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Free Radical Involvement in the DNA Damaging Activity of Fumonisin B1
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ABSTRACT : Fumonisin Bl, a mycotoxin, is thought to induce esophageal cancer in humans and apoptosis
in animal cells by inhibiting ceramide synthase. Fumonisin Bl may also generate reactive oxygen species
directly or indirectly, leading to DNA damage and lipid peroxidation. In this study, a DNA _fragmentation
assay, dichlorofluorescein (DCF) analysis, and single cell gel electrophoresis (SCGE) were used to investi-
gate the involvement of cellular free radicals, specifically hydrogen peroxide, in the DNA damaging activity
of fumonisin Bl. From an in vitro DNA fragmentation assay, E. coli DNA damage by fumonisin Bl was
increased by the addition of superoxide dismutase (SOD) and decreased By catalase. SCGE and DCF anal-
ysis in vivo showed that the nuclear DNA damage and intracellular free radicals in cultured rat hepato-
cytes treated with fumonisin Bl were increased with the concentration of fumonisin B1. DNA damage and
Jree radical generation were inhibited by the addition of catalase. Fumonisin Bl, in the presence of SOD,
produces hydrogen peroxide causing oxidative DNA damage and protein malfunction, leading to genotoxic-

ity and cytotoxicity of the toxin.
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I. INTRODUCTION

Fumonisin Bl is a mycotoxin that is found occa-
sionally in cereals and corns contaminated with the
mold, Fusarium moniliforme (Gelderblom et al., 1988).
It has been reported to induce esophageal cancer in
South Africa (Sydenham et al., 1991) and China (Chu
and Li, 1994), through the ingestion of Fusarium-con-
taminated corn in the diets of those regions. It was
shown that fumonisin B1 can also induce porcine
pulmonary edema (Fazekas et al., 1998) and equine
leukoencephalomalacia (Kellerman et al., 1990). In
experiments with monkey kidney cells, CDK2 (cyclin-
dependent kinase 2) activity was inhibited by fumoni-
sin B1 (Ciacci-Zanella et al., 1998), but the p21 pro-
moter, a CDK inhibitor, was activated by the mycotoxin
{Zhang et al., 1999). TNF (tumor necrosis factor)
alpha secretion was also stimulated by fumonisin B1
Dugyala et al., 1998), but myelin formation in an
aggregating brain cell culture was inhibited by fumo-
nisin Bl (Monnet-Tschudi et al., 1999). The effect of
the mycotoxin on the cellular macromolecule synthe-
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sis in the hamster kidney cell was also reported
(Abeywiekrama et al., 1998). It has been suggested
that fumonisin B1, as a ceramide synthase inhibitor,
induces apoptosis by the accumulation of a cellular
free spingoid base (Tolleson et al., 1999). Another
report on the neurosystem indicated a decrease in the
dendrite growth rate of hippocampal neurons (Schwarz
and Futerman, 1998). Cancer-promoting activity in
rat liver (Gelderblom et al., 1996), lipid peroxidation,
DNA damage and protein synthesis inhibition by
fumonisin B1 have also been reported (Abado-Becog-
nee et al., 1998; Sahu et al., 1998). Although the
cytotoxicity and genotoxicity of fumonisin Bl were
suggested, the specific mechanisms involved in fumo-
nisin Bl toxicity remain unclear. Due to the lack of
knowledge of the molecular mechanism of the toxin, a
molecular biological study on both the DNA damaging
activity and the genotoxicity of the toxin was carried
out in a microbial system and in animal cells. An in
vitro DNA fragmentation experiment of E. coli was
performed to determine if reactive oxygen species are
involved in the DNA damaging activity of fumonisin
Bl. In animal cell experiments with rat hepatocytes,
dichlorofluorescein (DCF) analysis and single cell gel
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electrophoresis were used to support the correlation
of results obtained from the in vitro experiment.

II. MATERIALS AND METHODS
1. Strains, experimental animals and chemicals

E. coli chromosomal DNA was isolated from E. coli
W3110 cultured in LB medium. For the isolation of
rat hepatocytes, 180gr to 200gr male Sprague-Dawley
rats were used. All other chemicals such as fumoni-
sin B1, superoxide dismutase (Fe*-SOD, from E. coli),
catalase (from A. niger), 2',7'-dichlorofluorescein di-
acetate, collagenase (type II) and Hepes were from
Sigma-Aldrich Chemical Co. Williams medium E pow-
der, insulin and fetal bovine serum were the products
of Gibco company.

