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Abstract

Aflatoxin B1 (AFB1) is a fungal toxin that has been asso-
ciated with primary hepatocellular carcinoma (HCC) in
humans. This study was undertaken to determine the
cellular and molecular mechanisms by which the anti-
oxidants b-carotene and lycopene inhibit AFB1-induced
toxic changes in human hepatocytes (HepG2 cells). An
in vitro system was optimized to test the chemoprotec-
tive effects of lycopene and b-carotene on HepG2 cells
exposed to different concentrations of AFB1. Ultrastruc-
turally, HepG2 cells cultured in the presence of AFB1

showed mitochondrial damage, nuclear condensation
and a loss of cell-to-cell contact; the latter was reflected
in the observation of dysfunctional gap junctions, result-
ing in a loss of cell-to-cell communication. At the genom-
ic level, AFB1 formed AFB1-N7-guanine adducts, caused
apoptotic cell death and suppressed p53 protein expres-
sion. In the presence of the carotenoids, survival of cells
exposed to AFB1 was increased, and there was also a
significant increase in cellular mitochondrial activity. Our
results demonstrate that HepG2 cells pretreated with
lycopene and b-carotene are protected from the toxic
effects of AFB1 at both the cellular and molecular levels.

Keywords: aflatoxin B1; aflatoxin B1-N7-guanine
adduct; b-carotene; DNA fragment-end labeling;
HepG2; lycopene; p53 tumor suppressor gene.

Introduction

Preventative oncology involving chemoprotective mole-
cules attempts to reverse, retard or stop the progression
of cancer. The ability of antioxidants to prevent somatic
alterations in genes involved in carcinogenesis is an
emerging area of research. Oxidative damage to DNA
produces genetic changes associated with gene ex-
pression or causes initiation and progression of cancer
through modulation of cell cycle enzymes involved in cell
proliferation and differentiation. Carotenoids are a group
of potent, free radical antioxidants that have been shown
to inhibit various types of cancers. Epidemiological stud-
ies on the dietary intake of carotenoids found in fruits and

vegetables suggest that both b-carotene and lycopene,
among other carotenoids, are able to modulate the risk
of lung, colon and breast cancers (Brockman et al.,
1992). b-Carotene and lycopene, known as superoxidant
compounds, are very effective quenchers of singlet oxy-
gen. Studies in human cells indicate that lycopene and
b-carotene reduce oxidative DNA damage, stimulate and
enhance the immune system by increasing the numbers
of B and T lymphocytes and natural killer cells, and facil-
itate intercellular communication between neighboring
cells by increasing the expression of the gene encoding
connexin. Furthermore, b-carotene inhibits the growth of
human colon carcinoma cells by inducing apoptosis in
proliferating cells (Briviba et al., 2001).

Aflatoxin B1 (AFB1) is classified by the International
Agency for Research on Cancer (IARC) as one of the
most potent known carcinogens (IARC, 1987). AFB1 is
the commonest form of aflatoxin produced by the fungus
Aspergillus flavus, which is ingested with mold-contami-
nated groundnuts and grains. Aflatoxins are very toxic,
particularly to the liver, and the molecular mechanisms
by which aflatoxins (especially AFB1) cause cancer are
not well understood. Currently there are only a few stud-
ies that explain how aflatoxins cause cancerous changes
or how they arrest such effects in hepatocytes (Jackson
and Groopman, 1999). One view is that AFB1 causes
hepatocellular cancer through metabolic formation of
exo-8,9-epoxide, which forms adducts with DNA, leading
to guanine nucleotide substitutions, specifically in codon
249 of the p53 gene (Groopman and Kensler, 2005).

