed liver adenomas 1 year later in the absence of any
additional exposure (Lemmer et al., 2004). This observation provides additional evidence about the cancer initiating capacity of
FB1 , and argues against the role of spontaneously initiated hepatocytes. The present study provided further evidence that FB1
initiates cancer in rat liver as PB promotes the selective outgrowth
of these initiated hepatocytes. FB1 also failed to enhance the formation of eosinophilic clear cell subtype foci stained positively
for GSTP in older rats under the present experimental conditions. Although the bulk of evidence thus far point towards cancer
initiating capabilities of FB1 , the induction of liver GSTP+ hepatocyte nodules and/or foci in rats exposed to low dietary levels
for an extended period of time, still cannot rule out the promotion 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 properties of FB1 (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 synergistic interactions with other carcinogens such as aﬂatoxin B1
and dietary iron could, depending on the experimental conditions, enhance the carcinogenic potency of FB1 (Gelderblom et
al., 2002; Lemmer et al., 1999). The modulating effects of dietary
constituents could also play an important role in the carcinogenicity of fumonisins (Gelderblom et al., 2004). Depending on
speciﬁc environmental conditions various parameters may inﬂuence 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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AbstractÐThe 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 B1 (FB1), its N-acetyl
analogue, FA1, its fully hydrolysed analogue, AP1 and the AAL toxins (TA and TB) at concentrations
of 1 mM 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 FB1 after 24 hr of exposure and the subsequent removal of FB1 had no eect on the ratio as compared with the 40-hr incubation period in the presence of FB1. The Sa concentration was signi®cantly
(P < 0.01) increased in all the cultures treated with the dierent structurally related compounds, while
only AP1 increased the So concentration signi®cantly (P < 0.05) above the control. As AP1 was found
to be less eective 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 FA1 increased the Sa:So ratio to the same extent as
FB1. The AAL toxins TA and TB increased the Sa concentration signi®cantly (P < 0.01) above that of
FB1 and FA1, while the Sa:So ratios were altered to the same extent. The structural requirements for
the induction of cytotoxicity dier from those required for ceramide synthase inhibition as TA and TB
were signi®cantly (P < 0.05 to P < 0.01) less toxic to primary hepatocytes than FB1 at all the concentrations tested. # 1998 Elsevier Science Ltd. All rights reserved
Abbreviations: AP1=minopentol; DMSO=dimethyl sulfoxide; EGF=pidermal growth factor; LDH=
lactate dehydrogenase; FA1=fumonisin A1; FB1=fumonisin B1; FB2,=fumonisin B2; OPA=o-phthaldialdehyde; Sa=sphinganine; So=sphingosine; TCA=tricarballyic acid.

INTRODUCTION

Fumonisins are mycotoxins produced by Fusarium
moniliforme Sheldon, a fungus that occurs worldwide on maize (Shephard et al., 1996). Fumonisin
B1 (FB1) (Fig. 1) is the most abundant of the various analogues that have been isolated (Shephard
et al., 1996). FB1 causes various syndromes in
dierent 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 fumonisins has been statistically associated with a high
incidence of human oesophageal cancer in southern

Africa (Rheeder et al., 1992), evidence for a contributory role in the development of this disease in
experimental animals is lacking. The AAL toxins,
of which TA and TB are the main forms (Fig. 1),
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 et al., 1993).
AAL toxin (TA) is cytotoxic to certain rat and dog
tissue culture cells, whereas its N-acetylated analogue is not (Mirocha et al., 1992). At present it is
not known whether biological eects similar to
those occurring with the fumonisins could be
induced in vivo by the AAL toxins in the dierent
animal species (Abbas et al., 1994). Certain in vitro
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Fig. 1. Chemical structures of fumonisin B1, sphingosine, fumonisin A1, the hydrolysis product of FB1,
AP1 and the individual isomers of the AAL toxins, designated TA1 and TB1. The isomers esteri®ed at
C-14 are called TA2 and TB2 (see Materials and Methods).