2. DNA fragmentation assay

A 10 pl of reaction mixture for the assay consisted
of 0.16 ug E. coli chromosomal DNA, 0.5 pg fumoni-
sin B1, 5 units superoxide dismutase and 0.2 unit
catalase in TE buffer (10 mM Tris-Cl, pH 7.4, 1mM
EDTA, pH 8.0). After 3 hrs of incubation at 37°C, 2 pl
of loading buffer was added to the reaction mix. The
total reaction mix was introduced to 1.0% agarose gel
electrophoresis at 100 V/60 mA for 3 hrs. The gel was
stained with ethidium bromide (1.0 pg/ml TBE buffer)
for 30 min and destained in water for 1 hr.

3. Primary rat hepatocytes culture

Rat hepatocytes were cultured using slight modifi-
cations of published methods (Shen et al., 1996). Iso-
lated hepatocytes from the Sprague-Dawley rat were
washed with Hepes buffer, and the hepatocyte (5x 10°
cells/ml) suspension was cultured in complete Will-
iams’ medium E (10% fetal bovine serum, 36 mM
sodium bicarbonate, 0.02 U/ml of insulin, 100 U/ml
of penicillin, 100 pg/ml of streptomycin, pH 7.4) for
2 hrs. Further incubation was carried out for 6 hrs in
serum-free Williams medium E.

4. Single cell gel electrophoresis (SCGE)

Single cell gel electrophoresis was madified from

the method of Ding et al. (1999). Rat hepatocytes
(1x10* cells/ml) suspended in phosphate buffered saline
(PBS, 0.8% NaCl, 0.02% KCl, 0.014% Na,HPO,, 0.024%
KH,PO,, pH 7.4) with 5 uM fumonisin B1, 500 units/
m! of SOD and 500 units/ml of catalase were incu-
bated at 37°C for 2 hrs. The incubated cell suspen-
sion was mixed with 0.7% low melting agarose gel
and embedded on a glass slide. Cells on the glass
slide were lysed in lysis buffer (2.5 M NaCl, 100 mM
EDTA, 10% Triton X-100, 1% DMSO, pH 10) at 4°C
for 1 hr, followed by storing in electrophoresis solu-
tion (300 mM NaOH, 1 mM Na,EDTA, pH 7.5) for 20
min. After electrophoresis of the glass slide at 20 V/
300 mA for 20 min, the solution was neutralized with
0.4 M Tris buffer, pH 7.5 for 10 min and stained with
propidium iodide (5 pg/ml) for 1 hr. The slides were
observed under green light (510 to 560 nm) using a
fluorescence microscope (Olympus, Model BX50, Japan).

5. Dichlorofluorescein (DCF) analysis

Rat hepatocytes, cultured in serum-free complete
Williams medium E, were washed twice in PBS. 10
mM fumonisin B1 and 500 units/ml of catalase were
added to the hepatocytes (3% 10° cells/ml) suspended
in PBS. The reaction mix was incubated for 3 hrs at
37°C, followed by further incubation with 1 uM DCF-
DA (2',7'-dichlorofluorescein diacetate) for 4 hrs with-
out light. The fluorescence intensity was measured at
wavelength of 485 nm and 530 nm using a fluorome-
ter (Kontron, Model SFM25, Switzerland).

III. RESULTS

Fumonisin B1 (0.5 pug/assay) did not affect E. coli
chromosomal DNA (0.16 pg) (Fig. 1, lane 2). However,
after the addition of superoxide dismutase (SOD), E.
coli DNA was cleaved in a concentration dependent
manner (1.0 unit to 20 units) (Fig, 1, lane 3 to lane 7).
At a concentration of 20 units of SOD/assay, E. coli
DNA was completely fragmented as shown in lane 7
of Fig. 1. To determine whether fumonisin Bl plays
a role in the production of hydrogen peroxide from
superoxide radicals by superoxide dismutase, the
catalytic enzyme of hydrogen peroxide, catalase, was
used (Fig, 2). Lane 5 of Fig, 2 shows the inhibition of
DNA damage by the addition of 0.2 units of catalase



Fig. 1. Effects of superoxide dismutase (SOD) on DNA
damaging activity caused by fumonisin B1 (FB1). Lane 1:
control, lane 2: FB1 (0.5 pg), lane 3: FB1 (0.5 ug) + SOD (1
unit), lane 4: FB1 (0.5 ug) + SOD (2 units), lane 5: FB1
(0.5 pg) + SOD (5 units), lane 6: FB1 (0.5 ug) + SOD (10
units), lane 7: FB1 (0.5 ug) + SOD 20 (units), and lane 8:
SOD (20 units).