In the current study, the hypothesis that the cellular
and molecular mechanisms by which the antioxidants b-
carotene and lycopene inhibit AFB1-induced toxic chang-
es was tested on a well-characterized human hepatoma
cell line, HepG2. The cell line was treated with lycopene
and b-carotene and the proliferation and apoptosis of
these cells after exposure to AFB1 were determined. In
addition, the anti-carcinogenic effects of lycopene and
b-carotene were investigated by assaying for AFB1-
N7-guanine adducts in HepG2 cells. As a first step,
therefore, the in vitro system was optimized to test the
chemoprotective effects of lycopene and b-carotene on
HepG2 cells exposed to different concentrations of AFB1.
Experiments were designed to measure mitochondrial
activity and cell survival using enzyme assays and flow
cytometry. Morphological changes were examined using
phase contrast and light and transmission electron
microscopy. One of the postulated effects of aflatoxin
is the induction of cellular apoptosis (O’Brien et al.,
2000). Apoptosis was determined using the TdT-FragEL
DNA fragmentation assay to detect apoptotic bodies as
genomic markers. Genetic changes were studied by
measuring AFB1-N7-guanine adduct formation using an
indirect competitive enzyme-linked immunosorbent
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Figure 1 Comparison of cell survival at selected concentra-
tions of AFB1.

Figure 2 Mitochondrial activity of HepG2 cells.
The histogram columns sequentially represent: exposure to
AFB1 (11 mg/ml); treatment with lycopene (0.5 mg/ml); pretreat-
ment with lycopene (0.5 mg/ml) followed by exposure to AFB1

(11 mg/ml); treatment with b-carotene (1.0 mg/ml); and pretreat-
ment with b-carotene (1.0 mg/ml) and subsequent exposure to
AFB1 (11 mg/ml). B1, aflatoxin B1; LC, lycopene; BC, b-carotene.

Figure 3 HepG2 cells in normal culture.
Transmission electron micrographs of HepG2 cells exposed to
AFB1 (11 mg/ml).
M, mitochondria; NM, nuclear membrane; V, vacuole; CM, cell
membrane.

assay (ELISA), and the levels of p53 tumor suppressor
protein were measured using a pantropic ELISA.

Results

Survival of HepG2 cells exposed to AFB1

First, the experimental procedure required for culturing
cells was optimized. The optimum incubation time- and
dose-response relationship of AFB1 toxicity was deter-
mined using the MTT assay (Hanelt et al., 1994). The IC50

and the maximum AFB1 toxicity values were used for the
study. Concentrations for lycopene and b-carotene used
were those that gave an 80% survival of HepG2 cells
in the MTT assay. Cell survival was measured using two
methods, namely the crystal violet dissolution assay and
flow cytometry. Using the crystal violet dissolution assay,
chemoprotection was determined by comparing the
effects of lycopene and b-carotene on cells exposed to
AFB1 (11 and 33 mg/ml). Survival of the cells decreased
with an increase in the concentration of AFB1 from 11 to
33 mg/ml. Pretreatment of the toxin-exposed cells with
lycopene (0.5 mg/ml) increased survival by 14% at the
AFB1 concentration of 11 mg/ml and by 10% at a con-
centration of 33 mg/ml, whereas b-carotene (1.0 mg/ml)
enhanced cell survival by 54% at an AFB1 concentration
of 11 mg/ml and by 21% at a concentration of 33 mg/ml
(Figure 1). To confirm these findings, flow cytometry (with
PI labeling) was used to analyze cell survival. The per-
centage of cells that remained viable following exposure
to AFB1 was compared with that obtained after pretreat-
ment with lycopene or b-carotene. The survival rates
were comparable to those obtained using the crystal
violet method (p-0.001). However, the protection offered
by b-carotene was greater by 6% than that observed for
lycopene.

To assess the functional viability of HepG2 cells, mito-
chondrial dehydrogenase (MD) activity was determined
following exposure to AFB1, and after pretreatment with
either lycopene or b-carotene. The results are illustrated
in Figure 2. Cells exposed to AFB1 showed MD levels
in the 50% range. However, when HepG2 cells pretreated
with either lycopene or b-carotene were exposed to
AFB1, the values for MD recovered by 75% with lycopene
and 85% with b-carotene. One-way ANOVA analysis
indicated a significant difference in recovery when cells
exposed to AFB1 were pretreated with either lycopene
(p-0.05) or b-carotene (p-0.05).