biological eects such as cytotoxicity and phytotoxicity are known to be similar.
Structural dierences within the fumonisin group
of mycotoxins have been utilized to study structure±
activity relationships with respect to speci®c biological eects (Abbas et al., 1993 and 1994; Gelderblom
et al., 1993; Shier et al., 1991). FB1, as well as TA and
TB, have been shown to be cytotoxic to certain mammalian 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 dierentiation (Shier et al., 1991). When
monitoring the inhibitory eect on cell proliferation
in Madin±Darby canine kidney (MDCK) cells and a
rat hepatoma cell line (H4TG), FA1 (N-acetyl derivative of FB1) exhibited little or no activity while AP1 (a
hydrolysis product of FB1) showed similar or greater

eects than FB1, fumonisin B2 (FB2) and fumonisin
B3 (FB3) (Abbas et al., 1993). In primary hepatocytes,
FA1 exhibited a lower and AP1 a higher cytotoxicity
than FB1 and FB2 (Gelderblom et al., 1993). In plants,
FB1 and TA caused higher leaf necrotizing activity
on detached tomato leaves than FA1 and AP1
(Lamprecht et al., 1994). FB1, FB2 and FB3 exhibited
cancer-initiating activity in an in vivo cancer initiating/promoting model in rat liver, while AP1 and FA1
lack activity (Gelderblom et al., 1993).
Fumonisins (Wang et al., 1991) and AAL toxins
(Merrill et al., 1993b) inhibit sphingosine N-acyltransferase (ceramide synthase), a key enzyme in
the sphingolipid biosynthetic pathway in animal
cells. The inhibition of this enzyme leads to an elevation of sphingosine (So) and sphinganine (Sa)
levels in cells, although Sa levels rise to a much

Sphingolipid biosynthesis inhibition by FB1

greater extent than the So levels, thus resulting in
an increase in the Sa:So ratio (Riley et al., 1994).
FB1 disrupted the sphingolipid pro®les in the following cell culture systems: rat primary hepatocytes
(Gelderblom et al., 1995; Wang et al., 1991), a renal
epithelial cell line, LLC-PK1 (Yoo et al., 1992),
Swiss 3T3 ®broblasts (Schroeder et al., 1994) and
mouse cerebellar neurons (Merrill et al., 1993a).
AAL toxin and FB1 also disrupt sphingolipid biosynthesis in plants (Abbas et al., 1995).
In the present study the structural requirements
for ceramide synthase inhibition was investigated by
comparing the eect of structurally related compounds (FB1, FA1, AP1, 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 aected was correlated with the respective cytotoxicities of the structural analogues in vitro. The reversibility of the
inhibitory eect was investigated to obtain more information about the biological signi®cance of sphingolipid inhibition in primary hepatocytes.