Fig. 2. Inhibitory effects of catalase on DNA damage
caused by fumonisin Bl (FB1) and superoxide dismutase
(SOD). Lane 1: control, lane 2: FB1 (0.5 ug), lane 3: SOD (5
units), lane 4: FB1 (0.5 ug) + SOD (5 units}), lane 5: FB1
(0.5 pug) + SOD (5 units) + catalase (0.2 unit), lane 6: FB1
(0.5 ug) + catalase (0.2 unit), lane 7: SOD (5 units) + catalase
{0.2 unit), and lane 8: catalase (0.2 unit).

per assay, compared with lane 4, where E. coli DNA
was treated with 0.5 pug of fumonisin Bl and 5 units
of superoxide dismutase per assay.

To confirm the possible involvement of fumonisin
B1 in the generation of reactive oxygen species {ROS)
in rat hepatocytes, single cell gel electrophoresis (Fig.
3) and dichlorofluorescein (DCF) analysis (Fig, 4) were
performed. From the results of single cell gel electro-
phoresis with rat hepatocytes in 5uM and 10 uM
fumonisin B1, nuclear DNA damage of rat hepato-
cytes was dependent on the concentration of fumoni-
sin B1 (B and C of Fig. 3). The DNA damage of rat
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Fig. 3. Effects of superoxide dismutase (SOD) and catalase
on rat hepatocyte DNA damage caused by fumonisin Bl.
Cell number: 50~60 cells/plate, Magnification: X400. (A)
control, (B) fumonisin B1 (5 uM), (C) fumonisin B1 (10 uM),
(D) fumonisin B1 (5 uM) + SOD (500 units/m!), (E) fumoni-
sin B1 (5 uM) + SOD (500 units/ml) + catalase (500 units/
ml).
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Fig. 4. Effects of catalase on free radical generation by
fumonisin B1 in rat hepatocytes. The results are the mean=*
the SD of triplicate experiments. (A) control, (B) FB1
(10 uM), (C) FB1 (10 uM) + catalase (500 units/ml), (D} cat-
alase (500 units/ml).
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hepatocytes by 5 uM fumonisin B1 and 500 units/ml
of superoxide dismutase (SOD) was seen more clearly
in D than in B and C of Fig. 3. The increase in DNA
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damage by fumonisin Bl in association with SOD was
inhibited by 500 units/ml of catalase in E of Fig. 3.

As shown in Fig. 4 from the result of DCF analysis,
the cellular relative fluorescence intensity of rat hepa-
tocytes was increased by fumonisin B1, indicating the
production of the reactive oxygen species by the toxin.
The increased ROS level by 10 uM fumonisin B1 was
lowered by 500 units/m! of catalase, a hydrogen per-
oxide catalytic enzyme.

IV. DISCUSSION

From the in vitro reaction of fumonisin Bl and
superoxide dismutase, DNA was fragmented by fumo-
nisin B1 and DNA fragmentation was inhibited by cat-
alase, as shown in Fig. 1 and 2. This result indicates
that hydrogen peroxide is generated by fumonisin Bl
and superoxide dismutase. Furthermore, in Fig 3,
fumonisin Bl induced nuclear DNA damage in rat
hepatocytes and DNA damage was increased by SOD.
DNA damage by fumonisin Bl and SOD was also
inhibited by catalase, suggesting the involvement of
hydrogen peroxide in the DNA damaging activity of
fumonisin Bl. As shown in Fig. 4, fumonisin Bl
increased the level of the cellular reactive oxygen spe-
cies. Fumonisin Bl not only caused DNA fragmenta-
tion, but the reactive oxygen species level elevated by
fumonisin B1 was decreased by catalase in rat hepa-
tocytes in Fig. 4. This result suggests that the intracel-
lular superoxide dismutase and fumonisin Bl in rat
hepatocytes generate hydrogen peroxide, leading to
nuclear DNA damage. Hydrogen peroxide is known to
form 2'-deoxyadenosine N-1-oxide by the oxidation of
2'-deoxyadenosine and to increase mitochondrial
DNA damage in human retinal pigment epithelial
cells (Ballinger et al., 1999). DNA damage by the oxy-
gen free radical is known to be one mechanism of car-
cinogenesis (Sahu, 1990). In the case of the car-
cinogenicity of aflatoxin B1, the reactive oxygen spe-
cies appears to be one of the factors causing the carci-
nogenic effect (Shen et al., 1996). Reactive oxygen
species produce hydroxyl radicals by the following
pathway (Koppenol, 1994; Pierre 1995).