Morphological effects

Pycnosis, karyorrhexis and cytoplasmic vacuolation were
observed in normally cultured HepG2 cells (Figure 3). An
increase in the incidence of apoptosis observed on the
culture plates suggested that the decrease in the number
of cells was due to AFB1. Severe mitochondrial swelling
of AFB1-treated cells (Figure 4) was reduced in the pres-
ence of lycopene or b-carotene (Figure 5). Other changes
observed in the AFB1-treated cells were characteristic of
apoptosis. These were chromatin condensation, DNA
fragmentation, nuclear breakdown, membrane blebbing
and cell fragmentation with the formation of apoptotic
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Figure 4 HepG2 cells exposed to AFB1.
Transmission electron micrograph of HepG2 cells showing the
effect of exposure to AFB1 (11 mg/ml). M, mitochondria; NM,
nuclear membrane; rER, endoplasmic reticulum with ribosomes;
V, vacuoles; CM, cell membrane; ™, cell-to-cell communication.

Figure 5 b-Carotene-pretreated HepG2 cells exposed to AFB1.
Transmission electron micrograph of HepG2 cells showing the
effect of pre-treatment with b-carotene (1.0 mg/ml) and sub-
sequent exposure to AFB1 (11 mg/ml). Similar morphological
restitution was observed with lycopene. For explanation of let-
ters see legends of Figures 3 and 4.

Figure 6 Effect of lycopene or b-carotene on fragment end-
labeling of apoptotic bodies in HepG2 cells.
(A) Control cells; (B) AFB1-treated cells (11 mg/ml); (C) cells
pretreated with lycopene (0.5 mg/ml) and then exposed to 11
mg/ml AFB1; (D) cells pretreated with b-carotene (1.0 mg/ml) and
subsequently exposed to 11 mg/ml AFB1. Magnification 530=.
Fragment end-labeling, brown color; H-G, healthy green coun-
terstained cells; A-P, apoptotic bodies.

bodies. All of the above changes were reduced in the
carotenoid-treated cells. In addition, lycopene was found
to increase intercellular gap-junctional communication.

Genomic effects

Apoptosis The influence of b-carotene and lycopene
on nuclear changes was observed by end-labeling using
terminal deoxynucleotidyl transferase (TdT), which cata-
lyzes the binding of biotinylated deoxynucleotides to the
exposed 39-OH ends of DNA. AFB1-treated cells (Figure
6B) showed an increase in fragment end-labeling when
compared to control cells (Figure 6A). Further confirma-
tion of this effect was obtained in cells exposed to a
higher concentration of AFB1 (33 mg/ml). When HepG2
cells were pretreated with lycopene (0.5 mg/ml) or b-car-
otene (1.0 mg/ml), there was a decrease in labeling
(Figure 6C,D), as evidenced by comparison with images

of these cells treated with AFB1 (33 mg/ml). Lower label-
ing levels were observed with b-carotene than with lyco-
pene. Images of the fragment end-labeling of apoptotic
bodies in HepG2 cells are depicted in Figure 6.

p53 mutation assay Aflatoxin B1 causes a point
mutation in the p53 gene, which results in a decrease in
p53 protein levels (Mace et al., 1997; Chan et al., 2003)
compared to untreated cells (control). Such a decrease
in p53 protein in HepG2 cells exposed to AFB1 was con-
firmed using a pantropic p53 protein ELISA. Chemopro-
tection by lycopene and b-carotene upregulated p53
gene expression in AFB1-exposed cells, as shown by the
comparatively higher p53 protein levels recorded in
Table 1 and Figure 7.

Aflatoxin B1-N7-guanine adducts For the first time,
AFB1-N7-guanine adducts were measured in cultured
HepG2 cells using a highly sensitive (0.95 fmol–
808 pmol) indirect competitive ELISA method (Vidyasa-
gar et al., 1997). AFB1-treated HepG2 cells exposed to
low levels of b-carotene and lycopene showed a signifi-
cant decrease (p-0.05) in AFB1-N7-guanine adducts
(Table 2), signifying that b-carotene had diverted the
highly reactive electrophilic AFB1 8,9-epoxide down an
alternate pathway. Such a molecular structural modifi-
cation by b-carotene illustrates the anti-carcinogenic
potential of this antioxidant.