MATERIALS AND METHODS

Mycotoxin standards and chemicals
FB1, FA1 and AP1 were puri®ed as described previously by Cawood et al. (1991) and Gelderblom
et al. (1993). The chemical purity of the structural
analogues were determined by 13C-NMR, HPLC
and TLC as described by Cawood et al. (1991). TA
and TB were puri®ed as described by Shephard
et al. (1993) and, in solution, consisted of a natural
equilibrium of two isomers where either the C-13
(TA1 and TB1) or the C-14 (TA2 and TB2) hydroxyl
group is esteri®ed. Solutions of the individual toxins
were prepared either in saline for FB1, TA and TB
or in dimethyl sulfoxide (DMSO):saline (1:1) for
AP1 and FA1. Sa and So were obtained from Sigma
Chemical Company (St Louis, MO, USA). C20-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 collagenase 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 (6  105 cells/
plate; 60 mm) in collagen-coated dishes in triplicate
for 3 hr in modi®ed Williams' E medium containing foetal bovine serum (10%), insulin (20 U/litre),
L-glutamine (2 mM), HEPES (10 mM), penicillin
(100 U/ml) and streptomycin (100 mg/ml). The cells
were washed with Hanks' buer solution and supplemented with serum-free, modi®ed Williams' E
medium containing L-proline (2 mM) and sodium
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pyruvate (10 mM) and incubated at 378C. The treated plates and the controls (except the 0 hr control)
were incubated for 40 hr.
Sphinganine:sphingosine ratios in rat primary hepatocyte 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 C20-Sa as an internal standard, according to the method of Riley et al. (1994) with minor
modi®cations. The lipids were extracted from the
remainder of the hepatocyte cell suspension by incubation with methanol:chloroform (2:1) (containing
0.01% butylated hydroxytoluene as an antioxidant)
under nitrogen at 378C for 1 hr. Thereafter the mixture was washed twice with alkaline water, the
phases separated by centrifugation and the chloroform fraction dried under nitrogen gas below 408C.
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 378C
for 1 hr. After washing with alkaline water, the
chloroform phase was dried under nitrogen below
408C.
HPLC quanti®cation
The dried residues were stored at ÿ208C overnight. Prior to analysis, the residues were redissolved in 250 ml methanol, sonicated and derivatized
with 50 ml o-phthaldialdehyde (OPA) reagent as previously described (Riley et al., 1994). A 25±75 ml
aliquot was injected into the HPLC which consisted
of a Waters (Milford, MA, USA) Model 510 solvent delivery system, Waters U6K injector, Waters
Radial-PakTM cartridge packed with Nova-Pak C18
(4 mm, 100  8 mm), AutochroÄm APEX Integration
Chromatography Workstation and Perkin±Elmer
(Norwalk, CT, USA) 650 S ¯uorescence detector
(excitation 335 nm and emission 440 nm). The isocratic mobile phase of methanol:0.005 M potassium
phosphate buer, pH 7.0 (91:9) was pumped at a
¯ow rate of 2 ml/min.
Treatment of hepatocyte cultures
FB1. 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
FB1. The treatment groups, 12 hr, 24 hr and 40 hr,
were incubated as described above with media containing 1 mM FB1 for 40 hr. After 12 hr and 24 hr,
respectively, the media of the corresponding cultures containing the FB1 were replaced with media
without FB1.
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Table 1. The eect of FB1 exposure, for various time intervals, on Sa and So concentrations in rat primary
hepatocyte cultures after a 40-hr incubation period
Treatment
Control (40 hr)
Control (0 hr)
FB1 (12 hr)
FB1 (24 hr)
FB1 (40 hr)

Sphinganine (Sa)
(pmol/mg protein)

Sphingosine (So)
(pmol/mg protein)

Ratio
(Sa:So)

1.73 20.27 a
0.56 2 0.08 B
199.3 29.9 C
249.72 14.2 D
224.7 23.1 C

16.5 21.8 a
12.72 0.4 b
11.72 0.8 C
11.6 2 1.0 C
13.12 1.2 c

0.11 20.02 a
0.04 20.01 b
17.1 20.7 C
21.8 23.0 D
17.4 21.5 C

Values represent means 2 SD of triplicate determinations. Control (40 hr) was separately compared with
control (0 hr) and with the individual FB1 treatment groups (12 hr, 24 hr and 40 hr). Values in a column
followed by dierent letters (lower and upper case) dier signi®cantly (P < 0.05) from the control (40 hr);
if both the letters and the cases dier, then P < 0.01. Values followed by the same letter (lower or upper
case) do not dier signi®cantly (P > 0.05).

Structurally related compounds. The hepatocyte 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 incubated in media containing 1 mM each of the mycotoxins FB1, FA1, AP1, TA and TB for 40 hr.
Cytotoxicity determination
Detailed studies on the comparative cytotoxicity
of AP1, FA1, FB1, FB2 and FB3 have been published elsewhere (Gelderblom et al., 1993). In the
present study the cytotoxicity of dierent concentrations (75, 250 and 500 mM) of FB1, 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 compounds were expressed as LDH release in the medium calculated as a percentage of the total LDH
release in the control cells after treatment with
Triton X100.

RESULTS

The eect of FB1 on sphingolipid biosynthesis
(Table 1)
Relatively small, but statistically signi®cant,
increases in the Sa concentration (P < 0.01), So
concentration
(P < 0.05)
and
Sa:So
ratio
(P < 0.05) were observed between the 0 hr and
40 hr control hepatocyte cultures. In the hepatocytes incubated with FB1 for 12, 24 and 40 hr the
Sa level increased signi®cantly (P < 0.01) over the
controls with a maximum accumulated at 24 hr.
The corresponding So levels were signi®cantly
decreased (P < 0.01 at 12 and 24 hr; P < 0.05 at
40 hr) and therefore the Sa:So ratios were signi®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, compared with 12 and 40 hr period) was obtained at
24 hr, while there was no signi®cant dierence in
the ratios between the 12 and 40 hr exposure treatments.