Radiation, Chemicals SOD Fe( ID Fe(1ID)
0, 0, H,0, A OH
Environmental stress
Catalase
H,0 + 120,

In the radical chain reaction from superoxide radi-
cals through hydrogen peroxide to hydroxyl radicals,
fumonisin B1 and superoxide dismutase may be
responsible for the formation of hydrogen peroxide.
Consequently, the DNA damaging activity of fumoni-
sin B1 results from the action of hydrogen peroxide
which is produced by the enzyme superoxide dismu-
tase and fumonisin B1.

It was also reported that fumonisin B1 caused DNA
damage in rat liver nuclei by oxidative stress (Sahu et
al., 1998) and induced oxidative damage in primary
rat hepatocytes and in the rat liver (Abel and Gelder-
blom, 1998). In addition, fumonisin B1 acts as a cer-
amide synthase inhibitor, by which apoptosis (Tolle-
son et al., 1999) as well as a cancer promoting activ-
ity (Gelderblom et al., 1996) can be induced. DNA
damage by fumonisin B1 could be induced mainly by
hydrogen peroxide, although it was known that hy-
droxyl radical is also a direct DNA damaging agent. It
is likely that fumonisin B1 could induce DNA damage
by reactive oxygen species, hydrogen peroxide, lead-
ing to genotoxicity and cytotoxicity of the toxin.

ACKNOWLEDGEMENT

This work was partly supported by Hallym Univer-
sity grant (2000) and by the Industry-University-
Research Institute Consortium grant from Small and
Medium Business Administration.

REFERENCES

Abado-Becognee, K., Mobio, TA., Ennamany, R., Fleurat-
Lessard, F, Shier, W.T., Badria, F. and Creppy, E.E.
(1998): Cytotoxicity of fumonisin B1 : implication of
lipid peroxidation and inhibition of protein and DNA
synthesis. Arch. Toxicol., 72, 233-236.

Abel, S. and Gelderblom, W.C. (1998): Oxidative damage
and fumonisin Bl-induced toxicity in primary rat
hepatocytes and rat liver in vivo. Toxicology, 131, 121-
131.

Abeywiekrama, K., Bean, G.A. and Kennedy, K.A. (1998):
Effect of Fusarium moniliforme culture extracts and
fumonisin Bl on DNA, RNA and protein synthesis by
baby hamster kidney cells. Mycopathologia, 143, 59-
63.

Ballinger, S.W., Van Houten, B., Jin, G.F, Conklin, C.A.
and Godley, B.F. (1999): Hydrogen peroxide causes sig-
nificant mitochondrial DNA damage in human RPE



cells. Exp. Eye Res., 68, 765-772.

Chu, FS. and Li, G.Y. (1994): Simultaneous occurrence of
fumonisin B1 and other mycotoxins in moldy corn col-
lected from the Peoples Republic of China in regions
with high incidences of esophageal cancer. Appl. Envi-
ron. Microbiol., 60, 847-852.

Ciacci-Zanella, J.R., Jr Merrill, A H., Wang, E. and Jones,
C. (1998): Characterization of cell-cycle arrest by
fumonisin B1 in CV-1 cells. Food Chem. Toxicol., 36,
791-804.

Ding, WX., Shen, HM., Zhu, H.G., Lee, B.L. and Ong,
C.N. (1999): Genotoxicity of microcystic cyanobacteria
extract of a water source in China. Mutat. Res., 442,
69-77.