Discussion

The effects of pretreating HepG2 cells exposed to AFB1

with the antioxidants lycopene and b-carotene on the
metabolism and ultrastructure and at the gene level are
summarized in Table 3. These clearly indicate that the
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Table 1 p53 protein in HepG2 cells pre-treated with lycopene and b-carotene and exposed to AFB1.

Untreated AFB1 LycopeneqAFB1 b-CaroteneqAFB1 Lycopene b-Carotene

Absorbance (490 nm) 0.042"0.003 0.038"0.002 0.082"0.002 0.100"0.006 0.111"0.004 0.117"0.002
P53 protein (pg/ml) 231.6 209.56 452.20 551.47 612.13 645.22

The treatments used were as follows: AFB1 (11 mg/ml); lycopene (0.5 mg/ml) and AFB1 (11 mg/ml); b-carotene (1 mg/ml) and AFB1

(11 mg/ml). Mean values"SD are given.

Figure 7 Inhibition of toxicity and cancer by lycopene and b-
carotene in AFB1-exposed cells.
Chemoprotective effects of lycopene and b-carotene effects are
shown by arrows: ≠, increase; x, decrease.

aflatoxin toxicity in HepG2 cells is prevented by both
lycopene and b-carotene. These chemoprotective effects
are indicated by the increases in mitochondrial activity,
cell survival and cell-to-cell communication, and a
decrease in ultrastructural damage. Lycopene has been
shown to induce connexin43 mRNA expression by up-
regulating intracellular gap-junction communication (Kim
et al., 2000), as demonstrated in this study. Carcinoge-
nicity is prevented by lycopene and b-carotene, which
protect the cell from AFB1-DNA binding, as indicated by
a decrease in apoptosis, an increase in p53 protein, and
a decrease in AFB1-N7-guanine adducts. Based on these
observations, we propose that b-carotene and lycopene
prevent the toxic effects of AFB1 by increasing/prevent-
ing mitochondrial activity, DNA damage and programmed
cell death. Furthermore, the carotenoids prevent muta-
tions in the p53 tumor suppressor gene. These mutations
are usually induced by aflatoxin DNA adducts (epoxides),
which through effects on the cell-cycle control systems
cause cell cycle arrest or apoptosis (May and May, 1999).

Apoptosis plays an important role in cell cycle home-
ostasis (Hengartner, 2000), and is a highly organized and
compartmentalized mode of cell death, in contrast to the
lytic process of necrosis, which causes an intense inflam-
matory response. Apoptotic cell death induces a series
of morphological changes, inducing nuclear condensa-
tion and cell surface blebbing, which lead to the forma-
tion of membrane-bound vesicles (apoptotic bodies) that
are subsequently phagocytosed by macrophages (Earn-
shaw, 1995). As programmed cell death does not affect
neighboring cells, apoptosis is regarded as the most pre-
ferred way to manage cancer (Mukhtar and Ahmad,
1999).

Many anticancer agents have demonstrated the ability
to induce apoptosis in tumor cells through the tumor
suppressor gene product, p53 (May and May, 1999;
Palozza et al., 2004). Once p53 is activated, there are
two major outcomes: one is cell cycle arrest due to an
increase in p21/WAF1 protein, a cyclin-dependent kinase
(CDK) inhibitor that contributes to the arrest of the cell in
G1 phase. Activation of p53 also mediates upregulation
of specific molecules such as Fas/APO-1, Bax, IGF-BP3
and PIG3, while it downregulates the anti-apoptotic Bcl-
2. In keeping with the mitochondrial activity values meas-
ured in this study, it is likely that HepG2 cells enter the
apoptosis cascade through the mitochondrial pathway.
b-Carotene is converted to retinal in the cytosol and thus
may compete with AFB1, thereby reducing the chance
that AFB1 will induce apoptotic cell death. The p53 pro-
tein measurements showed that both b-carotene and
lycopene upregulated the p53 gene product. The p53
tumor suppressor gene induces cell cycle arrest to allow
for DNA repair. b-Carotene and lycopene exert their influ-
ence by diverting the highly reactive electrophilic AFB1

and its 8,9-epoxide to metabolize through an alternate
pathway terminating in apoptosis.