Statistical analysis

The eect
(Table 2)

of

structurally

related

All the data were subjected to analysis of variance (ANOVA; one-way), while the Tukey studentized range test was used to determine the statistical
dierences between means of the dierent treatment
groups.

There were no marked dierences in the So concentrations and Sa:So ratio pro®les of the control
hepatocyte cultures incubated for 40 hr with the
carrier solvents, saline or DMSO:saline (1:1), while
the Sa levels decreased signi®cantly (P < 0.01)

Table 2. The eect of structurally related compounds on sphingolipid pro®les
Treatment
Control (saline)
FB1
TA
TB
Control (DMSO:saline)
FA1
AP1

Sphinganine (Sa)
(pmol/mg protein)

Sphingosine (So)
(pmol/mg protein)

Hepatocytes incubated with saline
1.732 0.27 a
16.5 2 1.8 a
224.72 3.1 b
13.12 1.2 a
312.4 29.7 c
19.02 0.8 a
357.9 210.3 d
25.22 11.2 a
Hepatocytes incubated with DMSO:saline (1:1)
0.96 20.03 c
13.62 1.2 b
305.1 2 10.2 dA
23.12 0.1 b
153.5 2 18.8 eB
37.8 210.5 c

Ratio
(Sa:So)
0.11 20.02 a
17.4 21.5 b
16.6 20.2 b
16.0 25.7 b
0.07 2 0.01 c
13.32 0.5 d
4.22 0.6 e

Values represent means 2 SD of triplicate determinations. Statistical comparisons between control and individual toxins were made within the dierent groups using saline and DMSO:saline as the control solvents.
Values in a column followed by the same letter are not signi®cantly dierent from the control (P > 0.05),
if the letter diers (upper cases) then P < 0.05, if the letters (lower case) dier then P < 0.01.

compounds
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Fig. 2. The cytotoxic eect of FB1, TA and TB on rat primary hepatocyte cultures expressed as the
amount of LDH released (% of total). Values represent means 2SD of triplicate determinations.
Values dier signi®cantly from the control treatment: *P < 0.05; **P < 0.01. The cytotoxicity of TA
and TB diers signi®cantly (**P < 0.01) from FB1 at 250 and 500 mM while TB was signi®cantly
(*P < 0.05) lower than TA at 500 mM.

with the DMSO:saline (1:1) as the carrier solvent.
In comparing the dierent compounds where
saline was the solvent, the Sa levels increased signi®cantly (P < 0.01) over the control value in the
order TB>TA>FB1 (P < 0.01, between the individual treatment groups). There were no signi®cant dierences (P > 0.05) in the So level in the
saline group. The resulting Sa:So ratio increased
signi®cantly (P < 0.01) over the control with no
signi®cant dierence between the ratios for FB1,
TA and TB, due to the increase in the corresponding So concentrations. Within the group of
analogues (AP1 and FA1) with DMSO:saline (1:1)
as solvent, a signi®cant (P < 0.01) increase in the
concentration of So was obtained with AP1, and
the Sa concentration and Sa:So ratio of AP1 and
FA1 increased signi®cantly (P < 0.01) over the
control.
In comparing the AP1 and FA1 data with the
results of the other analogues, FA1 exhibits a similar eect on the Sa levels as compared with FB1,
TA and TB, although it was signi®cantly higher
than FB1 (P < 0.01) and lower (P < 0.01) than
TB. The Sa level of AP1 was signi®cantly lower
(P < 0.01) as compared with the other compounds, while the So level of AP1 increased signi®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 AP1, which was signi®cantly
(P < 0.01) lower as compared with the mean value
of 15.8 obtained after exposure to FB1, FA1, TA
and TB.
Comparative cytotoxicity of FB1, TA and TB
(Fig. 2)
A typical dose±response eect was obtained with
all the toxins. FB1 exhibited the highest cytotoxicity