Dugyala, R.R., Sharma, R.P, Tsunoda, M. and Riley, R.T.
(1998): Tumor necrosis factor-alpha as a contributor
in fumonisin Bl toxicity. J Pharmacol. Exp. Ther.,
285, 317-324.

Fazekas, B., Bajmocy, Glavits, E., Fenyvesi, R.A. and
Tanyi, J. (1998): Fumonisin Bl contamination of maize
and experimental acute fumonisin toxicosis in pigs.
Zentralbl. Veterinarmed., [B] 45, 171-181.

Gelderblom, W.C., Jaskiewicz, K., Marasas, W.E,, Thiel,
PG., Horak, R.M,, Vleggaar, R. and Kriek, N.P (1988):
Fumonisins--novel mycotoxins with cancer-promoting
activity produced by Fusarium mniliforme. Appl.
Environ. Microbiol., 54, 1806-1811.

Gelderblom, W.C., Snyman, S.D., Lebepe-Mazur, S., van
der Westhuizen, L., Kriek, NP and Marasas, W.F
(1996): The cancer-promoting potential of fumonisin
Bl in rat liver using diethylnitrosamine as a cancer
inhibitor. Cancer Lett., 109, 101-108.

Kellerman, T.S., Marasas, WE., Thiel, PG., Gelderblom,
W.C., Cawood, M. and Coetzer, J.A. (1990): Leukoen-
cephalomalacia in two horses induced by oral dosing
of fumonisin B1. Onderstepoort J. Vet. Res., 57, 269-
275.

Koppenol, W.H. (1994): Chemistry of iron and copper in
radical reactions, In: Rice-Evans, C.A. and Burdon
R.H. (Ed.), Free radical damage and its control,
Elsevier, Amsterdam, pp. 324.

253

Monnet-Tschudi, F., Zurich, M.G., Sorg, O., Matthieu, J.M.,
Honegger, P and Schilter, B. (1999): The naturally
occurring food mycotoxin fumonisin Bl impairs mye-
lin formation in aggregating brain cell culture. Neuro-
toxicology, 20, 41-48.

Pierre, J.L. (1995): Chemistry of dioxygen and its acti-
vated species, In: Favier A.E., et al. (Ed.), Analysis of
free radicals in biological systems. Birkhauser Verlag,
Basel, pp. 1-10.

Sahu, S.C. (1990): Oncogenes, oncogenesis and oxigen
radicals: a review. Biomed. Environ. Sci., 3, 183-201.

Sahu, S.C., Eppley, R.M., Page, S.W,, Gray, G.C., Barton,
C.N. and ODonnell, M.W. (1998): Peroxidation of mem-
brane lipids and oxidative DNA damage by fumonisin
B1 in isolated rat liver nuclei. Cancer Lett., 125, 117-
121.

Schwarz, A. and Futerman, A.H. (1998): Inhibition of sph-
ingolipid synthesis, but not degradation, alters the rate
of dendrite growth in cultured hippocampal neurons.
Brain Res. Dev. Brain Res., 108, 125-130.

Shen, H.M., Shi, C.Y., Shen, Y. and Ong, C.N. (1996):
Detection of elevated reactive oxygen species level in
cultured rat hepatocytes treated with aflatoxin B1.
Free Radic. Biol. Med., 21, 139-146.

Sydenham, E.W,, Shephard, G.S., Thiel, PG., Marasas,
W.EO. and Stockenstrém, S. (1991): Fumonisin con-
tamination of commercial corn-based human food-
stuffs. J. Agric. Food Chem., 39, 2014-2018.

Tolleson, WH., Couch, L.H., Jr Melchior, WB., Jenkins,
G.R., Muskhelishvili, M., Muskhelishvili, L., McGar-
rity, L.J., Domon, O., Morris, S.M. and Howard, PC.
(1999): Fumonisin B1 induces apoptosis in cultured
human keratinocytes through sphinganine accumula-
tion and ceramide depletion. Int. J. Oncol., 14, 833-
843.

Zhang, Y., Dickman, M.B. and Jones, C. (1999): The myc-
otoxin fumonisin Bl transcriptionally activates the
p21 promoter through a cis-acting element containing
two Spl binding sites. J. Bilol. Chem., 274, 12367-
12371.