A trial on dietary intake of fruits and vegetables has
recently shown protection against breast cancer in the
USA (Pierce et al., 2004). It appears that carotenoids can
bring about a host of changes at the level of both cellular
gene expression and protein activity (Palozza, 2004). In
particular, experimental evidence has demonstrated that
carotenoid molecules interfere with the molecular path-
ways of carcinogenesis, and also change the expres-
sion of many proteins involved in: (1) cell proliferation,
differentiation, apoptosis and angiogenesis; (2) carcino-
gen detoxification; (3) DNA damage and repair; and (4)
immunosurveillance.

Materials and methods

The molecular changes due to AFB1 exposure and the effect of
lycopene and b-carotene on these changes were investigated
by: (a) quantification of cell death; (b) ascertaining the mecha-
nism of cell death (necrosis or apoptosis); (c) measuring expres-
sion of the p53 gene; and (d) determining the amount of
AFB1-N7-guanine adducts formed.

Cell culture and treatments

A human hepatoblastoma cell line, HepG2 (HB-8065), was
obtained from the American Type Culture Collection (Rockville,
MD, USA). These cells exhibit a relatively normal hepatocyte
phenotype, including many inducible enzymes and an aromatic
hydrocarbon receptor. The cells were maintained in tissue cul-
ture flasks with Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum and supplemented with 1%
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Table 2 Aflatoxin B1-N7-guanine adducts in lycopene and b-carotene pre-incubated HepG2 cells
after 22 h exposure to AFB1.

Treatment AFB1-N7-guanine adduct Protection against
formed (mg/4=105 cells) aflatoxin toxicity (%)

AFB1 (33 mg/ml) (qsolvent THF) 3.88"0.125 –
Lycopene (0.5 mg/ml)qAFB1 (33 mg/ml) 2.10"0.180* 46
b-Carotene (1.0 mg/ml)qAFB1 (33 mg/ml) 2.22"0.161* 43

HepG2 cells were pre-incubated with lycopene or b-carotene for 4 h before exposure to AFB1,
and then incubated for a further 18 h.
Analysis based on triplicate values, mean"SD (*p-0.05).

Table 3 Summary of the biochemical, cellular and molecular effects of lycopene and b-
carotene on AFB1-exposed HepG2 cells.

AFB1 LycopeneqAFB1 b-CaroteneqAFB1

Biochemical effect
Mitochondrial activity x ≠ ≠

Cell viability x ≠ ≠

Reactive oxygen species ≠ x x

Morphology
Cell number x ≠ ≠

Cell-to-cell contact x ≠ ≠

Mitochondrial damage ≠ ≠ x

Rough endoplasmic reticulum x ≠ ≠

Nuclear membrane damage ≠ x x

Nuclear condensation ≠ x x

Molecular effects
Apoptosis ≠ x x

p53 protein levels x ≠ ≠

Aflatoxin B1-N7-guanine adducts ≠ x x

Key to the symbols: ≠, increase; x, decrease.

antibiotics (10 000 U/ml penicillin, 10 000 U/ml streptomycin sul-
fate) and 1 mM sodium pyruvate (Highveld Biological, Modder-
fontein, South Africa). Cells were cultured in a humidified
incubator in 5% CO2 at 378C and passaged weekly. Aflatoxin B1

(Sigma, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide
(DMSO) prior to addition to cells. Lycopene and b-carotene were
also purchased from Sigma and were dissolved in tetrahydro-
furan (THF) and stored at -708C. Final concentrations of AFB1,
lycopene and b-carotene used for different experiments were
prepared by diluting the stock solutions with DMEM. Flasks were
seeded with the indicated number of cells 24 h prior to treat-
ment. All experiments included both untreated and solvent con-
trol cultures (0.1% THF and 1% DMSO), and both attached and
floating cells were collected for analysis.