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

DISCUSSION

FB1 concentrations from 5 to 500 mM did not
increase the Sa:So ratio in hepatocyte cultures signi®cantly above that which was achieved with 1 mM
FB1 (Gelderblom et al., 1995). Wang et al. (1991)
found that the Sa concentration increased 110-fold
in rat hepatocyte cultures after incubation with
1 mM FB1 for 4 days. In the present study, a maximum increase in the Sa concentration was observed
after 12 to 24 hr after exposure to 1 mM FB1 that
represent 115- to 144-fold increase as compared
with the control value. The removal of FB1 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 FB1 for 40 hr (Table 1). Therefore,
the inhibition of ceramide synthase is either persistent or the Sa does not easily diuse 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 eects induced by FB1 in primary
hepatocytes. This can be deduced from the ®nding
that the inhibitory eect of FB1 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 eect of the
EGF response in primary hepatocytes is a common
property of many liver cancer promoters, including
FB1 (Gelderblom et al., 1996a). The present ®nding
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 stimulatory eects in primary hepatocytes. A similar type
of response was noticed in LLC-PK1 cells, a pig
renal epithelial cell line, where FB1 (35 mM) inhibited cell proliferation, as measured by protein content, and increased the Sa:So ratio over a 48-hr
period (Yoo et al., 1992). Those LLC-PK1 cells,
which survived FB1 exposure, resumed normal cell
growth after removal of the FB1, indicating that the
FB1-induced inhibition of cell proliferation is also
reversible in these cells.
FB1 is not cytotoxic to primary hepatocytes when
exposed for 4 days to concentrations of 1 mM
(Wang et al., 1991). Even at higher concentrations
(50 to 250 mM), fumonisins exhibit a low to moderate cytotoxicity in primary hepatocytes as measured
by LDH release (Gelderblom et al., 1993). As FA1
is less cytotoxic than FB1 at concentrations of 125±
1000 mM, it was suggested that the free amino-group
plays a role in the in vitro cytotoxicity (Gelderblom
et al., 1993). On the other hand, AP1 is known to
be more cytotoxic to primary rat hepatocytes than
FB1 (Gelderblom et al., 1993). In the present study,
AP1 increased the Sa level and the Sa:So ratio to a
much lesser extent than FB1. This indicated that the
tricarballylic (TCA) moieties are required for maximal inhibition of ceramide synthase. TA and TB,
which are also less toxic than FB1, signi®cantly
(P < 0.01) increased the Sa concentration above
that of FB1 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 sucient for maximal ceramide synthase inhibition under the present conditions. Despite the
signi®cant (P < 0.01) increases in Sa levels induced
by FA1 when compared with FB1, the Sa:So ratio is
of the same order due to variations in the So concentration. 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 inhibition. Although the structural basis for the inhibition 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 AP1 indicates 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 FB1 and AP1, the absence of the TCA
moieties increased the cytotoxic eect in primary
hepatocytes, possibly due to a decrease in the polarity of the molecule (Gelderblom et al., 1993). In
the case of TA and TB the presence of a single
TCA moiety seems not to correlate with cytotoxicity as TA is more cytotoxic than TB while both
toxins are less cytotoxic than FB1. In this regard,
other structural dierences 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 ceramide synthase and the subsequent changes in sphingoid base concentrations. The lack of direct
association of cytotoxicity and the inhibition of
sphingolipid biosynthesis in rat hepatocytes has previously been reported. Hepatocytes exposed to both
toxic and non-toxic concentrations of FB1 interrupt
sphingolipid biosynthesis to the same extent as the
concentration (1 mM) used in the present study
(Gelderblom et al., 1995 and 1996b). It would
appear that the structural requirements for cytotoxicity and inhibition of ceramide synthase dier in
primary hepatocytes. In contrast to this, studies on
LLC-PK1 cells have shown a direct correlation
between FB1-induced cytotoxicity and inhibition of
sphingolipid biosynthesis (Yoo et al., 1992). These
dierences may be related to the lower cytotoxicity
and greater sensitivity to sphingolipid disruption by
FB1 in primary hepatocytes as compared to the
LLC-PK1 renal cells.
In vivo studies on the cancer-initiating potential
of the structural analogues, AP1, and FB1, FB2 and
FB3 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 dierences exist
in the structural requirements for the induction of
cytotoxicity in primary hepatocytes and the inhibition of ceramide synthase. Future studies into the
mechanism of action of the fumonisins and AAL
toxins concerning their biological eect on and role
in ceramide synthase inhibition might enhance
current knowledge.
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