Cell survival

Inhibition of cell proliferation was assessed by the MTT assay
(Hanelt et al., 1994). Cell lines were subcultured into a 96-well
plate with 1=105 cells/well in 200 ml of medium. After 24-h incu-
bation, the medium in each well was discarded and replaced by
180 ml of fresh medium. The optimum incubation time- and
dose-response relationship of AFB1 toxicity was determined
using the MTT assay (Hanelt et al., 1994). The IC50 and maximum
AFB1 toxicity values were used for the study. Concentrations for
lycopene and b-carotene used were those that gave 80% sur-
vival of HepG2 cells in the MTT assay. The cells were treated as
follows: (1) 11 mg/ml AFB1 (IC50 value); (2) 33 mg/ml AFB1; (3)
11 mg/ml AFB1 and 0.5 mg/ml lycopene; (4) 33 mg/ml AFB1 and
0.5 mg/ml lycopene; (5) 11 mg/ml AFB1 and 1 mg/ml b-carotene;
and (6) 33 mg/ml AFB1 and 1 mg/ml b-carotene. Cultures in three
wells were left untreated for comparison. The cultures were incu-
bated for 22 h as above. After the addition of sample, the plates
were incubated in a 378C humidified incubator under 5% CO2

for 18 h. At the end of the incubation, the MTT assay was per-
formed to measure the mitochondrial activity of the cells (OD
570 nm, with a reference wavelength of 630 nm) on an ELISA
reader (Digital Analog Systems, Palombara Sabina, Italy).

DNA fragment end-labeling for apoptotic bodies

HepG2 cells were prepared overnight in tissue culture dishes
(3 ml, 3=105 cells/ml) and treated as follows: (1) 11 mg/ml AFB1;
(2) 33 mg/ml AFB1; (3) 11 mg/ml AFB1 and 0.5 mg/ml lycopene;
(4) 33 mg/ml AFB1 and 0.5 mg/ml lycopene; (5) 11 mg/ml AFB1

and 1 mg/ml b-carotene; and (6) 33 mg/ml AFB1 and 1
mg/ml b-carotene. The seventh culture dish was left untreated
for comparison. After incubation, the cells were harvested and
fixed with 4% paraformaldehyde on poly-L-lysine slides for
10 min before end-labeling was performed as described below.
All experiments were carried out in triplicate. The cells were per-
meabilized with proteinase K (in 0.01 M Tris) for 15 min and
washed in 1= TBS. Thereafter, 3% H2O2 (in methanol) was add-
ed for 5 min and the cells were washed again. Labeling was
carried out by adding equilibrium buffer (20 ml of 5= TdT buf-
ferq80 ml dH2O) for 10 min. Subsequently the slides were blot-
ted dry and the TdT reaction mixture/TdT enzyme (57:3 v/v) was
added. The slides were covered with Parafilm and incubated for
1.5 h at 378C. This allows the TdT to bind to exposed 39-OH
ends of DNA fragments generated in response to apoptotic sig-
nals. Each of the samples was then washed and the reaction
was stopped using 100 ml of pre-warmed stop buffer for 5 min
at RT. This catalyzes the addition of biotin-labeled and unlabeled
deoxynucleotides. The samples were washed and 100 ml of
blocking buffer was added for 10 min at RT before blotting dry.
The biotinylated nucleotides were detected using a streptavidin-
horseradish peroxidase (HRP) conjugate. The conjugate (50=
conjugate blocking buffer, 2:98 v/v) was added for 30 min at RT.
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Thereafter, diaminobenzidine (DAB) was added (one tablet was
dissolved in 100 ml, and then 10 ml was added to 90 ml of dH2O,
and reacted with the labeled sample to generate an insoluble
colored substrate at the site of DNA fragmentation). The unla-
beled cells were counterstained with methyl green, which aids
in the morphological evaluation and characterization of normal
and apoptotic cells.

Measurement of p53 protein

p53 gene mutations have been closely linked to the develop-
ment of liver cancer, and therefore the protein was measured in
HepG2 cells. The cells were cultured and treated as above (end-
labeling) and subjected to the p53 pantropic ELISA (Oncogene
Research Products, San Diego, CA, USA) to quantify the total
amount of p53 (mutant and wild-type) protein in the treated and
untreated cells. The cells were harvested as before and the pellet
was washed three times in 20= cell-pellet volume of cell wash
buffer. Then the pellet was resuspended in 10= cell-pellet vol-
ume of lysis buffer and incubated for 5 min. Antigen extraction
agent (100 ml) was added to the 500-ml cell suspension and
incubated with occasional mixing for 5 min. The cells were cen-
trifuged (180 g in Eppendorf tubes for 10 min) and the super-
natant was collected and stored at -708C for future analysis. A
two-fold serial dilution of p53 standards (1500–93.75 pg/ml) was
prepared in a standard diluent and kept on ice for 5 min. The
anti-p53 antibody was provided in the wells of a 96-well plate
with wash buffer. Subsequently, 100 ml of standards and sam-
ples was pipetted into the wells and the plates were covered
with cling wrap and incubated at 48C for 12 h. Well contents
were shaken out onto paper and the wells were washed four
times with 200 ml of wash buffer. Then 100 ml of reporter anti-
body (125 ml of reporter antibody diluted in 2375 ml of assay
buffer) was added to each well and the plate was incubated at
RT for 2 h. Well contents were shaken out onto paper and the
wells were washed four times with 200 ml of wash buffer. Per-
oxidase conjugate (12.5 ml of peroxidase conjugate diluted in
487.5 ml of assay buffer) was then added to each well (100 ml)
and the plate was incubated at RT for 1 h. Well contents were
shaken out onto paper and the wells were washed four times
with 200 ml of wash buffer. Substrate solution w1-o-phenylene-
diamine (OPD) tablet in 4 ml of substrate diluentx was added to
each well (100 ml) and the plate was incubated at RT in the dark
for 30 min. Well contents were shaken out onto paper and the
wells were washed four times with 200 ml of wash buffer. Finally,
100 ml of the stop solution was added to each well in the same
order as the substrate solution. Absorbance was read at 490 nm
(reference 630 nm) within 30 min of adding the stop solution.

Measurement of AFB1-N7-guanine DNA adducts

The formation of AFB adducts occurs via the biotransformation
pathway in liver cells by interaction with microsomal mixed-func-
tion oxidases to produce a highly reactive electrophilic inter-
mediate, AFB1 8,9-epoxide, which can react with nucleophilic
sites in cellular macromolecules to form characteristic adducts.
The major adducts of AFB1 are AFB1-N-guanine and AFB1-albu-
min. Traditionally, AFB1-N7-guanine adducts have been meas-
ured in urine, as they are quickly excreted, reflecting relatively
recent exposure to AFB1, while AFB1-albumin adducts are meas-
ured in serum and may persist for a few weeks. Analytical meth-
ods used to detect and quantitate AFB1-7-guanine adducts
include multiple monoclonal antibody affinity chromatography
and reverse-phase liquid chromatography used for rat urine
(Vidyasagar et al., 1997; Walton et al., 2001). In this study, hepa-
tocytes were exposed to low levels of AFB1 in the presence of
carotenoids. AFB1-N7-guanine adducts were measured using

the indirect competitive ELISA method developed in Rao’s lab-
oratory in India (Vidyasagar et al., 1997).

HepG2 cells were cultured overnight as described previously.
The sample size was four with an individual culture size of 3 ml.
Treatments included: (1) AFB1 (33 mg/ml); (2) AFB1 (33 mg/ml)
and 4-h pre-treatment with lycopene; and (3) AFB1 (33 mg/ml)
and 4-h pre-treatment with b-carotene. An untreated culture
dish was also maintained. Cultures were incubated for 22 h at
378C in 5% CO2. Each treatment was carried out in triplicate.
After treatment, the cells were centrifuged (180 g for 10 min at
48C) and resuspended in PBS (pH 7.4) in 1.5-ml sterile Eppen-
dorf tubes, then centrifuged at 2000 rpm in an Eppendorf table-
top centrifuge at 48C for 5 min. Then 20 ml of lysis buffer (20 mM

EDTA, 100 mM Tris, pH 8.0), and 0.8% SDS (w/v) was added to
the pellet and mixed by stirring with a sterile pipette tip, before
addition of 10 ml of RNase A (500 U/ml) (Roche, Hutley, USA).
The lysed cells were mixed well by flicking the tip of the tube.
Vortexing was avoided. The cells were incubated at 378C for 2
h. Proteinase K (10 ml, 20 mg/ml; Ambion, Austin, USA) was
then added and mixed (as above) and the tubes were
incubated in a 508C water bath for 12 h. The DNA from the cell
samples was quantitated at 260 and 280 nm using a Cary spec-
trophotometer (Varian, Walnut Creek, USA) to ensure sufficient
DNA was present for quantitation of AFB1-N7-guanine adducts.

Isolated DNA was subjected to the indirect competitive ELISA
procedure for the measurement of AFB1-N7-guanine adducts in
the isolated sample DNAs (Vidyasagar et al., 1997). The principal
steps involved: (1) coating the well with antigen (CT-DNA-AFB1);
(2) blocking to reduce non-specific binding; (3) incubation with
antibody and standard AFB1-N7-guanine adduct; (4) incubating
with probe (alkaline phosphatase-IgG); (5) developing the probe
with the substrate p-nitrophenyl phosphate in diethanolamine
(PNPD); and (6) reading the absorbance at 405 nm. Microtiter
plates (Microlon-600 flat-bottomed polystyrene, 96-well plates;
Greiner, Esslingen, Germany) were coated with 50 ml of coating
buffer (0.01 M sodium phosphate buffer, pH 7.2 with 0.01% sodi-
um azide) per well containing 750 ng of antigen CT-DNA-AFB1

(equivalent to 16 ng of AFB1). The plate was dried overnight
at 378C in an ELISA incubator (NSW, New Delhi, India). The anti-
gen-coated plate was washed three times with washing buffer
(0.01 M sodium phosphate buffer, pH 7.2, with 0.05% Tween 20,
0.85% NaCl and 0.01% sodium azide). Wells were blocked with
50 ml of blocking buffer (0.01 M sodium phosphate buffer, pH
7.2 with 0.85% NaCl and 0.01% sodium azide) containing 0.1%
gelatin per well for 30 min at 378C to reduce non-specific bind-
ing. The plate was washed three times with washing buffer and
25 ml of antiserum diluted 1:3500 in 2= diluent buffer (0.02 M

sodium phosphate buffer, pH 7.2, with 1.7% NaCl and 0.04%
BSA, radioimmunoassay grade) was added to each well, along
with different concentrations of standard AFB1-N7-guanine
(Osmania University, Hyderabad, India) in 25 ml of distilled water.
The plate was then incubated at 378C for 2 h. After 2 h, the plate
was washed three times and incubated at 378C for 1 h with
50 ml/well of 1:5000 diluted alkaline-phosphatase-labeled anti-
rabbit IgG (raised in goats) in PBS (0.01 M sodium phosphate
buffer with 0.85% NaCl, pH 7.2). After 1 h, the plate was washed
three times and 150 ml of substrate buffer (1.25 mg/ml p-nitro-
phenyl phosphate in 10% diethanolamine in HCl buffer, pH 9.6,
containing 0.05 mM MgCl2) was added to each well. The reaction
was terminated after 45 min by adding 100 ml of stop reagent
(5 N NaOH) to each well. The absorbance at 405 nm was record-
ed for each sample and the reagent blank using an ELISA reader.

Statistics

The mean and coefficient of variation were calculated using
SPSS version 11 software.
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